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A: STRUCTURAL BIOLOGY OF PLANT LECTINS 

Lectins are proteins that exert their biological effects through specific recognition 
of diverse sugar structures. They have received considerable attention in recent years on 
account of their ability to specifically bind glycoproteins and cell surface carbohydrates 
that play an important role in biological recognition. This ability has led to their wide 
spread use, current and potential, in biological research and medicine. Originally isolated 
from plants, they are found in animals, plants, bacteria and viruses. They assume widely 
different tertiary and quaternary structures, the only common feature shared by them 
being the ability to specifically bind different carbohydrates. Plant lectins themselves 
belong to five distinct structural classes in terms of the folding of the polypeptide chain. 
The structure and carbohydrate specificity of four of these five classes, have been studied 
in a long-term multidisciplinary collaborative programme on lectins.  
 
Peanut lectin: Open quaternary structure, water-bridges as a strategy for 
generating carbohydrate specificity, dynamics of protein-carbohydrate interactions 
and structural plasticity. (M. Vijayan, A. Surolia and K. Suguna) 
 The first lectin to be X-ray analysed at the Molecular Biophysics Unit, indeed the 
first new protein to be studied using protein crystallography in India, was peanut 
agglutinin (PNA). The lectin is non-glycosylated and homotetrameric. It is specific to 
galactose at the monosaccharide level. It binds the tumor-associated T-antigenic 
disaccharide Galβ1-3GalNac strongly and with high specificity. The structure solution of 
the protein turned out to be extremely difficult on account of its unusual quaternary 
structure, as we know in retrospect. The structure of its complex with lactose was 
eventually solved de novo using the multiple isomorphous replacement method in the 
early nineties and the first results published in 1994. 
 The subunit of the lectin has the well-known legume lectin fold. The most 
interesting and novel feature of the peanut lectin molecule is its unusual quaternary 
structure. Contrary to expectation on the basis of well-established principles of 
quaternary association and unlike other well-characterised tetrameric proteins with 
identical subunits, peanut lectin has neither 222 nor fourfold symmetry and therefore has 
an ‘open’ structure. The peanut lectin molecule is a dimer of a dimer. However, the mode 
of dimerisation in PNA is different from the ‘canonical’ mode observed in lectins such as 
concanavalin A. It has been suggested earlier that departures from the canonical mode, 
when they occur, are caused by interactions involving covalently bound sugar. PNA is 
non-glycosylated and the observation of the non-canonical mode in it demonstrates that 
the variability in quaternary association in legume lectins is not necessarily caused by 
covalently bound carbohydrate. 

In addition to that involving lactose, complexes of PNA with T-antigen, C-
lactose, methyl-β-galactose and N-acetyllactosamine were also prepared and analysed. 
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The structure of the T-antigen complex is particularly interesting. The direct interactions 
of T-antigen and lactose with the lectins are the same, although T-antigen binds to PNA 
nearly 20 times as strongly as lactose does. The main additional interactions in the T-
antigen complex are two water bridges between the lectin and the acetamido group of the 
second ring in the sugar. Thus the specificity of PNA for T-antigen is generated 
essentially by two water mediated hydrogen-bonded interactions, a point of considerable 
general interest. The other complexes also point to the importance of water molecules at 
the binding site. The complexes also provide a structural rationale for the affinities of the 
lectin for different sugars. 
 The above structure analyses were carried out at neutral pH. Structure analysis of 
the crystals of the PNA-lactose complex grown at pH 4.6 shows that the unusual open 
quaternary structure of the lectin is retained at acidic pH. The combining sites of some of 
the subunits in the crystals are bound to a peptide stretch in a loop from a neighbouring 
molecule. Following this lead, crystals of PNA were grown in the presence of peptide 
fragments corresponding to this loop, with and without lactose in the crystallizing 
medium. The structures of these crystals and those studied earlier provide views of the 
molecule in crystals grown under widely different environmental conditions. These 
structures have been used to explore the plasticity and hydration of the molecule. The 
molecule is relatively sturdy and unaffected by environment or ligand binding. The 
relatively flexible regions include the sheet involved in quaternary association, which is 
highly variable, and the carbohydrate binding loops. Small consistent movements occur 
in the combining site upon sugar binding, although the site is essentially preformed. 
 In a comparatively novel approach, detailed molecular dynamics calculations 
were carried out as an adjunct to crystallographic studies. These MD simulations brought 
to light ensembles of direct and water-mediated protein-sugar interactions in both the 
cases. These ensembles provide a qualitative explanation for the temperature dependence 
of thermodynamic parameters and results of some mutational studies. They also support 
the earlier conclusion that the increased affinity of peanut lectin for T-antigen is caused 
by water bridges. 
 
Winged bean lectins: insights into quaternary association and blood group 
specificity (K. Suguna, M. Vijayan and A. Surolia) 
 Winged bean contains two agglutinins, one basic (WBAI) and the other acidic 
(WBAII). Both are dimeric, Mr 58000, and are highly homologous to each other. The 
crystal structures of their complexes with methyl-α-galactose were determined. The 
lectins form non-canonical dimers of the type found in Erythrina corallodendron lectin 
(Ecorl) even though glycosylation, unlike in Ecorl, does not prevent the formation of 
canonical dimers. The structures thus further demonstrate that the mode of dimerisation 
of legume lectins is not necessarily determined by covalently bound carbohydrate, but is 
governed by factors intrinsic to the protein. 
 WBAI is highly specific to blood group A1 substances and moderately so to A2 

and B substances, but does not recognize O substances. On the other hand, WBAII 
exhibits stronger affinity to O-type erythrocytes. This difference in blood group 
specificity could be neatly explained in terms of the increased length of one of the 
carbohydrate binding loops in WBAI. 
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Quaternary structure and glycosylation: direct evidence from the structure of 
recombinant Ecorl (K. Suguna, A. Surolia and M. Vijayan) 
 The effect of glycosylation on the structure of Ecorl has been studied by 
determining the crystal structure of the lectin expressed in bacteria (rEcorl) and 
comparing it with that of the natural form of the lectin. The tertiary and quaternary 
structures of rEcorl are identical to those of Ecorl. Thus the structure conclusively 
demonstrates that, contrary to the earlier suggestion, the quaternary association is 
unaffected by interactions involving covalently linked sugar. The effect of glycosylation 
on the structure is confined to local changes near a glycosylation site. The carbohydrate 
specificity and lectin-carbohydrate interactions are also unaffected by glycosylation. The 
stability and folding pathway of the lectin could, however, be affected by glycosylation.  
 
