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Introduction

Targeting specific disease mediators with monoclonal antibod-
ies (mAbs) is recognized as a very powerful mode of disease 
modulation. There are currently over 20 US Food and Drug 
Administration-approved mAb therapeutics on the market for 
a variety of human diseases.1 As with conventional therapeutics, 
the increased disease fighting potential of combination therapy 
with mAbs has also been recognized.2 However, developing two 
new mAb entities simultaneously could double the cost and effort 
because it involves preclinical and clinical development, as well as 
manufacturing, of two independent pharmaceuticals. A poten-
tially more efficient therapeutic modality for targeting two disease 
mediators simultaneously is the dual specific DVD-Ig protein.

The four chain DVD-Ig protein, first described by Wu et al.3  
is a dual-specific, tetravalent immunoglobulin G (IgG)-like 

The DVD-IgTM protein is a dual-specific immunoglobulin. Each of the two arms of the molecule contains two variable 
domains, an inner variable domain and an outer variable domain linked in tandem, each with binding specificity for 
different targets or epitopes. One area of on-going research involves determining how the proximity of the outer variable 
domain affects the binding of ligands to the inner variable domain. To explore this area, we prepared a series of DVD-
Ig proteins with binding specificities toward TNFα and an alternate therapeutic target. Kinetic measurements of TNFα 
binding to this series of DVD-Ig proteins were used to probe the effects of variable domain position and linker design 
on ligand on- and off-rates. We found that affinities for TNFα are generally lower when binding to the inner domain 
than to the outer domain and that this loss of affinity is primarily due to reduced association rate. This effect could be 
mitigated, to some degree, by linker design. We show several linker sequences that mitigate inner domain affinity losses 
in this series of DVD-Ig proteins. Moreover, we show that single chain proteolytic cleavage between the inner and outer 
domains, or complete outer domain removal, can largely restore inner domain TNFα affinity to that approaching the 
reference antibody. Taken together, these results suggest that a loss of affinity for inner variable domains in this set of 
DVD-Ig proteins may be largely driven by simple steric hindrance effects and can be reduced by careful linker design.
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molecule that is composed of two heavy chains and two light 
chains (Fig. 1). Each heavy and light chain has two variable 
regions connected in tandem by separate linkers; together they 
form an inner variable domain and an outer variable domain 
capable of different ligand binding specificities. The inner and 
outer variable domains of a DVD-Ig protein can be engineered 
by linking the variable domains from any pair of mAbs while, in 
many cases, retaining the activities of the parent antibodies. As 
a therapeutic class, the great potential of the DVD-Ig protein is 
to simultaneously target two mediators of disease with a single 
pharmaceutical agent.

Anti-IL12/IL18 and anti-IL1α/IL1β DVD-Ig proteins have 
been described in references 3–5. These reports explain the 
basic features of DVD-Ig protein design, construction and per-
formance. In each case, the DVD-Ig protein was shown to be 
capable of simultaneous high affinity binding to both ligands. 
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engineered as the inner VD (as compared to either the reference 
antibody or when engineered as the outer VD). This effect was 
attributed, at least partially, to steric hindrance due to the prox-
imity of the outer variable domain to the ligand binding site of 
the inner VD; longer linkers were shown to reduce the affinity 
loss. Those results pointed to the importance of exploring linker 
sequence as a key element affecting the function of a DVD-Ig 
protein. The work presented here was designed to deepen our 
understanding of this relationship.

Results

DVD-Ig protein production. A series of DVD-Ig constructs 
were assembled from the VDs of an anti-TNFα reference mAb 
and a mAb with specificity toward an alternate therapeutic tar-
get. The two VDs were in both possible inner and outer position 
combinations; DVD-Ig constructs with anti-TNFα as the inner 
domain were produced with a series of heavy chain (HC) and 
light chain (LC) linkers as described in Table 1. The linkers 
for DVD-01 and DVD-02 were based on natural linkers found 
between the constant domain and VD of human antibodies.3 
Likewise DVD-03, DVD-04 and DVD-05 contained modified 
forms of these linkers in which cleavage sites for the endopepti-
dases thrombin (Thr) or enterokinase (Ek) had been engineered 
into the light chain linker. In these cases, single-linker cleavage 
was designed to potentially relieve steric hindrance effects due 
to the outer domain’s proximity to the inner domain without 
completely removing the outer domain. DVD-06 and DVD-07 
were designed with poly-glycine linkers and DVD-08–DVD-
12 were designed with linkers based on heavy chain hinge 
sequences, between CH

1
 and CH

2
, from human antibodies.

