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Preface

In 1995, Humana Press published a book edited by Dr. Bret A. Shirley
entitled Protein Sability and Folding: Theory and Practice. Thisbook detailed
the use of many of the most important techniques for studying the stability and
folding of proteins, but emphasized the Practice more than the Theory. The cur-
rent volume, Protein Sructure, Sability, and Folding, is a companion to the
earlier work. In this volume more emphasis is placed on the Theory, although
chapters on exciting new experimental approaches are included. Together, the
two volumes cover abroad range of experimental and computational approaches
to studying and understanding protein structure, stability, and folding.

Since the publication of Shirley's work, there have been many exciting
advances in both theory and experiment. Advancesin the power of theoretical
approaches now make it feasible to calculate many aspects of protein stability
and dynamics from knowledge of the structure. The present book, Protein
Structure, Sability, and Folding includes chapters on these calculations, as
well as approaches for calculating conformational entropy and performing
molecular dynamics simulations of protein unfolding. New experimental
approaches are also being used to look at stability and folding. These include
the use of co-solvents, new applications of hydrogen exchange techniques,
temperature-jump methods for looking at fast folding events, and new strat-
egies for mutagenesis experiments.

I would like to thank all the authors who contributed to this book for their
hard work and extraordinary patience. | would also liketo thank my colleagues
in the Department of Biochemistry and especially the members of my labora-
tory for their encouragement in this project. Finally | would like to thank my
wife, Lee, and my children, Kevin, Katie, and Ellen, whose love and faith
make it all worthwhile.

Kenneth P. Murphy
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Stabilization of Protein Structure

Kenneth P. Murphy

1. Introduction

The complex and interrel ated reactions which make up living pro-
cesses are dependent upon the presence of proteins, not only as cata-
lysts, but in their role as structural molecules, as storage and carrier
molecules, and as molecular motors. All of these functions require
that the nascent amino-acid chain correctly folds into the biologi-
caly active, three-dimensional structure of the native state. In pioneer-
ing studies, Anfinsen showed that all the necessary information for
the nascent chain to fold into the native structure is contained in the
sequence of amino acids (1). In order for proteins to fold spontane-
oudly into their native dtate, the native state must be lower in Gibbs
energy than the unfolded state. From this observation, Anfinsen pro-
posed that the native and unfol ded states are in equilibrium, and that
the native state is the global minimum in the Gibbs energy that can
be obtained without breaking covalent bonds. This assumption is
known as the thermodynamic hypothesis, because it suggests that pro-
tein folding is under thermodynamic—rather than kinetic—control.

It is important to recognize that the thermodynamic hypothesis
involvestwo key concepts: 1) that the native stateisthe global mini-
mum in Gibbs energy; and 2) that the unfolded and native states are
in equilibrium. The first concept cannot be proven experimentally,

From: Methods in Molecular Biology, vol. 168: Protein Structure, Stability, and Folding
Edited by: K. P. Murphy © Humana Press Inc., Totowa, NJ
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although it is amenable to computational studies. The second con-
cept is well-documented experimentally. If the native state is not
the global Gibbs energy minimum, then the barrier between the
native and global -minimum structure is large enough that athermo-
dynamic treatment of protein stability is perfectly justified.

If the native and unfolded states arein equilibrium, then no addi-
tional factorsare required to fold the nascent chain, and it is unnec-
essary to have folding occur cotranglationally. In fact, the idea that
proteins fold as the chain emerges from the ribosome cannot gener-
aly betrue. It has been shown that the N-terminal domain of some
proteins is unstable in the absence of the C-terminal domain. Thus
the N-terminal domain—although synthesized first—does not fold
independently and cannot fold cotranslationally. The molecules
involved in protein folding, such as chaperones, must therefore
servetherole of preventing off-pathway processes such as aggrega-
tion, rather than catalyzing folding per se.

The goal of this chapter is to provide an overview of the forces
responsible for the lower Gibbs energy of the native state. An under-
standing of the forces responsible for the stabilization of protein struc-
tureiscritical to an understanding of specificity in protein folding and
binding. An understanding of these forcesis aso key to the prediction
of protein structure, the structure-based design of pharmaceuticals, the
design of proteinswith enhanced stability for useinindustrial and phar-
maceutical processes, and rationalizing protein function.

2. Thermodynamic Description of Protein Folding

Because the native and unfolded states are in equilibrium, the fold-
ing reaction can be quantified in terms of thermodynamics. The contri-
bution of various interactions to these thermodynamic quantities can
also be explored as a means of understanding how they contribute to
protein stability. The equilibrium between the native (N) and unfolded
(V) statesis defined by the equilibrium constant, K, as:

K== 1)
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Thedifferencein free energy between the unfolded and native states
is then:

AG°=-RTInK )

where Risthe universal gas constant and T is the absol ute tempera-
turein Kelvin. Note that the equilibrium constant in Eq. 1isfor the
unfolding reaction, so that a positive AG® indicates that the native
state is more stable than the unfolded state.

The free energy is composed of both enthalpic and entropic
contributions:

AG® = AH® — T AS? 3)

where AH° is the enthalpy change and AS° is the entropy change
upon unfolding. However, as with other reactions which take place
in water, both the AH® and AS® are strongly temperature-dependent
so that the free-energy change is better written as:

AG® = AH°; — TAS, + Acp{ (T-TR)-T Inq—)} 4
R

where the subscript R indicates the value of AH® and AS° at arefer-
ence temperature, Tg, and AC, is the heat-capacity change.

The result of the significant AC,, is that the free energy is not a
linear function of temperature. Rather, it shows significant down-
ward curvature and has amaximum value at some temperature, often
near physiological. The temperature of maximum stability occurs
where the AS® is equal to zero. The curvature is sometimes signifi-
cant enough that the protein can unfold upon cooling, a phenom-
enon known as cold denaturation (2—4). These features are
illustrated in Fig. 1, which showsthe AG® vs temperature for a pro-
tein of 150 amino-acid residues using the average values of AH®,
AS?, and AC,, per residue for globular proteins taken from a recent
review (5).

In this chapter, the contributions of the dominant interactions to
the AG® as afunction of temperature are reviewed.
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AG® / kJ mol’!

Temperature (°C)

Fig. 1. AG® as a function of temperature for an average protein of
150 amino-acid residues with a T, = 60°C, AH° = 438 kJ mol~%, and
AC,=8.7 kJK- mol~. Note that the AG°® goes through a maximum near
15°C and then decreases upon further decrease of temperature.

3. Description of the Dominant Forces
in Protein Folding

The nature of the contribution of various interactions to protein
folding and stability has been of interest for some time. In 1959
Walter Kauzmann wrote aseminal review in which he gave aphysi-
cal description of theseinteractions and discussed the probable con-
tribution of each (6). More recently, Ken Dill reviewed the data
since Kauzmann'sreview (7), and concluded that Kauzmann's analy-
sis haslargely stood the test of time.

Typically the interactions which are considered to dominate pro-
tein stability are the hydrophobic effect, hydrogen bonding, and
configurational entropy. Before discussing the contribution of these
interactionsto protein stability, it ishelpful to define precisely what
is meant by each term.
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3.1. The Hydrophobic Effect

The hydrophobic effect generally refers to the low solubility of
hydrophobic (i.e., apolar) compounds in water. In order to quanti-
tate this effect, it isnecessary to define not only thefinal state—i.e.,
hydrocarbon dissolved in water—but also an initial state. Hydro-
phobicity scales are usually based on aliquid hydrocarbon or liquid
alcohol initial state so that the free energy for the hydrophobic effect
would be defined as the AG® of transfer from the liquid hydrocar-
bon to agueous solution. While the liquid initial state has been sug-
gested as the best definition of the hydrophobic effect (8), it is
difficult to apply directly to protein stability because the protein
interior is not liquid-like (9,10). Thus, one would need to include
the energetics of transfer from the protein interior to the liquid in
order to fully account for the contribution of hydrophobic groups to
protein stability.

For the purposes of this chapter, the hydrophobic effect will be
defined as the energetics associated with the transfer of hydropho-
bic surface from the protein interior to water. This includes the
energetics associated with changes in van der Waals interactions
experienced by the hydrophobic groups, as well as the energetics
associated with the restructuring of water which take place upon
hydrating hydrophobic groups. Using this definition, it is difficult
to make direct measurements of the hydrophobic contribution to
protein stability. Y et, as discussed in Subheading 4.1., this contri-
bution can be estimated from the energetics of transfer of hydro-
phobic groups from amino-acid crystals to water as well as from
studies of the energetics of protein stabilization themselves.

3.2. Hydrogen Bonding

Aswith the hydrophobic effect, hydrogen bonding can be defined
invariousways. Thisdefinition will determinewhat is meant by the
contribution of “hydrogen bonding” to protein stability. In general,
hydrogen bonding refers to the partia sharing of a hydrogen atom
between a donor atom to which it is covalently bound, and an



6 Murphy

acceptor atom which has a lone pair of electrons. In proteins, the
intramolecular hydrogen bonding competes with hydrogen bonding
to water molecules. It isthis competition that determines the contri-
bution of hydrogen bonding to protein stability.

For the purposes of this chapter, the contribution of hydrogen
bonding will be defined in terms of this competition—i.e., it isthe
difference between the energetics of hydrogen bonding groups
interacting with each other within the folded protein and interacting
with solvent water in the unfolded protein. It is important to note
that within this definition the contribution of van der Waalsinterac-
tions between the protein interior and the hydrogen-bonded pair also
contributes to hydrogen bonding.

Other definitions of the contribution of hydrogen bonding are
possible, and have been used. For example, in a mutagenesis
experiment, ahydrogen-bonded side chain can be replaced by aside
chain which cannot form hydrogen bonds (e.g., replacing tyrosine
with phenylalanine). The difference in the folding energetics
between these two proteins can then be defined as the contribution
of a hydrogen bond (11-13).

3.3. Configurational Entropy

In an unfolded protein, the polypeptide chain can adopt different
rotomeric positionsaround @ and Y torsional angles, and side chains
can adopt different rotomers around x angles. Upon adopting the
native state, nearly all @ and () angles arerestricted to asingle posi-
tion, asarethe mgjority of x angles. Thisloss of degrees of freedom
translatesinto aloss of configurational entropy. It istheloss of con-
figurational entropy which must be overcome by favorable interac-
tionsin order to fold a stable protein.

3.4. Other Contributions

Protein stability is affected through environmental factors such
astemperature, pH, and salt. Temperature affects stability by chang-
ing the contributions of the hydrophobic effect, hydrogen bonding,
and configurational entropy. In contrast, the effects of factors such
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as pH and salt arise from linked equilibria (14)—protons or ions
bind to the native and denatured states with different affinities. A
compl ete understanding of protein stability also requiresknowledge
of these linkage effects.

4. Evaluating Contributions

The contribution of different interactionsto the stability of globu-
lar proteins has been evaluated in a number of different ways, both
experimentally and computationally. Computational approachesare
particularly well-suited for evaluating configurational entropy, as
discussed in Subheading 4.3.

Experimental studies can generally be divided into two types. model
compound and mutational studies. In model compound studiesthe goal
is to study a system which captures most of the relevant features of
protein stability, but is smple enough to be more readily interpreted.
Thevarioustypesof model compound studies have been described pre-
vioudy (15-17), and are not reviewed in this chapter. However, the
results of such studies will be discussed here.

4.1. The Hydrophobic Effect

Model compound studies of the transfer of hydrophobic com-
pounds into water have resulted in a thorough understanding of the
contribution of the hydrophobic effect to protein stability. Whether
the transfer into water is from the gas, liquid, or solid phase, it is
evident that the hydrophobic effect is accompanied by a significant
increase in heat capacity and, at 25°C, a significant decrease in
entropy (for a review, see ref. 18). This temperature-dependent
decrease in entropy approaches zero near 112°C, assuming a tem-
perature-independent AC, (19,20). The large AC,, results in a sig-
nificant curvature to AG® as afunction of temperature.

In contrast to AC,, and AS®, the value of the AH® associated with
the hydrophobic effect depends on whether the transfer is from the
gaseous, liquid, or agueous phase (21), as well as the type of com-
pound being transferred. With liquid hydrocarbons, the AH® of the
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Fig. 2. The contribution of a methyl group to the AG® and AH® of the
hydrophobic effect for liquid hydrocarbons (solid lines) and amino-acid
crystals (dashed lines). Note that the AS° for both processesis equal (not
shown), so that the decreased AG® for the crystals results from the
decreased AH°.

hydrophobic effect at 25°C is near zero (22), but with crystalline,
cyclic dipeptides it is negative (23). The consequence of this nega-
tive AH° is that the AG* for the hydrophobic effect as it applies to
cyclic dipeptidesisless than what is estimated from the dissol ution
of hydrocarbon liquids (see Fig. 2). This negative AH® for the
hydrophobic effect a'so seemsto apply to proteins(5,21,24,25), sug-
gesting that the hydrophobic effect contributes less to the stability
of globular proteins than originaly believed. This finding is sup-
ported by protein stability studies (5,21,26,27).

Mutational studies which attempt to examine the hydrophobic
effect show awide range of values. Thisis presumably the result of
packing differences between side chains (see ref. 28). The results of
mutational studies mostly illustrate the difficulty of interpreting
small changes in complex systems such as proteins. This is espe-
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cially true when only the effects on the melting temperature, or AG°®,
is studied. The complexity of the interactions is revealed more
clearly in studies that examine the effects of mutations on AH® and
AS’ in addition to AG® (29).

4.2. Hydrogen Bonding

As with the hydrophobic effect, both model compound and pro-
tein mutant studies have provided important information on the con-
tribution of hydrogen bonding to protein stability. It might seem at
first that hydrogen bonding would make little contribution to pro-
tein stability, since intramolecular hydrogen bonds broken upon
protein unfolding arereplaced by hydrogen bondswith water. How-
ever, hydrogen-bond strength depends not only on the presence of
donor and acceptor groups, but on the chemical nature of the groups
involved, the local environment in which the hydrogen bond is
present, and the relative concentration of the groups.

One approach to ascertaining the contribution of hydrogen bond-
ing to protein stability has been to study the interactionsin solution
of solutes that can form hydrogen bonds. Such compounds include
urea, carboxylic acids, alcohols, and amides. These studies suffer
from lack of information on the nature of the interaction between
solutes. For example, interactions between alcohols can arise from
hydrogen bonding between the hydroxyl groups or from a hydro-
phobic association between the aliphatic tails.

A classic illustration of the problem of interpreting solution
interaction studies comes from the work of Klotz and Franzen (30),
who studied the dimerization of N-methyl-acetamide asamodel for
hydrogen bonding in proteins. Observing no temperature depen-
dence to the association constant, they concluded that the AH® of
hydrogen-bond formation between amide groups was zero. This
conclusion was quickly called into question by Némethy and
Scheraga (31), who pointed out that the AH® from the hydrophobic
interaction between the methyl groups could cancel the AH® of
hydrogen bonding. While this suggestion was supported by subse-



10 Murphy

guent solution studies (32—34), the idea that hydrogen bonding in
proteins makes no enthalpic contribution to protein stabilization
persists (seeref. 35).

Subsequent studies on the solution interaction of d-valerolactam
(36) and diketopiperazine (34,37) supported the conclusion of
Némethy and Scheraga. Both of these compounds have cis peptide
bonds, so that the hydrophobic groupswould be directed away from
each other in a hydrogen-bond interaction. The AH® of interaction
in these compounds is significant and negative, suggesting that
hydrogen bonds between peptide groups are enthal pically favorable
in water. Nevertheless, the lack of structural data on the solution
interactions limits the interpretation.

The energetics of transfer of amino-acid compounds from acrys-
talline solid into agueous solution are more readily interpreted,
because the interactions in the crystal can be determined from
X-ray crystallography, while the solutes interact only with solvent
water in dilute solution. Studies of the dissolution of ahomologous
series of cyclic dipeptides—in which cyclization removes the
zwiterrionic charges—al so indicate that hydrogen bonding of pep-
tide groups within proteins is enthalpicaly stabilizing relative to
the peptide groups interacting with solvent (21). Further studies of
cyclic dipeptides containing serine side chains indicate that hydro-
gen bonding between the side chain hydroxyl and the backbone is
also enthalpically stabilizing, but only about one-half as strong as
the peptide-peptide interaction (38).

The enthal pic stabilization resulting from side chain to backbone
hydrogen bonds is supported by studies of alanine to serine muta-
tions in T4 lysozyme which show increased enthalpies of unfold-
ing, although the melting temperatures decrease (39). These studies
indicate that thereis an entropic penalty of forming hydrogen bonds
between side chains. Recent studies of an engineered salt bridgein
arubridoxinvariant yield similar results (40). These studiesrevea ed
that a surface salt-bridge between side chains had little or no effect
on the stability of the protein, but a salt bridge between aside chain
and the backbone was stabilizing by 6.3 kmol—. Mutational stud-
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iesin RNase T1 also indicate that hydrogen bonds stabilize protein
structure (13).

4.3. Configurational Entropy

Configurational entropy, the primary destabilizing contribution
to protein stability, arises from the additional rotomeric states
accessible to amino-acid side chains and the protein backbone in
the unfolded state. It is also important to realize that the configura-
tional entropy of the backbone is dependent on the side chain, asis
evident from Ramachandran plots (41,42).

While experimental approaches can be used to determine the dif-
ference in backbone entropy for different amino-acid residues (43),
computational methods are the best approach for estimating the con-
tribution of configurational entropy to protein stability. These com-
putational approaches include statistical surveys of rotomer
populationsin proteins of known structure (44), Monte Carlo simu-
lations (42,45), and exhaustive calculations (46,47). These studies
indicate that the backbone contributes between 9 J K=t mol~! per
residue (for Val and Ile) and 27 JK~X mol~* per residue (for Gly) to
the configurational entropy (47), while the side chains contribute
between 0 and 30 J K~ mol (46). Thus, the configurational entropy
represents a considerable challenge to the folding of globular proteins.

5. Conclusion

The stabilizing contributions that arise from the hydrophobic
effect and hydrogen bonding are largely offset by the destabiliz-
ing configurational entropy. The hydrophobic effect is strongly
temperature-dependent, and is considerably weaker and perhaps
even destabilizing at low temperatures than at elevated tempera-
tures. The contribution of various interactions for a “typical” pro-
teinisillustrated in Fig. 3.

Becausethe stability of aproteinisabalancing act between large,
opposing contributions, it is easily tipped in one direction or the
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Fig. 3. Representative contributions of interactionsto the overall stabi-
lization of aglobular protein. Both the hydrophobic effect and hydrogen
bonding make large, favorable contributions to the overall AG®°, while
the configurational entropy makes alarge, unfavorable contribution. The
result is the modest stability characteristic of globular proteins.

other by relatively small changesin the environment. These can be
changes in the temperature, pH, or ligand concentration, or the
addition of denaturants or stabilizing cosolvents. The ability to
switch from stabilizing to destabilizing conditions relatively easily
conveniently allows the study of the folding reaction.

While the exact contribution of different interactions to the sta-
bility of globular proteins remains in question, our understanding
seemsto be refined enough to allow for the reasonabl e prediction of
the overall folding thermodynamics. What remains is to refine this
understanding into precise predictions of melting temperatures and
their dependence on small environmental changes.
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Protein Stabilization by Naturally
Occurring Osmolytes

D. Wayne Bolen

1. Introduction

Natural selection is believed to be an unforgiving and relentless
forceintheevolution of life on earth. An organism that cannot adapt
to a changing environment or an environment hostile to cell func-
tions is at risk as a species. So it is important to understand the
mechanisms used by plants, animals, and microorganisms in adapt-
ing to environmentsin the biosphere that would ordinarily denature
proteins or otherwise cause disruption of life-giving cellular pro-
cesses. These hostile environments involve such stresses as
extremes of temperature, cellular dehydration, desiccation, high
extracellular salt environments, and even the presence of denatur-
ing concentrations of urea inside cells (1). It has been recognized
for some time that many plants, animals, and microorganisms that
have adapted to environmental extremes also accumulate signifi-
cant intracellular concentrations of small organic molecules (1-4).
From these (and other) observations comesthe hypothesisthat these
small organic molecules, called osmolytes, have the ability to pro-
tect the cellular components against denaturing environmental
stresses (1-5). In this chapter, we seek to understand the molecular-
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level phenomena involving proteins and the naturally occurring
osmolytesthat result in the stabilization of proteins against denatur-
ation stresses.

The disaccharide trehalose is the principal osmolyte selected to
protect the resurrection plant against desiccation, and it is the osmo-
lyte selected by nature to protect tardigrades (primitive arthro-
pods) against the deleterious effects of desiccation (6,7). This
is only one example in which organisms from different kingdoms
have been subjected to the same sel ective pressure (desi ccation) and
have settled on the same osmolyte for protection against that stress.
Such cases have been cited as examples of convergent evolution
(2). If convergent evolution indeed selects for particular organic
compounds as cell-component protectants, then the property or
properties of the osmolyte that bestow the protection must be highly
valued evolutionarily. Identification of an evolutionarily selected
property or properties of osmolytes that protect proteins against
denaturing stresses should provide valuable insight into the funda-
mental problem of protein stabilization, a problem that plagues the
pharmaceutical industry, biotechnology, and everyday research.

Satisfying biological needs and biological constraints are a
necessity in adaptation, and it is most enlightening to approach the
issue of protein stabilization in that context. In the natural selection
of amechanism that will enable an organism to adapt to denaturing
stresses, two conditions must be met: (1) the mechanism must pro-
vide for the stabilization of cellular proteins and other cell compo-
nents against the denaturing environmental stress, and (2) the
mechanism must provide the stabilization without significantly
affecting the functional activity of the proteins and other cellular
components (1,8,9). This places stringent constraints on the types
of mechanisms appropriated through natural selection. The condi-
tion of not affecting the functional activity of proteins and other
cellular componentsiis just as important as providing for stabiliza-
tion, for thereis no selective advantage for amechanism that solvesthe
stabilization problem while creating problems with cellular function.
Our goal in this chapter isto investigate how physical and/or chemical
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properties of osmolytes may be responsible for the stabilization of pro-
teins, and to relate these properties to the biology of adaptation.

2. Naturally Occurring (Protecting and Nonprotecting)
Osmolytes

Intracellular accumulation of organic solutes creates an osmotic
pressure that can affect cell volume, and this osmotic effect is the
reason these solutes are often referred to as organic osmolytes (10).
Small organic osmolytes were selected by nature to protect the cell
and cellular components against particular denaturing stresses; how-
ever, not all osmolytes protect cell components. An important
nonprotecting osmolyte is urea, which accumulates in mammalian
renal medulla cells and also in the cells of sharks, rays, and the
coelacanth (1). Theintracellular proteins in urea-enriched cells are
just as susceptible to the strong denaturing properties of ureaasthe
proteins in cells that do not accumulate urea. What permits urea-
rich cells to thrive is the intracellular presence of methylamine
osmolytes—compounds that have the ability to offset (i.e., protect
against) the del eterious effects of urea(8,11,12). Ureaisan osmolyte
in aclass by itself—it is a nonprotecting osmolyte.

In contrast to urea, the array of naturally occurring organic
osmolytes that are classified as protecting osmolytes fall into three
general chemical classes: (1) the polyols, which include glycerol,
sucrose, trehal ose, and certain other sugars; (2) certain amino acids,
including prolineand glycine; and (3) particular methylamines, such
as sarcosine, trimethylaminen-oxide (TMAOQ), and betaine. A more
extensive listing of protecting osmolytes can be found in (1).
Assuming that environmental stresses are the sources of selective
pressure for the accumulation of organic osmolytesin an organism,
particular classes of osmolytes appear to have been selected for their
ability to oppose particular stress conditions. For example, polyols
appear to be particularly good at protecting organisms against
stresses such as temperature extremes and dehydration or desicca-
tion, and amino acids appear to have been selected to protect cells
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against extracellular environments that are high in salt concentra-
tion (1). By contrast, the methylamine osmolytes seem to have the
ability to protect the cellular components of urea-rich cells against
the deleterious effects of urea (1).

A general conclusion that might be drawn from these observa-
tionsisthat protecting osmolytes are stress-specific, and one should
not expect an osmolyte that is good at protecting against one dena-
turing stress to be particularly effective in protecting against a dif-
ferent denaturing stress. Yet it would be wrong to conclude that a
different basic mechanism for protection is operative with each pro-
tecting osmolyte or osmolyte class. Thereis considerable similarity
in the mechanism by which the organic osmolytes protect against
denaturing stresses—a commonality that reveals itself in the prop-
erty of preferential exclusion (13-24).

3. Essential Physico-Chemical Observations

3.1. Preferential Exclusion: A Common Feature
of Protecting Osmolytes

Sucrose has long been used in biochemistry to stabilize proteins,
and in an effort to understand this process, Lee and Timasheff (25)
evaluated the binding of sucroseto proteins by equilibrium dialysis.
Favorable binding of aligand to protein results in the ligand con-
centration in the protein-containing compartment that is the sum of
the concentrations of unbound ligand and ligand bound to protein,
whilein the compartment lacking protein only unbound ligand con-
centration is possible. At equilibrium, the chemical potentials of
unbound ligand in both compartments areidentical. Thus, favorable
ligand binding results in a greater concentration of ligand in the
protein-containing compartment than in the compartment lacking
protein.

In their equilibrium dialysis experiment, Lee and Timasheff
found that asaligand, sucrose is observed to have a greater concen-
tration in the compartment lacking protein than it has in the com-
partment containing protein—i.e., the results are the exact opposite
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of those expected for favorable ligand binding to protein (25). This
result unequivocally shows that sucrose does not bind to proteins,
and it is preferentially excluded from the vicinity of the protein.
This preferential exclusion phenomenon has been found for the
naturally occurring protecting osmolytes and is a common defining
feature of these solutes.

Obviously, preferential exclusion of aligand from theimmediate
vicinity of a protein implies that the concentration of ligand in the
immediate volume element surrounding the protein islower than its
concentration in the bulk phase. Clearly, if ligand concentration is
lower in this volume element than in the bulk phase, then water
concentration in this volume element necessarily must be higher
thanitisinthe bulk phase. Thus, preferential exclusion of ligand in
the volume element is equivalent to saying the protein is preferen-
tially hydrated. Thus, the terms preferential exclusion of ligand and
preferential hydration of the protein refer to the same phenomenon,
and are often used interchangeably.

3.2. Gibbs Energy Implications of Preferential Exclusion

By definition, favorable ligand binding to aprotein alwaysresults
in athermodynamic decrease in the Gibbs energy for the process—
i.e., the standard chemical potential for the interacting protein-
ligand complex is lower than the sum of the individual standard
chemical potentials of free ligand and free protein (AG® is nega-
tive). By contrast, preferential exclusion causesan increasein AG®,
and the standard chemical potential of the sucrose-protein systemis
greater than the sum of the standard chemical potentials of free
ligand and free protein (26,27). Using transfer Gibbs energy mea-
surements, we have shown that the thermodynamic effect of stabi-
lizing osmolytes on the equilibrium between native and unfolded
protein gives a unique Gibbs energy diagram that illustrates how
protein stabilization arises from preferential exclusion (27-29).
Arakawa and Timasheff originally presented the basic features of
the Gibbs energy diagram, reproduced herein Fig. 1, and based on
preferential exclusion.
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measurements (13). In fact, Timasheff and colleagues (30) have
clearly shown the thermodynamic relationship between transfer
Gibbs energy and the preferential interaction parameters measured
and used intheir approach. Figure 1 identifiesfour processes repre-
sented by the unfolding reaction of native protein in aqueous solu-
tion to unfolded protein in aqueous solution (AG®,); the transfer of
unfolded protein in agueous solution to unfolded protein in (for
example) 1 M protecting osmolyte solution (AG®,); the unfolding
reaction of native proteinin 1 M osmolyte solution to unfolded pro-
teinin 1 M protecting osmolyte solution (AG°5); and the transfer of
native protein in aqueous solution to native protein in 1 M protect-
ing osmolyte solution (AG®,). These events comprise the thermody-
namic cycle presented in Scheme 1.

Several conclusions can be drawn from Fig. 1. First, the stabili-
zation by protecting osmolyte does not arise from osmolyte stabili-
zation of the native state. In fact, the Gibbs energy diagram shows
that transferring native protein from water to 1 M protecting
osmolyte solution increases the Gibbs energy, meaning that the
(AG®,) transfer has a positive sign and transfer is therefore desta-
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bilizing (27). Second, the Gibbs energy of transfer for the unfolded
state of the protein from agueous solution to 1 M osmolyte (AG®,) is
increased much morethan (AG® ), suggesting that exposure of the pro-
tein fabric to osmolyte solution isasol vophobic process. Third, protein
unfolding in 1 M osmolyte solution ismore unfavorabl e than unfol ding
in aqueous solutions (AG°5 ismore positive than AG®;). Thisisadirect
consequence of the relatively large unfavorable transfer of unfolded
protein from water to 1 M osmolyte solution (13,26—29). Thus,
osmolyte stabilization of proteins arises principally from the destabili-
zation of the unfolded state of the protein in the presence of osmolyte.
The importance of this mechanism is that osmolytes act primarily on
the denatured state in bringing about stabilization, while leaving the
native state relatively unaffected and functional (through preferential
exclusion of osmolyte). This mechanism provides the meansfor satis-
fying the two conditionsfor natural selection—i.e., stabilizing proteins
againgt the denaturing stress—while not interfering with the functional
activity of macromolecules.
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4. Transfer Gibbs Energy

From Fig. 1, it is clear that the (unfavorable) solvophobic effect of
transferring unfolded protein from water to 1 M osmolyte solution is
critical to understanding the chemical origin of the stabilization of pro-
teinsby protecting osmolytes. Thus, identification of the part or parts of
the protein responsible for the solvophobic effect is extremely helpful
inidentifying the nature of the force or forces responsible. The method
best suited for identifying the relative favorability or unfavorability of
transferring protein functional groupsfrom water to osmolyte solutions
involves the measurements of transfer Gibbs energies (AQ°y). AQ®y,
gives ameasure of the preference of that functiona group for interac-
tion with the cosolvent speciesrelative to its preference for interaction
with water (31,32). Transfer Gibbs energy measurements have along
and storied history in providing an understanding of how strong dena
turants such as ureaand guanidinium chloride work their magic, and in
identifying and characterizing such important fundamental thermody-
namic forces as the hydrophobic effect (31-33). For the purpose of
understanding how protecting osmolytes work, transfer Gibbs energy
changes are the measurements of choice.

4.1. Theory Behind Transfer Gibbs Energy
Measurements

First, aword about terminology. Let’s say we want to determine
whether some particular functional group on the protein—for
example, the peptide backbone—contributes to the solvophobic
effect observed on transfer of an unfolded protein fromwater to 1 M
sucrose. We then evaluate the Gibbs energy of transfer of the pep-
tide backbone from water to 1 M sucrose. The sign of the Gibbs
energy change on transfer (Ag°;,) of the peptide backbone from
water to 1 M sarcosine tells us with which of the two solvent com-
ponents the backbone would rather be in contact. And the magni-
tude of the Ag°,, tells us by how much (in energy terms) the
backbone prefers the favored solvent. It is important to note that
water is always taken to be the reference-state solvent, and an unfa-
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vorable Ag®, means that when given a choice of the two solvents,
the peptide backbone prefersto interact with water morethan it does
with 1 M sucrose. Later in this chapter, we will find that the Ag®;, of
the peptide backbone from water to protecting osmolyte solutionsis
indeed unfavorable, and from the positive sign of Ag°®,, it is com-
mon to say that the osmolyte interacts unfavorably with the peptide
backbone. This statement means that relative to the interaction of
water with the peptide backbone, osmolyte solution interacts unfa-
vorably with the backbone. The transfer of peptide backbone from
water to protecting osmolyte solution is a solvophobic effect—it is
solvophobic with respect to water as the reference solvent (28).
The application of transfer Gibbs energy measurements to pro-
teins was advanced in development in the 1930s (34,35). There are
many variations of the method, and the one we have used is based
on the solubility measurements of amino acids in water and in the
specified osmolyte solution. Fig. 2 shows solubility plots of alanine
inwater and aaninein 1 M TMAO (27). The limits of solubility of
alanine in water and in 1 M TMAO are represented by the alanine
concentrations at the intersections of the two linesin each solubility
plot. At these solubility limits, the chemical potential of the amino
acid in the crystal is equal to the chemical potential of the amino
acid in the solvent. Thus, for the two experiments we can write:

H(AA crystal) = H(AA in water) D
H(AA crystal) = H(AA in1 M TMAO) (2

Because the chemical potential of the amino acid in the crystal is
the same in both experiments we can write:

H(AA inwater) = W(AA in1 M TMAO) 3

And this equation can be expanded in the usual manner to give:
H°(AA inwater) + RT In a(AA inwater) =

L°(AA in1M TAMO) + RT InaAA in 1M TMAO) (4

where a(AA in water) and a(AA in 1 M TMAO) represent the
activities of the amino acid in water and 1 M TMAO respectively.
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Fig. 2. Density of supernatant solutions vs composition of alanine in
water and 1 M TMAO solutions. Solubility limits of alanine in water

(open squares) and in 1 M TMAO (filled circles) are determined at the
intersection points of the solid lines.

Collecting termsin the above equation gives:

Ap® =R TIn[a(AA in 1M TMAO)/a(AA in water)]

5
where Ap° = u°(AA in 1M TMAO) — H°(AA in water) ®)

Itisvery difficult to evaluate the activities of theindividual compo-
nents of a three-component mixture, so activities are commonly
taken as molar concentrations and the equation becomes:

AG®, = A° = R T IN[C(AA in 1M TMAO)/C(AA in water)]

where C(AA in1 M TAMO) isthemolar concentration of theamino
acid at the solubility limit in 1 M TMAO, C(AA in water) is the
amino-acid (molar) concentration at the solubility limit in water,
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and AG®;, is the standard transfer Gibbs energy of the amino acid
from water to 1 M TMAO (29,36,37).

4.2. Methods

Transfer Gibbs energy valuesfor 20 common amino acids can be
evaluated from solubility measurements such asthose shownin Fig. 2.
From the tabulated values of AG®,,, the Gibbs energy of transfer of
side chains (Ag°;, ) may be estimated by subtracting AG®,, of gly-
cine from all other amino acids (32,38). To determine Ag®,, for the
peptide backbone, the solubilities of the cyclic glycylglycine model
compound, diketopiperazine (DKP) can be evaluated in water and
in asolution of fixed osmolyte concentration. The resulting transfer
Gibbs energy of DKP from water to fixed osmolyte concentration is
divided by two in order to express the transfer Gibbs energy on a
per mol peptide backbone basis (27). The tabulated Ag®,, values for
the side chains and the peptide backbone serve as the database for
evaluating the effects of osmolyte on protein denaturation.

5. The Transfer Model and Protein Folding
5.1. What is Being Modeled?

Scheme 1 succinctly outlines the relationship between transfer
and protein stability, with AG°, and AG®, representing the Gibbs
energiesof transfer of native state and denatured state from water to
cosolvent solution, respectively. Thesetransfer processesarerelated
to the unfolding Gibbs energy changes in water (AG°;) and in
osmolyte solution (AG°;) by Eq. 6:

AG®, —AG®, = AG°3—AG®, (6)

which showsthat by determining the transfer of native state (AG®,)
or denatured state (AG°®,) from water to osmolyte solution, one can
obtain ameasure of theincreasein the protein’ sstability in osmolyte
over its stability in water (AG°; — AG®,).

By means of preferential interaction measurements, Lin and
Timasheff (30) experimentally determined AG°, and AG®, for ribo-
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nuclease T1. But another way of obtaining AG°, and AG®, isto
estimate these quantities by use of models of the denatured and
native protein. The latter approach, called the Transfer Model, was
used by Nozaki and Tanford to obtain insight into how strong
cosolvent denaturants such as urea and guanidine hydrochloride
destabilize proteins (32,38-40). The advantage of using the Trans-
fer Model isthat it identifies and quantifies which functional groups
on the native and denatured states of the protein being transferred
from water to cosolvent solution are principally responsible for the
differences in protein stability in the cosolvent solution relative to
the protein’s stability in water. Much of what we know about the
efficacies of urea and guanidine hydrochloride and their interac-
tions with protein functional groups originates from Nozaki and
Tanford’s pioneering use of the Transfer Model to understand urea
and guanidine hydrochloride denaturation (38). In this chapter, we
have adopted the Transfer Model for the purpose of understanding
the energetics of interactions between osmolytes and groups on the
protein that protect proteins against denaturation.

Operationally, the Transfer Model consists of identifying the
solvent-accessible functional groups on the native and denatured
forms of the protein; quantifying the fraction of solvent-exposed
surface area; multiplying the fractions of solvent-exposed functional
groups by their Gibbs energies of transfer; and summing all of the
transfer Gibbs energy contributions to obtain estimates of the trans-
fer Gibbs energy of the native (AG°,) or denatured species (AG®,)
from water to the specific cosolvent solution. The last step requires
appropriate modelsfor the denatured and native protein species, and
appropriate models for determining the Gibbs energy of transfer
of side chain and backbone functional groups. Such models are
described in Subheading 5.2.

5.2. Assumptions of the Transfer Model

Amino-acid transfer Gibbs energy measurements have had along
and important history, and they have played a key role in under-
standing the effect of denaturants and organic solvents on protein
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stability (31-35,38-44). The basic ideafor use of these quantitiesis
that the sum of the Gibbs energy of transfer of the solvent-exposed
component parts of a protein from water to cosolvent equals the
Gibbs energy of transfer of the whole protein. Thisview isbased on
the assumption that the contributions of component parts of the pro-
tein are additive, and this assumption is one of the weaknesses of
themodel. Several investigators have struggled with the question of
additivity with much, but not all, of the data in support of the con-
cept of additivity of side-chain contributions (32,38,40,45-50).
Similarly, additivity of the peptide backbone unit appearsto depend
on chain length, and while some have presented data indicating the
transfer Gibbs energy of peptide backbone unit is additive, others
suggest nonadditivity (32,38,40,46,47). Because of the long history
of theissue of additivity, it isdoubtful that aconvincing case, could
settle the issue without extensive studies using a wide variety of
compounds and solvent systems. Our view isthat additivity for side
chain and backbone units occursto asignificant extent—or the abil-
ity to obtain reasonable unfol ding Gibbs energy changes based upon
side-chain and backbone-transfer free-energy data would not be as
successful asit continuesto be (43,44). It should be noted that addi-
tivity of side-chain transfer free-energy data of Nozaki and Tanford
isincorporated as an essential part of theories that have been suc-
cessful in modeling the thermodynamics of protein folding (51).

In addition to additivity, several other assumptions and approxi-
mations affect the magnitude of Gibbs energies obtained from
application of the Transfer Model. As previously mentioned, activ-
ity coefficients for three-component systems are so difficult to
evaluate that we have little choice but to use concentrations rather
than activitiesto determinetransfer Gibbs energies (36,37,52). Also,
Nozaki and Tanford have discussed the issue of what constitutes a
good model of the peptide backbone, and severa different models
have been used to evaluate the transfer Gibbs energy of the peptide
backbone (33,39,40,42). The model we use—diketopiperazine
(DKP, aternatively known as cyclic glycylglycine)—is found to
give transfer Gibbs energies within 10-15% of those reported for
the preferred model used by Nozaki and Tanford (27). Thus, the
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transfer Gibbs energy for the peptide backbone may also be apoten-
tial source of some error.

Despite the various assumptions and approximations used in the
Transfer Model, the Gibbs energy of transfer of native and dena-
tured RNase T1 from water to 1 M TMAO obtained from the Trans-
fer Model (AG°, = 1.7 and AG®°, = 5.9 kcal/mol) agree favorably
with the respective values of 1.2 and 5.4 kcal/mol determined
experimentally by Lin and Timasheff (29,30). The agreement pro-
vides evidence that the approximations and assumptions are not
debilitating to the model, and it also provides a degree of confi-
dence that the major factors responsible for protein stabilization by
osmolytes can be identified from transfer data.

