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Three-Dimensional Structure of
an Angiotensin [I-Fab Complex at
3 A: Hormone Recognition by an

Anti-ldiotypic Antibody

K. Christopher Garcia,* Pierre M. Ronco, Pierre J. Verroust,
Axel T. Brunger, L. Mario Amzelt

The elucidation of bioactive conformations of small peptide hormones remains an elusive
goal to structural chemists because of the inherent flexibility of these molecules. Angio-
tensin Il (All), the major effector of the renin-angiotensin system, is an octapeptide hormone
for which no clear structural models exist. Peptide hormones such as All share the property
that they bind to their receptors with high affinities, in spite of the fact that they must
overcome an extremely large conformational entropy barrier to bind in one conformation.
A “surrogate system” that consists of a high-affinity monoclonal antibody (MAb) and All
has been used to study a bound conformation of All. The crystallographic structure of the
complex reveals a structure of All that is compatible with predicted bioactive conformations
of All derived from structure-activity studies and theoretical calculations. In the complex,
the deeply bound hormone is folded into a compact structure in which two turns bring the
amino and carboxyl termini close together. The antibody of this complex (MAb 131) has
the unusual property that it was not generated against All, but rather against an anti-
idiotypic antibody reactive with a MAb to All, which renders this antibody an anti—anti-
idiotypic antibody. The high affinity for All of the original MAb to All was passed on to MAb
131 through a structural determinant on the anti-idiotypic antibody. Strikingly, the confor-
mation of All in this complex is highly similar to complementarity determining region loops
of antibodies, possibly indicating that a true molecular mimic of bound All was present on
the anti-idiotypic antibody against which MAb 131 was elicited.

blood pressure. The hormone, an octapeptide
of sequence Asp-Arg-Val-Tyr-Ile-His-Pro-
Phe, participates in a number of physiological

Angiotensin II (AIl) is the primary active
component of the renin-angiotensin system
and plays a central role in the regulation of
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functions associated with the regulation of
blood pressure. Receptors for All have been
identified in blood vessels, heart, liver, adre-
nal gland, and pituitary gland, where they
mediate vasoconstriction, ionotropic effects,
glycogenolysis, secretion of aldosterone, and
release of prolactin, respectively (1). Direct
effects of All on the central nervous system
have also been described (2).

The renin-angiotensin system has been
the target of extensive drug design efforts for
control of hypertension. Inhibitors of an-
giotensin-converting enzyme—mechanism-
based inhibitors of the cleavage of the inac-
tive pro-decapeptide angiotensin I (Al) to
All—are some of the most successful anti-
hypertensive drugs (3). Yet, the most effec-
tive inhibitor of AIIl action would be a
molecule that directly prevents the binding
of All to its receptor. Unfortunately, success
in designing molecules that act as Al recep-
tor antagonists has been hindered by the
lack of direct structural information con-
cerning the bioactive conformation of All.

Angiotensin II has been the subject of
extensive study to determine its solution
conformation or conformations; however,
its extreme flexibility has hindered attempts
at determining its structure by either spec-
troscopic or crystallographic methods (4).
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In addition, recent data on cyclosporin A
and FK506 indicate that their solution con-
formations bear little resemblance to their
receptor-bound conformations (5, 6).
These results have dramatically reempha-
sized the importance of knowing the con-
formation of the bound state for the under-
standing of biological function and for the
design of bioactive analogs (7). The recent-
ly cloned AII receptors are integral mem-
brane proteins of the multiple transmem-
brane helix class, as are many receptors for
small (<20 residues) peptide hormones (8).
Angiotensin II is a prototype for these
extremely flexible peptide hormones (such as
substance K, vasopressin, and bradykinin)
whose receptors are intractable to study by
crystallography (at the present time) yet
whose bound conformations are of critical
pharmacological importance. One way to
obtain structural information about these
peptide hormones is to study the structure of
complexes of the hormones with high-affin-
ity monoclonal antibodies (MADb’s). In this
article, we describe the three-dimensional
structure of such a complex between the Fab
fragment of MADb 131 and AIL

