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Immunoglobulin Vi; domain frameworks can be grouped into four dis-
tinct types, depending on the main-chain conformation of framework 1.
Based on the analysis of over 200 X-ray structures representing more
than 100 non-redundant Vy; domain sequences, we have come to the con-
clusion that the marked structural variability of the Vi framework 1
region is caused by three residues: the buried side-chain of H6, which
can be either a glutamate or a glutamine residue, the residue in position
H7, which may be proline only if H6 is glutamine, and by H9 (H10
according to a new consensus nomenclature), which has to be either gly-
cine or proline if H6 is a glutamate residue. In natural antibodies, these
three residues are encoded in combinations that are compatible with each
other and with the rest of the structure and therefore will yield functional
molecules. However, the degenerate primer mixtures commonly used for
PCR cloning of antibody fragments can and frequently do introduce out-
of-context mutations to combinations that can lead to severe reduction of

stability, production yield and antigen affinity.
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Introduction

Antibody engineering combines the capability of
the immune system to produce highly specific
binding proteins to almost any antigen with the
ease and efficiency of expressing recombinant pro-
teins in Escherichia coli and other hosts. With the
widespread use of this technology,>™* it has
become important to predict the structure of
immunoglobulin variable domains reliably. For
many applications, the stability and production
yields of scFv or Fab fragments derived from natu-
ral antibody sequences has been found to be insuf-
ficient, and various complex strategies have been
designed to improve their properties to meet the

Abbreviations used: CDR, complementarity-
determining region; C; and Cy, constant domains of the
antibody light and heavy chains; FR, framework region
of immunoglobulin variable domains; PCR, polymerase
chain reaction; PDB, Protein Data Bank; scFv, single-
chain fragment of an antibody; V; and Vy, variable
domains of the antibody light and heavy chains; V, and
V., variable domains of lambda and kappa light chain.
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specifications (reviewed by Worn & Pliickthun®).
Both rational engineering®® and evolution
schemes’ " have been used successfully to
improve individual scFvs. For a more global sol-
ution of the problem, the design of framework
structures and randomization strategies for syn-
thetic combinatorial antibody libraries'? requires a
profound understanding of the structural proper-
ties of the scFv fragment to ensure that as little as
possible of the encoded diversity is lost on unstable
molecules while the maximal antigen-binding
diversity is maintained.

Much of the work done so far has been con-
cerned with predicting the conformation of the
hypervariable loops, since these interact directly
with the antigen and thus have the strongest effect
on antigen-binding affinity and specificity."*~®
Indeed, the technique of “loop grafting”,'® of trans-
ferring the loops of an antibody with desired anti-
gen-binding characteristics onto the framework of
variable domains with improved stability, better
folding yield and reduced immunogenicity rests on
the assumption that differences in framework
sequence do not affect the binding characteristics
of an antibody significantly. This technique was
refined, since adjacent residues, termed “‘vernier”

© 2001 Academic Press
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residues, were found to affect CDR conformations
and to fine-tune antigen recognition.”® Chothia &
Lesk'™ segregated CDR conformations according to
“canonical”’ residues, some of which are located
within the CDRs themselves, others in the frame-
work regions. While the CDR grafting' approach
does work frequently enough to make it a standard
technique in antibody engineering, there have been
enough failures (often unpublished results, others
recognizable by elaborate multi-step strategies
used to reach the final goal) to warrant a closer
look at how antibody variable domain framework
sequences differ from each other, and how these

t In the AHo numbering scheme,! the gap introduced
to accommodate the length difference of the FR 1
sequence between V, and V, is placed in position L8
(V,) and not in L10, as in the Kabat scheme. A gap in
H8 (V) allows use of the same numbering in Vi
domains. We use this numbering scheme throughout
the paper.

Figure 1. (a) and (b) framework
1 conformation of V| -domains:
magenta, V, (L7,L9 Pro) (human
Fab B7-15A2,* PDB entry 1AQK,
1.84 A resolution); pink, V, (L7,L9
Pro) (murine scFv SE155-4,*° PDB
entry 1MFA, 1.70 A resolution);
cyan, V. (L8 Pro) (murine Fab
184.1°° PDB entry 10SP, 1.95 A
resolution; blue, V. (L8 Pro) (PDB
entry 1FLR,> 1.85 A resolution). (c)
and (d) Framework 1 conformation
of Vy-domains: magenta, type I
(murine Fv fragment of antibody
D1.3, C. Marks et al., unpubloished
results, PDB entry 1A7N, 2.0 A res-
olution); gink, type II (human Fab
B7—15°A2,2 PDB entry 1AQK,
1.84 A resolution); cyan, type III
(murine Fab 2E8,*° PDB entry 12E8,
1.9 A resolution); blue, type IV
(first FAB fragment (chain B) in a
murine idiotype-anti-idiotype com-
plex,®! PDB entry 1CIC, 2.5 A resol-
ution). The Figure was generated
with InsightIl (MSI/Biosym, San
Diego, USA).

differences affect structure, stability, folding yield
and antigen-binding characteristics.