Despite the assumptions and approximations of the Transfer Model,
it has contributed prominently to the development of the concept of
hydrophobic interactions, in understanding denaturant-induced dena-
turation, and in issues involving protein stabilization (27-29,31,
41,49,50,53). The strength of the Transfer Model isthat from its appli-
cation, one can identify the magjor solvent-protein fabric interactions
responsible for protein stability. It isimportant to have a clear under-
standing of the limitations of the Transfer Model inherent in the
assumptions and approximations, and to avoid making too much of it
quantitatively. With these conditions, use of theModel providesinsight
into a number of fundamental principles of protein folding.

5.3. Implementation of the Transfer Model

With tabulated values of side-chain and backbone-unit transfer
Gibbs energies from water to osmolyte solutions of fixed concen-
tration, one needs only the crystal coordinates of a protein of inter-
est to transfer the native state from water to cosolvent.
Operationally, AG°, and AG®, are evaluated according to Eq. 7,
where AG®; represents the standard-state transfer Gibbs energy of
the peptide backbone units and each of the various amino-acid side
chains, n; isthe number of residues of amino acid “i” in the protein,
AG°®; isthetransfer Gibbs energy of the side chain of residue of type
“i”, and a; is the mean fractional accessibility of the n; amino-acid
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side chains or peptide backbone units in the (native or unfolded)
protein species of interest (27).

AG®; o4 = Z MO AQY (7)

Toillustrate a calculation of minimal sophistication, let’s say we
want to evaluate a for the side chain of alaninein the native state of
aproteinwhich hasatotal of 11 alanineresidues. Of these, only five
have alanine side chains accessible to solvent, each with varying
degrees of solvent exposure. The term o 45 side chainy fOr the alanine
side chains is obtained by summing the solvent accessible surface
areas contributed by the five alanine side chains that are partially
accessible to solvent. This sum is then divided by a standard-state
accessible surface area for the alanine side chain derived from the
extended tripeptide gly-ala-gly, with dihedral angles ® = -140°,
W =135°, X =-120° (54,55)."

The quantity resulting from this interim numerical evaluation
(O* (alaside cnainy) FEPresents the number of alanine side chains fully
accessible to solvent. Dividing this number by 11 gives the mean
(fractional) exposure of alanine side chains accessible to solvent in
the native state of the protein, o 4z sde chain)- SUCh calculations are
performed for the side chains of all 20 amino acids in the protein
plus the peptide backbone, and the a; values are used in Eq. 7 to
give AG®, , the transfer Gibbs energy of the native state of the pro-
tein from water to the osmolyte.

Although a variety of programs exist for evaluating the acces-
sible surface area (a; values), we have used the static accessible
surface areaagorithm of Lee and Richardsasmodified by Lesser &
Rose, taking 1.4 As as the probe size of the solvent (55,56). While
the crystallographic coordinates of the protein provides a model of
the native state of the protein, the lack of defined structure for the
denatured state makesit necessary to model the denatured ensemble.
Creamer et a. (57) examined the complexities of the denatured
ensemble, and have suggested two limiting models that bracket the
expected behavior of an unfolded chain. One limiting model of the
denatured state, which sets the upper boundary of solvent accessi-
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bility, involves a hard sphere model (with attending excluded vol-
ume effects) that behaves as ahomopolymer in agood solvent. That
is, the model representing the upper boundary is highly solvent-
accessible. The limiting model that sets the lower boundary of
solvent accessibility is generated from excised fragments of folded
proteinsthat retain intramol ecul ar interactions. Thismodel isrepre-
sentative of acompact denatured ensemble. Equations 8 and 9 pro-
vide the means to estimate the Gibbs energy changes for transfer of

AGotr b= ZAgoi * n; * (oF * (|0wer ASA/stand ASA) (8)
AG%, b= ZAQ% * N * a; * (upper ASA/stand ASA) 9

the highly solvent accessible (upper boundary) denatured state
model (AG®,; ,) and the compact (lower boundary) denatured state
model (AG®;,) from water to osmolyte solution (28). In these cal-
culations, Ag®; and n; have the same meanings as in Eqg. 7. How-
ever, a; values are obtained by first taking all side-chain and
backbone units as being fully solvent accessible (i.e., a* as defined
above is set to unity), and the mean fractional solvent exposure of
side-chain or backbone unit “i” is obtained from a; = a*/n; . Finally,
(stand ASA) represents the standard accessible surface area of each
type of amino-acid side chain or backbone U cal culated using a sto-
chastic standard-state model for gly-X-gly, while (lower ASA) and
(upper ASA) are the lower and upper boundary accessible surface
areas of each particular side chain and backboneasgiveninTablel
of Creamer et a. (57). Thus, transfer Gibbs energies of denatured
ensembles that are highly solvent-accessible, those that have low
solvent accessibilities (compact denatured ensemble), and those in
between are bracketed by AG®;;, ,, and AG; .

6. Conclusion

When used with knowledge of its shortcomings, the Transfer
Model has been highly successful in providing fundamental under-

T Two models are used in these calculations: the extended tripeptide model,
gly-X-gly, and the stochastic gly-X-gly model (54,55).
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standing and insight into such basic processes as the hydrophobic
effect, urea and guanidine hydrochloride denaturation of proteins,
and the stabilization of proteins by naturally occurring osmolytes.
This model is particularly helpful in identifying the major compo-
nent parts of the protein that—through interaction with solvent—result
in the folded structure that is the native state. The procedures and
bases for transfer Gibbs energy changes are elementary in their con-
ception, and are also steeped in the history of biophysical chemistry.
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The Thermodynamic Linkage Between
Protein Structure, Stability, and Function

Ernesto Freire

1. Introduction

For many years, the ability to predict protein stability or protein
function from structure has been considered a major scientific goal
with significant practical implications in protein engineering. The
Human Genome Project has accelerated the need to achieve that
goal. With nearly 100,000 protein-coding genes, fast computer
algorithms will be required for structural determination as well as
for physical and functional analysis. With more than 10,000 struc-
tures already in the protein database, structure alone is clearly not
sufficient for a comprehensive understanding of function and regu-
lation. Human intervention in medicine and biotechnology—either
by genetic manipulation aimed at introducing specific protein
mutations that modify stability or functionality, or by designing new
drugs that regulate or modify protein function—requires a clear
understanding of the relationships between structure and function.
These relationships are mediated by energetics. Proteins are closely
packed macromolecules exhibiting a large number of noncovalent
atomic interactions that define not only their three-dimensional
structure and stability, but also their functional properties. While
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the rel ationshi ps between energetics, folding, and stability have been
explored by many researchers, the rel ationships between protein stabil-
ity and functional cooperativity remain largely unknown. It is well-
known that many proteins undergo conformational changes during
function or that conformational flexibility iscritical to biological activ-
ity. These functional properties are dictated by the same interactions
that define stability. Thus, functional properties of proteins (e.g., the
transmission of binding effects, cooperativeinteractions, molecular sig-
naling, and alosterism) are defined by energetics, and more precisaly
by the specific way in which stabilizing interactions are distributed
throughout the protein structure. These interactions not only definethe
overal structureand stability of aprotein, but the presence and location
of regions with different propensities to undergo conformationa rear-
rangements. Stability and function are linked to each other, and the
elucidation of the specific ways in which they are related is a magjor
god in the postgenomic era.

The development of algorithms for structure-based stability and
function prediction requires accurate and rapid parametric equations
that relate structure to energetics. Ideally, these equations must be
derived from protein and peptide data in agueous solution rather
than small organic molecules. A great deal of experimental work is
being done on the solution thermodynamics of peptides. The rapid
growth in the number of high-resolution protein structures, com-
bined with theincreasing number of proteinsfor which high-resolution
thermodynamic data is also available, has provided a database for
the development of empirical functions that relate thermodynamic
and structural parameters. Using this approach, several research
groups have developed structural parameterizations of the various
thermodynamic parameters that define the Gibbs energy (the
enthal py, entropy, and heat-capacity changes) (1-21). Thisapproach
has been shown to be accurate and has permitted the exploration of
different stability and functional properties of proteins. This chap-
ter summarizesrecent developmentsfrom thislaboratory inthe area
of structure-based prediction of protein stability and functional
cooperativity.
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2. The Stability of Proteins

Discussions about protein stability are usually limited to the sta-
bility of the native state against denaturation. Y et the native state
may include different functionally relevant conformations charac-
terized by different Gibbs energies and therefore different stabili-
ties (e.g., the R and T states of hemoglobin). In many cases the
conformation of a protein changes when aligand is bound (e.g., the
HIV protease); in this case, the two conformations have different
Gibbs energies and therefore different intrinsic stabilities. Even
when the native state does not undergo a conformational change, it
is still characterized by the occurrence of a large number of local
unfolding events that give rise to many substates. Thus, the native
state itself needs to be considered as a statistical ensemble of con-
formations rather than a unique entity. These distinctions are very
important from afunctional point of view since different conforma-
tions are usually characterized by different functional properties. It
should be clear from this discussion that protein redesign for stabil-
ity purposes must consider explicitly the effects of the introduced
mutations on the energetic differences between states and their func-
tional repercussions.

3. The Stability of the Native State

The stability of the native state (and of any other conformational
state) of a protein is dictated by the magnitude of its Gibbs energy
(AG), which is given by the standard thermodynamic expression:

AG = AH - TAS (1)

where AH and AS are the enthal py and entropy changesrespectively.
In this chapter, we will follow the common practice of using the
native state as the reference state. It was observed many years ago
(see refs. 22—-24) that both the enthalpy and entropy changes were
not constants but increasing functions of temperature, and that the
Gibbs energy of stabilization of a protein needs to be written as:

AG = AH(TR) + AC,(T —Tg) = T[AS(TR) + AC,IN(T/TR)] (2
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where Tg is a convenient reference temperature, AC,, is the heat
capacity change, and AH(Tg) and (AS(Tg) are the enthalpy and
entropy valuesat that temperature. Because 60°C (333.15K) isclose
to the median denaturation temperature of proteins, it has been cho-
sen as a convenient reference temperature, and will be used in this
chapter unless noted otherwise. The temperature dependence of AH
and AS (i.e., AC,) is aso an important parameter because it trans-
formsthe Gibbs energy function from alinear into a parabolic func-
tion of temperature, as illustrated in Fig. 1A. The midpoint of the
temperature denaturation of amonomeric protein (T,,) occurswhen
AG =0. Itisevident fromthe curvesinFig. 1 that for large values of
AC,, the Gibbs energy crosses zero twice—one at high temperature
(heat denaturation) and one at low temperature (cold denaturation).
The native state is thermodynamically stable between those two
temperatures and AG exhibits a maximum at the temperature at
which AS = 0. For extended temperature extrapolations, the tem-
perature dependence of AC, must be considered (15). For the stabil-
ity of oligomeric proteins, the reader isreferred to refs. 25-27.

The peculiar shape of the Gibbs energy function of a protein does
not permit aunique definition of protein stability. For example, hav-
ing a higher denaturation temperature does not necessarily imply
that a protein will be more stable at room temperature or at a physi-
ological temperature, as illustrated in Fig. 1B. It is perfectly fea-
sible for a protein to have a higher denaturation temperature than
another protein, but alower stability at room temperature.

The temperature stability of a protein is fully specified if three
thermodynamic parameters are known—the enthalpy and entropy
changes at the reference temperature and the heat capacity change
(AH, AS, and AC,). These parameters can be measured by high-
sensitivity calorimetric techniques (28,29). These are also the
parametersthat need to be evaluated from structure for accurate sta-
bility prediction.
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Fig. 1. (A) Thetemperature dependence of the Gibbs energy for differ-
ent values of the heat-capacity change. In all cases, AG is zero at 50°C
with an enthal py change of 100 kcal/mol. The curves correspond to AC,
values of: a) zero, b) 1000, ¢) 2000, d) 3000, and €) 4000 cal/K-mal. (B)
The temperature dependence of two hypothetical proteins is presented.
Although protein A has ahigher temperature stability than protein B, pro-
tein B ismore stable at low temperatures. This example demonstrates that
protein stability measured at room temperature (e.g., by urea or GuHCI
denaturation) cannot be used as a predictor of high temperature stability.
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4. A Realistic Gibbs Energy Function
for Computational Analysis

A redlistic energy function with the ability to account for the tem-
perature dependence of the Gibbs energy requiresthe structural pre-
diction of AH, AS, and AC,,. Since these parameters reflect the
bal ance of forces that determine the stability of aproteininadiffer-
ent manner, acomparison between experimental and calculated AH,
AS, and AC, values can be used to evaluate whether the structural
parameterization captures the experimental energetic balance cor-
rectly. Let us consider hen egg-white lysozyme (HEWL) as an
example. Thisprotein is characterized by a Gibbs energy of stabili-
zation closeto 7 kcal/mol at 25°C and pH 2.0 (21). The structure of
this protein is known at high resolution, and therefore structure-
based stability calculations are feasible. If a computer program
could correctly predict AG at 25°C, it would be impossible to say
anything about the temperature denaturation of that protein or its
stability at physiological temperature unless AH, AS, and AC, were
also predicted correctly. Moreover, it may also be possible for a
computer program to correctly predict the Gibbs energy of stabili-
zation at some temperature, but for the wrong reasons. Since
AG = AH — TAS (see Egs. 1 and 2) many combinations of AH, AS,
and AC,, vaues can give the same AG. However, not all combina-
tionsreflect the actual balance of forces existing in the protein mol-
ecule. A comparison of experimental and calculated AH, AS, and
AC, values providesasimpleway to validate structure-based cal cu-
lations. In most laboratories, the redesign of aprotein for stability is
usually done with the wild-type or another known variant of known
structure as a starting point. Thus, we recommend that any compu-
tational approach be tested first by comparing AG, AH, AS, and AC,,
values calculated from the structure of the wild-type with those
experimentally measured by high-sensitivity calorimetric tech-
niques. If the computational procedure cannot correctly predict
those thermodynamic parameters, the procedure and its energy func-
tion will be useless for the design of temperature-stable mutants.
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5. The Structural Parameterization of the Energetics

Proteins fold in an agueous environment. The formation of
intramolecular interactions between different chemical groupsin a
protein is coupled to the disruption of interactions of those same
groups with the solvent (water). For those reasons, the energetic
parameters associated with protein stability are the differences
between the intramolecul ar interactions that are established when a
protein folds and those existing with the solvent (water) when the
proteinisunfolded. Traditionally, the energetics of protein stability
has been estimated by calculating separately and then adding
together the contributions of noncovalent intramolecular interac-
tions calculated by some force field for vacuum conditions, and the
hydration contributions (see refs. 30,31). While this approach may
be theoretically correct, it is extremely inaccurate. Hydration and
intramolecular interactions are very large in magnitude, and cancel
each other out to alarge extent. For example, hydration and intramo-
lecular contributionsto the enthal py change, taken individually, are
on the order of thousands of kcal/mol, but of opposite sign. Experi-
mental enthalpies, on the other hand, are on the order of tens of
kcal/mol or less at 25°C. Therefore, small errors in hydration or
intramolecular contributions result in errors that are unacceptable
for reasonable stability predictions.

It seems apparent that structure-based stability predictionswould
be significantly improved by eliminating the subtraction of intramo-
lecular and hydration parameters. This can be done by developing a
set of effective parametersfor intramolecul ar interactions occurring
in agueous solutions rather than in a vacuum. This approach has
been followed in our laboratory for the last eight years, and has
resulted in acomprehensive structural parameterization of the fold-
ing and binding energetics of proteins. The following references
contain detailed descriptions of the structural parameterization of
the energetics. 2,4-6,8-11,13-20. In thischapter, we provide agen-
eral discussion and aguideto practical applications of thisapproach
in protein engineering.
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An important component of the structural parameterization of the
energetics relies on the existence of ajoint database of high-resolution
structures and high-resol ution thermodynamic data. In 1990, when this
project was started, therewere only 1,000 structuresin the protein data-
base and about 10 systems for which high-resol ution thermodynamics
were available. Today, there are 10,000 structures and about 100 pro-
teins and complexes for which high-quality thermodynamic data are
available. In addition, many systems have been measured under differ-
ent conditions(such aspH, ligands, and salt concentration). Thisgrowth
in the structure/thermodynamic database has permitted the explicit
inclusion of different interactions and a continuous refinement of the
basic set of energy coefficients.

Within the context of the structural parameterization of the ener-
getics, the Gibbs energy of stabilization is approximated by the
equation:

AG = AGgen + A(-;ion + Ath’ + AGOthef (3)

where AGg, containsthe contributionstypically associated with the
formation of secondary and tertiary structure (van der Waals inter-
actions, hydrogen bonding, hydration, and conformational entropy),
AG;,, the electrostatic and ionization effects, and AG,, the contribu-
tion of the change in translational degrees of freedom existing in
oligomeric proteins. The term AG,e includes interactions unique
to specific proteins that cannot be classified in a general way (e.g.,
prosthetic groups, metals, and ligands) and must be treated on a
case-by-case basis.

6. The Enthalpy Change

Upon protein unfolding, the major contribution to the enthal py
change arisesfrom the disruption of intramol ecular interactions such
as van der Waals and hydrogen bonds, and the parallel solvation of
the interacting groups. This term is called the generic enthalpy
change, AHen,, because it involves interactions that are common to
all proteins. The atomic contributions to this term are a function of
the interactions of each atom within the protein and to the changes
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in the degree of solvation upon unfolding. At the reference tem-
perature of 60°C, AH e, can be written as:

AHgen(60) = Z0i(p) AASA, (4)

where the summation runs over al atoms in the protein, AASA; is
the changein solvent-accessible surface area of atom i upon unfold-
ing, and a;(p) isan elementary coefficient that depends on the atom
type and the average atomic packing density of that atom within the
protein. a;(p) is expressed as a linear function of the number of
atoms within van der Waals distance. Other effects also contribute
to the enthalpy change, such as the release of prosthetic groups or
ligands upon unfolding or changes in the degree of protonation of
groups that exhibit anomal ous pK , in the native state of the protein.

The accuracy of the structural parameterization is demonstrated
in Fig. 2. Inthisfigure, acorrelation plot between the experimental
and calculated enthalpy values for 44 proteinsis shown. The slope
of this graph is 1.015, the correlation coefficient is 0.944, and the
standard error of the calculated values is +2.6 kcal/mol. On a
percentage basis, the mean error of the structure-based enthal py pre-
diction is +3.4%.

7. The Heat Capacity Change

The heat capacity change observed in protein unfolding islargely
the result of changesin hydration of groupsthat are buried from the
solvent in the native state, which become solvent exposed upon
unfolding. It has been known for many years that changes in heat
capacity associated with hydration are local in nature and scale, in
terms of the changes in the surface area accessible to the solvent
(32-34). The heat-capacity change is a weak function of tempera-
ture and has been parameterized in terms of changes in solvent-
accessible surface areas (AASA) since it originates mainly from
changesin hydration (6,15,34). The contribution to the heat capac-
ity caused by changes in hydration can be written as:

AC, = % a(T)-DASA, (5)
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Fig. 2. Correlation plot for the experimental and predicted enthalpy
changes for 44 different proteins at the reference temperature of 60°C.
The slope of this graph (solid line) is 1.015, the correlation coefficient is
0.944, and the standard error of the calculated valuesis + 2.6 kcal/mol.
On a percentage basis, the mean error of the structure-based enthalpy
prediction is = 3.4%. The experimental values were taken from the
compilation made by Robertson and Murphy (21), and correspond to
a-chymotrypsin, a-chymotrypsinogen, a-lactalbumin, acyl carrier pro-
tein, arc repressor, B1 of protein G, B2 of protein G, barnase, barstar,
BPTI, carbonic anhydrase B, CI2, cyt b5 (tryp frag), cytochrome c (horse),
cytochrome ¢ (yeast), GCN4, HIV protease, HPr, IL-1, lac repressor,
lysozyme (human), lysozyme (apo equine), lysozyme (holo equine),
lysozyme (hen), lysozyme T4, met repressor, myoglobin (horse), myo-
globin (whale), OMTKY 3, papain, parvalbumin, pepsin, pepsinogen,
plasminogen K4 domain, RNase T1, RNase A, Sac7d, SH3 spectrin, Sta-
phylococcus nuclease, stefin A, tendamistat, thioredoxin, trp repressor,
and ubiquitin.

where the summation runs over all atomsin the protein. g(T) isthe
contribution of atom i per unit area and AASA, is the change in
accessible surface area for atom i. From studies in model com-
pounds, it has been possible to identify three different elementary
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contributions. Nonpolar atoms (i.e., carbons) make a positive con-
tribution to AC,, when they become hydrated, and polar atoms make
anegative contribution—except for hydroxyl oxygens, which make
apositive contribution. In general, for low-temperature cal culations
(T< 80°C), the set of temperature-independent coefficientsis suffi-
cient (15,34). Unlike the enthal py coefficients, the coefficientsa(T)
are essentially independent of the packing density of the groupsthat
become solvated upon unfolding. Specific effects such as heat-
capacity changes associated with changes in protonation, differential
binding of ligands, or denaturants must be considered individually,
as described elsewhere (15,34)—but on average they contribute
very little to the total folding/unfolding AC,,.

The accuracy of the structure-based prediction of heat capacity
changes is demonstrated in Fig. 3. In this figure, a correlation plot
between the experimental and calculated heat capacity changes for
44 proteinsis shown. The slope of thisgraph is 1.16, the correlation
coefficient is 0.966, and the standard error of the calculated values
is +63 cal/K-mol. On a percentage basis, the mean error of the
structure-based heat capacity prediction is +3.6%.

8. The Entropy Change

In the calculation of the unfolding entropy change, two primary
contributions are included—one resulting from changes in solva-
tion and the other caused by changes in conformational degrees of
freedom (ASyen(T) = ASsi(T) + AS,r). The entropy of solvationis
temperature-dependent, while the conformational entropy is essen-
tially aconstant at different temperatures. The entropy of solvation
can be written in terms of the heat capacity change if the tempera-
tures at which the apolar and polar hydration entropies are zero
(T*sqp and T*g 5y ) are used as reference temperatures:

ASy(T) = ASsolv,ap(T) + ASSolv,pol (M) (6)

ASgy (T) = AC, 5 IN(T/T* g 5p) + AC, por IN(T/T* 5 p01) (7
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Fig. 3. Correlation plot for the experimental and predicted heat-capacity
changes for 44 different proteins. The slope of this graph is 1.16, the
correlation coefficient is 0.966, and the standard error of the calculated
values is £ 63 cal/K-mol. On a percentage basis, the mean error of the
structure-based heat capacity prediction is + 3.6%. The proteins are the
sameasin Fig. 2.

T* 5 ap has been known to be equal to 385.15 K for sometime (4,35),
and T*gpq has been recently found to be close to 335.15 K (16).
While the entropy of apolar solvation appears to be additive, the
situation for polar solvation is known to depend on the number and
proximity of polar functional groups in the molecule (36). Thisis
reflected inthe observationthat T* 5 o, issimilar for small molecules
and proteins, whereas T* 5, is an effective parameter for peptides.

In the structural parameterization, conformational entropies are
evaluated by explicitly considering the following three contributions
for each amino acid: 1) AS,,,..,, the entropy change associated with
thetransfer of aside chain that isburied in theinterior of the protein
to its surface; 2) AS,,.-,, the entropy change gained by a surface-
exposed side chain when the peptide backbone changes from a
unique conformation to an unfolded conformation; and 3) AS,;,, the
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entropy change gained by the backbone itself upon unfolding from
a unique conformation. The magnitude of these terms for each
amino acid has been estimated by a computational analysis of the
probability of different conformers asafunction of the dihedral and
torsional angles (14,16,18). These computations are cpu-intensive,
and for this reason the results have been stored in look-up tables so
they do not have to be repeated for each calculation. This strategy
permits stability computations using only afew seconds of cputime.

9. Electrostatic and Protonation Contributions

Two types of electrostatic effects as well as protonation effects
areincluded in AG;,,—Coulombic contributions caused by theinter-
actions between charged sites, and the self-energy term arising from
transferring a charge between environments with different dielec-
tric constants. These electrostatic contributions are computed as
described by Garcia-Moreno (37,38) using the standard equation:

_ zZri1 1 Z

AGign = 332[%? oo ] +7% B (8)
where Z is the charge, r; the radius of the charged particle, r;; the
separation between two charges, D and D, the dielectric constants
in the protein and solvent. Protonation effects are treated as
described in ref. 34 from a knowledge of the pK, of the groups that
change ionization state upon folding/unfolding.

In protein folding, changes in the degree of protonation between
conformational states are common. Usually, the folding/unfolding
equilibrium is coupled to the protonation/deprotonation of one or
more groupsin the protein. If thisisthe case, the protonation contri-
bution to the Gibbs energy of an arbitrary conformational statej is
equal to:

(1+ 10(pKaj—pH))
(1 + 100K &j-pH))
where pK,; isthe pK, of group j in the state under consideration and
pK gj , the pK of that group in the native state. Accordingto Eq. 9, at
any pH the additional contribution of protonation to AG can be cal-

AGproton = _R'T'%I r"[ 9)
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culated if the pK, of that group is known in the protein conforma-
tionsunder consideration. Traditionally, the pK, of different groups
in proteins have been estimated experimentally, since computational
procedures for the evaluation of pK,s are still inaccurate. It is
expected that within the next few years, protonation effects will be
accurately parameterized in terms of structure, and that an accurate
structure-based prediction of the pH dependence of protein stability
will be available.

10. Calculation of Solvent Accessibilities

Within the framework of the structural parameterization, changes
in accessible surface areas are calculated by implementing the Lee
and Richards algorithm (39). In all calculations, a solvent radius of
1.4 A and aslice width of 0.25 A are used. Because of the nature of
the algorithm, different orientations of the macromolecule with
respect to the slicing plane yield slightly different solvent accessi-
bilities. These small differences are irrelevant for large ASA
changes, such asthose associated with the fol ding/unfol ding of pro-
teins, but may be significant in those cases where small differences
in accessibilities need to be evaluated (e.g., single amino-acid
mutations). In order to better define small changesin solvent acces-
sibility, different molecular orientations (usually 64) with respect to
the slicing plane are considered in the accessible surface-area cal-
culations. This procedure provides morerobust ASA values because
of the many ways in which the molecules are sliced. The resulting
ASA for each atom is the numerical average of the values obtained
for al molecular orientations.

In the past, solvent accessibilities for unfolded peptides were
estimated by using computer-built extended peptides of appropriate
sequences, or extended tripeptides of the form Ala-X-Ala or Gly-
X-Gly. However, those models are poor descriptors of the unfolded
state of a protein, and its use leads to an overestimation of changes
in solvent accessibility (40). In addition, one common characteristic
of these computational methods is that they utilize a single static
structure. In contrast, the solvent accessibility of a peptide chain in
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solution is expected to vary with the rotation of side chains, and dsoin
unfolded conformations with backbone rotations. Under equilibrium
conditions, the solvent-accessible surface area of an amino acid in an
unfolded polypeptide chainisnot aconstant, but aBoltzmann-weighted
average to which all accessible conformations contribute according to
their probability. Thisapproach has been utilized in theinvestigation of
the a-hdlix propensities of al amino acids (18). From this study, a set
of refined values for the solvent accessibilities of different amino acids
in the unfolded state was derived. It must be noted that all the elemen-
tary coefficients that are normalized per unit area have been derived
and optimized with the surface-area caculation algorithms described
here. Different surface area agorithms are likely to yield dightly dif-
ferent numerical results.

11. Structure-Based Thermodynamic Analysis
of SH3 Domain

The application of the structural parameterization to the global
stability of a protein will be illustrated with the SH3 domain of
a-spectrin. SH3 domains are small (about 60 amino-acid residues),
highly conserved, ubiquitous protein modules that are found in
many proteinsinvolved inintracellular signal transduction (41-45).
SH3 domains mediate protein-protein interactions and modulate
enzyme activity through their ability to bind specific proline-rich
peptides. The structure of several SH3 domains is known at high
resolution. In general, SH3 domains fold as compact beta barrels
with five to six anti-parallel (3 strands. They form a nonpolar grove
which is complementary to peptides in a polyproline-Il1 conforma-
tion. Binding to these peptides control the activity of the signalling
proteins in which they are found. The structure of the SH3 domain
of a-spectrin has been solved crystallographically at 1.8A resolu-
tion (pdb file 1 shg) (46). Furthermore, the thermodynamics of the
SH3 domain from a-spectrin has been measured by high-sensitivity
differential scanning calorimetry and other techniques (44,47). The
results for the SH3 domain illustrate the need to explicitly consider
the atomic packing dendity in enthal py calculations.
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11.1 The Heat Capacity Change

As discussed above, the primary contributions to the heat capac-
ity change upon protein unfolding arise as a result of the exposure
to solvent of nonpolar and polar groupsthat were buried in the native
state. For the SH3 domain of a-spectrin 3074 A2 of nonpolar, 1922
A2 of polar and 110 A2 of hydroxy surface area become exposed to
the solvent upon unfolding. These changes in accessibility yield a
AC, of 902 cal/K-mol. The experimental values range between 814
and 933 cal/K-moal (44,47) which bracket the value calculated from
structure. Additional contributions such asthose associated with the
protonation of carboxylic groups are estimated to contribute very
little (about 36 cal/K-mal).

11.2. The Enthalpy Change

At 60°C, the enthal py change for unfolding of the SH3 domain pre-
dicted by the structural parameterization is44.5 kca/mol, which com-
pares very well with the value of 43 kcal/mol obtained experimentally
in H,O and the value of 45 kcal/mol obtained in D,O (44,47). How-
ever, it must be noted that a smple cal culation based upon the change
in surface accessibility alone will yield the wrong answer. Using the
simple AASA scaling, a AH (60) of 34.4 kca/mol will be obtained
which underestimates significantly the experimental value. The differ-
ence arises primarily from a higher-than-average atomic packing den-
sty of those atoms that are buried within the structure of the SH3
domain. For the SH3 domain of a-spectrin, the average number of
noncovalently bonded atoms within a distance of 3 A is 4.6 compared
to an average number of 4.4-4.5 for other proteins. Because of the
atomic composition of this protein, these closely packed atomstend to
beless polar than average, increasing the relative contributions of non-
polar van der Waals interactions to the enthal py change.

11.3. The Entropy Change

The entropy change upon unfolding consists mainly of two
opposing contributions—the conformational entropy increase of
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backbone and side chains, and the negative change caused by the
solvation of groups that are buried from the solvent in the native
state. The conformational entropy change amountsto 323 cal/K-mol
and the solvation entropy to —295 cal/K-mol, yielding a combined
total of 28 cal/K-mol at 25°C. Together with the enthalpy change,
the structural parameterization predicts a Gibbs energy of stabiliza-
tion of 4.6 kcal/mol at 25°C in excellent agreement with the experi-
mental value of 4.5 kcal/mol obtained from DSC (44,47). This
example demonstrates that the solvation and conformational contri-
butions to the entropy are of opposite sign, and about one order of
magnitude larger than the total value. Since the solvation entropy
scalesintermsof AASA,, most errors are usually compensated with
errors of the opposite sign on the calculated enthalpy, which also
scales to a large extent in terms of AASA,. As aresult, the calcu-
lated conformational entropy change is usually the most important
source of error in the calculation of the Gibbs energy because it is
not compensated by other changes.

11.4. Evaluation of Overall Energetics

The results of Subheading 11. indicate that changes in surface
accessibility account well for heat-capacity changes—reinforcing
the theory that these changes originate from local interactions with
the solvent (32,33). Calculation of enthalpy changes, on the other
hand, require an accurate estimation of van der Waals interactions
inthe native state. This estimation must be donein away that avoids
the subtraction of large numbersinherent to separate cal cul ations of
internal interactions and hydration. In our calculations, we decided
to make the coefficients in Eq. 4 afunction of the interior packing
in the protein. Thus far, the best agreement with the experimental
results have been obtained when the the coefficients are scaled in
terms of the average number of nonbonded atoms that are within
3 A of solvent-buried atoms within the protein.

These above results indicate that the structural parameterization
of the energetics accounts accurately for the energetics of stabiliza-
tion of the SH3 domain of a-spectrin, and that the partitioning of
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the energetics into its enthalpic and entropic components is cap-
tured correctly. This comparison validates the use of this approach
in the analysis of this protein and in the design of specific mutants.

12. Stability Mutants

Once the wild-type protein has been characterized, the usual task
in the design of stability isthe selection of appropriate locations for
amino-acid mutations. The goal here is to increase AG, which can
be done by increasing AH, decreasing AS, or an appropriate combi-
nation of both. One of the most pervasive problems in stability
design is that favorable changes in enthalpy are usually coupled to
unfavorable changes in entropy and vice versa—a phenomenon
known as enthal py-entropy compensation (48). In addition, the mag-
nitude of each term isthe differential between internal interactions
and interactions with the solvent. For those reasons, the effects of
mutations are context-dependent, and must be considered globally.
Thetotal Gibbs energy of aprotein cannot be decomposed as a sum
of individual contributionsthat can be calculated apriori in ageneric
fashion. There are many examples of stability mutations in the lit-
erature, including the analysis of thermophilic proteins. In the fol-
lowing paragraphs (see Subheadings 12.1. and 12.2.), we discuss
two situations. The reader is referred to other references for com-
prehensive articles or reviews (49-55).

12.1. Surface Mutations

From a structural point of view, mutations can be classified as
surface mutations and internal mutations. Surface mutations are
mutations at solvent-exposed |ocations, whereas internal mutations
arethose at locationsthat are buried from the solvent. Effects caused
by surface mutations are easier to predict from the wild-type struc-
ture because they usually do not trigger a repacking of the protein
core. Of all stabilizing mutations, Gly->Alamutations at completely
exposed surface locations are particularly attractive because their
effect is primarily the result of a decrease in the conformational
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entropy change upon unfolding. Since they are solvent-exposed,
enthalpy and solvent entropy differences between unfolded and
native states are usually small. This type of mutation is one of the
few—if not the only one—in which contextual effects are minimal.
The presence of the 3 carbon in the Ala mutant reduces the number
of degrees of freedom in the unfolded state, thus lowering its con-
formational entropy and therefore the conformational entropy
gain associated with unfolding. The effect of thismutationis prima-
rily on the unfolded rather than the native state. The effects of Gly-
>Alamutations at surface-exposed | ocations on the Gibbs energy of
stabilization have been investigated in different proteins (16,53,56).
The experimental values range between 0.9 kcal/mol for RNase T1
(53), 0.96 kcal/mol for T4 lysozyme (56), 0.91 kcal/mol for barnase
(57), 0.71 kcal/mol for afragment (Ag_gs) of lambda repressor (58),
and 0.73 kcal/mol for GCN4 (16). These values are close to each
other, and also close to the expected values arising from backbone
conformational entropy differences alone (16). Other surface muta-
tionsinvolve significant changesin solvent accessibility, and there-
fore their effects are context-dependent, including enthalpic and
solvation entropy contributions in addition to backbone and side-
chain conformational entropy differences. Accordingly, the same
mutation can yield different results depending on the specific envi-
ronment. For this reason, these effects need to be computed on a
case-by-case basis.

12.2. Internal Mutations

Internal mutations are inherently more complex because they are
invariable associated with arepacking of the protein core. Recently,
Malakauskas and Mayo (59) designed athermostable version of the
Streptococcal protein G beta 1 domain (Gbetal) by introducing
eight mutations, including core mutations (V1M, Y4F, V71, T17I,
T19I, T26E, V30I, and VV40I). Since the structures of both versions
are known, we performed a structure-based thermodynamic analy-
sis to explore the reasons for the enhanced stability of the mutant
protein. The structural parameterization correctly predicted the
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higher stability of the thermostable version. The calculated Gibbs
energy was 13.2 kcal/mol at 25°C, and the denaturation tempera-
ture was 103°C, in good agreement with the experimental values.
According to the structural parameterization of the energetics, the
reasons for enhanced stability cannot be attributed to a single fac-
tor. The heat-capacity change of the thermostable mutant is pre-
dicted to be slightly larger (1 kcal/K-mol vs 0.85 kcal/K-mol),
consistent with a more hydrophobic core. The enthalpy change at
the reference temperature is also larger (62.6 kcal/mol vs 54 kcal/
mol), reflecting better van der Waal s contacts in the mutant protein.

13. Protein Stability and Function

During the course of their biological function, proteins interact
with other macromolecules and with small ligands. As a result of
these interactions, the properties of the proteins can be modified in
different ways. Interaction with ligands or other molecules can
switch proteins from one functional state to another by selectively
stabilizing some conformations. An exampleis shown in Fig. 4 for
a hypothetical enzyme and a noncompetitive allosteric inhibitor.
The enzymein the figure can exist in an active and an inactive con-
formation. In the absence of the allosteric inhibitor, the Gibbs
energy of the active conformation islower than that of the inactive
conformation, so that the only form that issignificantly populated is
the active one. It must be understood that for a conformation to
account for 99% of the population, a Gibbs energy difference of
only 2.7 kcal/mol isrequired. The inactive form is able to bind the
inhibitor with the affinity constant K. Accordingly, in the presence
of theinhibitor, the Gibbs energy of the inactive form will be modi-
fied by an amount equal to —RTIn(1 + K[I]) (for a general discus-
sion, see ref. 60). An increase in the inhibitor concentration will
stabilize the inactive conformation by lowering its Gibbs energy.
For example, when the concentration of inhibitor issuch that the prod-
uct K11 = 1000, the Gibbs energy of theinactive conformation will be
favored by an additional —4 kcal/mol. This amount may be enough to
make the inactive conformation the predominantly populated con-
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Fig. 4. A hypothetical enzyme and an allosteric inhibitor. The enzyme
can exist in an active and an inactive conformation. In the absence of the
inhibitor, the Gibbs energy of the active conformation is lower than that
of theinactive conformation, that the only form that issignificantly popu-
lated is the active one. Only the inactive form binds the inhibitor. An
increase in the inhibitor concentration will stabilize the inactive confor-
mation by lowering its Gibbs energy. Because the inhibitor binding siteis
distal from the active site, athermodynamic coupling exists between these
two sites: i.e., when the protein region where the inhibitor site is located
is in a binding-competent conformation, the probability that the active
siteisinthe closed conformationisvery high. Conversely, if theinhibitor
binding site is not in a binding-competent conformation, the probability
that the active site is in the closed conformation is very low. This cou-
pling in the behavior of two distal regions throughout the protein struc-
ture definesits functional cooperativity, and can be described by a set of
joint probabilities (P[ij]).

formation, thus switching the enzyme system from active to inac-
tive. Thisexampleillustrates that strategies aimed at reengineering
proteins for increased stability must take into consideration the ef-
fects of mutations on the relative population of different conforma-
tions, as well as on the binding affinity of ligands.
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14. Functional Cooperativity and Protein Stability

In the example in Fig. 4, the interaction between inhibitor and
protein occurs at a specific site (the inhibitor binding site) but, the
resulting effect is detected at distal regions from the origin (the
active site). For this phenomenon to occur, there must be a func-
tional coupling between the inhibitor binding site and the active
site—i.e., when the protein region where the inhibitor siteislocated
is in a binding-competent conformation, the probability that the
active siteisin the closed conformation isvery high. Conversely, if
the inhibitor binding site is not in a binding-competent conforma-
tion, the probability that the active siteisin the closed conformation
is very low. This coupling in the behavior of two distal regions
throughout the protein structure will be referred to as functional
cooperativity, and can be described by a set of joint probabilities
(P[ig]). If the inhibitor and active sites are independent of each
other, ligand-induced regulation is impossible. The functional
cooperativity of a protein can be defined in terms of the structural
distribution of atomic interactions within the protein. This distribu-
tion determines which regions of the protein are highly stablein a
particular conformation, and which regions have a high probability
of undergoing conformational excursionsfrom their energy minima.
The ability to predict the propagation of binding effects from one
region to another has been demonstrated recently for the binding of
the monoclonal antibody D1.3 to lysozyme. (61). The crystallographic
structure for the complex between those two proteins has been
determined at high resolution (62), and hydrogen-exchange datafor
both free lysozyme and its complex with D1.3 are available (63).

