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Although the cooperativity of the VH and VL domains of an antibody in antigen binding
has been extensively studied, the interaction between the VH and VL domains had not
received sufficient attention. To systematically investigate the relationship between the
amino acid sequence and Vf/VL interaction strength, we here used a set of anti-bovine
serum albumin antibodies having a single human framework for VH (V3-23/DP-47 and
JH4b) and Vk (O12/O2/DPK9 and Jkl), but with different Vg/Vh interaction strengths. By
phage display of a VH mini-library and analysis of the interaction of amino acids with
immobilized VL fragments, the residue at H95 (Kabat numbering) at the beginning of
seven CDR H3 residues was found to play a key role in determining the Vj/VL interac-
tion. On saturation mutagenesis of H95, Gly showed the strongest interaction, while Asp,
Asn, and Glu showed lesser interaction in that order. The generality of the rule was con-
firmed by the test with urine-derived human L chain instead of a particular VL. The
results demonstrate that H95 plays a central role in deciding the VgÂ L interaction of
human Fvs that have most commonly found frameworks.

Key words: antibody V region, combinatorial library, heterodimer, protein A, protein L.

Antibodies have been widely used to detect and analyze
various substances because of the specificity and affinity of
the interaction between an antibody and its antigen. The
recognition of the antigen is accomplished by the antibody's
VH and VL domains, which are located at the N termini of
heavy and light chains, respectively. The use of these
smaller antigen binding fragments has been exploited, such
as single chain Fv (scFv) (1, 2) and Fab (3), which have
been applied to various fields such as immunoassays.

Among the various immunoassays reported, the most
widely used one is a sandwich immunoassay. This assay
has several merits such as high sensitivity and specificity, a
wide dynamic range, and a low signal background. How-
ever, it also has the weakness that a long and repetitive
procedure due to several cycles of consecutive binding and
washing steps is usually necessary. In addition, there is one
fundamental limitation of the assay, the antigen to be mea-
sured requires at least two epitopes to be captured. As a
way to circumvent these limitations, we recently developed
a new immunoassay approach called the "open sandwich"
(OS) immunoassay (4). This immunoassay utilizes the

'This study was supported in part by a Grant-in-Aid for Scientific
Research on Priority Areas (296-10145107) from MEXT, Japan, and
a Grant-in-Aid for Scientific Research (C 12650782) from JSPa
2To whom correspondence should be addressed at: Department of
Integrated Biosciences, Graduate School of Frontier Sciences, The
University of Tokyo, Bldg. FSB-401, 5-1-5 Kashiwanoha, Kashiwa,
Chiba 277-8562. Tel: +81-471-36-3644, Fax: +81-471-36-3642, E-
mail: h-ueda@ku-tokyo.acjp
Abbreviations: BSA, bovine serum albumin; Fv, antibody variable
domains; VH, antibody variable heavy chain domain; VL, antibody
variable light chain domain.

©^2002 by The Japanese Biochemical Society.

property of Fvs that the interaction between VH and VL is
often weak in the absence of an antigen, and the unstable
Fvs are markedly stabilized by the addition of an antigen.
Compared with conventional two epitope sandwich immu-
noassays, this immunoassay based on antigen-driven asso-
ciation of VH and VL chains has proven to have several
advantages such as the need of only a single Fv for the
sandwich assay format, a wide dynamic range, a short
measurement time (5), and potential for a homogeneous
format (6-8). So far, several antibodies including anti-phos-
phorylcholine McPC603 (9), anti-hen egg lysozyme (HEL)
HyHEL-10 (4, 10), and anti-4-hydroxy-3-nitrophenyl acetyl
N1G9 (8, 11) are known to have such properties. On the
other hand, several other antibodies including anti-hen egg
lysozyme D1.3 (12) and anti Z-DNA Z22 (13) exhibit a
stronger V[/VL interaction in the absence of an antigen,
and thus are not readily suitable for this assay.

