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Abstract: In this article, we present the work carried out in our group on various fields of theoretical 
biochemistry. Our main fields of research are as follows: i) design of an algorithm fordc novo prediction 
of protein structure from amino-acid sequence using energetic criteria, ii) theoretical modeling of the 
structure and dynamics of neurohypophyseal-hormone receptors, iii) quantum-mechanical investiga
tion of reactions in organic chemistry and biochemistry, and iv) theoretical conformational analysis of 
small peptides using experimental information. The performance of different machines, depending on 
the kind of calculations with special focus on the exploitation of parallelism as well as the applicability 
and performance of various commercial, free, and our home- made software (AMBER. GAUSSIAN, 
ECEPPAK, GAMESS, SYBYE, MSI/Biosym) available at TASK and the importance of graphical 
processing o f the data are discussed.

"It must be emphasized that the machine does not think for itself. It may exercise 
some degree of judgement and discrimination, but the situations in which these are 
reguired, the criteria to be applied, and the actions to be taken according to the criteria, 
have all to be foreseen in the program of operating instructions furnished to the 
machine. Use o f the machine is no substitute for thought on the basic organization 
of a computation, only for the labour of carrying out the details of the application of 
that thought."

Douglass R. Hartree, Moore School lecture, Univ. o f  Penn., 9 July 1946
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1. Introduction
It was not long time ago that the experimental chemistry community considered 
theoretical branch of this field of science as something entirely unrelated and with 
no application to their work. This kind of thinking had the basis in the enormous 
complexity of systems that undergo chemical processes and must, unlike the proces
ses in e.g. mechanics be treated at the microscopic level all the time. It takes billions 
arithmetic operations to solve the Schrodinger equation governing the motion of the 
electrons for even a small organic molecule and even after doing this one has only a 
faint idea, what is the electronic structure of the isolated molecule. So, how can one 
think of actually predicting the pathway of a chemical reaction in a condensed phase, 
which involves a practically uncountable number of chemical species? And, the more, 
what can be any other way, apart from experimental, of learning about the bioche
mical processes that involve ensembles of very complex macromolecules?

It can be said without reservation that the advent of high-speed computers 
opened a new era in the history of theoretical chemistry. While ten years ago it took 
eight hours on a R-32 to energy-minimize a single conformation of a nine-residue 
peptide hormone oxytocin, nowadays eight hours of computations on a single 
processor of the SP2 allows one, using the Monte Carlo methods to explore the 
conformational space of oxytocin fairly completely, obtaining around 1000 accepted 
energy-minimized conformations. Now experimental chemists ask their colleagues 
doing theoretical chemistry to predict the possible reaction pathways or the effect of 
point mutations on protein structure. In many cases, the accessible molecular-model
ling software, such as HYPERCHEM, INSIGHT, SYBYL allows an experimentalist 
without particularly advanced knowledge in theory to carry out the computations. 
On the other hand, it must be borne in mind that the approximations involved in the 
methods of computational chemistry require that the results cannot be taken as they 
are, without any criticism. Nevertheless, a careful worker, with good background in 
chemistry and biochemistry, can do very well in his or her prediction of(bio)chemical 
processes, which can save expensive chemicals, test animals, and the time of the 
experimentalist, compared to situations where things need to be found out by a 
trial-and-error method. Moreover, the possibility of doing large-scale computations 
gave rise to entirely new branches of theoretical chemistry and biophysics, such as 
studying the mechanism of protein folding or solute-solvent interactions at the 
microscopic level with few approximations involved

Our group's field of interest are the biochemical processes studied at various 
levels of theory, from atom-atom and mesoscopic empirical potentials to high-level 
quantum chemistry-depending on the kind of problem. We started about 15 years ago 
as a theoretical subgroup of the Division of Peptide Chemistry of our Faculty. From 
them on, our informal theory group has expanded to include people from the Division 
of Hormone Chemistry and Division of Bioorganic Chemistry and is still open to 
everybody in our Faculty who is interested in doing the work in varius aspects of 
computational chemistry or biochemistry. As more and more advanced computer
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systems became accessible, the scope of our research gradually evolved from 
conformational analysis of small peptides to proteins and other macromolecules and 
from studying electronic properties of isolated organic molecules by semiempirical 
methods of quantum chemistry to the investigation of complex chemical reactions 
with the use of advanced ah initio methods. Our current main research topics are 
briefly described in the next section.

