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ABSTRACT: In an effort to gain greater insight into the evolution of the redox active, catalytic antibody
28B4, the germline genes used by the mouse to generate this antibody were cloned and expressed, and
the X-ray crystal structures of the unliganded and hapten-bound germline Fab of antibody 28B4 were
determined. Comparison with the previously determined structures of the unliganded and hapten-bound
affinity-matured Fab [Hsieh-Wilson, L. C., Schultz, P. G., and Stevens, R. C. (F2@6) Natl. Acad.

Sci. U.S.A. 935363] shows that the germline antibody binds fheitrophenyl ring of hapter8 in an
orientation significantly different from that seen in the affinity-matured antibody, whereas the phosphonate
moiety is bound in a similar mode by both antibodies. The affinity-matured antibody 28B4 has more
electrostatic and hydrophobic interactions with ha@¢han the germline antibody and binds the hapten

in a lock-and-key fashion. In contrast, significant conformational changes occur in the loops of CDR H3
and CDR L1 upon hapten binding to the germline antibody, consistent with the notion of structural plasticity
in the germline antibody-combining site [Wedemayer, G. J., Patten, P. A., Wang, L. H., Schultz, P. G.,
and Stevens, R. C. (1998cience 2761665]. The structural differences are reflected in the differential
binding affinities of the germline FalK{ = 25 uM) and 28B4 Fab K4 = 37 nM) to hapter3. Nine
replacement mutations were found to accumulate in the affinity-matured antibody 28B4 compared to its
germline precursor. The effects of each mutation on the binding affinity of the antibody to IBawene
characterized in detail in the contexts of both the germline and the affinity-matured antibodies. One of
the mutations, Asp9arp, leads to a change in the orientation of the bound hapten, and its presence is
a prerequisite for other somatic mutations to enhance the binding affinity of the germline antibody for
hapten3. Thus, the germline antibody of 28B4 acquired functionally important mutations in a stepwise
manner, which fits into a multicycle mutation, affinity selection, and clonal expansion model for germline
antibody evolution. Two other antibodies, 20-1 and NZA6, with very different antigen specificities were
found to be highly homologous to the germline antibody of 28B4, consistent with the notion that certain
germline variable-region gene combinations can give rise to polyspecific hapten binding sites [Romesberg,
F. E., Spiller, B., Schultz, P. G., and Stevens, R. C. (188gnce 2791929]. The ultimate specificity

of the polyspecific germline antibody appears to be defined by CDR H3 variability and subsequent somatic
mutation. Insights into the evolution of antibody-combining sites provided by this and other structural
studies are discussed.

The evolution of binding affinity in the immune system (4). Structural studies of affinity-matured catalytic antibodies
involves combinatorial and mutational processes, which in and their germline precursors have revealed the mechanisms
many aspects parallel those that occur in the natural evolutionwhereby somatic mutations affect binding energy and
of enzymes. Consequently, the characterization of the affinity catalysis. In the case of the catalytic antibody 48G7, which
maturation of catalytic antibodies provides important insights catalyzes ester hydrolysis, the germline antibody undergoes
on both the molecular mechanisms of the immune responsesignificant conformational changes upon hapten bind&g (
and the origins of enzymatic catalysis. During the process In the case of antibody AZ28, which catalyzes an oxy-Cope
of affinity maturation, somatic mutations are introduced that rearrangement reaction, side chain conformational isomerism
increase the binding affinity of the antibody to the antigen is also evident in the germline antibody, and appears to play
a dynamic role in catalysis5)]. In both cases, somatic
mutations lead to a lock-and-key binding mode in the
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/©/\S/ + NelOs /@A?/ . NalOg MATERIALS AND METHODS
ON ON . © Reagents and Strainall chemicals were analytical grade.
1

All solution and media were made with distilled water
purified by a Milli-Q plus water purification system (Mil-
= lipore). Restriction enzymes and DNA-modifying enzymes
% o o were purchased from New England Biolabs, Inc. (Beverly,
O/\se--o”;.'_o- /©/\lscr—‘-,l,-—o MA). TagDNA polymerase and plasmid DNA purification
ON 0N kits (Wizard maxiprep and miniprep kits) were purchased
from Promega Co. (Madison, WI). The Oligotex mRNA kit,
the QIAquick gel extraction kit, and the QIAquick PCR
purification kit were purchased from Qiagen Inc. (Valencia,
S CA). Pfu DNA polymerase and QuickChange site-directed
gNApﬁo_ mutagenesis kits were purchased from Stratagene (La Jolla,
& CA). Ultralink immobilized protein G was obtained from
ﬂl Pierce Chemical Co. (Rockford, IL). Superdex 200 columns,
o™ oH Mono S HR 5/5 columns, and Mono Q HR 5/5 columns
were purchased from Amersham Pharmacia Biotech (Pis-
cataway, NJ). The CM5 sensor chip, the amine coupling Kit,
\'ji'th’\E'é13055‘?3'2(31?;?]35852?;’;%?31/9&%‘}“30g)ﬂgsﬂl?g?uf}fgiicdu‘; and other reagents for surface plasmon resonance experi-
productg. Hapten3 mimics the stereoelectronic %eatures of both men_ts were pur(_:hased from Blacore_ Inc. (Plscataway, NJ).
transition states and was used to raise antibody 28B4. Strains for cloning or Fab expression were obtained as
competent cells from the following manufacturers: RH5

