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ABSTRACT. An accurate, rapid, and versatile method for the analysis of enzyme kinetics using electrospray
ionization mass spectrometry (ESI-MS) has been developed and demonstrated using fucosyltransferase
V. Reactions performed in primary or secondary amine-containing buffers were diluted in an ESI solvent
and directly analyzed without purification of the reaction products. Decreased mass resolution was used
to maximize instrument sensitivity, and multiple reaction monitoring (MRM), in the tandem mass
spectrometric mode, was used to enhance selectivity of detection. The approach allowed simultaneous
monitoring of multiple processes, including substrate consumption, product formation, and the intensity
of an internal standard. MRM gave an apparéntfor GDP+-fucose (GDP-Fuc) of 50.4 5.5uM and

a keat Oof 1.46 4 0.044 s. Under the same conditions, the conventional radioactivity-based assay using
GDP-[U-“C]Fuc as substrate gave virtually identical resulkg; = 54.3+ 4.6 uM and keas = 1.49 +

0.039 s. The close correlation of the data showed that ESI-MS coupled to MRM is a valid approach for
the analysis of enzyme kinetics. Consequently, this method represents a valuable alternative to existing
analytic methods because of the option of simultaneously monitoring multiple species, the high degree of
specificity, and rapid analysis times and because it does not rely on the availability of radioactive or
chromogenic substrates.

An established role of mass spectrometry (M) the thermally unstable and polar compounds of a wide range of
characterization of small molecules of biological and non- molecular weights. In addition to these soft ionization
biological origin. Matrix-assisted laser desorption ionization methods, MS allows the direct analysis of mixtures of
(MALDI) ( 1) and electrospray ionization mass spectrometry compounds without the need for radioactive or chromogenic
(ESI-MS) @) have contributed significantly to the expansion labeling. This is particularly attractive for the analysis of
of this field into biological and biomedical applicatior®.( ~ €nzyme kinetics, which conventionally requires either ra-
This is due to their ability to produce gas-phase ions from diolabeled or chromogenic substrates. Radioactive substrates

are often preferred because of their sensitivity of detection

- _ as well as their identical chemical nature to the natural

This work was supported by the Crump Institute for Molecular - g\ pstrates. However, most radioactive substrates must be
Imaging and the Department of Molecular and Medical Pharmacology, . -
UCLA School of Medicine. The W. M. Keck Foundation provided ~Prepared by multistep syntheses and are therefore not readily
support toward instrument purchase. available. The use of radioisotopes also creates hazardous

. *I\'AFOIWh?m lcorrespongenci Shogldf?f flddflessed& ﬁrtér_npllgshtitute radioactive waste. Most importantly, measurement of radio-
or Molecular Imaging, Department o olecular an edaical ar- P . . . .
macology, UCLA School of Medicine, 1130 CIMI, Box 951770, Los activity is merely a measure of the radioactive isotope, and

Angeles, CA 90095-1770. E-mail: ttoyokuni@mednet.ucla.edu. it does not provide any information regarding the integrity
Phone: (310) 206-1675. Fax: (310) 206-8975. of the radioactive substrates. Spectroscopic methods are

ZC,\;“'&"‘.F’ 'rlsjtri]t“te for ’I\"O'ecu'ar Imaging, Department of Molecular  honradioactive alternatives, yet these methods frequently
an edical armacology. . - .
s Department of Chemistry and Biochemistry. require substrates that are modified by chromogenic agents.

'The Pasarow Mass Spectrometry Laboratory. Such substrate modifications often necessitate multistep
“ Department of Psychiatry and Biobehavioral Sciences and The chemical syntheses and have also been demonstrated to alter

Neuropsychiatric Institute. . . . . .
L Abbreviations: AWT, MeCN/HO/ELN (35/65/0.2 VIVIV); AWF, enzyme kinetics4). There has been increasing interest in