Within the antibody V; domains, the structural
difference between the lambda and kappa frame-
work is widely appreciated, as the one amino acid
residue insertion in the FR 1 of kappa domains
relative to the lambda sequences is immediately
apparent from a sequence alignment.! V,_ domains
can be further subdivided according to the pre-
sence or absence of a cis-proline residue in position
L8, while in V, the presence or absence of trans-
proline residues in position L7 and L9 (L8 accord-
ing to Kabat)f does not significantly affect the
main-chain conformation (Figure 1(a) and (b)). Vy
domains all have an FR 1 segment of V,-like
length, but four clearly distinct FR 1 conformations
can be observed (Figure 1(c) and (d)). However,
only a few authors have appreciated the structural
variability in the Vi FR 1 segment.*~>*

In our study, we introduce a fourth structural
subtype, found only amongst murine sequences,
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Figure 2. Correlation between predicted subtype and observed structure: 205 Vi; domain structures were extracted
from antibody Fab and Fv X-ray structures taken from the PDB. They represent 118 non-redundant structures (at least
five amino acid residues sequence difference between any pair of sequences). The domain structures were aligned by
least-squares superposition of the structurally least variable C* positions in the Vi; domain (H3-H6, H20-H24, H41-H47,
H51-H57, H78-H82, H89-H93, H102-H108, H138-H144 in the AHo unified residue numbering scheme,’ corresponding
to residues H3-H6, H19-H23, H35a-H40, H44-H50, H67-H71, H78-H82, H88-H94 and H102-H108 according to the Kabat
numbering scheme). The molecules were color-coded according to the structural subtype predicted from the identities of
the amino acids in positions H6, H7 and H10 (H9): magenta (type I), H6 E, H7 P, H10 P; pink (type II), H6 E, H7 P, H10
G; cyan (type III), H6 Q, H7 P; blue (type IV), H6 Q, H7 P. The Figure was generated with InsightIl (MSI/Biosym, San
Diego, USA). (a) C* trace of the entire Vi; domain. (b) Glu/GIn H6 and Thr H143 side-chain conformation. (c) Frame-
work 1 main-chain conformation. (d) Correlated structure and sequence changes across the Vi; domain, first described
by Saul & Poljak®®and Saul,** who noticed the correlation between framework 1 structure and the types of amino acid
found in position H10 (Kabat H9): Gly (as in type II structures) correlated with germline clan V3 and Ala/Ser (as in
type III and type IV structures), correlated with germline classes V1. This in turn correlates with the nature of residue
H78 (H67), and with the side-chain orientation of the intervening residues H19 (H18) and H93 (H82). Type I structures,
represented in human germline class V2 and V4, form yet a third class, while type III and type IV structures behave
the same with respect to this correlation.

and attempt to establish a causal relationship
between the amino acids found in individual pos-
itions, particularly positions H6, H7 and H107 (H9)
and the conformation assumed by the FR 1 seg-
ment of the Vi domain. This causal relationship
and the interdependence between the structural
requirements of the residues in these three pos-
itions offers an explanation for a problem reported
in several recent publications. Mutations in the N-
terminal part of FR 1 of the Vi; domain introduced
by PCR cloning using degenerate primers can lead

+ For residue numbering, the unified numbering
scheme introduced in the accompanying paper' was
used. In addition, the traditional Kabat numbering is
indicated in parentheses.

I http:/ /www.resb.org/pdb/

to severe impairment of production yield, stability
and antigen-binding.*~2®* We now provide a struc-
tural rationale for the residue combinations
allowed in these positions.

Results and Discussion

Comparison of V, domain structures in the
Protein Data Bank

A total of 205 Vg domain structures was
extracted from antibody Fab and Fv X-ray struc-
tures taken from the PDB} and used for statistical
analysis (Figures 2 and 3). These domains rep-
resent 118 non-redundant structures (at least five
amino acid sequence difference between any pair
of sequences). The domain structures were aligned
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Table 1. Allowed combinations of residues and observed subtype-correllated changes of core residues

