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Abstract: Thiopeptides, formed by replacing the amide oxygen atom with a sp? sulfur atom, are useful in
protein engineering and drug design because they confer resistance to enzymatic degradation and are
predicted to be more rigid. This report describes our free molecular dynamics simulations with explicit
water and free energy calculations on the effects of thio substitutions on the conformation of o-helices,
310-helices, and their relative stability. The most prominent structural effect of thio substitution is the increase
in the hydrogen bond distance from 2.1 A for normal peptides to 2.7 A for thiopeptides. To accommodate
for the longer C=S---H—N hydrogen bond, the (¢, ¥) dihedral angles of the a-helix changed from (—66°,
—42°) to (—68°, —38°), and the rise per turn increased from 5.5 to 6.3 A. For 3¢-helices, the (¢, v) dihedral
angles (—60°, —20°) and rise per turn (6.0 A) changed to (—66°, —12°) and 6.8 A, respectively. In terms
of relative stability, the most prominent change upon thio substitution is the decrease in the free energy
difference, AA(o. — 310), from 14 to 3.5 kcal/mol. Therefore, normal peptides are less likely to form 34-
helix than are thiopeptides. Component analysis of the AA(a. — 310) reviews that the entropy advantage of
the 310-helix for both Ac—Alai,—NHMe and Act—Alat;,—NHMe is attributed to the 3i0-helix being more
flexible than the o-helix. Interestingly, upon thio substitution, this differential flexibility is even more apparent
because the a-helix conformation of Act—Alat;o,—NHMe becomes more rigid due to the bulkier sulfur atom.

Introduction of protein}12716 to design structures with novel fold or
secondary structuré;’® and to create new combinatorial
chemistry libraries®-2* When the oxygen of the peptide unit
is replaced by a gsulfur atom, the thiopeptide formed becomes
resistant to enzymatic degradatibhThiopeptides have been
used in structure activity relationship studies to alter biological
tactivities?'lrr27 and, in particular, a thio-enkephalin has been

Although the 20 amino acids encoded in the genome can be
used to produce a large diversity of peptides, the use of
noncoding amino acids can increase this diversity and therefore
can potentially enhance protein engineering and drug discovery
projects. Noncoding amino acids have also been used to restric
the conformational space of peptided,allowing more predict-
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Table 1. AG(o. — 310) for Polyalanine and PolyAib Calculated by Other Authors

AG(0—34p)

system keal/mol AU —tASi reference
Ac—Alai;g—NHMe (in vacuo) 8 12 -4 Zhang et af$
Ac—Ala;g—NHMe (water) 16 Zhang et &F.
Ac—Ala;;—NHMe (in vacuo) 134 Tirado-Rives et &.
Ac—Ala;;—NHMe (water) 10.5 Tirado-Rives et &.
Ac—Aib1o—NHMe (in vacuo) —4.3 0 -4.3 Zhang et at®
Ac—Aibi;o—NHMe (water) 0.1 Zhang et &f.
Ac—Aib10—NHMe (in vacuo) 3.2:0.8 4.441.2 -1.2+04 Smythe et 754
Ac—Aibi1o0—NHMe (water) 7.6£0.4 12+5 —4+5 Smythe et at?5*

shown to have enhanced potency and a change in selectivity inAc—Aib;o—NHMe appear to be equally probable (see Table

both biological and binding assa$%.Our previous X-ray

1). Finally, the free energy profile of a@ to a-helix transition

studied® and conformational energy and free energy calculations for Ac—Aib;;—NHMe has been simulated by Smythe et’al.

of thio substituted dipeptidés32 suggest they are more

using molecular dynamic simulations. These calculations indi-

conformationally restricted than peptides and have distinctly cated that thex-helix is more stable in comparison to they3

different hydrogen bonding properties.

helix by about 7.6 kcal/mol in water and 3.3 kcal/mol in vacuo

Most amino acids in peptides and proteins are part of (Table 1).

secondary structure elements: 35% of all residues are found in

o- or 3¢-helices?? 25% of residues are found fturns3* and
20% of residues are found jf+sheets$> Apart from the fact
that a- and 3¢-helices constitute a high percentage of all the

In this report, we present the calculation of the Helmholtz
free energy difference between thehelical and the 3-helical
conformation, AA(o. — 3y0), for polyalanine in explicit water
environment. The free energy differences were decomposed into

residues in proteins and peptides, the relative stability of theseenthalpy and entropy components. The enthalpy components

structures can be important to substrate bindfig3;0-Helices
have been implicated in the stabilization of thdnelix ends8-3°
and may be an intermediate in the folding/unfolding
a-helices??~# Tirado-Rives et at® calculated the relative free
energyAG(a — 3,0) for the conversion of Ae Ala;;—NHMe
from o-helix to 3g-helix. The AG(o. — 3,0) was found to be

were divided into peptidepeptide and peptidewater compo-
nents, which were further subdivided into electrostatics, van der
Waals, and internal components. It should be noted that Tirado-
Rives et al*> only performed partial decomposition, Zhang and
Herman'$® free energy decomposition was for in vacuo
simulation, and the Smythe et Hl.calculations are on Ae

10.5 kcal/mol in water and 13.4 kcal/mol in vacuo (see Table Aib;c—NHMe. Furthermore, we have calculated, for the first

1). They decomposed the intramolecular energ (,) of Ac—

time, thea- and 3¢-helix conformations of polythioalanine, as

Ala;;—NHMe into angle, torsion, and nonbonded components well as their relative stability in an explicit water environment

and concluded that the;@helix is intrinsically less stable

and its decomposition into enthalpy and entropy components.

because of the higher nonbonded interactions energy. Zhangl\/lethods

and Hermaff used the slow growth method to calculate the
AG(a. — 3;0) for both Ac—Ala;p—NHMe and Ac-Aibjo—
NHMe in explicit water. Theo-helical conformation of Ae
Ala;p—NHMe was 16 kcal/mol more stable than thg-Belical
conformation, whereas the- and 3¢-helical conformations of

(25) Yde, B.; Thomsen, I.; Thorsen, M.; Clausen, K.; Lawesson, S.-O.
Tetrahedron1983 39, 4121-4126.

