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Abstract

Cytosolic sulfotransferases (SULTs) biotransform small molecules to polar sulfate esters as a 

means to alter their activities within the body. Understanding the molecular mechanism by which 

the SULTs perform their function is important for optimizing future therapeutic applications. 

Recent evidence suggests each SULT isoform acts by a half-site reaction (HSR) mechanism, in 

which a single SULT dimer subunit is active at any given time. HSR requires communication 

through the highly conserved KxxxTVxxxE dimerization motif. In this investigation, we sought to 

test the intersubunit interactions of SULT1B1 as it relates to enzyme activity. We generated two 

populations of SULT1B1 isoforms that efficiently heterodimerize upon mixing by targeted point 

mutation of the KxxxTVxxxE motif to KxxxTVxxxK or ExxxTVxxxE. The heterodimer exhibited 

wildtype-like activity with regards to native size, thermal integrity, PAP affinity, and PAPS Km, 

therefore serving as a valid model for investigating SULT1B1 dimer subunit interactions. The 

approach granted control over each independent subunit, permitting mutation of the critical 3′-

phosphoadenosine 5′-phosphosulfate (PAPS) binding residue Arg258 and/or the catalytic base 

His109 in a single subunit of the dimer. Substitution of the dysfunctional subunits for fully active 

subunits yielded dimeric SULT1B1 with 50% the activity of the fully competent dimer, suggesting 

SULT1B1 intersubunit communication does not significantly contribute to the isoform’s activity. 

These results are a testament to the unique properties of individual SULT isoforms. The 

dimerization system described in this manuscript can be used to study subunit interactions in other 

SULT isoforms as well as proteins in other families.
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1. Introduction

Organisms regulate hormone and small molecule activities by a number of biotransformation 

pathways, one of which is sulfonate conjugation. Compared to a hydrophobic compound, its 

sulfate ester is generally more water-soluble, has an altered affinity for receptors, and can be 

actively exported out of the cell and eventually the body [1–3]. The cytosolic 

sulfotransferases (SULTs) are responsible for sulfo-conjugation of small molecules in the 

body, catalyzing the transfer of a sulfonate group from the ATP-like cofactor, 3′-

phosphoadenosine 5′-phosphosulfate (PAPS), to the recipient compound [4, 5]. Individual 

SULT isoforms have unique substrate specificity patterns but share a conserved reaction 

mechanism, reflected by their conserved architecture [6–8]. Aside from the catalytic 

residues in the SULT’s pore, the most highly conserved region of the SULT includes the 

dimerization and PAPS binding domains, found directly adjacent to one another (Figure 1) 

[6, 9, 10]. Each isoform must bind PAPS to perform its function therefore providing an 

understandable rationale for the conservation of PAPS-interacting amino acids. No 

discernable role has been identified for SULT dimerization; therefore its conservation 

remains unwarranted.

Since its identification in 2000, the abnormally small physiological dimerization motif 

(KxxxTVxxxE) of SULTs has been the subject of multiple investigations [9] (Figure 1). Lu 

et. al reported no activity differences between a point-mutant monomeric isoform of 

hSULT1A1 and the wild-type dimer [11]. The group did, however, show the monomeric 

isoform was susceptible to thermal degradation and therefore determined the dimerization of 

hSULT1A1 played a role in enzyme integrity [11]. Another study reported loss of substrate 

inhibition upon monomerization of hSULT2A1, suggesting a link between SULT 

dimerization and substrate selectivity [12]. Though not directly targeted toward SULT 

dimerization, recent investigations insinuate a mechanistic role for SULT dimerization in at 

least three SULT isoforms; hSULT1A1, hSULT2A1, and hSULT1E1 [13–15]. These three 

isoforms have been reported as acting via a half-site reaction mechanism, a mechanism in 

which only half of the subunits catalyze the sulfonation reaction at any given time.

Half-site reaction mechanisms require intersubunit communication and often result in an 

entity with greater catalytic efficiency than the additive activities of the individual subunits 
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[16]. Recent evidence suggests the binding of cofactor (PAPS) to the SULT induces 

structural asymmetry that drives communication between dimeric SULT subunits, 

contributing to SULT half-site reactivity. [17]. The aim of this investigation is to test the 

capacity of cofactor binding and catalysis to drive such intersubunit communication in vitro 
by engineering a SULT1B1 dimer with interchangeable functional and dysfunctional 

subunits.

2. Materials and Methods

2.1 Approach

This study necessitated the complete control of SULT1B1 dimerization or the direct 

comparison of monomeric and dimeric isoforms. Based on previous experiments, the on-rate 

of SULT dimerization greatly outweighs the off-rate therefore complicating isolation of a 

wildtype monomeric species. Competition driven monomerization of hSULT1B1 by use of a 

peptide mimetic of the dimerization domain was unsuccessful (unpublished results) 

therefore we sought to monomerize hSULT1B1 by mutagenesis. The composition of the 

native dimerization domain of SULTs (KxxxTVxxxE) allowed for the design of a versatile 

system for control of SULT dimerization. Specifically, mutation of the complementary salt-

bridging residues K266 and E275 to an E and a K, respectively, would theoretically result in 

two enzyme populations with either a predominantly negatively or positively charged 

dimerization domain. In theory, the independent populations would monomerize by 

repulsive forces (Figure 2). Attractive forces could then be used to prompt 

heterodimerization upon mixing, forming a dimer with a scaffold resembling that of native 

hSULT1B1 (Figure 2). Using this method, the effects of single subunit alterations can be 

tested, and the dependence of SULT1B1 activity on intersubunit communication probed 

more in depth.

