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ABSTRACT: To gain physical insights into how proteins respond to changes in pH, the picosecond to
nanosecond time scale dynamics of the small serine protease inhibitor eglin c have been studied by NMR
spin relaxation experiments and MD simulations under two pH solution conditions, pH 7 and 3. Like
many proteins, eglin c is destabilized by a lowering of the pH, although it retains enough stability to
maintain its native conformation at pH 3. Backbone15N relaxation results show comparable global tumbling
times (τm) and model-free order parameters (S2) under the two pH conditions, indicating that the molecule
maintains its overall molecular shape and structure at low pH, although the backbone rigidity is slightly
increased (〈∆SpH3-pH7

2〉/〈S2〉 ) 0.6%). In contrast, the side-chain methyl dynamics, as measured from2H
relaxation experiments, show a substantial increase in rigidity at lower pH (〈∆Saxis,pH3-pH7

2〉/〈Saxis
2〉 )

14.8%). Molecular dynamics simulations performed at these pH states produce results consistent with
NMR measurements, showing that the two methods are in qualitative agreement. Although a full accounting
of the physical basis for the concurrent conformational rigidification and destabilization at low pH requires
further investigation, the high level of detail in the MD simulations provides a potential molecular
mechanism: the breaking of the hydrogen bond between the side chains of Asp46 and Arg53, and changes
in electrostatic interactions, appear to allow the binding loop to move closer to the core part of the protein,
resulting in a more compact structure at low pH. This more compact structure may be responsible for the
increased level of restriction of molecular motion. As these findings show, the stability of a molecular
structure is distinct from its conformational rigidity, and the two can even change in opposite directions,
against naı¨ve expectation.

How energetic, structural, and dynamic properties of
proteins respond to environmental change is a long-standing
question in structural biology (1-6). As the simplest
perturbation to protein structure, the effect of proton binding
on the stability and structure of proteins has been widely
studied. Destabilization by pH differs from chemical or heat
destabilization in that protons bind (or dissociate) and perturb
individual side chains, analogous to mutations, which makes
the study of the effects of environmental pH uniquely
significant to protein structure, dynamics, and energetics.
Changes in pH away from native conditions tend to
destabilize the native structure; this behavior is well-
understood in terms of weakening or disruption of hydrogen
bonds and salt bridges and an overall net repulsion between
like-charged ionizable side chains. Such behavior is observed

with the “acid molten globule” state (7). Accordingly, it is
commonly assumed that proteins will adopt more flexible
conformations under destabilizing pH conditions and, more
generally, that destabilized proteins are more flexible. Such
generalizations can be difficult to make, as the precise
behavior depends on the specific protein. Indeed, the validity
in assuming that increased flexibility results from protein
destabilization has been called into question recently (8) and
remains uncertain. Furthermore, given the complexity of
protein flexibility, the number of studies aimed at under-
standing how pH affects the dynamical properties of proteins
is relatively low (9-16). “Flexibility” in proteins encom-
passes conformational changes occurring on the picosecond
time scale up to minutes or hours, and all time scales ought
to be taken into account in any discussions of flexibility,
whenever possible. Herein, we report a quantitative, site
specific analysis of the effect of lowered pH on a model
protein’s picosecond to nanosecond flexibility using NMR1

spectroscopy and molecular dynamics simulations.
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NMR spin relaxation provides a sensitive tool for studying
protein dynamics. Conventional15N spin relaxation studies
provide dynamics information about the protein backbone
on the picosecond to nanosecond time scale (17), as well as
the microsecond to millisecond time scale using transverse
relaxation methods (18). 13C and2H methods allow NMR
dynamics studies to extend to the side chains (19-21). Still,
the information obtained from NMR relaxation studies
consists of ensemble-averaged properties that fall short of
providing full atomic detail. Molecular mechanics-based
simulations can characterize dynamics on the picosecond to
nanosecond time scale, providing explicit structural and
dynamic information at the atomic, or microscopic, level.
These two methods are complementary, and their combina-
tion has proven to be successful in gaining an understanding
of the dynamics properties of various protein systems (22,
23).

To gain physical insight into how pH alters protein
dynamics and thermodynamics, we have carried out experi-
mental and theoretical studies on the pH stability and
picosecond to nanosecond dynamics of the native state of
eglin c, focusing on two pH conditions, pH 7 and 3. Eglin
c, a 70-residue serine protease inhibitor from the leech
Hirudo medicinalis, is soluble and stable over broad pH and
temperature ranges, and it contains no disulfide bonds (24).
It contains a semiflexible binding (or “reactive site”) loop,
spanning residues 39-49, that interacts with the active site
of a subset of serine proteases. X-ray crystallographic (25,
26) and solution structures (27) have shown that eglin c
adopts the same overall conformation at pH 3 and at neutral
pH values, whether in the free form or complexed with serine
proteases. The folding and unfolding of eglin c undergo a
reversible two-state transition (28). The backbone dynamics
of wild-type eglin c have been previously reported at pH 3
(29, 30). The structure of eglin c is shown in Figure 1, with
the side chains of titratable (affected by acidic titration) and
methyl-containing residues (observed in NMR) highlighted.

Like the stabilities of most proteins, the stability (∆Gunf)
of eglin c is reduced as the pH is acidified such that at pH
3 it is marginally stable at 2.1 kcal/mol, yet it remains highly
structured and globular (27, 29, 30). 15N spin relaxation
experiments at pH 3 and 7 reveal similar backbone dynamics,

which indicate subtle, if not negligible, differences between
the overall structure and backbone dynamics at the two pH
states. However, while protein stability decreases and
backbone dynamics are largely unaffected, side-chain rigidity
increasesat lower pH, as demonstrated by the substantial
increase in model-free order parameters of side-chain methyl
groups (Saxis

2). This may seem counterintuitive, but the effect
is reproduced in the MD simulations. Analysis of the MD
simulations has allowed a simple molecular mechanism to
be postulated here. The novel observations made here should
contribute to a better understanding of the coupling among
structure, dynamics, and energetics in proteins.

