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Reshaping Human Antibodies: Grafting an
Antilysozyme Activity

MARTINE VERHOEYEN, CESAR MILSTEIN, GREG WINTER*

The producnivn of therapeutic human monacdonal antibodics by hybridoma technolo-
gy has proved difficult, and this has prompted the “humanizing” of mousc monadonal
andibodies by recombinant DNA iques. It was ehown previously that the binding
sisc for a small hapaco could be grafred from the beavy-chain variable domain of a
mouse antibody to that of 2 buman myelama protein by transplanting the bypervaria-
ble loops. It is now sbown that a large binding sisc for a protxin antigen (fysozyme) can
also be transplanted from mousc to human heavy chain. The success of such

constnucrions may be fadlitated by an iaduced-fit mechanism.

OR PASSIVB (MMUNITY OR ANTIBODY

therapy in humans, moaocdlonal ant-

bodies designed to eliminate toxins,
viral and bacterial pathogens, or other cels
would ideally be of human origin (1). Un-
fortunately it has proved difficult to make
human monoclonal antibodies by hybrido-
ma technology (2). Chimenc antibodies
with mouse variable and human constant
domains have been construceed by linking
togedher the genes encoding each domaia
(3, 4), and expressing the cecombinant ang-
bodies in myeloma cells. However, the
mouse variable region may itself be seen as
foreign (1). We have therefore atempted to
insere the anfigen-binding sitc of a mouse
antibody, rather than the whole variable
region, directly into a human antibody. In
previous work, the three heavy-chain hyper-
variable regions [or complamnentarity-deter-
aining regions (CDRs)] from a mouse and-
body to a hapten werce transplanted onto the
€ramcwork regions of the heavy-chain vad-
able (Vy) domain of a human myeloma
peroscin. In combination with the mouse
light chain, the reshaped heavy chain bound
tightly to hapsen (5). Although it scams
likely that both heavy and light chains make
consacts to the hapten, the relative contribu-
tion of each chain is unlnown. Nor is it clear
whether the small hydrophobic hapten
NP (4-hydroxy-3-nitrophenaccrylaminacap-
roate) simply binds to a hydrophobic pocket
at the base of the hypervariable loops. By

Medical Resaarch Coundl of Molecular Biol-
ogy, Hills Road, Cambridge CB2 2QH, England.
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contrast, the three-dimensional saucture of
the complex of lysozyme and the mouse
antibody D1.3 has been solved (6), and
about 690 A? of the solvent-accessible sur-
face of the antibody is buried on complex
formaton. Both Vi and light-chain vanable
(VL) domains make extensive contacts to
tysazyme, but most of the hydrogen-bond-
ing contacs are made 8o the CDRs of the
heavy chain. Thus, of 12 hydrogen bond
interaions popased (6), 9 are aade to the
heavy chain. We have the bypervaria-
ble foops of the human NEW heavy chain (5)
with those from the D1.3 heavy chain

The vanable domains of the mouse anti-
body to lysozyme were cloned and se-
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e e ]
lgpro
b
oL HuVyie® B
igpro COReY 2 3
[
H_ L HuVyLYS BB O O cH3 g
igpro CORs1 2 3 HuigG2
Hd._ L MoVLYS BSS CHI CH2 CHI g
HHEHEEEHERTEEEETE
Ig pro MolgG1
e
E EH s8
8Va0
Igh snh colEl SV40
ol promoter polyA

