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Abstract. Molecular dynamics simulations are de-
scribed for the peptide melittin. The atomic trajecto-
ries are calculated both with normal potential energy
functions and with additional distance restraints
deduced from nuclear Overhauser effects observed in
NMR experiments. The results are compared with
NMR data on coupling constants and amide exchange
rates and with B-factors from X-ray crystallography.
The observed correlations between experiment and
molecular dynamics simulations suggest a relatively
mobile C-terminus and relatively high flexibility
around residue 11. It is noted that the high conforma-
tional variation around residue 11 is due in part to the
presence of a proline at position 14 which results in a
“missing” H-bond in the largely a-helical structure. It
is also noted that a proline is a common feature of
many putative membrane spanning helices. A role for
such prolines is suggested.
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1. Introduction

Calculations of the trajectories of the atoms in a pro-
tein under the influence of certain applied energy re-
straints have been used for a number of years to simu-
late the dynamics of the molecule (van Gunsteren et al.
1983; Kuriyan et al. 1986). The results have been corre-
lated with experimental observables such as tempera-
ture factors in diffraction studies, and NMR data such
as shifts and coupling constants (Dobson and Karplus
1986; van Gunsteren 1988) and hydrogen exchange
(Levitt 1981). Over the last few years, molecular dy-
namics (MD) simulations have also been used in com-
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bination with NMR techniques to determine the 3D
structure of macromolecules in solution (Scheek et al.
1985; Nilsson et al. 1986). An additional restraining
potential energy function drives the molecule towards
a conformation that satisfies distance restraints
derived from NMR experiments.

Melittin is a membrane peptide of 26 residues. Un-
der certain conditions it forms relatively stable, amphi-
philic o-helices, a characteristic that is probably im-
portant for its biological activity (Tosteson and
Tosteson 1981). The structure of melittin has been de-
termined by X-ray crystallography (Terwilliger and
Eisenberg 1982). The 'H NMR spectrum of melittin in
methanol has been completely assigned and the 3D
structure has been calculated from the NMR restraints
(Bazzo et al. 1988). In this solvent the peptide has a
conformation similar to that in the crystal. In this
paper the NMR restraints, molecular dynamics calcu-
lations and amide exchange rate data are used to ex-
plore the dynamic properties of melittin in solution. In
particular the role of the proline at position 14 in the
sequence is assessed. This proline occupies a position
similar to that in many membrane spanning helices in
transport proteins (Brandl and Deber 1986).

I1. Simulations

All the energy minimization and molecular dynamics
calculations were carried out using the GROMOS
package of programs, kindly provided by W. F. van
Gunsteren. The initial structures for the simulations
were obtained using the crystallographic coordinates
from the Brookhaven Protein Data Bank (one of the
four molecules in the unit cell) or from structures gen-
erated from NMR data using the program DISSMAN
(Terwilliger and Fisenberg 1982; Bazzo et al. 1988).
Before starting the MD simulation the initial confor-

mation was energy minimised (van Gunsteren and
Karplus 1982).
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In the MD, initial velocities for the atoms were
taken from a random Maxwellian distribution at
293 K. The system was weakly coupled to a thermal
bath of T= 293 K (Berendsen et al. 1984). When inte-
grating the equations of motion with time step t = 2 fs,
the algorithm was performed with temperature relax-
ation time ¢ = 0.01 during the first 2 ps of equilibration
and ¢ =0.1 thereafter (Aqvist et al. 1985). All bond
lengths were kept rigid during the simulation by using
the SHAKE algorithm (van Gunsteren and Berendsen
1977; Ryckaert et al. 1977). The simulation was per-
formed without explicitly considering solvent mole-
cules.

The 193 distance restraints from nuclear Over-
hauser effect data were applied in the restrained mo-
lecular dynamics (RMD) simulations as a semi-
harmonic potential function with a force constant of
1000 kJ nm~* mol ™! (van Gunsteren et al. 1985). This
means that the extra potential energy term appears
only if the actual distance between a restrained atom
pair exceeds the limit imposed by the NMR data. The
value of force constant chosen effectively allows a dis-
tance restraint violation of + 0.025 nm before a penal-
ty at the level of kT occurs, and is consistent with the
experimental accuracy of the NMR restraints (Kap-
tein et al. 1988) . It also allows some atomic motion
while providing enough force to drive the molecule to
a structure satisfying these restraints. Each MD trajec-
tory covered a period of at least 60 ps but only the last
20 or 30 ps, when the molecule has attained an equilib-
rium, were considered.

