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The Effect of Core Destabilization on the Mechanical Resistance of 127
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John Trinick,¥ Peter D. Olmsted,¥ D. Alastair Smith,* and Sheena E. Radford*
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ABSTRACT ltis still unclear whether mechanical unfolding probes the same pathways as chemical denaturation. To address
this point, we have constructed a concatamer of five mutant 127 domains (denoted (127)5*) and used it for mechanical
unfolding studies. This protein consists of four copies of the mutant C47S, C63S 127 and a single copy of C63S 127. These
mutations severely destabilize 127 (AAG = 8.7 and 17.9 kd mol~" for C63S 127 and C47S, C63S 127, respectively). Both
mutations maintain the hydrogen bond network between the A’ and G strands postulated to be the major region of
mechanical resistance for 127. Measuring the speed dependence of the force required to unfold (127)5* in triplicate using the
atomic force microscope allowed a reliable assessment of the intrinsic unfolding rate constant of the protein to be obtained
(2.0 X 1073 s7"). The rate constant of unfolding measured by chemical denaturation is over fivefold faster (1.1 X 1072 s 7),
suggesting that these techniques probe different unfolding pathways. Also, by comparing the parameters obtained from the
mechanical unfolding of a wild-type 127 concatamer with that of (127)s*, we show that although the observed forces are

considerably lower, core destabilization has little effect on determining the mechanical sensitivity of this domain.

INTRODUCTION

Since its conception in 1986 (Binnig et al., 1986), the
atomic force microscope (AFM) has been used for a wide
variety of imaging applications in material science, chem-
istry, and biology. More recently, the imaging capability of
AFM has been complimented by the development of force
mode AFM (Burnham and Colton, 1989). By using a can-
tilever of known stiffness (spring constant) the force applied
by the cantilever can be calculated by measurement of its
deflection. This allows picoNewton force sensitivity cou-
pled with Angstrom distance resolution. This technique has
been used for the direct measurement of the binding forces
of complimentary strands of DNA (Lee et al., 1994), the
binding energy of receptor:ligand complexes (Florin et al.,
1994), and over larger distances, to measure conformational
changes in organic polymers (Rief et al., 1997a).

The effect of applied force upon the energy landscape of
protein domains is of particular interest in the context of
protein folding and unfolding. The use of force as a protein
denaturant was initially attempted by differential chemical
derivitization of the tip and substrate (Mitsui et al., 1996).
However, these results were difficult to interpret due to the
complication of surface effects and identification of true
unfolding events. These problems were obviated by the use
of the giant muscle protein titin. This modular protein (3
MDa) consists mainly of ~300 immunoglobulin (I-set) and
fibronectin type III domains and has been suggested to act
as a molecular spring, responsible for the passive tension
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generated by extended muscle and for maintaining myosin
filaments in the middle of the sarcomere (Trinick, 1996). By
using optical tweezers (Kellermayer et al., 1997, Tskhov-
rebova et al., 1997) or AFM (Rief et al., 1997b), it was
shown that individual domains in the titin polymer unfold in
an all-or-none manner. When measured by AFM (extension
rates ~10—10000 nms ') these domains unfolded at a force
of the order of hundreds of picoNewtons, producing a
characteristic “saw-tooth” pattern of force versus extension.
The method of mechanical unfolding has also been applied
to several other naturally occurring modular “beads on a
string” proteins: tenascin (Oberhauser et al., 1998), spectrin
(Riefet al., 1999), fibronectin (Oberdorfer et al., 2000), and
abalone shell protein (Smith et al., 1999). In a similar
approach, the sequential abstraction of individual bacterio-
rhodopsin a-helices from the membrane of Halobacterium
salinarium has been observed (Oesterhelt et al., 2000).
These studies have been important in that they have shown,
for example, that the predicted pulling speed dependence of
the unbinding force of ligand:receptors (Merkel et al., 1999)
is applicable to forced protein unfolding.

The amount of information that can be extracted from
mechanical unfolding of natural protein polymers is limited
by the heterogeneity of the sample, coupled with the fact
that the point of tip and substrate attachment is unknown.
Molecular biology has enabled the construction of artificial
polyproteins comprising 8 to 12 copies of a single domain
joined by amino-acid linkers (Carrion-Vazquez et al.,
1999a), or by disulphide bridges (Yang et al., 2000). The
27" immunoglobulin domain of the I band of human car-
diac titin (Fig. 1) has become a paradigm for mechanical
unfolding, being used as a model system for both experi-
ment (Carrion-Vazquez et al., 1999a) and theoretical studies
(Lu et al., 1998). First, experiments on this homogeneous
system showed unambiguously that each saw-tooth in the
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FIGURE 1 Nuclear magnetic resonance solution structure of monomeric
127. C47 and C63 are shown in ball and stick representation, and the
hydrogen bonds between the A’ and G strands are shown as dashed lines.
The figure was drawn using Molscript (Kraulis, 1991 and Raster3D (Mer-
ritt and Murphy, 1994) using the co-ordinates from the protein data base
file ITIT (Improta et al., 1996). Individual B-strands are labeled 4 to G.

force distance curve relates to a single-domain unfolding
event. Second, the extension rate dependence of the unfold-
ing force (which had been observed previously, Merkel et
al., 1999) and the time dependence of the probability of
folding allowed the height of the unfolding and folding
energy barriers (AG, and AGy) and the placement of the
mechanical unfolding transition state on the reaction coor-
dinate (distance) to be determined. Third, and most impor-
tantly, the intrinsic unfolding rate constants obtained by
classical chemical denaturation and mechanical unfolding
were reported to be very similar (4.9 X 10™*s ' and 3.3 X
10~*s™ !, respectively (Carrion-Vazquez et al., 1999a)). As
well as a similarity in barrier height, a similar transition-
state placement on the reaction coordinate was also ob-
served (~10% from the native state), suggesting that me-
chanical and chemical denaturation probe the same
unfolding process, at least for this domain.

Steered molecular dynamics simulations (Lu et al., 1998;
Lu and Schulten, 2000) have suggested that the occurrence
of large unfolding forces in 127 results from the rupture of
six hydrogen bonds between the A’ and G strands, which
need to be broken before the rest of the protein can be
exposed to the force (Fig. 1). Recent mechanical unfolding
experiments using proline mutagenesis and loop insertions
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have supported the suggestion that the A’-G interface acts
as a mechanical clamp that resists the applied force (Li et
al., 2000a; Carrion-Vazquez et al., 1999b). The dependence
of mechanical stability upon the presence of specific, highly
localized hydrogen bond “clamps” and their geometry rel-
ative to the applied force, is clearly at odds with the prop-
osition that the chemical and mechanical unfolding path-
ways for this domain are identical. Indeed, chemical
denaturation experiments have shown that although the A’
and G strands are disrupted in the transition state for un-
folding, other regions of the protein are also significantly
perturbed (Fowler and Clarke, 2001). To determine whether
chemical and mechanical unfolding of 127 monitor similar
or distinct processes, we have constructed a concatamer of
five mutated 127 domains. Unique restriction sites, enabling
facile incorporation of domains for future mechanical un-
folding studies, link the domains. This protein consists of
four copies of the double C47S, C63S mutant and a single
copy of C63S 127 as the central domain. (The single copy of
C63S was incorporated as the central domain as part of
ongoing studies that require the labeling of this domain with
fluorophores for single molecule fluorescence measure-
ments during mechanical unfolding.) Both of these muta-
tions maintain the hydrogen bond network between the A’
and G strands and, on the basis of the mechanical clamp
model, would not be expected to affect the observed me-
chanically induced unfolding forces, irrespective of their
effect on the thermodynamic and kinetic stability of the
domains measured chemically.

