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AbstractÐNovel bioactive mini-proteins have been engineered by a rational approach, implying the structural and functional reproduction
of protein binding sites on stable natural protein structures, functioning as scaffolds. Such molecules, possessing a well-de®ned three-
dimensional structure and a speci®c biological activity, represent new tools in biology, biotechnology, medical sciences, and also precious
intermediates useful in drug design, facilitating the conversion of a protein functional epitope into a classical pharmaceutical. q 2000
Elsevier Science Ltd. All rights reserved.

Introduction

Very often nature uses common structural motifs and
protein domains in different biological contexts, to express
a large variety of speci®c functions. The immunoglobulin
fold, for example, is one of the most widespread fold found
in nature, since it is present in antibodies and in many
enzymes and receptors.1 It can support a large sequence
variety, such that two components of the immunoglobulin
superfamily can have as low as 10% sequence homology.
This ®nding suggests that new sequences can be incorpo-
rated into this structural motif and new binding speci®city
arti®cially engineered. As a matter of fact, the immuno-
globulin fold has been one of the ®rst motif to be equipped
with new antigen speci®city by exchanging the sequence of
its complementarity-determining region (CDR) loops with
that from a different monoclonal antibody.2 In more recent
applications, new antibody speci®city has been engineered
by displaying the Fab portion at the surface of bacterio-
phages, followed by random mutagenesis of its CDR loop
sequences and functional selection (biopanning) against
new antigens.3

In the last decade or so, similar approaches, leading to
incorporation of new binding functions into predetermined
structural scaffolds, have been also applied to several small-
size common and stable structural motifs, like the a/b
scorpion toxin fold, protease inhibitors, the module of
leucine zipper, EGF and zinc ®nger, the B and Z domain
of protein A, knottins and tendamistat.4,5 De novo designed
templates, representing simpli®ed versions of natural

structures with natural (Minibody,6 helical coiled-coil7) or
arti®cial (TASP8) connectivities, have also been equipped
with new binding speci®city. In all these applications, new
functions have been introduced either by the transfer of
functional protein epitopes to speci®c and structurally
compatible regions of the host structures,9 or by randomiza-
tion of particular scaffold regions, displayed at the surface of
phages, followed by a functional selection against a selected
protein target.4 In a third approach, structural information
was linked to a combinatorial approach to reduce a binding
domain to a minimum size and to optimize structural
stability and function, producing novel bioactive minimized
protein folds.10 The concept of using stable structural motifs
as scaffolds in order to reproduce protein functional epitopes
or stabilize bioactive conformations is nowadays recognized
as one of the most successful approaches in protein
engineering.5,9 Scaffolds of limited size (with fewer than
70 amino acids) are particularly useful, since the newly
engineered mini-proteins may be obtained by chemical
synthesis, thus allowing any desired chemical modi®cation.
Thus, non-natural amino acids, ¯uorescent and af®nity tags,
NMR or X-ray crystallography labels or other chemical
moieties can be incorporated within speci®c positions not
disturbing function. These possibilities allow transforma-
tion of the engineered mini-proteins into new tools that
can be extremely useful in biology, biotechnology and
medical sciences. In addition, novel bio-active mini-
proteins, representing minimized versions of much larger
and complex natural proteins, may be useful not only in
fundamental science, but particularly in drug discovery.
Hence, structural and functional information on the mini-
protein functional epitopes can be easily obtained by NMR
spectroscopy: this information can lead to the de®nition of
the structure of pharmacophoric groups to be included
in peptidomimetics or small-molecular-weight organic
compounds that may represent useful candidates as drugs.
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Multidisul®de containing natural mini-proteins are particu-
larly interesting as structural scaffolds, since these covalent
cross-links represent the major determinants of structural
stability, allowing substantial sequence mutations of many
solvent exposed side chains, without perturbing folding
ef®ciency. Within disul®de stabilized natural scaffolds, the
natural structural motif found in scorpion toxins is one of the
most attractive for protein engineering.5,11 This motif
contains two canonical secondary structures, an antiparallel
b-sheet and a short a-helix, which are joined by three
disul®de bridges in the interior of the structure (Fig. 1)
that remarkably stabilize such structure to extremely
denaturant conditions like high guanidine hydrochloride
concentrations or boiling water.11,12 Furthermore, in small-
size multidisul®de scaffolds, particular spacing between
cysteine residues have been indicated to play a role in
facilitating formation of speci®c native disul®des, avoiding
non-native ones:13 this may explain the persistent folding
ef®ciency of some engineered constructions based on this
fold.5 All known scorpion toxins contain the a/b structural
motif, irrespective of their size, amino acid sequence and
function.14 Interestingly, the same structural motif is also
present in insect defensins,15 plant g-thionins16 and in a
sweet-tasting mini-protein (brazzein).17 A comparison
between all known toxin sequences reveals that the six
cysteines involved in the three disul®de bridges are the
only residues strictly conserved.14 Thus, this simple,
compact, and well organized structural motif seems to
have naturally evolved to include high sequence permissive-
ness (as shown by its compatibility with hundreds of
different sequences) and functional versatility (as shown
by its compatibility with different ion channel blockage
activity in scorpion toxins, antimicrobial activity in
defensins and interaction with receptors responsible for
sweet tasting in brazzein).

