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Kerstin Böhm1,*, Thomas Herter2,*, Jürgen J. Müller1, Rainer Borriss2 and Udo Heinemann1,3

1 Kristallographie, Max-Delbrück-Centrum für Molekulare Medizin, Berlin, Germany

2 Institut für Biologie, Humboldt-Universität zu Berlin, Germany

3 Institut für Chemie und Biochemie, Freie Universität Berlin, Germany

Introduction

The term phytase (myo-inositol 1,2,3,4,5,6-hexakis-

phosphate phosphohydrolase) defines a class of phos-

phatases with in vitro activity to release one or more

phosphate groups from their substrate phytate,

myo-inositol 1,2,3,4,5,6-hexakisphosphate [1]. Phytic

acid accumulates during seed development in cereals,

legumes, nuts and oil seeds and accounts for 60–90%

of the total phosphorus content in mature seeds [2,3].
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The extracellular phytase of the plant-associated Klebsiella sp. ASR1 is

a member of the histidine-acid-phosphatase family and acts primarily as

a scavenger of phosphate groups locked in the phytic acid molecule. The

Klebsiella enzyme is distinguished from the Escherichia coli phytase AppA

by its sequence and phytate degradation pathway. The crystal structure of

the phytase from Klebsiella sp. ASR1 has been determined to 1.7 Å resolu-

tion using single-wavelength anomalous-diffraction phasing. Despite low

sequence similarity, the overall structure of Klebsiella phytase bears similar-

ity to other histidine-acid phosphatases, such as E. coli phytase, glucose-

1-phosphatase and human prostatic-acid phosphatase. The polypeptide

chain is organized into an a and an a ⁄ b domain, and the active site is

located in a positively charged cleft between the domains. Three sulfate

ions bound to the catalytic pocket of an inactive mutant suggest a unique

binding mode for its substrate phytate. Even in the absence of substrate,

the Klebsiella phytase is closer in structure to the E. coli phytase AppA in

its substrate-bound form than to phytate-free AppA. This is taken to sug-

gest a preformed substrate-binding site in Klebsiella phytase. Differences in

habitat and substrate availability thus gave rise to enzymes with different

substrate-binding modes, specificities and kinetics.

Abbreviations

G1P, glucose-1-phosphatase; HAP, histidine-acid phosphatase; Mse, selenomethionine; NMM, new minimal medium; PAP, prostatic-acid

phosphatase.
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According to their sequence, most bacterial, fungal

and plant phytases belong to the group of histidine-

acid phosphatases (HAPs). Within this structural clas-

sification, there are two phytase subgroups: some

members show broad substrate specificity but low spe-

cific activity for phytate, whereas others have narrow

substrate specificity and high specific activity for phytic

acid. All members of the HAP class share two con-

served active-site motifs, RHGXRXP and HD, and

hydrolyze metal-free phytate with pH optima in the

acidic range. They consist of two domains, a large a ⁄ b
domain and a small a domain with the catalytic site at

the interface of the two domains [4,5]. HAPs can initi-

ate hydrolysis of phytate at either the C3 (EC 3.1.3.8)

or C6 (EC 3.1.3.26) position of the inositol ring and

produce myo-inositol monophosphate, in particular

myo-inositol 2-phosphates because of its axial position,

as the final product [6–8].

HAPs share a common two-step mechanism for

catalysis [9,10]. The reaction starts with a nucleophilic

attack on the phosphoester bond by a conserved histi-

dine in the long active-site motif. The histidine side

chain from the conserved HD motif protonates the

leaving group [11]. The second step comprises hydroly-

sis of the resulting covalent phospho-histidine interme-

diate. The final product of histidine-acid phytases is

myo-inositol monophosphate, whereas alkaline phos-

phatases are only able to hydrolyze three phosphate

groups resulting in myo-inositol triphosphates as prod-

uct. In addition to their ability to make inorganic

phosphorus available for metabolism, the elimination

of phytate, which is known to chelate nutritionally

important minerals, is another beneficial effect of phy-

tases [1]. The phytase enzyme with the highest specific

activity currently known is the pH 2.5 acid phospha-

tase AppA from E. coli [12]. Initially, the flexible

AppA binding pocket is not fully occupied by phytate.

Upon substrate binding, the active-site pocket closes,

allowing successive dephosphorylation of phytate [5].

Although the amino acid sequence of E. coli glucose-1-

phosphatase (G1P) is related to AppA, the crystal

structure suggests that phytate can bind to the active

site of G1P only in an orientation with the 3-phos-

phate as a scissile group. Leu24 and Glu196 in G1P

are proposed to act as ‘gating residues’ that narrow

access to the comparatively stiff and small substrate-

binding cleft [13].

The phytase from Klebsiella sp. ASR1 (PhyK) is a

3-phytase with myo-inositol 2-phosphate as the final

product [14]. A virtually identical phytase from Klebsi-

ella terrigena has also been described [6]. PhyK con-

tains both the conserved long active-site motif,

RHGXRXP (residues 24–30), and the catalytically

active dipeptide, HD (residues 290–291). Klebsiella sp.

