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Abstract 

An anti-p1 85HER2/anti-CD3 humanized bispecific diabody was previously constructed from two cross-over single-chain 
Fv in which VH and VL domains of the parent antibodies are present on different polypeptides. Here this diabody is used 
to evaluate domain interface engineering strategies for enhancing the formation of functional heterodimers over inactive 
homodimers. A disulfide-stabilized diabody was obtained by introducing two cysteine mutations, VL L46C and V, 

DIOIC, at the a n t i - ~ 1 8 5 ~ ~ ~ ’  VJVH interface. The fraction of recovered diabody that was functional following expres- 
sion in Escherichia coli was improved for the disulfide-stabilized compared to the parent diabody (>96% versus 72%), 
whereas the overall yield was >60-fold lower. Eleven “knob-into-hole” diabodies were designed by molecular modeling 
of sterically complementary mutations at the two VL/V, interfaces. Replacements at either interface are sufficient to 
improve the fraction of functional heterodimer, while maintaining overall recoverable yields and affinity for both 
antigens close to that of the parent diabody. For example, diabody variant v5 containing the mutations VL Y87A:F98M 
and VH V37F:L45W at the a n t i - ~ 1 8 5 ~ ~ ~ *  VL/VH interface was recovered as  92% functional heterodimer while main- 
taining overall recovered yield within twofold of the parent diabody. The binding affinity of  v5 for ~ 1 8 5 ~ ~ ~ ~  extra- 
cellular domain and T  cells is eightfold weaker and twofold stronger than for the parent diabody, respectively. Domain 
interface remodeling based upon either sterically complementary mutations or interchain disulfide bonds can facilitate 
the production of a functional diabody heterodimer. This study expands the scope of domain interface engineering by 
demonstrating the enhanced assembly of proteins interacting via two domain interfaces. 
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Designed protein heterooligomers containing different mutations 
on closely related subunits have proved to be highly useful in 
probing the relationship between protein structure and function 
(Robey zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Schachman, 1985; Bedouelle & Winter, 1986; Carter 
et al., 1986; Wente & Schachman, 1987). In addition, bispecific 
antibodies and other heterooligomers have significant therapeutic 
potential (Carter et al., 1995). Unfortunately, the utility of designer 
hetero-oligomers has been greatly restricted by the lack of efficient 
methods to prepare such molecules. 

Purification of heterodimers from stochastic mixture of dimer- 
ized monomers has a maximum possible yield of 50%. Remodel- 
ing domain interfaces to prevent homodimer formation and promote 
heterodimer formation offers a potentially more efficient approach. 

Reprint requests to: Paul Carter, Department of Molecular Oncology, 
Genentech Inc., 460 Point San Bruno Boulevard, South  San Francisco, 
California 94080: email: pjc@gene.com. 

Abbreviations: CDR, complementarity determining region, ds, disulfide- 
stabilized: ECD, extracellular domain: FR, framework region: IRF, immu- 
noreactive fraction; sc, single-chain. 

For example, sterically complementary “knobs-into-holes” muta- 
tions on either side of a domain interface (Ridgway et al., 1996) 
have been used successfully to engineer antibody heavy chains for 
heterodimerization. 

Here we evaluate different domain interface engineering strat- 
egies  for enhancing the preference of a pair of proteins to form 
heterodimers rather than homodimers. Our test system is an anti- 
~ 1 8 5 ~ ~ ~ ~ / a n t i - C D 3  humanized bi-specific diabody (Zhu et al., 
1996). Bi-specific diabodies are heterodimers of two cross-over 
single-chain (sc) Fv fragments in which VL and V ,  domains of the 
two antibodies are present on different polypeptide chains (Hol- 
liger et al., 1993). Intra-chain pairing of variable domains is pre- 
vented by separating them with linkers of 10 residues or less. 
After secretion of these two chains from E. coli they can associate 
to form a non-covalent heterodimer that may reconstitute both 
antigen-binding specificities. Also possible are inactive homodi- 
mers (Fig. 1A). Separate expression of component scFv for the 
anti-p1 85HER2/anti-CD3 diabody leads to inactive homodimers, 
whereas when coexpressed these crossover scFv fragments show 
some preference for heterodimer formation (Zhu et al., 1996). 
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D101C.4  These  particular  mutations  were  chosen  because  install- 
ing  them  into the anti-p185-’  Fv resulted in efficient  disulfide 
bond  formation  and  retention of ~ 1 8 5 ~ ~ ’  extracellular  domain 
(ECD) binding  affinity  (Rodrigues et al.,  1995).  In  contrast,  two 
other  pairs of cysteine  replacements  gave  inefficient  disulfide  bond 
formation and reduction of ~ 1 8 5 ~ ~ ’  ECD  binding  affinity  (Rod- 
rigues  et  al.,  1995). We anticipated  that  the  desired ds diabody 
heterodimer  would  be  the  only  soluble  disulfide-linked  dimer.  It 
seemed  likely  that  it  would be possible  to  purify  the ds diabody 
away from  homodimers  and  other  inactive  species  lacking the 
inter-chain  disulfide  bond. 