II1. Results

Most of the structural restraint data used in this paper
have been taken from our previous NMR studies of
melittin (Bazzo et al. 1988). Using the experimental
nuclear Overhauser effect (nOe) restraints, five aver-
aged RMD conformations were calculated. These are
shown with a representative X-ray structure in Fig. 1.
The calculated average structure of 110 ps of dynamics
from the five trajectories has an average restraint vio-
lation of 0.004 nm. A best-fit program applied to the
region from residue 2 to 9 was used to align the struc-
tures, considering only C, atom positions (Kabsch
1976). An a-helical conformation between residues
1-11 and 12-26 is common to all six structures but
the relative orientations of these helical regions varies
between the structures. There appears to be a “hinge”
in the molecule around residues 11 and 12. The dy-
namic nature of this bend or hinge will now be de-
scribed in more detail.

Figure 2 is a plot of theta, the angle between the
two sections of a-helix, against time (ps) for part of an
RMD (A) and an unrestrained molecular dynamics

Fig. 1. Five structures from averaged
restrained dynamics trajectories, super-
imposed over C, atoms 2-9, together
with one, marked with an X, derived
from crystallographic studies (Terwil-
liger and Eisenberg 1982)
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Fig. 2 A and B. The variation, with time, of theta, the angle be-
tween the a-helical sections comprising residues 2-10 and
14-25, for: A part of a restrained dynamics trajectory; B part of
an unrestrained dynamics trajectory. The details of the simula-
tions are decribed in the text
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(UMD) trajectory (B). For the calculation of theta,
four regions were defined, two in each helical section.
These regions were residues 2to 6,7 to 11, 14 to 18 and
19 to 23. The centre of mass of each region was calcu-
lated and the two points obtained for each section of
helix used to define a vector for the respective helical
section. The angle between these two vectors was then
calculated, and taken as the angle between the helices
(Aqvist et al. 1985). A large variation in angle can be
seen, around an average value of about 20°. Analysis
of the molecule in an UMD trajectory showed similar
behaviour. It should be noted that in the NMR experi-
ments, strong aN(i,i+3) and aN(i,i+4) nOes were
observed in the 2-9 and 16—26 regions of the mole-



cule. This kind of nOe was, however, too weak to
detect in the 915 region. For example, the a N (i,i+ 3)
from 9-12 and 11-14 were undetectable (the 10-13
cross peak position was obscured by overlap). The
oN (i,i+4)nOes between §-12,9-13 and 11-15 were
also too weak to observe. Thus the fact that RMD
trajectories are no more restricted around the hinge
region than UMD trajectories is a reflection of nega-
tive but real experimental information.

In addition to nOes there are further data which
indicate the relative mobility of different regions of the
melittin molecule. A comparison of the crystallo-
graphic B-factors with MD simulation data can be
made. In the absence of disorder in the crystal, the
B-factors are related to a root mean square (rms) fluc-
tuation of the atomic coordinates (Frauenfelder et al.
1979). Figure 3a, b and c compare the rms deviations
for the C, carbon atoms from the crystallographic
data, the RMD and UMD trajectories. It may be
noted that there is a correlation between the data sug-
gesting an increase in mobility towards the C-terminus
and around residue 11. As might be expected, the
RMD trajectory explores less conformational space
than the UMD trajectory.

Figure 4a and b also show the rms fluctuations of
the phi angles for both RMD and UMD runs. The
region around residues 11 and 12 and the C-terminal
regions again exhibit the largest variation. It is the
variation of both ¢ and w for residues 11 and 12 that
produces the changes in the angle between the two
a-helical sections. In the RMD trajectories, the hinge
is more sharply defined, while the N-terminal o-helical
section becomes longer and more stable than in the
UMD trajectories. Similarly, the C-terminal residues
become less “mobile” upon the imposition of re-
straints.

