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ABSTRACT:. Acylphosphatases catalyze the hydrolysis of the carbeplgbsphate bond in acyl phosphates.
Although acylphosphatase-like sequences are found in all three domains of life, no structure of
acylphosphatase has been reported for bacteria and archaea so far. Here, we report the characterization of
enzymatic activities and crystal structure of an archaeal acylphosphatase. A putative acylphosphatase
gene (PhAcP) was cloned from the genomic DNA Ryrococcus horikoshiand was expressed in
Escherichia coliEnzymatic parameters of the recombinant PhAcP were measured using benzoyl phosphate
as the substrate. Our data suggest that, while PhAcP is less efficient than other mammalian homologues
at 25°C, the thermophilic enzyme is fully active at the optimal growth temperatureGp8f P. horikoshii.

PhACP is extremely stable; its apparent melting temperature was 1Q@1a&d free energy of unfolding

at 25°C was 54 kJ molt. The 1.5 A crystal structure of PhAcP adopts @i sandwich fold that is
common to other acylphosphatases. PhAcP forms a dimer in the crystal structure via antiparallel association
of strand 4. Structural comparison to mesophilic acylphosphatases reveals significant differences in the
conformation of the L5 loop connecting strands 4 and 5. The extreme thermostability of PhAcP can be
attributed to an extensive ion-pair network consisting of 13 charge residues @rstiget of the protein.

The reduced catalytic efficiency of PhAcP at 26 may be due to a less flexible active-site residue,
Arg20, which forms a salt bridge to the C-terminal carboxyl group. New insights into catalysis were
gained by docking acetyl phosphate to the active site of PhAcP.

Acylphosphatase (AcPE.C. 3.6.1.7) is one of the smallest the carboxyt-phosphate bond. Its substrates include acetyl
enzymes {100 residues) that catalyzes the hydrolysis of phosphate, 1,3-bisphosphoglycerate, succinoyl phosphate,
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1 L1 al L2 B2 L3 B3 o2
P. horikoshii EAVLEEDEERVEALIGWAHQ
Sulfolobus SWYEVVA EALSKLLERIKQ
Thermotoga S\yF THAE[eDENALRRFLNEVAK
E. coli S EVVACEEEGQVEKLMQWLES
B. subtilis EILAEECPENALQSFVEAVKN
AcPDro2 GQLEAPMMNLMEMKHWLEN
Horse MT TGQVQEPEEKVNSMKSWLSK
Bovine CT QGQLQEPASKVRHMQEWLET

L4 B4 L5 B5
P. horikoshii HLA-RVTRVEVKWEQPKGE - - -KGFRIVG-
Sulfolobus AL - EVEKVDYSFSEYKGE- - FEDIJETY - -
Thermotoga AR -VVITNVSVEETTPEGY---E IKYY
E. coli -€GIZRSARVERVLSEPHHPSGEL - - TDFRIR - -
B. subtilis -eSIFFS -EVTDISVTESRSLEGH- -HRI3SIVYS
AcPDro2 A-KVSKAEFSQIQEIEDYTFTSIFDIKH-
Horse MT S)3SS - RIDRTNFSNEKTISKLEYSNSVRY -
Bovine CT S-HIDRASFHNEEVIVELDYT IVK-

Ficure 1: Sequence alignment of AcPs. Sequences fRorhorikoshij S. solfataricus Thermotoga maritimaE. coli, Bacillus subtilis
fruit fly (AcpDro2), horse (MT), and cow (CT) were aligned by CLUSTALVWES], and the alignment was then adjusted manually. Secondary-

structure elements of PhAcP were shown above the sequences.

and carbamoyl phosphate, which are intermediates in gly-as a monomer in solution, the protein forms a dimer in the

colysis, tricarboxylic acid cycle, pyrimidine, and urea bio-
synthesis 1). Recently, AcP was shown to cleave, albeit at

crystal structure via antiparallel association of strand 4. On
the basis of this first crystal structure of an archaeal AcP,

a slower rate, the phosphodiester bond of nucleoside diphos-the implications for enzymatic catalysis, thermostability, and

phate and nucleoside triphospha®). (The enzyme was
shown to increase the rate of glycolysis. It hydrolyzes 1,3-

bisphosphoglycerate to 3-phosphoglycerate and thereby
uncouples the ATP-generating reaction catalyzed by phos-

phoglycerate kinase3(-6). This regulatory role of AcP on

dimerization are discussed.

MATERIALS AND METHODS

Structure DeterminatiorProtein expression, purification,
and crystallization were performed as descritdeéd). (Crystals

glycolysis is further supported by the fact that the enzyme for diffraction data collection were grown by mixing
is overexpressed in tissues that are very active in glycolysis of 24 mg/mL protein sample with 2L of reservoir solution

(e.g., brain, heart, and skeletal muscl&). (AcP can also
hydrolyze the3-aspartyl phosphate intermediate of thé Ga
and Na ,K*-ATPases and may play a role in regulating ion-
transport across the membrarre-(L1).