kinetics and the crystal structures of the catalytic antibody (Clontech, Palo Alto, CA), TOP10 (Invitrogen, Carlsbad,
28B4 and its germline precursor. Antibody 28B4 catalyzes CA), and XL1Blue (Stratagene). Samples of plasmid DNA
the periodate-dependent oxidation of sulfitiéo sulfoxide ~ @nd PCR products were submitted to the DNA sequencing
2 (Figure 1) 6). Oxygen transfer reactions are essential in facilities at The Scripps Research Institute or Novartis
many biological processeg, @); enzymes that catalyze these Institute of Functional Genomics for sequence determination.
reactions, such as monooxygenase, are dependent on cofac- Subcloning and Mutagenesléectors for recombinant Fab
tors such as flavin, copper, and herfg Antibody catalysis ~ €xpression, pBAD-28B4g and pBAD-28B4m, were con-
of oxygen transfer reactions can utilize either these naturalStructed by subcloning the variable-region genes of the
cofactors or synthetic redox reagents. Hagitevas designed ~ germline precursor antibody and affinity-matured antibody
to mimic the transition state of the oxidation of sulfitiéo 28B4 into the pBAD vector using restriction sit8ad and
sulfoxide 2 using periodate as the cofactor. Of the eight Sal. The germline mutants and 28B4 mutants were generated
generated antibodies that catalyze the reaction, antibody 28B4% Site-directed mutagenesis of the pBAD-28B4g and pBAD-
was found to be the most active wittka;of 8.2 sanda  28B4m templates using a QuickChange site-directed mu-
kealKw Of 1.9 x 10° M~ 571 (6). The X-ray crystal structures tagenesis kit. M|xe(_j mutants were constructed by'reuprocal
of both the unliganded and hapten-bound 28B4Raére swapping of the light chain sequences $ad—Hindlll
previously determined to 2.2 and 1.9 A, respectively, and fragments between plasmids pBAD-28B4g and pBAD-
revealed a network of hydrogen bonds, electrostatic interac-28B4Mm- Successful mutations were screened by restriction
tions, and van der Waals interactions that stabilize the MaPPing and verified in all cases by DNA sequencing.
transition state for the oxygen transfer reactith ( Fab Expression and Purificatiofn the pBAD-28B4g and
pBAD-28B4m plasmids (and other plasmids generated by
. . . site-directed mutagenesis), Fabs were expressed under the
g;z)cri]gg'ta;\yi')stath; ?\?r:emI:QS|§$%J§n?rrgL$itmdyt v%gl?r? ;IIY]zS regulation of an araBAD promoter as a chimeric construct
' in which the \{; and \[ variable-region genes are fused to

light chain and seven in the heavy chain, occurred during the human G1 and G constant regions, respectively. LB
the evolution of this antibody. To analyze the effects of these medium (2 L) containing 10@g/mL ampil:illin was inocu-

mutations on hapter_1 binding and catalysis, the X-ray _crystal lated with a TOP10 cell overnight culture harboring the
structures of the unliganded and hapten-bound germline Faljasmig encoding the antibody fragment. Cultures were
were determined to 2.1 and 2.8 A resolution, respectively, incubated at 25C until an absorbance at 600 nm of 0.5
an_d _compared with the cqrre_spondlng structures of the \yas reached. A filter-sterilized 20% arabinose solution was
afﬂmty-matureq Fab. The binding .propertles of the 28B4 ihen added to a final concentration of 0.2%, and the
Fab, the germline Fab, and each single-replacement mutan, ¢ pation was continued for an additional 12 h. Periplasmic
were also characterized in an effprt to determine the lysates were prepared by treating the cells with 1 mg/mL
functional roles of the somatic mutations. lysozyme in 30 mM Tris-HCI (pH 8.0), 1 mM EDTA, and
20% sucrose for 15 min at room temperature. Purification
L Abbreviations: CDR, complementarity-determining region; EDTA, Of the Fab involved three purification steps as described by
ethylenediaminetetraacetic acid; Fab, antigen binding fragment; FR, Ulrich et al. L0): protein G affinity, Mono S ion exchange,

framework region; Hepes, 4-(2-hydroxyethyl)piperazine-1-ethanesulfon- gnd Superdex 200 size-exclusion chromatography.
ic acid; PCR, polymerase chain reaction; PEG, poly(ethylene glycol); Crvstallizati Conditi d Data CollectionTh
RU, resonance unit; Tris, tris(hydroxymethyl)aminomethane; TS, rystallization Conditions an ata Collecuonihe

transition state; UTR, untranslated region. unliganded germline Fab of 28B4 was crystallized in 100

