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Abstract

Solution pH plays an important role in protein dynamics, stability, and folding; however, detailed
mechanisms remain poorly understood. Here we use continuous constant pH molecular dynamics
in explicit solvent with pH replica exchange to describe the pH profile of the folding cooperativity
of a miniprotein BBL, which has drawn intense debate in the past. Our data reconciled the two
opposing hypotheses (downhill vs. two-state) and uncovered a sparsely populated unfolding
intermediate. As pH is lowered from 7 to 5, the folding barrier vanishes. As pH continues to
decrease, the unfolding barrier lowers and denaturation is triggered by the protonation of Asp162,
consistent with experimental evidence. Interestingly, unfolding proceeded via an intermediate,
with intact secondary structure and a compact, unlocked hydrophobic core shielded from solvent,
lending support to the recent hypothesis of a universal dry molten globule in protein folding. Our
work demonstrates that constant pH molecular dynamics is a unique tool for testing this and other
hypotheses to advance the knowledge in protein dynamics, stability, and folding.
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Constant pH molecular dynamics simulations of BBL reveals
negligible folding free energy barrier that is pH dependent and
a sparsely populated dry molten globule state.
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1 Introduction

Protein folding, the process by which a protein’s sequence directs the amino-acid chain to
form a stable three-dimensional structure, has fascinated the experimental and theoretical
communities for more than two decades~3. At the focal point are the so-called ultrafast
folders, i.e., miniproteins with micro- or sub-microsecond folding time*, which offer a
unique opportunity for bridging experimental measurements and computer simulations at
atomic resolution 7. Among these proteins, the so-called downhill or barrierless folders
have sparked great interest and controversy®-14, Classical protein folding is barrier limited,
i.e., native (folded) and denatured (unfolded) conformational ensembles (states) are
separated by a significant energy barrier 11. By contrast, an ideal downhill folding protein
samples a single energy well, with a minimum that “continuously” shifts between the folded
and unfolded states under varying temperature or solution conditions®16. In practice, a
downhill folder is the one with a marginal folding free energy barrier, i.e., < 3k7, where kis
the Boltzmann constant>17:18_ Thus, probing downhill folders promised to offer a complete
view of the protein folding process. In this work, we varied pH /n silico to probe the
unfolding mechanism of a helical mini-protein, BBL, which has been intensely debated over
the past decade811-1316.19,

BBL is a mesophilic variant of the peripheral subunit binding domain (PSBD) family of
proteins 20. NMR models of various length (37-50 residues, Table S1, ESIT) revealed two
parallel a-helices joined by an irregular loop (Fig. 1a). A conserved Asp16221:22 forms a
conserved?3 hydrogen bond network with the sidechain and backbone of Thr152 and Thr159
(Fig. 1b). At the end of the two helices are two histidines, one of which (His166) is packed
against a hydrophobic pocket formed by Leu144, Ala148, 1le149, and Val16324, which
together with other interhelical and loop-helix contacts form the hydrophobic core in the
protein (Fig. 1a and c).

BBL was suggested to be a downhill folder based on spectroscopy and calorimetry
measurements by Mufioz and coworkers813:17, Fersht and coworkers, however, showed that
BBL folding follows the conventional two-state cooperative mechanism?® and has an
unfolding free energy (or stability) of 2.1-2.4+0.3 kcal/mol at 298 K (3.5-4.1+0.5 kT), pH 7
and 200 mM ionic strength?>. Three differences between the Mufioz and Fersht studies
include the use of an extrinsic fluorophore label at the N-terminus (none in Fersht
experiments), sequence length (6 residue longer in Fersht experiments, Fig. 1d), and solution
conditions (pH 5.3 without salt in Mufioz and pH 7 with 200 mM salt in Fersht
experiments). In their earlier work, Fersht and coworkers showed that at neutral pH, the
stability of BBL remains unchanged as the ionic strength was varied between zero and 200
mM20, More recently, Mufioz and coworkers confirmed their conclusion using the full-
length Fersht construct without the label*3.16. Thus, extrinsic label, sequence length and
ionic strength have been ruled out as the major factors in the controversy. Instead, Fersht and
coworkers pointed out that the phosphate buffer used in Mufioz experiments316 Jed to a
sharp decrease of solution pH from 7 to 5.5 at the guanidinium chloride denaturation
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midpoint12:26, Since the stability of BBL decreases significantly between pH 8 and 520,
likely due to the protonation of His166 which has a measured pKj of 5.42427 Fersht and
coworkers argued that the one-state behavior was a result of denaturation2:26, Thus, pH
emerges as the central player in the debatable mechanism of BBL folding.

