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Introduction

Monoclonal antibodies (mAbs) have emerged as an important 
class of therapeutics in oncology, cardiovascular disease, inflam-
mation, transplantation and infectious disease.1-6 This class 
of therapeutics has proven successful in the clinic due to their 
high specificity, good safety profiles, and overall tolerability. 
Opportunities for innovation exist, however, in the areas of ful-
filling currently unmet medical needs, as well as delivering mole-
cules with superior efficacy and physicochemical properties. A new 
class of molecules, bispecific mAbs, has thus emerged, including 
the dual-variable-domain immunoglobulin (DVD-Ig™) mole-
cules currently being developed at AbbVie, two-in-one molecules 
(Genentech), dual affinity retargeting molecules (MacroGenics), 
bispecific T-cell engager (Micromet), kappa-lambda antibodies 
(NovImmune), chemical generation (CovX/Pfizer) and tetra-
valent bispecific antibodies (Merrimack).7,8 The bispecific mol-
ecules offer potential economic and therapeutic superiority in 
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blocking two soluble ligands or cell surface receptors, cross-link-
ing of two receptor molecules or recruiting T-cells to aid in tumor 
killing. Most of these molecules are in early clinical development, 
although one (catuxomab) that simultaneously targets EpCAM 
and CD3 has been approved in the European Union.

Simultaneous targeting of multiple disease mediators using 
the DVD-Ig™ format was first described in 20079 and at least 
two are currently in clinical trials, a DVD-Ig™ molecule target-
ing tumor necrosis factor and interleukin IL-17, and a DVD-Ig™ 
molecule targeting IL-1 alpha and beta.10-13 These molecules, as 
well as a host of others in preclinical development, have demon-
strated the potential of this class of molecules to retain affinity 
and potency for both intended targets. The molecules have good 
physicochemical properties and pharmacokinetics; the ability of 
the DVD-Ig™ molecules to simultaneously bind both antigens 
was shown by Biacore analysis.9

The asymmetry and flexibility of IgG molecules have been 
suggested from the few existing solved crystal structures of 
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respectively.1 The hinge region has three structural components, 
i.e., the upper, core and lower hinge segments (Fig. 1). The core 
segment (CPPC) contains cysteine residues that connect the two 
heavy chains and paired poly (L)-proline helices that make this 
segment inflexible. The upper hinge region (DKTHT) of human 
IgG1 connects the Fab arms to the core segment and influences 
Fab-Fab flexibility; N-terminal residues from the upper hinge 
region are reported to interact with the C

H1
 domain.17-19 The lower 

intact antibodies.14,15 This flexibility enables IgG molecules to 
bind antigens of a variety of shapes and sizes and also allows the 
effector domain (Fc) to bind the Fc receptor or complement.15,16 
Flexibility is mediated through the hinge region and human IgG 
isotypes have different amino acid composition and inter-chain 
disulfide bridges in their hinge regions due to the number and 
position of cysteine residues. Human IgG1 and IgG4 have two 
disulfide linkages; whereas, IgG2 and IgG3 have four and 11 

Figure 1. (A) Schematic depiction of the overall architecture of a DVD-Ig™ molecule showing the outer and inner antigen binding domains in the Fab 
region, the hinge region and the Fc region. Class averages showing (B) an isolated DVD-Ig™ molecule (n = 761), (C) inner antigen (n = 127), (D) outer 
antigen (n = 234); complexes of (E) the DVD-Ig™ molecule + inner antigen (n = 750), (F) the DVD-Ig™ molecule + outer antigen (n = 1222); white circle 
highlights the unique “beak” shape of attached outer antigen; different conformations of the DVD-Ig™ molecule + inner antigen + outer antigen: (G) 
“Z” shape (n = 785), (H) “8” shape (n = 558), (I) “pretzel” shape (n = 695). The number of particles contributing to each class is shown in parentheses for 
each complex.
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The overall density of the Fc region in the 2D class averages 
is typically significantly reduced compared with the Fab arms, 
which indicates a high degree of flexibility of the Fc region (this 
is also corroborated in the assembled images across a number 
of class averages as shown in Fig. S4). The parental mAb mol-
ecules (Fig. S3) of the DVD-Ig™ molecule appear as ~15 nm “Y” 
shaped particles with two ~7 nm arms composed of two ~3 nm 
lobes (V

H1
/V

L1
 and C

H1
/C

L
).

