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Abstract

Human cytosolic sulfotransferases (SULTS) transfer the sulfuryl-moiety (-SO3) from activated
sulfate (3’-phosphoadenosine 5’ -phosphosulfate, PAPS) to the hydroxyls and primary amines of
numerous metabolites, drugs and xenobiotics. Receipt of the sulfuryl-group often radically alters
acceptor-target interactions. How these enzymes select particular substrates from the hundreds of
candidates in a complex cytosol remains an important question. Recent work reveals PAPS
binding causes SULT2A1to undergo an isomerization that controls selectivity by constricting the
opening through which acceptors must pass to enter the active site. The enzyme maintains an
affinity for large substrates by isomerizing between the open and closed states with nucleotide
bound. Here, the molecular basis of the nucleotide-induced closure is explored in equilibrium and
non-equilibrium molecular dynamics simulations. The simulations predict that the active-site
“cap,” which covers both the nucleotide and acceptor binding sites, opens and closes in response
to nucleotide. The cap subdivides into nucleotide and acceptor halves whose motions, while
coupled, exhibit an independence that can explain the isomerization. /n-silico weakening of
electrostatic interactions between the cap and base of the active site causes the acceptor-half of the
cap to open and close while the nucleotide lid remains shut. Simulations predict that SULT1A1,
the most abundant SULT in human liver, will utilize a similar selection mechanism. This
prediction is tested using fulvestrant, an antiestrogen too large to pass through the closed pore, and
estradiol, which is not restricted by closure. Equilibrium and presteady state binding studies
confirm that SULT1A1 undergoes a nucleotide induced isomerzation that controls substrate
selection.
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Human cytosolic sulfotransferases play a critical role in regulating metabolism. These
enzymes transfer the sulfury-moiety from the donor, activated sulfate (1), to the hydroxyls
and primary amines of hundreds if not thousands of acceptors. Sulfonation often profoundly
alters the affinities of compounds for their targets, which include nuclear (2-4) and
dopamine receptors (5). Sulfatases, which remove the sulfuryl-group, counterbalance the
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activities of sulfotransferases and their combined actions determine the /n-vivo activities of
many biomolecules (6). Primary roles of sulfotransferases include regulating the activities of
signaling small molecules (2-5) and defending receptors from perturbations caused by the
binding of xenobiotics that resemble signaling molecule (7, 8). These homeostatic and
defensive functions place very different demands on selectivity. The former requires that
SULTSs operate on a cohort of related structures; the latter requires them to act on a much
broader set of structures whose common element is a resemblance to the receptor-binding
features of the cohort. The molecular mechanism that underlies this dual-specificity in the
human SULTs 1Al and 2A1 is the focus of this work.

SULTSs 1A1 and 2A1 are found in numerous tissues and are concentrated in liver, where
they are found in gram quantities, 0.9 and 0.3 g/kg wet weight, respectively (7, 9)). The
substrate spectrum of SULT1A1 is the broadest of any SULT (1, 10, 11). Its substrates
include small planar molecules (12), steroids (13), cyclic amines (14), numerous drugs (10,
15-17) and small peptides (18). The spectrum of SULT2A1, while broad by many standards
(19-22), centers on steroid-like structures, for which it exhibits substantially higher affinities
than SULT1AL (23). Together, these enzymes comprise ~ 90% of sulfotransferases in liver
and are a significant means of homeostatic balance and detoxication in the human body (7).

The binding of nucleotide causes an isomerization that restricts access to the acceptor-
binding pocket of SULT2A1 (24). Structures with and without nucleotide bound suggest that
the restriction is due to a repositioning of a nine-reside segment located at the entrance to the
acceptor-binding pocket. This molecular “gate” forms part of the active site “cap,” which
covers both the nucleotide and acceptor binding sites and is conserved in the family. Protein-
function work has shown that the enzyme isomerizes between gate- “open” and “closed”
states while nucleotide remains bound. Active-site access to compounds small enough to
pass through the restricted opening is not affected by the position of the gate. Substrates too
large to pass though the opening can bind only when the gate has “swung” to the open
position. Thus, large-substrate access is controlled by the equilibrium constant that governs
the isomerization, Kjgo. The selectivity’s of the open and closed forms appear well suited to
the dual-specificity demands placed on these enzymes (24).

The current work explores the molecular basis of the gating mechanism through
computation and experiment. Equilibrium and non-equilibrium molecular dynamics
simulations suggest molecular details of how the cap disengages from the base of the active
site, and that a considerable increase in dynamics occurs when the gate opens. Remarkably,
the modeling predicts an isomerization in which the “acceptor-half” of the cap can “peel”
away from the base while leaving the nucleotide-half closed. Gating has not been tested in
SULT1A1. The models suggest that gating occurs in 1A1 and this prediction is born out in
equilibrium and presteady-state binding studies. The metabolic utility of the gating
mechanism is discussed in the context of the environment in which these enzymes are
expressed, the hepatocyte cytosol (9, 25).

