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Abstract. A molecular dynamics simulation was 
carried out with avian pancreatic polypeptide hor- 
mone (aPP) as an isolated monomer explicitly in- 
cluding the solvent (MDS). The simulation and the 
resulting mean structure are compared with the 
results of a corresponding crystal simulation (MDC) 
with 4 aPP molecules plus interstitial water in a 
periodic boundary unit cell and with the X-ray 
structure (van Gunsteren, Haneef et al., manuscript 
in preparation). Comparison is based on the time 
span 5 to 15 ps and considering cartesian coordi- 
nates, dihedral angles, H-bond length, and accessible 
surface area. While in the MDC simulation equi- 
libration is fast and complete, it does occur in MDS 
for most but not all parts of the molecule; the turn 
region starts moving away from the X-ray structure 
after 9 ps. 

Only minor differences result when dimer- 
forming side chains, e.g. tyrosines 7 and 21, are 
exposed to solvent. The largest rms fluctuations are 
encountered in exposed polar side chains of Asp 11, 
Glu 15, Arg 19, and Arg33, but also in the hydro- 
phobic core residue Phe 20, the only phenylalanine 
residue present. The latter undergoes an abrupt 
reorientation suitable for verification by NMR 
spectroscopy, which is possibly related to the motion 
of the turn region. The main-chain dihedral angles 
of the e-helix are shifted from values generally 
found in crystal structures towards those of the ideal 
Pauling helix. There is concomitant H-bond elonga- 
tion. The effects are most pronounced and consistent 
in the MDS simulation. 

Abbreviations: MD, molecular dynamics; MDS, molecular 
dynamics simulation in solution; MDC, same in the crystal; 
MDS, mean structure obtained by averaging the transient 
atomic coordinates over 5-15 ps of the solvent simulation; 
MDC, same of the crystal simulation; X, X-ray structure; 
GROMOS, Groningen Molecular Simulation System; CD, cir- 
cular dichroism; aPP, avian pancreatic polypeptide hormone; 
one and three-letter abbreviations for amino acids are used. 

Key words: Molecular dynamics, avian pancreatic 
polypeptide, solvent, comparison with crystal 

1. Introduction 

The only molecular dynamics simulation of a protein 
in which the solvent environment has been explicitly 
taken into account so far is that of pancreatic trypsin 
inhibitor (van Gunsteren and Karplus 1982; van 
Gunsteren et al. 1983; van Gunsteren and Berendsen 
1984). Avian pancreatic polypeptide hormone is 
another molecule which because of its size and the 
accuracy of its X-ray structure (Blundell et al. 1981; 
Glover et al. 1983) seems suitable for this approach. 
Though consisting of no more than 36 amino acids 
and lacking disulphide bridges it has a surprisingly 
stable structure and could be thought of as the 
quintessence of a globular protein. With almost all 
residues organized in two roughly antiparallel 
helices it is hardly more than a folding unit. Prolines 
in positions 2, 5 and 8 (for the amino acid sequence 
see Fig. 7) induce a left-handed polyproline II helix 
extending from positions 1 to 8. A type I t -bend be- 
tween positions 9 and 12 is followed by a good 
c~-helix from position 14 to 31 whereas the remain- 
ing 5 C-terminal residues are conformationally less 
defined. The packing together of the helices with 
their non-polar faces together gives the molecule a 
hydrophobic core. Further surface non-polar groups 
on the c~-helix but also ionizable groups with pK ~ 5 
are responsible for entropically driven formation of 
a very stable symmetrical dimer (K12 ~ 3" 107M -1) 
which also exists in the crystal. CD spectroscopic 
studies indicated that the main-chain conformation 
is also stable when aPP exists as a monomer in 
solution (Glover et al. 1984). 