Williamset d. (63) observed that when D1.3 bindsto lysozyme, the
amino acids located at the binding interface acquire additional protec-
tion to hydrogen/deuterium exchange, aswell as anumber of residues
distal from the binding interface. These distal residues showed
enhanced protection because of an increase in their structural stability
resulting from the binding of the antibody. The important point is that
not every residue acquired extra protection—only a well-defined sub-
set. From the point of view of functional analysisand design, the ques-
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tionis: Can this subset be predicted from structure? In order to answer
this question, we used the following strategy:

1. Identify the structural determinants (hot spots) within the binding
interface.

2. Using the high-resolution structure as a template, generate a large
ensemble of conformations in which each conformation is charac-
terized by having some region(s) unfolded and the remaining
region(s) in the native conformation.

3. Estimate the Gibbs energy of each of the conformations generated
with the computer

+
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4. Those states in which the binding hot spots are formed will have
their Gibbs energy reduced by an amount equal to—RTIn(1 + K, o[x])
in relation to those states in which the binding site is not structured.
Therefore, their probability will increase relative to those states in
which the binding site is not formed.

5. Calculate the stability constants per residue for lysozyme in the
absence and in the presence of the antibody. The implementation of
this procedure is the Core_Bind algorithm (64).

The stability constants per residue, Ky, are the quantities that one
would measure if it were possible to experimentally determine the
stability of the protein by monitoring each individual residue. They
are defined as the ratio of the summed probabilities of all statesin
which aresidue is folded, to the summed probabilities of all states
in which that residue is not folded (65):

2 P
2 P

Kfvi = (10)

For a significant number of residues in a protein, the hydrogen-
exchange protection factors provide good estimates of K;; (47,65-68).
The apparent Gibbs energy per residue is given by AGy; = —RTInk;;.
If aresidue only becomes exposed to solvent as a result of global
unfolding, AG;; is equa to the global Gibbs energy (AGy). If local
unfolding processes are also able to expose a residue to solvent,
then AGfJ < AGU
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Figure 5 illustrates the calculated effects of D1.3 binding on the
residue stability constants for HEWL. In this figure, the residues in
direct contact with the antibody are shown in black at the top. These
residuesare expected to show enhanced protection to exchange because
of thermodynamic (increased stability) as well as steric (burial from
solvent as a result of direct interaction with D1.3) reasons. Residues
that are not in contact with the antibody, but are predicted by the
Core Bind algorithm to show enhanced protection because of the
redistribution of the native state ensemble, are shownin light grey and
highlighted by arrows. Finally, shown in dark are those residues not
expected to exhibit significant changes in their protection factors. As
showninFig. 5, the effects of D1.3 binding extend through most of the
stable core of the HEWL molecule. The effect propagates from the
origin (F helix) to the immediately adjacent B helix (residues 24-37)
and neighboring residues, parts of the A helix (residues 8-15) and the
loop connecting them, parts of the D helix (residues 108-115), the cen-
tral loop of the 3-domain (residues 55-65) and the adjacent strand (resi-
dues 50-54). These results are in excellent agreement with the
experimental protection factors measured for the D1.3-HEWL com-
plex (seeFig. 3and Table 1inref. 63). There were 23 residues remote
from the binding site for which enhanced protection could be mea-
sured. These residues are distributed throughout the regions predicted
to show enhanced protection, except for two residuesin helix C (Cys94
and Lys97), two residues (Cys76, 11e78) in the loop connecting the
[3-domain and hdix E, and one residue (Leu84) in helix E, which fall
outside the regions predicted to show enhanced protection. The arrows
in Fig. 5 define the path of cooperative interactions initiated by D1.3
binding. This path extends to regions remote from the binding site and
to asignificant portion of the HEWL molecule, despite the fact that the
main binding determinant isone of theleast stable parts of themolecule.

15. Thermodynamic Characteristics of Binding Sites

A significant portion of the binding site for the D1.3 antibody is
defined by one of the least stable parts of the HEWL molecule (the
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Fig. 5. The structure of HEWL showing the calculated effects of D1.3
binding on the stability constants per residue. In thisfigure, the residues
in direct contact with the antibody are shown in black within a circle at
the top. These residues are expected to show enhanced protection to
exchange caused by thermodynamic (increased stability) aswell as steric
(burial from solvent as a result of direct interaction with D1.3) reasons.
Shown in light grey and highlighted by arrows are residuesthat are not in
contact with the antibody, but are predicted by the Core_Bind algorithm
to show enhanced protection because of the redistribution of the native
state ensemble. Finally, shown in dark are those residues not expected to
exhibit significant changes in their protection factors. The helices and
3 domain have been label ed on the structure. The stability constants were
calculated with the Core_Bind algorithm as described in (61), and the
figure was made using the program GRASP (71).
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F helix), and this characteristic is responsible for the initiation of
the propagation of the effects originating at the binding site. We
have also studied the distribution of residue stabilities in the bind-
ing site of the HIV-1 protease, and found that it had adual character
defined simultaneously by regions of high and low stability
(64,69,70). Examination of other proteinsrevealsthat thismay be a
common structural characteristic of binding sites(61). Asinthe case
of the binding of the D1.3 antibody to HEWL, ligand binding will
cause aredistribution in their native-state ensemble and a concomi-
tant changein the residue stability constants of residues distal to the
binding site. The magnitude of these effects is related to the stabil-
ity of the residues defining the binding site. If the binding site has
been formed by high-stability residues only, all states in the
ensemble will be binding-competent and ligand binding would only
induce an energy shift without an internal reordering in the
ensemble. In this case, the propagation of the effects would be lim-
ited to the immediate neighborhood of the binding site. A ligand-
induced redistribution in the probabilities of conformational states
requiresthat only asubset of the native ensembl eis binding-competent.
This condition is satisfied when part of the residues that define the
binding site exhibit low structural stability or exist in a nonbinding-
competent conformation in the unligated protein.

16. Conclusion

Protein stability and functional cooperativity on allosteric regu-
lation are linked functions related to each other by the distribution
of atomic interactions throughout the protein structure. For that rea-
son, protein engineering protocols aimed at creating stability
mutants that retain full functionality must consider the potential
effects of mutations on the distribution of cooperative interactions.
The examples presented in this chapter suggest possible ways to
address these issues. Supported by grants from the National Insti-
tutes of Health GM 51362 and GM 57144 and the National Science
Foundation (M CB-9816661).



Protein Structure, Stability, Function 63

References

1.

2.

3.

10.

11.

12.

Murphy, K. P. and Gill, S. J. (1991) Solid model compounds and the
thermodynamics of protein unfolding. J. Mol. Biol. 222, 699—7009.
Freire, E. and Murphy, K. P. (1991) The molecular basis of
cooperativity in protein folding. J. Mol. Biol. 222, 687—698.
Livingstone, J. R., Spolar, R. S., and Record, M. T., Jr. (1991) Contribu-
tion to thethermodynamicsof protein folding fromthe reductionin water-
accessible nonpolar surface area. Biochemistry 30, 4237-4244.

. Murphy, K. P. and Freire, E. (1992) Thermodynamics of structural

stability and cooperative folding behavior in proteins. Adv. Protein
Chem. 43, 313-361.

. Straume, M., Murphy, K. P., and Freire, E. (1992) Thermodynamic

strategies for protein design: increased temperature stability, in
Biocatalysis at Extreme Temperatures. Enzyme Systems Near and
Above 100 °C. (Adams, M. W. W. and Kelly, R. M., eds.), ACS
Books, Washington, D.C., pp. 122-135.

. Murphy, K. P., Bhakuni, V., Xie, D., and Freire, E. (1992) The

molecular basis of co-operativity in protein folding I11: identification
of cooperative folding units and folding intermediates. J. Mol. Biol.
227, 293-306.

. Spolar, R. S, Livingstone, J. R., and Record, M. T., Jr. (1992) Use of

liquid hydrocarbon and amide transfer data to estimate contributions
to thermodynamic functions of protein folding from the removal of
nonpolar and polar surface from water. Biochemistry 31, 3947-3955.

. Murphy, K. P., Xie, D., Garcia, K. C., Amzel, L. M., and Freire, E.

(1993) Structural energetics of peptide recognition: angiotensin
Il/antibody binding. Proteins Sruct. Funct. Genet. 15, 113-120.

. Murphy, K. P., Xie, D., Thompson, K., Amzel, L. M., and Freire, E.

(1994) Entropy in biological binding processes. estimation of trans-
lational entropy loss. Proteins Struct. Funct. Genet. 18, 63-67.

Xie, D. and Freire, E. (1994) Structure based prediction of protein
folding intermediates. J. Mol. Biol. 242, 62-80.

Xie, D. and Freire, E. (1994) Molecular basis of cooperativity in protein
folding. V. thermodynamic and structural conditionsfor the stabilization
of compact denatured states. Proteins Sruct. Funct. Genet. 19, 291-301.
Spolar, R. S. and Record, M. T. (1994) Coupling of local folding to
site specific binding of proteinsto DNA. Science 263, 777—784.



64

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

Freire

Freire, E. (1993) Structural thermodynamics. prediction of protein
stability and protein binding affinities. Arch. Biochem. Biophys. 303
181-184.

Lee K. H., Xie, D., Freire, E., and Amzel, L. M. (1994) Estimation of
changesin side chain configurational entropy in binding and folding:
general methods and application to helix formation. Proteins Sruct.
Funct. Genet. 20, 68-84.

Gomez, J., Hilser, J. V., Xie, D., and Freire. E., (1995) The heat
capacity of proteins. Proteins Sruct. Funct Genet. 22, 404-412.
D’Aquino, J. A., Gomez, J., Hilser, V. J.,, Lee, K. H., Amzel, L. M.,
and Freire, E. (1996) The magnitude of the backbone conformational
entropy change in protein folding. Proteins 25, 143-156.

Hilser, V. J., Gomez, J., and Freire, E. (1996) The enthalpy changein
protein folding and binding. Refinement of parameters for structure
based calculations. Proteins 26, 123-133.

Luque, |., Mayorga, O., and Freire, E. (1996) Structure based thermo-
dynamic scale of a-helix propensities in amino acids. Biochemistry
35, 13,681-13,688.

Bardi, J. S., Luque, 1., and Freire, E. (1997) Structure-based thermo-
dynamic analysis of HIV-1 protease inhibitors. Biochemistry 36,
6588-6596.

Luque, I., Gomez, J., Semo, N., and Freire, E. (1998) Structure-based
thermodynamic design of peptide ligands. Application to peptide inhi-
bitors of the aspartic protease endothiapepsin. Proteins 30, 74-85.
Raobertson, A. D. and Murphy, K. P. (1997). Protein structure and the
energetics of protein stability. Chem. Rev. 97, 1251-1267.

Brandts, J. F. (1964) The thermodynamics of protein denaturation. I.
The denaturation of chymotrypsin. J. Am. Chem. Soc. 86, 4291-4301.
Lumry, R., Biltonen, R., and Brandts, J. F. (1966) Validity of the
“two-state” hypothesis for conformational transitions of proteins.
Biopolymers 4, 917-944.

Lumry, R. and Biltonen, R. (1969) Thermodynamic and Kinetic
aspects of protein conformations in relation to physiological func-
tion, in Biological Macromolecules: Structure and Stability of
Biological Macromolecules. Vol. Il. S. Timasheff and G. Fasman,
eds., Marcel Dekker, New York, N.Y, pp. 65-211.

Thompson, K., Vinson, C., and Freire, E. (1993) Thermodynamic
characterization of the structural stability of the coiled-coil region of
the bZI P transcription factor GCN4. Biochemistry 32, 5491-5496.



Protein Structure, Stability, Function 65

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

Johnson, C. R., Morin, P. E., Arrowsmith, C. H., and Freire, E. (1995)
Thermodynamic analysis of the structural stability of the tetrameric
oligomerization domain of p53 tumor suppresor. Biochemistry 34,
5309-5316.

Johnson, C. R. and Freire, E. (1996) Structural stability of oligomeric
proteins. Techniquesin Prot. Chem. V11, 459-467.

Freire, E. (1995) Differential scanning calorimetry, in Protein Sabil-
ity and Folding, vol. 40. (Shirley, B., ed.), pp. 191-218.

Freire, E. (1995) Thermal denaturation methods in the study of pro-
tein folding. Methods Enzymol. 259, 144-168.

Brooks, B. R., Bruccoleri, R. E., Olafson, B. D., States, D. J.,
Swaminathan, S., and Karplus, M. (1983) CHARMM: a program for
macromolecular energy, minimization and dynamics calculations.
J. Computational Chem. 4, John Wiley, New York, NY, pp. 187-217.
Lazaridis, T., Archontis, G., and Karplus, M. (1995) Enthalpic con-
tributions to protein stability: atom-based calculations and statistical
mechanics. Adv. Prot. Chem. 47, 231-306.

Suurkuusk, J. (1974) Specific heat measurements on lysozyme, chymo-
trypsinogen and ovalbumin in agueous solution and in the solid state.
Acta Chem. Scand. B. 28, 409-417.

Yang, P. H. and Rupley, J. A. (1979) Protein-water interactions. Heat
capacity of thelysozyme-water system. Biochemistry 18, 2654—2661.
Gomez, J. and Freire, E. (1995) Thermodynamic mapping of the
inhibitor site of the aspartic protease endothiapepsin. J. Moal. Biol.
252, 337-350.

Baldwin, R. L. (1986) Temperature dependence of the hydrophobic
interactionin proteinfolding. Proc. Natl. Acad. Sci. USA 83, 8069-8072.
Cabani, S., Gianni, P., Moallica, V., and Lepori, L. (1981) Group
contributions to the thermodynamic properties of non-ionic organic
solutes in dilute agueous solution. J. Solution Chem. 10, 563-595.
Garcia-Moreno, B. E. (1995) Probing structural and physical basis of
protein energetics linked to protons and salt. Methods Enzymol. 259,
512-538.

Garcia-Moreno, B. E., Dwyer, J. J,, Gittis, A. G., Lattman, E. E.,
Spencer, D. S., and Stites, W. E. (1997) Experimental measurement
of the effective dielectric in the hydrophobic core of a protein.
Biophys. Chem. 4, 211-224.

Lee, B. and Richards, F. M. (1971) The Interpretation of protein struc-
tures: estimation of static accessibility. J. Mol. Bial. 55, 379-400.



66 Freire

40. Creamer, T. P., Srinivasan, R., and Rose, G. D. (1995) Modeling
unfolded states of peptides and proteins. Biochemistry 34,
16,245-16,250.

41. Kuriyan, J. and Cowburn, D. (1993) Structures of SH2 and SH3
domains. Curr. Opin. Sruct. Biol. 3, 828-837.

42. Morton, C. J. and Campbell, |. D. (1994) Molecular “Velcro.” Curr.
Biol. 4, 615-617.

43. Pawson, T. (1995) Protein modules and signalling networks. Nature
373, 573-580.

44. Viguera, A. R., Martinez, J. C., Filimonov, V. V., Mateo, P. L., and
Serrano, L. (1994) Thermodynamic and kinetic analysis of the SH3
domain of spectrin shows a two-state folding transition. Biochemis-
try 33, 2142-2150.

45. Xu, W., Harrison, S. C., and Eck, M. J. (1997) Three dimensional
structure of the tyrosine kinase c-Src. Nature 385, 595-602.

46. Musacchio, A., Naoble, M., Pauptit, R., Wierenga, R., and Saraste, M.
(1992) Crystal structure of a Src-homology 3 (SH3) domain. Nature
359, 851-855.

47. Sadqi, M., Casares, S., Abril, M. A., Mayorga, O. L., Congjero-Lara,
F., and Freire, E. (1999) The native state conformational ensemble of
the SH3 domain from a-spectrin. Biochemistry 38, 8899-8906.

48. Lumry, R. and Rajender, S. (1970) Enthal py-entropy compensation
phenomena in water solutions of proteins and small molecules. a
ubiquitous property of water. Biopolymers 9, 1125-1227.

49. Gilis, D. and Rooman, M. (1996) Stability changes upon mutation of
solvent-accessible residuesin proteins eval uated by database-derived
potentials. J. Mol. Biol. 257, 1112-1126.

50. Gilis, D. and Rooman, M. (1997) Predicting protein stability changes
upon mutation using database-derived potentials: solvent accessibil-
ity determines the importance of local versus non-local interactions
along the sequence. J. Moal. Biol. 272, 276—290.

51. Vogt, G., Woell, S., and Argos, P. (1997) Protein thermal stability,
hydrogen bonds and ion pairs. J. Mol. Biol. 269, 631-643.

52. Myers, J. K., Smith, J. S., Pace, C. N., and Scholtz, J. M. (1996) The
a-helix of ribonuclease T1 as an independent stability unit: direct
comparison of peptide and protein stability. J. Mol. Biol. 263, 390-395.

53. Myers, J. K., Pace, C. N., and Scholtz, J. M. (1997) Helix propensities
areidentical in proteins and peptides. Biochemistry 36, 10,923-10,929.



Protein Structure, Stability, Function 67

54,

55.

56.

S7.

58.

59.

60.

61.

62.

63.

64.

Takano, K., Yamagata, Y., and Y utani, K. (1998) A genera rule for
the relationship between hydrophobic effect and conformational sta-
bility of a protein: stability and structure of a series of hydrophobic
mutants of human lysozyme. J. Mal. Biol. 280, 749-761.

Hollien, J. and Marqusee, S. (1999) A thermodynamic comparison
of mesophilic and thermophilic ribonucleases h. Biochemistry 38,
3831-3836.

Blaber, M., Zhang, X.-j., Lindstrom, J. L., Pepiot, S. D., Baase,
W. A., and Matthews, B. W. (1994) Determination of a pha-helix pro-
pensity within the context of a folded protein: sites 44 and 131 in
bacteriophage T4 lysozyme. J. Mal. Biol. 235, 600-624.

Horovitz, A., Matthews, J. M., and Fersht, A. R. (1992) Alpha-helix
stability in proteins. I1. factors that influence stability at an internal
position. J. Mal. Biol. 227, 560-568.

Burton, R. E., Huang, G. S., Daugherty, M. A., Calderone, T. L.,
and Oas, T. G. (1997) The energy landscape of a fast-folding
protein mapped by Ala*Gly substitutions. Nat. Struct. Biol. 4,
305-310.

Malakauskas, S. M. and Mayo, S. L. (1998) Design, structure and
stability of a hyperthermophilic protein variant. Nat. Struct. Biol. 5,
470-476.

Freire, E. (1997) The statistical thermodynamic linkage between
conformational and binding equilibrium. Adv. Protein Chem. 51,
255-279.

Freire, E. (1999) The propagation of binding interactions to remote
sitesin proteins. Analysis of the binding of the monoclonal antibody
D1.3 to lysozyme. Proc. Natl. Acad. Sci. USA 96, 10,118-10,122.
Bhat, T. N., Bentley, G. A., Boulot, G., Greene, M. |., Tello, D.,
Dall’ Acqua, W., et al. (1994) Bound water molecules and conforma-
tional stabilization help mediate an antigen-antibody association.
Proc. Natl. Acad. Sci. USA 91, 1089-1093.

Williams, D. C., Benjamin, D. C., Poljak, R. J., and Rule, G. S. (1996)
Global changesin amide hydrogen exchange rates for a protein anti-
gen in complex with three different antibodies. J. Mol. Biol. 257,
866-876.

Todd, M. J. and Freire, E. (1999) The effect of inhibitor binding
on the structural stability and cooperativity of the HIV-1 protease.
Proteins 36, 147-156.



68

65.

66.

67.

68.

69.

70.

71.

Freire

Hilser, V. J. and Freire, E. (1996) Structure based calculation of the
equilibrium folding pathway of proteins. Correlation with hydrogen
exchange protection factors. J. Mol. Biol. 262, 756—772.

Hilser, V. J,, Townsend, B. D., and Freire, E. (1997) Structure-based
gtatigtical thermodynamic analysis of T4 lysozyme mutants: structural
mapping of cooperative interactions. Biophys. Chem. 64, 69-79.

Hilser, V. J. and Freire, E. (1997) Predicting the equilibrium protein
folding pathway: structure-based analysis of staphylococcal nuclease.
Proteins 27, 171-183.

Hilser, V. J,, Oas, T., Dowdy, D., and Freire, E. (1998) Structural
identification of key residuesin protein folding: analysis of the native
state ensemble. Proc. Natl. Acad. Sci. USA 95, 9903-9908.

Luque, 1., Todd, M. J., Gomez, J., Semo, N., and Freire, E. (1998)
Themolecular basis of resistanceto HIV-1 proteaseinhibition: aplau-
sible hypothesis. Biochemistry 37, 5791-5797.

Todd, M. J.,, Semo, N., and Freire, E. (1998) The structural stability
of the HIV-1 protease. J. Mol. Biol. 283, 475-488.

Nicholls, A., Bharadwaj, R., and Honig, B. (1993) GRASP: graphi-
cal representation and analysis of surface properties. Biophys. J. 64,
166-170.



A

Measuring the Conformational Stability
of a Protein by Hydrogen Exchange

Beatrice M. P. Huyghues-Despointes, C. Nick Pace,
S. Walter Englander, and J. Martin Scholtz

1. Introduction

M easuring the conformational stability of a proteinisonekey to
solving the protein folding problem. It is also of practical impor-
tance for answering questions such as these:

1. How stable is a protein under physiological conditions?
2. How does the stability depend on temperature, pH, and salt
concentration?

3. Can the stability be increased by osmolytes?
4. Can the stability be increased by ligands that bind the native state?
5. Does an amino-acid substitution increase or decrease the stability?

Thus, reliable techniques for measuring the conformational stabil-
ity of proteins are essential. In this chapter, we briefly review the
traditional methods that have been used to measure the conforma-
tional stability of a protein, and describe in more detail how the
conformational stability can be measured using hydrogen-exchange
rates as monitored by nuclear magnetic resonance (NMR).
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2. Determining Protein Conformational Stability

The conformational stability isdefined asthe free-energy change
of the unfolding reaction, F = U, under ambient conditions (gener-
aly around room temperature and neutral pH): AG, = G — Gg. It
can be evaluated using therelationship AG, =-RT In K, where K,
isthe equilibrium constant of the unfolding reaction. Measuring the
conformational stability and changesin stability of proteinsthat dif-
fer dlightly in structure helpsto define the forces that determine the
conformations of proteins and optimize their stabilities. The stabil-
ity of the folded conformation is a delicate balance between com-
pensating forces. favorable hydrophobic, van der Waals, and
hydrogen-bonding interactions and unfavorable conformational
entropy. Theresult is that the folded protein isonly marginally stable,
generally 5-15 kcal/mol under native conditions (1).

A protein exists predominantly in the folded conformation under
ambient conditions, but rarely, as dictated by the Boltzmann rela-
tionship, Py/F = e2Cu/RT  this conformation will unfold to partially
unfolded or completely unfolded higher energy conformations (see
Fig. 1). Asaresult, it is difficult to detect the unfolded conforma-
tions and to directly measure K, under native conditions. In the
traditional methods, the conformational stability is extrapolated
from stabilities obtained under denatured conditions, while in the
hydrogen-exchange experiments, conformational stability is deter-
mined directly under native conditions.

2.1. Traditional Methods: Solvent and Thermal
Denaturation

The most common way to estimate the conformational stability
of aproteinisto tilt the equilibrium to conditions where the folded
and unfolded states are almost equally populated, measure the sta-
bility, and extrapol ate to obtain the stability under native conditions.
Traditional methods of measuring AG,, are solvent (urea or
guanidinium chloride[GdmCI] or thermal denaturation (seeFig. 2) (2).
Solvent denaturation curves are generally analyzed using the linear
extrapolation method (LEM):
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Fig. 1. An energy manifold of states at 25°C for a protein having
AGy = 10 kcal/moal, including the folded (F) and unfolded (U), and par-
tially unfolded states (P,).

AG = AGy(H,0) — m[denaturant] D

where mis ameasure of the dependence of AG on denaturant, and
AG(H,0) is an estimate of the conformational stability that
assumes that the linear dependence of AG on denaturant observed
in the transition region continuesto 0 M denaturant. Thermal dena-
turation experimentsyield the melting temperature, T,,,, the enthal py
change at T,, AH,,, and the heat-capacity change, AC,,, which can
then be used to calculate AG at any temperature T, AG(T), with
the Gibbs-Helmholtz equation:

AGY(T) = AHL(1=-T/Ty) + AC[T =T =T In (T/T)] (2

The equilibrium between the folded and unfolded states can be
monitored by calorimetry (3), or by using spectroscopic techniques
such as UV absorbance spectroscopy, fluorescence, and circular
dichroism that monitor the changes in conformational states of a
protein (4).
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Fig. 2. (A) Theinset shows atypical urea unfolding curve for a small
monomeric protein. The data in the transition region can be extrapolated
to determine AG(H,0) using the LEM (Eq. 1).

There are several problems with these techniques. Traditional
methods are usually unable to detect unfolded forms under ambient
conditions because their concentrations are far too low. These meth-
ods for determining the conformational stability also depend on
some basic limiting assumptions. First, they require that the folding
transition of a protein be fully reversible, with a known and finite
number of observable states. Above, we show the simplest example—
atwo-state mechanism—but the models can be expanded for analysis
of multimeric protein systems or proteins that fold by mechanisms
with intermediate states (5).

10



Hydrogen Exchange 73

6 T T T T T T T T T I v |
B ! 4+ AG, (25°C)

AG (kcal/mol)

1 )
]
)
7
0k
50
) .55
-1 . o
0 10 20 30 40 50 60 70 80 90 100
Temperature (°C)
2 L 1 1 1 1 1 1 1 ) 1 2 1 L 1 L
-10 0 10 20 30 40 50 60 70

Temperature (°C)

Fig. 2. (continued) (B) The inset shows atypica thermal unfolding curve
for asmal mononmeric protein. The datain the transition region of athermal
unfolding curve can be extrapolated to obtain AG, at a desired reference
temperature such as 25°C using the Gibbs-Helmholtz relationship (Eq. 2).

Second, both methods require along extrapolation from unfold-
ing to ambient conditions. The LEM assumes that the dependence
on denaturant can be extended linearly to the absence of denaturant.
This may not always occur, especially for GdmCI, a salt that can
alter the stability of a protein at low denaturant concentrations
through an ionic strength effect (seeref. 6 and references therein).
For thermal denaturation, the extrapolation from higher tempera-
turesto ambient temperatures requires an accurate value of AC,,. At
best, AC, can be measured to approx + 10% with calorimetry.
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Finally, the unfolded states in denaturant or at high temperatures
may not be thermodynamically equivalent to the unfolded states
under ambient conditions.

2.2. The New Method: Hydrogen Exchange

When aprotein is placed in D,O, amide hydrogensin the protein
begin to exchange with deuterium. Therate of exchange of an amide
depends on its environment in the protein. An unprotected amide
exchanges readily with the solvent. In contrast, an amide that is
shielded from solvent by burial and/or hydrogen bonding can
exchange only a small fraction of time when it unfolds to a higher
energy conformation that is exposed to solvent. The exchange of a
backbone amide proton can occur by local fluctuations, such asthe
breaking of only a few hydrogen bonds, or by a larger global
unfolding event. The result is that exchange rates of amide protons
inaprotein vary widely, providing aclear view of the higher energy
unfolded states under native conditions (see Fig. 1) (7).

We describe here a NMR technique that identifies amides that
exchange from the globally unfolded protein. Hydrogen-exchange
measurements under fully native conditions can provide a direct
estimate of the conformational stability of a protein without having
to drive the protein through its macroscopic unfolding transition.
Thistechnigue, which can measure the conformational stability of a
protein, may not be possible by traditional methods because folding
is irreversible or does not approach a two-or three-state folding
mechanism.

3. The Hydrogen-Exchange Process
3.1. The Rate Constants Governing Exchange

The exchange process can be described using a general two-step
model:

kop krc
(N=H--0=C)q - (N=H)ep ~ N=D 3)

cl
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where k,, and ky are the rate constants for structural opening and
closing, respectively, and (N —H),, isthe open form that exchanges
with solvent at the intrinsic rate constant k.., where rc stands for
random coil (8,9). The second step iswritten asan irreversible reac-
tion because of exchange with a vast excess of solvent D,O. The
measurable rate constant Ke, = KooK /(Ko + Kg + Kio). If the protein
is present mainly in the open form (ko, >> Ky), ke = K. If the pro-
tein is present mainly in the closed form (k,, << ky), then two
mechanisms could potentially occur, depending on conditions,
either as two distinct processes or in combination (10,11).

The EX1 exchange conditions (monomolecular exchange) exist
when ky <<k, so that ke, = k. The EX2 exchange conditions (bimo-
lecular exchange) exist when ky >> K, so that Ke = Kok, Where K,
isthe equilibrium constant for structural opening (Kq/Ky). Thus, under
EX2 conditions, the free energy of structural opening is given by:

AGy = —RT In (Ke/Kio). (4)

One expects a subset of the AG,,x values to generally represent the
complete unfolding reaction; thus, it has been proposed that the
average of the three largest AG,y values calculated using Eq. 4
provides a reasonable estimate of the conformational stability of a
protein (12).

3.2. The k,. Values from Model Peptides

Exchange from the open form depends on k... The k. value can
be approximated by the chemical exchange rates of amide groupsin
nonstructured peptides. Therate constantsin short (1-5 amino acids
long) peptidesand in poly-DL-alanine (PDLA) have been measured
(9,13,14). The results show that exchange-rate constants of back-
bone amide protons are dependent on pH, temperature, identity of
neighboring side-chain residues in the sequence, solvent isotope
effects, and small ionic strength effects. The exchange-rate con-
stants for alanine-based reference peptides at low ionic strengths
and 20°C are shownin Table 1.
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Table 1
H to D Exchange Rate Constants
for Alanine-Based Models at 293 K¢

log ka log kg log ky
Model (M~ min™) (M=t min) (min )
N-Ac-A-A-A-N'MAP 2.04 10.36 -15
PDLAC 1.62 10.05 -15

8These values are specific for NH to ND exchange under normal low salt
conditions, using pD = pH* + 0.4 and pK, = 15.05 for the D,O at 20°C. These
dataarefrom Table 3in Bai et al. (9).

b_-alanine tripeptide blocked by n-acetyl at N-terminus and n'-methylamide
at C-terminus.

poly-DL-alanine.

The NH to ND chemical exchange process can be acid (ky), base
(Kon), or water catalyzed (ky), yet the latter generally makesonly a
negligible contribution:

Krc = kA 10_pD + kB 10[pD_pKD] + kW (5)

where pD is the corrected reading in D,O (see below) and pKp is
the molar ionization constant of D,O. The rate of exchange of a
backbone amide reaches a minimum near pH ~ 3 and increases sub-
stantially at both pH extremes, by afactor of 10 per pD unit (EqQ. 5).
The chemical exchange rate of amide proton of residue i in a
sequence is affected by its own side chain and the side chain of
residue i—1. For example, we show in Fig. 3 for two dipeptide
sequences in RNase T1 that k. can vary by 20-fold. Fig. 3 aso
illustrates the dependence of k. on pH.

Theintrinsc rate of exchange can a so changewith temperature. The
rate constant for the acid-catalyzed exchange can be modified by:

ka(T) = ka(293 K) el-EdLT - 1293/R) ©

where the activation energy, Ea(k,) = 14 kcal/mol. Analogous
expressions can be made for the base- and water-catalyzed exchange
in Eq. 5, where Ea(kpy) = 17 kcal/mol, and Ea(k,,) = 19 kcal/moal,
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log(krc)

Fig. 3. Log (k,o) vs pD for two dipeptide sequences, —Gly71-Ser72—
(o) and —Val89-11e90- (1), in RNase T1 using k. values from Bai et al.
(9). Curves represent the data fit to Eq. 5.

respectively. To determine AGyy in a protein, the exchange-rate
constants of random coil peptides can be used to predict k. values
for every residue at aparticular pH and temperature. (See the spread-
sheet at ftp://hxiris.med.upenn.edu/HX/ to do it for your favorite
protein).

3.3. EX1 and EX2 Conditions

The exchange process for aglobally exchanging residue must be
EX2 in order to determine the conformational stability of the pro-
tein by the hydrogen-exchange method. Three methods are used to
establish whether an amide proton exchanges by an EX1 or EX2
mechanism (15). The simplest method is to plot log ke, for several
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amide protons at two different pH values above pH 4.0 and in a pH
region wherethe stability of the protein changesaslittle aspossible.
For the EX2 process, the hydrogen-exchange rates for each NH
group should change by 10-fold, with a one-unit change in pH,
showing the expected pH dependence on k. (seeFig. 3). Inthe EX1
process, K, depends only on K, which is likely to be less depen-
dent on pH. Asaresult, we would observe little to no rate variation
with pH in the EX1 regime.

Another test of EX2 vs EX1 kinetics uses the nuclear Overhauser
effect (NOE) (15-18). We can measure a decrease in the NOE
intensity between two adjoining residues as hydrogen-exchange
progresses. In the EX1 limit, two amide protons will exchange at
the same rate, so that the decay rate of the NOE will be equal to the
exchange rate of a single amide proton. Conversely, in the EX2
limit, two amide protons will exchange independently and often
with different chemical exchangerates. Therefore, the decay rate of
the NOE will be the sum of the exchange rates of the two adjoining
amide protons. This method is often arduous, and errors in mea-
surement can be significant (15).

A third method is simply to compare the AG,,x valuesfor neigh-
boring amide groups with their corresponding k,. values. In an EX2
process, the same AG,,x values are likely to have widely different
k.. values. The opposite holds true for the EX1 process.

3.4. AGyy for Measurable Amide Protons

The hydrogen-exchange technique provides a glimpse into the
distribution of unfolded conformations at native conditions.
Exchange of an amide proton with solvent deuterium occurs only
through exchange-competent, higher-energy forms. The amide
groups that are most protected from exchange have the largest sta-
bilitiesand may be limited to exchange only from thefully unfolded
state (“global”). Residues with intermediate and low stabilities (or
protection) exchange by either fluctuations in the native state
(“local™) or by partial unfolding (“subglobal”). Here, we describe
an NMR technique that identifies only the global-exchanging resi-
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dues. Monitoring hydrogen exchange in response to external
perturbants, such as temperature, solvent denaturants (19-25) or
pressure (26), can help to decipher the exchange processes of local
and subglobal amide groups.

Hydrogen-exchange studies with mutant proteins have also been
performed where the changein stability upon mutation, AAG,,x, can
be obtained by:

AAGHy = (AGhx)wT — (AGHx)mutant = —RT IN(Kedwt/(Kedmutant  (7)

Thek,. values for all residues cancel in Eq. 7, except for the muta-
tion site and the residue C-terminal to the site of the mutation. The
residues that exchange by global unfolding will have AAG,,x values
similar to the values determined by the traditional methods. Unfor-
tunately, there can also be nonglobal residuesthat have AAG val-
uesequal to or even greater than AAG, (27). Additional experiments
that monitor the effect of an external perturbant on the hydrogen-
exchange stabilities are required to decipher the stability patterns of
nonglobal residues. As a result, hydrogen-exchange studies with
mutant proteins cannot in themselves determine the residues that
unfold globally.

4. The NMR Experiment
4.1. Establishing Experimental Conditions

The hydrogen-exchange experiment by NMR entails monitoring
the decay of individual proton resonances over time as they
exchange with solvent deuterium. We assume that standard sequen-
tial NMR assignment techniques have been used to identify amide
resonances that persist upon the addition of deuterium. Normally,
the overcrowding of proton resonances in a protein limits the use-
fulness of 1D proton spectra. Instead, popular two-dimensional
experiments have been used, such as proton-detected magnitude-
mode Correlation Spectroscopy (COSY), and more recently,
inverse-detected 1°N Heteronuclear Single Quantum Coherrence
(HSQC). For hydrogen exchange, the HSQC experiment provides
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better resolution when observing the exchange of many exchange-
able backbone amide groups in larger proteins (15-25 kDa), and in
most cases, HSQC spectra can be acquired in lesstime. The limita-
tionsto the heteronuclear approach are that the protein must be uni-
formly labeled with 1®™N—usually by overproduction in bacteria,
grown in minimal media where yields are generally reduced.
15N-labeled precursors are expensive (although prices are steadily
decreasing), and some degree of technical expertise of the NMR
hardware and software is required.

A positive attribute of measuring the conformational stability by
hydrogen exchangeisthat only the exchange rates of the most stable
NH groups must be determined. Thissimplifies assignmentsand in
most cases, simple 1D-proton spectra may be taken to collect the
data. The most stable amide resonances are usually the ones that
persist over the longest time. Most other resonances disappear from
the spectra by the time the most stable amide protons begin to
exchange. However, caution must be exercised, because the most
stable residue may not always be the slowest exchanging residue.
As shown in Fig. 3 and Eq. 4, k. varies with sequence and can
affect the exchange time and the stability value of aresidue. To be
safe, the exchange of at least the 10 slowest exchanging amide pro-
tons should be monitored.

It is important to establish the best pH and temperature condi-
tions to monitor the decay of the most stable NH groups. The ran-
dom cail rate of each residue and the stability of the protein play
important rolesin determining the best experimental conditions. For
example, RNase T1 has a bell-shaped stability vs pH profile with a
stability maximum of ~13 kcal/mol near pH 5.0 and 25°C in D,O
(28). If we monitor exchange at these conditions, the most stable
residues would not exchangefor over 100 years! Asaresult, experi-
mental conditions must be chosen to allow the data to be collected
in a reasonable amount of time. If we raise the pH or increase the
temperature for RNase T1, the exchange is considerably faster (pD
7.7, 25°C—3-6 months, and 40°C—days). Another method to
reduce the time of exchange at a desired experimental condition is
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to perform measurements at two or more concentrations of denatur-
ant wherethe proteinisstill fully folded (the pretransition region of
Fig. 2A), and extrapolate to the AG,,x in the absence of denaturant
using Eq. 1. With both these techniques, it is important to test
whether the exchange processisstill inthe EX2 regime. Conversely,
if aprotein is marginally stable, the temperature or the pH can be
decreased in order to observe the decay of the most stable amide
protons. Stabilities in a range of 4-10 kcal/mol can be measured
using the hydrogen-exchange technique described here. A good
starting point is to perform one-dimensional hydrogen-exchange
experiments at several different conditions. If exchange istoo slow
or too fast, adjust the conditions until the most stable residues ex-
change in a reasonable amount of time and by the EX2 process.

4.2. Sample Preparation

NMR samples are prepared by dissolving the protein in an H,0O
buffered solution. A 0.5-2 mM solution of protein (0.5-1.0 mL) is
required. The one-dimensional experiment needs less protein than
the two-dimensional experiment. The pH of this solution should be
egual to the desired pD of the deuterated NMR sample. The pD of a
solution in D,O isthe pH meter reading (pH*) plus 0.4 (pD = pH* +
0.4) (29). Measuring the pH* of a deuterated solution is performed
asfollows:

1. Use appropriate standard pH buffers in H,O to calibrate your pH
meter, considering the effect of temperature on the buffers.

2. Allow the electrode to soak in D,O until the meter reading is steady
(5-10 min).

3. Read the pH meter value of your sample (pH*) and make the appro-
priate correction for pD.

It isimportant to ensure that the protein sampleisfully dissolved
and at equilibrium before exchanging the H,O for D,0O. If any par-
ticulate remains, centrifuge the sample and place the solution in a
fresh Eppendorf tube. Buffers that are silent in the NMR experiment
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should be used—such as phosphate that lacks protons or one such as
acetate, which can be purchased inexpensively in a deuterated form.
The sampl e can be exchanged into D,O by using aspin-column (Isolab,
Inc.). The spin-column approach can be performed as follows:

1. Swell 1 g of G-25resinin 10 mL of D,O for aminimum of 3 h.

2. Remove fines by stirring and replacing with an equal vol of fresh
liquid (2—3 times), pour deuterated buffer onto the resin for the last
volume exchange, and equilibrate for 10 min.

3. Pour theresininto the spin column (~3 mL) and wash the resin sev-
eral times with 0.5-1.0 mL volumes of deuterated buffer, by spin-
ning the column in a swinging bucket benchtop centrifuge a ~1000g
for 1-min intervals. Be sure to balance the rotor by using a dummy
column withresinin it.