Antibodies have been produced against
AlI and have been used by several groups to
gain insight into the properties of the hor-
mone and its receptor or receptors (9).
Most MAD’s appear to be directed against
the carboxyl-terminal region of the All
peptide—the same region that is most im-
portant in hormonal activity and most sen-
sitive to amino acid substitutions. Most of
these MADb’s also bind All analogs, and in
some cases their affinities for the analogs
parallel the bioactivity of the compounds.
Furthermore, an anti-idiotypic antibody
against one of these monoclonals was
shown to bind the AlI receptor (10). These
observations lend credence to the idea that
an antibody can be used as a “surrogate
receptor” for biophysical studies of the
bound state of the peptide.

The structure of the antibody described
in this article (MAb 131) contains an
additional level of information relevant to
understanding recognition of flexible mol-
ecules. MAD 131 is an anti—anti-idiotypic
antibody (Ab3) that recognizes All with
high affinity and specificity even though it
was raised against an anti-idiotypic anti-
body (Ab2) rather than AIl itself
(1.

Y
[Ab3— [Ab2— [Abl— All]

All of the experimental evidence in this
system suggests that the anti-idiotypic anti-
bodies (Ab2) have the characteristics ex-
pected from an “internal image”-bearing
antibody: they appear to display an image of
All that elicits All-reactive Ab3 (12).
Thus MAb 131 is a rare example of an
antibody to a globular protein that is able to
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Fig. 1. The 2F, — F_ omit electron density map of bound All. A 12 A sphere around the peptide was
omitted from structure factor calculations for a round of simulated annealing (2000 to 300 K) and
positional refinement. The compact fold of the peptide requires that it be shown in two planar
projections so that all of the electron density can be seen. (A) and (B) are related by a 90° rotation
around the axis of His® parallel to the vertical plane of the page. In (A) (showing residues
Asp’-Arg?-Val®-Tyr4-lle5-His®), the residues of (B) (His®-Pro”-Phe®) point directly out of the page.
Map display was made on an Evans and Sutherland PS390 by using the graphics program FRODO;
contouring is at 1.1 a. Methods: Cocrystals were grown from PEG-300, 0.1 M sodium acetate with
a molar ratio of hormone to Fab of 2:1 [presence of the peptide in the crystal was verified as
described (73)]. Data from two crystals were collected on a Siemens multiwire area detector and

were processed and merged with the program Xengen (32). The final R, ,,
collected out of 34,000 possible (78 percent complete to 2.8 A) was 0.125 {R,,

for 26,500 reflections
0o = ZZI1 () =

<(M>]/[ZZ /; (h)]; summations were done over all reflections in all crystals}. Data were weak past

3.0 A, as reflected in the R,

bind a small peptide with high affinity. The
structure of the complex presented here not
only provides a conformation of AIl bound
with high affinity but also has information
for understanding anti-idiotypic recogni-
tion phenomena and for developing drug
design strategies aimed at scaffolding bioac-
tive peptides into large proteins.
Structure determination. We have re-
ported two related crystal forms of Fab 131
(13). The A form was crystallized from
polyethylene glycol 400 (PEG-400), 0.1 M
imidazole, pH 7.4, and is space group P4;,
with cell dimensionsa = b = 78.6 A and ¢
= 124.0 A. This form, obtained with the
unliganded Fab, diffracts to 4.0 A and has
one molecule in the asymmetric unit (col-
lected 8600 out of 9200 possible reflec-
tions). The B form, which contains the
Fab-All complex, was crystallized from
PEG-300, 0.1 M sodium acetate, pH 4.75,
diffracts to 2.8 A resolution, and has two
molecules in the asymmetric unit (collected
26,500 out of 34,000 possible reflections).
The B form is also space group P4; but has
cell dimensionsa = b = 110.0 A'and c =
124.0 A. The cell dimensions of the two
forms are related by the following transfor-
mation: ag = V2a,; cy = c,. The B form
appears to be related to the A form by a
lattice transformation involving a slight
distortion of the molecules of the A form at
every other lattice point. This results in
new reflections in the B form such that the
new reflections (those with h + k = odd)
are mostly weak. Knowledge of this trans-
formation allowed us to determine the
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structure of the B form analytically from the
solution of the A form.

