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In atomic force spectroscopic studies of the elastomeric protein
ubiquitin, the p-strands 1-5 serve as the force clamp. Simulations
show how the rupture force in the force-induced unfolding de-
pends on the kinetics of water molecule insertion into positions
where they can eventually form hydrogen bonding bridges with
the backbone hydrogen bonds in the force-clamp region. The intru-
sion of water into this region is slowed down by the hydrophobic
shielding effect of carbonaceous groups on the surface residues
of p-strands 1-5, which thereby regulates water insertion prior to
hydrogen bond breakage. The experiments show that the unfold-
ing of the mechanically stressed protein is nonexponential due to
static disorder. Our simulations show that different numbers and/
or locations of bridging water molecules give rise to a long-lived
distribution of transition states and static disorder. We find that
slowing down the translational (not rotational) motions of the
water molecules by increasing the mass of their oxygen atoms,
which leaves the force field and thereby the equilibrium structure
of the solvent unchanged, increases the average rupture force;
however, the early stages of the force versus time behavior are
very similar for our “normal” and fictitious “heavy” water models.
Finally, we construct six mutant systems to regulate the hydropho-
bic shielding effect of the surface residues in the force-clamp
region. The mutations in the two termini of f-sheets 1-5 are found
to determine a preference for different unfolding pathways and
change mutant’s average rupture force.

molecular dynamics simulation | single molecule spectroscopy |
unfolding kinetics

here is a growing interest in the kinetic mechanisms by which

elastomeric proteins unfold under force, as these proteins are
involved in a wide variety of biological processes. Most elasto-
meric proteins (e.g., ubiquitin, 127, and fnlIII) (1-3) share the
common structural feature of having B-rich structures, populated
by parallel $-strands. In atomic force spectroscopic studies of the
elastomeric protein ubiquitin, the p-strands 1-5 serve as the force
clamp under shear loading. Steered molecular dynamics (SMD)
simulations (2, 4) showed that the shear loading force needs to
break all four backbone hydrogen bonds (bbHBs) between the
parallel B-strands 1-5 of ubiquitin in order to trigger protein
unfolding (1, 5-8). In SMD simulations of 127, Lu and Schulten
observed that in the early stages of the pulling process individual
bbHBs occasionally break and quickly reform, due to thermal
fluctuations. During these fluctuations water molecules interact
with the groups of broken bbHBs, but after several picoseconds
these water molecules leave the region and the bbHBs reform (9).
The bbHBs in the clamp region were thought to break simulta-
neously right before the sheet ruptures (2, 9, 10). In our SMD
studies we observe that in ubiquitin under the pulling forces the
four bbHBs in the p-strands 1-5 break sequentially from either the
N or C termini, accompanied by the insertion of water molecules
into the broken bbHBs to form stable bridging hydrogen bonds
with both bbHB partners, until the whole p-strand 1-5 ruptures.
The inserted water molecules thus stabilize the broken bbHBs
and facilitate the breakage of the remaining bbHBs in f-strand
1-5. This stands in contrast to the early-stage making and break-
ing of the bbHBs due to thermal fluctuations and the presumed
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simultaneous rupture of all bbHBs. In most cases the whole force-
bearing f-strands rupture within 500 ps after water insertion
occurs. It should also be noted that similar solvent bridge phe-
nomena between the force-bearing p-strands were also observed
in other SMD simulations of 127 (10, 11).

Because water insertion appears to be a precursor to the force-
induced unfolding process, could it be that different numbers
and/or locations of bridging water molecules in the clamp region
give rise to a distribution of transition states for the unfolding of
the mechanically stressed protein and a concomitant distribution
of unfolding rate constants? Then different numbers and/or con-
figurations of intruding water molecules would lead to a corre-
sponding nonexponential time decay due to this static disorder.
Theory and experiment suggested this in a recent paper where
the distribution of the “distance to the transition state” needed to
explain the experimental static disorder was found to be consistent
with the distribution of the relative elongation of the end-to-end
distance of protein due to the water insertion into the p-strands 1-5
determined from SMD simulation (12). To better understand the
role of water, we slow down the translational motions of the water
molecules in our SMD studies by increasing the mass of their
oxygen atoms, thus leaving the force field and the equilibrium
structure of solvent unchanged. We see that the distribution of
rupture forces shifts to larger forces as the water slows down; how-
ever, the early stages of the force versus time behaviors are very
similar for our “normal” and fictitious “heavy” water model. The
time scale for water insertion plays a critical role in determining
the transition state for unfolding and the concomitant unfolding
rate constant, and the number of water molecules in proximity to
the critical backbone hydrogen bond should probably be included
in the definition of the reaction coordinate. Factors that control
the accessibility and diffusion of water into the critical bbHBs
region in the mechanically stressed proteins should be crucial to
the kinetics of the unfolding process and the mechanical stability of
ubiquitin.