Materials and Methods

The materials and their sources are as follows: dithiothreitol (DTT), EDTA, L-glutathione
(reduced, GSH), glucose, imidazole, isopropyl-thio-p-D-galactopyranoside (ITPG), LB
media, lysozyme, p-mercaptoethanol, pepstatin A, fulvestrant, estradiol (E2) and potassium
phosphate were the highest grade available from Sigma. Ampicillin, HEPES, KOH, MgCl,,
NaCl, KCI, and phenylmethylsulfony! fluoride were purchased from Fisher Scientific.
Glutathione- and nickel-chelating resins were obtained from GE Healthcare. Competent £.
coli (BL21(DE3)) was purchased from Novagen. PAP and PAPS were enzymatically
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synthesized as previously described (3, 26). PAPS purity was = 98% as assessed by anion-
exchange HPLC.

Protein Purification

Human SULT1A1 DNA was codon optimized for £. coli (MR. GENE, Germany) and
inserted into a triple-tag pGEX-6P expression vector with an N-terminal His/GST/MBP tag
(24, 26). The plasmid was transfected into £. coli (BL-21(DE3)) and SULT1A1 was
expressed and purified as described previously (24, 26). Briefly, the cell pellet was
suspended in lysis buffer, sonicated, and centrifuged. The supernatant was loaded onto a
Chelating Sepharose Fast Flow column charged with Ni2*. The fusion protein was eluted
with imidazole (250 mM) onto a Glutathione Sepharose column and then eluted using GSH
(10 mM). The fusion protein was digested with Precision Protease and dialyzed overnight
against HEPES/K* (50 mM, pH = 7.5), DTT (1.5 mM), KCI (50 mM) at 4 °C. The sample
was passed back through the glutathione column to remove the tag. SULT1A1 was
concentrated using a 10 kDa cutoff filter and stored at —80 °C in 40% glycerol. Protein
purity was assessed at > 97% using SDS PAGE. Protein concentration was determined
spectrophotometrically (eogo = 36.7 mM~1 cm™1) (3).

Crystallization and Structure Determination

The SULT1AL- PAP complex was formed by addition of PAP (0.50 mM) to protein at
15mg/mL. The complex was crystallized by sitting drop vapor diffusion at 21°C by mixing
1.0 pL of the protein with 1.0 pL of reservoir solution (Tris (0.10 M, pH 8.0), PEG (20%)
and 1,3-butanediol (4% v/v)) and equilibrating over 0.10 mL of reservoir solution. Crystals
were transferred to reservoir solution supplemented with 20% glycerol prior to flash-cooling
in liquid nitrogen. X-ray data were collected on an ADSC QUANTUM 315 CCD detector at
the NSLS beam line X29A and processed with HKL3000 (27). Diffraction data from a
ligand-bound SULT crystal were collected at wavelength A = 1.075 nm and were consistent
with space group P21 (a = 48.44, b = 122.63, ¢ = 55.00A; B = 91.46) with two molecules per
asymmetric unit. Due to the high degree of anisotropy of the diffraction data the ‘Use Auto
Corrections’function of the HKL3000 program was used during scaling, and the resolution
was limited to 2.60 A from 2.30 A. Molecular replacement was performed using the PAP-
bound SULT structure (pdb code 2D06) as a search model with MOLREP (28). Subsequent
model building and refinement was performed with Coot (29) and REFMACS (28). The
final model was refined to 2.60 A with Ry, = 0.214 and Ryee = 0.266.

Software and Computational Equipment

The simulations were performed on a Parallel Quantum Solutions QS32-2670C-XS8
computer. MODELLER was provided by the University of California, San Francisco. 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.

Molecular Dynamic Simulations

Models of SULT2A1 were constructed from the available binary crystal structure of
SULT2A1 and PAP (1EFH) (30). SULT1A1 models were constructed using the
SULT1A1-PAP structure determined in this study (4GRA). Missing atoms were added using
MODELER (31). The protein was solvated using approximately 3000 SPC water (32)
molecules in a cube large enough to allow at least 1.0 nm of water between protein and cube
surfaces (33). For simulations involving PAPS-bound enzyme, the PAPS structure was
obtained from the SULT1E1-PAPS structure (PDB 1HY3) (34). The PAPS charge
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distribution was calculated using AmberTools 10.0 (35) and PAP was replaced with PAPS
in the crystal structure. The net charge of the system was balanced with Na*, and NaCl was
added to the box to a simulated concentration of 0.15 M (33). Non-covalent interactions
were cut off at 1.0 nm. STEEPEST DECENTS in GROMACS was used to energy minimize
the system (36). Once minimized, the protein-solvent system was heated to a simulated
temperature of 310K and the system was then stabilized using Berendsen temperature and
pressure coupling (37, 38). Bonds were constrained with LINCS (39). The simulation was
then run for 1.0 nsec. A time step of 2 fs was used through the warming and simulation steps
and structures were written every 0.5 ps. RMSD values were then plotted vs. time to
determine whether the system had reached equilibrium. Once equilibrated, the simulation
was run for 10 nsec. All analyses were performed after equilibration using programs in
GROMACS and VMD (33, 40). Mutants were generated by replacing target residues with
glycine or serine. If necessary, the ion concentration was adjusted to maintain neutrality.
Following R-group substitution, solvent was allowed to reorganize around the protein for
100 ps. Sixteen 1.0 ns simulations were then run in parallel. The key interaction distances
were then averaged and plotted vstime. It should be noted that identical behaviors were
observed when simulations were performed with monomers or dimers constructed using the
canonical interface. Consequently, all simulations were performed using monomer
structures.

