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Single-Molecule Studies on PolySUMO Proteins Reveal Their Mechanical
Flexibility
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ABSTRACT Proteins with 8-sandwich and §-grasp topologies are resistant to mechanical unfolding as shown by single-mole-
cule force spectroscopy studies. Their high mechanical stability has generally been associated with the mechanical clamp
geometry present at the termini. However, there is also evidence for the importance of interactions other than the mechanical
clamp in providing mechanical stability, which needs to be tested thoroughly. Here, we report the mechanical unfolding proper-
ties of ubiquitin-like proteins (SUMO1 and SUMOZ2) and their comparison with those of ubiquitin. Although ubiquitin and SUMOs
have similar size and structural topology, they differ in their sequences and structural contacts, making them ideal candidates to
understand the variations in the mechanical stability of a given protein topology. We observe a two-state unfolding pathway for
SUMO1 and SUMO2, similar to that of ubiquitin. Nevertheless, the unfolding forces of SUMO1 (~130 pN) and SUMO2 (~120 pN)
are lower than that of ubiquitin (~190 pN) at a pulling speed of 400 nm/s, indicating their lower mechanical stability. The mechan-
ical stabilities of SUMO proteins and ubiquitin are well correlated with the number of interresidue contacts present in their struc-
tures. From pulling speed-dependent mechanical unfolding experiments and Monte Carlo simulations, we find that the unfolding
potential widths of SUMO1 (~0.51 nm) and SUMO2 (~0.33 nm) are much larger than that of ubiquitin (~0.19 nm), indicating that
SUMOHT1 is six times and SUMO2 is three times mechanically more flexible than ubiquitin. These findings might also be important

in understanding the functional differences between ubiquitin and SUMOs.

INTRODUCTION

For more than a decade, it has been shown that pulling of
polyproteins using single-molecule force spectroscopy
(SMFS) to be very useful in characterizing the mechanical
properties and the unfolding pathways of proteins (1-10).
Proteins with B-sandwich topology or (-grasp topologies
received much attention for their mechanical resistance
against unfolding in single-molecule studies. In these
studies, the mechanical stability has generally been attrib-
uted to the geometry in which the N- and C-terminal
B-strands are parallel and directly connected by H-bonding
(mechanical clamp). Mechanical clamp geometry is consid-
ered to provide resistance and rupture of it leads to unfold-
ing as seen in single-molecule studies (11,12). On the other
hand, it has been observed that the other interactions in the
proteins, which are away from the mechanical clamp, are
also important in providing mechanical resistance. In these
studies, proteins with the same topology were used to pro-
vide support for the significance of interactions away from
the mechanical clamp in providing the mechanical stability
(13,14). Although, these previous studies provide vital evi-
dence on the role of various interactions in proteins, the pro-
teins were not of the same size to have a direct comparison
between the mechanical stability and interactions. Here, we
addressed this issue by comparing the mechanical properties
of ubiquitin and small ubiquitin-related modifiers (SUMOs),
which have the same topology, and more importantly, the
same size.
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SUMOs are members of the ubiquitin-like protein family
that act as reversible posttranslational modifiers of proteins
in eukaryotes (15—17). The mechanism of SUMO ligation to
target proteins, which is called SUMOylation, is similar to
that of ubiquitination. SUMOylation occurs through the for-
mation of an isopeptide bond between the C-terminal Gly
residue of SUMO protein and e-amino group of Lys of the
target protein through the action of E1, E2, and E3 enzymes
in a manner similar to that of ubiquitination. Ubiquitin’s
function is well defined in targeting proteins for degradation
by tagging them with polyubiquitin. Furthermore, polyubi-
quitin chains are shown to resist mechanical unfolding in
single-molecule experiments, and it has been associated
with their function in proteasomal degradation (18). Unlike
ubiquitin, the function of SUMOs is to modulate the func-
tion of the target protein. SUMO targets are involved in
various cellular processes such as regulating mitochondrial
function, chromatin structure, and signal transduction. In
all these processes, SUMO proteins bind to other proteins
and modify them (15,16,19,20).

