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ABSTRACT: Ornithine decarboxylase (ODC) is a pyridoxalghosphate-dependent (PLP) enzyme that
catalyzes the biosynthesis of the polyamine putrescine. Similar to other PLP-dependent enzymes, an active
site Lys residue forms a Schiff base with PLP in the absence of substrate. The mechanistic role of this
residue (Lys-69) in catalysis byrypanosoma bruceDDC has been studied by analysis of the mutant
enzymes, in which Lys-69 has been replaced by Arg (K69R ODC) and Ala (K69A ODC). Analysis of
K69A ODC demonstrated that the enzyme copurified with amines (e.g. putrescine) that were tightly bound
to the active site through a Schiff base with PLP. In contrast, on the basis of an absorption spectrum of
K69R ODC, PLP is likely to be bound to this mutant enzyme in the aldehyde form. Pre-steady-state
kinetic analysis of the reaction of K6OR ODC withOrn and putrescine demonstrated that the rates of
both the product releaséfpy = 0.0041 s) and the decarboxylatiorkdecar,= 0.016 s1) steps were
decreased byfdold in comparison to wild-type ODC. Further, the rates of Schiff base formation between
K69R ODC and either substrate or product have decreased by at |I€dstdL@Product release remains

as the dominant rate-limiting step in the reaction (the steady-state parameters for K69R OfRE=are
0.0031 st andKq, = 0.18 mM). The effect of mutating Lys-69 on the decarboxylation step suggests that
Lys-69 may play a role in the proper positioning of thearboxylate for efficient decarboxylation. K69R

ODC binds diamines and amino acids with higher affinity than the wild-type enzyme; however, Lys-69
does not mediate substrate specificity. Wild-type and K69R ODC have similar ligand specificity preferring
to bind putrescine over longer and shorter diamines. Kinetic analysis of the binding of a series of diamines
and amino acids to K69R ODC suggests that noncovalent interactions in the active site of K6OR ODC
promote selective ligand binding during Schiff base formation.

Ornithine decarboxylase (ODE)is a pyridoxal-5 sickness, caused by the parasitic protodogpanosoma
phosphate (PLP)-dependent enzyme that catalyzes the debrucei (4).
carboxylation of.-Orn to produce putrescine. This reaction ~ The X-ray structure of mouse ODC has recently become
is the rate-limiting step in the biosynthesis of polyamines available ), and the structure confirms the predictids) (
(putrescine, spermidine, and spermine), which are requiredthat the enzyme folds into two domains, an N-termjbval-
for cell growth and differentiation1). Inhibitors of ODC barrel domain and a C-terminAtsheet domain. The PLP-
have been utilized in the treatment of a number of prolif- binding site is largely formed within the N-terminglo.-
erative diseases, including pneumocystis pneumonia andbarrel domain, while the substrate binding site is formed in
cancer 2, 3). The most successful application of these the subunitinterface between the N-terminal domain of one
inhibitors has been for the treatment of African sleeping subunit and the C-terminal domain of the other. For all
characterized PLP-dependent enzymes, PLP is bound to the
_ : enzyme through a Schiff base (internal aldimine) between
T This work was supported by grants (to M.A.P.) from the National

Institute of Health (RO1 AI34432), the Welch Foundation (I-1257), and the carbonyl group of PLP an.d a Lys residue in the active
the American Heart Association and grants (to H.B.B.) from the Site. For ODC, Lys-69 was identified by reduction and
National Institutes of Health (F32 Al09495). peptide mapping as the residue that forms a Schiff base with
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Lys-69 to Arg mutant of ODC; PLP, pyridoxal-phosphate. been reported for the role of Lys-145 mamino acid

10.1021/bi9906221 CCC: $18.00 © 1999 American Chemical Society
Published on Web 08/19/1999




Role of Lys-69 in Ornithine Decarboxylase Biochemistry, Vol. 38, No. 36, 19991815

transferasel(l, 12). Likewise, for tryptophan synthase, Lys- denaturing conditions (buffer A pfu8 M urea). Absorption
87 has been demonstrated to accelerate the rates of Schifépectra (306500 nm) were recorded before and after
base formation and decay and the rates of the catalytic stepreduction and dialysis to probe for the presence of PLP.
including proton abstraction ari#elimination of the serine Chromatographic Analysis of Reduced PtPExternal
hydroxyl (13). For alanine racemase, Lys-39 has been Aldimine Adductsk69A ODC and wild-type ODC samples
demonstrated to function as the catalytic bak$.( (0.4 mM ODC, 10 mM Hepes pH 7.5, 25 mM NaCl) were
Although the catalytic role of Lys has been studied in other treated with NaBH (10 mg/mL for 5 min at ambient
PLP-dependent enzymes, the role of the Lys residue has notemperature) in the presence or absence of putrescine (40
been extensively studied for any of the PLP-dependent mM). Samples were brought to 7.2 M urea in 50 mM Bicine
decarboxylases. For these enzymes, decarboxylation ofpH 9 to denature the enzyme, and the free PLP adducts were
the o-CO;, replaces the proton abstraction step. Thus, there separated from ODC in a Centricon P10 concentrator.
is no role for a general base in this step of the reaction. Aliquots of the flow-through were quantitatively analyzed
None-the-less the Lys residue has been demonstratecby ion-exchange chromatography on Resource Q 5/5 column
to be essential for the activity of both, histidine decar- (Pharmacia) in a pH/salt gradient (buffer A, 25 mM Tris-
boxylase 15) and ODC (6, 17). Despite these studies it HCI pH 9.0; buffer B, 25 mM Tris-HCI pH 7.1, 250 mM
remains unclear what functional role Lys-69 plays in the NacCl). The elution was performed at 3 mL/min, in two linear
catalytic cycle. The reaction mechanism for wild-type segments (650% B in 7 min and 56100% B in 3 min).
ODC has been previously studied by stopped-flow spectros-Retention times and molar areas were determined for a set
copy, and product release was found to be a rate-determiningof standards, prepared from PLP and various amines (e.qg.
step @8). In this paper we describe mechanistic analysis of putrescine,L-Orn, and 2-amino ethanol). Retention times
the K69R mutant ofT. brucei ODC by pre-steady-state range from 157 to 337 s for the reduced Pifitrescine
kinetic analysis of substrate and product binding and of the and for pyridoxine 5phosphate, respectively.
decarboxylation step. In addition, binding analysis of a series  \Measurement of U¥Vis Spectra and Analysis of the pH
of diaimine and amino acids was done for wild-type and Titration of the Spectral DataJV —vis spectra of wild-type
K69R ODC to assess factors that contribute to substrateand mutant ODCs (30M) were obtained as describe2d.
specificity. The minimal model that describes the spectral pH titration
data for K69R ODC requires a cooperative 2tissociation.
Milimolar absorptivities observed at 335 nimyS3>"™) were
fitted to eq 1, which describes the interconversion of the two

EXPERIMENTAL PROCEDURES

Materials. HPLC grade acetonitrile, trifluoroacetic acid,
amino acids, amines, buffers, and the PLP derivatives,
pyridoximine-3-phosphate and 4-deoxypyridinggbosphate,
were purchased from Sigma. Ni-agarose was purchased
from Qiagen. Centricon concentrators were purchased from
Amicon.

Methods. Site-Directed Mutagenesis, ODC Expression,
and Purification.The construction of clones encoding K69A
T. bruceiODC has been previously describd@); The clone
encoding K69RT. bruceiODC was generated by standard
Kunkel mutagenesis2() using the oligo 5CCGTTT-
TACGCcGTACGATGCAACGATG-3 to substitute the codon
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spectrally distinct forms (E and B} having extinction
coefficients ofeg3"™and eg3°™™ R is a correction factor
and represents the molar fraction of enzyme-bound PLP,
calculated as ([PLRJa — [PLPee)/[ODCliotar [PLP}otar @nd
[PLPJree Were experimentally determined by phenylhydrazine

for Arg (italicized) at position 69 and introduce a silent Spl
| site (small letter). Wild-type and mutant ODCs were

assay in combination with ultrafiltratior2®). For wild-type
and K69R ODC, in the absence of exogenous amiRes,

expressed from the cloned gene as a His-tag fusion proteinclose to 1.0 at pH 6:57.5 but decreases to 0.6 at pH 9.5.

in BL21/DE3 cells, from the T7 promoter as describ&)(
The enzyme was purified by Rti—agarose column chro-
matography and gel filtration as previously describ28§, (

As with wild-type ODC, no appreciable PLP dissociation
was observed at pH 7.5 upon incubation of K6OR ODC with
L-Orn or putrescine.

