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ABSTRACT: The human cytosolic sulfotransferases (SULTs)
regulate hundreds, perhaps thousands, of small molecule metabolites
and xenobiotics via transfer of a sulfuryl moiety (-SO;) from PAPS
(3'-phosphoadenosine $’-phosphosulfate) to the hydroxyls and
primary amines of the recipients. In liver, where it is abundant,
SULT1A1 engages in modifying metabolites and neutralizing toxins. N,
The specificity of 1A1 is the broadest of any SULT, and understanding
its selectivity is fundamental to understanding its biology. Here, for the
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first time, we show that SULT1Al substrates separate naturally into
two classes: those whose affinities are either enhanced ~20-fold (positive synergy) or unaffected (neutral synergy) by the

presence of a saturating nucleotide. k.,

for the positive-synergy substrates is shown to be ~100-fold greater than that of neutral-

synergy compounds; consequently, the catalytic efficiency (k../K,,) is approximately 3 orders of magnitude greater for the
positive-synergy species. All-atom dynamics modeling suggests a molecular mechanism for these observations in which the
binding of only positive-synergy compounds causes two phenylalanine residues (F81 and 84) to reposition and “sandwich” the
phenolic moiety of the substrates, thus enhancing substrate affinity and positioning the nucleophilic oxygen for attack. Molecular
dynamics movies reveal that the neutral-synergy compounds “wander” about the active site, infrequently achieving a reactive
position. In-depth analysis of select point mutants strongly supports the model and provides an intimate view of the
interdependent catalytic functions of subsections of the active site.

he cytosolic sufotransferases (SULTs) regulate the ac-
tivities of small-molecule metabolites via transfer of the
sulfuryl-moiety (-SO;) from a universal nucleotide donor
(PAPS, 3’-phosphoadenosine S'-phosphosulfate) to the
hydroxyls and primary amines of the acceptors. While general
principles, such as sulfonation prevents signaling compounds
from binding to their receptors and shortens (often drama-
tically) their terminal half-lives by enhancing their solubility,
are useful starting points for understanding the biological
effects of sulfonation, the manner in which the activity of a
given metabolite is modified is often more complex. Consider
thyroid hormone, a ubiquitous regulator of energy metabo-
lism"*—here, sulfotranferases selectively sulfonate the most
active form of the hormone (T3) and, in so doing, prevent it
from binding its receptor and cause it to become a 200-fold
more efficient substrate for deiodinases, which irreversibly
inactivate the hormone; or hydroxycholesterols, which regulate
cholesterol homeostasis by binding the liver X receptor—in this
case, sulfonation transitions the signaling molecule from an
effective agonist to antagonist with a yet higher affinity;”* or
finally, dopamine, whose rapid sulfotransferase mediated in-
activation in brain may be the root cause of the shaking tremors
experienced by the majority of late-stage Parkinson’s patients.”
There are numerous similar examlples, ~'% many of which have
been linked to human disease.'' ™"
SULT1AI, the focus of this paper, is the most abundant
SULT in liver, where it engages in the extensive sulfonation of
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metabolites and xenobiotics, including numerous drugs and
toxins. Only recently have we begun to understand just how
remarkably complex and adaptive this enzyme can be."*”'®
For example, its specificity changes as a function of the
occupancy of its two PAPS-binding sites. When only a single
subunit is occupied, the nucleotide stabilizes an active-site
conformation that sterically restricts access to the acceptor-
binding pocket and strongly biases selectivity toward smaller,
roughly planar acceptors (e.g, steroid-like structures).'”'®
Nucleotide affinity for the second binding site is far lower
(81-fold) than that for the first, and binding of the second
nucleotide “lifts” the steric restrictions, allowing the enzyme to
field a far greater range of substrate geometries. Further, the
enzyme turns over 8-fold faster when it is doubly occupied. The
in vivo concentrations of PAPS in human tissues suggest that
SULT1AL is singly nucleotide occupied in tissues that have
little need for the detoxifying functions of the enzyme, and
doubly occupied in those (e.g, liver) where the need is
greatest.'” Thus, remarkably, the substrate specificity of the
enzyme appears to be tissue-dependent. In addition to its
PAPS-dependent behavior, the enzyme harbors two function-
ally independent allosteric binding sites, each of which binds a

Received: April 15, 2015
Revised:  June 29, 2015
Published: September 4, 2015

DOI: 10.1021/acs.biochem.5b00406
Biochemistry 2015, 54, 6114—6122


pubs.acs.org/biochemistry
http://dx.doi.org/10.1021/acs.biochem.5b00406

Biochemistry

different complex class of compounds.'®'”*° Thus, the enzyme
seems well equipped to adjust its catalytic behavior to its
environment.

This study explores the substrate specificity of SULT1AI.
The work reveals, for the first time, that small planar acceptors
separate into two classes: those whose affinities increase
~20-fold when PAPS is bound (positive-synergy compounds)
and those whose affinities are not affected (neutral-synergy
compounds). Positive-synergy compounds turn over ~100-fold
faster than neutral compounds, and the combined effects on
affinity and turnover give them an enormous (~3 orders of
magnitude) catalytic advantage over their neutral-synergy
counterparts. All-atom dynamics modeling suggests that only
positive-synergy substrates cause the active-site residues F81
and 84 to reposition, sandwiching the reactive phenolic moiety
of the substrate. The resulting structure resembles a “molecular
clamp” that appears to enhance substrate affinity and increase
the rate of turnover by “fixing” the substrate’s nucleophilic
hydroxyl in an active-site position that is highly conducive to
reaction. The catalytic behaviors of select point mutants
strongly support the model.

