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Configurational entropy elucidates the role of salt-bridge
networks in protein thermostability
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Abstract

Detailed knowledge of how networks of surface salt bridges contribute to protein thermal stability is
essential not only to understand protein structure and function but also to design thermostable proteins
for industrial applications. Experimental studies investigating thermodynamic stability through mea-
surements of free energy associated with mutational alterations in proteins provide only macroscopic
evidence regarding the structure of salt-bridge networks and assessment of their contribution to protein
stability. Using explicit-solvent molecular dynamics simulations to provide insight on the atomic scale,
we investigate here the structural stability, defined in terms of root-mean-square fluctuations, of a short
polypeptide designed to fold into a stable trimeric coiled coil with a well-packed hydrophobic core and
an optimal number of intra- and interhelical surface salt bridges. We find that the increase of configura-
tional entropy of the backbone and side-chain atoms and decreased pair correlations of these with increased
temperature are consistent with nearly constant atom-positional root-mean-square fluctuations, increased
salt-bridge occupancies, and stronger electrostatic interactions in the coiled coil. Thus, our study of the
coiled coil suggests a mechanism in which well-designed salt-bridge networks could accommodate
stochastically the disorder of increased thermal motion to produce thermostability.

Keywords: molecular dynamics; GROMOS; configurational entropy; folding; coiled coil

Supplemental material: see www.proteinscience.org

Understanding on a molecular basis how proteins of
hyperthermophilic organisms maintain stability at high
temperatures remains an important challenge, since
detailed knowledge of protein stability increases our
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basic understanding not only of protein structure and
function, but also of the origin and progression of several
fatal protein misfolding diseases, such as amyloidoses
(Dobson 2003). Furthermore, it may suggest rules for the
rational design and engineering of proteins that withstand
the high temperatures used in many industrial processes
(Sanchez-Ruiz and Makhatadze 2001).

Attempts to explain the stability of thermophilic
proteins on the basis of sequence or structure alone have
proven difficult. Comparison of high-resolution structures
of homologous proteins found in mesophilic and thermo-
philic organisms has nevertheless revealed a variety of
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potentially stabilizing factors, e.g., rigidity as indicated
by B-factor analysis, improved packing in the hydro-
phobic core, greater density of hydrophobic loops in the
protein core, shortening of flexible loops, and increased
hydrogen bonding (Jaenicke and Bohm 1998; Cambillau
and Claverie 2000; Szilagyi and Zavodszky 2000).

Recent reviews (Karshikoff and Ladenstein 2001;
Kumar and Nussinov 2001) conclude, however, that
the most striking difference between mesophilic and
thermophilic proteins is an increased number of surface
salt-bridge networks. Numerous studies suggest that
favorable electrostatic interactions strongly depend on
optimal salt-bridge location and geometry and on inter-
action of the salt-bridge residues with other residues in
the protein. These studies indicate that, while isolated salt
bridges provide only marginal stabilization at room
temperature, reduced desolvation at high temperatures
favors the formation of salt bridges incorporated in net-
works (de Bakker et al. 1999; Karshikoff and Ladenstein
2001; Kumar and Nussinov 2001). High-resolution structures
of thermophilic proteins evidence multiple configura-
tions of charged-residue side chains involved in salt
bridges. The implied interaction patterns suggest that the
networks are dynamic rather than static (Kumar and
Nussinov 2001).

Avoiding the limitations of models based on static
protein structures, explicit solvent molecular dynamics
(MD) simulations provide a straightforward and powerful
means to explore temperature-dependent conformational
changes of a protein at atomic spatial and temporal scales.
Complete free-energy calculations including solvent
degrees of freedom are, however, beyond their scope.
Recent MD simulations of the structural stability and
folding of peptides and small proteins under reversible
conditions reproduce measured average properties, instil-
ling confidence that the conformational distributions are
reasonably realistic (Daura et al. 1998a; Duan and Kollman
1998; Schifer et al. 1998; Takano et al. 1999; Hummer
et al. 2001; Simmerling et al. 2002; Snow et al. 2002). Few
explicit solvent MD simulations have assessed the temper-
ature dependence of salt-bridge interactions (de Bakker
et al. 1999; Thomas and Elcock 2004). These simulations,
which studied charged-residue contact frequencies, dis-
tance distributions, and selected contributions to free
energy, indicated that salt-bridge interactions are indeed
suited to promoting structural stability to proteins at high
temperatures.

