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We propose a mechanism, based on a =10-us molecular dynamics
simulation, for the surprising misfolding of hen egg-white ly-
sozyme caused by a single mutation (W62G). Our simulations of the
wild-type and mutant lysozymes in 8 M urea solution at biological
temperature (with both pH 2 and 7) reveal that the mutant
structure is much less stable than that of the wild type, with the
mutant showing larger fluctuations and less native-like contacts.
Analysis of local contacts reveals that the Trp-62 residue is the key
to a cooperative long-range interaction within the wild type,
where it acts like a bridge between two neighboring basic residues.
Thus, a native-like cluster or nucleation site can form near these
residues in the wild type but not in the mutant. The time evolution
of the secondary structure also exhibits a quicker loss of the
B-sheets in the mutant than in the wild type, whereas some of the
a-helices persist during the entire simulation in both the wild type
and the mutant in 8 M urea (even though the tertiary structures are
basically all gone). These findings, while supporting the general
conclusions of a recent experimental study by Dobson and cowork-
ers [Klein-Seetharam J, Oikama M, Grimshaw SB, Wirmer J, Duch-
ardt E, Ueda T, Imoto T, Smith LJ, Dobson CM, Schwalbe H (2002)
Science 295:1719-1722], provide a detailed but different molecular
picture of the misfolding mechanism.

misfolding | mutation effect | chemical denaturing | high-performance
computing

hen a single hydrophobic residue in a native protein is

mutated to a less hydrophobic residue and the protein
misfolds, it is clear that the residue is located at a critical position
in the sequence. Such is the case for the hen egg-white lysozyme as
recently investigated by Dobson and coworkers (1-3), who showed
that a single mutation, W62G, can cause the protein to misfold and
subsequently aggregate into amyloid plaques. The most striking
finding is that this mutation-site Trp-62 is on the surface of the
native protein, not in the hydrophobic core. It has been conjectured
that this behavior is due to the loss of key “long-range hydrophobic
interactions” (2). How can this Trp-62 residue play a key role in a
long-range hydrophobic interaction during the folding process and
then shift to the surface for functional reasons? Given the impor-
tance of this phenomenon, it is of great interest to investigate this
further, with the goal of arriving at a clear molecular picture of the
mechanism. We show it is not caused by hydrophobicity alone.

We have performed molecular dynamics (MD) simulations to
elucidate the mechanism by which this mutation induces misfolding
and to explain why this mutation has such a surprising destabilizing
effect on the tertiary structure of the protein. Our basic approach,
as suggested by the experiments of Dobson and coworkers (1-3), is
to simulate unfolding in wild and mutated lysozymes in an 8 M
aqueous solution of the denaturant urea. The lysozyme system
studied here proves to be an excellent example of how a single
mutation can destabilize a native structure.

Aside from being a fundamentally interesting problem, misfold-
ing and aggregation of proteins have been implicated in many fatal
diseases such as Alzheimer’s disease and mad cow disease and, as
such, are the subject of great interest in molecular biology (1-13).
Many researchers have suggested that misfolded B-amyloid pep-
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tides play a crucial role in such diseases (1-3). When B-amyloid
peptides misfold, they may accumulate into fibrils and plaques.
However, recent experiments pioneered by Dobson and coworkers
(1-4) have shown that amyloids and fibrils can be formed from
almost any protein given the appropriate conditions, and lysozyme
is a good example. This finding indicates that there are many other
examples of mutation-induced misfolding, the exploration of which
could yield insights into the mechanism of diseases caused by
protein misfolding.