To explore the possibility and limits of the assay, it is
obvious that knowledge on the V^VL interactions of various
antibodies is important. However, so far little has been dis-
covered about the VH-VL amino acid sequence and the inter-
action between them. As a model system, we here used four
anti-BSA antibodies that exhibit different strengths of
interaction between VH and VL derived from a single hu-
man framework for VH (V3-23/DP-47 and JH4b) and Vk
(O12/O2/DPK9 and Jkl), both of which are most commonly
used frameworks, and bind to protein A and protein L,
respectively (14). By applying the mutational and phage
display approaches, a residue that plays a key role in decid-
ing the strength of the Vj/VL interaction was identified, and
its implication as to the CDR H3 structure will be dis-
cussed.
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MATERIALS AND METHODS

Materials—The bacterial strains used were XL-1 Blue
(hsdR17, supE44, recAl, endAl, gyrA46, thi, relAl, lac/F'
\proAB*, loci", lacZAM15 :: TnlO (tetf)]), TGI (supE, hsdA5,
thi, Mlac-proAB), IF' [traD36, proAB*, loci", lacZAMlSY),
and HB2151 {am, A(lac-praAB), ihilF' \proAB*, lad",
lacZAMlS]). Four phagemids (pIT2) encoding antd-BSA
scFvs (29LJ1, 29LJ2, 29LJ6, and 13CG2) selected from a
synthetic human scFv phage library (14) were provided by
I. M. Tomlinson, Laboratory of Molecular Biology, Medical
Research Council, Cambridge, UK. Phagemid vector pIT2
contains a lac promoter and a pelB leader sequence up-
stream of the scFv insert, which is then followed by His6
and myc tags, an amber stop codon and the gene encoding
the pin phage coat protein. After helper phage M13KO7
infection, scFv upstream of the amber stop codon is dis-
played on the phage particle with the use of a suppressor
strain such as TGI. On the other hand, scPv with a His6-
myc tag is secreted into the supernatant with the use of a
non-suppressor strain such as HB2151.

Vector Construction—To express either VH or VL of the
four anti-BSA Fvs, eight phagemids were constructed. The
VH and VL fragments were both separately amplified by
PCR with four phagemids encoding anti-BSA scFvs as tem-
plates. The primers used for the amplification were as fol-
lows: VhlTNcoRVBack (5'-CCGCCATGGCCGATATCCA-
GCTGTTGGAGTCTGGGGG-3'), and VhlTHdNotFor (5'-
GCCGCGGCCGCAAGCTTCGAGACGGTGACCAGGGTT-
C-3') for the amplification of VHs; VklTNcoRVBack (5'-
CCCGCCATGGCCGATATCCAGATGACCCAGTC-3'), and
VklTHdNotFor (5'-GCCGCGGCCGCAAGCTTCCGTTTG-
ATTTCCACCTTGG-3') for the amplification of VLs. These
primers were designed to incorporate Ncol and Noil sites
into PCR fragments. The PCR products were digested with
Ncol and NotI, and then inserted into phagemid vector
pIT2.

Phage Display of VH Fragments—TGI cells carrying the
VH-encoding phagemids were incubated with shaking at
37°C in 2x TY containing 100 ug/ml ampicillin and 1% glu-
cose (2TYAG) until the O D ^ reached 0.5, and then helper
phage M13KO7 was added with m.o.i of 20. The cells were
incubated at 37'C without shaking for 30 min and then
centrifuged at 3,300 xg for 10 min. The cells were resus-
pended in 2x TY containing 100 |jLg/ml ampicillin and 25
ug/ml kanamycin, and then incubated with shaking at
30"C overnight. The overnight culture was centrifuged at
10,800 xg for 10 min, and then PEG/NaCl (20% polyethyl-
ene glycol 6000, 2.5 M NaCl) was added to the supernatant.
After standing at 4"C for at least 1 h, the supernatant was
centrifuged at 3,300 xg for 30 min. The pellet was resus-
pended in TE (pH 8). The phage solution was centrifuged at
16,000 xg for 10 min, and the supernatant containing the
phage particle displaying the VH fragment was recovered
and stored at 4'C.

Soluble VL Preparation—HB2151 cells carrying the
phagemid encoding the VL gene were incubated with shak-
ing at 37°C in 2x TY containing 100 ug/ml ampicillin and
0.1% glucose until the O D ^ reached 0.9, and then isopro-
pyl (3-D-thiogalactopyranoside was added to 1 mM. The
cells were incubated at 30*C overnight and then centri-
fuged at 12,000 xg for 20 min. Soluble VL in the superna-

tant was precipitated by adding ammonium sulfate to 60%
(w/w). After centrifugation at 5,000 xg for 20 min, the pellet
was resuspended in and dialyzed against sodium phos-
phate buffer (50 mM sodium phosphate, 300 mM NaCl, pH
7.0). VL was purified from the solution with Talon metal
affinity resins (Clontech, Tokyo) according to the manufac-
turer's protocol. The purity of the resultant protein was
confirmed by SDS-PAGE and CBB-R staining.