Hydrophobicity plays an important role in such diverse systems
as the self-assembly of amphiphiles (13, 14), the gating of ion
channels (15), and the formation of stable protein structures
(16-19). Here we focus on the effect of hydrophobic carbonac-
eous groups (—CH,-, n = 1, 2, 3) on both hydrophobic and hy-
drophilic amino acid residues. Our SMD simulations of aqueous
solutions of ubiquitin show that these hydrophobic carbonaceous
groups effectively shield the bbHBs of p-strands 1-5 from water
and thus kinetically hinder water from solvating and replacing
these carbonyl-amid bbHBs with the hydrogen bonds to water.
The pulling forces are therefore required to provide openings
for the waters to gain access to these critical hydrogen bonds.
Thus the hydrophobic blocking effect of these residues in the
clamp region controls the kinetics of water insertion and thus
the stability of ubiquitin under force loading. Therefore it would
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be of great interest to determine how mutations changing the
hydrophobic carbonaceous groups on side chains proximate to
the critical hydrogen bonded region controls the behavior of
water insertion, the average rupture force measuring the mechan-
ical stability of ubiquitin, and the distribution of transition states
for unfolding under force. To investigate some of these effects, we
construct six mutant systems to regulate the hydrophobic shield-
ing effect of the surface residues in the force-clamp region. The
mutations in the two termini of p-sheets 1-5 are found to cause
the preference for different unfolding pathways. We show that
the average rupture force of mutants can be changed by choosing
various numbers and locations of mutation sites and different
types of target residues. Generally speaking, mutants with more
surface residues mutated to glycine have smaller rupture forces
than other mutants, and the rupture forces observed in mutants
are also sensitive to the sizes of the hydrophobic groups on the
side chains of the surface residues wrapping around the inter-
strand hydrogen bonds of p-strands 1-5. Clearly the hydrophobic
shielding of bbHBs in the f-strands 1-5 of ubiquitin can be
directly manipulated by different mutations. Water’s accessibility
to the bbHBs in the mechanical clamp region and concomitantly
the mechanical stability of ubiquitin can then be modulated in a
straightforward manner by mutation. Exploiting mutations also
allows us to study by SMD simulations how the kinetics of water
infiltration is related to the static disorder observed in these
systems.

There have been many efforts to change the nanomechanical
properties of certain proteins, by binding them to ligands (20, 21),
by ion chelation (22), by inducing mutations in the hydrophobic
core (23, 24), or by recombination of protein fragments from
various proteins (25). It has been observed that the mutations
can affect the general nanomechanical properties of proteins
(21, 23, 26, 27). Very recently, the mechanical stability of Macro
domain Af1521 was found to decrease by exposing the load-bear-
ing P-sheets initially buried in the hydrophobic core (28). In
agreement with our studies on ubiquitin, the authors of this work
concluded that the mechanical stability of Af1521 was deter-
mined by the accessibility of water molecules to the load-bearing
region of the protein, which could be modulated by altering the
hydrophobic shielding of this key region (28). Much has been
learned from these experiments about protein mutants. However,
the change of residues can cause the protein to reorganize struc-
turally and might change its mechanical stability in many ways.
Consequently, the effects of mutations on protein mechanical
stability can be attributed to multiple factors, and because of this,
questions still remain (23, 29). Similar mutations in neighboring
residues can cause different rupture forces (27). Investigating
non-structure-changing mutations in a controlled way will further
our understanding of how they can adjust the exposures of the
critical bbHBs to water thereby controlling the mechanical prop-
erties. Selective mutations can allow us to probe and perhaps
fine-tune the nanomechanical properties of ubiquitin in a more
predictable and quantitative way and might serve as a general
method for tailoring the nanomechanical properties of many
other elastomeric proteins, which all have the parallel p-strands
as the force-clamp region.

