VOL. 14, 335451 (1975)

BIOPOLYMERS

Static and Dynamic Quenching of Protein
Fluorescence. I. Bovine Serum Albumin
ISAAC FELDMAN,* DOLORES YOUNG,t and ROBERT AIcGUIRE,tt
Department of Radiation Biology and Biophysics, School of Medicine and
Dentistry, University of Rochester, Rochester, N e w York 14642

Synopsis
The fluorescence parameters, lifetime, relative quantum yield, maximum and mean
wavelength, half-width, and polarization, of bovine serum albumin (BSA) were measured
a t 15°C in aqueous solutions containing varying concentrations of different chemical
perturbants, glycerol, Cu2+ ions, guanidine hydrochloride, and urea. By considering a
quenching mechanism as being either dynamic or static, depending upon whether the
quenching is or is not accompanied by a change in the fluorescence lifetime, we were
able to correlate the changes produced in the various fluorescence parameters by the
different chemical perturbants with changes in macromolecular structure as the concentration of perturbant was gradually increased. The addition of glycerol and of C u 2 +
ions indicated that in aqueous BSA both tryptophan residues are below the surface of the
macromolecule, out of contact with solvent water, and, as a consequence, they are statically quenched. “Ultra-Pure” guanidine hydrochlorida a t 2.4 Jf or more caused a
drastic conformation change, which resulted in the emergence of a visible tyrosine peak
a t 304 nm in the BSA fluorescence spectrum when either 260- or 270-nm excitation was
employed. With the same excitation, the enhancement of BSA tyrosine fluorescence by
6-8 M ultra-pure urea produced only a shoulder near 304 nm in the BSA fluorescence
spectrum. We have introduced the use of a new relative quantum yield for protein
fluorescence, q’, referenced to the quantum yield of unquenched free tryptophan, which
eliminates the quenching action of water from the reference.

INTRODUCTION
It is well known that the intrinsic fluorescence of proteins emanates from
tyrosine and tryptophan residues’ and that it supplies a very sensitive
means of studying internal protein structure and changes therein.2 Its
use, however, has been almost entirely empirical, because the wide variation in the microenvironment of protein fluorophores makes theoretical
analysis almost prohibitively complex. Cowgil13has classified fluorescent
protein. tryptophan and tyrosine residues in terms of their exposure t o
aqueous solvent and t o the various known quenching agents inherent in a
protein, e.g., peptide carbonyl, disulfide, phenolate, and carboxyl groups.
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More recently, Burstein et aL4put forth a model for the distribution of the
fluorescent tryptophan residues in proteins based on three discrete spectral
classes: I-buried in nonpolar regions with emission A,
= 330-332 nm;
11-on the surface but in limited contact with solvent water, which is
probably immobilized by bonding a t the macromolecular surface, u ith
A,,
= 340-342 nm; and 111-completely exposed to water, with emission
A,
= 350-352nm.
Our own investigation of the fluorescence of bovine serum albumin
(BSA) gave results that contradict the model of Burstein et al. We have
studied t h e effect of several chemical perturbants (glyccrol, Cu2f ions,
urea, and guanidine hydrochloride) on the fluorescence properties (quantum yield, lifetime, polarization, spectral positions, and half-n idth) of
BSA, which is one of the 27 proteins studied by Burstein ct al. By assuming additivity and mutual independence for the spectral contributions
of their three classes of fluorescent tryptophan residues, these authors calculated that in BSA all of the tryptophan fluorescence issues from surface
residues, 80% from those in Class 11, and 20% from those in Class 111.
(The fractional nature of their calculated numbers of fluorescent residues
in each class was considered by Burstein et al. as an indication of thc existence of a mixture of molecules differing in conformation.) In contrast,
our results indicate that in aqueous BSA most of t h r fluorcscrnce is emitted
from residues situated below the surface, despite the fact that A,,
is relatively high, 345 nm.
Our work also shows that simple considerations of the relative importance
of dynamic and static quenching processes in a protein under various conditions, such as solvent perturbation and denaturation, can furnish considerable information concerning the macromolecular structure. As in our
previous paper,5 we will employ the terms “dynamic” and “static” t o denote whether a quenching process does, or dors not, involve a change in the
fluorescence lifetime. Thus, collisional qumching,G resonance t r a n ~ f e r , ~
and the formation of a nonfluorcscent excited-state complex with a lifetime
shorter than the fluorescence lifetime of the uncomplexed fluorescent
species6 are dynamic processes, but static quenching follows from the formation of a nonfluorescent ground-state complex or of a nonfluorescent
excited-state complex with a lifetime greater than the fluorescence lifetime.EJ,g (We consider the fluorescer-qucncher pair concept of Boaz and
Rollefson,8 who coined the term “static quenching,” to bc included in our
use of the term ‘Lnonfluorescentground-statc complex.”)

