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Abstract

Using site-directed mutagenesis, an aspartate side chain involved in binding metal ions in the active site of Esche-
richia coli alkaline phosphatase (Asp-369) was replaced, alternately, by asparagine (D369N) and by alanine (D369A).
The purified mutant enzymes showed reduced turnover rates (k.,) and increased Michaelis constants (K,,,). The
k., for the D369A enzyme was 5,000-fold lower than the value for the wild-type enzyme. The D369N enzyme re-
quired Zn2* in millimolar concentrations to become fully active; even under these conditions the &, measured
for hydrolysis of p-nitrophenol phosphate was 2 orders of magnitude lower than for the wild-type enzyme. Thus
the k., /K,, ratios showed that catalysis is 50 times less efficient when the carboxylate side chain of Asp-369 is
replaced by the corresponding amide; and activity is reduced to near nonenzymic levels when the carboxylate is
replaced by a methyl group. The crystal structure of D369N, solved to 2.5 A resolution with an R-factor of 0.189,
showed vacancies at 2 of the 3 metal binding sites. On the basis of the kinetic results and the refined X-ray coor-
dinates, a reaction mechanism is proposed for phosphate ester hydrolysis by the D369N enzyme involving only
1 metal with the possible assistance of a histidine side chain.
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diffraction

Alkaline phosphatase (EC 3.1.3.1) is a phosphomonoesterase
exhibiting a high degree of sequence homology among species
from bacteria to man. In Escherichia coli it functions as a scav-
enger for phosphate from a wide variety of substrates, where
it is active in the periplasmic space as a homodimer containing
4 zinc and 2 magnesium ions (Anderson et al., 1975, 1976; Cole-
man et al., 1983). Dependence of catalysis on metal binding was
first demonstrated by kinetic reactivation of the apo-enzyme by
addition of zinc (Anderson et al., 1975), and later by *'P and
13Cd NMR spectroscopy (Hull et al., 1976; Gettins & Cole-
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Abbreviations: D369N, the alkaline phosphatase in which Asp-369
was replaced by asparagine; D369A, the alkaline phosphatase in which
Asp-369 was replaced by alanine; MOPS, 3-(morpholino)-propane-
sulfonic acid; TMZP buffer, 0.01 M Tris, 1 mM MgCl,, 0.1 mM
NaH,PO,, 3.1 mM NaNj, 1073 M ZnSO,, pH 7.4 (Bloch & Bickar,
1978).

man, 1983a, 1983b, 1984b; Gettins et al., 1985). Hydrolysis pro-
ceeds through a phosphoseryl intermediate with subsequent
release of an alcohol and inorganic phosphate (Schwartz & Lip-
mann, 1961). In the presence of a phosphate acceptor such as
ethanolamine or Tris, the enzyme also catalyzes a transphos-
phorylation reaction (Dayan & Wilson, 1964; Wilson et al.,
1964).

The X-ray structure of the wild-type E. cofi enzyme, first
solved to 2.8 A resolution (Sowadski et al., 1981, 1983, 1985)
has been further refined to a resolution of 2.0 A with an R-factor
of 0.22 (Kim & Wyckoff, 1989, 1991). Crystals form in the pres-
ence of Zn2+, Mg?*, and phosphate with [222 space group sym-
metry. The molecular dyad axis, relating the 2 449-residue
subunits (A, B), is noncrystallographic. The 2 active sites, one
on each monomer, are about 30 A apart. In each active site there
are 3 metal binding sites (M1, M2, M3); 2 sites are occupied by
zinc (M1 and M2) and the third site contains magnesium (M3).
These are located in a small pocket close to Ser-102, which is
transiently phosphorylated during the reaction. Zinc at the M1
site is pentacoordinated; the ligands are the imidazole nitrogens
of His-331 and His-412, both carboxylate oxygens of Asp-327
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in a bidentate fashion and the phosphate oxygen designated as
Ol. At the M2 site, zinc is coordinated tetrahedrally — by O2 of
the phosphate, the imidazole nitrogen of His-370, and the car-
boxylate oxygens of Asp-51 and Asp-369. Magnesium, bound
at the M3 site, forms an octahedral arrangement with 6 ligands:
3 water molecules, the carboxylate oxygens of Asp-51 and Glu-
322, and the hydroxyl oxygen of Thr-155. The side-chain car-
boxylate of Asp-51 is thus doubly coordinated, forming a bridge
between the M2 and M3 sites. Inorganic phosphate is bound in
a similar fashion, bridging zinc atoms in the M1 and M2 sites
(Kim & Wyckoff, 1989, 1991). Phospholipase C from Bacillius
cereus (Hough et al., 1989) and P1 nuclease from Penicillium
citrinum (Volbeda et al., 1991) are phosphoesterases that also
have metal triads at their active site, with an arrangement of side-
chain ligands similar in many respects to alkaline phosphatase.