In humans, there are four different SUMO proteins:
SUMOI1, SUMO2, SUMO3, and SUMO4. Although the se-
quences of SUMO2 and SUMO3 are >95% identical, they
differ widely from that of SUMO1 with only ~50% identity.
Here, the sequence identity between two proteins is a pair-
wise identity between their amino acid sequences. The
sequence identity of SUMO1 and SUMO2 with that of ubiq-
uitin is below 20% (Fig. 1 A). Nevertheless, SUMOI,
SUMO?2, and SUMO3 share high structural homology
(>95%) with ubiquitin (21-24). The structural homology
between two protein structures was calculated using
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(A) The amino acid sequences of ubiquitin, SUMO1, and SUMO2. The residues that are identical in all three proteins are highlighted in red. In

SUMOI and SUMO?2 there exists a long structureless sequence (~20 residues) at N-terminus, which is absent in ubiquitin. The sequence identity between
SUMO/1/ubiquitin, SUMO2/ubiquitin pairs is ~16%. The sequence identity between the SUMO1/SUMO?2 pair is high (~50%) and the residues identical in
both of them are highlighted in blue. The C-terminal diglycine sequence is preserved in all of them. Ubiquitin forms Lys-48-C-linked polyubiquitin, whereas
SUMO?2 forms Lys-11-C-linked polymer chains. SUMOI1 forms polymer chains in vitro through Lys-7, Lys-16, and Lys-17, which are highlighted in green.
The secondary structural elements of ubiquitin are indicated directly above the sequence. (B) Structures of SUMO1, SUMO2, and ubiquitin. PDB IDs are
given in parenthesis. The N-terminus structureless regions in SUMO1 and SUMO2 are not shown. In all the structures, the terminal §-strands (shown in red)
are parallel to each other and connected by five H-bonds between the backbones (black lines). The arrows indicate the pulling direction used in the mechan-

ical unfolding experiments.

TopMatch protein structure alignment software (25,26).
SUMOs have a characteristic long unstructured N-terminus
that is absent in ubiquitin and other ubiquitin-like proteins
(16,24). Structures of SUMOs consist of a classical §-grasp
ubiquitin fold with four §-strands wrapped around a «-helix
(Fig. 1 B). Despite their high structural similarity, SUMOs
and ubiquitin are functionally divergent. This also raises
an important question on what structural nuances and dy-
namics of these proteins make them functionally different.
Furthermore, the terminal (-strands in the ubiquitin fold
are directly connected to each other via backbone
H-bonding, which acts as a mechanical clamp during un-
folding as shown earlier by Carrion-Vazquez et al. (18).
Based on the structural similarity between SUMOs and
ubiquitin, their mechanical properties are expected to be
similar, however, this remains to be tested experimentally.
It must be noted that SUMO proteins are also found to
undergo polymerization in a manner similar to poly-
ubiquitination and it is not completely understood why
such polySUMO proteins exist in vivo (27,28). The poly-
merization of SUMO proteins could be carried out in vitro
as well (29). Hence, it would be important to study the bio-
physical properties of SUMOs and compare them with ubig-
uitin to gain further understanding on the functional
diversity and the possible role of SUMO polymers in vivo.

Here, we report the mechanical properties of SUMOL1
and SUMO?2 measured in constant velocity pulling experi-
ments using SMFS and compare them with those of ubiq-
uitin. We find that SUMO1 and SUMO?2 unfold at a much
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lower force than that of ubiquitin despite having similar
structure. Furthermore, we have also varied pulling speed,
used Monte Carlo simulations, and the Bell-like model to
obtain the details of their unfolding energy landscapes.
We find differences in their underlying energy landscapes,
in terms of the distance to the transition state from the
native state.

