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Nerve Growth Factor Zymogen. Stoichiometry of the Active-Site Serine
and Role of Zinc(II) in Controlling Autocatalytic Self-Activation®

Michael Young* and Mary Jo Koroly

ABSTRACT: Mouse submandibular gland nerve growth factor
{NGF) is a 116000 molecular weight protease with a high
degree of specificity for certain lysyl and arginyl bonds. This
protein can activate plasminogen and it is also a member of
the general class of serine proteases [Orenstein, N. S., Dvorak,
H. A., Blanchard, M. H., & Young, M. (1978) Proc. Natl.
Acad. Sci. US.A. 75, 5497]. As isolated, NGF is an enzym-
ically inactive zymogen. Upon dilution from high to very low
protein concentrations or upon treatment with EDTA, the
zymogen undergoes autocatalytic activation. Atomic ab-
sorption spectroscopy measurements reveal that NGF contains

Recent studies from this laboratory have shown that the
predominant form of mouse submandibular gland nerve growth
factor (NGF)! is a protein of molecular weight 116000
{Young et al., 1978) which is secreted at very high concen-
trations into mouse saliva (Murphy et al., 1977a,b). Other
lower molecular weight forms of NGF are also present in both
salivary gland extracts and saliva, and evidence has been
presented which indicates that these smaller species are deg-
radation products of the larger 116 000 molecular weight form
(Young et al., 1978; Murphy et al., 1977b).

The observation that the mouse submandibular gland con-
tains a high molecular weight form of NGF is not a new one.
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1 g-atom of tightly bound Zn(II) per mol. Reaction of the
fully autoactivated protease with [*’H]DFP yields 1 mol of
labeled serine per mol of enzyme. All results indicate that as
long as Zn(1I) remains bound to the zymogen, autocatalytic
activation is inhibited. Removal of this ion, by dilution of the
protein or by chelation, initiates autoactivation. The physio-
logic purpose of this unusual reaction is not known but it may
be that Zn(II) serves to act as a control ion which keeps the
protein in an inactive form (the zymogen) until it recognizes
its naturally occurring substrate.

In 1967, Varon et al. (1967) isolated a protein which they
called 7S-NGF which was estimated to have a molecular
weight of 140000. Evidence from several sources indicates
that 7S-NGF is an unstable protein and that it dissociates into
its subunits at relatively high protein concentrations (Varon
et al., 1967; Greene et al., 1969; Smith et al., 1969; Baker,
1975; Pantazis et al., 1977). When the individual subunits
of 7S-NGF are recombined, the resulting protein exhibits the

! Abbreviations used: NGF zymogen, 116000 molecular weight nerve
growth factor zymogen prepared as described by Young et al. (1978);
7S-NGF, nerve growth factor prepared as described by Varon et al.
(1967); EDTA, ethylenediaminetetraacetic acid; DFP, diisopropyl
phosphorofluoridate; Tame, N*-p-toluenesulfonyl-L-arginine methyl ester;
TLME, N®-p-toluenesulfonyl-L-lysine methyl ester; TLCK, N%-p-
toluenesulfonyl-L-lysine chloromethyl ketone; pNPGB, p-nitrophenyl
p-guanidinobenzoate; Tris, 2-amino-2-(hydroxymethyl)-1,3-propanediol.
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same instability as that observed with native 7S-NGF (Jeng
et al., 1979). In contrast, the 116 000 molecular weight form
of NGF which we have isolated is highly stable even in dilute
solution (Young et al., 1978). These results are not presented
to draw attention to the differences between our high molecular
weight form of NGF and 7S-NGF but rather to set the stage
for a comparison of their similarities in light of more recent
studies (Young, 1979) and results of the present paper.

