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Protein crystallography and protein engineering

E. Subramanian

Protein crystallography is paving the way for rational approaches to drug design and for
engineering new proteins with catalytic functions more suited to commercial and technical needs.

The last few decades have seen revolutionary develop-
ments in biology, thanks to the intellectual framework
provided by physics and chemistry for thinking about
biological processes in terms of the three-dimensional
structures of the molecuies involved. The genetic code
has been cracked, the molecular mechanisms of heredity
have been elucidated, and genetic engineering 1S a
reality. With the advent of recombinant DINA techno-
logy, it is possible now to clone the gene for essentially
any protein found in nature, incorporate the gene mto
bacteria and produce significant quantities of that
protein. Since chemical synthesis of DNA is possible,
even synthetic genes can be incorporated into bacteria,
enabling the production of new proteins not found In
nature. This 1s the methodology of protein engineering
which represents the advancing frontier of biotechno-
logy in our efforts to modify the structure of a protetn
to yield specific and desirable improvements in the
function of the protein. Protein engineering thus offers
great promise in the commercial, industral, pharmaceu-
tical and agricultural applications of biotechnology, for
the large scale viable economical production of
hormones, vaccines, antibiotics, industrial catalysts,
pesticides and other useful products’,

In the matter of engineering proteins, major interest
18 centered around the enzymes. As catalysts, enzymes
are used extensively in the fermentation industry, in
chemical and pharmaceutical industry and mm food
industry. Till recently, the high cost of isolation and
purification of the enzymes was a limiting factor 1n their
widespread use in the industry. With the advent of
recombinant DINA technology, cost 1s no longer a
hmiting factor. The real limiting factor now is the lack
of knowledge concerning what changes should be made
in a protein in order to bring about the desired changes
in the catalytic function of the protein. The desired
industrial application of an enzyme may often be far
removed [rom the physiological role played by the
enzyme. Industrial applications require enzymes which
will remain stable under process conditions. These
process conditions may often be non-physiological,
ranging to extremes of pH, temperature, concentration
and solvents., One would, therefore, like to control the
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enzyme’s properties with regard to thermal stability, pH
optimum, stability in non-aqueous solvents and so on.
Finding the rnight set of properties for a particular
industrial application is often difficult. An enzyme with
the highest activity at the temperature employed may
not be the most stable under the given solvent
conditions, and so on*.

In nature, specific catalytic functions are served by
different enzymes. If we can find out the structural
features of each enzyme that confer a specific desirable
property, then we can combine these features by protein
engineering techniques to create a totally new enzyme
that manifests all of the desirable traits. How does one
find out what structural features are responsible for the
activity of an cnzyme?

A protein 1s a linear long-chain polymer of amino
acids. There are 20 different amino acids. Each protein
i a specilic combination of these amino acids
covalently linked together 1n a unique sequence. Every
protein chain folds into a unique three-dimensional
structure which determines the protein’s specific
catalytic function. Anfinsen® discovered that the
information regarding this folding 1s contained in the
specific sequence of amino acids constituting the
protein cham. Since the sequence of amino acids in a
protein chain determtnes the structure of the protein, if
we replace one or more aminc acids in the protein
chain, thits action will introduce subtle or significant
changes in the protein’s structure. Since structure deter-
mines function, such substitutions would result in a
protein with altered functional characteristics. The
problem is that the rules governing the folding process,
that 1s, the relationship between certain groups of
amino acids and certain final structural arrangements
are not known vet. As a result, there is no way of
guessing what the structure will be for a given sequence
of amino acids. Without knowing the structure, the
structural features or the reasons behind a particular
catalytic function will not be known, and hence we
cannot think of engineering proteins. This problem 1s
referred to as the folding problem’—the prediction of
the three-dimensional structure of a protein purely from
1ts amno acid sequence information—and 1s one of
the central problems in molecular biology.

The resolutton of the folding problem has special
urgency and relevance for biotechnology. Mass produc-
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tion of commercially viable proteins such as human
insulin 1s now a reality. But the next step of modifying
the protein for improved functional properties, or of
designing new proteins to suit specific commercial
applications will require an understanding of how the
proteins fold. The urgent need for this knowledge
becomes even more evident as geneticists begin to
compile a catalogue of all the genes in the human
genome. The gene sequences translate into amino-acid
sequences and hence to various protemns. Only by
knowing how a given sequence of amno acids might
fold, can one predict the biological function of the
corresponding protein. Gene sequence data have
relevance primarily for the proteins they code for!

