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Abstract

Monoclonal antibody (mAb) AP7.4 is an anti-integrin antibody recombinantly expressed in Escherichia coli specific to avh3. It is known

that in a variety of RGD-containing molecules, ligand specificity is regulated by structural determinants within the immediate vicinity of the

RGD sequence. To better understand the role of the RGD sequence in integrin specificity, we report here the three-dimensional structure of Fab

of mAb AP7.4 to a resolution of 2.25 Å. The crystals belong to a triclinic space group P1 and the volume of the unit cell is consistent with the

presence of two Fab molecules in it. The RGD sequence is located at the tip of a flexible loop in the complementary determining region (CDR-

3) of the heavy chain. It has been shown that specific recognition of RGD ligands by their receptors is influenced mainly by the conformation

of the tripeptide RGD and the amino acid residues flanking it on either side. Hence, the flexibility of the RGD-carrying loop observed in the

crystal structure may stem from the fact that the antibody molecule mimics the function of these cell adhesion molecules.

D 2003 Elsevier Inc. All rights reserved.
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Introduction

Integrins are receptors at the cell surface that mediate cell

adhesion and cell interactions [1,2]. Structurally, integrins are

membrane glycoprotein heterodimers each consisting of a

noncovalently associated a and h subunits [3–8]. The

specificity of an integrin is dictated in large by its ah subunit

composition. It is well known that these receptors mediate a

wide range of cell adhesion events that are the most crucial

processes in the area of fundamental human biology and

hemostasis. A thorough understanding of the integrin func-

tion requires some insight into the complementary binding

sites on the adhesive proteins that are recognized by these

receptors. One commonly recognized site is a tripeptide

sequence RGD, first identified in fibronectin [9,10] and
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subsequently in numerous other adhesive molecules, that

includes fibrinogen, vitronectin, type-I collagen, osteopontin

and vonWillebrand factor [2,8], each of which contain one or

more RGD sequences. The RGD-containing peptides have

been instrumental in the identification of the integrin recep-

tors. This motif is recognized by aIIbh3 and at least six other

RGD-cognitive integrins avh1, avh3, avh5, avh6, avh8 and

a5h1 [4,11–13]. Although each of these integrins recognize

the RGD motif, each also exhibits selective affinities for the

variety of natural ligands that contain the RGD sequence.

Recognition of the RGD-containing ligands by the individual

receptors is influenced by the conformation of the RGD

tripeptide in addition to the amino acids flanking the RGD

sequence.

Since the discovery of the importance of the RGD motif

in platelet function and thrombogenesis, there has been a

great deal of interest in the characterization of natural or

synthetic products that contain or mimic the RGD motif.

Antibodies have been instrumental in exploring receptor–

ligand interactions. Antibodies directed to the ligand-binding

site of the integrin receptors may mimic receptor–ligand

interactions in vivo. We have undertaken one such structural

aboals
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Table 1

Recombinant Fab molecules that belong to the AP7 series

Fab H3 sequence Ligand

OPG2 HPFYRYDGGN aIIbh3

AP7 HPFYRGDGGN aIIbh3, avh3

AP7.4 HPFYRGDGGA avh3

Table 2

Data collection statistics

Data collection

Space group P1

Cell constants a = 56.479 Å; b = 57.978 Å;

c = 79.224 Å; a = 109.953;

h = 87.977; g = 107.561

Maximum resolution (Å) 2.25

Total no. of measured reflections 201,358

Unique reflections 39,070

Completeness (%) 90.8

Rsym (%) 5.7

I/sigma2 3.2
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approach to study the specificity of the various receptors to

their ligands by the use of a panel of antibody fragments

called the AP7 series, containing either an RGD or RYD

sequence in the complementarity determining (CDR) of the

antibody heavy chain. This paper reports the crystal structure

of one such antibody fragment of the AP7 series (AP7.4) that

contains an RGD sequence in the H3 loop. Table 1 summa-

rizes the different recombinant Fab molecules that belong to

the AP7 series with their respective ligands they recognize.

