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Abstract

A mutational analysis of three co-variant pairs of residues, located at the surface of a single-chain fragment,
variable (scFv), remote from the antigen-binding site, was performed to investigate the tolerance of these
positions to amino acid changes. The replacements consisted of the elimination or addition of charges, or
in their replacement by a charge of opposite sign. As measured by Biacore, antigen-binding kinetics and
specificity were essentially unaffected by the mutations. The purified scFvs remained mostly 100% active
for 14 h, and their sensitivity to guanidinium-chloride denaturation was similar. These observations indicate
that the mutations did not affect antigen-binding properties and that protein folding was conserved. How-
ever, the various scFvs differed greatly in half-life in periplasmic extracts (<4 h to >16 h at 25°C). The
deleterious effect on half-life produced by single mutations could be reversed by introducing a second
mutation that restores the natural combination of amino acids in the co-variant pair, indicating that the
consequence of charge modifications at these locations depends on the sequence context. We propose that
the differences in half-life result from differences in aggregation propensities with other periplasmic pro-
teins, related to the presence of charged patches at the surface of the scFvs. The practical implication is that
changes in surface charge may drastically affect the level of active molecules in complex protein mixtures,
a potentially important consideration in engineering scFvs for biotechnological or medical purposes.
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A mutational analysis of a recombinant antibody fragment
was performed with two aims: (1) to gain a better under-
standing of the relationship between antibody sequence and
function and (2) to identify candidate positions in engineer-
ing antibodies for biotechnological or medical applications.

We are searching for protein engineering rules, appli-
cable to at least a subgroup of antibodies, and have selected

Reprint requests to Daniele Altschuh, UMR 7100-CNRS/ULP “Biotech-
nologie des Interactions Moléculaires” Ecole Supérieure de Biotechnologie
de Strasbourg, Pole API, Bld Sébastien Brant 67400 Illkirch, France; e-
mail: daniele.altschuh@esbs.u-strasbg.fr; fax: 33-3-90-24-46-83.

"Present address: Laboratoire de Biologie Moléculaire et Cellulaire,
Ecole Normale Supérieure de Lyon 46, Allée d’Italie, 69364 Lyon Cedex
07, France

?Present address: School of Molecular and Cellular Biosciences, Uni-
versity of Natal (PMB), Scottsville, 3209 Pietermaritzburg, South Africa.

Article and publication are at http:/www.proteinscience.org/cgi/doi/
10.1110/ps.0209302.

Protein Science (2002), 11:2697-2705. Published by Cold Spring Harbor Laboratory Press. Copyright © 2002 The Protein Society

for mutagenesis residues located within the structurally con-
served framework region, rather than in the highly variable
complementarity determining regions (CDRs) that deter-
mine antigen-binding specificity. The residues in question
are co-variant positions that were identified in an analysis of
antibody germline sequence alignments (Choulier et al.
2000): Two positions are co-variant if the nature of amino
acids at position A is not independent of the nature of amino
acids at position B, indicating the existence of functional
constraints linking these two residues (Altschuh et al. 1987).
The study by Choulier et al. (2000) indicated the existence
of a co-variance signal for framework positions located at
the surface of the variable region. In particular, for two
co-variant pairs identified in mouse antibody germline se-
quences (L18-L74, H46-H62, Kabat numbering), alterna-
tive amino acid types presented large differences in solva-
tion free energy (Table 1), and the two positions of each pair
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Table 1. Alternative amino acid types observed in mouse germline sequences for three co-variant

pairs® and mutants constructed

Alternative Alternative

No. of sequences

Mutations introduced in scFv1F4

Position 1 ~ amino acids ~ Position 2 amino acids (exceptions) Single mutants Double mutants
L18 T QPS/RK® L74 KER/TNSI 42 (0) Q“"®K K1 QM8K-K"41
L24 S/RK L70 S/DQ 42 (2) RY*s  DYOT  R'4s-DY°T
H46 K/EQ H62 DE/KRAST 59 (0) KH4E  DMS?K KMCE-DHO?K

“ Based on the co-variance analysis by Choulier et al. (2000).
® Amino acid types in italics are found only once in the sequence alignment.

were spatially close in the three-dimensional structure of
antibodies (Fig. 1). A third pair (L24-L70) also showed
co-variance of spatially close charged residues, but with
two exceptions in an alignment of 42 sequences (Table 1;
Fig. 1).

