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ABSTRACT. Phosphite dehydrogenase (PTDH) catalyzes the NAD-dependent oxidation of phosphite to
phosphate, a reaction that is 15 kcal/mol exergonic. The enzyme belongs to the fapmtyafoxy acid
dehydrogenases. Five other family members that were analyzed do not catalyze the oxidation of phosphite,
ruling out the possibility that this is a ubiquitous activity of these proteins. PTDH does not accept any
alternative substrates such as thiophosphite, hydrated aldehydes, and methylphosphinate, and potential
small nucleophiles such as hydroxylamine, fluoride, methanol, and trifluoromethanol do not compete
with water in the displacement of the hydride from phosphite. The pH dependered K phosphiteiS
bell-shaped with a g, of 6.8 for the acidic limb and al{, of 7.8 for the basic limb. Theky of 6.8 is
assigned to the second deprotonation of phosphite. However, whether the dianionic form of phosphite is
the true substrate is not clear since a reverse protonation mechanism is also consistent with the available
data. UnlikekcalKm,phosphite Keat aNdkeaf Km nap are pH-independent. Sulfite is a strong inhibitor of PTDH

that is competitive with respect to phosphite and uncompetitive with respect to"NlABubation of the
enzyme with NAD™ and low concentrations of sulfite results in a covalent adduct between™Nsid

sulfite in the active site of the enzyme that binds very tightly. Fluorescent titration studies provided the
apparent dissociation constants for NADNADH, sulfite, and the sulfite NAD* adduct. Substrate isotope

effect studies with deuterium-labeled phosphite resulted in small normal isotope effect.).4n

both Kear and Keal Km prosphie@t pH 7.25 and 8.0. Solvent isotope effects (SIEsk@nare similar in size;
however, the SIE 0KcalKm phosphiedt PH 7.25 is significantly larger (4.4), whereas at pH 8.0, it is the
inverse (0.6). The pHrate profile ofkca/Km phosphite Which predicts that the observed SIEs will have a
significant thermodynamic origin, can account for these effects.

Phosphite dehydrogenase (PTDH)om Pseudomonas dehydrogenase family of enzyme®.(Importantly, the three
stutzeriwWwasg is a unique NAD-dependent enzyme that catalytic residues that are conserved throughout this family
oxidizes inorganic phosphite (hydrogen phosphonate) to are also found in PTDH (Figure 1), providing clues about
phosphate (eq 1). how the enzyme promotes its unusual transformation. The

o o roles of these residues, Arg237, His292, and Glu266 (PTDH

I . PTDH i . numbering), have been investigated in sevedaydroxy acid
H'PB(_) NADT + RO ’0"3‘69H *NADH () dehydrogenases, leading to a model in which arginine binds

the carboxylate moiety of the substrate, histidine acts as a

The enzyme allows this organism to grow on phosphite catalytic acid in the physiologically important direction of
as its sole phosphorus sourcg—@). The oxidation of  substrate reduction, and glutamate plays a role in modulation
phosphite resembles a phosphoryl transfer reaction in whichof the (K, of the active site histidine to keep it protonated

water or hydroxide is the phosphoryl acceptor. However, for supstrate binding (Figure 2A€8).
sequence alignments reveal that the sequence of PTDH is

26—35% identical with the sequence of thenydroxy acid These roles can be directly projected onto the PTDH

