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ABSTRACT: A novel and efficient enzyme kinetics assay using electrospray ionization mass spectrometry
was developed and applied to the bacterial carbohydrate sulfotransferase (NodST). NodST catalyzes the
sulfuryl group transfer from'3phosphoadenosiné-phosphosulfate (PAPS) to chitobiose, generating 3
phosphoadenosiné-phosphate (PAP) and chitobiose-6-QS@s products. Traditional spectrophotometric
assays are not applicable to the NodST system since no shift in absorption accompanies sulfuryl group
transfer. Alternative assays have employed thin-layer chromatography, but this procedure is time-consuming
and requires radioactive materials. The ESI-MS assay presented herein requires no chromophoric substrate
or product, and the analysis time is very short. The ESI-MS assay is used to determine NodST kinetic
parameters, includingu, Vimax andK; (for PAP). In addition, the mode of inhibition for PAP was rapidly
determined. The results were in excellent agreement with those obtained from previous assays, verifying
the accuracy and reliability of the ESI-MS assay. This unique technique is currently being used to investigate
the enzymatic mechanism of NodST and to identify sulfotransferase inhibitors.

Sulfated biomolecules regulate a diverse array of specific due to their role in the biosynthesis of the L-selectin ligands
cellular communication events in both normal and pathologi- that participate in both normal and pathological inflammatory
cal processedl( 2), such as acute and chronic inflammation responsesl1@3—15). Unfortunately, the human GIcNAc-6-
(3, 4), cancer metastasiS)( microbial pathogenesig), and O-sulfotransferases are membrane-bound, and difficult to
hormone regulation6). The participation of these biocon- express at high levels. Therefore, in our efforts to develop
jugates in a variety of disease states has triggered interest irsmall molecule inhibitors1(6), we have initially focused our
the enzyme family that installs the sulfate group, sulfotrans- attention on a functionally related sulfotransferase, the
ferases. Sulfotransferases catalyze sulfuryl groups(pO  GIcNAc-6-O-carbohydrate sulfotransferase NodST from the
transfer from 3phosphoadenosiné-phosphosulfate (PAPS)  nitrogen-fixing bacteriumRhizobium meliloti(17). This
to an acceptor hydroxyl (or amino) group on a protéfn ( enzyme acts as a host-specific nodulation switch by cata-
8), carbohydrate( 9), or a small moleculel(, 11). They lyzing the transfer of a sulfuryl group from PAPS to the
play an important role in modulating normal and pathogenic 6-hydroxyl group of the reducing terminal GIcNAc residue
processes and are now considered as potential therapeutiof a lipochitooligosaccharide18) (1, Scheme 1). The
targets {, 2). resulting sulfated lipochitooligosaccharid®),( or “nod

Among the broad family of sulfotransferases, the human factor”, is critical for root nodulation and bacterial infection
GIcNAc-6-O-sulfotransferases [e.g., CHSTE and HEC- (19). NodST can also utilize the simple disaccharide chito-
GIcNAC6ST @, 4)] have become the focus of intense interest biose @) as a substrate, giving chitobiose-6-OS@4) as
the product 20, 21) (Scheme 2). The assay described herein
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tosamine; GIcNAcN-acetylglucosamine; HEC, high ?ndothelial cell; The mechanistic investigation of the bisubstrate (chitobiose
PAPS, 3phosphoadenosine-phosphosulfate; PAP,phosphoad-  5nq pAPS) enzymatic reaction of NodSX0(21) is critical
enosine 5phosphate; SIM, selected ion monitoring;NNTA, nickel— . L

nitrilotriacetic acid; TLC, thin-layer chromatography; Tris, tris- fOF its optimization as a sulfotransferase model enzyme

(hydroxymethyl)aminomethaneyDi-6S, o-AUA-[1—3]-GalNAc-6S. system. Enzyme kinetic parameters such as the Michaelis
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Scheme 1: NodST Catalyzes the Sulfation of a electrospray ionization mass spectrometry (ESI-MS) assay

Lipochitooligosaccharidel] using ion trap mass spectrometry that does not require
OH NHAC OH NHAC chromophogenic s.ubs.trates or_producﬁ)( Beca_use a

HOW&WOH single-point normalization factor is used, a calibration curve
HO " OHo HO NHAG 0 is not required and the total analysis time is approm_mately

o OH the same as that of the standard spectrophotometric assay.

