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Revealing and Utilizing Receptor Recognition
Mechanisms in a High-Throughput World

Irwin Chaiken

University of Pennsylvania, 909 Stellar Chance Labs, 422 Curie Drive, Philadelphia,
Pennsylvania 19104-6100

Abstract Recent genomic mapping promises to identify essentially all of the proteins that underpin normal and
aberrant biology in humans. What genomics leaves undone is to determine how these proteins interact and integrate into
molecular pathways in health and disease. Specific molecular interactions provide the fundamental mechanism for
selectivity in virtually every aspect of biological structure and function. The convergence of structural and mutational
studies makes it possible to define what parts of a protein are important for recognition. Still, knowing what is important
does not necessarily foretell how binding epitopes actually function. We have applied the approach of epitope
randomization on phage to explore how structural elements in such receptor recruitment systems as interleukin-5 (IL-5)
and HIV-1 function in receptor recognition. This work has led in the IL-5 case to differentiation of recognition and
activation epitopes, and this in turn has potential to help in the design of non-activating mimetics that could stimulate
development of therapeutic antagonists for allergic inflammations such as asthma. Whether it is possible to differentiate
recognition and activation in designing inhibitors in cases such as HIV-1 cell attachment and infection remains a
tantalizing, but unsolved goal at present. Overall, these studies portray advances as well as limitations in the effort to
decipher protein recognition mechanisms and utilize the wisdom gained for mechanism-based antagonist design in an
increasingly high throughput world stimulated by the advent of genomics and proteomics. J. Cell. Biochem. Suppl. 37:

126-135, 2001. © 2002 Wiley-Liss, Inc.
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A seminal event in biomedical sciences has
been the outpouring of protein informatics from
genomics [Howard, 2000]. We now can learn
the primary amino acid sequences of virtually
all proteins. In addition, we are discovering
the three dimensional structures of an expand-
ing number of proteins by direct analysis or by
comparison with sequence-homologous pro-
teins of previously known structure. Yet, there
is a missing link. What is missing is how these
proteins assemble together to drive biological
function. The potential knowledge of recogni-
tion networks at a molecular and structural
level promises to open the way to reveal
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mechanistic understanding of how proteins
drive normal biology and pathogenesis of dis-
ease, and therefrom, the possibility to develop
mechanism-based recognition mimetics for dis-
ease intervention and other biotechnological
tools. Yet, while the vastness of protein infor-
matics has stimulated high throughput meth-
odologies to identify proteins, correlate them
with disease and discover small molecule lig-
ands, mechanistic study has been intrinsically
slower. Being able to utilize high throughput
methodologies in mechanistic study, and to de-
velop new high throughput methods of use in
mechanistic study, is a major challenge in the
transition from genomics to proteomics.

In our own current research, we are in-
terested in deconvoluting receptor recognition
mechanisms and using the resulting under-
standing to design receptor antagonists and
other recognition mimetics that could be useful
leads to therapeutic or biotechnological tools.
We focus on interleukin-5 receptor recruitment
and HIV-1 host cell attachment, systems where
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mechanistic understanding could help define
therapeutic approaches to allergic inflamma-
tion and AIDS, respectively. We have used such
high throughput methodologies as epitope ran-
domization via phage display to explore recog-
nition events. From such studies, we have been
able to differentiate recruitment and activa-
tion epitopes in receptor recognition and have
begun to utilize this understanding as a guide to
design mimetic antagonists. The results so far
show the promise of methods to identify selec-
tively interacting molecules, but also highlight
slow steps such as quantitative analysis of inter-
action properties for which high throughput
methods could play a stimulating role in the
future.

Interleukin-5 Receptor Recruitment
and Activation

Human IL-5 is the major hematopoietin
responsible for differentiation, proliferation,
migration, and activation of eosinophils. IL-5
is a homodimeric protein dominated by 2 four-
helix bundle units and acts on eosinophils
through a cell surface receptor. The IL-5 recep-
tor contains o and B, chains, with o primarily
responsible for ligand binding and B, for signal
transduction (Fig. 1, left). Recent major ad-
vances in our molecular understanding of this
system, along with recombinant tools and
methods for mutageniec, structural, molecular
interaction, and cellular analysis, together pro-
vide an important opportunity to identify the
structural determinants in IL-5 and receptor

subunit ectodomains that drive recruitment of
o and B, receptor subunits into a functional
complex.

A growing body of evidence, in particular by
site directed mutagenesis [Graber et al., 1995;
Morton et al., 1995; Tavernier et al., 1995; Li
et al., 1996a,b], argues for the involvement of
residues in the C-terminal D helix region of
human IL-5 (in particular Glu 110), and nearby
residues in the turn between the C and D helices
(the so-called CD turn), in particular Glu 89 and
Arg 91, in receptor o chain interaction (Fig. 1,
right). Glu 13, in the A helices at the distal ends
of the IL-5 cylindrical dimer, has been shown
important in receptor activation, putatively via
B activation. This has led to the identification of
a relatively limited Ra pharmacophore of E89,
R91, and E110 and to the question of how these
residues function in receptor recruitment vs.
activation.

