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Ornithine Decarboxylase Promotes Catalysis by Binding the Carboxylate in a
Buried Pocket Containing Phenylalanine 397
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ABSTRACT. Ornithine decarboxylase (ODC) is a pyridoxatdhosphate (PLP) dependent enzyme that
catalyzes the decarboxylation 6fOrn to putrescine, a rate-limiting step in the formation of polyamines.
The X-ray crystal structures of ODC, complexed to several ligands, support a model where the substrate
is oriented with the carboxyl-leaving group buried on thdace of the PLP cofactor. This binding site

is composed of hydrophobic and electron-rich residues, in which Phe-397 is predicted to form a close
contact. Mutation of Phe-397 to Ala reduces the steady-state rate of product formation by 150-fold.
Moreover, single turnover analysis demonstrates that the rate of the decarboxylation step is decreased by
2100-fold, causing this step to replace product release as the rate-limiting step in the mutant enzyme.
These data support the structural prediction that the carboxyl-leaving group is positioned to interact with
Phe-397. Multiwavelength stopped-flow analysis of reaction intermediates suggests that a major product
of the reaction with the mutant enzyme is pyridoximinepbosphate (PMP), resulting from incorrect
protonation of the decarboxylated intermediate at thepg@4ition. This finding was confirmed by HPLC
analysis of the reaction products, demonstrating that Phe-397 also plays a role in maintaining the integrity
of the reaction chemistry. The finding that the carboxylate-leaving group is oriented on the buried side of
the PLP cofactor suggests that ODC facilitates decarboxylation by destabilizing the charged substrate
carboxyl group in favor of an electrostatically more neutral transition state.

Ornithine decarboxylase (ODE)is a pyridoxal 5 bond such that it is aligned with theelectrons of the imine
phosphate (PLP) dependent enzyme that catalyzes thedouble bond and oriented perpendicular to the PLP &g (
formation of the diamine, putrescine. This reaction is a rate- This hypothesis has received support from both experimental
limiting step in the biosynthesis of polyamines, which are (6—9) and computational studie&@. Interactions between
required for cell proliferation. ODC is the target afdif- the substrate and the apoenzyme are responsible for properly
luoromethylornithine (DFMO), a suicide inhibitor used to orienting the substrate to promote the physiological reaction
treat African sleeping sickness3), which is a fatal tropical chemistry. For the PLP-dependent decarboxylases it has been
disease caused by infection with the parasitic protozoa proposed that cleavage of the carboxylate leaving group
Trypanosoma brucei would be promoted by binding to a nonpolar environment

PLP-dependent enzymes catalyze a variety of chemical(11).
reactions involving amino acids, including decarboxylation,  The proposed mechanism of decarboxylation catalyzed by
transamination, racemization, age or y-elimination @). ODC (Figure 1) is supported both by X-ray structural analysis
The PLP cofactor promotes catalysis by stabilizing carban- (12—15) and by a number of mechanistic studies that have
ionic reaction intermediates and plays a large role in the rate addressed the roles of active site residus {6—19). The
acceleration achieved by these enzymes. Dunathan proposegp cofactor forms a covalent bond (internal aldimine) with
that the specificity of the bond cleavage step for PLP- the active site Lys-69 on native ODC. This bond is
dependent enzymes is controlled by orientation of the scissileexchanged for an external aldimine with substrate by way
of a gemdiamine intermediate in the first steps of the
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reaction. Electrons from the charged substrate carboxylate
are delocalized into the PLR system as decarboxylation
occurs. These steps are followed by protonation gt C
hydrolysis, and product release. In wild-type ODC the
protonation step is tightly controlled, and off-pathway
reactions caused by protonation at the @dsition occur in
only 0.01% of the turnoverslp).

