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ABSTRACT: In sulfur chemolithotrophic bacteria, the enzyme ATP sulfurylase functions to produce ATP
and inorganic sulfate from APS and inorganic pyrophosphate, which is the final step in the biological
oxidation of hydrogen sulfide to sulfate. The giant tubewolRiftia pachyptila which lives near
hydrothermal vents on the ocean floor, harbors a sulfur chemolithotroph as an endosymbiont in its
trophosome tissue. This yet-to-be-named bacterium was found to contain high levels of ATP sulfurylase
that may provide a substantial fraction of the organisms ATP. We present here, the crystal structure of
ATP sulfurylase from this bacterium at 1.7 A resolution. As predicted from sequence homology, the
enzyme folds into distinct N-terminal and catalytic domains, but lacks the APS kinase-like C-terminal
domain that is present in fungal ATP sulfurylase. The enzyme crystallizes as a dimer with one subunit in
the crystallographic asymmetric unit. Many buried solvent molecules mediate subunit contacts at the
interface. Despite the high concentration of sulfate needed for crystallization, no ordered sulfate was
observed in the sulfate-binding pocket. The structure reveals a mobile loop positioned over the active
site. This loop is in a “closed” or “down” position in the reported crystal structures of fungal ATP
sulfurylases, which contained bound substrates, but it is in an “open” or “up” position in the ligand-free
Riftia symbiont enzyme. Thus, closure of the loop correlates with occupancy of the active site, although
the loop itself does not interact directly with bound ligands. Rather, it appears to assist in the orientation
of residues that do interact with active-site ligands. Amino acid differences between the mobile loops of
the enzymes from sulfate assimilators and sulfur chemolithotrophs may account for the significant kinetic
differences between the two classes of ATP sulfurylase.

ATP sulfurylase (sulfate adenylyltransferase, EC 2.7.7.4) bacteria also use ATP sulfurylase to generate APS, but in
catalyzes the transfer of the adenylyl group from ATP to these organisms, the APS serves as a terminal electron
inorganic sulfate (or from APS to inorganic pyrophosphate): acceptor for the anaerobic respiration of organic compounds

or H,. In contrast to the above organisms, several classes of

MgATP + SO, = MgPR + APS Keq ™ 10° chemolithotrophic bacteria use ATP sulfurylase to produce

) o . o ATP and sulfate from APS and pyrophosphate. That is, the

This enzyme is ubiquitous although its physiological role physijologically important reaction in these organisms is in
depends on the metabolic lifestyle of the organism. In {he opposite direction compared to that in sulfate assimilators
eukaryotes and many heterotrophic bacteria, ATP sulfurylaseang anaerobic sulfate reducers. The reaction is the final step
is used to generate AP&om inorganic sulfate and ATP. i, the overall oxidation of hydrogen sulfide, or other reduced
This is the first step in the conversion of inorganic sulfate inorganic sulfur compounds, to inorganic sulfagad may

oa ""’!”eW. of organic suliur compounds .in'cludi.ng sulfate be the sole substrate level phosphorylation in the energy-
esters in animals and reduced sulfur-containing blomoleculesIoroduction pathway of these bacteria. With a reactiap

in plants and microorganisms. Anaerobic sulfate reducing of 107 in the physiological direction and & in the
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micromolar range for BPthe enzyme may provide the major EXPERIMENTAL PROCEDURES
route for recycling PPproduced by biosynthetic reactions.

The deep-sea hydrothermal vents of the Pacific Ocean arefragment from pBL20 §) containing the gene of thi.

an environment that is naturally abundant in hydrogen o ey nila symbiont ATP sulfurylase was cloned into the
sulfide. HS issued from cracks in the ocean floor provides ECORI site of pBluescriptSK (Strategen, La Jolla, CA). The
the energy source for chemolithotrophic bacteria that are p54ive protein was expressedscherichia colusing a clone
present as endosymbionts in several invertebrate species. Th&;ith proper orientation of the T7 promoter and the inducible
giant tubewormRiftia pachyptilais one such invertebrate. 17 RNA polymerase of pGP42 (11). A seleno-methionine-

In place of a normal digestive track, the worm contains a gerivatized protein was produced by growing the same
trophosome tissue densely populated with an unnamedconstryct in a modified M9 minimal media2). Methionine
bacterium §). The worm provides the symbiont with@nd  synthesis-inhibiting amino acids were added 20 min before
CO; (via its hemoglobin) and the bacteria return reduced jnduction and seleno-methionine was added at the beginning
carbon compounds to the wor) (ATP sulfurylase activity ~ of the heat shock induction. Both native and seleno-
was reported to be present in the trophosome tissue 20 yearsnethionine proteins were purified by ammonium sulfate
ago 6). The enzyme was subsequently purified, kinetically precipitation (66-80% of saturation), DEAE anion-exchange
characterized?), and cloned §). column chromatography (0 to 1.5 M NaCl gradient), and