21). ODC was concentrated to 1 mM in the presence of 2 Steady-State and Pre-Steady-State Measurement of K69R
mM PLP and 5 mM DTT. The excess of both reagents was ODC Catalyzed Decarboxylation pfOrn. ODC was assayed
removed using Fast Desalting HR 10/10 column (PharmaCia),using a modified version of th#CO, trapping assam)_
equilibrated with 20 mM HepesNaOH pH 7.2, 50 mM  ODC (4-40uM) was incubated with 1}C]-L-Orn (0.03-2
NaCl, and aliquots were stored at80 °C. The protein mM) in 0.1 M Hepes pH 7.5, 1 mM DTT, at 37C in a
concentration in all ODC samples was determined by microtube sealed into a chamber capped with a rubber
absorbance spectroscopy using a previously determinedseptum. Whatman paper strips, soaked in saturated Ba(OH)

extinction coefficient ofe = 0.85 OD (mg/mL)* cm™
(19).

Chemical Analysis of the PLP-Cofactor in K69A and Wild-
Type ODC. NaBH Reduction of Enzyme-Bound PLP
Samples of K69A and wild-type ODC were treated with
NaBH,; (10 mg/mL added dry directly to samples) for 2 h
on ice, followed by overnight dialysis in native (buffer A:
20 mM Hepes pH 7.5, 50 mM NaCl, 1 mM DTT) or

were inserted in the chamber prior to capping to trap released
1CQO, . The reaction was initiated by adding ODC with a
microsyringe through the rubber septum (final reaction
volume 0.1 mL) and stopped by addition of 40% TCA (0.2
mL). “CQ; trapped on the filter paper was quantitated by
liquid scintillation counting. For pre-steady-state analysis,
data were collected over a time range of-3D0 s. For
steady-state analysis, rates were calculated aftet52
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Scheme 1
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turnovers (0.5-3 h incubation) and the data were fitted to
the standard MichaelisMenten equation to determira
and Ky,

Single Turneer Kinetic Analysis of the Reaction of K69R
ODC with L-Orn. An excess of ODC (0421 mM) was
incubated with minimal amounts of 34C]-L-Orn (0.02 mM,
56 mCi/mmol) in 0.1 M Hepes pH 7.5 at 3T for 30—600
s. The reaction was stopped by addition of TCA (final
concentration 30%) and NaHGfinal concentration 2.5
mM). The open tubes were incubated foh in adesiccator
with granulated KOH to deplete tHéCO, formed during

the course of the reaction. The remaining counts in solution
were quantitated. A 100% substrate depletion was observed

in control samples (30 min reaction time).

The decay of“CO, from solution under single turnover
conditions (e.g. [E}> [S]) follows first-order kinetics, and
the data were fitted to eq 2A to obtakg,s (the observed

[Orn] = [Orn],e e (2A)

first-order rate constant for the decarboxylationLedrn).
The kops data were fitted to eq 2B26), which describes a

kdecariE]
Km.decarb+ [E]

one-step binding model, followed by an irreversible decar-

kobs = (2 B)

boxylation step (Scheme 1), where E represents the total
concentration of ODC in the reaction, ES and EP represent

the Schiff base species of ODC withOrn and putrescine,
respectively,Kqecars i the first-order rate constant for the
chemical conversion (decarboxylation), aigl gecarbiS the
Michaelis constant for the steps up to decarboxylation.
Pre-Steady-State Kinetic Analysis of Diamine and Amino
Acid Binding to KE9R ODC by Single Welength U\*-Vis
Spectral AnalysisThe binding of ligands (L) to K69R ODC

or to free PLP was followed by spectral assay at 415 nm. ;a6 the dependencelofs

Osterman et al.

Scheme 2
KeL kip
E + L == [EL] == EL,
Kk,
Scheme 3
k()ﬂ
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Scheme 4
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andAgqis the absorbance reading at equilibrium. Amplitude
data AA = Agq — Ag) were fitted to eq 3BKy > 0.1 mM)

[ElL]

AA = AE415hm(}<d + [L])

(3B)

AA

Ka+ [L] + [E] — y(Ky + [L] + [E})? — 4[E][L]
2

€415nm

(3C)

or to eq 3C Ky < 0.1 mM) to determine the overall
dissociation constankKg) for Schiff base formation between
ligand (L) and K69R ODC or PLP, where E represents the
total concentration of K6OR ODC or free PLP.

For ligands wherek,ps had a hyperbolic dependence on
ligand concentration thie,,s data were fitted to eq 3D which

W

et <o)

kobs = k,z

describes a two-step binding model (Scheme 2), assuming a
rapid equilibrium first step 44). Kg. is the dissociation
constant for the intermediate formed prior to the formation
of the Schiff base species, atd, and k_, are first-order

rate constants for the interconversion between the intermedi-
ate (EL) and the final Schiff base species (ELFor ligands
versus concentration was linear,

Increases in absorbance at this wavelength are characteristighe qata were fitted to eq 3E, describing a single-step binding

of Schiff base formation between the aldehyde of PLP and

an amine. Briefly, enzyme 324 uM) or PLP (25-50 uM)
was mixed with amino acid or diamine (0.0660 mM), in
0.1 M Hepes buffer pH 7.5 at 37TC. Absorbance readings
taken at 415 nm were recorded at €20 s intervals for
30—-6000 s. DTT (1 mM) was included for the analysis of
the L-Orn binding reaction. In contrast to wild-type ODC
(18), the addition of DTT does not affect the pre-steady-
state kinetics of the reaction of K69R ODC wittOrn, either
when monitored by C@release or by spectral analysis.
However, DTT is important to stabilize the mutant enzyme
over the long reaction times required to collect data.

For all ligands except-Orn, absorbance readings at each
ligand concentration were fitted to a pseudo-first-order kinetic
model (eq 3A), wherd\, is the absorbance reading prior to

A= Ay — AAe™ (3A)

ligand addition A is the absorbance reading at the titne

Kobs = KonlL] + Koft (3E)
model (Scheme 3), to determikg, andk.. The parameters
in eq 3D are related to those in eq 3E as follovks;
Kio/Ke andkoi = k> (24). For ligands in which saturation

of Kops OCCUrS Kon andker were determined accordinglien

is the apparent second-order rate constant for the formation
of the Schiff base species from free enzyme and ligand, and
Kot is the first-order rate constant for the decay of the Schiff
base species to free enzyme and ligand.

For L-Orn, at low concentrations (0.6%.5 mM) the
time-resolved absorption data were instead fitted to eq 4,
which describes a three-step model (Scheme 4) that accounts
for the additional component of decarboxylation on the
kinetics of the observed spectral changes. Eq 4 was derived
by summation of the equations describing the concentration
profile of the ES (E.Orn) and EP (E.Put) species, previously
reported for this model (Scheme 4) by Hiror24j. For this
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A, = €([E.Orm] + [E.Put]) + A, (4)
([E.Or] + [E.Put]) = w (Me "t +
Ne—Gt + koff.Orn + koff.Put)
(P— (P~ 49"
F=-—
2
2 1/
5= X109 )

_ Q- koﬁ.PutG)(koﬁ.Put+ kdecarb_ F)
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P= kon.Orr[orn] + koff.Orn + kdecarb+ koff.Put

Q = kon.Orr[0rn](koff.Put+ kdecarl) +
koff.Pul(koff.Orn + kdecarl)

_ (koff.PutF - Q)(koﬂ.Put+ kdecarb_ G)
(G = F)(Kstipur — G)

analysis the extinction coefficients for E.Orn and E.Put were

M

N

assumed to be equivalent, based on the observation that th

extinction coefficients of KEO9R ODC bound PLP are the
same when bound to putrescine an@®rn.