To determine the effects of affinity maturation on binding
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mM ammonium sulfate and 50 mM sodium acetate (pH 3.9) measured in the reference flow cell, and the slope of a plot
containing 10% poly(ethylene glycol) 2000 monomethyl of RU/C (Cis the concentration of the Fab fragment) versus
ether. Data were collected at 100 K using beamline 5.02 of RU yielded the inverse of the dissociation const#ft,Kg
the Advanced Light Source at the Lawrence Berkeley values obtained from multiple independent determinations
National Laboratory. The reflections were indexed and scaled on different sensor chips varied by less than 10%. Dissocia-
using HKL2000 (1). A total of 109 371 observations were tion rates were measured using a series of Fab concentrations
recorded for 51 231 unique reflections. The reduced data setvarying between 0Ky and 1&,. The flow rate was set at
was 96.9% complete between 20 and 2.1 A (95.2% between30 xL/min, and the “kinject” mode was used for sample
2.15 and 2.07 A) with arRyerge Of 5%. The space group injection. The injection of the Fab samples lasted for 2 min
wasP1 with two molecules in the asymmetric unit. The unit followed by a 10 min dissociation phase before the regenera-
cell dimensions were as followsa = 36.42 A b = 69.65 tion of the chip surface. Kinetic data were interpreted with
A, c=8531A 0 =7457, 8 =80.18, andy = 77.55. BlAevaluation 3.0 software (Biacore) and successfully fit
For the germline Fabhapten cocrystals, the crystallization into a simple 1:1 model of interaction between the Fab and
conditions included 26% PEG 4000, 100 mM Tris (pH 7.5), hapten.
800 mM NaCl, and 4 mM hapte® The data were collected
at beamline 9-2 at the SSRL and scaled and processed witfiRESULTS AND DISCUSSION
MOSFLM (12). A total of 47 152 observations were recorded  Cloning of the Germline Precursor Antibody to 28B4
with 20 056 unique reflections, and the set was 93.6% Affinity-matured antibody 28B4 was previously cloned and
complete between 20 and 2.8 A (91.9% between 2.8 andsequenced1(). To identify the candidate germline genes
2.9 A) with an Rmerge Of 10%. There were again two for 28B4 V,, its CDR L1 sequence was searched against
molecules in the asymmetric unit, but the space group wasthe Kabat Database of Molecules of Immunological Interest
P2;. The unit cell dimensions were as follows: = 54.51 (http://immuno.bme.nwu.edu/18). The light chain variable
A, b=126.57 A,c = 65.57 A, and3 = 104.6F. region of antibody 28B4 was found to bear a strong
Structure DeterminatiorBoth structures were determined resemblance to the germline genel\ of the \k1 family,
by molecular replacement using the program package and the coding region of M.C was found to differ by only
AMORE (13). Coordinates from the affinity-matured 28B4 two nucleotides from 28B42(Q). Primers that flank the
were used as a model for the germline Fabpten structure,  targeted regions were used to PCR amplify thel& gene
and this structure was used as a model for the unligandedfrom Balb/c genomic DNA. After assembly of the complete
germline Fab structure. Alternate rounds of model building consensus sequence for the Balb/c-derived germlieeCV
in O (14) and refinement of the coordinates using CNS gene, it was aligned with the &/ gene derived from
version 0.4 {5—17) were performed until minimization was  hybridoma 28B4 genomic DNA and two somatic mutations
complete. A total of 278 waters were added to the unligandedin the light chain were identified: SerZBhe in light chain
germline Fab structure, and no waters were added to thecomplementarity-determining region 1 (CDR L1) and Pte40
germline Fab-hapten structure. The final models have Ser in the second framework region of the light chain (FR
R-factor values of 21.9 and 22.7% af¥ee values of 27.0 2) (Figure 2).
and 26.8% for the germline Falhapten complex and the A search of the Kabat Database using the 28B4 CDR H2
unliganded germline Fab, respectively. Both structures were sequence identified V11 as the probable germline gene from
submitted to the PDB as entries 1FL5 and 1FL6 for the which 28B4 \{; was evolved, and the two differed by 11
unliganded and hapten-bound Fab structures, respectivelynucleotides over the length of they\toding sequence.
The Fab residue numbering follows Kabat numbering Sequences of the' &JTR, peptide leader, intron, andyV
throughout 18). coding sequences of the V11 gene from Balb/c mice were
Determination of the Binding Constantslapten3 was previously determined2@). Under the assumption that
synthesized and coupled to BSA following the procedure of somatic mutations are unlikely to occur upstream of the V
Hsieh et al. §). All kinetic equilibrium binding measurements  coding sequence, primers were designed to amplify the 5
were performed by surface plasmon resonance using theUTR of the Balb/c-derived V11 gene. Sequence identity
Biacore 3000 biosensor and research grade CM5 sensor chipbetween the consensus 28B4 Wtron and that identified
(Biacore) essentially as described by Ulrich and Scha®. ( from Balb/c genomic DNA confirmed V11 as the germline
Chips were derivatized with the BSA conjugate of haf@en gene from which the 28B4 Ywas evolved. The affinity-
using the amine coupling kit, and immobilization levels were matured and germline V coding regions differ at 12
adjusted to a Fab binding capacity between 300 and 500positions. Three mutations are silent, and nine are translated
resonance units (RU). Underivatized BSA was coupled on to seven replacement mutations in the heavy chain: Val12
the surface of a neighboring reference flow cell at a similar Gly in FR 1, Met34'Phe, Ser3%Asn, and Val37Ala in CDR
immobilization level to serve as a blank control. The running H1, Asn53iLys in CDR H2, Ser76Gly in FR 3, and Asp9%-
buffer was HBSEP [20 mM Hepes (pH 7.4), 150 mM NaCl, Trp in CDR H3 (Figure 2). Asp9bis encoded by the last
and 0.005% P20] (Biacore). All Fab samples were first codon of the germline gene V11, and the three-nucleotide
dialyzed into the same buffer before injections. After the mutation at this position from GAT(Asp) to TGG(Trp) is
injection of the Fab fragment, the chip surface was regener-most likely a product of D joining. Though unlikely, it
ated ly a 1 min pulse of 20 mM glycine (pH 2.8). For affinity  is also possible that mutation Asg95p arose from a three-
measurements under equilibrium conditions, various con- nucleotide deletiorrinsertion mechanism during affinity
centrations of Fab were injected at a flow rate @il5min maturation 22). Sequence analysis also suggests that the
with a contact time of 20 min to achieve complete equilibra- variable regions of antibody 28B4 are encoded by the
tion. The equilibrium signal in RU was subtracted from that following combination of gene segmentsx1C and 41 for
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Light chain
CDR L1
VK1C DVLMTQTPLSLPVSLGDQASISCRSSQSIVHSNGNTYLEW
28B4
20-1
NZA6
VK1A
39Aa11 --

CDR L2
vKLlC YLOKPGQSPKLLIYKVSNRFSGVPDRFSGSGSGTDFTLKIS
28B4 B B TR PP T
20-1  mmemmmmmm e m e e —meeo—eeoeo -
NZA6 mmmmmmmmmmmme- Re-mmmmmmommmmmmmm e mm e
VKLIA e mmmmmmmmmmmmmmme e
39A11  mmmmmemmmmmmmmmmemmmmmme——em—mooo oo

CDR L3
VK1C RVEAEDLGVYYCFQGSHVP
28B4 cmmmmmemmmmmmmemmo- RTFGGGTKLEIK
20-1  mmmmmmemmmmmee-oo- Wommmmmm e
NZA6 ~  mmec----e- F----T
VKIA ~ meeemmmmo- F-S-STH--
39A11  mmmmmmem-- F-S-VTH--P-----------

Heavy chain
CDR H1
Vii EVKLVESGGGLVQPGGSLRLSCATSGFTFTDYYMSWVRQP
28B4 mmemmmmme-- G--mmmmmmmmmm e mome FN-A---
20-1  mmm e mmmmmmmmmmmmmm e
NZA6  mmmmmmmmmm-m-—-—-- S----A---------=- TG-G—

VMS9 QIQLVQSGPELKKPGETVKISCKASGYTFTNYGMNWVKQA
3911 mmmmmmmmmmmemmmmmmmmmmmeemee— oo

CDR_H2
Vil PGKALEWLGF IRNKANGYTTEYSASVKGRFTISRDNSQST
28B4  c-mmmmmemmme-os Kom-=mmmmmmmmmmmmmmmmo G-
2021  mmmmmmmmmmmmmmmmmmmmm oo
NZA6 -------- ALi=m---mmmmmmmmmmmmmmm oo

