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Helix-coil transitions of amino-acid homo-oligomers in aqueous solution
studied by multicanonical simulations
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Department of Theoretical Studies, Institute for Molecular Science, Okazaki, Aichi 444-8585, Japan
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Helix-coil transitions of homo-oligomers in aqueous solution are studied by multicanonical Monte
Carlo simulations. The solvation effects are represented by the sum of the terms that are
proportional to the solvent-accessible surface area of the atomic groups. Homo-oligomers of length
10 are considered for three characteristic amino acids, alanine, valine, and glycine, which are helix
former, helix indifferent, and helix breaker, respectively. We calculated as a function of temperature
the distributions of the backbone dihedral angles, the average values of total energy, and its
component terms of the homo-oligomers. It is shown that for homo-alanine, the helix-coil transition
exists and that the transition temperature in water is considerably lower than in gas phase, which
implies that the effects of solvation tend to reduce helical content. Moreover, the helix propagation
parametess and nucleation parameter of the Zimm-Bragg model were calculated. Toealues

that were obtained from the simulations in aqueous solution are in remarkable agreement with the
experimental results. @000 American Institute of Physids§0021-960600)51723-]

I. INTRODUCTION in protein and related systerfi5.2’?°®In a previous
work,?® thermodynamics of helix-coil transitions of homo-
The a-helix formation usually occurs at an earlier Stageoligomers in gas phase were studied by multicanonical algo-
of protein folding. Thus, the study of helix-coil transitions \iihms. Home-oligomers of length 10 were considered for
provides importantlilnsight into _the prof[ein fol_ding problem. three characteristic amino acids, alanihelix formed, va-
Many experlmem’_s have studiedr-helix forming propen-  jine (helix indifferen, and glycine (helix breaker. The
sities of eac_h amino aciffor a review, see_Ref. 3)2. ., _helix-coil transition from an ideal helix to a random coil was
The helix-forming propgnsmes of various amino e.lc'dsobserved in homo-alanine. Moreover, it was shown that the
2:;(; dzeﬁgg%eeiséfigv12%135:2,%E:,?,(;Ife%??]gﬁéﬁnr:gegf obtained helix propagation parametersf the Zimm-Bragg
' ' modeP?for the three amino acids were in agreement with the

proteins (including helical sequence®®!! The helix- . .
forming tendencies of the amino acids determined from thesgxpenmental values. It turned out, however, that the helix

studies are quite similar but not completely in agreemenf:OiI tra.nsitzié)n tgmperature was above 400 K and unrealisti-
with each other. This implies that the helix-forming tenden-Cally high== This discrepancy is presumably caused by the

cies depend on the amino acid sequences and the enviro*"i"-Ck of splvent in the simulations. ) ) )
ment. However, it has been clear that the rank order of helix " this paper, we study thermodynamics of helix-coil
propensity of different amino acids is essentially identicaltransitions in amino-acid homo-oligomers of length 10 in

among different experiments and that alanine, valine, an@dUeous solution by multicanonical Monte Carlo simulations
glycine are helix former, helix indifferent, and helix breaker, 21d compare the results with those in the gas phase. The
respectively. preliminary results were reported elsewh&r@he solvation

The a-helix forming tendencies and the helix-coil tran- effects are represented by the sum of the terms that are pro-
sitions have also been theoretically studied mainly with shorPortional to the solvent-accessible surface area of the atomic
peptides systems. Various methods have been employed fgfoups. We calculate the distributions of the backbone dihe-
these studies; for instance, Monte Carlo simulationiémo-  dral angles, average values of total potential energy, its com-
lecular dynamic$?~?°simulated annealing;~2*and multica- ~ ponent terms, specific heat, and helicity as a function of tem-
nonical Monte Carlo simulatioA% 2’ have been applied. perature. It is found that overall behaviors and average

The multicanonical algorithf is particularly useful for ~ values of various quantities are similar to those in the gas
studying helix-coil transitions, because a single simulatiorphase. The helix-coil transition temperature for homo-
run can give thermodynamics quantities in a wide range o@lanine in aqueous solution, however, is indeed found to be
temperatures covering both helix phase at low temperaturasuch lower than that in the gas phase, implying that the
and coil phase at high temperatures. This method and itsffects of solvation reduce helical content. Moreover, the he-
generalizations have already been used in many applicatiotix propagation parametes and nucleation parameter of

the Zimm-Bragg model in aqueous solution are calculated
3Electronic mail: ayori@ims.ac.jp and are found to be in remarkable agreement with experi-
YElectronic mail: okamotoy@ims.ac.jp mental results.
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Il. METHODS

A. Peptide preparation and potential energy function

Helix-coil transitions of amino-acid oligomers 10639
groups containing hydrogen atoms are treated as “united at-
oms.” The accessible surface arBais obtained by the sur-
face area of fused spheres centered at each united atom. The

Homo-oligomers of length 10 are considered for threeradius of the sphere iR, +R,,, whereR,, is the effective
characteristic amino acids, alanine, valine, and glycineradius of the solvent molecule. Here we $tto van der
which are helix former, helix indifferent, and helix breaker, walls radius andR,, to 1.4 A. The coefficientsr; were de-

respectively. Since the charges at peptide termini are knOWférmined by app|y|ng the |east-squares procedure to the ex-

to reduce helix conterit>* we removed them by taking a

perimental data of 22 small molecuf¥sThen, the term rep-

neutral NH— group at the N-terminus and a neutral resents the contribution to complete solvation free energy.

—COOH group at the C-terminus.

The energy functiolit o7 that we used is the sum of the
conformational energy term of the solu and the solva-
tion free energy tern€so, for the interaction of the protein
with the surrounding solvent,

.Y

The conformational enerdyp (in kcal/mo) consists of elec-
trostatic termE., Lennard-Jones terr&,, hydrogen-bond
termEy, and torsion ternt,

Etor=Ep+EsoL.

Ep:Ec+ Ev+ EH+ ET,

_ 3324
¢ (i) €rij
Ey=2> (—J——), 2)
Voo
C: D
EH:Z (%—%),
() RTINS

Er=2, Ui(1+cognx'+6,)).

Here,rj; is the distancéin A) between atomsandj, € is the
dielectric constant, ang' is the torsion angle for the chemi-

For the calculation of solvent-accessible surface area, we use
the computer codrsoL,®® which is based on the codesc.®°

B. Multicanonical algorithm

While a regular Monte Carlo method generates states
according to the canonical distribution, the multicanonical
algorithms generate states so that a one-dimensional random
walk in energy space is realized. Hence, any energy barrier
can be overcome, and one can avoid getting trapped in states
of energy local minima. In the multicanonical ensemble the
probability distribution of energyp ,(E), is defined in such
a way that a configuration with any energy enters with equal
probability,

Pmu(E)ecn(E)w,,(E)=const, (4)

wheren(E) is the density of states and,, (E) is the mul-
ticanonical weight factor. The multicanonical weight factor
then satisfies

Winy(E)=n~*(E). ©)

Since this weight factor is na priori known, one has to
determine it for each system by a few iterations of trial
Monte Carlo simulations. The detailed procedures for this
process are described in detail in Refs. 25, 61, and 62. In this
work we used the one in Ref. 62. Once the optimal weight
factorw,, (E) is determined, one performs with this weight

cal bondi. Each atom is expressed by a point at its center ofc1or a multicanonical simulation with high statistics. From

mass, and the partial chargg (in units of electronic

this simulation run one can not only locate the energy global

charges is assumed to be concentrated at that point. Theninimum but also calculate the canonical-ensemble average

factor 332 inE¢ is a constant to express energy in units of
kcal/mol. The parameters in the energy function as well as, \,ide

the molecular geometry are based on ECEPP/. The

computer codeoNFoc?! was modified to accommodate the

multicanonical algorithm. The dielectric constaatis set
equal to 2(according to the prescription of ECEPPYZ2).
The peptide-bond dihedral angles are fixed at the value
180° for simplicity. The remaining dihedral angles;(and
#; in the main chain of each residuieand y! in its side

of any physical quantity at any temperatur€ (= 1/Rg) for

range of temperatures by the reweighting
technique$?
dEAE)P ., (E)w,, L (E)e PE
(Ayy = IEAE) P E)Win(E) ©

JAEP,(E)Wpi(E)e #E

whereP,,(E) is the distribution of energy obtained by the
final simulation.

chaing constitute the degrees of freedom in the simulations.
The solvation free energy that we used is the sum ofc. Computational details

terms that are proportional to the solvent-accessible surface

area of the atomic groups of the solute,
A€soL= EI aiAi, 3

where the summation extends over all group$atoms, and

In this paper, the numbers of degrees of freeddrihe-
dral angleg are 30, 50, and 20 for (Algy, (Val),q, and
(Gly) 19, respectively. One Monte CarlgMiC) sweep con-
sists of updating all these angles once with Metropolis
evaluatiofi* for each update. For the calculation of multica-
nonical weight factors, it required between 110000 MC

A; is the corresponding solvent-accessible surface area. Thsveeps in gas phase and 400000 MC sweeps in aqueous

constant of proportionalityr; represents the contribution to
the solvent free energy of grouger unit accessible surface

solution for (Ala),y, 900000 MC sweeps in gas phase and
1000000 MC sweeps in aqueous solution for (Ygl)and

area. In this paper we used the parameters of Ref. 58. Th&50 000 MC sweeps in gas phase and 250 000 MC sweeps in
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aqueous solution for (Gly). After the optimal weighting 70
factor w,,(E) was determined, we then made one produc- 60
tion run with 1000000 MC sweeps and obtained various
thermodynamic quantities as a function of temperature by
the reweighting techniqués Initial conformations were ran-

domly generated. 30

50

40

20

[ll. RESULTS AND DISCUSSION

A. Time series of the total potential energy

We first examine how much of the configuration space
the multicanonical simulations explore. As explained in Sec.
[I, a simulation in the multicanonical ensemble performs a (a)
one-dimensional random walk in the potential energy space

It should visit not only the ground-state region but also states 120
100
o]

400000 600000 800000 1e+06
MC SWEEPS

] 200000

with very high energy. This ensures that the simulations
avoid getting trapped in configurations with energy local il
minima. We display in Fig. 1 the “time series” of the total
potential energyEqr for (Ala),g, (Val)ig, and (Gly)g in
aqueous solution. The results indeed exhibit a random walk, &0
in energy space covering a range of 60—100 kcal/mol. We
confirmed that random walks in energy space for (AJa) 40

(Vval) 1o, and (Gly),, were also obtained in gas phaskata

B. The lowest-energy conformations 70
We investigate the lowest-energy conformations of 60

homo-oligomers obtained during the present simulations. In 50 g

Tables | and Il, we list the dihedral angles of the lowest- 40

not shown. Since configurations are sampled over a large 20
range of energies, the reweighting techniques allow one tc

calculate thermodynamic quantities as functions of tempera:

) 800000 1e+06
ture for a wide range of temperatuf®s. (b) &

200000 400000 600000
MC SWEEPS

energy conformations for (Algy, (Val);g, and (Gly), in
gas phase and in aqueous solution, respectively. For {fAla) w
in both environments, the residues of the dihedral angles
from residue 2 to residue 9 are wr-helix state. Here, the 10
criterion we adopt for thex-helix state of residue is as fol- 0
lows: We consider that a residue is in thehelix configura-
tion when the dihedral angles¢( ) fall in the range ‘ . ‘
(—70+30°, —37+30°). The lengthy” of a helical segment o 200000 400000 600000 800000 16406
is then defined by the number of successive residues whicl (c) MC SWEEPS
are in the helix configuration. The lowest-energy Corncorma_FIG 1. Time series of the total potential eneiy,y (kcal/mol) for (Ala)
tions for (Ala)lo have the_- helix Iengtl?”=8 and are com- " (vai., (b). and (Gly), (<) in agueous solution. 10
pletely helical conformationgthe terminal residues tend to
be frayed. The side-chain structures of (Alg)are also
uniquely determined for the lowest-energy conformations inrshown in Figs. &) and 2d). We remark that the lowest-
both environments; namely, the valuesyofire close to one energy conformation of (Val) in aqueous solution dis-
of 60, —60, and 180°, which are all equivalent angles be-cussed here was actually obtained by another multicanonical
cause of the three-fold rotational symmetry of the alaninesimulation run that was made separately from the one shown
side chain. These lowest-energy conformations for (4l  in Fig. 1(b) (the energy difference between the lowest-energy
gas phase and in aqueous solution are shown in Figs. 2 conformations obtained by the two runs was only about 1
and 2b), respectively. These conformations have six intrackcal/mo). This run, however, got trapped in the ground-state
hain backbone hydrogen bonds that characterizexthelix ~ region and did not perform a random walk in energy space
and are indeed completely helical. (this means that the obtained multicanonical weight factor
As shown in Tables | and Il, the dihedral angles of for this particular run was not optimalWe thus used the
(Val) 1o for the lowest-energy conformations in both environ- results of the run in Fig. (b) instead for the calculation of
ments are again in almost ideal helix stétem residue 2 to thermodynamic quantities as a function of temperature in a
residue 9 in gas phase and from residue 2 to residue 8 iwide temperature rangéwhich is presented below The
aqueous solution These lowest-energy conformations arethermodynamic quantities were calculated for the tempera-

30
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TABLE |. The dihedral angles of the lowest-energy conformations for TABLE Il. The dihedral angles of the lowest-energy conformations for

(Ala) 44 (@), (Val);g (b), and (Gly), (c) in gas phase. (Ala) 44 (@, (Val)qg (b), and (Gly), (c) in aqueous solution.
Residue 1) 1 X Residue 1) 17 X
(a 1 —-24 —42 —-68 (@ 1 19 149 62
2 —66 -38 - 67 2 -76 -29 —166
3 —68 —36 65 3 -68 -38 -175
4 —66 —38 65 4 —74 —33 174
5 —69 -35 -57 5 -69 -39 —46
6 —-71 —35 63 6 —67 —36 63
7 —-73 —30 177 7 —68 —40 67
8 -75 -36 51 8 —64 —36 69
9 =75 -34 -50 9 -70 —42 63
10 —153 97 178 10 —154 107 174
Residue b v Xt I x° Residue 1) 1 Xt x° x°
(b) 1 3 —-20 65 —51 177 by 1 13 —-32 62 —51 55
2 -70 -34 173 -67 -59 2 -62 -33 173 -63 —48
3 —64 —-31 173 172 —54 3 —67 —40 171 172 62
4 -73 -39 174 -68 60 4 —68 -35 170 48 173
5 - 64 -34 166 47 39 5 -65 -34 163 -65 -72
6 —66 -34 163 50 =71 6 =77 -39 165 -72 -72
7 —-73 —36 163 170 49 7 —-60 —40 162 —-73 42
8 —63 —34 161 —72 50 8 —-79 —47 170 —-72 55
9 -78 —47 166 48 168 9 —106 84 —172 -63 71
10 —-99 91 —176 178 —57 10 —-79 128 175 —61 57
Residue ¢ ] Residue ¢ 74
©o 1 122 -50 (c 1 107 -83
2 160 —86 2 79 -89
3 —148 69 3 170 —46
4 61 —109 4 —78 173
5 —56 —52 5 61 35
6 -79 78 6 62 35
7 146 —34 7 80 44
8 84 31 8 —152 29
9 170 174 9 176 172
10 —51 144 10 —69 —-79

ture range between 200 and 700 K, while the ground stat€. Distributions of backbone dihedral angles
corresponds to the temperature 0 K. Thus, it does not matter . . . .
whether the run did reach the ground state or not, as long as The Iowest-gnergy conformations discussed _|n detail in
it performs a random walk in the relevant energy range. the last subsection correspond to the cor_1for_maF|ons at low
For (Gly)y, in the gas phase, the dihedral angles of thelemperatures. We next calculated the distributions of the
lowest-energy conformation seem to imply that it is a coilPackbone dihedral angles of homo-oligomers in aqueous so-
structure(see Table )l The lowest-energy conformation of lution as a function of temperature in order to study how
(Gly)10 in aqueous solution, on the other hand, has a leftthese conformations change as the temperature is raised. In
handa-helix from residue 5 to residue(gee Table I\. Both  Fig. 3 we show the distributions of the backbone dihedral
conformations are compared in FiggePand 2f). Itis ap-  angles of the sixth residue of (Alg), (Val), and (Glykg
parent .that they are rather compact and round. A closg &%n aqueous solution af=200 K and 1000 K. For (Ala),
amination of the structures.re:vealed that both conformgyonghere is a single peak @=200 K and this peak corresponds
have,B-_sheet-Ill_(e characteristics. Namely, they are stablllzeq0 the dihedral angle of a right-hangthelix state. The dis-
by the intrachain backbone hydrogen bonds that are found '"Bibutions for other residues have essentially the same
B-sheet structures. For the lowest-energy conformation in : . N
the gas phasEFig. 2€)], the carbonyl oxygeriand amide peakexcept for the terrr_unal residues. This |mpl|es that
nitrogen of residue 3 and amide nitrogéand carbonyl oxy- arounQT= 200 K there exists .onl.y a.completeI)./ helical con-
gen of residue 6 are hydrogen bonded. There also exist twdormation. AtT= 1000 K the distributions are widely spread,
such hydrogen bonds that connect residues 4 and 9. For th@Plying the large thermal fluctuations. These results suggest
lowest-energy conformation in aqueous solutjéiig. 2(f)],  the existence of a transition between an ensemble of well-
there exist two such hydrogen bonds between residue 2 arttefined compact conformationgdeal «-helix stat¢ and
residue 9. random-coil structures.
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FIG. 2. The lowest-energy conformations of (Alg)(a and (b)], (Val)qo

[(c) and(d)], and (Gly) [(e) and(f)] in gas phase and in aqueous solution,
respectively.
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For (Val),o [see Fig. &)], the results are similar to
those for (Ala)g in the sense that ai=200 K there is a
dominant peak in the distribution that corresponds to the
lowest-energy conformation and that®t 1000 K the dis-
tribution is widely spreadrandom-coil state

The situation is slightly different for (Gly). Since gly-
cine dose not have a side chain, (Glyls much more flex-
ible than the other two homo-oligomers. We observe two
dominant peaks in the distributions &t=200 K [see Fig.
3(c)], which implies that this temperature is not low enough
to single out the lowest-energy conformation. The large flex-
ibility of (Gly) 49 is most clearly seen in the distributions at
T=1000 K.

D. Average energy and specific heat

We investigate how each energy term varies as a func-
tion of temperature. We calculated the average values of total
energy and its component terms of the homo-oligomers,
(Ala)qg, (Val)ig, and (Gly)g, as a function of temperature
in the gas phase and in aqueous solution. In Fig. 4 the results
are shown. For homo-alanine in gas phase, all the conforma-
tional energy terms increase monotonically as temperature
increases. The changes of each component’s terms are very
small, except for the Lennard-Jones tefy, indicating that
Ey plays an important role in the folding of homo-alanfie.
The Lennard-Jones term, in principle, has contributions from
all possible pairs of atoms, while the hydrogen-bond term is
only from the donor-acceptor pairs. Therefore, the Lennard-
Jones term is responsible for the large conformational

FIG. 3. Distributions of the backbone
dihedral angles of (Alg), (a), (Val)1g
(b), and (Gly), (c) in aqueous solu-
tion as a function of temperature. The
results for the sixth residue from the
N-terminus at T=200K (left-hand
sidg and 1000 K(right-hand sidgare
shown. The values for each case were
calculated from one multicanonical
production run of 1000000 MC
sweeps.
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(b) T (K) FIG. 5. Average total energior and averages of its component terms,

Coulomb energyE., hydrogen-bond energi,, Lennard-Jones energy
Ey , torsion energf, and solvation free enerdyso, (only for the case in
aqueous solutiorfor homo-valine(a) and homo-glycingb) as a function of
temperaturdl in aqueous solution. The values for each case were calculated
from one multicanonical production run of 1 000 000 MC sweeps.

FIG. 4. Average total energfor and averages of its component terms,
Coulomb energyE., hydrogen-bond energf,,, Lennard-Jones energy
Ey, torsion energfEr, and solvation free enerdysg, (only for the case in
aqueous solutionfor homo-alanine as a function of temperatdren gas
phase(a) and in aqueous solutiofio). The values for each case were calcu-
lated from one multicanonical production run of 1 000 000 MC sweeps.

solvation free energy, which lowers the helix-coil transition

changes from a random coil to an ideal helix. Once theemperature compared to the gas-phase value.
(nearyhelical conformation is obtained, the hydrogen-bond  In Fig. 5 the average energy values as a function of
term further stabilizes it. temperature for (Vahy and (Gly), in aqueous solution are

In aqueous solution the overall behaviors of the conforshown. For homo-valine and homo-glycine, the behaviors of
mational energy terms are very similar to those in gas phaséhe conformational energy terms in aqueous solution are
The solvation term, on the other hand, decreases monotorfifuite similar to those in gas phageata not shownand all
cally as temperature increases. These results imply that ttBe conformational terms increase monotonically as tempera-
solvation term favors random-coil conformations, while theture increases. The solvation term, on the other hand, de-
conformational terms favor helical conformations. This iscreases monotonically as a function of temperature. For
because the solvation free energy of conformations at highomo-valine and homo-glycine, the change in total energy is
temperaturegrandom coil is lower than that at low tempera- Nnot as conspicuous as in homo-alanine. Hence, the helix-coil
tures (a-he")( conformations and because the conforma- transition in homo-valine and homo-glycine is not as clearly
tional energies at high temperatufeandom coil are higher ~ observed as in homo-alanine. We calculated the specific heat
than those at low temperatures-pelix conformations The  for the homo-oligomers as a function of temperature. The
rapid changegdecrease for the solvation term and increasespecific heat here is defined by the following equation:
for the rest of the termyf all the average values occur at the
same temperatur@round at 420 K in gas phase and 340 K
. ) ) : 2 2
in solven). This suggests the existence of a certain phase C(T):’BZ<ETOT>T_<ETOT>T )
transition. As was shown in gas phase in Ref. 25 and is N '
discussed below for the case with solvent, this transition in-
deed corresponds to a helix-coil transition. It is interesting to
note that the helix-coil transition in solvent is the result of whereN(=10) is the number of residues in the oligomer. In
two conflicting effects between conformational energy andrig. 6 we show the specific heat as a function of temperature
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FIG. 6. Specific hea€ as a function of temperaturE for (Ala),q in gas Ogggg _
phase and in aqueous solution. The values for each case were calculate Gly(Sol) +x—
from one multicanonical production run of 1 000 000 MC sweeps. 8 AT 7
6} e ]
for (Ala),qin gas phase and in aqueous solution. We observe§ :
sharp peaks in the specific heat for both environments, whict 4L - |

implies the existence of some phase transition. The tempera
tures at the peak, transition temperatures, Bye 420 and
340 K in gas phase and in aqueous solution, respectively
The transition temperatufg, for (Ala) 1o in aqueous solution

is thus significantly lower than that in the gas phase and %00 280 300 350 400 450 500 550 600 650 700
much closer to experimentally relevant temperatures. (b) T(K)

o ) FIG. 7. Average helicityn); as a function of temperatufE for (Ala)o,
E. Helicity of homo-oligomers (Val)1g, and (Gly), in gas phasda) and in aqueous solutioth). The

. . values for each case were calculated from one multicanonical production
We calculated the average number of helical residuegn of 1 000000 MC sweeps.

(n)t in a conformation as a function of temperature. In Fig.

7 we show the average helicity); as a function of tem-

perature for (Ala)o, (Val)1, and (Gly), in gas phase and homo-valine in aqueous solution is lower than that in gas
in aqueous solution. The average helicity tends to decreagshase and is less than 40% helicity for a wide range of tem-
monotonically as the temperature increases because of tipratures. The percent helicity lies between that of alanine
increased thermal fluctuations. and glycine. All these results are consistent with the fact that

At T=200 K, (n)7 for homo-alanine in both environ- alanine is a helix former and glycine is a helix breaker, while
ments are 8. If we neglect the terminal residues, in whichsaline comes in between the two.
a-helix tends to be frayedy=8 corresponds to the maximal We next calculated the percent helicity as a function of
helicity, and the conformation can be considered completelyesidue number for the three homo-oligomers. The results at
helical. Then homo-alanine in both environments is in anT=200 and 1000 K are shown in Fig. 8. The percent helicity
ideal helical structure atf =200 K. Around the room tem- is in general lower at the terminal residues than in the inter-
perature, (Ala)y in gas phase and in aqueous solution is stillnal residueg(i.e., fraying is observedfor a wide range of
substantially helical £80% and~70% helicity, respec- temperatures, because the dihedral angles of terminal resi-
tively). This is consistent with the fact that alanine is a strongdues are less constrained than those of the internal residues.
helix former. For homo-alanine, at transition temperatures-or (Ala),, and (Val), the internal residues are signifi-
(around 420 K in gas phase and 340 K in agueous solytioncantly helical aff =200 K. For (Gly),o, the residues prefer
(n)t is 5 (50% helicity. This implies that the phase transi- a coil state rather than helix for a wide range of temperatures.
tions observed above by the peak in specific heat are indeadle do observe fraying of the termini for all cases. The con-
helix-coil transitions between an ideal helix and a randomrast is most outstanding for (Alg) because it has high he-
coil. Hence, as far as the helix-coil transition is concernedlicity. The increase of fraying as the temperature is raised is
the solvation effects do not alter the nature of the transitioralso clearly seen for (Alg).
and just shift the transition temperature.

As is shown in Fig. 7, the average helicity of homo-
glycine in aqueous solution is similar to that in gas phase an
is very low (<20% helicity. It is apparent that homo- Finally, the helix propagation parameteand nucleation
glycine does not favor helix formation over the whole tem-parametew of the Zimm-Bragg modéf were calculated as
perature range in both environments. The average helicity cd function of temperature.

E' Zimm-Bragg s and o parameters
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1 FIG. 9. Helix propagation parametefa) and nucleation parameter(b) of
' ' ' ' ' " T=000K —— the Zimm-Bragg model as a function of temperatiiréor alanine in gas
T=1000 K -~ phase and in aqueous solution. The values for each case were calculated
08} | from one multicanonical production run of 1 000 000 MC sweeps.
g 067 1 whereN is the number of residues. Here, the lengttof a
o . helical segment is defined by the number of successive resi-
® 047 1 i 1 dues which are in the helix configuration. Note that from Eq.
h/ﬂ\ (8) the temperature where=1 holds corresponds to 50%
02+ ] 1 helicity, which in turn gives the helix-coil transition tempera-
j ture. From these equations with the valuegrfN and(/")
- R S > , A Ko calculated from the multicanonical production runs, one can
© 1 2 3 4 5 6 7 8 9 10 obtain estimates of and o parameters.
Residue No. In Fig. 9 we show thes and o values for alanine as a

FIG. 8. Percent helicity as a function of residue number for (Hl&}),

function of temperature. Thg parameter monotonically de-

(Val);o (b), and (Gly), (¢) in aqueous solution at 200 and 1000 K. The Cr€ases as the tgmperature increases. |t.i5 ShOWﬁ(m@
values for each case were calculated from one multicanonical productiofn aqueous solution decreases more rapidly than that in gas

run of 1 000 000 MC sweeps.

According to the Zimm-Bragg model, the average num-
ber of helical residueén) and the average lengtlr') of a

helical segment are given for largéby

(v 1 1-s

N 2 2/(1-s?2t4so

2s
=1+ ,
(O 1-s+(1-s)2+4sc

8)

phase as the temperature increases. As noted above, the
helix-coil transition temperatur€, can also be identified as
the temperature where=1 holds(i.e., 50% helicity in Fig.
9(a). Itis 420 K in gas phase and 340 K in agueous solution,
in agreement with the previous estimates by the peaks of
specific heatsee Fig. 6.

As is clear from Fig. ), in the helix phaseT<T,) the
o parameter for alanine is small and constant, but in the
random-coil phaseT>T.) o starts to grow as temperature
increases. This growth ef value reflects the increased ther-
mal fluctuations that prevent the formation of a long helix.
That is, belowT. cooperativety for helix formation wins
over thermal fluctuations, but above thermal fluctuations
win and no long helices can be formed.
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