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ABSTRACT: The function of Lys-59, Arg-141, and Arg-277 in PAPS binding and catalysis of the flavonol
3-sulfotransferase was investigated. Affinity chromatography of conservative mutants with PAPS analogues
allowed us to determine that Lys-59 interacts with the 5′ portion of the nucleotide, while Arg-141 interacts
with the 3′ portion, confirming assignments deduced from the crystal structure of mouse estrogen
sulfotransferase [Kakuta, Y., Pedersen, L. G., Carter, C. W., Negishi, M., and Pedersen, L. C. (1997)Nat.
Struct. Biol. 4, 904-908]. The affinity chromatography method could be used to characterize site-directed
mutants for other types of enzymes that bind nucleoside 3′,5′- or 2′,5′-diphosphates.31P NMR spectra of
enzyme-PAP complexes were recorded for the wild-type enzyme and K59R and K59A mutants. The
results of these experiments suggest that Lys-59 is involved in the determination of the proper orientation
of the phosphosulfate group for catalysis.

Cytosolic sulfotransferases (ST)1 catalyze the transfer of
a sulfonate group from 3′-phosphoadenosine 5′-phosphosul-
fate (PAPS) to hydroxyl or amino groups of acceptor
substrates. In mammals, these enzymes play an important
role in the detoxication of xenobiotics and endogenous
metabolites, and generally possess a high affinity for acceptor
substrates as compared with those of other types of enzymes
involved in conjugation reactions (1). They also participate
in the metabolic pathways of biologically active endogenous
metabolites, such as steroid and thyroid hormones and
catecholamine neurotransmitters (2-6). Sulfonation of these
molecules modulates biological activity and, in the case of
steroids, facilitates transport of hormonal precursors to target
tissues, where they are further metabolized and bioactivated.

Cytosolic STs form a family of homologous enzymes with
members present in mammals, plants, and bacteria. Amino
acid sequence comparison of STs from different phyla
allowed the identification of four well-conserved regions,
with several strictly conserved amino acid residues (7, 8).
A few studies in which site-directed mutagenesis was used

were successful in identifying amino acids that are involved
in catalysis or in PAPS binding. Two residues located in
conserved regions II and IV of the plant flavonol 3-ST (EC
2.8.2.25), Arg-141 and Arg-277, were shown to be required
for cosubstrate binding (9, 10). Replacement of His-98 with
alanine or lysine in the rat hydroxysteroid ST-40 resulted in
enzymes with undetectable catalytic activity (11). Similarly,
results on mutants for the corresponding His-119 in the
flavonol 3-ST suggested that this residue is involved in
catalysis (9). Another residue, Lys-59 (located in region I),
does not contribute to the binding affinity for PAPS but is
required for catalysis (10). Replacement with alanine resulted
in an essentially inactive enzyme with an affinity for PAPS
similar to that of the wild-type enzyme, as demonstrated by
the results of photoaffinity labeling experiments. Replace-
ment with arginine resulted in a 15-fold decrease in specific
activity, and a slight (2-fold) increase in affinity for PAPS.
Finally, the results from 3′-phosphoadenosine 5′-phosphate
(PAP)-agarose affinity chromatography experiments indi-
cated that Lys-59 interacts with PAP.

The crystal structure of the mouse estrogen ST in complex
with PAP andâ-estradiol has recently been determined (12).
The structural model confirms previous interpretations
inferred from site-directed mutagenesis data. His-108 of
estrogen ST (His-119 in the flavonol 3-ST) is positioned to
interact with the hydroxyl group at position 3 ofâ-estradiol,
and it has been proposed to act as a catalytic base abstracting
a proton to activate the phenolic hydroxyl for nucleophilic
attack on the sulfur of PAPS. The side chains of Arg-130
and Arg-257 (Arg-141 and Arg-277 in the flavonol 3-ST,
respectively) bind the 3′-phosphate group of PAP and
stabilize its negative charge. The structure of estrogen ST
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reveals striking structural similarity with nucleotide kinases,
including a P-loop fold corresponding to region I, where the
conserved lysine is positioned to interact with the 5′-
phosphate of PAP (12).