Chain Shuffling and ELISA—The strength of the Vj/VL

interaction of the sixteen combinations of VH and VL from
anti-BSA antibodies was tested by phage ELISA. Falcon
3912 microplates (Becton Dickinson, Oxnard, CA) were
coated overnight with 100 ul per well of 1 ug/ml Protein L
(Actigen, Cambridge, UK), which specifically binds VL, in
10 mM phosphate-buffered saline (PBS). After blocking at
room temperature for 2 h with 2% skim milk in PBS
(MPBS), and washing three times with PBS containing
0.1% Tween-20 (PBST), the plates were incubated at room
temperature for 1.5 h with 100 JJLI per well of a 10 jig/ml VL

solution in PBS. The plates were washed three times with
PBST and then incubated at room temperature for 1.5 h
with VH-phage (1010-10u cfu per well) in MPBS. The plates
were washed 6 times with PBST and then incubated at
room temperature for 1.5 h with 100 (xl per well of 5,000-
fold diluted HRP-conjugated sheep anti-M13 (Amersham-
Pharmacia Biotech, Tokyo) in MPBS. The plates were
washed 3 times with PBST and then developed with 100
(xlAvell substrate solution [200 ng/ml o-phenylenediamine
(OPD, Wako), 0.04 pl/ml IL,O2 in 50 mM sodium succinate,
pH 5.0, or 100 >jig/ml 3,3',5,5'-tetramethylbenzidine (TMB,
Sigma) in 100 mM sodium acetate, pH 6.0]. After incuba-
tion for 5 to 30 min, the reaction was stopped with 50 \il
per well of 1 M sulfuric acid and then the absorbance was
read at 490 nm (OPD) or 450 nm (TMB).

Construction of a Mini-Library—A mini-library was con-
structed by introducing mutations into 29LJ2 VH by overlap
extension PCR. Two primers were designed to incorporate
either Thr or Ser, Tyr or Thr, Ser or Ala, Asn or Asp, Tyr or
Ser, and Gly or Ser at positions 50, 52a, 55, 56, 58 (CDR
H2), and 95 (CDR H3), respectively, of 29IJ2 VH. The DNA
fragment encoding FR1, CDR HI, FR2, and CDR H2 (frag-
ment 1) was amplified with primer M13RV (5'-CAGGAAA-
CAGCTATGAC-30, and equimolar mixture of 29-2h(2)FRl
(5'-CACGGAGTCTGCGTAADATGTATYAGMACCAG-
CAGTATAAATAGWTGAGACCCACTCCAG-3') and 29-2h-
(2)FR2 (5'-CACGGAGTCTGCGTAADATGTATYAGMACC-
AGCATAATAAATAGWTGAGACCCACTCCAG-3'), which
incorporates mutations into CDR H2 as above. The frag-
ment encoding FR3 and CDR H3 (fragment 2) was ampli-
fied with primers 29-2h(2)RV (5'-TACGCAGACTCC-
GTGAAGGGCCGGTTC-3') and 29-2h(3)FR (5'-TCCCTG-
GCCCCAGTAGTCAAAAGTATAATAACYTTTCGCACAG-
TAATATAC-3'), which incorporates mutations into CDR
H3. The tail of fragment 1 overlaps the head of fragment 2.
Fragment assembly was performed by PCR with an
equimolar mixture of fragments 1 and 2, and primers
M13RV and 29-2h(3)NotFR (5'-ATGATGATGTGCGGCCG-
CAAGCTTCGAGACGGTGACCAGGGTTCCCTGGCCCC-
AGTA-30, which adds FR4 and a Noil restriction site to the
PCR product. The PCR product was digested with restric-
tion enzymes iVcol and NotI, and then inserted into the
pIT2 phagemid. TGI cells were transformed with the liga-
tion product, and the resultant colonies were picked up and
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H95 and VH/VL Interaction 777

shaken for 6-8 h at 37°C in 100 u.1 2TYAG in a 96-well
plate. By_M13KO7 infection, the phage displaying Vrt was
produced as described above. The interaction between VH

mutants and VL was measured by ETJSA, and clones were
sequenced with a DNA sequencer SQ-5500 (Hitachi,
Tokyo).