VMS9 PGKGLKWMGWINTYTGEPTYADDFKGRFAFSLETSASTAY
39AL11  mmmmmmmmmmm e

CDR H3
Vil LYLOMNTLRAEDSATYYCARD Fab—hapter3 complex (a) and the germline Fahapter3 complex
28B4 c-ooosmmmoo-oeo-ooo- WGSYAMDYWGQGTSVTVSS (b). The backbone of the affinity-matured 28B4 Fab is in light
201 N IIITIIRemE Ll brown, and its active site residues are in dark brown. The backbone
of the germline Fab is in light blue, and the active site residues are

vMS9 LQINNLKNEDTATYFC in dark blue. Both haptens are shown in yellow.
38A11 2 ----mmemmmmo---- VQAERL RRTFDYWGAGTTVTVSS

FiGurRe 2: Light and heavy chain variable-region sequences of Of hapten3. The aromatic rings of Trp9%and Phe50 pack
structurally related antibodies 28B4, 20-1, NZA6, and 39A11. against thep-nitrophenyl ring of the hapten, and the

Sequences of the germline precursors of the light chain V gene, i i
Vi1A and Wk1C, and the germline precursors of the heavy chain carboxamide group of AsnS3%ydrogen bonds to thenitro

V gene, V11 and VMS9, are also shown. Dashes represent residue§0UP of hapter8. A comparison of the unliga_nded _and
that are identical to that of the corresponding germline V gene hapten3-bound 28B4 structures shows only minor differ-
sequence. ences between the two, consistent with a lock-and-key
mechanism in which the antibody-combining site is preor-

the light chain variable region and V11, DFL16.2, anpd J ganized for hapten binding.

for the heavy chain variable region. The antibody encoded
by the unmutated form of this combination is thus assigned The crystal structure of the affinity-matured antibody also
to be the germline precursor of antibody 28B4. reveals the site of somatic mutations relative to the binding
Structures of the Affinity-Matured 28B4 and Germline Site of the hapten (Figure 5). Three of the mutations (Ser35
Fab—Hapten3 ComplexesThe X-ray crystal structure of ~ Asn, Asn53Lys, and Asp98Trp) occur at the hapten-
hapten3-bound 28B4 Fabl) suggests that the antibody- binding site; four mutations (Ser@Bhe, Met34Phe, Val3%-
combining site locks the-nitrophenyl substrate and perio-  Ala, and Ser78Gly) are one shell removed from the residues
date ion into a reactive orientation and stabilizes the transition that form the hapten-binding pocket. The other two (Pke40
state for the oxygen transfer reaction through a network of Ser and Val12Gly) are close to the constant region of the
hydrogen bonds, electrostatic interactions, anstacking antibody and far away from the bound hapten.
interactions (Figures 3a and 4a). The oxygen atoms of the )
phosphonate group of hapt8iiorm a total of five hydrogen In the structure of the germline Fabapten3 complex, -
bonds with the active site residues: one with the hydroxyl the hapten is embedded deeply in the antibody-combining
group of Tyr33', two with the guanidino group of Arg5? site with the phosphonate group and aliphatic linker near
and two with the-amino group of Lys53. There is alarge  the surface, and thp-nitrophenyl group at the bottom of
hydrophobic cavity consisting of Tyr83Trp4#, Phe50, the binding pocket. The electron density for hap&is
Trp95", and Phe89that surrounds th@-nitrophenyl ring shown in Figure 6, and the hapten binding site is shown in
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(a) _Gly91(L)
Phe S0(H) ;- -
M s
- Asn 35(H)
T'yr 33(H) gcr‘)ZfL)
W
%’r':p:su-n
i
' %Tyr 32(L)
e 7
Arg 52(H) 23274
Hapten 3

(b)

Tyr33(H)] Glu 3420’%

Arg 52(H)
Ala 99(H)
g 2 Hapten 3 %’ip 95(H)
Arg 96(L)
Key
@ Ligand bond

Hie 3} Non-ligand residues involved in hydrophobic

T conlacts)

@—@ Nonligand bond

@ —@ Hydrogen bond andits length @  Comesponding stoms involved in hydrophobic contact(s)

Ficure 4: Active site residues in the affinity-matured 28B4 Fab
hapten complex (a) and in the germline Fdiapten complex (b).
Hapten3 is in purple, and the active site residues are in gold.

Yin et al.

AsnsMLys

Ficure 5: Overlay of the germline and affinity-matured 28B4
hapten complexes. The germline Fab is shown in blue, and the
affinity-matured Fab is shown in pink. The side chains of the
somatic mutations are drawn as balls and sticks and are shown in
the corresponding colors.

28B4 reveals that hapteéhis bound in different orientations

in the two antibodies (Figure 3). Three mutations (SB35
Asn, Asn53Lys, and Asp98Trp) occur at the antigen-
combining site during the evolution of the germline antibody
and to a large extent are responsible for the new orientation
adopted by the bound hapten in the affinity-matured antibody.
While the phosphonate group of haptens bound in the
same orientation in the two Fabs, thenitrophenyl ring of
hapten3 in 28B4 Fab is rotated relative to its orientation in
the germline Fab, and forms a paralestacking interaction
with the indole ring of Trp98. The p-nitro group of the
hapten is rotated away from Glu34nd forms a new
hydrogen bond with the carboxamide group of Ash3the
Asn53'Lys somatic mutation introduces two new hydrogen
bonds between the-amino group of Lys53 and the
phosphonate moiety of haptéh Thus, as a result of the
active site mutations, hapteéhhas gained two additional
hydrogen bonds to the phosphonate group and a higher

Figures 3b and 4b. The strongest interactions between hapterlegree of packing complementarity with residues THy95
3 and the germline Fab are with the phosphonate group of Phe5®, Tyr32-, and Tyr36. This is consistent with the 700-
the hapten. There are three hydrogen bonds between thédold increase in hapten binding affinity of the affinity-
active site residues and the oxygen atoms of the phosphonatenatured antibody relative to the germline antibody.

moiety. The guanidino group of Arg82and the hydroxyl
group of Tyr33' form hydrogen bonds with 014 (2.6 A),
and the guanidino group of ArgBéydrogen bonds with
016 (3.1 A). Although the combining site consists of multiple
hydrophobic residues, including Tyr3Z'yr33", and Phe50),
only part of the aromatic ring of Tyr33s within 4 A of the
p-nitrophenyl ring of hapteB. Thep-nitro group is stabilized