In this paper, we further investigate the function of Lys-
59, Arg-141, and Arg-277 of the flavonol 3-ST in PAPS
binding and catalysis. In the first part of this work, we used
affinity chromatography with cosubstrate analogues to
identify the site of interaction of amino acid side chains on
the PAPS molecule. The results of these experiments
confirmed that Lys-59 interacts with the 5′-phosphate group
of PAP while Arg-141 interacts with the 3′ portion. We also
studied the impact of Lys-59 mutations on PAP binding by
comparing one-dimensional31P NMR spectra of enzyme-
PAP complexes, and our results suggest that Lys-59 might
determine the proper positioning of the cosubstrate at the
active site for catalysis.

EXPERIMENTAL PROCEDURES

Site-Directed Mutagenesis. The preparation of flavonol
3-ST mutants had been described previously (9, 10). The
mutant cDNAs were subcloned in the bacterial expression
vector pQE30 (Qiagen), and the full-length coding sequence
of the mutants was determined. Verification of the wild-
type sequence by automated sequencing uncovered an error
that introduced a gap of one amino acid residue in the
alignment with other flavonol STs. The correction converts
the sequence 68-WIC-70 to 68-LAFA-71, modifying the
numbering of subsequent amino acid residues.

Expression of Recombinant ST. Cultures of theEscherichia
coli strain XLI-blue expressing the wild-type or mutant
cDNAs were started by inoculating with a 2.5% volume from
an overnight culture. Cultures were grown in Luria-Bertani
medium for 3 h at 30°C, before the addition of the inducer,
isopropyl thiogalactoside to a final concentration of 1 mM,
and incubation was continued for an additional 3 h. Cells
were pelleted by centrifugation and resuspended in 50 mM
sodium phosphate (pH 8.0), 0.3 M NaCl, and 14 mM
â-mercaptoethanol, and lysed by sonication. Cell debris was
removed by centrifugation at 12000g for 15 min at 4°C,
and the supernatant was applied to nickel-nitrilotriacetic acid
resin (Qiagen) equilibrated in the same buffer. The resin was
washed with 50 mM sodium phosphate (pH 6.0), 0.3 M
NaCl, and 14 mMâ-mercaptoethanol, and the proteins were
eluted with the same buffer containing 150 mM imidazole.
Proteins were measured by the method of Bradford (13), and
bovine serum albumin was used as the standard protein.

ST Assay and Determination of Ki. ST activity was
determined immediately after nickel-agarose purification by
monitoring the extent of incorporation of the label from [35S]-
PAPS (New England Nuclear) into the flavonol acceptor
quercetin according to a previously described assay (14).
Kinetic analysis was performed as described in ref15, with
the following modification. Enzyme assays were performed
in 50 mM sodium phosphate at pH 7.5 and 25°C. Ki values
for nucleotides were determined at a fixed quercetin con-
centration of 0.2µM by varying the concentrations of both
PAPS and inhibitor. The following concentrations of PAPS
were used: 0.5, 0.25, 0.125, 0.083, and 0.0625µM. The
following concentrations of nucleotides were used: for PAP,
0.3, 0.2, and 0.1µM; for ADP and ATP, 400, 200, and 100
µM; and for 2′,5′-PAP, 200, 100, and 50µM.