B MATERIALS AND METHODS

Materials. The materials and sources used in this study are
as follows. Acetaminophen (Acet), apomorphine (AP),
dithiothreitol (DTT), dehydroepiandrosterone (DHEA), ethyl-
enediaminetetraacetic acid (EDTA), 17-f-estradiol (E2),
fulvestrant (Ful), L-glutathione (reduced), 1-hydroxypyrene
(1-HP), imidazole, isopropyl thio-f-p-galactopyranoside
(IPTG), Lysogeny broth (LB), lysozyme, f-mercaptoethanol,
1-naphthol (1-Nap), 2-naphthol (2-Nap), pepstatin A,
resveratrol (Res), and sodium phosphate were the highest
grade available from Sigma. PAPS and [**S]PAPS were syn-
thesized in house”' and were >98% pure. Ampicillin, HEPES,
KOH, MgCl,, NaCl, KCl, LiCl, and phenylmethanesulfonyl
fluoride (PMSF) were purchased from Fisher Scientific.
Glutathione- and nickel-chelating resins and PreScission
protease were obtained from GE Healthcare. Competent
Escherichia coli [BL21(DE3)] was purchased from Novagen.
The QuikChange mutagenesis kit was purchased from Agilent
Technologies, and mutagenic primers were purchased from
Fisher Custom Oligos. An Amicon Ultra Centrifugal Filter
[molecular weight cutoff (MWC) of 10000] was purchased
from EMD Millipore. PEI-F anion exchange TLC sheets were
purchased from Merck, KGaA.

Computer and Software. The simulations were performed
on a Parallel Quantum Solutions QS32-2670C-XS8 computer.
PQS Molecular Builder was purchased from Parallel Quantum
Solutions. A GOLD license was obtained from the Cambridge
Crystallographic Data Center. The source code for GROMACS
4.5 was downloaded from http://www.GROMACS.org under
the GROMCAS General Public License (GPL). AMBER and
Ambertools 10.0 were obtained from the University of
California, San Francisco.

Methods. Molecular Dynamics Simulations. A ligand-free
model of SULT1A1 was constructed from the SULT1A1-PAP
[Protein Data Bank (PDB) entry 4GRA] 18 binary structure,
and missing atoms were inserted by homology modeling with
SWISS-MODEL.”> PAPS was constructed from PAP using
PQS Molecular Builder. The models were protonated at pH 7
and energy minimized in GROMACS.”” The initial placement
of acceptors was done by docking with GOLD.”* Molecular
dynamics simulations were performed using GROMACS™’ with
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the Amber force field.”> Briefly, energy parameter files for
acceptors and PAPS were generated using AmberTools.”® The
initial structures were energy minimized and then equilibrated
by allowing the system to evolve in 100 ps steps at a simulated
temperature of 310 K until the protein root-mean-square
deviation was stable. Once equilibrated, simulations were run
for 1.0 ns. All measurements and energy calculations were made
using fully equilibrated systems.

Protein Purification. Wild-type and mutant SULT1Al
proteins were expressed in E. coli [BL21(DE3)] from a coding
region that was codon-optimized for E. coli expression. Pro-
teins were expressed with a PreScission-protease-cleavable,
N-terminal His/GST/MBP tag from a pGEX-6P vector.>!
SULT expression and purification were performed as described
previously."® The cells were grown in LB with ampicillin
(100 ug mL™") at 37 °C to an ODgy, of 0.6. Induction was
initiated with IPTG (0.30 mM), and cells were grown overnight
at 18 °C. The cells were pelleted and resuspended in cold
(4 °C) lysis buffer [lysozyme (0.10 mg/mL), PMSF (290 uM),
pepstatin A (1.5 uM), f-mercaptoethanol (5.0 mM), KCl
(040 M), and NaPO, (S0 mM) (pH 7.2)], sonicated, and
centrifuged (35000g for 1.0 h at 4 °C) to remove debris. The
supernatant was loaded onto a Chelating Sepharose Fast Flow
column charged with Ni**. The enzyme was then eluted with
imidazole (10 mM, pH 7.2) onto a Glutathione Sepharose
column followed by elution with glutathione (10 mM, pH 7.2).
The fusion protein was digested with Precision Protease and
dialyzed against HEPES/K" (50 mM, pH 7.5), DTT (1.5 mM),
and KCl (100 mM) at 4 °C overnight. The protein was then
passed through a second GST column to remove the His/
GST/MBP tag and PreScission protease. The enzyme was
concentrated using an Amicon Ultra Centrifugal Filter (MWC
of 10000). The protein concentration was determined by UV
absorbance (£, = 53.8 mM ™' cm™'"7). The protein purity
was >95%, as determined by Coomassie staining of sodium
dodecyl sulfate—polyacrylamide gel electrophoresis gels. The
enzyme was flash-frozen and stored at —80 °C.

Mutagenesis. All SULT1A1 mutants were generated by
polymerase chain reaction mutagenesis using the QuikChange
mutagenesis kit, and mutations were confirmed by sequencing
of the entire coding region.

Equilibrium Binding Fluorescence Titrations. Acceptor
binding to SULT1A1 was monitored by changes in the intrin-
sic fluorescence of the enzyme (4., = 290 nm; 4., = 340 nm)
with a Carry Eclipse spectrofluorometer. Ligands were suc-
cessively added to a solution containing SULT1A1 (10 nM,
dimer), MgCl, (5.0 mM), and NaPO, (25 mM) at pH 7.2 and
25 + 2 °C. Dilution at the titration end points was <2.0% in all
cases. Acceptors were added from stocks containing 50%
ethanol or dimethyl sulfoxide (DMSO). Controls confirmed
that addition of ethanol or DMSO does not cause detectable
fluorescence changes. Titrations were performed in duplicate.
The data were averaged and least-squares fit to a model that
assumes a single binding site per monomer. In all cases, ligand
concentrations were varied from approximately 0.10Ky to 20Kj.
Titrations that measure acceptor binding to binary complexes
contained PAP (10 uM), at 33K, .