ASR1 has previously been isolated from an Indonesian

rice field during a survey for phytase-producing bacte-

ria associated with plant rhizospheres. It is assumed

that the presence of such bacteria within the vicinity of

plant roots serves to improve plant growth by supply-

ing additional inorganic phosphate [15]. According to

its sequence, PhyK belongs to a group of phytases syn-

thesized by plant-associated bacteria such as Xantho-

monas campestris, Pseudomonas syringae and Erwinia

carotovora. Despite some sequence similarity, this

group is distinct from that of the AppA-related

enzymes, mainly produced by human pathogenic

E. coli, Salmonella and Yersinia spp. and also from

that of the glucose-1-phosphatases found in several en-

terobacteria [16].

Structural information about phytases with different

environmental functions is important for understand-

ing their specific role within the microenvironment of

which they are a part (human gut or plant rhizosphere,

for example). Here, we present the crystal structures of

the ligand-free PhyK at 1.7 Å resolution and of a cata-

lytically incompetent PhyK mutant that suggest a

model for substrate binding. Comparison with the

structures of the related enzymes AppA and G1P of

E. coli suggests the existence of a common ancestor

(‘prototype’) of HAPs, endowed with the potential to

develop specific enzymatic features in response to selec-

tive pressures arising from individual environmental

conditions. According to the crystal structures reported

here, PhyK seems to have a preformed substrate-bind-

ing site and to be less optimized for efficient substrate

hydrolysis than AppA.

Results and Discussion

Overall structure

The crystal structure of PhyK was determined by single-

wavelength anomalous diffraction to 1.7 Å resolution.

Recombinant PhyK crystallized with two molecules in

the asymmetric unit of its tetragonal unit cell. The con-

formation of the two molecules is similar with a rmsd of

0.5 Å for the superposition of 394 Ca atoms [17]. The

globular fold is composed of two domains: an a ⁄ b
domain and an a domain (Fig. 1A). The known active-

site motif is found in a cavity between the two domains.

The a ⁄ b domain consists of a central six-stranded b
sheet of mixed topology surrounded by a helices on

each side. These major structural features are well con-

served throughout the HAPs of bacteria, fungi and

mammals. Moreover, two short b strands with antipar-

allel topology are found in this domain.

K. Böhm et al. Crystal structure of Klebsiella phytase PhyK
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The smaller a domain is formed by several a helices,

where the two central helices are part of the catalytic

pocket of the enzyme. A b-hairpin motif, which to

date has been described only in AppA [5] and G1P

[13], is also found in PhyK. These two proteins display

the closest structural similarity.

There are three disulfide bonds involving all six cys-

teine residues (85 ⁄116, 176 ⁄ 182 and 370 ⁄ 379)
(Fig. 1A). Formation of disulfide bridges was assured

by periplasmic localization of the heterologously pro-

duced proteins. The C-terminal loop linker, cysteines

370 ⁄ 379, is conserved in all HAP structures [13]. How-

ever, the other disulfide bridges are not fully con-

served. Despite the very similar structure, the human

prostatic-acid phosphatase (PAP) has, in addition to

the C-terminal loop linker, only one disulfide bridge,

which is not found in PhyK. G1P shows the same

disulfide bond pattern as PhyK, whereas AppA has an

additional disulfide bond between Cys133 and Cys408.

In all proteins, the disulfide bridges are not directly

involved in catalysis. However, they were shown to be

essential for the folding and stability of the molecular

structure for fungal phytases [18].

The catalytic center is located between the two

domains of PhyK. The catalytic motif, 24-RHGXRXP-

30, and the substrate binding motif, 290-HD-291, are

conserved and in close proximity. In order to orient

His25 for the nucleophilic attack on the substrate, the

Nd atom donates a hydrogen bond to the backbone oxy-

gen atom of Gly26. The other important histidine side

chain in the catalytic pocket is also fixed with a hydro-

gen bond. The distance between the Ne of His290 and

the Oc of Ser96 is 2.81 and 2.89 Å for the two molecules

in the asymmetric unit, respectively.

Comparison with E. coli phytase AppA

Overall, PhyK bears significant structural similarity to

other HAPs. A structure-based search with dali [17]

revealed several similar structures. With rmsd values of

2.3 Å for both enzymes, E. coli AppA (PDB entry

1DKL) and E. coli G1P (PDB entry 1NT4) are the

closest structural matches (Fig. 1B). The dali Z-score

was 47.0 for 402 superimposed Ca atoms of AppA and

41.9 for 391 superimposed Ca atoms of G1P. Despite

the structural similarity, the sequence identity with

PhyK is only 22.6 and 23.2%, respectively.

The overall fold of PhyK is evolutionarily highly

conserved. The human enzyme PAP can be superim-

posed with an rmsd value of 3.2 Å (342 Ca atoms,

Z-score 28.7) although only 19% of the sequences are

identical [19]. Nevertheless, human PAP does not con-

tain the b-hairpin motif present in PhyK as well as in

AppA and G1P.

The a ⁄ b domain of HAPs is evolutionarily more

conserved than the a domain. For example, the

phytase of Aspergillus fumigatus shows closer similarity

to PhyK in the a ⁄ b domain than in the a domain [20].

This is also reflected in the rigidity of the protein. The

atomic displacement factors of the PhyK structure are

smaller for the a ⁄ b domain than for the a domain.

This has also been observed for other HAPs. The heli-

ces directly involved in substrate recognition are well

conserved among species.

A B

Fig. 1. Crystal structure of Klebsiella sp. ASR1 phytase. (A) Cartoon representation showing the two domains of PhyK, the a domain

(orange) and the a ⁄ b domain (green). The disulfide bridges are represented in magenta. (B) Superposition of PhyK (orange) with E. coli

phytase AppA (gray, 1DKL) and E. coli glucose-1-phosphatase G1P (cyan, 1NT4). All pictures were prepared using PYMOL [37].