Affinity Chromatography. Immediately after purification
on nickel-agarose, the enzyme preparations were applied
to a PD-10 column (Pharmacia) equilibrated with buffer A
[25 mM Bis-Tris (pH 6.8) and 14 mMâ-mercaptoethanol].
The eluted proteins were chromatographed on ADP-,
ATP-, and 2′,5′-PAP-agarose columns (ca. 2 mL, Sigma
Chemicals) equilibrated with buffer A, and washed with 3
column volumes of the same buffer. The bound proteins were
eluted with linear gradients of 0 to 0.3 M NaCl in buffer A
for ADP- and ATP-agarose, and 0 to 1 M NaCl in the
same buffer for 2′,5′-PAP-agarose, at a flow rate of 0.5 mL/
min. Protein absorbance was monitored at 280 nm with a
Waters 486 tunable absorbance detector. To obtain reproduc-
ible results, affinity chromatography was performed with a
Waters 625 LC HPLC system and a Waters AP minicolumn.

31P NMR of Enzyme-PAP Complexes. After purification
on nickel-agarose, enzyme preparations were applied to a
PD-10 column equilibrated with buffer B [50 mM Tris (pH
7.5) and 14 mMâ-mercaptoethanol]. The eluted proteins
were chromatographed on a Protein Pak Q-8HR column
(Waters) preequilibrated with buffer B and washed with 3
column volumes of the same buffer. The bound proteins were
eluted with a linear gradient of 0 to 0.3 M NaCl in buffer B
at a flow rate of 0.5 mL/min. The eluted proteins were
concentrated twice on Centricon 30 membranes (Amicon)
with deuterated buffer B (90%1H2O/10% 2H2O). The 31P
NMR spectra were recorded on a Bruker AC-F 300 NMR
spectrometer (Bruker Canada Ltd., Milton, ON) operating
at a frequency of 121.50 MHz for31P and 300.13 MHz for
1H. Samples were placed in 5 mm NMR tubes, and the
spectra were recorded at room temperature (24°C) under
conditions of proton decoupling. A 45° pulse of 1.9µs was
used with a repetition time of 2.0 s and an acquisition time
of 1.3 s. The spectral width was set to 12.2 kHz, and 32K
data points were recorded for each free induction decay.
Chemical shifts were referenced relative to external 85% H3-
PO4 at 0 ppm, and a 5 Hzline broadening was applied to all
spectra. Nucleotide samples contained PAPS (Fluka) or PAP
at 1 mM. Samples of enzyme complexes contained a slight
molar excess of enzyme to ligand, ensuring almost complete
binding of nucleotides.

Molecular Modeling of the FlaVonol 3-ST. An amino acid
sequence alignment of the flavonol 3-ST and the mouse
estrogen ST was prepared using Pileup from the GCG
package (16), and then refined visually with the help of a
multiple sequence alignment of cytosolic STs (17). On the
basis of the alignment, the side chains of the mouse estrogen
ST crystal structure (12) were replaced with those of the
flavonol 3-ST. The side chains were manually fit to best
mimic the estrogen ST side chains with the least amount of
steric contact with other residues.

RESULTS AND DISCUSSION

Affinity Chromatography. We have previously used affinity
chromatography on PAP-agarose to characterize mutants
of the flavonol 3-ST. The recombinant wild-type flavonol
3-ST binds strongly to PAP-agarose, and elutes at 0.78 M
NaCl (9, 10). Several lines of evidence suggested that binding
of the enzyme to the chromatographic support is specific.
The flavonol 3-ST purified from the plant is sensitive to
product inhibition by PAP, a competitive inhibitor of PAPS
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for the active site of the enzyme, with aKi (0.1µM) slightly
lower than theKm for PAPS (0.18µM) (15). This property
explains the extensive use of PAP-agarose affinity chro-
matography in purifying cytosolic STs, and it has been shown
that they can be specifically eluted from the chromatographic
support with PAP or PAPS at concentrations not exceeding
1 mM (18-20). In a series of control experiments, mutant
enzymes having a change in the net charge of the protein
but kinetic parameters similar to those of the recombinant
wild-type enzyme were chromatographed on PAP-agarose.
No significant changes in chromatographic behavior were
observed compared to the wild-type enzyme, ruling out the
contribution of nonspecific ionic interactions (10).

