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Recent crystallographic analyses have revealed structural N ] ) )
similarity between alkaline phosphatases and arylsulfatases,':'gure 1. Local superposition of homologous active site res_ldues for
strongly suggesting that these distinct classes of enzymes arg\P and anylsulfatase B (AS), adapted from refs 1 and 2. Differences
evolutionarily related:2 Superposition of 169 Catoms from the etxvgen ;h%glpossitg)zns odeggég(glﬁ;sffrmgglycme),_ anld D300
centralf-sheet of arylsulfatase B aiid coli alkaline phosphatase Inr:inimiza(?d by us:ing Ins’igirt‘ For clariltr;/ only galectfcfgigg\éesi)zé \:LE;Zues
(AP) results in the alignment of the nucleophilic residues, the ) y

L . " . ..~ are shown for AP (dark gray, stick representation) and AS (light gray,
phosphoryl/sulfuryl moieties at the active site, and active site ball-and-stick representation). The position of the phosphorylated serine

divalent metal ions (Figure f)There is no significant overall ¢ Ap (Ap: $102-PG) coincides with that of the sulfurylated formylg-

sequence similarity, suggesting that these enzymes are onlyycine of AS (AS: X91-SQ), Zni (AP) coincides with Ca (AS), Zn

distantly related:? Nevertheless, a recent sequence analysis that (AP) with K318NE (AS), Mg (AP) with K145NE (AS), and the metal

focused on conserved metal ligands suggested that AP’s andjigand H370 (AP) with the metal ligand N301 (AS). Coordinates were

arylsulfatases are related within a larger superfarily. obtained from the PDB (lfsu and 1hjk for AS and H331Q AP,
It was previously reported that AP has no sulfatase activity. respectively).

However, even a low level of activity could facilitate divergence

of an enzyme encoded by a duplicated gene by providing a 2 1E
selective advantage, which would then allow optimization via .2 -10.6
natural selection. We therefore investigated whether AP exhibits g 0.8 -
sulfatase activity. The results establish a functional relationship 0.6 0.4
between these two evolutionarily related enzymes. Such relation- g = >
ships can yield insight into past evolutionary pathways and present= 0.4 |- E
evolutionary potential. g 0.2l 0.2

A highly purified preparation ofE. coli AP was found to o
catalyze hydrolysis op-nitrophenyl sulfate (PNPS). Despite the £ 0 Laodrrrerrsd-—! 0
activated leaving grougkea/Km is low (0.01 Mt s%). Neverthe- 40 50 60 70 80
less, this represents considerable catalysis, corresponding to a rat Volume (mL)
enhancement of 1(° relative to the nonenzymatic attack by water Figure 2. Co-purification of sulfatase and phosphatase activities.
on PNPS Sulfatase activity (PNPS hydrolysi§)), phosphatase activity (PNPP

Several independent lines of evidence strongly suggest that thehydrolysis l), and absorbance at 280 nm (line) are shown for gel filtration
AP active site is responsible for this sulfatase activity. AP was chromatography (100 mL Superose 12, Pharmacia) of AP. The phos-
overexpressed ifE. coli strain SM547 (phoA) from plasmid phatase activity was assayed with 2080 PNPP and the sulfatase activity
pEK48 and purified from the periplasm by osmotic shock, With 20 mM PNPS. To allow direct comparison, both activities were
ammonium sulfate fractionation, heat treatment, and subsequenfiormalized by dividing the observed activity for each fraction by the
anion exchange and gel filtration chromatograpfiyie sulfatase ~ activity of the peak fraction.
activity toward PNPS co-purifies with the phosphatase activity
towardp-nitrophenyl phosphate (PNPP) upon anion exchange and sulfatase activities followed the same pH dependence over the
gel filtration chromatography (Figure 2 and data not shown). No experimentally accessible range of pHT0°
sulfatase activity was detectable in the periplasmic fraction from  To characterize the sulfatase activity and compare this activity
osmotic shock ofE. coli lacking the AP-encoding plasmid. to the phosphatase activity, several previously described mutants
Inorganic phosphate, a strong competitive inhibitor of AP, inhibits of AP were overexpressed, purified, and assayed for sulfatase
the phosphatase and sulfatase activities with the same inhibitionactivity. The mutant S102C changes the identity of the nucleophile
constant (Figure 3), suggesting that both reactions are catalyzedand greatly reduces the level of phosphatase actiVifg166S
by the same active site. Finalli./K for the phosphatase and removes an active site residue that interacts with the negatively
charged oxygens of phosphomonoester substfaes; D327A