The structure of Fab 131 was determined
by molecular replacement using both the
Crowther rotation function as implemented
in the package MERLOT (14) and the
Patterson correlation (PC) refinement
method of XPLOR (15). The native, lower
resolution A form was solved first because it
had fewer molecules in the asymmetric
unit. A common solution was found with
four of seven search models by using the
Crowther rotation function, but further
progress was hampered by an ambiguity
concerning the number of molecules in the
asymmetric unit. The PC refinement, as
implemented in XPLOR, in which Hy-
HEL-5 (16) was used as the search model,
indicated a clear solution and the presence
of only one molecule in the asymmetric
unit for the A form crystal. One round of
simulated annealing refinement lowered the
R factor from 0.42 to 0.28 [R = |F, —
F)/Z|F,|, where F and F_ are the observed
and calculated structure factors, respective-
ly]. This model was then used to solve the B
form by the appropriate coordinate transfor-
mation and placement of two Fab molecules
at (0.0, 0.0, 0.0) and (0.5, 0.5, 0.0).
Rigid-body refinement followed by simulat-
ed annealing (17) lowered the R factor from
0.45 to 0.30 for the B form data (20,000
reflections with I/o > 1.6). At this point
the amino acid sequence for the variable
(V) region of Fab 131 became available and
was built into the 2F, — F_ omit maps
where each complementarity determining
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Fig. 2. Stereoview of the Fab 131-All complex. Heavy chain is in blue, light chain is in green, and
the peptide is in red. Shown is one of the two molecules in the asymmetric unit. Display generated
by program RIBBONS (33) on an Iris Silicon Graphics workstation.

Table 1. Buried surface area breakdown of the
complex by CDR (37). Residues of Fab 131
that are part of the buried surface area are in
boldface, and the residues that are the largest
contributors to the buried surface area are in
underlined boldface. (Not all of the residues in
van der Waals contact have large contributions
to the buried surface area.) Surface area values
were calculated by the program MS as imple-
mented into a package by S. Sheriff. The total
buried surface area for Fab 131 is 725 A2 and
for All is 620 A2. The corresponding breakdown
for the residues in All (in percent) is Asp', 7;
Arg?, 6; Vald, 6; Tyr4, 21; lle5, 15; HisS, 12; Pro7,
12; and Phe?, 21.

Buried
. surface
Chain and sequence area
(percent)
25 3labcdef
Ll SSQNLLH SITRKNY 27
50 56
L2 WASTRGS 0
89 95
L3 KQSYNLY 14
30 35
Hl NTDAMN 7
50 52abc53
H2 RIR SKGENFATYYAD 21
96 105
H3 VRG RDGEAMD 29

region (CDR) was, in turn, omitted from
the structure factor calculations for a round
of positional refinement and manual fitting.
The starting model of the constant domain
was that of HyHEL-5. Further rounds of
simulated annealing and rebuilding lowered
the R factor to 0.27. Each molecule was
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built independently, and noncrystallo-
graphic symmetry constraints were not ap-
plied during the refinement. The five car-
boxyl-terminal residues of the light chain
(residues 218 to 222 of the constant region)
do not have interpretable electron density
and are not included in the final model.
The peptide was not built into the density
until after the combining site had been
satisfactorily refined.