Structural Consequences of Hapten Binding to the Ger-
mline and Affinity-Matured AntibodieSthe X-ray crystal
structure of the unliganded germline Fab was determined to
2.1 A resolution. Comparison of the hapten-bound and free
germline Fab structures shows that there are significant
changes in the loops of CDR H3 and CDR L1 upon hapten
binding (Figure 7a). In the hapten-bound structure, residues

by two hydrogen bonds, one between the carboxylate oxygenH95—-H99 of CDR H3 are shifted away from hapt&nin

of Glu34 and 08 (3.0 A) and the second between the the absence of such a CDR H3 conformational change, the
backbone amide nitrogen of Ala®9and 09 (3.2 A). backbone of Tyr98 would sterically clash with the-nitro
Although there is well-defined electron density for the linker group of the bound hapten. The backward movement of the
of the hapten, only some minor interactions between the Fabbackbone of CDR H3 (a maximum of 3.7 A between the
and the linker can be identified. As the structure is at 2.8 A Co positions of Tyr98 in the two structures) removes this
resolution, no water was added during refinement. It is unfavorable steric interaction and at the same time introduces
possible that the linker is stabilized through water hydrogen a new hydrogen bond between the backbone amide of Ala99
bonding interactions. and thep-nitro oxygen atom of hapteB. Asp93! in this

A comparison of the structures of the hapten-bound loop also makes hydrophobic contacts with pheitophenyl
germline and affinity-matured Fab fragments of antibody ring of hapten3. There are also significant movements of
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FiGure 6: F, — F; omit electron density map (contoured at@.&@howing the hapten in yellow.

(a) CDRLI

(b)
CDR H2

Ficure 7: (a) Overlay of the unliganded germline Fab (dark blue)
and the germline Fabhapten complex (light blue). The hapten is
shown in light blue. (b) Overlay of the unliganded affinity-matured
28B4 Fab (red) and the 28B4 Fahapten complex (pink). The
hapten is shown in pink.

residues L27¢L32 in the CDR L1 loop (a maximum
difference of 3.7 A at the & position of Ser27ein the two
structures). This results in improved packing interactions,
both between the imidazole ring of His27ahd the aliphatic
linker of hapter8 and between Tyr32and thep-nitrophenyl
ring of the hapten.

Comparison of the unliganded and hapten-bound affinity-

ments and side chain movements that occur upon the binding
of hapten3. These results suggest that a flexible, induced-
fit type of binding mode is adopted by the germline antibody
of 28B4. It would be interesting to compare the catalytic
properties of the germline Fab and the affinity-matured Fab
to evaluate the influence of conformational flexibility in the
antibody active site on catalysis. At least in one case, the
oxy-Cope catalyst AZ28, side chain conformational changes
in the germline antibody appear to play a dynamic role in
catalysis.

A Comparison of the Affinity Maturation of Catalytic
Antibodies.The catalytic antibody 28B4 represents another
well-characterized system in which the hapten binding
properties of both the germline and the affinity-matured
antibody have been investigated at a detailed structural level
(2, 5, 23, 24). A common theme arising from structural
analyses of the majority of these systems is that the germline
antibodies show significant structural changes upon the
binding of haptens. In contrast, hapten binds to the affinity-
matured antibodies by a lock-and-key mechanism. Thus, it
has been proposed that the conformational flexibility of the
germline antibodies may provide a mechanism beyond
structural diversity for expanding the binding potential of
the germline repertoire2}.

A comparison of the hapten-bound and free germline Fab
structures of antibodies 28B4, 48G7, and AZ28 shows
significant rearrangements of CDR H3 upon hapten binding
in each case. In the germline precursor of antibody 48G7,
Tyr9g! and Try99' in CDR H3 shift 4.0 and 5.0 A,
respectively, in response to hapten associat®)n These
movements improve the packing interactions between Tyr99
Try91", and thep-nitrophenyl ring of the hapten. In AZ28,
CDR H3 is rotated away from the active site in the germline
Fab—hapten complex relative to the unliganded structure,
and the maximum distance is 4.9 A between tlepBsitions
of Phe99 (5). This movement leads to bettarstacking
interactions between the imidazole ring of Hi§%nd the
2-phenyl group of the bound hapten and better hydrophobic

matured 28B4 structures shows that minimal changes occurpacking between the side chain of Tyr10@ad the 2-phenyl

upon hapten binding (Figure 7b). This is consistent with a

group of the hapten. At the same time, this movement

lock-and-key mechanism of binding. In contrast, a greater appears to allow an increased level of orbital overlap in the

