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The N-terminal segment (FR-H1) of the heavy chain (Vy) of antibodies
shows significant conformational variability correlating with the nature
of the amino acids H6, H7 and H10 (Kabat H9). In this study, we have
established a causal relationship between the local sequence and the
structure of this framework region and linked this relationship to import-
ant biophysical properties such as affinity, folding yield and stability. We
have generated six mutants of the scFv fragment al2, covering some of
the most abundant amino acid combinations in positions H6, H7 and
H10 (according to a new consensus nomenclature, Kabat H9). For the
al2 wild-type (w.t.) with the sequence 657510, and for two of the
mutants, the X-ray structures have been determined. The structure of the
triple mutant al.2-6g7510 shows the FR-H1 backbone conformations pre-
dicted for this amino acid combination, which is distinctly different from
the structure of the w.t, thus supporting our hypothesis that
these residues determine the conformation of this segment. The mutant
al2-6;7p105 represents a residue combination not occurring in natural
antibody sequences. It shows a completely different, unique structure in
the first B-strand of Vy, not observed in natural Fv fragments and forms
a novel type of diabody. Two Vi domains of the mutant associate
by swapping the first f-strand. Concentration-dependent changes in Trp
fluorescence indicate that this dimerization also occurs in solution.
The mutations in amino acids H6, H7 and H10 (Kabat H9) influence the
dimerization behavior of the scFv and its thermodynamic stability. All
the observations reported here have practical implications for the cloning
of Fv fragments with degenerate primers, as well as for the design of
new antibodies by CDR grafting or synthetic libraries.
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Introduction

The overall fold of the antibody variable
domains is strongly conserved, as can be deduced
from the large number of X-ray structures available
in the Brookhaven Protein Data Bank (PDB).
Currently (June 2000), the PDBY contains the 3D
structures of 281 Vi domains representing 181
non-identical sequences, 269 V, domains represent-
ing 183 non-identical sequences and 56 V,-domains
representing 28 non-identical sequences. In study-
ing the structural variability of these domains,
most of the attention has been focused on the three
hypervariable regions that form the majority of the
antigen contacts and were thus termed comple-
mentarity-determining regions (CDR 1-3).'2

A subset of the framework residues, consisting
of the residues that are characterized by compara-
tively low sequence variability and are well
embedded in the hydrogen bonding network of
the two beta-sheets defining the immunoglobulin
structure, shows particularely low structural varia-
bility between different molecules (low deviation
of 3D aligned structures from the average
structure’) and low structural flexibility within
individual molecules (low B-factors and compari-
son of different structures of the same antibody).
Forming a highly conserved core structure (aver-
age rms deviation from the average C* position for
all the the Vy domains in the PDB database,
0.40 A), these C* positions can be used as a refer-
ence system, relative to which conformational
difference between the frameworks can be ana-
lyzed and described.> Besides these highly con-
served framework residues, there are other parts of
the framework that show a significant structural
divergence between the different germline clans
defining the immune repertoire of man and mouse.

In this study, we investigate the sequence differ-
ences causing the marked structural divergence
observed in the framework 1 region of the anti-
body Vy domain (Figure 2 of Honegger &
Pliickthun,* and see Figure 3(b)), and their influ-
ence on stability and production yield. Saul and
Poljak® described the correlation between three of
the characteristic main-chain conformations occur-
ing in human Vy; domains and the type of amino
acid found in positions H10 (H9)} and H74 (H67)
as well as the side-chain orientation of the residues
in positions H10 (H9), H19 (H18), H74 (H67) and
H93 (H82). Honegger & Pliickthun* confirmed this
correlation and extended it to include residues H6
and H7. Based on the conformation of the polypep-
tide backbone between residues H6 and HI12
(H11), they grouped human Vy; domain into three
and murine Vy; domains into four distinct structur-
al subtypes (type 1 to IV) that strongly correlate
with the type of amino acids at positions H6, H7

+ http:/ /www.rcsb.org/

and H10 (H9) in the published structures. The sub-
types can be characterized by the most prevalent
amino acids at positions H6, H7 and H10 (H9):
657510p (type I), 6575105 (type II), 65759, (type 1II)
and 647p10,4 (type IV).

Several researchers observed drastic effects of
mutations affecting residue H6 on antibody func-
tionality and stability.®~® H6 is either a glutamine
or a glutamate residue in almost all Vy; sequences.
Kipriyanov et al” found that repair of a primer-
induced GIn to Glu substitution markedly
improved expression yield and shelf-life. Langedijk
et al.? could compensate the stability loss in a Vi
lacking the conserved disulfide bridge by a gluta-
mate to glutamine exchange at position H6, revert-
ing a similar substitution. Brégérere et al.® observed
a severe decrease in stability caused by a primer-
induced Gln H6 to Glu exchange, and de Haard
et al® even found a complete loss of binding and
severe in vivo folding problems caused by an
amino acid exchange at position H6 towards gluta-
mate. In all four cases, the nature of the amino acid
at position H6 had been changed accidentally by
degenerate primers during the cloning of the gene
for the expression of a recombinant protein. Lange-
dijk et al® first pointed out that the different
H-bonding requirements of the two amino acids
could be satisfied only by different side-chain con-
formations of Glu and GIn.

To address the question of whether the amino
acids in positions H6, H7 and H10 (H9) indeed
cause a particular framework conformation, as pos-
tulated by Honegger & Pliickthun,* or whether the
observed correlation is just an effect of both local
sequence and global structure being dependent on
the overall sequence context determined by the
germline clan, we introduced different residue
combinations into a scFv fragment of known struc-
ture to evaluate their influence on antigen affinity,
production yield, stability and structure. The scFv
fragment al.2 served as a model system for this
study, as its crystal structure was available.' This
scFv is one of several anti-p-lactam scFv fragments
that had been isolated from a murine immune
library by phage display'! after immunization with
ampicillin. In addition to the wild-type (w.t.) alL2
(type IV 64575104), we determined the X-ray struc-
tures of a mutant in which H6, H7 and H10 (H9)
had been changed to the consensus pattern of a
different subtype (type II 6:7510;) and of a mutant
representing a combination not observed in natural
antibodies (657p105), and analyzed the effects of
these and other mutations on biophysical proper-
ties such as affinity, thermodynamic stability and
folding efficiency.

