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M
ultimeric proteins make up 80% of
proteomes, although less than 5%
of model proteins used in protein

folding studies are multimeric.1 Although it
is well-known that the stability of a protein
monomer can be drastically affected by
its environment, it remains unclear how
the process of multimerization influences
monomer stability. However, understand-
ing the stability of proteins in the context
of their quaternary structure is important for
deciphering protein interfaces in viruses2

and designing new biomaterials3,4 or drug
delivery systems through the use of protein
cages.5 With the use AFM-based single-
molecule force-spectroscopy (SMFS, reviewed
in ref 6�11), we investigate how multimer-
ization affects the mechanical unfolding
pathway of a protein. SMFS allows for the
precise characterization of protein (un)folding
pathways,12�25 which are measured along
any almost arbitrarily chosenbutwell-defined
reaction coordinate that is consistent with the
direction in which the protein is pulled.

Numerous SMFS measurements have
also been helpful in determining how ligand
binding affects the mechanical stability of
proteins26�29 and have been successfully
applied to measure a variety of protein�
ligand interactions30�38 including studies
that determined the mechanical strength
between oligomer interfaces.39,40 However,
SMFS studies of the stability effects by
oligomerizing proteins remain scarce41,42

though such proteins predominate the pro-
teomes. In a rare recent study, the mechan-
ical effects of aggregation in the intrinsically
disordered protein of R-synuclein were ex-
amined and found to have mechanical
stability that increased with the size of the
oligomeric structure.43 In that particular
approach, R-synuclein monomers were
covalently linked into dimeric and tetra-
meric constructs by short peptide linkers.
It remains to be studied how mechanical
stability of a protein monomer is influ-
enced by typical quaternary structures
that are naturally and commonly formed

* Address correspondence to
zns@duke.edu.

Received for review August 20, 2014
and accepted January 31, 2015.

Published online
10.1021/nn504686f

ABSTRACT Understanding how protein oligomerization affects the stability of monomers in

self-assembled structures is crucial to the development of new protein-based nanomaterials and

protein cages for drug delivery. Here, we use single-molecule force spectroscopy (AFM-SMFS),

protein engineering, and computer simulations to evaluate how dimerization and tetramerization

affects the stability of the monomer of Streptavidin, a model homotetrameric protein. The

unfolding force directly relates to the folding stability, and we find that monomer of Streptavidin is mechanically stabilized by 40% upon dimerization, and

that it is stabilized an additional 24% upon tetramerization. We also find that biotin binding increases stability by another 50% as compared to the apo-

tetrameric form. We used the distribution of unfolding forces to extract properties of the underlying energy landscape and found that the distance to the

transition state is decreased and the barrier height is increased upon multimerization. Finally, we investigated the origin of the strengthening by ligand

binding. We found that, rather than being strengthened through intramolecular contacts, it is strengthened due to the contacts provided by the biotin-

binding loop that crosses the interface between the dimers.
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through noncovalent interactions between participat-
ing monomers.
We chose Streptavidin (SA) as a model protein of

multimerization. SA is normally a homo tetramer:44 two
SA monomers (SM) combine first to form a SA dimer,
and then two SA dimers associate to form a tetramer.
SA is a good model system because it has been ex-
tensively studied using a variety of chemical ap-
proaches including mutational analysis that identified
critical mutations within the SA monomer to form
only a dimer45�47 or to stay monomeric.48,49 These
findings allow three forms of quaternary structure to
be generated and tested by SMFS. Since the process of
multimerization increases the thermal stability of SA
tetramers,48,50 we predict that it may also increase the
mechanical stability (although the two are not always
correlated51,52). Previously, the mechanical strength of
various interfaceswithin SA tetramerswas investigated
with AFM, and the interface between two dimers was
found to be significantly weaker as compared to the
strength of the interface between two monomers.39

