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ABSTRACT: Orotidine 50-monophosphate decarboxylase (OMPDC) is an exceptionally proficient catalyst: the
rate acceleration (kcat/knon) is 7.1� 1016, and the proficiency [(kcat/KM)/knon] is 4.8� 1022M-1. The structural
basis for the large rate acceleration and proficiency is unknown, although themechanism has been established
to involve a stabilized carbanion intermediate. To provide reaction coordinate context for interpretation of
the values of kcat, kcat/KM, and kinetic isotope effects, we investigated the effect of solvent viscosity on kcat and
kcat/KM for the OMPDCs fromMethanothermobacter thermautotrophicus (MtOMPDC) and Saccharomyces
cerevisiae (ScOMPDC). ForMtOMPDC, we used not only the natural OMP substrate but also a catalytically
impaired mutant (D70N) and a more reactive substrate (FOMP); for ScOMPDC, we used OMP and FOMP.
With MtOMPDC and OMP, kcat is independent of solvent viscosity, indicating that decarboxylation is fully
rate-determining; kcat/KMdisplays a fractional dependence of solvent viscosity, suggesting that both substrate
binding and decarboxylation determine this kinetic constant. For ScOMPDC with OMP, we observed that
both kcat and kcat/KM are fractionally dependent on solvent viscosity, suggesting that the rates of substrate
binding, decarboxylation, and product dissociation are similar. Consistent with these interpretations, for both
enzymes with FOMP, the increases in the values of kcat and kcat/KM are much less than expected based on the
ability of the 5-fluoro substituent to stabilize the anionic intermediate; i.e., substrate binding and product
dissociation mask the kinetic effects of stabilization of the intermediate by the substituent.

Orotidine 50-monophosphate decarboxylase (OMPDC)1 that
catalyzes the final step in the biosynthesis of pyrimidine nucleo-
tides is an exceptionally proficient catalyst (Scheme 1) (2, 3). For
the enzyme from Saccharomyces cerevisiae (ScOMPDC), the rate
acceleration (kcat/knon) is 7.1� 1016 (kcat = 20 s-1; knon = 2.8 �
10-16 s-1), and the proficiency [(kcat/KM)/knon] is 4.8� 1022 M-1

(kcat/KM=1.3� 107M-1 s-1) (vide infra). These large values are
explained by the very slow rate for the nonenzymatic reaction
that results from the inability of the pyrimidine base to stabilize
negative charge when decarboxylation occurs (4); this contrasts
with pyridoxal phosphate-dependent amino acid decarboxylases,
thiamin pyrophosphate-dependent R-ketoacid decarboxylases,
and Schiff base-dependent decarboxylases in which the negative

charge is stabilized by an “electron sink”. The structural strategy
by which the rate acceleration and proficiency are accomplished
remains both controversial and uncertain for the OMPDC-
catalyzed reaction.

The sequences of homologous OMPDCs are surprisingly
divergent, with four subfamilies recognizable in the databases;
pairwise sequence identities between members of the different
subfamilies can be <10% (J. A. Gerlt, P. C. Babbitt, and S.
Brown, unpublished observations). However, the active site
residues are strictly conserved, suggesting that these are fully
responsible for achieving the rate acceleration and proficiency.
Structures are available for at least one member from each
subfamily (5-8); in the structures determined in the presence
of intermediate analogues [azaUMP, 6-azaUMP, and BMP
(barbiturate 50-monophosphate)] or the UMP product, C6/N6
of the pyrimidine base is proximal to a hydrogen-bonded Asp-
Lys-Asp triad. The expectation is that this triad promotes
decarboxylation, with the Lys delivering a solvent-derived hydro-
gen to C6 to form the UMP product.

The mechanism has been controversial; several have been
proposed, including (1) preprotonation of O2 to form an
electrostatically stabilized ylide intermediate by decarboxyla-
tion (9), (2) conjugate addition of a nucleophile to C5 followed
by decarboxylation and elimination of the nucleophile (10),
(3) a concerted SE2 reaction in which decarboxylation and
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protonation of C6 occur simultaneously, avoiding the formation
of a carbanionic intermediate (7, 11), and (4) decarboxylation to
form a vinyl anion intermediate stabilized by its proximity to the
Lys of the hydrogen-bonded triad (12) and, possibly, by hydro-
gen bonding to O4 (13, 14). The first two mechanisms are
eliminated by the structures that reveal the absence of an acid
proximal to O2 or a nucleophile to C5. The third mechanism is
eliminated by two reports from our laboratories: (1) the solvent
deuteriumproduct isotope effect (PIE) for formation of theUMP
product is 1.0 (no discrimination between protiumand deuterium
in delivery of a hydrogen to C6), arguing against a concerted
mechanism inwhich decarboxylation andproton/deuteron trans-
fer occur in the same transition state (15), and (2) H6 of the UMP
product undergoes exchange with solvent deuterium, requiring
the formation of an intermediate with a sufficient lifetime for
occasional rotation of the Lys in the hydrogen-bonded triad so
that a solvent-derived hydrogen can be delivered to C6 (16).
Thus, a mechanism involving an intermediate is secure
(Scheme 1), although the structural strategy for stabilization of
the intermediate is unknown.

