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Femtomolar Fab binding affinities to a protein
target by alternative CDR residue co-optimization
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In therapeutic or diagnostic antibody discovery, affinity maturation is frequently required to optimize binding properties.
In some cases, achieving very high affinity is challenging using the display-based optimization technologies. Here we
present an approach that begins with the creation and clonal, quantitative analysis of soluble Fab libraries with complete
diversification in adjacent residue pairs encompassing every complementarity-determining region position. This was
followed by alternative recombination approaches and high throughput screening to co-optimize large sets of the found
improving mutations. We applied this approach to the affinity maturation of the anti-tumor necrosis factor antibody
adalimumab and achieved ~500-fold affinity improvement, resulting in femtomolar binding. To our knowledge, this is
the first report of the in vitro engineering of a femtomolar affinity antibody against a protein target without display
screening. We compare our findings to a previous report that employed extensive mutagenesis and recombination
libraries with yeast display screening. The present approach is widely applicable to the most challenging of affinity

maturation efforts.

Introduction

Monoclonal antibodies continue to gain importance in the
treatment of a number of diseases and this trend shows no signs
of abating.! Protein engineering methods are often required
to improve antibody characteristics for clinical development
and manufacturing.? Properties that may need optimization
include affinity, stability, lack of aggregation, selectivity, solubil-
ity, cross-reactivity to homologous antigens of relevant animal
species, immunogenicity potential, expression yield or effector
functions. For a given antibody, only a subset of these charac-
teristics typically needs optimization. However, after isolation
of antibodies by display-based selection from even very large
naive or synthetic libraries, and even from immunized animals,
affinity maturation is often required. Indeed, several hundred
or even a thousand-fold tighter binding may be required for
selected applications, such as therapeutic antibodies against
soluble targets that interfere with high affinity protein-pro-
tein interactions, or for diagnostic antibodies. In many cases,
improved antigen binding affinity increases potency and lowers
dosing requirements, contributing to enhanced efficacy, safety
and lowered costs. These advantages, however, must be balanced
by the resulting increase in non-germline substitutions, which

can increase the risk of immunogenicity or affect other antibody
properties such as stability or expression. It is thus critical to
use the minimum of mutations to reach the needed increase in
potency.

In the peer-review scientific literature, the engineering of
antibodies for femtomolar binding affinities to protein targets
has been described in a very few cases, and as yet only using
display methods.** Indeed, antibody display methods have sub-
stantial popularity in affinity enhancement efforts.’ The wide-
spread use of phage and yeast display can be attributed largely
to the fact that, when well implemented, very complex librar-
ies can be screened relatively easily by panning or cell sorting,
respectively. However, the “single-pot” phage display panning
approach of large libraries has well-documented drawbacks with
respect to selection bias toward variants that are better displayed
or that allow faster growth of the expressing host cell.*? The
effects are magnified over the multiple rounds of selection and
amplification, so that useful candidates may be lost, if they do
not also compete well in these therapeutically irrelevant selec-
tion criteria. In addition, it is impractical to generate and screen
by display methods many dozens of mutagenic libraries simul-
taneously but individually, an approach that proved important
in the present work. Finally, display methods generally have
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insufficient dynamic range to allow reliable isolation of the tight-
est protein target binders when starting with an already tightly-
binding antibody.

As an alternative to display methods, antibody variants can be
tested in a clonal, well-based, high-throughput screening process
with quantitative determination of properties to ensure selection
of candidates with the best mix of desired characteristics.

In the present report, we effected the optimization of an anti-
body toward low picomolar/femtomolar binding constants, the
extreme limit of resolvability for tightness of antibody binding. In
contrast to two published reports of optimization of antibodies to
the femtomolar affinity range,** we chose soluble Fab (fragment
antigen-binding) expression of our library variants, well-based
screening for selection and limited our library diversification to
complementarity-determining regions (CDRs) only. In addition,
we compare our results to a study that applied yeast display and
extensive library generation approaches to the same antibody and
optimization parameters, namely, the antibody adalimumab.

