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Macromolecular Crystallography in India

in the Global Context*

M. Vijayan

Abstract | The most spectacular applications of crystallography are
currently concerned with biological macromolecules like proteins and
their assemblies. Macromolecular crystallography originated in England
in the thirties of the last century, but definitive results began to appear only
around 1960. Since then macromolecular crystallography has grown to
become central to modern biology. India has a long tradition in crystallog-
raphy starting with the work of K. Banerjee in the thirties. In addition to their
contributions to crystallography, G.N. Ramachandran and his colleagues
gave a head start to India in computational biology, molecular modeling
and what we now call bioinformatics. However, attempts to initiate macro-
molecular crystallography in India started only in the seventies. The work
took off the ground after the Department of Science and Technology hand-
somely supported the group at Indian Institute of Science, Bangalore in
1983. The Bangalore group was also recognized as a national nucleus for
the development of the area in the country. Since then macromolecular
crystallography, practiced in more than 30 institutions in the country, has
grown to become an important component of scientific research in India.
The articles in this issue provide a flavor of activities in the area in the
country. The area is still in an expanding phase and is poised to scale

greater heights.

1 Introduction

Following the discovery of X-ray diffraction by
crystals by von Laue and his colleagues in 1912,
Lawrence Bragg determined for the first time a
crystal structure, that of sodium chloride, in 1913.
That marked the beginning of X-ray crystallogra-
phy or X-ray crystal structure analysis. Since then
X-ray crystallography grew to become the method
of choice to determine the atomic and molecu-
lar structure of matter. The largest structure to
be determined using this method, at the turn of
the century, is that of ribosome, an organelle on
which protein synthesis occurs. Sodium chloride
is made up of just two atoms while ribosome con-
tains a couple of hundred thousand non-hydrogen
atoms. The progression from sodium chloride
to ribosome demonstrates the progress in X-ray
crystallography in about a century and the shift in
the emphasis on problems in the area.

In the early years, most of the structures deter-
mined were those of minerals or inorganic mate-
rials. Organic chemical crystallography gathered
momentum in the twenties and the thirties of
the last century. The pinnacle of the glory of the
structure analysis of organic compounds was the
structure determination of vitamin B12 by Dor-
othy Hodgkin in the fifties. It is often said that she
relieved organic chemists of the drudgery of struc-
ture determination. With the subsequent advent
of direct methods and computer methods based
on them, the structure determination of organic
compounds has almost become routine. Efforts
in inorganic and organic chemical crystallogra-
phy continue with explorations in new areas such
as supramolecular association, crystal engineer-
ing, charge density etc. X-ray crystallography is a
major tool in the general area of materials science.
Undoubtedly the most spectacular applications
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of crystallography now is in biology, particularly
in relation to biological macromolecules such as
proteins and their assemblies. Biological macro-
molecular crystallography is central to structural
biology and to modern biology itself.

2 Macromolecular Crystallography—

The Global Context
The origin of macromolecular crystallography
can be traced to the recording of the X-ray dif-
fraction pattern from the crystals of the digestive
enzyme pepsin by J.D. Bernal and his graduate
student Dorothy Crowfoot (who subsequently
became famous as Dorothy Hodgkin) in 1934 at
the Cambridge University.! Dorothy returned to
Oxford and recorded the diffraction pattern from
the crystals of insulin in 1935, which marked
the beginning of her independent research career
Chymotrypsin and hemoglobin were crystallized,
and preliminary X-ray studies were carried out on
the crystals soon afterwards by Perutz, Fankuchen
and Bernal.’ Preliminary studies of a few other
macromolecular crystals were also carried out
during the thirties and the forties. However, the
pioneers were well ahead of their times as even the
exact chemical nature of proteins was not unam-
biguously established at that time.

