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Abstract
Protein tyrosine O-sulfation, a widespread post-translational modification, is mediated by two Golgi
enzymes, tyrosylprotein sulfotransferase-1 and -2. These enzymes catalyze the transfer of sulfate
from the universal sulfate donor PAPS to the hydroxyl group of tyrosine residues to form tyrosine
O-sulfate ester and PAP. More than 60 proteins have been identified to be tyrosine sulfated including
several G protein-coupled receptors, such as CC-chemokine receptor 8 (CCR8) that is implicated in
allergic inflammation, asthma, and atherogenesis. However, the kinetic properties of purified TPST-1
and -2 have not been previously reported. Moreover, currently there is no available quantitative TPST
assay that can directly monitor individual sulfation of a series of tyrosine residues which is present
in most known substrates. We chose an MS-approach to address this limitation. In this study, an LC/
ESI-MS-based TPST assay was developed to determine the kinetic parameters of individual TPSTs
and a mixture of both isozymes using CCR8 peptides as substrates that have three tyrosine residues
in series. Our method can differentiate between mono- and disulfated products and our results show
that the Km,app for the monosulfated substrate was five-fold less than the nonsulfated substrate. The
development of this method is the initial step in the investigation of kinetic parameters of the
sequential tyrosine sulfation of chemokine receptors by TPSTs and in determining its catalytic
mechanism.
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Introduction
Protein tyrosine O-sulfation is a widespread post-translational modification that was suggested
to affect an average of 1% of all tyrosine residues in all proteins, secreted and membrane-
bound, in higher order eukaryotes [1–6]. This common modification is implicated in a wide
variety of cellular processes such as adhesion, regulation of intracellular communication, and
activation of signal transduction pathways and cellular responses, and these processes are
involved in a broad list of pathophysiological functions [6–8]. Among the more than 60 tyrosine
sulfated proteins identified to date, a great deal of interest is focused on the role of tyrosine
sulfation in the binding of the seven transmembrane G protein-coupled receptors (GPCRs).
Equally important has been the investigation of sulfated tyrosine as regards to chemokine
receptor binding to their cognate ligands that were found to be relevant in several biological
processes such as inflammatory responses, dendritic cell maturation, B and T cells
development, Th1 and Th2 responses, infections, angiogenesis, and tumor biology [9–14].
Furthermore, chemokine receptors were found to act as co-receptors for HIV infection with
tyrosine sulfation being crucial in HIV entry into cells [15–19].

Tyrosylprotein sulfotransferases (TPSTs) are ~50 kDa glycoproteins found in the trans-Golgi
network that catalyze the transfer of sulfate from the universal sulfate donor 3'-
phosphoadenosine-5'-phosphosulfate (PAPS) to the hydroxyl group of tyrosine residues within
highly acidic motifs in proteins or polypeptides [20–25]. Two human TPST isozymes, TPST-1
and TPST-2 (EC 2.8.2.20) have been identified as having ~65% sequence homology and both
are composed of 3 functional domains. These consist of a short N-terminal cytoplasmic domain,
a single 17-residue transmembrane domain, and a luminal catalytic domain with a poorly
conserved ~40 amino acid portion close to the membrane, the latter being unnecessary for
enzyme catalysis [23–25]. Both TPST isozymes are broadly expressed in human and mouse
tissues.

Although these two isozymes have similar domain structures, previous studies have indicated
differences in their biological roles and substrate specificities as shown by several in vivo and
in vitro experiments on the individual isozymes. In vivo experiments on the targeted disruption
of the respective TPST genes showed distinct phenotypic differences between TPST-1
deficient and TPST-2 deficient mice [26–28]. In vitro substrate specificity studies using
synthetic peptides indicated several differences in substrate preferences of the individual
isozymes [24;29;30]. Seibert et.al. showed that TPST-1 preferentially sulfated Y14 of CC-
chemokine receptor 5 (CCR5, an HIV co-receptor) 2–18 peptide, over Y15 as the initial
sulfation site, while TPST-2 preferred Y15 over Y14 [29]. Our group presented results on the
sulfation of CCR8 12–20 peptide (VTDYYYPDI) that showed the same preferences of TPST-1
and TPST-2 in the sulfation order of Y15 and Y17 (Y16 is not sulfated), but differences in the
distribution of the sulfated products given the same experimental conditions [30].

