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On the Mechanism of Divalent Metal Ion Chelator Induced Activation
of the 7S Nerve Growth Factor Esteropeptidase.
Thermodynamics and Kinetics of Activation®

Scott E. Pattisont and Michael F. Dunn*

ABSTRACT: The 7S nerve growth factor protein (7S NGF)
is a multisubunit zinc metalloprotein containing a masked
trypsin-like esteropeptidase activity. Reaction of the native 7S
NGF oligomer with divalent metal ion chelators effects an
approximately sevenfold activation of the esteropeptidase
activity via the sequestering and dissociation of the 7S
NGF-bound zinc ion (Pattison, S. E., and Dunn, M. F. (1975),
Biochemistry 14, 2733; Pattison, S. E., and Dunn, M. F,
(1976), Biochemistry, preceding paper in this issue). In this
study, investigation of the relationship between chelator con-
centration and the extent of activation, as measured by the

The nerve growth factor protein (NGF)! promotes growth
and differentiation of the noradrenergic neurons of the superior
cervical ganglia and the sensory neurons of the dorsal root
ganglia (see reviews by Levi-Montalcini, 1966; and Schenkein,
1972). The 140 000-dalton nerve growth factor (7S NGF) is
an oligomeric protein consisting of three distinct classes of
subunits, «, 8, and v (Smith et al., 1968). The 3 subunit con-
tains the growth-promoting activity, while v is a potent tryp-
sin-like esteropeptidase which is inhibited while bound in the
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American Cancer Society Grants DT-4 (National Division) and 544
(California Division), and by funds from the University of California
Cancer Research Coordinating Committee.
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of the requirements for the Ph.D. degree and formed part of the disserta-
tion.

I Abbreviations uysed are: NGF, nerve growth factor; BAPNA o-N-
benzoyl-D,L-arginine-p-nitroanilide; Tris, 2-amino-2-hydroxymethyl-
1,3-propanediol; EDTA, ethylenediaminetetraacetic acid; CDTA,
(trans-1,2-diaminecyclohexane)tetraacetic acid; OP, o-phenanthroline;
NTA, nitrilotriacetic acid; BP, 2,2’-bipyridyl; MDA, N-methyliminodi-
acetic acid.
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steady-state rate of hydrolysis of a-N-benzoyl-D,L-arginine-
p-nitroanilide, has demonstrated that (a) the chelator-induced
activation is a freely reversible process, (b) activated 7S NGF
undergoes a slow loss of reversibility when incubated with
chelator over long time-periods, (c) the affinity constant of 7S
NGF for zinc ion is ~101%3 £ 1093 M~!, (d) chelator activa-
tion depends only on the ability of the chelator to sequester zinc
ion, and (e) the activation process does not involve dissociation
of the 7S oligomer to smaller subunit aggregates under con-
ditions of low ionic strength.

oligomer (Greene et al., 1969). The existence of a stable oli-
gomer (7S NGF) that appears to be no more biologically active
in eliciting neurite outgrowth than one of its subunits (3) in the
in vitro organ culture assay (Varon et al., 1967) has raised
questions concerning the functional significance of the « and
+ subunits. The objective of our studies has been to investigate
the physical and enzymatic interactions between the y enzyme
and the « and § subunits in 7S NGF in order to define the
structural and functional properties of the oligomeric pro-
tein.

Our previous studies have established the following: (1) 7S
NGF is a zinc metalloprotein, (2) zinc ion is a potent and
specific inhibitor of both the native 7S NGF esteropeptidase
and the y-esteropeptidase (K; ~ 8 X 10~7 M) (Pattison and
Dunn, 1975), and (3) zinc ion interacts directly with chelators
during 7S NGF esteropeptidase activation (Pattison and Dunn,
1976).

In this paper, we establish (1) chelator activation of the 7S
NGF esteropeptidase is a reversible phenomenon that appears
to involve direct interaction of the chelator with zinc ion (and
not subunit dissociation), (2) the affinity of 7S NGF for zinc¢
ion is several orders of magnitude higher than the affinity of
any of the isolated subunits for zinc ion, and (3) both ther-
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modynamic and kinetic evidence strongly indicate that che-
lator-induced activation is dependent only on the chelating
ability of the chelator.

Materials and Methods

The 7S NGF was isolated from the submaxillary glands of
adult Swiss-Webster male mice (>35 g) according to the
method of Varon et al. (1967). The individual subunits were
isolated from 7S NGF via the method of Smith et al. (1968).
All protein manipulations were carried out at 5 °C. Protein
concentrations were determined as previously described
(Smith, 1969; Pattison and Dunn, 1975).

The chromophoric substrate, a-N-benzoyl-D,L-arginine-
p-nitroanilide (BAPNA) (Sigma) was used to determine the
esteropeptidase activity of both 7S NGF and the v subunit by
the procedure of Pattison and Dunn (1975). For each assay,
the rate of p-nitroaniline production in 0.05 M Tris buffer
(Sigma), pH 7.40, was monitored at 410 nm with either a
Beckman DB-GT or a Varian 635 spectrophotometer at 25 £
0.2 °C. The kinetic experiments were initiated by addition of
either the esteropeptidase or BAPNA to a Tris-HCI buffered
solution of the other assay components. The specific details of
each assay are given in the appropriate figure captions, see
Results.

