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Escherichia coli alkaline phosphatase: X-ray structural
studies of a mutant enzyme (His-412 — Asn) at one
of the catalytically important zinc binding sites
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Abstract

The X-ray structure of a mutant version of Escherichia coli alkaline phosphatase (H412N) in which His-412 was
replaced by Asn has been determined at both low (—Zn) and high (+Zn) concentrations of zinc. In the wild-type
structure, His-412 is a direct ligand to one of the two catalytically critical zinc atoms (Zn,) in the active site. Char-
acterization of the H412N enzyme in solution revealed that the mutant enzyme required high concentrations of
zinc for maximal activity and for high substrate and phosphate affinity (Ma L, Kantrowitz ER, 1994, J Bio/ Chem
269:31614-31619). The H412N enzyme was also inhibited by Tris, in contrast to the wild-type enzyme, which is
activated more than twofold by 1 M Tris. To understand these kinetic properties at the molecular level, the struc-
ture of the H412N(+Zn) enzyme was refined to an R-factor of 0.174 at 2.2 A resolution, and the structure of the
H412N(—Zn) enzyme was refined to an R-factor of 0.166 at a resolution of 2.6 A. Both indicated that the Asn
residue substituted for His-412 did not coordinate well to Zn,. In the H412N(—Zn) structure, the Zn, site had
very low occupancy and the phosphate was shifted by 1.8 A from its position in the wild-type structure. The Mg
binding site was also affected by the substitution of Asn for His-412. Both structures of the H412N enzyme also
revealed a surface-accessible cavity near the Zn, site that may serve as a binding site for Tris. The binding of Tris
at the Zn, site may block Zn* binding at this site, which would account for the reduced affinity of the H412N
enzyme for substrate as well as its reduced catalytic efficiency in the presence of Tris. Thus, the replacement of
His-412 with Asn affects all three metal binding sites, suggesting that the relative positions of the metals bound
at the active site of E. coli alkaline phosphatase are strongly linked and critical for efficient catalysis.

Keywords: metal binding site; metalloenzymes; protein structure-function; site-specific mutagenesis; X-ray
diffraction

Alkaline phosphatase (EC 3.1.3.1) is a nonspecific phospho-
monoesterase found in most organisms (Coleman, 1992) that
catalyzes the hydrolysis reaction via a phosphoseryl intermedi-
ate (Schwartz & Lipmann, 1961; Engstrém, 1962) to produce
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Merkert Chemistry Center, Boston College, Chestnut Hill, Massachu-
setts 02167; e-mail: kantrowitz@hermes.bc.edu.

Abbreviations: H412N, the mutant alkaline phosphatase that has His-
412 replaced by Asn; H412N(~Zn), the structure of the H412N enzyme
determined with crystals that did not have added zinc in the stabiliza-
tion buffer; H412N(+Zn), the structure of the H412N enzyme deter-
mined with crystals soaked in stabilization buffer containing 10 mM zinc
chloride; P;, inorganic phosphate; RMSD, RMS displacement; Zn,,
Zn,, and Mg sites correspond to the M1, M2, and M3 sites as identi-
fied in the X-ray structure of the wild-type enzyme (Sowadski et al.,
1983); Zn,, the Zn?* ion bound in the M1 site of alkaline phosphatase;
Zn;, the Zn?* ion bound in the M2 site of alkaline phosphatase; Mg,
the Mg?* ion bound in the M3 site of alkaline phosphatase.
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inorganic phosphate and the corresponding alcohol. The enzyme
will also transfer the phosphate to a hydroxyl group of an ac-
ceptor, such as ethanolamine or Tris (Dayan & Wilson, 1964;
Wilson et al., 1964). The dimeric metalloenzyme from Esche-
richia coli has been extensively studied (for a review see Cole-
man, 1992) and its X-ray structure solved and eventually refined
to 2.0 A resolution (Sowadski et al., 1983, 1985; Kim & Wyck-
off, 1991).