MATERIALS AND METHODS

All polymerase chain reaction (PCR) protocols were performed using Vent
polymerase (New England Biolabs, Hitchen, Herts., UK) under empirically
derived melting temperatures and Mg?* concentrations. Restriction endo-
nucleases were purchased from New England Biolabs Ltd (UK). All other
enzymes were from Promega (Southampton, Hants, UK).

Engineering of monomeric C63S 127 and C47S,
C63S 127

A His-tag modified pET8¢c vector containing the wild-type 127 gene was
obtained from M. Gautel (EMBL, Heidelberg, Germany (Improta et al.,
1998)). The single mutant C63S 127 was constructed by Megaprimer PCR
(Barik, 1996) using pET8¢I27 as template with forward and reverse prim-
ers containing the X%ol and M/ul endonuclease restriction sites found in the
modified pET8c vector. After isolation the PCR product was digested with
Xhol and Mlul and directly ligated into the modified pET8c¢ vector, which
had been predigested with X#ol and Mlul and dephosphorylated with calf
intestinal alkaline phosphatase. The presence of the mutation was verified
by automated sequencing. The double mutant C47S, C63S 127 was gen-
erated by a second round of Megaprimer PCR.

Construction of (127);* concatamer

The concatamer was constructed using a PCR-generated cassette strategy.
The design of the concatamer is shown in Fig. 2 a. Each 127 domain was
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FIGURE 2 (a) Cassette design of (127)s* at the DNA level. Each cassette is defined by a unique pair of restriction endonuclease sites that are shown
above the construct. The amino acid composition of the interdomain linkers are shown below the construct. The hexa-histidine tag facilitates purification
in two steps. Two C-terminal cysteines allow attachment of the protein to the gold surface. The central domain (127); is a single mutant (C63S), whereas
the others are double mutants (C47S, C63S). (b) Restriction digest of (127),* with different pairs of restriction enzymes. (Lane /) Domain 1 excised by
Xhol and Spel; (lane 2) 100-bp markers; (lane 3) domains 1 + 2 excised using Xhol and BssHII; (lane 4) 1-kb markers; (lane 5) domains 1 through 3 excised
using Xhol and Sacl; (lane 6) domains 1 through 4 excised using Xhol and Apal; (lane 7) domains 1 to 5 excised using Xfol and Mlul. (c¢) Electrospray
ionization mass spectrum of purified (I127)s*. The measured mass was 52,235.5 £ 1.9 Da in excellent agreement with the expected mass (52,235.2 Da).

regarded as comprising leucine l-leucine 89 (from the original structure
determination (Improta et al., 1996)). Linkers consisting of four to six
amino acids were inserted between domains to decrease inter-domain
interactions. The sequences of the linkers were designed to be as similar as
possible to the natural 126-127 and 127-128 linkers (linker choice was
constrained by restriction site sequence). 127, was generated by PCR using
C478S, C63S 127 as the template. The forward primer coded for a Xhol
restriction site and the reverse primer added an artificial multiple cloning
site (MCS) coding for the following restriction endonuclease sites: Spel,
BssHII, Sacl, Apal, and Mlul. The blunt ended PCR product was A-tailed
with Tag DNA polymerase and, after purification, ligated into a pGEM-T
vector (pGEM-T vector system) using the manufacturers protocol. Plasmid
DNA from colonies bearing inserted DNA was isolated and the DNA
sequence verified giving pGEM 127, +MCS.

The rest of the double mutant cassettes (127,, 127,, and 1275) were
created using PCR with pGEM 127,+MCS as template and forward and
reverse primers to give the correct pairs of unique restriction sites. Again,
after A-tailing and purification these PCR products were ligated into the
pGEM-T shuttle vector for automated DNA sequencing. The single mutant
cassette, 127, (C63S 127), was generated in an analogous manner using
pET8cI27 C63S as DNA template.

The concatamer was assembled as follows. 127,+MCS was cut from
pGEM 127,+MCS using Xhol and Mlul and ligated into the original
His-tag modified pET8c vector, which had been predigested with the same
restriction endonucleases. Cassettes were then formed by digestion of the
pGEM shuttle containing the desired gene (127,, 1275, 127,, or 1275) with
its respective pair of restriction enzymes. The cassettes were then ligated
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into pET8cI27,+MCS, which had also been digested with the same pair of
enzymes. After the first round of ligation all steps were performed in
Escherichia coli Sure2 cells (Stratagene, Amsterdam, The Netherlands).
The final product contained five 127 genes and is denoted p(I127),*. The
presence of the full-length concatamer in the plasmid was assessed by a
series of restriction digests that removed one to five genes from the vector
(Fig. 2 b).

Protein over-expression/purification

Over-expression and purification was essentially identical for both mono-
meric and polymeric 127. For over-expression, both pI27 C63S and pl27
C478S, C63S were transformed into E. coli BL21[DE3]pLysS (Novagen,
Nottingham, UK) while the p(I127)s* construct was transformed into E. coli
BLR[DE3]pLysS (Novagen). An overnight starter culture (50 mL) (LB
medium with 25 ug mL ™" chloramphenicol and 100 g mL ™" ampicillin)
of the appropriate construct was used to inoculate each of 10 X 1 L Luria
Bertani medium with supplements as above and incubated in a shaking
incubator at 37°C. Protein expression was induced at an OD,, = 0.7 to 0.8
with 1 mM isopropyl B-D-thiogalactopyranoside (final concentration). The
cells were harvested by centrifugation 4 h after induction.

The protein was isolated using histidine Ni-NTA affinity chromatogra-
phy resin (Qiagen, Crawley, W. Sussex, UK) following the manufacturers
protocol. After elution, the protein was dialyzed into distilled deionized
water and freeze dried. The protein was further purified by size-exclusion
chromatography. Briefly, 5 mL of protein solution (5 mg mL~", 50 mM
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Na,HPO,/NaH,PO,, pH 7.6) was applied to a preequilibrated 320-mL
Superdex 75 column (26-mm diameter, Amersham Biotech, Little Chal-
font, Bucks., UK) and eluted at a flow rate of 1.5 mL min~'. Fractions
containing the concatamer were pooled and extensively dialyzed against
deionized distilled water. The protein was freeze dried in appropriate
aliquots (0.05 mg for AFM studies and 5 mg for all other experiments) and
stored at —20°C. The yield of pure (>95%) concatamer was typically 10
mg L™, Yields of the monomeric domains were typically 10 mg L™".
ESI-MS demonstrated that the mass of the concatamer (52, 235.5 = 1.9
Da) was in excellent agreement with the mass estimated by its amino acid
sequence (52, 235.2 Da) (Fig. 2 ¢). Similarly, the monomeric domains were
of the expected mass (10, 894.6 = 0.4 Da for C63S 127 and 10, 878.2 =
0.8 Da for C478S, C63S 127).

Equilibrium denaturation

Protein samples (10 uM) in different concentrations of guanidine hydro-
chloride (GnHCI) were prepared from stock solutions of 20 mM Na,HPO,/
NaH,PO,, pH 7.3, | mM EDTA, and 2 mM dithiothreitol containing either
0 M or 8 M GnHCI (ICN Biomedicals Inc., Basingstoke, Hants, UK).
These solutions were mixed in different ratios to give a 0 to 8 M range of
denaturant concentrations with 0.1- or 0.2-M increments. The samples
were centrifuged, vortex mixed, and then allowed to equilibrate overnight
in a circulating water bath at 25°C. Fluorescence emission spectra or
intensity versus time traces were acquired on a PTI Quantmaster C-61
spectrofluorimeter at 25°C. Denaturation was followed by measuring the
intensity of tryptophan fluorescence at 315 nm after excitation at 280 nm.
After signal averaging, the intensity was plotted as a function of denaturant
concentration and the data fitted to a two-state transition as described
previously (Ferguson et al., 1999). In the case of (127)s* the data were
fitted manually to the sum of two independent two-state transitions, the
first of which accounts for 80% of the signal (C47S, C63S 127). The m
values and fluorescence intensities of the native and denatured states for
each domain were assumed to be identical. For presentation purposes the
raw data were then converted to fraction population of native molecules
(Santoro and Bolen, 1988).