_()Bond, C. S.; Clements, P. R.; Ashby, S. J.; Collyer, C. A.; Harrop, S. removes a bidentate ligand of Zdisrupting the metal ion binding
J-; Hopwood, J. J.; Guss, J. Blructure1997 8, 277289, sitel® Each of these mutations substantially reduces both the

2) Lukatela, G.; Krauss, N.; Theis, K.; Selmer, T.; Gieselmann, V.; von D .
Fig(ur)a, K.; Saenger, WBiochemistryl998 37, 3654-3664. phosphatase and sulfatase activity, with effects ¢f-1@F-fold

(3) Galperin, M. Y.; Bairoch, A.; Koonin, E. \Protein Sci1998 7, 1829~
1835.

(7) Stec, B.; Hehir, M. J.; Brennan, C.; Nolte, M.; Kantrowitz, E. R.
(4) Yount, R. G.; Simchuck, S.; Yu, I.; Kottke, Mirch. Biochem. Biophys. Mol. Biol. 1998 277, 647—662.

1966 113 288-295. (8) (a) Jones, S. R.; Kindman, L. A.; Knowles, J. Rature 1978 275,

(5) Rate enhancement (KeaKm)/ky = 0.0l M1 s/ 9 x 102 M 1st 564—-565. (b) Ghosh, S. S.; Block, S. C.; Rokita, S. E.; Kaiser, ESdience
= 10 k, is the second-order rate constant for attack of water on PIMPS (1986 231, 145-148. (c) Butler-Ransohoff, J. E.; Kendall, D. A.; Freeman,
= kopd55 M). The nonenzymatic rate constant at°250f kops = 5.1 x 10710 S.; Knowles, J. R.; Kaiser, E. Biochemistryl988 27, 4777-4780. (d) Han,
st was corrected from the value at 36 by using the reported temperature  R.; Coleman, J. EBiochemistryl995 34, 4238-4245.
dependence. Benkovic, S. J.; Benkovic, P.JAAm. Chem. Sod.966 88, (9) Chaidaroglou, A.; Brezinski, D. J.; Middleton, S. A.; Kantrowitz, E.
5504-5511. R. Biochemistryl988 27, 8338-8343.

(6) See Supporting Information. (10) Xu, X.; Kantrowitz, E. RJ. Biol. Chem1992 267, 16244-16251.
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1.0 have less overall charge than phosphate monoester dianions.
Consistent with this charge difference, AP has twdZions and

a Mg?* ion in close proximity to the bound phosphoryl grotip,
whereas arylsulfatases have only a single active site divalent metal
ion1? The apparent use of electrostatic interactions to localize
dianionic phosphate esters to AP is consistent with its physi-
ological role as a nonspecific phosphatase. In contrast, these
sulfatases appear to act on specific physiological substrates.
Evolution of binding interactions could have aided the optimiza-
00 1 1 1 ! 2 1 tion as well as the substrate specialization of the arylsulfatases.