2D class averages of EM images of the antigens to the inner 
and outer domains of the DVD-Ig™ molecule show the inner 
antigen (IL-18, molecular weight 18 kDa) as a ~5 nm particle 
(Fig. 1C) and the outer antigen (IL-12, a hetero-dimer of molec-
ular weight 65 kDa) as a ~7 nm oblong particle with two domains 
separated by an indentation in the center (Fig. 1D).

Binding of the inner antigen (IL-18) to the DVD-Ig™ mol-
ecule (Fig. 1E) results in a ~24 nm “Y” shaped particle, with 
one visible ~7 nm Fc loop and two longer ~10 nm Fab “arms” 
whose somewhat spatulate ends, compared with the DVD-Ig™ 
molecule by itself, indicate the site of the bound antigen. 
Binding of the outer antigen (IL-12) to the DVD-Ig™ molecule  
(Fig. 1F) results in ~35 nm “Y” shaped particles with one visible 
~7 nm Fc loop and two longer ~10 nm Fab “arms” with distinct 
~5 nm densities extending from the ends of the arms, represent-
ing the bound antigen. The particles formed by the DVD-Ig™ 
molecule bound to the outer antigen (IL-12) appear more flexible 
than the DVD-Ig™ molecule bound to inner antigen (IL-18), as 
indicated by the presence of more and varied conformations of 
the class averages (Fig. S5).

Binding of both the inner and outer antigens (Fig. 1G–I) to 
the DVD-Ig™ molecule results in particles with morphologies 
not obviously related to the characteristic “Y” shape associated 
with a DVD-Ig™ molecule alone or bound to each individ-
ual antigen. Consistently identified 2D class averages showed  
~23 nm particles adopting either a “Z” (Fig. 1G), “8” (Fig. 1H) 
or “pretzel” (Fig. 1I) shaped morphology, with some regions 
that resemble the Fab arms of a DVD-Ig™ molecule. Since 
no class averages were seen to resemble the particles found in a 
DVD-Ig™ molecule bound to either IL-18 (inner antigen) alone, 
or IL-12 (outer antigen) alone, or a DVD-Ig™ molecule by itself, 
it is likely that the observed structures represent a DVD-Ig™ 
molecule binding to both antigens. It thus appears that binding 
of a DVD-Ig™ molecule to both antigens causes a significant 
conformational change in the overall molecule. These morpho-
logical changes were elucidated using 3D reconstruction.

3D reconstruction using random conical tilt. 3D reconstruc-
tions using random conical tilt (RCT) methods were obtained 
for the DVD-Ig™ molecule bound to inner antigen and two of 
the classes of the DVD-Ig™ molecule bound to both antigens 
(Fig. 2). Interpretations of the structures are based on these 3D 
models as well as the 2D class averages (Fig. 1).

The 3D reconstruction of the DVD-Ig™ molecule bound to 
inner antigen (Fig. 2, top row) shows that binding of the inner 
antigen results in a marked conformational change to the struc-
ture, with the third domain (VD1) of the DVD-Ig molecule fold-
ing down out of the plane of the other two. The Fc domain is not 
well-defined in this map, presumably because it is highly flexible, 

hinge region (PAPELLGG) connects the Fc to the core region 
and plays a role in Fab/Fc flexibility and Fc tail wagging.16,20 The 
length of the hinge region also plays a role in flexibility; mouse 
IgG1, which has a shorter hinge region (12 residues and 3 inter-
chain cysteines), is more compact than either IgG2a (19 residues 
with 3 cysteines) or human IgG1 (17 residues with 2 cysteines).15 
The inherent flexibility in IgG molecules has hampered crystalli-
zation efforts and only a few crystal structures of intact IgG mol-
ecules have been solved.15,21-27 The majority of structures reported 
in the literature are either Fab or Fab’ fragments.