Kinetic analysis of monomeric mutant proteins

Kinetic folding experiments were performed using an Applied Photophys-
ics SX.18MV stopped-flow fluorimeter. The temperature was internally
regulated using an external probe placed near the cuvette and maintained at
25°C using a Neslab RTE-300 circulating water bath. Tryptophan fluores-
cence was excited at 280 nm with a 10-nm bandwidth, and the emitted
fluorescence was monitored at >320 nm.

All refolding experiments were performed in 20 mM Na,HPO,/
NaH,PO,, pH 7.3, | mM EDTA, and 2 mM dithiothreitol. Refolding
experiments were performed by dissolving protein (~50 uM) into buffer
containing 3.6 M GnHCI and diluting this 1:10 into solutions containing
various denaturant concentrations to give final GnHCI concentrations
down to 0.33 M. For each GnHCI concentration used, several kinetic
transients were averaged and fitted to a double exponential equation using
the manufacturers software. The minor phase (~20% of the amplitude) was
attributed to proline isomerization and was ignored in further analysis.
Unfolding experiments were performed by manual mix. Protein (~50 uM)
in native buffer (20 mM Na,HPO,/NaH,PO,, pH 7.3, 1 mM EDTA, and 2
mM dithiothreitol, or phosphate-buffered saline (PBS) containing | mM
EDTA and 2 mM dithiothreitol) was diluted 1:9 into solutions containing
various GnHCI concentrations. The decrease in fluorescence at 315 nm
(excitation 280 nm) was monitored under the same conditions as described
above in a 1-cm path length cuvette for 600 s. Kinetic transients were fitted
to a 3-parameter single or S5-parameter double exponential equation using
Sigmaplot (SPSS Inc., Woking, Surrey, UK) for monomeric and polymeric
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proteins, respectively. Identical results were obtained in both buffer
systems.

Mechanical unfolding

All mechanical unfolding experiments were performed using a commer-
cially available mechanical force probe (MFP-SA, Asylum Research Inc.,
Santa Barbara, CA). Coated unsharpened microlevers (MLCT-AUNM)
were obtained from ThermoMicroscopes (Cambridge, UK). The spring
constant of each cantilever was calculated under PBS using the thermal
method (Florin et al., 1995) and was typically found to be ~51 = 5 pN
nm~ .

Protein (0.05 mg) was reconstituted to 0.1 mg mL ™" in sterile PBS and
centrifuged (11,600 X g, MSE, MicroCentaur). Typically 45 uL of PBS
was dropped onto a recently cleaved template stripped gold surface. Protein
solution (15 wL) was then added and the two solutions allowed to mix. At
this protein concentration the probability of attaching a molecule to the tip
is relatively low (typically 4%). However, under these conditions ~50% of
the traces result in the attachment of a single molecule and four or more
clear unfolding peaks.

Mechanical unfolding experiments were performed at pulling speeds
varying from 70 nms ™' to 4000 nms " at a room temperature of 23 + 1°C
over a distance of 400 nm for (I127)s* and 600 nm for (127)g (kindly
provided by Jane Clarke, University of Cambridge, UK). Each mechanical
unfolding experiment at each speed was performed three times with a fresh
sample, on a different day and using a new cantilever.

Monte Carlo simulations

A two-state model was used to simulate the forced extension of the 127
constructs (Rief et al., 1998). Each domain of the molecule was initially
assumed to be in the lowest energy state and therefore folded. The folding
and unfolding rate constants at applied force /* were calculated using «;
= ofp exp(=F,x/kgT) in which i = for u for the folding and unfolding
events, respectively, and the negative sign is associated with folding.
(Note: so as to differentiate between the intrinsic rate constants for chem-
ical and forced unfolding, the notation & ¢ Or afp, respectively, is
used). The constants x; and x, represent the distance from the folded and
unfolded well to the barrier, respectively (this reaction co-ordinate is
assumed to be parallel to the stretch axis). The protein was extended with
speeds from 10 to 10,000 nms™ ' and with different values of x;, x,, and o
and agap, which are the rate constants for folding and unfolding, respec-
tively, in the absence of applied force. The worm-like chain was used to
calculate the force applied at any extension x as

kT 1 1 x
F=p\aa=—wry 3L

in which p is the persistence length, and L the total contour length
calculated as L = zL,+ (n — z)L,, for z folded domains of length Lcand n —
z unfolded domains each of length L. At each extension the probability of
folding, unfolding, or extending the chain is calculated. If unfolding
(folding) occurs the chain length, L, is increased (decreased), as described
above, the cantilever extension incremented, and the probability of folding,
unfolding, or extending the protein recalculated. The sequence of domain
unfolding is random. As a consequence the first domain to unfold, corre-
sponding to the first pulling event, can be any one of those in the construct
and not necessarily the first or last in the chain. The procedure is continued
until all domains are unfolded. The whole calculation was then repeated
10,000 times. From a histogram of the unfolding forces the mode and mean
values of the force were obtained. Because of the exponential dependence
of the rate on force, very small increments of extension, or equivalently
time, must be used and typical extension steps were 0.005 nm, typically
over a length of 200 nm. For each set of parameters, a graph of F versus
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log (pulling speed) was constructed and compared with the data. The
parameters were varied until the simulated speed dependence of the un-
folding force matched the best-fit line of the experimental data.

RESULTS

Effect of mutations on the equilibrium and kinetic
stability of monomeric C63S and C47S, C63S 127

The mutation(s) in each 127 domain replaced cysteine with
serine at position 63 (for C63 127) or at positions 47 and 63 (for
C47, C63 127) (Fig. 1). By inspection of the structure of 127
(protein data base file 1TIT (Improta et al., 1996)), it is found
that C47 is in strand D and makes contacts with residues in the
D and E strands. C63 is in the loop between strands E and F
and contacts residues in the A’ (V13), E, and G (L84, V86)
strands (Fig. 1). The amide hydrogen of V13 forms a hydrogen
bond with the oxygen of L85 in the putative hydrogen bond
clamp region of the A’'G interface (Lu and Schulten, 2000).
While the side-chains of V13 and C63 make contact (within
~3 A), a cysteine to serine mutation is a conservative one, and
these contacts would be expected to be retained. Further, the
sulfur atom of C63 is distant from the hydrogen bond donor of
the V13-L85 interaction (7 A). It should be noted that the 127
studied previously (Carrion-Vazquez et al., 1999a) is in fact a
pseudo wild type. This differs from the published amino acid
sequence of 127 (which we have used as our wild type) at two
positions: T42A and A78T. Both of these mutations are distant
from both the A" and G strands and make no contacts with any
of the residues involved in the clamp region.