In-Silico Docking

The SULT1A1-PAPS model used in ligand docking studies was developed from our
SULT1A1-PAP structure (4GRA) as describe above, the unliganded (open) model of
SULT1A1 was generated from the SULT1A1 simulations at equilibrium (see above) using
the g _cluster function in GROMACS (41). Models were protonated and energy minimized
using GOLD (42). Ligands were docked to the models using the Lamarckian evolution-
based algorithm (43). After 250 simulated generations, the lowest energy orientation was
saved for analysis. The algorithm was repeated 10 times for each combination of ligand and
protein (43). A docking simulation was considered competent if the Gibbs binding potential
was favorable and the nucleophilic hydroxy! of the ligand was within hydrogen bonding
distance of the universally conserved, active-site histidine general base (44).

Equilibrium Binding of Fulvestrant and E2 to SULT1A1

Acceptor binding to SULT1AL with or without bound nucleotide results in a substantial (20
— 40 %) decrease in the intrinsic fluorescence of the enzyme. Binding was monitored by
fluorescence changes using a Carry Eclipse spectrometer, Aex = 290 nm, Ay =345 nm, 5
nm slit width. E2 and fulvestrant were titrated to a solution of SULT1A1 (10 nM, subunits),
PAP (0 or 125 uM), MgCl, (5.0 mM), KyPOy4 (25 mM), pH 7.4, 25 £ 2 °C. Titrations were
performed by addition of concentrated ligand in ethanol:water vehicle (1:1 v/v). The total
volume change was < 2.0 % and the final ethanol concentration was < 0.5%. Ethanol alone
at 0.5% did not cause a change in fluorescence. Titrations were performed in triplicate. Data
were averaged and least-squares fit using a model that assumes a single binding site per
monomer (24, 26).

The binding algebra

The model used in fitting the equilibrium-binding titrations (Fig 5) is given in equation 1,
which represents the gating mechanism under conditions where enzyme is saturated with
nucleotide, a condition that holds for the binding studies ([nucleotide] > 15 x Kq in all
titrations). The model includes an isomerzation that interconverts E” and E, and a ligand-
binding step in which ligand, L, can bind only to E. Given conservation of mass (eq. 2), the
EL concentration can be expressed in terms of the concentration of solution-phase ligand, L,
and an apparent binding constant, K, which is given by Kq - (1 + 1/Kjso). Note that Ka ~
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Kq when Kjso > 1. As a practical matter, L can be set equal to the concentration of total
ligand, because < 4 % of ligand is enzyme bound at any point in the titrations. Binding is
measured by following the change in intrinsic fluorescence of the enzyme. The fraction of
bound enzyme (EL/ET) at a particular ligand concentration is given by the change in
fluorescence at that concentration (Al) divided by the change at saturating ligand (Almax),

EL/Et = Al/Alpax. Estimates of Ka were obtained by least-squares fitting of the quadratic
formula to the Al/Alnax VS L titrations (24).

’ Kiso Kd
E 2 E+L2E O

E.=E +E+EL (2

E;=EL/(Kis - Kq - )*+EL/(Kq - L)+EL  (3)

Which rearranges to,

EL=E, - L/(L+Kq (1+1/Kiso))  (4)

Alternatively,

EL/ET IAI/AImaX :L/(L+KA)' (5)