Allowed combinations of residues

Subtype-correlated changes of core residues

Type Hé6 H7 H9 H10 H19 H93 H78 H74
I Glu Not Pro Gly Pro Leu Leu/Met Ala/Val/lle/Leu Leu
11 Glu Not Pro Gly Gly Leu Met Phe Val
I GIn Not Pro Gly Any Leu/Val Leu Ala/Val Phe
v Gln Pro Gly Any Val Leu Ala Phe

by least-squares superposition of the structurally
least variable C*-positions in the Vi domain
(H3-H6, H20-H24, H41-H47, H51-H57, H78-HS82,
H89-H93, H102-H108, H138-H144 in the AHo uni-
fied residue numbering scheme', corresponding to
residues H3-H6, H19-H23, H35a-H40, H44-H50,
He67-H71, H78-H82, H88-H94 and H102-H108
according to Kabat). As the inclusion of residue
H35a (or 35 or 34, depending on the length of CDR
H1) in the set of structurally least variable C* pos-
itions shows, an unambiguous description of this
set using Kabat nomenclature becomes rather com-
plicated. The average rms deviation from the aver-
age C* positions for these residues was 0.40 A. As
Figure 2(a) and (c) show, the Vi domain frame-
works can be classified according to the main-
chain conformation of the framework 1 region into
four different subtypes, termed type I to type IV.
Typical, well-resolved representatives of the four
types of Vy framework structures (shown in
Figure 1(c) and (d)) are the Vy domains of the
murine Fv fragment of antibody D1.3 (C. Marks
et al., unpublished results, PDB entry 1A7N, 2.0 A
resolutlon) representing the type I structure, the
Vy; domain the human Fab B7-15A2* (PDB entry
1AQK, 1.84 A resolution) representing type II, the
Vi domain of the Fab fragment of the murine anti-
body 2E8 (PDB entry 12E8, 1.9 A resolution),
representing type III and the Vi domain of the
first Fab fragment (chain B) in a murine idiotype -
anti-idiotype complex®' (PDB entry 1CIC, 2.5 A
resolution), representing the type IV structure.

Correlation between sequence and structure

Of the 205 Vy structures, 20 % correspond to
type 1, 30 % to type II, 41 % to type III and 9 % to
type IV. Type I and type II structures predomi-
nantly (87 %) have a glutamate residue in position
H6, while type III and type IV structures (84 %)
have a glutamine residue. In most of the structures
in which the identity of residue H6 does not match
the amino acid expected from the FR 1 main-chain
conformation, there is also a mismatch between the
Vg sequence family and the identity of the amino
acid residue in position H6. While this could be
interpreted as an indication that the main-chain

+ http:/ /imgt.cnusc.fr:8104/
1 http:/ /www.mrc-cpe.cam.ac.uk/imt-doc/
§ http:/ /www.ibt.unam.mx/vir/V_mice.html

conformation is determined by the overall
sequence context rather than by the local sequence,
most of these structures were determined using
Fab fragments derived from proteolytically digest-
ing the parental monoclonal antibodies, while the
sequences were determined at the cDNA level.
Therefore, PCR-induced sequence changes would
not be reflected at the protein level, but affect only
the interpretation of the electron density, and thus
for example placing a glutamate rather than a glu-
tamine residue at the critical position. Neither from
the shape of the electron density of the side-chain
nor from the determination of the protein molecu-
lar weight by mass spectrometry would such a
substitution be detectable. Results obtained in our
lab suggest that deliberately induced mutations of
Hé6, H7 and H10 will indeed change the framework
1 conformation in the manner expected from our
analysis, while changes to a sequence pattern
different from those observed in nature, e.g. the
combination of glutamate at H6 with proline at H7
leads to a significant destabilization.*

Type I and 1II structures segregate with the pre-
sence of a proline (type I) or a glycine (type II) resi-
due in position H10 (H9 according to Kabat), while
type IIl and type IV structures are distinguished
by the presence (type IV) or absence (type III) of a
proline residue in position H7. Pro H7 occurs only
in murine and not in human sequences (Figure 2).
Proline is never seen in combination with Glu HS,
but only in combination with GIn H6. As Figure 3
shows, there is a good correlation between the
structural subtype predicted according to the rules
summarized in Table 1 from the amino acids
found in positions H6, H7 and H10 and the
observed structure.