In both molecules of the complex, the
peptide electron density is found inside
the cleft formed by the long CDR’s L1
(light chain) and H2 (heavy chain) and
adjacent to CDR H3. The peptide was
fitted into a simulated annealing 2F  — F_
omit map where all residues of the model
within 12 A of the peptide density had been
omitted (Fig. 1). There was clear density in
both Fab molecules for the residues Val®
through Phe8, and these were easily built
in. The amino-terminal Asp' and Arg?
protrude from the combining site and have
density that is less well defined than the rest
of the peptide. In one of the two molecules,
however, the density is adequate to allow
unambiguous fitting. The electron density
of Ile® of the peptide is well defined in one
of the two molecules, whereas in the other
molecule this density is poor (shown in Fig.
1). Further rounds of simulated annealing
and positional refinement and individual
isotropic B-factor refinement lowered the R
factor to 0.25 (20,000 reflections > 1.6 o).
The root-mean-square (rms) deviation from
ideality for bond lengths is 0.025 A, for
bond angles is 4.7°, and for planarity of the
peptide bond is 2.7°.
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Since each molecule in the asymmetric
unit was refined independently, a rigorous
test for the accuracy of the model is the rms
deviation between the coordinates of the
two molecules. Both molecules, consider-
ing their relation in the unit cell and the
relation between the A and the B crystal
form, should be almost identical. The rms
deviation between the a-carbon atoms of
framework residues of the two Fab mole-
cules is 0.79 A for the variable domain of
the light chains (VL) and 0.74 A for the
variable domain of the heavy chains (VH).
The rms deviation for the constant domains
is 0.8 A for both light and heavy chains.
The rms deviation between the two pep-
tides in each Fab molecule is 0.7 A. Con-
sidering that the mean coordinate error for
this structure, derived from a Luzatti plot, is
0.3t0 0.4 A, the two molecules in the unit
cell are essentially identical (18). The low-
er resolution of the A form data does not
allow us to make any comparisons between
the liganded and unliganded Fab’s.

Structure description. The Fab 131
complex contains the immunoglobulin fold
found in all antibody molecules (Fig. 2).
The elbow angle of both molecules of Fab
131 is 151.7°, in the middle of the range of
values found in other Fab structures. The V
region has very long CDR’s, especially L1
and H3. The loops formed by CDR’s L1
and H2 protrude from the combining site
and form a very deep cleft between them;
the long CDR H3 runs in the middle of
the cleft and folds back, forming a flat
floor for the combining site. The external
portions of CDR’s H3 and L3 form the
sides of the narrow portion of the cleft;
deep in the cavity, in the region contigu-
ous to the framework residues, they make
extensive van der Waals contacts and
hydrogen bonds with each other. The
resulting combining site is lined with
many aromatic residues (especially Tyr)
but it has also a high proportion of polar
residues (especially Arg and Ser).

Angiotensin II is bound deep inside the
cleft formed by the long CDR’s; it is tightly
packed against CDR H3, which forms a wall
behind the peptide at the back of the cavity.
In this position, the peptide is centered
around the pseudo twofold axis relating VH
and VL with a small offset (1 to 2 A) toward
the heavy chain (also seen in Fig. 2).

The bound AII has a very compact
conformation containing two turns (Figs. 3
and 4). The main turn, with respect to
determining the mode of binding, consists
of a tight turn involving residues Ile®, His®,
and Pro’; the center of this turn is lodged in
the deepest region of the combining site.
The other major turn involves Asp! and
Arg?. The effect of this turn is to bring the
amino terminus of the peptide back toward
the combining site in such a way that the
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Fig. 3. Stereo views of the combining site of the
Fab 131-All complex. (A) Side view and (B)
front view (looking directly into the combining
site) showing All (in red), all six CDR main
chains, and the side chains of the CDR resi-
dues within van der Waals contact of the pep-
tide (in yellow). The main chains of the CDR’s
are shown in different colors and are labeled
L1, L2, L3, H1, H2, and H3. (C and D) Identical
orientations as (A) and (B), respectively, but
only the van der Waals dot surface is shown.
The peptide is in red, and the Fab combining
site is in green. The van der Waals surface was
calculated by the program MS with a 1.7 A
probe and displayed using the program RIB-
BONS (33).

amino and carboxyl termini of the peptide
are in close spatial proximity. This confor-
mation appears to involve a salt bridge
between the termini and a hydrogen bond
between the side chain of Asp' and the
main-chain carbonyl of His®.