Presteady state binding studies

Binding was monitored by following changes in the intrinsic fluorescence of the enzyme
using an Applied Photophysics SX20 stopped-flow spectrometer. Samples were excited at
290 nm, and light emitted above 320 nm was detected using a cutoff filter. Single-mixing
experiments involved rapidly mixing (1:1) a solution containing SULT1A1 (0.10 M),
MgCl, (5.0 mM) and KPOy4 (25 mM, pH 7.4), 25 £ 2 °C with a solution that was identical
except that SULT1AL was replaced with fulvestrant, estradiol or PAPS. Sulfotransferases
exhibit a slow, intrinsic hydrolysis of PAPS that must be taken into account in experiments
that preincubate PAPS with enzyme, such as the binding of acceptor to the E-PAPS
complex. The apparent K.,; for SULT1AL hydrolysis of PAPS was determined using
published protocols at saturating 3°S-PAPS (7.0 M) under the conditions of the presteady
state experiments (MgCl; (5.0 mM) and KPOy4 (25 mM, pH 7.4), 25 + 2 °C), Kcat (app) =
0.046 min~1 (26). To avoid potential complications associate with PAPS hydrolysis, the
binding of acceptor to E:PAPS complexes was performed using a two-stage mixing strategy
in which PAPS is first mixed with enzyme and binding is allowed to occur for > 5 binding-
reaction half-lives before mixing a second time with the acceptor. To measure the binding of
estradiol and fulvestrant to SULT1AL-PAPS, a solution containing SULT1AL1 (0.20 wM),
MgCl, (5.0 mM) and KPOy, (25 mM, pH 7.4), 25 £ 2 °C was rapidly mixed (1:1) with a
solution lacking SULT1A1 but containing PAPS (400 M), and the binding reaction was
allowed to evolve for 100 msec (15 x tq/») before mixing a second time (1:1) with a solution
containing fulvestrant or estradiol. Reactions were pseudo first order in acceptor
concentration in all cases. Typically, binding progress curves were the average of ~ 8
separate pushes. Three progress curves from independently prepared solutions were
collected at a given acceptor concentration and averaged. Apparent rate constants were
obtained from the averaged data using the Applied Photophysics Pro-Data analysis software
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(Marquardt fitting algorithm). Four ligand concentrations were used in constructing Kqps Vs
[ligand] plots, from which rate constants were extracted using linear least-squares analysis.
The two-stage sequential-mixing experiments were carried out with an SQ.1 sequential-
mixing accessory.

Results and Discussion

The gating mechanism

Of the 37 sulfotransferase structures in the PDB, only one is without bound nucleotide, the
structure of the SULT2A1-DHEA complex (1J99). Comparison of the nucleotide-free and -
bound structures suggests that the opening through which acceptors must pass to enter the
active site is substantially constricted by the binding of nucleotide. In an apparent
contradiction to the predictions of these structures, substrates too large to pass through the
restricted opening are able to bind directly to the E-PAPS complex (30). The affinity of these
large substrates decrease 21-fold at saturating PAPS, while the affinities of substrates small
enough to pass through the closed pore are not affected by nucleotide. To reconcile the
binding and structural studies, it was hypothesized that SULT2A1 isomerizes between open
and closed states when nucleotide is bound. This hypothesis, which preserves the spatial
restrictions implied by the structures, makes several testable predictions. First, the
weakening in the affinity of large substrates will be given by the isomerization equilibrium
constant, Kisq (see, Binding algebra, Materials and Methods). Second, the change in affinity
caused by nucleotide binding will be due solely to a decrease in the binding on-rate constant
because the concentration of the open form (the only form competent to bind large
acceptors) is reduced by a factor given by Kjso. The experimental validation of these
predictions led to the conclusion that the PAPS-bound SULT2A1 isomerizes between open
and closed states each with very different acceptor specificities (24).

Gating in-silico

To delve more deeply into the molecular basis of the nucleotide-gated isomerization, the
behavior of nucleotide-bound and unliganded enzyme were examined in equilibrium and
non-equilibrium molecular dynamics simulations using GROMACS (33). In preparation for
the simulations, the structures were equilibrated at 310 °K prior to simulation. The system
was considered equilibrated once the all-protein-atom RMSD fluctuations reached a stable
value. The approach to equilibrium was exponential and was reached within 5 ns in all
cases.

To assess whether the presence of nucleotide determines opening and closure, the system
was equilibrated once nucleotide was either removed from the closed- or added to the open-
structure. All forms were equilibrated prior to addition or removal of nucleotide. The open
or closed status of the structures at simulation end-points were determined entirely by
whether or not nucleotide was present. Thus, the /n-sifico system opens and closes in
response to nucleotide.

The predicted equilibrium structures and a-carbon dynamics of the open and closed forms
of SULT2AL are presented in Fig 1. The figure has the viewer facing the entrance of the
acceptor-binding pocket, which is marked by the small red sphere. The three protein
segments that interact to form the opening of the acceptor pocket are highlighted by
transparent surfaces. The dynamics (root-mean-squared-fluctuations, RMSF) of the a-
carbon backbone are given by the width and color of the chain. Relative to the open
structure, the a.-carbon fluctuations of the closed (nucleotide-bound complex) are slight and
access to the acceptor-binding pocket is quite restricted. As a visual aid in comparing the
conformational changes predicted to occur when nucleotide is removed, the transparent
surfaces seen in the closed form were superposed onto the open structure. Withdrawing
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nucleotide causes the three segments to detach, opening the active-site pore. Segment one
remains largely in position, #hree unfolds slightly, while fwo undergoes considerable
changes in both structure and dynamics. The behaviors predicted by the models mimic the
crystallographic data and are well supported by experimental findings (24, 30, 45).

