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Prediction of Protein Relative Enthalpic Stability from Molecular Dynamics
Simulations of the Folded and Unfolded States
Voichita M. Dadarlat, Lev A. Gorenstein, and Carol Beth Post*
Markey Center for Structural Biology, Department of Medicinal Chemistry, Purdue University, West Lafayette, Indiana
ABSTRACT For proteins of known structure, the relative enthalpic stability with respect to wild-type, DDHU, can be estimated
by direct computation of the folded and unfolded state energies. We propose a model by which the change in stability uponmuta-
tion can be predicted from all-atom molecular dynamics simulations for the folded state and a peptide-based model for the
unfolded state. The unfolding enthalpies are expressed in terms of environmental and hydration-solvent reorganization contri-
butions that readily allow a residue-specific analysis of DDHU. The method is applied to estimate the relative enthalpic stability of
variants with buried charged groups in T4 lysozyme. The predicted relative stabilities are in good agreement with experimental
data. Environmental factors are observed to contribute more than hydration to the overall DDHU. The residue-specific analysis
finds that the effects of burying charge are both localized and long-range. The enthalpy for hydration-solvent reorganization
varies considerably among different amino-acid types, but because the variant folded state structures are similar to those of
the wild-type, the hydration-solvent reorganization contribution to DDHU is localized at the mutation site, in contrast to environ-
mental contributions. Overall, mutation of apolar and polar amino acids to charged amino acids are destabilizing, but the reasons
are complex and differ from site to site.
INTRODUCTION
Genetic variation due to changes in the amino-acid com-
position of wild-type (WT) proteins can lead to abnormal
functioning of biological molecules and outright disease.
Reliable estimates of the folded-state relative stability of
variant proteins with respect to WT are important for under-
standing monogenic diseases, protein misfolding diseases,
and the evolutionary pathway to resistance to medication
(1–3). Experimental techniques can measure the overall
changes in protein structure and folded state stability but
cannot give a detailed picture of amino-acid-specific effects
on protein stability.

Studies of protein stability can be complemented and
guided by well-designed, time-saving, and less-expensive
computational studies. In recent years, computational
models based on statistical descriptions of the folded state
ensembles have been successful in reproducing native-state
hydrogen exchange and model the pH and temperature
dependence of protein stability by introducing and exploit-
ing the so-called residue-based energetic profiling of
proteins (4–6), and references therein. Despite this notable
progress, recent comparisons of various methods to quantify
contributions of individual amino acids to WT protein and
variant folded state stability (7,8) have concluded that
a complete understanding and accurate prediction of the
change in stability and structure associated with specific
mutations has not yet been accomplished ((9) and references
therein). These studies have revealed that existing prediction
methods for protein relative stability are particularly prone
to error in cases where target mutations involved buried
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polar-polar, polar-charged, and charged-charged interac-
tions, and the introduction of buried, unsatisfied hydrogen-
bonding partners. The authors identified two areas for
improvement of existing energy functions:

1. better description of amino-acid desolvation and forma-
tion of favorable buried polar interactions upon protein
folding, and

2. better modeling of the unfolded state.

For each WT and naturally occurring or engineered
variant protein, the change in enthalpy upon unfolding is
a measure of structural stability. In this work, we report
what to our knowledge is a new method to predict relative
enthalpic stabilities for variants with respect to WT proteins.
To estimate the difference in enthalpy between the folded
and unfolded state ensembles from computational studies,
good models that represent these states are needed for
both. While the three-dimensional structure of the folded
state is usually obtained from x-ray or NMR structural
studies, a model for the unfolded state is not usually well
defined and reliable assessment of the energetics of the
unfolded state is an outstanding problem that still hinders
theoretical predictions of protein folding and stability
(10). Many studies that use models for the unfolded state
adopt the random or statistical coil models. In the random
coil model, free rotations can take place around every
bond, similar to those occurring in a small molecule
(11,12). Other workers have defined the random coil state
as a well-defined reference state in which no side-chain-
to-side-chain interactions are present (13) or have assumed
that theF- andJ-backbone torsional angles of each residue
in a random coil are independent of the (F, J) angles of
every other residue (14). Here we use a simplified model
http://dx.doi.org/10.1016/j.bpj.2012.08.048
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of the unfolded state that combines the two previously
described characteristics, in that the unfolded state is
a collection of peptides defined by the specific amino-acid
composition of the protein.

The model uses a peptide-cocktail normalization for the
unfolded state that allows for comprehensive estimates of
relative enthalpy changes in the intrasolute, solute-solvent,
and intrasolvent interaction energies upon protein folding/
unfolding. It differs conceptually from transfer-based
models (15) where effective hydration protein-to-solvent
transfer coefficients are obtained assuming a homogeneous
protein environment and group additivity. This new, to our
knowledge, model, based on direct energy calculations
from all-atom molecular dynamics (MD) simulations of
the folded and unfolded states, does not make any assump-
tions about the homogeneity of the protein interior because
it considers explicitly each amino acid’s individual local
environment in both folded and unfolded states and uses
explicit solvent to model protein-solvent interactions.

For more than two decades, researchers have successfully
used computer simulations with explicit solvent to sepa-
rately estimate enthalpic and entropic contributions to free
energy (16–22) and make progress in understanding under-
lying physical principles governing protein unfolding.
Following their lead, with the model proposed here applied
to T4 lysozyme and its variants, we examine the thermody-
namic consequences of burying charged groups in the inte-
rior of the protein by assessing the relative change in the
enthalpic stability for the whole variant, and individually,
for each component amino acid.

For the test systems investigated here, we find that while
overall structure is well preserved upon mutation, mutations
at a given site have both local and long-range effects on the
unfolding enthalpies. The results for the relative change in
the enthalpy of unfolding, DDHU, are in good agreement
with experimental data. This model for the prediction of
relative enthalpic stability upon mutation overcomes defi-
ciencies identified for other methods as it includes physical
models for the description of amino-acid desolvation and
the formation of favorable buried polar interactions as
well as reasonable modeling of the unfolded state. The
general method presented here for assessing protein-relative
enthalpic stability and residue-specific contributions to the
relative stability could prove valuable for providing basic
rules for rational protein design and engineering.
MODEL AND THEORY

The unfolded state

The unfolded state model is a collection of amino acids
defined by the protein-specific sequence. The conforma-
tional space of each amino acid in the unfolded state is
sampled through MD simulations of the corresponding
amino-acid dipeptide in explicit solvent and salt. Each
amino-acid dipeptide, AAd, is CH3–CO–NH–CaR–CO–
NH–CH3, where R is the specific amino-acid side chain.
This dipeptide model for the unfolded state captures differ-
ences in the environment between the solvated and folded
state of a residue, as illustrated with the comparison in
conformational distribution shown in Section S1 in the
Supporting Material. While the model is attractive because
of its simplicity and robustness, it may not constitute
an ideal model for all proteins in the unfolded state, in
that it cannot account for transiently stabilized protein
conformations.

Indeed, the suitability of the random coil model to repre-
sent the unfolded state is still an open question and subject
of debate since the early work of Tanford et al. (23) and the
more recent literature (13,24–28). However, recent results
from small angle x-ray scattering (29,30) show that under
certain solution conditions, such as neutral pH and large
protein total charge, unfolded proteins are well described
by an excluded volume random coil ensemble. T4 lysozyme
is a highly charged protein, with a total charge of þ9e at
pH 7. We work under the assumption that the T4 lyso-
zyme-specific collection of 162 dipeptides serves as a
reasonable approximation for the unfolded-state ensemble
of T4 lysozyme.
Model for assessing protein enthalpic stability

Protein enthalpic stability is the change in enthalpy upon
protein unfolding, DHU, defined as the difference between
the enthalpy of the unfolded (Hu) and folded (Hf) states:

DHU ¼ Hu � Hf : (1)

When the folded state is more enthalpically stable than the
unfolded state, DHU > 0. At the infinite dilution limit, the
total enthalpy of a solvated protein solution can be parti-
tioned as a sum of intraprotein E(p,p), protein-solvent
E(p,s), and solvent-solvent E(s,s) interactions,

Htot ¼ Eðp; pÞ þ Eðp; sÞ þ Eðs; sÞ; (2)

where E(p,p), E(p,s), and E(s,s) are ensemble averages of
respective interaction energies. This decomposition is valid
for both folded and unfolded states. The change in enthalpy
upon protein unfolding is a sum of the corresponding differ-
ences in enthalpy between the unfolded and folded states:

DHU ¼ DEUðp; pÞ þ DEUðp; sÞ þ DEUðs; sÞ: (3)

The difference in the change in unfolding enthalpy between
the WT and variant proteins, DDHU, is a measure of relative
stabilization/destabilization of the folded state upon muta-
tion, and is defined as

DDHU ¼ DHU
mut � DHU

WT ; (4)
Biophysical Journal 103(8) 1762–1773



1764 Dadarlat et al.
where DHU
mut and DHU

WT are the enthalpies of unfolding of
the variant and WT proteins. If DDHU < 0, the variant is
less stable than WT, and when DDHU > 0, the variant is
more stable than WT.

