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ABSTRACT: The carbohydrate-binding site in Fab fragments of an antibody specific for Salmonella serogroup 
B 0-polysaccharide has been probed by site-directed mutagenesis using an Escherichia coli expression 
system. Of the six hypervariable loops, the CDR3 of the heavy chain was selected for exhaustive study 
because of its significant contribution to binding-site topography. A total of 90 mutants were produced 
and screened by an affinity electrophoresis/ Western blotting method. Those of particular interest were 
further characterized by enzyme immunoassay, and on this basis seven of the mutant Fabs were selected 
for thermodynamic characterization by titration microcalorimetry. With regard to residues that hydrogen 
bond to ligand through backbone interactions, Gly102H could not be substituted, while several side chains 
could be introduced at  GlylmH and Tyr103H with relatively little effect on antigen binding. There was, 
however, a preference for nonpolar side chains a t  position 103H. Substitution of His1o1H with carboxylate 
and amide side chains gave mutants with binding affinities approaching that of the wild type; complete 
side-chain removal by mutation to Gly was tolerated with a 10-fold reduction in binding constant. Analysis 
of binding by titration microcalorimetry revealed some dramatic thermodynamic changes hidden by the 
similarity of the binding constants. Similar effects were observed with residue changes in an Arg-Asp 
salt-bridge at  the base of the loop. These results indicate that alterations to higher affinity anti-carbohydrate 
antibodies are characterized by an enthalpy-entropy compensation factor which allows for fundamental 
changes in the nature of the binding interactions but impedes engineering for increases in affinity. 

As evidence for the crucial role of carbohydrates as 
recognition elements in cellular functions increases, so does 
the desirability of gaining a full understanding of how the 
biological roles of carbohydrates are exerted through their 
interactions with proteins (Vyas, 1991). A recent increase in 
the number of well-refined structures has provided considerable 
insight into the atomic interactions at play in these processes. 
In our laboratory, the details of carbohydrate binding by 
antibodies have, for the first time, been described at atomic 
resolution. The crystal structure of a Fab complexed with a 
Salmonella 0-antigen of serogroup B has been solved at 2.05-A 
resolution (Cygler et al., 1991). The antigen, built from the 
four-sugar repeating unit 

{+2)[a~-Abe’(l+3)]a~-Man(l+4)a~-Rha(l+ 
3)cu~-Gal( l+) 

is bound in a “pocket”4ike site via a network of hydrogen 
bonds and van der Waals contacts (Figure 1). Abequose, the 
immunodominant sugar, is totally buried, while mannose and 
galactose residues lie on the protein surface and are partially 
exposed to water. 
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We have initiated a protein engineering study of the 
combining site of the anti-Salmonella antibody to test the 
various site residues and to complement antigen analog studies. 
Such detailed analyses of well-defined protein-carbohydrate 
structures are necessary to understand the principles governing 
the relationship among structure, specificity, and affinity in 
carbohydrate recognition systems. Without this type of 
information, strategic and astute redesign of carbohydrate 
binding sites will be difficult. Structure-function studies by 
site-directed mutagenesis have to date been confined to sugar- 
binding proteins from the bacterial periplasm (Quiocho, 199 1; 
Vermersch et al., 1990, 1991). As a model system for this 
type of study, the Salmonella antibody offers several advan- 
tages in addition to the well-refined crystal structure. These 
include a detailed description of binding thermodynamics 
(Sigurskjold et al., 1991; Sigurskjold & Bundle, 1992) and 
an efficient Escherichia coli expression system (Anand et al., 
1990, 1991a) that yields active product through the use of 
bacterial signal peptides (Better et al., 1988; Skerra & 
Pliickthun, 1988). With a binding constant of 2 X 105 M-I, 
the anti-Salmonella antibody has very good affinity for an 
anti-carbohydrate antibody. 

Antibody binding sites are constructed chiefly from six 
segments, three from each chain, termed CDRs. The origin 
of the CDR-H3 from the D-segment of the gene together with 
junctional and N-diversity (Alt & Baltimore, 1982) leads to 
far greater sequence variation in this CDR than in the other 
five. As often occurs in antibodies (Alzari et al., 1988; Mian 
et al., 1991), the heavy-chain CDR3 of the Salmonella 
antibody makes a greater contribution to antigen binding than 
do the other five CDR loops. Four of the eight residues that 
form hydrogen bonds to the antigen reside in this loop (Figures 
1 and 2). Another feature of the H3 loop is the presence at 
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FIGURE 1: Details of Se155-4 CDR-H3 involvement in binding the 
trisaccharide epitope of Salmonella serogroup B 0-antigen: hy- 
drogen-bonding scheme highlighting H3 residue (in boxes) involve- 
ment. 
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FIGURE 2: Heavy-chain CDR3 sequence indicating the residues (in 
boxes) which hydrogen-bond to antigen and the position of the Arg98H- 
AspIMH salt-bridge. 
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its base of a salt-bridge (Chothia & Lesk, 1987) which may 
stabilize its conformation (Figure 2). In other antibodies 
alterations to this salt-bridge gave unpredictable and inter- 
esting results (Chien et al., 1989; Novotny et al., 1990; Panka 
et al., 1988). For these reasons, our combining site engineering 
studies have focused on H3. In this paper we describe the 
results of mutagenesis of each of the four H3 contact residues 
into each of the other 19 amino acid side chains. Such a 
systematic approach may lead to a better appreciation of the 
role of this key CDR in the formation of the antigen binding 
site. 