reaction with the important difference that its physiological
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PTDH GCALSGFDNFDVDACTARGVWLTFVPDLLTVPTAELAIGLAVGLGRHLRAADAFVRSGEF 131
DGDH STYSMGFDHIDLDACKARGIKVGNAPHGVTVATAEIAMLLLLGSARRAGEGEKMIRTRSW 133
PGDH GCFCHGTNQVDLDAAAKRGI PVFNAPFSNTRSVAELVIGELLLLLRGVPEANAKAHRGVW 139
DLDH SL VDNIDMDKAKELGFQITNVPVYSPNAIAEHAAIQAARVLRODKRMDEKMAKRDL 134
FDH LTAGHGSDHVDLQSAIDRNVTVAEVTYCNS ISVAEHVVMMILSLVRNYLPSHEWARKGGW 178
G D AE R
PTDH QGWQP-QFYGTGLDNATVGILGMGAIGLAMADRLOGWGATLOYHEAKALDTQTEQRLGLR 190
DGDH PGWEPLELVGEKLDNKTLGIYGFGSIGOALAKRAQGFDMDIDYFDTHRASSSDEASYQAT 193
PGDH NKLAAGSFEAR- - -GKKLGIIGYGHIGTQLGILAESLGMYVYFYDIENKLPLGNATQVQH 196
DLDH R-WAP- - TIGREVRDQVVGVVGTGHIGQVFMRIMEGFGAKVIAYDIFKNPELEKKGYYVD 191
FDH N-IADCVSHAYDLEAMHVGTVAAGRIGLAVLRRLAPFDVHLHYTDRHRLPESVEKELNLT 237
G gG G d
PTDH -QVACSELFASSDFILLALPLNADTQHLVNAELLALVRPGALLVNPCRGSVVDERAVLAA 249
DGDH FHDSLDSLLSVSQFFSLNAPSTPETRYFFNKATIKSLPQGAIVVNTARGDLVDNELVVAA 253
PGDH - - - -LSDLLNMSDVVSLHVPENPSTKNMMGAKE I SLMKPGSLLINASRGTVVDIPALCDA 252
DLDH - - -SLDDLYKQADVISLHVPDVPANVHMINDKS IAEMKDGVVIVNCSRGRLVDTDAVIRG 248
FDH WHATREDMYPVCDVVTLNCPLHPETEHMINDETLKLFKRGAY IVNTARGKLCDRDAVARA 297
L P G N RG D
PTDH LERGQLGGYAADVFEMED- - - - - - WARADRPRLIDPALLAHPN-TLFTPHIGSAVRAVRL 302
DGDH LEAGRLAYAGFDVFAGE-------------- PNINEGYYDLPN-TFLFPHIGSAATQARE 298
PGDH LASKHLAGAAIDVFPTEP--------- ATNSDPFTSPLCEFDN-VLLTPHIGGSTQEAQE 302
DLDH LDSGKIFGFVMDTYEDEVGVFNKDWEGKEFPDKRLADLIDRPN-VLVTPHTAFYTTHAVR 307
FDH LESGRLAGYAGDVWEFPQP--------- -~ APKDHPWRTMPYNG- - -MTPHISGTTLTAQA 343
L D e PH

Ficure 1: Partial sequence alignment of PTDH with members oftttgydroxy acid dehydrogenase family. In yellow are three residues,
Arg237, Glu266, and His292 (PTDH numbering), that have important catalytic functions in the hydroxy acid dehydrode s &)

A Lys residue (red) that is located in the active site of a homology model of PEDH is not conserved in other members of the family
with knownp-hydroxy acid dehydrogenase activity. Abbreviations (% identity with PTDH, GenBank accession number): DGpterate

DH (H. methyl@orum, 27%, P36234)56); DPGDH, p-3-phosphoglycerate DHE( coli, 24%, P08328) §7); DLDH, b-lactate DH
(Lactobacillus heleticus 26%, P30901)58); and FDH, formate DHFseudomonasp. 101, 25%, P3316059).

(Figure 2C). Glu266 has been ruled out as the enzymeglycerate dehydrogenase from chicken liver, formate dehy-
nucleophile since mutation to GIn resulted in an active mutant drogenase fron€andida boidinij and NAD" were purchased
enzyme 9). On the other hand, the available experimental from Sigma. The gene encoding glycerate dehydrogenase
evidence does not rule out such a role for His292. from Hyphomicrobium methyl@rum was isolated, cloned

It is highly unusual for a dehydrogenase to catalyze a iNto PRW2 (L0), and expressed recombinantlyischerichia
nucleophilic displacement reaction. Hydride would normally Coli- All chemicals for the synthesis of thiophosphite and
be an exceptionally poor leaving group for such a transfor- Methylphosphinic acid were purchased from either Aldrich
mation, but a strong driving force is provided by the very ©F Fisher. Expression anq purification of His-tagged PTDH
favorable thermodynamics of oxidizing phosphite to phos- have been reported previousijy.
phate E°' = —0.648 V) while reducing NAD to NADH
(B = —0.320 V), a process that is overalll5 kcal/mol

exergonic. One question raised by the very favorable  concentrations of NAD solutions were determined by
energetics as well as the Iagk of_ previous repgrts on thethe absorbance at 260 nn& & 18 mMt cmY). To
presence of phosphite in biological systems is whether yotermine the concentrations of phosphite (H-Pt) or deuterium-
phosphltg is the actual substrate for the enzyme. A r9|at,9dlabeled phosphite (D-Pt) stock solutions, they were diluted
question is whether other DHs can catalyze the same reaction;, approximately 16QM. The solution was then mixed in

In this contribution, we present the results of studies that a known proportion with a solution of 0-8. mM NAD™,

start to provide experimental insights into the catalytic 5,4 pTDH was added. The reaction was allowed to proceed
process, including the enzyme'’s substrate specificity, the pH (5 completion. The maximum absorbance reached at 340 nm

dependence of its steady-state kinetic parameters, substratg ;5 recorded representing the concentration of NADH
and solvent kinetic isotope effects, and the affinity of the {5rmed €= 6.’2 mM-t cm2), which is equivalent to the

Methods

enzyme for its substrates. amount of phosphite consumed.

