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The immunodominant region on the circumsporozoite surface (CS) pro-
tein of the malaria parasite Plasmodium falciparum contains 37 repeated
copies of a asparagine-alanine-asparagine-proline (NANP) motif NMR
studies of linear synthetic peptides containing one, two or three repeat
units provided evidence for nascent type I B-turns within the NPNA
cadence in aqueous solution. The B-turns could be stabilised upon substi-
tuting proline for o-methylproline (P™°) in the dodecamer (NPM°NA),,
without loss of the ability to elicit antibodies cross-reactive with P. falci-
parum sporozoites. In this work, four 4 ns MD simulations of the dodeca-
peptide Acetyl-(NPM*NA),, in water, using NOE distance restraints,
using °J-coupling constant restraints, using both these restraints and with-
out restraints, were carried out to determine the conformations of this
peptide in aqueous solution. An unrestrained MD simulation of the
unmethylated Ac-(NPNA); peptide in water was also carried out to in-
vestigate the effect of the additional methyl groups on the structure and
dynamics of the peptide. The application of NOE distance restraints and
3J-coupling constant restraints leads to contradictory results, probably
due to different averaging time scales inherent to the measurement of
these data, which exceed the 100 ps averaging applied in the simulations.
The additional methyl groups lead to more compact structures, which
display enhanced local fluctuations. The central tetrapeptide adopts a
type I B-turn, while the outer motifs display more conformational varia-
bility. The three motifs in the methylated dodecamer peptide, however,
adopt frequently in the distance restrained MD simulation a compact
structure such that the outer motifs appear to form a hydrophobic core
by stacking of their two proline rings. This arrangement also suggests
how a peptide containing multiple tandemly linked copies of a stable
B-turn NPNA motif might adopt a folded stem-like structure, which
conceivably may be of biological relevance in the native CS protein.
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The dynamical properties of molecules in sol-
ution are of fundamental interest due to the re-
lationships between their dynamics, structure and
function (Karplus & McCammon, 1983). However,
these properties are not easily accessible by exper-
imental means. Although NMR spectroscopy
yields both, dynamical and structural information,
it is mainly used to obtain biomolecular structure.

© 1997 Academic Press Limited
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In this context, restrained molecular dynamics
(MD) simulation is a much used method to refine
high-resolution structures of biomolecules. Ad-
ditionally, time-averaged restrained MD simu-
lations (Torda et al., 1989, 1990, 1993) offer the
possibility to investigate the dynamical behaviour
of biomolecules (Pearlman & Kollman, 1991;
Schmitz et al., 1992, 1993; Pearlman, 1994a,b;
Nanzer et al., 1994, 1995) in a more natural manner
by treating the restraints as a quantity that has to
be satisfied on average over every time period of a
given length during the course of a simulation.

The relationship between dynamics and struc-
ture is of particular interest in the growing area of
the design and development of synthetic peptide
vaccines (Arnon & Horwitz, 1992; Brown, 1994).
Conformational epitopes, structurally characterised
as helices, loop regions or turns, are often located
on the surface of proteins. The corresponding re-
gions as linear synthetic peptides are confor-
mationally more mobile and unlikely to adopt to
the same extent stable secondary structure in aqu-
eous solution. One approach to enhance confor-
mational stability is the introduction of restraints,
which reduce the flexibility of synthetic peptides
and thereby induce a more efficient immune re-
sponse (Schulze-Gahmen et al., 1986). Proline is fre-
quently found at position (i+1) within the
tetrapeptide sequences of B-turn conformations in
folded proteins (Hutchinson & Thornton, 1994). In
a linear peptide antigen containing proline at pos-
ition (i + 1) in a nascent turn, replacing this proline
with a-methylproline led to stabilised B-turn con-
formations and as a consequence to improved affi-
nity to complementary anti-peptide monoclonal
antibodies (Hinds et al., 1991).

The immunologically dominant central portion
of the circumsporozoite surface (CS) protein of the
malaria parasite Plasmodium falciparum contains
multiple repeats of the tetra peptide sequences
NPNA (Enea ef al., 1984; Dame et al., 1984). Earlier
NMR and CD studies of linear peptides containing
one, two or three copies of this NPNA motif indi-
cated the presence of conformers containing helical
and/or reverse turns based on the NPNA cadence,
in rapid dynamic equilibrium with unfolded forms
(Esposito et al., 1989; Dyson et al., 1990). Applying
the idea of conformational stabilisation by back-
bone methylation, the replacement of proline by
the non-proteinogenic amino acid (S)-o-methyl-
proline (PM¢) led to a significant stabilisation of the
B-turn secondary structure within the NPMeNA
motif (Bisang et al., 1995). A solution structure of
the dodecamer Ac-(NPM*NA), was derived by
NMR experiments and distance geometry (DG)
and MD structure calculations. It was also shown
that the dodecamer (NPM®NA), can elicit anti-
bodies in rabbits that cross-react strongly with P.
falciparum sporozoites, thus supporting the biologi-
cal relevance of the secondary structure stabilised
by backbone methylation. In contrast, no regular
conformations were detected in the linker regions
connecting individual NPM*NA motifs in the dode-

capeptide and therefore it is not clear how they
might pack to produce a global polypeptide fold
(Bisang et al., 1995).