Saturation Mutagenesis—Saturation mutagenesis of
29LJ2 VH at position 95 was performed by a PCR mega-
primer method (15). For the first PCR, the DNA fragment
from FR1 to CDR H3 was amplified with primers M13RV
and 29-2h(sat)FR (5'-GTAGTCAAAAGTATAATAMNNTT-
TCGCACAGTAATATAC-3'), which introduced saturation
mutations at position 95. The PCR product was purified by
agarose gel electrophoresis and used as megaprimers. For
the second PCR, the megaprimer, a DNA fragment includ-
ing FR4 of 29LJ2 VH, and primer ReverseSEQ' were used to
amplify a DNA fragment including the 29LJ2 VH gene, with
a mutation at position 95, and then the PCR product was
further amplified by PCR with primers M13RV and
ReverseSEQ' (5'-CCCTCATAGTTAGCGTAACGA-3'). The
PCR product was digested with restriction enzymes Ncol
and Notl, and then inserted into pIT2. The ligation product
was used to transform the TGI cells and the phage display-
ing VH was produced as described above. The interaction
between VH mutants and VL was measured by ELJSA. To
normalize the Vj/VL interaction as to the expression level of
each VH mutant on the surface of the phage, the interaction
between each VH-phage and protein A, which specifically
binds the correctly folded human VH3 family (16, 17), was
evaluated by ELISA. Among the 19 mutants produced, a
mutant VH with Cys95 was poorly displayed, as judged on

protein A binding. This was probably because of its poor
folding/secretion, so" it was omitted from the~folldwing
experiment.

BIAcore Analysis—Soluble VH fragments were prepared
as described for VL fragment preparation. Purified 29LJ2 VL

was biotinylated with sulfo-NHS-biotin (Pierce, Rockford,
IL), and then immobilized (-1,000 RU) on a SA5 sensor
chip (Biacore, Tokyo) as specified by the manufacturer.
Measurements with BIAcore 2000 were performed with a
continuous flow of 30 u,l/min of HBS (10 mM HEPES, pH
7.4, 150 mM NaCl, 3.4 mM EDTA, 0.05% Tween-20) at
25°C. Kinetic analysis was performed with BIAevaluation
2.1 software (Biacore), and the equilibrium dissociation
constant, Kd, was obtained by dividing k^ by &m.

RESULTS

Analysis ofVHIVL Interaction by Chain Shuffling—The
four human anti-BSA antibodies used in this study recog-
nize an identical epitope of BSA (data not shown), and
exhibit identical amino acid sequences for FR1/2/3, CDR1,
and a part of CDR2/3. They were selected by bin-panning
against BSA from a phagemid library displaying single
human frameworks for VH (V3-23/DP-47 and JH4b) and Vk
(O12/O2/DPK9 and Jkl), with side chain diversity incorpo-
rated at CDR2 and CDR3 of both chains (14). Their amino
acid sequences differ by 18 residues, i.e. in parts of CDR2
and CDR3 (VH: 11 residues, VL: 7 residues) (Fig. 1). The
antigen binding affinity of each scFv was examined by
ELJSA using phage-displayed scFv with the same titer, and
confirmed to be similar (Fig. 2). To determine whether or

(a)
1 1 2 2 3 3 4 4 5 5 6 6

1 5 0 5 0 5 0 5 0 5 0 a 5 0 5
2 9 I J 1 EVOLLESGGGLVQPGGSLRLSCAASGFTFSSYAMSWVRQAPGKGLEWVSNIYAgGPSTAYADSVKGR
2 9 I J 2 EVQLLESGGGLVQPGGSLRLSCAASGFTFSSYAMSWVRQAPGKGLEWVSSIYTAGADTSYADSVKGR
2 9 1 J 6 EVQLLESGGGLVQPGGSLRLSCAASGFTFSSYAMSWVRQAPGKGLEWVSHISPYGAirrRYADSVKGR
13CG2 EVOLLESGGGLVQPGGSLRLSCAASGFTFSSYAMSWWOAPGKGLEWVSTIYYAGBNTYYADSVKGR

CDRH1 CDRH2

Fig. 1. Sequences of four anti-BSA anti-
bodies, (a) and (b) represent the VH and VL
sequences of the four anti-BSA antibodies
(29IJ1, 29LJ2, 29IJ6, and 13CG2), respec-
tively. Eighteen bold letters represent resi-
dues that are different among the four
anti-BSA antibodies.