EXPERIMENTAL PROCEDURES General Actiity Assays for PT_DHAII_ac_:tivity assays
were performed on a Cary 100 Bio UWis instrument as

Materials described previously1Q). A total reaction volume of 0.5

mL was used in a 1.0 mL quartz cuvette (path length of 1 or
Phosphorous acid was purchased from Aldrizth.actate 10 cm). All reactions were carried out at 26 by storing
dehydrogenase frotnactobacillus leichmannji3-phospho- samples in a 28C water bath and using a jacketed cuvette
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Ficure 2: (A) Schematic representation of the roles of the
conserved active site residuestrhydroxy acid dehydrogenases.
(B) Extrapolation of the mechanism in panel A to phosphite

dehydrogenase. In this model, the water nucleophile occupies the

same position as the hydroxyl group ofhydroxy acids. (C)
Involvement of an active site residue in covalent catalysis in PTDH.

The drawings are not intended to distinguish between associative,
dissociative, or concerted mechanisms of nucleophilic substitution

Relyea et al.

of 0.3 uM) was added, and the mixture was incubated at
room temperature for several hours. The protein was then
removed by passing the reaction mixture through a Centricon
YM30 membrane. The flow-through was lyophilized, redis-
solved in DO, and analyzed byH NMR spectroscopy
because any NADH produced via the oxidation of these
compounds might not be able to be detected spectroscopically
as it could be used by the protein to also reduce the substrate
(disproportionation). However, neither oxidized nor reduced
products were observed by NMR spectroscopy, indicating
these compounds are not substrates for PTDH.

pH Profiles for PTDH Solutions of 100 mM Tris, 50 mM
MES, and 50 mM AcOH (a universal buffer of constant ionic
strength) 14) were adjusted to the following pH values at
25°C usig 5 M NaOH o 5 M HCI: 5.5,5.8, 6.0, 6.3, 6.5,
6.7, 7.0, 7.3, 7.7, 8.0, 8.2, 8.4, 8.7, 9.0, and 9.5. Stock
solutions of NAD" and phosphite were made in each of the
buffer solutions. The NAD concentration was held at 2 mM
over the entire range (saturating conditions), while phosphite
concentrations were varied to determkag/Km phosphite The
pH dependence d../Kmnapt Was determined by holding
the phosphite concentration atklQerand varying the NAD
concentration from 0.05 to 1.0 mM. Reactions were initiated
by adding 1.5-3.5 ug of PTDH. A similar strategy was
followed to determine the pH dependence of ikhef sulfite
in the presence of 100M NAD * and varying concentrations
of phosphite.

Data Analysis for pH ProfilesRaw rate data at each pH

and are not intended to indicate the stereochemical outcome of theWere analyzed using the Michaefidenten equation to

reaction. For a discussion of the currently unknown details of the
reaction, see rebl

holder. Reactions were initiated with the addition of PTDH,
and the absorbance at 340 nm was monitored for 60 s.

Screen for Actiity of b-Hydroxy Acid Dehydrogenases
with Phosphite Solutions of 100 mM phosphite and 4 mM
NAD* were treated with 570 ug of enzyme at room
temperature in Tris at pH 9.0 (DPGDH and DGDH) or
MOPS at pH 7.5 (DLDH and FDH). The pH of these

experiments was chosen such that the enzyme under inves-

tigation has maximal activity for oxidation of 2-hydroxy

acids. Absorbance at 340 nm was recorded periodically over

a 6 h period and compared with that of a nonenzymatic

obtain values ok.., Kn, andkea/Km. The resulting rate data
were converted to log form and plotted against pH. These
data were fit using nonlinear regression analysis to epbp (
The resulting values forky; and K, are relatively close
and therefore may not represent the true microscofic p
values (6). For the inhibition data, the same equation was
used substituting—log K; for log(V/K). The constants
(VIK)o and K)o represent the plateau value at optimum pH.

log(V/K) = log (Vo )
N L L ©
Ka  [HY]

control. The rates of the control and enzymatic reactions were  Spectroscopic Analysis of the Reaction of Sulfite, NAD

essentially identical (4« 104 mM~! s™%). To ensure that

and PTDH. In two independent experiments, a solution

the enzymes displayed the expected activities with their containing 6Q:M PTDH and 1 mM NAD" was treated with
native substrates, the corresponding kinetic parameters wereliquots of an 8 mM sulfite solution. The reaction resulted

determined. For DPGDHgat = 0.3 S%, Kmp—phosphoglycerate

= 460 uM, and Knnap = 24 uM. For DGDH (partially
purified), keat = 2.2 S, Kmp—glycerae= 530uM, andKm nap

= 110 uM. For FDH, keat = 1.8 s'%, K formate = 2.8 mM,
andKmy nap = 128 uM. For DLDH, KealKmp-lactae = 2.0 X

10° M~t s 1[this enzyme could not be saturatecbitactate;

a K jactateOf UP to 130 MM has been observed for the enzyme
from anotherLactobacillus species 11)]. The measured
values agreed well with literature valuek2( 13).