MATERIALS AND METHODS
Polyprotein engineering

The genes of human SUMOI1 and human SUMO2 were modified to insert
the restriction sites of BamHI at the 5’ end and BgIII, Kpnl at the 3’ end. The
genes were then cloned into pQE8OL vector between BamHI and Kpnl
sites. The genes of (SUMO1)g and (SUMO2)g were constructed by an iter-
ative cloning method as described by Carrion-Vazquez et al. (2). The octa-
meric proteins, (SUMO1)g and (SUMO2)g, were overexpressed in the BLR
DES3 strain of Escherichia coli by inducing with 1 mM IPTG (isopropylthio-
(-D-1-thiogalactopyranoside) for 6 h after the ODg of the cell culture has
reached 0.6. The harvested cells were suspended in phosphate buffered
saline (PBS) (pH 7.4) containing 1 mM DTT (dithiothreitol) and
0.1 mM PMSF (phenylmethanesulfonyl fluoride). The cells were lysed by
sonication, 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 proteins were eluted with PBS containing
250 mM imidazole at pH 7.4. They were further purified by size exclusion
chromatography using a superdex200 column (Amersham Biosciences).
The purity of proteins was checked on sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) gel. All purified proteins were
stored at 4°C. Polyubiquitin was expressed and purified using protocols
described earlier by Carrion-Vazquez et al. (18).
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SMFS

Single-molecule pulling experiments were performed on a custom-built
atomic force microscope as described elsewhere (10). Approximately,
5 ul of polyprotein sample (~2 uM) was added to ~50 ul of PBS
(pH 7.4) on a gold-coated glass coverslip. Gold-coated reflective cantilevers
with a silicon-nitride tip with spring constants ~35 pN/nm were purchased
from Veeco, Singapore. Calibration of cantilevers was done using the equi-
partition theorem before each pulling experiment (30). All the experiments
were performed at room temperature. All force-extension (FX) traces were
collected at a sampling rate of 5 kHz.

Data analysis

In the data analysis, force peaks in FX traces were fitted to a worm-like
chain (WLC) model of polymer elasticity (31) using Eq. 1

kTl A\ 1 x
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where p, L. denotes the persistence length and contour length, respectively,
kg is Boltzmann’s constant and 7 is absolute temperature. The persistence
length was varied in the range of 0.3-0.8 nm with an average value of
~0.5 nm. This range of persistence length for the WLC model was found
to best fit the FX traces.

Spontaneous unfolding rate constant (k,°) and
distance to the unfolding transition state (Ax,)

The spontaneous unfolding rate constant (k,”) and the distance to the
unfolding transition state (Ax,) were calculated using two different
methods: Monte Carlo simulations and by fitting the experimental data to
the Bell-like model. The kuo, Ax, were calculated using Monte Carlo sim-
ulations as described by Oberhauser et al. (32). In brief, the dependence of
unfolding force on pulling speed was modeled assuming a two-state Mar-
kov process (1,33). Initially, all the domains in a polyprotein chain were
assumed to be folded (Ny) and were pulled at a given speed and the force
was calculated using the WLC model as described previously. The proba-
bility of unfolding (P,) of any of the domains is given by P, = Nk(F)At,
where k(F) = k- e™/%T The unfolding event and force at which it
occurred was recorded when the probability P,, was greater than a random
number between 0 and 1. The procedure was repeated until all the domains
in the polyprotein chain unfolded and the unfolding force histograms were
made. The values of k,° and Ax, were varied such that the unfolding force
histograms from simulations matched with those obtained experimentally at
different pulling speeds.

We have also fitted the pulling-speed-dependent experimental unfolding
forces, F(v), to Bell-Evans-Ritchie approximation (34-37) and extracted
the k,°, Ax, values. The following equation was used to fit the experimental
values.

kgT v Ax,
F(v) = 30 (220 2
o = “(kg = T>, @

where v is the loading rate.

Transition state energy barrier and spring
constant of the unfolding potential

The transition state energy barrier and spring constant of the unfolding
potential were calculated using the method suggested by Dietz et al. (38).
The transition state barrier height (AG") was calculated using the Arrhenius
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equation AG* = —kgT x In(k,”/k»), where kg is Boltzmann’s constant, T is
temperature (= 298 K), k,” is the rate constant for spontaneous unfolding
and k, is the Arrhenius frequency factor. Here, k, is taken as 10%s™'
(38,39). The unfolding potential is assumed to be harmonic and its spring
constant (k) is calculated using the equation k; = 2 AG*/(Ax,)?, where
Ax, is the distance to the transition state or width of the unfolding potential.