MATERIALS AND METHODS

Protein Expression and Purification.Eglin c, containing
an F f W mutation at position 10, was used in place of
wild-type eglin c in all experiments. This mutation was made
for the purpose of fluorescence detection and has a negligible
effect on stability (31) and dynamics (unpublished data). The
protein was expressed using a pET28a plasmid (Novagen)
in Escherichia coliBL21(DE3). Uniform labeling with15N
(13C) was accomplished by growing cells in M9 minimal
medium containing15NH4Cl ([U-13C]-D-glucose) as the sole
nitrogen (carbon) source. Medium was prepared using 60%
D2O when fractional2H labeling was required.

Cells were grown to an OD600 of ∼0.6 and induced with
IPTG for 4 h at afinal concentration of 2 mg/L of medium.
Cells were then pelleted by centrifugation and subjected to
three rounds of freezing and thawing. Following resuspension
of the pellet in 20 mM Tris-HCl (pH 8.0) and sonication,
the suspension was centrifuged at 6000g for 30 min. The
supernatant was treated with 0.2% polyethyleneimine fol-
lowed by another round of centrifugation at 23000g for 15
min. Lysates were dialyzed overnight against 20 mM Tris-
HCl (pH 8.0) and 20 mM NaCl, passed over a Q-Sepharose
column (Pharmacia), and eluted with a salt gradient. The
eluate was concentrated using a pressure ultrafiltration unit
(Amicon) and then passed over a G-50 Sephadex column
(Pharmacia). Eglin c purity was assessed by SDS-PAGE.
The pure protein solution was concentrated and dialyzed
against NMR buffer [20 mM K2HPO4 (pH 3.0 or 7.0), 50
mM KCl, and 0.02% NaN3]. The final concentration of eglin
c in samples for relaxation studies was 1.7-2.0 mM,
dissolved in 10% D2O NMR buffer.

Free Energy of Unfolding.The unfolding free energy of
eglin c (F10W) was determined by GdnHCl-induced chemi-
cal denaturation. Denaturation of eglin c was monitored by
tryptophan fluorescence using an ATF105 Dual Channel
Titrating Fluorometer (Protein Solutions, Inc.) (32, 33).

In each titration, 1.8 mL of the initial protein sample
without GdnHCl was placed in a cuvette (kept in a jacketed
cell holder with a thermostat, a thermoelectric heater, with
a circulated water cooling system and stirred using a
magnetic stirring apparatus) and then titrated with a 7.3 M
GdnHCl solution with the same protein concentration used
in the initial protein sample, both prepared at the desired
pH in appropriate buffers. Titrations were performed at 0.2
M GdnHCl intervals in the ranges of 0-1.2 and 4.5-6.0
M, and at 0.1 M GdnHCl intervals from 1.2 to 4.5 M. The
intrinsic fluorescence of each sample was measured by
exciting the samples at 290 nm and monitoring emission at

FIGURE 1: Ribbon cartoon representation of the structure of eglin
c. The side chains of titratable residues are rendered in green; the
side chains of residues Ala, Leu, and Val, which contain methyl
groups, are rendered in pink.
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350 nm. An interval of 30 s was used to allow the protein to
reach equilibrium after each change in denaturant concentra-
tion (33).

Fluorescence intensity was analyzed using a two-state
unfolding model with the linear extrapolation method (34).
These were combined into a six-parameter equation to fit
the denaturation curves

wherecGdnHCl is the denaturant concentration,cGdnHCl,1/2 is
the denaturant concentration at the midpoint of the transition,
fN andfD represent the signals for pure native and denatured
protein, respectively, without denaturant (the latter extrapo-
lated), sN represents the first derivative dfN/dcGdnHCl, and
similarly for sD, andmN-D represents the rate of change of
the standard free energy of the transition from N to D with
the concentration of denaturant. The free energy of unfolding
in the absence of denaturant is calculated from

NMR Spectroscopy.All NMR experiments were performed
at 37 °C on either a 500 or 600 MHz Varian INOVA
spectrometer equipped with triple-resonance probes and
Z-axis pulsed-field gradients. NMR data were processed
using NMRPipe software for Linux (35). Peak assignment
and spectral analysis were performed with the assistance of
NMRView (36) and Sparky (37) NMR analysis software.

Assignments of backbone amides and carbon atoms were
achieved by gradient-enhanced HNCACB and CBCA(CO)-
NH experiments (38). Chemical shifts of side-chain carbons
and protons were obtained using HCCH-TOCSY (39) and
HCCH3-TOCSY (40) experiments. Stereospecific assign-
ments of prochiral methyl groups were determined using a
fractionally13C-labeled sample (41). Titration of acidic side
chain groups was monitored using a side chain-optimized
version of the HCACO experiment (42). The protonation
state for the histidine imidazole groups was determined using
a two-dimensional (2D) HSQC experiment as a function of
pH (43, 44).

15N spin relaxation experiments were performed on
samples uniformly labeled with only15N. 2H spin relaxation
experiments were performed on samples uniformly labeled
with 13C and randomly fractionally with2H at the 50-60%
level. Relaxation data were collected via a series of HSQC
experiments incorporating a variable relaxation delay (45).
Measurements of15N T1 times and{1H}-15N NOEs were
obtained as previously described (45) with our standard
modifications: two high-power, initial1H saturation pulses
(2-4 ms) were inserted at the beginning of theT1 relaxation
delay (46). ForT1 experiments, peak intensities corresponding
to nine differentT1 delay times (0.037, 0.105, 0.192, 0.296,
0.414, 0.543, 0.685, 0.837, and 1.000 s) were measured, in
addition to three duplicated delay times from which experi-
mental uncertainties were estimated. Underlined times
indicate repeated experiments for estimating the peak
intensity uncertainties. The recycle delay time used inT1

experiments is no shorter than 1.2 s. Transverse relaxation
time constants (i.e.,T2 values) were determined fromT1F

measurements. Delay values used for the experiments were
0.07, 0.017, 0.027, 0.042, 0.062, 0.082, 0.107, and 0.137 s.
The observedT1F times were corrected for off-resonanceT1

relaxation to yield pure transverse relaxation rates (47). 15N
spin lock powers that were used were 2.2 and 1.9 kHz for
pH 3 and 2.0 and 2.0 kHz for pH 7, at field strengths of 600
and 500 MHz, respectively. To ensure the sample was not
overheated during the experiments, recycle delay times in
the T1F experiments were set to>1.8 s. For all{1H}-15N
NOE experiments,1H irradiation times of 4.5 s were used.