Screen for Actiity of PtxD with Alternatie Substrates.
Solutions of 10 mM paraformaldehyde, glyoxal, glycolic
acid, or glyoxylic acid were made in 10 mL of 30 mM
phosphate buffer at pH 7.25. NADwas added to a final
concentration of 10 mM. PTDH (12@y, final concentration

in an increase in the absorbance at 310 L, which
was not observed in the absence of PTDH. Using an
extinction coefficient of 4.8 mM! cm™! at 320 nm for a
chemical adduct between sulfite and NA[L7), the species
was formed in 5&M when 1 equiv of sulfite had been added
with respect to the enzyme.

Preparation of Deuterium-Labeled PhosphiBeuterium-
labeled phosphite was prepared by mixing phosphorous acid
with deuterium oxide at 28C for ~6—12 h, evaporating
the D,O on a rotary evaporator, and again dissolving the
phosphorous acid in deuterium oxide. This was repeated
several times until only deuterium-labeled phosphite was
present in solution as determined B NMR spectroscopy
(500 MHz Varian, HPQO, as an external referencg 0
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ppm): DPG; 6 5.48 (t,Jp—p = 103 Hz), HPG; 6 5.75 (d,
Jp-y = 674 HZ)

Substrate and Seént Kinetic Isotope EffectsStock
solutions of NAD" and deuterium-labeled or unlabeled
phosphite in 50 mM MOPS (pH 7.25) [or 50 mM Tris (pH
8.0)] were aliquoted into two tubes with equal volumes,
lyophilized, and resuspended in eitheiQHor D,O. The pH
(pD) was adjusted to 7.25 or 8.0 (pB pHmeter readingt 0.4)
(18). For solutions in RO, the pD was adjusted with DCI
or NaOD. Solutions in Tris buffer were placed in a water
bath at 25°C, immediately prior to adjustment of the pH
(pD) because the pH of Tris buffer fluctuates with temper-
ature (9). When the pH (pD) was measured for the Tris
solutions, a thermocouple was in the solution to verify that
the temperature was 2&. The stock solutions at pH (pD)
7.25 were aliquoted and mixed to provide 36 solutions with
six fixed concentrations of NADand six varied concentra-
tions of phosphite (labeled or unlabeled) inCHor D,O.
Similarly, the stock solutions at pH (pD) 8.0 were aliquoted
and mixed to provide 25 solutions with five varied concen-
trations of NAD' and five varied concentrations of phosphite
(labeled or unlabeled) in # or D,O. These solutions were

used for activity assays, and the data were analyzed with a

modified version of Cleland’s prograr2@, 21). The kinetic
parameter¥max andKy, for both phosphite and NADwere

obtained by fitting the data to a sequential ordered mecha-

nism with NAD" binding first. In principle, differences in
viscosity ¢7p,0/mH,0 = 1.2 at 25°C) (22) can affect the SIE,

and hence, the influence of viscosity was investigated using

glycerol as a microviscogen. The relative viscositigg &
n/n°) of D,O and several glycerol concentrations isCHvere

Biochemistry, Vol. 44, No. 17, 200%643

Table 1: Apparent Dissociation Constants from Fluorescence
Quenching Experiments

ligand Kp («M) ligand Kp (uM)
NAD* 11.3+0.8 sulfite 330t 50
NADH 30+5 sulfite (NADT)®  0.764 0.04
NAD™ (sulfitep  0.61+ 0.03

a Apparent binding constant of NADat a sulfite concentration of
0.2 mM. P Apparent binding constant of sulfite at saturating NAD
concentrations.

as a baseline blank. In the case of NADH titration, the large
absorbance at 340 nm coincides with thex emission of

the protein, and thus, the spectra were further corrected for
the inner filter effect23). Binding constants were determined
by plotting the corrected changeAp.xemission at 340 nm
against the concentration of the titrant. The data were fit to
a single-binding site equation using Origin 5.0 Professional
nonlinear regression analysis (Table 1). Using fi€nax
value obtained from this analysis, Scatchard analysis was
also performed assuming that the maximal change in
fluorescence corresponds with all binding sites being oc-
cupied. The Scatchard analysis takes into consideration the
concentration of acceptor as well as the ligand and provided
numbers similar to those from the nonlinear regression
analysis.