Proteolytic fragmentation. The DVD-Ig proteins designed 
with cleavable light chain linkers were cleaved with either throm-
bin or enterokinase endopeptidases. Prior to cleavage, reducing 
SDS-PAGE showed the prominent heavy chain (HC) at ~68 
kDa and a glycosylated form of the light chain (LC) at ~42 kDa 
(Fig. 2A), as well as a less prominent band at ~40 kDa that was 
identified by mass spectrometry as a small population of non-
glycosylated light chain (data not shown). Cleavage of the light 
chain was complete for DVD-05 and nearly complete for DVD-
03 and DVD-04 as indicated on reducing SDS-PAGE by the 
presence of light chain fragments 1 and 2 and the substantial 
depletion or absence of the original light chain. Fragment 1 is 
composed of VL

2
-CL and Fragment 2 is composed of VL

1
. To 

evaluate whether the cleaved light chain fragments remained 
associated, the cleaved proteins were re-purified over protein A. 
Figure 2B shows that, after washing, the heavy chain and the 
two light chain fragments of the DVD-Ig protein (including 
fragment 2) elute together, which suggests that it remains intact 
after cleavage.

Antigen-binding fragments (Fab) can be routinely generated 
from mAbs by limited proteolysis with the protease papain.6-8 
Papain can cleave antibodies between the CH

1
 and CH

2
 domains 

of the heavy chain generating functional Fab fragments from 
a given antibody. In a similar way, a Fab of a DVD-Ig pro-
tein (DFab) can be generated by papain digestion and purified 

In addition to being dual-specific, the DVD-Ig protein can be 
efficiently produced by conventional mammalian expression sys-
tems and, as such, can be as easily manufactured as a conven-
tional IgG. Surprisingly, they also exhibit pharmacokinetic and  
physiochemical properties comparable to conventional IgGs, 
despite their increased size and complexity.

In 2009 Wu et al.4 described instances where anti-IL1α and 
anti-IL1β variable domains (VDs) showed reduced affinity when 

Figure 1. The schematic depicts the general structure of a DVD-Ig 
protein where CH and VH refer to constant and variable heavy chain 
regions, respectively, and CL and VL refer to constant and variable light 
chain regions, respectively. CD and VD refer to constant domain and 
variable domain, respectively. The variable regions form tandem inner 
and outer variable domains, connected by both light and heavy chain 
linkers, on each arm of the DVD.