In 1969, Greene et al. (1969) observed that 7S-NGF pos-
sesses esterolytic activity toward certain N*-substituted ar-
ginine and lysine methyl esters (e.g., Tame and TLME). They
further found that when 7S-NGF was diluted from high to
low protein concentrations, the maximum velocity of substrate
hydrolysis was achieved only after a lag phase of lower velocity.
Greene et al. (1969) attributed this behavior to progressive
dissociation of NGF with concomitant appearance of enzyme
activity (i.e., the enzyme activity of 7S-NGF was postulated
to be inhibited in the high molecular weight 7S-NGF complex
and subsequently expressed only when the protein dissociates).
However, these authors did not examine the length of the lag
phase as a function of protein concentration. When this is
done, as described below, the lag phase cannot be explained
by dissociation.

Recent studies in our laboratory have shown that, like 7S-
NGF, the stable 116 000 molecular weight form of NGF also
hydrolyzes Tame and TLME and further that it can activate
plasminogen, with concomitant lysis of a fibrin clot. Moreover,
inhibition studies with DFP placed this species of NGF in the
general class of serine proteases (Orenstein et al., 1978).

The observation that the 116 000 molecular weight form of
NGF possesses arginine esterase activity led us to study the
kinetics of Tame hydrolysis. Like 7S-NGF, our form of NGF
also exhibits a lag phase which occurs prior to establishment
of the maximum catalytic rate, but the length of the lag phase
increases greatly as the enzyme concentration is reduced.
Thus, the lag phase cannot be explained simply by dissociation,
since the half-life of a dissociation reaction is first order in,
and therefore independent of, enzyme concentration. Further
studies revealed that the 116 000 molecular weight form of
NGF exists largely, if not entirely, as a zymogen when it is
isolated from the mouse submandibular gland. Upon dilution
of this protein from a high concentration (~1 mg/mL) to
much lower concentrations (~1 ug/mL), the enzyme un-
dergoes autocatalytic self-activation. This behavior, not dis-
sociation, is responsible for the lag phase observed in Tame
hydrolysis, and it probably accounts for the lag phase noted
with 7S-NGF (Young, 1979).

The observation that simple dilution of the 116 000 mo-
lecular weight form of NGF is sufficient to induce auto-
catalytic activation bears directly upon work from Dunn’s
laboratory on the role of Zn(II) in the structure of 7S-NGF
(Pattison & Dunn, 1975, 1976a,b; Au & Dunn, 1977). These
authors reported that 7S-NGF contains 1-2 g-atoms of Zn(II)
per mol (values ranged from 1.7 to 2.0) and that removal of
this ion by chelation greatly increases arginine esterase activity.
In later studies, these authors concluded that the activation
reaction [resulting from removal of Zn(II)] is a reversible
equilibrium reaction (Pattison & Dunn, 1976b).

In the study to be presented below, we have examined the
role of Zn(II) in the structure and function of the NGF-zy-
mogen, and all results indicate that, like the kinetic lag phase,
the role of Zn(II) should be reconsidered. Specifically, we
find that autocatalytic activation of the NGF zymogen is
strictly under the control of Zn(IT). As long as this ion is
bound to the zymogen, autocatalysis is completely prevented.
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Once Zn(II) is removed, either by high dilution of the protein
or by chelation, the autocatalytic activation reaction is initiated,
and this process is irreversible. We have further studied the
stoichiometric relation between the protein, Zn(II) and the
active site serine. Results indicate 1 g-atom of Zn(II) is bound
per mol of zymogen, and 1 mol of active site serine per mol
of the fully autocatalytically activated enzyme.

Experimental Procedures

Reagents. Double glass distilled water was used throughout
and all buffer solutions were treated with a 0.01% solution of
diphenyl thiocarbazone (Fisher) and Chelex-100 (Bio-Rad)
to remove metal ions. Buffer salts were reagent grade. Tame
and TLCK were obtained from Sigma Chemical Co., pNPGB
was from Vega Chemicals, Phoenix, AZ, DFP was from Pfaltz
and Bauer, Stamford, CT, [’ H]DFP was from New England
Nuclear, trypsin (2X recrystallized) was from Worthington,
and ovalbumin and ribonuclease A were from Pharmacia.
p-Nitrophenol was an Eastman product. NGF was prepared
as previously described, and its molecular weight was taken
to be 116 000 (Young et al., 1978).