Functional display of scIL-5 on phage using
the chimeric construction of single chain IL-5
has enabled asymmetric randomization muta-
genesis of the IL-5 molecule and hence an exami-
nation of replaceability of residues in and
around the Ra pharmacophore. We focused first
on the CD turn, which contains two of the key
residues, namely Glu 89 and Arg91. An asym-
metric scIL-5 chimeric mutant [wt/A5] scIL-5
was constructed as a key intermediate to pre-
pare sclL-5 libraries. This mutant was con-
structed of an N-terminal half containing the
original five charged residues (88EERRR92) in
the CD-turn combined with a C-terminal half

Fig. 1. Structural components of the IL-5-receptor system. Left: Receptor o and B. subunits and their
recruitment leading to activation and signaling. Right: Residues identified as key components in hIL-5 for
binding o and B. receptor subunits, including those in the ““CD turn”, the B-turn between helices C and D
that appears key for Ro recruitment [Chaiken and Proudfoot, 1999].
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containing a disabling CD-turn sequence (88A-
AAAA92). The asymmetrically disabled [wt/A5]
scIL-5 variant was used as a starting point to
generate an asymmetric scIL-5 library in which
the 88-92 N-terminal CD-turn was randomized
in the N-terminal domain while it was disabled
by replacement with an AAAAA sequence in the
C-terminal half. Affinity selection of a phage-
displayed library of scIL-5 mutants with rando-
mized sequences in the CD turn allowed the
search for hIL-5 sequence variants displaying
hIL-5Rabinding activity [Wu et al., 1999]. Selec-
tion was done with beads containing immobi-
lized IL-5Ra-Fec. Phage selectants (Fig. 2, left)
were analyzed for receptor o binding using a
competition ELISA assay. Representative re-
sults are in Figure 2, right. [wt/A5] scIL-5 phage
as expected had significant activity compared
with wild type scIL-5, and plate binding was
similarly competed by soluble receptor. In
contrast, many of the selectants showed mar-
ginal receptor binding activity at best. A
notable exception was phage displayed
[SLRGG/A5] sclL-5. This phage selectant,
which showed preferential receptor affinity
bead binding vs. all sequences except for the
wild type, was detected to bind to shIL-5Ra-Fec
immobilized on microtiter plates with a potency
similar to that of [wt/A5] scIL-5. A second single
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R90 variant, [LPRCG/A5] scIL-5, showed par-
tial potency.

We followed up identification of active CD
turn sequences from phage-based randomiza-
tion with more complete molecular analysis of
the SLRGG/A5 variant. [SLRGG/A5] scIL-5 was
expressed in E. coli, purified using immunoaffi-
nity chromatography and both receptor o chain
affinity and cell proliferation activities mea-
sured. Strikingly, the data confirm the efficacy
of the [SLRGG/A5] scIL-5 molecule and hence
the replaceability of the normal CD turn by
SLRGG. Hence, while one-residue-at-a-time
mutagenesis had argued that two specific char-
ged residues Glu 89 and Arg 91 function in
the IL-5 pharmacophore for o chain binding, we
hypothesize that the key structural epitope pro-
vided by the CD turn is actually charge dis-
tribution and that the single Arg 90 in SLRGG
provides the same type of distribution as does
EERRR in wild type IL-5.

