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Protein folding is often difficult to characterize experimentally because of
the transience of intermediate states, and the complexity of the protein—
solvent system. Atomistic simulations, which could provide more detailed
information, have had to employ highly simplified models or high tem-
peratures, to cope with the long time scales of unfolding; direct simulation
of folding is even more problematic. We report a fully atomistic simu-
lation of the acid-induced unfolding of apomyoglobin in which the
protonation of acidic side-chains to simulate low pH is sufficient to induce
unfolding at room temperature with no added biasing forces or other
unusual conditions; and the trajectory is validated by comparison to
experimental characterization of intermediate states. Novel insights pro-
vided by their analysis include: characterization of a dry swollen globule
state forming a barrier to initial unfolding or final folding; observation of
cooperativity in secondary and tertiary structure formation and its
explanation in terms of dielectric environments; and structural details of
the intermediate and the completely unfolded states. These insights
involve time scales and levels of structural detail that are presently
beyond the range of experiment, but come within reach through the simu-
lation methods described here. An implicit solvation model is used to
analyze the energetics of protein folding at various pH and ionic strength
values, and a reasonable estimate of folding free energy is obtained.
Electrostatic interactions are found to disfavor folding.
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Introduction

conditions, the better the resulting states would
approximate those occurring on the natural folding

Protein folding generally occurs on time scales
well beyond the current range of conventional,
fully  atomistic,  explicit-solvent = molecular
dynamics simulations. Some of the smallest
proteins are thought to fold in a few
microseconds,’ while millisecond or longer time
scales are more typical. Therefore, efforts to
simulate folding have often employed simplified
physical models, such as lattice models of the
peptide chain*® or continuum solvent, and in
many cases remain confined to unusually small
systems. As an alternative, one can generate non-
native states of a protein by simulating its unfold-
ing from the native state.®”® In general, one would
expect that the milder the simulated unfolding

Abbreviations used: PB, Poisson—Boltzmann; GB,
generalized Born.
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or unfolding pathways. However, to reach substan-
tially unfolded states within feasible computation
times, vacuum simulations, high temperatures, or
biasing potentials are often used.®”~'" There is
some controversy over the applicability of high-
temperature simulations to lower-temperature
unfolding, with some test simulations, suggesting
that the processes pass through similar states at
both higher and lower temperature,*'> while other
such tests show pathway differences."
Apomyoglobin (myoglobin without the heme
group) is well suited for both theoretical and
experimental studies of folding, as it folds through
a set of well-defined intermediate states."* Experi-
mental studies reveal® ' that the protein is
structurally very similar to the native (holo) myo-
globin, retaining most of its secondary, and most
likely, tertiary structure. With the addition of acid,
apomyoglobin undergoes a multi-phase unfolding,
first to a molten globule intermediate (I-state) at
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about pH 4, then to a mostly unfolded state (but
with measurable residual structure) at pH 2, and
finally to a more nearly completely unfolded state
at pH 2 in the presence of urea. In kinetic unfold-
ing experiments at pH 2.7, the native state unfolds
through the I-state," and in re-folding experiments
at neutral pH, the I-state is shown to be an obliga-
tory folding intermediate,'® > suggesting strong
similarity between the acid-unfolding and re-fold-
ing pathways of apomyoglobin.**

To generate an unfolding trajectory of apomyo-
globin we have carried out a molecular dynamics
simulation, including all protein atoms and
~13,000 water molecules, starting from an initial
state closely approximating the known features of
apomyoglobin at pH 6.5. This initial state has been
prepared from an experimental structure of holo-
myoglobin using MD simulation at neutral pH. To
model the conditions of acid shock (pH 2) we
protonate all titratable groups in the protein, and
continue the simulation for 3ns. No other con-
ditions to enforce unfolding, such as a biasing
potential or high temperature, are employed. Fur-
thermore, simulation under identical conditions,
but without the above protonation produces a
stable trajectory that remains in the native (apo)
state, indicating that the simulation protocol does
not produce an undue bias toward unfolding. The
behavior of the partially unfolded states in the
simulation matches, in many respects, features
seen experimentally, including the radius of gyra-
tion, the average helical content for individual
helices, and the presence of residual native con-
tacts. An analysis of the ensemble of structures
seen in the simulation provides new insights into
the structures and energetics that probably
characterize the acid-induced folding/unfolding
transition.

Results and Discussion

Modeling of apomyoglobin at neutral pH

The apomyoglobin model is generated by
removing the heme group from the native struc-
ture of the holo-protein and subsequent equi-
libration using molecular dynamics at neutral pH.
The simulated structural changes are summarized
in Figure 1 (blue trace, from t = —2ns to t = 0 ns).
After 2ns, the myoglobin native fold is only
slightly distorted, (Figure 3, 0.0 ns, lower panel),
mainly due to collapse of helix F into the space pre-
viously occupied by the heme group. This results
in appearance of a few new contacts between pro-
tein residues (red dots, 0.0 ns upper panel), which
are not present in holo-myoglobin (green squares).
However, as is evident from the corresponding
contact map, at this stage the simulated protein is
structurally very similar to holo-myoglobin,
in agreement with general experimental
observations.””~"” Its overall characteristics, given
in Table 1 as apo calc, such as radius of gyration,
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Figure 1. Structural changes in apomyoglobin during
equilibration at pH 6.5 (blue trace) and simulated
unfolding at pH 2 (red trace). The zero time point is
defined as the beginning of the acid-unfolding trajectory.
(A) Radius of gyration. Calculated using all atoms. (R,).
(B) Calculated a-helical content relative to that of holo-
myoglobin crystal structure. (C) Number of protein-—
protein (residue-residue) contacts in the protein.
Detailed definitions of the computed quantities are
given in the Methods section.