Physical Measurements. Protein concentrations were
measured by absorbance at 280 nm, In an earlier study, the
extinction coefficient of NGF was estimated to be 1.92 mL
mg~! em™! based upon amino acid analysis (Young et al.,
1978). To obtain a more accurate value for this parameter,
we calibrated a Brice-Phoenix differential refractometer (A
= 436 nm) with standard solutions of ribonuclease A and
ovalbumin which had been exhaustively dialyzed against 0.1
M potassium phosphate, pH 7.0. The extinction coefficients
(280 nm) of ribonuclease and ovalbumin were taken to be
0.695 and 0.735 mL mg™! cm™!, respectively (Sherwood &
Potts, 1965; Cunningham & Neunke, 1959). If we assume
that the refractive index increments of the three proteins are
closely similar, this procedure yields an extinction coefficient
for NGF of 1.42 + 0.08 (SD) mL mg™! cm™.

Active-site titrations of trypsin were performed by the
method of Chase & Shaw (1967) at A = 402 nm and pH 8.33.
To determine the molar extinction coefficient of p-nitrophenol
at this pH with our spectrophotometer, we recrystallized this
compound twice from methanol-water and dried it in vacuo
over CaCl,. A value of 1.698 X 10° M~! cm™ was obtained.

Enzyme activity assays were performed with a Cary Model
15 recording spectrophotometer at A = 247 nm with 1-2 mM
Tame as substrate. The molar absorbance of N*-p-toluene-
sulfonyl-L-arginine was taken to be 540 at A = 247 nm
(Hummel, 1959). Equation 1 was used to analyze the kinetics
of autocatalytic activation of NGF (Young, 1979). Here v,,
= kdt + In 220 (1)

v, Yo
v;, and vg are the reaction velocities (Tame as substrate) of
fully activated enzyme, the velocity at time ¢, and the velocity
at t = 0. A is the total protein concentration, and k is the
second-order rate constant for activation. Values of k and v,
were obtained from the slope and intercept, respectively, of
plots of the left side of eq 1 vs. ¢.

Metal Analyses. Quantitative metal analyses were per-
formed with a Perkin-Elmer atomic absorption spectrometer.

Vaet — Ut
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Results

Zn''-NGF Zymogen Stoichiometry. On the basis of earlier
findings of Pattison & Dunn (1975) that 7S-NGF contains
tightly bound zinc ion, we have measured the stoichiometry
of the Zn(II)-NGF zymogen interaction. Protein preparations
were dialyzed exhaustively against 0.1 M potassium phosphate
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Table I: Stoichiometry of the DFP-NGF Reaction?

residual
reaction enzyme DFP/NGF
DFP (M) time (h) act. (%) (mol/mol)
2.5%x 107 44 7.2 1.10
4.0x 10 23 8.3 1.10
28 x 107° 6 <1 1.100

% The NGF concentration ranged from 230 to 350 ug/mL in 0.1
M potassium phosphate and 0.06 M EDTA, pH 7.0. After reac-
tion for the indicated times, residual enzyme activity was meas-
ured with Tame as substrate, and values are expressed as percent
of the control value (without DFP). Specific activity of DFP =
1.0 Ci/mmol.  For this reaction, [*H] DFP (1 Ci/mmol) was
diluted with cold DFP to give a specific activity of 0.07 Ci/mmol,
as determined by reaction of the standard trypsin solution as de-
scribed in the text.

buffer, pH 7.0, which had been treated with diphenyl thio-
carbazone and with Chelex-100. Three different preparations
yielded values of 0.88, 1.16, and 1.12 g-atom of Zn(II) per
mol of zymogen, respectively (mean = 1.05 £ 0.15 SD).

Reaction of [PH)DFP with Fully Active Enzyme. Earlier
studies have shown that both the plasminogen activator activity
and the Tame esterase activity of NGF can be inhibited with
DFP. Thus, NGF is a member of the general class of serine
proteases (Orenstein et al., 1978; Young, 1979).

