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Yu-Shan Hsiao and Yuh-Shyong Yang*
Department of Biological Science and Technology, College of Science, National Chiao Tumgslty Hsinchu, Taiwan, ROC
Receied May 12, 2002; Résed Manuscript Receéd September 1, 2002

ABSTRACT: Sulfotransferases (STs) catalyze all the known biological sulfonations, in which a sulfuryl
group from a common sulfonate donor such ‘agt®sphoadenosiné-phosphosulfate (PAPS) is transferred

to a nucleophilic acceptor. In addition to PAPS, phenol sulfotransferase (PST), a member of the ST family,
utilizes other nucleotides as substrates with much less catalytic efficiency [Lin, E. S., and Yang, Y. S.
(2000) Biochem. Biophys. Res. Commun. 2818-822]. Six amino acid residues of PST have been
chosen for mutagenesis studies on the basis of a model of PST and its sequence alignment with those of
available cytosolic and membrane-anchored STs. Systematic analyses of the mutants reveal that Ser134
is important for the regulation of nucleotide specificity betwekepl®sphoadenosiné-phosphate (PAP)

and adenosine’dnonophosphate (AMP). Kinetic studies also indicate that Serl34 plays a key role in
nucleotide bindingKm) but not in catalysiskca). Consequently, the catalytic efficiendy4/Km) of PST

can be altered by 5 orders of magnitude with a mutation of Ser134. Moreover, the change in nucleotide
specificity from PAP to AMP can be achieved by mutation of Serl34 to any of the following residues:
Glu, GIn, Arg, and His. Roles of Lys44, Arg126, and Arg253, which interact directly with tharil
3'-phosphate of PAP, were also investigated by mutagenesis and kinetic experiments. On the basis of
these findings, we suggest that Serl34 is the key residue that enables PST to discriminate PAP from
AMP.

Sulfotransferases (STs) constitute a family of detoxicants Scheme 1: Sulfuryl Group Transfer in a Biological System
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is associated with detoxification since biotransformation of S & + HO-$—XR === HO-{~PAP + HXR
a relatively hydrophobic compound into a more water soluble HO-P=0 H o]
sulfuryl ester is more readily excretet] ¢). Consequently, OH
the biological functions of the ST-catalyzed sulfonation of PAP PAPS
H i 3'-Phospho Adenosine 5'-Phosphosulfate) (3'-Phospho Adenosine
endogenous substrates are continuing to be explored. Fdi P P 5'_Phosphosulfate)
example, estrogen sulfonation is important in regulating
estrogenic activity in estrogen responsive tissiggl). (7). Crystal structures of several ST isoforms have since been

Sequence alignment of several STs reveals two highly reported, which contributed important advances to our
conserved regions, one (PKSGTTW) in the N-terminal region understanding of the reaction mechanism of these enzymes.
and the other (RKGXXGDWKXXFT) in the C-terminal part  They include the crystal structure of human dopamine/
(5, 6). Since only one natural sulfuryl donor (PAPS) has thus catecholamine sulfotransferasg, @), the ST domain of
far been identified for all STs, it was suggested that these human heparan sulfats-deacetylas®-sulfotransferase 1
two highly conserved regions were involved in PAPS (10), and human hydroxysteroid sulfotransferas).(
binding. The first X-ray crystal structure of a ST, mouse  geyeral functional residues of sulfotransferase have been
estrogen sulfotransferase (EST), confirmed that residuesjgentified by site-directed mutagenesis. Notably, a highly
259-265 and 4551 of EST, indeed, interacted with PAPS  ¢onserved region, GxxGxxK, has been demonstrated to be
important for PAPS binding with guinea pig EST2. Lys59
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Biological Science ar?d Technology, National Chiao Timg Bniversity, 14). A chimeric con§truct of the human monoamine form
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responsible for their distinct enzymatic properties, especially Tape 1: Primers Used for Generation of Rat PST Mufants
residue 146 (Ala in P-form PST and Glu in M-form PST),
which regulates the substrate specificity of M-form P35, (
16). Mutagenesis studies of mouse EST revealed that Lys48 R253A  3-CCCTTCATGGCGAAAGGTACTAC-3 ,
and His108 were involved in the catalysis_ of the sulfuryl E%ggf ;”:f ggzgc;gc&gigﬁﬁ&a%pﬁ%@cmc-3
transfer reaction in ESTL{) and Tyr81 contributed to EST R253P 5 CCCTTCATGCCGAAAGGTACTAC-3
substrate specificity 18). Also, mutagenesis studies of  R253G 5 CCCTTCATGGGGAAAGGTACTAC-3

HNK-1 ST identified Lys128 and conserved residues (Arg189, R253S SCCCTTCATGICGAAAGGTACTAC-3

