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ABSTRACT  Alkaline phosphatase of E. coli, isolated by
procedures which do not alter its intrinsic metal content,
contains 1.3 + 0.3 g-atom of magnesium and 4.0 + 0.2 g-atom
of zinc per molecule of molecular weight 89,000. Magne-
sium, the role of which has been unappreciated, significantly
affects the function and structure ot alkaline phosphatase
containing either 2 or 4 g-atom of zinc per mole. Magnesium
does not activate the apoenzyme but increases the activity of
the enzyme containing 2 g-atom of zinc 4.4-fold and that of
the enzyme containing 4 g-atom 1.2-fold. The results ob-
tained with enzyme in which cobalt is substituted for zinc
are analogous. Moreover, the absorption and electron para-
magnetic resonance spectra of cobalt phosphatases reveal
the effects of magnesium on cobalt coordination geometry.
Addition of magnesium changes the spectral characteristics
of the apoenzyme reconstituted with 2 g-atom of cobalt from
predominantly octahedral to 4- or 5-coordinate geometry.
These two classes of cobalt binding sites have been associ-
ated with catalysis and structure stabilization, respectively.
Therefore, magnesium controls the occupancy of the catalyt-
ic and structural binding sites and modulates the resultant
enzymatic activity. Hydrogen-tritium exchange was em-
ployed to determine the effects of magnesium on the confor-
mational stability of phosphatase. Magnesium stabilizes the

amic structural properties, both of apophosphatase and
of enzyme containing 2 g-atom of zinc, which is further sta-
bilized by 2 more zinc atoms. The role of magnesium and
other metal ions in regulatory processes, only now beginning
to be explored fully, will likely emerge as an important ave-
nue for achievement of regulatory effects in metaYlooenzymes.

The importance of zinc in both catalysis and structure stabi-
lization of Escherichia coli alkaline phosphatase has long
been recognized (1), but the presence of stoichiometric
amounts of magnesium (1, 2) has been largely ignored;
hence, its role has remained both unappreciated and unde-
fined. This study confirms the presence of stoichiometric
quantities of magnesium in alkaline phosphatase and further
demonstrates that this metal serves to regulate the mode of
binding of zinc and increases enzymatic activities over and
above those attained in the presence of zinc alone. The re-
sponse of the absorption and electron paramagnetic reso-
nance (EPR) spectra of cobalt alkaline phosphatase to mag-
nesium delineates details of its regulatory roles in cobalt—
and indirectly zinc—binding and in the consequent modula-
tions of activity (3, ¥).

MATERIALS AND METHODS

Alkaline phosphatase was released by osmotic shock from
the periplasmic space of E. coli cells treated with EDTA (2)

Abbreviation: EPR, electron paramagnetic resonance.
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or Chelex 100 (3), isolated, and purified to homogeneity by
methods and procedures which prevent both loss of metals
and contamination (2, 3). The Chelex 100 procedure was de-
signed to avoid exposure of phosphatase to any soluble che-
lating agent, thereby eliminating potential anomalies such as
those attributed to EDTA (4, 5). Protein concentration was
determined from absorption at 278 nm using Acm!® 7.2 (2).
All calculations involving molarity were based on an alkaline
phosphatase molecular weight of 89,000 (6). Enzymatic ac-
tivity was measured with p-nitrophenyl phosphate, 1 mM, in
0.02 M Veronal-0.4 M NaCl or in 1 M Tris-HCI, pH 8.0,
25°. A unit of specific activity is defined as the umol of sub-
strate hydrolyzed per min/mg of protein, using a molar ab-
sorptivity of 1.68 X 10* for the p-nitrophenolate ion at 400
nm. Buffers, glassware, and substrate were freed from con-
taminating metals as described previously (7). After extrac-
tion with dithizone, buffers were stored in the presence of
Chelex 100, 10% v/v (8). Analyses for zinc, cobalt, and mag-
nesium were performed by atomic absorption spectrometry
(9, 10) on samples that had been ashed in an electric muffle
furnace at 450° for 24 hr and then dissolved in 0.1 N HCI
(7).

