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technology 

Abstract. We report an application of current parallel 
processing transputer technology which has readily 
achieved a 25-fold reduction in computational time of 
peptide-solvent interactions. 
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Potential energy calculations 

Energy calculations have been used for many years to 
study the stability and interactions of macromolecules 
(Levitt 1974, 1978; Blaney et al. 1982; Wipff etal.  
1983). Although the advent of supercomputers has al- 
lowed us to study the dynamics of macromolecules 
using computer simulation techniques, there are still 
applications where energy minimization may be the 
preferred technique. This use of potential energy calcu- 
lations is unlikely to change until methods for calcu- 
lating the more relevant free energy become more reli- 
able, quicker, flexible and 'user-friendly'. 

In general these studies involve the calculation of a 
function representing the potential energy of interac- 
tion between atoms which consists of several compo- 
nents relating to bond distance, bond angle and tor- 
sion angle distortions as well as electrostatic and 
non-bonded interactions (e.g. Weiner et al. 1986). This 
function is minimized with respect to intra- or inter- 
molecular geometry. Usually the application of opti- 
mization techniques to macromolecules involves the 
use of gradient methods such as conjugate gradients, 
steepest descents or Powell's method (Powell 1964). 

Such calculations can obviously be undertaken on 
any computer from a VAX to a CRAY supercomputer. 
An "average" calculation may take hours to run on a 
microVAX. Although molecular dynamics calcula- 
tions can easily justify the use of a supercomputer, the 
more simple energy minimization problem may not. 
Moreover, the user may be more concerned with ease 

of use of the possibility of interactive calculations. 
Thus, in-house computing becomes a requisite. 

Iso-energy contour maps (CARTE) 

CARTE is a Fortran program written by Professor 
E Vovelle (Orleans, France). The algorithm sets up a 
two-dimensional grid of points surrounding the solute 
of interest, in a plane defined by a number of solute 
atoms. A water molecule is placed at each grid point in 
turn and the energy of interaction of the water mole- 
cule with solute atoms is minimized with respect to 
three Euler angles which define the orientation of the 
water molecule in space. After the energy at each of the 
grid point is calculated, a contour map is generated 
from which the approximate positions of minima can 
be estimated. These approximate positions are refined 
using a full translational and orientational minimiza- 
tion using another program SITE. So far, only the 
code for CARTE has been parallelised as this is by far 
the most time consuming aspect of the calculation. 

We have used this type of calculation in a number 
of studies including investigating the effect of different 
force fields (Vovelle and Goodfellow 1986) and the 
nature of bridging water molecule sites around "A" 
and "B" oligonucleotides (Vovelle et al. 1989; Vovelle 
and Goodfellow 1989). 

Parallel processing 

Several modern computers located at computer cen- 
tres allow for the concurrent use of a number of pro- 
cessors e.g. the CRAY XMP and Intel hypercube 
(Hockney and Jesshope 1988). By constrast, the trans- 
puter chip is available attached (often singularly) to 
IBM PC microcomputers, for use in relatively small 
arrays and in large arrays such as through the Edin- 
burgh concurrent computing project. 
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Fig. 1. Diagram of the transputer system 

Our in-house configuration consists of a Meiko 
Computing Surface with a micro VAX front end 
(which is connected by Ethernet to other Vax and 
graphics machines). The Meiko Surface includes a host 
board, a master board with 8 Mbytes memory and 
four slave transputers with 4 Mbytes memory each 
(Inmos, Ltd: Transputer Reference Manual, Prentice 
Hall International: 1988). The host board is necessary 
for interaction with the front end microVAX. Thus, for 
any calculation, effectively five transputers are avail- 
able, each of which have four channels for communica- 
tion. These transputers can be arranged in any config- 
uration. The "daisy chain" configuration is shown in 
Fig. 1. 

Communicat ion between the transputers has to be 
programmed in Occam (Inmos, Ltd: OCCAM 2 Refer- 
ence Manual, Prentice Hall International 1988). Like 
much scientific software, the energy program, CARTE, 
is written in For t ran for use on conventional sequen- 
tial computers. In order to deploy a For t ran program 
on a transputer array, it is necessary to either rewrite 
the code in Occam or provide an Occam harness 
which surrounds the For t ran code (Jones and Gold- 
smith 1988). We choose the latter method. The Occam 
harness sits on the master and slave processors and 
calls the For t ran routines (Fig. 1). The For t ran code 
on the master processors performs the initial input of 
parameters and data. The For t ran code on each of the 
slave processors is the same and performs the energy 
minimization calculations. 