To gain insight into the roles of individual amino acids in
protein destabilization and a more detailed understanding of
how each mutation affects protein stability, it is useful to
decompose the relative enthalpic stability by estimating
contributions from each individual amino acid:

DDHU ¼
XNAA

i¼ 1

DDHU;i: (5)

To this end, it is convenient to consider two separate contri-
butions to enthalpy: a component that is related to the
protein and a second component related to solvent. The
second term in Eq. 3, DEU (p,s), reflects the difference in
the strength of the protein-solvent interactions in the folded
and unfolded states. Because of the chosen decomposition
of enthalpy into protein and solvent related contributions,
the protein-solvent interaction energy is here divided
equally between terms representing protein contributions
and solvent contributions to DHU. Therefore, the total
change in the enthalpy of the system upon protein unfolding,
DHU, is separated into two components:

1. the change in enthalpy of component amino acids due to
changes in the local neighborhood, or context-dependent
environmental changes contributed by the protein,
DHU

env; and
2. the hydration-solvent reorganization contribution associ-

ated with the changes in solvent-solvent and solute-
solvent interactions caused by the insertion of the solute,
DHU

hyd�sr .

With these, we have

DHU ¼ DHU
env þ DHU

hyd�sr; (6)

where

DHU
env ¼ DEUðp; pÞ þ 1

2
DEUðp; sÞ (7)

and

DHU
hyd�sr ¼ DEUðs; sÞ þ 1

2
DEUðp; sÞ: (8)

The factor 1=2 in Eqs. 7 and 8 corresponds to equally parti-
tioning the nonbonded protein-solvent interaction between
protein and solvent contributions. The total change in the
enthalpy of unfolding can then be calculated by summing
specific environmental and hydration-solvent reorganization
contributions for all amino acids in the protein:
Biophysical Journal 103(8) 1762–1773
DHU ¼
XNAA

i¼ 1

�
DHU;i

env þ DHU;i
hyd�sr

�
: (9)

The environmental component, DHU;i
env

The change in enthalpy upon protein unfolding is in part due
to the change in the local environment of individual amino
acids in the folded and unfolded states. To probe the local,
context-dependent environment, the environmental compo-
nent of the enthalpy for each amino acid i in the folded (f) or
unfolded (u) state is estimated as

Hx;i
env ¼ Ex;iði; iÞ þ 1

2

�
Ex;iði; jÞ þ Ex;iði; sÞ�; (10)

where x denotes the state of the system (f or u), the first term
represents the intra-amino-acid interaction, and the second
term includes interactions of amino acid i with all other
amino acids in the protein, j, excluding itself, and the
solvent. Please note that in this decomposition, all other
amino acids in the protein (i s j) and all solvent molecules
contribute to the environment of amino acid i.

For the folded state, the sum over all the amino acids in
the protein, NAA,

Hf
env ¼

XNAA

i¼ 1

�
Ef ;iði; iÞ þ 1

2

�
Ef ;iði; jÞ þ Ef ;iði; sÞ�; (11)

is exactly the sum of intraprotein, (p,p), and half the protein-
solvent, (p,s), interactions:

Hf
env ¼ Ef ðp; pÞ þ 1

2
Ef ðp; sÞ: (12)

For the unfolded state, u, the total environmental component
can be calculated as

Hu
env ¼

XNAA

i¼ 1

�
Eu;iði; iÞ þ 1

2

�
Eu;iði; dÞ þ Eu;iði; sÞ�

�
: (13)

Eu,i(i,d) denotes the time average of the interaction energy
of amino acid i with the rest of the dipeptide and Eu,i(i,s)
is the interaction of the amino acid i in the corresponding
dipeptide with the solvent. Ultimately, the environment
specific, amino-acid-based transfer enthalpies, from the
unfolded to folded state, are

DHU;i
env ¼ �

Hu;i
env

	� Hf ;i
env; (14)

where h.i denotes time averages. It is worth reemphasizing
here that these amino-acid-based transfer enthalpies, as
defined above, are context-/environment-specific and do
not assume a homogeneous environment in either folded
or unfolded states.
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The hydration-solvent reorganization component,
DHU;i

hyd�sr

Properties of solvent molecules in contact with a solute
differ from bulk solvent properties. Traditionally, the
protein-solvent interaction energy has been associated
with the so-called hydration energy (16). In addition, the
change in solvent-solvent interaction energy upon solute
insertion is often referred to as the solvent reorganization
enthalpy and is denoted as ls. The solvation energy, Hsolv,
is defined as the sum of the hydration and solvent reorgani-
zation energies (19,20). Hence, because of its historical
connections to both the traditional hydration energy and
solvent reorganization energy, we refer to the second term
in the proposed decomposition of DHU that incorporates
solvent-related effects as the hydration-solvent reorganiza-
tion, or hyd-sr, term.

In this work, the change in hydration-solvent reorganiza-
tion enthalpy upon protein unfolding is the change in the
enthalpy of the solvent (including half of the protein-solvent
interaction) when the protein undergoes the unfolding
transition,

DHU
hyd�sr ¼ Hu

hyd�sr � Hf
hyd�sr:

When the protein folds, part or all of each amino-acid hydra-
tion shell (i.e., all solvent molecules that are different from
bulk solvent) in the unfolded state is lost and there is a net
transfer of solvent molecules back to bulk. For solvent
molecules in the hydration shell of amino acid i, the change
in hydration-solvent reorganization enthalpy upon protein
unfolding is

DHU;i
hyd�sr ¼ DEU;iðs; sÞ þ 1

2
DEUði; sÞ; (15)

and more specifically,

DHU;i
hyd�sr ¼ Eu;iðs; sÞ � Ef ;iðs; sÞ þ 1

2

�
Eu;iði; sÞ � Ef ;iði; sÞ�:

(16)

Let us consider Eq. 16 for the ideal case where residue i
becomes deeply buried in the protein folded state and no
longer interacts with the solvent. In this case, all solvent
molecules in the hydration shell of this specific residue in
the unfolded state are released to bulk solvent when the
protein folds. For this particular case, the change in the
hydration-solvent reorganization enthalpy for the specific
amino acid that becomes deeply buried upon folding will
be a maximum possible change, DHU;i;max

hyd�sr . This is because
the last term in Eq. 16, Ef,i(i,s), reduces to zero as the amino
acid no longer interacts with the solvent, and the second
term, Ef,i(s,s), takes on bulklike values, i.e., Ef,i(s,s) ¼
EBulk(s,s), as all the solvent molecules previously interacting
with this particular amino acid have returned to bulk. There-
fore, for a deeply buried amino acid, Eq. 16 describes the
maximum possible change in hydration-solvent reorganiza-
tion enthalpy and this quantity can be evaluated as

DHU;i;max
hyd�sr ¼ �

Eu;iðs; sÞ	þ 1

2

�
Eu;iði; sÞ	� �

EBulkðs; sÞ	: (17)

Note that the difference between the first and last terms in
Eq. 17, hEu,i(s,s)i and hEBulk(s,s)i, is exactly the change in
solvent-solvent interaction energy upon solute insertion,
namely the solvent reorganization energy, ls. If the whole
hEu,i(i,s)i term was counted toward the hydration-solvent
reorganization enthalpy, DHU;i;max

hyd�sr would be the traditional
solvation energy, i.e., hE(i,s)i þ ls. With our specific
decomposition of the total enthalpy in environmental and
hydration-solvent reorganization components,

