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A single-chain variable fragment (Fv) version of a mu- 
rine monoclonal  antibody, Se155-4, specific for Salmo- 
nella serogroup B O-polysaccharide,  was  used as  a 
model  system for testing monovalent  phage  display as a 
route for enhancing the relatively low affinities that 
typify anti-carbohydrate antibodies.  Random  single- 
chain Fv mutant libraries generated by chemical and 
error-prone polymerase chain reaction methods  were 
panned against the serogroup B lipopolysaccharide. 
Panning of a randomly mutated heavy chain variable 
domain library indicated selection for improved  sero- 
group B binders and yielded  six  mutants,  five of which 
showed  wild  type  activity by  enzyme  immunoassay. Two 
of these were apparently selected on the basis of better 
functional single-chain Fv yield in Escherichia coli. A 
heavy chain mutation (Ile77 + Thr) in one mutant, 3B1, 
appeared to have a particularly dramatic effect, result- 
ing in yields of approximately 120 mgfliter of functional 
periplasmic  product.  The sixth mutant, 4B2, had  comple- 
mentarity determining region 1 (CDRl) and CDR2 mu- 
tations and demonstrated 10-fold  improved  binding, by 
enzyme  immunoassay, relative to the wild  type.  Exten- 
sive analysis of antigen-antibody interactions indicated 
that  the improved  binding properties of 4B2 were attrib- 
utable to  a higher association rate constant and inter- 
action with an epitope that is larger than  the trisaccha- 
ride recognized by the wild  type. None  of the mutations 
involved  known trisaccharide contact residues; this was 
consistent with  analysis of wild  type and mutant single- 
chain Fvs  by titration microcalorimetry.  Examination of 
the  structure indicated that two mutations in the heavy 
chain CDR2 provided  improved surface complementar- 
ity  between the protein and the extended epitope en- 
compassing 2 additional hexose  residues.  However, in- 
troduction of only the CDR2 mutations into the wild 
type structure failed to confer the improved  binding 
properties of 4B2, indicating an indirect effect by the 
more distant mutations. Panning of randomly mutated 
light chain variable domain and full-length  single-chain 
Fv mutant libraries did  not  yield mutants with  im- 
proved  assembly or binding properties. 

Intervention  in  recognition  events  in  which  carbohydrates 
participate has great  potential in the  prevention  and  therapy of 
various  disease states because  carbohydrates  are  primary 
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markers  in  cellular  recognition  processes  (1). A major  challenge 
in  this area is to  overcome  the  problems  associated  with  the 
relatively low affinities that are  characteristic of most  carbo- 
hydrate-binding  proteins, a t ra i t  that also  makes  them  obvious 
candidates  for  protein  engineering  from  both  theoretical  and 
practical  perspectives. We have  used an antibody  Se155-4,  spe- 
cific for Salmonella serogroup B O-polysaccharide, as a model 
system for investigating  the  molecular  basis of carbohydrate 
binding  by  proteins.  The  advantages offered  by this system 
include a well refined  crystal  structure (2), a detailed  descrip- 
tion of binding  thermodynamics’ (3, 4), and an efficient Es- 
cherichia  coli expression  system  for  Fab  and  single-chain  Fv2 
(5, 6). An extensive  site-directed  mutagenesis  study  expanded 
our  understanding of antigen  binding  by  Se155-4  but  also 
showed the limitations of predictive  binding  site  redesign (7). 
In view of this, in vitro mimicry of the  immune  system,  par- 
ticularly its capacity for diversification  under  selective  pres- 
sure, is an  attractive  alternative  to a completely  rational  ap- 
proach  to  redesign. By expressing  antibody  fragments  on the 
surface of filamentous  bacteriophages,  it  is  possible  to  mimic 
both the antigen-driven  selection  and  affinity  maturation 
stages of the  immune  response (8). 

In this report  we  describe  the  screening of randomly  gener- 
ated  mutants of Se155-4  by the  phage  display  technology that 
has recently  been  developed  for the isolation of antibody  frag- 
ments  by  expression of natural (9-11) or semisynthetic (12) 
variable-gene  libraries  on  bacteriophage  surfaces.  The  entire 
V, or V, domains  and  full-length  scFv  were  subjected  to  mu- 
tation by chemical  and  error-prone PCR methods,  and  the  re- 
sulting  mutant  libraries  were  panned  against  serogroup B li- 
popolysaccharide.  Only  the V, libraries  yielded  clones  with 
improved  binding  to  serogroup B lipopolysaccharide.  The  ma- 
jority of the  amino  acid  residues that contribute  to  binding 
pocket  formation  and  participate  in the antigen-antibody  hy- 
drogen  bond  network  reside  in  this  domain. However, it   is 
possible that the  heavy  chain  interactions  with  antigen  can  be 
improved  since CDRHB, although  involved  in  binding  pocket 
formation,  interacts  only  weakly  with the antigen. 