The folding cooperativity of BBL has been previously investigated in the theoretical
community using molecular dynamics (MD) simulations based on the native-centric Go
models1°:28.29 and physical force fields39-33, The effect of pH was examined by using two
pH conditions, pH 5 and 7, in the conventional fixed-protonation-state simulations in explicit
solvent (with different protonation states of histidines) 32, and in the continuous constant pH
molecular dynamics (CpHMD)3435 in generalized-Born (GB) implicit solvent33. However, a
complete pH profile of BBL folding, which could shed “more definitive” light in the
controversy, has not been obtained.

In the present work, we employed CpHMD with conformational sampling in explicit solvent
and the pH replica-exchange (pH-REX) protocol3 to study the stability and folding of BBL
in a wide range of pH. Our data reconciled the two-state and downhill hypotheses, and
uncovered an unfolding intermediate, lending support to the hypothesis of a universal dry
molten globule in protein folding. We also found that acid denaturation of BBL is a two-
stage process, sequentially triggered by the protonation of His166 and Asp162, in agreement
with experiment.

2.1 Structure preparation

The NMR model obtained by Fersht group at pH 7 and 200 mM salt (first entry in the PDB
of 1W4H20, sequence given in Fig. 1d) was used as the starting configuration. The N-
terminus was acetylated and the C-terminus was amidated. Hydrogens were added using the
HBUILD facility 37 in CHARMM38, Dummy hydrogen atoms were added to Asp and Glu
sidechains and placed in the sy position initially 34. The protein was then placed in a
truncated octahedral water box so that the dimension of box is larger than the end-to-end
distance of the unfolded BBL (65.3 A16). Water molecules within 2.6 A of any protein heavy
atoms were deleted. To relax the hydrogen positions, the system was minimized by steepest
descent followed by the adopted basis Newton-Raphson method with protein heavy atoms
fixed and subsequently harmonically restrained with a force constant of 50.0 kcal/mol-AZ.
Note, no explicit counter ions were added in the simulation, following our previous work36.
BBL has a small (+2) total net charge at pH 7. To compensate for the pH-dependent total net
charge and its fluctuation during proton titration, a background plasma was applied in the
particle mesh Ewald calculation for conformational dynamics. See our previous study for
more discussion38. To focus on the pH effect, no salt ions were included in the simulation.

2.2 CpHMD simulations

CpHMD simulations with the hybrid-solvent scheme and pH replica-exchange protocol36
were performed using the PHMD and REPDSTR modules in the CHARMM package
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(version c37b1)38, The all-atom CHARMM?22/CMAP force field3940 and the CHARMM-
style TIP3P water model4C were used to represent the protein and water, respectively.

Following energy minimization, the system was heated from 0 to 300 K in 60 ps with the
protein heavy atoms harmonically restrained with a force constant of 5.0 kcal/mol-A2.
During equilibration, the restraint was gradually reduced to zero within 90 ps followed by an
850-ps unrestrained dynamics run. In the heating and equilibration stage, CpHMD was
turned on at pH 7. Molecular dynamics was conducted under periodic boundary conditions
and constant NPT ensemble at ambient temperature (300 K) and pressure (1 atm), controlled
by the Nése-Hoover thermostat*! and the Langevin piston pressure-coupling algorithm?2,
respectively. The SHAKE algorithm#23 was applied to bonds involving hydrogen atoms to
allow for a 2-fs time step. The van der Waals energy and force were gradually switched off
with a switching function applied in the range from 10 to 12 A. Electrostatic energy and
force were calculated using the smooth particle-mesh Ewald method#44° with a real-space
cutoff of 12 A and a sixth-order interpolation with approximately 1 A grid spacing. The
neighbor list was updated whenever necessary. All Asp, Glu, His, Lys and Arg residues were
allowed to titrate. The A coordinates were updated every 5 MD steps to allow for water
relaxation 3. The solvation forces for A dynamics were calculated using the GBSW
implicit-solvent model#8. The ionic strength in the GB calculation was set to zero. The
default setting in the GBSW and PHMD modules of CHARMM was used36.