Methyl dynamics information was obtained using deute-
rium spin relaxation experiments (19, 21) under the same
solution conditions that were used in the15N relaxation
experiments. Longitudinal and transverse2H relaxation rates
were determined by observing relaxation of IzCzDz and IzCzDy

triple-spin coherences as previously described (19). The
longitudinal IzCz relaxation rate was then subtracted to yield
pure Dz and Dy (T1 andT2) relaxation rates. Different sets of
delay times were used in these experiments: at 500 MHz
field, R(IzCzDz), 2.4, 6.8, 12.5, 19.3, 26.9, 35.4, 44.6, 54.4,
and 65.0 ms; R(IzCzDy), 1.1, 3.2, 5.8, 8.9, 12.4, 16.3, 20.5,
25.1, and 30.0 ms; R(IzCz), 1.0, 9.0, 17.0, 25.0, 33.0, 41.0,
49.0, 57.0, and 65.0 ms; at 600 MHz field, R(IzCzDz), 2.8,
7.9, 14.4, 22.2, 31.1, 40.8, 51.4, 62.8, and 75.0 ms; R(IzCzDy),
1.1, 3.2, 5.8, 8.9, 12.4, 16.3, 20.5, 25.1, and 30.0 ms; R(IzCz),
6.0, 14.0, 22.0, 30.0, 38.0, 46.0, 54.0, 62.0, and 70.0 ms. A
recycle time of 1.8 s was used in all experiments; 32, 32,
and 16 transients/fid were collected for IzCzDy, IzCzDz, and
IzCz experiments, respectively, and 47*× 512* points were
collected for the13C(t1) and1H(t2) dimensions.

The peak intensities from the relaxation experiments (T1,
T1F, IzCzDz, IzCzDy, and IzCz) were fitted to a monoexponential
decay function to yield corresponding relaxation time
constants. Peak intensity errors were estimated from the
intensity differences between original and duplicate time
points. The “model-free” formalism was then used to extract
dynamical parameters for various bond vectors (48). The
overall tumbling time (τm) was fitted globally using relaxation
data from rigid amides (49-51). τm was then fixed, andS2

andτe parameters were fitted locally using the simple model-
free form of the spectral density (48). Order parameters were
fitted with the program relxn2.1 (21), using a grid search/
Powell minimization method. Errors were estimated using
150 Monte Carlo simulations for each local fit. Methyl2H
S2 andτe values were fitted using the sameτm determined
from 15N relaxation values. MethylS2 values were divided
by 0.111 to correct for the reduction in the order parameter
caused by the degenerate methyl rotation, yielding theSaxis

2

value (19, 48, 52).
MD Simulations.The program Sigma (53) was used for

all simulations and analyses, with the charmm22 force field
(54) for the protein molecule and the TIP3P water model
for the solvent (55). The NMR structure of wild-type eglin
c (PDB entry 1EGL) (27) was used as the starting structure.
The PDB file contains a collection of 25 structures, of which
the first was picked up as the initial model.

Prior to the simulation, several necessary modifications
were made to the NMR structure. The side chain of Phe10
was replaced with Trp, to account for the use of the F10W
mutant in all experiments. All other side chains were properly
protonated in accordance with their pKa values and the pH
intended for simulation. Namely, the side chains of Asp and

Fobs) {fN + sNcGdnHCl + fD + sDcGdnHCl ×
exp[mN-D(cGdnHCl - cGdnHCl,1/2)/(RT)]}/

{1 + exp[mN-D(cGdnHCl - cGdnHCl,1/2)/(RT)]} (1)

∆GN-D° ) -mN-D(cGdnHCl - cGdnHCl,1/2) (2)
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Glu are protonated at pH 3 and negatively charged at pH 7;
the imidazole groups of three histidine residues are positively
charged at pH 3 and neutral at pH 7, where the protonation
states have been determined by NMR experiments (44).
Specifically, the H28 and H68 side chains are protonated at
Nε2, and H65 is protonated at Nδ1. The protein molecule was
solvated in a cubic box (64 Å× 64 Å × 64 Å) filled with
water molecules. The final system contains the protein
molecule and 7986 water molecules (∼25100 total atoms).

Before the simulation data were collected, the entire system
was subjected to a series of equilibration steps. First, the
heavy atoms of the protein molecule (except for the side
chain of Trp10) were frozen, while the positions of water
molecules and hydrogen atoms were changed by energy
minimization for 200 steps of the conjugate gradient method,
followed by 40 ps of MD simulation at 300 K. Next, the
constraints were removed from the side-chain atoms, and
the energy of the system was minimized by 100 steps,
followed by 200 ps of MD simulation. Finally, all constraints
were removed, and the system’s energy was minimized for
100 steps. This was followed by 400 ps of MD simulation.
The initial temperature of the simulation was 50 K, and this
was brought to 300 K over a period of 100 ps.

Except during these equilibration stages, in which time
steps of 1 and 4 fs were used for short- and medium-range
interactions, respectively, all other simulations employed a
multiple-time step scheme (56, 57) with time steps of 2, 6,
and 12 fs for short-, medium-, and long-range interactions,
respectively. The SHAKE algorithm (58) was used to
constrain all bond lengths. Ewald summation was used for
calculating long-range electrostatic interactions (59). The
temperature and pressure were restrained by a Berendsen
manostat and thermostat (with separate thermostats for solute
and solvent), respectively, using relaxation times of 0.1 ps
(60). For every 12 steps, the nonbond pair list was updated.
After every 180 steps, the coordinates of the system were
recorded for future analysis. The simulation of the first 2.16
ns was discarded, and only data from the last 43.2 ns
simulation period were used.