degree of conformational flexibility exists in the germline

transition state of the oxy-Cope reaction catalyzed by AZ28,

antibody as demonstrated by the significant loop rearrange-leading to an enhanced catalytic rate in the germline antibody
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relative to the affinity-matured antibod$)( In the germline Polyspecificity of the Antigen-Combining Site of the
precursor of antibody 28B4, residues H2399 of CDR H3 Germline AntibodyA search against the Kabat Database of
are also shifted away from hapt&upon binding. Again, Molecules of Immunological Interesi ) revealed that two
additional packing interactions between CDR H3 and hapten antibodies, 20-1 and NZA6, use \and Vi chains highly
3 are introduced as a result of this rearrangement. CDR H3homologous to those of the germline antibody of 28B4
has also been shown to undergo significant conformational (Figure 2). Antibody 20-1 was raised against the peptide
changes upon the binding of antigen in a number of affinity- DWEYSVWLSN and was shown to be cross-reactive with
matured antibodies26—29). In general, the movement of DNA (32). Antibody NZA6 was produced by autoimmune
CDR H3 is not so large <2 A) in the affinity-matured mice and displays significant cross-reactivity to self-antigen
antibodies as in the germline antibodies discussed here.histone and foreign antigen polylysine) @33). All three
Importantly, in the affinity-matured antibodies 28B4, 48G7, antibodies use light chain and heavy chain variable regions
and AZ28, very little conformational change occurs as a encoded by ¥1-J1 and V11, respectively, and use
result of hapten bindingl( 2, 5). different D—J combinations for CDR H3. The DFL16:2
CDR HS3 is encoded by the gene segment generatedJs4 joining region gene is used by the germline antibody of
through VV-D recombination and BJ recombination. In 28B4, and the DQ52J42 and DFL16-J42 joining region
addition, during recombination events, nucleotides can be genes are used by antibodies 20-1 and NZA®6, respectively.
randomly deleted from or added to the ends of the gene The overall sequence homology between the germline
segments, leading to length variation and even greaterantibody of 28B4 and antibody 20-1 is remarkable (Figure
diversity. As a result, CDR H3 is found with medium or 2). In the light chain variable region, antibody 20-1 differs
large surface loops with very different sequences and patternsrom the germline antibody of 28B4 at only three positions:
of interaction 80). Thus, it is not surprising to see that extra two in CDR L1 and one in CDR L3. For the heavy chain
flexibility is programmed into CDR H3 of the germline variable region, the two antibodies have exactly the same
antibody to expand the structural diversity of the primary sequence up to CDR H3. The sequence of antibody NAZ6
repertoire beyond that generated by sequence diversity aloneis also homologous with the germline antibody of 28B4 both
The hapten in the germline antibody of AZ28 is bound in in the light chain variable region and in the heavy chain up
a conformation similar to that seen in the affinity-matured to CDR H3. The fact that all three antibodies share the same
antibody-hapten complex. Secondary sphere hydrogen combination of W1—J1 and V11 gene segments and bind
bonding interactions introduced by somatic mutations de- structurally very different antigens suggests that certain
crease the flexibility of the CDR H3 loop and fix the bound combinations of ¥—Jx and W give rise to CDRs L%3
hapten to a single conformatioB, (24). However, in 28B4 and CDRs H%-2 that are responsible for the assembly of a
and 48G7, the haptens are bound in different conformationspartial antigen-combining site, which is polyspecific in
in the germline and the affinity-matured antibodigs While nature. CDR H3, which is encoded by quite differentp
the positions of the phosphonate groups of the hapten aregjoining genes in each antibody, is responsible for the ultimate
essentially the same in both the germline and affinity-matured specificity of the fully assembled antibody. This strategy for
antibodies of 28B4 and 48G7, tipenitrophenyl groups and  variable-region gene assembly would benefit the evolution
the aliphatic linkers are bound in different orientations. These of highly specific antibodies in two ways: (i) by increasing
differences in the hapten binding mode result from mutations the diversity of the germline antibody binding repertoire since
introduced into the germline antibody during the affinity mat- a single combination of ¥—Jc and W can be used to
uration process that lead to enhanced antibdwpten construct combining sites for structurally very different
complementarity. In antibody 48G7, none of the nine residues antigens and (ii) by accelerating the immunological evolution
introduced by somatic mutation directly contacts the hapten. process in that a single combination okVJ and W is
Affinity maturation appears to play a conformational role in  polyspecific and can be tested in conjunction with all possible
both reorganizing the antiboeihapten binding interactions  D—Jy joining genes for optimal antigen binding specificity
and limiting the side chain and backbone flexibility of the and affinity.
germline antibodyZ, 31). In contrast, in the case of antibody While it is clear that CDR H3 plays an important role in
28B4, three somatically mutated residues are in direct contactdetermining the specificity of an antibody, it has also been
with the bound hapten, and specific interactions of these resi-shown that CDR H3 plays a critical role in distinguishing
dues with the hapten to a large extent account for the alteredbetween polyspecific and monospecific antigen-combining
binding mode and the increased affinity of the affinity- sites of the antibody3d). Both monospecific and polyspe-
matured antibody relative to the germline antibody. ( cific antigen-combining sites can be generated utilizing
These studies suggest that somatic mutations can increas&lentical light and heavy chain variable-region sequences in
hapten binding affinity by at least three mechanisms: (i) conjunction with a discrete CDR H3. This finding strengthens
direct interaction with the bound hapten, (ii) decreasing the our observation that certain combinations af-\d«x and
structural flexibility of the germline antibody, leading to a give a polyspecific antigen-combining site which is to be
preorganized active site for hapten binding in the affinity- tuned by CDR H3 for optimal specificity. And depending
matured antibody2), and (iii) significant reorganization of ~ on whether there is sufficient specific recognition introduced
the antibody-antigen interface in the germline antibody as by CDR HS3, the final antigen-combining site can be either
manifested by different hapten binding geometries in the polyspecific or monospecific in nature.
germline and the affinity-matured antibody. The latter may  Antibodies 20-1 and NZA6 are polyspecific and show
allow many different weak binding modes to exist in the cross-reactivity with structurally different ligand32 33).
germline antibody that can be reconfigured and optimized Although yet to be tested, it is very likely that the germline
by affinity maturation. antibody of 28B4 is also polyspecific as suggested by the
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Table 1: Binding Affinities of 28B4 Fab, Germline Fab, and the and_thermOdyhamiC_ Contml_ with the on-rate c_onstant playing
Mutants for Hapters a critical role in antigen-driven B cell selectioB5).
n kot AG AAG To evaluate the functional role of each somatic mutation,

Fab M1sY) (1) Kg(M) (kcal/mol) (kcal/mol) three sets of mutants were created. In the first set, each
germline 430 0.011 2.5 105 —6.3 * somatic mutation was introduced individually into the
28B4 35x10°0.0133.7x10° -10.1 3.8 germline antibody. This set of mutants is termed the
%22?&;2%;“ utants 650 0.015 2.3 105 —-6.3 ¢ “germline mutants”. For the second set of mutations, each
Pro4¢Ser 480 0.013 2.% 10 2 —6.2 0.F residue in the affinity-matured antibody derived from somatic
\,@é%%h’e 547800 0690112122'.1§ 135 :g:g _%;1 mutation was switched back to its germline identity. This
Ser3$‘HAsn 450 0.014 3.& 10: —6.1 0.2 set of mutants is termed the “28B4 mutants”. The third set
XSESSH';“_I;S o Dok B3 o of mutants is termed the “mixed mutants” in which the light
Ser76'Gly 860 0.019 2% 105 -6.4 —0.12 and heavy chains of the germline and the affinity-matured
ézfggxgms o7 é-gx }g 8815 ‘3‘-(5)X ig ; :g-; :g-g antibodies are cross-combined to evaluate the contribution
Ser3BASH/ASHOBTIp 154 10° 0014 94x 10° 96  —3.3 to binding affinity from the somatic mutations in either the
Asn53'Lys/Asp98iTrp 1.2x 10° 0.013 1.1x 1007 -9.5  —3.2 entire light or heavy chain. The binding properties of these
E,%'Zgg;‘gf”ts 125 106 0.012 1.0x 107  —95 0.6 mutants are also listed in Table AGs are calculated from
Ser46Pro 4.8% 10° 0.017 3.5x 1@2 —-10.2 —0.12 the equilibrium dissociation constan'FKdI. AAGs of the .
S&lﬁ\@t o1x }g 0020 3.3 10, 192 Ok germline mutants are calculated relative to the full germline
Asn35'Ser 2.7x 100 0.010 3.7x 107 —8.9 1.2 Fab, andAAGs of the 28B4 mutants are calculated relative
Ala37val 1.6x 10°0.011 6.6x 10 9.8 0-% to the affinity-matured 28B4 Fab.
a';?gé:? 45x1000.010 22100 90 11 Mutations at the Hapten-Combining Site (Set&Sn,
Trp95*Asp 650 0.013 2.« 10 —6.4 3.7 Asn53'Lys, and Asp95Trp). Mutations Ser3%Asn, Asn53'-
;‘;ﬁfﬂj_?;:;jﬂts 13x 10 0011 8.9 108 —97  —3.4 Lys, and Asp95Trp occur at the hapten-binding site of the
2884/ germiind 650 0.015 2.3< 105 —6.3 ¢ germline antibody of 28B4. While mutations Sefa5n and