Peptide-protein interactions. The ex-
tent of the interaction between the Fab and
the peptide was evaluated by calculating
the loss of exposed surface area upon the
formation of the complex. The buried sut-
face area, calculated with the program MS
(19) with a 1.7 A probe radius and standard
van der Waals radii (20), indicated a high
degree of surface complementarity between
the bound antigen and the antibody. Upon
complex formation, 725 A? of the Fab
become buried together with 620 AZ of the
peptide. There are slight differences (6
percent) in the values of the buried surface
areas of the hormone between the two
molecules because of the coordinate error
expectedina 3 A structure. Approximately
22 CDR residues contribute to the overall
buried surface area (Table 1). A breakdown
of the contributions of the CDR’s of the
light and heavy chains shows a preferential
interaction of the peptide with the heavy
chain. Although the peptide is bound along
the pseudo twofold axis relating VL and
VH, almost two-thirds of the contacts in-
volve the heavy chain. Four CDR’s, L1,
L3, H2, and H3, make extensive contacts
with the peptide and account for 91 percent
of the total buried area; H1 contributes only
7 percent and L2 does not contact the
peptide at all. [Other antigen-antibody com-
plexes also have interactions dominated by
the heavy chain, and L2 is frequently not in
contact with antigen (20).] The major con-
tributors to the buried surface area are
HisUl, TerQS, ArgHSO’ ArgHSZ’ and PheH”;
the largest contributor is ArgH®.

Fourteen CDR residues are involved in
van der Waals contacts with the peptide
(Table 2 and Figs. 3 and 4). Diverse types
of interactions stabilize the complex with a
slight predominance of hydrophobic con-
tacts; contacts include many van der Waals
interactions, hydrogen bonds, and a salt
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Fig. 4. Stereo view of the peptide alone; Fab residues not shown. Drawing plotted by program

PLUTO.

Table 2. Residues of the peptide-Fab complex
that are within van der Waals contact distance
(4.1 A) of each other.

Angio-

tensin 1l Fab 131
Asp’ Hist31, Sert31a
Arg? Sert3ta
Val® None
Tyr Hist31, Lyst3te, Tyrl32 ArgHoe,
G|UH102
lle® Tyrt-32
His® Serto, Tyrk95, ArgHs2
Pro’ Tyr92, AlaH33, ArgHs2, ArgHee
Phe® Arghs0, Arghs2 phehss,

GlyH52C’ ArgH99

bridge. The most crucial interactions in-
volve residues from CDR H3; Arg"® has
extensive polar and nonpolar contacts with
both the side chains and the main chain of
the peptide. [The involvement of Arg res-
idues of antibodies in extensive hydropho-
bic interactions is discussed in Mian et al.
(21).] His® of the peptide is close to Tyr“%2,
Asn™36 ) and Tyrt°. There are a number of
contacts that are close enough to be possi-
ble hydrogen bonds: the NH of Arg? of the
peptide is 3.1 A away from the N& of
Hist3!, the NH of His® is 2.9 A from the
O of Ser’®! and its Ne is 3.0 A from the
Nm of Arg"®°, and the carboxyl-terminal
carboxylate is 3.5 A from the Ny ArgH52
and the Nm Arg*°. The side chain of Asp!
is centered in a region that contains the
guanidinium groups of two Arg residues,
Arg™° and Arg™? (the Nm of Arg®° is
4.3 A of the O3 of Asp! of the peptide).
(Small differences exist between the two
complexes in the asymmetric unit.)
Angiotensin Il antagonists and anti-
idiotypic networks. The association con-
stant K, of All for Fab 131 (7.4 x 10°M™!)
is one of the largest association constants of
all of the antibody-antigen complexes of
known structure and is almost two orders of
magnitude tighter than the other published
peptide-Fab complexes solved crystallo-

