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FIGURE 1 (A) TEM image of a flattened silicon tip for binding several
biomolecules onto the top. The diameter of the tip at the flat area 1s 50 *
] nm and remained unchanged during the experiment. (B) Reaction scheme
for the functionalization of the tip, following the method of Weetall and

Filbert (1974).

silicon wafer. Contact mode AFM showed a relatively homogeneous layer
with a root mean square roughness of 6.0 = 0.4 A: however, a minor
polymerization resulting in particle contamination cannot be excluded. The
thickness by ellipsometry was 4.3 = 0.6 nm, which 1s a hydrophobic layer
with a contact angle of 102 = 3°, whereas the hydrophilic S10, showed a
contact angle of 28 * 2°,
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RESULTS AND DISCUSSION
Structural studies of GroEL by AFM

To study the interaction of GroEL with a substrate protein,
it was first necessary to determine the orientation of the
chaperonin, which was allowed to adsorb onto mica. The
orientational direction was investigated by AFM. Fig. 2 A
shows a tapping-mode (acoustically driven; Vinckier et al.,
1996b) AFM image of GroEL in water. The “doughnut-
like” structure of GroEL can be observed. The outer diam-
eter of the rings 1s 48 = 4 nm, and the height 1s 2.5 = 0.3
nm. The inner diameter (the apparent “hole’) observed here
was 5 = 1 nm. The corresponding values from the x-ray
structure of GroEL are 13.7 nm for the diameter, 14.6 nm

for the height, and 4.5 nm for the inner diameter (Braig et
al., 1994).

000 nm

30

FIGURE 2 (A) Acoustically driven tapping-mode AFM image under
water of mica-adsorbed GroEL, which was fixed with 2.5% glutaralde-
hyde. The MOPS buffer did not contain polyethyleneglycol 6000 or am-
monium molybdate. The characteristic ring structure is discernible, and
some fine structure can be made out. The GroEL binds to mica in an
upright position. (B) Typical TEM images of GroEL (negative staining
with uranyl acetate).
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The discrepancy between the height measured by AFM
and that measured by x-rays is most probably due to squeez-
ing the GroEL by the tip under high vertical force. To
explore this, we measured the indentation and the average
height in contact mode AFM images at the same exerted
force, because it has been shown that the sum of the inden-
tation and the average height gives a height close to the true
value (Vinckier et al., 1996a). The indentation obtained was
10 = 1 nm, and the average height was 4 = 1 nm, which
results in a 14-nm-high molecule, which is in excellent
agreement with the value obtained from x-ray crystallogra-
phy (14.6 nm). This result confirms that GroEL is bound in
a native conformation, with the two rings stacked back to back.

The apparent larger width 1s due to convolution, because
of the finite size at the apex of the tip (Vinckier et al., 1995,
and references therein). For the single molecules in Fig. 2 A,
a lateral resolution of 4 nm and a vertical resolution of 0.3
nm have been found. Although the highest resolution has
been obtained with contact-mode AFM under liquid, using
2-D crystals of GroEL (Mou et al., 1996a,b), we used
tapping-mode AFM for imaging in the present work, despite
its lower resolution, to prevent “moving” of the molecules,
because we did not deal with a closely packed monolayer. In
the presence of polyethyleneglycol 6000 and ammonium
molybdate, we obtained a relatively closely packed layer,
which was used for the force measurements (data not
shown).

When the structure of GroEL was investigated by TEM,
the chaperonin was bound to formvar-coated grids, and
negatively stained with uranyl acetate. The TEM images in
Fig. 2 B show the ring structure of GroEL, with the subunits
clearly visible. Moreover, under these conditions there also
was a tendency toward an upright orientation, as in the case
of the AFM 1mages of GroEL.

AFM 1mages show that GroEL tends to orientate itself in
the upright position, i.e., with the channel (almost) normal
to the supporting substrate. Our results are therefore in good

agreement with the work of Mou et al. (1996a,b) as well as
that of Scheuring (1996).