The structural subtypes correlate to different
germline families: type I is predominantly rep-
resented by human germline families IGHV2 and
IGHV4, type II by IGHV3, type III, IGHVI,
IGHVS5, IGHV6 and IGHV7 (IMGT+ and VBasel).
The sequence constellation leading to the type IV
structure is not found amongst human germline
sequences, but only amongst murine sequences of
the germline family V1, which contains both type
III and type IV sequences (ABGS). In mice, type I
comprises representatives of germline families
V2, Vi3, Vu8 and Vyl12, type II, families V4,
Vu5, Vub6 and Vy7, type III, families Vi1, Vi2,
V9 and Vyl14 and 1V, representatives of family
Vyl. Although the different germline families
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Figure 3. Statistical analysis of the sequence correlations shown in Figure 2. Reasonably complete (>90 %) murine (m) and human (h) antibody sequences from the Kabat
database were aligned and sorted according to their predicted structural subtype to test for the validity of the correlation with the amino acid sequence in key positions.
Fields containing values of exactly zero were colored white and the number was supressed if the amino acid was not observed in any sequence. Those containing higher
values were color-coded from light blue (values 0%-1%) to very dark blue (90%-100%) and the amino acid residues sorted according to their properties (charged,
uncharged hydrophilic, aliphatic, aromatic side-chains) to facilitate the perception of pattern of position-dependent residue properties and sequence conservation for each
position in the domain. fot., Total number of sequences in this category; cons., consensus amino acid for this category.
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show correlated sequence changes throughout the
domain core, most of the differences are unlikely
to cause the striking conformational difference in
framework 1. Residues in direct contact with those
involved in the altered conformation are either
invariant (Gly H9 (HS8), Cys H23 (H22), Cys H106
(H92), Trp H43 (H36), Tyr H104 (H90), Gly H140
(H104), Gly H142 (H106) and Thr H143 (H107)) or
show no significant correlation with the different
structural pattern (Leu, Ile or Val H21 (H20)).
Indeed, the conformational difference is most likely
caused directly by the local sequence pattern
(residue H6-H10), although remote interactions,
such as those detailed by Saul and Poljak®
(Figure 2(d)), mediated by the core packing, may
contribute to the observed detrimental effects of
away-from-consensus point mutations in this
region.

L145
L7=Pro, AL8, L9=Pro

< L102

L8=Pro

Core hydrogen bonding pattern

Type I and II Vi FR 1 conformations correlate
with the presence of glutamate in position H6,
type Il and IV with glutamine. The different
hydrogen bonding requirement of the two different
amino acids impose different constraints on the
side-chain and main-chain conformation, since the
residue H6 side-chain is fully buried in the core of
the domain, forming hydrogen bonds to main-
chain atoms on the opposite side of the domain.
Indeed, the hydrogen bonding requirement of resi-
due H6 may be responsible for breaking the main
chain/main chain hydrogen bonding pattern of the
“inner” B-sheet (the B sheet that participates in the
dimer interface between V. and Vy), resulting in
the framework 4 B-bulge, which is characteristic
for all immunoglobulin variable domains (Figures 4
and 5).

Figure 4. L6 side-chain hydrogen
bonding pattern across the V.
domain core. Note that all V_
domains carry a glutamine residue
in position L6. The Figure was gen-
erated with InsightIl (MSI/Biosym,
San Diego, USA). (a) V, chain with
two adjacent proline residues in L7
and 19 (human Fab B7-15A2%
PDB entry 1AQK, 1.84 A resol-
ution). (b) V, chain without the
two adjacent proline residues L7
and L9 (murine scFv SE155-4,*
PDB entry 1MFA, 1.70 A resol-
ution). (c) V, chain without a pro-
line residue in L8 (murine Fab
184.1°° PDB entry 10SP, 1.95 A
resolution. (d) V.. chain with a cis-
proline residue in position L8 (PDB
entry 1FLR,*' 1.85 A resolution).

L145
L8=cis-Pro
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In the case of a glutamate residue in position H6
(Figure 5(a) and (b)), one of the side-chain carboxy-
late oxygen atoms bridges the two B-sheets by
accepting hydrogen bonds from its own main-
chain nitrogen atoms (H6) and from the main-
chain nitrogen atom of glycine H142 (H106). The
other carboxylate oxygen atom accepts hydrogen
bonds from the main-chain nitrogen atoms of
cysteine H106 (H92) and of residue H141 (H105),
although the main-chain nitrogen atom of glycine
H142 (H106) would also be within reach. This
hydrogen bonding pattern is possible only because
residues glycine H140 (H104) and glycine H142
(H106) form the B-bulge in the FR 4 strand of the
variable domain structure. Therefore, the main-
chain NH groups of residues H106 (H92), H141
(H105) and H142 (H106) are not involved in the
main chain/main chain hydrogen bonding of the
inner B-sheet and are thus available for interactions
with the side-chain of H6. This hydrogen bonding
is consistent with the presence of the deprotonated

H107 ,H139

Figure 5. H6 side-chain hydrogen
bonding pattern across the Vg
domain core. Note that Vg
domains carry either (a) and (b) a
glutamate or (c) and (d) a gluta-
mine residue in position H6. The
Figure was generated with InsightII
(MSI/Biosym, San Diego, USA). (a)
Type I (murine Fv fragment of anti-
body D1.3, C. Marks et al., unpub-
lished results, PDB entry 1A7N,
2.0 A resolution). (b) Type 1I
(human Fab B7-15A2,* PDB entry
1AQK, 1.84 A resolution). (c) Type
II (murine FAB 2E8,*° PDB entry
12E8, 1.9 A resolution). (d) Type IV
(first FabB fragment (chain B) in a
murine idiotype-anti-idiotype com-
plex,*! PDB entry 1CIC, 2.5 A resol-
ution).

form of glutamate, as the glutamate side-chain acts
only as hydrogen bond acceptor, not as donor.