In this work, MD simulations have been used to
study the structural and dynamical behaviour of
peptides containing tandemly repeated NPNA and
NPMeNA motifs in water, under a variety of con-
ditions. This includes five simulations of the pep-
tides in water, each 4 ns in length, including time-
averaged restrained MD simulations of Ac-(NPM*
NA); involving distance and/or *J-coupling con-
stant restraining functions, and unrestrained MD
simulations of the Ac-(NPMeNA), and Ac-(NPNA),
dodecamers in solution. In this way, the influence
of the different restraining functions on the extent
of sampling of the conformational space can be
analysed. Further, a comparison of the unrest-
rained simulations of the Ac-(NPNA); and Ac-
(NPMeNA), peptides allows a study of the impact
of a-methylproline on the dynamical properties of
these peptides. Last but not least, these simulations
in conjunction with the experimental NMR data
provide an opportunity to learn more about the
conformational properties of this immunologically
important region of the CS protein, which might
also facilitate the design of more effective synthetic
malaria vaccines.

Results

Agreement with the experimental NMR data

Before analysing the dynamical behaviour of the
peptide in this series of MD simulations the quality
of the restrained MD simulations in terms of repro-
duction of the experimental data has to be as-
sessed. There are 90 NOE distance restraints and
21 SJ-coupling constant restraints (Bisang et al.,
1995).

Agreement with distance restraints is judged by
three criteria: the sum of violations, the largest vio-
lation, both listed in Table 1, and the distribution
of the violations of the 90 NOE restraints plotted in
Figure 1. As expected, the two MD simulations in
which distance restraining is applied agree well
with the experimental NOE data, irrespective of
whether the time-averaged distance restraints are
applied in combination with *J-coupling constants
or alone. The sums of violations are small, the lar-
gest violations are below 1A, and the violations
are spread over the whole molecule. The best re-
sults, that is the smallest sum of violations, are ob-
tained by applying the time-averaged distance
restraining function with the *J-coupling constant
restraining function. In contrast, the MD simu-
lation in which only °J-coupling constant restrain-
ing is applied, and the two unrestrained
simulations, do not fulfill the NOE distance cri-
teria. At least 15 NOE distances are violated by
more than 1 A and the sum of violations reaches
values between 51 and 78 A, definitely not in
agreement with the bounds derived from NMR ex-
periments. These three MD simulations sample
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Table 1. Overview of the results of the MD simulations with peptides Ac-(NPM®NA), and Ac-(NPNA),

TADJR TADR TAJR UR URNOM
A. Potential energy (k] mol™") —49,038 —49,009 —49,104 —49,115 —49,288
Fluctuation of potential energy (k] mol™") 190 180 247 178 198
Bond angle energy (k] mol™?) 111 124 124 112 107
Proper dihedral energy (k] mol™") 61 59 69 60 58
Improper dihedral energy (k] mol™) 26 26 27 26 28
Electrostatic energy (k] mol™)
Peptide-peptide —945 —940 -916 —955 —942
Peptide-solvent —680 —680 —757 —685 —-720
Solvent-solvent —56,646 —56,606 —56,726 —56,644 —56,762
van der Waals energy (k] mol™")
Peptide-peptide —199 —226 —-170 —223 —273
Peptide-solvent —262 —252 =277 —264 —264
Solvent-solvent 9262 9249 9302 9261 9285
Distance restraints energy (k] mol™") 38 61 - - -
3J-restraints energy (k] mol~") 4 - 10 - -
B. Sum of violations of distance restraints (A) 13.9 15.0 779 51.3 55.0
Largest violation (A) 0.67 0.99 6.12 4.10 4.96
Sum of violations of 3J-restraints (Hz) 28.5 325 214 26.9 34.0
C. Radius of gyration (A) 6.5 6.1 74 6.3 6.3
D. Root-mean-square positional fluctuation (A)
c* 1.9 1.8 2.3 2.1 1.7
all atoms 2.3 22 2.8 2.6 22
E. H-bonds (%)
1. Motif, backbone residues 1 to 4 54 65 7 2 2
2. Motif, backbone residues 5 to 8 52 52 2 13 16
3. Motif, backbone residues 9 to 12 26 30 2 3 0

The columns represent the different MD simulations applying time-averaged distance and *J-coupling constant restraints (TADJR),
time-averaged distance restraints (TADR), time-averaged °J-coupling constant restraints (TAJR), and unrestrained simulation (UR) of
the (NPM®NA), peptide and the unrestrained MD simulation (URNOM) of (NPNA),. The first block (A) shows the average contribu-
tions to the total energy separated on the basis of terms in the force field, the second block (B) shows the agreement with the experi-
mental data, the third block (C) shows the avarage radius of gyration, the fourth (D) shows the root-mean-square positional
fluctuations of the C* and of all atoms and the fifth block (E) shows the percentage hydrogen bonding between the backbone atoms
of the three motifs. Averages are taken over the whole simulation time of 4 ns.

