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. Introduction-

E. eoli alkaline phosphatase is a zinc metalloenzyme
[1, 2]. The requirement of the metal ion for enzyma-

tic reactions catalysed by this enzyme is well established,

but the exact role of the metal ion is not clearly under-
stood. Zinc can be replaced by several other metals of
which only Co2* produces a fairly active enzym= [2, 4].
It has been shown that the enzyme mechanism involves
the formation of a phosphoryl enzyme intermediate
and this covalent intermediate has been isolated at low
pH and has been shown to be phosphorylated serine

residue [S—11]. There exist considerable data suggesting .

that the metal ion plays a role in the binding of phos-
phate, as well as in the formation and breakdown of the
phosphoryl enzyme [12].

The present study was undertaken to obtain more
information concerning phosphate binding to the
enzyme and the role of the metal ion in this reaction.
The purpose of this communication is to discuss the
use of 3!P nuclear magnetic resonance (NMR) for an
investigation of this problem.

31p NMR signal from orthophosphate was obscnred
with metal-free.enzyme, and Zn2*-alkaline phosphatase.
curthetmore the measurements were extended to int-
clude the effect of paramagnetic ions such as Mn2*
and Co2* on the width of the absorptioa lines. The
31p NMR data give further evidence that metal-free

alkaline phosphatase does not bind phosphate tightly,
while the addition of metal induces phosphate binding.
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31p NMR studies carried out with Zn2t Co?* and
MnZ2*-alkaline phosphatases are consistent with the
existence of two specific metal binding sites.

2. Matennl and methods

All reagents were analytical grade. Spectrographi-
cally pure metal sulfates were utilized (o prepare meta
solutions. Chelex 100 (200—400 mesh) from Bio-Rad
Laboratories, Richmond, Calif, USA and dithizone
from Fischexr Laboratories, Springfield, N.J., USA wer
employed. DEAE A,, cellulose was purchased from
Whatman, Kent, England and p-nitrophenyl phosphate
(Sigma 104) from Sigma Chemical Company, St. Louis,
Mo., USA. Metal-free solutions were prepared as descrit
previously [13] and glassware was treated according
to Thiers {14]. :

Alkaline phosphatase was isolated from E. coli
K;2C4F | bacterial strain by the methods previously
described [15]. The apoenzyme was prepared from
Zn2* _enzyme through treatment with Chelex 100
(200--400 mesh) [13]. The apoenzyme was then
extensively dialysed against large volumes of metal-frec
buffer or metal-free deionized water, to ensure remova
of any contaminating EDTA [16]. Concentrz"ons of
protein were determined by absorbance at 274 nm as

~ described by Malamy and Horecker [17].

Actlvity was amyed by the methods previously -

 described [16]:
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[13,18,19). . ,

- -The 1P NMR spcctra wers recorded with a Varian
XI- 100 spectrometer operating at a frequency of -
40.3 MHz and with deuterium (D,0) internal lock at
15.4 MHz. For the most dilute sclutions, 0.01 M ortho-
phosphate, a Varian T-1024 time average computor
was used to accumulate 5 to 20 spectra. 12 mm sample
tubes were used.

] -—Lidml analyses were performed as described earlier

3. Results

" The 3'P NMR signal from orthophosphate (0.11 M)

at pH 8 consists of a single line, line width 6v,, = 1.0 Hz.

No shift reference was used in these measurements, the
variation in the chemical shift can, however, be ob-
iained under the assumption of no change in the lack
signal frequency. No shift variations could be detected
in this way throughout this work.

On addition of metal-free phosphatase to the ortho-
phasphate solutions, the 3IP NMR signal becomes
narrower, &by, decreases from 1.0 to 0.45 Hz for a
0.11 M phosphate solution.
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When a concentrated apoenzyme + orthophosphate
solution was titrated with Zn2* the 31P line width
increased significantly and a reasonably sharp titration
point at ca. 2 Zr2* per enzyme molecule was found
(fig. 1). Since a Jarge amount of apoenzyme was needed
in this experiment the sample volume was kept as low
as possible, about | ml, which prohibited the spinning
of the sampie due to the vortex formation. The resola-
tion was therefore not very good in this experiment
(v, = 3.7 Hz with no Zn2* added).

Diluted metal-free alkaline phosphatase solutions
(ca. 105 M) in the presence of orthophosphate
(0.11 M) were titrated with Co2* and Mn2* solutions,
recording the 3'P NMR signal (figs. 2 and 3). Both
titrations gave fairly sharp titration points at ca. 2
metal ions per enzyme molecule. The line width of the
3IP NMR signal is small and almost constant upon
addition of metal ions up to the titration point and
then the line width increases rapidly but not as much
as on addition of these metal ions to an enzyme-free
solution. The 3P orthophosphate signal from a 0.11 M
solution is broadened 0.45 Hz by 10~ M Co2* and
7 Hz by 10~ M Mn2*, at pH 8.0 with no enzyme
present.
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F'E:l.-.l’io't of the phosphato 31P NMR signal hnalf width, 8r,3. vorsus zinc lon concentration for solutions containing 0.01 M ortho-
phosphate and 1.0 X 10-> M apoalkaline phosphatase, at pH 8.0 in 0.4 M Tris buffer. >'P NMR spectra were obtained at 20°.
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Fig. 2. Plot of the phosphate 3'P NMR signal half width, 8uy,5, versus Co?* concentrations for solutions containing 0.11 A« ortho-
phosphate and ca. 10~% M apoalkaline phosphatase, at pH 8.0 in 0.4 M Tris buffer. 3'F NMR spectra were obtained at 20°.