These measurements were achieved by pulling on SA
tetramers via polypeptide handles that were attached
to different monomers within one dimer or monomers
belonging to two different dimers.39 In contrast, here
we probe the mechanical unfolding pathways and the
mechanical strength of SA monomer by directly pull-
ing on its N- and C-termini through pulling handles,
while allowing the monomer to engage in dimeric or
tetrameric complexes (Figure 1). In each of our experi-
ments, the unfolding reaction coordinate is defined
by the direction and distance between the N and C
termini, and the measurements are carried on SA
monomers that are allowed to form on higher order
oligomers or on various SA mutants that have a
reduced ability to form oligomers.
SA has exceptionally high affinity for biotin,53 and

we use this ligand binding to obtain new information
about how the ligand affects the strength of multi-
merization in SA. Because the biotin binding comes

from a loop donated across the interface between
dimers (Supporting Information Figure S1), we hy-
pothesize that biotin can only increase the mechanical
stability in the unfolding pathway for SA that is able to
form a tetramer rather than the event in which the
formation of only a dimer or amonomer is possible. We
can determine the extent to which the biotin binding
stabilizes the complex by performing experimentswith
SA that has mutations to the critical residues.

RESULTS AND DISCUSSION

Streptavidin Monomers in Dimeric and Tetrameric Structures
Have Increased Mechanical Strength. We first determined
the strength of the monomeric Streptavidin monomer
(SMmon) using four mutations that stabilize SA in a
monomeric form: V55T, T76R, L109T, and V125R. These
mutations replace residues in the interface between
the dimers and in the interface between the mono-
mers with bulkier residues that prevents multimeriza-
tion, but does not affect stability or the ability to bind
biotin (though affinity is decreased).49 SMmon was
flanked by I27 domains and pulled using the I27
handles at constant velocity, as in Figure 1, with the
ends of a single molecule tethered to both tip and
substrate. Single-molecule events are readily distin-
guished from multiple-molecule events by recording
five to six force peaks that report the unfolding of I27
domains and have normal contour-length increments
of I27 domains.

The normal unfolding force�extension trace of
I272-SMmon-I274 is shown in Figure 2A and Supporting
Information Figure S2, which shows the unfolding of
SMmon followed by the six I27 domains. The contour-
length increments were measured for each peak and
were fitted to two normal distributions at 29.2( 2.9 nm
and at 47.1 ( 6.4 nm (Figure 2E). The protein I27 is ex-
pected to have an unfolding contour length increment
of 28.7 nm,14 which corresponds well with the mea-
sured 29.2 nm. A Streptavidin monomer has 132 res-
idues andan initial lengthof 1.1 nm,andhas a theoretical

Figure 1. Schematic of a I272-SM-I272 AFM unfolding experiment. In each experiment, we pull directly on the monomer of
Streptavidin (yellow arrows indicate forces). The pulling of a monomeric, dimeric, and tetrameric form is controlled through
variants of the Streptavidinmonomer (SM), which are always flanked by the I27 handles. In the dimeric and tetrameric pulling
experiments, we still pull directly on a singlemonomer through I27 handles (green), while the handles from themultimerized
molecule (gray) are not directly affecting the experiment.
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contour-length increment of 47 nm (132 residues �
0.365 nm/residue54 � 1.1 nm initial length), which
corresponds well to the measured contour-length in-
crement of 47.1 nm. The difference between contour-
length increments between I27 domains and SM
domains provides a simple way of distinguishing
Streptavidin unfolding events from I27 unfolding
events. The SMmon unfolds atmean force of 109( 5 pN
(mean ( SE; Figure 2,Supporting Information Figures
S3 and S4; Table 1). The unfolding force of SMmon is
significantly lower than the unfolding force of I27
(199( 1 pN; mean( SE; n = 969, Supporting Informa-
tion Figure S5) and therefore appears first in the force�
extension (FE) curve.55

We then characterized the mechanical strength of
a monomer within the dimeric Streptavidin (SMdim).
The wildtype SA can be made dimeric using the single
mutation W120 K, where the bulky lysine interferes
with the interface between the dimers and prevents
tetramerization.46,47 The presence of I27 handles did
not affect the dimerization of Streptavidin as con-
firmed by AFM imaging (Supporting Information
Figure S6). The FE curves of I272-SMdim-I274 are
similar to the I272-SMmon-I274 (Supporting Information
Figure S2), except that the unfolding force of SMdim is
increased to 153( 7 pN (n= 54). Thus, the dimerization

increases the unfolding force of the SM by 40%
(95% CI:[24, 56], p = 3 � 10�6). We then characterized
the wildtype tetrameric Streptavidin monomer (SMwt)
which normally forms a highly stable tetramer44 even
when attached to polyI27 domains.37,39 The flanking
I27 domains in the I272-SMwt-I274 construct did not
disturb the tetramerization as confirmed by SDS-gel
and AFM imaging (Supporting Information Figures S6
and S7); we expect that SMwt will unfold while it is
still tetramerized to the other I272-SMwt-I274 con-
structs (Supporting Information Figure S8). The FE of
I272- SMwt-I274, shown in Figure 2(B), is also similar to
I272-SMmon-I274 except that the unfolding force of
SMwt has increased to 190 ( 5 pN (n = 211). This is
an increase of 24%compared to the unfolding of SMdim

(95% CI:[10, 37], p = 7 � 10�4).