In the X-ray structure, the active site of each monomer con-
tains two zinc ions and one magnesium ion (Fig. 1; Kinemage 1)
in a pocket created by the termination of a number of helices
and sheets that is open to the surface (Kim & Wyckoff, 1991).
Inorganic phosphate is held firmly in the active site by the two
zinc atoms (Zn,' and Zn,) and Arg-166. Zn, and Zn, are 4.0 A
apart and are well positioned to participate in stabilization of
the trigonal bipyramidal transition state. The amino acid resi-
dues that serve as ligands to Zn, are His-331, His-412, and
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Fig. 1. Active site of E. coli alkaline phosphatase. Shown are Zn,,
Zn,, Mg, phosphate (P;), and side-chain ligands. The side chain of
Asp-51, which bridges the Mg and Zn, sites, is also shown here; for
clarity, the other ligands to Mg are not shown. Zn, interacts with an im-
idazole nitrogen of His-412 and His-331, one of the phosphate oxygens,
and the carboxylate oxygens of Asp-327. Zn, is coordinated to Asp-
369, His-370, phosphate, and Asp-51. Also shown is Ser-102, which is
phosphorylated during the reaction, and Arg-166, which interacts with
the phosphate.

Asp-327, whereas the amino acid residues that are ligands to
Zn, are His-370, Asp-51, and Asp-369 (Fig. 1; Kinemage 2).
The Mg site, which is 5 A from the Zn, site and 7 A from the
Zn, site, may be occupied by either magnesium or by zinc in the
absence of magnesium (Simpson & Vallee, 1968; Anderson et al.,
1975; Kim & Wyckoff, 1991).

Based on biochemical and X-ray structural studies, a double
in-line nucleophilic displacement mechanism has been proposed
for the E. coli enzyme (Kim & Wyckoff, 1991; Coleman, 1992),
which involves attack at the phosphorus by the hydroxyl group
of Ser-102 in the first step and by a water molecule coordinated
to Zn, in the second step. In the first half of the reaction, Zn,
interacts with the hydroxyl of Ser-102 to stabilize the deproton-
ated form of the serine necessary for nucleophilic attack on the
phosphorus and Zn, stabilizes the negative charge on the leav-
ing group. In the second half of the reaction, Zn, stabilizes the
negative charge on the serine hydroxyl and Zn, lowers the pK|,
of a coordinated water molecule sufficiently for it to act as a nu-
cleophile. In transphosphorylation, the Zn, activates an alco-
hol acceptor instead of a water molecule.

Work in this laboratory has focused on determining the role
of the metals in E. coli alkaline phosphatase by a combination
of site-specific mutagenesis and X-ray crystallography. For ex-
ample, replacement of Asp-153 by His resulted in an enzyme
with an altered pH profile and enhanced activity in the presence
of excess Mgt (Janeway et al., 1993). The X-ray structure of
this enzyme, without excess Mg>*, indicated that the enzyme
exists with Zn* in the Mg site (Murphy et al., 1993). These re-
sults suggested an explanation for the Mg activation of some
mammalian alkaline phosphatases (Cathala et al., 1975). In these
mammalian alkaline phosphatases, the enzyme as isolated may
have Zn** in the Mg site. In another study, Asp-369, a ligand
to Zn,, was replaced by Ala and Asn (Tibbitts et al., 1994). The
X-ray structure of the D369N enzyme revealed that only the
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Zn, site was occupied, and furthermore, the data suggested an
alternative mechanism for this enzyme involving only one metal
(Zn,) with the possible assistance of His-370 (Tibbitts et al.,
1994).

In order to evaluate the role of Zn, in E. coli alkaline phos-
phatase and the specificity of the His-Zn, interaction, site-
specific mutagenesis was used to replace His-412 with Asn (Ma
& Kantrowitz, 1994). The H412N enzyme exhibited reduced ac-
tivity, lower catalytic efficiency, and weaker affinity for zinc and
phosphate compared to the wild-type enzyme (Ma & Kan-
trowitz, 1994, and Table 1). The kinetic parameters of the
H412N enzyme exhibited a strong zinc dependence (see Table 1).
In the presence of optimal amounts of added zinc (0.2 mM), the
k.q../K,, ratio increased about 60-fold compared to the ratio in
the absence of zinc. In fact, the £, /K, ratio is nearly 1/2 of
the value for the wild-type enzyme under optimal concentrations
of zinc. Furthermore, Tris inhibited the H412N enzyme, which
could be reversed by addition of Zn?*. In order to understand
these kinetic results at the molecular level, and to investigate fur-
ther the role of metals in catalysis, the X-ray structure of the
H412N alkaline phosphatase was determined both at low and
high concentrations of zinc.