2 Relative to germline® Relative to 28B4. Asn53'Lys are somatic mutations, the Asp9%p mutation

is likely to be introduced by ¥D joining. All these mutated
residues are involved in direct contacts with the hapten in
the affinity-matured Fab. The carboxamide group of A$h35
forms a hydrogen bond to thenitro group of hapter3; the
e-amino group of Lys53 forms two hydrogen bonds with

homology of its sequence to those of antibodies 20-1 and
NZAG6. The germline antibody of 39A11, a catalytic antibody
with Diels—Alder activity, was shown to have a polyspecific

antigen-combining site on the basis of its ability to bind a the phosphonate moiety of hapt8nand the indole ring of

pa"?e' . strt_JcturaIIy diverse ant_igenS).(The light chgin Trp93! sandwiches th@-nitophenyl ring of hapter® with
variable region of 39A11 compriseskVA and &1, while Phe50 from the other face (Figures 3 and 4). These

the heavy chain variable region _comprises the VMS9. interactions play important roles in binding the hapten in
DSP2.2, and# gene segments (Figure 2). A cCOMParison o qrientation adopted by the affinity-matured antibody.
to antibodies 28B4, 20-1, and NAZ6 shows that despite their 1,4 binding affinities of the germline mutants and the

differences in binding specificity, all four antibodies use a ,gp4 mytants at these sites correlate well with the structural
light chain variable region encoded by¥~Jc1 recombina- —itferences between the germline and the affinity-matured

tion, sugge_sting an intrinsic poly;pecificity associatgd With gntibodies. The mutation of Trp8%0 Asp in the affinity-
aVkl—Jk1 ||ght chain. In fac_t, Wlis commontoa relatively  atured Fab reduces the binding constant for binding of the
large population of antibodies that binds a large number of .o+ \re Fab for hapteBito 20.M, close to the value for the
antigens, including proteins, DNA, steroids, peptides, and germline FabKq = 25 uM). The Lys53'Asn and Asn35-
small haptens20). Thus, the polyspecificity intrinsic to Al Ser mutants havKgs of 220 and 370 nM, respectively, 10-
may contribute to the ability of the germline repertoire to g higher relative to that of the affinity-matured Faiu(
bind a wide array of chemical structures. =37 nM).

Functional Characterization of the Somatic Mutatiofs An analysis of the binding affinities of pairwise germline
correlate the structural and functional changes associated withmutations reveals that their effects on hapten binding are
each somatic mutation, the dissociation constants of the Fab coupled and deviate from the simple model in which each
hapten complexesK) and the rate constants of complex somatic mutation enhances the hapten binding affinity by
formation and dissociatiork{, andk.) were measured by itself and together behaves in an additive fashion. The single
surface plasmon resonance. The results are shown in TableAsp95'Trp mutation results in &4 of 450 nM, a 55-fold
1. The 28B4 Fabhapten3 complex has &4 of 37 nM net gain in binding affinity relative to that of the germline
compared to a value of 28\ for the germline Fab-hapten Fab, whereas th&gs of the Ser3%Asn and Asn583Lys
3 complex, a 700-fold improvement in binding affinity —mutants are 31 and 2iM, respectively, virtually unchanged
resulting from the affinity maturation process. The higher from that of the germline Fab. This result suggests that the
affinity of the 28B4 Fab for hapteB results from a higher ~ Asp95'Trp mutation is largely responsible for switching the
on-rate, 3.5< 1° M~1 s, compared to a value of 430 ™ hapten from the germline to the affinity-matured binding
s 1 for the germline Fab. The off-rates for the two Fabs are orientation. Ther-stacking interactions involving Trp9&nd
virtually the same, 0.0137$ for the 28B4 Fab-hapten3 Tyr507, which result from the Asp95rp mutation, are
complex and 0.011°$ for the germline Fabhapten3 clearly responsible for the altered binding geometry of the
complex. This observation is consistent with the notion that hapten in the affinity-matured antibody. In the germline Fab
the affinity maturation of antibodies is under both kinetic in which residue H95 is Asp, the hapten is bound in a
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Ficure 8: Potential energy diagram showing that the stepwise
acquisition of somatic mutations is accompanied by a stepwise
increase in free binding energy. Arrows pointing to Aspib&p/
Ser25Phe, Asp95Trp/Ser35Asn, and Asp9%Trp/Asn53iLys are

Yin et al.

FiGUrRe 9: Superposition of CDR L1 loops and CDR L3 loops in

hypothetical but depict the possibility that any of those somatic the germline Falhapten3 complex (blue) and affinity-matured

mutation pairs could be an intermediate step during the affinity
maturation of 28B4.

geometry far away from residues H35 and H53 such that
the somatically mutated residues Asizid Lys53 are too

28B4 Fab-hapten3 complex (pink). The haptens in the two
structures are shown in the corresponding colors. The Serzs
somatic mutation is also shown.