Interaction of (Gly-Ala) citrate synthase and
(Cys-Ala) B-lactamase with GroEL

We used flattened tips to permit several proteins to bind,
and therefore to improve the chances that a molecule on the
tip will interact with GroEL. The flatness also reduces the
danger of damage to the tip. Before each experiment, the
shape of the flattened tip was checked by TEM, as described
in Materials and Methods. Fig. 1 A shows a TEM picture of
the tip apex with a flat area and a diameter of 50 = 1 nm,
which was unchanged at the end of the experiment.
Because of the upright orientation of GroEL, we inves-
tigated the interaction between GroEL and (Gly-Ala) citrate
synthase, and between GroEL and (Cys-Ala) B-lactamase
by recording force-distance curves under different physio-
logical conditions with a functionalized tip. A typical force-
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distance curve 1s shown in Fig. 3. The resulting forces for
the interaction between GroEL and (Gly-Ala) citrate syn-
thase, and between GroEL and (Cys-Ala) B-lactamase, are
shown in Figs. 4 and 5, respectively. The force distributions
shown in Figs. 4 and 5, however, are due to several simul-
taneous molecular interactions.

In Figs. 4 A and 5 A, the interaction of the native enzyme
with GroEL was recorded in the absence of any nucleotide,
and it gives a distribution whose maxima are 420 = 100 pN
for (Gly-Ala) citrate synthase and 240 = 70 pN for (Cys-
Ala) B-lactamase. This interaction may be due to hydropho-
bic patches on the surface of the native protein, and/or may
involve those protein molecules that are partially denatured
by the immobilization procedure or by being compressed in
the approach phase of the force measurement. In a following
step (Figs. 4 B and 5 B) ATP was added to the solution in
the cell at room temperature and incubated for 1 h. The
results presented in Figs. 4 B and 5 B show a marked
decrease in the interaction force, i.e., both proteins co-
valently bound to the tip interact more weakly with GroEL.

In Figs. 4, C and D, and 5, C and D, the same tips wir_h‘
(Gly-Ala) citrate synthase or (Cys-Ala) B-lactamase mole-
cules, respectively, had been incubated overnight in urea or
guanidinium hydrochloride (GdmCl). The force distribution
between the denatured (Gly-Ala) citrate synthase or (Cys-
Ala) -lactamase and GroEL in the absence of nucleotides
1s shown in Figs. 4 C and 5 C. A higher maximum and a
wider distribution curve were observed. For the interaction
with (Gly-Ala) citrate synthase, we found a mean force of
770 = 190 pN, and for that with (Cys-Ala) B-lactamase, the
force was 350 = 100 pN. In Figs. 4 D and 5 D, the same
experiment was performed in the presence of ATP, which
again resulted in a marked decrease in the interaction force.
Repeating this sequence of steps in Figs. 4 and 5, A-D, with
different tips always showed a similar, reproducible behav-
ior (data not shown). The tip shape was controlled after each
experiment by TEM to ensure that the tip apex had not
undergone alterations. Furthermore, the packing of the
GroEL molecules on the sample before, during, and after the
experiments was checked by tapping-mode AFM. We found!

- that the GroEL molecules were closely packed, with almost no

space between them. This densely packed layer was obtained
by using polyethyleneglycol 6000 and ammonium molybdate,
but no glutaraldehyde fixation was used.
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FIGURE 3 An example of a typical force-distance curve between a
modified tip and mica-adsorbed GroEL in the absence of nucleotides. The
tip was modified with “native-like” (Gly-Ala) citrate synthase.
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FIGURE 4 Force distributions of GroEL with (Gly-Ala) citrate synthase.
The tip diameter was 70 = 1 nm. In A the native protein was bound onto
the tip, and in B the interaction was measured in the presence of 2.5 mM
ATP. (C and D) Result obtained by using denatured proteins in the absence
(C) and presence (D) of ATP.

Control experiments were performed by measuring the
interaction between the tip and mica during all steps of the
functionalization of the tip, and by measuring the interac-
tion of the substrate protein, immobilized on the tip, with
freshly cleaved mica, as well as the interaction between a
glutaraldehyde-activated tip with GroEL adsorbed on mica.
Almost no interaction was measured (Table 1). Thus, al-
though we cannot totally exclude very small interactions of
the mica background with the modified silicon tip, these
interactions must be negligible; the force distribution plots
in Figs. 4 and 5 describe the specific interactions between
GroEL and the substrate proteins.
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FIGURE 5 Force distributions of GroEL with (Cys-Ala) B-lactamase.
The tip diameter was 80 = 1 nm. In A the native protein was bound to the
tip, and in B the interaction was measured in the presence of 2.5 mM ATP.

(C and D) Result obtained by using denatured proteins in the absence (C)
and presence (D) of ATP.

