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ABSTRACT. Exopolyphosphatase/guanosine pentaphosphate phosphohydrolase (PPX/GPPA) enzymes play
central roles in the bacterial stringent response induced by starvation. The high-resolution crystal structure
of the putativeAquifex aeolicu®PX/GPPA phosphatase from the actin-like ATPase domain superfamily
has been determined, providing the first insights to features of the common catalytic core of the PPX/
GPPA family. The protein has a two-domain structure with an active site located in the interdomain cleft.
Two crystal forms were investigated (type | and ) at resolutions of 1.53 and 2.15 A, respectively. This
revealed a structural flexibility that has previously been described as a “butterfly-like” cleft opening around
the active site in other actin-like superfamily proteins. A calcium ion is observed at the center of this
region in type | crystals, substantiating that PPX/GPPA enzymes use metal ions for catalysis. Structural
analysis suggests that nucleotides bind at a similar position to that seen in other members of the superfamily.

Bacteria have developed systems that allow them to adjustThis activates the ribosome-bound protein stringent factor
to sudden changes in the environment. The mechanisms tha(SF or RelA) 6, 6). Once activated, SF catalyzes a
operate in the global regulation of cellular metabolism when pyrophosphoryl transfer from ATP to thé-Bydroxyl group
the supply of essential nutrients such as amino acids, carbonpf GTP forming guanosine pentaphosphate, pppGpg)(
and phosphate are abruptly deprived are referred to as theSF can also accept GDP as a substrate for synthesizing
stringent responsd). The stringent response initiated upon ppGpp. However, recent data imply that GTP and not GDP
amino acid starvation has been extensively studied in associates with SF under stringent response condit@ns (
Eschericia colj including the accumulation of inorganic The E. coli gppA gene product (GPPA) regulates the
polyphosphate (polyP) and guanosine tetraphosphate conversion of pppGpp to the biologically effective second
(ppGpp). The intricate system that is activated under such messenger ppGpp, known as the “magic spot9; 10).
circumstances coordinates changes in protein synthesisincreased levels of ppGpp are known to affect the level of
transcription, and protein degradatidh—4). exopolyphosphatase (PPX) activity in many speciesE.In

Nutritional downshift results in an increased number of coli, the GPPA and PPX enzymes share extensive sequence
uncharged transfer RNA molecules reaching the ribosome.identity. A consequence of reduced PPX activity is a dramatic

shift in the equilibrium between polyP breakdown and
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344). controls degradation of free ribosomal protein as observed
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with the Protein Data Bank as entries 1T6C and 1T6D, respectively. in bacteria during starvation. Thus, both GPPA and PPX play
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phatase/guanosine pentaphosphate phosphohydrolase; SF, ribosome- Here, we present the structure of tAe aeolicusPPX/
bound protein stringent factor; MES, RHmorpholine)ethanesulfonic _ ; ; ; ;
acid; MPD, methylpentanediol; PEG, poly(ethylene glycol); SAD, GPPA enzyme. based On X r.ay .dlffra(.:tlon experiments. 'I_'hIS
single-wavelength anomalous diffraction; rmsd, root mean square Structure provides the first insights into structure/function

deviation; Hsc70, bovine heat shock 70 protein; DTT, dithiothreitol. relationships of the PPX/GPPA family.
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Table 1: Summary of Data Collection, Phase Determination, and Refinement

type I, native type I, SeMet type I, SeMet-YbClI
Data Collection
X-ray source BL711/MaxLab ID14.1/ESRF BL711/MaxLab
resolution range (A) 151.53 (1.6+1.53) 30-2.15 (2.272.15) 20-2.25 (2.372.25)
unique reflections 47 505 (5936) 66 436 (10 090) 56 064 (7781)
average multiplicity 6.9 (2.7) 5.5(5.5) 2.3(2.2)
completeness, % 95.8 (84.6) 99.9 (100.0) 94.6 (88.8)
i(o1) 22.8(2.2) 23.3(8.8) 24.9 (3.7)
Rmerga® % 6.9 (34.1) 7.6 (28.7) 6.9 (36.0)
Phasing
heavy atom sites 6Se 6Se, 4Yb
resolution range (A) 362.15 20-2.25
figure of merit (acentric/centric) 0.35/0.17
phasing power (iso/and) —/0.68 0.84/0.96
Reutis (iso/ano} —/0.92 0.88/0.86
Refinement