To date, the only ATP sulfurylase crystal structures that finally Poros HQ (Perseptive Biosystems, Framingham, MA)
have been reported are those from the filamentous fungusanion-exchange column chromatography (0 to 1.0 M NaCl
Penicillium chrysogenun®) and the yeasbaccharomyces  gradient). After purification (and between the above purifica-
cereviseae(10). Both organisms are sulfate assimilators, and tion steps), the enzyme was dialyzed extensively against 10
both sulfurylases possess a common multidomain folding MM Tris-Cl, pH 7.5, containing 0.2 mM EDTA. The enzyme
pattern. On the basis of sequence homology, we would expectVa@s concentrated by membrane filtration to-8D mg/mL.
ATP sulfurylase from theRiftia symbiont to adopt a fold ~ Protein stocks diluted to 10 mg/mL were used for crystal-
similar to the N-terminal and catalytic domains of the lization by hanging-drop vapor diffusion. A 1:1 dilution with
Penicillium and yeast enzymes but to lack the C-terminal Precipitant was made and equilibrated against 2.3 M am-
domain (which plays a regulatory role in the fungal enzyme). Mmenium sulfate, 100 mM NaBr, and 2% PEG 400, 100 mM

In fact, the nativeRiftia enzyme is a dimer with 396 residues/ 'N&-HEPES, pH 7.5. The addition of 100 mM NaBr to the
subunit ), while thePenicilliumand yeast enzymes are both crystallization stock was found to be essential for reproduc-
hexamers with 573 and 521 residues, respectively. ATp ible crystallization. Crystals of the orthorhombic space group

sulfurylases from different types of organisms appear to have P212:2 grew over 2 weeks rgaching a max_imum size of 300
been optimized for their specific roles. For example, the > 300> 40um. Data collection showed unit cell parameters
Michaelis constants of the fungal enzymes for inorganic of a = 59.56 A,b = 75.55 A, andc = 95.85 A with aViy

. : . coefficient of 2.46 &/Da (1 copy in the asymmetric unit)
sulfate and MgATP (substrates for the physiological reaction)
are 0.5-1 mM and ca. 0.2 mM, respectively, while the and a solvent content of 49.5%3). Crystals were transferred

corresponding constants of thRiftia symbiont enzyme oa qryo-prot_ectam solution in three s_,teps over 15 m_in. Ea_ch
(where sulfate and MgATP are reaction products) are 27 andsolutlon was identical to the mother liquor but contained, in

1.8 mM, respectively. Th&iftia symbiont enzyme also has order, 5, 10 apd 15% glycerol. Crystals were cryocooled in
a higher k.or for the ATP synthesis direction (257 s a stream of nitrogen vapor at 100 K,

Data Collection and Phase Determinatidbata sets were
compared to 6473 for the P. chrysogenunenzyme) 7). If
early life on Earth existed in an environment similar to the collected from two crystals on BL9-2 at SSRL. A three-

deep-sea hydrothermal vents, it is possible that the enzyme\’vave'em‘:Jth MAD data set was collected on a seleno-

from the Riftia symbiont resembles the primordial ATP methionine-derivatized protein crystal to 2.2 A resolution.
sulfurylase from which this family of homooligomeric Dispersion and adsorption differences from the MAD data

. set provided the initial phase estimates. Data were also
enzymc_—:‘s was derived. collected on the native protein to 1.7 A at the bromide edge
In this report, we present the crystal structure of ATP (7 =0.919 70 A) in an attempt to identify ordered bromides.
Sulfurylase from theRiftia Symbiont. This is the first structure All data sets were processed with the programs DENZO and
of the enzyme from a chemolithotrophic organism to be SCALEPACK (14). Twenty-two selenium sites were found
elucidated. The results will contribute to our understanding in the MAD data set with SOLVEI®), resulting in an overall
of how subtle structural changes optimize the enzyme for figure of merit 0.560. The experimental phases were
its physiological function. improved by the maximum-likelihood solvent-flattening
algorithm in RESOLVE 16, 17), which increased the figure
2In some sulfur chemolithotrophs, a different enzyme, APS: of merit to 0.600. Inspection of the flattened and unflattened

phosphate adenylyltransferase (originally called “ADP sulfurylase” after €lectron maps showed only slight improvements in the
the reaction in the APS synthesis direction) may fulfill the same function already excellent experimental phases.

