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Summary

The LM609 antibody specifically recognizes αVβ3 integrin and inhibits angiogenesis, bone 

resorption, and viral infections in an arginine-glycine-aspartate independent manner. LM609 

entered phase II clinical trials for the treatment of several cancers and was also used for αVβ3-

targeted radio-immunotherapy. To elucidate the mechanisms of recognition and inhibition of αVβ3 

integrin, we solved the structure of the LM609 antigen-binding fragment by X-ray crystallography 
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and determined its binding affinity for αVβ3. Using single-particle electron microscopy we show 

that LM609 binds at the interface between the β-propeller domain of the αV chain and the βI 

domain of the β3 chain, near the RGD-binding site, of all observed integrin conformational states. 

Integrating this data with fluorescence size-exclusion chromatography, we demonstrate that 

LM609 sterically hinders access of large ligands to the RGD binding pocket, without obstructing 

it. This work provides a structural framework to expedite future efforts utilizing LM609 as a 

diagnostic or therapeutic tool.

Graphical Abstract

The LM609 antibody specifically recognizes αVβ3 integrin and has been employed in numerous 

clinical and academic research applications. In the manuscript, The Therapeutic Antibody LM609 
Selectively Inhibits Ligand Binding to Human αVβ3 Integrin via Steric Hindrance, Borst AJ et al. 
shed light on the mode-of-action of a widely used integrin-targeting antibody.

Introduction

Integrins are heterodimeric cell-surface receptors mediating bidirectional signaling across 

the plasma membrane. They are assembled from non-covalently associated α and β subunits 

and are involved in the physiological processes of cellular adhesion, migration, growth, 

immunity, and differentiation (Shimaoka and Springer, 2003). Regulation of integrin activity 

occurs through large-scale conformational changes following ligand-binding to either the 

cytoplasmic or extracellular domains of the integrin heterodimer. Integrin activation entails 

transition from a bent, low-activity conformation, to an extended state with a significantly 

increased affinity for extracellular ligands (Campbell and Humphries, 2011; Ye et al., 2010). 

Among all integrins, αVβ3 has been highly studied for its roles in arthritis, thrombosis, and 

inflammation, as well as its localized expression to neovasculature and aggressive cancerous 

tumors (Xiong et al., 2001; Xiong et al., 2002). In addition, many viruses have been reported 

to use αVβ3 integrin as a receptor or co-receptor for cellular attachment and subsequent 

entry (Stewart and Nemerow, 2007; Veesler et al., 2014).
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Given its biomedical significance, αVβ3 has emerged as a promising therapeutic target for 

several human diseases (Danhier et al., 2012; Gutheil et al., 2000). Recent efforts in drug 

development have targeted the αVβ3 Arg-Gly-Asp (RGD) binding pocket formed at the 

interface between the β-propeller of the αV subunit and the βI domain of the β3 subunit 

within the integrin headpiece (Xiong et al., 2002). αVβ3 recognition of RGD-containing 

ligands, such as vitronectin, fibronectin, and fibrinogen, results in rapid integrin clustering 

leading to platelet activation, increased bone resorption, elevated immune response, and 

neovascularization (Koo et al., 2002). Synthetic RGD-peptide-based strategies have yielded 

molecules with high affinity for the integrin RGD-binding pocket, but generally lacking 

integrin specificity. Since the RGD motif is recognized by nearly half of all 24 known 

integrin receptor types, non-specific pharmacologic recognition of numerous integrins can 

lead to unintended side effects.

Therapeutic antibodies provide a promising alternative, and account for most integrin-

targeting drugs currently under clinical evaluation. In addition to their high specificity, 

therapeutic antibodies are advantageous due to their low immunogenicity and longer half-

life in circulating blood relative to many small molecules and peptides (Millard et al., 2011). 