Ruork/ Riree® (%0) 16.2/21.7 20.6/25.5
number of atoms

protein 2528 4852

water 390 340

hetero 53 10
averageB-factor (A2)

protein 18 35

water 33 40
CI=/I=/Ca&*/MPD/Tris 22/15/14/42+ 24/—/—/-/58
rms deviation

bond lengths (A) 0.013 0.005

angles (deg) 1.5 1.1
Ramachandran plot§4) 96.3/100.0 93.3/99.5

(% residues, favored/allowed)

aValues in parentheses refer to the highest resolution bin (e.9.71.68 A).? Ruerge = (T i(|Inki — Driad))/ Y niti Dhial) Where Iy is the
intensity of an individual measurement of the reflection with Miller indidieg&, andl, andClis the mean intensity of that reflectiohPhasing
power= 3 nFrink/ Y niil Fer,obscakt — Fpr,caicasl. ¢ Reutis = 3 nial [Ferpk &= Fppkl — Frcaicankil/ Y nil Ferak — Fepxl, WhereFpy is the structure factor of
the heavy atom derivativése is the structure factor of the native protein, aAg.acqis the calculated structure factor for the heavy at®Ryork
= > (|| Fobsdnkil — |Feaicankil|)/[Fobsdnkil, Where|Fobsank| and |Feaican| are the observed and calculated structure factor amplitiRiesis equivalent
to the Ruor but calculated with 1% (type 1) and 2% (type Il) of the reflections omitted from the refinement process.

EXPERIMENTAL PROCEDURES

Preparation of PPX/GPPA Enzymeéhe details for
expression, mutagenesis, purification, and crystallization of
the A. aeolicusPPX/GPPA enzyme have been described
previously (L3). In summary, the gene was amplified by PCR
from genomic DNA (1) and cloned as an N-terminal His-
tagged construct in the vector pET28a (Novagen). A triple
mutant version of the construct (V82M, C138M, and

andc = 90.8 A and contain one molecule per asymmetric
unit. The crystals diffracted to a maximum resolution of 1.53
A. These crystals were soaked in a solution containiag K
Hgl, with an excess of Kl and later used for refinement.
Except for the putative iodide ion, no Pgions were
observed in the crystal structure. Other lower resolution
structures have been determined (data not shown) from
crystals that had not been soaked with heavy atom com-
d pounds. Comparison of these structures to the structure from

?less?:isx)or\]’v:rfz prfggiregs,:ijosg‘sg TF;](;?H plznrl]eurtsarﬁndroizfne\?\;{aes the soaked crystals revealed no significant differences; hence,
y 9 ' P P it is reasonable to denote it as a native crystal (Table 1).

expressed as a selenomethionine variant according to a o ] -
published procedureLg). All proteins used in this study were ~__Crystallization: Type Il CrystalsDifferent conditions were
identified to crystallize deliberately oxidized selenomethio-

