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ABSTRACT

Monte Carlo simulated annealing is applied to the tertiary structure predic-
tion of a 17-residue synthetic peptide, which is known by experiment to exhibit
high helical content at low pH. Two dielectric models are considered: sigmoidal
distance-dependent dielectric function and a constant dielectric function (e = 2).
Starting from completely random initial conformations, our simulations for both
dielectric models at low pH gave many helical conformations. The obtained low-
energy conformations are compared with the NOESY cross peak data for both
main chain and side chains, and it is shown that the results for the sigmoidal
_ (iiélébtric function agree with the experimental data more than for the constant
dielectric function. The failure of the constant dielectric function is interpreted to
be due to the insufficiently screened repulsive electrostatic interactions among four
positively charged residues at low pH. The results of the sigmoidal dielectric func-
tion predict the existence of two disjoint helices around residues 5-9 and 11-16.
Simulations with high pH, on the other hand, hardly gave a helical conformation,
which is also in accord with the experiment. Qur results are compared with the

previous molecular dynamics simulations of the same peptide.



INTRODUCTION

The discovery of significant a-helix formation of the C-peptide and S-peptide of
RNase A in aqueous solution near 0° C"~ has changed the prevailing dogma that
secondary structure within small peptides is undetectable! Since then much work
has been carried out on various small peptides to further elucidate the unexpected

helical stability and to measure the helix propensities of amino acids® ™"

In this article we study the a-helix folding in an oligopeptide by Monte Carlo
simulated annealing.m’ The major problem in traditional protein simulations such
as molecular dynamics and Monte Carlo at temperatures of experimental inter-
est (around 0° C) lies in the fact that simulations strongly depend on the initial
conditions and cannot reach thermal equilibrium within the presently available
computer resources. This is caused because the potential energy surface of protein
system is very complicated and has a huge number of local minima. Hence, most
simulations start from a folded structure such as an ideal helical conformation, and

.u}if(;lding of the conformation is studied™ ™" Simulated annealing alleviates this
difficulty of dependence on initial conditions. The method was applied to crystallo-
graphic refinement of protein structures™ ™ Its application to ab initio prediction
of peptide and protein conformations was also proposed.m—”l It was then shown
that folding of the a-helix from a completely random initial conformation is indeed
possible for various polypeptides which are empirically expected to be helical ™"

Moreover, it was shown that properties of 3-strands can also be analyzed by this

method™”

In the present work we consider the 17-residue synthetic peptide which was
recently studied by two-dimensional nmr and CD spectroscopy.pl The experimen-
tal data suggest that residues between 5 and 14 of this peptide are significantly
helical at 278 K for pH 2.0 and that the helical content significantly decreases for
high pH. The peptide was also studied in detail by molecular dynamics simula-
tioms”™ In this work three different dielectric models: a linear distance-dependent

dielectric function (e = r), a modified form™" of the sigmoidal distance-dependent



dielectric function;mj and € = 1 with explicit water molecules. It was shown that
simulations with the sigmoidal dielectric function and the model with explicit wa-
ter molecules resulted in average distances consistent with the nmr experiments,m

with the sigmoidal function best representing the data™

The purpose of the present article is to compare this well-performing sigmoidal
dielectric function with yet another function, ¢ = 2, within the framework of Monte
Carlo simulated annealing. The latter function has been used in our previous works

fan _aal
[os—2yj

with Monte Carlo simulated annealing.

METHODS
Potential Energy Function and Dielectric Models

The semi-empirical potential energy function that we used is given by the
sum of the electrostatic term, 12-6 Lennard-Jones term, hydrogen-bond term, and
torsion term with their parameters adopted from ECEPP/2.[“-'61 The computer
code .KONFQOI“';‘el was used for Monte Carlo simulated annealing (SA).