The side-chain oxygen atom of glutamine H6
(Figure 5(c) and (d)) is similarly within hydrogen
bonding range of main-chain NH groups H106
(H92), H141 (H105) and H142 (H106), although, on
average, it is somewhat closer to the H142 (H106)
NH than the side-chain oxygen atom of glutamate.
The glutamine side-chain NH, cannot bridge the
two sheets by accepting two hydrogen bonds in
the way the glutamate oxygen atom does. Instead,
it swings around into a different conformation to
donate a hydrogen bond to the main-chain C=0
of residue H104 (H90). In addition, it donates a
second hydrogen bond to the side-chain oxygen
atom of threonine H143 (H107), which in turn
donates a hydrogen bond to the main-chain C=0
of residue H9 (the eighth residue from the N termi-
nus, since in our numbering scheme, H8 is the gap
introduced to ensure numbering consistency with
other variable domains). If H6 is a glutamate
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residue, the Thr H143 (H107) side-chain is rotated
in such a way that the side-chain oxygen atom can
reach the solvent. In approximately 40 % of the glu-
tamine-containing Vy structures in the PDB, the
glutamine side-chain amide group is rotated by
180°, swapping the nitrogen and oxygen atoms.
However, this does not make sense, since in this
position neither of the two atoms could satisfy its
hydrogen bonding potential, and their usual
hydrogen bonding partners similarly remain unsa-
tistied. Since the two atom types cannot be distin-
guished by their electron density, the correct
orientation cannot be determined by X-ray crystal-
lography, but can only be inferred from their
hydrogen bonding potential. V; domains all
contain glutamine in position L6, as does the
corresponding position in T-cell receptor V, and V
domains, and these glutamine side-chains form the
same hydrogen bonding pattern as glutamine H6
in the Viy domains (Figure 4(a)(d)).

Effects of the neighboring residues

While the identity of residue H6 is the prime
determinant of framework 1 structure, the exact
conformation is modified by the structural require-
ment of the adjacent residues, resulting in four dis-
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Figure 6. Ramachandran plot of residue H7 main-
chain torsion angles. Lists of the main-chain torsion
angles of the aligned Vy structures shown in Figure 2
were exported from the program InsightIl (Biosym/MSI,
San Diego). The phi and psi angles from the different
structures were sorted according to the aligned sequence
positions using an EXCEL Visual Basic macro. For each
sequence position, a Ramachandran plot was drawn in
which the points corresponding to the homologous pos-
ition in the different V structures were color-coded
according to the predicted subtype for that structure
(magenta, type I; pink, type II; cyan, type III, and blue,
type IV).

tinct conformations. The main-chain torsion angles
assumed by residue H7 clearly differ depending on
whether H6 is a glutamate or a glutamine residue
(Figure 6). With a glutamine residue in H6, the H7
torsion angles lie within the optimal range for a
proline residue, independent of whether this resi-
due is indeed proline (type IV structure) or some
other amino acid, predominantly Ala (type III
structure). Glutamate in H6 is not compatible with
proline in H7, and indeed such a combination
leads to a significant destabilization.?>

The rules determining the FR 1 conformation are
summarized in Table 1. If the amino acid residue
in H6 is glutamate and H10 (HY) is a proline resi-
due, a type I framework structure is observed. Saul
and Poljak® described H10 (H9) Pro as the deter-
mining feature of this conformation, but Pro H10
in combination with Gln H6 results in a type III or
IV structure, as does the combination of GIn H6
with Ala or Ser H10 (H9). The combination of H6
glutamate with Gly H10 (H9) results in a type II
framework structure. Any other type of residue in
H10 (H9) seems to have a destabilizing effect in
combination with H6 Glu. Generally, Glu H6 is
associated with positive phi angles in positions H9
(H8) and/or H11 (H10), which show a strong pre-
ference for Gly residues. A glutamine residue in
H6 leads to a type III structure, unless H7 is a pro-
line. In this case, a type IV structure is observed,
which is almost perfectly superimposable upon the
structure of V, chains characterized by L6 Gln, L7
Pro, L8 gap, L9 Pro (Figures 1(a) and (b), and 4).
However, in V, , the type IV conformation persists
even if L7 and L9 are not proline residues
(Figure 1(b)), although with a decreased stability,
at least for a lambda-type framework 1 kink in the
context of a V, domain.®® In V4 (H6 GIn), we see
the type III conformation in the absence of Pro H7,
probably due to a conserved glycine residue in
position H9, which allows for greater confor-
mational freedom than the proline or serine resi-
due observed in the corresponding position of V.

