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Side-Chain and Backbone Ordering in Homopolymers

I. Introduction

In the last two decades, the energy landscape and folding
funnel paradigrhhave led to an emerging understanding of the
folding process in proteins. However, these concepts describe
only the general characteristics of folding. Many details still
remain poorly understood. One aspect is the role of side-chain
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In order to study the relation between backbone and side-chain ordering in proteins, we have performed
multicanonical simulations of deka-peptide chains with various side groupss, Glimg, ASpio, Asmg, and

Lys;o were selected to cover a wide variety of possible interactions between the side chains of the monomers.
All homopolymers undergo helixcoil transitions. We found that peptides with long side chains that are
capable of hydrogen bonding, i.e., @uand Glno, exhibit a second transition at lower temperatures connected
with side-chain ordering. This occurs in the gas phase as well as in solvent, although the character of the
side-chain structure is different in each case. However, in polymers with short side chains capable of hydrogen
bonding, i.e., Asp and Asny, side-chain ordering takes place over a wide temperature range and exhibits no
phase transition-like character. Moreover, non-backbone hydrogen bonds show enhanced formation and
fluctuations already at the hetixcoil transition temperature, indicating competition between side-chain and
backbone hydrogen bond formation. Again, these results are qualitatively independent of the environment.
Side-chain ordering in Lyg, whose side groups are long and polar, also takes place over a wide temperature
range and exhibits no phase transition-like character in both environments. Reasons for the observed chain
length threshold and consequences from these results for protein folding are discussed.

of the particular environment because the side-chain ordering
had a different character in each case. In the gas phase, side
chains align themselves along the helical cylinder, stabilizing
themselves by forming hydrogen bonds with each other; in
solvent, the side chains extend into the solvent which screens
them from forming hydrogen bonds.

ordering in the folding process. Are side-chain and backbone These findings for Glw, decoupling of backbone and side-
ordering coupled? Do the processes occur in a particular order?chain ordering independent of the environment, immediately
In principle, these questions can be investigatedilico. As raise the question whether such a scenario is a common
one cannot employ lattice proteins and other minimalist models characteristic in protein folding, at least for hydrogen bond
that ignore side chains, one has to rely on all-atom models of forming side chains.

proteins. However, simulations of such protein models are often  In order to test this hypothesis we are investigating in this
hampered by poor convergertand in particular, slow side-  contribution the dependence of side-chain ordering on chain size
chain dynamics can pose problefrSnly with the development  and chemical properties. Glutamine (GIn), for example, is about
of generalized ensemble technigtgsch as parallel temperitig the size of glutamic acid and is also able to participate in
or multicanonical samplirfig have all-atom simulations of small  hydrogen bonds. Aspartic acid (Asp) and asparagine (Asn) are
proteins (with up to~50 residue¥) become possible. In the  also able to form hydrogen bonds, but have a smaller size, and
present work, we employed multicanonical sampfinghich Lysine (Lys) has a larger polar side chain. Consequently, we
was first introduced to protein science in ref 11. have performed multicanonical simulations of @JnAspi,

In a previous publicatio?? we reported results on backbone  Asny, and Lyso and will compare them to extended results
and side-chain ordering in polyglutamic acid, @ltOur results for Gluyo.

showed that, upon continuously lowering the temperature,Glu

Again, the folding scenarios found are independent of the

“folding” is a two-step process, starting with the secondary onyironment, despite the fact that the side-chain structure that

structure formation. Only after the backbone geometry is fixed
the side chains order themselves at a much lower temperature
This scenario applied to the polymer in gas phase as well as in

arises is different for the gas phase and in solvent. However,
we observe a decoupling of backbone and side-chain ordering
transitions, as described above, only for {gland Glny, i.e.,

a solvent. It is quite remarkable that the scenario is independentror long hydrogen bond forming side chains. Polymers with
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backbone hydrogen bonds. Furthermore, the final side-chain 20 " ; T .
ordering in these polymers takes place over a wide temperature 0
range and exhibits no phase transition-like charactersd.ys

whose side chain is long and polar, follows the same scenario
as Aspp and Asng, albeit without the side chains competing at -40
the helix—coil transition. The structural features of the low