4. Exchange the protein solution in H,O with D,O by loading the
samplein H,O onto the column and spinning the column for a1-min
interval. The number of spins and the vol of sample added can be
adjusted so that a final vol of recovered sample is ~ 0.7 mL and
proteinyield is80-90%. (After the experiment, if the proteinisvalu-
able, one can rescue the rest of the protein left on the column by
rinsing with several volumes of buffer.)

5. Immediately after exchange, transfer the solution to a NMR tube,
and quickly adjust the pH* of your solution with NaOD or DCI if it
has changed. The pH* in the NMR tube can be measured using a
long, thin electrode from Ingold.

6. Place the samplein the NMR spectrometer with the probe tempera-
ture set at the appropriate temperature, and acquire a data set.

7. Measure the pH* of the sample after the conclusion of the NMR
data set.

4.3. NMR Data and Analysis

NMR spectra must be collected over time. The NMR sample
should be equilibrated in a water bath at the appropriate tempera-
ture if the NMR data are not acquired in a single time period. The
spectra are processed by standard processing programs. The peak
intensitiesfor each residue can be measured either by peak heights (one-
dimensional experiments) or by volume integration (two-dimensional
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crosspeaks). These measurements can fit to a single exponential
function, A = Aj[ef*ed)] + C, where C is the baseline noise of a
particular spectra caused by residual water in the sample. With par-
tial or completely overlapping peaks, the exchange data may be fit
to asum of exponentials, especially if ratesfor amide protons differ
by more than approximately threefold. The exchange rate should be
measured only after the peak is approx 50% exchanged. The errors
in stability are the largest for residues whose hydrogen exchange rates
are either very fast or very dow. For atypica exchange experiment,
two fold variationsin the rate only affect AGx by 0.4 kcal/mol.

5. Comparison of AGyyx and AGy,

The measured hydrogen-exchange stabilities of the most stable
residues are generally higher than the conformational stabilities
measured by urea and thermal denaturation, as shown for a variety
of proteinsin Table 2. There are two main reasons for the discrep-
ancies. solvent isotope effects and proline isomerization effects.

5.1. Solvent Isotope Effect

To compare denaturation and hydrogen-exchange experiments,
the traditional techniques must be performed in D,O. At this time,
we cannot predict whether a protein will be more or less stable in
D,0 thanin H,0, since many factors affect the solvent isotope effect
of aprotein (30). We have ample evidence from data by Makhatadze
et a. (31), the review by Oas and Toone (30), and Huyghues-
Despointes et a. (12) that AGy, values can differ by + 0-2 kcal/mol
in H,O compared to D,0O, and the difference may be dependent on pH.

5.2. Proline Isomerization Effect

Denatured states at native-state conditions in the hydrogen-
exchange experiments differ from denatured states under equilib-
rium unfolding conditionsin traditional experiments. Most peptide
bonds in afolded protein are in a trans conformation. Only 0.03%
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Comparison of Conformational Stabilities Measured

by Hydrogen Exchange and Traditional Methods?

No. of AGpx AGux*
Proline Residues (kcal/ (kcal/ AGy(D,0)
Protein cis trans mol)  mol) (kcal/moal)
RNase T1 2 2 10.7 8.2 7.9 (UDC)
8.0 (TDC)
A21GP 7.2 7.1 (UDC)
G23AP 7.1 7.0 (UDC)
A21G+G23Ab 6.3 6.0 (UDC)
RNase A 2 2
Mayo and Baldwin (10.2) 7.8 7.7 (DSC)
Wang et al. 10.3 8.0 8.1 (DSC)
Neiraet a. 9.4 7.0 7.0 (DSC)
barnase 0 3 8.3 8.1 8.3 (DSC)
Cl2 0 5 7.6 7.1 7.0 (GDC)
434 cro 0 2 4.0 3.9 3.7 (UDC)
apocytochrome bgg, 0 4 55 53 5.0(DSC)
3.3(GDC)
cytochrome c (equine) 0 4
Bai et al. (9.3) 9.0 9.1 (DSC)
Foord and L eatherbarrow 6.4 6.1 6.1 (DSC)
cytochrome c (yeast) 0 4 6.8 6.5 6.4 (TDC)
HEWL 0 2 124 122 11.7(DSC)
NTL9 0 1 4.8 47 47 (TDC+UDC)
OMTKY3 1 2 8.2 7.2 7.2 (DSC)
PPL 0 0 (6.9) 6.9 6.7 (TDC)
4.9 (GDC)
HPr (Escherichia coli) 0 2 5.8 5.7 4.7 (UDC)
src SH3 domain 0 2 6.2 6.1 4.7 (TDC)
4.7 (GDC)
Barstar 0 2 6.2 6.0 5.0 (GDC)
RNase H* (Escherichia coli) 1 4 (10.9) 9.3 9.9 (GDC)
RNase H (T. thermophilus) 1 11 (15.8) 13.8 13.3(GDC)
CTXIIl® 5 6.6 6.3 6.0 (GDC)
RNase A9 2 2 11.8 9.6 9.2 (DSC)
RNase Saf 1 5 8.9 7.3 7.5 (GDC)
T4 lysozymef 3 (17.7) 175 16.0(GDC)
SNased 2 4
Unligated 6.4 4.4 6.1 (UDC)
Ligated (Ca?* and pdTp) 8.2 6.2 7.4 (UDC)
SNase" (Unligated) 2 4 ~64 ~45 4.0 (GDC)
E75A ~44 ~25 20(GDC)

(Continued)
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Table 2 (continued)

No. of AGhy AGhy*
Proline Residues (kcal/ (kcal/ AGy(D,0)
Protein cis trans  mol)  mol) (kcal/mal)
M26G ~44 ~25 2.3(GDC)
D77A ~41 ~22 3.1(GDC)
V23A ~34 ~15 2.2(GDC)

aUnless otherwise indicated below, the specific conditions for each protein are
given in the footnote to Table 1 in Huyghues-Despointes et al. (12). AG, is the
average AGy value of the three most stable residues. AG,x valuesin parentheses
were estimated by extrapolation of hydrogen exchange stabilities at higher denatur-
ant concentrations (15). AGx* = AGpx — ZAG,. AGy(D,0) is measured by the
LEM (Eq. 1) using urea (UDC) or GdmCI (GDC) denaturation curves, or by the
Gibbs-Helmholtz equation (Eq. 2) using thermal denaturation curves (TDC) or dif-
ferential scanning calorimetry (DSC).

bpD = 7.4 and 25°C (27).

CCardiotoxin analog I11. pD = 3.6 and 25°C (39).

9pD = 6.4 and 25°C (40).

epD =5.9 and 30°C (D. Laurents, J.M. Pérez-Cafiadillas, J. Santoro, M. Rico, D.
Schell, C. N. Pace, and M. Bruix, personal communication).

foD = 6.0 and 25°C (41).

9pD = 5.9 and 37°C (42 and references therein). Lys-Pro117 is91% cisand His-
Pro47is 9% cisin the folded unligated protein. Lys-Prol17 is greater than 98% cis
in the folded ligated protein.

hpD = 5.6 and 25°C (43).

of the nonproline bonds and 5.2% of the proline bonds are in a cis
conformation in folded proteins (32). Conversely, an unfolded pro-
tein at equilibrium has nonproline bonds exclusively in the trans
conformation and 6-38% of the proline bonds in the cis conforma-
tion, depending on theidentity of the residue preceding proline. The
|atter values are based on data by Reimer et al. (33) on capped pen-
tapeptides with 20 different amino acids at the Xaa-Pro position
(see Table 3).

Transently unfolded states under native conditionsin the hydrogen-
exchange experiments have the proline bonds in the same confor-
mation as in the folded protein because the rate of refolding and
hydrogen exchange is often much faster than the rate of proline
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Table 3
Proline Isomerization Based on Ac-Ala-Xaa-Pro-Ala-Lys-NH,?2

Xaa  %cs  Kpo'® RTIN(1+KpY)? RT In(L+ VKpoY)e

Pro 6.0 15.67 1.67 0.037
Lys 6.8 13.71 1.59 0.042
Arg 7.2 12.89 1.56 0.044
Asp 7.3 12.70 1.55 0.045
Ala 7.7 12.00 1.52 0.047
Cys 8.7 10.49 1.45 0.054
Glu 9.0 10.11 143 0.056
Thr 9.4 9.64 1.40 0.058
His(0)f 9.5 9.53 1.39 0.059
Met 10.0 9.00 1.36 0.062
Ser 10.3 8.71 1.35 0.064
val 10.4 8.62 1.34 0.065
Gln 115 7.70 1.28 0.072
Asn 11.6 7.62 1.28 0.073
Leu 12.0 7.33 1.26 0.076
lle 12.0 7.33 1.26 0.076
Gly 13.7 6.30 1.18 0.087
His(+)? 16.5 5.06 1.07 0.107
Phe 23.0 3.35 0.87 0.155
Tyr 24.0 3.20 0.85 0.163
Trp 37.7 1.65 0.58 0.280

aReplicated from Table 2 in Huyghues-Despointes et al. (12).

bThe percentage of cis conformer measured at 23°C in 20 mM sodium phos-
phate at pH 6.0 (33). Thisvalue isrelatively independent of temperature (38).

“Kpro IS the equilibrium constant for cis < trans isomerization of the indi-
cated Xaa-Pro residue.

dCorrection in kcal/mol at 25°C (Eqg. 10) for cis Xaa-Pro residues.

€Correction in kcal/mol at 25°C (Eq. 11) for trans Xaa-Pro residues.

"Measured at pH 8.0.

9Measured at pH 3.5.

isomerization (12). The protein typically spendslessthan 1 sin the
transiently populated unfolded state before all the amide protons
are exchanged. Thisis shown for the folding equilibrium of a pro-
tein with a proline residue in the sequence:
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U

I:cis ‘—Kix—’ Ucis ‘—Kﬂo—’ Utrans (8)
where Fs and U are the native and unfolded states with a Pro
residue exclusively in the cis conformation. K3, is the equilibrium
constant for cis/trans proline isomerization in the unfolded state,
and Ky is the equilibrium constant for folding exclusively in the
cis conformation. The denatured states will have a higher free
energy in the hydrogen-exchange experiments than under the tradi-
tiona unfolding experiments where the proline bonds reach cig/trans
equilibrium. AGyyx measures AG for the first step in the equilib-
rium, but AG; measures AG for both steps (15,34). The total differ-
ence is the stability from proline isomerization in the folded and
unfolded states:

AGyo = AGyx —AGy = RT In (1 + KYo)/(1 + KF,) 9)

The full expression (Eq. 9) must be used for proteins such as Sta-
phylococcal nuclease (SNase) where two proline residues flip
between cis and trans conformers in the folded state (see Table 2).

For most proteins, where the proline conformation isfixed in the
native conformation, the stability from prolineisomerization caused
by acisproline in the native state can be reduced to:

AGY, = RT In(1+KY,,) (10)
or using Eqg. 8, atrans proline in the native state can be:
AGY,, = RT In(1 + VKY,) (11)

The AG}),, values for a cis proline in the native state are more
than 1 kcal/mol, while AG,, for atrans proline are much smaller
(< 0.3 kcal/mol). Table 3 shows the AG}, values for cis and trans
proline conformers at 25°C. The total effect of proline isomeriza-
tion is determined by summing AG},, contributions for all cis and
trans proline residues in a protein. The conformation of a Xaa-Pro
bond is detected by measuring the w angle in the best NMR or
X-ray crystal structure of a protein.
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Until recently, it was commonly assumed that the proline bond
was approx 20% cisin the unfolded state at equilibrium for all Xaa-
Proresiduesin aprotein. Asaresult, the stabilities of the most stable
residues were not always considered to exchange by global unfold-
ing (see refs. 35-37), because these stabilities did not agree and
were often higher than the values from traditional methods.

6. Conclusion

If the corrections for the proline isomerization of the Xaa-Pro
bond using values of Reimer et al. (33) are applied and if the tradi-
tional experiments are performed in D,O, we find an excellent
agreement between the corrected AG,,x and AG, for most proteins
(Table 1). This comparison leadsto several important conclusions:

1. The most stable amide hydrogens generally exchange by global
unfolding.

2. Theunfolded states that exist under native conditions are thermody-
namically equivalent to those that exist after solvent or thermal
unfolding.

3. Chemical exchange rates from short peptides can model well k., the
exchange-rate constant of the open conformation.

4. The equilibrium constants for proline isomerization in capped pen-
tapeptides can be used to correct for the higher free energy of the
unfolded states in the hydrogen-exchange experiments.

7. A Note on Nomenclature

In the literature, the nomenclature for describing the hydrogen-
exchange process varies widely. Examples include defining the
chemical exchange-rate constants as k., kg, Or K;.:, the hydrogen-
exchange stabilities as AGpy, AGp, or AG,,, the conformational
stability as AG,, AGy, or AG(H,0), the hydrogen-exchange pro-
cess as HX, HD, or hydrogen exchange, and the pH meter reading
of the experiment in D,O as pH*, pH,eq, OF pD. In this chapter, al
these terms are defined as the following: the random coil rate ask,.,
the hydrogen exchange stabilities as AG,y, the conformational sta-
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bility in 0 M denaturant as AG(D,0) in deuterated solvent and
AGy(H,0) in protonated solvent, the exchange process as hydro-
gen-exchange or HX, and the pH meter reading aspH*. In thefuture,
for the purpose of clarity, it would be advisable to universally adopt
the same nomenclature, and we suggest that the nomenclature
defined here would serve this purpose.
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Modeling the Native State Ensemble

Vincent J. Hilser

1. Introduction

Whileit has been known for years that within aprotein’ sfolding/
unfolding transition region the conformational equilibrium can be
well approximated by a “two-state” model (1), it is not possible
within the context of this “two-state” framework to account for an
important and well-established experimental observation. Asshown
by a number of researchers, the hydrogen-exchange protection fac-
tor (PF) patterns of all proteins observed to date show large regional
differences (2-12). If protein folding is “two-state’, all amides that
are protected from exchange in the native state show identical pro-
tection factors, asthey become exposed to solvent through the same
folding/unfolding reaction. The heterogeneity observed in the pro-
tection-factor patterns suggests that the native state is best charac-
terized as afluctuating ensemble of conformationsthat involvelocal
unfolding reactions. In an effort to derive a quantitative description
of these fluctuations, we developed the COREX algorithm (13-15),
wherein the native state is represented as an ensembl e rather than a
discrete conformational state. The purpose of this chapter is to
present adetailed description of the COREX algorithm, and to show
how this ensembl e-based description provides auniform framework
for reconciling the cooperative fol ding/unfol ding behavior observed
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in the transition region with the apparently noncooperative behav-
ior seen under native conditions. This approach also represents a
powerful tool for investigating cooperativity and the propagation of
mutational effects,

2. Statistical Thermodynamic Formalism

The probability of any given conformation of a protein under
equilibrium conditions can be described by the equation:

exp(™*/kr)
Q

where exp(-AG,/RT) is the statistical weight or Boltzmann expo-
nent of statei expressed in terms of the relative Gibbs free energy
(AG)). The partition function, Q, isthe sum of the Boltzmann expo-
nents of all states that are accessible to the system:

Q= Eoexp(%‘/ RT) )

inwhich AG; can bewritten in terms of the standard thermodynamic
equation:

Pi 1

AG,=AH, - T - AS, )

where AH; and AS; are the rel ative enthal py and entropy of statei at
temperature T, and R is the gas constant. Egs. 1-3 indicate that
knowledge of the relative energies of each state provides direct
access to the equilibrium distribution of statesin the ensemble.

3. The COREX Algorithm

According to the COREX algorithm (13-15), a protein is mod-
eled asan ensembl e of partially folded conformations, each of which
is derived from the high resolution X-ray or NMR structure. The
individual conformations are generated by unfolding the various
regions of the protein in exhaustive combinations as described in
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Fig. 1. Anillustration of the method employed by the COREX agorithm
for generating partially unfolded states. For this example, a protein of 129
amino acids is divided into 11 different sequentia folding units (labeled
F1-F11), each with 12 residues—except for the last unit, which has 9 resi-
dues, as shown in Partition |. The partitioning scheme isthen overlaid on the
high-resolution structure, and the different folding units are folded and
unfolded in al possible combinations resulting in 2N — 2 (= 2046) partialy
folded states, where N is the number of folding units. To systematicaly vary
thefolding units, the boundaries are advanced one residue in the sequence as
shownin Partition I1. The new partition schemeisagain overlaid on the high-
resolution structure, and the combinatorial folding isrepeated. In caseswhere
less than three residues are present at the ends of the sequence, the residues
areincluded in the adjoining folding unit. This procedure is repested through
12 partitions, at which point the scheme repests itself. The total number of
states generated by this schemeis 32,757.

Fig. 1. The partition scheme shown in Fig. 1 generates an ensemble
of 32,757 different conformations.

From among these possible conformations, the most probable
states are determined by calculating the free energy of each state



96 Hilser

using a structural energetic parameterization (16-24). In short, the
parameterization allows us to calculate the heat capacity (ACp),
enthalpy (AH), and entropy (AS) difference between each conforma-
tional state and the high-resolution structure (i.e., the reference state).

The heat-capacity change for each state has been parameterized
intermsof changesin solvent-accessible polar (AASApol) and apo-
lar (AASAap) surface area, as ACp is known to originate primarily
from changes in hydration upon unfolding (16-18):

ACP = ACy4p + AC, poi
ACp = ac - AASA,, + by - AASA y + (Co—by)- AASAoy (4)

where a. = 0.45 cal-K--mol-1-A—2, and b, = 0.26 cal-KL-mol1-A-2,
C. = 0.17 cal-K1-mol~1-A—2. The third term accounts for the positive
contribution of hydroxyl groups to the measured ACp (18). In real-
ity, ACp has a temperature dependence that becomes significant
above 80°C. For high-temperature cal culations, additional termsare
included in Eq. 4 that account for this dependence (17).

The bulk of the enthalpy change of unfolding also scales with
AASA changes (16,19) and at 60°C, the median unfolding tempera-
ture for the database of proteins, the enthalpy can be written as:

AHgen(60°C) = &, - AASA,, + by - AASA (5)

where a,; = —8.44 cal-mol—1-A—2and by, = 31.4 cal-mol1-A-2,

For the entropy change of unfolding, the COREX algorithm
includestwo contributions, one resulting from changesin solvation,
and the other caused by changes in conformational entropy
(AS=AS,, + ASnt)- The solvation contribution can be written in
terms of the apolar and polar contributions of ACp (Eqg. 4) if the
temperatures at which ASg;, o, =0 and ASgy po =0 (Ts5* and
Tspo™) are known:

ASsolv = ASsolv,ap + ASSaolv,pol
ASSON(T): ACp,ap ' In(T/T*s,ap) + ACp,pol ! In(T/T*s,pol) (6)
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Tsa* has been shown to be ~385 K (23) while Tg,q* is ~335
K (22).

Conformational entropies are calculated by considering three
contributions:

ASconf =2 ASou—ex +2 ASax—un +2 ASob (7)

1) ZAS,, o is the summed entropy change for all side chains that
are buried in the fully folded state and become exposed in a par-
tially unfolded state. 2) ~ AS,,_,, IS the summed entropy change of
solvent-exposed side chains upon unfolding of the peptide back-
bone. 3) ZAS,, is the backbone entropy change for residues that
become unfolded in partially unfolded states. The magnitude of the
entropy contributions for each amino acid have been determined
from computational analysis of the probabilities of the different
dihedral and torsion angles (21,22), and are reproduced in Table 1.
Additional entropic contributions arise from disulfide bridges,
which can be accounted for as described (25). The contributions
listed here constitute >95% of the entropy of stabilization for most
proteins. Contributions resulting from protonation, the binding of
ligands, etc., can be estimated from knowledge of pK values, proto-
nation enthal pies, and experimental pH. In estimating these contri-
butions to the stability of each partially folded state, the difference
between the experimental and calculated stability of the protein is
determined under a given set of pH and ionic strength conditions.
The corresponding entropy difference, which usually accounts for
<3% of AS.,, isthen used to define an entropy-scaling factor. The
conformational entropy of each partially folded state is then nor-
malized to the scaling factor.

4. Residue-Specific Equilibria

The most important aspect of the ensembl e-based approach isour
ability to calculate the probability for each residueto be in afolded
or an unfolded conformation (13-14). These residue-specific prob-
abilities are used to define residue stability constants, Ky, as
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Table 1

Conformational Entropies for Amino Acids?

Amino acid AS pyex AS o in AS,,
Ala 0.00 0.00 4.1
Arg 711 -0.84 34
Asn 3.29 2.24 34
Asp 2.00 2.16 34
Cys 3.55 0.61 34
GlIn 5.02 212 34
Glu 3.53 2.27 34
Gly 0.00 0.00 6.5
His 3.44 0.79 34
lle 1.74 0.67 2.18
Leu 1.63 0.25 34
Lys 5.86 1.02 34
Met 4.55 0.58 3.4
Phe 1.40 2.89 34
Ser 3.68 0.55 34
Thr 331 0.48 34
Trp 2.74 1.15 34
Tyr 2.78 3.12 34
Va 0.12 1.29 2.18

agntropy values are in cal-K=tmolL. AS,_,, and AS,, o are from (21-22).
AS,,, & contribution for each residue is normalized by the fraction of exposed
surface in the fully folded form.

‘= sz’j ®
b 2Py

where ZP;; and 2Py ; are the summed probabilities of all statesin
the ensemble in which residuej iseither folded or unfolded, respec-
tively. According to Eq. 8, residues with high-stability constants
will be folded in the majority of highly probable states, while resi-
dues with low-stability constants will be unfolded in those states.
This concept isdepicted in Fig. 2 for ahypothetical protein that has
four significantly populated states (labeled 1-1V). Four residues
(A-D) are shown which are either folded (filled circles) or unfolded
(open circles) in each conformation. For this example, residue D
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State Probability Residue Folding Constant
I . A
B P
. o1 By : P
+ P+
NN u+ P+ Prv
11 c « Pi+ Px
P f,B=
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p g Pr+ P
III f,C=
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Kf,D=
Prv Prv

Fig. 2. Schematic representation of the residue stability constant for a
hypothetical protein containing residues (A-D). For this example, four
different conformational states (I-1V) are accessible wherein each resi-
due is either folded (closed circles) or unfolded (open circles). The sta-
bility constant (Eq. 8) for each residue is the ratio of the summed
probability of all statesin which that residue isin afolded conformation
to the summed probability that it isin an unfolded conformation.

will have the highest stability constant, asitisfolded in the mgjority
of the most probable states. Likewise, residue A will have the low-
est stability constant.

5. Experimental Validation: Comparison
with Hydrogen-Exchange Protection Factors

The significance of Eg. 8 isthat under certain experimental con-
ditions, K¢; for many residues, as calculated by the COREX algo-
rithm, can be compared directly to protection factors (PF))
determined from hydrogen/deuterium exchange (HX) experiments.
Amide hydrogen exchange has become one of the most important
tools in the analysis and quantitation of partially folded states of



100 Hilser

proteins (2-12). For those amide protons that are protected from
exchange with solvent protons in the fully folded form of the pro-
tein, the exchange reaction can be described by:

K k
NH;(closed) 2L, NH;(open) =, ND;(exchanged),

where open and closed refer to those states in which a particular
amide is exchange-competent and exchange-incompetent, respec-
tively. In the slow-exchange limit, whereby the intrinsic exchange
rate of a particular amide, k;;, is much slower than the open-
to-closed rate (i.e., in the bimolecular or EX2 exchangeregime), the
measured exchange can be expressed by:

kex,j = Kop,j ’ kint,j (9)

Since k;,; is known from the exchange rates of model peptides (26),
the opening/closing equilibrium (K,,) can be determined directly
from the measured exchange rate, k... Thus, the degree of protec-
tion (PF=1/K ;) provides aresidue-specific free-energy difference
between the exchange competent and incompetent species
(AGj,cIosed/open =—RT! nF)Fj )

Since PFs from HX measurements provide the opening/closing
equilibrium and the stability constant provides ameasure of thefold-
ing/unfolding equilibrium, comparisons of PF; and kg require
recasting the PF in terms of the probability that a particular residue
will be folded or unfolded:

i, = 2Pt — 2Py

i (10)
2Prtj + 2Py

where 2P . ; isthe probability that aresidueisfolded, yet exchange-
competent (14). As Eq. 10 indicates, not all residues that are in a
folded conformation are protected from exchange, and as a conse-
guence, the expression for the PF differs from the residue stability
constant (Eq. 8). Sincethe COREX algorithm allows usto calculate
the probability of aresidue to be folded yet exchange-competent, it
is possible to calculate protection factors for all amides and com-
pare them to those values that have been obtained experimentally.
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Fig. 3. Calculated and experimental protection factors for staphylo-
coccal nuclease. Also shown are the locations of secondary structural
elements. (Adapted from ref. 14).

Shown in Fig. 3 is a comparison between the experimental and
calculated PFs for staphylococcal nuclease (SNase) (4,13-14). As
is the case for all proteins, SNase is characterized by regions of
high- and low-stability constants. For SNase, regionswith the high-
est stability constants lie in the -barrel, while the loops between
the elements of regular secondary structure have the lowest stability
constants. In general—and not surprisingly—residues found in the
core of the protein have the highest stability constants—they
become unfolded only as a result of large-scale unfolding of the
molecule. Residues in loop regions, on the other hand, become
unfolded as a result of more local unfolding, which has a higher
probability under native conditions. The good agreement between
theory and experiment for SNase (13-14), Ag_gs (12), hen lysozyme
(13), equine lysozyme (13), T4 lysozyme (15), BPTI (13), ovomu-
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coid third domain (13) and ABL SH3 domain (27) suggests that the
calculated ensemble generated by the COREX agorithm captures
the general features of the actual ensemble.

Inspection of the most probable conformational states of the
SNase ensemble as shown in Fig. 4 reveal stwo significant features.
First, the ensemble is biased toward states which have relatively
small portions of the structure unfolded. These largely independent
unfolding events are what give rise to the peaks and valleysin the
PF patterns (Fig. 3). Second, although the high-resolution structure
may provide the best average conformational state for any single
region of the protein, the most probable states have some portion of
the molecule disordered. The extremely low probability for thefully
folded state of SNase is supported by rapid HX experiments using
saturation-transfer techniques that show protection factorsless than
1 for many residues (28). This result for SNase and other proteins
highlights the potential pitfall of building a deterministic model
from statistical data.

6. Denaturant Dependence of Stability Constants (PFs)

One of the hallmark features of native-state hydrogen-exchange
studies has been a relatively diverse and complicated pattern of
denaturant dependencies for different residues (8,29). In particular,
it has been shown that at low denaturant concentrations, the PFsfor
many residues do not vary with denaturant, as shown for SNase in
Fig. 5. As denaturant isincreased, however, the PFs of all residues
begin to converge to similar values. The origin of these effects can
be elucidated by expanding Eq. 8 to consider separately the fully
folded (Py) and fully unfolded (P state contributions:

Fig. 4. (opposite page) Schematic representation of the ensemble of
SNase conformations. White corresponds to regions that are folded, and
black corresponds to regions that are unfolded in each conformational state.
All states shown have different probabilities, but are within 1.0 kcal/mol of
the minimum energy. Similar structures with dlightly different borders
are not shown. Fig. 4 was prepared with the program MOLMOL (34).
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of the relative probabilities of statesin the numerator and denomi-
nator of EQ. 11, and the capacity of each state to bind denaturant. In
general, the ability of a state to bind denaturant and become stabi-
lized depends on the amount of accessible surface area change
(AASA); the greater the AASA, the more that state will be stabi-
lized. Assuming alinear denaturant dependence of stability for each
of the statesin the ensemble (30),

AG;(Den) = AG? —m - [Den] (12)

where AG?, is the stability of state i in the absence of denaturant,
and m; is the characteristic slope for that state, it follows that:

m; o AASA,

Thus, denaturant dependence of the stability of each state in the
ensemble isrelated to the AASA for that state.

The denaturant dependence of the stability constant, on the other
hand, does not provide the free-energy increment for a unique state.
Taking the derivative of Eq. 8 we obtain:

. dln Kf’j
a[Den]

Mappj = — = [y L= [y 0 (13)
where <m; ;> and <m,;> are the average denaturant dependence
(i.e., <m>=2P-m) for the subensemblesin which residuej isfolded
and unfolded, respectively (13,14,31). Equation 13 shows that the
observed residue-specific denaturant dependence is the difference
between the dependence of two subensembles. If both subensembles
have the same <m> and thus <AASA> (=2P-AASA), then <my ;> =
<my; ;> and my,, = 0. This does not mean that those residues
exchange as a result of unfolding that exposes no surface area. To
the contrary, Eq. 13 showsthat any value of <AASA> can give zero
for m,,,, provided the subensembles have the same <AASA>. This
point is highlighted in Fig. 5, which shows the calculated denatur-
ant dependence of the stability constants for selected residues in
SNase. Asthe dataindicates, many of the residues show aflat dena-
turant dependence (i.e., My, =0) even though the stability constants
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for most of the residues shown in Fig. 5 were derived from states
which have a minimum of 9% (12/135) of the structure unfolded.
This result emphasizes the statistical nature of the equilibrium, and
demonstrates that relationships which hold true for macroscopic
behavior (i.e., m,,, aAASA) do not necessarily apply to microscopic
guantities.

7. Properties of the Native-State Ensemble

The COREX analysis has been applied to alarge and diverse set
of proteins (12-15,27). Where HX data is available, there is good
agreement between the cal culated and experimental protection fac-
tor patterns, suggesting that the calculated ensembles provide an
accurate representation of the actual ensemble. Through inspection
of the calculated ensemble, it becomes possible to elucidate the
determinants of partially folded states. As noted, the ensembles of
al proteins are characterized by states in which small segments of
the structure are unfolded. For discussion purposes, the free energy
of the partially folded states can be divided into three main catego-
ries: 1) a conformational entropy increment associated with the
unfolding of a specific region; 2) a solvent-related effect originat-
ing from the unfolded region; and 3) a solvent-related effect origi-
nating from folded regions of the protein that become exposed as a
result of unfolding elsewhere. The stability of each state is thus
determined by the balance of these three contributions. In general,
states with the highest probability have the least contributions from
the third component (33). In other words, the unfolding of regions
that do not result in a significant exposure of the hydrophobic core
will have the highest probability. These regions usually correspond
to loops that upon unfolding do not expose considerable amounts of
surface.

8. Cooperativity

Since the calculated ensemble provides an accurate representa-
tion of the actual ensemble, it can be used as atool to investigate a
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number of biological phenomena. Here we show that the ensemble-
based formalism can be used to elucidate the origins and manifesta-
tions of cooperative behavior in proteins. The success of the
COREX algorithm at reproducing the actual ensemble suggests that
the approach correctly models—albeit implicitly—the network of
cooperative interactions in proteins. This network of interactions
determinesthe susceptibility of each region of the protein to changes
at all other regions (12).

As the subset of states in which a particular residue is folded (or
unfolded) differsfor eachresidue(i.e., the summationsin the numerator
and denominator of Eq. 8 are residue-specific), a perturbation to a spe-
cific residue, which changes the distribution of conformationa states,
will necessarily result in adifferent effect for each residue in the pro-
tein. Thispointisillustrated in Fig. 6, which shows a hypothetical pro-
tein containing three domains (labeled I, 11 and 111) which interact
through the surfaces x, y, and z as shown. Shown aso in Fig. 6 are the
free energies and statistical weights of the potential states(i.e., al pos-
siblefolding combinationsfor three domains). By introducing oneresi-
due to each domain (labeled A, B, and C, respectively), and deriving
expressions for the stability constants:

_Py+P,+P3+ Py _PytP+P3+Pg _Py+P+P,+Pg

Kia=————— Ksp Kic

B= ’ (14A)
Py+ P, +Ps+Pg Py+ P+ Ps+Pg Py+P3+P,+Ps

it isclear that the stability constants differ for each residue.

To demonstrate how cooperativity is manifested in an ensemble,
we can consider a set of conditions within which the breaking of
interaction x is energetically unfavorable while breaking interac-
tions y and/or z are accompanied by no energetic cost (e.g, AG, =
AG,, =-3.0kcal/mol, AG,;, = 4.0 kcal/mol, Ag, = 10.0 kcal/mol, and
Ag, = Ag, = 0.0 kcal/mol). For this simplified case, states 1, 2, 4, 5,
and U will be energetically unfavored, and hence, will have prob-
abilitiesthat are much lower than states N, 3 and 6. Asaresult equa-
tion 14A reduces to:

Py +P; o PutPs PNt
Ps f,B Py f,C P,

(14B)
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No AGj Stat. Wt.
N 0 1
1 AGI + Agx + Agz KIq)Xq)Z
2 AGIT + Agx + Agy Ki1éxdy
3 AGII + Agy + Agg KIIoy¢z
AGIT +AGTIT
4 + Agx + Agy +Agz KiKiméox¢yédz
s AGT +AGTII
+ Agx + Agy +Agz KIKMi¢x¢yoz
AGI +AGT]
6 +Agx + Agy +Agz KIK119x0y%z
U AGT +AGI + AGII KIKnKm
+Agx + Agy +Agz * OxOydz
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whereit isevident that residues A and B behave cooperatively asthe
expressions for their stability constants are approximately identical
(Fig. 7). Thus, within the context of an ensemble approach,
cooperativity between two residuesis observed when the most prob-
able states have both residues either folded or unfolded.

The development presented here provides clues as to how
cooperativity can be accessed experimentally. If one were to design
the ideal experiment for probing cooperativity in proteins, one
would choose atechnigque in which the stabilities of specific regions
of the protein are affected, but which result in no structural pertur-
bation. The approach that most closely approximates the ideal case
is to compare GLY and ALA mutants at surface-exposed sites
throughout atest protein. In such cases, no structural perturbations
would occur in the native state, and the stability change would arise
amost entirely from differences in degrees of freedom in those
states in which that residue is unfolded (22).

Such a scenario can be modeled using the hypothetical proteinin
Fig. 6. According to the ensemble view, the effect of a point muta-
tion is to redistribute the conformational ensemble in a case-
specific way. An GLY to ALA mutation at residue A which
decreases the stability of al states in which residue A is unfolded
(i.e, states 1, 5, 6, and U) will affect the stability constants as follows:

Py+ P, + P+ P,
Wa (Py + Py + Ps + P)

Kia =

_ Pyt Pt Ya(PL+Ps)
Wa(Py +Pg) + P, + Py

KfB

_ Pyt Pt Pa(Pr + Py) (14C)
Wa(Py +Ps) + P3+ P4

Fig. 6. (opposite page) Schematic representation of a hypothetical pro-
tein consisting of three domains (labeled I-111) which interact through
surfacesx, y, and z as shown, and which contain residues A, B, and C. The
free energies (AG;) and statistical weights of all possible states are also
shown. Upon unfolding any domain, theinteraction energy between adja-
cent domainsis broken (33).
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where Y, (= exp(-Aguu o/RT)) is the magnitude of the effect of
the perturbation at residue A on the probability of each stateinwhich
Aisunfolded. As Eq. 14C indicates, the stability constant of each
residue will be affected, but the magnitude of the effect to each resi-
due will be determined by the relative probabilities of each state. In
fact, two residues, which behave cooperatively under one set of condi-
tions, may not behave cooperatively under adifferent set of conditions.
Figure 7 shows the residue stability constants and free energies
(AG; = —RT:In Kky)) for the energetic parameters listed in Eq. 14C. In
the case of amutation which decreasesthe stability of al statesinwhich
resdue A is unfolded by 1.0 kcal/mal (i.e., AGy: o, = 1.0 kcal/moal,
WYa = 0.18), the result is a 5.41-fold change to K 4, by definition
(AAGp= —RT:In K¢ o = 1.0 kcal/mol), a 5.30-fold change in K¢ g
(AAGg= -RTInK;g = 0.98 kcal/mol), and no change in K¢ . As Eq.
14B suggedts, thisisthe expected result, as residues A and B are coop-
erative while neither behaves cooperatively with respect to residue C.
To explore cooperativity in real proteins, the COREX algorithm
may beappliedto GLY and ALA mutations at surface-exposed sites
(15). This is shown in Fig. 8 for T4 lysozyme (T4Lys). In this
example, two mutants of T4Lys were generated, representing ALA
and GLY substitutions at the surface-exposed site S44 (34). Asthe
side chain makes no intramolecular contacts in the native state, the
crystallographic structures of the GLY and ALA variants differ by
lessthan 0.14 A backbone RM S (34). I nspection of the calculated In
K valuesfor the S44A (pdb 1L68) and 44G (pdb 107L) structures
(Fig. 8A) reveals that despite the lack of appreciable structural dif-
ferences, the effects of the mutations propagate to the entirety of the
N terminal domain, asindicated in Fig. 8B. This effect stems from
the fact that in the majority of highly probable states, all residuesin
the N terminal domain are either folded or unfolded. Therefore, a
mutation affects all N-terminal-domain residuesto asimilar extent.
Theresultsfor T4Lys point toward an interesting paradox. In the
context of a deterministic view, wherein proteins are viewed as
single conformations, mutational effects are*sensed” by other regions
of the protein via a structural deformation that propagates from the
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Fig. 7. Stability constants (A) and AG (B) for residues A, Band C. In
the unperturbed protein (white bars) the energetic parameters are as fol-
lows: AG, = AG,; =-3.0 kcd/mol, AG,;; = 4.0 kcal/mol, Ag, = 10.0 kcal/moal,
and Ag, = Ag, = 0.0 kcal/mol). A mutation of residue A (gray bars) which
increases the stability of domain | by 1.0 kcal/mol (AG, = —2.0) will
destabilize al statesin which residue A is unfolded. The effect of such a
change is residue-specific.

mutational site to the affected area. Such amechanical view is an arti-
fact imposed by the deterministic model. In the case of ALA/GLY
mutations at residue 44 of T4Lys, the effect propagates asaresult of
a redistribution of the conformational ensemble. In solution-
thermodynamic terms, the effect is almost entirely caused by acon-
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Residue

Fig. 8. (A) Residue stability constants (In K;) for T4 lysozyme mutants
SA4A and SA44G. Residue 44 isindicated by (*). Differences in stability
constants are propagated to the entire N-terminal domain. (B) High-
resolution structure of S44A T4 lysozyme (pdb 1L68). The N-terminal-
domain (residues 13-71; colored black) is affected by the ALA to GLY
change. The C-terminal-domain (residues 1-12 and 72-164; colored
white) is largely unaffected. Fig. 8 was prepared with the program
MOLMOL (36).
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formational entropy change (15,22)—an effect which is extremely
difficult, if not impossible, to deduce from a deterministic model.

9. Conclusion

The formalism presented here inputs the high-resolution struc-
ture of the protein and generates, as an output, a large ensemble of
states. As such, the analysis highlights the statistical nature of the
equilibrium. Further, asthismodel isstructure-based, it representsa
link between experimental observables and statistical thermody-
namics, and therefore can be used as atool for interpreting results,
deriving hypotheses, and directing research efforts. The significance
of the ensemble-based formalism is twofold: First, it allows one to
explain within aunified framework, the heterogeneity in protection
factors under native conditions, the temperature and denaturant
dependence of these values, and the cooperative folding/unfolding
behavior seen experimentally (12-15). Second, it allows one to
investigate cooperativity in proteins and, thereby show how pertur-
bationsin proteins are propagated through structure. The success of
this model in describing cooperative behavior may have dramatic
implications on our ability to explain allosterism and signal trans-
duction (35), as these phenomena are merely more complex
examples of how perturbations are propagated through structure.
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Conformational Entropy in Protein Folding

A Guide to Estimating Conformational Entropy
via Modeling and Computation

Trevor P. Creamer

1. Introduction

This chapter outlines methods to estimate, through calculation
and modeling, a major destabilizing contributor to protein stability—
conformational entropy. Thisis not a comprehensive review of all
published calculations of conformational entropy, but rather serves
asaguidefor those interested in performing such calculations. The
methods outlined in this chapter provide an opportunity to estimate
some of the entropic contributions to protein stability. Such meth-
ods are currently limited to estimating conformational entropy for
relatively small parts of proteins, such as side chains or small pep-
tides. Y et these calculations can provide much insight into the role
of conformational entropy in protein stability.