MeCN/H,O/HCOOH (50/50/0.1 viv/v); Bis-Tris, bis(2-hydroxyethyl)- ~ the application of MS for the analysis of enzyme kinetics.
iminotris(hydroxymethyl)methane; DTT, dithiothreitol; ESI-MS, elec- In 1995 Henion’s group reported the first application of MS

trospray ionization mass spectrometry; FIA, flow injection analysis; in conijunction with liguid chromatoaraphy for the real-time
Fuc-T V, fucosyltransferase V; Fuc-Ts, fucosyltransferases; GDP, ) q grapny
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Ho on " Aldrich (St. Louis, MO). GDP-[U¥C]Fuc (287 mCi/mmol)
Ho%/go M; y was purchased from Amersham Pharmacia Biotech (U.K.).
LacNAc Quartz distilled water ¥16 mQ cm™%) was produced in-
. . house, and all other reagents and solvents were of analytical
S \ <"f:'i” grade. _ o
o o,g-og-od' N FUcTV  rofobor of & ™ Enzyme Reaction&uc-T V (0.5 milliunitiL) was sup-
HOEH\Z;“ OH oM A1 OR OH At plied in a 50% glycerol solution containing 25 mM R~(
GDP-Fucose GDP morpholino)propanesulfonic acid (pH 7.2), 100 mM NaCl,
o on o 2.5 mM MgCh, and 1 mM dithiothreitol (DTT). Before use,
m&‘;&oﬁgo\ the enzyme was diluted 5-fold with a solution containing
e 10 mM DTT, 10 mM Bis-Tris, and 10 mM MnGl Each
Y M reaction tube contained 20 mM Bis-Tris (pH 6.8), 10 mM
LeX MnCl,, 2 mM DTT, 24 mM LacNAc, and GDP-Fuc (0.025,

FIGURE 1: Fuc-T V catalyzes the transfer of Fuc from GDP-Fuc 0.05, 0.1, 0.15, 0.2, 0.25, and 0.3 mM) in 4945 Reactions

to type Il acceptor (LacNAc, GAL—4GIcNAc) to form Lé& were started by the addition of 0.085 milliunit of Fuc-T V

trisaccharide. (0.85uL of the diluted enzyme preparation) and incubated
at 37°C for 0, 7, 14, and 21 min. For the control reactions

to an ESI source?). The use of MALDI-TOF MS is also  pqth enzyme and substrate were individually omitted. Reac-
rapidly expanding into this field with the use of rapid quench 55 were terminated by addition of 2 of the reaction

techniques to explore both enzymatic reaction mechanismsyixture into a tube containing 30L of 70% MeOH and

and pre-steady-state kineti& ). Recent reports have also o 5 ymol of dGDP as an internal standard. Each sample was
illustrated the usefulness of ESI-MS for rapid screening of centrifuged (20006, 10 min), 154L was removed and
libraries of compounds for potential enzyme inhibitot$§,( diluted with 135uL of MeCN/H,;O/E&N (35/65/0.2 viviv)

11). Here, we report that an alternative approach comprised (AWT), and aliquots (2QuL) were analyzed by ESI-MS.

of ESI-MS coupled to flow injection analysis (FIA) and ~ giandard Cure. A standard curve was constructed from
multiple reaction monitoring (MRM) is a rigorous alternative  iha qata obtained from a series of samples consisting of 2.0,
for the analysis of enzyme kinetics. MRM is a technique 1 o 67, and 0.05 nmol of GDP placed into tubes containing
which has been frequently employed as an analytical tool 30 uL of 70% MeOH and 0.25 nmol of dGDP. The reaction
for quantitative analysisl@, 13). In this technique a gasis  ixture (10uL) devoid of LacNAc was added to each tube,

introduced into a collision chamt_)er positioned betwee_n th_e and each sample was centrifuged for ESI-MS analysis as
two spectrometers of a tandem instrument. A parent ion is jascribed above.