Table 1. DVD-Ig protein identities

DVD-Ig 
protein 
name

anti-
TNFα VD 

orientation
HC linker seq LC linker seq

DVD-01 outer ASTKGP TVAAP

DVD-02 inner ASTKGP TVAAP

DVD-03 inner ASTKGP TVDDDDK/AAP

DVD-04 inner ASTKGP LVPR/GSAAP

DVD-05 inner ASTKGPSVFPLAP
TVAADDDDK/

SVFIVPP

DVD-06 inner GGGGGGGP GGGGGGP

DVD-07 inner GGGGGGGGP GGGGGGGP

DVD-08 inner PAPNLLGGP PAPNLLGGP

DVD-09 inner PAPNLLGGP PAPELLGGP

DVD-10 inner PNLLGGP PAPNLLGGP

DVD-11 inner PAPNLLGGP PTISPAPNLLGGP

DVD-12 inner PNLLGGP PTISPAPNLLGGP

Enterokinase and thrombin endopeptidase cleavage recognition 
sequences are in bold and the slash denotes the cleavage site.
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by protein A flowthrough resulting in a fragment depicted in  
Figure 3A. A DFab is approximately 75 kDa and retains func-
tional outer and inner VDs. During the process of generating a 
DFab from DVD-02 via papain digestion a secondary papain 
cleavage product was also produced, denoted DFab(48k), as 
depicted in Figure 3B. Both DFab and DFab(48k) fragments 
from DVD-02 were separately purified by size exclusion chroma-
tography followed by cation exchange. Detailed mass spectrom-
etry analysis (data not shown) revealed the DFab(48k) resulted 
from proteolysis in both the heavy and light chain linkers  
(Fig. 3B). It is interesting that this secondary cleavage occurs 
because these linkers were based on natural linkers found in 
human antibodies and, as such, also occur between the constant 
domain and the VD in this DVD-Ig protein. However, the link-
ers between the inner and outer VDs of this DVD-Ig protein are 
clearly more susceptible to papain cleavage than those between 
the constant and inner VDs. In this study only DVD-02 was 
subjected to papain cleavage.

TNFα binding kinetics. Surface plasmon resonance (SPR) 
measurements are commonly used to assay the binding kinet-
ics of antibodies. Capture approaches are often used in these 
assays to achieve oriented surfaces and to avoid avidity effects.9 
Here, we used SPR to assay the TNFα binding kinetics for the 
reference mAb and DVD-Ig proteins using an anti-(Fc) capture 
approach. For study of fragments that did not contain Fc regions, 
i.e., DFabs from DVD-02 and the Fab from the reference anti-
body, an anti-(H+L) capture approach was used. We also assayed 
intact DVD-02, DVD-01 and reference antibody via anti-(H+L) 
for direct comparison to the DFab and Fab.

The binding kinetics for the reference mAb and the series of 
DVD-Ig proteins, partially proteolyzed DVD-Ig proteins, DFab 
and Fab are listed in Table 2A and B; the two tables represent 
two separate studies that employed different assay formats. The 
binding kinetics reported in Table 2A were measured from an 
anti-(Fc) capture format, while those reported in Table 2B were 
measured from an anti-(H+L) capture format (as described above 
and in the materials and methods section). The data revealed 
interesting relationships for TNFα binding kinetics relative to 
VD orientation (outer vs. inner), linker sequence, partial struc-
tural relaxation (for single linker proteolysis) and complete outer 
domain removal; for clarity, these relationships were graphed as 
k

a
 vs. k

d
 plots (Figs. 4–6).

The k
a
 vs. k

d
 plot for TNFα binding to the intact reference 

mAb and DVD-Ig proteins is shown in Figure 4. The affini-
ties (K

D
s) of these interactions ranged from 83–13 nM, with the 

reference mAb at 126 pM. DVD-02 showed the weakest affinity 
at 13 nM, which was approximately 100-fold weaker than the 
reference mAb. Off-rates (k

d
) ranged from 1.47E-04 to 2.39E-

04 s-1 (less than a 2-fold range), while the on-rates (k
a
) ranged 

from 1.74E+04 to 1.77E+06 M-1s-1 (about a 100-fold range).  
DVD-01, where the TNFα binding domain is in the outer posi-
tion, showed very similar binding kinetics for TNFα as the ref-
erence mAb. However, the other DVD-Ig proteins, where the 
TNFα binding domain is in the inner position, showed reduced 
affinity for TNFα. As shown in Figure 4, the most striking fea-
ture of the affinity differences is that they were largely due to 

Figure 2. Cleavage of DVD-03, DVD-04 and DVD-05 (referred to simply 
as 03, 04 and 05) with entorokinase or thrombin visualized by reducing 
SDS-PAGE. (A) The DVD-Ig proteins before (-) and after (+) cleavage with 
either enterokinase or thrombin. (B) The cleaved DVD-Ig proteins after 
purification on Mab Select SuRe columns. HC and LC refer to the heavy 
and light chains, respectively. Frag 1 refers to the cleavage product of 
the light chain consisting of the constant region and the inner variable 
region; Frag 2 refers to the cleavage product of the light chain consist-
ing of the outer variable region.