Results

Structure of H412N alkaline phosphatase
in the presence of zinc

The H412N enzyme crystallized in the same space group and
with unit cell dimensions similar to the crystals of the wild-type
enzyme (see Table 2). The structure obtained with crystals
soaked in stabilization buffer containing 10 mM zinc chloride

Table 1. Summary of kinetic parameters for the
wild-type and H412N enzymes at pH 8.0*

[Zn?*] ke Ko Kear/Km x 1078
Enzyme® (mM) Y (uM) M-1sh
A) In the absence of the phosphate acceptor?
Wild-type 0 31 (D) 7(£2) 4.4
Wild-type 0.2 32(x2) T(x1) 4.6
H412N 0 7 (£0.5) 210 (£5) 0.033
H412N 0.2 18 (+0.8) 9(x1) 2.0
B) In the presence of the phosphate acceptor®
Wild-type 0 86 (+ 6) 22 (x2) 3.9
Wild-type 0.2 86 (+9) 21 (x3) 4.1
H412N 0 <0.002 380 (£50) <5.2x107°
H412N 0.2 80 (£5) 230 (+10) 0.35

2Kinetic data were determined at 25 °C with p-nitrophenyl phos-
phate as substrate at pH 8.0 (Ma & Kantrowitz, 1994).

®Both the H412N and the wild-type enzyme were dialyzed versus
0.01 M Tris, 1073M MgCl,, 10™%M NaH,PO,, 0.31 x 107*M NaNj,
pH 7.4 buffer before use.

¢ The k.4 values are calculated from the V,,,,, by use of a dimer mo-
lecular weight of 94,000. The k., per active site would be half of the
value indicated.

90.01 M Tris was used as reaction buffer adjusted to pH 8.0 with
HCI and the ionic strength to 0.5 with NaCl.

€1.0 M Tris was used as reaction buffer; the pH was adjusted to 8.0
with HCI.



1500

L. Ma et al.

Table 2. Summary of data collection for H412N alkaline phosphatase

dmin - Reflections Unit cell
Enzyme form Space group (A) s (total unique) Completeness Redundancy (A) Overall R,,,t,,g(,b
H412N(—Zn) 1222 2.6 1.6 177,067 98% 4.6 a=194.8 0.108
38,252 b =167.7
c=76.2
H412N(+Zn) 1222 2.2 1.7 224,987 99% 3.5 a=194.9 0.087
63,998 b=167.4
c=76.5

# Reciprocal of the signal-to-noise ratio in the highest resolution shell.
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(H412N[+Zn)) was refined using X-PLOR (Briinger, 1992) to
an R-factor of 0.174 at a resolution of 2.2 A with reasonable
stereochemistry (Table 3). As seen in Figure 2A, the overall
structure of the H412N(+Zn) enzyme was very similar to that
of the wild-type enzyme (Kim & Wyckoff, 1991). The average
RMSDs between the H412N(+Zn) and wild-type structures were
0.18 A for the a-carbon and 0.47 A for the side-chain positions.
A Luzzati plot of the resolution dependence of the crystallo-
graphic R-factor (Fig. 3) indicated that the uncertainty in the
coordinates of this structure was approximately +0.25 A (Luz-
zati, 1952).

Of a total of 892 residues in the two subunits, 99.7% were
within the most favored or additional allowed regions in a
Ramachandran plot of the dihedral angles (Fig. 4). Two regions
of the molecule had very weak electron density: the first three
residues and the loop formed by residues 407-411, inclusive. The
three residues at the N-terminus were not included in the refine-
ment. The 407-411 loop was previously observed to have weak
electron density in the structures of the wild-type, the D153H,
and the D369H enzymes (Kim & Wyckoff, 1991; Murphy et al.,
1993; Tibbitts et al., 1994) and probably represents a flexible
portion of the molecule. Due to this lack of electron density, the
refined coordinates of these residues have a much larger uncer-
tainty than the overall structure.

The major differences between the H412N(+Zn) and the wild-
type structures were detected in the active-site region of the mu-
tant enzyme. During the initial refinement, full occupancy of
the Zn, site was assumed. Inspection of the electron density
maps (2F, — F,) as well as the temperature factors suggested

that the Zn, site was only partially occupied (Fig. 5). Refine-
ment indicated that this site was only about 20% occupied. The
refined position of Zn, was about 1.3 A away from its position
in the wild-type structure (Kim & Wyckoff, 1991). The density
for His-331, which is a ligand to Zn, in the wild-type structure
(Kim & Wyckoff, 1991), was weak. This supports the observation
that the Zn, site was not fully occupied in the H412N(+Zn)
structure. However, the coordination between Zn, and its li-
gands His-331, Asp-327, and phosphate could still be distin-
guished (Fig. 5). The side chain of Asn-412 was in a position
similar to that of the side chain of His-412 in the structure of
the wild-type enzyme; however, the shorter side chain of Asn-
412 reduced its ability to coordinate to Zn,.

