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T h e  traditional approach to the develop- 
ment of therapeutic drugs involves screening 
natural products or synthetic compounds for 
substances that interfere with biological 
events associated with disease. In the past, 
this random approach was necessitated by 
our limited knowledge of the molecular eti- 
ology of human disease. During the last de- 
cade, however, the explosive development 
of molecular genetic techniques has led 
to the identification of key proteins that 
regulate normal biological processes, and, in 
some instances, has elucidated the cellular 
pathways responsible for disease. This infor- 
mation can now be exploited for the design 
of therapeutic drugs that specifically target 
these pathways. 

Signal Transduction 
The activity of cells is controlled by external 
signals that stimulate or inhibit intracellular 
events. The process by which an external signal 
is transmitted into and within a cell to elicit 
an intracellular response is referred to as sig- 
nal transduction. Signal transduction is gen- 
erally initiated by the interaction of extracel- 
lular factors (for example, hormones, adhe- 
sion molecules, neurotransmitters) with mem- 
brane receptors on the cell surface. These 
extracellular signals are transduced to the 
inner face of the cell membrane, where the 
cytoplasmic domains of receptor molecules 
make contact with intracellular targets.The 
initial receptor-target interactions stimulate 
a cascade of additional molecular interac- 
tions involving multiple intracellular path- 
ways that disseminate the signal throughout 
the cell. These complex, branching pathways 
coordinate the multifunctional cellular pro- 
grams that trigger changes in cell behavior. 

How are all of these intracellular pathways 
coordinated through the cytoplasm and nu- 
cleus, which each contain thousands of dis- 
tinct proteins? How do individual proteins 
that function in a pathway find each other to 
relay the signal down the pathway? The or- 
chestration of diverse proteins in finely tuned 
intracellular pathways appears to require tran- 
sient "compartmentalization" of the proteins 
into complexes. Through a series of inducible 
and reversible protein-protein interactions, 
regulatory proteins are recruited from soluble 
cell material to form short-lived protein com- 
plexes that relay signals throughout the cell. 
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The structural nature of these protein in- 
teractions is emerging through the identifica- 
tion of the individual proteins that partici- 
pate in each signal transduction pathway, 
the elucidation of the temporal order in which 
these proteins interact, and the definition 
of the sites of contact between the proteins. 
X-ray crystallography and nuclear magnetic 
resonance (NMR) spectroscopy studies have 
provided detailed structural information on 
a few of these interactive protein domains. 

Many of the proteins involved in signal 
transduction consist of multiple domains, 
some of which have enzymatic activity and 
some of which bind to other cellular proteins, 
DNA regulatory elements, calcium, nucleo- 
tides, or lipid mediators. This "modular" struc- 

ture is ideally suited for signaling events that 
require both binding interactions (to relay 
and compartmentalize signals) and enzymatic 
functions (to effect changes in cellular func- 
tions). Remarkably, the DNA sequences en- 
coding these modular domains have been 
shuffled rather extensively throughout evo- 
lution. As a result, one specific domain can 
be found in 30 to 100 or more distinct pro- 
teins. The amino acids within each shuffled 
domain have diverged, however, and this di- 
vergence appears to have subtle effects on 
the binding specificity of the domains. 

With this new wealth of information on 
the molecular interactions that regulate cel- - 
lular responses, it is now feasible to develop 
rationally designed drugs that specifically in- 
terfere with the critical molecular interac- 
tions that underlie disease processes. The le- 
gitimacy of targeting signaling pathways for 
therapeutic intervention has been demon- 
strated by the immunosuppressive drugs, cy- 
closporin A and FK506 (1 ). Both of these 
drugs bind to calcineurin, a critical intracellu- 
lar component of the T cell activation path- 
way that regulates the T cell-specific transcrip- 