purified on metal-affinity resins followed by thrombin ! ! f
cleavage of the His-tag and Superdex 200 (Pharmacia) gelNine triple-mutant protein: 26% poly(ethylene glycol) (PEG)
filtration. A calcium-ion containing thrombin cleavage buffer 4000, 5% PEG 400, 0.1 M Tris-base, 0-8502 M acetic
was used in preparation of the sample for the type | crystals.acid, 0.15 M MgC}, pH 8-8.5. The protein sample was
However, the final gel filtration buffer was not supplemented Purified in the absence of reducing agents and incubated with
with any calcium salts. For the preparation of type Il crystals, 0-1% RO prior to crystallization. Monoclinid>2, crystals
calcium ions were not introduced during the purification.  obtained under these conditions diffracted to 2.15 A, have
Crystallization: Type | CrystalsPlate-shaped crystals of ~Cell dimensions od =54.5A,b=83.5A,c=69.8A and
native PPX/GPPA were produced by the vapor diffusion = 97.4’, and contained two molecules per asymmetric unit.
hanging drop method in a solution containing 57% methyl- An isomorphous ytterbium derivative was prepared by
pentanediol (MPD), 0.1 M 2N-morpholino)ethanesulfonic addition of YbC_{; directly to a type Il crystallization droplet
acid (MES), 0.05-0.07 M Tris-base, 0.14 M KCl, 0.005 M &t & concentration of approximately 0.5 M.
dithiothreitol (DTT), providing a pH in the range 6-5.6. Structure DeterminationExperimental phases were de-
The crystals of this form belong to the orthorhombic space rived from X-ray data collected on type Il crystals, including
groupP2;2;2; with unit cell parametera = 50.8,b = 70.3, single-wavelength anomalous diffraction (SAD) selenom-
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ethionine data and anomalous data obtained from an ytter-
bium derivative collected at wavelengths of 0.934 and 0.970
A, respectively (Table 1). X-ray data sets were processed
using the CCP4 program suitel§). The heavy atom
substructures were initially analyzed with the program
SOLVE (16), and the identified heavy atom sites were
subsequently used to optimize the derived phases using
SHARP (7). A partial model was produced using the
program Arp/Warp 18), comprising 145 out of 315 residues.
This model was used for molecular replacement in the
program CNS 19) with the high-resolution type | data. The
Arp/Warp procedure was applied again using these data.
Rapid convergence with 283 residues traced in 100 cycles
resulted in a nearly complete model. On this basis, it was
straightforward to complete the type Il structure determina-
tion by molecular replacement.

The type | and type Il structures were refined by
REFMACS5 and CNS, respectivelyl9, 20). Modest NCS
restraints were applied in the early stage of the type Il
refinement. Data collection, phasing, and refinement statistics
are summarized in Table 1. The programs Molscript,
Raster3D, Alscript, Ribbons, and Pymol were used in the
preparation of figures1—25). Model phases were derived
from the refined type | structure excluding all calcium,
chloride, and iodide ions and used to calculate an anomalous
difference electron density map, see Figure 3A,B.

RESULTS

Overall Structure.The type | structure of\. aeolicusPPX/
GPPA is shown in cartoon representation in Figure 1A. The
structure is comprised of two domains, each with a fold that
contains the ribonuclease H-like motif, as predicted by Bork,
Sander, and co-worker2&). The connecting helix 2 involved

in domain separation2g, 27) was however erroneously
predicted, see Figure 2. Ficure 1. Outline of the common structural core of the PPX/GPPA

. . . A protein family. Panel A shows a cartoon of the type | structure.
This architecture characterizes the actin-like ATPase The overall fold of PPX/GPPA enzymes shows a clear similarity

domain superfamily. The ribonuclease H-like motif consists o other proteins of the actin-like ATPase domain superfamily. The

of a mixed five-strandegB-sheet with the second strand N-terminal domain (to the left) is separated from the C-terminal
antiparallel to the rest. The connections between strand 1domain (to the right) by twa-helices at the center of the structure.
and strand 4 and between strand 4 and strand 5 ContainThree chloride ions (green spheres) and a calcium ion (grey sphere)

helical ¢ I th ide of the sheet. Th indicate the position of the active site. A putative iodide ion with
elical segments, all on the same side or the sheel. 1ne,, gnticipated functional significance is shown in magenta. Panel

connections are significantly longer in the C-terminal domain B shows the superimposition of the type | and Il structures. The
than in the N-terminal domain. Accordingly, five-helices type Il structure (cyan, molecule B) was structurally aligned with
are present i the C-terminal domain and only two n the (5 N | S e e e e
N-terminal domain. The two domains can be aligned with 2520 20 TR0 C A B e progra% DY?\lDyCﬂ!a).(A
an rmsd of 1.9 A using 47 @atoms. In both domains, the  single hinge region accounting for rotational flexibility of the
other side of the sheet is flanked by the N-terminal helix of domain configuration (11% was unambiguously identified around
the other domain. residues 122123 (colored red).