M This method can be applied to any enzyme system if an
internal standard with structure and ionization efficiency

PAPS comparable to those of the product or substrate is available.
An additional advantage is that substrate and product

guantities can be simultaneously analyzed during the course
of the reaction. Thus, the ESI-MS assay is an efficient

method for determining enzyme kinetic parameters, as

PAP
OH NHAC OH HAC :
HO&WO/%HO oH demonstrated here with NodST.
HO H OHO HO NHAG < The ESI-MS assay was initially applied to the NodST
o

0S80y bisubstrate enzymatic system, in which NodST catalyzes the
= transfer of a sulfuryl group from the sulfate donor PAPS to
@ the sulfate acceptor chitobiose, yielding PAP and chitobiose-
6-OSQ~ as products (Scheme 2). Utilizing the internal
) ) standard, a chondroitin disaccharide cakbledAUA-[1—3]-
Menten constanKy and the maximum veloCit¥max are  GaINAc-6S AD;-6S) (Scheme 2), a single-point normaliza-
usually determined by spectrophot_ometnc methOdS: if the tion factor between the product and the internal standard was
reactants undergo a detectable shift in absorption or fluo- ghained. The kinetics results of the ESI-MS assay were in
rescence at a characteristic wavelength during the reaction oy allent agreement with previously published values. This
Unfortunately, the substrates and products of the enzymaticassay is currently being used to explore the catalytic
reactions catalyzed by some enzymes, including NodST, doechanism of our model enzyme NodST and is also being

not have such a shift in absorption that is needed to performgganted to mammalian carbohydrate sulfotranferases of
spectrophotometric methods. Although various Strateg'estherapeutic interest.

have been used to solve this problem, such as the synthesis

of artificial chromophogenic or fluorogenic substrat23- EXPERIMENTAL PROCEDURES

26), these strategies cannot usually be employed for group

transfer reactions and such artificial substrates have not beerGeneral Materials and Methods

designed for sulfotransferases yet. Recently, Bertozzi and ) ] ]
co-workers have employed a radiolabel transfer assgy (  All chemical reagents were obtained from commercial
for sulfotransferases that involves the separation of the Suppliers and used without further purification. Bovine serum
product, 3S-labeled chitobiose-6-0SQ from the excess albuim (BSA), NodST control, and chitobiose were pur-
substrate,3*S-labeled PAPS, on a silica gel TLC plate chased from Calbiochem (San Diego, CA). The-NiTA
followed by quantification via phosphorimaging. Using the agarose (25 mL) was purchased from QIAGEN Inc. (Va-
TLC assay, &y value of 4.3+ 0.3 uM was obtained for ~ encia, CA). All the other substrates, internal standards, and

the substrate PAPS andkavalue of the product PAP with  inhibitors were purchased from Sigma Co. (St. Louis, MO),

NodST

A

respect to PAPS was determined to be 1:36.08:M (16). including 3-phosphoadenosine-phosphosulfate (PAPS),
However, &y value for the other substrate, chitobiose, could AUA-[1—3]-GalNAc-6S @AD-6S), and 3phospho-
not be determined using this method. adenosine sphosphate (PAP).