EXPERIMENTAL PROCEDURES 

Materials. Restriction enzymes and DNA-modifying 
enzymes were purchased from New England Biolabs and 
Bethesda Research Laboratories. All DNA manipulations 
were carried out essentially as described by Sambrook et al. 
(1989). Oligonucleotides were synthesized on an Applied 
Biosystems Model 380A automatic DNA synthesizer. En- 
zyme conjugates and substrates for immunoassays were 
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obtained from Caltag, Kirkegaard and Perry Laboratories 
and Bio-Rad. 

Fab Gene Construction. The dicistronic Fab construct pSa1- 
Fab (Anand et al., 1991a) consisting of the Fd and light chain 
genes, each preceded by the ompA signal peptide, in the 
expression plasmid pUCE8 (Narang et al., 1987) was modified 
somewhat prior to the initiation of this study. An unpaired 
cysteine was mutated to Ser, using the codon TCT, 
to eliminateunwanted disulfide bond formation. This change 
had no detectable effect on antigen binding as measured by 
enzyme immunoassay (data not shown). Also, a single base 
pair error at heavy-chain residue 65 (AGT, encoding Ser, 
instead of the required CGT, encoding Arg) was corrected. 
This was accomplished by replacing the PfrMI (Thr30H) to 
SpeI (Thr74H) segment with six synthetic oligonucleotides, at 
the same time changing the GAG G ~ u ~ ~ ~  codon to GAA, thus 
destroying the XhoI site at Leu45H, and changing the CGT 
Arg40H codon to CGG, thereby generating an EagI site. The 
corrected plasmid was designated pSal-FabB. The pSal- 
FabB product had an affinity for antigen that was approx- 
imately 50% better than that of the S e F H  mutant (pSal-Fab 
product). 

Generation of Mutants. Site-directed mutagenesis was 
carried out by a double-mutation approach (Narang et al., 
1991). For heavy-chain substitutions between positions lOOH 
and 106H, pSal-FabB was cut at theuniqueMlu1 (at Thr97H) 
and Sac1 (at Ser117H) sites and the MluISacI  segment was 
replaced in each cloning with four synthetic oligonucleotides 
(Figure 3). In each instance, the left-hand pair of oligonu- 
cleotides possessed one to three mismatches which introduced 
the codon for one substitution on the top strand and the 
anticodon for the second substitution on the bottom strand. 
The right-hand pair of oligonucleotides was common for each 
cloning and possessed a single silent mismatch at position 
112H, with the result that clones derived from the top strand 
gained an extra KasI site and clones derived from the bottom 
strand gained an extra NheI site. These restriction sites were 
used to screen miniprep DNA prior to sequencing. A similar 
procedure was employed to generate mutants in the 97H- 
99H and 106H-107H regions, except that a unique BsgI site 
(recognition sequence at 95H, cut site a 90H) was used instead 
of MIuI and the junction between the two pairs of oligonu- 
cleotides was moved five amino acids to the left. In all cases 
nucleotide sequences were confirmed by sequencing with the 
dideoxy method using the Sequenase kit (US.  Biochemicals 
Corp.). 

Expression and Isolation of Mutant Fabs. E. coli, strain 
TG- 1, harboring wild-type or mutant pSal-FabB plasmid was 
grown with shaking at 30 OC in M9 medium supplemented 
with 0.4% (w/v) casamino acids and 5 mg/L thiamin, in the 
presence of 100 mg/L ampicillin. At 24 h, cultures were 
induced by adding supplementary nutrients (12 g of tryptone, 
24 g of yeast extract, and 4 mL of glycerol per liter) and 1 
mM isopropyl thiogalactopyranoside. After a further 66 h of 
growth, active Fab was isolated from periplasmic extracts by 
affinity chromatography as described previously (Anand et 
al., 1991a). 