Though a number of X-ray structures of mammalia4, (
15) and T. brucei ODC [native, DFMO-inactivated, and
complexed to putrescinel®, 13)] have been solved, no
structure directly demonstrates the position of the substrate
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Ficure 1: Reaction mechanism of ODC withOrn. Protonation at £produces the preferred product putrescine, while protonation'at C4
generateyyABA and PMP in a off-pathway reaction.
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Ficure 2: Model of theT. bruceiODC active site bound to-Orn. The X-ray structure of. bruceiODC complexed with putrescine (PDB

ID code 1f3t) was used to model the position of the carboxyl group.fOrn. The carboxylate was positioned onto tieeface of the

cofactor, perpendicular to the face of the ring. Residues predicted to be &ithf thesubstrate carboxylate are displayed as a stereoview.

For monomer A carbon atoms are in green, for monomer B carbon atoms are in orange, and the carbon atoms aof-Rl anedcolored

black. Nitrogen atoms are in dark blue, oxygens are in red, sulfurs are in yellow, and phosphates are in brown. C360 and D361 are in the
foreground relative te-Orn. These models are displayed with Insightll, version 97.0 (Accelrys, San Diego, CA).

carboxylate in the-isoform. Possible binding positions for isomer the carboxylate is oriented on thieface of PLP,

the substrate carboxylate on ODC are limited by the necessitythus suggesting that theisomer will bind on the opposite

for the leaving group to be perpendicular to the PLP ring side of the cofactor20).

(5). The carboxylate of the substrate could potentially either  On the basis of these structural observatior@rn was

be bound on the solvent-expossidace of the cofactor or ~ modeled into thél'. bruceiODC active site (Figure 2). The

be buried in the active site pocket on the face. The model predicts that the carboxylate binding site will include
available structural evidence favors treposition for the several hydrophobic residues (Phe-397, Tyr-389, and the
substrate carboxylate. During inactivation of ODC by hydrophobic side chain of Lys-69), as well as Asp-361.
DFMO, decarboxylation with the loss of a fluoride anion Neither the electrostatics nor the hydrophobic nature of these
generates a conjugated amiril)( Nucleophilic attack of amino acids favors the binding of the negatively charged
this species by Cys-360 displaces the second fluoride andCO, group, suggesting that this pocket would facilitate
generates a covalent bond with the inhibitor and a prochiral decarboxylation by destabilizing the ground-state structure
C. center. DFMO positioned with the carboxylate oriented in favor of the more neutral transition state. To investigate
on there face would generate a conjugated amine in position the role of hydrophobic residues in promoting decarboxy-
for direct attack by Cys-360, while the opposite orientation lation, the F397A mutant of. bruceiODC was studied by
would require significant rotation to be positioned for attack. steady-state and pre-steady-state kinetic methods. Single
Consistent with this analysis, a recently refined structure of turnover analysis suggests that the mutation significantly
T. bruceiODC bound top-Orn demonstrates that for this lowers the rate of the decarboxylation step and that, unlike
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for the wild-type enzyme, this step is now rate limiting. These
data establish a role for Phe-397 in promoting the chemistry
of the decarboxylation step, supporting the hypothesis that
ODC binds the leaving group on tihe face of the cofactor.

In addition, the mutant enzyme is no longer capable of
maintaining strict reaction specificity, and 34% of the
decarboxylation events result in the formation of deaminated
product. Phe-397 thus likely plays an additional role in
promoting the proper reaction chemistry during the proto-
nation step.

EXPERIMENTAL PROCEDURES

Materials

[1-1%CO,]-L-Orn (56 mCi/mmol, 0.02 mM) was purchased
from Amersham. HPLC-grade acetonitrile, triethylamine,
buffers, PLP, and pyrrolidine were purchased from Sigma.