Adalimumab (Humira®)," binds the inflammatory mediator,
tumor necrosis factor (TNF), with ~100 pM affinity.!! While it
has not been demonstrated that increased affinity would increase
the therapeutic efficacy of adalimumab, the molecule has already
been affinity-matured and thus serves as a good starting point
for studying the engineering of very tight binding by different
methods. With similar reasoning, adalimumab was recently sub-
jected to affinity maturation using a single chain variable frag-
ment (scFv) yeast display approach. In their paper, Rajpal et al.
describe an elegant and generic method to improve antibody
affinities that included diversity generation at every CDR residue
position and recombination of the beneficial mutations.

In the approach described here, we employed clonal, quan-
titative, well-based high-throughput screening of soluble Fab
fragments. In doing so, we sought an approach that could effi-
ciently identify the largest affinity benefits using the minimum
number of needed CDR mutations while also avoiding undesired
framework mutations. In principal, our multistep optimization
approach includes a first “mutation gathering” round of library
generation and screening, followed by rounds in which the gath-
ered mutations are recombined by differing approaches.

For mutation gathering, we generated a first set of libraries that
together covered all CDR residues. In each library, two neighbor-
ing residues were fully diversified, thus allowing comprehensive
identification of (1) the best single substitutions at each CDR
position that can contribute to affinity improvements, as well
as (2) many adjacent residue pair combinations that might syn-
ergistically contribute to affinity improvements. The mutation
pairs in each screening hit were deconvoluted to identify contri-
butions from each individual residue change. Subsequently, the
found improving substitutions (the “gathered mutations”) were
subjected to alternative recombination strategies to select the best
combinations of additive or synergistic mutations. In one strat-
egy, we focused on the co-optimization of only positions that
had conferred the greatest increase in affinity in the mutation
gathering round (“anchor point” positions), and included mul-
tiple amino acid substitutions at each position in the recombina-
tion library. This was intended to capture the maximum benefit
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from the co-optimization of the positions that had conferred the
highest benefit individually. This anchor point-optimization was
followed by recombination of multiple two-fold degenerate posi-
tions to capture improving contributions from improving resi-
dues dispersed over a larger number of positions.

In an alternative recombination approach, only the latter “dis-
persed binary” strategy was used, but with some co-optimized
residue pairs from the mutation gathering round treated as
single, linked substitutions. The output of both approaches was
a substantial number of hits that met or exceeded the desired
sub-picomolar affinity improvement, and therefore, could have
allowed further lead selection based on additional properties such
as stability, selectivity, species cross-reactivity, expression yield or
effector functions.

Results

Double and single NNK saturation mutagenesis library con-
struction. The coding sequence for adalimumab Fab and scFv
used was as published in reference 13. In each double NNK
library, two adjacent amino acid positions of the parent anti-
body were diversified by saturation mutagenesis, resulting in a
genotypic complexity of 1,024 variants per library. In total, 33
double-NNK libraries were generated, encompassing all 62 CDR
positions of adalimumab based on the Kabat CDR definition."
We also constructed 10 single NNK control libraries covering all
five amino acids of CDR-H1 and five consecutive amino acids of
CDR-L2 for comparative purposes. In total, all generated NNK
libraries comprised ca. 34,000 genotypes.

Isolation of variants with decreased off-rate and synergis-
tic effects. The single and double NNK libraries were screened
for decreased off-rates using a competition ELISA format (Fig.
1A), in which the amount of detected, remaining Fab scales with
decreased off-rate (Fig. 1A). This competition ELISA format
allowed the analysis of >20,000 Fab variants per day. In total,
we screened 140,000 wells with oversampling to reduce the risk
of missing underrepresented variants. Subsequently, ca. 1,000
hits from the primary screen were subjected to confirmatory
assays applying two competition formats, time-resolved fluores-
cence resonance energy transfer (TR-FRET) and enzyme-linked
immunosorbent assay (ELISA) assays in 384-well microtiter
plates. In the confirmatory assays, 175 improved binding clones
were identified and sequencing revealed 64 different genotypes:
1 triple mutant (resulting from an unintended oligonucleotide
synthesis artifact), 39 double and 24 single mutant variants. The
triple and double mutants were then deconvoluted into their cor-
responding single substitutions and these, along with all obtained
single, double and triple substitution variants, 111 in total, were
reevaluated and ranked according to their dissociation kinetics
(k ;). The “anchor points,” or three loci that contributed to the
strongest affinity improvements were: (CDR-H1, 31-32); (CDR-
L2:53-54) and (CDR-L3: 92-94).