Structural studies via gel filtration were carried out using
both Bio-Gel P-100 and P-4 columns (each 1 X 50 ¢cm). Con-
trol elution patterns were obtained by applying native 7S NGF
to the same columns equilibrated with 0.05 M Tris buffer, pH
7.4. The same column was then reequilibrated with 0.05 M Tris
buffer containing 1 mM EDTA, and 7S NGF, preincubated
with 1 mM EDTA, was eluted again. The gel filtration was run
at room temperature with a pressure head of ~45 cm.

Sedimentation velacity centrifugation was carried out using
a Beckman Model E analytical ultracentrifuge equipped with
an AN-D rotor and photoelectric scanner attachment. All runs
were made at 59 780 rpm, 20 °C in 0.05 M Tris buffer, pH 7.4.
The protein concentrations were approximately 0.4 mg/ml.

Results

Thermodynamics of Chelator Activation. The concentra-
tion dependence of the chelator-induced activation of the 7S
NGF esteropeptidase activity, measured as the rate of hy-
drolysis of a-/N-benzoylarginine-p-nitroanilide (BAPNA), is
shown in Figure 1. These data show that at low chelator con-
centrations, increases in chelator concentration bring about
nearly proportional increases in esteropeptidase activity for
all chelators but EDTA, CDTA, and terpyridine. EDTA,
CDTA, and terpyridine yield sigmoidal dependencies. At
higher chelator concentrations, the extent of activation satu-
rates for all chelators. When the various chelators, each at a
concentration capable of maximally activating the 7S NGF
esteropeptidase, are incubated with a standardized 7S NGF
solution, the same final activated rate is achieved in all cases.
(Since different preparations of 7S NGF were used for the
various isotherms presented in Figure 1, the different saturated
activities observed for different chelators reflect slight varia-
tions in the concentrations of native 7S NGF employed.)

It is clear in Figure 1 that the various chelator activation
isotherms show varying degrees of sigmoidicity. The degree
of sigmoidicity has been quantitated via a “Hill plot” (Table
I). (In this regard, use of the Hill coefficient, n, is not intended
to convey a mechanistic significance.)

Markedly sigmoidal activation occurs both with a tridentate
heterocyclic chelator (terpyridine) and with hexadentate
carboxylic acid chelators (EDTA, CDTA) (Figure 1d). Within
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FIGURE 1: The dependence of the extent of 7S NGF esteropeptidase
activation on the concentration of selected divalent metal ion chelators.
A concentration of 0.2 % 0.05 uM 7S NGF was incubated in 0.05 M Tris
buffer, pH 7.4, with a selected chelator under the following conditions:
(1) for all chelators except EDTA, the chelator-7S NGF mixture was
incubated at room temperature for at least | h prior to initiation of the
esteropeptidase assay, (2) the EDTA-7S NGF mixture was incubated
at 5 °C for 24 h prior to initiation of the esteropeptidase assay. The
steady-state esteropeptidase activity was assayed by measuring the hy-
drolysis rate (v) for the artificial amide substrate, BAPNA. The assay was
initiated by addition of a 10-ul-aliquot of substrate to give a final BAPNA
concentration of 1 mM. The divalent metal ion chelators investigated are:
(a) 2,2’-bipyridy!l (BP, O) and N-methyliminodiacetic acid (MDA, 0O),
(b) o-phenanthroline (OP, O) and 8-hydroxyquinoline-5-sulfonic acid
(HQSA, 0), (c) nitrilotriacetic acid (NTA, 0), (d) EDTA (0) CDTA
(0), and 2,2’,2”-terpyridine (A).

their respective structural classes (either heterocyclic or car-
boxylic acid), these sigmoidal-activating chelators have the
highest ligand per chelator ratio of the various chelators that
were studied. These chelators also elicit activation at relatively
low chelator concentrations in comparison to the nonsig-
moidal-activating chelators.

Reversibility of Chelator Activation. Under normal cir-
cumstances, removal of small-molecular-weight effectors via
dialysis may restore a protein to its native state. However, a
reversal of chelator activation could not be achieved by this
method for the following reasons: (1) removal of chelator from
7S NGF by dialysis also removes the zinc ions that are en-
dogenous to native 7S NGF; (2) the time span necessary for
dialysis allows irreversible protein changes to occur (see below).
As activation involves divalent zinc ion chelation (Pattison and
Dunn, 1976), the addition of excess divalent metal ions to a
chelator-activated 7S NGF assay mixture should reverse the
activation by lowering the effective concentration of chelator.
The validity of this approach is based on the finding that, of
a number of common divalent metal ions tested (Cu2*, Ca?t,
Mg?+, Mn?*, Ni?*, Zn?"), only zinc ion, at concentrations
below 0.25 mM, produces significant inhibition of the 7S NGF
esteropeptidase (see Pattison and Dunn, 1975).

Due both to the relative stability of the Cu(II) oxidation
state and to the relatively high affinity of Cu(II) for divalent
metal ion chelators, this ion was chosen for a detailed investi-
gation of activation reversal brought about by added metal ion.
The concentration dependence of the Cu(II)-mediated reversal
adheres to a sigmoidal isotherm with a Hill coefficient of 2.7
+ 0.9 for EDTA (Figure 2). Thus, both the concentration
dependence of EDTA activation and the concentration de-
pendence of the reversal of the activation by Cu(II) show,
within experimental error, the same sigmoidicity. Note that
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TABLE I: Equilibrium Constants for the Interactions between Chelator, 7S NGF, and Zinc Ion.¢

Chelator-7S NGF
Interaction

Chelator-Zn2+ [Che] at V; 8 NGF".ZHH Hill
Interaction + B (Vmax = V5) Interaction Coefficient

