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ABSTRACT: For the first time, the new technique of time-resolved electrospray ionization mass spectrometry
(ESI-MS) has been used to accurately measure the pre-steady state kinetics of an enzymatic reaction by
monitoring a transient enzyme intermediate. The enzyme used to illustrate this approach,Bacillus circulans
xylanase, is a retaining glycosidase that hydrolyzes xylan orâ-xylobiosides through a double-displacement
mechanism involving a covalent xylobiosyl-enzyme intermediate. A low steady state level of this
intermediate formed during the hydrolysis of 2,5-dinitrophenylâ-D-xylobioside was detected by time-
resolved ESI-MS. The low concentration of this intermediate and its rate of formation did not permit
pre-steady state kinetic analysis. By contrast, the covalent intermediate accumulates fully when the
Tyr80Phe mutant hydrolyzes the same substrate. Using time-resolved ESI-MS, the pre-steady state kinetic
parameters for the formation of the covalent intermediate in the mutant xylanase have been determined.
The kinetic data are in agreement with those determined by monitoring the release of 2,5-dinitrophenol
with stopped-flow UV-vis spectroscopy. This demonstrates that time-resolved ESI-MS can be used to
accurately monitor the pre-steady state kinetics of enzymatic reactions, with the advantage of identifying
transient enzyme intermediates by their mass.

Electrospray ionization mass spectrometry (ESI-MS)1 plays
a well-established role in investigations on the primary
structure of proteins and other biomolecules (1, 2). This
technique is also becoming increasingly important in different
fields such as the study of noncovalent protein-ligand and
protein-protein interactions (3), protein folding (4-7), and
the structures of gas phase proteins (8-10). During ESI,
intact protein ions in the gas phase are generated from
proteins in solution. In the commonly used positive-ion
mode of operation, these ions are multiply charged due to
the attachment of protons (3, 11, 12). The new method of
“time-resolved” ESI-MS, which couples a continuous-flow
mixing capillary directly to an ESI source, allows the rates
of (bio)chemical reactions to be monitored with a mass
spectrometer. At the current state of development, it can
be used to measure reaction kinetics on a time scale of tens
of milliseconds (13). The first successful application of time-
resolved ESI-MS on a subsecond time scale involved the
study of protein folding kinetics (13, 14). Different protein
conformations in solution were identified by the different
charge state distributions they generate during ESI. It was
demonstrated that this technique is especially useful in

studying the kinetics of folding reactions that are coupled
to the loss or binding of a ligand. Protein states with and
without ligand can be easily separated by their different
masses if the ligand-protein interactions are not disrupted
during ESI.
Recently, it was proposed that time-resolved ESI-MS could

become a powerful tool for monitoring the kinetics of
enzymatic reactions (15). Potentially, ESI-MS will allow
the simultaneous detection of substrates, intermediates, and
products of enzymatic reactions, as well as the detection of
covalent or noncovalent enzyme-substrate complexes. The
use of ESI-MS could obviate the need for chromophoric
substrates and coupled assays that are currently required for
monitoring the kinetics of most enzymatic reactions. Indeed,
the detection of enzymes complexed with inhibitors (16),
substrates (17), and products (17) by ESI-MS (17) has been
demonstrated previously. Likewise, covalent enzyme inter-
mediates have been detected in serine proteases (18), elastase
(19), â-lactamase (20-22), and several glycosidases (23, 24).
Lee et al. (25) used a continuous sample introduction system
to monitor the steady state kinetics of lactase. More recently,
a pulsed-flow device coupled to ESI-MS, operating on a 30
ms time scale, was used successfully to detect a highly
unstable tetrahedral intermediate in the reaction catalyzed
by 5-enolpyruvoylshikimate-3-phosphate synthase (26), but
no kinetic parameters were determined. However, a stopped-
flow device coupled to ESI-MS, capable of detection on a
25 ms time scale, was used to monitor the Britton reverse
transport kinetics of carbonic anhydrase (27).
This study is the first in which time-resolved ESI-MS has