A  second  strategy  tested is knobs-into-holes  engineering  using 
sterically  complementary  mutations  (Ridgway et al.,  1996).  Knobs- 
into-holes  diabody  variants  were  designed by  molecular  modeling 
and  created  by  mutagenesis  of residues at the  anti-pl85- and 
anti-CD3 VLJVH interfaces,  both  separately  and  also  in  combina- 
tion.  Knobs  were  constructed by replacing  small  side  chains with 
larger  ones,  whereas  holes of identical or similar size to the  knobs 
were  created by replacing  large  side  chains  with  smaller  ones. 
Knob  and  hole  variants  were  anticipated  to  preferentially  het- 
erodimerize by virtue  of the  knob  inserting  into  a  judiciously  placed 
hole on the partner  variable  domain. 

The  choice of residues  to  replace in the a n t i - ~ l 8 5 ~ ~ ~ ’  Fv  was 
guided  by  the  corresponding  X-ray  crystallographic  structure.  (Eigen- 
brot  et al., 1993).  The VLJV,  interface  involves  seven  complemen- 
tarity-determining  region  (CDR)  and  eight  framework-region zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(FR) 
residues  from V, plus  11  CDR  and  7 FR residues  from VH. FR 
residues  were  mutated,  whereas  the  antigen  binding  CDR  loops 
were  left  unchanged  to  lessen  the  likelihood of impairing  antigen 
binding.  Knobs-into-holes  mutations  were  targeted  to  four FR res- 
idues  located  at  the  center of  the VLJVH interface: VL Y87  and F98, 
VH V37  and  L45 (Fig.  2A).  Other FR residues  at  the VLJVH inter- 
face were  left  unchanged  for  a  variety of  reasons: VL Y36  and  L46, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Fig. 1. Domain  interface  design  strategies. A: Pairing of cross-over  scFv 
to form  heterodimers  and  homodimers  in  which  cognate  and  non-cognate 
variable  domains  (labeled  at  N-termini)  are  paired,  respectively. B: Disul- 
fide  and  knobs-into-holes  engineering  approaches  to  promote  heterodimerza- 
tion  over  homodimerization of cross-over  scFv. 

Two strategies are evaluated here for redesigning  the  anti- 
p  1  tXHER2/anti-CD3  crossover  SCFV  to  promote  heterodimerization 
over  homodimerization (Fig. 1B).  First,  a  disulfide-stabilized  (ds) 
diabody  was  created by installing a disulfide bond across  the  anti- 
~ 1 8 5 ~ ~ ’  VLJVH interface.  The  second  approach  utilizes  “knobs- 
into-holes”  mutations at the anti-p1UHER2 and  anti-CD3 VLJVH 

interfaces,  both  separately  and  in  combination.  Diabody  variants 
are  compared in  their  recovery following  secretion  from E. coli, 

antigen  binding  affinities,  and  the  fraction of preparations  that are 
functional-the immunoreactive  fraction (IRF). 

plus VH W47 contact CDR residues and  may indirectly  affect  anti- 
gen  binding, VH 439 and V, Q38 play a  structural  role  in  hydrogen 
bonding  to  each  other,  whereas VL Y49  and VH G44  are  signifi- 
cantly  exposed to solvent. 

In the  parent anti-~l85=~’ Fv, VH residues  V37  and  L45  pack 
closely  against V, residues  F98  and Y87 (Fig.  2B). A large  knob 
was created in the a n t i - ~ l 8 5 ~ ~ ’  VH by the  mutations  V37F and 
L45W. A  complementary  hole  to  accommodate this knob  was  cre- 
ated  in  the a n t i - ~ 1 8 5 ~ ~ ’  V, by the  mutations  F98M  and  Y87A. 
Additional  diabody  variants  were  designed  using  permutations of 
the  following  knob  and  hole  mutations: VL Y87A or zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAW VL F98S, 
M or W, VH V37A,  F or Y  and VH L45A or W. Anti-CD3  and 
a n t i - ~ l 8 5 ~ ~ ’  Fv fragments  have  identical FR residues  and  likely 
closely  related  structures.  This  encouraged us to  mutate  the  same 
set  of FR residues in both  of  these  diabody  components. 