A mechanism for 2-metal ion catalysis in alkaline phospha-
tase has been proposed based on NMR spectroscopy (Gettins &
Coleman, 1984a, 1984b; Coleman, 1987) and structural mod-
els of the Zn**- and Cd>*-bound enzymes provided by X-ray
crystallography (Kim & Wyckoff, 1989, 1991). In the initial step
of the reaction, the metal cation bound at the M2 site in the
enzyme-substrate complex activates the hydroxyl of Ser-102 for
nucleophilic attack at the phosphorous, whereas the metal
bound at the M1 site assists the substrate-derived alcohol to
leave. The metal at the M1 site then activates a water molecule
for nucleophilic attack of the phosphoseryl-enzyme intermedi-
ate, thus giving a double-displacement mechanism with reten-
tion of configuration at the phosphorus (Jones et al., 1978).

Site-specific mutagenesis has been used to probe the catalytic
mechanism of alkaline phosphatase by substituting different
amino acid side chains to replace residues involved in binding
metals and substrates at the active site (Xu & Kantrowitz, 1992,
1993; Janeway et al., 1993). Recently, kinetic studies of the mu-
tated proteins have been combined with X-ray crystallography
and molecular dynamics calculations to help visualize structure-
function relationships in alkaline phosphatase and to improve
the understanding of the general features of catalysis in metal-
containing enzymes (Murphy et al., 1993; Murphy & Kantro-
witz, 1994).

In this study, site-specific mutagenesis was used to substitute
alanine and asparagine for Asp-369, 1 of 2 aspartate residues
whose carboxylate side chain serves as a ligand for metal cat-

Fig. 1. The M2 metal binding site based on the crystal structure of wild-
type alkaline phosphatase. The phosphate is also a ligand to zinc bound
at the M1 site, and the Asp-51 carboxylate serves as a ligand for mag-
nesium at the M3 site.
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ions at the M2 binding site (Fig. 1; Kinemage 2). The purified
D369A, D369N and wild-type enzymes were assayed to deter-
mine experimental conditions for optimal activity, and to com-
pare, in each case, the effects of Zn>* concentration and the
presence of a phosphate acceptor on catalysis. The D369N en-
zyme was crystallized for X-ray structural analysis to determine
the precise orientation of side chains and the positions of metal
ions near the active site. The effects of the amino acid replace-
ments on catalysis were therefore assessed using both kinetic
results and structural information provided by detailed compar-
ison of the atomic coordinates for the D369N and wild-type en-
zymes (see Kinemage 1). Based on our findings, we propose a
new catalytic mechanism for phosphate ester hydrolysis by the
D369N enzyme.

Results

Steady-state kinetic parameters of the
D369N and D369A enzymes

The k., values for the D369N and D369A enzymes at pH 8.0,
determined both in the presence and absence of a phosphate ac-
ceptor, are significantly lower than that of the wild-type enzyme.
In the absence of a phosphate acceptor (0.1 M MOPS) where
the hydrolysis activity of the enzyme is measured, the k., value
of the D369N enzyme is 0.4 s~', about 100-fold less than that
of the wild-type enzyme (see Table 1A). Under the same condi-
tions, the k., of the D369A enzyme is significantly lower than
that observed for the D369N enzyme, and approximately 5,000-
fold lower than that of the wild-type enzyme. The mutant en-
zymes also show a 2-300-fold increase in K,,, compared with the
wild-type enzyme; overall then 200- to 10°-fold decreases are
exhibited in the k., /K, ratio.

Steady-state kinetic parameters for the wild-type, the D369N,
and the D369A enzymes were also examined in 1.0 M Tris buffer
at pH 8.0. Because Tris can act as a phosphate acceptor, the rate

Table 1. Kinetic parameters of the wild-type and mutant
enzymes at pH 8.0

I\'('ulL I\/n k«'ul /I\m

Enzyme® (s') (uM) M '.s7h Buffer

A. In the absence of a phosphate acceptor

Wild type  44.5 9.4 4.7 x 10 0.1 M MOPS, pH 8.0¢

D369N 0.4 17.6 2.2 x 10 0.1 M MOPS, pH 8.0

D369A 0.01 2,941 34 0.1 M MOPS, pH 8.0
B. In the presence of a phosphate acceptor

Wild type  80.5 21.1 3.8 x 10° 1.0 M Tris, pH 8.0

D369N 2.3 59.7 3.8 x 10* 1.0 M Tris, pH 8.0

D369A -¢ - - 1.0 M Tris, pH 8.0

4 Assays were performed at 25 °C in the buffer indicated using p-
nitrophenyl phosphate as substrate.

> The enzymes were stored in TMZP buffer.

¢ The k. values are calculated from the V,,,, using a dimer molec-
ular weight of 94,000. The k,, per active site would be half the value
indicated.

d For the MOPS buffer, the ionic strength was adjusted to 0.585 with
NacCl.

¢ No activity above the background was detectable.
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observed is the sum of the transphosphorylation and the hydro-
lysis reactions (Wilson et al., 1964; Trentham & Gutfreund,
1968; Gettins et al., 1985). Under these conditions, the D369N
enzyme exhibited a 40-fold reduction in k., compared to the
wild-type enzyme (Table 1B), whereas the D369A enzyme
showed no detectable activity. A 3-fold increase in the X, was
also observed for the D369N enzyme, therefore the k., /K,, ra-
tio for the D369N enzyme decreased 100-fold compared with
that for the wild-type enzyme.

