rows, exhibits a stronger correlation be-
tween molecules in corrals and molecules
on terraces. When the molecular rows in a
corral have the same chirality as the rows
on the nearby terrace, they can either align
in the same direction or form intersection
angles of +120°. The threefold symmetry of
graphite prohibits any other angles (14).
Measurements of the intersection angle re-
veal a strong tendency for molecular rows in
corrals to align in the same direction as
those on the terrace. Intersection angles of
+120° are observed in less than 20% of all
corrals studied. In the absence of orientational
interactions, the expected purely statistical
value would be 67%. Also in contrast to the
case for the chirality ratio, the tendency of
molecular rows in corrals to align in the same
direction as those on the terrace depends
strongly on corral size. In small corrals (~500
A in radius), the proportion aligned at =120°
approaches 0% but increases steadily to 18%
for corrals 1347 A in radius, the largest size
studied. This trend appears to reflect an
unexpectedly long-range orientational inter-
action, acting over tens or hundreds of
angstroms. It may perhaps be communicated
through second and higher layers of 8CB not
adsorbed directly to the substrate (15).

These findings demonstrate that mole-
cule corrals permit the analysis of a large
number of semi-independent, nanometer-
sized sample ensembles, each with an iden-
tical thermal history. A statistical approach
can be taken to STM data analysis that may
open new avenues for observing and mod-
eling surface phenomena by scanning probe
microscopy. Corrals may also be used in
studies of confinement effects on monolayer
structure, in the determination of activa-
tion energies for nucleation through vari-
able-temperature STM, in studies of the
strength and distance dependence of molec-
ular interactions between nearby crystalline
domains, and in the calculation of the
relative configurational free energies of dif-
ferent molecular structures from their mea-
sured occurrence probabilities.
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Peptide Synthesis Catalyzed by an Antibody
Containing a Binding Site for Variable Amino Acids

Ralph Hirschmann,* Amos B. Smith Ill,* Carol M. Taylor,
Patricia A. Benkovic, Scott D. Taylor, Kraig M. Yager,
Paul A. Sprengeler, Stephen J. Benkovic*

Monoclonal antibodies, induced with a phosphonate diester hapten, catalyzed the coupling
of p-nitrophenyl esters of N-acetyl valine, leucine, and phenylalanine with tryptophan amide
to form the corresponding dipeptides. All possible stereoisomeric combinations of the ester
and amide substrates were coupled at comparable rates. The antibodies did not catalyze
the hydrolysis of the dipeptide product nor hydrolysis or racemization of the activated
esters. The yields of the dipeptides ranged from 44 to 94 percent. The antibodies were
capable of multiple turnovers at rates that exceeded the rate of spontaneous ester hy-
drolysis. This achievement suggests routes toward creating a small number of antibody

catalysts for polypeptide syntheses.

The chemical synthesis of large peptides
has been accomplished by two distinct but
not mutually exclusive approaches. The
first, involving the stepwise addition of
single amino acids from the COOH- to the
NH,-terminus (1), was revolutionized by
the advent of the Merrifield solid-phase
technique (2), in combination with re-
versed-phase,  high-performance liquid
chromatography (HPLC) purification tech-
niques (3, 4). Fragment condensation, the
second approach, permitted the first total
synthesis of an enzyme in solution in 1969
(5). The fragment condensation strategy is
particularly attractive for the synthesis of
chemically related proteins that differ in
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one or more of the fragments. Solubility
problems, a result of multiple hydrophobic
protecting groups, have limited the useful-
ness of this approach. In an effort to over-
come this problem, proteolytic enzymes
have been used in peptide bond formation
(6). This variation of the fragment conden-
sation method is also beset by limitations,
principally product inhibition and the sus-
ceptibility of the products to cleavage at
positions corresponding to the natural hy-
drolytic sites.

The advent of antibodies as catalysts (7)
for organic transformations suggested another
approach to the coupling of unprotected ami-
no acids and peptide fragments that potential-
ly would exceed the scope and specificity
attainable with proteolytic enzymes as cata-
lysts. We report here the antibody-catalyzed
formation of a dipeptide (8).