The calculation of order parameters and correlation times
follows approaches published previously by other groups (61,
62). In short, the order parametersS2 of a bond vectorµb(t)
is computed as

in which x, y, andz are the components of the unit bond
vectorµb(t) along three Cartesian axes. Here, the braces stand
for the ensemble average. Prior to the calculation ofS2,
overall translation and rotation of the protein molecule were
removed by rigid-body superposition of the structure of the
core part of the protein with respect to the experimental NMR
structure. We found that inclusion of the loop region in the
superposition process essentially does not change the results
of the computed order parameters.

The NMR relaxation experiments carried out in this study
are limited to motions on the picosecond to nanosecond time
scale. Effects from motions longer than the global rotational
correlation time generally do not contribute toT1, T2, and

{1H}-15N NOE, with the exception that slow motions on a
time scale of microseconds to seconds will be evident as
chemical exchange. Thus, we considered it unwise to use
the entire 43.2 ns trajectory over which to calculate order
parameters and correlations. Instead, the long trajectory was
split into small windows of 2.88 ns each (8000 snapshots).
The order parameters and correlation functions were calcu-
lated for each window separately, and the results were
averaged and the root-mean-square deviations used to
estimate a statistical error for the simulation results.

The quasi-harmonic approximation (63-67) was used to
calculate conformational entropy from simulation. This
standard method calculates the covariance matrix of the
coordinates, and then diagonalizes the covariance matrix to
solve eigenvalues of each quasi-harmonic states. The con-
formational entropy of each state is calculated as a quantum
mechanical harmonic oscillator.

Finally, we used the simulation trajectories to compute
and compare the compactness of the protein at two pH
conditions. The radius of gyration,F, of the protein was
calculated from

where i represents theN atoms of the protein without
N-terminal residues 1-7, mi the atom’s mass,rbi its coordi-
nates, andrb0 the coordinates of the center of mass. The same
equation was used to compute, instead ofF, a mass-weighted
root-mean-square distance,D, between the loop atoms and
the center of mass of residues 8-70, where now the
summations are over allN atoms of the loop region (residues
39-49).

RESULTS

Stability. To assess pH stability, the free energy of
unfolding for eglin c was measured over a range of pH values
and at two temperatures (Figure 2). All measurements were
made on eglin c carrying the F10W mutation (Materials and
Methods). The protein is maximally stable at pH∼7, but at
pH 3, the stability is reduced to 2.1 kcal/mol at 37°C.
Nonetheless, the protein is predominantly in a single, folded
form at both neutral pH and pH 3; this is supported by the
appearance of a single set of peaks in the15N-1H HSQC
spectrum recorded at pH 3, corresponding to a single
conformation (Figure 3). Under the two-state folding ap-
proximation, at pH 3 and 37°C, the content of unfolded
protein is 3% of total protein. This amount of unfolded
protein is negligible in the context of these experiments and
does not alter the conclusions drawn.

Backbone Dynamics from NMR.Figure 4 shows eglin c
15N relaxation data at pH 7 and 3 at field strengths
corresponding to1H frequencies of 500 and 600 MHz,
respectively. The values ofT1, T1F, and{1H}-15N NOE are
uniform over regions corresponding to the core of the protein.
AverageT1 and T2 times at 600 MHz for all residues are
0.48 and 0.15 s, respectively, at both pH values. The
N-terminus and inhibitory binding loop regions, however,

S2 ) 3
2
[〈x2〉2 + 〈y2〉2 + 〈z2〉2 + 2〈xy〉2 +

2〈xz〉2 + 2〈yz〉2] - 1
2

(3)

F2 )

∑
i)1

N

mi( rbi - rb0)
2

∑
i)1

N

mi

(4)
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show increased relaxation times consistent with increased
picosecond to nanosecond motion, as observed previously
(29, 30). There are a few peaks (T1, G4, G40, and L45) in
the N-terminus and loop region that exhibit line broadening
at both pH values, which implies conformational exchange
on the microsecond to millisecond time scale. Using the
model-free formalism (17, 48, 49, 52), the global tumbling
correlation time (τm) was determined at each pH state. Using
theseτm values, order parameters (S2) and effective correla-
tion times (τe) for individual N-H bond vectors were best-
fitted for pH 3 and 7.τm was determined to be 4.45 and
4.62 ns at pH 3 and 7, respectively. The observation of
comparable values ofτm indicates that the overall shape and
size of the molecule do not change significantly as a result
of lowering the pH, consistent with the eglin c structure
determined at pH 3 (27). The relaxation data were also fitted
to a local diffusion model, in which each N-H vector is
allowed a localτi ()1/6Di) instead of the global tumbling
time τm (68, 69). We found that the deviations ofτi from
the globalτm are small. The mean values and rms deviations
of the local tumbling times of all N-H bonds of the protein
are 4.6( 0.2 and 4.4( 0.2 ns for pH 7 and 3, respectively.

Because of this, as well as because small degrees of
anisotropic tumbling have negligible effects on order pa-
rameters (51), the global tumbling of eglin c was treated as
isotropic. The order parameters (S2) corresponding to back-
bone N-H vectors calculated from the15N relaxation data
at the two pH values are very similar (Figure 5), although
the order parameters at pH 3 show a subtle increase compared
to those at pH 7. The mean values of the order parameters
of backbone N-H bonds are 0.82 and 0.83 for eglin c at pH
7 and 3, respectively. These15N relaxation data indicate that
lowering the pH does not cause significant changes in the
backbone structure or dynamics of the protein.