Results and Discussion

Effect of Water Insertion on the Unfolding. The two terminal force-
bearing p-strands 1 and 5 of ubiquitin are arranged in parallel
with N and C termini pointing in opposite directions. The shear
topology of p-strands 1-5 can act as a mechanical clamp to resist
the loading force and form the molecular basis for the mechanical
stability of ubiquitin (see Fig. 1). There are five bbHBs between
B-strands 1-5: Q2(CO)-E64(NH), F4(NH)-S65(CO), F4(CO)-
L67(NH), K6(NH)-L67(CO), K6(CO)-L69(NH). Because the
bbHB K6(CO)-L69(NH) has been found to break much earlier
than the other four, the mechanical stability can be mainly attrib-
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Fig. 1. The structure of ubiquitin (A). Cartoon of the ubiquitin protein, high-
lighting the location of p-strands 1 and 5 (B). The bbHBs and the inserted
water molecules between p-strands 1 and 5 (C). Cartoon of the ubiquitin pro-
tein, highlighting the surface residues wrapping the bbHBs of p-strands 1
and 5 (blue and tan alternatively).

uted to the energy barriers that must be surmounted to rupture
these four bbHBs.

We performed 100 constant force SMD simulations (force =
667 pN) to study the mechanical unfolding process of ubiquitin.
As shown in our previous paper, the four hydrogen bonds of the
B-strands 1-5 do not break concurrently; they break sequentially
from either the N or C terminus of p-strands 1-5. The water mo-
lecules then insert in-between the hydrogen bond acceptor (CO-)
and donor (NH-) groups of the broken hydrogen bonds, forming
a bridge. Fig. 2 shows that the trajectory of end-to-end length of
the clamp region of ubiquitin (Q2-L69, the distance between the
alpha carbon atoms of Q2 and L69) can be grouped into four
stages. Stage 1 shows the initial rapid extension of the p-strands
1-5 (black); the protein then reaches at a long plateau region
(stage 2, green); water molecules then insert into two separating
strands forming hydrogen bond bridges between the broken back-
bone hydrogen bonds, which leads to further extension of f1 and
BS strands, Ax (stage 3, red); finally when all the four backbone
hydrogen bonds break, the end-to-end distance increases rapidly,
which indicates the unfolding of the protein (stage 4, black).

For ubiquitin in stage 3 of the unfolding process, the p-strands
1 and 5 are joined by bridging water molecules and some remain-
ing bbHBs. When all four hydrogen bonds break, ubiquitin
unfolds. Water insertion can occur from either the N or C termi-
nus, and the number of bridging waters ranges from one to three;
see Fig. 2 B and C for two examples. The number and/or config-
urations of bridging waters determine the relative elongation
of the end-to-end distance of the p-strands 1-5 (see Fig. 2 and
Fig. S1).