quenced as described (7). To eeshape the
NEW heavy chain, we started from a syn-
thetic gene in an M13 vector (Fig. 1b)
containing the éramcwork regions of human
NEW and the CDRs from mouse antibody
B1-8 (5). Long oligonucleotides with multi-
ple mismasches with the semplate (8) were
used to replace each of the hypervariable
loops in tum by sise-direcved onmgencsis:
the central mismatched portion of the prim-
er encoded cach CDR of the D1.3 heavy
chain, and the 5’ and 3’ ends of the primer
were complemensary to the Aanking Game-
work regions. Thus after three rounds of
mutagenesis, the reshaped gene (HuVgy.
LYS) encoded the Gramcwork regions of
NEW with the hypervasiable regions of
D1.3 (Figs. 1c and 2). This was assembled
with the heavy-chain constant region of
human immunoglobulin G2 (HulgG2) (9)
to give the plasmid pSVgpt-HuVH{LYS-
HulgG2. The plasmid was cransfeced by
clectroporation (10) inso the myeloma line
JSS8L (11), which secrcres a mouse A light
chain. Taansfarant resistant to mycophen-
olic acdd were screened for secretion of
immunoglobulin by gel electrophocesis of
supemamnts from [*S]methionine-labeled
cells. The seaeved product (HuVyLYS-
HulgG2, A\) was purified on protein A-
Sepharose; the A light chain was exchanged
for the D1.3 k light chain in vitro; and the
HuVyLYS-HulgG2, k antibody was puri-
fied (12). In parallel experiments as control,
the mouse D1.3 variable region (MoVii-
LYS) was attached to the heavy-chain con-
stant cegion of mouse IgGl (MoIgGl) in
a pSVgpt vector (pSVgpt-MoVyLYS-
MolgGl), and antibody was expressed and
ceassociated as above (Fig. 1d).
Fluorescence quench was used to measure

Fig. 1. Veasors for heavy-chain expeession. (@)
Mouse Vip gene (4) and designaved here as
MoVyNP, (b) reshaped HuVyp gene (5) desig-
aared here as HuVyNP, (c) HuVuLYS gene
with the heavy-chain eonstant ccgion geoc of
human IgG2, (d) MoVyLYS gene with the
heavy-chain consaat geoe of mouse IgGl,

and (@) the badkbore of die pSVgpt vecror with
immunoglobulin heavy-chain enhanaer (Igh enh)
(4). The Vy domains are denoted in black, stip-
pled, or open boxes o signify sequences enapding
mouse antibody w NP (B1-8), momeanubodylo
tysozyme (D1.3), and human mydoma proscin
(NEW), espaxdvely. The coasaant domains are
denoted in black or open boxes to signify se-
quancs enaoding mouse or human eonstant do-
mains, Ig o, heavychain poomota; L, leader
exon; H, II; B, Bam HI; S, Sac I; E, Eco

* cegions of human NEW (5). The CDRs of Bl-8 were then te

RI resmiction sites. The ceshaped NEW heavy chaic was expeessed from a vector derived from the

pSVgpt-HuVyNP vector (b). Thus the HuVyNP gene, cloned initially in M13mp9 as a Hind ITI~Bam

HI &agment, consains hcavy-chain , the CDRs of the B1-8 antibody, and the amewack
with those of D1.3 usi

muetagenic oligonucleotdes (sec Rig. 2). The Hind ITI--Bam HI t, now carrying the HuVuLYS

(c) was exdsed from the M13 vector and cloaed into the pSV vector () along with a Bam HI

t encoding the heavy<chain consaant cgion of human IgG2 (9). The construcion of the

nSVont-MoVul . YS-Molo(G1 vector to exnreee cecombinane D1 3 is summanzed in (d4)
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Fig. 2. of the reshaped
Vy domain. The reshaped domain

HuVHLYS is based on the

HuV NP gene (4), with the aoe-

work negions of human NEW alter- G ocwscl I LFLYATAD

aating with the hypervariable re- AR
gions of mousc D1.3 (7). Three G o B L S0 T

oligonucleoddes I, I, and IIT were
used o replace cach of the B1-8
CDRs with those from D1.3. Each
oligonncleodde has 12 nuclenddes 15
attheS'eudandlznudmod:sat £
the 3" end which are

tary to the NEW @amework re-

20 25 30
ornsnrcrvsssrrsﬁ]
CCTAGCCAGACCCTGAGCCTGACCTGCACCGTGTCTGGCAGCACCTTCAGE GGCTATGGT.
2 T
muvnQPkaGszxc ]