-20

-
temperature states found here confirm early ground state ¢
investigations performed by H. Scheraga’s grétig® w80 ‘
-100
Il. Methods 420 | | \ '| | ‘ |
. . - . . 11T L

Our simulations utilize the ECEPP/3 force fi#lds imple- a0l diim ) ' AN J
mented in the 2005 version of the program package SNiP. . . . .
Here, the interactions between the atoms within the homopoly-  “'00ci00 20806 40E+06 6.0E+06 8.0E+06  1.0E+07
mer chain are approximated by a slacepp/zconsisting of Sweeps

electrostatic energc, a Lennard-Jones terf;, a hydrogen Figure 1. Time series of the energy for one of the five homopolymers,

bonding termExg, and a torsion energiror: Gluso. Over the course of the simulation, the system performs a random
walk in energy. The number of independent visits of the low-energy
3320|qu- region gives a measure for the quality of low-temperature quantities.
Ecceppsm Ec T E T Eg T B = This number can be approximated by the number of tunnelings between
3 erij preselectedE;sox and Ezsox values,—132.4 and—42.6 kcal/mol, as
A i C. . separately indicated by the two horizontal lines in the plot.
j ij ij ij
; e + g 10 + Z Ui(1 £+ cosfg)) (1) TABLE 1: Number of Tunneling Processesnr, between the
W) Al ri W) \fj Fii Average Energy atT = 150 K, E;s0k, and the Average

Energy at T = 750 K, E1s0k, in Each Simulation (5 x 1P

whererj is the distance between the atonadj, & is thel-th Sweeps)
torsion angle, and energies are measured in kcal/mol. The vacuum solvent
protein—solvent interactions are approximated by a solvent Eisox Ezsox Eisox E7sox
accessible surface term nr  [kcal/mol] [kcal/mol] nr [kcal/mol] [kcal/mol]
Glui® 303 —132.4(2) —42.6(1) 183 —210.08(5) —124.61(8)
E = z oA @) Glup 186 —161.3(3)  —76.29(8) 251 —232.42(5) —154.10(4)
solv ' Lysio 302 —33.6(1) 55.53(4) 149-100.23(5) —10.24(6)
! Asnyo 168 —195.65(10) —121.14(5) 215 —267.52(4) —196.86(4)
Aspp 118 —169.7(1)  —90.8(1) 146 —243.2(9) —169.6(9)

The sum goes over the solvent accessible afeafall atoms

i weighted by solvation parametessas determined in ref 20,

a common choice when the ECEPP/3 force field is utilized.
Our previous experienc&s2have shown thakg, reproduces

the effects of proteirwater interaction qualitatively correct. have performed multicanonical simulations okEL0P Sweeps
However, the temperature scale is often distorted, leading, for P PS.

instance, to transitions at temperatures where in nature waterszgﬁ CS);NtiZF\)I C(;EZ';:;I ‘;ffn'v:gg(thoé'Sdgtergzghoitfﬁgegoo;pidna;[)eur
would be vaporized. This problem can be remedied, however, f Y 9

by renormalization of the temperature scale upon comparisonZf;;mg\sorhngeé:ée@‘;:r;gbzgiisgl’f%vags 5138 fsc\)/;ecizllgsei/n;?ious
Wltlt]hzxgt?cr)l\;g‘-e(;]é?i.ne d energy function leads to a landscape that_(Iq_uantities are measured and written to a file for further analysis.
. ; - - . hese include the enerdy with its respective contributions

IS ck_\aracterlzed by a r_n.ultltude of minima separqted by hlgh from eq 1 and, in the cagge of the simuFI)ations in solvent, from
barriers. As the probability to cross an energy barrier of height ' ’

AEis given by expl-AE/ksT), ks being the Boltzmann constant the proteiPrsoIvent interaction energﬁsow,.the radius of
it follows that extremely long runs are necessary to obtain gyrationrgy as a measure of the geometrical size, and the number

sufficient statistics in regular canonical simulations at low of helical residuesm, i.e., r_e5|dues where the pair of dihedral
. ) angles ¢,y) takes values in the range-70° £+ 30°, —37° +

temperatures. Hence, in order to enhance sampling, we rely on30°) 26 Einallv. we monitor the total number of hvdrogen bonds

the multicanonical approah as described in ref 11. Here, ) y: yarog ’

! ) ) - . nys. Note that hydrogen bonds along the backbone span four
configurations are weighted with a termyy(E) determined ; . o »
iteratively such that the probability distribution obeys residues in the sequence. We therefore monitor, in addition, the

number of hydrogen bonds between residues that are closer in
~ the sequence, denoted hy. This number is a lower limit to
Py (E) O n(E)w,, ,(E) =~ const 3 ’ B
wu(E) O (B, (B) 3) the number of non-backbone hydrogen botfds.

aThe number in parentheses is the uncertainty in the last dige
Gluye simulation in vacuum was IGweeps for testing reasons.