506

graphically (22). The buried surface area
in these complexes varies over a wide
range, from 500 A? for the moderate affinity
Fab-peptide complex (22) to greater than
800 A? for the Fab-neuroaminidase com-
plex (20). The extent of buried surface area
for the formation of the Fab 131-All com-
plex, which corresponds to burying the
large concave surface of the binding site
groove, is 725 A? for the Fab and 620 AZ
for the peptide and is comparable to the
area buried in the complexes of antibodies
with large globular proteins. As in the case
of globular proteins, ~60 percent of the
buried surface area is hydrophobic and ~40
percent is polar. The recently solved crystal
structure of HLA-B2 with peptide shows a
buried molecular surface area for the com-
plex of 1200 A2 for the HLA and 800 AZ for
the peptide (23). Extensive surface comple-
mentarity appears to correlate with high
binding affinity.

The structure reported here provides a
simple and direct rationale for the high
affinity of the antibody for the flexible
peptide. The binding site of the antibody is
very deep and narrow. This has two effects:
(i) it markedly increases the exposed surface
area of the free antibody and (ii) it creates
a volume from which it is easy to exclude
solvent by simply filling the cavity. The
peptide folds into a compact structure that
fills the cavity so exactly that in the com-
plex the bound peptide forms a contiguous
convex surface with the rest of the protein,
completely obliterating the deep cavity.
Burying this large surface can partially ac-
count for the high affinity of MAb 131 for
All. The release of solvent bound to the
cavity can compensate for the large confor-
mational entropy loss suffered by the pep-
tide upon binding.

The experimental data concerning the
specificity of MAb 131 for All are consis-
tent with the structure of the complex
reported here (9, 11). As measured by
competition ELISA (enzyme-linked immu-
nosorbent assay), MAb 131, like almost all
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antibodies to All, is primarily specific for
the six carboxyl-terminal residues. Dele-
tions and substitutions in the amino-termi-
nal residues are well tolerated: only a mod-
erate loss of affinity results from deletion of
the amino-terminal Asp' and Arg?, and the
Asp can be replaced by sarcosine while
retaining full binding activity. In the struc-
ture, the Asp' and Arg? are the least bur-
ied, most solvent-exposed residues of the
peptide. The most buried residues are part
of the central All sequence -Tyr*-Ile>-His®-
Pro’-, which is also the most immunogenic
epitope of the peptide (9). Most substitu-
tions of these immunogenic residues abolish
binding to MAb 131. The only exception,
the substitution of Ile’ to Val, can be
explained with the structure of the com-
plex: Ile? is in van der Waals contact with
only one residue of the Fab. Phe® of the
hormone is also very sensitive to substitu-
tions, not only for binding to this antibody
but also for binding to the natural All
receptor. The location of the Phe® of the
peptide in the complex provides a good
explanation for the observation that Al,
which has two additional residues on the
carboxyl terminus, binds MAb 131, but
with a two to three order of magnitude
reduction in affinity. In the complex, the
Phe® is near enough to the outside of the
combining site that the additional residues
of Al could extend out of the binding site
into the solvent, yet the carboxyl terminus
of the AIl peptide is buried enough that
some distortions of the peptide, and maybe
also the Fab, would be necessary to accom-
modate the extension.

The central immunodominant residues
of All occur in the most deeply buried
portion of the peptide in the complex; they
are also the most important residues in
binding of All to its receptor. This fact is a
good first indication that the structure of
the Fab-bound hormone is relevant to the
bioactive conformation. Further evidence
can be found in the striking congruence
between the structure of the Fab-bound All
and existing models for the bioactive con-
formation of the hormone based on spec-
troscopic studies of All in solution and
structure-activity studies of peptide and
nonpeptide analogs. Spectroscopic studies
(nuclear magnetic resonance, circular di-
chroism, and fluorescence energy transfer)
have indicated a rapid conformational equi-
librium between highly solvated and folded
structures (4). Nevertheless, there have
been several models proposed for the most
stable solution conformations of AIl (24,
25). Although the models differ in detail,
they all have characteristics in common
with the conformation of All in the Fab
131-All complex. They predict that AIl
exhibits two turns: one turn involves the
Pro’ and the other involves the amino-



terminal Asp-Arg-Val-Tyr. These two
turns bring the amino and carboxyl termini
into close proximity, folding All into a
compact structure. These models, as well as
the Fab-bound conformation of All, are
supported by structure-activity studies,
which indicate that rigidification of All
analogs into one or more turns by methods
such as D-amino acid incorporation, cy-
clization, and isosteric peptide bonds can
yield high-affinity receptor antagonists.