Side-Chain Dynamics from NMR. Picosecond to nanosec-
ond motions of methyl groups were characterized from
relaxation rates of2H spins in CH2D isotopomers (19). The
parameterSaxis

2 ()S2/0.111) (52) is used to describe reori-
entational motion of the C-CH3 bond axis. Typical of most
proteins, the methylSaxis

2 values in eglin c are considerably
lower and more varied than corresponding backbone NH
order parameters (Figures 5 and 6). Whereas the backbone
experiences a subtle increase in order parameters (〈∆SpH3-pH7

2〉
) 0.005 and〈∆SpH3-pH7

2〉/〈S2〉 ) 0.6%), the side-chain methyl
axis order parameters (Saxis

2) undergo a substantial increase
(〈∆Saxis,pH3-pH7

2〉 ) 0.08 and〈∆Saxis,pH3-pH7
2〉/〈Saxis

2〉 ) 14.8%)
upon lowering the pH from 7.0 to 3.0 (Figure 6). In simple
terms, these data indicate that, on the picosecond to
nanosecond time scale where side chains exhibit large-
amplitude motions (70, 71), eglin c ismore rigid at pH 3
than at pH 7. This unexpected result appears to contradict
the notion that proteins gain flexibility as they are destabi-
lized and underscores the importance of recognizing motions
on different time scales (see Discussion).

Backbone Dynamics from MD.As mentioned above, NMR
experiments generate ensemble-averaged results lacking
microscopic detail. To complement the NMR studies, we
carried out separate MD simulations at pH 7 and 3 to enhance
the experimental results and to provide structural and
dynamical detail that might reveal any sources of the
observed dynamical differences. The backbone NH order
parameters at the two pH values have been calculated from
the respective 43.2 ns trajectories and compared to the NMR-
derived results (Figure 1 of the Supporting Information).
Except for a few residues at the flexible N-terminus and the
loop region, good agreement is observed between experiment
and simulation, which is expected for backbone dynamics
(22, 61, 62, 72-76, 89). General agreement between NMR
and MD simulations adds confidence in our use of simula-
tions to provide mechanistic insights into pH-induced ri-
gidification.

Side-Chain Dynamics from MD.A more stringent test of
agreement between MD- and NMR-derived dynamics is the
comparison of side-chain methyl order parameters, as the
side chains have more varied (and less easily predicted)
dynamical properties on the picosecond to nanosecond time
scale (70, 71). Prediction of side-chain dynamics poses a
considerable challenge, requiring an accurate force field and
adequate sampling of phase space in the simulations.
Analogous to backbone NH groups, side-chain methyl order
parameters (Saxis

2) were calculated from the two simulations.
We have observed a significant overall correlation between
side-chain order parameters of eglin c from simulations and
experiments (Figure 2 of the Supporting Information). The

FIGURE 2: Unfolding free energy of eglin c at different pH values
determined from fluorescence measurements in the presence of
increasing concentrations of guanidine hydrochloride: (2) 37 and
(3) 25 °C.

FIGURE 3: 15N-1H HSQC spectrum of eglin c at pH 3 and 37°C,
collected at a1H frequency of 500 MHz.

13860 Biochemistry, Vol. 42, No. 47, 2003 Hu et al.



pH-inducedchangesin Saxis
2 values computed from simula-

tions (results not shown here) correlate less well with the
correspondingSaxis

2 changes observed by NMR. However,
both sets of results show the same overall change in side-
chain order parameters, namely, an increase of the average
Saxis

2 (by 0.012 from the MD value) when the pH is reduced
from 7 to 3. Thus, simulations show that the side chains of
the protein appear to be more rigid at low pH, in agreement
with the NMR results. These observations indicate that, at a
qualitative level, the simulations reproduce the experimental
results and support the proposition that the protein is more
rigid at low pH on the picosecond to nanosecond time scale.

Structural Features.From the solution structure at pH 3
(27) and the X-ray structure (bound to subtilisin Carlsberg)
at neutral pH (25), eglin c exhibits a high degree of structural
similarity in its overall topology (CR rmsd) 0.85 Å for well-
defined regions) (27). Nonetheless, the free solution structure

at pH 3 has measurable deviations from the subtilisin-bound
X-ray structure (27), evident in the differences in side-chain
orientations and some backbone conformations [see discus-
sions on the conformations of P58, G59, and T60 in the
reference of Hyberts et al. (27)]. To explore subtle structural
changes due to the pH change alone, the MD-equilibrated,
unbound structures at pH 3 and 7 were compared directly.
Prior to this, we compared the MD-equilibrated structures
with the experimentally determined structures. At pH 7, we
observe several unique features compared to the high-
resolution X-ray structure of complexed wild-type protein,
crystallized at pH 6.5 (25). Most notable structural differ-
ences are found in the inhibitory loop. First, instead of a

FIGURE 4: 15N spin relaxation data at two different field strengths [(4) 600 and (2) 500 MHz]: (a) pH 7 and (b) pH 3.

FIGURE 5: NMR-derived model-free order parameters (S2) for
backbone N-H bonds at two pH values. In the top panel, the order
parameter is shown as a function of residue number [(1) pH 7 and
(4) pH 3]. In the bottom panel, the difference between the two pH
states was computed asSpH3

2 - SpH7
2.

FIGURE 6: NMR-derived model-free order parameters for the side
chain methyl groups (Saxis

2) at two pH values: (top) order parameter
for each methyl group [(1) pH 7 and (4) pH 3] and (bottom)
difference between two pH states computed asSpH3

2 - SpH7
2.
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hydrogen bond between the side chains of Arg51 and Asp46,
the MD-equilibrated structure has one stable hydrogen bond
between the side chains of Arg53 and Asp46 (Figure 7). The
side chain of Arg51 shows transient hydrogen bond formation
with the side chains of Asp33 or Tyr35, and it switches
between these two partners during the simulation (Figure
7b). Such differences are not surprising given that in the
X-ray structure, eglin c is complexed with a protease. Our
observation is also consistent with the X-ray structure of the
uncomplexed protein (26), in which no hydrogen bond
between Arg51 and Asp46 was reported (coordinates not
available). Furthermore, in the X-ray structure of the eglin
c complex, the residue at position 33 is Asn, not Asp, which
may also account for some of the structural differences.