helical content and the average separation between
helices A and G are similar to those observed
experimentally'®*' (apo exp) in apomyoglobin.
The calculated distribution of helicity among
major helices, A: 0.69, B: 0.97, E: 0.81, G: 0.75, and
H: 070, is in reasonable agreement with
experiment.'® We find the F helix considerably
unstructured, with only 56% of the native helicity
left. Although no experimental number exists for
the helical population of F helix in apomyoglobin,
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Table 1. Calculated versus experimental structural signatures

Holo Apo I U
Signature Exp Calc Exp Calc Exp Calc Exp Calc
R, | 18 +1 15.3 19+1 15.8 23+2 21.6 30+2 29.1
|AGI (A) 242 227 24 +2 249 27 +3 243 >50 50.4
Rel. helicity 1 1 0.77 0.67 0.54 0.53 0.14-0.21 0.20

pH 6.5 holomyoglobin (holo), apomyoglobin (apo), acid unfolding intermediate state (I), and completely unfolded state at pH 2 (U).
|AGI is the separation between helices A and G, calculated as the arithmetic mean of distances between C, atoms of residues 7 and
103, and 14 and 103. Calculated values are averages over the following: for apo—last 0.5 ns of pH 6.5 MD simulation; for [—from
t=0.2 to 0.25 ns of pH 2 acid-unfolding simulation; and for U—from t = 2.866 to 2.964 ns of the same simulation. Structural signa-
tures of holo-myoglobin are computed from its crystallographic coordinates. Experimental results are taken from Refs. 16,21,54. The
experimental radius of gyration, obtained from SAXS experiments, is expected to be about 2 A larger than that calculated directly

from crystallographic coordinates.”

this region was suggested'® to participate in slow
exchange between unfolded and partially folded
structures. Enhanced structural fluctuations in this
region were also observed in earlier models™* of
apomyoglobin on the basis of molecular dynamics
simulations. The two small helices, C and D, are
predicted by our calculations to lose almost all of
their holo-protein helical population in the apo-
myoglobin, at least according to the criteria we
have used (on the basis of 1-4 hydrogen bonds).
Eliezer et al. observed considerable a-helical popu-
lation in this region based on the secondary chemi-
cal shift data. We attribute the discrepancy to
uncertainities in the definition of helicity for such
small helices (helix C, for example, is only six resi-
dues long), especially in the presence of significant
structural fluctuations. On the other hand, our
observation that the C—D region loses most of its
native structure in apomyoglobin is consistent
with the data of Lecomte et al., who observed con-
siderable structural fluctuations in the region, and
is in agreement with earlier molecular dynamics
simulations of Tirado-Rives & Jorgensen.” The
above observations allow us to use the simulated
structure as a reasonable model for apomyoglobin.
Furthermore, the stability of the structural features
of this 2 ns neutral-pH, simulation, and its agree-
ment with experiment suggests that our droplet-
based simulation protocol (see Methods) does not
introduce undue bias away from the folded state.

Simulated acid-unfolding

The simulated structural changes in the protein
as a function of time after the acid-shock at t =0
are presented in Figures 1 (red trace), 2, and 3.
Compared to experimental acid-induced unfolding
which occurs on sub-millisecond time-scales,'® the
simulated unfolding is complete in ~3 ns, reflect-
ing the fact that in the simulation all titratable
groups are instantly protonated at ¢ = 0, while in
a pH-jump experiment this process would occur
on a finite time-scale through diffusion, and in the
case of buried groups, structural fluctuations. The
methodology is initially validated by agreement
between the computed average characteristics
of the starting, intermediate, and completely

unfolded states and available experimental data;
these include protein radius (R,), helix formation,
and tertiary interactions in the folded, acid-
unfolded and the molten globule intermediate
states (Table 1). More detailed analysis of selected
stages of the simulation, and where appropriate,
comparison with experimental characterizations of
the intermediate and acid-unfolded states are
presented below.

Initial stages of unfolding

During the first 0.15ns of the simulated acid-
unfolding trajectory the protein stays in near-
native conformations, the globule being only
slightly swollen (Rg ~ 16.5 A, Figure 1). A number
of native contacts are disrupted at this stage
(Figure 2), but the native fold is practically
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Figure 2. Initial stages of unfolding. During the first
0.15 ns of the simulated acid-unfolding trajectory a num-
ber of native contacts are disrupted, but most hydrogen
bonds remain intact (on average), and water does not
enter the protein interior, since at this stage there is no
increase in the number of solvent exposed residues. A
decrease in the number of H-bonds at t > 0.15 ns indi-
cates the disruption of secondary structure, while the
corresponding increase in the number of solvent exposed
residues can be attributed to water entering the interior
of the globule.
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Figure 3. Predicted non-native states of apomyoglobin during time course of simulated acid-unfolding at pH 2. Colors in the ribbon diagram correspond to consecutive
helical regions in the native holo-myoglobin: red (A), orange (B), yellow (C), light green (D), navy (E), cyan (F), blue (G), violet (H). Regions corresponding to native coil
are white. The same color scheme is used to highlight helical regions along the axis of contact maps. Contact map (red circles) is computed using a set of 25 consecutive snap-
shots representing a 0.05 ns interval centered on the time point indicated on each panel (for ¢ = 0 ns the snapshots are taken from the end of pH 6.5 MD simulation). Residues
i and j are represented by a red dot on the (ij) plane if they form a contact (see Methods) with probability higher than 0.5 in the given set of structures. Due to obvious sym-
metry, only the half-plane i > j is shown; short-range contacts li — jl = 4 are excluded. For comparison, the contact map of holomyoglobin computed from its crystallographic
coordinates is superposed as open green squares. Thus, a red dot in a green square is a native contact, an empty green square is a lost native contact, and a red dot alone is a
non-native contact.
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Table 2. Fluctuations of ¥, in key residues of native apomyoglobin and its molten globule state