As part of the screening campaign, we also compared the
retrieval of hits from single vs. double NNK libraries covering all
amino acid positions of CDR-H1. The double mutation at posi-
tion 31/32 (D31Q/Y32F) displayed slower dissociation compared
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with the best single mutant in position 31 (D31Q), and no posi-
tive substitution in position 32 was identified by screening. We
then produced the Y32F variant as a single mutation and con-
firmed no detectable improvement in the above assay. These
results are consistent with the potential for synergism involving
positions 31 and 32. Similarly, two CDR-L1 variants containing
mutation pairs, G28R/129V or A25T/Q27M, displayed slower
dissociation compared with adalimumab Fab, while remarkably
each of the corresponding single mutants, G28R, 129V, A25T
and Q27M, displayed faster dissociation (weaker binding) in
the conditions tested. The above data suggest synergism, but
would need confirmation by determination of kinetic con-
stants for each variant before true synergism can be claimed.
Nevertheless, the above data are consistent with the intention
that the twin substitution strategy explores potentially syner-
gistic affinity improvements that would have been missed in a
single-residue-per-library approach.

Recombination strategy 1, round 1: Anchor-point co-opti-
mization (APC). In first round of recombination, we focused
on simultaneously co-optimizing the anchor points where adja-
cent residues best contributed to increased affinity. These com-
prised residue positions 31 + 32 in CDR-HI, positions 52 + 53
in CDR-L2 and 92-94 in CDR-L3. The diversity at each of
these seven positions was 5, 4, 4, 2, 3, 4 and 2, respectively,
for a total combinatorial complexity of 3,840 possible unique
variants (Table 1). In this manner, a high degree of co-opti-
mization was performed within and among the three narrowly
focused anchor points. To ensure a comprehensive sampling
of this library, 17,500 wells were screened using a TR-FRET
competition assay, which was superior to the above competitive
ELISA assay format for the resolution of high affinity binders
(Fig. 1). From this TR-FRET primary screen, 240 hits were
selected for confirmatory assays, the 45 best confirmed clones
were sequenced, and the best four variants purified for affin-
ity characterization by SPR. The best APC variant, 2.1b_9.0_1,
displayed 10 pM affinity (Table 2).

Recombination strategy 1, round 2: Dispersed binary
recombination (DBR). To explore the generation of still higher
affinity clones, a second recombination library was generated
using 2.1b_9.0_1 as starting scaffold. In this second round of
recombination, 12 dispersed beneficial positions from CDRs
H3, L1, L2 and L3 were co-optimized using only the origi-
nal amino acid residue from adalimumab and the best single
affinity-conferring substitution, hence two-fold or “binary”
degeneracy (Table 1). To ensure a comprehensive sampling of
this library, 45,000 wells were screened using the TR-FRET
competition assay (Fig. 1B). Some 350 hits from the primary
screen were further evaluated in confirmatory assays, 22 variants
were sequenced, and three of these purified for SPR analysis. The
best variant from this DBR step, 3.1d_6.1_2, carried the same
number of substitutions (n = 10) as the best yeast-display variant,
cb1-3, but had a 10-fold higher affinity (1 pM) in side-by-side
analyses (Table 2).

Recombination strategy 1: Optimizing contact-defined
CDR residue positions. To take full advantage of all CDR resi-
dues in this antibody, we also altered the two additional CDR
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Figure 1. Clonal well-based quantitative Fab library screening: (A)

