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Proteins have unique structures. At equilibrium, the atoms in these molecules fluctuate 
around a mean structure and the extent of fluctuation is determined by the force acting on 
each atom of the molecule. The nlotion of atoms about the mean position can elucidate a 
number of features of proteins such as: which of the noncovalent interactions are rigid, 
which ones are flexible, what kind of conformational change the protein undergoes when 
it binds to its ligands, how does protein dynamics change when mutations occur at specific 
positions in the protein and so on. Elucidation of such properties ultimately gives an in- 
sight into the basic problems of protein folding and the xnechanism of action of proteins. 
In our laboratory, we have carried out molecular dynamics simulations on the protein Ri- 
bonuclease A (RNase A), its complexes, fragmenls and nlutants in order to address prob- 
lems such as protein-ligand  interaction^'^' and protein dynamics in fragment comple- 
mented systemsi using the computational facilities at the SERC, IISc. The results of some 
of these investigations are presented below. 

2. Studies on RNase S - A I'rag 

Fragment complementation systems are systems with two or more fmgments of a protein 
that can be reconstituted to give a cornplex with structure and activity similar to that of the 
native uncleaved protein. Ribonucleasc S is one of the most well studied and oldest frag- 
ment complementation systems" RRNase S is n pr on covalent complex of two fragments of 
RNase A, the smaller 20-residue fragment called thc S peptide and the larger 104-residue 
fragment called the S protein. RNase S has been used as a made1 system to study the ther- 
modynamics of protein folding5. RNase A and RNase S have quite different heat capaci- 
ties of folding despite having identical folded structures. Differences in the dynamic prop- 
erties of structurally similar n~olecules have been suggested as a possible explanation for 
these differences in the heat capacity. Several independent experiments indicate that 
RNase S shows more fluctuations about its time-averaged structure than RNase A. There 
are two different probes that have been used for monitoring the dynamics of RNase A and 
RNase S, namely, hydrogen exchange and trypsin digestion. In a hydrogen exchange ex- 
periment the rates at which the amide protons exchange with protons of the solvent (fur 
example, tritiated water) are measured, while in the case of tryptic cleavage the rates at 
which two proteins are digested by the enzyme trypsin are measured. It has been shown 
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FIG. 1. Superposition of the Ca traces of the structures extracted at intervals of 5 picoseconds from the 
<M,D>structure of A) RNase A and B) RNase S. 

that a major contributing factor to the above-mentioned rates is the dynamics displayed by 
the two proteins. It has been shown that RNase S is readily cleaved by trypsin while 
RNase A is indefinitely stable. The tritium and deuterium exchange studies of RNase S 
indicate that the rates of exchange of amide protons from RNase S are much higher than 
those from RNase A [Richards and Wycoff, 19711. A detailed comparison of the various 
crystal structures of RNase A and RNase S to investigate the possible role of structural 
differences in the experimentally observed differences in dynamics, and the susceptibility 
to acid- and temperature-induced denaturation between the two proteins did not suggest 
any reasons for the above-mentioned differences. We, therefore, have attempted to charac- 
terize the dynamics of RNase A and RNase S at 300 K and 330 K by carrying out 100 ps 
of molecular dynamics simulations (MD) of the protein immersed in a box of roughly 2300 
water molecules. The greatest advantage of using MD simulations is the availability of 
information at atomic resolution as a fimction of time. 

2.1. Results and discussion 

Although many biologically relevant motions in proteins occur on time scales of millisec- 
onds to seconds, MD simulations of protein molecules in water are feasible .For time scales 
of a few hundred picoseconds. The simulation protocol adopted by us is outlined in the 
methods section. The primary objective of our sirnulatioils was to characterize fluctuations 
about the time-averaged structures of RNase S and RNase A. Tllese fluctuations are stud- 
ied by computing the root mean square deviations of the coordinates of all the atoms over 
the simulation period. Shown in Figures la  and l b  are superpositions of the C a  traces 
of structures extracted at intervals of 5 ps from the RNase A and RNase S simulations 
on their molecular dynamics average structure, respectively. The RMSD of the backbone 
and side-chain of RNase A and RNase S are comparable, with RNase S surprisingly 
having a marginally smaller value (Figures 2 & 3). The RMSD values indicate that the 
loop regions of the two proteins show the largest fluctuations, while the regions forming 
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FIG. 2. Average RMSD from the <MD> structures of the main chain :A) RNase A , B) KNase S, C) clil't'erence 
in RMSD between RNase A and RNase S on superposing the rcsidues 21-124 only. The rcsiducs 16-20 are 
absent in RNase S. 
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FIG. 3. Average RMSD from the <MD> structures of the side chain :A) RNase A, B) RNase S, C) difference 
in RMSD between RNase A and RNase S on superposing the residues 21-124 only. The residues 16-20 are 
absent in RNase S. 
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Tritium and deuterium exchange experiments indicate faster amide exchange rates in 
RNase S than in RNase A [Richards & Wyckoff. 19781. We have calculated the number of 
,isits that water molecules make to the hydration shells of each atom in the protein i n  
RNase S and RNase A during the sirnulatians and attempted to correlate this with experi- 
mentally observed exchange rates. The number of visits in the case of RNase A and RNnse 
s are similar. This number depends 011 the residue type as well as on the shape of the pro- 
tein surface. The number of visits is lowest for nonpolar residues and largest for polar 