EXPERIMENTAL  PROCEDURES 
Materials, Strains, and General  Methods-All DNA manipulations 

were carried out by standard procedures (13). E. coli strain XL1-Blue 
and plasmid pBluescript I1 SK(+) were purchased from Stratagene, and 
helper phage M13K07 was purchased from  Life  Technologies,  Inc. 
Serogroup B lipopolysaccharide,  O-chain,  BSA-antigen  conjugates, and 
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zyme immunoassay; FR3, framework 3 region;  PCR,  polymerase chain 
reaction; scFv, single-chain Fv; PAGE, polyacrylamide  gel  electrophore- 
sis; SPR, surface plasmon resonance; V,, light chain variable domain; 
V,, heavy chain variable domain. 
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trisaccharide  methyl glycoside were  prepared as described  elsewhere.' 
Enzyme  conjugates and  substrates for immunoassays  were  obtained 
from Caltag,  Kirkegaard  and  Perry  Laboratories  and Bio-Rad. 

Construction of scFu-gIII  Expression Phagemid-The scFv  gene con- 
tained  in  plasmid  ptsFvLH(el),  which  encodes Se155-4 scFv  with  a 
V,-V, domain  orientation  with Va1'06  of  V, and  Glu' of  V, linked by a 
sequence  (LGQPKSSPSVTLFPPSSNG)  derived from the light  chain 
elbow region  (6).  The  scFv  gene  was  fused  to the sequence  encoding the 
carboxyl-terminal  domain (P r~ '~* -Se r~ '~ )  of the  filamentous  phage  gIII 
protein  via  a  sequence  encoding a GGGGS linker  (Fig.  1).  The  linker 
sequence and  gIII  fragment from BglII  to  HindIII  were  amplified from 
M13mp18 RF DNAby PCR using  primers 5'-GCGAGATCTGGTGGCG- 
GTGGATCCCCATPCGTM'GTGAATATCAA-3' and 5'-AACAAGCTP- 
CTAATAATAACGGAATACCCAAAAGAACTGG-3'. The PCR product 
was  digested  with  BglII  and  HindIII  and  ligated  with BglII-Hind111 
large  fragment of ptsFvLH(e1) (6).  The  resulting  plasmid  was  digested 
with  PuuII,  and  the  fragment  containing  scFv-gIII  was  ligated  with  the 
PuuII  large  fragment of pBluescript I1 SK (+). The  insertion  orientation 
was confirmed by HindIII-NaeI  digestion.  Expression of scFv-gIII on 
the  surface of phage  was confirmed by sodium dodecyl sulfate-polyac- 
rylamide gel electrophoresishVestern blot analysis of phage  particles 
using  a  goat  anti-mouse A-chain antibody  conjugated  to  alkaline phos- 
phatase.  The  phagemid  expressing  the  highest level of fusion  protein 
was  used as wild type  scFv-gIII  construct for mutation  studies  and  was 
designated  as pSK4. 

Library  Construction and Panning-Random  mutagenesis  using 
plasmid pSK4 as  the  template  was  performed by error-prone PCR (50 
cycles) under  conditions  that  reduce  the  fidelity of  DNA synthesis by 
Taq DNA polymerase  (14)  and by standard PCR using pSK4 template 
that  was  mutated by treating  with  nitrous acid for 50 min at  24 "C. The 
basic protocol for random  chemical  mutagenesis  was  described  earlier 
(15,  16).  Both  error-prone PCR and  PCR-mediated chemical mutagen- 
esis  were  carried  out  using  primer 1 (5"TAAAATGAGCTGCAAAGC- 
TAGCGGTPAC-3'). primer  2 (5'-ACCTCCAGATCTGGAGCTAACGG- 
TCAGGCTCGCGCCCTG-AC-3'), primer 3 (5'-AAAACCGCTATCG- 
CGATCGCAGTTGCACTGGCTGGTTTCGCTACCGTTGCGCAGGCC- 
3'),  primer  4 (5-TCGGCGGGAACAGGGTAACCGACGGGC-3'), and 
primer  5 (5'-GTPACCCTGACCTGCCGCTCGAGCAC-3'). For genera- 
tion of  V,,  V,, and  full-length  scFv  libraries,  the  reverse-forward  primer 
combinations  were  1-2, 3-4, and 5-2, respectively. PCR products  were 
purified by phenol extraction followed by restriction  enzyme  digestion. 
The  restriction  sites  used for PCR product  digestion and ligation of the 
PCR products  into  plasmid  pSK4  were  NheI-BglII,  NruI-BstEII, XhoI- 
BglII, for the V,,  V,, and  full-length  scFv  libraries,  respectively  (Fig.  1). 
For  panning,  the  error-prone PCR and  chemical V, libraries  were  kept 
separate while the V, and  full-length  single-chain  Fv  libraries  were 
pooled. 

