ters are the mass of the black hole and
the angular momentum of the black hole.
What is even more remarkable, the met-
ric describing these solutions is simple
and can be explicitly written down.

I do not know if the full import of what
I have said is clear. Let me explain.

Black holes are macroscopic objects
with masses varying from a few solar
masses to millions of solar masses. To
the extent they may be considered as
stationary and isolated, to that extent,
they are all, every single one of them,
described exactly by the Kerr solution.
This is the only instance we have of an
exact description of a macroscopic ob-
ject. Macroscopic objects, as we see
them all around us, are governed by a
variety of forces, derived from a variety
of approximations to a variety of physi-
cal theories. In contrast, the only ele-
ments in the construction of black holes
are our basic concepts of space and time.
They are, thus, almost by definition, the
most perfect macroscopic objects there
are in the universe. And since the gener-
al theory of relativity provides a single
unique two-parameter family of solu-
tions for their descriptions, they are the
simplest objects as well.

Turning to the physical properties of
the black holes, we can study them best
by examining their reaction to external
perturbations such as the incidence of
waves of different sorts. Such studies
reveal an analytic richness of the Kerr
space-time which one could hardly have
expected. This is not the occasion to
elaborate on these technical matters (22).
Let it suffice to say that contrary to
every prior expectation, all the standard
equations of mathematical physics can
be solved exactly in the Kerr space-time.
And the solutions predict a variety and
range of physical phenomena which
black holes must exhibit in their interac-
tion with the world outside.

The mathematical theory of black
holes is a subject of immense complex-
ity. But its study has convinced me of
the basic truth of the ancient mottoes,
“The simple is the seal of the true’” and
‘‘Beauty is the splendour of truth.”
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the starting material is a natural protein
that has folded to a stable conformation.
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Groups at or on'the periphery of the
active site are chemically modified to
produce a ‘‘semisynthetic’’ enzyme hav-
ing catalytic activity different from that
of the original enzyme. An attractive
feature of the chemical mutation process
is that the wealth of x-ray structural
information available for relatively sim-
ple enzymes ‘makes possible a consider-
able degree of flexibility in the choice of
the natural system in which the new
catalytic group is introduced. Until now,
much of the effort has been on the con-
version of readily available enzymes of
moderate molecular weight that are hy-
drolytic catalysts into modified enzymes
capable of catalyzing other important
reactions such as oxidation-reduction,
decarboxylation, and transamination.
We have shown that we can achieve the
‘“‘chemical mutation’’ of enzyme active
sites by the reaction of appropriate coen-
zyme analogs containing reactive func-
tional groups with amino acid residues in
or near active sites of hydrolytic en-
zymes. With suitably chosen enzyme
templates, appropriate coenzyme ana-
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logs can be covalently attached in a
manner permitting the enzyme binding
sites to remain accessible to organic sub-
strates as shown in Eq. 1.

Active site residue
+ .
Reactive coenzyme analog

Semisynthetic enzyme
containing covalently
bound coenzyme (1)

The choice of an appropriate enzyme
as the starting material for the prepara-
tion of a semisynthetic enzyme has been
made with consideration to five criteria.

1) The enzyme to be used should be
readily available in highly purified form.

2) The x-ray structure of the enzyme
should be known.

3) The enzyme should have a suitably

facile monitoring of the modification re-
action, but also the introduction of the
coenzyme analog might permit a poten-
tial substrate to bind.

The choice of a suitable coenzyme
analog to act as a modifying agent was
based primarily on three criteria.

1) The coenzyme should have the po-
tential to act as a catalyst when bound to
an enzyme active site without a require-
ment for specific functional groups of
amino acid residues in the enzyme to
participate in the catalytic act.

2) Model building should indicate that
the placement of the coenzyme analog is
compatible with the spatial requirements
of the enzyme template. In other words,
there should be a reasonable likelihood
that the coenzyme analog, when cova-
lently bound to the active site, would
remain in close proximity to the sub-
strate binding site without blocking it.

Summary. New active sites can be introduced into naturally occurring enzymes by
the chemical modification of specific amino acid residues with the use of appropriately
designed coenzyme analogs. The resultant semisynthetic enzymes can have catalyt-
ic activities very different from those of the corresponding native enzymes. For
example, papain has been converted into a highly effective oxidoreductase by
covalent modification of the sulfhydryl group of the active site cysteine residue (Cys25)
with flavins such as 8-bromoacetyl-10-methylisoalloxazine. Thus, it is now possible to
enhance the catalytic versatility of existing enzymes through the process of “chemical

mutation” of the active site.

reactive amino acid functional group at
or near the active site.