' residues, which is consistent with the fact that water is more ordered around hy&opllobic 
residues than around the polar or charged residues. The exchange rates of amide protons 
of RNase A have been studied by NMR spectroscopy7. All the main-chain iunide protons 
of RNase A have been divided into three classes, protons that exchimge with a rate con- 

stant lesser than 1.5 x lo-'' min-', protons that exchange with a rate constant greater than 
1.5 x lo-' min-', protons that have an exchangc rate constltnt that lies between these two 
limits. We find that there is a definite correlation between the number of visits to a given 
residue observed in the sirnulation and the exchan,ge class of' that residue determined by 
NMR. The set of residues that have 5 visits have only protons that exchange the slowest; 
as we move to the set of residues that have 35 visits, the fraction of the residues that have 
the highest exchange rates increases (figure 4). The tinx scales of these simulations are 
very different from those of the experiment, yet t h ~ c  is a very good correlation between 
the results of MD simulations and experimental e x c h q c  s td i c s  for R N w  A. This irn- 
plies that genuine differences, if any, between the dynrtmics of RNnsc A and RNase S 
should have manifested in these sirnulutions. It is well known that the potential energy 
surface of a protein in the nativc state consists ul' a ]luge number of local minimax. MD 
simulations on the time scale of 100 ps sample only u fraction of the confor~naticsnd space 
available to the protein. The obvious way to enh:mct: the confornnational sampling i s  to 
carry out simulations for n very long period. Currently, the largest simulations of proteins 
of this size have been on a time scale of thc order of 1 nanosecond. We have, instead of 
choosing to carry out such long simulations, performed an additional, 100 ps of simulation 
of the two proteins at a higher temperature, 330 K. High-temperature simulations have 
been used previously to study the unfolding of globular proteins. The fluctuations of the 
atoms about their respective [MD] structure show very similar differences. Thus, the 
simulations at 300 K and 330 K indicate similar dynamic behaviour about their time- 
averaged structures. An exhaustive analysis of the simulation data, which includes the 
study of fluctuations in the solvent accessible surhce area, the depth of the protein atoms 
from the surface and the fluctuations in the dihedral angles of the proteins revealed only 
minor differences in the dynamics of the two proteins. These differences were confined to 
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FIG, 4. Correlation between the number of visits to a 
given residue and its amide proton exchange class. 
The residues have been classified into 7 types ac- 
cording to the numbes of visits ie; from 5 visits to 35 
visits. For each class of residues the fraction of pro- 
tons that are in the three exchange classes are drawn 
on the Y axis as a histogram ( exchange rates less 
than 1.5 x 10 -4 min-' ( ), exchange rates greater than 
1.5 x 10 -' rnin ( ) , exchange rates between 
1.5 x 10 -4 min-' and 1.5 x lo-' min-" ( ) ). 

the loop regions and the regions around the termini. Although, there were a few residues 
which exhibited different behaviour in the dynamics, it was not clear as to whether this 
was because of the differences in the starting model for the two simulations. These simu- 
lations strongly suggest that both RNase A and RNase S in solution exhibit similar fluc- 
tuations about their time-averaged structures. This is in apparent contradiction to previous 
proteolysis and hydrogen exchange data which led to the re-examination of experimental 
results. 