Protein crystallography is presently i1s the major
technique that can provide complete information on the
three-dimensional structure of a protein molecule. The
technique is also free of any preconceived notions as to
how a protein molecule should look like. Much of the
present day knowledge about the relationship between
structure and mechanism of action of enzymes has been
deduced from protein crystallographic studies of
enzymes. Space does not permut a detailed discussion of
protein crystallographic methods here, and the reader 1s
referred to many excellent textbooks and review
articles available in the literature on the subject® %, The
techniques and methodology have advanced to such an
extent>® that under favourable circumstances, it is
possible to determine the three-dimensional structure of
a protein molecule within the time span of a graduate
student’s thesis work. The main rate-limiting step 1s the
availability of good protein crystals suitable for X-ray
diffraction studies.

Protein crystallographic studies have revealed that
the chemistry and geometry of the ‘active site’ of an
¢nzyme are complementary to those of its ‘substrate’
molecule; that the active site 1s lined up with amino
acids of various chemical character and which are
important to the catalytic action of the enzyme; and
that the replacement of even one amino acid in the
active site can significantly alter the enzymes’ structure
and hence its catalytic activity. The relevance of these
observations to protein engineering studies 1S obvious:
substitution of a new amino acid that differs 1n size,
charge or chemical reactivity from the one it replaces
can perturb the active site and hence the catalytic
specificity. But the problem is to decide on the type and
location of amino acid substitution so as to get the
desired specificity and improvement in the catalytic
function of the enzyme. How does one make this
decision?

Once the three-dimensional structure of a protein has
been determmed by X-ray crystallographic methods, the
analysis 1s extended to the study of enzyme-substrate
interactions, in order to 1dentify the amino-acid residues
involved in the catalytic action of the enzymes. In its

CURRENT SCIENCE, VOL. 59, NO. 135, 10 AUGUST 1990

simpler forms, such studies involve diffusing substrate-
analogues through the crystal lattice of the native
protein and analysing the diffraction data from such
complexes. Using modelling procedures that make use
of interactive computer graphics representation of
proteins, an analysis of the interplay amongst hydro-
phobic, electrostatic and hydrogen-bonded interactions
between the protem and the substrate-analogue
molecule 1s carried out. Based on these studies, a
decision 15 made as to which amino-acid residues
should be altered in order to give rise to improved
catalytic function or the desired specificity. The
proposed alterations in the amino-acid sequence are
then carned out by recombinant DNA techniques. The
modified protein 1s tested for 1ts catalytic properties as
well as subjected to X-ray crystallographic analysis. The
observed differences in the structures of the native and
the modified protein are correlated with the differences
in their catalytic properties.

Presently, the three-dimensional structures of more
than 300 proteins, not all independent, have been
determined by X-ray methods’. However, a statistical
analysis of these structures has nof been successful in
developing predictive rules to relate amino-acid sequence
to three-dimensional structure. Nevertheless, some
valuable insights have been gained into the way protein
chains fold. Comparative studies of these protein
structures have led to some understanding of the
anatomy and taxonomy of protein structures®. Certain
[eatures of extended structural organization recur
among proteins having no apparent sequence or evolu-
tionary relationship. Nature seems to be fond of using
certain structural motifs repeatedly in the folding of
protemns. Stretches of a protein chain are commonly
found to adopt one of three basic structural patterns:
alpha helix; beta sheet and sharp chan-reversals. The
overall folding appears to be a combination of these
motifs in varying proportions.

Several computer programs”*® have also been
developed to identify common structural features by
pattern-matching: that 1s, searching for patterns in
sequence that are consistently associated with defined
structural features and then using the pattern informa-
tion for predicting the folding of the protein chains.
Unfortunately, the amount of protemn structural data
currently available are not sufficient {o define an
adequate number of patterns with strong predictive
powers. This points to the urgent need for more protein
crystallographic studies. Since protein structure analysis
1s a time-consuming affair, and because of the rapid
growih in the data-base of protein sequences compared
to the rather slow pace in the acquisition of structural
knowledge, the need for developing accurate structure
prediction rules 1s also urgent. Consequently, many
theoretical biophysicists are busily engaged in ‘sequence
gazing’*!''?, in order to deduce the predictive rules
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governing protein folding through statistical analysis of
known sequences and structures. And the protein
crystallographers themselves are devising clever strategies
to use known structural data to forge ahead with
protein engineering studies—they are supplementimng
the results of protein crystallography with computer-
modelling procedures that may be less precise but can
provide quick answers in the continumg efforts to
engineer proteins that would meet specific commercial
requirements’®>. One area where such modelhng
procedures are useful is in the prediction of the three-
dimensional structure of a protein of known sequence,
using the known crystal structure of a homologous
protein, Such a procedure has been used to predict the
unknown three-dimensional structure of marmmalian
renin'®, using the known structures of homologous
fungal enzymes!®. (Renin is a kidney-enzyme which
catalyses the first step in a series of reactions that lead
to elevated blood pressure) Comparison of the crystal
structures of several homologous proteins through
computer-modelling procedures provides us an oppor-
tunity to evaluate the effects on structure and
conformation arising from differences in the sequences.
Such studies have in fact revealed that the folding
pattern of a family of homologous proteins is more
conserved m :volution than the amino-acid sequence.
Computer-modelling studies of even distantly retated
proteins can Indicate the few invariant amino-acid
residues that are essential for catalytic function, These
residues can then be targeted for modification by
protein engineering techniques.