A comparison between the MD-equilibrated structures at
the two pH states shows that the core region conformations
are very similar (Figure 7a), with an CR rmsd of 0.35 Å
between the two mean structures. They also show the
presence, in both, of a hydrogen bond between the side chain
of Arg53 and the terminal carboxyl group of Gly70, which
is negatively charged at both pH states. As mentioned, at
pH 7, the side chain of Arg53 also forms a hydrogen bond
with the side chain of Asp46 (Figure 7), while at pH 3, this

hydrogen bond is broken due to neutralization, although the
two groups remain within a distance consistent with a
favorable interaction. At pH 3, the side chains of Arg51 and
Arg53 point to directions away from the loop, while at pH
7, the side chain of Arg53 is positioned somewhere between
the loop and the central part of the protein, due to the
hydrogen bond between Arg53 and Asp46.

Different Compactness of MD-Equilibrated Structures.To
investigate the molecular mechanism underlying the apparent
rigidification, we have further analyzed the results of the
two simulations. A small but systematic difference in the
radius of gyration of the protein molecule (calculated with
omission of the first seven N-terminal residues) is observed
between the two pH states, as shown in Figure 8. The mean
values of the radius of gyration are 11.4 and 11.1 Å for eglin
c at pH 7 and 3, respectively. Over 95% of the trajectory,
the radius of gyration at pH 7 is larger than the mean value
at pH 3, and the difference between the mean values exceeds
the rmsd of each individual series by a factor of 1.7. This
change in the radius of gyration is consistent with the NMR-
derived global rotation time (τm), which is slightly shorter
at pH 3 (4.45 ns) than at pH 7 (4.70 ns).

FIGURE 7: Backbone structures of eglin c from simulations. For a clear view, the first seven residues of the N-terminus are not shown. (a)
Superposition of simulated mean structures at pH 3 (blue) and pH 7 (red), the NMR structure (first model) determined at pH 3 (light blue),
and the X-ray structure determined at neutral pH and complexed with protease (pink). (b) At the left, a snapshot of the simulation at pH
7 shows the H-bonds between D46 and R53 and between D33 and R51, and at the right, a snapshot of the simulation at pH 7 shows the
H-bonds between D46 and R53 and between Y35 and R51.
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As structural changes in the protein core are minimal
(Figure 7a), structural changes in the loop region are most
likely to explain the changes in the computed radius of
gyration. The mass-weighted rms distances between the loop
and the center of mass of the central part of the protein
(residues 8-70) demonstrate a significant structural alteration
for the loop region between pH 3 and 7. The mean values
of the mass-weighted rms distances are 15.1 and 14.1 Å for
pH 7 and 3, respectively. On average, the loop is closer to
the core of the protein at low pH (Figure 8). The reason for
this small structural change is the loss of the Arg53-Asp46
hydrogen bond. At pH 7, the side chain of Asp46 points
toward the core of the protein, forming a hydrogen bond
with Arg53 between the loop and the core, whereas at pH
3, the side chain of Asp46 rotates toward the outside of the
protein to interact with solvent; the same behavior is observed
with Arg53. This allows the loop to increase its number of
interactions with the protein core at pH 3, and the protein is
overall more compact than at pH 7. It is important to note
that the structural shifts just described are best discussed in
terms of time-averaged behavior, as many of these shifts are
transient and not captured in all MD snapshots. Transient
effects of this kind can be difficult to detect from X-ray
diffraction or NMR structural data, and in principle, MD
simulations are well-suited to characterization of the transient
structural features that contribute to the overall protein
characteristics.

A particularly interesting aspect of the overall increase in
side-chain order upon acidification is evident from mapping
the NMR-observedSaxis

2 changes onto the structure of eglin
c (Figures 6 and 9). The most significant dynamical changes
in methyl-containing residues occur in the hydrophobic core
of the protein, not in the loop (Figure 9). Therefore, the
redistribution of surface charges, which drives the closer
association of the loop and core at pH 3, somehow promotes
a loss of side-chain mobility in the core. In search of a
mechanism to explain this response, we surmise that the
partial collapse of the binding loop may be partially
responsible for the increased rigidity of the core at pH 3.

Differences in Energetic Terms.To further assess the
effects of structural movement of the loop in terms of
energetics, we have compared several intraprotein interaction

terms: the covalent energy (bond angle, dihedral, and
improper dihedral), the van der Waals energy (the 6-12
interactions), the intramolecular electrostatic energy, and the
packing energy defined by Vorobjev and Hermans (77, 78),
as computed in the MD simulations (Table 1). Relative to
that at pH 7, the electrostatic interaction energy at pH 3 is
higher (disfavored), which is expected for a particle with a
large net charge. Normally, this energy will be offset by a
more favorable solvation energy (77, 78). Of particular note,
the packing energy and van der Waals energy are both lower
at pH 3, indicating a better-packed structure (on the average),
which may also be attributed to the collapse of the loop.
Correlations between packing density and dynamical proper-
ties have been proposed (79), and are discussed below.

DISCUSSION

Most proteins are destabilized as the pH is lowered
significantly below neutrality. Under such acidic conditions,
protonation of negatively charged side-chain groups disrupts
intramolecular hydrogen bonds and electrostatic interactions,
thereby destabilizing the protein and ultimately causing
denaturation. Loss of these space-directed interactions allows
the protein to seek compensatory stabilization from interac-
tions with solvent molecules, possibly through different side
chain orientations. Intuition also tells us that destabilized
proteins should be more flexible since “stable” proteins are
typically structured and “unstable” proteins (i.e., unfolded)
have a great deal of disorder. This type of reasoning leads
to a prediction that residues gain flexibility as proteins are
increasingly protonated or, more generally, destabilized.

FIGURE 8: Radius of gyration and mass-weighted rms distance
between the loop and protein center calculated from simulations:
solid lines (bottom), radius of gyration at pH 3 (blue) and pH 7
(red); dotted lines (top), rms distance between the loop and protein
center at pH 3 (blue) and pH 7 (red).

FIGURE 9: Structure of eglin c, shown with titratable side chains
(green) and side chains containing methyl groups (pink and orange).
The side chains that experience significant changes of order
parameters when the pH is lowered to 3 are shown in orange, along
with their VDW surfaces.