Two isoforms of AcPs are found in mammalian tissues:
muscle-type (MT) AcP is found in skeletal muscle and heart,
whereas common-type (CT) AcP is found in erythrocytes,
brain, and testis 1). AcP has also been isolated and

containing 1.4 M sodium formate and 0.1 M MES at pH 6.0
using the sitting-drop-vapor-diffusion method. Hexagonal
crystals (0.3x 0.3 x 1.0 mm) grew in 2 days at 1°C. The
crystals were cryoprotected by soaking crystals in reservoir
solution containing 20% (v/v) glycerol for 1 min at room
temperature and were then loop-mounted and flash-cooled
in liquid nitrogen. X-ray diffraction data were collected at a
wavelength of 0.977 A at beamline 14.1 of Daresbury

characterized from other higher eukaryotic species such asSynchrotron Radiation Source at 100 K. A total of 168

birds, fish, and fruit flies{, 12—14). The solution structure
of horse MT-AcP and crystal structures of bovine CT-AcP
and an AcP fronDrosophilahave been reported $—17).

On the basis of sequence similarity search, AcP-like se-

frames were recorded with an oscillation angle of 1[@ata
were processed with MOSFLM, SCALA, and TRUNCATE
in the CCP4 suite0) (Table 1). The initial phases of the
model were determined by molecular replacement using

quences are found in all three domains (eukarya, bacteria, MOLREP 1) in the CCP4 suite using the bovine CT AcP

and archaea) of living organisms (Figure 1). In this study,
we have cloned a putative AcP gene from fyococcus
horikoshiigenome (PH0305a) and expressed Egtherichia
coli. P. horikoshiiis a hyperthermophilic archaeon isolated
from a hydrothermal ventif). Although PhACP is extremely
thermostable (with a melting temperature of 11103, its
keat Value measured at 252 was much smaller than those

(2ACY) as the search model. Simulated annealing protocols
with torsional molecular dynamics implemented in CR3)(
were used in the initial refinement cycles. Model building
was performed with XTALVIEW 23) guided by oa-
weighted mapsa4) with 2F, — F. andF, — F coefficients.
Water molecules were located in thg— F. map with peaks

of density >3.00. Only water molecules that can form

of other mammalian AcP. To understand the structural basishydrogen bonds to other protein or water atoms were kept.

of thermostability and reduced catalytic efficiency, we have

After several rounds of refinement in CNBfst = 19.0%,

determined the crystal structure of PhAcP to a resolution of and Ryee = 19.8%), REFMAC 5 25) was used for further

1.5 A. We have found that the reduced catalytic efficiency
of PhAcP at 25C is probably a result of a more rigid active
site, which is stabilized by extra chargeharge interactions.

refinement. At this stage, alternate conformations were
introduced to explain the side-chain electron density for 19
residues (13, K9, R13, E26, L48, D51, E52, R54, K82, and

Another interesting observation is that although PhAcP exists R88 of chain A and K9, S22, E26, L48, D51, R54, R70,
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Table 1: Crystallographic Data and Refinement Statistics

diffraction data (values in parentheses are for
the highest resolution shell 1.58.50 A)
space group P3,21
unit cell dimensions 85.34, 85.34, 75.65
[a b, andc (A)]

resolution range 16.951.50
temperature (K) 100
number of measurement 499 655
number of unique reflection 51 268
redundancy 9.7 (9.2)
completeness (%) 99.9 (99.9)
Rmergé (%0) 7.5(37.2)
meanl/o(l) 22.5(5.2)
refinement
Rerysf (%) 16.6
e (%) 17.4
model
number of protein atoms 1526
number of water atoms 209
number of formate atoms 12
meanB value (&) 13.8
rmsd from ideal values
bond distance (A) 0.01
bond angles (deg) 1.20
Ramachandran plot analysis
most favored region (%) 92.5
additional allowed region (%) 7.5
other regions (%) 0.0

2 Rmerge= Y niynll (hkDn — D(hKDOVY iy ol (hKDn, wherel (hkl), is the
observed intensity of theth reflection andli(hkl),Cis the mean intensity
of reflection hkl. ® Reyst = YIIFo| — |FdI/Y |Fo, whereF, and F¢ are
the observed and calculated amplitudes, respecti¢dlje free set
contains 2601 (5.1% of the total) reflections.
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denature PhAcP completely. The concentration of GdnHCI
solution was determined by refractive index measurement
as described29). The unfolding of PhAcP was monitored
by molar ellipticity at 222 nm at 28C using a 1-mm path-
length cuvette with a JASCO J810 spectropolarimeter
equipped with a peltier-type temperature control unit. Re-
versibility of denaturation was checked by diluting a guani-
dine-denatured sample and found to ©89% reversible.
The data were fitted by nonlinear regression to a two-state
model, and the free energy of unfolding without denaturant,
AG,0), Was obtained by the linear extrapolation mode)(