However, many antibodies currently used in pre-clinical and clinical trials independently 

target either the integrin α or β subunit, leading to recognition of any integrin heterodimer 

containing the target subunit (Frelinger et al., 1991). Of notable exception is LM609, a 

monoclonal murine antibody specific for integrin αVβ3 (Wu et al., 1998). Preclinical studies 

have shown that LM609 inhibits angiogenesis, bone resorption, and viral pathogenesis both 

in vitro and in vivo (Garrigues et al., 2008; Gavrilovskaya et al., 1999; Gavrilovskaya et al., 

1998; Gramoun et al., 2007; Posey et al., 2001; Triantafilou et al., 2000). A fully humanized 

variant of LM609, MED-523 (Vitaxin), entered Phase I clinical trials for the treatment of 

cancers. Results of these trials reported no significant toxicity at any dose level (Gutheil et 

al., 2000). Phase II clinical trials for the treatment of colorectal cancer showed disease 

stabilization in 7 out of 14 patients with one patient experiencing partial regression (Gutheil 

et al., 2000). The second generation of Vitaxin, known as Etaracizumab (Abegrin), 

demonstrated increased binding affinity to αVβ3 with a significant reduction in brain tumor 

size following αVβ3-targeted radio-immunotherapy (Veeravagu et al., 2008). Further studies 

demonstrated Abegrin can act as an effective agent for αVβ3-positive tumor-imaging (Liu et 

al., 2011). Abegrin has since entered Phase II clinical trials for the treatment of lymphoma, 

melanoma, renal, small intestine, and colorectal cancers, but the results of many of these 

trials currently remain unreported.

We sought to elucidate the molecular determinants associated with LM609 function and its 

mechanism of action. To this end, we determined the structure of the LM609 antigen-

binding fragment (Fab) using X-ray crystallography and characterized its binding kinetics to 

human αVβ3 integrin. Single particle electron microscopy allowed for structural 

characterization of the complex formed between the Fab LM609 and the αVβ3 integrin 

ectodomain. Our results indicate LM609 binds with high-affinity to the apex of the integrin 

headpiece near but without obstructing the RGD-binding site, as confirmed by fluorescence 

size-exclusion chromatography. Comparison with a crystal structure of the αVβ3/fibronectin 

complex suggests that LM609 prevents binding of RGD-containing ligands via steric 
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hindrance which explains the reported inhibition of angiogenesis and bone resorption 

mediated by this antibody in preclinical and clinical studies.

Results

Crystal Structure of LM609

The structure of Fab LM609 was determined at 2.3 Å resolution using X-ray crystallography 

(Fig. 1A–B, Table S1). Calculation of the LM609 electrostatic properties revealed that the 

surface formed at the apex of the Fab, containing the complementarity-determining regions 

(CDRs), is characterized by a marked positive potential (Fig. 1C). This is explained by the 

presence of numerous basic residues directly contributed by the CDRs and by the flanking 

immunoglobulin framework regions. Furthermore, the amino acid composition of the 

LM609 CDRs follows previously reported trends with numerous aromatic, glycine and 

serine residues (Fellouse et al., 2007; Fellouse et al., 2004; Sidhu and Kossiakoff, 2007). 

The Fab elbow angle, defined as the angle between the pseudo-2-fold axes relating the two 

variable and the two constant domains, was determined to be 148.6°. This structure provides 

a framework to rationalize a previously reported directed evolution study aimed at enhancing 

the affinity of Vitaxin for αVβ3 integrin (Wu et al., 1998) and for future structure-guided 

design studies using this antibody as a therapeutic platform.

The Fab LM609 Binds with Nanomolar Affinity to αVβ3 Integrin

We used surface plasmon resonance to characterize the affinity of Fab LM609 to the 

ectodomain of human αVβ3 integrin. Immobilization of αVβ3 integrin was achieved through 

amine coupling with measurements performed using Fab concentrations ranging between 

7.8 and 500 nM (Figure 2A). Fab LM609 kinetic association (kon) and dissociation constants 

(koff) for αVβ3 were determined to be 1.5 ± 0.26 × 105 M−1s−1 and 3.4 ± 0.002 × 10−3 s−1, 

respectively, yielding an equilibrium dissociation constant (KD) of 2.3 ± 0.6 × 10−8 M. αVβ3 

binding kinetics reported here are in agreement with the previously published kinetics for 

the humanized therapeutic variant of Fab LM609, Vitaxin (Wu et al., 1998). These results 

confirm grafting of murine CDRs onto the human antibody framework had minimal impact 

on the binding properties of this molecule.

LM609 Specifically Binds to the αVβ3 Integrin Headpiece Region

Multiple structural studies have demonstrated the αVβ3 heterodimer can assume a bent, 

inactive conformation with the integrin “leg” domains wrapped around the headpiece. In 

addition, several different extended conformations representative of different stages of 

integrin activation have also been reported (Takagi et al., 2002; Xiao et al., 2004; Xiong et 

al., 2001; Xiong et al., 2002). Imaging of the complex formed between human αVβ3 integrin 

and the Fab LM609 using negative staining electron microscopy revealed LM609 binds to 

all observed, bent or extended, αVβ3 conformational states (Fig. 2B). This result suggests 

that complex formation with Fab LM609 does not require the αVβ3 ectodomain to be in a 

defined conformational state.