Table 1: Energy Components Calculated on the Basis of the
Dynamics Simulations at Two pH Values (in kilocalories per mole)a

Ecova EVDW Eele Epack

pH 3 992( 18 -115( 11 -1218( 39 877( 19
pH 7 986( 18 -101( 12 -1646( 112 885( 19

a The covalent energyEcova is the sum of bond angle, torsion, and
improper torsion energies.EVDW is the van der Waals (Lennard-Jones)
energy.Eele is the internal electrostatic energy.Epack is the sum ofEcova

andEVDW as defined.
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Indeed, this is often observed, as exemplified by acid-induced
molten globule states (7). However, our results here are at
odds with this general expectation. The concurrent destabi-
lization and rigidification of eglin c at low pH has been
established from chemical denaturation, NMR spin relax-
ation, and molecular dynamics simulations. As will be
discussed, a combination of approaches helps us to begin to
understand this unexpected and complicated behavior, as well
as clarify the distinction between stability and conformational
rigidity in proteins.

Rigidity and Entropy.Compared with the subtle changes
in overall structure and backbone dynamics, eglin c gains
considerable rigidity at the side-chain level at low pH. Since
model-free order parameters characterize the sampling of
phase space, the increased methyl group order parameters
indicate that eglin c has lower conformational entropy (80,
81) at low pH. Realizing that angular motions measured as
order parameters only count for part of the total conforma-
tional entropy, we have calculated the contribution to the
conformational entropy from the simulation results. As
indicated, for both the loop and the central core of the protein,
the pH 3 state always has a lower conformational entropy
than the pH 7 state, which provides further evidence for the
rigidification of eglin c at low pH (Table 2). One may further
decompose the conformational entropy into backbone and
side-chain components from the simulations, and this analysis
reflects the same trends (data not shown). In summary, both
S2 and conformational entropy analyses consistently reveal
a picture of eglin c undergoing rigidification at the side-
chain level at pH 3.

Origin of Increased Rigidity.The data and analysis
presented here are insufficient for determining with certainty
the physical basis for rigidification on the picosecond to
nanosecond time scale under destabilizing pH conditions.
However, the MD simulations have provided a starting point
for mechanistic insights. Although both experimental and
simulation data indicate that no major conformational
changes occur in the protein, from the MD simulations it
appears that the loop region, with greater inherent flexibility,
experiences some degree of conformational change, and this
may be linked to the observed increase in rigidity at pH 3.
The N-terminal segment (first seven residues) is found to
be very flexible under both pH conditions and shows few
interactions with the core part of the protein. It is therefore
unlikely that the N-terminus makes an important contribution
to the observed difference. In contrast, the binding loop has
moderate flexibility, as evident from15N relaxation (Figures
4 and 5) and also makes a number of contacts with the
protein core (Figure 7). With these considerations, it appears
that any significant structural change that might be related
to the increase in rigidity is likely to reside in the binding
loop.

As calculated from the simulations, the radius of gyration
of the protein (excluding the N-terminus) at pH 7 is larger
than that at pH 3 by a small but definite amount of 0.3 Å
(Figure 8). This is consistent with an overall protein structure
and/or shape that is not perturbed much between the two
pH states. However, the mass-weighted rms distances
between the loop and the center of mass of the core part of
the protein (difference of 1.0 Å) demonstrate clear structural
variation between pH 3 and 7 for the loop region, primarily
in the positioning of the loop relative to the core part of the
protein (Figure 8). The loop is closer to the core of the protein
at pH 3 because the hydrogen bond between Arg53 and
Asp46 (at pH 7) is broken due to neutralization of the Asp46
side chain. In the absence of the interaction between Asp46
and Arg53, the loop is free to move toward the core of the
protein, making the protein more compact and rigid, on the
average, as shown in the apparent increase in the number of
van der Waals packing interactions (Table 1). In conjunction
with improved packing interactions, the largest losses of
picosecond to nanosecond motion occur in the protein’s side
chains within the hydrophobic core. It should be mentioned
that due to the transient nature of some of these hydrogen
bonds and packing interactions, as well as the semiflexible
nature of the loop, these observations would be difficult to
make from X-ray or NMR experimental data, and highlight
the utility of MD simulations.

On the basis of our observations that at pH 3 the protein
side chains are more rigid and its structure is better-packed
(on average), it is tempting to implicate an inverse, causal
relationship between the quality of packing (or packing
density) and internal mobility. Such correlations have been
proposed from analysis of high-resolution X-ray structures
(79) and seem entirely reasonable. However, an analysis of
a database of NMR-derivedSaxis

2 values with regard to local
packing densities (of methyl groups) has shown that there
is little correlation between them (70). The apparent dis-
crepancy of these two results may become smaller after
considering that the majority of X-ray structures were
analyzed (79) under cryogenic temperatures (85-120 K).
As fast side-chain fluctuations, reflected inSaxis

2 values, have
been shown to quench at temperatures of<200 K (82, 83),
the inverse relation of packing density and flexibility
observed in the X-ray structures corresponds in large part
to fluctuations considerably smaller in amplitude than those
reported bySaxis

2. On the other hand, the current availability
of NMR-derived side-chain dynamical parameters (e.g.,Saxis

2)
is still limited, leaving the question open. Much of the
relationship between packing and picosecond to nanosecond
fluctuations, as reported from NMR spin relaxation, remains
to be elucidated, and correlated motions are suspected to be
an important consideration (70). With the increasing avail-
ability of high-resolution structures, dynamics data, and high-
precision simulation tools, more definitive conclusions may
be drawn in the future.