All ligation  products  were  electroporated  into  E. coli XL1-Blue re- 
sulting  in 5 x lo5 transformants from the  error-prone PCR approach 
and lo6 from the chemical  mutagenesis  approach.  After  electroporation, 
cells  were  grown  in 5 ml of SOC  medium for 1 h, 10 ml of SB  (35  ghiter 
tryptone, 20 ghiter  yeast  extract, 5 ghiter NaCI) containing 50 pg/ml 
ampicillin, 75 pg/ml tetracycline,  and 250 pl of M13K07 (10" plaque- 
forming  units/ml) for 1 h  and  transferred  to 100 ml of SB  containing  100 
pg/ml ampicillin and 75 pg/ml tetracycline. Following overnight  growth 
a t  37 "C, cultures  were  centrifuged,  and  phage  present  in  the  superna- 
tant was  harvested by the polyethylene glycol precipitation protocol 
(17). All displayed  libraries were panned  against  serogroup  B lipo- 
polysaccharide,  which  was  coated on microtiter  plates a t  a  concentra- 
tion of 10 pg/ml. Microtiter  plates  were  washed  40  times  with phos- 
phate-buffered  saline to  remove nonbinders,  and  binders  were  eluted 
from the washed  plate  with  0.1 M sodium  acetate buffer, pH 2.8, con- 
taining 0.5 M NaCI. Eluants were  immediately  neutralized  and  phage 
particles  in  the  eluants  prepared for the  next  panning  round by ampli- 
fication  in E. coli as described above. Five rounds of panning  were 
carried  out  with  each  library. 

Screening and Sequencing of Clones-After the  final  round of pan- 
ning, 50 clones were  randomly picked from each  library.  Microtiter  plate 
cultures  (200 pl) of the selected clones were  grown  overnight  in SB  at  
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30 "C. Following centrifugation, the cells were  resuspended  in  lysis 
buffer (50 m Tris, pH 8, containing  150 m NaCI, 5 ~ l l ~  MgCl,, 400 
pg/ml lysozyme, and 1 unitlml  DNase)  and  maintained at  room tem- 
perature for 1 h. Cell debris  was  sedimented,  and  the  supernatants 
were  assayed by indirect EL4 with  microtiter  plates  coated  with  10 
pg/ml serogroup  B  lipopolysaccharide.  Selected clones were  also  as- 
sayed for antigen  binding  activity by a colony lift procedure  essentially 
the  same  as  that described by Barbas  et al. (9).  After  removal of adher- 
ing colonies, filters  were blocked with 4% BSA in phosphate-buffered 
saline for 1 h.  Filters  were  then rocked sequentially  with  (i)  10 pg/ml 
0-chain  antigen  and  1% BSA in  phosphate-buffered  saline for 1 h;  (ii) 1 
pg/ml Se155-5 IgG and 1% BSAin  phosphate-buffered  saline for 1 h;  (iii) 
protein  A/alkaline  phosphatase  conjugate for 30 min followed by devel- 
opment  with  appropriate  enzyme  substrates. All steps  were  carried  out 
at  room temperature.  Results  obtained  with  the  enzyme-linked  immu- 
nosorbent  assay  and colony lift methods  were  in good agreement. 

Clones  showing the  highest  activity  in  the  screening  procedures  were 
sequenced by the dideoxy method  using  a  double-stranded DNA cycle 
sequencing kit (Life Technologies, Inc.)  with B'-CGATPGGCCTP- 
GATATTCACAAAGC-3' and 5'-TGCGAGCGTPAAAATGAGCTGCC-3' 
as  primers. 

Site-directed Mutagenesis-PCR mutagenesis  was  used  to  construct 
the + Ser/SeP6 + Gly double mutant (SG) and  to  introduce  the 
Ile77 - Thr  mutation  into 4B2 giving  a mutant  that  was  designated 
4B2/3B1. Mutant SG was  constructed by two rounds of PCR. With B-50 
Fab (7) as  the  template,  the first introduced the A d 5  + S e ~ - / S e r ~ ~  + 

Gly double  mutation  using 5'-ATGGATCGGCGCAATCTATCCGGG- 
TAGCGGCGC-GACCTTCTACAACC-3' as the  upstream  primer  and 5'- 
ACCATGGCCACCACGCGTGCAGTAG-3' as the  downstream  primer. 
With the first round  product as  template,  a second round  introduced an  
EagI  site, for insertion of the  mutant sequence  into pSK4, with the 
upstream  primer 5'-CAAACAGCGGCCGGGTCAGGGTCTAGAATGG- 
ATCGGCGCAATCTATC-3' and  the  downstream  primer  used  in  round 
1. Mutant 4B2/3B1 was  constructed  using 4B2 as the  template  with  the 
upstream  primer 5'-GCTGTTACTAGTACCACCACCGCGTACATG-3' 
and  P2  used  in V, library  construction as  the  downstream  primer.  Both 
mutants were confirmed by  DNA sequencing. 