- : R253D  3-CCCTTCATGGAGAAAGGTACTAC-3
Asp190, Prol191, and Serl97) as ones playing direct roles 5cay 5 COCTTOATGTGGAAAGGTACTAC-3

in substrate binding1(). R253C  5-CCCTTCATGTGCAAAGGTACTAC-3'
The nucleotide specificity of PST is much more diverse R253K  3-CCCTTCATGAAGAAAGGTACTAC-3
than previously anticipated, for many nucleotides other than R2%3V ~ 3-CCCTTCATGETGAAAGGTACTAC-3
) g R R253N B-CCCTTCATGAACAAAGGTACTAC-3
PAP have recently been identified, which bind tightly to PST  pos3g  5.cCCTTCATGCAGAAAGGTACTAC-3
(20). Furthermore, two species of PST andj, have been R253M  B-CCCTTCATGATGAAAGGTACTAC-3
isolated from one cDNA Z1). In the presence of PAP, R253F 5-CCCTTCATGITC AAAGGTACTAC-3'
although both forms are equally active in carrying out the 55?3# g:gggggﬁ¥g%ﬁﬁﬁg‘é¥ﬁ%¥ﬁ%:%,
forward reaction shown in Scheme 1, théorm binds more R253Y  B-COOTTOATGTAC AAAGGTAGTAC-3'
tightly than theg form to PAP. Also, only theS form R253H B-CCCTTCATGCACAAAGGTACTAC-3'
catalyzes the physiological transfer of PAPS to free phenol K254A  5-CCCTTCATGAGGSCAGGTACTAC-3
(the reverse reaction in Scheme 1). By exploiting the nggﬁ gﬁ’?lgﬁ?%@&?g :ASI'TC?CC::;EE(;SB’
difference between the two for_ms c_)f PST and focusmg ON  R126D B-GCTACATTGOGACAATGOAAAG-3'
AMP and PAP, we employed site-directed mutagenesis and R126e 5 CTACATTGCOGAGAATGCAAAG-3'

molecular modeling methods to explore the molecular basis S134A 53-GTGGTTGTGSCCTATTATAAC-3'
of the PST nucleotide specificity. S143R  SGTGGTTGTAGGTATTATAAC-3'
S134K B-GTGGTTGTGAAG TATTATAAC-3'

S134E 5GTGGTTGTGGAGTATTATAAC-3'
EXPERIMENTAL PROCEDURES S134Y B-GTGGTTGTCIACTATTATAAC-3'

. S134W 5 GTGGTTGTCIGGTATTATAAC-3'
Materials. PfuTurbdNA pOlymerase was pUrChased from S134F 5GTGGTTGTCTTCTATTATAAC-3'

Stratagene, and the DNA sequencing kit (BigDye Terminator S134H 5GTGGTTGTACACTATTATAAC-3'
Cycle Sequencing Ready Reaction) was obtained from S134D >GTGGTTGTGSACTATTATAAC-3'

i : S134C 5EGTGGTTGTCIGCTATTATAAC-3'
Applied Biosystems. PAP and AMP were purchased from 2134G B CTOOTTOTIRECTATTATAAG 3!

Sigma, ang-nitrophenyl sulfate (o0NPS) was obtained from  g7347 5 GTGGTTGTCACGTATTATAAC-3!
Fluka. We avoided using pNPS that containet of total S134M 5. GTGGTTGTAATG TATTATAAC-3'
weight p-nitrophenol (pNP) as a contaminant. DEAE-  S134P 5GTGGTTGTACGTATTATAAC-3'

; S134Q 5EGTGGTTGTCCAGTATTATAAC-3'
Sepharose was purchased from Pharmacia. S134N 5 CTOOTTCTACTATTATAACS"

Molecular ModelingMolecular coordinates of the mouse  g134v 5. GTGGTTGTGTGTATTATAAC-3'
estrogen sulfotransferase (MEST) were used (PDB entry S134 53-GTGGTTGTCAT CTATTATAAC-3'
1AQU) for carrying out molecular modeling on an Octane  S134L 3-GTGGTTGTATGTATTATAAC-3'
workstation using Insightll (Accelrys, San Diego, CA). ﬁjﬁg g:gﬁggﬁgﬁlﬁgggﬁ%g%ﬁggmgﬁgg:g

Site-Directed Mutagenesis of the cDNA Encoding PSTs. , I - .

- . . . 2 Bold and underlined nucleotides indicate the designated positions
USIng'PfuTurboDNA polymerase,.Slte—dlrected mutagen(?SIS for mutation. Only the sequence of the sense primer of each mutagenic
experiments were performed with the method of Quick- setis shown.

Change (Stratagene, La Jolla, CA). All primers for mutagen-
esis were purchased from Integrated DNA Technologies Inc. instance, to prevent the formation of inclusion bodies, some
(Coralville, IA). Wild-type PST cDNA incorporated in the  of mutants were expressed at 25, and were purified at
PET-3c expression vector (pET 3cll) was used as thesalt concentrations that were higher than that of the wild
template in conjunction with specific mutagenic primers type.

