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Can Non-Mechanical Proteins Withstand Force? Stretching Barnase by
Atomic Force Microscopy and Molecular Dynamics Simulation
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ABSTRACT Atomic force microscopy (AFM) experiments have provided intriguing insights into the mechanical unfolding of
proteins such as titin 127 from muscle, but will the same be possible for proteins that are not physiologically required to resist
force? We report the results of AFM experiments on the forced unfolding of barnase in a chimeric construct with 127. Both
modules are independently folded and stable in this construct and have the same thermodynamic and kinetic properties as
the isolated proteins. 127 can be identified in the AFM traces based on its previous characterization, and distinct, irregular
low-force peaks are observed for barnase. Molecular dynamics simulations of barnase unfolding also show that it unfolds at
lower forces than proteins with mechanical function. The unfolding pathway involves the unraveling of the protein from the
termini, with much more native-like secondary and tertiary structure being retained in the transition state than is observed in
simulations of thermal unfolding or experimentally, using chemical denaturant. Our results suggest that proteins that are not
selected for tensile strength may not resist force in the same way as those that are, and that proteins with similar unfolding

rates in solution need not have comparable unfolding properties under force.

INTRODUCTION

Understanding the pathway by which proteins fold is an
established problem that has been investigated using a wide
range of biophysical and theoretical techniques. Recently,
atomic force microscopy (AFM) has been used in force
mode to observe the unfolding of individual immunoglob-
ulin modules in the giant muscle protein titin as it is
stretched (Rief et al., 1997). The technique has been ex-
tended to the study of other proteins that naturally occur as
tandem repeats of similar modules, such as the all-a protein
spectrin (Rief et al., 1999) and all-B fibronectin type III
domains from titin and human tenascin (Oberhauser et al.,
1998; Rief et al., 1998b) (for recent reviews of this appli-
cation of AFM, see Clausen-Schaumann et al., 2000; Fisher
et al., 2000; Janshoff et al., 2000). AFM offers an alternative
to traditional solution experiments on protein folding that
use chemical denaturants such as guanidine hydrochloride
to unfold the protein, and it allows the unfolding properties
determined by chemical denaturation to be compared with
those under force (Carrion-Vazquez et al., 1999). Single-
molecule studies such as these have the additional advan-
tage of being directly comparable to single-molecule pulling
simulations (Klimov and Thirumalai, 2000; Zhang et al.,
1999), particularly atomistic molecular dynamics (MD)
simulations (Izrailev et al., 1999; B. Li, D. O. V. Alonso,
B. J. Bennion, and V. Daggett, submitted for publication;
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Lu et al., 1998; Lu and Schulten, 2000; Paci and Karplus,
1999, 2000). The comparison is further facilitated by having
a well-defined molecular reaction coordinate, namely end-
to-end distance or extension length, built into the experi-
ment; the analogous quantity in chemical denaturation stud-
ies is more nebulous. Indeed, a single property is a poor
reaction coordinate for protein unfolding by denaturant or
high temperature (Alonso et al., 2001).

Most AFM studies on protein folding thus far have con-
centrated on proteins that occur naturally as tandem repeats
of similar modules: tenascin, spectrin, and titin. All of these
domains require tensile strength for their physiological
function and may be expected to withstand force. Here, we
seek to establish whether proteins that are not normally
stretched will be similarly resistant to force and whether
AFM will be useful as a technique for the study of any
protein of interest. We have chosen to focus on the small
globular RNase barnase, which has been extensively studied
as a paradigm for folding using both experimental and
simulation techniques (Li and Daggett, 1998; Matouschek
et al., 1992; Serrano et al., 1992). In barnase, the main
hydrophobic core is formed by the packing of the N-termi-
nal a, helix against one side of a five-stranded 3-sheet (Fig.
1 a), and there are two smaller hydrophobic cores, one
formed through the packing of the short «, and a5 helices
and first strand of the (-sheet, and the other by two short
loop regions and the other side of the B-sheet. For compar-
ison, the structure of a titin 127 (TI 127) module that is used
as an internal reference is shown in Fig. 1 b.

To unambiguously analyze the force traces obtained from
AFM force mode experiments, it is desirable to pull a
protein comprising a single type of domain arranged in
tandem, rather than naturally occurring arrays of different
domains (Carrion-Vazquez et al., 1999). The protein folding
model T4 lysozyme was polymerized in the solid state by
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FIGURE 1 Ribbon diagrams of (a) barnase and (b) TI 127 created using
MOLSCRIPT (Kraulis, 1991) from the PDB structures IBNR (Bycroft et
al., 1991) and 1TIT (Pfuhl and Pastore, 1995). The N- and C-termini are
indicated to place the proteins in their AFM context.

disulfide bridges between engineered cysteines (Yang et al.,
2000). However, this approach requires the knowledge of
the crystal structure and has the disadvantage that the folded
modules lie very close in space and are not necessarily
pulled from the ends. The best solution has been achieved in
the case of the 127 and 128 domains of titin by cloning
multiple copies of the same gene end-to-end, to produce a
polyprotein of identical modules (Carrion-Vazquez et al.,
1999; Li et al., 2000). Although this approach might have
been directly applied to barnase, attempts to express small
barnase oligomers were not successful. We therefore used
the alternative of splicing a copy of the barnase gene into an
existing gene construct for TI 127, replacing every second
TI 127 module (Fig. 2). This approach has the serendipitous
advantage of also providing an internal standard for com-
paring different AFM traces.