An iterative computational strategy was used to obtain homogeneous 2D class averages 

corresponding to various integrin conformational snapshots (Lyumkis et al., 2014; Veesler et 
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al., 2014). In all resolved conformations, LM609 interacts with the αVβ3 headpiece domain 

(Fig. 2B). The orientation of the Fab relative to αVβ3 was determined from the 2D class 

averages by identification of the typical Fab top and side views bound to the closed and open 

integrin conformations, respectively (Wu et al., 2012). Analysis of 2D class averages 

suggests the LM609 epitope is at the interface between the β-propeller domain of the αV 

chain and the βI domain of the β3 chain (Fig. 2B); both domains could be distinguished due 

to the typical triangular shape of the headpiece apex region. In contrast, attempted complex 

formation between Fab LM609 and αIIbβ3 and visualization using negative staining EM 

yielded no detectable complexes (Fig. S1). This result corroborates the early observation that 

LM609 specifically binds to αVβ3 but not to αIIbβ3 (Wu et al., 1998), in conflict with a 

recent report suggesting LM609 may bind solely to the β3 integrin subunit (Kamata et al., 

2013).

We used the random-conical tilt (RCT) approach to compute 3D reconstructions from each 

independent 2D class average of the integrin conformational ensemble (Radermacher, 1988). 

The resulting density maps (Fig. 3A–B & E–F, Supplementary Movie 1, and Fig. S2 A & C) 

are in excellent agreement with the corresponding class averages with observed αVβ3 

conformers readily assigned to known integrin functional states (Chen et al., 2010; Takagi et 

al., 2002; Zhu et al., 2008). We obtained pseudo-atomic models of the αVβ3/LM609 

complex by fitting the Fab LM609 crystal structure reported here along with a previously 

determined αVβ3 integrin crystal structure (Xiong et al., 2001; Xiong et al., 2002) into the 

3D reconstructions using Rosetta CM (Song et al., 2013) (Fig. 3C–D & G–H and Fig. S2 A). 

These maps provide enough features to fit the LM609 Fab and determine its approximate 

position and orientation relative to the integrin headpiece. The 3D models support the 

proposed location of the LM609 epitope on the αVβ3 integrin headpiece apex at the 

interface between the β-propeller and βI domains. However, the 2-fold pseudo-symmetry of 

LM609 prevents unequivocal placement of the Fab relative to the integrin apex due to the 

limited resolution of the RCT reconstructions. Electrostatic surface potential calculations of 

αVβ3 integrin show that the headpiece apex, which includes the LM609 epitope, features a 

predominantly negatively charged surface (Fig. 3I–J). It is likely that the electrostatic 

complementarity of the paratope and epitope contributes to the high binding-affinity of 

LM609 for the αVβ3 integrin apex.

The LM609 Epitope does not Overlap with the RGD Ligand Binding Pocket

Previous reports have shown that LM609 prevents binding of extracellular ligands to the 

RGD-binding pocket of αVβ3 integrin (Charo et al., 1990; Cheresh, 1987). Since the LM609 

Fab does not appear to overlap with the RGD binding pocket in any of the integrin 

conformations observed, we set out to elucidate the mechanism associated with competitive 

binding. We used fluorescence size-exclusion chromatography (Hattori et al., 2012; Kawate 

and Gouaux, 2006) to determine if αVβ3 can bind to a fluorescein isothiocyanate-tagged 

RGD peptide, FITC-GRGDSPK (FITC-RGD), in the absence or presence of bound LM609 

Fab (Fig. 4A). As expected, FITC-RGD could bind to integrin αVβ3 in the absence of 

LM609. FITC-RGD could also bind to αVβ3, with the same magnitude, following pre-

incubation of αVβ3 with a saturating amount of Fab LM609. The earlier elution volume 

observed for the αVβ3/FITC-RGD/LM609 peak relative to the αVβ3/FITC-RGD peak 
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combined with tryptophan and FITC-RGD fluorescence data confirmed both ligands could 

simultaneously bind to αVβ3, ruling out competitive binding to the same epitope. We next 

showed that pre-incubation of αVβ3 with a cyclic RGD peptide prevented FITC-RGD 

binding, demonstrating competition would occur between LM609 and FITC-RGD if they 

were competing for the same epitope (Fig. S3). Although previous studies reported that 

LM609 inhibits RGD-mediated ligand binding (Charo et al., 1990; Cheresh, 1987), our data 

further clarifies that this antibody does not directly occlude the RGD-binding pocket. 