S?bgiﬁﬁbnr;gfet?fcmusSpec'es contain both ATP sulfurylase and 1, 4e| Byilding Using the improved phases and the

3 Many Gram-negative bacteria contain a GTP-activated heterooli- Structure factors from the MAD data set, automated model
gomeric ATP sulfurylase?) that has little sequence homology to the  building was initialed with ARP/WARP1@8). Progress slowed
homooligomeric enzymes present in filamentous fungi, yeast, algae, after 200 cycles of refinement with 198 of the possible 396
plants, animals, and some chemolithotrophs. Both the heterooligomeric = . g~
and homooligomeric types may be present in some bacteria, e.g_,re:mdues built. The model after the 200th cycle of building

Allochromatiumzinosum(3). was used as a starting model for further ARP/WARP

Protein Expression and Crystallizatiod 1.5 kb Apd
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Table 1: Data Collection, Phasing, and Refinement Statistics

native Se-Met Se-Met Se-Met
(Brinflection)  (peak) (remote)  (inflection)
wavelength (A) 0.919 70 0.97923  0.88560  0.97942
resolution 1.7 2.2 2.2 2.2
limit (&)
no. of reflections 153 993 74128 73452 73195
no. unique 46 914 22472 22 375 22500
completeness (%) 95.9 (71.6) 97.6 (83.9) 97.2(79.9) 97.7 (85.0)
Riergd 0.036 (0.163) 0.093 (0.355) 0.075 (0.360) 0.064 (0.357)
no. of sites 8 22 22 22
figure of merit 0.600
Refinement Statistics
resolution (A) 36-1.7
no. of reflectionsF = 0) 46 914
R-factor 16.7 (20.7)
Rired 20.5 (27.7)
: RMSD bond length (A) 0.019
Ficure 1: Representative section of the initial electron density map, RMSD bond angles’} 1.9
calculated from experimental phases using MAD data collected at ) .
the Selenium edge. Shown in blue is the initial electron density Asymmetric Unit Content
corresponding to protein model built by ARP/WARP. The red region no. avgB (A2
gorre_sponds to the electron density of a sulfate ion. The sulfate nonhydrogen protein atoms 3078 178
ensity occupies the adenylyl ring-binding region. The map is water 498 322
calculated at 2.2 A resolution and contoured airl Bhis figure sulfates 3 207
was drawn using the program BOBSCRIRZBY, Figures 2-7 were bromides 8 274
generated with MOLSCRIPT24) and all figures were rendered -
with Raster3d 25) a Rmerge = [ZhZi“h — Ihi‘/ZhZiIhi] where In is the mean Oﬂhi

automated building using the 1.7 A resolution native data
set. Automated model building of the native protein ended
after 300 cycles with 374 of 396 residues built in five

observations of reflection. Numbers in parentheses represent highest
resolution shell® R-factor andRyee = 5 ||Fobd — |Feaid|/Y |Fond x 100

for 95% of recorded dataR{factor) or 5% of dataRes). Numbers in
parentheses represent highest resolution shell.

segments, all docked to the sequence. Most additional ] ) ) ) )
residues were built in the first 50 of the 300 cycles. The symbiont ATP Sulfurylase contain 1 subunit/asymmetric unit.

model was completed manually using the graphic program This subunit is situated next to the crystallographic 2-fold

O (19). The main-chain density was clearly traceable through
all 396 residues including the start codon methionine. CNS
was used for energy minimization positional refinement,
individual B-factor refinement, occupancy refinement of

anions, and solvent buildin@Q). Anomalous differences in

along thec axis to form the biologically functional dimer
(7). Each subunit is~75 A in the largest dimension and
varies from 44 to 48 A in the other two dimensions.

The Riftia ATS retains the overall structure and topology
of the N-terminal and catalytic domains found in tRe

the native data set were used to identify the bromide siteschrysogenun(9) andS. cereisiae (10) enzymes, but lacks

which ranged in intensity from 72 to 11 times sigma in the

the APS kinase-like C-terminal domain (Figures 2 and 3).

phased anomalous difference map. Sulfate sites were deterThe N-terminal domain (residues-172) contains a highly

mined by visual inspection of electron density.

RESULTS

Overall Structure The initial 2.2 A resolution electron
density map, calculated from phases using MAD data

collected at the Selenium edge, produced a clean map thal

was readily interpretable (Figure 1). The electron density map

was fitted using the automated model building routine !

implemented in the program ARP/WARPE]. After extend-

ing the resolution to 1.7 A resolution, the program was able
to fit all but 22 residues of the sequence, which were built
manually. The final model contains all 396 residues of the
bacterial Riftia symbiont ATP Sulfurylase including the
N-terminal Met 1. The averadgfactor for all non-hydrogen
atoms in the refined model is 19.82Awhich agrees well
with the Wilson plotB-factor of 17.7 R. The final con-
ventionalR-factor andR-free of the reported refined model
are 16.7 and 20.5%, respectively. A total of 318 (or 92.7%)
of the nonglycine and nonproline residues reside in the most-
favored region of the Ramachandran plot, while the remain-

contorted mixed 5-strangsheet that is twisted into a partial
p barrel and surrounded ly-helices. The catalytic domain
spans residues 17331 and is composedf @ 5 strand
parallel-sheet surrounded ly-helices. Residues 33396
form a subdomain consisting of a small three-strargheet

{ollowed by two a-helixes. These residues associate with

he main portion of the catalytic domain, but do not
participate in the corg8-sheet. A similar subdomain is present
in the fungal structures9( 10).

lon Binding In the final structure, eight bromide ions were
identified by inspection of the anomalous difference Fourier
map. One Br stood out with a peak height of 2and was
found buried between the core catalytic domain and the
C-terminal subdomain where it interacts with polar groups
of His 205 and Ser 379 and the hydrophobic side chains of
Val 364, Leu 368, Val 383, and Leu 387. Of the seven other
bromide ions ordered in the electron density map, their
environment varied from highly solvated to buried in
hydrophobic pockets.