Variability in quaternary association in legume lectins, its sequence dependence and 
the legume lectin fold. (M. Vijayan, K. Suguna and Nagasuma R. Chandra) 
 The structural work outlined above and the results from other laboratories 
demonstrate that legume lectins constitute a family of proteins in which small alterations 
arising from sequence variations in essentially the same tertiary structure lead to large 
changes in quaternary association. Using a modeling study, the observed modes of 
oligomerisation have been rationalised in terms of hydrophobic surface area buried on 
association, interaction energy and shape complementarity. Variability in the quaternary 
association of homologous proteins is a widely observed phenomenon and this study is 
relevant to the general problem of protein folding.  
 The legume lectin fold widely occurs in proteins. A comparative analysis of 15 
different families containing this fold led to the determination of the minimal structural 
features of the fold. Elaborations on them lead to diversity and ligand specificity. The 
fold has been shown to tolerate different types of protein-protein associations. The 
analysis has led to the suggestion that this fold can be linked to carbohydrate recognition 
in general. 

The diversity in oligomerisation and sugar specificity of legume lectins is 
reflected in their primary structures as evidenced by phylogenetic trees. Dendograms 
based on sequence alignment showed clustering related to the oligomeric nature of 
legume lectins. Though the clustering primarily follows the oligomeric states, it also 
appears to correlate with different sugar specificities indicating an interdependence of 
these two properties. Analysis of the structure based alignment and the alignment of the 
sequences of the carbohydrate binding loops alone also revealed the same features. By a 
close examination of the interfaces of the various oilgomers it was also possible, in some 
cases, to pinpoint a few key residues responsible for the stabilisation of the interfaces.  
 
Jacalin and artocarpin from jackfruit seeds: a new lectin fold and novel strategies 
for generating carbohydrate specificity (M. Vijayan, A. Surolia and K.Sekar) 
 The two lectins from jackfruit seeds have very interesting biological properties. 
Jacalin binds IgA1 and other glycoproteins such as carcinoma related mucins. It is 
selectively mitogenic for human CD4+ T-cells. It also binds the tumor associated T-
antigenic disaccharide. Artocarpin is known to affect T-cell dependant B-cell maturation. 
Both the lectins are tetrameric, Mr 66,000. Each jacalin subunit contains two polypeptide 
chains, a long α- chain and a short β- chain produced by posttranslational proteolysis. 
Artocarpin is a single chain protein. Jacalin is glycosylated while artocarpin is not. The 
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former is galactose specific at the monosaccharide level whereas artocarpin is mannose 
specific. 
 The structure of jacalin was first determined as a complex with methyl-α-
galactose, using the multiple isomorphous replacement method. Each subunit has a three 
fold symmetric β-prism fold made up of three four-stranded β-sheet. This has been the 
first observation of the β-prism I fold in lectins. The structure exhibits a novel 
carbohydrate binding site involving the N-terminus of the α- chain which is generated by 
post translational proteolysis. Thus jacalin revealed post-translational modification as a 
new strategy for generating ligand specificity. 
 The structure of the complex of jacalin with the tumor associated T-antigenic 
disaccharide was analysed next, in view of its diagnostic relevance. Subsequently, the 
structures of the complexes of jacalin with Gal, Me-α-GalNac, Me-α-T-antigen, 
GalNacβ1-3Gal-α-O-Me and Gal1-6Glc (mellibiose), were also determined. The jacalin-
sugar complexes show that the sugar-binding site of jacalin has three components: the 
primary site, secondary site A and secondary site B.  In these structures and in the two 
structures reported earlier, Gal or GalNAc occupy the primary site with the anomeric 
carbon pointing towards secondary site A.  The α-substituents, when present, interact, 
primarily hydrophobically, with secondary site A, which has variable geometry.  O-
H· · · · · π and C-H· · · · · π hydrogen bonds involving this site also exist. On the other hand, β 
substitution leads to severe steric clashes.  Therefore, in complexes involving β-linked 
disaccharides, the reducing sugar binds at the primary site with the non-reducing end 
located at secondary site B.  The interactions at secondary site B are primarily through 
water bridges.  Thus, the nature of the linkage determines the mode of the association of 
the sugar with jacalin.  The interactions observed in the crystal structures and modeling 
based on them provide a satisfactory qualitative explanation of the available 
thermodynamic data on jacalin-carbohydrate interactions.  They also lead to fresh 
insights into the nature of the binding of glycoproteins by jacalin. 
 The structure determination of artocarpin and its complexes with Me-α-mannose, 
mannotriose, and mannopentose showed that the lectin is structurally homologous to 
jacalin. They also demonstrated that the lectin possesses a deep-seated binding site 
formed by three loops. The binding site can be considered as composed of two subsites; 
the primary site and the secondary site. Interactions at the primary site composed of two 
of the loops involve mainly hydrogen bonds, while those at the secondary site comprising 
the third loop are primarily van der Waals in nature. Mannotriose in its complex with the 
lectin interacts through all the three mannopyranosyl residues; mannopentose interacts 
with the protein using at least three of the five mannose residues. The complexes provide 
a structural explanation for the carbohydrate specificities of artocarpin. A detailed 
comparison with the sugar complexes of heltuba, the only other mannose-specific jacalin-
like lectin with known three-dimensional structure in sugar-bound form, establishes the 
role of the sugar-binding loop constituting the secondary site, in conferring different 
specificities at the oligosaccharide level. This loop is four residues longer in artocarpin 
than in heltuba, providing an instance where variation in loop length is used as a strategy 
for generating carbohydrate specificity. 
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Garlic lectin: quaternary association and carbohydrate specificity, and multivalency 
through crosslinking (M. Vijayan, A. Surolia and Nagasuma R. Chandra) 
 The structure analysis of a mannose-specific agglutinin, isolated from garlic 
bulbs, reveals that it has a β-prism II fold, similar to that in the snowdrop lectin, 
comprising three antiparallel four-stranded β-sheets arranged as a 12-stranded β-barrel, 
with an approximate internal 3-fold symmetry. This agglutinin is, however, a dimer 
unlike snowdrop lectin which exists as a tetramer, despite a high degree of sequence 
similarity between them. A comparison of the two structures reveals a few substitutions 
in the garlic lectin which stabilise it into a dimer and prevent tetramer formation. Three 
mannose molecules have been identified on each subunit. In addition, electron density is 
observed for another possible mannose molecule per dimer resulting in a total of seven 
mannose molecules in each dimer. Although the mannose binding sites and the overall 
structure are similar in the subunits of snowdrop and garlic lectins, their specificities to 
glycoproteins such as GP120 vary considerably. These differences appear, in part, to be a 
direct consequence of the differences in oligomerisation, implying that variation in 
quaternary association may be a mode of achieving oligosaccharide specificity in bulb 
lectins.  