Influence of zinc on the kinetic parameters of the
wild-type and mutant enzymes at pH 8.0

Because Asp-369 is a ligand at the M2 site, mutation of this res-
idue might be expected to reduce the zinc affinity of the enzyme.
Therefore, the effect of zinc on the activity of the mutant en-
zymes was examined. The mutant enzymes were first dialyzed
against 0.01 M Tris, 1 mM Mg?*, pH 7.4, buffer in order to re-
duce the free zinc concentration. Initially, 0.4 mM of Zn?* was
added, and the activity of the enzyme was determined in 0.01 M
Tris, 0.4 mM Zn?* buffer, pH 8.0, at various time intervals. A
time-dependent zinc activation was observed with a half-time of
10 min (Fig. 2A). No analogous zinc activation is observed for
the wild-type (Fig. 2B) or the D369A enzymes (data not shown).
Zinc activation was also determined after preincubating the en-
zyme (0.1 uM) for 1-2 h with increasing concentrations of zinc
in 0.01 M Tris buffer, pH 7.4. The hydrolysis activity was then
determined in 0.01 M Tris, pH 8.0, buffer with the same con-
centration of Zn®* as contained in the preincubation buffer
(Fig. 3). The fully activated D369N enzyme exhibited about
50-fold higher activity than the enzyme that was not treated with
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Fig. 2. The effect of zinc on the D369N (A) and wild-type enzymes (B).
The enzymes were dialyzed extensively against 0.01 M Tris, 1 mM Mg?*,
pH 7.4, buffer before use. At time 0, 0.4 mM Zn2?* was added to the
enzyme and the activity was determined in 0.01 M Tris, pH 8.0, buffer
with 0.4 mM Zn?*. Reactions were performed at 25 °C with p-nitro-
phenyl phosphate as substrate.
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Fig. 3. The effect of pretreating with different Zn?* concentrations on
the activity of the D369N and D369A enzymes. The enzymes were in-
cubated at room temperature for 1-2 h in the presence of increasing con-
centrations of Zn?* in 0.01 M Tris, pH 7.4. Activities were then
determined at pH 8.0 in 0.01 M Tris buffer with the same Zn?* concen-
trations. All reactions were performed at 25 °C with p-nitrophenyl phos-
phate as substrate.

zing, and the fully zinc-activated D369N enzyme had about 1%
of the activity of the wild-type enzyme (Fig. 2). The apparent
zinc dissociation constant calculated from these data for the
D369N enzyme is about 10~ M compared to 10~ M for the
wild-type enzyme (Coleman et al., 1983).

Refinement of the D369N enzyme X-rqy structure

The D369N enzyme was crystallized under conditions similar to
those previously used for the wild-type, D101S, and D153H en-
zymes (Kim & Wyckoff, 1991; Chen et al., 1992; Murphy et al.,
1993). The space group of the crystals of the D369N enzyme,
1222, was the same as the wild-type enzyme, and the unit cell
dimensions (a = 194.4 A, b = 167.3 A, ¢ = 76.3 A) differed from
those of the wild-type by less than 0.5%. Therefore, the coor-
dinates of the wild-type enzyme (Kim & Wyckoff, 1991) were
used as an initial model for the structural refinement of the
D369N enzyme.

The refinement was begun without any water molecules in-
cluded in the model. These were gradually added as they were
identified in 2F, — F, and F, — F, difference maps, first as sin-
gle molecules and later in symmetric pairs. The final positions
of 105 symmetry-related pairs of water molecules and 84 non-
symmetric placed waters identified in the D369N enzyme were
tested for surface accessibility using the surface probe algorithm
(Lee & Richards, 1971) implemented in QUANTA (Molecular
Simulations). Approximately 50% of the symmetric and 10%
of the nonsymmetric water molecules in the homodimer are in-
ternal with no area exposed to bulk solvent (see Kinemage 3).

The final refined coordinates for the D369N enzyme were an-
alyzed using PROCHECK (Laskowski et al., 1993), which in-
dicated, using several stereochemical criteria, that the overall
quality of the refined model was comparable to other structures
determined at 2.5 A resolution. The Ramachandran plot of di-
hedral angles is shown in Figure 4. The uncertainty in the refined
coordinates for D369N was estimated at 0.30-0.45 A, from a
Luzatti plot showing the resolution dependence of the R-factor
(Fig. 5). The overall R-factor, calculated to 2.5 A resolution, was
0.189. Furthermore, RMS deviations from ideal bond lengths,
ideal bond angles, and ideal atom contacts were calculated using
XPLOR (Briinger, 1992), and shown in Table 2.
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Fig. 4. Ramachandran plot showing that 92% of the residues are in the
most favored regions (A, B, L), 7.5% in the additional allowed regions
(a, b, 1, p), and only 0.5% (2 residues on each chain) in the disallowed re-
gions (lightest areas). Glycine and proline residues are shown as triangles.

Stereo pairs of the refined atomic coordinates, portraying the
fit of the model to the electron density map, are shown for 2 do-
mains in the D369N enzyme (Figs. 6, 7). These domains were
chosen to include (1) side chains belonging to residues at the sec-
ondary anion binding site, first identified in this D369N alka-
line phosphatase structure, and (2) active site residues that
normally bind a metal or phosphate ligand.