Kinetic studies using mutant enzymes and/or substrate analo-
gues can be expected to provide valuable details about the
mechanism. However, interpretations of the values of both kcat
and kcat/KM as well as kinetic isotope effects (KIEs) require that
the relative kinetic importance of the chemical steps (decarbox-
ylation of OMP to yield the intermediate followed by its
protonation to yield UMP) and physical steps (OMP binding
and UMP release) be known. For example, Cleland and co-
workers recently reported natural abundance [carboxy-13C]KIEs
on kcat/KM for ScOMPDC (12). For wild type, the values are
1.0255 ( 0.0005 (kcat, 22 s-1; kcat/KM, 1.3 � 107 M-1 s-1) for
OMP and 1.0106( 0.0001 (kcat, 242 s

-1; kcat/KM, 3.0� 107 M-1

s-1) for the more reactive FOMP (the electronegative fluorine
substituent stabilizes the intermediate by electron withdrawal;
Scheme 2).

With 20-deoxyOMP and wild-type ScOMPDC (kcat, 0.15 s-1;
kcat/KM, 2.8 � 104 M-1 s-1), the KIE increases to 1.0461 (
0.0005; withOMPand the less activeK59Amutant (kcat, 0.52 s

-1;
kcat/KM, 7.1 � 102 M-1 s-1), the KIE further increases to
1.0543( 0.0002. The latter KIEs were interpreted as the intrinsic
value(s); the lesser values observed with wild-type ScOMPDC
using OMP and FOMP were interpreted in terms of an earlier
transition state for FOMP than for OMP.

However, because these are KIEs on kcat/KM, mechanistic
interpretations would be compromised if the energy barriers for
substrate binding and the chemical steps were similar in magni-
tude. That the values of kcat/KM for OMP and FOMP are similar
and approximate the diffusion-controlled limit suggests that
decarboxylation is less rate-limiting for FOMP than for OMP.
Also, Porter and Short reported a bimolecular rate constant
of 6.2� 107M-1 s-1 for the binding of OMP to ScOMPDC (17);
the value of this rate constant suggests that substrate binding is
partly rate-determining and is reflected in the value of kcat/Km,
2� 107M-1 s-1 for the ScOMPDC-catalyzed reaction. Thus, the
KIEs may not uniquely describe the transition states for dec-
arboxylation (vide infra).

As a prelude to studies of mutants using both OMP and
FOMP as substrates, we investigated the effects of both trehalose
and sucrose on the values of kcat and kcat/KM for both substrates
using wild-type ScOMPDC as well as the OMPDC from
Methanothermobacter thermautotrophicus (formerly Methano-
bacterium thermoautotrophicum; MtOMPDC). Although their

active site residues are conserved, ScOMPDC and MtOMPDC
share ∼20% sequence identity and differ in the length and
structure of the active site loop that sequesters the substrate
and intermediate from solvent. Changes in solvent viscosity can
have significant effects on kcat and kcat/KM for both enzymes,
with the dependence on viscosity increasing with FOMP (physi-
cal steps more rate-determining) and decreasing when the values
of the kinetic constants are decreased by an active site substitu-
tion (decarboxylationmore rate-determining). These conclusions
are important for deducing the structural basis for the 1017 rate
acceleration, as illustrated by the studies described in the
accompanying paper that examine the importance of substrate
destabilization (18).

MATERIALS AND METHODS

Materials. Reagents were purchased from Sigma Aldrich at
the highest purity available. Thrombin protease was purchased
fromGE Healthcare. All solutions were prepared withMillipore
Ultrapure filtered water.
Syntheses of OMP and FOMP. The method described by

van Vleet et al. was used with modifications to enzymatically
synthesize bothOMPandFOMP (12). A typical reaction (25mL,
30 �C) for the synthesis of FOMP contained 11.4 mM 50-
phosphoribosyl 10-pyrophosphate (PRPP; Sigma P8296;
1 equiv), 13.7 mM 5-fluoroorotic acid (Sigma F5013; 1.2 equiv),
47 units of orotate phosphoribosyltransferase (OPRTase) from
Salmonella typhimurium, 130 units of yeast inorganic pyropho-
sphatase (Sigma I1643), 50 mM MgCl2, and 100 mM Tris-HCl,
pH 8.0. After 6 h, an additional 16 units ofOPRTase and 90 units
of pyrophosphatase were added, and the reaction was incubated
overnight. The enzymes were removed using a 10 K NMWL
membrane centrifugal filter (Millipore, 15 mL); the solution was
diluted to 100 mL and loaded onto an anion-exchange column
(Dowex-1X8; 1.5 � 20 cm, Cl-). The column was eluted with a
linear gradient (300 mL) of 0-0.8 M LiCl. Two peaks of
UV-absorbing material were detected. The first peak (eluting at
0.55MLiCl) contained FOMPas determined by enzymatic assay
with OMPDC. The product-containing fractions were pooled,
the solvent was removed by rotary evaporation, and the residue
was dissolved in water and lyophilized. The dry solid was washed
with acetone-methanol (95:5) until it maintained a constant
weight. The FOMP was dissolved in a small amount of water
and precipitated by adding acetone-methanol (95:5) until the
solution became cloudy. After storage overnight at 4 �C, the solid
was recovered, dissolved in water, and lyophilized. A total of

Scheme 1

Scheme 2
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120 μmol of FOMP was obtained (48%). 1H NMR (D2O,
500 MHz): δ 5.15 (d, J = 3.2 Hz, 1H), δ 4.55 (q, J = 3.1 Hz,
J=6.9Hz, 1H), δ 4.19 (t, J=6.9Hz, 1H), δ 3.80 (m, 2H), δ 3.71
(m, 1H).

The same procedure was used to prepare OMP except that
orotic acid (Sigma O2750) was used instead of 5-fluoroorotic
acid.
Orotate Phosphoribosyltransferase (OPRTase). The

gene encoding OPTRase was PCR-amplified from S. typhimur-
iumLT2 genomic DNA (ATCC 70072OD). The gene was ligated
into the pET-17b (Novagen) vector using the NdeI/BamHI
restriction sites. The plasmid (pOPRTase) was maintained in
Escherichia coli XL1-Blue cells. For protein expression, the
plasmid was transformed into E. coli BL21(DE3) cells.