been used to determine the pre-steady state kinetics of an
enzymatic reaction by direct observation of a transient
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enzyme intermediate. A mutant of the extensively character-
ized Bacillus circulansxylanase (BCX, EC 3.2.1.8) was
chosen as a model enzyme system. This is a small family
11 (28) glycosidase that cleaves theâ-1,4 glycosidic bonds
of xylan to release xylobiose. Hydrolysis occurs with
retention of anomeric configuration (29), necessarily imply-
ing the involvement of a covalent xylobiosyl-enzyme
intermediate (E-X2) as part of a classical double-displace-
ment mechanism (Scheme 1) (30, 31). This mechanism
generally involves two carboxyl residues that are dia-
metrically opposed in the glycosidase active site. The three-
dimensional structure of BCX has been solved by X-ray
crystallography (32) and NMR spectroscopy (33); the former,
complemented by mutagenesis, led to the initial assignment
of Glu78 as the nucleophile and Glu172 as the general acid-
base catalyst. This assignment was confirmed by trapping
the covalent intermediate with the mechanism-based inac-
tivator 2,4-dinitrophenyl 2-deoxy-2-fluoro-â-xylobioside (34).
Analysis of the proteolytically digested enzyme by ESI-MS-
MS in the neutral-loss mode (35) identified Glu78 as the
nucleophile. This detailed mapping of the active site, as well
as the small size of the enzyme, has allowed the study of
fundamental aspects of the retaining glycosidase mechanism.
For example, the catalytic consequences of modifying the
distance between these two carboxyl residues were probed
by mutagenesis (36, 37), and the phenomenon of “pKa

cycling” of Glu172 during catalysis was monitored by13C
NMR (38).
Pre-steady state analysis has been applied widely to the

study of transient intermediates in enzymic reactions (39-
42), including the covalent intermediates formed by retaining
glycosidases. Stopped-flow UV-vis spectroscopy was used
to determine the glycosylation and deglycosylation rate
constants forCellulomonas fimiâ-1,4-glycanase (43, 44) and
Agrobacteriumsp.â-glucosidase (45-47) using substrates
that were hydrolyzed with rate-limiting deglycosylation.
Likewise, the pre-steady state “bursts” of phenolate observed
for the hydrolysis of reactive aryl-â-galactosides byEscheri-
chia coli (lac Z)â-galactosidase provided early evidence of
a glycosyl-enzyme intermediate (48-50). Wild type BCX
has not been amenable to pre-steady state kinetic analysis
by stopped-flow UV-vis spectroscopy due to the fact that
the glycosylation step is rate-limiting with all known
synthetic substrates (37). However, as shown in this study,
the deglycosylation step is rate-limiting for the Y80F mutant
with the substrate 2,5-DNPX2, leading to accumulation of
E-X2 at a rate that can be monitored in the pre-steady state
phase by time-resolved ESI-MS. The measured rate con-

stants are in agreement with the results of stopped-flow UV-
vis spectroscopy and are consistent with those of the steady
state kinetic studies. It is demonstrated that time-resolved
ESI-MS can serve as a powerful alternative to more
established pre-steady state techniques in elucidating enzyme
mechanism.

EXPERIMENTAL PROCEDURES

General. The substrate 2,5-dinitrophenylâ-xylobioside
(2,5-DNPX2) was synthesized according to published pro-
cedures (51). The mutation of BCX, yielding the Y80F
substitution, has also been described previously (32). Prior
to kinetic studies, solutions of wild type BCX (MW of 20 400
Da) and mutant BCX Y80F (MW of 20 384 Da) were
exhaustively desalted with freshly prepared 10 mM am-
monium acetate (pH 6 for wild type and pH 6.30 for the
mutant) using a centrifugal concentrator (Amicon) with a
nominal molecular mass cutoff of 10 kDa. The concentra-
tions of wild type and mutant BCX were determined from
the extinction coefficientA280