Chelator4 Kche? (uM) Kealed? AG© Kys@ n¢

o-Phenanthroline (3) 1016 M—3 60 105 M2 —14.4 101 1.4
8-Hydroxyquinoline-3-sulfonic acid (3) 1013 M2 70 102 M-! —-14.4 10U 1.2
2,2" Bipyridine (3) 10134 M3 700 1025M=2  —14.4 10! 12
N-Methyliminodiacetic acid (2) 1010 M2 400 100 M—! —13.1 1040 1.0
Nitrilotriacetic acid (1) 108 M~! 10 1072 M0 -13.1 1010 1.2
trans-1,2-Diaminecyclohexanetetraacetic acid (1) 10143 M~! 1 10~ MO —-20.0 1015 2.2
(Ethylenediamine)tetraacetic acid (1) [{URERDY ind 1 107! MO -18.5 104 2.4
2,2',2”-Terpyridine (2) 1012 M2 2 100 M-! -9.2 107 2.6

4 Values calculated assuming a mechanism as discussed in the text (eq 1-5) and Ks is given as M1, Note that equilibrium constants have
been rounded to the closest order of magnitude in most instances. © Values are taken from Sillén and Martell (1964) assuming a normal zinc
ion—chelator binding stoichiometry. ¢ AGy is given in kcal/mol. 4 The most stable zinc ion-chelator binding stoichiometry (x) (Silién and
Martell, 1964) is given in parentheses for each chelator. ¢ Values taken from Hill plots for the data presented in Figure 1.
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¥IGURE 2; The Cu(Il) concentration dependence of both EDTA-treated
and native 7S NGF esteropeptidase activities. The effects of Cu(II)
treatment on the 7S NGF esteropeptidase activity were determined under
the following three sets of conditions: (1) a 0.05 M Tris, pH 7.4, buffered
solution containing approximately 0.2 uM 7S NGF and 2.5 uM EDTA
was first incubated for a minimum of 45 min at room temperature and then
incubated for 10 min with various concentrations of Cu(II) (points des-
ignated by O in A and B); (2) following incubation of the same 7S
NGF-EDTA mixture as in (1), the solution was incubated with 10 uM
Cu(ID) for 15 min. Then EDTA (final concentration, 10 uM) was added
and the mixture was incubated for an additional 10 min with various
concentrations of Cu(1I) (points designated by O in A); (3) a concentration
of ~0.2 uM 7S NGF was incubated for 45 min in 0.05 M Tris buffer, pH
7.4, and then incubated for 10 min with various concentrations of Cu(II)
(points designated by A in B). A 10-ul aliquot of the BAPNA substrate
was added in each experiment (final concentration | mM) to initiate the
esteropeptidase assay. The esteropeptidase activity corresponds to the
BAPNA hydrolysis rate (v, the rate of change of 44,0 with time). The inset
to this figure shows plots of log [0/(Vmax — ©)] vs. the log of the effective
EDTA concentration for the data presented in Figure 3A. The effective
EDTA concentration is approximated as the difference between the total
EDTA concentration and the Cu(II) concentration.

only a slight excess of copper ion over EDTA is necessary to
produce full reversal of the chelator-induced activation. The
cycle of activation and reversal may be repeated on the same
enzyme mixture with reproducible results (Fig. 2A). Once
reversal is achieved, divalent copper ion elicits no further effect
on the residual esteropeptidase activity over an incubation
period of 48 h. Therefore, by all criteria examined, divalent
copper ion causes a true reversal of EDTA-mediated activa-
tion.
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During these experiments, it was noted that the ability of
copper ion to effect reversal gradually diminished as the length
of contact time between chelator and 7S NGF increased. In
fact, after 24 h of incubation at room temperature, it was found
that the addition of copper ion no longer brings about a reversal
of chelator-induced activation. However, loss of reversibility
has no effect on the esteropeptidase activity of activated 7S
NGF.

The kinetics of the loss of reversibility were investigated by
incubating 7S NGF with EDTA for various times followed by
the addition of excess amounts of copper ion. This loss of re-
versibility fits a first-order rate law with a rate constant of 2.5
X 1073 min~! at 25.0 £ 0.2 ° C. Once 7S NGF has been in-
cubated for 17 h, subsequent incubation of the assay mixture
with Cu(II) for 30 h does not diminish the elevated estero-
peptidase activity.?

Several concentration variables were found to have little or
no effect on the rate constant for this slow step: (1) A 50%
decrease in the 7S NGF concentration causes no significant
change in the rate constant, although the initial rate is de-
creased by a similar proportion. (2) A twofold increase in the
esteropeptidase activity brought about by the addition of ¥
enzyme to the assay mixture has no significant effect on the
first-order rate constant. (3) A change in chelator concentra-
tion (i.e., three concentrations of EDTA, 2.5, 10, 25 uM, or two
concentrations of 8-hydroxyquinoline-5-sulfonic acid, 0.1, 0.25
mM) produces no significant change in the rate constant.

Molecular Weight Changes Associated with Chelator Ac-
tion. The EDTA system was chosen to investigate the effects
of chelator concentration on the NGF aggregation state on the
basis of chelator solubility and effectiveness in eliciting est-
eropeptidase activation. Since under saturating conditions
(Figure 1) all the chelators used produce the same extent of
activation (i.e., they yield the same final V. value), it is as-
sumed here and in the following discussion that the same final
state is attained in each instance. Although the experiments
have been limited to studies of the EDTA interaction with 7S
NGF, the molecular weight data will be treated as a general
chelator phenomenon.