DHU;i;max
hyd�sr ¼ 1

2
hEði; sÞi þ ls:

DHU;i;max
hyd�sr can be calculated directly from bulk solvent and

dipeptide solutions MD simulations.
To estimate the change in the hydration-solvent reorgani-

zation enthalpy for partially buried or solvent-exposed resi-
dues, DHU;i

hyd�sr , one can use a measure of the remaining
hydration or solvent exposure for each amino acid in the
protein and the maximum possible changes, DHU;i;max

hyd�sr ,
determined as described above. One measure of solvent
exposure for each amino acid in the folded state, SEi, can
be defined as the ratio between the solvent-accessible
surface areas (SASA),

SEi ¼ hSASAf ;ii
hSASAu;ii;

where hSASAf,ii and hSASAu,ii are the amino-acid solvent-
accessible solvent areas in the folded and unfolded states,
respectively. Using these estimates of amino-acid solvent
exposure in the folded state (normalized with respect to
the unfolded state exposures) and the estimated maximum
possible changes in DHU;i;max

hyd�sr , the change in hydration-
solvent reorganization enthalpy upon unfolding for solvent
molecules associated with each component amino acid i
can be approximated as

DHU;i
hyd�sr ¼ �

1� SEi
�
DHU;i;max

hyd�sr : (18)

Practical estimate of DHU;i;max
hyd�sr

In practice, to estimate DHU;i;max
hyd�sr for each amino acid i, we

use Eq. 17 and time averages for the intrasolvent Eu,i(s,s),
dipeptide-solvent, Eu,i(d,s), and bulk solvent interactions,
EBulk(s,s), respectively, from MD simulations of dipeptide
solutions and bulk solvent. Note that Eu,i(p,s) in Eq. 17 is
replaced with Eu,i(di,s) (where di stands for the dipeptide
Biophysical Journal 103(8) 1762–1773



TABLE 1 Details of the MD simulations in the folded and

unfolded states

System Solute Time (ns) Nw* NNaþ NCl�

Dipeptidesy Apolar:

alad, glyd, iled, leud, phed 101 1094 3 3

prod, trpd, vald 101 1094 3 3

Polar:

asnd, asppd, cysd, glnd 101 1094 3 3

glupd, hsdd, hsed 101 1094 3 3

lsnd, metd, serd, thrd, tyrd 101 1094 3 3

Basic:

argd, hspd, lysd 101 1094 2 3

Acidic:

glud, aspd 101 1094 3 2

Proteins T4(H31p) 74 13,757 9 18

T4(H31n) 74 13,753 10 18

T4(L133D,H31n) 74 13,724 11 18

T4(M102K,H31p) 74 13,000 8 18

Pure water TIP3P 101 1094 0 0

Salty water TIP3P 101 1094 3 3

*Nw, NNaþ, and NCl� are the numbers of water, Naþ, and Cl� molecules.
yDipeptides representing amino acids in alternative protonation states were

simulated for completeness: protonated GLU, glupd; protonated ASP,

asppd; the deprotonated LYS, lsnd; histidine protonated at C
ε
, hsed;

histidine protonated at Cd, hsdd; and protonated HIS, hspd.
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corresponding to amino acid i) to denote the specific
dipeptide-solvent interaction used in this particular applica-
tion. However, the straightforward application of Eq. 17
gives DHU;di;max

hyd�sr for the whole dipeptide molecule, including
the central amino acid, the flanking –NH– and –CO– groups,
and the terminal blocking methyl groups. To separate
the contributions of various amino-acid side chains,
DHU;SCi;max

hyd�sr , we subtract the maximum hydration contribu-
tion for Glyd, DHU;Glyd;max

hyd�sr , from each corresponding
DHU;di;max

hyd�sr , as

DHU;SCi ;max
hyd�sr ¼ DHU;di;max

hyd�sr � DHU;Glyd;max
hyd�sr : (19)

And finally, to obtain an estimate for the maximum
hydration contribution for the amino-acid backbone (bb,
i.e., �NH�CaH�CO�), DHU;bb;max

hyd�sr , we assume that inter-
actions of Glyd (i.e., CH3–CO–NH–CaH2–CO–NH–CH3)
approximate those of two amino-acid backbones plus an
Ala side chain (i.e., one methyl group), or, alternatively,
that interactions of Alad approximate those of two amino-
acid backbones plus two Ala side chains. These values for
maximum contributions from amino-acid side chains and
backbone, together with the respective solvent exposures,
are then utilized in Eq. 18 to estimate DHU;i

hyd�sr for each
amino-acid side chain and backbone. Total hydration-
solvent reorganization contributions for each component
amino acid i are obtained by summing over enthalpy esti-
mates for side chain and backbone.
Simulation systems and protocols

MD simulations were calculated for 25 amino-acid dipep-
tides corresponding to all naturally occurring amino acids
in their protonated and unprotonated forms (Table 1).
Each dipeptide solution contains 1094 water molecules as
well as counterions, Naþ and Cl�, to neutralize charge
and give a salt concentration of 0.2 M. In addition, bulk
solvent—i.e., pure water and 0.2 M NaCl solutions—was
also simulated. Each of the dipeptide and bulk solvent solu-
tions was simulated for 101 ns.

A modified T4 lysozyme was engineered by Dao-pin
et al. (31) to promote two-state folding behavior by
removing a disulfide bond with the substitutions C54T and
C97A. Crystallographic coordinates for this modified T4
lysozyme (PDB:1L63) were the basis for simulations of
wild-type T4 lysozyme with His31 protonated, T4(H31p),
or neutral, T4(H31n). Two mutations, Met102 to Lys
(M102K) and Leu133 to Asp (L133D) were engineered
by Dao-pin et al. (31) for folding studies, and the
crystallographic structure determined for the M102K
variant (PDB:1L54) was the basis for simulations of
T4(M102K,H31p). MD simulations for the folded states of
T4 lysozyme wild-type with H31 protonated, T4(H31p),
or H31 unprotonated, T4(H31n), and two variants,
T4(L133D,H31n) and T4(M102K,H31p), were calculated
Biophysical Journal 103(8) 1762–1773
for a 74-ns time period. The protein simulations include
13,000 water molecules or more, with a salt concentration
of 0.1 M (Table 1). Trajectories were calculated with
the CHARMM22 force-field parameters (32) and CMAP
(33) using the CHARMM program (34) and an NPT
ensemble, at 300 K, under periodic boundary conditions
with particle-mesh Ewald method (35). Other details of
the simulation protocol appear in the Supporting Material.

Solvent-accessible solvent areas in the folded and un-
folded states are calculated from MD trajectories using
CHARMM and a probe radius of 1.4 Å. Interaction energies
(E(p, p), E(p, s), and E(s, s)) used here to estimate the
changes in enthalpy were calculated from postprocessing
MD trajectories for proteins and dipeptide solutions, using
the CHARMM22 force field with a switching function
from 12 to 14 Å applied to the van der Waals and Coulomb’s
electrostatic interactions.
RESULTS

Relative changes in unfolding enthalpies of variants of T4
lysozyme with respect to WT, DDHU, are predicted as out-
lined in Model and Theory, above, and compared with
experimental data measured by Dao-pin et al. ((31); see
their Table II therein). The detailed information of the simu-
lations is then exploited to obtain a molecular interpretation
of the thermodynamic effect of mutating buried amino acids
to charged amino acids.