Apoalkaline phosphatase was prepared by the procedure
of Simpson and Vallee (6) using 8-hydroxyquinoline-5-sul-.
fonic acid; the apoenzyme contained less than 0.03 g-atom
of zinc and 0.01 g-atom of magnesium. No other metals
were detected. Metal solutions prepared from spectrographi-
cally pure sulfate salts (Johnson Matthey & Co.) dissolved in
metal-free distilled water were used to reconstitute the apo-
enzyme.

Visible absorption spectra were obtained with a Cary
model 14 spectrophotometer equipped with a 0-0.1 absorb-
ance slidewire. Electron paramagnetic measurements were
performed at 5°K with a Varian E-9 spectrometer (11).

The conditions and procedural details of the hydrogen—
tritium experiments have been described (12).

RESULTS
Metal content of native phosphatase

E. coli strain C-90 alkaline phosphatase, isolated at pH 7.5
by osmotic shock procedures employing Chelex 100 (3), con-
tains 1.0-1.6 g-atom of magnesium with an average of 1.3

* g-atom/mole of protein. Its zinc content ranges from 3.8 to
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4.2 with an average of 4.0 g-atom/mole of enzyme (Table 1,
samples 1-4). the magnesium content of alkaline phospha-
tase, isolated from the same strain and at the same pH but
using EDTA instead of Chelex 100 (2), is quite similar, vary-
ing from 1.1 to 1.7 g-atom of magnesium, averaging 1.4 g-
atom/mole and from 3.6 to 4.2 g-atom of zinc with an aver-
age of 4.0 g-atom/mole of protein (Table 1, samples 5-8).
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Table 1. Metal content of alkaline phosphatase

Metal content (g-atom/mole)*

Sample* Mgt Zn*t (Mg + Zn)

1 1.6 4.2 5.8

2 1.3 4.2 5.5

3 1.3 3.9 5.2

4 1.0 3.8 4.8

5 1 4.2 5.4

6 1.1 4.0 5.1

7 1.7 3.6 5.3

8 1.4 4.1 5.5
Average 1.3+0.3 4.0:+0.2 5.3+ 0.3

* Samples 1-4 were prepared from periplasmic extracts using os-
motic shock after treatment of the cells with Chelex 100 and
sucrose (3); samples 5-8, Chelex 100 was replaced by EDTA (2).

+ Metal content was determined by atomic absorption of ashed
samples (see Methods and Materials).

The metal content of different isoenzymes of the C-90 strain
and of alkaline phosphatase isolated from different E. coli
strains, e.g., K-10, C4F), and CW-3747,§ is completely anal-
ogous. Thus, all alkaline phosphatases isolated under these
conditions contain a total of 5.3 + 0.3 g-atom of metal per
mole, of which 4 are zinc and the remainder magnesium
(Table 1).

Equilibrium binding studies

The binding of magnesium to apophosphatase depends
markedly on pH and increases from 0.2 to 1.7 g-atom/mole
as the pH is raised from 6.8 to 9.2%; at pH 8.0, 1.4 g-atom is
bound per mole (Table 2, sample 1). Zinc significantly af-
fects the extent of magnesium binding. At pH 6.8, the pres-
ence of zinc increases the binding of magnesium from 0.2 to
1.3 g-atom/mole#, while at pH 8.0 it increases it from 1.4 to
1.6 g-atom/mole# (Table 2, samples 1 and 4). In the absence
of magnesium, dialysis of the apoenzyme against 107 M
zinc results in the incorporation of 4.1 g-atom of zinc per
mole (Table 2, sample 2). Using very high zinc concentra-
tions, a second elass of zinc binding sites—beyond the first 4
g-atom—can be discerned from the binding isotherm?. Dial-
ysis of the apoenzyme against 1074 M cobalt leads to the in-
corporation of 5.8 g-atom of this metal (Table 2, sample 3),
but the binding isotherm does not discriminate among these
sites. Different stoichiometries pertain when apophosphatase
is dialyzed simultaneously against magnesium and cobalt.
The apoenzyme binds only 4.8 g-atom of cobalt, rather than
5.8, and only 0.9 g-atom of magnesium, rather than 1.4
(Table 2, sample 5). The replacement of 1 g-atom of cobalt
by 1 g-atom of magnesium implies that cobalt can bind to
the sites normally occupied by zinc as well as to those which
- bind magnesium. Thus, there are maximally six metal bind-
ing sites (samples 3, 4, and 5). Of these, only two bind mag-
nesium, four are relatively specific for zinc, but all six can
bind cobalt, apparently indiscriminately.