A secondary anion binding site in the D369N enzyme

A second binding site for anions, which may be occupied by
either phosphate or sulfate, was found in the D369N enzyme
(Fig. 6), and recently also found in electron density maps of the
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Y

Fig. 5. Luzatti plot showing the final R-factors, by resolution shell, for
the D369N crystal structure. The expected uncertainty in the refined
X-ray coordinates of the D369N mutant alkaline phosphates is 0.30-
0.45 A, as indicated by the set of dashed lines (Luzatti, 1952; Briinger,
1992).

T.T. Tibbitts et al.

Table 2. Geometric and energetic analysis of the refined
model for the D369N enzyme: RMS deviations
Jfrom ideal values

RMSD
Bonds (V) 0.00785
Angles (deg) 2.49
Dihedral (deg) 23.8
Improper (deg) 1.03

E322D enzyme (T. Tibbitts, X. Xu, & E.R. Kantrowitz, un-
publ.). The anion is stabilized by a hydrogen bond with the in-
dole nitrogen of Trp-268 and electrostatic attraction to 2
guanidino groups located on the side chains of Arg-267 and
Arg-292.

The active site in the D369N enzyme

As the refinement progressed, it became apparent from the elec-
tron density maps that the D369N enzyme differed significantly
from the wild-type enzyme at the active site (see Kinemage 2).
The refined positions of side chains at the D369N active site are
shown in Figure 7 with the corresponding electron density. The
density maps showed that phosphate, normally held by 2 Zn>*
atoms in the wild-type active site, was coordinated by a single
metal atom in the mutant. This single metal was bound to the
protein close to the position of the M1 site in the wild-type en-
zyme. Lack of sufficient density at the M2 and M3 sites indi-
cated that these sites are unoccupied at millimolar concentrations
of Zn?* and Mg?*.

Amino acid side chains, which normally bind metals to the
M2 and M3 sites in the wild-type enzyme, were reoriented in the
D369N enzyme, indicating a different pattern of hydrogen bond-
ing (Table 3). Note that the lowest-energy orientation of the as-
paragine side chain at position 369 has the carbonyl oxygen
hydrogen bonded to the main chain and the amide nitrogen
pointing toward the unoccupied M2 site. One hydrogen of the
amide is bonded to a water molecule, whereas the other is
bonded to a side chain carboxyl of Asp-51 and weakly bonded
to the imidazole nitrogen acceptor of His-370. Interestingly, the
imidazole nitrogen acceptor of His-370 and the hydroxyl oxy-
gen donor of Ser-102 are also close enough in the mutant struc-
ture to form a weak hydrogen bond.

Comparing the crystal structures of the
D369N and wild-type enzymes

The D369N enzyme was compared to the wild-type enzyme over
the entire structure and separately in each metal binding site (Ta-
ble 4; Kinemages 1, 2). This was done by calculating the RMS
displacement (RMSD) for the C, and side-chain atoms. The
largest differences in C, positions were for residues near Glu-
408 having relatively weak density in the maps —indicating a
flexible or disordered loop region. The temperature factors of
the side chains in each metal site are also presented in Table 4.
Side chains liberated by the vacancies at the M2 and M3 metal
binding sites (e.g., D51, H370, T155) generally showed larger



Mechanism of a one-zinc alkaline phosphatase

increases in temperature factor than nearby side chains, which
do not interact directly with the metals.

The positions of the side chains and metals at the active sites
of the D369N and wild-type enzymes are shown superposed in
Figure 8 and Kinemage 2). At the M1 site, the histidine imidaz-
ole rings have rotated slightly, but zinc is still bound close to the
same position in the 2 enzymes. Ser-102 moved slightly into the
M2 site, 0.2 A closer to His-370. The vacancies at M2 and M3,
expected to leave free carboxylate anions at Asp-51 and Glu-322,
apparently destabilized formation of the salt bridge between Lys-
328 and Asp-153. In the D369N enzyme, Lys-328 showed a sig-
nificant shift from the wild-type position, accompanied by
increase in temperature factor, as did most of the side chains in
the helical region containing Glu-322 to Lys-328. Furthermore,
there is density indicating a K328-D51 salt bridge, which posi-
tions the positively charged e-amino of Lys-328 closer to the va-
cant M3 binding site in the D369N enzyme.

Discussion

The Asp — Asn replacement affects all 3 metal sites

Aspartate at position 369 is necessary for coordinating metals
at the M2 site. Its replacement by asparagine both disrupts metal

O s
N SYUAN

2009

Fig. 6. Stereo pair showing the electron
density of the second anion binding site
found in D369N alkaline phosphatase.
The ligand at this site, which may be ei-
ther phosphate or sulfate, was modeled
as sulfate during the refinement. Fig-
ures 6, 7, and 8 were produced using the
program SETOR (Evans, 1993).

binding and dictates a different network of hydrogen bonding
interactions, which influences the relative positions of all the
other side chains around the M2 site. The absence of the metal
cation at M2, combined with the different side-chain positions
around the M2 site, in turn affects the binding of phosphate to
the enzyme, the orientation of the side-chain ligands around M1,
and hence the affinity for Zn?* at the M1 site. Similarly, at the
M3 site both positions of the side chains and binding affinity
for Mg?* are affected. The substantially different arrangement
of side chains in the active site of the D369N enzyme, described
below, provides an explanation for the observed kinetic results,
and suggests a catalytic reaction mechanism for the mutant en-
zyme differing from the wild-type enzyme.