Here we show that, although the barnase modules are
folded and stable in the construct, they neither resist force to
the same extent as proteins previously studied by AFM
(e.g., titin and tenascin), nor do they show the regular
pattern of unfolding peaks that has been seen for these other
proteins. However, it is nonetheless possible to study the
forces at which barnase unfolds in a meaningful way. We
have also run MD simulations of forced unfolding with the
inclusion of explicit solvent. These show that barnase un-
folds at much lower forces than other proteins for which
simulations have been run, such as titin immunoglobulin
(Ig) domains (Lu et al.,, 1998; Lu and Schulten, 2000),
fibronectin type III domains (Paci and Karplus, 1999), and
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FIGURE 2 Schematic illustration of multimodular protein constructs for
(a) a TI 127 octamer and () a barnase/I27 chimeric protein. The protein
N-terminus is on the left side. The N-terminal histidine tag, His,, used to
purify the protein was left attached. At the C-terminus two cysteine
residues (CC) were included to facilitate a gold-sulfur attachment to the
AFM substrate.
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elastin (B. Li, D. O. V. Alonso, B. J. Bennion, and V.
Daggett, submitted for publication).

MATERIALS AND METHODS

Cloning and protein expression

A gene construct was designed with nine distinct restriction sites, in
principle allowing the cloning in of eight different domains. This was
initially used to assemble a gene for eight repeats of TI 127 and will be
described in more detail elsewhere. A schematic illustration of the con-
struct is shown in Fig. 2 a. The C-terminus of the construct was extended
by two cysteine residues to allow the protein to attach to the gold AFM
substrate by gold-sulfur bonds. This gene was cloned into a modified
version of the vector pRSET (Invitrogen), which adds a His, tag on to the
N-terminus, and was transformed into C41 cells (Miroux and Walker,
1996) for expression. The construct was expressed by growing the cells to
an ODg, of 0.4—-0.7 in 2xTY media and 100 uM ampicillin and inducing
with 100 uM IPTG overnight. The protein was purified from the cytosolic
supernatant by affinity chromatography on a nickel-agarose column and
eluted with 250 mM imidazole, leaving the His, tag intact to improve
adhesion to the AFM tip. The purified protein was stored in phosphate-
buffered saline (PBS: 10 mM phosphate buffer, 137 mM NaCl, 2.7 mM
KCl), with the addition of 0.01% sodium azide to prevent bacterial and
fungal growth.

A second gene with the barnase mutant H102A in the second, fourth,
and sixth positions in the construct (Fig. 2 b) was built up by an analogous
process to that for the TI 127 octamer, and expressed by the same protocol
as above. The H102A mutant is inactive and can therefore be expressed
intracellularly without co-expression of the inhibitor barstar, while still
having similar properties to the wild type (Axe et al., 1998). In this case a
flexible linker region of three Gly-Ser repeats was inserted between the
barnase and TI 127 domains at each of its N- and C-termini to prevent
interdomain interactions, especially important as the termini of barnase
are not located at opposite ends of the protein, as is the case for TI 127
(Fig. 1).

Two three-module constructs, 127-barnase-127 and 127-127-127, were
also expressed to test the properties of barnase and TI 127 in the construct
by solution experiments. The same procedure as above was used to express
unlabeled protein. An 'N-labeled sample of each protein was also pro-
duced by growth in minimal media, using '*NH,Cl as a the sole nitrogen
source. The isolated TI 127 and the barnase mutant HI02A were produced
as has been described previously (Fowler and Clarke, 2001; Meiering et al.,
1991).

AFM experiments

All AFM measurements were made on a molecular force probe (Asylum
Research, Santa Barbara, CA), using silicon nitride cantilevers (Thermo-
Microscopes, Sunnyvale, CA). The tips were calibrated in the experimental
buffer, the spring constant being determined by the frequency response of
the cantilever to background “white” noise (Hutter and Bechhoefer, 1993).
In all cases the spring constant was within 10% of 30 pN nm ™. The protein
was adsorbed to the gold at sufficiently low concentration to minimize the
chances of picking up two molecules (100-125 uM). A 600-ul drop of
protein solution was placed on a freshly evaporated gold slide and left for
15 min, after which the excess was washed off and the bound protein
covered by a fresh layer of PBS.

Force traces for both the TI 127 octamer and the 127/barnase chimeric
protein were collected at a range of different pulling speeds from 100 nm
s 'to5 wm s~ to examine the pull-rate dependence of the force at which
the protein domains unfolded. Although the microscope stage was not
thermostatted, the room temperature was always in the range 20-25°C. At
each pulling speed, at least 30 clear traces were recorded to get sufficient
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sampling. The data were analyzed using the software Igor Pro (Wave-
metrics Inc., Lake Oswego, OR).

Solution studies

Equilibrium denaturation experiments were carried out for the model
three-module constructs 127-barnase-127 and 127-127-127, and for the iso-
lated barnase mutant H102A in PBS and 5 mM DTT at 25°C (protein
concentration was ~1 uM in all cases). DTT was added to prevent
disulfide cross-linking of unfolded protein by maintaining the cysteine
residues of 127 in the reduced state. Protein was equilibrated with guani-
dine hydrochloride overnight and unfolding monitored by the change in
fluorescence at 320 nm on excitation at 280 nm. The data were fitted to the
standard two-state equilibrium curve given in Eq. 1, in which F and [D] are
the observed fluorescence and denaturant concentration for each data point,
and the following parameters are fitted to the data: [D]s,, the denaturant
concentration at which 50% of the protein is denatured; mp,_y, the depen-
dence of AG,_ on denaturant concentration; oy and By are the fluores-
cence of the native state at 0 M denaturant and the dependence of the native
state signal on denaturant, respectively; and ap, and By, are the correspond-
ing quantities for the denatured state (Clarke and Fersht, 1993; Fersht,
1999; Pace, 1986). R and T are the molar gas constant and temperature, as
usual.

_ (ax + BNLD]) + (ap + BolDDexp(mp.n(LD] — [Dlsow)/RT)

r I exp(mon((D] — [Dlsw)/RT) )

The protein stability, AGp3Q, was calculated from the fitted values of
[Dls0v, and mp,_ by Eq. 2.