At high L-Orn concentration (225 mM) data were fitted
to egs 3A,D as described for putrescine, exceptkhatvas
neglected, based on the finding thHat.om is sufficiently
larger thankgecarh @nd Kott.orm.

CD Analysis of External Aldimine Formation in Wild-Type
and K69R ODCTheKj for the formation of the Schiff base
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FIGURE 1: Predicted tautomers of PLP bound to K69R ODC. The
spectral properties of the PLP tautomers were taken fron2&efs

27, where they were determined for model compounds and analysis
of PLP-dependent enzymes.

putrescine (RT= 19.0 min), and cadaverine (R¥ 21.2
min). The concentration of agmatine in the analyzed samples
was determined from a standard curve generated from known

foncentrations of-Arg and agmatine, with respect to the

internal standard, and the rates eArg decarboxylation were
calculated. Data were fitted to the standard Michaelis
Menten equation, to determing, and ke

Curve Fitting Analysis.All data analysis to determine
model-derived kinetic parameters was performed by non-
linear curve fitting using Sigma Plot 4.0 (SPSS Inc., Chicago,
IL).

species between wild-type ODC and putrescine was deter-pEgyLTS

mined by following the change in the CD spectrum at 420
nm upon ligand binding. Reactions were performed in the

Analysis of PLP Binding Affinittk69A ODC and K69R

same conditions as described above for spectral analysis ofODC expressed to similar levels as the wild-type enzyme,

amine binding to K69R ODC. The amplitude data were fitted
to eq 5 to determine thi€, for Schiff base formation between

—0 Kd [Put]
e YEK,+[Put]  FAK,+ [Put]

0 )

putrescine and ODC, whefk, is the measured elipticity at
equilibrium, 6 is the elipticity measured for free ODC, and
Oea is the elipticity measured at saturation (e9gay)-

Kinetic Analysis of Arg Decarboxylation by Wild-Type
ODC. Wild-type ODC (5-10uM) was incubated with-Arg
(2.5-150 mM) in 15 mM K—phosphate buffer pH 7.4,
containing 1 mM DTT and 0.15 mM PLP, at 3T for 1.5~
18 h. The reaction was stopped by addition of TCA to 5%.

and like wild-type ODC, they behave as dimers by gel
filtration analysis. The PLP binding affinity was measured
as previously described??). Both mutant enzymes had
similar affinity for PLP as the wild-type enzyme across the
pH range from 6.5 to 9.0.

Spectral Properties of PLP Bound to the K69 Mutants of
ODC. K69Aws Wild-Type ODCWild-type ODC displays
spectral maxima at 335 and 420 ni22). These spectral
bands are characteristic of a Schiff base species with PLP
and arise from the internal aldimine to Lys-69. The spectral
properties of the PLP aldehyde are known to differ signifi-
cantly from the internal aldimine and to give rise to maxima
at 290, 390, and/or 335 nm (Figure25—27). Surprisingly,
the absorption spectrum of K69A ODC is identical to that

Cadaverine was added as an internal standard to a finalobserved for wild-type ODC2?), suggesting that the PLP

concentration of 25% of the-Arg concentration. An aliquot
(2—4 umol) was derivatized using the AceTAG kit
(Waters, Milford, MA). Derivatized amino acids and di-
amines were analyzed by HPLC on an Aec@@G column

aldehyde is not the species bound to the enzyme active site
(Figure 2A). The possible explanations for this finding are
the following: (1) In the absence of Lys-69, PLP forms a
Schiff base with another Lys in the active site. (2) The

using the manufacturers recommended buffers and a modi-purified enzyme is tightly bound to an exogenous amine.

fied gradient (0 min, 0% B; 1 min, 5% B; 10 min, 30% B;

To distinguish between these possibilities the following

35 min, 100% B). The column was calibrated using standard studies were performed.

samples (25100 pmol) of the following amino acids
derivatized as above:-Arg (retention time (RTy 8.4 min),
agmatine (RT= 10.4 min), .-Orn (RT = 13.3 min),

Reduction of wild-type and K69A ODC by sodium
borohydride was performed to trap PLP covalently to the
enzyme active site. After reduction, the enzymes were
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FiGure 2: Spectral analysis of K69A and K69R ODC. (A) Spectra of PLP bound to K69A ODG(K8B0 (B) Spectra of PLP bound to

K69R ODC (30uM). The inset shows the pH dependence of milimolar absorptivities at 335 nm. Experimentally measuredd)alere (
corrected for PLP dissociatio®] and were fitted to eq 1 as described in Experimental Procedures. The parameters calculated from the fit
(solid line) are Ky = 8.62+ 0.05,eg4 = 6.95+ 0.17 mMtcm™L, andeg = 1.32+ 0.19 mM cm L. (C) Spectra of PLP bound to K69R

ODC (30uM) in the presence of 10 mM putrescine. Spectra were acquired at pHo&5n 0.1 M Hepes or Bicine and corrected for free

PLP using ultrafiltration as describe#ld). Representative spectra at pH 7.0 (solid line), at pH 8.0 (dashed line), and at pH 9.0 (dotted line)
are shown.

denatured in urea to release noncovalently associated cofacB) is apparently too tightly bound to be displaced by added
tor. Free cofactor was removed by dialysis, and spectral putrescine during the tested time course. Thus, for this
analysis was performed on the denatured protein. For wild- preparation of K69A ODC, 34% of enzyme-bound PLP was
type ODC, a spectral band was observed at 325 nm,present as the aldehyde species and 66% was bound to
consistent with the covalent attachment of PLP through an exogenous amines. These results explain the spectral profile
amine bond to a Lys residue (data not shown). In contrast, of K6QA ODC (Figure 2A). The finding that K69A ODC

no spectral band was observed for KE9A ODC in the region binds tightly to exogenous amines complicates detailed
expected for enzyme-bound PLP. Therefore, we concludekinetic analysis of this mutant, and further analysis was
that the unusual spectral properties of KE9A ODC do not carried out using the K69R ODC mutant (below).

arise through formation of a Schiff base species with an Spectral Analysis of KEBOR ODGn contrast to K69A
alternate Lys in the active site. , _ ODC, the K69R ODC mutant displays spectral properties
To assess the p_055|b!llty that exogenous amines are t'_gh“y(Figure 2B: Amax = 335 nm) that are consistent with the

bound to the active site of K69A ODC, reduction with aldehyde species of PLP (FigureZE—27). The binding of
sodium borohydride was performed on K69A and wild-type 1 irescine to K69R ODC causes a decrease in absorbance
ODC, in the absence and presence of added putrescine (4Q; 335 nm and an increase at 415 nm. a change that is
mM). The enzymes were denatured in urea, and the fréeqpaacteristic of the reaction of an amine with the PLP
PLP-amine adducts were separated from the protein by 54ehyde, further supporting this assignment (Figure 2C). The
ultrafiltration. The PLP-amine adducts were then analyzed o) spectrum of the external aldimine is identical to that

by anion-exchange column chromatography (Experimental opcared for wild-type ODC bound to putrescirg®)(
Procedures). The retention times of the isolated adducts were . .
At high pH the absorption band at 335 nm, of the

compared to those of standards. _— ) .
uncomplexed enzyme, decreases in intensity (Figure 2B). The