Results and Discussion

The starting structure of the wild-type protein in our simulations is
taken from the crystal structure deposited in the Protein Data Bank
(PDB ID code 193L), as shown in Fig. la. It consists of four
a-helices [helix A (5-14), helix B (25-36), helix C (90-100), and
helix D (110-115)], two B-strands [strand 1 (43—-46) and strand 2
(51-54)], a loop (60-78) region, and a 3jp-helix (81-85) and is
classified as a two-domain protein, with an a-domain (residues 1-35
and 85-129) and a B-domain (residues 36—84). The mutation-site
Trp-62 is in the loop region, and the starting structure for the
mutant was generated by a single-residue replacement, W62G,
from the wild-type crystal structure. The chemical denaturing
simulations are performed in 8 M urea solution (see System and
Methods for details on the 8 M urea solution preparation and MD
simulations). For each starting configuration (total of 10: 5 for the
wild type and 5 for the mutant), two different simulations are run
at pH 2, one at a temperature of 310 K for up to 1 us and the other
at 350 K for 100 ns. We also run simulations at pH 7 (with 7' = 350
K) for further validation [100 ns each for every starting configu-
ration; results are shown in supporting information (SI)]. All results
shown in this article, however, are for pH 2 unless explicitly stated.
The total MD simulation time exceeded 10 us. We and others had
previously run short MD simulations on hen lysozyme with thermal
denaturing [15 ns at 400-500 K (14)] or biased MD [3.6 ns, with a
bias potential forcing radius gyration to increase (15)]. However,
the high temperature or the biasing force might distort the (un)-
folding free-energy landscape. The current simulation mimics the
experimental conditions.

The time dependence of both backbone rmsd and the radius of
gyration from the native protein crystal structure provides mea-
sures of misfolding dynamics, as shown in Fig. 1 ¢ and d. Both
quantities are seen to steadily increase up to 1,000 ns, with the
mutant displaying a higher radius of gyration and larger rmsd in the
first 100 ns. Separately, in a previous 15-ns simulation in water with
no added denaturant, using either the CHARMM (16) or OPL-
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Fig. 1. System and simulation results. (a) Ribbon view of the native lysozyme protein, with residue Trp-62 represented in sticks and both «- and B-domains
marked. (b) Solvated lysozyme in 8 M urea solution, with protein lysozyme represented as red ribbons, urea as blue sticks, and water as white sticks. (c) Comparison
of the backbone rmsd for the wild-type and mutant lysozymes. (d) Comparison of the radius gyration. (e) Comparison of fraction of native contacts. (f)
Comparison of local contact of the mutation site (residue 62).

SAA (17) force fields, the wild-type lysozyme does not unfold but  show that the mutant lysozyme undergoes much larger fluctuations
instead exhibits a fluctuating rmsd of ~2-3 A (14), indicating a  than the wild type, notably in the B-domain region and in the loop
stable structure in pure water. Another measure of unfolding is ~ region where the mutation-site Trp-62 resides (see SI for more
given in Fig. e, which displays the fraction of native contacts versus detail). The loop region was also found to be labile in thermal
time for both the wild-type and mutant, in which two residues,iand ~ denaturing simulations (14). Because the local contact network
i + n (n = 3, nonnearest and non-second-nearest), are said to be gloig below) connecting this loop region with -strand 1 (residues
. . . . —46) and B-strand 2 (residues 51-54) in the wild type is disrupted
in contact if the distance between their backbone C, carbons are ;- 4po"h rant it should be expected that motions of the loop should
<06.5 A. The wild type maintains significantly more native contacts  pe more labile. Site 62, the mutation site, is found to be significantly
than the mutant as time passes, which is consistent with experi-  more flexible in the mutant than in the wild type during the
mental findings (2) (see SI for more trajectories). We can also  gimulations.

compare the rms fluctuations of each residue (represented by C,) We then calculated the time evolution of the secondary structure
for the wild-type and mutant lysozymes. The rms fluctuation results ~ (18) for both the wild-type and mutant lysozymes at 310 K by using
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Fig.2. Time evolution of the secondary structure at 0- to 100-ns MD simulation for the wild type (a) and W62G mutant (b). The secondary structure is assigned
by the program STRIDE (19), with the a-helix colored blue, the 31o-helix light blue, the g-strand red, and the coils and turns black. The secondary structure of
the starting crystal structure is displayed at t = 0 ns [helix A (5-14), helix B (25-36), helix C (90-100), helix D (110-115), strand 1 (43-46), strand 2 (51-54), and

a 319-helix (81-85)].

the program STRIDE (19) to better understand structural features
of the misfolding process. Fig. 2 shows that, overall, the secondary
structural components for the wild type are fairly stable up to 100
ns despite the fact that the rmsd of the protein grows to >13-14 A
and its fraction of native contacts decreases to <40%. On the other
hand, the secondary structure of the mutant is more quickly and
more drastically disrupted. The disruption starts from the 8-domain
region, with the two B-strands disappearing after 20-30 ns, and
spreads into helix D (residues 110-115) of the a-domain region.
This behavior agrees with insights gained from our previous analysis
of flexibility and fluctuations. By 100 ns, part of helices A and C are
also destroyed. Interestingly, part of the helical content is still
preserved for times as long as 1,000 ns in both the wild type and the