In the production run, the pH replica-exchange protocol was applied. 36. Every 500 MD
steps or 1 ps, the spatial coordinates of two replicas with adjacent pH attempted a swap
according to the Metropolis criterion 38. At the start of the production run, 7 replicas were
placed in the pH range 1-7.5. After 85 ns, additional 13 replicas were added to enhance
sampling. The pH conditions of the 20 replicas were 1.0, 1.5, 2.0, 2.25, 2.5, 2.75, 3.0, 3.25,
3.5,3.75,4.0,4.25,4.5,4.75,5.0,5.5, 6.0, 6.5, 7.0 and 7.5. Each replica was subject to
constant NPTpH molecular dynamics of 380 ns, resulting in an aggregate sampling time
over 6 /5. The last 100 ns of all replicas were used for analysis. Data was collected every 1

ps.

2.3 Control simulation

As a control, we performed the conventional fixed-protonation-state simulation with the
same force field and starting structure as in the CoHMD simulations. Hydrogens were added
using the pdbZgmx utility of GROMACS. The protonation states of all titratable residues as
well as the tautomeric states of histidines at physiological conditions were assigned
according to the pH 7 replica in the CpHMD simulations. The molecule was solvated in a
triclinic water box with a minimum distance of 15 A between the solute and edges of the
water box. Two explicit CI™ ions were added to neutralize the excess charge. The system
energy was minimized by steepest descent until the maximum force was reduced below
1000 kJ/mol/nm.

The simulation was performed using the GROMACS package*’ (version 4.5.5). The LINCS
algorithm*8 was applied to bonds involving hydrogen atoms to allow a 2-fs time step.
Systems were simulated under periodic boundary conditions in the constant NPT ensemble
at a temperature of 300 K maintained by the Hoover thermostat*! with a time constant of 0.1
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ps. The Parrinello-Rahman barostat 4° was applied to maintain a pressure of 1 atm using
isotropic pressure coupling with the time constant of 4.0 ps, reference pressures of 1 bar, and
compressibility of 4.5x107° bar~1. van der Waals interactions were smoothly switched off
from 10 to 12 A using a switching function. Electrostatic energies were calculated using the
particle-mesh Ewald method**4°, with a real-space cutoff of 14 A and a sixth-order
interpolation with 1.6 A grid spacing. The system was first equilibrated for 200 ps in the
NVT ensemble and 1 ns in the NPT ensemble. The production run was performed in the
NPT ensemble for 400 ns. During the production run, data was recorded every 1000 MD
steps or 2 ps.

2.4 pK, calculation

We defined the protonated and unprotonated states as those with A < 0.2 and A > 0.8,
respectively. The unprotonated fraction Scan then be calculated. Fitting of Svalues at each
simulated pH to the Hill equation gave the pKj.

o1
C14107PKaPH) ()

where nis the Hill coefficient representing the slope of the transition region in the titration
curve.

3 Results and Discussion

pH-REX CpHMD simulation of BBL in explicit solvent and pH range 1-7.5 was initiated
from the NMR model of the Fersht construct (pdb 1W4H?209). To focus on the pH effect, no
salt ions were added and the ionic strength in the GB calculation was set to zero. Simulation
lasted 380 ns per replica with a total sampling time over 6 5. We monitored the simulation
convergence by following the time course of the fraction of native contacts g, a commonly
used progress variable in folding studies, and the macroscopic pKj values, indicative of
protonation-state sampling convergence. g is defined as the total number of native contacts
relative to that in the native state (more details given under Fig. 2). After 280 ns, both g at
different pH and pKj values were converged (Fig. S2 and S3, ESIT), and we used the
remaining 100 ns trajectories of the replicas for analysis. Similar analysis was performed for
the control simulation (with fixed protonation states at pH 7, Fig. S4, ESIT).