Continuing with this structural approach, we report
here explicit solvent MD simulations of the de novo, 17-
residue peptide cc-p as a coiled coil of three a-helices
and as an o-helical monomer at three temperatures.
The X-ray structure of cc3-p, displayed in Supplemental
Figure S1, supplied the initial coordinates of the peptides
in the three-stranded a-helical coiled-coil trimer config-
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uration (Kammerer et al. 2004). Experimentally, the Arg
8 to Lys mutant switches the oligomerization state from
the coiled coil to a dimer (Kammerer and Steinmetz
2006). The monomer, which cannot be observed exper-
imentally due to its propensity for trimer formation,
serves therefore as a standard of comparison for the
coiled coil and may provide insight into trimer formation.
Simulations of monomer and trimer at 278°K and 330°K
portray 50 ns; simulation of the coiled coil at 370°K, 100
ns. Composed of the amino acid sequence, S-IRELEAR-
IRELELR-IG, ccB-p was designed to fold into a stable
coiled coil of parallel and in-register a-helices with a
well-packed hydrophobic core and an optimal number of
intra- and interhelical surface salt bridges to facilitate
network formation while minimizing electrostatic repul-
sion (Kammerer et al. 2004). These characteristics are
shared by thermostable proteins and thus make ccB-p a
suitable model system to investigate with explicit-solvent
MD simulations the role of extended salt-bridge networks
on protein thermostability. Analysis of the simulations
relates the salt bridges to hydrogen bonds, secondary
structure and root-mean-square fluctuations (RMSF) of
the backbone atoms from initial and mean structures.
Complementing these conventional analyses are compu-
tations of configurational entropies of the backbone and
side chains of the monomer and trimer helices and of
configurational entropies due to the correlation between
pairs of side chains.

Results

Comparison of the atom-positional root-mean-square
deviations from the initial structure at 278°K and 330°K
shown in Figure 1 suggests the structural stability of the
trimer in the simulations. Figure 2 evidences a clearer
indication; the RMSFs about simulated mean configura-
tions of the trimer backbone and side-chain atoms are
essentially the same at the two temperatures.

Further evidence of structural stability is provided by
analysis of the salt bridges. In contrast to the crystal
structure (Supplemental Fig. S1), in which five out of
eight charged side chains are directly or indirectly
involved in crystal contacts, the networks of salt bridges
anticipated in the design of cc3-p are a prominent feature
of the trimer simulations in water. Three interhelical and
seven intrahelical salt bridges appear uniformly during
the 50-ns time course of the simulations at both 278°K
and 330°K (see Fig. 3; Supplemental Fig. S2). The salt-
bridge networks, illustrated in Figure 3, comprise the
interactions of Arg3 with Glu4 and Glu6, of Arg8 with
Glu4, Glull, Glu6’, and Glul3’, of Argl0 with Glu6 and
Glul3, and the interactions of Argl5 with Glull and
Glul3’ (the prime discriminates equivalent residues
between clockwise-related monomers when viewed from
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Figure 1. Backbone atom-positional root-mean-square deviations from initial crystallographic structure (Supplemental Fig. S1) and secondary structure of
ccB-p coiled-coil trimer at 278°K (left) and 330°K (right). For secondary structure, green denotes a-helix, red H-bonded turn, and cyan 3-bridge.

the N termini down the superhelical axis). The mean
occupancies of the salt bridges displayed in Figure 4
and Table 1 show that the interactions, with two excep-
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bridges evidence greater overall occupancies in the trimer
at the higher temperature, indicating stronger interactions.
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Figure 2. Atom-positional RMSFs of backbone (left) and side-chain (right) atoms from mean configurations of the ccf3-p coiled-coil
monomer and trimer at 278°K (solid line) and 330°K (dotted line). For the trimer the averages of the three helices are shown.
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Figure 3. Simulated structures of ccB-p trimer (2.7 ns) and monomer (38.8 ns) illustrating intrahelical and interhelical salt-bridge
networks. In the trimer networks involve interactions of the glutamate residues with Arg3, Arg8, Argl0, and Argl5. In the monomer
simultaneous salt bridges of Arg8 with Glu4 and Glul3 occur at 278°K.

The salt bridges between ArglO and Glu6 and between
Arg8 and Glu6’ constitute two notable exceptions to this
pattern. The range of the medians is less at the higher
temperature and, thus, the symmetry among helices greater.
The three i to i — 4 salt bridges exhibit higher occu-
pancies than the remaining intrahelical salt bridges.
Reflecting their dominance are the secondary structures
of the trimer, consisting almost exclusively of a-helices
with minor occurrences of (-bridge and H-bonded turns
at the N termini (Fig. 1), and the pattern of intrahelical
hydrogen bonds between main-chain atoms: 11 itoi — 4
bonds constitute between 70% and 90% of the configu-
rations in each helix of the trimer at both temperatures
(Supplemental Fig. S2). The interhelical salt bridges tend
to exhibit higher occupancies than the intrahelical salt
bridges.