5826 | www.pnas.org/cgi/doi/10.1073/pnas.0701249104

mutant (see SI for the time-evolution data at 900—1,000 ns), even
though the tertiary structures are basically all gone. Although each
trajectory displays slightly different behavior, the collection of
trajectories displays a reasonably good consensus on the evolution
of secondary structure.

The higher radius of gyration, larger rmsd (particularly in the
early stage of simulation), fewer native-like contacts, higher flexi-
bility, and more disruptive secondary structures in the mutant imply
that it is much less stable than the wild type. Dobson and coworkers
(2) found that the single mutation W62G caused the native-like
contacts, some of long range, in the wild type to disappear in the
highly denaturing 8 M urea solution but did not identify the origin
and/or the order of the disruptions, probably because of limits on
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Fig. 2.

experimental resolution. Our computer simulations show that the
disruptions start from the B-domain and then spread into the
helices near the interface of the two domains (helices D and C).
Interestingly, an experiment by Canet et al. (20) on the mutation
D67H of human lysozyme (PDB ID code 1REX) indicates that the
mutation significantly reduces the stability of the S-domain and the
adjacent C-helix in the native structures. Our findings for the W62G
mutation of hen lysozyme is strikingly similar to their findings
despite the differences in the systems discussed. Given that there is
a high sequence identity (60%) between these two lysozyme
proteins, the current finding that the misfolding process is initiated
in the B-domain region seems reasonable.

Let us now look at the structures through which the wild type and
mutant pass as they unfold, because this will be helpful in allowing
us to clarify their differences in behavior. We determine represen-
tative structures for both wild type and mutant through a clustering
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analyses by using two sets of data, one from a 10- to 100-ns segment
of the MD trajectory (where two domains fall apart) and another
from a 100- to 1,000-ns segment of the trajectory (where tertiary
structures disappear) (21, 22). As expected, the mutant from the 10-
to 100-ns segment exhibits more disrupted B-strands and helix D in
the representative structure than that of the wild type, indicating
that the mutant loses more native contacts than the wild type. In the
100- to 1,000-ns segment the mutant and wild type do not display
many differences in some helical secondary structures but do
display significant differences in tertiary structures, with the mutant
losing much more tertiary structure or native-like contacts (more
below).

It is remarkable that even after 1,000 ns both wild-type and
mutant lysozymes maintain part of their secondary structure in
urea, which could also indicate that 1,000-ns simulation is still not
long enough. Despite this stability of secondary structure, the
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Fig.3. Snapshots of the mutant lysozyme during one representative micro-

second of the chemical denaturing trajectories. These snapshots clearly indi-
cate the gradual loss of the native contacts, with most of the loss in the
B-domain first. Interestingly, even at the end of the 1-us simulation, some
helical content still persists.