AGS%I(\)J = mD-N[D]SO% (2)

Unfolding kinetics for the 127-barnase-127 construct and isolated barnase
H102A were initiated by 1:10 mixing of 11 uM protein solution with
guanidine hydrochloride (GdnHCI) in PBS at 25°C. The unfolding reaction
of barnase was followed using the total fluorescence above 320 nm
(excitation 280 nm) in an Applied Photophysics (Leatherhead, UK)
stopped-flow fluorimeter. The unfolding of the TI 127 modules in the
three-module proteins was monitored after manual mixing in an Aminco
Bowman fluorimeter (ThermoSpectronic, Cambridge, UK). As the unfold-
ing rates of barnase and TI 127 are very different at the working concen-
tration of denaturant, there is a clear separation of time scale for the
unfolding kinetics of the two proteins; the initial part of the fluorescence
signal may be fit to a single exponential for barnase and the remainder to
an exponential for TI 127. The natural logarithm of 4, the observed
unfolding rate constant, showed a linear dependence on denaturant con-
centration.

NMR spectroscopy

SN HSQC spectra of the '*N-labeled models 127-barnase-127 and 127-127-
127, as well as an isolated TI 127 domain, were recorded at 298 K in PBS
on a Bruker (Karlsruhe, Germany) AMX-500 spectrometer.

MD simulations

To match the construct used in the AFM experiments, we added one
glycine on each terminus of barnase and pulled the C, atoms of these
terminal glycines in the simulations. MD simulations were performed using
an in-house version of the program ENCAD (Levitt, 1990) and a previ-
ously described force field (Levitt et al., 1995, 1997). All protein and
solvent atoms were explicitly present. The crystal structure of barnase
(1BNI (Buckle et al., 1993)) was used as the starting structure. It was
minimized for 500 steps. The protein was then solvated by a water box
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extending at least 10 A in all directions. The water density was set to the
experimental value (0.997 g/ml for 25°C) (Kell, 1967). The systems were
prepared for MD by minimizing the water for 2000 steps, performing MD
of the water for 2000 steps, minimizing the water for 2000 steps, mini-
mizing the protein for 2000 steps, and minimizing the protein and water
system for 2000 steps. After these preparatory steps the systems were
heated to 298 K. MD simulations were then run using a 2-fs time step. The
nonbonded list was updated every five steps, and the nonbonded cutoff was
10 A. Periodic boundary conditions and the minimum image convention
were used to reduce edge effects.

A 0.5 (low rate) or 1.0 (high rate) A increment per step on the selected
atom pair was achieved by using a 1 kcal mol™! A~2 force constant,
followed by 50 ps of MD simulation to equilibrate at the new distance,
corresponding to rates of 0.01 and 0.02 A ps™', respectively. The restraint
force (F) was calculated given this force constant and the difference
between the actual end-to-end distance (x, the distance between the C,
atoms of the terminal glycines) and the designated value (x,) for each time
step (F' = k(x, — x)). To obtain a detailed force curve, the restraint force
was calculated every 0.2 ps, even though the designated distance (x,)
remained the same over the 50-ps intervals. The water box was enlarged
twice for both simulations by resolvating the protein to ensure that there
was enough water surrounding the protein during the pulling process.
Resolvation of protein was achieved by taking the structure of the protein
at the time points (2 and 4 ns for the low-rate simulation and 1 and 2 ns for
the high-rate simulation) when the solvent box was deemed to be too small
and resolvating out to 10 A. The preparatory steps described above were
then performed on this larger system and the MD simulations were run
with the designated increment of the end-to-end distance. Initially, the
systems contained 4491 water molecules, which was increased to 6446
(low rate) and 6534 (high rate) by the end of the simulations. Structures
were saved every 0.2 ps for analysis, yielding 30,000 structures for the
low-rate simulation (6 ns) and 15,000 structures for the high-rate simula-
tion (3 ns).

RESULTS

Barnase and Tl 127 are independently folded and
stable in the multimodular constructs

A recombinant fragment consisting of only the first three
modules (I27-barnase-127 from the 127/barnase hybrid and
127-127-127 from the TI 127 octamer) were studied in solu-
tion to confirm that the stability and unfolding rate of
barnase were not affected by placing it in a construct. These
were chosen as sufficiently complete to represent the envi-
ronment of TI 127 and barnase within the hybrid, while still
being of an accessible size for NMR. "N HSQC spectra for
isolated T1 127, 127-127-127, and 127-barnase-127 are shown
in Fig. 3. The spectra for a single TI 127 module and the
triple TI 127 overlay very well (Fig. 3, a and b), indicating
that the TI 127 is folded and that all the peaks for the single
module are clearly resolved for the trimer. The peaks pre-
viously assigned to folded barnase (Jones et al., 1993) were
clearly visible in the spectrum of the hybrid 127-barnase-127
protein (Fig. 3 ¢), demonstrating that it, too, is folded in the
construct.

Equilibrium denaturation of the 127-barnase-127 con-
struct gave a double transition (Fig. 4 a and Table 1), which
was fitted to the sum of expressions for two single protein
two-state denaturation curves (Eq. 1 (Fersht, 1999)). The
parameters determined from this fit and those for the cor-
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FIGURE 3 'H-'N HSQC spectra of (a) isolated TI 127, (b) TI 127

trimer, (c¢) 127-barnase-127 construct (all scales in ppm). The positions of
some of the barnase backbone protons and some side chain protons (in
brackets) that could be assigned based on isolated barnase chemical shift
data are shown. This is a sensitive test of protein structure and indicates
that each protein has the same structure when isolated and in the construct.
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FIGURE 4 (a) Equilibrium denaturation curve for 127-barnase-127 con-
struct in guanidine hydrochloride to determine the stability of the modules
in the construct. The curve was fit to the sum of two expressions for
two-state denaturation, one for each protein; the contributions to the
baseline were estimated from the number of tryptophan residues in each of
barnase and TI I27. The transition at lower denaturant concentration
corresponds to barnase. Fluorescence in arbitrary units. () Unfolding
kinetics data for isolated barnase H102A (triangles), barnase in the 127-
barnase-I127 construct (squares), isolated TI 127 (circles), and TI 127 in the
above construct (diamonds). These show that each module has the same
unfolding rate at 0 M denaturant, both in and out of the construct. The

isolated TI 127 data are taken from Fowler and Clarke (2001). Units of &,

are s~ L.