Besides the fact that a broader basis of experi- 
ence for the young technique of molecular dynamics 
simulation is desirable a study of aPP promises 
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specific contributions: In contrast to pancreatic 
trypsin inhibitor its structure 1) is not braced by 
disulphide bonds, 2) allows one to analyze motions 
within two different types of well developed helices 
as well as 3) of the helices relative to one another 
and 4) lends itself to identifying mutual influences 
of the monomers within a dimer. 

Two simulations have been carried out for the 
structure and dynamics of aPP: The one, designated 
MDC, is for aPP in its environment in the crystal 
(van Gunsteren, Haneef et al. in preparation), the 
other, MDS, for an aPP monomer in solution. The 
monomer was chosen deliberately because it is 
believed to be the biologically active species and the 
behaviour of residues exposed to solvent upon 
separation of the dimer is of particular interest. 
Regrettably the computing time available did not 
allow for a simulation longer than 15 ps. 

In this communication the mean structures gen- 
erated in the two simulations are compared with 
respect to parameters such as cartesian coordinates, 
dihedral angles, H-bonds, and accessible surface 
area while the mean structure from the crystal run is 
mainly compared to the X-ray structure. Compari- 
son of two simulated structures will minimize the 
risks of possible artefacts originating in the limited 
adequacy of the energy potentials used. A more 
detailed analysis of the solvent simulation with 
respect to frequencies and correlations of motions 
will be dealt with in a subsequent publication. 

2. Model and computational procedure 

The programs for performing and analyzing the 
simulations were taken from the GROMOS library 
(van Gunsteren). The energy potential function used 
is of the type that is generally applied to proteins 
(van Gunsteren and Berendsen 1982). Hydrogen 
atoms attached to carbon atoms are incorporated 
into the latter, whereas the other hydrogen atoms 
capable of hydrogen bond formation are explicitly 
treated. Bond lengths were kept constant by means 
of the SHAKE method (van Gunsteren and Berend- 
sen 1977). Non-bonded interactions were taken into 
account only within a cut-off radius of Rc = 8 A. The 
values of non-bonded interaction parameters and 
the partial atomic charges have been given by 
Hermans etal. (1984). The water molecules were 
modelled by a simple rigid three-point charge 
model (SPC model, Berendsen etal. 1981) which 
has been specially developed for use in mixed 
protein/water systems and which adequately de- 
scribes the properties of bulk water at ordinary tem- 
peratures. Periodic boundary conditions were ap- 
plied to both the MDC and MDS simulation. The 

initial velocities were taken from a Maxwell distribu- 
tion. 300 K was the initial temperature and also that 
of a temperature bath the system was coupled to 
using the method described by Berendsen etal. 
(1984) and a coupling relaxation time z-- 0.1 ps. The 
time step for integration of the equation of motion 
was 0.002 ps. The MDC and MDS simulations were 
carried over 15ps. Analyses (e.g. calculation of 
mean structure, rms fluctuations etc.), however, 
were mostly based on the last 10 ps. Transient struc- 
tures were analyzed with the help of specially 
developed graphics programs (StraBburger unpub- 
lished). 

APP crystallizes with zinc ions in space group C2 
(Blundell etal. 1981). The dimensions of the unit 
cell are a=34.18A;  b=32.92A; c=29.44A; /~= 
105.3 °. It contains one dimer plus two half dimers. 
Accordingly the MDC simulation refers to 4 mono- 
mers in a box with 388 molecules of interstitial 
water. Molecule 3 was arbitrarily selected for com- 
parison with the monomer of the MDS simulation. 
The water molecules were distributed statistically in 
the space between the aPP molecules without refer- 
ence to the crystallographically determined water 
positions. One aPP molecule consists of 370 atoms 
including 1 zinc ion which was left out in the MDS 
simulation. For this simulation a single molecule 
was placed in a box of a =  24.47A; b=  30.58A; 
c = 46.88 A and/~ = 90 ° in such a way that its mini- 
mum distance from any wall of the box was >--3.5 A. 
In this arrangement, as has been checked for the 
starting geometry, any atoms of different aPP mole- 
cules related by the periodic boundary conditions 
are separated by more than the cut-off radius of 
8 A. The space around the polypeptide accommodat- 
ed 1022 water molecules. During energy minimiza- 
tion both the protein and the solvent were allowed 
to relax simultaneously. When simulating even a 
small protein in solution, a compromise has to be 
found between the size of the system (i.e. the 
number of solvating water molecules) and the length 
of the molecular dynamics run on the one hand and 
the available computer power on the other. Because 
of the time consuming character of protein simula- 
tions only two simulations (of 20 ps length) of a 
protein - bovine pancreatic trypsin inhibitor - in 
water have been published (van Gunsteren and 
Karplus 1982; van Gunsteren and Berendsen 1984). 