Simulated Unfolding Forces Correlate with Experimental
Unfolding Forces for Different Multimeric States. We used
coarse-grained steeredmolecular dynamic simulations
to test our interpretation that the stabilization is pro-
vided through the interfaces generated by multimer-
ization. We simulated the forced unfolding of a SA
monomer coarse-grain model in monomeric, dimeric,
and tetrameric Streptavidin (Materials and Methods).
The simulated unfolding for the monomeric SM re-
sulted in a single force peak (Supporting Information
Figure S9, blue) similar to experiment. The peak in-
volves the rupture of the two beta-strands, a strand at
the N-terminus (residues 17�24) and a strand at the
C-terminus (residues 122�130). The simulated unfold-
ing of the dimer and tetramer also resulted in a first
peak from the rupture of the N-terminal and C-terminal
beta strands, however was followed by sequential
unfolding of other strands which make intermolecular
contacts. However, it is unlikely that the unfolding
events after the first correlate with reality because
the first unfolding event ruptures two beta strands
on the outside of the barrel of Streptavidin. Like most
proteins, Streptavidin contains themajority of its hydro-
phobic residues within the protein core (Supporting
Information Figure S10) which protects these residues
from the polar environment. However, in these coarse-
grain simulations there is no solvent, so the interactions
between hydrophobic residues and its environment are
neglected. Thus, we compare only the forces of the first
rupture peak in the simulation against the forces found
in the experiments, in Figure 3A, which should still

Figure 2. Unfolding of the Streptavidin monomer (SM)
flanked by I27 domains. (A�C) Typical unfolding patterns
of Streptavidinmonomer (marked by asterisk (*)), where (A)
shows monomeric SM, (B) shows tetrameric SM, and (C)
tetrameric SM with biotin. (D) Shows the fit of a worm-like
chain (red) to the unfolding events and the contour length
increment measurement, Lc, for a typical force�extension
curve. (E) A histogram of all contour length increments
shows two distributions, centered around 29.2 and at
47.1 nm, which correspond well to the theoretical contour
length increment of I27 and Streptavidin, respectively.

TABLE 1. Summary of unfolding properties

biotin log10 (Ka) multimerization Funf � biotin mean ( SE (n) Funf þ biotin mean ( SE (n) % change [95% CI] p-value

SMwt 13.453 Tet.44 190 ( 5 (211) 284 ( 5 (303) þ5043,58 10�32

SMW120F 11.756 Tet.45 188 ( 6 (67) 293 ( 11 (52) þ5642,70 6 � 10�12

SMW120A,K121A 7a,57 Tet.a57 180 ( 3 (35) 226 ( 8 (93) þ2511,39 5 � 10�4

SMdim 7.246,47 Dim.46,47 153 ( 7 (54) 169 ( 6 (71) NC. 0.09
SMmon 6.749 Mon.49 109 ( 5 (53) 116 ( 4 (90) NC. 0.4

aW120A,K121A used in this study, and the reference refers to W120A for reasons stated in the main text.
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approximate the effect of mechanical denaturation on
a protein.

The unfolding forces between simulation and ex-
perimental correlate extremely well indicating that the
stabilization is indeed due to the multimerization.
Interestingly, there is also a high correlation between
the number of contacts in a monomer/dimer/tetramer
versus its unfolding force (Figure 3B). This has pre-
viously been found to be true for the unfolding forces
of very homologous proteins,58 and in general, it is true
for proteins when they are normalized against the
number of amino acids (comparing contact density).59

However, to our knowledge, it has never been demon-
strated for multimerization. This indicates that the
unfolding force may be most dependent on only
the organization and strength of contacts and that a
coarse grain model may be a simple tool to calculate
these and predict mechanical strength.