responding isolated modules are shown in Table 1. The
barnase portion of the curve gives a stability of 9.8 = 1.3
kcal mol ™!, which is within the error of the value deter-
mined for isolated barnase H102A (10.2 + 0.4 kcal mol 1).
Thus, the protein is not only folded in the construct, it is also
of comparable stability to its isolated form. The same is true
of the 127 modules in this construct.

Because the force at which protein modules unfold by
AFM can be related to the unfolding rate (Carrion-Vazquez
et al., 1999; Rief et al., 1998a), unfolding by denaturant is
the analogous bulk solution experiment. Unfolding kinetics
for isolated barnase H102A and barnase in the three-module
construct gave the same value, within error, for the unfold-
ing rate constant, k,, extrapolated to 0 M denaturant (Fig. 4
b and Table 2). The unfolding kinetics for isolated TI 127
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TABLE 1
construct in PBS with 5 mM DTT at 25°C

Best et al.

Parameters determined from equilibrium denaturation of barnase H102A and TI 127, both isolated and as part of a

mp.N [Dlso0s AGp.y
(kcal mol™' M~ 1) M) (kcal mol™")
Isolated barnase 52*+02 1.98 £ 0.01 102 £ 0.4
Barnase in 127-barnase-127 construct 4.8 0.6 2.05 = 0.02 9.8 £ 1.2
Isolated TI 127 2.5%0.1 3.04 £0.01 7.5 = 0.02
TI 127 in 127-barnase-127 construct 2.7+02 3.15 +£0.02 8.6*+0.5
TI 127 in 127-127-127 construct 23*+0.1 3.14 £ 0.02 72 %03

and TI 127 in the same construct likewise extrapolate to the
same unfolding rate at 0 M denaturant, so the unfolding
properties of both modules are unaffected by insertion into
the AFM construct.

Tl 127 can be distinguished in the force traces
based on its established properties

Each force-distance trace of the TI 127 octamer shows the
now-characteristic sawtooth pattern, in which entropic
stretching of the unfolded length of the protein causes a
slow rise in force, followed by a sudden drop as each
domain unfolds (an example is shown in Fig. 5 a). As the
N-terminal end of the protein is nonspecifically attached to
the tip, it may become attached at different points along the
length of the polyprotein, resulting in different numbers of
peaks in different pulls. Only traces in which a single
protein was picked up were selected for analysis, as the
interpretation of traces with multiple proteins is ambiguous:
in a stretching experiment with only one protein present, the
force peaks are typically of similar height with only small
variations in the force of unfolding. Thus, any trace in
which there is a large peak followed by a much smaller peak
is likely to be due to one protein being pulled off the tip,
followed by the unfolding of a domain from a second
protein. In practice, there are many other tell-tale signs for
the adsorption of more than one molecule to the tip, such as
the presence of higher than average forces and “double”
sawtooth peaks that are too close together, arising from the
superposition of two traces.

The curved part of each TI 127 force peak, corresponding
to the entropic elasticity of unfolded protein, was fitted to an
analytical approximation to the dependence of force on
extension (Eq. 3) for the inelastic worm-like chain model

TABLE 2 Unfolding rate constants for barnase H102A and TI
127 as individual proteins and as part of the 127-barnase-127
construct

k, (s7h

337 £0.69 X 1073
234 +0.74 X 107°
491 +0.53 X 107
3.67 £0.96 X 10°*

Isolated barnase

Barnase in 127-barnase-127 construct
Isolated TI 127

TI 127 in 127-barnase-127 construct
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(Bustamante et al., 1994; Marko and Siggia, 1995), in which
p is the persistence length (the correlation length of a
tangent to the backbone), L is the contour length, or total
length of the polymer backbone, kg is Boltzmann’s con-
stant, 7 is the temperature in Kelvin, and x is the distance
between the ends of the polymer.

kT 1 1 x
F(x>—p(4(1—x/L>z‘4+L> 3

A value of 3.5 A was used for the persistence length, as this
gave the best agreement with the data; it is not possible to
allow p to vary freely for the fit to each force peak, as the
values of the other fitted parameters then become less
meaningful. The peaks for barnase could not be fitted to a
pattern of worm-like chain curves with consistent incre-
ments in contour length.

The unfolding of the TI 127 octamer in Fig. 5 a is very
similar to the previously published data using different

Unfolding Force (pN)

0 50 100 150 200 250 300 350
Pull Distance (nm)

FIGURE 5 Representative AFM force-distance curves for (a) the TI 127
octamer, (b and ¢) the 127/barnase chimeric polyprotein with barnase. Both
the approach and retraction force traces are shown in each case. The
position of zero force has been set to the baseline without protein attached
and zero displacement of the AFM head has been set to just before the
protein is pulled off the surface. Worm-like chain fits to the TI 127 peaks
using a persistence length of 3.5 A are superimposed.
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recombinant constructs (Carrion-Vazquez et al., 1999).
Seven of the eight domains unfold in this trace and the back
of each peak, corresponding to the extension of the unfolded
part of the polyprotein, fits well to the worm-like chain
expression in Eq. 3 with a persistence length of 3.5 A
(although the fit is better at high force (Rief et al., 1998D)),
with a change in contour length between adjacent peaks of
295 = 5 A

AFM experiments on the 127/barnase hybrid show dif-
ferent numbers of TI 127 peaks between pulls, although in
many cases the full five present are observed. The peaks fit
well to the same worm-like chain expression as the TI 127
octamer, with the same persistence length and change in
contour length between peaks; this agreement confirms that
the properties of TI 127 in the hybrid construct are un-
changed from those of the octamer. TI 127 therefore pro-
vides a useful internal reference for the barnase/I27 chi-
meric protein.

