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The initiation of the major macromolecular crystallographic efforts on lectins and TB proteins in the author’s laboratory 
was preceded by that of programmes which specifi cally address fundamental processes like molecular interactions, ag-
gregation and hydration. One of them involved a comparatively novel approach consisting of the preparation and X-ray 
analysis of crystalline complexes. Such an approach involving aspirin like drugs, among other things, provided insights 
into how the geometry of a molecule can be affected by interactions. The study of crystalline complexes involving amino 
acids and peptides, among themselves and with other relevant molecules, yielded valuable information on the possible 
role of molecular interactions and aggregation in pre-biotic polymerization, chiral discrimination and self-assembly dur-
ing chemical evolution and origin of life. The results of this study also turned out to be a signifi cant contribution to the 
currently active fi eld of supramolecular association. Water-mediated transformations in which protein crystals undergo 
structural transformations with variation in water content, was developed into a tool for exploring protein hydration and 
its consequences using lysozyme, ribonuclease A, lactoglobulin and hemoglobin as models. Using this approach it was 
possible, among other things, to establish a relation among hydration, mobility and protein action. Although the idea-
based programmes on interactions and hydration were initiated before resources for starting major macromolecular efforts 
became available, the results of the programmes were so interesting that the author continued to pursue them even after 
full-fl edged macromolecular crystallography programmes got established in his laboratory and in the country.
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1. Introduction
Our laboratory is now perhaps best known for 
macromolecular crystallographic work, with particular 
reference to lectins and mycobacterial proteins. However, 
here we shall discuss programmes which preceded those 
on these two groups of proteins. These were mostly 
concerned with small molecules and encompassed 
(a) structure and interactions of non-steroidal anti-
infl ammatory drugs, (b) crystalline complexes involving 
amino acids and peptides and (c) ionophores and peptides. 
In this paper, the fi rst two of these will be discussed. The 
work on protein hydration and its consequences, which 
turned out to be the fi rst macromolecular crystallographic 
effort in the laboratory to yield substantive results will 
also be covered. Molecular interactions and hydration 
are central to biology and chemistry and efforts outlined 
here address some fundamental issues.

2. The Approach Involving Crystalline 
Complexes

The programmes involving interactions between small 
molecules were planned in a specifi c context. The author 
re-joined the Indian Institute of Science, Bangalore, in 
early 1971 after a post doctoral stint in Dorothy Hodgkin’s 

Laboratory at Oxford. He had worked on the crystal 
structure of insulin and was involved in its solution. 
Insulin was among the fi rst few proteins to be X-ray 
analysed. A couple of other Indians had earlier worked 
in protein crystallographic projects abroad, but the author 
was the fi rst macromolecular crystallographer to return 
to India. On his return, he would have liked nothing 
better than to initiate macromolecular crystallography 
in India. However, time was not propitious then for 
doing so. Money was in short supply. The awareness of 
the importance of the area among biological chemists 
was not strong enough to engender collaboration. 
Therefore, while waiting for the time to ripe for initiation 
of macromolecular work, it was important to devise a 
programme which is idea-based, inexpensive and not 
technology intensive.

 X-ray crystallography is the method of choice for 
determining the structure of molecules. By the early 
seventies, the method found widespread application for 
determining the structures of small molecules, although 
it had not become as routine in relation to such molecules 
as it is today. The basic novelty in our approach was the 
extensive use of the method as a tool for determining 
interactions between molecules. This involved the 
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preparation of (mainly binary) crystalline complexes 
of molecules. The rate-limiting step in this effort is 
the actual preparation of the crystals of the complexes. 
Growing crystals of single compounds itself is often 
diffi cult. Preparation of crystals involving more than 
one compound is all the more diffi cult. However, the 
diffi culty is the same whether one is in California or at 
Bangalore. Once the crystals are made, the X-ray work 
on them required only readily available technology. The 
major intellectual effort was in interpreting the results. 
Here again, availability of funds or technology is not 
the major factor. Thus it appeared that the approach 
involving crystalline complexes was well-suited for the 
comparatively diffi cult conditions that then existed in 
the country.

3. Complexes Involving Aspirin-Like Drugs

3.1 Effect of Interactions on Molecular Geometry 
The approach outlined above was fi rst applied to systems 
involving non-steroidal anti-inflammatory drugs, 
sometimes described as aspirin-like drugs. That was a time 
when it was discovered that these drugs acted by inhibiting 
prostaglandin biosynthesis [1]. The work was initiated 
in the laboratory by Tej Pal Singh, the fi rst graduate 
student of the author, who is currently a Vice-President 

of INSA. Two more students subsequently worked on 
these systems. It is not intended to go through the whole 
work here, but only a couple of representative examples 
from Tej Pal’s doctoral work will be touched upon. The 
examples are chosen in order to illustrate the chemical 
consequences of intermolecular interactions and not from 
a pharmacological or biological point of view.