An example affinity histogram from five “co-optimized residue pair”
CDR-L3 libraries. The histogram shows affinity distribution for 17,500
clones in off-rate limited ELISA format. Red line indicates distribution of
adalimumab Fab k  levels; dashed line median k . of adalimumab Fab;
blue circles mark double mutants with slowest dissociation rates. (B)
Diagram of ratiometric Time-Resolved Fluorescence Resonance Energy
Transfer (TR-FRET) competition assay of hits from the Anchor-Point Co-
optimization (APC) library. Red diamonds, Ratiometric measurement of
adalimumab Fab; green diamonds, Best single-substitution variant; blue
diamonds, APC recombination library clones; blue circles, Confirmed hits
with slowest dissociation kinetics. Direction of arrow indicates decreas-
ing off-rates.
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residue positions not included in the Kabat definition (Table 1).
Chothia,® AbM' and Contact” define CDR residues based on
available crystal structures of antibody-antigen complexes and
slightly expand the Kabat definition to include additional amino
acid positions that take part in antigen interactions. Using this
definition, CDR-H1 and CDR-L2 each include one additional
amino acid position, residues 30 and 49, respectively. For both
sites, single-position NNK libraries were generated and all eight
combinations of the highest affinity substitutions (D30G and
Y49R, W, G) and the wild type residues were tested for affinity
improvement by TR-FRET competition assay (Fig. 1B). The best
combination of residues at these two additional sites (CDR-HI:
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Table 1. Applied recombination strategies
Sequential affinity maturation:

H1 H2 H3 L1 L2 L3
1- - APC 30 31 32 58 9 99 100c 24 25 26 27 28 29 49 52 53 54 55 56 92 93 94 95 104 Div.
Scaffold D2E7 D|D Y I s S S R A S Q G | YIS T L aQ S| N R AP v
Q F N W A K P
H R G I M 3840
Substitutions 6 s W aQ
R
2.-DBR
Scaffold 2.1b_9.0_1 D|Q F | S S S R A S Q 1 Y|[s w L a s I aQ P P v
Substitutions K P T M R L S [ 4096
3a. - Contact
Scaffold 3.1d_6.1_2 D|lQ F | S s S R A S Q R L Y|s s 1 1 5 1 Q p P vl
G R
Substitutions w 8
G
3b. - Contact
Scaffold 3.1f 1211 {D [Q F 1 K S S T A S Q R L Y|s s T a R I Q P P 1
G R
Substitutions w 8
G
Single round affinity maturation:
DBR (Kabat def.)
Scaffold D2E7 D|D Y I S S S R[A S Q|G | Y[s T L a S N R P v
Substitutions [HF] v Q H [TsSMm] [RV] W F K D P 8192
DBR (Contact def.)
Scaffold D2E7 D|D Y 1 s S s R|A S Q|G | Y|s T L Q S N R P v
Substitutions | G [HF] \ Q H [TSM] [RV] R w K D P 8192

Affinity-improving single and double substitutions were co-optimized with alternative recombination strategies to screen for the best combinations
of additive or synergistic mutations. Sequential affinity maturation: Multiple alternative residues at each of three focused “improvement anchor point”
positions in the antibody were co-optimized (APC), followed by one round of dispersed binary recombination (DBR; see text). A third round (3a and

3b) was used to diversify and screen at a CDR-L2 and a CDR-H1 contact definition position. Single-round affinity maturation: One round of dispersed
binary recombination (including three adjacent mutation loci [square brackets] that were each recombined as single, linked substitutions, respectively;
see text). Div., Total library complexity; bold red highlighted amino acids, Substitutions in scaffolds compared with adalimumab Fab.

D30G; CDR-L2: Y4A9G or YA9W) increased the affinity of vari-
ant 3.1d_6.1_2 and 3.1f_12.1_1 to 400-500 fM according to
SPR analysis (Fig. 2 and Table 2).

Recombination strategy 2: Single-round dispersed binary
“locus” recombination. As an alternative to the multi-step
sequential recombination described above, we compared a sec-
ond approach in which up to 13 affinity-improving loci identified
in the first round were co-optimized in a single recombination
step (Table 1). We tested two sets that included only Kabat posi-
tions, or alternatively included the mentioned contact-defined
CDR positions, 30 and 49, respectively. To maximize the num-
ber of positions in each library complexity, while still allowing
screening of the complete combinatorial complexity, at each
locus only the parental amino acids and the best substitution (or
substitution pair) were recombined. The top 13 first round alter-
ations comprised ten single and three double substitutions for
both the Kabat-only and contact-defined CDR recombination
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experiments. The 13 alterations in each set were recombined in
the adalimumab Fab scaffold, resulting in two libraries with a
total combinatorial complexity of 8,192, each. To ensure com-
plete sampling, for each library approximately 30,000 clones were
examined by TR-FRET assay, approximately 150 were validated
in confirmatory assays (TR-FRET/ELISA) and approximately 30
were sequenced. Finally, SPR measurements revealed two Kabat-
defined CDR variants with an affinity of 2 pM, while the best
contact-defined CDR variant displayed an equilibrium binding
constant of 1 pM (Table 2).