2. Description of research

2.1 Design of force fields for de novo prediction of protein structure
and simulation of protein folding

Prediction of the spatial structures of proteins, which are key macromolecules in the 
biochemistry ofall known living organisms, from amino-acid sequence still continues 
to be an unsolved and extremely challenging problem of theoretical molecular 
biology and biophysics. Unlike the case of ordinary polymers that are mixtures of 
random conformations, if the polymerization process occurs in an uncontrolled 
manner, each protein possesses a unique three-dimensional structure, the so-called 
native structure, stable within a range of conditions (the so-called physiological 
conditions) that determines its biological function(s). Knowledge of the three-dimen
sional structure of proteins is, in turn, the necessary condition to study their biological 
function and mechanism of action. Whereas tens of thousand of new amino-acid 
sequences of either wild-type or mutated protein arc revealed each year, at the same 
time experimental methods, such as X-ray crystallography bring only about two 
hundred newly resolved three-dimensional structures.

One approach to predict the three-dimensional structure of proteins is to 
construct an appropriate (free) energy function that recognizes the native structure 
as the one distinctively lowest in (free) energy and then to carry out a search of the 
lowest-energy structure of a new protein. This approach utilizes Anfinsen's thermo
dynamic hypothesis, 1 according to which the native structure of a protein is the global 
minimum in its free energy surface. While simple in formulation, this approach faces 
two very difficult problems: finding the global minimum of a nonconvex function in 
hundreds of thousands of dimensions and constructing appropriate energy functions. 
Despite great progress that was made there during the recent years,2-4 both problems 
are still far from solution and calculation of the global minimum of even a small 
protein (= 40 - 50 amino-acid residues) is technically impossible, if all-atom repre
sentation of the molecule is implemented. A possible way out is the so-called 
hierarchical protocol of protein-structure prediction, in which extensive search of the 
conformational space of the polypeptide chain is carried out at a coarse-grained level, 
in which each amino-acid residue is represented as a few interaction sites (the 
so-called united-residue representation) and the whole atom chain is gradually 
reconstructed based on the global energy minimum structure of the simplified 
chain.5'9 Even a longer history than the whole hierarchical protocol has the idea of
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united-residue representation of polypeptide chain, which was initiated in 1975 by 
the pioneering work of Levitt and Warshell10 and continues to receive great attention

5-19ever since.
Work on united-residue model of the polypeptide chain and the associated force 

field, as well as the hierarchical protocol of protein-structure prediction was initiated 
in our group seven years ago when one of us (AL) was on a post-doctoral leave in 
Prof H.A. Scheraga group in Cornell University, USA. The fruitful co-operation with 
Prof. Scheraga continues until the present and in addition to its scientific outcome, 
thanks to the massively parallel system of SP2 clusters installed at Cornell Theory 
Center and the parallel software, as well as virtual workshops on parallel program
ming it provides, we are able to increase and continuously update our knowledge of 
the art of massively parallel computations.

In our model,8 , l7"20 a polypeptide chain is represented by a sequence of 
a-carbon (C“) atoms linked by virtual bonds with attached united side chains (SC) 
and united peptide groups (p) located in the middle between the consecutive a-car- 
bons. Only the united peptide groups and united side chains serve as interaction sites, 
the a-carbons assisting in the definition of the geometry, as illustrated in Fig. 1.