(Table 1). Mutated cDNA sequences were confirmed with  Enzyme AssayThe PST assay was carried out via the
an ABI Prism 377 DNA sequencer (Applied Biosystems, formation of free pNP{ = 10 500 cmi* M1 at pH 7.0).
Foster City, CA) following the standard protocol. PAPS was generated first from pNPS and PAP as described

Expression and Purification of PST and Its Mutants. previously @0, 21), and then used by the same enzyme for
Overnight bacterial cultures were used to inoculate 5 mL of the sulfonation of 2-naphthol. The standard reaction mixture
LB medium supplemented with ampicillin (16@50 ug/ consisted of bis-tris propane (100 mM) at pH 7.0, 2-mer-
mL). Cells, grown at 37°C to ODsy of 0.3—0.5, were captoethanol (5 mM), pNPS (1 mM), 2-naphthol (&81),
transferred to 0.3 L of LB medium containing %@/mL and PAP (2«M). Sufficient enzyme was added for detection
ampicillin. The cells were allowed to grow in shakers at 37 of an absorption change at 400 nm. Enzymatic activity of
°C to ODsgo Of 5, as measured by its 1:10 diluted culture. the a form was determined in the absence of PAP as
Overexpressed enzymes were extracted from bacteria bydescribed previously2Q, 21). The reaction was carried out
sonication and purified using a DEAE-Sepharose column asfor 2—5 min in cuvettes with path lengths of 1 cm at 25
described previously20). Some modifications of the PST in a Hitachi U3300 spectrophotometer. Under these condi-
expression and purification were necessary for optimization tions, the reaction was linear with respect to time and enzyme
of the expression level and the purity of some mutants. For concentration. A unit of activity represents the amount of

mutant
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TPST ~ ~ -~~ME FBRPPLVHY. .KGI. .PL IEYFAETIGP L.QNFTAWPD DLLISTYPES 4%
MEST ~ ~ & ~ ~ =~ GeEME TEMPEYYEVF GEFRGV..LM DKRFTEYWED V.EMFLARPD DLVIATYPEES 5l
SULTIAY ~~~~MELIQD TSRPPLEYYV. .. -KGvV, PL IEYFAEAZALGP L.QSFQARPD DLLINTYPES 4%
hHET ~ ~ &~ &~ ~ =~ o o v o o v MSEDDF LWFEGIAFPT MGFRSETLRE VRDEFVIRDE DVIILIEYPES 45
FAsT MEDIIEKETLPQ HTCSFLEKEHRF TLYEKEYKDAWN HQEFLEGRIL SEQEKEFEAHPN DVFLASYPES 40
TPET GTTHMSEILD MIYQGGKLEK CGRAFIYARV PFLEFKCPG PEGLETLEET PFPAPRL. . LK 1oz
MEST GTTHISEVVY MIYKEEGDVEK CEEDAIFNRI PYLECRENEDL INGIKQLEKEK EBSPRI. . VK 108
SULTIAZ SGTTHVEQILD MIYQGGEGDLEK CNRAPIYVRV PFLEVNDPGE PSCGLETLEDT PFPRL. . IK 106
hHET @TMNHWLAEILC LMHESKGDAKW IQSVPIWERS PWWEEE. ... .,IGYTALSET ESPRL...F8 &7
FasT @TTHLEAWIC IITREEKEFDD . .8 TSPLLTTM PH.DC.IFLL EKDLEKIQEN QENSLYTPIS 116
YPST THLPLELLFQ SLLDOQEVEYVI YIARNAKDVY VESYYNFYN.M AKLHPDPGTW DSFLENFMDG 161
MEET THLPPELLFA SFWEENCEKMI YLCRNAKDVA VBEYYYFLL.M ITEYPWNPESF SEFVEEFMQG 167
SULT1A: ZHLPLALLPQ TLLDQEVEVV YVARNFKDVA VBYYHFHR.M EKAHFEPGTW DEFLEEKFMAG 165
hHST S HLPIOQOLFPEK SFFSSKAKVI YLMENFPRDVL VBGYFFWEK N MEKFIKEKEPKSEW EEYFEWFCQQG 156
F38T THFHYEKESELPE SBARTSNCKIV YIYRNMEDVI VEBEYYHFLRQI VELEVEEAPF EEAFDEFCQQG 176
YTPST EVSYGSWYQOH VEEWWELERHT HPVLYLF. ¥ EDIKENPERE IEEILEFLGR SLPEET i 215
MEST QVPYGSWYDH VEAWHWEEKESEN SREVLFMF . ¥ EDMEEDIERRE VVELIEFLER EPSAEL F; 221
SULT1A2 EVSYGSHYQH VOEWWELSERT HPVLYLE. ¥ EDMEENPERE ICKILEFVGR SLPEET i 21%
hHET TVLYGSWFDH IHGWMPMREE ENFLLLE . ¥ EELEKEQDTGRT IEKICQFLGEK TLEPEE . 210
F3gT ISBCGPYWEH IKGYWEKEABSLE KPEIFLFLEKEY EDMEEKEDPVPS VEKLADFIGH FPFTFEEEEAG 23é
rpeT . VDSIVHHTE FEEMEENCMT NYTT.IPTEI MDHNVSPFMR KGTTODWEKENT FTVAQNERFD 273
MEST . VDRIIQHTS FQEMENNPFPST NYTM.MPEEM MNQKEKVSPFMR EKGIIGDWENH FPEALRERFD 273
SULTI1AZ L.MDFMVYQHTS FEEMEENPMT NYTT.VPOQOEL MDHSISPFMRE EKEGMAGDWETT FTVAQNERFD 277
h#HsT . LNLILENSS FOSMEENKEMSE MYS8 T L2 EEY VVDEKE .20LLR ENEVSGDHWHENH FTVAQREDFD 287
FasT VIEDIVELCS FEELSSLEWVN ESGMHRPEER2 HSIENRLYFR EKGEDGCGDHWENTY FTDEMTQEID 2%
TPET AHYAKTMTDC DFK.FRCEL 291
MEST EHYXKQQMKDC TVE.FRMEL 297
SULTLA: ADYAEKMAGC SLS.FRSEL 285
hHST KLFQEKMADL PRELFPWE.~ 285
F3sT ELIDEELGAT GLVLE~~~~ 311
Ficure 1. Sequence alignment of rat phenol sulfotransferase (rPST) and its homologues from mice, humans, and plants: mouse estrogen