Distinct peaks are observed for barnase in the
hybrid protein

As the barnase modules were located in positions 2, 4, and
6 of the construct, the presence of at least three peaks for TI
127 guarantees that a barnase insert must lie within the
segment pulled, while four and five peaks ensure that 2 and
3 barnase modules must have been pulled, respectively. The
presence of barnase in the 127/barnase traces is manifested
by a very heterogenous set of peaks at low force appearing
before the TI 127 peaks. In some traces there are clearly a
full three peaks for barnase (as in Fig. 5 b), although the
position and height of these varies considerably, while in
others, there are fewer peaks or none at all (Fig. 5 ¢).

Since we have already established that the solution prop-
erties of barnase in the multimodular construct are not
altered from those of the isolated protein, we must rational-
ize the force-distance traces in Fig. 5 in terms of conditions
unique to the AFM. It is evident that the regions of the
polyprotein containing barnase have actually been pulled in
both parts b and ¢ of Fig. 5: not only are all five TI 127 peaks
present, but the distance from when the tip is drawn off the
surface (the small peak at ~50 nm extension) to the point at
which the first TI 127 module unfolds is ~120 nm, which
corresponds approximately to the length of three unfolded
110-residue barnase segments, each with an additional six
Gly-Ser repeats. This conclusion is strengthened by the
absence of such initial low force events from all traces of
the TI 127 octamer.

Molecular dynamics simulations of pulling give
low force peaks

In an attempt to better understand the behavior of barnase
under force, two MD simulations were performed in which
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FIGURE 6 Response of barnase to pulling in the force-induced unfold-
ing simulations: (@) the constraint energy as a function of time for the low-
(0.01 A ps™', gray) and high-rate simulations (0.02 A ps~", black); (b) the
constraint force as a function of time. The time of the high-rate simulation
has been doubled, showing that the main force peaks appear at similar
relative positions; (c¢) the constraint force as a function of end-to-end
distance, the low-rate and high-rate simulations appear to undergo similar
events as the main force peaks occur at the same extension. The extension
can be obtained by subtracting 24 A, the end-to-end distance of the starting
structure.

the protein was pulled at different speeds. The evolution of
the constraint force (F = k(x — X)) as a function of time is
plotted in Fig. 6 b. For the low-rate (0.01 A ps~ ' or 1 X 10°
nm s~ ') simulation (gray curve in Fig. 6), the force is low
at the beginning of the pulling process, but rises at 1.3 ns to
a peak at 1.7 ns as the protein resists the pulling force. A
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rapid drop in the constraint energy is observed after 1.7 ns
as the protein passes the transition state for force-induced
unfolding (Fig. 6 «). In addition, the maximum in the
constraint force rises when the pulling speed is increased
(compare gray and black curves in Fig. 6), in agreement
with the experimental finding that the force at which mod-
ules unfold also increases with pulling speed. As shown in
Fig. 6 ¢, the largest peaks in the constraint force are 269 pN
(at 0.01 A ps™') and 507 pN (at 0.02 A ps™'), which
correspond to end-to-end distances of 35-38 A or exten-
sions of 11-14 A. Structures corresponding to the major
peaks are provided in Fig. 7 with contact maps showing
their side- and main-chain interactions. The structural prop-
erties of the force-induced transition states are independent
of pulling speed (Fig. 7). The overall unfolding of the
protein is also independent of the pulling speed (Fig. 8).

Several properties of barnase, C,, root-mean-square-devi-
ation (RMSD), radius of gyration, and solvent-accessible
surface area, were monitored over time (Figures describing
those data are available from the authors.). The change in
these properties showed a distinct delay at the position of
the force peaks (Fig. 6) in the high-rate simulation; but the
properties increased smoothly in the low-rate simulation. A
cluster analysis of pairwise C, RMSDs indicated clear
structural ensembles for both simulations at the positions
corresponding to the force peaks (Figures describing these
data are available from the authors). Moreover, the transi-
tion-state clusters for the simulations using different rates
are quite similar to one another (see Fig. 7), again demon-
strating that the structural properties of the transition states
are independent of pulling speed in the simulations.

DISCUSSION

The distribution of barnase forced
unfolding events

The properties of barnase under force do not fit the pattern
of most other proteins that have been unfolded by AFM.
Barnase does not show a discernible pattern of regularly
spaced peaks with a fixed increment in contour length.
Instead, the peaks occur at much lower forces, and some-
times only very low peaks are observed, which we could not
confidently distinguish from the baseline noise (see Fig. 5,
b and c¢). The low, irregular peaks for barnase may be
caused by the different parts of the protein unfolding in
separate steps, or possibly by the protein unfolding by
alternative pathways under force.

Instead of attempting to analyze the barnase unfolding
peaks by means of worm-like chain fitting, we have plotted
histograms of the unfolding forces for the TI 127 multimer
and the barnase/I27 hybrid. These contain the most impor-
tant information available from the AFM data, namely the
force at which the protein unfolds, which is related to its
unfolding rate on the force-perturbed energy landscape. An
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example for data collected at a pulling speed of 300 nm s~
is given in Fig. 9. The force distribution for the 127/barnase
hybrid (Fig. 9 b) shows a large peak at ~190 pN that
approximately matches the position of the peak in the TI 127
octamer force distribution (Fig. 9 a). There is a subsidiary
peak at ~70 pN arising from the peaks attributable to
barnase. The ratio of the peak heights is not the same as the
ratio of TI 127 to barnase modules in the hybrid, due to the
traces with no barnase peaks, and also to the caution exer-
cised in not picking small peaks that may result from
background noise or interactions between the tip and the
surface or proteins on the surface. Nonetheless, the separa-
tion of unfolding events for the two proteins suggests that it
is possible to study proteins such as barnase, which cannot
be expressed intracellularly in soluble form, in our con-
struct.