The following procedure was used to determine the number
of DFP-reactive serine residues per molecule of fully enzym-
ically active NGF. To obtain an accurate value for the specific
activity of preparations of [*’H]DFP, we diluted solutions of
this reagent dissolved in propylene glycol gravimetrically with
0.01 M Tris-HCI, pH 8.0, and counted them with Aquafluor
(New England Nuclear). The resulting measured specific
activity was further checked with solutions of trypsin which
had been standardized by reaction with the active site serine
titrant pNPGB as described under Experimental Procedures.
Titration of seven different solutions of trypsin with pPNPGB
yielded a mean value of 0.63 = 0.03 (SD) mol of pNPGB
incorporated per mol of protein. Solutions of trypsin were then
treated with 0.1 mM [*H]DFP (0.1 M Tris-HCI, pH 8.0) for
varying periods of time until the residual enzyme activity
(Tame as substrate) was <1% of the control value. Samples
were applied to a 1 X 23 cm column of Sephadex G-25
equilibrated with 0.01 M Tris-HCI, pH 8.0, to remove un-
reacted [°’H]DFP. Aliquots were measured for absorbance
and radioactivity. By use of the gravimetrically determined
specific activity of [*’H]DFP, this procedure yielded a value
of 0.65 = 0.04 (SD) mol of [*H]DFP incorporated per mol
of trypsin, in excellent agreement with that measured by the
pNPGB method.

Table I summarizes values for moles of [’H]DFP incorpo-
rated per mole of NGF. NGF zymogen was fully converted
to active enzyme and reacted with the above standardized
solutions of [*H]DFP for varying periods of time. Unreacted
[*H]DFP was separated by chromatography upon Sephadex
G-25 as described for trypsin. As shown in Table I, a mean
value of 1.10 mol of [*H]DFP incorporated per mol of NGF
was obtained, and this value did not vary as a function of
reaction time or of the initial [*’H]DFP concentration em-
ployed. To ensure that these values were not falsely low due
to slow dephosphorylation of NGF, we measured a sample of
NGF which had been reacted with [*H]DFP (and separated
from free DFP) for residual enzyme activity and incubated
it at room temperature for 48 h. No increase in enzyme
activity was observed over time. Therefore, the data of Table
I indicate that after the NGF zymogen is fully activated, it
contains 1 mol of DFP-reactive serine per mol of protein.
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FIGURE 1: Effect of Zn(II) upon the autocatalytic activation reaction.
Curve A illustrates the autocatalytic reaction when NGF (640 ug/mL)
is diluted to 6.2 ug/mL with 0.1 M Tris-HCl containing 9.6 X 10~
M EDTA and 2 mM Tame at 25 °C. Curve B shows the enzymic

activity when the protein is diluted exactly as in (A) except that the
buffer contains | mM Zn(II).
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FIGURE 2: Reversal of Zn(II)-induced inhibition of autocatalysis by
EDTA. NGF (640 ug/mL) was diluted to 6.2 ug/mL with 0.1 M
Tris-HCl and 9.7 X 10™* M Zn(1I), pH 7.0. This solution was
incubated at 25 °C for 24 h and enzymic activity measured in the
presence of | mM Tame. The first part of the curve shows that activity
is very low and that autocatalysis is completely inhibited. At the time
marked by the arrow, the protein solution was made 2.4 mM in EDTA.
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Function of Zn" in the Autocatalytic Activation Reaction.
Earlier studies have shown that when the concentration of
NGF zymogen is kept high (~100-200 pg/mL), little, if any,
activation occurs even after prolonged time periods. On the
contrary, when the zymogen is greatly diluted (to 1-20 pg/
mL), autoactivation occurs. Furthermore, EDTA can promote
autocatalysis at high protein concentrations (Young, 1979).
Taken together, these observations suggested that Zn(II) might
be responsible for controlling autocatalysis.