Furthermore, experimental evidence has shown that tyrosylprotein sulfation plays an important
biological role, which makes the characterization of TPST enzymes more particularly
necessary to further the understanding of this process. Although progress has been made in
recent years in understanding the enzymology and biology of tyrosine sulfation, the pace of
research has been hampered by two factors, the lack of homogenous protein samples, and a
fast and accurate assay for quantitative kinetics analysis. Most previous reports on kinetic
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properties of TPST have employed crude enzyme, such as microsomal or enriched Golgi
membrane extracts [31–33]. One study of highly enriched TPST from adrenal medulla has
been reported [34]. However, the purity of the enzyme was uncertain as was whether the
material contained one or both TPST isozymes. In most of these studies, radioactive labeling
assays using [35S]PAPS was used to monitor the formation of sulfated tyrosine products. Either
TLC or paper chromatography was employed in analyzing the end-point [35S] signal. Accuracy
of these methods can vary greatly thus compromising the accuracy of the kinetic parameters
reported. More importantly, said methodology only allows the monitoring and quantification
of total sulfation of tyrosine residues in products and could not differentiate between mono-,
di-, trisulfated products which are present in most of the natural substrates such as CCR5,
CCR8, PSGL-1, etc.

Here we report a new LC-MS-based enzyme assay adapted and modified from our previous
direct infusion MS kinetic assay [35–39]. We have analyzed the formation of the mono-and
disulfated products using reverse-phase (RP) HPLC coupled directly to a linear ion trap mass
spectrometer (MS) equipped with an electrospray ionization source (ESI-MS). Using this
method, the kinetic parameters were obtained for purified recombinant human TPST-1,
TPST-2, and a 1:1 mixture of each isozyme with non- and monosulfated Y15 CCR8 12–20
synthetic peptides. This current methodology allows for the analysis and quantification of the
monosulfated Y15 CCR8 and the disulfated Y15Y17 CCR8 products (Figure 1) (For clarity,
“s” is used prior to Y to indicate sulfation in that particular tyrosine residue).

By using this MS-based assay, we found that the affinity of the nonsulfated CCR8 to TPST-1
and TPST-2 are quite similar. We also determined that monosulfated Y15 CCR8 has
approximately five times higher affinity than nonsulfated CCR8 for the enzymes. We chose to
investigate the pure isozymes as well as a mixture of both in order to address the possibility
that the two isozymes work in synergy within the Golgi. Our results indicate a detectable
difference in apparent Km (Km,app) when the isozymes are combined, as compared to TPST-1
alone. This trend holds for the other kinetic constants as well. These results represent the first
detailed analysis and comparison of the kinetic parameters of pure TPST-1 and -2, and its
mixture. It also addresses the analysis of individual sulfation of multiple tyrosine residues of
a peptide by pure isozymes and the mixture. This LC-MS-based TPST assay can be used to
study other chemokine receptors as substrates, to test potential inhibitors of TPST, and to
determine the mechanisms of the two TPST isozymes.

Experimentals
Materials

Recombinant human TPST-1 and TPST-2 were expressed and purified as previously reported
[23;24]. All CCR8 nonapeptides (amino acids 12–20), VTDYYYPDI (nonCCR8),
VTDsYYYPDI (sY15CCR8), VTDsYYsYPDI (sY15sY17CCR8), and the sY15CCR8 I20G
mutant (internal standard (IS), VTDsYYYPDG), were synthesized and HPLC-purified to
≥95% purity by Quality Controlled Biochemicals (QCB, Hopkinton, MA). PAPS (≥94%
purity) was obtained from Prof. Sanford Singer (University of Dayton, OH) without additional
purification [40]. All reagents used were of analytical grade and were purchased from Sigma-
Aldrich (St. Louis, MO) while HPLC-grade solvents used were from Fisher Scientific
(Fairborn, NJ).

Mass spectrometry
All mass spectra were acquired on an LTQ linear ion trap mass spectrometer with a Surveyor
HPLC system coupled to an electrospray ionization source (Thermo Electron, San Jose, CA).
Analytical samples were separated on a Zorbax Eclipse XDB C8 column (3μm, 80Å) (Agilent
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Technologies, Palo Alto, CA) using a gradient from 2 to 100% eluant B over 30 minutes at a
flow rate of 75μL/min (eluant A, 20mM ammonium acetate, pH 7, in water; eluant B, 20mM
ammonium acetate, pH 7, in 80% acetonitrile). The first 5 minutes of the analytical run was
directed to waste for desalting purposes and then redirected to the source for MS analysis in
the negative ionization mode. The ion transfer capillary was heated to 200°C and the spray
voltage was held at a potential of 3.6 kV. Selected ion monitoring (SIM) mode was used for
quantification, focusing on the total ion count (TIC) peak areas representing the IS and the
product. Twenty scans for each of the IS and product chromatographic peaks were averaged
and were used to determine their peak intensity ratio (IP/IIS).

