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ABSTRACT  The intensely chromophoric intramolecular
coordination complex formed between arsanilazotyrosine-
248 and the active site zinc atom of azocarboxypeptidase A
(Johansen, J. T. & Vallee, B. L. (1971) Proc. Nat. Acad. Sci.
USA 68, 2532-2535) is a spectrokinetic probe of catalytic
events. The interconversion of the azoTyr-248:Zn complex
and its constituents is measured by stopped-flow pH and
temperature-jump methods. The rate of interconversion,
64,000 sec”!, is orders of magnitude faster than that of the
catalytic step itself (about 0.01-100 sec™!). Rapidly turned
over peptide and ester substrates disrupt the azoTyr-248Zn
complex before hydrolysis occurs. As a consequence, forma-
tion of azoTyr-248, substrate binding, and catalysis can all be
monitored while catalysis is actually in progress. The results
of these dynamic studies specify a course of catalytic events,
different from those postull:eted based on x-ray structure anal-
ysis. If azoTyr-248 is displaced, the direction is opposite to
the inward movement postulated on the basis of x-ray studies
and is not unique to induction by substrates, since rapid
changes in pH aﬂso result in analogous spectral changes.

AzoTyr-248 carboxypeptidase has all the features which
are essential for mechanistic studies: (I) It is enzymatically
active; (2) the spectra of the metal complex differ characteris-
tically from those of its constituents; (3) it responds dynami-
cally to environmental factors; and (4) the response time of
the probe itself is much more rapid than is required for the
measurement of the catalytic step. These combined kinetic
and spectral properties of the metal complex render it a pow-
erful spectrokinetic probe to visualize and discern micro-
scopic details of the catalytic process.

Spectral probes have proven very effective in exploring the
relationship of catalytic activity to local structure of en-
zymes (1). They must be able to detect local changes in con-
formation, essential to and synchronous with catalysis, and
must have highly specific characteristics with extraordinari-
ly fast response times. We have employed site-specific inor-
ganic and organic enzyme modifications to result in such
sensors of electronic, magnetic, and structural changes ac-
companying catalysis (1). The intensely chromophoric intra-
molecular coordination complex between arsanilazotyrosine-
248 and the zinc atom of azocarboxypeptidase (2, 3) has
proven particularly informative in probing the vicinal per-
turbations, mutual orientation of, and distance between
these two constituents of the active site of this enzyme. The
spectra of this coordination complex respond dynamically to
environmental factors, e.g., pH, substrates, inhibitors, and
denaturing agents, as well as the physical state of the en-
zyme (4). Moreover, the spectra of the metal complex differ
characteristically from those of its constituents and, further,
the enzyme is fully active.

In the present study temperature-jump and stopped-flow
techniques have served to examine the rates of interaction of
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azoTyr-248 with the zinc atom and of substrates with the
complex. The forward and reverse rates of formation of the
azoTyr-248-zinc complex are much faster than those of sub-
strate binding and catalysis. Hence the spectra of the intra-
molecular coordination complex respond rapidly enough to
monitor events occurring during catalysis, demonstrating a
syncatalytic (1) displacement of azoTyr-248 from the zinc
atom of azocarboxypeptidase by substrates. These results
and interpretations are at variance with the stopped-flow
studies of azocarboxypeptidase solutions previously reported
(5). Further, the data are inconsistent with the substrate-in-
duced inward movement of tyrosine-248 considered obliga-
tory to the mechanism of action of the enzyme based on
x-ray structure analysis (6-8). A preliminary account of this
work has been presented (9).

MATERIALS AND METHODS

Carboxypeptidase A, (Sigma Chemical Corp.) and A,
(Worthington Biochemical Corp.) were modified with diaz-
otized arsanilic acid according to published procedures (2-
4). Both enzyme forms gave analogous results. The synthesis
and properties of oligopeptide substrates and their depsipep-
tide analogs have been described (10, 11). All other chemi-
cals were reagent grade. Precautions to prevent contamina-
tion by adventitious metal ions (12) were taken throughout.

Stock solutions of azoenzyme, 5 X 10™4 M, were prepared
in 1 M NaCl, pH 7, and after centrifugation diluted into ap-
propriate degassed solutions prior to stopped-flow or tem-
perature-jump experiments.