The patterns of amino acid changes at the three pairs of
positions indicate that whether a charged residue is or is not
tolerated depends on the nature of the side-chains at the
corresponding co-variant position. For example, the L18-
L74 pair appears to maintain one positive charge and one
only: When position L18 contains a positively charged
amino acid (RK; Table 1, right side in column “alternative
amino acid types”), the spatially close position L74 is un-
charged (TNSI). Conversely, when position L18 is un-
charged (TQPS; Table 1, left side in column “alternative
amino acid types”), position L74 almost always contains a
positive charge (KR). For the pair H46-H62, a positive
charge at position H46 (K) is always found together with a
negative charge at the neighboring position H62 (DE),
whereas H46 E (one Q) is found with either positively
charged (KR) or small polar or neutral side-chains (AST) at

Paratope

Fig. 1. Location of co-variant pairs on a model of single-chain fragment,
variable (scFv)1F4 constructed with program Modeler (Sali and Blundell
1993).
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position H62. Pair L24-L.70 tends to contain either two op-
positely charged residues or two serines.

The six positions were mutated to investigate their influ-
ence on several functional properties: The changes con-
sisted in the removal or addition of a charge, or its replace-
ment by a charge of opposite sign. The amino acid types
introduced at the six positions were chosen among those
occurring in natural sequences, and are therefore known to
be compatible with function in their original atomic envi-
ronment. Residues of each pair were replaced either indi-
vidually or simultaneously (Table 1) to determine whether
single replacements are more deleterious to function than
double replacements, which would support the hypothesis
of a functional significance of co-variance.

The single-chain variable fragment (scFv) 1F4 used for
mutagenesis was elicited against protein E6 of human pap-
illomavirus (HPV) 16 fused to glutathione S-transferase,
and it recognizes a peptide corresponding to the N-terminal
sequence of the protein (Giovane et al. 1999).

Modifying charges at the surface of a protein may affect
various properties. Charged amino acids at protein-protein
interfaces can significantly affect binding free energies of
complex formation, as well as the diffusion-controlled as-
sociation rates (for review, see Gabdoulline and Wade 1999;
Sheinerman et al. 2000). Although the positions mutated in
this study are remote from the antigen-antibody interface,
their influence on the electric field around the scFv that
would affect the association rate cannot be excluded.
Changes in the conformation of the paratope owing to long-
range structural rearrangements could modify the dissocia-
tion rate parameter of antigen binding. A number of studies
have indicated that surface charges may influence the ther-
modynamic stability of proteins (for review, see Pace et al.
2000; Martin et al. 2001), as well as their aggregation prop-
erties (Elcock and McCammon 1998; Yang et al. 1999).
Functional parameters that were analyzed for scFv1F4-WT,
and its mutants are antigen-binding kinetics and binding
specificity, the half-time of antigen-binding activity at
25°C, and the influence of guanidinium-chloride (Gdn-HCI)
denaturation on antigen-binding activity. These parameters
were quantified using the Biacore technology.
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Results

Kinetic measurements

Kinetic parameters in HEPES buffered saline (HBS) were
measured for the interaction of the different scFvs with the
wild-type (WT) peptide antigen and two antigen variants.
Absolute values of the kinetic rate parameters indicate
whether the antigen-binding capacity of the various scFvs is
conserved. The ranking of kinetic rates for binding to the
three peptides reflects the ability of the scFvs to discrimi-
nate between related antigens, and is used to evaluate if their
specificity is conserved. The peptides were WTSC-C,
Q13AE6-C, and R15AFS-C. Kinetic data could be obtained
for all interactions except for the scFvI1F4-D“7°T/
Q13AE®-C interaction because of the low concentration of
active scFv in periplasmic extracts. The range and ranking
of kinetic rate parameters for binding to the antigen variants
were similar for the WT and mutant antibody fragments
(Fig. 2), indicating that binding affinity and specificity were
not significantly affected by the mutations. The largest rate
variations relative to WT were decreases in association rate
parameter observed for the interaction between three mu-
tants and peptide RISAF®-C (scFvIF4-K™°E, —48%;
scFvIF4-EH92K, —43%, scFv1F4-DY"°T, —43%).

The effect on kinetic parameters of changing pH from 6.0
to 8.0 was investigated for five mutants. Both association
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Fig. 2. Kinetic parameters for the interaction of single-chain fragment,
variable (scFv)1F4-wild type (WT) and the nine mutants with peptides
WTEC-C (hatched), Q13AF®-C (grey), and R1SAC-C (white). (A) Asso-
ciation rate parameters. (B) Dissociation rate parameters.
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Fig. 3. Effect of pH changes on association (A) and dissociation (B) rate
parameters for the interaction of five single-chain fragments, variable
(scFvs)1F4 with peptide wild type (WT)E®-C: scFv1F4-WT (*), mutants
K"E (empty squares), K"E/DH?K (solid squares), R***S (empty
circles), and R¥**S/DY°T (solid circles).