Enzyme assay
The kinetic parameters of TPST-1, TPST-2, and a 1:1 TPST-1/TPST-2 mixture were measured
by monitoring the sulfation of the tyrosine residues in the CCR8 peptides. All three were reacted
with nonCCR8 (Reaction 1) and sY15CCR8 (Reaction 2) (Figure 1) to determine their
respective apparent Km (Km,app) and Vmax (Vmax,app) values. All reactions were carried out in
20 mM MOPS, pH 7.5, 100 mM NaCl, and 10% glycerol at 30°C. Reaction conditions
optimization experiments were performed using enzyme concentrations from 0.4 to 4 μM with
quench times from 3–30 minutes to determine linearity (Figure 2, Supplemental Material 1 and
2). The optimal concentrations of TPST-2, TPST-1, and 1:1 TPST-1/TPST-2 mixture in the
reactions were determined to be 1.5, 3.0, and 1.5 μM, respectively, when reacted to varying
concentrations of the CCR8 peptides while having constant and saturating PAPS concentration
of 1 mM. When PAPS was varied and the CCR8 peptide was held constant at 300 uM, TPST-2,
TPST-1, and 1:1 mixture of TPST-1 & -2 concentrations used were 375, 800, and 375 nM,
respectively. All reactions were initiated by the addition of enzyme in a final volume of 50
μL. Reaction mixtures were incubated at 30°C at their optimal reaction times: 10 min (TPST-2),
15 min (TPST-1), and 10 min (TPST-1 and -2) and terminated by transferring 10 μL aliquots
of the reaction mixtures into 40 μL methanol containing the IS. Under these conditions, all
initial velocity reactions utilized less than 10% of the substrates as evidenced by product
formation. The IS, although similar structurally to sY15CCR8, did not interfere with the
reaction. The quenched reaction mixtures were then diluted with 20 mM ammonium acetate
pH 7 buffer in preparation for online LC-MS analysis.

Quantification and Data Analysis
VTDsYYYPDG peptide was used as IS because its molecular mass and ionization efficiency
are very similar to the sulfated products. All samples contained 0.5 μM IS prior to LC-MS
analysis. Since proteins and peptides were observed to be multiply-charged in ESI [41], in this
study, the doubly-charged species of each of the peptides were observed predominantly as
shown in Figure 3. For quantification purposes, both the singly-charged and the doubly-charged
species of each peptide were monitored in SIM and their intensities, I, were summed to
represent their respective total intensities, ITOT.

(Equation 1)

A seven-point calibration curve was used for product quantification where the samples
contained varying concentrations of the monitored product while keeping the IS concentration
constant. Each of the calibration standards was analyzed in SIM mode to obtain the ratio of
the intensity of the product (IP) and the IS (IIS), IP/IIS. Calibration curves were generated from
IP/IIS versus [product]/[IS] plots and the slope of the line, m, was calculated such that [P] from
each subsequent reaction could be determined from Equaiton 2.
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(Equation 2)

Once [P] is calculated, it can be used to calculate the velocity of the reaction, υ, at any given
substrate concentration and quench time, Tq, of the reaction by using equation 3:

(Equation 3)

This equation is valid only when the reaction is halted in the linear region of the reaction; i.e.
when the percent conversion of substrate to product is ≤ 10%.

Initial velocity kinetics of reactions 1 and 2 were analyzed by plots of υ versus [substrate] at
fixed cosubstrate concentrations. The data for each plot were fitted to the Michaelis-Menten
equation to obtain Km,app and Vmax,app values for the varied [substrate]. The same data were
analyzed by double reciprocal plots. Grafit v.5 (Erithacus Software Corp., Surrey, UK) was
used for all curve fits. Kinetic constants are reported as the mean determined from triplicate
experiments (n=3).

Validation of Method
The accuracy and precision of the method for quantification were internally validated by
running replicates of standard samples of 0.5 μM monosulfated sY15CCR8 and disulfated
sY15sY17CCR8 throughout the analytical batches. Average matrix spike percent recoveries
were calculated to be 103% ± 7 for sY15CCR8, and 101% ± 12 for sY15sY17CCR8 (n = 19).