The type | crystal structure represents a somewhat closed
domain configuration. One of the two PPX/GPPA molecules  lon Binding SitesA Ca?" binding site is observed close
(molecule A) of the type Il structure is similar to the type | to the short loop between strands 2 and 3 of the C-terminal
structure, whereas the second molecule (molecule B) displaysdomain in the native type | crystal structure, see Figure 3A.
a more open arrangement of the domains. The rotationalThe ion is heptacoordinated, and it is ligated by two water
movement of the two domains around a single hinge region molecules, three backbone carbonyls (residues 141, 143, and
(residues 122123) is 11.8 in molecule B and almost 146), and side chain oxygens of Glu148 and Ser146. The
insignificant in molecule A relative to the type | structure. conformation and side chain positions of this loop are similar
The type | and the type Il (molecule B) configurations are in the non-calcium-containing type Il crystals, but differences
superimposed in Figure 1B. This reveals a structural flex- in the water structure are observed. Difference electron
ibility that has previously been described as a “butterfly- density maps show the absence of a highly occupied metal-
like” cleft opening around the active site in other actin-like ion-binding site in the type Il structure, and a water molecule
superfamily proteins28). was modeled at this position.
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Ficure 2: Conservation of sequence and structural elements within the family of PPX/GPPA phosphatases. The sequekceofithes
PPX/GPPA enzyme is flanked by schematic symbols (black) that mirror the secondary structure of our crystal structures. Below these, open
rectangles show the positions of the structural signatures identified by Bork, Sander, and co-waBkeBtue rectangles indicate the

correct positions of the domain separating helices (connect 1 and connect 2). Twenty of the most similar PPX/GPPA sequences were
aligned by CLUSTALW 66). Residues boxed with red color are fully conserved in all 20 sequences, orange color indicates conservation

in 19 out of 20 sequences, and yellow boxes show other residues that are highly conserved. Residues marked with cyan color are also
highly conserved within the family, but the sequence of the extremophiteolicushas unusual residues at these positions. The identity

of the most dominant amino acids at these positions is shown in gray boxes.

Three chloride ions and one iodide ion are found in the comprises a total of six families: actin/fHSP70, hydroxyglu-
type | PPX/GPPA structure, see Figure 3B. The iodide ion taryl-CoA dehydratase component A, acetate kinase, ATPase
is located in a nonpolar pocket around residues Tyr224, domain of the glycerol dehydratase reactivassubunit,
Pro225, and Tyr226. One of the chloride ions is present in hexokinase, and glycerol kinasg2j. Within this superfam-
all molecules of the type | and type Il structures. Main-chain ily, a total of 17 structures of enzymaucleotide/nucleotide
amides (closest contacts Gly145 and lle167) and the sideanalogue complexes have been determid&e-48). Within
chain of GIn142 (NE2) exclusively provide the anion the superfamily of actin-like ATPase domain enzymes,
interactions. The other two chloride ions are only present in domain movements up to 3@&re observed to be involved
the type | structure with closest contacts to GIn142 (NE2) in catalysis 49). In the type | and type Il structures @f.

and Asn169(N), respectively. aeolicusPPX/GPPA, a similar flexibility is seen. Because
only a relatively small variation in domain rotation (up to
DISCUSSION 11.5’) is observed among the three molecules, even larger