0 4 12 The ability of enzymes to accept alternative substrates has long

) . o _ .. been recognized, and several elegant structural and functional

Figure 3. Coincident inhibition of phosphatase and sulfatase activities ¢t ,dies have suggested that mechanistic features of enzymatic

of AP by inorganic phosphate {{PInhibition of phosphatase activity  4¢51vsis can be adapted to catalyze different types of reactions
(PNPP hydrolysiso) and sulfatase activity (PNPS hydrolys#), of AP. durin)é the course of I{t=)3volutio‘rﬁ.APyprovides an g)?ample of an

For comparison, activity was normalized by dividing the observed rate . . .
constant in the presence of inhibitor by the rate constant in the absenceC2YMe that can catalyze two different reactions, even though it

of inhibitor. The line represents a nonlinear least-squares fit to the 'sh“kele: that AP IS .under. d'.lreclt selectlv? presksure OnlythL It.s
combined data for competitive inhibition of both activities and gave an Phosphatase activity. Similarly, adenylate kinase, which is
inhibition constant ofKi = 1.3 + 0.1 uM. Individual fits to the structurally related to estrogen sulfotransferdses been reported

phosphatase and sulfatase data gave valustbét are the same within {0 catalyze sulfuryl transféf.'® Interestingly, human alkaline

|54
©

Fraction Activity
=] ]
e »
T

o
o
T

8
[Pl (1M)

error (1.3+ 0.1 and 1.4+ 0.1 M, respectively). nucleotide phosphodiesterase is a member of the AP superfamily,
and experiments analogous to those described herein have shown
Table 1. Sulfatase and Phosphatase Activity of Alkaline that AP also has a low level of phosphodiesterase activity
Phosphatase Mutarits (unpublished results). Such catalytic promiscuity provides one
KealKim (M~1572) factor, of many, that influence the probabilistic course of natural
PNPP PNPS sel_ectlon. A dupllcate_d gene enco_dlng an enzyme that has an
ability to catalyze a different reaction would have a head start
\évg%-é)épe 3l%x>< ig: <1 x igi toward being captured by adaptive evolution and thereby fixed
$102C 7.0¢ 1029 “1x 10 in the genome?
D327A 3.0x 10°¢ <1x 10
20.1 M NaMOPS, pH 8.0, 0.5 M NaCl at 2&; the apparent second- Acknowledgment. We thank E. Kantrowitz for generously providing

order rate constanke../Knm, is reported per active site. Concentration Plasmids and expression strains, J. Murphy for advice, and J. Joyce and
of AP was varied between & 105 and 10uM for the phosphatase members of the Herschla_lg lab for comments. This work was supported
assays and 0.5 and &0/ for the sulfatase assays. These rate constants by a Howard Hughes Junior Faculty Award to D.H. P.J.O. was supported
were independent of enzyme and substrate concentrations; each wa®y a NIH Biotechnology Predoctoral Training Grant.

varied 5- to 50-fold. AP retained full activity during the course of the

assays (up to 72 RK).b Within error of the previously reported value

of 4 x 10" M1 7120 c¢Within error of the previously reported value Supporting Information Available: Descriptions of enzyme purifica-
of 6 x 10* M~1s71? 4The same as a recently published valeaylier tion, enzymatic assays, and pirate profiles (4 pages, print/PDF). See
reports gave a range of values fég(Km)"NPP8 € Within 4-fold of the any current masthead page for ordering information and Web access
previously reported value of 0.8 M s1.1° instructions.
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and >10>fold, respectively (Table 1). These results further
sybstantlate that AP is a sulfatase _and suggest the_it common active (13) Kim, E. E.. Wyckoff, H. W.J. Mol. Biol, 1991 218 449464,

site features, the serine nucleophile, the active site arginine, and (14) (a) For review of the physiological substrates of arylsulfatases, see:
Zn, contribute to both the sulfatase and phosphatase activities.Coughtrie, M. W. H.; Sharp, S.; Maxwell, K.; Innes, N.Ghem.-Biol. Interact.

; ; ; ; 1998 109, 3—27. (b) Phosphatase activity was detected in a preparation of
Nevertheless, there is no ev'.dence for a physiological roI(_e of AP arylsulfatase B, but it was not determined if this activity is from the sulfatase
as a sulfatase. Rather, active site features that contribute tOgr a contaminant (ref 1). It will also be interesting to learn whether

catalysis of both reactions may have played a role in the arylsulfatases have phosphatase activity.