We first examined the pH-dependent folding of BBL using the potential of mean force (pmf)
or the free energy profile along g at different pH (Fig. 2a). At 7, the pmf displays a global
minimum around g of 0.6, representative of the native basin. A second, shallow minimum
around g of 0.2 is also visible, representative of the denatured basin. In the folding direction
(increasing g), the barrier is less than 0.5 kT, while in the unfolding direction (decreasing g),
the barrier is higher, about 3.5 kT. The pmf of the native basin is about 3 kT lower than the
denatured basins, in excellent agreement with 3.5-4.1+£0.5 KT estimated by Fersht and
coworkers using thermal and chemical denaturation under 200 mM salt 25. As pH is lowered
from 7 to 5, the folding barrier decreases and vanishes at pH 5, indicating downhill folding,
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in support of the hypothesis by Miinoz and coworkers®13.16.17 Syrprisingly, in the pmf for
pH 5-7, we notice a very shallow intermediate around g of 0.4. As pH is further decreased
between 4 and 1, the pmf of the native basin is raising, while that of the denatured basin is
lowering. Interestingly, the intermediate seen in the pmf for pH 5-7 is also lowered and
seems to dominate pH 3 and 4. At pH 3, the pmf of the intermediate has nearly the same
value as that of the native basin. The folding and unfolding barriers are nearly identical. At
pH 2 and 1, however, the pmf of the denatured basin is lowered and becomes visible. This
data suggests that BBL folding is both thermodynamically and kinetically favored above pH
3. Further, there is a sparsely populated intermediate next to the denatured basin.

To examine the pH effect on the overall degree of folding, we plotted the average g at
different pH (Fig. 2b). Two transitions are visible. As pH is reduced from 7.5 to 5, there is a
gradual decrease in g by 0.05, while between pH 5 and 1, g decreases sharply by 0.2. This is
agreement with the pmf of q (Fig. 2a), confirming that BBL is folded above pH 5 and
becomes increasingly denatured between pH 5 and 1. The transition midpoint of the latter is
around pH 3, which is about 1 unit lower than that estimated using thermal denaturation with
200 mM salt 27. We will come back to this point later in the discussion.

We further characterized BBL folding using an additional progress variable, radius of
gyration of the hydrophobic core, /y. The free energy surface (FES) in terms of gand
was plotted for different pH conditions (Fig. 3). At pH 7, the FES displays a minimum
region, corresponding to the native basin, with a broad range of ¢ (0.5-0.8) and a narrow
range of Ay (6-7 A). The latter is similar to the values measured from the NMR models
(Table S1, ESIT). The spread in g can be attributed to the relatively unstable native contacts
(SI). In agreement with the pmf of g (Fig. 2a), the FES also displays a second minimum
region, about 3 KT higher, with garound 0.12 and /7 of 9-12 A, corresponding to the
denatured basin. The FES of pH 5 is very similar to pH 7, except that the minimum region is
slightly shifted (by about 0.05) to smaller values of g, and the region between the denatured
and native basins is slightly more populated. In agreement with the pmf of g, this data
demonstrates that BBL mainly samples the native state above pH 5, and the folding barrier
lowers as pH is reduced from 7 to 5. We note that at pH 5 and below the native basin also
contains the near-native structures, in which the last turn of the CT-helix unwinds. Thus, we
use the term native-like state to refer to the native and native-like structures (Fig. 3,
snapshots NL).