Results
LC/ESI-MS of Sulfation Products

All CCR8 peptides in standards, quality control samples, and reaction mixtures were separated
by RP-HPLC and directly analyzed by ESI-Ion trap MS for peak identification and
quantification. MS analysis was performed in the negative ion mode instead of the positive ion
mode since the sulfoester bond is labile in the positive ion mode [42;43].

To determine the order of elution of the CCR8 peptides in the reaction mixtures, a standard
mix of the IS, sY15CCR8, and sY15sY17CCR8 were analyzed using the full scan mode (Figure
3a). Each peptide was represented by their respective singly-charged and doubly-charged
species and their m/z values were noted for selected ion monitoring analysis. The total ion
count (TIC) in Figure 3b shows the order of elution of the peptides with their doubly charged
m/z signals chosen for SIM as shown in the mass spectrum (Figure 3c).

Kinetic constants for nonsulfated CCR8 (nonCCR8)
The activities of the TPSTs when reacted with nonCCR8 were characterized by monitoring
the formation of the monosulfated product, sY15CCR8. Peak areas of the sY15CCR8's singly-
charged ion, m/z 1226, and doubly-charged ion, m/z 613, were added and quantified using the
internal standard peak area (m/z 1170 and m/z 585) and Equation 2.

The nonCCR8 concentration range of 10–200 μM was used to determine its Km,app while
[PAPS] was held constant at 1 mM. A preliminary concentration range of 0.5–10 μM for PAPS
was then used while keeping [nonCCR8] constant at 300 μM. Enzyme inhibition was observed
when [nonCCR8] ≥ 250 μM and when [PAPS] ≥ 50 μM. The final concentration ranges were
used to determine all kinetic constants for nonCCR8 and PAPS when reacted with TPST-1,
TPST-2, and with 1:1 mixture of both isozymes. Table 1 shows all kinetic constants measured
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for Reaction 1. Typical Michaelis-Menten hyperbolic saturation plots were observed for both
nonCCR8 (Figure 4a, Supplemental Material 3a and 4a) and PAPS (Figure 4b, Supplemental
Material 3c and 4c). The corresponding double-reciprocal plots (inserts) showed excellent
linearity. The Km,app values for nonCCR8 with either of the isozymes or mixture were close
to 0.1 mM; however, the Km,app using 1:1 mixture of TPST-1 & -2 was somewhat lower which
suggests possible synergistic interaction between the 2 isozymes when binding to these
particular substrates. The Km,app values for nonCCR8 and PAPS also indicated that the sulfate
donor PAPS has a much higher binding affinity for the TPSTs than the sulfate acceptor
nonCCR8 peptide. TPST-2 is also 10 times faster in converting nonCCR8 to sY15 product
than TPST-1 as evident in the kcat values. In terms of catalytic efficiencies, the kcat/Km,app
values of TPST-1 and TPST-2 clearly showed that TPST-2 is 10-fold more catalytically
efficient than TPST-1 under these conditions (Table 1).

Kinetic constants for monosulfated sY15CCR8
Km,app and Vmax,app values for sY15CCR8 were determined by monitoring the formation of
the disulfated product, sY15sY17 CCR8 (Figure 1, Reaction 2), which is represented by m/z
1306 and 653, the singly-charged and doubly-charged ions, respectively. Their peak areas were
added and quantified with respect to the IS.

An sY15CCR8 concentration range of 5–150 μM was used to determine its Km,app and
Vmax,app while keeping [PAPS] constant at 1mM (Figure 4c, Supplemental Material 3b and
4b). Beyond 150 μM sY15CCR8 concentration, enzyme inhibition was observed. These
concentrations were used for all kinetic constant determinations for TPST-1, TPST-2, and 1:1
mixture of TPST-1 and TPST-2. As observed with the nonCCR8 kinetic experiments,
sY15CCR8 kinetic constants in Table 1, Reaction 2 show the Km,app for the two isozymes to
be very similar while the 1:1 TPST-1 and -2 mixture is slightly lower. TPST-2 is more reactive
than TPST-1 as can be observed again with at least a 10-fold difference in catalytic efficiency,
kcat/Km,app.

