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that the equilibrium constants are more sensitive to the
influence of the substituents in the phenolic ring. In the
case of 2,4-dichlorophenol, for example, the formation
constants are less compared to other phenols. This may
be accounted for by the inductive effect of OH and the
steric influence of the Cl atom, which inhibit the complex
formation. In nitrophenol-amide systems, K;; values are
significantly higher due to the greater acidity of the pro-
ton donor.

Ratajczak and Orville-Thomas * tried to explain the
physical origin of such complexes on the basis of Mul-
liken’s charge transfer (C-T) theory, which considers
these complexes as a hybrid resonating between a non-
polar structure and a polar one, resulting from the transfer
of one electron. Using the C-T theory, we have calcu-
lated the fractional charge transfer that may take place in
such complexation and the accompanying dipolar incre-
ment'®!® from the shift in WO-H) frequencies. Our re-
sults indicate that even in the extreme cases where the
charge transfer is more or less complete in the ground
state, the dipolar increment cannot exceed 0.1 D for these
systems. It appears therefore that the C-T theory exag-
gerates the importance of electron transfer, neglecting
other types of interactions.

Many authors have discussed the nature of these inter-
actions on the basis of polarization interactions™ > If
one of the two sp2 hybrid orbitals of the oxygen in the
carboxyl group is collinear with the O-H...O axis, the in-
teraction between the polar O-H and the C=0O is maxi-
mum. Then the O-H bond induces a moment in the
highly polarizable lone-pair charge cloud and enhances
the IR intensity. Our integrated intensity measurements of
the complexed and uncomplexed carbonyl bands showed
an increase of 10 to 40% in the bond moment derivatives
(Table 3). This shows that polarization interaction is
more dominant than electron transfer alone. A similar but
enhanced charge in the polarity of the O-H bond is also
expected, resulting in a further increase in dipolar incre-
ment on complexation.
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Bioinformatic analysis of the SARS
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The X1 open reading frame of the SARS virus encodes
a potentially unique protein not found in other coro-
naviruses. Here we present results of bioinformatic
analyses that predict the X1 protein to bind calcium.
The regulation of calcium homeostasis and calcium-
mediated signalling pathways in infected cells may af-
fect cell fate and contribute to the unique pathogenesis
of this virus.

THE SARS coronavirus (SARS-CoV) was identified as
the aetiological agent for severe acute respiratory syn-
drome (SARS), a form of atypical pneumonia that re-
cently infected over 8000 persons and caused 916 deaths
(http://www.who.int/csr/sars/en/). While the infection and
disease was largely concentrated in China, Hong Kong,
other parts of Southeast Asia and Canada, many other
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countries implemented quarantine measures and travel re-
strictions to contain its spread.

Coronaviruses are members of a family of enveloped
viruses that replicate in the cytoplasm of animal host
cells'. They are distinguished by the presence of a single-
stranded plus sense RNA genome of 29-31kb that has a
5 cap and a 3’ polyA tract. The genome of SARS-CoV
was rapidly sequenced from multiple geographic iso-
lates® ™ (www.ncbi.nlm.nih.gov), setting the stage for fur-
ther research into molecular aspects of viral biology and
pathogenesis. Besides genes found in all coronaviruses,
the SARS-CoV was found to contain some unique genes.
We applied various bioinformatics tools to analyse those
unique genes with the potential to code for polypeptides
larger than 50 amino acids. Here we describe our results
with the X/ gene3, also called ORF3 (ref. 2).

The XI gene spans nucleotides 25,268 to 26,092 (Tor2
isolate) and is predicted to encode a protein of 274 amino
acids containing three transmembrane domains and a 153
amino acid C-terminal cytoplasmic domain®. BLASTP analy-
sis  (http://www.ncbi.nlm.nih.gov:80/BLAST/) with the
entire X1 sequence showed weak alignments to a calcium
pump from Plasmodium falciparum (NCBI: NP_703265,
1923410A and CAD58779.1) and glutamine synthetase
from Leptospira interrogans (NCBI: NP_711494.1). The
similarity was restricted to amino acid residues 209-264
in the cytoplasmic domain of X1. Since structures of the
P. falciparum calcium pump have not been determined, we
carried out pairwise alignment of the X1 sequence to cal-
cium pumps from Xenopus laevis (1CFF_A) and Orycto-
lagus cuniculus (IEUL_A), and to the calcium-binding
protein calmodulin (INWD_A) whose three-dimensional
structures were available in the Protein Databank
(PDB; www.rcsb.org). Using ClustalW (www.ebi.ac.uk/
clustalw/), both pumps showed good alignment to the
214-239 region of the X1 protein. However, the simila-
rity with calmodulin was spread over the entire cytoplas-
mic domain of X1 (Figure 1). This encouraged us to
further explore possible calcium-binding motifs in XI.
The glutamine synthetase structure (2LGS) was similarly
analysed, but no similarity to the X1 cytoplasmic domain
was found within the Mn2+-binding pocket of glutamine
synthetase.