Gel filtration of relatively small amounts of native 7S NGF
(2 mi of ~4 uM) through a previously calibrated P-100 Bio-

2 Use of the term “irreversible” here is both defined and limited by this
observation.
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Gel column at room temperature gave an elution profile with
the protein peak eluting in the void volume. The shape of the
trailing edge of this peak suggests the presence of trace
amounts of molecular weight species that are smaller than the
7S NGF oligomer. The esteropeptidase activity of each frac-
tion was found to be approximately proportional to the protein
content of the fraction as measured by the 280-nm absorbance,
Specific activity determinations for the main peak indicated
that this protein possesses a specific esteropeptidase activity
characteristic of native 7S NGF.

This same P-100 column was also equilibrated witha 1 mM
EDTA solution. After incubation of 7S NGF with 1 mM
EDTA for 30 min, the protein-EDTA mixture was applied to
the column and eluted with buffer containing 1 mM EDTA.
As with the control experiment, elution through the column
required about 2 h. Thus, the 7S NGF is exposed to EDTA for
only a short time relative to the time-course of the irreversible
activation process. The elution pattern for this EDTA-equili-
brated P-100 column was found to be indistinguishable from
the profile of the control experiment. Again, the esteropep-
tidase activity was found to be proportional to the protein
concentration as determined by 280-nm absorbance mea-
surements. However, the esteropeptidase activity of the
high-molecular-weight species was elevated approximately
fivefold relative to the control.

A second set of experiments was carried out to compare the
effects of EDTA on the zinc content of EDTA-treated 7S NGF
on gel filtration through a P-4 Bio-Gel column. The untreated
sample showed a zinc elution profile that was nearly coincident
with the protein elution profile. However, after incubation with
| mM EDTA for 30 min and elution over the same column
equilibrated with I mM EDTA, the elution patterns showed
that 7S NGF and zinc ion are well separated. Again, the est-
eropeptidase activities of the resulting protein fractions cor-
respond respectively to native and to activated 7S NGF.

More sensitive molecular weight studies were undertaken
via sedimentation velocity centrifugation in 0.05 M Tris-HCI]
buffer at pH 7.40. By use of the photoelectric scanner at-
tachment, it was possible to carry out velocity sedimentation
studies under the same conditions of concentration as the
protein concentrations employed for the esteropeptidase ac-
tivity assays. (A concentration of 1 mM EDTA produces
maximum activation for protein concentrations up to at least
0.45 mg/ml.) In agreement with the findings of Smith et al.
(1968), the data indicate that at protein concentrations of
approximately 0.4 mg/ml, the native 7S species is in equilib-
rium with small amounts of one or more smaller species in the
absence of EDTA. This conclusion is based on the observation
of a slight skewing of the protein solution-solvent interface in
the sedimentation profile that becomes increasingly prominent
with increasing EDTA concentration. However, at an EDTA
concentration sufficient to cause maximum esteropeptidase
activation (i.e., | mM), the sedimentation pattern is essentially
identical with that of native 7S NGF in the absence of EDTA.
At higher EDTA concentrations (0.01 to 0.1 M) dissociation
to lower molecular weight species is observed.3

3 Sucrose density gradient studies (A. M.-J. Au and M. F. Dunn, un-
published results) show that the extensive dissociation observed at high
EDTA concentrations (0.01-0.1 M) is primarily due to the high ionic
strengths of these solutions rather than to a specific effect of the chelator.
The sucrose density gradient studies at lower EDTA concentrations (0.25
mM) indicate that EDTA-activated 7S NGF has a slightly lower apparent
sedimentation coefficient than native 7S NGF. However, gel isoelectric
focusing studies on the high-molecular-weight fraction from the gradient
show the presence of all three subunit classes in the activated species.
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FIGURE 3: (A) Comparison of the effects of chelator on the 7S NGF-
catalyzed hydrolysis of BAPNA. Trace a shows the initial time course for
the hydrolysis of BAPNA by ~0.2 uM 7S NGF in the presence of 0.1 mM
EDTA. The 7 value for chelator activation is the time point obtained on
extrapolation of the final steady state esteropeptidase rate (- - -) back to
zero reaction (i.e., the abscissa intercept). Trace b shows the steady-state
rate of BAPNA hydrolysis by 7S NGF in the absence of added chelator.
(Data taken from Pattison and Dunn, 1975). The dependence of 7 on the
reciprocal of the o-phenanthroline concentration is shown in B. The de-
pendence of r on | /(EDTA) (—) is compared with the dependence of 7
on 1/(ter) (--+) in C. The values of 7 were obtained as shown in Figure
3A. Procedure: A 1-ml sample containing ~0.2 uM 7S NGF in 0.05 M
Tris buffer, pH 7.4, was incubated at room temperature for 1 h prior to
the addition of BAPNA (final concentration, | mM). Then an aliquot of
chelator was added, the solution was mixed, and the time course of the
absorbance changes at 410 nm was monitored.

Kinetics of Chelator Activation of the 7S NGF Estero-
peptidase. In order to simplify the kinetics of the activation
process, the measurement of the rate of activation has been
limited to conditions that render the kinetics quasi-irreversible.
Thus, these measurements are restricted to chelator concen-
trations that exceed that necessary to produce maximum ac-
tivation. Under these quasi-irreversible conditions, the rate of
change of the steady-state esteropeptidase activity provides
a measure of the rate of the activation process (Pattison and
Dunn, 1975, 1976). The time value, r, obtained from extrap-
olation of the final steady-state rate back to the abscissa in-
tercept, as illustrated in Figure 3A, provides a convenient
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measure of the rate of activation. The relationship of 7 to the
specific rate constant(s) involved in the process of activation
is given in the Appendix. Evidence for the validity of the pro-
posed kinetic scheme on which this derivation is based is pre-
sented in the following paragraphs.