Figure 1A illustrates the kinetic profile of Tame hydrolysis
which shows that when the zymogen is diluted from high to
low concentration into Zn(II)-free buffer, rapid autoactivation
occurs. Figure 1B depicts the behavior when the zymogen is
diluted to the same low protein concentration in the presence
of 1 mM Zn(II). The Tame hydrolytic reaction was followed
for 1.5 h (only 30 min of which is shown in Figure 1B), and
no activation occurred under these conditions. Thus, even at
high dilutions of zymogen, no activation occurs in the presence
of 1 mM Zn(II).

The results illustrated in Figure 2 demonstrate that the
Zn(I1)-induced inhibition of activation can be reversed by
EDTA. A solution of the zymogen was diluted to a low
concentration (6.2 ug/mL) in the presence of 9.7 X 107* M
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FIGURE 3: Effect of Zn(II) upon enzyme activity following complete
autocatalytic activation. (A) NGF (640 ug/mL) was diluted to 6.2
pg/mL with 0.1 M Tris-HCl and 0.1 mM EDTA, pH 7.0, and
incubated 1 h at 25 °C. Enzyme activity was then measured with
1 mM Tame. (B) Following substrate exhaustion of the solution used
in (A), the solution was made 1 mM in Zn(II) and the enzyme activity
measured after adding Tame. At the time indicated by the arrow,
this solution was made 2.4 mM in EDTA.

Zn(I1) and incubated at 25 °C for 24 h. Even after this
prolonged time period, measurements of enzyme activity show
that little or no autoactivation of the zymogen has occurred.
At the time depicted by the arrow (Figure 2), the protein
solution was made 2.4 mM in EDTA. It will be seen that after
addition of chelator, the autocatalytic activation reaction is
rapidly initiated.

Earlier studies have shown that when activation of the NGF
zymogen is initiated by high dilution of the protein, this re-
action is irreversible, i.e., it cannot be reversed upon subsequent
reconcentration of the enzyme (Young, 1979). This finding
is to be expected for an autocatalytic activation process. The
results illustrated in Figure 3 further demonstrate that the
reaction cannot be reversed by addition of Zn(II). A solution
of the protein was diluted to a concentration of 6.2 ug/mL
and incubated 1 h at 25 °C and the kinetics of Tame hydrolysis
measured. This procedure serves to activate the enzyme fully.
As shown in Figure 3A, the lag phase has been eliminated.
Following substrate exhaustion of the preparation used in
Figure 3A, this solution was treated with 1 mM Zn(Il), and
additional substrate was added. As shown in the first part of
Figure 3B, enzyme activity is somewhat inhibited. At the time
indicated by the arrow, the reaction solution was made 2.4 mM
in EDTA, and Figure 3B shows that the lag phase is absent.
It was not restored by prior addition of Zn(II). Taken to-
gether, these results indicate that once the activation reaction
has gone to completion, it cannot be reversed by Zn(II). It
should be pointed out that the results shown in Figure 3 are
obtained no matter how long the activated enzyme is treated
with the metal ion (at least up to 24 h).

The following studies indicate that, while the inhibition of
activity of the zymogen by Zn(II) is highly specific, inhibition
of the fully active enzyme by this ion is probably nonspecific.
If we compare the results shown in Figure 1B and Figure 3B,
it will be appreciated that the enzyme activity of the zymogen
is only ~ 5% of that of the fully activated protein—both in
the presence of 1 mM Zn(II). Consequently, we have com-
pared the enzyme activity of zymogen with that of active
enzyme over a wide range of Zn(II) concentrations. With
respect to the zymogen, results show that at Zn(II) concen-
trations of 0.1 uM and higher, autoactivation is completely
inhibited. At metal ion concentrations below 0.1 uM, slow
activation occurs, the rate of which depends on the Zn(II)
concentration. In contrast, the behavior of the activated en-
zyme under the same conditions is strikingly different. For
example, in the presence of 0.1 uM Zn(II), the activated
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FIGURE 4: Effect of DFP upon enzyme activity of NGF at high and
low protein concentrations. (O) NGF, 1.8 ug/mL, dissolved in 0.1
M potassium phosphate buffer, pH 7.0, was treated with 0.9 mM DFP.
At the indicated times, samples were withdrawn and made 1 mM in
Tame, and the velocity of hydrolysis was measured at 25 °C. (@)
Conditions are the same as those above except that 300 ug/mL NGF
was treated with 14 mM DFP.