2.3. Experimental studies 

Since it was observed from the MD simulations that RNase A and RNase S exhibited 
similar dynamic behaviour, we re-examined the eyperirnental data that had suggested that 
RNase S should exhibit greater dynamic flexibility than RNase S. A fundamental differ- 
ence between RNase A and RNase S is that RNase S is a bimolecular system while RNase 
A is a unimolecular system. Thus, the fraction of the folded state should be independent of 
the total protein concentration in the case of RNase A, while in the case of RNase S the 
fraction of the folded state is proportional to the total protein concentration. Since the dis- 
sociation constant of the S peptide from the S protein was very small, it was assumed that 
the small amount of S peptide present in most experiments could be neglected. A thorough 
analysis revealed that this is not true. It was shown using a simple kinetic model that the 
observed apparent differences could be accounted for by the presence of the small 
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I \ FIG. 6. The structure of the RNase A-UpA complex 
~ 0 3 '  ti02 s that was used as the starting model for the simula- 

tions. The ligclnd, UpA is drawn in ball and stick 
FIG. 5. Schematic digrarn of the chemical structure type. This picture has been obtained using 
of the ligand, UpA. MOLSCRIPT (fCraulis, 199 1 ). 

amounts of free S peptide and S protein, which are in equilibrium in solution'. Thus, MD 
simulations along with the analysis of experimental data demonstrate that RNase A and 
RNase S have similar dynamic behaviour. These results have provided us with a satisfac- 
tory answer to the long-standing question about the origins of the differences in RNase A 
and RNase S dynamics. 

2.4. Conclusions 

The MD simulations and analysis of a number of parameters of the protein RNase A and 
its fragment complementation system RNase S showed that the dynamical behaviour 
around its equilibrium structure is very much similar, contrary to the belief that the dynam- 
ics of the two systems are strikingly different. This result prompted us to re-examine the 
experimental data and explain satisfactorily the apparent differences as being due to 
RNase S being a bimolecular system, 

3. Studies of RNase A - igand interactions 

Understanding the mechanism of action and substrate specificity of enzymes at a molecu- 
lar level is an important area of research in the field of enzyme catalysis. RNase A has 
been an enzyme of intense investigation in the past two decades. A wealth of informatiou. 
is available from X ray crystallographic studies on enzyme -1igand complexes. However, 
computational studies further cantribute to our understanding for the reasons such as 1) 
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the stable enzyme -1igand complexes which are amenable for experimental study are gen- 
erally inhibitors and analogs of substrate or transition state. The complex with real sub- 
strate can be studied by computer simulations. 2) Quite often, the ligand binding sites are 
poorly characterized at the molecular level by experiments and computer modelling can 
give lucid details and 3) time averaged static pictures are obtained from experiments, 
where as the dynamics which is an essential feature of enzyme activity is best understood 
by molecular dynamics studies. Towards these goals, systematically docking of ligands 
such as pyrimidine 3' phosphate and Uridyl 3'5' adenosine (UpA) into the active site of 
RNase A [Seshadri et  al., 19941 were carried out in our laboratory. The docked RNase A- 
UpA complex is further investigated by molecular dynamics simulations and a comparison 
with native RNase A is made [Seshadri et al., 1995, Nadig & Vishveshwara, 19971. A 
summary of these investigations are presented below. 

3.1. Results and Discussions 

The structure of the substrate, UpA is shown in figure 5. The rotations around the various 
bonds (defined by the dihedral angles) necessary to describe the three dimensional con- 
formation of the molecule are also indicated in the figure. Various UpA conformations 
were generated systematically by varying the dihedral angles. The conformations of UpA 
thus generated were docked into the active site of the enzyme RNase A and tested for 
contact free conformations. The contact free conformations of such complexes were fur- 
ther subjected to energy minimization. The minimized structures satisfying the experimen- 
tal observations were considered for detailed analysis. The computer generated RNase A- 
UpA complex shown in figure 6 was selected as the starting point for the molecular dy- 
namics studies. The molecular dynamics simulations were conducted on RNase A and 
RNase A-UpA complex in aqueous medium as described in the methods section. The dy- 
namics of enzyme-ligand i~lteractions were monitored in detail by following the trajecto- 
ries of parameters such as those related to UpA conformations, protein conformatiotz and 
the protein -1igand hydrogen bonds. The analysis of the trajectories indicate that the active 
site residues of RNase A and the substrate, UpA form a network of hydrogen bonds. The 
nucleotide bases, Uridine and Adenine are held in their respective positions by stable hy- 
drogen bonds with the protein residues 7'45, S123, Q67, N71 and E l l  1. The hydrogen 
bond between the 2' hydroxyl group and the H12 N E ~  seems to be consistent; with the fact 
that the role of H12 is to abstract a proton from the 02'  atom of the substrate in the 
reveresible trans-phosphorylation step in the catalysis. The phosphate oxygen, OP1, makes 
a very stable hydrogen band to the amide nitrogen of F120. The other oxygen atom, OP2, 
makes hydrogen bonds to the side chains of the catalytically important residues HI 19 and 
to K7. 