I l l
7 7 8 8 9 9 0 0 1
0 5 0 a b c 5 0 5 0 5 0

FTISRDNSKNTLYLQMNSLRAEDTAVYYCAKaYYTFDYWGQGTLVTVSS
FTISRDNSKNTLYLQMNSLRAEDTAVYYCAKSYYTFDYWGQGTLVTVSS
FTISRDNSKNTLYIiQMNSLRAEDTAVYYCAKqLRAFDYWGQGTLVTVSS
FTISRDNSKNTLYLQMNSLRAEDTAVYYCAKqYYTFDYWGQGTLVTVSS

CDRH3

(W
1 1 2 2 3 3 4 4 5 5 6 6

1 5 0 5 0 5 0 5 0 5 0 5 0 5
2 9 I J 1 DICWTQSPSSLSASVGDRVTITCRASQSISSYUWYCX3KPGKAPia.LIYYASKLOSGVPSRFSGSG
2 9 I J 2 DIQMTQSPSSLSASVGDRVTITCRASQSISSYLNWYQQKPGKAPKLLIYSASYLQSGVPSRFSGSG
2 9 I J 6 DIQMTQSPSSLSASVGDRVTITCRASQSISSYLNWYQQKPGKAPKLLIYRASLLQSGVPSRFSGSG
13CG2 DIC»1TQSPSSLSASVGDRVTITCRASQSISSYLNWYQQKPGKAPKLLIYYASNLQSGVPSRFSGSG

CDRL1 CDRL2

1 1
7 7 8 8 9 9 0 0
0 5 0 5 0 5 0 5

SGTDFTLTISSLQPEDFATYYCQOAGYSPTTFGOGTKVEIKR
SGTDFTLTISSLQPEDFATYYCQQADTSPTTFGOGTKVEIKR
SGTDFTLTISSLQPEDFATYYCQQaRDRPATFGCXSTKVEIKR
SGTDFTLTISSLQPEDFATYYCQQSDTSPTTFGQGTiCVEIKR

CBRL3 -

Vol. 132, No. 5,2002

 at Islam
ic A

zad U
niversity on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


778 T. Aburatani et al.

not the 18 amino acid difference influences the interaction
between VH and Vu the Vj/VL interaction of the four anti-
bodies was evaluated by ELISA employing soluble VL pro-
teins immobilized via protein L, and phage-displayed VH

fragments. As shown in Fig. 3, one (29LJ2) of the four Fvs
showed significantly lower V,/VL affinity, while the other
three showed strong affinity both in the absence and pres-
ence of BSA.

To determine which of VH and VL of 29LI2 is responsible
for the weaker interaction, chain shuffling of the four pairs
was performed. All sixteen pairs each comprising four VH

and VL chains were examined as to the interaction between
VH and VL by phage ELISA. As shown in Fig. 4, the pairs
involving 29LI1VH, 29IJ6 VH, and 13CG2 VH exhibited high

affinity with any of the four VLs. On the other hand, the
pairs having 29IJ2VH exhibited weaker affinity with all
VLs. Since VH phages poorly interacted with protein L-
coated wells without immobilized VL, the interaction was
confirmed to be specific. This suggests that the strength of
the VJ/VL interaction of these four Fvs depended solely on
VH, i.e. not on VL. This led us to the assumption that the VH

amino acid sequence has a close relationship to the VJ^VL
interaction.

Determination of a Key Residue Responsible for the VHI
VL Interaction—To identify the residue(s) that affects the
Vj/VL interaction, we focused on the difference in the VH

amino acid sequence between 13CG2 and 29LJ2, represen-

1.2

1

o 0.8

"S 0.6 f—

< 0.4 I -
0.2

0
29IJ1 291J2 29IJ6 13CG2

scFv-phage (2.8x10' cfu/ml)
Fig. 2. Binding of scFv-phages (2.8 x 10s cfu/ml) to BSA-plates
measured by ELISA. scFv-phages, 2.8 x 10s cfu/ml, were incubated
with BSA immobilized on a microplate. o-Phenylenediamine was
used for development.

—

i-E-i

D BSA+ • blank
0.8

0.6

« 0.4 —

0.2 —

0

r _ i B _ J ^ |OBSA+ • blank

1 |-rr
291J1 29IJ2 291J6 13CG2

VH-phage & soluble VL

Fig. 3. VgTVL interaction of four anti-BSA antibodies (29LJ1,
29LI2, 29U6, and 13CG2). Four VH-phages, 1.5 x 1010 cfu/ml, were
incubated with VLs of the original combination immobilized on a mi-
croplate precoated with protein L in the presence (100 (jLg/ml) or ab-
sence of BSA. o-Phenylenediamine was used for development.

VH(291J1) VH(29IJ2)

0.8

< 0-4

0.2

0

nBSA+

• BSA-

i_m ir__ , i r _ _

Fig. 4. Binding of VH-phages (1.5 x 1010 cfu/
ml) to VL-plates measured by ELISA. Four
VH-phages were incubated with four VLs in all
the combinations. Other conditions were the
same as in Fig. 3.