Even in stage 1 and stage 2, the hydrogen bonds can occasion-
ally break and quickly reform due to thermal fluctuations (see
Fig. S2). During these fluctuations water molecules can occasion-
ally interact with the groups of broken bbHBs, but these water
molecules leave the region quickly and the bbHBs reform (see
Fig. 3). Similar fluctuations have been observed in SMD simula-
tions of 127 (9). In the absence of water insertion, the hydrogen
bonds always quickly reform. The bbHBs in the clamp region of
127 were thought to break simultaneously right before the protein
unfolding (2, 9, 10). On the other hand, in stage 3 of ubiquitin
we observe that water inserts into p-strands 1-5 by forming the
hydrogen bond with both -NH and -CO groups of broken bbHB.
The inserted water molecules can stay in-between the hydrogen
bond group and prevent the reforming of the broken hydrogen
bonds. The rupture of four hydrogen bonds in the force-clamp
region can thus be further separated into multiple steps, each step
corresponding to the breakage of at least one hydrogen bond.
With the help of the inserted water molecules, the force does
not need to rupture all four hydrogen bonds at the same time.
This facilitates the unfolding process, and the inserting water
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Fig. 2. Mechanical unfolding of ubiquitin in the constant-force SMD simula-
tion (with the loading force of 667 pN) (A). The distance between two term-
inal residues Q2 and L69 of B-strands 1-5. (Left to Right) The extension curve
of the end-to-end distance can be grouped into four stages: initial rapid ex-
tension (stage 1, black), long plateau region (stage 2, green), small extension
due to water insertion (stage 3, red), and rapid extension for unfolding (stage
4, black) (B). The distances between the NH and CO groups of the four bbHBs
corresponding to the trajectory given in A. At 12,000 ps, the distances
between the NH and CO groups of the bbHBs Q2-E64 and F4-S65 increase
to more than 0.45 nm as the result of water insertion at the N terminus,
but water does not insert into the bbHB K6-L67 so that this H bond acts
as a clamp under the loading force (C). In another trajectory water insertion
occurs instead at the C terminus of f-strands 1-5 and the bbHBs Q2-E64 and
F4-S65 serve as the clamp.

molecules play a major role in the mechanical unfolding of ubi-
quitin. In addition, water insertion can also enhance the exposure
of the remaining bbHBs to water. As the first water molecule
inserts, the rupture of the remaining bbHBs occurs quickly and
cooperatively. The duration of stage 3 ranges from 300 ps to 1 ns.

In a sense water molecules catalyze the mechanical unfolding
of ubiquitin. Water insertion is a key event for the mechanical-
induced unfolding of protein, and we propose that ubiquitin in
stage 3 is in its transition state for unfolding. We observe that once
they insert, the bridging water stays between two hydrogen bond
groups during the entire stage 3 up to 1 ns. We also find that in
different trajectories of our SMD unfolding simulations, the
numbers and/or configurations of bridging water molecules in
the force-clamp p-strands 1-5 are different (Fig. 2 B and C give
two of the many examples). We believe that these different
embeddings of water give rise to a distribution of possible transi-
tion states for unfolding, and we never observe the interconver-
sion of different transition states during the unfolding in our
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simulations. This shows that the different numbers and/or config-
urations of bridging water molecules leads to a “static distribu-
tion” of corresponding rate constants and thus to the experimen-
tally observed nonexponential decay, and static disorder in the
unfolding kinetics.

It is important to note that the time scale of unfolding observed
in experiment (milliseconds) is much slower than in our simula-
tions (nanoseconds) because much larger loading forces are
required to reduce the central processing unit time sufficiently
to make unfolding simulations feasible. Thus it could be argued
that in real experiments stage 3 will be sufficiently long so that the
number of bridging waters can fluctuate enough to wipe out the
static disorder, but this appears not to be the case as observations
show. A possible explanation is that stage 3 will still be short even
for smaller loading forces. All we can say is that the simulations
suggest a possible mechanism for the observed static disorder.
Indeed the distribution of the distance to the transition state
needed to explain the static disorder in the experiments (12) was
found to be consistent with the distribution of the relative elon-
gation (Ax) in stage 3 the end-to-end distance of protein due
to the water insertion into the f-strands 1-5 occurs in stage 3
(see Fig. S1) of the unfolding process. This is shown in Fig. 24.