sulfotransferase (MEST), human dopamine/catecholamine sulfotransferase (SULT1A3), human hydroxysteroid sulfotransferase (hHST),
and plant flanvol 3-sulfotransferase (F3ST). The PSB loop that interacts witH-fifeoSphate of PAP is shown with a blue background.
Residues involved in binding thé-Bhosphate of PAP are shown with a magenta background. The conserved GxxGxxK sequence motif is
enclosed by a teal box. The alignment was generated using Pileup and Prettybox programs in GCG.

enzyme required to catalyze the formation gfriol of pNP/
min in the standard assay. Specific activity is given in units
per milligram of protein.

Nucleotides as Cofactors of PSWarious concentrations
of PAP or AMP were incubated with pNPS (1 mM),

2B). Whereas backbone NH groups of residues-225
interact with the 3phosphate of PAP, only side chains of
Serl134 and Arg126 hydrogen bond with thepBosphate

of PAP. Residues 253255 precede the conserved sequence
motif, 255GxxGxxK?%%, which has been shown to play a role
mercaptoethanol (5 mM), 2-naphthol (&M), and bis-tris in PAPS binding {2). In contrast, Argl26 precedes a
propane (100 mM) at pH 7.0 followed by addition of PST. conserved helix and Ser134 is a constituent of the same helix
The enzymatic activity was determined by the change in (7). Although both Q of Ser134 and the guanidinium group
absorbance of the generated pNP at 400 nm. At least threeof Arg126 hydrogen bond to thé-Bhosphate of PAP, it is
measurements were collected at each nucleotide concentrathe latter that effectively balances the net charge around the
tion. The apparent kinetic constants for PAP and AMP were phosphate (see below).

obtained using a nonlinear regression method implemented The other conserved regioiTYPKSGTTW, known as

in GraFit data analysis software (Erithacus Software Ltd.). the phosphatesulfate binding loop (PSB loop), interacts
Nucleotide concentrations were determined at 260 nm usingwith PAP, of which Lys44, Ser45, Gly46, and Thr47 interact

e values of 15 100 and 15 400 Mcm* for PAP and AMP,  with the 3-phosphate. Accordingly, we have selected
respectively. Arg253, Lys254, Gly255, Argl26, Serl34, and Lys44 as
targets of mutagenesis studies in an effort to identify a
residue(s) that enables PST to distinguish PAP from AMP.

Identification of Residues llved in PAP Binding Using Site-Directed Mutagenesis of Selected Residues and Prepa-
Sequence Alignment and Structural Modelir@equence  ration of PST MutantsWhen sequences of the selected PST
alignment of the rat PST (rPST), several cytosolic STs, and mutants (Table 1) were verified by DNA sequencing, they
a membrane-anchored ST reveals that these proteins ardvere expressed iBscherichia coli The homogenate of the
highly homologous (Figure 1); notably, residues that are Cell extract was used to determine the total enzymatic
directly implicated in the catalytic mechanism and substrate activity, the population ratio of the two forms of the enzyme
specificity are conserved. Since PAP, unlike AMP, contains (Table 2), andKn, (Table 3). Selected PST mutants were
a phosphate group at thé-osition of the ribose ring, we  purified to homogeneity as confirmed by SBolyacryl-
examined the position of residues in the region close to the @mide gel electrophoresis (data not shown) followed by
PAP binding site in our PST model for the possible cause determination of theiKn andke (Table 4).
of the change in the nucleotide specificity of PST (Figure  Point Mutations of PST Affect Formation of Two Enzy-
2A). Inspection of the PST model shows that five residues matic FormsTwo forms of PSTo andp, are obtained when
(Arg253, Lys254, Gly255, Arg126, and Ser134) contribute the recombinant PST is expressed. If the K254A and K44R
to the formation of the '3phosphate binding pocket (Figure mutants are excluded, almost all mutants are offlierm