Figure 1. United residue model of the polypeptide chain

The energy of the virtual-bond chain consists of the pairwise interactions 
between united side chains (U.vo.sr/), between side chains and united peptide groups 
(U.vo/v), between peptide groups (U/);/J/), local-interaction terms that describe the local 
energetic propensities of the united-residue chain (U/„t) and the correlation or 
muitibody terms (U that arise from the fact that the energy of united-residue chain 
has the meaning of an average energy of the corresponding all-atom chain and does 
not, in general, retain the pairwise form, even if the parent all-atom energy function



is pairwise. The parameters of the force field were determined as statistical potentials 
of mean force based on an extensive analysis of all available entries in the Brookhaven 
Protein Data Bank (PDB). For detailed description of the model and the force field 
the reader is referred to original works. ' '

The derived force field and protocol for protein-structure prediction was suc
cessfully applied in the prediction of the native structures of simple helical proteins, 
such as the avian pancreatic polypeptide (APP),9 galanin,21 and the 10-58 fragment 
of staphylococcal protein A (Fig. 2).19 The conformational space was searched using 
the Monte Carlo methods which enables to find the global energy minimum of 
simplified chains of up to 50-60 amino acid residue lengths. Our current work focuses 
on the improvement of the united-residue force field towards the treatment of more 
complicated structural motifs, including P-sheets. We are also working on the 
implementation of efficient global-optimization methods of smoothing the energy 
surface, such as the Diffusion Equation Method (DEM),22 23 and the shift method24 
which will enable to extend the search of the conformational space to chains 
comprising several hundred amino-acid residues.

At the same time, we are working on the improvement of all-atom force fields, 
by parameterizing the interaction potential of proteins with water.25 As mentioned 
above, these the so-called hydrophobic/hydrophilic interactions arc largely respon
sible for the formation of characteristic three-dimensional structures of proteins.

In this part of our research, we use our own software for Monte Carlo simulation 
of the polypeptide chain in united-residue approximation. The program is massively 
parallelized with the use of the IBM SP2-based MPL message-passing library.
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Figure 2. Predicted structure of the 10-58 fragment of protein A (sticks) superposed on the native 
structure (ribbon)
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2.2 Modeling of the structure of neurohypophyseal hormone receptors 
and their interaction with ligands

Other topics under study have been neurophysin/bioligand interactions, related to the 
allosteric signal transmission. Neurophysins I and II (NPI and NPII) serve in the 
neurosecretory granules as carrier proteins for the neurophyseal hormones oxytocin 
(OT) and vasopressin (VP), respectively. The NPI2 and NPII2 homodimers and 
several (NP/ligand)2 heterotetramers were modelled from a low resolution structure, 
given by the Ca-carbon atom coordinates of the NPII/dipeptide complex (file IBN2 
in the Brookhaven Protein Data Bank), by using standard modeling tools available 
within the SYBYL suite of programs (by Tripos, Inc.). The crude structures were 
refined by the use of a sophisticated protocol consisting, among other things, of a 
constrained simulated annealing and molecular dynamics in water, both implemen
ting the AMBER 4.1 force field2*’. The protocol have been described in detail

27 28 . 1elsewhere ' The MD simulations have indicated a presence of specific interaction 
paths, linking the ligand binding sites with the NP-NP interface, and thus pointing 
out at an allosteric communication between the ligand binding and the NPII dimeri- 
zation This area of research has also completed in a Ph.D. thesis by 
R. Kazmierkicwicz”