Stopped-flow experiments were performed with a Dur-
rum-Gibson instrument equipped with a Durrum fluores-
cence accessory no. 16400, a 75 W xenon lamp and an end-
on EMI 9526B photomultiplier. The instrument was cali-
brated with a Cary 14 recording spectrophotometer to yield
analogous spectra under rapid kinetic conditions. Dr. Thom-
as C. Bruice kindly provided us access to a Durrum stopped-
flow instrument equipped to measure absorbance directly,
which yielded identical results.

The essential components and operation of the tempera-
ture-jump apparatus have been described (13). In the
present version, its speed was increased to enable measuring
a heating rate constant of 150,000 sec™!. Typically, the sig-
nal-to-noise ratio was 10,000:1. Dr. Gordon Hammes kindly
also placed his instrument at our disposal. The results were
identical with those obtained in our laboratory.

RESULTS

We have previously detailed the pH dependence of the ab-
sorption spectral characteristics of arsanilazoTyr-248 zinc
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FIG. 1. Stopped-flow jump of azoTyr-248-carboxypeptidase A
from pH 8.5 to 6.0. The circle (®), top left, represents the absorb-
ance of the azoTyr-248-Zn complex at zero time, the vertical line
the rapid absorbance change on mixing. The curved, horizontal
line following mixing, at the bottom, is a slower process. Final con-
ditions: enzyme, 20 uM, pH 6.0, 50 mM 2-(N-morpholino)eth-
anesulfonic acid (Mes), 1.0 M NaCl, 25°.

carboxypeptidase! (2-4). The spectrum of the azoTyr-248
predominates between pH 6.0 and 7.7, while that of the azo-
phenolate ion appears between 9.5 and 10.5. Two pKapp’s,
7.7 and 9.5, characterize the formation and dissociation of
an azoTyr-248-Zn complex which is formed maximally at
pH 8.5 (3, 4). The rates of interconversion of these three
species have now been determined through stopped-flow
and temperature-jump experiments to establish a basis for
mechanistic studies.

The response time of a spectral probe, capable of monitor-
ing binding and/or catalytic steps, must be significantly
shorter than the duration of the event to be investigated (1).
Enzymatic catalysis of peptide hydrolysis generally occurs
within milliseconds to seconds while binding can occur in a
few microseconds (11, 14). Hence, the catalytic and binding
steps of carboxypeptidase-mediated reactions can be studied
by stopped-flow and temperature-jump methods, respective-
ly. Since substrates might interact to varying degrees either
with the azophenol, the complex, or the azophenolate ion,
the response time of the probe to environmental factors, e.g.,
pH, must be known, if catalytic events are to be identified.

The conversion of the azoTyr-248-Zn complex either to
the azophenol or the azophenolate species was first exam-
ined by rapidly mixing weakly buffered enzyme with con-
centrated buffer solutions at appropriate pH values in
stopped-flow experiments. At pH 8.5, azoTyr-248 and zinc
interact maximally to form the intramolecular azoTyr-248-
Zn complex, but at pH 6 azoTyr-248 is almost completely
formed (3, 4). Hence, when red enzyme at pH 8.5 is mixed
with pH 6.0 buffer the yellow azophenol species forms in-
stantaneously (Fig. 1). Based on measurements at 510 nm,
more than 97% of the total change in absorbance requires
less than 3 msec, the mixing time of the stopped-flow spec-
trophotometer, i.e., dissociation is extremely rapid. The re-
maining 3% changes more slowly, and the pertinent events
have been examined in detail and will be reported (19).

Identical stopped-flow experiments have been performed
over the range of wavelengths from 410 to 570 nm, thereby
reconstructing the spectrum of the enzyme species present
immediately after mixing with pH 6.0 buffer. This spectrum
is identical with that of azotyrosine (Fig. 2A). Thus, changes

tIn order to simplify presentation, zinc arsanilazocarboxypep-
tidase, azocarboxypeptidase, and azoTyr-248-carboxypeptidase
are used interchangeably with zinc monoarsanilazotyrosine-248
carboxypeptidase, of enzymes forms a or . AzoTyr-248 refers to
the azophenol of monoarsanilazotyrosine-248 and the azopheno-
late to its ionized species.
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FIG. 2. Spectra of azoTyr-248-carboxypeptidase A, recon-

structed from stopped-flow pH-jump experiments performed at 20
nm intervals. (A) From pH 8.5 to 6.0. Spectrum of the azoTyr-
248-Zn complex at time zero (®) and that of the yellow azophenol
observed within <3 msec (®). (B) From pH 8.5 to 10.5. Spectrum
of the azoTyr-248-Zn complex at time zero (®) and that of the azo-
phenolate ion observed within <3 msec (4). Final conditions: en-
zyme, 20 uM, 1.0 M NaCl, 25°.