Investigation of the concentration dependence of 7 (Figure
3C) has demonstrated that for carboxylic acid chelators (e.g.,
MDA, NTA, EDTA, and CDTA) activation is zero-order in
chelator, and that, within the limits of experimental error, the
carboxylic acid chelators all produce activation with identical
7 values (~11 min).

However, for heterocyclic chelators (e.g., BP, OP, HQSA,
and terpyridine) 7 exhibits a dependence on chelator concen-
tration that is between zero- and first-order (Figure 3B,C). The
kinetics of heterocyclic chelator-induced activation have been
analyzed in detail for both o-phenanthroline and terpyridine.
Because the solubility of terpyridine is lower than the solubility
of o-phenanthroline, it was not possible to study both chelators
over Lhe same concentration range. Since terpyridine is a more
effective activator than o-phenanthroline, it was possible to
examine the concentration dependence of the terpyridine ac-
tivation kinetics at relatively lower concentrations of terpyri-
dine but under conditions where the chelator still produces
maximum activation (i.e., the quasi-irreversible condition still
applies). Figure 3C shows that at low terpyridine concentra-
tions 7 approaches a limiting value that is approximately the
same as that found for charged carboxylic acid chelators. At
higher concentrations, = decreases for both heterocyclic che-
lators (Figure 3B,C). In the concentration range examined
with o-phenanthroline, a plot of 7 vs. the reciprocal of the
chelator concentration shows a linear dependence that ap-
proaches a limiting value of approximately 0.6 min when ex-
trapolated to infinite chelator concentration (Figure 3B). Thus,
for heterocyclic chelators, the activation rate is dependent on
the chelator concentration, and 7 approaches a minimum
(limiting) value at high chelator concentrations. Note also that
at lower heterocyclic chelator concentrations ~ approaches the
value obtained for carboxylic acid chelators (~11 min, Figure
30).

Discussion

The phenomenon of 7S NGF esteropeptidase activation by
divalent metal ion chelators occurs with chelators of widely
varying structure and ligand number (Figure 1). The fact that
activation to the same final state occurs independent of the
structure and charge properties of the chelator makes it ap-
parent that the primary chelator-7S NGF interaction does not
involve a stereospecific, small-molecule binding site on the
protein. Thus, the activation process is primarily dependent
on chelating ability, and the specificity of action (see Figure
1) derives from this property.

The molecular weight studies via both velocity sedimenta-
tion and gel filtration clearly establish: (1) that 7S NGF does
not undergo gross changes in molecular weight during the
activation process,>* and (2) that the action of the chelator

4 The molecular form(s) of NGF have not been rigorously defined for
the standard assay conditions. Thus, the 7S NGF-Zn oligomer is assumed
to be the predominant species, since (a) only ~10% of the esteropeptidase
1s active (Greene et al., 1969), (b) 7S NGF-Zn is the only inhibited form
of the esteropeptidase known to be present under the conditions of the assay
(Greene et al., 1969), and (¢) 7S NGF-Zn is the most stable aggregate
form of the @, 8, and v subunits (Smith et al., 1968). However, our un-
published gel-filtration studies (A. M.-J. Au and M. F. Dunn) show that
substrate binding does not grossly alter the molecular weight of the
EDTA-activated 7S NGF oligomer.
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involves removal of zinc ion from the protein.

Proof of the true equilibrium nature of the activation iso-
therms is obtained from the demonstration that the activation
process is reversible. Figure 2 shows that reversal can be
achieved by decreasing the effective concentration of chelator
via the addition of exogenous Cu(II) ion. That this is a true
reversal is established as judged by the following criteria: (1)
EDTA activation is sigmoidal ‘as is the concentration depen-
dence of the reversal process. (2) The cycle of activation and
activation reversal does not show hysteresis. (3) As reported
in our previous work (Pattison and Dunn, 1975), the divalent
metal ions used to effect activation reversal do not inhibit the
native 7S NGF esteropeptidase activity. Once activation via
the action of a chelator has been achieved, there occurs a slow,
irreversible process that involves loss of the ability of cupric
ion to effect the reversal of chelator activation on a time scale
of hours. Since the rate of this process is independent of che-
lator structure and concentration (at concentrations above that
necessary to elicit full activation), and since the activity of 7S
NGF which has not been treated with chelator undergoes no
significant change in activity on this time scale, it appears that
the loss of reversibility must depend upon prior esteropeptidase
activation,

The affinity of the 7S NGF oligomer for zinc ion can be
estimated from the thermodynamics of the chelator-induced
activation if it is assumed that: (1) 7S NGF-Zn exists pre-
dominantly as the 7S oligomer at concentrations that ap-
proximate the assay conditions.? (2) Only the reactant and
product species exist in significant concentrations at equilib-
rium, e.g., ternary complexes involving 7S NGF-Zn-Che are
assumed to be relatively insignificant species compared with
7S NGF, and 7S NGF-Zn at equilibrium; (3) the zinc ion sites
of 7S NGF are independent and equivalent. (It will be shown
that this assumption gives rise to inconsistent results when
applied to the sigmoidal-activating chelators.)