(26) Clausen, K.; Spatola, A. F.; Lemieux, C.; Schiller, P. W.; Lawesson, S.-O.
Biochem. Biophys. Res. Commad®984 120, 305-310.

(27) Jones, W. C., Jr.; Nestor, J. J., Jr.; Vigneaud, VJ.dAm. Chem. Soc.
1973 95, 5677-5679.

(28) Tran, T. T.; Treutlein, H. R.; Burgess, A. W.; Perich).JPept. Res2001,
58, 67—78.

(29) La Cour, T. F. MInt. J. Pept. Protein Resl987 30, 564-571.

(30) Tran, T. T.; Treutlein, H. R.; Burgess, A. W. Comput. Chen2001, 22,
1010-1025.

(31) Tran, T. T.; Treutlein, H. R.; Burgess, A. W. Comput. Chen2001, 22,
1026-1037.

(32) Tran, T. T.; Burgess, A. W.; Treutlein, H. R.; Zeng,JJMol. Graphics
Modell. 2001, 20, 245-256.

(33) Barlow, D. J.; Thornton, J. Ml. Mol. Biol. 1988 201, 601-619.

(34) Wilmot, C. M.; Thornton, J. MJ. Mol. Biol. 1988 203 221-232.

(35) Toniolo, C.Crit. Rev. Biochem.198Q 9, 1-44.

(36) Gerstein, M.; Chothia, Cl. Mol. Biol. 1991, 220, 133-139.

(37) McPhalen, C. A,; Vincent, M. G.; Picot, D.; Jansonius, J. N.; Lesk, A. M.;
Chothia, C.J. Mol. Biol. 1992 227, 197-213.

(38) Fiori, W. R.; Miick, S. M.; Millhauser, G. LBiochemistry1993 32, 11957
11962.

(39) Millhauser, G. L.Biochemistry1995 34, 3873-3877.

(40) Sundaralingam, M.; Sekharudu, Y. Sciencel989 244, 1333-1337.

(41) Tobias, D. J.; Brooks, C. L., lIBiochemistry1991, 30, 6059-6070.

(42) Soman, K. V.; Karimi, A.; Case, D. Biopolymersl991 31, 1351-1361.

(43) Tirado-Rives, J.; Jorgensen, W. Biochemistry1991, 30, 3964-3871.

(44) Hirst, J. D.; Brooks, C. L., llIBiochemistryl995 34, 7614-7621.

(45) Tirado-Rives, J.; Maxwell, D. S.; Jorgensen, WJLAm. Chem. So0993
115 11590-11593.

(46) Zhang, L.; Hermans, J. Am. Chem. S0d.994 116, 11915-11921.

Unless stated otherwise, all the molecular dynamic simulations in
this paper were performed using the CDiscé¥program with constant
volume, periodic boundary conditions, and 1 fs time step. The
temperature was kept at 298 K with a window of 10 K, beyond which
temperature control was activated. Temperature was controlled by
“Velocity Scaling” and integrated by the method of “Velocity Ver-
let”.4849 A group-based cutoff distance of 15 A was used with a spline
width of 1 A and a buffer width of 0.5 A.

Simulation of the a-Helical Conformation of Polyalanine and
Polythioalanine. The Insightll program was used to place-A&laz,—
NHMe in a rectangular unit cell with cell dimensionsaf= 53 A, b
=26A,c=26A, anda = =y = 90°. The unit cell was filled with
1092 water molecules to produce a density of approximately 1%g/cm
Act—Alat,;—NHMe was placed in a slightly longer box (5¢ 26 x
26 A) of water to accommodate the longer peptide. The injtiand
y dihedral angles for the-helix conformations were set to the most
favorable angles observed in the implicit water molecular dynamics
calculations. After the equilibration, molecular dynamics simulations
were performed for 120 ps.

Simulation of the 3;0-Helical Conformation of Polyalanine and
Polythioalanine. For simulation of 3¢-helical structures, the shorter
peptides Ae-Ala;o—NHMe and Act-Alat;;—NHMe were used. The
peptides were placed in their individual unit cell (3622 x 22 A),

(47) Smythe, M. L.; Huston, S. E.; Marshall, G. R.Am. Chem. Sod.993
115 11594-11595.

(48) Discover 2.9.5/94.0, User Guide, Part Biosym Technologies: San Diego,
CA, 1994.

(49) Discover 2.9.7/95.0/3.00. Force field simulations, User Guide, Part |
Molecular Simulation: San Diego, California, 1995.
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Figure 1. Reaction coordinate for A€Ala;oc—NHMe 3;0-helix — a-helix transition.

which was filled with water molecules to produce a density of constant of 5 kcal mol A—2was used. For each of the windows, after
approximately 1 g/cth The andy dihedral angles were initially set 15 ps of equilibration, molecular dynamic simulations were performed

to the standard value for;@helix conformation of peptidé%(—71°, for 100 ps using a group-based cutoff of 10 A.