Although a full mechanistic explanation for the picosecond
to nanosecond rigidification remains unclear, the increased
rigidity of eglin c at low pH is likely to stem, in part, from
coupling to the apparent collapse of the loop toward the core
of the protein. One can also envision other possible contrib-
uting interactions; for instance, neutralization of Asp and Glu
side chains disrupts the intramolecular hydrogen bonding and
salt bridge interactions. As a result, the side chains of Arg

Table 2: Structure-Based Components of Conformational Entropies
of the Dynamics Simulations at Two pH Values (in calories per
mole per kelvin)a

Sl,t Sc,t Slc,t

pH 3 540.29 2065.87 2489.31
pH 7 584.37 2076.00 2526.86

a Sl,t is the total conformational entropy of the loop region.Sc,t is the
total conformational entropy of the core region.Slc,t is the total
conformational entropy of the core and loop region.
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and Lys can reorient, the charged end to interact with solvent
and the hydrophobic part of these side chains to interact with
other hydrophobic groups. Analysis of the simulations results
shows that for pH 7 and 3 states, the solvent accessible
surfaces (SAS) are 828 and 860 Å2 for the terminal charged
groups of Arg and Lys and 1864 and 1795 Å2 for hydro-
phobic groups, respectively, which includes the hydrophobic
part of Arg and Lys residues. The SAS of the terminal groups
of Arg and Lys is larger at pH 3, and the SAS of all
hydrophobic groups is smaller at pH 3, showing simulta-
neously increased solvent exposure of the charged side chains
and burial of hydrophobic groups under acidic pH conditions.
The increased level of burial of hydrophobic groups may
decrease the accessible free volume of side-chain methyl
groups and thus add to the increased rigidity at acidic pH.
Therefore, the SAS areas appear to support the hypothesis
that perturbation of electrostatic interactions can contribute
to the rigidification process through side-chain reorientations.
However, there is no simple way to quantitatively differenti-
ate the contribution of this mechanism and that from the
collapse of the loop.

One may argue that the increase in rigidity at low pH will
destabilize the native state through a reduction of the
conformational entropy and, in doing so in parallel with the
observed decrease of unfolding enthalpy (28), violate the
classical observation of “enthalpy-entropy compensation”
(84-86). However, several considerations prevent a rigorous
argument for this. The spin relaxation and simulation studies
carried out in this study are limited to picosecond to
nanosecond motions. Other longer time scale motions could
compensate for the entropic loss on the picosecond to
nanosecond time scale. As of yet, we have not observed
appreciable levels of microsecond to millisecond motion by
NMR in more than a few residues, nor have we observed
significant changes in them (work in progress). In addition,
true enthalpy-entropy compensation addresses the entire
system, which includes all intraprotein, protein-water, and
water-water interactions. The conformational entropies
raised from bond vector reorientations only correspond to
part of all intraprotein interactions, a relatively small fraction
of the total interaction scheme.

Difference between Rigidity and Stability.From the results
presented here, it is evident that a distinction should be drawn
between stability and rigidity, which are often viewed as
equivalent or parallel properties, or as two aspects of a single
property. This usage is particularly common in discussions
of protein folding and unfolding processes. From studies on
the relationship between conformational flexibility and
activity in thermophilic enzymes, it has been proposed that
increased conformational rigidity is required to stabilize
thermophilic enzymes against thermal denaturation (84-87).
Interestingly, observations similar to our results have also
been reported for extremophilic proteins (8), with the
exception that those observations were made with respect
to motions on the millisecond time scale. A strength of the
spin relaxation approach used here is that the microscopic
dynamical features are directly obtained from the data, as
opposed to amide hydrogen exchange (8), in which dynamics
are inferred but there is no direct motional or entropic
information. These studies help in showing that the specific
behavior and degree of correlation between flexibility and

rigidity are dependent on the specific protein, as well as the
motional time scales that are investigated.

The results presented here demonstrate that the loss of
native-like stability can be accompanied by anincreasein
rigidity. Protein stability involves interplay between the
macromolecule and its solvent, with a free energy landscape
modulated by enthalpic and entropic contributions from both
players. Proteinrigidity is solely a matter of the molecule’s
own conformational entropy over a range of time scales,
without regard for the surroundings. In terms of energetics,
rigidity can arise either from a favored interaction such as
better packing, in our case, or from a disfavored interaction
such as a highly stressed system, which needs other interac-
tions to recompense the stress. In terms of entropy, rigidity
only indicates narrowing of phase space, or decreasing of
conformational entropy for the structural part investigated.
In the absence of further information describing in detail the
origin of the structural rigidity and compensatory behaviors
of the molecular system, no reliable conclusion about stability
can be drawn from studies of rigidity, andVice Versa, at
least on the picosecond to nanosecond time scale. As such,
more care should be taken in distinguishing these properties,
and direct connections between them should not be assumed.

Comparison with Other Studies of pH-Dependent Dynam-
ics. The effect of pH on protein dynamics has been studied
previously using NMR (9, 11, 14-16, 88), tryptophan
fluorescence (10), and MD simulations (74). Collectively,
these studies show that as the pH is significantly removed
from neutrality, the protein is destabilized while concomi-
tantly gaining various degrees of flexibility, consistent with
common expectation. From those studies, it appears that pH
destabilization affects protein dynamics in a way that can
be predicted from the general picture of chemical or heat
denaturation; that is, as the protein moves closer to the
denatured state energetically, it becomes more disordered.
It should be noted that pH destabilization differs from
chemical or heat destabilization in that protons bind (or
dissociate) progressively to discrete side chains, as opposed
to nonspecific heat or denaturant access to all or most sites
in the protein, which makes the study of pH titration uniquely
significant to protein structure, dynamics, and energetics. In
a study most similar to that presented here, Kasimova et al.
(16) compared picosecond to nanosecond backbone flex-
ibility in human growth hormone at pH 7.0 and 2.7. They
found, through15N spin relaxation, that while the structure
of human growth hormone remained native, the backbone
became more flexible at low pH. Here, pH-dependent
dynamics have been characterized site specifically at both
the backbone and side-chain levels to reveal a different, novel
behavior. Neither the global tumbling time nor the order
parameters of individual N-H bond vectors change signifi-
cantly between the two pH states, suggesting that the
conformationandbackbone NH dynamics of structured parts
of the protein are largely unaffected by the pH shift. Thus,
the novel result here, through the example of eglin c, is that
increased motion on the picosecond to nanosecond (or other)
time scale does not necessarily accompany acid-induced
destabilization, and in fact, the protein can become more
rigid, as reported most effectively by changes in side-chain
mobility.
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