In the meantime, modeling studies of biopoly-
mers with or without the aid of fibre diffraction
data were progressing apace. X-ray diffraction
studies carried out by Astbury on fibrous proteins
have been extensive. Linus Pauling and his col-
leagues discovered the o-helical and the [3-sheet
structures of polypeptide chains in the early fif-
ties using simple modeling.** The most significant
result in the area has been the proposal of the dou-
ble helical model of DNA by Watson and Crick in
1953.° Soon afterwards G.N. Ramachandran and
Gopinath Kartha proposed the triple helical coiled
coil structure of collagen.” The fifties, particularly
the first half of the decade, witnessed the triumph
of molecular modeling.

A major breakthrough in the X-ray structure
analysis of globular proteins occurred when Perutz
and his colleagues demonstrated that attachment
of one or a few heavy atoms to a protein molecule
in the crystal could produce measurable changes
in the intensities of diffraction maxima, and
hence isomorphous replacement could be used
for structure solution.® The first definitive results
in the area emerged around 1960 when the groups
of Kendrew’ and Perutz'’ determined the crystal
structures of myoglobin and hemoglobin respec-
tively. The third protein and the first enzyme to be
X-ray analysed was lysozyme, by D.C. Phillips and
his colleagues." This analysis was soon followed

by the structure determination of ribonuclease A
by Gopinath Kartha and his colleagues at Buffa-
lo."? The crystal structures of a number of proteo-
lytic enzymes became available during the second
half of the sixties.”” The structure of insulin was
reported from Dorothy Hodgkin’s laboratory
towards the end of the decade.'"

Efforts to wunderstand and analyse pro-
tein structures also started in the sixties. The
most important component of this effort was
the development of the Ramachandran map
by G.N. Ramachandran, C. Ramakrishnan and
V. Sasisekharan.'® The map, which till date remains
the simplest descriptor and tool for validation of
protein structures, defines the possible confor-
mations of protein structures using simple steric
considerations.

Based on the experience gained in the sixties,
work in macromolecular crystallography gath-
ered momentum in the seventies and thereafter.
Thousands of protein structures have since been
determined and the impact of macromolecu-
lar crystallography on modern biology has been
phenomenal.”” Major advances in technology
involving, for example, synchrotron facilities and
position sensitive detectors and recombinant tech-
nology, substantially aided the rapid growth of the
area. Perhaps, there is no area in modern biology
which has remained untouched by macromolecu-
lar crystallography.

3 Macromolecular Crystallography

In India—Early Years
India has a long tradition in crystallography, start-
ing with the work of K. Banerjee, a student of
C.V. Raman, at the Indian Association for the Cul-
tivation of Science, Calcutta (now Kolkata) in the
thirties. G.N. Ramachandran and his colleagues at
Madras (now Chennai), in addition to their con-
tributions to crystallography, gave a head start to
computational and theoretical structural biology
andwhatwenow callbioinformatics.'® A fewIndians
have also been involved in macromolecular crys-
tallographic studies abroad. However, I was the
first protein crystallographer to return to India,
to the Indian Institute of Science, Bangalore in
1971, after participating in the structure solution
of insulin at Oxford. Subsequently, K.K. Kannan,
who was involved in the structure determination
of carbonic anhydrase at Upsala, joined the Bhabha
Atomic Research Centre (Mumbai) in 1978.

My intention on my return was to initiate mac-
romolecular crystallography in India. However,
it was impossible to do so primarily on account
of the paucity of financial support. I established
myself as an independent researcher working on
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small molecules. The work involved, among other
things, exploration of what is now described as
supramolecular association of amino acids and
peptides among themselves as well as with car-
boxylic acids. Macromolecular crystallography
in India received a major impetus in 1983 when
the Department of Science and Technology (DST)
handsomely supported our macromolecular crys-
tallography efforts at Bangalore as part of their
Thrust Area Programme. The Bangalore Centre
also came to be recognized as a national nucleus
for the development of the area in the country.

The early macromolecular efforts at Banga-
lore were primarily concerned with lectins, pro-
tein hydration and plant viruses. The structure
analysis of peanut lectin'®* and jacalin®' and that
of sesbania mosaic virus* and physalis mottle
virus”® were among the major macromolecular
crystallographic contributions from India. The
work on lecitns has had considerable impact on
the development of the area in the country. The
early Mumbai work was mainly concerned with
carbonic anhydrase.”

4 The Current Scenario

From the early nineties, macromolecular crystal-
lography began to spread to different laboratories
in the country.”?” Currently, work in the area is
being pursued in more than 30 institutions by
groups led mainly by scientists trained at Banglaore
and their descendents. There are a few group lead-
ers who have originated from other schools as well.
All of them together form a reasonably coherent
community which is able to orchestrate together
for the common good. The systems pursued by
different macromolecular crystallography groups
in the country cover a wide range and it is impos-
sible to refer to all of them here. I shall therefore
confine myself primarily to a few general remarks
pertaining to the papers included in this issue.

A major macromolecular crystallography
group that emerged in India in the early nineties
is that of T.P. Singh at the All Institute of Medical
Sciences in New Delhi. Singh and his colleagues
have been extraordinarily prolific during the
past two decades. They have worked on a variety
of important problems and have made signifi-
cant contributions in the area of structure-based
inhibitor/drug design with particular reference to
inflammation. A major strand in their researches
has all along been concerned with proteins in ani-
mal, including human secretions. The proteins
studied by them include lactoferrins, lactoper-
oxidases, mammary gland/breast cancer regres-
sion proteins, matrix melanosomal proteins, and
peptidoglycan recognition proteins. The article by

Singh and his colleagues in this issue is concerned
with peptidoglycan recognition proteins.

Dinakar Salunke’s work at the National Insti-
tute of Immunology (NII), New Delhi, gathered
momentum at the turn of the century. To start
with, the emphasis was on the mimicry of car-
bohydrates by peptides and other molecules, in
their interactions with lectins. This comparatively
novel approach led to structural investigations on
immunological issues such as antibody matura-
tion. More recently, Salunke’s group, at NII and
their new abode at the Regional Centre for Bio-
technology, National Capital Region on Delhi,
have turned their attention to allergenic proteins.
This new effort forms part of the subject matter of
the article of Salunke and co-authors.

By the turn of the century, macromolecu-
lar crystallography in India had come of age and
was ready to take up fresh challenges. In particu-
lar, there was a new initiative aimed at proteins
from microbial pathogens which cause infectious
diseases, a problem of considerable relevance to
developing countries like India. The initiative was
particularly successful in relation to TB proteins.
The first structural biology effort in this area was
perhaps a modeling study of M. tuberculosis RecA
(Mt RecA) in 1996 at this Institute.?® This was soon
followed by an outstanding bioinformatics effort
by one of the contributors to this issue (Shekhar
Mande) and his colleague resulting in the identi-
fication of a novel class of ionositol-1-phosphate
synthase enzyme in M. tuberculosis.”® The first
crystal structure of a TB protein to be determined
in India was that of MtRecA analysed in this labo-
ratory in 2000.* Since then many groups have
joined the effort. Currently, there are ten institu-
tions in India in which structural biology of myco-
bacterial proteins is being pursued. Among the
total number of TB protein structures determined
in the world, more than 10% are from India. Three
major participants in the Indian effort on myco-
bacterial proteins have contributed to this issue.

The contribution of Shekhar Mande in identi-
fying a novel class of inositol-1-phosphatesynthase
has already been referred to. He was then at the
Institute of Microbial Technology, Chandigarh.
Subsequently, he spent many years at the Centre for
DNA Fingerprinting and Diagnostics, Hyderabad
before moving again recently to the National Cen-
tre for Cell Science, Pune. All along, he has been
actively engaged with the structural biology of
TB proteins. The proteins studied by him include
Hsp65, chorismate mutase, thioredoxin reductase,
YefM antitoxin and cAMP receptor proteins. He
has also used graph theoretical analysis of protein-
protein interactions and Boolean modeling to
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address the onset of latency of M. tuberculosis. The
article of Mande and his colleagues in this issue is
concerned with redox proteins in the pathogen.

The research interests of R. Sankaranarayanan,
who has been at the Centre for Cellular and
Molecular biology, Hyderabad since 2002, covers
a wide spectrum. His major interest has been in
editing/proof reading proteins which are impor-
tant in ensuring translational accuracy during
protein synthesis. In collaborative efforts, he has
also worked on polyketide and fatty acylsynthases
from M. tuberculosis, B. subtilis lipase, virulence
factors of Xanthomonas oryzae pv. oryzae, RNA
degradation machinery in P. syringae and calcium
binding proteins. The paper by Sankaranarayanan
and his colleagues in this issue is concerned with
polyketide and acyl synthases from M. tuberculo-
sis. These enzymes are particularly important in
view of the complex nature of the lipid composi-
tion of the pathogen.

Ravishankar Ramachandran has been lead-
ing a vibrant macromolecular crystallography
group at the Central Drug Research Institute
at Lucknow for nearly a decade. Their work has
encompassed several pathogens, but the emphasis
has been mainly on TB proteins. The TB proteins
thoroughly studied by them include the adenyla-
tion domain of the NAD*-dependent DNA ligase
and lysine €-amino-transferase. They are also
seriously into structure based inhibitor design
aimed at drug development. The review of Taran
Khanam and Ravishankar Ramachandran in the
issue highlights the importance of DNA repair
system in M. tuberculosis in the development of
anti-bacterials.

Work of only those contributed to this issue
has been referred to above. In addition, lectins
continue to be a major area of endeavour in differ-
ent laboratories. Structural and related studies on
proteases and their inhibitors are being pursued in
more than one laboratory. Mention must also be
made on efforts on a transcription regulator A CII,
the membrane protein OmpC, penicillin V acylase
and hydrolase, phospholipases, hemoglobin from
different sources, and jack bean urease. Although
not as extensively as TB proteins, proteins form
Salmonella typhimurium are being studied at least
in three laboratories. There is also considerable
activity on proteins from Plasmodium falciparum
as well as Leishmania donovani and Entamoeba
histolytica. The work on plant viruses, referred to
earlier, continues. Impressive studies have been
made in the further work on HIV protease. Nota-
ble contributions have emerged from India on the
structural biology of proteins from rotavirus as

well. Structural studies on proteins from microbial
pathogens thus form an important component of
the macromolecular crystallography activities in
the country.

5 Concluding Remarks
From humble beginnings in the eighties of the last
century, macromolecular crystallographic studies
in India have grown to become an important com-
ponent of the Indian scientific effort. Thanks to the
support of not only DST, but also of the Depart-
ment of Biotechnology (DBT) and the Council of
Scientific and Industrial Research (CSIR), excellent
facilities are now available in most of the concerned
laboratories. One major problem in this context is
the absence of a state of the art synchrotron facility
in the country. This problem has been partly alle-
viated by part ownership of beamlines elsewhere.
Such an arrangement is already functioning well
at the European Synchrotron Radiation Facility at
Grenoble, France. A similar arrangement would
soon become operational at the Elettra Synchro-
tron Facility at Trieste, Italy. The Indus 2 synchro-
tron at Indore has also just become operational.
Although it is not quite as powerful as most of the
machines currently being used elsewhere, efforts
are underway to use it as efficiently as possible.
Indus 2 is of considerable importance as a technol-
ogy demonstrator and as a platform for training as
well. Happily, there is also a consensus in the scien-
tific community of India that we should soon start
building a new, state of the art machine.
Macromolecular crystallography in India,
although fairly strong already, is still in the
expanding mode. The work on mycobacterial
proteins is an example of a loosely coupled, yet
concerted effort. More such efforts are likely to
emerge. Structure-based inhibitor design aimed at
drug development is already being pursued in a
couple of laboratories in the country. Work in this
direction is expected to gather momentum in the
near future. Other new lines of investigation also
appear to be on the anvil. Having had occasion
to closely observe the efforts of young macromo-
lecular crystallographers in the country, I am con-
fident that they are poised to scale greater heights
in the years to come.

Received 12 December 2013.
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