To better understand the role of water, we performed a
thought experiment in which we artificially changed the mass
of water molecules by factors of 10 and 100 over the normal mass
of water, leaving everything else unchanged. We find that the
diffusion constants of these heavier waters decreased by factors
of 3.16 and 10 correspondingly (proportional to the square root
of 10 and 100 as expected) (see Fig. S34). The ubiquitin was then
pulled in solutions of both normal water and the fictitious “hea-
vier” water molecules. For each system we performed 20 con-
stant force SMD simulations with relatively larger loading
force (force = 800 pN) to study the kinetics of protein unfolding,
and 20 constant velocity SMD simulations (pulling rate is
0.002 nm/ps) to determine the averaged rupture forces, i.e., the
relative mechanical stability of protein. In both constant force
and constant velocity SMD simulations, the behavior of the
extension of the proteins in heavier water was found to be similar
to the proteins in normal water (with identical starting configura-
tions) before the end-to-end length increased to 1.88 nm (corre-
sponding to the plateau of stage 2 in Fig. 2). After this the
unfolding trajectories in heavier water deviate from those of
normal water. We found that water insertion was hindered by
the much slower diffusion of heavier water molecules, and this
makes the average rupture force larger in heavier water. In con-
stant force SMD simulations the dwell time of water insertion,
the duration of stage 2, increases from 2,800 ps to 5,000 ps
(10 times heavier water) and to 11,000 ps (for 100 times heavier
water, see Fig. S3G for representative unfolding trajectories).
The kinetics of water insertion is significantly slowed down in our
fictitious heavier water. Similarly, the frequency of strong attrac-
tive interactions between water and the bbHB groups in stage 2
decreases for ubiquitin in the heavier water (see Fig. S3 H-J).
In constant velocity SMD simulations, the average rupture force
increases from 1,200 pN to 1,420 and 1,570 pN in 10 and 100
times heavier water, which are 18% and 30% larger than in nor-
mal water. The increased rupture force in heavier water can be
attributed to the fact that the water insertion is slowing down in
these systems. Because the force versus time was similar for the
different mass water systems up to the time water starts inserting,
we infer that the initial stages do not depend on the kinetics of
water but rather on the intramolecular distortions of the bbHBs.
It would be very interesting to see if certain mutations that permit
rapid access of water to the bbHBs eliminate the static disorder
observed in the kinetics of wild type.

These results demonstrate the crucial role of water insertion in
the mechanical unfolding of ubiquitin. Factors that regulate the
interaction of water with the bbHBs can thus control the mechan-
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ical stability of the protein. Toward this end we analyzed the
interaction energy of water with NH- and CO- groups of the four
bbHBs in p-strands 1-5. In the absence of a loading force, the
water molecules interacted only with the NH- and CO- groups
of the residues in f-strands 1-5 occasionally, and water h-bond
insertion was never observed (see Fig. S4).

In the temporal evolution of the constant force SMD simula-
tions, especially in the plateau stage 2 the groups of bbHB become
more and more exposed, and interaction of the NH- and CO-
groups with water gets more frequent (see Fig. 3). As the results
show, the exposure of the bbHBs in the clamp region to water is an
essential part of the mechanical unfolding process, especially in
the plateau stage 2 where the end-to-end distance, the assumed
reaction coordinate for the mechanical unfolding process, almost
remains unchanged. This suggests that the end-to-end distance
should not be used as the only reaction coordinate to describe
the unfolding process. The relative exposure of bbHBs to water
should be considered as a complementary descriptor for the me-
chanical unfolding process. If we could regulate the exposure of
bbHBs to water we might be able to control the unfolding path.

As mentioned above, the breakage of bbHBs and water inser-
tion occur sequentially from either N or C terminus of the
B-strands 1-5. Among the 100 trajectories determined, there are
85 trajectories where water inserts starting in the N terminus.
Compared to their counterparts in the C terminus, the CO (Q2)
and NH (E64) groups located in the N terminus of f-strands 1-5
were found to have stronger interaction with water (see Fig. S4).
A possible reason for the stronger preference for unfolding paths
starting at the N terminus is that the wrapping effect of the side-
chain carbonaceous groups shields the bbHB at the C terminus
more than at the N terminus. It has been well accepted that the
hydrophobic groups can induce the removal of water from the
neighborhood of nonpolar groups. Such dehydration-based
hydrophobic interactions enhance the stability of nearby intramo-
lecular hydrogen bonds (30-32). This can be explained in terms
of the competition for backbone hydrogen bonds between water
molecules and the bbHB donors and acceptors. Thermal fluctua-
tions can cause local opening and closing of backbone hydrogen
bonds. When the local environment shielded the access of water,
the hydrogen bond-breaking event is energetically unfavorable.
The hydrophobic interaction between side-chain carbonaceous
groups (CH,,, n = 1, 2, 3) from both hydrophobic and hydrophilic
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Fig. 3. The interaction potential of water with NH and CO groups of bbHBs
Q2-E64 and K6-L67. Two representative simulations are chosen to show
various unfolding paths. For the simulation with bbHBs breaking from N
terminus, the interaction of water with CO and NH groups of Q2 and
E64 become profound (A and B). For the simulation with the breakage of
bbHBs starting from C terminus, the water molecules have stronger interac-
tion with CO and NH groups of K2 and L67 become profound (C and D).
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residues can effectively wrap and stabilize the nearby bbHB.
In ubiquitin, the wrapping of bbHBs by the nearby hydrophobic
carbonaceous groups can also inhibit water insertion during the
mechanical unfolding process. There are six surface residues in
p-strands 1-5 (GIn2, Phe4, Lys6, Glu64, Thr66, and His68) (shown
in Fig. 1) that wrap the critical backbone hydrogen bonds and
shield them from insertion of water. Compared to the GIn2 and
Glu64 located in the N terminus of p-strands 1-5, Lys6 and His68
located near the C terminus have relatively more side-chain
carbonaceous groups and can better shield bbHBs from water,
and this can account for the preference for the unfolding path
to start at the N terminus.