—18°). During the 15 ps equilibration period, restraints were applied Probability Distributions. Although thed; andd, values for each

to the hydrogen bond distances to keep them close to ihkelcal conformation were restrained tiy(1) andda(1), respectively, the actual

structures. After the equilibration, all restraints were removed, and free distances calculated from the molecular coordinates vary along each

molecular dynamics simulations were performed for 120 ps. trajectory. For each restraint and each conformation in the trajectory,
Relative Free Energy Differences between;3-Helix and o-Helix A is obtained using eqs 1 and 2:

for Ac—Alai;p—NHMe and Act—Alati,0—NHMe. Reaction Pathways d— A0

and Biasing Functions for Umbrella Sampling.Thei < i + 3 and fori —i + 3 hydrogen bond restraintsz = — 3(0) )

i — i + 4 hydrogen bond distances were used as a reaction coordinate d4(1) — dy(0)

to connect the- and 3¢-helices. Consequently, each-A&la;;—NHMe

and Act-Alat;c—NHMe molecule has nine< i + 3 hydrogen bond o ) d, — d,(0)

distance restraints and eight-i + 4 hydrogen bond distance restraints. ~ for i < i + 4 hydrogen bond restraints = a1 = d,0) (2
4 4

This hydrogen bond distance reaction coordinate is less restrictive than

the ¢ andy dihedral angles reaction coordinate used by Tirado-Rives The 4 for each conformation is obtained by averaging overtter

etal® From the contour map of - 3 hydrogen bond Ier_lgth VEISUS  that conformation. Thé values are divided into bins of width 0.005.

¢ andy d_lhedr_al angle, we see that_several sets of dlhe_dral angles The probability of a particular bin and of a particular restragigtoin,

generate identical hydrogen bond distances, but there is only one eqiaint) were obtained by counting over all conformations where the

hydrogen pond dlstance_for a particular set of dihedral angles (http:// valueZ corresponds to the range in the bin.

WWW.Iudng.gdu.au/_a_r(_:hlve/tran). o Free Energy Profiles.The probability distributions above are biased
The following definitions were usedd, as thei =i + 4 hydrogen by the restraining functiomV(1). The bias effects were removed by

bond distancegs (_as thei — i + 3 hydrogen b‘?”d dista_nceh(/l) as the procedure of Torrie and Valle&lBecause there were few restraints,
the target ofi — i + 4 hydrogen bond restraints at windoly and the relative free energ(2) is defined as

ds(4) as the target of < i + 3 hydrogen bond restraints at winddw

Four simulations were performed: two for polyalanine,< 310) A(L) = [—kgT In Py, (,restraint)— WA, restraint)]+
and the reverse (83— o), and two for polythioalanineo( — 30) and remints w
the reverse (3 — o). For each simulation, 13 windows were sampled constant (3)

with 4 values of 0.000, 0.083, 0.166, 0.250, 0.333, 0.416, 0.500, 0.583,
0.666, 0.750, 0.833, 0.916, and 1.000. The reaction coordinate for theAll the calculations above were implemented in the C program
(310 — a) polythioalanine simulation is illustrated in Figure 1. The analysis.c located at http://www.ludwig.edu.au/archive/tran. The relative

= 0.083 window corresponds to thesdelix conformation, and thé free energiesA(1) were determined for each window to within an
= 0.916 window corresponds to tlhehelix conformation. additive constant to neighboring windows (see eq 3). In this study, the
The restraining or weighting function(4) used to bias the sampling 4 value that corresponds to the maximum overlap of adjacent probability
along the reaction coordinate is defined as curves is determined, then ti#€1) curves for adjacent windows are
made continuous by superimposing #gl) values in the interval of
W) = K[ (dy — d3(l))2 - (d,—d 4(1))2] three points above and three points belowkéth maximum overlap.
<=3 <S4 Thermodynamic Decomposition.To understand the free energy
hbonds hbonds map in terms of microscopic interactions, the Helmholtz free energy

differences AA) were decomposed into their entropiS) and potential

h
where energy (AU) component$! The entropic and energetic components
d(A) = (1 — 2)d5(0) + Ady(1) could be further divided into peptielgoeptide (uu), peptidewater (uv),
and water-water (vv) component¥.Yu and Karplu& have concluded
d,(A) = (1 — 2)d,(0) + Ad,(1) that the waterwater energy contributionAU,,) and the entropic

contribution AS,) exactly cancel for each conformation. As a result,

From the 3¢ and a-helical conformations determined earlier, we -
(50) Torrie, G. M.; Valleau, J. Rl. Comput. Phys1977, 23, 187-199.

determined the values fok(1 = 31), d(4 = 31), ds(1 = ), andds(d (51) Tobias, D. J.; Brooks, C. L., Ill. Phys. Cheml992 96, 3864-3870.
= a), from which we calculateds(0), ds(1), ds(0), andda(1). A force (52) Yu, H.-A,; Karplus, M.J. Chem. Phys1988 89, 2366-2379.
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Table 2. Key Parameters for the ar-Helix of Ac—Alazs—NHMe
and Act—Alat;s—NHMe Obtained from Molecular Dynamics
Simulations

Ac—Alay—NHMe Act—Alat,,~NHMe

H-bond pattern i—i+4 i—i+4
P —66° -68

v -4 —38
H-bond distance (A) 2.1 2.7
residue/turn 3.6 3.7
rise/turn (A) 5.5 6.3

the relative free energy becomes
AA= AU+ AU, — T(AS,, + AS,)

Furthermore, each of the energy components could be subdivided into

ff

van der Waals, electrostatic, and internal components. The free energygure 2. Most probableog-helix conformation for Ae-Alazs—NHMe

difference between the@ and thea-helix for Ac—Ala;o—NHMe and
Act—Alat;;—NHMe was decomposed into the different components.
TheAU,, andAU,, components and their subdivisions into electrostatic,
van der Waals, and internal components were obtained from the
trajectories for the 3- and thea-helix conformations (window 2 or
window 12) of each potential of mean force. The entropic component
—T(ASw + ASy) was calculated by subtracting the energy components
from the free energy. We did not decompose the entropy into individual
—TAS,, and —TAS,, components, so the discussion on the entropy
below is based on the T(AS,, + AS,) term.