RESULTS AND DISCUSSION

SUMO1 and SUMO2 unfold at a lower mechanical
force than that of ubiquitin

We performed pulling experiments on polyproteins
(ubiquitin)g, (SUMO1)g, and (SUMO2)g using SMFS at a
pulling speed of 400 nm/s. The details of the protein engi-
neering and the experimental technique are given in the
Materials and Methods section. A typical FX trace of each
polyprotein is shown in Fig. 2 A. For all three cases, the
FX traces show a sawtooth pattern of force peaks indicating
the sequential unfolding of individual protein units in the
polyprotein. Furthermore, the spacing of ~24 nm between
adjacent peaks indicates that all three proteins have approx-
imately the same number of amino acids contributing to the
change in contour length upon unfolding. In these FX traces,
the last force peak at >400 pN is due to the detachment of
the protein either from the tip or from the substrate. For
further analysis, we have taken all the FX traces that have
at least four unfolding force peaks. The single-molecule
FX traces were fitted to the WLC model (31) and the change
in contour length of protein upon mechanical unfolding is
~24 nm in all three cases. The histograms of the change in
contour length upon unfolding for all three proteins are
given in the Supporting Material (Fig. S1). However, their
unfolding forces are different: ubiquitin (~190 pN) unfolds
at a higher mechanical force than SUMO1 (~130 pN) and
SUMO?2 (~120 pN) at a pulling speed of 400 nm/s. The
unfolding force histograms are given in Fig. 2 B. Our results
on ubiquitin are in agreement with those reported earlier
(18,40). The results are given in Table 1.

SUMOI1 and SUMO?2 have 97 and 93 residues, respec-
tively (Fig. 1 A). SUMO proteins are known to have a
long and highly flexible N-terminus, which is absent in
ubiquitin (24). A contiguous stretch of 76 residues spanning
to the C-terminus in SUMO1 and SUMO?2, forms a structure
similar to that of ubiquitin with >95% homology (Fig. 1 B).
Based on the high similarity between the contour length
change and the structures of SUMOs and ubiquitin, it can
be envisaged that the structureless region at the N-terminus
of SUMOI1 and SUMO?2 unravels without any discernible
force peak in the FX trace and the contiguous stretch of
76 residues spanning to the C-terminus unravel in a cooper-
ative manner resulting in a single force peak with a contour
length change of 24 nm (Fig. 2 A). Indeed, we have analyzed
the featureless spacer before the sawtooth pattern in FX
traces for ubiquitin, SUMOI, and SUMO2 (Fig. S2). The
spacer lengths are longer for SUMOl and SUMO2 in
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FIGURE 2 SUMOs are mechanically weaker compared to ubiquitin. (A) (top to bottom) Representative single-molecule force-extension (FX) traces of
(ubiquitin)g, (SUMOV1)g, and (SUMO2)g at a pulling speed of 400 nm/s showing the sawtooth pattern with a contour length increment ~24 nm. The traces
were fit with the WLC model (dashed lines). The scale bars are 200 pN (vertical) and 50 nm (horizontal). (B) Unfolding force histograms (see Table 1 for

more details).

comparison to ubiquitin, confirming that the structureless
region at the N-terminus of SUMO1 and SUMO2 unravels
without any mechanical resistance. As expected, the change
in contour lengths of SUMO1 and SUMO?2 are exactly iden-
tical to that of ubiquitin (Fig. 2, Fig. S1, and Table 1).

Role of noncovalent interactions on protein
mechanical stability

In the case of ubiquitin, the origin of mechanical stability
was attributed to the five H-bonds between the force-bearing
parallel B-strands at the termini (18). Terminal §-strands of
SUMOI1 and SUMO?2 are also connected by five H-bonds
(Fig. 1 B). Despite the same pulling geometry and rupture
of the same number of H-bonds between the force-bearing
structures, the unfolding force is very low for SUMO1 and
SUMO2.