TGGA ATGATITCGGY

AGCCACCTGGACGAGETC

gions, whereas the central pocgon
awodes CDRs 1, 2, or 3 of the
D13 andbody. The pamers are

55 CDR2

60 =
GATGGAMCACAGACTATAATTCAGCTCTCAMATCC

primer I
70
RouVzLP - M2l V-L:D
AGAGTGACAATGCTGGT

complementary to the marked
tons of the coding strand
shapad domain. Three rounds of
mutagenesis were used, mansfat- s

mghmdlewwﬁm‘ﬂn TATTATIGTOCAAGA CAGAGRGATEATAGECFTCACTAC

primer II
[}

the 15 80 2AD C 25
T S X ¥NOQOF S LRL S SV TAADTA AUV
ACCAGCRAGARCCAGTTCAGCCTGAGACTCAGCAGCGTGACAGCCGCOGACACCGOGETC

BMH71-18owel, plaring on a

110
lawn of BMH71-18, and probing verVs s Banktt
infocwd colonics with the mutagen-  TAATITIAZT - - -3
ic pimcrs as in (8). In washing the  #utagente primers are I 5° CIG ICT CAC CCA GTT TAC ACC ATR GG
£l it @CT GGA OCT CT 3', I1 S' CAT TGT CAC ICT GGA TTT GAG AGC TGA ATT ATA
ets, it was aatessary to gradually  orc 7oy orr TCC ATC AGC A AAT CAT TOC ABT OCA CTC 3°, 111 5* GCC TIG
ioaease the wash sempararure ACC CCA GTA GIC AAG CCT ATA ATC 7CT CTC ICT TGC ACA ATA 3

i from ;
65° to 75°C to distinguish the musant from wild-type clones. The yield of matants at each step was

about 5%.

Fig. 3. Coopetition of ceshaped and enginacrad
mouse antibody for lysozyme. T1  wells of a
micqutter platc wore coared with lysozywe at a
concentarion of 100 pg/ml in te-buff-
cmdsalmc (PBS), and sites on

the plastic were blodedtul:lﬁnlg% boviac scrum
albumin (in PBS). The bindiag of '*I-labeled
mousc antibody D1.3 (specific activity, >0.6 pCi

per micrograms of D1.3) to lysozyme was eom-

with increasing conceorrations of () eng-
acered antibody (MoVyLYS-MolgGl, «) or (0)
reshaped antibody (HuVzLYS-HulgG2, «), and
the dase presented are typical of two independent

igents. Autibody D1.3 and czassambled
and D1.3 compewd with the labelad D1.3 a5
effecively as did the enginarad antibody D1.3.
Radioiodinadon was earricd out by the chlora-
mine T method (22).

the binding of lysozyme to these antibodies.
The binding to both antibodies was tight,
with 2 mol of lysozyme molecules binding 1
mol of antibody. Our results indicase that
the affinity is betser than § nMM, although
previous work had indicared a value of 20 to
40 nM (6, 13). The antbodies were then
compared in a competition assay for lyso-
zyme; PI-labeled mouse antibody D1.3
compcting with mouse antibody or with the
reshaped antibody for binding to fysozyme.
The reshaped antbody compes, albeit less
cffectively (about wenfold less) than the
mouse antibody (Fig. 3). Nevertheless, the
gafung of hypervanable regions from
mouse to human framework regions is suffi-
cient to canster the lysozyme-binding site,
an extensive surface of inreraction, despite
the 31 of 87 residues that differ between the
heavy-chain framework regions.

