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Changes in the protein Mean distance to nitrogen atoms ApK,
of His 64 (A)

Asp—> Ser®® 12.6 -0.40
Glu— Ser'*® 14.4 -0.38
Ser— Lys® 15.0 (-0.25)
Ser— Lys'® 16.5 (-0.25)
Lys— Thr?'3 17.6(?) +0.08
Asp—> GIn%® 15.1 -0.18
Asp—> Lys®*® (13.8) -0.64
Gly— Lys'® (15.5) -0.63
Asp— Ser*®and
Glu— Ser'® (13.5) -0.63
Asp—> Lys*and
Glu— Lys'® (14.7) -1.00

Figure 11 : Schematic drawing of the position of important ionic groups in subtilisin and their effect on

the pK, of His 64.

Neither of these proteins, incidentally, is
derived from a thermophilic organism, and
the list of such highly stable proteins can be
extended. These examples show that pro-
teins can be dramatically stabilized, a pro-
spect which initially raises great hopes.

Nevertheless, the practical chemist is not
interested in the free energy of stabilization
of the native state. He is far more interested
in the lifetime of the enzyme under reaction
conditions (or perhaps even in the shelf life).
This is not necessarily the same and the
causes of both phenomena may in fact be
very dissimilar.

Under “denaturing conditions” (i. e. at an
elevated temperature or at inappropriate

salt concentrations, extremes of pH or in
the presence of denaturing agents such as
urea or guanidinium hydrochloride), the
native structure passes through a series of
intermediates into disordered forms of the
chain?”). A folding intermediate along this
path can now react further in a variety of
ways. Only under a narrow set of condi-
tions (mostly: low protein concentration,
“correct” pH, “correct” salt conditions, low
urea or guanidinium hydrochloride concen-
trations to avoid aggregation reactions) can
an intermediate refold to the native state.
Under most conditions something else will
(Fig. 12): the
chemically inactivated®®), it aggregates, ad-

occur intermediate is

, sorbs onto the surface of the vessel, or folds

into a form different from the native state.
In these cases, inactivation is irreversible.

From this consideration, two points
become immediately apparent. First, to suc-
cessfully stabilize an enzyme the reason for
loss of activity must be found’®. Only by
removing the true cause of the enzym’s facile
denaturation, can stability be raised. Se-
cond, there are two points at which the pro-
blem can be approached: at the reversible
equilibrium between the native structure
and a critical intermediate or at the subse-
quent irreversible step that is relevant to the
enzyme.

Any attempt to stabilize the reversible
steps, here referred to as “conformational
stabilization”, is hampered by a general lack
of understanding about protein folding and
protein structures. Nevertheless, through
the efforts of various research groups at
least a few important aspects have been
identified:

1. Optimum packing within the hydropho-
bic core of a protein’”); neither mutual
steric hindrances nor cavities must be pre-
sent.

2. Electrostatic effects, such as charged
amino acid side chains interacting with
helix dipoles and thus stabilizing the pro-
tein®®).

3. Networks of hydrogen bonds®?).

4. The effect of conformational entropy.
B. W. Matthews and co-workers®® postu-
lated that an amino acid with many confor-
mational degrees of freedom in the unfolded
state loses more entropy in folding than an
amino acid which has fewer torsional
degrees of freedom accessible in the unfold-
ed state. He proposed, with experimental
data supporting this idea, that the exchange
of glycine for alanine or alanine for proline
can have a stabilizing effect. The only re-
quirement would be that there are no en-
thalpic reasons to the contrary, i.e. if the
new residue were to collide with other parts
of the protein.

A test of this hypothesis in the author’s
laboratory®!) may serve to illustrate the in-
herent problems. The model chosen was the
enzyme glyceraldehyde phosphate dehydro-
genase (GAPDH, a homo-tetramer). In
separate experiments, all glycine residues
occurring in helices were exchanged for
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alanine residues. Only one exchange of this
type brought about notable stabilization,
both in irreversible denaturation experi-
ments (i. e. measuring the half-life at high
temperatures) and in urea-induced reversi-
ble unfolding and folding experiments. Ex-
act analysis showed that the loss of activity
does not correlate with unfolding of any
helix. Rather, imperfect packing of the
hydrophobic core of the wild-type subunits
seemed to have been ameliorated through
this exchange. This example shows that
careful analysis is needed in order to gather
information for further rational ap-
proaches.

The irreversible steps have likewise been
a focus of protein engineering efforts. Sub-
tilisin, for example, which is remarkably
sensitive to oxidation of the Met222
residue, can be rendered far more robust
through its substitution®?. The Genentech
group, approaching the problem pragmati-
cally, substituted all the other 19 amino
acids at this position and tested the activities
and stabilities of the mutant enzymes.
Numerous suitable substitutions were
discovered in these experiments.