Crystal structure of Klebsiella phytase PhyK K. Böhm et al.
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Binding model

A crystal structure of the inactive mutant H25A of

PhyK was determined for four molecules in the asym-

metric unit. The exchange of a single amino acid resi-

due was sufficient to inactivate the enzyme without

affecting the structure (mean rmsd of 0.48 Å for 394

Ca atoms in all possible superpositions of the four

mutant protein chains with the two wild-type PhyK

molecules). Thus, the differences between wild-type

and mutant structure are in the same range as the dif-

ferences between the two molecules of the asymmetric

unit of the wild-type structure. Neither the mutation

nor the different crystallization conditions evoked

structural differences. The crystal was grown in the

presence of phytate, as well as 80 mm ammonium sul-

fate. Although phytate is the natural substrate of

PhyK, we do not observe phytate binding at the active

site. Instead, there is electron density for three sulfate

ions at the active sites of the four protein molecules in

the asymmetric unit which presumably occupy binding

sites for phosphate groups of a substrate phytate mole-

cule. The preferred binding of sulfate over phytate is

attributed to a 53-fold molar excess of sulfate ions

over phytate, which was necessary to obtain crystals.

Based on the electron density for three sulfate ions

bound at the active site, a model of phytate bound to

PhyK was calculated, so that the sulfate positions

mark the sites of phytate phosphate groups. In this

model, the 3-phosphate was arranged to point towards

the exchanged catalytic residue 25, because this phos-

phate was biochemically identified as the first site of

hydrolysis [14]. This leaves only one choice for the ori-

entation of a phytate (standard 5eq ⁄ 1ax ring pucker)

in the binding pocket that places two more phosphates

into sulfate density. An independent calculation for

each of the four proteins in the asymmetric unit gave

rise to very similar binding modes (Fig. 2A). In the

model, the phosphate groups 1, 3 and 4 fill

the observed electron density. In the following, only

the model for chain B is discussed, because in this

region the electron density was best defined, and the

sulfates have the lowest atomic displacement factors.

The electrostatic surface potential representation shows

a positively charged pocket between the two domains

where the conserved active-site motifs are found

(Fig. 2B). Coulomb charges as well as the helix dipoles

of helices A and L would serve to enhance the cata-

lytic activity by lowering the pKa value of His25.

Hence, the catalytically important histidine side chain

would be rendered a more potent nucleophile, and

binding of the negatively charged substrate would be

facilitated. This explains the acidic pH optimum and

the substrate specificity towards metal-free phytate of

PhyK. In comparison with AppA and G1P the binding

pocket of PhyK shows an even more positively

charged surface. Notably, the catalytic pocket is sur-

rounded by a patch of positive charges which may

direct the substrate towards the active site. Surface

charge patterns are not that prominent in other HAPs

such as the phytases from E. coli, A. niger or A. ficu-

um, or human PAP.

Because the sulfate ions mimic a phytate molecule,

the sites with the highest affinity for sulfate ions are

likely to be important for substrate recognition.

Indeed, the scissile 3-phosphate is involved in seven

A B

Fig. 2. Model for the binding of phytate to PhyK. (A) For each of the four protein molecules in the asymmetric unit a phytate-binding model

was calculated based on the positions of three sulfate ions. Superposition of the proteins reveals a very similar binding mode for all models.

For clarity only one protein chain is shown. Colors are the same as in Fig. 1A indicating the two domains. (B) Electrostatic surface potential

of the active site of PhyK as calculated with APBS [38] is displayed in a range from )10 kT (red) to +10 kT (blue). The binding model of

phytate is represented as a stick model. The positively charged catalytic pocket favors binding of the negatively charged substrate. Phytate

does not fully occupy the pocket, explaining the potential to bind other substrates. The scissile 3-phosphate is located deep inside the

catalytic pocket.

K. Böhm et al. Crystal structure of Klebsiella phytase PhyK
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hydrogen bonds, whereas the other phosphate groups

are bridged by single hydrogen bonds only. The recog-

nition of phosphate groups 1 and 4 involves the con-

served Arg100 and Tyr249, respectively.

Nevertheless, all six phosphate groups of phytate are

involved in a hydrogen bond network connecting the

substrate with PhyK (Fig. 3), explaining why the first

dephosphorylation step is faster than the subsequent

steps. Phytate does not occupy the whole cavity

(Fig. 2B), leaving enough freedom for the bulky phy-

tate to rotate for further dephosphorylation steps or

for alternative substrates to bind to the active site.

Indeed, PhyK is able to dephosphorylate a number of

substrates including nitrophenyl phosphate, naphtyl

phosphate, fructose phosphates, glucose phosphates

and NADP [14]. By contrast to AppA, PhyK is even

able to dephosphorylate nucleoside phosphates.

Of the conserved 24-RHGXRXP-30 motif, Arg24

and Arg28 directly contact the substrate (Fig. 3). The

side chain of Arg24 forms two hydrogen bonds with

the scissile 3-phosphate. The 3-phosphate is in close

contact with Arg28. Therefore, these two conserved

arginine residues are important for arranging the sub-

strate in the correct orientation for catalysis, whereas

His25 is responsible for the nucleophilic attack on the

scissile phosphoester bond. Next to the conserved

motif, Thr31 also forms a hydrogen bond with the

6-phosphate. This threonine is conserved in AppA and

A. fumigatus phytase as well as in human PAP, show-

ing its importance for substrate binding. By contrast,

a leucine is found here in G1P, which functions as a

gatekeeper, explaining the narrow substrate spectrum

of G1P compared with PhyK [13].