Functional characterization of the affinity-enhanced adali-
mumab clones. Adalimumab binds TNF and thereby pre-
vents receptor activation. In a cell-based functional assay, the
improved affinity of our variants correlated with improved
TNE-neutralization activity (Fig. 3). The affinity-matured vari-
ants were determined to neutralize TNFa-induced apoptosis of
R1-Fas cells'® 50-fold more effectively than adalimumab Fab.
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Table 2. Amino acid substitutions of the highest affinity variants

H1 H2 | H3 L1 L2 L3 F

c K K K K c K K
Variant kot (X 107s™) ko (x 10°M™s?)  Kp[pM] Sub. [ 30 | 31 | 32 | 58 |96 | 99 | 100c | 24 | 25 | 27 | 28 | 29 | 49 | 53 | 54 | 55 | 56 | 92 | 93 | 94 | 104
D2E7 13(3) 7.2(9) 186(64) - | D D V| I |S si s |[R AiQq G 1 |Y TiLiQd s|NiR A|V
cb1-3 1.1(4) 13.43(3) 8(3) 10 Q H K s R|D K, P
21b_9.0_1 08(3) 6.9(3) 10(4) 6 Q. F w 1 aq P
31d. 612 0.1* 7.9(5) 1.3* 10 Q F R L ST I a P
31f12.1.1  0.4(1) 18(2) 22(8) 13 Q F K T R L s T R 1T ia P
42a_6 0.052(2) 11(2) 057) 12 [G  a  F RIL|G s T 1 ia’p
4.2a_54 0.011(4) 12.83(2) 083 15 [G  Q  F K T RiL|W s T R 1T ia P| 1
4.2a_52 0.06(5) 13.64(4) 044 15 |G a | F K T RIL|G | sS|T R| 1T ia P 1
24a_133_1 0.30(4) 25.79(3) 12(2) 10 | G v | K Q RV w K D P
2.8a_10.1_1 0.28(3) 14.53(2) 19(2) 10 H F |V T M s K K|D P

Amino acid substitutions, on- and off-rates and K, of the highest affinity variants from each recombination library. Compared are the adalimumab

Fab and cb1-3, the best variant previously generated by yeast display FACS screening.! C-Contact CDR definition; K-Kabat CDR definition; H1-CDR H1;
F-Framework; Sub-number of amino acid substitutions compared with adalimumab Fab. Number in parentheses represents the standard error in the
last significant digit. *The intrinsic dissociation rate may be slower than the value shown since slower rates were not resolvable in the assay set-up used

to measure this variant.

Discussion

Higher binding affinity, especially for soluble cytokines or
growth factors, often correlates with improved potency and
selectivity, resulting in lower dosage and potentially fewer or
less severe adverse events (e.g., infusion reactions). We have also
observed that a very tight protein:protein interaction in a disease
mechanism may be disrupted only by antibodies with very low
picomolar dissociation constants (data not shown). Diagnostic
antibodies also generally require high affinities to efficiently
detect low concentrations of analyte. Antibodies isolated by in
vitro selection or hybridoma technologies, however, often have
far weaker binding affinicy'**
cations and thus are often candidates for extensive optimization.

