ASCITES TUMOR DIPEPTIDASE: EFFECT OF METAL JTONS

The Effect of Mn2* and Co?* on the Activities of a
Zinc Metallodipeptidase from a Mouse Ascites Tumor?

Elizabeth K. Patterson,* Joselina S. Gatmaitan, and Selma Hayman?!

ABSTRACT: Kinetic studies of the effect of addition of Co?*
or Mn2* to a highly purified dipeptidase from Ehrlich-Let-
tré mouse ascites tumor cells show that these metals specifi-
cally activate the hydrolyses of certain classes of dipeptides.
This enzyme was previously (S. Hayman and E. K. Patter-
son, 1971, J. Biol. Chem. 246, 660) reported to be a Zn-
metalloenzyme. It is now shown that Zn is the only metal
that can partially restore the activity of the EDTA-inhibit-
ed dipeptidase in cleaving Ala-Gly. Addition of Co?* in-
creases the Vpmax of N-terminal Gly-dipeptides with in-
crease in K, while addition of Mn?* primarily activates the
hydrolysis of Pro-Gly, again with increases in both Viax
and K. Prior incubation (5 min, 30°) of the dipeptidase
with the appropriate metal ions causes decrease in initial
lag time in the Co?*-activated hydrolysis of Gly-Gly and
the MnZ*-activated hydrolysis of Pro-Gly. Long-term
(6-19 hr, 0°) incubation of the enzyme with Co?* results in

It has long been known that the enzymatic hydrolysis of
many dipeptides is activated by added Co?* or Mn2* (as re-
viewed by Smith, 1951, 1960). In more recent times, dipep-
tidases have been found to be Zn-metalloenzymes (Camp-
bell et al., 1966; Hayman and Patterson, 1971; Hayman et
al., 1974). The study of activation of purified dipeptidases
by added Mn?* and Co?*, however, has not been generally
pursued. We (Hayman et al, 1974) reported data on a
highly purified bacterial dipeptidase from Escherichia coli
B that showed that (1) addition of Co?* or Mn?* changed
the substrate specificity of the enzyme; and (2) incubation
of the enzyme with Co?* decreased the Zn?* content of the
dipeptidase. Kinetic data suggested the existence of two
binding sites on the enzyme for Co?* and two for Mn2*;
one may represent the Zn site, the other appears to be dis-
tinct for the other two metal ions. A similar study of the ef-
fect of Mn2?* and Co?* added to a dipeptidase purified from
Ehrlich-Lettré ascites tumor cells (Hayman and Patterson,
1971) is given in this paper. We have previously (Hayman
and Patterson, 1971) reported that this tumor dipeptidase
contains 1 g-atom of Zn/mol of enzyme of molecular
weight (Sephadex gel filtration) 85,000 £ 5000.

Materials and Methods

The dipeptides were purchased from Schwarz/Mann,
Sigma, and Cyclo; Sephadex was from Pharmacia; fluores-
camine was from Hoffmann-La Roche; EDTA and metal
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loss of activity toward Ala-Gly with a concomitant 13-fold
increase in the rate of Gly-Gly hydrolysis and loss of 70% of
the Zn?* from the dipeptidase; these effects can be partially
reversed by addition of Zn?*. In contrast, long-term incu-
bation of the enzyme with Mn?* results in no loss of Zn?+
and a twofold increase in activity toward Pro-Gly. One af-
finity constant of 1.4 uM for Co?* and two constants of
0.23 and 27 uM for Mn?* were determined by kinetic ex-
periments. Comparison of the properties of this tumor en-
zyme with a dipeptidase purified in our laboratory from
Escherichia coli B, and with mammalian dipeptidases high-
ly purified by others, shows remarkable similarities in mo-
lecular weights and molecular activities toward the pre-
ferred substrates but in the case of bacterial dipeptidase,
differences in substrate specificities and in the effect of
metal ions.

chlorides were Baker analytical grade. Metal solutions used
for standards in atomic absorption spectrophotometry were
certified for this purpose by Fisher.

Usual precautions to avoid metal ion contamination were
followed. In particular, Sephadex G-25 was routinely sus-
pended in 1 mM EDTA and then exhaustively washed with
0.02 M K,PO, buffer (pH 8.2). Operations were carried
out in a dust-proof room with a clean air hood running con-
tinuously. Glass-distilled water (greater than 10% ohms re-
sistance) was used for all solutions.