enzyme is inhibited by only 30% compared to its activity in
the absence of Zn(II). Furthermore, when the metal ion
concentration is progressively raised (from 1 X 107 to 0.01
M), the degree of inhibition slowly increases from 17 to 85%.
Over this millionfold range of Zn(II) concentration, the in-
hibition isotherm is very broad and in no way resembles the
titration curve which would be expected if the protein—metal
ion interaction were characterized by a high association con-
stant such as that shown by the zymogen. Thus, we infer that,
while inhibition of autoactivation by Zn(II) is highly specific,
inhibition of the activated protein is nonspecific.

Inhibition of NGF Zymogen by DFP. One question which
now arises is whether the low level of Tame hydrolytic activity
observed with purified zymogen stems from intrinsic activity
of the zymogen itself, or from a small amount of already
activated enzyme. To approach this problem, we have exam-
ined the possibility that DFP might react with the zymogen.
In earlier studies, before we appreciated the existence of au-
toactivation of NGF, we were consistently unable to achieve
inhibition of enzyme activity with DFP. Figure 4 shows that
when the zymogen is diluted to a low concentration (1.8
ug/mL) at which activation occurs (Young, 1979), it can be
inhibited with DFP. Under these conditions, the apparent
second-order rate constant for inhibition is 19 L mol™! min™
and the half-life of the reaction is 55 min (at a DFP con-
centration of 0.9 mM). In contrast, when the protein was
prevented from self-activation by keeping the protein con-
centration high, no detectable inactivation by DFP (14 mM)
was observed (Figure 4). This result is fully consistent with
the concept of autocatalytic activation since before the proper
active-site configuration is generated, the DFP active site serine
reaction is strongly inhibited. However, further studies dem-
onstrate that the zymogen can be inhibited by DFP if ex-
traordinarily high concentrations of this reagent and long
reaction times are employed. A solution of the zymogen (6.2
ug/mL) was prepared with 0.1 M Tris-HCI, pH 7.5, con-
taining 1 mM Zn(I1) to block autocatalytic activation. This
solution was made 10 mM in DFP, and aliquots were with-
drawn over time for Tame assays. The DFP reaction was
followed for 24 h at 25 °C, and from plots of In (reaction
velocity) vs. time a second-order inactivation rate constant of
0.07 L mol™! min~! and a half-life of 18 h were obtained. This
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FIGURE 5: Effect of TLCK upon enzyme activity. NGF, 140 ug/mL,
dissolved in 0.1 M potassium phosphate, pH 7.0, was treated with
0.12 M EDTA for 1 h at 25 °C to activate the enzyme. This solution
was then made 0.04 M in TLCK, and samples were withdrawn for
Tame assays as a function of time.

value for the rate constant is nearly 300-fold less than that
observed with the fully activated enzyme. These results are
consistent with the idea that the zymogen itself possesses a
low level of intrinsic enzyme activity with Tame as substrate.
If this low level of activity were due to a small amount of
contaminating activated enzyme, we would have expected the
DFP inactivation rate constants to be identical.

TLCK Inhibition of Activated NGF. The observation that
activated NGF is inhibited by DFP suggested that it might
also be inhibited by TLCK which alkylates a specific histidine
residue at the active site of trypsin (Shaw, 1967). NGF zy-
mogen was activated, treated with 0.04 M TLCK, and assayed
over time for Tame activity. Figure 5 presents a plot of In
v, vs. time which yields an apparent second-order inactivation
rate constant of 0.23 L mol™ min™! (half-life = 75 min). Since
TLCK can alkylate amino acid residues other than histidine,
the above results do not prove that histidine participates in
the catalytic reaction of NGF. However, by anatogy with
other serine proteases, it would not be unexpected to find a
specific active-site histidine in this protein.