According to these assumptions, the overall reaction is de-
scribed by eq 1 and 2:

Kealed

xChe + 7S NGF-Zn—==Che,Zn + 7S NGF, (1)

- (Che;Zn) (7S NGF,)
cled ™ (Che)* (7S NGF-Zn)

where 7S NGF, is the activated (zinc ion free) protein and 7S
NGF-Zn is the native zinc metalloprotein.

The ratio of 7S NGF, to 7S NGF-Zn upon chelator-in-
duced activation has been approximated by the relative in-
crease in esteropeptidase activity over the basal rate. The values
for K a1ca have been estimated by noting that when the ester-
opeptidase activity is equal to V; + A(Vmax — Vi), then (7S
NGF-Zn) = (7S NGF,) = (Che,Zn) = (7S NGF-Zn)o
and that (Che) = (Che)g — (Che,Zn). The subscript desig-
nations are as follows: i, the rate of BAPNA hydrolysis ob-
served in the absence of chelator; a, the activated 7S NGF
esteropeptidase; 0, initial concentration. The stoichiometry of
chelator binding (x) is a function of the chelator structure and
varies from one to three for the chelators that have been studied
(See Table I). The chelator-Zn ion binding stoichiometries
for the various chelators (x) are assumed to be that of the most
stable zinc ion complex (Sillén and Martell, 1964). Equilib-
rium constants, K a1cd for the reaction shown ineq 1, also are
listed in Table I.

Note that eq 2 may be expressed as the two-component re-
action sequence:

(2)

K¢ e
xChe + Zn(H;0)s === Che, Zn + 6H,0 3)
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1/K
7S NGF-Zn =2 7S NGF, + Zn(H,0)s  (4)

Keaicd = Kche/K7s (5

With a knowledge of the chelator affinity constant for zinc ion,
K che, reexpression of the overall equilibrium process as eq 3-5
allows calculation of the 7S NGF affinity for zinc ion, K7s. The
zinc ion-chelator affinity constants (Kcp) given in the liter-
ature (Sillén and Martell, 1964) are, to a good approximation,
valid under the conditions employed in these assays. Although
the same temperature was employed for all the measurements,
" the ionic strength conditions under which the literature Kche
affinity constants were calculated deviate from the experi-
mental conditions by as much as 0.05 M. Calculations (ac-
cording to the Debye-Hiickel approximation, Rossotti and
Rossotti, 1961) indicate that such a deviation will cause a
perturbation in Kcp, that is less than the experimental error
(ca. a factor of 2) associated with the estimation of the overall
equilibrium constant, Kc,icq. The assay buffer anions interact
so weakly with zinc ion (Sillén and Martell, 1964) that no
correction is necessary. The chelator-zinc ion affinity constants
(corrected to the pH conditions of the assay) are listed in Table
L.

The 7S NGF-zinc ion affinity constants (K7 values) have
been calculated from eq 5 and are listed in Table I. For those
chelatars that show an approximately hyperbolic activation
isotherm, K75 = 10195 £ 1095 M~!. Note that this value is
relatively constant for the first five chelators listed in Table I.
This series of chelators is characterized by: (1) zinc ion-che-
lator affinity constants which cover a 10%-fold range, (2)
structures that vary from neutral heterocyclic chelators to
charged aliphatic chelators, and (3) stoichiometries of chela-
tion that vary from 1 to 3 chelators/zinc ion. The consistency
of the calculated zinc ion-7S NGF apparent affinity constants
strongly suggests that the “hyperbolic” activating chelators
all operate via the same mechanism.

The three chelators that show a clear sigmoidal concentra-
tion dependence of activation (2,2’,2”-terpyridine, CDTA,
EDTA) give values for K7s, calculated via eq 1-5, which differ
significantly from the values calculated for the “hyperbolic”
activating chelators. This lack of consistency implies that the
equilibrium expression of eq 1 is not applicable to these sys-
tems. The following considerations suggest that the binding
mechanism proposed in eq 1 should not hold for *“sigmoidal”
activating chelators: (1) the sigmoidal isotherm implies that
the zinc ion sites on 7S NGF are not independent and equiv-
alent, (2) the high affinities of EDTA and CDTA for divalent
metal ions probably render invalid the estimation of K, 4 via
the approximations used above, (3) the terpyridine spectral
studies (Pattison and Dunn, 1976) raise the possibility that
stable 7S NGF-Zn2*-chelator ternary complexes may be
significant for at least this chelator, and (4) in the case of ter-
pyridine the spectral changes that accompany the terpyri-
dine-7S NGF reaction (Pattison and Dunn, 1976) yield a
sigmoidal isotherm when the concentration variable plotted
is either free or total chelator. Therefore, the sigmoidicity in
the isotherm can not be due to the presence of contaminating
metal ions. Because of the complex nature of the sigmoidal
activation isotherm, no alternative calculation to determine
the zinc ion-7S NGF affinity for these systems is proposed.