Methods

Modeling ofL-Orn into the ODC Actie Site.Molecular
coordinates from the X-ray crystal structureloforuceiODC
complexed with putrescine (PDB ID code 1f3t) were used
to model the.-Orn carboxylate onto putrescine. The carboxyl
group was oriented perpendicular to PLP onrhéace. The
structure was displayed in Insightll version 97.0 (Accelrys,
San Diego, CA). Hydrogens were added to putrescine using
the biopolymer module of Insightll, and the carboxylate was
modeled using the position of the face putrescine £
hydrogen, again using the biopolymer to form the bond. The
torsion angle around the,€CO, bond of the modeled-Orn
was rotated manually in Insight Il to minimize steric conflicts
with active site residues.

Site-Directed Mutagenesis, F397A ODC Expression, and
Purification. The creation of the F397A. bruceiODC clone
was previously described??). The mutant protein was
purified as described for wild typd.§, 23) in yields of more
than 150 mg/L.

Steady-State Analysis of the Reaction-@frn with F397A
ODC by Determination of COProduction.The steady-state
analysis of F397A ODC has been described previou&dy. (

A spectrophotometric assay that couples,@@duction to
the oxidation of NADH was used to follow the steady-state
decarboxylation reactior2g). The reaction of F397A ODC
(3—12 uM) with L-Orn (0.1-8.0 mM) in the presence of
excess (5Q«M) PLP was monitored at 37C.

Single Turneer Kinetic Analysis of the Reaction of F397A
ODC witht-Orn. [**C]-L-Orn (3uM) was incubated with a
molar excess of F397A. bruceiODC (12.5-800 uM) at
37°C in 0.1 M Hepes, pH 7.5, for-85 min. The reactions
were quenched with an equal volumie2oM NaOH and 50
mM cold L-Orn. Reactions were acidified with an equal
volume of concentrated HCI, an#CO, was allowed to
evolve at room temperature overnight before the radioactivity
remaining in solution was quantified. The data were fitted
to the equation describing a single exponential decay (eq
whereN = 1) to obtaink.ps for each ODC concentration.
The enzyme concentration dependencé&efwas fitted to
eq 2 to determindgecarnand Ky, decarb

N
y=b+ Zcie_‘qt (1)
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Pre-Steady-State Kinetic Analysis by YVis Stopped-
Flow Spectroscopy397A ODC (40uM final) was mixed
with L-Orn (0.12-45 mM final) in 0.1 M Hepes, pH 7.5,
and 2 mM glutathione. Reactions proceeded af@7and
were monitored using a Biologic SFM3 mixer with a TC-
100 (1 cm path length) quartz cell coupled to a BioKine
PMS-400. Data were collected at 420 nm from 3 ms to 20
s. A spectrum was collected every 0.2 ms for the first 15
ms, every 1 ms for the next 385 ms, and every 50 ms for
the next 19600 ms. The dead time was 3 ms at a flow velocity
of 12 mL/s. Single wavelength data were analyzed using
Biokine 2.02 (Biologic, Claix, France) to determine the
observed rate constantgys using eq 1.

For multiwavelength data collection the mixer was coupled
to a J&M Tidas16 256 diode array (Molecular Kinetics,
Pullman, WA) as described.§). Data were collected over
310-500 nm for 3-28950 ms. A spectrum was collected
every 1 ms for the first 156 ms, every 7 ms for the next 861
ms, every 27 ms for the next 3942 ms, and every 124 ms
for the next 23991 ms. The dead time was 3 ms at a flow
velocity of 12 mL/s. Multiwavelength data were analyzed
using Specfit 2.12 (Spectrum Software Associates, Chapel
Hill, NC) to determine the observed rate constakgs, as
described 13).