OPRTase was purified following the procedure of Bhatia et
al. (19) with modifications. Six 6 mL cultures of E. coli BL21
(DE3) transformed with pOPRTase were grown overnight at
37 �C in LB containing 100 μg/mL ampicillin. The cultures were
used to inoculate 6 � 2 L of LB broth containing 100 μg/mL
ampicillin. The cultures were grown at 37 �C until the cell density
reached an OD600 of 0.6. The cultures were then induced for
protein production by addition of IPTG to a final concentration
of 1mM.After 5 h, the cells were harvested by centrifugation and
resuspended in 60 mL of buffer O (50 mM Tris-HCl, pH
8.0, 2 mM EDTA, and 2 mM β-mercaptoethanol) and lysed on
ice by sonication using a 550 Sonic Dismembrator (Fisher
Scientific) with 5 s pulses at 15 s intervals for a total of 10 min.
The lysate was cleared by centrifugation at 15000 rpm at 4 �C for
30 min. Four milliliters of 10% PEI (Sigma P3143, pH 8.0) was
added to the lysate to remove nucleic acids; the precipitate was
removed by centrifugation at 15000 rpm at 4 �C for 30 min. An
equal volume of 2 M (NH4)2SO4 in buffer O was added to the
lysate, and the solution was filtered through a 0.22 μmmembrane
(Millipore) to remove the debris. The solution was applied to a
column of phenyl-Sepharose (1.5 � 20 cm) preequilibrated with
1 M (NH4)2SO4 in buffer O. The column was washed with 100
mL of 1M (NH4)2SO4 in buffer O, and the OPRTase was eluted
with a linear gradient (800 mL) from 1 to 0 M (NH4)2SO4 in
buffer O. Fractions containing OPRTase (identified by SDS-
PAGE) were pooled and dialyzed at 4 �C three times against 2 L
of buffer O for a minimum of 3 h. The OPRTase was further
purified on a Resource Q column (1.5 � 10 cm; Pharmacia
Biotech) preequilibrated with buffer O and eluted with a linear
gradient (800 mL) from 0 to 0.5 M NaCl in buffer O.

Fractions containing pure OPRTase were assayed in the
direction of PRPP formation. The assay contained 0.1 mM
OMP, 2 mM PPi, 47 nM OPRTase, 20 mM potassium HEPES,
pH8.0, and 3mMMgCl2. The rate of the reactionwasmonitored
by the change in absorbance at 303 nm [Δε = 2200 M-1 cm-1

(εorotate - εOMP); kcat = 15 s-1]. OPRTase is stable at 4 �C for at
least 3 months; freezing by dropwise addition to liquid N2 and
storage at -80 �C extend the storage time to 1 year. The activity
was checked before each use.
Cloning, Expression, Site-Directed Mutagenesis, and

Purification. The gene encoding the OMPDC from M. ther-
mautotrophicus ΔH (MtOMPDC) was amplified by PCR from
genomic DNA (ATCC); NdeI and BamHI digestion followed by
ligation were used to clone the gene into pET-15b vector,
resulting in the plasmid pMtODC-15b. The D70N mutant of
MtOMPDC was constructed using the QuikChange II method
[Stratagene (18)]. DNA sequencing at the University of Illinois
Core Sequencing Facility confirmed the expected sequences.

The vector pODC-C155S containing the gene encoding the
C155Smutantof theOMPDCfromS. cerevisiae (ScOMPDC) (20)
was a gift from Dr. Steven Short (GlaxoSmithKline). The gene
was excised using NdeI and BamHI (Invitrogen) and ligated into
the pET-15b vector encoding an N-terminal His6 tag (Stratagene)
using T4 DNA ligase (Fisher), resulting in the plasmid pScODC-
15b. The D91N mutant of ScOMPDC was constructed using the
QuikChange II method [Stratagene (18)]. DNA sequencing at
the University of Illinois Core Sequencing Facility confirmed the
expected sequences.

Both wild-type MtOMPDC and wild-type ScOMPDC were
purified from E. coli strain BL21(DE3) (Promega). Transformed
cells were grown in 4 L of LB containing 100 μg/mL ampicillin.
For MtOMPDC, the cells were grown at 37 �C; when the cell
density reached an OD600 of 0.6, IPTG was added at a final
concentration of 0.5mM. The cells were harvested after 18 h. For
ScOMPDC, the cells were grown at 20 �C; after 24 h, ScOMPDC
was induced by the addition of IPTG to a final concentration of
0.5 mM. The cells were harvested after 48 h.