0.1% ) 2.50. This extinction
coefficient was derived from active site titration of BCX
Y80F with 2,5-DNPX2 (see below).
Steady State Kinetics.Steady state kinetic studies were

performed on a Unicam 8700 UV-vis spectrometer equipped
with a circulating water bath. Assay solutions, prepared in
black quartz curvettes (1 cm path length), consisted of an
appropriate concentration of substrate in 5 mM ammonium
acetate (pH 6.0 for wild type BCX and pH 6.3 for BCX
Y80F), pre-equilibrated at 23°C. Substrate hydrolysis was
initiated with the addition of an aliquot of enzyme (0.629
µg/mL wild type BCX and 220µg/mL BCX Y80F final
concentrations), and the initial rate of phenolate release was
monitored at 440 nm (∆ε ) 3.57 mM-1 cm-1) (51).
Hydrolysis rates were determined at 10 substrate concentra-
tions ranging from 0.2 to 5 times the estimatedKm value,
where possible. The resulting velocity curve was fitted with
the standard Michaelis-Menten equation using the program
GraFit (52).
Stopped-Flow Spectroscopy.Pre-steady state kinetics were

performed on a stopped-flow UV-vis spectrometer (Applied
Photophysics, model SF.17MV) equipped with a circulating
water bath. Aliquots (100µL each) of an appropriate
concentration of 2,5-DNPX2 (in deionized water) and BCX
Y80F (0.41 mg/mL, 20µM, in 10 mM ammonium acetate
at pH 6.3) were pneumatically driven from 2.5 mL Hamilton
syringes (equilibrated at 23°C) into a mixing cell. The
release of phenolate was monitored at 440 nm for a total of

Scheme 1: Mechanism for the Hydrolysis of 2,5-DNPX2 by B. circulansXylanase (BCX)
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50 s, and the resulting time course was fitted to the equation
A440(t) ) A[1 - exp(-kobst)] + Bt + C using the program
GraFit. The observed first-order rate constant (kobs) for the
pre-steady state release of phenolate was determined at seven
substrate concentrations (ranging from 0.1 to 2.2 mM).
The published extinction coefficient for BCX (A280

0.1% )
4.08) (32) is an estimate based on the number of tyrosine
and tryptophan residues in the protein, rather than an exact
value determined from a complete amino acid quantification.
A more accurate measure of enzyme concentration can be
derived from the stopped-flow experiments because 2,5-
DNPX2 acts as an active site titrant with BCX Y80F due to
rate-limiting deglycosylation (k+2 . k+3) (40). When a
sample of BCX Y80F, diluted 133-fold from the stock
solution, was mixed with excess 2,5-DNPX2 (2.2 mM), a
burst of 10.1µM 2,5-DNP (0.036 absorbance units) was
observed (Figure 1). This corresponds to 0.206 mg/mL
enzyme or 27.4 mg/mL stock solution concentrations. Time-
resolved ESI-MS measurements indicated that>95% of the
enzyme is converted to E-X2 under these conditions (see
below); therefore, it is unlikely that this burst underestimates
the concentration of enzyme (40). A 561-fold dilution of
the stock solution yielded an absorbance of 0.122 at 280 nm,
which corresponds to an extinction coefficientA280

0.1% of
2.50.
Time-ResolVed ESI-MS.Time-resolved ESI-MS measure-

ments were carried out as described previously (13, 14).
Briefly, two syringes (1 mL each) were advanced simulta-
neously by a syringe pump. One syringe contained enzyme
(0.165 mg/mL wild type or BCX Y80F) in 10 mM am-
monium acetate buffer (pH 6.0 for wild type BCX and pH
6.3 for BCX Y80F). The other syringe contained 2,5-DNPX2

in deionized water. The enzymatic reaction was initiated
by mixing the solutions from both syringes in a reaction tee.
This tee was connected to an ESI source by a reaction
capillary with an inner diameter of 75µm. Lengths of the
reaction capillaries varied between 1 and 186 cm. The total
flow rates used for the experiments were 10 and 20µL/min,
corresponding to minimum and maximum reaction times of
0.13 and 47.8 s, respectively. Slightly different charge state
distributions were observed at different flow rates. There-
fore, for a given substrate concentration, the flow rate was
kept constant and the reaction time was varied only by