After determining the multicanonical weightgyy(E), we

wheren(E) is the spectral density of the system. Thermodynamic

averages of an observabiBCat temperaturd are obtained by lIl. Results and Discussions

re-weighting?® Our aim is to study through multicanonical sampling the
relationship between side-chain ordering and other transitions

f dx O(x)e =T, [E(X)] for five specifically selected homopolymers. We are interested

(o) = (4) particularly in the behavior of these molecules at low temper-
f dx e_E(X)’kBT/WMU[E(x)] atures where their energies are low too. Hence, a measure for

the quality of our results is the number of independent low-
wherex counts the configurations of the system. energy states. As a multicanonical simulation performs a random
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Figure 2. Specific heatC(T), as function of temperaturg for the Figure 3. Average number of helical residuda,[{T), as function of

fiye hor_nopol_ymers in the gas phase as obtained from a multicanonical temperaturd for the five homopolymers in the gas phase as obtained
simulation with 5x 10° sweeps (10sweeps for Glu). Error bars are  from a multicanonical simulation with 5 10° sweeps (10sweeps
included and are mostly about the symbol size or less. for Gluyg). The inlay shows the corresponding average radius of gyration

. . . . 1 .E b included and tly about th bol si
TABLE 2: Properties of the Helix—Coil Transitions o/IT). Error bars are included and are mostly about the symbol size

Observed for the Five Homopolymers: Transition or less.
Temperature T;, Half Width AT, and Specific Heat Per

Molecule at the Transition Temperature, C(T;)2 is also connected with a collapse of the molecule. Below the

transition, rgy stabilizes, reflecting the stable helical structure

vacuum solvent that has been reached.
Ty AT C(Ty) T AT*  C(Ty) The transition temperatures are largest forgkhnd Glng
[K] [K] [keal/mol]  [K] [K]  [kcal/mol] and lowest for Aspy and Aspo, the individual values being

Glu 587(14) 161 0.193(2) 477(7) 88  0.296(3) very close to each other in each block. The transition temperature
Glnpy  584(14) 163 0.181(1) 484(8) 97  0.268(3) for Lysyois intermediate between both blocks. Because the side
Lysio  538(8) 151 0.216(2) 447(10) 98  0.266(3)  chains of Glyy and Gln are larger than in the cases of Asn
Asmo  485(19) 193 0.169(2) 424(9) 105 0249(4) 54 Aspo, they provide sterical hindrances to backbone

As 471(19) 170 0.182(2 415(6 82  0.300(3 . .
A|£l§ 42§(7)) 146 @ 333((2)) ®) conformations, leading to a decrease of the backbone entropy.

aTh ber i h is th Haint in the last digit As the transition is driven by entropy, and the energetic
€ number In parentneses IS the uncertainty In e las Igit. . [ :
b Determined a€ = [C(T1) + C(Tm)]/2 With Ton from eitherC' (Ton) properties of these four heteropolymers are similar, this leads

=0 orC"(Tmn) = 0. < The data for Ala10 are from refs 29 and 30 and to a higher transition temperature for the polymers with larger
are included for comparison. side chains. This argument also explains the relationship of the