Methods of preparation of the enzyme have been re-
ported (Hayman and Patterson, 1971; Hayman et al,
1974). In brief, the assay method used was a modification
of the spectrophotometric method of Schmitt and Siebert
(1961). This method permitted recording of the course of
the reaction (30°). Velocities of hydrolysis, v (—AA230
min~!), were measured from a straight line drawn through
the linear portion of the recording. Times of lag are the
times until the observed rates become linear. Maximum ve-
locities from Lineweaver-Burk plots were calculated rela-
tive to that of Ala-Gly (12.5 mM) hydrolysis run as a stan-
dard of enzyme activity in all experiments. The velocities
were converted to molecular activities [ Vm/(E), mol of sub-
strate hydrolyzed at 40° sec™! mol of enzyme™'] by use of a
previously determined (Hayman and Patterson, 1971; Pat-
terson et al., 1973) molecular weight (85,000 £ 5000 by Se-
phadex G-150 gel filtration) and specific activity (40°).

Protein greater than 0.15 mg/ml was assayed by a modi-
fication (Hayman and Patterson, 1971) of the method of
Nayyar and Glick (1954) and from 0.01 to 0.15 mg/ml by
the fluorescamine method of Bohlen et al. (1973). For de-
tails, see Hayman et al. (1974) and Patterson (1975).

Atomic absorption with a carbon rod atomizer (Model
61, Varian-Techtron) was used for determination of the Zn
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Table I: The Effect of Added Mn?*t or Co?* on the Hydrolysis of
Dipeptides by the Tumor Dipeptidase.2

Metal VM/IE] (sec™) (X 107%) Km (mM)

Addition 0 Mn?t Co*t 0 Mn*t  Co*t
Gly-lle 6.5 6.5 22 5.7 4.1 5.0
Gly-Ala 3.5 5.4 13 22 22 42
CH,Gly-Ala  (0.005) (0.016) 0.87 (2.5) (2.2) 7.9
Gly-Asn 3.2 2.7 3.0 16 15 15
Gly-Asp 0.015 0.014 029 7.1 24 83
Gly-Ser 0.94 1.9 1.8 12 19 16
Gly-Gly 0.30 0.64 1.5 24 40 30
Gly-Lys 0.48 0.81 0.90 5.6 12 10
Pro-Gly 0.11 1.1 0.40 4.1 21 3.7
Ala-lle 22 21 20 1.8 1.0 1.8
Ala-Gly 5.0 4.6 4.3 2.4 2.2 2.2
Ser-Gly 1.4 1.3 1.0 6.1 6.0 6.0
Phe-Ala 0.82 0.90 0.91 0.64 0.87 0.74

4K, and V were determined from Lineweaver—Burk plots. The
V'm data were converted to molecular activities as described under
the Materials and Methods section. To 150 ul of substrate solution
in phosphate—borate NaOH buffers (pH 8.3) containing 0.25 M su-
crose was added 1 ul of H,0, MnCl,, or CoCl, sufficient to give 80
and 100 uM metal, respectively, in the tinal reaction mixture. After
S min of warming in a cuvet (2 X 10 mm), 5 ul of enzyme solution
(in 0.02 M KPO,~0.25 M sucrose (pH 8.2)) was added. After 15 sec
of rapid mixing with the micropipet, the reaction was recorded at
230 nm, using a Gilford spectrophotometer. The peptides consisted
of L-umino acid residues. Except for the values in parentheses the
errors of the determinations were <=10%. The errors for CH,Gly-
Ala were =100% and those for CH,Gly-Ala-Mn?* were £11% (K)
and £14% (V).

content of the enzyme preparations (Hayman et al., 1974).
Checks of samples by standard flame absorption showed ex-
cellent agreement with the carbon rod results. The 100-fold
less sensitivity for Co than for Zn precluded determination
of Co by the carbon rod method.

Results

The Effect of Addition of Co** or Mn®* to Reaction
Mixtures. Mn?* and Co?* were chosen for detailed study
of their effect on the dipeptidase because we had shown pre-
viously (Hayman and Patterson, 1971) that at millimolar
concentrations, Co?* activated the hydrolyses of Gly-Ser,
Gly-Gly, and Gly-Thr and that Mn?* activated hydrolyses
of Pro-Gly, Hyp-Gly, and Gly-Gly. The hydrolysis of Ala-
Gly was inhibited to varying degrees by 12 metals tested at
concentrations of 1077-1072 M. Since these experiments
were carried out at only one substrate concentration, 50
mM, which is often inhibitory to the enzymatic reaction, it
seemed desirable to determine the effect of the metals at
different substrate concentrations.

