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Abstract. The crystallographic dimer of the C-terminal 
fragment (CTF) of the L7/L12 ribosomal protein has 
been subjected to molecular dynamics (MD) simula- 
tions. A 90 picosecond (ps) trajectory for the protein 
dimer, 19 water molecules and two counter ions has 
been calculated at constant temperature. Effects of 
intermolecular interactions on the structure and dy- 
namics have been studied. The exact crystallographic 
symmetry is lost and the atomic fluctuations differ 
from one monomer to the other. The average MD 
structure is more stable than the X-ray one, as judged 
by accessible surface area and energy calculations. 
Crystal (non-dimeric) interactions have been simulat- 
ed in another 40 ps trajectory by using harmonic re- 
straints to represent intermolecular hydrogen bonds. 
The conformational changes with respect ot the X-ray 
structure are then virtually suppressed. 

The unrestrained dimer trajectory has been scan- 
ned for cooperative motions involving secondary 
structure elements. The intrinsic collective motions of 
the monomer are transmitted via intermolecular con- 
tacts to the dimer structure. 

The existence of a stable dimeric form of CTF, 
resembling the crystallographic one, has been docu- 
mented. At the cost of fairly small energy expenditure 
the dimer has considerable conformational flexibility. 
This flexibility may endow the dimer with some func- 
tional potential as an energy transducer. 

Key words: Molecular dynamics, ribosomal protein, 
L7/LI2-CTF, energy transducer, protein dimer inter- 
actions, conformational flexibility, structural fluctua- 
tion 

1. Introduction 

There is considerable indirect evidence that protein 
flexibility and fluctuations are essential for their bio- 
logical function. Although structural fluctuations can 

be measured experimentally, the fundamental connec- 
tion to functional properties is still far from being 
thoroughly established. Molecular dynamics (MD) 
studies of proteins may provide invaluable informa- 
tion in this respect. The function of many proteins is 
related to the formation of molecular aggregates, e.g. 
dimers, trimers, tetramers etc. Knowledge concerning 
the changes in the dynamic properties of a monomeric 
structure upon incorporation into a larger oligomeric 
assembly may be of particular relevance for under- 
standing various processes in molecular biology. MD 
calculations may help to elucidate some aspects of this 
problem, provided that reliable experimental structur- 
al data of the protein complexes are available. The 
dimeric form on the C-terminal fragment of the 
L7/L12 ribosomal protein (CTF) is an important case 
since it might have a functional role on the ribosome 
(Leijonmarck and Liljas 1987). The dynamics of this 
species may be the basis of functionally important 
motions. 

The 150 ps MD trajectory of the CTF monomer, 
reported by ]tqvist et al. (1985), showed several inter- 
esting features related to the motion of secondary 
structural elements. The most striking of these was a 
librational motion of the c~ B helix with a characteristic 
frequency of v = 5 cm- 1. Although the overall agree- 
ment with respect to the X-ray structure was found to 
be better than most other comparable MD simula- 
tions, some local discrepancies were identified and 
could also be rationalised (~qvist et al. 1985). In the 
present study the model has been extended to include 
the CTF dimer, two counter ions and structurally 
bound water. We are thus addressing the question of 
what are the effects of increasing the complexity of the 
model, both with respect to structure and dynamics. 

L7/L12 ribosomal protein is essential for efficient 
polypeptide synthesis in bacteria (M611er 1974; Pet- 
tersson and Kurland 1980). The C-terminal region 
appears to be the functional domain since it is essential 
for inducing the GTPase activity in elongation factors 
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like EF-Tu and EF-G (M611er et al. 1983). Two dimers 
of L7/L12 are bound to the 50S ribosomal subunit and 
have a fairly large independent mobility (Gudkov et al. 
1982; Cowgill et al. 1984). The flexibility of L7/L12 is 
abolished by the binding of an EF-G.  GDPCP com- 
plex to the ribosome (Gudkov and Gongadze 1984). It 
has been suggested by M611er et al. (1983) that a con- 
formational change of L7/L12 may be important for 
the functioning of this protein during the translation 
process. Liljas and Leijonmarck (1987) have suggested 
that the crystallographic dimer may in fact be the ac- 
tive one found on the ribosome. The MD study of the 
crystallographic dimer may in this respect, provide 
significant information. 

Deviations in the previous monomer simulation 
were mainly attributed to two different sources: (1) the 
potential function was inadequate with respect to the 
cis-trans representation of non-bonded 1 -4  neigh- 
bour interactions. (2) The monomer was missing all 
intermolecular contacts present in the crystal. In this 
work the potential function has been modified to allow 
a correct account of the non-bonded 1 -4  interac- 
tions. The dimer represents a minimum model for 
intermolecular contacts. In order to simulate the 
remaining crystal interactions an additional trajectory 
was calculated with crystal hydrogen bonds represent- 
ed by harmonic restraints. A relatively short (40 ps) 
trajectory has also been generated for the isolated 
monomer, using the new potential, to gauge the effects 
of this. 

2. Method and model 

The MD calculations have been carried out with the 
GROMOS program package. The computational 
strategy employed here is the same as in previous MD 
studies by us (~qvist et al. 1985, 1986). Net charges on 
fully charged side chains have been screened down to 
zero, retaining only partial charges. Bond length con- 
straints were applied using the SHAKE algorithm 
(van Gunsteren and Berendsen 1977). The system was 
weakly coupled to a thermal bath (Berendsen et al. 
1984) of temperature To = 277 K. The potential energy 
function differs from that used by/~qvist et al. (1985) in 
one respect. The extended atom non-bonded Lennard- 
Jones parameters for 1 -4  neighbours have been 
changed to allow for the presence of cis-confor- 
mations; the peptide unit now has a stable cis- 
conformer. 