The structure of the Fab fragment of the anti-IL-12/IL-18 
DVD-Ig™ molecule has been solved at 2.1 Å resolution by 
X-ray crystallography.28 Here, we report on the overall architec-
ture of the intact anti-IL-12/IL-18 DVD-Ig™ molecule and the 
DVD-Ig™ molecule bound to both inner and outer antigens 
determined using single particle electron microscopy (EM).29 
Two-dimensional class averages calculated from thousands of 
individual particles of the DVD-Ig™ molecule show that the 
molecule assumes a “Y” shape similar to that of antibodies. 
Analysis of the range of motion of each of the DVD-Ig™ arms 
showed that the average angle between the Fab arms was com-
parable to angles obtained for the inner binding domain (VD2) 
of the parental mAb, but the arms traverse a wider range of 
motion. Assembling the entire set of possible class averages into 
a sequential series reveals rotational dynamics of the outer bind-
ing domain (VD1) and translational dynamics of the Fc region, 
in addition to hinge region folding. Random conical tilt (RCT) 
reconstruction methods30 were used to reconstruct three-dimen-
tional (3D) models of the DVD-Ig™ molecule bound to the 
inner antigen and to both inner and outer antigens. These models 
show that binding of antigen to VD2 alters the overall conforma-
tion of the molecule, causing VD1 to fold out of the plane of 
VD2 and C

H1
/C

L
 domains. This in turn results in a major mor-

phological change in the overall shape of the complex formed by 
the DVD-Ig™ molecule bound to both inner and outer antigen. 
These results clearly demonstrate the extraordinary domain flex-
ibility observed in the DVD-Ig™ molecule, which allows both 
antigens to bind the DVD-Ig™ molecule with minimal steric 
hindrance. Comparable affinity of both antigens to the parental 
mAbs was thus retained.28

Results

Structural analysis of the DVD-Ig™ molecule alone and bound 
to antigens. While it is challenging to discern the structure of an 
individual DVD-Ig™ molecule and parental mAbs from unpro-
cessed transmission EM images (Fig. S1), the signal to noise ratio 
can be greatly improved by identifying, aligning, classifying and 
averaging particles in similar conformations. The resultant two-
dimensional (2D) class averages of the DVD-IgTM molecule show 
~20 nm “Y” shaped particles consistent with that of antibodies 
(Fig. 1B). The DVD-Ig™ molecule has two ~10 nm arms (Fabs) 
that are each composed of three ~3 nm lobes (V

H1
/V

L1
 or VD1, 

V
H2

/V
L2

 or VD2, and C
H1

/C
L
 as shown schematically in Fig. 1A) 

and one ~7 nm arm that resembles the Fc loop where the 
C

H2
 domain has less density than the C

H3
 domain (Fig. 1B).  
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supported by the correspondence between the appearance of the 
end of the arm of the RCT model and the end of the arm on the 
2D class average of the DVD-Ig™ molecule bound to outer anti-
gen (compare regions within white circles in Figs. 1F and 2D). 
Once again, the Fc domain is poorly defined and only appears 
when the map is rendered at a lower density threshold. The flex-
ibility of the Fc domain is further corroborated by the reduced 
density of this region in the 2D class averages (e.g., Fig. 1B). The 
3D structure of the DVD-Ig™ molecule bound to both antigens 

and only appears when the density threshold of the map is low-
ered (Fig. 2B) so as to show weaker densities. Interpretation of 
the RCT map is depicted in Figure 2C.

The 3D reconstruction of the “Z” shaped class average calcu-
lated from images of the DVD-Ig™ molecule bound to both anti-
gens is shown in Figure 2, middle row. The 3D structure shows 
that the DVD-Ig™ arms are bent at an angle of almost 90° as a 
result of binding of inner antigen, and the outer antigen is bound 
to the outer ends of the DVD-Ig™ arms. This interpretation is 

Figure 2. (A) Class average of the DVD-Ig™ molecule+ inner antigen. (B) RCT reconstruction of the class average in (A) shows that binding of the inner 
antigen causes a conformational change in the morphology of the DVD-Ig™ molecule, folding down the third domain (VD1) out of the plane of the 
other two domains. The Fc domain is only visible at a lower density threshold (green mesh), presumably because of its flexibility relative to the other 
domains. (C) An interpretation of the RCT maps showing the positions of the Fc domain, the inner antigen and the three domains along one of the 
DVD-Ig™ molecule arms. (D) Class average of the “Z” shaped class average of the DVD-Ig™ molecule bound to both inner and outer antigen. (E) RCT 
reconstruction of the class average in (D). At a lower threshold, density appears that we interpret as the Fc domain. (F) Interpretation of the RCT map 
is supported by the correspondence between the appearance of the end of the arm of the RCT model and the end of the arm on the 2D class average 
of the DVD-Ig™ molecule bound to outer antigen (Fig. 1F). (G) Class average of the “pretzel” shaped class average of the DVD-Ig™ molecule bound to 
both inner and outer antigen. (H) An interpretation of the domain arrangements of the structure overlaid onto (G) the class average and (I) the RCT 
reconstruction of the class average in (G). The “pretzel” can be explained as an alternative conformation of the “Z” shape is the DVD-Ig™ arms rotate as 
shown by the arrows in (F). Also see Figure S2.
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is interpreted as depicted in Figure 2F. This model provides 
an explanation of several of the predominant 2D class averages  
as alternative conformations of a consistent structure (Fig. 2,  
bottom row; Fig. S2).

Dynamics of the DVD-Ig™ molecule. The hinge region 
flexibility of the DVD-Ig™ molecule relative to each parental 
mAb was evaluated from class averages derived from a large 
population of particles (Fig. 3; Fig. S4). Angle measurements 
between the Fab/Fab (Table 1A) or Fab/Fc arms of well-
defined class averages showed that the DVD-Ig™ molecule 
adopts a larger number or conformations, with the Fab and 
Fc arms spanning a wider range of flexibility, compared with 
the mAb particles. While the DVD-Ig™ molecule showed the 
more extreme ranges, the weighted average Fab-Fc and Fab-
Fab angles for parental mAb-1 (110°/135°) and the DVD-Ig™ 
molecule (107°/136°) were found to be similar whereas parental 
mAb-2 had slightly larger Fab-Fc (117°) and smaller Fab-Fab 
(121°) average angles. The overall hinge region flexibility of the 
DVD-Ig™ molecule and mAbs measured here is well within 
the range of those reported for engineered human IgG-1, 2, 3 
and 4 with matching variable binding domains (Table 1B).16 
The mean Fab/Fab angle measured for the DVD-Ig™ molecule 
(136°) matched that of the engineered IgG3 (136°). As reported 
in Roux et al.,16 the large angular variability observed for the 
IgG3 molecule indicates minimal steric hindrance and maximal 
molecular flexibility, which permits dimer formation with the 
variable domain on anti-idiotypic antibodies. Dimer formation 
was less prevalent with other IgG1, 2 or 4 molecules because of 
their compact nature. The functional significance of such differ-
ences for DVD-Ig™ molecule development could be substantial, 
as cross-linking and downstream signaling via cell surface recep-
tors may result in a DVD-Ig™ molecule that has agonist instead 
of antagonist activity. The Fab/Fc angles are also believed to play 
a significant role in effector function, thus modulating Fc recep-
tor and complement binding.

To further visualize DVD-Ig™ molecule flexibility, stacks of 
particles were classified, analyzed and sorted into sequential series 
and depicted as movie loops to emphasize the range of motion of 
the DVD-Ig™ molecules for each sample (Videos S1 and S2). 
In addition to flexibility about the hinge region (Fig. S4B), other 
dynamics recognized were wagging of the outer domain of the 
DVD-Ig™ molecule (Fig. S4A) and translational movement of 
the Fc region (Fig. S4C).

Comparison and docking with previously determined struc-
tures. The insight gained from 2D and 3D EM reconstruction of 
the DVD-Ig™ molecule alone and bound to antigen was corrob-
orated by high resolution X-ray crystallography data. With IL-18 
bound to VD2, the outer variable domain (VD1) was found to 
rest entirely on top of the heavy chain of VD2. The CDR of VD1 
is positioned at right angles (~85°) from the inner variable CDR, 
which leaves ample room for binding outer antigen.28 We docked 
the crystal structure of the DVD-Ig™ Fab (DFab) fragment 
bound to IL-18 and the Fc portion of human IgG1 (pdbcode 
1HZH) into the 3D reconstructed EM density map. There is 
additional density in the 3D EM map that could clearly accom-
modate the bound IL-12, but because the orientation of IL-12 

Figure 3. Dynamics of the DVD-Ig™ molecule show (A) wagging of 
outer domain, (B) folding in the hinge region and (C) translation move-
ment of the Fc region.