Most recent area of our study concerns molecular modeling of the G protein- 
coupled receptors (GPCR)-bioligand complexes and interactions, underlying the 
most common way for conveying extracellular signals to the cytosol. Our interest has 
initially concentrated on the vasopressin V2 receptor (V2R)-agonist and V2R-anta- 
gonist interactions. Using the automated GPCR modeling facility available via 
Internet (http://expasy.hcuge.ch/swissmod/SWISSMODEL.html) for construction of the 
7TM domain in accord with the bovine rhodopsin (RD) footprint, and the SYBYL 
software (Tripos, Inc, St.Louis) for addition of the intra- and extracellular domains, 
the human V2R was modelled. The structure was further refined and its conforma
tional variability tested using a constrained simulated annealing (CSA) protocol 
developed in our laboratory. An inspection of the resulting structure has revealed that 
the V2R (likewise any GPCR modeled this way) is much thicker and accordingly 
forms a more spacious TM cavity than most of the hitherto GPCR constructs 
(typically based on the structure of bacteriophodopsin, BRD) do. Also, in our model 
the TM helices are arranged differently than they are in BRD-based models. Hence, 
the geometry of the I'M cavity, potentially capable of receiving ligands, is in this 
model unlike those in earlier models. In the subsequent step, several ligands, 
including the native AVP and the non-peptide antagonist OPC-31260 were docked 
into the TM cavity in multiple ways and the resulting structures were equilibrated 
and their conformational variability tested using CSA as above. The best docking 
(Fig. 3) was selected and justified upon consideration of ligand-receptor interactions 
and structure-activity data, a number of amino acid residues were identified, mainly 
in TM helices 3-7, as potentially important in both AVP and antagonist docking. Most 
of them are invariant for either the GPCR superfamily or the neurophyseal (vaso
pressin V2R, VlaR and Vlbft and oxytocin OR) subfamily of receptors. Importantly,

http://expasy.hcuge.ch/swissmod/SWISSMODEL.html
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some of the equivalent residues in VlaR have already been found critical for the 
ligand affinity. 4 Some of these results have been described.15'36

Figure 3. Extra-cellular part of the vasopressin receptor with clocked vasopressin obtained in MI) 
simulations

The complexity of the molecules analyzed requires the use of parallelism, in 
order to obtain the results in real time. The parallel code of the AMBER package was 
written for various machines, including CRAY, IBM-5P2, and Power Challenge SGI. 
It is interesting at this point to compare the dependence of real time on the number 
of processor for various architectures obtained in standard tests of AMBER (Fig. 4).

2.3 Theoretical studies of the conformation of bioactive peptides

In contrast to proteins, oligopeptides are relatively small molecules composed of a 
few (usually 2-30) amino-acid residues. These compounds fulfil various regulatory 
function in living organisms (e.g. hormones, neurotransmitters, analgesis). Oligopep
tides are also the active components of plant and animal toxins, such as falloidin from 
death cap (Amannita phalloides) and apamin from honey bee and wasp. Instead of 
occurring in one well-defined conformation, most of oligopeptides have largely 
flexible structure in solution. Nevertheless, each of them is characterized by a 
spectrum of accessible conformations which, in turn, determines its biological 
activity. The small size of oligopeptides allows one to carry out a fairly complete 
conformational search with the computer power presently available.

We have carried out a number of extensive conformational studies, with the use 
of the ECEPP17 and AMBER16 force fields on a number of biologically active 
peptides, including the neurohypophyseal hormones oxytocin and vasopressin,18 their 
analogs,19"41 enkephalin analogs,42scyliorhinin,41 and morphiceptin.44 The conforma
tional space was searched using the Electrostatically Driven Monte Carlo (EDMC)47
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method implemented in the ECEPPAK package46 and molecular dynamic methods 
implemented in the AMBER package. In all of these studies, we used the experimental 
information both to narrow down the number of possible conformations and to 
minimize the margin of error caused by the uncertainties inherent in the empirical 
force fields. The most common procedure is to implement the interproton distances 
available from NMR measurements as distance constraints in the conformational 
search. However, in the case of flexible molecules, such a procedure is generally 
incorrect, because the distances are only averages over all accessible conformation 
and not characteristic of a single conformation. Recently, we started to develop an 
algorithm that takes into account this fact. Instead of using the conformational 
constraints during the sampling procedure, we fit the statistical weights of the 
resulting conformations so as to obtair the best agreement between the measured and 
calculated observables. This procedure has already been implemented in conforma
tional studies of enkephalin analogs.47