Previously, the parallel geometry of the terminal
B-strands and the number of H-bonds connecting them in

TABLE 1

Mechanical properties of ubiquitin and SUMO proteins

proteins is hypothesized to be the main reason for their
very high mechanical stability (11) and their rupture leads
to the mechanical unfolding as shown for many (-sheet
and «o/f proteins like 127, GB1, etc. (41,42). Proteins of
this structural geometry at the termini have been found to
unfold at higher forces (>180 pN at a pulling speed of
~400 nm/s). However, proteins that lack this structural
geometry at the termini, such as barnase, barstar, and
DHFR tend to be mechanically compliant and unfold at
much lower unfolding forces (<100 pN at a pulling speed
of ~400 nm/s) (43—45). Based on these general observations,
SUMOI1 and SUMO?2 are also expected to be as strong as
ubiquitin. However, our experiments demonstrate that this
is not the case and SUMOI1 and SUMO?2 are mechanically
weaker compared to ubiquitin.

In previous experiments, Li et al. (46) have shown that
I1 and 127, the 1st and the 27th domains of I-band of
human cardiac titin, respectively, have different mechanical
stabilities as well as different distances to transition states

Change in contour

Protein length (nm)*T Unfolding force (pN)i Ax,(nm) k26™h AG* (kgT)  k{(N/m)
Ubiquitin = 23.9 + 1.2 (n = 190) 188 + 2 0.19° 0.5 0017 8x107% 0.45 + 0.129 255 5.8
SUMO1  24.1 = 0.9 (n = 655) 129 + 0.8 0.51% 051 + 0047 1.15x 107 1.8 x107* 1.6 x 10741 32.1 1.0
SUMO2  24.1 = 1.3 (n = 386) 122 * 1 033% 028 +0.027 5x 107 0.32 = 0.199 26.1 2.0
*Mean * SD.

"The n in the parentheses is the number of events used in the data analysis.

fMean + SE.
From Monte Carlo simulation.
YFrom Bell-Evans-Ritchie approximation.
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despite similar structures. The Il has a much lower
mechanical unfolding force (130 pN) than that of 127
(210 pN) at the same pulling speed. These differences in
mechanical properties were attributed to the variation in
the distribution of H-bonds between the two terminal
B-strands, hydrophobic interactions, and salt bridges in
the protein (46-48). From our experiments, we found out
that the mechanical properties of SUMOI1, SUMO?2, and
ubiquitin have similar features as that of 11 and 127. How-
ever, the distinctly different mechanical properties of
SUMOs from that of ubiquitin cannot be due to the differ-
ence in the number of H-bonds joining the two terminal
B-strands as this is the same (five) in all the cases (Fig.
1 B). Hence, it is very likely that the mechanical stability
of SUMOs is not solely dependent on the H-bonding at
the termini but is also influenced by other interactions
within the protein. This issue was earlier highlighted by
research groups of Clarke (14,44) and Radford (13,49)
where they have used interresidue contact maps in
interpreting their experimental findings. TNfn3, a fibro-
nectin-like domain from tenascin, despite having the
same topology as 127, unfolds at a much lower force
(~100 pN) and the resistance to mechanical unfolding of
TNfn3 was attributed to interresidue interactions present
in the protein core in addition to those between the termini
(14). Similarly, while comparing protein L with ubiquitin,
Brockwell et al. (13) suggested that hydrophobic interac-
tions in the protein structure might play an important role
in modulating the mechanical stability of protein L because
it was found to unfold at a lower force (~130 pN) than
ubiquitin at a similar pulling speed despite having the
same structural fold.