291J1 29IJ2 291J6 I3CG2

VH(291J6)

291 Jl 291J2 29IJ6 13CG2

VH(I3CG2)

291 Jl 291J2 29IJ6 13CG2

V,

29IJ1 29IJ2 291J6 13CG2

V,
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tative VHs having high and lower affinity with VL, respec-
tively. The two VHs have different amino acids at a total of
six positions, namely positions 50, 52a, 55, 56, and 58 in
CDR H2, and position 95 in CDR H3, according to the
Kabat numbering (18) (Fig. 1). To identify the residue(s)
that affects the y^VL interaction strength, a VH-phage
mini-library, which was designed to encode either a 13CG2
VH-type or 29LJ2 VH-type amino acid at every sixth posi-
tion, was constructed.

Clones of phages displaying a mutant VH protein were
prepared, and the interaction of every VH and VL (of 29LJ2
and 13CG2) was evaluated by ELISA, bound phages being
detected. Display of a VH fragment was confirmed by con-
trol ELISA with immobilized protein A, which specifically
binds human V ^ (data not shown). Out of 19 samples
whose nucleotide sequences were determined, 14 exhibiting
absorbance values of less than 0.1 were classified as VH

with a weak Vf/VL interaction, and the other 5 samples
exhibiting ones of more than 0.1 classified as VH with a
strong interaction.

Table I summarizes the interaction strength, and amino

acid residues at positions j>0, 52a, 55, 56, 58, and 95 of
every VH mutant. All the mutants that have Gly at position
95, which is the 13CG2 VH type, and exhibit a strong Vj/VL

interaction, and the types of residues at 50, 52a, 55, 56, and
58 have no apparent relationship to the Vi/VL interaction.
This clearly indicates that the residue at H95 determines
the strength of the Vj/VL interaction of these Fvs.

Saturation Mutagenesis of H95—To investigate the role
of H95 in the Vp/VL interaction in more detail, saturation
mutagenesis of H95 was performed in the context of the
weaker binder 29LJ2 VH. Each phage-displayed VH mutant
was evaluated as to its interaction with 29LI2 VL by ELISA,
along with its binding to protein A, as a control (Fig. 5).
From the absorbance of wells with protein A, all the
mutants other than S95C were confirmed to be displayed
and correctly folded on the surface of the filamentous phage
(data not shown). VHs that have Gly at position 95, 29LJ2
VH (S95G) (G) and 13CG2 VH (13G), exhibited the strongest
interaction with 29LT2 VL. After Gly, VHs with Asp (D), Asn
(N), and Glu (E) showed stronger interaction in that order.
In addition, the decreased affinity of 13CG2 VH with the

TABLE I. Relationship between the VgfVL interaction and the
amino acid sequences of VH mutants.

• ?"^h Clone 50 52a 55 56 58 95
interaction

13CG2VH Thr Tyr Ser Asn Tyr Gly
Al ... Thr Ala Asp
A3 Ser . . . Ala Asp
A12 .. . Thr Ala

2 ser ::: Ma ::: ::: :::
B9 Ser Thr
Cl Ser Thr ... Asp
C3 .. . Thr
II Ser

29IJ2VH Ser Thr Ala Asp Ser Ser
w , A7 ... Thr ... Asp ... Ser
W e a K D7 .. . Thr Ser

12 Ser
Binding of VH mutants to VL was measured by ELISA. Only the
residues different between 29IJ2 VH and 13CG2 VH (positions 50,
52a, 55, 56, 58, and 95) are presented. The VH mutants were pro-
duced as described under "MATERIALS AND METHODS." "..."
means the same amino acid as in 13CG2 VH.

08

0.7

06

05

01

1
U . 1
D E K R M S T F Y N 0 G L

Clones
V I A W H P I3GI3S

Fig. 5. Normalized binding of 29IJ2 VH mutant-displaying
phages to 29LJ2 VL as to its binding to Protein A measured by
ELISA. Each 29IJ2 or 13CG2 VH mutant-displaying phage was incu-
bated with 29LI2 VL or protein A immobilized on a microplate, and
then their interaction was measured by phage ELISA. The data were
normalized by dividing the Abs450 of a 29LI2 VL-coated plate by the
Abs450 of a protein A-coated plate. Each letter (X) at the bottom rep-
resents the phage displaying the 29IJ2 VH(S95X) mutant. '13G' and
'13S' denote 13CG2 VH and 13CG2 VH(G95S), respectively. TMB was
used for development.

i i i mill 1 i i i inn 1 i i HUM 1 ii i

0.1 1 10

V -phageconc.<xlO'«fWml)

100 0.01 0.1 1 10 100

V -phage cone, (x I O'cfii/hil)