The dependence of unfolding force on pulling speed
was analyzed for both barnase and TI 127 by dividing the
bimodal force distribution into two populations along the
minimum between the peaks and taking separate averages
of unfolding force for peaks above and below this value.
The results are shown in Fig. 10, which also gives the
dependence of TI 127 unfolding force on pulling speed in
the TI 127 octamer. This plot shows that the force at
which TI 127 unfolds in the chimeric protein depends
linearly on the logarithm of the pulling rate, in a similar
fashion to that of the modules in the TI 127 multimer. The
unfolding forces for TI 127 in the construct appear very
slightly higher than for those in the multimer, possibly
because of the exclusion of low force peaks due to our
division of unfolding events before averaging. An addi-
tional factor is the slight increase in peak height with
extension, even for TI 127 homopolyproteins, because of
the elastic compliance of the AFM tip (Evans and
Ritchie, 1999); because we only count the last five peaks
of the chimeric protein, which is longer than the 127
octamer to begin with, the average unfolding force would
be overestimated. Following these arguments, the reverse
might be expected for barnase, but the force distribution
for that protein is probably also biased toward higher
forces because of the exclusion from the analysis of low
force peaks that were not reliably distinguishable from
background noise. Furthermore, the unfolding forces at-
tributable to barnase follow a similar linear relationship
to the logarithm of the pulling speed. A theoretical de-
scription based on Kramers’ theory (Evans and Ritchie,
1999) predicts a linear relationship between unfolding
force and the logarithm of the loading rate ry, defined by
re = kv, where k is the spring constant of the cantilever
and v is the pulling speed. As all of our experiments used
a similar spring constant (within 10% of 30 pN nm '), a
linear relation is indeed predicted to hold between un-
folding force and the logarithm of pulling speed. This is
another piece of evidence confirming that the peaks we
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native

rate

FIGURE 8 Comparison of simulated unfolding pathways under force (F) and at high temperature (T). In the force-induced unfolding simulations barnase
passes the transition state by disrupting the packing interaction at the termini while the whole molecule remains compact and native-like. However, in the
heat-induced unfolding simulation, the structural changes are distributed throughout the protein and barnase becomes more expanded after the transition
state. Moreover, the force-induced unfolding of barnase at the high rate shows a second force peak (Fig. 6) corresponding to the further separation of «;
from the main body of the protein (compare 2- and 2.5-ns structures of the high-rate simulation). In contrast, the intermediates from the heat-induced
unfolding, represented by the 0.5-ns structure (the actual intermediate is populated from 470 to 730 ps (Li and Daggett, 1998)), show partly opened
hydrophobic cores and the termini retain interactions with the protein.

have assigned to barnase in fact come from an unfolding
protein.

unfolding in the model is lowered by F|, - xu, where £, is the
force of unfolding; this relationship is based on the assump-
tion of a steep native energy well, so that the application of
force does not cause a shift in transition state. Previous
studies found that the value of £, fitted to AFM data from
this model agreed well with that determined from bulk

Comparison of unfolding by force and by
chemical denaturation

The above results establish that barnase and 127 behave very
differently under force, despite having similar unfolding
rates in bulk solution. As the two measurements are not
directly comparable, a model is required to link them. The
unfolding of proteins by AFM can be described as a two-
state Markov process, in which the unfolding force by AFM
is determined by the unfolding rate, k,, the pulling speed,
and the distance along the reaction coordinate (end-to-end
length) from the folded state to the transition state, x,, (Rief
et al., 1998a). In particular, the activation free energy for

denaturant-induced unfolding for the TI 127 (Carrion-
Vazquez et al., 1999) and 128 (Li et al., 2000) domains.
Although this agreement might suggest that these domains
unfold by the same pathway under the two sets of condi-
tions, it could simply be that the energy barrier to unfolding
is very similar. In fact, MD simulations of forced and
thermal unfolding of 127 conclude that they follow different
pathways (Paci and Karplus, 2000).

If barnase and TI 127 do indeed unfold by the same
pathway under force as they do in solution, and if barnase

FIGURE 7 Structures and contact maps of force- and temperature-induced unfolding transition states: (@) the crystal structure (native state); (b) the
transition state for unfolding at high temperature; (c) the transition state for unfolding by force (low rate); and (d) the transition state for unfolding by force
(high rate). The high-temperature TS is the average structure from 135 to 140 ps of a simulation beginning from the NMR structure (Daggett et al., 1998).
The force-induced transition states are the average structures from 1.55 to 1.60 ns and 0.95 to 1.00 ns of the low- and high-rate simulations, respectively.
These structures correspond to the major peaks in Fig. 6. The top left corner of the contact map shows the number of side chain interactions, N_, with a
5.4 A cutoff (red, 0 < N, =< 3; green, 3 < N, = 10; blue, N, > 10). The bottom right corner is the a-carbon contact map classified by atom-atom distance,
d (blue, d < 5 A; green, 5 < d =7 A; red, 7 <d =10 A).
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FIGURE 9 Distribution of unfolding force for (a) the TI 127 octamer and
(b) the TI 127/barnase chimeric construct. In () the maximum at ~70 pN
corresponds to barnase unfolding. All traces where only one protein mol-
ecule was pulled (see Results) were analyzed, and the height of all peaks
that could be reliably measured (i.e., were not in the “noise”) were
determined and recorded.

has a similar value of x,, then they should unfold at similar
force, or possibly, barnase would unfold at a slightly higher
force. [The assumption of similar x, is justified by its
theoretical relationship to the slope of the plots in Fig. 10;
the slopes are very similar for barnase and 127, although
they do have large associated error and x, is known to be
very sensitive to variations in slope. Because barnase has a
lower value for k,, the two-state model would predict a
slightly higher unfolding force (Rief et al., 1998a).] This is
clearly not the case: the solution unfolding kinetics are a
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FIGURE 10 Dependence of unfolding force on the pulling speed for TI
127 in the octamer (crosses) and TI 127 (squares) and barnase (circles) in
the hybrid protein.
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poor predictor of sensitivity to force according to this two-
state model. Whether each protein unfolds by the same
mechanism under force and in solution cannot be deter-
mined by single pulling experiments alone, and requires
either a mechanical analog of a ®-value analysis or a
detailed simulation.