The catalytically active dipeptide 290-HD-291,

together with the adjacent Thr292, is also directly

involved in substrate recognition (Fig. 3). In the mod-

eled structure of phytate-bound PhyK, the side chain

of His290 is locked by Ser96 in the same orientation

as in the ligand-free structure. Whereas His290 and

Asp291 form hydrogen bonds with the 3-phosphate,

Thr292 fixes the 2-phosphate. The conserved HD

dipeptide forms the N-terminus of a helix L. The ori-

entation of this helix allows substrate binding by

hydrogen bond formation, and its dipole facilitates

substrate binding as well. The hydrogen bond between

the backbone nitrogen atom of Asp291 and the 3-

phosphate of the substrate is the only interaction with

the protein backbone; all other contacts are formed

using the side chains. The conserved Arg100 forms

hydrogen bonds with two of its side chain nitrogen

atoms. Its Ne atom and an Ng atom bind the scissile

3-phosphate of phytate, and the other Ng atom fixes

Tyr249A

B C

Tyr249
Thr292 Thr292

Asp291 Asp291

His290 His290

Arg100 Arg100

Arg28 Arg28
Thr31 Thr31

Asn209 Asn209

Arg24 Arg24

1 1

2 2

3 3

4 4

5 5

6 6

Fig. 3. Schematic overview of the hydro-

gen-bond network responsible for phytate

binding. (A) Stereoview of the phytate-

binding model of PhyK. The hydrogen bonds

are represented as dotted lines. 2Fo – Fc

electron density map for the sulfate ions

guiding the phytate orientation is contoured

at the 1.5-r level. (B) Phytate-binding model

for PhyK as analyzed with LIGPLOT [39].

� indicates the preceding protein backbone.

(C) Phytate binding by AppA, after [5].

Water molecules mediating contacts are

depicted as black dots.

Crystal structure of Klebsiella phytase PhyK K. Böhm et al.
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the 1-phosphate. In addition, two more residues are

involved in phytate binding. Tyr249 forms a hydrogen

bond with phosphate group 4. Another hydrogen bond

is found between the side chain nitrogen atom of

Asn209 and phosphate group 5.

The model of a PhyK-phytate enzyme–substrate

complex explains the broad substrate specificity of the

enzyme. Although all six phosphate groups are

involved in the hydrogen-bond network, the scissile

3-phosphate of phytate is clearly bound tightest to the

enzyme. This is also reflected in the quality of the elec-

tron-density map originating from the bound sulfate

ion. There are seven hydrogen bonds formed to recog-

nize this group, whereas the other phosphate groups

are bound by a single hydrogen bond each. The shape

of the area responsible for the binding of the scissile

phosphate group is ideal for a phosphate (or sulfate)

group and does not allow other esters to bind.

Comparison with phytate binding by AppA

Although the PhyK homolog AppA is biochemically

characterized as a 6-phytase, a co-crystal structure

shows the phytate 3-phosphate as scissile group [5] in

a similar position to in the active site of PhyK. Never-

theless, there are some differences in the substrate

binding of PhyK. The a helix A is longer in PhyK,

presumably making the catalytic pocket more rigid.

The N-terminus of this elongated helix points towards

the substrate-binding site. Thus, the dipole moment of

the helix supports the binding of negatively charged

ligands. AppA lacks this long helix. Instead, the side

chain from a lysine forms two hydrogen bonds to phy-

tate. These substrate interactions are absent in PhyK,

and their loss may explain the broader substrate spec-

trum for PhyK.

In the structure of phytate bound to AppA, several

residues forming water-mediated contacts to phytate

were identified. These are not part of the predicted

binding mode of phytate to PhyK. Out of the water

molecules included in the structure none is bound in

the catalytic cleft. However, it cannot be ruled out that

there are water-mediated contacts in addition to the

direct contacts described here. Nevertheless, all phos-

phate groups of phytate are recognized through direct

interactions by PhyK explaining its high potency to

dephosphorylate the substrate. Possible additional

water-mediated contacts would thus be of secondary

importance.

The two arginine residues of the conserved motif

including the nucleophilic histidine are involved in

substrate recognition in PhyK as well as in AppA.

Although they are responsible for three hydrogen

bonds to the 3-phosphate of phytate in PhyK, they

also orient the 4-phosphate in AppA. This group is

fixed by a hydrogen bond with Tyr249 in PhyK.

Formation of this hydrogen bond is not possible in

AppA, because there is a phenylalanine at the corre-

sponding position. The adjacent tyrosine in AppA

points into the opposite direction from the helix. In

G1P of E. coli a glutamine residue is at the appro-

priate position, which might form a hydrogen bond

with the substrate.

Thr31 adjacent to the conserved motif is important

for substrate binding in both PhyK and AppA.

Whereas a hydrogen bond is formed with the 6-phos-

phate in PhyK, the E. coli enzyme recognizes the

5-phosphate with the threonine side chain. This phos-

phate group is linked with Asn209 by a hydrogen bond

which is not found in AppA, where a methionine is

present at this position. In the structure of G1P, a ser-

ine residue is at the equivalent position and is able to

contact a polar substrate.