The same purification procedure was used for both enzymes.
The cell pellet was resuspended in 100 mL of binding buffer
(5 mM imidazole, 20 mM Tris-HCl, pH 7.9, 0.5 M NaCl) and
sonicated on ice with 5 s pulses at 15 s intervals for a total of
36 min. The cell lysate was cleared by centrifugation, and the
supernatant was loaded onto aNi-Sepharose column (Pharmacia
Biotech; 150 mL). The column was washed with 350 mL of
binding buffer before 300mL of a buffer containing 20 mMTris-
HCl, pH 7.9, 0.5 M NaCl, and 60 mM imidazole was used to
remove contaminating proteins from the column. The N-term-
inal His6-tagged OMPDC was eluted with a linear gradient
(400 mL) from 60 mM to 1 M imidazole in binding buffer.
Fractions containing OMPDC were identified by SDS-PAGE,
pooled, and dialyzed at 5 �C against 3� 4 L of 20 mMTris-HCl,
pH 7.9, for 3 h intervals. Phosphate-buffered saline was added
along with 1 unit/mg thrombin in order to remove the His6 tag;
the reaction was incubated for ∼16 h at room temperature, with
the progress monitored by SDS-PAGE. When the cleavage of
the His6 tag was completed, the reaction was dialyzed against
20 mM Tris-HCl, pH 7.9. The OMPDC was then applied to a
Q-Sepharose high-performance column (Pharmacia Biotech;
50 mL) preequilibrated with 20 mM Tris-HCl, pH 7.9. After
washing with 50 mL of 20 mM Tris-HCl, pH 7.9, the OMPDC
was eluted with a linear gradient (500 mL) from 0 to 0.5MNaCl
in 20 mM Tris-HCl, pH 7.9. Fractions containing pure OMPDC
were identified by SDS-PAGE and dialyzed at 5 �C against
storage buffer. For MtOMPDC, the storage buffer was 20 mM
HEPES, pH7.5, 150mMNaCl, and 3mMDTT; for ScOMPDC,
the storage buffer was 20 mM Tris-HCl, pH 7.9, 100 mMNaCl,
and 20% glycerol. After concentration to ∼25 mg/mL via
ultrafiltration, the OMPDC was flash-frozen in liquid nitrogen
as 25 μL pellets and stored at -80 �C.

The D70N mutant of MtOMPDC was purified by the same
procedure, except the mutant was expressed in a pyrF- strain of
E. coli generated using Wanner’s method for chromosomal gene
disruptions (21). Expression of the gene encoding the mutant in
pET-15b was made possible using an chloramphenicol-resistant
auxiliary plasmid, pTara, provided as a gift from Professor John
Cronan, University of Illinois, which contains the T7 RNA
polymerase under araC control. Growth was performed at 37 �C
in LB containing 100 μg/mL ampicillin, 34 μg/mL chlorampheni-
col, and 50 μg/mL kanamycin. Expression was induced by the
addition of L-arabinose to a final concentration of 1 mM.
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Viscogen Preparation and Viscosity Measurements.
Viscogens were prepared as described in Hale et al. (22). Solu-
tions of viscogens were prepared at twice the concentrations used
in the enzymatic assays. For sucrose and trehalose, the final
concentrations of the viscogens diluted into the reactions were
13.3%, 15.6%, 21.3%, 26.7%, 30%, and 32%. Solutions of the
macroviscogen Ficoll 400PM were prepared at final concentra-
tions of 2.5%, 5%, and 10%. Relative viscosities were measured
at 25 �C using an Ostwald viscometer (Fisher) and an analytical
balance. The viscosities of each viscogen stock solution were
measured after dilution with an equal volume of 2� assay buffer
(20 mM MOPS, pH 7.1, and 200 mM NaCl), η, relative to the
1� reaction buffer, η�. For sucrose, the relative viscosities were
1.41, 1.51, 1.87, 2.21, 2.60, and 2.74 for 13.3%, 15.6%, 21.3%,
26.7%, 30%, and 32% sucrose, respectively. For trehalose, the
relative viscosities were 1.38, 1.52, 1.84, 2.24, 2.54, and 2.69
for 13.3%, 15.6%, 21.3%, 26.7%, 30%, and 32% trehalose,
respectively. For Ficoll 400PM, the relative viscosities were 1.
53, 2.42, and 5.52 for 2.5%, 5%, and 10% Ficoll 400PM,
respectively.
OMPDC Assays. All assays were performed at 25 �C and

pH 7.1 (10 mM MOPS, containing 100 mM NaCl) (17) using a
Cary UV/vis spectrophotometer. For MtOMPDC, most assays
contained 0.1mg/mL BSA; however, determination of the values
of kcat/KM for the wild-type enzyme and OMP was performed in
the absence of BSA to improve the signal to noise in the
absorbance readings.

Concentrations of OMP and FOMP were measured spectro-
photometrically: εOMP = 9430 M-1 cm-1 at 267 nm and εFOMP

= 9895 M-1 cm-1 at 270 nm in 0.01 M HCl. A decrease in
absorbance accompanies decarboxylation; assays were carried
out at different wavelengths, depending on the initial substrate
concentration. For decarboxylation of OMP, assays were con-
ducted at 279 nm (Δε = -2400) (21). For decarboxylation of
FOMP, assays were conducted at 282 or 300 nm (Δε=-1378 or
-489 M-1 cm-1, respectively), where 300 nm was used only for
measuring the value of kcat for wild-type MtOMPDC.

The values of the KMs for both wild-type MtOMPDC and
ScOMPDC are ∼1 μM. Therefore, because of limitations in the
sensitivity of the spectrophotometric assay, initial velocity mea-
surements as a function of substrate concentration could not be
used to determine the values ofKM for the wild-type enzymes (the
kinetic constants for the D70N mutant of MtOMPDC were
determined by measuring initial velocities as a function of
substrate concentration). Instead, the values of kcat/KM were
determined from the first-order decay of the absorbancewhen the
concentration of remaining substrate wase20%of the estimated
KM value; the values of kcat were determined in separate assays
with substrate concentrations exceeding the estimated values of
KM by a factor g10. Because UMP is a competitive inhibitor for
both MtOMPDC and ScOMPDC, low concentrations of sub-
strate were used for measurement of the values of kcat/KM to
minimize product inhibition that would increase the apparent
value of KM. Nonlinear, least-squares curve fitting of each first-
order assay was performedwith the program SigmaPlot using the
first-order equation

Abs ¼ Absf þ ðAbsi -AbsfÞe-kt

where t is time, Abs is the absorbance at time t, Absf is the final
absorbance Absi is the calculated initial absorbance, and k is the
first-order rate constant equal to Vmax/KM.