Figure 3. Papain cleavage can be used to generate functional frag-
ments from DVD-Ig proteins. (A) Papain can cleave a DVD-Ig protein 
between CH1 and CH2 resulting in a product denoted as a DFab that 
contains intact outer and inner variable domains. (B) Papain cleav-
age of DVD-02 resulted in an additional secondary product, denoted 
DFab(48k) where papain cleavage also occurred in both heavy and light 
chain linkers between the inner and outer variable domains.

differences in TNFα on-rate (k
a
). DVD-02 showed the great-

est loss of TNFα affinity; this DVD-Ig protein also possessed 
the shortest pair of linkers between the outer and inner domain. 
Generally, DVD-Ig proteins with longer linkers (like DVD-05 
and DVD-11) show much less loss of TNFα affinity.

Clustering of DVD-Ig proteins can be observed in Figure 4  
and correlated to linker sequence and length (Table 3); the 
Table also organizes them according to their affinity, strongest 
(top) to weakest (bottom). Although there seem to be complex 
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measured via the anti-human(H+L) assay format. As shown in 
Figure 6, the DVD-02-DFab TNFα affinity is similar to that of 
the parental intact DVD-02. However, the DVD-02-DFab(48k) 
shows affinity for TNFα that has recovered to a point that is 
less than 2-fold weaker compared with the reference mAb in the 
same assay format.

Discussion

Antibodies are composed of distinct structural domains con-
nected by linkers. The linkers in an antibody molecule are 
known to impart flexibility between domains10 and this flexibil-
ity is thought to be critical to both the physical properties of 
the molecule as well as antigen binding. From crystal structures 
of Fab fragments,11 it is clear that the antigen binding sites of 
an antibody, are found at the distal position of each arm, fac-
ing outward (relative to the constant domains). Likewise, the 
N-termini of both heavy and light chains are found near the 
distal portion of each arm. The DVD-Ig protein is constructed 
with two VDs per arm linked in tandem. The outer VD heavy 
and light chain C-termini are connected via linkers to the inner 
VD heavy and light chain N-termini, respectively.3 Positioning 
and proximity of the outer VD, relative to the inner VD, were 
found to potentially impact the function of the inner VD.3,4 In 
this work, we explored the effects of VD orientation and linker 
sequences further.

The importance of optimizing VD orientation in the DVD-Ig 
protein, i.e., whether a given VD should be engineered as an 
inner VD or outer VD, has been previously recognized.3 In some 
cases, a given VD may retain more activity as an outer VD than 
as an inner VD. This was clearly the case for the anti-TNFα VD 
presented in this study, where TNFα binds to DVD-01 (anti-
TNFα as outer VD) with kinetics very similar to the reference 
anti-TNFα mAb; however, it binds to DVD-02 (anti-TNFα as 
inner VD) with ~150-fold reduced affinity compared with DVD-
01 binding. We also show that the potential negative impact of 
inner VD orientation may be significantly alleviated by different 
linker designs. A striking observation about the TNFα affinity 
difference between DVD-02 and DVD-01 is that the change is 
almost exclusively due to reduced k

a
 (on-rate); the k

a
 difference 

between them is ~100-fold whereas the k
d
 (off-rate) difference is 

<2-fold. Indeed, the TNFα affinities for the entire set of inner 
VD anti-TNFα DVD-Ig proteins in this study (DVD-02–DVD-
12) were reduced compared with those for DVD-01, primarily 
due to k

a
 differences. This observation implies that (1) the anti-

TNFα binding potential of the inner VD remains intact, (2) the 
structure of the inner VD is not likely to be significantly per-
turbed and (3) the reduced affinity may be simply steric in nature 
due to the proximity of the outer VD.

Linkers between the two VDs of a DVD-Ig protein are critical 
to both activity and efficient expression.3 Lack of a polypeptide 
linker between the two VDs may give rise to steric hindrance 
effects that could cause poor physical properties, aggregation 
and reduced activity.4 A rational approach to linker design is to 
use amino acid sequences naturally found in IgGs. Therefore, 
a linker set engineered into DVD-Ig proteins was based on 

sequence effects on affinity, in general the weaker affinity cluster  
(Cluster 2) possess shorter linkers than the higher affinity cluster 
(Cluster 1); also of note, many of the DVD-Ig proteins in cluster 
1 contain hinge-based linkers.