The traditional approach to generating
catalytic antibodies involves the design of
haptens that are topologically and structurally
nearly identical to the transition state of the
reaction. For peptide synthesis (Fig. 1), this
strategy has two shortcomings: first, a large



H,N)T“r‘

Fig. 1. The condensation of an NH,-terminus of a peptide or amino acid with the COOH-terminus
of a peptide or amino acid and the presumed tetrahedral intermediate formed along the reaction
pathway. The phosphonamide is a transition-state analog for such coupling reactions. R = H,

P-NO,-(CgH,)CH,-, Cl-(CgH,)- or p-NO,-(CeH,)-:

-CH,~(3-indolyl). Ph, phenyl; Me, methyl.

number of antibody catalysts would be re-
quired to accommodate diverse acylating
agents and nucleophiles; second, product in-
hibition, previously encountered in nonsol-
volytic bimolecular coupling reactions, would
limit the turnover number of the catalyst.
These design requirements led to transition-
state analogs 1 and 2. Analog 2a (9) was used
to generate antibodies for coupling N-acety-
lated, p-nitrophenyl esters of amino acids 5a
to 5c¢ to tryptophan amide (6) to form dipep-
tides 7a to 7c (Fig. 2). We reasoned that the
cyclohexyl group of the transition-state analog
would create a binding site in the antibody
that would accommodate diverse hydrophobic
o side chains of the ester substrates. Further,
the transition state analog possessed an addi-
tional structural element (p-nitrobenzyl) that
was neither present in the dipeptide product
nor structurally or electronically congruent to
the leaving group (p-nitrophenyl). These
structural differences should facilitate dissocia-
tion of the leaving group and dipeptide from
the antibody.

Twenty-four monoclonal antibodies
were screened for their ability to catalyze
the coupling of the L-valine derivative 5a

R, = -CHMe,, -CH,CHMe,, or -CH,Ph; R, =

with D-tryptophan amide (6) to form dipep-
tide 7a (10, 11). Two antibodies (16G3
and 18C10) accelerated the reaction ap-
proximately 220-fold above the control
(without antibody) (12). However, these
two antibodies did not significantly acceler-
ate the coupling of the p-chlorophenyl (3)
or p-nitrobenzyl esters (4) of N-acetyl-L-
valine. This result demonstrated that the
reaction involved a specific antibody inter-
action with the p-nitrophenyl leaving group
and did not simply arise from a higher
intrinsic reactivity of the leaving group in
aqueous aminolysis reactions (13). More-
over, the increase in rates was proportional
to the antibody concentration, and peptide
bond formation was completely inhibited
by the addition of an amount of hapten 2b
equal to twice the antibody concentration.
Antibodies 16G3 and 18CI10 catalyzed
dipeptide formation with activated N-ace-
tyl-L-leucine 5b at rate enhancements of
383- and 323-fold, respectively. Further
studies with 16G3 and activated N-acetyl-
L-phenylalanine 5¢ yielded dipeptide 7c at
rates >1000-fold over background (14).
The relative rates consequently increased as

O,R = Me

1 X = NH, R = -(CH)3CO,H
2a X = O, R = (CH2)3CO-H
2b X =

Sa R = CHMez
b R = CH,CHMe,
Sc R = CH,Ph

\!)rnj‘/ﬁ\o_@_..o, . /grﬂ

e ng

7a R = CHMe2

7b R = CH,CHMe,
7¢ R=CH,Ph

Fig. 2. Phosphonamide and phosphonate haptens, with substrates and products for the antibody-
catalyzed reaction. Both the levorotatory and dextrorotatory forms, of the substrates were used.
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the a side chain on the ester substrate more
extensively occupied the cavity created by
the cyclohexyl group of the hapten.