The hydrogen bonds involving Arg100 are found in

both the Klebsiella and the E. coli phytase. The motif

290-HDT-292 of PhyK is also found in AppA. The

histidine side chain is fixed in its position by Ser96 or

Asp88, respectively, whereas the histidine is bridged

with the scissile phosphate group. There is a single

hydrogen bond between the substrate, phytate and the

backbone of PhyK involving Asp291. In the structure

of phytate bound to AppA, this hydrogen bond is also

observed and, moreover, is the only direct contact

between the protein backbone and the substrate. The

side chain of Thr292 is found to recognize the 2-phos-

phate in both the binding model of PhyK and the crys-

tal structure of AppA. This is the only phosphate

group in an axial position, although five phosphate

groups occupy energetically preferred equatorial posi-

tions. This phosphate group might therefore be impor-

tant to distinguish between 3- and 6-phytases.

However, the crystal structure of E. coli AppA shows

phytate bound with the 3-phosphate as a scissile

group, although its biochemical characterization classi-

fies it as a 6-phytase. There is another hydrogen bond

of this particular phosphate group with Arg267 in

AppA. The corresponding Arg262 in PhyK has a dif-

ferent side chain conformation. It seems likely that this

residue might change its conformation upon substrate

binding.

All HAPs share a positively charged catalytic pocket

ideally suited for binding of a negatively charged sub-

strate. In addition, PhyK has a positively charged rim

surrounding the catalytic site. This rim is less promi-

nent in other HAPs. The positive charges in close

proximity to the catalytic cleft are in agreement with

K. Böhm et al. Crystal structure of Klebsiella phytase PhyK
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the observation that the highly negatively charged phy-

tate is degraded faster than substrates bearing fewer

charges.

Induced conformational changes upon substrate

binding

For a detailed structural superposition, lsqman [21]

was used. After an initial least-squares alignment, the

superposition of the structures was improved by con-

sidering only pairs of Ca atoms < 2.5 Å apart.

Because of the different length of a helix A, the

Ca atoms N-terminal to or inside helix A are separated

by large distances. The corresponding region in AppA

shows severe conformational changes upon substrate

binding. Averaged distances for pairs of Ca atoms

matching in a sequence-based alignment (Fig. 4) were

determined for residues of helix A and those being

involved in substrate recognition. For the superposi-

tion of the substrate-free PhyK with substrate-free

AppA the Ca atoms are 2.41 Å apart, whereas for the

substrate-free PhyK and the substrate-loaded AppA

the averaged distance is only 1.87 Å.

Distinct conformational changes were observed upon

substrate binding to AppA. Residues 20–25, which

include a part of the active site, move significantly

upon phytate binding. The change in the position of

Arg20 was proposed to trigger a shift of Thr23 and

Lys24 into the binding pocket [5]. Strikingly, the corre-

sponding Arg28 in PhyK shows the same conforma-

tion with and without sulfate bound to the active site

(Fig. 5A). This conformation is more similar to the

ligand-bound state in AppA (Fig. 5B) than its sub-

strate-free conformation. Arg28 is anchored in the long

a helix A in PhyK, whereas it is in a loop region in

AppA. Because the helix is more rigid than a loop, a

conformational change of this region of PhyK is not

very likely. Because the elongated a helix A was

observed in all six protein molecules of this study (two

in the structure of PhyK and four in PhyK H25A),

these structural differences are not caused by crystal

lattice contacts.

Another conformational change in AppA involves

Glu219. The side chain of this residue is pushed out

of the catalytic pocket upon phytate binding. Here,

PhyK mimics the phytate-bound structure of AppA,

even in the absence of sulfate ions. The side chain

of the corresponding Glu212 bends out of the cata-

lytic pocket of PhyK avoiding steric or charge inter-

actions with a substrate molecule. Both PhyK

structures resemble that of AppA in the substrate-

bound state. It therefore seems that PhyK is always

kept in a conformation suitable for phytate binding,

whereas AppA undergoes a distinct conformational

change upon substrate binding.

Classification of HAPs

Phylogenetic trees of bacterial HAPs based on their

sequences suggest three branches [14,16]. Besides a

G1P branch, two groups of ‘true’ phytases are consid-

ered. The group including PhyK consists of phytases

mainly produced by plant-associated bacteria, whereas

the AppA-like group comprises phytases from patho-

genic bacteria. The Klebsiella phytase is a member of

the PhyK group and, to our knowledge, is the first

example of the PhyK group for which structural infor-

mation is available. The Klebsiella PhyK shares some

structural and biochemical features with the G1P

branch, although other characteristics are closer to the

AppA group.

One striking difference between PhyK and E. coli

AppA is the relative stiffness of the catalytic pocket.

For both PhyK and E. coli G1P, conformational

changes upon substrate binding are not as distinct as

for E. coli AppA, suggesting a preformed active site

that does not adjust its conformation upon phytate

binding. The loop region of AppA which moves

towards the substrate is part of the elongated helix

A in PhyK and G1P. This helix is part of the

a domain which is responsible for substrate recognition

and specificity, whereas the residues responsible for

catalysis are part of the more conserved a ⁄ b domain

[4]. However, PhyK and AppA show the highest spe-

cific activity for phytate and are able to hydrolyze

five of the six ester bonds, whereas E. coli G1P

shows exclusive 3-phytase activity [22]. The responsi-

ble gating residues, Leu24 and Glu196, are found in

members of the G1P group only. Members of the

three groups show different kinetics for the hydroly-

sis of phytate (Table 1). The Km value for PhyK is

considerably smaller than for AppA, showing that

binding is favored by the preformed site. By con-

trast, catalysis by AppA is faster, as reflected in the

values for kcat ⁄Km, indicating that a conformationally

flexible phytate active site can support more rapid

turnover. The kcat ⁄Km values increase from G1P over

PhyK to AppA by a factor of � 2200. The confor-

mational changes of AppA upon substrate binding

facilitate a faster turnover of phytate and are in line

with a higher specificity. The relatively stiff catalytic

pocket of PhyK does not allow such a fast turnover.