Recently, a number of very tightly bind-
ing nonpeptide All antagonists have been
developed by using the AIl model of Fer-
mandjian and co-workers, which also pro-
poses that an interaction between the ami-
no and carboxyl termini compacts the pep-
tide into a turn (26). These nonpeptide
antagonists were designed to mimic the
close spatial disposition of Tyr*, Pro’, and
Phe® of All in this folded model. The basic
design of the molecules (imidazole-5-acrylic
acids) is a central imidazole ring (to repre-
sent Pro?) with thienyl (to mimic Phe®) and
benzoate (Tyr*) groups orthogonal to each
other. The structure of the Fab 131-bound
Al exhibits a roughly similar spatial dispo-
sition of these residues. Manual alignment
of this drug with the AIl conformation in
the complex (using the logic of the design
strategy) showed that the imidazole aligned
with the Pro’, the thienyl overlapped with
the Phe®, and the Tyr* needed to be rotated
by 80° around the Ca—C bond toward the
center of the turn to overlap it with the
benzoate ring of the drug.

Angiotensin II has been shown to bind
Ca?™* at submillimolar concentrations (27).
Lenkinski and Glickson took advantage of
the Ca’*-binding properties of All: they
substituted the Ca?* by the paramagnetic
metal Gd3* to measure Gd>*-induced pro-
ton relaxation rates of the hormone (24).
The addition of Gd** resulted in the dis-
appearance of the CaH resonances of Asp'
and Phe® together with severe line broad-
ening of the corresponding resonances of
Arg?, Val®, and Pro’. The resonances of
Tyr*, 1le?, and His® remain relatively sharp,
indicating that they are furthest away from
the metal. The model resulting from these
studies had the B-carboxylate of Asp and
the carboxyl-terminal carboxylate coordi-
nated to the Gd**, giving the peptide
backbone a C shape. The structure pro-
posed by these authors has many features
similar to those of the Fab 131-bound

model of the peptide. Angiotensin II may
be a case, then, in which there is coinci-
dence between a low-energy solution struc-
ture and the bound conformation.

The compactness of the structure of the
bound peptide, as well as the similarity of
the values of buried surface area to those of
Fab complexes of antibodies to globular
proteins, can be correlated with the anti—
anti-idiotypic properties of MAb 131. The
peptide structure could have been the part
of the “internal image—bearing” Ab2 that
bore the “image” of All and elicited MAb
131 (28). [For example, one CDR loop
with a conformation similar to that of the
bound All could have been present in the
Ab2.] To probe this point further, we car-
ried out a search of the crystallographic
database that indicated that the peptide
structure found in the complex bore a high
conformational similarity to the CDR3 loop
of the human antibody light chain dimer
REI (29), yielding an rms distance between
the backbones of 0.80 A for the aligned
residues (residues 2 through 8 of All aligned
to residues 90 to 96 of REI). Thus it seems
possible that the mimic of the hormone in
the Ab2 is a single CDR loop. If this is the
case, the conformation of the flexible hor-
mone is faithfully presented by the Ab2,
which has favorable implications for strate-
gies for the improvement of the half-lives of
peptide-based drugs by grafting the peptides
into proteolytically stable globular proteins.
Humanization of antibodies has emerged as
an important method of targeting antican-
cer drugs to specific tissues and cells in
humans (30). Because AIl structure was
presented in an accessible manner by the
Ab2, it might be possible to deliver hor-
mone activities of small peptides (agonists
or antagonists) in the form of a humanized
anti-idiotypic antibody.
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