Fig. 3 a shows the equilibrium denaturation curve ob-
tained for both monomeric 127 mutants, as well as for
(I27)5*. The curve expected for the wild-type protein under
identical conditions (determined using published parameters
(Carrion-Vazquez et al., 1999a)) is shown for comparison.
The data show that both mutations significantly destabilize
127 relative to the wild-type protein (AAG; = 8.7 and 17.9
kJ mol ™! for the single and double mutant, respectively;
Table 1). The stability of each domain is not altered signif-
icantly by its tethering in (I127)s* (Table 1). The effect of
these mutations on the rate constants for folding and un-
folding of each protein is shown in Fig. 3 b. Both mutations
markedly increase the intrinsic chemical unfolding rate con-
stant, kg,GnHCl, of each monomeric domain (from 4.9 X
10~* s~ ! for the wild-type domain (Carrion-Vazquez et al.,
1999a), to 7.6 X 10> s~ ' and 10.6 X 10> s~ ' for C63S
127 and C47S, C63S 127, respectively). They also decrease
the rate of folding (Table 1). The position of the transition
state is not altered significantly by the mutations (81 = 0.9,
0.95 = 0.05 and 0.94 = 0.10 for wild-type 127 (Carrion-
Vazquez et al.,, 1999a), C63S 127 and C47S, C63S 127,
respectively (Table 1)). The kinetic intermediate previously
reported for wild-type 127 (Carrion-Vazquez et al.,
1999a) is not detected during refolding of the mutant
domains, presumably because it is also significantly de-
stabilized, such that it can no longer be observed. As a
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FIGURE 3 (@) Equilibrium denaturation of 127 monomers and the
(127)s* concatamer followed by tryptophan emission fluorescence spec-
troscopy. The data have been converted to fraction of folded molecules for
ease of comparison (A, C47S, C63S 127; O, C63S 127; [, (127)5*; solid
line (no symbols), 127 wild-type data simulated from published parameters
(Carrion-Vazquez et al., 1999a). Solid lines to the data for C63S and C47S,
C63S are the fits to a two state model. Solid line to the data for (127)s* is
a fit to a two state model for each of two species (C63S 127 and C47S,
C63S 127) as described in Materials and Methods. The resulting parameters
are shown in Table 1. (b) Rate profile of 127 monomers and the (127)5*
concatamer. A, Monomeric C47S, C63S 127; O, monomeric C63S 127.
Solid lines are fits to a two state model (fit parameters are listed in Table
1). The data for wild-type 127 (solid line, no symbols) were simulated using
published data (Carrion-Vazquez et al., 1999a). (Inverted triangles) Ob-
served rate constant for the faster phase of (127)s* unfolding. @, Observed
rate constant for the slower phase of (127)s* unfolding. Dashed lines show
the best linear least squares fit for the fast and slow phases of unfolding of
the concatamer. The open triangle, circle, and diamond on the ordinate are
the extrapolated k° for C47S, C63S 127, C63S 127, and wild-type 127,
respectively.

consequence, the equilibrium and kinetic data were fitted
to a two-state transition and the resulting parameters are
comparable (Table 1).



Mechanical Phenotype of Destabilized 127

TABLE 1 Derived parameters from equilibrium and kinetic folding/unfolding of 127 monomers and (127)5*
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WT 127* C63S 127 C478,C63S 127
Equilibrium
AGyy (kJ mol™") 314+13 227+12 13.4+03
24 + 2.0* 145+ 1.5%
my, (kJ/mol.M) 10.5 11.9 * 0.6 117+ 0.2
11.7 + 1.0 11.7 + 1.0
Kinetic
K Goncr (571 30 +2 22.8+34 1.9 +04
m; (kJ/mol.M) NAT 9.36 + 0.35 9.53 + 0.68

49+06X%x10*

0 —1
KaGnner (877)

m, (kJ/mol.M) NAT
My, (kJ/mol.M) NAT
B 0.90
AGy (kJ-mol ™) NAT

76*+14X%x1073
59 +0.5x 103

10.6 = 0.7 X 1073
10.7 = 1.0 X 1073

0.46 = 0.11 0.60 * 0.04
0.34 + 0.04 0.49 + 0.02*
9.82 + 0.37 10.13 * 0.68
0.95 * 0.05 0.94 = 0.10
19.9 + 0.5 129 + 0.5

*Data taken from Carrion-Vazquez et al. (1999a).
fWild type protein populates a kinetic folding intermediate.

*Measured in (127)s*. All other values are those measured for individual monomeric domains.

§BT = mgdm, + mgand gives a measure of transition state placement.

Does incorporation into a polyprotein affect
unfolding kinetics?

To assess whether the unfolding rate constants of the mo-
nomeric domains are altered when their N and/or C termini
are tethered, the unfolding kinetics of (I127)s* were also
measured between 3.0 and 6.5 M GnHCI (Fig. 3 ). Each
transient was well described by a double exponential decay
with a short lifetime corresponding to 81 = 5% of the total
amplitude. The rate constant of this phase (k0 Guuci =
10.7 = 1 X 1072 s 1) is identical to that of monomeric
C478, C63S 127 (k) Gaper = 10.6 = 0.7 X 107> s™'; Table
1) (which comprises four of the five 127 domains in
(I27)5*). Assuming that the fluorescence yield of the na-
tively folded mutants in the monomer and polymer are
similar, it seems reasonable to assign this lifetime to the
unfolding of four C47S, C63S 127 domains in the con-
catamer. The denaturant dependence of the rate constant of
this phase (the m value) is also similar to that of monomeric
C478S, C63S 127 and both show no sign of curvature at low
denaturant concentration. The second kinetic phase detected
for the polyprotein has a rate constant of 5.9 + 0.5 X 10
s !, which contributes ~20% to the total decay. This phase,
therefore, is presumably that of the single cysteine mutant
domain. The rate constant of this phase is very similar to
that observed for monomeric C63S 127 (7.6 + 1.4 X 1073
s~ 1), confirming the assignment of this kinetic phase to
unfolding of the single copy of C63S in (127)s*. The esti-
mation of the intrinsic unfolding rate constant at zero de-
naturant concentration (kg,GnHCl) assumes that there is no
curvature in the relationship between the logarithm of the
observed rate constant and the denaturant concentration
even at low denaturant concentration. However, it is not
possible to measure this rate constant directly below the
midpoint of the transition. One of the advantages of using a

severely destabilized mutant (AAGy ~ 18 kJ mol ™" for
C478, C63S 127) is that the extrapolation to zero denaturant
is much shorter. As described above, the parameters ob-
tained by equilibrium studies are within error of those
obtained by kinetic studies (Table 1). This is diagnostic of
two-state folding kinetics. Further, the unfolding kinetics of
(I27)s* has been measured between 1.80 and 7.05 M
Gdn.HCl in PBS to match the buffer used in the mechanical
unfolding studies. Again the unfolding branch of the chev-
ron plot is totally linear and, importantly, analysis of the
amplitudes of the kinetic phases reveals no burst phase
species (data not shown).

Forced unfolding of (127)5*

The mechanical unfolding properties of (127)s* were inves-
tigated by extending the molecule via the molecular force
probe at 70, 120, 200, 332, 600, 1000, 2100, and 4000
nms ™~ !. Several replicates were obtained at each speed to
obtain a satisfactory data set. A force-extension profile is
shown for each pulling speed in Fig. 4. As shown previously
(Rief et al., 1997b; Carrion-Vazquez et al., 1999a), force
extension profiles in which only one molecule is attached
between tip and surface result in a series of “sawteeth.”
These number between one and the total number of domains
present in the concatamer (in this case five). The leading
edge of the first event corresponds to stretching the fully
folded concatamer. The final peak represents the energy
required to extend the fully denatured concatamer up to a
maximal force whereupon tip or surface desorption occurs
(a force of ~1.5 nN would be expected for the rupture of the
gold substrate-sulfur bond (Grandbois et al., 1999)). The
leading edge of the 3™ to 6™ peaks is adequately described
by the worm-like chain model for simple polymer elasticity
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FIGURE 4 Sample force profiles obtained from (127)s* at different
pulling speeds. Note the first peaks in each trace deviate from a typical
WLC polymer extension consistent with the population of an unfolding
intermediate (Marszalek et al., 1999).