To start to validate our new (to our knowledge) method
for predicting protein relative stability, we evaluated the
effect of protonation of Histidine 31 (H31), which has
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a highly elevated pKa of 9.1 (36,37); the protonated form,
T4(H31p), is stabilized relative to the neutral form,
T4(H31n), by formation of a salt bridge with D70 (Fig. 1)
(36). In addition, two variants are examined: an apolar to
charged amino-acid substitution with H31 deprotonated,
T4(L133D,H31n), and a polar to charged amino-acid sub-
stitution with protonated H31, T4(M102K,H31p). Both
mutations lead to buried charged residues with altered
pKa values; the pKa of K102 is 6.5 and that of D133 is
6.2 (31,36). Our computations evaluate the effect of burying
charge on the relative enthalpic stability of these variants
with respect to the WT protein, T4(H31p).
Good correlation with experimental relative
change in enthalpic stability

For WT and variants of T4 lysozyme, the environmental
and hydration-solvent reorganization contributions to the
enthalpy of unfolding were calculated according to Eqs.
14 and 18, and DDHU, the relative enthalpic stability with
respect to the reference WT T4 lysozyme T4(H31p), was
calculated according to Eq. 4. DDHU

calc values are deter-
mined from the 101-ns MD simulations for each dipeptide
solution and 74 ns of each folded protein. The first 1 ns
and 14 ns, were dedicated to equilibration of dipeptide
and protein solutions, respectively. Interaction energies for
dipeptide solutions and bulk solvent were calculated as
100-ns time averages and used in the calculation of
DDHmax

hyd . The error in mean values of DDHU
calc was estimated

from block averaging by separating the folded protein
trajectories into five blocks of 12 ns. The estimated standard
errors for the calculated DDHcalc for the three variants
with respect to T4(H31p) are as follows: 53.2 kcal/mol
for T4(H31n); 53.2 kcal/mol for T4(L133D, H31n);
and 54.3 kcal/mol for T4(M102K,H31p).
M102

H31

D70
D10

R148

E11
R145

L133

H31 - D70
D10 - R148
E11 - R145

salt bridges

+1 e

+8 e

FIGURE 1 Structure of T4 lysozyme (PDB:1L63). Salt bridges between

H31p-D70, D10-R148, and E11-R145 are indicated in the figure (dotted

lines). N- and C-terminal domains (gray (top) and blue (bottom), respec-

tively) are connected through an interdomain linker (vertical helix on right).

Side chains of residues at the mutation sites L133D and M102K are

shown (green).
To compare the values predicted from simulations with
experimental data, the enthalpy of unfolding at 300 K
was estimated from the enthalpy change measured at the
temperature of unfolding, Tm (Dao-pin et al. (31); see their
Table II therein) using DCp ¼ 2.5 kcal/(mol K). The exper-
imental values of DH for T4(H31p) and T4(M102K,H31p)
are those measured at pH ¼ 5.3 where the wild-type pro-
tein is most stable (39.3 and 8.0 kcal/mol at 300 K, re-
spectively). Values for T4(H31n) and T4(L133D,H31n)
correspond to experimental DH values at pH ¼ 10.4, above
the pKa of H31 (27.3 and 42.4 kcal/mol at 300 K, respec-
tively). DDHexp for T4(L133D,H31n) relative to T4(H31p)
includes enthalpic contributions for both the substitution
of L133 for D133 (�15.1 kcal/mol) and protonation of
H31 (�12.0 kcal/mol).

Table 2 shows the calculated relative enthalpic stabilities,
DDHU

calc, and the experimental values for DDHU
exp at 300 K.

Relative enthalpies of unfolding for T4(H31n),
T4(L133D,H31n), and T4(M102K,H31p) are with respect
to the reference WT, T4(H31p). The calculated DDHU

calc

for the relative change in enthalpy of T4(H31n), correspond-
ing to the deprotonation of H31 is �6.3 kcal/mol.
T4(L133D,H31n) and T4(M102K,H31p) are destabilized
by �12.7 and �15.6 kcal/mol, respectively. The experi-
mental values for DDHexp estimated as described above
are: �12.0, �27.7, and �31.3 kcal/mol for T4(H31n),
T4(L133D,H31n), and T4(M102K,H31p), respectively.

As seen in Fig. 2 and Table 2, the relative ranking of the
predicted enthalpic stabilities, T4(H31p) > T4(H31n) >
T4(L133D,H31n)> T4(M102K,H31p), matches remarkably
well with the experimental ranking. It is reassuring to note
that, for T4 lysozyme and its variants, the same relative
ranking in stability is indicated by the experimental changes
in the free energy upon mutation as shown in Table 2, last
column. While we obtain a very good correlation between
the experimental and calculated relative enthalpies, the
magnitude of the calculated change in enthalpy is roughly
half that of the experimental values.

Lower values of DCp, such as DCp ¼ 1.8 kcal/(mol K),
lead to larger differences between the experimental and
TABLE 2 Relative enthalpic stability of T4 lysozyme variants

with respect to WT calculated from 74-ns simulations and from

experiment

Protein

Calculated* Experimentaly

DDHU
env DDHU

hyd DDHU
calc DDHU

exp DDGU
exp

T4(Hp31) 0.0 0.0 0.0 0.0 0.0

T4(Hn31) �4.6 �1.7 �6.3 �12.0 �1.7

T4(L133DHn31) �7.8 �4.9 �12.7 �24.2 �5.7

T4(M102KHp31) �14.3 �1.3 �15.6 �31.3 �6.9

*Experimental and calculated enthalpies of unfolding and the change in

enthalpies and free energies of unfolding are reported in kcal/mol.

DDHU
calc is the sum of environmental and hydration-solvent reorganization

contributions.
yDDHU

exp is from the data of Dao-pin et al. (31) extrapolated to 300 K with

DCp ¼ 2.5 kcal/(mol K). See text.
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calculated DHU, but the ranking of the relative enthalpies
remains the same. More-precise experimental determination
of DCp for each individual protein is desirable for a more
accurate comparison of the absolute values of experimental
and calculated enthalpies, but these measurements are not
currently available.
Impact of change in protein local and total charge
upon mutation

Somewhat surprisingly, the variant T4(L133D,H31n) is
more stable than T4(M102K,H31p). Because L133D substi-
tutes an apolar amino acid for a charged one, whereas
M102K is a polar to charged mutation, from a simplistic
point of view one would expect that a more drastic change
of introducing a charged group into a chemical environment
that naturally accommodates an apolar group would be more
damaging to protein stability than a polar-to-charged muta-
tion. Consideration of the net charge on the protein domain
provides a partial explanation for this behavior.

The total charge, Qtot, of T4(H31p) is þ9e; however,
the charge is not uniformly distributed between the N and
C termini domains. Residues 1–74 of the N-terminal domain
carry a net charge of QNterm

tot ¼ þ1e from 23 charged groups,
while residues 75–162 of the C-terminal domain carry a total
charge of QCterm

tot ¼ þ8e from 22 charged groups. That is,
while the total number of charged groups on the N and
C domains are similar, the net charge is overall balanced
in the N domain but not for the C domain. For the more
destabilizing mutation, M102K, the introduction of an addi-
tional positive charge by K102 into the C-terminal domain,
already rich in basic residues, raises not only the total charge
of the protein but also the local charge of the C-terminal
domain from þ8e to þ9e, making the local environment
in this domain even more repulsive. By contrast, the
L133D mutation in the C-terminal domain lowers both the
local charge of the C-terminal domain from þ8e to þ7e,
and the total charge of the protein. We suggest that because
Biophysical Journal 103(8) 1762–1773
the change of M102 to K increases the local charge, this
substitution is more disruptive to the overall stability of
the protein than the mutation of L133 to D, which decreases
the total charge both locally, in the C-terminal domain, and
for the whole protein.

