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Small Peptide Binding Stiffens the Ubiquitin-like Protein SUMO1
Hema Chandra Kotamarthi,1 Anju Yadav,1 and Sri Rama Koti Ainavarapu1,*
1Department of Chemical Sciences, Tata Institute of Fundamental Research, Colaba, Mumbai, India
ABSTRACT Posttranslational modification by small ubiquitin-like modifiers (SUMOs), known as SUMOylation, is a key reg-
ulatory event in many eukaryotic cellular processes in which SUMOs interact with a large number of target proteins. SUMO
binding motifs (SBMs) are small peptides derived from these target proteins that interact noncovalently with SUMOs and
induce conformational changes. To determine the effect of SBMs on the mechanical properties of SUMO1 (the first member
of the human SUMO family), we performed single-molecule force spectroscopy experiments on SUMO1/SBM complexes.
The unfolding force of SUMO1 (at a pulling speed of 400 nm/s) increased from ~130 pN to ~170 pN upon binding to
SBMs, indicating mechanical stabilization upon complexation. Pulling-speed-dependent experiments and Monte Carlo sim-
ulations measured a large decrease in distance to the unfolding transition state for SUMO1 upon SBM binding, which is by
far the largest change measured for any ligand binding protein. The stiffness of SUMO1 (measured as a spring constant for
the deformation response along the line joining the N- and C-termini) increased upon SBM binding from ~1 N/m to ~3.5 N/m.
The relatively higher flexibility of ligand-free SUMO1 might play a role in accessing various conformations before binding to a
target.
INTRODUCTION
Protein-protein/ligand interactions are ubiquitous in biology
and they are an important aspect of biological function of
many proteins (1). They play an important role in many
cellular functions, and an increasing number of biochemical
and biophysical methods are being employed to understand
these interactions and their role in protein function. There
is a plethora of biophysical methods for determining the
effect of ligand binding on the thermodynamic stability of
proteins, and it has been observed generally that the thermo-
dynamic stability of the protein is enhanced upon ligand
binding (1). Recently, with the development of single-mole-
cule force spectroscopy techniques, the effect of ligand
binding on mechanical stability has been elucidated for
many proteins (2). Single-molecule atomic force micro-
scopy (SM-AFM) demonstrated that ligand binding may
affect the mechanical stability of proteins or modulate their
unfolding pathways (2–12).

Posttranslational modification by small ubiquitin-like
modifiers (SUMOs), known as SUMOylation, is an impor-
tant regulatory event in many cellular processes, such as
gene transcription, cell cycle progression, signal transduc-
tion, DNA repair, and transport of nuclear bodies. During
SUMOylation, SUMOs interact with various enzymes
and target proteins either covalently or noncovalently.
SUMO-modified proteins act as a platform for binding
of other proteins, and hence, SUMO plays a key role in
protein interaction networks (13,14). SUMO interacts with
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many enzymes and proteins, for example, Ubc9, RanGAP1,
Thymine-DNA glycolase, E2-25K, RanBP2, and PIASX,
with varied consequences (15). The covalent attachment
of SUMO to its target proteins is by formation of an iso-
peptide bond through the C-terminal glycine of SUMO. A
consensus binding motif with amino acid sequence V-K-
X-D/E, where V is any large hydrophobic residue and X
is any residue, has been identified in the target proteins for
covalent attachment (16). SUMO binding motifs (SBMs)
that are necessary for the target protein to interact with
SUMO noncovalently have also been identified, and they
generally have a consensus site with a stretch of hydropho-
bic amino acids (V/I)-X-(V/I)-(V/I) flanked by acidic resi-
dues (13,14,16). The SBMs orient in either a parallel or
an antiparallel b-strand conformation that extends the
SUMO b-sheet, allowing the interaction of hydrophobic
residues of the SBM and the hydrophobic core between
the b-sheet and the a-helix of SUMO (14). SBMs have
been found in various proteins, including SUMOylating en-
zymes, SUMO targets, and other SUMO-binding proteins.