in absorbance at 510 nm typify the interconversion of the
red azoTyr-248-Zn complex and the yellow azotyrosine.

Similarly, mixing enzyme at pH 8.5 with pH 10.5 buffer
converts the red azoTyr-248-Zn complex into the orange
azophenolate ion (Fig. 2B) (3, 4). Again, dissociation is com-
plete within the 3 msec mixing time of the instrument, ex-
cept that now the resultant spectrum identifies the free azo-
phenolate species (Fig. 2B). Hence, conversion of the
azoTyr-248-Zn complex to form either the free azophenolate
ion or the azophenol form is much faster than these experi-
ments can resolve. As is apparent from previous studies at
equilibrium at 510 nm?, the conversion of the metal com-
plex to the free azophenolate ion increases, but that to the
azophenol form decreases absorbance (3, 4). Stopped-flow
pH-jump experiments have been performed by varying en-
zyme (0.3-3.0 mg/ml) and buffer (0.01-0.1 M) concentra-
tions, ionic strengths (0.2-1.0 M), and temperatures (5°—
25°). The results are identical in all cases.

The rate of interconversion of the azoTyr-248-Zn complex
to the azophenol form is resolved by means of temperature-
jump, which in effect performs pH jump in a time interval
much shorter than the 3 msec mixing time of the stopped-
flow spectrophotometer. Toward this end, a solution buff-
ered at pH 8.5 is perturbed by temperature jump, employ-
ing an instrument with a heating time of 7 usec. On temper-
ature jump the transmittance of the azoTyr-Zn complex at
510 nm increases rapidly, characteristic of the conversion of
the red complex to the yellow azotyrosine (Fig. 3). The rate
constant is 64,000 sec™!, distinctly different from that for
the heating process, 150,000 sec™!. The magnitude of the
rate constant for the interconversion of the red and yellow
species is of the same order as that of many zinc complex
jons (15, 16).

In previous stopped-flow experiments Lipscomb and col-
laborators (5) have recognized only one single exponential
rate of 6.1 sec™! or 7.2 sec™! at enzyme concentrations of 8.0
and 1.6 mg/ml. The failure to detect the rapid process ob-
served here led to the postulation of a number of explana-
tions intended to account for the detection of only a single

# The Amax for the azophenolate species is 485 nm. The molar ab-
sorptivities at 510 nm in 1 M NaCl, 25°, for the azophenol, azo-
Tyr-Zn complex, and azophenolate species are 650, 7500, and
9500 cm™! M1, respectively.
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F1G. 3. Temperature jump of azoTyr-248-carboxypeptidase A
and concomitant relaxation effect: enzyme, 20 uM, pH 8.5, 0.1 M
Tris-HC], 1 M NaCl. Initial temperature 21°, pulsed by 4° to result
in a final temperature of 25°.

slow rate (5). The present observations of a very fast rate
show that the premise for those conjectures is not valid.

Since the change in absorbance at 510 nm signals the
chemical characteristics of the enzyme species present in re-
sponse to environmental factors such as pH, denaturants,
substrates, inhibitors, and physical state (4), it should also
syncatalytically signal details of their identity at the moment
of catalysis.