areas of the energy surface, which are not compati-
ble with the experimentally determined NOE
bounds. The relatively large violations observed in
the unrestrained simulations point to insufficient
accuracy of the force field or to insufficient
sampling of the conformational space of these
small and flexible peptides in water, even in long
simulations. By including °J-coupling constant re-
straints, improved agreement with the experimen-
tal data was expected. This is only marginally so,
however, in the MD simulation using NOE dis-
tance and °J-coupling constant restraints. There-
fore, the next question is how well the 3]—coupling
constants are reproduced in the MD simulations.
As for the distance restraints, the °J-coupling
constant restraints were applied in two MD simu-
lations; time-averaged “J-coupling constant re-
straints combined with and without time-averaged
distance restraints. The results obtained are sum-
marised as the sum of violations of the ’J-coupling
constants in Table 1, and as a correlation diagram
between the averaged simulated and the averaged
measured ’J-coupling constants in Figure 2. The ex-
perimentally measured values are best reproduced
by the time-averaged °J-coupling constant re-
strained MD simulation. In the other simulations
the sum of violations for °J-coupling constants

reaches values between 27 and 34 Hz, to be com-
pared to 21 Hz for the simulation with time-aver-
aged ’J-coupling constant restraints. The largest
differences are observed for the side-chain *J-coup-
ling constants.

The combined use of NOE distance and ?J-coup-
ling constant restraining only marginally improves
the agreement with the experimental data and
therefore additional analysis, especially of the ener-
getic terms and of differences in dynamical beha-
viour of the peptides in the MD simulations, was
carried out to determine the reasons for this obser-
vation.

Energetic and dynamical behaviour

The first block of Table 1 gives an overview of
the most important energetic terms of the simu-
lations. The averaged values for the total potential
energy of all five MD simulations are of com-
parable size, that is between —49,288 and
—49,009 k] mol~}, and their fluctuations are about
190 k] mol~! for the two time-averaged distance re-
strained and the two unrestrained MD simulations.
Larger potential energy fluctuations are found for
the simulation using time-averaged °J-coupling
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Figure 1. Violations for the 90 distance restraints for the five simulations of the NPNA peptides. The violations are
calculated using 4ns simulations with time-averaged distance and/or JJ-coupling constant restraining of
Ac-(NPMeNA), and unrestrained simulations of Ac-(NPMeNA), and Ac-(NPNA),. The numbering of the NOE distance
restaints is arbitrary. The experimental restraints are for Ac-(NPMNA),.

constant restraints alone without distance re-
straints.

The other energies, corresponding to bond and
dihedral angles, electrostatic and van der Waals
interactions are of reasonable size and show no
anomalous differences. The energies of the re-
straints demonstrate the non-linearity of the time-
averaged energy terms used to restrain the system
to the experimental input; a larger restraint energy
does not necessarily imply a larger sum of viola-
tions by the corresponding restraints and the com-
bined use of distance and *J-restraints reduces the
corresponding restraint energies, but not the sum
of violations.

The results analysed so far reveal significant
structural and small energetic differences between
MD simulations in which NOE distance and/or 3J-
coupling constant restraints are applied. Another
aspect is the influence of the restraining on the dy-
namical properties of the peptides, because pre-
vious publications reported the strong influence of
time-averaged restraints on the dynamics of simu-
lated nucleotides and proteins (Torda et al., 1989,
1990, 1993; Pearlman & Kollman, 1991; Schmitz
et al., 1992, 1993; Pearlman, 1994a,b; Nanzer et al.,
1994, 1995). Figure 3 shows the radius of gyration
as a function of time for the five MD simulations.
Large differences are observed for the radius of
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Figure 2. Comparison of the experimental and the averaged ®J-coupling constants for the five MD simulations of the
NPNA peptides. The plots correspond to the simulations using time-averaged distance and/or *-coupling constant
restraints and unrestrained simulation of Ac-(NPMeNA); and to the unrestrained simulation of Ac-(NPNA),. In all
plots filled boxes indicate *J-coupling constants corresponding to the backbone (¢ and V) dihedral angles and open
circles to side-chain (y) dihedral angles. The experimental ®]-values are for Ac-(NPM*NA),.

gyration using the 7J-coupling constant restraining
alone or in combination with the distance restrain-
ing function. Values fluctuating between 5 and
11 A are far from normal for a system of this size
on a nanosecond time scale and indicate conflicting
demands on the conformation of the peptide from
the 7 restraining term on the one hand, and from
the physical energy terms on the other. The use of
time-averaged distance restraints alone induces
reasonable fluctuations of about 0.5 A around the
average value of 6.1 A. The values of the unrest-
rained MD simulations show large changes at the
beginning of the simulations, but they stabilise to
about 0.5 A around the average value of 6 A after
two nanoseconds. The plots of the radius of gyra-
tion confirm the result of Figures 1 and 2. Appar-
ently, the dynamical behaviour of the simulations
in which JJ-coupling constant restraints are ap-
plied, originates in the restraining method and
does not represent naturally occurring fluctuations.

To illustrate the conformational changes occur-
ring in the trajectories, a superposition of six snap-
shots from each of the five trajectories are shown
in Figure 4. Although the six snapshots cannot rep-
resent all possible conformations the peptides oc-
cupy during the MD simulation, they demonstrate
the type of motion in the trajectories. The re-
strained MD simulations (upper row) show signifi-

cant differences in the conformational space that is
sampled. The MD simulation restrained by *J-coup-
ling constants samples a broad area of different
conformations with no obvious relation between
the structures. When applying *J-coupling constant
restraints in combination with distance restraints
the sampling is restricted. If only distance re-
straints are applied, a compact region with a rela-
tively small distance between the frst and the last
NPMeNA motifs is sampled. The B-turns seem to
remain very stable. When no restraints are applied,
only the inner motif forms a stable B-turn, the
outer motifs form an elongated chain and the MD
simulation reveals structures looking like a B-turn
with two antiparallel strands. A similar picture
emerges from the unrestrained Ac-(NPNA); MD
simulation. The inner motif is forming a turn, the
outer motifs are again elongated but not parallel.