Results 

Design of diabody variants 

An at1ti-pl85~~’/anti-CD3 humanized  bispecific  diabody  (Zhu 
et al.,  1996)  was  previously  constructed  that  comprises  two  cross- 
over  scFv  fragments: a n t i - ~ l 8 5 ~ ~ ’  V, followed by a  GGGGS 
linker  and  then  anti-CD3 VH; anti-CD3 V ,  followed by a  GGGGS 
linker and  then a n t i - ~ 1 8 5 ~ ~ ~ ’  VH. This diabody  is  used  here  to 
evaluate  domain  interface  engineering  strategies for enhancing  the 
formation of functional  diabody  heterodimers  over  inactive  homo- 
dimers.  The two design  strategies  tested  are  installing  a  disulfide 
bond  or  sterically  complementary  mutations  across V,/VH inter- 
faces  (Fig. 1B). 

Adisulfide bond  was  introduced  across  the a n t i - ~ l 8 5 ~ ~  VLJVH 

interface by  means  of the  cysteine  mutations, VL L46C  and V, 

Diabody  expression  and  purification 

The  parent  diabody  was  recovered  in  good  yield  (-6 mg/L) by 
protein  A  chromatography  of  periplasmic  extracts of E. coli cul- 
tured  in shake  flasks.  The  two  component  scFv  fragments of the 
parent  diabody are not readily  resolved by  SDS-PAGE  and give 
rise  to  a  single  major band  with  mobility close  to  that  anticipated 
(Zhu  et  al.,  1996).  The  molecular  masses of the  component  cross- 

4Variants  are  denoted  by  the  original  amino  acid  residue  and  number 
according  to  Kabat  et  al. (1991) followed by  the  replacement  amino  acid. 
Multiple  mutations  are  separated  by colons. 
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Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBADesign of knobs-into-holes anti-~185- Fv. A: Representation of the  X-ray  crystallographic structure of  the  anti-pl85- 
Fv (IFVC, Eigenbrot et al., 1993).  The VH FR (aquamarine)  and  CDR (Hl-H3, pale  green)  residues  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAV' FR (red) and  CDR  residues 
(Ll-L3, pink) are shown  together  with  the side chains of FR residues at the VJVH interface targeted for mutagenesis  (yellow  and green) 
or left unchanged  (brown). Interface residues are defined zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas those in which at least one side chain atom is within zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 A of  any  atom  in 
the  other  variable  domain. B: Packing  of side chains of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAV' Y87  and  F98  (green)  with VH L45  and  V37  (yellow) for the  parent  Fv (left 
panel),  showing  the steric clash introduced by the knob, V, L45WV37F (middle  panel),  and  relief  of  the steric clash by the 
complementary  hole, VL Y87AF98M (right  panel). 

over  scFv  of the  diabody  determined by  high-resolution electro- 
spray MS are  in  excellent  agreement  with  those  anticipated  (Zhu 
et  al.,  1996). 

Knobs-into-holes  diabodies  were  recovered in approximately 
similar  yield (1.3-8.4  mg/L,  Table  1)  and  purity  (not  shown) as the 
parent  diabody.  In  contrast,  only very small  quantities of ds  dia- 
body (vl) were  recovered  from  shake  flasks  (<0.1  mg/L)  and 
useful  amounts (5 mg/L)  of  the ds diabody  could  only  be  obtained 
after culturing  the  corresponding E. coli host to high  cell  density 
(124 OD550)  in a  fermentor. In addition,  a  large  amount of  insol- 
uble  diabody (>300 mg/L)  was  found  associated  with  the  cells 
(not  shown).  About 65% of ds  diabody  preparations  are  disulfide- 
linked  heterodimer  as  judged  by  SDS-PAGE  and  scanning  laser 

densitometry  (Fig.  3).  The  ds  diabody  was  purified  to  near  homo- 
geneity  by  cation  exchange  chromatography  and  gave rise to bands 
of the  expected  electrophoretic  mobility in the  absence (M, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 
51,000) and  presence  of  reducing  agent (MI = 25,500). 