Effect of Mutation. In order to show that the wrapping of bbHBs
can effectively guide the water insertion path, we constructed two
mutant systems to reduce the shielding effect of the side-chain
carbonaceous groups of residues near the N and C termini, by
separately mutating two residues in the C terminus (Lys6 and
His68) and N terminus (GIn2 and Glu64) to glycine, with the
other residues unchanged. These mutants are denoted by mut2C
and mut2N. In 50-ns simulations in the absence of force, we found
that both mut2C and mut2N have stable structures as shown by
the fact that the heavy atom rmsd is smaller than 3 A, the fraction
of native contacts (8) is greater than 0.85, and the four hydrogen
bonds remain intact (see Fig. S5). The mutations do not seem
to change the thermostability of ubiquitin. We then used 50
constant-force SMD simulations for each mutant to study the
unfolding process. The B-strands 1-5 with four bbHBs still serve
as a mechanical clamp under shear loading in these simulations.
We found that in mut2C there are 46 out of 50 trajectories in
which the water insertion starts from the C terminus; thus this
mutant seems to prefer unfolding paths starting at the C terminus
in contrast to the wild-type unfolding that prefers to start at the
N terminus. In mutant mut2N, all the 50 trajectories have water
insertion starting at N terminus (also see Fig. S6). As shown in
Fig. 4, if the sizes of the side chains of the surface residues wrap-
ping the bbHBs of f-strands 1-5 are reduced, the bbHBs in N or C
terminus of f-strands become much more exposed to water,
facilitating the water interactions with the hydrogen bond groups
and then water insertion. It is clear that mutations can be used to
adjust the relative extent of wrapping by side-chain carbonaceous
groups and thereby facilitate certain kinetic pathways for me-
chanical unfolding due to bbHB breakage after water insertion.

We find that more water molecules insert into the broken
bbHBs of the mutants than into the wild type in stage 3 of the
unfolding process, a consequence of their bbHBs being more
exposed to water than are those of the wild type (see SI Text). In
general, the more bridging water molecules that insert, the great-
er will be the increase in the end-to-end length. The change in
end-to-end lengths due to water insertion (Ax) may relate to the
distances to the transition state in mechanical unfolding (10, 12).
For wild-type ubiquitin, the distribution of the end-to-end length

Fig. 4. The bbHBs and the inserted water molecules between f-strands 1
and 5 of wild type (Left), mut2N (Middle), and mut2C (Right). The red arrows
indicate the percentage of the water insertion that occurs in N or C terminus
of B-strands 1-5. The water molecules primarily insert from either N or C
terminus in mutant systems where the side chain of surface residues wrap-
ping the bbHBs of p-strands 1-5 (blue and tan alternatively) are reduced.
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increment, Ax, has a single peak at 0.15 nm with a height of 0.45,
which qualitatively agrees with the experimental fit for the distri-
bution of the distances to the transition state in our previous
paper (12). In the mutant systems, the probability of having more
than one bbHB break ahead of rupture is larger than in the wild
type. This results in a larger average end-to-end length increment,
Ax, and a broader distribution of Ax in the mutants (see Fig. S1).
This suggests that the static disorder and the concomitant
nonexponential kinetics in protein unfolding might become more
profound in the mutant systems.