Production and Isolation of Soluble scFu-Mutants selected  for  fur- 
ther  study  were  digested  with  BglII for insertion of three  termination 
codons between the scFv  and  gIII  sequences by ligation of the linearized 
plasmids  with  the  self-complementary  terminator  sequence 5"GATCT- 
TAATAGTGATCACTATTAA-3'. Plasmids encoding wild type  and  mu- 
tant scFvs  were  transformed  into  E. coli strain  TG-1 for production of 
soluble scFv. Clones  were  grown  overnight at  30 "C in M-9 minimal 
medium  containing 0.4% casamino  acids  (1-liter  cultures)  prior  to  in- 
duction  with isopropyl-1-thio-P-o-galactopyranoside and  supplementa- 
tion  with  additional  nutrients as  described  previously  (6).  Functional 
scFv  was  isolated from periplasmic  extracts by affinity  chromatography 
as described  previously  except that   an elution  buffer of lower pH,  0.1 M 
sodium  acetate,  pH 2.8, containing 0.5 M NaCl,  was  required  with  some 
of the  mutants. For mass  verification, wild type  and  mutant  scFvs were 
dialyzed  against 5% acetic acid and  analyzed by electrospray  mass 
spectrometry on an  API I11 Sciex instrument. 

Immunoassay and  SPR Analyses-Wild type and  mutant scFvs  were 
compared by indirect  EIAusing  plates  coated  with  10 pg/ml BSA-trisac- 
charide or BSA-0-chain. Bound antibody  fragment  was  detected  with 
an anti-A-chain antibody  conjugated  to  alkaline  phosphatase (5). Asso- 
ciation rate  and dissociation rate  constants for the  interaction of puri- 
fied scFv  fragments  with  BSA-antigen  conjugates  were  determined by 
SPR (18) on a BIAcoreTM biosensor  system  (Pharmacia LKB Biotech- 
nology Inc. Biosensor AB). Immobilizations  were  carried  out  using the 
amine coupling kit supplied by the  manufacturer.  BSA-trisaccharide 
and  BSA-0-chain  were immobilized in  10 mM sodium  acetate, pH 4.5, a t  
concentrations  and  contact  times  that yielded about 200 resonance 
units of immobilized material.  One  resonance  unit  corresponds to  an  
immobilized protein  concentration of -1 pg/mm2 (19). All measure- 
ments  were  performed at ambient  temperature  in  10 w HEPES,  pH 
7.4, 100 m NaCl,  3.3 mM EDTAat a flow rate of 5 pVmin. Surfaces  were 
regenerated  with 10 m HCl. Binding  constants were calculated from 
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Amino acid  differences from wild type of heavy chain mutants selected  from  chemical (series 3B) and PCR (series 4B) generated libraries 
and of site-directed mutants 
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the association rate  and dissociation rate  constants  using BIAlogueTM 
software  (Pharmacia  Biosensor AB). 

Titration Microcalorimetry-The thermodynamics of antigen  binding 
by selected mutants  were  determined  using  a Microcal Inc. (Northamp- 
ton, M A )  titration  microcalorimeter (20). Single-chain Fvs at concen- 
trations of approximately  100  p~  in  50 II~M Tris, pH 8, containing  150 
mM NaCl  were  titrated  with  a 2 r m  solutions of trisaccharide  antigen in 
the  same  buffer at 25 "C. Thermogram  data  obtained  with  20  injections 
of 5 pl  were  analyzed as described  previously  (3,  4). 

RESULTS 

Library Generation and Panning-Chemical and error-prone 
PCR techniques were  selected as methods for constructing mu- 
tant scFv libraries.  The objective was  to introduce  diversity 
throughout  the gene without  generating  structural diversity 
that exceeded the practical limits of library size and  the screen- 
ing process. The monovalent  display mode afforded by the 
phagemidihelper  phage system  (9,21)  was chosen for screening 
purposes  in  the expectation that it would select  primarily on 
the  basis of affinity. The size of the error-prone PCR V, library 
was  estimated  to be 5 x lo5, and  that of the  other  libraries was 
estimated to be lo6 in  each  instance. With all  libraries, colony- 
forming unit  counts indicated  approximately 50-fold enrich- 
ment for serogroup  B binders  during  the  panning process. 