Recently, soft ionization methods such as electrospray Water used for the biochemical procedures was doubly
ionization (ESI) and fast atom bombardment (FAB) mass distilled and deionized using a Milli-Q system (Millipore).
spectrometry have been demonstrated to be complementarfscherichia coliwas purchased from NEB, and the pET-
to conventional spectrophotometric methods for enzyme 24d-NodH vector was cloned as previously descrit2s). (
kinetics studies 47—30). We have developed a novel NodST containing a Higag was expressed froBcoli cells

Scheme 2: NodST Catalyzes the Sulfation of Chitobi@eGenerating PAP and Chitobiose-6-OSO(4) as Products
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NodST Kinetics Assay Using MS

and purified using nicketnitrilotriacetic acid (NF-NTA)
metal affinity chromatography as previously describiz?) (
The purification procedures were performed at@ to
prevent the protein from denaturing. The NodST solution
was dialyzed against 100 mM Tris (pH 8.0) containing 20
mM p-mercaptoethanol and 10% glycerol to removetNa
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1 mM, respectively, along with 90 nM NodST in the reaction
system. The sample was kept at room temperature overnight,
and the enzymatic reaction was allowed to proceed to
completion. At this point, PAPS had been completely
consumed as evidenced by the ESI-MS spectra, providing a
chitobiose-6-OS@ concentration of 2axM. A 25 uL aliquot

before use in the mass spectrometric assay. The NodSTof the reaction solution was quenched in 3000f MeOH
concentration was determined using the standard Lowry containing 6.2%M internal standard. This quenched sample
assay. Agarose gel electrophoresis was performed usingsolution was analyzed by selected ion monitoring (SIM) to
standard procedures. The TLC assay was performed to checlobtain the single-point normalization fact®1j.

the activity of expressed NodST as previously descrithéf (

Progress Cuve of the ReactionThe same 19QuL

The activity of the expressed NodST was determined to be prereaction mixture was generated, and the reaction was

50 nM unit? (Keat = 19.8 mimY). This is compared to the
literature ke value of 23.6 min' (22) and a calculated
NodST activity of 42 nM unit?. All the mass spectrometric
kinetics assays were performed at 22 in 10 mM NH;-
OAc (pH 8.0) (buffer A).

Mass Spectrometry

A Finnigan LCQ ion trap mass spectrometer equipped with

an ESI source and an HPLC pump (Thermo-Finnigan, San
Jose, CA) was used. The capillary temperature and the spra

voltage were kept at 200C and 3.2 kV, respectively.
Approximately 4QuL of each sample solution was delivered
via the LC pump at a flow rate of 20L/min. The product
ion (m/z 503) and the internal standard iom/¢ 458) were
monitored in the negative ion mode using selected ion
monitoring (SIM). The signals for the ions of interest were
optimized by using the automatic tuning option on the
instrument. The optimized conditions were then applied in

subsequent experiments. When the signal intensity for one

sample decreased from approximatelyx1 10° detector
counts per scan to I 10* detector counts per scan,
indicating the consumption of the former injection, the next
sample was injected.

The Qual Browser program was used to analyze the data
from the chromatogram and spectrum list. The chromatogram

of the Qual Browser program was used to monitor the

processing of samples versus time, with each peak represen

ing a different sample that was monitored. An average of
60 (12 x 5) scans was taken to obtain a spectrum list for

each sample, which provides the absolute intensities for the
monitored ions along with relative abundance. The sums of

the intensities within 0.8 mass unit around the center of

product ion peak and internal standard ion peak were used

to determine their intensity ratiolg{l;s). This ratio was
subsequently used to obtain a single-point normalization
factor, quantify the amount of product, and calculate the
initial velocity in the enzymatic reaction.

Enzyme Kinetics

Single-Point Normalization FactorA stock solution of
NodST (1.8uM) (NodST stock 1) was prepared in buffer
A. Stock solutions of chitobiose (0.5 and 5.0 mM), PAPS
(12.5 and 125:M), and a-AUA-[1—3]-GaINAc-6S AD;-
6S) (250uM) were prepared in buffer A. A volume of 110
uL of buffer, 40 uL of a PAPS stock solution (126M),
and 40uL of a chitobiose stock solution (5.0 mM) were
mixed to form a 19QuL prereaction mixture. The reaction
was initiated with the addition of 10L of NodST stock 1.
The concentrations of PAPS and chitobiose weral25and

initiated with the addition of 1QuL of NodST stock 1.
Several 25uL aliquots were removed and diluted in
guenching solution (10@L of MeOH containing 6.25:M
internal standard) over a 35 min period. The amount of
product in each quenched sample solution was quantified
by the ESI-MS assay. The reaction percent conversion was
determined as a function of time.