Multivalency in lectins is a phenomenon that has been discussed at considerable 
length. The structural basis for the role of multivalency in garlic lectin has been 
investigated through computational studies. Biochemical studies have shown that the 
binding affinity of garlic lectin for high mannose oligosaccharides is orders of magnitude 
greater than that for mannose. Modeling and energy calculations clearly indicate that 
such increase in affinity cannot be accounted for by binding of these oligosaccharides at 
any of the six sites of a garlic lectin dimer. These studies also indicate that a given 
oligosaccharide cannot bind simultaneously to more than one binding site on a lectin 
dimer. The possibility of a given oligosaccharide simultaneously binding to and hence 
linking two or more lectin molecules was therefore explored. This study showed that 
trimannosides and higher oligomers can cross-link lectin dimers, amplifying the protein-
oligosaccharide interactions severalfold, thus explaining the role of multivalency in 
enhancing affinity. A comprehensive exploration of all possible cross-links posed a 
formidable computational problem. Even a partial exploration involving a carefully 
chosen region of the conformational space clearly showed that a given dimer pair can be 
cross-linked not only by a single oligosaccharide molecule but also simultaneously by 
two oligosaccharides. The number of such possible double cross-links, including those 
forming interesting tetrameric structures, generally increases with the size of the 
oligosaccharide, correlating with the biochemical data. In addition to their immediate 
relevance to garlic lectin, these studies are of general interest in relation to lectin-
oligosaccharide interactions. 
 
Snake gourd lectin: homology with type II ribosome-inactivating proteins. (M. 
Vijayan and M.J. Swamy) 
 Preliminary X-ray studies of the lectin from the seeds of snake gourd lectin, 
carried out in collaboration with Dr. M.J. Swamy of the University of Hyderabad, show 
that it is structurally homologous to type II ribosome-inactivating proteins (RIPs). The 
lectin is not, however, toxic on account of some crucial differences in amino acid 
residues in the region corresponding to the active site of RIPs. 
 



 

 

6 

 

B: HYDRATION, PLASTICITY AND ACTION OF PROTEINS 
 The importance of water in the structure and action of proteins, as indeed in those 
of other biomolecules, has been well recognized. A related problem, which is of 
considerable current interest, is concerned with the mobility of different regions of the 
protein molecule. An approach involving water-mediated transformations, in which 
protein crystals undergo reversible transformations with change in water content when 
the environmental humidity is systematically varied, was developed in this laboratory to 
investigate these problems. Investigations, with this approach at the core, have led to 
several results of considerable general interest. 
 
Lysozyme and Ribonuclease A: hydration, mobility and enzyme action (M. Vijayan) 
 The well-known and thoroughly studied enzymes HEW lysozyme and pancreatic 
ribonuclease A were chosen first as model systems in investigations of the type indicated 
above. The structures of the low humidity (r.h. 88%) forms of tetragonal and monoclinic 
lysozyme had already been determined in the early nineties. The structure of the native 
monoclinic lysozyme was refined, and subsequently the structures of orthorhombic 
lysozyme at different pHs and their low humidity variants were determined. Also 
determined were the structures of the well known monoclinic form, grown using ethanol 
as the precipitant, of ribonuclease A at relative humidities of 88% and 79%. Yet another 
monoclinic form of ribonuclease A, grown using acetone as the precipitant, and its low 
humidity variant were also X-ray analysed. 
 A comparative study of the structures mentioned above and those reported from 
other laboratories, led to a delineation of the relatively rigid and flexible regions of the 
molecules. The study also led to the identification of invariant water molecules associated 
with each protein. Most of them are involved in important tertiary interactions. For a 
given nitrogen or oxygen atom, the level of hydration increases with accessible surface 
area, but levels off at an area of about 10 to 15Å2 with a little over one ordered water 
molecule per polar protein atom. Most importantly, the structural changes that occur 
during partial dehydration are similar to those that occur during enzyme-
inhibitor/substrate binding. Thus a relation could be established among hydration, 
mobility and enzyme action. 
 Interestingly monoclinic lysozyme retains its crystallinity even when the level of 
hydration is reduced further below that necessary for activity (about 0.2 gram of water 
per gram of protein). In order to gain insights into the role of water in the stability and the 
plasticity of the protein molecule and the geometrical basis for the loss of activity that 
accompanies dehydration, the crystal structures of monoclinic lysozyme with solvent 
contents of 17.6%, 16.9%, and 9.4% were determined and refined. A detailed comparison 
of these forms with the normally hydrated forms show that the C-terminal segment 
(residues 88-129) of domain I and the main loop (residues 65-73) in domain II exhibit 
large deviations in atomic positions when the solvent content is reduced, although the 
three-dimensional structure is essentially preserved. Many crucial water bridges between 
different regions of the molecule are conserved in spite of differences in detail, even 
when the level of hydration is reduced well below that required for activity. The loss of 
activity that accompanies dehydration appears to be caused by the removal of 
functionally important water molecules from the active-site region and the reduction in 
the size of the substrate binding cleft.   
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Effect of stabilizing additives on the structure and hydration of protein (M. Vijayan) 
 Sugars and polyols are often used to enhance the stability of proteins. In addition 
to its fundamental importance, such stabilization is important for preservation, 
particularly in food industry. It is generally believed that the stabilization is achieved 
through preferential hydration of the protein. However, no near-atomic resolution study 
of the phenomenon has been carried out. Therefore, crystal structures of tetragonal and 
monoclinic lysozyme grown in the presence of sucrose, sorbitol, trehelose and glycerol 
have been determined. Different native structures were also refined in the same way as 
the structures mentioned above using data collected under identical conditions. A careful 
comparison of the structures shows that the effect of the additives on the structure of the 
molecule is less than that of normal minor changes associated with differences in 
molecular packing. Surprisingly the same is true of the effect on the hydration shell, 
represented by the ordered water molecules attached to the protein. Thus, it would appear 
that the cause of the stabilizing effect of the additives needs to be sought outside the 
immediate neighbourhood of the protein molecule. 
 