For wild-type ODC no PLP-amine adducts were isolated e o L >
in the absence of added putrescine, consistent with theMinimal model describing the pH titration behavior of K69R

interpretation that 100% of the PLP was bound to Lys-69 ODC requires .the simultaneous dissociation of two protons
during the reduction. In the presence of added putrescine,(€d 1), both with K, = 8.5. These results suggest that the
100% of the PLP is isolated as the PLputrescine adduct predommant PLP tautomer at _n(_autrall pH is the species that
(peak A, retention time 157 s). In contrast for KE9A ODC, IS protonated on both the pyridine nitrogen and on the 2
in the absence of added putrescine, three peaks are observdd/droxyl (Figure 1; cationic ringmax = 335 nm). At high
after anion-exchange chromatography. On the basis ofPH the proton on the pyridine nitrogen dissociates giving
retention times of the products, peak A (28% of the total) 1€ to the neutral species (neutral ritigx = 290 nm).
was identified as the PLPputrescine adduct and peak C SPectral analysis of wild-typ&. bruceiODC also suggested
(38% of the total, retention time 337 s) as pyridoxire 5 that the proton on the pyridine nitrogen titrates withk&, p
phosphate (the reduced aldehyde of PLP). Peak B (34% ofOf 8-5 @2).

the total, retention time 263 s) does not migrate with the  The spectral properties of K6OR ODC are unusual. An
same retention time as any of the controls but elutes with aabsorption maximum of 335 nm has been observed for the
retention time similar to those of PLP adducts with monoam- aldehyde species of PLP in solution but has not previously
ines or diamino acids and most likely arises from the adduct been reported for this species bound to an enzyme active
of PLP with an uncharacterized amine. Addition of putrescine site. Mutation of the active site Lys residue in other PLP-
to K69A ODC converts peak C to the PHputrescine dependent enzymes (e.g. aspartate aminotransfez&ge;
adduct; however, the exogenous amine (represented by pealives rise to a spectrum with a maximum of 390 nm, which
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Table 1: Kinetic Analysis of the Reaction of K69R and Wild-Type 140 4 = 3
T. bruceiODC with L-Orn and Putrescirte 1304 % 7 ~
25 L e
K69R ODC wild-type ODC 1201 0 7 s
110 ~° -
A. Kinetic Analysis of the Reaction of ODC with-Orn 100 15 s //
Keat (s71) 0.0031+ 0.0003 15 ] 10 /g/g 8 e
Km (MM) 0.18+0.40 0.2 91 578 il
Kaecars(S %) 0.016:+ 0.0005 20 at 4C° 2 osq o0 e
Kin.decars(MM) 0.31+0.024 0.34 at 4C* 3 70+ 00 w06
B. Kinetic Analysis ofL-Orn Binding to ODC £ 601 //
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C. Kinetic Analysis of Putrescine Binding to ODC 0
E EZL"P“ZgH;\A) 8Z;i 8(1)30 ﬂg 0 500 1000 1500 2000 2500 3000 3500
+2.Put . :
k2 put(Kofr) (571 0.0035+ 0.0014 -3 at4°Ce time (sec)
— — d . . . .
:(("”"’“‘((MM;S ) 308 305;1 0.0003 >01106& 0.008 FiIGURe 3: Pre-steady-state kinetic analysis eéDrn decarboxylation
d.Put . . . .

by K69R ODC. K69R ODC (1@M) was incubated with 1}{C]-
L-Orn (2.4 mM) in 0.1 M Hepes buffer pH 7.5, 0.1 mM PLP, 1
specified. Kinetic constants are as described in Scherkg:BandKn, mM DTT at 37°C. Product formation (open circles) was determined
are the overall steady-state parametés.arn is the first-order rate by the [“C]-CO, trapping assay. The steady-state phase of the
constant for the decarboxylation step (as determined in the single reaction (726-3500 s) was approximated by linear regression
turnover experiment¥mdecaris the Michaelis parameter obtained for ~ (dashed line): [Cg) = & + [ODClk.at. The values of parameters
steps only up to the decarboxylation stéfyom and Kqpy are the determined by this analysis angor “burst”) = 6.4+ 1.22M and
equilibrium dissociation constant for the formation of the Schiff base kear= 0.0037+ 0.0001 st. The inset shows the expanded region
species between ODC andOrn or putrescineko, is an apparent of the graph corresponding to the pre-steady-state phase of the
second-order rate constant for the formation of the Schiff base from reaction.

free enzyme and ligand, arkg is the first-order rate constant for the

dec%y %f the Schif t}%sg 10 Tree enzyme and ligand. Erors are the ynderestimate the active enzyme concentratiokgeifus is
standard error to the fit. Data taken from reR2. ¢ Data at 4°C were . . . :
taken from refl18. 9 Data at 37°C were estimated by stopped-flow not SUf.nCIently larger thakorpu (29) Single tumov.er kinetic
multiwavelength analysis as described 16f ©nd, not determined. analysis and spectral analysis of the reaction (below)
demonstrate that the rate of decarboxylation is only 4-fold
is reported to arise from the dipolar ion of the aldehyde faster than the rate of product release. Thus, the measured
species of PLP25—27; Figure 1). value of the burst is consistent with the conclusion that 100%

Steady-State and Pre-Steady-State Kinetic Analysis ef CO of KEOR ODC is active and that the burst is suppressed by
Production during the Reaction of K69R and K69A ODC the similarity of the rate constant&fcanand Koft.puy.
with L-Orn. Steady-state data for the reaction of KEO9R ODC  Single Turneer Kinetic Analysis of the Reaction of K69R
with L-Orn were collected for a range of substrate concentra- ODC with L-Orn. The quantitation of C@formed under
tions at 37°C by measurement of releas€@O, from 1-14C- single turnover conditions allows the reaction steps up to
L-Orn. The reaction was followed for up to 15 turnovers. and including decarboxylation to be isolated from the
Thekgfor the reactionk..;= 0.0031 s?) is 5000-fold lower remaining reaction steps (e.g. product release). K69R ODC
than for wild-type ODC, while theK,, for L-Orn is not was incubated with 14CO,-Orn, under conditions where
significantly altered by the mutation (Table 1). enzyme was present in large excess over substrate, and the

To determine which steps in the reaction pathway have rate of CQ production was measured (Experimental Proce-
been affected by the mutation of Lys-69, pre-steady-statedures). The decay of ¥CO, from the reaction solution
kinetic analysis of the reaction of K69R ODC was under- follows first-order kinetics, and the data were fitted to eq
taken. Data were collected at saturatin@rn concentration ~ 2A to obtain kops (Figure 4). Thekops values obtained at
(2.4 mM), over a time range of 3500 s, which encom-  different enzyme concentrations were well fit by eq 2B
passes both the pre-steady-state and steady-state componerffsigure 4 inset), which describes a one-step binding reaction
of the reaction. The reaction proceeds through two phasesfollowed by an irreversible decarboxylation step (Scheme
an initial release of C@(a “burst”), followed by a slower  1). The kinetic parameter&dcan= 0.016=+ 0.0005 s* and
step that dominates the steady-state rate (Figure 3). TheKmdecar= 0.31+ 0.024 mM; Table 1) were determined from
observation of a burst phase for ¢@lease suggests the the fit.
reaction of L-Orn with K69A ODC can be minimally The first-order rate constankgecarh represents the rate-
modeled by Scheme 4, where the rate of the decarboxylationlimiting step up to and including the decarboxylation step.
step is faster than the rate of product release. The magnitudeAssuming rapid formation of a Michaelis complex, this term
of the burst £) was calculated from analysis of the steady could be limited by Schiff base formation or by decarboxy-
state phase of the data (Figures8= 6.4 uM). These data  lation. Minimally, the data suggest that the decarboxylation
demonstrate that minimally 64% of the enzyntg & 10 step occurred with a rate constant of 0.016'®r greater.
uM based on absorbance at 280 nm) is active, ruling out the Analysis of theL-Orn binding kinetics (below) suggests that
possibility that the observed decarboxylation arises from a Schiff base formation is relatively fast, and therefore, the
minor component of the enzyme preparation. However, on single turnover experiment allows for a direct measure of
the basis of Scheme 4, the magnitude of the burst will the rate of the decarboxylation step. The rate of the

a All data were collected at 37C in 0.1 M Hepes pH 7.5 unless
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FiGure 4: Single-turnover analysis afOrn decarboxylation by 500 uM O
K69R ODC. 1-f4C]-L-Orn (20uM) was incubated with a 520 J J J J J wnom
molar excess of K69R ODC in 0.1 M Hepes pH 7.5, af@7 The v 2 40 60 80 100 120 240 v Om
remaining [*C]-Orn was quantitated after quenching the reaction 0 50 100 150 200 250 300
with acid as described in Experimental Procedures. Data were 0 o 20w a0 o0 oo P0HMOm
collected for various concentrations of K6OR ODC, 0.1 mM (black 50 M Om