The rate of the interconversion of the azoTyr-248-Zn
complex and azoTyr-248 is orders of magnitude faster than
the catalytic rate constant for hydrolysis of either esters or
peptides (10, 11). Hence, the rate of dissociation of the com-
plex is sufficiently rapid to signal enzyme-substrate interac-
tions. For studying these interactions, the peptide substrate
Cbz-Gly-Gly-L-Phe, 0.02 M, hydrolyzed with a kcs of 50
sec™!, is mixed with enzyme, both at pH 8.5, where the
azoTyr-248-Zn complex is maximally formed. This interac-
tion also instantaneously decreases the absorbance at 510 nm
to that characteristic of the yellow azotyrosine (Fig. 4).
Under these conditions there is no evidence of a second, slow
process with a rate constant of 6.1 or 7.2 sec™! (5). Such a
rate would clearly be too slow to account for most peptide
hydrolysis, even though the contrary has been suggested (5).
Obviously, it does not reflect the pH-dependent interconver-
sion of the red and yellow species: since pH remains constant
at 8.5, the rapid absorbance change observed here is entirely
due to the presence of Cbz-Gly-Gly-L-Phe, not to a change
in pH. Nor is it due to product formation, since immediately
after mixing >99.9% of the substrate is still present, con-
firming that peptide hydrolysis cannot account for the ob-
servations (Table 1). Thus, this substrate displaces the azoty-
rosine from the zinc atom long before significant hydrolysis
can occur (Table 1).

The effects of a number of peptide and ester substrates of
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FIG. 4. Results of stopped-flow mixing azoTyr-248 carboxy-
peptidase with Cbz-(Gly)z-L-Phe, both at pH 8.5. The circle (@),
top left, represents the absorbance of the azoTyr-248-Zn complex
at time zero, the vertical line, the conversion to azophenol in <3
msec. The pH remains constant at 8.5. Final conditions: enzyme,
20 uM, substrate, 50 mM, pH 8.5, 50 mM Tris-HC], 1 M NaCl, 25°.
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Table 1. Stopped-flow mixing of azoTyr-248-Zn
complex with substrates at pH 8.5* resulting
in azophenol formation in <3 msec

Azo-  Substrate
phenol remaining

[S1, [ES]/ formed, after 3
Substrate mM [ElT % of [ES] msec, %
Cbz-Gly-L-Phe 20 0.91 100 >99.9
Cbz-(Gly),-L-Phe 20 0.97 100 >99.9
Bz-(Gly),-L-Phe 10 0.88 98 >99.9
Bz-(Gly),-L-OPhe¥ 7 0.87 102 >99.9

* Final conditions: enzyme 20 uM, pH 8.5, 50 mM Tris-HCl, 1 M
NaCl, 25°.

t The ester analog of Bz-(Gly)2-L-Phe, with phenyllactate denoted
by OPhe.

varying lengths and blocked with different groups have
been studied in similar fashion with completely analogous
results. In each instance the proportion of the red complex,
which is converted to the yellow azophenol, is equivalent to
the amount of substrate bound to the enzyme (Table 1).
With all substrates, formation of the yellow azotyrosine
species is complete in less than the 3 msec mixing time,
while more than 99.9% of the initial peptide or ester sub-
strate remains. The products of these enzymatic reactions,
L-phenylalanine and L-phenyllactate, and their close analog,
the inhibitor 8-phenylpropionate, also form yellow com-
plexes, immediately upon mixing with the azoTyr-Zn com-
plex (Table 2). This further supports the conclusions reached
on the basis of studies with substrates (Table 1).

Using equilibrium temperature-jump perturbation, the
rate of substrate binding can be measured also. At pH 8.5,
Gly-L-Tyr disrupts the red azoTyr-248-Zn to form the yel-
low azotyrosine species (4). Since the increase in tempera-
ture releases the substrate, this is promptly followed by reas-
sociation of the residue with zinc to restore the red complex.
Now, as expected, the transmittance at 510 nm decreases
due to the release of substrate (Fig. 5). The rate constant for
this relaxation process, 440 sec™!, is more than 100 times
slower than that of the response of the probe itself to tem-
perature, 64,000 sec™!. This rate constant, 440 sec™, how-
ever, is 10,000 times greater than the value of kg for this
substrate, 0.01 sec™l. Thus, the characteristics of this probe
permit exploration of the details of the catalytic process for
this and other substrates.