Earlier studies have shown that small peptides with the
consensus sequence of the SBM can also interact with
SUMO1 (first member of the human SUMO family)
in vitro without any enzymatic cascade reactions (13,16).
The SBMs used in this study, henceforth called S10 and
S12 based on the number of residues in their amino acid
sequences (DDDVLIVYEL and KVDVIDLTIESS, respec-
tively), have been shown to interact with SUMO1 (17).
S10 and S12 bind to SUMO1 with dissociation constants
(Kd) of ~70 mM and ~6 mM, respectively (16,17). S10
and S12 peptides have been derived from the interacting
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regions of SUMO binding proteins RanBp2 and PiasX,
respectively. RanBP2 catalyzes SUMO E3 ligase activity
and is required to localize SUMO1-modified RanGAP1 at
the nuclear pore complex to facilitate nucleocytoplasmic
trafficking (18). The SBM of PiasX plays an important
role in its interaction with SUMOylated transcription factor
Elk-1, which favors transcriptional activation (13). Both
S10 and S12 interact with SUMO1 noncovalently at the
same binding site. S10 forms an antiparallel b-strand
with the b2-strand of SUMO1 and interacts with the resi-
dues in the b2-strand as well as with those in the a-helix
of SUMO1. S12 binds in the same region of SUMO1 but
in a reverse orientation to the b2-strand of SUMO1
(13,16,17). The binding groove of SUMO1 consists of
hydrophobic and aromatic residues that help in forming
strong hydrophobic interactions with the SBMs. The resi-
dues in the folded region of SUMO1 that are involved in
interaction with the SBMs are Glu-33, Ile-34, His-35,
Phe-36, Val-38, Leu-47, and Tyr-51 (13). The structure
and topology diagrams of the ligand-free and ligand-bound
forms of SUMO1 are shown in Fig. 1. Here, we investigate
the effect of SBMs S10 and S12 on the mechanical stability
of SUMO1 when these complexes are pulled along the line
joining the N-C termini of SUMO1.
FIGURE 1 Structure and topology map of SUMO1 in ligand-free (A) and

ligand-bound (B) forms. N- and C-termini, along which the stretching force

is applied in the pulling experiments, are labeled in the figure. Protein Data

Bank IDs of the structures of SUMO1 and S12-bound SUMO1 are 1A5R

and 2ASQ, respectively. Another SBM peptide, S10, also binds in the

same region of SUMO1 but in the reverse orientation. The unstructured

N-terminus of SUMO1 (i.e., 21 residues) is not shown in the figure. To

see this figure in color, go online.
MATERIALS AND METHODS

Protein expression and purification

The octameric protein (SUMO1)8 was expressed and purified using the pro-

tocol described earlier (19). Briefly, human SUMO1 was modified to insert

the restriction sites of BamHI at the 50 end and those of BglII and KpnI at the
30 end. The gene was then cloned into the pQE80L vector between the

BamHI and KpnI sites. The gene of (SUMO1)8 was constructed by iterative

cloning method as described by Carrion-Vazquez et al. (20). (SUMO1)8
protein was overexpressed in the BLR(DE3) strain of E. coli by induction

with 1 mM isopropyl b-D-1 thiogalactopyranoside for 6 h after the OD600 of

the cell culture has reached 0.6. The harvested cells were suspended in

phosphate-buffered saline (PBS) (pH 7.4) containing 1 mM dithiothreitol

and 0.1 mM phenylmethylsulfonyl fluoride. The cells were lysed by soni-

cation and centrifuged and the supernatant was applied to a column of

Ni-NTA-coated agarose beads. The beads were washed with PBS contain-

ing 20 mM imidazole and the protein was eluted with PBS containing

250 mM imidazole at pH 7.4. The protein was further purified by size-

exclusion chromatography using a superdex200 column (Amersham Bio-

sciences, Chennai, India). The purity of the protein was checked using

sodium dodecyl sulfate polyacrylamide gel electrophoresis. The purified

protein was stored at 4�C. SBM peptides S10 and S12 were purchased

from USV (Mumbai, India).
Sample preparation for single-molecule pulling
experiments