The starting model corresponds to the CTF dimer 
generated by the crystallographic two-fold symmetry 
(Leijonmarck and Liljas 1987), where two sulphate 
ions and 19 water molecules in close contact with the 
protein were also included (Fig. 1). The tetrahedral 
sulphate ion was electrically neutralised in order to be 
consistent with the protein representation. Multipolar 

interactions are, however, included since each oxygen 
has a partial charge of -0 .36 charge units and the 
sulphur atom bears a charge of + 1.44. The van der 
Waals' parameters for the oxygens correspond to 
those of the carboxyl oxygen type. The water is repre- 
sented by the rigid SPC model (Berendsen et al. 1981). 
The total number of explicitly treated atoms in this 
system is 1259. 

Compared to the first CTF monomer simulation 
(~qvist et al. 1985), the present model is a step towards 
including surrounding medium effects on the dynam- 
ics of the CTF monomer. The dimer explicitly models 
protein-protein interactions. The inclusion of crystal- 
lographically observed water molecules cannot be ex- 
pected, by itself, to represent "solvent effects". How- 
ever, taken together with other features, this type of 
simulation differs from true in vacuo systems at least in 
two respects: (1) The zero net charge on acidic and 
basic side chains seems to be a reasonable first approx- 
imation of solvent screening effects, in particular since 
these residues are mostly situated on the surface of the 
molecule. Using fully charged side chains, without ex- 
plicitly including solvent molecules in the simulation, 
usually results in a tendency for these to fold back onto 
the protein surface (see e.g. Ahlstr6m et al. 1986). Com- 
parisons show that eliminating the net charges pre- 
vents this from happening (Aqvist and Tapia, un- 
published results), thus giving better agreement with 
X-ray data. (2) Coupling the system to a thermal bath 
is not only a way to control the temperature during the 
equilibration period, but it is also a mechanism for 
exchanging energy with the surroundings. The bath 
coupling used here (see Berendsen et al. 1984) corre- 
sponds to an exponential decay of global temperature 
fluctuations, with a characteristic time of z, which is 
the coupling parameter. The kinetic energy of the sol- 
vent molecules was scaled separately with z = 0.05 ps, 
while z=0.1 ps was used for the protein dimer. 

To get an insight on the effects of intermolecular 
(non-dimeric) crystal interactions on the present sys- 
tem, another (40 ps) simulation where these are repre- 
sented by harmonic restraints has been carried out (cf. 
Sect. 3.2). This was done in such a way that all direct, 
or water bridged, hydrogen bonds produced by the 
crystal environment (48 in total) are modelled by re- 
straining the positions of the corresponding H- 
bonding partners of the dimer. The force constants for 
these restraints were chosen to correspond with equi- 
librium force constants for organic H-bonding systems 
(k= 50 kcal/mol. ~2), and the harmonic terms were 
added to the potential energy function. 

The initial configuration used to calculate the MD 
trajectory was obtained after energy minimisation of 
the crystal structure. After the potential energy had 
converged to within 0.001 kJ/mol, initial velocities 
from a Maxwellian distribution were assigned to all 
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. ~' -, 5L, 
Fig. 1. a ~-carbon stereo view of the crystallographic CTF dimer, with the 
waters and counter ions that  were included in the simulations, b Pictorial 
description of the folding pattern of CTF monomer,  c~-Helices are depicted 
as cylinders; fi-strands as rubans 

atoms. The (unrestrained) trajectory lasted for 90 ps of 
which the first 20 ps correspond to an equilibration 
period. 

When discussing average structures in the 
following sections we will use the following nomen- 
clature. The average structures from the 20 -90ps  
part of the (unrestrained) dimer trajectory are de- 
noted (D20-90)ml ,  (D20-90)m2, (D20-90)m12 and 
(D20-90)d.  They correspond to the first and second 
time averaged monomer structure, the average of these 
two, and the average dimer structure, respectively. 
The restrained trajectory averages are denoted 
(R10-40)mt ,  (R10-40)m2, (R10-40)m12 and 
(R10-40)d .  The average structure from the previous- 
ly reported monomer simulation (~qvist et al. 1985) is 
termed (A20-150) , .  and (B20-40)m denotes the av- 
erage from a 40 ps simulation of the isolated monomer 
using the revised non-bonded potential (~,qvist and 
Tapia, unpublished results). 

3. Resu l t s  and d i scuss ion  

The MD trajectory generated from the crystallograph- 
ic dimer represents an equilibrated system where the 
dimer is fluctuating around a well defined average 

structure. The initial exact two-fold symmetry is rapid- 
ly broken, due to the independent assignment of ran- 
dom starting velocities from the Maxwell-Boltzmann 
distribution. Each monomer evolves in slightly differ- 
ent regions of the configuration (phase) space. The 
differences can be appreciated from Table 1, where the 
root mean square (rms) C~ coordinate deviations be- 
tween the various average MD structures and the 
X-ray structure are reported. For symmetry reasons, 
the rms values for the two monomers would of course 
be interchanged if the initial velocities had been per- 
muted and subjected to the symmetry operation. 