2.2 Reagents and Chemicals

All restriction enzymes and the Quick Ligase were purchased from New England 

Biomedicals (NEB). The ZR Plasmid Miniprep Classic kit was purchased from ZYMO 

Research. The GeneJET Gel Extraction Kit, Phusion High-Fidelity DNA Polymerase, and 

Ni-NTA resin were purchased from Thermo Scientific. PCR primers, mono/dibasic sodium 

phosphate, glycerol, chloroform, 2-mercaptoethanol, sodium chloride (NaCl), acrylamide, 

and Isopropyl β-D1-thiogalactopyranoside (IPTG) were ordered from Fisher Scientific. 

Agarose was purchased from Denville. Ampicillin, N, N, N′, N′ – 

Tetramethylethylenediamine (TEMED), Chloramphenicol, LB Lennox Broth, and 1-

naphthol were purchased from Acros Organics. Life Technologies provided the pPROEx 

HTa plasmid and dNTPs. PAPS was purchased from PerkinElmer. PAP, imidazole, and 

Sephadex-G100 resin were purchased from Sigma-Aldrich. Gel-filtration standards were 

purchased from Bio-Rad. Access to an AKTA-FPLC and the 1000mm × 26mm GE-

Healthcare column were generously provided by Dr. Mahmoud el Kouni. Lastly, BL21-

DE3-RIL competent E. coli were a gift from Dr. Robert C.A.M. van Waardenburg.
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2.3 Cloning of Wildtype hSULT1B1

The human SULT1B1 cDNA was isolated from human liver samples and subcloned into the 

pKK233-2 vector as previously described [18]. PCR was performed to amplify the 

hSULT1B1 cDNA insert using Phusion High-Fidelity DNA Polymerase and primer pair 1 

(Table 1) according to the manufacturer’s protocol. After agarose-gel electrophoresis of the 

PCR product and subsequent extraction of the amplicon from the agarose gel, the insert was 

subjected to a 1 hr digestion with HindIII-HF restriction enzyme while the pPROEx HTa 

plasmid was digested with HindIII-HF and Sfo-I. Both the linearized plasmid and digested 

hSULT1B1 insert were purified by agarose-gel electrophoresis, extracted from the gel, and 

incubated together with Quick-Ligase for 15 minutes before a small amount of the sample 

was added to BL21-DE3-RIL competent E. coli for transformation. Manufacturer 

instructions were followed for the remainder of the transformation procedure. The E. coli 
were plated on ampicillin-(100 μg/mL)/chloramphenicol-(50 μg/mL) (Amp+/Chlo+) LB-agar 

plates and allowed to incubate overnight at 37°C. After incubation, colonies were selected 

and cultured to an acceptable density in small volume Amp+/Chlo+ LB cultures. Plasmids 

were isolated from these cultures and sequenced by the UAB-Heflin Core Center for 

Genomic Science using M13rev and pBAD primers. After sequence verification, the high-

density E. coli cultures were frozen in 50% glycerol at −80°C.

2.4 hSULT1B1 Mutagenesis

The pPROEx HTa–hSULT1B1 plasmid was used as the template for Agilent QuickChange 

II Site-Directed Mutagenesis in PCR reactions using primer pairs 2, 3, and 4 (Table 1), 

allowing an extension time of seven minutes for the PFU Ultra II. All contents of the PCR 

reaction were treated with DpnI restriction endonuclease for 1.5 hours to fragment the 

template plasmid. After confirmation of their sequences, both SULT1B1-K266E and 

SULT1B1-E275K plasmids were subsequently the subjects of site-directed mutagenesis with 

primer pairs 5 and 6, mutating Arg258 to a Lys and His109 to a Tyr (Table 1). All products 

were transformed into BL21-DE3-RIL competent E. coli as described in section 2.3, 

sequenced, and frozen as glycerol stocks at −80°C.

2.5 Protein Expression and Purification

Small-volume LB (Amp+/Chlo+) E. coli overnight-cultures (from glycerol stocks) were used 

as starter cultures for 500 mL LB (Amp+/Chlo+) cultures in 1L Erlenmeyer flasks. The large 

cultures were allowed to grow at 37°C, shaking 225 rpm, to an optical density (OD600) of 

0.5 before reducing the temperature to 20°C and inducing hSULT1B1 protein expression 

with 0.5 mM IPTG. After 4 hours, the cultures were centrifuged for 15 minutes at 10,000 

rpm, the supernatant was disposed, and the pelleted bacteria were frozen overnight at −20°C. 