 The fi rst example involves a comparison between 
antipyrine (1-phenyl-2,3-dimethyl -5-pyrazolone) [2] 
and its complex with salicylic acid, called salipyrine 

[3] (Figure 1). The complexation in the latter involves a 
hydrogen bond between the hydroxyl group of salicylic 
acid and the carbonyl group of antipyrine (Figure 1(a)). 
This interaction affects the hybridization state of the 
two ring nitrogen atoms in antipyrine; they become less 
pyramidal and more planar for sound chemical reasons. 
The effect is more pronounced in the metal complexes 
of antipyrine when the carbonyl oxygen coordinates to 
the metal ion [4]. A comparison between the geometries 
of antipyrine when it is free and when it is in a metal 
complex, is illustrated in Figure 1(b). Clearly, the 
increased planarity of the nitrogen atoms, consequent 
to the interaction at the carbonyl oxygen, leads to 
substantial changes in the geometry of the molecule. In 
this respect, nitrogen atom is unique. A carbon atom could 
be tetrahedral or planar. A nitrogen can vary between 
pyramidal and planar states. This variation can have 
substantial geometrical consequences if the nitrogen 
atom is located in the middle of the molecule.

 The second example involves a change in the 
hybridization of a carbon atom in phenylbutazone 
(4-butyl-1,2-diphenylpyrazolidine-3,5-dione) consequent 
to its ionization as a result of interaction with a 
basic molecule [5]. As shown in Figure 2(a), C(4) in 
uncomplexed phenylbutazone is tetrahedral, the molecule 

Figure 1. (a) Structure of salipyrine. Taken from Ref. ]3] (b) Two 
views of the molecule in free antipyrine (solid line) and its metal 
complexes (dashed line). Taken from Ref. [2]

Figure 2. Structure of phenylbutazone in (a) in its crystals and 
(b) in the crystals of its complex with piperazine. Adapted from 
Ref. [5]
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is asymmetric and the two C-O bonds are double. When 
it is complexed with piperazine, C(4) is deprotonated 
and the molecule now carries a negative charge. The two 
carbonyl groups and C(4) now form a delocalized system. 
Except for the tail of the butyl group, the molecule now 
has a two-fold symmetry (Figure 2(b)). Here again, there 
is a good example for change in molecular geometry 
brought about by an interaction with another molecule.

4. Crystalline Complexes Involving Amino 
Acids 

A programme on crystalline complexes, which turned out 
to be the main stay of the laboratory for a long period, 
has been concerned with those involving amino acids 
and peptides. Over the years, more than 20 students 
and post-doctoral fellows participated in the effort. 
The students who obtained their Ph.D.s working in 
the programme include Dr. DM Salunke (NII, New 
Delhi) and Dr. CG Suresh (NCL, Pune), while other 
students who contributed the work include Drs. HG 
Nagendra (MVIT, Bangalore), R Ravishankar and JV 
Pratap (CDRI, Lucknow) and N Manoj (IIT Madras). 
Nagasuma Chandra (IISc, Bangalore) and DD Singh 
(IIAR, Gandhinagar) are among the post doctoral fellows 
who participated in the work. The structure, assembly 
and function of proteins critically depend on no-covalent 
interactions. In fact, it is these weak interactions that 
are responsible for the high versatility and subtlety of 
biological systems. Protein crystallography has provided 
a wealth of information on these interactions, but it is 
often diffi cult to defi ne them at the atomic level as most 
protein structures are determined at comparatively low 
resolution. The structures of amino acids and peptides 
can, however, be determined at atomic resolution. So, 
it was hoped, can be the structures of the complexes 
involving them. Thus the initial motivation for starting 
the work on crystalline complexes involving amino acids 
and peptides was to determine, at atomic resolution, the 
geometrical features of the non-covalent interactions 
important in the structure and function of proteins.

 Again, the most diffi cult step in the work was the 
preparation of crystalline complexes. To start with, the 
interaction between the two molecules should be strong 
enough for them to crystallize as a complex. Then the 
crystals should grow to sizes large enough for X-ray 
analysis. Obviously, complex formation would be easier 
if the two molecules have opposite charges. Therefore, 
the fi rst attempts were to study complexes between 
basic amino acids on the one hand and acidic amino 
acids on the other. The fi rst structure to be determined 
was that of a complex between L-lysine and L-aspartic 
acid (L-lysine L-aspartate) [6]. Soon afterwards, the 
structures of L-arginine L-glutamate [7] and L-histidine 
L-aspartate were also determined [8]. In an attempt to 

begin to explore interactions between proteins and other 
molecules, the structures of L-arginine ascorbate [9] and 
L-serine ascorbic acid [10] also were determined.