Structural stability of the trimer is supported by
analysis of potential energy (Table 2). The electrostatic
energy between water and trimer increases slightly with
temperature, indicating a weakening of the interaction
due to decreasing solvation by water at higher temper-
ature. The electrostatic energy among the atoms of the
trimer decreases with temperature, which is consistent
with strengthening of the interaction and increased con-
figurational stability.

Displaying the limit of thermostability, the trimer
unfolds at 370°K differently in each helix. All interhelical
salt bridges begin to disperse after 20 ns (Supplemental
Fig. S3). Of the intrahelical i to i — 4 salt bridges, only
two salt bridges between Arg8 and Glu4 and one salt
bridge between ArglO and Glu6 persist for the entire
simulation of 100 ns. The secondary structure of all three
helices shows a distinct transition from the dominant
a-helical configurations after 16 ns. In two of the helices,
the N-terminal heptad retains a-helical configurations
longer than the C-terminal heptad, reflecting the persis-
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tence of the salt bridges between Arg8 and Glu4. Bends
and extended structures dominate the unfolded configu-
rations, with fewer occurrences of B-sheets and H-bonded
turns. In two helices, w-helical configurations appear
briefly.

Not observed experimentally due to its propensity to
form the trimer, the cc3-p monomer nevertheless offers
a standard with which to compare simulations of the
trimer. Figure 2 shows that the atom-positional RMSFs of
the monomer, in contrast to those of the trimer, increase
between 278°K and 330°K. This increase reflects the unfold-
ing of the monomer at 330°K evident in the secondary
structure (Fig. 5), which shows helical structure vanish-
ing within 20 ns in a manner similar to the unfolding of the
trimer at 370°K.
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Figure 4. Median occupancies of salt bridges from Table 1. The triangles
(apex down) denote the monomer at 278°K, the triangles (apex up) the
monomer at 330°K, the three squares the helices of the trimer at 278°K, and
the three diamonds the helices of the trimer at 330°K.
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Table 1. Occurrences (%) of dominant salt bridges of ccf3-p

Monomer Trimer

278°K  330°K 278°K 330°K 370°K
Arg3-Glu4 8 5 898 10 10 11 13133
Arg3-Glu6 6 1899 12 14 17 3213
Arg8-Glu4d 21 18 272526 252322 251815
Arg8-Glul 1 5 16 11 8 16 14 19 743
Arg8-Glul3 20 14 — — 043
Argl0-Glu6 32 5 42 4457 424243 30 10 13
Argl0-Glul3 1 3 2296 14 16 16 334
Argl5-Glul 1 22 6 242223 4243 41 977
Arg8-Glu6’ — — 35 3551 32 31 21 396
Arg8-Glul3’ — — 271932 3136 38 1556
Argl5-Glul3’ — — 5443 48 62 56 63 918 16

The five NH groups of arginine and two O atoms of glutamate side chains
may engage in 10 interactions; the entries show the median for each pair.
The three entries for the trimer correspond to the three helices. The
superscript ' denotes an atom of the adjacent helix.

Analysis of the salt bridges reveals additional differ-
ences between monomer and trimer. Seven correspond-
ing salt bridges occur in monomer and trimer, but the
monomer displays systematically smaller occupancies
than the trimer. Moreover, the occupancies of six of the
bridges decrease with increased temperature in the mono-
mer (Fig. 4; Table 1), whereas increases predominate in
the trimer. Of the three i to i — 4 salt bridges associated
with i to i — 4 hydrogen bonds (Supplemental Fig. S5)
and helical structure in trimer and monomer, two,
between ArglO and Glu6 and between Argl5 and
Glull, decrease markedly with temperature, vanishing
completely with the helical structure at 330°K (Supple-
mental Fig. S5). The third salt bridge between Arg8 and
Glu4 evidences little influence on the helical structure.

Analysis of potential energy (Table 2) confirms the
instability of the monomer. The electrostatic energy
between water and monomer decreases slightly with tem-
perature, consistent with a stronger interaction and more
solvation as the exposed surface of the peptide increases
during unfolding. The electrostatic energy among atoms of
the monomer increases with temperature, indicating the
weakening of the interaction as the monomer unfolds.