The following morning, the pellets were thawed on ice and suspended in buffer containing 

10 mM sodium phosphate pH 8.0, 10% glycerol, 300 mM NaCl, 10 mM imidazole, and 10 

mM 2-mercaptoethanol (Lysis buffer). The bacteria were lysed on ice via sonication 

immediately after addition of 0.1 mM of phenylmethanesulfonylfluoride (PMSF) for 

protease inhibition. The sonicate was centrifuged for 15 minutes at 10,000 × g, the pellet 

was discarded, and the supernatant was applied to a buffer-equilibrated Ni-NTA column 

(bed-volume 1.5 mL). The column was subsequently rinsed with 25 bed-volumes of Lysis 
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buffer and eluted with a 10 to 250 mM imidazole gradient. The eluate was collected in 

fractions and assayed for purity via SDS-polyacrylamide gel electrophoresis, after which 

pure hSULT1B1 fractions were combined and dialyzed (7 kDa MWCO tubing) twice against 

one liter of imidazole-lacking Lysis buffer for 5 hours and 16 hours, respectively, at 4°C. 

The protein preparation was aliquoted and frozen at −80°C for further analyses. This protein 

expression/purification protocol was conducted for each hSULT1B1 isoform.

2.6 Gel Filtration Chromatography

A 1000mm × 26mm GE-Healthcare chromatography column was packed with Sephadex 

G-100 resin for size-exclusion chromatography on a Pharmacia AKTA-FPLC. The column 

was equilibrated at a constant flow of 0.1 mL/min with Lysis buffer lacking imidazole and 

glycerol, as glycerol’s viscosity contributes to unwanted backpressure. Gel filtration 

standards (Bio-Rad) were injected over the column and elution fractions were collected and 

assayed for protein content using Bio-Rad Protein Assay reagent. A log transformed 

standard curve equating size to elution time/volume was constructed from the standards. In 

separate instances, two milligrams of each hSULT1B1 isoform was injected over the column 

and assayed for protein content and 1-naphthol sulfation activity. The standard curve was 

applied to back-calculate the native molecular weight of each hSULT1B1 sample based on 

its peak elution volume.

2.7 Native Polyacrylamide Gel Electrophoresis (Native-PAGE)

Native-PAGE was performed as a relatively quick and high-throughput assay for 

determining heterodimerization efficiency. Complete heterodimerization was achieved by 

co-incubating normalized concentrations of the hSULT1B1–K266E and –E275K isoforms 

for 1 hour (on ice), therefore this incubation condition was used in each instance prior to any 

assay. Native-PAGE was performed for 3.5 hours on a bed of ice with a constant power input 

of 160 V. The gel’s separating layer contained 1.5 M Tris (pH 8.8) while the stacking layer 

contained 0.5 M Tris (pH 6.8). Both layers contained ammonium persulfate and TEMED for 

polymerization. The separating layer contained 13% acrylamide while the stacking layer 

contained 4.2% acrylamide. The running buffer contained 25 mM Tris and 192 mM glycine, 

resulting in a final pH of 8.3. Native gels were visualized with Coommassie Brilliant Blue.

2.8 Enzyme Kinetics Assays

To test the sulfation activity of each SULT isoform, a well-described sulfation assay was 

employed using 3H-labeled 1-naphthol (American Radiolabeled Chemicals) as the tracer 

substrate [19]. In the assay, 50 mM Tris (pH 7.4), 5 mM MgCl2, and select concentrations of 

PAPS and 1-naphthol were pre-mixed and incubated at 37°C for two minutes, at which point 

the reaction was initiated by addition of enzyme, vortexed rapidly, and placed back into a 

37°C water bath for reaction progression. The reaction was quenched with chloroform (25× 

reaction volume) and the pH of the quenched reaction was raised by addition of 1.5 M Tris 

pH 8.8. The reaction tubes were centrifuged for 5 minutes at 1500 rpm and the 3H content in 

the aqueous layer was quantified via liquid scintillation. The data were analyzed using 

VisualEnzymics and Igor Pro employing a rapid equilibrium two substrate: random bi bi 

with substrate inhibition model.
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2.9 Thermal Stability Assay

The thermal integrity of the SULT1B1-WT, -E275K, -K266E, and the heterodimeric isoform 

were evaluated by testing the retention of sulfation activity after incubation of each isoform 

at either 37°C or 45°C. Thermal incubation of each isoform was quenched by placing the 

enzyme directly on ice at a series of time points (1, 2, 5, 10, 20, 30, 45, 60, 90 min). After all 

samples were collected, the activity of each was tested using the enzyme kinetics assay 

described above (15 μM PAPS, 10 μM 1-naphthol). Each isoform’s thermal integrity was 

tested in triplicate. The specific activities measured at each time point were normalized to 

the specific activity of each isoform prior to thermal incubation.

2.10 Binding Assays

SULT1B1 aromatic residue intrinsic fluorescence (IF) (excitation 282, emission 338) was 

monitored using a Horiba FluoroMax-4 as a means for evaluating the binding of the cofactor 

to each isoform. For each SULT1B1 isoform, 0.20 μM hSULT1B1 was added to buffer (2 

mL total volume) (10 mM sodium phosphate pH 7.8, 10% glycerol, 150 mM NaCl) in a 

quartz cuvette. The desired drug concentration was pipetted into the cuvette (2 μL 

increments) while stirring with a spectral cell stir bar. Following a 15 s mixing period, the 

emission intensity was monitored for 15 s in 0.1 s increments. Each data point was 

considered to be the average of all 150 IF measurements at the particular drug concentration. 