At the M2 site, the amide nitrogen of the asparagine side chain
substituted at 369 is a poor ligand for metal cations, compared
to the carboxylate oxygen it replaced. Because the crystal sta-
bilization buffer for wild-type and D369N enzymes contained
10 mM ZnCl,, the vacancy at the M2 site indicates that the dis-
sociation constant for Zn?* at this site was increased by several
orders of magnitude, to at least 10~2 M under these conditions.
Consequently, vacancy at the M2 metal site permits the phos-
phate oxygen, Asp-51 carboxylate, and His-370 imidazole li-
gands to reorient in order to form stabilizing interactions with
nearby chemical groups.

Fig. 7. Stereo pair showing electron
density at the active site in D369N alka-
line phosphatase. This map is an F, — F,
s electron density map, calculated with the
) Zn**, phosphate, and the side chains of
active site residues omitted. The posi-
tions of metal atoms that normally oc-
cupy the M2 and M3 metal coordination

F R ,
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y ‘:\:},L:/jﬂ,_’\yh‘ sites in the wild-type enzyme are in the
&I . regions outside the chosen contour (¢ =

2.7). Freed from its normal role as a co-
ordinating ligand to Zn at the M2 site,
the imidazole nitrogen of His-370 has
formed a hydrogen bond with the -
hydroxyl of Ser-102 in the D369N mu-
tant. We propose that His-370 helps to
abstract the proton from the seryl oxy-
gen, thus activating it for nucleophilic
attack at the phosphate group on the
bound substrate.
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Table 3. Hydrogen bonds in D369N
near the substitution site*

T.T. Tibbitts et al.

Table 4. Comparison of the coordinates for the D369N
and wild-type enzymes

Donor Atoms 1-2 Atoms 3-4  Accept «123° Dy (A)
GS2 N.---H ODI-CG N369 153 2.0
S102 N..-H 02-P PO, 169 2.2
OG- - -HG NE2-CD2 H370 147 2.7
S147 OG- --HG OE1-CD E322 94 2.5
TI55 0OGl---HGI OH2 H,O 164 1.9
OG1---HG1 OE2-CD E322 110 2.5
R166  NH!i---HHI12 O2-P PO, 114 2.4
D327 N---H 0-C D51 113 2.3
N---H 0-C A324 119 2.8
K328 N.--H o-C A324 168 2.8
NZ---HZ1 O-C A324 155 2.5
NZ.--HZ2 OD2-CG D51 111 2.9
H331 N..-H o-C D327 151 2.0
N---H 0-C K328 118 2.6
ND1---HDI 0-C Q410 122 2.2
N369 ND2---HD21 OH2 H,O 154 1.9
ND2..-HD22 OD1-CG D51 132 2.0
ND2. - -HD22 NE2-CD2 H370 110 2.9
H370 N--‘H ODI-CG N369 128 2.2
ND1: . -HD1 0-C A371 124 2.9
H412 NDI:.-HDI1 0-C T100 139 2.2

2 Angles between the atoms ( « 123°) and distances (D,,) listed are
for the B chain. Atoms are identified by their names in the Brookha-
ven PDB file.

Phosphate binds to the D369N enzyme about 2 A away from
its location in the wild-type enzyme and is more exposed to the
surface. In the wild-type enzyme, phosphate is coordinated by
2 zinc atoms and is further stabilized by the guanidinium group

H331

H412 H412

D369N D369N

S102

o W

£322

D327 D327
s w5,
PO
K328 K328

8102

RMSD (A) Side chain B (A?)
Residues - — -
included C, Side chain D369N WT
All 0.28 0.88 22 18
M1 site 0.21 0.87 33 12
M2 site 0.25 0.72 19 7.3
M3 site 0.30 0.79 20 9.5
D153/K328 0.26 1.1 39 11
Active site 0.24 0.95 31 9.5

of Arg-166 through 2 hydrogen bonding interactions. In the
D369N enzyme, the side chain of Arg-166 is not well defined by
the density, and its position in the refined model indicates that
it forms only 1 hydrogen bond to the phosphate. The tempera-
ture factor (B factor) of the phosphate group in the D369N
structure is 49.7 A2, which is significantly higher than that re-
ported for the wild-type enzyme, 20.1 A2 (Kim & Wyckoff,
1991). These results are consistent with our observation that the
binding affinity of the D369N enzyme for phosphate is lower
than that shown by the wild-type enzyme.

At the M1 site, substitution at position 369 also caused zinc
to bind less tightly. This behavior may be caused, in part, by the
weakened affinity for phosphate, which can no longer act as a
stabilizing bridge between the M1 and M2 sites. The dissocia-
tion constant for zinc at the M1 site increased from 1072 to
1075 M, and full activation of D369N enzyme occurred only at
micromolar concentrations of the metal. These data indicate that
zinc can be removed from the D369N enzyme during dialysis,
unlike the wild-type enzyme. When full occupancy of Ml is
achieved at micromolar concentrations of zinc, the D369N en-
zyme is fully activated.

The single mutation of Asp-369 also resulted in destabiliza-
tion of metal binding at the third site, M3, in the D369N enzyme.