As seen from Table I, dipeptides containing N-terminal
Gly are the only substrates whose hydrolyses are apprecia-
bly activated by Co?* (100 uM) while Mn2* (80 uM) en-
hances the V., of some of these dipeptides but is an effec-
tive activator of only Pro-Gly hydrolysis. These metal con-
centrations were found to be optimal for activation. In gen-
eral, with neutral dipeptides the activation by Co?* is great-
er, the smaller the C-terminal R group. The effect of charge
is seen in the comparison of the hydrolyses of Gly-Asn and
Gly-Asp, where the cleavage of the former dipeptide is not
influenced by Co?* addition whereas the slow rate of hy-
drolysis of the latter is increased almost 20-fold. When a
hydrogen of the amino group of the dipeptide is replaced by
a methyl group (CH3Gly-Ala), the barely measurable hy-
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FIGURE 1: The effect of prior incubation (0°) of the dipeptidase with
Co?* (10 uM) on the hydrolysis of 12.5 mM Ala-Gly and Gly-Gly. At
the indicated times aliquots of dipeptidase solutions (6 uM) in 0.05 M
phosphate-borate buffer (pH 8.3) containing 0.25 M sucrose with (@,
A) or without Co?* (O, A) were added to prewarmed substrate (Ala-
Gly, O; Gly-Gly, A) and the reaction was followed by recording at 230
nm in a Gilford spectrophotometer. The units of velocity are v =
—AAsg min~' X 300.

drolysis is activated as much as 100-fold by Co®* addition.
In contrast to findings with the bacterial dipeptidase (Hay-
man et al., 1974), no splitting of D-Leu-Gly in the presence
of Co?* was observed with the tumor enzyme. In the cleav-
age of Pro-Gly, Co?* increases the rate of hydrolysis three-
fold and Mn?2* tenfold. A small effect of Mn2* is seen in
the increase in rates of cleavage of Gly-Gly, Giy-Ser, Gly-
Lys, and CH;Gly-Ala (about twofold activation). The rate
increases caused by Co>* or Mn?* addition are accompa-
nied in most cases by an increase in K,,. These increases
vary from less than twofold to greater than tenfold (Gly-
Asp, Co?*). Examples of dipeptides (other than Pro-Gly)
containing N-terminal groups other than Gly are given at
the bottom of Table I. Their Vax and K, values are not af-
fected significantly by addition of either Co?* or Mn2*.

Since Mn?* abolished inhibition by high substrate con-
centrations in hydrolysis of Ala-Gly by the bacterial dipep-
tidase (Hayman et al., 1974), this effect was investigated
with the tumor dipeptidase. It was found that at inhibitory
substrate concentrations (20-50 mAf), addition of either
Co?* or Mn?* increases substrate inhibition in the hydroly-
ses of Ala-Gly or Ala-Ile whereas substrate inhibition by
Ser-Gly is decreased by addition of these metal ions.

Effect of Prior Incubation of the Dipeptidase with Co**
or Mn**, Initial lag phases were observed during the acti-
vation of the hydrolyses of Gly-Gly by Co?* and Pro-Gly by
Mn2*. Such lags also occurred under inhibitory conditions
as in the case of excess substrate or the presence of other
enzyme inhibitors. Therefore, the effect of prior incubation
of the dipeptidase with Co?* or Mn?* was studied with the
above substrates; 5 ul of cold dipeptidase solution was
added to 80 ul of phosphate-borate buffer (30°) (pH 8.3)
and after 1 ul of CoCl; or MnCl; was added, the solutions
were held at 30° for 5, 10, and 15 min before the reaction
was started by addition of 80 ul of substrate (30°). Controls
consisted of (1) prior incubation of metal and substrate be-
fore enzyme addition, and (2) prior incubation of enzyme
and buffer before addition of metal solution and warmed
substrate. In all cases the final concentrations of enzyme,
substrate (12.5 mAf), and Co?* (93 uM) or Mn?* (49 uM)
were constant. Velocities and lag times were measured from
the recordings. Essentially identical effects resulted from
pretreatments lasting from 5 to 15 min. In no case was an
increase in velocity over the controls seen, but a definite de-
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Table II: The Effect on Zn?**t Content and Enzymatic Activity of
the Tumor Dipeptidase of Long-Term Incubation (0°)
with Co?* or Mn?t.a

Hydrolysis of (V/mol of enzyme) Zn**

ydrolysis of (V/mol of enzyme (e-atoms/mol
AlaGly Gly-Gly Pro-Gly of Enzyme)