Chromatographic Determination of the Steady-State Rate
of Product Formation by F397A ODO=397A T. brucei
ODC (60uM) was incubated at 37C with 3 mM L-Orn
(pH 7.5) in 15 mM potassium phosphate (pH 7.4), 3 mM
PLP, and 1 mM DTT for a range of times€ 0 tot = 4
min), and the reaction was quenched with 6.7% TCA.
Samples were reduced with 10 mg/mL NaB&hd deriva-
tized with an Acc Q-Fluor reagent kit (Waters, Milford, MA)
as describedl3). Derivatized ligand was separated by HPLC
using an Acc@TAG column (Waters, Milford, MA). The
column was preequilibrated with 80% eluent A (17 mM
triethylamine, 140 mM sodium acetate, pH 5.04) and 20%
eluent B (100% acetonitrile), and the derivatized product was
eluted under the same conditions. The column was calibrated
using the retention times of the following reduced and
derivatized standards (50 pmol): pyrrolidine (RT= 7.5
min) and putrescine (R¥E 11.15 min). The concentrations
of products were determined by intergrating the area under
the curve for each peak and comparing these values to a
standard curve generated from known concentrations of
products. Peaks were monitored with a Rainin Dynamax
fluorescence detector, Model FL-1¢f = 250 nm,Aem =
395 nm). Reactions with at least three turnovers but less than
20%L-Orn depletion were analyzed to obtain rates.

RESULTS

Modeling ofL-Orn into the ODC Actie Site.TheL-Orn
carboxylate was modeled into the active siteTofbrucei
ODC using the structure of the enzyme bound to the product
putrescine (Experimental Procedures). The, @@up was
inserted onto the Cof putrescine on thee face of the PLP
cofactor, oriented perpendicular to the plane of the ring, to
createL-Orn in the active site (Figure 2). This model places
the carboxylate in a buried site with several hydrophobic
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Table 1: Results from Steady-State and Pre-Steady-State Kinetic
Analysis of the ODC Reaction with-Orn?

enzyme F397A ODC wild-type ODC
(A) Steady-State Decarboxylation Rates
Keat (%) 0.059+ 0.001 9.4
Kw (MM) 0.37+0.20 0.3

(B) Steady-State Product Formation Measured by HPLC
Utotal product forme({s_l) 0.044 (100%)

Vputrescine(S 1) 0.029 (66%) 19(100%)
vynsa (S7Y) 0.015 (34%)

(C) Single Turnover Analysis
kdecarb(sil) 0.066+ 0.003 150
Kw.decarb(MM) 0.050+0.07 0.57

(D) Pre-Steady-State Single Wavelength Analysis of
the Reaction of-Orn (22.5 mM) with F397A ODC
Kobs1(S7%) 23+1
Kobs2(S7%) 0.079+ 0.003

a All data were collected at 37C. Reported errors for (A)(C) are
the standard errors of the fit; for (D) errors are the standard deviation
of the mean1f = 3). ® Data were taken from reff4. ¢ Data were taken
from ref 9.

groups (Phe-397, Tyr-389, Tyr-323, and the methylene
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35

3.0 4

—_ —
Ej_ w004
= 257 2 003
—_— ° g o
g = 002
;_E_. 201 001
't 000
5 1% 0 200 400 600 800
A . [F397A ODC] (uM)
O 101 Y
<
‘-I
-
o

0.5 4

0.0 4

100

time (s)
Ficure 3: Single turnover data for the reaction of F397A ODC
with L-Orn. [144C]-L-Orn (3uM) was reacted at 37C with ODC
at multiple enzyme concentrations®)(12.5uM, (O) 25uM, (A)
50uM, (O) 100uM, and @) 400uM. The decrease in radioactivity
resulting from the loss of*CO, from solution was followed over
time. The data were fitted to eq N & 1) to determine the observed
rate constantkg,g. kops Obtained from each concentration of ODC
were fitted to eq 2 (inset) to obtakyecarhand Ky gecarb (Table 1).