Instead, LM609 likely precludes binding of large RGD-ligands via steric hindrance.

Discussion

Our EM results demonstrate LM609 binds to the αVβ3 integrin headpiece apex in the 

vicinity of the region mediating attachment of physiological ligands such as vitronectin, 

fibrinogen, or fibronectin (Fig. 4B–E). Whereas numerous endogenous binders rely on an 

exposed RGD motif for interactions with integrin, no such motif is present in LM609. 

Although both RGD-independent (LM609) and RGD-dependent (e.g. fibronectin) binding 

involve contacts with the β-propeller of the αV subunit and the βI domain of the β3 subunit, 

distinct sets of interactions mediate attachment in each case (Fig. 4D). As a result, LM609 

binding to αVβ3 does not directly occlude the RGD binding site. However, in vitro studies 

demonstrated LM609 inhibits fibronectin binding to αVβ3 (Charo et al., 1990). 

Superposition of the fibronectin type III repeats 7–10 structure (Leahy et al., 1996) (FN7-10, 

PDB 1FNF) onto the corresponding domain of the αVβ3 integrin/FN10 complex structure 

(Van Agthoven et al., 2014) (PDB 4MMX) reveals the mechanism underlying LM609-

mediated inhibition of αVβ3 (Charo et al., 1990): binding of LM609 to the integrin 

headpiece would likely sterically hinder subsequent attachment of fibronectin due to the 

expected clashes with FN domains 8 and 9 (Fig. 4E and Fig. S4). Previous reports also 

showed LM609 can inhibit the binding of fibrinogen to αVβ3 integrin in vitro (Wu et al., 

1998). The structural and biophysical data reported here suggest this is mediated through a 

mechanism of steric hindrance due to the comparably large sizes of fibrinogen and 

fibronectin (Mosesson, 2005), and the ability of the FITC-RGD peptide to bind to LM609-

bound integrin αVβ3 (Fig. 4A). This inhibition mechanism allows rationalizing the 

properties of this antibody that has been shown to inhibit angiogenesis and bone resorption 

in vivo. These results also explain why LM609 inhibits infection of RGD-containing viruses 

such as Parechovirus and Kaposi’s Sarcoma-Associated Herpesvirus (Garrigues et al., 2008; 

Triantafilou et al., 2000). In our experiments, Fab LM609 could bind to all observed integrin 

conformational states, including the bent state. This argues that LM609 has the potential to 

interact with αVβ3 receptors prior to inside-out signal activation, which could be leveraged 

for future therapeutic strategies. Similarly to what has been proposed for the 17E6 antibody 

(Mahalingam et al., 2014), the full-length LM609 antibody might also interfere with integrin 

clustering or promote integrin internalization, therefore enhancing therapeutic effects 

relative to the monovalent Fab LM609.

Our results shed light on the previously cryptic binding mode of an antibody that has been 

extensively studied for academic, preclinical, and clinical research applications. Many 

current RGD-based anti-integrin drugs have low specificity and act primarily as agonists for 

all integrins recognizing the RGD motif (Van Agthoven et al., 2014). In contrast, the high 
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specificity of LM609 for αVβ3 and the absence of selection for activated conformational 

states makes it a promising antagonistic candidate for future work directed towards αVβ3-

positive cancerous tumors and as a competitive binder against RGD-containing viruses 

targeting integrin αVβ3 as a receptor for infection. Finally, the specificity of LM609 for 

αVβ3 raises the possibility of developing antibody-drug conjugates directing therapeutic 

compounds to αVβ3 integrin-expressing cell-types. We expect the data reported here will 

expedite efforts utilizing LM609 as a potential diagnostic or therapeutic tool for a variety of 

human diseases.