Initial-Rate Parameters in Table 1. Rates were determined
by monitoring the conversion of [*S]PAPS to [**S]acceptor
for all acceptors except 1-HP. In all cases, consumption of the
concentration-limiting substrate was <5% of product formed at
the reaction end point. Reaction conditions were as follows:
SULTI1AL1 (5.0 nM, dimer), acceptor (10 concentrations that
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varied from 0.10Kj gpap to 30Kj gpap in equal increments in
double-reciprocal space), MgCl, (5.0 mM), and NaPO,
(50 mM) at pH 7.2 and 25 + 2 °C. Reactions were initiated
by addition of [**S]PAPS (10 uM, specific activity of 4.3 Ci
mmol™") and stopped by addition of NaOH (0.10 M, final
concentration) at time intervals adjusted for each substrate.
Each time point measurement was determined in triplicate, and
averaged values were used in subsequent analysis. Quenched
solutions were neutralized with HCI, boiled for 1.0 min, and
centrifuged, and supernatants were spotted onto PEI-F anion
exchange TLC sheets. Radiolabeled reactants were separated
using a 0.90 M LiCl mobile phase® and quantitated using
STORM imaging.27 Velocities at each acceptor concentration
were obtained by least-squares fitting of four-point progress.
1-HP sulfation was monitored by fluorescence (4., = 320 nm;
dem = 380 nm)."” Because SULTIAL is partially substrate-
inhibited, K, and V_,, were obtained by least-squares fitting of
the velocities to the equation for partial substrate inhibition
v = (Vi S] + Vin[ST/K)/(K,, + [S] + [S]P/K),*"*" where
K, and V,_, are Michaelis—Menten constants, K; is the
substrate inhibition constant, and V;,;, is the velocity at infinite
concentration of substrate.

Trapping Experiments: The Order of Substrate Binding.
Trapping Neutral-Synergy Substrates. A pulse solution con-
taining SULT1A1 [30 M (monomer), 25K, ;] and [*H]E2
(1.0 uM, 131 Ci mmol™) in buffer [MgCl, (5.0 mM) and
NaPO, (25 mM) at pH 7.2 and 25 + 2 °C] was rapidly diluted
[200-fold (v/v)] by hand into a stirred chase solution
containing PAPS (0.50 mM, 1500K;g) and unlabeled E2
(10 uM, 15K, ) in the identical buffer. Once the solution had
been mixed, the enzyme rapidly forms the ternary complex
(<50 ms®’) and [*H]E2 is diluted 2000-fold. The reactions
were run for 3.0 s, which is long enough relative to k., (1.0 s™")
to capture the majority of product that might form from
[*H]E2 before its departure from the enzyme, and short
enough to minimize the formation of the labeled product from
[*H]JE2 that has entered the bulk solution. Simulations using
rate constants from previous work'®*” predict that under these
conditions 97% of the [H]E2 bound to the enzyme at
time zero will be “trapped” in the ternary substrate complex
(E-PAPS-[*H]E2); 69% of the complex is predicted to form
product if the mechanism is random and 2.3% if it is ordered.

Reactions were quenched by addition of NaOH (0.10 M,
final). [*H]E2 and [*H]E2S were separated by extracting the
quenched solution with chloroform [1:5 (v/v)], vortexing,
centrifuging (5.0 min at 1000g), and extracting a second time
with chloroform. Aqueous-phase [*H]E2S was quantitated by
scintillation counting using a PerkinElmer W450624 spectrom-
eter. The reactions were performed in triplicate and revealed
that 67 + 2.0% of the [*HJE2 formed product. Control
reactions in which the labeled acceptor was added to the chase
provide an upper limit for labeled product formation in the case
of the ordered mechanism. The control reactions, also run in
triplicate, converted 4.0 + 1.7% of [*H]E2 to product.

Trapping Positive-Synergy Substrates. 1-HP was used to
assess whether the reaction mechanism of positive-synergy
substrates is random or ordered. SULT1A1 [240 uM (monomer),
44Ky ] and 1-HP (100 uM, 18K,) were preincubated in
buffer [MgCl, (5.0 mM) and NaPO, (25 mM) at pH 7.2 and
25 + 2 °C], and the solution was then diluted [1000-fold
(v/v)] by hand into a well-stirred solution containing PAPS
(10 uM, 28Ky5, S60Kgop, and 8120K,pyp) and pNP
(200 uM, 17Ky g and 334K p.paps) in the identical buffer. 1-HP
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sulfonation was monitored via the fluorescence change of
1-HPS (4, = 320 nm; A, = 375 nm)."” A control reaction that
was identical except that it was initiated by addition of
SULT1A1 was used obtain an upper limit for 1-HPS formation
in the case of an ordered mechanism. To accurately determine
the 1-HPS concentration, a standard [1-HPS] versus fluo-
rescence curve was generated under conditions identical to
those used in the trapping experiments (200 uM pNP, 10 uM
PAPS, 5.0 mM MgCl,, and 25 mM NaPO, at pH 7.2 and 25 +
2 °C). Simulations predict that under these conditions 96% of
the 1-HP bound to the enzyme at t, will be “trapped” by the
addition of the nucleotide in the substrate ternary complex
(E-PAPS-1-HP) in ~25 ms. Three seconds is the minimum
time following initiation of reaction that a measurement can be
made. At 3.0 s, simulations predict that 96% of the ternary
complex will produce product if the mechanism is random and
9% if it is ordered. Experiments, performed in triplicate, showed
95 + 4% of the bound 1-HP formed 1-HPS after 3.0 s; controls
gave 5 + 2% 1-HPS formation.