We further have used sequence variation
through functional phage display of single chain
human IL-5 to investigate the limits of replace-
ability of the E110 residues, which form a part of
the receptor binding epitope. The results [Wu
etal., 2000] reveal that there are both activating
and non-activating modes of receptor o chain
recruitment. Glul10 was varied in the A domain
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Fig. 2. Results of phage randomization of the CD-turn epitope in IL-5 for Ra recruitment [Wu et al., 1999]. Left: Sequences selected
from the asymmetric CD-loop library, [X5/A5]scIL-5. The amino acid sequences of [wt/A5]sclIL-5 variants identified after four rounds of
affinity selection are listed. Residues that are the same as wild-type sequence are italicized. Right: Competitive phage ELISA evaluation
of relative receptor binding affinities of loop library selectants. Phage selectants after four rounds of panning were analyzed for binding
to shlL-5Ra-Fc. Different titers of phage samples that result in equivalent signal were incubated with different concentrations of sIL-5Ra
protein, ranging from 0 to 500 nM, and then the incubated mixtures were added to shlL-5Ra-Fc-coated microwells. Phage amounts
were 4 x 107 cfu for [Wi/A5]scIL-5 (@), 2 x 10” cfu for scIL-5 (O), 9 x 10° cfu for [SLRGG/A5]scIL-5 (A), 4.5 x 10” cfu for [LPRCG/
A5]scIL-5 (A), 1 x 10'° cfu for [SRLGA/A5]scIL-5 (M) and 2 x 10° cfu for [DGIWG/A5]scIL-5 ([7). The data shown are the mean of two
independent experiments, each carried out in triplicate. Data taken from [Wu et al., 1999].
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of [wt/A5] scIL-5. The data obtained argued that
Tyr and Trp are almost as effective in receptor
binding as negatively charged residues (Glu and
Asp). E. coli-expressed E110 variants contain-
ing E110W in the otherwise sequence-intact
N-terminal half, including a variant with an
E110A replacement in the sequence-disabled
C-terminal half, were shown by circular dichro-
ism to be folded into secondary structures
similar to that of scIL-5. Biosensor kinetics
analysis revealed that [E110W/A5] scIL-5 and
[E110W/A6] scIL-5 had receptor a-chain bind-
ing affinities similar to that of [wt/A5] scIL-5.
However, [E110W/A6] scIL-5 had a signifi-
cantly reduced bioactivity in TF-1.28 cell pro-
liferation compared to both [wt/A5] scIL-5 and
[E110W/A5] scIL-5, and this activity reduction
was disproportionately greater than the much
smaller effect of E110 mutation on receptor
binding affinity. The marked and disproportio-
nate decrease in TF-1 proliferation observed
with [E110W/A6] scIL-5 suggests arole for E110
in biological activity mediated by the signal
transducing receptor B, subunit of IL-5 recep-
tor. The data from phage-based randomization
data argue that the CD turn, and in particular
charge distribution in that turn, are key in Ra
recruitment but on their own will not activate
receptor efficiently (Fig. 3, left). This conclusion,
borne out by subsequent combined mutagenesis
[Plugariu et al., 2000], leads to the possibility to
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form CD turn mimetics as non-activating anta-
gonists of IL-5. Intriguingly, cyclic peptides
have recently been reported [England et al.,
2000], which were derived using a path includ-
ing phage libraries, exhibit significant affinity
and antagonist activity, and contain charged
residues in a CD turn-like EXXR sequence
(Fig. 3, right). Whether these latter sequence
elements are responsible for the antagonist ef-
fect of such peptides is as yet unproven. None-
theless, the use of phage epitope libraries has
brought us to the point of being able to decipher
receptor recruitment epitopes and to begin to
use this understanding in IL-5 mimetics design.

Mechanism-Based Antagonism of
HIV-1 Cell Attachment

Human immunodeficiency virus type 1 (HIV-
1) infection, leading to acquired immunodefi-
ciency syndrome (AIDS), is dependent on initial
attachment of the virus to host cells by the viral
spike envelope protein gpl120 (Fig. 4). HIV-1
attachment leads to fusion of viral membrane
withtarget cellmembrane[Barre-Sinoussietal.,
1983; Gallo et al., 1984]. The fusion process can
be triggered by interaction of HIV-1 Env gp120
with the T-cell antigen receptor CD4 glycopro-
tein [Allan et al., 1985; Robey et al., 1985;
Maddon et al., 1986]. The second envelope pro-
tein, gp41, is a key mediator of virus—cell fusion.
Several seven-transmembrane chemokine
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Fig. 3. Left: Structural model depicting the hypothesis of separable epitopes on IL-5 for activating and non-activating recruitment of
receptor a. The scheme shows the hypothetical structural rationale for the finding that receptor o chain can bind in activating (solid line)
vs. nonactivating (dotted line) modes, the latter of which would disable activating recruitment of the B. chain at the hypothesized IL-5
site around E13 [Wu et al., 1999; Plugariu et al., 2000]. Right top: Ribbon cartoon of the CD-turn region of IL-5 highlighting the charged
sequences of ggEERRRg, and Arg 32 in the context of the B-sheet conformation in the region of these residues. Right bottom: Sequence of
a recently identified IL-5 antagonist derived by phage randomization and subsequent synthetic variation [England et al., 2000].
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Left: Model depicting the organization of the HIV-1 envelope proteins gp120 and gp41 and the cell

receptors that are involved in virus—cell attachment leading to fusion [adapted from Doms and Peiper,
1997]. Right: Configurations of gp120-17b Fab-sCD4 3-component biosensor assays [Zhang et al., 1999]
for effects of CD4 on the binding of gp120 analyte to immobilized CD4 and effects of CD4 on binding of

gp120 analyte to immobilized 17b.

receptors, in particular CCR5 and CXCR4, have
been identified as obligate co-receptors for virus
cell entry [Alkhatibet al., 1996; Choeet al., 1996;
Deng et al., 1996; Doranz et al., 1996; Dragic
et al., 1996]. The virus-host cell attachment pro-
cess that occurs in HIV-1 infection appears to
induce a staged rearrangement of the envelope
components that leads to enhanced viral entry.
As depicted in Figure 4, CD4 binding is believed
to induce conformational changes in gpl20
which are postulated to promote subsequent
steps in the fusion process, such as co-receptor
binding, dissociation of gp120 from gp41, expo-
sure of fusigenic components of gp41 to enhance
virus—cell fusion and consequent viral entry
[Sattentau and Moore, 1991; Sattentau et al.,
1993].