State Trp7 115 Phel23 Met131
Apomyoglobin pH 6.5 134+ 15 9.0 £27 13.8 2.7 122 £25
Molten globule pH 2 26.8 10.9 124 60

X2 torsion angle fluctuations ((x,>) — (x2)*)'/* (deg.), in pH 6.5 apomyoglobin are computed over each of the four 0.5 ns consecutive
intervals making up the 2 ns MD trajectory which has been used to produce the apomyoglobin model. The values for the apomyo-
globin at neutral pH reported above correspond to the last 0.5 ns interval, and the standard deviation between fluctuations computed
in each of the 4 intervals is shown. The corresponding fluctuations in the pH 2 molten globule state are computed over 0.05-0.55 ns
interval (which includes both the dry swollen globule and the I-state) of the 3 ns acid-unfolding trajectory. For Phel23 and Leull5,
fluctuations in both the native apo and the molten globule states are within the error margin from each other, while for Trp7 and

Met131 the fluctuations are substantially larger in the molten globule state. A relatively large value of the fluctuation for Met131

indicates a rotamer transition.

unchanged (Figure 3, 0.07ns). Most hydrogen
bonds remain intact (on average), and the number
of residues exposed to water does not significantly
increase, indicating that water does not enter the
protein interior. Thus, the disruption of energeti-
cally favorable native contacts from Ons to
~0.15ns is not compensated by an increase in
favorable protein-water contacts. These obser-
vations over the ~0.05-0.15ns interval are
consistent with the idea of a “dry swollen globule”
as a barrier to initial unfolding and final stages of
re-folding. This state was originally postulated
theoretically,” and later observed in experimental
studies of unfolding of ribonuclease A,* DHFR,”
and recently of a small all B-protein tendamistat.>
In the latter study, direct volume measurements
have suggested that exclusion of water precedes
the formation of the native state during re-folding,
implying that the dry swollen globule is the final
transition state in folding.

Experimental characterization of such a barrier
state is very difficult because of its extremely low
population, but the presence of globally intact
hydrogen bonds alongside locally disrupted pack-
ing interactions in the early unfolding of
apomyoglobin®” and DHFR* has been observed,
and is consistent with the present simulation
results, as well as with earlier MD simulations on
BPTI* that used thermal unfolding. In their studies
of partially unfolded conformations of barnase by
molecular dynamics at various temperatures,
Caflisch & Karplus” observed a delay in the
entrance of water into the protein interior upon
unfolding at 360 K and low pH, but no such delay
at 600 K. In light of these results, our simulations
at 300 K are of special interest.

Intermediate stages

A rapid transition to more open conformations
(Rg ~ 23 A), occurs at t = 0.15ns (Figure 1). The
protein is now partially unfolded, with large parts
of the A, G, H, and B helices forming a compact
core, while the rest of the protein is considerably
unfolded (Figure 3, 0.22ns). Compared to the
preceding dry swollen globule stage, a number of
residues have become exposed to water (see
Methods, Calculation of structural signatures),
namely: A19, A22, 128, L29, T39, F49, A53, Lél,

G65, V68, A74, 175, L76, A84, 189, A90, A94, 199,
1101, S108, V114, A134. These residues lie on the
interface of E and F helices and EF loop with
helices B, C, G and H, which opens upon “swing-
ing” of the E-F subdomain (Figure 3, transition
from 0.07 ns to 0.22 ns). The key residues L115 and
A130 on A/H interface, M131 on A/G/H interface,
and F123 on G/H loop—all shown™ to stabilize the
I state—remain buried. This intermediate appears
to be similar to the experimentally observed'® equi-
librium molten globule state at pH 4 (I-state) and
the obligatory re-folding intermediate.” The core
helices retain a substantial fraction of their native
helicity, A: 0.47, B: 0.53, G: 0.71, and H: 0.78, while
the relative helical content of the longest helix out-
side the core, E, is only 0.25. These values are com-
puted over a 50 ps interval around ¢ = 0.225ns
(Figure 3), and are in the best agreement with
experimental data'® on the equilibrium I-state,
where the corresponding numbers are A: 0.7, B:
0.45, G: 0.6, H: 0.55, and E: 0.3, respectively. Over-
all, approximately half of the native contacts and
helical population (relative to the native holo-myo-
globin) are lost, but almost all of the remaining
contacts are native (Figure 3, 0.22 ns). Topologically
similar I-state-like structures with significant por-
tions of the A, G, H, and B helices forming a com-
pact core are observed from ~0.2 to ~0.55ns
along the unfolding trajectory (Figure 3, 0.46 ns).
Tirado-Rives & Jorgensen’ also observed I-like heli-
cal populations in the final stages of both pH 6 and
pH 42 (all His protonated) simulations at
358 K. However, they observed only a small rela-
tive increase in radius of gyration, and less loss of
helicity than reported here; in particular, they
observed a higher population of the E helix. The
overall topology of the I-state predicted by Tirado-
Rives & Jorgensen is close to that of apomyoglobin,
in contrast to our findings (Figure 3, 0.22 ns).

The question of exactly how molten is the molten
globule’ has been a long standing one; it turns on
the extent of structural fluctuations in this state,
which are not easily quantified by experiment. A
comparison of fluctuations of x, torsional angles
of some key residues in the molten globule portion
of the unfolding trajectory with those of the pH
6.5 native-state apomyoglobin trajectory identi-
fies some regions of the compact core as remaining
essentially native-like, while others have significant
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fluctuations indicative of a rotamer transition (Table
2). Specifically, the G/H loop around Phel23, and
the A/G helix interface around Leull5 remain in a
tight, virtually native conformation in the I-like
stage of the simulation, while the A/G/H interface
around Met131, and the A/H interface around
Trp7 are characterized by significant fluctuations
indicative of a molten character. Interestingly,
Met131 still retains its hydrophobic contacts with a
number of residues at this stage (up to t = 0.55 ns):
Leu9, Vall0, Leul15, and Phel23.