The high structural stability, sequence permissiveness and
functional versatility of the scorpion toxin fold suggested
that this motif could be utilized as template to incorporate
new sites in its b-sheet or a-helix regions and therefore
engineer novel functions.11 The potential of the scorpion
scaffold was ®rst tested by engineering a metal binding
site on the structure of charybdotoxin, a 37-amino acid
toxin isolated from the venom of the Israeli Leiurus
Quinquestriatus scorpion.11 The essential features of the
Zn21 binding site of human carbonic anhydrase B, three

histidine residues on two antiparallel b-strands, were incor-
porated in the b-sheet of charybdotoxin (Fig. 1). Other
substitutions in the vicinity of the putative active site were
suggested after modeling studies: nine substitutions in all
were introduced into the native 37-residue charybdotoxin
sequence.11 The new mini-protein was obtained by auto-
matic solid phase synthesis and the three disul®de bridges
formed ef®ciently, as in the case of charybdotoxin.18 The
newly engineered mini-protein was shown to bind metal
ions, Cu21, Zn21, Cd21, Ni21, Mn21, with binding constants
in the range 1028±1025 M, in an order re¯ecting that
observed in carbonic anhydrase B.11 Structure analysis by
CD,18 1H NMR11 and EPR (unpublished results) revealed
that, in spite of the nine substitutions introduced, the
chimeric mini-protein was correctly folded, presented the
expected a/b motif of charybdotoxin and metals were
bound by the three imidazole groups introduced. This
work clearly demonstrated that the scorpion toxin structural
motif could function as a template for mini-protein engi-
neering and, following the same strategy of transfer of
active sites to speci®c structural regions of this scaffold,
new functions were then engineered.

A curaremimetic protein, designed to bind the nicotinic
acetylcholine receptor, was obtained by incorporating,
within this a/b motif, functionally important residues of
the neurotoxin toxin a, that, as curare, binds to this receptor
and blocks the opening of the ion channel, provoking ¯accid
paralysis.12 By systematic mutagenesis analysis, the active
site of toxin a was mainly identi®ed in the concave face of
the central loop of its b-sheet.19 On the basis of a good
superposition of the neurotoxin b-hairpin 25±36 to the
charybdotoxin b-hairpin 25±36 (with a calculated 1.1 AÊ

RMS deviation for the backbone atoms), eight side chains
located on the solvent exposed face of the b-hairpin of
charybdotoxin were mutated into the side chains found to
be critical for the binding of toxin a to the acetylcholine
receptor. Furthermore, the 6 N-terminal residues of
charybdotoxin were deleted in order to allow greater solvent
accessibility to the side chains of the b-sheet. The designed
31-residue chimeric sequence was synthesized by solid-
phase synthesis and folded ef®ciently and correctly, as
evidenced by HPLC and CD analysis.12 The mini-protein,
in competition ELISA, was shown to bind the nicotinic
acetylcholine receptor with an IC50 of 5£1025 M, which is
105 fold higher than that of the extremely potent neurotoxin
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Figure 1. MOLMOL39 structural model of scorpion toxin scaffold charybdotoxin (A, PDB code, 2crd), the engineered mini-protein binding metals (B) and the
curaremimetic mini-protein (C, PDB code, 1cmr). Active side chains are labeled and represented in black sticks and balls.
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toxin a.12,19 Structure determination of the curaremimetic
mini-protein by 1H NMR20 revealed the presence of an a/b
motif (Fig. 1) typical of the toxin scaffold, a good overall
resemblance of the transferred site of the chimera with the
original one in the parent neurotoxin. However, some
divergences at the most solvent exposed (and more mobile)
side chains were also observed. The structural resemblance
was con®rmed by the fact that antibodies, elicited in rabbits
against the chimera, were able to recognize the parent
neurotoxin and prevented its binding to the acetylcholine
receptor.12 To explain the relatively low af®nity shown by
the chimera for the acetylcholine receptor, we made
theoretical calculations on the expected contribution to the
receptor binding energy of the neurotoxin site that was
transferred, as compared to neurotoxin total binding energy.
This analysis indicated a good agreement between the esti-
mated contribution and the binding energy of the chimera,
determined from ELISA.12 Thus, this explanation suggested
that the structural graft was correctly achieved and the trans-
ferred site represented only a portion of the functional
epitope. Probably, further improvement in receptor af®nity
could be obtained by submitting the mini-protein to combi-
natorial approach and functional selection, to rescue
additional binding energy lost in the size reduction of the
original binding site.