o

circles), 0.24 mM (white inverted triangles), 0.5 mM (black 200 400 600 800 1000 1200
squares), and 1.0 mM (white diamonds), and were fitted to eq 2A time, sec

to obtain ks (solid lines). The inset shows the K6OR ODC  Figyre 5: Spectral analysis of the reaction 0Orn with K69R
concentration dependence loks (Open circles) on enzyme con-  opc. (A) Absorbance at 415 nm was monitored upon incubation
centration.Kp gecay = 0.31 + 0.024 MM andkgecar, = 0.016 + of K69R ODC (3uM) with L-Orn (0.05-0.50 mM) in 0.1 M Hepes
0.0005 s* were determined from the fit dpsto eq 2B. The fit is buffer pH 7.5 and 1 mM DTT at 37C. The time intervals for data

shown by the solid line. collection were varied with the concentration.e®©rn so that data
could be acquired in both the pre-steady-state phase and the early
decarboxylation step (0.016% is 5-fold faster tharkga steady-state phase at all concentrations. The data for .e@oh

(0.0031 sY); thus, the decarboxylation step is not the rate- concentration are displayed using an individual time scale, shown

- : . . below the graph. The data for all four Orn concentrations were
determining step in the reaction of KG9R ODC wiHOm. simultaneously fitted to eq 4. The simultaneous fit to all data points

The rate of the decarboxylation step for wild-type ODC was (gpen circles) is displayed by the solid linégecanWas fixed at
previously measured to be 20%sat 4 °C, by stopped-flow 0.016 s during the fit, and the values of the remaining parameters
mulitiwavelength spectroscopy§). This rate constant was  were calculated from the fit to bles.om = 0.0061+ 0.0004 s?,
estimated to be 10-fold faster at 3Z by the same methods. 'ion;rdn; 87% éyrllcsr;i’lko;hpéi 9-%0§géi-%08830§1’ (%1)15{%
Thus, in comparison to the wild-type enzyme, the rate of residuals from the fit to ed 4 are displayed at the different individual
the decarboxylation step catalyzed by K69R ODC has time scales, shown below the graph.

decreased on the order of4fdld.

Spectral Analysis of the Reaction ofOrn with K69R eq 4 describes the sum of both spectrally detectable enzyme
ODC. The reaction of K6OR ODC with-Orn was initially forms (E.Orn+ E.Put), and was used to model the time
followed on a diode array spectrophotometer over the dependence of the absorbance change during the reaction
absorbance range of 36800 nm. Similarly to putrescine,  with L-Orn. This assumption is supported by the observation
the binding ofL-Orn to K69R ODC causes a decrease in the that the extinction coefficients at 415 nm for K6OR ODC
absorbance at 335 nm and an increase at 415 nm. For wild-bound to putrescine amdOrn are the same (data not shown).
type ODC, in addition to changes in these absorption bands,The data collected at four separat®rn concentrations were
an additional band appears at 450 nm during the course ofglobally fitted to eq 4. Three kinetic parameteisnom
the reaction with.-Orn; this spectral band was assigned to kef.om, andkepu) and two amplitude factors (the average
the quinoid intermediate that occurs upon decarboxylation ([E-Orn] + [E-Put]) extinction coefficientd) and the initial
(18). No additional spectral band is observed for K6OR ODC; absorbance at 415 nm), were determined from the fit (Table
thus, subsequent analysis of the reaction time course (12 1 and Figure 5)kgecapWas fixed during the fit at the value
1200 s) withL-Orn was performed at a single wavelength determined by single-turnover assay (0.018) slescribed
(415 nm). above. The overall dissociation constak 6 = 0.17 &

At low L-Orn concentration (0.05€0.5 mM), the observed ~ 0.012 mM) for the Schiff base species betwee@rn and
rate constantkipg for the change in absorbance at 415 nm K69R ODC was determined from the ratio k.orm/Kon.om
has a linear dependence bi®©rn concentration, and Schiff ~ To assess the quality of the model, additional fits to the data
base formation was modeled by a single-step process. Schiffwere undertaken in which the ratio kf;.om /Kott.pu Was fixed
base formation is followed by the decarboxylation and at levels above and below the ratio predicted in the global
product release steps, thus, the minimal model that describedit. The only ratio of these parameters that gave a good fit
the reaction with.-Orn under these conditions is depicted to the data was the value determined from the global fit,
in Scheme 4. Assuming that the extinction coefficients of Kot om /KoftputClose to 1. Furthek py (0.0026 s1) predicted
E-Orn and E-Put, at 415 nm, are identicad-om ~ €e—puy), by this model is in good agreement with the value determined
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describe Schiff base formation, providing kinetic evidence
that an intermediate (E-Obnis formed prior to the Schiff
A base species (E-Orn). Since the rate of Schiff base formation
is fast compared t#gecarraNd K2 om, it Wwas assumed that
these latter steps do not significantly contribute to the
absorbance changes within the measured time course, and
the data were fitted to a two-step binding model with a rapid
equilibrium first step (Scheme 2, eq 3D). A considerably
higher concentration of substrate is required to saturate the
kinetic intermediate kg = 15 mM) than the Schiff base
, , . , . speciesKq.om = 0.17 mM). The intermediate decays to the
0 100 200 300 400 500 600 Schiff base species with a rate constdabom= 0.74 s1)
time, sec that is 50-fold faster at saturation than the rate constant
measured in the single turnover experiment. The ratio of
b ° K+2.0rKeL.om provides another measure kf, o, and the
value calculated by this ratio (49 Ms™) is in reasonable
agreement with the value (37 Ms™%; Table 1) calculated
using the full model (Scheme 4, eq 4) at lowOrn
concentrations.
0.015 1 Finally, the kinetics of.-Orn binding to wild-type ODC
are too rapid to be accurately measured at@G7However,
estimates okyn.omWwere made by stopped-flow multiwave-
0.010 1 length kinetic analysis of the wild-type reaction, using the
, , , , ' same methods as were previously reported for analysis at 4
100 200 300 400 500 °C (18). On the basis of this analysiksn.om has decreased
Put (1M) by at least 18fold for KEOR ODC in comparison to the
] wild-type enzyme (Table 1).
c Spectral Analysis of Putrescine Binding to K69R ODC.
0.12 1 The reaction of K6BOR ODC with putrescine was followed
0.10 1 ° (0—600 s) at 415 nm for a range of putrescine concentrations
(0.005-1 mM), and the data were fitted to eq 3A to obtain
both the amplitude at equilibrium and ratk,,f) factors
0.06 (Figure 6A). The equilibrium dissociation constaiiy )
for the formation of the Schiff base species between enzyme-
bound PLP and putrescine was determined from analysis of
0.02 4 the amplitude data, using eq 3C (Figure 6B and Table 1), to
0.00 : ‘ , , ‘ be 0.007 mM. Thek,ns data were fitted to eq 3D which
200 400 600 800 1000 describes a two-step binding model (Scheme 2), with a rapid
Put (uM) equilibrium first step, to obtain the kinetic parameté{s,(,