That overall electrostatics of the domain may contribute
to the effects of introducing buried charge into the C domain
is illustrated by a change in a distant salt-bridge interaction
between D10 and R148, one of the pillars of T4 lysozyme
tertiary structure (Fig. 1). Using the average distance
between the side chains as a reflection of the interaction
strength, we find that the distance of the center of mass of
the carboxylate group of D10 to the guanidinium group of
R148 varies among WT T4 lysozyme and the two variants.
It is shortest in T4(L133D,H31n) and equal to 3.9 5 0.2 Å.
By comparison, the average distances for the WT proteins
T4(H31n) and T4(H31p) are 4.0 5 0.3 Å and 4.1 5
0.3 Å. The distance between these partners is 4.6 Å in
T4(M102K,H31p). It is clear that in T4(L133D,H31n) the
D10-R148 salt bridge is well maintained while this
charge-charge interaction is weakened in the least stable
variant, T4(M102K,H31p).
Residue-specific relative enthalpic stability
profiles

Encouraged by the excellent agreement with experiment
shown in Fig. 2, we exploit the molecular detail of MD
simulations to examine the contribution to the relative en-
thalpic stability from each individual residue. Our model
has the advantage of a straightforward analysis of the
residue-specific contribution to the unfolding enthalpy
and thus allows inspection of the specific consequences
of any individual mutation, including buried charge. The
environmental component is determined for each amino
acid i from Eqs. 11 and 13, and using Eq. 14. The
residue-based hydration-solvent reorganization component
is calculated as the sum over amino-acid backbone and
side-chain contributions, using the corresponding time-
averaged solvent exposures (SEi) and DHmax;i

hyd�sr for side
chains from Table S1 (fifth column) in the Supporting
Material, and the estimated maximum value for the back-
bone, �1.56 kcal/mol, with Eq. 18. The amino-acid-based
relative change in enthalpy, DDHU,i, is then calculated ac-
cording to Eq. 4. Figs. 3–5 show the results of these
residue-based, relative enthalpies of unfolding calculations
for the unprotonated T4(H31n) and two variants with
respect to T4(H31p). Although a large number of residues
have near-zero values, several residues, in addition to the
mutated residue, are perturbed by the change in buried
charge. Both contributions that increase (positive DDHU,i)
or decrease (negative DDHU,i) enthalpic stability are
observed, and these nonzero values are contributed mostly
by DHU;i

env. In contrast, DDHU;i
hyd�sr are close to zero for most

residues except for those at the mutated sites. Specific
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amino-acid contributions to DDHU;i
hyd�sr are shown in

Fig. S14.
We focus the following discussion on residues which

contribute over the full extent of the MD trajectories
either more or less favorably to enthalpic stability in the
variant than in the reference protein T4(H31p). The behavior
is determined from the change in environmental and hydra-
tion-solvent reorganization enthalpies, DHU;i

env and DHU;i
hyd�sr ,

as a function of time. Example time profiles for the total by
residue enthalpy change and its components for several
amino acids from trajectories of WT and variant proteins
are shown in Fig. S7, Fig. S8, Fig. S9, Fig. S10, Fig. S11,
Fig. S12, and Fig. S13. The majority of DHU;i

env and
DHU;i

hyd�sr values are converged; however, some of the
surface-exposed amino acids are more mobile and exhibit
side-chain dihedral transitions so that the corresponding
DHU;i
env values are not as well converged after 74 ns of MD

simulations.
Because the fluctuations in any component of the total

energy are much larger than that for the system energy,
the errors in DDHU,i per residue are necessarily larger
than those for the whole protein and therefore the exact
quantitative value of DDHU,i is not well known. Accord-
ingly, we remark on only the residues labeled in Figs. 3–5,
which are those that have DDHU,i values that are greater
or less than the reference values from T4(H31p) over the
course of the simulation analysis period, and thus exhibit
consistent enthalpic differences. These residues indicated
in the figures are mapped on the corresponding variant struc-
ture (upper panels in Figs. 3–5); residues with positive,
favorable contributions to the stability are shown in blue
and those with negative, destabilizing contributions are
Biophysical Journal 103(8) 1762–1773
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shown in red. In all cases, both stabilizing and destabilizing
contributions to the relative change in enthalpy are observed
upon mutation. The total change in enthalpic stability is the
net sum of the positive and negative contributions.

The residue profile in Fig. 3, bottom panel, clearly shows
that deprotonation of H31p destabilizes the direct interaction
of H31 with D70. Several slightly stabilizing, compensating
contributions are also observed for E5, E11, Q105, R145,
R148, and Y161. It is evident from these results that
the main source of the folded state destabilization of
T4(H31n) is the destruction of the H31-D70 salt bridge
upon H31 deprotonation, with each salt-bridge partner
destabilized byz5 kcal/mol for a total destabilizing contri-
bution of �9.9 kcal/mol from these partners. Nonetheless,
significant longer-range effects from deprotonation of
H31 (Fig. 3, top panel) are also observed. The effects on
Biophysical Journal 103(8) 1762–1773
the D10-R148 salt bridge (Fig. 1), are overall unfavorable
for folding; the result of counterbalancing changes
between D10 and R148 gives a net destabilization
of �2.0 kcal/mol. By contrast, the E11-R145 salt bridge is
stabilized as indicated by the þ2.8 kcal/mol with positive
contributions from both E11 and R145. The total DDHU

value of T4(H31n) relative to T4(H31p) is estimated to
be �6.3 kcal/mol (Table 2). This value is close to estimates
for the energy of a single salt bridge (38); however,
the results presented here in Figs. 3–5, show that contribu-
tions to the total enthalpy from deprotonation and other
mutations are dispersed over long distances, not confined
to residues in direct contact with the mutated site. This
observation highlights the difficulties of interpreting exper-
imental data on unfolding from changes in protein structure
alone.

For T4(L133D,H31n), the substitution L133D leads to a
large unfavorable change in the relative enthalpy of unfold-
ing of �18.4 kcal/mol at the mutation site (Fig. 4, bottom
panel); however, many neighboring and distant polar resi-
dues surrounding D133 in the C-terminal domain (Q105,
S117, N132, S136, R148, and Y161) gain in stability by
as much as 6 kcal/mol for S117, to offset the energetic
cost of burying a charged amino acid. We note that the other
destabilizing effects in Fig. 4 from H31 and D70 are mainly
due to the neutral form of H31 used in simulation of
T4(L133D,H31n) as can be seen by comparison with
Fig. 3. The polar amino acids in the neighborhood of site
133, most notably S117, S136, and N132, welcome Asp in
this position and are involved in favorable interactions
with its charged group (Fig. 4, upper panel). Thus,
several residues in the C-terminal domain are stabilized
on average even though the energy of D133 is highly
unfavorable. The energetic cost is due to the unfavorable
protein environment as well as hydration at site L133D;
DDHU;133

env is ~�18.4 kcal/mol, and has unusually large
fluctuations so that this value is not as well converged as
for other residues. (See the Supporting Material for com-
parisons of DDHU;i

env of various residues.) S117 has been
previously recognized as a player in T4 lysozyme folded-
state stability (9).

Our calculations show that S117, N132, and S136 are all
stabilized by the mutation of L133 to D (Fig. 4). In this
variant, D133 forms a quadrad with S117, N132, and
S136, pulling the three residues closer to each other (by
0.5 Å) and shortening the distance between its charged
carboxylate group and the side chains of S117 and N132
by 1.0 and 2.1 Å compared to distances in T4(H31p), respec-
tively. Therefore, introduction of the carbonyl group of
D133 in the neighborhood of these polar side chains leads
to local structural reorganization that allows S117 and
N132 to switch main interaction partners from each other
to D133.

Among the comparisons of buried charge forms of T4
lysozyme studied here, the most destabilizing change is
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M102K with an estimated DDHU
calc ¼ �15.6 kcal/mol

for T4(M102K,H31p) (Table 2). The by-residue values
(Fig. 5, bottom panel) show the contribution from K102 to
be ~�2.0 kcal/mol, much less of a penalty than that for
burying D133 in T4(L133D,H31n) (Fig. 4); however, the
introduction of a basic side chain at position 102 in the over-
all positively charged C-terminal domain is not compen-
sated by multiple stabilizing interactions of polar residues,
as observed for L133D. In contrast, the change to K102
destabilizes the salt bridge of D10-R148 by �1.2 kcal/mol
while at the same time enhancing the E11-R145 salt bridge
by 2.2 kcal/mol. Individual contributions of partner
amino acids in the two salt bridges are as follows: �1.6,
�2.2, þ4.4, and þ0.4 kcal/mol for D10, E11, R145, and
R148, respectively.