In this report we describe recent works on the engineering of
a mini-protein, inhibitor of human immunode®ciency virus
type-1 (HIV-1) infection, which has been designed to repro-
duce the essential features of the CD4 surface interacting
with the viral envelope glycoprotein gp120. This example

also illustrates how the binding af®nity of the ®rst
engineered mini-protein was effectively improved on the
basis of structure±function relationships, emphasizing the
usefulness of using a stable and sequence permissive
scaffold.

Results

The interaction of the gp120 envelope glycoprotein of HIV-
1 with the CD4 protein represents the initial step of virus
entry into target cells.21 This interaction triggers a confor-
mational change in the envelope glycoprotein gp120 that
favors anchoring of the virus to the chemokine receptors,
recently discovered co-receptors essential for entry; this in
turn leads to exposure of the fusogenic domain of the
envelope glycoprotein gp41, fusion of viral and cell
membranes and ®nally cell infection.22 The recently
reported crystallographic structure of gp120, in complex
with CD4 and the Fab portion of a neutralizing monoclonal
antibody,23 has demonstrated that a large surface (742 AÊ 2) of
the domain D1 of CD4 binds to a large (800 AÊ 2) depression
on gp120. The CDR2-like loop of CD4 is central in this
interaction: CD4 Phe-43 side chain plugs the entrance of a
deep cavity in gp120 and CD4 Arg59 side-chain is
implicated in a double H-bond with Asp-368 side-chain of
gp120. This structure justi®es the critical functional role
played by most of the residues of the CDR2-like loop,
suggested by previous mutagenesis experiments.24 We
envisioned that a mini-protein reproducing the structural
features of the CDR2-like loop could function as an

Figure 2. MOLMOL39 structural model of D1-D2 domains of human CD4 (A, PDB code, 1cdh), compared to charybdotoxin (B) scyllatoxin (D, PDB code,
1scy) scaffold; structurally similar b-hairpins are shaded in darker gray and the side chains of CD4 CDR2-like loop, involved in gp120 binding, are in sticks
and balls. The CD4 (36±48) b-hairpin (in black sticks) is superimposed on the charybdotoxin 25±37 (C) and scyllatoxin 18±30 (E) backbone atoms (in gray).
F, Sequence (in one-letter code, Z is pyroglutamic acid) of CDR2-like loop of human CD4, charybdotoxin scaffold (ChTx), mini-protein CD4M, scyllatoxin
scaffold (ScTx), mini-protein CD4M3, CD4M8 and CD4M9. Functional residues are in bold.
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inhibitor of CD4-gp120 interaction and, consequently, of
virus attachment to cells and infection.

According to the strategy used in previous examples, we
looked for a mini-protein scaffold that could function as
template for the structural reproduction of the CD4 site:
we found that the scorpion toxin charybdotoxin contained
a solvent exposed b-hairpin (sequence 25±37) that could be
superposed on the CDR2-like region (sequence 36±48) of
human CD4, with an RMS deviation for backbone atoms of
1.3 AÊ only (Fig. 2). In order to allow access of the b-hairpin
of the scaffold to gp120 binding, the N-terminus was also
shortened by four residues. The resulting 33-residue CD4
mimetic, denominated CD4M, containing nine CD4
residues in structurally equivalent regions of the scaffold,
was synthesized by automated solid-phase synthesis and
folded correctly, as evidenced by CD spectroscopy.25 The
capability of this mini-protein to bind gp120 and to inhibit
CD4-gp120 interaction was evaluated by competition
ELISA. In this system, CD4M was able to speci®cally
inhibit the binding of soluble recombinant gp120 to coated
recombinant CD4, with 3£1025 M IC50 (Fig. 3A). In addi-
tion, this mini-protein was also injected in rabbits, and the
elicited antibodies were puri®ed by af®nity-chromato-
graphy. These antibody sub-population recognized human
CD4 effectively (not shown) and inhibited gp120 binding to
CD4 (Fig. 3A). This demonstrates that the designed mini-
protein, despite its low af®nity for gp120, reproduced the
target CD4 site in a way good enough to elicit antibodies
speci®c for the CD4 CDR2-like loop, thus preventing gp120
interaction with CD4.