Initial-Rate Kinetics Using E2. Classical initial-rate studies of
the wild type and I89A were performed. Initial rates were
determined by least-squares fitting of duplicate, four-point
progress curves at each of the 16 conditions defined by a 4 X 4
matrix of substrate concentrations. PAPS and E2 were varied
from 0.20K,, to 5.0K, in equal increments in double-reciprocal
space. Reaction conditions were as follows: SULT1A1 (5.0 nM,
dimer), PAPS (0.060—1.5 uM), [PH]E2 (0.30—7.5 uM, specific
activity of 15 Ci mmol™"), MgCl, (5.0 mM), and NaPO,
(50 mM) at pH 7.2 and 25 + 2 °C. Reactions were initiated by
addition of SULT1Al and quenched by addition of NaOH
(0.20 M, final). Quenched solutions (30 uL) were neutralized
by addition of 170 uL of NaPO, (50 mM, pH 7.2). Nonsulfated
acceptors were removed by two successive extractions with
1.0 mL of chloroform. The sulfated acceptor was quantified by
scintillation counting the aqueous phase using a PerkinElmer
W450624 scintillation spectrometer. In all cases, E2 was the
concentration-limiting substrate and its consumption was <5%
of that consumed at the reaction end point. The initial-rate data
were globally fit to a random bi-bi model using the SEQUENO
algorithm of Cleland.”

Initial-Rate Kinetics Using 2-Naphthol. The rate of
2-naphthol sulfonation was determined by monitoring the
conversion of [**S]PAPS to [**S]naphthol. The [**S]PAPS was
synthesized and purified (>98%) in house.”' Initial rates were
determined by least-squares fitting of duplicate, four-point
progress curves under each of the 16 conditions defined by a
4 X 4 matrix of substrate concentrations. PAPS and naphthol
were varied from 020K, to S5.0K, in equal increments in
double-reciprocal space. In all cases, consumption of the
concentration-limiting substrate was <5% of that product at the
reaction end point. Reaction conditions were as follows: wild-
type or I89A SULT1Al (5.0 nM, dimer), 2-naphthol (0.010—
0.25 uM), MgCl, (5.0 mM), and NaPO, (50 mM) at pH 7.2
and 25 + 2 °C. Reactions were initiated by addition of
[*3S]PAPS (0.020—0.50 uM, specific activity of 4.3 Ci mmol™")
and stopped by addition of NaOH (0.10 M, final). Quenched
solutions were neutralized with HCI, boiled for 1.0 min, and
centrifuged, and supernatants were spotted onto PEI-F anion
exchange TLC sheets. Radiolabeled reactants were separated
using a 0.9 M LiCl mobile phase® and quantitated using
STORM imaging.”’ Initial-rate parameters were obtained by
globally fitting data to a random bi-bi model using the
SEQUENO* algorithm of Cleland.
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Assays of the Non-Active Lower-Lip Mutants (F81A, F84A,
and E85S). The initial rate of E2 sulfonation was determined at
a saturating concentrations of PAPS (4.0 uM, ~15K,, yr) and
[H?]E2 (25 uM, ~20K,, yr, specific activity of 15 Ci mmol™").
The conditions were identical to those described in the E2
assay section above except that [SULT1A1] ... = 100 nM. The
lower limit of detection under these conditions is ~0.5 active-
site equivalents of product. No product was detected at 60 min;
hence, the mutant activity is <0.012% of wild-type activity.
Acceptor binding to each mutant was tested using E2 and Nap
at concentrations as high as their solubility would allow (25 and
100 M, respectively); binding was not detected.

B RESULTS AND DISCUSSION

SULT1A1 Substrate Synergy. Table 1 lists dissociation
and initial rate parameters for a series of SULT1A1 acceptors.

Table 1. SULT1A1 Substrate Synergies and Catalytic
Efficiencies

Ky (uM) synergy efficiency
Kie/ kg Ko WA
acceptor E EPAP  Kygpap (s7) M) (M sTY)
E,” 1.0 0.9 0.90 1.2 1.0 1.2
DHEA® 0.68 0.74 091 0.75 0.77 0.97
Res® 1.1 0.85 14 1.5 1.6 0.93
Acet? 0.50 0.018 28 100 0.022 4500
1-Nap® 13 0.07 18 100 0.077 1300
2Nap/ 1S 006 25 110 0.063 1700
AP® 0.88 0.047 20 58 0.051 1100
1-HP" S.5 0.019 290 120 0.018 3300

“E,, estradiol. bDHEA, dehydroepiandrosterone. “Res, resveratrol.

9Acet, acetaminophen. °1-Nap, 1-naphthol. ©2-Nap, 2-naphthol. AP,
.

apomorphine. “1-HP, 1-hydroxypyrene.

Dissociation constants were determined by fitting equilibrium
titrations that monitor binding via ligand-induced changes in
SULT1AL1 intrinsic fluorescence (see Materials and Methods).
A representative titration is presented in Figure 1. Initial-rate

1.0
0.9 PAP (uM)
’ @ o
0.8 @ 50
/1
° 07
0.6
0.5 T T T T T 1
0 3 6 9 1215

2-Naphthol (uM)

Figure 1. Equilibrium binding of 2-naphthol to the E and E-PAP forms
of SULT1Al. Binding was monitored via changes in the intrinsic
fluorescence of SULT1A1 (4, = 290 nm; A,, = 340 nm). The
fluorescence intensity is given relative to that observed in the absence
of 2-Nap (I/I,). The solution consisted of SULT2A1 [20 nM
(dimer)], PAP [0 (red) or SO uM (blue)], MgCl, (5.0 mM), and
NaPO, (50 mM) at pH 7.2 and 25 + 2 °C. Each point represents the
average of three independent determinations, and the lines through
the points are the behaviors predicted by a best-fit, single-site binding
model.