Soluble CD4 has been shown to dramatically
increase the affinity of the env gp120 of macro-
phage-tropic (M-tropic) HIV-1 for co-receptor
CCR5[Choeet al., 1996]. Further, CD4 has been
shown to induce a greater affinity of gp120 for
co-receptor surrogates such as the antibody 17b
[Wyatt et al., 1995; Zhang et al., 1999]. That
CD4 binding to viral envelope increases expo-
sure of co-receptor binding, along with the obser-
ved variable affinity of CD4 for the envelope of
clinical isolates, may explain at least in part why
soluble CD4 has had poor efficacy as a thera-
peutically active antagonist in human clinical
trials.

The above suggests the possibility that gp120
binding antagonists can be useful as potential
therapeutic antagonists by blocking fusion-
triggering initial steps of virus cell attachment,
including CD4 binding and conformational
isomerization of the viral envelope. It further
suggests that for CD4-gp120 inhibition, antago-

nists that might be the most effective therapeu-
tically may, while recognizing the CD4-binding
epitope on envelope, have reduced capacity for
inducing the conformational rearrangements
that lead to greater exposure of the co-receptor
site. Thus the benefits of differentiating recruit-
ment from activation in this receptor system.

We configured kinetic interaction analysis
assays using optical biosensors that monitor
both recruitment and cooperative interaction
properties of CD4 with gp120 (Fig. 4). The com-
petition assay (Fig. 4, middle) is a convenient
monitor of similarity of CD4 and mimetic bin-
ding sites on gp120. In contrast, the 17b effect
assay (Fig. 4, right) monitors CD4-induced up-
regulation of gp120 binding to the co-receptor
surrogate, 17b antibody [Zhang et al., 1999].
Several observations argue for the proximity of
the 17b-epitope (CD4i) and the CCR5-binding
site [Thali et al., 1993; Wyatt et al., 1995; Moore
and Sodroski, 1996]. Hence, 17b can be used as a
reporter to detect molecular events that occur at
the CCR5-binding site in virus—cell docking and
fusion.

Knowledge of the structure of CD4 and its
complex with gp120, and the availability of
biosensor assays to detect interactions of CD4
with HIV-1 envelope protein, stimulated an ef-
fort to identify structure-based antagonists.
Previous mutagenic results have shown the
importance of Phe 43, Arg 59, and sequences
around these residues for gp120 binding. Phe 43
has been shown to be particularly dominant in
stabilizing the gp120 interaction. Further, Phe
43 is present in a B-turn of the CDR2 region of
CD4. Most importantly, the revealing of the
three dimensional structure of the CD4-gp120-
17b complex showed that the Phe 43 B-turn is
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preserved in the CD4-gp120-17b structure and by the Gly 1 a-amino group of amino terminal

the Phe 43 side chain makes an intimate contact shortened toxin sequence. The energy-mini-
in cavity 2 of gp120. We and others have focused mized structure of TXM1 and its comparison
on this residue in a f-turn conformation in the with CD4 crystal structure are shown in
design of miniprotein mimetics of CD4. Figure 5, left. It also denotes that we made a
Scorpion toxin scaffolds such as charybdo- control miniprotein, which we called TXMO,
toxin have provided a useful miniprotein scaf- that had the residues in positions 26 and 27
fold of CD4 mimicry [Drakopoulou et al., 1998; reversed, F'S instead of SF in TXM1.
Zhang et al., 1999]. The native charybdotoxin Overall, TXM1 behaves exactly as one would
molecule possesses a small antiparallel B-sheet expect for sCD4, competing for gp120 binding to

connected to a short a-helix by a B-turn [Vita immobilized CD4 and enhancing the binding of
et al., 1993, 1998]. The molecule is stabilized in gp120 to immobilized 17b (Fig. 5, right). Neither
this o/B/p structure motif by three disulfide effect was observed with TXMO. The affinity of

bonds. This structure motif is well conserved in TXM1 for gpl20 was estimated to be low,
all known scorpion toxins and tolerates a large approximately 20 uM. Nonetheless, that it
number of amino acid mutations in the molecule possesses CD4-like interaction properties
without loss of folding [Bontems et al., 1991; encourages further synthetic variation in scor-
Vita et al., 1998]. The B-turn in this scaffold was pion toxin scaffolds. Importantly, toxin-scaf-
used as an initial starting point for transplant- folded variants with relatively high affinity
ing Phe 43 B-turn residues from CD4. (Kd < uM) have been identified [Vitaet al., 1998].

