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Part of the decipherment of genomic information lies in understanding the structure and function of the protein prod-
ucts of these genes. Protein structure is of further importance because of the molecular basis of many diseases. Struc-
tural biology is the field of research focusing on the experimental determination of the structure of biological mole-
cules. We review the field of structural biology and its application to medical research and drug discovery, and
describe the structural results recently obtained in our laboratory for the detoxifying enzyme glutathione S-transferase
from the Asian mosquito Anopheles dirus species B, an important malaria vector. These enzymes have detoxifying ac-
tivity toward pesticides and thus contribute to pesticide resistance in insects.
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Since the first protein structure (of sperm whale
myoglobin) was determined (1) and Watson and
Crick discovered the double helix structure of DNA
(2), there has been an ever-increasing research effort
in the field of structural biology. Broadly, structural
biology is defined as the investigation of the structure
and function of biological systems at the molecular
level. The significance of this field of research in part
derives from the fact that macromolecular structure is
important to many disease states. Sickle-cell anemia
was recognized to be a result of a mutation in hemo-
globin, causing it to polymerize into long rod-shape
complexes that distort and destroy red blood cells (3).
The structural consequence of this mutation is now
understood (4). Today, many molecular diseases,
such as cancer, are known to result from mutations of
genes that affect the gene product, altering its func-
tion. This is invariably caused by changes in the struc-
ture and function of the protein product of the gene.
Understanding these processes can be important for
treating the disease. Information about protein struc-
ture can be used in so-called structure-based drug de-
sign, where a macromolecular structure is used as a
template for drug design. This review examines the
field of structural biology and its relevance to medi-
cine and drug discovery.

Typically, protein crystallography and nuclear
magnetic resonance (NMR) spectroscopy have been
the tools of choice for the structural biologist. Briefly
described here are the two main techniques for
macromolecular structure determination.

X-ray Crystallography

X-ray crystallography can give atomic resolution
structure of proteins and other macromolecules, such
as DNA and their complexes. The technique requires
the availability of milligram quantities of >99% pure
macromolecule, usually produced through cloning
and overexpression in bacterial plasmids, and then
purified through the standard techniques of biochem-
istry, such as gel filtration, affinity chromatography,
and ion exchange chromatography. The macromole-
cule must then be crystalized. This is usually achieved
through the addition of the protein to a precipitant,
such as ammonium sulfate or polyethylene glycol. Ex-
tensive trials of numerous potential conditions are of-
ten required to find a condition that gives crystals of
sufficiently high quality for X-ray analysis. The next
step is to place the crystal in an X-ray beam produced
by a laboratory source or at a synchrotron radiation
source, such as those located in Trieste (ltaly) or
Argonne (USA). Crystals diffract X-rays, and the result-
ing pattern of scattered X-rays is processed compu-
tationally to reveal the electron density of the mole-
cule subject. This technique is reviewed in detail else-
where (5).

Nuclear Magnetic Resonance Spectroscopy

NMR is another important tool for probing the
structure of biological molecules. Like X-ray crystal-
lography, this technique can provide three-dimen-
sional structural information, but the underlying
method is completely different. Like X-ray crystallog-
raphy, the technique requires milligram quantities of
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protein. This protein is subjected to a strong magnetic
field (~1 Tesla) that causes atomic nuclei with un-
paired protons or neutrons to “spin” with their mag-
netic moment aligned with the applied magnetic
field. Suitable nuclei are 'H, *N, and "*C. The nuclei
can be flipped by radio waves. Depending on nuclei
chemical environment, the amount of energy in the
applied radio waves required to “flip” the nuclei will
change. As the nuclei “relax” to their ground state,
which is in alignment with the magnetic field, they
re-emit detectable radio waves. By analyzing this
emission spectrum, information about the chemical
environments of the various atoms can be obtained,
leading to information about the locations of the vari-
ous chemical groups in the structure. An excellent re-
view of the NMR technique in structural biology is
given by Wider (6).