Characterization of parent and disulfide-stabilized diabodies 

The  binding  affinity of  diabodies for ~ 1 8 5 ~ ~  ECD  was  deter- 
mined  by  surface  plasmon  resonance,  whereas  the  stoichiometry 
was  determined  by  diabody  titration  with ~ 1 8 5 ~ ~  ECD  and  size- 
exclusion  chromatography.  Diabody  binding  to  CD3  was  investi- 
gated  by  competition  with  '251-anti-CD3  v9  Fab  (Rodrigues et al., 
1992)  for  binding  to  the  Jurkat  T  cell  line (Zhu & Carter, 1995). 
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Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1. Comparison of diahody variants" 

p18SHERK? zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAECD b' Inding 

IRF KC1 K c "  Recovery 
Variant zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAv ,  VH v/. Vtr (% j h  (nM )' (nM I d  (m@L)' 

Anti-p18SHERR? mutations Anti-CD3 mutations Jurkat binding 

Parent' 
V I  (dsj 
v2 
V3 
v4 
vs 
v6 
v7 
V8 
v9 
V I 0  
V I  I 
VI2 

L46C 
F98S 
Y87A 
Y87W 
Y87A:F98M 
Y87A:F98S 

- 

- 
- 
- 
- 
- 

Y87A:F98M 

DlOlC 
V37Y 
L4SW 
L4SA 
V37F:L4SW 
V37y:LASW 

- 

- 
- 
- 
- 
- 

V37EL4SW 

- 
- 
- 

- 
- 
- 

F98M 
Y87A 
Y87W 
Y87A:F98M 
Y87W:F98W 
Y87W 

- 

- 
- 
- 
- 
- 
- 

V37F 
L4SW 
L4SA 
V37FL4SW 
V37A:L4SA 
L4SA 

- 

72 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf 2.6 
96 f 1.0 
81 f 1.0 
58 f 3.6 
70 f I 3  
92 f 1.0 
87 f 2.0 
60 f 4.6 
83 t 1.9 
84 f 0.6 
71 f 2.8 

<30 
<30 

0.x f 0 . 3  

3.7 f 0.3 
47 f 20 
I .o t 0.2 
1.3 f 0.2 
6.4 f 0.8 
200 f 60 
1.3 f 0.1 
0.8 t 0.2 
0.7 f 0.2 
1.4 t zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.4 
3.7 f 1.9 

20.4 f 4.2 

6.0 -c 0.3 
2.9 f 0.4 
3.0 t 0.8 
5.4 f 1.9 
5.1 t 0.7 
3.5 f 0.7 
4.9 f 1.6 
6.3 f 0.1 
6.4 f 1.2 
2.1 t 0.5 
5.3 f 0.8 

12.9 * 1.5 
4.7 C 0.6 

6.4 ? 2.4 
<0. I 

8.4 t 0.3 
3.4 f 0.4 
2.1 f 0.3 
3.0 f 0.2 
3.7 f 0.7 
2.2 t 0.2 
4.0 f 0.2 
7.3 f 0.2 
1.7 t 0.2 
2.8 t 0.8 
1.3 f 0.2 

"Data shown are the  mean C SE of Z two independent experiments. 
hlRF were determined by antigen titration followed by size exclusion chromatography (Zhu et al.. 1996). 
' K d  values for p18SHER2 ECD binding were estimated by surface plasmon resonance (Kelley & O'Connell. 1993). 
dICso values were obtained by competition with '"I-anti-CD3 v9  Fab for binding to Jurkat cells (Zhu & Caner, 1995). 
'Diabcdy recovery following protein A purification from shake flask cultures was estimated from A?*,, and = 2.03 (Zhu et al.. 1996). 
'The parent diabody is functionally indistinguishable from the diabody described previously (Zhu et al.. 1996) and differs only in that  the GGPGS linker 

between V/. and VH domains is replaced by GGGGS. 

The purified parent diabody consists of "87% dimer with the 
remainder comprising earlier  eluting  species that likely include 
higher order multimers and aggregates (Fig.  4). Approximately 
83% of the parent diabody dimer is capable of binding p18SHER2 
ECD to give an IRF of 72% ( 8 3  X 0.87). In contrast, the  ds 
diabody (VI)  is recoverable almost entirely as functional hetero- 
dimer (IRF > 96%) (Fig. 4), which is free of detectable higher 
order multimers and aggregates. The ds diabody has comparable 
affinity for CD3 as the parent diabody but approximately fivefold 
weaker binding to ~ 1 8 5 ~ " ~ '  ECD  (Table I ) .  