RESULTS

Is Phosphite Oxidation a Fortuitous Agiy of PTDH?
Given the strong thermodynamic driving force for oxidation
of phosphite to phosphate while reducing NA® NADH,

measured with a viscometer (TA Instruments Rheometer AR the potential of other members of tiehydroxy acid DH

1000 N) at 25°C in 50 mM MOPS buffer (pH 7.25) with

family to catalyze this transformation was investigated.

the same solution without the viscogen as the reference. Ab-Lactate dehydrogenases frdm leichmanniiand Lacto-

solution of 6% glycerol provided the same relative viscosity
(776% glycero(’?HZO = 12) at 25°C as QO

Determination of Binding Constants by Fluorescence
Quenching.Fluorescence titration experiments were per-
formed with 200uL of Hise-tagged PTDH dimer in 50 mM
MOPS buffer adjusted to a pH of 7.25. The intrinsic

bacillus bulgaricus 3-phosphoglycerate dehydrogenase from
chicken liver glycerate dehydrogenase froryphomicro-
bium methyloorum, and formate dehydrogenase fr@an-
dida boidiniidid not display any detectable activity as judged
by the absorbance at 340 nigx of NADH) in the presence
of 100 mM phosphite and 4 mM NADafter incubation for

tryptophan fluorescence was measured with an excitation6 h (5-70 ug of protein). The activity of these enzymes

wavelength of 295 nm (2.5 nm slit width) while monitoring
the emission spectrum from 310 to 380 nm (2.5 nm slit

with their native substrates was also measured as a control
and corresponded well with the published values (Experi-

width). All fluorescence measurements were taken on a mental Procedures). These results show that phosphite is not

Fluoromax-2 instrument (ISA-Jobin Yvon SPEX, Edison,
NJ) using a 0.2 cnx 1 cm quartz cuvette (1 cm side facing
the emission filter). For NAD and NADH titrations, a
protein concentration of 2.M (dimer) was used for
enhanced signal, while for the combination of sulfite and
NAD™ titrations, a concentration of 0.,6BM was used to
facilitate measurement of the lower apparkptvalues. An
intermediate protein concentration of 1,281 (dimer) was

a promiscuous substrate for this class of enzymes. The
specificity for phosphite is not imparted just by the presence
of Lys76, which has been shown to be involved in phosphite
binding @) and is absent in the DHSs tested above. Mutation
of lle/Val76 to Lys (PTDH numbering) in glycerate DH from
H. methyl@orum andp-lactate DH fromL. bulgaricusdid

not result in mutants with PTDH activity.

Substrate SpecificityAlthough these results suggest that

used in the case of sulfite titration in the absence of cofactor. phosphite oxidation activity is unique to PTDH, it does not
Varying amounts of cofactor or sulfite prepared in the same necessarily rule out another substrate in physiological set-
buffer were added to the protein samples. The total sampletings. To expand the series of alternative substrates that were
volume was never diluted more than 7.5% over the entire tested in a previous study?), a number of additional
titration, and both intensities and concentrations were cor- potential substrates was evaluated. Alkyl hydrogen phos-
rected for the actual dilution. In the case of ordered binding phinates, RHP€O)O~, are found naturally in the biosyn-
experiments, either 0.2 mM NADor 0.2 mM sulfite was thetic pathways of several natural produc@d)( and they
added prior to the titration with the other substrate. All might constitute substrates for PTDH in a salvage pathway.
titrations were carried out at room temperature {€% and These compounds formally contain phosphorus in-ttie

in triplicate. The fluorescence of the buffer solution was used oxidation state, and NADdependent oxidation to the
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A

corresponding alkyl phosphonat¢ 3 valence on P) would

be analogous to the oxidation of phosphite to phosphiage (

to +5 valence) in that it involves replacement of a hydride
with a hydroxyl group. As the sterically least demanding
member of this class of compounds, methyl phosphinate was
prepared according to literature procedur2s).(When the
compound was incubated with PTDH and NADo reaction
was observed. Thiophosphite was also prepa2&) §s a
potential mechanistic probe for evaluation of any element
effects. Unlike phosphate monoesters, thiophosphate mo-
noesters have been shown to react in solution via a
thiometaphosphate intermedia/{-31). However, some-
what surprisingly, PTDH did not catalyze the NAD
dependent oxidation of thiophosphite. Another potential
substrate that did not display any activity was fluorophos-
phate, which was envisioned as a potential active site labeling
reagent, especially if PTDH uses covalent catalysis. In
addition to not exhibiting any catalytic activity, none of these
compounds substantially inhibited PTDH.