This process was continued until the final desired drug concentration was reached. Inner 

filter effects were observed at high PAP(S) concentrations. To negate the inner filter effects, 

equimolar concentrations of adenosine monophosphate (AMP), which SULTs do not bind, 

was titrated into the SULT1B1 solution [20]. This data was then subtracted from the PAP/

PAPS binding data as has been described previously [14]. The data were analyzed in 

VisualEnzymics and Igor Pro assuming a one site binding:simple hyperbolic model.

3. Results

Cloning and purification of each SULT1B1 variant isoform was successful, achieving 

greater than 90% pure SULT1B1 in each instance (data not shown). Post-freeze (−80°C) 

specific activity retention was consistently high (95–100%) for each variant isoform. Each 

isoform was applied to a G100 gel filtration chromatography column to determine its native 

size. The post-void elution volumes of the K266E, E275K, K266E/E275K heterodimer, and 

wildtype SULT1B1 isoforms were 30 mL, 21 mL, 16 mL, and 16 mL, respectively (Figure 

3A). Based on the standard curve, the calculated molecular weight (MW) of the K266E 

isoform was 38 kDa (2% different from the expected MW of a SULT1B1 monomer), while 

the E275K isoform had a calculated MW of 60 kDa (20% different from the expected MW 

of a SULT1B1 dimer). The rationale for this difference in apparent MW will be entertained 

in the discussion. The calculated molecular weight of both the wildtype and heterodimeric 

isoforms was 77 kDa, 2% larger than the expected molecular weight (76 kDa) of a 6xHis-

tagged SULT1B1 dimer. To ensure these observed peaks were not the product of enzyme 

isoform specific activity differences, the protein content of each fraction was also tested 

using a colorimetric assay (data not shown). The percent sulfation activity shown in Figure 

3A was directly correlated with protein concentrations in the fractions. Heterodimerization 

was further confirmed by native-PAGE (Figure 3B). The K266E isoform clearly migrated 
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further into the gel, much like the migration pattern of the known monomer, SULT1B1-

K266A. Mixing the K266E isoform with the E275K isoform abolished the monomeric 

species and formed a dimeric complex which migrated similar to wildtype SULT1B1 

(Figure 3A and Figure 3B). Small amounts of residual monomer were left behind, though 

the coupling efficiency was determined to be >95%.

Monomerization has been shown to decrease the thermal stability of hSULT1A1, therefore 

the thermal stability of each hSULT1B1 isoform was tested at 37°C and 45°C [11]. The 

wildtype enzyme was stable at both temperatures for at least 90 minutes, showing minimal 

activity loss after 45°C incubation (Figure 4A). The K266E mutant lost almost all activity 

after a 90 minute 45°C incubation, while the E275K mutant lost only 30% of its sulfation 

activity (Figure 4A). The K266E/E275K heterodimeric species resembled that of wildtype 

SULT1B1, retaining most of its activity after 37°C and 45°C incubation for 90 minutes 

(Figure 4A).

Both mutations (E275K and K266E) were near the cofactor-binding domain, therefore their 

abilities to bind the cofactor, PAP(S), were measured. The wildtype enzyme exhibited a PAP 

Kd of 0.11 μM (Figure 4B). The K266E monomer suffered a detriment to its affinity for 

PAP, measuring 1.47 μM, while the E275K mutant had a more favorable Kd (0.08 μM) than 

wildtype SULT1B1 (Figure 4B). The heterodimeric species’ Kd for PAP was similar to that 

of wildtype SULT1B1, 0.18 μM (Figure 4B). The affinities of each isoform for the cofactor 

were reflected in the PAPS Km’s, where the WT and heterodimeric SULT1B1 isoforms 

exhibited Km’s of 1.97 and 1.90 μM, respectively (Figure 4C). The K266E isoform 

displayed a diminished PAPS Km (3.88 μM), while the E275K isoform’s PAPS Km (1.58 

μM) was similar to WT, trending toward a more favorable value.

The purpose of generating a heterodimeric SULT1B1 species that replicated wildtype 

activity was to allow independent control of each individual subunit as a means for testing 

the contribution of intersubunit communication to enzyme activity. Therefore, we targeted 

both subunits with mutations which disabled the ability of the subunit to (1) bind PAPS and 

undergo concerted structural shifts upon its binding, (2) catalyze sulfuryl transfer, or (3) 

both. Each mutant isoform was successfully purified and confirmed to retain its 

heterodimerization properties via native-PAGE (Figure 5A). The R258K and H109Y 

mutations minimally affected the native-gel migration pattern of each independent isoform. 

After mixing each mutant with heterodimeric partners, nearly all of the monomer-sized 

bands were abolished. For further validation, gel filtration was used to confirm the 

SULT1B1-K266E isoform heterodimerized with each potential partner (Figure 5B).

After confirmation of efficient heterodimerization, the activity properties were tested. The 

ability of each isoform to bind the cofactor was first confirmed. The dissociation constants 

of each monomeric and heterodimeric isoform are summarized in Table 2. Briefly, mutation 

of R258K, regardless of other mutations, rendered the isoform unable to bind PAP at 

detectible levels up to 12 μM while the H109Y mutation negatively affected PAP binding by 

approximately 10-fold. Binding curves for each E275K isoform by itself and 

heterodimerized with the K266E subunit are shown in Figure 6. The Kd’s in Table 2 do not 

fully encompass the information provided by the binding curves, as they do not describe the 
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magnitude of IF change observed. The IF decreased nearly 14% before saturated binding 

was achieved for the K266E isoform, alone, and when it was coupled with the E275K 

subunit. When the K266E isoform was coupled with the R258K and H109Y mutant 

subunits, the IF only decreased by nearly 7%, suggesting half-site binding.