: : PP ) (15) For example, see: (a) Jensen, RAfnu. Re. Microbiol. 1976 30,
evolutlor_lary dlve(smcatlon of AP’s and.ary|SUIfata§é§.' . 409-425. (b) Ollis, D. L.; Cheah, E.; Cygler, M.; Dijkstra, B.; Frolow, F.;
The difference in the observed transition state stabilization for Franken, S. M.: Harel, M.; Remington, S. J. Silman, I.: Schrag, J.; Sussman,

phosphate monoester hydrolysis and sulfate ester hydrolysis byJ. L.; Verschueren, K. H. G.; Goldman, Rrotein Eng.1992 5, 197—211.

i imi i H (c) Murzin, A. G. Trends Biol. Sci1993 18, 403-405. (d) Babbitt, P. C.;
AP CorreSpondS,tOV:!'Z kqallmm of discriminatiof,in accord Mrachko, G. T.; Hasson, M. S.; Huisman, G. W.; Kolter, R.; Ringe, D.; Petsko,
with the enzyme’s biological role as a phosphate scavenger. InG A’ Kenyon, G. L.; Gerlt, J. ASciencel995 267, 1159-1161. (e) Babbitt,
light of this large energetic difference and the evidence for an P.; Hasson, M. S.; Wedekind, J. E.; Palmer, D. R. J.; Barrett, W. C.; Reed, G.
evolutionary relationship between AP and arylsulfatases, how H.; Rayment, I.; Ringe, D.; Kenyon, G. L.; Gerlt, J. Biochemistry1996

hgy 35, 16489-16501. (f) Babbitt, P. C.; Gerlt, J. Al Biol. Chem.1997, 272,
could enhanced sulfatase activity develop from the low level 30591-30594. (g) Holm, L.; Sander, ®roteins1997, 28, 72-82. (h) Jez,

exhibited by AP? Sulfate and phosphate esters have similar bondi. M.; Penning, T. MBiochemistry1998 57, 9695-9705.

lengths and geometriéS,and linear free energy relationships f\llgt)u'f:ksutﬁg-éﬁﬂg;egv 'ébgjgggfteﬂ C. W.; Negishi, M.; Pedersen, L.
suggest that their reactions in solution proceed via similar ™ 17)pejiska, J. A.; O'Leary, M. HBiochemistryL991, 30, 1049-1057.
dissociative transition statésHowever, sulfate ester monoanions (18) See also: (a) Skarstedt, M. T.; Greer, SJBBiol. Chem1973 248
1032-1044. (b) Hemrika, W.; Renirie, R.; Dekker: H. L.; Barnett, P.; Wever,
(11) For example, ethyl phosphate dianion and ethyl sulfate monoanion R. Proc. Natl. Acad. Sci. U.S.A997, 94, 2145-2149.

have similar bond lengths, with average nonbridging@Pand S-O bond (19) (a) Ohno, SEvolution by Gene DuplicationG. Allen and Unwin:
lengths of 1.52+ 0.02 and 1.46t 0.01 A, respectively, and bridge® and London, 1970. (b) Hughes, A. IProc. R. Soc. London B994 256, 119—
bridge S-O bond lengths of 1.5& 0.02 and 1.60+ 0.01 A, respectively. 124.

(a) McDonald, W. S.; Cruickshank, D. W. Acta Crystallogr.1971 B27, (20) Snyder, S. L.; Wilson, I. BBiochemistry1972 11, 1616-1623.
1315-1319. (b) Truter, M. RActa Crystallogr.1958 11, 680. (21) The H331Q mutation stabilizes the phosphorylated serine. Other than
(12) For example, see: (a) Williams, A. Am. Chem. Sod 985 107, local rearrangements due to alteration of the¢?Zhinding site and phospho-

6335-6339. (b) Hengge, A. C. IrComprehensie Biological Catalysis; rylation of S102, this structure is very similar to that of wild-type, and this
Sinnott, M. L., Ed.; Academic Press: London, 1998; Vol. 1, pp-5342, mutant has similar steady-state kinetic parameters. Murphy, J. E.; Stec, B.;

and references therein. Ma, L.; Kantrowitz, E. R.Nature Struct. Biol1997, 4, 618-622.