MD simulations show that unfolding is initiated at
the termini of barnase

During the first nanosecond of the low pulling speed (0.01
A ps™ 1), the protein had a very native-like structure, with a
C, RMSD of <2.0 A from the crystal structure (Figures
describing these data are available from the authors.) Both
the N- and C-termini became extended as a result of the
pulling process (Fig. 8). After 1.6 ns the tertiary structure
became more disrupted and both termini separated from the
main body of the protein. The interactions between «, and
loop 4 also broke, and the three hydrophobic cores of
barnase separated from one another. Barnase also lost
~17% of its hydrogen bonds in this process, but there was
no simultaneous and cooperative breaking of hydrogen
bonds, as was observed for 127 (Lu and Schulten, 2000).
The high-rate simulation experienced similar effects at com-
parable degrees of extension. However, it has an additional
force peak at ~2.5 ns (Fig. 6) corresponding to the further
separation of helix 1 from the main body of the protein (Fig.
8). This second barrier may be responsible for the irregular
distance between the experimental low-force barnase peaks.
Overall, the simulations suggest that force acts primarily to
pull the ends of the molecule from the core of the protein in
a sequential manner. However, there was a peak in the force
curve due to the disruption of critical packing interactions,
with some pieces of secondary structure being more stable
than others (Fig. 7).

Previously, we have used a conformational clustering
method to identify transition states of heat-denatured pro-
teins (Li and Daggett, 1994, 1996). When we applied this
method to the low-rate trajectory, we found a cluster be-
tween 1.4 and 1.8 ns, exactly the same time period as the
constraint energy peak (Figures describing these data are
available from the authors.) (Fig. 6). Moreover, we can
compare the two simulations with different rates using a
plot of pairwise C, RMSD over the course of the simula-
tion. The structure differed gradually during the simula-
tions, with a distinct block of similar structures with low
RMSD to one another over the same time period as the main
force peak (Figures describing these data are available from
the authors). This finding suggests the existence of a
strained, rigid structure just before the key structural ele-
ments (packing interactions) are broken, giving rise to a
transition state on the force-induced unfolding pathway.
Thus, two independent approaches, our clustering procedure
and the peak in the force curves, identify the same structures
as representing the major transition state. This correspon-
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dence adds further support for the use of our clustering
method to identify transition states in MD simulations.

Unfolding pathways at high temperature and
under force are different

The force-induced transition states found in the two pulling
simulations described here are much more native-like than
those found by thermal denaturation simulations (Fig. 7) (Dag-
gett et al., 1998; Li and Daggett, 1998) and by experimental
studies of denaturation of barnase in solution via thermal or
chemical denaturation (Serrano et al., 1992). In particular, the
secondary structure is more ordered and there are more tertiary
contacts in the force-derived transition state (Fig. 7). In fact,
the transition states from the force-induced unfolding simula-
tions are very native-like, far too native-like to reproduce the
experimental solution ®-values. The two force-derived transi-
tion states are very similar, however. If we continue further
into each trajectory until we reach the intermediate state, the
findings are similar: the intermediate state for the force-in-
duced unfolding is highly structured in the center of the mol-
ecule, with the largest distortion localized to the ends (Fig. 8).
This is not observed in the high-temperature intermediate (Li
and Daggett, 1998) and the intermediate characterized exper-
imentally using chemical denaturation (Matouschek et al.,
1992), which are much more disrupted and the packing of the
cores is severely compromised (see the 0.5-ns structure from
the thermal denaturation simulation, Fig. 8). The ends of the
molecule, particularly the C-terminus, remain in contact with
the body of the protein, in contrast to the force-induced inter-
mediate.

By comparing the order of events in the force-induced
unfolding simulations with those from thermal denaturation
simulations, we can address the effects that the different
perturbants have on the structure. Also, we note that the
simulated unfolding pathway at high temperature is in very
good agreement with experiment, including the transition
state, intermediates, and the denatured state (Bond et al.,
1997; Daggett et al., 1998; Li and Daggett, 1998; Wong et
al., 2000). Consequently, differences between the force-
induced and temperature-induced unfolding pathways can
tell us whether and how applied force distorts the folding
process. Various snapshots from the simulations are pre-
sented in Fig. 8. When the two ends of the molecule are
pulled, the transition state is reached within ~1.8 ns and
corresponds to a disruption of packing interactions at the
termini. This peeling away of the ends of the molecule
continues over time, until just a fraction of the B-sheet
exists. The o helix is remarkably immune to the force; that
is, it is pulled away from the protein but it retains its
secondary structure. In contrast, for the early steps in the
unfolding in the high-temperature simulation, structural dis-
ruptions are distributed throughout the protein and are not
localized to the ends of the protein. That is not to say that
barnase does not have portions of the molecule that are
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more ordered than others, because it does; but it does not
experience the systematic unfolding from the ends of the
structure seen in the forced unfolding simulations. An in-
teresting parallel to the forced unfolding simulations was
seen in previous lattice simulations of pulling (Socci et al.,
2000), which were able to model the partition function of
the protein under force as a collapsed globule with chain
ends extending from it. Other MD simulations of stretching
have shown similar structural properties in the unfolding
pathway to varying extents, suggesting that this may be a
general attribute of forced unfolding (Lu et al., 1998; Lu and
Schulten, 2000; Paci and Karplus, 1999, 2000).