Solid SBM peptides were weighed and added to 2 mM (SUMO1)8 solutions

in PBS (pH 7.4) such that the final concentration of the SBM peptide was

1 mM. For concentration-dependent studies, small amounts from the stock

solutions of SBM peptides were mixed with the protein solution to get the

final desired peptide concentration. The protein and the SBM peptide were

mixed and equilibrated on a rotary shaker overnight (or for at least 3 h)

before the experiment. The solutions were centrifuged at 13,000 rpm for

5 min to remove any undissolved SBM peptide and the supernatant was

used for performing pulling experiments by SM-AFM.
SM-AFM

Single-molecule pulling experiments were performed on a custom-built

atomic force microscope as described elsewhere (21). Approximately 50

mL of (SUMO1)8 protein solution (or protein/SBM peptide mixture solu-

tion) was placed on a gold-coated glass coverslip and let it for 30 min before

starting a pulling experiment. Gold-coated reflective cantilevers with spring

constants of ~35 pN/nm were purchased from Bruker (Goleta, CA). Cali-

bration of cantilevers was done using the equipartition theorem before

each pulling experiment (22). All the experiments were performed at

room temperature.
Data analysis

In the data analysis, force peaks in force-versus-extension (FX) traces were

fitted to the worm-like chain (WLC) model of polymer elasticity (23) using

Eq. 1:

FðxÞ ¼ kBT
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where p and Lc denote the persistence length and contour length, respec-

tively, kB is Boltzmann’s constant and T is the absolute temperature. The
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persistence-length values used for fitting varied between 0.3 and 0.7. This

range of persistence length for the WLC model was found to best fit the

FX traces.

The spontaneous rate of unfolding (ku
0) and distance to the unfolding

transition state (Dxu) are calculated using Monte Carlo simulations as

described elsewhere (19). The transition-state activation energy was calcu-

lated using the Arrhenius equation (Eq. 2) and the spring constant was

calculated using harmonic approximation (Eq. 3) as described earlier by

Rief and co-workers (24,25).

DGz ¼ �kBT � ln
k0u
kA

(2)

2DGz

ks ¼ ðDxuÞ2

; (3)

where DGz is the activation energy, kA is Arrhenius frequency factor, and ks
is the spring constant for deformation along the N-C-termini pulling
direction.
RESULTS AND DISCUSSION

Mechanical stability of SUMO1 increases upon
peptide binding

SM-AFM experiments were performed on (SUMO1)8 and
its complexes with SBM peptides S10 and S12 at a constant
pulling speed of 400 nm/s. Representative FX traces are
shown in Fig. 2. The FX curves were fitted to the WLC
model of polymer elasticity and the change in contour
length (DLC) upon unfolding was observed to be ~24 nm,
corresponding to the complete unraveling of SUMO1 (i.e.,
76 residues in its fold), as reported previously (19). This
also indicates that SUMO1 unfolds in a two-state pathway
upon binding S10 or S12. The featureless spacer before
the first unfolding force peak in the FX traces corresponds
to the unraveling of the long unstructured peptide at the
N-terminus of SUMO1 (19). The maximum of each peak
corresponds to the force at which the corresponding
SUMO1 unfolded, and the last peak with very high force
corresponds to detachment of the protein either from the
cantilever tip or from the surface. The FX traces show that
SUMO1 unfolds at a higher force upon binding to S10
and S12, clearly indicating enhancement of the mechanical
stability of the protein.