In our own work, we designed and synthe- Results with peptides such as TXM]1, along
sized a charybdotoxin-based miniprotein to with concurrent studies in our group [Li et al.,

attempt to mimic CD4. The underlined residues 2001] and elsewhere [Drakopoulou et al., 1998;
in the CD4 mimetic TXM1, NH,-GCTTSKECW- Vita et al., 1998], have shown that CD4 mimic-
SVCQRLHNTSRGGCQGSFCTCGP-OH, are king miniproteins could be made in an of§f fold

non-charybdotoxin sequence elements that were of scorpion toxin. The working hypothesis here
incorporated to mimic structural features of is that a key structural element in each case is
CD4, in particular Phe 24 to mimic Phe 43 of the Phe-containing B-turn. Phage epitope ran-
CD4. In addition to the Phe residue, we also domization of a B-turn loop of a charybdotoxin-
attempted to mimic the position of Arg 59, a based miniprotein scaffold was used to identify
second residue shown to be important for gp120- variations of these peptides that can bind

CD4 affinity mutagenically [Wu et al., 1996], gpl120 and block the gpl120-CD4 interaction.
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Fig. 5. Left: Structural comparison of CD4 D1 domain (right structure) and charybdotoxin analog TXM1 (left structure). The latter
contains Phe 27 in a loop configuration believed to mimic Phe 43 in CD4, while it contains an adjacent a-amino group believed to
mimic the Arg 59 side chain of CD4. The TXM1 structure also shows in dotted space filling the position of Phe in an alternative mimetic,
TXMO, made as a control for TXM1. (TXM1 and TXMO structures taken from Zhang et al. [1999], CD4 D1D2 from Kwong et al. [1998]).
Right: Sensorgram overlays for the JR-FL protein binding to immobilized 17b Fab (left graph) and immobilized sCD4 (right graph) in the
absence and presence of TXM1. Surface density: 1600 RU (left) or 150 RU (right). Buffer: 10 mM phosphate, pH 7.4, 300 mM NaCl,
0.005% Tween. JR-FL protein concentrations are shown at the right of each sensorgram. Flow rate: 30 (left) or 4 pl/min (right). The
concentration of TXM1 and TXMO in each mixture is 50 (left) or 20 times (right) that of each JR-FL concentration. Data taken from Zhang
etal. [1999].
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We displayed the charybdotoxin scaffold on the
filamentous phage fUSE5 and constructed a f3-
turn library. The phage library formed through
this construction was affinity selected on immu-
notubes coated with immobilized JR-FL gp120.
After three rounds of selection, individual phage
clones were prepared and sequenced. Using the
above library and panning with immobilized
Env gpl20, we identified a set of selectants
shown in Figure 6, left.

Competition enzyme-linked immunosorbent
assay (ELISA) identified high frequency phage
selectants for which specific gp120 binding was
competed by sCD4 (Fig. 6, right). Surprisingly,
several of these selectants contain hydropho-
bic residues in place of the Phe that occurs in
the gpl120-binding B-turns of both CD4 and
previously identified scorpion toxin CD4 mime-
tics. One of these selectants, denoted TXM
[24 GQTLsy7], contains the GQTL in place of
the CD4 B-turn sequence 4QGSF,3. TXM
[24GQTLy7] peptide was prepared by solid phase
chemical synthesis, its binding to gp120 demon-
strated by optical biosensor kinetics analysis
and its affinity for the CD4 binding site of gp120
confirmed by competition ELISA. The results of
this project demonstrated that aromatic-less
loop containing CD4 recognition mimetics can
be formed with detectable envelope protein
binding within a B-turn of the charybdotoxin
miniprotein scaffold. This work established a
methodology for phage display of a charybdo-

TX Selectants from gp120 JR-FL Panning

Selection frequency

Sequence

EGLYV 12/35
GaTL 135
QG SF 4/35
S5 T KA 3/35
P QLE 2/35
G QKYV 1/35
P QRL 1/35
P Q LL 1/35
'y GG 1/35
TYVG 1/35
L RLL 1/35
Fig. 6.

toxin miniprotein scaffold and pointed to the
potential value of phage-based epitope rando-
mization of this miniprotein to identify novel
CD4 mimetics. The latter are potentially useful
in deconvoluting structural determinants of
CD4-HIV envelope recognition and possibly in
designing antagonists of viral entry.