During the next stage of unfolding (Figure 3,
1.27ns), the protein’s R, increases further to
~25 A, and only ~35% of the native helical struc-
ture remains (Figure 1). Parts of the A, G, and H
helices still form a compact core, with most of the
remaining contacts being native, although some
non-native contacts appear in the A/G interface.
A noteworthy feature is the persistence of the
native contacts around the GH loop. The highly
conserved Phel23 extends into this loop, forming
contacts with residues on both the A and H helices.
A compact intermediate with a stable core formed
by parts of the A, G, and H helices is observed in
the earliest steps of apomyoglobin re-folding cur-
rently accessible to experiment,” indicating yet
another common point on the simulated unfolding
and experimental folding pathways. As the unfold-
ing simulation proceeds to around 2.22ns, the
G/H contacts disappear, and only a few contacts
on the A/H interface remain, most of which are
non-native (Figure 3). At this stage, the protein’s
radius of gyration, ~27 A, and relative helical con-
tent, ~20%, begin to reach the experimentally
observed'® values for the completely unfolded
state at pH 2 (Figure 1). The contacts between the
N terminus and the C terminus of the H helix
appear to be the last ones lost (Figure 3, 2.55 ns).

The acid-unfolded stage

The predicted average characteristics of the
mostly unfolded stage near the end of the trajec-
tory, which are exemplified by two snapshots in
Figure 3 (2.70 and 2.92 ns), agree quite well with
experimental'® data on apomyoglobin equilibrated
at pH 2 (Table 1), as does the distribution of the
helical population among the major helical regions:
the calculated values for A, B, E, F, G and H helices
are 0.22, 0.14, 0.1, 0.0, 0.1, and 0.27, respectively,
while the corresponding experimental'® numbers
are 0.2, 0.1, 0.07, 0.0, 0.07, and 0.25. Our simu-
lations provide further insights into the unfolded
state—a state which is hard to investigate experi-
mentally due to large scale structural fluctuations.

The acid-unfolded structures seen at tZ 2.7 ns
are far from being random coil. They retain some
(~20%) helical structure. As is evident from Figure
3, no native tertiary (off-diagonal) contacts remain,
but a number of new non-native contacts appear.
In particular, local clusters are formed in the B
helix region, which is not surprising given that it
is rich in hydrophobic amino-acids: V21, A22,

G23, G25, 128, 129, 130, L32, P33. Local hydro-
phobic clusters in this region have also been
detected experimentally."” Interestingly, we also
observe formation of non-native, albeit transient,
contacts between the N-terminal region and CD
loop-D helix regions (Figure 3, 2.92 ns). We attri-
bute this to the fairly hydrophobic nature of the
N-terminal region (VLSEG), especially at low pH
when glutamic acid is neutral. Curiously, myo-
globins from very different organisms all appear
to possess this “sticky tail”, although the particular
amino-acid sequences are different: GLSDG in
horse, pig, human, elephant; VLSEG in sperm
whale, rat; VAFTE in soybean. Note that the same
“tail” participates in hydrophobic contacts with
the H helix during the final stages of unfolding
(Figure 3, 2.22 and 2.55ns). In light of the simi-
larities between apomyoglobin acid-unfolding and
folding pathways, it would be interesting to see
how alterations in the sequence of the N-terminal
region that render it much less hydrophobic
would affect the folding kinetics.

Origins of cooperativity between tertiary and
secondary structure formation

The simulated trajectory provides great detail on
the amount of native-like secondary structure and
tertiary contacts at various stages of unfolding,
and thus, a probe of the extent of cooperativity in
the dissolution/formation of these aspects of pro-
tein structure. As seen from Figure 4, loss of helical
structure and loss of native tertiary contacts tend to
go hand-in-hand during most of the unfolding
trajectory, that is, at times beyond the first 0.15 ns.
Assuming that the folding process qualitatively
resembles the reverse of the unfolding process,
this implies a cooperative model of secondary and
tertiary structure folding/unfolding, as opposed
to a sequential model in which the folding/unfold-
ing of one sort of structure occurs in a time range
distinct from that of the other sort of structure.
Although a number of different mechanisms may
contribute to the coupling between the secondary
and tertiary structure formation, such as com-
paction and steric interactions,” the energetic
origin of the trends throughout Figure 4 can be
rationalized in terms of macroscopic dielectric
models. These predict that the hydrogen-bonding
interactions that stabilize secondary structure are
greatly weakened in the high-dielectric environ-
ment of water, but that the presence of lower-
dielectric peptidic material (even if it does not
directly reduce the water-accessibility of the
H-bonding groups), can significantly strengthen
the H-bonding interactions and promote the for-
mation of a-helices.** A similar correlation between
helix formation and dielectric constant has been
seen in experiments on B-lactoglobulin in organic
solvents.”” Therefore, the formation of tertiary
structure, which introduces more low-dielectric
material into the environment of the backbone
amides, strengthens the H-bonds responsible for



Simulated Unfolding of Apomyoglobin 561
0.8 100 T T T T
= 0 .
E
- £ -100 E
506 |
£ X —200 neutral pH
= = -300 -
< < L
= 04t -400 : ! : !
= 100 T T
2 = 0
E =}
So02f £ 100
- $ 200
=) extreme low pH
= -300 | .
0 . . \ \ 4 400 L J
0 0.2 0.4 0.6 0.8 1 ! !
0 1 2 3

relative number of tetriary contacts

UNFOLDED
FOLDED
high dielectric => weak H-bonds
=> unstable helices ialectric
-<—> | H-bonds
stable
helices
polypeplide chain
WATER