The imaging of bio-molecules is not limited to
the above techniques. Electron microscopy also pro-
vides structural information for molecules, but not to
the same resolution as the above techniques.

Structure-based Drug Design

One of the most important consequences of the
ability to determine macromolecular structures is the
potential to design drugs based on those structures.
There are number of successful examples of this ap-
plication, and two of them are discussed here.

Viral Neuraminidase

Neuraminidase is a glycohydrolase that cleaves
terminal sialic acid units from glycoproteins, glyco-
lipids, and oligo-saccharides. It is found on the sur-
face of the influenza virus, where it is thought to facil-
itate the escape of progeny virions from infected cells.
The crystal structure of the sialic acid-enzyme com-
plex (7) and subsequent computational analysis of
this structure led to predictions of favorable substitu-
tions to an existing lead compound (2-deoxy-2,3-di-
dehydro-D-N-acetylneuramic acid, Neu5Ac2en; a
non-selective neuraminidase inhibitor), and the syn-
thesis of a superior inhibitor, 4-guanidino-Neu-
5Ac2en (8), today marketed as Relenza (Glaxo Wel-
Icome Australia Ltd, Boronia, Vic., Australia).

Human Immunodeficiency Virus Protease

Human immunodeficiency virus, HIV-1, which
causes acquired immuno-deficiency syndrome
(AIDS), is the subject of much structural research.
When the genome of the virus was sequenced over a
decade ago (9), it was suggested that a retroviral pro-
tease gene was present. The discovery that inactiva-
tion of retroviral protease by chemical inhibition or
mutation resulted in immature, impotent virions (10).
The first crystallographic studies showed that the pro-
tease is a dimer with a pepsin-like active site (11).
Subsequent research resulted in the determination of
hundreds of retroviral protease-inhibitor complexes.
The retroviral protease inhibitors, Saquinavir (Roche
Laboratories, Nutley, NJ, USA), Nelfinavir (Viracept,
Agouron Pharmaceuticals, La Jolla, CA, USA),
Indinavir (Merck Pharmaceuticals, Whitehouse Sta-
tion, NJ, USA), and Ritonavir (Abbott Laboratories,
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Abbott Park, IL, USA) have been approved for human
use in the treatment of HIV infection (12).

Discovery of Molecular Function

The following example aims to highlight how
structural biology serves to facilitate the discovery of
function of biological mechanisms. The antibiotic
geldanamycin is known for its anti-proliferative and
anti-tumor activities. The cellular target for geldana-
mycin was found to be the molecular chaperone heat
shock protein 90 (Hsp90) (13). Heat shock proteins
are known for their ability to bind and assist in the
folding of many polypeptides. The reason this interac-
tion results in anti-proliferative activity is that Hsp90
binds to and is required for the folding and activation
of a range of client proteins involved in cell cycle reg-
ulation. Using X-ray crystallography, Stebbins and
co-workers (14) determined the structure of the
geldanamycin-Hsp 90 complex. They proposed that
the geldanamycin-binding pocket is where Hsp 90
binds to polypeptides substrates. It was the determi-
nation of a similar crystal structure (15) that showed
that geldanamycin was actually blocking an adeno-
sine triphosphate binding site. Up until this structural
revelation, the role of adenosine triphosphate in the
biochemical functions of Hsp90 had been controver-
sial.

Glutathione S-transferases

Our research focuses on detoxifying enzymes
from the mosquito Anopheles dirus species B. These
enzymes, called glutathione S-transferases, conjugate
environmental and endogenous toxins to glutathione
(GSH, y—glutamyl-cysteinyl-glycine). Glutathione S-
transferases are found in eukarya and bacteria, but not
archea. They are dimeric proteins with a molecular
weight of about 50 kDa. Glutathione S-transferases
catalyze the attack of the sulfhydryl group of GSH
upon electrophilic groups in the substrate (16). The
active sites of glutathione S-transferases are described
as being composed of a G-site (the GSH binding site)
and the H-site (for binding hydrophobic co-sub-
strates). A general form of the reaction is expressed
thus:

GSH + RX > GS-R + X + H*

In this scheme, R is the
electrophilic group X.