Table 1A. Description of structural flexibility of the DVD-IgTM molecules 
compared with parental mAbs

Range of angles Weighted average

Fab/Fab Fab/Fc Fab/Fab Fab/Fc

mAb-1 106.6 – 160.6 83.6 – 131.3 134.8 110.1

mAb-2 86.4 – 146.1 94.2 – 156.3 121.1 117.1

DVD-IgTM 62.3 – 161.6 76.7 – 178.4 136.2 106.9

Angles were measured between the Fc/Fab and Fab/Fab arms using 2D 
class averages.
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outer binding domain (VD1). 3D reconstruction data showed 
that VD1 folds out of the plane of VD2 and C

H1
/C

L
 domains. 

These observations were remarkably consistent with the crystal 
structure of the DVD-Ig™ Fab (DFab) fragment bound to IL-18 
(inner antigen).28 Structures were interpreted from both 2D class 
averages and 3D reconstruction data and showed that the con-
figuration of these complexes is quite different from the original 
“Y” shaped structure due to binding of both inner and outer anti-
gen. The most prominent domain movement was found between 
the variable domains held together by linkers. Understanding the 
structure and dynamics of this complex molecule will facilitate 
optimal linker design and point the way to stabilization of the 
outer variable domain.

Materials and Methods

Materials. The parental mAbs (mAb-1 and mAb-2) and 
DVD-Ig™ molecules used in this study were produced at 
AbbVie Bioresearch Center. mAb-1 is a human anti-IL-18 mAb 
and mAb-2 is a human anti-IL-12 mAb. The anti-IL-12/IL-18 
DVD-Ig™ molecule was constructed to bind both IL-18 (VD2) 
and IL-12 (VD1). Construction, expression and purification of 
the DVD-Ig™ protein and its ability to neutralize both targets 
were previously described.9

Sample preparation and electron microscopy. Samples were 
prepared over a layer of continuous carbon supported by nitro-
cellulose on a 400-mesh copper grid. Samples were prepared by 
applying 3 μL of sample suspension to a freshly plasma cleaned 
grid, blotting away with filter paper, and immediately staining 
with 3 μL uranyl formate (2%). Stain was allowed to sit on the 
grid for 1 min before blotting away with filter paper. The grid 
then sat under a lamp for 5–10 min to dry. Sample DVD-Ig™ 
molecules were diluted to 1 uM with phosphate-buffered saline 
(PBS). Samples of inner antigen (IL-18) and outer antigen (IL-
12) were diluted to 3 uM with PBS. DVD-Ig™ molecule-anti-
gen incubations were mixed at 1:1 volume and 1:3 molarity of 
DVD-Ig™ molecules to antigen. Mixtures were incubated for 
at least 3 h at room temperature. Prior to imaging, incubations 
of the DVD-Ig™ molecule + inner antigen + outer antigen were 
diluted 1:33 in PBS.

EM was performed using an FEI Tecnai T12 electron micro-
scope operating at 120 keV equipped with an FEI Eagle 4k × 
4k CCD camera. Images were obtained using Leginon39 at 
nominal magnifications of 110,000× (0.10 nm/pixel), 67,000× 
(0.16 nm/pixel) and 52,000× (0.21 nm/pixel). The images were 
acquired at a nominal underfocus of -1.5 μm (110,000×), -2 μm 
(67,000×) and -2 μm to -3 μm (52,000×) and electron doses of  
~24–45 e/E2. Random conical tilt (RCT) experiments were per-
formed using the RCT node of Leginon,40 with image pairs taken 
at 0 and 55 degrees using a defocus of -2 μm and a dose per image 
of ~40 e-/Å2.

Image processing and model reconstructions. Image process-
ing and model reconstructions were performed using the Appion 
software package.41 The contrast transfer functions (CTF) of the 
images was estimated and corrected using Ace2.42 Individual par-
ticles in the 52,000× high magnification images were selected 

could not be uniquely defined based on the data, we did not 
include the docking of this antigen into the model. Figure 4 cap-
tures the change in the overall conformation of the DVD-Ig™ 
molecule when bound to both antigens. The most prominent 
domain arrangements occurs at the interface between the two 
variable domains, which are covalently held together by two link-
ers connecting the variable heavy and variable light antigen bind-
ing domains. The linker region is likely to be solvent-exposed 
and, as seen in the supplemental movie animations (Videos S1 
and S2), permits extensive wagging of VD1. We postulate that 
VD1 can also rotate in space due to minimal steric hindrance. 
Other linkers of varying length and composition are under con-
sideration in designing new DVD-Ig™ pairs. 2D class averages 
generated from EM images facilitates rapid understanding of the 
systematic effect of incorporating various types of linkers on both 
the dynamics of VD1 and the accessibility of different sized anti-
gens to the binding domains.