In the FES of pH 3 and below, a “tail” region with small gand significantly larger /y (up to
20 A) develops, indicating that BBL samples an extended denatured state (Fig. 3, snapshot
D). The tail region becomes more populated at pH 1, leading to an L-shaped FES. An L-
shaped FES indicates that BBL folding occurs through an initial hydrophobic collapse
followed by backbone and sidechain reorientation to maximize hydrophobic contacts which
“anneals” the protein to the native state 59. Notably, the FES of pH 1 and 3 also contain a
minimum region with a slightly larger /<y (around 8 A) but much lower g (0.2-0.4) than the
native state, consistent with the intermediate seen in the pmf of g Compared to the native
state, this state, which we shall call dry molten globule (DMG) has weakened hydrophobic
contacts, which results in the tilting of the NT and CT-helices (Fig. 3, snapshot DMG).
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To characterize the structures of the three states, we examined the angle formed by the NT-
and CT-helices, the residue-based helicity as well as the number of water within a radius of 6
A from the center of mass of the hydrophobic core. Note, 6 A is the radius of gyration of the
hydrophobic core in the native state. In the denatured state, the probability distribution of the
interhelical angle is almost flat (Fig. 4a, green), indicating that the two helices can adopt any
orientation, consistent with the wide range of £ values shown on the FES. As expected, the
denatured state is well hydrated, by up to 30 water within a radius of 6 A from the center of
mass (Fig. 4b, green). The NT-helix remains intact; however, the CT-helix is partially
unfolded, with the helicity reduced to below 60% (Fig. 4c, green). This is consistent with the
chemical shifts data measured under the condition of pH 2 and 200 mM salt, which showed
that the CT-helix is largely and NT-helix is partially disrupted?’. The helices are more stable
in the simulations, due to the lack of salt and the helical bias of the CHARMM C22/CMAP
force field>1:52, We note that, at pH 5 and below, the last turn of the CT-helix tended to
unwind, in agreement with the chemical shift data measured at pH 4.8 (His166 is
protonated)24 and the conventional explicit-solvent MD with His166 protonated based on the
OPLS force field32 as well as the simulation in the GBSW implicit solvent 33,

We now turn to the intermediate seen on the FES, which bears the signature of a dry molten
globule>354, Molten globule (MG) refers to a folding intermediate in which the protein
adopts a compact, dynamic form with native-like secondary structure and a loose, unlocked
core®*55, The acid-denatured a-lactalbumin, known as the A form, is an early example of
MG that has been experimentally characterized®8. In contrast to the “wet” MG, a dry MG
(DMG) refers to a MG state with a solvent-shielded protein interior 354, The intermediate
state located on the FES (Fig. 3) exhibits the structural and dynamical features of DMG.
Similar to the native state, the protein interior is devoid of water (Fig. 4b), and the helical
content remains nearly intact (Fig. 4c). However, the NT- and CT-helices are not no longer
locked in a parallel orientation, as evident from the various interhelical angles (Fig. 4a), and
the overall structure is more dynamic, as seen from the greater root-mean-square fluctuation
of the Ca atoms throughout the sequence (Fig. 4d). Thus, the intermediate state found here
will be referred to as a DMG in the remainder of the paper.

We examined the native contacts in the putative DMG, by calculating a contact map, in
which the native contact occupancy is color coded based on the relative free energy. 58
“native” contacts identified in the control simulation (Fig. 5, upper triangle) were all
weakened in the DMG, consistent with the overall enhanced dynamic fluctuation compared
to the native state (Fig. 5, lower triangle). 13 native contacts, Asp129-Leul31, Asp129—
Argl36, Leul31-Leul39, Arg136-Alal40, Alal46-Leul58, Leuld44-Leul67, 1le149-
His166, Gly151-Leul58, Thr152-Thrl59, Thr152-Asp162, G153-Asp162, His166—
Lys169, Leul67-Alal70, were destabilized by more than 2 kT. Most of them are long-range
contacts (> /6), located at the interface between the helices and the loop. Notably, the
most strongly destabilized contacts, His166—11e149/Lys169, Asp162-Thr152/Gly153,
involve titratable residues Asp162 and His166 (highlighted in Fig. 5). Significant changes in
the local environment of these two residues result in large pK; shifts during acid-induced
unfolding of BBL (see later discussion). Comparing the long-range contacts in the DMG
with those in the D state (Fig. S6, ESIT), we found that the contacts involving Leul38 (with
Argl60, Leul63, and Leul67) and Val163 (with 1le135, Leul39, Leul44, and 1le149) are
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further weakened, which suggests that Leu138 and Val163 are the most critical hydrophobic
residues for BBL unfolding. These data are consistent with the experimental findings:
Leul38 is a conserved residue in the PSBD family and mutation L138A significantly
destabilizes BBL; V163A nearly unfolds the protein23.,