Fig. 8. Stereo pair comparing the posi-
tions of side chains, metals, and phos-
phate in the active sites of the D369N
enzyme (thick lines) and the wild-type
enzyme (thin lines). At the M1 site, zinc
is bound close to the same location in
both enzymes (crosses), but phosphate
(PO,) is more exposed to the surface in
the D369N structure. At the M2 site, zinc
is bound in the wild-type (cross) but not
the mutant enzyme. This permits S102
to move slightly closer to H370 and the
asparagine introduced at position 369
(D369N). The M3 site normally contains
Mg2t (cross) with 3 water molecules
(not shown) in the wild-type enzyme; in
the mutant enzyme this space is partially
filled by 1 water molecule (not shown),
the carboxylate side chain of D51, and
the e-amino group of K328. The 2 sets of
atomic coordinates were aligned using
Quanta to minimize the RMSD of the Co
atoms before making this comparison.

H331

M3/ pis3
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The low electron density in 2F, — F,. maps showed that M3 is
vacant and thus the dissociation constants for both Mg?* and
Zn>* at the M3 site must be at least 1072 M in the crystal-
stabilizing buffer. Side chains around the M3 site, serving as li-
gands to magnesium in the wild-type enzyme, have also shifted
their positions. The 2 carboxylate oxygens of Glu-322 (OE1 and
OE2) now form hydrogen bonds to 2 hydroxyl groups, 1 on ei-
ther side. The hydrogen bond between OEI and the side chains
of Ser-147, present in the wild-type, is retained. However, the
OE2 oxygen of Glu-322 and the side chain hydroxyl oxygen of
Thr-155, both of which served as ligands in the wild-type en-
zyme, form a new hydrogen bond between them in the D369N
enzyme. Finally, Asp-51 serves a special role in the wild-type en-
zyme, acting as a carboxylate ligand that bridges the M2 and M3
sites. In the D369N mutant, the side chain of Asp-51 has a dif-
ferent orientation, interacting with the side-chain amino group
of Lys-328. This result may indicate that binding of a metal ion
at the M2 site is prerequisite for correct placement of Asp-51 to-
ward coordination of a metal ion at the M3 site.

The D369N enzyme catalyzes the reaction
by a different mechanism

The D369N enzyme cannot catalyze the hydrolysis of phosphate
esters by the same mechanism as the wild-type enzyme because of
the absence of the metal ion in the M2 site. In the active site of
the mutant, the His-370 side chain has moved to within 2-3 A
of the hydroxyl oxygen of Ser-102. This hydroxyl, which is phos-
phorylated and dephosphorylated during the reaction, is hydro-
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gen bonded to the imidazole nitrogen of His-370 in the mutant
structure. This would suggest a role for His-370: to weaken the
serine O-H bond and therefore strengthen the nucleophilic char-
acter of the serine hydroxyl oxygen sufficiently to attack the
phosphorous. In this scheme (Fig. 9) the D369N enzyme (E) can
bind the substrate (ROP) to form the enzyme-substrate com-
plex (E-ROP). The phosphate of the substrate is held loosely
in the active site by zinc and Arg-166. In the E-ROP complex,
His-370 stabilizes the partially deprotonated form of Ser-102
necessary for nucleophilic attack at the phosphorus atom. The
hydroxyl oxygen of Ser-102 attacks the phosphate apically as the
zinc in the M1 site stabilizes the developing negative charge on
the leaving RO™. In the covalent phosphoenzyme intermediate
(E-P) a hydroxyl nucleophile is available for apical attack on
the phosphorus, to displace Ser-102, with His-370 again stabi-
lizing the developing negative charge.

Given the large changes in the active site and the loss of 2
metal ions, it is also possible that a single-displacement mecha-
nism, involving a zinc-activated water or Tris hydroxyl, is oper-
ational in the D369N enzyme. The proposed double-displacement
mechanism, however, offers an explanation for the relative ac-
tivities of the D369A, D369N, and wild-type enzymes, by con-
sidering the environment of the seryl oxygen nucleophiles in each
case. The X-ray structure of the D369N enzyme indicates that
the side-chain carbonyl of Asn-369 forms hydrogen bonds with
main-chain nitrogen donors at Gly-52 and His-370. Further-
more, the side-chain nitrogen of Asn-369 forms hydrogen bonds
with the imidazole nitrogen of His-370 and carboxylate side
chain of Asp-51. Because none of these H bonds are possible
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Fig. 9. A proposal for the mechanism of the D369N enzyme based on the X-ray structure with phosphate bound. The enzyme,
after purification, exists as a mixture of free enzyme (E, top left) and the enzyme complexed with inorganic phosphate (E-P;,
bottom left). The free enzyme can bind the substrate (ROP) to form a Michaelis complex (E-ROP, top right). The phosphate
of the substrate is held loosely in the active site by zinc and Arg-166. In the E-ROP complex, the seryl O-H bond is sufficiently
weak to increase the nucleophilic character of the serine hydroxyl oxygen. The hydroxyl of Ser-102 attacks the phosphate api-
cally as the zinc stabilizes the developing negative charge on the leaving group RO ™. In the covalent phosphoenzyme intermedi-
ate (E-P, bottom right) a hydroxyl nucleophile is available for apical attack on the phosphorus, to displace Ser-102, with His-370
stabilizing the developing negative charge. Hydroxyl ligands shown bound to the Zn?* atoms are in equilibrium with water; their
positions are based on Mn2*-ESR and NMR dispersion studies of the M1 site in the wild-type enzyme (Schultz et al., 1989).
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in the D369A enzyme, we conclude that these interactions may
facilitate catalysis in the D369N enzyme by restraining the po-
sition of the His-370 side chain near the catalytic serine. Still,
in the D369N enzyme His-370 only partially fulfills the major
role proposed for zinc at the wild-type M2 site, which is to sta-
bilize the formation of a serine oxyanion that can attack the
phosphate. Thus in the respective E-ROP complexes, the char-
acter of the Ser-102 side chain differs markedly: in the D369A
enzyme it is the weakly nucleophilic O-H, in the D369N enzyme
it is partially activated O-H, and in the wild-type enzyme it is
the fully activated and strongly nucleophilic O~. Other struc-
tural differences may be important as well. For example, His-
370 cannot fulfill the second role played by zinc at the M2 site,
which is to place the phosphate target in optimum position for
nucleophilic attack.