EXPERIMENTAL
Materials
The BSA used was Calbiochem grade A. Application of the analytical
method of Ettinger et aL1Oshowed that only a negligible amount of citrate,
<0.005 mol/mol BSA, was present.
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A specially selected solution of colloidal silica (IBD-1019-69), a gift from
E. I. du Pont de Nemours and Co, was used as the reference scattering
solution in lifetime measurements and in periodically checking the intensity
calibration of the spectrofluorimeter Xenon lamp source.
Ultra-pure urea and ultra-pure guanidine hydrochloride (GuHCl) were
purchased from Mann Research Laboratories. The absorbance a t 260 nm,
the wavelength used for most of our work, was 0.055 for 8 M urea and
0.043 for 6.4 M guanidine hydrochloride, when a 1-em cell was used.
Glycerol, which was sufficiently pure for very accurate fluorescence
work, was prepared by very slow filtration of a suspension of Mallinkrodt
reagent grade glycerol and prewashed-predried Fisher Norit A charcoal
through prerinsed-predried AIillipore paper under a pressure of -24 in
Hg. The filtrate was collected after its absorbance became <0.010.
Solutions were prepared with water, which had been redistilled in an allglass still, and which had been monitored with the aid of the spectrofluorimeter for negligible light scattering.

Fluorescence Lifetime, Spectra, and Intensity Measurements
Fluorescence lifetime, spectra, and intensity measurements werc as
described in our previous paper.5
Fluorescence lifetimes were measured a t l5OC with a TRW nanosecond
spectral source to a reproducibility of + 0.1 nsec, although the accuracy was
probably -10%.
A 270-nm interference filter (Optics Technology) was
placed in the excitation path, and a 7-51 filter (Corning 5970) was used in
the emission path. About 90% of the light transmitted through the latter
filter has a wavelength above 330 nm. About 90% of any tyrosine emission occurs below this wavelength, and thus is eliminated from measurement. About 90% of tryptophan fluorescence occurs above 330 nm, so
that with this filter arrangement it is primarily the lifetime of the tryptophan fluorescence of the protein that is measured.
Corrected fluorescence emission spectra were obtained a t 15°C with
260-nm excitation using a completely automated spectrofluorimeter, consisting of an Aminco-Kiers spcctrofluorometer linked to a PDP7 digital
computer. The computer was programmed to print out the integrated
area (intensity) under the fluorescence curve, the maximum and mean
wavelengths (A,,
and A,),
of a spectral band, and the half-width (Ah,,*).
The computer also was programmed to analyze the fluorescence spectrum
for the existence of more than one Cauchy (Lorentz) component" and,
when two spectral components were indicated, t o print out the A,,
and
fluorescence intensity of each component corresponding t o assumed A,
values for the components. Additivity of the intensities of spectral components was assumed.
In each case the fluorescence spectrum and the lifetime were obtained
with the same solution in the same cuvette.
A Beckman DU spectrophotometer was employed for absorbance
measurements.
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Polarization of Fluorescence
For polarization mcasurrments an Aminco polarizer acrrssory R as uspd
in conjunction with our computerized spectrofluorimctcr. It consists of
two Glan-Thompson polarizcr prisms, each rotatable through a 90% anglr,
mounted on the cell holder to pcrmit passagc’ of radiation in eithrr of two
directions perpendicular to the direction of propagation of the incident
light. Assuming t h a t incident light is propagated in the X direction and
t h a t t h r fluorescence is obsrrvcld in thc Y direction, thc oriontation of either
polarizer is designated either E or R, depmding upon whether it passcs only
light polarized with its chAric vrctor in t h r Z direction or the Y direction,
respectively.
The degree of polarization P is defined as:

p

=

(
1
1
1-

+ 1,)

I,)/(Ill

(1)

whew I , I and I , refcr t o the intrnsities of the componcnts of t h r cmitted
light beam rrsolvcd in directions polarized parallel and prrpcndicular t o
the polarization vcctor of the polarized incidcnt rxcitation. Whrn the
Aminco polarizer accessory is employed, Eq. (1) is cquivalrnt toI2
Pp =

(IEE

+ TIEE)

- TI~B)/(IEE

(2)

when linearly polarized incident light is rmploycd. The first subscript
denotes the orientation of thc polarizrr in the exciting light path, while the
second subscript denotes the oritmtation of the polarizrr in t h r emission
,
corrects for the
path. T is the transmission coefficient I B E / I B Bwhich
fact t h a t the efficiencies of thc monochromator and photomultiplirr are
different for light polarized in differrnt directions.
Equation ( 2 ) becomes:

+

Pn = ( I n B - TInB)/(InE
TInB)
(3)
when there is no polarizer in the incident light path, i.?., when natural
exciting light is being used.
Perrinl3 has shown t h a t P , and Pn are related by thr equation.

+

(4)
Pp = 2 P n / ( 1
Pn)
when Pn is measured with completely unpolarized incidrnt light.
For our paper most of the P mclasurrmmts were madc using linearly
polarized incident light, but with solutions of vwy low fluorescence intensity it was necessary to use natural incident light. I n the lattw case,
for the sake of consistent presentation of results, the observed Z’, values
were converted t o P , values by Eq. (4). Thus, all of our reported P values
arc P,. The validity of Eq. (4)for our equipment \\as verifird with several
solutions of higher concentration. This also demonstratrd that polarization of the exciting light source did not contribute significant error.
Sincr t h r T value in Eqs. (3) and (4)is dependent on the wavelrngth of
the emission, it was determined a t 2-nm intervals from 302 to 430 nm. A
simple relationship, T = 1.9864 - O.O0180X, was found.
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The polarizers cause a spectral shift.'* With excitation and emission
spectra of 45 solutions, containing either tyrosine, tryptophan, or BSA, we
observed a 4-nm increase in A,,,
when the polarizer located in the same
light path as the variable monochromator was reoriented from thc E to the
B orientation. This spectral shift correction was applied prior to calcuMing the polarization.
Thp computer was programmed to calculate thc P values automatically
from the spectra using either Eq. ( 3 ) or (4).

Quantum Yield q'
Because of the considerable disagreement concerning the correct values
for the absolute quantum yield of tyrosine and tryptophan, even among
distinguished a u t h o r ~ ' of
~ ~reviews
'~
in the same monograph, protein quantum yields are generally obtaincd as relative values, usually with aqueous
tyrosine or aqueous tryptophan as thc ref(wncc substance, and changes
produced in these relative values arc interpreted in t'crms of changes in
protein structure.l 6 As we have shown p r c v i o ~ s l y ,water
~
quenches thc
fluorescence of both of t,hesc amino acids by a dynamic process, but i t
quenches tryptophan fluorescence so much more strongly t'han tyrosine
fluorescence that i t act,ually revcrscs their natural order.
Wc believe that it is morc cnlightcning, when rclativc values arc used,
to compare the protein quantum yield wit,h an unquenched standard,
which will make the amount. of qucmching of protein fluorescence morc
readily apparent. For class B protcins, l7 such as BSA, whose fluorcsccnce
is mainly that of the tryptophan content, tryptophan should bc a preferable
standard, while tyrosine would bc prefcrablc for class A proteins,17 which
contain no tryptophan. We showed carlic:r5 that neither tyrosine nor
tryptophan, in their frcc state, are quenched significantly by glyccrol.
Hence, in this paper we have employed a newly defined relative quantum
yield q', which is the quantum yield of the protein divided by the q u a n h m
yield of unquenchcd tryptophan (i.c., of 0.01 mM tryptophan in glycerol),
i.e., qz' = (FJA.) + ( F t r y , G / A t r y , G ) , where F is the fluorescence intensity
and A is the absorbance of the samplc and of the glycerol solution of tryptophan represented, respectively, by the subscripts x and try,G.
For this work q' (i.e., qz') was obtained as the ratio qz/qtry.cwhere the
q values are the conventional relative quantum yields for x and try,G with
aqueous 0.05 mJ2 tyrosine as the standard. The q t r y , G valuc, i.c., in pure
glycerol, was obtained by extrapolation of the linear plot obtained earlier5
for the glycerol concentration dcpendcricc of the 4 of 0.01 mM tryptophan
in glycerol-water mixtures ranging from 0 t o '30% glycerol. The quantum
yield value for the aqueous standard cancels out. Aieasurement of the
absolute quantum yield of tryptophan in glycerol would be subject t o the
same uncertainty as presently exists for tho aqueous tryptophan absolute
value, so that only a relativc value, such as q', seems practical a t present.
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RESULTS
Figure 1 shows the dependence upon glycerol concentration of various
fluorescence parameters of 0.02% BSA in glycerol-watcr mixtures of vary260-nm excitation was employed for the specing composition at 15°C.
tral parameters q', A,,
and AX,,,, while for 7 the filter arrangement described above was used. The 7 and q' plots are in Figure la, while the
A,
and AX,,, plots are in Figure l b .
The values for the polarization P , of the fluorescence for these same solutions of BSA in glycerol-water mixtures are presented in Figure 2 as reciprocal values P-I plotted against the 7/17 ratio, 9 being the solvent viscosity.
We did not employ the customary Perrin plot, which has T / v as the abscissa, because in these solutions, even though T was kept constant, there
was a variation in T [Figure l a and Eq. (.?I)]. The polarization of fluorescence was constant within an uncertainty of *0.01 over the emission range
330-380 nm, where any contribution of tyrosine fluorescence is negligible
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Fig. 1. Variation of fluorescence parameters of 0.0274 BSA in glycerol-water mixtures
of varying composition a t 15°C. Spectral parameters, q', Am.,, and Ahl/?, were obtained
with 260-nm excitation. Filters, described in text, were employed in the 7 measurements.
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Fig. 2. Dependence of reciprocal of the polarization of the fluorescence of 0.02% BSA
upon fluorescence lifetime and viscosity in glycerol-water mixtures of vnrving composition a t 1d"C with linearly polarized 260-nm excitation. P values are averages over the
330-380-nm emission range. Numbers on graph indicate 70glycerol.
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Fig. 3. Variation of fluorescence parameters of 0.02y0 BSA in aqueous solutions of
guanidine hydrochloride of varying concentration at 15°C. Splitting of Xmax plot indicates presence of two emission peaks.
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Fig. 4. Variation of fluorescence parameters of 0.02% BSA in aqueous solutions
of urea of varying concentration a t 15'C. Starred points indicate presence of a conspicuous shoulder.

even for 260-nm excitation. The P values presented in Figure 2 are the
average values observed over this wavrlength range. The viscosity values
for the glycerol-water mixtures a t 15°C used as the abscissas in Figure 2
were obtained by extrapolating log 7 versus T-l plots of t h t 20°, 2 5 O , and
30°C literature values1*of 7 a t the various solvent compositions of interest.
These plots are linear for all glycerol-water (wt yo)compositions bttween
0 and 1OOyoglycerol.
I n Figure 3 arc presented curves showing t h r effect of the fluorescence
paramrters, 7 ,q', AX,,,, and A,,
produced by gradually addingGuHC1 up to
6.4 A4 a t 15°C. Figure 4 is a similar graph for urea concentrations up to
S M . Excitation energy mas the same as for Figurr 1.
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Fig. 5. Variation of polarization of the fluorescence of 0.02% BSA produced by
chemical perturbants, GuHCl, urea, and glycerol, at varying concentration a t 15OC
with linearly polarized 260-nm excitation.
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Fig. 6. Fluorescence spectra of 0.02% BSA in various concentrations of aqueous
GuHCl a t 15OC. (A), (B) and (C) GuHCl concentrations-O.8,2.4, and 6.4 M ; 260-nm
excitation. (D) GuHCl concentration-6.4 M ; 290-nm excitation. Note absence of
304-nm tyrosine peak in (A) and (D). The peaks on extreme left are Rayleigh scatter
peaks.
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The polarization values of the BSA fluorescence in these GuHCl and urea
solutions are given in Figure 5. As in Figure 2, these P values are the averages over the 330-380-nm emission range, so that, despite the fact that
some tyrosine fluorescence is obvious (Figure 6) with [GuHCl] 2 2.4 M and
with [urea] 2 6 M , these P values are primarily for tryptophan fluorescence. For comparison, the polarization curve for BSA in glycerol-water
mixtures (same data as in Figure 2) is also included in Figure 5 .
Figure 6 shows the fluorescence spectrum of BSA for 260-nm excitation
a t 15°C when different GuHCl concentrations are present. It clearly
demonstrates the appearance of a tyrosine peak when [GuHCI] = 2.4 M
and its increasing intensity as [GuHCl]was further increased up t o 6.4 14.

DISCUSSION
It is universally accepted that most of the fluorescence of aqueous tryptophan-containing proteins emanates from the tryptophan residues, but that
structural changes, such as those caused by denaturation, may cause the
appearance of a significant amount of tyrosine fluorescence also. Nevertheless, as we explained above, our 7 and P values refer primarily to the
tryptophan contribution, even when the tyrosint fluorescence is significantly large.
The q’, AA,/%,and A,,
values result from statistical averages of both the
tryptophan and the tyrosine emissions, where both types do occur, since
we employed 260-nm excitation and the entire emission spectrum is involved in these measurements. However, our interpretations of these
parameters are based entirely on the observed changes in their magnitudes,
with the starting points being the aqueous BSA valucs to which the tyrosine contributions are experimentally insignificant. Weber’s use19of difference fluorescence spectra and his matrix method of analysis20 did suggest that tyrosine does contribute a small amount to the fluorescencc of
aqueous BSA when 280-nm excitation is employed. However, as pointed
out by I<onev,21Weber seems to have ignored energy transfer from tyrosine
to tryptophan, which, Longworth22 asserts, amounts to -20% of the
energy absorbed a t 280 nm.
One can, in fact, employ a simplc geometric procedure to demonstrate
that any significant tyrosine contribution (e.g., 5%) t o the total fluorescence of BSA can be detected by a measurable increase in AA,,,. Using
the half-widths of aqueous tyrosine and tryptophan, 33 and 69 nm, respectively, and the A,,, values, 304 and 345 nm, of aqueous tyrosine and
aqueous BSA, respectively, one can superimpose upon the BSA spectrum
a small isosceles triangle to represent a small tyrosine contribution, e.g.,
with half-width equal t o 33 nm and height equal t o 10% (i.e., 5% X 69/33)
of the peak intensity of the BSA spectrum, when a 5% tyrosine contribution
is considered. Assuming additivity of thc tyrosine and tryptophan contributions in the region of overlap of the BSA spectrum and the simulated
tyrosine spectrum, one can construct the new spectrum, i.e., with 5%
tyrosine contribution, which has a 4-nm larger L I A , / ~ value than the original
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BSA spectrum. Such a calculation becomes less accurate for larger tyrosine
contributions, which cannot be accurately represented by isosceles triangles, but the continual increase in Ah,/, as the tyrosine contribution
increases can be demonstrated.
Until recently, most protein fluorescence work was carried out with
280-nm excitation. Nowadays, there is a trend toward employing 295-nm
excitation to eliminate tyrosine fluorescence. As can be seen in Figure 6d,
however, fluorescence from BSA is accompanied by a large Rayleigh scattcr
peak, which overlaps the BSA band sufficiently to preclude accurate
measurement of either Ah,,, or the area under the BSA curve when 290-nm
excitation is employed. The overlap is even greater with 295 or 300-nm
excitation. Because of this Raylcigh scattcr problem, ~e cmployed a
lower excitation wavelength. 260-nm excitation was preferred to the
frequently used 280-nm value, because the tryptophan/tyrosine molar
absorbance ratio a t 260 nm is about 50% larger than a t 280 nm, so that
the tyrosine contribution to the emission spectrum of BSA is significantly
lower a t the former wavelength.

Dynamic and Static Quenching in Proteins Related to
Location of Fluorophores
In native proteins only those fluorophores locatcd a t the hydrophilic
surface should be dynamically quenched by solvent or by those surface
quenching groups, e.g., hydratr.d carboxyl groups and carboxamide side
~ h a i n s ~that
3 , ~ are
~ free to move in the vicinity of the fluorophores. On
the other hand, since the rclatively rigid environment in the hydrophobic
interior should minimize the random motion of both the fluorophores and
the quenching groups contained therein, c.g., ionized phenolic2j and disulfide26groups, quenching in the interior should be mainly a static process.
Using the classification of Burstein et al., static quenching would bc cxpected for Class I tryptophan residues, and probably for Class I1 also, but
Class I11 tryptophans should undergo dynamic qutmhing by solvent
water.5 (In our discussion we will adhere to Burstein’s Class 1-111
notation only insofar as it relates to the location of a tryptophan residue,
i.e., without regard to his,,,,A,
and Ah,,, assignments.) Dynamic quenching
of a tryptophan-containing protein should, therefore, be indicated by a
fluorescence lifetime, as well as a quantum yield, which is below that of
unquenched free tryptophan, while for a protein that is only statically
quenched the liftetime should br approximately equal to the unquenchcd
free tryptophan value.

Effect of Glycerol
We have previously sho1vn5that the T value, 5.9 nsec, existent for a very
dilute solution of tryptophan (0.01 mM) in glycerol closely approximates
the T of unquenched tryptophan. The 5.7-nsec lifctime found for aqueous
BSA, whosc quantum yield (q’ = 0.45 for 260-nm txcitation) is only about
half of the quantum yield of tryptophan in glycerol, implies that the
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quenching in aqueous BSA is primarily static. The fluorescent residues in
aqueous BSA, therefore, cannot be in contact with mobile water, i.e., they
are not Class 111, since it is known5 that H20 strongly quenches both
tryptophan and tyrosine primarily by dynamic processes. Additional
evidence for this conclusion is the complete insensitivity of the fluorescence
lifetime and quantum yirld (Figure l a ) of BSA to a fivefold increase in
solvent viscosity, i.e., 1.1-5.5 cp, produced by addition of glycerol t o an
aqueous solution up t o 50% v/v, M hereas this solvent change increased
both the quantum yield and the lifetime of free tryptophan about 40’%.5
This lack of dependence on viscosity does not necessarily eliminate Class
I1 as the proper designation for any fluorescent tryptophan in aqueous
BSAd since it can be argued t h a t the mean molecular diameter of g l y c e r ~ l , ~ ’
3.2 A, prevents its penetration into small hydrophilic crevices in which
Class I1 residues would be expected to reside. Howcver, over the 0-.50%
glycerol range there is a blue shift of 6 nm in the A,,
(Figurc I b ) of
the BSA fluorescence (260-290-nm c.xcitation) , which is twice as large
as one observes for free tryptophan over the same solvent composition
range. This difference suggests some increase in the hydrophobicity of
the environment of the fluorophort, which probably is not attributable
solely t o increased glycerol concentration near a surface tryptophan. Such
a change may be due t o a small glycerol-induced conformational change,
which causes movement of a nonpolar residue closer t o the tryptophan.
This would not necessarily affect the quantum yield and lifetime of the tryptophan, if the nonpolar residue does not participate in the quenching. These
considerations could apply t o Class I1 residues, or t o Class I residues lying
just below the surface of a crevice.
Indeed, a drastic conformation change definitely occurs in BSA whcn
the solvent contains mow glycerol than 50% v/v. This is evident from
the sharp rise in the early part of the polarization curve shown in Figure 2,
Le., in the 50-70y0 glycerol range. For an ellipsoid of revolution of axial
ratio <6, which includes BSA, the I’crrin equation describing the polarization of the fluorescenee simplifies28t o

($

-

i) ($
=

-

;)(I

+ KT7q-l)

when t h e incident light is polarized. K equals (R/V)(po/ph),where R is
the gas constant, V is the volume of the macromolecule, PO is the rotatory
relaxation time of a sphere of volume V , and p h is the mean harmonic of
the principal rotatory relaxation times of the elliposoid. Po, the limiting
polarization in absence of rotation, is related t o the angle P between emission
and absorption oscillators by the Jablonski cquationlZg
Po = ( 3 cos2P - 1)/
(3
cos2 p ) , when t h e incident light is polarized.
Since po/ph is independent of viscosity,30 K7‘ should be constant for a
given V and T . Hence, the abrupt (sevenfold) change in the slope of the
P-l versus 7q-I curve (Figure 2 ) at the 50% glycerol point must indicate
a change in V and/or p. I n this experiment therc is no reason t o expect a
change in ,8 without a change in V . It seems evident from Eq. (5) t h a t

+
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the direction of the slope change points t o an increased macromolecular
volume above the SOYo glycerol point, such as would be produced by a
sudden large swelling, or a suddenly accelerated suelling, of the macromolecule. Such a swelling could increase the distance betn een staticquenching groups and tryptophan residues, thereby tending to increase the
quantum yield. However, a t the same time, imbibition of solvent could
continually accelerate as the conformational change procedes, which could
increase the motion of dynamic quenching groups and cause decreased
quantum yield. The latter factor is dcmonstrated by the decrmsing
lifetime above the 50% glycerol point. The 10% increase in the quantum
yield over the <50-70% glyccrol range, hon ever, shows t h a t the decrcase
in static quenching outw-cighs the increased dynamic quenching. Both
processes seem to continue above the 70% glycerol point, with the two
quenching mechanisms brroming about equal in importance, i.e., q’ is
constant while 7 continues to decrclase. The fact that 7 continues to decrease all the way up t o the 90% glycerol point despite the increasing
solvent viscosity, suggests that the dynamic quenching groups ar(1 protein
groups, made continually more mobile by the conformation change, rather
than solvent water molecules. Thtx continually dccrcasing A,,
also attests
to a continual change in the conformation.
The polarization data are not sufficiently accurate to allow their use to
confirm any very small conformational change before the 50% glycerol
point, such as was inferred above from the 6-nm change in .,A
Even
though Figure 2 appears to be linear at the low-viscosity end, it must be
noted that P varied only from 0.185 to 0.210. It would be useful to study
the glycerol effect over this range with a fluorescent BSA conjugate having
a much larger r / p h ratio than nonconjugated BSA has, but in studies to
date28,31with such conjugates T / v was varied by changing temperature
rather than glycerol concentration.

Effect of Cu2+ Ions
From his finding that saturation of BSA with Cu2+ ions at p H 4.83
produces only 50% quenching, L u P has concluded that one of the two
tryptophans is unquenched by C u 2 +and is near the center of the macromolecule. That is, the unqucnched tryptophan is too far from the surface
to be influenced by the Cu2+, which is known to bind only to the surface
carboxyl groups a t this pH.3J Assuming Forster resonance transfer as the
Cuz+ quenching mechanism, Luk calculated that tht. quenched residue
must be within 14 8 of the macromolecular surface. From his observation
that the fluorescence decay curve of aqueous BSA, measured by the single
photon counting technique, appeared to be a single exponential, he concluded that the two tryptophan residues are in similar microenvironments.
To support this conclusion one can also cite his finding that the C u 2 +
quenching effect at p H 4.83 is not accompanied by any change either in
the A,,, or in the shape of the BSA emission sprctrum.
These results, combined with our own glycerol-ciffect results, imply that
either both tryptophan residues of BSA are Class I1 or that both are Class
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I. Neither tryptophan should be accessible to water, since it is illogical
to expect only 50% quenching by Cu2+if both tryptophans are exposed to
solvent water. Luk’s results thus also contradict the model of Burstein
et al. as i t applies to BSA.
We have confirmed these observations of Luk for p H 5, but differ with
his conclusion that the fluorescence lifetime is constant. Luk stated that
hix experimental error was 15%. We observed a decrease in r from 5.7
to 5.1 nsec with 10-3 A4 Cu2+a t p H 5. We consider the reproducibility
of our measurements to be better than 2y0 when T is 5-6 nsec, although the
accuracy is probably lO-l5%. I n may be noted that our r measurement
was made with o.0570 BSA, in which there is considerably less inner filter
effect and light scattering than in the 0.5y0 BSA solution studied by Luk.
Certainly, if Cu2+quenches BSA fluorescence a t p H 5 by Forster resonance
transfer, as Luk assumed, one would expect a Cu2+induced decrease in 7.’
Henceforth in this paper, we will refer to the first quenched tryptophan,
which we believe is in a hydrophobic microenvironment just below a crevice
surface, as Try Ia, and will designate the sccond tryptophan, which we
believe to be much closer to the macromolecular center, as Try Ib.
These conclusions are supported by the fact that Cu2+ quenches BSA
fluorescence completely when a sufficiently strong conformation change is
produced. This occurs with 10-3 M Cu2+a t p H 7, where CU*+binds to
imidazole and peptide groups, in addition to carboxyl groups.34 Unlike
a t p H 5, the quenching (70%) caused by lop4M Cu2+a t p H 7 is accompanied by a 7-nm blue shift in the emission, , , X,
which cannot be attributed
to any viscosity effect. The simultaneous lowering of r to 4.6 nsec, and
to 4.2 nsec by 2.5 X
ibI Cu2+ (80% quenching), shows that this conformation change is drastic enough to produce dynamic quenching even
of Try Ib.
Our evidence that both BSA tryptophan residues are below the macromolecular surface and that aqueous BSA is statically quenched suggests
that the customary procedure of referencing the quantum yields of proteins
to dynamically quenched aqueous tryptophan or tyrosine is misleading,
even if, as Cowgill recomrnended,3j the protein and the reference amino acid
are measured under the same conditions of p H and temperature. It
implies that there is some similarity in the quenching mechanism of the
protein under study and the quenching mechanism of aqueous tryptophan
or tyrosine, when, in fact, the close proximity of the quantum yields of
aqueous BSA and aqueous tryptophan is fortuitous. The use of a quantity
such as our q’ parameter as a relative quantum yield for proteins seems
preferable.

Effects of Urea and Guanidine Hydrochloride
The initial effect on the fluorescence of BSA, when either urea or GuHCl
is added to aqueous BSA, is shown by Figures 3 and 4 to be a reduction
in the static quenching. This is demonstrated for each denaturant by the
unchanging r up to a concentration of -1 M , despite the 25% increase in
q’ to -0.55.
Any possibility that this initial increase in q’ might be at-
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tributable to onset of tyrosine fluorescence is eliminated by the initial
constancy of
Further, there is no accompanying change in the
polarization (Figure 5), SO that no swelling of the macromolecule is evident
a t this point. Obviously, both of these denaturants have a significantly
smaller effective diameter than glycerol has, so they can enter a hydrophilic crevice fairly easily. Then, either by reacting with surface protein
groups directly, or indirectly by reacting with the crevice hydration layer,
these denaturants can cause a small conformation change near Try 1%.
Some dynamic quenching becomes evident by the time the GuHCl concentrations [GuHCl] is raised to 1.6 M , Ishere T has decreased to 4.8 nsec
and q‘ has decreased back down to 0.47. With urea, however, dynamic
quenching is not apparent until its concentration is 3 M. This implies
that with 1.6 fib GuHCl present the conformation change is enough to
increase the motion of quenching groups near Try Ia and/or of Try I a
itself, while 2 M urea only causes displacement of the static-quenching
group(s) and/or Try Ia. Consistent with this view is the increased AA,,*
in both cases, signifying the emergence of some tyrosine fluorescence, with
the 5-nm enhancement produced by 1.6 ill GuHCl being about twice that
produced by 3 Ail urea.
The actual appearance of a tyrosine emission peak a t 304 nm occurred
by the time [GuHCl] reached 2.4 M . The relevant spectrum, along with
the spectrum when [GuHCl] is 6.4 M, is shown in Icigure 6. Simultaneously, as seen in Figure 3, 2.4 db GuHCl increased the half-width 24
nm, because of the tyrosine fluorescence, while q’ and T both dropped
sharply, to 0.3 and 3.1 nsec, respectively. The very drastic conformation
change clearly demonstrated by these values is confirmed by the very large
decrease in the polarization observed in the GuHCl curve of Figure 5
between the 1.6 A4 and 2.4 M points. The fact that, whcn [GuHCl] is 2.4
M or more, P lies considerably below the P value obtained with no denaturant present, despite the greatly decreased T, suggests that the conformation change increases the mobility of a tryptophan-containing portion of
the macromolecule. That is, whereas I-’ before the 2.4 Jf point is detcrmined by the motion of the whole macromolecule, it reflects the motion of a
tryptophan-containing segment after this point. Note that the change in
P with GuHCl and urea is opposite to the direction of thc glycerol-induced
change, which wc attributed abovc to a swlling of the macromolecule.
Denaturation a t 15°C by GuHCl is not complete before 6.4 M , if then.
This is evident from the continually increasing prominence of the tyrosine
peak as [GuHCl]was raised up to 6.4 M (Figure 6), and by the decreasing
T (3.0 to 2.5 nsec) and increasing y‘ (0.272 to 0.293) o w r the 4-6.4 dl GuHCl
range (Figure 3). This 7.4% increase in thc q’ value is barely significant
>5yo),but it may indicate a decreasing ratc of tyrosine-to-tryptophan energy transfer as the denaturation process increases the average
distance between tyrosine and tryptophan residues. It also suggests that
t h r fluorescence efficiency of the tyrosine residues when [GuHCl] >4 A4
is slightly higher than the efficiency of fluorescence from those tryptophan
residues that are excited by Forster energy transfer in the presence of 4 M ,
or more, GuHCl. There is no concomitant increase in Ax,, , because the
(;.(I.,
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maximum A h l 2 , i.e., the sum of the individual half-widths, 33 and 69 nm, is
already attained by the time [GuHCl]reaches 3.2 M .
The identity of the tyrosine peak is evident from the fact that it appears
a t 304 nm upon excitation with 260- or 270-nm radiation, but does not appear with 290-nm excitation. This can be seen in Figure 6 despite the
scatter peak interference. 280-nm excitation causes only a n inflection near
304 nm. To our knowledge, this is the first report of a n actual tyrosine
peak being observed for a BSA solution, probably because of our use of
ultra-pure denaturants. Our previous use of ordinary reagent grade denaturant did not produce a tyrosine peak. Cuatrecasus et al.36have observed it for staphylococcus nuclease in a 40y0 dioxane-HzO solvent mixture, while Kronman and Holmes3’ recorded a tyrosine shoulder for 6 M
GuHC1-denatured rabbit muscle aldolase.
It can be seen in Figures 4 and 5 that the denaturation action of urea is
much more gradual than the GuHCl action, as far as the dcnaturant concentration dependence is concerned. The following comparisons are of interest. I ) Tyrosine fluorescence was not directly observed until the urea
concentration was 6 M , and even then it produced only a barely detectable
shoulder near 312 nm, rather than a peak. This shoulder was quite visible
with 7 and 8 M urea, and was a t 304 nm a t the latter point. 2) Urea did
not cause P to plateau, but P decreased gradually over the 3-8 M urea
range until a t 8 M urea its value, 0.11, was only slightly above the plateau
value, 0.10, produced by GuHCl above 2.4 M . 3) 7 decreased gradually
over the 2-7 M urea range to a value, 3.1 nsec, which is a little higher than
the 7 value, 2.5 nsec, observed when [GuHCl] was 6.4 M . 4) With urea
solutions the half-width did not plateau, but it rose gradually to 99 nm for
8 M urea, only 2 nm smaller than the plateau value for 3.2-6.4 M GuHC1.
5) q’ decreased gradually to approximately the same value, 0.28, with 6 M
urea as was observed with GuHCl above 3 M . Thus, it appears that 8 M
urea produces about as much denaturation of BSA as 3 M GuHCl does,
which is definitely less than complete denaturation. Tanford38 has reported a higher intrinsic viscosity for BSA in 6 M GuHCl (22.9 cm3/gm)
than in 8 A[ urea (16.6 cm3/gm). From this and other results he has concluded that both urea and GuHCl produce random-coiled proteins, but
that even a high urea concentration does not cause complete denaturation.
Further, the optical rotatory dispcrsion studies of Tanford and his colleagues indicate that 6 A4 GuHCl completely denatures BSA, producing
random coils.4o
Our urea results are in agreement with the early work of Kauzmann and
S i m p ~ o nin
, ~that
~ their curve for the urea dependence of the optical rotation of BSA a t 20°C began between the 2 and 3 M urea points and it did not
start to plateau even a t the 8.5 M urea point. They made no observation
with urea present a t less than 2 M , however, so we are not certain whether
the optical rotation technique can detect the change shown by the maximum
a t the 1 M urea point in our q‘ curve.
I n a very recent paper,41Holmes and Robbins have claimed that their
use of N’-methylnicotinamide chloride (NMNCl) as a quencher of protein
fluorescence shows that one of the two BSA tryptophan residues is on the
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surface. This, of course, is in conflict with our own conclusion that aqueous
BSA contains no surface tryptophan. According to these authors the
Stern-Volmer relationship holds for the quenching action of NMNCl with
six of seven proteins studied, including BSA and HSA, although no BSA
data were presented. From the fact that for three proteins in the native
state and for five in 6 M GuHCl the Stern-Volmer constant K , was considerably larger than the stability constant K , for the charge-transfer complex that NMNCl forms with the tryptophan residues in these proteins,
they concluded that NMNCl quenches protein fluorescence primarily by
collisional action and is, therefore, a probe for surface tryptophan residues.
No evidence for charge-transfer complexation of NMNCl by either BSA or
HSA was obtained. The assumption was thus made that Stern-Volmer
quenching, which cannot be attributed to static quenching, must be collisional. This is not a valid assumption, even though it is a widespread
notion.
An alternative explanation for Stern-Volmer quenching of BSA fluorescence by NMNC1, which is in agreement with our contention that BSA contains no surface tryptophan, can be offered. Quenching would also obey
Stern-Volmer kinetics if it were due primarily t,o very efficient Forster
resonance transfer of excitation energy from the nonsurface Try Ia residue
(i.e., just below the surface) to a. nearby NMNC1 molecule attached a t the
surface in a non-charge-transfer complex. In such a case, the mathematics
would be similar to that of static quenching, which results from formation
of a dark complex, and the Stern-Volmer constant would equal the stability constant of the complex.39 Only fluorescence lifetime measurements, which Holmes and Robbins eschewed, can differentiate between
collisional quenching and the “apparent” static quenching that we suggest
for NMNCl quenching of BSA.42 Their failure to detect a charge transfer
complex does not also indicate absence of a non-charge-transfer complex,
especially since the latter could be quite weak, i.e., a stability constant of
8.5 M-’ corresponds to A F ” = 1.3 kcal/mol. The resonance transfer requirement that there be significant overlap between the fluorescence curve
of BSA and the absorption curve of NMNC143is met.
This paper is based on work performed under contract with the U S . Atomic Energy
Commission a t the University of Rochester Atomic Energy Project, and has been assigned Report UR-49-577. I t was partially supported by a Special Research Resource
Grant PR-00220-07, from the Division of Research Resources of the National Institutes
of Health, and the U.S. Public Health Service Training Grant 1T1 DE17.5.
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