Pig. 6. Dose-dependency of the
interaction between VH mutants
and protein A (a) or 29IJ2 VL (b).
Binding of the six VH-phages (G, S,
D, L, 13G, and 13S) to protein A or
29LJ2 VL was evaluated by phage
ELISA. Serially diluted VH-phages
were incubated with either immo-
bilized protein A or 29LJ2 VL immo-
bilized through protein L on a mi-
croplate. Other conditions were the
same as in Fig. 5.
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TABLE II. Relative affinity of selected VH fragments displayed on a phage.
Iigand

Protein A

29IJ2 VL

EDMTf

R
EDM

R
KA (nM)

G

• • 2.0
0.9996

0.33
0.9977

5.68 ± 0.20

S

3.9
0.9991

12
0.9953

—

D

5.6
0.9995

2.9
0.9933

—

L

4.2
0.9996

460
0.9948

—

13G

2.6
0.9987
0.59

0.9950
9.43 ± 0.19

13S

6.2
0.9995

40
0.9999

—
The concentration corresponding to 50% specific binding (ED^,) in 109 cfu/ml, and the corresponding R value according to curve fitting are
shown. The curves were fitted to a four parameter logistic equation (y = (a - d)/(l + bile?) + d) using Kaleida Graph 3.5 (Synergy Software,
Reading, PA), where y = A^', a = Auo a t l ° w asymptote; b = slope factor; c = ED^, and d = A^, at high asymptote. The Kd value was
obtained with BIAcore using a soluble VH fragment. (—) not performed.

13CG2 13CG2(G95S) 291J2 29IJ2(S95G)

Fig. 7. Binding of VH-phages (1 x lO18 cfu/ml) to the human urine
L chain measured by ELISA. VH-phages (13CG2 and 29IJ2, and
their mutants as to position 95), 1 x 1015 cfu/ml, were incubated with
urine-derived human L chain immobilized on a microplate precoated
with protein L. TMB was used for development.

G95S mutation (13S) confirmed that the H95 also affects
the Vj/VL interaction in a different context. Also, analysis of
the interaction between each 29LJ2 VH mutant and 13CG2
VL gave essentially the same result as with 29LJ2 VL (data
not shown).

While normalized as to protein A binding, the observed
values might be influenced by the amounts and stability of
the displayed fragments. To evaluate the effects of the
mutation on these factors more precisely, the dose-depen-
dency of the binding of selected VH mutant phages to pro-
tein A and 29LJ2 VL was investigated by ELJSA (Fig. 6).
The dose-dependent curves were fitted to a four parameter
logistic equation [Howes, 1996 #33], and the titers of the
phage corresponding to 50% specific binding (ED ,̂) were
calculated. In Fig. 6a, some difference in signal probably
due to that in the display level and the affinity to protein A
among VH mutants was observed. However, the EDj,, of the
interaction between each VH phage and protein A was
within threefold in titer for all the mutants, indicating a
limited effect of the mutations on protein A binding (Table
ID.

On the other hand, the EDW of the binding to 29LJ2 VL

was markedly influenced by the mutations (Fig. 6b and
Table ED. Compared with G, which showed the minimum
EDM, D, S(29LI2 wt), and 13S showed 8.8-, 36-, and 121-
fold increases in ED^, respectively. Mutant L
[29LJ2VH(S95L)] showed a 1,400-fold increase, while a mod-
est 2.1-fold increase was observed for protein A binding.
These data again showed the remarkable effect of the H95

mutation on the V[/VL interaction, but much lower ones on
VH expression and folding.

The affinities of the two strongly interacting VH frag-
ments (G and 13G) to 29LJ2 VL were determined by BIA-
core analysis. Association rates, k^, of 2.00 ± 0.10 and 0.81
± 0.03 (x lOVMs), and dissociation rates, k^, of 1.14 ± 0.02
and 0.76 ± 0.03 (x lCH/s) were obtained for G and 13G,
respectively. The ratio of the two equilibrium dissociation
constants, Kd, obtained for G and 13G was in good agree-
ment with the EDJO ratio, suggesting the reliability of the
assays (Table II).

Interaction with the Human L Chain—To determine
whether or not VH with Gly95 exhibits high affinity also
with other VLs, its interaction with the polyclonal human K
chain was examined. The four kinds of VH fragments, 291J2
VH(S95G), 13CG2 VH(wt), 29LI2 V^wt), and 13CG2 VH-
(G95S), were used, the former two having Gly at position
95, and the latter two having Ser there. The human K chain
was immobilized on an ELISA plate precoated with protein
L. When 100 ul each of VH-phage (1 x 1012 cfu/ml) was
added to the corresponding well and analyzed as to the
interaction, VHs that have Gly at position 95 exhibited
strong interaction with the human K chain, compared to
the VHs that have Ser at position 95, as in the case of 29IJ2
VL (Fig. 7). This indicates that VHs that have Gly at position
95 with a framework (V3-23/DP-47 and JH4b) not only
interact strongly with a particular VL, but also with VLs
with other framework/CDR sequences.