When discussing results concerning the CTF 
monomer the (D20-90)m12 structure, i.e. where the 
average has been taken both over time and the two 
monomers, is used for comparison with the X-ray 
structure. Note that the rms deviations in Table 1 have 
been calculated after least squares fitting to all Ca's; 
this is the common procedure, but it can result in a 
distorted picture of the actual displacements, as we 
shall see below. 

3.1 Average monomer structure 

(i) Atomic  positions. The rms coordinate deviations 
after least squares fitting to all the s-carbons, between 
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Fig. 2a and b. C~ coordinate deviations between (D20-90)mi  2 
and the X-ray structure after least squares fitting to (a) all C~'s 
and (b) excluding residues 62-89 

(D20-90)m12 and the X-ray structure are 1.42 A and 
1.92 A for C,'s and all atoms, respectively. These figur- 
es are slightly larger than for the earlier monomer 
simulation ((A20-150>,,) (cf. Table 1). The effect of 
the new potential is apparently not responsible for the 
increased deviation, as the rms value for C,'s of 
(B20-40)m with respect to the X-ray structure is 
smaller than for (D20-90)m12, (D20-90>,,1 and 
(D20-90>m2. Moreover, the Ca deviation between 
(A20-150)m and (B20-40>m is quite small (0.97 ~). 
Analysis shows that the new potential prevents the 
cis-trans isomerisation of Pro91, found in 
(A20-150)m. The differences between (D20-90>,,12 
and the crystallographic monomer have to be inter- 
preted in terms of internal structural changes due to 
subunit interactions and to lack of other inter- 
molecular (crystal) contacts. 

In Fig. 2 a the differences for C(s are shown as a 
function of the residue number. A comparison of this 
figure to Fig. 3 of/~qvist et al. (1985) shows interesting 
similarities as well as differences. The former are im- 
portant: the regions corresponding to/?-structure have 
the smallest deviations with respect to the crystal 
structure, except perhaps for a couple of residues in 
/? B. Therefore ist can be concluded that the/?-pleated 
sheet, in particular its core, is a robust structural 
feature. 
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Fig. 3. Superposition of the X-ray structure (dashed) and 
(D20-90),,12. a Least squares fit to all C~'s except 62-89, 
b least squares fit to residues 62-89 only 

Fig. 4. Stereo view of the c~ C-helix from (D20-90)ml super- 
imposed on the X-ray structure. External side chains are on the 
left side of the helix, and internal ones on the right 

The rms C, coordinate deviation with respect to 
X-ray after least squares fitting to the fl-structure only 
(19 atoms according to the definitions by Kabsch and 
Sander 1983) is just 0.67 ~. Inspection of the obtained 
fit (not shown) shows that the positions for ~ C are also 
in good agreement, while large deviations are found 
for residues 6 2 -  89. By including all C~'s except 62 -  89, 
the rms value becomes 0.79 ~ (40 atoms). The corre- 
sponding superimposed structures are depicted in 
Fig. 3 a; in Fig. 2b the differences for C~'s as a function 
of the residue number, for this fit, are given. 

The rms deviations of C,'s seen from the robust 
part of the monomer suggest a rigid body displace- 
ment of the whole region 62-89.  This is confirmed by 
fitting the (D20-90)m12 and X-ray structures to the 
C~'s of this region, which yields a deviation of 0.83 ~. 
Figure 3 b shows the corresponding superposition of 
the monomers. 

Perusal of Fig. 2 a and b show that they have simi- 
lar deviation patterns, but with very different absolute 
values. A comparison of Figs. 2 b and 3 of/~qvist et al. 
(1985) also reveals some similar features. Deviations 
above 1 ~ are found for residues in the regions 62-66  
and 75-89.  In the (D20-90)mlz structure the differ- 
ences for the stretch 69-86  are considerably larger, 
but as illustrated in Fig. 3 b they reflect a rigid body 
movement of the whole area. 

It is interesting to note that, independently of the 
way the fitting is carried out, the reverse turn between 
flA and ~A is badly reproduced. This is where the 
counterions are positioned in the crystal structure. 
Although these have been included in the present sim- 
ulation, it is evident that they are not sufficient to 
maintain the X-ray conformation of the turn. This is 
not surprising since numerous intermolecular (non- 
dimeric) crystal contacts are present in this region 
(Leijonmarck and Liljas 1987) and probably play a 
more dominant role in fixing the conformation. 

In spite of the rigid body displacement observed 
for the ~ A-e B unit, the local backbone structure is not 
sizably changed. It should also be mentioned that the 
atomic positions of side chains agree reasonably well 
with the X-ray structure. Since CTF contains quite a 
few long surface side chains (19 out of 68 are Arg, Lys, 
or Glu), one would perhaps expect larger deviations. It 
seems, however, that the screening of charges is a 
successful approach in this context. As an example, the 
agreement with respect to the X-ray structure for one 
of the ~ C helices is shown in Fig. 4. It is clear that the 
deviations for the exterior side chains, in this case, are 
not much larger than for the interior ones. 