Results

a-Helical Conformations of Ac—Alazs—NHMe and Act—
Alat,,—NHMe. Free molecular dynamics simulations were
performed for both Ae-Alazs,—NHMe and Act-Alat,,—NHMe
in explicit water. To reduce the complication of the end-effects
caused by the hydrogen bonds at the C and N terminals, only
hydrogen bonds betweengQ, and Hs 16 were analyzed.
Furthermore, only the fluctuations in tieandy dihedral angles
between residues 5 were analyzed in detail. The variation
of ¢ andy dihedral angles and hydrogen bond distances with
simulation time as well as their frequency distributions were
plotted (http://www.ludwig.edu.au/archive/tran). Theand y

(thinner lines) and ActAlat;s—NHMe (thicker lines) obtained by mini-
mization with theg, y dihedral angles and the— i + 4 hydrogen bond
distances restrained to the values obtained from the molecular dynamics
simulations. The ActAlat,s—NHMe has longer rise per turn. (O and S
are 15% gray scaled, C is 40%, N is 70%, and H is 100%).

Ac—Ala;p—NHMe and Act-Alat;p—NHMe. To reduce the bias
caused by the C- and the N-terminals, the hydrogen bonds made
by the capping group as well as the first and the last two residues
are not included in the analysis of the average structure.
Consequently, three<— i + 3 hydrogen bond distances,<3
6, 4<— 7, and 5— 8, and three — i + 4 hydrogen bond
distances, 3— 7, 4— 8, and 5— 9, were analyzed. Furthermore,
only the ¢, ¥ dihedral angles of residues—Z4 were used to
calculate the averagg andy dihedral angles.

The variation of the < i + 3 andi — i + 4 hydrogen bond
distances and thg andy dihedral angles with simulation time
as well as their frequency distributions were plotted (http:/
www.ludwig.edu.au/archive/tran). For Adla;o—NHMe, the
graphs show that while the first 24 ps of the molecular dynamics
simulations show the;g-helical structure, the conformation had
changed to a stablex-helical structure by the last 16 ps of the
calculation. For Act-Alat;p—NHMe, the 3¢-helical conforma-
tion remained for 42 ps, after which thgydelix conformation

dihedral angles and the hydrogen bond distances fluctuate widelyalso undergoes a transition to thehelical conformation.

with no obvious trend to move away from the equilibrated
structure in the plot; therefore, the structure must be in a local

To obtain the ¢, ) dihedral angles of the j;ghelix
conformation for Ae-Ala;o0—NHMe, a frequency distribution

energy minimum. Furthermore, the smoothness of the frequencyof the @, ) values for the g conformation (first 24 ps) of

plots indicates that the data was sufficiently sampled during
the simulation. The most probable hydrogen bond distances for
the ar conformer of Ac-Alazs—NHMe and Act-Alaty,—
NHMe are 2.15 and 2.75 A, respectively, and the most probable
(¢, ) dihedral angles are—(66°, —42°) and (-68°, —38°),
respectively (Table 2). The most proballg conformer was
obtained by energy minimization with tlge 1 dihedral angles
and thei <— i + 4 hydrogen bond distances constrained to the

Ac—Ala;o0—NHMe was analyzed. However, the plot was not
smooth, indicating that there was insufficient data. To sample
more data, molecular dynamics simulation was performed with
flat bottom restraints to ensure that thg-Belix was not lost
during the longer 70 ps simulation. The flat bottom restraints
bias the sampling toward<— i + 3 hydrogen bond distances
of less than 2.15 A. If the distance is above 2.15 A, a quadratic
restraint with a force constant of 100 kcal/mdAill be applied

most probable values obtained above (see Figure 2). The residugo force the distance to be less than or equal to 2.15 A. The

per turn for Ac-Alazs—NHMe and Act-Alat,;—NHMe was

most probabled, 1) angles were found to be-60, —20) (Table

measured to be 3.6 and 3.7, respectively. To accommodate theg), which is comparable to the experimentally obserged

longer thio hydrogen bonds, the rise per turn for Aétaty,—
NHMe is 0.8 A longer than that of AeAla;—NHMe (see
Table 2).

310-Helix Structures for Ac—Ala;c—NHMe and Act—
Alat;0—NHMe. After equilibration, free molecular dynamics
simulations were performed in explicit water to determine
the probable conformation of theghelix conformation of

dihedral angles for the;gstructure of 71, —18)* given the
broad distribution shown in the graph. For Agklat;;—NHMe,

a frequency plot of the¢| v) values for the Zr-helical
conformation (first 42.5 ps) was reasonably smooth, indicating
that the sampling was sufficient. The predicted ) dihedral
angles and — i + 3 hydrogen bond distance for AeAlat;o—
NHMe are (66, —12) and 2.7 A, respectively (Table 3).
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was sufficient number of windows to cover the transition
smoothly.

The relative free energyA(1) was determined for each
window to within an additive constant to neighboring windows,
the free energy distributions for different windows were
overlapped, and the result is shown in Figure 5. Each shade
represents each window, and the six points that were used for
overlapping adjacent windows are included in the figure. The
six points of window overlaps show the relative free energies
obtained from the two adjacent windows are consistent with
each other, and the quality of the overlaps was sufficient for
the calculations.