(k) and dissociation rate parameters (k.g) were faster at
pH 6 compared to pH 7.4 or 8 for all five mutants (Fig. 3).
The effect on kinetics of temperature was investigated for
three molecules (scFvs WT, KX7*1, and KH4°E-DH2K). The
k,, values measured for the interaction with peptide
WTEC-C at 37°C were comparable to those observed at
25°C (ratio k,,37°C/k,,25°C between 0.4 and 0.9). The k
values were increased by a factor about 10 (ratio k 37°C/
k,25°C between 7 and 13), leading to a weaker equilibrium
affinity (K, = 5x 10* M™).

A Western blot analysis of periplasmic extracts indicated
that the WT and mutant proteins were produced at similar
levels (data not shown). Their active concentrations in
periplasmic extracts varied, however, in particular with time
of incubation at 25°C (see below). The validity of k_, cal-
culations, which require that the concentration of analyte is
known, relies on the evaluation of the active scFv concen-
tration in each preparation immediately before the kinetic
run, a procedure that we apply routinely for kinetic deter-
minations (Choulier et al. 1999). The observation that all
mutants display similar antigen-binding parameters (Fig. 2)
indicates that a proportion of antibody fragments is cor-
rectly folded in all scFv preparations, because any pertur-
bation of the geometry of the paratope should affect binding
affinity. Consequently a simple antigen-binding test can be
applied to monitor changes in active concentration of the
samples in different experimental conditions. We have fol-
lowed the active concentrations as a function of time (half-
life) and as a function of Gdn-HCI concentration.
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Half-life of the antibody fragments

The binding rate of the fragments in HBS containing 200
mM urea was recorded as a function of time at 25°C and
expressed as percentage of the binding rate at time 0, using
sensor surfaces carrying large amounts of peptide. In these
conditions, the binding rate immediately after analyte injec-
tion is directly proportional to the active protein concentra-
tion (Karlsson et al. 1993). Typical data are shown in Figure
4A for the WT and the three mutants of the L.24-L70 pair.
Results from two independent experiments are shown in
Figure 4B for the WT and the three mutants of the H46-H62
pair. Absolute half-life (TAs,) values showed some varia-
tion in independent experiments, with standard deviations
up to 60%, in particular for the mutants with stable activities

A
&
—]
£
ot
-]
2
=]
™
u.
£
-
£
=]
=
&
-]
2.0 ; ; ; . ; .
0 100 200 300 400 500 600 700
Time (min)
B
30001
g 2000
)
s.
¥
= 1000
. A
| b [ N B
o [} Wy E
2 = =R
o fa) M0

Molecules

Fig. 4. Variation of active single-chain fragment, variable (scFv) concen-
trations in periplasmic extracts with time at 25°C. (A) In(% binding rate at
time 0) as a function of time. The scFvl1F4-WT (diamonds) and mutants
R™%S (circles) and R=**S/D"7°T (squares) were used at two initial con-
centrations of 57 and 101, 43 and 95, and 57 and 97 nM, respectively.
Mutant D“7°T (triangles) was used at an initial concentration of 30 nM. (B)
Histogram representation of the TAs, values calculated for scFv1F4-WT
and the three mutants of the H46-H62 pair, in two independent experi-
ments.

2700 Protein Science, vol. 11

Table 2. Half-lives of scFvIF4-WT and of the nine mutants at
25°C in HEPES buffered saline containing 200 mM urea

TAs, SD TA,, relative SD
scFv1F4 (min)? (%) to WT (%)° (%)
Q%K 730 + 305 42 107+6 6
KY741 2455 + 1429 58 343 £ 45 13
QMI8K-KM74 1738 + 537 31 261 +45 17
KH4oE 1935 + 531 27 472 £ 176 37
DHO2K 146 2 2 35+3 9
KH4eE-pHO2ZK 2031 + 667 33 497 £ 211 42
RS 397 + 108 27 91 21 23
DYOT 170 53 31 39+9 23
RL24S-DY7OT 1455 + 780 54 328 + 153 47
WT 556 + 248 44 100

ScFv indicates single-chain fragment; variable; WT, wild type, and TAs,
absolute half-life.

#Mean and SD from two to three independent experiments (four for
scFvIF4-WT).

" Mean of %TAs, values relative to WT calculated from each independent
experiment.

(see scFvs KM°E and KM*°E-DH%’K in Fig. 4B), owing to
the small slope of the In(initial binding rate) versus time
plots. Data are summarized in Table 2 as absolute TAs,
values and as %TA, relative to WT, which was included
as reference in each experiment. The TA,, ranking was
conserved in independent experiments as shown by the
good reproducibility of results expressed in %TA, relative
to WT.