Three sulfates are present in the final model. Two, which

ing 25 residues plot to the additionally allowed region. The are located in the active-site region (but not at the catalyti-
crystallographic data and refinement statistics are sum-cally relevant sulfate subsite) are discussed in more detail
marized in Table 1. The orthorhombic crystals Riftia below. The third sulfate is found far from the active site in
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Ficure 2: Structure ofRiftia ATP sulfurylase. (A) Stereoribbon drawing of the enzyme. The crystallographic 2-fold axis is vertical in the
plane of the page. This axis relates one subunit with colored domains to the other subunit shown in gray. The N-terminal domain is colored
with different shades of blue. The catalytic domain can be divided into two subdomains shown in green and red, respectively. The two
sulfate ions that bind near the active-site pocket are shown as CPK. (B) Schematic topology drawinRifiaAd S subunit. The color

scheme is the same as in panel A.

Catalytic
Domain

Catalytic
Domain

A — — [ — —
Riftia 1 -MI K SDE F—'VY PEEHHKLSH E SILPSVV--1SSQAAGNAVMMGA
F.c. 1 MANA LRFI APHQAELAA AlEISILPAVT - -LTERQLCDLEL I MN
S c 1 -MFPA Lil ARDIAL KKNE|LILS D SISDILVWNLTPRQLCDIELILN
Riftia s1 Y|FS P L|O G AMGAAEKMT SFFP CLLENTDAIGDA ------ K
P.e. s G|FSPL|E YDRVCEDNR|L NVFS TLDA--SQEVIDEKKLQAAS
S.c. s2 GIESPL|T YSSVVTDSH TLWTI TLDV--DEAFANQ- -1 KPDT
Riftia RDPNVEGNPVL \I’MDIEAIEEVSDEDMAVMTDKVYRTT MDH|I GVKTFN
P.c HDFFIDDHN AL ILTIDDIYRP---DKTKEAKL|VIFG -G|ID|PEHIPAI VYLN
S c |Dl -FQDDEI P - ILTVAQDVYKP NKTIEAEK|V|FR-GDJPEHIPAISYLF
—l—L-—/ i 7
Riftia 151 SQGRV - AVS|GIP I QVLNFSYFQA|IDIFPDTFR|TIAVE | NEIKEHGSKVV.I\FQTHN
Pec M NTVKEFYIGGKIEAVN -KLNHYD|YVALRY|TIPAEL VHFDKLGSRVVAFQTRN
S ¢ 14T NVAGDYYVG|GSLEAIQ-LPQHYD|YPGLRK|TIPAQL LEFOSHQDHVVAFET?J}J
—-—ﬁ—l_ﬁﬁ_—/ -
Riftia PMHHAHE MESLD DGVVV ML L|G|K L[K|K PAPVIRIDAAI RTMAEVYF
P.c. 201 |PMHRBAH|RE Fl ARSHO VL | PV VIG|L T|K|P DHFT|IRVRAYQALLP-RY
S.c. 199 PMHHAHH LTUH AREAN VIL I|HIP V VI|G|L T[K|P DHHT|IRIVRARVYQEI| I K-RY
0 | —
Riftia 256 PNTVMVTGYGFDML Y A|G|PIRE AV L MGA|THF I|I[/GRDH AG|V|G|- - - - - -
P.c 22 NGMAVLGLLGL AMBMG PFlEA HIGA|THF I|VIGRDHAG|P|GISNS KGE
Sc 20[PINGIAFLSLLPLAMRMS|GD|REAlV vlcAls|HF 1|/vVIaRDHAGIPIGIKNS KG V
—_[12 - 13 L
Riftia YG DAQTIFDUEVP GAME[IE|l FRADHTA|Y[SKKLNK | VMMRDVPDHTI|KIED
P.c Y G|P AQHAVEKYKD -LG|IIElVVEFQOMVT|Y|LPDTDEYRPVDQVPAGV
S. e FYGFYDAQELVESYKH -LD|IE/[VVPFRMVT|Y|LPDEDRYAPIDQIDTT-|KTR
Riftia 3ss FV L L[S G T|K V|R|E MIL|G Q|G|I A P|P|P E[F S|R|P E LMDYYQS I NS 396
P.c as¢a TLNI|SGT|EL|RRR|LIARS|G|AH | |PIEWF S|Y|PE LIRESNPPRAT - - -5sma
S5 ¢ 353 TLNI|SGTI|EL|RRR|L|IR V|G|G E | |PIEWF S|Y|P LIRESNPPRPK- - -s511