The above results of phage randomization
revealed the dominance of nonaromatic resi-
dues in and around the B-turn position initially
occupied by Phe in TXM1. This finding evoked
the questions: To what extent do these mole-
cules recapitulate the binding properties of CD4
and what is the role of the B-turn Phe in enve-
lope interactions? We have examined the bind-
ing properties of the most frequently selected
sequence from phage display, EGLV, and the
corresponding CD4 D1D2 variant, F43V D1D2.
This work, currently in progress (C. Dowd et al.,
unpublished communication) promises to help
delineate the role of Phe43 in the mechanism of
HIV entry and may help facilitate the develop-
ment of HIV entry antagonists.

Prospects for Determining Receptor
Recognition Mechanisms and Designing
Receptor Antagonists in a High Throughput World

Using phage epitope randomization in
mechanistic studies. High throughput me-
thodologies are being increasingly used to iden-
tify protein and other macromolecular correlates
of disease through tissue and genomic screening

110

100

{USE 5 phage
PQLE-pI?\aag%
TYGG-phage
PQRL-phage
STKA-phage
GaKV-phage

20

1]

TYVG-phage
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QGSF-phage
EGLV-phage
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Left: Phage displayed charybdotoxin turn sequences from the library selected after panning against

immobilized gp120 [JR-FL]. Right: Soluble CD4 competition ELISA of CT phage selectants. Phage and
sCD4 (0-250 nM) were premixed before addition to the plates. Data taken from Li et al. [2001].
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and to identfy antagonists of those putative
disease targets through combinatorial search.
In contrast, more rational connections between
target identification and antagonist discovery
often involve deliberate and ultimately slower
steps including revealing location of active sites
and structural elements in those active sites. As
exemplified in this article, phage epitope rando-
mization can be used to speed up revealing how
recognition sequences work, by going beyond the
information from one-residue-at-a-time muta-
genesis to identify sequence themes that satisfy
requirements for recognition and function.
Often, the initial results of library screening
can lead to unexpected combinations of func-
tional sequences. Deconvoluting the meaning of
sequence selectants is a major challenge in epi-
tope randomization studies. Yet, understanding
the unexpected can lead to enlightenment,
generally helping to learn about rules of recogni-
tion and specifically teaching not just what
groups are important, but how they may func-
tion, and enlightenment may lead to something
useful, for example, learning what structural
elements of a protein to utilize in order to form a
specifically targeted antagonist.

Differentiating recruitment and activa-
tion in receptor recognition mechanisms
and design of receptor antgonists. Our
studies on recognition epitopes argue that it is
possible to differentiate structural elements
driving receptor recruitment from those needed
for receptor activation. This is most evident in
the results with interleukin-5, for which we
have found that charge balance in the CD-turn
of this cytokine drives receptor o recruitment
but not, at least by itself, activation of the
receptor o/p. complex. This conclusion enables a
promising structural focus for investigating
existing antagonist leads and for future antago-
nist design. In contrast, differentiating recruit-
ment and activation epitopes in the CD4 /HIV-1
envelope system is not yet achieved. Mimetic
antagonists made so far, at least through mini-
protein design and randomization studies, are
both recruiting and activating. Nonetheless,
the potential that non-activating CD4
mimetics could lead to effective antagonism of
HIV-1 cell attachment and infection is likely
to stimulate further work by researchers in
this field, including the use of combinatorial
search methods to speed the screening of
possible CD4 mimetic and other envelope ligand
structures.

Development and convergence of other
high throughput methods, such as in inter-
action analysis, to accelerate mechanistic
and design studies. The forces of increasing
genomic and proteomic data, improved opportu-
nities for structure-based investigation and the
demands for biotechnological output make it
likely that other high throughput methods will
be introduced into mechanistic and design
studies of protein targets. One area of need is
interaction analysis. The advent of optical bio-
sensors for real time kinetics analysis has set
new standards for identifying interaction prop-
erties of protein targets and mimetic molecules.
We have integrated this methodology into
almost all aspects of our own studies in the IL-
5/IL-5 receptor and CD4/HIV-1 envelope sys-
tems. Nonetheless, as the number of protein
variants and antagonist candidates increases,
the multiple flow cell throughput allowed by
current instrumentation will likely lead to tech-
nology enabling even greater interaction analy-
sis throughput. High throughput quantitation
of interaction kinetics will also help map and
understand the dynamics of the extensive
recognition networks being revealed in biology,
for example signal transduction cascades. For
those interested in mechanism and design, the
ability to incorporate high throughput meth-
odologies will likely have a transforming effect
on experimental pace and style and will pay
enabling dividends for the types of questions that
can be asked and reasonably answered.

REFERENCES

Alkhatib G, Combadiere C, Broder CC, Feng Y, Kennedy
PE, Murphy PM, Berger EA. 1996. CC CKR5: A
RANTES, MIP-1lalpha, MIP-1beta receptor as a fusion
cofactor for macrophage-tropic HIV-1. Science 272:1955—
1958.