Biotin-Modulated Strengthening Requires Dimer�Dimer
Interface from Tetrameric State. We also tested the unfold-
ing pathways of SMwt, SMdim, and SMmon in the pres-
ence of their cofactor, biotin (affinities in Table 1), to
determine whether biotin binding would provide
further strengthening and whether it would be depen-
dent on the multimeric state. The crystal structure of
Streptavidin44 suggests that the loops of Streptavidin
(residues 114�122) cross over the dimer�dimer inter-
face to cap the biotin-binding pocket, ultimately form-
ing favorable interactions between Trp120 and biotin
(Supporting Information Figure S1). Since both SMdim

and SMmon aremissing a interface between the dimers,
the extra stabilization provided through the biotin-
loop interaction are absent, which would eliminate any
further stabilization from biotin. Thus, we hypothe-
sized that only tetrameric Streptavidin is strengthened
by biotin binding. Indeed, the tetrameric SMwt is
greatly affected by biotin: the SMwt unfolding force
increases by 50% (Table 1), as shown in Figure 2C
and Supporting Information Figure S2. The unfolding
forces of both SMdim and SMmon are unaffected by

biotin (no change in unfolding force, p= 0.09 and p= 0.4,
respectively, Table 1), which supports our hypothesis.

To verify whether the stabilization of the SMwt with
biotin is due to the binding loop, we tested the
unfolding force of the monomer with mutations to
critical residues in the binding loop. We first made the
mutation W120F, which has been characterized to
reduce the binding affinity by 2 orders of magnitude
but does not affect tetramerization.56 We found that
the flanking I27 domains do not affect the tetrameriza-
tion of SMW120F (Supporting Information Figure S6) .
The unfolding force of SMW120F without biotin is indis-
tinguishable from the wildtype SMwt without biotin
(p = 0.9), indicating that SMW120F forms a tetramer
similar to wildtype. Surprisingly, the unfolding force
with biotin is also indistinguishable from wildtype SMwt

with biotin (p = 0.5), an indication that the phenylala-
nine can form a similar interaction as the tryptophan
and can still provide considerable mechanical stability.

We then made a more severe double mutation
to the biotin-binding loop using W120A and K121A
(SMW120A,K121A) mutations. The single-mutation W120A
in SA has a substantial effect on biotin binding by
reducing the association constant by 7 orders of mag-
nitude although the protein remains as a tetramer.57

We chose to test the double-mutation W120A and
K121A instead of just the single-mutation W120A
because the crystal structure of SA with W120A60

shows that K121 can adopt a rotamer that forms
favorable interactions with biotin, possibly alleviating
the effects of W120A during mechanical unfolding
(Supporting Information Figure S11). Since the single-
mutation W120A still forms a tetramer, we expected
the double mutant would also stay tetrameric, and this
was confirmed by AFM imaging (Supporting Informa-
tion Figure S6). Indeed, comparisons of the unfolding
force without biotin for SMW120A,K121A is indistinguish-
able from the unfolding force for the tetrameric wild-
type SMwtwithout biotin (p= 0.5). However, the double
mutant W120A-K121A mutation had a large effect on

Figure 3. (A) Simulated peak unfolding force plotted against experimental unfolding forces with vertical and horizontal bars
showing standard deviation of unfolding force (vertical too small to be seen). (B) Number of residue contacts available to a
monomer within the multimeric states plotted against the experimental unfolding force.
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the unfolding force with biotin, as it resulted in a
decrease in the unfolding force by 21% as com-
pared to the wildtype with biotin (95% CI: [�28, �13],
p = 4 � 10�8).

Increased Mechanical Stability Reflects Increased Folding
Stability. The distribution of unfolding forces from
SMFS experiments can be directly related to the un-
folding rates to determine underlying energy land-
scape at zero force, as described previously.61�65 Using
these models, we determined the parameters of the
energy landscape associated with the unfolding of
Streptavidin along the N�C extension (see Materials
and Methods for full description of analysis). The fits of
this model are shown in Figure 4, and the parameters
of this energy landscape (intrinsic unfolding rate, dis-
tance to transition state, and free energy) are shown in
Table 2. The parameters for I27 were also determined
and are comparable with previously determined param-
eters for I27 using this model.61

The relative unfolding rates correspond to the me-
chanical stabilities, as the unfolding rates decrease as
the multimeric state increases. Interestingly, the cause
of this decreasing unfolding rate seems to be due to a
modest increase in barrier height (∼0.5 kBT), aswell as a
slight decrease in the distance to the transition state
with each increasing multimeric state. Thus, providing

multimerization not only increases the barrier height
but alsomakes the energywell of the native statemore
narrow and thus creates a steeper barrier. We are
further investigating the nature of these energy wells
using all-atom explicit-solvent simulations.