1 For residue numbering, the unified numbering scheme introduced by Honegger & Pliickthun® is used
throughout. In addition, the traditional Kabat numbering is indicated in parentheses.
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Table 1. Allowed combinations of residues

Type Hé6 H7 H9 H10
I Glu Not Pro Gly Pro
I Glu Not Pro Gly Gly
I Gln Not Pro Gly Any
v Gln Pro Gly Any
Results completely reversible for all constructs, as indi-

The aL2 model system

The ampicillin-binding scFv al2 was derived
from a phage display library prepared from immu-
nized mice and was characterized in great detail,
including the determination of its X-ray structure.'”
In cloning this antibody, a series of closely related
scFvs with Vy domain sequences belonging to
either structural subtype III (657510,) or the less
prevalent subtype IV (657p10,) were isolated. The
25 most closely related murine germline sequences
found in the ABG databasef all showed the
sequence pattern characteristic for subtype IV
(607p10,), and analysis of the primers used for
cloning'' revealed that the sequence diversity in
this position could well have been introduced by
the primer mix used for PCR, although a somatic
mutation introduced before cloning cannot be
excluded.

The al2 scFv was chosen as a model to study
the relationship between local sequence changes
and the FR-HI1 structure. To test the hypothesis
that residues H6, H7 and H10 together determine
the structural subtype of Vy, independent of the
global sequence context defined by the germline
clan, these residues were mutated by PCR muta-
genesis to the consensus amino acids diagnostic for
the four structural subtypes I to IV found in natu-
ral antibody sequences (Table 1), as well as to
some combination not normally found in anti-
bodies. The mutants listed in Table 2 were
expressed in the periplasm of Escherichia coli and
purified either by hapten affinity chromatography
as described by Burmester et al.'° or by a combi-
nation of Ni* "-NTA chromatography and cation-
exchange chromatography (see Materials and
Methods). The w.t. al2 (657p10,) was produced
with reasonable yields in the periplasm of E. coli
(200-700 pg per absorbance unit), while the pro-
duction yields of the mutants were significantly
lower (Table 2).

Biophysical characterisation of the aL2 w.t.
and its mutants

The thermodynamic stability of the mutated
scFvs was determined by urea denaturation. The
shift of the fluorescence emission wavelength max-
ima was plotted against the urea concentration for
all mutants (Figure 1). The urea denaturation was

+ http:/ /www.ibt.unam.mx/vir/V_mice.html

cated by identical curves measured in denaturation
and renaturation experiments (data not shown).
Antibody scFvs fre%uently show complex urea
denaturation curves.'*~'* Dependent on the differ-
ences in the intrinsic stabilities of the V; and Vg
domains, as well as on the contribution of the
dimer interface to the overall stability, they can
show anything from a fully cooperative unfolding
transition, best described by a simple two-state
model, to complex multi-state unfolding
transitions. As a consequence, the AG values
derived from such curves have to be treated with
caution.'?'* Interpretation of the measured dena-
turation curves for al.2 and its mutants by a three-
state model did not yield a significantly better fit
than a two-state model. Therefore the AG and m
values listed in Table 2 were derived from a fit to a
two-state model.

The w.t. al2 (657p10,) was the most stable of
the alL2 variants tested and with a denaturation
midpoint of 5.6 M urea and a AG of 78 k]/mol, its
stability compares favorably with other antibody
single-chain fragments. The mutant al.2-657p10p
was only slightly less stable than the w.t.. Structu-
rally, it should fall into the same subtype (type IV)
as the w.t. aL2-657510,. Replacement of glutamine
residue H6 by glutamate led to a significant desta-
bilization. The non-natural combination al2-
657p10p was the least stable of the mutants tested,
with a denaturation midpoint of 4.0 M, while the
consensus combinations 6g7510p (type 1) and
6£7510¢ (type II), and the non-natural combination
657p105 showed intermediate stabilities with dena-
turation midpoints of 44 M to 4.7 M urea. In all
combinations tested, the variant with a proline
residue in position H10 (Figure 1, open symbols)
was somewhat less stable than a similar construct
with a more flexible Ala or Gly residue in this pos-
ition (Figure 1, filled symbols).

Hapten binding constants

The al2 scFv contains seven tryptophan resi-
dues. Of these, two are located in highly conserved
positions (L43 (L35) and H43 (H36)) buried in the
core of the domains. The fluorescence of these two
residues is highly quenched in the native structure.
The other five tryptophan residues are all located
within or in close proximity to the antigen-binding
pocket. The unliganded w.t. alL2 scFv showed a
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Table 2. Biophysical characterization of scFv al.2 and its Vi; mutants

Midpoint urea

Expected Yield denaturation (M) AG m
al.2-mutant structural subclass (ng/1 A) Kp M) (Anax-plot) (kJ/mol) (kJ/mol M)
607p104 v 200-700 1.6 x 10~ 5.6 78.1 14.0
6q7p10p v 60 1.4 x 107 5.3 447 8.4
6575105 i 50 -2 47 375 8.0
657510, I n.d. 33 x 1076 45 289 6.4
657510 ? 10-40 - 44 33.0 7.5
6575105 ? 30 A 40 254 6.3

n.d., Not determined.

* Not evaluated quantitatively from fluorescence titration experiments due to a biphasic intensity curve.

strong tryptophan fluorescence, which was
quenched upon binding of the hapten ampicillin
(Figure 2(a)). This allowed the direct determination
of antigen dissociation constants by fluorescence
titration. In independent preparations, the dis-
sociation constant of ampicillin was determined to
be between 15x107° M"Y and 1.6 x107° M
(Table 2). The Ky, of the mutant al.2-657510p was
found to be 1.4 x 107° M and is thus indistinguish-
able from the affinity of the w.t.

The K, titration curves of the constructs carrying
glutamate in position H6 showed a different beha-
vior. Initially, upon addition of small amounts of
ampicillin, the fluorescence intensity, corrected
numerically for the change in scFv concentration,
decreased with a similar dependence on hapten
concentration as for the w.t., consistent with a Ky
very similar to that of the w.t. aL2 (Figure 2(a)-(c)).
Upon addition of larger amounts of antigen,
however, the fluorescence increased again, in
some cases to values significantly higher than the

starting value (Figure 2(b)). For the mutant
al.2-6:7510p, a K of 3.3 x 107 M was determined,
for the constructs al.2-6;75105, al.2-6;7,10; and
al2-6;7p10p, a reliable fit was not possible. To
determine the cause of this unexpected fluor-
escence change, P-lactamase, which hydrolyzes
ampicillin to a product no longer recognized by
the antibody, was added at the end of the titration
(Figure 2(c)). While the fluorescence quenching by
the hapten could be reverted by addition of B-lac-
tamase, the fluorescence increase was not affected
by the addition of B-lactamase, indicating that it is
an effect of the antibody dilution, even though the
data are already normalized for the volume
increase. Indeed, this fluorescence increase did not
depend on the addition of ampicillin. “Titration”
of al2 with a buffer solution not containing any
ampicillin, i.e. a simple dilution, led to a similar
fluorescence increase (Figure 2(c)). This effect,
first observed in al2-6;57510;, was even more
marked in mutants al.2-657,10; and al.2-657p10p.