In order to produce a better CD4 mimic, we then adopted a
different a/b framework, the scorpion scyllatoxin (31 resi-
dues only). This mini-protein appeared superior as structural
scaffold, as it contained a b-hairpin, sequence 18±30, which
superimposed its backbone atoms to the CDR2-like loop of
CD4, sequence 36±48, with an RMS deviation of only
1.1 AÊ ; what's more, it presented a shorter loop connecting
the helix to the ®rst b-strand and no N-terminal b-strand
(Fig. 2), presumingly allowing a sterically more favorable

gp120 binding. Thus, a new chimeric mini-protein was
designed which preserved the structurally important Cys
residues of the scyllatoxin scaffold, but included the solvent
exposed CDR2 side chains, Gly38, Gln40, Gly41, Ser42,
Phe43, Thr45 and Gly47 into structurally equivalent regions
of scyllatoxin (Fig. 2). Furthermore, in order to increase
CD4 structural mimicry, we also included an Arg7 and a
Lys18, topologically equivalent to the functional Arg59 and
Lys35 of CD4. To abolish the toxic activity of the toxin, two
more residues were mutated, Arg6 to Ala, Arg13 to Lys, and
two residues at the N- and C-terminus were deleted. The
®nal 27-amino acid sequence contained 9 residues topo-
logically positioned as in human CD4 and maintained
only 16 of the 31 amino acids of the scyllatoxin sequence.
The new CD4 mimic, named CD4M3,26 was chemically
synthesized, folded ef®ciently and presented a CD spectrum
similar to that of scyllatoxin, in spite of many mutations in
the native sequence. In competitive ELISA, the mini-protein
was able to speci®cally bind gp120 with 3.0£1025 M IC50,
which is identical to that shown by CD4M and four order of
magnitude higher than that shown by sCD4 (Fig. 3A,
Table 1).

The biological performance of this mini-protein was then
effectively improved on the basis of a `rational' structure±
function relationship approach. In the ®rst place, its

Figure 3. (A) ELISA of inhibition of gp120 binding to coated CD4 by recombinant CD4 (sCD4), mini-protein CD4M, CD4M3, CD4M8, CD4M9 and control
scyllatoxin (ScTx), cyclic CD4(37±46) peptide. Inhibition of gp120 binding to coated CD4 by puri®ed anti-CD4M antibodies (Ab, dashed line) is also shown.
(B) ELISA of inhibition of gp120 binding to coated CD4 by CD4M3 mutants; residue mutated are indicated by standard one letter code (nL is norleucine).

Table 1. gp120 Binding activity of engineered mini-proteins and recombi-
nant sCD4

Competitora IC50
b (M)

sCD4 1.4^0.1£1029

CD4M 3.0^0.5£1025

CD4M3 3.0^0.5£1025

CD4M8 (CD4M3(Q20A, T25A)) 2.3^0.2£1026

CD4M14 (CD4M8(K16L, G18K)) 1.5^0.5£1026

CD4M16 (CD4M8(K16L, G18K, P28)) 1.0^0.6£1026

CD4M17 (CD4M8(S9R)) 9.0^0.5£1027

CD4M9 (CD4M8(S9R, K16L, G18K,P28)) 4.0^0.1£1027

a Mini-protein mutants are indicated by the residue mutation.
b Concentration (^sd) of competitor required for 50% inhibition of sCD4

binding to ®xed gp120, in competitive ELISA.
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three-dimensional structure was determined by 1H NMR
spectroscopy:26 this analysis showed that the mini-protein
contained a very well-de®ned structure (only 0.2 AÊ RMS
deviation between the backbones of the 20 ®nal structures)
and an a/b fold characteristic of the scorpion scaffold, with
a helix in the region 2±13 and an antiparallel b-sheet in the
region 16±26 (Fig. 4A). Most importantly, this analysis
revealed that the putative binding site, transferred from
CD4, was very well de®ned and that the backbone atoms
of the sequence 17±26 of CD4M3 could be superposed on
the corresponding atoms of the sequence 37±46 of native
CD4 with a RMS deviation of 0.61 AÊ only.26 Furthermore,
the side chains of Gln20, Ser22, Phe23 and Thr25 had an
orientation very similar to that of the corresponding side
chains in CD4. In particular, the Phe23 side chain, which
was very well de®ned because of many long range contacts
observed in CD4M3, stack out into the solvent in a confor-
mation which is unusual for a hydrophobic moiety, but was

reminiscent of that of Phe43 of CD4 (Figs. 2A and 4A). This
moiety, in the crystal structure of the CD4-gp120 complex,
is seen to plug the entrance of the `Phe43 cavity' of gp120.23