RESULTS AND DISCUSSION

We are performing comparative studies of MtOMPDC and
ScOMPDC with the expectation that, despite the divergence in
sequence (the structure-based sequence identity is ∼20%), the
same structural strategy for catalysis is used by both enzymes. As
a prelude to kinetic studies, we examined the effect of solvent
viscosity on the kinetic constants for both OMP and FOMP to
provide reaction coordinate context for interpretation of the
values of the kinetic constants and isotope effects.
Experimental Approach. We assume a simple kinetic

mechanism (Scheme 3) that involves three sequential steps: (1)
reversible OMP substrate binding (k1 and k-1), (2) irreversible
decarboxylation and protonation to form bound UMP and
CO2 (k2), and (3) reversible dissociation of UMP and CO2

(k3 and k-3).
In this mechanism, k2 is independent of solvent viscosity

(intramolecular within the active site), and those steps associated
with substrate binding and product dissociation are assumed to
be inversely proportional to the solvent viscosity (ηrel), e.g., k1 =
k1�/(ηrel), with the superscript (�) noting the rate constant in the
absence of viscogen. The rate constants associated with substrate
binding (k1 and k-1) include encounter of the enzyme and
substrate as well as conformational changes that juxtapose the
substrate with the active site functional groups, including closure
of an active site loop that sequesters substrate from solvent (18);
the rate constant associated with product dissociation (k3)
includes conformational changes that include loop opening so
that the product can dissociate from the enzyme.

The following relationships can be derived between the values
of kcat and kcat/KM and the various rate constants in the kinetic
mechanism:

kcat ¼ k2k3

k2 þ k3
ð1Þ

kcat�
kcat

¼ k3�
k2 þ k3�

þ k2

k2 þ k3�
ηrel ð2Þ

slope ¼ kcat�
k3�

ð3Þ

kcat

KM
¼ k1k2

k-1 þ k2
ð4Þ

ðkcat=KmÞ�
kcat=Km

¼ k-1�
k-1� þ k2

þ k2

k-1� þ k2
ηrel ð5Þ

slope ¼ ðkcat=KmÞ�
k1�

ð6Þ

Equations 1 and 4 are the steady-state expressions for kcat and
kcat/KM, respectively. Equations 2 and 5 describe the dependence
of the values of kcat and kcat/KMon solvent viscosity, respectively.
Equations 3 and 6 relate the slopes of eqs 2 and 5 with the values
of k3� and kcat� and the values of k1� and (kcat/KM)�, respectively.

Scheme 3
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Studies of viscogen effects typically employ catalytically im-
paired mutants of residues that are involved directly in chemistry
as essential controls, with the expectation that the kinetic
constants for their reactions will be determined by the chemistry
and, therefore, be independent of solvent viscosity (Figure 1,
panel A, red reaction coordinate) (23). An conceptually similar
approach is to use a more reactive alternate substrate, with the
expectation that if the rate of the chemical step is increased (vide
infra), substrate binding and/or product dissociation steps will
determine the values of kinetic constants, so that these will be
inversely proportional to solvent viscosity (Figure 1, panel B,
blue reaction coordinate). We have employed both approaches,
the latter using FOMP, an alternate substrate expected to
undergo more facile decarboxylation because of stabilization of
the vinyl anion by the electron-withdrawing substituent (18).

The studies reported in this paper were performed at pH 7.1,
where the values of kcat and kcat/KM using OMP as substrate are
maximal for both MtOMPDC (4 s-1 and 2.4 � 106 M-1 s-1,
respectively) and ScOMPDC (20 s-1 and 1.3 � 107 M-1 s-1,
respectively) (17, 18).2 Two “monomeric” microviscogens, su-
crose and trehalose, and one polymeric macroviscogen, Ficoll
400PM, were used. Microviscogens influence both the measured
viscosity and the diffusional behavior of solutes; macroviscogens
influence the viscosity but have no effect on the diffusional
behavior of solutes. Thus, Ficoll 400PM serves as a control to
ensure that the viscosity effects produced by trehalose and
sucrose are associated with diffusional processes involving (1)
encounter of the enzyme and substrate (the contribution of k1 to
kcat/KM) and (2) separation of the enzyme and product (the
contribution of k3 to kcat).
Viscogen Effects on MtOMPDC: D70N. Asp 70 in

MtOMPDC has no apparent role in substrate binding, e.g., no
hydrogen-bonding interactions with intermediate analogues or
the UMP product. We have implicated Asp 70 in destabilization
of the substrate, with substitutions decreasing the values of kcat
and kcat/KM for both OMP (0.02 s-1 and 5 � 103 M-1 s-1,
respectively) andFOMP (4 s-1 and 5� 105M-1 s-1, respectively)
but having little influence on the rate of exchange of H6 of
FUMP with solvent hydrogen (18). We selected the D70N
mutant as a kinetically and structurally characterized control in
which the substitution’s role is restricted to decarboxylation, with
the expectation that k2 would be fully rate-determining.