It is worth noting that the unfolding rate of Strep-
tavidin in the tetramer determined here (≈ 0.13 s�1)
differs by many orders of magnitude to the unfolding
rate determined by chemical denaturation (≈ 2 �
10�8 s�1).66 The difference between these unfolding
rates is likely due to the reaction coordinate under
study; here we study the unfolding along the reaction
coordinate defined by the N�C extension. In some
cases, the unfolding rate determine along the N�C
reaction coordinate is very similar to that obtained by
chemical denaturation,67 but this is protein-dependent
and, in principle, may not be the same.68

CONCLUSIONS

The mechanical stability and unfolding rate of a
protein monomer in a multimer is not as well under-
stood as themechanical stability and unfolding behav-
ior of single-domain monomeric proteins. Here, we
have shown the effect of multimerization on the
mechanical unfolding pathway of Streptavidin (SA),
and we find that there are substantial increases in

Figure 4. (Left) Unfolding rate-force map for variants of Streptavidin and fits associated with the one-dimensional diffusion
over a barrier with applied force (see Materials and Methods). Unfolding rates generally decrease when going from
monomeric to tetrameric, in line with what we observed for the effects on mechanical strengthening. (Right) Cartoon of
the energy landscape showing that we are directly measuring the transition from the folded to unfolded state of a monomer
in a protein of varying multimerization states.

TABLE 2. Summary of Fit Parametersa

Streptavidin state intrinsic unfolding rate, KUnf [s
�1] distance to transition State, xb [nn] barrier height, G [KBT]

Monomer 0.40 ( 0.30 0.26 ( 0.07 8.0 ( 1.1
Dimer 0.23 ( 0.09 0.21 ( 0.02 8.5 ( 0.4
Tetramer 0.13 ( 0.03 0.19 ( 0.01 9.0 ( 0.3
Tetramer þBiotin 0.06 ( 0.02 0.14 ( 0.01 8.9 ( 0.4
I27 9.8 ( 5.2 � 10�4 0.31 ( 0.02 15.2 ( 0.4

a Values shown are best fit ( one standard deviation.
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stability as the quaternary structure grows frommono-
mer to dimer and to tetramer. Interestingly the simple
increase of contacts caused by progression of quaterna-
ry structure had a high correlation to the mechanical
stability (Figure 3).
The experimental unfolding force of the wildtype

Streptavidin monomer increases 50% in the presence
of biotin, which is similar to the increases seen in other
protein�ligand complexes (typically 40�120%).59 This
increased strength is likely due to the biotin-binding
loop that bridges the dimer�dimer interface and is
supported by our observations that the unfolding
forces of SMdim and SMmon (both devoid of a interface
between dimers) are unaffected by biotin. Also, the
strengthening of the biotin binding loop is supported
by our observation that the unfolding force of the
SMW120A,K121A, which carries a mutated biotin-binding

loop, was considerably weaker than that of the wild-
type. Interestingly, unlike other studied protein�
ligand complexes that strengthen the mechanical
stability of a single monomer, the biotin ligand in
Streptavidin is an intermolecular strengthening pro-
vided only when the Streptavidin dimers are asso-
ciated into their tetrameric structure.
These results provide direct evidence that multi-

merization not only provides significant mechan-
ical folding stability due to the neighboring inter-
faces but also provides additional strengthening
mechanisms through ligand-multimer interactions.
These findings are important for understanding
the stability of protein complexes in the cell and
for designing novel multimeric proteins for the
development of new biomaterials and drug delivery
systems.

MATERIALS AND METHODS

Protein Engineering. To perform pulling experiments, we
flanked the protein Streptavidin monomer (SM) by I27 protein
domains at the DNA level. The addition of I27 domains as
handles facilitates the pickup of the molecule and they serve
as a positive control and fingerprint of a single molecule
event.69 The final construct is composed of two I27 domains,
the Streptavidin domain, and four I27 domains, each connected
with short two amino acid linkers (I272-SM-I274). This construct
was obtained from replacing the third and fourth modules of
the poly(I27) pRSETa vector, a kind gift from Jane Clarke,70 with
Streptavidin monomer.