However, other substrates not converted by AppA

can be hydrolyzed, suggesting considerable freedom

of substrate binding and release outside the catalytic

site of PhyK.
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The three distinct groups of HAPs are adapted to

different habitats. To support plant growth, bacteria

do not need to release phosphate as fast as the diges-

tive tract of an animal host, where possible substrates

might be available for a limited time only. A long-term

constant supply of phosphate is more important to

Fig. 4. Multiple sequence alignment of PhyK, AppA, G1P and human PAP, prepared with CLUSTALW [40]. Identical, strongly similar and

weakly similar residues are highlighted in blue, green and yellow, respectively. The secondary structure elements of PhyK are represented

above the aligned sequences. Boxes indicate the active-site motif RHGXRXP and the conserved dipeptide HD. A C-terminal extension was

added to PhyK in order to facilitate His-tag affinity purification.
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support plant growth. As a consequence of this evolu-

tionary pressure, phytases of the PhyK group have

acquired a broader substrate spectrum [14]. There

might be a common ancestor for these three types of

bacterial HAPs from which enzymes with different fea-

tures evolved. Depending on the different microenvi-

ronments of the bacteria, molecular evolution of

phytases apparently either favored highly specialized

enzymes required for fast and specific catalysis or

enzymes which liberate phosphate at a constant, mod-

erate rate from different substrates. This hypothesis is

supported by HAPs sharing some characteristics with

one group and other features with another.

Materials and methods

Cloning of the Klebsiella phytase gene (phyK)

The Klebsiella phytase gene phyK was amplified using prim-

ers KlebTH-fw (5¢-TCGGATCCGCCGCCGCGCGAC

TGGCAGCTG) and KlebTH-rv (5¢-CCGGCGGTAGC

CATGGTCCTGCCGAAGCTT) and chromosomal DNA

of Klebsiella strain ASR1 as a template. The PCR product

was cloned into the BglII and HindIII sites of plasmid

pET22b(+) (Novagen, Nottingham, UK), containing a

C-terminal His6 tag and an N-terminal signal sequence for

periplasmic localization [14]. The inactive mutant PhyK

H25A was generated by using the QuikChange site-directed

mutagenesis kit (Stratagene, La Jolla, CA, USA). Plasmid

pET-1TK was used as template and Kleb(HtoA)fw

(5¢-GCTTAGCCGCGCCGGCATTCG) and Kleb(HtoA)rv

(5¢-CGAATGCCGGCGCGGCTAAGC) as primers for

A

B

Fig. 5. Conformational changes upon sub-

strate binding. Residues which are impor-

tant for substrate recognition either in PhyK

or in AppA and the adjacent helix A are

shown in stereoview. (A) The active site of

sulfate-bound PhyK (orange and green as in

Fig. 1A) is superimposed on the correspond-

ing residues of AppA in its phytate-bound

conformation (gray). (B) The same part of

PhyK is superimposed on AppA in its ligand-

free form (gray).

Table 1. Comparison of kinetic data from PhyK with AppA and

glucose-1-phosphatase (G1P) (substrate: phytate).

kcat [s)1] kcat ⁄ Km [s)1ÆmM
)1] Reference

AppA 6209 47760 [35]

PhyK 370 ± 50 7900 ± 1000 This study

G1P 12 22 [22]
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mutagenesis of phyK. The H25A mutation was confirmed

by sequencing analysis.

Gene expression and purification of PhyK

The genes encoding PhyK and the mutant PhyK H25A

were expressed in E. coli C41 (DE3) as described previously

[14]. The genes were expressed in TBY medium by lactose

induction (1%) for 18 h at 37 �C. His-tagged native PhyK

was purified by affinity chromatography using Ni-NTA

(Qiagen, Hilden, Germany) in 25 mm Tris ⁄HCl pH 7.5 and

300 mm NaCl. For purification of PhyK H25A, the HiTrap

chelating HP-FPLC column and a linear imidazol gradient

(5–300 mm) were used according to the manufacturer’s pro-

tocol (GE Healthcare, Uppsala, Sweden).

Selenomethionine (Mse) labeled PhyK was produced in

E. coli B834 (DE3) according to a modified protocol of

Budisa et al. [23]. The preculture was incubated for 6 h at

37 �C, and the cells were washed with new minimal medium

(NMM) and finally resuspended in 5 mL NMM. The sec-

ond culture was inoculated with 1 mL of washed cells in

100 mL NMM containing 0.1 mm methionine und 0.4 mm

selenomethionine (Sigma, St. Louis, MO, USA). After 12 h

the culture was washed again and used to inoculate the

main culture containing 0.5 mm selenomethionine. At D600

of 0.4–0.8 phyK expression was induced by adding 1 mm

isopropyl thio-b-d-galactoside. Cells were harvested 8.5 h

after induction. After lysis of the cells the affinity purifica-

tion with Ni-NTA was performed.