Hemoglobin: ensembles of relaxed and tense states (M. Vijayan) 
 Encouraged by the results on lysozyme and ribonuclease A, studies involving 
water-mediated transformations were extended to the more complex protein hemoglobin. 
This was particularly appropriate in the context of the recent characterisation of a second 
relaxed (R) state called R2. The crystals of human methemoglobin, corresponding to the 
liganded relaxed state, grown in this laboratory did not undergo the transformation. 
However, they contain three crystallographically independent tetrameric molecules. They 
have quaternary structures intermediate between those of R and R2 states. The same is 
true about the disposition of residues in the switch region. Thus, hemoglobin can access 
different relaxed states with varying degrees of similarity among them. 
 The crystals of the deoxy form of human hemoglobin, corresponding to the 
unliganded T state, undergo a water-mediated transformation at around a relative 
humidity of 93%. Interestingly, the heme geometry in the low-humidity form is closer to 
that in the oxy form than to that in the native deoxy form. The quaternary structure of one 
of the tetramers moves slightly towards that in the oxy form, while that in the other is 
more different from the oxy form than that in the high-salt native deoxy form. Thus, it 
would appear that, as in the case of the liganded form, the deoxy form of haemoglobin 
can also access an ensemble of related T states. 
 
 
C: STRUCTURAL GENOMICS OF MYCOBACTERIAL PROTEINS 
 A recently initiated structural genomics programme has been concerned with 
proteins from Mycobacterium tuberculosis, the causative agent of TB, and the related 
Mycobacterium smegmatis. This work, carried out in collaboration with senior 
biochemists and molecular biologists. 
 
Uracil DNA glycosylase (UDG): the prelude (M. Vijayan and U. Varshney) 
 The structure of this important repair enzyme from E. coli was determined first as 
a complex with its proteinaceous inhibitor UGi and then in the free state. A comparison 
of these structures and the already known crystal structures containing UDG shows that 
the enzyme can be considered to be made up of two independently moving structural 
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entities or domains. A detailed study of free and DNA-bound human enzyme strengthens 
this conclusion. The domains close upon binding to uracil-containing DNA, whereas they 
do not appear to do so upon binding to UGi. The comparative study also shows that the 
mobility of the molecule involves the rigid-body movement of the domains, superposed 
on flexibility within domains.  
 
Mycobacterial RecA: implications for biological activity (M. Vijayan, K. Muniyappa 
and Nagasuma R. Chandra) 
 RecA, an ubiquitous multifunctional protein, is a key component of the process of 
homologous genetic recombination, DNA repair and SOS response. The crystal structures 
of Mycobacterium tuberculosis RecA (MtRecA) and several of its nucleotide complexes 
were analysed first. This is the first thorough study of this kind on RecA, as the only well 
refined structure reported in the literature is that of the native protein form E. coli 
(EcRecA). The nucleotide binding pocket in MtRecA expands compared to that in 
EcRecA. This provides a structural explanation for the reduced affinity of MtRecA for 
nucleotides and its reduced ATPase activity. The molecules form filaments in the 
crystals, as happens in vivo, and the filaments then aggregate into bundles. The observed 
weakening of bundle formation, compared to that in EcRecA, may have implications for 
recombination in mycobacteria. From the structure of MtRecA and its complexes, a 
definition of the two DNA-binding loops L1 and L2 emerged for the first time and 
provides a basis to understand DNA binding by RecA. The structures also provide 
insights into the structural signature of NTP recognition. 
 The crystal structures of Mycobacterium smegmatis RecA (MsRecA) and its 
complexes, analysed later, show that the aggregation behaviour of MtRecA and MsRecA 
are very similar. MsRecA also has an expanded binding site like that in MtRecA, 
although there are differences between the proteins in their modes of nucleotide binding. 
The structures involving MtRecA and MsRecA show that nucleotide binding is 
invariably accompanied by the movement of a glutamine in the binding site, which also is 
the first residue in one of the two DNA binding loops. That suggests a mechanism with 
this residue as the trigger for transmitting the effect of nucleotide binding to the DNA 
binding loops. 
 
Single-stranded DNA-binding protein: variability in quaternary structure and its 
implications (M. Vijayan, U. Varshney and K. Sekar) 
 Single-stranded DNA-binding protein (SSB) is an essential protein necessary for 
the functioning of the DNA replication, repair and recombination machineries. The 
structure of the DNA-binding domain of M. tuberculosis SSB (MtSSB) has been 
determined in four different crystals distributed over two forms. The polypeptide chain in 
the structure exhibits the oligonucleotide binding fold as in SSB’s from other sources. 
However, the tetrameric MtSSB has an as yet unobserved quaternary association. This 
quaternary structure with a unique dimeric interface lends the oligomeric protein greater 
stability, which may be of significance to the functioning of the protein under conditions 
of stress. Also, as a result of the variation in the quaternary structure, the path adopted by 
the DNA to wrap around MtSSB is expected to be different from that from other sources. 
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DNA-binding protein from stationary phase cells: variability in quaternary 
association and DNA-binding strategy (M. Vijayan, D. Chatterjee and K. Sekar) 
 The DNA binding protein from stationary phase cells (Dps) constitute a family of 
proteins, which protect DNA in starved bacterial cells from oxidative damage. The 
structure of such a protein from starved cells from Mycobacterium smegmatis has been 
determined in three crystal forms and has been compared with those of similar proteins 
from other sources. The dodecameric molecule can be described as a distorted 
icosahedron. The interfaces among subunits are such that the dodecameric molecule 
appears to have been made up of stable trimers. The situation is similar in the proteins 
from Escherichia coli and Agrobacterium tumefaciens, which are closer to the M. 
smegmatis protein in sequence and structure than those from other sources, which appear 
to from a dimer first. Trimerisation is aided in the three proteins by the additional N-
terminal stretches they possess. The M. smegmatis protein has an additional C-terminal 
stretch compared to other related proteins. The stretch, known to be involved in DNA 
binding, is situated on the surface of the molecule. A comparison of the available 
structures permits a delineation of the rigid and flexible regions in the molecule. The 
subunit interfaces around the molecular dyads, where the ferroxidation centres are 
located, are relatively rigid. Regions in the vicinity of the acidic holes centred around 
molecular threefold axes, are relatively flexible. So are the DNA binding regions. The 
crystal structures of the protein from M. smegmatis confirm that DNA molecules can 
occupy spaces within the crystal without disturbing the arrangement of the protein 
molecules. However, contrary to earlier suggestions, the spaces need not to be between 
layers of protein molecules. The cubic form provides an arrangement in which grooves, 
which could hold DNA molecules, criss-cross the crystal. 
 
Nucleotide cyclase from Mycobacterium tuberculosis (K. Suguna and S. Visweswariah) 
      The Rv1625c gene product is an adenylyl cyclase identified from the genome of 
Mycobacterium tuberculosis strain H37Rv. It shows sequence similarity to the 
mammalian nucleotide cyclases and functions as a homodimer, with two substrate-
binding sites at the dimer interface. A mutant form of the catalytic domain of this 
enzyme, K296E/F363R/D365C (KFDÆERC), which exists as a monomer, has been 
crystallized. Structure analysis is in progress. The structure is expected to reveal the role 
of key amino acid residues in the nucleotide specificity and oligomerization of the 
protein. 
 