The unfolding force (Fu) distributions are shown in Fig. 3.
The DLC distributions are given in Fig. S1 in the Supporting
Material. Although the DLC (~24 nm) remains unchanged
upon ligand binding, the overlay of unfolding force histo-
grams shows a clear increase in the mechanical stability
upon ligand binding. Table 1 shows the average Fu and
DLC along with their standard deviations. By measuring
the unfolding force of SUMO1 in the presence of a peptide
that does not bind to it, we have also confirmed that
the increase in unfolding force is not due to the high concen-
tration of the peptide in solution but rather to the ligand
binding of SUMO1. The unfolding force of SUMO1 re-
mains unchanged in the presence of this peptide in solution
Biophysical Journal 108(2) 360–367
(Fig. S2). The unfolding force of SUMO1 increases from
132 pN to 166 pN upon binding to S10 and to 179 pN
upon binding to S12. The unfolding force of apo SUMO1
is consistent with our earlier report (19). The increase in un-
folding force upon binding to SBM peptides is significant,
as revealed by the statistical p-test, with p < 0.0001 for
both S10 and S12. We further studied the concentration
dependence of S10 and S12 on the mechanical stability of
SUMO1 (Fig. 4 and Fig. S3). The unfolding force of
SUMO1 saturates at high concentrations of SBM peptides,
and the concentrations of S10 and S12 at which 50% satura-
tion occurs are 140 mM and 33 mM, respectively. These
values are in the range expected from their dissociation con-
stants, i.e., 6 mM for SUMO1 and S12 complex and 70 mM
for SUMO1 and S10 complex, obtained from bulk studies
reported previously (16).

Although proteins such as cadherin, dihydrofolate reduc-
tase, acylphosphatase, GB1, and M-crystallin have shown
an increase in mechanical stability upon binding to metal
ions or small molecules, there are many other proteins, for
example, maltose-binding protein, leucine-binding protein,
ribose-binding protein, and von Willebrand factor, whose
mechanical stability is not altered by ligand binding
(2,26). This might be due to the anisotropic nature of the
stretching force. The orientation of the ligand-binding re-
gion with respect to the direction of applied force
plays a prominent role in determining the ligand effect on
mechanical properties, as has been illustrated previously
for maltose-binding protein and titin-telethonin complex
(7,27).
Pulling-speed-dependent mechanical unfolding
properties and estimation of kinetic parameters

Mechanical unfolding of proteins is a kinetic process, and
the pulling speed affects the unfolding force of proteins.
Further pulling experiments on SUMO1 bound to the
SBM peptides were performed by varying the pulling speed.
It is found that the DLC is independent of pulling speed, but
the unfolding force varies with the speed. The histograms of
unfolding forces of SUMO1 complexes with S10 and S12 at
various pulling speeds are shown in Fig. S4. When the speed
is varied from 100 nm/s to 2000 nm/s, the unfolding force
increases from 138 pN to 195 pN for SUMO1 bound to
S10 and from 153 pN to 213 pN for SUMO1 bound to
S12. These speed-dependent unfolding forces can be used
to calculate kinetic parameters such as the spontaneous
rate of unfolding (ku

0) and the distance to the unfolding tran-
sition state (Dxu) using Monte Carlo simulations (28,29).
The semilogarithmic plot of unfolding forces versus pulling
speed is shown in Fig. 5. The plot clearly shows that the
unfolding force of SUMO1 in the presence of the SBM pep-
tides is always higher than that of SUMO1 alone. In addi-
tion, SUMO1 bound to S12 shows greater stability than
SUMO1 bound to S10 at all the pulling speeds. The plot



FIGURE 2 SUMO binding peptides (SBMs)

alter the mechanical properties of SUMO1.

Force-extension (FX) traces of (SUMO1)8 (A),

(SUMO1)8 in the presence of S10 (B), and

(SUMO1)8 in presence of S12 (C) are shown. Car-

toons of octameric SUMO1 and its complex with

the SBM peptides appear above the corresponding

FX traces. All force peaks in the FX traces are

fitted to the WLC model (dotted lines) to obtain

DLC. SUMO1 has a DLC of ~24 nm and is not

altered upon binding to the peptides. The unfolding

force of SUMO1 increases upon binding to the

SBMs, as can be seen from the FX traces and

the force scale. SUMO1 is being pulled along the

line joining the N- and C-termini in the experi-

ment, as indicated by the arrows. To see this figure

in color, go online.
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also underlines that the dependence of unfolding force on
the pulling speed is more prominent after binding to the
SBM peptides.