1.0 o al2-6q7p10,
b --O-- aL2-6Q7p10p
0.8-] —a— al2-6g7410g
8 . --a-- al2-6g7510p
S ] —— al2-6g7p10g
...g 0.6— -<-- aL2-6g7p10p
S i
[
O 0.4
©
©
} S
L 0.2+
0

Figure 1. Comparison of the intrinsic stabilities of alL2 mutants by urea equilibrium denaturation curves of w.t.
al.2-647p10, (@) and mutants al.2-697p10p (O), aL2-6£7510¢ (A), al2-6g7510p (A), al2-6575105 (@) and al.2-67p10p
(<) monitored by the shift of the emission maximum wavelength of the intrinsic protein fluorescence as a function of
urea concentration and fitted according to Pace.® Numeric values for AG and m derived from these curves are listed
in Table 2.
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Figure 2. Ampicillin titration curves of the different
al2 mutants monitored by the change of the intrinsic
protein fluorescence. The fluorescence values are cor-
rected for dilution and are normalized to the fluor-
escence value measured in the absence of any ampicillin
(100 %). (a) Binding of ampicillin to w.t. al.2-657p10,
(@) and mutants al.2-647p10p (O), al.2-657p10, (#) and
al2-6:7510, (). (b) Titration of mutant al2-657,10p
with ampicillin. (c) Titration of al.2-657510; with ampi-
cillin (¢) or with buffer not containing any hapten(®).
Fluorescence intensity measured after addition of B-lac-
tamase ([J) to the sample with the highest ampicillin
concentration.

Apparently, the mutant al2 molecules showing
this non-linear dependence of fluorescence inten-
sity on protein concentration interact in a fast
dimerization or multimerization equilibrium,
which affects their intrinsic fluorescence. Dilution,
leading to an equilibrium shift towards the mono-
meric species, leads to an increase in the molar flu-
orescence intensity (data are always corrected for

dilution). Unfortunately, other methods to verify a
fast monomer-dimer equilibration did not give pre-
cise results. Light-scattering measurements con-
firmed that the protein solution was not
monodisperse, indicating the presence of dimers
and higher aggregates (data not shown). Gel-fil-
tration chromatography of the al2 scFv and its
mutants did not yield any information on the size
distribution of the aggregates, since the protein
bound to the Superose and Sephadex column
materials and eluted at an apparent molecular
mass less than the expected monomeric molecular
mass.

Crystallization and structure determination

The wild-type al2 and two of the mutants
yielded crystals of sufficient quality to determine
their structure by X-ray crystallography. Other
mutants either failed to crystallize under the con-
ditions tested or yielded crystals of insufficent size
and quality. Details of the successful crystallization
and structure determination of w.t. al.2-657510,
and of the two mutants al.2-6;7,10; and al.2-
657510 are described in an accompanying paper.'®
Data collection and refinement statistics for the
mutants are summarized in Table 3. The mutant
al2-6;7p10p did not crystallize under any of the
conditions tested, and al2-657p10p yielded only
small crystals of insufficent quality for crystallo-
graphic analysis.

Structure

The w.t. aL2 scFv has an extremly short CDR H3
(only three residues) as well as a short CDR L1,
resulting in a compact structure with little main-
chain flexibility. The structures of w.t. al.2-657p10,
crystal forms 1 and 2, alL.2-6575105 and al.2-6575104
could be superimposed by a least-squares fit of the
C* positions of residues L1-L147 and H11-H148
(Kabat L1-L106 and H10-H112) with rms devi-
ations of 0.39 A (w.t. forms 1 and 2), 0.50 A (w.t.
form 1 and al2-6575105) and 0.57 A/0.77 A (w.t.
form 1 and al.2-657,10 first and second molecule
in asymmetric unit) (Figure 3(a)). Residues H1-H10
(H9) were not used for superpositions, since, as
expected, the conformation in this region differed
between the w.t. and the two mutants.

In the crystals of w.t. al.2-657510, crystal forms
1 and 2, and in the mutant al2-6;75105, crystal
contacts are obstructing the antigen-binding site.
FR-H1 (residues H14-H20, Kabat H13-H19) and
FR-H3 (residues H75-H81 and H92-H99, Kabat
H64-H70 and H81-H85) of the Vy domain of a
symmetry-related molecule packed against the
antigen-binding site in such a way that all six
CDRs were involved in crystal contacts (depicted
in Figure 4 of Burmester et al.'®). In the w.t. aL.2-
6q7p10,4 crystals of form 1, grown in the presence
or absence of hapten, a molecule of methylpentane
diol (MPD) occupied what remained of the
antigen-binding pocket. In w.t. al2-657510,
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Table 3. Data collection and final refinement statistics

al2-mutant 6575104

al2-mutant 6575105 al2-mutant 657510

form 3-free form 3-complex form 4-free
Space group P2,2,2, P2,2,2, P4,2,2
Molecules/a.u. 2 2 1
Data collection
Vy (A%/Da) 2.40 2.40 243
Data resolution 13-2.75 13-2.40 20-1.85
Observations 81,293 93,952 303,033
Unique 14,189 20,445 21,449
Completeness (%)* 97.5/90.7 98.0/82.8 98.8/98.8
Ryym (%)? 11.0/40 8.2/22.5 8.2/27.5
Refinement
Reflections 13,978 19,137 20,522
Resolution 13-2.75 13-2.40 18-1.85
R-value/R-free (%) 17.7/25.7 20.5/27.7 23.0/27.0
Atoms 3400 3400 1812
Solvent atoms 110 298 104
B-factors (A?)
Main-chains 31.3 209 31.0
Side-chains 35.0 23.8 35.0
Solvent 345 29.5 46.0
rms deviations
Bonds (A) 0.010 0.011 0.013
Angles (deg.) 1.60 1.58 1.80
Dihedral (deg.) 26.7 26.8 27.7
Improper (deg.) 0.90 1.16 1.10
Ramachandran regions®
Most favored (%) 84.0 85.0 88.2
Additional (%) 155 145 11.2
Generously allowed (%) 0 0 0

Disallowed (%) 0.5 (Ala L67)

0.5 (Ala L67) 0.5 (Ala L67)

2 QOverall/last shell.
b With PROCHECK.%°

crystals of form 2 and in the crystals of al2-
657510, the pocket contained disordered solvent.
This crystal packing was clearly not compatible
with antigen-binding, as an ampicillin molecule in
the binding pocket would overlap with the Vy
domain obstructing the binding pocket. In the crys-
tals of mutant al.2-6;7,10,, different crystal con-
tacts dominated, leading to a packing that was
compatible with hapten binding. Ampicillin could
be soaked into preformed crystals, and the struc-
ture of the complex could be determined. The hap-
ten bound into a deep pocket along the pseudo 2-
fold axis of the V;/Vy heterodimer in such a way
that the phenyl ring of ampicillin bound into the
same position as the MPD molecule in the w.t.
form 1 crystals (Figure 3(a)).