(Fig. 5), despite the fact that this model does not take into
account anything more than the elasticity of the unfolded
polypeptide chain. The compliance of the folded domains,
for example, is ignored. The unfolding intermediate (labeled
I in Fig. 5) observed previously in both experiment and
simulation (Lu et al., 1998; Marszalek et al., 1999) is clearly
visible in the leading edge of the first few unfolding peaks
of some of the force-profiles shown here. The first portion
of the unfolding peak was best fit using a persistence length
(p) of 0.4 nm, which was held constant in subsequent fits.
The resultant change in contour length (AL) was found to be
28 = 1 nm. The expected contour length upon unfolding of
one complete domain should be equal to the number of
“structured” amino acids (i.e., K6-K87, 81 residues) multi-
plied by the distance between two adjacent C* atoms in a
fully extended state (0.34 nm (Yang et al., 2000)), less the
initial separation between the two boundary amino acids in
the native state (0.23 nm). The increase in contour length
estimated in this way is 27.3 nm in good agreement with the
experimentally derived value of 28 = 1 nm.

Analysis of mechanical unfolding data

Empirically it has been found that the effect of pulling
speed (v) upon maximal unfolding force (F) is given by
F =a + blIn(v) (Merkel et al., 1999; Carrion-Vazquez et
al., 1999a). To accurately quantify this relationship the
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FIGURE 5 Worm-like chain model (gray lines) fitted to the rising edge
of the unfolding peaks at (¢) 70 nms ™" and (b) 1000 nms ™" (black lines).
Both data sets can be fitted satisfactorily using a persistence length of 0.4
nm. This gives an average AL = 28 nm. Note the progressively better fit
of the WLC to the data at 70 nms™' at increased extensions. This is
consistent with the presence of an unfolding intermediate (labeled I)
observed by Marszalek et al. (1999) using a wild-type 127 concatamer.

following criteria were applied to each experiment to
select peaks for further analysis: 1) the last peak (~300
pN), which shows protein detachment from the tip, was
omitted; 2) only force-extension profiles containing two
or more unfolding peaks were included; 3) only experi-
ments in which a single molecule was attached were
included; 4) each peak had to have the correct interpeak
distance after unfolding (23.1 = 1.3 nm). The peak force
for an individual unfolding event in each data set was
measured, allotted to a 10-pN bin, and frequency histo-
grams were then generated. These histograms fit to a
Gaussian function (Fig. 6). Because (127)s* consists of
four copies of C47S, C63S 127 and one copy C63S 127,
the resulting histograms are a convolution of two fre-
quency distributions with different amplitudes. Monte
Carlo simulations (with a data set of n = 10,000 com-
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FIGURE 6 Sample histograms of the mechanical unfolding forces of
(127)5* obtained at: 70 nms ' (solid gray bars), 600 nms ™' (up diagonals),
and 4000 nms ™' (down diagonals). Fits of a Gaussian distribution to each
histogram are shown in bold lines.

pared with n = 150 for experimental data) suggest that
the respective aS,F values would have to differ by at least
an order of magnitude before separate distributions could
be resolved. The kinetic analysis of the domains in the
concatamer by chemical denaturation showed the differ-
ence in intrinsic unfolding rate constants of each domain
to be only twofold (Table 1). The maximum of each fitted
Gaussian (the mode) was therefore used in further anal-
ysis. To assess the validity of this approach the mean of
each data set was also calculated and was found to be
consistently less than the mode although within experi-
mental error (Table 2). The precision of the experiment
was assessed by pulling the concatamer at each speed in
triplicate and taking relatively few data points (n =
39-150). Averaging the three modes or means at each
pulling speed gives an indication of the reproducibility of
the experiments. The standard error of the mean varies
from *£3 to =6 pN, which shows that there is little
variability between experiments.

Two methods were used to interpret the experimentally
determined constants a and b in terms of the fundamental
parameters x, and aﬂsF: first using the theory of Bell
(1978) and Evans and Ritchie (1997) and second using a
Monte-Carlo method. When a force is applied to the N-
and C-terminal residues of a protein, the bonds can be
stretched to a greater or lesser extent depending upon
whether they are in line with the applied force. For those
bonds that are stretched, such as the hydrogen bonds
shown in Fig. 1, we assume that this causes a lowering of
the barrier to bond breaking and reformation, and the
extent of lowering is the difference in energy. According
to the theory of Bell (1978) and Evans and Ritchie
(1997), which assumes a single barrier to bond rupture
(or in this case to protein unfolding/refolding), the appli-
cation of force, F, to a protein decreases this barrier
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(AG,) by F.x,, in which x, is a single measure of the
“distance” in configuration space from the native geom-
etry to the mechanical unfolding transition state:

. e~ (AG—Fxu)/ksT — agﬁF eFxu/kel (1)
in which o is the pre-exponential factor that represents the
rate in the limit of high temperature. This reduction in
energy then allows barrier crossing driven by thermal fluc-
tuations (of the order of kz7) to occur more frequently than
would otherwise be the case. It can be seen, therefore, that
the mechanical sensitivity of a protein (i.e., the extent to
which the unfolding barrier is lowered upon application of
force to a protein) depends on the product F.x,,. As will be
discussed later, proteins studied so far exhibit a broad range
of values for F and x,,, which are difficult to interpret taken
in isolation. From Eq. 1, it can be seen that unfolding
occurring in a short time interval (i.e., at high pulling
speeds) must occur over a smaller total barrier, hence larger
applied force, (see Eq. 1) than if the force is applied for
longer, i.e., slower pulling speed, because other things being
equal, fast pulling allows less time for thermal motions to
provide energy to surmount the barrier. At the point of bond
rupture the maximum in the distribution of forces is related
to x, and the unfolding rate constant at zero applied force,
oy ¢ (Bell, 1978; Evans and Ritchie, 1997):

e kBTl X,
N Xy n kBTag’F
or (2)
e kBT1 X, N AG
X, n kg Tl Xy

in which r is the force loading rate. At 300 K, k57 = 4.1 pN
nm and x,, is in the region 0.1 to 0.4 nm producing forces in
the 100 to 300 pN range at the loading rates used. The
constant ag’F should be modified when more than one
(identical) domain is being pulled to become ag’Fn! n since

1 & kT X,
g ‘n%‘“(ksraﬁfi)'

Xu

The mean unfolding force measured is given by:

kT [kpTal kpTal ¢
= : Enl :

(F) =~ In|— - -

u

in which En is the exponential integral of the first type. At
large force, which for the parameters used in this paper is
>50 pN, then this equation can be approximated as:

. kgT | X,

(F) = Xy n ksTol)p Y
and so differs from (2) only by Eulers constant, y = 0.5772.
This behavior is in agreement with the force histograms,
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TABLE 2 Summary of mechanical unfolding data for (127);*

Brockwell et al.

Mean unfolding Average/pN Mode unfolding Average/pN
Speed/nms ! n force/pN (=SD) (*=SE) force/pN (£SD) (*=SE)
(127)s* MFP 1
77 39 130 (21) 134 (10)
50 147 (19) 141 (6) 150 (16) 144 (5)
71 146 (18) 148 (15)
120 40 148 (20) 152 (14)
68 131 (22) 142 (5) 136 (23) 144 (5)
51 146 (18) 145 (11)
200 71 158 (24) 165 (23)
52 151 (19) 157 (3) 155 (21) 162 (4)
80 161 (18) 167 (19)
332 60 168 (22) 174 (23)
111 153 (23) 159 (5) 157 (24) 164 (5)
87 156 (22) 161 (21)
600 104 165 (24) 167 (25)
90 178 (25) 172 (4) 181 (26) 175 (4)
131 172 (26) 176 (21)
1000 117 178 (22) 180 (21)
100 167 (26) 173 (3) 171 (23) 177 (3)
84 174 (25) 180 (27)
2100 131 196 (26) 201 (26)
150 188 (27) 194 (3) 193 (26) 198 (3)
92 198 (24) 201 (23)
4000 63 197 (29) 201 (31)
85 206 (26) 200 (3) 207 (28) 204 (2)
91 198 (26) 203 (28)
(127)5* MFP II
600 94 176 (27) 178 (26)
105 167 (23) 171 (3) 173 (23) 172 (3)
86 169 (24) 166 (17)
2100 98 182 (24) 184 (20)
48 202 (28) 193 (6) 206 (27) 196 (6)
76 196 (26) 199 (24)
Wild-type (127)s MFP T
200 60 179 (22) 185 (21)
45 196 (22) 184 (6) 203 (17) 189 (7)
35 177 (25) 179 (25)
1000 105 194 (28) 201 (28)
39 214 (24) 206 (6) 218 (25) 212 (5)
73 209 (25) 217 (20)

which show that the mean force is slightly less than the
mode.