4.1 Implications to Chemical Evolution and Origin 
of Life

While the work on the complexes was gathering 
momentum, Cyril Ponnamperuma, the renowned expert 
on chemical evolution and origin of life, visited the Indian 
Institute of Science in 1978 on a sabbatical. He gave a 
series of exciting lectures at the Institute and took part in 
several discussions. Also, a symposium centred around 
him was organized at Hyderabad by Pushpa Bhargava and 
the late PK Bhattacharya. The meeting was attended by a 
cross section of scientists and was extremely stimulating. 
It was discussions at these meetings and the lectures 
of Ponnamperuma that prompted us to look for the 
evolutionary implications of the work on complexes.

 It is believed that the earth originated some 4.5 
billion years ago. It must have taken several hundred 
million years for the earth to cool down suffi ciently 
to support water. There is evidence to believe that life 
existed on earth some 3.5 to 3.8 billion years ago [11]. 
Thus on a geological time scale, life must have arisen 
in a comparatively short span of time. The origin of life 
must have been preceded by chemical evolution which 
must have consisted of the following stages.
• Abiotic Organic Synthesis
• Sequence Specifi c Polymerization
• Chiral Selection
• Emergence of the First Self–Replicating Systems

 No direct evidence of this phase of geological history 
exists. We have to employ simulation experiments, 
informed speculation, evidence from meteorites etc. to 
produce even a blurred picture of chemical evolution. 
The clearest part of this blurred picture is concerned with 
the fi rst stage, based on the Oparin-Haldane hypothesis 
and Urey-Miller type experiments under conditions 
which simulate those that existed on the primitive earth 
[12]. The experiments suggest that simple amino acids, 
carboxylic acids and such other small molecules could 
have formed in the primitive non-oxygenous atmosphere 
with energy inputs from UV radiation (no ozone layer 
existed then), lightning, volcanic eruptions etc. Similar 
compounds were found in several meteorites as well 
[13,14]. Some organic compounds have been detected 
in interstellar space also [15,16]. Thus, spontaneous 
generation of organic compounds, including some 
molecular alphabets of life, appears to be a universal 
phenomenon.

 Incidentally, ‘the RNA world’ is a popular hypothesis 
in relation to chemical evolution and origin of life. An 
RNA world may or may not have existed at some stage 
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of the process, but could not have at the beginning. 
What occurs spontaneously and copiously in simulated 
experiments and meteorites, and to some extent in the 
interstellar space, are simple amino acids, carboxylic 
acids and other small compounds. Therefore, it is 
reasonable to assume that these must have been made 
use of in the early stages of the process.

 Once monomeric units such as amino acids are 
generated spontaneously, they should subsequently 
condense in an abiotic environment to form meaningful, 
sequence-specifi c polymers. These polymers and other 
relevant molecules should come together to form 
primitive replicating systems. In the meantime, chiral 
selection must also have taken place. The processes by 
which the primitive chirally pure self-replicating systems 
arose from a milieu of racemic mixtures of simple 
molecules, constitute the least understood link in the 
evolutionary history of the biosphere. The evolutionary 
implications of our work on complexes pertain to the 
possible role of molecular interactions and aggregation 
in these processes.

 Formation of polymers from monomers in prebiotic 
situation involves condensation without enzymes. The 
role of small condensing agents have been explored 
[17-20]. Also explored is the condensation of amino 
acids adsorbed on clay particles [21-24]. It has also been 
shown that mixtures of amino acids could polymerise, 
probably with non-random sequences, on heating [25-
27] or in the presence of condensing agents [20,28]. In 
any case, a precondition for condensation under non-
enzymatic conditions is the proximity and the favourable 
juxtaposition of the reacting groups. It was found that 
such an arrangement occurs in the crystalline complexes 
studied in our laboratory. That was the beginning of our 
interest in chemical evolution [29].

 The arrangement referred to above can be clearly 
seen in the crystal structure of L-arginine-L-glutamate, 
shown in Figure 3. The structure is made up of alternating 
layers of arginine and glutamate. In both layers, the 
molecules exist in head-to-tail sequences of the type

…NH3
+-CHR-COO–… NH3

+–CHR-COO–…NH3
+-

CHR-COO–…

in a peptide-like arrangement. The arrangement is clearly 
seen in the arginine layer in Figure 3. The sequence runs 
perpendicular to the plane in the glutamate layer. Thus 
in the complexes, amino acids arrange in a way that 
facilitates polymerization with high proximity and the 
correct juxtaposition of the reacting groups.