From Fig. 5, favorable changes in the enthalpy of unfold-
ing are notable for Q105 and R145, while unfavorable,
negative changes in the relative stability are observed for
E11, E22, M106, R125, E128, and R137. To understand
the relative small destabilization at K102 and larger neigh-
boring destabilizing effects at M106, we compared the local
structure in the WTand variant proteins and noted that in the
WT protein M106 is partly stabilized by a p-type interaction
with W138. In T4(M102K,H31p), K102 takes over the
p-type interaction with W138 and associates with Q105,
while pushing M106 away from its original position in the
proximity of W138. R137 is also slightly displaced from
its original position in T4(H31p). These structural rearrange-
ments allow K102 to find reasonable accommodation in the
core of T4(M102K,H31p), while at the same time displacing
and dislocating its near neighbors. E22, R125, E128, and
R137 are located on the surface of T4 lysozyme and form
stable surface salt bridges in T4(H31p), E22 to R137 and
R125 to E128. These surface salt bridges are destabilized
in T4(M102K,H31p) and the component amino acids
display two-state behavior (bound/unbound) while under-
going large fluctuations in solvent exposure and slower
convergence of DDHU,i.

It is interesting to note that regions of the protein
sequence where the amino acids have larger absolute
changes in relative enthalpic stability also stand out in an
analysis of amino-acid-based relative change in RMSDs.
Residue-based RMSD values for each protein are shown
in Fig. S3. We also calculate the residue-based relative
degree of structural change by subtracting the time-averaged
RMSD value for each amino acid in T4(H31p) from its
counterpart in the other three proteins. The results for whole
amino acids, backbone, and side chains are shown in
Fig. S4, Fig. S5, and Fig. S6. The resulting structural picture
discussed in the Supporting Material supports our earlier
conclusion about the effect of adding a positive charge in
the already crowded, positively charged environment of
the C-terminal domain in that many and larger structural
changes are observed in the C-terminal domain of
T4(M102K,H31p) than in T4(L133D,H31n).
Hydration-solvent reorganization enthalpy

We first consider the maximum hydration-solvent reorgani-
zation contributions for the dipeptides, i.e., the change in
enthalpy when all water molecules in the hydration shell
surrounding one dipeptide are released to bulk. Solvent reor-
ganization energies upon dipeptide molecule insertion, ls,
solvations energies, Hi

solv, and the maximum change in
hydration-solvent reorganization enthalpies, DHU;i;max

hyd�sr , are
listed in Table S1.

Armed with the estimates for the maximum, amino-acid-
based, hydration-solvent reorganization contributions to
protein unfolding, we then calculate DHU;i

hyd�sr for each
residue using Eqs. 17 and 18 as described in Model and
Theory, above. Our calculations show that on average,
each side chain contributes 0.76 kcal/mol hydration-
solvent reorganization enthalpy toward protein folded-state
stability.

Considering the potential contribution to the hydration-
solvent reorganization enthalpy for a given type of side
chain is DHU;SC;max

hyd�sr (fifth column in Table S1), apolar side
chains contribute 1.70 kcal/mol, polar side chains contribute
roughly one-third (0.61 kcal/mol), and acidic amino
acids oppose side-chain desolvation by �0.12 kcal/mol.
An examination of the whole amino-acid maximum con-
tributions to hydration-solvent reorganization (last column
in Table S1) indicates that overall apolar amino acids
favor folding by 0.13 kcal/mol, while polar and charged
amino acids contribute unfavorably by �0.95 and
�1.69 kcal/mol, respectively.

For the case of complete amino-acid backbone burial
upon protein folding, both approximations for the calcu-
lation of DHU;bb;max

hyd�sr outlined in Practical Estimate of
DHU;i;max

hyd�sr , above, give a negative contribution of
�1.56 kcal/mol. That is, in our model the main chain has
an unfavorable hydration/solvent reorganization contribu-
tion to protein folding. This negative hydration-solvent reor-
ganization contribution from the main chain is most likely
compensated by favorable intramolecular interactions, for-
mation of main chain to main chain, and main chain to polar
side-chain hydrogen-bonding interactions that lead to
stable secondary structure formation such as a-helices and
b-sheets and others that hold these secondary structures
together. These possibly compensating interactions are
part of the environmental enthalpy component in our model.

Because the structure of the variants is maintained close
to the WT structure, the relative hydration enthalpy contri-
butions, DDHU;i

hyd�sr , to the total relative enthalpy is practi-
cally limited to contributions from the mutated sites.
DDHU

hyd�sr for each protein are shown in Table 2 and range
in value from �4.9 kcal/mol (for T4(L133D,H31n)
to �1.3 kcal/mol for T4(M102K,H31p). Given the overall
range of the calculated change in enthalpy, these hydration
contributions are significant and should not be neglected
when assessing the relative change in enthalpy upon
Biophysical Journal 103(8) 1762–1773
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mutation. The relative changes in amino-acid-based hydra-
tion contributions to the unfolding enthalpy of the variants
with respect to WT are shown in Fig. S14.
DISCUSSION

Numerous experimental and computational studies aim to
draw general rules for predicting the effects of mutations
of polar and apolar residues to charged residues (9). The
hope is that comparisons between the structure and relative
stabilities of variant and WT proteins will lead to an under-
standing of how individual amino acids contribute to protein
stability. While these efforts have been very successful in
giving valuable insights into quantitative and qualitative
understanding of the overall effects of specific mutations
on protein relative stability, a quantitative measure of
specific, amino-acid-based contributions has been very
difficult to achieve (7,8).

In this article, we outline what to our knowledge is a new
method for predicting the relative change in protein en-
thalpic stability upon mutation and mapping a residue-by-
residue relative enthalpic stability of variants with respect
to WT. The method yields good agreement in rank order
of the enthalpy of unfolding for variants of T4 lysozyme
that bury charged groups. One of the great advantages of
our method is that it allows for a prediction of relative en-
thalpic stabilities for each component amino acid. Good
estimates of DDHU,i may help guide experimental posi-
tive/negative design of proteins leading to desired enhance-
ments of their physical and biological properties.

As seen with these results, while the deprotonated T4
lysozyme and two mutants have well-maintained overall
structure, their enthalpic stability is affected: small changes
in structure do not necessarily translate into small changes
in stability. The overall, macroscopic effect of mutation
that can be measured experimentally is the combined result
of many positive and negative contributions to stability from
individual amino acids, some of them far away from the
mutation site.

The mutation of L133 to D is an example of extreme local
(at the mutation site) destabilization by the immersion of
a charged group in the protein core; however, much of this
destabilization is offset by numerous surrounding interac-
tions that lead to locally enhanced enthalpic stability. The
mutation decreases both the overall charge on the protein
and the local domain (domain C) charge, rendering a softer
protein environment. Based on the results presented here, it
appears that proteins may tolerate burying charged groups
that favor a more charge-balanced local environment. A
more detailed analysis of the effect of local versus global
effects of mutation to charged amino acids is underway.

Our computational method for predicting the relative
enthalpic stability of variants with respect to WT makes
progress in areas identified as needing improvement (7,8).
Better estimates of the effect of polar and charged amino-
Biophysical Journal 103(8) 1762–1773
acid desolvation and hydrogen-bond formation in the folded
state is achieved by the consideration of an environment-
specific change in enthalpy upon unfolding and the design
of a better model for the unfolded state is achieved by the
normalization of the unfolded state as a protein-specific
dipeptide ensemble.

Although the method evaluates well the relative enthalpic
stabilities of variants and wild-type proteins, further work is
needed to identify the leading causes for the overall under-
estimate of DDHU. Two areas of investigation in our labora-
tory currently include extended sampling of the folded state
ensemble and a more rigorous method to approximate
changes in hydration-solvent reorganization energies upon
protein unfolding. These new tools will allow validation
and evaluation of the effectiveness of the method for deter-
mining relative change in enthalpy for systems where struc-
ture is not as well maintained upon mutation and examine
other possible applications of the method such as protein-
ligand binding.
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S1. Characterization of the unfolded state and simulation protocols

We use a novel model to normalize for the unfolded state by which the unfolded state is a collection of
dipeptide molecules representing the exact amino acid composition of the protein. Within this model, the
unfolded state of the protein is characterized by rapidly interchanging, diverse conformers, sampling all
available conformations on the energy landscape, with limited long-range interactions extending to the
neighboring residues (up to their Cα atoms), and interactions with solvent, where the solvent is a solution
of 0.2 M NaCl in water. In this model, the unfolded state of T4 Lysozyme is a specific collection of 162
amino acids representing the exact amino acid composition of the protein: 1 H, 3 P, 3 W, 5 Q, 5 M, 5 F,
6 S, 6 Y, 8 E, 9 V, 10 D, 10 I, 11N, 11 G, 12 T, 13 R, 13 K, 15 L, 16 A. Based on the conformational
sampling from dipeptide simulations, the overall conformational composition for our unfolded state model
for T4 lysozyme is 47% α, 43% β/PPII and 7% αL. Figure S1 shows an example of amino acid structural
configurations that populate the unfolded state for one of the dipeptide systems, the blocked alanine
dipeptide, in two of its most populated conformations, α and β/PPII.