" Two dielectric functions for the electrostatic term were used for SA simulations:
€ = 2 and a sigmoidal distance-dependent dielectric function”™ The sigmoidal

dielectric function we used is given by

D -2

e(r)=D - 5

[(.sr)2 + 2sr + 2] e,

where r is the interatomic distance, D is the bulk solvent dielectric constant, and
s is a constant. We used D = 78 to represent an aqueous system and s = 0.3 fol-
lowing Ref. 23. This dielectric function is essentially the one used in Ref. 23 with
the exception that they used % instead of % We introduced this modifica-
tion in order to have the limit e(r) — 2, as r — 0, instead of ¢(r) — 1. The
dielectric function varies smoothly from 2 to 78 as r increases, following closely an

. . 47
experimentally derived curve!”

-

Peptide Preparation and Charges of Residues



The amino acid sequence of the 17-residue peptide is ETGTKAELLAKYEATHK.”

Since the charges at peptide termini are known to reduce helix content,[‘s’q we re-
moved them by taking a neutral NHy— group at the N-terminus and a neutral
-COOH group at the C-terminus.

The ionization states of the amino acids were chosen to represent the peptide
in two pH regions: low pH (< pH 4) and high pH (> pH 8). The charged residues
are then Hist and Lys* for low pH and Glu~ and Lys™ for high pH.

Computational Details

One SA run consists of successively updating all the dihedral angles in the back-
bone and sidechains 10* times with the initial temperatue of 1000 K and the final
temperature of 278 K (the experimentally relevant temperature). The temperature
was decreased exponentially.m’“] The peptide-bond dihedral angles w were fixed
to 180° for simplicity. Starting from completely random initial conformations, we
made 20 SA runs for each of the following cases: with the two dielectric models for

‘low pH and with the constant dielectric function (e = 2) for high pH. The CPU time
for one SA run was ~ 17 minutes with the constant dielectric function and ~ 25

minutes with the sigmoidal dielectric function on a 2 GFLOPS supercomputer.

RESULTS AND DISCUSSION

a-Helix Formation

We label each set of 20 obtained conformations by numbers in increasing order.
The ECEPP energies of Conformations # 1 (the lowest-energy conformation), #
10, and # 20 (the highest-energy conformation) are, for instance, —117.2 kcal/mol,
—88.9 kcal/mol, and —67.8 kcal/mol, respectively, for the case of the sigmoidal

dielectric function.

In order to analyze the a-helix propensities, we adopt the same criterion for
a-helix as that defined in Ref. 36; we consider that a residue is in the a-helix state
when the dihedral angles (¢,1) fall in the range (—60 % 45°, —50 + 45°) in the
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dihedral space. The helicity n is then defined by the number of successive residues
which are in the a-helix state. Note that n = 3 corresponds to roughly one turn of
the a-helix . We consider a conformation as helical if it has a segment with helicity
n>3.

In Table I we summarize the helix formation of all the runs. The first entry
is the number of helical conformations (n > 3) listed against helicity n, the sec-
ond entry is the average helicity < n >y which is an average over only helical
segments (n > 3), and the third entry is the average fraction of residues in the
a-helix state, <= (N = 17). The most remarkable feature we see in Table I is
that at high pH helical conformations are hardly observed (1 out of 20), while at
low pH many helical conformations are formed (11 for € = sig and 14 for € = 2).
This is in agreement with the experimental data' This kind of charge dependence
on helix stability was previously observed in experiments on C-peptide(w and was
confirmed theoretically by Monte Carlo simulated annealing”™® We remark that
500.ps molecular dynamics simulations with the same 17-residue synthetic peptide
- did not reproduce this decline in helix formation for high pH.m] At low pH both
dielectric models produce similar amount of a-helix . The longest a-helix for both
cases has helicity n = 8, i.e., more than two turns of the helix. While the case with
¢ = 2 produced more helical conformations than that with e = sig (14 versus 11),
average helix fraction <f and average helicity < n > are larger in the case with

€ = sig.

In Figure 1 we show the percentage of a-helix state as a function of residue
number. The experimental values are also added in the Figure.["m As expected,
the results for high pH are significantly lower than those for low pH. Our data
for the two dielectric functions at low pH have a few common tendencies. First,
there is a clear decline at residue Thr-4, which is consistent with the experimentsm
and the molecular dynamics simulations”. Secondly, there is another decline at
residues Ala-10, which was not observed in the molecular dynamics simulations™™
Unfortunately, experimental data for this residue are not available. (See Figure 1.)