To understand the discrepancy in the mechanical stabil-
ity of SUMO1 and SUMO?2 with that of ubiquitin, we have
adopted a similar strategy of analyzing interresidue con-

A ubiquitin
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tacts in these proteins as discussed previously. In Fig. 3 A,
the interresidue side-chain contact maps of SUMOI1 and
SUMO?2 in comparison to ubiquitin are shown. It clearly
shows that the total number of contacts are different for
SUMOIL (138 contacts), SUMO2 (137 contacts), and ubiq-
uitin (154 contacts) as calculated using CM-view software
(50). In this calculation, an interresidue contact was
assumed to be present if the shortest distance between
side-chain atoms of different residues is <5 A. We have
also varied the cutoff distance and found that ubiquitin
always has a higher number of contacts than SUMOI1
and SUMO?2 (Fig. S3). We have also calculated the number
of side-chain contacts between the N-terminal (66«) and
C-terminal (88) halves, which form the force bearing
regions of each protein when pulled in the N-C direction
(Fig. S4). The number of contacts between the halves
also follow the same trend as the overall contacts: ubiqui-
tin (45 contacts) > SUMOI1 (37 contacts) > SUMO2
(34 contacts). We have dissected the total number of
side-chain contacts into hydrophilic/H-bond, aromatic,
and hydrophobic interactions using CSU software (51). A
detailed classification of interactions for each protein is
provided in the Supporting Material, Table S1. Nearly
65% interactions are hydrophobic and 35% hydrophilic/
H-bond interactions for all three proteins with a couple
of aromatic interactions in the case of SUMOI1 and
SUMO?2. The difference in mechanical stability between
SUMOs and ubiquitin does not seem to be due to the
hydrophilic or hydrophobic interactions alone as both are
higher in ubiquitin. Hence, it is possible that an overall
lower number of contacts present in SUMOs might be
the reason for its lower mechanical stability. Using CSU
software, we have also estimated the contact surface area
of these contacts and it follows the same trend as the num-
ber of contacts (Table S1). Contact maps were used earlier

SUMO1

ubiquitin B
200 —
[]

180 — ubiquitin
z
&
g 160
o
2

140 —
e}
S SUMO1
‘s A
=}

.
120 - SUMO2
100
T T T T 1
120 130 140 150 160
Number of contacts

SumMo2

FIGURE 3 The number of interresidue contacts correlates with the unfolding force. (A) Contact maps of ubiquitin, SUMO1, and SUMO2. Ubiquitin paired
with SUMO1 and SUMO?2 separately for direct comparison. The definition of an interresidue contact is defined in the text. The total number of contacts in
ubiquitin (154) are higher than SUMO1 (138) and SUMO2 (137), and this could be a reason for the lower mechanical stability of SUMO1 and SUMO2
compared to ubiquitin. (B) Plot of number of contacts versus unfolding forces for ubiquitin (), SUMOI (A), and SUMO2 (@).
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to explain the differences in the mechanical stabilities of
protein L and ubiquitin (13). However, the sizes of protein
L (62 residues) and ubiquitin (76 residues) are different,
though their overall fold is the same (13). Here, we have
compared proteins from the same subfamily, with similar
structural fold, and more important, having the same num-
ber of amino acids. There is a good correlation between the
number of contacts and the unfolding force for SUMOI,
SUMO?2, and ubiquitin (Fig. 3 B). The contact maps
seem to explain the discrepancies in the mechanical stabil-
ities. Furthermore, we also investigated the details of the
unfolding energy landscape of these proteins by per-
forming pulling speed-dependent mechanical unfolding
experiments.

Unfolding energy landscapes of SUMO1, SUMO2,
and ubiquitin

A semilogarithmic plot of unfolding force versus pulling
speed for SUMOI1, SUMO2, and ubiquitin is shown in
Fig. 4. The speed-dependent unfolding force histograms
are given in the Supporting Material (Fig. S5). The unfold-
ing forces of SUMOI and SUMO?2 are consistently below
ubiquitin throughout the pulling speed range (Fig. 4).
Similar to Fig. 3 B, we have compared the number of con-
tacts with unfolding forces at different pulling speeds
(Fig. S6). For SUMOs and ubiquitin in general, the relation-
ship that lower the number of contacts mean lower the
mechanical stability seems to be valid in the entire pulling
speed range (40-4000 nm/s). From this data, it can be said
that the number of contacts could serve as an indicator of
mechanical strength when comparisons have to be made
within a class of structurally homologous proteins.