Differential Scanning CalorimetryMelting temperature
of PhAcP was determined by differential scanning calorim-
etry with Nano-DSC Il from Calorimetry Sciences Corpora-
tion (Lindon, Utah). Protein samples (201) were dialyzed
against 10 mM sodium phosphate buffer at pH 7.4 and
degassed thoroughly before loading to the sample cell. The
dialysis buffer was loaded to the reference cell. Baseline
scans were obtained by filling dialysis buffer to both cells.
Temperature was scanned from 25 to 280at a rate of 1
°C/min. Rescanning of the samples indicated that the thermal
denaturation of PhAcP was irreversible. An apparent melting
temperature was estimated by the midpoint of thermal
transition.

Docking Simulation Docking of acetyl phosphate to
PhAcP was performed using AUTODOCK 3.0%l). The
target structure contained all protein atoms in chain A and a
bound water (Wat48Z2) in the active-site pocket of PhAcP.
Polar hydrogen atoms were then added to the target structure.
The ligand structure of acetyl phosphate was constructed

R73, and Q80 of chain B), and hydrogen atoms were addedusing the PRODRG2 serve3?). A mass-centered grid map

in the riding positions. The final model has Bgys:of 16.6%
and anRyee Of 17.4% and is of good quality as tested by
PROCHECK 26). The statistics for diffraction data and
structure refinement are summarized in Table 1.

Enzyme AssayAcP activity was measured using a

continuous optical assay with benzoyl phosphate as the
substrate 7). Benzoyl phosphate was synthesized as

described 28). To measure the pH optimum of PhAcP, 1

mM of substrate was incubated with 10 nM of PhAcP at 25
°C in 0.1 M sodium acetate buffer at pH 3.5, 4.0, 5.0, 5.3,

5.5, 5.7, 5.9, or 0.1 M MES buffer at pH 6.0, 6.2, 6.5, or

6.7, or 0.1 M HEPES buffer at pH 7.0, 7.2, 7.5, 7.7, or 50

mM Tris buffer at pH 8.0, 8.5, or 9.0. The rate of hydrolysis,

was constructed with a dimension of G060 x 60 points
and a spacing of 0.375 A. A total of 50 runs were performed
with Lamarckian genetic algorithm using default parameters.
The docked conformations of acetyl phosphate were then
clustered and sorted by energy.

RESULTS AND DISCUSSION

Recombinant PhAcP Is Acd. In the genome of a
hyperthermophilic archaeoR, horikoshij the gene PH0305a
has been annotated as a putative A8B).(We have cloned
and overexpressed the gendzircoli. AcP fromP. horikoshii
(PhAcP) shares-30% sequence identity to other eukaryotic
homologues. The molecular weight of the recombinant

monitored by the decrease of the absorbance at 283 nm, wa®hAcP determined by mass spectrometry was 10 128.6 Da,
the highest at pH 5.3. Therefore, we chose to determine thewhich agrees with the theoretical prediction based on the
kinetic parameters at this optimum pH of 5.3. To this end, primary sequence. PhAcP was monomeric in solution as
the substrate was incubated with 7.5, 10, or 12.5 nM of suggested by analytical gel filtration, and the elution volume
PhACP at 25, 30, 35, 40, or £& in 0.1 M sodium acetate  of PhAcP was similar for protein samples ranging from 0.5
buffer at pH 5.3, and the rate of hydrolysis was monitored to 20 mg/mL (data not shown).

by the decrease of the absorbance at 283 nm. The kinetic In this study, we have demonstrated that recombinant
parameterskK,, andk.., were determined by measuring the PhACP is active using benzoyl phosphate as the substrate.
initial rates at substrate concentration ranging from 0.05 to The pH optimum of PhAcP was pH 5.3 (data not shown),

1.0 mM and fitting the data to the MichaetiMenton

which agrees with the value reported for other AcP3).(

equation by nonlinear regression. Protein concentration wasAt 25 °C, pH 5.3, theK, andk. values were 0.12- 0.03
determined by absorbance at 280 nm using an extinctionmM and 93.5+ 1.6 s'%, respectively. Table 2 compares the

coefficient of 24 040 M* cm™.