Characterization of knob-into-hole  diahodies 

Knob-into-hole  mutations were installed at the anti-pl M t i E R 2  

(v2-v6), anti-CD3 (v7-VI I ) ,  or both VJVH interfaces (v12).  The 
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Fig. 3. Purification of the ds diabody following secretion from E. coli. 
Lane I ,  protein A pool. Lane 2. Mono S pool. Lane 3, Mono S pool in the 
presence of DIT. Also shown are the positions of molecular weight standards. 

most successful diabody mutagenized at the anti-CD3 Vf,/Vtf in- 
terface (v9: VI. Y87W and V,, L4SA) gave 84% functional hetero- 
dimer. Diabody variant v9 is unique among those constructed in 
that in addition to enhanced heterodimer formation. i t  compares 
favorably with the parent diabody in binding affinity for both 
antigens. In particular, v9 shows similar binding affinity for 
p18SHr'R2 as the parent diabody. whereas the affinity for T cells is 
approximately threefold improved for v9. Almost as promising as 
v9 is v8 in which the knob-into-hole pair was inverted: V, Y87A 
and VH L45W. Neither of this pair of mutations increased the yield 
of functional heterodimer when installed at  the anti-plMHER' Vf./V, 
interface (v3 and v4). 

Diabody variant v5 containing the mutations V,. Y87A:F98M 
and V,, V37F:L4SW at the anti-pl 8St'"R' V,/V,, interface (Fig. 2B) 
gave the highest yield of functional heterodimer (IRF = 92%) 
(Table I ) .  This reflects in part that variant v5  is free of higher order 
multimers and aggregates, in striking contrast to the parent dia- 
body (Fig.  4). The binding affinity of vS for p18S'i"R' ECD is 
eightfold weaker than for the parent diabody, whereas T cell bind- 
ing is approximately twofold tighter. 

Installing the FR mutations present in vS at the anti-CD3 V,J" 
interface (v10) did not enhance the formation of functional het- 
erodimer. Replacement of VL residue 98 with a serine and VH 
residue 37 with a tyrosine in vS to create v6 gave a small decrease 
i n  the yield of functional heterodimer but reduced the binding 
affinity for p18SHER2 ECD by 30-fold. 

The most productive mutations at the anti-p18SHER2 (VL Y87A: 
F98M. VIiV37F:L45W) and anti-CD3 (Vl,Y87W, Vji L4SA) VL/VH 
interfaces were installed into the same diabody (v12) and gave 
very low yield (<30%) of functional heterodimer. This reflects 
that v12, in contrast to other diabodies. is primarily monomer 
rather than dimer as judged by size exclusion chromatography (not 
shown). 
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Fig. 4. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFPLC size exclusion chromatography of parent, v 1 (ds) and v5 
diabodies. The diabodies (1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp M )  were run in the presence or absence of 
plUHERZ ECD antigen (4 pM). Also shown are chromatographs with 
antigen alone (1 pM). Plot inserts highlight titration of the diabody var- 
ants with antigen by expanding the relative absorbance scale leaving the 
time scale unchanged. Under these conditions the retention times of other 
antibody fragments are as follows: dsFv (25 kDa) 29.5 min, Fab (50 kDa) 
26.8 min, and F(ab')2 (96 kDa) 23.5 min. 

Discussion 

The significant potential of designed heterooligomers for structure- 
function analysis and as human therapeutics has been broadly sty- 
mied by the  dearth of efficient preparation methods  for such 
molecules. Here, we have evaluated two alternative strategies for 
enhancing heterodimer formation: installing an interchain disulfide 
bond and knobs-into-holes engineering of domain interface resi- 
dues.  These approaches were chosen as they build upon our prior 
experience with dsFv fragments (Rodrigues  et al., 1995) and in 
remodeling antibody heavy chains for heterodimerization (Ridg- 
way et al., 1996). Domain interface engineering strategies were 
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tested in the context of  an ant i -~185~~~' /ant i -CD3 humanized bispe- 
cific diabody heterodimer (Zhu et al., 1996). 

Strengths and limitations of disulfide-stabilized diabody 

Ads diabody (vl) was obtained by introducing mutations, VL L46C 
and  V,DlOlC (Rodrigues et al., 1995), at the anti-p1UHER2 VL/VH 

interface. The  ds diabody was much improved over the parent 
diabody in eliminating higher order aggregates and multimers 
(Fig. 4) and in higher IRF (96% versus 72%, Table 1). An addi- 
tional attractive feature of the ds diabody is that the disulfide- 
linked heterodimer can be readily distinguished from other species 
by SDS-PAGE. The major drawback of the ds diabody is the very 
low yield of soluble protein compared to the parent diabody. In 
addition, the affinity of the diabody for ~ 1 8 . 5 ~ ~ ~ '  EC D was re- 
duced by approximately fivefold on installing the inter-chain di- 
sulfide bond. 