Also from the Genentech group comes an
intriguing experiment on the question of the
mechanism by which disulfides influence
the stability of a protein®®. Stabilizing
disulfides were incorporated in various
mutants of T4 lysozyme that differ in their
stability because of different mutations
elsewhere in the protein. It was
demonstrated that the reversible unfolding
of the mutant proteins is not at all affected
by the presence of the disulfide bonds, but
that the S-S bonds apparently prevent ag-
gregation or misfolding of the partially un-
folded intermediates and thus prevent their
irreversible loss. The caveat of these ex-
periments is that the conclusions may be
valid only for T4 lysozyme. Disulfides, both
intramolecular®® intermolecular®’),
have since been incorporated into numerous
proteins for stabilization purposes.

This brief summary is intended to outline
the current state of protein engineering and
to illustrate the possibilities which exist for
obtaining new or improved enzymes.
Though no modified proteins are as yet
ready for the market, the rapid pace of pro-
gress in this area means that they might be in

and
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e adsorption
e aggregate formation
e incorrect folding
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chemical inactivation:

e peptide cleavage

e hydrolysis of Asn and GIn
e oxidation of Cys and Met
e racemization

e B-eliminaton of disulfides

Figure 12 : Schematic diagram of possible steps in the inactivasion of an enzyme. The relative significance

of these steps differs from protein to protein.

the foreseeable future. It remains doubtful,
however, whether the first successful pro-
ducts will be the result of truly “rational”
planning. The way to the routine use of
these engineering methods is long and will
still necessitate massive efforts in basic
research.

9. Catalytic antibodies

A fourth method of obtaining new en-
zymatic activities might be to start building
from scratch. We are not considering
science fiction here, however, and at the
moment the prospect of “designer enzymes”
is nothing other than that. Rather, we will
concentrate on an entirely empirical
strategy mentioned at the beginning of this
article: the use of antibodies for catalysis.

The idea was first committed to writing
by W. P. Jencks in 1969%¢) (interestingly
enough, in a textbook). If an enzyme has a
structure that is truly complementary to the
transition state of a reaction, W. P. Jencks
surmised, then it should be possible to
reverse the argument. Any protein having
such a complementary structure should then
be able to catalyze a similar reaction. The
immune system is able, in a first approxima-
tion, to produce antibodies against any
chemical substance and should thus permit
the production of antibodies against transi-

tion state analogs. The question was, would
such an antibody have any catalytic ac-
tivity?

Just a couple of years later a number of
research groups, working independently,
tested this proposition, but achieved only
moderate success®”). The observable
catalytic effects were generally only slight
or, in some cases, not even measurable since
the intrinsic rate acceleration caused by the
antibodies was too small. In polyclonal an-
tiserum, even after immunization of the
animal, specific antibodies make up only a
small fraction of the immunoglobulins. Ad-
ditionally, some of the initial experiments
were over-ambitious and aimed at overcom-
ing tremendous energy barriers. Conse-
quently, moderate rate acceleration would
not have been discovered, because the reac-
tion would have still proceeded far too slug-
gishly. The breakthrough came with the
availability of monoclonal antibodies®®.
Only with these was it possible to achieve
protein concentrations high enough to
detect small catalytic activities. Monoclonal
antibodies against transition state analogs
have been produced since 1986, e. g. in the
laboratories of R. Lerner and P. G.
Schultz%%). At the same time methods were
developed in the author’s laboratory for
making the antibody molecule itself more
easily amenable to modification by protein
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Figure 13: Reaction of chorismate mutase. Chorismate (1) rearranges to prephenate (2) via a chair-like
transition state (3). The transition state analog was used in the free form (4a) to determine binding
constants to the catalytic antibody. To derivatize an immunogenic protein it was used with a suitable

spacer (4b).

engineering, thus expanding the potential
for producing catalytic antibodies’?~72),
The strategy of producing a catalytic an-
tibody by immunizing a mouse shall be il-
lustrated by a number of examples. Two
research groups simultaneously produced
antibodies which catalyze a
rearrangement’3). Both groups chose the
rearrangement of chorismate to prephenate
(Fig. 13), which is catalyzed by the enzyme
chorismate mutase, and is part of the
pathway of the synthesis of aromatic amino
acids in bacterial and plant cells’). The
mechanism of the non-enzymatic reaction
has been studied and it is known that the
transition state passes through a chairlike
geometry. In the transition state, the C-O
bond is mostly broken before the formation
of the new C-C bond. The enzymatic reac-
tion (approximately 10° times faster) also
proceeds via a chairlike transition state.
proceeds via a chairlike transition state.
Both research groups”® therefore synthesiz-
state structure (Fig. 13) and coupled it, via a
spacer, to an immunogenic protein. (It is
generally not possible to elicit antibodies