Murine monoclonal antibody (mAb) OPG2, the parent

molecule of the AP7 series, is a paradigm of natural RGD

ligands and binds specifically to aIIbh3. The 2.0-Å crystal

structure of the antigen-binding fragment (Fab) of the

parent antibody OPG2 has shown that the reactive RYD

(Arg 103–Tyr 104–Asp 105) tripeptide is at the tip of an

extended loop of the third CDR of the heavy chain (H3)

[14]. When compared to other RGD-containing ligands,

the RYD of OPG2 is unique in that the side chains are

fixed in a stable orientation. The H3 loop is shown to exist

in two different conformations. The authors have specu-

lated that the two distinct conformations could represent

two binding modes of OPG2 in its bound and unbound

forms. An interesting feature of the RYD motif is that Asp

105 makes a hydrogen bond with Asn 108 of the H3 loop

thereby stabilizing the loop conformation and the ligand

potentially recognizes the RYD motif in a particular

orientation. Substitution of Tyr 104 to Glycine in Fab

AP7 has been shown to retain the specificity of the

integrin to aIIbh3. Crystal structure of OPG2 Fab in

complex with a peptide from the h3 subunit has also been

reported [15]. Significant conformational changes have

been reported to have occurred on binding to the peptide.

The atomic positions of the H3 loop that includes the RYD

motif have not been determined in the reported crystal

structure attributed to the flexibility of the H3 loop.

AP7.4, the structure of which is discussed in this paper, is

similar to AP7 with the exception of one amino acid

substitution in the H3 loop (HPFYRGDGGN in AP7 versus

HPFYRGDGGA in AP7.4), an nonionic Alanine residue in

place of Asn 108. A single amino acid substitution seems to

be sufficient to change the specificity of AP7.4 to avh3. The

substitution of Asn 108 by Ala would eliminate the hydro-

gen bond formed by Asp 105 and thereby lead to another

conformation of the H3 loop changing the specificity of

AP7.4. The results also argue that avh3 is quite selective

with respect to the directionality of Arg 103 and Asp 105

side chains. The most important generalizations that have

resulted from analysis of the AP7 series is that the amino

acid composition immediately adjacent to the RGD tripep-
tide in the macromolecular ligands can change the specific-

ity of the ligand for h3 integrins.

To address this structurally, we have crystallized and

determined the three-dimensional structure of Fab of AP7.4

to high resolution.
Materials and methods

Crystallization

The purified Fab was concentrated to 18 mg/ml and used

for various crystallization trials. The protein stock was stored

in a solution containing 10 mM ammonium acetate pH 7.3

with 0.25 mM EDTA. Sizable rectangular-shaped crystals

(0.1 � 0.1 � 1 mm) suitable for X-ray diffraction analysis

were grown in hanging drops on equilibration with a reservoir

solution containing 15% PEG 8000, 20 mM sodium citrate

pH 5.6, 12% isopropanol and 30 mM barium chloride.

Data collection and data statistics

X-ray diffraction data to a resolution of 2.25 A were

measured on a MAR image plate at beam line 7–1 at the

Stanford Synchrotron Radiation Laboratory. Crystals belong

to a Triclinic space group P1, with unit cell parameters a =

56.479 Å; b = 57.978 Å; c = 79.224 Å; a = 109.95; b =

87.98j and c = 107.56j. The unit cell dimensions are

consistent with two Fab molecules per asymmetric unit with

a solvent content of 48% and a Mathews coefficient of 2.4.

The data collection statistics is presented in Table 2.

Structure determination

The structure was solved using molecular replacement

techniques. The variable and the constant domains of pdb

entry 1OPG (ref for pdb) were used as a starting search model

to obtain the phases by molecular replacement. The correct

rotation and translation functions were obtained using the

program x-plor [16]. Molecular replacement calculations

were performed with data in the resolution range 10–4.

The initial rotation function was refined by Patterson

correlation analysis implemented in x-plor [16]. The variable
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and constant domains of the heavy and light chains were

treated as independent rigid groups. The overall orientation of

the Fab that was assembled for molecular replacement was

subjected to a rigid body minimization in four rigid groups

with data in the resolution range 8–3 Å. The packing of the

Fab molecules in the asymmetric unit was inspected visually

using program Setor [17]. No steric clashes were observed

that could not be adjusted by minor structural adjustments.

The R-factor at the end of refinement was 35%. A complete

refinement was carried out at this stage and an electron

density map was computed. At this stage, the correct amino

acid residues differing from OPG2 were modeled into the

electron density.

Model building and refinement

Six cycles of interactive model building followed by

refinement was carried out using programs O [18] and x-plor

[16]. For the first few cycles, the model was subjected to

about 160 cycles of powell minimizations followed by

simulated annealing from 3000 to 300 K with a time-step

of 0.005 s. The simulated annealing was followed by 40
Fig. 1. Overall trace and packing of the two molecules in the crystallographic asym

purple and green, respectively, and the heavy chains of the two molecules are show

generated using the program SETOR [17].
cycles of positional refinement. The last few steps consisted

of refinement at room temperature only. Restrained B-factor

refinement was carried out before computing electron density

maps for interpretation.