Ficure 3: Primary sequence alignment of ATP Sulfurylase from the bactRifah symbiont Riftia) and the fungal; yeas$. cereiseae
(S. 9 andP. chrysogenun(P. c) enzymes are shown with the corresponding secondary structure as observeRiftialoeystal structure.
The structural elements are indicated as follows: Cylinddelix, arrow=  strand, line= loop or coil, there were no disordered sections
of protein. Residues that are conserved in all three species are shaded. The asterisks (*) identify the ¢8%3&RKdphosphosulfate-
binding pocket. Both fungal enzymes have an extended C-terminal domain not shown.

a salt-link to Lys 11 and within hydrogen-bonding distance  Dimer Organization The dimerization surface of thriftia

to the main-chain nitrogens of residues Asp 8 and Glu 9. ATP sulfurylase is similar to the interface between two of
ATP sulfurylase from the anaerobic, sulfate-reducing the catalytic domains found in the hexameric fungal ATP

Desulfaibrio genus contains cobalt and zirglj. Cadmium Sulfurylases 9, 10). However, in theRiftia enzyme dimer,

(from the crystallization medium) was observed in the yeast one monomer is rotated90° relative to the orientation in

ATP sulfurylase structure and was suggested to play afungal ATS (Figure 4). Additionally, thRiftia dimer buries

functional role (0). However, no divalent metals were seen
in either thePenicillium (9) or Riftia ATP sulfurylases.
Moreover, the latter enzyme retained full activity after
extensive dialysis against EDTA.

significantly more surface area compared to the fungal
catalytic dimer, (1576 Acompared to 332 Ain the fungal
enzymes). Despite the difference in protein orientation at the
dimer interface, th&iftia dimer contacts across the interface
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symmetry related subunit. Additionally,7astacking motif
extends across the dimer interface. Tirgtacking is centered
on His 190 and its symmetry related mate; the imidazole
rings are parallel and spaced 3.68 A apart. Fhstacking
pair of histidines is, in turn, sandwiched by Trp 192, 3.65 A
on either side. However, large hydrophobic patches com-
monly attributed to dimer interfaces are not observed.

An interesting feature of the dimer interface is a large sol-
vent-filled pocket along the 2-fold axis formed by the
N-terminal domain at the dimer interface (Figure 5). Helix
ol and strand$3, 55, andS6 line the pocket. The lip of
Ficure 4: Dimer interface ofRiftia and fungal ATS. Panel A the pocket is secured by a salt bridge between Glu 107 (on
illustrates the dimer formation dRiftia symbiont ATP sulfurylase the hairpin loop betweefi2 and33) and His 26 ool of

as seen in the crystal structure. The different subunits are representeghe related monomer. The enclosure is accessible to bulk
in different shades of red and the black line indicates the location ’

of the crystallographic 2-fold axis that relates the two subunits in SOIVent along the 2-fold symmetry axis and through two
the Riftia enzyme. Panel B illustrates the fungal ATP sulfurylase Small openings on each side, medial to the Glu-18i 26
catalytic dimer (as observed in the hexameric structure) with the interaction. The pocket contains a total of 50 ordered solvent
left subunit (light blue) positioned in the same orientation as the mglecules.
Riftia (pink subunit in panel A). The two fungal ATP sulfurylase . . o . .
subunits are shown in different shades of blue with the C-terminal ~ Catalytic Site Although Riftia ATS was crystallized in
regulatory domain deleted for clarity. The black vector shows the the presence of 2.3 M ammonium sulfate, no sulfate could
o Timar The dmaiaon soces e otr . th 0 deteced al the proposed catalycse as was seen i he
Riftia ar?d fungal enzymes, but the second fungal subunit is rotated f9”9?' enzymt_as@( 10). If sulfate were present at the active
approximately 90 with respect to theRiftia enzyme. This view  Site, it would bind to the conservé#QXRN phosphosulfate
reveals the proximity oRifta mobile loop, shown in green in the  motif. Specifically, one oxygen of the sulfate moiety would
left subunit (A), to helixal of the 2-fold related subunit. There is hydrogen bond to the & of GIn 199, another oxygen would
no equivalent helix in the fungal enzyme to influence the conforma- gjt_jink to the N1 of Arg 201, and the third nonnucleophilic
tion of the loop also shown in green (B). oxygen would hydrogen bond to the main-chain amide
nitrogen of Ala 299 (Figure 6)9( 10). A preference of these
H-bonding residues for electronegative oxygens might partly
explain the high specificity of the enzyme for sulfate
compared to phosphate. In the latter, the 3-fold H-bonded
ion would position its un-ionized OH oriented toward the
reactivea phosphoryl of ATP in a nonproductive complex.
Additionally, the phosphate ion would have an additional
negative charge compared to sulfate moiety, which would
affect ion binding in the active site.