parameters were obtained as described in Materials and
Methods. The synergy between the nucleotide and a given
acceptor is given in Table 1 as the ratio of acceptor affinities for
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the E and E-PAP forms of SULT1A1 (i.e., K4 /Ky g.pap) and is
a measure of their interaction energy. Positive-synergy
acceptors are those for which the affinity is enhanced when a
nucleotide is bound; neutral-synergy acceptors exhibit synergies
near one (ie. near-zero interaction energies). In every case,
positive synergy correlates with a dramatic increase in k.,
which, together with the effects on binding, results in efficiency
enhancements as high as ~10*

This analysis is without precedent in the SULT literature and
reveals that specific substrates are recognized by SULT1ALI in
ways that give them enormous catalytic advantage. Under-
standing the molecular basis of this enhanced reactivity is the
focus of the remainder of this paper.

A Note on the SULT1A1 Mechanism. The SULT
literature is at odds on the issue of the order of substrate
binding to 1Al. Early initial-rate studies favored a random
mechanism;*”*" that is, either donor or acceptor can bind in
the absence of its “partner”, which can then add to form a
productive ternary complex (i.e., one that can yield product).
Later, interpretations of isotope-exchange-at-equilibrium (IEE)
experiments favored an ordered mechanism in which PAPS
adds first and PAP departs first in the product release phase.””
It is well established that IEE experiments often cannot
distinguish ordered from random mechanisms that include a
dead-end complex,™ and the acceptor used in the IEE studies
(i.e,, 1-napthol) forms a tight dead-end complex with PAP (see
Table 1). A variety of recent lines of evidence favor a random
mechanism for SULT1A1,'>'”*”*® and an in-depth study has
shown that the mechanism of a close relative, SULT2A1, is
random.”’

Substrate trapping experiments were used to resolve
the order-of-binding issue and in so doing determine whether
the E-acceptor complexes listed in Table 1 are catalytically
competent. These experiments, detailed in Materials and
Methods, involve rapid mixing of a small volume of a pulse
solution, in which the acceptor is nearly entirely enzyme-bound,
with a large volume of a chase solution, which contains donor
(PAPS) at a highly saturating concentration and a competing
acceptor, also at a high concentration. The goal is to have the
ternary complex form rapidly, following dilution, relative to
dissociation of the pulse acceptor from the binary complex, and
to set the dilution and competitive acceptor concentration such
that product formation from the pulse acceptor that dissociates
is negligible. Under these conditions, any pulse acceptor
product must derive from acceptor that was productively bound
in the pulse.

Experiments were performed with neutral (E2) and positive-
synergy (1-HP) substrates, and the experimental designs used
radiolabeled and nonradiolabeled pulse-chase strategies. The
experiments were performed in triplicate with the result that
67 + 2.0% of the neutral-synergy and 95 + 4% of the positive-
synergy acceptors bound in the pulse were converted to
product. Hence, acceptors bind productively, and the
mechanism is random.

A Molecular Model of Positive Synergy. In an attempt
to define the molecular basis of positive synergy, molecular
dynamics models of SULT1A1 ternary complexes with positive-
synergy (acetaminophen) and neutral-synergy (estradiol) accept-
ors were constructed and compared (see Materials and Methods).
The X-ray structures of the E-PAP and E-PAP-E2 backbones
(PDB entries 4GRA and 2D06) are nearly identical, suggesting
that the E-PAP structure is representative of the neutral-synergy
conformation. The X-ray and GROMACS-generated E-PAP

21,27,34
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structures are also virtually identical; consequently, the
GROMACS structure was used in subsequent simulations as
a mock neutral-synergy structure.

To reveal differences in the ways in which SULT1Al
responds to Acet and E2, the ligands were docked (using
GOLD™) into an equilibrated E-PAP complex in which only
side chains are allowed to reposition, and the resulting rigid-
backbone structures were used as input for Gromacs®** simula-
tions in which all atoms were subsequently allowed to relax.
The rigid and relaxed structures of the E-PAP-E2 complex are
nearly identical to one another and to their corresponding
X-ray structure. In contrast, the structure of an active-site loop
changed substantially as the E-PAP structure “relaxed” around
Acet (see Figure 2). To avoid being misled by possible

Figure 2. Structural basis of positive synergy. The active-site structural
changes predicted to occur when a positive-synergy substrate
(acetaminophen, Acet) binds to SULT1Al are shown. The white
segment indicates the disposition of the active-site “lower lip” when
Acet is docked into a neutral-synergy conformation (see the text) in
which the backbone is held fixed. The red segment indicates how the
lower lip switches into what appears to be a positive-synergy
conformation when the backbone becomes mobile and the system
can “relax” around Acet. This conformational change shifts F81 and
F84 into positions that sandwich the benzyl ring of the substrate.
Consistent with experimental findings, the molecular “clamp” that
forms seems likely to both enhance the affinity of the positive-synergy
substrates and to increase the rate of turnover by positioning the
nucleophilic hydroxyl for both activation (by hydrogen bonding to
H108) and attack at the sulfuryl group. Simulations performed with
additional positive- and neutral-synergy substrates suggest that only
positive-synergy substrates induce the rearrangement of F81 and F84.

idiosyncrasies associated with the acceptor pair of Acet and E2,
the same docking exercise was repeated with a second positive-
and neutral-synergy substrate pair (2-Nap and DHEA). The
results were virtually identical to those obtained using the pair
of Acet and E2. The 2-Nap structure is discussed below; the
DHEA structure, while not discussed, is provided in the
Supporting Information.