(1) Control 10.4 0.10 1.0

(2) G25-Co** 1.02:0.06 1.2x0.2 0.29 £ 0.03

(1) Control 5.1 0.11 1.0

(2) G-25-Mn**  3.2:0.2 0.17 £+ 0.02 1.1z0.2

aTo 500 ul of enzyme solution in 0.02 M KPO,—-0.25 M sucrose
(pH 8.3), 1 ul of 50 mM CoCl, or MnCl, was added to give 100 uM
Co?t or Mn?*T in the enzyme solution. After 19 hr at 0°, the solution
was filtered through a Sephadex G-25 column (0.9 X 11.5 cm)
equilibrated with 0.02 M KPO, (pH 8.3) and saturated with the
given metal ions and the protein-containing fractions were collected.
The velocity of hydrolysis of Ala-Gly (12.5 mM) and Gly-Gly (12.5
mM), in the case of Co®* treatment, and that of Ala-Gly and Pro-
Gly (10 mM), in the case of Mn?* treatment, was measured (1) be-
fore addition of metal ions (control) and (2) after Sephadex G-25
filtration. Velocities are expressed as the decrease in absorbancy at
A,sonm Per min times the scale expansion, 300. Protein in the con-
trol was assayed by the bromosulfalein method and that in the
fractions by the fluorescamine method. Zn was determined by car-
bon rod atomic absorption. The means and average deviations of
four peak fractions are listed for the G-25 values.

crease in lag time (13.1 £ 1.4-8 £ 1 min) was observed in
the case of Gly-Gly hydrolysis after prior incubation of the
enzyme with Co?*. The decrease in lag (3.3 £ 0.6-2.0 £
0.4 min) was less but still significant with Mn?* and Pro-
Gly. Prior incubation of the enzyme with Co?* had no mea-
surable effect on Pro-Gly hydrolysis by the tumor enzyme.
Longer periods (6 hr) of preincubation (0 or 26°) of the di-
peptidase with Mn?* (250 uM) caused no change in either
velocity of hydrolysis of Pro-Gly or in lag time. In addition,
the Mn?*-activated Pro-Gly hydrolysis was exceptional in
that the decrease in lag time seen with decreasing concen-
trations of other substrates did not occur.

The effect of long-term (7 hr) prior incubation (0°) of
the dipeptidase with Co?* on the hydrolysis of Ala-Gly and
Gly-Gly is shown in Figure 1. Under these conditions, the
enzyme is stable as seen from the data on hydrolysis of both
substrates without Co?*. When the enzyme was incubated
with a slight molar excess of Co?*, the velocity of hydroly-
sis of Ala-Gly slowly decreased and that of Gly-Gly in-
creased at a linear rate. In similar experiments with Ala-Ile
or Val-Ile as substrate, the decrease in velocity of hydrolysis
paralleled that of Ala-Gly. These results are similar to those
of Capobianco and Vescia (1967) who studied a yeast di-
peptidase with Gly-Gly and Leu-Gly as substrates.

Removal of Zn from the Dipeptidase by Incubation with
Co®* or Mn?*. Since Mn2* and Co?* replace Zn?* in car-
boxypeptidase (Coleman and Vallee, 1961), another exo-
peptidase, it seemed possible that this mechanism could ac-
count for the results with the tumor dipeptidase. Samples of
purified dipeptidase (specific activity 2100, 0.33 mg/ml, 3.9
uM) in 0.02 M KPO4-0.25 M sucrose (pH 8.3) were made
100 uM in either Co>* or Mn?*, kept at 0° for 19 hr, and
filtered through Sephadex G-25 equilibrated with either
100 uM Co?* or Mn2* in 0.02 M K,PO, buffer (pH 8.3).
As seen from Table II, treatment with Co?* resulted in loss
of 71% of the Zn?* content of the enzyme and of 90% of the
activity toward Ala-Gly while the activity toward Gly-Gly
increased 13-fold. The material available was insufficient
for Co?* determination. On the other hand, treatment of
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Table III: Partial Recovery of Native Enzyme by Treatment of
Co?**-Incubated Dipeptidase with Zn**.a

Hydrolysis of

AlaGly Gly-Gly
V/mol of V/mol of
Hr Enzyme Lag (min) Enzyme Lag (min)
0 0.21 15 0.55 1.4
3.5 0.81 4.0 0.073 4.4
Control 10.4 1.2 0.10 11

a After Sephadex G-25 filtration of the dipeptidase exposed to
CoCl, (100 ud) for 19 hr (0°) (Table II), a fraction containing 0.27
uM Zn*t, 100 uM Co?*, and 1.1 uM dipeptidase was made 11.0 uM
in Zn** and the activity measured toward Ala-Gly (12.5 mM) and
Gly-Gly (12.5 mM) at intervals of incubation (0°) after Zn** addi-
tion. The lags at the start of the reactions were also estimated.

the dipeptidase with Mn?™ resulted in no measurable loss of
Zn?* but loss of 37% of the activity toward Ala-Gly while
the activity toward Pro-Gly increased 50%. Control experi-
ments showed that exposure of this dilute dipeptidase prep-
aration to 0° for 19 hr resulted in loss of 18% of the activity
toward Ala-Gly.