Affinity Electrophoresis. An affinity electrophoresis meth- 
od using acrylamide gels containing antigen was developed on 
the basis of principles originally described by Takeo and co- 
workers (Takeo & Nakamura, 1972; Takeo & Kabat, 1978). 
Native polyacrylamide gels were made for the PhastSystem 
(Pharmacia). Separating gels were 8% acrylamide in 112 
mM Tris acetate buffer, pH 6.4, and stacking gels were 3% 
acrylamide in 56 mM Tris acetate buffer, pH 6.4. For ligand- 
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A. WILD-TYPE SEQUENCE OF MUTAGENESIS CASSElTE 

CDR3 

97 98 99 100 101 102 103 104 105 106 107 108 109 110 111 112 113 114 115 115 117 118 
T h r  Arg Qly Qly mi8 Qly Tyr Tyr Qly A8p Tyr T r p  Qly Qln Qlp Ala Bar mu T h r  Val ear Bar 

CQ COT QQT QQT CAT QQT TAC TAC QQT QAT TAC TQQ QQT C M  QQC QCQ AOC CTQ ACC QTQ AQC T 
A CCA CCA QTA CCA ATQ ATQ CCA CTA ATQ ACC CCA QTC CCQ CQC TCQ QAC TQO CAC 

EIluI sac1 

B. LEFT-HAND REPLACEMENT OLIGONUCLEOTIDES 
97 98 99 100 101 102 103 104 105 106 

Thr Arg Qly Qly mi8 Arg Tygr Tyr Qlg A8p 

CQ COT 
A 

QQT 
CCA 

QQT 
CCA 

CAT 
QTA 

CQT 
TTT 

TAC 
ATQ 

TAC 
ATQ 

QQT 
CCA 

QAT 
CTA ATQ ACC 

Tliii anti- 
LY 8 

C. RIGHT-HAND REPLACEMENT OLIGONUCLEOTIDES 
107 108 109 110 111 112 113 114 115 116 117 118 
Tyr T r p  Qly Qln Qly Ala B a r  Leu T h r  Val BBf Ser 

KasI 

TAC Ma QQT CAQ QQC QCC AQC CTQ ACC QTQ AQC T 
CCA QTC CCQ CQ& TCQ QAC TQQ CAC 

r s a d  

FIGURE 3: Cloning procedure for the generation of CDR-H3 mutants. The wild-type sequence (A) was replaced by four oligonucleotides: 
two left-hand oligos (B) encoding the desired mutations and two right-hand oligos (C) that introduced a KusI site in clones derived from the 
top strand and an NheI site in clones derived from the bottom strand. The same right-hand oligos were used in all clonings. In this example, 
position 102H is changed to arginine (and gains a KusI restriction site) or lysine (and gains an NheI restriction site). Mismatches are 
double-underlined. 

containing gels, Salmonella serogroup B 0-antigen prepared 
from Salmonella essen lipopolysaccharide (Svenson & Lind- 
berg, 1978) was added to separating gel mixtures to 0.005% 
(w/v) prior to polymerization. This antigen concentration 
would give at least at 50-fold excess of antigen over antibody 
in gels, assuming a Fab production level of 20mg/L of bacterial 
culture, and meets the requirements described by Takeo and 
Kabat (1978). Native buffer strips were obtained from 
Pharmacia. Fab samples were electrophoresed in gels with 
and without antigen at 10 mA for 268 Vh as recommended 
by Pharmacia for native gels. Following electrophoresis, 
Western blots were made simply by placing the gel in contact 
with PVDF membrane (Millipore) that had been wetted in 
methanol and soaked in 25 mM Tris-192 mM glycine, pH 
8.4. The contact time was 2 min with three consecutive blots 
being taken from the same gel. The blots were developed 
with an anti-mouse lambda-chain-alkaline phosphatase con- 
jugate (Caltag). The second and third blots from each gel 
generally gave less background staining. The distances to 
which Fab bands migrated in the presence and absence of 
antigen were measured from the blots. The degree to which 
wild-type Fab migration was retarded by antigen 

(d  - dAg)/d 

where d is the distance migrated in the absence of antigen and 
dAg the distance in the presence of antigen, was assigned a 
value of 1, and values for mutant Fab retardation relative to 
that of the wild-type were ca!culated. 

Binding Assays. Following preliminary screening by affinity 
electrophoresis, the antigen-binding properties of mutants of 
particular relevance were further investigated by indirect EIA. 
These assays were carried out as described previously (Anand 
et al., 1991b) using microtiter plates coated with BSA-O- 
polysaccharide conjugate (E. Altman, unpublished results). 

The binding thermodynamics of selected mutants were 
determined by titration microcalorimetry using an OMEGA 
titration microcalorimeter (Wiseman et al., 1989) from 
Microcal Inc. (Northampton, MA). Wild-type and mutant 
Fabs, at concentrations of approximately 50 pM in 50 mM 
Tris and 150 mM NaCl, pH 8.0, were titrated with a 2 mM 
solution of synthetic trisaccharide antigen in the same buffer 
at 25 OC. The ligand solution was injected in 20 portions of 
5 pL. Thermogram data were analyzed as described previously 
(Sigurskjold et al., 1991; Sigurskjold & Bundle, 1992). 