However, there is an important difference between € = sig and € = 2 cases: the



sigmoidal dielectric function predicts high helix content in residues 11-15, while
the constant dielectric function predicts only residue 14 to be in the a-helix state.
This difference can be seen more clearly in Table II where we list the distribution of
helices by classifying the obtained helices into three characteristic helices: Helix A
(residues 1-3), Helix B (residues 5-9), and Helix C (residues 11-17). A helix which
lies in-between two characteristic helices is listed under both characteristic helices
when more than one residue belong to both. From the Table we conclude that the
sigmoidal dielectric function predicts the existence of two disjoint helices, around
residues 5-9 and 11-16, while the constant dielectric function mainly predicts the
existence of only one helix around residues 5-9. The experimental data suggest
that residues between 5 and 14 are significantly helical™” Hence, the sigmoidal
dielectric function is more consistent with experiments. One more thing we can
read off from Table II is that in both dielectric models low-energy conformations
are mostly helical. The six lowest-energy conformation for € = sig (Conformations
# 1 - # 6) and ten lowest-energy conformation (Conformations # 1 ~ # 10) for
€ = 2 are all helical. The energy difference between the global-energy-minimum
conformation (# 1) and the lowest-energy non-helical conformations (# 7 and #
11 for ¢ = sig and € = 2, respectively) are significant: AE = 25.3 kcal/mol and
15.1 kcal/mol for € = sig and € = 2, respectively (data not shown).

Comparison to 2D NMR Data

We now compare the tertiary structure predicted by the present simulations
to the imlications of the NOESY connectivity data for both main-chain and side-
chain pairs of atoms' In Table Il we summarize the distances corresponding
to the observed NOESY connectivities for the three lowest-energy conformations
(Conformation # 1 — # 3). When there are more than one poséible interactions
to consider, the shorter distance for each pair is taken. Here, we assumed that
any distance < 5 Ais consistent with the nmr data!” For the case of the sigmoidal
dielectric function, Conformation #2 gave the most number of agreement (13 out

of 21). For the case of the constant dielectric function, however, the three confor-



mations did not represent the structure closest to the experimental data. Instead
Conformation # 12 gave the most number of agreement (10 out of 21), and the
results of this conformation are also listed in the Table. As is clear from the Table,
all of the three conformations from the sigmoidal dielectric function give reason-
able agreement with the experiments, while the agreement is much poorer for the
conformations for the constant dielectric function. In particular, the results for
Conformation # 1 and # 2 for ¢ = sig imply the connectivity between Tyr-12
and His-16. The importance of this interaction for helix stability was noted by
the molecular dynamics simulations”™ and the experiments.lol In fact, a similar
helix-stabilizing interaction betweem another aromatic residue Phe and His was
previously noted in experiments."’a’ This interaction can be interpreted to be a
H-bond between the charged His side chain and the aromatic ring of Phe!***”? The
importance of this Phe;—His;;4 interactions for helix stability was further eluci-

dated by a recent experiment.lso]

_ The root-mean-square distances (RMS) of these conformations in Table III
 were calculated (data not shown), and it was found that Conformations # 1 and
# 2 are relatively similar to each other (RMS= 2.7 Aand 4.1 Afor backbone atoms
and all atoms, respectively) for ¢ = sig, while # 1 and # 12 are similar to each
other (RMS= 2.6 Aand 3.6 Afor backbone atoms and all atoms, respectively).
Since Conformation # 12 gives the most number of agreement for ¢ = 2, it can
be said that the low energy conformations predicted by SA did not completely fail
in reproducing the experimental data even in the case of the constant dielectric

function.