       
C: VIRUS CRYSTALLOGRAPHY 
 A large number of plant and animal viruses have icosahedrally symmetric capsids 
made of 180 chemically identical protein subunits (T=3 viruses) that encapsidate a single 
stranded RNA genome of MW 3-4 MDa. At the Molecular Biophysics Unit, detailed 
studies on the structure and assembly of two T=3 isometric viruses, sesbania mosaic virus 
and physalis mottle virus, have been carried out. 
 
Sesbania mosaic virus (M.R.N. Murthy and H.S. Savithri) 
 Sesbania Mosaic Virus (SeMV) is an isometric, ss-RNA plant virus found  
infecting Sesbania grandiflora plants in fields near Tirupathi, Andhra Pradesh. The three 
dimensional structure of SeMV has been determined at 3.0 Å resolution. The icosahedral 
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asymmetric unit of SeMV was found to contain four ions (three calcium and an anion) 
and three protein subunits, designated A, B and C. The three calcium ions located at 
inter-subunit interfaces are related by quasi three-fold symmetry that relates the three 
independent subunits of the icosahedral asymmetric unit. The ligands to these ions 
emanate from two adjacent subunits and hence calcium plays the role of bonding the 
three subunits in the icosahedral asymmetric unit. The conformation of the C subunit is 
different from those of A and B in several segments of the polypeptide. In particular, the 
amino terminal 65 residues are disordered in the A and B subunits while only 38 residues 
are disordered in the C subunits. The additionally ordered part of the N-terminal arm of 
three C-subunits related by icosahedral 3-fold axis form a hydrogen bonded structure 
called the “β–annulus”. It has been suggested that this structure, also found in other 
viruses, is crucial for the error free assembly of the T=3 capsids. Structural studies on 
SeMV partially depleted of calcium suggest that one of the quasi-equivalent calcium ions 
is more easily displaced compared to the other two ions. Based on these studies, a 
plausible mechanism for the initiation of the disassembly of the virus has been suggested.  
 
Deletion mutant recombinant capsids of sesbania mosaic virus (M.R.N. Murthy and 
H.S. Savithri) 
 The coat protein (CP) of SeMV, when over-expressed in E.coli self-assembles in 
vivo into isometric particles. The CP lacking segments of various lengths from the N-
terminus assemble into a variety of apparently icosahedral particles. δN65 mutant forms 
only T=1 particles. The truncation of the protein chain leads to elimination of the 
segment forming the “β–annulus” structure. It was possible to crystallize this component 
and determine its structure at 3Å resolution. The structure reveals the major differences 
responsible for T=1 versus T=3 particle assembly. Although it lacks the “β–annulus”, 
calcum ions are bound to the capsid in a manner nearly identical to that of T=3 capsids. 
The calcium ions at the inter-subunit interfaces of T=1 particles are related by icosahedral 
3-fold axes instead of the quasi symmetry axes as in T=3 particles.  
 In contrast to the δN65 mutant, intact recombinant protein assembles into T=3 
particles and crystallizes in the rhombhohedral space group R3 with cell parameters 
nearly identical to those of the wild type virus particles and diffract X-rays to 3.5 Å 
resolution. Instead of the unavailable full length genome (in the expressed E. coli cells), 
these particles encapsidate the coat protein messenger as well as 23 S ribosomal RNA of 
E. coli. The structure of these particles as well as a number of other recombinant deletion 
and substitution mutant particles have been determined.  These include the structure of 
δN22, which is isomorphous with particles assembled from intact coat protein. 
 Of special interest is the structure of particles assembled from δN36. In the native 
virus particles, the N-terminal 39 residues are disordered in all the three subunits A, B 
and C. Therefore, it was anticipated that the deletion of 36 residues would lead to 
particles with T=3 icosahedral symmetry similar to native particles. Surprisingly, the 
particles assemble into T=1 particles similar in structure to particles assembled from 
δN65 protein.  The “unseen” segment of the coat protein, thus, seems to exert strong 
influence on the particle assembly. 
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Site-specific mutant recombinant capsids of sesbania mosaic virus (M.R.N.Murthy 
and H.S.Savithri) 
 Apart from the deletion mutants, structures of particles assembled from site-
specific mutants of the coat protein wherein the aspartate ligands of the calcium ion that 
mediate the inter-subunit interactions are mutated to asparagines have been determined. 
These particles are less stable with respect to guanidine hydrochloride. As anticipated, the 
particles do not bind calcium. The carboxy terminal two residues, which supply the other 
ligands to the calcium, are disordered in these structures. The capsids also exhibit a small 
expansion relative to those of δN65. The structure of the coat protein with two carboxy-
terminal residues deleted has also been determined. These structures resemble structure 
of aspartate mutants. These structures are further analyzed to understand the mechanism 
of assembly, which appears to be a more complex process than the one envisaged earlier. 
 
Physalis mottle virus (M.R.N.Murthy and H.S.Savithri) 
 Physalis mottle virus (PhMV) is a highly infectious virus that belongs to the 
tymovirus group of plant viruses. The coat protein consisting of 180 subunits (T=3 
diameter ~ 300Å), each of MW 21kDa, surrounds a single stranded positive sense RNA 
genome of size 4MDa. X-ray diffraction data to 3.8 Å resolution were recorded on 
crystals of wild type virus on films by screen less oscillation photography. The structure 
of the native virus particles was determined to reveal details of tertiary structure and 
quaternary interactions. 
 Although the coat protein amino acid sequence has no similarity to that of 
sesbania mosaic virus coat protein (8% identity), the protein folds of these two viruses 
are similar and consist of the canonical 8-stranded jellyroll β–barrel domain found in 
several other viruses. This might reflect the common evolutionary origin of ss-RNA plant 
viruses. On the contrary, it must be emphasized that the gene order and strategies of gene 
expression in these viruses are vastly different. Therefore, it is possible that the canonical 
jellyroll motif found in unrelated viruses might reflect the ideality of this motif for the 
construction of icosahedral capsids. The rationale for the requirement of jellyroll fold for 
icosahedral capsids is, however, uncertain. 
 In contrast to SeMV, the capsid stability of PhMV is not metal ion dependent and 
instead is governed by strong hydrophobic interactions between protein subunits. This is 
reflected in the fact that natural preparations of the virus include particles that are nearly 
devoid of RNA. These “empty” particles appear as stain penetrated spheres when viewed 
in an electron microscope. Also the capsid has bound polyamines and removal of 
polyamines by dialysis against buffers containing monovalent ions drastically alters the 
stability properties of the virus. A variety of treatments such as free-thaw process, 
treatment with denaturants etc. lead to expulsion of the nucleic acid leading to empty 
protein shells. None of the bound polyamines were visible in the electron density map. 
However, this might be due to the limited resolution and quality of the final electron 
density map. Therefore, attempts will be made to determine the structure of PhMV at a 
higher resolution. 
 