4) The covalent modification of the
enzyme should result in a significant
change in the activity characteristic of
the native enzyme.

5) The attachment of the coenzyme
analog should not cause the entry of
substrates to the binding site to be
blocked.

In our initial research on semisynthet-
ic enzymes, we examined briefly the
modification of the serine proteinase «-
chymotrypsin at a residue on the periph-
ery of the active site Met'®? (7). In most
of our work, however, we have modified
a residue directly at the active site. The
cysteine proteinase papain appeared to
be an excellent candidate for this type of
modification. Both the x-ray structure of
the enzyme (8-17) and solution studies
with peptide substrates have shown that
papain contains an extended groove in
the vicinity of the active site residue
Cys®. Therefore, it appeared possible
that the sulfhydryl group of this residue
could be alkylated with a coenzyme ana-
log, while the binding region for potential
substrates would remain accessible. Not
only would the hydrolytic activity of
papain be lost when the cysteine residue
would be modified and thus allow the

3) Model building should indicate that
the covalently bound coenzyme should
be capable of interacting with a potential
substrate in a productive fashion.

In principle, future research on semi-
synthetic enzymes may not require ad-
herence to the first criterion mentioned
for the choice of the coenzyme analog
modifying agent. However, in the early
phases of this research, it was question-
able whether appropriate modification
with coenzyme analogs at enzyme active
sites could lead to effective enzymes
with new catalytic activities. Therefore,
it seemed prudent not to try to build
complex cases where the precise geome-
try of the interaction of functional groups
on the enzyme with the coenzyme might
be crucial to the development of a suc-
cessful catalyst.

Flavins were chosen as the modifying
agents used in the preparation of the first
semisynthetic enzymes because of their
known general catalytic versatility. Even
model flavins can be quite effective cata-
lysts, and therefore it seemed likely that
flavoenzymes could be generated by
chemical modification of an enzyme like
papain without a requirement for the
involvement of specific amino acid func-
tional groups in the enzyme for the cata-
lytic act to occur. Furthermore, flavins

are known to catalyze many diverse
transformations, suggesting that the
preparation of semisynthetic flavoen-
zymes with different types of catalytic
activity would be a distinct possibility.
The design of specific flavin analogs
for use in the preparation of a semisyn-
thetic enzyme was based on the x-ray
diffraction studies of covalent papain-
inhibitor complexes by Drenth and col-
leagues (/2). These papain derivatives
were obtained from the reaction of
chloromethyl ketone peptide substrate
analogs with the sulfhydryl of Cys®. In
each case the carbonyl oxygen of what
had originally been the chloromethyl ke-
tone group was positioned near two po-
tential hydrogen-bond donating groups,
the backbone NH of Cys® and a side
chain NH of GIn'>. We thought that
building in the possibility of a similar
interaction in the case of the flavin modi-
fying agents might serve to constrain the
covalently bound flavin moiety to the
interior of the enzyme near the substrate
binding site. The flavopapains 1C to 3C,
prepared by alkylation of the sulfhydryl
of Cys? and having the potential for this
interaction, were constructed according
to the second criterion for the choice of
the coenzyme modifying agent, namely,
that the structure of the coenzyme ana-
log be closely compatible with the geom-
etry of the enzyme template. In contrast,
flavopapains 4C and 5C do not have a
carbonyl group attached to the flavin
ring system near the alkylation site and,
therefore, could not be held via hydro-
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gen bonding to the active site in the
manner proposed for flavopapains 1C to
3C. In view of this difference, there may
not be a driving force for positioning the
flavin moiety in flavopapains 4C and 5C
near the substrate binding region. On
this basis the efficiency of flavopapains
4C and 5C as enzymatic catalysts would
not be expected to be particularly high.
As shall be seen, our experimental work
demonstrated the correctness of these
predictions.

The oxidation of N'- alkyl 1,4-dihy-
dronicotinamides by the flavopapains 1C
to 5C (Eq. 2) is the process that we have
examined most carefully. Our model
building suggested that various N'-alkyl-
1,4-dihydronicotinamides could be com-
fortably ensconced within the binding
pocket of the semisynthetic enzymes.

H H O o)
I I
C
[y Cy
Flavopapain N 2)
.
T
R R

Furthermore, in at least some instances,
such as flavopapains 1C and 2C, the
dihydronicotinamide substrates could be
placéd in close proximity to the flavin
group, indicating that hydrogen transfer
might be facilitated.

Kinetic and Stereochemical

Studies on the Flavopapains

The kinetic data for the oxidation of
dihydronicotinamides by flavopapains
1C to 5C were measured primarily under
aerobic conditions with excess sub-
strate. Under these conditions the accu-
mulation of the dihydroflavin product
was not observed for 2C, 4C, or 5C.
However, recent findings with the spe-
cies 1C indicate that even under aerobic
conditions the buildup of the dihydrofla-
vin species produced by reduction of the
flavin ring is readily observed (6). The
general scheme which is- postulated to
apply to the oxidation of the dihydronic-
otinamides by flavopapains 1C to 5C is
illustrated in Egs. 3A and 3B. For those
cases where no buildup of dihydroflavins
is seen under aerobic conditions, the rate
of formation of nicotinamide is indepen-
dent of oxygen (that is, k,[O]>>kc,).
Since dihydroflavin buildup is observed
aerobically in the case of flavopapain 1C
under readily accessible conditions, the
effect of oxygen on the rate of nicotin-
amide formation cannot be neglected. If
we analyze the Kinetics of reaction under
aerobic conditions according to the rate
expression shown in Eq. 3C, the mean-
ing of the apparent k., and K, (Michae-

Table 1. Kinetic parameters for the oxidation of dihydronicotinamides by 7-acetylflavopapain

2C and 7-acetylflavin 2A.

Parameters for reactions

Enzymatict

Substrate* Model
k
Km kcat . kcat/Km -1 2 -1
M) (sec™?) M~ 'sec™) (M™" sec™)
NBzNH 19 x 1074 0.64 3,370 185
NEtNH 1.3 x 107* 0.72 5,500 853
NPrNH 1.0 x 10°* 0.81 8,100 845
NHxNH 0.42 x 107* 0.44 10,500 843

*NBzNH, N'-benzyl-1,4- d1hydromc0t1nam1de NEtNH, Nl ethyl-1,4-dihydronicotinamide; NPrNH, N'-

propyl-1, 4- dlhydromcotmamlde NHxNH, N'-hexyl-1,4- dlhydromcotmamlde

Rate constants for the

enzymatlc reaction were measured at 25°C in 0.1M tris-HCI containing 0.001M EDTA (or in buffer solutions
passed through Chelex-100), pH 7.5, 0 to 5 percent ethanol (by volume).

lis constant) values will depend on the
relative rates of the formation of dihy-
droflavin in the enzymatic reduction step
and of its reaction with oxygen.

—

Eox * NRNH ——TE€s Hoar, EHgreq+ NRN (3A)
m

ko
EHareq + 0y ——> Eqoy +Hy0p (38)
kcat [E]l, [NRNH]

Kpni + [NRNH] (30)

Eox is the oxidized form of flavopapain,
EH,.eq is the reduced form of flavopa-
pain, ES is the Michaelis complex,
NRNH is dihydronicotinamide, NRN is
nicotinamide, and &, and k_,, are the rate
constants.

In order to assess the effectiveness of
the catalytic action of the semisynthetic
enzymes produced by covalently attach-
ing flavins 1B to 5B to papain’s active
site, we also studied the kinetics of the
model reactions illustrated in Eq 4. Un-
der aerobic conditions and when the N'-
alkyl-1,4-dihydronicotinamide was pres-
ent in substantial excess (usually, how-
ever, at concentrations appreciably less

H R

R @(1{* w»

:U—-Z

" H

@ L\F ‘0, Koxs
@[ LY + Hp02 (4B)

than 0.01M), pseudo first-order kinetics
were seen for the model reactions. Un-
der these circumstances, since the pseu-
do first-order rate constant k.,s depends
directly on the flavin concentration, the
second-order rate constant for the reac-
tion is easily calculated (Tables 1 and 2).

Flavopapains 4C and 5C. In the oxida-
tion of N'-alkyl-1,4-dihydronicotin-
amides, flavopapains 4C and 5C exhibit-
ed a practically insignificant (threefold)
rate enhancement over the correspond-
ing reactions of the model compounds
4A and 5A and did not display saturation
kinetics (). The flavins in the modified
enzymes 4C and 5C are attached to pa-
pain via a thioether bridge. As already
mentioned, unlike the species 1C and
2C, they do not contain a carbonyl func-
tion attached to the flavin at position 8 of
the ring system. Since the carbonyl
group is predicted to be involved in
properly aligning the cofactor relative to
the substrate in the enzyme active Site, it
is not surprising that 4C and 5C are poor
catalysts.

Flavopapain 2C. Flavopapain 2C pro-
duced from the alkylation of the Cys®
residue of papain by the 7-bromoacetyl-
substituted flavin 2B was the first effec-
tive semisynthetic enzyme to be pre-
pared (, 2). In the oxidation of N'-alkyl-
1,4-dihydronicotinamides by 2C, the
kea/ Km values seen are one to two orders
of magnitude larger than the second-
order rate constants observed for the
corresponding model reactions. Further-
more, under conditions of substrate in
excess, the semisynthetic enzyme 2C
exhibits saturation kinetics even at a
relatively low substrate concentration, a
phenomenon not observed in the corre-
sponding model reactions of compounds
like 2A.

Table 1 lists the rate parameters for
the oxidation of dihydronicotinamides
by flavopapain 2C and by the model
flavin  7-acetyl-10-méthylisoalloxazine,
2A. For comparison, the kinetic parame-
ters in the cases of five naturally occur-
ring flavoenzymes are given in Table 3.



Table 2. Kinetic parameters for the oxidation of dihydronicotinamides by flavopapain 1C and 8-
acetylfiavin 1A. The measurements were made at pH 7.5 in 0.1M tris-HCl, 0.1 mM EDTA

containing 0.1 percent ethanol at 25°C.

Parameters for reactions

Enzymatic

Substrate Model
Km cat kcat/Km — k2 -
(M) (Sec—l) (M—l Sec—]) (M 1 sec ])
NBzNH 2.7 x 1078 0.093 33,800 170
NPrNH 0.81 x 107 0.048 58,700 878
NHxNH 0.12 x 107° 0.067 570,000 917
NADH 340 x 107 0.0073 21 5

It can be seen that the rate constant k,/
K., for the oxidation of N'-hexyl-1,4-
dihydronicotinamide by flavopapain 2C
is larger than the corresponding rate con-
stant for the oxidation of reduced nico-
tinamide adenine dinucleotide (NADH)
by old yellow enzyme and is comparable
to the value of k. /K. displayed by
glucose oxidase. However, the semisyn-
thetic enzyme’s efficiency as a catalyst is
somewhat lower than two of the other
naturally occurring flavoenzymes shown
and much lower than that seen for
NADH dehydrogenase. Our results then
show that flavopapain 2C, while not an
exceptional catalyst, is a moderately
effective flavoenzyme, comparable in ac-
tivity to a number of the naturally occur-
ring enzymes. :
Although an extensive search for the
best substrate has not been carried out,
some trends in the selectivity toward
substrates exhibited by 2C are neverthe-
less apparent. Flavopapain 2C contains
an extended hydrophobic binding region.
Therefore, it is not surprising that there
is an increase in k.. /Km as the N'-alkyl
group of the dihydronicotinamide in-
creasés in chain length. It is probably for
the same reason that NADH, having a
relatively hydrophilic N! substituent, is
a very poor substrate for 2C.
Flavopapain 1C. Flavopapain 1C is
the most efficient semisynthetic enzyme
constructed to date (5). It can show rate
enhancements of nearly three orders of
magnitude relative to the corresponding
model reactions and displays saturation
kinetics in the oxidation of dihydronico-

tinamides under substrate in excess con-
ditions. The rate parameters for the oxi-
dation of the dihydronicotinamides by
flavopapain 1C are illustrated in Table 2.
The keu/K,, for the oxidation of N'-
hexyl-1,4-dihydronicotinamide by 1C is
either larger than or equal to the
corresponding rate parameter for four of
the five naturally occurring flavoen-
zymes listed in Table 3. Indeed, this
semisynthetic enzyme approaches the
activity displayed by all but the most
efficient flavin-containing oxidoreduc-
tases known. ;

Flavopapain 3C. In marked contrast to
flavopapains 1C and 2C, flavopapain 3C
is an extremely poor catalyst for the
oxidation of the N'-alkyl-1,4-dihydronic-
otinamides (6). The k./K value for the
oxidation of N'-benzyl-1,4-dihydronico-
tinamide by 3C, for example, is 41 M™!
sec”! at pH 7.5 and 25°C, a value less
than the second-order rate constant, 64
M~ sec™!, seen for the corresponding
model reaction with flavin 3A. The enor-
mous difference between the catalytic
behavior of flavopapain 1C, an excellent
oxidoreductase, flavopapain 2C, a mod-
erately effective catalyst, and flavopa-
pain 3C, a poor catalyst, illustrates the
dependence of the enzymatic catalytic
efficiency on the proper positioning of
the isoalloxazine moiety in the active
site. Clearly, the catalytic efficiency of
the semisynthetic enzyme produced by
chemical modification of the active site
of an enzyme is exquisitely sensitive to
the proper design of the new catalytic
group introduced.

Table 3. Kinetic parameters for several naturally occurring flavoenzymes.

kcat kcat/Km
Enzyme Source K., (M) (sec 1) M 1see )
NADH-specific FMN B. Harveyi 47.5 x 1076 15.5 3.26 x 10°
oxidoreductase (13)
NADPH-specific FMN B. Harveyi 40.0 x 107 34.0 8.50 x 10°
oxidoreductase (/3)
Old yellow enzyme (/4) Yeast 1100 x 107 0.67 6.1 x 10?
NADH dehydrogenase (15) Bovine heart ~10®
Glucose oxidase (16) 1.05 x 10*
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Anaerobic Studies and Their

Mechanistic Consequences

While we have not, as yet, focused on
the mechanisms by which the flavopa-
pains react with their substrates in oxida-
tion-reduction reactions, some.informa-
tion about the pathway followed by dihy-
dronicotinamides has come from studies
under anaerobic conditions with flavo-
papain 2C. Stopped-flow spectropho-
tometry was used to study the reaction
of flavopapain 2C with N-benzyl-1,4-di-
hydronicotinamide under anaerobic con-
ditions. When the substrate was present
in excess, the reaction displayed bipha-
sic kinetic behavior. We calculated the
apparent rate constants for each phase
from the experimental data, assuming
consecutive first-order kinetics -and in-
terpreting the results according to the
pathway shown in Eq. 5.

E,, + NBzNH= ES %
ES’' 5 EHyeq + NBzN )

where NBzNH is N'-benzyl-1,4-dihy-
dronicotinamide. ‘

A logical explanation for the biphasic
kinetic phenomena is that a labile inter-
mediate is formed during the course of
the reaction. This intermediate is shown
as ES’ in Eq. 5. The collapse of ES’ to
the product corresponds to the slower
phase of the reaction, and the apparent
first-order rate constant calculated for
this phase does not show a dependency
on the substrate concentration. The for-
mation of the intermediate corresponds
to the initial, faster phase of the reaction.

The flavin moiety in 2C exhibits an
ultraviolet-visible spectrum which devi-
ates from that of the corresponding free
flavin. There is a significant long wave-
length absorption present in the spec-
trum of 2C (with tailing beyond 600 nm)
which suggests that a charge-transfer in-
teraction may exist between the flavin
and an aromatic amino acid in the active
site. This kind of long wavelength tailing
is also seen with the reduced flavo-
papain-N-benzylnicotinamide ~mixture.
However, when the ES’ intermediate is
observed by stopped-flow spectral mea-
surements in the oxidation of N'-benzyl-
1,4-dihydronicotinamide under anaero-
bic conditions, the ultraviolet-visible
spectrum seen contains far less long
wavelength tailing than either the start-
ing flavopapain or the reduced flavopa-
pain-product mixture. This suggests that
the charge-transfer complex between the
flavin moiety and the aromatic amino
acid is disrupted prior to the redox reac-
tion with NBzNH. Although alternative
explanations have been examined (2),
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Table 4. Oxidation of NADH and deuterated
NADH derivatives by flavopapain 2C. Prod-
uct ratios and rate parameters.

[4'2H]' kcat/Km
derivative NAD'/
NAD* sec™!)
NADH 68.1
[4A->HINADH 0.47 17.3
[4B-2HINADH 7.33 43.6
[4AB-*H,INADH 3.2

these considerations led us to propose
the pathway described below for the
oxidation of dihydronicotinamides by
the related enzyme 1C.

Figure la represents the resting state
of the flavoenzyme 1C. The carbonyl
group of the acetyl substituent on the
flavin ring system is within hydrogen
bonding distance of the backbone NH of
Cys? and the side chain NH of GIn".
The flavin entity itself is participating in
a charge-transfer complex with the in-
dole side chain of TrpZ.

According to our analysis, the initial
fast kinetic phase seen in the anaerobic
oxidation of N'-benzyl-1,4-dihydronico-
tinamide corresponds to a rapid forma-
tion of the Michaelis complex illustrated
in Fig. 1b; it is followed by generation of
the ES’ intermediate illustrated in Fig.
1c. The dihydronicotinamide substrate is
bound within the long hydrophobic cavi-

ty of the enzyme (Fig. 1b). In the ES"

intermediate (Fig. 1c), the charge-trans-
fer complex existing between the flavin
moiety of flavopapain 1C and an aromat-
ic amino acid in the enzyme’s active site
(presumably Trp®®) is disrupted. The dis-
ruption of this complex should lead, as a
consequence, to the observed decrease
in the long wavelength absorption seen
for the oxidized enzyme. In other words,
in the reaction of flavopapain 2C with
N'-benzyl-1,4-dihydronicotinamide the
k, step seen Kkinetically corresponds to
the formation of the ES’ species illustrat-
ed in Fig. 1c in which the flavin moiety
has moved to a distinctly different envi-
ronment from the one it had occupied in

Fig. 1. (a) Active site of the semisynthetic
enzyme 1C. The acetyl side chain of the flavin
moiety is hydrogen bonded to the GIn'® and
Cys? backbone. The flavin is participating in
a charge transfer complex with Trp?°. (b)
Michaelis complex. The dihydronicotinamide
is embedded within the hydrophobic groove
of the flavoenzyme. (¢) ES' intermediate. The
flavin-Trp?® charge-transfer complex has been
disrupted and the flavin now lies directly over
the nicotinamide substrate. The pro-R hydro-
gen is shown as the species being transferred
to the N-5 position of the flavin. This corre-
sponds to the same transfer preference found
for the oxidation of labeled NADH by flavo-
papain 2C (3).
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the Michaelis complex ES shown in Fig.
1b. In the step leading from the structure
of Fig. 1b to that of Fig. Ic, the flavin
remains in the oxidized state while the
substrate dihydronicotinamide remains
reduced. After the realignment of the
flavin moiety has taken place giving ES’,
the redox reaction in which hydrogen
transfer occurs from the dihydronicotin-
amide to the flavin takes place in the k3
step, which does not show a rate depen-
dence on the concentration of the sub-
strate.

The postulated formation of the ES’
intermediate (Fig. 1¢) also could explain
the relative kinetic behavior of flavopa-
pains 1C, 2C, and 3C. Model building
indicates that, when the flavin attached
to the enzyme via position 8 of the ring
system (that is, 1C) undergoes the rota-
tion step leading to ES’, the N-5 atom of
the flavin ring system is in a highly
favorable alignment to receive a hydride
or hydride equivalent from the substrate.
However, when the flavin is attached to
the enzyme through position 7 of the ring
system (2C), this orients the N-5 atom in
a manner not quite as advantageous as
that in the 8-substituted species 1C. Fi-
nally, the N-5 atom in the 6-acetyl substi-
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Scheme 1. Kinetic scheme for hydrogen
transfer from the A and B faces of the dihy-
dronicotinamide.

tuted flavin species 3C is far removed
from where we expect the reactive posi-
tion of the bound substrate to be. For
this reason, the low catalytic efficiency
of flavoenzyme 3C is understandable.
However, since we have not as yet car-
ried out extensive anaerobic Kkinetic
studies on the reactions of N'-alkyl-1,4-
dihydronicotinamides with the flavopa-
pains 1C and 3C, the hypothesis just
discussed must be regarded as reason-
able but not firmly established. Indeed,
our results indicate, as already de-
scribed, that under aerobic conditions
reduction of the flavin moiety of flavopa-
pain 1C by various N'-alkyl-1,4-dihy-
dronicotinamides in excess proceeds
rapidly relative to the subsequent reac-
tion of the reduced flavin with oxygen to
regenerate the oxidized flavin species.
This contrasts with the case of flavopa-
pain 2C and underscores the importance
of carrying out detailed anaerobic kinetic
comparisons between the behavior of
flavopapains 1C and 2C.

Stereochemical Studies

In view of the asymmetry of the envi-
ronment of the binding groove of the
flavopapains, it is reasonable to expect
selectivity in the abstraction of hydrogen
from the C-4 prochiral center of the
N'-alkyl-1,4-dihydronicotinamides. Fur-
thermore, it was also anticipated that the
semisynthetic enzymes would be able to
discriminate between the enantiomers of
various dihydronicotinamides and relat-
ed derivatives containing chiral centers.
Considerable experimental support has
been obtained for both of these predic-
tions.

The stereochemical consequences of
hydrogen transfer from the dihydronico-
tinamide substrate to the flavin moiety
can be elucidated with the use of 1,4-
dihydronicotinamides stereospecifically
labeled at the C-4 position with deuteri-
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um (I7). However, when our stereo-
chemical work was undertaken, there
were no methods available to label ste-
reospecifically model compounds like
N'-alkyl-1,4-dihydronicotinamides in a
simple fashion. Consequently, it was
necessary to study the reaction of flavo-
papain with the relatively poor substrate
NADH which can be labeled stereospe-
cifically with deuterium at either the 4A
or 4B positions (scheme 1). The results
of experiments in which flavopapain 2C
was the catalyst for the oxidation of
NADH and the corresponding deuterat-
ed derivatives are shown in Table 4.
Flavopapain 2C exhibits a substantial
preference for abstraction of the 4A (pro-
R) hydrogen of NADH. The stereoselec-
tivity exhibited by flavopapain 2C is pre-
sumed to be the consequence of a differ-
ence in the rates of hydrogen transfer
from the A and B sides of the 1,4-
dihydronicotinamide ring as illustrated in
scheme 1. It should be mentioned here
that a complicating factor in our study of
the oxidation of deuterated NADH de-
rivatives is the possibility that the prod-
uct NAD" and the reactant NADH
might undergo nonstereospecific ex-
change of the C-4 hydrogen (/8). While
we used NADH concentrations less than
0.5 mM in order to minimize exchange
under our reaction conditions, there is a

N \
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g e
a-né ) O \\

it
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| H | ('
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N NH ¢ NH
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Scheme 2. Postulated mechanism of flavin-
catalyzed oxidation of dithiols.

possibility that such exchange might still
complicate the product ratio results
shown in Table 4. Ideally, by a calcula-
tion combining the results of the rate
measurements with the various dihy-
dronicotinamides (undeuterated, mono-
deuterated, and dideuterated) and the
results of product determination on the
amount of hydrogen or deuterium trans-
fer, the ratio for the rate of hydrogen
transfer from the A side to that from the

Table S. Kinetic parameters for the oxidation by flavopapain 1C of dihydronicotinamides
containing chiral centers. Kinetic measurements were carried out at pH 7.5 and 25°C.

Ratio
of
keat K keat Ko rate
Substrate Isomer (sec 1) M) M- Tsee) con-
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(o]
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N
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T H H
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N—C —Ph
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B side could be calculated. However, a
meaningful solution was not obtained in
this way, possibly because of complica-
tions from the nonstereospecific ex-
change of the product NAD" and the
reactant NADH species. As an alterna-
tive, the ratio of the rate constants for
hydrogen transfer from the A face to the
B face was estimated from the relative
values of (kea/ Km)up and (ke Km)pH-
(The hydrogen or deuterium being trans-
ferred is denoted by the overbar.) Our
results indicate that hydrogen transfer
from the A face occurs at a rate approxi-
mately sevenfold higher than the corre-
sponding transfer of hydrogen from the
B face.

In the case of flavoenzyme 1C its
ability to discriminate between enantio-
mers of dihydronicotinamide containing
chiral centers was also studied briefly.
The results of these experiments are
provided in Table S (6).

The enantiomers of the 1,4-dihydronic-
otinamide 6 which possess a chiral cen-
ter at the secondary carbon of the alkyl
substituent attached to the N'-position
are oxidized at comparable rates. Model
building suggests that the substrate can
orient its N'-substituent into the hydro-
phobic groove of the enzyme and, thus,
away from the active site where hydride
transfer occurs. If this is, indeed, the
case, then it is not surprising that
flavopapain 1C fails to distinguish be-
tween enantiomeric dihydronicotin-
amides which contain the chiral center
on the N'-substituent.

In contrast, when the kinetic behavior
for the oxidation of substrates 7 and 8
was determined, appreciable chiral dis-
crimination was observed. In both cases
the L isomer reacts faster than its D
counterpart (as judged by k../Kn) by a
factor of approximately 2. Clearly, stud-
ies on the chiral selectivity of the flavo-
papains have not yet been extensive.
However, the findings with flavopapain
1C which shows some selectivity in dis-
criminating between the D and L isomers
of compounds 7 and 8, even though these
compounds do not have the chiral center
at the reactive function, and the observa-
tion with flavopapain 2C that there is
approximately a sevenfold preference
for removal of the 4A hydrogen over the
4B hydrogen at the prochiral center are
very encouraging.

Oxidation of Dithiols by Flavopapain 2C

The oxidation of dithiols by flavins has
been studied extensively. The generally
accepted mechanism (scheme 2) in-
volves a rate determining nucleophilic
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attack of a thiolate ion on the C-4A
position of the flavin ring (19, 20). In our
laboratory the oxidation of dithiothreitol
(DTT), dl-dihydrolipoic acid, and di-di-
hydrolipoamide by flavopapain 2C and
by the corresponding flavin 2A has been
investigated (4), and the kinetic results
obtained are shown in Table 6.

In the cases of all three dithiols, the
semisynthetic enzyme reacts at a rate
faster than that of the corresponding
model reaction (comparing k.,/K,, for
the enzymatic reaction to the second-
order rate constant, k,, for the model
reaction). Furthermore, in spite of the
lack of stereoselectivity for the enzymat-
ic reactions, the rate enhancements seen
in these cases increases as the hydropho-
bicity of the substrate increases. This
trend, similar to that observed in the
oxidation of dihydronicotinamides, is
undoubtedly a consequence of the pres-
ence of the hydrophobic binding groove
in the semisynthetic flavoenzyme which
helps bring the reacting dithiols to the
proximity of the flavin group.

Other Ways to Construct

Semisynthetic Enzymes

In 1966 the conversion by chemical
methods of the serine residue in the
active site of subtilisin to a cysteine
residue was reported by Neet and Kosh-
land (21, 22) and by Polgar and Bender
(23, 24). The resultant ‘‘thiolsubtilisin”’
did not possess proteinase activity al-
though a number of naturally occurring
hydrolytic enzymes like papain contain
histidine and cysteine as active site resi-
dues. Indeed, the semisynthetic species
thiolsubtilisin showed significant activity
as a hydrolytic catalyst against only the
most highly activated substrates, such as
nitrophenyl esters and acyl imidazole
derivatives. Since the thiolsubtilisin was
first reported, ‘‘thioltrypsin’ (25) and
“hydroxypapain’’ (26) have been pre-
pared and these semisynthetic enzymes
show a similar lack of catalytic activity.
The exact reasons for the diminished
catalytic activity of these semisynthetic
enzymes relative to their natural coun-
terparts are not known. A possible ex-
planation is that in a given enzyme active
site environment there is a requirement
that the acidic and basic catalytic groups
have just the right difference in their
ionization constants in order to maxi-
mize the rates of proton transfer required
for the catalytic act to occur efficiently.
In other words, while the ionization con-
stants of the sulfhydryl of cysteine and
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Table 6. Kinetic parameters for the oxidation of dithiols by flavopapain 2C and 7-acetylflavin

2A.
Reaction

- Rate
Substrate Enzymatic Model enhance-

kcat/ Km k2 ment

M 'sec™ M~ !sec™!)

Dithiothreitol* 3.86 0.99 39

Dihydrolipoic acidt 6.70 0.84 8.0

Dihydrolipoamide$ 21.0 1.21 17.4
*Rate constants were measured at 25°C at pH 7.5. tSame conditions as for * except pH 7.3. $Same

conditions as for * except with 3 to 6 percent dimethyl sulfoxide (by volume).

the imidazole of histidine may have just
the right separation in the active site
environment of papain, this may not be
the case in the environment of the active
site of thiolsubtilisin.

In another approach to semisynthetic
enzymes, Wilson and Whitesides have
reported the use of the biotin binding
protein, avidin, as a chiral template (27).
The complex 9 is a moderately active
hydrogenation catalyst that does not ex-
hibit any enantioselectivity. However, in
the presence of avidin, 9 catalyzed the
hydrogenation of «-acetamidoacrylic
acid to (S)-N-acetylalanine, giving a 34
percent enantiomeric excess of this iso-
mer.

AN
CeHs CgHs

Royer has attempted to generate semi-
syhthetic enzymes from immunoglob-
ulins (28). The specificity of an antibody
for its antigen or hapten is well known.
Royer utilized this specificity to label the
binding site of antibodies to a dinitro-
phenyl hapten with a dinitrophenyl de-
rivative of histidine p-nitrophenyl ester.
Unfortunately, the modified proteins ob-
tained failed to display any rate enhance-
ment for the catalysis of the hydrolysis
of p-nitrophenyl acetate. This lack of
catalytic activity was ascribed to a mis-
orientation of the bound substrate.

Finally, recombinant DNA technology
has provided a means to obtain site-
specific mutations at the active site of an
enzyme. Restriction enzymes are used to
excise specific gene segments, and then
chemically synthesized oligonucleotides
containing the information for the de-
sired amino acid substitution are intro-
duced. This methodology has resulted in
the expression of a B-lactamase in which
the active site serine has been replaced

by a cysteine. The resultant ‘‘thiol-B-
lactamase’’ exhibits reduced but detect-
able activity (29). The use of site-specific
mutagenesis in combination with the
“‘chemical mutation’” methodology de-
scribed in this article should increase
enormously the range of possibilities in
the design of semisynthetic enzymes.
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