changing the length of the reaction capillary. Apparently,
the velocity distribution in the reaction capillary translates
into a narrow distribution of solution “age”, even though
simple models indicate that the flow rates used might be
too low to induce turbulent flow (41). This is evident from
the excellent agreement between the stopped-flow and time-
resolved ESI-MS data in this (see below) and previous studies
(13, 14). The enzyme and substrate concentrations given in
the remainder of this article correspond to the final concen-
trations (i.e., after the mixing step). Multiply charged gas
phase protein ions were generated at the exit of the reaction
capillary by pneumatically assisted ESI and were analyzed
in a quadrupole mass spectrometer constructed “in house”
(14). The voltage difference between the orifice and the RF-
only quadrupole (“declustering voltage”) was 130 V unless
stated otherwise. All experiments were carried out at room
temperature (23( 1 °C). The relative ratio of E-X2 to free
enzyme at a given time point was determined from the
relative intensities (peak heights) of the 8+ ions, averaged
from 30 scans. The time courses for the accumulation of
E-X2 were fit to the equationC(t) ) CSS[1 - exp(-kobst)],
whereC(t) is the concentration of E-X2 as a function of
time t andCSS is the steady state concentration of E-X2.
The first-order rate constant,kobs, was determined at eight
concentrations of 2,5-DNPX2 ranging from 0.035 to 2.2 mM.

Pre-Steady State Analysis.According to Scheme 1, the
first-order rate constant for the release of phenolate, or the
accumulation of E-X2, is given by (39, 47)

In the absence of saturation kinetics ([S]< Kd), eq 1
simplifies to

Pre-steady state kinetic parameters were therefore determined
by fitting values ofkobsmeasured at each substrate concen-
tration to these equations using GraFit (52).

RESULTS AND DISCUSSION

Steady State Kinetics and Stopped-Flow Spectroscopy.
The kinetic behavior of a retaining glycosidase such as BCX
may be analyzed with the three-step mechanism illustrated
in Scheme 1. To monitor meaningful pre-steady state
kinetics for the formation of the covalent intermediate E-X2,
or the corresponding release of 2,5-DNP, the deglycosylation
step must be rate-limiting (k+2 > k+3). In the case of the
wild type BCX, glycosylation (k+2) is rate-limiting, even with
the most reactive of aryl-â-xylobiosides (36, 37). The
corresponding Y80F mutant hydrolyzes 2,5-DNPX2 480-fold
slower (kcat ) 0.042 s-1) than the wild type enzyme (kcat )
20 s-1), while a substantially lowerKm (60µM for the mutant
and 1.8 mM for wild type) suggests the accumulation of
E-X2. That deglycosylation is now rate-limiting is verified
by the pre-steady state bursts of 2,5-DNP observed by
stopped-flow UV-vis spectroscopy (Figure 1). This change

FIGURE 1: Pre-steady state kinetic analysis of the hydrolysis of
2,5-DNPX2 by BCX Y80F (0.20 mg/mL, 10µM), monitoring the
release of 2,5-DNP by stopped-flow UV-vis spectroscopy. The
substrate concentrations for the individual curves are as indicated.

kobs) k+3 +
k+2[S]

Kd + [S]
(1)

kobs) k+3 +
k+2[S]

Kd
(2)
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in rate-determining step supports the role of Tyr80 in
positioning Glu172 and perturbing its pKa through a hydrogen
bond to the carboxyl group (32, 37). The loss of this
interaction in the Y80F mutant has been observed to increase
the pKa’s of Glu172 (from 6.8 to 7.8) and Glu78 (from 4.6
to 4.8), resulting in a shift in pH optimum from 5.7 to 6.3
(M. D. Joshi and L. P. McIntosh, unpublished). This
substantial increase in pKa for the general acid-base catalyst
can be expected to reduce both glycosylation and deglyco-
sylation rates. However, the reactive aglycone of 2,5-DNPX2

(pKa ) 5.1) does not require general acid catalytic assistance
for departure; therefore, hydrolysis rates will be limited only
by the deglycosylation step, resulting in accumulation of
E-X2. It is interesting to note that the Y80F mutation has
a greater deleterious effect on the hydrolysis rate of 2,5-
DNPX2 than mutations that eliminate general acid-base
catalysis altogether (E172N and E172S) (37), underscoring
the importance of this residue to catalysis.
ObserVation of the CoValent Intermediate E-X2 by Time-