InMonteCarlo simulations, thevalues of ku
0 ~ 3� 10�3 s�1

and Dxu ~ 0.25 nm best fit the experimental data of
SUMO1 bound to S10 and ku
0 ~ 1.15 � 10�3 s�1 and Dxu ~

0.25 nm best fit that of SUMO1 bound to S12. In
general, the ku

0 depends on the magnitude of the unfolding
force and Dxu depends on the variation of unfolding
force with the pulling speed. Although the magnitude of the
FIGURE 3 The unfolding force of SUMO1 in-

creases upon binding the SBM peptides. The over-

lay of unfolding force histograms of SUMO1 (open

bars) and SUMO1 bound to S10 (red-hatched bars)

(A) and S12 (blue-hatched bars) (B) are shown. The

histograms clearly show that the average unfolding

force of SUMO1 increased from 132 pN to 166 pN

upon binding to S10 and to 179 pN upon binding to

S12. To see this figure in color, go online.
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TABLE 1 Mechanical properties of SUMO1 and SUMO1 in

complex with SBM peptides

Protein DLC (nm) Unfolding force (pN)

SUMO1 23.8 5 1.2 132 5 23

SUMO1 þ S10 23.6 5 1.1 166 5 26

SUMO1 þ S12 23.7 5 0.8 179 5 23

Values are represented as the mean 5 SD.
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unfolding force differed for S10 and S12, the variation of
unfolding force with pulling speed is similar, as revealed
by the fact that Dxu is the same in both cases, but ku

0

values are different. Dxu of SUMO1 complexed to the SBM
peptides (0.25 nm) is much smaller compared to that of
the ligand-free SUMO1 (0.51 nm). All values are listed in
Table 2.

A schematic energy landscape constructed from the
values obtained through Monte Carlo simulations is shown
in Fig. 6. The native state of SUMO1 bound to SBM pep-
tides S10 and S12 is stabilized with respect to the ligand-
free state, as revealed by the enthalpy values (16). The
Dxu value decreases from 0.51 nm to 0.25 nm upon ligand
binding, and interestingly, this decrease is the same for
both the SBM peptides. The activation energy of unfolding
is higher in the ligand-free state than in the bound state. The
activation energies of SUMO1 bound to S10 (26.5 kBT) and
S12 (27.2 kBT) are similar.
Effect of SBM peptide binding on the mechanical
flexibility of SUMO1

To determine the effect of SBM peptide binding on
the mechanical flexibility of SUMO1, the spring con-
stant of the unfolding potential was calculated using
harmonic approximation, as described in Materials and
Methods. The spring constant (ks) of SUMO1 increased
from 1 N/m to 3.5 N/m and 3.6 N/m upon binding to
S10 and S12, respectively. This clearly shows that
SUMO1 becomes stiffer upon binding to its target SBMs
Biophysical Journal 108(2) 360–367
and that its flexibility might play a plausible role in
locating these targets. Earlier studies have shown that
ligand binding can increase the mechanical stability of
proteins. Such increases have been shown, for example,
for acylphosphatase upon binding to inorganic phosphate
(6), b-adrenergic receptor upon binding to cholesterol
(9), and GB1 upon binding to Ni2þ (8). However, in
none of these proteins was there a tremendous change in
their distance to the unfolding transition state (Dxu). For
acylphosphatase and GB1, it has been shown that either
the Dxu does not change or the change in Dxu is insignif-
icant, although there were changes in ku

0 values. The
change in Dxu affects the flexibility of the protein, i.e.,
the spring constant of the unfolding potential (ks).
Although the Dxu value of the b-adrenergic receptor de-
creases upon binding to cholesterol for certain structural
elements, the change is not as significant as in the case
of SUMO1 protein. SUMO1 shows a greater decrease in
the mechanical flexibility (i.e., an increase in rigidity)
upon binding to peptides than do many of the proteins re-
ported in the literature. Serdiuk et al. also observed a
greater change in the ks value of E. coli LacY upon ligand
binding, but the ks of LacY, unlike that of SUMO1,
decreased upon complexation, indicating an increase in
its mechanical flexibility (30).