The kinetics of chelator-induced activation provide evidence
as to the mechanism of the chelator action. As detailed in the
Results (Figure 3), the apparent rate constant (1/7) for acti-
vation by carboxylic acid chelators is independent of chelator
concentration, while 1/7 values for heterocyclic chelators in-
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crease with increasing chelator concentration. Therefore, the
kinetics of the overall activation process are consistent with a
mechanism involving two parallel pathways as illustrated in
eq 6:
kl
xChe + 7S NGF-Zn ? 78 NGF, + (Che),Zn

k-,\‘kz Ry [ Ros (6)
(x — 1)Che + Chre(7S NGF-Zn)

ky

7S NGF, +S — 7SNGF, +P

One pathway (ki, k-;) involves dissociation of the 7S
NGF-bound zinc ion(s) to give the activated esteropeptidase
(7S NGF,) via a process which is zero order in chelator con-
centration. The second pathway involves the reversible for-
mation of a complex between 7S NGF and chelator (step k3,
k_,) that then breaks down in a rate-limiting step (k3, k-3)
to give the activated species. Note that this kinetic scheme
takes into account only those species that influence the kinetics
of the overall activation process. Hence, species involving the
rapid preequilibrium complexation of the 7S NGF-bound zinc
jons by chelators such as terpyridine and HQSA (Pattison and
Dunn, 1976) have not been included.

The mathematical treatment of this model is based on a
more general transient kinetic model as given by Gutfreund
(1965). The detailed derivation of the rate equations is pre-
sented in the Appendix. The expression derived for this
mechanism relates the chelator concentration to an experi-
mentally derived quantity, .

- _ka(Che) ks + 1
ki + kaka(Che)/k_»

The value, 7, is defined as the time value obtained from ex-
trapolation of the final steady-state rate back to the abscissa
(Figure 3A). As 7 is given by a complex expression involving
rate constants and concentrations, two limiting cases are
considered: (1) if only the reaction via k, is significant, i.e., if
(Che)kyfk_» <1 and k3k2(Che)/k_» < ki, then the equation
simplifies to r & 1 /ky; (2) if the reaction via k3 dominates at
high chelator concentrations, i.e., if k3k2(Che)/k_; > &y, then
72 1/ky+ k—5/[k3k2(Che)]. Such a model predicts that the
activation rate will show a dependence on the chelator con-
centration that saturates at high chelator concentration with
a rate constant that approaches k3. In this instance, the con-
centration dependence of 7 will be a direct function of Kp (i.e.,
k_»/k,) for a particular chelator.

Case 1 applies to those carboxylic acid chelators for which
7 shows no significant chelator concentration dependence
(Figure 3C). The 7 values for these chelators (~11 min) give
a calculated activation rate constant (k;) of ~1.5 X 1073571,
In terms of this model, the constant, Kp, for carboxylic acid
chelator-7S NGF binding is high enough that activation via
the second process (k3) is insignificant over the concentration
range of interest. However, for heterocyclic chelators at high
chelator concentrations (Figure 3B) the pathway via k;
dominates. Figure 3B yields a Kp for heterocyclic chelator
binding to 7S NGF of ~1 mM and an activation rate constant,
k3, of ~1.6 X 10~2s~1, Another heterocyclic chelator, terpy-
ridine (Figure 3C), has been studied in a concentration range
where neither limiting case is fully applicable. However, at low
terpyridine concentrations, = approaches a value of 11 min,
while at high concentrations the second activation process (k3)
becomes important. Again, the calculated Kp value is 1 mM.
Note that the magnitude of Kp rules out the possibility that
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the binding step (k2, k—») and the rapid process that occurs
when terpyridine (or HQSA) is mixed with native 7S NGF
(Pattison and Dunn, 1976) are the same process. As the acti-
vation process via k3 appears to be restricted to heterocyclic
chelators, the possibility is raised that this process may be less
dependent on affinity for divalent metal ion than on the hy-
drophobic and/or planar aromatic character of these com-
pounds.

Greene et al. (1969) postulated that the increase in specific
esteropeptidase activity observed when 7S NGF is subjected
10 high dilution acrues from the dissociation of 7S NGF. In
contrast, the gel filtration and velocity sedimentation experi-
ments strongly indicate that chelator-induced activation does
not involve dissociation of 7S NGF to lower molecular weight
species at low chelator concentrations.>* Nevertheless, sig-
nificant dissociation occurs at high EDTA concentrations
(Pattison and Dunn, 1975). This dissociation appears to be an
ionic strength effect.? Gel filtration experiments show the
presence of an activated, associated species at concentrations
as low as 0.1 mg/ml (~1 pM). These results provide clear
evidence that strong interactions between 7S NGF subunits
remain in the absence of divalent metal ions. Thus, both these
experiments and the kinetic experiments described above imply
a mode of activation that does not involve subunit dissocia-
tion.

In view of the reported sequence homology between proin-
sulin and the 8 subunit or 2.5S NGF (Frazier et al. 1972), the
possibility is raised that zinc ion plays a role for NGF that is
similar to the role(s) played by zinc ion in the structure and
function of insulin. It has been postulated that zinc ion acts to
control the conversion of proinsulin to insulin and that zinc ion
plays an important rolé in the storage and release of the hor-
mone from the 3 cells of the pancreas (Blundell et al., 1972).
A similar function for zinc ion in relation to the 8 subunit would
imply that regulation of the vy-esteropeptidase activity by zinc
ion is important in controlling the conversion of a putative
“pro-NGF" to the active growth factor. Furthermore, since
zinc ion binds more tightly to the 7S oligomer than to any of
the 7S NGF subunits, removal of zinc ion must decrease the
stability of the oligomer toward dissociation. Therefore, it is
possible that zinc ion also plays a role in regulating the disso-
ciative release of the active growth factor from its storage cells
{by analogy to the role postulated for the interaction of zinc
ion and insulin in the pancreas).