A plot of force versus log pulling speed (Fig. 7 a) shows
that the speed dependence of the unfolding force for (127)5*
agrees well with the empirical observation F = a + b In(v).
Comparison of the data obtained here (Fig. 7 a; Table 2) and
elsewhere (Carrion-Vazquez et al., 1999a) on polymers of
wild-type 127 shows that (127)s* unfolds at significantly
lower forces than the wild-type 127 polyprotein. For exam-
ple, at 10 nms~ ' and 1000 nms ™', the wild-type 127 con-
catamer, (127)4 (Carrion-Vazquez et al., 1999a) unfolds at a
force that is 21 and 39 pN higher, respectively, than (127)5*.
The number of domains in the polymer is known to affect
both the measured peak and average forces for unfolding
(Makarov et al., 2001). Calculation shows that the smaller
the number of domains in a polymer, the greater the mea-
sured unfolding force. Increasing the number of domains
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from 1 to 50 reduces the mean unfolding force by ~40 pN,
due to the fact that domains unfold independently of one
another. The more domains, the greater is the chance of
unfolding in a given time interval. Monte Carlo simulations
show that, in our system, this effect would cause a 6-pN
decrease in unfolding force of pulling an octamer relative to
a pentamer, further increasing the difference between the
average unfolding forces of (I127)s* and wild-type (127)g
domains.

Estimation of o ¢ and x, by experiment:
the assumption of a single domain and
a single barrier

The forced unfolding rate constant in terms of the intrinsic
forced unfolding rate constant under zero applied load, a p,
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FIGURE 7 (a) Graph showing the pulling speed dependence of the
observed unfolding force. (127)s* measured “in-house” (O) unfolds at a
lower force when compared with the published data (Carrion-Vazquez et
al., 1999a) for wild-type (127)s (dashed line). To obviate calibration errors
as a source of this difference, (127)s* was unfolded using a different
molecular force probe (Dr. J. Clarke, University of Cambridge, UK) at 600
and 2100 nms ™' in triplicate (A). A concatamer of wild-type 127 ((127)g,
a kind gift from Dr. J. Clarke, University of Cambridge, UK) was also
unfolded at 200 and 1000 nms ™" in triplicate “in house” (CJ). All error bars
are standard error of the mean. The solid line is a linear least squares fit
through (127)5* data obtained “in-house.” Cross hairs show the best fit
Monte Carlo simulation with parameters o = 2.0 X 10 s~ " and x, =
0.29 nm. (b) Experimental force frequency histogram of (127)s* at 600
nms~ ' fitted to a Gaussian function (solid heavy line). The histogram
obtained by Monte Carlo simulation at the same pulling speed is shown as
a light line.

is given by Eq. 1. If the unfolding rate of the protein in
question is much slower than the time scale on which the
protein is being extended, then the observed unfolding rate
constant, k, , is given simply by the pulling speed in each
experiment divided by the length of a fully unfolded domain
(28 nm), i.e., the number of domains unfolding per second.
From Eq. 1 it can be seen that x, can be estimated from the
gradient, (kg7/x,), of a plot of force versus In unfolding rate
constant. In this way the parameter x, was found to be
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0.26 = 0.02 nm for (I127)s* (data taken from Fig. 7 a, replot
not shown). In comparison, x, for the wild-type (127)g
polymer determined in the same manner with data taken
from Carrion-Vazquez et al. (1999a) and Fig. 7 a is ~0.20
nm, suggesting the mechanical unfolding transition state is
significantly displaced in (127)s*. As reported previously
(Carrion-Vazquez et al. 1999a), the small value of x,, indi-
cates that the transition state for mechanical unfolding is
close to the native state, in agreement with the transition
state placement inferred from chemical denaturation data.
However, the relevance of this similarity is difficult to
assess due to the differing nature of the reaction co-ordinate.
In classical chemical denaturation this co-ordinate is usually
the accessible surface area exposed to solvent (Myers et al.
1995). The reaction co-ordinate in mechanical unfolding is
simply distance. The physical meaning of this one-dimen-
sional quantity in configurational space is, however, diffi-
cult to interpret. Comparison of the transition state place-
ment as measured by the two techniques in structural terms
is, therefore, not meaningful. The values for x, determined
for (127)s* and (127)g are both significantly lower than those
obtained by simulation (see below). At first glance it would
appear that the intercept with the ordinate in the plot of
force versus In unfolding rate constant should yield the
intrinsic unfolding rate constant, ag,F. However, Eq. 1 does
not take the number of domains in the polyprotein into
account and, as discussed above, the number of domains
affects the observed unfolding force and therefore affects
the observed unfolding rate constant. This can be corrected
for if this is the only effect, but there is also a varying
change in length of the whole polymer as it unfolds and
these unfolded domains affect the force experienced by
the folded domains in a manner that is not accounted for
by analytic theory (Eq. 2). Thus, the intercept with the
ordinate in this plot is difficult to interpret. To obtain a
value of aﬂ’F a Monte Carlo (MC) simulation of the data
must be performed.

Estimation of o ¢ and x,, by MC simulation:
the effect of multiple domains and
an additional barrier

Estimation of the intrinsic unfolding rate constant directly
by the linear extrapolation method as described above is
complicated by the effect of domain number on the mea-
sured unfolding force. However, the parameters aﬂ,F and x,
can also be obtained by simulating the effect of displacing
the N terminus upon the rate of domain unfolding using a
Monte Carlo method (Rief et al., 1998). The force applied to
the protein by extending the termini at a certain pulling
speed is calculated assuming a worm-like chain (WLC)
model for polymer elasticity. We emphasize that the pur-
pose of the simulations is to calculate the critical breaking
force, not the detailed shape of the saw-tooth of the force
versus extension data. These simulated force histograms can
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be fitted to either individual experimental histograms or,
more accurately, to a full speed dependence of the measured
unfolding force. A sample Monte Carlo generated histo-
gram of unfolding for (I127)s* is shown in Fig. 7 b. Both the
mode force and the force distribution fit the experimental
data well. However, the simulation produces a distribution
skewed toward lower force due to there being a probability
of barrier crossing at zero force, which is not seen experi-
mentally in the data set, presumably because it is too small
(Carrion-Vazquez et al., 1999a; Marszalek et al., 1999). The
best fit of the Monte Carlo simulation to the experimental
data across the entire range of unfolding speeds is shown in
Fig. 7 a. This fit was obtained using ol = 2.0 X 107> s~
and x, = 0.29 nm (and agp =125 x=150nm, L, =
28.0 nm, L; = 4.0 nm, and p = 0.4 nm). The parameters
obtained by fitting similar simulations to the data for wild
type (127)g yielded values of aﬂyp =33X10"*s 'andx,
= 0.25 nm (Fig. 7 a; Carrion-Vazquez et al., 1999a). The
values obtained for x,, by both experiment and simulation
suggest that for (I27)s*, the transition state has moved
closer to the denatured state relative to wild type (127)s.