Figure 4. Dependence of the wall-clock lime of a standard AMBFR run (100 ML) iterations at 300 K 
for plastocyanin; in water (a total o f 11585 atoms)

2.4 Theoretical modeling of enzymatic processes
48 48Using the AMI, PM3 scmiempirical methods, and the Density Functional Theory 

(DFT)4; to the model of the protein catalytic site composed of ca. 160-190 atoms,
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we have carried out studies aimed at the explanation of three aspects of the mechanism 
of action of asperity proteinases, concerning the site of dissociation within the 
catalytic diad COOH/COO" (i) in the free enzyme, (ii) in the Michaelis complex and. 
(iii) concerning the energy changes associated with the catalytic paths. We have found 
that the state of dissociation within the catalytic diad is ligand-sensitive. In the free 
enzyme and in the intermediate complexes Asp33 prefers to be dissociated and the 
outer oxygen of Asp2l3 to be protonated, while in the Michaelis complex and the 
product complexes the opposite holds true. This is in agreement with a recent 
mechanistic hypotheses and with some experimental results by FTIR and NMR. The 
energy diagram for the catalysis indicates that electronic effects are most of all 
responsible for the relative reduction of energy of the intermediates (and possibly 
transition states) on the reaction path. The shape of the diagram qualitatively agrees 
with the Transition-State Analogue Theory for the enzymatic reactions. The work 
has been reported in several papers50'53 and resulted with the Ph.D. thesis by St. 
Oldziej.54 We consider the subject closed for the time being.

A next subject of our interest concerns the studies on interactions between 
cystein proteinase papain and its inhibitors. Epoxide-type inhibitors covalently bind 
to the catalytic Cys25 in papain, with simultaneous opening of the -C-O-C- triangle. 
The inhibitor subject this work is drawn below:

Nnv P11
Arg- Le u- fvl H C H C H2fvl H -t O-C H-CH-6o-C6H5

I K R )  K R >
C(CH3)j OH S-Cys(25)-BULK PAPAIN

Its initial 3D architecture was so modelled as to ensure the best overlap of the 
PI l part with the equivalent portions of the solid state structures of papain-E64c (two 
forms) and simultaneously the best overlap of the Leu-Nvv moiety with the equiva
lent portions of the papain-leupeptin (Leu-Leu) and papain-ZPA (Z-Phe) complexes 
(Protein Data Bank accession codes lpe6/lppp, Ipop and 6pad, respectively). This 
way, the Nnv isopropyl and the Leu residue would appear in the S2 and S3 enzymic 
pockets, respectively, just like successive Leu residues in leupeptin-papain and the 
Phe and Z residues, respectively, in ZPA- papain. The complex was submitted to 
constrained simulated annealing and subsequently to 200 ps molecular dynamics. 
The final structure, averaged over last 50 ps and minimized, did not drift far away of 
the starting one. Remarkably, the time-averaged fragmental protein mobility has 
correlated excellently with the thermal factors of the papain- leupeptin complex, 
which argues in favour of the force field used (AMBER 4.1). The inhibitors 
N-terminal Arg residue appears to be loosely fluctuating on the surface, away of the 
S l -S3 substrate pockets. Hence, Arg (potential P4) does not seem essential for nesting 
the inhibitor in the enzyme catalytic site, turning a role of an S4 site in papain elusive. 
This work has not been published yet.

Molecular Simulations with High-Performance Computers
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In collaboration with Prof. Edward Borowski (Department of Pharmaceutical 
Technology and Biochemistry of the Technical University of Gdansk), we also carry 
out theoretical studies of the mechanism of the action of glucosamine syntheses with 
its covalent inhibitors, mainly the derivatives of N5-(4-methoxyfumaroyl)-L-2,3- 
diaminopropanoic acid (FMDP). Glucosamine syntheses is a very important target 
in anti-fungal drug design, because it is essential in the build-up of fungal cell walls, 
and therefore vital for the fungus organism. Recently, we have completed the 
theoretical studies of the inhibition mechanism, initiated a few years ago;55 two papers 
on this subject will be published soon.50 57

2.5 Quantum-mechanical studies of oxygen interaction with
unsaturated and aromatic compounds bearing the hydroxy groups

This part of our research is carried out collaboration with Dr. Danuta Jeziorek and 
Prof. Jozef S. Kwiatkowski of the Institute of Physics of Nicholas Copernicus 
University in Torun.