METHOD DETAILS

Protein Expression and Purification

The synthetic genes encoding human integrin αV and β3 subunits (NCBI accession codes 

NM_002210 and NM_000212), were optimized for expression in insect cells and purchased 

from Genscript. These genes were used as a template for PCR amplification of the regions 

encoding the ectodomains and comprising residues 31–987 and 27–718, for αV and β3 

subunits, respectively (numbering corresponds to that of the immature proteins). Each 

amplified DNA fragment was cloned into pT350 vector (Krey et al., 2010), which contains 

BiP secretion signal peptide and the inducible metallothionein promoter, activated by 

divalent cations. Drosophila S2 cells were co-transfected with the plasmids carrying the αV 

and β3 ectodomain genes, and stably-transfected cell lines were established (Backovic and 

Krey, 2016). The protein expression was induced by 0.5mM CuSO4. Supernatants 

containing the αVβ3 ectodomain were collected 7 days after induction.

Recombinant Fab LM609 was also produced in Drosophila S2 cells, using the expression 

strategy developed for obtaining milligram quantities of recombinant Fabs (Backovic et al., 

2010). Genes encoding the variable fragments of the light and heavy chains (VL and VH, 

respectively) of the mouse LM609 antibody (Rader et al., 1998), were optimized for 

expression in insect cells and cloned into a bicistronic vector, that already contained the 

mouse IgG1 constant regions CL1 and CH1. Protein secretion was driven by the BiP signal 

peptide, and the heavy chain was tagged with a double strep tag at the C-terminus, allowing 

affinity purification using streptactin resin. The Fab was further purified using a Superdex 75 

size exclusion column run in a buffer containing 10mM Tris pH 8 and 50mM NaCl 

(Backovic et al., 2010).

To obtain integrin-Fab complexes, the supernatants of S2 cells expressing the integrin were 

mixed with purified Fabs, and run over streptactin column. The eluted material contained the 

mixture of integrin-Fab complexes and the excess, unbound Fab. The two forms were 

separated using size exclusion chromatography, and the fractions corresponding to the peak 

containing the complex were concentrated. Additional αVβ3 and αIIbβ3 ectodomain 

constructs were purchased from R&D Systems.

BL21DE3 cells containing the plasmid GST-FN9-11 pGEX6P1 were grown at 37°C until an 

OD600 of 0.7 was reached. Protein expression was induced overnight at 37°C using 1mM 

IPTG. Cells were harvested via centrifugation, resuspended in 20 mM Tris pH 7.4, 150 mM 

NaCl, 5 mM DTT, 0.1 mM PMSF and kept at 4°C for 30 minutes before sonication. The cell 
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lysate was clarified via centrifugation at 14,000 RPM for 20 minutes at 4°C and the resulting 

supernatant was incubated overnight at 4°C with chronic nutation in the presence of 1.5 mL 

of GSH-Agarose resin. The resin was subsequently poured over a disposable column to 

remove unbound proteins. Elution was achieved with a buffer containing 50 mM Tris-HCl 

pH 8.0, 15 mM GSH after a 10-minute incubation period at 4°C. Fractions containing GST-

FN9-11 were dialyzed into PBS at 4°C to remove excess GSH and DTT. Cleavage of GST 

was performed using PreScission protease for 1 hour at 4°C. Cleaved FN9-11 was further 

incubated for 2 hours at 4°C with 1.5 mL GSH-Agarose resin to allow removal of free GST 

and uncleaved GST-FN9-11. GSH-Agarose beads were centrifuged at 4,000 RPM for 20 

minutes and purified FN9-11 was collected from the supernatant.

Crystal Structure of LM609

Recombinant LM609 Fab in 10mM Tris pH 8, 50mM NaCl was concentrated to 7.7 mg/ml 

and used for screening of crystallization conditions. Sitting drops were set up at 18°C by 

mixing equal volumes of protein a nd crystallization solutions. Crystals appeared in the 

condition containing 0.1M HEPES pH 7.5, 30% PEG 4,000 and 0.2M CaCl2, and were cryo-

cooled by plunging into liquid nitrogen, after equilibration in the same buffer containing 

20% glycerol as a cryoprotectant.

X-ray data were collected at the microfocus beamline PX2 at the French national 

synchrotron facility (SOLEIL), and processed using the XDS package (Kabsch, 2010). 

Molecular replacement was done using Phaser (McCoy et al., 2007) and Fab PDB code 

2ADG as a search model(Zhou et al., 2005). An atomic model was built in Coot (Emsley et 

al., 2010) and refined using Buster (Blanc et al., 2004). The heavy and light chains of Fab 

LM609 contain 217 and 214 residues, respectively, and continuous electron density accounts 

for the majority of both chains. No density is observed for residues 133–135 of the heavy 

chain, and residues 1 and 214 of the light chain, which were omitted from the model.