In view of the unnaturally large structural fluc-
tuations in the simulations involving °J-coupling
constant restraints, these simulations are not
further analysed. To gain insights into the structure
of the two dodecamers in aqueous solution, further
analysis is concentrated on the time-averaged dis-
tance restrained and the unrestrained MD simu-
lations of Ac-(NPM*NA),, and the unrestrained MD
simulation of Ac-(NPNA);.
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Figure 3. Radius of gyration as a function of time for the five MD simulations. The plots correspond to the simu-
lations using time-averaged distance and/or °J-coupling constant restraints and the unrestrained simulation of
Ac-(NPMeNA), and to the unrestrained simulation of Ac-(NPNA),.

Stability of B-turn motifs

The major structural conclusion about the tetra-
peptide motifs in our previous work (Bisang et al.,
1995) was “/(the structure calculations) reveal a
stable hydrogen bonded type I B-turn confor-
mation (most likely present at 70 to 80% popu-
lation) within each (NPM®NA) motif,” p-turn
secondary structures may be described by the dis-
tance between C*(i) and C*(i + 3), which has to be
<7 A, and can be classified into eight different
classes defined using ¢ and { angles for residues
(i+ 1) and (i + 2) (Wilmot & Thornton, 1988).

To analyse the stability of B-turns in the present
MD simulations, the distances between C%(i) and
C*(i+3) of the three motifs are plotted as time

series for the three trajectories of interest (Figure 5).
The thin line drawn in each plot corresponds to
the B-turn criterion (distance of 7 A). In the time-
averaged distance restrained MD simulation the
three distances are below this limit, with few ex-
ceptions, for the whole trajectory. In the unrest-
rained MD simulations, different behaviour is
observed for the different motifs. Whereas the
inner motifs are very stable and fulfill the B-turn
criterion, the outer motifs fulfill it only for about
30% of the trajectory. The C*(i, i + 3) distances of
the outer motifs vary between 5 and 13 A, indicat-
ing large structural movements of the peptides.

A similar but stricter criterion, is the presence of
hydrogen bonds between the backbone CO and
NH groups of residues (i) and (i + 3), respectively.
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Figure 4. Superposition of six snapshots taken from the
equilibrated second part of the time-averaged restrained
and the unrestrained trajectories of Ac-(NPM*NA), and
the unrestrained MD simulation of Ac-(NPNA); at regu-
lar intervals of 0.25ns between 2.5 and 3.75ns. The
structures are least squares fitted with respect to the C*
positions of the first snapshot from the trajectory of the
simulation involving both distance and ] restaints. The
five groups are then separated by translation. The three
tetrapeptide motifs are plotted in different colours (blue,
yellow and green) and the proline residues are coloured
red.

A hydrogen bond was assigned if the angle sub-
tended by the N, H, and O atoms is greater than
135°, and the H to O distance is less than 2.5 A.
The results, listed in Table 1, support the picture of
the C* to C* distances in Figure 5. Hydrogen
bonds are formed between the backbone CO and
NH groups of residues (i) and (i +3) for about
50% of the time during the time-averaged distance
restrained MD simulation of the peptide Ac-(NPM*
NA);. These hydrogen bonds are lost as soon as
the restraints are removed, with the exception, that
about 15% remain for the inner motif.

B-Turns can also be classified depending on the
value of the torsion angles of the central amino
acids. The classification by Wilmot & Thornton
(1988) lists eight classes of B-turns depending on
the ¢ and \ angles of the residues at position i + 1
and 7 + 2. Ramachandran plots of the proline and
asparagine residues involved show that in the dis-
tance restrained MD simulation of Ac-(NPM*NA),
the motifs adopt most of the time a type I B-turn
(data not shown). A different picture is found for
the unrestrained simulations. The three motifs
adopt a greater variety conformations involving a
type 1 B-turn, several other classes and confor-
mations which do not fit in one of the accepted
classes.

The analysis of C* to C* distances, hydrogen
bonds and torsion angles leads to the following
conclusions about the structure and dynamics of
the B-turn motifs: the time-averaged distance re-
strained MD simulation confirms the results of our
earlier work (Bisang et al., 1995), that the repeated
(NPM*NA) motif forms a stable type I B-turn most
of the time. In the unrestrained MD simulations a

B-turn motif is formed most of the time for the
inner tetramer, but rarely for the two outer motifs.
The two outer motifs adopt structures which are
similar to B-turn conformations, but sample also
conformations with structural features of B-strands.
On the other hand, the experimental NMR data in-
cludes very low temperature coefficients for the
Ala NH resonances in all three motifs, indicative of
shielding of these protons from bulk solvent. Also,
all three motifs have NOE connectivities typical of
B-turns, although the effects are typically some-
what weaker for the outer motifs. This indicates
that the outer motifs are less stable than the inner
one, albeit not as pronounced as the unrestrained
simulations would suggest.