Lastly, we calculated the pH-dependent stability change of BBL using the integrated form of
the Wyman linkage equation?7:57:58,

1+10PK? —PH 14 1oPKT —pH™

1-H10PKT P 141 QPKP P o)

AG™ (pH)—AG™ (pH™)=RT) In

i

where /is the index of the titratable site, AGYf(pH'e) is the unfolding free energy at a

reference pH, pK ¥ and pK P refer to the pKjy’s in the native and denatured states,
respectively. Accordingly, only residues having a significant pK; shift upon protein

unfolding, i.e., pkP —pKY, contribute to the pH-dependent stability change.

In our simulations, the only residues that showed significant pKj shift are Asp162 and
His166 (Fig. 6a, red). In the native state, the pKj; of Aspl162 is significantly down shifted
relative to the model value by more than 3 units, due to the hydrogen bonding with Thr152
and Thr159 which favors the charged form (Fig. 1b). Further stabilized comes from the
attractive electrostatic interaction with Lys165, located nearly one turn away on the same
helix. In the denatured state, however, the hydrogen bonds and the interaction with Lys165
are disrupted, resulting in an increase of pKj. The pKj of His166 in the native-like state is
down shifted relative to the model by about 1 unit due to desolvation which favors the
neutral form (Fig. 1c). Partial unwinding of the CT-helix and disruption of the hydrophobic
core in the denatured state lead to the increase in solvent exposure and recovery of the
normal (model) pK.

We compare the calculated p Kj shifts with the experimental ones derived from the native-
state pK;’s and the slope of the pH-dependent stability curve?’. Noticeable differences are
found for two residues, Asp162 and Glu161(Fig. 6a), which can be attributed to the different
salt condition (200 mM in experiment and zero in the simulation). The calculated pKj shift
of Asp162 is about 2 units larger than experiment, which is due to the absence of salt
screening of hydrogen bonding, which would significantly raise the native-state p K.
Additionally, the use of the GB implicitsolvent model to propagate A dynamics has been
known to underestimate the pKj;’s of acidic residues involved in salt-bridge or hydrogen-
bonding interactions 36. In contrast to Asp162, the calculated pK; shift for Glu161 is smaller
by 0.7 units compared to experiment, which may be attributed to the absence of salt
screening in the denatured state. As a result, the denatured-state pKj; of Glul161 (3.4)
remains depressed relative to the model value (4.4).

Using the calculated native and denatured pKj3’s, we obtained the pH-dependent stability
(unfolding free energy) change of BBL. Consistent with the pH-dependent fraction of native
contacts (Fig. 2b), two transitions are clearly seen (Fig. 6b, red). The first transition is due to
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the titration of His166, which destabilizes the protein by nearly 2 kT going from pH 7 to 5.
The second transition is due to the titration of Asp162, which destabilizes the protein by
more than 4 kT going from pH 4 to 1. Consistent with the p Kj shifts, the calculated and
measured stability changes agree well in the pH range 5 to 8 (Fig. 6b). Below pH 5, the
calculated curve is shifted to lower pH values, due to the smaller native pK;, of Asp162
compared to the measurement. The larger stability decrease below pH 3 is due to the larger
calculated pKj shift of Asp162 as compared to experiment.