RESULTS 

TargetingH3 Mutations. The H3 loopof Se155-4 consists 
of nine residues (99H-l07H, sequential numbering system). 
Four of these residues, all from the D-region, form hydrogen 
bonds with the bound trisaccharide (Figures 1 and 2). The 
loop is also characterized by a salt-bridge, at its base, between 
Arg98H and Asp106H. The loop is quite short compared to H3 
loops in general and is characterized by a predominance of 
glycine and tyrosine residues, with GlylWH, GlylOZH, and 
Tyr103H forming hydrogen bonds to antigen and to a structured 
water molecule through N H  and C = O  groups of the main 
chain. Tyr103H also contributes one of several aromatic side 
chains that define the binding site. His1o1H accepts a hydrogen 
bond from 0 -4  of mannose and is one of three histidine residues 
participating in the hydrogen-bond network. Although HislOIH 
is largely exposed to solvent (Figure 4), antigen mapping 
studies have shown that its interaction with mannose is 
important. These four D-region contact residues were targeted 
for site-directed mutagenesis because of their role in antigen 
binding and the fact that they are representative of the types 
of interactions that characterize carbohydrate binding by 
Se155-4. The role of the Arg98H-Asp106H salt-bridge in 
maintaining the integrity of the combining site was also probed 
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FIGURE 4: Stereoview of the wild-type heavy-chain CDR3 loop showing internal hydrogen bonds and the position of the Arg98H-Asp106H 
salt- bridge. 

~~~~~ 

Table I: Affinity Electrophoresis Analysis of Antigen-Binding 
Activity of H3 Contact Residue Mutants" A B 

Ala 
Arg 
Asn 
ASP 
CYS 
Glu 
Gln 
GIY 
His 
Ile 
Leu 

Met 
Phe 
Pro 
Ser 
Thr 

LYS 

TrP 
TY r 
Val 

0.9 
0.85 
0.9 
0.9 
ND 
1 .o 
0.9 
1 .o 
0.9 
0.35 
0.7 
0.9 
0.8 
0.85 
0.4 
0.9 
0.65 
0.95 
0.9 
0.05 

0.55 
0.35 
0.9c 
1 .oc 
ND 
O.8Sc 
0.9c 
O.8Sc 
1 .o 
0.45 
0.4 
0.5 
0.5 
0.3 
0.8 
0.75 
0.5 
0.1 
0.4 
0.55 

0.75 
0.05 
0.1 
0 
ND 
0.05 
0.1 
1 .o 
0.15 
0.2 
0.15 
0.05 
0.25 
0.1 
0.05 
0.45 
0.35 
ND 
0.1 
0.05 

NDb 
ND 
0.75 
0.5 
ND 
0.8 
0.8 
0.75 
0.9 
0.9 
0.95 
ND 
0.85 
0.9 
0.2 
0.7 
0.8 
0.9 
1 .o 
0.9 

0 The values of relative retardation are given to kO.05. Fab band not 
detected. Microcalorimetry also done. 
~~ 

by a limited number of amino acid substitutions. Both salt- 
bridge residues are partially buried and quite distant from the 
binding site (Figure 4). 

Expression and Mutagenesis of Sel55-4 Fab. Active Fab 
fragments with interchain disulfide bonds formed in good yield 
in the E. coli periplasm. The double-replacement mutagenesis 
technique provided an efficient means of mutant generation. 
Mutants identified by preliminary restriction-cut screening 
were confirmed to have the correct sequence 8 of 10 times. 
The wild-type construct gave 3-5 mg/L of active periplasmic 
product, but the yields of mutant Fabs were sometimes 
dramatically higher or lower. The five His1o1H substitutions 
that gave the most active Fab molecules (Table I) had yields 
of 15-20 mg/L. In contrast, Western blotting indicated that 
introduction of cysteine residues into the loop resulted in poor 
yields of secreted product. Western blotting and Coomassie 
staining of affinity chromatography fractions showed that, 
for active mutants, all of the periplasmic Fab was fully active. 

Affinity Electrophoresis. Mutant Fabs were screened for 
antigen-binding activity by an affinity electrophoresis/ Western 

1 2 3 4  1 2 3 4  
FIGURE 5: Affinity electrophoresis of wild-type and mutant Fabs. 
Western blots were prepared following the electrophoresis of identical 
samples in theabsence (A) and presence (B) ofSulmonella serogroup 
B 0-antigen in the gel. The top of the separating gel is at the top 
of the photograph, and a free light-chain band is visible at the bottom 
of the gel in lane 3. 1, Wild-type; 2, Hisl0lHAsp; 3, His1OIHPhe; 4, 
A ~ p ~ ~ ~ ' T y r - T y r ~ ~ ~ ~ A s p .  

blotting technique developed specifically for this purpose. The 
procedure has the double advantage of screening simulta- 
neously for periplasmic Fab presence and activity. In instances 
involving a change in molecular charge, the mutation is also 
confirmed by a mobility change in the native gels (Figure 5) .  
The detection sensitivity was such that unconcentrated 
periplasmic extracts generally gave strong Fab bands using 
the standard assay conditions. As a screening method, the 
technique is considerably more accurate than previously used 
column procedures (Narang et al., 1991). 
CDR Mutants. The 4 H3 residues that hydrogen bond to 

the oligosaccharide were mutated to all other 19 amino acids. 
Wild-type Fab controls were included as a check on techniques 
(Table I). Fab bands were readily detectable, by affinity 
electrophoresis, in periplasmic extracts of most mutants with 