The vast majority of the ds diabody was insoluble and found in 
inclusion bodies. It may be possible to oxidatively re-fold the ds 
diabody as shown by Pastan and colleagues for dsFv-linked im- 
munotoxins (Brinkmann et al., 1993; Reiter et al., 1994a, 1994b). 
Engineering a disulfide bond across the cH3 domain interface of 
an antibody facilitated heterodimerization without compromising 
expression titers from human embryonic kidney (293) cells (A. M. 
Merchant, L. Presta, & P. Carter, unpubl. obs.). This encourages us 
to express the ds diabody in 293 cells and other eukaryotic hosts. 

Strengths and limitations of knobs-into-holes diabodies 

A second strategy evaluated for enhancing diabody formation was 
installation of sterically complementary domain interface muta- 
tions. A priori, mutations at either  one or both VL/VH interfaces 
might be required to enhance diabody formation. In practice, it was 
readily possible to enhance diabody formation with mutations at 
either anti-p185HER2 or anti-CD3 VL/VH interface alone (Table 1). 

It has proved much more difficult, however, to enhance hetero- 
dimer formation while simultaneously maintaining the antigen bind- 
ing affinity of the parent diabody. Indeed, only v9 and v8 of the 
five variants that showed improved IRF had antigen-binding af- 
finities that compare favorably with parent diabody. This was is 
spite of the precaution of making replacements of  FR residues 
away from the antigen-binding CDR loops. Small relative move- 
ments of variable domains may accompany antigen binding, as 
shown by structure determination of complexed and uncomplexed 
Fab and Fv fragments (Bhat et al., 1990). Replacements at the 
VL/VH interface may potentially interfere with the relative move- 
ment of these domains and thereby impair antigen binding. 

Alternative routes to active diabodies 

Small (microgram) quantities of fully functional anti-p185HER2/ 
anti-CD3 diabody can be readily isolated by affinity purification 
using immobilized p1UHER2 antigen (Zhu et al., 1996). No evi- 
dence was found for conversion of the active a n t i - ~ l 8 5 ~ ~ ~ ' / a n t i -  
CD3 diabody back to inactive homodimers. Such low yields of 
active diabody are inconvenient for biophysical or X-ray crystal- 
lographic studies and unsuitable for human therapy where gram or 
even kilogram amounts of material are needed. In contrast, knobs- 
into-holes engineering does permit preparation of large (milligram 
to gram) quantities of predominantly functional anti-plUHER2/ 
anti-CD3 diabody. In addition, domain interface engineering has 
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potential utility for diabodies where the corresponding antigens are 
not available and also for other proteins. 

Extending vL/vH interface  mutations  to other Fv fragments 

We have identified zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 FR residues (V, 87 and 98, VH 37 and 45) 
whose replacement can  enhance heterodimerization of a corre- 
sponding diabody. Replacement of these FR residues in additional 
Fv fragments is encouraged by the very high sequence conserva- 
tion at vL/v, interfaces between different human antibodies (Ka- 
bat et  al., 1991). 

The effects of domain interface mutants are context dependent: 
FR replacements at the anti-pl 85HER2 vL/vH interface that enhance 
diabody formation did not do so when installed at the anti-CD3 
V L / V ,  interface and vice versa. This context dependence may re- 
flect differences in CDR residues at the VL/VH interface (FR in- 
terface residues are identical) and their relative contribution to 
heterodimer and homodimer formation. In addition, there may be 
differences between the anti-p1MHER2  and anti-CD3 antibodies in 
their requirements for relative movement of VL and VH for optimal 
antigen binding. Thus, the replacements of the key FR residues 
identified (VL Y87 and F98, V, V37 and L45) will require optimi- 
zation for individual Fv. This problem is readily amenable to a 
phage display solution. We recently used a phage display strategy 
to select for c ~ 3  domain interface variants that form stable het- 
erodimers (S. Atwell, J. B. B. Ridgway, J. A. Wells, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& P. Carter, 
unpubl. obs.). It will likely be possible to develop analogous phage 
display libraries to select for diabodies that are stable and that also 
bind tightly to their cognate antigens. 

Comparison zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof interface remodeling for diabodies 

and cH3  domains 

Diabodies represent a much more demanding test for domain in- 
terface engineering than do previously targeted antibody heavy 
chains. First, maintenance of antigen binding affinity by the dia- 
body provides a stringent functional constraint beyond efficient 
heterodimerization assayed for antibody heavy chains (Ridgway 
et al., 1996). For example, v6 is improved for heterodimer forma- 
tion but is significantly impaired for ~ 1 8 . 5 ~ ~ ~ ~  ECD binding. Sec- 
ond, diabodies, unlike antibody heavy chains, lack inter-chain 
disulfide bonds so de-stabilizing interface mutations may lead to 
heterodimer dissociation; for example, vl 1 and v12 are predomi- 
nantly monomers. Third, there are two inter-chain domain inter- 
faces in the diabody, whereas significant protein-protein interaction 
is limited to the cH3 interface for antibody heavy chains. This 
significantly increases the complexity of domain interface engi- 
neering with the diabody as mutations need to be evaluated at each 
interface separately and also in combination. 