ResolVed ESI-MS. As noted above, the rate-limiting step
for wild type BCX is glycosylation, even with the reactive
substrate 2,5-DNPX2. However, the glycosylation and
deglycosylation rates must be on the same order of magnitude
because a low steady state concentration (∼5%) of E-X2

was detected in the time-resolved ESI mass spectrum when
BCX was mixed with 2.2 mM 2,5-DNPX2, a concentration
which afforded approximately half-saturation of the enzyme
(Km ) 1.8 mM) (Figure 2B). If glycosylation had been very
much slower than deglycosylation (k+2 , k+3), E-X2 would
not have accumulated to a detectable level. It is noteworthy
that indirect detection of E-X2 had been impossible using
stopped-flow UV-vis spectroscopy (37); indeed, this inter-
mediate had only been accessible through trapping with a
mechanism-based inactivator (34).
The ESI mass spectrum of the mutant BCX Y80F in 5

mM ammonium acetate buffer (pH 6.3, no substrate)
displayed a charge state distribution that was virtually
identical to that of the wild type enzyme, with a characteristic
maximum at 8+ (data not shown). Them/z values of the
peaks in the spectrum agreed with the calculated mass of
the mutant (MW) 20 384 Da). A very similar spectrum

was recorded 0.5 s after mixing the enzyme with 0.11 mM
2,5-DNPX2 (Figure 3A). However, after 4.2 s (Figure 3B),
each of the peaks in the spectrum displayed a pronounced
satellite peak. On the basis of them/zvalues, these satellite
peaks can be assigned to the covalent xylobiosyl-enzyme
intermediate E-X2 (MW ) 20 649 Da). The spectrum
recorded after 48 s (Figure 3C) displayed an even higher
intensity for the E-X2 peaks. Similar intensity ratios
between E and E-X2 peaks were observed for the different
charge states for all reaction times and substrate concentra-
tions.
Pre-Steady State Kinetic Studies of E-X2 Formation

Monitored by Time-ResolVed ESI-MS. From Figure 3, it is
evident that the ESI charge state distributions for the free
enzyme E and the intermediate E-X2 are very similar; both
have most of their overall intensity in the respective 8+ peak.
The average of several spectra afforded reproducible intensity
ratios for the two 8+ peaks, which can be used as a measure
of the relative concentration of E-X2 in solution as a function
of time. Measurement of peak areas gave identical values
for the fraction of E-X2. The results of some representative
pre-steady state kinetic measurements are shown in Figure
4. Consistent with the kinetic scenario in whichk+2 > k+3

(Scheme 1), the steady state concentration of the covalent
complex E-X2 with saturating substrate comprised 95% of
the total enzyme. As observed for the rate of phenolate
release (Figure 1), the pre-steady state accumulation of E-X2

follows first-order kinetics. The dependence ofkobs on
substrate concentration is shown in Figure 5. The absence
of any saturation behavior indicates that theKd value for
binding of 2,5-DNPX2 to BCX Y80F is in the high
millimolar range, consistent withKm values measured
previously for the hydrolysis of less reactive substrates by
wild type BCX (51).
NoncoValent Enzyme-Substrate Complex E-DNPX2. The

spectra in Figure 3 do not show any peaks that could be

FIGURE 2: Detection of a transient enzyme intermediate with time-
resolved ESI-MS. ESI mass spectra of wild type BCX (0.08 mg/
mL, 4 µM) recorded before (A) and after mixing with 2,5-DNPX2
(2.2 mM) for 130 ms (B). Only the 8+ peaks are shown. The small
peak atm/z ) 2583 (B) corresponds to the covalent xylobiosyl-
enzyme intermediate (E-X2).

FIGURE 3: ESI mass spectra recorded 0.5 s (A), 4.2 s (B), and 48
s (C) after mixing a solution of BCX Y80F (0.08 mg/mL, 4µM)
with the substrate 2,5-DNPX2 (110 µM). Peaks in the spectrum
correspond to free enzyme (E) and the covalent xylobiosyl-enzyme
intermediate (E-X2).
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assigned to noncovalent enzyme-substrate or enzyme-
product complexes. Recently, it was observed that non-
covalent inhibitor complexes formed by trypsin could only
be detected by ESI-MS at low declustering voltages (54).
Similar attempts were made to detect noncovalent complexes
formed by BCX Y80F under very “mild” ion sampling
conditions (declustering voltage of 30 V). Under these
conditions, a whole series of peaks was observed for each
charge state which could be assigned to gas phase ions having
the composition E-(DNPX2)n, with values ofn ranging from
0 to about 5. This series is most likely due to the formation
of nonspecific gas phase adducts rather than specific
enzyme-substrate or enzyme-product complexes. This
notion is supported by the observation of similar clusters
for the covalent intermediate E-X2 [i.e., E-X2(DNPX2)n]
under saturating steady state conditions. That specific
enzyme-substrate complexes are not observed in this system
is not surprising; Ganem et al. have shown previously with
hen egg white lysozyme that specific noncovalent complexes
are only observed when the dissociation constant is in the

micromolar range or lower (17). As noted above, theKd

values in this case are much higher.