A comparison of the properties between free RNase A and RNase A-UpA complex 
brings out the differences in the enzyme behaviour upon ligand binding. Such differences 
are monitored by comparing the root mean square deviation (RMSD), dihedral angles and 
the principal component analysis. The difference RMSD is presented in figure 7. On the 
average, the atomic positional fluctuations about the <M.D> structure in both the simula- 
tions are similar. Yet, various regions of the proteins display different dynamic behaviour. 
These differences are due to the presence of the susbstrate, UpA in the RNase A-UpA 
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FIG. 7. The differences in RMSD about the <ND> structures of the i r e ~  RNase A and RNnse A-UpA complex 
of a) main chain and b) the side chains. 

complex.. The RMSD clearly indicate a reduction in the magnitude of the atomic positional 
fluctuations of the regions that form the three helices (residue 3-13, 24-34 and 50-60) in 
the RNase A-UpA complex. The active site residues do not show any discernable differ- 
e r ~ ~  between the two simulations. 
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3.2. Conclusions 

The enzyme substrate interaction was modelled on a computer by docking UpA into the 
active site of RNase A. Molecular dynamics studies on the RNase A-UpA complex eluci- 
dates the catalytically important interactions between RNase A and UpA. Further, a corn- 
parison of the dynamics of native and UpA bound RNase A elucidates the conformational 
changes in the protein upon UpA binding. 

3.3. Methods 

A pre-requisite for performing any Molecular dynamics simulation is the availability of a 
force field that accurately simulates the energetics of the biomolecules. The force field that 
we have used is the parm9l.dat of AMBER ~4.01: Pearlman et.al., 19911 and has been em- 
perically derived from a huge body of spectroscopic, crystallographic and thermodynamic 
data of model peptides. The emperical potential energy function used is given by 

The first two terms in the above equation allow for the harmonic stretching of bond 
lengths and angles around the equilibrium positions, the third term describes the changes 
in energy due to rotations of the torsion angles and the last term represents the Lennard- 
Jones potential energy between any two non bonded atomic pair. The simulations of 
RNase A, RNase S and the RNase A -UpA complex were carried out using the suite of 
computer programmes, AMBER v4.0 [Pearlman et.al, 19911. An identical simulation pro- 
tocol was followed in carrying out these simulations. The protein molecules were placed at 
the center of a box of pre-equilibrated TIP3P monte carlo water molecules. Those water 
molecules making bad van der Waals contact with many protein atoms and also the those 
water molecules which are farther than 5.0 8, along the X, Y and Z axes from any protein 
were removed from the starting model. Thus our starting model for the solvated protein 
consisted of about 8300 atoms. The simulations are usually started by minimizing the po- 
tential energy of the system to a gradient of 0.1 kcal/Mol/ A using a combination of steep- 
est descent and conjugate gradient minimization procedures. The sole purpose of this pro- 
cedure is to releive bad non-bonded contacts in the starting model. The M,D simulation 
runs are started by assigning velocities drawn from a maxwellian distribution to all atoms 
in the system in a random fashion. The Newton's equations of motion are then integrated 
using the verlet algorithm with an integration time step of 1 femtosecond. The system is 
brought upta the desired temperature of 300 K in three stages by coupling it to a heat bath, 
a procedure called equilibration. In the first stage, the temperature is raised to 200 K and 
the simulations are carried out for a further 2 ps, the last stage comprises of a 6 ps simula- 
tion at 300 K. In the case of the RNase A -UpA complex we equilibrated the structure for 
an additional period of IS ps. Now the coupling to the heat bath is removed and a produc- 
tion run of 90 ps duration is then carried out. The co-ordinates obtained from the simula- 
tion are stored at intervals of 0.1 ps. During the entire simulation period, all the bond 
lengths were held at their equilibrium values using the SHAKE algorithm [Ryckert et.al., 
19771 . The non-bonded interactions were computed using a residue based list with a cut- 
off of 12 A . The list was updated every 10 time steps. A dielectric constant of & =I was 
used. A typical 5 ps simulation requires 12 hours of CPU time on the IBM Rs 6000 580 
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