Lys16, Arg5 side chains and C-terminal Gly27, however,
diverged from the structure of CD4 Lys35, Arg59 and
b-strand 43±47, respectively. Secondly, a functional analy-
sis was performed on the mini-protein, by substituting each
putative active side chain by an alanine residue and the three
glycine residues by a valine (or norleucine). The effect of
these substitutions on gp120 binding (Fig. 3B) clearly indi-
cated that each transferred residue played a different
functional role and pointed to a Phe residue present at the
tip of the b-hairpin, as a `hot spot' of the chimera active
surface, in agreement with the literature data on muta-
genesis of recombinant hCD4.24 Interestingly, this analysis
revealed that two substitutions, Gln20Ala and Thr25Ala,
increased its apparent gp120 binding af®nity by 5-fold
(Fig. 3B): a similar increase in binding af®nity was also
observed in sCD4.27 Thus, the performed structural and
functional analysis, pointing to a remarkable structural
and functional resemblance between the CD4 and the
mini-protein binding sites, suggested also some changes
that could increase its structural and functional mimicry
with the CD4 site. The two mutations enhancing af®nity,
Gln20Ala and Thr25Ala, were incorporated in a double
mutant, denominated CD4M8: the mini-protein af®nity
increased by about 10-fold to 2.3£1026 M IC50 (Table 1,
Fig. 3A). Additional mutations, suggested by the structural
analysis, were then modeled on the CD4M3 mini-protein
structure, and the molecule then synthesized. Thus, Lys16
was moved to position 18, to better mimic the side chain of
CD4 Lys35: this mutant (CD4M14) showed increased
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Figure 4. (A) Average NMR structure of mini-protein CD4M3, showing
the functional side chains as sticks and balls. (B) Superposition of the CD4
35±48 b-hairpin (black sticks) and modeled 15±28 b-hairpin (gray sticks)
of CD4M9.

Figure 5. Reverse-phase HPLC of crude (A) and refolded CD4M9 mini-protein, in benign buffer (B) and in the presence of 6.0 M guanidine hydrochloride
(C). Far UV circular dichroism spectra (D) of scorpion scyllatoxin (ScTx) and engineered CD4M9, recorded at 208C and 908C.
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binding af®nity (Table 1). In order to reduce the ¯exibility
of the mini-protein C-terminus, as evidenced by the structural
analysis, a Pro residue was added in position 28 (mutant
CD4M16): this sequence extension also produced some
increase in af®nity (Table 1). Given the important role of
CD4 Arg59 in gp120 binding,23,24 we placed a guanidinium
group in the more favorable position 9 of the mini-protein
structure: this mutant (CD4M17) also showed an increase in
binding af®nity (Table 1). Then, modeling studies indicated
that the charybdotoxin scaffold contained a Cys7 residue,
with its a-amino group in a more favorable position to
present a guanidinium group mimicking the Agr59 side
chain. Therefore, we designed, and then produced, a CD4M
mutant, deleted of two N-terminal residues and containing
either a guanidine-acetyl or guanidine-propionyl at the
N-terminus. Unfortunately, the presence of a positively
charged guanidinium group at that position seemed to
destabilize the scaffold signi®cantly, as shown by CD spec-
troscopy (not shown), and the binding af®nity of these mini-
proteins were 100-fold down as compared to previous
scyllatoxin mini-proteins. At the end, we modeled a new
mini-protein, based on the CD4M3 structure and denomi-
nated CD4M9, including all the mutations described to
enhance af®nity, Ser9Arg, Lys16Leu, Gly18Lys, Gln20Ala,
Thr25Ala, Pro28, (Fig. 4B). The new 28-residue peptide was
obtained by solid-phase peptide synthesis in good yields and,
in the presence of redox buffer (see Methods), folded ef®-
ciently as shown by HPLC analysis (Fig. 5B). Furthermore,
folding ef®ciency was insensitive to the presence of 4.0 M
guanidine-hydrochloride and only slightly perturbed by 6 M
concentration of this potent protein denaturant (Fig. 5C),
emphasizing the high folding ef®ciency and conformational
stability of the engineered mini-protein. The puri®ed mini-
protein presented the expected molecular mass, and exhibited
a far-UV CD spectrum (Fig. 5D), very similar to that
presented by native scyllatoxin, in agreement with its
preserved folding ef®ciency observed in HPLC. The confor-
mational stability of the CD4M9 mini-protein was also
remarkable, as shown by its CD spectrum obtained at 908C
(Fig. 5D), emphasizing the great sequence permissiveness of
the scaffold chosen, even after multiple substitutions. When
tested in ELISA, the CD4M9 mini-protein exhibited a
4.0£1027 M IC50: this represents a remarkable 100-fold
increase in apparent gp120 binding af®nity, as compared to
the ®rst CD4M3 mini-protein.

Both CD4M3 and the improved CD4M8 and CD4M9 mini-
proteins were also examined for their ability to prevent
infection of HeLa cells,26 stably expressing CD4, and the
CCR5, CXCR4 co-receptors of HIV-1. The mini-proteins
were not toxic for cells as veri®ed by trypan blue
exclusion.26 Laboratory-adapted virus strains, HIV-1LAI

and HIV-1BaL, using CXCR4 and CCR5, respectively, as
co-receptors for entry, were used. Independently of
co-receptor usage, the CD4M3 mini-protein inhibited infec-
tion with 1.0£1025 M IC50, complete inhibition was
obtained at 1.0£1024 M (J.C. Gluckman, personal com-
munication). Furthermore, in agreement with the ELISA,
the CD4M8 and CD4M9 mutants exhibited higher antiviral
activity. In particular, the optimized CD4M9 mini-protein
fully inhibited HIV-1LAI infection at 1.0£1026 M.
Protection from infection was effective only when the
mini-proteins were added before but not after the virus,

suggesting that they prevented virus binding to CD4, the
primary receptor of virus entry. Finally, the optimized
CD4M9 mini-protein had a large spectrum antiviral activity,
inasmuch as it protected also peripheral blood lymphocytes
(PBL) from infection by the laboratory-adapted strains
HIV-1LAI and HIV-1BaL, as well as two primary syncitium-
inducing HIV-1 isolates (J. C. Gluckman, personal
communication).

Discussion

This work illustrates a rational approach for reproducing the
core of a protein±protein interacting surface in a mini-
protein system. In this approach, the transfer of a protein
binding site to a small protein scaffold is followed by an
optimization process, implying: (i) three-dimensional struc-
ture determination of the ®rst designed mini-protein, (ii)
incorporation of mutations aiming to increase the structural
mimicry of mini-protein binding surface with that of the
target protein, and (iii) functional characterization of
mutants in a recursive process. Utilization of structural
and functional data resulted in a remarkable 100-fold
increase of binding af®nity of the ®rst engineered mini-
protein. This approach can be probably applied to other
protein±protein interaction systems, thus may be of wide
use, since is based on the similarity between the structural
motif of a protein binding domain and that of a small size
natural scaffold. The wealth of small-size structures present
in protein structure data bases and the fact that common
structural motifs are used by nature to express all needed
proteins and functions, strongly suggests that a protein bind-
ing epitope may ®nd its structural equivalent in a small-size
natural structure: this may then function as scaffold and
arti®cially reproduce the large protein binding epitope in a
much simpler system. The remarkable structural stability of
the chosen scaffold, allowing introduction of multiple
mutations not perturbing folding ef®ciency and structural
integrity, represents a further advantage; thus, mutations
could be reliably modeled, new mutants structurally
analyzed, then produced and tested in a short time. In addi-
tion, in order to introduce useful ¯exibility in particular
structural regions of the scaffold, disul®de bonds can be
also replaced by non-covalent interactions (as suggested
by previous work on charybdotoxin scaffold13c), this may
result in structural adjustments that might be required to
achieve optimal binding. Furthermore, we expect that
further structural mimicry and functional improvement
can be once more obtained on the basis of structural data
derived from the determination of the structure of the mini-
protein±gp120 complex. Given the dif®culty in obtaining
crystals of such complex or determining its structure by
NMR, starting from the known crystallographic structure
of CD4 bound to gp120, we recently modeled and energy
minimized a putative miniprotein±gp120 complex: the
analysis of such model provided effective useful informa-
tion that allowed further structural mimicry and remarkable
improvements of binding af®nity (to be published).

Our results demonstrate that, by reproducing the core of the
gp120-binding surface of CD4 in a mini-protein system, we
could engineer an inhibitor of CD4-gp120 interaction and
HIV-1 attachment and entry into cells. The engineered



L. Martin et al. / Tetrahedron 56 (2000) 9451±9460 9457

optimized mini-CD4 differs from previously reported
peptide constructs based on CDR loops of CD428 by its
stable and well-de®ned CD4-like structure, which fully
explains its gp120 binding af®nity and antiviral activity.
Linear peptides corresponding to the helical region of the
viral envelope glycoprotein gp41, such as DP107, DP-178
and more recent D-amino acid containing versions,29 have
been also proposed and shown to inhibit virus±cell
membrane fusion and cell infection, presumably by inter-
fering with the gp41 coil-coiled structure formation. Even if
the multi-disul®de mini-proteins here described may present
useful pharmacological properties, such as low antigenicity
and resistance to proteolytic degradation, the peptide nature
and low antiviral potency may limit their application in
therapy. However, because of their small size, these opti-
mized mini-proteins may be easily manipulated chemically
and equipped with useful chemical probes (¯uorescent
labels, photo-activable groups, af®nity tags, isotopically
enriched amino acids,¼) without disturbing function,
thus, they may represent useful and unique tools in the
study of the complex process of HIV-1 entry into target
cells. Furthermore, incorporation of appropriate radioactive
probes on optimized mini-CD4 may also result in new
tracers, useful for in vivo imaging in diagnostic
applications.