An important question at this stage might be how the
enhancement in the mechanical stability and rigidity of
SUMO1 is related to the ligand binding position or inter-
face. In the structure of the complex of SUMO1 and S12
(Fig. 1), the peptide ligand binds in the deep hydrophobic
groove between the a-helix and the b2-strand. The bound
peptide interacts strongly with the hydrophobic and aro-
matic residues Glu-33, Ile-34, His-35, Phe-36, Val-38,
Leu-47, and Tyr-51 present in the binding concave groove
of the folded region of SUMO1. The binding groove is far
from the experimental pulling geometry of the N- and C-
termini and the mechanical clamp (the H-bonded b-strands
from the termini). The mechanical clamp geometry is
believed to be the major resistance and to contribute to
FIGURE 4 Dependence of the unfolding force of

SUMO1 on SBM peptide concentration. The un-

folding force of SUMO1 increases with increasing

concentrations of S10 (A) and S12 (B), with a sud-

den change at concentrations close to the Kd of the

complex of the protein and the SBM peptide.

Sigmoidal fits are shown by dotted lines (see text

for more details). The unfolding force histograms

of SUMO1 at various concentrations of S10 and

S12 are shown in Fig. S3.



TABLE 2 Kinetic parameters of SUMO1 and its complexes

Protein Dxu(nm) ku
0(s�1) DGz (kBT)

a ks(N/m)a

SUMO1 0.51 1.15 � 10�5 32.1 1.0

SUMO1þ S10 0.25 3 � 10�3 26.5 3.5

SUMO1 þ S12 0.25 1.5 � 10�3 27.2 3.6

aCalculated using values obtained from Monte Carlo simulations.
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the mechanical resistance in ubiquitin-like proteins (19,31).
However, our earlier experiments showed that the residues
far from the mechanical clamp would also contribute to the
mechanical resistance (19). Hence, we directly see the
ligand-binding effect at the hydrophobic interface between
the helix and the b-strand through an enhancement of the
unfolding force upon ligand binding. The results of this
study further support the earlier hypothesis that residues
far from the mechanical clamp geometry in proteins may
directly influence protein mechanical stability and stiffness.
Biological significance of flexibility of SUMO1

The binding mechanism of noncovalent attachment of
ligands to SUMO1 is quite different from that of ubiquitin.
Ubiquitin binding motifs typically form helices and
bind to the b-sheet of ubiquitin (13). On the other
hand, in earlier studies, Song et al. discovered a novel
mechanism of ligand binding to SUMO1, where the bound
orientation of the ligand can reverse depending on the
amino acid sequence (13). The SBM peptides S10 and
S12 used in this study are two such sequences. Such
FIGURE 5 The distance to the unfolding transition state (Dxu) for

SUMO1 becomes smaller upon binding to the SBM peptides. Shown are

the pulling-speed-dependent unfolding forces of SUMO1 alone (triangles)