3. Results and discussion 

Time course 

The potential energy in the course of the solvent run 
is depicted in Fig. 1. The high initial energy is due 
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Fig. 1. Potential energy in the course of the solvent simulation, 
MDS 
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Fig. 2. Rms positional differences as a function of simulation 
time. a MDC simulation; b MDS simulation 

to the fact that the water molecules were randomly 
placed in the empty space surrounding the protein. 
It is quickly reduced within the first ps, levels off 
after 4 ps and from then on oscillates about an aver- 
age value of 45,700 kJ/mol. The development of the 
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Fig. 3. Rms positional differences as a function of simulation 
time. Averages were calculated for each conformational seg- 
ment separately, including main and side-chain atoms. 
a MDC simulation; b MDS simulation 

rms positional differences from the X-ray structure 
(t = 0) for the MDC and the MDS simulation is 
shown in Fig. 2. The major part of the drift away 
from the X-ray structure is related to the fall of the 
potential energy during the first 3 ps. After 5 ps 88% 
of the maximum drift in the MDC and 76% of that 
in the MDS simulation has occurred. For the solvent 
run the unidirectional trend in the deviations still 
occurring between 5 and 15 ps (MDS, Fig. 2b) in- 
dicates that at the end of the simulation equilibrium 
might not have been fully attained. Irrespective of 
this concern the comparison of MDS and MDC de- 
scribed below seems justified and valuable. 

The rms positional differences as a function of 
time plotted in Fig. 3 were calculated separately for 
the Ca atoms in each of the constituent conforma- 
tional segments of aPP. In the crystal run the 
polyproline (residues I-8),/?-turn (9-12), a-helical 
(14-31), and C-terminal (32-36) segments all ex- 
hibit values fluctuating about a constant level, a 
behaviour reflecting the reliability of the approach. 
In the solvent run this pattern is shared by all seg- 
ments except one: After 9 ps the/?-turn region starts 
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moving away from its position in the X-ray structure 
and also affects the polyproline helix. Figure 4, for 
which the values were calculated individually for 
each Ca atom, clearly shows that the residues of the 
polyproline helix most affected by the movement 
are those next to the turn. 

Comparison of structures 

Cartesian coordinates. For structural comparison the 
transient atomic coordinates from 5 to 15 ps of a 
simulation were averaged. The mean structure of 
the solvent simulation (MDS) is compared with that 
of the crystal simulation (MDC) whereas the latter 
is compared with the X-ray structure (X). As a pre- 
liminary step two structures to be compared are 
superimposed by a least squares fit. The distances 
then remaining between corresponding atoms are 
represented for Ca atoms in Fig. 5 a and for the 
outermost side-chain atoms in Fig. 5b. These re- 
maining distances were averaged over the whole 
sequence and listed in Table 1. The smallest values 
are found for Ca atoms which are positionally more 
conservative than side-chain atoms. In general the 
remaining differences are considerably larger for 
MDC-MDS than for X-MDC. However, calculation 
of X-MDS shows that MDS is not much farther 
away from the X-ray structure than is MDC. 