Partial Recovery of Native Enzyme by Treatment of the
Co?*-Incubated Dipeptidase with Zn**. As seen from
Table II1, addition of Zn2* for 3.5 hr at 0° to a frozen and
thawed fraction of the dipeptidase preparation which had
been treated with Co?* and run through Sephadex G-25
(Table II), resulted in a fourfold increase in activity toward
Ala-Gly accompanied by a 7.5-fold decrease in activity
toward Gly-Gly. The relatively low rates compared with the
control may be due to instability of the Co®*-treated (or
relatively Zn free) enzyme to freezing and thawing. The du-
rations of initial lags also reversed toward those of the na-
tive Zn-enzyme; that of Ala-Gly hydrolysis decreased
whereas that of Gly-Gly hydrolysis increased. Further expo-
sure of the preparations to Zn resulted in decreased activity
toward Ala-Gly probably caused by denaturation of the di-
lute enzyme preparations.

Partial Reversal by Zn** of the EDTA-Inhibited En-
zyme. A dipeptidase (1 uM) preparation was 60% inhibited
(as measured by hydrolyses of Ala-Gly, 12.5 mM) by expo-
sure at 0° to 10 uM EDTA for 6 hr and then made 12 uM
in Zn®*. Reactivation was slow and incomplete; 2 hr after
Zn addition 15% of the initial activity toward Ala-Gly was
recovered. In another experiment, 40% of the activity reap-
peared 5 hr after Zn treatment. In a similar experiment ad-
dition of MnCl; (14 uM) had no effect, while CoCl; (12
uM) or increased concentrations (27 uM) of ZnCl, caused
even greater inhibition of the EDTA-treated dipeptidase.
Incubation of the enzyme with 13 wM Zn?* and 10 uM
EDTA resulted in no inhibition of activity toward Ala-Gly
whereas incubation with 13 uM Co?* and 10 uM EDTA
caused an initial (2 hr) pseudo-first-order loss of activity
that was 1.7 times as rapid as that resulting from incuba-
tion with the same concentration of EDTA alone; however,
the residual activities after 4-hr incubation were 42% for
enzyme in the presence of EDTA and Co?* and only 29% of
the control values for enzyme treated with EDTA alone.

In order to determine whether inhibition by EDTA re-
sulted from removal of an essential metal from the di-
peptidase or from interaction of EDTA with the enzyme,
dipeptidase-EDTA mixtures were passed through a Sepha-
dex G-25 column which had been equilibrated with 0.02 M
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FIGURE 2: Double reciprocal plot of increase in velocity of enzymatic
hydrolysis of Gly-Gly vs. concentration of free CoZ*. The assays were
carried out as described in the legend of Table I except that the CoCl,
concentration was varied from 2.5 to 100 uM. The Ac values were cal-
culated by subtraction of the velocity at a given substrate concentration
in the absence of Co®* from that obtained at the stated Co?* concen-
tration. The units of © are —AA4,30 min~! X 300, Free Co?* was calcu-
lated for each concentration of Gly-Gly from the stability constant (log
K, = 3.49, Bjerrum et al., 1958) of Gly-Gly-Co?* at pH 8.2. Gly-Gly:
A, 126 mM; @, 253 mM; O, 50.6 mM. A K4 of 1.4 uM is obtained
from the triple intersection of straight lines drawn through the points
(Mildvan and Cohn, 1965).

KPO.. The enzyme (3.9 uM) was 96% inhibited by 17-hr
treatment with 1.0 mM EDTA and, after passage through
Sephadex G-25, 22% of the original activity toward Ala-
Gly was recovered and 20% of the Zn content of the native
enzyme was retained. Addition of a stoichiometric amount
of Zn to the enzyme resulted in only a 10% further recovery
of the original activity after 6.5 hr at 2°. This experiment
confirmed that Zn was lost by treatment with EDTA and
thatZn content was related to enzyme activity toward Ala-
Gly.