Upon light chain cleavage of DVD-03, DVD-04 and DVD-
05 with either thrombin or enterokinase the affinity of TNFα for 
the inner VD is partially restored (Fig. 5). The effect was great-
est for DVD-03 and DVD-04, which showed affinity improve-
ments of about 10-fold and 7-fold, respectively, after light chain 
cleavage. After cleavage, the TNFα affinity of all three cleavable 
DVD-Ig proteins recovers to a point only about 4-fold lower than 
the reference mAb, primarily due to on-rate (k

a
) effects.

DVD-02 was subjected to limited proteolysis by papain to 
produce a DVD-02-DFab with intact inner and outer VDs and a 
DVD-02-DFab(48k) in which the outer VD had been removed 
(Fig. 3B). The TNFα binding kinetics for these species, along 
with their parent molecules and reference mAb and Fab, where 

Table 2A. TNFα binding kinetics (via anti-hu Fc)

mAb/DVD-Ig 
protein

ka (M-1s-1) kd (s-1) KD (M)
Res sd 

(RU)

anti-TNFα 
(reference mAb)

1.30E+06 1.64E-04 1.3E-10 0.9

DVD-01 1.77E+06 1.47E-04 8.3E-11 1.0

DVD-02 1.74E+04 2.26E-04 1.3E-08 3.2

DVD-03 4.70E+04 2.39E-04 5.1E-09 1.8

DVD-03 post Ek 
cleavage

3.71E+05 1.95E-04 5.2E-10 2.8

DVD-04 5.62E+04 2.00E-04 3.6E-09 2.1

DVD-04  post Thr 
cleavage

3.64E+05 1.90E-04 5.2E-10 2.5

DVD-05 2.41E+05 1.97E-04 8.1E-10 1.9

DVD-05 post Ek 
cleavage

4.45E+05 1.79E-04 4.0E-10 2.3

DVD-06 3.14E+04 2.13E-04 6.8E-09 1.1

DVD-07 5.11E+04 1.93E-04 3.8E-09 1.5

DVD-08 2.11E+05 1.90E-04 9.0E-10 2.0

DVD-09 1.73E+05 2.01E-04 1.2E-09 1.1

DVD-10 8.40E+04 2.05E-04 2.4E-09 1.2

DVD-11 2.57E+05 1.85E-04 7.2E-10 1.6

DVD-12 1.56E+05 1.84E-04 1.2E-09 1.2

Table 2B. TNFα binding kinetics (via anti-hu H+L)

mAb/Fab/DVD-
Ig protein/Dfab 

fragment
ka (M-1s-1) kd (s-1) KD (M)

Res sd 
(RU)

anti-TNFα  
(reference mAb)

9.07E+05 1.62E-04 1.8E-10 2.5

anti-TNFα-Fab 8.40E+05 1.57E-04 1.9E-10 2.4

DVD-01 1.19E+06 1.79E-04 1.5E-10 1.7

DVD-02 1.09E+04 3.80E-04 3.5E-08 1.4

DVD-02-Dfab 1.17E+04 3.21E-04 2.7E-08 0.8

DVD-02-Dfab(48 k) 6.56E+05 2.16E-04 3.3E-10 2.3
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Single-chain proteolytic cleavage sites were design features 
incorporated into the LCs of DVD-03, DVD-04 and DVD-05. 
This was done to probe potential steric hindrance due to the posi-
tioning of the outer VD with respect to the inner VD. As intact 
DVD-Ig proteins, these showed reduced inner VD anti-TNFα 
affinity compared with the reference mAb and, again, the loss 
of affinity seemed to be greatest for those with shorter linkers. 
After proteolytic cleavage of the LC with the respective endopep-
tidase, all three of the DVD-Ig proteins showed improved affin-
ity that converged to a point that was only about 4-fold weaker 
than the reference mAb. The affinity improvement was primarily 
the result of k

a
 (on-rate) enhancement (Fig. 5) and was greatest 

for DVD-03 and DVD-04, which possess shorter linkers than 
DVD-05.