The Transmembrane Hidden Markov Model (TMHMM)
software had predicted the cytoplasmic domain of X1 to
span amino acids 122-274. For possible calcium-binding
motifs, we focused on this region. The X1 sequence 118-
243 showed optimal alignment to Calmodulin (INWD_A)
(Figure 1). This region was then used to generate a three-
dimensional model for X1 through alignment interface on
the Swiss-Model server (www.expasy.org/swissmod/) us-
ing the Calmodulin (INWD_A) structure as a template.
This is shown in Figure 2. The energy of this model is
—1848.435 KJ/mole. According to PROCHECK analysis,
the Ramachandran plot and other parameters were within
standard acceptable limits for a model based on templates
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where very little similarity exists between the template
and the model. While there are four calcium ions bound
in calmodulin, based on sequence alignment, this model
predicts the X1 cytoplasmic domain to bind two calcium
ions. The calcium-binding pockets in the X1 cytoplasmic
domain show the ‘EF hand’ motif commonly found in
many calcium-binding proteins. Though three regions of
X1 were predicted by CLUSTALW to bind Ca™, the
model picked only two of these as calcium-binding folds.
This was based on percentage similarity and the coordi-
nation chemistry of calcium and provides further confi-
dence for our model.

In a complementary approach, we carried out structural
alignment of the X1 protein through Metaserver analysis
(http://bioinfo.pl/meta)5 ID=16866. The Metaserver
analysis works at two levels. Initially it takes the query
sequence (X1 in our case) and predicts a secondary struc-
ture based on various algorithms to derive a consensus.
For X1, the Metaserver analysis used the sam-t99-2d,
sam-t02-dssp, sam-t02-stride and profsec algorithms. At
the next level, the predicted X1 secondary structure was
matched to the existing database of protein secondary
structures to give match scores. The Metaserver results
obtained were individually analysed for structures that
corresponded to metal-binding proteins. While the metal-
binding regions in many proteins showed structural simi-
larity to the cytoplasmic domain of X1, the best match
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Figure 1. Alignment of X1 with calcium-binding proteins. The align-
ment was based on ClustalW results for calmodulin (INWD_A), X.
laevis calcium pump (1CFF_A) and O. cuniculus calcium pump
(1EUL_A). The regions of similarity in X1 and calmodulin are indi-
cated between the two sequences. Structural alignments of X1 from
Metaserver results are also shown for endo/exocellulase catalytic do-
main (1TF4_A), human 4-sulfatase (1FSU) and the receptor-binding
protein P2 of bacteriophage Prdl (IN7V_A). For clarity, only the rele-
vant residues in these proteins have been shown.
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Figure 2. A 3D model of the cytoplasmic domain of the SARS virus X1 protein. This model is
based on ClustalW alignment of the 118-243 region of X1 and was generated using the Swiss-
Model server (www.expasy.org/swissmod/SWISS_MODEL.html) through the Alignment Interface.
The two calcium ions and the surrounding residues in X1 are indicated.

was observed with calcium-binding proteins, strengthen-
ing our BLASTP analysis.

It has been suggested that the X1 protein might encode
a domain with ATP-binding properties (PD037277)*. In a
PROSITE scan (www.expasy.ch/prosite), though ATP-bind-
ing domains were found in the calcium pump (PS00154)
and glutamine synthetase (PS00181), none was detected in
the X1 sequence. An InterPro scan (www.ebi.ac.uk/
interpro/scan.html) also did not reveal any ATP-binding
domain. However, it showed a domain of undefined func-
tion called DUF109, to be present in X1 (residues 160-
180) as well as in 13 other proteins; all of these proteins
are hypothetical with no assigned function. Our analysis
suggests that X1 is likely to be a calcium-binding protein
with no ATP-binding property or ATPase function.

Calcium is a versatile signal that regulates many cellu-
lar functions®, including cell survival and apoptosis7.
Viruses can subvert cellular pathways to promote their
survival and replication. Indeed, calcium homeostasis is
known to play a role in the replication and pathogenesis
of many viruses®. The intracellular levels of calcium are
controlled through multiple sensory proteins at the level
of plasma membrane and the endoplasmic reticulum, the
latter being the major intracellular calcium store”. As it is
predicted to be an integral membrane protein, X1 is likely
to be distributed at the plasma membrane and the endo-
plasmic reticulum membrane, with its C-terminal domain
in the cytoplasm. Thus, the protein would be ideally
placed to regulate calcium homeostasis in an infected
cell. Multiple calcium-binding cellular proteins are also
involved in signalling pathways that regulate cell fate. We
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propose this role for the X1 protein in SARS pathogene-
sis.
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