Discussion

The findings presented above indicate that the NGF zy-
mogen contains 1 g-atom of tightly bound Zn(II) per mol of
protein and that the fully autoactivated enzyme contains 1 mol
of DFP-reactive serine per mol. Our results on the Zn(II)
stoichiometry differ from those of Pattison & Dunn (1975)
who reported variable, nonstoichiometric values for the Zn(II)
content of 7S-NGF. Our results on the number of DFP-re-
active serine residues also do not agree with the reported
number of enzymically active subunits per mole of 7S-NGF
[see Server & Shooter (1978)]. The results presented here
imply that there is only a single active site serine subunit within
the structure of the NGF zymogen.

One of the problems pertaining to interpretation of the role
of Zn(II) in the structure and function of 7S-NGF is related
to the fact that the existence of a NGF zymogen (which can
undergo autocatalytic activation) was not established until
recently. For example, from their studies on 7S-NGF, Pattison
& Dunn (1975, 1976a,b) proposed that the enzymic activity
of both the v subunit and the parent molecule is inhibited by
Zn(II). The results presented above indicate that Zn(II)
inhibits the enzyme activity of the NGF zymogen, not because
it is an enzyme-inhibitory metal but because its presence in
the structure prevents autocatalytic activation. Further, Zn(II)
is not a potent inhibitor of NGF once it has been fully activated
by autocatalysis. For example, when the zymogen has been
fully activated, the enzyme retains ~15% of its control activity
even in the presence of Zn(II) concentrations as high as 0.01
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M. This latter observation is in agreement with results of
Pattison & Dunn (1976a,b) who found that 7S-NGF exhibits
an affinity for Zn(II) which is 10°-fold greater than that of
its component subunits.

From their studies on the role of Zn(II) in the structure and
function of 7S-NGF, Dunn and co-workers (Pattison & Dunn,
1976a,b; Au & Dunn, 1977) concluded that when Zn(II) is
removed by EDTA, the protein remains intact (i.e., does not
dissociate into subunits). This conclusion has been challenged
by Bothwell & Shooter (1978) who have argued that 7S-NGF
has no enzymic activity and that dissociation of the v subunit
of the 7S complex is required for expression of proteolytic
activity. Results of the present and earlier studies from our
laboratory are in agreement with the findings of Pattison &
Dunn (1976) and Au & Dunn (1977). For example, under
conditions when Zn(II) has dissociated from the zymogen, the
protein does not dissociate (Young et al., 1978), yet it is fully
catalytically active (Young, 1979).

The foregoing arguments are pertinent to a concept ad-
vanced several years ago that (1) the enzyme activity of the
v subunit of 7S-NGF is completely suppressed in the 7S
complex, (2) dissociation of the complex is required for ex-
pression of enzymic activity, (3) the 8 subunit is initially
synthesized as a larger precursor (a pro 3-NGF) and the v
subunit is responsible for enzymically processing this precursor,
and (4) the active site of the v subunit remains complexed with
the processed subunit and enzyme activity is thereby inhibited
[see Berger & Shooter (1977) for a discussion of this mech-
anism]. On the basis of studies on the autocatalytic activation
reaction (Young, 1979), we pointed out that such a mechanism
would appear to be an unlikely one since NGF exists largely
as a zymogen following purification from salivary glands.
Results of the present study indicate that reaction of the zy-
mogen with DFP proceeds ~300-fold more slowly than re-
action of this inhibitor with activated enzyme. This finding
suggests that the zymogen, like trypsinogen (Morgan et al.,
1972), displays an intrinsic, low level of activity with Tame
as substrate and that preparations of the zymogen are not
contaminated with small amounts of activated enzyme.
Consequently, it is difficult to see how an inactive zymogen
could be involved in posttranslational processing of one of its
subunits prior to autoactivation.