Recruitment of signaling proteins to growth factor receptors. The binding of a growth factor (for 
example, platelet-derivedgrowth factor) to its receptor causes receptor dimerization and activation 
of the tvrosine ~rotein kinase activitv of the recedor. These events lead in turn to auto~hos~hor~lation 
at several site's on the receptor.   he phosphorylated sites serve as binding sites for p;oteins with 
SH2 domains [shown are p2lraS guanosine triphosphatase-activating protein (GAP), p85 
phosphatidylinositol3' kinase (PI-3K) binding protein, SHC, and phospholipase C-y(PLC-y)]. Each 
of these proteins has a modular structure, consisting of several protein domains. In some cases, the 
phosphorylation sites on these SH2-containing proteins serve as binding sites for further SH2- 
binding interactions (for example, for Grb2lSem5 binding to SHC). The SH3 domains of these 
proteins presumably contain sites for distinct binding proteins [SHB-binding proteins (BP); (Z)]. 
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tion factor, NF-AT. Although these drugs 
were discovered fortuitously, they prove that 
intervention in intracellular signaling path- 
ways can effectively alter the course of a disease. 

lntracellular Protein-Protein Interactions 
Protein-protein interactions are involved in 
all stages of the intracellular signal transduc- 
tion process-at the plasma membrane, where 
the signal is initiated in the cytoplasm by re- 
ceptor recruitment of other cellular proteins, 
in the cytoplasm where the signals are dis- 
seminated to different cellular locations, and 
in the nucleus where  rotei ins involved in tran- 
scriptional control congregate to turn on or 
turn off gene expression. Although the struc- 
tural features of each interaction are uniquely 
adapted for the specific functions regulated 
by the interaction, some general concepts 
can be illustrated through the specific ex- 
ample of growth factor receptors (see figure). 

The binding ofgrowth factors to their mem- 
brane receptors activates a cascade of intrac- 
ellular pathways that regulate phospholipid 
metabolism, arachidonate metabolism, pro- 
tein phosphorylation, calcium mobilization 
and transport, and transcriptional regulation. 
These signaling events can induce changes 
in cell shape, mobility, and adhesiveness, or 
stimulate DNA synthesis. Aberrations in 
these growth factor-induced events are asso- 
ciated with a variety of hyperproliferative 
diseases ranging from cancer to psoriasis. 

Growth factor receptors contain distinct 
binding sites that serve to recruit multiple 
signaling molecules through protein-protein 
interactions. Receptor engagement by growth 
factors stimulates their protein tyrosine ki- 
nase activity and subsequent autophospho- 
rylation on multiple tyrosine residues. These 
phosphorylated tyrosine residues and sur- 
rounding amino acids serve as high-affinity 
binding sites for cellular proteins that carry 
certain recognition domains, referred to as 
src homology-2 (SH2) domains (2). These 
SH2-phosphopeptide interactions recruit 
other signaling molecules to the receptor, 
where they can be phosphorylated by the 
receptor. Both the recruitment and phospho- 
rylation of these receptor targets appear to 
play important roles in signal transduction; 
for example, if the target is an  enzyme, the 
recruitment brines the enzvme to the cellular - 
location of its substrates and the tyrosine 
phosphorylation can stimulate or inhibit its 
catalytic activity. 

Each of the receptor binding proteins con- 
trols a cellular pathway involved in the bio- 
logical response to the growth factor. Acti- 
vation of a particular pathway could be in- 
hibited by designing a small molecule that 
specifically disrupts one of the receptor-tar- 
get interactions. Such an  inhibitor could be 
developed by modem screening methods that 
are based on natural products from fermenta- 
tion broths or randomly generated "libraries" 

of synthetic peptides or other organic com- 
~ounds .  Alternativelv, the inhibitor could , , 
be developed by structure-basedstrategies that 
involve the desien of small oreanic molecules - - 
that mimic the structure of the phosphopep- 
tide binding site (peptide mimetics). Either 
strategy could potentially identify molecules 
that would bind to a specific SH2 domain 
and block its interaction with receptor mol- 
ecules. The advantage offered by structure- 
based approach is that lead compounds could 
be optimized by iterated cycles of structural 
analysis, computational modeling, and syn- 
thetic chemistry. 