The A. aeolicusPPX/GPPA structure is the first repre- Movements can be envisioned.
sentative of the Pfam PPX/GPPA family that currently =~ The locations of the nucleotides from representative
comprises 124 member&9). Neither the location of the  structures superimposed on the PPX/GPPA enzyme using
active site nor the catalytic mechanism for this family has the program Top0) are shown in Figure 4. The nucleotides
previously been reported. However, conservation of amino are located at similar positions. The nucleobases stack at an
acid residues can provide information on the location of the often-helical segment following immediately afeistrand
active site. Figure 4 shows a cartoon representation of PPX/4 of the C-terminal domain. This helix is also found in PPX/
GPPA colored after sequence entropy, based on compariso5PPA, and it is possible that the potential guanosine base
with the 20 most similar sequences from a BLAST search also binds here. It would however require a significantly
(30). This comparison strongly suggests that the active site different hinge angle. It is important to note that base
is located in the cleft between the two domains, an active SPecificity is not a general key issue. Thep§rophosphate
site position also found in the structurally related enzymes Provides an additional substrate tag, and at least in the most
in the actin-like ATPase domain superfamily. well studied organisnt. coli, hyperphosphorylated adenine

The structure of PPX/GPPA is most similar to the hucleotides do not appear to accumulate under stringent
hydroxyglutaryl-CoA dehydratase component A family responsegl).
within the actin-like ATPase domain superfamily according  In other structures of the actin-like ATPase domain
to a search using the DALI serveBl). In addition, the enzymes, phosphates bind between the two hairpin loops
structure is closely related to the acetate kinase and hexoki-connectings-strands 2 and 3 in each of the ribonuclease
nase families. Sequence identities are in the rangs¥o, H-like motifs. The N-terminal loop of\. aeolicusPPX/GPPA
and the rms deviations including about 20@-@&oms are  contains a highly conserved DXGS[Y/N]S motif, which to
around 4 A. The superfamily of actin-like ATPase domains date has not been included in the Pfam signat2g. (The
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Ficure 3: Calcium ion and chloride ion binding sites in the PPX/GPPA type | structure. Panel A presents the calcium site. The C-terminal
PPX/GPP domain harbors a variant of the Walker B motif in a highly conserved loop region. Both side-chain atoms and backbone carbonyl
oxygens participate in direct binding of the metal ion. This heptacoordinated calcium ion is bound at the center of the active site in agreement
with the established requirement for divalent metal ions in PPX/GPPA catalysis. Distances from the calcium ion to the coordinating backbone
carbonyl atoms of residues 141, 143, and 146 are 2.87, 2.63, and 2.74 A, respectively. The two bound water molecules are located 2.75 and
2.77 A from the calcium ion, and the side chain oxygens of Glu148 and Ser146 have coordination distances of 2.68 and 3.23 A. The
displayed (4.0 threshold) anomalous difference electron map (see Experimental Procedures) sustains the assignment of the ion as calcium.
The conserved Glul119 is located in this region, and it has most likely an important functional role. Panel B presents the chloride site. One
chloride ion is consistently observed in both molecules of the type Il structure and in the type | structure at a position opposite to the
calcium ion. It is possible that this feature mirrors the position of a structural oxy-anion pocket formed to accommodate substrate binding.
Distances to the nearest nitrogen atoms are 3.26 (GIn142-NE2), 3.29 (Gly145-N), and 3.35 A (lle167-N). Assignment of this chloride ion
is supported by the anomalous difference electron density map shown in black cototheshold).