Active-Site Changes. The active-site structural changes
predicted to occur as SULTIAl “relaxes” around Acet are
depicted in Figure 2. The rigid protein is colored white; the
relaxed protein is colored red. While slight structural changes
occur in several non-active-site regions, the most significant
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active-site change is the rearrangement of a small loop (F81—
S91) that interacts with the substrate. We refer to this loop at
the lower lip because it is beneath the active-site cap and forms
a piece of the “mouth” of the active site (see Lip—Cap
Interactions). A prominent feature of the lower-lip rearrange-
ment is the repositioning of F81 and F84. As SULTI1Al
responds to Acet, the benzyl side chains of these residues “flip”
into positions that sandwich the substrate ring, forming a
molecular “clamp” that seems likely to substantially increase the
affinity for the substrate and to activate catalysis by fixing the
nucleophilic hydroxyl at a position where it can both be
activated by the conserved general base H108>> and attack the
sulfuryl group (i.e., ~3.0 A to the H108 e-nitrogen and ~5.5 A
to the sulfur atom of the sulfuryl group).

The view that F81 and 84 are engaged in enhancing the
binding and turnover of positive-synergy substrates is
supported by calculations of the interaction energies and
mobility [i.e.,, root-mean-square fluctuations (rmsfs)] of these
residues in positive- and neutral-synergy complexes (ie., E-
PAPS-Acet and E-PAPS-E2, respectively). Here, interaction
energy refers to the time-averaged energy of interaction of the
R groups of F81 and F84 with their environments. The
interaction energies and rmsf calculations assess the extent to
which F81 and F84 are stabilized and “stiffened” as they move
between neutral- and positive-synergy environments. The F81
and F84 parameters were calculated and compared to those of
all other residues in the protein. Less than two percent of
residues are stabilized, and <1% are stiffened as much or more
than F81 or F84.

General support for the model is given by the excellent
agreement of calculated and experimental acceptor binding free
energies: calculations predict PAPS binding will increase Acet
and naphthol affinities 35- and 37-fold, respectively, without
affecting the binding of E2 or DHEA; experimentation reveals
28- and 18-fold increases, respectively, and no detectable effect
on E2 or DHEA binding.

Wandering Nucleophile. Positioning of reactive moieties
is a fundamental means of achieving catalysts.”>>” To delve
further into the possible role of catalytic positioning in
enhancing the turnover of positive-synergy substrates, movies
of Gromacs simulations (see the Supporting Information) were
created to visualize how acceptors might move about the cavity
in the E-PAPS-Acet and E-PAPS-E2 complexes. Throughout
the 1.0 ns simulations, Acet remains essentially stationary and
well-positioned for catalysis; E2, however, wanders extensively,
rarely achieving a catalytic position. The wandering of E2 is
depicted in Figure 3, which overlays its positions from several
frames of the movie. Simulation predicts that E2 will spend
only ~2% of its time in the active site in a catalytic position.
Thus, k, should decrease ~50-fold in moving from Acet to E2,
which, given the sophistication of the calculation, is reasonably
similar to the 92-fold effect determined experimentally. Here
again, results with 2-Nap and DHEA were similar to those
obtained with Acet and E2.

Testing the Model. Strategy. The prediction that the
binding of select substrates organizes the lower lip into a high-
efficiency catalytic conformation was tested by evaluating
whether mutations that destabilize the high-efliciency structure
result in a loss of synergy. If the low- and high-efficiency
conformations of the lower lip interconvert independently from
the remainder of the catalytic machinery, the destabilizing
mutations may cause only the loss of positive-synergy traits. For
example, if 2-Nap has identical affinity for the E form of the
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Figure 3. Wandering nucleophile. Snapshots from a GROMACS
simulation reveal how E2 (a neutral-synergy substrate) wanders in and
out of catalytic position when bound in the E-PAPS-E2 complex. E2 is
estimated to spend approximately 2% of its time in a catalytically active
position. Positive-synergy substrates are predicted to spend ~100% of
the time in an active position, and this difference may explain the
roughly 100-fold differences in k., associated with positive- and
neutral-synergy substrates. Similar behaviors were observed with two
positive-synergy and two neutral-synergy acceptors: Acet and 2-Nap,
respectively, and E2 and DHEA, respectively. Movies that present the
predicted motions of these acceptors in the SULTI1AI active-site
cavities are available as Supporting Information.

wild type and a mutant enzyme but did not have enhanced
affinity for the E-PAP form of the mutant, only the positive-
synergy component of binding is lost; the nonsynergistic
binding interactions remain intact. Similarly, if a mutation
decreased the rate of turnover of 2-Nap to neutral-synergy
levels but had no effect on E2 turnover, the catalytic machinery
remains intact. If the individual mutations cause both effects,
the positive-synergy binding and turnover functions are likely
colocalized to the same 10-residue stretch of amino acids, the
lower lip.

Lip—Cap Interactions. SULT1A1, like many of its siblings,
harbors a 30-reside active-site cap (shaded blue, Figure 4) that
closes in response to nucleotide binding.'”'**”** As it closes,
the cap forms a “pore” at the entrance to the acceptor-binding
pocket that sterically screens large acceptors but does not affect
binding of acceptors that are small enough to pass through it."®
The acceptor-binding region of the closed cap directly contacts
the lower lip and appears to stabilize the positive-synergy
conformation. As the nucleotide departs and the cap “peels”
away from its base,'® the lip—cap contacts will disengage and
likely render the lip incapable of forming a stable high-efficiency
conformation.

An in-depth study of the cap of SULT2A1°" revealed that it
subdivides into two “halves”, a nucleotide half and an acceptor
half, and led to the ability to mutagenically uncouple nucleotide
binding from closure of the acceptor segment. Analogous
SULT1AI mutants would allow one to test how opening just
the segment of the cap that touches the lower lip effects the
positive-synergy interactions. This approach tests the model’s
predictions without mutating the lip or the residues that it
contacts; they are left to engage freely.