By using bovine serum albumin (BSA) or horseradish
peroxidase, a behavior similar to that of (Gly-Ala) citrate
synthase or (Cys-Ala) B-lactamase was observed. For the tip
functionalized with peroxidase, we found in the absence of
any nucleotide that the native-like protein feels a force of
130 £ 30 pN (tip diameter 25 nm), whereas the force
between BSA and GroEL was 570 * 60 pN (tip diameter 30
nm). It is known that GroEL interacts with exposed hydro-
phobic patches on many proteins and, therefore, as our
results demonstrate, potentially with any partially unfolded
proteins.
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TABLE 1 Mean interaction forces in the control experiments

e i e ——— o ——

Forces = SD

Tip surface Bottom surface (pN)
(Gly-Ala) citrate synthase Mica 20 = 20
(Cys-Ala) B-lactamase Mica 130 = 10
Hydrophilic silicon tip GroEL 80 = 20
Hydrophilic silicon tip GroEL in the presence 970 = 370

of ATP
Hydrophobic silicon tip GroEL 430 = 100
Hydrophobic silicon tip GroEL in the presence 140 * 40
of ATP
Glutaraldehyde-activated tip  GroEL - 80 x 30

Comparison between native-like and unfolded
substrate proteins on the interaction of GroEL

There 1s a clear difference in the force distribution between
the native-like and the unfolded form of both substrate
proteins (Gly-Ala) citrate synthase and (Cys-Ala) B-lacta-
mase, which 1s consistent with biochemical experiments
(Zahn et al., 1996; Gervasoni and Pliickthun, 1997; Gerva-
son1 et al., 1997). We observed a shift in the maximum of
the distribution curve (770 £ 190 pN for (Gly-Ala) citrate
synthase and 350 * 100 pN for (Cys-Ala) B-lactamase), as
well as a broadening of the distribution curve for the inter-
action forces. This can be explained by the fact that the
hydrophobic amino acids of soluble, globular proteins be-
come more exposed and therefore accessible for binding to
the chaperone only in nonnative states. However, it was not
possible to distinguish whether there are different steps in
the distribution curve, which might be due to several mol-
ecules bound to the tip or to multiple interaction steps of a
single molecule. The already rather strong interaction be-
tween the native-like proteins and GroEL (420 = 100 pN
for (Gly-Ala) citrate synthase and 240 * 70 pN for (Cys-
Ala) B-lactamase) suggest that hydrophobic patches on the
surface of the native substrate protein interact with GroEL
and/or that some partial denaturation of the proteins bound
to the tip has occurred because of the immobilization step or
the applied force during the measurements.

Effect of ATP on the interaction forces between
GroEL and substrate proteins

In the presence of ATP, the apical domains of GroEL move
upward and rotate, and the substrate protein is released (Rye
et al., 1997). Therefore, the interaction force between
GroEL and the substrate protein is expected to decrease. In
the experiments shown in Figs. 4, B and D, and 5, B and D,
the interaction force indeed decreases in the presence of 2.5
mM ATP. Under the conditions used in this work, the ATP
~ hydrolysis by GroEL has a half-life of 10 s, and this is the
rate-limiting step of the whole ATP cycle: ATP binding,
hydrolysis, and ADP-P release. Therefore, the GroEL struc-
ture observed here in a steady-state hydrolysis represents
largely an ATP-bound state, 1.e., the R-state (Burston et al.,
1995; Roseman et al., 1996). For the interaction of GroEL
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with native (Gly-Ala) citrate synthase, we found an inter-
action force of 230 * 70 pN, and for the denatured protein
an interaction force of 320 = 80 pN, both in the presence of
ATP. In the case of native-like (Cys-Ala) B-lactamase, the
measured force was 140 = 60 pN, and with GdmCl-dena-
tured (Cys-Ala) B-lactamase it was 120 = 50 pN, also both
in the presence of ATP. The minor changes can be related
to the exact orientation of the molecules on the tip and to the
GroEL occupation on the mica. Consequently, there is no
large difference between the native protein and the dena-
tured protein when ATP 1s present.