Recombinant capsids of physalis mottle virus (M.R.N.Murthy and H.S.Savithri)  
 The genes coding for the PhMV coat protein and several deletion and site-specific 
mutants of the polypeptide have been cloned and expressed in E. coli. As in SeMV, the 
recombinant proteins were found to self assemble to virus like particles either in the 
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bacterial cell or during purification. However, architecture of these particles were based 
only on a T=3 icosahedral lattice. Unlike SeMV, no T=1 capsids were observed. A few of 
the recombinant capsids have been crystallized in forms suitable for X-ray structural 
analysis. The unit cell edges and interaxial angles of all the crystal forms are of the order 
of 290Å and 60o, respectively. The structure of the empty recombinant capsid has been 
determined. The structure reveals a slight expansion with respect to wild type virus. Also, 
an additional 18 residues at the amino terminus of A subunits are disordered in the 
recombinant capsids. These observations suggest that RNA encapsidation leads to 
ordering of amino terminal segment as well as some compaction of the particles. 
 
Nonstructural protein NSP4 from rotavirus (K. Suguna and C. Durga Rao) 
       The endoplasmic reticulum (ER)-localised nonstructural glycoprotein NSP4 of 
rotavirus is 175 amino acids long and has been identified as the viral enterotoxin. It plays 
a central role in viral morphogenesis and pathogenesis. The region spanning the 
tetrameric coiled-coil domain and the interspecies variable virulence-determining region 
of the cytoplasmic tail of rotaviral nonstructural protein NSP4 (from residues 95 to 146) 
has been crystallized. Structure analysis is in progress. The peptide spanning residues 112 
to 135 of this domain has been shown to cause diarrhea.  Further, mutations in the region 
between residues 135 to 141 immediately downstream of the coiled coil domain were 
observed to alter the virulence phenotype of the virus. Determination the three-
dimensional structure of this divergent region is important to understand the structural 
and molecular basis for the virulent/attenuated nature of rotaviruses. 

 
 

D: STRUCTURAL STUDIES ON PLASMODIUM FALCIPARUM PROTEINS 
 
Plasmodium falciparum Adenylosuccinate synthetase (M.R.N.Murthy and H. 
Balaram) 

Plasmodium falciparum malaria, with an annual morbidity of 300 million and 
mortality between 1 and 2 million is a growing worldwide health concern. Rapid 
emergence of drug resistance and absence of effective vaccines make the search for 
newer drug targets a continuous necessity. Metabolic pathways that are indispensable for 
parasite survival are an obvious choice as targets for the development of new 
antimalarials. The purine salvage pathway is one such potential target, as it provides the 
sole source of purine nucleotides for the parasite.  

Adenylosuccinate synthetase (AdSS) catalyzes the condensation of IMP with 
aspartate to form adenylosuccinate in the purine salvage pathway, in a reaction 
accompanied by the hydrolysis of GTP to GDP in the presence of Mg2+. The reaction 
proceeds in two steps, the first of which is the transfer of the γ-phosphate of GTP to the 
O6 of IMP, to give 6–phosphoryl IMP. Aspartate then displaces the phosphate to give 
adenylosuccinate. This reaction is the first committed step in the synthesis of AMP from 
IMP, both in the de novo and salvage pathways for purine nucleotide synthesis. 
Regulation of this enzyme is involved in the maintenance of ATP/GTP ratios in the cell. 
Regulation is effected both by the products, GDP and adenylosuccinate, and, by the end 
products of the pathway, AMP and GMP. The P. falciparum genome is more than 70% 
A/T rich, thereby requiring maintenance of very different ATP/GTP ratios within the 
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parasite as compared to the host. In this context, studies on the activity and regulation of 
this parasite enzyme gain importance.  

The parasite AdSS, as in most other organisms, is active as a homodimer, with Km 
values for IMP and GTP similar to the reported values for the enzyme from other sources. 
However, the Km for aspartate is close to 1.5 mM, about 5 fold higher than that seen with 
the E. coli enzyme and the mouse basic isozyme for which three-dimensional structures 
are available. This value is in fact comparable to that of the acidic mouse non-muscle 
isozyme, which has an aspartate Km of 1.0 mM.   

The crystal structure of PfAdSS complexed to 6-phosphoryl IMP, GDP, Mg2+ and 
the aspartate analogue, hadacidin has been determined at 2Å resolution. The structure of 
this fully ligated PfAdSS is nearly identical to the fully ligated structures reported for the 
mouse and E. coli enzymes. The dimer interface of PfAdSS is different with a 
pronounced excess of positively charged residues. These differences provide a basis for 
the design of species-specific inhibitors of the enzyme. The differences observed in the 
kinetic behaviour of PfAdSS can be attributed to small structural variations seen in the 
GTP binding pocket. Residues in the Switch loop, which respond to IMP binding, have 
additional hydrogen bonding interactions with the ribose hydroxyls of GDP and also, 
with residues in the GTP loop. GDP also makes additional hydrogen bonds with Thr307 
in the aspartate loop. These interactions may account for the ordered binding of substrates 
that is observed in PfAdSS. The structure of P. falciparum AdSS opens up the possibility 
of exploiting differences in protein-ligand interactions between the parasite and host 
enzyme for species-specific inhibitor design.  
  
Plasmodium falciparum triosephosphate isomerase (M.R.N.Murthy, P.Balaram and 
H. Balaram) 

Triosephosphate isomerase (TIM) catalyses the isomerization between 
dihydroxyacetone phosphate and glyceraldehyde-3-phosphate. The structure and catalysis 
of this housekeeping enzyme has been extensively investigated from several sources as 
an ideal model for the investigation of structure-function relationship of protein enzymes. 
Glycolytic enzymes of the malarial parasite Plasmodium falciparum (Pf) have also been 
studied as potential targets for antimalarial drug design. The structure of Pf-TIM has been  
determined at 2.2 Å. TIM structure consists of an 8-stranded, parallel β-barrel with the 
loops at the carboxyl end of the barrel contributing residues important for catalysis. This 
classical “TIM -barrel’ structure is also found in a large number of other proteins 
unrelated to TIM in sequence or function. Comparison of the Pf-TIM structure to that of 
the human enzyme provided information on potential sites that could be useful for the 
design of inhibitor molecules specific to the parasite enzyme. It was found that residue 
96, which is phenylalanine in the plasmodium enzyme and serine in other TIMs affects 
the dynamics of the catalytic loop (loop6). The movement of this loop is intimately 
connected with the function of the enzyme. Therefore, the presence of phenylalanine at 
96 might be useful in developing lead compounds against malarial infections.  