Surface Plasmon Resonance

αVβ3 integrin was reconstituted from lyophilized powder at 0.5 mg/mL in 10 mM HEPES 

pH 8.0, 50 mM NaCl, 2 mM MnCl2, 0.05% P20 buffer. Amine coupling of 0.025mg/mL 

αVβ3 integrin was achieved in Sodium Acetate, pH 4.0 to a CM5 chip with a target 

immobilization of 1000 response units. The Fab LM609 was injected over the CM5 flow 

cells with a contact time of 60 seconds at a flow-rate of 60 μL/min. Fab LM609 

concentrations used for kinetic analysis ranged between 7.8 nM and 500 nM. Fab LM609 

dissociation from αVβ3 occurred over 600 seconds with a flow rate of 60 μL/min. 

Regeneration of αVβ3 was accomplished by pulsing 10 mM glycine, pH 1.5 for 4 seconds at 

a flow rate of 30 μL/min. Experiments were performed in triplicate for each concentration of 

Fab LM609 tested.

Negative-Stain EM Specimen Preparation

LM609/αVβ3 samples for random conical tilt experiments were negatively stained using 2% 

uranyl-formate on glow-discharged C-flat 2/0.5 grids overlaid with a thin layer of carbon. 

FN9-11/αVβ3, FN9-11/αIIbβ3, and LM609+αIIbβ3 samples were negatively stained on 

glow-discharged G400 Gilder grids in 10 mM Tris pH 8.0, 150 mM NaCl, 2mM MnCl2 
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using a five-fold molar excess of FN9-11 ligand and a 2.5 molar excess of Fab LM609. All 

integrin complex samples were deposited on carbon grids at a determined integrin 

concentration of 0.008 mg/mL.

EM Data Collection and Processing

All data were collected on an FEI Tecnai Spirit 120 kV electron microscope equipped with a 

Gatan Ultrascan 4000 CCD Camera. 509 image-pairs (0° and ± 55°) were collected using a 

random defocus range of −1.1 to −2.0 μm with a total exposure of 30 e−/Å2. The pixel size at 

the specimen level was 1.60 Å. Data collection was performed using Leginon (Suloway et 

al., 2005) with the majority of the data processing carried out in Appion (Lander et al., 

2009). The parameters of the contrast transfer function (CTF) were estimated using 

CTFFIND3 (Mindell and Grigorieff, 2003). All particles were picked in a reference-free 

manner using DoG Picker (Voss et al., 2009). Correlation of particle tilt pairs was performed 

using Auto Tilt Picker (Voss et al., 2009). Particles were extracted with a binning factor of 2 

with an initial box size of 288 pixels for the LM609/αVβ3 dataset for both the tilted and 

untilted particle datasets. FN9-11/integrin particles were extracted with a box size of 256 

pixels. CTF-correction on the particles from the micrographs collected at 0° tilt was 

performed via phase-flipping with EMAN 1.9. The LM609/αVβ3 particle stack from the 

micrographs collected at 0° tilt was pre-processed in Relion 1.3 (Scheres, 2012) with an 

additional binning factor of 2 applied, resulting in a final box size of 72 pixels and a final 

pixel size of 6.4 Å. A binning factor of 2 was also applied to the FN9-11/integrin datasets, 

resulting in a final box size of 64 pixels at 6.4 Å/pix. 2D classification was carried out in 

Relion 1.3 (Scheres, 2012) on 93,992 particles from the micrographs collected at 0° tilt and 

clustered into 256 independent classes for the LM609 dataset. 27,325 selected particles were 

further sorted into 128 additional classes through an additional round of 2D classification. 

FN9-11/integrin complexes were sorted into 256 classes, with the best particles sorted into 

additional groups. 11 reference-free class averages representative of different integrin 

conformational states were centered with EMAN 2.04 (Tang et al., 2007) and uploaded to 

Appion as templates for reference-based alignment using SPIDER (Shaikh et al., 2008) on 

corresponding particle sub-stacks. Resulting alignments were further clustered using 

SPIDER Coran (Tang et al., 2007). Random conical tilt reconstructions were computed from 

the resulting clustered classes using the initial model pipeline built into Appion and particle 

images extracted from micrographs acquired at a 55° tilt angle. Final resolution estimates for 

all reported LM609/αVβ3 models varied between 35 and 55 Å using an FSC correlation of 

0.5. Movie generation of the Fab LM609/αVβ3 conformational ensemble was performed on 

3D models using the animation feature embedded within UCSF Chimera (Goddard et al., 

2007). The 3D reconstructions were aligned based on the determined position, rotation, and 

motion of the leg domains during activation relative to the LM609/αVβ3 headpiece fiducial.