When chromatographed on PAP-agarose, nonconserva-
tive mutants of Lys-59, Arg-141, and Arg-277 elute at
significantly lower salt concentrations compared to the
recombinant wild-type enzyme (9, 10). In contrast, conserva-
tive mutants at these residues have an affinity for PAP-
agarose similar to that of the recombinant wild-type enzyme
(Table 1) (9, 10). The apparent contradiction with the data
for PAPS affinity can be explained by the fact that salt elution
from PAP-agarose isolates the ionic component of the
interaction with the ligand. This property allows quantifica-
tion of the differences in specific ionic interactions between
amino acids at the substrate binding site and the phosphate
groups of the ligand.

Various nucleotides are known to act as competitive
inhibitors of cytosolic STs (21). We reasoned that by
correlating the chromatographic behavior of mutant and wild-
type enzymes with the structural variation in nucleotide
ligands, we might be able to identify the site of interaction
on the PAPS molecule for a particular amino acid side chain.
To validate this method, the mode of inhibition andKi values
for the various inhibitors used in this study were determined
with the recombinant wild-type enzyme purified by nickel-
agarose chromatography. Inhibition was studied at a fixed
concentration of quercetin, by varying the concentrations of
both PAPS and inhibitor. Reciprocal plots were drawn for
each inhibitor, andKi values were determined from slope
replots. The mode of inhibition of ADP, ATP, and 2′,5′-
PAP is competitive with respect to PAPS (22). There is at
least a 1000-fold difference inKi values between these
analogues and PAP, suggesting that the high affinity is
achieved mainly through the interaction with the 3′-phosphate
group (Table 1).

The nickel-agarose-purified recombinant wild-type en-
zyme and conservative mutants of Lys-59, Arg-141, and Arg-
277 were chromatographed on ADP-, ATP-, and 2′,5′-
PAP-agarose and eluted with a linear salt gradient. The
proteins eluted with good reproducibility between individual

experiments. In all the chromatographic supports, including
PAP-agarose, the ligand is cross-linked to the spacer arm
via position N6 of the adenine ring, leaving the phosphate
groups accessible. In the crystal structure of the mouse
estrogen ST, the backbone oxygen of Thr-227 (Cys-246 in
the flavonol 3-ST) is found in a proper position to form a
hydrogen bond with position N6 of the adenine ring (12).
Although the covalent bond with the spacer arm would
remove this interaction, this structural constraint is kept
constant and does not seem to alter the specificity of binding.
When considering the affinity chromatography data, one
should bear in mind that the position of the ligands in the
active site will not necessarily coincide with that of PAP.

When chromatographed on ADP- and ATP-agarose,
R141K and R277K elute at salt concentrations identical to
that of the wild-type enzyme (Table 1). However, K59R
displays a reduction in its affinity for ADP-agarose (88%
of the wild-type value), which is even more pronounced for
ATP-agarose (82%) (Table 1). Since there is a comple-
mentarity of charge between the side chain and the ligand,
this effect cannot be explained by electrostatic repulsion.
Instead, it must be attributed to steric factors, the side chain
of arginine being bulkier than that of lysine. These results
suggest that Lys-59 interacts with the 5′-phosphate, and
probably the sulfate group of PAPS.

Another interesting change in chromatographic behavior
is observed for R141K with 2′,5′-PAP-agarose. The affinity
of R141K for 2′,5′-PAP-agarose falls to only 80% of the
wild-type value, compared to 94% for K59R and 97% for
R277K (Table 1). The most likely explanation for this effect
is that the lysine side chain of the mutant is too short to
interact with the phosphate in the 2′ position, compared with
the arginine. Because of the weaker interaction of R141K
with a 2′-phosphate, and the absence of an impact of
structural variation in the 5′ portion of the ribose on its
chromatographic behavior, Arg-141 appears to be involved
in binding the 3′-phosphate of PAP.