The initial model was built into Fo–Fc omit maps from

which 10% of the model was omitted from the phase

calculation. This is to remove model bias. The refinement

process was monitored by the use of both conventional R and

R-free where 5% of the reflections were deleted to generate

the test set. Non-crystallographic symmetry (NCS) restraints

were imposed on the constant domains during the first few

cycles of refinement resulting in a map of improved quality

and phases.
Results

The crystal structure of the Fab fragment of AP7.4 has

been determined to a resolution of 2.25 Å. AP7.4 assumes

an overall immunoglobulin fold that is typical for all

antibody fragments. Fig. 1 presents the overall trace of the

two molecules and the packing of the molecules in the unit
metric unit of the crystal. The light chains of molecules 1 and 2 are shown in

n in yellow and blue, respectively. The molecules are represented as ribbons



Table 3

Refinement statistics

Refinement

Resolution range (Å) 8.0–2.25

R-cryst (%) 22.1

R-free (%) 28.4

No. of nonhydrogen protein atoms 6345

No. of solvent molecules 228

Rms deviations from ideality

Bond lengths 0.008

Bond angles (j) 1.4
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cell of the crystal. The final R-factor for 6345 protein atoms

and 228 solvent molecules is 0.22 and an R-free of 0.28 for

data in the range 8–2.25 Å. The final refinement statistics is

presented in Table 3. The geometry and stereochemistry of

the protein main chain dihedral angles are presented as a

plot (called the Ramachandran plot) in Fig. 2 [19]. The

residues (84.5%) are clustered in the energetically favored

regions of the Ramachandran plot. However, one light chain

residue L-51 from complementarity-determining region

CDR-L2 of both molecules is found in the disallowed

region (antibody numbering scheme of Kabat et al. [20] is

used throughout this paper).
Fig. 2. Ramachandran plot of molecules 1 and 2 in the asymmetric unit of the cryst

lie in the most favored regions, 14.7% lie in additionally allowed regions, 0.6% l

(chain A), Gln 183 (chain D)) and 0.3% lie in the disallowed regions. The two resid

C that belong to CDR-L2 of the two molecules. The plot was generated using th
Based on a pair-wise comparison of two crystallograph-

ically independent molecules in the asymmetric unit, only

small changes are observed in the relative disposition of the

variable light and heavy chain domains. The elbow angles,

that is, the angle between the pseudo-twofold axes of the

variable and the constant domains as calculated by program

ALIGN [21], are 166j and 165j for molecules 1 and 2,

respectively. The interface angles, that is, the angle between

the two variable and the two constant domains, are 160j and
155j for molecule 1 and 166j and 150j for molecule 2,

respectively. The overall root mean squared deviation be-

tween the two molecules is 0.38 Å.

An analysis of the six antigen-binding loops or CDRs in

several Fabs has shown that the main chain conformations are

determined by a few specific residues along with the length of

the loop. Five of the six antigen-binding loops (L-CDR1, L-

CDR2, L-CDR3, H-CDR1 and H-CDR2) are observed only

in a fewmain chain conformations called canonical structures

[22]. As a result, L-CDR1 has been found to exist in four

different canonical conformations (called types 1 through 4),

CDR-L2 in one, CDR-L3 in two different conformations

(types 1 and 2), CDR-H1 in two (types 1 and 2) and CDR-H2

in four different conformations (types 1 through 4).
al of AP7.4. The plot shows that 84.5% of the residues in the two molecules

ie in generously allowed regions (residues Ser 30 (chains A and C), Ser 56

ues in the disallowed regions as discussed in the text are 51 of chains A and

e program PROCHECK [19].
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Another interesting analysis on the loop conformations

was carried out by Vargas-Madrazo and Paz-Garcia [23].

Their analysis carried out on 381-Ig sequences shows that the

structural repertoire of immunoglobulins is restricted to the

preferential use of a few canonical structure classes. The

possible functional significance of their analysis was studied

by analyzing the correspondence between the observed

canonical structural repertoire and the type of antigen recog-

nized. Based on the above-mentioned classification schemes,

an analysis of the six antigen-binding loops in AP7.4 was

carried out. The CDRs in AP7.4 Fab showed that the loops

can be classified to belong to standard canonical conforma-

tions as follows: CDRs—L1, L2, L3, H1 and H2 belong to

classes 2, 1, 1, 1 and 3, respectively. Although no canonical

conformation is defined for the CDR3 of the heavy chain as

this is the most variable among the CDR loops in terms of its

sequence and length, Shirai et al. [24] have suggested

classifications based on the length of the loop. AP7.4 is

unique because the length of its H3 loop is about 17 amino

acids, which is at the higher end compared tomost antibodies.