If the remaining differences are considered with 
respect to sequence position a uniform distribution 
is encountered for Ca atoms with X-MDC (Fig. 5a, 
full line). Those with MDC-MDS typically exhibit an 
accumulation of above-average values in the turn 
region (Fig. 5 a, dotted line). This, of course, is a 
reflexion of the turn drift discovered above in the 
analysis of the time course of the MDS simulation 
(Figs. 3b and 4b). The phenomenon is blurred in 
Fig. 5b because of the larger distances generally 
remaining between outermost side-chain atoms (see 
Table 1 for averages). The largest remaining differ- 
ences between individual residues are those en- 
countered with the exposed hydrophilic side chains 
of Glu 15, Arg 33, and Tyr36 in X-MDC and Asp 11, 
Argl9, Gln25, and Arg33 and MDC-MDS. Of 

Table 1. Average distances between corresponding atoms re- 
maining after optimum superposition of MDC, MDS, and the 
X-ray structure 

Average over X-MDC X-MDS MDC-MDS 
[A] [A] [A] 

C~ atoms 0.79 1.05 1.24 
side-chain atoms 1.47 1.87 2.08 
outermost 
sid e-chain atoms 1.72 2.36 2.47 
all atoms 1.64 1.80 2.16 
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Fig .  6.  S t e r e o p a i r s  o f  t h e  b a c k b o n e  s t r u c t u r e s  f i t t e d  to  o p t i -  
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(--)  and b of MDS (-- )  and MDC (-- )  

Table 2. Absolute differences in dihedral angles of the mean 
simulated structures MDC and MDS and the X-ray structure 

Angles X-MDC X - M D S  MDC-MDS 
averaged 

~o 19.0 ° 22 .4  ° 27.1 ° 
~, 20.1 o 34 .8  ° 40 .3  ° 

Z 1 39 .0  ° 45 .3  ° 45 .5  ° 
al l  33.0  ° 42.1 o 43 .4  ° 

these the residues Asp 11, Gln 25, and Arg 33 are 
involved in hydrogen bonds to adjacent aPP mole- 
cules in the crystal, whereas the side chains of 
Glu 15, Arg 19, and Tyr36 are hydrogen bonded to 
crystalline water molecules. Changing the crystalline 
environment for that of an aqueous solution may 
easily change the average positions of these polar 
side chains. Side chains involved in contacts be- 
tween monomers in the dimer, such as Tyr7 or 
Tyr 21, do not impose significantly larger differences 
in MDC-MDS. 

Since absolute positional differences do not carry 
any information on their spatial distribution the 

structures fitted to optimum superposition are de- 
picted as stereopairs in Fig. 6 for direct comparison 
by inspection. 

Dihedral angles. All dihedral angles of MDC and 
MDS were calculated. For comparison of two struc- 
tures the absolute differences of corresponding di- 
hedral angles were calculated and averaged again, in 
certain groupings, this time over the sequence. The 
sequence averages of the differences in dihedral 
angles between MDS, MDC and X-ray structures 
are listed in Table 2. Larger deviations in dihedral 
angles are found between MDC and MDS than be- 
tween MDC and the X-ray structure. However, as in 
the case of the positional differences (Table 1) these 
are more pronounced than the deviations of each of 
the mean simulated structures from the X-ray struc- 
ture. 

For the individual ~0/~u pairs of main chain 
dihedral angles the signed differences are plotted 
along the aPP backbone as a histogram in Fig. 7. 
Several of the more substantial differences are 
conformationally more or less inconsequential be- 
cause of the compensatory effect of opposite differ- 
ences in the adjacent angle of the preceding or 
following residue. This applies to ~'8/~09 and ~u11/~o12 
in X-MDC (Fig. 7a) and to ~'9/~010, ~911/q/12, q/16/~917, 
~u33/~034, and qJ35/~036 im MDC-MDS (Fig. 7b). Un- 
compensated differences are found in X-MDC for 
~us, ~018, and ~u35, and in MDC-MDS for ~ul0, ~018, and 
~u32. It appears noteworthy that in the two helices 
the angular changes obtained in the MDC-MDS 
comparison are not as pronounced as those in the 
X-MDC comparison. Constancy of dihedral angles 
in combination with elevated positional differences, 
as encountered for the polyproline helix (compare 
Figs. 5 b and 7b), may indicate that a structural seg- 
ment undergoes a mainly translatory shift. The ~&0 
and the uncompensated portion of the ~u~ differ- 
ences between MDS and MDC are an expression of 
the turn motion in the solvent run. The largest abso- 
lute differences (> 140 °) of all are encountered with 
side-chain dihedral angles of Arg 19 and Arg33 in 
both X-MDC and MDC-MDS. 