Guanidine-Induced DenaturatiorProtein samples (25
uM) were equilibrated with 67.2 M of guanidine hydro-
chloride (GdnHCI) in 10 mM sodium phosphate buffer at
pH 7.4 and 25°C for 30 min before circular dichroism

reported values of enzymatic parameters of different AcPs.
The K, value of PhAcP is similar to those of other
mesophilic AcPs. On the other hand, g value of PhAcP

is higher than that of isoform 1 @rosophilaAcP (AcPDro),

but is much lower than those of the mammalian homologues

measurement. GdnHCI| was used because urea cannoand isoform 2 ofDrosophilaAcP (AcPDro2).
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Table 2: Enzymatic Parameters of PhAcP and Other Mesophilic A ©

AcPs at pH 5.3 and 25C Using Benzoyl Phosphate as the
Substrate 50

enzyme Keat (579 Km (MM) KealKm (s"¥/mM)

PhACP 93.5 0.12 779
bovine CT-ACP 40) 1524 0.11 12 700
human CT-AcP13 1420 0.15 9470
human MT-AcP {3) 1230 0.36 3420
AcPDro (13) 35 0.18 194
AcPDro2 (12) 735 0.80 920

40

30 |

C_ (kJ K'mol™)

P

20 |

10 |
The temperature dependency of kinetic parameters of

PhAcP was studied. Thie,: of PhAcP was increased4- 0 ‘ , "

fold by an increase of temperature from 25 to 45 The 40 60 80 100 120

keat Values of PhAcCP at 25, 30, 35, 40, and“45were 93.5, Temperature (°C)

191, 275, 290, and 4675 respectively. On the other hand,

theKn, values remainee0.12 mM in the temperature range. B

The Arrhenius plot (Ink., versus 1T) gave a straight line

(Figure 2). By linear extrapolation, tHe, value of PhAcP

at 98°C was estimated to be10 000 s*. Taken together,

although PhACP is a sluggish enzyme at°25 the enzyme

should have enough catalytic activities at the optimal growing

temperature (98C) of P. horikoshii

0.8 -

06 -

041

Fraction unfolded

[GdnHCI] (M)

Ink

Ficure 3: PhACP is extremely stable. (A) Thermal unfolding of
PhAcP monitored by differential scanning calorimetry. The apparent
melting temperature of PhAcP was 111°6. (B) Equilibrium
guanidine-induced denaturation of PhAcP at'25 The unfolding

of PhAcP was followed by molar ellipticity at 222 nm, and the
raw data were converted to a fraction of the unfolded protein using
, : , a two-state model30). The midpoint of transitionm value, and
0.0031  0.0033  0.0035 free energy of unfolding were 4.98 0.01 M, 10.94 0.4 kJ mot?

1T (K M~1, and 54.4+ 2.2 kJ mot?, respectively.

T T

3 T
0.0027  0.0029

Ficure 2: Temperature-dependency lqf; values of PhAcP. The
keat values of PhAcP determined at 25, 30, 35, 40, and@S%vere The structures of the two PhAcP monomers are essentially

9I3-5, 191, 275, 290, and 46_7lf]f€|3_5p90tive|y- Tlhe Arrhenius IO'C(); identical, with a root-mean-square deviation (rmsd) between
gon fg“f{gugo%ngf"; a958”?c'? (tl}rrw.:ﬂ(;%vaa?ufévy)asbsStI:nmeaatlf Ca. atoms of 0.3 A. PhAcP adopts arf sandwich fold,
extrapolation. with two antiparallel helices packed on a five-stranded
antiparallelg sheet (Figure 4A). The right-handed twisted
PhAcP Is Extremely Thermal-StablEhermal unfolding p sheet follows a 4-1-3-2-B-strand topology. The loops
of PhAcP was monitored by differential scanning calorimetry connecting the secondary structure elements of PhAcP are
(Figure 3A). PhAcP started to unfold at100 °C, and its labeled L1-L5. There is no loop between strand 3 and
apparent melting temperaturB{ was 111.5C. Free energy  helix 2. The L1 loop formed by the consensus sequence
of unfolding [AG,0)] of PhAcP was determined by guani- V14QGVGFRy, creates a cradle-like structure for substrate
dine-induced denaturation, which followed a reversible and binding (see below). L2 is a short loop (residues-32)
two-state transition (Figure 3B). At 28, the free energy  connecting helix 1 and strand 2. The backbone N atoms of
of unfolding, midpoint of transition, andn value were Gly31 and Val32 form capping hydrogen bonds to the
54.4 £ 2.2 kJ mot?, 4994+ 0.01 M, and 10.9+ 0.4 kJ carbonyl group of Ala27. The conformation of L2 is
mol~t M1, respectively. These data indicate that PhAcP is facilitated by the backbone dihedral angles= 75°/y =
an extremely stable protein. For comparison,Al@&,o0) and 34°) of the conserved residue Gly31. The sequence stretches
Tm values are 18.3 kJ mol and 53.9°C for human CT- L3PDGy, and RgPLAgo form type-I 5 turns in L3 and L4,
AcP (34) and 28.7 kJ mol* and 56.6°C for human MT- respectively. L5 (residues 8®5), the longest loop in PhACP,