These data demonstrate that substrates displace azotyro-
sine much more rapidly from the azoTyr-248-Zn complex
than substrates are hydrolyzed. As a consequence, the spec-
trum of this complex serves as a spectrokinetic probe of cata-
lytic events. Hence, azotyrosine displacement, substrate

Table 2. Stopped-flow mixing of azoTyr-248-Zn
complex with inhibitors at pH 8.5* resulting
in azophenol formation in <3 msec

Azophenol
formed,
Inhibitor [1], mM [EI})/[ElT % of [EI]
L-Phenylalanine 50 0.95 101
L-Phenyllactate 50 0.97 99
g-Phenylpropionate 50 0.88 99

* Final conditions: enzyme, 20 uM, pH 8.5, 50 mM Tris-HC], 1 M
NaCl, 25°.
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FIG. 5. Temperature jump of azoTyr-248-carboxypeptidase A
in the presence of Gly-L-Tyr at pH 8.5: enzyme, 20 uM, Gly-L-Tyr,
0.8 mM, 0.1 M Tris-HCIl, 1 M NaCl. Initial, final, and temperature
pulse as in Fig. 3.
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binding, and catalysis are all monitored syncatalytically, i.e.,
at the very moment of catalysis.

DISCUSSION

Only one stopped-flow kinetic study of arsanilazocarboxy-
peptidase has been performed previously (5). It dealt solely
with the effect of pH on the interconversion of the red and
yellow forms. A single, slow exponential rate, 6.1 or 7.2
sec”!, dependent on conditions, was thought to reflect an
ionization-induced conformational interconversion of the
yellow and red forms of arsanilazotyrosine, reflecting some
slow, rate-limiting, but unidentified process. It was also con-
jectured that its relationship to catalysis would be rate limit-
ing, perhaps consistent with the rates of hydrolysis of pep-
tides (5).

The present data are inconsistent with either conclusion.
Essentially, we have observed rates much faster than those
noted by Lipscomb and collaborators (5), obviating the ex-
perimental basis of past conjectures and, hence, the conjec-
tures themselves.

These data also bear on deductions regarding the mecha-
nism, based on x-ray structure analysis. The position of Tyr-
248 relative to the zinc atom of the enzyme has been the
subject of much speculation in the past (5-8, 17). The data
presented here and elsewhere (2-4) leave little doubt, that,
in solution, both substrate binding and change in pH disrupt
the azoTyr-248-Zn complex. X-ray analysis of the native en-
zyme at pH 7.5 has placed Tyr-248 17 A away from the zinc
atom and, further, any interaction between them was
thought unlikely (5). Gly-L-Tyr was postulated to induce an
obligatory movement of Tyr-248 inward toward the zinc
atom, and both the process and its direction were considered
critical to the mechanism of action (5-8). These deductions
from structure studies of crystals, already discussed, were
thought to be reinforced by the results of the previous pH-
jump experiments (5).

The stopped-flow pH and temperature-jump studies of
the azoTyr-248-Zn complex, together with spectral studies at
equilibrium (2-4) and the kinetic properties of carboxypep-
tidase crystals (18), lead us to quite different conclusions.
Both substrate and pH alter the position of the azoTyr-248
relative to the zinc atom; if there is any major movement, its
direction must be away from the zinc atom (Figs. 1-5).
Moreover, such a movement would then not be unique to
the effect of changes brought about by substrates, since
changes of pH result in analogous spectral effects. Hence,
the results of these dynamic as well as other studies (4) spec-
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ify a course of catalytic events different from those postu-
lated, based on x-ray structure analysis (5-8, 17).

It is apparent that an inward movement of tyrosine-248
toward the zinc atom cannot be an obligatory feature of the
mechanism of action of the enzyme. Further, the data lend
no support to the view that the interaction of Tyr-248 and
zine would result in an inactive species (17): arsanilazoTyr-
248 zinc carboxypeptidase is fully active in solution (4).

We have previously described the remarkable capacity of
the arsanilazocarboxypeptidase chromophore to help visual-
ize the differences of conformations of this enzyme in crys-
tals and solutions. Thus, the unique circular dichroism nega-
tive extremum at 510 nm reflects the mutual topography of
azoTyr-248 and zinc, the two constituents of the active cen-
ter considered indispensable to function (5). The present
rapid flow and temperature-jump kinetic studies demon-
strate that the kinetic and spectral properties of the intramo-
lecular coordination complex combine to render it an equal-
ly powerful probe to visualize and discern microscopic de-
tails of the catalytic process.
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