RESULTS
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A 2o AN Table 2: Compositions of Two Isoforms of PST and Its Mutants
aform  gform oform  Sform
activity  activity activity  activity

\] enzyme (%) (%) enzyme (%) (%)
Ser134\ wild type 26 74 G255A 0 100
A R253A 0 100 R126A 0 100
R253E 0 100 R126D ND ND¢
R253L o 100 R126E ND ND¢
R253P 9 91° S134A 0 100
R253G 0.8 99.4 S134R 0 100
R253S ND ND¢ S134K 0 100
R253D ND ND¢ S134E 0 100
R253wW P 99 S134Y ND» ND¢
R253C 1.8 98.9 S134W ND ND¢
R253K 0 100 S134F ND ND¢
R253Vv NDF ND¢ S134H 0 100
R253N 3 97 S134D 0 100
R253Q 0.8 99.2 S134C 0 100
R253M 0.9 99.7 S134G 0 100
R253F ND ND¢ S134T 0 100
R253I ND* ND¢ S134M ND»¥ ND¢
R253T 0.9 99.7 S134P ND ND¢
R253Y ND* ND¢ S134Q 0 100
R253H ND ND¢ S134N 0 100
K254A 29 71 S134V ND ND¢
K44A 0 100 S1341 ND ND¢
K44R 88 12 S134L ND ND¢
aThe percent population of the PAP-bound P&JTwas determined
by the standard assay in the presence and absence of PAP, which gives
the total enzyme activity and the activity of respectively 22, 23).
b Obtained using the enzyme crude extrad®iot determined due to
undetectable enzymatic activity.
Table 3: Effect of Mutation on th&, of PAP and AMP for
Residues that Provide Backbone Interactions to PAP
PAP AMP
enzyme Km (uM) x-fold Km (uM) x-fold
FIGURE 2: Molecular modeling of rPST. The PST model was built ~ Wild type  0.04+0.01 1 430+ 11 1
using the coordinates of the crystal structure of the mouse estrogen Sggg’é 123:& g'l 37‘82 ggg& 42138 g
ST. (A) Nucleotide binding site of PAP. Selected polar interactions R253L 3102 75 1500.L 2307 36
(black dashed lines) between PAP and the PST residues are R253pP 343 1.6 860 2700L 3008 65
represented as ball-and-stick models. Side chains of Arg126 and R253G 1 8L 0.5 45 23004 3708 55
Ser134 directly interact with thé-phosphate of PAP. In contrast, R253W 231 0. 57 15004 57C° 35
only the NH backbone of Arg253, Lys254, and Gly255 hydrogen R253C 0.8% 0.25 20 31004 120G 75
bonds with the 3phosphate of PAP. Carbon, nitrogen, oxygen, R253V 0.9+ 0.3 22 23004 130% 55
and phosphorus atoms are shown in gray, blue, red, and orange, R253N 0.34f 0.06 85 2800+ 80 6.5
respectively. (B) Ball-and-stick representation of PAP, Lys44, and = 5551 ot 1a 50 1700+ 100 4
the hydrophobic residues surrounding Lys44. Only side chains of grogay 23+ 0.7 57 4200+ 760° 10
the PST residues are shown, and the green portion represents thegosg, 3.4+ 1.4 85 2500+ 200 6
Co backbone. This figure was produced with WebLab Viewer Lite  pog3T 13+ 3 340 4040+ 450° 10
(Accelrys). K254A 0.03+ 0.004 0.7  230:30 0.5
G255A 1.4+ 0.3 35 100G+ 150 25