Two sulfate ions, however, were found in the active-site

Ficure 5: Water mediated dimer interface. (Left) ATP sulfurylase .CIEﬁ near ”j[el Stglfﬁte'bt'.ndlngF.SUbSIts’ bg[ the S:;If?tez.bénd
subunits are colored red and blue. Ordered solvent molecules that" & noncg alyuc loca .'On (Figure 7). One sulfate bin S
hydrogen bond to at least one atom in each subunit are shown inbeétween His 205 and His 208 of the conserved HXXH motif

yellow. Ordered solvent molecules that reside in the dimer interface but does not hydrogen bond to either of these residues. (At
pocket formed by the N-terminal domain are shown in green. jts closest approach, one sulfate oxygen is 3.66 A fray@ C
(Right) Same view and coloring as in left panel but with blue ¢ is 505 ) Arg 365 holds the sulfate in position by forming
monomer removed for clarity.

two parallel hydrogen bonds between the twp &oms and
resembles that of the catalyticatalytic dimer interface  two sulfate oxygens. The space occupied by this sulfate is
within the hexameric structure of fungal ATS in that the in close proximity to that occupied by chlorate in the yeast
majority of the interactions are through salt bridges or water- enzyme 10). An oxygen of the other noncatalytic sulfate is

Riftia Symbiont
ATP Sulfurylase Dimer

Penicillium chrysogenum
ATP Sulfurylase Catalytic Dimer

@ Enclosed Waters
© Dimer Interface Waters

mediated hydrogen bonds. Dimer interactionRiftia ATS
are localized on and between helieesanda7, correspond-
ing to residues 169189 in fungal ATS. Additionally, some
nonconserved residues &iftia ATS helix a9 were found
to interact with residues on helix7 across the dimer inter-

3.09 A away from @1 of His 208 at a location known to
accommodate the adenosine ring of nucleotide substrates in
fungal ATP sulfurylase. This second sulfate hydrogen bonds
with Oy1 and the main-chain nitrogen of Thr 333 and with
Ne2 of His 208 in addition to being well hydrated. The

face. A common characteristic of both types of sulfurylases location of this sulfate may explain why soaking the crystals
is the high level of solvation at the dimer interface (Figure in solutions of MgC} + ATP, APS, MgC}h + ATP + FSQ ™,

5). A total of 40 solvent molecules were found to mediate or the g-methylene analogue of APS did not produce a
dimer interactions at thRiftia ATS dimer interface. Many  significant electron density in the active site. (Theneth-
salt-bridging residues across the dimer interface also interactylene analogue of APS was received as a generous gift from
with solvent molecules that act as bridges allowing additional Prof. N. B. Schwartz, University of Chicago.) These non-
dimer interactions. Two weak hydrophobic dimer interface catalytic sulfates (at least the one occupying the adenine
interactions are specific fiftia ATS: both Pro 18 and Pro  pocket) are probably crystallization artifacts, because at
174 each interact with separate hydrophobic clusters on themillimolar assay concentrationsvhich approximate in vivo



14514 Biochemistry, Vol. 40, No. 48, 2001 Beynon et al.

Riftia Sym. Riftia Sym.

e

Penicillium Lol - ; . [ Penicillium

Yeast | : Yeast

FIGURE 6: Superposition of the active sites from the three known ATP sulfurylase structures. StereoviewRididtsymbiont,Penicillium,

and yeast active sites are shown in red, blue, and gray, respectively. APS, as observeemdiizimand yeast ATP sulfurylase structures,

is shown with white carbon bonds. The mobile loop is in the open positiRiftia sulfurylase (red). In the fungal enzymes, the corresponding
loops are in nearly identical “closed” conformations. Residues involved in sulfate or phosphosulfate binding are shown with numbering
corresponding to th&iftia symbiont.

Ficure 7: View of the active-site pocket and mobile loop Riftia ATS. Sulfate did not bind in the sulfate binding pocket defined by
residues GIn 199 and Arg 201 as was observed in the fungal enzymes. However, two sulfates did bind in the active-site region but not at
the catalytically productive sulfate subsite. One sulfate bound between His residues 205 and 208, which are located close to the pyrophosphate
binding region. Another sulfate bound between His 208 and Thr 333. The latter sulfate would sterically hinder entry of the adenylyl ring

of ATP or APS. Residues shown in green reveal the hydrophobic interaction between residues in the mobile loop and the 2-fold related
subunit @1 shown in gray). Residues shown in pink carbon atoms are highly conserved in all sulfurylases and are involved in substrate
binding and/or catalysis. Cys 212, whose modificatiorRiftia sulfurylase inactivates the enzyme, is also shown.