Allan JS, Coligan JE, Barin F, McLane MF, Sodroski J,
Rosen CA, Haseltine WA, Lee TH, Essex M. 1985. Major
glycoprotein antigens that induce antibodies in AIDS
patients are encoded by HTLV-III. Science 228:1091—
1093.

Barre-Sinoussi F, Chermann JC, Rey F, Nugeyre MT,
Chamaret S, Gruest J, Dauguet C, Axler-Blin C, Vezinet-
Brun F, Rouzioux C, Rozenbaum W, Montagnier L. 1983.
Isolation of a T-lymphotropic retrovirus from a patient at
risk for acquired immune deficiency syndrome (AIDS).
Science 220:868—-871.

Bontems F, Roumestand C, Gilquin B. 1991. Refined
structure of charybdotoxin: Common motifs in scorpion
toxins and insect defensins. Science 254:1521-1523.

Chaiken IM, Proudfoot A. 1999. Structure of interleukin-5.
In: Sanderson C, editor. IL-5: From molecule to drug



134 Chaiken

target for asthma. New York: Marcel Dekker Inc. p 167—
188.

Choe H, Farzan M, Sun Y, Sullivan N, Rollins B, Ponath
PD, Wu L, Mackay CR, LaRosa G, Newman W, Gerard N,
Gerard C, Sodroski J. 1996. The beta-chemokine recep-
tors CCR3 and CCR5 facilitate infection by primary HIV-
1 isolates. Cell 85:1135—-1148.

Deng H, Liu R, Ellmeier W, Choe S, Unutmaz D, Burkhart
M, Di Marzio P, Marmon S, Sutton RE, Hill CM, Davis
CB, Peiper SC, Schall TJ, Littman DR, Landau NR. 1996.
Identification of a major co-receptor for primary isolates
of HIV-1. Nature 381:661—-666.

Doms RW, Peiper SC. 1997. Unwelcomed guests with
master keys: How HIV uses chemokine receptors for
cellular entry. Virology 235:179-190.

Doranz BJ, Rucker J, Yi Y, Smyth RJ, Samson M, Peiper
SC, Parmentier M, Collman RG, Doms R. 1996. A dual-
tropic primary HIV-1 isolate that uses fusin and the beta-
chemokine receptors CKR-5, CKR-3, and CKR-2b as
fusion cofactors. Cell 85:1149—-1158.

Dragic T, Litwin V, Allaway GP, Martin SR, Huang Y,
Nagashima KA, Cayanan C, Maddon PJ, Koup RA, Moore
JP, Paxton WA. 1996. HIV-1 entry into CD4 + cells is
mediated by the chemokine receptor CC-CKR-5 [see
comments]. Nature 381:667—-673.

Drakopoulou E, Vizzavona J, Vita C. 1998. Engineering a
CD4 mimetic inhibiting the binding of the human im-
munodeficiency virus-1 (HIV-1) envelope glycoporotein
gp 120 to human lymphocyte CD4 by the transfer of a
CD4 functional site to a small natural scaffold. Lett Pept
Sci 5:241-245.

England BP, Balasubramanian P, Uings I, Bethell S, Chen
M-J, Schatz PJ, Yin Q, Chen Y-F, Whitehorn EA,
Tsavaler A, Martens CL, Barrett RW. 2000. A potent
dimeric peptide antagonist of interleukin-5 that binds
two interleukin-5 receptor o chains. Proc Natl Acad Sci
U S A97:6862-6867.

Gallo RC, Salahuddin SZ, Popovic M, Shearer GM, Kaplan
M, Haynes BF, Palker TJ, Redfield R, Oleske J, Safai B,
White G, Foster P, Markham PD. 1984. Frequent detec-
tion and isolation of cytopathic retroviruses (HTLV-III)
from patients with AIDS and at risk for AIDS. Science
224:500-503.

Graber P, Proudfoot AE, Talabot F, Bernard A, McKinnon
M, Banks M, Fattah D, Solari R, Peitsh MC, Wells TM.
1995. Identification of key charged residues of human
interleukin-5 in receptor binding and cellular activation.
J Biol Chem 270:15762—15769.

Howard K. 2000. The bioinfomatics gold rush. Sci Am
283:58—63.

Kwong PD, Wyatt R, Robinson J, Sweet RW, Sodroski J,
Hendrickson WA. 1998. Structure of an HIV gp120
envelope glycoprotein in complex with the CD4 receptor
and a neutralizing human antibody [see comments].
Nature 393:648—659.

Li J, Cook R, Dede K, Chaiken I. 1996a. Single chain
human interleukin-5 and its asymmetric mutagenesis for
mapping receptor binding sites. J Biol Chem 271:1817—
1820.