The mutation of surface residues can not only control mechan-
ical unfolding paths, it can also affect the general mechanical sta-
bility of mutant ubiquitins. In order to quantitatively compare the
mechanical stability of the mutants with that of the wild type, 20
constant velocity SMD simulations (pulling rate is 0.002 nm/ps)
were performed for mut2C and mut2N (see Fig. 5), and the aver-
aged rupture force can be used to indicate the relative mechanical
stabilities of these proteins. The average rupture force of the wild
type is 1,200 pN, whereas the average rupture forces of both
mut2C and mut2N decrease to 1,100 pN, 91.5% of the value
of wild type (see Fig. 5B). The decreased mechanical stability
of the mutant is due to the increased accessibility of bbHB
to water.

We further investigated the dependence of nanomechanical
properties of ubiquitin on side-chain wrapping in a systematic
way. We constructed four additional mutant systems by replacing
the three residues Phe4, Glu64, and His68 by glycine (mut3a),
by replacing the three residues GIn2, Lys6, and Thr66 by glycine
(mut3b), and by replacing all six of these residues by glycine
(mut6G) or by serine (mut6S). Fifty-nanosecond equilibrium
simulations showed that all four of these mutants were very
stable. Aside from mut6G, the other three mutants have relatively
stable bbHBs in p-strands 1-5. As for the mut6G system, the
bbHB Q2(CO)-E64(NH) was broken after 20 ns, but the other
three bbHBs remained stable (see Figs. S7 and S8). These results
suggest that the reduced hydrophobic shielding effect in the
force-clamp region p-strands 1-5 does not affect protein thermo-
stability, and this might be due to the fact that there is no specific
salt bridges or hydrogen bonds between the surface residues in
B-strands 1-5.

These four mutants display resistance to the shear loading
force to varying extents. Similar to the wild-type ubiquitin, the
exposure of the bbHBs in the clamp region to water is an essential
part of the mechanical unfolding process of mutants (see Fig. S9).
The average rupture force of mut3a is 850 pN, which is 70% of
the value of wild type, and the rupture force of mut3b is 1,050 pN,
87.5% of the value of wild type. The number of mutation sites
in mut3a and mut3b is the same, whereas the relatively larger rup-
ture force of mut3b might result from the better shielding effect
of the side chain of Phe4. The average rupture forces of mut6G
and mut6S are 700 and 1,000 pN, respectively. Even for the
mut6G system, the shear rupture of the bbHBs in p-strands 1-5
still provides the major barrier to mechanical unfolding, whereas
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Fig. 5. Mechanical unfolding of ubiquitin in the constant-velocity SMD
simulation (with the pulling rate of 0.002 nm/ps) (A). Three representative
curves are chosen to show the different rupture forces of wild type, mut6G,
and mut6S (B). The averaged rupture forces of wild type and six mutant
systems.
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the average rupture force decreases to 58% of the value of the
wild type. In the mutant mut6S, because there is only one carbo-
naceous group in the serine side chain, the mutation of surface
residue to serine increases the blocking effect slightly compared
to the glycine. This results in the relatively larger rupture force of
mut6S. Among the mutants with the target residue glycine, the
mutant with more mutation sites exhibits weaker rupture force.
This also supports the conclusion about the importance of hydro-
phobic shielding effects.

There are many other mutant systems that can be constructed
using various combinations of the number and location of muta-
tion sites, together with the various target residue types. Even for
the single target residue type (e.g., Gly), the number of possible
combinations to construct the mutants can be 192. In this way,
the nanomechanical properties of ubiquitin such as the average
rupture force might be tunable within the range of from 700 to
1,200 pN, by changing the number of mutation sites, the various
positions of mutation sites, and the target residue types. For
example, among the mutant systems with six mutation sites,
the rupture forces for the proteins should be closer to 700 pN
(mut6G) when there are more surface residues mutated to glycine
than to serine. On the other hand, the rupture forces can become
larger and closer to 1,000 pN (mut6S) when the number of
residues mutated to serine increases.