How does protonation of His166 and Asp162 influence the stability of BBL and ultimately
induce unfolding? At pH 7, the de-protonated His166 is packed against the hydrophobic core
and interacts with Lys169 at the end of the CT-helix (Fig. S7, ESIT). At pH 5, His166
becomes protonated, resulting in the loss of the hydrophobic contact and emergence of the
electrostatic repulsion from Lys169, which destabilizes the CT-helix, leading to unwinding
of the helical end (Fig. 3, snapshot NL), in agreement with the chemical shifts data24 and
previous simulation studies performed at 5 and 73233, Thus, the effect of His166 protonation
is mainly local unfolding. The protonation of Asp162, however, leads to global unfolding. At
pH below 3, Asp162 becomes protonated, leading to the breakage of a hydrogen bond
network which helps stabilize the hydrophobic core and consequently unfolding of BBL
(Fig. 3, snapshot D). Our data corroborate the experimental findings that D162N and D162G
mutations nearly unfolded BBL and E3BD proteins, respectively 21:23, supporting the notion
that interactions involving Asp162 are a part of the folding nuclei for PSBD family proteins
23 Note, while our data highlights the role of Asp162, it does not rule out the contribution
from other acidic residues because their protonation increases the repulsive Coulombic
forces due to the excess positive charges. Cerminara et al. recently suggested that BBL
unfolding could be due to the titration of an arginine®®. Our simulations demonstrated that
Lys and Arg residues are fully charged in the simulation pH range (1-7.5), thus ruling out
their involvement in the unfolding of BBL.

4 Concluding discussion

We have employed CpHMD simulations to study the pH profile of BBL stability and
folding. Two dominant conformational ensembles, native-like and denatured states, were
identified, consistent with the two-state folding mechanism advocated by Fersht and
coworkers2:19.2526 At pH 7, our simulations gave an unfolding free energy of 3 kT,
matching the experimental estimate of 3.5-4.1+0.5 kT22. Interestingly, the folding free
energy barrier is only about 0.5 KT, and it decreases to zero as pH is reduced to 5, lending
support to the downhill folding mechanism proposed by Mun&z and coworkers813.16_ Our
simulations confirmed the critical role of His166 and Asp162 in BBL folding. Protonation of
His166 destabilizes the protein by partial unwinding the CT-helix, in agreement with both
NMR data2* and previous MD studies 32:33. Protonation of Asp162 completely disrupts the
hydrophobic core, consistent with the mutation data?123 and experimental pKj shift of
Asp162 upon unfolding. The denatured state emerged from our simulation showed a higher
helical content and stronger local attractive electrostatics, as compared to that inferred from
NMR and pK; measurements2’. These differences can be mainly attributed to the absence of
salt screening in the simulation but also the force field bias toward the helical state 51.52,
Surprisingly, our simulations revealed that acid-induced unfolding of BBL proceeds via a
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DMG, which has not been previously reported in the BBL folding simulations!®:28-33
perhaps due to the use of high temperature which destabilizes the state. Nor was it reported
by Fersht and Mundz groups, which may be due to the sparse population.

Contrary to the belief that protein unfolding is initiated by the penetration of water into the
protein interior, formation of DMG has been proposed as a universal kinetic unfolding
intermediate by Baldwin and others based on the experimental studies of several proteins,
such as ribonuclease A (RNase A) and villin headpiece subdomain (HP35)%3:54, The first
evidence of DMG came from the urea denaturation experiment of RNase A, where proton
NMR and hydrgen/deuterium exchange data indicated an unfolding intermediate, in which
the protein contains a high degree of secondary structure, the sidechains are free to rotate but
water is absent in the core®0. Recently, the native-state triplet-triplet energy transfer
experiments suggested that both expanded and compact DMG states exist as folding
intermediates for the miniprotein HP35, which has been long thought as a highly cooperative
folder 61.62_ Experimental evidence of DMG has also been shown in urea unfolding of
ribonuclease H®3 and acid unfolding of a multi-domain protein, human serum albumin®4,