Alternative strategies  to remodeling domain  interfaces 

Engineering single complementary charges at  a hydrophobic in- 
terface in different mutants of the enzyme tyrosyl tRNA synthetase 
gave preferential formation of heterodimers over homodimers. Un- 
fortunately this specificity was gained at the expense of greatly 
reduced stability of the heterodimer compared to the wild-type 
homodimer (Ward et al., 1987). More successful was the addition 
of six lysine or six glutamate residues at the domain interface of 
GCN4-derived leucine zippers. This pair of designed zippers forms 
a stable heterodimer (Kd = 30  nM) and have > 105-fold preference 

for forming heterodimers over homodimers (O'Shea  et al., 1993). 
This chain pairing specificity is due to electrostatic de-stabilization 
of homodimers rather than stabilization of heterodimers by salt 
bridges (O'Shea et al., 1993). It remains to be seen if charge 
replacements of FR residues at the vL/vH interface can enhance 
diabody formation without significantly destabilizing the diabody, 
impairing antigen binding, or compromising expression. 

Sterically complementary mutations can be combined with charge 
mutations in remodeling a domain interface for heterodimeriza- 
tion. Such a design strategy was recently used to obtain inactive 
mutants of HIV protease that do not readily homodimerize but 
efficiently heterodimerize with the wild-type protease, thereby in- 
activating it (McPhee et al., 1996). Unfavorable steric interactions 
between bulky substitutions and repulsion between similarly charged 
residues were predicted to disfavor homodimerization of the mu- 
tant protease, whereas enhanced hydrophobic interaction and a 
potential salt bridge were anticipated to promote heterodimeriza- 
tion with the wild-type enzyme. The distribution of heterodimer 
and homodimers formed awaits biochemical investigation. Never- 
theless, the success of this approach is clearly demonstrated by 
reduction in viral polyprotein processing and diminished titers of 
infectious virus. 

Conclusions 

We have demonstrated that installing an interchain disulfide bond 
or sterically complementary mutations can facilitate the production 
of a functional heterodimer, thereby enhancing the clinical poten- 
tial of a diabody. This expands the scope of domain interface 
engineering by showing that it is possible to direct the assembly of 
proteins that interact via two domain-domain interfaces. Further 
optimization of VL/VH interfaces is required to identify combina- 
tions of residues that give fully functional diabody while main- 
taining antigen binding and expression titers comparable to that of 
the parent diabody. 

Materials  and  methods 

Design zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof domain interface  variants 

Knobs-into-holes diabodies were designed using Insight I1 release 
95.0  (Biosym/MSI) starting from the X-ray crystallographic struc- 
ture of the anti-p1UHER2 Fv (huMAb4D5-8, Eigenbrot et al., 1993; 
IFVC) and a molecular model for the anti-CD3 Fv (huMAbUCHT1 
v9, Rodrigues et al., 1992). Four buried residues at the vL/vH 
domain interface were targeted for replacement: V, Y87 and F98, 
VH V37 and L45. Knobs were first designed by replacement of 
each of these residues with larger ones. Holes of similar size to the 
knobs were then created on the partner variable domain by replac- 
ing side chains with smaller ones. Potential packing solutions of 
replaced side chains and their immediate neighbors were evaluated 
by sampling permutations of commonly observed rotamers (Pon- 
der & Richards, 1987). Replacements were considered to be ste- 
rically complementary if no  non-bonded  atoms  were  within 
-3.0 A of each other while maintaining side-chain torsion angles 
within 30" of the commonly observed rotamers. 