Stopped-Flow UV-Vis Spectroscopy Compared to Time-
ResolVed ESI-MS. As dictated by the kinetic mechanism
shown in Scheme 1, the first-order rate of release of 2,5-
DNP in the pre-steady state must be equal to the rate of
accumulation of E-X2. On this basis, traditional stopped-
flow UV-vis spectroscopy can be used to verify the accuracy
of time-resolved ESI-MS. The linear fits of the data in
Figure 5 (solid and dashed lines) show that the correlations
of kobs with substrate concentration determined by each
method agree very well, within experimental error. The low
solubility of 2,5-DNPX2 precluded saturation of BCX Y80F
in the pre-steady state; therefore, eq 1 could not be used to
determine the individual values fork2 andKd. However,
according to eq 2, the slope of the plots in Figure 5 yields
a value for the second-order rate constantk2/Kd of 0.65 mM-1

s-1. This is in excellent agreement with the corresponding
value for the second-order rate constantkcat/Km of 0.70 mM-1

s-1, obtained from the steady state kinetics.

CONCLUSIONS

This study demonstrates that the pre-steady state kinetic
parameters for the hydrolysis of 2,5-DNPX2 by BCX Y80F
can be determined by time-resolved ESI-MS. Identical
kinetic parameters are obtained using traditional stopped-
flow UV-vis spectroscopy, thereby verifying the accuracy
of this new technique. The time resolution of the apparatus
used in this work is currently limited to tens of milliseconds
(13), this being determined by the length of the reaction
capillary, and is therefore limited to enzymes withkcat values
less than∼10 s-1. Rapid chemical quench methods for
monitoring enzyme intermediates currently can provide better
time resolution. However, these methods require the use of
radiolabeled substrates and are prone to artifacts arising from
nonspecific entrapment of the radioactive label. This is not
a problem with the time-resolved ESI-MS technique. As
well, considerable improvements in flow rate are possible.
Indeed, the pulsed-flow apparatus used by Paiva et al. (26)
for time-resolved ESI-MS generated flow rates approximately
100-fold larger than those used in this study. As noted by
Northrop and Simpson (15), the advantage of time-resolved
ESI-MS over traditional pre-steady state techniques is the
unambiguous identification of mechanistically important
intermediates by direct observation of their mass. This
advantage was aptly demonstrated by ESI-MS studies on the
inhibition of TEM-2â-lactamase by clavulanic acid, in which
the observed mass of the acyl-enzyme intermediate formed
was 44 Da less than predicted, the result of decarboxylation
of the inhibitor following acylation of the enzyme (21, 22).
As well, time-resolved ESI-MS does not require chro-
mophoric substrates, thereby providing an opportunity to
conduct enzyme kinetics with more “native” substrates
without the need for coupled assays (15). Moreover, in
principle, it is possible to simultaneously observe product
formation and substrate depletion in addition to monitoring
the formation and depletion of enzyme intermediates.
Therefore, a host of kinetic data may be generated in a single
experiment. These wider applications of time-resolved ESI-
MS will be the focus of future research.

FIGURE 4: Relative contribution of the 8+ ion generated from the
covalent xylobiosyl-enzyme intermediate (E-X2) in the ESI mass
spectrum as a function of time. The substrate concentrations for
the individual curves are as indicated. Circular and triangular
symbols represent experimental data; solid lines are single-
exponential fits to the data.

FIGURE 5: Validation of time-resolved ESI-MS by stopped-flow
UV-vis spectroscopy. The first-order rate constant (kobs) for the
pre-steady state accumulation of E-X2 (b), monitored by time-
resolved ESI-MS, and the corresponding release of 2,5-DNP (3),
monitored by stopped-flow UV-vis spectroscopy, plotted as a
function of 2,5-DNPX2 concentration. Linear fits of the data derived
from each method are shown as solid and dashed lines.
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