Another set of potential substrates that were evaluated
involved compounds containing aldehyde functionalities.
These are (partially) hydrated in aqueous solution and might
resemble the tetrahedral phosphite molecule. Furthermore,
there is precedent for the oxidation of hydrated aldehydes
by L-lactate dehydrogenase, which oxidizes the hydrated form
of glyoxylate to oxalate 32—35). However, in this study,
glyoxylate, glyoxal, glycolate, and formaldehyde were not
oxidized or reduced by PTDH. We therefore conclude that
the enzyme is highly specific for phosphite. Attempts to make
the enzyme accept nucleophiles other than water by adding
high concentrations of methanol, trifluoromethanol, hydroxy-
lamine, or fluoride ion resulted in production of only the
native phosphate product rather than phosphate esters/amides
or fluorophosphate.

pH Dependence of Steady-State Kinetic Parameters.
PTDH activity was assayed at several concentrations of
phosphite in the presence of saturated concentrations officure 3: pH dependence of (Mea and (B) KeafKm phosphite The
NAD™ over a pH range from 5.5 to 9.5. As depicted in Figure solid line was drawn by fitting the data to eq 2 (Experimental
3A, keatis essentially independent of pH. This independence Procedures).
is also observed fdt./Kmnapt (S€€ the Supporting Informa-
tion). However Keal Km phosphite€Xhibits a clear dependence
on pH (Figure 3B). From the data,Kp values for the
enzyme-NAD* complex of 6.8+ 0.1 and 7.8+ 0.2 were

1.24

log kcat

o

10

10

pH

profile, its pH-inhibition profile should reflect the second
deprotonation of sulfurous acid. The piK; profile displays
a shape similar to that d&&a/Km phosphite(Figure 4). The data
determined. The experimental values f&ga/Km phosphite were fitted to eq 2 to extract quz_;\r_1titative values for the proton
indicate a very small pH range<( unit) centered around transfer transitions. On(_a transition occurred aka pf 6.4
pH 7.25 in which the enzyme is most active. Above and T 0-1, whereas the basic limb corresponded tKaqi 8.4
below this range, dehydrogenase activity drops off steeply. +0.2.
The slope of each arm of the profile is unity, indicating that ~ Formation of a Cealent Adduct of NAD and Sulfite
one proton transfer transition is responsible for the observedSpectroscopic analysis of the titration of sulfite into a solution
activity changes in these pH ranges. containing a high concentration of PTDH (&0/1) and a

pH Profile of the K of Sulfite. To positively assign the ~ Saturating concentration of NAD(1 mM) revealed an
acidic limb of the pH-rate profile ofkcalKm phosphiteto the increase in the absorbance around 310 nm. Formation of a
second deprotonation of phosphorous acia(p 6.8), a NAD*—sulfite adduct has been observed previously, and an
pH profile of K; for sulfite was obtained in the presence of €xtinction coefficient has been reported for the addié). (
NAD™ at concentrations near it&, at each pH. Sulfiteisa  Using this value, the adduct was generated-B56% yield
strong inhibitor of PTDH that is competitive with respect to When equal amounts of PTDH and sulfite were present. In
phosphite 2). By determining the rate of reaction at various @ control experiment, no adduct formation was observed at
concentrations of phosphite and sulfite, one can extrapolatethe same concentrations when PTDH was omitted from the
the binding constantK{) for sulfite in the absence of solution.

substrate. This value represents binding of the inhibitor to
the enzyme15, 16), and if sulfite binds in a fashion similar
to that of phosphite, as suggested by its competitive inhibition

Determination of Dissociation Constants for NAD
NADH, and SulfiteFluorescence titration experiments were
performed to determine the affinity of NADand NADH



Kinetic Studies of Phosphite Dehydrogenase

55

10
pH

Ficure 4: pH dependence of the inhibition constant of sulfite. The
solid line was drawn by fitting the data to eq 2 (Experimental
Procedures).