mutant loses most of its tertiary structure after 100 ns. Detailed
examinations of the unfolding trajectories show how the mutant
loses tertiary structure and native-like contacts during the chemical
denaturing process (i.e., misfolding kinetics). Fig. 3 shows snapshots
of the mutant during one of the 1-us trajectories at 310 K. The first
major unfolding event occurs at ~20-30 ns, when B-strands 1 and
2 start to disappear in the mutant. Interestingly, helix D near the
two-domain interface (residues 110-115) is also partially destroyed
during this time period. At this point, the native-like local contacts
(and secondary structures) in the p-domain are largely destroyed.
This behavior can also be seen from the evolution of the secondary
structure shown in Fig. 2. As time progresses, the tertiary contacts
between helices A and B and their contacts with the rest of the
protein are disrupted. After ~100 ns, many of the tertiary structures
start to disappear, even though the helical secondary structures,
such as part of helices C and D, are still preserved. The protein is
essentially now in a molten-globule state with a much larger radius
of gyration, as shown in Fig. 1c. By ~200-300 ns, the a-domain
tertiary structures are also largely destroyed, with not many native
contacts left. Essentially, the mutant protein denatures fully even
though part of the helical secondary structures is still preserved.
Again, these results indicate that the misfolding process starts in the
B-domain region, with B-strands 1 and 2 destroyed first and then the
helices near the two-domain interface starting to unfold. At the end
of the 1-us simulation, the tertiary structures in the mutant are
basically all destroyed even though some of the helical secondary
structures remain. Other trajectories show similar behavior, al-
though the exact time for each event could be slightly different.
The MD trajectories provide an answer to the central question:
why would the single mutation W62G cause the above-described
disruption in the tertiary structure? To answer this question, we
study the “local contacts” of the Trp-62 or Gly-62 residue in detail.
Here, a local contact (native or not) is defined the same way as a
native contact except that the distargce between C, carbons is
chosen to be <10 A, 5ather than 6.5 A, for a native contact. This
larger distance of 10 A will give us a broader view of residues that
are proximate to the mutation site. As shown in Fig. 1f, there are
indeed a lot more local contacts of Trp-62 in the wild type than that
of Gly-62 in the mutant. Fig. 4a shows a comparison of the average
distance of any basic residue in lysozyme from Trp-62 (C—C,
distance) for the wild type and mutant in the first 100-ns simulation.
Overall, in the mutant the basic residues are, on average, more
distant from the mutation site (residue 62) than in the wild type,
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Fig.4. Trp-62interactions with basicresidues. (a) Comparison of the average
distance and SD of basic residues from Trp-62 (C,—C, distance) for the wild type
and mutant in the first 100-ns simulation. (b) Representative structures of the
wild type and mutant during the 100- to 1,000-ns MD simulations. The Trp-62
is represented as red van der Waals space-fills, and three nearby basic residues
(Arg-73, Lys-97, Arg-112) are represented as van der Waals space-fills. The
green balls represent the residues making local contacts with Trp-62.

with significantly higher SDs as well. This result indicates that in the
mutant the basic residues are more distant from the possible
“nucleation site” Trp-62 (if there is one) than in the wild type, where
these basic residues, particularly Arg-73, Lys-97, and Arg-112, can
form some kind of local cluster (or a nucleation site) along with
Trp-62. Fig. 4b also shows representative structures of the wild type
and mutant after 100-ns MD simulations. These detailed local
structures reveal that the Trp-62 residue acts as a bridge between
two neighboring basic residues, such as Arg-73 and Arg-112; the
electrons on its aromatic indole ring can attract the two positively
charged residues to form a kind of “sandwich” structure through
the so-called 7-type H bond (see Fig. 4b). This Arg-Trp-Arg bridge
structure is not seen in the wild-type x-ray crystal structure. In fact,
the Arg-112 residue is >10 A away from Trp-62 (C,—C, distance of
19.1 A and a C-indole ring closest distance of 12.5 A), which makes
this bridging effect during the early stage of folding even more
interesting. It should be noted that modern force fields, such as
CHARMM?22 (16), do not have polarizability built in, so the 7-type
H bond might be underestimated. Nevertheless, with this bridge or
attractant, the two positively charged residues are held more closely
together. These basic residues can then attract other local residues
through long-range electrostatic interactions, as indicated by the
much higher number of local contacts seen in the wild type.

Zhou et al.
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Therefore, a native-like cluster or nucleation site can be formed
near these residues in the wild type, and Trp-62 plays a key role in
a cooperative long-range interaction. On the other hand, the Gly-62
residue in the mutant does not have m-electron-equipped aromatic
rings and, thus, does not have the capability to be a nucleation site.
This finding resolves the mystery of why Trp located on the surface
can give rise to the long-range interactions and have such a
profound effect on the stability of the protein. Interestingly, Sch-
eraga and coworkers (23) have also found a similar effect previ-
ously, where two positively charged arginines are brought together
on the surface of a protein by polarizing the intervening water
molecules. In that case, it is the bridging water (instead of the
negatively charged indole ring) that contributes to the stability of
these unusual Arg—Arg short-range pairs.