Affinity of Co** and Mn** for the Dipeptidase. Kinetic
experiments have given information on the binding of Co2*
and Mn?* to the enzyme. As seen from Figure 2, the recip-
rocal plot of increase in velocity vs. free Co?* concentration
at levels of the substrate Gly-Gly bracketing its Ky, a Ka
for Co?* of 1.4 uM may be determined (Mildvan and
Cohn, 1965) from the intersection of the lines. The identical
KA was found in another experiment in which 8.2, 12.6,
25.3, and 50 mM Gly-Gly were used. Figure 3 shows the
same type plot for the effect of Mn?* on Pro-Gly hydrolysis
by the tumor dipeptidase. Here, two Ka's are obtained, one
from the intersection of lines drawn through points at high
Mn?* concentrations (Ka = 0.23 uM), and the other (KA
= 27 uM) from the intersection of straight lines through
the points at low Mn?* concentrations. Therefore, the en-
zyme apparently has only one activating site for Co’* and
two activating sites for Mn** of differing affinities.

Discussion

There are three possible explanations for the effects ex-
erted by extrinsic metal ions on the hydrolysis of substrates
by this tumor dipeptidase: (1) that there is more than one
dipeptidase present; (2) that the extrinsic metal réplaces the
native Zn; and (3) that the extrinsic metal is exerting an ef-
fect at a site on the enzyme other than the Zn site. Evidence
for the presence of only one dipeptidase in the preparation
4264
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FIGURE 3: Double reciprocal plot of increase in velocity of enzymatic
hydrolysis of Pro-Gly vs. concentration of free Mn?*, The assays, Ar
values, and calculations of free Mn2* were carried out as described for
Figure 2. It was assumed that for Pro-Gly-Mn2* log K| was 2.3, an av-
erage value based on data on stability constants (Sillén and Martell,
1964) of other dipeptides with Mn?*, The variation in values was
small, Pro-Gly: A, 5.1 mM; @, 10.1 mM; O, 25.3 mM. Ka's of 0.23
and 27 uM were obtained from the triple points.

has been previously published (Hayman and Patterson,
1971; Patterson et al., 1973). That Co’* may replace the
Zn’* in the native dipeptidase is implied by the loss of
Zn?* on incubation with Co?* (Table IT). The K o obtained
from kinetic studies shows a tight binding site 1.4 uM (Fig-
ure 2), which may possibly refer to binding of Co?* at the
Zn?7* site. Incubation with Mn2* (Table II), in contrast,
caused no loss of Zn from the dipeptidase. On the other
hand, two KA’s (Figure 3) of 0.23 and 27 uM were obtained
for Mn?* indicating one tight and one loose binding site.
These sites on the protein may be separate from each other
and from that of Zn?*. It seems likely that Mn2* is exert-
ing its effect at a site or sites on the enzyme other than the
Zn? site.

The mechanisms by which Co?* and Mn?* enhance the
rates of substrate hydrolysis by this dipeptidase may be
quite different. The fact that activations by both metals are
generally accompanied by increases in Ky, indicates that
Km is a kinetic parameter rather than a dissociation con-
stant. Studies on model compounds (Buckingham et al.,
1974) of the nonenzymatic hydrolysis of peptide bonds by
Co?*t have given rates (10'? acceleration) comparable to
those observed enzymatically. The reaction rates are fastest
with N-terminal Gly-dipeptides, the rate decreasing as the
C-terminal R group becomes larger (Oh and Storm, 1974).
The rates with other N-terminal R groups are very slow.
Although Co** is used for the model reaction, it is striking
that this order of rates is comparable to that of activation of
the enzymatic hydrolyses observed after addition of Co?*.
and therefore the mechanism may be similar. But in the
case of Mn?*, no such hydrolyses of mode! compounds, as
far as we know, have been reported. The major activation
(tenfold) by Mn?* of the hydrolysis of Pro-Gly by the
tumor dipeptidase is accompanied by a small decrease in
lag which might be thought to indicate the induction of a
small conformational change in the enzyme (Frieden,
1970). However, the lag times were similar at all substrate
concentrations; this effect contradicts the rules (Bates and
Frieden, 1973) for enzyme conformational change. What-
ever change that occurs in the enzyme as a result of Mn®*
binding may enhance the postulated hydrogen bonding of
the substrate N-terminal nitrogen to the enzyme (Patterson
et al., 1973). Since in Pro-Gly this nitrogen is in a five-
membered ring, positioning may be critical for hydrolysis of
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the peptide bond. The greater activation by Mn?* than
Co?* of Pro-Gly hydrolysis by the tumor dipeptidase may
relate to an activation site on this enzyme for Mn?*, That
Co?* activation may also act in the region of binding of the
amino group is implied by the great activation of CH3Gly-
Ala hydrolysis by addition of this metal ion. Such activation
was observed by E. L. Smith (1948) with crude tissue ex-
tracts and attributed to complex formation of Co?* between
substrate and enzyme. Since major Co?*-activation of hy-
drolyses of substrates by this enzyme is confined to that of
N-terminal Gly-dipeptides which have a hydrogen in place
of the N-terminal R group, and since it has been postulated
(Patterson et al., 1973) that the dipeptidase has two hydro-
phobic pockets to hold the N- and C-terminal R groups, the
binding of these substrates would be relatively weak. Ap-
parently, if Co?* replaces the native Zn?*, this may induce
a conformational change that enhances binding of N-termi-
nal Gly-dipeptides and reduces the binding of N-terminal
Ala-dipeptides (Figure 1). Whether this mechanism in-
volves chelation of Co?* between amino acids in the enzyme
protein or between enzyme and substrate remains to be de-
termined. Until the dipeptidases have been studied by other
methods such as X-ray crystallography and nuclear or elec-
tron magnetic resonance relaxation spectroscopy, such
questions cannot be answered.