1.1. Importance of AS,,,s in Folding and Stability

Conformational entropy is one of the major contributors to the
stability of proteins. It isone of the largest forces that opposes pro-
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tein folding—and a force that may help to determine the structures
of proteins. Conformational entropy is a measure of the degrees of
conformational freedom available to a protein (or part thereof). The
unfolded states of a protein possess an enormous number of degrees
of freedom. A simple example to illustrate this is as follows: con-
sider a relatively small, single domain protein of 100 residues in
length. Let us assume that each residue in the protein can adopt two
possible backbone conformations. one that corresponds to the
a-helical region and one that corresponds to the [3-region of (¢,)
space (a gross underestimation). Such a protein, when completely
unfolded, could have up to 21%° available conformations (actually
less because of excluded volume effects). This ignores side-chain
conformations. Clearly, thisrelatively small protein possessesavast
degree of freedom, and thus a large amount of conformational
entropy when unfolded. Almost al of its freedom is lost when the
protein adopts its unique folded structure. Thus, protein folding
results in an enormous loss of conformational entropy.

1.2. AS,,,s In Secondary Structure Formation

It has been suggested that conformational entropy may be a
guiding force in the formation of protein secondary structure (1). Sev-
eral groups have demonstrated that loss of side-chain conforma-
tional entropy is an important contributor to the formation of
a-helices (2-5). What contribution—if any—conformational
entropy makes to the formation of B-strands and (3-sheets is cur-
rently unknown. One suggestion is that B-strands arise when the
side-chain entropy that would belost upon helix formationisgreater
than the sum of the forces that stabilize helices (1). Even if confor-
mational entropy does not guide the formation of 3-sheet structures,
it clearly still plays a role in the stability of such structures, since
both side-chain and backbone entropy are lost upon folding. The
methods for estimating conformational entropy described in this
chapter arewell-suited to exploring the role of entropy in secondary
structure formation and stability.
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2. Calculation of AS
2.1. Boltzmann’s Equation

The entropy of a molecular system at equilibrium can be calcu-
lated using methods derived from statistical mechanics. If we know
the partition function for asystem, we can then calculate all thermo-
dynamic properties of that system, including the entropy. As noted
in many physical chemistry texts, the entropy of a molecular sys-
tem, S can be calculated using Boltzmann’s formalism:

S=-R2 pilnp, (1)

where Risthe gas constant, p; isthe probability of the system being
in statei, and the sumistaken over al possible states of the system.
Knowing the probabilities of being in each of the possible states of
a system is equivalent to knowing the partition function for that
system. If the states under consideration are conformational states,
then the entropy calculated is the conformational entropy.

As illustrated by a simple example, calculation of the entropy is
straightforward when the distribution of states is known. Suppose we
have asystem that consists of 10 atoms and that these atoms have three
discrete energy states—A, B, and C (see Fig. 1). Let usassumein this
example that the atoms are distributed so that, on average, two are in
state A, three arein state B, and the remaining five are in state C (i.e,,
Ex > Eg > E¢). Theentropy of this system is then:

S=R[ palnpa + pg INpg + pc INpc]
= _R[0.2In0.2 + 0.3In0.3 + 0.5/n0.5] )
=1.03R

2.2. Distributions

Clearly, to estimate the conformational entropy of a molecular
system, we need the distribution of conformations for that system.
In the case of protein folding where we are attempting to estimate
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Fig. 1. lllustration of the use of Boltzmann’s entropy equation.

AS., contributionsto folding energetics, we need two distributions:
the distribution of conformations in the folded state and the distri-
bution in the unfolded state. The remainder of this chapter focuses
on adiscussion of how to generate or estimate these distributions.

2.3. Partitioning

Before discussing how to estimate the conformational distribu-
tions required for calculating AS.,y, it IS important to discuss the
partitioning of these data. The conformational distributions of pro-
teins, or parts of proteins such as side chains, are potentially con-
tinuous. For exampl e, rotation about a C—C bond within aside chain
could lead to adistribution of x torsion anglesas shown inFig. 2. In
this case, all values of X are possible and, given a sufficiently large
data set, all angles could be populated. The questionis. how do you
partition such adistribution into discrete states in order to calculate
the conformational entropy using Eq. 1?
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Fig. 2. Possible partitioning of ahypothetical conformational (rotamer)
distribution for a single side-chain torsion.

One common way to partition conformational data is to assume
that high-energy/low-population conformations contribute little,
and that all similar conformations can be grouped together. In prac-
tice, these are reasonable assumptions, and this type of approach
has been taken by a number of groups (2—7). For the single side-
chain torsion illustrated in Fig. 2, this could be done in the follow-
ing manner: all conformations with x <-120° or x > +120° would
be placed together in agroup called trans, a second grouping called
0- (gauche-) would consist of al conformationswhere—120° < x < 0°,
and a third, g+ (gauche+) would be drawn from 0° < x < +120°.
Thus, the conformations are partitioned into three groupings, each
spanning 120° (Fig. 2). The conformational entropy would then be
estimated from:

Scont = —R{Ptrans IN Prrans + Pg- In Pg-+ Pg+ In p9+]' (3

In thisexample, the three groupings are centered around the three
peaksin population. Although it would be easy to choose more than
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three groupings, this would lead to a different value for S, IN
prior applications of thistype of partitioning, conformational distri-
butions have generally been split into groupings centered on peaks
in the population of conformations (2—7). Distributions of popula-
tions can be obtained from a number of sources, including data-
bases of known protein structures or Monte Carlo computer
simulations.

A second approach to partitioning is to use the energy distribu-
tion rather than populations. The probability of a given conforma-
tion can be calculated using the energy of that conformation and the
partition function for the system, Z. Thus, the probability of confor-
mation i is given by:

& IRT
z

where E; isthe energy of conformation i, Ris the gas constant, and
T isthe temperature. The partition function Z is calculated from:

Z= %e_Ek/ RT (5)

P = (4)

where the sum is taken over all conformations k of the system.
Energy distributions can be obtained from exhaustive conforma-
tional search methods. This approach has been used to estimate con-
formational entropy differencesfor pairs of side chainsin a-helices
(8) aswell as backbone conformational entropy differences (9).

3. Conformational/Energetic Distributions
3.1. Introduction

There are anumber of waysto obtain the conformational or ener-
getic distributions required for estimating conformational entropy.
The simplest approach isto obtain conformational distributionsfrom
adataset of known protein structures. Other approachesinvolve gener-
ating the distributions de novo using computational methods. Each
of these approaches is discussed in Subheadings 3.2.—-3.6.
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3.2. Conformational Distributions
from Known Structures

As noted in Subheading 3.1., thisis the simplest approach. The
first step is to assemble a representative dataset of high-resolution
protein structures from the Protein Data Bank (PDB) (10). Hobohm
and Sanders (11,12) provide adetailed discusion of how thisisdone.
It is important to assemble the largest nonredundant set of high-
resol ution structures possible for the reasons outlined here. The sec-
ond step is to extract from this dataset all occurrences of the
residues/structures of interest, and to partition these into conforma-
tions. The conformational entropy can then be calculated using Eq. 1.
This approach has been used to estimate scales of side-chain con-
formational entropy in the unfolded states of proteins (6,7,13) and
to estimate the amount of conformational entropy lost by side chains
when folded into a-helices (5).

The conformational entropy lost by avaline side chain upon fold-
ing into an a-helix isused as an exampleto illustrate this approach.
Blaber et al. (5) assembled a dataset of 100 high-resolution protein
structures. There were 158 valines in internal positions within
a-helices and 781 in nonhelical conformations within this dataset.
The conformational distributions for these valines are provided in
Table 1. Assuming that the distribution of valines in nonhelical
positions approximates the distribution in the unfol ded states of pro-
teins, one can then estimate the loss of side-chain conformational
entropy for a valine folded into an internal position in an a-helix
from the datain Table 1, leading to —TAS = 0.27 kcal.mol.™ (5).

The major problem with this approach is the lack of data. In the
example given here, there were 158 valines in internal a-helical
positions. Since there are three mgjor conformations for valine—g—,
trans and g+—thisis probably sufficient data to describe the con-
formational distribution. Lysine hasfour side-chain torsions (ignor-
ing hydrogens), each of which can be partitioned into three
positions, g—, trans and g+, leading to 3* = 81 possible conforma-
tions. In the 100-protein dataset used by Blaber et al. (5), there are
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Table 1
Conformational Distributions of Valine Side Chains
from a Dataset of 100 High-Resolution Protein Structures

Nonhelical Internal helical
residues residues
Rotamer Number Percent Number Percent
781 158
Gauche- 202 26 10 6
Gauche+ 68 9 6 4
Trans 511 65 142 90

Adapted from Blaber et a., (5).

just 167 lysinesin internal a-helical positions. As noted by Blaber
et a., this datais clearly statistically insufficient. For this reason,
Blaber et al. estimated the conformational entropy of lysine and
other long side chains using just the first two side-chain torsions.
Pickett and Sternberg (7) and Abagyan and Totrov (6), in their deri-
vations of empirical scales of side-chain entropies in protein fold-
ing, encountered the same problem. They also used just thefirst two
side-chain torsions for long side chains, and added a residue-
specific term estimated by making the assumption that the third and
higher torsions were equally distributed among available states.

Modeling conformational states of unfolded states leads to the
major assumption of this approach. One assumes that the distribu-
tion of conformations observed in all structures (or some subset of
structures) within the dataset approximates that of the unfolded
states of proteins. This is probably a reasonable assumption,
although there is little evidence to support (or refute) it.

3.3. Monte Carlo Computer Simulations

Monte Carlo computer simulations of atomic/molecular systems
werefirst introduced by Metropoliset al. (14) nearly 50 yr ago. This
method of simulating molecular systems has proven to be very effi-



Conformational Entropy 125

Initial conformation -¢—-—

Random
perturbation

Trial conformation
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No
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Yes
r(0,1) < exp(-AE/KT) ? =——p»-
No
Y

Discard trial conformation, __|
keep initial conformation

Fig. 3. The Metropolis (14) algorithm for Monte Carlo computer
simulations.

cient for exploring allowable regions of conformational space for
molecules with more than a handful of degrees of freedom. The
basic Metropolisalgorithmisoutlined in Fig. 3. The algorithm, and
numerous sampling schemes, are discussed in detail elsewhere (see
ref. 15), and will not be covered in great detail here.

A basic outline of the method is as follows: one starts with the
molecular system—for example, a peptide—in aninitial conforma-
tion. This conformation is then perturbed in some manner. For
example, a randomly chosen bond may be rotated by a random
amount in order to generate a new conformation. The differencein
energy between the new and initial conformations, AE, is calcu-
lated. If the new conformation is of lower energy (AE < 0), it is
retained, and becomes the new initial conformation. If, on the other
hand, the new conformation is of higher energy (AE > 0), it is kept
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only if arandomly generated number between zero and one, r(0,1),
satisfies the following

r (011) < e—AE/ RT. (6)

Otherwise, the newly generated conformationisdiscarded. Thisscheme
is repeated in an iterative manner many thousands, even millions, of
times (Fig. 3). Theresulting set of conformationswill approximate the
Boltzmann distribution and can be partitioned into states. The confor-
mational entropy of the system can then be estimated using Eq. 1. Errors
inthe conformational entropy can be estimated using standard methods
such as those outlined by Smith and Wells (16).

Monte Carlo simulations have been employed to generate con-
formational distributions for estimating the conformational entropy
lost by side chains folded into a-helices (2,3) and for generating a
scale of side-chain conformational entropy in unfolded states (17).
In principle, one could use Monte Carlo computer simulations to
estimate conformational entropy for large systems, potentially even
whole proteins. In practice, computer power and error estimates
[imit such calculations to the level of afew residues or less.

The major advantage of using Monte Carlo computer simulations
compared to a dataset of protein structures is that it is possible to
generate as much data as needed to adequately approximate the con-
formational distribution in question. For example, if one is inter-
ested in the conformational distributions of lysine side chains, it is
possible to generate many thousands of lysine conformations rela-
tively rapidly using an efficient Monte Carlo sampling scheme.
Methods for determining what is “enough” data from a computer
simulation are described by Kolafa (18).

There are three potential problemswith this approach: the energy
potential or force field employed, treatment of solvent, and model-
ing the unfolded state. The energy potential employed in a Monte
Carlo simulation essentially determines the conformational distri-
bution that is produced. One hopes that the potential being used
reproduces the conformational behavior of areal peptide or protein.
All available potentials are approximations in one way or another.
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However, modern potentials such as AMBER94 (19) or class Il
forcefields (CFF) (20) appear to be capable of reproducing many of
the conformational properties of proteins. A comparison of gener-
ated distributions with conformations observed in protein structures
can help validate the results obtained.

Treatment of solvent is problematic in Monte Carlo computer Ssmu-
lations. Sampling schemes often employ potentially large rotations
about bonds, resulting in large movements of parts of the molecule
being smulated. If an explicit solvation modd were to be employed
(i.e., solvent moleculesincluded), such large movementswould invari-
ably result in steric clashes between the molecule and solvent, leading
to rejection of the newly generated conformation under the Metropolis
scheme (see Fig. 3). There are sophisticated sampling schemes
designed to overcome this problem; yet these are beyond the scope of
this chapter. More commonly, solvent is treated either as a dielectric
continuum, or with an implicit solvation model such as generalized
born/surface area (GB/SA) (21). Implicit solvation models have
advanced rapidly in recent years, and are approaching thelevel of accu-
racy previously achieved only with explicit solvation models. One can
expect reasonable conformational distributions employing such anim-
plicit solvation model with amodern energy potential.

As with distributions derived from a protein structure dataset,
modeling the unfolded states of proteinsisdifficult. With the Monte
Carlo approach, the unfolded states are generally modeled using
something as simple as a tripeptide model. For example, in studies
of side-chain conformational entropy, the unfolded states have been
modeled using Ace-Ala-Xaa-Ala-NMe, where Xaa was the residue
under consideration (2,3,17). It isdebatable that such asimple model
is an accurate representation of the conformational properties of
unfolded proteins. However, it is difficult to adequately sample the
available conformational space of larger, more complex models.

3.4. Molecular Dynamics Computer Simulations

Molecular dynamics (MD) simulations are not a good method of
generating conformational distributions for estimating conforma-
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tional entropy, because rotations about bonds occur on much the
same time scal e (pi coseconds) as the average simulation (100-1000
picoseconds). MD simulations are simply not an efficient method
for searching all available conformational space.

3.5. Exhaustive Conformational Searches

The exhaustive conformational search isanother computer-based
method that has been used to estimate conformational entropy.
Rather than generating a distribution of conformations, this
approach generates an energy distribution which can be usedin con-
junction with Eqgs. 4 and 5 to obtain entropy estimates. This
approach has been used to estimate side-chain conformational
entropy loss for side chains folded into an a-helix (4), the entropy
loss associated with interactions between pairs of side chains in
helices (8), and the difference in backbone conformational entropy
between alanine and glycine (9).

The basic algorithm for a conformational search isillustrated in
Fig. 4 for aleucine side chain. This example is used to explain the
workings of this method. In leucine, there are two rotatable side
chain dihedrals—y; and x, (ignoring hydrogens). In a conforma-
tional search of aleucine side chain, one starts by rotating x, by a
fixed increment (often 5° or 10°). The energy of that conformation
is then calculated—often after minimizing the energy while keep-
ing the side-chain dihedrals fixed. The second dihedral, x,, isthen
rotated by the fixed increment and the energy is calculated. One
keeps rotating about X, calculating the energy at each step, until
360° have been traversed. The first dihedral, X, is then rotated by
the fixed increment, X, rotated through 360°, and so on (see Fig. 4).
Thus, for each incremental rotation of x,, X, is rotated, in incre-
ments through 360°. This is continued until X, has traversed 360°.
Theresulting set of energies describe the energy surface for the leu-
cine side chain. Extending this method to other side chains, or to the
backbone, is a straightforward process.

The caveats that apply to the Monte Carlo approach—accuracy
of the energy potential, treatment of solvent and modeling unfolded
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Fig. 4. Exhaustive conformational search of all conformations avail-
ableto aleucine side chain.

states—all apply to exhaustive conformational searches. The mod-
eling of unfolded states is particularly problematic, since this
method becomes extremely intensive computationally for systems
involving more than four or five rotatable dihedrals. For such sys-
tems, the Monte Carlo approach is generaly more efficient. One
possible approach—that taken by Lee et a. (4)—is to use entropy
estimatesfor the unfolded states generated using Monte Carlo simu-
lations, and to generate entropy estimates in the folded state using
conformational search methods.

3.6. Other Methods

There are other methods of estimating conformational entropy
(4,22). For example, Sternberg and Chickos (22) estimated side-



130

Table 2

Creamer

Software Available for Performing Biomolecular Monte Carlo
Computer Simulations and/or Exhaustive Conformational

Searches?

Software

Provider

WWW Address

Insightll/Discover
Cerius?
MacroModel
HyperChem
Spartan

BOSS

Fantom

Molecular Simulations, Inc.
Molecular Simulations, Inc.

Schrddinger, Inc.

Hypercube, Inc.

Wavefunction, Inc.

Dr. W.L. Jorgensen,
Yae University

Dr. W. Braun,
University of Texas,
Medical Branch

WwWw.msi.com
Www.msi.com
www.schrodinger.com
www.hyper.com
www.wavefun.com
zarbi.chem.yale.edu

www.scsb.utmb.edu/fantom/
fm_home.html

aNote: The software is listed in random order, and the author does not endorse
any particular software package or company. The author apologizesto those whose
software is not included above. Any exclusions are unintentional.

chain conformational entropy using experimentally determined
entropies of fusion for small organic compounds. Theresults of this
approach are in excellent agreement with data obtained using the
methods discussed in Subheadings 3.2.-3.5. Such alternative meth-
ods are not commonly used, and as such are not discussed further here.

4. Software

A list of some of the available software capable of performing
Monte Carlo simulations and/or conformational searches is pro-
vided in Table 2. Thislist is not intended to be comprehensive.
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Turn Scanning

Experimental and Theoretical Approaches
to the Role of Turns

Carl Frieden, Enoch S. Huang, and Jay W. Ponder

1. Introduction

The mechanism that enables a protein to fold to its correct three-
dimensional conformation—given only the information available
from its sequence—has been a matter of intense investigation since
Anfinsen’s classical experiment on the refolding of ribonuclease
almost 40 years ago (1). The importance of turn sequences in the
kinetic and thermodynamic aspects of protein folding remains a
controversial point, although their role—especially for B-turns—
has been regarded as significant (i.e., 2-10). What role, if any, do
turn sequences play in determining the native structures of proteins?
For the experimentalist, thisquestion isusually rephrased as: to what
extent can substitution, insertion, and deletion be tolerated at turn
positions before kinetic and/or thermodynamic properties are
affected? It isindeed surprising how few experimental studies have
been performed to carefully investigate the role of turns. To the
theoretician, this question of the importance of turns revolves
around the ability of computational studies to attempt to determine
the propensity of isolated small peptides, as well as larger struc-
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tures, to form turns. While much research has been conducted in
thisfield, even here the answers remain uncertain.

In this chapter, we draw on both experimental and theoretical
resultsin an attempt to answer the question. Part of the debatein the
experimental literature concerns the issue of whether turns play an
active or passiverolein protein folding. If we accept the theory that
isolated turn sequences may be intrinsically unstable, it may be
tempting to conclude that turns will play only a passiverolein pro-
tein folding. While this view may have value for very small pep-
tides, it can be overly simplistic for at |east two reasons. First, there
is evidence that sequence-specific intraturn side-chain interactions
can stabilize turn structures. Second, early, nonspecific stages of
protein folding—such as a generalized hydrophobic collapse
phase—could supply additional constraints that might alow turn
sequences to act as nucleation sites for a more ordered structure.
For example, hydrophobic interactions within a folding 3-hairpin
may restrict the range of extended structures available to the
included turn and disrupt the turn-water entropic effects favoring
extended structures.

Here we present the use of turn scanning as an experimental
method for assessing the role of turnsin the folding process. Turn
scanning—in analogy to methods such as alanine scanning—is the
systematic replacement of residuesin aturn followed by an exami-
nation of the consequences of the changein termsof rates of folding
or unfolding, stability to denaturing conditions, and structural
changes using various biophysical techniques. An obvious candi-
date for replacement would be glycine. Replacing thisresiduein a
turn may lead to a change in the turn type. Similarly, replacing a
residue with glycine may lead to greater flexibility within the turn.
Another obvious candidate is proline, involving either an insertion
or a replacement. Changes should certainly not be limited to these
two residues. Substitutions between hydrophobic and hydrophilic
residues, or between residues with alarge and small side chains, are
equally valuable. For example, replacing a leucine in one of the
turns of the fatty-acid-binding protein was found to lead to a very
unstable protein that folded rapidly to an intermediate state (11).
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However, one must be careful with the results. The permissive sub-
stitution of native-turn residues does not necessarily imply a pas-
siverole for the turn. The native-turn sequence may in fact actively
drive or stabilize hairpin formation more than other segments of
similar length, but in the absence of the native sequence, other
interatomic forces may be sufficiently strong to drive folding, mak-
ing the mutated sequence aturn by default. This point is made elo-
guently in the work of DeGrado and colleagues (12). By the same
logic, extremeintol erance to substitution does not necessarily mean
that the native sequence playsan activeroleinfolding. For example,
the substitution of another residue for glycinein aturn may abolish
folding because of the steric clashes resulting from the presence of
abeta-carbon. Does the glycine actively direct turn formation, or is
its presence merely required, asit is the only amino acid that does
not destabilize therequisitelocal conformation? The point isto cau-
tion that equilibrium and kinetic experiments should be coupled
with other biophysical techniques to resolve the issue of the impor-
tance of turn structure in the folding process.

2. Kinetic Evidence for the Importance of Turn
Formation in the Folding Process

2.1. Experimental Results from Model Systems

Researchers have generally chosen peptides or small proteins as
model systems. In either case, the rationale is that they exhibit
simple two-state behavior—i.e., the protein is either in an unfolded
or folded state with no populated intermediate state. While in real-
ity, many systems are not two-state—especially when investigated
using site-directed mutagenesis to perturb the folding process—the
results from these model systems provide evidence for the impor-
tance of turn formation in protein folding.

2.2. Peptide Model Systems

A logical approach to measure the rate of turn formation is to
utilize peptides with a natural tendency to form (-turns, and then
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perturb the system by using different amino acids in specific posi-
tions. Several investigators have donethis. De Albaet al. (13) have
constructed model linear peptides in which the only difference was
in the putative turn region. Their results clearly demonstrated that
the turn residue sequence determined the turn conformation, and
thereby other features such as interstrand pairing and hydrogen
bonding. Munoz et al. (14) have studied the kinetics of one peptide
(16 aa) that reflected the B-hairpin from protein G B1 using laser
temperature-jump and found that folding of the hairpin occurs in
6 Us at room temperature. This paper is followed by a statistical
mechanical model for 3-hairpin kinetics (15) in which the authors
attempt to predict the kinetic properties of other similar peptides (see
also Chapter 8). The results of the work of Serrano and colleagues
(16-19) aredso particularly pertinent. Blanco and Serrano—using cir-
cular dichroism and NMR (nuclear magnetic resonance)—have exam-
ined the solution structure of the isolated fragments 1-20 (3-hairpin),
21-40 (a-hdix), and 41-56 (B3-hairpin), corresponding to all the sec-
ondary-structure elements of the protein G B1 domain. Turn-like
folded structures were detected in water, although they were poorly
populated (16). Ramirez-Alvarado et al. (17) have designed a
12-residue model peptide that folded into a monomeric [3-sheet.
Substitution of strand residues by alanine led to the loss of the hair-
pin structure, demonstrating the importance of side-chain interac-
tions between the strands. Mutations in the turn of the same peptide
(18) showed that changing the central residue of a type I' B-turn
affected stability. These and other experiments from thislaboratory
(7) led Blanco et a. (19) to emphasize the importance of residues
within and near the turn in stabilizing B-hairpin structures. It is
interesting that umbrella sampling with the CHARMM force field
and ACE implicit solvation model has been used to estimate the
stability of the peptide examined by Ramirez-Alvarado et al. (18).
These calculations (20) predicted a 38% content of hairpin structure
at room temperature with less than 1% helical content, and the
remainder in various unfolded states. There appears to be a much
lower barrier for this transition between the hairpin and unfolded
states than for the corresponding helix-coil transition.
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Thereislittle doubt that changing residues within turns of model
peptides affects stability and conformation, as many studies have
now shown. However, only afew of these studies have been directed
toward the effect of the change on the kinetic properties. This may
be a consequence of the fact that very rapid techniques (i.e., pus or
shorter) are not generally available. Clearly, such experiments are
essential for evaluating the role of turns in the kinetics of folding.
Theoretical results may thus become complementary to experimen-
tal results—astheformer triesto extend simulationsto longer times,
while the latter attempts to determine events that occur at early times.

2.3. Protein Model Systems

Theintestinal fatty-acid binding protein isan excellent model for
folding studies because it is almost entirely -sheet, and 7 of the 8
turns between [3-strands include aglycineresidue. Kim and Frieden
(21) carefully examined the effect of mutations in turns on the sta-
bility and refolding of this protein by mutating each of these gly-
cinesto valine. In some cases, the mutation had little or no effect on
folding or stability, while in other cases the effect was dramatic.
Specifically, mutationsin type Il turns—while very destabilizing—
did not markedly affect the rate of structure formation, while the
mutation of a glycine to valine in the turn between the two last
[-strands of intestinal fatty-acid binding protein (IFABP) slowed
the rate of folding by at least 100-fold. Furthermore, the refolding
rate constant for this mutant was observed to be essentially inde-
pendent of the final denaturant concentration (21). Random
mutagenesisin another turn (between the D and E strands) led to the
conclusion that a leucine residue was critical for formation of the
final stable structure and perhaps for an initial nucleation step as well
(11). These experiments represent one of the first attempts to criti-
caly evaluate the role of different turnsin the overall folding process.

Whileamost all of the turn mutants of the fatty-acid binding pro-
tein examined were able to fold and bind fatty acid, avery different
observation was made for plastocyanin. Y be and Hecht (22) found
that the vast majority (92 of 98) of four-residue turn mutants of this
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protein apparently could not fold into the native 3-barrel topology.
Resultsof Gu et al. (23) also highlighted severe sequence constraints
in two [B-turns of peptostreptococcal protein L. Because their
mutantswere presented on a phage display system, enumeration and
sequencing of all the mutants was not possible. Nevertheless,
bi opanning against the immunoglobulin G (IgG) binding activity of
protein L showed that less than 0.1% of the phage from the two
libraries (one for each turn that was mutagenized) were recovered.

Schonbrunner et a. (9) have presented evidence that hairpins may
serve as initiation sites for [3-sheet formation. These authors used
the small (74 aa) [3-sheet protein tendaminstat that containstwo dis-
ulfide bonds, one of which connects the ends of a 3-hairpin. Using
site-directed mutagenesis of one of these cysteines, they found that
unfolding is greatly enhanced, but with a greatly reduced effect on
therefolding rate. Using aFersht analysis (a >1), they concluded—
based on thermodynamic and kinetic arguments—that formation of
the hairpin turn is the rate-limiting step in the refolding process.

Some studies suggest that turns connecting a-helices are rather
robust with respect to mutation. In the early work by Hecht and
colleagues (24), a three-residue turn in the four-helix bundle cyto-
chrome b-562 was randomized to 31 unigque sequences, and all the
mutants folded correctly. Subsequent experiments on the four-helical
Rop dimer provide corroborating evidence. In one study, Regan and
colleagues (25) changed one of the two residues (Asp30) involved
in the tight turn between the two helices of the monomer into every
other amino acid without misfolding the protein. In another study,
Cesareni and colleagues (26) mutated three residues semirandomly
intheturn region of the Rop monomer (residues 30 to 32), and found
only three mutants out of apossible 380 that failed to fold correctly.
Y et substitution of a proline for alanine in the turn caused drastic
changes (27). MacBeath et al. (28) conducted a highly comprehen-
sive randomization of an interhelical turn in Escherichia coli
chorismate mutase—al so afour-helix bundle. The authors reported
that more than 63% of tripeptide sequences can functionally substi-
tute for the native-turn sequence in this enzyme.



Turn Scanning 139

Nagi et al. (29), examining the folding pathway of the four-helix
bundle protein, Rop, replaced the wild-type two-residue loop
between helical regions with a series of polyglycine linkers of
increasing length. They then investigated the kinetics of unfolding
and refolding, and observed a large dependence of rates as the loop
length increased from 2 to 4, but little dependence beyond that. They
suggested that the results were consistent with lowering the energy
barrier of the transition state, and that this type of experiment can
test potential folding models. Similar experiments on changing loop
lengths have been reported by Viguera and Serrano (30) and by
Ladurner and Fersht (31). The results of this type of experiment
may reveal the importance of turn formation relative to interactions
between structural units on either side of the turn.

Currently, there is a growing database that describes the altered
stability of proteins with mutated turns. The recurrent theme is that
mutations in loops generally reduce the thermodynamic stability of
the folded state (11,12,23,32,33) although exceptions do exist (25).
Consequently, misfolded mutants may correspond to those whose
altered turn residues—if forced to assume the native conforma-
tion—would exact a thermodynamic penalty exceeding that of the
scaffold’s overal stability (12). This line of reasoning thus offers
two factors for the differential sensitivity towards turn mutation:
1) theinherent stability of the scaffold, and 2) the energetic demands
upon the turn in question.

3. How to Relate Changes in Kinetic Parameters to the
Importance of Turn Formation in the Folding Process

Much of the interpretation of the effect of mutations on rate con-
stants of unfolding or refolding in the presence of chemical denatur-
ants has been based on a simple two-state model, N = U. Jackson
and Fersht (34) have discussed chevron plots (i.e., plots of the log
of therelaxation rate or rate constant as afunction of the denaturant
concentration) for the two-state model. The results of mutagenesis
of awild-type protein can affect these plotsin at least threeways: an
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equilibrium mutation in which both folding and unfolding rate con-
stants are affected equally with no change in stability; a kinetic
mutation in which one of the rate constantsis changed, along with a
change in stability, but the other is not; or a mixed equilibrium-
kinetic effect. Fersht and colleagues (35) have devel oped the use of
the quantity @ (FAAG,_p/AAGy_p ) to determine the mutations effect
on processes before or after the transition state for a folding path-
way that includes an intermediate. In this calculation, this ratio is
the change in free energy on mutation relative to the overall free
energy of folding. If @ = 1 or O, the interpretation is reasonably
straightforward, reflecting whether the transition state is perturbed
by mutation to the same extent as the denatured state (¢ = 1) or the
native state (¢ = 0). Unfortunately, the actual interpretation is more
difficult. First, many systems show more than one rate in the fold-
ing process, suggesting the presence of intermediates. Frequently,
there is a burst too rapid to measure by normal stopped-flow tech-
nigues. Second, one must consider what the rates are actually mea-
suring. For example, using changesin fluorescence (or A or circular
dichroism, the most common methods of following folding or
unfolding), it is usually unclear what the contribution of intermedi-
ate statesto the observed change actually is. Third, thereistheissue
of whether observed phases represent intermediates or off-pathway
forms. Fourth, the log of the rate constant is not always a linear
function of the denaturant concentration (i.e., the chevron plot is
nonlinear). Certainly, proline isomerization will affect this linear-
ity, but such observations can be made even for a protein that does
not contain proline (21). The issue of the nonlinearity in chevron
plots unrelated to prolineisomerization has been discussed by other
authors (36,37). From this perspective, it is easy to see why investi-
gators want to use model peptides. For proteins, however, al is not
lost. Despite these complexities, some generalizations are possible.
For example, if the amplitude of arefolding burst phaseis decreased
by the mutation, it islikely an early step that is affected. Similarly,
if the burst phase is unaffected, alate step may be responsible. But
there are caveats for even this simple interpretation. Thus, for com-
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parison of a mutant to wild-type, one must know the midpoint and
the degree of cooperativity of the equilibrium denaturation curve. A
loss in cooperativity (the m value of the 6-term equation that
describes equilibrium denaturation measurements [38]) suggests
increased concentrations of one or more intermediates as aresult of
theincrease in the rate constant for the formation (or more likely, a
decreasein that of unfolding) of that intermediate. At the sametime,
however, adecreasein cooperativity makesit difficult to know what
to compare between the mutant and the wild-type. For a highly
cooperative denaturation, one can set the difference between the
midpoint of the denaturation curve and the final denaturant concen-
tration to be equal for comparative purposes. For noncooperative
denaturation, there is no simple way to compare the rate constants
for folding or unfolding in the mutant to those of the wild-type protein.

Another criterion is the slope of the chevron plot—i.e., how the
rate constant changes as a function of the final denaturant concen-
tration (ignoring effects of proline isomerization and off-pathway
forms). The rate constant as a function of denaturant concentration
isfrequently defined as:

Ink= In ko —/+ (M/RT)[D] ()

where k; is the rate constant in the absence of denaturant, mis
related to extent of cooperativity in the equilibrium denaturation
curve as mentioned here and above, D is the denaturant concentra-
tion, and the —/+ indicates whether the rate constant examined isfor
folding or unfolding. Thus, aplot of In k as afunction of denaturant
concentration (at constant temperature) should have aslope directly
proportional to —m (or min the unfolding direction). If the equilib-
rium denaturation curve is asymmetric, the value of m may be dif-
ferent in the folding and unfolding directions. Thus, in theory, the
slope and the cooperativity are directly correlated. It isimportant to
remember, however, that these rate constants are apparent values,
and include the microscopic rate constants of all the steps in the
process. For asimple reversible process:
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N é U (2)
K1
the observed rate constant is k;+ k_;. For the process:
o ke

two apparent rate constants, A; and A,, may be observed. In this
case the observed rates are (approximately) related to the micro-
scopic rate constants by the relationships A1 = ky+k_j+k,+k , and A, =
[Ki(kotky) + k1k]/(ky+k_ +ko+k_y), respectively. For extreme
dilutions of the denaturant (in the refolding direction) these may
simplify to k;+k, and [kqk,]/(k;+ky) and if k, << k4, then the appar-
ent constants become the microscopic constants. It is not surprising
that experimental valuesfrequently deviate from theory for systems
that exhibit several phases.

4. Rate Measurements: Experimental Procedures

Whether using fluorescence, absorbance, circular dichroism, or
other similar techniques, most standard stopped-flow mixing
devices have dead times on the order of 1-2 ms. Most proteins
appear to form acollapsed state well within the first ms (the “ burst”
phase). Slower steps seem to be associated with the stabilization of
the final structure. For example, based on stopped-flow °F NMR
data, the slow stepsin the refolding of E. coli dihydrofolate reduc-
tase are stabilization of side chains near the protein surface (39-41).
Similarly, mutations in one turn of the fatty-acid-binding protein
allow formation of an intermediate without the final stabilizing step
(11). Thus, combining these stopped-flow experiments with turn
scanning may help define therole of turn formation in obtaining the
final stable protein structure.

It is clearly important to explore the effect of mutations on early
events. We have already discussed changes in the amplitude of aburst
phase. A better method may be the use of faster mixing methods to
determine changesin apparent rate constantsthat arehidden inthe burgt.
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With the advent of experimental techniques that can measure
half-times of folding processes faster than the usual 1-ms stopped-
flow dead time, it should be possible to see whether mutations affect
early stepsinfolding. The use of faster techniques hasrecently been
reviewed by Callender et al. (42) and by Plaxco and Dobson (43,44).
These new approaches for monitoring faster events use certain tech-
niques with time resolution as fast as picoseconds. Perhaps the sim-
plest of these is the continuous-flow method using capillary tubes,
which allows mixing within 50-100 us (45). Several studies have
now used this method (46,47). Other techniques include laser-
induced temperature-jump, laser photolysis, optical electron trans-
fer, fluorescence correl ation spectroscopy, or energy transfer and NMR.

Oas and colleagues (48-51) have used dynamic NMR to investi-
gate simple two-state systems by extrapolating observed rate con-
stants back to zero denaturant concentrations to obtain values for
rapid steps in the ps range for the refolding process. Native-state
amide proton exchange has been used by Arrington and Robertson
(52) with ovomucoid third domain to determine rates of folding and
unfolding in the ps range. Gilmanshin et al. (53) have used tem-
perature-jump (10-ns, laser-induced) and time-resolved IR spectros-
copy in native apomyoglobin, and observed two relaxation phases
with relaxation times of 48 ns and 132 ps. They attributed these to
formation of substructures primarily related to helices. The slower
of thetwo phasesisattributed to tertiary interactions and desol vation
of the helix, but the data are consistent with substructures guiding
the folding process and with these substructures being indepen-
dently formed. Ballew et al. (54) also used temperature-jump with
thisprotein, and noted that the earliest steps during folding to acom-
pact state were complete within 20 ps. Nolting et al. (55) have also
used temperature-jump methods on the cold denatured mutant of
barstar to obtain relaxation rates in the ps range. In a later article,
Nolting et al. (56) examined the folding pathway over atime range
from psto s again using fluorescence changes as measured by tem-
perature-jump techniques to examinethe early times. Their dataare
consistent with a nucleation-condensation mechanism.
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For the most part, however, these techniques have not been
applied to systems in which there are mutations, especially where
those mutations are in turns. As these methods become more avail-
able, such experiments will hopefully be done.

5. Experimental Approach to Selecting Mutations

Certainly there are no general rules for deciding what mutations
to make in agiven turn. As discussed in this chapter, from both an
experimental and theoretical point of view, substitutions between
glycine and other residues or between proline and other residues are
the most obvious choices. Hutchinson and Thornton (57) have pre-
sented extensive data for sequence preferences in different B-turn
typesthat could be useful in deciding what mutation to make. Aside
from glycine and proline changes, one should consider other steric
or hydrogen-bonding effects. Substitution of a 3-branched chain
amino acid for one that has ¢, Y anglesin a nonallowed region will
certainly change the turn type, as will almost any substitution of a
glycine. Substitutions between hydrophobic and hydrophilic resi-
dues may alter the solvent accessibility of the turn. While positions
2 and 3 of a3-turn are obvious candidates for substitution, residues
adjacent to the turn—especially those that may affect packing within
the turn—should be considered. Random mutagenesis of the two
residuesin the turn could be useful, but with the wide range of pos-
sible mutant proteins, a screen for function may be necessary.

6. Computational Studies: Theory for Turn Folding
and Structure

Over the past decade, molecular dynamics and other simulation
techniques have been used to explore the structural propensitiesand
conformational dynamics of a variety of short turn-like peptide
sequences. Advancesin force-field accuracy and available computer
power now allow simulation to serve as a viable complement of
experiment. Indeed, because of the all-atom level of detail provided
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by ssimulation, it could eventually become a preferred method for
interpreting and correlating more ambiguous structural results. For
example, reliable theoretical estimation of conformational popula-
tion densities would greatly aid the interpretation of ambiguous
NMR datafor flexible peptides. Steps toward this ultimate goal are
aready underway.

Molecular dynamics simulation of turn peptideswith explicit rep-
resentation of solvent isstill limited to the nsto mstime-scale. For-
tunately, many of these sequences adopt relatively self-contained
structureswithin full proteins, and are usually devoid of large, ener-
getic barriers to conformational interconversion. Thus, even
ns-scale MD simulations can expose some of the structural variabil-
ity and dynamic behavior of turns. Two early reviews of peptide
simulations (58,59) provide an excellent survey of thisfield through
1993. Here, we present an update and attempt to infer some general
principles regarding the behavior of turnsin protein structure.