Cap Mutat/ons Using prior SULT2AI studies as a
template,”® the three cap linkages selected for mutagenesis
are labeled 1-3 in Figure 4. Link 1 is a direct-contact hydro-
phobic link between the cap (V243) and lower lip (I89). In an
attempt to weaken this interaction, V243 was replaced with G.
Link 2, an intracap ring stacking interaction, forms an
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Figure 4. Linkages that stabilize cap closure and the positive-synergy
conformation of the lower lip. This structure, which is of the E-PAPS-
2-Nap complex, was predicted using GROMACS. 2-Nap is a positive-
synergy acceptor, and the enzyme has assumed the same positive-
synergy conformation seen in Figure 1. The R group interactions
labeled 1—3 appear to stabilize the closed state of the cap; they are
broken as the cap opens. All of the linkages are located in the acceptor-
half active-site cap. The cap is colored light blue, and the lower lip is
colored red. Each linkage was disrupted via mutagenesis, and the
mutants were tested for cap opening, nucleotide binding, and positive

synergy.

interesting “kink” in the cap that appears to stabilize its closed
structure. Link 2 was weakened by replacing the F25S benzyl
moiety with a methyl group (i.e, F255A). The third link
stabilizes the cap by forming a salt bridge between D249 (a cap
residue) and L147, located in an adjacent protein segment. This
interaction was weakened by replacing the carboxylate oxygens
of D249 with a hydroxyl group (i.e., D249S). All of the mutants
expressed well in E. coli and were purified to >95% homo-
geneity (see Materials and Methods).

Assaying the Mutants. The consequences of the cap
mutations were assessed by monitoring their effects on the
binding interactions of the nucleotide and acceptor. In the
absence of bound ligands, the equilibrium constant for
the closed—open isomerization of the SULT1Al cap favors
the open state ( iso [Cap]closed/[cap]open > 00518 39) In
contrast, when a nucleotide (PAP or PAPS) is bound, K,
favors the closed conformation (K, pnue = 25'7'%). Con-
sequently, the affinities of acceptors too large to pass through
the pore (large acceptors) decrease when a nucleotide is bound
by a factor given to a near approximation'* by K, pee (i€
26-fold). If acceptor-binding determinants other than those
associated with cap closure are not affected by the mutation, the
affinities of small acceptors will not be altered. Thus, by
studying the effects of the nucleotide on the binding of small
and large acceptors, the effects of the mutation on cap
isomerization and the intrinsic binding properties of the
acceptor pocket can be evaluated. E2 and fulvestrant are a
homologous small and large acceptor pair, respectively, used
previously in SULT1A1 studies.®© Their binding is readily
monitored via significant decreases (~25%) in the intrinsic
fluorescence of the enzyme. Fulvestrant, an FDA-approved
selective estrogen receptor modulator, is a C7 derivative of E2
whose substituent is large enough to prevent it from passing
through the acceptor pore of the closed cap.

To assess whether a mutation affects nucleotide protein
interactions other than those associated with the cap, the
affinity of the nucleotide for the mutant and wild-type enzymes
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Table 2. Ligand Binding to Wild-Type and Mutant SULT1A1

Ky (uM)”
E2 fulvestrant PAP 2-Nap

SULT1A1 E E-PAP E E-PAP E E E-PAP
WT 1.0 (0.1) 0.9 (0.2) 1.7 (0.3) 35 (4) 0.27 (0.02) 1.7 (0.3) 0.077 (0.02)
V243G 0.9 (0.1) 1.6 (02) 1.3 (02) 1.5 (0.3) 0.28 (0.01) 22 (02) 2.7 (0.3)
F255A 0.9 (0.2) 0.9 (0.2) 1.5 (0.1) 14 (0.2) 0.27 (0.02) 2.0 (0.2) 1.7 (0.3)
D249S 0.9 (0.1) 1.5 (0.3) 1.6 (02) 12 (0.3) 0.30 (0.01) 22 (02) 2.1 (0.3)
I89A 1.5 (0.3) 1.6 (0.2) 1.1 (0.1) 22 (3) 0.31 (0.04) 1.8 (0.1) 1.9 (0.2)

“Parentheses enclose standard error estimates.

was compared. The absence of a detectable change in affinity is
taken as an indication that the “other” interactions remained
largely intact.

Assay Results. The effects of the cap mutations on the
interactions of large and small acceptors with nucleotide-bound
and -free SULT1A1 are compiled in Table 2. Within error, the
mutations do not affect the binding of E2 to either E or E-PAP.
In contrast, the nucleotide-induced 21-fold decrease in the
affinity of fulvestrant seen in the wild-type enzyme does not
occur in any of the cap mutants. Fulvestrant binds with equal
affinity to E and E-PAP; moreover, its affinities for the E forms
of the mutants and wild-type enzyme are identical. Thus, the
mutations appear to destabilize the closed form of the cap
without affecting the pocket’s other binding functions. Finally,
the affinity of PAP is not influenced by the mutations; the
nucleotide-binding functions remain fully intact. In summary,
the mutations appear to have uncoupled only the nucleotide’s
ability to stabilize the pore; all other acceptor- and nucleotide-
binding functions remain near those of the wild type.