Short protein fragments constrained into cyclic peptides,30

small size linear or cyclic peptides derived from library
selection31 have been shown to bind to large proteins and
receptors, as antagonists and even agonists, con®rming that
small molecules may act as surrogates of large natural
proteins. Likewise, in the case of growth hormone±receptor
interaction, in spite of the presence of a large protein±
protein contact area, which de®nes the structural epitope
of interaction, few critical side chains have been shown to
dominate the energy of binding: these side chains form the
core of the functional epitope, also called the `hot spot' of
the protein±protein interaction surface.32 However, the
de®nition of the `hot spot' of a protein±protein interface
is not always obvious and unanimous, depending on the
experimental methods used in functional analysis. This
uncertainty emphasizes the usefulness to link the struc-
ture-based approach based on a structural scaffold with a
systematic mutational analysis, which may optimize the
inserted site, once incorporated into the new scaffold. The
protein binding domain of protein A and ANP hormone
have been minimized to about half their original size with
retention of activity, by combining a structure-based
approach and phage display methods.33 Obviously, the
combinatorial approach can be also applied to the stable
mini-protein scaffold that we used, and critical positions
of its active site randomized to produce libraries that may
be screened for mutants binding gp120 with highest af®nity.
The small size, stability and folding ef®ciency of this
scaffold, may allow synthesis of chemical libraries, with
incorporation of non-natural amino acids, thus signi®cantly
extending the molecular diversity of the libraries.

Finally, the ability to produce a mini-protein presenting a
speci®c active site, within a well-de®ned conformation
constrained in an appropriate small size scaffold, represents
a substantial step forward towards the design of low-
molecular-weight non-peptide pharmaceuticals.10,34 The

derivation of non-proteinaceous small molecules (prefer-
ably ,1000 Da) from large natural proteins or protein
domains is a dif®cult task in structure-based drug design,
implying recursive cycles of modeling, synthesis and test-
ing. Despite the fact that, presently, the advent of combina-
torial chemistry coupled to high-throughput screening has
shifted the attention of drug companies away from structure-
based structure design, the engineering of active sites on
small and constrained scaffolds may represent a `rational'
alternative, applicable to the discovery of leads that can be
converted in a ®nal useful drug. One of the most dif®cult
steps in lead discovery, after identi®cation of a suitable
protein target, is the identi®cation of the chemical groups
forming the pharmacophore and their spatial relationships.
Engineered mini-CD4 may represent an interesting inter-
mediate facilitating the design of new antiviral compounds.
An interesting peptidomimetic reproducing the b-turn of the
CDR2-like region of CD4 has been previously described.35

However, testing this peptidomimetic in different labora-
tories has revealed that antiviral potency was lower and
that it did not act according to a competitive inhibition
mechanism.36 Detailed structural and functional analysis
of the novel mini-protein, mimicking a portion of the CD4
CDR2-like region which is larger than the b-turn tetra-
peptide mimic, may provide new unprecedented informa-
tion on the pharmacophoric groups and their mutual spatial
positioning, to be included in a novel potent and speci®c
peptidomimetics or organic compounds, active as inhibitor
of HIV-1 entry into target cells.

Conclusion

This work demonstrates that the transfer of functional sites
to stable small presentation scaffolds, followed by an opti-
mization process based on structure±function analysis,
represents the means to reproduce the structural and
functional features of the `hot spot' of protein±protein inter-
action surfaces. Such stable and functional mini-proteins
constitute a signi®cant minimization step of a large and
intricate protein±protein interface and, because of their
well-de®ned three-dimensional structure, their speci®c
biological activity, the ease with which they can be chemi-
cally manipulated, may represent new exquisite tools in
biology, biotechnology, and new generation tracers for
diagnostic applications. Finally, they also represent struc-
tural intermediates useful to determine the bio-active
conformation of pharmacophoric groups and to identify
frameworks for peptidomimetic design, or directly lead to
new small organic structures representing novel drug candi-
dates. Thus, novel bio-active mini-proteins reproducing
protein±protein interfaces may become useful components
of the armamentarium used in medicinal chemistry,
accelerating the development of new drugs.

Experimental

Peptide synthesis

Mini-proteins and peptides were synthesized on an
Applied Biosystems 433A Peptide Synthesizer, by the
solid phase method, utilizing ¯uorenylmethyloxycarbonyl
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(Fmoc)-protected amino acids, polyethylene glycol-
polystyrene resin, equipped with a peptide amide linker
(PAL-PEG-PS resin, Perseptive Biosystems) and 2-(1-H-
benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexa¯uoro-
phosphate (HBTU) coupling (FastMoc protocol on
0.1 mmol scale; with amino acid derivatives suggested by
the Synthesizer manufacturer). Ala and Val mutants were
simultaneously synthesized on an Advanced Chemtech 357
Multi synthesizer, by using the same chemical approach.
Guanidine-acetyl and guanidine-propionyl moieties were
incorporated to the N-terminus of peptide-resin, by manual
coupling its hydrochloride salts as 1-hydroxybenzotriazole
(HOBt) ester (10-fold molar excess) for 45 min in dimethyl-
formamide. After peptide deprotection,37 disul®de bonds
were formed directly on the crude products dissolved at
0.1 mg/ml in 50 mM phosphate buffer, 0.1 M NaCl, pH
7.8, in the presence of 5 mM/0.5 mM reduced/oxidized
glutathione. Synthetic peptides were puri®ed by reverse-
phase HPLC, on a preparative Vydac C18 (2.5£25 cm)
column, by using a 90 min 0±50% linear gradient of aceto-
nitrile/water, containing 0.1% tri¯uoroacetic acid, at 10 ml/
min. Peptide purity was assessed by analytical HPLC, and
identity was veri®ed by amino acid analysis and electro-
spray mass spectrometry.