In early work, Tobiaset al. (60) used umbrella sampling methods
to explore the free-energy surfaces of the blocked dipeptides
Ac-Ala-AlaNMeand Ac-Pro-Ala-NMein aqueous sol ution. Based
on calculated equilibrium constants for unfolding of type | turn
structure, they found that the extended conformations were favored
for both peptides by 5 to 10 kcal/mol. Additional studies with gly-
cine replacing alanine in the second position suggested that glycine
destabilizesthe extended states, but the manifold of typel turn struc-
tures still lies 3 kcal/mol higher in free energy (58). Further simula-
tions of the stability of type Il turns suggest that Ac-Ala-Gly-NMe
may be marginaly stableasatypell turn. All other sequencesagain
favor the extended form. The Ala-Gly result is corroborated by
independent simulations from a second group (61).

Molecular orbital results at the HF/6-31G* level dso predicted that
the extended forms of capped Gly-Gly and Ala-Alaare enthalpically
favored over typel and Il turns by valuesin the 1-9 kcal/mol range
(62). Type I' and II" structures are even less favorable for these
sequences. As expected, inclusion of electron correlation at the MP2
level favorsthe hydrogen-bonded turn forms. However, the authors
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claim that correlation energy effects and intramolecular entropic
terms compensate so that the HF energies are afair approximation
to the true enthalpy differences. Ab initio MO cal culations coupled
with the PCM solvation model (62), MD with explicit solvent, and
finite-difference Poisson-Boltzmann calculations with the MEAD
package (63) all agreethat solvation effectsfavor typel over typell
turns for all combinations of amino acids at positions 2 and 3 of a
B-turn. Decomposition of the free-energy difference between
extended and turn conformations indicates that peptide-water
entropy is the major term favoring extended structures. Finally,
Monte Carlo sampling of a variety of blocked dipeptides using the
CHARMM19 force field plus Poisson-Boltzmann solvation (64)
again finds the extended form to be favored over turn types|, I', 11
and |1" by 1.6 to 7.7 kcal/mol depending on the sequence. However,
with the exception of Gly-Gly, the most stable turn type for each
sequence was found to be the one most commonly observed in pro-
tein structures. The Gly-Gly occurs frequently in type I turns of
[-hairpins where the strand twist is apparently able to overcome
local energetic effects.

Thus, both force-field and quantum mechanical results for these
small peptideslead to the conclusion that reverse turns are intrinsi-
cally unstable in the absence of side-chain interactions and the ter-
tiary protein environment.

Do turn types interconvert? Reaction path calculations on a
capped Ala tripeptide as a model reverse-turn sequence (65) find
only low barriers between extended and turn-like conformations.
Interconversion pathways tend to involve sequential rotation about
single backbone dihedral angles. Thisisin agreement with further
path calculations performed using the CHARMM force field on an
analog of the Ala tetrapeptide (66). Work with other force fields
(see ref. 66a), semiempirical quantum mechanics and detailed
analysis of protein crystal structures (67) also suggest low barriers
for interconversion, but find pathwaysinvolving concerted dihedral
angle rotations. For example, the MOPAC results of Gunasekaran
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et a. (67) assign an enthalpic barrier of only 3 kcal/mol to the con-
certed peptide bond flip needed to convert typell and type | 3-turns.
In summary, theory suggests interconversion between turn types,
and between turn and nonturn structure, is energetically accessible,
and may play an important role in peptide and protein dynamics.

7. Importance of Side-Chain Packing: The Type VI Turn

Weindicated earlier that logical candidates for mutationsin turns
are either removal or insertion of glycine or proline. We now exam-
inewhy, based on computational studies, theincorporation of apro-
line residue into position 3 of a turn may affect stability and/or
kinetic properties. A well-studied example of a stable turn peptide
containing prolineisthe Ser-Tyr-Pro-Phe-Asp-Val sequence, which
adopts atype VI turn structure. NMR analysis finds a 70% popul a-
tion of type Vlaand VIb turnsin agueous solution (68). A theoreti-
cal study of this same peptide using locally enhanced sampling
(LES) methods reaches generally similar conclusions (69). These
workersalso find atype VI turn structure to be the preferred confor-
mation. Their simulations suggest a possible kinetic pathway for
the folding in this peptide family. First, electrostatic interactions
involving the N- and C-termini and aspartate residue tend to enforce
an end-to-end distance consistent with turn formation. Next, the
backbone angles of the peptide rearrange in concert with a general-
ized hydrophobic collapse involving side chains. Finally, the
hydrophobic residues pack into the characteristic type VI turn. This
work also uncovers some potential “trapped” states containing
trans-Pro residues. Molecules with the trans-linkage remain disor-
dered with large end-to-end distances, and are not stabilized by
hydrophobic interactions.

An independent study of the related Ala-Tyr-cis-Pro-Tyr-Asp-
NM e sequence uncovered similar hairpin stabilizing factors. In con-
trast to the simulation results described for generic sequences, this
peptide is stable as aturn structure during lengthy MD simulations.
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A 20-nstrajectory starting from an NMR-derived type Vlastructure
makes three transitions between type Vla and Vb turns, but does
not explore extended conformations (70). A further simulation,
starting from an unfolded structure, folds to a compact turn struc-
ture within 2.7 ns. Finaly, a 4.7-ns simulation starting from a
nontype VI cis-Pro conformation is trapped in an unfolded state,
which is stable over the course of the tragjectory. Subsequently, a
potential of mean force (PMF) constructed fromthe AMBER/OPLS
energy function plus macroscopic solvation termswas used to select
low-energy conformers from a random search (71). The PMF
selected a structure similar to the NMR model as the lowest energy
conformer. Inclusion of entropy estimates led to afinal AGiygng iN
the range —1.0 to —2.1 kcal/mol. These values are somewhat more
favorable to turn formation than the NMR studies, perhaps because
of incomplete sampling of the manifold of unfolded states.

Two factorsindicate why isthis particular type VI turn sequence
is stable in acompact turn-like conformation. First, the prolineresi-
due at turn position 3 favors a cis-dihedral angle at the preceding
peptide bond. The relative advantage is approx 2.6 kcal/mol over
the trans-peptide bond favored for other amino acids (72). Equally
or more important for this sequence is the packing of the two aro-
matic tyrosine residues against the proline ring in the type VI turn
structure. In fact, the PMF calculations indicate that intrapeptide
enthal pic interactions comprise the major term favoring the folded
form, while polar solvation effects favor extended conformations.

Other theoretical work from Pettitt’s group (73) examined the
conformation of the tetrapeptide tuftsin, Thr-Lys-Pro-Arg, in water
and in 1 M NaCl solution. Inthiscase, the experimental NMR results
less conclusively favor atype VI turn, and a separate series of simu-
lations was used to study the cis- and trans-proline structures.
Again, the cis-conformers tended to adopt compact conformations
which are fairly rigid by typical peptide standards. The lysine and
arginine side chains both tended to form intramolecular hydrogen
bonds to the peptide backbone in water. The presence of salt had
relatively little effect on the backbone structure, but did alter the
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average side-chain orientations. The trans-tuftsin simulation is
dominated by more extended conformations.

8. Turns in B-Hairpin Structures

Severa simulations show initial hydrophobic collapse followed
by formation of turn structure, coupled in concert with detailed
packing interactions. An early MD study (74) of the temperature
unfolding of the residue 85-102 3-hairpin from barnase reported
all-atom simulations from the native structure at 300 K, 450 K, and
600 K. Theisolated hairpin in agueous solution was stable over the
course of 300 psec at 300 K, with an average root mean square from
native of about 0.8A for backbone atoms. Comparison of fluctua-
tions in torsional angles during the 300 K hairpin simulation with
those from a similar simulation of the full protein showed similar
flexibility for the backbone angles. However, rotation about side-
chain bonds was much more restricted in the full protein than in the
isolated hairpin. Three persistent hydrogen bonds during the simu-
lation involve the amide hydrogens of residues which are the most
protected amide hydrogens during NMR hydrogen-exchange
experiments. Following equilibration at 450 K, the structureis char-
acterized by loss of hydrogen bonds at the extremities of the hair-
pin, more frequent exchange of hydrogen bonds with water, volume
expansion, and formation of alarge hydrophobic side-chain cluster
containing both native and nonnative contacts. Thisloosely packed,
yet still compact state was stable for the entire simulation 300 psec
at 450 K, and for 150 psec at 600 K. Overall, the simulation data
correlates well with current ideas generated from an experimental
study of barnase unfolding.

In arecent report, Sung (75) used Monte Carlo sampling with a
simple all-atom potential containing dielectric screened el ectrostat-
ics and a surface area-based hydrophobic effect term to fold a
capped poly-Val 12-mer with glycine substituted at the two central
positions. Once again, the folding proceeded through an initial gen-
eralized collapse to a compact U-shaped structure as mediated by
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the hydrophobic effect. This same potential folds poly-Ala based
sequences, which lack the potential for large hydrophobic stabiliza-
tion, into a-helical motifs.

Many theories seem to favor a folding path directed by hydro-
phobic stabilization in which the turn does not need to be favorable
or particularly stabilizing, but merely accessible and not prohibited.
Recent thermodynamic decomposition of the experimental data
shows hairpin folding to be an endothermic, entropy-driven process
with alarge negative AC,, characteristic of apathway dominated by
formation of a hydrophobic core instead of specific enthalpically
stabilized conformational preferences (76). Simulations of small
regions of proteins using LINUS (77), however, suggest that fold-
ing is hierarchical and that there are biases towards local structures
such as 3-hairpinsand 3-turns primarily established by steric effects
and hydrogen bonds and enhanced by hydrophobic interactions (78).

Itisalsolikely that the situation isqualitatively different in larger
globular protein systems. For example, Scheinerman and Brooks
(79) have studied the free energy of folding of the 56-residue B1
segment of Streptococcal protein G along a reaction coordinate
characterized by the percentage of native contacts. This globular
domain is topologicaly similar to the much-studied chymotrypsin
inhibitor 2 (CI2), and contains two (3-hairpins separated in the pri-
mary sequence by an a-helical region. While the helix generally
forms before the sheet structure, these researchers found that the
earliest structure formed consisted of the N-terminus of the helix
and the turn of the second hairpin. These two regions pack against
each other in the native structure, and seem to independently form
nucleation sites for the folding process.

9. Turns in Helix-Turn-Helix Structures

Sung and Wu (80) have used simulation to model the deforma-
tion of along helix into various distorted helix-turn-helix confor-
mations. The transition between the two forms occurs on a much
longer time scale than simple helix propagation. A small model pep-
tide similar to the central helix-turn-helix portion of ROP wasfolded
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using Monte Carlo dynamics (81). In the latter study, four of six
trajectories ended in stable native-like conformations. The folding
showed relatively fast formation of two helical regions of unequal
length, followed by dynamic behavior in accord with the Karplus
and Weaver diffusion-collusion model. Only in thislatter stage did
the sharp reverse turn develop, initiated by the formation of hydro-
phobic contacts at the end of the shorter helix. Once the two helices
come into direct contact, the turn region expands by annexing some
glycine residues from the last helical turn of the longer helix. In the
final stable structure, thetwo helicesare of nearly equal length. Both
of these simulation studies are consistent with flexibility in the turn
residues during the early stages of the folding event, with stable
turn formation only after the helices are fully formed. They are also
consistent with the experimental data discussed earlier.

10. Conclusion

There isno simple answer to the question posed at the beginning
of this chapter. Computational studies reveal that small peptides
which reflect turn motifs sample many conformational states,
including those that ultimately appear in the final native structure.
They also suggest that mutationsin turn residues will certainly bias
the amount of time spent in a particular local structure, and there-
fore the kinetic folding rates. Experimental evidence clearly shows
that changes in turns or turn structures can affect both thermody-
namic stability and kinetic properties. In addition to the turn itself,
longer-range interactions between residues surrounding the turn are
clearly important. It is surprising how few systematic experimental
kinetic measurements have been made of the consequences of
mutations in turns. Mutations that either include or replace glycine
or proline residues may be particularly useful in this regard, but
substitution between hydrophobic and hydrophilic residues or
between those with different size side chains may be equally useful.
Oneimportant result of such studies may be the possibility of creat-
ing long-lived intermediates. We propose turn scanning asageneral
method to quantitatively examine the importance of turns in the
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mechanism of protein folding with the understanding that such stud-
ies also require the concomitant use of biophysical techniques
including theoretical simulation.
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Laser Temperature-Jump Methods
for Studying Folding Dynamics

James Hofrichter

1. Introduction

Until just a few years ago, kinetic studies of protein folding
focused primarily on processes that occur on time-scales of milli-
seconds or longer—a limitation set by stopped-flow instrumenta-
tion. A number of factors motivated efforts to develop new
experimental methods that could be used to characterize the kinet-
ics of more rapid processes. First, alarge body of theoretical work
suggested that folding on the stopped-flow time-scale usually
resulted from the escape of misfolded or partially folded structures
from traps in the energy landscape. Folding by direct routes from
the unfolded to the native state was suggested to occur much more
rapidly (1-6). Second, the observation of significant unresolved
amplitude in the fluorescence and circular dichroism signals in
stopped-flow experiments suggested that significant structural
organization could take place in the dead time of these experiments
(7-12). Rapid formation of both native-like secondary (7-11) and
tertiary (8-10,12) structure was observed within the stopped-flow
dead time. Data on the dynamics of secondary structure formation
for synthetic a-helical peptides (13,14) and on the rate of chain dif-
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fusion under denaturing conditions (15-18), which suggested that
helices and loops could form within microseconds, provided addi-
tional evidence that many interesting folding events occur on the
submillisecond time scale.

What are some of the questions that may be addressed by “fast”
folding experiments? To answer this question, it is helpful to con-
sider an experiment in which the unfolding or refolding of aprotein
isinitiated by a sudden change in the concentration of a denaturant
(Fig. 1). For a protein exhibiting two-state thermodynamic and
kinetic behavior, two processes are expected when the denaturant is
diluted. The first is collapse of the unfolded polypeptide to more
compact denatured structures under the new solvent conditions that
favor folding (U - U), and the second is crossing the effective
free-energy barrier from the new denatured state to the native state
(U - N). When the concentration of denaturant isincreased, struc-
tured regions which are less stable in the native state may unfold
rapidly, (N - N') followed by slower global unfolding (N' - U’).
While recent experiments using fast mixing methods may provide
some information on the rate of collapse (19,20), many questions
still remain. What are the dynamics of the denatured state? What
limits the rate of collapse—the rates at which secondary structural
elements form, or diffusion of the polypeptide backbone to form
less local side-chain interactions? Does the chain initially collapse
to arandom distribution of topologies (a*“random globule™), as sug-
gested by lattice simulations (3), or to a set of compact structures
with topologies similar to that of the native structure but without
specific side-chain interactions (a “molten globule’)? What is the
height of the free-energy barrier separating native and denatured
states, and how do we determineit from experimental rate constants?
Isit possibleto find systems that fold without a significant barrier?

To address these questions, we and others have developed avari-
ety of new methods to more rapidly initiate folding and unfolding
reactions. In this chapter, we focus on the devel opment and applica-
tion of the laser temperature-jump technique and describe how it
has contributed to understanding the dynamics of protein folding.
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A :

F(Q)
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Fig. 1. Free-energy profiles for folding and unfolding of a two-state
protein by a change in the concentration of a chemical denaturant.

Inour laboratory at the National Institutes of Health (NIH), we have
used temperature-jump (T-jump) methods to begin a *bottom-up”
approach to thefolding problem. Theideaisto experimentally char-
acterizethe dynamics of the simplest elements of protein structure—
a-helices, B-hairpins, and loops—and to develop statistical
mechanical modelsto describe these dynamics. Using this approach,
we have investigated the dynamics of three basic elements of pro-
tein structure in isolation—Ioops (16—-18), a-helices (21-23), and
B-hairpins (24). The experimental results have provided the first
glimpse of the rates of these three fundamental dynamical processes
in protein folding, and the theoretical modeling has provided a
means for exploring how these rates are related to structure and
sequence. Other groups have used this approach to study rapid pro-
cesses which accompany the thermally induced folding (25-27) or
unfolding of proteins (28-30).
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We will first discuss the experiment in general terms, beginning
with a brief historical perspective on the development of the laser
temperature-jump technique, followed by a review of the basic
physics of the experiment, including some discussion of some of
the problemsthat may be encountered in carrying out such experiments.
Some instruments that have been used in studying protein folding are
described, and the experimental findings are briefly summarized.

2. The Laser Temperature-Jump Experiment

2.1. Historical Overview

Beginning with the landmark work of Eigen and colleagues (31),
it has been recognized that temperature changes provide a general
and practically useful means of disturbing a system in order to per-
form rapid kinetic studies. It isimportant to realize that temperature
isone of arelatively large number of perturbants—including pres-
sure, electric fields, and changes in solution conditions—which can
be applied to this purpose. Since temperature jumps are almost
always positive, in the study of the kinetics of protein folding they
can be used both to study the rapid unfolding to thermally denatured
states (25—-27) and the rapid folding of proteinsfrom cold-denatured
states (28-30).

For more than a decade, temperature-jump studies provided one
of the most useful means for extending dynamics studies to time-
scales shorter than milliseconds. The early work was carried out
using electical current pulses, which were generated by discharging
a capacitor by triggering a spark gap (31) to obtain rapid heating.
This approach required the use of solutions of high conductivity
and thus high ionic strength. After the advent of commercia pul sed
lasersin thelate 1960s, laser flash photolysis soon became the most
commonly used method for carrying out fast kinetics studies. Efforts
were also made to use pulsed lasers to develop practical laser tem-
perature-jump instruments (32—36). In a laser temperature-jump
experiment, a pulse of laser energy is absorbed by a dye or by the
solvent, and undergoes radiationless decay to produce heat. It was
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clear from the beginning that by using alaser pulse, the temperature
change could be produced within a few nanoseconds using a
Q-switched laser (32). The shorter pulses obtained from mode-
locked lasers would have to be pulse-selected and amplified to pro-
duce significant temperature jumps, but these would allow
resolution on the time-scale of afew picoseconds or less (32). Ini-
tial effortsutilized ruby and neodymium glass|asers—the only com-
mercial lasers to generate enough pulse energy to produce
temperature jumps of >1° (32). These lasers produce radiation at
694 nm and 1060 nm, respectively, where the absorption of water is
negligible and very weak, so many of the early studies utilized
absorbing dyes to produce the temperature jump (32,33).

There are a number of advantages to using a near-infrared laser
pulse to directly heat the agueous solvent. First, it eliminates both
the absorption of the dye and its photophysics as potential problems
in designing a practical temperature-jump experiment. Second,
because the heated vol is determined by the laser spot size and the
solvent A, it can be varied from as large as a few mm3 to sizes as
small as afew cubic microns, afraction of the vol of aliving cell.
Third, the use of direct absorption by the solvent permits complete
flexibility in determining solution conditions without the necessity
of working with the high salt concentrations necessary for electrical
temperature-jumps. Finally, the use of IR radiation minimizesinter-
ference between the pump pulse and optical detection of the sample
response. A wide variety of probe signals, including visible and IR
absorption, fluorescence, and Raman scattering, can therefore be
used to probe the dynamic response of the heated sample.

The generation of large temperature jumps by directly exciting
water requires pump pulses with energies of several mJ at wave-
lengths between 1300 and 2100 nm. The first successful experi-
ments utilized the stimulated Raman effect in liquid nitrogen to shift
Q-switched pulses from aNd: YAG laser from the 1.06 um funda-
mental to 1.41 um (34,35) where the A of water is approx 10 cm.
Difficulties encountered in using liquid N, (unstable pul ses caused
by boiling at room temperature, self focusing, and the need for a
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very large dewar) prompted a search for more convenient Raman
active media. Stimulated Raman scattering from H, gas, which pro-
duces afrequency shift from 1.06 um to 1.89 um, was successfully
used in one early study (36). The cross-section of water at 1.89 um
is approx 30 cm™, so the path lengths of the sample are limited to
less than about 0.2 mm. It was more than a decade after these pio-
neering studies, however, before Turner and colleagues(37,38) first
utilized Raman shifting in methane for this application. Methane
shifts the Nd: Y AG fundamental at 1064 nm by 2917 to 1540 nm,
where the water A, k, isabout 12 cm™.

There are a number of other methods for generating suitable IR
pump pulses. Holzwarth et al. (39) first used an iodine laser with an
output at 1.315 um to heat water directly, atechnique which is till
inusetoday. Morerecently, holmium and erbium lasers—operating
at 2.065 pm and 1.54 um, respectively—have become commercially
available. The design and construction of a non-Q-switched hol-
mium laser, used to produce temperature jumps in muscle fibers
(40) has been described (41), and commercia Q-switched holmium
lasers are available. Tunable (IR) radiation is also achievable by
difference mixing as described in Subheading 2.2. (42), and by
using Nd:YAG or Nd:YLF lasers to pump optical parametric
oscillators. One advantage of tunable IR is that the pump wave-
length can be selected to optimize the temperature jump for differ-
ent sample path lengths, which can be chosen to optimize the
parameters of the probe experiment.

2.2 Physical Background

The temperature change produced by the laser pulse, dT, in the
absence of thermal diffusion, is given by:

t
8T(r.zt) = Kpe, [ 1(r.zt’) dt (1)
0

where I(r) describes the intensity profile of the pulse and I(r,zt) is
the instantaneous laser fluencein W/cm? at timet and axial position
z, k is the absorption cross-section per U length, and p is the solu-
tion density, and ¢, isits heat capacity. |n an absorbing medium, the
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Fig. 2. Near IR absorption of water. (A) The A, k (Eq. 2), of water at
temperatures from 0°-80°C, measured using an Aviv 14 spectrophotom-
eter. (B) Fractional change in A (relative to the A at 273 K) at tempera-
tures from 10°-80°C.

dependence of intensity on the spatial coordinate, z, is given by the
Lambert Law:

y =K ; 1) =lepta) ()
The A of water inthenear IRisshowninFig. 2andthe A of D,Ois
shown in Fig. 3. For a pulse at 1540 nm, where the A, k, is about
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Fig. 3. Near IR absorption of D,O. (A) The A, k (Eq. 2), of D,O at
temperatures from 0°-50°C, measured using an Aviv 14 spectrophotom-
eter. (B) Fractional change in A (relative to the A at 273 K) at tempera-
tures from 10°-50°C.

12 cm at 293 K, the temperature rise at the surface of the cuvet is
therefore about 1 K for an integrated pulse energy of 1 mJmmZ.
Note that the spectra of both H,O and D,O are significantly
temperature-dependent. For H,0O, the A is nearly temperature-
independent at wavelengths of 1.44 ym, 1.94 um, and 2.18 um,
while for D,O the A is nearly temperature-independent only at
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1.96 um. At other wavelengths the A varies by as much as 1% per
degree. At 1.54 pum, the A of H,O decreases by about 0.5% per
degree, from 14.5 cm at 273 K to only about 8.5 cm™ at 353 K, so
temperature jumps at 353 K are about 40% smaller than those pro-
duced at 273 K. At 2.0 um, where anumber of IR experiments have
been carried out in D,0O, the temperature dependenceis similar.

The duration of the temperature pulseislimited by thermal diffu-
sion. In a cell with a path-length which is long compared to the
beam diameter, the decay time can be roughly estimated by consid-
ering the problem of an infinite cylinder which is uniformly heated
relative to the surrounding medium at timet = 0. The temperature at
the origin is given by:

ST(t) = ST ya(1 — exp(—r 2/ 4kt) 3)

wherer isthe radius of the cylinder and K is the thermal diffusivity
incm?/s (43). Thevalue of k for water at 293 K is1.43(1073) cm?/s.
The usable duration of the temperature pulse can therefore be
crudely estimated using t = r2/12k to give the time at which the
temperature has decayed by ~5%. For the 1-mm? spot which we
used as an example above, this decay time is about 0.1 s. For cells
which are thin compared to the beam diameter, the temperature can
be roughly estimated by the expression for a uniformly heated slab
in a homogeneous medium:

6T(z,t)=6Tmax(erf a-7 o a”)

2Vkt 2Vt @)
where 2a isthe cell path-length and zisthe distance from the center
of the cell (43). In this case, the duration of the pulse is determined
by the path-length, a, and is nearly independent of the illuminated
area. Since almost all of the heat flows through the windows, the
value of K must be taken as that of the window material, not of the
solution, in using Eq. 4 to estimate the pulse duration. In real
experimental geometries, the accurate calculation of the temporal
decay of the pulse is significantly more complex, since the sample
is not uniformly heated or homogeneous. In most cell geometries,
significant conduction occurs through the windows of the cuvet,
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which usually hasathermal diffusivity significantly larger than that
of water, and an accurate solution of the diffusion problem requires
that it be solved by finite element integration.

Equations 1-4 contain the basic information required for engi-
neering a temperature-jump experiment. The size of the tempera-
ture jump depends inversely on the illuminated area, and the the
duration of the pulse is determined by the cell and beam geometry.
Given the excitation wavelength and the A from Figs. 2 or 3, one
can determine the optimal path-length. If the temperature jump is
more than afew degrees, it isimportant to minimize the gradient in
temperature across the area that will be probed. For single-pass
excitation, if the temperature jJump is to be constant to within 10%,
the A of the sample must be less than approx 0.04 optical density
(OD). To use the excitation energy more efficiently, it is necessary
to utilize a multiple-pass geometry. One simple arrangement is to
reflect the attenuated pulse back through the sample. In this geom-
etry, the A can be increased to about 0.2 OD. An even better
approach isto split the excitation beam using a 50/50 beam-splitter
and excite from both sides (24,32,44), in which case the A can be as
largeas 0.4 OD. Theincreased ODs make use of alarger fraction of
theincident pulse energy, so despite the decrease in incident energy
which results from splitting the beam, the size of the largest homo-
geneous temperature jump produced using either of the latter two
geometries is almost identical.

The diameter of the pulse is determined by two factors. The first
is the required duration of the temperature jump, and the second is
the probe optics. If the temperature must be constant to within 5%
of thejump amplitude for timet, then in the thick-cell limit, the size
of the spot can be estimated using Eq. 3: a1 mm? spot can be used to
measure processes as long as about 100 ms, an 0.1-mm? spot for pro-
cesses as long as about 10 ms, and an 0.01 mn? spot for processes as
long as about 1 ms. The required laser-pulse energy can then be
calculated from Eq. 1. For the 1 mm? example, pulse energies of
~20 mJ are required to produce temperature jumps of approx 10 K.
A more important consideration is the requirement that the experi-
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ment be probed over an area with a temperature that is nearly con-
stant. For agaussian pulse profile, the requirement that the tempera-
ture jump be constant to within 10% restricts the probe-beam
diameter to approx 0.3 of the 1/e diameter of the pump beam. More
important, however, isthe consequence of thermal lensing, by even
this small fraction of the total temperature gradient produced in the
sample (see below). In practice, we have found that the use of a
beam with approx 0.2 of the pump-beam diameter minimizes lens-
ing artifacts for temperature jumps of 15 K or lessin water (21-23).

2.3. Thermal Lensing and Photoacoustic Effects

The rapid expansion of the heated vol produced by the tempera-
ture jump has three consequences, which can interfere with the
probe signals measured in laser-temperature jump experiments.
These are thermal lensing, the generation of photoacoustic waves,
and cavitation (32,35,44-46). Both thermal lensing and photo-
acoustic waves produce changesin the spatial distribution of probe-
beam intensity as it passes through the heated sample, which can
result in artifactual changes in the intensity of the measured probe
signal. The rapid expansion of the heated vol after the temperature
jump can produce cavitation, particularly in solvents of low vapor
pressure. Because all of these effects are directly related to changes
in the density of the solution, all three problems can be minimized
by working under conditions where no change in sample vol is pro-
duced by the temperature jJump. In agueous solutions, this can only
be accomplished by carrying out jumps at temperatures close to
277 K where the density ismaximal. It is clear that this solution to the
problem imposes unacceptabl e constrai nts on the temperature-jump
technique if it is to be used as a general tool for studying protein
folding. Therefore, it isimportant to understand these effectsand delimit
conditions that minimize their interference with the experiments.

For short laser pulses, the temperature change occurs at constant
volume because the inertia of the surrounding fluid prevents the
heated fluid from expanding. At temperatures above the density
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maximum (277 K), the temperature jump producesarelatively large
increase in pressure in the heated volume. Prior to expansion, the
pressurerise is given by:

(57).= (5)o/ (5 ) = ®

where a isthe coefficient of isobaric expansion and (3 istheisother-
mal compressibility of the medium. For water at 293 K a = 2.0
(10%) K=t and B =45.3 (107%) bar?, sothe pressureriseis 4.4 bar/K.
The pressure pulse then propagates outward from the heated vol as
ashock wave. In the process, the pressurein the liquid surrounding
the heated vol increases and the surrounding fluid is accelerated
outward. The duration of these eventsis determined by the speed of
sound, which isthe propagation vel ocity of the pressure pulse. This
photoacoustic wave can be reflected back into the sample vol by
changesin the speed of sound which occur at the walls of the cuvet.
If significant pressure pulses are reflected back into the probed val,
they can produce large changes in the refractive index and thus the
measured intensity of the probed signal. In most cell geometries,
these effects occur on the pstime scale (32). The outward momen-
tum of the fluid layer immediately surrounding the heated vol also
produces a negative (tensile) pressure pulse on the samplevol. This
negative pressure, which can last ~100 ns (45), is the most probable
source of cavitation. Studies have examined the formation of
bubbles in water to which absorbing dyes have been added, and
cavitation has been found to occur when the negative pressurein the
heated vol reached 5-10 bar (45,46). Bubbleswith maximum diam-
eters of 25-100 pm and lifetimes of afew ms were produced.

Expansion of the heated vol takes place much more rapidly than
thermal diffusion. Asthe sample expands, the density of theillumi-
nated region of the cell decreases, producing refractive-index gradi-
ents that focus or defocus the probe beam. The effects of focusing
on the measured signal depend on the instrument geometry and the
signal being measured. Because the thermal lens aters the beam
profile at some distance from the sample more than within the
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sample cell itself, the contributions of lensing to the measured sig-
nal produce more significant problemsfor absorption measurements
than for fluorescence or other emission experiments. In extreme
cases with small detectors, the thermal lens can focus a significant
fraction of the transmitted intensity off the detector, producing large
apparent increases in OD. Even when the area of the detector is
larger, thermal lensing redistributes the transmitted light on the surface
of the detector, and thus may till produce small changes in the appar-
ent A unlessthe sengitivity of the detector is extremely homogeneous.

3. Laser Temperature-Jump Instruments

Several temperature-jump instruments have been developed for
the study of protein folding. Theseinstrumentsdiffer in many ways,
including the means for producing the temperature jump and in the
signal detected. In Subheading 3, we describe three instruments:
the instrument in our lab at the NIH, the instrument built by Brian
Dyer at Los Alamos National Laboratories, and the instrument
developed in Martin Grubel€e' s laboratory at the University of 1lli-
nois at Urbana-Champaign.

3.1 The NIH Instrument

Our instrument was designed to use either absorption or fluores-
cence in the visible or near-UV as a probe signal. A 1.54-um IR
pulse, produced by Raman-shifting the fundamental of aQ-switched
Nd:YAG laser, isused to rapidly heat the sample, and a continuous
wave (cw) laser beam is used to probe absorption or to excite the
fluorescence of the sample and to monitor the relaxation kinetics. In
the peptide experiments discussed here, a 264-nm UV probe beam
is used to excite the fluorescence of tryptophan. A schematic of the
instrument is shown in Fig. 4. To produce the temperature-jump
pulse, the fundamental (1064 nm) of aNd:YAG laser (Continuum
Surelite 1), operating at 1.67 Hz, is focused with a 0.75-m lens into
al-m Raman cell (Princeton Optics, Inc.). The Raman cell contains
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Fig. 4. Schematic of the temperature-jump instrument. An ~5 ns
(FWHM) temperature-jump pulse is generated using the stimulated
Raman effect to shift the Nd: Y AG fundamental (1064 nm) to 1.54 umin
a mixture of CH, and He gas. 10 mJ of 1.54 um light is split into two
beams which are focused onto the 500 um path-length sample cell to give
a spot size of 0.5 mm. A cw UV beam at 264 nm from an intracavity-
frequency-doubled argon ion laser is focused to a spot size of 60—70 um
to excite the tryptophan chromophore. The fluorescence signal is col-
lected at 90° from the excitation beam, filtered using a bandpass filter,
and measured using an end-window photomultiplier tube.

600 psi of CH, and 500 psi of He, and has a conversion efficiency of
up to 20% for the first Stokes line (1.54 pum). The 1.54-um pulse,
which has a temporal width of ~5 ns, is separated from the funda-
mental and anti-Stokes lines with a Pellin-Broca prism, and then
split with a50: 50 beam-splitter. The two resulting pulses are routed
toward the sample from opposite sides, with the length of the opti-
cal path for one approx 2 m longer than the other. The pulses from
each arm are focused onto the same spot of the sample, using an
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0.75-m lensto produce aspot diameter of 0.5 mm. Asaresult of the
difference in optical path, one pulse is delayed by ~7 nsrelative to
the other, increasing the rise time of the resulting temperature jump,
and thus reducing the probability of photoacoustic interference in
the probe signal. We have not encountered serious problems from
photoacoustic reflections, possibly because the flat-cell geometry
helps to dissipate the pressure pulse before it encounters the walls
of the cuvet. Using a 500-um path-length cuvet, approx 40% of the
IR beam is absorbed by the sample, producing atemperature rise of
approx 2 K per mJ of IR pulse energy.

To probe tryptophan fluorescence, an ultraviolet (UV) beam is
generated with an intracavity frequency doubled argon ion laser
(FRED, Coherent Inc. SantaClara, CA). Thislaser providesaseries
of lines between 229 nm and 264 nm. The excitation beam is
focused onto the sample with a10-cm lensto produce a spot size of
60—70 um. For fluorescence experiments, a front-face illumination
geometry is used in which the thin sample cell is oriented at 45° to
the pump and probe beams. The fluorescence signal is collected at
90° from the excitation beam using a 3.9-cm focal length lens, fil-
tered from residual reflected excitation and IR light using bandpass
filters which transmit wavel engths from 320—400 nm, and detected
with aphotomultiplier tube. To minimize lensing signals, we use an
end-on photomultiplier tube (Hamamatsu R6427) with alarge active
photocathode areawith reasonably uniform cathode sensitivity. The
signal is amplified by cascading two stages (5x gain per stage) of a
fast preamp module (Stanford Research Systems, SR240) and pro-
cessed by a digital oscilloscope (Tektronix, TDS 620). The wave-
forms from the oscilloscope are transferred to a persona computer for
analysis. Typica experimentsrequireaveraging of 103-10* |laser shots.

We have used a number of methods to measure the magnitude of
the temperature jumps. For tryptophan experiments we measure the
change in the fluorescence intensity of n-acetyl tryptophan amide
(NATA), which decreases about 1% for each degree of temperature
increase. The intensity change is compared with the results of a
static temperature scan for the same sample. Figure 5B shows that
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the instrument response time for a temperature jump from 0°C to
20°Cis~5ns, and that thermal diffusion from the reaction vol takes
several milliseconds. When working in the absorption mode, we
found the absorption change of tyrosine in unbuffered solution at
pH 10.0 to be useful as a spectroscopic thermometer.

3.2. The Los Alamos Instrument

A somewhat different approach has been used by the group at
Los Alamos National Labs to carry out time-resolved mid-IR
experiments which probe the secondary structure of peptides and
proteins. For experiments on the ns time-scale, the pump beam is
generated by mixing the fundamental of an injection-seeded,
Q-switched Nd: YAG laser at 1064 nm with the 683-nm output of a
pulsed dye laser which is pumped with the second harmonic of the
samelaser. Thedye LDS 698 isused to produce the dye pulseand a
LiNbOg crystal in an IR WEX (Spectra-Physics, Mountain View, CA)
is used to produce the difference frequency at 2.0 um. This wave-
length was chosen because the experiments are carried out in D,O,
which minimizes interference with the IR measurements of the
amide | bands between 1600 and 1700 cm™. D,O hasan A of approx
20 cm! at this wavelength (Fig. 3), approximately twice that for
water at 1.54 um. The higher A produces larger temperature jumps
(seeEq. 1); heating a 300-pum diameter spot with an integrated pulse

Fig. 5. (opposite page) Spatial and temporal characterization of the
temperature jump. (A) Spatial profile of the temperature pulse. The fitted
diameter at half-peak height is 0.49 mm. (B) Tempora profile of the
temperaure jump. Therisein temperatureisfitted asthe convolution of a
pulse with a gaussian temporal profile and a half-width of 12 ns. The
decay of the pulseisfitted using the function T(t) = Ty + ATT/(t + T) with
AT =18.4K and T = 61 ms. The tempora dynamic range of the tempera-
ture-jump instrument extends from ~ 10 ns, which is twice the apparent
rise time to the final temperature, to ~ 5 ms, the point at which the tem-
perature has decayed by 10% of the temperature change, AT.
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energy of 2 mJ produces temperature jumps of 1520 K. A cell with
apath-length of 0.1 mmisused for the IR absorption measurements.
Because the cell isthinner than the beam diameter, conduction from
the heated vol occurs primarily through the CaF, windows, the ther-
mal diffusivity of which isabout 30 times greater than that of D,O.
Consequently, the duration of the pulse is only about 1 ms, and the
temperature is constant to within 10% for approx 0.2 ms.

Infrared absorption is probed with a CW IR diode laser, which
can be temperature-tuned from 1632 cm™ to 1700 cm. The inten-
sity of the probe beam is detected by an HgCdTe detector plus a
preamplifier, and digitized with an oscilloscope. The time resolution
of the system is limited by the bandwidth of the detector-amplifier
combination to about 20 ns. By averaging about 10* shots, instru-
ment sensitivity of about 2(10~%) OD is achieved (42).

3.3 The Ul-Urbana Instrument

An elegant |aser-temperature-jump instrument with time-resolved
fluorescence detection has been constructed by Martin Grubele
and colleagues at the University of Illinois at Urbana-Champaign
(28-30,47). The excitation pulse is produced by using a 750-mJ
input pulse from a Q-switched Nd: YAG laser at 1064 nm to pump
al1.75-M Raman cell in acollimated geometry. The methane Raman
cell isoperated at 21-22 bar, producing ~200 mJof 1.54 um IR. As
at the NIH, the output pulse is split after isolation from the pump
pulse, and the two pulses are focused to adiameter of ~1 mm on the
0.5-mm path-length sample cell. The large beam diameter and cell
thickness combine to produce a pulse with a decay time of about
0.4 sand auseful duration of about 100 ms. The size of thetempera-
ture jump and its duration are monitored by directly measuring the
temperature-dependent A of water at 1.5 um (see Fig. 2). A chopped
diode laser is used as a source, and a Germanium photodiode
coupled to a lock-in amplifier is used to measure the transmitted
intensity. While the rise time of the temperature jump cannot be
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directly monitored using this approach, it provides an important
control on variationsin its magnitude.

To probe the fluorescence decay, atrain of pulses from a mode-
locked titanium: sapphire laser is used to measure a series of
flourescence decay curves after a ns temperature jJump. The emis-
sion of tryptophan, excited at 280 nm by the tripled output of the
Ti-sapphire laser, is monitored by a fast photomultiplier-amplifier
combination with arise time of 0.6 ns. To obtain accurate fluores-
cence decay curves through the entire record, which can be as long
as tens of milliseconds, the Ti:sapphire laser is operated at
62.5 MHz, producing a pulse every 16 ns. The eighth harmonic of
this frequency is used to clock the digitizer at 500 MHz, thereby
ensuring that the excitation pulse and the sampling points of the
digitizer remain precisely phased through the entire record (47). If
this approach is not used, aliasing would make it difficult to com-
pare the fluorescence decay kinetics measured at different times
after the temperature jJump. (The extremely long record lengths cur-
rently availablein digital oscilloscopes make this approach feasible
with sampling rates as high as 4 GHz). The set of decays is mea-
sured for asingle shot, so the repetition rate of the pump laser is not an
issue. To anayze this data, the singular value decomposition of the
entire set of fluorescence decay curvesis calculated. The set of coeffi-
cientswhich describetheresulting amplitudesisthenfitted asthelinear
combination of two decay curves. the decay curve prior to thetempera-
ture jJump, and the equilibrium decay curve at the higher temperature.
Because the lifetime of tryptophan is highly temperature-dependent,
the bulk of the difference results from the change in temperature
(28,29), but the effects of structural changes on the fluorescence decay
are observed at times after the temperature change is complete.