than required for the above appli-

Display methods have been extensively used to engineer high
affinity antibodies,***"?
partmentalized screening methods. In our study we applied a
compartmentalized well-based screening approach to the affin-
ity maturation of the anti-TNF antibody, adalimumab. We
compare the described approach to that of Rajpal, et al. who

with less attention being given to com-

applied “walk-through mutagenesis” and extensive recombina-
tion strategies, employing a scFv yeast display selection format.'?
Both Rajpal, et al. and the current work included a first
mutation gathering round followed by different recombination
strategies. For mutation gathering, the two studies used libraries
with diversification in all CDR positions of adalimumab based
on the Kabat definition while we additionally included in cer-
tain cases two positions defined as CDR residues by Chothia,
Contact and AbM. In contrast to our study, Rajpal et al. used
nine of the 20 canonical amino acids at each position to test all
biophysical classes, while allowing more complete simultaneous
screening of a greater number of single-substitution libraries.
Libraries were pooled and then screened by scFv yeast display.
The contributions of most affinity-increasing amino acid
changes in antibody binding sites are largely independent and

www.landesbioscience.com

mAbs

additive. For this reason, single-site mutagenesis at all positions,
as applied by Rajpal et al. is able to identify many positive sub-
stitutions which when combined, yield highly improved bind-
ing. The present “adjacent pair” randomization approach was
also able to identify all single improving mutations. However,
we expected synergisms to occur most frequently at short-
distances,” and thus chose to apply saturation mutagenesis to
neighboring residues. Deconvolution of paired mutations in
screening hits allowed determination of the contributions of
individual residues, and at least 3 mutation-pairs were deter-
mined to be synergistic.

In a first round of APC recombination, we co-optimized
what we call “anchor-points.” The three anchor points did not
necessarily include contact residues, but were the loci where
residue changes had the greatest contribution to increased affin-
ity. We thus focused the first combinatorial co-optimization
at only these positions to increase the chances of maximizing
their benefit, and isolated variants with 10 pM binding con-
stants. The subsequent more dispersed, binary recombination
was then used to co-optimize contributions at a larger number
of positions to further increase binding strength, and yielded 1
pM variants. By using the alternative Chothia CDR definition
and thus including two additional positions, we obtained bind-
ers that were clearly sub-picomolar. In contrast, one round of
dispersed binary recombination (DBR) alone enabled isolation
of a 1 pM binder. Although a single round of dispersed binary
recombination was remarkably efficient in the current example,
it is expected to be less effective where any of the residues chosen
at each anchor position clash with each other. Thus, the two
approaches appear complementary, balancing reliability with
speed and efficiency.

Rajpal et al. identified their best scFv adalimumab deriva-
tive, cbl-3, by five rounds of MACS and FACS screening of
the initial set of libraries, followed by recombination, three
rounds of sorting, a second recombination of the selected light
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of enrichment. We cloned and expressed an
antibody Fab fragment with all 10 substitutions
described for cb1-3 to allow head-to-head com-
parison with our hits. We measured a final affin-
ity of 10 pM for the cb1-3, similar to variants we
obtained after a single round of APC recombina-
tion (2.1b_9.0_1), but the latter possessed 4 fewer
mutations. By contrast, in the present work we
used 2 rounds of mutation generation and screen-
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eration/screening. The second was a single round
of Dispersed Binary Recombination, in which we
co-optimized 12 loci and were able to identify a
10-fold higher affinity improvement compared

with cb1-3, but with the same number of substi-
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tutions as cb1-3.

The presented library strategies in combina-
tion with well-based quantitative measurements
of individual clones thus compared favorably to
the compared library approach with yeast-display
screening in terms of affinity achieved, as well as
a lower number of selection and screening rounds
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required.
The described library strategies combined
with well-based screening, are applicable to any

antibody. In comparison to Rajpal, et al. the
described process resulted in fewer mutations for
a given affinity increase, likely because all possi-
ble single and many synergistic CDR amino acid

changes were exhaustively explored, and poten-

Figure 2. Surface Plasmon Resonance (SPR) measurements of adalimumab Fab (A) and

the best hit after one round of APC and two rounds of DBR screening, 4.2a_6 (B). Adalim-

umab Fab was detected with a K of 180 pM, 4.2a_6 with <1 pM.

tially because of the differing recombination
strategies also with complete screening. Given
the large flexibility in assay design for well-based
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Figure 3. The affinity-matured variant 3.1d_6.1_2 (X) neutralizes TNFa-induced
apoptosis of R1-Fas'® cells with a 50-fold increased efficacy in comparison to
adalimumab Fab ().
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screening, the presented approaches have clear
applications to other antibody properties, such as
stability, selectivity, species cross-reactivity, expression
yield, receptor modulation or cellular responses and to
the engineering of proteins beyond antibodies.