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Table 11: Relative Affinity for Antigen of Salt-Bridge Mutants As 
Estimated by Retardation during Affinity Electrophoresis" 

Brummell et al. 

retardation 
relative to 

Thr9'H ArggsH Gly99H AsplMH Tyr1°7H wild type 

mutation" 

1 -  Ala - 
2 -  - - 
3 -  - - 
4 -  Lys - 
5 -  - - 
6 -  Lys - 
7 -  ASP - 
8 -  - - 
9 -  - - 

10 - Lys - 
1 1  - Lys - 
12 Arg Thr - 
13 - Gly Arg 

- 0.2 
- 0.85 
- 0.9 
- 1 .o 
- 0.95 
- 1 .o 
- 0.3 

Glu NDb 
ASP 0.9 
Glu 0.95 

- ND 

ASP 1 .os 

0 - 

Dashes denote wild-type amino acid. Fab band not detected. 

the notable exception of those involving the incorporation of 
a cysteine residue into the loop. The results indicated that 
none of the mutations resulted in improved affinity. 

The affinity electrophoresis results showed that GlyImH, 
which accepts a H-bond from the ordered water molecule, 
could be replaced by several amino acids without drastic loss 
of binding activity. On the basis of titration microcalorimetry 
data indicating that an affinity electrophoresis value of 0.85 
represented a 10-fold drop in binding constant, approximately 
60% of the mutants had affinities that were within an order 
of magnitude of that of the wild type. Surprisingly, very large 
side chains could be introduced without much effect; the 
activity of GlyImHTrp, for example, resembled that of the 
wild type. On the other hand, any substitution of Gly102H 
resulted in an enormous drop in activity. Results for the 
Tyr103H position, at which the backbone C 4  group accepts 
a H-bond from the ordered water molecule, indicated a 
preference for an alkyl/hydrophobic side chain, with such 
residues giving binding affinities within an order of magnitude 
of that of the wild type. 

A more exhaustive study of the His1o1H changes was 
undertaken to probe the histidine-sugar interactions that are 
so prominent in antigen binding by Se155-4. Introduction of 
hydrophobic side chains at this position virtually abolished 
binding. The best substitutions were aspartic acid, asparagine, 
glutamic acid, and glutamine. However, side-chain removal, 
Le., Hisl0lHGly, was also tolerated to a remarkable degree. 
Hisl0lHPro and HisIolHSer were also moderately active. The 
five most active mutants as screened by affinity electrophoresis 
were selected for more in-depth analysis and were purified by 
affinity chromatography. Indirect EIA performed with the 
purified Fabs confirmed the affinity electrophoresis results, 
giving an activity ranking of His > Asp > Asn > Gln > Glu 
> Gly (data not shown). 

Salt-Bridge Alterations. The construction of the various 
salt-bridge mutants and the affinity electrophoresis data 
obtained for them are presented in Table 11. The results 
confirmed the requirement of a positively charged residue at 
position 98H and to a lesser degree the importance of a 
negatively charged residue at position 106H. While Arg98H- 
Lys was fully active, Arg98HAla exhibited a complete loss of 
binding activity. The absolute requirement for positive charge 
at position 98H was further confirmed by the Thr97HArg and 
Arg98HThr double mutation. Glutamic acid was a good 
replacement for Asp at position 106H, but the requirement for 
a negative charge at this position was considerably less stringent 
since both Asp106HAla and Asp1°6HAsn displayed relatively 

good activity. Of particular interest was the double mutant 
Asp106HTyr and Tyr1°7HAsp, which displayed binding activity 
that was higher than that of the wild type. This was observed 
by affinity electrophoresis (Table 11) and confirmed by indirect 
EIA, with the latter method indicating a 3-fold increase in 
activity (data not shown). 

Titration Microcalorimetry. A thermodynamic analysis 
of the five most active Hisl0lH mutants and the most active 
salt-bridge mutant was obtained by titration microcalorimetry 
(Table 111). The results confirmed the reliability of the affinity 
electrophoresis technique as a screening procedure insofar as 
allfivehadK,valuesof 2 2  X lO4M-I. AttheHisIolHposition, 
an increase of over 50% in the enthalpy terms was observed 
for the Glu and Gln mutants. However, an opposing entropic 
effect precluded any increase in affinity. Affinities, in fact, 
were 3-4 times less than that of the wild type. This dramatic 
shift in thermodynamic parameters was not observed for the 
Asp and Asn mutants. With these mutants, AHo values were 
somewhat lower and ASo values relatively unchanged relative 
to those of the wild type. This indicated that these structural 
changes have little effect on binding chacteristics other than 
slightly weaker hydrogen bonding or van der Waals forces. 
The complete removal of the lOlH side chain in the glycine 
mutant gives a molecule displaying a 10-fold lower affinity 