The implications of the restored affinity as a result of single-
chain proteolytic cleavage are significant. First, it again implies 
that the inner VD binding potential remains intact and that 
simple steric hindrance is the root cause for reduced inner VD 
TNFα affinity. Second, and much more significantly, it was 
recognized that single chain proteolytic cleavage may provide a 
means to impart pro-drug like properties to the DVD-Ig protein. 
For example, there may be instances where reduced inner domain 
affinity may be desirable during administration of a DVD-Ig 
protein; however, once at the site of action the DVD-Ig protein 

naturally occurring “elbow” sequences found between the VD 
and constant domain of human IgG1s. The rationale was that 
linkers based on these sequences could impart potential struc-
tural flexibility between the VDs of a DVD-Ig protein while 
reducing the likelihood of immunogenicity issues that could 
arise from unnatural linker sequences. Indeed, it has been dem-
onstrated that DVD-Ig proteins constructed with linkers based 
on these sequences can show expression yields, physiochemical 
properties, activity and pharmacokinetics comparable to conven-
tional IgGs.3,4

In this study, DVD-01 and DVD-02 were constructed 
with linkers of natural origin; however, the considerable reduc-
tion in TNFα affinity for DVD-02 led us to develop a series 
DVD-Ig proteins with linkers designed to potentially restore 
inner VD TNFα binding activity (Table 1). Several approaches 
were employed in linker design: (1) linkers based on the short 
and long “elbow” linkers, which also contained protease cleav-
age sites within the LC linker; (2) longer linkers composed of 
poly glycine; and (3) longer linkers based on “hinge” sequences 
naturally found between CH

1
 and CH

2
 of human IgGs. The pri-

mary hypothesis was that longer linkers would allow the anti-
TNFα inner VD to retain a greater fraction of its native affinity. 
“Hinge” sequences were included as a natural alternative to the 
“elbow” sequences. Poly glycine linkers were included as a flex-
ible synthetic sequence to probe whether there may be potential 
sequence-specific effects on activity or if length alone would be 
a sole driver of affinity restoration. Lastly, single-chain specific 
proteolytic cleavage sequences were incorporated to allow for 
targeted proteolysis of the LC only while leaving the HC link-
age intact; this was thought to potentially lead to greater steric 
“relief” resulting in restored inner VD activity.

Longer linkers do generally seem to improve inner VD 
TNFα affinity relative to shorter linkers for this series of 
DVD-Ig proteins; however, the relationship also shows a com-
plex dependency on linker sequence. The trend toward higher 
inner VD TNFα affinity with longer linkers can be appreci-
ated from the loose k

a
 (on-rate) clustering (Fig. 4 and Table 

3). On average, DVD-Ig proteins in the higher affinity cluster 
1 possess longer linkers than those in the lower affinity clus-
ter 2. The cluster 1 DVD-Ig proteins DVD-05 and DVD-11, 
which possess the longest two sets of linkers, show the high-
est inner VD TNFα affinities. Length alone, however, may not 
be the sole contributor to enhanced inner VD TNFα affinity. 
For example, DVD-08 was constructed with linkers based on 
“hinge” sequences while DVD-07’s linkers are poly-glycine; 
these DVD-Ig proteins have nearly identical linker lengths, but 
show >4-fold difference in TNFα affinity. This was a surprising 
observation. During the design phase, it was thought that poly-
glycine would be the most flexible of linker designs for a given 
length and provide the greatest degree of freedom to the outer 
VD, thereby reducing steric effects. Contrary to this hypoth-
esis, it may be that the linker sequences in DVD-08 are semi-
ordered and can potentially position the outer VD such that 
the inner VD is more accessible to the targeted ligand. Future 
structural studies may shed more light on VD positioning as 
they relate to linker sequence in the DVD-Ig protein.

Figure 4. ka vs. kd plot derived from data presented in Table 2A for 
TNFα binding kinetics of the intact reference mAb and DVD-Ig proteins. 
Diagonals show affinities (KD); the vertical and horizontal dashed lines 
intersect at the reference mAb kinetic constants.
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susceptible to this phenomenon. Future structural studies should 
provide a more detailed assessment of linker structure.

The TNFα binding kinetics of the DVD-02-DFab are 
very nearly the same as for the intact DVD-02; however, the 
TNFα affinity for DVD-02-DFab(48k), with the outer domain 
removed, is almost completely restored to that of the reference 
mAb (Fig. 6). The rescue of affinity observed for DVD-02-
DFab(48k) is startling; the magnitude of the K

D
 change is over 

100-fold compared with the intact DVD-02 and over 80-fold 
compared with the DVD-02-DFab. These observations imply 
that anti-TNFα as an inner VD is completely competent and 
linker design is critical to mitigating potential activity losses.