transition temperature for Lygto that of a homopolymer of
walk in energy space (see Figure 1), a lower limit for this similar energetics but much shorter side chain, flaith a
number of independent states can be obtained from the numbetransition temperaturé, = 427 K; see ref 29 and Table 2.
nr of passages from a suitably defined low-energy state to high  However, this entropic argument does not suffice to under-
energies, and back, sometimes also called “tunneling processes”stand why the transition temperature of kyss still smaller
Because we wanted to obtain information about transitions thatthan that of Glyy, and Glny, although Lyso has even longer
occur in the temperature range 200 to 600 K, we choose theside chains than those two molecules. In order to explain this
average energies at= 150 and 750 K as reference energies feature, we have to take the different energetics into account,
in each case. These reference energies and the numbers dfe., the fact that the side chains of @uand Glng can
tunneling processes for each simulation are reported in Tableparticipate in hydrogen bonds, which are stronger than it would
1. As in previous investigations, we fourrg > 100 to be be for the case of Lys. These additional energy contributions
sufficient for a good quality of the results. As a check, we shift the transition temperature of Giand Glngto still higher
performed a 10sweep simulation of Glg in vacuum; all other values. This energy contribution also explains why the transition

simulations were 5« 107 sweeps. temperatures of Asp and Aspo are still higher than that of
We first investigate the case of molecules in the gas phase.Ala;q, although the side chains for those three molecules are of
Figure 2 displays the specific heat per molecule, similar size.
The inlay of Figure 3 shows an interesting additional effect
C(T) = (E°— ED)/K, T (5) of side-chain size. Over the whole temperature range, the radius

of gyration of Lygo is clearly larger than that of the other

as a function of temperature for all five polymers. In each case, molecules. However, in the high-temperature phase and in the
one observes a peak at a temperaflirén the range 450 to  transition regime, the values ofy for Glu;o and Glng as well
600 K with quite large half-widths between 150 and 200 K. as for Asng and Aspo are very close to each other, despite
The individual peak temperaturds and other properties are differently sized side chains. Only in the low-temperature phase
listed in Table 2. do their sizes become recognizably different (see also below

The corresponding plot of the helicity in Figure 3 shows that the discussion of their respective low-energy structures). Above
these peaks separate a high-temperature region where théhis phase, the size of these four polymers is apparently
backbone has no ordering from a region where temperaturesdominated by backbone fluctuations. The lyside chains,
are low enough to allow the formation of arhelix. As one however, being two or three GHyroups longer, respectively,
can see from the monotonic drop in the average radius of do give a considerable contribution to the size of the molecule,
gyrationrgy that is shown in the inlay, the hetixcoil transition as expected.
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TABLE 3: Properties of the Side-Chain Ordering 5.0 G
Transitions Observed for Gluyp and Gln;o: Transition N 25 . i i G e
Temperature T,, Half Width AT, and Specific Heat at the \ 2'0 Lys =
Transition Temperature, C(T,)2 4.0 f Tk Asp e
X e 15 Asn ---w--
vacuum solvent X 10
T, AT C(T) T, ATY C(T) 30k, 05 B 1
[K] [K]  [kcal/mol] [K] [K]  [kcal/mol] w:g = 0.0 3“00 600 900
Glup 166(16) 203 0.176(4) 111(10) 166 0.152(2) 20 g Treeesresrea |
Glnp 181(23) 187 0.161(6) 120(17) 146  0.133(3) \‘K\:Dsgm:UJDJEESEE-\'l.l
aThe number in parentheses is the uncertainty in the last digit. 10+ *xm,M,X,H/K,x,*,*,ii,iii;\: :"--i..,._"_‘
b Determined aC = [C(T2) + C(Tmin)]/2, With Tmin from C'(Tmin) = 0. AN N T
12.0 — . . . : : : : 0.0 e

200 300 400 500 600 700 800 900 1000

1 T(K)

Figure 5. Average number of hydrogen bonds between monomers
1 that are less than four units apart in the sequemﬁ‘ED(T), as
function of temperaturd@ for the five homopolymers in the gas phase
as obtained from a multicanonical simulation withx510° sweeps

(10" sweeps for Glw). Note that this number is a lower limit to the
number of non-backbone hydrogen bonds; see text. The inlay shows

8.0

6.0 ¥

NHB

4.0 il the corresponding fluctuationgT) as function of temperature Error
bars are included and are mostly about the symbol size or less.
2.0 1
: M SRERBEEEREEEEaas Asn and Aspo, whose side chains are only one £¢toup
Asn ---= i TR
2‘00 200 4'00 560 6'00 7'00 8'00 900 1000 shorter than those of Glgtand Glng, show no such second
0 peak in the specific heat. This is surprising because also in these