Figure 4. Top: correlation between relative helical con-
tent and number of tertiary contacts present in apomyo-
globin during its unfolding. Ten rainbow colors from
red to violet represent times along the unfolding trajec-
tory that fall, in 0.3ns segments from t=0 (red) to
t = 3 ns (violet). The trivially correlated intra-helical con-
tacts are excluded by showing only contacts between
residues four-apart or more in the sequence. Bottom: a
rationalization based on continuum dielectric models
for the coupling between secondary and tertiary struc-
ture formation. The formation of tertiary structure,
which introduces more low-dielectric material into the
environment of the backbone amides, strengthens the
H-bonds responsible for stabilizing secondary structure.

stabilizing secondary structure. This explains the
cooperativity observed in most of Figure 4 (e.g. for
times greater than 0.15 ns). As for the first 0.15 ns
of the unfolding trajectory, during which tertiary
contacts are not accompanied by much change in
relative helicity (top right corner of Figure 4), this
is the time range of the native-to-dry swollen
globule transition in which the degree of water
penetration into the interior is not much changed
(Figure 2), and so the dielectric environment of the
H-bonding groups, and therefore, the «-helical
content is also not much changed. The mechanism
outlined above is expected to be most effective for
medium or large size proteins where the differ-
ences in dielectric properties between the “inside”
and the “outside” are most pronounced.

Estimates of folding free energy

We can also use continuum solvent models to
estimate the free energies of apomyoglobin folding

time [ns]

Figure 5. Overall energy profile of unfolding apomyo-
globin as a function of time calculated using charges
characteristic of neutral pH (top) or strongly acidic (bot-
tom) conditions, averaged over consecutive intervals of
50 ps along the unfolding trajectory. The completely
unfolded state is taken to be the reference state (AE = 0).

at neutral and acidic pH. In general, theoretical cal-
culations of the folding free energy using all-atom
models for proteins and solvent are extremely diffi-
cult, and have, so far, been done only for small sys-
tems, such as a 46-residue three-helix bundle.! The
major difficulty here lies in the need to sample the
enormous conformational space of protein/solvent
system. Another problem usually arises from the
uncertainty about the structure of the unfolded
state, but here the unfolding trajectory provides a
reasonable ensemble of structural models. To
avoid the first difficulty, we use the Poisson—Boltz-
mann/surface area approach®* in which solvent
is represented implicitly as continuum with the
dielectric properties of water, and the protein struc-
ture variability is represented by the ensemble of
snapshots. For the present calculations, the ionic
strength is taken as zero and the resulting Poisson
equation is solved numerically (see Methods). The
hydrophobic effect is taken into account by a sur-
face-energy term proportional to the solvent-
accessible area of the protein. These terms, together
with the intra-protein terms of the molecular mech-
anics force—field, comprise our estimate of E, the
free energy terms excluding chain entropy, for a
given structural snapshot. Ensembles of structures
representing the folded and unfolded states are
taken from the appropriate time segments of the
unfolding simulation, and calculation of energies
corresponding to neutral or acidic pH is accom-
plished by setting ionizable side-chain charges to
the appropriate values. The details of these calcu-
lations, as well as the methods of estimating chain
entropy, are given in Methods; and average
energies, AE, for various parts of the trajectory are
presented in Figure 5. As expected, the energy
decreases in going from the unfolded to the native
state, consistent with the idea that the latter corre-
sponds to the global energy minimum. The overall
energy change upon folding is higher at neutral
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Table 3. Energetics of apomyoglobin folding

Conditions AE;. AE gjec AE, 4w AE ¢ AE —TAS. AG (calc) AG (exp)
Neutral pH ~0 +71 —354 —28 —311 +294 -17 -13
Extreme acidic pH ~0 +132 —354 —28 —250 +294 +44 ?

Energy, entropy, and free energy AG = AE — TAS. components at neutral and strongly acidic conditions at zero ionic strength. All
energies are in kcal/mol and refer to unfolded to folded transition. AS. is the change in a protein’s conformational (backbone and
side-chain) entropy. Experimental value of AG of folding at neutral pH is from Ref. 56.

pH: AE .. = —311 kcal/mol versus AE,;q = —250
kcal/mol at acidic conditions. The large favorable
AE of folding is offset by almost equal and oppo-
site entropy component which favors unfolding.
We estimate protein’s change in conformational
entropy in going from the folded to the completely
unfolded state using per-residue parameters pro-
posed by D’Aquino et al. and Doig & Sternberg®
(see Methods). The key results are summarized In
Table 3, showing that the predicted free energy of
folding at neutral pH is in agreement with experi-
ment, and that (as expected) folding should be
very unfavorable at low pH.

To gain further insights into the folding process
we break down the overall energy contribution
into components according to: E = Ejnt + Eclec +
Evaw + Esurf, where Ejn represents the energy of
internal degrees of freedom such as bond stretch-
ing, Egec is the total electrostatic (free) energy
including solvation, E,qy corresponds to Van der
Waals interactions between protein atoms, and
Esur mimics the hydrophobic effect. The results
for apomyoglobin are summarized in Table 3.
Note that internal degrees of freedom such as
bond stretching have essentially no effect on fold-
ing, AE;, ~ 0, but among other contributions to
the total AE of folding at neutral pH listed in
Table 3, the dominant one is the Van der Waals
interaction between protein atoms which favors
tightly packed structures. We find the overall
electrostatic contribution to disfavor folding of
apomyoglobin at neutral pH, in agreement with
earlier theoretical predictions using a similar
energetic model.” In the neutral pH calculations,
large AE terms favoring folding are balanced
against a large conformational entropy term favor-
ing unfolding to produce a net folding free energy
near zero, in agreement with the general experi-
mental finding that overall protein stability is
about 13 kcal/mol. This result is quite satisfying
given the large size of the individual terms, and
the general difficulty of calculating large protein
conformational changes. However, given the
uncertainty associated with the chain entropy esti-
mate, the close agreement with experiment
(=17 kcal/mol calculated wversus —13 kcal/mol,
experimental) is probably only fortuitous. On the
other hand, the calculated difference between the
AG of folding at acidic versus neutral pH is inde-
pendent of the chain entropy estimate, and can
therefore be used, together with the experimental
AG of folding at neutral pH, to obtain an indepen-
dent estimate of the AG of folding under acid