The specific activity of each independent and heterodimeric isoform toward 1-naphthol were 

measured (Figure 7). The K266E/E275K heterodimer was the most active isoform (0.203 

pmol/(μg*s)), displaying greater activity than the independent K266E and E275K isoforms. 

In every case, mutation of H109Y completely abolished activity (Figure 7). No activity was 

detected when R258 was mutated to K in the K266E background, while nearly 10% activity 

was retained when R258 was mutated to a K in the E275K background. When the H109Y, 

R258K, and R258K-H109Y subunits were coupled with fully competent subunits (i.e. 

K266E or E275K), the specific activities proved to be additive. For the purpose of 

comparison, each specific activity was normalized to the K266E/E275K heterodimer’s 

specific activity. To compare the activities in Figure 7, one must be aware that the activities 

were first normalized for protein concentration. For example, to compare the independent 

activities of the K266E and E275K isoforms to the K266E/E275K heterodimer: 

Independently, the K266E and E275K isoforms displayed 62% and 92% the specific activity 

of the K266E/E275K heterodimer, respectively. The additive value (154%) is not 

comparable to the K266E/E275K’s heterodimer’s 100% value. Instead, 154% must be 

divided in half to account for the doubled protein concentration. Therefore, the K266E/

E275K heterodimer is 130% (77%/100%) more efficient than the independent subunit 

activities.

4. Discussion

Testing the dependence of SULT1B1 activity on the communication between its dimeric 

subunits required control of subunit coupling. To avoid the potential detrimental effects of 

mutation itself, we first attempted to compete SULT1B1 subunits apart with a peptide 

mimetic of the dimerization domain (+NH3-WKNYFTVAQNEK-COO−). Heated co-

incubation of the peptide and pure wildtype SULT1B1 enzyme yielded no monomeric 

enzyme for activity comparisons. Further, the dependence of wildtype SULT1B1 and 

SULT1B1-K266L (monomeric) dimerization was tested in both the presence and absence of 

a saturating concentration (70 μM) of PAP. PAP had no effect on the dimerization status of 

either SULT1B1 isoform, as is supported in each SULT crystal structure (with our without 

the cofactor) resolved to date [21, 22]. These anecdotal observations of the subunit coupling 

affinity could provide a rationale for the lack of historical reports of the existence of 

physiological SULT heterodimers, despite conservation of identical dimerization domains 

across isoforms (Figure 1) [23, 24]. SULTs may irreversibly dimerize directly off of the 

ribosome following translation.

To overcome the limitation in generating monomeric SULT1B1 for study, we initially relied 

on the mutation of the conserved dimerization residue, K266, to an Ala and a Leu 

(abolishing electrostatic potential). The K266A and K266L isoforms were monomeric and 

exhibited altered activities with regards to their interactions with the cofactor, PAPS. 

Concern was raised that altered activity was due to the mutated residue itself and not 
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necessarily the lack of dimerization. Therefore, we designed a more versatile system to 

allow control of each SULT1B1 subunit independently, making use of the native electrostatic 

properties of the SULT’s KxxxTVxxxE dimerization domain. SULT point mutants, 

consisting of the dimerization domain sequences KxxxTVxxxK and ExxxTVxxxE, would 

theoretically heterodimerize upon mixing due to attractive forces. This wildtype-like 

heterodimer was then used as a control isoform while each subunit was independently 

substituted with dysfunctional subunits to probe the contribution of intersubunit interactions 

to SULT1B1 activity.

Mutation of K266 and E275 to the reciprocally charged residues abrogated salt-bridging 

ability but did not appear to monomerize SULT1B1 in each instance. Mutation of K266 to 

an E rendered the enzyme monomeric while the native MW of the E275K mutant most 

closely resembled a dimer. The interfacing surface area of SULT subunits is very small, 

giving the SULT dimer a dumbbell-like architecture. The E275K mutation may have 

collapsed the dimerization domain causing the interfacing surface area to be larger, in turn 

producing an apparent reduction in the MW of the isoform (60 kDa instead of 76 kDa). This 

hypothesis requires further investigation for validation. Regardless, the non-reciprocal result 

of mutation of the pairing residues suggests SULT dimerization does not require the salt-

bridge between Lys266 and Glu275. Conservation of secondary structure may actually play 

the largest role in mediating SULT dimerization (Figure 8). K266 is located in the middle of 

a single turn helix, an important, yet somewhat unstable, structure for maintaining correct 

orientation of the critical β-bridging Phe and Val dimerization residues (Figure 8) [9]. 

Mutation of K266 may destabilize this secondary structure, abolishing SULT dimerization. 

E275 is located in the middle of a five-turn helix, therefore its mutation may not be 

detrimental to maintenance of secondary structure, thus not dimerization. The monomeric 

isoform was thermo-labile, consistent with this hypothesis and previous literature regarding 

monomeric SULT1A1; further strengthening the notion that SULT dimerization is important 

for subunit stability in the cell [11]. Though this study lacks evidence for an alternative 

explanation for the conservation of SULT dimerization, other reports indicate the domain 

contributes to the enzymatic mechanism, and not only structural integrity [13, 14].