The partial reactivation of the enzyme by Zn after treat-
ment of the dipeptidase with EDTA with or without Sepha-
dex filtration to remove EDTA has a two part explanation:
Zn is specifically required for Ala-Gly hydrolysis (Figure 1,
Tables I1 and III), and the apoenzyme is unstable. The lat-
ter is consistent with the previous observation (Hayman and
Patterson, 1971) that after prolonged dialysis of the tumor
dipeptidase against o-phenanthroline and then KPOy buff-
er, no reactivation by Zn?* was observed. The relatively
facile restoration of native activity (Table III) resulting
from addition of Zn?* to the Co?*-treated enzyme may in-
dicate that the presence of metal is required for mainte-
nance of active enzyme.

The more rapid loss of activity toward Ala-Gly with ex-
posure of the dipeptidase to a slight excess of Co?* over
EDTA than with EDTA alone may be caused by the great-
er accessibility of the Zn2* site to Co?* than to the chela-
tor. Since the stability constants of EDTA-Zn and EDTA-
Co are similar (Bjerrum et al., 1958; log K; 16.3 and 16.1,
respectively), free Co?* may replace the Zn2* in the en-
zyme which would then combine with EDTA releasing
more Co?* to replace enzyme Zn?*. Because Co?* may
have less affinity for the enzyme than Zn?*, after 4-hr incu-
bation an equilibrium may be reached in which little more
Zn?* is removed from the enzyme. On the other hand, in
the experiment with EDTA alone, the chelator by this time
may be reaching the Zn2* site with greater ease and be
causing more inhibition than the EDTA-Co?* mixture in
which less free EDTA is available for Zn?* removal.

Comparison of the results of addition of Co?* or Mn2* to
the tumor dipeptidase with those obtained (Hayman et al.,
1974) with another Zn-metallodipeptidase purified in this
laboratory from E. coli B point up the necessity of using
more than one substrate for such studies. For instance, we
know that for optimum Ala-Gly (12.5 mM) hydrolysis by
the tumor enzyme Zn’* is required, whereas with the bac-
terial dipeptidase Mn?* or Co?* can replace Zn2* with no
loss in activity. The situation, however, is different when
some of the other dipeptides are used as substrates. Addi-
tion of Co?* to the bacterial enzyme activates the hydroly-
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sis of a wide variety of substrates so that the more narrow
range of substrate specificity of this dipeptidase (Patterson
et al., 1973) approaches the broad range of the tumor en-
zyme. Addition of Mn?* to both enzymes strikingly in-
creases the Vmayx of hydrolysis of Pro-Gly which indicates a
similar action of this metal on both enzyme proteins. Two
Ka’s for Mn2* of comparable magnitude (1.2 and 24 uM,
tumor and 0.3 and 27 uM, bacterial) were found for both
enzymes whereas only one association constant (1.4 uM)
was found for Co?* for the tumor enzyme and two for the
bacterial enzyme (3 and 8 uM). The greater effect of Co?*
on the latter enzyme may well mean that in addition to re-
placement at the Zn site, Co?* may act at another site on
this dipeptidase. If only one substrate had been used, these
actions of the metal ions could not have been even partially
understood.