(ii) Backbone dihedral angles. It was recognised in the 
previous CTF simulation (~qvist et al. 1985) that the 
non-bonded repulsion for the united atoms (CH, CH2, 
CH3) separated by three bonds was too large to allow 
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Fig. 6a and b. Rms positional fluctuations per residue, averaged 
over (a) backbone atoms and (b) side chain atoms. Filled circles 
denote MD fluctuations and open circles are those calculated 
from the crystallographic B-factors 

proline residues to be in the cis-conformation. The 
average structure obtained with the revised potential 
shows that this undesired effect has now been 
removed; the peptide co angle between Ala90 and 
Pro91 is now correct. Figure 5 shows the sum of the q~ 
and ~u angles, for each residue. This function approxi- 
mately represents the twist of a residue (Tainer et al. 
1982). It can be seen that the agreement for the back- 
bone angles has indeed improved with the new poten- 
tial energy function, as compared to Fig. 6 a of/~qvist 

et al. (1985). The rms deviation for the (qS, ~,) angles, 
with respect to the X-ray structure, is (I 3.0 °, 16.8°); for 
co-angles it is 3.4 °. Hence, the conformation of the pep- 
tide backbone is well reproduced by the simulation. 
The regions where the largest differences are found for 
~b + g/correspond to the loops fl A-c~ A, c~ A-c~ B, ~ B-fl B 
and e C-/~ C, while the ordered secondary structure 
presents only small deviations. 

(iii) Hydrogen bonds. The present potential energy 
function contains no special hydrogen bonding term. 
Atoms which can form H-bonds may, due to elec- 
trostatic attraction between partial charges, spend 
enough time in the vicinity of each other during the 
trajectory to show up within H-bonding distances in 
the average structure. However, an average MD  struc- 
ture is usually one of very high potential energy, since 
bond lengths and angles are not neccessarily regular 
after the averaging procedure. For  instance, an NH3 
group where the hydrogens rotate freely may in the 
average structure have all three hydrogens on top of 
each other. In our case, hydrogen bonding can only be 
defined in terms of a distance and angle criterion. We 
use here the energy minimised average structure calcu- 
lated for the entire dimer when comparing H-bonds. 
For  a listing of H-bonds in the crystal structure of 
CTF, the reader is referred to ~qvist et al. (1985) and 
Leijonmarck and Liljas (1987). 

In the present simulation all of the backbone H- 
bonds found in the X-ray structure also occur in at 
least one of the average monomer structures from the 
dimer. There are now also several H-bonds involving 
side chain atoms, which was not the case in the pre- 
vious simulation. The energy minimised X-ray struc- 
ture has five (out of seven) of these in common with at 
least one of the MD monomers. In total the X-ray 
dimer has 30 H-bonds involving the 19 water mole- 
cules included in the simulation. The corresponding 
figure for the MD dimer is 37. Each monomer  in the 
crystal structure has 13 H-bonds between protein 
atoms and the waters included here. Nine of these are 
reproduced by at least one monomer in the simulation. 
The hydrogen bonding pattern is thus in good agree- 
ment with the X-ray structure, although there are dif- 
ferences between the two monomers of the dimer. 

(iv) Atomic positional fluctuations. The atomic posi- 
tional fluctuations that can be derived from crystallo- 
graphic temperature factors provide one of the most 
important  experimental comparisons for theoretical 
MD calculations. In general the fluctuations calcu- 
lated from crystallographic B-factors do not seem to 
be accurate enough for a detailed quantitative com- 
parison to MD fluctuations (Kuriyan et al. 1986). On 
the other hand, they do provide a good basis for a 
qualitative discussion of the flexibility pattern. The 
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absolute values of the MD atomic rms fluctuations 
will depend on the length of the calculated trajectory, 
at least up to some limit of the time span. When ave- 
raging over successively longer parts of a trajectory, 
the magnitude of the fluctuations will increase rapidly 
for, say, 5 to 10 ps averages and then tend to some 
limiting value. 

Figure 6 shows the atomic positional rms fluctua- 
tions averaged over the two monomers, and averaged 
per residue, for (a) backbone and (b) side chain atoms. 
It can be seen (Fig. 6 a) that although the average MD 
fluctuations for the backbone are somewhat lower 
than the X-ray ones, the mobility pattern agrees well. 
An improvement of the patterns can be appreciated 
with respect to the previous CTF simulation, in partic- 
ular for the loop region 76-79, where the two 
monomers interact in the dimer. However, there are 
still two parts of the peptide chain that display large 
differences when compared to the X-ray structure, 
namely the turn involving residues 61-64 and the 
C-terminal of c~ A around Gly74. In fact, both of these 
regions participate in non-dimeric intermolecular 
contacts (Leijonmarck and Liljas 5987), and it is 
reasonable to attribute the differences to these inter- 
actions. 

Also for the side chains, the inclusion of the dimer 
interactions gives somewhat better agreement with the 
crystallographic B-factors, as can be seen from 
Fig. 6 b. The largest deviations occur around the turn 
62-63, Lys70 and Glu556, where in all cases inter- 
molecular H-bonds are present in the crystal structure. 

The positional fluctuations for long side chains are 
somewhat larger than indicated by X-ray B-factors. 
These side chains are mostly situated on the surface of 
the molecule and can therefore be expected to be found 
interacting (colliding) with the surrounding medium; 
such collision effects are not fully included in the pres- 
ent calculations. For the C~, Cp, C 7 and C~ carbons the 
MD fluctuations are 0.58, 0.68, 0.84 and 5.19 A, respec- 
tively, whereas the crystallographic values are 0.63, 
0.69, 0.84 and 0.93 ]~ (Leijonmarck and Liljas, un- 
published results). As has been shown by Kuriyan 
et al. (1986), the commonly used procedure for X-ray 
structure refinement tends to underestimate the fluc- 
tuations of long side chains. This may also be reflected 
by the values given above. 

When comparing the mobility of the few solvent 
molecules included in the simulation, one should keep 
in mind that the X-ray B-factors represent the fluctua- 
tions of solvent sites and not of individual molecules. 
The average rms fluctuation for the MD water oxy- 
gens is 1.71 ,~, while the crystallographic value is 
0.99 ~. This shows that some waters are not very tight- 
ly bound to the protein during the simulation. How- 
ever, if one only considers the (13 out of 59) waters with 
MD rms fluctuations below 5.5 A the agreement with 

the crystallographic mobility is rather good. In the 
simulation these water oxygens have an average mo- 
bility of 1.07 ~, compared to 1.04 A in the crystal. The 
average MD mobility of the counter ion sulphur 
atoms is 1.05 ~, while the X-ray value is 5.50 ~. The 
individual rms fluctuations of the sulphur atoms are 
0.79 ~ and 1.32 ~, which reflects the fact that the latter 
of these has moved several ~ngstr6ms, from its initial 
to a new position, where it is not as tightly bound. 

3.2 Asymmetry between monomers 

The two monomers do not present symmetric trajecto- 
ries. This is probably due to the assignment of initial 
velocities, which is illustrated e.g. by the rms devia- 
tions with respect to the X-ray structure: 1.98 ~ for all 
atoms of monomer 1 and 2.10 ~ for monomer 2. On 
the other hand, the corresponding rms difference be- 
tween the two average MD monomers is slightly 
smaller (1.50 ~), which shows that they still have very 
similar structures. 

The two monomers also present differences in the 
backbone atomic mobilities. While the rms fluctua- 
tions for monomer 1 agree better with the X-ray ones 
in the region 65 -75, monomer 2 shows a better agree- 
ment in the region 79-95. The rms fluctuations aver- 
aged over all backbone atoms are 0.64 ~, 0.55 A and 
0.67 ~k for the X-ray, (D20-90)ml and (D20-90)m 2 
structures, respectively. Since the crystallographic 
monomers were not refined independently it is, how- 
ever, difficult to assess the significance of the differenti- 
ated mobilities. 

In the analysis of the previous CTF monomer tra- 
jectory (~qvist et al. 1985) time correlation functions 
for the stretching of secondary structural elements 
were calculated. The stretching was then modelled by 
a vector connecting atoms at the two ends of the sec- 
ondary structure. It was found that the c~ B helix had a 
fairly correlated longitudinal motion. Figure 7 a shows 
the spectral density for the longitudinal stretching of 

B in the 150 ps monomer simulation, but with the 
stretching represented by the projection of the vector 
connecting C~80-C=87 on the instantaneous helix 
axis (~qvist 1986). Qualitatively, the picture is the 
same for ~B when using this representation of the 
stretching as compared to the previous one (~qvist 
et al. 1985). It is clearly dominated by a frequency 
around 5 cm- 1 

In Fig. 7 b and c, the corresponding spectral func- 
tions are shown for the two c~ B helices in the dimer 
trajectory. It can be appreciated that e B in monomer 
2 has a very similiar longitudinal spectrum to that 
found in the simulation of the isolated monomer. In 
contrast, the same helix in monomer 1 presents clear 
differences, with the spectral density shifted to higher 
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Fig. 7a-c. Spectral densities calculated for the longitudinal 
stretching of the ~ B-helix, (a) from the 20-150 ps monomer 
trajectory and from the 20-90 ps dimer trajectory, where (b) 
corresponds to monomer 1 and (e) to monomer 2 

frequencies. This difference in the longitudinal mo- 
tions of the c~ B helix in the two monomers can be 
related to slightly different structural properties of the 
relevant region. 

The idea that low frequencies generally correspond 
to larger amplitudes is nicely illustrated by the present 
example. The rms amplitude of the ~ B 2 stretching (the 
subscript corresponds to the monomer  number) is 
0.43 ,~, while it is 0.25 A for ~B~. The smaller ampli- 
tude and higher frequencies for ~ B~ indicate that there 
must be damping effects on the motions of this helix. 
In fact, the examination of hydrogen bonds in the 
region shows that these may be a source of the damp- 

ing. In e B 2 the first H-bond Gly790-Ala83N, which is 
present in the X-ray structure as well as in e B1, is 
switched to Gly790-Glu82N. Furthermore,  c~Bi has 
side chain H-bonds between Lys84N~-Glu880~ and 
Asp850ol-Ser8907 which are present 24% and 18% of 
the trajectory, respectively. There are also more H- 
bonds to solvent molecules in e B1, in particular at its 
C-terminal. It thus seems reasonable to attribute the 
differences in the longitudinal vibrations of the helices 
to damping effects due to hydrogen bonds. 

The e C helix in both monomers displays a power 
spectrum for the longitudinal mode that is similar to 
that found in the isolated monomer simulation (not 
shown). 

3.3 Dimer structure 

Leijonmarck and Liljas (1987) have proposed that the 
crystallographic dimer of CTF may represent natural- 
ly occurring contacts on the ribosome. It is therefore 
interesting not only to examine the effects of the dimer- 
ic interactions on the structure and dynamics of the 
simulated CTF monomer,  but also to see whether this 
dimer model proves to be a stable species. 

(i) Unrestrained simulation. The average dimer struc- 
ture, superimposed on the X-ray structure is shown in 
Fig. 8. The coordinate deviations with respect to the 
X-ray dimer are 3.37/~ and 2.84 A for all atoms and 
C~'s, respectively. These numbers are considerably 
larger than for the average monomer  ((D20-90),,12). 
It may be appreciated from Fig. 8 that while the con- 
formation of the dimer interface is fairly intact, a 
change in the relative orientation of the two 
monomers has occurred. This movement is most likely 
related to the rigid body displacements of the e A-e B 
motif, found in both average monomers. The energy 
minimised X-ray structure has a total of 14 H-bonds 
across the dimer interface, including those bridged by 
water molecules, involving atoms from ten residues on 
each monomer.  In the average MD dimer, seven of 
these residues participate in interface H-bonds, 
although some of them have switched to another 
hydrogen bonding partner. The total number of H- 
bonds in the MD structure is nine, of which five are 
bridged by waters. 

The change in orientation between the two 
monomers occurs during the equilibration period of 
trajectory. It appears mainly as a rotation of the 
monomers with respect to each other. The "axis" of 
this rotation is roughly perpendicular to the dimer 
interface, and is depicted in Fig. 8. Each monomer is 
rotated approximately 15 ° (positive rotation for one 
monomer  and negative for the other) around this axis, 
thus giving a change of roughly 30 ° in the relative 
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Fig. 8. Stereo view of the average MD dimer structure ((D20-90) a) superimposed on the X-ray dimer (dashed). An approximate 
rotation axas is also depicted 

Table 2. Accessible surface areas (/~2) for the X-ray and average 
MD structures, ml + m z - d  is the area hidden in the dimer 

X-ray MD (20-90 ps) 

Dimer (d) 6156 5525 
Monomer (m 1 : m2) 3309 : 3309 3065 : 3103 
m 1 + m 2 - d 462 643 

Table 3. Final energies (kcal/mol) after 800 steps of steepest 
descent minimisation using a cut-off radius of 8 A for non- 
bonded interactions. (n) denotes screened net charges and (c) 
fully charged side chains. The superscripts el, L-J  and N B repre- 
sent electric, Lennard-Jones and total non-bonded energies, 
respectively. The subscripts 1 -2, p-p and p-w denote interactions 
between different groups. 1 2: interactions between the 
monomers only, p-p: protein-protein (all atoms), p-w: protein- 
water 

el L-J  N B  N B  N B  
E E E E E 
1 - 2  1 - 2  1 - 2  p-p p-w 

X-ray (n) -28.0 -59.9 -87.9 -15.71 -223.9 
(20-90) d (n) -24.0 -83.0 -107.1 -1722 -279.5 
X-ray (c) -153.8 -43.6 -197.4 -4159 -413.3 
(20 90)a(c ) -346.3 -69.5 -415.8 -4181 -390.0 

orientation, as compared  to the X-ray structure. 
Furthermore,  there is a tightening of the dimer inter- 
face in the M D  simulation resulting in one water 
molecule in the interface moving out to form a hydro- 
gen bond at the surface. Four  other waters approach  
the interface region from the outside, thereby making 
closer contacts to the protein. 

The tightening is also reflected by the fact that the 
molecular surface area that becomes hidden in the 
dimer is increased. In Table 2 the accessible surface 

areas, calculated with the MS program (Connolly 
1983), corroborate  this point quantitatively. We also 
note that the average M D  dimer has a considerably 
smaller total accessible surface area than the crystallo- 
graphic one. 

A point of interest is the difference found in contact 
areas between the M D  dimer and the X-ray structure. 
The former being larger than the latter. This result 
may  elicit an intrinsic property of the dimer, namely, in 
vacuo such a structure tends to maximise the contact 
area, while in the crystal, intermolecular interactions 
(packing forces) might be sufficient to modify the rela- 
tive orientation of the monomers  and, consequently, 
decrease the contact area. If  such an effect is true, it 
might well be of importance in connection with dimer- 
ic structural flexibility. Thus, to evaluate the order of 
magnitude involved in the intermolecular energies, 
some simple calculations were carried out. No at tempt  
to introduce entropic terms is done at this level of 
analysis. Since the M D  trajectory was calculated with 
all net charges on basic and acidic residues screened 
down to zero, this could affect energy differences. To 
test whether screening may  bias the results or not, the 
X-ray and the average M D  structure were energy min- 
imised both with and without net charges on. 

The results of the energy minimisations are sum- 
marised in Table 3. Each run of energy minimisation 
consisted of 800 steepest descent steps, using a cutoff 
radius of 8.0 ~ for the non-bonded interactions. The 
results show that the electrostatic factor, in this case, is 
not likely to affect the conclusions derived from the 
M D  simulation. Both sets of charges give lower total 
m o n o m e r - m o n o m e r  interaction energy for the M D  
structure, the difference being 218 and 19 kcal/mol 
with and without charges, respectively. The energy 
difference corresponds to 5.1% of the total non- 



336 

bonded energy of the system with charges, and 1.2% of 
the uncharged system. 

The differences in accessible surface area and 
"subunit" interaction energies thus indicate that the 
average MD structure is more favourable energetical- 
ly, in view of the present potential energy function. The 
question of whether non-dimeric crystal contacts are 
enough to force the dimer into its X-ray conformation, 
thus preventing the observed orientational change, is 
therefore an interesting one. 