Claisen

against a small molecule without coupling it
to a macromolecule). This transition state
analog inhibits chorismate mutase with a
dissociation constant of approximately
0.15 uM, while the substrate binds with on-
ly approximately 41 uM. Both research
groups were able to find an antibody which
not only binds the antigen but which also
accelerates the rearrangement, albeit at
lesser efficiency than chorismate mutase.
This presents strong evidence that the
model of transition state complementarity is
correct® #). Particularly interesting is the
fact that the activation enthalpy is only
slightly lower when compared to the un-
catalyzed reaction (from 20.7 kcal/mol to
18.3 kcal/mol), while the activation en-
tropy undergoes a much greater reduction,
from -12.85 calK-'mol-! to -1.2
calK ~'mol-! (see ref.6®). The absence of
solvent isotope effects is consistent with this
antibody accelerating the reaction only
through the binding site being structurally
complementary to the transition state. The
enzyme probably uses covalent catalysis’*
and can achieve greater rate accelerations.

A slightly modified strategy was used to
elicit an antibody which catalyzes a f-
elimination” (Fig. 14). In enzymatic reac-
tions such processes are mostly base-
catalyzed. The antigen should thus elicit an-
tibodies that carry, in the desired position,
an amino acid capable of functioning as a
general base catalyst at neutral pH (e.g.
glutamate or aspartate). To thisend, an am-
monium ion was incorporated into the an-
tigen in order to create charge complemen-
tarity in the antibody at precisely the re-
quired position. This stategy led to
moderate but measurable catalysis.

A third example is intended to show that
by suitable design of the immunogen it is
possible to catalyze even more demanding
reactions, e. g. cleavage of a peptide bond.
B. L. Iverson and R. A. Lerner’® elicited an
antibody that binds a metal ion adjacent to
the peptide bond to be cleaved. For this pur-
pose, an antigen in the form of a tetrapep-
tide derivative was synthesized (Fig. 15)
that forms a stable complex with cobalt-
“triene” (triene = triethylenetetramine) via
an amine and a carboxyl group. The
tetrapeptide substrate, a separate triene
molecule, and various metal ions together
with the antibody were used in the actual
cleavage reaction. The basic idea was to get
the antibody to form a binding pocket both
for the peptide and for the metal-triene com-
plex. The metal was thus to be placed in the
vicinity of the bond being cleaved and act
either as a Lewis acid polarizing a carbonyl
group or, as Bronstedt base deprotonating a
water molecule, which can then attack the
peptide bond as a hydroxide ion. Indeed,
this strategy produced an antibody which
cleaves a peptide bond with a turnover
number of 104 sec™1.

This last example was a great pioneering
achievement. It also serves, however, to
show how far removed this technique is
from “designer enzymes”. The examples
cited are only a selection (for a more recent
review article see, e. g., ref.®%)), but they do
illustrate the potential which exists for
achieving new activities through immuniza-
tion. In particular, a specific binding pro-
tein can be created without any need for a
knowledge of protein folding, since the im-
munological approach is entirely empirical.
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Figure 14: (A) Antibody-catalyzed elimination
by an antibody elicited with the immunogen
shown in (B).

While the broad spectrum of reactions
already catalyzed raises hopes, the potential
of this strategy still needs critical appraisal.
Undoubtedly, potential catalysts for a large
number of reactions and substrates may be
developed by this approach due to the large
available antibody repertoire. It remains to
be seen, however, whether the activities
achieved until now can be significantly im-
proved. The immune response is not a selec-
tion for nucleophiles, but the antibodies are
selected in the animal solely for their antigen
binding affinity. Furthermore, the binding
of metal ions to natural antibodies not sub-
jected to protein engineering can only be
achieved by a chelate molecule being part of
the immunogen during immunization and
the chelate then being a co-substrate. The
optimum reaction rate is obtained when the
pK, of a catalytic group is approximately
equal to the pH of the reaction: for enzymes
this usually means close to neutrality.
Because of charge complementarity,
however, strong acids and bases are prefer-
red in the antibody, which are less suitable
as general acid/base catalysts.

An additional problem caused by the
modest activities of catalytic antibodies is
the difficulty in detecting catalytic activity
when traces of enzymes which catalyze the
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Figure 15: (A) Asimmunogen , the tetrapeptide was derivatized with phenylpyruvate and reduced, and
combined with a stable cobalt-trien complex. (The covalent binding to an immunogenic protein is not
shown here.) (B) The tetrapeptide and various metal-triene complexes were then used as substrates for
the peptide-cleaving antibody thus obtained. (C) The two principal mechanisms in which a metal ion
can accelerate peptide hydrolysis in the binding pocket; left, as a Lewis acid: right, as a general base.

same reaction are present in the antibody
producing cell or the supernatant. This pro-
blem is particularly cumbersome in the case
of nucleases and proteases.

Out of these considerations, methods
were developed in the author’s laboratory
aimed at facilitating the modification of the
catalytic antibody itself through the
methods of protein engineering’? =72
While the methods for modifying DNA se-
quences had been well established, the ex-
pression (i.e. the biosynthesis from a
recombinant gene) of genetically engineered
antibodies could in the past only be achiev-
ed with large effort. A system was
developed to permit the production of fully

functioned antibody F, or F,;, fragments in
bacteria (Escherichia coli) (Fig. 16, 17)70-72,
The method is based on the expression of
both chains in the same cell and the secre-
tion of both proteins into the periplasmic
space between the two membranes. There
the disulfide bonds form in an oxidizing en-
vironment and the two domains V| and Vy
assemble. The functional protein can be
purified by affinity chromatography with
immobilized hapten (antigen) in a single
step.

For these investigations, the phosphoryl-
choline binding antibody with the designa-
tion McPC603 was used. Its main attraction
was that its three-dimensional structure was
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Figure 16: Schematic diagram of an antibody and the relevant antigen-bind-
ing fragments. The F, fragment contains the variable domains of the heavy
(V1) and light (V})chains. The F,;, fragment contains the complete light chain

Figure 17: Schematic diagram of the E. coli expression strategy for func-
tional antigen-binding fragments. In the cytoplasm the precursor proteins
for Vi and V|, each fused to a bacterial signal sequence, are synthesized in
reduced form. After translocation through the inner membrane into the
periplasm, the signal sequences are cleaved, the domains fold, the disulfide
bonds form, and the two chains assemble into the functional Fy fragment.

and the first two domains from the heavy chain.

solved with and without bound hapten””.
The two genes for the F, fragment were ob-
tained entirely synthetically’?, because the
amino acid sequence was known. It was
then shown in detailed investigations that
the F, fragment of this antibody from E. coli
has the same affinity to phosphorylcholine
as the entire antibody from the mouse’!> 72).
Thus the protein required to bind the an-
tigen can be drastically reduced in size.
Since this antibody binds phosphorylcho-
line, it seemed reasonable to suppose that it

Expression of the F,;, fragment is entirely analogous.

would be able to cleave an ester bond (Fig.
18). If a suitable ester is attacked by water
(or a hydroxide ion), a tetrahedral in-
termediate is formed. The transition state to
(and from) this intermediate, according to
Hammond’s postulate mentioned in the
beginning, will also be roughly tetrahedral.
If now the antibody binds this type of struc-
ture preferentially, i.e. better than the
substrate, it should catalyze this hydrolysis.

It was indeed shown that the recombinant
F, fragment from E. coli is able to do this’?)

as had been found for related antibodies ob-
tained from mouse’®). Though the observed
catalysis is only moderate, this model
system opens up interesting perspectives.
First, it is now possible to make any desired
modification to the sequence of this an-
tibody, permitting a systematic investiga-
tion of structural effects on catalysis. Se-
cond, the structure of the binding site is
known’”) and the recombinant Vi domain
produced in E. coli”®) was recently crystalliz-
ed and its structure determined’®), so that

Figure 18 A: Stereo diagram of the binding pocket of antibody McPC603 with bound hapten phosphorylcholine. Atoms are shaded according to atom types,
with oxygen in red, nitrogen in blue, carbon in white and phosphorus in yellow. The residues shown are, from left to right: AspL97, TrpH107, AsnH101, phos-

phorylcholine, GluH35, TyrH33 and ArgH52.
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Figure 18 B: Schematic diagram showing the complexation of the tetrahedral intermediate during ester-
hydrolysis in the binding pocket of the antibody and its analogy to normal antigen binding.

information about the structure of the
modified fragments is now available. Third,
the fragment is of a size that makes it
amenable to structure analysis by NMR.
Last, expression in the native, functional
state as the prerequisite for metabolic selec-
tion or screening has been achieved. Many
of these findings and methods will be
generally applicable to catalytic antibodies.
This bacterial system may eventually even
be used to express libraries from the entire
immunological repertoire of mouse or man,
and there are encouraging results toward
this goal’?). It might then be possible one
day to select catalytic antibodies without
the need for mouse immunization.

10. Prospects

It is probable that, along the way to new
enzymes, all of these strategies will need to
be combined. The interdisciplinary
character of this research, in which en-
zymology, gene technology, immunology,
organic chemistry, theoretical chemistry
and, in particular, structural research come
together, is apparent. Enzymes have by no
means given up all their secrets — just a few
of them. Without doubt, enzyme based
catalysts will strongly influence the chemis-
try of the future.
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