The forward and backward free energy profiles were overlaid,
b and the maximum free energy difference between the two
Figure 3. Diagram of the most probableghelical conformation of Ae- profiles is 1 keal/mol (Figure 6). For AeAlaio—NHMe, the
Alajo—NHMe (thinner lines) and ActAlati—NHMe (thicker lines) averageAA(o — 310) was 14 kcal/mol, and for AetAlatio—
superimposed on each other. (O and S are 15% gray scaled, C is 40%, NNHMe, the averagAA(a. — 319) was 3.5 kcal/mol. The relative
is 70%, and H is 100%). free energies and their decomposition are shown in Table 4.

Table 3. Key Parameters for the 30-Helix of Ac—Alajo—NHMe Because of the large uncertainties of the decomposition results,
and Act—Alat;o—NHMe Obtained from Molecular Dynamics we followed previous authots®4 by making only qualitative
Simulations observations from the decomposition results.
Ac—Ala;;—-NHMe Act—Alat;;-NHMe
H-bond pattern i—i+3 i—i+3 Discussion
¢° —60 —66 _ )
P° -20 ~12 Free Energy Difference between the.- and the 3p-Helices
H-bond distance (A) 2.2 2.7 of Ac—Alaic—NHMe. The calculated averag®A(a. — 3y) for
:iesse'?tﬂfr/]“(l};’; 63-1 6351 Ac—Ala;g—NHMe of 14 kcal/mol is comparable to the 16 kcal/
' mol calculated by Zhang and Hermé&hsnd 10.5 kcal/mol
calculated by Tirado-Rives et &l.(see Tables 1 and 4).
The predicted arhelical conformations for AeAlajo— Scheinerman and Broo¥simproved on the ZimmBragg
NHMe and Act-Alat;;—NHMe (Figure 3) were obtained by  theory by including the @-helix as a competing helical state.
minimization with restraints to those most probapley dihedral They showed that the probability for thesdhelical state relative

angles and thé — i + 3 hydrogen bond distances (Figure 3, to thea-helical state increases with decreasing length of peptide.
Table 3). The predicted residue per turn and rise per turn for Because our calculations are based on uniform helical structures,
Ac—Ala;o—NHMe (3.1 and 6.0 A, respectively) are in good the calculated free energy differences betweeand 3-helices
agreement with the average of the experimentally obtained are representative of the long helical segments and, therefore,
value$3 (3.1 and 5.8 A, respectively). This agreement indicates are an upper bound for the difference that would exist for short
that the force field and the molecular dynamics method used to helical segments.

predict the 3¢-helix conformation are reasonably accurate. To  The thermodynamic decomposition results (Table 4) indicate
accommodate the longer€s:--H—N hydrogen bonds for Aet that the 3¢-helix conformation is disfavored enthalpically by a
Alat;o—NHMe, the rise per turn for the;ghelix conformation total AU = 18.3 kcal/mol relative to the-helix conformation.

of Act—Alat;o—NHMe increases from 6.0 to 6.8 for Act Zhang and Herman%calculated aAU of 12 kcal/mol for in
Alat;p—NHMe (see Table 3). The number of residue per turn vacuo simulation of the AeAla;;—NHMe molecule, and

for Act—Alat;p—NHMe remained the same as that for-Ac Smythe et ab* show an increase of up to 7 kcal/mol going from

Ala;o—NHMe (see Table 3). in vacuo to water simulation of AeAibi;p—NHMe. Hence, the
Relative Free Energy Differences between;gHelix and AU = 18.3 kcal/mol is indirectly consistent with the values
o-Helix for Ac—Alai;gc—NHMe and Act—Alat;o—NHMe. calculated by Zhang and Hermédfsind Smythe et & The

Umbrella samplingf>3was used to obtain the potential of mean AUy—elec and AUyy—vgw COMponents favor the;ghelix con-
force along the g-helix to a-helix pathway and in the reverse  formation, whereas thAU,u—vaw, AUuv—elea @Nd AUyy—internal
direction for both Ae-Ala;o—NHMe and Act-Alat;o0—NHMe. components favored the-helix conformation. The trend for
The reaction coordinatéd, for the potential of mean force is  AUyy—vaw, AUuu—elea AUuv—vdw, andAUyy—vqw are very similar
defined as the combination bf—i + 3 andi —i + 4 hydrogen to the values found for AeAib;o—NHMe by Smythe et at*
bond distances (see Figure 1). The probability distributions for ~ To understand the contributions to the relative free energy
the 1 values obtained from restrained simulations are shown in difference between-helical and 3q-helical conformations in
Figure 4 with each shade representing each window sampled.water, the differences in dipole moment, hydrogen bond
The distributions in each window are smooth, indicating that geometry, and the solvent accessible surface area were calculated
the 100 ps simulation time for each window was sufficient for (Table 5). Taylor et at® 58 described three angles that are
conformation sampling. The distributions between adjacent important for hydrogen bonding in peptide and proteins,
windows overlap at high probability regions, indicating that there N—H---O, in-plane>C=0---H, and out-of-plane> C=0---H.

(53) Leach, A. RMolecular Modelling, Principles, and Application&ddison- (54) Smythe, M. L.; Huston, S. E.; Marshall, G. R.Am. Chem. Sod.995
Wesley Longman Limited: England, 1996. 117, 5445-5452.
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Figure 4. Probability distributions of. for the transition from a 3- to a-helix and from aro- to 3;0-helix for Ac—Ala;o—NHMe and Act-Alat;;—NHMe.
The 13 distributions on each map represent the 13 windows sampled wélues of 0.000, 0.083, 0.166, 0.250, 0.333, 0.416, 0.500, 0.583, 0.666, 0.750,
0.833, 0.916, and 1.000.

The C=0---H angle in Table 5 is a combination of in-plane vacuo hydrogen bond could be 10 or 12 kcal/mol, respectively.