 Subsequent careful analysis of all the crystal 
structures involving amino acids showed that head-to-tail 
sequences are an intrinsic feature of their aggregation in 
the crystals [30]. They form specifi c geometrical patterns 
which can be broadly classifi ed into straight, zigzag and 
DL, as illustrated in Figure 4. Two straight sequences 
co-exist in the crystals of most hydrophobic amino acids 
while a straight sequence and a zigzag sequence co-exist 
in those of most hydrophilic amino acids (Figure 5). The 
geometry of amino acid aggregation, with head-to-tail 
sequence as its central feature, is thus infl uenced by the 
chemical nature of the side chain, indicating the intrinsic 
capacity of self-ordering of non-random sequences in 
non-enzymatically formed polypeptides. Subsequent 
analysis showed that head-to-tail sequences are the most 
important feature of peptide aggregation also [31,32]. 
Seven distinct aggregation patterns could be predicted 
for the dipeptide involving the simplest chiral amino acid 
L-alanine, namely L-alanyl-L-alanine, with head-to-tail 

Figure 3. Crystal structure of L-arginine-L-glutamate as viewed 
along the a axis

Figure 4. Schematic representation of (a) straight, (b) zigzag, and 
(c) DL head-to-tail sequences

Figure 5. Combinations of (a) two straight sequences, and (b) a 
straight sequence and zigzag sequence
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sequences as the central feature. An example of such 
a pattern is illustrated in Figure 6. Most of the known 
crystal structures of dipeptides could be explained in 
terms of these patterns even when the side chains are 
larger, polar or charged and when other components 
such as water molecules are present in the crystals. Thus, 
interactions involving main chain atoms, particularly the 
terminal amino and carboxylic groups, determine the 
patterns of peptide aggregation.

 To sum up, amino acids and peptides arrange 
themselves in such a way as to promote polymerisation. 
Patterns which repeatedly occur in crystals tend to occur 
in solution as well. It was also possible to demonstrate 
that the proximity between the α-amino and the 
α-carboxylate groups is not caused exclusively by ionic 
forces. The geometry of and the electronic distribution in 
the molecules are such that the two groups tend to come 
close to each other. This propensity is likely to have been 
made use of in prebiotic polymerisation.

 Chirality is an intrinsic feature of biomolecules. 
Proteins are exclusively made of L-amino acids (and 
glycine which is optically neutral) while nucleic acids 
contain exclusively D-sugars. However, in abiotic 
synthesis, L-and D-isomers occur in equal measure. 
How were L-amino acids and D-sugars chosen in living 

organisms instead of D-amino acids and L-sugars? This 
is the problem of chiral selection. Several theories have 
been put forward to explain chiral selection [33-36], 
but none of them have found universal acceptance. Our 
foray into the debate was facilitated by the observation 
that a crystalline complex was formed when L-histidine 
and L-aspartic acid were put together; the same thing 
happened when D-histidine and D-aspartic were used 
for co-crystallization. The components crystallized 
out separately when L-histidine and D-aspartic acid 
or D-histidine and L-aspartic acid are put together in 
crystallization experiments. These results clearly showed 
that chiral discrimination could be achieved through 
intermolecular interactions. The choice of histidine as 
the basic amino acid in these experiments was fortunate. 
Histidine is not as strongly basic as arginine or lysine and 
in the case of histidine the ionic force does not overwhelm 
subtle chiral effects.

 Since then several amino acid-amino acid complexes 
of mixed chirality were prepared and X-ray analysed 
[37-41]. Those involving arginine and glutamate 
provide a good example to illustrate an important result. 
Schematic representations of the aggregation patterns 
in the complexes between L-arginine and L-glutamate, 
L-arginine and D-glutamate, and DL-arginine and 
DL-glutamate are given in Figure 7. Clearly, the LL 
arrangement is likely to lead to clean peptides. In the 
LD arrangement there are interconnections between 
neighbouring head-to-tail sequences and these may lead 
to cross connections between peptides. The regularity 

Figure 6. One of the seven predicted aggregation patterns for 
dipeptides

Figure 7. Schematic representations of the aggregation pattern in 
the LL, LD and DL-DL complexes between arginine and glutamic 
acid. L and D molecules are coloured differently
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of head-to-tail interactions are lost in the DL-DL 
arrangement which could lead to a jumble of cross 
connections in the resulting polymer. In addition to their 
possible implications to chemical evolution, these results 
show that chirality can profoundly affect molecular 
aggregation.

 Many of the interactions found in the crystal 
structures considered here are substantially ionic in 
nature. However, there is a fundamental difference 
between ionic forces in inorganic materials and those 
in organic, particularly biological, materials. In the 
former, ionic forces are non-directional and the primary 
determinant of structural patterns is close packing. 
The situation is different in organic materials. Ionic 
interactions in them are almost always accompanied 
by hydrogen bonds and the geometry of the interacting 
groups is such as to maximize hydrogen bonding 
possibilities. Furthermore, the charge distribution in ionic 
functions such as guanidinium and carboxylate groups 
are highly asymmetric. Consequently, ionic interactions 
in organic systems are generally highly directional.

 The directionality of interactions also raises the 
possibility of specifi city. An interaction is not specifi c 
when it involves only one hydrogen bond as the two 
groups can rotate about that bond while keeping it intact. 
However, the interaction is specifi c when it involves two 
or more hydrogen bonds. For example, the guanidyl group 

of arginine can form four different specifi c interactions 
[42], illustrated in Figure 8, with the carboxylate group. 
All of them are realized frequently in crystal structures. 
The geometry of the amino group, as in the side chain of 
lysine, is such that it cannot form specifi c interactions. 
But they can form characteristic interaction patterns 
[39,43], some examples of which are given in Figure 9.