Interaction of reactive oxygen species with organic compounds play an impor
tant role in the biochemistry of all known living organisms.58 59 The primary reactive 
oxygen species are singlet (1AK) oxygen, superoxide anion radical (CT* ), and the 
hydroperoxyl radical (HOO’~). Our interest in the theoretical studies of the chemistry 
of reactive oxygen species was initiated by the still continued cooperation with Prof. 
Edward Borowski and is primarily focused on the production of superoxide anion 
radical on oxygen interaction with anthracenedione derivatives of that constitute an 
important class of antitumor drugs of anthracycline class 60,61 (Fig. 5). These species 
can substitute ubiquinone in quinone-reducing sites of NADU dehydrogenase, cyto
chrome P-450 oxidase and other redox enzymes and further mediate the transfer of 
one electron to the oxygen molecule, yielding the superoxide anion radical.60'62’65 The 
superoxide anion radical is further converted to the hydroperoxyl and hydroxyl 
radicals which initiate a chain of radical reactions in lipid component of the cells, 
which is particularly damaging for the heart tissues, causing, in turn severe cardio- 
toxicity of anthracycline anti-tumour drugs.60 61

We investigated two possible mechanisms of superoxide production:

A +  e" —» A - (la)
A— +  0 2 AO*~ ( lb)
AO‘~ -> A +  0 3 - (Ic)

A +  0 2 (1A fl) -»  a o 2 (H a)
A 0 2 +  e - -  AO3- ( l i b )
a o ; - -*  A +  O r ( l i e )

where A denotes anthracycline derivative and AC^or AO2* covalent or non-covalent 
adducts of the oxygen molecule to anthraquinone or its anion radical. Mechanism II
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X=H Ametantrone 
X=OH Novantrone

Figure 5: Structures of representative anthraquinone-based anti-cancer drugs

1 • 1requires the excitation of ground-state oxygen molecule to a higher-energy Ag 
state; it was proposed for the first time by Tempczyk and co-workers.64

In a series of papers,65'72 we described our research of the energetics of all stages 
of mechanism I and II and the structures of possible covalent intermediates. We 
concluded that the most probable way of electron-transfer mediation is mechanism 
I, provided that the anthraquinone derivative possesses a proton-donor group. In this 
case, the hydrogen bond between anthraquinone and superoxide anion radical is so 
strong that the conical crossing between the A*~ CF and A CF* states requires 
virtually no activation energy. This finding is in excellent agreement with electro
chemical data on the reduction of various anthraquinone derivatives in the presence 
of oxygen,65-69’70 as well as with the fact that the cardiotoxic activity of the anthra- 
quinone-based anti-cancer drugs is reduced dramatically upon the removal of hydro-

60-63xy groups.
More recently, we extended the above-described research to the mechanism of 

oxygen addition to various unsaturated and aromatic compounds and the further fate 
of the adducts. The practical basis of this is that fact that while the amino and imino
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anthraquinone derivatives apparently do interact with oxygen, their ability to super
oxide generation is much less pronounced than that of the hydroxy derivati
ves.65’697071 We have already studied in detail the pathways of a model reaction of 
oxygen addition to ethene, involving the formation of hydroperoxide aldehyde and 
1,2-dioxethane.71 Studies of other than hydroxy compounds and other types of 
adducts are already in progress.

In this part of our research, we are using both ab initio and semiempirical 
methods, such as GAMESS,74 Gaussian,75 and MOPAC.48
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