As predicted, the main-chain conformation of
FR-H1 w.t. al.2-657p10, and mutant al.2-6575105
differed. Figure 3(b) summarizes the predicted con-
formation for the four consensus patterns,
Figure 3(c) shows the actual conformations
observed in the structures of aL2 and its mutants.
While in the two wild-type structures (indicated in
green and yellow), FR-H1 clearly assumed a type
IV conformation, FR-H1 of the mutant al.2-6575105

showed the predicted type II conformation. In the
mutant al.2-6;7,10;, with a combination of amino
acids in positions H6, H7 and H10 not observed in
natural antibodies, a novel FR-H1 conformation
was observed. Residues H1-H10 did not pack into
their own Vy; domain, but pointed away from the
domain (Figure 3(a)). Instead, the corresponding
residues of the second scFv in the asymmetric unit
(H1'-H10') packed into their w.t. position
(Figure 3(c)), while H1-H10 of the first molecule
packed into the second molecule, resulting in a
strand-swap (Figure 4) and the association of the
two scFvs in the asymmetric unit into a novel form
of diabody.

Residues H1’ to H4' of the swapped strand
assumed positions very similar to residues H1 to
H4 in the w.t. structure. Residues H2' and H#4'
pointed into the core, while residues H1" and H3'
were exposed. For residue HY', the conformation in
the swapped strand of the mutant was different
from that of residue H5 in the cognate strand of
the w.t. In the first B-strand of the w.t. domain,
which is part of the outer pB-sheet of the immuno-
globulin domain in a normal type IV conformation,
glutamine H5 was fully exposed on the surface of
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Figure 3. Overview of al.2 w.t. and mutant structures. (a) Superposition of the structures of w.t. al.2-657p10, crys-
tal form 1 (yellow) and form 2 (green), aL2-6,7510; (orange) and al.2-657510¢ (red) by a least-sqares fit of the C* pos-
itions of residues L1-L147 and H11-H148 (Kabat L1-L106 and H10-H112). A double-headed arrow links the position
of the N terminus of the Vy; domains of al.2-657510, and al.2-6:7510, and the N terminus of the Vy; domain of al.2-
657p10g, emphasizing the conformational change. (b) Structural diversity of the FR-H1 segment in natural antibodies:
type I (magenta), murine Fv fragment of antibody D1.3 (C. Marks et al., unpublished results, PDB entry 1A7N, 2.0 A
resolution); type Il (pink), human Fab B7-15A2* (PDB entry 1AQK, 1.84 A resolution); type III (cyan), murine Fab
2e8%? (PDB entry 12E8, 1.9 A resolution); type IV (blue), first Fab fragment (chain B) in a murine idiotype-anti-idio-
type complex®® (PDB entry 1CIC, 2.5 A resolution). (c) Structural diversity of the FR-H1 segment in the al2 con-
structs: w.t. al.2-657p10, crystal form 1 (yellow) and 2 (green) correspond to the type IV consensus structure, al.2-
657510 (orange) to the type II consensus structure and al.2-6;7p105 (red) shows a novel diabody structure in which
the N-terminal segment is provided by a neighboring molecule.
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Figure 4. (a) A representation of the strand-swap in
al2-6;7p105 resulting in a novel diabody structure:
while in w.t. al.2-647510,4, as in all normal Vi domains,
the N-terminal segment (residues H2-H7) forms the first
strand of the outer B-sheet of the domain, in the crystal
structure of al.2-6;7,10;, the Vi domains of the two
scFvs in the asymmetric unit have exchanged their N-
terminal segments in such a way that the N-terminal
segment of one Vy; domain participates in the outer B-
sheet of the other Vi domain. (b) Interaction of the two
scFvs in the asymmetric unit of the crystals of mutant
al2-6;7p105. The two Vy; domains are indicated as cyan
and blue ribbons, the V; domains as pink and magenta
backbone traces. Amp indicates the position of the hap-
ten ampicillin. The double-headed arrow indicates the
two N termini that have swapped their positions.

the molecule, while glutamine H6 was buried in
the core of the domain, forming hydrogen bonds
to main-chain atoms of the inner B-sheet and to the
side-chain OH group of Thr HI143 (H107)
(Figure 5(a)). In the mutant al.2-6;7510 structure,
glutamine H5' of the dimer partner was rotated in
such a way that its side-chain amide group took
over the position of the w.t. glutamine H6 side-
chain amide group in the core of the domain
(Figure 5(b)), while the glutamate H6' side-chain
was exposed. Residues H6' to H10' (HY') of al2-
67p10g spanned the space between the two neigh-
boring Vi domains, whereas in the regular Vy
domain structure of the w.t. residues H7-H10 (H9)
formed the transition region of FR-H1 from the
outer to the inner P-sheet of the immunoglobulin
domain.

Hence, the design of a combination of amino
acid residues in positions H6, H7 and H10 (H9)
that do not occur in nature yielded a novel scFv
structure not seen in natural antibodies. The struc-
ture of the framework region in question was
heavily affected, adopting a very unusual, non-
canonical framework structure. The two mutants
al2-al.2-6;7510; and al2-6:7p104 differ by only a
single residue. This finding reveals a key role of
residue H7 in the subtype division. The fact that in
natural sequences Pro H7 never occurs in combi-
nation with Glu H6 could thus be explained by the
X-ray structure of al2-657510c, which indicates
that this residue combination cannot pack in the
canonical V-fold.

Discussion

Antibody Vi domains can be classified into four
distinct structural subtypes (Figure 3 of Honegger
& Pliickthun?), based on their distinct backbone
conformation in the framework region 1 (FR-H1).
The authors demonstrated, by an analysis of the
known Vy structures, the existence of a striking
correlation between the nature of the amino acid
residues H6, H7 and H10 (H9 according to Kabat)
of Vi and the divergent conformations of the poly-
peptide backbone between residues H6 and H11
(H10) (Table 1). While in natural antibodies the
local sequence in these positions, the global
sequence and, as a consequence, the tertiary struc-
ture of the domain all depend on the evolutionary
history of the particular Vy; germline clan coding
for the domain and therefore do not vary indepen-
dently of each other, the nature of the amino acids
found in positions H6, H7 and H10 (H9) led us to
the conclusion that these residues determine the
local framework structure, independent of the glo-
bal sequence context.