DISCUSSION

The aim of this study was to identify the residue(s) that
determines the strength of the V^/VL interaction in a
denned system. The four anti-BSA scFvs used here share
one of the most commonly used framework sequences of
human antibodies, and all exhibited the same specificity
with similar affinity to the antigen, but with markedly dif-
ferent VJJ/VY affinities. Because the result obtained with
monoclonal VL was consistent with polyclonal L chains, the
importance of the heavy chain CDR3 sequence, especially
H95, in the Vt/VL interaction is probably generalized. This
was rather unexpected because in all the crystal structures
of antibodies solved to date, H95 does not face the VL inter-
face, but is rather buried in the VH or its sidechain interact-
ing with the antigen. The preferred residues for the strong
interaction observed here were compact residues, Le. Gly,
Asp, Asn, and Glu. However, a minimum alteration of Gly
to Ala at this position markedly affected the interaction.

Kim et al. recently described that Gly at H95 caused
Structural diversity in the N-terminal strand of CDR H3
and afforded a variety of CDR H3 conformations (19). On
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the other hand, in the immune response of C57BL/6 mice
to (4-hydroxy-3-nitrophenyl)acetyl, antibodies with Gly at
H95 exhibited consistently higher affinity with the antigen,
which is probably related to their flexibility in the CDR H3
structure in the antigen-combining site and its influence on
the angle between the \VVL domains (20, 21). Considering
the close location of CDR H3 and CDR L3, it is natural to
think that the flexibility of CDR H3 influences not only the
antibody/antigen interaction but also that of Vf/VL. It is
possible that the flexibility of a CDR-H3 loop caused by Gly
at position 95 makes the loop come into contact more
tightly with VL, which in turn results in higher affinity to
the antigen.

Smith and Xue pointed out that the first residue of the
CDR H3 is predominantly Gly, while the amino acid at this
position is inherently variable because of the junctional
diversity that arises during V-D-J rearrangement (22).
They also stated that the amino acid at position 95 second
to Gly is Asp. In our study, Asp at position 95 also strength-
ened the interaction between VH and VL. For the develop-
ment of the B cell lineage, whether or not the newly
generated u, H chains in pre-B cells can associate with the
surrogate L chain, which is composed of VpreB and X5, is
significant (23). Possibly, there is a mechanism by which B
cells expressing VH and exhibiting stronger interaction with
VL have advantages for the development of B cells over B
cells expressing VH and exhibiting weaker interaction with
VL, because of the structural similarity of surrogate and
mature light chains. If so, further elucidation of a relation-
ship between affinity maturation and the strength of inter-
action between VH and VL is certainly of interest.

In the case of a murine anti-HEL antibody, HyHEL-10, a
very weak Vp/VL interaction is markedly strengthened in
the presence of the bridging antigen HEL (4). In the crystal
structure of the HyHEL-10 Fv-HEL complex, the interac-
tion across the imperfect VH-VL interface is mediated by 11
water molecules, thus these waters are thought to mediate
a stabilized Vf/VL interaction in the presence of HEL (24).
On the other hand, in the crystal structure of stable D1.3
Fv or D1.3 Fv-HEL complex at 1.8 A resolution, no water
molecule is found in the VH-VL interface, while 23 and 48
water molecules are found in the free antigen combining
site of Fv and the Fv:HEL interface, respectively (25).
These results suggest the possibility that the degree of the
perfection of Vj/VL complementarity well correlates with
the affinity between them. This in turn supports our
hypothesis of increased CDR3 flexibility as a source of
increased affinity. However, our hypothesis does not pre-
clude the importance of other residues, especially those at
the Vp/VY interface. Further studies are needed to deter-
mine the relative importance of residues other than those
in CDR2 or 3, especially framework residues. By investigat-
ing the Vj/VL interaction of antibodies with other frame-
work pairs, the relationship between the Vj/VL interaction
and their amino acid sequences will become clearer, and
through analysis of Vj/VL pairs at different B cell develop-
mental stages, their immunological meaning will also be
elucidated.

We wish to thank Ian Tomlinson for kindly providing the anti-BSA
clones.
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