The molecules displayed large differences of their half-
lives in periplasmic extracts (Table 2), and were divided
into three groups. The active concentrations of scFv1F4-
DT and scFv1F4-D"®’K decreased rapidly with time,
with a TA,, relative to WT <40%. Two single mutants
behaved as the WT (Q™'*K, R***S). Two single (K"*°E and
K""*1) and the three double mutants remained active longer
than did scFv1F4-WT, with a TA4, relative to WT >200%.
The absolute TAs, values for the three groups of molecules
were <250 min, between 250 and 1000 min (WT-like), and
mostly >1000 min, respectively. The TAs, values of the
double mutants were always larger than those of one or both
single mutants, indicating that the deleterious effect of
single replacements can be reversed by introducing the sec-
ond replacement of a co-variant pair.

Five fragments with different half-lives at 25°C were se-
lected for measurements at 37°C to evaluate their behavior
at physiological temperature: scFvIF4-WT, scFvs DH%°K
and DT (TAs, <250 min), scFvs K“*I and K"“°E-
DH%2K (TAs, > 1000 min). The half-lives of the scFvs were
reduced about 10-fold at 37°C in the absence of urea, com-
pared to those measured at 25°C in the presence of urea, but
their ranking was conserved: The TA, at 37°C of scFvs
D"?K and DT was not measurable because of a rapid
loss of binding activity. That of scFvs K**I and K"°E-
DHO2K was between 100 and 200 min, compared to 35 min
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for scFv1F4-WT. Therefore, surface charge modifications
may improve the behavior of the molecules in physiological
conditions, despite the reduced half-life and antigen-binding
affinity of the scFvs at 37°C compared to 25°C.

The WT and seven out of the nine mutants were purified
by affinity-chromatography. scFv1F4-D""°T and scFv1F4-
QU'8K could not be obtained in sufficient amounts for fur-
ther experiments. The half-life measurements were repeated
with the purified molecules. Except for mutants D"?K and
R“?*S, which lost ~15% and 35%, respectively, of their
initial activity, all molecules remained 100% active for 864
mn (data not shown), indicating that the decrease in active
concentration over time depends on the presence of other
periplasmic proteins.

Four of the purified molecules (scFvs WT, K741, K"°E,
and K"°E/DH?K) were diluted in the same periplasmic
extract. Their half-lives were measured at 30°C, together
with those of the purified molecules diluted in HBS (data
not shown). The ranking of the TAs, values previously ob-
served for the unpurified molecules at 25°C was repro-
duced, with a TAy, relative to WT > 190% for the three
mutants. These results indicate that although the decrease of
activity in periplasmic extracts depends on the presence of
other proteins, the rapidity of the decrease is related to a
property intrinsic to the scFvs.

The loss of active scFv fragments with time could origi-
nate from proteolysis, denaturation, and/or aggregation. The
TA5, value for scFv1F4-WT was measured in the presence
and absence of a protein inhibitor cocktail. Results are su-
perimposable (data not shown), indicating that the decrease
in active concentration is not caused by protease activity in
the periplasmic extracts. Aggregation may occur through
“sticky” patches present at the surface of the folded mol-
ecules or may result from thermodynamic instability leading
to unfolding and exposure of hydrophobic residues. The
observation that the purified mutants mostly remain 100%
active for >14 h in HBS containing 200 mM urea indicates
that the molecules remain folded in these experimental con-
ditions and should display similar stabilities, which was
investigated by comparing their sensitivity to Gdn-HCI de-
naturation.

Sensitivity to Gdn-HCI denaturation

The presence of a denaturing agent is expected to amplify a
putative instability that could cause denaturation and loss of
binding activity. The purified scFv response on highly im-
mobilized surfaces was recorded in the presence of Gdn-
HCI at final concentrations ranging from 0 to 1.375 M.
Typical results are shown in Figure 5. The concentration at
which half of the activity remains was in the range 0.625 to
1.0 M for all molecules analyzed, with a range 0.625 to 0.75
M for scFv1F4-WT, indicating that all molecules have a
similar sensitivity to Gdn-HCI denaturation. The concentra-
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Fig. 5. Sensitivity of antigen binding to guanidinium chloride (Gdn-HCl)
denaturation. The single-chain fragment, variable (scFv) response was re-
corded after the end of the injection phase for increasing Gdn-HCI con-
centrations and expressed in % of the response in HEPES buffered saline.
(A) Triplicate experiment for scFv1F4-K*4°E. (B) Data for scFv1F4-WT
(squares) and double mutants Q'®K-K“7*I (triangles), R“**S-D-7°T (dia-
monds), and K*4°E- DH2K (circles).

tion of half-activity was found to be consistently higher by
0.125 M for double mutant K"*°E/D"’K compared with
that for scFv1F4-WT (Fig. 5B) in three independent experi-
ments. Mutant D"?K was also more stable than was
scFvIF4-WT, but could be analyzed only once because of
the difficulty of purifying sufficient amount of the mol-
ecule. Mutant D*’°T could not be analyzed in this study, but
its thermal stability was shown to be slightly higher than
that of scFv1F4-WT by Weidenhaupt et al. (2002).