Amino acid conformational preferences may differ significantly between the folded and unfolded states.
Differences in backbone conformational preferences in the folded and unfolded states for one specific amino
acid, ALA, are illustrated by the Ramachandran plots shown in Figure S2. In the unfolded state (Fig. S2,
left panel), ALA samples multiple conformations (αL, αR and β/PPII). By comparison, the folded state
of all T4 lysozyme WT and variant proteins have the majority of their amino acid backbones in α-like
conformations (Fig. S2, right panel).

Although 1L54 includes all 164 residues of T4 lysozyme, the last two residues were not included in
the model to allow for better comparison with WT (1L63) which has only 162 residues in the correspond-
ing PDB entry. No crystals were obtained for the L133D variant, thus coordinates for simulations of
T4(L133D,H31n) were modeled from 1L63 by substitution of the side chain atoms at position 133 from
Cδ, followed by energy minimization.

The CHARMM22 all-atom force-field parameters (1), with a grid-based torsional correction for main
chain dihedral angles (CMAP, (2)), were used for proteins and dipeptide simulations. The water was
represented by the TIP3P model. Simulations were calculated in the NPT ensemble using the CHARMM
program (3), version c36a1, for constant pressure (1 atm) and temperature (300 K) with a 2 fs time
step. Periodic boundary conditions were imposed on the simulated systems, with truncated octahedron
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boxes of L=35.5 Å and L=82 Å for dipeptide and protein solutions, respectively, using the CRYSTAL
facility of CHARMM. For the simulations, electrostatic interactions were calculated by the particle-mesh
Ewald method, (4) with a parameter k=0.32 for the charge screening and 6th-order splines for the mesh
interpolations. Lennard-Jones interactions between atom pairs were switched to zero for distances larger
than 12 Å. The lengths of covalent bonds involving hydrogen atoms and the internal geometries of the
water molecules were constrained to standard values via the SHAKE algorithm.

S2. Absolute and relative residue-based RMSDs

Figure S3 shows the root mean square deviations (RMSDs) averaged over snapshots from the simulation,
by residue, for the four proteins used in this project. Overall, the structures of the WT and variants of T4
lysozyme are well maintained throughout the simulations. The time-averaged root mean square deviation
(RMSD) of the MD snapshots from the energy-minimized PDB structures, following superposition of the
backbone heavy atoms, is less than 1.24 Å for all heavy atoms (1.12, 1.15, 1.19, and 1.24 Å, for T4(H31p),
T4(H31n), T4(L133D,H31n), T4(M102K,H31p), respectively). The by-residue RMSD results for all four
proteins are shown in Fig. S3. The presence of NaCl in our dipeptide solutions (0.2 M concentration)
influences the configurational space sampled by all dipeptides. As a general trend, we noticed enhanced
probabilities of sampling α and αL conformations and less propensity for β and PPII conformations when
compared with results obtained earlier for solvated dipeptides with no added salt and the same force field
(6). The trend is similar to that noted by Asher and coworkers (7).

Figures S4 to S6 show the amino acid-based relative RMSDs between variants and wild type. Fig-
ure S4 shows the residue based relative RMSDs for all heavy atoms, Figure S5 shows residue-based
relative RMSDs of backbone heavy atoms, and Figure S6 shows the residue-based relative RMSDs of side
chains heavy atoms for each residue. For the two variants studied here, the relative average difference
in residue based RMSDs between variants and wild type are smaller for the N terminal domain (.04 and
.03 Å) than that of the C terminal domain (.11 and .21 Å), for T4(L133D,H31n), and T4(M102K,H31p),
respectively. For T4(L133D,H31n) and T4(M102K,H31p), the relative average difference in residue-based
RMSDs is smaller than 0.1 Å for the N-terminal domain and 0.1 and 0.2 Å, respectively, for the C-terminal
domain where the mutations occur. In addition, an analysis of amino acid relative RMSDs shows that
backbone structure is relatively well maintained in T4(H31n) upon deprotonation as evidenced by small
RMSD differences in SM , Fig. S5, top panel. Larger disruptions (> 0.5 Å) of the backbone structure are
shown for T4(L133D,H31n) around amino acids 133 (D in the mutant and L in the WT) and D10, and
again, D10, A112, and T142, R145 in T4(M102K,H31p). Both whole amino acid and side chain relative
changes in RMSDs for T4(M102K,H31p))(Figs. S4 to S6, bottom panel in each), show relatively large
RMSD changes in the C terminal domain around the mutation site, but also in the N terminal domain
around D10.

S3. Convergence of amino acid based enthalpy calculations

Figures S7 through S13 show the instant values and cumulative change in the enthalpy of unfolding:
environmental enthalpy ∆HU,i

env - top panels; ∆HU,i
hyd (middle panels); and ∆HU,i

tot , bottom panels, as a
function of time, for several amino acids in the deprotonated variant and two mutants: H31, D70, Q105
in T4(H31n); S117, N132 and Q105 in T4(L133D,H31n); and R145 in T4(M102K,H31p). Figures S7 and
S8 show the instant values and cumulative change in enthalpy for two salt bridge partners in the wild
type and deprotonated (at H31) T4 Lysozyme. A comparison of enthalpic effects shown in Figures S7
and S8, indicates that deprotonation of H31 leads to less favorable environmental and total residue-based
unfolding enthalpies at both H31 and D70. Additionally, larger fluctuations in the residue-based enthalpy
are observed in the deprotonated variant than in the wild-type protein.

As a general trend, fluctuations in the magnitude of residue-based ∆HU,i
env are larger than those in
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∆HU,i
hyd−sr. Overall, both components of the residue-based change in enthalpy exhibit smaller fluctuations

and smoother convergence behavior in the WT protein than in the variants (Figs. S7 and S8 illustrate
this finding). In addition, the environmental component of residue-based enthalpy change, ∆HU,i

env, has
larger fluctuations for acidic residues than for basic residues (again illustrated by comparison of Figs. S7
and S8).

S4. Relative change in hydration-solvent reorganization enthalpy

Figure S14 shows the relative change in hydration enthalpy, ∆∆HU,i
hyd per residue for the deprotonated

variant, T4(H31n)-top panel, and two mutants, T4(L133D,H31n) - middle panel, and T4(M102K,H31p) -
bottom panel. Because the overall structure of the proteins is well preserved, the changes are significant
only at the mutated sites.

S5. Hydration-solvent reorganization enthalpy

Solvent reorganization energies upon dipeptide molecule insertion, λs, solvations energies, H i
solv, and

the maximum change in hydration−solvent reorganization enthalpies, ∆HU,i,max
hyd−sr , are listed in Table S1.