Crystallization

Prior to crystallization, the buffer was changed to 20 mm

sodium acetate (pH 5.0), 50 mm NaCl. Crystals were grown

using hanging-drop vapor diffusion at 18 �C within

5–6 weeks. Drops consisted of 1 lL protein solution

(6 mgÆmL)1) and an equal volume of 4.0 m sodium for-

mate. The Mse-labeled protein was crystallized under the

same conditions in 4 months. The inactive PhyK H25A was

dialyzed against 25 mm sodium acetate pH 5.0, 60 mm

NaCl and 1 mm tris-(2-carboxyethyl)phosphine and crystal-

lized in the presence of 12% poly(ethylene glycol) 8000,

0.08 m (NH4)2SO4, 0.1 m sodium acetate and 1.5 mm phy-

tate (sodium salt) according to the microbatch method

using paraffin oil to overlay the plate (Hampton Research,

Alison Viejo, CA, USA). Drops consisted of 1.5 lL of

protein solution (5 mgÆmL)1) and 1.5 lL of crystallization

buffer. The crystals grew within 1 week at 22 �C.

Data collection and processing

For cryoprotection crystals were soaked in a solution con-

taining 4.0 m sodium formate and 6% (v ⁄ v) glycerol and

flash-frozen in liquid nitrogen. A high- and low-resolution

native data set were collected at BESSY (Berlin, Germany),

BL 14-2 [24] at 100 K. The two data sets were merged to

cover the full resolution range from 94.5 to 1.65 Å. The

crystals were of space group P43212 with unit cell dimen-

sions a = 133.69 Å, c = 111.24 Å and two molecules in

the asymmetric unit.

Single-wavelength anomalous diffraction data at the Se

edge of a Mse-derivatized crystal of the same space group

and with similar cell dimensions were collected at BL 14-1

at BESSY. Diffraction data from the native and heavy-

atom derivatized crystals were indexed, integrated and

scaled with xds [25]. Single crystals of the H25A mutant

suitable for diffraction experiments, belonging to space

group P212121 with four molecules in the asymmetric unit,

were grown in the presence of phytate. Diffraction data

were collected at beamline X13 at EMBL ⁄DESY (Ham-

burg, Germany). Data were reduced and scaled using

HKL2000 [26].

Structure determination and refinement

The phase problem was solved using single-wavelength

anomalous diffraction with data from the Mse-derivatized

crystal truncated to a resolution of 2.4 Å. Selenium atoms

were located with the program solve [27]. resolve [28] was

used to improve the initial phases and build a starting

model. Approximately 70% of the model was built auto-

matically. After extending the Mse data to a resolution of

2.04 Å, resolve built 76% of the protein model automati-

cally. The Mse–PhyK structure was refined using arp ⁄ warp

[29], refmac [30] and manually tracing and fitting in o [31]

to Rwork of 0.190 and Rfree of 0.224. This model was used

as search model for molecular replacement with the native

data with a resolution of 1.68 Å. Iterative cycles of model

building and refinement with arp ⁄ warp, refmac and o

resulted in a final model containing 796 of 836 amino acids,

804 water molecules, 2 glycerol molecules, 1 magnesium

and 4 sodium ions. Ions were verified with the structure

analysis server stan [32]. This model has an Rwork of 0.180

and Rfree of 0.206. As suggested by the electron density, the

Sc atoms of all six cysteine side chains were modeled with a

reduced occupancy of 0.6–0.8 to account for the likely

effect of radiation damage [33].

In order to determine the structure of the complex of an

inactive PhyK mutant with its substrate phytase, the refined

structure of the wild-type enzyme was used for molecular

replacement with the diffraction data obtained from the

co-crystallization trials. Further refinement was performed

using arp ⁄ warp, refmac and manually fitting in o and

coot [34]. At the expected phytate binding site, three

density maxima large enough to accommodate phosphate

or sulfate ions were observed. This electron density was

observed next to all four protein molecules of the asymmet-

ric unit. Even at very low contour levels no connecting

density indicating bound inositol phosphates was revealed.

These sites were thus assigned as sulfate ions, because
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ammonium sulfate was present in the crystallization drop

at 80 mm concentration, i.e. in > 50-fold molar excess over

phytate. An excess of sulfate ions over phytate was neces-

sary to crystallize the protein, although it eventually pre-

vented phytate binding. The model was refined without

introducing binding partners in the active site cavity to

avoid model bias until late in the refinement when the

sulfate ions were introduced. Refinement converged at

Rwork ⁄Rfree values of 0.199 ⁄ 0.243. Data collection and

refinement statistics are summarized in Table 2.

To derive a model for substrate binding to PhyK, phy-

tate was fitted into the difference electron density of the

PhyK H25A structure with the 3-phosphate as scissile

group. After manually fitting the substrate, refmac was

used to refine the stereochemical parameters. We found a

unique orientation in which three of six phosphate groups

of phytate perfectly fitted into the electron density occupied

by sulfate ions in the crystal structure, suggesting the geom-

etry of an enzyme–substrate complex.
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Table 2. Data collection and refinement statistics. Mse, selenomethionine.