It is interesting to note that x, obtained from MC simu-
lations is always greater than that obtained directly from the
plot of force versus In unfolding rate constant, in contrast to
predictions based on single barrier models (Evans and
Ritchie, 1997). A possible simple, and general, explanation
for this is that the process of unfolding is not a one-step
process. Disruption of several hydrogen bonds is necessary
for complete unfolding, and the process of unfolding can, in
principle, trap intermediate states and elements of second-
ary structure (Makarov et al., 2001). The simplest theoret-
ical treatment of such effects is to include a second barrier
(Evans, 1998) that models a step-wise removal of secondary
structure from the domain. We have tested this by calculat-
ing the peak forces assuming that the concatamer has two
types of barrier; a barrier to unfold initially, and a further
secondary barrier to completely unfold the domain. The
second barrier is related, along the reaction coordinate, to
that for the initial unfolding by Ax = x, — x,. Using the
Evans and Ritchie model (Evans and Ritchie, 1997) modi-
fied for two barriers we find that the maximal force F is
given by the equation:

FAx agﬁFkBT Fx,
c(x, — Ax)exp Wl to - —exp kT =0 (3)

in which ¢ > 1 is the ratio of rate constants for unfolding the
folded and stretching the unfolded protein. If we solve Eq.
3 numerically for F using the parameters for (127)5* from
the Monte Carlo calculation (x, = 0.29 nm, ag,F =20 X
1072 s ') and then vary c and x, to fit the force versus
pulling speed experimental data, we find that ¢ = 2 and
Ax = 0.05 nm. This crude model, we believe, explains why
the x, value calculated from the Monte Carlo calculation is

Biophysical Journal 83(1) 458—472

Brockwell et al.

slightly greater than that determined assuming only a single
barrier according to Eq. 2.

The intrinsic forced unfolding rate constant for a mono-
mer in (I127)s* obtained by Monte Carlo simulations (ag’F =
2.0 X 1072 s ") is five times smaller than that obtained by
chemical denaturation (kg,GnHCI ~0.01 s~ for both mutants
either in monomeric or polymeric form (see above)). The
data suggest, therefore, that the mutations affect the chem-
ical and mechanical transition states differently assuming
that 1) the dependence of the unfolding rate constant on
dentaurant concentration is linear to 0 M GnHCI (see above)
and 2) mechanical unfolding involves a single barrier (bi-
ased MD simulations suggest two barriers are present (Paci
and Karplus, 2000)).

DISCUSSION

Previous data obtained using a polymer of eight wild-type
127 domains (Carrion-Vazquez et al., 1999a) have sug-
gested that mechanical and chemical unfolding probe the
same pathway, at least in that the intrinsic rate constant of
unfolding (at zero force or in the absence of denaturant)
determined by each method is identical for this domain.
Although this interpretation is consistent with the data ob-
tained by Carrion-Vazquez et al. (1999a), it is not unequiv-
ocal. Recent molecular dynamics simulations on model
systems (Klimov and Thirumalai, 2000) and three different
protein motifs (Paci and Karplus, 2000) suggest that thermal
and mechanical unfolding occur by different pathways. Fur-
ther evidence is thus required, for example by comparing
the effect of mutations on the transition state for unfolding,
before the similarity, or otherwise, of the processes can be
confirmed. By constructing a concatamer of five mutant 127
domains we have explored the effect of mutation on the
transition state for both mechanical and chemical denatur-
ation. We show that, by contrast to the data for wild-type
127, the rate constant for mechanical unfolding of (127)s*,
determined by fitting the AFM data directly using Monte
Carlo methods, is more than fivefold slower than the rate
constant determined using classical chemical denaturation.
Although this difference is small, by obtaining data for
mechanical unfolding in triplicate on independent occa-
sions, we show that the difference in rate constants is
significantly larger than the errors in the data. Our results
suggest, therefore, that chemical and mechanical methods
probe different unfolding pathways, at least for this 127
domain. Further mutagenesis studies will now be needed to
determine more precisely the similarities or differences in
the structural properties of the transition states for chemical
and mechanical unfolding. Interestingly, a similar observa-
tion has recently been made for the enzyme barnase, a
protein that naturally does not have a mechanical function.
This protein unfolds slowly chemically (k&GnHCl ~ 107
s~ 1) but, in contrast to 127, unfolds mechanically at a force
of only ~65 pN at 600 nms ™! (Best et al., 2001).
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The intrinsic unfolding rate constants, agf determined
using Monte Carlo simulations, which are intrinsically those
of the monomeric form and not the polyprotein with n
domains measured by experiment, are 3.3 X 10~ % s7!
(Carrion-Vazquez et al., 1999a) and 2.0 X 102 s~ ! for
(I27)g and (I127)s*, respectively. The barrier to mechanical
unfolding, therefore, is reduced upon mutation. Chemical
denaturation experiments also show that C47S and C63S
unfold more rapidly than the pseudo-wild type (kg‘GnHC, =
49 %10 *s 'and 1.1 X 1025~ for wild type and C47S,
C63S 127, respectively). The data show, therefore, that the
barrier heights for chemical and mechanical unfolding re-
spond differently to mutation ag’F increases sixfold upon
mutation, whereas kg,GnHCl increases 22-fold. This differ-
ence cannot simply be explained by changes in the thermo-
dynamic stability of the native protein, because the native
state is destabilized by 18 kJ mol~' upon mutation
(AAGyy), whereas the transition states for unfolding deter-
mined mechanically and chemically are destabilized by ~5
and ~8 kJ/mol, respectively.

If proteins have a similar AG,, then the energy F.x, (Eq.
1) must be of the same order to reduce the barrier height
sufficiently to allow crossing by thermal fluctuations at the
same rate. The importance of x, to the observed unfolding
forces has been reported previously (Rief et al., 1999).
Proteins with the same AG,, therefore, can respond very
differently to force, depending on the magnitude of x,. In
proteins with a small x, the work is done over a very short
distance, allowing high forces to be withstood while main-
taining structure. In contrast, proteins with a large x, spread
the same work over a greater distance, causing greater
structural changes at low force. This observation suggests,
therefore, that proteins that have evolved to withstand me-
chanical stress could generally unfold with a small x,,
irrespective of their topology or mechanical stability. Al-
though the available data are currently too sparse to permit
detailed correlations of this kind, it is interesting to note that
for both the titin modules, 127 and 128, x, = 0.25 nm (Li et
al., 2000b). A similar value (0.3 nm) was obtained for
extracellular matrix protein tenascin, a protein that is also
exposed naturally to mechanical stress and is partly com-
posed of a series of fibronectin type III domains (Ober-
hauser et al., 1998). For the helical structural protein, spec-
trin, x, = 1.5 nm (Rief et al., 1999). By contrast, the x, for
a polymer of the naturally monomeric enzyme, T4 ly-
sozyme, was indirectly calculated to be 0.81 nm (Yang et
al., 2000), whereas the enzyme barnase was found to have
similar pulling speed dependence to that of (I127); (Best et
al., 2001). From the available data, therefore, there appears
to be no simple correlation between the natural function of
a protein and the value of x,. There may, however, be a
correlation between this parameter and secondary structure
and/or protein topology.