The very weak fluctuations observed for R277K compared
with those of the two other mutants suggest that there are
limits in the sensitivity of the technique (Table 1). However,
it has been shown that the contribution of Arg-277 to PAPS
binding is weaker than that of Arg-141 (9), and this might
explain at least in part the small variations in the affinity of
R277K for the chromatographic supports. A more likely
explanation for this phenomenon is that while Arg-277
interacts with the 3′-phosphate of PAP, it is better positioned
than Arg-141 to interact with a 2′-phosphate group. In a
molecular model of the flavonol 3-ST based on the coordi-
nates of the crystal structure of the mouse estrogen ST (12),
the main chain nitrogen of Arg-277 appears indeed to be in
a proper position to interact with a 2′-phosphate group
(Figure 1).

31P NMR of FlaVonol 3-ST-PAP Complexes. 31P NMR
is a powerful tool for studying the impact of mutations on
nucleotide binding sites of enzymes, and has been used to
characterize site-directed mutants of adenylate kinase (23).
To further characterize the effect of mutations at Lys-59 on
PAP binding, we studied the proton-decoupled one-dimen-
sional31P NMR spectra of enzyme-PAP complexes. As a
preliminary experiment for evaluating the impact of ligand
binding to the wild-type enzyme, the chemical shifts of the
31P resonances were determined for PAP, PAPS, and a

Table 1: Salt Concentration (M) Required for Elution of the
Wild-Type and Mutant Flavonol 3-STs

enzyme
PAP-

agarosea
ADP-
agarose

ATP-
agarose

2′,5′-PAP-
agarose

wild-type 0.78 0.25 0.28 0.7
0.05b 65b 265b 53b

K59R 0.78 0.22 (88%) 0.23 (82%) 0.66 (94%)
R141K 0.76 (97%)c 0.25 0.28 0.56 (80%)
R277K 0.78 0.25 0.28 0.68 (97%)

a From refs9 and 10. b Ki (µM) for nucleotide ligands.c Relative
affinity compared to that of the wild-type enzyme.
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mixture of both nucleotides to allow the assignment of the
individual phosphorus signals (Figure 2). The 3′-phosphate
signal is shifted downfield by ca. 0.5 ppm from the
5′-phosphate position, consistent with previous31P NMR data
for nucleoside 3′,5′-diphosphates (24, 25). The addition of
a 5′-sulfate group results in a large shielding effect on the
5′-phosphate signal (Figure 2).

R141K and R277K complexes could not be studied
because of the low affinity of the mutant enzymes for PAP.
In trial experiments, only31P resonances of unbound PAP
could be observed. On the other hand, the relative intensities
of signals representing bound and unbound PAP were similar
for Lys-59 mutant and the wild-type enzyme complexes (data
not shown), indicating that Lys-59 does not contribute to
the affinity for PAP. In the31P NMR spectra of the wild-
type enzyme in complex with PAP, the peaks of the two
phosphorus atoms are superimposed (Figure 2). Therefore,
binding has a shielding effect on the31P signals that is more
pronounced for the 3′-phosphate than for the 5′-phosphate.
In the K59R and K59A complexes, the values of both
resonances are shifted downfield relative to that of the wild-
type enzyme complex (Figure 2). The intermediate perturba-
tions observed for the K59R complex compared to those
observed for K59A are consistent with the partial comple-
mentation of catalytic activity in the arginine mutant (10).

The separation of the signals observed for the mutant
enzyme complexes indicates that the two phosphates are
affected to a different extent by the replacements of Lys-59.
Although it is theoretically impossible to obtain a stable
enzyme-substrate complex, attempts were made to assign
the31P resonances in the mutants by studying enzyme-PAPS
complexes. In the31P NMR spectra of the wild-type enzyme
and K59R in complex with PAPS, only one signal could be
observed unambiguously, making the data very difficult to
interpret (data not shown). The PAPS complexes might be
unstable due to substrate hydrolysis. On the basis of the
crystal structure of the mouse estrogen ST (12) and the results
of affinity chromatography with cosubstrate analogues, we
propose that the most affected signal in the mutant complexes
corresponds to the 5′-phosphate group. However, since both
31P signals are affected, the chemical environment of the 3′-
phosphate group appears to be modified as well. From these
results, Lys-59 appears to determine the proper positioning
of PAPS at the active site for catalysis.