250 —
ubiquitin
= 200
e
[]
o
2 150 -
[e)]
=
k=)
K/
£ 100 SUMO2
50 —|
I T IIIIIIII T llIlIII] T IIIIIIII
10" 10° 10° 10°*

Pulling speed (nm/s)

FIGURE 4 Pulling speed-dependent unfolding properties of ubiquitin,
SUMOL, and SUMO2. Plot of unfolding force versus pulling speed. Error
bars indicate SE. Solid lines are fits from Monte Carlo simulations. The
results of simulations are given in Table 1.
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In Fig. 4, the slopes of the experimental data are different
for the three proteins indicating the differences in their
unfolding potentials. To extract the unfolding energy land-
scape parameters, we have performed Monte Carlo simula-
tions assuming a two-state unfolding process where the
native state and unfolded states are separated by a single
transition state barrier (32). The simulated data along with
the experimental data are shown in Fig. 4. We found out
that the distance to the unfolding transition state (Ax,) to
be 0.19 nm for ubiquitin, 0.51 nm for SUMOI, and
0.33 nm for SUMO?2. Our measured Ax, for ubiquitin is
comparable to the earlier reported values, 0.225 nm from
constant velocity measurements by Carrion-Vazquez et al.
(18) and 0.17 nm from constant force measurements by
Schlierf et al. (52). The calculated spontaneous unfolding
rates (k,”) for three proteins are given in Table 1. To inde-
pendently estimate Ax, and k.°, we have used Bell-Evans-
Ritchie approximation as described previously (34-36).
The estimates from this model are also given in Table 1.
The Ax, values from this model are in excellent agreement
with that of Monte Carlo simulations. The k,” values from
this model differ from Monte Carlo simulations by about
an order of magnitude. Both Monte Carlo simulations and
the Bell-like model give more accurate estimates of Ax,
than k.. In fact, the Ax, values from both the simulation
and the model estimate that the unfolding potential of ubiq-
uitin is much narrower than SUMOI and SUMO?2. These
results can be explained in the form of an energy landscape
where the activation energies are comparable, but the dis-
tance to the transition state (Ax,) is longer for SUMOI1
and SUMO?2 than ubiquitin and hence a lower unfolding
force applied over a longer distance can decrease the barrier
for SUMOI1 and SUMO?2 during the mechanical unfolding.
A schematic of the unfolding energy landscapes of SUMOI,
SUMO2 and ubiquitin describing the experimental and
simulation results is shown in Fig. 5.

As seen in the previous section, the number of contacts is
directly correlated with mechanical stability, whereas it is
not correlated with kuo and Ax,. Mechanical stability of a
protein is both due to the unfolding barrier (or k) and
Ax,, but either parameter alone might not explain it.
Mechanical resistance can be correlated to an unfolding bar-
rier for proteins that have the same Ax, and vice versa. How-
ever, in the case of SUMOI1, SUMO?2, and ubiquitin, both
k% and Ax, are varying, and hence mechanical resistance
cannot be directly correlated to k,° (or Ax,) alone. Similarly,
it is possible that the number of contacts that impart stability
to a protein might not be correlated independently to the
unfolding barrier or Ax,.

Furthermore, the Ax, is the magnitude of deformation
along the pulling direction that occurs in protein to reach
the transition state before crossing the unfolding energy
barrier and it is usually taken as a measure of protein defor-
mation response (38). We have estimated the stiffness of
ubiquitin, SUMO1, and SUMO?2 from their potential width
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FIGURE 5 A schematic of the unfolding energy landscape. The unfold-
ing potential width Ax, (or the distance to the transition state (TS)) of ubiqg-
uitin is much shorter than SUMO1 and SUMO2. See text and Table 1 for
more details.