. - . ki2pus andk_, pyy) Of putrescine binding (Figure 6C and Table
FiGure 6: Spectral analysis of the binding of putrescine to K69R :
ODC. (A) Absorbance at 415 nm (symbols) was monitored upon 1). The values ORO”-PP‘andl%“-P“‘Were determined from thes?
incubation of K69R ODC (&M) with putrescine (0.0051.0 mM) parameters. The first-order rate constant for putrescine
in 0.1 M Hepes buffer pH 7.5, at 3. The data were fitted to eq  dissociation K-, = 0.0035 s?) is very similar to the
3A, to obtain the values dfpsandAAsisnm The curves predicted  overall ke (0.0031 sb); thus, as for the wild-type enzyme

by the fit are shown by the solid lines. Data points are represented i i _limiti

as follows: no putrescine) without a line; 0.005 mM putrescine ]S18), ;ircl)dgctbrelﬁggeR I(S)E)hce predominant rate-limiting step
(¥); 0.01 mM putrescined); 0.02 mM putrescine<§); 0.05 mM or ca ay_SIS y . T ) .
putrescine4); 0.1 mM putrescined). The zero time point is equal Analysis of the reaction of wild-type ODC with putrescine
to the dead time of mixing~3 s). (B) The putrescine concentration at 37°C by stopped-flow multiwavelength spectroscopy sets
dependence of the amplitude parametehisnm (Symbols). The  the lower limit for konpyto be 16 M1 s and ket pue Was

data (solid circles) were fitted to eq 3C (solid line) to determine ; i
the dissociation binding constant. The values of the parametersesmnate{j to be 10-fold faster than the rate observed at 4

determined by the fit (solid line) arks = 0.007+ 0.0003 mM C- Thus, in comparison to the wild-type enzyrigpu is
andegisnm= 8.3+ 0.1 mM~1 cmr 1. (C) The putrescine concentra- decreased approximatelyt®ld by mutation of Lys-69 to
tion dependence of the observed pseudo-first-order rate constaniArg and konput is decreased minimally by #dold. These

(kony. The data (solid circles) were fitted to eq 3D (solid line) to  gata demonstrate that Lys-69 plays a significant role in

determine the kinetic parameters for the binding reaction q : : :
= 0.23+ 0.02 S, K 5 py = 0.0035+ 0.0014 52, Kes = 0.77 4 accelerating both the rates of Schiff base formation and

13 mM. decay.
CD Analysis of the Binding of Putrescine to Wild-Type

by spectral analysis of putrescine binding (Table 1 and Figure ODC. For wild-type ODC the absorbance changes observed
6). at 335 and 420 nm upon binding of substrate or product are
At high concentrations af-Orn (2—25 mM), a hyperbolic ~ small in comparison to those for K6OR ODC. However,
dependence okqps ON L-Orn concentration was observed. changes in the CD signal that arise from enzyme-bound PLP
Under these conditions, a two-step model is required to are observed upon binding of putrescine to either wild-type
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Ficure 7: CD spectral analysis of putrescine binding to K69R and wild-type ODC at 420 nm. (A) K6OR OD@VBbefore @) and

after () incubation with 10 mM putrescine in 0.1 M Hepes buffer pH 7.5. (B) Wild-type ODCA3) before @) and after ) incubation

with 10 mM putrescine under the same conditions. (C) Titration of the CD spectra at 420 nm (circles) upon incubation of wild-type ODC
with putrescine. The dat®] were fitted to eq 5 (line) to calculate the dissociation binding constant for putredGing € 0.12+ 0.008

mM).

Table 2: Dissociation Constants for the Binding of Diamines to ODC and Freé PLP

Ka (mM)

ligand Ka wild-type ODC K69R ODC free PLP
1,2-diaminoethane 7.1 16 1.8 (130) 1.6+ 0.1 (230) 0.078t 0.003 (0.4)
1,3-diaminopropane 8.5 16:20.8 (130) 0.27 0.009 (40) 0.14+ 0.004 (0.7)
putrescine 9.2 0.12 0.008 (1) 0.007 0.0003 (1) 0.2Gt 0.017 (1)
cadaverine 10.0 4.F 1.6 (40) 0.15+ 0.006 (20) 0.36t 0.028 (2)
1,6-diaminohexane 9.8 24 3.6 (200) 0.076t 0.01 (10) 0.74£ 0.08 (4)
1,7-diaminoheptane b 42+ 3.2 (350) 1.1+ 0.06 (150) 0.6H- 0.047 (3)

aKq represents the dissociation binding constant for the formation of the Schiff base species and is based on the molar concentration of diamine.
Values in parentheses are relative affinities normalized to lRuUIKq.pu). Errors are the standard error to the fit. Tgs for KEOR ODC and free
PLP were determined by absorbance spectroscopy at 415 nnKgEhéor wild-type ODC were determined by CD spectroscopy at 420 nm. All
data were collected in 0.1 M Hepes pH 7.5 at°87 pK, data were taken from re§7. ® Data were not available.

or K69R ODC (Figure 7). The dissociation constarj §.) ODC binds all diamines 10100-fold more tightly than the
for wild-type ODC was obtained by measurement of the wild-type enzyme (Table 2h-Orn and putrescine bind with
change in elipticity at 420 nm upon putrescine binding, and similar affinity to both K69R and wild-typeKy = 0.27 +
by fitting of the data to eq 5. Putrescine binds 17-fold tighter 0.01 mM) ODC, and both bind with higher affinity to K69R
to K69R ODC than wild-type ODC. ODC thanL-Orn (Tables 1 and 2).

Ligand Specificity of Wild-Type and K69R ODW®ild- For the binding of the diamines to K69R ODC, the
type ODC has a strong preference fe©rn over other basic ~ dependence dé,,s on ligand concentration was hyperbolic,
amino acids; thé../Kn, for L-Orn was found to be 100-fold  while for free PLP saturation ¢,svs diamine concentration
higher than for.-Lys and 1000-fold higher than farArg, was only observed for diaminopropane and putrescine. For
while decarboxylation of diaminobutyric acid could not be K69R ODC, the equilibrium dissociation constant for the
detected 30). After these studies, HPLC analysis of our EL' intermediate Kg,') is 6—50-fold lower for putrescine,
commercial L-Arg stocks demonstrated that they were than for the other diamines, paralleling the results observed
contaminated with up to 1%-Orn. On the basis of direct for the overallKy for Schiff base formation (Tables2 and
detection of agmatine by HPLC assay, we have redetermined3). The rate of conversion from the Eintermediate to the

the kinetic parameters of the reaction wittirg (K, = 14 Schiff base speciek(,) is very similar for the series of

+ 3 mM andk.,: = 0.025+ 0.002 s?). These data confirm  diamines tested and does not represent a step in which further
thatT. bruceiODC catalyzes the decarboxylation i6/Arg binding specificity is achieved. Further, the, values

at a greatly reduced efficiency compared 1{®rn. However, measured for the reaction of free PLP with diaminopropane

our previously reported kinetic data, based on measuremeniand putrescine are very similar to the values determined for

of CO; (30), overestimated thk../K, of the reaction by 16-  their reaction with K69R ODC.

fold. Decarboxylation of amino acids other tha®rn could The higher affinity binding of K69R ODC allowed analysis

not be detected for K6OR ODC. of a wider range of functional groups than for the wild-type
Binding analysis of a series of diamines and amino acids enzyme, and the binding analysis of K6OR ODC was

was undertaken and compared to the reaction with free PLP.extended to a series of amino acids. K69R ODC binds Orn

Data were collected and analyzed by absorbance (K69R ODCand analogues {Orn,p-Orn, and AMO) 18—10*fold more

or free PLP) or CD (wild-type) spectroscopy as described tightly then the weakest binding amino acidAla), while

for putrescine. Wild-type and K69R ODC have similar for free PLP only a 250-fold difference is observed between

specificity and preferentially bind Put +200-fold more the best and worst binding amino acids (Table 4). K4s

tightly than the shorter or longer diamines, though K69R for Schiff base formation between theamino acids and
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Table 3: Kinetic Analysis of the Binding of Diamines to K69R ODC and to Free®PLP

K69R ODC free PLP
ligand Ker (MM) Kiz2 (s Kon (M~1s7Y) Kott (S71) Kee (MM)  ki2(s)  ken(M7ts™) Kott (71
1,3-diaminopropane 43 0.40 0.31+0.013 72+7.4 0.023+0.0013 4.5-0.90 0.6+0.07 130+31 0.018+ 0.004
putrescine 0.740.13 0.23+0.02 300+ 57 0.0035+ 0.0014 8.3+2.0 0.37+0.04 45+ 12 0.0072+ 0.0033
cadaverine 122 2.0 0.35+£0.030 29+5.5 0.007+£0.0009 na na 1504 0.0060+ 0.0002
1,6-diaminohexane 5#0.40 0.35£0.014 61+5.0 0.003+ 0.0009 na na 6.30.4 0.0094+ 0.001
1,7-diaminoheptane 38& 6.0 0.12+0.011 3.0+ 0.60 0.0060+ 0.0004 na na 6.90.2 0.0060+ 0.0003

aBinding kinetics were monitored by absorbance measurements at 415 nm in 0.1 mM Hepes pH 76.&i8&tic constants were calculated

as described in Experimental Procedures. Kinetic parameters are defined in Schemes 2 anch8t applicable as a linear dependencekp

on ligand concentration was observed. The binding kinetics of diaminoethane were too fast for analysis. Errors are the standard error of the fit.