Relative abundance of the different subtypes
in germline and rearranged sequences

Although the relative abundance of H6 Glu and
H6 Gln is quite different in the human and murine
germline sequences, this difference is much less
pronounced in rearranged sequences (Figure 7).
Glu H6 (type I and type II framework structures)
is observed frequently amongst human germline
sequences (66 % of all sequences), but it is rather
rare amongst murine germline sequences (21 %).
Amongst rearranged sequences (Kabat database,
1366 human and 1652 murine sequences), the type
I sequence pattern is underrepresented in human
and overrepresented in murine sequences with
respect to the germline frequency (human, 20 % of
germlines, 13% of rearranged sequences; mouse,
10% of germlines, 16 % of rearranged sequences),
type 1l is overrepresented in murine antibodies
(human, 46% of germlines, 38% of rearranged
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Figure 7. Representation of struc-
tural subtypes amongst human and
murine germline (IMGT/VBASE/

il |

ABG) and rearranged (Kabat, PDB)

el el Type lil eIV others :
50 Typ L s e Vy sequences (see Materials and
Methods). Human Vi germline
40 | Murine Sequences sequences taken from IMGT and
= from VBASE, murine germline
& s | bk sequences taken from ABG and
oY aPDB human and murine rearranged Vi
& mKabat sequences taken from the Kabat
@ 20 | 21,48 i
s database*'*® were sorted according
2 to their predicted subtype. The
w 104 . X ;
relative frequencies of the different
0] subtypes are plotted as a histo-
Type | Type ll Type Hll Type IV others gram.

sequences; mouse, 11% of germlines, 27% of
rearranged sequences), type III overrepresented in
human rearranged sequences (human, 29% of
germline sequences, 46 % of rearranged sequences;
mouse, 43% of germline sequences, 43% of
rearranged sequences), and type IV, not observed
amongst human sequences, is strongly underrepre-
sented amongst murine rearranged sequences
(21% of germline sequences, but only 11% of
rearranged sequences). Furthermore, while for
types I to III, the representation amongst functional
and total (functional and pseudogenes) is very
similar, type IV comprises a disproportionally
large fraction of non-functional genes (Figure 7(b)).
As a result, the distribution of the subtypes
amongst mature antibodies (type I, 14 % in man/
16 % in mice; type II, 38 %/27 %; type 1II, 46 %/
43 %; and type IV, 0%/11 %) is much more similar
than could be expected from the distribution of
gene sequences. It is not clear whether this effect is
just a coincidence, or whether it results from some
functional specialization of the different framework
classes, which need to be present in a balanced
mixture to ensure the proper function of the
humoral immune system.

Potential effects on dimer interface orientation
and on antigen-binding

The transformation required for a least-squares
superposition of the structurally invariant C* pos-
itions of the Vi domain onto the corresponding
positions of the V; domain should represent an
objective description of the relative position of the
two domains in an Fv fragment. Based on this
measure, there exists a significant correlation
between domain orientation and Vy subtype.
However, more detailed analysis showed that the
differences in relative domain orientation between

the different Vy; subtypes were not so much due to
differences in the relative orientation of the V; and
Vy B-sheets forming the dimer interface, but rather
a result of the different relative positions of the
inner and outer B-sheet of the Vi domain. This
shift of the outer relative to the inner -sheet of the
Vi domain was observed by Saul & Poljak.? Jung
et al3* showed that mutating H6, H7 and H10 was
not sufficient to produce this effect, indicating that
this subtype-dependent shift of the outer relative
to the inner B-sheet was due to subtype-correlated
sequence differences in the domain core. If the rela-
tive orientation of only the inner B-sheets of Vi
and Vi was considered, there was little correlation
between interface orientation and Vi subtype
detectable. In addition, natural type I and type II
Vy sequences usually contain longer CDR2 loops
than type IIl and type IV sequences, making it
impossible to decide, based on the comparison of
natural antibody structures, whether any residual
effect of subtype on domain orientation was due to
the differences in the FR 1 region or to differences
in the CDR 2 region. In our experience, changing
the FR 1 subtype has little direct effect on antigen
affinity, as long as the resulting scFv is still folding

properly.