It may be noted in passing that protein engineering
techniques have also been used to speed up X-ray
crystallographic studies of proteins! X-ray studies on
proteins require in general the availability of usefu!
heavy-atom derivatives of the protein in order to solve
the ‘phase proolem’. The usefulness of a heavy-atom
derivative 15 judged by the conditions that the heavy
atom must bind to the protein at a small number of
specific sites with high occupancy and that the binding
must be isomorphous that is, there should be no
significant alterations to the protein structure or to the
crystal packing in the lattice.

The preparation of a useful heavy-atom derivative of
the protein is not always easy. Frequently, the heavy
atoms bind non-specifically at a large number of sites
with relatively low occupancy and the binding may also
produce changes in the protein’s structure and
conformation as well as in crystal packing,

Protein engineering techniques can be used to
prepare useful heavy-atom derivatives of a protein. One
of the important procedures for preparing a heavy-
atom derivative is to use a mercury compound as a
reagent that binds to the sulfhydryl group of a cysteine
residue 1n the protein. Even if the protein does not

contain a cysteine residue, protein engineering techniques
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can be used to insert a reactive residue n the protein
chain. Such a procedure has been used sucessfully to
yield a useful heavy-atom denivative in the high-
resolution structure analysis of colicin A (rel. 16).

The next few paragraphs wiil highhght the role of
protein crystallography in the development of drug
design and protein engineering studies.

e

Drug design

Practically all drugs in use today are the result of
serendipitous discoverics or trial-and-crror processes.
Protein crystallography, combined with molecular
modelling procedures, offers an entirely new approach
for the rational design of drugs. Computer modelling of
the active ‘site of a target protein ol known crystal
structure can indicate the size, shape and chemical
character of the molecules that are likely to interact
with the protein and bind tightly to 1ts active site, thus
leading to the design of switable inhibttor molecules
which can then be tested chinically for their therapeutic
effectiveness. [t should be emphasized that interactive
computer graphics plays an important part in these
elforts.

Development of vaccines

QOur body’s immune response to intcctions 18 mediated
by antibody molecules (immunoglobulins) which specifi-
cally recognize certain surface featurcs (calied antigenic
determinants}) on the invading orgamsm’s surface
proteins. These antigenic sites often correspond to
discrete surface regions comprising short peptide
fragments, also called ‘epttopes’. Using recombinant
DNA techmques, synthetic oligo-peptides which miinic
an epitope can be coupled to a carner protein. The
resulting hybrid protein may be used like a vaccine to
provoke the immune system. This approach opens up
the possibility for developing ‘supervaccines’ in which
epitopes from the surface proteins of various infectious
agents can be incorporated into a single polypeptide
chain by recombinant DNA techniques. Such a hybrid
synthetic protein as a vaccine could be expected to
confer simultaneous protection against several diseases'>.

Protein engineering studies

As examples of the significant role played by protein
crystallography in protein engineering studies, the
following reports are illustrative. Greer'” compared the
X-ray structures of chymotrypsin, trypsin and elastase
to model the construction of ‘new’ serine protease based
on structurally conserved and variable regions of these
protemns. In the efforts to find a cure for sickle-cell
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anaemia, Beddel et al'® used the X-ray structure of
human haemoglobin to design compounds that would
modulate the protein’s function. Their modelling studies
suggested an allosteric site at which compounds
designed for this site would modulate the protein’s
oxygen affinity. These compounds are being tested in
clinmcal tnals as anfi-sickling agents.