Somatic Mutations Outside the Hapten-Combining Site.

distant to have any positive effect on hapten binding (Figures The somatic mutations (Sef#%he, Met34Phe, Val3TAla,
3b and 4b). Thus, single somatic mutations at these sitesand Ser78Gly) are in the vicinity of the hapten-binding

alone do not increase the binding affinity of the germline

pocket but do not directly contact the hapten. The hapten

antibody for the hapten. Indeed, the crystal structure of the binding data show that the mutation of Phe2ér in the

germline antibody-hapten3 complex shows the closest
distances between hapt8rand Ser38 and Asn538 are 9.2
and 7.2 A, respectively. However, the Asp3%p mutation
leads to a different orientation of the bound hapten, which
allows Asn3% and Lys53 to make direct interactions with
hapten3. The double mutants Ser3&sn/Asp95%Trp and
Asn53'Lys/Asp95Trp haveKgs of 94 and 110 nM, respec-
tively, corresponding to a roughly 5-fold gain in binding
affinity over that of the single somatic mutant Asp3%p
(Kq = 450 nM). Furthermore, when residues Séramd
Asn53' in the affinity-matured Fab are mutated to their germ-
line identity (in the context of Trp9Y, a decrease in hapten
binding affinity is seen: the Asn3Ser mutant has Ky of
370 nM, and the LysB%sn mutant has &4 of 220 nM,
compared to &4 of 37 nM for the affinity-matured Fab.

affinity-matured antibody increases th&g 3-fold. In the
crystal structure of the 28B4hapten3 complex, the phenyl
ring of Phe25 packs against the side chain of GIhQehich

is located 3.5 A away on CDR L3. Superimposition of the
structures of the germline and the affinity-matured 28B4
Fab—hapten3 complexes illustrates that CDR L3 undergoes
a significant change in the loop conformation during affinity
maturation (Figure 9). The differences between CDR L3 in
the two structures occur between L89 and L99 with a
maximum change of 6.5 A in the position of the guanidino
group of Arg96. In the germline antibody, Arg%Gxtends
into the active site and the guanidino group hydrogen bonds
to the phosphonate moiety of haptdr{Figure 4b). In the
affinity-matured antibody, Arg96together with residues
L89—-L99 is shifted backward to accommodate tphe

These observations suggest that the somatic mutationghitrophenyl ring of hapter8 which binds in an orientation

Ser3%'Asn and Asn53Lys must have been selected by the

different from that of the germline antibody. Apparently, a

immune system using an intermediate which had already Ser25Phe somatic mutation introduces new packing interac-

acquired the Asp95rp mutation during previous rounds

of mutation and selection. Together with the hapten binding
data, it can be shown that during the immunological evolution
of the germline antibody of 28B4, there is a stepwise
acquisition of functional mutations by the germline antibody

tions between Phe2%nd GIn906 that help to stabilize the
conformation of the CDR L3 loop in the affinity-matured
antibody.

The mutation of Ser25to Phe in the germline Fab does
not increase the hapten binding affinity, presumably due to

that concomitantly results in a stepwise increase in haptenthe fact that the bound hapten still adopts a “germline

binding affinity (Figure 8). This is most likely accomplished
through a multicycle mutation, affinity selection, and clonal

orientation” in the absence of the Asp9%p mutation.
However, the double mutant SetPhe/Asp958Trp has &Ky

expansion strategy. A similar context-dependent effect hasof 300 nM and does increase the binding affinity over that

also been seen with the 48G7 antibo@y)( however, this
is the first observation that the effects of some somatic
mutations are absolutely dependent on other mutations.

of the single Asp9%Trp mutant Kq = 450 nM) (Figure 8).
Somatic mutations Met3#®he and Val37Ala are located
on CDR H1 in proximity to the structurally important Se¥35
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Asn somatic mutation. Mutation to the germline residues at

these sites results in a moderate decrease in hapten binding

affinity of the affinity-matured Fab:K4s of 57 and 66 nM
for the Phe34Met and Ala37Val mutants, respectively,
compared to &y of 37 nM for the affinity-matured Fab.
These residues may play a role in positioning CDR H1 and
Asn38' for improved packing interactions with hapt8n

The Ser78Gly somatic mutation removes packing interac-
tions between the serine side chain and PHe@ich is
involved in ag-turn proceeding CDR H1. The “28B4 mu-
tant” Gly76'Ser shows a small increase K, suggesting
that this somatic mutation may play a role in modulating
the turn conformation and affecting CDR H1 interactions
with hapten3. The two other somatic mutations, Pré&er
and Vall2'Gly, are located at the peripheries of the antibody
and far from the bound hapten. TKgs of the 28B4 mutants

at those sites are the same as those of the affinity-matured

Fab.

CONCLUSION

The immune system is able to generate high-affinity
receptors for virtually any chemical structure through its
ability to generate a large library of antibodies and select
members of the library based on the affinity of the antibody
with antigen. Diversity of the antibody library results from
the combinatorial association of the V, D, and J gene
segments during the primary immune response, junctional
diversity due to imprecise ¥(D)—J joining, and later,
somatic mutations introduced into the antibody genes during
the secondary and tertiary responses as part of the affinity
maturation process. Our studies of the immunological evo-
lution of antibody 28B4 and other antibody systems have

provided a number of additional insights into these processes.

(i) Antigen polyspecificity intrinsic to certain combinations
of germline V genes expands the binding potential of the
germline repertoire, while CDR H3 (encoded by-Dy
joining) plays a critical role in defining the ultimate specific-
ity of the antigen-combining site. (ii) The binding of hapten
to the germline antibody induces CDR loop conformational

rearrangements that result in enhanced complementarity

between the antibody and the hapten. The conformational
diversity in the germline antibodies also expands the diversity
of the primary antibody repertoire. (iii) Mutations introduced
into the germline antibody by either~YD)—J joining or
somatic hypermutation not only act to decrease CDR loop
flexibility and preorganize the hapten binding site but also
may induce significant changes in the binding geometry of
the hapten for achievement of optimal hapten complemen-
tarity. Thus, many weak binding modes may exit in germline
antibodies that can be significantly strengthened during
affinity maturation. (iv) Somatic mutations can be introduced
into the germline antibody at the peripheries of the hapten-
combining site and affect hapten binding through secondary

sphere interactions, or they can occur at the hapten-combin-

ing site and affect hapten binding by direct contact. (v) The
stepwise acquisition of functional mutations by the germline
antibody genes is coupled with stepwise increases in binding
affinity between antibody and antigen, which is the common
theme observed durinig vitro antibody evolution.
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