In this study, we have confirmed experimentally
that the nature of residues H6, H7 and H10 (H9)
indeed determines the FR-H1 structure indepen-
dent of the global sequence context. Mutants of the
antibody scFv al2 were designed in which resi-
dues H6, H7 and H10 (H9) were changed to con-
form to the sequence pattern defining the four
different structural subtypes (Table 1), as well as to
some combinations not seen in natural antibody
sequences (Table 2). The thermodynamically very
stable single-chain fragment al2-647510, was
classified as type IV by sequence and showed the
expected type IV FR-H1 structure as determined
by X-ray crystallography (Figure 3(c)). Variants of
al2 belonging to type III (657510,) arose spon-
taneously either by somatic mutation or during
cloning and amplification and persisted through-
out the phage display selection of the scFv.'’ Var-
iants al.2-657510p (type I) and al2-657510¢ (type 1I)
were produced by PCR mutagenesis. The mutant
al.2-6;7510 could be crystallized and its structure
determined at 1.85 A resolution.
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H24 H107 HI1 39 Glu H6*

(a)

H102
H11 H145 H11 H145

al2-657p10,(w.1.) al2-6:7p105
Type IV consensus

H102

H24 H107 H139 H24 HAZ3

only if Glu H6
is protonated!

=102
H11 H145 H11 H145

al2-67510, Type Il consensus

Figure 5. Detailed view of the hydrogen bonding pattern involving the side-chain of residue Hé6. (a) w.t. alL2-
6q7p104: the core hydrogen bonding pattern around GIn H6 corresponds to the consensus pattern described for the
structural subtype IV.* The oxygen atom of the side-chain amide group can accept a hydrogen bond from two of the
three main-chain NH groups of residues Gly H142 (H106) and Gly H140 (H104), which form the conserved B-bulge
in FR-H4, and from Cys H106 (H92). The side-chain amide nitrogen atom of Gln H6 donates a hydrogen bond to the
main-chain carbonyl group of Tyr H104 (H90) and to the side-chain hydroxyl group of Thr H143 (H107), which in
turn donates a hydrogen bond to the main-chain carbonyl group of Pro H7. (b) Mutant alL.2-6;75105: residues H1-
H10 point away from the domain. The N-terminal segment of a second molecule replaces the N-terminal strand. Gln
H5' binds into the position of GIn H6 of the w.t. structure in such a way that its side-chain oxygen and nitrogen
atoms assume almost exactly the same positions as the side-chain oxygen and nitrogen atoms of Gln Hé6 of the w.t.
structure. The side-chain of Thr H143 (H107) is rotated into the conformation normally seen in type I and type II
structures. (c) Mutant al.2-6;75105: glutamate H6 has the same side-chain conformation as glutamine H6 in the w.t.
al2. The hydrogen bond to the main-chain carbonyl group of Tyr H104 (H90) can be formed only if the Glu side-
chain is protonated, but the short distance between the two oxygen atoms (2.67 A, Figure 4) suggests strongly that it
is indeed protonated. (d) Type II consensus hydrogen bonding pattern (6;7510;). One oxygen atom of the side-chain
carboxylate group accepts two hydrogen bonds from the main-chain NH groups of Glu H6 and of Gly H142 (H106),
the other from the main-chain NH groups of Cys H106 (H92) and of Gly H140 (H104). The side-chain of Thr H143
(H107) is rotated relative to the conformation seen in the type III and IV structures.
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The kink conformation is determined locally by
residues H6, H7 and H10

Although H6 is always hydrophilic, being either
a glutamine or glutamate residue, its side-chain is
fully buried in the core of the Vi; domain. The two
residue types satisfy their different hydrogen bond-
ing requirements by assuming different side-chain
conformations (Figure 5(a) and (d)). In both cases,
this results in the termination of the first -strand.
In the segment between H7 and H10 (H9), the pep-
tide chain switches from the outer B-sheet to the
inner (dimer interface) p-sheet of the immunoglo-
bulin domain B-sandwich. The exact shape of the
kink in the chain is determined by the flexibility of
the residues in positions H7 to H10 (H9) and by
the presence or absence of a hydrogen bond from
the hydroxyl group in the side-chain of Thr H143
(H107), whose orientation depends on the nature
of residue H6, to the main-chain carbonyl group of
H7.

If the different hydrogen bonding requirements
of glutamate compared to glutamine, modulated
by the steric preferences of the neighboring amino
acids, were indeed the determining factor for the
structural diversity observed in the framework 1
region, we would expect the structure of the
mutant Vi to change from the type IV to the type
I consensus pattern. The Glu side-chain would

H74

H78

H93

H74
H

accept hydrogen bonds from the peptide NH
groups of H6, H106 (H92), H141 (H105) and H142
(H106) (Figure 5(d)) and thus fully satisfy its
hydrogen bonding requirements and compensate,
to some extent, for the deleterious effects of bury-
ing a negative charge in the core of the domain. If,
instead, the steric constraints of the core packing
determined by the global sequence context domi-
nated, in particular the steric relay from H74 to
H78 to H93 to H19 to H10 (H63, H67, H82, H18,
H9) across the B-sheet observed by Saul & Poljak”
(Figure 6), we would expect a main-chain confor-
mation of type III (as expected for GIn H6, Ser H7,
Ala H10) or IV (as in the w.t. scFv), combined with
a Glu-type side-chain conformation of residue Hé.
In the X-ray structure of al.2-657510¢, the main-
chain conformation is shifted, as predicted?, from a
type IV to a type II conformation (Figure 3(c)).
However, the electron density for the H6 side-
chain is very clear and shows a Gln-typical side-
chain conformation, juxtaposing the second oxygen
atom to the main-chain carbonyl group of H104
(H90) (Figure 7). Nevertheless, the Thr H143
(H107) side-chain is rotated with respect to the
consensus conformation found in type I and type
Il structures (Figure 5(d)), with the CH; group
oriented towards the domain core and the OH
group oriented towards the surface of the mol-
ecule. In this conformation, there is no hydrogen

CDRH

CDR H1

CDR H2

¥

H93

}
78
H19

Figure 6. Correlation of FR-H1 conformation with the side-chain conformations and amino acid types across the
core of the Vi; domain.*® (Left) Preferred amino acid types and side-chain conformations for the four structural sub-
types: (type I, magenta; type II, pink; type III, cyan; and type IV, blue. (Right) Side-chain orientation of the different
residues in w.t. al.2-657p10, crystal form 1 (yellow) and form 2 (green), al.2-657510 (orange) and al.2-657p10¢ (red).



V,, Classification Based on Framework |

711

+E 206-CE2

., “E|206 DE1
- s\
(C-296\N

Cys H106 !

Figure 7. Side-chain conformation of glutamate H6 in the crystal structure of mutant alL2. The 2F, — F_ electron

density map was contoured at the 0.9 sigma level.

bond possible from the Thr side-chain to the main-
chain carbonyl group of residue H10 (H9), and the
main chain assumes the type II conformation
defined by the Gly in position H10 (H9).