The phosphate bound 1.7 A away from its position in the
wild-type structure shifted toward the partially occupied Zn,
site (Fig. 6). In the H412N(+Zn) structure, the binding of phos-
phate was mediated by the two guanidinium nitrogens of Arg-
166, by a hydrogen bond to the amide of Asn-412, and by co-
ordination to Zn,. The phosphate actually bound away from
the inside of the binding pocket and no longer interacted with
Zn,. The phosphate in the active site had a temperature factor
of 30 A2, significantly higher than the 19-A2 value observed in
the structure of the wild-type enzyme (Kim & Wyckoff, 1991).

In the H412N(+Zn) structure, the Zn, site was 90% occu-
pied, and the positions of the side chains around the Zn, site
was almost identical to the Zn, site in the wild-type structure,
except that the phosphate was no longer coordinated to Zn,.
The function of Zn, is to activate the hydroxyl of Ser-102 for
nucleophilic displacement. The side chain of Ser-102 was shifted

Table 3. Refinement statistics for the H412N alkaline phosphatase structures

RMS deviations

Final dmin Metals and Bond lengths Improper
Enzyme form R-factor (A) phosphate present Waters (A) Bond angles dihedral angles
H412N(—Zn) 0.166 2.6 Zn,, Mg, P; 219 0.02 2.01° 1.67°
H412N(+Zn) 0.174 2.2 Zn,, Zn,;, Mg, P; 239 0.02 2.03° 1.58°
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Fig. 2. The RMSD between (A) the positions of «-carbon atoms of
the H412N(+Zn) and the wild-type structures, and (B) the positions
of a-carbon atoms of the H412N(—Zn) and the wild-type structures. In
each case, the data for the B-chain are shown.

slightly in the mutant structure and positioned 2.29 A away
from Zn, compared to 2.15 A away from Zn, in the wild-type
structure.

Analysis of the area near the Mg site indicated partial and pos-
sibly mixed metal occupancy at this site because the electron den-
sity maps, as well as the temperature factors and occupancy
together, were inconsistent with either full or partially occupied
Mg?* at this site. Because of the relatively high concentration
of Zn** in the crystal-stabilizing buffer (10 mM), it is possible
that the Mg site was partially occupied by Zn?* and Mg?*.
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Fig. 3. Luzzati plot showing the final crystallographic R-factors, by res-
olution shell, for H412N(+Zn) (solid line) and H412N(—Zn) (dashed
line). The expected uncertainty in the refined X-ray coordinates of both
structures is within +0.22-0.3 A, as indicated by the set of dashed theo-
retical lines (Luzzati, 1952).
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Fig. 4. Ramachandran plot of dihedral angles for the H412N(+Zn)
structure. Data show that 90.6% of the 892 residues are in the most fa-
vored regions (A, B, L), 9.1% in the additional allowed regions (a, b,
1, p), and only 0.3% in the disallowed regions. This figure was prepared
using PROCHECK (Laskowski et al., 1993).

Structure of H412N alkaline phosphatase
at a low concentration of zinc

The structure obtained with the crystals equilibrated at 1077 M
Zn** (H412N[—Zn]) was refined to an R-factor of 0.166 at a
resolution 2.6 A. These crystals did not diffract as well as the
crystals soaked in stabilizing buffer containing Zn>*. However,
the crystals did have the same space group and a similar unit cell
size as the wild-type enzyme (Table 2). As was the case for the
H412N(+Zn) structure, very weak electron density was observed
for the first three residues at the N-terminus of both chains and
therefore these residues were not included in the calculations.
The Luzzati plot suggested that the error in the coordinates of
this structure was approximately +0.275 A (see Fig. 3). The
H412N(—Zn) structure also had well-refined stereochemistry in-
dicated by the Ramachandran plot (not shown), which was very
similar to the one for the H412N(+Zn) structure (Fig. 4).