Plots of the normalized values of both kcat and kcat/KM for
OMP as a function of relative solvent viscosity for the D70N
mutant of MtOMPDC are displayed in panels A and B of
Figure 2, respectively; analogous plots for FOMP are displayed
in panels C andD of Figure 2, respectively. The values of kcat and
kcat/KM as well as the slopes of the plots are tabulated in Table 1.3

With both OMP and FOMP, the values of kcat (0.02 s-1 and
4 s-1, respectively) are independent of solvent viscosity, indicat-
ing that for both substrates decarboxylation (k2) is fully rate-
determining (k2 , k3

o) under saturating conditions. With both
substrates, the values of kcat/KM also are independent of solvent

FIGURE 1: Panel A: Qualitative reaction coordinates for the
OMPDC-catalyzed reaction in which (1) the transition states for
substrate binding, decarboxylation/protonation, and product disso-
ciation are equivalent in energy (black) and (2) the energies of the
transition states for decarboxylation/protonation are increased by
substitution for an active site residue, e.g., the D70N mutant of
MtOMPDC (red). Panel B: Qualitative reaction coordinates for
decarboxylation in which (1) the transition states for substrate
binding, decarboxylation/protonation, and product dissociation
are equivalent in energy (black) and (2) the energies of the transi-
tion states for decarboxylation/protonation are decreased with a
better substrate, e.g., FOMP (blue). These reaction coordinates
are for [S],KM because the E-S complex is at a higher energy than
E + S.

FIGURE 2: Plots of the normalized values of kcat and kcat/KM for
decarboxylation of OMP and FOMP by the D70N mutant of
MtOMPDC as a function of relative solvent viscosity; the data for
sucrose are shown in blue, and those for trehalose are shown in red.
Panel A: kcat for OMP. Panel B: kcat/KM for OMP. Panel C: kcat for
FOMP. Panel D: kcat/KM for FOMP.

2Cleland and co-workers did not report a value for kcat/KM for wild-
type ScOMPDC with OMP, so the value listed in the text is the one we
determined; because our value for kcat is 20 s-1, our value for kcat/KM

should be a reliable measure of the catalytic efficiency of the enzyme
used by Cleland. Our values for kcat and kcat/KM for wild-type
ScOMPDC with FOMP are 130 s-1 and 2.6 � 107 M-1 s-1 (vide infra).

3We have examined the effects of viscogens on the kinetic constants of
mutants with substitutions for residues that are involved in the con-
formational changes that accompany ligand binding, e.g., the conserved
Gln 215 in the active site loop and the conserved Ser 154 in a loop at the
end of the fifth β-strand in ScOMPDC that “clamp” the liganded
enzyme in a catalytically productive, closed conformation (1). These
mutants display “complicated” effects, including increases, rather than
decreases, in the values of the kinetic constants as viscosity is increased.
We attribute these complexities to the details of the conformational
changes that accompany ligand binding.
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viscosity, indicating that decarboxylation (k2) is fully rate-deter-
mining under subsaturating conditions.

Therefore, as expected for an essential residue involved only in
chemistry (Asp 70), decarboxylation (k2) is fully rate-determining
for both kcat and kcat/KM (Figure 1, panel A). With this control,
the viscosity dependence of the kinetic constants for wild-type
MtOMPDC can be evaluated.
Viscogen Effects onMtOMPDC:Wild Type. Plots of the

normalized values of both kcat and kcat/KM forOMPas a function
of relative solvent viscosity for wild-type MtOMPDC are dis-
played in panels A and B of Figure 3, respectively; analogous
plots for FOMP are displayed in panels C and D of Figure 3,
respectively. The values of kcat and kcat/KM in the absence
of viscogen as well as the slopes of the plots are tabulated in
Table 1.

With OMP, for both microviscogens the value of kcat (4 s
-1) is

independent of solvent viscosity, indicating that decarboxylation
is fully rate-determining (k2 , k3

o) under saturating conditions
(Scheme 3). The value of kcat/KM is partially dependent on
solvent viscosity (Figure 3B; slopes = 0.60 for sucrose and
0.59 for trehalose). From eq 6, the estimated value of k1� is
4.0 � 106 M-1 s-1, 1.7-fold greater than the measured value of
kcat/KM (2.4 � 106 M-1 s-1, Table 1). We conclude that under
subsaturating conditions the value of kcat/KM is determined by
both substrate binding (k1�) and the chemical step (k2).

With FOMP, for both microviscogens the value of kcat is
partially dependent on solvent viscosity (kcat� = 190 s-1; slopes
= 0.67 for sucrose and 0.59 for trehalose). From eq 3, the
estimated value of k3� is ∼300 s-1, consistent with the rates of
decarboxylation and product release being comparable for the
better substrate, as expected if the value of k2 for FOMP is
increased relative to that for OMP.

With FOMP, the value of kcat/KM is inversely proportional to
solvent viscosity (Figure 3D; within error, the slopes for both
microviscogens are unity). From eq 6, the value of k1� is
approximately equal to the experimentally measured value of
kcat/KM (4.8 � 106 M-1 s-1); i.e., kcat/KM is diffusion-controlled
(by k1) as a result of the increased value of k2.

Therefore, for wild-type MtOMPDC with OMP, we conclude
that (1) kcat measures the rate of decarboxylation of bound OMP
(k2 , k3�) and (2) both substrate binding and decarboxylation

contribute to the value of kcat/KM. That the values of kcat/KM for
both OMP and FOMP are comparable in the absence of
viscogens can bemost simply explained if they contain significant
contributions from substrate binding (k1�), providing indepen-
dent evidence for the conclusions obtained from the viscogen
dependence.
Viscogen Effects on ScOMPDC:Wild Type. Plots of the

normalized values of bothkcat and kcat/KM forOMPas a function
of relative solvent viscosity for wild-type ScOMPDC are dis-
played in panels A and B of Figure 4, respectively; analogous
plots for FOMP are displayed in panels C and D of Figure 4,
respectively. The values of kcat and kcat/KMaswell as the slopes of
the plots are tabulated in Table 1.