The racnlre canfirmn that the hvaervariahle
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tegions (mainly loops) fashion the antigen-
binding site and that the more comserved
regions (mainly B-sheet) form a sthwwural
€ramework (14). However, the result is re-
markable given the several assumgptions un-
derlying the building of an andgen-binding
sitc on a new framework region—namely,
(i) the Vg and V. domains pack together in
the same way (15), (ii) the two B-shects
within each variable domain pack sogether
in the same way (I6), (iii) the andgen
usually binds to the hypavariable regions,
and (iv) the hypervariable regions are sup-
ported by the framcwork regions in a similar
way (17). In particular, the hypervanable
loops are not smand-alone structures, but
make exwensive contacts to the framework
and to other hypervariable regions. Since
the aysallographic strucures of both par-
ent antibodies are briown, we could confirm
'hd' ;ﬂ '*\F 'FQ"I‘]M“ ﬂﬂf‘h‘\l‘\’ f'\' n] 2

CDRs could be supported by the NEW
€ramcwork regions with the same (or simi-
lar) contacts as are used with the D1.3
Gramework regions. However, we also iden-
tified some potential problems. For exam-
ple, in CDRI1 of D1.3, Tyr-32 makes a van
der Waals coneact with the Phe-27 in FR1;
in NEW this phenylalanine is replaced by
serine, and this conmact is therefore lost
when the D1.3 CDRs are emounted on
NEW framcwork regions. Furthermore, in
antibody D1.3 the loop including the end of
FR1 bulges out from the surface, whereas in
NEW (and other solved structures), it is
pinned back to the surface. Despite thesc
problems, the reshaped antibody is able to
bind fysozyme.

It is sonccivable that the several contacts
made by the FR1/CDR1 loop to lysozyme
make only a small contribution to the overall
cncrpeacs of binding. Problems in this re-
gion would then have only a slight effect on
the affinity. It is also possible that the shape
of the binding sitc eould adjust to the
binding of antigen (18) and therefore that
small errors in assembling the CDRs on a
acw framework might be “self-correcting™
when the antigen binds. The energetic price
for such pumarive self-correcting induced fit
would be low, given the small loss in bind-
ing affinity suggested by the competition
dase of Fig. 3. It is not possible to deduce
the exact change in affinity from the compe-
tifon data, as the competition may only
ceflect the relative on-rates. However, cven
if the difference in affinities were tenfold,
this would correspond to no more than the
loss of a single hydrogen bond interaction
(19). The shape of the antigenic epitope
eould also adjust to the binding of antibody
(20), although no structural change in lyso-
zyme was detecsed in its complex with the
mouse D1.3 antibody (6). Furthermore, the
whole surfaee of interaction could reorien-
wmate slightly, perhaps by rocking on side
chains (21), to make a set of aew contacts.
This is an adractive model for large surfaces
making multiple interactions. Thus self-cor-
rection could occur at the level of the anti-
body, the antigen, or the complex.

In conclusion, the saructure of antibodies
may incorporate feawures that assist the
grafang of hypervariable regions. The criti-
cal fearures are thar famework comacts are
largdy consarved between Vi and Vi, do-
mains, between the sheers within a domain,
and to the CDR ‘loops. In addition, the
shape of the antigen binding site or the
anngenic detainant (or both) might be
able to adjust to each other in an induced-fit
mechanism.
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Peroxisomal Membrane Ghosts in Zellweger
Syndrome—Aberrant Organelle Assembly

M. J. SANTOS, T. IMANARA, H. SH10, G. M. SMALL, P. B. LaAzAROW

Peroxisomes arc apparently missing in Zellweger syndrome; aevertheless, some of the
integral membrane proteins of the organelle are present. Their distribution was
studied by immunofluorescence microscopy. In controi fibroblasts, pcrozisomes
appeared as small dots. In Zellweger fibcublasts, the perosisomal membrane proteins
were located in unusual empty membrane structures of larger size. These results
saggest that the primary defect in this disecase may be in the mechanism for import of

matrix proseins.