When the H412N(—Zn) and wild-type structures were com-
pared, there were a significant number of residues that exhib-
ited a-carbon displacements of more than 0.75 A (Fig. 2B). As
seen in Figure 2A, this was not the case for the H412N(+Zn)
structure. Analysis of the H412N(—Zn) structure revealed that
there were a significant number of differences in the active site
region when compared to the structure of the wild-type enzyme
(Kim & Wyckoff, 1991); in particular, His-331 and Asn-412 had
large displacements.

Closer examination of the Zn, site in the H412N(—Zn) struc-
ture revealed several structural consequences of the mutation
(Fig. 7). The Zn, site in the H412N(—Zn) structure appears to
be vacant as indicated by a lack of electron density; however,
at this resolution, the possibility exists that Zn>* is present at
this site at low occupancy. The electron density maps did not
indicate a well-defined coordination sphere for Zn,, support-
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ing the conclusion that the Zn, was not occupied. Asn-412, the
site of the mutation, was in a position similar to that of the im-
idazole of His-412 in the wild-type enzyme, with the side-chain
carbonyl pointing toward the empty Zn, site. As was the case
for the H412N(+Zn) structure, the position of the phosphate
was shifted. The phosphate was held only by the guanidinium
group of Arg-166 and the amide nitrogen on the side chain of
Asn-412 through hydrogen bonding interactions.

The replacement of His-412 by Asn also influenced the occu-
pancy of the Zn, and Mg sites in the H412N(—Zn) structure.
The Zn, site was only 40% occupied; however, all the ligands
to Zn, remained in the same relative positions observed in the
wild-type structure, with the exception of the phosphate. Al-
though the Mg site in the H412N(—Zn) structure also resembled
the Mg site of the wild-type structure, refinement indicated it

L. Ma et al.

Fig. 5. Stereo view of the (2F, — F.)
electron density map (¢ = 0.8) at the
Zn, and phosphate binding sites for the
B subunit of the H412N(+Zn) dimer.
Refined coordinates of the mutant
(thick) and wild-type (thin) structures
are superimposed on the electron den-
sity maps. This electron density map
confirms that the histidine at position
412 has been replaced by asparagine.
The Zn; site in this structure is approx-
imately 20% occupied. Figures 5-8 were
drawn with the program SETOR (Evans,
1993).

was only about 80% occupied. Furthermore, there was very
weak electron density for Asp-51, which bridges between the
Zn, and Mg sites, suggesting that this carboxylate side-chain li-
gand is not well constrained to any particular orientation, which
is consistent with the incomplete occupancy of the second and
third metal binding sites.

Discussion

His-412 is important for Zn; binding and therefore is also
important for phosphate and substrate binding

As seen in the H412N(+Zn) and H412N(—Zn) structures (Fig. 8;
Kinemage 3), Asn-412 does not project sufficiently into the Zn,
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site to serve as an effective ligand for Zn®*. In this case, aspar-
agine cannot replace histidine as a ligand to zinc; however, it is
possible that Gln could successfully replace His because the Gin
side chain is longer than the Asn side chain. The lack of an in-
teraction between Asn-412 and Zn,, observed in these X-ray
structures, explains the results from solution studies, which in-
dicated that the H412N enzyme had a reduced affinity for zinc
compared to the wild-type enzyme (Ma & Kantrowitz, 1994).
From atomic absorption measurements, the residual zinc con-
tent of the H412N enzyme was only about 30% of that observed
for the wild-type enzyme (Ma & Kantrowitz, 1994). The loss of
one interaction between the enzyme and Zn, does not destroy
the zinc binding site, but it does substantially reduce the affin-
ity of the site for zinc. The weakened binding of Zn, is also re-
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Fig. 7. Stereo view of the (2F, — F,)
electron density map (¢ = 0.6) at the
Zn, and phosphate binding sites of
the H412N(~Zn) enzyme. Refined
coordinates of the H412N (thick) and
wild-type (thin) structures are super-
imposed on the electron density
maps. The Zn, site is not occupied
in the mutant structure, and the den-
sity for the ligands His-331 and Asp-
327 is very weak.

His=331

flected in increased distances between the zinc and all of its
ligands (see Table 4). For example, the distance between the NE2
of His-331 and Zn, refined to a value between 0.5 and 1.0 A
longer in the H412N(+Zn) than the wild-type structure, which
may represent an average over the liganded and unliganded
forms.