Variants for Streptavidin were made by directly mutating
the wildtype SM or synthesized directly and reinserted into the
poly(I27) pRSETa vector. The variants include the following:
(1) W120F; (2) W120K (denoted SMdim because it forms dimeric
SA); (3)W120A and K121A; and (4) V55T, T76R, L109T, and V125R
(denoted SMmon because it forms monomeric SA). All engi-
neered plasmids were transformed into Escherichia coli
C41(DE3)pLysS cells, and expression was induced using IPTG.
Cell lysate was run through a Ni-NTA column (Qiagen, Valencia,
CA) and the protein was collected and stored in 40% glycerol
and 60% PBS pH 7.4 at �20 �C. The eluted wildtype SA
(I272-SMwt-I274) was analyzed by SDS-gel (Supporting Informa-
tion Figure S7) and found to be similar to previous SA-I27
chimeras,37,39 which supports our hypothesis that tetrameriza-
tion is not affected by the flanking I27 domains. To further
validate this conclusion, we directly determined the multimer-
ization state using AFM Imaging S6.

AFM Spectroscopy. All AFMmeasurementswereobtainedusing
a custom-built AFM instrument.20 Automation routines to control
the AFM71 were implemented in Labview 7.0 (National Instru-
ments, Austin, TX). Cantilever spring constants were calibrated in
the buffer solution using the energy equipartition theorem.72 All
measurements were done at a constant velocity of 300 nm/s, in a
PBSpH7.4 solutionat roomtemperature or PBSpH7.4with 2mM
biotin (when specified). In all experiments, the purified protein
was diluted to 150 μg/mL, and applied to recently evaporated
gold and incubated for 1 h.Measurementswere performed using
MLCT cantilevers (Bruker, Camarillo, CA) which have a spring
constant of 16 ( 3 pN/nm.

A worm-like chain (WLC) model with persistence of 0.4 nm
was fit to each peak in order to measure contour length
increments in the force�extension (FE) data.73 The contour-
length increments from every peak in every recording were
fit using a mixture model with two distributions (for I27 do-
mains and Streptavidin domains) (Figure 2E). The 95% con-
fidence intervals for the contour length increments of the two

distributions were used for labeling an unfolding event as
I27 (23.5�34.6 nm) or labeling an unfolding event as unfolding
of Streptavidin monomer (34.6�59.6 nm) in order to eliminate
human-bias in data selection.

Statistical Analysis. The unfolding forces were compared sta-
tistically, using a total of 15 tests (comparing to wildtype,
comparing between ligand-bound and apo, etc.). For statistical
significance, then, we used a Bonferroni corrected p-value of
0.05/15 = 0.0033. Comparisons weremade using a two-sample t
test with null hypothesis that both distributions are normal with
the samemeans. The assumption of equal variances in the two-
sample t test was used only if null hypothesis of the two-sample
F-test that the variances are equal could not be rejected. The
assumption of normality for the distributions is also valid when
doing the two-sample t test because the null hypothesis that
the data comes from a normal could not be rejected when
subjected to the one-sample Kolmogorov�Smirnov test
(Supporting Information Figure S12).

Coarse-Grain Simulation. Structure based models were gener-
ated using the SMOG web server74 from PDB 1SWE.75 In this
coarse-grainmodel, each residue ismodeled as a single pseudo-
atom. Steeredmolecular dynamics are conducted on thismodel
with the forces determined by a coarse-grain potential. This
potential contains terms for bonds, angles, and improper
angles, which have equilibrium values based on the initial
structure. All residues identified as a contact have an attractive
12�6 potential and residues identified as noncontacts have a
repulsive 12 potential. More information about parameter
values are described by Clementi et al.76 The temperature used
for all calculations was the folding temperature at which the
folded state and the unfolded state of the monomeric Strepta-
vidin are equally populated. The folding temperature was found
by determining where the specific heat is maximal (Supporting
Information Figure S13). Simulations were conducted using
GROMACS 4.5.577 by pulling on the N-terminus with reference
to the C-terminus, at 0.1 nm/ns and using spring constant of
6 pN/nm. The pulling geometry was the same for themonomer,
dimer, and tetramer form of Streptavidin. Examples of force�
extension traces are shown in Supporting Information
Figure S9. We conducted 8�20 simulations for each type of
Streptavidin experiment to estimate the mean simulated peak
unfolding force.