In-silico cap closure

To understand how the cap might close, PAPS was added to the unliganded enzyme in-silico
and the ensuing cap closure was monitored as a function of time at four conserved positions
that are distributed throughout the cap. Each linkage is described in the following paragraph
and all are broken as the cap opens. Two of the linkages are located in the “nucleotide half”
of the cap, and two are in the “acceptor half.” The linkages are shown in Fig 2A and their
colors correspond to the traces shown in Panel B. Each trace represents the time-dependence
of the distance between moieties whose interactions are broken as the cap opens. Traces
were normalized to the average distance in the fully open and closed structures. Each trace is
the average of 16 simulations. The absolute distance changes and the atoms used in the
measurements are listed in the legend.

Inspection of the PAP-bound structure of SULT2A1 (1EFH (30)) suggests that cap-residue
Arg247 (link one, Fig 2A) is the only direct contact between the cap and nucleotide. Arg is
found at this position in all cytosolic SULTS, and is extensively hydrogen bonded to the 3’-
phosphate of PAPS. Link oneis the earliest to form and appears to initiate cap closure (Fig
2B). Link two forms immediately thereafter and stabilizes a cap “kink” that is conserved
either as a salt link (SULT2 subfamily) or a m—stacking interaction (SULT1 subfamily).
Link threeis an ionic interaction between the Asp237 carboxylate and the primary
ammonium ion of Lys138, and link four is an extensive hydrophobic interaction between
cap-residues Leu 233 and 234 and base-residues Trp72, lle 82 and Phel8. Linkages three
and four, which couple the acceptor section of the cap to the base of the binding pocket, also
form together, but well after oneand two. This hysteresis suggests a degree of independence
between the two halves of the cap that might allow the acceptor-half to open and close while
the donor-half remains shut with nucleotide bound.

While the cap closes in segments, it does not reopen in simulations as long as 20 ns. In an
attempt to observe both closure and opening, the stability of the cap was weakened by
reducing the charges on the carboxylate oxygens involving the ionic bonds at positions two
and three. Once the charges were reduced to 0.35 eu, the acceptor-half of the cap began to
oscillate between open and closed states while nucleotide remained bound in a closed pocket
(see, Supplement 1 Movie). Remarkably, the GROMACS models are able to predict not
only the nucleotide induced opening and closure of the cap seen in crystallographic data, but
an isomerization that explains the gating mechanism and the effects of nucleotide on
selectivity.

Gating in the SULT1 Family?

SULT1AZ1 has the broadest tissue distribution and substrate spectrum of any human
cytosolic sulfotransferase (10, 46). The enzyme sulfonates the hydroxyls and primary
amines of hundreds, if not thousands, of endo- and xenobiotics. SULT1AL and 2A1 are
similar both in sequence (35% identity, 71% conservation) and structure, yet they differ
significantly in regions that define the edge of the acceptor-binding pocket. In particular,
SULT1AL1 contains a conserved 8-residue proline-rich segment that is not found in
SULT2A1 subfamily (Fig 3, segment 3, residues 86-93). This seemingly rigid flap is
positioned precisely where the pore opens.
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To assess the SULT1AL pore in-silico, MD equilibrium simulations of the nucleotide-bound
and unliganded forms of the enzyme were performed using GROMACS. At the time this
work began there were no published structures of SULT1AL in complex with PAP.
Consequently, the enzyme was co-crystallized with PAP, and the resulting 2.6A structure
(4GRA) was used in our computational models. Since that time, a structure of the binary
complex has been published (3U3J (10)). Neither structure uses the canonical dimer
interface. Such interfaces are seen in other SULT structures, and this issue has been
discussed in detail elsewhere (47, 48). Notably, the monomer structure of 4GRA and 3U3J
are virtually identical to 2DO6, which uses the canonical interface (49). The predicted
structures and dynamics of nucleotide-bound and unliganded SULT1A1 are presented in Fig
3. The point-of-view is the same as that for the analogous SULT2A1 structures, Fig 1, and
the same color-and-width scales was used to represent C -chain dynamics. Like SULT2A1,
the segments that form the SULT1A1 pore disengage in response to the removal of
nucleotide, and the dynamics of the cap (segment 2) are predicted to increase substantially
as the pore opens. It appears likely that gating occurs in SULT1AL; however, the degree to
which gating influences selectivity is determined by the isomerization equilibrium constant,
which is not known.

Gating predicts that nucleotide binding will shift the enzyme into the closed form, thus
decreasing the concentration of the open form - the only species capable of binding large
acceptors. The concentration of the open form decreases to a minimum, non-zero level at
saturating PAPS given by the isomerization equilibrium constant, Kjso = [E-nuc]. / [Enuc] -,
where cand orefer to closed and open complexes. In such a mechanism, the affinity of large
acceptors for the nucleotide-bound enzyme weakens relative to the free enzyme by an
amount given by the Gibbs potential associated with opening the pore (see, Binding
Algebra, Materials and Methods). In contrast, the affinities of small acceptors are not
influenced by the nucleotide. The differential effects of nucleotide on the affinities of large
and small acceptors are diagnostic for the gating mechanism. Performing this test requires
large and small SULT1AL1 substrates.