The position of Zn, also changed due to the absence of the
His-412 ligand and the weakened interactions with its other li-
gands. The alteration in the position of Zn, also influenced the
position of the phosphate, which moved toward the extra space
created by the displacement of Zn,, allowing it to form a hy-
drogen bond with the ND2 of Asn-412. In the H412N(+Zn)
structure, the phosphate actually has moved away from the sub-
strate binding pocket and become more exposed to the surface

Ser—102

Fig. 8. Comparison of the positions of the
active site residues in the H412N(+Zn)
(thick line), the H412N(—Zn) (medium
line), and the wild-type structures (thin
line).

Arg—166 Arg—166
Ser—102
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of the protein. The repositioning of the phosphate also resulted
in the loss of the interaction between the phosphate and Zn,
and extended the distance between phosphate and its hydrogen
bonding partners (see Table 4).

The weakened interactions between phosphate with its neigh-
bors observed in these two crystal structures explains many of
the solution properties of the H412N enzyme, including the ob-
served reduction in phosphate content and affinity, and the in-
crease in phosphate and substrate affinity in the presence of
excess zinc.

Comparison of the mutant enzyme structures reveals that the
Zn, site in the presence of 10 mM Zn?* has a much higher oc-
cupancy than the one at low Zn>* (10~7 M). As previously re-
ported (Ma & Kantrowitz, 1994), the hydrolysis activity of the
H412N enzyme was improved 2.5-fold in k_,, and 23-fold in X,
in the presence of 0.2 mM Zn2* compared to the value in the
absence of Zn?*. Therefore, the higher activity of the H412N
enzyme in the presence of zinc is mainly due to increased zinc
binding, which in turn results in increased substrate and phos-
phate affinity. The ability of zinc to activate the H412N enzyme
as well as to enhance substrate binding and phosphate affinity
to very close to the wild-type values observed in solution (Ma
& Kantrowitz, 1994) correlates well with the structural alter-
ations that occur when zinc is added to the H412N(—Zn)
structure.

Replacement of His-412 by Asn disrupts the
structural network of the active site

The major differences between the H412N(+Zn) and H412N
(—Zn) structures involve the interactions of the protein with the
Zn, and Zn, sites, the interaction of the protein with the phos-

Table 4. Distances between the metals, phosphate, and
side-chain ligands in the wild-type and H412N
alkaline phosphatases

Distance (A)

Distance between  Wild-type H412N(+Zn) H412N(~Zn)

Zn, His412 NE2  2.02
Asn-412 ODI1 3.1° ~a
His-331 NE2  2.08 3.2° -2
Asp-327 ODl1 2.27 1.8° —2
OD2 2.54 2.7° -3
PO, O3 Ser-102 OG 2.68 2.99 3.23
Ol Zn, 2.04 2.3
02 an 2.04 — —
O3 Arg-166 NH1  2.63 3.26 3.19
04 Arg-166 NH2 288 3.03 3.13
Zn, Asp-51 OD1  2.03 1.89 2.38
Asp-369 OD1 1.80 1.99 2.23
His-370 NE2  2.03 1.95 2.28
Ser-102  0OG 2.15 2.29 2.54

2Zn, was not present in the H412N(—Zn) structure.

> The coordinates of the Zn, ligands in the H412N(+Zn) structure
have a higher uncertainty than would be expected from the Luzzati plot
because of the low occupancy of Zn,.
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phate, and the occupancies of the Zn,; and Zn, sites. The posi-
tions of the metal atoms in the Zn, and Mg sites, as well as the
position of the phosphate, were similar in both structures. In
the H412N(+Zn) structure, the two zinc atoms refined to some-
what closer together than the 4.0-A separation observed in the
wild-type structure.

Even with optimal amounts of zinc, the k., of the H412N
enzyme is reduced about twofold compared to the value for the
wild-type enzyme. This reduction in k., may be due to the al-
tered position of the phosphate in the mutant structures com-
pared to its position in the wild-type enzyme (see Fig. 8). The
phosphate position shifts outward from the binding pocket com-
pared to the wild-type structure. Zn, was more than 4.0 A from
the phosphate in both H412N structures and could not interact
with the phosphate. In addition, Ser-102 swings slightly toward
the phosphate but is still bound to Zn,. In the wild-type struc-
ture, the precise positions of Zn,, Zn,, phosphate, and Ser-102
with respect to each other is critical for efficient catalysis. Be-
cause the relative positions of Zn,, Zn,, phosphate, and Ser-102
in the mutant enzyme have been altered, the precise relationship
between these groups required for efficient catalysis has been
lost.