Structure of the dodecamer

In our previous work (Bisang et al., 1995) no
regular repeating conformations were detected in
the linker regions connecting individual (NPM*NA)
motifs. The analysis of various quantities from the
long MD simulations yields a more detailed picture
of the linker regions and allows one to draw con-
clusions about the dynamics and the relative
motion of the three motifs.

A first quantity of interest is the root-mean-
square (r.m.s.) positional fluctuation of the C* and
of all atoms, averaged over the whole simulation
(Table 1). The values are relatively large, which re-
flects the mobility of the peptide. Second, the
difference between the r.m.s. positional fluctuation
for the C* and for all atoms is much smaller than
expected and smaller than in MD simulations of
proteins. The dominant motion of the atoms is
similar for both backbone and side-chain atoms
and the three motifs seem to move in coordination.
Third, comparing the two unrestrained MD simu-
lations, larger positional fluctuations for the meth-
ylated peptide are noticeable, indicating enhanced
internal motion.

The extent of sampling of conformational space
in the time-averaged distance restrained MD simu-
lation is restricted by the number and the distri-
bution of the NOEs over the molecule. Therefore it
is worth analysing the distribution of NOE dis-
tance restraints between the three motifs of Ac-
(NPMeNA),. Of the 90 measured NOEs, only nine
involve intermotif distances, and in the linker re-
gion between the motifs only two NOEs involving
backbone atoms were measured, namely between
motif I and II, a distance from C* H of Asn 3 to N
H of Asn5 and similarly between motif II and III,
from C* H of Asn7 to N H of Asn9. These dis-
tances are plotted as a function of time in Figure 6.
The packing of the motifs in the time-averaged dis-
tance restrained MD simulation is controlled by
these two NOEs. The length of the distance re-
straints is 5 A for both NOEs and is indicated by
the thin line in each graph of Figure 6. The pictures
illustrate the motions between the motifs during
the MD simulations. In the time-averaged distance
restrained MD simulation both distances sample
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Figure 5. Interatomic distance as a function of time during the MD simulations. The plots show the distance between
the C* of the residues (i) and (i +3) for each of the three tetrapeptide motifs, for the time-averaged distance
restrained and for the unrestrained MD simulation of Ac-(NPM*NA); (unrestrained) and for the unrestrained MD
simulation of Ac-(NPNA); (unrestrained and unmethylated). The continuous lines at 7 A represent the B-turn criterion

(upper limit) of Wilmot & Thornton (1988).

two regions, one around 4A and the second
around 5.5 A, with distinct transitions in between.
These plots illustrate the effect of the time-aver-
aged restraining function: the simulation samples
the energy surface freely for a short time (maxi-
mally till about 14, =100 ps), after which the re-
straining function forces the molecule to adopt
conformations satisfying the restraints for at least
about the same time. The plot shows a typical pat-
tern, where two distant ranges are sampled with
more or less strict transitions in between and the
length of the sampling of the upper range corre-
sponding to the memory relaxation time t,,. Test
simulations with 14, =200 and 400 ps showed a
longer sampling of the upper distance range,
which indicates that the time scale of the simulated
motion is largely determined by the distance re-
straining (data not shown).

In the unrestrained simulation of Ac-(NPM°NA),
the dynamics are different. The two intermotif dis-
tances sample smoothly several distances, in be-
tween 3.5 A and 6.5 A. Distinct, regular transitions
between two distance ranges are absent, and the

plot indicates uncoordinated motions between the
tetrapeptide motifs. A similar behaviour is found
in the unrestrained MD simulation of Ac-(NPNA);.
Again distances between 3.5A and 6.5A are
sampled. We note that without restraining, the two
distance restraints are satisfied on average as well
as when distance restraints are applied.

The following picture of the structure and dy-
namics of the peptides emerges. The peptides dis-
play two separate structural and motional
domains. Firstly, the tetrapeptide subunits form
B-turn motifs in rapid equilibrium with elongated
structures. The equilibrium position is difficult to
assess from the simulations alone, but the NMR
data of Ac-(NPM®NA); indicates a significant pre-
ponderance of the turn conformations (Bisang et al.,
1995). Second, the complete dodecamers, although
being relatively flexible, form a regular structure
by packing the first motif against the third
(Figure 7). However, they do not come sufficiently
close to each other to allow for NOE peaks obser-
vable in the spectra. These results from the simu-
lations, combined with the experimental NMR
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data, thus provide an indication of how a peptide
containing multiple tandemly repeated NPNA mo-
tifs might begin to adopt a folded structure. This
folded structure might conceivably occur on the
native CS protein, and so has important biological
implications (vide infra).