The most iltustrative example of the power of protein
crystallography in drug design aspects of proten
engineering concerns the studies on the structure of
dihydrofolate reductase (DHFR), an enzyme isolated
from many different organisms. Much of the interest on
this enzyme stems from the importance of the enzyme
as a therapeutic target. The anti-cancer drug methotre-
xate, the antibiotic drug trimethoprim and the anti-
malarial drug pyrimethamine are all targeted towards
inhibition of DHFR. The most important point 15 that
these different drugs display differential inhibition of
DHFR from different sources. For example, trimeth-
oprim is highly selective for E. coli DHFR, but lttle
effective against malarnal infections or against verte-
brate DHFR, pyrimethamine is selective for DHFR of
the malarial protozoan Plasmodium berghei and so on,
Since the DHFR enzymes from various sources
constitute a homologous class of enzymes, it is clear
that structural differences between the vartous DHFR
enzymes must exist. These structural differences must
arise because of differences in sequences, and must be
responsible say, for trimethoprim’s highly selective
inhibition of E. coli DHER, relative to say the
vertebrate DHFR. Crystallographic studies of trimeth-
oprim complexed with both E. coli DHFR and chicken
DHFR show that while the gross three-dimensional
structures are conserved n the two DHFR enzymes, the
small structural differences in the active site, arising
from amino-acid sequence differences between the two
enzymes are responsible for making trimethoprim bind
to each enzyme with a different conformation, thus
explaining the difference in specificity. Using such
~ studies, Kuyper et al!® have designed inhibitors of

DHFR more potent than trimethoprim.

Studies on pepsin-like enzymes

Among the proteins that are currently the targets for
protein engineering studies and for the design of new
therapeutic drugs are the class of enzymes commonly
referred to as acid-proteases. Mammalian digestive
enzyme pepsin 1s a well-known member of this class,
hence these enzymes are also referred to as pepsin-like
enzymes. Other members include chymosin, the milk-
clotting enzyme from calf stomach used in making
cheese; renin, the kidney enzyme involved in the control
of blood pressure; and cathepsin-D, a lysosomal
enzyme involved in tissue and intra-cellular protein
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turnover. Several species of fungt also produce pepsin-

i like enzymes.

The pepsin-hike enzymes have many important
clinical and commercial uses, and hence are targets for
the design of inhibitor compounds. Renin is involved in
the control of blood pressure. Cathepsin-D has been
implicated in diseases of the joints and n the release of
vasocative peptides which cause pathological conditions
such as shock, inflammation and diarrohea; it has also
been reported to be found in certain tumour cells®’.
Pepsin has been implicated in the etiology of peptic
ulcer. The fungal pepsin-like enzymes are used in the
cheese industry to produce cheeses of different flavours
and consistency. The understanding of the mechanism
of catalytic action of these enzymes and the identification
of the amino-acid residues mnvolved in substrate binding
should lead to the design of a variety of inhibitors for
spectfic uses. Such studies can also aid 1n the
understanding of fungal growth 1in industrial or
municipal waste system treatment; to engineer new
proteins which can be more effective in waste disposal;
and for the inhibition of fungal growth on proteinous
foods. Since fungal acid proteases are used in the cheese
mdustry to produce cheese of different flavour and
consistency, protein crystallographic studies on the
fungal enzymes will enable us to understand the
molecular basis of flavour, and to engineer the
production of new proteins to improve the flavour and
consistency of cheese to suit popular tastes.

Much of the protein crystallographic studies on the
pepsin-like enzymes have been carried out on the fungal
enzymes, mainly during the last decade. The present
author has been instrumental in determining the three-
dimensional structure of a fungal pepsin from Rhizopus
chinensis>-2!, This work is among the first to establish
the three-dimensional folding for the whole class of
homologous pepsin-like enzymes. Presently, structural
studies on the fungal enzymes had been used to model
the structure of the homologous mammalian enzyme,
renin**. More recently, the AIDS virus has been found
to code for a protease which 15 homologous with the
pepsin-like enzymes. The three-dimensional structure of
this AIDS virus protease has also been determined
recently by protein crystallography?? and found to be
similar to the three-dimensional structure of the
microbial pepsin-like enzymes. The similarities extend
to the active sites of these enzymes and open up the
possibilities for extrapolating the structural studies on
the fungal enzymes for the design of specific AIDS
protease inhibitor compounds which can be used as
safe and effective drugs in the treatment and control of
the AIDS virus infection®®. Towards this objective, the
determination of the three-dimensional structures of
several pepsin-like enzymes from other fungal and
mammalian species is being actively pursued by protein

~crystallographers, including those at Madras.
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In conclusion, it may be no exaggeration to state that
protein crystallography is an important armour in the
arsenal of biotechnology in our efforts to harness the
power of genetic engineering to improve the welfare of
the human species,
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