The X-ray structure of the D369N enzyme leads us to propose
yet a third role for zinc bound at the M2 site. Apparently it in-
fluences the metal occupancy at the M3 site, by positioning the
carboxylate bridge (Asp-51) needed to bind metals at the M3 site.
Phospholipase C and P1 nuclease include an aspartate side
chain, analogous to Asp-51, which serves as a bridge between
2 of the 3 metal sites. Aspartate bridges may thus be a common
feature in enzymes containing multiple metal sites. Our results
suggest that 1 role of these Asp bridges may serve to link the oc-
cupancy of the 2 bridged sites, perhaps to promote a specific se-
quence of metal binding.

Combined use of site-specific amino acid substitution, kinetic
characterization, and X-ray crystallography has demonstrated
the importance of Asp-369 to metal binding at the M2 site and
yielded additional information about the function of the zinc
cation normally bound at the M2 site. Moreover, this study pro-
duced a novel phosphoesterase (D369N) that contains only a sin-
gle zinc atom at the active site. The mechanism proposed for this
enzyme — which has histidine and a single metal ion assisting in
phosphate ester hydrolysis —is consistent with the low, but sig-
nificant catalytic activity of the D369N enzyme and explains the
very low activity of the D369A enzyme. Further study of mu-
tated forms of E. coli alkaline phosphatase as model systems
should eventually lead to a fundamental understanding of ca-
talysis in enzymes that contain multiple zinc and/or magnesium
metals at their active sites.

Kinemages

Three kinemages are included to demonstrate the similarity of
the wild-type and D369N protein backbones, to highlight the dif-
ferences at the active site, and to indicate solvent positions
in D369N. These computer files permit interactive switching
and overlay comparisons of the wild-type and D369N X-ray
structures.

Materials and methods

Chemicals

Agar, ampicillin, glycerol, MOPS, p-nitrophenyl phosphate,
and sodium dihydrogen phosphate were purchased from Sigma
Chemical Co. Tris, electrophoresis-grade agarose, enzyme-grade
ammonium sulfate, and sucrose were purchased from ICN Bio-
medicals. Tryptone and yeast extract were obtained from Difco
Laboratories. Analytical-grade MgCl, and ZnSO, were from
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Mallinckrodt and Fisher Scientific. DNA sequencing reagents
were purchased from U.S. Biochemicals. Restriction endonu-
cleases, T4 DNA ligase, the Klenow fragment of DNA polymer-
ase I, and T4 polynucleotide kinase were obtained from both
U.S. Biochemicals and New England Biolabs and used accord-
ing to the suppliers’ recommendations. DNA fragments were iso-
lated from agarose gels using glass beads employing the US
Bioclean kit from Bio 101. The oligonucleotides required for
site-specific mutagenesis were synthesized by Operon Technol-
ogies Inc.

Strains

The E. coli K12 strain MV1190 (A(lac-proAB), supE, thi, A(sri-
recA) 306::Tnl0(tet")/F’ traD36, proAB, lacl®, lacZAM15),
and the M13 phage M13K07 were obtained from J. Messing.
The AphoA E. coli K12 strain SM547 (A(phoA-proC), phoR,
tsx::TnS, Alac, galK, galU, leu, str") was a gift from H. In-
ouye. The strain CJ236 (dut-1, ung-1, thi-1, relA-1/pCJ105
(Cm") was a gift from T. Kunkel.

Construction of the D369N and D369A enzymes
by site-specific mutagenesis

The mutational changes at position 369 of alkaline phosphatase
were introduced by the method of Kunkel (Kunkel, 1985; Kunkel
et al., 1987) as modified by Xu and Kantrowitz (1991). Selec-
tion of the mutations was performed directly by sequencing, and
the DNA fragment containing the mutation site was then re-
cloned and confirmed by procedures described previously
(Chaidaroglou et al., 1988; Xu & Kantrowitz, 1991). In this fash-
ion, the plasmids pEK208 and pEK209, which carry the D369A
and D369N mutations, respectively, were constructed.

Expression of the wild-type and the
mutant alkaline phosphatases

E. coli SM 547 was used as the host strain for expression of both
the wild-type and mutant alkaline phosphatases. This strain con-
tains a chromosomal deletion of the phoA gene and a mutation
in the phoR regulatory gene.