Table 2: Kinetic Isotope Effects at pH (pD) 7.25 and 8.0

theoretical
substratet multiplicative
parameter pH substrate KIE SIE solvent KIE result
Keat 7.25 2.19+0.06 1.55+0.07 2.48+0.11 3.39
KealKmpt 7.25 1.37+0.28 4.38+0.67 5.84+0.93
Keat 8.0 1.80+0.08 1.44+ 0.07 1.76 £0.09) 2.60
KealKmpt 8.0 1.43+£0.10 0.60+ 0.04 0.53 £0.04)

for the free enzyme (Table 1). Both cofactors displayed
micromolar dissociation constants, with NADbinding
somewhat more tightly. To decipher the binding order of
substrates for PTDH as well as determine the apparent
dissociation constant of the NAD-sulfite adduct, the
apparentp values of NAD" in the presence and absence
of sulfite were determined as well as the apparent dissociation
constant of sulfite in the presence and absence of NAD
Sulfite by itself elicited only a very small change in
fluorescence, which is attributed to a change in ionic strength.
In the presence of saturating concentrations of NAD
addition of sulfite to the enzyme caused a much greater
change in fluorescence (approximately 4-fold) and at much
lower concentrations providing an appar&at of 0.6 uM.

In the presence of sulfite, the binding affinity of NAQvas
enhanced-20-fold (Table 1).

Substrate and Seént Kinetic Isotope Effecti a previous

Biochemistry, Vol. 44, No. 17, 200%645

in water as a viscogen, resulting in a solution with the same
measured viscosity as,D, indicated that the decrease in
the kinetic parameters of the reaction inis caused by
chemical and not physical factors. A reversal in the SIE was
seen at pH (pD) 8.0, wheRe®(Keal Km, phosphid Was 0.60 and
POk o was 1.44 (Table 2).

Combined Substrate and %eht Isotope Effectsln a
concerted mechanism of phosphite oxidation, deprotonation
of the water nucleophile and cleavage of the phosphorus
hydrogen bond could occur in the same reaction step. To
probe for this possibility, the kinetic parameters using
deuterium-labeled substrate inM@were determined, provid-
ing values of 2.48 foP-P%k ., and 5.84 forPCk.ofK pr at
pH 7.25. At pH 8.0, these values were 1.76 ¥6¥°k.4 and
0.53 forP:POk /K pt (Table 2).

DISCUSSION

Despite much effort, to date no alternative substrates have
been uncovered for PTDH. In combination with the genetic
context of theptxD gene () and the observed upregulation
of its expression in response to phosphate starvaBé) (
the physiological role of phosphite oxidation appears to be
on solid ground despite a relatively low value fQg/Ky, of
10* M~1 s, This value is mostly depressed because of a
relatively smallkeas (~3—4 s71), especially in light of the
strong driving force for the reaction. The observation of a
KIE on k.o does rule out the possibility that a slow physical
step limits the rate of catalysis. The lack of alternative
substrates presents a drawback with respect to mechanistic
investigations as it has not proven to be possible to vary
either the nucleophile or the hydride source.

Sulfite is a competitive inhibitor with respect to phosphite
and an uncompetitive inhibitor with respect to NALR). It
has a trigonal pyramidal shape with a lone pair on sulfur
and resembles phosphite, which carries a proton on that lone
pair. Consistent with its uncompetitive inhibitory behavior
with respect to NAD, the fluorescence titration experiments
reported here essentially did not detect any significant
binding of the compound to free enzyme, whereas strong
binding was observed in the presence of NAD hese
findings are consistent with the ordered bi-bi kinetic mech-
anism with NAD" binding first that was extracted from
steady-state kinetic dat2)( The binding of sulfite in the
presence of NAD is unusually tight (2 orders of magnitude
below K, for phosphite), and it also strongly enhances the
binding of NAD" to well below itsK,, value (Table 1). These

study, it was demonstrated using deuterium-labeled phosphitefindings suggested a possibly more complex inhibition

that the hydride from phosphite is directly transferred to the
cofactor withReface stereospecificity3]. Kinetic isotope
effects (KIEs) were observed &gy (Pkeat= 2.1+ 0.1) and

on kca{Km,phosphite(Dkcalle,phosphite: 1.8+ 0-3) at pH 7.25.
No isotope effect was observed Gca/Kmnapt. These
findings were reproduced in this study, and KIEs were also
determined at pH 8.0Pkea: = 1.804 0.08 andPkeafKm pt =
1.43+ 0.10 (Table 2)].