In addition to the seven salt bridges common to trimer
and monomer, an i to i + 5 salt bridge between Arg8 and
Glul3 emerges in the monomer at both temperatures and
persists until the end of the simulations (Supplemental
Fig. S5). This salt bridge coexists with the salt bridge
between Arg8 and Glud. Figure 3 shows that the side
chains of Glu4, Arg8, and Glul3 can simultaneously
accommodate the two salt bridges involving Arg8. These
salt bridges appear at the analysis resolution of 0.5 ps to
mediate the coexistence of several pairs of i to i — 4 and
i — 5 hydrogen bonds, and associated mixed configura-
tions of a- and w-helical secondary structure. Occurring

very rarely in the trimer, the salt bridge between Arg8 and
Glul3 in the monomer may presage the transformation to
an interhelical interaction involving its interhelical analog
Glul3’ in the trimer, suggesting a role of these residues in
ccB-p coiled-coil formation. Recently demonstrated
to play an essential role in trimer formation of short,
parallel coiled coils, this interhelical interaction is seen
in the crystal structure of ccB-p as well as in the struc-
tures of many other three-stranded coiled-coil domains
(Kammerer et al. 2005).

Additional insight into the role of the salt bridges in the
stability of the trimer and monomer of ccf3-p is provided
by the analysis of configurational entropies shown in
Table 3. In contrast to the atom-positional RMSFs, the
configurational entropies of the backbone and side-chain
atoms increase with temperature for the helices of the
trimer and for the monomer. The increases for the
monomer are substantially greater than for the trimer
helices. The average entropy per atom of the backbones is

Table 2. Means (standard deviations obtained by block
averaging 5-ns intervals) of the energetic contributions in kJ/mol
for the simulated trajectories of ccB3-p at 278°K and 330°K

278°K 330°K A
Trimer
EP —168841 (17) —156728 (30) 12113
geoval 1496 (15) 1693 (11) 198
BV 25969 (18) 22064 (25) —3905
EYv 28100 (20) 24092 (25) —4008
E™, —566 (17) —503 (11) 63
E'Y,p —1565 (12) —1526 (17) 39
Eelee —196306 (22) —180485 (27) 15821
Eelee —185122 (97) —169793 (84) 15329
E*°, —8152 (185) —7486 (132) 666
ES,, —3032 (87) —3206 (68) —174
T Spp 5103 6866 1763
Monomer

EP —129721 (18) —120342 (19) 9379
geovl 515 (10) 586 (6) 72
EYdv 21509 (17) 18369 (21) —3140
EYY 22230 (15) 19048 (19) —3182
E™, —308 (21) —285 (20) 23
E'™,, —413 (16) —394 (28) 19
Eelee —151745 (27) —139297 (25) 12448
E°lee —147801 (105) —135374 (74) 12427
E*,, —3115 (163) —3195 (151) —80
E™*,p —828 (79) ~729 (78) 99
T Spp 1909 2682 773

The differences between the mean values at the two temperatures are given
in the right hand column (A). The superscripts pot, coval, vdw, and elec
denote potential, covalent, van der Waals, and electrostatic energy terms,
respectively. The latter two terms include the Poisson-Boltzmann reaction-
field contributions. The subscripts ss, sp, and pp denote electrostatic
interactions among solvent atoms, between solvent and solute atoms,
and among solute atoms, respectively. Sy, denotes the upper bound of the
solute configurational entropy given by Schlitter’s estimate; the estimate
for the trimer is the sum of the total configurational entropies for the
three helices.
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Figure 5. Secondary structure of the ccB-p monomer and atom-positional root-mean-square deviations of the backbone atoms from
their positions in the initial crystal structure at 278°K (left) and 330°K (right). Green denotes a-helix, red H-bonded turn, yellow
3,0-helix, orange bend, cyan B-bridge, violet extended strand, and blue m-helix.

noticeably smaller than the average entropy per atom of
the side chains. Since the atom-positional RMSFs con-
stitute the diagonal of the covariance matrix, the increase
with temperature in configurational entropy while the
RMSFs remain constant implies a decrease with temper-
ature of correlations in the trimer helices.

The configurational entropies per atom of the side
chains are comparable for monomer and trimer. The
entropies per atom of charged-residue side chains, i.e.,
the arginine and glutamate side chains involved in net-
works of salt bridges (Table 4), are distinctly less than
those of the neutral-residue side chains (Table 5). We
remark that the entropies per atom of all side chains
(Table 3) are smaller than those of individual charged or
neutral side chains because the former include the
correlations among the side chains. Analysis also shows
that pairs of glutamate and arginine residues involved in
the salt bridges of the trimer evidence a much smaller
decrease with temperature in magnitude of configura-
tional entropies associated with correlation than analo-
gous pairs of the monomer (Table 6); the magnitude of
the correlation between Argl5 and Glull even increases
with temperature in the trimer. Pairs of neutral residues
involved in hydrophobic interactions evidence the same
phenomena (Table 5). Moreover, the magnitudes of the

1354 Protein Science, vol. 16

correlations are systematically greater than those of the
charged-residue pairs, and the magnitudes of three pairs
near the C terminus are larger (Table 7).