concentrationssulfate does not exhibit substrate inhibition the active site. Thus, it is likely that the “closed” or “down”
(). conformation of the loop is associated with active-site
Mobile loop of the Actie Site. A comparison of theRiftia occupancy, while the “open” or “up” conformation is
with the fungal ATP sulfurylases reveals that the structure associated with ligand release from the active site. Flexibility
of the catalytic domain is highly conserved with an RMSD of the loop is supported by the highfactor observed for
of 1.8 A for 153 equivalenti-carbons spanning residues the Riftia structure but not for the fungal enzymes. Leu 230
173—-331 Riftia symbiont sequence numbering). The most in Riftia ATS and the equivalent Val 227 PeniciliumATS
notable difference between the catalytic domains, aside fromappear to act as the N-terminal hinge of the mobile loop.
the lack of APS in theRifta ATS structure, is the different  The peptide bond of thRiftia Leu 230-Gly 231 and fungal
orientation of the loop composed of residues Gly 231 to Pro Val 227—Gly228 hinge residues are flipped in opposite
241 (Figure 6). In the fungal structures, which contain bound directions, which accounts for the divergent directions in the
substrates, this loop is folded over the catalytic dieni- immediate downstream main chain. The basis of the loop
cillium residue Asp 234 hydrogen bonds with the &f Arg movement at the C-terminal hinge is less defined but appears
199, and M1 of this arginine coordinates an oxygen on the to involve a small tilt of helixa9. More flexible residues in
sulfate moiety of APSYq, 10). In the Riftia ATS structure the fungal ATP sulfurylase structures repldarétia ATS
where the active site is vacant, this loop is rotated away from residues Pro 239 and Pro 241. These Pro residues not only
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Riftia Symbiont 222 DGVVVEMLL fxcsrmp 243 carbonyl oxygen of Arg 201. In the fungal structures, the
Penicillium chrysogenum 219 ANVLIHPVY] KIPED|ILDHE 240 H. H
Py e e iaine 517 AKULTHev o T Ao nrr] 238 homologue of Arg 243 hydrogen bor_lds to the main ch_am
Allochromatium vinosum 222 DGVVIHMLLSRUHPGOIpapvi| 243 carbonyl oxygen of the residue preceding the loop N-terminal
Bacillus subtilis 143 DGLLLEFPLUGETRSONI PSDIR| 164 hinge residue. The shifting of these hydrogen bonds may
Deinococcus radiodurans 220 DGLLLHPLVGR TGO PAE 239 . .
Agquifex aeclicus 192 GGLLLEPVY golvovye| 213 attenuate the movement of the flexible loop. Loop residue
Chlamydomonas reinhardtii 262 AVCLVHPTCEP OOIT PGV 283 LyS 234 (and its funga| homo|ogue) interacts On|y with
Synechocystis sp. 219 DGLFLHPL OOI PAD 240 . . . .
Entamoeba histolytica 228 DEVFIHSL dolrpaevkl 249 splvent and is the.rmally energetic, as determ_med.by their
Arabid;pa:;: ;heﬂ:‘ua 277 PILLLHPL DV PLSHR| 298 high B values. While the highly conserved active site does
Caenor] tis elegans 474 PILLLHPFL DOWVEPLDIR 495 H . H H H
Drogophila melanogaster 454 PVLLIMPL I e o not allow for major substitutions, the mobile loop is much
Mus musculus 443 PVLLLfHPL DoV PLEWR| 464 less conserved. The loop does not interact directly with
Homo sapiens 437 PULLIEPLGGIEpHEV PLOVE] 458 substrate but rather, it orients residues that do bind the
[ ] conserved Residues substrate. Thus, amino acid substitutions in the loop may

cause small alterations in the orientation of active-site res-
idues or in the kinetics of loop closing which “tunes” the

FIGURE 8: Sequence alignment of mobile loop region from 15 catalytic features of the enzyme to the specific needs of the
representative species. The invariant residues (with the exceptlonorganism

of Chlamydomonas reinhardtiQQ substituted for K at position 274)
are shown in red letters boxed in black outline. The conserved  Structural Basis of Enzyme Inaadition by Thiol-Targeted

hydrophobic residues are shown with yellow background. Reagents. RiftigATS is irreversibly inactivated by DTNB