Mse–PhyK PhyK PhyK H25A

Data collection

Wavelength (Å) 0.9793 0.8984 0.8100

Resolution (Å) 95.4–2.04 94.5–1.65 50.0–2.57

Last shell (Å) 2.30–2.04 1.75–1.65 2.65–2.57

Space group P43212 P43212 P212121

Temperature (K) 100 100 110

Detector Mar CCD 165 mm MAR IP 345 Mar CCD 165 mm

Unit-cell parameters

a (Å) 134.00 133.69 81.71

b (Å) 134.00 133.69 122.93

c (Å) 111.31 111.24 205.40

Measured reflections 511 747 644 348 335 330

Multiplicity 4.3 5.7 5.1

<I ⁄ r(I )> 15.1 (5.21) 15.0 (2.60) 18.0 (5.35)

Data completeness (%) 97.6 (94.8) 94.1 (72.9) 98.1 (81.2)

Rsym (%) 6.6 (28.6) 6.9 (40.9) 8.2 (24.5)

Refinement

Resolution (Å) 94.5–1.68 49.2–2.57

Working set 107 604 62 787

Free set 5643 (5.0%) 3356 (5.1%)
aRwork ⁄ Rfree (%) 17.98 ⁄ 20.63 19.90 ⁄ 24.30

Content of the asymmetric unit

Number of nonhydrogen atoms 7081 12 516

Number of protein molecules 2 4

Number of water molecules 804 181

Number of glycerol molecules 2 –

Number of sodium ions 4 –

Number of magnesium ions 1 –

Number of sulfate ions – 16

Mean B factor (Å2) 23.38 24.11

rmsd from ideal geometry

Bond lengths (Å) 0.012 0.010

Bond angles (�) 1.31 1.22

Torsion angles (�) 5.61 5.86

Planarity (Å) 0.050 0.003

Ramachandran statistics (according to Lovell et al. [36])

Residues in favored regions (%) 98.4 97.5

Residues in allowed regions (%) 100.0 100.0

Residues in disallowed region (%) 0.0 0.0

aRwork,free = R ||Fobs| ) |Fcalc|| ⁄ R |Fobs|, where the working and free R-factors are calculated using the working and free reflection sets,

respectively. The free reflections were held aside throughout refinement. Values in parentheses refer to the outer shell of reflections.
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K. Böhm et al. Crystal structure of Klebsiella phytase PhyK

FEBS Journal 277 (2010) 1284–1296 ª 2010 The Authors Journal compilation ª 2010 FEBS 1295



25 Kabsch W (1993) Automatic processing of rotation dif-

fraction data from crystals of initially unknown symme-

try and cell constants. J Appl Crystallogr 26, 795–800.

26 Otwinowski Z & Minor W (1997) Processing of X-ray

diffraction data collected in oscillation mode. Methods

Enzymol 276, 307–326.

27 Terwilliger TC & Berendzen J (1999) Automated MAD

and MIR structure solution. Acta Crystallogr D 55,

849–861.

28 Terwilliger TC (2000) Maximum-likelihood density

modification. Acta Crystallogr D 56, 965–972.

29 Perrakis A, Harkiolaki M, Wilson KS & Lamzin VS

(2001) ARP ⁄wARP and molecular replacement. Acta

Crystallogr D 57, 1445–1450.

30 Murshudov GN, Vagin AA & Dodson EJ (1997)

Refinement of macromolecular structures by the maxi-

mum-likelihood method. Acta Crystallogr D 53, 240–

255.

31 Jones TA, Zou JY, Cowan SW & Kjeldgaard M (1991)

Improved methods for building protein models in elec-

tron density maps and the location of errors in these

models. Acta Crystallogr A 47, 110–119.

32 Nayal M & Di Cera E (1996) Valence screening of

water in protein crystals reveals potential Na+ binding

sites. J Mol Biol 256, 228–234.

33 Weik M, Ravelli RB, Kryger G, McSweeney S, Raves

ML, Harel M, Gros P, Silman I, Kroon J & Sussman

JL (2000) Specific chemical and structural damage to

proteins produced by synchrotron radiation. Proc Natl

Acad Sci USA 97, 623–628.

34 Emsley P & Cowtan K (2004) Coot: model-building

tools for molecular graphics. Acta Crystallogr D 60,

2126–2132.

35 Greiner R, Konietzny U & Jany KD (1993) Purification

and characterization of two phytases from Escherichi-

a coli. Arch Biochem Biophys 303, 107–113.

36 Lovell SC, Davis IW, Arendall WB III, de Bakker PI,

Word JM, Prisant MG, Richardson JS & Richardson

DC (2003) Structure validation by Ca geometry: u, w
and Cb deviation. Proteins 50, 437–450.

37 DeLano WL (2002) The PyMOL User’s Manual.

DeLano Scientific, Palo Alto, CA.

38 Baker NA, Sept D, Joseph S, Holst MJ & McCammon

JA (2001) Electrostatics of nanosystems: Applications

to microtubules and the ribosome. Proc Natl Acad Sci

USA 98, 10037–10041.

39 Wallace AC, Laskowski RA & Thornton JM (1995)

LIGPLOT: A program to generate schematic diagrams

of protein-ligand interactions. Protein Eng 8, 127–134.

40 Thompson JD, Higgins DG & Gibson TJ (1994)

CLUSTAL W: Improving the sensitivity of progressive

multiple sequence alignment through sequence weight-

ing, position-specific gap penalties and weight matrix

choice. Nucleic Acids Res 22, 4673–4680.

Crystal structure of Klebsiella phytase PhyK K. Böhm et al.
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