The shapes of the denaturation curves were highly repro-
ducible, as illustrated for mutants K"*°E in Figure 5A, and
were not always parallel to that of the WT (mutant KH4E/
DH%%K; Fig. 5B). No attempt was made to fit the data with
known models. Denaturation is assessed indirectly through
the loss of antigen-binding activity, and not through a physi-
cal signal for unfolding such as fluorescence. A decrease in
active concentration should be observed as soon as the para-
tope geometry is modified, for example, by a change in
domain pairing or in CDR conformation.
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The Gdn-HCI denaturation experiments indicate that the
mutations do not favor scFv denaturation. Therefore, the
most likely explanation for the short half-lives in periplas-
mic extracts is aggregation of folded proteins through
‘sticky patches.’

Discussion

We have analyzed the functional consequences of modify-
ing charges located at a distance from the paratope at the
surface of scFv1F4. The six target positions were selected
because of their nonrandom patterns of amino-acid changes
in sequence alignments. The changes had only minor effects
on the antigen-binding properties of the molecules and on
their sensitivity to Gdn-HCI denaturation, indicating that all
molecules are properly folded and of similar stabilities.
However, the half-lives of the various scFvs in periplasmic
extracts differed drastically, although the purified molecules
mostly remained 100% active for >I4 h in HBS containing
200 mM urea. We propose that the decrease of active scFv
concentration in periplasmic extracts is owing to aggrega-
tion of the antibody fragments with other proteins, and that
the aggregation propensity depends on the surface charge
composition of the molecules. In this view, engineering of
surface charges may prove a relatively straightforward
method to influence levels of active scFv fragments in com-
plex environments, at least for molecules presenting a high
positive charge. Such substitutions are unlikely to change
the conformation and activity of the molecules.

Surface charges and antigen binding kinetics

Kinetic measurements were performed with three different
peptide antigens, of which one contained one less positive
charge, and in buffers of different pH values, allowing com-
parison of the effects on kinetic rates of several factors:
charge modifications of the peptide epitope presumably in
or near the binding interface; the scFv remote from the
binding interface; pH; and temperature. In HBS at 25°C, the
measured k,; ranged from 2.4 x 10~ to 2.4 x 107> s, cor-
responding to a 100-fold variation, whereas k., values
ranged from 2.5 x 10° to 5.7 x 10° M~':s™', corresponding
to a 23-fold variation. The major effects on both k_, and k
were caused by modifications in the peptide epitope (com-
pare k_, and kg for the three peptide variants in Fig. 2A).
pH variations in the range of 6 to 7.4 were found to influ-
ence k., by a factor of two to three and k¢ by a factor of
three to six for all interactions studied (Fig. 3), whereas
temperature affected kg by a factor 10. In contrast, modi-
fications at the surface of the scFv remote from the binding
interface had little if any effects on kinetic rates or speci-
ficity as also observed by Weidenhaupt et al. (2002).

The engineering of non-specific electrostatic charges in
or near the binding interface has been efficiently used for
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modifying the k_,, of molecular interactions (Schreiber and
Fersht 1996). However, charges play multiple and complex
roles in binding (Gibas et al. 1997; Sheinerman et al. 2000).
In the present study, significant effects on k,, (peptide and
pH changes) were always concomitant with effects on kg,
indicating that association rates should prove difficult to
modulate in a significant and controlled manner indepen-
dently of dissociation rates. Limited rate parameter varia-
tions may more effectively and easily be achieved by opti-
mizing the buffer (Andersson et al. 1999a,b), in particular
pH or temperature, than by engineering new molecules,
which may be useful for in vitro applications.