(ii) Restrained simulation. The most rigorous way of 
assessing the role of intermolecular crystal interac- 
tions would be to include the full crystallographic unit 
cell in an MD simulation. Such a calculation would, 
however, be very time consuming since the unit cell 
contains eight CTF monomers and several thousand 
water molecules. As a preliminary attempt to inves- 
tigate this issue, we have performed a 40 ps simulation 
of the CTF dimer, with the crystallographic H-bonds 
between non-dimeric neighbouring molecules mi- 
micked by simple (weak) harmonic potentials. The 
value of the harmonic force constant was chosen as 
50 kcal/(mol • ~2), roughly in correspondence with the 
equilibrium force constant of a hydrogen bond. In this 
manner a total of 48 atoms in the CTF dimer were 
restrained, all of which participate in direct or water 
bridged intermolecular H-bonds. 

Figure 9 shows the average restraint dimer struc- 
ture, calculated from the 10-40 ps part of this trajec- 
tory. The rms coordinate deviations with respect to the 
X-ray structure are 1.16 ~ (all atoms) and 0.80 A (C~'s) 
for the average monomer, and 1.46 A (all atoms) and 
0.89 A (C~'s) for the whole dimer (see also Table 1 for 
comparisons). As is evident from Fig. 9, the rotation of 
the monomers observed for the free dimer does not 
occur in this case. 

It can be seen from Table 3 that the total protein 
non-bonded potential energy for the minimised 
(D20-90) d structure is about 150kcal/mol lower 
than for the X-ray structure (zero net charges). This 
difference is basically due to intra monomer stabilisa- 
tion effects; the intermolecular interaction energy con- 
tributes about 20 kcal/mol to the stability of the MD 
dimer. The energy barrier between the two conforma- 
tions is evidently smaller than the available kinetic 
energy, as the system drifts irreversibly to the average 
MD potential well. The average energy of the re- 
straints in the restrained simulation is 37 kcal/mol, 
which shows that a barrier of, at most, this height is 
required to prevent the drifting. The energy per re- 
straint atom is surprisingly small: 0.8 kcal/mol. Such a 
figure is in the range of what can be achieved with 
hydrogen bonds between uncharged groups (Fersht 
et al. 1985). 

With charged side chains, the energy minimised 
structures derived from X-ray and (D20-90)d show 
that the MD dimer is still the more stable. The total 
non-bonded protein energy difference is, however, 
smaller than with zero net charges: 22 kcal/mol. This 
quantity results as a compromise between favourable 
intermolecular interactions and less favourable intra 
monomer interactions. The important issue here is not 
the actual numbers, but the fact that the energy differ- 
ences between the potential wells can be modulated by 
external sources acting on the state of charge of the 
acidic and basic side chains. 

3.4 Collective motion 

One of the features found in the previous trajectory of 
the CTF monomer (~qvist et al. 1985) was a libration- 
al mode of the e B helix with respect to the rest of the 

Fig. 9. View of the average MD restramed dimer structure ((R10-40)d) superimposed on the X-ray dimer (dashed) 



molecule. The frequency of this highly collective mo- 
tion was roughly 5 cm-  a. The analysis of the average 
monomer structure resulting from the 90 ps dimer 
simulation suggests a differentiation of two super- 
secondary structures: the right handed ee-corner 
(~ A-short loop - c~ B) and the fl ~ fl unit plus the inter- 
calated flA strand making the twisted fl-sheet 
(fle fl + fl). In fact, further analysis of the 20-150 ps 
monomer trajectory using the helix axes, instead of 
interatomic vectors, to characterise relative motions 
shows that e A is also affected by the libration of c~ B. 
Its relative motion with respect to c~ C is also dominat- 
ed by frequencies around 5 cm ~, although the spec- 
trum is not as sharply peaked as for e B. The motion 
may thus be described as a libration involving the 
whole right handed ~c~-corner, hinged to the fl c~ fl + fl 
domain. This motion can be affected by the dimer 
interactions, as the loop connecting e A to e B is partly 
involved in the intermolecular (dimer) contacts. This 
effect is reflected by the backbone rms fluctuations (cf. 
Fig. 6 a), which show a clear damping in this region, 
when compared to the monomer results. It is therefore 
interesting to see how the dimer interactions, as reflec- 
ted by the present trajectory, affect this and other 
dynamic properties in the monomer. 

The present trajectory has been scanned for collec- 
tive motions, involving secondary structure elements, 
by calculating axes representing a-helices and 
fl-strands (see/~qvist et al. 1986). Power spectra and 
time correlation functions were calculated for scalar 
products between various pairs of secondary structure 
element axes. 

Interestingly, the same frequency of 5 cm t, as 
found for the right handed aa-corner in the monomer, 
now appears as characteristic of the relative motion of 
the two monomers with respect to each other. 
Figure l0 shows two extreme positions of the relative 
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orientation of the monomers. These orientations 
appear to be related mainly by a rotation around an 
axis through the dimer interface, and perpendicular to 
the plane of the drawing. The time correlation function 
for the scalar product between the axes of the two e C 
helices is shown in Fig. 11 a, and for the axes represent- 
ing the two fl A strands in Fig. 11 b. It can be seen from 
the correlation functions that the motion has a corre- 
lation time of 6.5-7.0 ps. The spectral density for the 
relative motion of the two a C helices is shown in 
Fig. 11 c. The same frequency peak at about 5 cm - 
also appears, for example, for the relative motion 
between the pair of fl A : s and c~ B : s (not shown). For 
the pair of e B helices, the spectrum also contains addi- 
tional higher frequency contributions. This may reflect 
the fact that the relative subunit motion gives the 
smallest amplitudes close to the "rotation axis". The 
angle between the two e C helices may be used to give 
an idea of the amplitude of the motion. The amplitude 
of the fluctuations in this angle varies from a few de- 
grees up to a maximum of 10 °. 