(Table 2), confirming the notion that four residues (Arg253, - -
Gly255, Arg126, and Ser134) are important for the binding __*©OPtained using the enzyme crude extract.
of PAP, which is consistent with the X-ray crystal structure
of mEST (7) from which the PST model was derived. side chain of Lys44 donates one strong hydrogen bond to
Approximately 30% of the K254A mutant population is of the B-phosphate of PAP (Figure 2A). Whereas mutation of
the o form, which is similar to that of the wild type, implying  Lys44 to Ala inhibits this electrostatic interaction, an Arg
that the PAP interaction with Lys254 may not be as important substitution of Lys44 reinforces it. The model suggests that
as those of Arg253 and Gly255. the guanidinium moiety of Arg, apart from possibly forming
Mutation of Lys44 leads to the formation of a different two hydrogen bonds with the'phosphate of PAP, may
form of the enzyme, depending on what residue is replaced makesr— interactions with the side chain of Phe138 (Figure
(Table 2). Whereas the mutation of Lys44 to alanine results 2B).
in the formation of exclusively thg form, that of Lys44 to Mutation of Amino Acids that Prade Backbone Inter-
arginine predominantly produces thdorm (~88%). Lys44 actions with PAP Affects the Binding Affinity of both PAP
resides at the center of a hydrophobic pocket consisting ofand AMP. Factors influencingkn, kea, and the catalytic
Pro43, Tyrl35, Phel38, and Phe251, with which it makes efficiency of the enzyme by point mutation of Arg253,
weak hydrophobic interactions (Figure 2B). Additionally, the Lys254, and Gly255 were analyzed (Tables 3 and 4).
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Table 4: Catalytic Efficiency of PST and Its Mutants Using PAP and AMP

PAP AMP
KealKm KealKm specificity rati®

enzyme Km (uM) Keat (Min~2) (min~Y uM) Km (uM) Keat (Min~2) (min~Y uM) (PAP/AMP)
wild type 0.04+ 0.01 59+ 2 1475 4304+ 110 56+ 4 0.13 11300
R253A 2.3+ 0.1 63+ 0.3 27 2200t 240 31+ 1 0.014 1900
R253E 130+ 6 62+ 0.7 0.48 330Gt 430 371 0.01 48
K254A 0.03+ 0.004 57+1 1900 230+ 30 55+ 1 0.24 7900
G255A 1.4+ 0.3 20+ 0.5 14 100Gt 150 10+ 0.5 9.6x 1073 1500
R126A 3600+ 700 2.6+£0.2 7.2x 1074 5000+ 800 0.31+0.01 6.2x 1075 12
S134A 0.17+ 0.08 39+ 1 229 800+ 70 20+ 1 0.025 9200
S134R 110Gt 130 3+0.1 2.8x 1073 430+ 40 2.3+ 0.04 5.3x 1073 0.5
S134K 240+ 20 2.5+ 0.05 0.01 210Gt 270 0.45+ 0.02 2.1x 104 48
S134E 40006t 170 23.1+£0.3 5.8x 1073 470+ 70 27+ 1 0.06 0.1
S134D 130Gt 160 18+ 1 0.014 200Gt 750 26+ 3 0.013 1.1
S134C 1.8- 0.6 18+ 1 10 4000+ 2400 18+ 4 45x 10°3 2200
S134G 0.8:-0.3 42+ 2 53 1800+ 320 15+ 1 8.3x 107 6400
S134H >10000 ND¢ - 3700+ 370 1.3+ 0.04 3.5x 10 <1
S134Q 120Gt 20 1.2+0.2 1x 108 3500+ 340 6.2+ 0.2 1.8x 103 0.6
S134N 590+ 60 21+1 0.04 4100t 480 8+ 0.2 2x 1078 20
S134T 10+ 2 17+ 1 1.7 3000+ 270 8+0.2 2.7x 1073 630
K44A 26+ 2 0.8+ 0.01 0.03 1220& 1000 2+0.1 1.6x 107 190

2 Assay conditions are described in Experimental ProcedfiEse specificity ratio (PAP/AMP) is calculated dgfKm)par/ (Keal Km)amp- € Km is
too high to be determined accurately. PST activity increases almost linearly even when 7.9 mM PAP is used.

Mutation of Arg253 to Ala, Glu, Leu, Pro, Gly, Trp, Cys,
Val, Asn, GIn, Met, lle, or Thr increasdéyeap) from 20-

the Kinampy Of K44A is the highest among all the mutants
reported here (Tables 3 and 4), for the mutation of Lys44
to 3700-fold (Table 3). In contrasKmawmp) vValues of the offers no advantage for PST with respect to its binding of
same mutants are-3L0 times higher than that of the wild AMP. Lys44 has been proposed to be an essential residue
type. Although, compared to that of the wild type, R253A not only in the binding of PAP but also in catalysis3(

and R253E mutants, respectively, exhibit-1l&nd 10-fold 17). In our study, this residue is shown to be more important
decreases in catalytic efficiendg{/Km) of PAP, they display  for nucleotide binding than catalysis, for the ratiof<afear)