Surface charges and aggregation

Several observations are consistent with the hypothesis that
the shortened half-life of the scFvs in periplasmic extracts is
owing to aggregation through charged patches. (1) The
amino acid replacements in the scFv only involved polar
and charged side-chains except for the change K“"*I (Table
1), and have therefore not significantly increased hydropho-
bic surfaces. (2) The theoretical pI values of VL and VH
domains were calculated using the “Compute pI/Mw” tool
of the ExXPASy Molecular Biology Server (Swiss Institute of
Bioinformatics, http://www.expasy.ch/; Appel et al. 1994).
Average pl values for VL and VH were calculated using the
sequences of the unique set of antibody structures made
available by Dr. A. Martin (http://www.bioinf.org.uk/abs/).
The theoretical pl of the VL domain of scFv1F4-WT is
above average with a value of 9.1 compared to an average
of 7.6+1.5, which may promote aggregation with negatively
charged surfaces. The theoretical pI for VH is 7.9, compared
to an average of 7.7+1.4. (3) The two mutants with the
shortest half-lives (scFv1F4-DY’°T and scFv1F4-D%2K)
have one negative charge removed compared with the WT.
The two single mutants with longest half-lives have one less
positive charge (scFv1F4-K"7*I) or a replacement of a posi-
tive by a negative charge (scFv1F4-K"°E). These ex-
amples indicate some correlation between the net charge of
the molecules and their half-life. The trend was not true for
other single or double mutants. The charge distribution at
the surface of the molecule, as well as total charge, may be
an important factor for the occurrence of patches critical for
aggregation.

Engineering surface charges to ‘improve’ scFvs

The influence of surface charges on stability (Pace et al.
2000; Spector et al. 2000; Koide et al. 2001; Martin et al.
2001) and/or aggregation (Elcock and McCammon, 1998)
has been largely documented in particular for thermophilic
and halophilic proteins. In the case of antibodies, isolated
examples have been reported in which a charge modifica-
tion influences the stability and/or aggregation of scFv frag-
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ments, for example, at position H6 (Kipriyanov et al. 1997;
Jung et al. 2001) and H66 (Worn and Pliickthun 1998), but
no systematic analysis of the role of surface charges is avail-
able.

In their review on stabilization of antibody fragments,
Worn and Pliickthun (2001) have pointed out that among
mutations that “improve” the properties of scFvs, some in-
crease thermodynamic stability of scFv fragments, whereas
others decrease their propensity to aggregate. Published mu-
tations belonging to the first group act mainly by stabilizing
the VL/VH interface (interdomain disulfide bonds, muta-
tions that increase interface packing), or by increasing in-
trinsic domain stability through core mutations. Published
mutations belonging to the second group involve the re-
placement of hydrophobic by hydrophilic residues at the
surface of the fragment, mainly at the V/C (variable/con-
stant regions) interface.

We highlight here a novel approach for improving the
yield of active scFvs, namely, by presumably decreasing
their propensity to aggregate through engineering surface
charges. The concept should be general, although its appli-
cability depends on the surface charge composition and dis-
tribution of each particular scFv. In addition, charge modi-
fications could be used in attempts to stabilize the molecules
(as suggested for mutants K"*°E/D"?K, DT, and possi-
bly DH%?K), but stability and solubility may vary in opposite
directions (mutants D"?K and D*’°T), a phenomenon dis-
cussed for halophilic proteins (Elcock and McCammon,
1998).

Significance of co-variance

Consensus analyses of sequence alignments are often per-
formed to predict the tolerance of a particular position to
amino acid changes and have also been successfully used
for antibody stability engineering (Kipriyanov et al. 1997,
Chowdhury et al. 1998; Saldanha et al. 1999). However, the
effect of most amino acid changes remains unpredictable
because the tolerance to a given amino acid change depends
on the sequence context. A relationship between the amino
acids found at a limited set of positions (H9, H18, H67,
HS82) and scFv conformation had first been suggested by
Saul and Poljak (1993) on the basis of sequence and struc-
ture analysis. A relationship between the conformation of
the N-terminal segment of VH and the local sequence (H6,
H7, H10) has been established by crystallographic analysis
(Jung et al. 2001).

The mutational study performed here is based on a co-
variance analysis of antibody sequence alignments. We
show that the deleterious effect on half-life of single
changes (D"*?K and D“7°T) may be reverted by replacing
the second residue of the co-variant pair, restoring both
amino acids found in natural sequences. The tolerance to
charge modifications at the surface of the scFv therefore

depends on the atomic environment, which has important
implications for scFv engineering. A relationship between
half-life and in vivo functional properties of the whole an-
tibody is difficult to assess for several reasons. First, natural
antibodies are large multidomain proteins in which the con-
stant regions may predominantly determine solubility and
stability. Second, the periplasmic extracts differ in protein
content from the various environments (e.g., interstitial flu-
ids, blood) in which antibodies are naturally found.