From the observed change of the FR-H1 main-
chain conformation, we must conclude that this
conformation depends mainly on the possibility of
forming the hydrogen bond between the main-
chain peptide carbonyl group of residue H7 and
the side-chain OH of Thr H143 (H107), modulated
by the steric requirements of the amino acid in pos-
ition H10 (H9), rather than on the steric relay
observed by Saul & Poljak®, which would encou-
rage a type III main-chain conformation. This view
is substantiated by the fact that the side-chains of
the residues involved in this steric relay remain lar-
gely in the type IV-typical conformation (Figure 6),
indicating that the packing of the hydrophobic
core is not disturbed significantly by the mutations.
A deprotonated Glu H6 in the observed confor-
mation would lose two potential hydrogen bonds
compared to the type I and type II side-chain con-
formation, while a protonated Glu side-chain
would lose one hydrogen bond. This loss of poten-
tial hydrogen bonds fits with the observation that
the al2-6;7510; and the al2-6;7,10; mutants are
clearly destabilized compared to the w.t. al2-
6q7p10,, although they are significantly more
stable than the al.2-6;7,10, mutant.

Protonation of Glu H6

None of the core residues surrounding the H6
side-chain correlates in conformation or identity
with the different structural subtypes: Cys H23

(H22), Cys H106 (H92), Trp H43 (H36), Tyr H104
(H90), Gly H140 (H104) and Thr H143 (H107) rep-
resent the most conserved residues in the immuno-
globulin variable domain structure, both in terms
of sequence identity and of side-chain confor-
mation. Only H21 (H20) (Leu, Ile or Val) shows
some variability correlated with the germline clans.
However, the al.2 wild-type contains Leu in this
position, which is also the predominant amino acid
found in the germline family prototypical for the
type II structure. If this residue played any role in
determining the H6 side-chain conformation in the
al2 mutants, it should encourage the Glu-specific
side-chain conformation and not the GIn one. It is
therefore very unlikely that the Gln-like side-chain
conformation is forced on the Glu Hé6 side-chain by
the packing of the surrounding residues.

The observed side-chain conformation can be
explained if Glu H6 was protonated at the pH 5.8
used for crystallization. While this is higher than
the pK, of the y-carboxylate group of a free gluta-
mate (pK, 4.07), the shielded environement of the
fully buried Glu Hé6 side-chain will certainly influ-
ence its pK,. A protonated Glu could donate a
hydrogen bond to the main-chain carbonyl group
of residue H104 (H90) and thus maintain a GIn-
like side-chain conformation. However, it could
not donate the second hydrogen bond to the side-
chain OH group of Thr H143 (H107), which could
therefore rotate into the type I/type II confor-
mation observed. Since in this conformation the
side-chain OH group of Thr 143 (H107) is not able
to form a hydrogen bond to the H10 main-chain
carbonyl group, the main-chain conformation of
H7-H10 can switch to the type II conformation.
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Eight out of 43 structures in the PDB carrying the
Glu H6, Ser H7, Gly H10 combination in its natural
context deviate from the type II consensus confor-
mation of the H6 side-chain. Five of these (PDB
entries 1FGV, 1FVC, 1IGM, 1CLO and 1AIF) show
the same pattern as we observed for Glu H6, Ser
H7, Gly H10, keeping the main chain and Thr
H143 (H107) side-chain conformation. The protein
in 1AIF was crystallized from a stock solution at
pH 4'° with no buffer added with the crystalliza-
tion reagents, 1CLO at pH 5.6,'° 1IGM at a pH
between 6 and 8'7 and 1FGV at pH 6.5.'® The anti-
body 1FVC (antibody 4D5 version 8) was crystal-
lized at pH 7.5, the same pH as the closely related
1FVD and 1FVE, which show the consensus
structure.’® Most of these antibodies were thus
crystallized at slightly acidic conditions, while for
a reference sample of ten antibodies showing the
consensus structure, neutral to basic conditions
prevailed. Despite the unexpected Glu side-chain
conformation, the al2-657510; X-ray structure
showed the predicted change of main-chain confor-
mation, confirming the hypothesis that the local
rather than the global sequence determines the
FR-H1 conformation.

Nature of the dimeric scFv

Mutant al.2-67p10g represents a sequence pat-
tern not found in natural antibodies. A proline resi-
due in position H7 is found only in combination
with glutamine in position H6, resulting in a main-
chain conformation (type IV) closely resembling
that of a V| lambda domain. Although the stability
of this mutant was in the same range as those of
al.2-657510¢ and of al.2-657510p (Figure 1, Table 2),
structural analysis revealed an unconventional con-
formation of FR-H1. The residues H1-H7, which
normally form the first B-strand of the outer B-
sheet of the Vy; domain, were turned out of the
molecule. Instead, residues H1-H5 formed an anti-
parallel B-sheet with residues H22'-H26’ of a neigh-
boring Vi domain, whose N-terminal residues in
turn replaced the first strand of the first molecule,
forming a dimeric scFv (Figure 3). Although resi-
dues H1'-H4' of the second molecule assume the
same positions as the corresponding residues of
the w.t. structure, GIn H5' is turned around, point-
ing into the domain core, with its side-chain amide
group group taking the place of and forming the
same hydrogen bonds as the side-chain amide of
Gln H6 of the w.t. structure, while Glu H6’ of the
mutant is pointing outwards (Figure 5(b)).

This dimerized form is different from the usual
form of diabodies. Normal diabodies result from a
phenomenon termed domain swapping, where the
Vy domain of one scFv is paired with the Vi
domain of a partner scFv molecule and vice versa."
In contrast, the al2 mutant al2-657p105 shows
dimerization by strand swapping, exchanging their
first B-strands of FR-H1, which are mutually parti-
cipating in the B-sheet of the partner molecule.
This dimeric structure most likely is not simply a

crystallization artefact, but present also in concen-
trated solutions. Although the protein concen-
tration of the stock solution used for the Ky
titration experiments (0.1-0.5 mg/ml) is well below
that of the protein solution used for crystallization
(3 mg/ml), the observed non-linear concentration
dependence of the fluorescence intensity observed
in the controls to the antigen titration experiments
and the concentration dependence of the emission
spectrum of the mutants strongly suggest inter-
actions between the scFv molecules. Since the effect
of quenching by the hapten was additive to the
concentration effect and the two effects did not
seem to compete, the atypical concentration depen-
dence is most likely not due to the five tryptophan
residues contributing to the antigen-binding site.
However, two more tryptophan residues (L43
(L35) and H43 (H36)) are located in the cores of the
V. and the Vy; domain. The dimer structure of the
al2-6;7p10; mutant offers a possible explanation
of how the environment and thus the contribution
to the fluorescence spectrum of one of these
remaining tryptophan residues could be altered
without denaturing the domain. The high rate with
which the observed fluorescence increase occurs
(solutions appeared to be in equilibrium directly
after manual mixing), suggests that these novel
diabodies may have much faster equilibration kin-
etics than the classical diabodies. This is plausible,
since the dissociation of a single strand should
require a smaller activation energy than the
dissociation of the Vi; and V| domain.