Hydrogen bonds. The mean simulated structures, 
MDC and MDS, and the X-ray structure were 
further compared with respect to hydrogen bonds. 
An H-bond was decided to exist if the donor- 
acceptor distance was <3 .3A and the donor-H- 
acceptor bond angle > 135 °. The intramolecular 
H-bonds identified in any of the three structures are 
listed in Table 3. Those in the turn region involving 
residues 9, 12, and 13 are lost in MDS but also in 
MDC which does not include the special turn 
motion described above. The mean simulated struc- 
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Table3. Intramolecular hydrogen bonds identified in the 
MDC, MDS and X-ray structure of aPP 

Donor Acceptor X-ray MDC MDS 

12 Ala N 9 GlyO + - - 
16 AspN 13 Pro O + - - 
17 LeuN 13 Pro O + + + 
18 Ile N 14 Val O + + + 
19 Arg N 15 Glu O + - + 
20 PheN 16 AspO + + + 
21 Tyr N 17 LeuO + + + 
22 Asp N 18 Ile O + + + 
23 Asn N 19 Arg O + + + 
24 Leu N 20 Phe O + + + 
25 G lnN 21 Tyr O + + + 
26 Gln N 22 Asp O + + + 
27 Tyr N 23 Asn O + + + 
28 Leu N 24 Leu O + + + 
29 Asn N 25 Gln O + + + 
30 Val N 26 Gln O + + + 
31 Val N 27 Tyr O + + + 
32 Tyr N 28 Leu O + + + 
33 Arg N 30 Val O + - - 
33 Arg N 31 Val O - + + 
34 His N 29 Ash O + - - 
34 His N 32 Thr O - + + 
7 Tyr O~ 10 Asp O ~2 + + + 

tures both  offer acceptor  al ternat ives for the imido  
protons of Arg 33 and His 34 which in  the X-ray 
structure are engaged with carbonyls  29 and 30 at 
the end of the a-helix. 

F o r  the solvent run  H-bonds  were also ident i f ied  
be tween the backbone  of t rans ient  s imula ted  aPP 

structures and molecules  of  the su r round ing  water. 
(Since averaging is not  Straightforward here, this is 
not  readi ly  feasible in  the case of m e a n  s imula ted  
structures).  There  are two carbonyls ,  those of Pro 2 
and Ser 3, which  at the end of  the s imula t ion  still 
b i n d  the same water  molecules  they b o u n d  after 
5 ps. Whi le  water  exchange seems to be no rma l  at 
most  backbone  acceptors some, e.g. L e u l 7  and  
Ile 18, tend not  to have water  wi th in  H - b o n d  dis- 
tance. The in terac t ion  of  aPP with the su r round ing  
water will be dealt  with in  more  detail  in  another  
paper.  