Experimental consequences of framework 1
variations

Usually, antibody variable domains are cloned
from hybridomas or from natural antibody
libraries, using commercial or custom-made mix-
tures of PCR primers designed to cover most of the
naturally observed sequence diversity with as few
mismatches as possible.**=3 Different clones
derived from the same amplification reaction, even
starting from cDNA derived from one particular
hybridoma clone, may show considerable sequence
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variability in the first few residues at the N termi-
nus of either domain, since different molecules in
the degenerate primer set may hybridize produc-
tively. The C-terminal primers are usually less
problematic, since they are commonly directed to
sequences within the constant domains of the anti-
body or within the very conserved framework 4
region and therefore cannot affect the variable
domain sequences. While in many cases the result-
ing scFv fragments are fully functional,*’ in other
cases these PCR-induced sequence changes
resulted in impaired antigen-binding, poor
production yields and decreased thermodynamic
stability.”

Particularly the residue in position H6, a buried
glutamine or glutamate residue, has been found
repeatedly to have a strong effect on antibody
functionality. The PCR-induced substitution of GIn
H6 by Glu decreased the production yield of the
scFv derived from the murine hybridoma OKT3
30-fold, while antigen-binding was not affected.?
The same PCR-induced substitution also affected
the folding efficiency of several anti-hCG (human
chorionic gonadotropin) scFvs and Fab fragments
belonging to the Vi;2A subgroup,”” impairing both
periplasmic production of the scFv in E. coli and
refolding from inclusion bodies. In this case,
antigen-binding was also abolished. The problem
could be relieved partially by changing some other
FR 1 residues to the Vy1A consensus sequence,
which usually contains Glu in position H6. The
additional mutations (Lys H14 (H13) to Ser, Lys
H20 (H19) to Thr and Met or Ile H21 (H20) to Leu)
restored some antigen-binding capability. On the
other hand, de Haard et al.* reported that
“analysis of the structures did not reveal any
notable differences between related antibodies
with either Gln or Glu at position H6”, which
clearly conflicts with our observations. Langedijk
et al.*® noted the effect of the Gln H6 to Glu substi-
tution relative to the putative germline sequence
on the stability of the scFv, and went back to deter-
mine the protein sequence of the original mono-
clonal antibody to verify that the substitution was
indeed induced in the cloning step and was not the
result of a somatic mutation introduced and
selected during B-cell maturation.

Since most of the examples described in the
literature of such a substitution resulting in
impaired functionality have been sequences in
which a germline-encoded glutamine residue was
replaced by a glutamate residue, it has been
suggested that putting a negatively charged gluta-
mate residue into the core of the Vg domain
would always have a strongly destabilizing effect,
and that this might be the reason for the effect the
substitution has on production levels, stability and
functionality of these antibodies.?® However, in our

+ http:/ /www.mrc-cpe.cam.ac.uk/imt-doc/
1 http:/ /imgt.cnusc.fr:8104/
§ http:/ /www.ibt.unam.mx/vir/V_mice.html

hands, some of the best antibody scFv frameworks
in terms of production yield (4D5*') and stabilit
(disulfide-restored ABPC48 and derivatives*?~#
are sequences that contain a germline-encoded Glu
in position H6. The unusual unpaired Vy domains
(Vin) of some camelid antibodies,*>*¢ which have
been proposed to have an exceptionally high ther-
modynamic stability,*” all carry a glutamate and
not a glutamine residue in this position, contradict-
ing the assumption that a glutamate residue in
position H6 is generally unfavorable for an anti-
body. The stability of the human Vy3 consensus
construct encoded in the synthetic HuCAL Vi3
framework,'? also containing Glu H6, in combi-
nation with a suitable CDR H3 sequence, compares
favorably with even the best of the camelid Vi
domains (S. Ewert et al., unpublished results).
These “good” scFv fragments all have a type II FR
1 structure.

Conclusions

As far as can be seen from an analysis of existing
variable domain structures, the structural variabil-
ity observed in the framework 1 region of the
immunoglobulin domains is a direct consequence
of the hydrogen bonding requirements of the bur-
ied hydrophilic residue in position 6. Depending
on whether this residue is glutamine or glutamate,
the main chain between residues H7 and HI11
(H10) is twisted out of the optimal torsion angle
range needed to continue the antiparallel B-sheet.
The main-chain conformation in positions H7 to
H11 (H10) is modified by the presence of glycine
and proline residues in these positions. Different
hydrogen bonding to Glu/GIn H6 also orients the
mostly buried side-chain of Thr H143 (H107),
which either forms a hydrogen bond to the main-
chain carbonyl group of H7 or to the solvent.
Together, these interactions cause the different fra-
mework 1 conformations. Out-of-context mutations
will lead either to an incompatible combination of
amino acids in these positions (e.g. Glu H6-Pro H7
or Glu H6-Ala H10 (H9)) or to steric problems, as
an altered FR 1 clashes with the clan-specific core
packing, explaining the destabilizing effect of such
mutations. GIn H6 is relatively permissive concern-
ing the identity of the amino acids in positions H7
and H10 (H9), while Glu has more stringent
requirements: H7 cannot be a proline residue, and
H10 (H9) requires a positive phi torsion angle com-
patible onlgl with a glycine residue in this position.
Jung et al.** have experimentally verified the causal
relationship that we postulated on the basis of the
observed correlations.