conditions. From Table 3 the calculated difference,
AGpeut — AG,ea is +61 kcal/mol. Adding this to
the experimental value of —13 kcal/mol for AG,cu
gives an estimate of +48 kcal/mol for AG,q in the
limit when all titratable groups are protonated
regardless of protein conformation, corresponding
to the conditions of extremely low pH. Knowledge
of the structural details of the acid unfolded state
appears to be necessary for an accurate estimate of
this quantity: Yang & Honig* used a simplified
model of the unfolded state and obtained
AG,ua ~ + 80kcal/mol, which is significantly
larger than our estimate. It should be noted that
our estimate corresponds to zero ionic strength,
which can hardly be achieved under experimental
conditions of very low pH. As we will see in the
following section, the effect of counter-ions on pro-
tein stability, while being relatively small at neutral
pH, becomes more significant at low pH (when all
titratable groups become protonated) where it
tends to lower AG,.4 substantially, in general
agreement with experimental findings.*'

Salt effects

The predicted salt dependence of the AG of fold-
ing was calculated within the continuum solvent
framework, using a generalized Born-type approxi-
mation (see Methods) and is presented in Figure 6.
In agreement with general experimental obser-
vations, salt destabilizes folded apomyoglobin at
neutral pH (making the AG of the unfolded-to-
folded transition less negative), but has a very
strong stabilizing effect at low pH (lowers AG).
Although we know of no experimental data for
apomyoglobin, the predicted decrease in stability
of ~2kcal/mol in going from 0M to 0.1 M NaCl
at neutral pH is similar to that observed experi-
mentally on cyanomyoglobin.** The inverse Debye
length D~! = 0.3164/[NaCI] A™!, is an appropriate
length-scale of the system, and so plotting AG
versus D™ clarifies its salt dependence better than
the more common AG wversus salt concentration
plot. In particular, one does not expect any signifi-
cant (non-specific) salt effects on folding free
energy if the Debye length is considerably larger
than the system size, D >> R,. For a medium-size
protein this is equivalent to monovalent salt con-
centration being less than ~0.005 M—notice that
both lines in Figure 6 do not extrapolate linearly
to the origin, but level-off for small D~'. At very
low pH, the effects of non-zero anion concentration
must be taken into account*' to obtain an estimate



Simulated Unfolding of Apomyoglobin

563

_12 T T T T
_13 -

z 14 +

£

g

2 15

S neutral pH
-16 i
—-17 FA T N T S N N S S T SO N ST ST SO S NS

0 0.05 0.1 0.15 0.2

inverse Debye length [A_l]

Y
o
TTTTT
1

extreme acidic conditions

AG [Kcal/mol]
N N w w
o (3,1 o (3]
1 1 1 1

-
(3]
L
1

10 : YR WY SN TR [N WY SRR TN SN SN TR TN WU TR N S TN SO S N S
0 0.05 0.1 0.15 0.2
inverse Debye length [A_l]

Figure 6. Predicted salt dependence of the free energy
of the unfolded-to-folded transition of apomyoglobin at
neutral pH and acidic pH. At neutral pH salt reduces
the stability of the native state relative to the unfolded
state, while under strongly acidic conditions it has the
opposite effect. The lines do not extrapolate linearly to
the origin, but level, indicating cross-over to a regime
where the Debye length >> system size, and the folding
free energy becomes nearly salt-independent.

of AG,.q4 that can be directly compared with experi-
ment. Assuming [Cl7']=0.1M, we estimate
AG,¢a = 22 kecal/mol from Figure 6. Extrapolating
using the model of Barrick & Baldwin,* which is
based on their experimental data, gives AG,.q = 18
kcal/mol for apomyoglobin at pH 1.

It is commonly believed that, by virtue of
decreasing charge—charge interactions, salt should
disfavor folding if electrostatic interactions favor
it, and vice versa. Without a more detailed analysis,
this over-simplified picture may be misleading, as
the following example demonstrates. From Figure
6, the effect of adding 0.1 M salt is predicted to dis-
favor folding by =2 kcal/mol at neutral pH, but to
favor folding by =20 kcal/mol at low pH. How-
ever, AEg.. >0 at all pH values (Table 3). The
seeming paradox is resolved by breaking down
E¢lec into its two distinct components: Egjec = Eself 4
E% where the first term represents the sum of
solvation (Born) energies of individual charges,
and the second corresponds to pairwise inter-

actions between them. Since it is energetically
unfavorable to bury a charge inside the folded
protein, E*f always disfavors folding. This term
outweighs the stabilizing effects of E<"°%, resulting
in AEqe. > 0 at both neutral and acidic conditions.
Increasing ionic strength tends to modestly
increase AE*", regardless of pH, reflecting the fact
that in the unfolded state the charges are more
exposed to solvent than in the native state and
E=f of the unfolded state is, therefore, more
strongly affected (lowered) by the addition of salt.
For apomyoglobin, an increase in monovalent salt
concentration from 0.0 M to 0.1 M causes AE*" to
increase by +0.9 kcal/mol at neutral pH, and
+0.8 kcal/mol at low pH. In contrast, the corre-
sponding changes in AE“*® are strongly pH-
dependent: AE“°* increases by +1.1 kcal/mol at
neutral pH, while under strongly acidic conditions
it decreases by —21.8 kcal/mol, since in this case
salt tends to decrease the unfavorable repulsion
between extra positive charges. Hence, one cannot
conclude, simply from the sign of the salt depen-
dence of folding free energy, whether the net effect
of electrostatic interactions is to favor or disfavor
folding.