The marked decreases of correlations and salt-bridge
occupancies, as well the increases of entropy and RMSF
with temperature in the monomer are expected, because it

Table 3. Total internal and rotational configurational entropies
(ir) of the side chains (sc) and complete backbone (bbe)
of the monomer (ccB-p) and the trimer (ccfB-p_a,b,c)

System T [°K] ir (bbe) ir(SC) i (all)
ccB 278 2001 (39) 4745 (63) 6867 (48)
330 2622 (51) 5368 (72) 8126 (57)
ccB-p_a 278 1525 (30) 4623 (62) 6002 (42)
330 1810 (35) 4803 (64) 6958 (49)
ccB-p_b 278 1611 (32) 4402 (59) 6217 (43)
330 1788 (35) 4797 (64) 6918 (48)
ccB-p_c 278 1601 (31) 4314 (58) 6138 (43)
330 1810 (35) 4797 (64) 6930 (48)

The subscript bb denotes the subset of backbone atoms used to perform
the superposition of the center of mass, i.e., the N, C,, and C atoms of
the backbone of all but the N- and C-terminal residues; bbe specifies the
N, C,, and C atoms of all 17 residues. The values in parentheses give the
mean of the heavy atom (C, N, O) contributions. All entropies are given in
K" mol '].
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Table 4. Sum of internal and rotational configurational entropies (ir) of the side chains involving the charged residues, Arg and Glu,
of the monomer (cc3-p) and the trimer (ccf3-p_a,b,c)

System TIK]  S&, (R3)  Sh (E4H) S5 (E6) Sk, [RS) Sk (R10)  SE (EL)  SE(E13)  SE (RIS)
ceBp 278 495 (71) 361 (72) 351 (70) 466 (67) 469 (67) 354 (71) 367 (73) 488 (70)
330 525 (75) 382 (76) 373 (75) 495 (70) 513 (73) 373 (75) 379 (76) 513 (73)
ceBp_a 278 498 (71) 361 (72) 348 (70) 458 (65) 462 (66) 349 (70) 359 (72) 491 (70)
330 528 (75) 379 (76) 369 (74) 491 (70) 497 (71) 364 (73) 376 (75) 520 (74)
ceB-p_b 278 493 (70) 363 (73) 344 (69) 455 (65) 466 (66) 349 (70) 358 (72) 492 (70)
330 528 (75) 379 (76) 368 (74) 490 (70) 498 (71) 364 (73) 376 (75) 520 (74)
ceBp_c 278 497 (71) 363 (73) 347 (69) 449 (64) 460 (66) 347 (69) 360 (72) 487 (70)
330 525 (75) 379 (76) 369 (74) 490 (70) 499 (71) 364 (73) 377 (75) 517 (74)

The subscript bb denotes the subset of backbone atoms used to perform the least-squares fit, i.e., the N, C,, and C atoms of the backbone of all but the
N- and C-terminal residues. The values in parentheses give the mean of the heavy atom (C, N, O) contributions. All entropies are given in [J K~ mol'].

unfolds. The constancy or decrease of RMSF, the increase
in salt-bridge occupancies, and the slight decrease in solute
potential energy of the trimer indicate structural thermo-
stability. That the correlations decrease and configurational
entropies increase concurrently with these changes may
appear at first paradoxical. The participation of the salt
bridges in networks suggests a resolution. The creation of
interhelical salt bridges implied by the formation of the
trimer presents each charged residue with more accessible
bridges than the monomer. The greater exposure to electro-
static fields due to desolvation facilitates increased occu-
pation frequencies while increased thermal motion of the
charged residues reduces pair correlations. The subtle
interplay of these effects suggests the following prop-
osition: The trimer, in contrast to the monomer, is con-
formationally stable at higher temperatures because the
salt-bridge networks accommodate stochastically the dis-
order produced by thermal motion.

Discussion

Using MD simulations, we investigated the de novo, 17-
residue peptide ccB-p as a coiled coil of three a-helices
and as an a-helical monomer at three temperatures: 278°K,
330°K, and 370°K. The intention of the design was the

production of a stable coiled coil. However, the networks
of salt bridges contributing to the structural stability of
the coiled coil have also been proposed to promote
configurational stability in thermophilic proteins, which
we observe in the simulations of the trimer. This obser-
vation suggested the trimer as a model system for theo-
retical investigation of thermostability at the atomic
scale; a complete free-energy calculation including sol-
vent degrees of freedom, which would be required to
establish thermodynamic stability, is beyond the scope
of the simulations.