Measurement of i{and Viaxfor PAPS A series of eight
prereaction solutions (190L each) with eight different

APS concentrations and a fixed chitobiose concentration
were prepared by mixing the PAPS stock solution (12.5 and
125uM), the chitobiose stock solution (5.0 mM), and buffer
A at eight different ratios. After each reaction was initiated
with 10 uL of NodST stock 1, the PAPS concentrations in
the eight reaction solutions ranged from 1.25 ta/0along
with 1 mM chitobiose and 90 nM NodST. After 4 min, a 25

uL aliquot of each reaction solution was quenched in 100
uL of MeOH with 6.25uM AD;-6S. The eight quenched

samples were analyzed by ESI-MS, and the amount of
product in each sample was quantified. TRg and Viax
values were determined by plotting the calculated initial
velocity versus PAPS concentration using the GraFit pro-
gram. The error in these calculations was determined from
three replicate experiments.

Measurement of K and \iax for Chitobiose.After the
chitobiose stock solution (0.5 and 5.0 mM), PAPS stock
solution (125uM), and buffer A had been mixed at 10
different ratios, a series of 10 prereaction solutions (490
each) with 10 different chitobiose concentrations and a fixed
PAPS concentration were prepared. After each reaction had
been initiated with 10uL of NodST stock 1, the final
chitobiose concentrations in the 10 reaction solutions ranged
from 0.05 to 2.5 mM with 2%M PAPS and 90 nM NodST.
After 4 min, a 25uL aliquot of each reaction solution was
guenched in 10&L of MeOH with 6.25uM AD;-6S. The
10 quenched samples were analyzed by ESI-MS, and the
amount of product in each sample was quantified. Kie
and Vnax values were obtained by plotting the calculated
initial velocity versus chitobiose concentration using the
GraFit program. The experiments described above were
repeated three times to determine the precision of the assay.

Product Inhibition Study Using PARA stock solution of
NodST (1.3uM) (NodST stock 2) was prepared in buffer
A. Stock solutions of chitobiose (10 mM), PAPS (12.5
500 uM), and the product inhibitor PAP (630 uM) were
prepared in buffer A. The reaction solution was prepared in
a total volume of 20@L. Four concentrations of PAP were
used: 0, 0.75, 1.5, and 3,0M. For each of the PAP
concentrations, a series of six PAPS concentrations ranging
from 1.25 to 50uM were used, while the chitobiose
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FiGure 1: (a) Structure of the internal standasdAUA-[1—3]-
GalNAc-6S AD;-6S) withm/z 458. (b) Structure of the monitored
product chitobiose-6-OS0 with m/z 503.

concentration was kept constant at 1 mM. Hence, a total of

24 prereaction mixtures (6@L each) were prepared by
mixing 20 uL of a 10 mM chitobiose stock, a PAPS stock,

Pi et al.
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FiGUrRe 2: Progress curve for determining the optimum reaction
time of the NodST enzymatic system ([chitobiose]l mM, [PAPS]

= 25uM, [NodST] = 90 nM, and pH 8.0). The inset (from 0 to 6
min) is shown as the expanded region.

and a PAP stock of appropriate concentrations. Each reactiorensures a linear relationship of their concentrations and ion

was initiated by addition of 140L of NodST stock 2; thus,

intensity ratios. The two ions that were monitored wexB

the NodST concentration in each reaction was 90 nM. After 6S-HJ~ and [chitobiose-6-OS©-H]~, at m/z 458 and 503,

4 min, a 25uL aliquot of each reaction solution was
quenched in 10&L of MeOH with 6.25uM AD;-6S. The

respectively. Since the product chitobiose-6-QS@ not
commercially available, a known product concentration was

24 quenched samples were analyzed by ESI-MS, and thegenerated by allowing the enzymatic reaction to run to
amount of product in each sample was quantified. The mode completion. ESI-MS was used to ensure the completion of

of inhibition was evaluated by analyzing the pattern of the
double-reciprocal plots. Th&; value of PAP versus the
substrate PAPS was obtained.