an ~10 times lowerk./Ky, for AMP (Table 4). The andKmyawmpy 0of K44A to those of the wild type are 660 and
specificity ratios (PAP/AMP) of R253A and R253E were 29, respectively, but the ratios &fapar) and Keagame) Of
1900 and 48 , respectively, which are much lower than that K44A to those of the wild type are 76 and 27, respectively.
of the wild type (11 300). Since tHe, values (using either Affinity of PST for PAP but Not for AMP Strongly Depends
PAP or AMP) of these two mutants remain relatively on the Type of Residue Replacing either Arg126 or Ser134.
constantKm is then responsible for the observed variation Side chains of Arg126 and Ser134 directly interact with the
(Table 4). According to the PST model, the backbone NH 3'-phosphate of PAP (Figure 2A). Mutation of Arg126 to
group of Arg253 makes one hydrogen bond with the Ala increasesKmpap) and Kmawe) 90000- and 12-fold,
3'-phosphate of PAP, while its side chain is exposed to the respectively (Table 4). The guanidinium of Arg126 forms a
solvent and does not directly interact with the phosphate 7z—x interaction the aromatic group of Tyr189, the OH group
(Figure 2A). Thus, mutation of Arg253 to either Ala or Glu  of which hydrogen bonds to the adenine (Figure 3A).
cannot have a significant effect on tkg; of either PAP or ~ Mutation of the arginine, therefore, directly affects binding
AMP. of AMP and PAP, for it destabilizes Tyr189.

The mutational effect at Gly255 is similar to that of By comparison, th&mear)of the mutant enzyme increases
Arg253 (Tables 24), for G255A displays 100 and 10 times  up to >250000-fold compared to that of the wild type,
lower keafKm values for PAP and AMP, respectively, than depending on the residue to which Ser134 was mutated, even
the wild type. K254A is the only mutant that behaves like though Kmaur) increases nearly 10-fold or remains un-
the wild type. Mutation of Lys254 to a small hydrophobic changed (Table 4). Since replacement of PAP with AMP
residue such as Ala does not alter the enzyme specificity lacking the 3-phosphate opens up a space originally reserved
and activity (Table 4). Consistent with the impact of mutation for the phosphate (Figure 3A), mutating Ser134 to a bulky
on the formation of two forms of the enzyme, these results residue may significantly affect the affinity of PAP but not
indicate that Lys254, residing between Arg253 and Gly255, AMP for PST. This is evident by our systematic mutation
is especially stable in the overall conformation. of Serl34 to other amino acids (Table 4). Substitution of

Mutational Analysis of Lys44The side chain of Lys44  Serl34 with a bulky residue has reversed the nucleotide
hydrogen bonds to the'fphosphate of PAP (Figure 2A). preference of PST from PAP to AMP. For instance, see the
Structural and functional analysis of mMEST and flavonol 3-ST data for S134R, S134H, S134E, and S134Q mutants in Table
suggested that the corresponding lysine was involved in the4. The specificity ratio (Table 4) of these mutants to the wild
catalysis of the sulfuryl transfer reactiob4( 17). Mutation type decreases-24000-146000-fold. Of the four afore-
of Lys44 to Arg enhances the affinity of PST for PAP, for mentioned mutants, thénawve) values of S134R and S134E
the mutant population mainly consists of thdorm (Table remain the same compared with that of the wild type.
2). In contrast, the K44A mutant exhibits an increasgd However, theKnawvp) values of these mutants are smaller
and a decreaseki, for both PAP and AMP. As expected, than theirKyeap) values. Mutation of Serl34 to a basic
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and S134D). These findings imply that the local electrostatic
interactions play critical roles in the activity of these mutant
enzymes but not in their specificity. In fact, the PST model
provides important clues about how these mutations affect
the nucleotide binding of the enzyme. Serl34 is located
between Arg126 and Arg253 (Figure 3A). Replacing Ser134
with a basic residue having a bulky side chain such as His
or Glu occupies the presumed position of thgpBosphate
of PAP, thereby impeding PAP binding. Since the positively
charged side chain of His replaces the negatively charged
3'-phosphate residing between Argl126 and Arg253, its
presence introduces unfavorable chargearge interactions
(Figure 3B). In contrast, the Ser134 to Glu mutation provides
a favorable electrostatic environment, for the side chain of
Glu can interact with guanidinium groups of Arg126 and
Arg253. As a result, the S134E mutant has the lowest
specificity ratio,Kmawmpy being lower tharKmeapy, and has
KeaparyandKeayampy Values similar to those of the wild type.
Since the mutation of both Lys44 and Ser134 has shown
to be highly effective, comparative mutagenesis studies of
Lys44 and Serl34 can thus be utilized in studying the
mechanism of the interaction of PST with AMP and PAP.

DISCUSSION

The major goal of this research was to identify a residue-
(s) that had a critical role in enabling PST to distinguish
PAP from AMP. Among the residues selected for mutagen-
esis studies, only Serl34 of PST appears to regulate its
nucleotide specificity between AMP and PAP. Of the four
mutants (S134E, S134R, S134Q, and S134H) which have a
specific preference for binding AMP rather than PAP, the
S134E mutant exhibits the highest specificity 00000-
folds) compared to that of the wild type. As summarized in
Figure 4A, substituting Ser134 with a bulky residue dramati-
cally increasempeapry but NotKyamp). The Knamp) values
of S134E, S134R, and S134H are even lower tKamar)
Also, keaparyandKkeayave) are affected by the size of a side
chain as a larger size reducks: (Figure 4B). Whereas
substitutions of Ser134 to acidic residues, Glu and Asp, show
that the mutants havie, values comparable to that of the
wild type, both S134K and S134R have significantly lower
keat Values (Figure 4B). Consequently, mutation of Ser134
to a bulky residue tends to decrease the catalytic efficiency
of PST toward PAP but not AMP (Figure 4C).