AcP (35). runs across the protein molecule connecting strands 4 and
Overall Structure The structure of PhAcP was determined 5.
at a resolution of 1.5 ARyst = 16.6%, antRyee = 17.4%, PhAcP Forms a Dimer in the Crystal Structur®ne

see Table 1 for refinement statistics). The final model consists unique feature of PhAcP is that the protein forms a dimer in
of a dimer of AcP, 209 water molecules, and 4 formate ions. the crystal structure. Two monomers of PhAcP bind together
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\

PhAcP _ L5

Strand-4

Ficure 5: Structure of the L5 loop of AcP is not conserved.
Residues involved in stabilizing the conformation of the L5 loop
of (A) CT-AcP and (B) PhAcP are shown. Hydrogen bonds and
salt bridges are represented by dotted lines.

bound water molecule (Wat78Z), which forms hydrogen
bonds that bridge Val71B and Val76A (Figure 4B).

The L5 Loop of PhAcP Is Not Conger Although PhAcP
shares a similar fold to bovine common-type AcP (CT-AcP)

Ficure 4: PhAcP forms a dimer in the crystal structure. Chain A ; ;
is color-coded white, while chain B is color-coded green. (A) (with rmsd of 0.66 A for @ atoms of 84 matched residues),

Ribbon representation of PhAcP. The location of the active sites large structural differences are observed in the L5 loop.
was indicated by the bound formate ions, which are shown in a Sequence alignment shows that the region is the least
space-fill model. The secondary structure elements are labeled. (B)conserved among AcP (Figure 1). Strand 4 of PhAcP is
Close-up view of the dimeric interface showing the interchain gnorter than that of CT-AcP by three residues. In CT-AcP,
hydrogen bonds. the L5 is stabilized by hydrophobic interactions involving
via antiparallel association of strand 4, with formation of Leu6, Val36, 1le86, Leu89, and Tyr91 and by hydrogen
nine interchain hydrogen bonds (Figure 4B). The dimeric bonds involving GIn50, GIn52, Asp90, and Tyr91 (Figure
interface among the two AcPs buries 1348 & solvent- 5A). In PhAcP, the L5 is stabilized predominantly by an
accessible surface area. 1le59, Gly60, His63, and Val74 extensive network of salt bridges and hydrogen bonds: Glu79
become completely buried upon dimerization. Helix 2 of the forms salt bridges to Arg5 and His7, the backbone amide of
two monomers packs tightly against each other at an angleLye82, Gly83, and Glu84 forms hydrogen bonds to Asn33
of ~75°, with lle59 in close contact with Gly60 of the and Glu49, and Glu84 forms salt bridges to Arg5 and Arg8
opposite monomer. His63 is involved in a network of (Figure 5B). These extra interactions probably contribute to
hydrogen bonds bridging His63 and Trp78 of the two the thermostability of PhAcP.

monomers (Figure 4B). Noteworthy, the dimeric interface  Active-Site StructureThe active site is located at the cleft
is not completely symmetrical. For example, the ND1 atom between loop L1 and L3. The residues Vati&rg20 create

of His63A forms a hydrogen bond to the O atom of 1le59A, a cradle-like conformation, in which backbone N atoms of
while the ND1 atom of His63B forms a hydrogen bond to a Gly16, Vall7, Gly18, Phel9, and Arg20 are pointing toward
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w21 | w21

L39 © L39

Ficure 6: Stereodiagram showing the active-site structure of PhAcP. One formate ion and three water molecules were found in the active
site. These bound atoms were omitted in calculatingRhe F. difference map, which is contoured at #1 the figure. Hydrogen bonds
are represented by dotted lines.