4. Discussion : : ~1_(_1_+_|__)er02
' ] I Pmg|Tamltv TonJ M
The use of 2'P NMR to investigate the chemical | T-° k ¥ )
nature of phosphorylated molecules is generaliy based 2 M (_l_ +_1;)2 + A""lzu
on the interpretation of three spectral features: i) the ’ ™ T _

chemical shift; ii) the spin—spin coupling pattern and {
ifi) the relaxation times, T and T,. In general chemi- where T is the relaxation rate of nucleus in the less
cal shifls give information about the local environments ™M '

of the phosphorous nuclei. Spin—spin coupling patterns populated site, and 7y, is the residense time In this site

give information about the identity of neighboring
groups. Relaxation times reveal the effect of dynamic

processes, e.g. chemical exchange or molecular tumbling

in solution. For a comprehensive discussion of the
relaxation phenomena, see {20 ahd 21].

In order to study the phosphate binding to E. coli
atkaline phosphatase, one may utilize the line width
of 3P NMR spectra, to obtain information about the
spin—spin relaxation time, T,. When there are two’
sites for the nuclei under observation and the popula-
tion of one at these sites is much less than the other
the observable relaxation rate is given by eq. 1:
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For a récent discussion of application of this equation
in biochemical studies c.f. {21].

For nuclei with [=1 the relaxation time T,y is
usually assumed to be dominated by dipole—dipolc
type mreractibns_vqhich is the situation when the
nuclei in the less populated site is close to a paramag-
netic ion, but eq. 1 iz equally valid when other types
of relaxation mechanisms dominates.

The phosphate binding to the metal-free alkaline

"phosphatase has been investigated by equilibrium -

dialysis experiments, and Applebury et al. [12] have

- found that the apoenzyme does not bind phosphate
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Fig. 3. Plot of the ph

specifically. Our observation that the addition of
metal-free alkaline phosphatase to the phosphate

sample does not change the 31 P NMR spectrum signi-
ficantly is in accordance with the dialysis data. The

possibility that 7y, in eq. 1 is very large (i.e. that slow
exchange conditions exist) is rendered unlikely by the
fact that no detectable line broadening was observed
of the phosphate signal in the presence of the metal-
free enzyme at elevated temperatures.

Our data from the Zn2* titration shows that addi-
tion of stoichiometric amounts of zinc to the metal-
free alkaline phosphatase creates a phosphate binding
site(s), since a line broadening due to the enhanced
dlamagnetic relaxation [22] was observed. The forma-
tion of a weak complex between the phosphate and

‘the “free”™ zinc ions is likely to occur. A diamagnetic
complex-of this kind is not expected to markedly in-
fluence the relaxation’rate of the phosphorous nucleus,
in contrast to the situation in a paramagnetic complex.

_This latter situation is evident in the experiments
Summarised in figs. 2 and 3. .

The titrations of metal-free alkaline phosphatase

2
24
Ratio [#n l/[Prolein]

te 1P NMR signal half width, 5,2, vorsus Man? concentration for solutions cantatning @.11 M ortho-
phosphate nad ca. 10~° M apoalkaline phosphatase, at pH 8.0 in 0.4 M Tris buffer. *'P NMR spectra were obtained at 20°.

with Co2* and Mn2* show that two metal jons are
bound to the apoenzyme (figs. 2 ana 3). For these
titrations no significant line broadening of the 31p
phosphate signal was observed before more than two
metal ions per apoenzyme was added. Preliminary
variable temperature experiments indicates that this
is due to slow exchange between [ree and enzvme
bound phosphate ions, since the line width increases
with increasing temperature. This will be further in-
vestigated using different magnetic fields strengths.
That there is slow phosphate ion exchange for MnZ*
and Co~*-enzymes, is not in contradiction -~ith the
observ:d broadening in the zinc titration experiment.
The fact that large broadening is observed in the zinc
titration experiment does not necessarily imply that
fast exchange conditions exist since the mole fraction
bound phosphate ions, Pm, (eq. 1) is 103 times higher
in the zinc experiment than in the manganese and
cobalt experiments.

From figs. 2 and 3 it can be seen that the 3P NMR,
signal broadening is not, even after the titration point,
as large vor the solution with apoenzyme as for the
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'an.zyme free solution. This indicates thnt a ucond
type of bmdlng site(s) 1 may ‘exist in which the paramag-
netic ions can, to somé extent, interact with the phos-

phale ions.

- It is at,this stage not possible to evaluate the number -
of phOSphalt?S, which bind tightly to the’ mctnl]oalkn.[lne :

phosphatase. Nevertheless, the resultz obtained wilh
3P NMR measurcments arc potentially of great value
because they give dire<t evideace of two specific metal
binding sites in E. coli sikaline phosphatase.
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