_ polymers hydrogen bonds are forming continuously with
Figure 4. Average total number of hydrogen bondsys((T), as decreasing temperature among the side chains, like it @ha
function of temperatur@ for the five homopolymers in the gas phase Glnio (see Figure 4). However, as the inlay of that figure

as obtained from a multicanonical simulation with>510° sweeps d his hvd bond f L ied
(107 sweeps for Glu). The inlay shows the corresponding fluctuations G€Monstrates, this hydrogen bond formationasaccompanie

#(T) as function of temperatufE Error bars are included and are mostly Oy @ peak in the hydrogen bond number fluctuations.
about the symbol size or less. We have investigated this puzzle by a more detailed inspec-

tion of the hydrogen bond formation. Figure 5 shows the
temperature dependence of the hydrogen bonds between mono-
Interestingly, a second peak in the specific heat is observedmers that are less than four units apart in the sequence, i.e.,

for two of the homopolymers, Gly and GIno. The peak  non-backbone hydrogen bonds. It can be seen that inp/sl
temperature§; are around 170 K, with a peak width of about  Asp,; such bonds take part in the hydrogen bond formation and
200 K. The exact peak properties are listed in Table 3. From contribute to the fluctuations already at the helgoil transition.
the inlay of Figure 3, it follows that this second peak cannot be G|U10 and G|r10’ in contrast, show no such fluctuation peak. In
related to an additional collapse of the two molecules. We have addition, we observe that the number of these hydrogen bonds
argued in ref 12 that this low-temperature peak is related to an that are of short range in the sequenaedsufficient to account
ordering of the side chains in the form of hydrogen bonding for all hydrogen bonds in the low-temperature phase. This means
between them. This hypothesis is supported by Figure 4 wherethat Asng and Aspo exhibit some side-chain hydrogen bonds
we display the average total numbes of hydrogen bonds as  in the low-temperature phase that span four residues and are,
a function of temperature. Note that the fully formed helix therefore, parallel to the backbone hydrogen bonds. In contrast,
contains six backbone hydrogen bonds. Beldw= 400 K, practically all side-chain hydrogen bonds in @and Ging
however, more than six hydrogen bonds are formed, with the cover smaller distances along the sequence. Once the helix is
number increasing with decreasing temperature. Because ndormed, residues four units apart are actually closest in space.
hydrogen bond partners are available anymore on the backboneConsequently, side-chain hydrogen bonds in Asmd Aspo
these additional hydrogen bonds are formed between the sideare actually between groups closer in space than they are in the
chains. The fluctuations of the hydrogen bongd) = [n4s case of Glyp and GIno. This is also suggested when comparing
— [myhl) are shown in the inlay of Figure 4. In addition to  the lowest energy structures of the four polymers in Figure 5.
the peak af; that appears for all polymers and that we expected Although in all cases the side chains nestle along the cylinder
from the helix-coil transition, there is a second peak at the formed by the helix, in Aspy and Aspyo, they appear to be more
temperatureT, in the curves for Gl and Glno. This peak  stretched and densely packed. In particular, inséand Aspo,
corresponds to the second peak in the specific heat, and thisthe side chains appear to have much less possibility to find
result clearly indicates indeed a second transition connected toalternative hydrogen bond partners than they have in the case
the hydrogen bond formation. It separates a low-temperatureof Gluyp and Glng, leading to this dramatic difference in the
phase with ordered side chains from a phase at temperaturesiuctuation behavior of both molecule groups.
aboveT, where only the backbone is ordered and there is only  The reason for this remarkably different behavior of Asn
a small number of fluctuating side chains. The form of the side- and Aspg is the apparent existence of a threshold length for
chain ordering can be seen best from the lowest energythe side chains. If these chains are not long enough, the number
conformations displayed in Figure 6. Here, the side chains nestleof degrees of freedom is simply too small to allow for the
along the cylinder formed by the helix and are stabilized by fluctuations observed for Glgand Glng. This difference can
the side-chain hydrogen bonds (not shown in the figure). be compared to the behavior of a generic model for phase
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Figure 7. Specific heatC(T) as function of temperaturgfor the five
solvated homopolymers as obtained from a multicanonical simulation
with 5 x 10° sweeps. The inlay shows the corresponding average radius
of gyration g [(T). Error bars are included and are mostly about the
symbol size or less.