4. Studies of Folding Kinetics

Because the application of laser temperature-jump techniques to
protein folding is relatively recent, it is possible to briefly summa-
rize the key results.
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4.1. Peptides and Model Systems

One important application of the laser temperature-jump meth-
ods is to study the formation of specific secondary structural ele-
ments that are formed by peptides. Some of these systems, such as
the C-terminal hairpin of protein G 1 studied by Mufioz et a. (24),
are seguences that have been excised from protein sequences (48).
Others, such asthe alanine helices originally described by Baldwin
and colleagues (49-51), are synthetic peptides designed to fold into
specific secondary structures. Because of the unavailability of both
experimental methodol ogy and suitable model systems, the dynam-
ics of secondary structure formation were largely unknown as little
asfive years ago.

Helix melting in short peptides was first studied by Williams et
a. (27,42) using the Los Alamos instrument described here. Using
the 21-residue peptide Suc-AAAAA-(AAARA)s-A-NH,, (where
A=alanine, R=Arginine and Suc=succinyl) and probing using IR A
at wavelengths between 1632 cm™ and 1664 cm, they monitored
the disappearance of the amide | A of a—helical residues and the
appearance of the A of random coil residues. A relaxation time of
160 £ 60 ns was measured—a result which is reasonably consistent
with earlier studies of large model polypeptides in water (52). The
experiments were carried out in D,O at 301 K, a temperature well
below the midpoint of the melting transition—which is reported as
333 K in D,0 (42), considerably higher than the 306 K reported in
water (53). This seminal work was followed by attempts to utilize
absorption and fluorescence probes of helix-coil dynamics. Thomp-
son et al. (21,22) used a 21-residue peptide MABA-AAAAA-
(AAARA)3-A-NH,, (where MABA = methyl-amino benzoic acid)
originally studied by Lockhart and Kim (53,54). A significant in-
crease in the fluorescence of MABA was observed in the folded
state, and the fluorescence decreased with a rate of about 108 st
after the temperature jump. The relaxation rate, which was about a
factor of 2 slower than the time resolution of the instrument, was
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nearly temperature-independent. The rapid rel axation was attributed
to unzipping of the N-terminal end of the helix, and the fluores-
cence change was attributed to breaking of the helical hydrogen
bond formed between MABA and residue A,.

We recently used a better-characterized probe to study the helix-
coil transition of the heteropeptide Ac-WAAAHT(AAARA)3A-
NH, (23). This peptide was designed with tryptophan in position
1 and histidine in position 5, so that the side chains interact when
the backbone of residues 1-5 isa-helical. The histidine, when pro-
tonated, efficiently quenches tryptophan fluorescence, providing a
probe for the presence of helical structure. The kinetics measured
throughout the melting transition are well-described by a single
exponential relaxation, with arate of 3.3x106 s at 301 K, the mid-
point of the helix-coil transition. The rate increases with increasing
temperature with an apparent activation energy of approx 8 kcal/moal,
so the relaxation time varies from ~500 ns at 280 K to less than 100 ns
above 320 K. The equilibrium and kinetic data were fitted using a
statistical mechanical model developed by Mufioz et al. (55). The
model successfully explains the single-exponential kinetics of the
fluorescence change as resulting from the interaction between the tryp-
tophan and the charged histidinein position 5. Thisinteraction acts
asa“staple” which tendsto lock thefirst five residuesinto the heli-
cal conformation. Asaresult, the tryptophan rarely melts unlessthe
entire helix melts, and approx 90% of its fluorescence change is
predicted to occur through the melting of complete helical
sequences. The measured temperature-dependence can be repro-
duced by introducing damping from solvent friction (56), and an
activation barrier for theindividual helix propagation stepsinto the
rates for the helix propagation steps.

The first information on the dynamics of (3 structure formation
was obtained by Mufioz et al. (24) using a similar approach. This
study used a protein fragment consisting of residues 41 to 56 of
Streptococcal protein G B1. The sequence contains a single tryp-
tophan (W43), which provides an intrinsic probe of hairpin forma-
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tion. The W43 fluorescence increases in the folded conformation
because it forms a hydrophobic cluster that includes phenylalanine
52 (F52) and valine 54 (V54). The hairpin acts as two-state system
(i.e., the peptide is either unfolded or has a conformation with the
B-hairpin environment for W43), and unfolding occursin a single
exponential relaxation with a rate which is about 20 times slower
than the helix-coil transition for an alanine-based peptide. The mea-
sured relaxation times increase from about 4 ps at 285 K to about 1 us
at 330 K. When adansylated lysine was added to the C-terminus of
the peptide, the fluorescence in the folded state decreased as aresult
of excitation energy transfer from the tryptophan to dansyl, but the
observed relaxation rates were almost identical. Using a two-state
analysis, the activation energy for the folding transition is negative.

Mufioz et al. were able to explain al of these findings using a
simple statistical mechanical model (25,55). In the case of helical
alanine peptides, the top of the barrier between the unfolded and
folded peptide is reached after fixing three peptide bonds. Elonga-
tion is then thermodynamically favorable, because the entropy loss
of fixing each additional peptide bond in the helix ismorethan com-
pensated by the energy from the new hydrogen bond. In folding the
hairpin, since two peptide bonds must be fixed in order to form a
singleinterstrand hydrogen bond, the free energy of hydrogen-bond
formation never completely compensates for the loss in conforma-
tional entropy. The folded hairpin is therefore unstable unless there
are additional favorable side-chain—side-chain interactions. Because
more residues must be immobilized before these interactions occur,
the barrier for folding the hairpinissignificantly larger than for fold-
ing the helix, providing an explanation for the slower observed rate.
A second important factor in producing faster rates for helices than
for hairpins is that a stretch of a-helix may form at any position
along the chain with nearly equal probability, whereas a stretch of
B-hairpin structure is less probable if it is not centered at the turn.
Therate of helix formation istherefore faster, because the effective
free-energy barrier is lowered by the larger number of productive
ways of forming helical sequences. These two factors provide an
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explanation for the 20-fold decrease in the rate of folding of the
protein G B1 B-hairpin relative to that for the aanine-based a-helix.
The negative activation energy for hairpin formation results from
the fact that the barrier between the unfolded and folded states is
primarily entropic, and the transition state—which is stabilized by
the formation of two hydrogen bonds—islower in enthal py than the
unfolded state.

The folding of a more complex structure—a dimeric coiled-coil
formed by afragment of the GCN4 leucine zipper protein—hasalso
been studied by the Los Alamos group. The native form of the dimer
of this 33-residue fragment has the characteristic IR signature of
coiled-coils, with a major absorption peak at 1650 cm™. A relax-
ation time of approx 100 pswasobserved at 333K (27). Theauthors
attribute the slow relaxation time to the formation of the coiled-cail
tertiary structure. Both the high temperature and the fact that the
residues in the coiled-coil sequence have lower helical propensities
than alanine combine to make the helical form of the monomeric
peptide highly unstable under the conditions of this experiment.
Translational entropy also contributes to the barrier for folding,
although it is still unclear whether assembly is rate-determining.
Thelow intrinsic stability is compensated by the characteristic net-
work of “zipper” interactionsin the folded dimer to produce astable
folded state (57). The barrier heights are presumably large enough
to slow the relaxation rate by a factor of 10 relative to that for the
formation of alanine helices (23,42).

4.2. Protein Systems

Nearly al of the laser temperature-jump experiments which have
focused on rapid events in the overall folding and unfolding pro-
cesses have used horse apomyoglobin as a model system. ApoMb
exhibits a remarkably complex phase diagram. In addition to the
nativeform (N), which isstable at neutral pH, ApoMb can existina
number of partially folded states which are thermodynamically
accessible at low pH and specific salt conditions. These include an
intermediate form (1), which has been shown to be structurally simi-
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lar to an early folding intermediate, and an extended form (E), which
isstable at still lower pH. All of these species can be denatured at
high temperatures, and the native state can be denatured at low tem-
peratures (27,30,58). This feature of the phase diagram has been
exploited to jump both from folding to unfolding conditions, and from
unfolding to folding conditions. All of the folded and partialy folded
states contain a folded core, consisting of the A, G, and H helices
(the AGH core). These interactions between the C- and N-terminal
helices produce species which are all rather compact. The N, I, and
E forms differ in regard to the structure of the remainder of the
sequence, which becomes |l ess structured and more extended as the pH
islowered. Inthe N form, the helices are formed and the tertiary struc-
tureissimilar tothat of theholoprotein; inthel formtheB, C, D, E, and
F helices are formed, but do not exhibit significant tertiary structure;
and in the E form this portion of the sequenceislargely unstructured.
The dynamics of apomyoglobin have been studied using both
temperature jumps from the col d-denatured state which induce fold-
ing and temperature jumps from the folded states. In the former
experiments, folding to N final states was monitored at tempera-
tures between 283 K and 293 K by measuring tryptophan fluores-
cence lifetime data (28-30). The decay kinetics were found to
approach their equilibrium propertiesin a pair of relaxations—one
at 250 nsand one at about 5 pus. The fluorescence lifetime and quan-
tum yield increase in the fast phase and decrease in the slow phase.
A spectroscopic investigation of the phase diagram suggested that
theinitial cold-denatured state in these experiments contains some
residual helical structurein the G and H helices, which is stabilized
by helix-helix interactions, whilethefinal N state containstheintact
AGH core (58). The folding process can therefore be viewed as the
formation of a large looped structure, which is stabilized by the
specific interactions between the A helix and the interacting GH
helices. The rapid relaxation is interpreted as an increase in the
population of unfolded molecules in which the A helix is formed,
protecting Trp-14, and the slower relaxation as the formation of the
AGH corein which the fluorescence is quenched by a close interac-
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tion with Met-131 in the H-helix. Thelater assignment is consistent
with three additional observations. First, the fluorescence changein
the slow phase is abolished by substitution of Met-131 with alanine
(28). Second, the fluorescence lifetime increases in this relaxation
if an efficient quencher is added to the solution. Thus, tryptophan
becomes buried by other hydrophaobic groups and is protected from
guenching by the solvent (28). Third, the lifetime of this relaxation
increases in direct proportion to solvent viscosity (29).
Temperature-jump unfolding studies of the N and E forms of
apomyoglobin in which helix formation is probed by IR spectros-
copy have also been carried out at temperatures between 308 K and
320K (25-27). Unfolding of the N form in D,O can only be studied
at temperatures above 325 K. Temperature jumps on the N state
produce biphasic kinetics (25). The fast phase was found to have a
relaxation time of about 50 ns at 333 K, while the slow phase had
arelaxation time of slightly more than 100 ps. One positive feature
of the IR absorption experimentsis the ability to distinguish differ-
ent secondary structural elements by monitoring the kinetics at mul-
tiple wavelengths at which the absorption spectra of different
structures exhibit peaks. The amplitude of the 50-ns relaxation was
greatest at 1632 cm™, where the A of solvated helices is maximal,
while the amplitude of the 120 ps relaxation was largest at 1655 cm,
where packed helices exhibit maximum A. The equilibrium data
suggest that the cooperative melting process being studied isatran-
sition which primarily involves the melting of the folded core resi-
dues and all of the change in equilibrium amplitude at 1650 occurs
inthe 120-psrelaxation. Similar experimentsonthel form at 303 K
showed only a single fast phase with an A change which peaks at
1632 cm™ (59). This would appear to lead to a straightforward
interpretation of the fast relaxation as the rapid equilibration of
helices which are not stabilized by any significant tertiary interac-
tions (C, D, and F), and the slow relaxation as arising from melting
of the complete folded ensemble, including the core residues. The
authors argue, however, that the 120-us relaxation cannot be
assigned to the melting of AGH core residues because fluorescence
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data suggests that the core residues are still folded in the melted
form at high temperature (60). Based on this result, they propose
that thisrelaxation resultsfrom the melting of the heliceswith inter-
mediate stability (B and E).

A subsequent study of the unfolding of the E-form of apomyo-
globin, carried out at lower temperatures (308-320 K), showed a
similar pair of relaxations (26,27). A 50-ns process with a spectrum
centered at 1630 cm and a 60-s process with a spectrum centered
at 1650 cm™ were observed. While the fast process was again
attributed to melting of helical residues which are not included in
the AGH core, the slow process was attributed to the melting of the
assembled AGH core residues. The weak temperature dependence
measured for the slow process—with an apparent activation energy
of about 4.5 kcal/mol—comparable to that expected from the tem-
perature-dependence of the solvent viscosity (3.7 kcal/moal), pro-
vided additional support for this assignment. The rate of core
formation is estimated as about 10* s using a two-state model.

Therelaxation timesfor core formation measured in the last study
(25-100 ps) are remarkably similar to the 40-ps relaxation time
observed for formation of the met—65-heme loop after CO photoly-
sis of cytochrome C under denaturing conditions (16), a fact noted
by the authors in support of their interpretation. Is it possible that
that the folding pathway to both the N and E forms of apomyo-
globin can be viewed as a simple process of diffusion-controlled
loop formation? To do so, it would be necessary to rationalize the faster
rate for folding from the cold-denatured state as well as the dightly
dower rate of folding for the N state obtained in the high-temperature
melting experiments. Since the GH complex is preformed in the
low-temperature denatured state, the faster rate may be rationalized
by the existence of a larger or more probable target to which the
A-hdlix can bind. The much smaller differences between the formation
rates for the N and E forms may arise from any number of factors,
including differencesin helix propensities and chain stiffness resulting
from differencesin solution conditions and temperature. Additional
studies are clearly required to answer this intriguing question.
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5. Conclusion

The laser temperature-jump technique provides a general and
powerful method for exploring fast kinetics in folding systems.
Although some technical advancesin laser hardware can be antici-
pated—rparticularly in the development of more robust sources of
near-IR light pulses and in pushing the technology to the picosec-
ond time-scale—the fundamental limitations imposed on the pro-
duction of useful temperature jumps by the physical properties of
the solvent may proveto be morerestrictive than the currently avail-
able laser hardware. The prospects of using other probe tech-
niques—including circular dichroism, UV absorption, Raman
spectroscopy, and fourier transform IR spectroscopy (61)—are
brighter. As in stopped-flow experiments, the ability to probe the
Kinetics using awider variety of spectroscopic signals may signifi-
cantly improve the ability to assign kinetic processes.

With the number of rapidly-folding small proteinsincreasing rap-
idly and the number of designable peptide systems virtually limit-
less, itisclear that there are wide applicationsfor temperature-jump
studies. From this brief discussion, the reader may surmisethat it is
less difficult to carry out the kinetic experiments than to interpret
them unequivocally. Most of the studies summarized here utilize
previously characterized systems, or are modest modifications of
well-studied systems. Despite this fact, the efforts required to char-
acterize the equilibrium properties of suitable systems for tempera-
ture-jump studies and to understand the physics of the spectroscopic
probes have frequently outweighed those invested to obtain reliable
kinetic data. For novel systems—for which the equilibrium proper-
ties have not yet been described—this is an even larger problem.
Despite these difficulties, theinformation gathered from these stud-
ies suggests that pushing our knowledge of folding dynamics to
rapid process will prove to be enormously useful. The utility stems,
in part, from the fact that fast folding processes must necessarily be
less complex. This alows them to be modeled using statistical
chemical kinetics models, molecular dynamics models, and simpli-
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fied dynamics models, and these models permit the kinetic details
to be more clearly focused than is currently possible with larger and
more complex systems.
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Kinetics of Conformational Fluctuations by
EX1 Hydrogen Exchange in Native Proteins

T. Sivaraman and Andrew D. Robertson

1. Introduction

Nearly half a century ago, Hvidt and Linderstram-Lang estab-
lished amide hydrogen (NH) isotope exchange as afruitful probe of
structure and dynamicsin proteins (1-4). Rapid growth in the use of
NH exchange over the last 15 yr has followed from advances in
both technol ogy (e.g., multidimensional nuclear magnetic resonance
(NMR) spectroscopy, mass spectrometry (MS) and rapid-mixing
methodologies) and in our understanding of how NH exchange in
proteins is slowed relative to exchange in small peptides (5-11).
Most applications of NH exchange involve one of the two major
types of exchange experiments. These are distinguished by the
population of native protein: the first and most popular type of
experiment involves native protein alone, and the second type is
used to follow exchange during the process of folding or unfolding.
For practical reasons, almost all exchange experiments in proteins
focus on the NHs of the peptide backbone. This chapter focuses on
the exchange of these NHs from the native protein.

The appeal of hydrogen exchangeisfourfold. First, the experiments
are relatively easy to execute. In a typical hydrogen/deuterium
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(H/D) exchange experiment, protein in H,O is dissolved or diluted
into D,0O and the replacement of protein hydrogens by solvent deu-
terons is monitored by NMR or MS. Second, NMR and M S can be
used to monitor exchange simultaneously at many individual resi-
duesin proteins. Third, the replacement of hydrogen by deuterium
has little or no effect on protein conformation and very modest
effects on protein stability. Fourth, a simple kinetic model for slow
exchange in native proteins has proven to be accurate, and thus pro-
vides a robust framework for interpreting exchange data (4). This
model is described in more detail in Subheading 2., but the prin-
ciples of interpretation are introduced here to illustrate the applica-
tion of exchange to studies of protein stability and protein folding.

Investigators typically execute exchange experiments under
solution conditions favoring one of two kinetic limits to the model.
In the EX1 limit, the rate of H/D exchange directly reflects the rate
at which individual NHs are exposed to solvent, whereas the equi-
librium constant of the opening reaction dictates the rate of
exchangeinthe EX2 limit. In general, EX2-type exchangeisapow-
erful method to estimate the relative stability of various regions of
protein molecules. Thisin turn shedslight on the structural basisfor
the thermodynamic stability of proteins at residue-level resolution
(seerefs. 12-21 and Chapter 4). EX1-type exchange has received
less attention over the years, but recent developments suggest that
EX1-type exchange may provide useful information regarding the
kinetics of conformational interconversions. These may occur
within the native state and between the native and denatured states,
even under solution conditions favoring the native state.

Some investigators have recently proposed that rates of H/D
exchange in native proteins may be used to predict the overall chro-
nology of events that occur during protein folding (18,22, and 23).
However, thisis a subject of heated debate (24-27). In this regard,
experimental investigation of both EX2 and EX 1 exchange kinetics
in native proteins may provide useful insight regarding this contro-
versy (28,29). For example, EX1-type exchange has recently been
used to investigate the kinetics of solvent exposure for nearly every
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hydrogen-bonded NH of turkey ovomucoid third domain (OMTKY 3)
under native conditions (30-33). In principle, these types of studies
could be combined with studies of the kinetics of folding and
unfolding to determineif the order of events detected in native pro-
tein is the same. Thisisjust one example of the potential applica-
tion of EX1-type exchange. Overall, EX1 exchange probably
provides more direct experimental accessto the dynamicsof hydro-
gen-bond interactions in native proteins than EX2-type exchange.
Thisfollowsfrom thefact that rate constantsfor EX 1-type exchange
are direct measures of conformational kinetics, while EX2-type
exchange relies entirely on a priori knowledge of the chemistry of
exchange under the experimental solution conditions. Generally, the
most successful approach typically involves acombined analysis of
EX2- and EX1-type exchange.

The mgjor goal of this chapter isto outline the identification and
applicability of EX1-type exchange in native proteins. This chapter
begins with a brief discussion of the basic principles of the H/D
exchange reaction in proteins. Subheading 3. includes two types of
experiments used by our laboratory to examine EX 1-type exchange
in native proteins.

2. Mechanism of H/D Exchange in Proteins

2.1. Kinetic Mechanism for Exchange

Substitution of solvent deuterons for protein-bound protons or
viceversais commonly denoted as H/D exchange. Protons attached
to nitrogen, oxygen, and sulfur atoms are labile to exchange with
solvent hydrogens. In studying the conformational motility of pro-
teins, peptide backbone NHs are generally the most useful probesin
H/D exchange. Thisfollows from the fact that most backbone NHs
areinvolved in hydrogen-bonded structure, which appearsto be the
major determinant of slow NH exchangein proteins. Slow exchange
of hydrogen-bonded and buried NHs is generally interpreted with
the two-state model proposed by Hvidt (4).
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I(op krc
NHq) kz NH — 2 ND @)
cl
According to this model, slowly-exchanging NHs can occupy
only two possible conformations: aclosed state, NH,c,, and an open
state, NH ). The rate constants k,, and k are for the opening and
closing reactions, respectively. Exchange takes place only from the
open state, with the rate constant denoted k.. This s the rate con-
stant for exchange from a random coil conformation, and is gov-
erned by many factors such as protein sequence, pH, temperature,
and denaturant concentration. The value of k. can be predicted
using the method of Bai et al. (34).
According to the model of scheme 1, the observed exchange-rate
constant for slow NH exchange, ke, can be defined as:

Kex = (Kop * Krc)/(Kop * Kol + Kic) 2

For native proteins, one can usually assumethat k,, << kg, inwhich
case Eq. 2 simplifies asfollows:

Kex = (kop k) (Ko + Kye) (3)

The two kinetic limits discussed in Subheading 1. can be derived
from Eq. 3. If ky >> k., then kg, can be expressed as:

Kex = (kop/kcl) Kie = Keg - Krc (4)

where K, isthe equilibrium constant for the opening reaction. This
kinetic limit is known as EX 2-type exchange (pseudo-bimolecular
reaction). In the case where k. >> Kk, then ke, will equal K.

Kex = Kop )

This kinetic limit is known as EX1-type exchange (pseudo-
unimolecular reaction).

For both EX2- and EX1-type exchange, apparent first-order
kinetics are expected. Thevalue of k., can thusbe derived by fitting
the experimental proton occupancy as afunction of timeto asimple
exponential function.
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Exchange data for a given NH are often reported as a protection
factor, P:

P = Ko/Kex = Ka/kop = UK g (6)

Under EX2 conditions, the protection factor is related to the appar-
ent free energy of exchange, AG,,, asshownin Eqg. 7:

AGg, = —RT In (1/P) (7)

where Risthe gas constant and T is the absol ute temperature.

2.2. Molecular Mechanisms for Exchange

The accuracy of the simple two-state model for slow NH
exchangein native proteins has been tested and verified. Thesetests
have taken advantage of the fact that the most slowly-exchanging
NHs in native proteins appear to exchange only upon complete
unfolding (seeref. 35 and Chapter 4). For these NHs, AGy is usu-
ally equal to the free energy of unfolding, AG,°, over awide range
of conditions. These NHstend to beinvolved in secondary structure
and buried in the protein interior.

The amide protons that show more rapid-exchange kinetics are
typically involved in hydrogen-bond interactions at the periphery of
secondary structure and in loops. For these NHs, AG,y islessthan
AG,°. The molecular events that are responsible for exchange at
these NHs are unknown, but they are usually referred to as “local”
fluctuations to distinguish them from the global unfolding reaction
that is responsible for the most slowly-exchanging NHs.

The contribution of global unfolding and local fluctuations to
slow NH exchange can be detected by examining the exchange
reaction as afunction of denaturant under EX2 conditions (seer efs.
36,37 and Chapter 4). Global unfolding isgenerally much more sen-
sitive than local fluctuations to increasing denaturant concentra-
tions. Destabilization by chemical denaturant—or by any other
perturbation such as temperature or pH—Ieads to an decrease in
AG,°. For NHs that exchange by global unfolding, this decreaseis
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mirrored precisely in AGyx (18). In contrast, AG,,x valuesfor NHs
that exchange by local fluctuations are largely indifferent to
decreases in AG,°—at least until it overtakes AGyx. At this point,
global unfolding also becomes the dominant contributor to slow
exchange at these sites, and consequently, AG,x = AG,° (16).

The appeal of EX1-type exchangerelative to EX2-type exchange
isthat it provides relatively direct information regarding the kinet-
ics of conformational motion at individual residues in native pro-
teins(Eq. 5). Systematicinvestigation of EX1-type exchangeisonly
now being conducted, so the information gathered from these stud-
iesislikely to increase steadily over the next few years as we gain
moreinsight into the molecular events that are responsible for slow
NH exchange.

3. Methods
3.1. Strategies for Promoting EX1-Type Exchange

As discussed in Subheading 2., observation of EX1 vs EX2
exchange kinetics depends solely on the rate constants for the clos-
ing, ky, and intrinsic exchange reactions, k. (Egs. 4,5). EX1
exchange occurswhen k. >> ky, and EX2 isobserved when ky >> k.
For example, ky for the most slowly-exchanging NHs—those that
exchange upon complete unfolding—probably corresponds to the
rate constant of folding. For small globular proteins, this may be on
the order of 1000 s (38). Values of k. only exceed 1000 s at
pH >9, so alkaline pH will be needed for the observation of EX1-
type exchangein such cases. For the more rapidly-exchanging NHs,
ky values are likely to be greater, so even more alkaline pH condi-
tions will be necessary for observation of EX1-type exchange at
these sites.

In general, the two basic approaches to observing EX-1-type
exchange are to either accelerate k,. or decrease k. pH and tem-
perature can be used to accelerate k.. At pH >3, Kk, isdominated by
specific base catalysis, so k. increases by afactor of 10 with every
unit increase in pH. Increasing temperature by 10°C leads to an
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approximately threefold increase in k,. (34). Temperature, pH, and
chemical denaturants may be used to reduce k. For the most
slowly-exchanging NHs, perturbations that reduce protein stability
arelikely to do so by decreasing the rate constant for folding, which
iskg for these NHs. On the other hand, one should keep in mind that
these perturbations will also probably increase kg, for these NHs.

This chapter has focused explicitly or implicitly on the role of
protein stability in optimizing conditions for the observation of
EX1-type exchange in native proteins. Any attempt to detect EX1-
type exchange is thus best preceded by an investigation of protein
stability under the solution conditions in which exchange is to be
investigated. In the following sections, varying alkaline pH is the
principal meansfor detecting EX 1-type exchange, so protein stabil-
ity should be determined over this range of pH using thermal or
chemical denaturation (see Chapters 2 and 3). D,0O typically has
small but significant effects on protein stability (39), so stability
studies should be carried out in this solvent.

3.2. Identifying EX1-Type Exchange

How does one distinguish between EX 1- and EX 2-type exchange
experimentally? In favorable cases, the simplest diagnostic is the
pH dependence of exchange. The observed rate constant—Kk,—for
EX2-type exchange—includesk,, so the pH dependence of k. will
also be manifested in the pH dependence of EX2-type exchange
(EQ. 4). In contrast, ke, for EX1-type exchange has no explicit pH
dependence (Eqg. 5). One thus detects a switch from EX2- to EX1-
type exchange with increasing pH by the disappearance of a pH
dependence for NH exchange (see Fig. 1). In redlity, one must be
aware of the possibility that k., and ky may aso be dependent on
pH, and the stability studies discussed previously may provide use-
ful information in this regard.

Another possible experimental indication of a switch from EX2-
to EX1-type exchange is anomalously large values of AGyy (40).
This approach combines data obtained under EX2 conditions,
knowledge of stability under the solution conditions for H/D
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log(k,p) sec™

Fig. 1. Hypothetical pH dependence of exchange depicting a switch
from EX2 to EX1 exchange (solid line) and pure EX2 exchange (dashed
line) for slowly exchanging amide protons. Values of k., were simulated
using Eq. 3 and 0.008 s™* and 2000 s for k,, and kg, respectively. Val-
ues of k.. were calculated using a second-order rate constant for base-
catalyzed exchange of 2.6 x 10°M-1s™ (34).

exchange, and investigation of exchange asafunction of more alka-
line pH. Data for stability and exchange under EX2 conditions—
such asat pH <7—providesinformation on the rel ationship between
values of AG,x and AG,°. Based on these data, knowledge of AG,°
at more alkaline pH isused to predict AG,,x—and consequently, K,
under these conditions—assuming that exchange is still in the EX2
l[imit. We call thisthe “EX2 hypothesis’ (32). If the observed k,, at
alkaline pH is less than the predicted kg, i.e., the observed AG,,x
exceeds the predicted value—then the smplest explanation is that the
EX2 hypothesisisincorrect and one is detecting EX 1-type exchange.
Two other methods to detect EX1-type exchange rely on corre-
lated H/D exchange at multiple NHs (7,28). Under EX 1 conditions,
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the rate-limiting step in H/D exchange is an opening reaction. If
multiple slowly-exchanging NHs are exposed to solvent in the same
opening reaction, then these NHs will undergo correlated
exchange—they will al exchange at the same time. For two NHs
that arewithin 5 A of one another, one may be ableto use NMR and
the nuclear Overhauser effect (NOE) to determineif H/D exchange
at these NHs is correlated (28). For example, if H/D exchange is
correlated, then the magnitude of the NOE will remain constant rel a-
tive to the NH peak intensities. If, however, exchange is
uncorrelated, then the NOE intensity will decay more rapidly than
the NH peak intensities. This method may be technically challeng-
ing because oneistrying to detect relatively small differencesin the
intensities of small NMR peaks.

Electrospray-ionization MS (ESI-MS) can also be used to detect
correlated H/D exchange (7,31). In this case, correlated exchange
resultsin broadening or splitting of M S peaks. The number of mass
unitsrepresented in the broadening or splitting provides an estimate
for the number of NHs involved in the correlated exchange event.
One should recall that both the MS and NOE methods for detecting
EX1-type exchangerely on the assumption that EX 1-type exchange
necessarily leadsto correlated exchange. However, uncorrelated or
partially correlated EX1-type exchange has been observed (31).
Thus, positive results for the MS and NOE experiments are indica-
tive of EX1-type exchange, but negative results are not proof of
EX2-type exchange.

Two different methods for using NMR to measure H/D exchange
at alkaline pH are presented in Subheadings 3.3. and 3.4. Alkaline
pH provides the most straightforward condition for observation of
EX1-type exchange, but the approach is predicated on reasonable
protein stability at alkaline pH. Ample precedent for alkaline pH
stability is found in enzymology, where alkaline pH has been used
for many years in probing acid/base catalysis (41).

The two methods for monitoring H/D exchange at alkaline pH
aredistinguished by the kinetics of exchange. In caseswherethe kg,
is less than about 0.01 s™, one can measure H/D exchange in real-
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time (see Subheading 3.2.). Residue-specific values for k,, and kg
constants are estimated by examining the pH dependence of kg,
(30,31). In our laboratory, these conditions have been met by the
most slowly exchanging NHsin OMTKY 3 and ubiquitin. In contrast,
the more rapidly-exchanging NHs exchange completely in the dead
time of such experiments. Consequently, the quenching strategy
described in Subheading 3.4. is used for estimating residue-
specific vaues of ky, and ky for these NHs, whereloca structural fluc-
tuations rather than global unfolding appear to dominate exchange.

3.3. EX1-Type Exchange for the Most
Slowly-Exchanging NHs

3.3.1. Experimental Procedure

In some cases, EX1-type exchange may be detected by monitor-
ing the pH dependence of H/D exchangeinreal-timeusing 'H NMR
spectroscopy (30). For the following protocol, H/D exchangeisini-
tiated by dissolving lyophilized protein in D,O. For proteinsthat do
not lyophilize well, exchange may beinitiated by diluting proteinin
H,O into arelatively large vol of D,O. A typical experimental pro-
cedure follows:

1. Protein concentration should be optimized, taking into account solu-
bility and the sensitivity needs of the experiment. H/D exchange may
be followed by NMR in a number of different ways, including one-
dimensional (1D) 'H NMR, two-dimensiona (2D) H-H experi-
ments such as correlation spectroscopy (COSY) or total correlation
spectroscopy (TOCSY), and 2D 'H-*N heteronuclear single-
quantum correlation (HSQC) with >N-enriched proteins. Typically,
protein concentrations for 1D and 2D 'H NMR experiments are
= 0.5 mM and 2 mM, respectively, for data acquisition on a
500-MHz NMR spectrometer. Measurement of very rapid exchange
may require higher protein concentrations in order to acquire NMR
data in a shorter time. With °N-labeled protein, the concentration
required for an HSQC experiment can be aslow as0.1 mM. 1D data
may be acquired in aslittle asafew secondsif protein concentration
ishigh and little or no signal averaging is needed, but a moretypical
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acquisition time may be 30-60 s. Relative to 1D NMR data, 2D H
spectratypically take at least 25 times as long to acquire at the same
protein concentration. In general, the best approach isto use tH-1°N
HSQC with pulsed-field gradients, if possible (42,43). Under these
circumstances, good 2D spectra can be acquired in aslittle as 1-2 min.

2. Appropriate buffer solutions should be carefully chosen to follow
the exchange reaction at the desired pH. Two major factors should
be considered: buffer strength and spectral interference. The pK, of
the buffer should be as close to the desired pH as possible. With
regard to spectral interference, 'H resonances from the buffer may
obscure protein NH resonances. Moreover, even in cases where
direct overlap is not a problem, large buffer signals are likely to
degrade the spectral quality. Hence, deuterated or nonprotonated
buffers, such as phosphate or borate, should be used when possible.
The influence of buffer on protein stability should be assessed.

3. Ininitiating the H/D exchange experiment, the protein sample should
be preadjusted to the desired pH prior to lyophilization. The sample
should be lyophilized to constant weight to minimize residual H,0.

4. All NMR data-acquisition parameters should be preset using amock
sample to minimize the dead-time, which isthe time between initia-
tion of exchange and the start of data acquisition. This sample can
also be used to optimize the data-acquisition parameters to achieve
the best compromise between rapid data accumulation and sensitiv-
ity. The experimental temperature can be calibrated using methanol
(180—-300 K) or ethylene glycol (300420 K) standards (44).

5. To minimize the time required for the sample to reach the reaction
temperature, the NMR tube, protein sample, and buffer solution are
equilibrated at the experimental temperature prior to initiating H/D
exchange.

6. H/D exchangeisinitiated by dissolving dry protein in buffered D,O.
The protein sampleisrapidly transferred to the NMR tube, and data
acquisition is started in as little as 1-2 min. To minimize the dead-
time, sample pH is measured after the experiment is complete. This
measurement is essential: preadjustment of buffer and protein pH
assures that the experimental pH will be close to the desired pH, but
precise knowledge of the experimental pH only comes from direct
measurement.

7. H/D exchange kinetics are examined as afunction of time at various
pH conditions. For data acquisition at a given pH, the time interval
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between NMR spectra should be sufficient to sample the decay of
IH intensity at a minimum of five time points. Sampling at more
time points will yield more precise and accurate rate constants.

3.3.2. Data Analysis

Identical processing parameters should be used for al NMR spectra
in aset. Careful attention should be given to proper phasing and base-
lineadjustmentsin the transformed spectra. NH resonanceintensities
can be estimated by measuring peak height in one-dimensional H
NMR and peak height or peak vol in two-dimensional NMR spec-
tra. Ideally, NH intensities should be internally referenced to non-
exchangeable resonances, such as aromatic protons or aliphatic
protons in H spectra. To determine rate constants for exchange,
NH resonance intensity (I) as afunction of time (t) isfit toasingle
exponential function:

I =1, exp(—Ket) + C, (8)

wherel, isinitial intensity, k., isthe rate constant of exchange, and
Cisfina amplitude. This fitting can be performed using commer-
cially available programsthat are equiped for nonlinear least squares
analysis.

The residue-specific k,, and ky can be estimated by fitting the pH
dependence of k., to the following modified version of Eq. 3:

Kex = (Kop* Ky * 10-PKD D) ) / (kg +ky* 10-PKp D)) (9)

inwhich pKp, is the dissociation constant of D,O and pD is pH + 0.4,
where pH is the reading on a glass electrode. k,, is the predicted
second-order rate constant for base-catalyzed exchange (34).

The fits are likely to converge successfully if k., values are
> 0.5k, at the highest pH. On aplot of log ke, vs pH, such as that
shown in Fig. 1, thisisthe point at which the slope is 0.5. Qualita-
tively, the data on such plots should show a systematic decrease in
ke, relative to values expected for EX2-type exchange, as indicated
by the straight linein Fig. 1.
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3.4. EX1-Type Exchange for More
Rapidly-Exchanging NHs

Themaority of slowly-exchanging NHsin anative protein prob-
ably exchange too rapidly to detect by real-time measurements of
H/D exchange at alkaline pH. For these NHs, some type of manual
rapid-mixing or quench-flow type of experiment will be needed.
Manual mixing and quench-flow experiments can be used to deter-
minek,, values aslarge as approx 0.5 and 500 s, respectively. The
guench-flow experiments are performed on specialized instrumen-
tation whichisavailable from anumber of commercial sources. The
general principles of quench-flow experiments are described by
Fersht (41).

Alternatively, saturation- or magnetization-transfer experiments
are feasible in cases where k, values fall between approx 0.1 and
10 s (43,45). In these experiments, protein is dissolved in 90%
H,0/10% D0 (v/v), and NH exchange with solvent is monitored
by perturbations of NH peak intensities when the solvent resonance
is saturated with aradio frequency pulse. In contrast to the quench-
flow experiments, saturation-transfer requires only a single protein
samplefor determining k., at agiven solution condition. Thus, satu-
ration-transfer experiments should be pursued if possible. In fact,
these are useful preliminary experiments, as described here, even
when quench-flow experiments are ultimately needed for accurate
measurements of kg, values.

The rapid-mixing or quench-flow approach takes advantage of
the sensitivity of H/D exchange to pH—values of k. at pH 3.0 are
decreased by six orders of magnitude relative those at pH 9.0. The
general protocol thus involves initiating exchange through rapid
addition of alkaline-buffered D,O to a protein solution, then
exchange for aknown time at alkaline pH, and finally quenching of
further exchange by rapid acidification. The simplest quench-flow
experiment uses three syringes and two rapid mixers (41). Syringes
1 and 2 are connected by mixer 1, which isfollowed by adelay line
whose known vol is under the control of the experimentalist. This
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delay line terminates at mixer 2, which is also connected to syringe
3. For an H/D exchange experiment, syringe 1 contains protein
solution, syringe 2 contains akaline-buffered D,O, and syringe 3
contains acid-buffered D,O. During the experiment, all three
syringes are pushed simultaneously, and the total time of H/D
exchange at alkaline pH, t,, is determined by the speed of the push,
Voush in Ml-s™, and the vol of the delay line, vol in mL: i.e, t =
(VolVguen) S.

In principle, the approach outlined in Subheading 3.3. can be
modified to include this quenching protocol. However, a separate
protein sample will now be required for each time point. For
exchange at a given pH, one is thus likely to consume at least ten
times as much protein as in areal-time experiment. Thisis the best
procedure, if possible, but the constant-time approach described
here provides a reasonable alternative that consumes much less
protein (32,33).

A key feature of the constant-time approach is the use of avery
short and constant time period for exchange at various pH values.
One thus monitors NH peak amplitude as a function of pH. In the
event of EX1-type exchange, NH peak intensities show decreased
pH dependences relative to those expected for EX 2-type exchange.
Eq. 10 describes NH peak intensity, |, as afunction of pH and with
aconstant tg,:

—texkopkblo_(pKD —PH) )
kCI + kblo_(pKD_pH)

where all of the parameters are as described for EqQ. 9.

Thebasic logic of monitoring the amplitude at asingletime-point
can perhaps be best understood by inspection of Fig. 2. The simula-
tionsin Fig. 2A and 2B have been generated using k,,, and k, values
of 140stand 2 x 10% s, respectively, and afixed exchange time of
12 ms. Fig. 2A depicts the time course of H/D exchange at various
pHSs; the vertical line corresponds to 12 ms of exchange. At lower
pH values, where EX2-type exchange dominates, the rate of
exchange is accelerated as a function of base concentration. Asthe
EX1 limit is approached at alkaline pH, the rate accel eration by pH

[ =lgexp (20)
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Fig. 2. Kinetic decay curves simulated at various pHs. (A) Simula-
tions were performed using Eqg. 10 and 140 s and 20,000 s and
1.9 - 103 M-1s for kg, kg, and ky, respectively. A vertical lineis drawn at
te, = 12 ms. (B) Simulated curves of the pH dependence of NH peak inten-
Sty at t,, = 12 ms. The solid curve depicts a switch from EX2 to EX1
exchange at a very alkaline pH, while the dashed curve indicates the
expected amplitudes for pure EX2 exchange.

tapersoff. The solid curve of Fig. 2B showsthe peak intensity at 12 ms
vs pH, and the dashed curve shows the expected pH dependence for
EX2-type exchange. To detect an approach to EX1-type exchange,
onethuslooksfor NH peak intensitiesthat are systematically greater
than those expected for EX2-type exchange.