150 200 250

carbons of Lys-69) and with Asp-361 (Figure 2). The closest Data points are shown as filled circles, and fits to the data are
predicted contacts are to Phe-397, to the methylene carbonglisplayed as lines.

of Lys-69, and to Asp-361. Cys-360 also forms close contacts

to the modeled carboxylate; however, this residue has beer'TeVersible step. These steps in the ODC reaction mechanism
observed in multiple conformations in the structures of native Potentially include Schiff base formation and decarboxylation

ODC versus the structures liganded with DFMO or putrescine (Figure 1). Kinetic steps following decarboxylation (e.g.,

(12, 13). These data suggest that rotation around that@m

of Cys-360 could readily occur to accommodate the car-
boxylate moiety. Lys-69 forms interactions with the substrate
carboxylate through the methylene groups of its side chain;
the Lys-69 N-amino group in the liganded structure is turned
out of the pocket to interact with Asp-88 and Glu-94 and
does not appear in position to form H-bonding interactions
with the substrate carboxylate. Asp-361, while close to the
predicted CQ@ binding site, also forms a through-water
interaction with the-amino group of substrate and has been
demonstrated to be essential for substrate bindli2gX7).

protonation and product release) do not contribute to the
single turnover kinetics. For wild-type ODC, the data suggest
that the single turnover rate reflects the decarboxylation step
(13, 16).

The reaction of F397A. bruceiODC (12.5-800 uM)
with [1-1“CO,]-L-Orn (3 uM) was followed under single
turnover conditions at 37C. The'“CO, formed during the
reaction was evolved from solution under acidic conditions,
allowing the progress of the reaction to be followed by
monitoring the loss of radioactivity in solution (Figure 3).
The data obtained demonstrated first-order kinetics and were

Overall, the predicted substrate carboxylate binding site fitted to eq 1 N = 1) to obtain the observed rate constant
is composed of hydrophobic and electron-rich residues that(kebg. This reaction was followed at multiple enzyme

would provide unfavorable interactions with the charged

concentrations, and the data were fitted to eq 2 to obtain

substrate carboxylate. Lys-69 has already been demonstratetdecars@Nd Ky gecars(Table 1). Compared with the wild-type

to have an essential role both in Schiff base formation and
in the decarboxylation sted ). The prediction that Phe-
397 forms a major component of the carboxylate binding
site suggests that this residue will also play an important
role in promoting decarboxylation. To provide additional
evidence for the predicted carboxylate binding site and to
investigate the role of Phe-397 in the chemistry of the ODC
reaction, the Ala mutant of Phe-397 (F397A ODC) was

enzyme,Kgecarh for F397A ODC (0.07 s%) is reduced by
2100-fold. The rate constatdecarh represents the overall
catalytic rate of the reaction through the decarboxylation step.
The decarboxylation rate obtained from this single turnover
analysis is similar to the overall steady-state rate of 0:06 s
thus demonstrating that this step has become rate limiting
in the mutant enzyme. This result is in contrast to the wild-
type enzyme where product release is the rate-limiting step

characterized by pre-steady-state and single turnover kineticof the steady-state reactioh3 16).

analysis.

Steady-State Rate of the Reaction.gdrn with F397A
ODC. Steady-state analysis of F397A ODC was previously
reported by our laborator2p). The steady-state rate of the
decarboxylation of -Orn by F397A ODC Kot = 0.06 s%)
is reduced by 150-fold compared to the wild-type enzyme,
while the Ky, for the reaction was not affected (Table 1).

Single Turneer Kinetic Analysis of F397A ODC with
[1-%4C0O,)-L-Orn. Single turnover kinetics provides informa-
tion on the reaction steps up to and including the first

Pre-Steady-State Kinetic Analysis by Multieiength and
Single Waelength Stopped-Flow Spectroscopy of the Reac-
tion of F397A ODC with.-Orn. The absorbance spectrum
of PLP is sensitive to the electronic and tautomeric state of

the cofactor, and the formation and decay of reaction

intermediates can be monitored spectrally by stopped-flow
methods {3, 16). The reaction of F397A ODC (40M) with
L-Orn (22.5 mM) was followed by multiwavelength (310
500 nm) stopped-flow spectroscopy under pre-steady-state
conditions (Figure 4). The first observed phase is character-
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Ficure 4: Multiwavelength kinetic analysis of the reaction of
F397A ODC withL-Orn. Representative spectra (3100 nm) at 0.16 -— . . T
selected time points are displayed at 3 ms (solid line), 252 ms 0 5 10 15 20
(dashed and dotted line), and 28 s (dashed line) after rapid mixing time (s)

of enzyme (4QuM) and substrate (22.5 mi+-Om) at 37°C. FiIGURE 5: Single wavelength kinetic analysis of the reaction of