(@) Lys ) The structural features in the low-temperature phase found
here correspond to early results from theoretical structure
investigations on the ground state structure of such homopoly-
mers in vacuum, performed by H. Scheraga’s grbupf
However, detailed thermodynamic investigations, as performed
here, that clarify the ordering scenario, were not possible at that
time.

So far, we have focused on the behavior of our molecules in
(d) Asp the gas phase. This research is in itself theoretically interesting
as well as important experimentally, because the properties of
biopolymers in gas phase have become accessible to measure-
ments only recentl§7-28 In particular it has been verified that
helices can be stable in the gas phase up to high temperatures.
The high transition temperatures that we observe in our
» simulations are, therefore, not unrealistic. However, in nature,
(€) Asn proteins are usually solvated, and their function often depends
Fi ) ) ) . on the details of the solvent environment. For this reason, we

igure 6. Lowest energy configuration of the five homopolymers in

the gas phase as obtained from a multicanonical simulation with 5 Nave extended our investigation in a second step to that of

10° sweeps (10sweeps for Glw) and subsequent minimization. Each 30|Vat_9d homopolymers. _ )
structure is shown in top and side view to give a better impression of ~ As in the case of gas-phase simulations, we observe for all

the actual 3D structure. The pictures have been drawn with P$mol. five molecules a helixcoil transition characterized by peaks

in the specific heat (see Figure 7), their properties being listed
. . . . . . also in Table 2. As can be seen clearly, the width of these peaks
transmons., thg Ismg_modé*f’,ln one and higher d|men§|ons. is much narrower and their height is larger than in the gas phase,
Although in dimensiond > 1 the number of effectively j,gicating a sharper transition, a feature that has been found
interacting degrees of freedom is sufficient to allow for a phase |,otore for polyalaninm®2° and by us for Gly.12 Correspond-
transition at somd& > 0, they are not sufficient in the 1d Ising ingly, Figure 8 shows a rapid increase in the average helicity

model, leading only to a monotonic ordering upon decreasing gnq 4 sharp drop in the radius of gyration (see the inlay of Figure
the temperature td@ = 0 in that case. Similarly, the ordering g

of the side chains in Aspand Aspo does not have a transition- All transition temperatures are shifted considerably to lower
like character but is spread out over a wide range of tempera-ya|yes. The reason for this shift is the competition between the
tures. formation of backbone hydrogen bonds that stabilize.drelix,

Such a side-chain ordering behavior is also what we observeand the formation of hydrogen bonds between the backbone
for Lysio. Because its side groups could participate only in weak and the solvent in the coil phase, the energy contribution of the
hydrogen bonds, they act neutral at the helwil transition latter being described in a mean field way by the solvent energy
and finally order themselves as it is shown in Figure 1. The term (2). Although in vacuum the transition to the coil phase is
side groups align themselves along the helical axis, however driven solely by entropy, here also a part of the energy, i.e.,
less densely packed than in the case of the strong hydrogenthe peptide-solvent interaction, favors the coil phase. These
bond forming side chains. We observe a minor increase of the effects collaborate so that the transition takes place at a lower
specific heat at the lower temperature end of our data. However,temperature and becomes sharper. However, the relative ordering
because the error in this regime is largest, we consider thatof the transition temperatures among the polymers remains
finding inconclusive. Rather, we have to conclude that the practically the same as in the gas phase, and the explanations
specific heat actually stabilizes over a wide range of tempera- for this ordering we gave above apply here too.
tures below the helixcoil transition and side-chain ordering Interestingly, again, a second peak in the specific heat is
is actually a smooth process over this temperature range. observed for Gly and Glng, the exact properties being listed
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Figure 8. Average number of helical residués,[{T), as function of
temperaturdl for the five solvated homopolymers as obtained from a
multicanonical simulation with 5« 10f sweeps. The inlay shows the
corresponding average radius of gyratify[(T). Error bars are included
and are mostly about the symbol size or less.

(b) Gl

also in Table 3. As before, this second peak cannot be related
to a collapse of the two molecules, as can be seen from the
inlay of Figure 8. However, here, the reason for such a behavior
cannot be the formation of hydrogen bonds among the side

chains, because they interact with the solvent instead. The lowest
energy structures show that the side chains extend into the
solvent; see Figure 9. Also, Figure 10 shows that the total

number of hydrogen bonds is limited to those that stabilize the

helix backbone.