Mutation of Ser134 to either His or Glu causes a dramatic
change in the PAP catalytic efficienchf{/Kmear] (Figure
4C), which results in inhibition of PAP binding. However,
the kinetic data imply two different scenarios. The S134H
mutant, by introducing an extra positive charge, unbalances
the net charge of the active site (Figure 3B), while the S134E

Ser134, and its mutants. The interactions of wild-type PST with mutant reinforces it (Figure 3C). The side chain of Glu134,

PAP and AMP, which lacks the'-phosphate, are compared with

by occupying the presumed location of thepBosphate of

those of the S134E and S134H mutants. (A) Wild-type PST viaits PAP, contributes negative charge that is comparable to that

designated residues properly interacts with thet®sphate of PAP.

(B) The mutant S134H occupies the presumed location of the 3
phosphate. The mutant introduces additional unfavorable positive

of the phosphate. This assumption is further confirmed by
the fact that the S134E mutant is a more active enzyme

charges between Arg126 and Arg253. (C) The S134E mutant, (Figure 4B,C) than S134K, suggesting that Glu134 has polar

although like S134E inhibits PAP binding, its negatively charged interactions with Argl26 and possibly Arg253, whereas
side chain, favorably interacts with both Arg126 and Arg253. This | ys134 does not.

figure was produced with WebLab Viewer Lite (Accelrys).

residue decreases bdifaparyandkeaave) (S134R, S134K,

While Ser134 stabilizes PAP by forming a hydrogen bond
with its 3-phosphate (Figures 2A and 3A), its replacement

and S134H), while that of an acidic residue does not (S134Ewith either glycine or alanine abolishes such hydrogen
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Ficure 4: Impact of the mutation of Ser134 on the activity of PST.
Data were derived from Table 4.

bonding. As a result, both S134G and S134A have higher
Km and lowerk., values than the wild type (Figure 4A,B)
for both AMP and PAP.

Those mutants containing a bulky polar side chain at
position 134 tend to alter the specificity ratio in favor of
AMP (Figure 4), aK, (Figure 4A) but nokes (Figure 4B)
is the dominant factor for this conversion. As shown in Figure
3C, the presence of a bulky residue at position 134 does not
appear to destroy the structure of the active site accom-
modating AMP but interferes with the binding of PAP
because it occupies the presumed site of thgh®sphate of

PAP. Ser134 has also been suggested to be critical for PAPS

binding and catalysislQ, 23). We thus conclude that Ser134
plays an important role in nucleotide binding but not in
catalysis. Also, Ser134 plays a key role in the determination
of nucleotide specificity.

In contrast, the presence of a bulky hydrophobic residue
at position 134 significantly disturbs the PST active site

Biochemistry, Vol. 41, No. 43, 20022965

(Figure 3A) and drastically reduces the enzymatic activity.
Eight of 20 amino acids introduced at position 134 of PST
show extremely low activity (Tables 2 and 4). All eight
mutants (S134Y, S134W, S134F, S134M, S134P, S134V,
S134l, and S134L) contain a bulky hydrophobic side chain.

Mutation of Arg126 to Ala proved to have a much more
drastic effect oKmpar) (5 order of magnitude increase, Table
4) than that of Arg253, as a consequence of the latter
guanidinium group interacting with the side chain of Tyr189
(Figure 3A). Since the side chain of Tyr189 hydrogen bonds
to the adenine of either AMP or PAP, destabilization of
Tyrl89 directly affects nucleotide binding. Mutation at
position 254 is found to be less influential than that of
positions 253 and 255, even though all three residues provide
backbone interactions with thé-Bhosphate of PAP.

Mutation of Lys44, which directly interacts with theé-5
phosphate of PAP, to Ala and Arg leads to the formation of
exclusively theo form and predominantly the form of PST,
respectively (Table 2). Mutation of Lys44 to Arg possibly
results in the formation of two hydrogen bonds between
Arg44 and the 5phosphate of PAP. Moreover, since Lys44
is located among Tyr135, Phel138, and Phe251, its mutation
to Arg may also introduce additional interaction between its
side chain and that of Phe138 (Figure 2B). By comparison,
the K44A mutant not only abolishes the existing hydrogen
bonds between Lys44 and thefhosphate but also generates
a gap in the hydrophobic pocket comprising Pro43, Tyr135,
Phel38, and Phe251.

Last, the PST model reveals residues directly interacting
with a substrate. This study elucidates the role of each residue
in the active site. Serl34 and Argl26, the side chains of
which directly interact with the '3phosphate of PAP,
influence the nucleotide selectivity of PST.
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