The conserved tryptophan residue H43 (H36) in
the core of the Vi; domain is located close to Glu
H6 and highly quenched in the w.t. structure.
Upon denaturation of isolated Vi; domains in gua-
nidinium hydrochloride or urea, an increase of flu-
orescence intensity as well as a shift of the
maximum to higher wavelengths is observed. In
the case of mutant al.2-6;7,10, the dissociation of
the N-terminal strand, provided by the second Vy
domain, most probably would affect the side-chain
packing around Trp H43 (H36), and thus reduce
its quenching. Ampicillin binding reduces the flu-
orescence intensity without significantly affecting
the wavelength of the maximum. In the mutants
that show a fluorescence increase upon dilution,
the wavelength of the fluorescence maximum at
high scFv concentrations is higher than for the w.t.,
but shifts to a lower wavelength upon dilution,
suggesting a more w.t.-like conformation at low
concentrations.

Implications for antibody cloning
and engineering

In most of the available primer mixtures used
for the cloning of antibody fragments, position H6
is still covered by the primer, and primer-induced
mutations at this position are seen frequently. This
is underlined by the results of four other studies,
in which degenerate primers exchanged GIn Hé by
Glu.*~® The scFv fragments investigated in these
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studies all belonged to the type III (657510,), and
the mutation of GIn H6 to Glu led to a residue
combination not seen in natural antibodies
(6£7510,), as in Vi domains of type I H10 (H9) is a
proline residue, while for type II a glycine residue
is required. The al2-w.t. belongs to the newly
defined type IV (6¢7510,4).

The effects of a glutamine to glutamate exchange
at residue H6 are not identical in all four examples.
De Haard et al.® and Kipriyanov et al.” reported a
loss of binding affinity, while in the anti-traseolide
antibodies studied by Langedijk et al.” the hapten
binding was not affected. In the aL2 case, the affi-
nity could not be determined for the H6 glutamate
mutants, although qualitative evaluation of the
curves would suggest an affinity at least within the
same order of magnitude as that of the w.t,
consistent with the observation that the confor-
mation of the antigen-binding pocket is not
affected by the mutations.'’ In all cases, the in vivo
folding yields were reduced for the Glu variant
and reduced stabilities were implied. De Haard
et al® did not directly determine the stability of
their mutants. However, they observed reduced
protease resistence of their H6 glutamate mutants.
The hypothesis presented by De Haard et al.,® that
the first B-strand might be a folding nucleus, seems
not very likely in light of the al.2-657,10 structure
(Figure 4). Here, the first B-strand does not even
participate in the framework structure, so that it is
highly improbable that it has taken part in an
intermediary tertiary structure. Moreover, the rest
of the Fv fragment is folded correctly and is identi-
cal with the conventionally structured w.t,
obviously without the need of the FR-HI1 region.
Therefore, this sequence region may be important
for stabilizing the final structure, but not absolutely
necessary for achieving or maintaining the fold,
and therefore cannot be a folding nucleus.

It has been suggested that the burial of a
charged glutamate residue would generally have a
destabilizing effect, and the observed large shift of
the side-chain pK, of the glutamate residue in al.2-
6575105 confirms this notion. However, if one com-
pares the sequences of antibodies reputed to be
particularly “well behaved” (good production
yield, good refolding yields in vitro, high thermo-
dynamic stability), a disproportionally large frac-
tion of these seem to belong to type II. The
humanized antibody 4D5,'® the murine AB48,% the
unpaired Vi domains of camelid antibodies,***
which have been suggested to be of high
stability,” all belong to type I (6575105). In
addition, the stability of the human V3 consensus
construct encoded in the synthetic HuCal Vg3
framework® in combination with a suitable CDR
H3 sequence, compares favorably with even the
best of the camelid V,yy domains (S. Ewert ef al.,
unpublished results), indicating that in these anti-
bodies the potentially deleterious effect of Glu H6
has been compensated in some way in the global
sequence context.

Amongst the glutamate-containing mutants of
al2, the variant al.2-657510;, expressing the type II
residue pattern, was the most stable, although still
destabilised significantly compared to the w.t. aL.2-
607p10,. H6 glutamate definitely is more stringent
in its requirement for the local sequence context: it
is not compatible with a proline residue in position
H7 and requires either a proline or glycine residue
in position H10 (H9). A glutamine to glutamate
substitution therefore almost invariably leads to a
local sequence pattern not normally seen in natural
antibodies, while the effects of a glutamate to glu-
tamine substitution should be less drastic.

These structural findings stress how crucial a
good sequence and primer design is for synthetic
antibodies and antibody libraries. Degenerate pri-
mers should be designed taking this problem into
account, and the amplification PCR must be car-
ried out under stringent conditions.> For the clon-
ing of individual antibody sequences and immune
libraries, and in the humanization of antibodies by
CDR grafting, the structural subclasses defined by
residues H6, H7 and H10 (H9) and the interaction
of these residues with the Vi core packing may
play a crucial role. This was recently underlined by
a graft of the CDRs of antibody MOC31 onto the
4D5 framework.?® In this case, retention of the sub-
type-specific framework residues H6, H7 and H10,
and of the domain core of the Vi; domain of the
CDR donor resulted in significantly enhanced ther-
modynamic stability compared to the classical
graft.

Conclusions

Summarizing the rules for allowed combinations
of amino acids at positions H6, H7 and H10 (H9)
(Table 1), we can state that the amino acids in
these positions define the distinct conformations of
FR-H1. Glu in position H6 is not compatible with a
proline-residue in position H7 and requires either a
proline (type I) or a glycine residue (type II) in
postion H10 (H9). Glutamine H6 is more permiss-
ive and compatible with any amino acid in pos-
itions H7 and H10, although Ser H7 and Ala H10
predominate in natural sequences. A proline
residue in H7 leads to a type IV conformation of
FR-H1, any other residue to a type III confor-
mation. A concerted exchange of position H6, H7
and H10 (H9) from 6475105 to 67510 elicits a
conformational change from type IV to type II,
while the combination 657,105 does not assume
any of the four canonical conformations. Our study
shows clearly that in both cases a destabilization
occurs. This raises the question of whether GIn at
position Hé6 is always more stable than Glu, and
whether Glu is just tolerated in Vy domains that
possess sufficient overall stability. Although all
present data support this notion, this question
waits for a conclusive answer from future investi-
gations of scFv fragments.
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The results obtained from the X-ray structure of
the mutant al.2-6;7510; prove the validity of the
hypothesis that the combination of amino acids at
positions H6, H7 and H10 (H9) determines the con-
formation of the FR-H1 region independent of the
global Vy; sequence context.* Out-of-context
mutations, frequently induced by the primer mix-
tures commonly used for the cloning of individual
antibodies and antibody libraries, can have severe
effects on folding yields and stabilities of the anti-
bodies thus obtained.