4. General discussion 

The crystallographic dimer of the C-terminal fragment 
of the LT/L12 ribosomal protein has been studied by 
molecular dynamics simulations. A 90 ps trajectory 
was computed for a system comprising the CTF dimer, 
some crystallographically observed waters and two 
counter ions. The MD simulation leads to an average 
dimer structure differing slightly form the crystallo- 
graphic one. Crystal packing effects have been simu- 
lated in another trajectory (40 ps long) by using 
harmonic restraints to mimic intermolecular (non- 
dimeric) hydrogen bonds. As the model approaches 
the crystal situation, the trends in terms of deviations 

, ,  "I , ,¢ ': 

¢ 
Fig. 10. Two extreme posit ions,  adjacent  in time, for the relative o r ien ta t ion  between the monomers ,  reflecting the m o t i o n  for which 
the 5 c m - 1  frequency is observed 
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Fig. 11 a-c. Time correlation functions for the scalar product 
between the axes characterising (a) the two e C-helices and (h) 
the two flA-strands, and (c) the spectral density for the relative 
motion of the c~ C-helices 

in atomic positions and fluctuations indicate an im- 
proved agreement with experimental data. The exis- 
tence of a stable dimeric form of CTF, resembling the 
crystallographic one, has been firmly documented in 
this study. For fairly low energy expenditure, the di- 
mer has considerable conformational flexibility, which 
may provide functional potential. 

From the trajectory of the unrestrained dimer, 
important aspects concerning the effects of subunit 
interactions on the monomer behaviour emerge. The 
characteristic frequency of the helix libration (5 cm-  1), 
observed for the free monomer, is retained, but mainly 

due to interactions involving the right handed c~e- 
corner, the motion appears as a fluctuation in the rela- 
tive orientation of the monomers. 

Subunit interactions force a structural and dynam- 
ic differentiation in the monomers. The two super- 
secondary structural motifs of the monomer have been 
displaced in a rigid body manner with respect to each 
other. Interestingly, the average monomer structure is 
fairly similar to the instantaneous structure corre- 
sponding to one of the extreme positions for the c~ B 
helix in the previous monomer simulation (cf. Fig. 11 
of ~qvist et al. 1985). This indicates that the c~A-aB 
unit has been trapped in one of the extreme conforma- 
tions observed in the monomer. 

The e A-e B loop and the N-terminal of c~ B in one 
subunit makes contacts with the ~ B-fl B turn and part 
of the fl B strand in the second subunit, and vice versa 
(Leijonmarck and Liljas 1987). Thus, the collective 
motion of the right handed c~c~-corner that is found in 
the monomer can be mediated via the dimer interface, 
resulting in flexibility of the entire dimer structure. 
This fact may improve the adaptive potentiality to 
interact with other protein molecules, such as elonga- 
tion factors. The right handed ee-corner is a fairly 
common structural feature in proteins (Efimov 1984). 
It appears e.g. in the DNA binding proteins Cro and 
CAP (Takeda et al. 1983), and its dynamic flexibility 
may be of importance in binding (Pabo and Sauer 
1984). 

Adding a restraining energy of roughly 37 kcal/ 
tool, is sufficient to force the CTF dimer into its X-ray 
conformation. It corresponds in this case to 0.8 kcal/ 
tool per restrained atom. This energy is smaller than 
the one lost by breaking hydrogen bonds between un- 
charged side chains, i.e. with a few intermolecular H- 
bonds the restraining energy can be achieved. In this 
sense, the dimeric form of CTF could act as an energy 
transducer when interacting with other proteins. 

The 50S ribosomal subunit contains four mole- 
cules of L7/L12 (Hardy 1975; Subramanian 1975) but 
the arrangement of these is not yet established. How- 
ever, the functional unit is a dimer (Koteliansky et al. 
1978) with the N-terminal domain being essential for 
dimer formation (Gudkov and Behlke 1978). Both 
dimers are associated with their N-termini to another 
ribosomal protein (L10) (Pettersson and Liljas 1979; 
Gudkov et al. 1982), located at the base of the "L7/L12 
stalk". The hinge region (Leijonmarck et al. 1981) sug- 
gests the possibility of large movements for the stable 
C-terminal domain (Gudkov et al. 1982), which can 
explain the different proposed locations of CTF 
(M611er et al. 1983). 

In the CTF monomer the most conserved sequence 
region is found in the e A-e B motif, which renders it a 
possible functional site. This conserved region is fur- 
ther extended to a larger area, "footprint" (Leijon- 
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marck et al. 1984), on the formation of the symmetric 
dimer observed in the X-ray structure (Leijonmarck 
and Liljas 1987). The MD calculations indicate that 
this dimer is not merely an artefact of the crystallisa- 
tion, but that an even more stable dimer can form if the 
exact crystallographic symmetry is broken. Further- 
more, some L7/L12 mutants, differing at the border of 
the "footprint", show reduced efficiency in protein syn- 
thesis (Liljas et al. 1986). Hence, it seems likely that this 
dimer exists, at least transiently at some stage, and has 
possibilities to interact with factors in the translation 
machinery. Whether the two CTF monomers in this 
dimer belong to the same N-terminal dimer is not 
known, but both the symmetric parallel model (cf. 
Fig. 28 of Liljas 1982) and the antiparallel model 
(Behlke and Gudkov 1980) would allow this type of 
interaction. 
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