While the enzyme populations did not behave as expected independently, they readily 

heterodimerized as predicted following a 1 hour 1:1 (mol:mol) incubation at 4°C, suggesting 

the abnormal interaction along the E275K homodimer was relatively unstable. The results in 

this study were dependent on the formation of the expected protein species; therefore any 

level of confirmation of the K266E/E275K species was beneficial in our interpretation of the 

results. Activity studies heavily supported the notion that the heterodimer was efficiently 

formed. Both the K266E and E275K isoforms exhibited abnormal activities with regard to 

their PAP dissociation and Michaelis-Menten constants (Figure 4B–C). These detriments, as 

well as overall size and thermal-integrity were rescued by heterodimerization (Figure 3 and 

Figure 4). Based on this evidence, the K266E/E275K heterodimeric species was determined 

to be a good model for further investigation of the subunit interdependence of the SULT1B1 

dimer as it relates to activity.

Residues critical for SULT function were mutated to probe the dependence of each subunit 

on its dimer partner’s activity. Arg258 is critical for mediating structural shift of the SULT 
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backbone upon PAPS binding via its direct interaction with the cofactor’s 3’ phosphate 

group [21, 25, 26]. Arg258 is thought to “sense” the orientation of PAP(S) within the active 

site of the enzyme, possibly allowing communication to the partnering subunit [17]. 

Mutation of Arg258 to a Lys was confirmed to heavily diminish PAPS binding by SULT1B1 

prior to its use in the heterodimer system (data not shown). The catalytic base histidine 

(His109) was also substituted to a Tyr to abolish its catalytic base potential. Mutation of 

His109 to Ser, Leu, and Arg abolishes SULT activity, while mutation to a Lys yields an 

isoform with 100 fold less activity which is gradually lost over time [27]. The loss of 

enzyme activity over time in Kakuta’s study prompted our desire to conserve the residue’s 

aromaticity, for the sake of enzyme stability, while still abolishing its catalytic base activity.

The R258K and H109Y mutations were performed in both K266E and E275K mutant 

backgrounds and the resulting isoforms were confirmed to heterodimerize via native-PAGE. 

Small amounts of the monomeric isoform (K266E background) were still present after co-

incubation with the E275K isoforms, though heterodimerization was efficient (>95%). Some 

isoforms showed greater heterodimerization efficiency than others. The result may represent 

the true dimerization efficiencies of point-mutant isoforms, though only R258K is in 

position to potentially interfere with dimerization. Based on the native-PAGE banding 

patterns, we favor the hypothesis that this result was due to unnormalized protein 

concentrations, despite our best efforts for normalization. Inevitably, the low level of 

unwanted monomeric isoforms contributed to activity (catalysis and binding) measurements, 

though their contribution had a minimal effect on each value.

The activities of each individual isoform and isoform combination were then tested to (1) 

ensure the R258K mutation diminished PAP(S) binding (2) confirm the H109Y mutation 

abolished catalytic activity (3) and test for synergistic subunit interactions. In general, the 

R258K mutation abolished the ability of SULT1B1 to bind PAP. Substitution of the E275K 

subunit with the E275K-R258K subunit diminished the PAP Kd slightly (0.33 μM), 

suggesting Arg258 activity in the neighboring subunit may contribute, in some manner, to 

PAP binding affinity in its partner. The saturation point of binding in the K266E/E275K-

R258K heterodimer was achieved at 8% change in IF, half that of the K266E/E275K 

heterodimer (~16%), implying PAP bound to a single side of the dimer, as expected (Figure 

6). In addition to the R258K mutation abolishing PAP binding, mutation of His109 to a Tyr 

caused a 10-fold decrease in PAP binding affinity (0.67 μM) compared to the control 

isoform (E275K). Oddly, the H109Y mutation in a single subunit of the dimer also resulted 

in a dimer that approached saturated binding at 8% change, suggesting the presence of a Tyr 

in place of the active site His rendered the subunit unable to bind PAP when coupled with a 

PAP-bound subunit. While attempting to maintain structural density and aromaticity at the 

109th amino acid position, overall size conservation of the residue was sacrificed. In the 

H109Y isoform, the tyrosine likely protrudes into the binding pocket of SULT1B1 and 

sterically interferes with PAP binding, resulting in an overall lower binding affinity. Though 

the results are not documented in this study, mutation of His109 to a Phe also inhibited the 

ability of SULT1B1 to bind PAP, suggesting substitution of His109 with a smaller amino 

acid may be the best way to retain potent PAP affinity while abolishing catalytic activity.
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Each heterodimer’s specific activity toward 1-naphthol was measured as an indicator of 

catalysis (Figure 7). To our knowledge, no one has described the effect of Arg258 mutation, 

whereas the effect of His109 mutation on SULT catalysis has been discussed prior to this 

report. Mutation of His109 to a Tyr completely abolished sulfation activity in each case, 

regardless of other mutations, due to tyrosine’s inability to act as a catalytic base. Mutation 

of Arg258 to a Lys essentially rendered the enzyme inactive, with a low level of residual 

activity in the E275K-R258K isoform. Based on the specific activities, the K266E/E275K 

heterodimeric subunits first appeared to display synergistic gain in specific activity once 

they were coupled together. This synergy was tested by measuring the activity of a fully 

competent subunit (e.g. K266E) paired with the dysfunctional subunits. Compared to the 

heterodimer with two competent subunits, the K266E/E275K-R258K and K266E-R258K/

E275K heterodimer activities most closely resembled additive activities, not synergistic 

activities, with 50% the activity of the fully active dimer (Figure 7). Coupled with the 

observation that the K266E/E275K-H109Y and K266E-H109Y/E275K heterodimers display 

approximately 50% of the activity of the K266E/E275K heterodimer, we determined the 

data does not support a SULT1B1 catalytic mechanism that is heavily reliant on coordinated 

intersubunit communication; one dependent on oscillating binding/catalysis.