Table 4: Kinetic and Equilibrium Analysis of the Binding of Amino Acids to K69R ODC and Free*PLP

Kqa (MM) kon (M1 s7%) kott (s7)
ligand  [Ka K69R-ODC PLP K69R-ODC PLP K69R-ODC PLP
Dapa 6.7 1.7 0.30 0.13£0.021 33+ 12 nd 0.086+ 0.007 nd
Daba 8.2 0.7} 0.072 0.380.020 10+ 0.89 39+ 2.8 0.0066+ 0.0006 0.026+ 0.0060
L-Om 8.7 0.16+ 0.012 0.68-0.060 37+ 1.0 18+ 1.2 0.0061+ 0.0004 0.016+ 0.0055
p-Orm 87 0.01H- 0.0007 0.60£0.080  53+3.3 20+ 0.4 0.0004+ 0.0002 0.015t 0.0009
Amo * 0.27+0.017 1.0+ 0.065 4.140.10 7.8+ 0.10 0.0007+ 0.0001 0.01G 0.0004
L-Lys 9.2 0.78+ 0.055 1.5+ 0.17 1.8+ 0.030 3.9+ 0.10 0.0023t 0.0002 0.0084t 0.0005
Dpma 88 2.9+ 0.32 1.74+0.10 0.23+ 0.004 5.0+ 0.10 0.0011: 0.00003  0.01% 0.0007
L-Arg 9.0 1.6+0.18 1.3+ 0.055 1.4+ 0.010 704 0.20 0.0035+ 0.0002 0.016t 0.0006
L-His 9.3 0.99+ 0.073 4.0+ 0.80 2.1+0.28 7.1+ 0.30 0.0022+ 0.0001 0.024+ 0.0018
L-Ala 9.9  63+11 33+ 3.0 0.065+0.004  0.60+0.040  0.0045+ 0.0002 0.018t 0.0014
Aba 9.8  29+7.0 12+ 1.0 0.090+0.017  0.90+0.040  0.0028: 0.0003 0.01% 0.0009
L-Met 9.3 2.6+0.20 8.3+ 1.0 0.24+ 0.006 2.1+ 0.10 0.0008t 0.0001 0.017Zt 0.0009
L-Phe 9.3 1.9:0.15 5.0+ 0.35 0.36+ 0.010 2.7+ 0.20 0.0005+ 0.00004  0.017 0.002

a Dapa,L-2,3-diaminopropionic acid; Daba,L-2,4-diaminobutyric acid; Dpma.-a.,e-diaminopimelic acid; Abay-a-aminobutyric acid; Amo,
o-methylornithine Kq is the dissociation binding constant for the Schiff base spekigss the apparent second-order rate constant for formation
of the Schiff base, anlly is the first-order rate constant for the decay of the Schiff base to free ligand (Scheme 3). Two-step binding kinetics
(Scheme 2) were observed for the bindingLe®rn (see Table 2)p-Orn, Dapa, and Daba to K69R ODC. The data were fitted to eq 3D to
determine the values &g (D-Orn (5.7 mM), Dapa (13 mM), and Daba (41 mM)) akd (p-Orn (0.3 s?), Dapa (0.43 s'), and Daba (0.4273)).
Binding kinetics were monitored by absorbance at 415 nm in 0.1 M Hepes pH 7.5 “@.Xinetic constants were obtained as described in
Experimental ProceduresKpdata were taken from re§7. * No data available. Errors are the standard error of the fit.

K69R ODC are 16-25-fold higher than for the correspond-
ing diamines ((-Orn/putrescine;L-Lys/cadaverine; Daba/

enzymes can be classified into four independent structural
classes®). In this paper the role of this residue (Lys-69) in
diaminopropane). Further K6OR ODC bindsOrn with catalysis by the eukaryotic ODC’s has been defined by
15-fold higher affinity thanL-Orn, yet b-Orn was not detailed kinetic analysis of the K69R mutant Bf brucei
decarboxylated. These findings suggest that ODC promotesODC. The K69R ODC mutant was chosen as a better model
decarboxylation of -Orn by destabilizing interactions with  than the K69A mutant for detailed kinetic analysis, based
the a-carboxylate. on the finding that a substantial fraction of purified K69A
A linear dependence dés0n amino acid concentration ~ODC bound tightly to exogenous amines. These results
was observed for the binding of all amino acids to free PLP complicate spectral analysis of the reaction steps, making
and to K69R ODC (Scheme 3), with the exception that for K69A ODC a poor model for detailed kmeyc studlgs. Th_e
KB69R ODC saturation was observed fsOm, p-Orn, Dapa, KS?T mutant <_)f tryptophan synthase also binds amino acids
and Daba (Table 4 footnote). Comparison of the rates of W|th_h|gh_ affinity such that complexes could_ be isolated by
Schiff base decaykfs) for the series of diamines and amino gel fllyratlon (13). In contrast, spectral analysis suggests that
acids demonstrates that little variationkg occurs within ~ PLP is bound to K69R ODC as the free aldehyde. The rate
each series for either K6OR ODC or free PLP (Tables 3 and ©f the single turnover reaction catalyzed by K69A ODC (data
4). Diamine and amino acid specificity by the enzyme is NOt shown) was similar to that measured for K69R ODC
primarily manifest during Schiff base formatiok, was (Figure 4). These data provide evidence that mutation of K69

accelerated by the enzyme relative to PLP for only the to the bulkier Arg residue is well tolerated in the active site
physiological ligands, (e.g.- and p-Orn and putrescine) and that K69R ODC is a suitable model for analysis of the

while for the nonphysiological ligandk,, was generally ol of Lys-69 in catalysis.
faster for binding to free PLP than to K69R ODC. Characterization of the reaction of both substrat©(n)
and product (putrescine) with K69R ODC allows an overall
model to be proposed for the reaction pathway (Scheme 5).
Spectral analysis of the binding ofOrn and putrescine is

A common feature among all PLP-dependent enzymes isconsistent with a two-step binding mechanism to form the
the presence of an active site Lys residue that forms a Schiff Schiff base species (E-Orn or E-Put) with K69R bound PLP.
base with the cofactor in the absence of substrate. A Lys The data are well modeled by assuming a rapid equilibrium
residue is invariant despite the fact that the PLP-dependentwith the first intermediate (E-Of)y followed by slower

DISCUSSION



11824 Biochemistry, Vol. 38, No. 36, 1999 Osterman et al.

Scheme 5: Mechanisms of Decarboxylation by ODC
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formation (e.gki2.0m= 0.74 s1) of the Schiff base species.
Once the Schiff base with-Orn forms, decarboxylation
occurs at a ratekfecar,= 0.016 s?) that is 50-fold slower

evidence that ESepresents a common intermediate. Since
the Michaelis complex is not shared in common between
the reaction of diamines with free PLP and the reaction with

than the previous step at saturation (Table 1). As for wild- K69R ODC, these data support the conclusion that the kinetic

type ODC (8), the overall rate-limiting step in the reaction
is product releasekgs o = 0.0035 s?). Multiwavelength

intermediate is the carbinolamine intermediate.
In comparison to the wild-type enzyme, the rates of