In the theoretical community, DMG was first hypothesized as a high energy state that
precedes protein unfolding®®. Later, in the first acid denaturation MD simulation on
apomyoglobin, an unfolding intermediate similar to DMG was observed preceding a wet
MG state 6. More recently, the MD simulation of urea unfolding of hen egg lysozyme also
demonstrated a DMG as an early unfolding intermediate8”. Thus, our data lends support to
the role of DMG as a universal intermediate in protein unfolding. CpHMD simulations offer
a unique opportunity to probe detailed electrostatic mechanisms that govern protein
dynamics, stability, and folding.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Structure and sequence of BBL
a) Overall structure of BBL (pdb 1W4H?20), with the N- (133-141, red) and C-terminal

helices (160-168, blue) shown in ribbon and Asp/Glu/His sidechains shown in stick model.
The hydrophobic core, comprised of residues 11e135, Leu138, Leu139, Leul44, Alal46,
Alal48, 11e149, Leul58, VIal63, His166, and Leul67, is shown as the grey surface. b)
Zoomed-in view of the hydrogen bonds (indicated with broken lines) involving Asp162. c)
Zoomed-in view of the two histidines. d) The amino acid sequence of BBL used by Fersht
and coworkers (pdb 1W4H). The truncated sequence used by Mufioz and coworkers 817 is
shown in bold.
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Fig. 2. BBL samplesthe native and denatured basinsaswell as an intermediate statesin a pH-
dependent manner

a) Potential of mean force as a function of the fraction of native contacts g at different pH in
units of A7, where k is the Boltzmann constant. Following Brooks and coworkers %0, two
residues were considered in contact, if the distance between the center of geometry of the
sidechain heavy atoms is within 6.5 A. A contact was considered native, if it occurs with a
probability above 0.5 in the control simulation. b) Average fraction of native contacts at
different pH.
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Free energy surface as a function of the fraction of native contacts g and the radius of

gyration Ry. Representative snapshots are shown for the native-like (NL), dry molten

globule (DMG), and denatured (D) states. /Ry was calculated using the hydrophobic core

residues given under Fig. 1.
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Fig. 4. Characterization of thethree different states
a) Probability distribution of the interhelical angle between the NT- and CT-helices. Native-

like (NL), dry molten globule (DMG), and denatured (D) states are indicated in black,
magenta, and green, respectively. NL was defined with g > 0.5 and £y < 7; DMG was
defined with 0.2 < ¢< 0.4 and Ry < 9; D was defined with Ry > 9. The interhelical angle is
defined by the helical vectors formed between the Ca atoms of residues 133 and 141 and
between residues 160 and 166. b) Number of water within a radius of 6 A (gyration radius of
the hydrophobic core in the folded state) from the center of mass of the hydrophobic core
(defined under Fig. 1). ¢) Residue-based helicity. d) Root-mean-square fluctuation (RMSF)
of the Ca atoms.
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Fig. 5. Native contact occupancy in the dry molten globule
Native contacts are indicated in the top triangle. Destabilization free energies,

AG=—kTInP;; /B‘}“, in units of KT, are shown in the lower triangle. #;;and

AG=—kTInP;; /P;J‘-at represent the probabilities of contact //in the DMG and N states,
respectively. The latter was calculated using the control simulation (Fig. S5, ESIT). For
clarity the free energies were binned and color coded: 0-1 kT (blue), 1-2 KT (green), 2-3 KT
(cyan), 3-4 KT (orange), and 4-5 KT (red). Residues discussed in the main text are indicated.
The positions of the two helices are given on the bottom and side of the contact map.
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Fig. 6. Comparison to experimental measurements of pH-dependent stability of BBL
a) Calculated (red) and experimental (black) pKj shifts between the native and denatured

states. The native state was defined with ¢> 0.7 and Ry <7 A. The experimental denatured-
state pKj;’s were assumed as 3.75, 4.46 and 6.33 for Asp, Glu and His, respectively, based on
fitting the corresponding calculation (Eq. 2) to the pH-dependent stability measurements in
200 mM salt solution 2. b) Calculated (red curve) and measured (black circles) pH-
dependent stability 27. Calculation used the native and denatured pKj,’s of Asp162, His166,
and Glul141 (Eq. 2).

Phys Chem Chem Phys. Author manuscript; available in PMC 2019 January 31.



	Abstract
	Graphical Abstract
	1 Introduction
	2 Methods
	2.1 Structure preparation
	2.2 CpHMD simulations
	2.3 Control simulation
	2.4 pKa calculation

	3 Results and Discussion
	4 Concluding discussion
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6