Modeling Unfolding. The process of unfolding of a protein
along the N�C extension reaction coordinate can be thought of
as rate of escape over a barrier for a process that undergoes one-
dimensional diffusion, where the force applied enters as a linear
potential that modulates the height of the barrier. Previous
work by Dudko et al.6162 provide the framework for this analysis
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that allows for extracting parameters of the energy landscape at
zero force from distributions of unfolding forces. The model
used in this paper comes from Dudko et al.:61

k(f ) ¼ k0 1 � νfxb
ΔG

� �1=ν � 1

exp
ΔG

kBT
1 � 1 � νfxb

ΔG

� �1=ν
" #0

@
1
A
(1)

where ν is a general parameter that adjusts for the shape of the
barrier (ν = 1/2 used here to model a harmonic-cusp potential),
xb is the distance from thewellminimum to the barrier (distance
to transition state),ΔG is the barrier height, and k0 is the intrinsic
unfolding rate (at zero force).

This model requires knowing the unfolding rate at a given
force, k(f). By assuming that the unfolding is a Markovian pro-
cess, the force-dependent unfolding rate can be readily deter-
mined from force-distributions and is given by the following
equation, derived by Evans et al.63 and Zhang and Dudko:65

k(Fk) ¼ ΔNunf (k) 3 r(Fk)
ΔF 3Nfolded(Fk )

(2)

The k subscript here represents a bin in the histogram of forces,
ΔNunf(k) represents the number of events in bin k, ΔF is the bin
size, Nfolded(Fk) is the total number of events still folded at force
Fk, and r(Fk) is the loading rate calculated at that force. Errors
associated with using a given bin size of the histogram can also
be estimated as from Zhang and Dudko65 as

σlnk(f ) � 1
ΔNunf (k)

þ 1
Nfolded(Fk)

� �
(3)

The loading rate can be calculated two ways: by simply taking
the slope right before the force-rupture of the force vs time
plot (as in Zhang and Dudko65) or by using a highly accurate
approximation of the loading rate using a worm-like chain
interpolation formula (as in Dudko et al.62):

r(F) ¼ V
1

KAFM
þ 2Lcb(1þ Fb)

3þ 5Fbþ 8(Fb)5=2

" #�1

(4)

where V is the speed, KAFM is the cantilever stiffness, Lc is the
contour length, and b = p/kBTwhere p is the persistence length.
In this study, we used the interpolation formula; however, we
obtained similar results with both methods.

For fitting our data, we first extracted the force-dependent
unfolding rates using eqs 2 and eq 4 and determined their
associated errors. We then performed a nonlinear regression
usingMatlab (nlinfit) using the force-dependent unfolding rates
and eq 1 and obtained confidence intervals for one standard
deviation. As a control, we included analysis of the I27 unfolding
events in the table which are very close to what has been
previously reported for I27 using this model.61

AFM Imaging. AFM images were taken using a Nanoscope V
MultiMode scanning probe microscope (Veeco Instruments,
Plainview, NY) using AFM and LFM mode. Samples were pre-
pared by depositing 1�5 nM protein onto freshly cleaved mica
for 5�10 s before washing gently with water and drying with
filtered air. All measurements were done in air using a single
RTESPA probe (Bruker, Billerica, MA), which had a resonance
frequency of 305.5 kHz. Images were collected at a scan rate
of 2.0 Hz with a a scan resolution of 512� 512 pixels, and a scan
size of 2800 nm. In each experiment, 8�10 images were
captured and 200�300 proteins total were analyzed.

Image analysis was done by first flattening the image using
the Nanoscope 7.3 software. Images were then imported into
Gwyddion78 for subsequent analysis. The particles in each
image were masked in order to calculate the volume. The
selection of individual particles to mask was done blindly, by
a person not familiar with the experiment who also had no
knowledge of the type of particle in any image. This control
allows the selection step to be done without introducing
subjective bias. The volume was then calculated for each
masked particle using the grain minimum basis volume to
account for local background. Example of images and the

evaluated mean volume is shown in Supporting Information
Figure S6. These volumes correspond well to the known multi-
merization state of each protein.
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