The effect of magnesium on the enzymatic activity of
zinc and cobalt phosphatases

Magnesium alone does not confer catalytic activity on apoal-
kaline phosphatase (Table 3, sample 1), but it markedly en-

§ These strains were a generous gift of Dr. A. Torriani, Department
of Biology, Massachusetts Institute of Technology, Cambridge,
Mass. .
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Table 2. Equilibrium binding of magnesium, zinc, and.
cobalt to alkaline phosphatase

Metal bound (g-atom/mole)

Z(Mg +
Metal added Mg Zn Co2 Znor Co)
1. Mg 1.4 0 0 1.4
2. Zn 0 4.1 0 4.1
3. Co 0 0 5.8 5.8
4. Zn, Mg 1.6 4.2 0 5.8
5. Co, Mg 0.9 0 4.8 5.7

Phosphatase, 10 M, in Tris-HCl, 50 mM, pH 8.0, was dialyzed for

24 hr, 23°, against zinc, cobalt, and /or magnesium, 100 mM. Metal

analyses were performed by atomic absorption (9, 10).

a Samples were dialyzed as described above except in N-2-hydroxy-
ethylpiperazine-N’-2-ethanesulfonic acid (Hepes) buffer.

hances the activities of both the zinc and cobalt enzymes, as
demonstrated by selective reconstitution of the apoenzyme
with various combinations of these ions. The activity of
phosphatase depends on its zinc or cobalt content (6) and,
therefore, the effect of magnesium on activity must be ex-
plored employing various amounts of these metals. As-
signing the activity of the enzyme reconstituted with mag-
nesium and 4 g-atom of zinc as 100% (Table 3, sample 2),
that of alkaline phosphatase containing 2 g-atom or 4 g-atom
of zinc per mole is 12% and 80%, respectively (Table 3, sam-
ples 3 and 5); addition of magnesium raises these values to
53% and 100% (Table 3, samples 4 and 2). Similar effects are
seen on adding magnesium to cobalt phosphatase. Com-
pared to the enzyme reconstituted with magnesium plus 4 -
g-atom of cobalt (Table 3, sample 6), the activity of alkaline
phosphatase containing 2 g-atom or 4 g-atom/mole is 32% or
74%, respectively (Table 3, samples 7 and 9), but addition of
magnesium raises these values to 90% and 100% (Table 3,
samples 8 and 6). Addition of excess cobalt or magnesium to
this last species does not affect activity further. Thus, mag-
nesium enhances the activity of both zinc and cobalt alkaline
phosphatases containing either 2 or 4 g-atom, though most

Table 3. Specific activities of metallophosphatases

Metal added (g-atom/mole)

iSpecific
Sample Mg Co Zn activity %
1 2.5 — — 0 0
2 2.5 _— 4 54.0 + 2 100
3 —_ —_— 2 6.6+1 12
4 2.5 —_— 2 285+ 1 53
5 _— —_— 4 43.0 + 2 80
6 2.5 4 —_— 1.9+ 0.1 100
7 —_— 2 —_— 0.6 + 0.1 32
8 2.5 2 — 1.7+ 0.1 90
9 _ 4 — 1.4+ 0.1 74