Comparison of the properties of dipeptidases purified in
this laboratory with those of mammalian dipeptidases puri-
fied by others such as the hog kidney plasma membrane di-
peptidase (Campbell et al, 1966; Campbeil, 1970;
Armstrong et al., 1974; Ferren et al, 1975) and dipeptidases
from intestinal mucosa of the monkey (Das and Radhak-
rishnan, 1972) and the pig (Norén et al., 1971, 1973; Norén
and Sjostrom, 1974; Norén, 1974) reveals many similarities
in these enzymes. Molecular weights vary from 85,000 to
107,000, and subunit weights are 53,000 (bacterial) and
51,000 (pig intestinal mucosa). The kidney membrane por-
cine dipeptidase has a complex subunit structure (Ferren et
al., 1975); it consists of four subunits, two of 28,000, one of
20,000, and one of 18,000. This result suggests a possible
structural explanation for the multiple bands seen in our
preliminary unpublished results of sodium dodecyl sulfate
acrylamide gel electrophoresis of the tumor dipeptidase.
This latter enzyme, however, contains 1 g-atom of Zn/mol
of enzyme whereas the hog kidney dipeptidase (Campbell et
al., 1966), like the bacterial dipeptidase (Hayman et al,,
1974), contains 2 g-atoms of Zn/mol of enzyme. Zn>* has
been 80% removed from the hog kidney dipeptidase
(Armstrong et al., 1974) and replaced by Co’* which re-
sulted in a 41% decrease in Vmax and no change in K, of
the substrate glycyldehydrophenylalanine. The molecular
activities (mol of substrate hydrolyzed sec™' mol of en-
zyme™!, 40°) of the dipeptidases with their preferred sub-
strates vary only from 1.6 to 2.3 X 10% the latter value
being obtained with the tumor enzyme with Ala-Ile as sub-
strate (Hayman and Patterson, 1971). Comparison of sub-
strate specificities is difficult since different sets of dipep-
tides have been utilized in the various laboratories. It is
clear, however, that the mammalian dipeptidases hydrolyze
a broad range of dipeptides with a possible preference for
N-terminal Ala-dipeptides.
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Stoichiometry, ATP/2e Values, and Energy Requirements
for Reactions Catalyzed by Nitrogenase from Azotobacter

vinelandii’

Gerald D. Watt,* William A. Bulen, Andrea Burns, and K. LaMont Hadfield*

ABSTRACT: The stoichiometry of the nitrogenase ATP-de-
pendent Hj evolution and acetylene reduction reactions
using S,04%~ as an electron source was studied by various
techniques. For each mole of S;04%~ oxidized to 25032~ by
the enzyme-catalyzed reactions at 25° and pH 8, 1 mol of
H: (1 mol of ethylene for acetylene reduction) and two pro-
tons are produced. Under these conditions, 4.5 mol of ATP
was hydrolyzed to ADP and inorganic phosphate for each

The nitrogen reducing enzyme, nitrogenase, from various
biological sources is capable of reducing N, to ammonia
when supplied with adenosine 5'-triphosphate (ATP),
Mg2*, and a source of low potential electrons. Other sub-
strates (Burris, 1971; Murray and Smith, 1968; Hardy and
Burns, 1968) including H* (H,0) are reduced under the
same conditions with apparently the same ATP require-
ment (Hadfield and Bulen, 1969) per reducing equivalent
transferred by the enzyme. The amount of ATP required to
transfer two electrons, the ATP/2e value, has been a much
sought after quantity but reported results still indicate some
disagreement. Most reported ATP/2e values fall in the
range 4-6 at 25-30° but extreme values of from 2 10 18
have been reported (Hardy and Knight, 1966; Kelly, 1969;
Jeng et al., 1970).
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S,04%" oxidized. ATP/S;04%~ (ATP/2e) values deter-
mined at 5° intervals from 10 to 35° were found to go
through a minimum at 20°. This effect is explained in terms
of possible enzyme structure modifications. Calorimetric
measurements for the enzyme-catalyzed H> evolution and
acetylene reduction reactions gave AH values of —32.4 and
—75.1 kcal/mol of $204°~, respectively.

The function of ATP is not known but its energy content
is likely to be released in some controlled way in satisfying
the activation requirements of Nj. Consequently, the
amount of ATP utilized for electron transfer (ATP/2e) is
an essential quantity in determining the total energy neces-
sary for enzymatic N, reduction. Furthermore, the ATP/2e
value determined under various conditions of temperature,
pH, etc., may provide insight into the purpose of the ATP
requirement as well as the mechanism for its utilization by
nitrogenase.

As a prelude to determining both the energetics of nitro-
genase action and the energy requirements of each of the
nitrogenase component proteins, it was necessary to deter-
mine precisely the ATP/2e value, the overall stoichiometry,
and the thermodynamic states of each reactant and prod-
uct. The results of these experiments and the energy
changes accompanying them are the subject of this report.

Experimental Section

Materials. Adenosine 5'-triphosphate (ATP) and V-
tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid



