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Local Nanomechanical Motion of
the Cell Wall of

Saccharomyces cerevisiae

Andrew E. Pelling, Sadaf Sehati, Edith B. Gralla, Joan S. Valentine,
James K. Gimzewski*

We demonstrate that the cell wall of living Saccharomyces cerevisiae (baker’s yeast)
exhibits local temperature-dependent nanomechanical motion at characteristic fre-
quencies. The periodic motions in the range of 0.8 to 1.6 kHz with amplitudes of ~3
nm were measured using the cantilever of an atomic force microscope (AFM). Exposure
of the cells to a metabolic inhibitor causes the periodic motion to cease. From the strong
frequency dependence on temperature, we derive an activation energy of 58 kj/mol,
which is consistent with the cell’s metabolism involving molecular motors such as
kinesin, dynein, and myosin. The magnitude of the forces observed (~10 nN) suggests
concerted nanomechanical activity is operative in the cell

Many biological processes taking place inside
the living cell rely on the nanomechanical
properties of cellular substructures and the cell

Fig. 1. Typical deflection mode images of yeast
cells are shown in (A and B) [the color scale bar
in (A) corresponds to deflections between 0 to
320 nm and O to 120 nm in (B)]. A dense layer
of yeast cells dried onto mica and imaged in air
is shown in (A). Yeast cells are about 5 um in
diameter and often have bud scars on the cell
surface (arrow 1). Mechanical trapping is used
to study live cells in YPD medium at 30°C. In
(B), a typical image of a living yeast cell (arrow
1) trapped in a 5-pm filter pore is shown
[empty pores (arrow 2) are easily distinguish-
able from trapped cells in the image]. Force-
distance curves (C) can be obtained by moni-
toring the deflection of the cantilever as it is
extended (up arrow) and retracted (down ar-
row) from the cell in order to measure the local
cellular nanomechanical properties. The zero
point on the displacement scale represents the
point where the AFM tip first comes into con-
tact with the cell. A force-distance curve on the
cell body (black line, extension; and green line,
retraction) and the bud scar (blue line, exten-
sion; and red line, retraction) are shown. Local
nanomechanical spring constants (k ) can be
determined from the slope of the linear portion
of the curves. Bud scars always display higher
k.. because of the increased chitin content of
the area (8). A schematic of the experimental
setup (D) outlines the process of measuring the local
nanomechanical motion of the cell wall The AFM
cantilever is positioned on top of a living cell, and
the scan size is set to 0 nm. The deflection of the
cantilever is measured with a photodiode. The signal

membrane or wall itself. The atomic force
microscope (AFM) (/) yields information on
the integrity and local nanomechanical proper-
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ties of mammalian and microbial cellular mem-
branes under normal and stressed metabolic
conditions (2—11). The sensitivity and ability to
apply only minimal forces on a cell makes the
AFM a useful nondestructive tool to study
cellular nanomechanics. AFM has also been
used to measure the natural beating motion in
the 0.05 to 0.4 Hz range of cardiomyocytes
(heart cells), which is a property related to the
cell’s physiology (3, /2). In a low-noise environ-
ment, the AFM has the sensitivity to measure
local nanoscale motion of cells. Here, we have
used this capability to discover distinct periodic
nanomechanical motion of yeast cells, which we
relate to metabolic processes within the cell.

In a typical image of a dense layer of yeast
cells air dried onto a mica surface (Fig. 1), yeast
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is acquired with a breakout box (SAM, signal access module), low-pass filtered (20 kHz), and sampled using another computer at 40 kHz.
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cells are approximately round and have a diam-
eter of about 2 to 10 um on average. The
disk-shaped protrusion on the cell surface,
clearly visible in Fig. 1A, is a bud scar. This
structure forms on the cell after the process of
division has taken place. Round microbial cells,
such as yeast, are quite difficult to immobilize
on a surface in liquid so they can be kept alive
in order to be studied with the AFM. To
circumvent this problem, a technique known as
mechanical trapping is used to study single,
living round-shaped microbial cells in AFM
experiments without the use of chemical immo-
bilizers under physiological conditions in fluid
(8, 13, 14). Cells were first cultured and sus-
pended in yeast extract, peptone, and dextrose
(YPD) medium, by using standard techniques
(14) and were studied at the end of log phase
(15), which is when the cells are not dividing
rapidly and are moving into stationary phase.
The suspension was filtered through a polycar-
bonate membrane, whose ~5-pum pores act as
mechanical traps for the cells. The filter was then
attached to a petri dish, immediately covered with
YPD medium, transferred to the AFM, and left to
thermally equilibrate for 1 hour (14).

After initial AFM scans of the surface
(Fig. 1B), individual cells were selected for
force-distance curves to determine the con-

A

tact force, which was minimized to less than
1 nN. Cantilevers with very low experimen-
tally determined spring constants, k, were
used to minimize damage to the cell wall
[0.05 *= 0.01 N/m (I/6)]. The local spring
constant of the cell wall (k_,) was deter-
mined from the slope of the linear portion of
the force-distance curve (/7), which was
similar to or slightly larger than that of the
cantilever (Fig. 1C). Cell bodies have local
ke 0f 0.06 * 0.025 N/m (n = 15). Note that
spring constants measured in the same man-
ner on mammalian cells are invariably much
lower (~0.002 N/m) (/7). Yeast cells have a
thick cell wall, which accounts for their high
local stiffness (8). The observed variability in
local k., has been attributed to the heteroge-
neous chemical makeup of the cell wall and
the local nanomechanical properties at the
time of measurement (8). The cantilever and
cell wall can be considered as two springs in
series (/4). Given the cell’s local stiffness,
we can accurately measure the natural motion
of the cell wall. Nanomechanical motion of
the cell was observed by recording the canti-
lever motion (3, 7, 12) (Fig. 1D), while in
contact with the cell, as a function of time in
an acoustically isolated environment with a
root mean square (rms) noise level of 0.06
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nm. We examined nanomechanical motion
between 22° and 30°C, using a controllable
temperature stage (/4).

The motion of the cell body of a typical
yeast cell recorded at a temperature of 30°C
is shown by several examples in Fig. 2. The
signal observed is clearly oscillatory with
average amplitude of 3.0 = 0.5 nm (Fig. 2, A
to E). The motion was typical for ~70% of
the observation times at all temperatures
(over 100 experiments were performed over a
course of a year, on different individual cells
and cell cultures). Occasionally the amplitude
would be observed to go as high as 7 nm (Fig.
2F) or to drop as low as 1 nm (Fig. 2G).
Fourier transforming the recorded motion
revealed a characteristic frequency with a
prominent peak at ~1.6 kHz (Fig. 3A). The
observed frequencies at any given tempera-
ture were similar to within 5% on different
cells in one experiment or on different runs
with fresh samples of cells.

The results suggest that one of two principal
mechanisms is responsible for the observed
mechanical oscillations. The motion may be
due to an active metabolic process or mechan-
ical resonances and/or Brownian motion. We
can differentiate these mechanisms by treating
the cells with sodium azide (NaN,), which is a
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Fig. 2. Typical time traces of the motion of the cell wall of living yeast.
All data shown are representative of more than 100 individual experi-
ments carried out on different cells from different cell cultures. The data
in (A to G) are from one single cell and data in (H to J) are measurements
on different individual cells on different days. In most experimental runs
(~70%), the amplitude of the motion was ~3 nm at 30°C (A to D) but
is also consistent at other temperatures as well. Occasionally, amplitudes
as large as 7 nm (F) and as small as 1 nm (G) were observed. In both

extremes, the motion is clearly still oscillatory. When cells were main-
tained at 22°C (1) and 26°C (J), the amplitudes were similar, but the
frequency decreased (see also Fig. 3). Exposure of the cells to sodium
azide for 1 hour (74) caused the motion to cease (H). Living cells
displayed a bimodal distribution of amplitudes [K, determined from the
data in (A)] whereas cells treated with sodium azide always had a
Gaussian distribution [L, determined from the data in (H)]. Gray lines are
Gaussian fits to the data shown in (K and L).
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well-known metabolic inhibitor that switches
off ATP production in the mitochondria (/8).
Sodium azide is known not to change the
mechanical properties of the cell wall, which
we verified by measuring the local Young’s
modulus of the cell wall before and after expo-
sure to the inhibitor (/4). Likewise, AFM
imaging indicated that the cells did not display
any significant morphological changes from
living cells. The motion observed in azide-treated
cells clearly did not display oscillatory behavior
and had an average amplitude of 0.4 * 0.2 nm
(Fig. 2H) with a Gaussian distribution of ampli-
tudes whereas living cells always displayed a
bimodal distribution (Fig. 2, K and L). Also, no
specific frequency components were seen in the
Fourier transform (Fig. 3D).

Nanomechanical oscillatory motion was ob-
served to change in a systematic manner, with
the frequency increasing significantly with tem-
perature from 0.9 kHz (22°C) to 1.6 kHz (30°C)
(Fig. 3); the average amplitude of the motion
was similar (Fig. 2, I and J). The strong fre-
quency dependence on temperature and meta-
bolic state indicates that the nanomechanical
motion is biologically driven and requires ATP.

An extensive series of control experiments
was performed to exclude any contributions of
possible artifacts from the AFM itself to the
mechanical motion (/4). No contact resonances
between the AFM tip and the surface were
observed when the tip was on hard or soft
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surfaces. Likewise, the mechanical resonance
of the AFM cantilever was determined from a
Fourier transform of the measured thermal fluc-
tuations of the free cantilever in fluid at 30°C.
The cantilevers used had a free resonance of
3.7 = 0.3 kHz in fluid, far above the frequen-
cies of the observed oscillations. Other reso-
nances we considered were the x, y, and z modes
of the piezoelectric tube scanner (2.3 kHz and
4.5 kHz, respectively), which were also out of
the range of the frequencies of the cells.

In terms of mechanical resonances, the
Young’s modulus (E) is approximately propor-
tional to the square of the resonant frequency
(w) (19). A measurement of the local Young’s
modulus of the yeast cell wall at all three
temperatures also clearly showed that the aver-
age stiffness of the wall (0.72 = 0.06 MPa at
22°C, 0.75 * 0.04 MPa at 26°C, and 0.75 *
0.06 MPa at 30°C) does not follow the expected
trend for a mechanical resonator (E *w?). The
mechanical properties of the cell wall also did
not change significantly after treatment with
sodium azide (0.74 £ 0.05 MPa).

The above results clearly show that the chang-
es in frequencies cannot be ascribed to mechanical
resonances of the cell or small parasitic resonanc-
es in the AFM system. The observed temperature-
dependent frequency shifts and disappearance of
any oscillatory motion when the cells are exposed
to sodium azide provide compelling evidence that
the motion has metabolic origins.
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Fig. 3. Fourier transforms of the motion observed in Fig. 2 (note the amplitude is plotted on a
logarithmic scale). Each spectrum is from different individual cells at each temperature but is repro-
ducible to within 5% and is representative of many individual measurements. The Fourier transform of
the motion at 30°C reveals a prominent peak at 1.634 kHz (A). At 26°C at frequency of 1.092 kHz (B)
is observed and at 22°C a frequency of 0.873 kHz (C). Exposure of the cells to sodium azide causes the
motion to cease, and no significant frequencies are observed in the Fourier transform (D).

REPORTS

This was confirmed from an expected tem-
perature dependence of frequency (v) that fol-
lows a straight line when plotted in an Arrhe-
nius relation, In[v] versus 1/7. From the slope
of the data, we determine an activation energy
(E,) of 58.15 + 6.57 kJ mol™" (Fig. 4). This
value is consistent with the activation energies
required to drive molecular motors such as
myosin, kinesin and dynein, which occur in the
range of 50 to 100 kJ mol~! (20, 21). These
motor proteins exhibit dynamic behavior both
inside and at the cell wall of yeast (I8, 22).
Agreement in the value of the activation ener-
gies prompted us to compare our measured
frequency with known values of linear velocity
for motor proteins.

A calculated linear velocity can be deter-
mined by multiplying the observed frequencies
by the amplitude of oscillation (~3.0 nm). This
provides an indication of the operating speeds
required for the proteins [2.6 to 4.9 um s™!,
(14)). Operating speeds of 0.2 to 8 um s~ ! for
the myosins and 0.02 to 7 pm s~! for the
microtubule proteins kinesin and dynein (23)
have been reported, which are comparable with
operating speeds estimated from our nanome-
chanical measurements. Notably, many pro-
cesses taking place inside the cell that are
mediated by these proteins have been reported
with operating speeds 1 to 2 orders of magni-
tude faster than the individual motor proteins
(23). The force being generated at the cell wall
can be determined by multiplying k_, by the
average amplitude of 3 nm, which yields a
value of 0.2 nN. However, to determine the
active force, we increased the contact force

Ln[\‘]