) o o (7). The reactive cysteine was identified (by sequencing of
constrain the flexibility of the loop irRiftia ATS but also a labeled tryptic peptide) as Cys 212 (unpublished results).
!nteract_with the 2-fold related subunit through hydrophobic Binding of APS, ATP, or sulfate protected against inactiva-
interactions. Leu 233, Pro 239, Ala 240, and Pro 241 from tion. The location of Cys 212 explains these observations.
the loop along with Phe 173 from the same subunit interact This residue is located adjacent to the nucleotide-binding
with Pro 18 inal of the 2-fold related monomer to form a  gjte (Figure 7). Consequently, bound ATP or APS would
hydrophobic pocket at the dimer interface (Figure 7). This effectively block the entry of an SH group-specific modifier.
pocket appears to hold the loop open in fRétia ATS The $ of Cys 212 is 3.57 A from His 208 of the HXXH
structure. In the crystal structure, a bromide ion is centrally motif, vital to the function of the enzyme®). The S is
located in this hydrophobic pocket (Figure 7), but the ion is a1s0 3.51 A away from Phe 198, which is highly conserved
not responsible for holding the loop in the open position among ATP sulfurylases and has been shown to make van
because the same loop conformation was observed in ader Waals contact with the ribose ring of the nucleoti@e (
structure solved from data collected from a crystal grown in 10). Any drastic movement in Phe 198 would also perturb
the absence of Br(data not shown). The hydrophobic qther vital residues such as Gln 199 and Arg 201. Thus loss
interactions that hold the loop open are not observed in the of function through modification of Cys 212 can be explained
fungal structures. This difference may explain the low affinity though the close proximity of these vital residues.
f(_)r sulfate and the higher cata!y;ic rate for ATP formation Comparison to Other ATP SulfurylaseRiftia ATP
(ie., for su!fate reIea;e) of t“@'f“f”‘ enzyme. sulfurylase shows 35 and 31% sequence identity, respec-

The mob_ﬂe loop oRiftia ATS resides in a longer sequence tively, to the Penicillium and yeast sulfurylases over 394

which is h'gg';{ conserved a'é'z“(hp)g,HthXGXXKXX.- aligned amino acid residues. The conserved residues in these
th.XXXX R*®among the diverse fa”.“'y O.f homoghgo- comparisons are roughly evenly spread throughout the
meric ATP s_ulfurylases_ (he hydrophoblc reSId_u_e) (F!gure sequence, but with stretches of high conservation in areas
8).' _(The residue follow!ng His usually P, bu@ itis M In the that participate in substrate binding. A positional comparison
Riftia and Allochromatiumenzymes.) The five invariant of the full-lengthRiftia ATS and thePenicillium ATS gave
residues of the sequence provide clues to th.e catalytican RMSD of 2.5 A for 377 overlaig-carbons (Figure 9).
mechanism of sulfurylase. For exampledNof His 22.7 As expected (considering the different type of subunit
_hydroggn bon_d_s with l and N2 of Arg 284. This interactions) the dimer interface has a relatively low level
interaction positions the latter to hydrogen bond to Gin 199 of sequence conservation. The catalytic domains retain the

.Oet%]' Ahsg resultk,) Glg f199 g\g C".it?] gnly th %S tantH d?notr most similarity. The superposition of thiftia ATP sulfu-
In the hydrogen bond formed with bound substrate, a tea urerylase catalytic core domain (residues +831) overlays

]Ehat mlifght explain thg mucrtl higrf:er affinity %f the ac&tivezzitle. the Penicillium enzyme backbone with a RMSD of 1.8 A.
Ior su date crc])mpare t_o pl r?_sp ate (_see ? ﬁvel). y qi ISDivergence increases with increasing distance from the active
ocated at the N-ter_mlna Inge region of the loop and Is qjie  The most obvious difference in the overlay is the
likely conserved for its conformational flexibility, aiding in movement of the mobile loop residue stretch 2281 of

the rotation or flipping of the peptide bond with the preceding the Riftia enzyme, compared with analogous residues228
hinge residue accounting for the different conformations of 238 in thePeniciII’ium enzyme.

the mobile loop. The structures of the fungal enzymes suggest
that the carboxylate group of Asp 237 Riftia ATS would DISCUSSION

orient Arg 201 through hydrogen bonds, allowing the latter ~ Despite differences in the physiological function of sul-
to donate a hydrogen to the sulfate moiety if substrate were furylases from different organisms, the enzyme has retained
present in the active site. However, the carboxylate group a high level of homology from primordidtiftia ATS through

of Asp 237 is~7 A away from the guanidinium group of the human enzyme. The residues that interact with the
Arg 201 in the “open” loop structure ®iftia ATS. Ny2 of substrates are invariant. Therefore, to explain differences in
Arg 243 inRiftia ATS is hydrogen bonded to the main-chain kinetic properties we must look to diversity in the residues

Hydrophobic Residues



14516 Biochemistry, Vol. 40, No. 48, 2001 Beynon et al.

Allosteric

N-Terminal Catalytic Catalytic

Domain Domain Domain Domain
Ficure 9: Stereoview showing the global overlayRiftia (red) andPenicillium (blue) ATP Sulfurylase subunits (35% identity). The two
structures superimpose with an RMSD of 2.5 A for 377 equivatenarbons. ThéPenicillium enzyme contains an additional C-terminal
domain that allosterically modulates enzyme activity upon binding PAPS. The active-site mobile loop is highlighted in darker color. The
loop corresponds to residues 23241 in theRiftia enzyme and 228238 in the fungal enzyme. APS, as observed in Beaicillium
structure, is shown to identify the active site.
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