Accessible surface area. The surface area of aPP 
accessible for solvent molecules  was calculated with 
the a lgor i thm in t roduced  by Lee and  Richards  1971 
with 1.6 A for the radius  of  water  (Pea r lman  1981). 
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The calculations were carried out for MDC, MDS, 
and the X-ray structure and are referring to a 
monomer throughout, i.e. any quaternary structural 
shielding against the solvent in MDC and the X-ray 
structure was ignored. Figure 8 shows the differ- 
ences in accessible surface area for X and MDC (a) 
and MDC and MDS (b). In MDC notably Gly 1 and 
Tyr 7 are more exposed than in the X-ray structure, 
however, there are also residues which are rather 
more buried, Thr 6 and Arg 33 for example. There is 
a moderate increase in accessible surface area of 4%, 
Several of the differences between X-ray and MDC 
are still further increased when going from MDC 
to MDS. This observation applies to Pro 2, Pro 8, 
Glul5,  Leul7, and Asp 22. In total the accessible 
surface area of MDS exceeds that of MDC by 5%. 
No significant differences can be seen in the be- 
haviour of hydrophilic or hydrophobic residues or 
residues involved or not involved in dimer forma- 
tion. Tyr7 and Tyr21, for instance, which are 
exposed upon dissociation of the dimer, do not 
avoid solvent contact, possibly due to their side- 
chain hydroxyl. 
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~-helix. The several structural parameters consid- 
ered above are now used synoptically for a more 
detailed comparison restricted to the ~-helical seg- 
ment. Table4 reflects a clear tendency of the 
simulations to shift the main-chain dihedral angles 
from the average values normally encountered with 
helices in protein X-ray structures (Blundell et al. 
1983) towards those of the ideal Pauling helix. This 
tendency is more pronounced for the MDS than for 
the MDC simulation and, as illustrated by Fig. 9, 
much more systematic. According to Blundell et al. 
(1983) the values for helices in protein crystals are 
an outcome of unbalanced interaction with solvent 
due to the amphipathic nature of the helices, which 
also causes their curvature through an increase in 
length of water-exposed H-bonds. The H-bond 
lengths for the ~-helix of aPP are listed in Table 5. 
For the X-ray structure the longest H-bonds are 
typically found in polar environments. In MDC 

Table 4. Average main-chain dihedral  angles of  the e-helix 
(residues 14-31)  in MDC, MDS and the X-ray structure of  
aPP 

Structure ~ ~, 

X-ray general - 63 ° - 43 ° 
aPP14_31 - 64 ° - 41 ° 

M D C  14_31 - 57 ° - 48 ° 
MDSI4-31 - 55 ° - 51 o 
Pauling - 48 ° - 57 ° 
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Table 5. Length of the hydrogen bonds in the c~-helix of aPP 
(residues 14-31) 

Donnor-acceptor 
pair (N - O) 

Donor-acceptor distance [A] 

X-ray MDC MDS 

14-18 2.86 2.78 3.19 
15-19 a 3.01 n.i. 3.10 
16-20 a 2.95 3.13 3.18 
17-21 2.90 3.84 3.18 
18-22 2.93 2.85 3.04 
19-23 a 3.06 3.48 3.53 
20-24 2.78 2.79 2.88 
21 - 25 2.98 3.00 3.09 
22- 26 a 3.19 3.25 3.32 
23-27 a 3.03 2.80 3.01 
24- 28 2.87 2.86 3.04 
25-29 2.02 2.77 3.27 
26- 30 a 3.06 3.07 3.32 
27- 31 2.97 2.90 2.96 
mean distance 2.97 3.04 3.15 

mean d-H-a angle 160 ° 164 ° 169 ° 

a hydrophilic environment n.i. not identified 

Table& Average rms fluctuation of certain atoms derived 
from 5-15 ps of the MDC and MDS simulations as well as 
from the B-values of the X-ray structure 

Average over (3B/87~2) 1/2 ((zJr)2) 1/2 [A] 
atoms [A] 

MDC5-15 ps MDSs-ls ps  

all 0.71 0.72 0.75 
C a 0.62 0.48 0.53 
C~ 0.67 0.57 0.62 
C~ 0.77 0.64 0.73 
C~ 0.82 0.75 0.79 
C~1 0.74 0.92 1.05 

there are longer as well as shorter H-bonds than in 
the X-ray structure though their average length is 
slightly greater. In MDS on the other hand H-bonds 
are consistently longer. This is in accordance with 
the picture suggested by the dihedral angles. A 
small part of the bond energy lost due to increased 
donor-acceptor distances seems to be recovered by 
more favourable hydrogen bond angles (see Table 5). 
The "untightening" of the helix in the course of  the 
MDS simulation may also in part be responsible for 
the 6.3% lower number  density of  MDS as compared 
to the X-ray structure (3.6% lower in MDC). 

