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ABSTRACT: An enzyme-stabilized nucleophilic water
molecule has been implicated at the transition state of
Escherichia coli methylthioadenosine nucleosidase (EcM-
TAN) by transition state analysis and crystallography. We
analyzed the EcMTAN mass in complex with a femtomolar
transition state analogue to determine whether the
inhibitor and nucleophilic water could be detected in the
gas phase. EcMTAN−inhibitor and EcMTAN−inhibitor−
nucleophilic water complexes were identified by high-
resolution mass spectrometry under nondenaturing
conditions. The enzyme−inhibitor−water complex is
sufficiently stable to exist in the gas phase.

In comparison with solution reactions, enzymes enhance
reaction rates by as much as 20 orders of magnitude.1 Along

the reaction coordinate of an enzyme-catalyzed reaction, a
transition state is reached by a dynamic search of enzyme−
reactant geometry.2,3 Molecules mimicking the structure of a
transition state convert the rare enzymatic geometry of the
transition state to a stable complex that binds with high affinity
to the targeted enzymes.4−8 Transition state structures for
enzymatic reactions have been established by the combination
of kinetic isotope effects and quantum computational
calculations.3,9,10 Using this approach, transition states of 5′-
methylthioadenosine/S-adenosylhomocysteine nucleosidases
(MTANs) from several bacterial species have been estab-
lished.11−13 Transition state analogue inhibitors have been
designed and synthesized with Ki values in the femtomolar
range.14 This tight binding is proposed to support faithful
mimicry of the transition state structure. Transition state
analysis and crystal structures of MTAN with transition state
analogue inhibitors have implicated a crystallographic water
molecule in a position to act as the nucleophile. Tightly bound
inhibitors have low release rates in solution, and we wanted to
see whether a transition state analogue together with its
nucleophilic water would be retained in the gas phase during
mass spectrometry experiments.
MTAN is a dimeric enzyme that catalyzes hydrolytic

depurination of 5′-methylthioadenosine (MTA) and S-
adenosylhomocysteine. The transition state for MTA hydrolysis
by EcMTAN has been reported to be a 5-methylthioribocation

and a neutral adenine, with a C1′ to N9 distance of 3 Å or
more.11 A nucleophilic water molecule was proposed to be part
of the transition state complex (Figure 1). Water attacks C1′ of

the ribocation to complete the reaction.11 If a transition state
lifetime of 10−14 s is assumed,15 the nucleophilic water must be
preorganized at the attacking position. The transition state
lifetime is too short to permit significant water diffusion.16

Transition state analogues mimicking the geometry and
molecular electrostatic potential of the transition state structure
of MTANs have Ki values in the femtomolar range.14

Crystal structures with transition state analogue complexes
have revealed an extensive bonding network with the enzyme
(Figure 2),17,18 consistent with the powerful binding inter-
actions. BuT-DADMe-ImmA (Figure 2A) has a high affinity for
EcMTAN (Ki = 0.3 pM), and its structure has been solved with
Vibrio choleraeMTAN (VcMTAN), which shares 60% sequence
identity with EcMTAN. The inhibitor is bound in the active site
with five favorable hydrogen bonds to the protein, two
hydrogen bonds to the nucleophilic water molecule, and
multiple hydrophobic interactions (Figure 2B and Figure S1 in
the Supporting Information). A highly stabilized nucleophilic
water molecule is positioned 2.7 Å from the cationic nitrogen
(pKa ≈ 9) that mimics the 1′-anomeric carbon of the ribocation
transition state (Figure 2).18 This complex contains all
elements of the transition state complex, including the
nucleophilic water. High-resolution mass spectrometry was
applied to determine whether the complex remains intact
following extraction into the gas phase.
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Figure 1. Transition state structure of MTA catalyzed by EcMTAN.13
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EcMTAN is a homodimer with a calculated monomer
molecular weight of 26029.7 Da. The experimental mass for the
apo enzyme was studied from a denatured sample containing
50% methanol and 0.1% formic acid using a nanoelectrospray
quadrupole time-of-flight (nanoESI-QTof) mass spectrometer.
An experimental mass of 26029.6 Da was acquired, confirming
the integrity of the expressed enzyme and the absence of bound
water or ions (Figure S2A).
Native dimeric EcMTAN in 5 mM ammonium acetate was