The emerging data suggest that the type of protein sec-
ondary structure, the number and geometry of interstrand
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hydrogen bonds, and the unusually late transition-state in
the folding of 127 and 128 domains optimize their resistance
to mechanical force (Li et al., 2000b). Indeed these domains
unfold at the largest forces so far recorded for any domain
(~200 and 260 pN for the wild-type 127 and 128, respec-
tively (Li et al., 2000b)). By contrast, tenascin (FNIII do-
mains), barnase, T4 lysozyme, the C2 domain of synapto-
tagmin I and spectrin unfold at 140 pN (Oberhauser et al.,
1998), 65 pN (Best et al., 2001), 64 pN (Yang et al., 2000),
60 pN (Carrion-Vazquez et al., 2000), and 30 pN (Rief et
al., 1999). Calmodulin unfolded at too small a force to
measure (Carrion-Vazquez et al., 2000). The data suggest
that proteins with -sheet secondary structure are mechan-
ically most stable, whereas a-helical proteins are relatively
mechanically unstable. Proteins with mixed «/f3 topologies
fall in between these two extremes. Steered molecular dy-
namics simulations have suggested that the mechanical sta-
bility of B-sheet proteins depends critically on the topology
of the protein, proteins with parallel N- and C-terminal
strands showing the greatest resistance to mechanical un-
folding (Lu and Schulten, 1999). This results in force being
applied orthogonally to interstrand hydrogen-bonds and re-
quires all of these bonds to be broken simultaneously for
significant extension to occur. By contrast, proteins with
antiparallel terminal ( strands unfold at relatively low
forces, possibly because the force is applied parallel to the
hydrogen bond and results in the sequential “zipper-like”
rupture of these bonds with relatively low force. The most
mechanically resistant proteins were found to possess a
hydrogen bond network directly between N- and C-terminal
strands, as is found for the immunoglobulin domains of titin
(Lu and Schulten, 1999).

Comparison of the force required to unfold wild-type and
mutant 127 domains clearly shows that the mutant form is
less stable to mechanical stress (at all pulling speeds the
mutant domains unfold with a lower force than that of the
wild-type polymer (Fig. 7 a)). However, as well as changing
the barrier height for mechanical unfolding, the mutation
also affects the parameter, x, (using Monte Carlo methods
x, wild type = 0.25 nm (Carrion-Vazquez et al., 1999a), x,,
mutant = 0.29 nm). As stated above, the term F.x, equates
to the energy required to reduce the barrier height suffi-
ciently to allow crossing by thermal fluctuations. This prod-
uct can be used, therefore, to assess the energetic effect of
a mutation upon the mechanical transition state. At a pulling
speed of 600 nms ™' the barrier for mechanical unfolding of
wild-type 127 domains (for the polymer (127)g) is reduced
by 31 kJ mol '. Interestingly, whereas the mutant con-
catamer unfolds at a significantly lower force than its wild-
type counterpart (AF = 37 pN at 600 nms ') it also has a
higher x,. As a consequence, the reduction in barrier height
for unfolding of the mutant (29 kJ mol ') is the same as that
of the wild-type domain, indicating that the mutations have
no effect on the mechanical sensitivity of the protein (how-
ever, it should be noted that this analysis is sensitive to the
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FIGURE 8 Schematic diagram showing effect of mutations and force on the unfolding of C47S, C63S 127, wild-type 127, and a proline mutant (P mutant)
in the A’G strand interface. All proteins are referenced to a denatured state (U). This state is the fully unfolded state in denaturant for chemical unfolding
and the “condensed denatured” state (the denatured state before polymer extension) for mechanical unfolding. The native state (N) of C47S, C63S 127 is
destabilized relative to wild type, whereas the proline mutation stabilizes N due to the destabilization of the unfolded state (assuming that the native state
structure is unperturbed by the introduction of a proline). Note: for the proline mutant the thermodymic properties have been inferred from mechanical
folding/unfolding studies (Li et al., 2000a). The barrier height for unfolding of C47S, C63S 127 is reduced relative to that of the wild-type protein leading
to an increase in k) g, By contrast, the proline mutation decreases k) e Upon the application of force (shown as a dotted line), the transition state
barrier for unfolding the wild-type and core destabilized 127 (C47S, C63S 127) behave similarly upon the application of force. However, the proline
mutation causes a greater reduction in barrier height for the same displacement.

accuracy of the value derived for x, we estimate that x,
varies by less than 10%). By examining the spread of values
for x, and « S,F in Monte Carlo simulations that describe the
best fit to the experimental data.

What is the origin of the mechanical strength of 127
domains? Previous molecular dynamics simulations have
suggested that the six hydrogen bonds linking the A" and G
strands in the N- and C-terminal strands of the 127 domains
are the source of their unusually high mechanical strength
(Lu et al., 2000). Accordingly, rupture of these strands is
thought to result in the facile and cooperative unfolding of
the remaining strands in the domain. Interestingly, recent
characterization of the conformational properties of the
transition state for unfolding of 127 monomers using chem-
ical denaturation and ¢-value analysis has suggested that
the A" and G strands are also unfolded in the transition state
for chemical denaturation (Fowler and Clarke, 2001). How-
ever, other regions are also substantially denatured in the
transition state for chemical unfolding, most notably the
A’-B loop and the E-F loop (the latter of which contains
residue 63). By contrast, other regions of the 127 domain
were found to be highly structured in the rate-limiting
transition state for unfolding, particularly residues toward
the center of the B, C, E, and F strands, which form a
folding nucleus, similar to that found for the 3" FNIII
domain from human tenascin (Hamill et al., 2000). Our data
on mechanical unfolding of 127 domains mutated at residues
47 and 63 are consistent with the predications of Li et al.
(2000a), at least in that these residues (which lie in the D
strand and the E-F loop) do not play a major role in
determining the mechanical sensitivity of the domain. What
role, if any, other residues play in mechanical unfolding will
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have to await further analysis of the structure of the me-
chanical unfolding transition state using polymers con-
structed from other mutant domains.

In previous studies, Li et al. (2000a) also used mutagen-
esis to assess the importance of the A’ and G strands in
mechanical resistance by creating a series of proline mu-
tants that ablated hydrogen bonds from this proposed me-
chanical clamp. Interestingly, whereas three of the mutants
(V11P, V13P, and V15P) were less resistant to mechanical
unfolding (they unfolded at lower force), a fourth mutant,
VOP, was found to unfold at greater force than its wild-type
counterpart. Pulling speed dependencies revealed that the
transition state for unfolding of the three mechanically
destabilized mutants had all moved closer to the denatured
state, whereas that of V9P remained similar to that of the
wild-type protein, suggesting that the mutations had varied
effects on unfolding. These data can now be rationalized
using the same argument as applied to the mutant con-
catamer described above. Thus, the amount of energy by
which the transition state is lowered on displacement of its
termini (F.x,; in this example at 600 nms™ ') shows that all
mutants behave in a similar fashion: each mutation causes a
lowering of the unfolding barrier by 40 to 48 kJ mol !, a
value significantly greater than that of the wild-type protein
(31 kJ mol~ ! at 600 nms ™ ') (Fig. 8). Most importantly, the
data for the cysteine mutants presented here indicate that the
barrier is reduced by only 29 kJ mol ' at the same pulling
speed. The data confirm, therefore, that removal of one or
more hydrogen bonds from the “mechanical clamp” signif-
icantly destabilizes the mechanical transition state. By con-
trast, mutation of C47 and C63 that lie mostly outside this
region (there may be a small contact between the side chains
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of V13 and C63) have little effect on the barrier to unfolding
upon the displacement of its termini.

Mechanical resistance appears to be mainly a locally
endowed feature: destabilization of the core has little effect
upon mechanical sensitivity (£.x,) (although the individual
parameters, x,, aﬁ,F and force do vary). By contrast, muta-
tion of residues involved in the local hydrogen bond clamp
region results in a more mechanically sensitive phenotype.
Further mutagenesis studies are needed to map the transition
state for mechanical unfolding of 127 to compare mechan-
ical and chemical unfolding in more detail. The models for
mechanical unfolding of proteins suggest that hydrogen
bond topology/geometry is the key determinant of mechan-
ical stability, irrespective of function. It is, therefore, im-
portant to mechanically unfold proteins with different to-
pologies, as well as those with similar folds but different
functions, so that general conclusions about the evolution of
mechanical stability of different proteins can be formed.
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