Flexibility and dynamics 

The mobility of atoms is given in terms of  their rms 
fluctuations (Ar2) 1/2 which are closely related with 
crystallographic B-values (zlr 2) = 3 B / 8  n 2. Corn- 

parison of rms fluctuations and B-values suffers 
from two shortcomings: B-values are also subsuming 
contributions from static disorder in the crystal, and 
rms fluctuations obtained for a longer time span of  
MD simulation cannot distinguish motions about a 
stable centre of mass from motions of  the mass 
centre itself. Average rms fluctuations calculated 
from the B-values of  the X-ray structure and from 5 
to 15 ps of  the MDC and the MDS simulation are 
listed in Table 6. As expected the values consistently 
increase with increasing distance of  the carbon 
atoms from the main chain. Possibly due to static 
disorder effects, the values derived from the tem- 
perature factors are higher than those from the 
MDC and, to a lesser extent, from the MDS simula- 
tion. 

The average fluctuations of  the main-chain 
atoms and of the side-chain atoms per residue are 
plotted as histograms in Fig. 10. The overall correla- 
tion coefficients between the rms fluctuations from 
the simulations and the B-values are rMDC ---- 0.53 and 
rMDS = 0.40 for the main-chain, and rMDC = 0.26 and 
rMDS = 0.01 for the side-chain atoms. The extremely 
high B-values for the main chain at the C-terminus 
do not find an outstanding correspondence in the 
simulated fluctuations which, though clearly above 
those of the preceding e-helix, in the MDS simula- 
tion are surpassed by the bend residues. In view of 
the side-chain fluctuations, however, one hesitates to 
conclude that the high C-terminal B-values were 
due to static disorder rather than to conformational 
flexibility. Figure 11 (see colour page) shows the 
distribution of different degrees of mobility over the 
aPP molecule. The atoms are classified in 4 appro- 
priate groups according to their individual rms fluc- 
tuations and are represented by means of a colour 
code. 

The largest differences between MDS and 
B-derived fluctuations are found for the side chains 
of  A s p l l  (+0.71A),  G l u l 5  (+0.72A),  Arg l9  
( -  0.38 A), Phe 20 (+ 0.61 A), and Arg 33 (+ 0.62 A). 
As correspondingly high positional differences are 
found for the polar side chains 11, 15, 19, and 33 
their fluctuations should comprise displacement of  
their mass centres. One would tend to predict drastic 
differences for side chains which are exposed upon 
dissociation of the dimer. Tyr7  and Tyr21,  how- 
ever, the most prominent intermonomer contacts, 
have surprisingly small differences ( - 0 . 2 3  and 
- 0 . 1 1 A  respectively). This is in line with the 
findings on the differences in position and accessible 
surface for these residues described above. 

On the other hand there is one side chain, that of  
Phe20, which is found amongst those with the 
largest differences in rms fluctuations although it is 
part of  the hydrophobic  core and not sticking out 
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Fig. 10. Rms fluctuations of main-chain atoms (left) and side-chain atoms (right). a derived from the B-values of the X-ray struc- 
ture; b calculated over 5-15 ps of the MDC simulation; c calculated over 5-15 ps of the MDS simulation 