3.4.1. Experimental Procedure

1. Identification of an appropriate fixed time and temperature for
exchange are key steps. To this end, we use fairly crude saturation-
transfer experiments in which 1D *H NMR data are collected on
protein in H,O and at various temperatures and alkaline pH values.
For these experiments, it is useful to have estimates for the spin-
lattice relaxation time constants—T, values—for the NH reso-
nances. Rough estimates are sufficient for initial studies, and these
can be readily obtained from inversion- or saturation-recovery
experimentsusing 2D 'H NMR (46). Typical T, valuesfor NH reso-

+ 1, 18 A)iSUSIUY PIzIfeuLION
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nances of OMTKY 3 and ubiquitin are about 0.5 s, and these values
are not very temperature-sensitive. For estimation of k., using the
saturation-transfer experiment, the H,O resonance is suppressed by
irradiation with alow-power pulse of relatively long duration, =2 s.
Intensities for cross-peaks involving NH resonances are monitored
as afunction of pH. The relationship between peak intensity, I, and
Koy iS:

M= 1(L + KeTy) (11)

where |5 is NH peak intensity in the absence of exchange; this can
be measured at more acidic pH values. For OMTKY 3 at 30°C and
pH >10, the signals for the most slowly exchanging NHs are visible
inthe 2D NMR spectrum, but those for the more rapidly exchanging
NHs are not. If one assumes avalue of 0.1 for the minimum detect-
able peak intensity, then these results suggest that ke, for these NHs
is>20 s, Quench-flow experiments are needed to determine k, for
these NHs at pH >10.

2. For quench-flow studies of OMTKY 3, the quench-flow device is
equilibrated at the desired temperature with a circulating water bath
prior to loading the syringes.

3. Syringe lisfilled with afreshly prepared 5-mM protein solnin D,O
containing 0.1 M potassium phosphate, 0.1 M perdeuterated glycine
(Cambridge Isotope Laboratories), and 25 mM sodium tetraborate
adjusted to pH 3.0 with concentrated DCI. The sample is prepared
and stored on ice until loaded into syringe 1. The rationale for dis-
solving protein in D,0O is that this reduces the overall vol of D,O
needed for the experiment and the extent of dilution needed to ini-
tiate H/D exchange at alkaline pH. This helps to minimize the con-
centration of protein in syringe 1. At pH 3.0 and on ice, the H/D
exchange reaction is very slow, even for solvent-exposed NHs, so
little or no exchange occurs prior to the experiment.

4. Syringe 2 isfilled with D,O containing 0.77 M NaOD, and syringe 3
isfilled with D,O containing 0.27 M DCI.

5. The desired pH values for akaline H/D exchange are determined
prior to the experiment by titration of the syringe 1 solution with the
syringe 2 solution. The volume of syringe 3 solution needed for the
acid quench is likewise determined by titration of the mixture of
syringe 1 and 2 solutions with syringe 3 solution. Typical volumes
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10.

for studies of OMTKY 3 are 200 pL of syringe 1 soln, 50-160 uL of
syringe 2 soln to cover pH ranging from 7-12, and 250 to 350 uL of
syringe 3 soln.

One possible concern is accurate determination of very alkaline pH
values, especialy in the presence of sodium ion (47). The pH elec-
trode should be calibrated at two pH values that bracket the desired
pH values. Commercial standards are available up to pH 11.0. A
degassed and saturated solution of calcium hydroxide provides a
relatively convenient standard at about pH 12.2; precise pH values
as a function of temperature are reported in the text by Bates (48).
The magnitude of the alkaline sodium effect depends on the type of
electrode, and is often reported by the manufacturer. For good-quality
glass electrodes, this effect typically leads to underestimation of the
true pH by no more than approx 0.1 pH units at pH 12.0.

After the syringes have been filled, some of the syringe solutionsare
passed through the mixers and delay linein “mock” experimentsin
order to establish the proper initial conditions for the experiment.
This necessarily entails the sacrifice of protein solution. In general,
the investigator should be prepared to lose about half of the protein
solution to these washing steps.

The experiments are then executed by pushing known volumesfrom
syringes 1 and 2 through the mixer delay line at a known flow rate,
Vpush in ml-s72. For studies of OMTKY 3, v, is2 mL-s%. Thisflow
rate should be rapid enough to ensure complete mixing. The instru-
ment manufacturer should be consulted regarding the relationship
between flow rate and the efficiency of mixing. For OMTKY 3, the
vol of the delay lineis 24 pL, yielding at,, of 12 ms.

The pH of alkaline H/D exchangeis systematically varied by adjust-
ing the volume of syringe 2 solution, as determined by titration in
step 5. The mixersand delay line usually need to be flushed between
pH points, as described in step 7. To optimize subsequent |east-
squares fitting of the data, the pH range should be sufficient to
describe both a region of full NH peak intensity at lower pH and
significant changesin peak intensity at more dkaline pH (see Fig. 2B).
For OMTKY 3, H/D exchange was measured at about 10.0 values
ranging from pH 7.0pH 12.2.

The resulting samples contain about 1.5 MM OMTKY3in 0.5 mL.
These sampl es should be stored frozen or onice. In subsequent steps,
all samples should be handled identically as much as possible.
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11. Samples are transferred to NMR tubes for acquisition of 2D NMR
data. For OMTKY 3, TOCSY experiments are used. Each two-
dimensional data set is acquired in about 2 h, and consists of 256
blocks of t; data. Each block is the sum of eight transients digitized
in 2048 data points. Theresidual solvent peak is suppressed by irra-
diation of the water peak.

12. A control sample representing complete H/D exchange should be
prepared by manual mixing of the appropriate volumes of syringe 1
and syringe 2 solutions. Thisis followed by addition of the appro-
priate vol of syringe 3 solution. This control sample is essential for
proper quantitativeinterpretation of NH peak intensitiesvs pH; some
residual NH peak intensity is to be expected after complete H/D
exchange because of residual H,O present during the alkaline pH
exchange.

3.4.2. Data Analysis

Data analysis largely parallels that described in Subheading
3.3.2. The constant-time data are fit to Eq. 10. For the fits to con-
verge, the data must describe a low-pH plateau of full NH peak
intensity, aregion of declining intensity at intermediate pH values,
and a plateau or approach to a plateau of nonzero intensity at high
pH (see Fig. 2B). In thisregard, simulations of the EX2 hypothesis
are a useful guide for determining whether or not the data indicate
EX1-type exchange.
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Molecular Dynamics Simulations
of Protein Unfolding/Folding

Valerie Daggett

1. Introduction

Major developments in the last decade have made it possible to
study entire folding pathways at the level of individual residues and
atoms. Thisis largely the result of developments in two areas that
bring together complementary experimental and theoretical
approaches. The first is the use of recombinant DNA methods to
produce small proteins with desirable characteristics for the study
of folding. Thistechnology also allowsthe production of mutantsto
probe the folding process and examine the contributions of indi-
vidual residues to the kinetics and thermodynamics of folding. The
second is the development of molecular dynamics methods and
the parallel advancesin computing that make it possible to simulate
protein denaturation at atomic resolution.

Besides providing an unprecedented view of conformational tran-
sitionsduring protein folding, these developments allow an in-depth
characterization of protein folding/unfolding transition states. For
full elucidation of the protein-folding process, all states along the
pathway must be characterized, including the transient and some-
what nebulous transition state. Until recently, folding studies have
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focused primarily on intermediate statesto piece together pathways.
However, since the demonstration that proteins can fold in a two-
state manner without the formation of stableintermediates (1), more
attention has been directed to the only “state” between the native
(N) and denatured (D) states. The protein engineering method
(P-vaue analysis) is the only experimental technique currently
availablefor probing the transition state in depth, and by combining
it with molecular dynamics simulations, we can obtain an atomic-
level view of these transient protein folding/unfolding states.

In thisway, experiment and theory can be combined to produce a
description of protein folding from the native to the denatured states
of small proteins at atomic resolution. NMR and ®-value analysis
provide the average structures and properties of the ensembles of
molecules that constitute the ground, intermediate, and transition
states. Molecular dynamics simulations provide the structures of
individual molecules over a continuous reaction coordinate. There
is sufficient agreement between theory and experiment where they
meet at discrete conformational states—such as intermediate and
transition states—that the simulated pathways seem reliable. Thus,
experiment takes the lead with information about discrete states,
thereby reveding glimpses into the folding process, while molecular
dynamics simulations provide high-resolution structural and dynamic
information for these states as well as the links between them. This
chapter focuses on the characterization of protein folding transition
states and unfolding/folding pathways by molecular dynamics smula-
tions and describes how the results are validated through experiment.

2. Characterization of the Protein Folding Process

The full characterization of the protein folding process has been
complicated by avariety of factors. Oneisthat the free-energy dif-
ference between the native, denatured, and any other statesthat may
be populated at equilibrium is small (~1-15 kcal/mol). As such,
slight changes in conditions can have profound effects on these
states, their interconversions, and the ability to characterize them
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experimentally. Furthermore, there is no guarantee that a particular
state is relevant to the folding process, even when conditions favor
this state over others. Moreover, as the protein becomes less
ordered, moving away from the native state, the concrete structural
information that can be obtained becomes severely limited. Transi-
tion states are only transiently populated and cannot be studied by
conventional structural techniques. Instead, transition states can
only be studied through kinetics, which also provide the only way
to ensure that any state is relevant to the folding process.

While we would like to describe the folding reaction coordinate
intermsof discrete structures becoming progressively more ordered
during folding, we are not actually dealing with discrete entities.
Instead, we have “ states’ or ensembles comprised of many different
conformations with similar properties. Thisis analogousto thermo-
dynamic states being comprised of many quantum states. Experi-
mentally, then, the average properties of this huge ensemble are
monitored. Given the many weak noncovalent interactions that
define and stabilize proteins, even thermal energy can be sufficient
for conformational interconversions within and between these
states. It is desirable—yet problematic—to make the leap to the
molecular level and discuss these states in terms of specific struc-
ture. To thisend, molecular dynamics simulations of unfolding can
be performed to complement the experimental information, and
these provide a structural framework for interpretation of the data.

2.1. Molecular Dynamics Simulations
of Protein Unfolding

The conformational properties of macromolecules cannot be
studied using the types of anaytical methods suitable for small mole-
cules. Instead, computer simul ation methods are used—particularly
molecular dynamics, which by providing atomic positionsasafunc-
tion of time can provide arealistic and complete picture of protein
motion. The all-atom description of aprotein immersed in a solvent
can provide a detailed picture of the evolution of the system with
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pathways dictated by the forces responsible for protein folding and
stability. All interactions—both native and nonnative—and collec-
tive ensembles of conformations can be generated. Therefore,
molecular dynamics simulations represent another approach that can
both complement and extend the information about the folding path-
way, so that links between the discrete conformational states probed
experimentally may be elucidated. All of this is predicated on the
ability of the simulations to reproduce the properties of experimen-
tally targeted ensembles.

The technique of molecular dynamics requires a well-defined
starting structure and a potential energy function with parameters
derived to reproduce structures and energy trends in various model
systems. During the simulation, the atoms move as a result of their
own kinetic energy and the forces exerted upon them by all other
atoms. One can then monitor specific interactions both geometri-
cally and energetically to investigate structural transitions and the
mechanism by which they occur. The results of amolecular dynam-
ics trgjectory can be viewed as a movie. This process reveals tre-
mendous detail about the conformational transitionsthat amolecule
undergoes, the interactions that stabilize a structure, and the influ-
ence of solvent on the dynamics. Given the absolute importance of
solvent in determining the conformational properties of proteins, it
is imperative to include solvent in the simulation to realistically
model denaturation (see Fig. 1).

This general approach has been used to study the unfolding pro-
cess and characterization of predominantly early unfolding events,
including the properties of transition states (2—10) and intermediate
states (11-18), the details of the unfolding process (11, 19-26 and
the refs. cited above), the energetics of folding (27-30), and more
recently the denatured state (6,10,31-32). Most unfolding simula-
tions have employed high temperature to destabilize the native state,
but simulations including chemical denaturants are becoming more
common (14,24,26). It is also possible to take structures from
unfolding simulations, return them to folding conditions, and
observe folding events such as hydrophobic collapse and secondary
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Fig. 1. Setting up a high-temperature molecular dynamics simulation,
using CI2 as an example.

structure formation (14,33,34). Unfortunately, the pis simulation of
Duan and Kollman (34)—currently the longest simulation per-
formed to date by two orders of magnitude—failed to observe fold-
ing events not accessible on the ns time-scale (14,33). Because of
these severe sampling limitations under folding conditions, we must
focus on unfolding events.

There are numerous advantagesto studying unfolding as opposed
to folding. Simulations begin from a well-defined starting structure—
a crystal or nuclear magnetic resonance (NMR) structure—which
improves the odds of sampling relevant regions of conformational
space. Another advantage to studying unfolding isthat the full reac-
tion coordinate from the native to denatured states can be explored.
The temperatures employed to unfold the protein are typically very
high (498-600 K or 225-327°C). It isimportant to notethat if oneis
careful to set the solvent density to the experimental value of the
temperature of interest, then the excess pressure can be reduced and
thewater will remaininliquid form up to 498 K. While these condi-
tions are severe, a 200° increase in temperature from 298 — 498 K
corresponds to a ~30% increase in the atomic velocities. Recent
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studies also demonstrate that the pathway of unfolding istemperature-
independent—temperature increases merely accelerate the process
(35,36). Because of the improved sampling under denaturing condi-
tions and the diminished probability of becoming trapped, multiple
unfolding simulations can be performed in which relevant regions
of conformational space are sampled—a processthat provides more
information than a single longer “folding” simulation. In monitor-
ing unfolding, several trajectories are generally sufficient to infer
information about a protein system, although one must take carein
generalizing results from one or a handful of simulations. The
unfolding processis of interest because of the connectionswith pro-
tein degradation and disease and the principle of microscopic
reversibility dictates that the pathways of folding and unfolding
must be the same under the same conditions. Therefore, the mecha-
nism of folding can be explored from both directions, and informa-
tion obtained from the study of unfolding can be used to understand
the mechanism of folding.

As with experiment, the study of transition states presents prob-
lems for simulation studies. The transition state for folding/unfolding
is an ensemble of high free-energy structures. Unfortunately, even
if areasonable unfolding pathway can be simulated with molecular
dynamics, the calculation of free energies for such a complicated
process is not possible. So, we rely on structural properties—the
strength of force-field methods—to identify the transition statein a
simulation. Using this approach, structural attributes of the transition-
state ensembl e can be precisely delineated, yet thereisno guarantee
that the ensembleidentified isthe state of highest free energy. Since
the transition state is kinetically and thermodynamically unstable,
we expect the structure of the protein to change rapidly once it
passes the mgjor transition state. Therefore, we define the major
transition state in the simulations as the ensembl e of structures popu-
lated immediately before the onset of alarge structural change. The
easiest way to find the transition-state regions is through a confor-
mational cluster analysis(2,3) as discussed further in Subheading 3.1.
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for chymotrypsin inhibitor 2 (Cl2). Because we cannot determine
free energiesin an unrestrained MD simulation, the current defini-
tion of the transition state—as written—is not precise or rigorous,
thus making extensive comparison with experiment essential. Also,
because of sampling limitations with molecular dynamicsindividual
simulations are not expected to capture al of the features of the true
conformational ensemble examined experimentally.

2.2. Protein Folding/Unfolding Transition States

The transition state of protein folding/unfolding differs from an
elementary chemical reaction in many ways. First, low-energy
nonbonded interactions are broken in the transition state, instead of
the covalent bonds characteristic of a chemical reaction. Secondly,
there may be many energy barriers along a single unfolding path-
way. If one barrier has a much higher activation energy than the
others, thisreaction step will be rate-limiting and, by convention, is
considered the transition state of the overall reaction (37). Thirdly,
chain conformational entropy is the main driving force for unfold-
ing. The delicate balance of enthal py and entropy makes the folded
state of a protein stable under one set of conditions and unstable
under another. In addition, the importance of entropy meansthat the
major transition state is the ensemble of structures with the highest
free energy.

Another consideration is that there are many possible pathways
from the native to the unfolded state. Some of these pathways may
be energetically similar and of equal importance; thus, the structure
of the transition state may not be unique. Even if only asingle path-
way is accessible under certain conditions and one can identify the
transition state for the overall process, the transition state will be an
ensemble of structures. Thisisanalogousto asimple chemical reac-
tion that has arelatively flat and broad saddle-point region, both in
the direction along the reaction coordinate and the direction perpen-
dicular to it. The transition state in protein unfolding potentially
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N

Reaction Coordinate

Fig. 2. Schematic representation of how increases in enthalpy during
unfolding in the absence of large changes in entropy can lead to a free-
energy maximum, and thus transition state.

involves the entire protein and, in any case, will not be localized to
aparticular bond asin a chemical reaction.

Nearly all of the protein transition states studied to date are rela-
tively structured and native-like, but with disrupted packing. Given
such a scenario, the free-energy maximum of the transition state
can be explained by an increase in enthalpy combined with only a
minor increase in entropy relative to the native state. Disruptionsto
the packing of the molecule in the transition state lead to increases
in enthalpy. If these disruptions do not lead to severe differencesin
the structure, particularly the main chain, then the increase in
entropy should be minor. In addition, a modest increase in protein
entropy at this stageis countered by adrop in water entropy caused
by exposure of some nonpolar groups. This situation should lead to
afree-energy barrier. Upon further unfolding, main-chain and side-
chain entropy will increase, thereby lowering the free energy again.
Such atrade-off of effectsis depicted schematically in Fig. 2.
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2.2.1. ®-Value Analysis for Detailed Characterization
of Transition States

Protein engineering techniques have had a profound effect on the
protein-folding field. For example, one can now easily introduce
spectroscopic probes into a protein, thus providing the means to
monitor the folding process when it may not have been possible
previously. However, a more comprehensive mapping of the fold-
ing process can be obtained by systematic study of the energetic
consequences of introducing mutations throughout the protein—
termed the protein engineering method or ®-value analysis. Since
one evaluates the effects of mutations by both kinetic and equilib-
rium experiments, the method yields valuable information about
transitory states relevant to the folding/unfolding process, such as
transition and intermediate states. The mutations act as probes, so
that the structure at the site of mutation can be inferred from the
energetics. More specifically, characterization of a structure of
interest is based on a ratio of the destabilization energies upon
mutation: ® = AAGyg p / AAGy_p (see ref. 38, and Fig. 3). Con-
sider acase where, in the transition state of unfolding, the structure
of the protein at the site of mutation is the same as in the native
state. Then, the protein isimmuneto the effect of the mutation until
after the mgjor transition state, and the transition state is destabilized
by exactly the same amount as the native state—that is, AAGyg p =
AAGy_p and @ = 1 (thisis depicted schematically in Fig. 3). Con-
versely, a @ value of 0 means that the structure of the transition
state at the site of mutation isthe same asin the denatured state (see
Fig. 3). Intermediate values represent structures that are partially
unfolded in thetransition state (or amixture of folded and unfolded).

There are anumber of assumptions associated with this approach.
Thefirstisthat structureisinferred from energetics. While we know
that structure and energy must be linked, they are not linearly
related. The precise mathematical relationship between the two is
unknown—which is mostly a problem in interpreting partial ® val-
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® = AAGgp/ AAGyp =1 D = AAGg p/ AAGy =0

Fig. 3. Schematic representation of the protein engineering approach
and how structure isinferred from energetics.

ues. Another assumption isthat the mutation merely examines what
occurs in the wild-type transition state (or intermediate). As such,
the mutation should not change the pathway of folding/unfolding or
introduce new interactions. Therefore, the choice of mutations is
critical. In general, nondisruptive, conservative changes are desired.
Nonetheless, the fundamental approach appears to be sound based
on the consistency of the results of multiple mutations both at asite
and around a site.

The protein engineering method and ®-value analysis of transi-
tion states is gaining popularity, and has now been applied to sev-
eral systems. barnase (37—42), chymotrypsin inhibitor 2 (CI2)
(39,43-46), barstar (47), CheY (48), FKBP12 (8), the activation
domain of procarboxypeptidase A2 (49), the SH3 domains of
a-spectrin (50-51), and Src (52), A repressor (53), protein L (54),
and p13sucl (55). These studies suggest that the transition state is
native-like, and they also provide site-specific information regard-
ing the integrity of interactions in the transition state. However,
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although ®-value analysis provides extensive information about the
transition state, combining it with molecular dynamics simulations
can take it a step further to obtain structures to go with the energet-
ics. Simulations can supplement the information obtainable from
experiment and address the validity of the assumptions.

2.3. The Denatured State: The End Point of Unfolding

A complete description of the folding process cannot stop with
the transition state, even in atwo-state system. Characterization of
the denatured state is also required. Advancesin NMR have madeit
possible to obtain unprecedented information about the denatured
states of proteins (see reviews 56-58 and the original studies
59-79). These studies have demonstrated that the denatured state is
best described as an ensemble of conformations interconverting
much faster than 10° s™. The structures that comprise this ensemble
do not usually represent all—or arandom sampling—of conforma-
tional space. Instead, they display structural preferencesreferred to
asresidual structure. The extent and nature of the residual structure
varies with the protein and the environmental conditions, and typi-
cally involves the formation of transient hydrophobic clusters and/
or residual but unstable secondary structure and turn structures.

While these experimental methods have revolutionized our view
of the denatured state, the data cannot be transformed into molecu-
lar models, and they generally only yield limited amounts of infor-
mation about the actual molecular details of the motion experienced
by aprotein. Therefore, as with transition states, theoretical studies
are needed to better elucidate the properties of the denatured ensemble.

3. Protein Folding at Atomic Resolution:
Combining ®-Value Analysis, Molecular Dynamics
Simulations, and NMR

From the preceding discussion, the complementary and even syn-
ergistic nature of experimental and simulation studies should be
evident. Experimental reports describe the average properties of a
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large ensemble (approx 101’—10%° molecules), typically over time.
Molecular dynamics simulations, on the other hand, provide detailed
information for a single molecule, a component of the ensemble. A
combination of these approaches can provide a more complete pic-
ture of folding, and can aso take advantage of the strengths of the
different methods. For example, experiment provides averages that
may or may not adequately reflect the true properties of an indi-
vidual protein, despitethe fact that such results are always discussed
in these terms. Also, the experiments cannot provide molecular
structures. Molecular dynamics simulations can provide such infor-
mation but the simulations are meaningless without the link to
experiment. Thus, theinterrelated nature of simulation, in assessing
the assumptions of the protein engineering method and providing
structuresto augment the energetic description, and experiment, and
in judging whether the simulations are reasonable, provides more
confidence in the resulting information about folding. This combi-
nation yields tested and testable molecular models of states that
evade characterization by conventional methods. This chapter
explores the combined use of these methods to map folding/unfold-
ing pathways at atomic resolution using chymotrypsin inhibitor 2
(Cl2) as an example. This protein represents the most thoroughly
studied system for folding from both the experimental and theoreti-
cal points of view.

3.1. Chymotrypsin Inhibitor 2: A Test Case

Cl2 contains 64 residues, of which thereisasingle a-helix and a
mixed parallel and antiparallel B-sheet (Fig. 4). ClI2 was the first
protein shown to fold in atwo-state manner (1), and it is agood model
for studying elementary folding events. As atwo-state folding pro-
tein, characterization of thetrangition stateiscrucial, sinceit represents
the only observable sp between the native and denatured end points:

D25 N

Also, because of itslack of subdomainsand relatively uniform struc-
ture—with essentially the entire chain contributing to a single mod-
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Fig. 4. The main-chain fold of CI2 with secondary structure labeled.

ule of structure—CI 2 represents abasic folding unit, or foldon (80).
Our task isto characterizethe native, transition, and denatured states
by both experiment and simulation, and to use the simulations to
connect these states for afull description of the folding pathway.

3.1.1. The Native State of CI2

An important and necessary first step in simulating protein
unfolding pathways is a demonstration that simulation of a protein
under native conditions—using the same force field and protocols
as will be used for denaturation—reproduces the native fold,
dynamic behavior, and other properties that define the native state.
In order to test whether one can perform long and restraint-free MD
simulations from either the crystal or NMR structure and reach an
equilibrium structure that would satisfy the observed nuclear
Overhauser effect cross-peaks (NOES) indicative of closeH ... H
distances, along native-state simulation of CI2 was performed. The
solvated protein was simulated for 5.3 ns (5.3 x 10° time-steps) at
298 K in water (81). The backbone stayed near both the crystal and
NMR structures (within ~1.5 A Ca root mean square deviation
[RMSD]). In fact, a more recent 35-ns native simulation of CI2
yields similar results; the Ca RMSD remains< 2 A, and the RMSD
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of the core (excluding the active-site loop and N-terminus) is
~0.8-1 A (see Fig. 5) (36). The MD simulation reproduces the
majority of the experimentally measured coupling constants, short-
and long-range NOEs, and the amide hydrogen-exchange behavior.
Interestingly, the loop that binds in the protease active site is quite
mobile, and this heightened mobility isin agreement with the results
of NMR relaxation experiments (81-82, and Fig. 5).

3.1.2. The Transition State of CI2

The folding - unfolding of CI2 fits a two-state model both
kinetically and thermodynamically (1). The structure of the transi-
tion state of folding/unfolding has been studied with a variety of
techniques, including a ®-value analysis using >100 mutations
spanning the length of the protein (43-45). In addition, both unfold-
ing and refolding were investigated under a variety of conditions,
and the results are independent of direction, indicating that the tran-
sition states for folding and unfolding are equivalent.

Thereisan increase of approx 40% in the solvent-accessible sur-
face area of the transition state of CI2 relative to its native state, as
judged by B+ (43). Roughly 50% of the hydrophobic residues are
buried in the transition state—ACprs p)y/ACpn_py = 0.5 (83). A plot
of the change in activation free energy of unfolding (AAG+g ) VS
the change in the folding free energy (AAGy_p) upon mutation fits
well to a Bransted plot with a slope of 0.7 (39,46), suggesting that
~30% of the extent of side-chain interactionsareintact in the transi-
tion state. The folding of CI2 is highly cooperative by a variety of
measures, demonstrating the tight link between secondary and ter-
tiary structure throughout the protein. For example, hydrogen

Fig. 5. (opposite page) (A) The Ca root-mean-square deviation from
the crystal structure of CI2 as a function of simulation time for all resi-
dues and excluding the active site loop and N-terminus. (B) The calcu-
lated and experimental (Shaw et al., 1995) S? order parameters reflecting
main-chain mobility. Mobility of the N-H bond vectorsincrease as the $?
values decrease.
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exchangein Cl2, as probed by increases in denaturant and tempera-
ture, indicates that exchange behavior is the same for al of the
hydrogens and that they merge with the global unfolding reaction at
high denaturant concentration (83). Real-time NMR folding experi-
ments show that all of the peaks throughout the protein appear at
identical rates (84). Furthermore, these rates mirror that of global
folding as monitored by stopped-flow Trp fluorescence.

These overall features of the transition state can be supplemented
by the more site-specific information that can be obtained from a
®-value analysis. The ®-valuesfor Cl2 tend to fall between 0.2 and
0.5 (43-45). Some values are higher; these are for residues in the
o-helix—particularly at the N-terminus, and residuesin the (3-sheet
that dock to the helix.

In an attempt to obtain molecular models for the transition state
of folding/unfolding of CI2, four unfolding simulations of CI2
(beginning from the crystal structure and various NMR structures
and termed MD1-MD4) were performed, and atransition state was
identified from each (see Fig. 6). The simulations were done in par-
allel with the experimental studiesin ablind manner—performed as
predictionsrather than fitsto experiment. Thetransition statesiden-
tified in the four independent simulations (TS1-T$4) are similar
overall, and the unfolding pathways only diverge past the transition
state (seeFig. 6). Thetransition states have the following character-
istics: the hydrophaobic coreis considerably weakened; the second-
ary structure—particularly the 3-sheet—is frayed; and packing of the
secondary structureis highly disrupted. (see Fig. 7). The overal struc-
ture of thetrangition stateis closer to the native than the unfolded state.

For comparison with the experimental ® values, “computer-
mutations” were made to the transition-state structures, and the
difference in packing contacts between the wild-type and mutant
proteins in the transition and native states were evaluated to deter-
minea®,,p value (2). Thisapproach provides good agreement with
experiment for the 11 hydrophobic deletion mutants described by
Jackson and colleagues (43); the correlation coefficient for com-
parison of ®,,, and the experimental ®-valuesis 0.88 for the most
thoroughly studied transition-state model, TS1. In fact, the best
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MD1, MD2, MD3, MD4 MD1

Fig. 6. The conformational clustering projections used to identify pos-
sible transition-state regions for CI2. On the left is an overlay of thefirst
ns of four simulations showing how divergence in pathways occurs after
the major transition state. On theright is a projection for asingle simula-
tion, MD1. The clustering projection is areduction of the dimensionality
of the RM S deviations between all structuresin asimulationwith all other
structures (i.e., 15,000 x 15,000 for a 3 ns simulation). The distance
between the points is approximately equal to the actual RMS deviation
between the structures. Similar structures, regardless of time, form clusters.

agreement with experiment is obtained when the four transition
states are pooled (R = 0.94), highlighting the fact that the transition
stateisan ensembl e of related structures (3). In more recent studies,
we evaluate only the structure of the wild-type transition-state struc-
tures, which allows us to test the assumption that the mutations are
merely probes of what occurs in wild-type protein. The structure of
the wild-type transition state can be evaluated semi-quantitatively
using local structure indices, termed Svalues. For each residue, an
Svalue is calculated that is a product of the local percentage of
tertiary and secondary structure in the transition-state structures
relative to the native state (4). The calculated S values agree well
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TS3 TS4

Fig. 7. Secondary structure and packing interactions in the transition-
state models of CI2.

with the experimental values (see Fig. 8) across the protein, giving
acorrelation coefficient of 0.9. The agreement lends support to the
assumption that the protein engineering approach does not dramati-
cally change the folding process, and can report on the behavior of
the wild-type protein. Also, we note that independent unfolding
simulations of ClI2 by Lazaridis and Karplus (7) using a different
forcefield are consistent with the results described here.

Despite the good agreement between simulation and experiment
for the transition state of folding/unfolding of CI2, the high tem-
perature used in the simulations and the limited sampling are cause
for concern. For example, Oliveberg et a. (85) have shown that the
transition state of ClI2 becomes more native-like at high tempera-
ture, demonstrating the value of further experimental tests of the
simulations. To do so, the simulated structures of the transition state
were used to design faster folding mutants of CI2. The models pin-



Molecular Dynamics Simulations 233

1.4 ) —~
1.3 La_J B1 Bi’ B3
1.2
1.1
1 -
0.9
0.8 1
0.7
0.6
0.5
0.4
0.3 1
0.2 1
0.1
0

Phi or S Value

T T T y T

0 5 10 15 20 25 30 35 40 45 50 55 60 65

Residue Number

1.4

S Value

Phi Value

Fig. 8. Comparison of experimental ®-values and the average calcu-
lated S values for the CI2 transition state. The average is taken over the
TS1-TS4 ensembles.

point a number of unfavorable local interactions at the carboxyl-
terminus of the a-helix and in the protease-binding loop region of
Cl2. Thus, the prediction is that if unfavorable interactions are
removed via mutation, folding will become more rapid.
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Fig. 9. Unfavorable electrostatic interactions in the transition state of
Cl2 (a negative charge at the C-terminus of the helix and charge repul-
sion in the active-site loop).

Thefirst region investigated was the C-terminus of the helix. Asp 23
stabilizesthe native protein by creating asalt bridgewith Lys2. Y et
the presence of an aspartate at this position in an isolated helix is
destabilizing through unfavorable interactions with the carbonyl
groups at the end of the helix—the helix macrodipole. The smulated
transition state effectively hasan isolated helix when thissalt bridge
isbroken (seeFig. 9). A DA23 mutation is predicted to fold faster than
wild-type CI2 through stabilization of the transition state for fold-
ing. Thisis demonstrated as the refol ding rate constant increases from
56 for wild-type, to 84 s for DA23 (86) (see Fig. 9). These increases
are especialy significant considering that overall destabilization of
Cl2 generdly leadsto adecrease in the rate constant for folding (87).

The second region (the minicore) investigated contains a cluster
of positive charges, comprised of Arg 43, Arg 46, Arg 48, and Arg 62
(see Fig. 9). The hydrophobic side chains of these residues stack,
leading to their guanidinium groups being close to one other and
causing electrostatic strain. This strain is partly relieved by a net-
work of hydrogen bondswith the carboxylate of the C-terminal resi-
due, Gly 64, in the native state. This loop region is expanded and
more loosely packed in the transition state (see Figs. 7 and 9). The
transition-state models show three or four of the Arg residues in
proximity, and the native salt bridges and favorable ionic interac-
tions are not well-formed. The removal of some of the unfavorable
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electrostatic interactions between the positively charged
guanidinium groups, and improvement of nonpolar packing in the
region, would therefore be expected to stabilize the transition state.
An RF48 mutation was made, and the rate of folding increased from
56 to 2,300 s to yield the fastest folding form of CI2 thus far.

The mutations described here, and others (see ref. 86) were
designed to yield faster folding versions of ClI2 based solely on the
MD-generated transition-state models. Removal of unfavorable
interactions identified in the models increased the rate of folding.
This completes the cycle by first performing the simulations and
experiments separately, by comparing the results and showing the
complementary nature of the two approaches, and finally by mak-
ing predictions based on the model structures and testing those pre-
dictionsin the lab.

3.1.3. The Denatured State of CI2

The denatured state of Cl2 islargely unstructured, as probed by
NMR studies of the full-length protein under different conditions
and various fragments (88-91). However, there appears to be some
tendency for very weak native helical structure and someweak clus-
tering of hydrophobic residues, particularly near the center of the
protein—as revealed by deviations in NMR chemical shifts from
random coil values. The 3Jy.cq 1 COUpling constants are 7.2, on
average, and relatively constant along the sequence, suggesting that
there is no residual structure or that the residua structure is weak
enough to be averaged out. Also, the pK, values for the acidic resi-
dues are weakly perturbed from their valuesin model compounds—
0.3 lower—suggesting that there are some weak electrostatic
interactionsin the denatured state (92). For comparison, the pK_s of
these residues are ~2 unitslower in the native state. Thus, the avail-
able experimental evidence suggests that there may be some very
weak residual structureinthe denatured state of CI2, butitislargely
unstructured and expanded.

The simulations described here, addressing the transition state,
were carried out until the protein unfolded to investigate the nature



236 Daggett

Fig. 10. The denatured state of CI2 is very expanded, with some
dynamic hydrophobic clusters and some residual native helical structure.
The structure is a 3-ns snapshot from the MD1 simulation of CI2.

of the denatured state. The simulated denatured state is expanded
with little persistent secondary structure and few tertiary contacts (see
Fig. 10). There is some dynamic, residual native helical structure,
but the B-sheet istotally destroyed in all simulations. There are some
dynamic hydrophobic clusters in the denatured ensemble, and the
more persistent ones are found in the center of the protein (seeFig. 10).

The 3Jyy.cq 1 COupling constants were cal culated from the simu-
lationsfor the denatured state ensembl e from the average g dihedral
angles (93). The range of values (6-10 Hz) isthe same for both the
smulations and the NMR data, with average valuesof 7.4 and 7.2 Hz,
respectively. Simulation and experiment failed to show a decrease
in the coupling constants in the areas of residua structure. These
values demonstrate how an experimental observable may not reveal
residual structure when averaged over an entire ensemble.

Besides the secondary structure, the experimental studies also
suggest that there is hydrophobic clustering between residues lle
29-11e 37, based on the high number of NOES and various chemical
shift values (88,91). This region of CI2 is highly hydrophobic (the
sequence is [IVLPVGTI). In the native protein, this region encom-
passes the C-terminal half of B-strand 1 and part of the active-site
loop. In the simulations, this region makes anumber of local hydro-
phobic contacts aswell aswith other more distant hydrophobic resi-
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duesin the molecule. A representative denatured structure of Cl2is
displayed in Fig. 10 with the hydrophobic interactions in the 29-37
region highlighted. The hydrophobic interactions within thisregion
facilitate formation of the turn coming from B-strand 1 into the
active-siteloop, which triggers formation of the active-siteloop and
hydrophobic minicore.

3.1.4. Summary of the Folding Pathway
of Chymotrypsin Inhibitor 2

Both experimental and theoretical studies have been undertaken
in an attempt to characterize the transition state of protein folding/
unfolding of chymotrypsin inhibitor 2. The two methods generally
produce quite similar results. Both methods indicate that there is
partial structure formation in the transition state: the ® values are
intermediate between valuesindicative of fully formed or fully dis-
rupted structure. The a-helix is the most structured region of the
protein, although it is very mobile. The 3-sheet is substantially dis-
rupted, with essentially complete loss of structure at the periphery
away from the core (Fig. 6). Furthermore, both the experiments and
simulations suggest that there is a single family of transition states
as opposed to parallel pathways and parallel transition states.

It has been proposed that Ala 16 is a nucleation site in folding
(87,94). The simulations provide some clues as to what may be
occurring in the vicinity of this residue during the folding process.
Ala 16 retains some native interactions with neighboring core resi-
dues, most notably with Leu 49 and lle 57, although packing con-
tacts are diminished relative to the native state. While these
interactions may indicate that the a-helix is docked onto the [3-sheet
in the transition state, the transition-state models indicate that the
docking involves only a portion of the -sheet. The ® value analy-
sis supports this idea, as only Ala 16, Val 19, and Leu 49 have ®
values =0.5 (Fig. 8). In the case of Val 19 the high value is aresult
of very local packing effects on the surface, which are unrelated to
folding per se (3). Interestingly, thereis strain between Ala 16, Leu 49,
and Ile57 inthefolding nucleus of CI2, whichisrelieved during the
process from the native to the transition state (86).
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Fig. 11. Residues important in the transition state (A 16, L49, and 157)
only come together in the transition state.

The overall picture from the experimental and theoretical studies
isthat CI2 folds by a nucleation-condensation/coll apse mechanism.
As suggested by the ®-value analysis and demonstrated directly in
the simulations, expansion and loss of secondary structure occur
concomitantly (3). Particular patches on the a-helix and the 3-sheet
are important in nucleating the core, and structure is looser radi-
ating away from this area (Fig. 7). Subsequent events in folding
involve condensation about this region, which in turn leads to con-
solidation of secondary structure. These patches of structure do not
exist in the denatured state (see Figs. 10 and 11) and fragment stud-
ies show that thereislittle drive for local structurein the denatured
state (87,89). Instead, the nucleation site remains embryonic until
sufficient long-range contacts are made. These patches of structure
only cometogether in or near thetransition state (seeFig. 11). Given
the nonlocal nature of these tertiary contacts, they are necessarily
linked to secondary structure for productive folding to occur. After
coming together, the collapse and condensation of structure around
these patches are rapid.
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4. Conclusions

It is now possible to use molecular dynamics simulations to elu-
cidate protein-unfolding pathways at atomic resolution. The result-
ing pathways and associated conformational ensembles are in both
qualitative and quantitative agreement with experiments that exam-
ine both unfolding and refolding. Furthermore, the simulations can
be used to design faster folding proteins. The goal of these simula-
tions is to sample experimental relevant regions of conformational
space—a reasonable goal, since real proteins do not sample all of
conformational space. However, while the simulations can provide
exquisite detail for dominant components of the conformational
ensembles explored experimentally, they severely undersample
conformational space relative to experiment. In any case, the com-
bination of ®-value analysis, NMR, and molecular dynamics simu-
lationsis highly synergistic and provides an unprecedented view of
protein folding and unfolding.
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