Role of the C*-methylated proline residues

It was anticipated that differences between the
unrestrained simulations of Ac-(NPM®NA), and
Ac-(NPNA); might reveal how the additional
methyl groups in the proline residues influence the
conformation of each repeat motif. Starting the
comparison with Table 1, the energetic parameters
in the first block show only small differences be-
tween the unrestrained MD simulations. The ra-
dius of gyration and the hydrogen bond
percentages are also very similar. Significant differ-
ences are found for the r.m.s. positional fluctu-
ations for the C* and for all atoms (Table 1). The
values for the methylated peptide are significantly

larger, indicating larger local movements for the
Ac-(NPM*NA), peptide than for the unmethylated
peptide. The block with the differences to the ex-
perimental NOE distance and “J-coupling constant
restraints shows that the averaged values for the
unrestrained MD simulations differ little; both un-
restrained MD simulations sample conformations
outside the bounds derived from experiments. The
distribution of the sum of violations (Figure 1) dif-
fers again only slightly between the two unre-
strained MD simulations. Obviously, the two MD
simulations violate almost the same distance
bounds. Most of the violated distances involve
side-chain restraints and are therefore not of direct
interest for the analysis of the effect of the methyl
groups bound to the C* in the proline residues.
In Figure 2, the correlation plot of the measured
and the calculated °J-coupling constants, a differ-
ent trend is observed: in the unrestrained Ac-
(NPMeNA), simulation, the °J-coupling constants
of Ac-(NPM®NA), for the backbone atoms are
much better satisfied than in the unrestrained Ac-
(NPNA); simulation.
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Figure 7. A structure taken from the time-averaged dis-
tance restrained MD simulation of Ac-(NPMeNA); in the
equilibrated second part of the trajectory at 2.75ns. The
Asn residues are coloured blue, the Ala residues in yel-
low and the first Pro residue in red, the second in dark
blue and the third in magenta. The picture shows on the
left side two different views of a stick model and on the
right side the same two views of a CPK model.

The plots of the C* (i, i+ 3) distances do not
show major differences between the two peptides.
However, as shown in Figure 5 (unrestrained
simulation), the presence of a methyl group at the
C* of the proline residues stabilises conformations
in which the C* (i) and C* (i + 3) distance is < 7A,
compared to the behaviour in the native sequence
(unrestrained unmethylated simulation). This re-
sult is consistent with the experimental data from
the NMR measurements. The inner motif is very
stable for both unrestrained simulations, and the
outer motifs sample, on a long time scale, several
conformations.

On the other hand, a different effect of the
methyl group can be seen in Figure 8, where the
distribution of ¢- and \-angles of the proline and
PMe residues are displayed in the form of Rama-
chandran plots. The upper panels show the dihe-
dral angles during the MD simulation for the
unrestrained Ac-(NPM®NA); peptide and the lower
panels for the unrestrained Ac-(NPNA), peptide.
Whereas the inner motifs for both mainly sample
dihedral angles around ¢ = —60° and { = — 60°,
the \y dihedral angles of the outer motifs sample
two or more ranges of y-values. In the MD simu-
lation of the methylated peptide almost all possible
y dihedral angles (between —180° and 180°) were
visited. The unmethylated peptide mainly samples
two different ranges, one around |y = — 60° and a
second range between 90° and 150°. Again the
inner motif is more stable than the two outer mo-
tifs, which corresponds with the observations in
Figure 5 for the C* (i) to C* (i 4 3) distances for the
three motifs. Plots of the dihedral angles of the
peptides as time series show that the \-angles of
the methylated peptide rotate during the MD
simulation, whereas in the unmethylated peptide
jumps between the two values are observed (data
not shown). Both unrestrained MD simulations

sample ¢-dihedral angles around —60°, the distri-
bution being slightly broader for the methylated
peptide than for the unmethylated peptide. The
unexpected conclusion, therefore, is that the ad-
dition of methyl groups to the proline residues
does not restrict the ranges of proline y-angle va-
lues as observed in the unrestrained simulation of
the unmethylated peptide.

Finally, the preferred puckering states of the pro-
line rings were analysed using the y, side-chain
angle as puckering indicator. No significant differ-
ence between the prolines in the three motifs or be-
tween the methylated or unmethylated prolines
were observed. The two regions around y, = + 30°
and around y, = — 30° were about equally popu-
lated, with transition rates of the order of 100 ns~'.

Discussion and Conclusions

Three aspects of the MD simulations presented
in this work are of general interest: first the differ-
ent properties found in the simulations using
different MD simulation restraining techniques,
second, the structure and mobility of the NPNA
motifs and the way in which these motifs could
form a global peptide fold, and third, the biological
role of this peptide fold.

Contradicting experimental data

The combined use of the NOE distance and the
3J-coupling constant restraining methods revealed
unnatural dynamics during the long MD simu-
lations. The radius of gyration (Figure 3) and the
overall picture of the molecules (Figure 4) give
clear evidence for hopping between multiple con-
formations induced by the ’J-coupling constant re-
straints. This indicates that the ’J-coupling constant
restraints are not very compatible with the minima
of the force field used in the simulation. The sum
of distance restraint violations (Figure 1) and the
correlation between the experimental and simu-
lated °J-values (Figure 2) show that the experimen-
tal ?J-coupling data are also not very compatible
with the experimental NOE data. Obviously, the
two experimental data sets define conformations
belonging to distinct areas in conformational space
and the force field defines yet another confor-
mational area to be of low energy. Three factors
which influence each other, may explain this unex-
pected behaviour.