(Ax,) and the energy barrier as suggested by Dietz et al.
(38). We have used the Ax, and ku0 values obtained from
Monte Carlo simulations in estimating the protein stiffness.
We found out that ubiquitin (5.8 N/m) has a much larger
spring constant for the unfolding potential (k) than
SUMO1 (1.0 N/m) and SUMO2 (2.0 N/m), which was
calculated from the curvature of the potential well that pre-
cedes the unfolding energy barrier. This suggests that
SUMOI is six times and SUMO?2 is three times more flex-
ible than ubiquitin during mechanical unfolding. Between
SUMOI1 and SUMO2, SUMO?2 is more similar to ubiquitin
based on the unfolding energy landscape parameters—
potential width, barrier height, and stiffness (Fig. 5 and
Table 1). This is despite SUMO2 being less similar to ubig-
uitin (14% sequence identity) than SUMO1 (46% sequence
identity) (Fig. 1). This could be explained by comparing
the structures of SUMOs and ubiquitin, as done by Ding
et al. (23), where it was shown that the root mean-square
deviation value of average core structure of SUMOI1 and
SUMO3 pair is 2.2 A, whereas the root mean-square devi-
ation value for SUMO3, ubiquitin pair is 1.4 A which
means the backbone core structure of SUMO3 is closer
to ubiquitin than SUMOIl. SUMO3 can represent
SUMO?2 as there is 97% sequence identity between them
and the residues that are not common lie only in the
unstructured N-terminus of SUMO2. On the basis of this
comparison, it can be said that the backbone core structure
of SUMO?2 is more similar to ubiquitin than SUMOI.
Hence, it is expected that the SUMO2/ubiquitin pair will
have similar unfolding properties than the SUMOL1/
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ubiquitin pair. Indeed, this is in concurrence with our
observations (Fig. 5).

Biological significance of mechanical properties
of SUMOs

Our finding that SUMOI1 and SUMO2 are mechanically
weaker and flexible when compared to ubiquitin, might
have implications for their function. In addition, the poly-
proteins (SUMO1)g and (SUMO?2)g studied here are analo-
gous to multichain SUMO polymers found in vitro and
in vivo. SUMO2 and SUMO3 are known to form multimers
via an internal consensus site (Val-Lys-Thr-Glu) present
at the N-terminus with the C-terminal Gly and can form
Lys-11-C-linked chains (53,54). This internal consensus
site for SUMOylation is absent in SUMOI. Interestingly,
SUMOI is found to form polymers linked via Lys-7,
Lys-16, and Lys-17 in vitro (54,55). SUMOL1 by itself
does not form polymers in vivo but participates as a chain
terminator in mixed SUMOylation with SUMO2 and
SUMO3. However, in all SUMOs, the polymerization sites
are located within the structureless N-terminal extensions
that are absent in ubiquitin. These polySUMOs are equiva-
lent to polyproteins (SUMO1)g and (SUMO2)g used in the
current study, as SUMO proteins are linked at the N- and
C-termini in a head-to-tail manner via peptide bonds. Inter-
estingly, the mechanical stability of polySUMOs and
N-C-linked polyubiquitin is higher than the physiologically
relevant Lys-48-C-linked polyubiquitin (18). The differ-
ences in the unfolding forces are due to the anisotropic
nature of the force, because these proteins are pulled along
different directions. However, more studies would be
required to understand if the higher mechanical resistance
of polySUMOs has any role in proteasomal degrada-
tion given the recent findings on the cross talk between
polySUMOs and polyubiquitin (15,56).

CONCLUSION

In summary, we have constructed octameric polyproteins of
SUMOI and SUMO?2, and measured their mechanical prop-
erties. Both SUMOI1 and SUMO2 have lower unfolding
forces than ubiquitin. Although, SUMOI1, SUMO2, and
ubiquitin have the same overall topology and the structural
arrangement at the termini (terminal $-strands, which are
H-bonded to each other), their structures have a different
number of contacts. The measured mechanical stabilities
are in correlation with their interresidue contacts. Our study
further supports the hypothesis that the interresidue con-
tacts, in addition to mechanical clamp, are important in
providing proteins with mechanical resistance and stability.
Our study is also important because it used proteins not only
from the same structural family but also of the same size.
Furthermore, the unfolding energy landscape parameters
obtained from experiments, simulations, and theoretical

Biophysical Journal 104(10) 2273-2281
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models suggest that SUMO1 and SUMO?2 are mechanically
more flexible than ubiquitin.
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