Steady-state kinetic analysis of the
18C10-catalyzed condensation of L-5a with
L-6 provided Michaelis constant (K, ) val-
ues of 4 mM and 1.6 mM, respectively, and
a catalytic rate constant (k) of 12.6
min~!. The intersecting graphical pattern
was in accord with an equilibrium bireac-
tant system (15). The effective molarity for
the antibody condensation was 194 M.
With L-5¢, the effective molarity was about
1000 M, although kinetic measurements
were constrained by low solubility. In con-
trast, the effective molarities for nonsol-
volytic, bimolecular condensation reactions
catalyzed by antibodies are 16 M for the
formation of an amide from the condensa-
tion of a lactone with 1,4-phenylenedi-
amine (16), a calculated value of 0.21 M
for bimolecular imine formation (17), and a
calculated value of 50,000 M for the ami-
noacylation of the 3’-hydroxyl group of
thymidine with an alanyl ester [although
this reaction was seriously inhibited by the
product (18)].

It is well known that N-acylated p-nitro-
phenyl esters are susceptible to racemiza-
tion (19), and as expected the amount of
the second diastereomeric dipeptide (attrib-
utable to the racemization of esters -5a and
L-5b when coupled to L-6) reached 25% of
the total product formed within 6 min
without antibody added (it was undetect-
able for L-5¢ in this time span). However,
in the antibody-catalyzed reactions this val-
ue was only 4% for L-5a, 0.5% for L-5b,
and undetectable for L-5¢, which suggests
that the antibody does not catalyze the
intramolecular cyclization of the N-acetyl

Table 1. Relative rates for the formation of the
four stereoisomeric dipeptides from the p and L
stereoisomers of 5a, 5b, 5¢, and 6 with mono-
clonal antibody 16G3. The reactions were per-
formed as described (77). The rates of the
reaction between the L form of each ester (5a,
5b, and 5¢) and the L form of the amide 6 are
set to 1.0.

Substrates
Rate
5 6
L (5a) D 0.2
L L 1*
D D 0.1
D L 15
L (5b) D 0.5
L L 1*
D D 0.4
D L 1.2
L (5¢) D 0.5
L L 1*
D D 0.07
D L 0.4
*5a:5b:5¢ are in the relative rates of 1:1.7:4.7.
235



esters to produce the oxazolones that are
prone to racemization (19). Moreover, un-
der these conditions the antibody did not
catalyze the hydrolysis of the ester sub-
strates or amide product.

Antibody 16G3 was also examined for
its ability to couple various combinations of
stereoisomeric forms of the ester and amine
substrates (Table 1). Regardless of the con-
figuration of the ester, the reaction with the
L-tryptophan amide was slightly favored
throughout the series 5a to 5¢ by rate
factors of 2- to 15-fold. Conversely, there
was a smaller preference (up to approxi-
mately eightfold for L-5¢ with D-6 versus
that for D-5¢ with D-6) for the stereochem-
istry of the ester. The rate differences ob-
served amounted to a change in AG°
(change in the Gibbs free energy) of <1.6
kcal mol™!. Although the antibodies were
induced to a hapten containing the levoro-
tatory and dextrorotatory forms of the car-
boxyl and amine components, respectively,
these studies revealed no strong stereo-
chemical preferences.

The lack of strong preference for substrate
stereochemistry is not surprising because the
antibody is programmed to provide binding
pockets for the nitroacyl group and for the a
side chains of the reactants. In contrast, the
small size of the NH,-terminal acetamide,
COOH-terminal carboxamide, and « protons
may be accommodated by nonspecific bind-
ing. One can imagine that the antibody bind-

Table 2. Yield of dipeptide formed from the cou-
pling of 5a, 5b, 5¢, and 6 in the presence of
monoclonal antibody 16G3. The reactions were
performed as described (717), except the reaction
was monitored until all of the ester substrate was
consumed by condensation or hydrolysis. The
yield of dipeptide formed is based on the starting
ester, which was the limiting substrate. Turnover
number is based on the amount of dipeptide
product formed by antibody-catalyzed coupling
of the substrates. Racemization is defined as the
ratio of undesired dipeptide to desired dipeptide.
ND, not determined.