ELLWEGER SYNDROME IS A DISEASE

2 in which an endre organelle, the
peroxisome, appears to be missing,

as first recognized by Goldhscher ez 4l. (1),
The peroxisome is nearly ubiquitous in eu-
karyodc cells and functions in fatty acid 8-
oxidation, plasmalogen biosynthesis, cellular
respiration (H;O--fonning), gluconeogene-
sis, bile acid synthesis, and purine casabo-
lism (2). This human genetic disorder, char-
actenzed by profound neurological impair-
ment, mesabolic disturbance, and neonasal
death, has taught us much about peroxi-
some function (3) and promises to teach us
more about peroxisome assembly. Some
peroxisomal proteins are synthesized nor-
mally in Zellweger syndrome (4), but they
are not assembled into peroxisomes. Many
of these proteins are rapidly degraded, with
the result that important soluble matrix en-
zymes (catalyzing B-oxidation) (¢) and
membrane-bound enzymes (catalyzing the
inital steps in plasmalogen biosynthesis) (4,
5) are missing or seriously deficient, thus

The Rackefeller ¥ Innversity. New Yark NV 10021
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causing severe metabolic abnormalides (3).
On the other hand, some pecoxisomal en-
zymes (for example, caualase) are present in
normal amounts in Zellweger cells but are
located free in the cytosol (4, 6, 7).

These defects correlate with the known
facts of peroxisome biogenesis. All peroxi-
somal proteins investigated thus far are syn-
thesized on free polyribosomes and are as-
sembled postaranslationally into preexistng
peroxisomes (8). If the organelle is missing
(1), newly made proteins will just diffuse
through the cytosol, unable to enter a per-
oxisome. Under these ciccumsmances, it is
not surprising that many are degraded.

The autosomal recessive genetics of Zel -
weger syndrome indicates that a single mu-
sation is responsible for the defects. One
explanation would be that the musaton
prevents the assembly of the peroxisomal
membrane. In this casc peroxisomal insegral
membrane proteins (PxIMPs) (9) should be
absent, since those that have been studied
are made on free polyribosomes (10-12)
and are unlikely to be stable if not integrated

into_a_memhrane Twa _ather noccihilitiec

were suggested by the unexpected finding
that several PxIMPs are present in normal
amounts in Zellweger liver (13). The peroxi-
somal membranes could be assembled in
Zcllweger syndrome, but the import of ma-
trix proteins is defective. This would result
in empty (or nearly empty) membrane
ghosts, which would not be cecognizable by
elecron microscopy or cyrochemisay.
Alternatively, the PxIMPs, in the absence of
peroxisomes, might have violated the rules
of protein sorting and inserted into the
weong inwracellular membrane(s).

To differentiate among these possibilities,
we analyzed fibroblasts with a polyspedfic
antiserum against rat liver PxXIMPs (polyspe-
cific ana-PxIMPs) (12) (Fig. 1A, lane 1).
This serum detected three human PxIMPs
with masses of approximately 140, 69, and
53 kD in control cells (Fig. 1A, lanes 2 to
4). These PxIMPs were also present in Zell-
weger fibroblasts (lane 5), and they cosedi-
mented in equilibrium density centrifuga-
von of Zellweger fibroblast homogenates.
However, the PxXIMPs were found at an
abnormally low density of 1.10 g/em® (in-
stead of the usual fibroblast peroxisome
density of 1.17 g/cm®)[lanes 6 and 7; further
details in (I€)]. Several other cell mem-
branes also sedimented in the low-density
region of the gradient where the PxIMPs
were found (14). Therefore, the fracton-
adon data are consistent with the possibility
that the PxIMPs are present in aberrant
peroxisomal membrane ghosts, but they do
not exclude erroneous loalizadon in lyso-
somes, the endoplasmic reticulum, or some
other low-density organelle. Immunofluo-
rescence studies were camed out % resolve
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