On the other hand, there are some striking differences be-
tween the relationship of zinc ion to 7S NGF and the rela-
tionship of zinc ion to the insulin hexamer. First, zinc ion ap-
pears to be bound with a much higher affinity in 7S NGF (Kp
= 107" M) than in the insulin hexamer (Kp =~ 1 uM, Blun-
dell et al. 1972). Second, the subunits of zinc-free 7S NGF
interact much more strongly than do the subunits of zinc-free
insulin (which dissociates completely in the absence of zinc ion
at protein concentrations of ~1 uM, Blundell et al. 1972).
Finally, zinc ion inhibits the 7S NGF esteropeptidase activity,
a phenomenon which has no analogy to the insulin hexamer.

These differences in the interaction between zinc ion and
7S NGF vs. zinc ion and the insulin hexamer necessitate con-
sideration of other functional models for the zinc ion of 7S
NGF. In contrast to the above intracellular model, it is im-
portant to bear in mind that given (1) the high affinity of 7S
NGF for zinc ion, and (2) the high affinity of the 7S NGF
subunits for each other (in the absence of zinc ion), the high
level of zinc ion in serum (~10 uM; Vallee, 1962) suggests that
nerve growth factor may exist in vivo as the 7S oligomer in
serum.
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In conclusion, this paper and our previous work (Pattison
and Dunn, 1975, 1976) have established that zinc ion binds
both tightly and specifically to 7S NGF and, therefore, zinc
ion serves both a structural and functional role in the 7S
complex. Since the 7S NGF oligomer exhibits an affinity for
zinc ion which is 103-fold greater than that of its component
subunits, we conclude that the functional significance of zinc
ionin 7S NGF is directly related to the functional significance
of the 7S NGF oligomer.

Appendix
As given in the text, the simplest mechanism for chelator

activation that is consistent with the kinetics of the reaction
between chelator and 7S NGF is as follows:

k
xChe + TS NGF-Zn == 7S NGF, + (Che), Zn

k_y
kgxk—l k3/jk_3

(x — 1)Che + Che(7S8 NGF-Zn)

k
7SNGF, +8 - 7S NGF, +?

Under the experimental conditions, (Che) > (7S NGF-Zn),
the activation process is a quasi-irreversible process. Also, the
step (k2, k—>) is assumed to be a rapid preequilibrium. Since
the reaction of aquo zinc ion occurs much faster than the ac-
tivation steps (ki, k3) (Cotton and Wilkinson, 1966), the se-
questering of zinc ion by chelator on dissociation from 7S NGF
will have a negligible effect on the overall activation rate.
Therefore, on elimination of excess (Che) from the mechanism,
the following simplified kinetic scheme is obtained:

k
Che + 7S NGF—Zn —»

kZ“k‘? k

Che(7S NGF~Zn)

78 NGF, + Zn + Che

k
7SNGF, +S —> 7SNGF, +P

If (Che) » (7S NGF-Zn), k;(Che) may be set approximately
equal to k>’. This mechanism then fits the following mathe-
matical model (see Gutfreund, 1965):

Ry
A — C

R, Jf k_2/7z3
B k

S+C — P+C

When A and B are assumed to be in rapid equilibrium,
B = A(ky/k-2)

and when Ag is equal to the initial concentration of reactant
A, the following differential equations describe this kinetic
scheme:

dP/dt = k,C
and taking the second derivative,

ep_ dC

dr? *dr

The change in the concentration of C with time is defined by
the reaction mechanism as
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ac _ (40— C)
dt Nk fkoa ¥ 1)

ki’ks (49— C)
k_y (k)fk—2+ 1)

On substitution,

dzp _ (kai) (40— C) (kak2 ks (4p—C)
d2 UV kytkoa + 1) T (kop) (kofk—a+ 1)
and
d’P _ [4o — (dP/d1)(1/k4)]
- ek e+ )

(kaka'k3)[Ao = (dP/dt)(1/k4)]
(k=2)(ka'fk—2+ 1)

Upon rearrangement, the equation takes the following
form:

d?P dpP [ ky
__..-—+ —_—
de2  de L(ka'fk-2+ 1)

(k3ky'/k-2) ]
(ka'fk-2 + 1)
(kakyAg)

- (ky'kakgaAo/k—2)
(ka'fk—2+ 1)

(ky'/k-2+ 1)

This differential equation is of the following form:
d2p

—+dP/dt-W=X

ds? /

where W and X are constants. The integrated form of this
differential equation is as follows,

P=XyW+Ye~Wi+Z

with the integration constants defined as

Y=X/W2  Z=Py— (X/W?) = —X/W?

when the initial product concentration, Py, is equal to zero.

Then, by substitution

P= A0k4t
+ Aok ge~ [kitk'ks/k_2)/ (ko' [k—a+ 1)1t

(ky + ks ky/k—») (ki + ko'ks/k—2)
(ky'fk—2+ 1) (k2fk-2+ 1)

By definition, 7 is the time point at which the steady-state rate
is extrapolated back to zero product (zero on the ¢ axis). For
this mechanism, the final steady-state rate is approached when
the exponential term becomes infinitely small, that is, when

_ A0k4

A0k4
(k) + ko'ks/k—2)
(k2'fk—2+ 1)
Extrapolation of this linear equation to P = 0 yields
A0k4
(ki + ko'ks/k-2)
(k2'fk—2+ 1)
Hence, the time point (which is defined as 7) is equal to
(ky'fk—2+ 1)
(k1 + ky'ks/k—2)
Finally, substitution of k(Che) for k' yields
_ ko(Che)/k—2+1
"7 k1 + (Che)kaks/k—»

P = Apkst —

Ayskat =

t=r1=
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