The loop has RGD at its tip and is extremely flexible based on

its temperature factors and lacks strong electron density for

this region.
Fig. 3. Superposition of the structures of AP7.4 and the parent molecule

OPG2. The overall rmsd between the two structures is about 1.53 Å. The

trace of AP7.4 is shown in blue while that of OPG2 is shown in orange.

Variable light, variable heavy, constant light and constant heavy are denoted

as VL, VH, CL and CH, respectively. The figure was generated using the

program SETOR [17].
Discussion

Several interesting points have emerged from comparing

the structures of AP7.4 and the parent molecule of the AP7

series, OPG2 (PDB entry 1OPG). As discussed earlier, the

only difference in the primary sequence between the two

molecules lies in CDR3 of the heavy chain, residues H99–

H108 (HPFYRGDGGA in AP7.4 and HPFRYDGGN in

OPG2, the residues that differ are bolded). Major rearrange-

ment of the CDRs seem to have occurred in AP7.4 as

indicated by the root mean squared deviations between the

two structures, AP7.4 and OPG2. The results are presented in

Table 4. The overall rmsd between Fabs AP7.4 and OPG2 is

1.53 Å although that for Fv is 0.66 and 0.86 Å for the constant

domains of the Fabs. Fig. 3 presents the superimposition of

AP7.4 and OPG2.

The differences between the two structures are also

indicated by the significant differences in their elbow angles

(the two-fold rotation axes relating the variable and the

constant domains), which is 166 in AP7.4 and only about

152 in OPG2. This 14j difference in the elbow bend is

significant as already reflected in the high rms deviations

between them. Table 4 summarizes the elbow bends and the

domain dispositions. The maximum displacement in the Fv
Table 4

Domain dispositions and elbow angles

Fab VL–VH CL–CH Elbow bend

OPG2 164 179 152

AP7.4 (Mol 1) 160 155 166

AP7.4 (Mol 2) 166 150 165
portion of the Fabs lies in the CDR loops L1 and L2 of the

light chain and H2 and H3 of the heavy chains. Maximum

displacements of 1.2 Å and up to 2 Å are observed for

residues in CDR-L1 and L2, respectively (residues 27–29 in

L1 and 56–58 in L2), when the C-a was superimposed.

Displacements up to 1.5 Å are observed for residues in

CDR-H2 of the heavy chain (residues 55–57). The CDR-

H3 loop is quite different between the two structures.

Although residues 102–107 of AP7.4 are flexible, indicated

by the weak electron density, the positions of the RGD can

be ascertained. In OPG2, the H3 loop is shown to protrude

about 12 Å from the base of the binding site and seems to be

predominantly involved in binding to the receptor. On

examination of all the solved structures of Fabs deposited

in the protein data bank [25], the length of the H3 loop

varies anywhere between 4 and 31 in humans and 2–19 in

mice with average sizes ranging approximately between 12

and 10 residues [26,27]. However, it is interesting to see

that the H3 loops of Fabs with similar lengths and

sequence still adopt different conformations based on the

antigen they recognize. The loops vary from an open
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conformation to an extended conformation like seen in

OPG2. In contrast, the H3 loop in AP7.4 seems to be more

involuted and forms a binding surface to accommodate the

antigen. The RGD that is at the tip of the loop is flexible

and adopts different conformations in its bound form. The

striking differences in the binding interface cause the

change in the specificity in the Fab of AP7.4 which no

longer recognizes aIIbh3.
An analogy can be drawn between RGD-containing

molecules that recognize integrins (like the AP7 series)

and disintegrins, which are a family of platelet aggregation

inhibitors found in snake venoms [28]. McLane et al. [29]

have studied the importance of the RGD-containing loop in

Echistatin and Eristostatin for recognition of aIIbh3 and

avh3. Their study has shown that the width and the shape of
the RGD-containing loop are important determinants of

ligand specificity. The width of the RGD loop is determined

to be the distance between the ca residues flanking either

sides of the RGD motif. Hence, it is evident that residues in

the immediate vicinity of the RGD motif play a crucial role

in regulating ligand specificity.

In the case of AP7.4, the shape of the H3 loop is altered

due to the presence of an alanine residue at position 108

instead of Asn, thus eliminating a crucial H-bond observed

between aspartic acid at position 105 and the Asn in OPG2.

The similarities in binding between AP7.4 and other natural

ligands that contain RGD sequences, and the fact that we now

have two of the three-dimensional structures of two members

of the AP7 series determined to high resolution, make the

AP7 derivatives an excellent paradigm for future studies

aimed at further exploring the molecular basis of RGD ligand

specificity.
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