F397A ODC withL-Orn. F397A ODC (4QuM) was mixed with
ized by an increase at 420 nm and a decrease at 330 nm angd-Orn (22.5 mM), and the reaction was monitored at 420 nm. Data
the second by a decrease in the 420 nm signal and an increasfweretf,i\}tedtto eq 1t|’§| =2)to Obtaiﬁk;he Obzsglleld rate CdOk:StantS
at 330 nm. The spectral properties of the initial species are _Oroa%lofg%éiagl'ogaﬁgogfgsai;"’ s %é:as Fiod ; CQZ arl]:(sfthe
Characterlstlc of a Schiff base as previously re_po_rted for the fit is displayed as a solid line. Rgsiéluals to the fit are ’displayed
wild-type enzyme 16). The spectral characteristics of the apove the data plot.
cofactor observed at the end of the reaction suggest that a
ketimine intermediate has formed similar to what was  These data support the conclusion that the single turnover
observed for the C360A and C360S mutant ODTC3.(For kinetics, the steady-state kinetics, and the final observable
the Cys-360 mutants this spectral intermediate was due tostep kons) from the pre-steady-state absorbance data are
the production of the off-pathway product PMP resulting measuring the same reaction chemistry, which based on the
from the protonation of the quinoid intermediate at'C4 single turnover data is likely to be the decarboxylation step
instead of G following decarboxylation (Figure 1). Thus, (Table 1). The ketimine intermediate cannot form until after
these data suggest that F397A ODC is also catalyzing decarboxylation (Figure 1) and would not contribute to the
abortive transamination at an increased rate over the wild-single turnover rate. Thus, these data suggest either that

type enzyme. decarboxylation and protonation occur in a concerted step
Single wavelength data were collected at 420 nm for a or that the protonation step is fast relative to the decarboxy-
range of substrate concentrations (6-43 mM) to further lation step. These data provide no information about the rates

analyze the pre-steady-state reaction. The data are minimallyof product release, because these steps follow the rate-
described by a two-step model and were fitted to eyl 3( determining step.

2) to obtain the observed rate constants. Both phases are The fast step observed in the stopped-flow data likely
dependent on the concentration 160rn. The first phase  represents substrate binding steps, which could include the
(increase at 420 nm) does not saturate in an experimentallyformation of the Michaelis complex, thgemdiamine, and
accessible substrate range, while phase 2 (decrease at 428chiff base species. For the wild-type enzyme, Schiff base
nm) is fully saturated above 0.25 mMOrn. Attempts to formation is complete during the dead time of the mixer [rate
fit the substrate dependence data to a simple linear two- or> 1000 s at 37°C (16, 19)]. Two steps were observed to
three-step model failed. The modeling suggests that ad-precede decarboxylation for the Arg mutant of Lys-69, and
ditional steps or off-pathway events are required to describe a minimum of one step was observed for the Cys-360 mutant
the data, but given the small amplitude of phase 1, noise inenzymes 13, 19). The first observed step in the reaction of
the data, and only two observed transitions, inclusion of more L-Orn with F397A ODC k; = 23 s'%) is minimally 40-fold
steps in the model would require overfitting the data. HPLC slower than observed for the wild-type enzyme.