Three measures, atom-positional RMSFs, salt-bridge
occupancies, and electrostatic interaction energies, support
our hypothesis. The RMSFs of the trimer backbone and
side-chain atoms, which provide the structural definition of
thermostability, are essentially identical at 278°K and 330°K,
whereas the fluctuations of the monomer backbone and
side-chain atoms increase with temperature. The mean
occupancies of the intrahelical salt bridges are systemati-
cally higher in the trimer than in the monomer. Five of
seven intrahelical and two of three interhelical salt bridges
evidence greater occupancy in the trimer at higher temper-
ature, whereas six of eight monomer salt bridges show
decreased occupancy at higher temperature. The interheli-
cal salt bridges tend to exhibit higher occupancies than the

Table 5. Sum of internal and rotational configurational entropies (ir) of the side chains involving the neutral residues of the monomer

(ccB-p) and the trimer (ccB-p_a,b,c)

System T [°K] Sit (12) Sir (L5) Sir, (19) Sir) (L12) St (L14) St (116)
ccB-p 278 334 (83) 322 (80) 303 (76) 319 (80) 325 (81) 337 (84)
330 345 (86) 342 (85) 350 (87) 341 (85) 335 (84) 331 (83)
ccB-p_a 278 329 (82) 319 (80) 283 (71) 303 (76) 318 (79) 322 (80)
330 350 (87) 338 (84) 315 (79) 325 (81) 342 (85) 339 (85)
ccB-p_b 278 333 (83) 319 (80) 296 (74) 311 (78) 326 (81) 326 (81)
330 352 (88) 330 (82) 313 (78) 325 (81) 341 (85) 351 (88)
ccB-p_c 278 334 (83) 308 (77) 291 (73) 309 (77) 319 (80) 340 (85)
330 349 (87) 340 (85) 311 (78) 324 (81) 340 (85) 353 (88)

The same notation is used as in Table 4.
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Table 6. Contributions of correlations (Equation 3) between intrahelical charged residue pairs to configurational entropies

System T [°K] it (R3,E4) S (R3,E6) S (RS,E4) it R8,E11)  SI(R8,E13) S (R10,E6) it (R10,E13) it (R15,E11)
ceB-p 278 25 -26 —-14 —15 —13 —-17 -22 -23

330 -19 -3 -8 —6 —6 —6 -5 -7
ccfB-p_a 278 —29 —38 —26 —21 —42 —32 -33 -35

330 25 —34 -16 —14 -32 -26 -23 -39
ceB-p_b 278 —-29 -36 23 —18 -39 —40 38 28

330 —27 -33 —18 —13 -33 -29 -25 -35
ccfB-p_c 278 —34 -39 -30 —19 —44 —38 —40 —34

330 -26 31 —-17 —15 -35 —27 -25 -38

intrahelical salt bridges, suggesting their contribution to the
conformational stability of the trimer. Finally, the potential
energies due to electrostatic interactions reflect stronger
interaction among the atoms of the trimer and weaker
interaction between the trimer and water at 330°K than at
278°K, whereas the monomer exhibits the opposite effect.
These measures are consistent with previous explicit
solvent MD simulations which indicated that desolvation
at higher temperatures permits electrostatic interactions to
emerge through salt bridges as a dominant factor in protein
thermostability.

To supplement these structural measures, we investi-
gated the configurational entropies of the three trimer
helices and of the monomer. Insufficient convergence of
the total trimer entropy and the restriction of entropy
calculations to nondiffusive degrees of freedom, neces-
sitated by theoretical limitations and computational
requirements, prevented a more complete treatment of
entropy. The configurational entropies reflect the greater
structural stability of the trimer helices compared to the
monomer. The configurational entropies of the backbone
and side-chain atoms increase with temperature in both
trimer and monomer, but the increase is markedly less in
the trimer helices than in the monomer. Pairs of glutamate
and arginine residues involved in the salt bridges of the
trimer helices evidence distinctly larger configurational
entropies associated with correlation and much smaller
decreases with temperature than the corresponding pairs

of the monomer. The same trend is evident in pairs of
residues involved in hydrophobic interactions.

The increase of configurational entropy and decrease in
correlations of the trimer helices at the higher temper-
ature while the salt-bridge occupancies increase and
atom-positional RMSFs remain constant appear to pose
a paradox. However, the increased number of possible salt
bridges provided by formation of the trimer, i.e., the
addition of interhelical interactions, implies that desolva-
tion and increased random motion of the charged residues
can increase occupation frequencies while pair correla-
tions decrease. Thus, our study of cc3-p, designed to fold
into a stable coiled coil with a well-packed hydrophobic
core and an optimal number of intra- and interhelical
surface salt bridges, suggests a mechanism in which
optimally designed salt-bridge networks accommodate
stochastically the disorder of increased thermal motion
to produce thermostability.