preselected for transmission through the first mass spec-  £g.Mms A Perkin-Elmer Sciex (Thornhill, Canada) AP
trometer and allowed to undergo collisionally activated | riple quadrupole mass spectrometer was tuned and
dissociation (CAD) in the collision cell. The fragment ionS . jiprated in the positive ion mode as previously described
produced as a result of this process are monitored by the(;g) nder standard resolution conditions the isotopes of
seco_nql_ma_ss spectrometer. _MRM is one method of_ datai,e poly(propylene glycol)/Nkt singly charged ion atz
acquisition in which the intensities of specific fragmentions ggg \ere resolved with 40% valley. Under degraded resolu-
derived from specific parent ions are recorded (so-called iy, conditions (to enhance sensitivity) the isotopesnét

parentm/z — fragment m/z transitions). The resulting  ggg \yere not resolved from one another. For the analysis of
fragment ion current profile intensities reflect the abundance , ihentic standards and enzyme reaction mixtures in the

of the parent ion in the original sample. negative ion mode the polarity of the instrument was
a-1,3-Fucosyltransferase V (Fuc-T V) has been chosen reyersed, the orifice was set4675 V, and a stream of AWT
as a model enzyme. Fuc-T V catalyzes the transfer of a5 constantly infused into the ion source at/@5min.

L-fucopyranose (Fuc) from GDP-Fuc to type Il (B&t Authentic standards (dissolved in AWT at 20 prpdl)f and
4GIcNAGS1-R) acceptors to form the Eefrisaccharide  eaction mixture samples were injected into this stream via

structure 14) (Figure 1). There has been a general interest g 20 uL injection loop. Normal spectra were recorded by
in designing mechanism-based inhibitors of Fuc-Ts becausescanning fronmm/z 300 tom/z 2200 (0.3 Da step size, 6.66

of their important role in ceII_uIar interactiong¥). Among s/scan). Fragment ion spectra of Q1 preselected parent ions
the known Fuc-Ts, F.uc—T_ V is the most thoroughly charac- \,are recorded by scanning Q3 framiz 50 tom/z 600 (0.3
terized enzyme, which is reported to follow an ordered pj gtep size, 7.43 s/scan). Fragment ion spectra and MRM
sequential bi-bi kinetic mechanism1, 17) with GDP-Fuc  ecordings were made with 10% nitrogen in argon collision
binding first and the product GDP being released last. gas with a CGT (collision gas thickness) instrument setting
of 120 and a rod offset (RRy) of 50 V. In preliminary
experiments, the authentic standards were also analyzed in
Chemicals and ReagentSoluble recombinant human the positive ion mode, in which case the samples were
Fuc-T V, GDP-Fuc (sodium salt), Egrisaccharide, and  dissolved in MeCN/HO/HCOOH (50/50/0.1 viviv) (AWF).
N-acetyllactosamine (LacNAc) were purchased from Cal- Data ProcessingRepresentative spectra were computed
biochem (San Diego, CA.). Tris(hydroxymethyllaminomethane as the average of all of the spectra accrued from each
(Tris) was purchased from Fisher Biotech (Fair Lawn, NJ). injection of a standard using instrument-supplied software
Bis(2-hydroxyethyl)iminotris(hydroxymethyl)methane (Bis- (MacSpec, version 3.3, PE Sciex, Ontario, Canada). For the
Tris), 2-deoxyguanosine’#liphosphate (dGDP) (sodium measurement of SIM and MRM responses, the profiles were
salt), and GDP (sodium salt) were purchased from Sigma smoothed, and the relative peak areas were measured after

MATERIALS AND METHODS
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Ficure 2: (A) Negative ion mode ESI-MS spectra of authentic standards GDP, GDP-Fuc, dGDP, and LacNAc. The use of 0.2% TEA (as
AWT) under negative ion mode analysis gave predominantly the singly charged alkali metal-free molecules. Under these conditions, GDP,
dGDP, LacNAc, and GDP-Fuc all gave signals with O or less than 10% being distributed among counterions. (B) MS/MS spectra of
authentic standards GDP, GDP-Fuc, dGDP, and LacNAc. For GidPc@lcd 442, obsd 441.5), intense ion fragments appeauzi8.8,

158.9, and 149.9 which correspond to the fragmentsXP(@alcd 79.0 Da), (HGP,)~ (calcd 158.9 Da), and (6H)~ (calcd 150.0 Da),
respectively. The fragment ion, (HB)~, at mz 158.9 was arbitrarily chosen to monitor the production of GDP using MRM via the
transitionm/z 442 — 158.9. Parent ions are indicated by (P). For the LacNAc spectra, two structurally significant ions are assigned as Y
m/z 220.4 [(GH14NOg)~, calcd 220.1 Da] and @vVz 178.4 [(GH1106)~, calcd 179.0 Da] according to the nomenclature of Domon and
Costello (refl9).