analysis of the reaction products (below) demonstrates that Chromatographic Determination of the Steady-State Rate
the product is deaminated in 30% of the turnovers. Thus two of Product Formation by F397A OD@roduct formation
competing reactions, formation of putrescine and formation catalyzed by the reaction of F397A ODC withOrn was

of y-aminobutyraldehyde, will both contribute to the ob- analyzed by HPLC in the presence of excess PLP (Figure
served spectral changes, and this finding may be the cause). If transamination occurs, the product of the reaction is
of the complexity observed in the data. Regardless, the PMP and y-aminobutyraldehyde y(ABA). Reduction of
spectral data are consistent with formation of a ketimine yABA with NaBH, yields the commercially available
intermediate with a rate constamktgs,= 0.079+ 0.003), at compound pyrrolidine, which allows the reaction to be
saturatingL.-Orn concentration, which is the same as those standardized. The products of the reactionLédrn with
observed in both the steady-state analysis and the single=397A ODC were reduced with NaBHand they were
turnover analysis. This step is preceded by minimally one analyzed by HPLC after derivitization using the Acd@G
faster stepKops1 = 23+ 1 st at 22.5 mM Orn). kit (Waters, Milford, MA). The overall steady-state rates of
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80 proton abstraction [e.g., aspartate aminotransfef2&e48)

and alanine racemasg9)]. Thus placement of this proton
putrescine away from a potential catalytic base disfavors proton
abstraction, which would yield the incorrect reaction chem-
istry. Structural studies of the apoenzyme 18Thr-O-3-
phosphate decarboxylase bound to substrate also demonstrate
that this enzyme places the carboxylate leaving group on
the opposite face of the PLP cofactor from the catalytic Lys
residue 80).

This model forL-Orn binding suggests that Phe-397 will
form one of the dominant contacts between the enzyme and
the CQ leaving group. In support of this hypothesis the data
0 . - ; . . presented here demonstrate that mutation of Phe-397 to Ala

7 8 ® 1 " 12 3 reduces the rate of the decarboxylation step by 2100-fold.
retention time (min) Further, while product release is rate limiting for wild-type
FIGURE 6: Representative HPLC analysis of product formation in  ODC (16), the decarboxylation step has become rate limiting
the reaction of F397A ODC with-Orn. Enzyme (6QuM) was in the mutant enzyme. Thus Phe-397 plays an essential role

incubated with substrate (3 mM) in the presence of excess PLP (3, facilitating the decarboxylation step in ODC catalysis.

mM) at 37°C for various time points. The products of the reaction . . -
were derivatized and separated on an Adg) column (Experi- Phe-397 also contributes to the reaction fidelity of ODC.

mental Procedures). The trace of the separated reaction productdutation of Phe-397 to Ala resulted in a significant increase
(RFU = relative fluorescence units versus retention time) is in off-pathway protonation events. The increased level of

displayed for two representative reaction time points: 1 min (solid Off_pathway transamination events observed in this mutant

line) and 2 min (dashed line). Products are labeled above the i
corresponding peaks. The unlabeled peak is background and doesmay result from greater access to the @dsition by water

not increase with increased incubation time. Kinetic constants were OF BY poor positioning of a general acid required for correct

obtained by collecting peak areas for a range of reaction times, protonation. Mutants of Cys-360, a residue required for

and the concentration of pyrrolidine (reducedBA) or putrescine correct protonation, have previously been demonstrated to
in the sample was determined by comparison to a standard curveyndergo transamination in 90% of the catalytic evefs. (

of known concentrations. The Cys-360 side chain may function as a general acid in
the protonation step, and if so, loss of packing interactions
between residues from the Phe-397 loop and the Cys-360
loop may disrupt the functioning of this residue.