Circular dichroism

Circular dichroism spectra were recorded on a Jobin Yvon
CD6 dichrograph, driven by an IBM-PC operating with a
CD Max data acquisition and manipulation program.
Spectra were recorded in a 0.1 cm pathlength quartz cell,
with a protein concentration of 1.5±2.1025 M in 5 mM
phosphate buffer, pH 7.5, by accumulating 4 scans with an
integration time of 0.5 s every 0.2 nm.

Structure calculations

Structures were determined from 2D 1H NMR experiments
(NOESY, TOCSY and DQF-COSY) recorded at 600 MHz
(Bruker AMX-600) on a 4 mM CD4M3 mini-protein
sample, pH 3.5, either in 95% H2O/5% D2O or 100% D2O
solutions, at 258C. Standard methods were used for record-
ing and analyzing spectra, deriving distance and angle
restraints.38 Three-dimensional structures were generated
from 285 NOEs and 46 angular restraints using the standard
force-®eld parameters of X-PLOR 3.1. From forty structures
generated, twenty had any violation of NOE or angular
restraints exceeding 0.2 AÊ and 58, respectively, and were
thus selected for analysis. Global RMS deviation as low
as 0.2 AÊ were calculated for all the backbone atoms
(0.8 AÊ for all the heavy atoms), and all structures had
good energy (Etotal�2105.5 kcal, Eimp�3.16 kcal, Ebond�
3.523 kcal, EVdW�228.256 kcal, ENOE�9.331 kcal, Eangle�
9.035 kcal and Eelect�2103.1 kcal, for the best structure).

Structure analysis and modeling

All structures were displayed, analyzed, and compared on a
Silicon Graphics 4D/25 station using the Sybyl package
(Tripos Associates, Inc.). CD4M9 model was obtained by
Sybyl software, by using the coordinates of the CD4M3
average NMR structure, introducing the Ser9Arg,
Lys16Leu, Gly18Lys, Gln20Ala, Thr25Ala and Pro28

mutations, and ®nally energy minimizing the resulted
model by Sybyl force ®eld (without electrostatics).
Molecular graphics were produced using Molmol.39

Rabbit immunization

Antibodies directed against the CD4M mini-protein were
obtained by immunizing, subcutaneously and at multiple
sites, two rabbits (blanc du Bouscat, Wiss) with 220 mg of
mini-protein in complete Freund's adjuvants (CFA).
Rabbits were re-immunized three times in incomplete
Freund's adjuvants (IFA) with the same quantity of peptide
at 21 days interval. Animals were bled 15 days after each
boosting and their sera were tested for speci®c antibody
production by enzyme-linked immunosorbent assay
(ELISA). Elicited antibodies were titrated against either
CD4M and parent CD4, coated on microtiter plates. Titers
were 105 and 104 for CD4M and sCD4, respectively. Pooled
anti-CD4M sera were puri®ed by af®nity chromatography
through a CD4-Sepharose 4B column (3.5£1 cm), prepared
by coupling 3.0 mg of the hybrid HSA-CD4 protein (a
genetic construction of human serum albumin fused to
D1-D2 domain of CD4) to 0.8 g of CNBr-activated
Sepharose 4B (Pharmacia).

Competitive binding assays

Inhibition of gp120-CD4 interaction was measured in a
competitive enzyme-linked immunosorbent assay (ELISA)
as described.25 Brie¯y, 250 ng/well of sCD4 (D1 to D4
domains; gift of R. W. Sweet, SmithKline±Beecham Phar-
maceuticals, King of Prussia, PA) were coated overnight at
48C in 96-well plates (Maxisorb, Nunc, Denmark); 80 ng/
well of rgp120LAI (Intracel, Issaquah, WA) were then added,
followed by addition of different concentrations of soluble
competitors (CD4, mini-proteins and anti-CD4M3 antibo-
dies), anti-gp120 NEA mAb (NEN-DuPont, Wilmington,
DE), a goat anti-mouse peroxidase-conjugated antibody
(Jackson ImmunoResearch, West Grove, PA) and the
3,3 0,5,5 0-tetramethylbenzidine substrate (Sigma, St Louis,
MO) for revelation. Inhibition of binding was calculated
from the 450 nm OD using the formula: % inhibition�
100£(ODgp120±ODgp1201comp)/ODgp120. Results are means
of triplicate experiments.
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