Analysis of Panned Libraries-Serogroup B binders obtained 
by the  enrichment process were  screened by enzyme-linked  im- 
munosorbent assay  and colony lift  methods.  Based on screening 
results for the V, library, 29 clones were  sequenced. Only one 
clone gave the wild type amino acid sequence. The  remainder 
yielded the six mutant sequences  shown in Table I. The chemical 
and  error-prone PCR libraries each generated  three of the  mu- 
tant sequences.  Sequencing of selected clones from the  panned 
V, and full-length scFv libraries revealed that  all  had  the  3B1 
or 4B2 sequences shown in Table I. I t  was obvious that  these 
clones were contaminants from the V, library because they  car- 
ried the  same  silent  mutations as these clones. 

There  was a surprisingly  strong  bias toward substitutions at 
certain positions with  all six V, mutants. All exhibited substi- 
tutions at one or more of residues  31,55,56, 77, and  109 (Table 
I).  Mutations  appeared at  four CDR positions, three  FR3 posi- 
tions,  and one FR4 position. Particularly  striking were the FR4 
mutation, Gly"' - Ser, which occurred in  three of the six 
mutants  and  the  CDRl  mutation,  Am3' + Asp, which occurred 
in  half of the  mutants.  Mass spectrometry was used as a con- 
venient  and  accurate  means of confirming the expected masses 
of wild type  and  mutant molecules. All observed values fell 
within a range of 4-6 Da above the calculated masses (calcu- 
lated molecular mass = 26,547 for the wild type). 

Single-chain Fv Yields-Product yields obtained by affinity 

U 
FIG. 2. Se155-4 Fv a-carbon backbone showing the wild type 

side chains at positions exhibiting substitutions in the six V, 
mutants. The  light  chain  backbone  is  shown  in bold. The view is one 
looking down into  the  binding  pocket. In its bound  state,  the  antigen  lies 
approximately  perpendicular  to  the V,-V, interface. 

chromatography and indirect EIA analysis of periplasmic ex- 
tracts indicated that  at  least two of the  mutants were selected 
on the  basis of increased yield of functional scFv. In  particular, 
replacement of Ile77 by Thr or Asn appeared  to be associated 
with increased yield. Whereas  the wild type  construct typically 
gave yields of active  product in  the 10-15 mg/liter range, mu- 
tants 3B1, with  an Ile77 + Thr  mutation  and 4B21, with  an 
Ile77 + Asn, mutation, gave yields of approximately  120 and 50 
mgAiter of soluble periplasmic scFv, respectively. 

Structural Interpretation-With the exception of the position 
109 mutations,  substitutions were  limited to FR3  and  the 
CDRl  and CDR2 loops (Fig.  2). Ile77, an  FR3  residue  that  is 
solvent-exposed, was replaced by Asn in two of the six mutants 
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FIG. 3. Stereo drawing of the antigen-antibody complex showing the region where  unfavorable contacts exist between the wild 
type heavy chain CDR2 loop and the extended epitope. The  antigen is a  heptasaccharide  in which the abequose has been  removed from the 
second repeating  unit. 

and  Thr  in a third.  There was a strong  bias for Am3' 4 Asp and 
Gly''' 4 Ser  mutations,  but  reasons for these preferences  were 
not apparent. Although is a  heavy  chain CDRl residue, it 
is not within  antigen contact distance (Fig. 3). 

The CDRH2 substitutions  in  mutant 4B2 are  in  an  area 
where  in  the absence of conformational  changes the extended 
oligosaccharide epitope  clashes with  the wild type  structure. 
The + Ser  and Ser5'j + Gly mutations  appeared to im- 
prove surface  complementarity  between the protein and  the 
extended  epitope  encompassing two additional hexoses (rham- 
nose and galactose), although Ala57 still clashes  with the galac- 
tose moiety of the extended epitope (Fig. 3). 

Immunoassay and SPR Analyses-Indirect EIA performed 
on plates coated with  BSA-trisaccharide and BSA-0-chain in- 
dicated that, of the six mutants described in Table I, only 4B2 
exhibited improved antigen binding characteristics. Assays  em- 
ploying BSA-trisaccharide (Man-[Abel-Gal) and BSA-0-chain 
({Man-[Abel-Gal-Rhaln) showed that 4B2 binding to  these  an- 
tigens was  approximately 10-fold higher  in each instance,  rela- 
tive to  the wild type  (Fig.  4). Affinity chromatography  elution 
conditions also showed enhanced binding by 4B2. Although 
wild type scFv eluted from an  0-chain  antigen column a t  pH 
4.5, more acidic conditions  were required for 4B2 elution. Of the 
other five mutants, four showed EIA activity that was similar 
to  that of the wild type  (data not shown),  whereas  3B1 dis- 
played slightly  weaker activity, particularly on BSA-0-chain 
plates (Fig.  4). 