RESULTS AND DISCUSSION

Internal Standard and Single-Point Normalization Factor.
A critical aspect of the ESI-MS assay is the quantification
of the product by introduction of an internal standard in the
guenching solution and monitoring of the relative intensity
of product ion and internal standard ion by SIM. The intensity
ratio of the two ions is related to their concentration ratio
through the normalization factor. A single-point normaliza-
tion factor R can be determined with eq 1, which can be

the reaction by monitoring the disappearance of the substrate
peak, [PAPS-H], at m/z 506. The chitobiose-6-OSO
concentration is then equivalent to the initial PAPS concen-
tration. This allowed for the determination of the average
single-point normalization factor for the NodST reaction.
This was determined to be 2.7 and only varied slighttp (1)
during the course of the study.

Reaction Progress Cue. Before the kinetic parameters
for PAPS and chitobiose in the NodST enzymatic system
were measured, reaction progress curve experiments were
performed to determine the optimum enzyme concentration
and reaction quenching time for the kinetic study. A progress
curve was obtained by monitoring the amount of product

obtained by analyzing a mixture of the internal standard and Versus time using the ESI-MS assay (Figure 2). The linear
the product at a known concentration. The latter is deter- region of 0-6 min was obtained, and the optimum reaction
mined by monitoring depletion of a known substrate time was determined to be 4 min with a substrate conversion
concentration. of approximately 27% and a NodST concentration of 90 nM
at pH 8.0. Since the quenching time resided in the linear
region, the initial velocity was calculated by dividing the
product concentration by the reaction time.
wherels is the intensity of the internal standard akhds Measurement of i and \iax for PAPS.On the basis of
the intensity of the product. the Ky value of 4.3uM previously determined by a TLC
For each sample that was analyzed, the product concentra@ssay 16), a PAPS concentration range of 1250 uM
tion and the initial reaction velocity; at certain substrate  (0.25-5.0Ky) was used in this study. For measurement of
concentrations can be calculated via egs 2 and 3 using theKu and Vimax for PAPS, the concentration of this substrate
ESI-MS data I/l;s) and the normalization factdR deter- was varied in each reaction while the other substrate,
mined above. chitobiose, was kept at a fixed saturating concentration. The
concentration of chitobiose-6-O%0was quantified using

R= (I/l,s)/([product]/[internal standard]) )

[product]= (I/l g)linternal standardi (2) the previously determined normalization factor and the ESI-
MS data. The initial reaction velocity was calculated and
Vo = [product]TT, 3 plotted versus the PAPS concentration to obtain the corre-

sponding Ky and Vmax Values, via nonlinear regression
whereT, is the quenching time. analysis. Figure 3a shows the saturation plot of initial velocity
In our NodST assay, a chondroitin disaccharae\UA- versus PAPS concentration obtained from the ESI-MS data,
[1—3]-GalNAc-6S AD;-6S) (Figure 1a), was chosen as an which is for one experiment from a total of three replicate
internal standard due to its molecular weight and chemical experiments (see the Supporting Information). The initial
structure being similar to those of the product, chitobiose- velocity reached a maximum at a PAPS concentration of
6-OSQ~ (Figure 1b). Both compounds are 6-sulfated di- approximately 66-100 uM, and the averag&y and Vmax
saccharides and have similar ionization efficiencies. This values for PAPS were determined to be 6:70.6 uM and
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FIGURE 4: Saturation plot ol vs [chitobiose]. The inset is a  With previously published results for chitobiose in the NodST

double-reciprocal plot of 4, vs 1/[chitobiose] ([chitobioseF 0.05, enzymatic reaction2?2). The high precision of the results is
0.1, 0.15,0.2, 0.25, 0.5, 1, 1.5, 2, and 2.5 mM, [PARS]5 uM, underscored by the good linearity of the corresponding
[NodST] = 90 nM, and pH 8.0). double-reciprocal plot (Figure 4b), which gave Bhvalue