the center of the cradle (Figure 6). The conformation of L1 41 in AcP-HypF) is in an inactive conformation, pointing
loop is maintained by the conserved sequence oQGV- away from the active-site cradle. There is a third water
FRy. The only variable residue in L1 is Gly18. In bovine molecule in the cradle of PhAcP, which is hydrogen-bonded
CT-AcP, the corresponding residue is Phe2l, an exposedio backbone amide of Vall7 and Phel9. In CT-AcP, the
residue not involved in stabilization of the L1 loop. The two position of this water molecule is occupied by a chloride
active sites of the PhAcP dimer arel0 A away from each  ion. The three water molecules in the cradle form extensive
other (Figure 4A), and their structures are similar. Because hydrogen bonds to the bound formate ion, backbone amide
PhAcP exists as a monomer in solution, dimerization is of residues in L1, and side chain of Asn38 (Figure 6).
unlikely to be important for the biological function of the A Model for EnzymeSubstrate Interactions by Docking
enzyme. Simulation.To date, there is no structure of the enzyme
Site-directed mutagenesis and structural studies on mam-substrate or enzymsdransition-state analogue for AcP
malian AcP suggest that Arg23 and Asn4l are essential toavailable. To yield a better understanding of enzyme
catalysis 16, 36, 37). It was proposed that Arg23 binds the substrate interactions, we have used AUTODOCRKS (o
phosphate group of the substrate and Asn41 binds an activedock acetyl phosphate to PhAcP containing a bound water
site water molecule that serves as the attacking nucleophilemolecule (Wat48Z) in the active-site pocket. It was proposed
for hydrolysis of the carboxytphosphate bond16). In that the bound water serves as a nucleophile for catalysis.
PhAcP, the corresponding residues are Arg20 and Asn38.The structure of the docked substrate with the lowest energy
In this study, PhAcP was crystallized with sodium formate. is shown in Figure 7B. This enzymssubstrate model is
Each active site binds one formate ion and three water consistent with existing experimental evidence and the
molecules (Figure 6). The bound formate ion forms salt mechanism previously proposetl6f. The bound water is
bridges to the guanido group of Arg20 and forms hydrogen positioned in such a way that its O atom aligns along a
bonds to the backbone amide of Arg20 and Trp21. In bovine straight line with the phosphorus atom and the bridge O atom
CT-AcP, there is a sulfate ion that occupies the formate- of acetyl phosphate and is ready for an in-line attack on the
binding site. In PhAcP, the guanido group of Arg20 also phosphate group. Interactions that stabilize the enzyme
forms a salt bridge to the C-terminal carboxyl group (Gly91) substrate complex are summarized in Figure 7C.
of the protein (Figure 6). This salt bridge, not found in CT- Like most uncatalyzed hydrolysis of phosphate mono-
AcP, may provide extra interactions to stabilize the side- esters, enzymatic hydrolysis of acyl phosphate is likely to
chain conformation of Arg20. occur via a concerted reactioB9). A substrate-assisted
The side chain of Asn38 of PhAcP is hydrogen-bonded catalytic mechanism was proposed by Thunnissen et@)l. (
to two water molecules in the active-site cradle (Figure 6). which suggests that the phosphate group of the substrate
The position of these two water molecules is conserved in activates the nucleophile water by accepting one of its
CT-AcP. NE2 atom of GInl15 is hydrogen-bonded to the protons (Figure 7A). Similar to other AcP, there is no residue
backbone O atoms of Leu39 and Ser43 in the L3 loop. Thesenear the active site of PhAcP that can carry out general acid/
hydrogen bonds lock the side chain of GIn15 in an extended base catalysis or serve as a nucleophile. It has been proposed
conformation, which in turn keeps the side chain of Asn38 that catalysis is mediated by transition-state stabilization
pointing toward the active-site cradle (Figure 6). In an AcP- within the active-site cradlelg).
like domain ofE. coli hydrogenase maturation factor HypF Our model of the enzymesubstrate complex provides
(AcP-HypF), which does not have any AcP activities, a one- three new structural insights into the catalytic mechanism
residue deletion in L3 prevents such hydrogen-bond forma- of AcP. First, our model predicts that Asn38 contributes to
tion (38). As a result, the corresponding Asn residue (residue catalysis via enzymetransition-state complementarity, in
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Ficure 7: Modeling enzyme substrate interactions in AcP. (A) Substrate-assisted catalytic mechanism proposed by Thunnissen et al.
(16). (B) Stereodiagram showing the model of the PhAsBbstrate complex. Acetyl phosphate was docked to the active site of PhAcP.

The conformation of acetyl phosphate with the lowest energy was shown. Hydrogen bonds are represented by dotted lines. (C and D)
Schematic diagrams showing the proposed interactions (thin dotted lines) that stabilize the substrate (C) and transition state (D). The
hydrogen bond (indicated by an arrow) between the OD1 atom of Asn38 and the nonbridge O atom of the phosphate group is expected to
form only after the phosphate group has been protonated and contribute to catalysis by-einagsiton-state complementarity.