Discussion

Segmental flexibility of IgG molecules has been reported by a 
variety of methods, including nanosecond fluorescence depo-
larization assays,31-33 immunoelectron microscopy,16,20,34-36 X-ray 
crystallography,26 nuclear magnetic resonance spectroscopy,17 
small angle X-ray scattering and sedimentation studies37 and 
quasi-elastic light scattering.38 These methods are useful for com-
paring different molecules, but are inadequate for quantifying 
the many different modes of flexibility in the molecule. In this 
study, we use single particle EM to describe the architecture and 
segmental flexibility of the DVD-Ig™ molecule. In movie files 
created from 2D class average images, we directly observed hinge 
region flexibility, wagging of the outer binding domain and trans-
lational movement in the Fc region. To the best of our knowledge 
this is the first study where different modes of flexibility in an 
IgG-like molecule have been clearly described and quantified. 
Two significant findings were also made. First, that measurement 
of the range of motion around the hinge region of the DVD-Ig™ 
molecule closely matched the parental mAb to the inner bind-
ing domain (anti-IL-18). This suggests that the internal variable 
domain, in addition to the length of the hinge region and the 
C

H1
 domain, plays a significant role in hinge region flexibility. 

These results have important implications for which variable 
domain is placed internally, as the Fc/Fab angles, through steric 
hindrance, can influence Fc effector function. The second find-
ing was that binding of IL-18 (inner antigen) to the DVD-Ig™ 
molecule resulted in significant conformational change in the 

Table 1B. Flexibility of engineered human IgG-1, 2, 3 and 4 with 
matched variable binding domains from Roux et al.16

Range of angles (mean ± SD)

Fab/Fab Fab/Fc

IgG1 117 ± 43 107 ± 30

IgG2 127 ± 32 99 ± 32

IgG3 136 ± 53 86 ± 36

IgG4 128 ± 39 98 ± 25
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edge of the other arm. Two Fab-Fc angles and one Fab-Fab angle 
were measured per class. Angle ranges and weighted average 
angles were calculated from these measurements. Fab-Fc and 
Fab-Fab measurements were weighted according to the number 
of particles in the class average as a percent of the total number of 
particles over all classes.

Further analysis of the flexibility of the structures was per-
formed using an interactive masking and classification program. 
Briefly, stacks of particles were evaluated using a coarse reference-
free maximum-likelihood refinement49 to identify and remove 
incorrectly boxed particles from the data sets. The filtered particles 
stacks were then iteratively aligned to a common reference, and the 

using automated picking protocols43-45 followed by several rounds 
of reference-free alignment and classification using the XMIPP 
software package.46 RCT is a robust ab initio method for obtain-
ing structure that requires collecting pairs of images, one at a 
fairly high tilt angle (45–60°) followed by a second untilted 
image.30,40,47 RCT reconstructions were performed using the ini-
tial model pipeline within the Appion architecture.43 The resolu-
tion of the RCT 3D maps was on the order of 4–5 nm. Angle 
measurements were performed on class averages that contained 
recognizable Fab and Fc domains using Image J48 to measure 
angles between a segmented line traced from the outermost edge 
of one arm to the center of the particle and then to the outermost 

Figure 4. The 3D RCT reconstruction of the DVD-Ig™ molecule (gray) bound to both antigens. The crystal structure of the DVD-Ig™ Fab (DFab) frag-
ment bound to IL-18 (yellow) is shown docked on the “Z” shaped structure. Also shown are the Fc (cyan, PDB code 1HZH residues 246–478), the first 
constant domain (red) and the 2 variable (inner and outer) domains found in Fab arms of the DVD-Ig™ molecule. The structures were manually fitted 
into the 3D RCT reconstructed density map to achieve the best visual fit to the map, while avoiding steric clashes between the domains. The hinge 
region and IL-12 were not explicitly modeled.
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mat to facilitate interpretation of the movements in each domain.
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