In this investigation, we showed dimerization significantly contributes to the thermal 

stability of SULT1B1, consistent with other isoforms [11]. We further established the 

contribution of three conserved amino acids (Arg258, Lys266, and Glu275) to SULT 

oligomerization and catalytic activity, while reinforcing the role of a fourth well-described 

residue (His109) [27]. Pre-steady state kinetics have been used to describe other SULTs 

(SULT1E1, SULT1A1, and SULT2A1) as half-site reactive isoforms [13–15]. Despite our 

best efforts to resolve a pre-steady state sulfation phase for SULT1B1, no such “burst” phase 

has been detected with any substrate, thus complicating determination of its half-site or full-

site mechanism. Therefore, a versatile system for creating SULT1B1 heterodimers was 

developed to test the dependence of SULT1B1 activity on the communication between its 

dimeric subunits. Using this system, we detected no such intersubunit dependence for 

maintenance of activity; providing no evidence to suggest SULT1B1 is a half-site reactive 

isoform. This conclusion could be strengthened by testing the heterodimerization system in a 

second SULT, one that relies on intersubunit communication.

Using another SULT, intricacies of the interdependence of subunit activities could be 

investigated in greater depth. It is unlikely that intersubunit communication is independent 

of both PAPS binding and catalysis, therefore was assumed throughout this study. This could 

be explicitly shown using another SULT isoform. The current study was limited by the 

substitution of Lys266 and Glu275 with amino acids bearing shorter and longer R-group 

lengths, respectively. While unlikely, the length difference could disrupt coordination 

between dimer subunits. Another SULT could be used to test the substitution of Lys266 and 

Glu275 with unnatural amino acids; amino acids with the conserved R-group length in 

combination with the charges used in this study. These substitutions would result in a SULT 

heterodimer that resembles the native SULT even more closely than the one in our report, 

and may actually yield greater dimerization efficiency than that observed in this study.
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The rewards from this study are two-fold. First, we have gained an appreciation for SULT 

isoform uniqueness by showing SULT1B1’s activity is not heavily dependent on intersubunit 

communication, like others in the enzyme family. Otherwise, abolishing the cofactor-binding 

and/or catalytic competency of a single subunit of SULT1B1 would have altered the activity 

of the pairing subunit. Second, we have described a system for controlling subunit 

dimerization that can be used to investigate the intersubunit dependence of other oligomeric 

metabolic enzyme families. After all, the more we understand about the biochemical 

mechanisms underlying drug-metabolizing enzyme functions, the more readily we can alter 

their activities in ways that benefit modern medicine.
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Figure 1. 
The SULT dimerization domain. (A) Along with SULTs in other species, each human SULT 

has a conserved KxxFTVxxxE dimerization motif. (B) The SULT crystal structures show the 

interface between the conserved KxxFTVxxxE residues (sticks) of each subunit. PAP 

(cofactor) is represented by spheres.
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Figure 2. 
Schematic for controlling SULT1B1 dimerization [28]. SULTs have salt bridging 

dimerization residues K266 (+) and E275 (−), nearby the PAPS (spheres) binding domain. 

Mutation of E275 to a K and K266 to an E results in either a dominantly positive or 

dominantly negative charged dimerization domain, disallowing dimerization via repulsive 

forces. Mixing of the two populations should yield a heterodimeric complex via attraction.

Tibbs and Falany Page 15

Biochem Pharmacol. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Confirmation of the SULT1B1 heterodimer formation (A) SULT1B1-K266E (black circle) 

elutes as a monomer (38 kDa) from a G100 gel filtration column while SULT1B1-E275K 

(white circle) elutes at an unexpected size of 60 kDa. The reason for the unexpected size is 

entertained in the discussion. After incubation together, SULT1B1-K266E and E275K co-

elute as a 77 kDa dimer (grey circle), the same size as the wildtype dimer (grey square). (B) 

Native-PAGE shows the SULT1B1-K266E isoform is monomeric, migrating similar to the 

positive control SULT1B1-K266A isoform. SULT1B1-E275K migrates slightly higher than 

WT-SULT1B1 (dimer). Mixing the K266E and E275K isoforms together almost completely 

abolishes the K266E monomer band, forming a species that migrates very similar to WT-

SULT1B1. High-resolution native-PAGE results were dependent on retention of the N-

terminal 6xHis tag. The 6xHis tag contributes to low-affinity higher order (tetrameric) 

species upstream of the pictured dimer. Confirmation of these higher order species as 

artifacts at relevant concentrations was provided by gel filtration.