>C=0---H and out-of-plane>C=0---H angles. (b) Opposing the extra hydrogen bond that favors then8lical
Three major and opposing factors contributed to the intramo- conformation, the @-helical conformation is disfavored because
lecular enthalpic energy differencald,,) between the @-helix the hydrogen bond geometry is not as optimal. Thei + 4

anda-helix. (@) The 3¢-helix with i < i + 3 hydrogen bonds  hydrogen bond distance far-helix of 2.1 A is stronger than

has an extra intramolecular hydrogen bond as compared to thethei < i + 3 hydrogen bond distance fogghelix of 2.25 A.
a-helix with i < i + 4 hydrogen bond. This extra peptide However, the N-H---O and the &O---H angles for 3-helix
peptide hydrogen bond contribution precludes the pepticker are slightly closer to the optimum angle of £8and 120,
interaction and therefore is an in vacuo hydrogen bond. P&lling respectively (see Table 5). Because the hydrogen bond distances
and Marshall et a9 have estimated that the strength of the in appear to be more important than the angles, effectively the
o-helix has a better hydrogen bonding geometry than does the

(55) Sheinerman, F. B.; Brooks, C. 2. Am. Chem. S0d995 117, 10098 3io-helix. (¢) TheAUyu—vaw component disfavored theghelix
(56) Taylor, R.; Kennard, O.; Versichel, W. Am. Chem. S0983 105, 5761 conformation by 11.4 kcal/mol. Clark et @.and Hodgkin et
5766.
(57) Taylor, R.; Kennard, O.; Versichel, W. Am. Chem. So&984 106, 244—
248. (60) Marshall, G. R.; Hodgkin, E. E.; Langs, D. A.; Smith, G. D.; Zabrocki, J.;
(58) Taylor, R.; Kennard, O.; Versichel, WActa Crystallogr., Sect. B984 Leplawy, M. T.Proc. Natl. Acad. Sci. U.S.A.99Q 87, 487-491.
40, 280-288. (61) Clark, J. D.; Hodgkin, E. E.; Marshall, G. R. Molecular Conformation
(59) Pauling, LThe Nature of Chemical Bon@ornell University Press: Ithaca, and Biological InteractionsBalaram, P., Ramaseshan, S., Eds.; Indian
NY, 1960. Academy of Science: Bangalore, India, 1991; pp 5630.
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Figure 5. Relative free energy profile for the transition from &-30 a-helix and from armo- to 3;0-helix for Ac—Ala;;—NHMe and Act-Alat;;—NHMe.
The 13 distributions on each map represent the 13 windows sampled wélues of 0.000, 0.083, 0.166, 0.250, 0.333, 0.416, 0.500, 0.583, 0.666, 0.750,
0.833, 0.916, and 1.000.

al %2 attributed this to the increase in van der Waals repulsion hydrogen bond favoring the;@helix is invariant with length,
caused by the unfavorable side-chain stacking in thé8lix but the disfavoring of the3-helix by the poor hydrogen bond
conformation. The side-chain stacking ofgBelix is less geometry and the side-chain stacking increases with lenggh. 3
favorable because they are on identical azimuth positions, Helix predominates for short peptides because the energy gained
whereas they are staggered in tidelix. by the extra hydrogen bond dominates. With increasing peptide
A length dependence on the relative stability gf-3and length,a-helix becomes more favorable because the advantage
a-helix has been suggested by Huston and Marshaditoda gained by the improved hydrogen bond geometry and the side-
et al.54and Pavone et af> the 3¢-helix dominates for shorter ~ chain stacking increases.
helical peptides, and the-helix becomes increasingly favored Three factors contribute to the difference in peptideter
for longer peptides. This length-dependent preference can beinteractions energyAUy,, between thex- and the 3e-helices:
explained by considering the three opposing factors explained (@) the net dipole moment of the peptide, (b) the solvent

in the previous paragraph. The contribution of the extra accessible surface areas of the peptide, and (c) the + 4
hydrogen bonded-helix has three free (not hydrogen bonded)

(62) Hodgkin, E. E.; Clark, J. D.; Miller, K. R.; Marshall, G. Biopolymers carbonyl groups at the N-terminus and three freeHNgroups

(63) f_,gugs?o‘:’]?'s‘r’?gzs,\ﬁg'rsha"’ G. Riopolymersl994 34, 75-90. at the _C-terminus. In contrast, the— i + 3 hydrogen bonded

(64) Otoda, K.; Yasuyuki, K.; Kimura, S; Imanishi, Biopolymers1993 33, 3io-helix only has two free groups at each end. The larger

(65) %,?;3\,2}}93"{,5: Di. B. B.: Santini, A.: Benedetti, E.: Pedone, C.. Toniolo, c.. Solvent accessible surface area of thet®lical conformation
Crisma, M.J. Mol. Biol. 1990 214, 633-635. means more interactions with the solvent (Table 5). Conse-
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Figure 6. To examine the reproducibility of the forward and reverse run, the relative free energy profite-of @ helix PMF was inverted and superimposed
on results for thex- — 3;¢-helix PMF. (a) Ac-Ala;o—NHMe and (b) Act-Alat;o—NHMe. Thea-helix is at the minimum neat = 0.083, and the 3-helix

is at the minimum neat = 0.916.