C-terminal loop of PPX/GPPA harbors a conserved variant phosphate tail to enter the active site. Calcium ions have
of the Walker B 62) motif [D/E]-X-G-G-[G/A]-S-X-E, high variability in coordination geometryb9), which has
corresponding to residues 14148 in A. aeolicus Other been suggested as an advanteif. (
members of the actin-like ATPase domain superfamily also  Chloride ions from the crystallization medium have
contain a Walker B related motif or phosphate 2 1086)( previously been found to mirror functional characteristics
In conclusion, itis likely that the potential substrate, pppGpp, of, for example, active site carboxylate and phosphate groups
would also bind at a similar location as that seen in other (57). Three chloride ions are likewise found close to the
actin-like ATPase domain complexes, in agreement with the active site of PPX/GPPA in the type | crystal. We suggest
suggestions of Bork, Sander, and co-worké®).( that at least the chloride ion present also in both molecules
Structural studies of these enzymes show that the first of the type Il structure may structurally mirror the location
residue (usually an aspartate) of the Walker B motif of a substrate '3phosphate.
participates in water-mediated magnesium bindB@-438). Activation of a nucleophile in the substrate-binding site
However, in A. aeolicus PPX/GPPA, we find that the has been implied as an important factor both in members of
C-terminal Glul148 of the motif participates directly in the actin-like ATPase superfamily and other nucleotidases
binding to a C&" ion. The conserved nature of the metal (28, 41). Site-directed mutagenesis has been used to study
ion coordinating residues and the suggested strong affinity the mechanism of hydrolysis in several members of the actin-
indicate that PPX/GPPA phosphatase catalyzed reactions mayjike ATPase superfamily 28). While this approach has
depend on calcium ions. However, requirements fo®Mg  proven useful to dissect the mechanism of NTP hydrolysis
in millimolar concentrations have previously been reported by some P-loop proteins, the nucleotide-binding site of actin-
for PPX/GPPA enzyme$8, 54). In both of the molecules  fold proteins is often distorted by mutation®8( 58—61).
of the type Il crystal structure, metal ions could not be Usually, either hydroxyl ions or water molecules have been
modeled with confidence at this position despite that the suggested as the nucleophiles acting in hydrolysis. Carboxy-
crystal was obtained from a solution containing 150 mM late groups of side chains involved in the binding of divalent
MgCl,. A preloaded calcium ion would neutralize the acidic metal ions in the bovine heat-shock 70 (Hsc70) protein
environment around the residues Glul148 and Aspl41 of (Glul75), hexokinase (Asp211), and glycerol kinase (Asp245)
PPX/GPPA and allow the highly negatively charged 5 structures have been identified as the catalytic bases respon-
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FIGURE4: Superpositions of actin-like ATPase domain superfamily 7
members and sequence entropy within the PPX/GPPA protein
family. The PPX/GPPA structure is shown as a cartoon with color
ramping according to the sequence entropy, as implemented in the
program Indonesia (http://xray.bmc.uu.se/dennis). A blue color g
represents highly conserved regions. Seventeen examples of protein/
ligand complexes in the actin-like ATPase domain superfamily have

been compiled in this figure, revealing a remarkable similarity in 9.

the positions of the ligands in the active site region.

sible for nucleophile generatio28). However, mutational
analyses have shown that also other carboxylic side chains
are required to achieve full catalytic activitg). Conse-
quently, we suggest that the PPX/GPPA family of proteins
use metal coordination and the strictly conserved residues
Aspl41 and Glul148 (see Figure 2) as the basis for a catalytic
environment. The conserved residue Glu119 is within 5 A
of the metal binding site, and it is likely that it also has a
role in catalysis, possibly providing an active site base.

A hydroxyl ion coordinated by Lys71 in the heat-shock
70 proteins has been suggested as the likely active site
nucleophile, while the structurally equivalent Arg177 residue
in actin is not required for catalysi2§ 60). In the A.

aeolicus PPX/GPPA structures, the basic residues of the 14.

conserved and domain-duplicated RRAK motif (residues
91-94 and 266-269) are found at positions corresponding

approximately to the Lys71 in the heat-shock 70 proteins. 15.

However, the rare left-handgtt5-crossover configuration
of the RRAK maotif is only preserved in the N-terminal
domain. This unusugba/-motif has previously been sug-
gested as a conserved feature in a superfamily of nucleic

acid binding domains and the positive charge of the loop 17.

region to be implicated in phosphate bindirg2,(63). Yet,
even in the most closed conformation, we observe that the
basic residues in the N-terminal RRAK motif of the PPX/
GPPA structure are too far from the anticipated active site
around the calcium binding position.

In conclusion, the structure ok. aeolicusPPX/GPPA
provides the first insights into the catalytic mechanisms of
this family of enzymes. Detailed structural information on
binding of nucleotides will await cocrystallization of such
complexes.
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