Tibbs and Falany Page 16

Biochem Pharmacol. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Rescue of SULT1B1-WT-like activities by SULT1B1-K266E/-E275K heterodimerization. 

(A) Thermal sensitivity, (B) the PAP dissociation constant, and (C) PAPS Km/Vmax for each 

“monomeric” population are rescued by heterodimerization (refer to key). Each data set 

represents the mean of triplicate experiments with error bars depicting SEM.
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Figure 5. 
Heterodimerization between each SULT1B1 subunit. (A) Native-PAGE was used as a high-

throughput method to ensure addition of the extra mutations (R258K, H109Y, or both) did 

not negatively affect heterodimerization between subunits. (B) Gel filtration chromatography 

confirmed, with higher resolution, the formation of heterodimers between the SULT1B1-

K266E subunit (black circle) and E275K (grey circle), E275K-R258K (black square), 

E275K-H109Y (black diamond), or E275K-R258K-H109Y (black triangle). The 

heterodimers eluted at the same size as SULT1B1-WT (grey square).
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Figure 6. 
Change in SULT1B1 intrinsic fluorescence (IF) upon PAP binding. Dissociation constants 

were derived from the IF binding curves for each E275K isoform alone and in combination 

with the K266E subunit (refer to key). PAP:SULT subunit stoichiometry was estimated 

based on the magnitude of intrinsic fluorescence change at saturation. Data are the mean 

values of triplicate experiments. Dissociation constant values are listed in Table 2.

Tibbs and Falany Page 19

Biochem Pharmacol. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
Specific activity of each SULT1B1 subunit by itself and after combination with each 

potential partnering subunit. The specific activity (normalized for protein concentration) of 

each isoform toward 1-naphthol is an average of three time points along the product 

formation curve (error bars = SEM). Each isoform is indicated by (+) signs above the graph. 

For ease of comparison, data were normalized to the activity of the K266E/E275K 

heterodimer.
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Figure 8. 
Key interactions along SULT dimerization interface. The non-covalent interaction (green 

line: box = oxygen, circle = nitrogen) between K266 and E275 is not essential for 

dimerization. K266 rests on a single turn helix, a secondary structure whose preservation is 

important for establishing the bond between the amide nitrogen of Val271 and the alpha 

carbon of Phe269.
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Table 1

List of primers for cloning and mutagenesis.

Primer ID Primer Sequence Primer Purpose

1a 5′ ATGCTTTCCCCAAAAGATATTCT SULT1B1 sense

1b 5′ GCAAGCTTGCTCATCGTTTAAATCTCTGTGCGGA SULT1B1-HindIII antisense

2a 5′ TGGTGACTGGGCGAATTACTTCA SULT1B1-K266A sense

2b 5′ TGAAGTAATTCGCCCAGTCACCA SULT1B1-K266A antisense

3a 5′ GCTGGTGACTGGGAGAATTAC SULT1B1-K266E sense

3b 5′ GGTGAAGTAATTCTCCCAGTC SULT1B1-K266E antisense

4a 5′ GTGGCCCAAAATAAGAAATTT SULT1B1-E275K sense

4b 5′ AGCATCAAATTTCTTATTTTG SULT1B1-E275K antisense

5a 5′ ATTGTGAAAACATATCTACCGACTGAT SULT1B1-H109Y sense

5b 5′ ATCAGTCGGTAGATATGTTTTCACAAT SULT1B1-H109Y antisense

6a 5′ AATCCCCTTTTATGAAGAAAGGGACGGCTG SULT1B1-R258K sense

6b 5′ CAGCCGTCCCTTTCTTCATAAAAGGGGATT SULT1B1-R258K antisense
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Table 2

Paired and unpaired SULT1B1 subunit dissociation constants for PAP. Potential pairing subunits are labeled 

“negative” or “positive” based on the net charge of their dimerization domains. The presence of both a 

“negative” and “positive” subunit in a single row of the table indicates a heterodimer between the two listed 

isoforms.

Negative Subunit Positive Subunit PAP Kd (μM)

K266E E275K 0.18 ± 0.006

K266E E275K-R258K 0.34 ± 0.042

K266E E275K-H109Y 0.59 ± 0.065

K266E E275K-R258K-H109Y 1.03 ± 0.056

K266E-R258K E275K 0.216 ± 0.008

K266E-R258K E275K-R258K 2.68 ± 0.63

K266E-R258K E275K-H109Y 2.96 ± 0.46

K266E-R258K E275K-R258K-H109Y 2.59 ± 0.94

K266E-H109Y E275K 0.23 ± 0.02

K266E-H109Y E275K-R258K 4.31 ± 0.4

K266E-H109Y E275K-H109Y 3.28 ± 0.305

K266E-H109Y E275K-R258K-H109Y 3.72 ± 0.39

K266E-R258K-H109Y E275K 0.22 ± 0.01

K266E-R258K-H109Y E275K-R258K 10.8 ± 4.45

K266E-R258K-H109Y E275K-H109Y 695.8 ± --

K266E-R258K-H109Y E275K-R258K-H109Y 1.91 ± 0.48

-- E275K 0.08 ± 0.009

-- R258K -- --

-- H109Y 0.668 ± 0.031

-- R258K-H109Y -- --

Native SULT1B1 0.106 ± 0.009
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