Coupling of Nucleotide Binding, Pore Formation, and
Positive Synergy. To assess whether pore formation and
positive synergy are coupled, the effects of nucleotide on the
affinity of 2-Nap, a positive-synergy substrate, for each cap
mutant were determined and compared to the effect on the
wild type (Table 2). In each case, the 22-fold enhancement in
the affinity of 2-Nap seen in the wild type vanishes; positive
synergy is lost. Thus, closure of the acceptor “flap” is required
to stabilize the positive-synergy conformation of the enzyme.
This model, which is well supported by the data (Table 2),
provides a cogent molecular rationale that explains how binding
of a nucleotide transmits a signal across the cap to the lower lip
by closing a flap that directly contacts and stabilizes the
positive-synergy conformation, a beautiful example of molecular
communication between distal subsections of an active site.

A Lower-Lip Mutant. To directly test the dependence of
positive synergy on the lower lip, it was mutagenized and the
effects of the mutations were determined. Four point muta-
tions, each at a different position in the lip, were constructed
(F81A, F84A, E85S, and I89A). All of the mutations expressed
well in E. coli and were stable toward purification; however,
only one (i.e., I89A) was active. Neither binding nor turnover
could be detected in the remaining three (see Materials and
Methods). Consistent with the structure shown in Figure 4,
replacement of the isopropyl group of 189 with a methyl group is
expected to weaken the interaction between the lower lip and cap.
The binding studies (Table 2) reveal that, within error, the I89A
mutation completely abolishes positive synergy, thus confirming a
direct role for the lower lip in establishing positive synergy.

It is interesting that while the I89A mutation prevents
positive synergy, it does not prevent cap closure. This is evident
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Table 3. Effect of the I89A Mutation on Initial-Rate
Parameters

enzyme acceptor K, (uM) ke (s7Y) koo/Ky
WT E2° 12 (0.1)° 1.0 (0.05) 0.83 (0.02)
I89A 12 (02) 0.9 (0.03) 0.75 (0.09)
WT 2-Nap” 0.05 (0.01) 111 (8) 2220 (500)
189A 2.7 (02) 5.8 (0.2) 3.4 (0.5)

“E2, estradiol. “2-Nap, 2-naphthol. “Parentheses enclose standard
error estimates.

in the results of the fulvestrant binding studies, which reveal
that nucleotide binding causes a 22-fold decrease in the affinity
of fulvestrant for both the wild-type and mutant enzymes
(Table 2). Thus, the mutation uncouples the positive-synergy
functions of the lower lip from cap closure. The possibility that
these functions are separable is plausible given that they are
associated with structural changes in separate regions of the
protein. This separability is supported by modeling, which
suggests that in lieu of interactions with 189, V243 can “tuck”
up under the cap to form other stabilizing interactions, and by
the experimental finding that the wild-type cap closes when
neutral-synergy compounds are bound.”” In summary, closure
of the acceptor half of the cap is necessary but not sufficient to
elicit positive synergy, and the positive-synergy conformation is
not required for cap closure. It is as if positive synergy requires
both the 189—V243 interaction and a substrate capable of
stabilizing the active conformation, a molecular “linchpin” that
acts to “fasten” the system in the active conformation.

Nap Wanders in the I89A Mutant. If the I89A mutation did
no more than prevent the lower lip from achieving the positive-
synergy conformation, it would, in essence, “lock” the enzyme
in a neutral-synergy state and thus prevent it from distinguish-
ing positive- from neutral-synergy acceptors. If so, positive-
synergy substrates, like their neutral-synergy counterparts,
would be expected to wander in the mutant active-site cavity,
causing a decrease in k, relative to that of the wild-type
enzyme. GROMACS simulations of the I89A mutant predict
that with both PAPS and Nap bound, the positive-synergy
conformation does not form in the mutant, and that Nap
wanders, like a neutral-synergy substrate, in the active site (see
the movies in the Supporting Information).

The wandering-nucleophile model predicts that the k, of 2-
Nap will be decreased by the I89A mutation. To test this, the
initial-rate parameters for Nap were determined using the wild-
type and mutant enzymes. As a control to assess whether the
sulfuryl-transfer “machinery” of the mutant remains intact,
initial-rate parameters for a neutral-synergy acceptor (E2) were
also determined. The 4 X 4 data used to obtain the parameters are
presented in Supplemental Figure 1. The E2 parameters for the
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wild-type and mutant enzymes are nearly identical (Table 3),
whereas the 2-Nap parameters reveal that the mutation causes a
19-fold decrease in k_,, a 54-fold increase in K, and a 650-fold
decrease catalytic efficiency. These fold changes are in line with
those observed upon comparison of the wild-type parameters of
positive- and neutral-synergy substrates. In summary, the data
suggest that the mutation causes the enzyme to remain in the
neutral-synergy conformation and support the wandering-
nucleophile mechanism.

B CONCLUSIONS

A study of the binding and reactivity of SULT1Al substrates
has revealed that they separate into two groups: those whose
affinities are enhanced ~20-fold in the presence of saturating
nucleotide (positive-synergy substrates) and those whose affini-
ties are unaffected by nucleotide (neutral-synergy substrates).
k., for the positive-synergy group is ~100-fold greater that that
for the neutral-synergy compounds; thus, the catalytic
efficiencies (k./K,,) of the positive-synergy compounds are
3—4 orders of magnitude greater than those of their neutral-
synergy counterparts.

A molecular model for positive synergy is proposed in which
binding of a positive-synergy substrate causes F81 and F84 to
“switch” into positions that “sandwich” the phenolic moiety of
the substrate and thus stabilize its nucleophilic hydroxyl in a
reactive position. Unlike their positive-synergy counterparts,
neutral-synergy acceptors are predicted to wander in the active
site, rarely achieving a reactive position. The major tenets of
this model were tested using site direct mutants with the result
that the mutants behave precisely as predicted by the model.

Several additional insights were obtained during the course of
the work. Notably, the order of substrate binding has been
resolved, and binding is random; it was shown that the acceptor
half of the active-site cap of SULT1A1 can be uncoupled from
the binding of the nucleotide.
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