Table 4. Decomposition of AA(a. — 310) into AU and —TAS Components for Ac—Alai;o—NHMe and Act—Alat;p—NHMe

peptide—peptide components of AU

peptide—water components of AU

AA AU -TAS Coulombic van der Waals ~ nonbonded internal Coulombic van der Waals ~ nonbonded
Ac—Alayo— 144+ 3.9 1834223 —43+264 —-140+7.9 114+89% —-25+1168 514173 23.0+18.8R —-72+88 1574+18.0¢
Act’\iHA'I\Aa(temf 35+1.7” 1554+ 23.% -1242568 —-2244+6.4 17.9+9.8 —-45+10.3 3.2+15.72 265+21.68 —-9.6+9.2 16.8+20.%
diff’c;ere’r\l/lcees -105+ 58 -28+464¢ —-77+52.0 -84+143F 65+187P —20+21.9 -19+33.2 35+39.7 -24+18.0 1.1+389

aUncertainties were obtained from 1 standard deviation of the safhplecertainties were obtained from standard error propagation where the uncertainty

of a sum is the sum of the uncertainties.

Table 5. Comparison of Dipole Moment, Hydrogen Bond Geometry, and Accessible Surface Area between the a-Helical and the 3;0-Helical

Conformations of Ac—Ala;o—NHMe and Act—Alat;o—NHMe?

Ac—Ala;;—-NHMe Act—Alat;,;—NHMe
a-helix-35g-helix 3io-helix-o-helix a-helix-3;9-helix 3o-helix-o-helix

a-helix 3i0-helix a-helix 310-helix a-helix 310-helix a-helix 310-helix
dipole moment (debye) 36 0.6 31+ 0.9 36+ 0.6 31+1.1 63+ 0.7 61+ 1.0 62+ 0.8 61+ 1.0
i —i + 3 hydrogen bond distances (A) 3100.2 2.2+0.2 3.0£0.2 2.3+0.2 3.2+ 0.2 2.7+ 0.2 3.1+ 0.2 2.7+ 0.2
i —i + 4 hydrogen bond distances (A) 2110.2 4.5+ 0.2 2.1+ 0.2 4.5+ 0.2 2.7+ 0.2 5.1+ 0.2 2.7+ 0.2 5.2+ 0.2
C=0...H or G=S...H angles (deg) 1489 129+ 9 148+ 9 128+ 9 132+ 7 113+ 7 132+ 0.2 113+ 7
N—H...O or N—-H...S angles (deg) 15% 11 163+ 10 156+ 11 163+ 10 144+ 13 158+ 12 144+ 13 158+ 11
solvent accessible areaA 604+ 10 682+ 11 604+ 10 681+ 11 661+ 9 733+ 10 660+ 10 730+ 11

aThe values are calculated for each of the four free energy prodile® 3;0-helices and 3 to a-helices for both Ae-Ala;;—NHMe and Act-Alatio—

NHMe. The uncertainties are equivalent to 1 standard deviation from the mean.

quently, the 3g-helical conformation is favored at both the
AUyy—elec @and theAUyy—vaw COmMponents (see Table 4). This

qualitatively accounts for aAU,-vwaw Of —7.2 kcal/mol. and thinner.

similar result. Huston and Marsh&kuggested that this entropic
favoring of the 3¢-helix for polyAib was due to it being longer

However, the decrease in dipole moment and the decrease in Free Energy Difference between thex- and the 3,g-Helices

free carbonyl oxygen and NH groups disfavor the-t3lical
conformation, especially for théU,,—eiec cCOMponent. This
qualitatively explains the largAUy—elec Of 23 kcal/mol.
Table 4 also shows that entropicallyodelix is favored by
—4.3 kcal/mol relative to ther-helix. This is consistent with
the in vacuo result-4 kcal/mol for Ac-Ala;o0—NHMe calcu-
lated by Zhang and HermafA%The Smythe et &”5*result for
Ac—Aib1;—NHMe also shows a similar trend;4.3 in vacuo
and—4 in water. Normal-mode analysis by B&%also gave a

of Act—Alati;—NHMe. The AA(o. — 310) for Act—Alaty—
NHMe is 3.5 kcal/mol, 10.5 kcal/mol smaller than the value
for Ac—Ala;o0—NHMe (Table 4). The ActAlat;;—NHMe 3¢
helix is disfavored enthalpically by 15.5 kcal/mol as compared
to 18.3 kcal/mol for Ae-Ala;c—NHMe; however, the Act
Alat;p—NHMe 3;¢-helix is favored entropically by 12 kcal/mol
as compared to 4.3 kcal/mol for AAla;p—NHMe.

(66) Basu, G.; Kitao, A.; Hirata, F.; Go, N. Am. Chem. Sod994 116 6307~
6315.
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Contrary to the total peptidepeptide energyAUy—total fOr ===:Polyalat, 3_10 PolyAlat, Alpha ====Polyala, 3_10 —— PolyAla, Alpha

Ac—Ala;o—NHMe which disfavored @-helix by 2.6 kcal/mol, » 100 ———

the AUyy—total fOr Act—Alat;o—NHMe favored the g-helical S 90— o

conformation by 1.3 kcal/mol. ThAU,y—tota for Ac—Alao— E 80 72 -

NHMe was explained earlier in terms of three factorgy- 3 g 7

helix is favored by the extra hydrogen bond, it is disfavored g 60

because of a poorer hydrogen bond geometry, and unfavorables *°

side-chain stacking. The number of hydrogen bonds is inde- 8 gg I E L

pendent of the thio substitution; however, thgl3elix geometry _§’ 20 :

for Act—Alat;o—NHMe has a hydrogen geometry (2.7 A) that  § 10 _7

is as good as the hydrogen bond geometry (2.7 Apfdrelix g

(Table 5). The number of residues per turn (Table 3) shows
that the side-chain stacking in the thio substitutgglical
conformation is the same as that in theelix. However, the

1 201 401 601 801 1001
Numbers of different conformations

Figure 7. Entropy is qualitatively examined by looking at the number of

1201 1401

side chains are further away because of the longer rise per tum,different conformations which a hydrogen bondeg®elix or a-helix can

therefore, disfavoring of the;ghelix in Ac—Ala;g0—NHMe is
partly relieved by thio substitution. The combined effect of these
three factors qualitatively explains the decrease\Wyy—total
from 2.6 kcal/mol in Ae-Ala;o—NHMe to —1.3 kcal/mol for
Act—Alat;o—NHMe.