 
Plasmodium falciparum triosephosphate isomerase complexed to various ligands 
(M.R.N.Murthy, P.Balaram and H. Balaram) 

With the view of obtaining more information on the interactions responsible for 
inhibitor binding, structures of complexes of Pf-TIM with a variety of inhibitors were 
determined. (3-phosphoglycerate,3PG; Glycerol-3-phosphate, G3P; 2-phosphoglycerate, 
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2PG; phosphoglycolate, PG). Loop 6 (catalytic loop) is in an “open” conformation in Pf -
TIM even when G3P and 3PG are bound, in contrast to earlier observations in other 
known TIM structures where this loop undergoes large conformational changes upon 
inhibitor binding to a “closed conformation”. Detailed analysis suggests that the residue 
96, which is close to the active site and is a Phe in the parasite enzyme, in contrast to Ser 
in most other organisms, is partially responsible for the lack of closure of loop 6 upon 
inhibitor binding. These differences could be of importance in molecular structure based 
drug design against malarial infections. In two different crystal forms of Plasmodium 
falciparum TIM -phosphoglycolate complex, the catalytic loops are found in open and 
closed conformations, respectively. In the crystal structure of Plasmodium falciparum 
TIM complexed to the inhibitor 2-phosphoglycerate (2PG) determined at 1.1Å resolution, 
the active site loop in one of the subunits is in both “open” and “closed” conformations, 
although the “open” form is predominant. These studies have provided deeper insights 
into the relationship of different residues at the active site to the dynamics of the catalytic 
loop and enzyme function. 
 
Enzymes of the fatty acid biosynthesis pathway in Plasmodium falciparum (K. 
Suguna, A. Surolia and N. Surolia) 
       In bacteria, fatty acids are synthesized in a dissociated type pathway different from 
that in humans, making this pathway an ideal drug target. In order to study the enzyme-
inhibitor interactions at the atomic level with a view to design effective antimalarial 
compounds, structural analysis of the enzymes involved in this pathway in the malarial 
parasite, Plasmodium falciparum, has been taken up. Enoyl acyl carrier protein reductase 
(FabI) that catalyzes the final step of fatty acid elongation has been crystallized as a 
binary complex with the cofactor NADH and as a ternary complex with NAD+ and 
triclosan, a potential antimicrobial agent. Crystal structures of these two complexes and a 
comparison with those from other sources enabled  precise characterization of the mode 
of ligand and cofactor binding and the structural basis for the variation in the binding 
affinities between various organisms. The enzyme β-hydroxyacyl  ACP dehydratase 
(FabZ) that catalyzes the dehydration of the β-hydroxyacyl acyl carrier protein has been 
crystallized and the structure analysis is in progress. 
 
E: OTHER INVESTIGATIONS 

 
Protein dynamics by X-ray diffraction (M.R.N. Murthy). 

Atomic displacement parameters (ADPs or B-values) obtained from X-ray 
refinement of proteins at high resolution, when expressed in units of standard deviation 
about the their mean value (B-factor) at the Cα atoms were shown to have a characteristic 
frequency distribution. The distribution fits the superposition of two Gaussian functions 
very well. It was shown that these distributions provide information on the relationship 
between amino acid residues and the rigidity imposed by them on the polypeptide chain.   
Examination of the correlation coefficients (CCs) between the mean B-values of main 
chain and side chain atoms in selected high-resolution protein structures shows 
dependence on the package used for refinement (X-PLOR, PROLSQ or TNT). It is likely 
that these differences are related to the different refinement protocols or weighting 
schemes followed by investigators and suggested the necessity of improvement in the 
constraints used in protein refinement. Analysis of the ADPs obtained from mesophiles 
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and thermophiles has suggested a potential relationship between protein stability and 
dynamics. It was found that Ser and Thr have lesser flexibility in thermophiles than in 
mesophiles. In addition, composition of Glu and Lys in high B-value regions of 
thermophiles is higher and that of Ser and Thr is lower. Comparative analysis of the 
ADPs in homologous proteins shows that the flexible and rigid regions in the three-
dimensional fold of proteins remain largely conserved during the course of evolution, 
reflecting the importance of dynamics in protein structure or function. Analysis of the 
relationship between the flexibility of the protein molecule and its conformation shows 
that the flexibility of different segments of the polypeptide is sensitive to the 
conformation of the side chains as well as that of the main chain. 
 
Structure-activity relationships in aspartic proteinases (K. Suguna) 
       Aspartic proteinases exhibit pH-dependent activity. To probe whether the structure 
undergoes any changes by a variation in pH, which in turn may influence its activity, we 
have determined the crystal structure of rhizopuspepsin, a fungal aspartic proteinase, in 3 
different forms at pH values of 4.6, 7.0 and 8.0. A detailed comparison of different pH 
forms including the previously reported crystal form at pH 6.0 has been carried out. An 
increase in the mobility of certain loops, weakening of hydrogen bonding and ionic 
interactions and a change in the water structure have been observed in the vicinity of 
these loops. The observed changes in rhizopuspepsin indicate the triggering of a possible 
denatured state by high pH. Conformation of the active aspartates and the geometry of 
the catalytic site exhibit remarkable rigidity in this pH range. 
     Solvent structure in the crystals of 10 aspartic proteinases has been analyzed to find 
possible roles of conserved water molecules in their structure and activity. We have 
identified 17 waters common to at least 7 of the 10 examined enzyme structures. These 
include the catalytic water molecule whose direct involvement in the mechanism of 
action of aspartic proteinases was proposed, earlier. There appears to be at least one more 
functionally important water molecule strategically located to stabilize the flexible “flap” 
region during substrate binding. Many other waters stabilize the structure whereas a few 
have been found to maintain the active site geometry required for the enzyme’s function.  
 