Sub- Yield Racemization
strates ] of Turmn- (%)
dipep-  er ; )
5 6 tide With  Without
(%) 16G3  16G3
L(Ba) b .ND ND ND ND
L L 75 30 12 90
D D 44 13 27 90
D L ND ND ND ND
L(Bb) b 94 38 10 100
L L 56 21 10 66
D D 53 24 10 66
D L 73 33 10 100
LBe)* o 79 37 1 ND
L L 52 2.3 1 43
D D 61 21 6 43
D L 61 2.7 4 ND

*Because of limited solubility, the concentration of 5¢
was 100 pM.
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ing site may be a shallow channel, as is
revealed by x-ray crystallographic analysis of
the antibodies that bind lysozyme and pep-
tides (20). The general lack of a synergistic
influence by various substrate pairs on the
substrate selectivity of the antibody is also
consistent with little or no cooperativity be-
tween the antibody binding sites, in.accord
with our kinetic analysis. This cross-reactivity
with the various stereoisomers resembles the
limited complementarity to the steroid in the
x-ray crystallographic structure of the proges-
terone antibody (21). The binding site, nev-
ertheless, is limited; 16G3 does not catalyze
the condensation of 5a with either the desired
a or undesired € amino groups of D-tryp-
tophan-L-lysine amide.

We determined the total yield of dipep-
tide (relative to ester) produced in the
presence of antibody and the turnover num-
ber after which all of the ester substrate had
been consumed by condensation or hydro-
lysis (Table 2). The antibody produces
dipeptide with yields ranging from 44 to
94%. Moreover, for the leucine and phenyl-
alanine-derived substrates (5b and 5c),
product formation in the presence of anti-
body competes with ester racemization so
that the amount of preduct formed by

. means of racemized oxazolone over the time

of synthesis is suppressed (Table 2). With
higher concentrations of antibody, this per-
centage would be further decreased. The
turnover number for 16G3 suggests that the
antibody does not undergo autocatalytic
deactivation (22) and, more importantly, is
not subject to extensive product inhibition.
The eventual onset of product inhibition
reduces the correlation between initial raté
and observed yields (compare Table 1 to
Table 2).

2
g 15 T
£ !
3 1 1
o
]
: 1
g 05 1
% 40 80 120

Time (min)

Fig. 3. Amount of dipeptide product formed
from the reaction of L.-5b and pb-6 in the pres-
ence of 20 pM 16G3. The reaction was per-
formed as described (77). Aliquots were with-
drawn at 20-min intervals, and the amount of
dipeptide product was determined with HPLC.
Approximately 2 min after removal of an aliquot,
5b and 6 were added (indicated by arrows) to
restore their concentrations to 1.0 to 1.3 mM
and 2.0 to 2.3 mM, respectively. The products
were isolated, and their structures confirmed by
mass spectrometry.
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To illustrate the low level of product
inhibition, we carried out a scale-up syn-
thesis of the L-leucine-D-tryptophan amide
dipeptide by multiple additions of substrates
(Fig. 3). After approximately 1 hour,
dipeptide with a concentration of 1.3 mM
was formed in the presence of 20 uM
antibody and, most importantly, the D,D-
dipeptide accounted for only 4.0% of the
total amount of dipeptide formed. In con-
trast, in the absence of antibody the reac-
tion produced a dipeptide product with a
concentration of only 35 uM, 47% of
which was the D,D-dipeptide. The amount
of product formed with time slowed notice-
ably at product concentrations greater than
1.2 mM, suggesting that the dissociation
constant for dipeptide-bound 16G3 is >1.2
mM™! with a turnover number for the
antibody >60. All of the kinetic parame-
ters discussed herein meet previous kinetic
criteria (23) and are commensurate with
the synthetic potential of this catalytic
antibody. These results represent a first step
toward generating antibodies capable of
coupling unprotected amino acids and pep-
tide fragments.
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Homozygous Human TAP Peptide Transporter
Mutation in HLA Class | Deficiency
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Human lymphocyte antigen (HLA) class | proteins of the major histocompatibility complex
are largely dependent for expression on small peptides supplied to them by transporter
associated with antigen processing (TAP) protein. An inherited human deficiency in the TAP
transporter was identified in two siblings suffering from recurrent respiratory bacterial in-
fections. The expression on the cell surface of class | proteins was very low, whereas that
of CD1awas normal, and the cytotoxicity of natural killer cells was affected. In addition, CD8*
of T cells were present in low but significant numbers and were cytotoxic in the most severely
affected sibling, who also showed an increase in CD4+CD8* T cells and v& T cells.