SPR analyses (Table 11)  of representative  mutants generally 
agreed well with the EIA results. Relative to  the wild type, 4B2 
displayed  approximately 10-fold stronger affinity for BSA- 
trisaccharide, (K, = 4.5 x lo7 M - ~  compared  with 6.0 x lo6 M - ~  for 
the wild type)  and BSA-0-chain, whereas 3B8 and 4B21 dis- 
played similar affinities, and 3B1 showed slightly  weaker  bind- 
ing (K, values = 3.1 x lo6 M - ~  and  1.5 x lo6 M" with the  trisac- 
charide  and  0-chain conjugate, respectively). The improved 
binding properties of  4B2 were entirely  attributable  to a higher 
association rate  constant (ken = 1.3 x lo5 M-' s-' compared  with 
1.2 x lo4 M - ~  s-l for the wild type  with the  trisaccharide conju- 
gate).  The dissociation rates were quite similar, although  the 
k,, values for 4B2/3B1 and 4B21 (3.4 x s-l and 3.7 x 
s-l, respectively, with the  trisaccharide conjugate) were ap- 
proximately twice as  fast  as  that of the wild type and  other 
mutants (Table 11, Fig. 5). There  was a striking difference in the 
association profile of 4B2 compared  with that of the wild type 
and  other  mutants (Fig. 5). Whereas the 4B2 association phase 
with  BSA-trisaccharide and BSA-0-chain  was  classical, that of 
the  other  mutants  and  the wild type was distinctly biphasic. 
When sensorgrams showed biphasic  binding, the association 

B"----- 

J 
.o'OOl ,001 .01 .1 1 10 100 

scFv (ug/ml) 

wild type and mutant scFvs to BSA-trisaccharide (A )  and BSA- 
FIG. 4. Indirect enzyme immunoassay showing the binding of 

0-chain (B) .  0, wild type; A, 4B2; 0, 3B1; 0,4B2/3Bl; A, SG. Bound 
antibody  was  detected  with an anti-A-chaidalkaline  phosphatase con- 
jugate. 

rate  constants were calculated using  the slower second phase. 
Site-directed Mutants-A site-directed mutant was con- 

structed  to analyze the contribution of the CDRH2 mutations to 
improved antigen binding by 4B2. Surprisingly this  mutant 
(SG),  with + Ser  and Ser5'j 4 Gly mutations displayed an 
antigen binding profile characterized by biphasic  binding to 
both  BSA-trisaccharide and BSA-0-chain and affinity, K, = 9.0 
x lo6 M" with the  trisaccharide conjugate, that more closely 
resembled wild type  than 4B2 activity. 

A site-specific mutant  was also  constructed to  determine  the 
additive effects of introducing the  mutations  thought  to be re- 
sponsible for the high  3B1 yield and  enhanced 4B2 binding in 
the  same scFv. The  resulting scFv showed better binding than 
4B2 in immunoassays  (Fig.  4), but SPR results indicated very 
similar kinetics (Table 11). 

Thermodynamic Analyses-In contrast to the immunoassay 
and biosensor results,  titration microcalorimetry showed that 
the affinities of wild type (K, = 1.3 x lo5 M-') and 4B2 (K, = 1.0 
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TABLE I1 

Affinities  and  kinetics of BSA-trisaccharide  and  BSA-0-chain  binding by wild  type  and  mutant  SCFVS 
~ 

BSA-trisaccharide 
scFv 

BSA-0-chain 

kon k,, K" k,, k,, KO 

Wild  type 
4B2 
3B1 
3B8 
SG 
4B2/3B1 
4B21 

" 1  s- l  

1.2 x 104 
1.3 X 105 
4.6 x 103 
1.3 x 104 
1.8 x 104 
1.7 x 105 
1.4 x 104 

s-1 

2.0 x 10-3 
2.9 x 10-3 
1.5 x 10-3 
1.6 x 10-3 
2.0 x 10-3 
3.4 x 10-3 
3.7 x 10-3 

" I  

6.0 x lo6 

3.1 x lo6 
8.1 x lo6 
9.0 x 106 

3.8 x 106 

4.5 X 107 

5.0 X 107 

" I  s - I  

1.9 x 104 
1.5 x 105 
8.2 x 103 
1.7 x 104 
1.9 x 104 
1.7 x 105 
2.4 x 104 

5" 

4.0 x 10-3 
3.8 x 10-3 
5.5 x 10-3 
3.1 x 10-3 
4.1 x 10-3 
5.7 x 10-3 
8.5 x 10-3 

M" 

4.8 x lo6 

5.5 x 106 
1.5 x lo6 
4.6 x lo6 

2.8 x lo6 

4.0 x 107 

3.0 x 107 

0 2oD ax, M3 0 

0 2m *x) 6a) rn 

Time (set) 