[(2 f 0.5) X lo4 M-I], a highly favorable enthalpy term and 
a highly unfavorable entropy term. Such a result is open to 
several interpretations, such as water-mediated hydrogen 
bonding or improved contacts provided by a more flexible H3 
loop. The calorimetric data for the salt-bridge mutant in 
which the positions of Asp106H and Tyr107H were reversed 
indicated that binding by the double mutant was completely 
enthalpy driven with neither positive nor negative contribution 
from the entropy term. However, unlike the electrophoresis 
and indirect EIA results which indicated higher activity for 
the double mutant, the binding constant of the double mutant 
as determined by microcalorimetry [(1.7 f 0.3) X lo5 M-I] 
was the same as that of the wild type. Changing the salt- 
bridge partners to Lys and Glu resulted in a higher enthalpy 
term that was offset by an unfavorable entropy change. 

DISCUSSION 

Proteins that recognize carbohydrates must meet the unique 
challenge of discriminating among a vast number of sugar 
structures arising from the stereochemistry of hydroxyl groups 
in monosaccharides and different sugar linkage possibilities. 
Failure in this regard could be disastrous since carbohydrates 
are used as the recognition molecules in key cellular processes 
(Feizi, 1991). Witha number ofwell-refinedcrystalstructures 
of protein4arbohydrate complexes now solved (Quiocho, 
1991; Vyas, 1991), some insight into how these strict 
requirements are met is being acquired. The atomic features 
of carbohydrate binding are best understood for the bacterial 
periplasmic receptors involved in sugar transport (Quiocho, 
1991). With dissociation constants in the micromolar range, 
these proteins are at the upper end of the affinity spectrum 
for sugar-binding proteins. They are characterized by binding 
sites that are largely buried and solvent inaccessible, a stacking 
of aromatic residues against the sugar ring, and hydrogen 
bonding of sugar hydroxyls to polar amino acid side chains 
(Quiocho, 1991; Spurlino et al., 1991; Vyas et al., 1991). A 
considerable amount of information is also available on sugar 
binding by plant lectins and anti-carbohydrate antibodies 
(Bundle & Young, 1992). These proteins, characterized by 
affinities that aresomewhat lower than thoseof the periplasmic 
receptors, have binding sites that are near the protein surface 
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Table 111: Thermodynamic Parameters for Antigen Binding by Selected H3 Mutants of Se155-4 
K(M-') AGO (kJ mol-') AHo (kJ mol-') -TASo (kJ mol-') 

E. coli WT Fab (2.1 f 0.3) x 105 -30.3 f 0.4 -24.8 f 0.6 -5.5 f 0.7 
His'olH+G1u (3.7 f 1.0) x 104 -26.1 f 0.7 -44.4 f 5.5 18.3 f 5.5 
His'o'H+Gln (7.6 f 2.1) x 104 -27.9 f 0.7 -36.1 f 3.0 8.2 f 3.1 

HislolH+Asn (6.0 f 1.2) x 104 -27.2 f 0.5 -23.1 f 1.3 -4.2 h 1.4 
HislolH+Gly (2.0 f 0.5) x 104 -24.6 f 0.6 -41.1 f 5.5 16.6 f 5.5 

HislolH+Asp (7.1 f 1.5) X lo4 -27.7 f 0.5 -22.3 f 1.2 -5.3 f 1.3 

ArggSH+Lys and AspIMH+G1u (5.8 f 1.0) x 104 -27.2 f 0.4 -39.3 f 2.0 12.1 f 2.1 
Asp106H-.Tyr and Tyr'07H+Asp (1.7 f 0.3) X lo5 -30.0 f 0.4 -29.2 f 1.0 -0.7 f 1.1 

S o l v e n t  q>o 
0 Exposed 

\ I 

FIGURE 6: Postulated hydrogen-bond changes associated with His1o1H- 
Glu mutation. The hydrogen-bondingscheme for 0 - 4  of the mannose 
residueis shown for thenativecomplexand for theHis'olHGlumutant. 
Although Glu is shown here, this potential bidentate hydrogen bonding 
to mannose 0-4 and 0-6 could be achieved with Asp, Asn, and Gln 
and might require the participation of a bound water molecule. 

but possess many of the features of the periplasmic receptors, 
such as the aromatic residue stacking phenomenon and a 
reliance on hydrogen bonds. With respect to hydrogen-bond 
type, thecarbohydraterecognitionsiteoftheSe155-4 antibody 
is somewhat unusual in that there is a lack of carboxylate and 
amide side-chain involvement in the hydrogen-bond network 
(Cygler et al., 199 1). Instead, histidine side-chain, tryptophan 
side-chain, and backbone interactions dominate the hydrogen- 
bonding scheme. The stacking of aromatic side chains against 
the sugar ring is thought to discriminate against antigens 
carrying dideoxyhexoses other than abequose. Antigen 
mapping studies by functional group replacements (Bundle 
et al., unpublished results) have shown that the binding site 
fails to bind such antigens. 

The Hisl0lH mutagenesis results obtained for Sel55-4 
revealed that a number of interrelated factors are involved in 
the contribution of this residue to binding. The His1OIHGlu 
and HislOlGln mutants displayed significantly higher enthalpy 
changes associated with trisaccharide binding. This is 
indicative of improved hydrogen-bond and/or van der Waals 
contacts. However, there was also a dramatic shift in the 
entropy term which more than offset the enthalpy gain. This 