The observations that NGF exists as a zymogen, that the
zymogen undergoes autocatalytic activation, and that auto-
catalysis is normally inhibited by a metal ion makes this protein
an unusual enzyme system. The physiologic purpose of this
system is not known, but it could be that Zn(II) serves to act
as a control switch and thus to hold the protein in an inactive
form until it comes into contact with its naturally occurring
substrate.
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Carbamate Formation on the e-Amino Group of a Lysyl Residue as the Basis

for the Activation of Ribulosebisphosphate Carboxylase by CO, and Mg

George H. Lorimer* and Henry M. Miziorko*

ABSTRACT: Ribulosebisphosphate carboxylase (EC 4.1.1.39)
from spinach leaves forms a stable complex of enzyme-activator
COyMg-carboxyarabinitol bisphosphate. The CO, molecule
of this complex does not readily exchange with free CO,. The
enzyme-activator *CO,-Mg-carboxyarabinitol bisphosphate
complex was prepared free of unbound *CO,, and a vast molar
excess of 12CO, was added. This mixture was added to a
solution of diazomethane in methyl Cellosolve. The '*C ra-
dioactivity became “fixed” to the enzyme with a yield of about
50%. The fixation of the activator CO, to the enzyme by
diazomethane treatment occurred in a highly specific manner.
The methylated enzyme-activator *CO, did not undergo ex-
change with 12CO, and remained bound to enzyme denatured
with sodium dodecyl sulfate. The activator *CO, was bound
exclusively to the large catalytic subunit. Prolonged enzymatic

Kinetic (Lorimer et al., 1976; Badger & Lorimer, 1976) and
physical studies (Miziorko & Mildyan, 1974) have established
that the activation of RuBP! carboxylase involves the ordered
addition of CO,% and Mg?* (eq 1), with the addition of CO,
representing the rate-limiting step.
enzyme + CO, = enzyme-CO, + Mg?* =
(inactive)

enzyme-CO,Mg (1)

(active)
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2+ 1

hydrolysis (protease from Streptomyces griseus) of the
methylated enzyme-activator *CO, followed by amino acid
analysis yielded a single peak of '*C radioactivity. The com-
pound in this peak subsequently cochromatographed with
genuine N'-(methoxycarbonyl)lysine in a variety of chroma-
tographic systems (ion-exchange chromatography, reverse-
phase, high-pressure liquid chromatography, and thin-layer
chromatography with two solvent systems). Acid hydrolysis
(6 N HCl, 24 h, 115 °C) of the radioactive compound resulted
in the volatilization of the !*C. Fixation of the activator CO,
to the enzyme by diazomethane is due to the esterification of
the Nt-lysyl carbamate with the formation of /NV¢-(methoxy-
carbonyl)lysine. Thus activation of ribulosebisphosphate
carboxylase is achieved by the formation of a carbamate on
the e-amino group of a lysyl residue on the catalytic subunit.

The activator CO, is distinct from the CO, which ultimately
becomes fixed during carboxylation. This point has been
recently established through kinetic turnover experiments
(Lorimer, 1979) and the demonstration (Miziorko, 1979) that
a very stable quaternary complex of enzyme-activator CO,
Mg-2-carboxyarabinitol 1,5-bisphosphate can be formed.
CABP is an analogue of 2-carboxy-3-ketoarabinitol 1,5-bis-
phosphate, which is thought to be the six-carbon intermediate
of the carboxylase reaction (Siegel & Lane, 1973; Pierce et
al., 1980). CABP binds very tightly to the enzyme with a Kp
in the order of 107! M (Pierce et al., 1980). It is reasonable

! Abbreviations used: RuBP, ribulose 1,5-bisphosphate; CABP, 2-
carboxyarabinitol 1,5-bisphosphate; bicine, N,N’-bis(2-hydroxyethyl)-
glycine; NaDodSO,, sodium dodecyl sulfate.

2 CO,, rather than HCOy, is considered to be the species involved in
both activation (Lorimer et al., 1976) and catalysis (Cooper et al., 1969).
At the pH values used in the experiments here, HCO;™ is the predomi-
nant species in solution. The term CO, will be used to refer to the
mixture of CO; and HCO;~.
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