 Thus functional groups in biomolecules and 
biological monomers have propensities to form specifi c 
interactions and characteristic interaction patterns. The 
propensities could be weak, but they exist all the same. 
It is a combination of weak propensities, that leads to 
subtlety and complexity in multi-molecular systems 
which often self assemble. The fi rst self-replicating 
systems must have arisen through a self-assembly 
processes and the interaction propensities of the type 
outlined above could be important in these process.

4.2 Further Studies Involving Carboxylic Acids
In the early stages of the work on crystalline complexes, 
the emphasis was primarily on those among amino acids 
and peptides themselves [44,45]. Then it was felt necessary 
to also include in the effort other small biomolecules 
that are believed to have existed in the prebiotic milieu. 
The emphasis in this respect was particularly on small 
carboxylic acids. In view of the relevance of the work to 
supramolecular association, eventually the programme 
was expanded to encompass a series of carboxylic and 
dicarboxylic acids shown in Figure 10. Complexation and 
X-ray studies of these compounds with the three basic 
amino acids and a couple of peptides were attempted. 
Wherever possible complexes of L and D isomers of 
the same amino acid were studied simultaneously. X-ray 
studies on these complexes enriched the leads provided 
earlier on head-to-tail sequences, chiral discrimination, 
specifi c interactions and interaction patterns [46-71].
Furthermore, they produced a rich fare of results on 
molecular sociology and supramolecular association.

 The crystal structures of the complexes of histidine 

Figure 8. Schematic representations of different possible specifi c 
interactions between guanidium and carboxylic groups

Figure 9. Schematic representations of some characteristic 
interaction patterns involving amino and carboxylate groups Figure 10. Carboxylic acids used for complexation
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(a) (b) (c)

(d) (e)

and glycolic acid were particularly interesting in relation 
to chiral separation [57]. Crystallization experiments 
involving DL-histidine and glycolic acid yielded not 
only crystals of DL-histidine glycolate but also those 
of L-histidine glycolate and D-histidine glycolate. To 
the best of our knowledge, this is the fi rst example of 
chiral separation achieved through interaction with an 
achiral molecule. Furthermore, the crystal structures 
of DL-histidine glycolate and L-histidine glycolate, 
given in Figure 11, provide a structural explanation 
for this separation. In the former, the unlike molecules 
aggregate into separate alternating layers. The crystals of 
L-histidine glycolate is made up of columns consisting of stoichiometry of association. Complexes involving 

succinic acid provides a good example for such 
variability. It exists in four different ionization states in 
the complexes (Figure 12), including a dimeric species. 
The complexes exhibit a variety of stoichiometries listed 
in Table 1. These stoichiometries have profound effects 
on molecular aggregation as well.

 In spite of the variability in the chemical structures 
of the carboxylic acids used, the aggregation patterns in 

Figure 12. Different ionization states of succinic acid observed 
in complexes

Figure 11. Crystal structures of (a) DL-histidine glycolate, and 
(b) L-histidine glycolate

tightly interacting histidinium and glycolate ions. Here 
the interaction between the molecular ions within the 
column is stronger than that between columns. Thus the 
interaction between unlike molecules is stronger when 
the amino acid is a pure isomer than when it exists as a 
racemate. That appears to be the reason for the observed 
chiral separation.

 Another observation pertains to the variability of 
the ionization state of the component molecules and 

Table 1. Composition of complexes involving succinic acid

Complex with I II III IV H2O
DL-arginine – – 1/2 – 2
L-arginine 1/2 – 1/2 – 1
DL-lysine 1/2 – 1/2 – –
L-lysine form I – 1 – – –
L-lysine form II 1/4 – 1/2 1/4 –
DL-histidine – – 1/2 – 2
L-histidine – 1 – – 3
DL-proline 1/2 – – – –
Glycyl-L-histidine – 1 – – 1

Figure 13. A basic element of amino acid aggregation in 
DL-arginine complexes with (a) formic acid, (b) acetic acid, 
(c) glutaric acid and (d) pimelic acid. Taken form Ref. [68]

Figure 14. Dimers that involve an antiparallel arrangement in 
the structures in the complexes of DL-arginine with (a) oxalic, (b) 
malonic and (c) succinic acids and (d) DL-glutamate, and in the 
structure of (e) DL-arginine dehydrate. Type A specifi c interactions of 
the guanidyl groups are seen in four of them. Taken from Ref. [67]
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their complexes exhibit common features. For instance, 
a feature which occur in the arginine complexes of 
formic acid, acetic acid, glutaric acid and pimelic acid 
is shown in Figure 13. The difference in the lengths of 
the glutarate and the pimelate ions are accommodated 
through changes in the conformation of the carbon 
skeleton. In the acetate, two acetate ions take the role of 
a single dicarboxylate ion. A similar pattern is observed 
in the complex involving the smaller formate ion, but the 
gap in the middle of the feature is fi lled with two water 
molecules. Variations of essentially the same pattern 
of dimerisation of arginium ions observed in several 
complexes are given in Figure 14. What are provided 
here are just two examples of common features. There 
are many more. Different aggregation patterns observed 
in the crystal structures can also be elegantly rationalized 
in terms of the chemical nature and the size of the 
component molecules. 