Materials and Methods

Reagents and E. coli strains. Synthetic oligonucleotides
were obtained from Eurofins MWG Operon. Restriction
enzymes were obtained from New England Biolabs.
KOD polymerase was obtained from Novagen. DNA
purification was performed with kits from Qiagen. E. coli
TOP 10F cells (Invitrogen) were used for standard clon-
ing purposes, E. coli BL21 STAR (DE3) cells (Invitrogen)
were used for library and selected Fab variant expression.

Adalimumab Fab construction. The nucleotide
sequence of the adalimumab Fab fragment was derived
from US patent Nr. US6090382A1. E. coli codon-opti-
mized cDNA sequences of the adalimumab heavy and
light chains were synthesized with N-terminal ompA
or phoA secretion signal sequences by Invitrogen. In
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addition, the heavy chain carboxy-terminus was supplied with
a 6x His and a haemagglutinin (HA)-tag for improved affinity
chromatography and immunodetection, respectively. Both chains
were bicistronically expressed from vector pET21d or pET28a
(Novagen). After expression in E. coli, Fabs were purified by
Protein A sepharose affinity chromatography and subsequently
subjected to mass-spectrometry (MS) and surface plasmon reso-
nance (SPR) analysis for characterization.'® Adalimumab Fab and
scFv showed a KD of ca. 180 pM for TNF antigen (PeproTech or
in-house expression), which is in line with the 100 pM KD for full
length adalimumab previously published in reference 11 and 24.

Fab expression and purification. The Fab molecules were
expressed in E. coli BL21 STAR (DE3) cells.” For protein
expression, cells were first grown in 100 ml shaking flasks (10 ml
LB, 30°C, over night, 160 rpm), transferred to 50 ml LB in 1 L
shaking flasks to an inoculum of OD_ 0.2 (LB, 30°C, 8 h, 160
rpm). From this solution 500 ml TBoNEX media (Novagen)
were inoculated (OD_ 0.1, 30°C, 50 h, 160 rpm). Cells were
harvested by centrifugation (4°C, 20 min, 9,000 rpm), resus-
pended in lysis buffer (50 mM NaH,PO,, 300 mM NaCl, 10
mM imidazole, pH 8.0, 30%; per 1 ml volume 20 pl protease
inhibitor cockrail (Sigma, P-8465) and 1 pl Benzonase Nuclease
(Novagen) were added) and lysed by sonification (Branson
Sonifier, W-250D, head 0.5, 70%, 5 x 1 min., 0.7 sec pulse/0.3
sec pause). Cell lysates were centrifuged at 20,000 rpm for 30
min at 4°C. Fabs were purified from cell lysates by absorption
to Ni-NTA superflow resin (8 ml, Qiagen, buffer a: 50 mM
NaH,PO,, 300 mM NaCl, 10 mM imidazole, pH 8; buffer b:
50 mM NaH,PO,, 300 mM NaCl, 250 mM Imidazole, pH 8;
Gradient: 4% B 5 CV, 100% B 5 CV). Target fractions were dia-
lysed (20 mM NaOAc, pH 5). Further purification was achieved
by ion exchange chromatography (1 ml Resource S (GE), buffer
a: 20 mM NaOAc, pH 5; buffer b: 20 mM NaOAc, 1 M NaCl,
pH 5, step gradient). Buffer was changed to PBS for storage.

Construction of single/double NNK libraries. NNK (n =
AGCT, K = G or T) randomizations at both individual (“NNK
libraries”) and two adjacent codons (“double NNK libraries”)
were generated by OE-PCR using synthetic oliogonucleotides
and subcloned into vector pET21d. The sequencing of 224
random clones revealed that the libraries were highly diverse,
with 87% possessing the expected double NNK mutants. The
remaining 13% consisted of 1% wildtype clones, 4% with triple
mutations and 8% with premature stop codons.