∆HU,i,max
hyd−sr for amino acid side chains and whole amino acids are calculated according to Eqs. 17 and 19

in the main text and reproduced here:

∆HU,i,max
hyd−sr = 〈Eu,i(s, s)〉+

1
2
〈Eu,i(i, s)〉 − 〈EBulk(s, s)〉. (1)

∆HU,SCi,max
hyd−sr = ∆HU,di,max

hyd−sr −∆HU,Glyd,max
hyd−sr . (2)

Side chain contributions for each amino acid, ∆HU,SCi,max
hyd−sr , are obtained by subtracting ∆HU,di

hyd−sr for Glyd

(-2.05 kcal/mol) from each dipeptide value of ∆HU,di

hyd−sr. The contribution from the backbone for each

amino acid is -1.56 kcal/mol(see main text section Model and Theory). For each amino acid, ∆HU,AA,max
hyd−sr

(last column) is a sum of side chain ∆HU,SC,max
hyd−sr and this backbone contributions. For basic and acidic

amino acid dipeptides, solvent reorganization energies and solvation energies (second and third columns
in Table S1) are corrected for the contributions of missing counterions (i.e., −89.30 kcal/mol for Cl− and
−94.48 kcal/mol for Na+). It is interesting to note that ∆HU,i

hyd−sr are both positive and negative values

but relatively small in magnitude for all amino acids. That ∆HU,i,max
hyd−sr is small in magnitude reflects the

fact that the solvent reorganization energy, although large in magnitude for all dipeptide solutions, is
almost compensated by half of the solute-solvent interaction energy. Solvent reorganization energies, λis,
for all dipeptide solutions are listed in Table S1, second column. For alanine dipeptide (Alad in Table
S1), the solvent reorganization energy calculated here is similar to other estimates in the literature (5).
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Dipeptide λis Hi
solv ∆HU,di,max

hyd−sr ∆HU,SC,max
hyd−sr ∆HU,AA,max

hyd−sr
Alad 25.92 -27.87 -.97 1.08 -0.48
Glyd 25.54 -29.64 -2.05 0.00 -1.56
Iled 29.51 -27.54 0.98 3.03 1.47
Leud 29.33 -28.81 0.26 2.31 0.74
Phed 31.98 -31.62 0.18 2.23 0.67
Prod 26.09 -29.34 -1.57 0.48 -1.09
Vald 28.38 -26.86 0.76 2.81 1.25
Apolar Ave. 28.11 -28.8 -0.35 1.70 0.13
Asnd 35.64 -39.85 -2.10 -0.05 -1.62
Asppd 32.90 -36.64 -1.87 0.18 -1.38
Cysd 27.45 -30.20 -1.38 0.67 -0.89
Glnd 37.54 -41.45 -1.95 0.10 -1.46
Glupd 34.55 -37.85 -1.65 0.40 -1.16
Hsdd 39.57 -43.48 -1.95 0.10 -1.47
Hsed 37.80 -41.48 -1.84 0.21 -1.35
Lsnd 34.66 -37.35 -1.29 0.76 -0.81
Metd 29.63 -31.51 -.94 1.11 -0.45
Serd 30.23 -34.49 -2.13 -0.08 -1.64
Thrd 29.66 -32.25 -1.29 0.76 -0.81
Tyrd 37.68 -37.55 0.06 2.11 0.55
Trpd 36.21 -36.98 -.39 1.66 0.10
Polar Ave. 34.12 -37.00 -1.44 0.61 -0.95
Argd 83.48b -81.36b 2.81 0.76 -0.80
Hspd 74.11b -69.21b 4.23 2.18 0.62
Lysd 91.26b -88.60b 3.11 1.06 -0.50
Basic Ave. 82.95b -79.72b 3.38 1.33 -0.23
Aspd 102.73b -99.95b 1.39 -0.66 -2.22
Glud 107.76b -102.66b 2.47 0.42 -1.15
Acidic Ave. 105.24b -101.31b 1.93 -0.12 -1.69

aCalculated values for solution salt concentrations of .2M NaCl. b Solvent reorganization and solvation
enthalpy values are corrected for the contributions of missing counterions, i.e., −89.30 kcal/mol for Cl−

and −94.48 kcal/mol for Na+.

Table 1: Solvent reorganization energy, λis, solvation enthalpy, Hi
solv, and estimated max-

imum change in hydration−solvent reorganization enthalpy, for each dipeptide, and the
corresponding ∆HU,i,max

hyd−sr for each amino acid and its side chain from MD simulations.

cbp
Text Box
DH^max = 0.5*DE(p,s) + lambdalambda = E(s,s)H_solv = E(p,s) + lambdaDH^max = 0.5*(H_solv + lambda)
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Figure S1: Alanine dipeptide in two representative conformations for the unfolded state: α-type con-
formation (structure on the left hand side of the figure) and β/PPII-type conformation (structure on the
right hand side of the figure).

Figure S2: Ramachandran plots for ALA in the unfolded and folded states. Unfolded state - Alad - left
panel, and the folded state - amino acid A73 in T4 lysozyme - right panel.
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Figure S3: Root mean square deviation (RMSD) averaged by residue over snapshots from the simulation,
for the wild type protein, T4(H31p) - (top row, left panel), its deprotonated variant, T4(H31n) - (top row,
right panel), T4(L133D,H31n) (bottom row, left panel), and T4(M102K,H31p) - (bottom row, right panel).
RMSDs were calculated by superimposing the backbone heavy atoms in the simulated and corresponding
PDB structures.
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Figure S4: Change in RMSDs by residue, with respect to RMSDs of the wild type, T4(H31p): the
deprotonated variant, T4(Hn31) - top panel, T4(L133D,H31n) - middle panel, and T4(M102K,H31p) -
bottom panel. RMSDs were calculated by superimposing the backbone heavy atoms in the simulated and
corresponding PDB structures.
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Figure S5: Change in RMSDs by amino acid backbone, with respect to RMSDs of the wild type,
T4(H31p): the deprotonated variant, T4(H31n) - top panel, T4(L133D,H31n) - middle panel, and
T4(M102K,H31p) - bottom panel. RMSDs were calculated by superimposing the backbone heavy atoms
in the simulated and corresponding PDB structures.
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Figure S6: Change in RMSDs by amino acid side chain, with respect to RMSDs of the wild type side
chain, T4(H31p): the deprotonated variant, T4(H31n) - top panel, T4(L133D,H31n) - middle panel, and
T4(M102K,H31p) - bottom panel. RMSDs were calculated by superimposing the backbone heavy atoms
in the simulated and corresponding PDB structures.
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Figure S7: Instant values (magenta lines) and cumulative averages (blue lines) of amino acid-based
enthalpy of unfolding: environmental component, ∆HU,i

env - top panels; hydration component, ∆HU,i
hyd -

middle panels; and total, ∆HU,i
tot - bottom panels, as a function of time, for salt bridge partners H31p and

D70 in T4(H31p).
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Figure S8: Instant values (magenta lines) and cumulative averages (blue lines) of amino acid-based
enthalpy of unfolding: environmental component, ∆HU,i

env - top panels; hydration component, ∆HU,i
hyd -

middle panels; and total, ∆HU,i
tot - bottom panels, as a function of time, for H31n and D70 in T4(H31n).
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Figure S9: Instant values (magenta lines) and cumulative averages (blue lines) of amino acid-based
enthalpy of unfolding: environmental component, ∆HU,i

env - top panel; hydration component, ∆HU,i
hyd -

middle panel; and total, ∆HU,i
tot - bottom panel, as a function of time, for Q105 in T4(H31n).
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Figure S10: Instant values (250 ps running averages - magenta lines) and cumulative averages (blue
lines) of amino acid-based enthalpy of unfolding: environmental component, ∆HU,i

env - top panel; hydration
component, ∆HU,i

hyd - middle panel; and total, ∆HU,i
tot - bottom panel, as a function of time, for S117 in

T4(L133D,H31n), as a function of time.
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Figure S11: Instant values (250 ps running averages - magenta lines) and cumulative changes (blue
lines) of amino acid-based enthalpy of unfolding: environmental component, ∆HU,i

env - top panel; hydration
component, ∆HU,i

hyd - middle panel; and total, ∆HU,i
tot - bottom panel, for N132 in T4(L133D,H31n), as a

function of time.
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Figure S12: Instant values (250 ps running averages - magenta lines) and cumulative averages (blue
lines) of amino acid-based enthalpy of unfolding: environmental component, ∆HU,i

env - top panel; hydration
component, ∆HU,i

hyd - middle panel; and total, ∆HU,i
tot - bottom panel, for Q105 in T4(M102K,H31p), as a

function of time.
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Figure S13: Instant values (250 ps running averages - magenta lines) and cumulative averages (blue
lines) of amino acid-based enthalpy of unfolding: environmental component, ∆HU,i

env - top panel; hydration
component, ∆HU,i

hyd - middle panel; and total, ∆HU,i
tot - bottom panel, for R145 in T4(M102K,H31p), as a

function of time.
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Figure S14: Relative change in hydration enthalpy, by residue, between mutants and wild type,
T4(H31p): the deprotonated variant, T4(H31n) - top panel, T4(L133D,H31n) - middle panel, and
T4(M102K,H31p) - bottom panel.
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