exporting the data to the IGOR Pro computer program (Fisher, Los Angeles, CA), and the radioactivity was
(version 3, WaveMetrics, Inc., Lake Oswego, OR). For the measured by an ISOCAP/300 liquid scintillation counter
kinetic data analysis, the peak areas arising from the reaction(Searle Analytic Inc., Des Plaines, IL).
product transitiomvz 442 [(GDP-H)"] — m/z 159 [(ROsH) ]
were divided by the peak areas arising from the internal RESULTS AND DISCUSSION
standard transitionm/z 426 [(dGDP-H)"] — m/z 159 ESI-MS of GDP, GDP-Fuc, dGDP, LacAc, and‘L\@&/ith
[(P.O6H)~]. Each normalized peak was then included in a AWT as a solvent the negative ion ESI spectra of GDP,
plot of peak area versus time for each substrate concentrationGDP-Fuc, dGDP, and LacNAc revealed base peaks corre-
The slope of the line generated from each substrate concensponding to the singly charged (M H)~ ions (GDP,nvz
tration (units of peak area per minute) was divided by the 441.5, calcd 442.0 Da; GDP-Fun/z587.9, calcd 588.1 Da;
slope of the normalized standard curve (units of peak areadGDP,m/z425.9, calcd 426.0 Da; LacNAoyz 382.1, calcd
per mole GDP per liter) to obtain a quantitative value of the 382.1 Da). (Figure 2A). In the negative ion mode the
enzyme velocity expressed in units of concentration of GDP formation of alkali metal adducts was either not detected
per minute. For nonlinear regression of the data fit to the (GDP, LacNAc) or less than 10% of the base peaks (dGDP,
Michaelis—Menten equation, GraphPad Prism software (San GDP-Fuc). In contrast, the positive ion ESI spectra collected
Diego, CA) was used. from AWF solutions were more complex with significant
Radioactve Enzyme Assayhe conditions and procedure signals for the (M+ H)*, (M + Na)", and (M+ K)* and
were the same as described above with the following for their formate adducts (M- 45)" (data not shown). At
exceptions. The concentration of substrate, GDP4T]Fuc the same concentration (20 pmadl), the molecular ion (M
(3.3 mCi/mmol), was 0.025, 0.05, 0.1, 0.2, and 0.3 mM. Each — H)~ for the Le& trisaccharide (the product of Fuc-T V
10uL time point was terminated in a tube containing0 reaction) was not detected in the negative ion mode, while
of MeOH, diluted with 50QuL of water, appliedd a 1 mL in the positive mode weak ions were observed&t530.3
Dowex 1-X8 column (Ct), and washed with b0 (3 x 0.4 [(M + H)*, calcd 530.2 Da] and 552.2 [(M- Na)*, calcd
mL) as describedl(?). The flow-through and washings were 552.2 Da]. Because the signals for all the nucleotides and
collected in 10 mL of ScintiVerse | scintillation cocktail LacNAc were principally confined to the single (M H)~
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species, the negative ion mode was selected to eliminate thesolvent or buffer preparations. The contaminant ions were
possible problem arising due to counterion heterogeneity for of variable intensity but were occasionally up to 10 times
the analysis of enzyme reaction mixtures. more intense than the analyte ions of interest. This problem
The negative ion MS/MS spectra of GDP, GDP-Fuc, may be more serious on a general-purpose instrument such
dGDP, and LacNAc, recorded with identical collisionally as the one used here on which a wide variety of compound
activated dissociation conditions, all contained structurally types and solvent conditions were routinely used. These
diagnostic fragment ions suitable for MRM (Figure 2B). GDP inherent problems that were encountered using SIM pre-
produced intense fragment ions of (Oatm/z 78.8 (calcd cluded its use as a means of reliably and accurately
79.0 Da), (G-H)~ at m/z 149.9 (calcd 150.0 Da for monitoring the progress of the enzymatic reaction, thus
CsHsNs0), and (HQP;)~ atm/z 158.9 (calcd 158.9 Da). Both  necessitating the use of another mode of analysis (MRM).
GDP-Fuc and dGDP also produced the same three prominent MRM, under MS/MS conditions, was used successfully
fragment ions. In addition, GDP-Fuc produced other intense to monitor the temporal progress of the enzymatic reactions
fragment ions, two of which resulted from loss of the fucosyl without being confounded by contaminating ions. MRM ion
moiety with both retention and loss of the glycosidic oxygen current profiles were used to monitor GDP-Fuc consumption
(obsdm/z441.5, calcd 442.0 Da for;gH14NsO11P,, and obsd (m/z588— 442, 424) and GDP productiom(z 442— 159,
m/z423.8, calcd 424.0 Da forgH1:NsO10P;, respectively). 150) relative to the intensity of the internal standard, dGDP
Domon and Costello have described the principal ion types (m/z 426— 159). The lower analyte concentrations encoun-
formed during MS/MS of oligosaccharides as arising by tered in these experiments, which, for GDP-Fuc for example,
charge retention on the nonreducing (A, B, and C) and were down to 0.83 pmatL when injected into the ESI
reducing (X, Y, and Z) termini, following cross-ring sugar source, were at the lower limit of detection for the conven-