End-to-End Distances

In Table IV we list the average end-to-end distances of the observed conforma-
tions for the three cases studied. The distance was measured from N of residue 1
to O of residue 17. The conspicuous feature observed in this Table is that < d >
for-¢ = 2 at low pH is much larger than those for € = sig at low pH and € = 2

at high pH. This fact can be interpreted as follows. Since there are four positive



residues at positions Lys-5%, Lys-11*, His-16%, and Lys-17*, and the rest of the
residues are neutral at low pH, the electrostatic repulsions between like charges
tend to stretch out the peptide. The constant dielectric function (¢ = 2) can-
not screen this repulsive forces adequately, while the sigmoidal dielectric function
which increases with distance can properly, resulting in more agreement with the
experiments. On the other hand at high pH, charges are distributed at Glu-1~,
Lys-5%, Glu-7—, Lys-11%, Glu-13~, and Lys-17* with both positive and negative
polarity. Hence, the problem of too much repulsion between like charges does not
exist at high pH, and again an agreement with experiments (no helix formation)

was obtained.

CONCLUSIONS

In this article we have applied Monte Carlo simulated annealing to the ter-
tiary structure prediction of a 17-residue synthetic peptide. The most outstanding
feature of the present method is that direct folding of helices is simulated from
: éom};letely random initial conformations without any bias towards a helical con-
formation. We have compared the performance of two dielectric functions: the

(424123 and the constant dielectric

sigmoidal distance-dependent dielectric function
function (¢ = 2). Although both models reproduced about the same helical con-
tent, we have concluded that the former (e = sig) is superior to the latter in the

following points.

(1) Location of helices are more in agreement with the experiments!” Two dis-
joint helices were predicted around residues 5-9 and 11-16, while the exper-

imental data suggest that residues between 5 and 14 are significantly helical.

(2) NOESY connectivity data for both main chain and side chains agree more

with the experiments!ﬂ In particular, the interaction between Tyr-12 and
His-16* was observed in accord with the molecular dynamics simulations™

and the experiments.m

The failure of the constant dielectric model was interpreted to be due to the



insufficient screening of the strong electrostatic repulsions among the four positive
residues. We have also confirmed the experimental data suggesting notable decline
in helix content at high pH, which was not observed by the previous molecular

.. . [23)
dynamics simulations.

Although a simulation with explicit water molecules should eventually be per-
formed, they are substantially more computer intensive (factor of 30 for the 17-
residue synthetic peptide) and are also slower in the thermalization process (sam-
pling smaller conformational space) than the one with the sigmoidal dielectric
function™ Considering the successes in ab initio prediction of tertiary structure
in the present work, we draw the same conclusion as the previous molecular dynam-
ics simulations: within the presently available computer resources, the sigmoidal

dielectric function is an attractive alternative to adding explicit water molecules.
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Table I. a-Helix Formation in 20 Monte Carlo Simulated Annealing Runs®

pH? Low Low High
Dielectric Model® € = sig e=2 €e=2
n

3 3 4 1

4 2 4 0

5 3 3 0

6 1 2 0

7 1 0 0

8 1 1 0

9 0 0 0

10 ] 0 0
Total 11/20 14/20 1/20
<n>pg 44 4.2 3.0
%= 0.44 0.41 0.11

¢ The number of helical conformations (i.e., conformations with helicity n > 3) for
each n is listed. Entries with n > 10 are suppressed, since they are all null entry.
Average helix length < n > g and average fraction of residues in the a-helix state
{7 are also listed.

b Low pH and high pH are defined by the conditions pH < pH 4 and pH > pH 8,
respectively.