Apoenzyme was incubated in 10 mM Tris, pH 8.0, 25°, and metal
ions were added to yield the molar ratios of metal to enzyme in-
dicated. Zinc enzymes were assayed in 1 M Tris and cobalt enzymes
in 0.02 M Veronal-0.4 M NaCl containing 1 mM p-nitrophenyl-
phosphate at 25°; samples were allowed to equilibrate for 24 hr
prior to assaying. A 2.5-fold molar excess of magnesium was added
to apoenzyme 5 hr before the addition of the second metal species.
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FIG. 1. Absorption spectra of cobalt phosphatases + magne-
sium. (A) (- - -) 2-Co enzyme, 0.15 mM, in Tris-HCl, 10 mM, pH
8.0; (—) same except apoenzyme was preincubated with 2.5-fold
molar excess of magnesium for 5 hr prior to cobalt addition. (B)
Same as A, except 4 g-atom of cobalt were added to the apoen-

zyme.

markedly for enzymes containing only 2 g-atom of zinc or
cobalt.

Effect of magnesium on the spectral properties of
cobalt phosphatase

The magnesium-induced 3-fold increase in activity of the
2-Co enzyme' coincides with changes in the coordination
geometry of the cobalt atoms. The absorption band of the
2-Co enzyme is weak and broad with maximal absorption in
the region of 510 nm, characteristic of cobalt in a predomi-
nantly octahedral environment (Fig. 1A, dashed line). The
EPR spectrum is consistent with this type of geometry (Fig.
2, light line). The presence of magnesium intensifies and
further defines the absorption spectrum, generating promi-
nent maxima at 555 and 640 nm (Fig. 1A, solid line). It also
generates striking changes in the EPR spectrum to result in g
values of g; = 4.95, go = 3.98, and g5 = 1.95 and an average
g value of 3.62 (Fig. 2, heavy line). Both the absorption and
EPR spectra are consistent with cobalt in 4- or 5-coordinate
sites of low symmetry.

The absorption spectrum of the 4-Co enzyme is character-
istic of cobalt in an entatic environment (6); magnesium fur-
ther enhances its absorptivity and spectral definition (Fig.
1B). However, in this instance there is no evidence of
changes in cobalt coordination geometry. The basis of the
spectral changes, whether due to local conformational or
other structural effects or to redistribution of cobalt atoms
among the different sites, is being established. The EPR
spectra of phosphatase, containing 4 g-atom of cobalt, are
complex both in the presence or absence of magnesium. Hy-
perfine splitting cannot be discerned and the spectra resem-
ble those of magnetically concentrated materials. Interpre-
tation in terms of 3 g-values has not been possible.

Effect of magnesium on the hydrogen-tritium
exchange of apo- and zinc phosphatase

Reconstitution of apophosphatase with 4 g-atom of zinc per
mole stabilizes the dynamic structure of the protein signifi-
cantly, as evidenced by the marked additional retention of
tritium (Fig. 3). The rate of tritium exchange for 2-Zn phos-
phatase differs from those of the apo- and 4-Zn enzymes
(12). Initially, the 2-Zn enzyme retains a total number of tri-

Y The number of metal atoms added to alkaline phosphatase is
identified by an Arabic number preceding the metal symbol, e.g.,
2-Zn alkaline phosphatase, 4-Zn phosphatase refer to the enzyme
to which 2 and 4 g-atom of zinc have been added per mole.
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FI1G. 2. Electron paramagnetic spectra of 2-Co alkaline phos-
phatase + magnesium. Conditions as in Fig. 1. (Light line), 2-Co
alkaline phosphatase; (heavy line) prior to the addition of 2 g-atom
of cobalt the apoenzyme was preincubated for 5 hr with a 2.5-fold

‘molar excess of magnesium. Microwave power 10 mW, modulation

frequency 100 kHz, microwave frequency 9.3 GHz, 5°K.