10°1/T

Fig. 4. Arrhenius plots can be constructed for
temperature-dependent quantities such as the
nanomechanical motion observed in this study.
Generally, a temperature-dependent quantity
(v) will follow the relationship v = v, exp(-£,/
RT), where E_ is the activation energy, R is the
universal gas constant, T is the temperature,
and v, the preexponential factor. The equation
can be rearranged to take the form of a line
where E_ can be determined from the slope:
In v = In v, — (E,/RT). By plotting the natural
logarithm of the frequency (in Hz) (data from
Fig. 3, A to C) versus the temperature (1/
Kelvin), we determine an £, of 58.15 + 6.57 k]
mol~" from the slope of a weighted linear
regression fit of the data (dashed line).
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from the AFM cantilever on the cell until we
noted a change in the amplitude of the motion,
which occurred at ~10 nN (/4). We can
exclude that a single motor protein is driving
the observed nanomechanical motion, because
the forces observed at the cell wall (~10 nN)
are far too large in magnitude. This may imply
that large-scale forces are generated in yeast
cells through the action of many proteins work-
ing in a concerted and cooperative manner.
Such cooperativity is known to occur during
cell motility and muscle contraction. Spontane-
ous driven oscillations have been reported in a
variety of cells [muscle cells, auditory cells, and
structures such as flagella and cilia (24-26)],
when molecular motors are elastically coupled
to their environment by a microtubule or fila-
ment. For instance, these oscillations have been
experimentally measured between about 1 Hz
(muscle fibers) and 300 Hz (flagella) (27, 28).
Coupled molecular motors have also been theo-
retically predicted to be able to achieve frequen-
cies as high as 10 kHz (24). These examples of
biological processes involving concerted motor
protein action lend strong support to our conclu-
sion that a metabolically driven nanomechanical
process occurs at the yeast cell wall. This process
cannot be observed by traditional cytological
methods and occurs in cells in their natural state.
Probing the nanomechanical motion of cell
walls is not invasive and does not depend on the
use of chemical dyes, fluorescent markers, or
quantum dots. The speed of the motion, its
response to metabolic inhibitors, and the Arrhe-
nius temperature dependence are completely
consistent with active metabolic processes driv-
ing the nanomechanical motion. The forces
exerted are strongly suggestive of the concerted
action of molecular motor proteins. The ob-
served motion may be part of a communication
pathway or pumping mechanism by which the
yeast cell supplements the passive diffusion of
nutrients and/or drives transport of chemicals
across the cell wall. The current experiments
were performed on yeast cells because they
have a stiff cell wall. Extension of this experi-
ment to mammalian cells will require the use of
specially fabricated cantilevers with small
spring constants comparable to the spring con-
stant of the mammalian cell membrane
(~0.002 N/m). Our experiments reveal a new
aspect of yeast cell biology—the dynamic
nanomechanical activity of the cell wall.
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Requirement of Rac1 and Rac2
Expression by Mature Dendritic
Cells for T Cell Priming
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Upon maturation, dendritic cells (DCs) acquire the unique ability to activate naive
T cells. We used time-lapse video microscopy and two-photon imaging of intact
tymph nodes to show that after establishing initial contact between their dendrites
and naive T lymphocytes, mature DCs migrate toward the contacted lymphocytes.
Subsequently, the DCs tightly entrap the T cells within a complex net of membrane
extensions. The Rho family guanosine triphosphatases Rac1 and Rac2 but not Rho
itself control the formation of dendrites in mature DCs, their polarized short-range
migration toward T cells, and T cell priming.

In initiating T cell-dependent immune respons-
es, DCs phagocytose antigen in peripheral tis-
sues and migrate to the draining lymph nodes,
where they interact with antigen-specific T cells
(I). To efficiently prime naive T cells, DCs
need to undergo a process of maturation that
implies up-regulation of the major histocompat-
ibility complex (MHC) and peptide complexes
and the costimulatory molecules at the surface
(2). Upon maturation, DCs reorganize their
actin cytoskeleton (3), projecting long and mo-
tile membrane extensions, called dendrites,
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750065 Paris, France. 2Division of Immune Cell Biology,
National Institute for Medical Research, Mill Hill, Lon-
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which are likely to facilitate interactions with
potentially reactive T cells (4, 5). This type of
membrane activity is generally controlled by
the actin cytoskeleton, which is in turn regulat-
ed by small guanosine triphosphatases
(GTPases) of the Rho family (6). Although the
importance of the actin cytoskeleton and of
small Rho family GTPases in T cells during T
cell priming has been widely documented (7),
their role in mature DCs is still unclear (8—10).

Interactions between mature DCs and naive
CD4™" T cells during priming were analyzed in
vitro with time-lapse video microscopy. DCs
projected dendrite-like protrusions around their
cell body before T cell contact (Fig. 1A and
movie S1). These dendrites, which had an
average length of 7 wm, enabled DCs to scan an
area up to four times as large as their cell body
surface. After an initial dendrite-mediated
contact with a T cell, DCs projected numer-
ous mobile membrane extensions and dis-
placed their cell bodies to entangle the lym-
phocyte. These types of interactions have not
been observed with immature DCs, which
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