First, the measurements involve different time
scales. The peptide is quite small and very flexible,
which leads to averaging of the signals obtained
from NOESY and COSY experiments. The
measured NOE distances and °J-coupling constants
are weighted averages of values for all solution
conformations accessible to the peptide at the tem-
perature of the measurement. The NOE averaging
is dominated by short distances due to the r~°
averaging. Relatively slow motion of the peptide
(compared to the NMR time scale) can give rise to
additional NOEs. Fast motions (typically around
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Figure 8. Ramachandran plot of the three proline residues of each tetrapeptide motif in the unrestrained MD simu-
lation of the Ac-(NPM*NA); peptide (upper panels) and the unrestrained MD simulation of the Ac-(NPNA); peptide
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10~ seconds) can reduce the number of NOEs.
Vicinal *J-coupling constants are related to angles
via the Karplus curve (equation (1); see Methods), a
quadratic function of the cosine of the included tor-
sion angles (Karplus, 1959). This kind of averaging
is distinctly non-linear with respect to either Carte-
sian coordinates or dihedral angles (Jardetzky,
1980) and geometric solutions of equation (1) may
not represent a physically plausible conformation
for some sets of coupling constants.

Second, ’J-coupling constants and NOEs are dif-
ferently related to peptide structure. The different
techniques used to determine the data measure
different conformations of the peptide. Due to the
r~° averaging, the NOEs are biased towards short
distances. In contrast, ’J-coupling data are aver-
aged between all conformations sampled during
the timescale of the measurement. Whereas NOE
distance restraints between hydrogen atoms of
different residues can be detected if they are near
in space, i.e. maximally 5 A apart, but independent
of atom sequence, °J-coupling constant measure-
ments detect vicinal coupling of hydrogen atoms
only covalently connected through three bonds, i.e.
near in sequence and near in space, but indepen-
dent of the position with regard to the other atoms
of the peptide. Apparently, in the extreme case
NOESY and COSY measurements may detect
different conformations. Whereas the NOESY ex-

periments reveal structural data mostly when the
peptide forms a compact structure, the COSY ex-
periments reveal data concerning all conformations
the peptide visits during the time of the measure-
ments.

Third, our modelling is not exact. NOE intensi-
ties are accounted for by an r° approximation,
whereas direct refinement against intensities
would be more appropriate. Also, *J-coupling con-
stants are calculated using the empirical Karplus
curve and the physical force field is an effective
force field that certainly cannot represent the true
atomic interactions in detail. It is also not clear a
priori what time-averaging interval should be as-
signed to each of the experimental restraint classes.

Structural properties of the peptides

The results of our previous MD refinements of
the Ac-(NPM*NA), structure (Bisang et al., 1995)
are partly confirmed. Type I B-turn motifs are
formed during the MD simulation, but several
other more extended conformations are also poss-
ible. The NOE distances favour pB-turns, the JJ-
coupling constants favour more extended con-
formations and the physical force field allows both,
B-turn motifs and extended structures. The overall
structures of the peptides also depend on the
applied restraining method. When time-averaged
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distance restraints are applied, the Ac-(NPM*NA);,
peptide forms a well defined three-dimensional
structure whose main motion involves the opening
and closing of a gap between the first and the third
motif. The frequency of the opening and closing
observed in the trajectory is determined by the re-
straining method and does not reflect the natural
time scale. In the MD simulations in which also °J-
coupling constant restraints are applied, a variety
of conformations are sampled and no clear picture
of a structure emerges. The trajectories of the un-
restrained simulations show again a different pic-
ture. The inner motif is very stable for both
peptides, and the peptide backbones are in dy-
namic equilibrium between structures forming a
B-turn with two antiparallel strands and three
B-turns forming a compact sphere.

Biological aspects of the MD simulations

From a biological point of view, the peptide of
interest is not so much the (NPMNA), dodecamer,
but repeated units of the NPNA motif, as they
occur in the CS protein of P. falciparum. Therefore
some speculation about the structure of repeated
NPNA motifs based on the results of the MD simu-
lations might be of interest.

The time-averaged distance restrained MD simu-
lation of the Ac-(NPM®NA), peptide reveals very
stable B-turn motifs. These three motifs are ar-
ranged in a compact structure and the two outer
motifs seem to build a hydrophobic core by stack-
ing of their proline rings (Figure 7). Considering
the increased stability of the inner motif during the
unrestrained MD simulation, which is also evident
from the NMR data (Bisang et al., 1995), one might
imagine that longer peﬁtides containing multiple
tandemly repeated NPY*NA units would adopt
more stable B-turn motifs which could result in a
stable peptide fold. In particular, by appending ad-
ditional B-turn motifs, a stable stem-like structure
might be developed by a repeated pairwise stack-
ing of the proline rings. In such a stem structure
the C*-methyl group would increase stability in
two ways: first, the B-turn is stabilised and second,
the hydrophobic interaction is increased by the
hydrophobic methyl group. This is also supported
by the unrestrained MD simulation of the Ac-
(NPM*NA), peptide, where a similar compact
spherical structure of the motifs and the packing of
the proline rings can be seen (Figure 4), and more
often than in the MD simulation of the Ac-
(NPNA); peptide.