The predicted carboxylate binding site on ODC is com-
posed of hydrophobic and negatively charged or electron-
rich residues, all of which would provide unfavorable
interactions with the substrate carboxylate. This binding site
would be expected to disfavor the negatively charged
substrate carboxylate and to favor the more neutral transition
state. Studies on model compounds have demonstrated a role
for a nonpolar environment in promoting decarboxylation;
DISCUSSION the r_eaction rate was enhanqe_zd by severa! orders of_ magni-

tude in nonpolar solvent condition31 32). This mechanism

Enzymes can accelerate chemical reactions either byfor rate acceleration by enzymes is also supported by the
stabilizing the transition state or by destabilizing the ground demonstration of an increased decarboxylation rate upon
state @4, 25). PLP-dependent enzymes such as ODC utilize binding of model substrates to the apolar environment of
the electron-withdrawing properties of the PLP cofactor to catalytic antibodies33—35). In further support for ground-
stabilize reaction intermediates, thus lowering activation state destabilization on ODC, substrate has been demon-
barriers 4). In these enzymes the apoenzyme facilitates strated to bind 24-fold more weakly than product to a K69R
proper orientation of the reacting groups relative to the  mutant of ODC 19).
electrons of the cofactor to promote reactivity and control ~ Similar to ODC, structural analysis of several other
reaction specificity. In addition, the environment of the decarboxylases demonstrates that the carboxylate group either
enzyme site that interacts with the leaving group could forms weak interactions with the enzyme or is bound in a
provide either stabilizing or destabilizing interactions to direct hydrophobic or negatively charged pocket that would provide
catalysis. disfavorable interactions. The substrate carboxylate binding

The X-ray structures of. bruceiODC bound to decar-  pocket in pyruvoyl-dependent histidine decarboxylase is
boxylated DFMO 12) or to p-Orn (20) both suggest that  predominantly hydrophobic and additionally contains a Glu
the carboxylate of-Orn will be bound in a buried pocket residue 88). Orotidine 3-monophosphate decarboxylase,
on the re face of the cofactor, formed by aromatic, unique in its ability to promote decarboxylation in the
hydrophobic, and negatively charged residues (Figure 2).absence of a prosthetic cofactor, is thought to achieve
Binding of the CQ leaving group on thee face of the catalytic rate acceleration by bringing the carboxylate leaving
cofactor has the additional advantage of placingiti@rn group into close proximity with an active site Asp residue
C. proton on the opposite face from Lys-69. The active site (39, 40). The large unfavorable repulsive effect upon binding
Lys residue is the catalytic base in enzymes that catalyzeis compensated for in this case by strong noncovalent
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putrescine angtABA formation were determined to be 0.029
s tand 0.015 s, respectively, as described in Experimental
Procedures (0.044 5 total product formation) (Table 1).
Under these conditions 66% of the product formed was
putrescine, while 34% of enzymatic turnovers resulted in
formation of the off-pathway produgtABA (measured as
pyrrolidine). Wild-type ODC catalyzes abortive deamination
in <0.01% of turnovers13d); thus, mutation of F397 to Ala
resulted in a significant increase in off-pathway protonation
events.
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interactions with phosphate and ribose moieties of the 13
substrate 41).

The destabilizing interactions observed in thearboxy-
late binding site of the decarboxylases differ from PLP
enzymes that catalyze proton abstraction. These enzymes
instead utilize the carboxylate as a binding determinant
through the formation of stabilizing interactions in the active
site. Aspartate aminotransferase forms ionic and hydrogen
bond interactions with the-carboxylate through interactions
with active site Arg and Gly residues3€), and alanine
racemase forms hydrogen bond interactions through active
site residues and watei3Y). One novel example of a
decarboxylase is dialkylglycine decarboxylase, a PLP-
dependent enzyme that has the unusual burden of catalyzing
both decarboxylation and transamination. This enzyme is
reported to form multiple hydrogen-bonding interactions with
the substrate carboxylate, though these contacts change
depending on if the substrate is oriented for decarboxylation
or proton abstractiong( 42).

In summary, the data derived from the kinetic analysis of
F397A ODC, combined with inferences drawn fr@nbrucei
ODC crystal structures, support the hypothesis that the
carboxyl leaving group of-Orn is buried on thee face of
the cofactor. The hydrophobic and electron-rich nature of
this binding site promotes decarboxylation by destabilizing
the charged carboxylate and favoring the electrostatically
more neutral transition state.
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