and in the presence of S10 (solid squares) and S12 (open squares). The

graph shows that SUMO1 is more dependent on the pulling speed in the

presence of the SBM peptides. Dashed lines are Monte Carlo fits to the

experimental data. SUMO1 in the presence of the SBM peptides has a

Dxu of 0.25 nm, which is smaller than that of the ligand-free SUMO1

(0.51 nm). Values are expressed as the mean 5 SE. The ku
0and Dxu values

are given in Table 2. The speed dependence data for ligand-free SUMO1 is

taken from our earlier report (19).
reversal of orientation in ligand binding is not common
in biological systems. This study interestingly shows that
the flexibility of SUMO1 decreases upon binding to its
target proteins/SBMs. It is likely that the structure of
SUMO1 needs to be flexible, with high conformational
entropy, to accommodate peptides in such different orienta-
tions. The conformational flexibility of SUMO1 is reduced
once the ligand is bound, which in our experiments is
measured as an increase in stiffness. Measuring the stiff-
ness of overall protein or protein-ligand complexes could
serve as a measure of the conformational entropy of the
system. Furthermore, we can compare the stiffness of
FIGURE 6 Schematic energy landscape of SUMO1 bound to SBM pep-

tides S10 and S12. SUMO1 in its native state is stabilized by ligand binding.

The distance to the unfolding transition state (Dxu) decreases from 0.51 nm

to 0.25 nm upon ligand binding. The activation energies of unfolding are

similar for SUMO1 in the presence of S10 and S12 but lower than the

ligand-free SUMO1. The values of Dxu and ku
0 used for this calculation

are obtained from Monte Carlo simulations. The DG value for the native-

state stabilization of SUMO1 upon binding S12 is an estimate from earlier

studies (16), and S10 is assumed to have the same value in the above rep-

resentation.
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SUMO1 bound to S10 or S12 with that of ubiquitin
(~5.8 N/m), reported previously (19). It shows that after
complexation to SBMs S10 and S12, SUMO1 is still not
as rigid as ubiquitin and that the complex might become
more rigid when it binds to other proteins in the SUMOy-
lation-mediated protein interaction networks. It is also well
known that SUMO1 binds to various target proteins and
enzymes during the process of SUMOylation and that the
binding sites on SUMO are not the same for all the targets.
These target binding sites on SUMO are distributed in
different regions of the protein surface (32–34). The flexi-
bility and the associated conformational dynamics of
SUMO might help it in interacting with its target proteins
at various binding sites, and once the target is bound, the
complexed SUMO becomes rigid for the subsequent
sequence of events that occur during SUMOylation.
CONCLUSIONS

This study demonstrates the effect of small peptide binding
on the mechanical stability and stiffness of SUMO1. The
mechanical stability of SUMO1 increases by ~35–50 pN
upon binding to the SBM peptides. Peptide binding also
decreases the flexibility of SUMO1 to a large extent, indi-
cating that flexibility of ligand-free SUMO1 contributes to
the protein’s ability to access various conformations before
binding to a target for its SUMOylation.
SUPPORTING MATERIAL

Four figures are available at http://www.biophysj.org/biophysj/

supplemental/S0006-3495(14)04688-8.
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Figure S1: Contour length increment (∆Lc) histograms of SUMO1 (top) and its complexes with 
the SBM peptides S10 (middle) and S12 (bottom). The ∆Lc of SUMO1 is same with or without 
the SBM peptides. Here n represents number of events. 



 

Figure S2: Unfolding force of SUMO1 remains unchanged in the presence of a peptide that does 
not bind to it (non-SBM). The peptide is RCNQYCGLGHQNM and its concentration in solution 
is 1 mM. Overlay of unfolding force histograms of apo SUMO1 and non-SBM bound SUMO1 
clearly shows that their unfolding force distributions are similar. The average unfolding force of 
SUMO1 bound to non-SBM is 124 ± 20 pN.  

  



 

Figure S3: Unfolding force histograms of SUMO1 obtained at different concentrations of the 
S10 (A) and S12 (B) clearly show that the unfolding force increases with peptide concentration 
and saturates after a certain concentration of peptide. Here [S10] and [S12] indicate the 
concentrations of the corresponding peptides and apo is the ligand-free SUMO1. 



 

 

Figure S4: Pulling speed dependent unfolding force histograms of SUMO1 complex with the 
SBM peptides S10 (A) and S12 (B) clearly show an increase in the unfolding force with the 
pulling speed. Here Fu is unfolding force and V is pulling speed. 
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