Experimental evidence for conformational fluctua-
tions that result in the breaking of hydrogen bonds
may be obtained from hydrogen exchange data (Eng-
lander and Kallenbach 1984). The exchange process
can be analysed in terms of the following scheme in
which hydrogen exchange with solvent occurs from
non-hydrogen bonded “open” conformers (N-H,) in
equilibrium with “native” hydrogen bonded con-
formers (N—H,):

ki ks
N-H, = N-H, — N-D,
ky

In the case of melittin in methanol it has been shown
that k, > ks (Dempsey 1988); this is known as the EX,
limit (Englander and Kallenbach 1984) when the rate
of amide exchange with solvent is given by:

Kex = ki ks/k, =Kok

K, is the equilibrium constant that characterises the
conformational fluctuations (N—H, == N-H,). Values
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Fig. 3 A—C. The rms deviation of C, atom positions as derived
from: A the crystallographic B-factors (Terwilliger and Eisen-
berg 1982); B 110 ps restrained dynamics trajectories, and C 110
ps unrestrained dynamics trajectories

30-L
20+

10+ . ° ° °cooonc°n0°

degrees
o

o
¢

3 +
20t

107 ° °© uo c°c°o°°°

Bonacouo °
0

0 2 4 6 8 10 12 14 16
Residue number

18 20 22 24 26

Fig. 4 A and B. The rms deviation of phi for each residue as
calculated in 110 ps of molecular dynamics trajectories: A re-
strained; B unrestrained
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Fig. 5 A and B. Plots of: A the % lifetime of regular helical hy-
drogen bonds (NH, to carbonyls CO,_,), calculated from the
restrained dynamics simulations; B the corresponding amide hy-
drogen lifetime calculated from the observed amide exchange
rates as described in the text
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of K, for the melittin amides can be calculated from
published data (Dempsey 1988) by dividing the mea-
sured rate at the minimum of the pH-dependent ex-
change curve, k,,;,, by the observed minimum rate for
Ala-4 NH which does not form an intramolecular hy-
drogen bond (Dempsey 1988; Bazzo et al. 1988); i. e.
kmin(Ala-4) = k5. A plot of the percentage lifetime of
backbone hydrogen bonds, calculated from the K,
values {100/(1 + K )%} is shown in Fig. 5. The figure
also shows that these percentages correlate strongly
with the percentage time an amide hydrogen makes a
regular hydrogen bond during a molecular dynamics
simulation.

IV. Discussion

This dynamics study has proved successful in the cor-
relation of simulated data with measured parameters.
Using a chosen force constant, it has been possible to
study the dynamics of melittin under conditions where
the NMR restraints are of similar magnitude to other
intra-molecular forces. It is interesting to note the
agreement between results obtained using methods in-
volving widely different time scales. The results pre-
sented here for backbone atoms provide good evi-
dence that the C-terminus and the centre of the
molecule, around residue 11, are relatively flexible.

Proline is unique among the common amino-acids
in that both cis- and trans-forms are found and in that
it cannot form an H-bond. In a helical structure this
means that an H-bond to the amino acid four residues
before the proline is missing. The presence of prolines
in putative trans-membrane helices has been noted
previously (Brandl and Deber 1986). This has led to
various proposals for their role in trans-membrane
proteins including a “proton motive force inducer”
(Dunker 1982), exposure of a backbone carbonyl
(Eisenman and Dani 1987), a kink or bend (Fox and
Richards 1982) and cis-trans isomerism for the open-
ing and closing of transport channels (Brandl and
Deber 1986). Our NMR studies, however, indicate
that prolines in similar peptide helices remain trans
(Bazzo et al. 1988, Esposito et al. 1987, unpublished
data). The current study suggests that prolines allow
two helical segments to be formed within the mem-
brane. There can be large changes in the relative orien-
tation of the two helical segments which can occur
quite rapidly. This flexibility is probably enhanced by
the presence of a glycine a few residues before the
proline. A study of putative trans-membrane helices
suggests that the position of this flexibility would often
coincide with the centre of the lipid bilayer. The possi-
ble variation in angle within a trans-membrane helix
could be very important both in the assembly of a
stable bundle of helices and in allowing such a bundle
to accommodate the transport of a substrate.
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