Purification of the wild-type and mutant
alkaline phosphatases

The wild-type, D369A, and D369N enzymes were isolated from
the plasmid/strain combinations pEK48/SM547, pEK208/SM547,
and pEK209/SM547, respectively, by methods previously de-
scribed (Chaidaroglou et al., 1988). Enzyme purity was judged
by SDS-polyacrylamide gel electrophoresis (Laemmli, 1970).

Determination of protein concentration

The concentration of the wild-type enzyme was determined by
absorbance measurements at 278 nm with an extinction coeffi-
cient of 0.71 cm?/mg (Plocke & Vallee, 1962). The concentra-
tion of the mutant enzymes was determined by the Bio-Rad
version of Bradford’s dye binding assay (Bradford, 1976) using
wild-type alkaline phosphatase as the standard.
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Determination of enzymatic activity

Alkaline phosphatase activity was measured spectrophotomet-
rically utilizing p-nitrophenyl phosphate as the substrate (Ga-
ren & Leventhal, 1960). The release of the p-nitrophenolate
chromophore was monitored at 410 nm. The extinction coeffi-
cient of p-nitrophenolate was determined at each pH value used
by measuring the absorbance after complete enzymatic hydro-
lysis of the substrate. The buffer systems used were 1.0 M Tris,
0.01 M Tris, or 0.1 M MOPS buffer at pH 8.0. The ionic
strength was held constant at 0.585 with NaCl.

Crystallization of the D369N enzyme

The D369N enzyme was crystallized by vapor diffusion using
hanging drops of 15 yL. The enzyme solution, at approximately
30 mg/mL, was first dialyzed against a 20% saturating solution
of (NH,4),SO,, 100 mM Tris, 10 mM MgCl,, 0.01 mM ZnCl,
at pH 9.5. Crystals formed in about 2 weeks in reservoirs where
the ammonium sulfate was between 36 to 39% saturation. Before
mounting in glass capillaries, the crystals were harvested and sta-
bilized in a solution containing 65% saturating (NH,),SO,,
100 mM Tris, 10 mM MgCl,, 10 mM ZnCl,, and 2 mM NaH,PO,
at pH 7.5 (Kim & Wyckoff, 1991).

X-ray data collection

The diffraction data were collected at the Crystallographic Fa-
cility in the Chemistry Department of Boston College, using the
San Diego Multiwire MARK III system, driven by a Micro
VAX3500 computer linked to an RU-200 rotating-anode gener-
ator operated at 50 kV and 150 mA. One multiwire proportional
counter (Cork et al., 1975; Xuong et al., 1985) was used and
CuK,, radiation was obtained with a graphite monochromater.
The detector was set at 106 cm from the crystal, and a helium
pathway was placed between the detector and the crystal to min-
imize the effect of air scattering. The intensities of diffraction
maxima were measured by using an w scan at step intervals of
0.1°. The distance between the crystal and detector permitted
measurement of diffraction maxima to 2.45 A resolution. Of the
43,509 unique reflections possible to 2.5 A, 42,809 were collected
with an average redundancy of 7.5.

Merging of reflections

Merging of the diffraction data was accomplished by using the
software provided by San Diego Multiwire (Howard et al.,
1985). A scale factor was calculated for multiple measurements
and symmetry-related reflections. Those measurements deviat-
ing substantially from the average for a particular reflection were
manually deleted. This merging and editing procedure was re-
peated until outliers were no longer apparent. The final Rsym2
was 8.5%.
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Structural refinement

The initial model used to begin the refinement of the mutant en-
zyme structure was based on the coordinates of the wild-type
E. coli alkaline phosphatase (kindly provided by Dr. Wyckoff)
with the zinc, magnesium, phosphate, and solvent atoms re-
moved. The aspartate side chain at position 369 was then re-
placed with asparagine using the sequence-editing features of
QUANTA (Molecular Simulations, Inc.). Refinements were car-
ried out using XPLOR versions 3.0 and 3.1 (Briinger, 1992),
running on Silicon Graphics Indigo II workstations at Boston
College and on the Cray Y-MP C90 at the Pittsburgh Supercom-
puter Center. The initial R-factor was 0.34. Lower R-factors
and improved stereochemistry were obtained by positional re-
finement, temperature factor refinement, and simulated anneal-
ing. Scripts were written for running XPLOR noninteractively,
based on the examples provided, using the parameter files
param19x.pro and toph19x.pro. The parameter WA was set to
170,000. This value was approximately one-third the value de-
termined by running the script check.inp on the unrefined struc-
ture. Interactive rebuilding of some side chains, using QUANTA,
was required at several stages. Noncrystallographic symmetry
restraints were introduced for the main-chain atoms, the side-
chain atoms, and symmetry-related water molecules. At each
stage of the refinement, additional water molecules were added
at positions indicated by their density in omit maps. Tempera-
ture factors (B) of the solvent molecules were closely monitored
during refinement. Coordinates of the water molecules with B
values greater than 50 A? were checked against the density at
each round. These water molecules were deleted from the model
or repositioned manually if they were outside the 0.8¢ contour
in 2F, — F_ maps, where o is the RMS deviation from the mean
density. Coordinates from the final refinement have been deposited
ited in the Brookhaven Protein Data Bank under entry code 1ALH.
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