cleavage (A and X), cleavage on the nonreducing side of tional lonspray source used. Significant augmentations of
the linking oxygen (B and Y), and cleavage on the reducing signal intensities (18100-fold) were obtained using slightly
side of the linking oxygen (C and Z19). The negative ion reduced mass resolution conditions for both Q1 and Q3 (see
MS/MS spectrum of LacNAc shows a characteristic Y Materials and Methods) without compromising the specificity
fragment atm/z 220.4 [(GH14NOs)~, calcd 220.1 Da] and a  of detection. Under these conditions strong ion currents were
C fragment atm/z 178.4 [(GH1106)~, calcd 179.0 Da] in routinely obtained for all transitions measured (Figure 3).
addition to other fragment ions. Analysis of Enzyme Kinetics by ESI-MS Coupled to MRM
Fuc-T V Reaction Condition®rganic buffers containing  The analysis of the Fuc-T V dependent conversion of GDP-
primary or secondary amines, such as Tris or Bis-Tris, were Fuc to GDP via MRM was carried out by direct injection of
selected for use in the enzyme reactions because at the pHhe reaction mixture without any purification. The apparent
of the ESI solvent (pH~9) they would be electronically K, for GDP-Fuc was determined to be 5@45.54M, and
neutral and therefore would not be expected to contribute the ko value was 1.46+ 0.044 s through nonlinear
significantly to the total ESI ion current. This was demon- regression of the data fit to the Michaelislenten equa-
strated experimentally in a comparison with buffers contain- tion: y?>=1.99x 10714 R?> = 0.994 @0). The conventional
ing sulfate, phosphate, and carboxylate functional groups. radioactivity-based assay was also carried out under the same
Suppression of nucleotide signal was observed when theconditions except for the use of GDP-[¥C]Fuc, which
enzyme reactions were done with cacodylat€2-hydroxy- yielded the appareit,, of 54.3+ 5.5uM for GDP-Fuc and
ethyl)piperazineN'-2-ethanesulfonic acid (HEPES), and phos- akg0f 1. 49+ 0.039 s: 2= 7.15x 10715 R? = 0.997.
phate buffers, but significantly less suppression of signal Superimposition of the MichaelidMenten plots for the two
occurred with Tris and Bis-Tris buffers. A pH rate profile measurements shows essentially identical estimates of reac-
for Fuc-T V in both Tris and Bis-Tris (pH 6:27.5) showed tion kinetics that were produced by the two different methods
that optimal activity occurred using Bis-Tris at pH 6.8 (see run under the same conditions (Figure 4). Kygvalue for
Supporting Information). GDP-Fuc thus obtained is in good agreement with the
SIM and MRM Analysis of Fuc-T V Reactio8IM literature value of 78 32 uM (17). Thekeis significantly
represented the simplest mode of data acquisition involving higher than the previously reported valuekgf= 40 min!
measurement of the temporal intensity change of substrate(or 0.67 s?) (17). However, in the absence of DTT a lower
and product molecular ions during the progress of the ke of 45.54 2.07 mim! (or 0.76+ 0.035 s*) was recorded
enzymatic reaction. However, at the relatively loviz values which is comparable with the previously reporieg value
of these ions, the transient appearance of contaminant ionswhich also did not include DTT in the enzyme reaction
of the same or similam/z seriously confounded the reliability =~ mixture. Sensitivity to a thiol reducing agent is consistent
of this approach, resulting in the inability to monitor some with what is known about the cysteine dependent activity
analytes and at times misleading kinetic data (our case). Theof Fuc-T V and othera-1,3-Fuc-Ts 21, 22), although a
likelihood of this interference should be reduced by using possible role for a cysteine has not been speculated in either
LC-SIM in the case where such contaminants arise from the of the published catalytic models of this enzyni®,(23).
sample. LC will be of little help, however, if the contamina- Conclusion.The employment of ESI-MS in conjunction
tion is within the solvent or the instrument itself. For with MRM provides several important advantages for the
example, the most persistent contaminant ions appeared ta@nalysis of enzyme kinetics. First, the method is adequately
originate within the mass spectrometer as residual signalssensitive for microscale reactions. For example, as little as
from previous unrelated analyses, and they could not be0.83 pmoliL GDP-Fuc and~80—100 fmoljL GDP could
removed simply by washing or replacing the infusion be detected, with signal-to-noise ratios in excess of 700/1
capillary used to deliver the sample to the ESI source. and 10/1, respectively, when injected into a standard ESI
Occasional contaminants were also found to arise from source. Second, MRM is specific for the analyte(s) of interest,
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FiGure 4: Overlay plot showing nonlinear regression of the data
fit to the Michaelis-Menten equation for the MRM and the
radioactivity-based assay results. The former monitored the ac-
4 cumulation of GDP (a solid line with closed circles), and the latter