Construction of recombination libraries. After screening,
beneficial mutations in the CDR regions of the variable domains
were identified by sequencing. These mutations were then
recombined. To this end, degenerate oligonucleotides were syn-
thesized to effect the incorporation of the selected mutation(s)
or the wild type amino acid at each selected position. Library
construction was performed using sequential rounds of overlap
extension PCR. The final PCR product was cut with Xbal/Xhol
and ligated in pET21d.

Assay and screening. All methods described were performed
on dedicated High-Throughput-Screening equipment in 1536-
well format for Primary Screening and in 384-well plates for
confirmative screens.
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Library dispensing. Library stocks were reconstituted accord-
ing to their titer in bacterial growth medium. Deposition of
single cells into wells of the plates was performed by limited
dilution, dispensing 4 ul per well, followed by approx. 30 h
growth period. Control plates were inoculated with 5 cells per
well.

In confirmative screening, selected clones from primary
screening were cultivated in 96-well plates with appropriate
additional controls. Cultivation consisted of 2 precultures and
one main culture.

Screening in competitive ELISA format. ELISA plates were
prepared prior to screening by coating with antigen, incubation,
washing and blocking. Plates were then stored at 10°C. Plates
containing library and controls were replicated into fresh media
for genotype backup, the remaining culture in the original plates
were then lysed and supernatant transferred into ELISA plates
(Perkin Elmer MaxiSorb). Assay was performed by incubation,
washing and addition of antigen for competition, detection anti-
body and resorufin assay. Incubation times varied according to
expected affinity of the variants. Finally the solution was trans-
ferred to reusable glass bottom plates (Bayer HealthCare) which
can be substituted with standard disposable polystyrene ELISA
plates when using a commercial readout system (i.e., Perkin
Elmer Envision or comparable) and top readout. Fluorescence
intensity (2-photon excitation 800 nm, emission 590 nm)
was measured (Bayer HealthCare reader). The top perform-
ers (“hits”) on every plate were identified via automated online
analysis and a work list for a single channel pipettor was gen-
erated for regeneration of clones from genotype backup plates
into fresh media in a 96-well plate. In confirmative screening
replicates of 4 were screened with measurements performed on a
Tecan Genios Pro workstation.

Screening in HTRF format. Genotype backup and lysis was
performed as described above, supernatant transferred to Perkin
Elmer Optiplate. Antigen was added followed by incubation and
addition of KF and competitor. Incubation time with the com-
petitor varied according to the expected affinity of the variants.
Readout was then done on Perkin Elmer EnVision, using the
HTRF Laser option. Hit picking was performed automatically
as described above. For confirmative screening replicates of 4
were screened.

Surface plasmon resonance analysis. TNF preparations were
immobilized onto a GLC sensor chip within a ProteOn XPR
biosensor (BioRad Laboratories) using standard amine coupling.
The surfaces were activated for 5 min with sulf-NHS/EDC (0.01
M/0.04 M), then the TNF was injected at 1 ug/ml in 10 mM
sodium acetate, pH 4.5 for 5 min and finally the surfaces were
blocked with a 5 min injection of 1 M ethanolamine pH 8.1.
TNF immobilization levels were between 400 and 500 RU. Fabs
were tested at 10 nM as the highest concentration in a three-fold
dilution series. The running buffer contained 10 mM HEPES,
150 mM NaCl, pH 7.4, with 0.005% tween-20 and 0.1 mg/ml
BSA. Binding data were collected at 25°C. Binding kinetics were
determined by globally fitting the response data to a simple 1:1
interaction model using Scrubber (Biologic Software Pty Ltd.).
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Cell-based assay. TNF-induced apoptosis was measured using
immortalized TNFR1/2 double knockout mouse fibroblasts sta-
bly transfected with a TNFR1-FAS fusion construct (kind gift of
DP. Scheurich). Cells were seeded in 384-well plates at 6,000 cells
per well the day before the assay in RPMI 1640, 10% FCS, 2
mM L-Glut. Relevant Fabs at the indicated concentrations were
preincubated with 1 p.m. TNF for 30 min at room temperature
in cell culture medium. Cells were washed and Fab-TNF com-
plexes were added. After 6 h caspase activity was quantified using
caspase3/7 glo reagent (Promega) according to manufacturer’s
instruction.
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