There are several strategies for writing parallel 
code. These include (i) dividing the Fortran code be- 
tween processors so that different processors perform 
different parts of the calculation or (ii) dividing the 
data between different processors each of which per- 
forms the same calculation. One of the most important  
considerations is that each processor performs a simi- 
lar amount  of work so that one processor is not idle 
while another is working hard i.e. the tasks must be 
balanced. Moreover, one wants this balance to be 
achieved for a variable number of processors. 
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Fig. 2. Graphical representation of time for a given calculation 
plotted as a function of the number of processors 

Initially, we chose a coarse-grained approach to 
parallelism in which the processors performed the 
same calculation but on different data points. The data 
points can be given to the processors in several differ- 
ent ways. Again, balance is important. In our applica- 
tion with CARTE, some of the grid points are not 
calculated (i.e. those points which overlap the posi- 
tions of solute atoms). These all fall in one area of the 
map. Therefore, any division of the points into groups, 
which bad all these null points in one group, would 
result in serious imbalance of work among the proces- 
sors. Thus relatively well-balanced code has been 
achieved by giving the i tl~ transputer the i t~ point and 
every following n tu where n is the number of slave 
processors. 

Speed and efficiency of  parallel code 

The dramatic effect of running the CARTE algorithm 
in a parallel mode can be seen in Fig. 2. We have 
chosen one standard calculation for these tests. It took 
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Fig. 3. Graphical representation of the speed of a given calcula- 
tion plotted as a function of the number of processors 
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just over 10 h on a VAX 11/750. Using only four slave 
transputers on our in-house transputer array, the time 
is decreased to approximately 25 rain. In order to test 
the efficiency of our code with varying number of 
processors, we used up to 131 processors on the 
Edinburgh concurrent computing project array of 
transputers. Again, we found that the time for the 
same standard calculation decreased to approximately 
2 rain. 

As the number of processors is increased, the time 
of communications between transputers may become 
important. Thus, the increase in speed with number of 
processors is no longer linear. In Fig. 3, we have plot- 
ted speed (1/time) against number of processors in the 
actual and ideal (i.e. linear) case. The deviation from 
linearity does not seem to become significant until 
after 60 processors and even then the general trend of 
the actual speed is upwards. Distinct dips in the curve 
can be seen. These occur when the number of proces- 
sors is 1 '/2 or 2 x the number of grid points in one row. 

Solvent interactions around amino acid side-chains 

These energy maps have been used to study the inter- 
actions of water molecules with amino acid side- 
chains. This project involves two aspects: First, to use 
traditional energy calculations to aid in interpretation 
of a large amount of experimental data on solvent 
interactions in proteins. Second, to study electrostatic 
effects in side-chain interactions by comparison of the 
results of traditional energy calculations with similar 
calculations using state of the art, force fields which 
use distributed multipole analysis to represent the 
electrostatic component. Results from the first part of 
the project will be described in this review. 
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Table 1. Energy calculations on solvent interactions with a ty- 
rosine side-chain as shown in Fig. 4a to d 

SEQ ala-tyr-ala ala-tyr-ala ser-tyr-ser lys-tyr-lys 
CONF c~-helix /?-sheet e -he l ix  ~-helix 

Site 1 ENER -10.15 -8.49 -10.07 --10.49 
a-d HDIS 2.64 2.67 2.67 2.65 

HANG 174.00 174.00 166.00 170.00 
ATOM OH(H)/ OH(H)/ O H ( H ) /  OH(H)/ 

Site 2 ENER -8.73 -8.12 -8.75 -9.46 
a d HDIS 2.74 2.75 2.73 2.73 

HANG 179.00 177.00 178.00 177.00 
ATOM OH/ OHi OHi OH/ 

Site3 ENER -7.24 -10.11 --7.98 
1£0 a-c HDIS 2.97 2.91 2.95 

HANG 154.00 145.00 151.00 
ATOM Oi_1 O/ , Oi-1 

Site4 ENER -8.27 -9.86 -8.45 -11.30 
a d HDIS 2.81 2.83 2.71 2.85 

HANG 155.00 146.00 164.00 151.00 
ATOM O/_ 3 O/ OGi+ 1 O/ 4 

Site 5 ENER -7.76 -10.87 -17.16 
a c HDIS 2.88 2.94 2.74 

HANG 149.00 162.00 163.00 
ATOM O1_ 3 OOi+ 1 NZi+ 1 

ATOM 
CONF 
ENER 
HDIS 
HANG 
ATOM 

Sequence at centre of polypeptide chain 
Conformation of polypeptide backbone 
Energy of interaction in kcal tool- 1 
Hydrogen bond distances in/k 
Hydrogen bond angle in degrees 
Atom and residue to which water molecule is hydro- 
gen bonded. The central tyrosine is defined as residue i 

Analysis of solvent interactions around tyrosine 

In order to study the interactions of water molecules 
with tyrosine, we generated a polypeptide chain with 
defined geometry in which tyrosine occurs with six 
alanine residues on either side. For  this, we used a 
program P L E G O  written by Dr. M. Saqi (Birkbeck 
College). The/so-energy contour maps for the solvent 
interactions in the plane of the tyrosine ring are shown 
in Fig. 4 a and b for alpha helical and extended chain 
backbone conformations. It is immediately apparent 
that the energy minima close to the hydroxyl (OH) 
group are very similar in both these cases. The con- 
tours in the lower two quadrants of the maps are 
clearly different but correspond to interactions with 
main chain atoms. 