The AUu—nonbond COMponent is 16.8 kcal/mol for Aet
Alat;o0—NHMe, very similar to the 15.7 kcal/mol of AcAla;g—
NHMe (see Table 4). The change in surface ateayrfacearea-
(o — 340), for Ac—Ala;o—NHMe is 78 A& (Table 5), favoring
the 3¢-helix. Thio substitution changed thissurfacearea(—
310) to 71 A2 (Table 5), still favoring the g-helix but to a lesser
degree. The\dipole( — 3,0) for Ac—Ala;o—NHMe is =5 D
(Table 5), disfavoring the 3-helix. Thio substitution changed
the Adipole(a — 310) to —1 or —2 D, still disfavoring the g

make. They-axis represents the percentage of conformations, from the most
probable to the least probable. Thexis represents the number of different
conformations. The conformations in a trajectory centering onother
3i-helix were put into conformational bins, and the bins were sorted
according to frequencies. From the most popular to the least popular bins,
the percentage of the total conformatigregis) and the number of different
conformations X-axis) were evaluated. At a certain percentage, this
distribution shows the number of accessible conformation and consequently
the relative flexibility of the 3¢-helix or thea-helix for Ac—Alat;;—NHMe

and Act-Alat;p—NHMe.

NHMe has the bulkier sulfurs and is less able to move in the
packed a-helix conformation. This leads to fewet-helix
conformations for ActAlat;o—NHMe (Figure 7). Therefore,

a contribution to the increase of entropy favoring the8lix
upon thio substitution is not the increase in entropy of the 3

helix but to a lesser extent than in the polyalanine. The number conformation, but the decrease in entropy of thenelix

of non-hydrogen bonded carbonyl and NH groups remained
similar with thio substitution; however, the effective “hydrogen
bond” with water is less, thus still disfavoringghelix but to

a lesser extent. The combined effect of these three factors con
tributes to the increase iU y—nonbond® — 310) from 15.7 kcal/

mol in Ac—Ala;p—NHMe to 16.8 kcal/mol for ActAlatio—
NHMe.

Entropy is examined qualitatively by considering the number
of conformations with differentd, ) values in a molecular
dynamic simulation of thes3-helix or a-helix. This number of
conformations with differentg, ) values is plotted against
the percentage of the total number of conformations, from the
most probable to the least probable conformation in the trajec-
tories (Figure 7). When 90% of all conformations are sampled,
the Ac—Alai;p—NHMe a-helix has 345 different conformations,
and the 3¢-helix has a much larger 436 conformations. This
trend exists not just at 90% of all conformations but throughout
the % distribution space. Therefore, thg-Belix of Ac—Alayo—
NHMe is more flexible and thus favored entropically. A similar
argument also leads to the conclusion that theh@lix of Act—
Alat;o0—NHMe is more flexible and therefore is stabilized entro-
pically when compared to the-helical conformation. This is
consistent with a previous repéetyhich attributes the entropic
favoring of 3g-helix overa-helix to 3¢-helix being longer and
thinner.

Relative to theo-helix, the 3¢-helix of Ac—Alai;p—NHMe
is favored entropically by 4.3 kcal/mol (the value féAS is
used instead oAS). The 3g-helix of Act—Alat;0—NHMe is
favored over then-helix entropically by a larger amount (12
kcal/mol, Table 4). This result is consistent with Figure 7 where
the differences in the number of conformations for ¢haelix
and the 3g-helix for polythioalanine are usually bigger than
that for polyalanine. The-helix conformation of Act-Alat;og—

5230 J. AM. CHEM. SOC. = VOL. 124, NO. 18, 2002

conformation.

Conclusions

- Our molecular dynamic simulations show that the most

prominent structural change to thg- and 3¢-helix conforma-
tions introduced by the thio substitution is the increased
hydrogen bond distance from 2.1 to 2.7 A. Consequently, the
¢ andy dihedral angles and the rise per turn of the and
3io-helix conformations change to accommodate for the longer
C=S--‘H—N hydrogen bond. The most prominent stability
change is the decrease in th&(a. — 3;0) from 14 to 3.5 kcal/
mol upon thio substitution.

To understand the effect of thio substitution upon the relative
stability of theog- and 3¢-helix conformations, the\A(a. —
310) for Ac—Ala;p—NHMe and Act-Alat;p—NHMe was de-
composed. ThaU,, component was explained in terms of the
extra 3o-helix hydrogen bond, the hydrogen bond geometry for
the 3¢ anda-helix conformation, and the side-chain stacking
in the 3ghelix conformation. TheAU,, component was
explained by the higher surface area for thet&lix, the lower
dipole of the 3¢-helix, and the fewer free carbonyl and NH
groups for the @-helix. The entropy favoring of the;ghelix
conformation by 4.3 kcal/mol is because the hydrogen bonded
3io-helix conformation can adopt more conformations (more
flexible) relative to thea-helix. Upon thio substitution, this
differential flexibility is even more apparent becausedhieelix
conformation of Act-Alat;o0—NHMe is even less flexible. In
addition to the increased resistance to enzymatic degradation
property of thiopeptides, the elongated and 3ghelical
structures and the altered relative stability suggest that thio-
peptides will be potentially useful building blocks for drug
design and protein engineering.
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