Materials and Methods

Simulation setup

The five MD simulations employed the GROMOS96 program
modules and the 43A1 force field (van Gunsteren et al. 1996;
Daura et al. 1998b; Hiinenberger and van Gunsteren 1999). The
X-ray structure of ccB-p (Protein Data Bank entry 1s59z),
displayed in Supplemental Figure S1, supplied the initial

Table 7. Contributions of correlations between intrahelical neutral residue pairs to configurational entropies

System T [°K] it (I2,L5) i (L5,19) i (19,L12) i (L12,116) i (L12,L14) S (L14,116)
ceB-p 278 —37 -22 —18 -20 -29 -22
330 -7 —14 —-12 —4 —-19 -7
ccB-p_a 278 23 —43 —43 —64 —62 56
330 —11 —19 —22 —57 —-53 —50
ceB-p_b 278 —24 -35 —31 —58 —50 —47
330 —18 26 25 —55 —55 —46
ceB-p_c 278 —27 —46 —43 —47 —54 —46
330 —14 -22 —27 —54 55 —46
See Table 6.
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coordinates of the peptides in the three-stranded o-helical
coiled-coil trimer configuration (Kammerer et al. 2004).

For each simulation, the initial configuration placed the solute
at the center of a periodic truncated octahedral box, requiring
that the minimum distance from any atom of the peptide to the
box walls exceed 1.4 nm. A cubic periodic array of 216 pre-
equilibrated water molecules, modeled according to SPC water
(Berendsen et al. 1981), provided the initial configuration of
the solvent in the box so that the distance between an oxygen
atom of water and nonhydrogen atoms of the solute exceeded
0.23 nm.

Relaxation of the solute-solvent contacts, while positionally
restraining the solute atoms using a harmonic potential
with a force constant of 250 kJ mol~' nm™2, entailed a steepest-
descent energy minimization of the system. A second steepest-
descent energy minimization of the system without restraints
followed to eliminate any residual strain; the energy minimiza-
tions terminated when the energy change per step became <0.1
kJ mol .

Sampling from a Maxwellian distribution at 100°K provided
the initial velocities for the MD simulations. Solvent and solute
were independently weakly coupled to a temperature bath with
a relaxation time of 0.1 ps (Berendsen et al. 1984). The systems
were also coupled to a pressure bath at 1 atm with a relaxation
time of 0.5 ps and an isothermal compressibility of 0.4575 X
1073 (kJ mol ™! nm3)~! (Berendsen et al. 1984). The SHAKE
algorithm constrained bond lengths with a geometric tolerance
of 10™* (Ryckaert et al. 1977), so that the leapfrog integration
time step could be set to 0.002 ps. Treating the nonbonded
interactions employed a triple-range method with cutoff radii
0.8 nm and 1.4 nm. Outside the outer cutoff radius, a reaction
field with a relative dielectric permittivity of 66.6 (Glattli et al.
2002) approximated the electrostatic interactions. Within the
inner cutoff radius, the evaluation used a charge-group pair list.
Short-range interactions entailed updating the list at every time
step; interactions between pairs separated by distances >0.8 nm
and <1.4 nm entailed updating only every fifth time step.

Analysis

Registration of trajectory coordinates and energies at 0.5-ps
intervals served the analysis. Analysis procedures comprised:
(1) calculations of atom-positional root-mean-square differences
between initial and trajectory coordinates and root-mean-square
fluctuations between trajectory coordinates and their mean over
the entire simulation after translational superposition of the
centers of mass of the backbone N, C,, and C atoms of all but
the N- and C-terminal residues; (2) assignment of secondary
structure at 10-ps intervals according to the method of Kabsch
and Sander (Kabsch and Sander 1983) using the program
PROCHECK (Laskowski et al. 1993); (3) determination for
the complete trajectories of hydrogen bonds as defined by a
minimum donor-hydrogen—acceptor angle of 135° and a max-
imum hydrogen—acceptor distance of 0.25 nm; (4) determination
for the complete trajectories of salt bridges as defined by a
maximum hydrogen—acceptor distance of 0.6 nm; and (5)
estimation of configurational entropies.