With the findings presented in this study, we
have elucidated a new structural subclass division
for Fv fragments with vital importance for such
widely used applications as scFv/Fab library con-
struction from natural sources, CDR-grafting or
complete synthesis.

Materials and Methods

Plasmids and strains

The scFv fragments al.2 and its mutants were cloned
into the plasmid pAK400"! in the orientation V;~(G,S),-
Vy between the unique Sfil restriction sites, resulting in a
construct containing an N-teminal Flag-tag and a C-
terminal His-tag. The mutant antibody fragments were
constructed by site-directed mutagenesis using appropri-
ate primers in a PCR amplification of the heavy chains
with Vent polymerase (New England Biolabs). All PCR-
amplified Vy; fragments were sequenced after recloning
into the expression vector with BamHI and Sfil. For
expression studies of soluble scFvs, the E. coli strain
JM83% was used. For large-scale production of scFv frag-
ments, the E. coli strain SB536% was preferred.

Protein production

Large-scale production of scFv fragments was carried
out in 2YT medium in a 50 I fermenter (Laboratory Pilot
Fermenter model LB351, Bioengineering) at 26°C. Fifty
liters of 2YT medium was inoculated with a 11 overnight
culture containing 35 pg/ml chloramphenicol (Cam) and
20 mM glucose, grown at 25°C. Expression was induced
at an Assg nm, of 4 by addition of IPTG to a final concen-
tration of 1 mM. During the expression, the pH was
adjusted automatically. The cells were harvested at a
final Assy o Of 10. The cells were resuspended in
HBS (20 mM Hepes (pH 7.4), 150 mM NaCl) containing
DNasel and disrupted in a Gaulin homogenizer. The
crude extracts were centrifuged, filtered and purified by
IMAC (Ni-NTA, CQiagen) and subsequent cation-
exchange chromatography (S-Sepharose, Pharmacia).
The protein concentrations were determined by measur-
ing the absorption at 280 nm using the method of Gill &
von Hippel.

Physicochemical characterization

The Ky was determined by fluorescence quenching of
the purified scFv with stepwise addition of ampicillin in
the same buffer (HBS containing 0.005% (v/v) Tween-
20). Five emission spectra from 320 to 370 nm per scFv
concentration were recorded with an excitation wave-
length of 280 nm. The averaged emission intensity at
342 nm was corrected for dilution and evaluated as a

fur;gtion of ampicillin concentration by a two-parameter
fit.”

The thermodynamic stability was determined by equi-
librium denaturation with urea as described.* Samples
(1.7 ml) containing 5 pg of scFv in HBS (20 mM Hepes
(pH 7.4), 150 mM NaCl) in different concentrations of
urea (4 M to 9 M in 0.15 M steps) were incubated over-
night at 10°C and equilibrated to 20°C prior to the
measurements. Five fluorescence emission spectra of
each sample were recorded from 325 nm to 365 nm at
20°C with an excitation of the protein fluorescence at
280 nm, averaged, and the emission maximum deter-
mined by a Gaussian fit. The shift of the emission maxi-
mum with increasing urea concentration was used to
calculate the fraction of unfolded scFv. The resulting
curve was fitted according to Pace.’!

Crystallization

Crystallization trials were performed at 20°C employ-
ing the hanging-drop vapor-diffusion technique and an
exhaustive set of conditions screened, comprising a com-
mercially available bit,** an antibody screen designed by
Stura et al.*® and a local sparse matrix.** Two different
forms of al.2 w.t crystals were obtained from a protein
solution (16 mg/ml) added to 1.75 M (NH,),SO,, 50 mM
sodium phosphate (pH 6.5) containing 5% MPD (form 1)
and from 1.75 M (NH,),SO,, 50 mM sodium phosphate
(pH 5.5) containing 5% (v/v) isopropanol (form 2).
Addition of ampicillin to the protein solution delayed
crystallization by two months and yielded crystals that
did not contain any antigen.'” The mutant al.2-6;7510¢
(2.85 mg/ml) was crystallized in 1.9-2.0 M (NH,),SO,,
100 mM sodium acetate (pH 5.8), 1.5% (v/v) 1,2,3-hepta-
netriol. Fv al.2-657p10; (3 mg/ml) was crystallized from
26 % (w/v) polyethylene glycol 2000 monomethyl-ether,
200 mM ammonium sulfate, 100 mM sodium acetate
(pH 5.0). The structure of the mutant al.2-6;7,10; com-
plexed with the hapten was obtained from -crystals
grown in the absence of the hapten and incubated
repeatedly with mother liquor containing 33 mM
ampicillin.

Data collection and processing

Data sets to 1.8 A resolution were collected on the ID2
beamline at ESRF (Grenoble, France) using a Mar-300
imaging plate detector system (A 0.988 A) on frozen crys-
tals. Crystals were cryo-protected by addition of glycerol
to the mother liquor, 25% (v/v) glycerol for the mutant
al2-6;7510¢ and 14 % (v/v) glycerol for the mutant scFv
al2-6;7p105. The data were indexed and intergrated
using DENZO,® and scaled and merged using SCALE-
PACK and CCP4.% Data collection parameters of all the
crystal forms are summarized in Table 3.

Structure determination and refinement

The scFv mutant structures were determined with the
program AMoRe.*” The models were preliminarily
refined with simulated annealing and torsion angle
refinement to 2.5 A using the program CNS version
0.5.3 The position of each residue was confirmed with
simulated annealing omit map calculations and model
fitting with the molecular graphics program TURBO-
FRODO.* Individual B-factors were refined and one sul-
fate ion, two glycerol molecules and 106 water molecules
were added to the model of the mutant al.2-6;7510. For



V,, Classification Based on Framework |

715

the mutant al.2-6;7510g, the N terminus of the heavy
chain H1-H10 were built into omit maps. Two sulfate
anions, the ampicillin and 298 water molecules were
added to the model.

Protein Data Bank accession numbers

The four al2 scFv structures have been deposited in
the RCSB Protein Data Bank, entries 113G (al.2 w.t. form
1), 1H8N (aL2-657510), 1H8O (aL2-6;57510; unliganded)
and 1HS8S (al.2-657p105-ampicillin complex).
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