Li J, Cook R, Chaiken I. 1996b. Mutants of single chain
interleukin-5 show asymmetric recruitment of receptor
o and B, subunits. J Biol Chem 271:31729-31734.

Li C, Dowd CS, Zhang W, Chaiken IM. 2001. Phage
randomization in a charbdotoxin scaffold leads to CD4-

mimetic recognition motifs that bind HIV-1 envelope
through non-aromatic sequences. J Pept Res 57:517.

Maddon PJ, Dalgleish AG, McDougal JS, Clapham PR,
Weiss RA, Axel R. 1986. The T4 gene encodes the AIDS
virus receptor and is expressed in the immune system
and the brain. Cell 47: 333—348.

Moore JP, Sodroski J. 1996. Antibody cross-competition
analysis of the human immunodeficiency virus type 1
gpl120 exterior envelope glycoprotein. J Virol 70:1863—
1872.

Morton T, Li J, Cook R, Chaiken IM. 1995. Mutagenesis in
the carboxyl terminal region of human interleukin-5
reveals a central patch for receptor o chain recognition.
Proc Natl Acad Sci U S A 92:10879-10883.

Plugariu CG, Wu S-J, Zhang W, Chaiken IM. 2000.
Multisite mutagenesis of interleukin-5 differentiates
sites for receptor recognition and receptor activation.
Biochemistry 39:14939—-14949.

Robey WG, Safai B, Oroszlan S, Arthur L, Gonda M, Gallo
R, Fischinger PJ. 1985. Characterization of envelope and
core structural gene products of HTLV-III with sera from
AIDS patients. Science 228:593—-595.

Sattentau QJ, Moore JP. 1991. Conformational changes
induced in the human immunodeficiency virus envelope
glycoprotein by soluble CD4 binding. J Exp Med 174:
407-415.

Sattentau QJ, Moore JP, Vignaux F, Traincard F, Poignard
P. 1993. Conformational changes induced in the envelope
glycoproteins of the human and simian immunodefi-
ciency viruses by soluble receptor binding. J Virol 67:
7383-7393.

Tavernier J, Tuypens AV, Plaetinck RD, Heyden JV, Cuisez
Y, Oefner C. 1995. Identification of receptor-binding
domains on human interleukin-5 and the design of an
interleukin-5-derived receptor antagonist. Proc Natl
Acad Sci U S A 92:5194-5198.

Thali M, Moore JP, Furman C, Charles M, Ho DD,
Robinson J, Sodroski J. 1993. Characterization of conser-
ved human immunodeficiency virus type 1 (HIV-1) gp120
neutralization epitopes exposed upon gpl120-CD4 bind-
ing. J Virol 67:4557-4565.

Vita C, Bontems F, Bouet F, Tauc M, Poujeol P, Vatanpour
H, Harvey AL, Menez A, Toma F. 1993. Synthesis of
charybdotoxin and of two N-terminal truncated analo-
gues. Structural and functional characterization. Eur J
Biochem 217:157-169.

Vita C, Vizzavona J, Drakopoulou E, Zinn-Justin S, Gilquin
B, Menez A. 1998. Novel miniproteins engineered by the
transfer of active sites to small natural scaffolds. Biopoly-
mers 47:93—-100.

Wu H, Myszka DR, Tendian SW, Brouillete CF, Sweet RW,
Chaiken IM, Hendrickson WA. 1996. Kinetic and
structural analysis of CD4 mutants that are defective
in HIV binding. Proc Natl Acad Sci U S A 93:15030—
15035.

Wu SJ, Li J, Tsui P, Cook R, Zhang W, Hu Y, Canziani G,
Chaiken I. 1999. Randomization of the receptor alpha
chain recruitment epitope reveals a functional interleu-
kin-5 with charge depletion in the CD loop. J Biol Chem
274:20479-20488.

Wu SJ, Tambyraja R, Zhang W, Zahn S, Godillot AP,
Chaiken I. 2000. Epitope randomization redefines the
functional role of glutamic acid 110 in interleukin-5
receptor activation. J Biol Chem 275:7351-7358.



Receptor Recognition and Activation 135

Wyatt R, Moore J, Accola M, Desjardin E, Robinson J, Zhang W, Canziani G, Plugariu C, Wyatt R, Sodroski J,
Sodroski J. 1995. Involvement of the V1/V2 variable loop Sweet R, Kwong P, Hendrickson W, Chaiken I. 1999.
structure in the exposure of human immunodeficiency Conformational changes of gp120 in epitopes near the
virus type 1 gp120 epitopes induced by receptor binding. CCR5 binding site are induced by CD4 and a CD4

J Virol 69:5723-5733. miniprotein mimetic. Biochemistry 38:9405-9416.