Concluding remarks

We have carried out a molecular dynamics simu-
lation of the acid-induced unfolding of apomyo-
globin at room temperature, including all protein
atoms and ~13,000 water molecules, with no
added biasing forces or other unusual conditions
to induce unfolding. It is generally believed that
the folding and acid unfolding of this protein fol-
low similar pathways,'”*’ and thus, we have, in
reverse sequence, a series of detailed structural
models for states along the folding pathway.

During the initial stages of unfolding the protein
globule swells slightly, disrupting a number of
native tertiary contacts. However, its fold geometry
remains practically unchanged, and water does not
enter the protein interior, so the disruption of
energetically favorable native contacts is not
compensated by an increase in favorable protein-—
water contacts. This dry swollen globule is there-
fore likely to be an energetic barrier around the
native state. Further along the simulated unfolding
pathway we find a partially unfolded, intermediate
stage in which helices A, B, G and H form a com-
pact core, and rest of the protein is considerably
less structured. This intermediate appears to be
similar to the experimentally observed equilibrium
molten globule I-state at pH 4. Our analysis of
structural fluctuations in the core region shows
that it has characteristics of both folded (fairly
rigid) and the molten (relatively loose) states.

During the final stages of unfolding, the contacts
between the N terminus and the C terminus of the
H helix appear to be the last ones lost. The acid-
unfolded state, which we observe towards the end
of the simulation, is far from being a random coil.
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In agreement with experiment, it retains about 20%
of residual helical structure. We also find that
although no off-diagonal native contacts remain,
some non-native, albeit transient, tertiary contacts
appear, in particular between the N-terminal
region and C/D loop—D helix regions. We attri-
bute this to the fairly hydrophobic nature of the
N-terminal region (VLSEG), especially at low pH
when glutamic acid is neutral. Clusters of hydro-
phobic residues involving distant regions of the
sequence have also been recently observed experi-
mentally in lysozyme under strongly denaturing
conditions.**

By quantifying the amounts of native-like sec-
ondary structure and tertiary contacts at various
stages of simulated unfolding, we find that loss of
helical structure and loss of native tertiary contacts
tend to go hand-in-hand during most of the
unfolding trajectory, except in the very beginning
when the protein is in the dry swollen globule
state. These trends are those that would be
expected from changes in the dielectric environ-
ment of H-bonding groups: electrostatic inter-
actions responsible for helix stabilization generally
become weaker as the protein unfolds and the
groups become more exposed to water.

Finally, we have explored the energetics of apo-
myoglobin folding by using a continuum electro-
static model to represent solvent effects implicitly.
As expected, the native state is considerably lower
in energy than the unfolded state by AE ~ 300
kcal/mol. This favorable folding energy is nearly
offset (at neutral pH) by the entropy component
which favors unfolding, the latter being estimated
from published per-residue parameters. Remark-
ably, the two contributions nearly cancel to yield a
reasonably small (~10kcal/mol) folding free
energy. We find that electrostatic interactions dis-
favor folding at all pH and salt concentrations,
and reconcile this finding with the experimentally
observed destabilizing effect of monovalent salt
on the native state at neutral pH.

Methods

MD simulations at neutral pH

We use version 5.0 of the AMBER suite of programs.
An all-atom force field* is employed. The SHAKE
method is used to restrain hydrogen—heavy atom bond
distances. The integration time-step is 2 fs, with a 12 A
cut-off for long-range interactions. The average tempera-
ture of the system is maintained at 300 K by coupling to
a heat bath with coupling constant of 2 ps. The starting
structure is prepared by removing the heme group from
the holo-Mb coordinate set (PDB-ID: 2mb5) obtained by
neutron diffraction.** We keep all the hydrogen atoms
found in the PDB set, except for a few histidine residues
whose protonation state we change to make the total
charge of the protein +5. The three most basic histidine
residues 36, 81 and 116 are doubly protonated, and all
the remaining histidine residues are in their uncharged
form. (The charge of all Glu and Asp residues is —1,
and that of all Arg and Lys is +1.) This state of the

protein corresponds roughly to neutral pH. We follow a
droplet simulation protocol, in which the protein is sol-
vated inside a large droplet of water. It was shown
earlier” that around a thousand water molecules is
enough to fully hydrate myoglobin in an MD simulation.
In our simulations, we use a much larger number of
water molecules to avoid possible edge effects by ensur-
ing at least a 10 A buffer between the protein and the
surface of the droplet.

The protein is solvated by ~13,000 TIP3P water mol-
ecules, forming a spherical droplet of radius ~55A
around the molecule’s center of mass. Each simulation
cycle begins with a 100 steps of steepest-descent mini-
mization followed by 100 ps of equilibration during
which the temperature is gradually raised to 300K,
while the protein atom coordinates remain fixed by
harmonic restraints (force constant 5 kcal mol™* A~?) to
their positions at the end of the previous cycle (stage 1);
for the first cycle, crystallographic positions are used.
After the equilibration is completed the constraints are
removed, and the simulation continues for another
100 ps at 300 K. Protein and solvent coordinates are
saved every 10 ps (stage 2). At the end of this stage, the
water molecules are removed, and the protein is re-sol-
vated by =~13,000 water molecules forming a spherical
droplet of radius 50 A around protein’s center of mass
(stage 3). The above three-stage cycle is then repeated
20 times, yielding a total of 2.0ns of unconstrained
trajectory. The re-solvation procedure ensures that the
protein always stays well within the droplet during the
simulation. Note that very little global unfolding has
occurred over the 2ns of the neutral-pH simulation
(Table 1 and Figure 5); the radius of gyration has
increased by only a few percent. Therefore, the use of
droplet protocol does not, by itself, induce global unfold-
ing on the time-scale of a few nanoseconds.