Vector construction 

Phagemids pZZl and pZZ2 encoding anti-pl  85HER2/anti-CD3 cross- 
over scFv (Zhu et al., 1996) were mutagenized (Kunkel et al., 
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1987; Carter, 1991) to replace the GGPGS linker between zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAVL and 
VH domains with GGGGS to create  pZZ1.l and pZZ2.1, respec- 
tively. Diabody expression plasmid, pZZ4, was constructed by 
ligation of the small Mlu IINhe I and Nhe zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIISph I fragments from 
pZZ1.1 and pZZ2.1, respectively, with the large Mlu IISph zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI frag- 
ment from pAK19 (Carter et al., 1992). Diabody variants were 
obtained by mutagenesis of pZZl. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 and pZZ2.1 using the follow- 
ing oligonucleotides for the a n t i - ~ l 8 5 ~ ~ ~ ’  Fv: 

VL L46C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5’-GCTCCGAAATGCCTGATTTAC-3’; 
VH DlOlC 5”TATGCTATGTGTTACTGGGGT-3’; 

VL F98S 5’-CCTCCCACGTCCGGACAGGGT-3’; 
V, V37Y 5’-ATACACTGGTATCGTCAGGCC-3’; 

VL Y87A 5’-GCAACTTATGCCTGTCAGCAA-3’; 
VH L45W 5”GGTAAGGGCTGGGAATGGGTT-3’; 

VL Y87W 5”GCAACTTATTGGTGTCAGCAA-3’; 
VH L45A 5’-GGTAAGGGCGCCGAATGGGTT-3‘; 

V ,  F98M 5”CCTCCCACGATGGGACAGGGT-3‘; 
VH V37F 5”ATACACTGGTTCCGTCAGGCC-3’; 

and for the anti-CD3 Fv: 

VL F98M 5”CCGTGGACGATGGGACAGGGC-3‘; 
V, V37F 5’-ATGAACTGGTTCCGTCAGGCC-3’; 

VL Y87A 5”GCAACTTATGCCTGTCAGCAA-3‘; 
VH L45W 5”GGTAAGGGCTGGGAATGGGTT-3’; 

V ,  Y87W 5”GCAACTTATTGGTGTCAGCAA-3’; 
VH L45A 5“GGTAAGGGCGCCGAATGGGTT-3’; 

VL F98W 5“CCGTGGACGTGGGGACAGGGC-3‘; 
VH V37A 5”ATGAACTGGGCCCGTCAGGCC-3’. 

All mutations were verified by dideoxynucleotide sequencing using 
Sequenase version 2.0 (United States Biochemicals). Expression 
plasmids for diabody variants were constructed in a similar manner 
to  pzz4. 

Diabody  production 

E. coli strain 16C9 (W3 1 10 AtonA phoAAE15 AdeoC2 A(argF- 
lac) 169) was transformed with individual expression plasmids, 
cultured in shake flasks (Zhu zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Carter, 1995), and corresponding 
diabodies isolated from periplasmic extracts of cells by protein A 
chromatography (Pro-Sep A, Bioprocessing Inc.) as described (Zhu 
et al., 1996). For larger scale preparation of the ds diabody, E. coli 
strain 33B6  (Rodrigues  et al., 1995) transformed with the corre- 
sponding expression plasmid was cultured for -40 h at 30 “C in an 
aerated 10 L fermentor as described (Zhu et al., 1996). Following 
purification by protein A chromatography (Zhu et al., 1996) the ds 
diabody was concentrated and buffer exchanged into 10 mM MES 
(pH 5.5) using Centricon 10 concentrators (Amicon) and loaded on 
to a Mono S zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA515 column (Pharmacia Biotech). The column was 
washed with 10 column volumes of 10 mM MES (pH 5.5) con- 
taining 50 mM NaCI, prior to elution with a linear gradient of 
50-100 mM NaCl in 10 mM MES (pH 5.5) over 20 column 
volumes. Purified diabodies were buffer exchanged into phosphate- 
buffered saline  and their  concentration  estimated from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(E ’ - ’% = 2.03; Zhu et al., 1996). 

Antigen binding by diabodies 

The affinity of diabodies for ~ 1 8 5 ~ ~ ~ ~  ECD was determined by 
surface plasmon resonance using the BIAcore system (Pharmacia 
Biotech) as previously described (Kelley & O’Connell, 1993). The 
efficiency of binding of diabodies to CD3 on Jurkat T cell line was 
evaluated by competition binding with ‘251-labeled anti-CD3 v9 
Fab (Zhu & Carter, 1995). 

The stoichiometry of diabody/antigen interaction was deter- 
mined by titration with p1MHER2 ECD followed by size-exclusion 
chromatography. Diabodies (50 pmol) in phosphate-buffered sa- 
line in the absence or presence of 200 p m o l ~ 1 8 5 ~ ~ ~ ~  ECD (Fendly 
et al., 1990) in a total volume of 50 p L  were subjected to size- 
exclusion FPLC analysis with a Superose 12 column (Pharmacia 
Biotech) using 100 mM NaH2P04, pH 6.5 and a flow rate of 0.5 
mL/min (Zapata  et al., 1995). The IRF of diabody preparations 
was estimated by peak integration (Zhu  et al., 1996). 
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