Discussion
Previous kinetic studies on tyrosylprotein sulfotransferases involved the use of lysates from
cultured cells or tissues as the enzyme source that almost certainly contained a mixture of the
two isozymes [20;32;44–50]. Individual kinetic analysis of the two TPST isozymes became
possible after the purification and cloning of TPST-1 and TPST-2 10 years ago. In most of the
previous studies, a radioactive labeling assay using [35S] PAPS was used to monitor the
formation of [35S] tyrosine sulfated products. This method only provides information on the
total sulfation of peptides with multiple tyrosine sulfation sites and cannot distinguish among
mono-, di- or trisulfated [35S]- labelled products. The ability of an assay to distinguish tyrosine
sulfated products becomes essential in studying the kinetic parameters of the nonrandom,
sequential sulfation of tyrosine residues of peptides. Several investigators have reported the
importance of tyrosine sulfation in the binding of chemokine receptors to their respective
chemokines [12–14;16;17]. As such, the cooperative sulfation of tyrosine clusters in peptides
by TPSTs requires the monitoring of sulfation of unmutated peptides. Therefore, an efficient
kinetic assay capable of characterizing the parameters for each isozyme with unmutated
peptides as substrates is important for understanding the catalytic properties of tyrosylprotein
sulfotransferases.

The LC/ESI-MS assay described herein was used to obtain the kinetic constants of TPST-1
and TPST-2, individually, and its 1:1 mixture when reacted with peptides modeled after the
N-terminal extracellular domain of CCR8. The order of sulfation of nonCCR8 12–20 was first
determined using a previously published method [30], at which point it was determined that
Y15 is sulfated first followed by the disulfated sY15sY17CCR8 species (Figure 1). There were
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no trisulfated CCR8 products observed using the optimized reaction conditions in this study.
For nonCCR8, both TPST-1 and -2 showed very similar Km,app for both substrate. However,
the kcat values are 10 times different. A comparison of kcat/Km,app values of the two isozymes
and their corresponding CCR8 peptides in Table 1 shows that TPST-2 is more catalytically
efficient than TPST-1 in sulfating CCR8 substrates. This implies that CCR8 12–20 non- and
monosulfated peptides are more suitable substrates of TPST-2 than TPST-1. In other studies,
it was reported that PSGL-1 peptide is efficiently sulfated by TPST-1 and TPST-2 equally,
while heparin cofactor II and C4α peptides are more effectively sulfated by TPST-1 than by
TPST-2 [23;24]. Differential substrate preferences of the isozymes was also evident during in
vivo gene knock-out studies where TPST-1-deficient mice showed reduced body mass and
increased post-implantation fetal death, whereas TPST-2-deficiency caused male mice
infertility and primary hypothyroidism [26–28]. Overall, the kcat/Km,app values from this study
agree with the postulation that TPST-1 and TPST-2 have overlapping but not identical substrate
specificity in vitro and in vivo.

The kinetic data in Table 1 show that both isozymes have similar Km,app values when reacted
with the same substrates. Interestingly, the Km,app for the equal mixture of TPST-1 and -2 for
nonCCR8 and for sY15CCR8 are slightly lower than the individual isozymes. This may suggest
some synergistic interaction between the 2 isozymes in sulfating the tyrosines, however, further
experiments are needed to explore this possibility.

Few studies have focused on determining the order of sulfation of multiple tyrosine sulfation
sites on peptides [29;30]. General considerations indicate that acidic residues within ±5
residues of the tyrosines to be sulfated are necessary. It would appear that clusters of tyrosine
residues are sulfated cooperatively; i.e. sulfation of one tyrosine is dependent on the prior
sulfation of nearby tyrosines. In the case of nonCCR8, Y15 is predominantly sulfated first:
interestingly, it has an aspartic acid residue immediately N-terminal to Y15. After initial
formation of sY15CCR8, Y17 of sY15CCR8 is sulfated to form the disulfated sY15sY17CCR8
product [30]. The comparison of Km,app values of nonCCR8 and sY15CCR8 in Table 1 clearly
suggests that sY15CCR8 has a higher binding affinity than nonCCR8 for both isozymes.
Similarly, sY15CCR8 also showed higher kcat/Km,app than nonCCR8 for both isozymes, as
well as for the mixture, which suggests that the two isozymes are more catalytically efficient
in the formation of the disulfated sY15sY17CCR8 product. These differences in the kinetic
parameters of the two substrates may suggest important interactions between the negative
charges on the sulfated Y15 and the binding site on TPST, and on general TPST catalysis.