Modeling studies suggested that fulvestrant and estradiol (E2) might be an effective
substrate pair (Fig 4) to test gating in SULT1AL. Fulvestrant (Fasodex™), an E2 analogue
with a 15-atom, linear R-group at C4(R) of the B-ring, is a pure antiestrogen used in treating
ER-positive tumors that respond poorly to first-line endocrine therapy (50). Both E2 and
fulvestrant are SULT1A1 substrates (15, 49). Binding to the E and E-PAP forms of
SULT1A1 was assessed in /n-silico docking experiments using GOLD (43). Structures of
unliganded SULTSs are not available in the PDB; consequently, E2 and fulvestrant were
docked into protein structures generated using GROMACS, as described above. The
docking simulations predict that fulvestrant binds the open but not the closed forms of
SULT1AL1, and that E2 binds similarly to both.

SULT1AL1 binary and ternary complexes can be monitored v/athe changes in intrinsic
fluorescence (20 — 40%) that occur as ligand binds. Fluorescence change occurs when
acceptor binds either to E or E-PAP. Titrations of the E and E:PAP forms of SULT1A1 with
E2 and fulvestrant are shown in panels A and B of Fig 5. The affinity of E2 for the open
(zero PAP) and closed forms (saturating PAP) are identical within error - 1.7 £ 0.2 .M and
1.9 + 0.2 uM, respectively. In contrast, the affinity of fulvestrant for the open form (0.28 +
0.07 M) is 26-fold greater that its affinity for the nucleotide-bound complex, 6.9 + 0.9 M.
Thus, at equilibrium and at saturating PAP, only 3.7% of the enzyme is open. The
differential effect of PAP on the affinities of E2 and fulvestrant are consistent with the
isomerization mechanism.
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Antisynergy between PAP and fulvestrant, but not E2, supports gating but can also be
explained on the basis of general models of destabilization associated with fulvestrant R-
group. Furthermore, the absence of the sulfuryl-moiety of PAPS in the binding studies leads
to interpretative ambiguity. To address these uncertainties, a more stringent test of the
mechanism was performed. In a simple gating model, nucleotide binding “closes” the gate
and thus prevents access to large substrates. The gate occasionally opens with nucleotide
bound, allowing substrate to add. Finally, the affinity of the open enzyme for large or small
substrates is independent of whether nucleotide is bound. This model predicts that the
decrease in affinity of the large substrate caused by the nucleotide is due solely to a decrease
in concentration of the open form of the enzyme. Since the rate of ligand binding is a linear
function of the concentrations of both ligand and the species to which it binds, the
nucleotide should appear to decrease the fulvestrant on-rate constant, and the magnitude of
the decrease will be equivalent to the decrease in binding affinity. Furthermore, the
fulvestrant off-rate constant will not be affected, since fulvestrant departs from the same
form in both cases — the open enzyme. The fulvestrant on-rate constant for the open enzyme
does not decrease, it remains fixed; rather, the rate at which fulvestrant binds decreases due
to the underlying PAPS-induced decrease in the concentration of ligand-accessible enzyme.

The rate-constants needed to test the gating mechanism were obtained from the slopes and
intercepts of kyps Vs [ligand] plots (51). ko and kst for the binding of fulvestrant and
estradiol to SULT1A1 and SULT1A1-PAPS were determined. kqyps Values were derived
from stopped-flow fluorescence, binding-reaction progress curves by least-squares fitting
using single-exponential models. A representative progress curve and kqps Vs [ligand] plot
are shown in Figures 6A and B. Ligand concentrations were pseudo-first order and PAPS
concentrations were saturating (29 — 740 x Ky). The rate constants are compiled in Table 3.

The E2-binding on- and off-rate constants are not significantly affected by PAPS, and Kq4
values calculated from the constants agree well with those obtained from the equilibrium-
binding measurements. In contrast, the apparent on-rate constant for fulvestrant binding
decreases 26-fold at saturating PAPS, which is identical within error to the 28-fold decrease
in K4 obtained from the equilibrium-binding measurements. The fulvestrant off-rate constant
is not affected by PAPS. These results are precisely those predicted by gating mechanism
described above. It appears that SULT1AL, like its sibling SULT2AL, uses a nucleotide-
coupled gating mechanism in selecting its substrates.