H412N enzyme has an altered affinity for magnesium

The Mg site of both H412N structures is similar to that observed
in the structure of the wild-type enzyme, except that in the
H412N(~Zn) structure the Mg site is only partially occupied,
and in the H412N(+Zn) structure, there is apparently a mixture
of Mg2* and Zn?* bound at this site. For the wild-type en-
zyme, under the same conditions, the Mg site is fully occupied
by Mg?* alone. These data suggest that the affinity of the en-
zyme for Mg®* has decreased by the replacement of His-412 by
Asn. The decreased Mg?* affinity is probably directly related
to the disorder observed for Asp-51, which forms a bridge be-
tween the Mg and Zn, sites. These data also indicate that the
three metal binding sites in alkaline phosphatase are closely in-
terrelated on a structural basis. By replacing one of the Zn, li-
gands His-412 by Asn, the Zn, binding site is altered, which can
then be propagated to the Zn, site. Finally, the alteration in the
Zn, site is transferred to the Mg site via Arg-51, which bridges
between these two metal sites. Thus, a small change at one of the
metal sites in the enzyme can have profound changes at all of
the metal sites. A similar disruption in the coordination of the
metals occurred in the enzyme in which Asp-369 was replaced
by Asn at the Zn, site (Tibbitts et al., 1994).

Binding of Tris weakens zinc binding and reduces
the affinity of the enzyme for substrates

The H412N enzyme is inhibited by Tris (Ma & Kantrowitz, 1994)
in contrast to the wild-type enzyme, which is activated by Tris
due to the additional transferase activity; however, the inhibition
of the H412N enzyme by Tris can be reversed by addition of
Zn**. For the wild-type enzyme, Tris acts as a more efficient
phosphate acceptor than water, whereas this is not the case for
the H412N enzyme. In the structure of the H412N enzyme, the
substitution of Asn for His at position 412 actually opens the
structure in the region previously occupied by the imidazole of
His-412, possibly creating a new Tris binding site. Tris binding
in this cavity would prevent Zn from binding to the Zn, site,
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which in turn would result in a substantial reduction in the af-
finity of the enzyme for both the phosphorylated substrate and
the product phosphate. This loss in substrate affinity is reflected
in the increase in X, observed for this enzyme in the presence
of Tris. Based on this model, the effect of Tris on the H412A
enzyme, which would be expected to have an even larger pocket
near Zn, for binding Tris than the H412N enzyme, should be
more dramatic. Consistent with this prediction, the H412A en-
zyme exhibited a 100-fold increase in K, in the presence of 1 M
Tris (Ma & Kantrowitz, 1994).

Summary

The structural studies reported here on the H412N enzyme have
been used to understand the solution properties of this mutant
enzyme, including its altered substrate affinity, reduced phos-
phate affinity, low metal content, and low catalytic efficiency.
The structural data have also been helpful in suggesting a mo-
lecular mechanism for the Tris inhibition of the H412N enzyme,
as well as its reversal at high concentrations of Zn** (Ma &
Kantrowitz, 1994). Most of these effects have been caused by
creation of a cavity near Zn, in the active site pocket. Further-
more, replacement of His-412 with Asn affects all three metal
binding sites, perturbing the critical spatial relationship between
the positions of the two zinc and Mg?* catalytic cofactors in
E. coli alkaline phosphatase.

Kinemages

Three kinemages are included: Kinemage 1, to demonstrate the
tertiary and quaternary structure of the dimeric E. col/i alkaline
phosphatase as well as the location of the active site; Kine-
mage 2, to show the coordination of the metals in the active site
of the wild-type enzyme; and Kinemage 3, to highlight the dif-
ferences at the active site between the wild-type and the struc-
tures of the H412N alkaline phosphatase, with and without
added zinc. The last kinemage permits interactive switching and
overlay comparisons of the wild-type, the H412N(—Zn), and
H412N(+Zn) X-ray structures.

Materials and methods

Materials

Agar, agarose, ampicillin, p-nitrophenyl phosphate, sodium di-
hydrogen phosphate, magnesium chloride, and zinc chloride
were purchased from Sigma Chemical Co. Tris, enzyme-grade
ammonium sulfate, and sucrose were supplied by ICN Biomed-
icals. Tryptone and yeast extract were from Difco Laboratories.

Strains

The AphoA E. coli K12 strain SM547 (Al phoA-phoC), phoR,
tsx::Tn$, Alac, galK, galU, leu, str) was a gift from H. Inouye.