Table 1: Viscosity Dependence of the Values of kcat and kcat/KM for MtOMPDC and ScOMPDCa

OMP FOMP

kcat
(s-1)

slope,b

kcat/k3
o

k3
o

(s-1)

kcat/KM

(M-1 s-1)

slope,c

(kcat/KM)/k1
o

k1
o

(M-1 s-1)

kcat
(s-1)

slope,b

kcat/k3
o

k3
o

(s-1)

kcat/KM

(M-1 s-1)

slope,c

kcat/KM)/k1
o

k1
o

(M-1 s-1)

D70N 0.02 5 � 103 4 5 � 105

sucrose 0.02( 0.04 -d -0.08( 0.05 -d -0.01( 0.03 -d -0.07( 0.05 -d

trehalose -0.01( 0.02 -d -0.08( 0.09 -d 0.02( 0.02 -d 0.02( 0.07 -d

Ficoll 0.09( 0.07 -d 0.16( 0.06 -d 0.01 ( 0.01 -d 0.04( 0.06 -d

MtOMPDC 4 2.4 � 106 190 4.8 � 106

sucrose 0.05( 0.03 -d 0.60( 0.10 4.0 � 106 0.67( 0.05 280 0.9( 0.3 5.3 � 106

trehalose 0.00( 0.01 -d 0.59( 0.06 4.1 � 106 0.59( 0.07 320 0.9( 0.1 5.3 � 106

Ficoll 0.02( 0.02 -d 0.04( 0.08 -d -0.01( 0.02 -d -0.2( 0.2 -d

ScOMPDC 20 1.3 � 107 130 2.6 � 107

sucrose 0.39( 0.05 50 0.37( 0.05 3.3 � 107 1.0( 0.2 130 0.65( 0.08 4.0 � 107

trehalose 0.31( 0.03 60 0.35( 0.06 3.3 � 107 1.01( 0.04 130 0.51( 0.06 5.1 � 107

Ficoll 0.00( 0.01 -d 0.05( 0.02 -d 0.01( 0.01 -d 0.04 ( 0.02 -d

aAll assays were conducted at 25 �C in 100 mMNaCl and 10mMMOPS, pH 7.1 (I=0.105M). bΔ(kcat)norm/Δ(ηrel).
cΔ(kcat/KM)norm/Δ(ηrel).

dWhen the
kinetic constants are independent of solvent viscosity, eqs 2 and 4 cannot be used to estimate values of k3

o and k1
o, respectively.

FIGURE 3: Plots of the normalized values of kcat and kcat/KM for
decarboxylation of OMP and FOMP by wild-type MtOMPDC as a
functionof relative solvent viscosity; the data for sucrose are shown in
blue, and those for trehalose are shown in red. Panel A: kcat for OMP.
Panel B:kcat/KM forOMP. Panel C:kcat for FOMP. PanelD: kcat/KM

for FOMP.
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With OMP, the value of kcat is partially dependent on solvent
viscosity (kcat� = 20 s-1; slopes = 0.39 for sucrose and 0.31 for
trehalose). From eq 3, the value of k3

o is estimated as ∼60 s-1;
this value modestly exceeds the measured value of kcat, consistent
with comparable rates of decarboxylation (k2) and product
release (k3�) under saturating conditions.

The value of kcat/KM for OMP is also partially dependent on
solvent viscosity (slopes = 0.37 for sucrose and 0.35 for
trehalose). From eq 6, the value of k1 is estimated as ∼3.6 �
107 M-1 s-1, ∼2.8-fold greater than the value of kcat/KM (1.3 �
107 M-1 s-1). We conclude that the value of kcat/KM is deter-
mined by both substrate binding (k1�) and the chemical step (k2).

With FOMP, the value of kcat is inversely proportional to
solvent viscosity for both microviscogens (slopes = 1.0), indicat-
ing that with the better substrate product dissociation is rate-
determining (k2 . k3). Compared to OMP, the value of kcat/KM

for FOMP is more dependent on (slope = 0.65 for sucrose and
0.51 for trehalose), but not inversely proportional to, solvent
viscosity, as would be expected if formation of the enzyme-
substrate complex is rate-determining with the better substrate.
From eq 6, the value of k1� is estimated as ∼4.6 � 107 M-1 s-1,
modestly greater than the experimentally measured value of
kcat/KM (2.6 � 107 M-1 s-1).
Viscogen Effects on ScOMPDC: D91N?. We used

theD70Nmutant ofMtOMPDCas a structurally and kinetically
characterized control in which we were confident that the
chemical step (k2) would be rate-determining; the viscogen effects
supported this expectation. However, we were unable to use
the homologous D91N mutant as the analogous chemically
impaired control for our studies of ScOMPDC. As described
in the accompanying paper (18), the D91N substitution is
virtually inactive with FOMP, with the structural data demon-
strating that the 6-azaUMP competitive inhibitor binds to the
unliganded conformation, with the active site loop open and the
phosphate group, not the pyrimidine moiety, proximal to

the active site hydrogen-bonded network that includes
Asn 91.
Rate-Determining Conformational Changes (Active

Site Loop Motion) in Substrate Binding and Product
Release?. The values of kcat for wild-type MtOMPDC with
OMP show a smaller viscosity dependence (slope= 0.0; Table 1)
than the values for wild-type ScOMPDC (slope ≈ 0.35);
the partial dependence for ScOMPDC is consistent with Porter
and Short’s conclusion that product release is partially rate-
determining (17). The increase in the value of kcat for wild-type
MtOMPDC with FOMP (48-fold) is greater than that observed
for wild-type ScOMPDC (6.5-fold), demonstrating stabilization
of the carbanionic intermediate by the 5-fluoro substitution in the
active sites of both enzymes. The partial viscosity dependence of
kcat for MtOMPDC with FOMP (slope ≈ 0.6) suggests that
product release is partially rate-determining, with the intrinsic
effect of the 5-fluoro substituent larger than the observed 48-fold
increase in the value of kcat (recall the 200-fold effect of the 5-
fluoro substituent for theD70Nmutant). The inverse dependence
of kcat on viscosity for wild-type ScOMPDC with FOMP (slope
= 1.0) requires that product release be rate-determining; i.e., kcat
≈ k3. Thus, we conclude that the release of FUMP from
MtOMPDC is faster than from ScOMPDC, perhaps because
loop opening and closing is faster for the smaller active site loop
in MtOMPDC (9 residues in MtOMPDC and 19 residues in
ScOMPDC).