analyzed and produced peaks at m/z 4339.3, 4005.6, 3719.5,
3471.7, and 3254.7. When deconvoluted for charge states, these
correspond to the multiply protonated dimeric MTAN with
charge states of 12+, 13+, 14+, 15+, and 16+, respectively. The
deconvoluted spectrum gave an experimental dimer molecular
mass of 52059.6 Da, in good agreement with the calculated
value of 52059.4 Da. Thus, the denatured monomer and native
dimer can be mobilized into the gas phase without additional
water, ion, or solute molecules (Figure S2B).
The calculated molecular weight of 336.18 for BuT-DADMe-

ImmA was also confirmed by mass spectrometry (MS) (Figure
S3). Molar equivalent amounts of BuT-DADMe-ImmA and
EcMTAN were mixed, and the MS spectrum was acquired
under the conditions optimized for dimeric EcMTAN. Peaks
generated from this complex were shifted to higher m/z values
than those of dimeric EcMTAN alone (Figure 3). Spectral
deconvolution revealed a species at 52730.8 Da corresponding
to two inhibitor molecules bound to dimeric EcMTAN.
Another peak corresponded to dimer, two inhibitors, and two
water molecules, giving a mass peak at 52766.4 Da. Other peaks
consistent with addition of Na+ and/or K+ ions to the complex
were also observed (Figure 3).
An altered protein mass in MS analysis might possibly

originate from oxidation of the protein or the inhibitor during

high-voltage electrospray. Oxidation would produce a mass shift
of 32 Da (addition of two O atoms), in contrast to a shift of 36
Da generated by addition of two water molecules. As indicated
above and in the Supporting Information, no oxidation was
observed in either apo-MTAN or the inhibitor under our
experimental conditions (Figures S2 and S3). Hence, oxidation
of the complex of dimeric enzyme and inhibitors was
considered unlikely.
Additional tests for the nature of the EcMTAN complexes in

MS analysis involved different experimental conditions. During
MS analysis, ions are generated, desolvated, and accelerated by
potential voltage differences. This is achieved by applying
different voltages to components between the ESI tip and the
detector. Higher potential accelerates ions faster and results in
more energetic collisions with nitrogen along the ion path.19,20

More energetic collisions would be expected to result in the
dissociation of noncovalently bound molecules such as water or
inhibitor in the complex.
Different combinations of focusing potential (FP) and

declustering potential (DP) generated by differential voltage
application were used to produce different potential MS
energies. First, mass spectra of the inhibitor-bound complex
were acquired with FP = 100 and DP = 15 (in arbitrary
potential voltage units) (Figure 3 inset, red). Then, a higher
potential was applied (FP = 140 and DP = 30) to investigate
possible changes (Figure 3 inset, blue). Mass differences for the
three peaks arising from oxidation would not change the peak
intensity ratios. However, the high-potential combination
increased the peak intensity at m/z 4057.1 relative to the
original conditions (Figure 3 inset). The increased intensity of
the peak at m/z 4057.1 implies that more energetic collisions
under higher-potential conditions caused the loss of water
molecules. The apo enzyme produced a single peak at each
charge, regardless of changes in the potential. These results
support the presence of bound water molecules only in the
complex of EcMTAN together with the transition state
analogue in the gas phase, and not to the apo enzyme.
Detection of the water molecule agrees with the chemical

mechanism of EcMTAN (Figure 1), in which a nucleophilic
water attacks C1′ at the transition state. Because of the short
lifetime of enzymatic transition states (<10−14 s),15 the water
molecule must be preorganized near C1′ at the transition state.
During the transition state lifetime, there is insufficient time for

Figure 2. Complex of VcMTAN, BuT-DADMe-ImmA, and a water
molecule. (A) The chemical structure of BuT-DADMe-ImmA is
shown in the orientation corresponding to its position in the crystal
structure. (B) In the crystal structure (PDB entry 3DP9), BuT-
DADMe-ImmA (green) and a water molecule (red dot) are
surrounded by active-site residues (gray). Inset: hydrogen-bonding
network involving the water molecule. PYMOL was used to generate
the graphs.