Expression and purification of the
HA412N alkaline phosphatase

The H412N enzyme was purified as reported previously (Ma &
Kantrowitz, 1994) using E. coli strain SM547, which had been
transformed with plasmid pEK202. E. coli SM547 was used as
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the host strain for expression of the H412N enzyme because this
strain contains a chromosomal deletion of the phoA gene and
a mutation in the phoR regulatory gene. Therefore, no contam-
ination from the wild-type alkaline phosphatase was possible.

Crystallization

Crystals were obtained using the hanging drop vapor diffusion
method. Before use, the enzyme, at a concentration of approx-
imately 30 mg/mL, was dialyzed against a buffer composed of
20% saturated (NH,4),SO,, 100 mM Tris, 10 mM MgCl,, and
0.01 mM ZnCl, at pH 9.5. Drops of 15 uL. were suspended on
coverslips and equilibrated with 1 mL of buffer (39% saturat-
ing [NH,4],SO,, 100 mM Tris, 10 mM MgCl,, pH 9.5). The
crystals, which grew in 1-2 weeks, were harvested by transfer-
ring them to a stabilization solution containing 65% saturated
{NH,),S0,, 100 mM Tris, 10 mM MgCl,, 2 mM NaH,PO,,
pH 7.5, with or without 10 mM ZnCl,. The crystals were soaked
in the stabilizing solution for several days before data collection.
Because the drop containing the crystals contained 0.01 mM
ZnCl,, zinc concentration in the stabilization solution without
added zinc was actually approximately 1077 M.

Data collection and processing

The diffraction data were collected with an Area Detector Sys-
tems MARK III system at the Crystallographic Facility in the
Chemistry Department of Boston College. The area detector sys-
tem was controlled by a Micro VAX3500 computer for data col-
lection using a Rigaku RU-200 rotating-anode X-ray generator
operated at S0kV and 150 mA. The instrumental setup has been
reported previously (Tibbitts et al., 1994). For the H412N(+Zn)
structure, data were collected to 2.2 A resolution using two crys-
tals. A total of 63,998 unique reflections were obtained from
224,987 measurements, with an average redundancy of 3.5. For
the H412N(—Zn) structure, data were collected to 2.6 A on three
crystals that had been soaked in stabilization buffer in the ab-
sence of zinc. A total of 177,067 reflections were collected of
which 38,252 were unique, giving an average redundancy of 4.6
(Table 2). Diffraction data were merged and processed with the
software provided by Area Detector Systems (Hamlin et al.,
1981).

Structural refinement

The initial model used to begin the structural refinement was the
coordinates of the wild-type E. coli alkaline phosphatase
(Brookhaven Data Bank file 1ALK), with metals, phosphate,
and waters removed. In addition, His-412 was replaced by Asn
using QUANTA (Molecular Simulations, Inc., Burlington, Mas-
sachusetts). Both crystal structures were refined using X-PLOR
(Briinger, 1992; Molecular Simulations, Inc.) running on Sili-
con Graphics Indigo 1I workstations at Boston College and on
the Cray Y-MP C90 at the Pittsburgh Supercomputer Center.
The initial R-factors were 0.360 and 0.343 for the H412N(+Zn)
and H412N(—Zn) structures, respectively. Subsequent positional
refinement and temperature factor refinement improved the
R-factors and stereochemistry. At this stage, the metals, their
water ligands, and phosphate were built in according to the cal-
culated electron density (2F, — F,) and (¥, — F,) maps using
QUANTA. The structures were then further refined by cycles
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of positional refinement, temperature factor refinement, and
simulated annealing using initial temperatures up to 3,000 °C.
An initial set of solvent water molecules was then added from
the D369N structure (Protein Data Bank file 1ALH, Tibbitts
et al., 1994). During subsequent refinement the temperature fac-
tors of the waters were carefully monitored, and water molecules
that had temperature factors above 60 A? were deleted. Addi-
tional solvent water molecules were added based upon difference
Fourier maps (F, — F_) at several stages, and approximately 230
waters are present in each of the refined structures (Table 3).
During refinement, noncrystallographic symmetry constraints
(Tibbitts et al., 1994) were also used. Simulated annealing omit
maps (Briinger, 1992) were also used to determine the positions
of side chains in the active site region of these structures. Co-
ordinates for the H412N(—Zn) and H412N(+Zn) structures
have been deposited in the Brookhaven Protein Data Bank as
1ALI and 1ALJ, respectively.
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