tium atoms intermediate between those characteristic of the
apo- and holoenzymes, but as a function of time the decay
curve becomes identical with that of the apoenzyme. This
indicates that the 2-Zn phosphatase is less stable than the
4-Zn enzyme and may lose or site-exchange its zinc atoms,
consistent with the reversible loss of enzymatic activity of
this species (12). We now find that magnesium markedly
stabilizes the structures both of the apoenzyme and of that
containing 2 g-atom of zinc, which is then further stabilized
by 2 more zinc atoms to form the 4-Zn 1.6-Mg holoenzyme

(Fig. 8).
DISCUSSION

Metalloenzymes may contain one or more sets of metal
binding sites whose occupancy by the same or different
metal atoms critically affects catalysis, structural stability, or
both. Such considerations pertain to alkaline phosphatase of
E. coli, though universal agreement has not been reached re-
garding its metal content and its implications to function
and structure.

The present findings help to resolve past differences re-
garding the metal content of alkaline phosphatase. Enzyme
prepared either by the method of Simpson et al. (2), or of
Bosron et al. (3), contains 1.0-1.7 g-atom of magnesium and
from 3.6 to 4.2 g-atom of zinc per molecule of molecular

NS/MOLE

UNEXCHANGED HYDROGE

2 4 3
HOURS

F1G. 3. Hydrogen-tritium exchange of apo- and zinc phospha-
tases + magnesium. All exchanges were performed in Tris-HCI, 10
mM, pH 8.0, 4°. Protein concentrations were 10 mg/ml prior to
passage over the large column and 1-2 mg/ml during subsequent
incubations. (O) apophosphatase; (00) 2-Zn phosphatase; (A) 4-Zn
phosphatase. Closed symbols (@, W, A) represent the respective en-
zymes containing magnesium; under these conditions the apoen-
zyme binds 1.4 g-atom of magnesium and the 2- and 4-Zn enzymes
bind 1.6 g-atom.



2992  Biochemistry: Anderson et al.

weight 89,000 (Table 1). Virtually all previous reports cite
between 2 and 6 g-atom of zinc per mole of enzyme (1, 2, 5,
13-15), though some regard any zinc content beyond 2 g-
atom as unimportant (5, 13). Save for the instances men-
tioned (1, 2), the magnesium content has not been reported.
It is now apparent that this element is critical both to the
total zinc content and the optimal activity of phosphatase.

In general, ambiguities in metal content of enzymes can
be due to variations in the analytic methodology employed
for characterization, the protein molecular weight value
used to determine molar stoichiometry, and the isolation
conditions used to select a representative biological sample.
We have recently reviewed the manner in which these con-
siderations have affected past interpretations of data regard-
ing the metal content of alkaline phosphatase (3). Moreover,
extrapolation of the effects observed when EDTA is em-
ployed to prepare apoenzyme (4) to those presumed to occur
if EDTA is utilized in the isolation procedure (5, 16) has
compourided the problems created by the above procedural
factors. Table 1 demonstrates that the zinc and magnesium
contents of alkaline phosphatase are independent of whether
EDTA or the insoluble chelating agent Chelex 100 is em-
ployed during the isolation procedure.

The present data confirm that magnesium alone does not
restore activity to the apoenzyme, and they demonstrate fur-
ther that magnesium and zinc affect alkaline phosphatase
function and metal binding cooperatively (Tables 2 and 3).
Dependent on the pH of isolation, alkaline phosphatase con-
tains between one and two magnesium atoms which control
the binding of the functional and structural zinc atoms. Zinc,
in turn, affects magnesium binding. The confirmation of the
cooperative magnesium-zinc effect on the activity of zinc
phosphatase recognized more than a decade ago (1) should
now clarify certain of the molecular features critical to the
mechanism of action of this enzyme.

Failure to monitor the occurrence of magnesium in E. coli
alkaline phosphatase has prevented recognition of its impor-
tance to the function, structure, and zinc content of the en-
zyme. This also likely underlies the contradictions in litera-
ture reports regarding both the metal content and stoichiom-
etry of the native and reconstituted enzymes and their re-
spective activities. Moreover, the marked pH-dependence of
magnesium binding and the addition of large amounts of ex-
.ogenous magnesium during purification of the enzyme vir-
tually eliminated the possibility of detecting any endogenous
magnesium, thus obscuring its functional and structural
roles, including effects on zinc (cobalt) binding (1, 5, 15,
17-19). It is now apparent that both magnesium and zinc
are involved in alkaline phosphatase catalysis and structure
stabilization and mutually interact to affect their respective
binding and coordination geometries. The results of equilib-
rium binding of various combinations of zinc, cobalt, and
magnesium as a function of their concentrations, the corre-
sponding enzymatic activities, as well as the absorption, cir-
cular dichroism, magnetic circular dichroism, and EPR
spectra of the various cobalt enzymes, all support these con-
clusions (3,%).

The magnesium effects are best seen in the cobalt en-
zymes where changes in coordination geometry can be dis-
cerned spectrally. The visible absorption characteristics of
the 2-Co enzyme, containing magnesium, suggest 4- or 5-
coordinate geometry (Figs. 1 and 2), while in the absence of
magnesium they indicate predominantly octahedral geome-
try (Figs. 1 and 2). Thus, addition of magnesium changes the
cobalt coordination geometry from octahedral to 4- or 5-
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coordinate and increases activity 3-fold. In the case of the
4-Co enzyme there is a general increase in absorptivity (Fig.
1) which accompanies the magnesium-induced increase in
activity.

These alterations of activity and spectra may reflect
changes in conformation affecting coordination geometries
and relative affinities of cobalt or zinc for the catalytic,
structural, and regulatory sites. The oxidation of Co(II) to
Co(III) in alkaline phosphatase represents an approach de-
signed to differentiate among these sites by means of a metal
probe particularly suited for this purpose (8).

Magnesium markedly enhances conformational stabilities,
especially of the apo- and 2-Zn enzymes (Fig. 3), and pre-
vents the loss of activity of the 2-Zn species (12) (Table 3). In
this regard, the low value of the specific activity of the 2-Zn
enzyme after equilibration for 24 hr in the absence of mag-
nesium (Table 8, sample 2) may reflect loss of or reequili-
bration of zinc among different binding sites (Table 3, sam-
ple 4; Fig. 3).

Now that magnesium, zinc, histidine (20), serine (21), and
arginine (22) are all implicated in alkaline phosphatase ca-
talysis, their interrelationships and joint participation in the
enzyme mechanism require examination. Since the magne-
sium content of most phosphatase preparations studied in
the past is unknown, the kinetic properties, e.g., pH opti-
mum, substrate, and buffer dependencies as well as the rele-
vant catalytic constants, need to be defined with enzyme
preparations of known magnesium content. Similarly, struc-
tural features such as site-site and subunit interactions de-
serve critical reevaluation in the light of present findings.
The existence of a total of six metal binding sites per dimer
and the reciprocal effects of magnesium and zinc (cobalt) on
binding (Tables 2 and 3) may bear importantly on past
mechanistic deductions which were based on spectra of en-
zymes substituted with from 2 to 4 molar equivalents of co-
balt (6, 23, 24), copper (25-27), or manganese (28-30) and
unknown amounts of magnesium. The effects of magnesium
on alkaline phosphatase may prove to be pertinent to such
features as subunit interactions, negative cooperativity (31),
single-site reactivity (32), and pyrophosphatase activity (33).
Similarly, the location of metal binding sites by x-ray analy-
sis (34) will be affected by the presence of optimal amounts
of magnesium and zinc in crystals employed for this pur-
pose.

Characterization of the magnesium content and the func-
tion of this ion will likely provide important, missing links in
defining the mechanism of action of alkaline phosphatase of
E. coli. The participation of magnesium and other metal
ions in regulatory processes, only now beginning to be ex-
plored fully, will likely emerge as an important avenue for
the achievement of regulatory effects in metalloenzymes.
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the recipient of Postdoctoral Fellowship CA-03037; and W.F.B. and
F.S.K. are recipients of Traineeships under GM-02123, all from the
National Institutes of Health, of the Department of Health, Educa-
tion and Welfare. ,
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