The glutathione S-transferase isozymes from
Anopheles species are known to have detoxifying ac-
tivity toward dichlorodiphenyltrichloroethane (DDT)
and other pesticides (17), as they catalyze the conver-
sion of DDT to dichlorodiphenyldichloroethane (Fig.
1). Evidence shows that these enzymes are in part re-
sponsible for pesticide resistance. In a DDT-resistant
strain of the closely related mosquito Anopheles
gambiae, an increase in the synthesis of glutathione
S-transferase isozymes possessing a greater dehydro-
chlorination activity was found (18,19).

To date, we have determined the structure of two
glutathione S-transferase isozymes from Anopheles
dirus species B. These isozymes, designated as
adGST1- 3 and adGST1-4, are produced from alter-
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nate splicing and share a common N-terminal domain
(20,21). The isoforms have the same overall structure
(Fig. 2). The structure reveals the overall fold of the
glutathione S-transferases, as well as the details of the
active site. The G-sites of Anopheles glutathione
S-transferases are similar to those in previously deter-
mined glutathione S-transferase isozymes, such as the
sheep blowfly glutathione S-transferase (22). It com-
prises of several hydrogen-bond donors and accep-
tors that complement glutathione S-transferase. The
greatest variability in the structure of the glutathione
S-transferases is in the H-site. This structural heteroge-
neity is in part responsible for the specificity of the
glutathione S-transferase isozymes for different hy-
drophobic substrates. The structure of adGST1-3 and

] Spamearm
-~
ol
L

DDE

Figure 1. The chemical decomposition of dichloro-
diphenyltrichloroethane (DDT) to dichlorodiphenyldichlo-
roethane (DDE) as catalyzed by glutathione S-transferases.
GSSG represents oxidized glutathione.

Figure 2. The three-dimensional structure of adGST1-4 as
shown in ribbon form, where the polypeptide chain is rep-
resented as a single ribbon. The two identical polypeptide
chains composing the GST dimer are represented. The sub-
strate, glutathione (GSH), is shown in black.

Figure 3. The active site of adGST1-4. The substrate,
glutathione (GSH), is shown in ball-and-stick form. The
polypeptide backbone is shown as a ribbon. Residues likely
to be involved in binding dichlorodiphenyltrichloroethane

(DDT) and other substrates are shown in ball-and-stick and
are labeled.

adGST1-4 are similar, and consist of a pattern of hy-
drophobic amino acids in the H-site that are most
likely responsible for binding DDT and other pesti-
cides. These residues are tyrosine or phenylalanine,
which are arranged to create a hydrophobic patch on
the surface of the protein (Fig. 3).

Knowing the structures of these enzymes will
help understanding the mechanism by which they
break down pesticides. Future work will focus on try-
ing to obtain the complex between the Anopheles
glutathione S-transferase isoforms and pesticides, and
determining their three-dimensional structures. The
structures may be useful in the design of inhibitors
that could be used in conjunction with pesticides to
improve their efficacy. Such an approach may lead to
decreased overall pesticide use.

The Future

In the post genomic era, protein structure will
continue to be an integral part of basic biological re-
search. As basic research into gene function contin-
ues, the molecular basis of many diseases will come
to be understood. Consequently, revealed protein
structure will increasingly provide the basis for drug
discovery. The main challenges in the structure biol-
ogy field will be in the investigation of multi-subunit
complexes (e.g., ribosomal subunits) and integral
membrane proteins. Structure-based drug design, in
combination with other drug discovery strategies,
such as combinatorial chemistry, will continue to
grow in importance.
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