The utility of the gating mechanism

Sulfotransferases are faced with the challenge of performing two separate but related tasks.
They must carry out homeostatic functions that require them to act on a cohort of related
structures, and defensive functions in which they sulfonate the myriad compounds that enter
through the diet and would otherwise wreak havoc with metabolic signaling systems. The
gating mechanism applies a single solution to all large substrates — a gate that can be opened
at an energetic price determined by the isomerization equilibrium constant. In this way,
evolution need not provide specific structural determinants for each substrate too large to
pass through the pore. Indeed, this class of substrates is expected to be extremely diverse,
idiosyncratic to the diets and metabolic “set-points” of individuals, and to drift over
evolutionary time. Given this diversity, is it questionable whether a static binding site could
have achieved a similar end. The concentration of large substrates in hepatocytes will likely
increase after feeding, thus the isomerization constant (which is similar for SULTs 1Al and
2A1) could be “tuned,” much in the way that K, is often set near metabolite concentrations,
such that the majority of the enzyme becomes engaged in large-substrate sulfonation only
during feeding or under like conditions.
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A second advantage of the isomerization mechanism comes into play at very high enzyme
concentrations. When the concentration of unliganded enzyme substantially exceeds (> 5
times) substrate dissociation constants, the enzyme partitions according to Kjsg into two
separate high-affinity systems, a closed system that binds small substrates and an open
system that predominantly binds large substrates. Under such conditions, it is perhaps best to
consider that the substrate becomes saturated with enzyme, rather than the other way around.
SULTSs 1A1 and 2A1 comprise 0.3% and 0.15%, respectively, of cytosolic protein in human
liver (7, 9). In hepatocytes, these SULTSs appear to be expressed exclusively in the cytosol
(46). One gram wet weight of liver contains ~ 150 mg of cytosolic protein (46, 52, 53) and
has a water accessible volume of 0.50 mL (54, 55). These numbers predict that the protein
concentration in the hepatocyte cytosol is ~ 300 mg/ml, and that the active-site
concentrations of SULTs 1Al and 2A1 are 24 and 12 wM. These estimates do not take into
account that roughly 40% of the cell interior is occupied by organelles (56) that are water
accessible and exclude sulfotransferases. These concentrations suggest a > 1 .M reservoir
of the open form of SULT1A1 that can act as a high-affinity site for the sulfonation large
substrates. It is as if the system is designed to handle low levels of large substrates
efficiently, and to buffer its housekeeping functions with an energetic barrier to large-
substrate binding.

Conclusions

Consistent with structural data, molecular dynamics simulations predict that the acceptor-
binding pocket of SULTs 1Al and 2A1 open and close in response to the binding of
nucleotide. The dynamics of the active-site cap appear to be substantially greater in the open
form. The simulations further predict that the acceptor half of the cap oscillates between
open and close states while the nucleotide half remains in place with nucleotide bound. This
prediction is in complete agreement with the recent report that SULT2A1 isomerizes with
nucleotide bound between states that either exclude or admit large substrates, and provides a
testable molecular model for the isomerization.

Simulations predict that the acceptor binding pocket of Sult1A1, the most abundant
sulfotransferase in human liver, will open and close in response to nucleotide. This
hypothesis was tested in equilibrium and presteady-state binding studies using a small/large
substrate pair identified in docking studies, fulvestrant and E2. The results clearly
demonstrate that the large substrate access to the acceptor-binding pocket is restricted by
PAPS binding, while access to small substrates is not affected. The equilibrium constant
governing the isomerization when nucleotide is bound is ~ 26, in favor of the closed form.
Thus, both SULT1AL and 2A1, which comprise ~ 90% of the sulfotransferase mass in
human liver, use a gating mechanism to select substrates from the complex cytosolic milieu
in which they perform their vital functions.
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E2 estradiol

GSH glutathione

GST glutathione S-transferase

HEPES N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid

IPTG isopropyl p-D-1-thiogalactopyranoside

LB Luria broth

MBP maltose binding protein

PAP 3’, 5’-diphosphoadenosine

PAPS 3’-phosphoadinosine 5’ -phosphosulfate

PMSF phenylmethylsulfonyl fluoride

SULT cytosolic sulfotransferase.
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Figure 1. The open and closed forms of SULT2A1in silico

The predicted structures and a.-carbon dynamics of SULT2AL are shown with and without
bound nucleotide. The small red sphere marks the entrance of the acceptor-binding pocket.
The opening of the acceptor pocket is formed by the three segments (1 — 3) highlighted by
transparent surfaces. Segments 1-3 correspond, respectively, to the following residues:
GIn67 — Gly83, Asn226 — GIn244, and Thrl5 — Arg19. The dynamics (root-mean-squared-
fluctuations, RMSF) of the a-carbon backbone are given by the width and color of the
chain. As a visual aid, the transparent surfaces seen in the closed state are superposed onto
the open structure.
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Figure 2. The time dependence of the ¢ ap response to PAPS binding

(A) Cap linkages selected for non-equilibrium dynamics studies. Linkages 1-4 are described
in the text (see, In-silico cap closure) and highlighted in colors that correspond to those of
the traces shown in Panel B. The closed SULT2A1 configuration is shown, and the red
sphere indicates the active site point-of-entry for acceptors. (B) Cap-closure progress curves.
Progress curves show the time-dependence of distances between linkage partners as the cap
closes (see, Panel A). Closure was induced by adding PAPS to the open SULT2AL structure
at ty of simulation. The colors of the traces correspond to the colors of the linkage in Panel
A. Progress curves were normalized by plotting the data as percent open. The atoms used in
the distance measurements and the maximum distance change associated with each link are
as follows: /ink 1, 3’-phosphate phosphorous to Arg 247 N&, 6.3 A; /ink 2, Asp241 CY to
Lys242 N¢&; 4.5 A; link 3, Asp237 C¥ to Lys138 N&; 9.1 A; Jink 4, Leu233 C® to 1le82 C?;
40A.
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Figure 3. The open and closed forms of SULT1A1 in-silico