Materials and Methods
Databases

The databases VBASE{ (Ian Tomlinson) and IMGT}
(Marie-Paule Lefranc) for human germline sequences,
ABGS§ (Juan Carlos Almagro) and IMGT] (Marie-Paule
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Lefranc) for murine germline sequences and the Kabat
database?*¥t for rearranged sequences were down-
loaded from the appropriate internet sites, and the Vi
and V| sequences were extracted. Since the Kabat data-
base contains a large number of incomplete sequences
and sequences with a large fraction of undetermined
residues, these were eliminated before any statistical
analysis was performed. All sequences were converted
to a GCG (Wisconsin Package V.9.0, Genetics Computer
Group, Madison, Wisc., USA) compatible format and
aligned and sorted according to their degree of related-
ness using the PILEUP program (GCG). The aligned
sequences were imported into EXCEL (Microsoft) and
the sequence alignment corrected either manually or
with the help of Visual Basic macros to conform to the
sequence alignment derived from the structural align-
ment of the immunoglobulin variable domains (see
below). Antibody X-ray structures and the correspond-
ing sequences were downloaded from the Protein Data
Bank (PDB, at the Research Collaboratory for Structural
Bioinformatics (RCSB)).

Renumbering the PDB files to achieve a consistent
residue numbering scheme

To facilitate the automation of the structural analysis,
the immunoglobulin coordinate files were dissected into
individual domains (Vy, C;, Vy, Cy, antigen) and the
residue numbers changed to match the numbering
scheme described in the accompanying paper.! This
renumbering was achieved with a series of EXCEL
(Microsoft) Visual Basic macros which, from a series of
PDB files, extract the sequences into a sequence align-
ment. This alignment can be gapped either manually or
using alignment programs such as the PILEUP-module
of the GCG package. The numbering scheme entered in
the header row of the sequence alignment is then applied
to all the PDB files represented in the sequence align-
ment. The PDB files containing individual domains were
reassembled into Fv, liganded Fv, Fab and liganded Fab
fragments, as far as the original data allowed. Renum-
bered and aligned PDB files of immunoglobulin domains
will be made accessible on our Web sitej.

Structural alignment of immunoglobulin domains

To achieve a reproducible structural alignment, the
structurally least variable C* positions within the immu-
noglobulin variable domains were determined by an
iterative structural alignment using the program InsightII
(MSI/Biosym, San Diego, USA). The C* coordinates of
residues L3-L6, L20-L.24, L41-147, L51-L57, L78-L82, L89-
L93, L102-L108 and L138-L144 in the V| domain or H3-
He6, H20-H24, H41-H47, H51-H57, H78-H82, H89-H93,
H102-H108 and H138-H144 in the V}; domain (consensus
residue numbering'), corresponding to residues L3-L6,
L20-L24, L33-L39, L43-L49, L62-L66, L71-L75, L84-L90
and L97-L103 in the V; domain and H3-H6, H19-H23,
H35a-H40, H44-H50, H67-H71, H78-H82, H88-H94 and
H102-H108 in the Vy; domain according to the Kabat
numbering scheme, were used for least-squares super-
position of the domains. From these aligned sets of
domains, lists of torsion angles, main-chain and side-

+ http:/ /immuno.bme.nwu.edu/
I http:/ /www.unizh.ch/biochem/Databases
§ http:/ /wolf.bms.umist.ac.uk/naccess/

chain hydrogen bonds and residue and atom solvent-
accessible surface areas were generated and analyzed.

Computer programs

Automated sequence alignments and similarity
searches were performed using the appropriate modules
of the GCG program package (Wisconsin Package V.9.0,
Genetics Computer Group, Madison, Wisc. USA). Mod-
eling and structural alignments were performed using
the program InsightIl versions 98 and 2000 (MSI/
Biosym, San Diego, USA). To determine residue
solvent-accessibility, the program NACCESS§ was used.
EXCEL (Microsoft) Visual Basic utilities were written to
combine, evaluate and visualize the data from the differ-
ent analyses and to generate scripts to automate the
comparative analysis of a large number of X-ray
structures in InsightII
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