Fluorescence Size Exclusion Chromatography

The FITC-GRGDSPK peptide (96.7% purity, FITC-RGD) was purchased from GenScript 

and solubilized in ultrapure water. Integrins were prepared by dissolving lyophilized αVβ3 

into 10 mM HEPES pH 8, 150 mM NaCl, 4mM MnCl2, 0.05% Tween 20. Samples for 

FSEC were prepared using a final αVβ3 integrin concentration of 100 nM in 10 mM Tris pH 

8, 50 mM NaCl, 2 mM MnCl2. LM609 was added to corresponding integrin samples to a 
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final concentration of 600 nM (6-fold molar excess) and allowed to incubate on ice for 30 

minutes at 4°C. Subsequently, FITC-GRGDSPK was added at a final concentration of 600 

nM (6-fold molar excess) to the appropriate aliquots of αVβ3 pre-incubated either in the 

presence or absence of 600 nM LM609 fab (1:1 FITC-RGD:LM609). Each sample was 

allowed to incubate for an additional 15 minutes, centrifuged at 16,200 × g for 10 minutes, 

and then transferred to a fresh 2 mL microfuge tube. Finally, all samples were injected onto 

a Superdex 200 Increase 5/150GL (GE Healthcare) pre-equilibrated with 10 mM Tris pH 8, 

50 mM NaCl, 2 mM MnCl2 buffer while recording tryptophan fluorescence (λEx= 280 nm, 

λEm= 325 nm). Samples containing FITC-RGD peptide were reinjected and recorded using 

FITC fluorescence (λEx= 490 nm, λEm= 520 nm). Assessment of competition between 

FITC-RGD and cyclic RGD was carried out as a separate run. Cyclic RGD peptide was 

added to a final concentration of 600 nM (6-fold molar excess relative to αVβ3 integrin) and 

incubated on ice for 30 minutes at 4°C prior to addition of FITC-RGD peptide and 

subsequent FSEC analysis.

Model Generation

Pseudo-atomic models of the various conformations of the LM609/αVβ3 integrin complex 

were generated using Rosetta. Starting from the αVβ3 crystal structure (PDB ID: 3IJE) 

(Xiong et al., 2009) and the LM609 crystal structure, RosettaDock (Lyskov and Gray, 2008) 

augmented with an energy term assessing agreement to experimental density (DiMaio et al., 

2009) was run. Due to the limited resolution of the RCT reconstructions, the 2-fold pseudo-

symmetry of LM609 prevented unequivocal placement of the Fab relative to the integrin 

apex. However, this docking experiment ultimately converged on a tight ensemble of 

conformations. Next, these models were flexibly fit to the nine different conformations 

observed in the RCT reconstructions. Due to the large conformational changes between the 

closed and open states, and the limited radius of convergence of our refinement, these 

models were iteratively fit, fitting first to the most closed state, then to the second most-

closed state, and so on.

Refinement of models into each state consisted of a two-step approach: first, models were 

minimized in torsion space using a differentiable low-resolution “centroid” energy where 

protein side chains are represented by single interaction centers (Song et al., 2013). Next, 

all-atom refinement was carried out in Cartesian space using the Rosetta FastRelax protocol 

(Conway et al., 2014). During the first stage, weak intra-domain Gaussian atom-pair 

distance constraints were employed to ensure each chain did not move too far from the 

starting conformation. No additional driving forces were added other than the experimental 

data. Side chains were truncated at Cβ in the deposited models due to the limited resolution 

of the reconstructions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Crystal Structure of the LM609 Antigen Binding Fragment

• Single Particle EM Reveals LM609 Binds to the Headpiece Region in all 

αVβ3 Integrin Conformations

• The LM609 Epitope does not Overlap with the RGD Ligand Binding Pocket

• LM609 Sterically Hinders Access of Large Ligands to the αVβ3 RGD 

Binding Site
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Figure 1. Crystal structure of the Fab LM609
(A–B) Ribbon diagrams showing two orthogonal views of the Fab LM609 colored yellow 

and orange for the heavy and light chains, respectively. The complementarity-determining 

regions (CDRs) are indicated. VH: heavy chain variable domain; CH: heavy-chain constant 

domain; VL: light chain variable domain; CL: light-chain constant domain. (C) Surface 

representation of LM609 colored by electrostatic potential showing the marked positive 

nature of the Fab apex. The orientation is identical to the one in panel B.
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Figure 2. Characterization of the Fab LM609/αVβ3 integrin complex
(A) Kinetic analysis of LM609 binding to αVβ3 using surface plasmon resonance. Each 

curve on the sensorgram corresponds to a different concentration of LM609 (analyte): 7.8 

nM (dark blue); 15.6 nM (light blue); 31.2 nM (light green); 62.5 nM (dark green); 125 nM 