addition to its generally accepted role of binding a nucleo- together, in addition to its role of binding an active-site water,
phile water. In our model, Asn38 does not make any Asn38 also plays a direct role in transition-state stabilization.
interaction with the substrate. The distance between the OD1 Second, the methyl group of acetyl phosphate is pointing
atom of Asn38 and the closest nonbridge oxygen atom is away from the active-site cradle and is not making any
~3.4 A. However, it is anticipated that, after accepting a interactions with the enzyme molecule. This arrangement
proton from the nucleophile water and during formation of agrees with the finding thak,, values for different acyl-
the pentacoordinate transition state, the phosphate group willphosphate substrates are similar to each ot#@y. (Third,
move closer toward the OD1 atom of Asn38, which will then our model suggests that Arg20 forms a hydrogen bond to
form a hydrogen bond with the protonated nonbridge oxygen the carbonyl group of the substrate. Such interaction may
atom (Figure 7D). This hydrogen bond, only found in the contribute to the substrate specificity of AcP and may help
transition state, contributes to enzymatic catalysis via to stabilize the negative charge developed on the leaving
enzyme-transition-state complementarity. This model is group. Interactions that stabilize the transition state of
consistent with the findings that mutations at Asn41l (e.g., enzymatic hydrolysis of acyl phosphates are summarized in
N41A) of MT-AcP decreased the./Kn, value dramatically Figure 7D.

without affecting theK, value @7). Moreover, our model Structural Basis of Hyperthermostability. P. horikosisii
predicts that stabilization of the transition state requires an a hyperthermophilic archaeon that grows optimally at@8
asparagine at position 38, which can serve as a hydrogen{18). To adapt to this extreme environment, the proteins of
bond donor as well as an acceptor (Figure 7D). This is the organism must be able to resist denaturation and remain
consistent with the observation that a N41D mutant of active at temperatures close to the boiling point of water.
mammalian AcP has only 1% residual activiB7f. Taken We have shown that PhAcP is an extremely stable protein.
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Table 3: Statistics of Structural Comparison among Homologous
AcPs

M hydrogen buried ASA (%)°
4 6 8 bond all nonpolar polar

PhAcP

chainA 6 13 17 84 9358 5487 3870

chain B 6 14 18 78 9459 5541 3919

dimer 12 30 40 168 20160 11778 8379
bovineCT 3 4 8 82 9459 5541 3919
horse MT 4 9 14 87 10076 5911 4165
AcPDro2 3 7 11 77 9408 5514 3895

aThe criteria of Szilagyi and Zavodszk¢2) was used to classify
ion pairs using three distance limits of 4, 6, and 8 Ahe numbers of
hydrogen bonds were determined using HBPLWS).(° The solvent-
accessible surface area was calculated by NACCESS (Hubbard, S. J.
and Thornton, J. M., Department of Biochemistry and Molecular
Biology, University College, London, U.K.) using a probe radius of
1.4 A. Surfaces of N and O atoms were considered polar, whereas the
surfaces of other atoms were nonpolar. The buried accessible surface
area was calculated by subtracting the surface area calculated for the
native state from those calculated for the Ala-X-Ala tripeptidé)(
4The average values for the NMR ensemble are shown.

The differential scanning calorimetry data suggest that the
protein remains folded up te-100 °C, with an apparent
melting temperature of 111.8C (Figure 3A). In contrast,
the melting temperatures of mesophilic AcP are in the range
of ~50—60 °C (34, 35).

Structure comparison between pairs of thermophilic and
mesophilic proteins has identified a number of structural
features that can enhance stability of prote#is{46). It is FIGURE 8: lon-pair network on th@ sheet of PhAcP that is absent
generally agreed that different proteins may use a different in mesophilic AcPs.
combination of features to achieve thermostability)(We

have compared the number of ion pairs, number of hydrogen ghserved in PhACP further supports the contribution of
bonds, and accessible surface areas of homologous AcFyjectrostatic interactions to the thermostability of proteins.
(Table_ 3). Our analyses clear]ylndlcate that PhACP has more  another notable feature of PhAcP is that the protein
ion pairs than other mesophilic homologues. In PhAcP, there ¢ontains more proline residues. Proline residues contribute
is a network of ion pairs consisting of 13 charged residues (4 protein stability by entropically destabilizing the denatured
on the hydrophilic side of th@ sheet (Figure 8). In CT-  giates %8). One proline residue, Pro40, takes ther 1
AcP, _This i_on-pair network is_not found in mt_asophilic CT- position of the type 18 turn (LssPDGsy) in L3 loop.
AcP, in which 7 of the 13 residues are substituted by polar ngteworthy, this proline residue is conserved in archaeal AcP
residues. The network can be divided roughly into two ¢ not in bacterial or eukaryotic AcP (Figure 1). It is likely
clusters of charged residues. One cluster (RS, E49, K77, E79,i 4t the proline ring stabilizes the turn structure in L3 and
E84, and R88), located near the L5 loop, is involved in contributes to the thermostability of PhACP. Tiigurn is
stabilizing the conformation of the loop (see qbove). Another 5150 stabilized by the hydrogen bond between the side chain
cluster (K9, R37, R41, E45, R73, and E75) is located at the of Asp41 and backbone amide of Gly42. Noteworthy, Asp41
bottom of thef sheet. The short distances3 A) between s conserved in bacterial and archaeal AcP but not in
the side-chain atoms of Glu45, Glu79, and His7 suggest thate karyotic AcP. Two other extra proline residues are located
His7 is protonated, which bridges the two clusters by forming i, | 4 and L5 loops (Figure 1).
hydrogen bonds to both Glu45 and Glu79. Itis highly likely  siryctural Basis of Reduced Catalytic Efficiency at Ambi-
that this ion-pair network contributes to the thermostability gnt Temperaturesn this study, we have shown that PhAcP
of PhAcP. is less active than other mammalian AcPs at°’@5(Table