Class I molecules of the major histocompat-
ibility complex (MHC) present peptides to
CD8* T cells. These peptides derive from
proteolytic -degradation in the cytosol. They
are subsequently imported by a peptide trans-
porter into the lumen of the endoplasmic
reticulum where they associate with class I
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molecules (1). The peptide transporter is a
heterodimeric protein formed of two homolo-
gous polypeptides encoded by the TAPI and
TAP2 genes located in the MHC class II
region (2—4). In mutant cell lines that do not
express this transporter, most 8,-microglobu-
lin (B,M)—class I heavy chain complexes do
not acquire peptides. Such “empty” complex-
es are unstable at physiological temperature
and are inefficiently transported through the
Golgi compartment. Consequently, most of
the class I heavy chains remain unsialylated.
Relatively few peptide-free class I molecules
reach the cell surface where they can be
stabilized by exogenous class I-specific pep-
tides (5). Mice in which the TAPI gene has
been disrupted by homologous recombination
have almost no detectable CD8* T cells and
no alloreactive cells when bred in germ-free
conditions (6). In this report we describe a
human peptide transporter (TAP) genetic
defect.

A TAP deficiency was observed in family
E which is from Morocco and includes the
parents, who are first cousins, and five chil-
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dren. The first case, EFA, was a 15-year-old
female who had chronic bacterial sinobron-
chial infections but no history of viral infec-
tions. Human lymphocyte antigen (HLA)
serotyping did not detect HLA class I mole-
cules on her peripheral blood mononuclear
cells (PBMCs). A deficiency in B,M was
ruled out. A complete HLA typing of the
family (Fig. 1A) showed that two children in
the family, EFA and a 6-year-old brother,
EMO, are HLA-homozygous and express class
II but not class I molecules. The other mem-
bers of the family, who are heterozygous or
HLA different (EAH) express both class [ and
class II antigens. These results suggest that the
defect is genetically linked to the MHC.
Because “absence” of class I molecules as
determined by serological typing methods
does not mean complete absence of these
molecules from the cell surface, we labeled
PBMC:s with the W6/32 class I monomorphic
monoclonal antibody (mAb) and analyzed
them by flow cytometry (Fig. 1B). The fluo-
rescence intensity was 1% (T cells and mono-
cytes) to 3% (B cells) that of normal PBMCs.
Epstein-Barr virus (EBV)—transformed B cell
lines (named ST-XXX) were generated from
B cells from EMO and EAH. Flow cytometry
showed a 99% reduction of class I molecules
on the ST-EMO cells compared with the
ST-EAH cell line. Because both cell lines
expressed equivalent amounts of class I
mRNA, detected by Northgrn (RNA) blot
analysis, we looked for defects in processing of
class I molecules. The time course of polysac-
charide side chain maturation in ST-EMO
(class I7) and SCHI10W9013, a control
HLA-A3-homozygous cell line, showed that
HLA-A3 molecules became resistant to en-
doglycosidase H (endo H) (Fig. 1C); thus,
they were transported to the cis-Golgi com-
partment. However, whereas endo H-resis-
tant molecules remained stable after a 2-hour
chase in SCH10W9013, those of ST-EMO
decreased with time. In the extracts of ST-
EMO, B,M was poorly detected, showing that
it was loosely associated with the class I heavy
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