(orange); 250 nM (red); 500 nM (dark red). (B) (Left) Raw electron micrograph of 

negatively stained Fab LM609/αVβ3 integrin complex. (Right) Raw particles (low-pass 

filtered to 20 Å resolution) and resulting 2D class averages of various conformations of the 

integrin/LM609 complex. Scale bars: micrograph: 652 Å; class averages: 60 Å.
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Figure 3. Structure of the Fab LM609/αVβ3 integrin complex determined by single particle EM
(A–B) Two orthogonal views of a random conical tilt 3D reconstruction featuring an αVβ3 

integrin activated state. (C–D) Corresponding views related to (A–B) showing the fit of the 

pseudo-atomic model obtained with Rosetta (ribbon) into the reconstruction (transparent 

surface). The inset included below depicts the associated 2D class average and a few raw 

particles (low-pass filtered to 20 Å resolution) used for the RCT reconstruction of the 

integrin/LM609 extended-state. (E–F) Two orthogonal views of a random conical tilt 3D 

reconstruction featuring an αVβ3 integrin bent state. (G–H) Corresponding views related to 

(E–F) showing the fit of the pseudo-atomic model obtained with Rosetta (ribbon) into the 

reconstruction (transparent surface). The inset included below depicts the associated 2D 

class average and a few raw particles (low-pass filtered to 20 Å resolution) used for the RCT 

reconstruction of the integrin/LM609 bent-state. (I) Ribbon diagram of the Fab LM609 

bound to the integrin headpiece. Only the β-propeller of the αV subunit and the βI domain of 

the β3 subunit are shown in surface representation colored by electrostatic potential. (J) 
Corresponding view related to (I) rotated by 70°. The approximate epitope of the LM609 

Fab is indicated with black dashed lines and features a pronounced negative electrostatic 

potential. LM609 is represented as yellow and orange ribbons corresponding to the heavy 

and light chains, respectively. αVβ3 is represented as fuchsia (αV) and light blue (β3) 

ribbons in panels (C–D) and (G–H).
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Figure 4. Mechanism of αVβ3 integrin inhibition by the Fab LM609
(A) FSEC profiles revealing FITC-RGD binds integrin αVβ3 in the presence of a saturating 

amount of LM609 Fab. (Top panel) Tryptophan fluorescence elution profile of α Vβ3/FITC-

RGD in the absence (black) or presence (red) of LM609. (Bottom panel) FITC fluorescence 

elution profile of αVβ3/FITC-RGD in the absence (black) or presence (red) of LM609. The 

dotted grey line indicates the elution volume corresponding to αVβ3 in the absence of bound 

LM609. In both panels, binding of LM609 shifts integrin αVβ3 to earlier elution volumes. 

(Inset) Relative amounts of free (grey) and integrin αVβ3-bound (black) FITC-RGD peptide 

plotted in the absence and presence of LM609, demonstrating LM609 does not compete with 

small RGD-containing ligands for binding to αVβ3 integrin. (B) LM609 binds to αVβ3 

integrin in the vicinity of the region mediating attachment of physiological ligands such as 

fibronectin. 2D class averages of extended αVβ3 integrin in the presence of LM609 (first 

column) or FN9-11 (second column). (C–E) Two orthogonal views of a surface 

representation of the αVβ3 headpiece with bound LM609 (B), with bound LM609 and the 

domain 10 of fibronectin type III (FN10) (C), and with bound LM609, FN10 and the 

domains 7–10 of fibronectin type III (FN7-10) (D). Pseudo-atomic models were derived by 

superimposing the β-propeller and β-I domains from the αVβ3/FN10 complex crystal 

structure (PDB 4MMX) onto the model presented in Figure 3. The crystal structure of 

FN7-10 (PDB 1FNF) was then superimposed onto the corresponding residues of FN10 to 

approximate its position and orientation relative to αVβ3 (B–D).
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