J measured the accumulation of the radioactive trisacchari¢a_e
dotted line with open triangles). Each plot was used to determine
Km andVnax as reported in the text.

As has been demonstrated, MRM is tolerant to impure
5 samples and contaminating ions, and when coupled to FIA,
it allowed (our case) the most rapid rate of sample analysis.
Although not necessary for the work reported here, LC might
prove useful in cases of extreme salt contamination. In such
S cases, MRM could be combined with LC to provide an even
” " Y Y " " y higher degree of specificity in the analysis. Also, the
{GDP-Fuc] 0.025 0.050 0100 0.150 0200 0.250 0.300 o : .
(mM) s minimum requirement of the ESI-MS method is the produc-
A B ¢c ©o E F tion of an adequate ion current from the analyte of interest.
Ficure 3: MRM analysis of the Fuc-T V reaction. GDP, dGDP, |n the present study the production of the*itésaccharide
and GDP-Fuc were monitored simutaneously for each injection. ~quid not be monitored because it did not produce any

The specific transitions were generated by collisionally activated . . S
dissociation of the respective parent ions. Rows: 1, GDP [442 detectable ions in the negative ion mode. The use of other

(GDP—H)~ — 159 (ROgH)]; 2, GDP [442 (GDP-H)~ — 150 ion sources, e.g., atmospheric pressure chemical ionization
(G—H)7]; 3, dGDP [426 (dGDP-H)~ — 159 (RO¢H)]; 4, GDP- (27), could provide suitable alternatives in such cases.
Fuc [588 (GDP-FueH) — 442 (GDP-H) ], and 5, GDP-Fuc We have applied ESI-MS and MRM for the kinetic

E)E;8(§E()(F3>DFPuE ﬂig} W;ngA' (g;(l)DZPS—HB 5'2(())5)0] ghg i%rcn)cegtrgml%%s E, characterization of a known competitive inhibitor for Fuc-T

0.200; F, 0.250; and G, 0.300 mM, respectively. For each V (28) and are currently extending this methodology to the
concentration, the reaction was analyzed at four different time points analysis of a series of synthetic inhibitoiZ9( 30).

(0, 7, 14, 21 min, from left to right within each bracket). In the

present investigation the transition of GDP (row 1) was monitored ACKNOWLEDGMENT
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ions with the samen/z values. In addition, MRM provides  sypPORTING INFORMATION AVAILABLE

structural information of the analyte being monitored. Thus,
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