A closer inspection shows that this second peak in the specific
heat is mainly due to fluctuations in the solvent contribution to
the total energy. This was already found in ref for {gJtand
we confirm it here for Glp. The details of the individual
contributions of the fluctuations to generate the specific heat
peak are rather subtle, however, and we refer to that reference
for a more detailed discussion. We just emphasize that, despite
the fact that the side-chain ground state structures are funda-
mentally different from the gas phase, a side-chain ordering _ ] ) )
transition is observed in solvent for Giand Glno. Figure 9. LO\_Nest energy con_flguratl'on of_ the flye so!vated homopoly-

. . ._mers as obtained from a multicanonical simulation witk £0° sweeps

No such behavior can be observed for the shorter side-chainang subsequent minimization. Each structure is shown in top and side
polymers Asip and Aspo. The lowest energy structures show  view to give a better impression of the actual 3D structure. The pictures
that also in their case the side chains extend into the solvent;have been drawn with Pym#i.
see Figure 9. However, the chains are apparently just too short

to generate the necessary amount of solvent fluctuations. Again, o i
as before in the gas phase, we encounter the situation that th§'mopolymers undergo hetixcoil transitions, and we were able

length of these side chains appears to be just below somet© explain the ordering of their respective transition temperatures.
threshold. Surprisingly, there is still some minor side-chain e found that peptides witlong side chains that are capable
hydrogen bond formation in the low-temperature phase ofAsn ©f hydrogen bonding, i.e., Gly and Glno, exhibit a second
and Aspo, as can be seen in Figure 10, and as we saw in gastransition at lower temperatures connected with side-chain
phase, in Figure 11, we again observe enhanced side-chairPrdering. Remarkably, this occurs in the gas phase as well as

hydrogen bond fluctuations at the heligoil transition, albeit N solvent, i.e., independent of the environment, although the
on a smaller level. character of the side-chain structure is different in each case.

exhibits again no particular features with However,shortside chains capable of hydrogen bonding, as in
Aspo and Asno, exhibit no separate side-chain ordering
transition at temperatures below the helpoil transition

() Lys

(d) Asp

() Asn

Lysio, finally,
respect to side-chain ordering. As to be expected, its side group

extend far into the solvent; see Figure 9. As before in the gas ’ . . N

phase, this side-chain ordering does not have a transition-like t€Mperature. Instead: final side-chain ordering |n.th'e.se polymers

character but is spread out over a wide range of temperatures.takes_ P'ac_e over a wide temperature range, ex_hlbltlng no phase

transition-like character. Side-chain ordering in Lyswvhose

side groups are long and polar, also takes place over a wide

temperature range and exhibits no phase transition-like character.
We have investigated backbone and side-chain ordering in Again, these results are independent of the environment, despite

five homopolymers, Gh, Glno, Aspio, Ashig, and Lyse. Those the different character of the side-chain structure in each case.

molecules were selected to cover a wide variety of possible  Our results indicate that, the de-coupling of backbone and

interactions between the side chains of the monomers. All side-chain ordering do not depend on the details of the

IV. Summary and Outlook
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Figure 10. Average total number of hydrogen boné#s[{T) as
function of temperaturel for the five solvated homopolymers as
obtained from a multicanonical simulation with>5 10° sweeps. The
inlay shows the corresponding fluctuatig(r) as function of temper-
atureT. Error bars are included and are mostly about the symbol size
or less.
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Figure 11. Average number of hydrogen bonds between monomers
that are less than four units apart in the sequeli¢g/{T), as function
of temperaturd for the five solvated homopolymers as obtained from
a multicanonical simulation with 5 10f sweeps. Note that this number
is a lower limit to the number of non-backbone hydrogen bonds; see
text. The inlay shows the corresponding fluctuatjgi) as function
of temperatureT. Error bars are included and are mostly about the
symbol size or less.

environment, but solely depend on the particular side groups
involved. Although homopolymers with some side groups show

a separate ordering transition in both environments, some do
not. Because natural proteins are heteropolymers of amino acids

Wei et al.

fragment PTH(1-34) that have already been proven to be
accessible by the computational methods used Hére.
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