FIG. 5. SPR sensorgrams showing biphasic (A) and monopha- 
sic ( B )  binding of scFvs to immobilized  BSA-trisaccharide. In the 
biphasic  example, mutant 3B8 was  assayed at concentrations of 100, 
200,300,500, and 700 m. In the monophasic  example mutant 4B2/3B1 
was  assayed at concentrations of 10, 20, 40, 80, and 120 m. The faster 
k,, rate for 4B2/3B1, relative  to 3B8, is  evident in the  sensorgrams. 

x lo5 M-') for trisaccharide were  similar, although  the  thermo- 
dynamics of binding had changed  considerably (Table 111). Un- 
conjugated trisaccharide was used  in calorimetric measure- 
ments. Also, mutant  3B1 displayed  a  binding constant  that  was 
as high as 4B2. The 2-amino acid extension to  the phage ver- 
sion of the scFv did not affect antigen binding activity. The wild 
type  and  mutant forms  were  characterized by an  enthalpy- 
entropy  compensation effect previously observed with mutant 
Fabs of this antibody (7)  and well documented for anti-fluores- 
cy1 antibodies  (22). 

DISCUSSION 

Using mutant  libraries  that were generated  as described 
here, phage  display of antibody fragments provided an excel- 
lent  means of fine tuning Se155-4 for better  antigen binding 
properties and compatibility  with the E. coli secretory process. 
By introducing  mutations at relatively low frequencies, the 
error-prone PCR and chemical modification methods intro- 
duced subtle  structural changes that did  not alter  the key fea- 
tures of antigen binding. Instead,  the  libraries yielded struc- 
tures  characterized by enhanced  interaction with the extended 
carbohydrate epitope and  with improved functional  antibody 
yield in E. coli. 

The observation that  the phage  display  system selected for 
mutants which assembled more efficiently in E. coli is of gen- 
eral  interest  and  has practical  implications. The functional  se- 
cretion in E. coli of foreign proteins, including  antibody  frag- 
ments,  is often  problematic, and  the underlying reasons  that 
govern success or failure  are not  understood.  Changes at  cer- 
tain positions in  the scFv mutants described here may be re- 
lated  to improved folding or better  interactions with the linker. 
Replacement of Ile77  in  the V,, a hydrophobic FR3 solvent- 
exposed residue, by either Asn or  Thr  resulted  in  substantially 
increased yields of functional scFv, suggesting  that  mutation  to 
a nonhydrophobic residue at this position increases  the produc- 
tive folding of such constructs. The Gly109 + Ser  mutation  ap- 
pears  to allow for the formation of hydrogen bonds from Ser OH 
to the carbonyl oxygen of heavy chain residue 4 and  the NH of 
heavy chain  residue 6. The latter 2 residues form a p bulge, and 
the additional  hydrogen bonds may  stabilize the  structure in 
the region where the  linker approaches the V, d ~ m a i n . ~  

Se155-4 binds a trisaccharide epitope within  the four-sugar 
repeating  unit of the 0-polysaccharide in a "pocket"-like site 
via a network of hydrogen bonds and van der Waals contacts 
(2i. None of the contact  points that confer recognition of this 
epitope was  altered  in 4B2, the  mutant with the improved 
binding characteristics described here. The finding that  it  is 
difficult to change the  fundamental  characteristics of antigen 
binding by Se155-4 is  in  agreement with an  earlier  saturation 
mutagenesis  study of heavy chain CDRB (71, the major partici- 
pant  in  the hydrogen bond network. 

It  is  thought  that  the  main  reason for improved antigen 
binding by mutant 4B2 relates to its ability to accommodate 
more easily an extended carbohydrate epitope  because of re- 
duced surface  bulk in  the heavy chain CDRB region. However, 
the binding  properties of the site-directed SG mutant indicated 
that  this explanation is incomplete and  that  the 4B2 mutations 
which are more remote from the combining site also exert in- 
direct effects that  are  partially responsible for the 4B2 binding 
properties. The observation that  mutants 3B8 and 4B21, which 
contain some of the 4B2 mutations not  associated  with  heavy 
chain CDR2, do not  exhibit enhanced binding  also supports  the 
idea that  the 4B2 mutations  act  in concert to produce the prop- 
erties of this  mutant.  The  indirect influence of noncontact resi- 
dues on antigen binding has been reported for several other 
antibodies and  appears  to be a general phenomenon. In a site- 
directed mutagenesis study, Sharon  (23) showed synergistic 
interactions between mutations  that  resulted  in a 200-fold en- 
hancement  in affinity of an anti-p-azophenylarsonate antibody, 
Also, in  an  analysis of somatic mutations  in  an anti-lysozyme 
antibody, Lavoie et al. (24) observed that  mutations involving 
residues not  contacting antigen  enhanced binding by indirect 
or long range effects. If the improved binding displayed by  4B2 
is  primarily  related to a  reduction of antigen-antibody steric 
clashes in  the heavy chain CDR2 region, this would lead to 

A. Zdanov, Y. Li, D. R. Bundle, S.-J. Deng, C. R. MacKenzie, S. A. 
Narang, N. M. Young, and M. Cygler, submitted for publication. 