Perspective for biomedical applications of scFvIF4

The scFv1F4 is able to bind specifically the E6 oncoprotein
of HPV16 and inhibits in vitro the degradation of p53 that
is mediated by E6 (Giovane et al. 1999). It is therefore a
possible candidate for targeting E6 in HPV 16-infected cells
if the molecule is folded and active intracellularly (Giovane
et al. 1999). The general lack of scFv activity in cells has
been attributed to the requirement for an intradomain disul-
fide bridge. Considerable effort is being devoted to the iden-
tification of scFv sequences that are stable in the absence of
intradomain disulfide bond formation, which should allow
them to fold in a reducing cytoplasmic environment
(Chowdhury et al. 1998; Worn and Pliickthun 1998; Mar-
tineau and Betton 1999; Ohage and Steipe 1999; Wirtz and
Steipe 1999). We show here that the aggregation behavior
of scFvs in complex protein mixtures may be another factor
limiting their functional efficiency in biological fluids in
general and in cells in particular.

The necessity to control the behavior of therapeutic pro-
teins in the cytoplasm, characterized by macromolecular
crowding has been recently emphasized (Minton 2000; Ellis
2001). The Biacore approaches outlined in this work could
be extended to investigate the behavior of proteins in vari-
ous fluids and experimental conditions, to better evaluate
the biological half-life of therapeutic proteins.

Materials and methods

Synthetic peptides

Peptides were obtained from Synthem (Montpellier, France). They
were synthesized with an additional C-terminal cysteine to allow
oriented chemical coupling on sensor chips for Biacore analysis.
The WT peptide antigen corresponds to residues 7-15 of the E6
protein sequence, and is denoted WT°-C. Two substituted pep-
tides derived from this WT sequence were used: Q13A"°-C and
RI5AFS-C.

Site-directed mutagenesis

Site-directed mutagenesis was performed using the PCR-based
Quick Change Site-Directed Mutagenesis Kit as described by the
manufacturer (Stratagene). Mutagenized plasmids were systemati-
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cally verified by sequencing the coding region of the antibody
fragments on both strands.

Periplasmic expression

The scFv fragments were expressed in the periplasm of Escherich-
ia coli using a protocol adapted from Ben Khalifa et al. (2000).
BMH,,,_, cells carrying derivative pGE20 plasmids encoding for
antibody fragments (Orfanoudakis et al. 1993) were grown in
Luria Bertrani supplemented with 100 wg/mL ampicillin at 37°C.
In exponentially growing cultures (ODg,, ~0.5), IPTG-induced
expression was performed for 14 h at 30° C. Cells were then
harvested by centrifugation (4,000g for 20 min), resuspended in
1/10 culture volume of ice-cold spheroblast buffer (30mM Tris-
HCl at pH 8.0; 1 mM EDTA, and 20% w/v sucrose), and incubated
on ice with gentle shaking for 30 min. Periplasmic protein extracts
were obtained by osmotic shock after diluting twice the cells with
0.5x spheroblast buffer supplemented with lysozyme (0.1 mg/mL,
final concentration). Cells supernatants were extensively dialyzed
against 1000 volumes of HBS (10 mM Hepes at pH 7.4, 150 mM
NaCl, and 3.4 mM EDTA) extemporally supplemented with 1 mM
phenylmethylsulfonyl fluorhyde. Dialyzed periplasmic extracts
were concentrated by ultrafiltration through a 10-kD molecular-
weight cut-off filter (Spinprep, Amicon) to give a final volume
around 1/100 of initial culture volume. Aliquots were stored at
-20°C.

Biacore measurements

All experiments were performed at 25°C on a Biacore 2000 in-
strument. All solutions and buffers were filtered through a 0.22-
pm filter (Millipore), and running buffers were extensively de-
gassed under vacuum; 10 mM HEPES and 10 mM MES (2-[N-
morpholino] ethanesulfonic acid) were used for buffering at pH 7.4
or 8.0, and at pH 6.0, respectively. Running buffers were supple-
mented with 3.4 mM EDTA, 150 mM NaCl, and 0.05% surfactant
P20 (Biacore AB). All surfaces were regenerated by injecting 10
L of a 50 mM HCI solution.