We note that although the pulling rates in the current
simulations are an order of magnitude slower than previous
simulations (Lu et al., 1998; Lu and Schulten, 2000), they
are still six orders of magnitude faster than the experimental
pulling rates. Thus, the higher unfolding forces seen in the
simulations could be explained by the same reasoning as is
applied to the variation of force with pulling speed in the
AFM experiments: at each force the unfolding rate is the
same, but at higher pulling speeds there is less time for the
protein to unfold at any particular extension. Although there
are small differences between the high and low pulling
speed simulations, such as the second force peak at high
speed (corresponding to a further separation of «, from the
main body of barnase), the results are generally consistent:
the main force peak corresponds to a very similar structure
and unfolding pathway, suggesting that the mechanism for
unfolding is not strongly dependent on pulling speed. In any
comparison of simulation and experiment there is a possi-
bility that at the higher pulling speeds sampled by MD a
different transition state is observed than at the lower ex-
perimental pulling speeds (Evans and Ritchie, 1999). Fur-
thermore, at the lower pulling speeds of the experiment the
system has time to equilibrate. This can only be addressed
when, experimentally, the structure of the transition state for
unfolding is probed in molecular detail (Marszalek et al.,
1999) and compared to the transition state observed in the
simulations. However, the general agreement between sim-
ulation and experiment (the lower unfolding forces for
barnase than observed for simulations of other proteins, and
the noncooperative unfolding of barnase “in parts”) encour-
ages us to believe that the simulation can give us an insight
into the experimental events.

Is mechanical strength determined by fold or
function?

Both the experimental AFM results and the MD simulations
show that barnase has a much lower resistance to force than
TI 127, despite having a slightly slower unfolding rate in
solution. How can this be interpreted in terms of the func-
tions of the two proteins? TI 127 is under continual mechan-
ical stress in muscle and there is evidence from immuno-
electron micrograph studies that some T1 127 domains might
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unfold under physiological stress (Helmes et al., 1999).
Therefore, titin needs to have a sufficiently high energy
barrier to unfolding to maintain native structure under
stress—indeed, it is found that the unfolding rate of TI 127
is similar in bulk solution and in AFM experiments (Carri-
on-Vazquez et al., 1999). However, barnase does not resist
force well, as it is not required for its function, and barnase
is apparently unfolded by very low forces in a significant
fraction of the AFM traces. This does not necessarily apply
to all non-mechanical proteins: the AFM experiments on
cross-linked T4 lysozyme showed regular unfolding behav-
ior (Yang et al., 2000), with force peaks comparable to those
of spectrin, a protein that is functionally required to resist
force (Lenne et al., 2000; Rief et al., 1999). An important
question is whether the ability to resist force is simply a
property of a particular protein fold or whether it has
evolved individually for function in each protein. The me-
chanical strength of both TI 127 (Rief et al., 1997) and
fibronectin type III (fn3) domains in tenascin and titin (Rief
et al., 1998b), which share a common fold, suggest the
former, while the differences in their mechanical properties
show that the latter is also important. In particular, differ-
ences between the fn3 domains, which have almost identical
topology, highlight the role of function: fn3 domains from
titin unfold at significantly higher forces than those from
tenascin and fibronectin (Rief et al., 1998b).

CONCLUSIONS

We have shown that it is possible to place a globular protein,
barnase, in a soluble polyprotein construct suitable for AFM.
We have demonstrated that the protein is folded in the con-
struct and has the same properties as the isolated protein in
solution. By pulling a construct with a known internal refer-
ence, we were able to assess the AFM data in light of the
results previously collected for the reference protein, titin 127.
The distribution of unfolding peaks showed both a maximum
at the correct position for TI 127 and one at significantly lower
forces that must be from barnase unfolding. The force at which
the barnase module unfolds has a linear dependence on the
logarithm of the pulling speed, as theoretically expected for a
protein unfolded by force.

Our results demonstrate that it is possible to study glob-
ular proteins such as barnase by AFM, just as has been done
for structural proteins. Moreover, the construct we used
should make it straightforward to clone other proteins into
the same positions as barnase for study by AFM. Our
method provides an alternative to the chemical linkage used
for T4 lysozyme (Yang et al., 2000), which requires a
known crystal structure. There is an intriguing parallel be-
tween these AFM results and experiments involving the
unfolding of barnase by the mitochondrial import machin-
ery. This process occurs by pulling on the N-terminus and
has also been shown to follow a different pathway to that for
solution unfolding (Huang et al., 1999).
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MD simulations of unfolding by force are able to provide
atomic detail regarding the mechanism of unfolding of
barnase by force. Unfolding occurs primarily from the ter-
mini of the protein, with both secondary and tertiary struc-
ture being maintained for much longer in the course of
unfolding than is the case for simulations of thermal un-
folding. There does not appear to be a sudden loss of
structure after a “key event,” as was observed in simulations
of the unfolding of TI 127 (Lu et al., 1998; Lu and Schulten,
2000), although there is a very native-like transition state for
unfolding in which packing is disrupted.

Barnase unfolds at very much lower force than TI 127 by
AFM experiment, especially when one considers that the two
proteins have very similar unfolding rate constants in solution.
Also, the force peaks obtained in the MD simulations are much
lower for barnase than for simulations of other structural pro-
teins using a similar protocol. It is reasonable to conclude that
this is because barnase has not been selected by evolution for
the purpose of withstanding force, while TI 127, tenascin, and
spectrin all require this property for their function. Force spec-
troscopy studies on proteins that have not evolved to withstand
force are consequently not expected to yield useful information
about their normal function, although they are still of interest
for understanding the underlying forces responsible for protein
structure and folding.
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