To test the effect of ATP hydrolysis on the interaction
forces, a nonhydrolyzable ATP analog, ATP~vS, has been
used. We found that both the native and denatured substrate
proteins show the same interaction force in the presence of
ATP+S as in the absence of any nucleotide. The data are
summarized in Table 2. Interestingly, the x-ray structure of
GroEL in the presence of ATP+yS shows that the binding of
the nonhydrolyzable nucleotide analog results in only small
conformational changes, compared to the free GroEL (Bois-
vert et al., 1996). This unexpected result was rationalized by
Aharoni and Horovitz (1996), who showed that the negative
cooperativity between the two rings of GroEL was reduced
in the GroEL mutant (R13G/A126V) used in the x-ray
crystallography studies. In addition, cryo-EM observations
of GroEL in the presence of the nonhydrolyzable ATP
analog AMP-PNP also showed a conformation intermediate
between the ADP- and ATP-GroEL bound state (Roseman
et al., 1996). This suggests that the interaction forces be-
tween GroEL and the substrate protein are not necessarily
effected by the presence or absence of the nonhydrolyzable
ATP analogue ATPvS. Taken together, these results with
different nucleotides strongly support the conclusion that
we are observing specific substrate-GroEL interactions.

Comparison of the two substrate proteins

When we compared the interaction forces obtained for the
two substrate proteins, a smaller force was always found in
Figs. 4 and 5 for (Cys-Ala) 3-lactamase than for (Gly-Ala)
citrate synthase. Usually the interaction force between
GroEL and (Cys-Ala) B-lactamase was roughly half of that
obtained between GroEL and (Gly-Ala) citrate synthase,

TABLE 2 Mean forces (= SD) of the interaction between
GroEL and (Cys-Ala) B-lactamase in the absence of any
nucleotide or in the presence of ATP or ATP4S

Without ATP With ATP With ATP+vS
(Cys-Ala) B-lactamase (pN) (pN) (pN)
With tip 1 from Fig. 5
Native-like 240 = 70 140 + 60
GdmCl] denatured 350 = 100 120 = 50
With tip 2
Native-like 260 * 60 280 = 70

GdmCl denatured 390 = 80 390 =70
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TABLE 3 Mean forces in pN between GroEL and (Cys-Ala)
p-lactamase, depending on the diameter of the
functionalized tip

Diameter of the tip (nm) Mean force = SD (pN)

35 110 = 30

34 220 + 60

80 240 = 70
110 280 = 70
160 380 * 100

with the same tip diameter. The forces measured may be
related to the molecular size and the interaction surface of
the substrate protein.

Results from several interaction experiments between
GroEL and the native-like form of (Cys-Ala) -lactamase
and the varying tip diameter are listed in Table 3. A tip with
a larger diameter can accommodate more substrate proteins,
which results in a higher interaction force.

Hydrophobic and hydrophilic tips

To check the importance of hydrophobic etfects on the
GroEL-substrate protein interaction, the tips were modified
into hydrophilic and hydrophobic tips. We compared the
interaction with GroEL on mica with a cleaned (hydro-
philic) silicon tip as well as with a hydrophobic tip, 1.e., a
silicon tip modified with OTS, as described in Materials and
Methods. These experiments were performed to understand
the hydrophilic and hydrophobic interactions between
GroEL and chemically well-characterized samples (Table
1). We found that the hydrophilic tip itself interacts poorly
with GroEL and gives an interaction force of only 80 £ 20
pN, whereas the hydrophobic tip shows an interaction force
similar to that of the substrate proteins immobilized on the
tip. In fact, the interaction force with hydrophobic tips i1s
430 + 100 pN, which lies in the range for the native-like
proteins (Figs. 4 and 5). The tip diameter was also 50 nm,
and thus was in the same range as the functionalized tips. In
the presence of ATP, the hydrophilic tip shows an increased
interaction with GroEL, which gives an interaction force of
970 *+ 370 pN. The hydrophobic tip, however, showed a
decreased interaction force of 140 * 40 pN 1n the presence
of ATP. Both results indicate that the interaction between
GroEL and the substrate proteins is mostly hydrophobic,
and that the forces measure the conformational state of

GroEL.

CONCLUSIONS

In this work we show that tapping-mode AFM under liquid
leads to resolved images of GroEL. We were able to obtain
images of the characteristic ring structure of the chaperonin,
in which some fine structure can be made out. Because of
the upright orientation of GroEL on mica, AFM allowed
quantitative, reproducible measurements of the interaction
force between GroEL and the substrate proteins, (Gly-Ala)
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citrate synthase and (Cys-Ala) B-lactamase, by covalently
immobilizing them on the surface of the tip. We could
measure by AFM the changes in the interaction forces upon
the addition of ATP, which results in conformational
changes in the GroEL apical domains: in the presence of
ATP, the interaction force between the two substrate pro-
teins and GroEL decreased. Similarly, we found that dena-
tured proteins give rise to a higher interaction force than the
native-like proteins. Finally, the experiments also prove that
hydrophobicity is important for the interaction of the sub-
strate proteins with GroEL.
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