It remains uncertain how generally applicable the linker depen-
dent kinetics results presented here will be to other DVD-Ig pro-
teins and certainly antigen size and cellular location will likely 
be additional factors to consider. Here, we demonstrated that, 
for anti-TNFα binding activity, the potential negative impact of 
inner VD orientation may be significantly mitigated by careful 
linker design. The variations of inner VD TNFα binding kinet-
ics, as a function of linker sequence and for the different proteo-
lytic products, were almost exclusively due to differences in k

a
 

(on-rate). These observations imply that the inner VD remains 
completely intact and functional and steric hindrance arising 
from the proximity of the outer VD may be the primary fac-
tor for reduced affinity. Indeed, the near complete restoration of 
affinity observed for DVD-02-DFab(48k) supports this conclu-
sion. The enthalpy and entropy associated with repositioning the 
outer VD upon ligand binding to the inner VD, as a function of 
linker sequence, remain to be explored. These are critical com-
ponents of association that affect the number of productive col-
lisions between the ligand and the inner VD and consequently 
contribute significantly to the on-rate. Future structural and 
function studies should shed light on the thermodynamics of 
inner VD binding as they relate to linker sequence.

Materials and Methods

Cloning. Amino acid sequences of VDs from an anti-TNFα 
mAb and a mAb with specificity toward an alternate therapeutic 
target were codon optimized and synthesized as components for 
DVD-Ig construct generation. For heavy chain construct design, 
the two VH sequences were paired, connected with a specific 
linker sequence and cloned into an Abbott-proprietary pHybE 
vector with a heavy chain signal peptide and a gamma1 constant 
region. Similarly, for light chain, the two VL sequences were 
paired, connected with a specific linker sequence and cloned into 
a second Abbott-proprietary pHybE vector with a light chain sig-
nal peptide and a kappa constant region.

Expression. DVD-Ig proteins were produced by transient 
transfection of HEK-293-6E cells. Cells were grown in Freestyle 
293 medium (Invitrogen) and transfected with plasmids encod-
ing the light chain and heavy chain of the DVD-Ig construct as 
per the Invitrogen Freestyle protocol with minor modifications. 
Media containing the secreted protein was harvested 9–12 days 
post transfection. The volume of transfection was 0.5 L in a 2 L 
roller bottle.

could be processed via single-chain cleavage by a specific endog-
enous protease to “activate” the inner VD affinity. The possible 
therapeutic applications of engineering specific single-chain pro-
teolytic cleavage sites into the DVD-Ig protein are vast and future 
studies will likely explore this further.

We also report the generation of a DFab from DVD-02 
using papain, which cleaves between CH

1
 and CH

2
. A surpris-

ing observation during the generation of the DVD-02-DFab 
was the appearance of a secondary cleavage product, DVD-02-
DFab(48k), that we separately isolated and purified. The DVD-
02-DFab(48k) arises from papain cleavage of both HC and LC 
linkers between the inner and outer VDs (Fig. 3). This is a curi-
ous observation because the linkers between the inner and outer 
VDs in DVD-02 are the same sequences as the linkers between 
the constant domain 1 and the inner VD, yet we observed no 
indication of cleavage at the later site during DFab generation. 
The protease sensitivity of this sequence appears to be context 
dependent. Compared with their counterparts between the con-
stant domain 1 and the inner VD, the VD linkers must be in a 
different environment or possess different structural features that 
gives rise to enhanced papain susceptibility. As DVD-02 was the 
only DVD-Ig protein in this study to be treated with papain, 
we do not yet know whether the other DVD-Ig proteins are 

Figure 5. ka vs. kd plot derived from data presented in Table 2A for 
TNFα binding kinetics of the intact reference mAb and DVD-03, DVD-04 
and DVD-05 before (solid circles) and after (empty circles) cleavage of 
the light chain linkers with either enterokinase or thrombin proteases. 
Diagonals show affinities (KD); the vertical and horizontal dashed lines 
intersect at the reference mAb kinetic constants.
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Protein purification. DVD-Ig proteins were purified using 
MabSelect SuRe columns (GE Healthcare). The proteins were 
loaded onto MabSelect SuRe, washed with PBS and eluted with 
50 mM Citric acid, pH 3.5. The proteins were then dialyzed into 
PC buffer (10 mM Na

2
HPO

4
, 10 mM citric acid, pH 6.0).