Structure-Based Drug Design 
Many features of the SH2-phosphotyrosine 
interactions make them especially attractive 
for structure-based drug design: (i) Phospho- 
peptides as small as five amino acids can in- 
terfere with these binding interactions in vitro 
(3). The small size of the binding sites and 
the fact that they are derived from a sequence 
of contiguous amino acids should facilitate 
the designofpeptide mimetics. (ii) Although 
the binding affinity of these interactions is 
high (at least nanomolar affinity), the rate of 
dissociation is also high (4). Thus, it should 
be feasible for a peptide mimetic inhibitor to  
compete effectively for the natural ligand. 
(iii) SH2 domains can be expressed as soluble, 
independent domains and they readily form 
crystals, which are critical for structural analy- 
ses (5). (iv) SH2 domains are small enough 
to be analyzed by high-resolution solution 
NMR (6). This property will facilitate the 
optimization of lead compounds through 
structural analyses of the "fit" between the 
SH2 domain and the ~ e ~ t i d e  mimetics. . L 

Although these properties specifically 
apply to SH2 domains, other reiterated pro- 
tein binding domains [for example, leucine 
zippers (7), TAM/ARH motifs (8), SH3 do- 
mains (9), zinc fingers (1 O)] that are involved 
in intracellular signaling pathways have simi- 
lar structural features; that is, they contain 
fewer than 100 amino acids, are amenable to 
NMR and x-ray structural analysis, and have 
binding sites consisting of a short sequence of 
contiguous amino acids. 

The  generation of peptide mimetics de- 
rived from structural analysis of protein in- 
teraction sites is clearly an  attractive strategy 
for drug design; however, the application of 
these mimetics to human disease therapy 
poses several challenges, including those 
encountered in drug delivery to intracellu- 
lar targets and with the potential redundancy 
of cellular pathways. Conceivably, many of 
these problems could be overcome by care- 
fully selecting targets and optimizing drug 
dosage and delivery. Another issue is speci- 
ficity. Given that each of these domains is 
found in multiple cellular proteins, how will 
specificity be incorporated into the design of 
peptide mimetics? As discussed above, there 

has been considerable divergence in the 
amino acid sequences of each class of protein 
domains. The divergent residues of individual 
domains confer specificity for binding to struc- 
tural variants within each ligand binding 
site [for SH2 domains, ligands with different 
amino acids surrounding the phosphotyro- 
sine residue (2)]. In principle, this specificity 
could be built into the design of mimetics to 
ensure that the therapeutic agent would not 
block all interactions involving a class of 
protein domains. 

The  first applications of recombinant 
DNA technology to human disease therapy 
launched the present-day biotechnology in- 
dustry. This technology resulted in the large- 
scale production of recombinant protein fac- 
tors and therapeutic antibodies. Although 
these products have had a substantial impact 
on human disease, their applicability is lim- 
ited to acute disease states where these short- 
lived drugs can be delivered directly to their 
site of action. "Second-generation" biophar- 
maceuticals, consisting of small organic mol- 
ecules that can be used to treat chronic dis- 
eases, will be designed through exploitation 
of the fundamental information on  the mo- 
lecular basis of human disease, and through 
applications of recent advances in high-res- 
olution structural analysis and computation- 
al modeling. The  protein-protein interac- 
tions involved in intracellular signal trans- 
duction, which have been emphasized here, 
offer attractive targets for the design of 
small molecule drugs. However, other intra- 
cellular molecular interactions that involve 
the binding of proteins to DNA (transcrip- 
tion factor binding to DNA regulatory ele- 
ments), to  lipid mediators (diacylglycerol 
activation of protein kinase C) ,  and to nucle- 
otides [adenosine 3 ' ,5 ' -monophosphate 
(CAMP) activation of protein kinase A] are 
also potentially important targets. 

Although there are presently only a few 
examples of the successful application of 
structure-based drug design, the continu- 
ing improvements in structural analysis and 
computational methods, and the identifica- 
tion of new targets that may be more ame- 
nable to this technology, provide a strong 
rationale for further efforts to bring this tech- 
nology to bear on human disease. 
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