CONCLUSION

Affinity chromatography with PAPS analogues, using
nonspecific elution with salt, allowed us to demonstrate that
Lys-59 interacts with the 5′-phosphate of PAP, and Arg-
141 with the 3′-phosphate, confirming the assignments
deduced from the crystal structure of the mouse estrogen
ST (Figure 1) (12). The consistency between the two types
of data validates the affinity chromatography method a
posteriori. This method could be useful in characterizing site-
directed mutants for other classes of enzymes that bind
nucleoside 3′,5′- or 2′,5′-diphosphates, especially in the
absence of a known three-dimensional structure.

The results presented in this paper also provide new insight
into the function of the Lys-59 residue. Although this residue
interacts with the 5′-phosphate group of PAP, it does not
contribute to the affinity for PAPS (10) or PAP. This is not
surprising since high-affinity binding depends on interactions
with the 3′-phosphate group, as revealed by the analysis of
Ki for nucleotide inhibitors. The 2-fold increase in the affinity
for PAPS of K59R (10) is probably mediated by a slight
change in position that strengthens the interaction between
the 3′-phosphate group of PAP and the side chains of Arg-
141 and Arg-277. The affinity chromatography data sug-
gesting that the arginine side chain is too bulky for a proper
interaction in the 5′ portion of the ribose, as well as the
perturbations of both signals in the31P NMR spectra of the
K59R-PAP complex, support this conclusion.

The most plausible mechanism of sulfonate transfer
catalyzed by STs is a direct transfer involving nucleophilic
attack at the sulfur of PAPS (10, 12). The reduced affinity
of K59R for ADP-agarose suggests that Lys-59 might
interact with the sulfate group of PAPS, in addition to the
5′-phosphate. In a novel crystal structure of the mouse
estrogen ST in complex with PAP and the transition state
analogue vanadate, the side chain nitrogen of the corre-
sponding lysine interacts with one equatorial oxygen of the
vanadium ion as well as with the bridging oxygen of the
phosphosulfate group (26). The main chain nitrogen of the
same residue also makes contact with an equatorial oxygen
of the transferred group. This suggests two possible catalytic
roles for Lys-59. By interacting with the sulfate, Lys-59
might stabilize the transition state. In analogy with enzyme-
catalyzed phosphoryl transfer reactions, the interaction might
assist nucleophilic attack by reducing the negative charge

FIGURE 1: PAP binding site of the flavonol 3-ST, showing the site of coordination and bond lengths for Lys-59, Arg-141, and Arg-277.
The flavonol 3-ST was modeled on the coordinates of the crystal structure of the mouse estrogen ST.
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(27). An alternative function would be the stabilization of
the developing negative charge on the bridging oxygen of
the 5′-phosphate. From studies on the chemical hydrolysis
and aminolysis of PAPS, it was proposed that in the transition
state, the leaving group is highly polarized, possessing two
almost fully formed negative charges (28). The catalytic
function of Lys-59 might be similar to that of the invariant
lysine present in the P-loop of adenylate kinases, which was
proposed to accompany the transferred negative charge (29).

The 31P NMR data for enzyme-PAP complexes suggest
that altering interactions with the 5′-phosphate of PAP by
mutating Lys-59 has an impact on 3′-phosphate binding. The
direction of the shifts in31P signals observed for replacement
with alanine or arginine is similar, indicating that the effects
cannot be explained only by electrostatic interactions or steric
factors. Lys-59 is probably required to determine a precise
orientation of the phosphosulfate group for catalysis, and the
15-fold decrease in specific activity of the K59R mutant
compared to that of the wild-type flavonol 3-ST (10) is
probably due to the loss of optimal orientation.
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