Enzymes of propionate metabolism in Salmonella typhimurium (M.R.N. Murthy and 
H.S. Savithri) 
 Several enzymes involved in the utilization of propionate in Salmonella 
typhimurium have been cloned and expressed with a view of understanding this metabolic 
pathway and examining the pathway as a possible target for therapeutic agents against 
infection by the parasite. The prpB, prpC and prpR proteins have been expressed in 
soluble forms. PrpB and prpC have been crystallized in forms suitable for structure 
determination by X-ray diffraction studies. The three dimensional structures of prpB and 
its complex with pyruvate and Mg+ have been determined. These structures show that 
despite extensive sequence identity, the structures of 2-methylisocitrate lyase (prpB) from 
Salmonella typhimurium and E. coli differ in certain important respects. The active site 
loop, which has an open conformation in apo E. coli is completely disordered in the 
Salmonella enzyme. Unlike E. coli enzyme, Mg+ is not an integral component of the 
Salmonella enzyme.  
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Structural studies on Diaminopropionate ammonia lyase (M.R.N. Murthy and 
H.S.Savithri)  

Diaminopropionate ammonia belongs to the family of PLP dependent enzymes 
and presumably is similar in structure to the β family (fold type II) of PLP dependent 
enzymes. Dap (Diaminopropionate) is the immediate precursor of the neurotoxins 3-
oxalyl and 2,3 dioxalyl diaminopropionate, which cause neurolathyrism when ingested 
regularly or in large doses. These neurotoxins are present in Lathyrus sativus, a grain 
legume rich in proteins and capable of growing well in drought conditions. The presence 
of the neurotoxin precludes its exploitation as a major source of food. A study of the 
enzyme involved in the biosynthesis and degradation of the neurotoxin is a prerequisite 
for developing biotechnological methods for reducing its level in the seeds. DAP 
ammonia lyase from E.coli has been expressed, purified and crystallized in two different 
crystal forms. X-ray diffraction data on these crystals have been collected. Structure 
determination is in progress.   

 
Studies on mutants of thymidylate synthase (M.R.N. Murthy and P. Balaram) 

Structures for two crystal forms of an R178F mutant of L. casei thymidylate 
synthase with c edges of 230.4 and 244 Å were determined. Comparison of these 
structures, and these to the other structures with intermediate cell parameters reported in 
the literature indicates that there are no large changes in the dimeric structure of TS in 
these forms. Although there is a large change in the unit cell volume, the molecular 
contacts in the crystal structures are nearly invariant.  The transformation appears to 
result from concerted small changes in the molecular structure of TS and in inter-dimer 
contacts in the crystal structure. These observations corroborate the general impression 
that protein structures are not drastically altered by substitution mutations and the 
changes in sequence lead to minor alterations in the backbone fold and tertiary packing 
interactions.  
 
Structural studies of RNase S unfolding using X-ray crystallography (R. 
Varadarajan). 

In spite of a large body of work on protein folding-unfolding using chemical 
denaturants like urea, GuHCl and protons, the information collected on partially folded 
and unfolded proteins is mainly based on indirect methods like spectroscopy, 
thermodynamics and hydrogen exchange. Precise structural information on proteins in 
the presence of denaturants is scarce. In an attempt to view the onset of urea denaturation 
in ribonuclease we have collected X-ray diffraction data on RNase S crystals soaked in 
0,1.5,2,3 & 5 Molar Urea. At urea concentrations above 2 M it was necessary to crosslink 
the crystals with glutaraldehyde. We have also collected control datasets in the absence of 
urea with different crosslinking times and have shown that crosslinking results in 
minimal changes in the structure. In addition, we have collected datasets of RNase S at 
low pH in an attempt to study the onset of pH denaturation. The structures of RNase S 
show an increase in disorder with the increase of urea concentration based on RMSD and 
B-factor analysis. In the 5M urea structure this increase in disorder is apparent all over 
the structure but is more so in loop/flexible regions. The increase in disorder appears to 
be larger for the alpha helices than for the beta strands. In the low pH  structure there is 
an increase in disorder and in addition  a major change in the main chain ( > 1 Å ) in the 
loop 65-71.  
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Discrepancies between the NMR and X-ray structures of uncomplexed barstar: An 
analysis suggests that packing densities of protein structures determined by NMR 
are unreliable. (R. Varadarajan). 

The crystal structure of the C82A mutant of barstar, the intracellular inhibitor of 
the Bacillus amyloliquefaciens ribonuclease, barnase, has been solved to a resolution of 
2.8 Å. The molecule crystallizes in the space group I41 with a dimer in the asymmetric 
unit. An identical barstar dimer is also found in the crystal structure of the barnase barstar 
complex. This structure of uncomplexed barstar is compared to the structure of barstar 
bound to barnase and also to the structure of barstar solved using NMR. The free 
structure is similar to the bound state and there are no significant main-chain differences 
in the 27-44 region, which are involved in barstar binding to barnase. The C82A structure 
shows significant differences from the  average NMR structure, both overall, as well as in 
the binding region. In contrast to the crystal structure, the NMR structure shows an 
unusually high packing value based on the occluded surface algorithm, indicating errors 
in the packing of the structure. We show that the NMR structures of homologous proteins 
generally show large differences in packing value while the crystal structures of such 
proteins have very similar packing values suggesting that protein-packing density is not 
well determined by NMR. 
 
Structural consequences of replacement of an αα-helical Pro residue in E. coli 
thioredoxin (R. Varadarajan and S. Ramakumar). 

While it is well known that introduction of Pro residues into the interior of protein 
α-helices is destabilizing, there are few studies that have examined the structural and 
thermodynamic effects of replacement of a Pro residue in the interior of a protein α-helix. 
We have previously reported (Chakrabarti et al, 1999) an increase in stability in the P40S 
mutant of E. coli thioredoxin of 1-1.5 kcal/mol in the temperature range of 280-330 K. 
The present work describes the structure of the P40S mutant at a resolution of 1.8 Å. In 
wild type thioredoxin, P40 is located in the interior of helix two, a long α-helix that 
extends from residues 32-49 with a kink at residue 40.  Structural differences between the 
wild type and P40S are largely localized  to the above helix. In the P40S mutant, there is 
an expected additional hydrogen bond formed between the amide of S40 and the carbonyl 
of residue K36 and also additional hydrogen bonds between the sidechain of S40 and the 
carbonyl of K36. The helix remains kinked. In the wild type, main chain hydrogen bonds 
exist between the amide of 44 and carbonyl of 40, and between the amide of 43 and 
carbonyl of 39. However these are absent in P40S. Instead these main chain atoms are 
hydrogen bonded to water molecules. The increased stability of P40S is likely to be due 
to the net increase in the number of hydrogen bonds in helix two of E. coli thioredoxin. 
 
  
For more information on any of the topics above, please contact the authors. You will 
find their contact addresses in the website www.iisc.ernet.in 
 