result can be explained in different ways, but all point to the 
excellent balance between surface complementarity and 
hydrogen-bonding possibilities provided by the histidine side 
chain. The Glu and Gln substitutions may have resulted in 
the introduction of an additional hydrogen bond but the 
associated motional restrictions led to a net negative effect on 
affinity, because of a highly unfavorable entropy term. The 
formation of a bidentate hydrogen bond involving mannose 
and the Glu side chain is easily envisioned (Figure 6). 
Replacement of His1o1H by dicarboxylic acids or the corre- 
sponding amides could potentially allow for simultaneous 
hydrogen bonding to both 0 - 4  and 0-6  of the mannose residue. 
Hydrogen bonding of this type has been observed in several 
carbohydrate-protein complexes and may require the par- 
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-TASo (kJ mol-') 

FIGURE 7: Enthalpy-ntropy compensation plot for wild-type and 
mutant Se155-4 Fabs. The straight line was obtained by linear 
regression and has slope of 0.863 with an intercept of 28.3 kJ mol-' 
( r  = 0.989). 

ticipation of a bound water molecule acting as either a 
hydrogen-bond donor or acceptor (Vyas, 1991). Alternatively, 
the large negative entropy change could be the result of a loss 
of surface complementarity allowing one or more additional 
water molecules to be trapped in the complex. The thermo- 
dynamic behavior of HislOIHAsn and HislOIHAsp was similar 
to that of the wild type. The side chain of Asn can be 
superimposed on the imidazole ring of histidine so that the 
amido group occupies the same position as the T-N of the 
imidazole ring, whereas the equivalent amido group of Gln 
may be superimposed on the T-N of the ring. These results 
offer evidence that the T-N of the histidine is the one that 
forms the hydrogen bond with 0 - 4  mannose. 

All of the His'o1H mutants were characterized by an 
enthalpy-entropy compensation effect as shown by the linear 
relationship that exists for changes in the two terms for each 
mutant (Figure 7). Enthalpy-entropy compensation has 
previously been demonstrated in studies on the effects of the 
degree of ligand polymerization (Sigurskjold et al., 1991) 
and temperature (Sigurskjold & Bundle, 1992) on antigen 
binding by Sel55-4. Strong enthalpy-entropy compensation 
has also been reported for three monoclonal anti-fluorescyl 
antibodies (Herron et al., 1986). Binding of the ligand by the 
wild type is predominantly enthalpy driven with some favorable 
assistance from entropy. This is somewhat atypical for sugar 
binding to proteins, where entropy is usually unfavorable. The 
source of the favorable entropy contribution is the efficient 
displacement of water molecules from the interacting surfaces 
of the protein binding site and the ligand. Changes in enthalpy 
and entropy always tend to compensate each other to some 
degree. For instance, if an enthalpic interaction is lost (e.g., 
a salt-bridge, a hydrogen bond, or a van der Waals interaction), 
an amount of entropy will be gained from this due to increased 
motional freedom and, conversely, increased motional re- 
strictions will be introduced if a new binding interaction is 
formed. In aqueous solution, a substantial part of the 
enthalpy-entropy compensation comes from solvent displace- 
ment. When water molecules arrange themselves around the 
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would not result in loss of activity, and this robustness has 
obvious advantages in the efficiency of somatic mutations to 
produce affinity improvements. 

The results presented here once again draw attention to the 
crucial role that framework residue Arg98H (position 94H in 
the Kabat numbering system) can play in H3 conformation. 
Changes to this residue have altered the binding characteristics 
of anti-digoxin (Panka et al., 1988; Novotny et al., 1990) and 
anti-phosphorylcholine (Chien et al., 1989) antibodies. It is 
generally assumed that it exerts its structural role by formation 
of a salt-bridge with Asp106H (position lOlH in the Kabat 
numbering system). In support of this, Tempest et al. (1991) 
have observed that the grafting of a murine H3 from an 
antibody lacking arginine at this position was successful only 
if the arginine at this position in the human framework was 
substituted. It is clear that a positive charge at heavy-chain 
position 98 is an essential feature of Sel55-4. The requirement 
for a negative charge at position 106H is less stringent, 
suggesting that the role of Arg98H is not limited to the formation 
of the Arg98H-Asp106H salt-bridge. An understanding of how 
framework structure affects hypervariable loop conformation 
and of the atomic interactions between loop residues and bound 
antigen will form the basis of successful antibody engineering. 