5. Hydration, Plasticity and Protein Action 

5.1 Water-Mediated Transformations
The programme on protein hydration and its consequences 
was initiated consequent to the accidental discovery of a 
water-mediated transformation in a new crystal form of 
ribonuclease A [72]. Transformation of this type could 
be subsequently demonstrated in the well known form of 
ribonuclease A and three crystal forms of lysozyme as well 
[73]. These crystals undergo reversible transformations 
when the environmental humidity around them is varied 
with changes in the water content of the crystals (Figure 
15). This is possible as a substantial part of protein 
crystals is made up of aqueous solvent. The stability of 
the crystal is retained, except in modern low temperature 
experiments, by mounting it in a capillary and sealing the 

capillary at both ends, with a drop of solvent at one end 
of the sealed capillary. The relative humidity (r.h.) inside 
the capillary around the crystal is then nearly 100%. The 
r.h. can be maintained at desired levels by replacing the 
solvent with appropriate concentrated salt solutions. 
This has been the routine approach used for exploring 
water-mediated transformations. Such transformations 
result not only in change in solvent content, but also in 
the crystal structure as evidenced by differences in the 
diffraction pattern (Figures 16 and 17). In fact, the quality 
of the diffraction pattern improves in the low humidity 
form of monoclinic lysozyme compared that in the native 
form [74]. This lead has been subsequently used by others 
to improve the quality of diffraction.

 Transformations of the type characterized by us 
have been observed earlier in hemoglobin and they 
have been used by Perutz and others to estimate the 
phase angles of some axial refl ections [75-77]. Protein 
crystallography was then at its infancy and their full 
structural ramifi cations were not explored. However, 
three decades later, it was possible to systematically 
make use of these transformations for thorough structural 
explorations. Structural studies on low humidity forms, 
along with other investigations, were used to explore 
the plasticity of the molecule, invariant water molecules 
associated with the protein structure, relation between 
hydration and protein action, and the role of hydration 
in protein stability. DM Salunke initiated the work, 
although his Ph.D. thesis was concerned with amino acid 
complexes. Other students, working in other areas, who 
contributed to the effort include CG Suresh and Sunando 
Datta (slated to join IISER, Bhopal). HG Nagendra and 

Figure 15. Variation of unit cell volume (solvent content) as 
a function of relative humidity in different crystal forms of (a) 
ribonuclease A and (b) lysozyme.

Figure 16. Comparable diffraction patterns from the native and 
the low humidity forms of monoclinic lysozyme

Figure 17. A schematic representation of water mediated transfor-
mations in protein crystals. Dots represent water molecules.
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BK Biswal (NII, New Delhi) are among the students who 
obtained their doctorates working in the area. The post 
doctoral Fellows who made signifi cant contributions to 
the effort include KV Radhakishan (GVK Biosciences, 
Hyderabad), C Sudarsana Kumar (MG University, 
Kottayam), Nagasuma Chandra, C Sadasivan (Kannur 
University) and R Krishna (Pondicherry University).

5.2 Rigid and Flexible Regions, Invariant Water 
Molecules, Enzyme Action and Structural 
Stability

Each globular protein is endowed with a characteristic 
three-dimensional structure as, to use an imperfect 
anology, each animal is. However, different regions of 
the molecule have different extents of fl exibility. Using 
different native crystal forms of the protein and the 
low humidity (LH) forms, it was possible to achieve 
a rough and ready estimate of the relatively rigid and 
fl exible regions of the molecules of lysozyme [78] and 
ribonuclease A [79] (Fig 18). Water molecules that 
surround a protein molecule is referred to as its hydration 
shell. The comparison of different crystal structures of 
the same protein, referred to above, also permits the 
identifi cation of invariant water molecules which exist 

at nearly the same location in all crystal forms. Some 
of these invariant waters are important in holding the 
structure together (Figure 19) while some others occur 
at the active site and are believed to be functionally 
important (Figure 20).

 An interesting result to emerge from the studies is 
the observation that the structural changes that occur in 
the protein molecule during partial dehydration (derived 
through comparison between the native and the LH 
forms) are similar to those that occur during protein 
action derived from comparison between the native and 
inhibitor-bound structures [80-82]. That establishes a 
relation among plasticity, hydration and action. It has 
been demonstrated earlier that in order for lysozyme to 
be active, it should be surrounded by at least 0.22 gms 
of water per gram of the protein. We could produce a 
LH crystal form of lysozyme with a water content as 
low as 9.5 % [83]. This form thus has an intact molecule 
without activity and hence permits the identifi cation of 
the possible determinants of activity. The active site 
cavity in the very low humidity form was substantially 
smaller than that in the native structure (Figure 21). Also, 
the water network in the active site had substantially 
collapsed (Figure 22). Thus, drastic dehydration results 
in the removal of a substantial number of water molecules 
from the binding sites which, perhaps among other things, 
results in a smaller binding site which can no longer 
accommodate the substrate.

Figure 18. Comparatively rigid (green) and fl exible (red) regions 
in (a) lysozyme and (b) ribonuclease A

Figure 20. Water molecules (green balls) in the binding site of 
lysozyme. Large balls represent invariant water molecules

Figure 19. A network containing invariant water molecules 
involved in stabilizing a region of the lysozyme molecule. Taken 
from Ref. [78]

Figure 21. Accessible regions in the binding site of lysozyme in 
(a) a structure with normal solvent content and (b) the very low 
solvent content form. Taken from Ref. [83]
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Hydration is also believed to be important in the 
stabilization of protein structure. It has been suggested 
that additives such as sugars and polyols exert their 
stabilizing effect through modifi cation of the hydration 
shell of the protein [84-87]. However, near atomic-level 
understanding of the postulated re-organisation of the 
hydration shell caused by the additives does not exist. 
Therefore detailed thorough controlled crystallographic 
investigations were carried out on tetragonal and 
monoclinic lysozyme grown in the presence of varying 
concentrations of sugars and polyols [88,89]. The results 
of these investigations indicate the decreased mobility of 
the proteins in the presence of these additives. However, 
the additives do not appear to cause any appreciable 
rearrangement of ordered water molecules attached to 
the protein. Thus, the basis of the stabilizing effects of 
polyols, sugars etc. should perhaps be sought beyond the 
fi rst hydration shell of the protein.

5.3 Partial Dehydration and Loop Enclosure
β-Lactoglobulin, a milk protein, is among the first 
proteins to be crystallized, although its structure became 
available only in the nineties. The barrel like protein 
has a hydrophobic pocket, which binds hydrophobic 
molecules such as fatty acids and retinol [90-92]. The 
protein exists as a dimer. There is a loop at the mouth 
of the hydrophobic pocket in each subunit. The lid is in 
the closed conformation at acidic pH and in the open 
conformation at basic pH. The loop movement is also 
accompanied by changes in a few residues within the 
subunit and small alterations in the mutual disposition 
of the subunits in the dimer. It was of interest to see how 
these movements are affected by change in the level of 
hydration.

 Crystals of β-lactoglobulin were grown close to 
neutral pH in a condition where the loops are open 

[93]. The crystals undergo a reversible water-mediated 
transformation with loss of solvent when the environmental 
humidity is lowered. Interestingly, one of the subunits 
essentially retains its open conformation although it 
moves slightly towards the closed conformation, while 
the other is half-closed in the low humidity form (Figure 
23) [94]. The dimer thus becomes asymmetric, which 
is very unusual. The mutual disposition of the subunits 
in the dimer is halfway between those in the fully open 
and fully closed structures. The binding of ligand in the 
pocket would involve closure of the loop. Thus, the work 
on β-lactoglobulin further demonstrates that the structural 
changes that occur during partial dehydration could 
mimic those that occur during the action of proteins.

5.4 Ensembles of Allosteric States and Effect of 
Hydration on Them

Hemoglobin is a more complex protein than lysozyme, 
ribonuclease A and β-lactoglobulin. The monumental 
work of Perutz has established the essential structural 
rationale for the allosteric mechanism of the action of 
this oxygen carrier [95,96]. The mechanism is based 
on the equilibrium between a relaxed state (R) and an 
unliganded tense state (T). The iron in the heam group 
in each subunit of the tetrameric protein is ferrous in the 
T state and when the ligand is an oxygen molecule in the 
R state. When the iron is ferric, as in methemoglobin, 
the molecule exists in the relaxed state irrespective of 
whether it is liganded or not. The difference between R 
and T lies primarily in the quaternary structure, namely, 

Figure 22. Water molecules in the binding site of the very low 
solvent content form of lysozyme. Taken from Ref. [83]. This Figure 
may be compared with Figure 20

Figure 23. Superposition of a β-lactoglobulin subunit in the open 
conformation and that in a half-closed conformation (green). The 
EF loop which closes is indicated
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Figure 24. Schematic diagram showing the movement of the α2β2 
dimer in hemoglobin relative to the α1β1 dimer on going from the 
T state (thick line) to the R state (dotted line). Taken from Ref. 
[100] as adapted from Ref. [97]

the mutual disposition of subunits in the tetrameric 
molecule (Figure 24) [97]. The subunits themselves 
remain comparatively unchanged although there are 
differences in the neighbourhood of the oxygen binding 
region and the “switch” region. Subsequently, another 
relaxed state called R2 state was characterized [98] 
which is farther away in structure from the T state than 
the R state is.

 Our own efforts involved human met, oxy- and 
deoxyhemoglobin and horse methemoglobin. The 
work in our laboratory represents the fi rst structure 
determination of human methemoglobin. The crystals of 
human methemoglobin became unstable even at a slight 
reduction in environmental humidity. However, the native 
crystal structure led to interesting results [99]. There were 
three crystallographically independent molecules in the 
structure. Each of the three had a quaternary structure 
in between those corresponding to R and R2 states. 
This result contributed to the demonstration that there 
exists an ensemble of relaxed states and not a couple of 
discrete states. The structure of oxyhemoglobin remains 
relatively unchanged at different levels of hydration 
[100]. The native T-state human hemoglobin has one 
crystallographically independent molecule in its crystals. 
On reduction of environmental humidity, the crystals 
transform into a form made up of two independent 

molecules [100]. The two have slightly, but signifi cantly, 
different conformations indicating, for the fi rst time, that 
structural variations are possible in T state hemoglobin as 
well. Thus, relaxed as well as tense states of the molecule 
appear to be made up of ensembles of structures.

 The original, legendary efforts of Perutz and his 
associates were on horse hemoglobin. Subsequently, 
attention shifted to the protein from other sources, 
particularly that from humans. The R2 state was fi rst 
characterized in human hemoglobin. It was interesting to 
explore if the variability of the type exhibited by the human 
protein is possible in the relaxed state horse hemoglobin 
also. A new crystal form of horse methemoglobin was 
grown form a low ionic strength medium at neutral pH. 
The crystals studied originally were obtained from a 
solution with high salt concentration. The structure of the 
new crystal form was determined at different levels of 
hydration [101]. The structure does not undergo a water-
mediated transformation, but the quality of diffraction 
improved with reduction in the solvent content. More 
importantly, the hemoglobin molecule in the crystals has 
a conformation nearly half way between those in the R 
and R2 states. This is the fi rst observation of a state other 
than R in relaxed horse hemoglobin. This strengthened 
the earlier observation that relaxed and tense hemoglobin 
can accesses ensembles of states.

 Finally, armed with the current detailed understanding 
of R and T states, the decades old experiments involving 
dehydration of hemoglobin by Perutz and colleagues 
were revisited. For this purpose, horse methemoglobin 
crystals were prepared in the same way as they did from 
high salt solutions [102]. The structures were determined 
at relative humidities of 88, 79, 75 and 66% [103].
The crystals undergo a water-mediated transformation 
between relative humidities of 79% and 75%. When 
the water content is reduced from the original value 
to that in the r.h. 79% form and when it is reduced in 
the low humidity form at r.h. 75% to that at r.h. 66%, 
the molecular structure shifts from the R state towards 
the R2 state. It is suggested that R is an intermediate 
state between T and R2, a terminal relaxed state. The 
observation of the shift mentioned is in agreement with 
the earlier conclusion that the changes in protein structure 
that accompany partial dehydration are similar to those 
that occur during protein action.

6. Concluding Remarks 
Much of the work discussed in this paper was started at a 
time when, under the prevailing conditions of comparative 
scarcity, when the author could not do what really what 
he wanted to do, namely, launching macromolecular 
crystallography efforts in the country. The work then had 
to be idea-based and not technology intensive. It actually 
addresses basic issues such as molecular interactions and 

α2α2

α1

β2

β1

θ2
θ1

β2

P

Y

Q



104 M. Vijayan

hydration. The results turned out to be so exciting that 
the author continued to work on these issues even after a 
full-blown macromolecular crystallography effort (in his 
personal research, primarily on lectins and TB proteins) 
got established in the country.

 In studies involving crystalline complexes, the 
author and his colleagues enjoyed the game of molecular 
match making and watching how one molecule behaved 
in the company of another. Even when dealing with 
simple molecules, the behaviour could be complex 
and on unexpected lines. The implications of our 
work to chemical evolution and origin of life were 
novel, exciting and eminently satisfying. The work 
contributed substantially to the currently vibrant area of 
supramolecular association, I think even before the area 
began to be described thus.

 The approach involving water-mediated trans-
formations is characterized by considerable novelty. It 
helped in delineating the rigid and fl exible regions of 
the protein molecule and in identifying the invariant 
features in its hydration shell. An associated effort 
helped in excluding an apparently obvious possibility 
in relation to the role of additives in stabilizing protein 
structure. It was possible to show that structural changes 
resulting from partial dehydration mimic those that occur 
during protein action, thus establishing a relation among 
hydration, plasticity and protein action.

 Lastly and perhaps most importantly, many students 
and post-doctoral fellows involved in the work presented 
here, like many others who have worked in other projects 
in my laboratory, currently lead structural biology 
laboratories in different parts of the country.
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