Figure 3. MS analysis of EcMTAN in complex with stoichiometric
BuT-DADMe-ImmA. Inset: with increased focusing potential and
declustering potential, water molecules shift out of the enzyme−
inhibitor complex.
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water diffusion. This preorganization explains the affinity of
bound water in complex with the transition state analogue. The
crystal structure shows the presumptive water molecule
hydrogen-bonded with the 3′-OH and N1′ of BuT-DADMe-
ImmA as well as the side chains of Arg193, Glu12, and Glu174
of MTAN (Figure 2). Consequently, we propose that the water
molecules identified by MS are the nucleophilic waters.
We did not observe the EcMTAN dimer bound to only one

inhibitor unless we intentionally formed this complex by
substoichiometric inhibitor titration (Figure S4). Thus, the
inhibitor binds to both subunits with sufficient affinity to be
retained in the gas phase. The stoichiometric binding of the
inhibitor with EcMTAN results from the low dissociation rate
constant (koff). In solution, the association rate constant (kon)
and slow-onset conformational change for inhibitors that bind
tightly to MTAN is on the order of 103 s−1. To achieve a Ki
value in the femtomolar range, koff should be on the order of
10−9 s−1. Consistent with this approximation of koff, incubation
of the enzyme−inhibitor complex in solution with a near-
saturation concentration of MTA (2 mM) did not restore
significant enzymatic activity in a 3 h incubation.
BuT-DADMe-ImmA has a Ki value of 0.3 pM with EcMTAN

and binds to the enzyme with a geometry similar to that of the
substrate.21 Both inhibitor and enzyme contacts are needed to
bind the nucleophilic water molecule in the enzyme. The
numbers of favorable hydrogen bonds and hydrophobic
interactions increase when a substrate analogue of MTA is
replaced with BuT-DADMe-ImmA at the catalytic site.21,22 In
addition, a new ionic interaction is formed between the
inhibitor cation and the immobilized nucleophilic water.18,22

Thus, BuT-DADMe-ImmA is an excellent transition state
analogue with high binding affinity to EcMTAN and an ability
to stabilize the nucleophilic water molecule. A second
crystallographic water in contact with the nucleophilic water
is weakly bound with only one favorable hydrogen bond
(Figure S1).
Although BuT-DADMe-ImmA and EcMTAN function to

stabilize a catalytic-site water, the water molecule has a weaker
affinity to the protein than the inhibitor. Complexes were
detected by MS with substoichiometric amounts of water,
reflecting the dynamic hydrogen-bonding nature of water and
its weaker hydrogen-bonding network. Supersaturation with
inhibitor produced two additional smaller peaks at m/z 4085.7
and 4111.5 (Figure S5), corresponding to enzyme complexes
with one and two additional inhibitors bound per dimer,
respectively, but with no additional water molecules. These
peaks are attributed to nonspecific binding of the inhibitor
(acting as a cation) and the enzyme.
An attempt to measure the exchange rate of H2

16O from the
enzyme−inhibitor−water complex used dilution experiments
into H2

18O followed by MS analysis. However, the expected
mass change could not be reliably distinguished from the
enzyme dimer + K+ mass under our experimental conditions.
Along the reaction coordinate of EcMTAN, a fully

dissociated ribocation transition state is formed. Sugar cations
are highly reactive and susceptible to attack by any nearby
nucleophile.16 Thus, enzymes forming sugar cation transition
states must stabilize the attacking group within electron-
reorganization distance of the reaction center. The related
enzyme purine nucleoside phosphorylase immobilizes a
phosphate nucleophile for reaction of the phosphate with the
ribocation, and motion along the reaction coordinate involves
altered ribose sugar pucker that occurs on the time scale of 70

fs, the reaction coordinate lifetime, of which 10 fs is the lifetime
of the ribocation transition state.15 For a transition state
analogue to mimic the transition state, it is required to mimic
the ribocationic feature of the transition state and also to
stabilize the attacking nucleophile. Using MS under non-
denaturing conditions at neutral pH, we were able to identify
the presumptive nucleophilic water molecule in complex with
the transition state analogue BuT-DADMe-ImmA and
EcMTAN. The results support the proposed chemical
mechanism and demonstrate the utility of high-resolution MS
to detect interesting noncovalent complexes formed along the
reaction coordinate.
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