It is interesting to note that the parallel p-strands, which act as
the mechanical clamp under shear loading, are the common
structural feature shared by many elastomeric proteins. Thus
the sensitivity to mutations should not be specific to any particu-
lar residue type in the wild-type protein. Given this, it is possible
that the nanomechanical properties of many other elastomeric
proteins can be tailored by mutating various surface residues
in the force-clamp region.

Conclusion

In this paper, we used SMD to probe the shielding effect of the
carbonaceous groups of surface residues on ubiquitin and found
that they can affect water insertion during the unfolding process.
Under loading forces, the bbHBs in the force-clamp region
pB-strands 1-5 of ubiquitin break sequentially, and water molecules
facilitate this by inserting into the broken hydrogen bonds formed
from liberated amine and carbonyl groups on the backbone.
Water insertion stabilizes the broken bbHBs and facilitates the
mechanical unfolding. The presence of water thus decreases
the energy barriers that need to be surmounted to rupture these
four bbHBs. To better understand the role of water, we artificially
changed the mass of the water molecules by factors of 10 and 100
over the normal mass of water leaving everything else unchanged.
The behavior of the extension of protein in heavier water was
similar to the protein in normal water with identical starting
configuration before the end-to-end length increases to 1.88 nm.
Later on, the unfolding trajectories in heavier water differ from
those in normal water. Water insertion was then hindered by the
much slower diffusion of the heavier water molecules. On the
other hand, (large) carbonaceous groups nearby can shield the
bbHBs from water and slow down the process of water insertion.
Shielding near the N and C termini determines whether hydrogen
bond breaking starts at one or the other terminus. During the
unfolding process, the loading force pulls apart the blocking
groups, allowing water to get near the critical backbone hydrogen
bonds, and thereby facilitating the rupture of clamp region. In
this way hydrophobic shielding by carbonaceous blocking groups
on the surface residues of p-strands 1-5 regulates water insertion,
allowing backbone hydrogen bond breakage and subsequent
force-induced unfolding of ubiquitin. Given this, we designed a
series of mutant systems to manipulate the water blocking effect
near the critical bbHBs by mutating the surface residues to gly-
cine or serine, and we found that the unfolding path of protein
can be regulated by the mutation and the average rupture force
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required to unfold the mutants depended on the blocking capabil-
ities of the mutations as expected from the above discussion. The
nanomechanical properties of ubiquitin can thus be changed by
mutations in a straightforward manner. Perhaps choosing the
“right” mutations can be used to tailor the mechanical properties
of other elastomeric proteins in which the p-strands also serve as
the clamp region.

System and Method.

The wild-type ubiquitin protein (PDB ID code 1UBQ) was sol-
vated in a 6.0x6.0x 11.0 nm* box of extended single point
charge water model. The optimized potentials in liquid simula-
tions all-atom force field was applied. The 50-ns simulation of
equilibrium was performed to study the thermal stability of
protein, and the snapshots of trajectory after 10 ns were used as
the initial configurations of following SMD simulations. The
equilibrium process of six mutants (mut2N, mut2C, mut3a, mut3a,
mut6G, and mut6G) was performed with the similar procedure as
wild-type ubiquitin.

SMD simulations with constant loading force were performed
to wild-type ubiquitin, mut2N and mut2C. The C, atoms of the
terminal residues of protein were subjected to constant pulling
forces of 667 pN or 800 pN in the z direction. One hundred
SMD simulations were performed to study the mechanical un-
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folding of wild-type ubiquitin, together with 20 SMD simulations
for mut2N and mut2C.

SMD simulations with constant pulling rate were performed to
wild type and all six mutant systems. The C, atoms of the terminal
residues of protein were subjected to harmonic pulling potentials
and were moved away from each other in the z direction with a
constant velocity of 0.002 nm ps~'. Fifteen simulations were per-
formed to calculate the averaged rupture force of each protein.

The simulations were carried out with the namd2 (for equili-
brium) and Gromacs 4.0.3 (for SMD simulation). Simulations
were carried out with periodic boundary conditions. A time step
of 2 fs was used. An N, P, T ensemble, where N is the number of
atoms, P is the pressure, and 7 is the temperature, was simulated
(see SI Text for more detail).
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