The evocation of a strong immune response by
small synthetic peptides containing tandemly re-
peated NPNA units is believed to be a conse-
quence of the conformational similarity of the
peptides to longer sequences in the CS protein it-
self (Bisang et al., 1995; Herrington et al., 1987). The
similar immunological potency of (NPM*NA), and
(NPNA); peptides strengthens the importance of
the common secondary structure and the possi-
bility that this is closely related to structures in the

folded CS protein. The MD simulations of the pep-
tides support the idea of common secondary struc-
ture elements in the peptides that elicit the
immune responses, because the sampled B-turn
structures, which are also in agreement with the
NMR data, represent the only stable structural el-
ements of the peptides, whereas the extended con-
formations sampled are a mixture of different
conformations. The folded structure as obtained in
the time-averaged distance restrained MD simu-
lation represents a stable and much populated ter-
tiary structure of the methylated peptide. It is not
clear whether this is at the same time the structure
which elicits an immune response, but the cross-re-
activity of anti-(NPM®NA), antibodies with P. falci-
parum sporozoites (Bisang et al., 1995) lends some
credence to the view that this folded structure may
be present in the (NPNA) repeat region of the CS
protein.

Methods
Molecular model and simulation setup

All MD simulations were carried out using software
from the GROMOS suite of programs (van Gunsteren &
Berendsen, 1987). The simulations were performed using
the standard GROMOS 37C4 united atom force field for
the simulation in aqueous solution, with the following
modifications. First, for the interaction between a carbon
atom and SPC water oxygen a value for the repulsive
term in the Lennard-Jones potential of C12°°
(OW,0W) =421.0 (kcal mol~! A'?)%5 js used in the stan-
dard GROMOSS7 force field. Calculations of the free en-
ergy of solvation of CH, suggest, however, that the free
energy of hydration is too favourable and that use of the
value of C12°5 (OW,OW) =690.0 (kcal mol~! A'2)%5 js
more appropriate (Smith et al., 1995). Second, long MD
simulations of proteins in solution revealed that too
many peptide amide flips occurred (A. Mark personal
communication; Smith et al., 1995). Therefore, the force
constant for the dihedral angle energy term for the ¢-
and \-angles was increased from 0.1 kcalmol™ to
0.24 kcal mol 1.

The temperature was held constant by weak coupling
(t =0.1 ps) to an external bath of 300 K (Berendsen et al.,
1984). The SHAKE algorithm was used to maintain all
bond lengths with relative precision of 107* (Ryckaert
et al., 1977) allowing an integrator time step of 0.002 ps.
Non-bonded interactions were truncated at 8 A.

A total of 25 distance geometry (DG) structures of the
dodecamer Ac-(NPM*NA), were obtained from Bisang
et al. (1995) and correspond to the starting structures in
this work. The starting structure for the Ac-(NPNA); do-
decamer was created manually by removing the methyl
groups from the o-carbon atoms of the PM¢ residues
from one of the Ac-(NPM®NA), DG structures. The 90
NOE distance restraints, the 9 *Jy,- and 12 7], g-coupling
constant restraints are those used by Bisang et al. (1995).
The classification of NOE distance bounds as given in
Table 3 of Bisang et al. (1995) was not used, but the
bounds inferred from a direct cross-peak volume to dis-
tance conversion, as given in Table A of the supplemen-
tary material of Bisang et al. (1995).

All 25 DG structures of Ac-(NPM®NA), and the Ac-
(NPNA); model structure were subjected to 1000 steps of
energy minimisation followed by 100 ps MD simulations



1024

MD Simulations of NPMeNA Motif

using a force constant for distance restraints of
K4 =30k mol™' A2 and for %-coupling constant re-
straints Kj, = 1 k] mol~' s? (Kaptein et al., 1985). The time
constants for exponential decay of the averaging term for
distance restraints and JJ-coupling restraints were
T4, = T, = 0 ps to equilibrate the system in the GROMOS
force field. The relaxed Ac-(NP““NA); structures were
then used as starting points for a series of 4 ns time-aver-
aged distance and *J-coupling restrained MD simulations
in vacuo with Ky, =30k] mol™ A™?, Kj,=1kJ mol™'s?
and 14, = 15, =50 ps. One of the resulting very similar
structures was selected for further simulations in sol-
ution.

For the simulations in water the equilibrated struc-
tures of Ac-(NPM*NA), were surrounded by 3022 SPC
water molecules (3025 for Ac-(NPNA);) in a truncated
octahedron (box length 42.06 A) using periodic boundary
conditions. After relaxing MD simulations of 200 ps,
five long MD simulations were performed, each of
4ns. First, a time-averaged restrained MD simulation
of the Ac-(NPMNA), _dodecamer was performed
with K4 =30kJmol™ A%, K,=1kmol™'s’ and
Tgr =T, = 100 ps. Second, the Ac-(NPM®NA); peptide
was simulated applying only distance restraints and
third, the peptide was simulated only with *J-coupling
constant restraints. The methylated peptide was then
simulated without application of restraints and finally,
also the unmethylated Ac-(NPNA); peptide was simu-
lated without restraints.

Trajectory averages were compared with quantities
derived from experiments. The NOE distances derived
from experiment were compared with the distances
calculated from the trajectory using 1//° averaging
((r=))7'/3 Tropp (1980). Coupling constants were calcu-
lated using the relationship (Karplus, 1959):

3/ = Acos’0+Bcos0+C (1)

where for ¥y, 0 =¢ —60° and for %], 0=y, —120°
for HB,, and 6 =y, for HB;. The values of A, B, C in the
calculation were 6.7, —1.3, and 1.5 Hz for %]\, (Ludvig-
sen et al., 1991), and 9.5, —1.6 and 1.8 Hz for %], (de
Marco et al., 1978).
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