Preparation of sensor surfaces for Biacore measurements

B1 sensor chips, with a low degree of carboxylation, were used for
analyzing the scFv1F4-peptide interactions to prevent nonspecific
adsorption of scFv fragments on the dextran matrix. Two types of
surfaces were prepared: Low amounts of peptides were immobi-
lized for measuring the kinetics of binding between peptides and
antibody fragments, and high amounts were immobilized for mea-
suring the active concentrations of antibody fragments. The stan-
dard immobilization procedures (BIA-Applications Handbook, Bi-
acore) were used as described previously (Choulier et al. 1999;
Ben Khalifa et al. 2000). The desired peptide level was achieved
by varying the peptide injection time. Both the activation and
peptide injection times were between 5 and 10 min for preparing
highly immobilized surfaces. The immobilized peptide levels were
between 400 and 700 resonance units (RUs). For surfaces with low
concentrations of peptide, the activation time was 10 min, whereas
peptide injection times were between 6 and 60 sec (10 pL of
peptide solution at a flow of 100 and 10 wL/min, respectively).
Between six and 20 RUs of peptides were immobilized, to reach a
maximum analyte response (RUmax) of 150 RUs of scFv1F4 at
saturating analyte concentration. Blank surfaces were obtained in
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the same manner as kinetic surfaces, except that no peptide was
injected.

Determination of the concentrations of active
antibody fragments

Active concentrations of the WT and mutant scFvs were deter-
mined as previously described (Choulier et al. 1999; Ben Khalifa
et al. 2000) by using a calibration curve. Dilutions of the periplas-
mic extracts containing the antibody fragments were injected at 10
rL/min on a surface where a high concentration of peptides had
been immobilized (mass transport limitation), and the reaction rate
was recorded 15 sec after injection. In these conditions, the reac-
tion rate is directly proportional to the concentration of analyte
(Karlsson et al. 1993).

Kinetic measurements

The antibody fragments in crude periplasmic extracts diluted in the
running buffer were injected, at five concentrations ranging be-
tween 5 and 100 nM, at a constant flow rate of 30 wL/min during
3 min, on the blank surface (cell 1) and two peptide surfaces (cells
2 and 3). Just before the kinetic run, each analyte solution was
injected on a highly immobilized surface (cell 4) to measure the
active concentration of antibody fragments (Choulier et al. 1999).
A concentration measurement immediately before the kinetic run
proved particularly valuable in the present study for a precise
evaluation of k,,, because a number of molecules had short half-
lives at room temperature. At least two independent measurements
on different surfaces were performed for each interaction.

Kinetic data were interpreted with the BIAevaluation 3.0 soft-
ware (Biacore, Uppsala, Sweden) using a Langmuir model of in-
teraction as previously described (Ben Khalifa et al. 2000). After
data evaluation, values were rejected if (1) the Rmax value for one
antibody fragment showed >20% difference compared with the
RUmax value calculated for other fragments on that same surface,
(2) the x* value was >10% of the Rmax value, (3) all antibody
concentrations were <10 nM.

Half-life of active scFv in periplasmic extracts

Periplasmic extracts were adjusted to an initial active concentra-
tion between 20 and 100 nM in HBS buffer containing 200mM
urea. The active concentration of antibody fragment in these so-
lutions was measured at constant time intervals (108 min) during
14.4 h, using the same method as for active concentration mea-
surements: 10 pL of the solutions were injected on a highly im-
mobilized surface, and the initial binding rate was recorded. The
Biacore racks were maintained at a constant temperature (25°, 30°,
or 37°C) using a thermobath (Lauda RE104). Because the initial
binding rate is directly proportional to the active analyte concen-
tration, these values were not transformed into active concentra-
tions, but directly expressed as percentages of the binding rate
measured at time 0. The Ln of the %(binding rate at time 0) was
then plotted as a function of time of incubation and fitted using a
linear extrapolation. The rate of inactivation of each molecule was
represented by the time of incubation at which half of the activity
remains (denoted TAs,). TA5, = Ln 0.5/a, were a is the slope of
the straight line.

Some experiments were performed in the presence of a protease
inhibitor cocktail (Complete, Roche). One tablet was dissolved in
1 mL HBS, and this solution was used at a final dilution of 1:50.



Functional aspects of antibody surface charges

Sensitivity of purified scFvs to Gdn-HCI denaturation

The scFv fragments were purified by affinity chromatography on
a chromium bromide—activated Sepharose 4B column (Pharmacia)
immobilized with the antigenic fusion protein MBP-E6 as previ-
ously described (Giovane et al. 1999). 25 L aliquots of the pu-
rified scFv at a constant concentration adjusted between 30 and 50
nM in HBS were mixed with 25 wL Gdn-HCI solutions of increas-
ing concentrations, to reach final concentrations ranging between
0 and 1.37 M. Next, 10 pL aliquots of the solutions were injected
on a highly immobilized surface, and the response was recorded
immediately after the end of the injection. The Biacore racks were
maintained at a constant temperature of 30°C using a thermobath.
The responses at the various Gdn-HCI concentrations were ex-
pressed as a percentage of the highest response in HBS.
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