Proteolytic fragmentation. DVD-03 and DVD-05 were 
cleaved by incubating with 1 U/mg enterokinase for 48 h at 
room temperature. DVD-04 was cleaved similarly with 5 U/mg 
thrombin (Fig. 2).

Papain (Worthington Biochemical) was activated by diluting 
the papain suspension to 1 mg/ml in PBS, pH 7.4, containing 
50 mM cysteine and incubating for 30 min at 37°C. The acti-
vated papain was added to the DVD-Ig protein at a 1% (w/w) 
ratio. The DVD-Ig protein concentration was 2 mg/ml in PBS 
and the final cysteine concentration was 1 mM. The digest was 
incubated at 37°C and was stopped by adding iodoacetamide 
to a 5-fold excess over cysteine. Following digestion the mate-
rial was passed through Protein-A agarose (Sigma) to remove 
the Fc domain and remaining undigested DVD-Ig protein. 
The Protein-A flowthough was concentrated and applied to 
Superdex 200 (GE) to separate the two cleaved products, DFab 
and DFab(48k), which were then separately purified by SP cation 
exchange (Tosoh Bioscience).

Binding kinetic measurements. Biacore 2000 and Biacore 
T100 instruments were used to measure the kinetics of TNFα 
binding to the test reagents (anti-TNFα reference mAb, 
DVD-Ig proteins, partially proteolyzed DVD-Ig proteins, Fabs 
and DFabs). The assay format was either Fc-based capture via 
immobilized anti-human(Fc) (Pierce 31125) for intact mAb, 
DVD-Ig proteins and partially proteolyzed DVD-Ig proteins or 
(H+L)-based capture via immobilized anti-human(H+L) (Pierce 
31119) for Fabs and DFabs. A standard amine coupling protocol 
was employed to immobilize the capture reagents via primary 
amines to the carboxy-methyl (CM) dextran surface of CM5 

Figure 6. ka vs. kd plot derived from data presented in Table 2B for 
TNFα binding kinetics (anti-human(H+L) assay format). Solid circles are 
the intact reference mAb, DVD-01 and DVD-02; empty circles are the 
reference Fab, DVD-02-DFab and the DVD-02-DFab(48k). The red arrow 
highlights the difference in binding kinetics for the DVD-02-DFab and 
the DVD-02-DFab(48k). Diagonals show affinities (KD); the vertical and 
horizontal dashed lines intersect at the reference mAb kinetic constants 
when assayed via anti-human (Fc).

Table 3. DVD-Ig protein affinity clusters

Cluster DVD-Ig protein TNFα KD (M)
HC linker LC linker

Sequence AAs Sequence AAs

1

DVD-11 7.2E-10 PAPNLLGGP 9 PTISPAPNLLGGP 13

DVD-05 8.1E-10 ASTKGPSVFPLAP 13 TVAADDDDK/SVFIVPP 16

DVD-08 9.0E-10 PAPNLLGGP 9 PAPNLLGGP 9

DVD-09 1.2E-09 PAPNLLGGP 9 PAPELLGGP 9

DVD-12 1.2E-09 PNLLGGP 7 PTISPAPNLLGGP 13

average 9.4 12.0

s.d. 2.2 3.0

2

DVD-10 2.4E-09 PNLLGGP 7 PAPNLLGGP 9

DVD-04 3.6E-09 ASTKGP 6 LVPR/GSAAP 9

DVD-07 3.8E-09 GGGGGGGGP 9 GGGGGGGP 8

DVD-03 5.1E-09 ASTKGP 6 TVDDDDK/AAP 10

DVD-06 6.8E-09 GGGGGGGP 8 GGGGGGP 7

DVD-02 1.3E-08 ASTKGP 6 TVAAP 5

average 7.0 8.0

s.d. 1.3 1.8
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