Acid-unfolding MD simulations

To model the conditions of extremely low pH, all
aspartate, glutamate, and histidine side-chains, and the
C terminus are protonated, making the overall charge of
the globule +36, in agreement with the experimentally
observed value under these conditions. We then continue
the simulation for 3ns using the protocol described
above, but switch to a very large (24 A) cut-off for non-
bonded interactions to better approximate long-range
forces. No re-solvation is performed within first 200 ps
of the acid-unfolding simulation. Protein and solvent
coordinates are saved every 2 ps. The computation took
approximately 60 days on 16 CPUs of R12000 SGI Origin
2800 machine.

To verify that the re-solvating procedure or edge
effects do not introduce any extra bias for unfolding,
two tests were performed. First, a larger droplet of
~60 A was used to carry out a 200 ps low pH simulation,
again without re-solvation at 100 ps, starting from the
same apomyoglobin model as above. During the simu-
lation, the protein stayed well within the droplet, and in
the end, its structural characteristics were almost identi-
cal with the ones obtained before. Note that 200 ps is
enough to induce considerable unfolding of apomyo-
globin at low pH, according to Figures 1 and 3. Second,
we have repeated the first 200 ps of the unfolding proto-
col with re-solvation at 100 ps, but retained all water
molecules within 5 A of the protein upon re-solvation
(and added more to make the full droplet). Again, the
unfolding proceeded along a pathway virtually identical
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with the one presented in Figure 1, t = 0-200ps. To
further verify that the conclusions we have made are
not sensitive to the details of the initial structure or the
MD protocol, we have performed a separate unfolding
simulation of apomyoglobin (results not presented here)
which is different from the above as follows: the size of
the water droplet used to solvate the protein is increased
to ~65 A, and the cut-off for non-bonded interactions is
reduced to 12 A to make computations feasible. We
perform a 1.6 ns simulation at 300 K starting from the
holo-Mb coordinate set (PDB ID 2Mb5) without the
heme group. As before, all titratable groups in the pro-
tein are protonated to model the conditions of acid
shock. We find that the unfolding proceeds through a
set of intermediate states generally similar to the ones
described here.

Calculation of structural signatures

Relative helical content (helicity) is defined as the ratio
of the number of 1-4 hydrogen bonds (computed using
DSSP*® program) in the current conformation relative to
that in the native holo protein.

Two residues are considered to form a contact if a
water molecule, for this purpose considered to be a
sphere of radius 1.4 A, cannot fit between them, i.e. if
there exists a pair of atoms not on the same residue
such that the distance between the atomic centers minus
their radii is less then 2.8 A. To identify solvent exposed
residues, we analyze positions of all water molecules
surrounding the protein during the simulation. A resi-
due is considered exposed to solvent if there exists an
atom on its side-chain whose distance to an atom of at
least one of the surrounding water molecules is less
then 1 A. The Bondi radius set* is used for the compu-
tations. The set of residues which become solvent
exposed in going from the dry swollen globule state to
the more open I-state is identified as follows: it consists
of residues which are not exposed to solvent in the time
interval 0.05-0.15 ns, but are exposed during 0.2-0.3 ns
interval of the acid-unfolding trajectory. Each interval is
represented by 20 consecutive snapshots, a residue is
considered solvent exposed during the given time inter-
val if it is exposed in more than 14 (i.e. ~70%) of the
snapshots.

Continuum solvent calculations

The folded state is represented by 25 conformations
taken from the native-like portion of the acid-unfolding
trajectory (t = 0.002-0.052 ns) with charges set appro-
priately to neutral pH. The unfolded state is represented
by 500 consecutive conformations from f = 1.964ns to
t =2.964 ns. The total energy of the solvated protein is
calculated wvia E = Eint + Eelec + Evaw + Eswrt  (terms
defined in the main text). Egec is computed as Egec =
Evac + Esolv, Where Ey,c is the protein’s Coulomb energy
in vacuum and Egq, is the electrostatic component of
the free energy of solvation. Eyac, Eint, Eelec, Evdw, are
computed for each snapshot using the AMBER-5 force
field parameters. Numerical solution of the Poisson
equation to compute Egy, is done using DELPHI-IT*
with a cubic box with 211 grid points in each direction.
The dielectric constant of protein interior is 1 and the
ionic strength is zero. We use (kcal/mol) E,.. = 0.005A,
where A [A?] is the calculated solvent accessible area
of protein.** The change in a protein’s conformational
(backbone and side-chain) entropy upon folding is esti-

mated as: AS. = ASp.« + ASg4., Where for a completely
unfolded protein AS,.. ~ 5 calmol™' K™' per residue®®
and ASgq4. ~ 3 cal mol~! K™ per residue.*® To account for
20% residual helical structure in the acid-unfolded state
of apomyoglobin we reduce the above value of AS. by
20%, and use AS.~ 6.4 mol/K per residue. (Eqe. and
Equ contain other entropic effects implicitly).

The salt dependence of AG of folding is calculated as
AG(salt) = AG(salt = 0) + [AE.(salt) — AE .(salt = 0)].
To reduce computational time, we employ (for AG(salt)
calculations only, which are not expected to be very sen-
sitive to the details of the electrostatic model) the
Generalized Born (GB) approximation® to estimate elec-
trostatic energies, and use 50 consecutive conformations
from t=2866ns to t=2964ns to represent the
unfolded state. The GB model we use was demonstrated
to be a reasonable approximation to PB for myoglobin®*
and other systems,” and was shown to describe the
electrostatic effects of monovalent salt adequately.”
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