For example, the humanizing of murine monoclonal antibodies 
by grafting murine CDRs on human frameworks will not work 
if loop conformation is distorted in the process; compatible 
frameworks must be identifiedor engineered (Foote & Winter, 
1992). 

The blocking of affinity increases by entropy effects and 
the influence of framework changes on antigen binding 
thermodynamics emphasize the limitations of predictive 
redesign of antibodies, even when three-dimensional details 
of antigen and antibody structure are known. The generation 
of random mutations, coupled with the emerging phage display 
technology that enables selection for rare mutants from huge 
libraries (Barbas et al., 1991; Marks et al., 1991; Narang et 
al., unpublished results), may be a preferred route for tailoring 
the binding properties of antibodies to meet different re- 
quirements. 
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surface of a solute (especially around hydrophobic surfaces), 
they form ordered structures with enthalpically stronger 
hydrogen bonds compensated by loss of entropy. When these 
molecules are stripped off upon binding, an amount of enthalpy 
is lost, compensated by an increase in entropy. If a group of 
analogous species interact by the same mechanism, then a 
linear relationship between enthalpy and entropy can be 
expected (Leffler & Grunwald, 1963). This linear relationship 
determines the extent of the compensation between AHO and 
-TASo. The Fab mutants described here all lie on the same 
line of compensation with a slope of 0.86. A slope of less than 
1 (complete compensation) means that the free energy 
correlates with entropy; Le., the binding becomes stronger as 
-TASo becomes more negative. It follows from thevan't Hoff 
relation, 6(ln K)/6T = AHO/(RP), that when AHO = 0, the 
binding constant K is a t  its maximum. By extrapolation of 
the compensation plot, this occurs at -TASo = AGO = -32.8 
kJ mol-l, which corresponds to K = 5.0 X lo5 M-l. This K 
can be viewed as the maximum achievable for this particular 
ligand at 25 OC. It is seen that K for the wild type is reasonably 
close to this value but that it might be possible by further 
mutation to increase the affinity by a factor of 2. Interestingly, 
the highest K found in a study of the temperature dependence 
of ligand binding by Se155-4 was also 5.0 X lo5 M-l, occurring 
at 18 OC (Sigurskjold & Bundle, 1992). 

An unusual number of the H3 residues of Se155-4 form 
backboneinteractions withantigen. In the Hisl0lHGly mutant, 
the only H3 side-chain hydrogen bond to antigen was removed 
with surprisingly little effect on binding. A very favorable 
enthalpy term for this mutant suggested that a strong main- 
chain interaction had been introduced at  position 101H. With 
this change, five of the nine H3 residues are glycine and four 
are contiguous in the sequence. This highly flexible structure 
should permit reorientation to allow a new interaction, and 
the unfavorable entropy term is consistent with this inter- 
pretation of the results. It is not possible, however, to exclude 
the explanation that the introduction of water-mediated 
hydrogen bonds accounts for the dramatically increased 
enthalpy contribution to binding. In either case, the data 
once again illustrate the enthalpy-entropy compensation effect 
(Figure 7) that may explain the difficulty in obtaining affinity 
increases in proteins already possessing good carbohydrate- 
binding properties (Vermersch et al., 1990, 1991). GlyloZH 
was found to be irreplaceable. Its backbone conformation is 
absolutely crucial because of the involvement of its N H  in 
forming a hydrogen-bond network with the hydroxyl groups 
at O-2-abequose, O-2-galactose, and O- 1 -abequose. The 
frequent occurrence of Gly residues in CDR-H3s, as shown 
by reading frame preferences (Abergel & Claverie, 1991), is 
therefore not due entirely to their flexible nature but may 
reflect the roles of backbone H-bonding in antigen binding. 
Tyr103H, a residue at  the interface between the VL and VH 
domains, could be replaced only by alkyl/hydrophobic side 
chains, thus defining its role in the hydrophobic interaction 
between domains. 

The CDR-H3 has a more complex origin than the other 
CDRs, deriving from the D-segment along with junctional 
and N-variability. It shows greater variability also as 
underlined by the Wu/Kabat plots of mouse H-chain vari- 
ability (Wu & Kabat, 1970). These features point to this 
portion of the antibody combining site having greater im- 
portance in antigen recognition. The mutation data never- 
theless show that binding activity is retained in a wide range 
of mutants with only one residue, GlyloZH, being irreplaceable. 
Thus, the natural process of somatic mutation in most cases 
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