1.75 + 0.05 uM min~?, respectively. Theky value was  Of 0.988.
reasonably consistent with that determined using the TLC  Product Inhibition Study Using PARIodST has been used
assay (4.3uM) (16), validating the ESI-MS assay as a as @ model enzyme for the mammalian GICNAGS-
reliable and accurate method for determining enzyme kinetic sulfotransferases. Inhibitor studies with NodST are expected
parameters for NodST. The corresponding double-reciprocalto provide critical information for the design of sulfotrans-
plot (Figure 3b), based on the double-reciprocal equation, ferase inhibitors with potential anti-inflammatory and anti-
had anR? value of 0.998, which further verified the precision ~cancer activities. We endeavored to demonstrate that our
of the methodology. Hence, this method can be used to obtainassay is amenable to inhibition studies and simultaneously
the Ky and Vimax values for the other substrate, chitobiose. gain insight into NodST’s mechanism of action. One of the
Measurement of | and . for Chitobiose.Several products of the bisubstrate sulfotransferase reaction, PAP,
preliminary experiments with a limited number of chitobiose Was previously reported to exhibit competitive inhibition of
concentrations were performed to estimatekhevalue and ~ NodST with respect to an inhibition constaig, of 1.36
determine the proper chitobiose concentration range for the«M (16).
study. On the basis of preliminary assays estimatirya To validate the ESI-MS assay, we studied NodST inhibi-
value of 0.25 mM, a chitobiose concentration range of 8.05 tion using PAP by evaluating the double-reciprocal plots
2.5 mM (0.2-10.Ky) was used. For the measurements of generated using different inhibitor concentrations. We varied
Km and Vg for chitobiose, PAPS was kept at a fixed, the concentrations of one substrate PAPS (from 1.25 to 50
saturating concentration of 28V, while the concentration ~ «M) and the inhibitor PAP (from 0 to 3.@M), while the
of chitobiose was varied from 0.05 to 2.5 mM. The product, concentration of the other substrate, chitobiose, was kept
chitobiose-6-OS@r, was quantified using the normalization constant at 1 mM. The same assay method was applied to
factor and ESI-MS data, and the initial reaction velocity was quantify the product and calculate the initial velocity. Figure
calculated and plotted versus the chitobiose concentration5 shows the double-reciprocal plots obtained from the ESI-
(Figure 4a). In this case, the initial reaction velocity MS data. The four lines representing four different PAP
approached a maximum at a chitobiose concentration be-concentrations shared a commdgintercept, unambiguously
tween 2.5 and 5.0 mM. A nonlinear regression analysis of indicating a competitive inhibition pattern for PAP.
the saturation plot of initial velocity versus chitobiose Figure 6 shows the secondary plot for PAP in our
concentration was performed, yielding an averdgsg value inhibition study, which gave & value of 1.80uM with
of 1.624 0.05 mM min! and aKy value of 0.284 0.03 respect to the substrate PAPS at a saturating chitobiose
mM. The results, which were generated from three replicate concentration. The result was consistent with that determined
experiments (see the Supporting Information), agreed well previously using the TLC assay ). This efficient mass
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spectrometric method is currently being used to determine
the inhibition mode and kinetic parameters for other synthetic
inhibitors of NodST 16).

CONCLUSIONS

A novel ESI-MS kinetics assay has been applied to study
NodST, a model for the family of mammalian carbohydrate
sulfotransferases of therapeutic interest. The ESI-MS method
is especially useful in characterizing enzymes for which no
spectrophotometric assay is feasible. With the availability
of a proper internal standard that is similar to one of the
reaction components in both structure and ionization ef-
ficiency, we can utilize the single-point normalization factor
to simplify and streamline the ESI-MS analysis. The kinetic
parameters for the NodST obtained from this ESI-MS assay
were in excellent agreement with previously reported results.
Since radiolabeled materials are not required in the ESI-MS
assay, and because the analysis time is comparable to
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efforts will be focused on determinirg values of a synthetic
library of possible inhibitors and application of the meth-
odology to further investigation of therapeutically interesting
enzymes.
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