into the solvent like Asp l l ,  G lu l5 ,  Arg l9  and 
Arg33. This finding suggested a more detailed 
analysis of Phe 20 with respect to other parameters. 
The Z 1 and X 2 dihedral angles of  the Phe20 side 
chain as a function of  simulation time are depicted 
in Fig. 12. After 7ps, X ] undergoes an abrupt transi- 
tion from about  160 to 80 ° which only takes 0.3 ps. 
Several phases of  the transition are shown in Fig. 13 
(see colour page). The event is perceived also by Z 2 
which, after two larger opposite deflections, con- 
tinues oscillating about  the same average value. The 
behaviour of X 1 is unique among all side chains 
which are part of  the core. Since Phe 20 is the only 
phenylalanine in aPP the alteration of  its micro- 
environment upon dissociation of  the dimer seems 
particularly suitable for being probed by N M R  

spectroscopy. It appears possible that the switch in 
the orientation of Phe 20 is temporally and spatially 
related to the motion undergone by the turn region 
(see Figs. 3 b and 14). The conformational change of 
the turn produced in the MDS simulation is reflect- 
ed in the average rms fluctuation of  the side-chain 
atoms of residues 9 -12 ,  which is 0.92 as compared 
to 0.83 for the MDC simulation and deviates more 
from the B-derived value than the latter. 

4. Summary 

In summary the MD simulations of  aPP in solution 
and in the crystal and the comparison of  the respec- 
tive mean structures with one another and with the 
X-ray structure reveal the following features: 
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Fig. 11. Distribution of different degrees of mobility over the 
aPP molecule in the bond skeleton and in the dotted surface 
(Conolly 1983) representation, a MDC; b MDS. Classification 
of atoms according to their rms fluctuations (5-15 ps) and 
corresponding colour code: 
0 - 0 . 4 A :  blue 
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Fig. 13. Stereo tracing of the change in orientation of the 
Phe 20 side chain (yellow). (States before and after the transi- 
tions are set off against transient phases.) 
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Fig. 12. Side-chain dihedral angles X 1 and Z ~ of Phe20 as a 
function of simulation time 
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b 
Fig. 14. The turn region of aPP (a) before and (b) after its 
displacement in the MDS simulation (5 and 15 ps), See differ- 
ences in turn width and orientation of Phe 20 

After 9 ps they start moving away from the X-ray 
structure - the bend widens - an occurrence pri- 
marily reflected in larger positional differences and 
rms fluctuations. In the crystal this part  of  the mole- 
cule seems to be stabilized by the force field of  the 
surrounding molecules. 

Residues which in the dimer  are shielded from 
water contact are less affected than anticipated when 
solvent-exposed at the surface of the isolated mono- 
mer. Tyr7  and Tyr21 at least, the most prominent  
dimer-forming side-chains, do not tend to avoid the 
contact with water. A side cha in  of  the hydrophobic  
core, Phe20 on the other hand, imposes large rms 
fluctuations in the MDS simulation, otherwise en- 
countered only with the atoms of  exposed polar  side 
chains like Asp 11, Glu 15, Arg 19, and Arg 33. The 
t ime dependence of  the X I dihedral angle of  Phe 20 
reveals an abrupt  reorientation which may be tem- 
porally and spatially related to the mot ion of the 
fl-turn region. The fact that Phe20 is the only 
phenylalanine in aPP suggests that the alteration of 
its microenvironment  upon dissociation of  the dimer  
could be demonstrated by N M R  spectroscopy. The 
outstanding flexibility in the main-chain C-terminus 
as derived from the B-values of  the X-ray structure 
is much less pronounced in both the M D C  and 
MDS simulation. 

A more detailed analysis of  the c~-helix shows 
that the main-chain dihedral angles are shifted from 
values generally encountered in crystal structures 
towards those of the ideal Pauling helix. There is 
concomitant  elongation of H-bonds. Though present 
also in the M D C  simulation as a tendency these 
effects are pronounced and consistent in the MDS 
simulation. 
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In the M D C  simulation the system is equilibrat- 
ed after a relatively short t ime and deviations from 
the X-ray structure remain within narrow limits. In 
the simulation for the monomer  in solution, MDS, 
the/?-bend and adjacent residues of  the polyproline 
helix are excepted f rom the overall equilibration: 
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