Changing the environment of the tyros/he residue 
by exchanging the neighbouring alanine residues with 
serine or lysine also causes distinct changes to the en- 
ergy contours as can be seen in Fig. 4 c and d. These 
changes are again concentrated in the lower quadrants 
of the maps and are due to interactions with main 
chain and other side chain atoms. 
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Fig. 4a-d. Iso energy contour maps representing the energy of 
interaction of one solvent molecule with a tyrosine side-chain in 
(a) an alpha-helical peptide with neighbouring alanine residues, 
(b) an extended chain peptide with neighbouring alanine 
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residues, (e) an alpha-helical peptide with neighbouring serine 
residues and (d) an alpha-helical peptide with neighbouring 
lysine residues. (Distances in ~ u.) The numbers of the minima 
refer to the sites defined in Table 1 

Further analysis of these minima was undertaken 
using the program SITE in which the energy of inter- 
action is minimized with respect to translational as 
well as orientational degrees of freedom. The results of 
these calculations are given in Table 1. Thus, two ener- 
gy minima (sites i a d and sites 2 a - d )  are found close 
to the OH atom of the side-chain irrespective of 
the backbone conformation or type of neighbouring 

residues. Sites 1 a - d  correspond to interactions with 
the hydrogen of the hydroxyl group. The hydrogen 
bond geometry is almost identical in each case but the 
energy ranges from - 8 . 4 9  to - 1 0 . 4 9  kcal mol -a in 
the extended chain and alpha helical conformation 
respectively. Sites 2 a - d  also involve hydrogen bond- 
ing interactions with hydroxyl group in which the hy- 
drogen atom is that of the water molecule. The ener- 
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gies are lower than those for sites l a - d  but the 
hydrogen bond distances and angles are very similar. 

Sites 3 a - c  correspond to interactions with main 
chain carbonyl oxygen from the residue i -  1. It  is not 
seen when tyrosine is surrounded by lysine residues. 
Sites 4 a - d  and 5 a - c  are due to interactions with 
main chain carbonyl atoms or polar  side-chain atoms 
of neighbouring residues e.g. O G  when residue i + 1 is 
serine and N 7 when residue i + 1 is lysine. The interac- 
tions with the charged lysine N Z  a tom dominate  the 
iso-energy contour  map. 

Discussion 

The calculations were undertaken partly with the aim 
of comparing these energy contour  maps with a de- 
tailed analysis of experimental data on the hydrat ion 
of amino acid side-chains. These data were accumulat-  
ed from X-ray diffraction on 16 high-resolution well 
refined protein structures (Thanki et al. 1988). They 
showed often broad distributions of solvent molecules 
around nearly all side-chains and distinct clustering at 
specific sites around most  polar or charged side-chain 
atoms. Further  analysis of the experimental data  
showed that some of these distributions are dependent 
on the local secondary structure (Goodfellow et al. 
1989). 

The results of the calculations on the interactions 
of water molecules with tyrosine are in good agree- 
ment  with this experimental data. The positions of the 
minima, respresenting the possible positions of water 
molecules which are hydrogen bonded to the O H  
atom, are very close to the peaks in the experimental 
distributions. These peaks are seen in the analysis of 
the experimental distributions into spherical polar  
coordinates (r, 0, q~) centered on the O H  a tom of ty- 
rosine (Thanki et al. 1988). These latter peaks occur at 
around r=2.75,  0 = 6 0  ° and (p=0 ° or 180 ° (i.e. within 
the plane of the tyrosine ring). 

The experimental solvent molecule distributions 
around the tyrosine O H  a tom showed no dependence 
on backbone conformation in contrast  to that of the 
O G  a tom of serine and the O G  1 a tom of threonine. 
The analysis of the energy minima close to the O H  
a tom shows no change in position with different back- 
bone geometries or different neighbouring residues. 
However,  these two factors do change the magnitude 
of the potential  energy. 

The energy maps  also indicate the presence of 
other minima in or near the plane of the tyrosine ring 
which are due to interactions with main chain or other 
polar  side-chain atoms. These are seen to change with 
the sequence of the neighbouring residues i - 1  and 
i +  1. A feature not immediately apparent  from the 
analysis of the experimental distributions. 

The computat ional  aspects of this study are im- 
pressive. The original speed of the calculations on a 
conventional sequential machine is over 10 h. The use 
of only four slave transputers reduced the calculation 
by a factor of 25. Potentially greater reductions are 
available with increasing numbers of processors. The 
simple method for dividing the work load between 
processors is remarkably  well-balanced up to 60 or 
more processors. 

In summary,  we have used the Meiko Comput ing 
Surface (a machine with highly parallel architecture) to 
study biomolecular interactions. Large increases in 
speed are obtained using For t ran  code (with only 
minor  changes) and with a simple approach to paral- 
lelism. The main difficulty in the general use of such an 
array of transputers lies in the writing of the Occam 
harness. This chore should be minimized in future by 
the development of more user friendly harnasses such 
as F O R T N E T  being developed by Dr. R. Allan at 
Daresbury Laboratory.  
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