UV/vis spectral analysis of the reaction of wild-type ODC formation and decay of the Schiff base species have been
with L-Orn provided evidence that a quinoid intermediate significantly decreased by mutation of Lys-69 to Arg,
forms upon decarboxylation and decays with a rate constantdemonstrating that a major role of Lys-69 is to accelerate
that is at least 10-fold greater than the decarboxylation stepthese steps. We estimate that mutation of Lys-69 in ODC
(18). In contrast, for K6OR ODC no spectral evidence for decreasekon purandkonomby at least 18fold, such that the
the quinoid intermediate is found, suggesting that the rate rates of Schiff base formation between putrescine-@rn
of quinoid decay, which minimally must include protonation and K69R ODC have been slowed to within 1 order of
of C,, is faster relative to the rate of its formation than for magnitude of the uncatalyzed rate with free PLP (Tables
the wild-type enzyme. In contrast, for aspartate aminotrans- 1—3). Similar effects on Schiff base formation have been
ferase, the quinoid intermediate is not observed in the wild- reported for both aspartate aminotransferd<® &nd tryp-
type reaction but is observed for the reaction of substrate tophan synthaselB) upon mutation of the catalytic Lys in
with the K258R mutant enzyme§). these enzymes. The apparent second-order rate congtants (
For wild-type ODC Schiff base formation proceeds for the formation of the Schiff base between K69R ODC
through a gem diamine intermediate (Scheme 5), whereasand L-Orn or putrescine (40300 M! s%) are similar to
Schiff base formation between amines and the free PLPthe values measured for the rate of Schiff base formation
aldehyde occurs via the formation of a carbinolamine between K258A aspartate aminotransferase and Glu or Asp
intermediate 81). This latter mechanism would be expected (300-2000 M! s71).
to operate for K6OR ODC as well. In addition, for the For ODC the off rate of putrescindf pu) is decreased
reactions of ligands with enzyme-bound PLP, the formation by 10*-fold upon mutation of Lys-69 to Arg, to a value that
of a noncovalent enzyme/ligand intermediate (e.g. the isidentical to the rate observed for dissociation of putrescine
Michaelis complex for substrate) must precede the chemicalfrom free PLP (Table 3). The observation that putrescine,
steps. Therefore, for K6OR ODC bound PLP, the kinetic p-Orn, and the other tested diamines bind with higher affinity
intermediate (EL) observed prior to Schiff base formation to K69R ODC than to the wild-type enzyme is consistent
could be either the carbinolamine intermediate or the with the conclusion that the mutation has a larger effect on
Michaelis complex. Analysis of the kinetics of binding of Schiff base hydrolysis than Schiff base formation.
the diamines, putrescine, and diaminopropane, to both free For many PLP-dependent enzymes, the Lys residue plays
PLP and K69R ODC, suggests that the initial observed an essential role as the catalytic base to abstract-{h®ton
intermediate is in fact the carbinolamine. For these diamines,in the first chemical step of the reaction. For example,
the rate constantk(,;) for the conversion of the EL mutation of K258A in aspartate aminotransferase decreased
intermediate to the Schiff base species is strikingly similar the rate of this step by £610-fold (8). Instead, for the
between K69R ODC and free PLP (Table 3), providing PLP-dependent decarboxylases, the enzyme catalyzes bond



Role of Lys-69 in Ornithine Decarboxylase

cleavage between,&nd theo-carboxylate, suggesting that
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Thus, ligand specificity for Schiff base formation with K69R

the Lys residue would not be essential for this step. Yet, for ODC has two probable origins: (1) favorable interactions

ODC the rate of the decarboxylation step decreased -
fold upon mutation of Lys-69 to Arg. Greater stability of

between the enzyme and the ligand during formation of the
Michaelis complex; (2) acceleration of carbinolamine forma-

the external aldimine species in K258A aspartate ami- tion from the Michaelis complex through optimal positioning
notransferase was proposed to account for differences inof the amine for reaction with the carbonyl.
enzyme reactivity in comparison to the wild-type enzyme  Finally, an additional component of ODC substrate
(10). Our data on ODC indicate that the external aldimine specificity is reflected irkea. The ko for decarboxylation
formed between putrescine and K69R ODC is 1.7 kcal/mol of L-Orn by wild-type ODC is 4- and 500-fold faster than
more stable than for the wild-type enzyme. Further, we find for L-Lys andL-Arg, respectively. While kinetic binding data
that a series of diamines amdOrn also bind more tightly  for the wild-type ODC are not available, little variation-2
to K69R ODC than to the wild-type enzyme. If this trend 3-fold) in ko is observed for the release of these three amino
holds for L-Orn (the magnitude ofK4om could not be acids or the products, putrescine and cadaverine, from K69R
determined for the wild-type enzyme), attainment of the ODC. Comparison of the carbon-13 isotope effects for
transition state for decarboxylation might be made more decarboxylation of.-Orn andL-Lys by wild-type ODC
difficult because of the greater stability of the prior enzyme- suggests that decarboxylation occurs more slowly relative
bound intermediate. However, this effect is not large enough to Schiff base decay of the ES species ifelrys than for
to fully explain the decreased rate of decarboxylation. Lys- L-Orn (33). These data suggest that the reductiorigfor
69 may play a role in the orientation of tlecarboxylate L-Lys andL-Arg are not a reflection of changes in the rates
relative to the imine bond. The precise orientation of the of product release but of slower rates of decarboxylation.
scissile bond has been proposed to control reactivity in PLP-Thus, a large component of the substrate specificity in ODC
dependent enzyme83). is likely to occur in the transition state for decarboxylation.
While Lys-69 plays an essential catalytic role in accelerat- Similar effects ork.,; and on the carbon-13 isotope effects
ing Schiff base formation and hydrolysis, it does not mediate were reported for alternate substrates of arginine decarboxy-
substrate specificity. The binding data collected for the serieslase @4). For ODC, the steps in the reaction that are capable
of diamines ana-Orn demonstrate that wild-type and K69R  of selectivity are Schiff base formation and decarboxylation,
ODC have similar ligand specificity, even though K69R the two steps that are most likely to ensure the fidelity of
ODC binds ligands more tightly than the wild-type enzyme. the reaction. Product release would not provide for overall
Free PLP binds amino acids and diamines with a range of selectivity in product formation and could not serve as a
affinities; however, almost all of the selectivity can be method to prevent the decarboxylation of inappropriate amino

attributed to differences in the<g of the ligand amino group.

When theKy's are recalculated to reflect the concentration

of free baseKqm = Kd/(1 + 10P%PH), free PLP binds the

free base of all the tested ligands with very similar affinity

(within a factor of 4). A component of the ligand specificity
of K69R ODC is also clearly associated with thisyeffect,

acids within a cell. For PLP-dependent enzymes the rate of
bond cleavage is proposed to depend on the precise orienta-
tion of the scissile bond parallel to the p-orbitals of the
external aldimine bond@). Support for this hypothesis has
been obtained through the analysis of the activity of
dialkylglycine decarboxylase on series of substrate analogues

because the general binding preferences for the amino acid$35) and from structural analysis of an alanine racemase

follow the same pattern as for PLP-Orn, which has the
lowest K, among the physiologicab-amino acids, is

substrate analogue that cannot undexggroton abstraction
(36). Our data suggest that Lys-69 plays a role in the

therefore naturally poised to be the best ligand of ODC.
However, the binding selectivity of K69R ODC for its
physiological ligands (e.g.-Orn, Put) cannot be explained
by the K, effect alone. Diaminopropionic acid and diami-
nobutyric acid have Ig,'s lower than forL-Orn, yet K69A
ODC preferentially excludes these amino acids from binding,
in comparison to their greater reactivity with free PLP. Thus, ACKNOWLEDGMENT
interactions between the ligand and the enzyme active site
provide significant binding energy that favors Schiff base
formation withL-Orn over the other testadamino acids.
Discrimination for binding of ligands by K69R ODC
occurs during Schiff base formation, as reflected by the 1.

positioning of the C@group for efficient catalysis and that
the exact nature of the amino acid side chain is essential to
the proper orientation of the G@roup, thereby confining
catalytic competency to only the biological amino acid,
L-Orn.
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