In summary, this study presents a detailed kinetic analysis of the monosulfation and disulfation
of a peptide substrate of TPST-1 and TPST-2. The MS-based assay described is useful for the
comparison of the catalytic properties of the two TPST isozymes. In particular, it can be used
to observe the differences in kinetic constants of sulfation reactions in peptides with multiple
tyrosine sulfation sites. Aside from the facile kinetic analysis for substrate specificity studies,
the LC/ESI-MS-based assay can be used to test potential inhibitors of these isozymes, and thus
be further extended to determine the catalytic mechanism of TPST-1 and TPST-2. These latter
two investigations will be the focus of future studies.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Shown above are the tyrosine sulfation reactions of CCR8 12-20 peptides with the two TPST
isozymes and a 1:1 mixture of TPST-1 and TPST-2. Reaction 1 shows the monosulfation of
nonsulfated CCR8 to product sY15CCR8 while reaction 2 shows the formation of the disulfated
product sY15sY17CCR8 from monosulfated sY15CCR8 as substrate.
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Figure 2.
Progress curve for TPST-2 reaction time with insert showing the linear range. Optimal reaction
time with linear response of substrate conversion to product can be reached when reaction time
is ≤ minutes. TPST-2 concentration was set at 1.5 μM while PAPS at 1 mM and nonsulfated
CCR8 at 20 μM.
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Figure 3.
RP-HPLC/ESI-MS analysis of sulfated and nonsulfated CCR8 12–20 standard peptides. (a)
Full scan analysis of the IS, monosulfated product B, and disulfated product C showing their
respective singly-charged (insert) and doubly-charged species. (b) Total ion chromatogram
(TIC) showing the separation and order of elution of the 4 CCR8 peptides. (c) Mass spectrum
in the selected ion monitoring (SIM) mode showing the most abundant signals for the doubly-
charged ions of the 4 CCR8 peptides. A = nonsulfated CCR8, B = sY15CCR8, C =
sY15sY17CCR8
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Figure 4.
Saturation plots and double reciprocal plots (inserts) of the substrates of TPST-2 (TPST-1 and
TPST-1 and -2 similar plots not shown): (a) nonsulfated CCR8 as varied substrate while PAPS
was held constant at 1mM; (b) PAPS as varied substrate while nonsulfated CCR8 was constant
at 300μM; and (c) sY15CCR8 as varied substrate with PAPS constant at 1mM. TPST-2
concentration was constant at 1.5μM for (a) and (c), and was lowered to 375nM for (b). All
experiments exhibited double reciprocal plots with excellent linearity.
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Table 1

Comparison of kinetic constants of TPST-1, TPST-2, and 1:1 TPST-1 and -2 mixture

Varied Substrate Km,app
a
μM kcat

b
min

-1 kcat/Km,app
c μM-1 s-1

Reaction 1: Monosulfation of nonCCR8
TPST-2 nonCCR8 1.2 × 102 ± 10 0.50 ± 0.03 0.075 ± 0.010

PAPS 0.59 ± 0.10 14 ± 1
TPST-1 nonCCR8 99 ± 5 0.045 ± 0.007 0.0076 ± 0.0004

PAPS 0.50 ± 0.09 1.5 ± 0.1
TPST-1 & -2, 1:1
mixture

nonCCR8 75 ± 4 0.43 ± 0.10 0.096 ± 0.005

PAPS 0.54 ± 0.09 13 ± 1

Reaction 2: Disulfation of sY15CCR8
TPST-2 sY15CCR8 23 ± 2.6 0.30 ± 0.01 0.21 ± 0.02
TPST-1 sY15CCR8 21 ± 0.1 0.02 ± 0.00 0.014 ± 0.001
TPST-1 & -2, 1:1
mixture

sY15CCR8 17 ± 0.5 0.29 ± 0.01 0.29 ± 0.01

For Reaction 1, experiments when nonCCR8 and PAPS are varied were performed while keeping the cosubstrate (PAPS and nonCCR8, respectively) at
constant and saturating concentrations. For Reaction 2, sY15CCR8 concentrations were varied while keeping PAPS constant at 1 mM. The experimental
details and data analyses are as described under “Experimentals”. All experiments were performed 3 trials each (n=3).

a
Km,app is the apparent Michaelis constant at a particular substrate at saturating co-substrate concentration;

b
kcat is the parameter that measures how fast the enzyme can turnover a substrate to product given [E]total, kcat = Vmax/[E]total;

c
Kcat/Km,app measures how efficient an enzyme in catalyzing the reaction.
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