It has been observed that thermophilic proteins tend to 2). There is no change in the structure of the active-site cradle
have more ion pairs than their mesophilic homologu&s. ( and the side-chain conformation of the active-site residues
Although it has been argued that electrostatic interactions (Arg20 and Asn38). It is intriguing what factors cause the
may not contribute to protein stability because of the large big differences in catalytic efficiency. Recently, there have
entropic and desolvation penalty of fixing two charged side been a number of studies comparing the catalytic efficiency
chains 48), recent theoretical calculations suggest that of psychrophilic, mesophilic, and thermophilic enzymes<
electrostatic interactions should stabilize the protein at high 63). Although the activity of thermophilic and mesophilic
temperatures where the desolvation penalty is less becausenzymes is usually comparable at their respective optimal
of the increased thermal motion of watdi9). Experimen- working temperatures, thermophilic enzymes are often less
tally, the stabilizing role of electrostatic interactions have efficient enzymes than the mesophilic and psychrophilic
been reported in many casé&®{-57). The ion-pair network ~ homologues at moderate temperatures. It has been hypoth-
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and contribute to the reduced catalytic efficiency of PhAcP

at 25°C.

Estimation of the §: Value of PhAcP at 98C. Although
PhACP is not efficient at 28C, the enzyme is fully active
at the optimal growing temperature &f horikoshii. Ex-
perimentally, it is impossible to assay the enzyme activity
of PhAcP directly at 98°C because the uncatalyzed hy-
drolysis of the acyl-phosphate substrate is too fast at hig

this manuscript.

SUPPORTING INFORMATION AVAILABLE

The coordinates of the model of the PhAe&cetyl
phosphate complex with the lowest docking energy. This
material is available free of charge via the Internet at http://
h pubs.acs.org.

temperatures to allow an accurate measurement of kineticREFERENCES

parameters. Instead, we measured the kinetic parameters of
PhACP at 25-45 °C and estimated thie.s; value of PhAcP

at 98°C by linear extrapolation of the Arrhenius plot (Figure
2). The estimatedk, value of ~10 000 s? is reasonable, 2
considering that the measurggy value increased 4-fold
when the temperature increased from 25 t¢@5and many
chemical reactions double its rate with an increase- b0

°C. In comparison wittk.o; values of other mammalian AcPs
(Table 2), PhAcP should have enough catalytic activity for
the enzyme to carry out its biological functions at the optimal
growing temperature d®. horikoshii. 5

Dimerization of PhAcPIn our study, we have shown that
although PhAcCP exists as a monomer in solution, it can
dimerize via antiparallel association of strand 4. This is the 6
first report of dimeric AcP in the crystal structure. The
driving forces of dimerization are the formation of interchain
hydrogen bonds and burial of the hydrophobic surface area

(~750 A?). The dimeric interface consists of mainly hydro- 7.

phobic residues (lle59, Val71, Val74, Val76, and Trp78)
from helix 2 and strand 4. The only buried polar residue is
His63, which is involved in a hydrogen-bond network in the
interface (Figure 4B).

AcPs have been studied extensively as a model for amyloid
fibril formation (64—70). It was shown that AcP can be
induced to fornmin vitro amyloid fibrils that closely resemble
those observed in clinical casegl). It has been widely
accepted that aggregation of amyloid originates from partially
unfolded states. For example, mutations that destabilize the
native state were shown to promote aggregation by populat-
ing the partially unfolded intermediate®4—69). In a recent
study, Chiti and co-workers demonstrated that amyloid
formation can originate from “nativelike” states, albeit at a
slower rate than that originates from partially unfolded states
(72). In their study, they used a thermophilic archaeal AcP
from Sulfolobus solfataricugSsoAcp), which allows ag-
gregation to occur while the native structure is maintained.
However, it is premature to suggest that the dimer observed
in PhAcP is the precursor for the formation of nativelike

aggregates in SsoAcp, because amyloid formation is sensitive 14.

to small structural modification such as single-residue

substitution and PhAcP shares only 40% sequence identity
to SsoAcP (Figure 1). Moreover, it is unclear how the dimer

of PhAcP resembles the “nativelike” states proposed by Chiti

et al. Nevertheless, the structure of PhAcP reported here
provides a structural model of how two monomers of PhAcP

dimerize via association of two antiparallel strands.
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