Evaluation of configurational entropies uses the procedure of
Schlitter (Schlitter 1993) as implemented by Schifer and
colleagues (Schifer et al. 2000, 2001), which estimates an upper
bound for the solute configurational entropy, S, of a nondiffusive
system with two assumptions: (1) harmonicity of the individual
eigenmodes and (2) negligible supralinear correlations among
eigenmodes (Schifer et al. 2000; Baron et al. 2006)

2

kpgTe
1+ th D], ()

k
S < Ssehitrer = 7‘* In det

where kg is Boltzmann’s constant, 7 the absolute temperature,
e Euler’s number, /1 Planck’s constant divided by 2, and D the
mass-weighted covariance matrix of atom-configurational fluc-
tuations in Cartesian space,

p=([Mir— )] @ [Mir—)). @

Solute configurations were sampled at 0.5-ps intervals, and
entropies derived from the mass-weighted covariance matrix
recalculated every nanosecond. M is the 3N-dimensional diag-
onal matrix containing the N masses of the subset of N atoms for
which the entropy is calculated. r is the 3N-dimensional vector
of Cartesian coordinates describing a solute configuration after
subtracting the translational degrees of freedom relative to a
reference configuration via translational superposition of the
centers of mass. The subtraction thus yields the upper bound of
the configurational entropy due to internal (*“i’) and rotational
(“r’) degrees of freedom, denoted by the superscript ““ir.”” The
first configuration of the analyzed trajectory provided the
reference configuration. For calculating the configurational
entropies, the least-squares fit included the N, C,, and C atoms
of the backbone of all but the N- and C-terminal residues,
consistent with the calculations of RMSD and RMSF. Also
consistent with the latter calculations, the entropies of the
complete backbone omitted contributions of oxygen and hydro-
gen atoms. The per-atom entropies of interest, derived by
dividing by the number of heavy atoms (C, N, O), are little
affected by this approximation, since the hydrogen atoms
contribute little to the entropies. The configurational entropy
due to correlated motion of two residues (i) and (j) is defined
(Schiéfer et al. 2001)

S (1.0) = Spy (i +) = S (i) = S, (), 3

where the entropy Si(i + j) denotes the total entropy of the
atoms in the subset composed of (i) and ().

Other plausible choices of atoms with which to perform the
superposition had little effect on the calculated entropies, nor
did removal of the rotational degrees of freedom via a least-
squares fit, yielding only the contribution of the internal degrees
of freedom. The contribution of rotation to the configurational
entropies of all atoms constituted ~1% of the sum. For the
coiled coil, each helix of the trimer was fit independently (the
same procedure used in computing RMSD and RMSF), neglect-
ing the contribution to the entropy due to the relative motion of
the helices. In contrast to the contributions of the individual
helices, this latter contribution did not converge completely
during the simulations and is, therefore, not treated in this
analysis. Convergence of the configurational energies of the
individual helices of monomer and trimer is shown in Supple-
mental Figure S6.

Validation

The quality of the simulated properties presented here will
depend on (1) the quality of the theory or model, (2) the
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accuracy of the interatomic interaction function or force field
used, (3) the degree of sampling, statistics, and convergence
reached in the simulations, (4) the quality of the simulation
software, and (5) how competently the simulation software is
used (van Gunsteren and Mark 1998). The theory used is
standard equilibrium statistical mechanics (calculation of
entropy as discussed by Baron et al. 2006) and continuum
electrostatics to evaluate long-range forces (Smith and van
Gunsteren 1993; Tironi et al. 1997; Hiinenberger et al. 2001).
The GROMOS force field used here has been tested by
comparison of simulated with measured average properties for
a variety of systems (Oostenbrink et al. 2004), and the high
temperature stability of salt bridges has been reproduced (de
Bakker et al. 1999). A reduction of the structural stability of
ankyrin proteins upon mutation of charged residues has been
correctly predicted (Yu et al. 2006). Water sites in crystals of the
protein BPTI were correctly simulated (Schiffer and van
Gunsteren 1999). Structural changes in the protein a-lactalbu-
min upon a change of pH were simulated in agreement with
NMR data (Smith and van Gunsteren 1993). The effects of pH
(Gee and van Gunsteren 2006) or the presence of charged side
chains (Glattli et al. 2005) upon the folding equilibria of
3-polypeptides in methanol solution were found to be simulated
in agreement with experimental NMR and CD data. Temperature
and pH effects on the configurational stability of helix-forming
polypeptides in aqueous solution were simulated and compared
to experimental data (Missimer et al. 2005). These studies
indicate that the GROMOS force field is able to predict
conformational properties as a function of changes in the environ-
ment of a particular solute molecule. Regarding the third
validation issue, the properties shown as a function of time
(van Gunsteren et al. 1995) in the figures confirm that sufficient
statistics can be obtained within 100 ns of simlulation for the
relatively small peptides considered. Finally, we note that the
GROMOS software (van Gunsteren et al. 1996; Scott et al.
1999; Christen et al. 2005) is widely used and hence thoroughly
tested.

Electronic supplemental material

A supplemental document file contains six figures.
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