The value of kcat/KM for wild-type MtOMPDC with OMP
shows a partial viscosity dependence (slope ≈ 0.6), but the value
of kcat/KM with FOMP shows an inverse viscosity dependence
(slope= 0.9); this is the expected effect if the 5-fluoro substituent
substantially increases the value of k2 so that substrate binding is
encounter-limited and fully rate-determining. In contrast, the
values of kcat/KM for wild-type ScOMPDC with OMP and
FOMP both show partial viscosity dependence (slope ≈ 0.35
and 0.6, respectively), suggesting that a partially rate-limiting,
viscosity-independent, conformational change occurs after the
initial encounter complex. That substrate binding, i.e., formation
of the encounter complex and subsequent conformational change
(s) to form the Michaelis complex, is fully rate-limiting for both
MtOMPDC and ScOMPDC with FOMP is supported by the
observation that the increased reactivity of FOMP is not
associated with significant increases in the values of kcat/KM.

We suggest that the overall rate constant for formation of the
Michaelis complex between FOMP and ScOMPDC limits the
value of kcat/KM but that the Michaelis complex forms in two
kinetically distinct steps (Scheme 4).

FOMP undergoes an encounter-limited reaction with a loop-
opened conformation of ScOMPDC (Eo) to give an initial
Michaelis complex (Eo 3FOMP), which then closes with a partly
rate-determining, viscosity-insensitive loop closure to form the
catalytically active complex (Ec 3FOMP). Following decarbox-
ylation, the products are released by initial opening of the loop to
generate Eo followed by product release.

The same two steps presumably are required for the
MtOMPDC-catalyzed decarboxylation of FOMP. We suggest
that the inverse viscosity dependence observed for this reaction
reflects a larger rate constant for closing the smaller active site
loop.
Conclusions. With wild-type MtOMPDC and OMP, we

conclude that (1) the value of kcat is dominated by k2 and (2)
substrate binding contributes to the value ofkcat/KM,with closure
of the active site loop likely fast relative to encounter of the

FIGURE 4: Plots of the normalized values of kcat and kcat/KM for
decarboxylation of OMP and FOMP by wild-type ScOMPDC as a
functionof relative solvent viscosity; the data for sucrose are shown in
blue, and those for trehalose are shown in red. Panel A: kcat forOMP.
Panel B: kcat/KM forOMP. Panel C:kcat for FOMP. PanelD: kcat/KM

for FOMP.
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substrate and product.With wild-type ScOMPDC andOMP, we
conclude that (1) both decarboxylation and product dissociation
contribute to the value of kcat (k2∼ k3) and (2) substrate binding,
including reordering of the active site loop, contributes to the
value of kcat/KM. These conclusions are consistent with the
observations that (1) the values of kcat for OMP and FOMP
differ by “only” 7-fold with ScOMPDC and (2) the values of kcat/
KM are essentially the same for OMP and FOMP with both
MtOMPDC and ScOMPDC.

An unequivocal explanation for the discrepancy between our
observations (viscosity-dependent values of kcat and kcat/KM) and
those reported by Wolfenden and co-workers (viscosity-indepen-
dent values of kcat and kcat/KM) (24) is not possible. However, the
values of KM for ScOMPDC are known to be sensitive to ionic
strength (17). We performed our assays in the recommended
presence of 0.1 M NaCl; the experimental procedures provided
byWolfenden and co-workers did not indicate that ionic strength
was maintained, so this may provide an explanation for the
differing results.
Implications. Our conclusion that substrate binding contri-

butes to the value of kcat/KM for wild-type ScOMPDC for both
OMP and FOMP contrasts with Cleland’s interpretation regard-
ing the structures of the transition states for their decarboxyla-
tion (12). “Full” intrinsic KIEs were measured for both 20-
deoxyOMP/wild-type ScOMPDC (1.0461 ( 0.0005; kcat/KM,
2.8 � 104 M-1 s-1) and OMP/K59A ScOMPDC (1.0543 (
0.0002; kcat/KM, 7.1� 102 M-1 s-1), with both substrate/enzyme
pairs containing substitutions for contacts involved in substrate/
intermediate binding, not chemistry. Lesser values for the KIEs
weremeasured for OMP/wild-type ScOMPDC (1.0255( 0.0005;
kcat/KM, 1.3 � 107 M-1 s-1) and FOMP/wild-type ScOMPDC
(1.0106( 0.0001; kcat/KM, 3.0� 107M-1 s-1). The interpretation
that the smaller value of the KIE for FOMP “suggests an earlier
transition state” than for OMP may be incomplete, with a more
complete explanation including that in both cases kcat/KM

contains contributions from substrate binding, with these more
important for FOMP than for OMP.

The accompanying paper describes kinetic studies of theD70N
mutant of MtOMPDC that suggest that destabilization of the
substrate contributes to the 1017 rate acceleration, with the
quantitative interpretations therein based, in part, on the dissec-
tion of the relative importance of substrate binding, decarbox-
ylation, and product dissociation accomplished in this paper (18).
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