The predicted structures and a-carbon dynamics of SULT1A1 are shown with and without
bound nucleotide. The entrance of the acceptor-binding pocket is marked by a red sphere.
The opening of the pocket is formed by the three segments (1 — 3) highlighted by transparent
surfaces. Segments 1-3 correspond, respectively, to the following residus: Asp66 — Met77,
Ser228 — Gly259, and Lys85 — Pro90. The dynamics (root-mean-squared-fluctuations,
RMSF) of the a-carbon backbone are given by the width and color of the chain. The same
width and color scale is used in Figure 1. As a visual aid, the transparent surfaces shown in
the closed state are superposed onto the open structure.
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Figure 4. The structure of fulvestrant

Estradiol (E2) provides the steroidal base for the R-group of fulvestrant. Fulvestrant: (7R,
8R,9S,13S,14S,17S)-13-methyl-7-[9-(4,4,5,5,5-pentafluoropentyl-
sulfinyl)nonyl]-6,7,8,9,11,12,14,15,16,17,-decahydrocyclopenta[a]phenanthrene-3,17-diol).
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Figure 5. Equilibrium binding of E2 and fulvestrant to the E and E-PAP forms of SULT1A1

(A) The binding of E2. E2 binding was monitored via changes in intrinsic enzyme
fluorescence (Aey = 290, Aem = 340). Titrant concentrations are given in the figure, the
composition of the remainder of the solution was as follows: SULT1AL (0.050 pM), PAP (0
or 125 uM), MgCl, (5.0 mM), KPO4 (25 mM, pH 7.4), 25 + 2 °C. Fluorescence intensity
(Al) is normalized to the fluorescence change at saturating ligand (Almax). Each point is the
average of three independent determinations. The line through the data is the behavior
predicted by least-squares fitting using a model that assumes a single-step binding model
(see Materials and Methods). (B) The binding of fulvestrant. Conditions are described in (A)
except the enzyme concentration was 5.0 nM. Binding constants are compiled in Table 2.
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Figure 6. Presteady state binding of fulvestrant to Sult1Al

(A) Binding of fulvestrant to E. Binding reactions were initiated by rapidly mixing (1:1) a
solution containing fulvestrant (2.0 M) with a solution containing SULT1A1 (0.05 uM).
Binding was monitored by changes in intrinsic enzyme fluorescence (Aex= 290 nm, and Aepm
> 330 nm). Fluorescence changes are given relative to the intensity at time zero, 1/1,. Each
point represents the average of three independent determinations. The curve through the data
represents the behavior predicted by the best fit to a single-exponential model. Conditions:
MgCl, (5.0 mM), KoPOy4 (25 mM), pH 7.4, T = 25 £ 2 °C. (B) kyps Vs [Tulvestrant]. Data
were acquired under the conditions describe above and reactions were pseudo-first order in
fulvestrant in all cases.
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Table 1

Data Collection and Refinement Statistics for the SULT 1A1-PAP Structure

Space Group

Cell Dimension

Data Collection

P21

a b, c(A) 48.44,122.63, 55.00

a,B,v() 90.00, 91.46, 90.00
Resolution (A) 50.0-2.60 %(2.64-2.60)

llo 15.8 (4.5)
Completeness (%) 99.8 (100.0)
Redundancy 6.01 (5.9)
Rmerge 0.108 (0.355)

Refinement

Number-of-used-Reflections 16784
Protein Nonhydrogen Atoms 4,649
Ligand Atoms 54
Water Molecules 80
Ruork 0.214
Riree 0.266
RMSD from Ideal Geometry

Bond Length (A) 0.008

Bond Angles (°) 1.26

a . . . ]
Numbers in parenthesis correspond to the highest resolution shell.
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SULT1A1 Affinity Constants

Ligand Enzyme Species  Kg (rM)

Ig. 17(02)
E2 PAPE  1.9(0.3)
E 0.28(0.07)

Ful
PAP-E: 7.9(0.3)

JOpen—ended dots represent ligand binding sites.

2 )
Parentheses enclose standard error estimates.
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Table 3
Acceptor-Binding Rate Constants

Ligand Enzyme Species  Kon (M71s7%) kot ST Ky (M) (Kofi/Kon)

E2 Ie. Z1601)E+06 16002 1.0(0.2)
E2 PAPSE.  15(0.1)E+06 1.9 (0.1) 1.3(0.1)
Ful E- 88(0.20)E+06 1.8(0.3) 0.27 (0.05)
Ful PAPSE- 25(0.3)E+05 1.7(0.2) 6.8(0.9)

'ZOpen-ended dots represent ligand binding sites.

2 .
Parentheses enclose standard error estimates.
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