Conclusion

In this article, we have used MD simulations to study how a
single-point mutation (W62G) affects the stability and misfolding
of the protein hen egg-white lysozyme. Both the wild-type and
mutant lysozymes were simulated on a BlueGene/L supercom-
puter. Our results show that the mutant structure is indeed much
less stable than the wild-type one, which is consistent with the recent
urea denaturing experiment (2). The time evolution of the second-
ary structure and rms fluctuations reveal that the single mutation
W62G first induces the loss of native contacts in the B-domain
region of the lysozyme protein, and then the disruption spreads into
the a-domain region. Local contact analysis shows that the Trp-62
residue is the key to a cooperative long-range interaction within the
wild type: it plays a role as a bridge or attractant between several
neighboring basic residues such as Arg-73 and Arg-112. Therefore,
a native-like cluster or nucleation site can be formed near these
residues in the wild type, whereas the mutant does not have this
nucleation mechanism. The results from our large-scale simulations
complement recent experimental results and offer useful insights
into the mechanism behind lysozyme protein misfolding and sub-
sequent aggregation.

System and Methods

For the preparation of the 8 M aqueous urea, we followed a similar
approach to that used by Caflisch and Karplus (24). A total of 30
urea molecules were first randomly immersed into a previously
equilibrated 18.6 X 18.6 X 18.6-A water box with 216 single-point
charge water molecules (if any urea molecule overlaps with other
urea molecules, it will be replaced by another randomly distributed
one). Then, all water molecules overlapping with the urea mole-
cules (if distance between the water O atom and urea-heavy atoms
is <2.7 A) were deleted. After removal we have a box of 30 urea
and 128 water molecules, which then was minimized and equili-
brated for 100 ps of constant number/volume/temperature simula-
tion at 310 K. The resulting small water/urea box was then expanded
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periodically in space to generate a much larger box of 74.4 X 74.4 X
74.4 A with 1,920 urea and 8,192 water molecules. This larger
urea/water mixture was then further equilibrated with a 1,000-ps
simulation at constant temperature and pressure (310 K and 1 atm),
and the final box size was 73.1 X 73.1 X 73.1 A, which corresponded
to an ~8 M urea concentration at a density of 1.12 g/cm?>.

The protein lysozyme was then immersed in the equilibrated 8§ M
urea box, and water and urea molecules overlapping with protein
atoms were deleted. The criterion for overlapping was a distance of
<2.7 A between the water oxygen and any heavy atom of lysozyme
and a distance of <2.4 A between any heavy atom of urea and
lysozyme. The final molecular system consisted of lysozyme cen-
tered in the box with 7,793 water and 1,809 urea molecules. Eight
CI~ counter ions were then added to neutralize the solvated system,
giving a total system size of ~40,000 atoms. The final lysozyme in
the 8 M urea system was then equilibrated with a 1,000-ps simu-
lation at constant temperature and pressure (310 K and 1 atm), with
the final box size converged to ~72.9 X 729 X 729 A. Five
configurations were picked from the above-described trajectory,
each 200 ps apart, as the production starting configurations for the
wild type (see Fig. 1b for one of the solvated configurations). The
starting structures of the mutant lysozyme were generated by a
simple replacement of residue Trp-62 to Gly-62 from the above-
described wild-type systems and then reequilibrated with a 1,000-ps
simulation at constant temperature and pressure (310 Kand 1 atm)
each. Thus, for both the wild-type and mutant lysozymes, five
trajectories starting from different initial configurations were run
for statistics. For each configuration (total of 10: 5 for the wild type
and 5 for the mutant), two different simulations were run at pH 2
with temperatures of 310 and 350 K, respectively, with up to a 1-us
MD run each at 310 K and 100 ns each at 350 K. For further
validation, we also ran simulations at 100 ns each at 350 K at pH 7
(results are shown in SI; all results shown in this article were for pH
2 unless explicitly stated). The total MD simulation time was >10
us. The NAMD2 MD program (25) was used for our simulations,
with the CHARMM force field (16) for protein lysozyme and
solvent urea and the slightly modified TIP3P water model (26) for
the solvent water.

For the long-range electrostatic interactions, we made use of the
particle-mesh Ewald method (27), whereas for the van der Waals
interactions, a typical 10-A cutoff was used. All production runs
were performed with the constant temperature and pressure en-
semble, with the temperature controlled by the Berendsen ther-
mostat and pressure controlled by the Berendsen barostat (28). A
time step of 1.5 fs was used, with bond lengths constrained for all
simulations.
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