9538 Single-chain Fv Redesign 

TABLE I11 
Thermodynamic  parameters for trisaccharide  binding by Se1554 Fab, scFu, and heavy chain scFu mutants isolated by phage  display 

K AGO L w o  -TASQ 

M" kJ mol" 
E. coli wild  type  Fab 2.1  0.3 x 105  -24.8 f 0.6 -5.5 2 0.7 
Wild type scFv 

-30.3 f 0.4 

Extended wild type scFv" 
-5.4 f 1.8 

3B1 scFv" 
-29.1 2 0.4 -28.5 2 1.2 -0.5 f 1.3 

4B2 scFv" 
-28.8 2 0.4  -31.1 f 0.8 2.3 2 0.9 

e The positioning of termination codons between the scFv  and gene I11 sequences resulted in an kg-Ser carboxyl-terminal extension. 

1.3 f 0.5 X 105 
1.3  0.2 X 105 
1.1 f 0.2 X 105 
1.0 0.1 X 105  -28.7 2 0.3  -37.4 f 1.0  8.7 2 1.1 

-29.1 2 0.9  -23.7 f 1.0 

improved binding of larger oligosaccharides or trisaccharide 
conjugates but  not of the  trisaccharide  hapten itself. The  ther- 
modynamic data  support  this  interpretation since the  mutants 
show very little change in  the binding constants for the  trisac- 
charide ligand. In  contrast,  the EL4 and SPR analyses with the 
BSA-trisaccharide and BSA-polysaccharide conjugates show a 
far  greater  range of mutant properties. With the BSA-trisac- 
charide conjugate, the BSA or the nine-carbon tether may still 
clash  with the heavy chain CDR2 region, in  the  manner of the 
0-chain. 

Anti-carbohydrate  antibodies have not been extensively 
studied from the  standpoint of antigen binding  kinetics, but  the 
evidence to date  indicates  that  their relatively low affinities are 
largely attributable  to slow on-rates.  The association rates  re- 
ported here,  and elsewhere for an antibody specific for a pneu- 
mococcal polysaccharide (25),  are  in  the 104-105 M - ~  s-l range 
and  are at least 100-fold slower than those  reported for most 
antigen-antibody systems (26). For the wild type and  mutant 
scFvs described here,  the association constants determined by 
SPR  analyses of binding  kinetics  were considerably greater 
than  those from the thermodynamic data for the trisaccharide. 
For the wild type  protein, the increase  was 60-fold and for the 
4B2 and 4B2I3B1 mutants 400-fold. Although both  techniques 
give direct  interaction  data,  the microcalorimetry is thermody- 
namically  more accurate,  whereas  the SPR and EIA systems 
more closely resemble the  natural cell-surface state of carbo- 
hydrate  antigens. Differences between binding in solid phase 
and solution assays  are frequently observed, and  this difference 
has been a recurring  theme  in  the  evaluation of EIA methods to 
determine K, (27).  The effect of immobilization tends  to be an 
increase in binding constant since  less  entropy loss will be 
associated with binding to an immobilized ligand. 

Two aspects of these  results  are of particular biological rel- 
evance. First,  the monovalent fragments showed significantly 
higher binding to  the immobilized multivalent BSA conjugates, 
which resemble the  natural  antigen  presentation,  than  the 
trisaccharide  hapten.  The low K, values  often  associated  with 
anti-carbohydrate antibodies are largely from experiments with 
such haptens,  and  these may have generally underestimated 
the binding  affinities of these antibodies. Second, the  mutations 
undoubtedly  increased k,,, and  there  is growing evidence that 
this  parameter  has  particular biological significance. In a study 
of the  maturation response to oxazolone, Foote and Milstein (28) 
observed a  kinetic selection that  resulted  in a shift of antibody 
repertoire toward a population with high k,, rates. Also, Law- 
rence and  Springer  (29) proposed that endothelial  selectin mol- 
ecules that  mediate  the  initial  interaction  with  carbohydrate 
ligands on neutrophils  during inflammation are selected on the 
basis of rapid k,, rates  and  not affinity. 

Although  phage  display is  an excellent tool for the selection 
and amplification of rare  mutant proteins, success in  isolating 
structures with  desired  functional  properties ultimately de- 
pends on the molecular composition of the  library  that  is dis- 
played.  Although the  library  generation approaches  used here 
worked well for Se155-4 fine tuning,  they would not be suitable 
for all applications.  For  example, preliminary  attempts at iso- 

lating Salmonella serogroup A and D binders from such  librar- 
ies have not been successful. The construction of libraries  in 
which mutations  are  restricted  to  the CDRs may be more useful 
in  this  regard  and is being developed for Se155-4 (30). 
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