¢ The € = sig refers to the sigmoidal distance-dependent dielectric function.
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Table II. Distribution of Helices at Low pH®

€ = sig e=2
Conf. Helix A Helix B HelixC Conf. Helix A HelixB HelixC
1 5-9 11-15 1 7-11
2 2-9 2-9 11-15 2 2-4
3 5-11 14-16 3 12-14
4 2-5 11-15 4 59 12-14
5 11-16 5 1-6 1-6
6 7-9 6 2-9 2-9 12-14
9 12-15 7 6-9
10 4-6 12-15 8 7-9
11 1-3 7-9 11-13 9 6-9
16 5-7 10 6-9
20 4-8 12 6-11
13 5-7 10-14
16 1-3
. 18 6-9
Total 3/11 8/11 8/11 Total 4/14 11/14 4/14

¢ Helix A is defined to be a helix in residues 1-3, Helix B in 5-9, and Helix C in
11-17. When a helix lies in one of the three characteristic helices for more than
one residue, it is counted and listed (i.e., edge residues are not counted; a helix in
residues 2-6 is counted as both Helix A and Helix B, but a helix in resiudes 2-5 is
counted as only Helix A).
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Table III. Distances (in A) Corresponding to Observed NOESY Cross Peaks for the
Three Lowest-Energy Conformations from 20 Monte Carlo Simulated An-
nealing Runs®

Dielectric Model sig sig sig 2 2 2 2
Conformation 1 2 3 1 2 3 12
E (kcal/mol) -117.2 -1022 -99.3 26.1 31.1 31.2 41.2

Helix 1 5-9 2-9 5-11 7-11 24 12-14 6-11
Helix 2 11-15 11-15 14-16
Main Chain
74/ 3.2 4.2 3.2 44 49 44 3.3
asns 3.0 3.0 2.8 7.3 8.0 8.4 3.1
asfs 2.3 2.6 2.2 92 80 104 3.2
ag P 2.9 2.9 3.2 50 9.1 9.1 2.7
agfn 7.0 6.2 2.9 3.1 7.7 7.7 2.9
o10M3 4.3 3.8 5.3 4.8 6.7 4.1 49
a11M4 3.1 3.2 8.9 8.4 8.4 4.1 8.8
. ai3nie 4.1 3.2 4.4 7.1 69 5.3 7.1
Coincidence 7/8 7/8 6/8 4/8 1/8 3/8 6/8
Side Chain
Bane 3.7 5.4 37 40 39 45 3.0
7578 7.5 5.5 7.6 11.2 99 13.0 6.7
asbs 34 2.3 3.5 1.1 9.2 116 2.7
7508 6.0 4.6 5.9 11.3 8.0 12.0 5.5
asys 4.8 3.5 4.7 11.6 10.7 121 3.9
69512 10.7 7.0 5.0 42 87 108 4.1
bge12 13.5 11.1 9.4 84 128 153 7.8
69612 11.4 8.7 6.9 59 104 128 5.3
d9m3 8.2 9.3 3.9 51 12.7 115 5.9
Y9713 9.3 114 38 4.7 11.5 115 8.4
b12¢€16 6.5 34 8.5 83 6.7 8.6 10.9
€12016 3.7 3.6 5.5 131 64 3.7 13.9
€12€16 4.2 3.0 10.3 10.7 4.5 8.8 13.2

_ Coincidence  5/13  6/13  6/13 3/13 2/13 2/13 4/13
Total Coincidence 12/21  13/21 12/21 7/21 3/21 5/21 10/21
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& Coincidence is defined to be any distance < 5 A. For € = 2 the results for the
twelfth lowest-energy conformation are also listed for comparison, since they give
the most number of coincidence with the experimental data within this dielectric
model. The ranges of residue numbers in the a-helix state are listed in the Helix
entry. Relatvie energy differences between the two dielectric models are meaning-
less.

Table IV. End-to-End Distance (in A)®

Dielectric Model pH <d> o
€ = sig Low 12.4 5.1
€e=2 Low 27.6 5.1
€e=2 High 9.6 3.1

¢ End-to-end distance is measured from N of residue 1 to O of residue 17. < d >
is the average end-to-end distance and o is the corresponding standard deviation.
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FIGURE CAPTIONS

1) Percentage of helix as a function of residue number. Open squares are the
experimental values from ratios of intensities of main-chain NOESY cross
peaks at pH 2" Values from Monte Carlo simulated annealing are the results
of 20 runs with € = sig (connected solid squares) for low pH, € = 2 (connected

solid triangles) for low pH, and € = 2 (connected solid circles) for high pH.
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