Solvent kinetic isotope effects (SIEs) were measured by
running identical reactions in buffers prepared witOHand
D,0O. At pH (pD) 7.25, the enzymatic reaction exhibited
normal isotope effects of 1.55 fda and 4.38 forkea/
Kim,phosphite (T@ble 2). Deuterium oxide is a more viscous

scheme. Indeed, the increase in absorbance at 310 nm
observed when a sample containing PTDH and NAias
titrated with sulfite is consistent with the formation of a
covalent adduct between sulfite and NADh which the
sulfur atom is bound to C4 of nicotinamid@7 38). In the
absence of the enzyme, the adduct was not observed under
identical conditions, suggesting that PTDH catalyzes its
formation, which is also supported by the lack of adduct
formation with mutants His292Phe, His292Asn, and
Arg237Lys. Adduct formation has also been reportedffr
hydroxybutyrate DH (DHBDH) 17), malate DH, and.-
lactate DH 89). The apparent binding constant for the adduct
with PTDH is tighter (0.8«M) than that with DHBDH (4

solvent than water, but a control reaction with 6% glycerol «M) and LDH (2uM), which probably reflects the geometry
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of the active site of PTDH that evolved to accommodate

three oxygens in a tetrahedral arrangement rather than two
oxygens in a planar arrangement (carboxylate). The covalent

adduct binds very tightly, as would be expected for a
covalently linked two-substrate analogd®,(41). The adduct
has been shown to be much less stable in soluQr=(15
mM) compared to the enzyme39). Indeed, buildup of the
free NAD—sulfite complex was not observed over time,
explaining why sulfite inhibition is clearly uncompetitive
with respect to NAD.

The pH-rate profile in Figure 3A shows that. is
independent of pH, indicating that the ternary complex
composed of PTDH, NAD, and phosphite does not contain

Relyea et al.

1
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52
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oK, ~ 6.8/ inactive \pKa ~ 80
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/ pK, ~ 6.8

B-0-
H 62

PKy ~ 8.0 \

E-His
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a solvent accessible group whose protonation state is criticalFicure 5: Possible protonation states of the phosphite substrate

for catalysis. The independence kf: on pH appears to
contradict a previous study that reported a bell-shaped curv
for the pH dependence of the specific activity of PTO).

All measurements in that study were taken at 1 mM
phosphite and 0.5 mM NAD Although these concentrations

and PTDH. In a mechanism that utilizes a regular protonation state

e(Ieft side), the dianionic form of phosphorous acid is the true

substrate and an enzymatic residue must be protonated for binding.
In a reverse protonation mechanism, the group with the lowgr p
here phosphite mono anion, will remain protonated whereas the
group with the higher I§; here a residue on PTDH, will be

are Saturating at the pH optimum, they are Subsaturating atdeprotonated in the active enzymsubstrate collision complex.

low and high pH values, resulting in an apparent reduction
of activity, but this can be fully compensated by supplying
high concentrations of both substrates.

In contrast tokeay Keal Km,phosphitelS dependent on pH. The
two proton transfer transitions observed in the bell-shaped
curve in Figure 3B may correspond to deprotonation of either
the substrate or the PTDHNAD™ complex with a K, of
6.8 and protonation of an enzyme residue withka of 7.8.

The reported second acid dissociation constant of phospho
rous acid is 6.8, and hence, the transition in the acidic limb
of the pH-rate profile is consistent with the dianionic form
of phosphite being the substrate of PTDH. The close
correspondence between thK,mf the free substrate and
that observed in thia/Km phospieeprofile also suggests that
phosphite has a weak commitment to catalysis (is not a
“sticky” substrate) since otherwise the latté¢,pvould have
been displaced outward¥). The substrate KIE observed
0N Keaf Km phosphitefUrther corroborates the weak commitment
to catalysis. The pH studies also clearly show that incorrectly
protonated complexes of PTDH and phosphite do not form.

Unambiguous differentiation between a proton transfer
event observed ik.o/Kn 0ccurring on the substrate or PTDH

The basic limb of the curve fok../Km may represent a
residue on the enzyme that must be protonated for phosphite
binding to the PTDH-NAD* complex with a [K, of around
8.0. Three potential candidates are the conserved residues
His292, Arg237, and Lys76. Site-directed mutagenesis
studies and the pH profiles displayed by the mutants of these
residues rule out Lys76. However, these studies could not
unambiguously assign thiskp to His292 or Arg237 as

mutants of His292 were inactive and the only active mutant
of Arg237 was Arg237Lys, which exhibited a bell-shaped
curve very similar to that of the wt enzym®)( If this pK,

is due to Arg237, its value is significantly depressed from
that in solution. There is, however, ample precedent tkat p
values of amino acid side chains can be strongly perturbed
within enzyme active sites48).

An interesting alternative explanation for the observed
pH—rate profile onkca/Km prosphicfeatures a reverse proto-
nated state as the active ternary complexN¢@&D*-Pt).
Whenever a pHrate profile is bell-shaped with a separation
of less than 2 pH units between the twkjs, one cannot
readily distinguish between a normal protonation state in the
enzyme-substrate complex and a reverse protonated state

can be achieved by recording the pH dependence of the(Figure 5) (6). If the reverse protonated model were applied

inhibition constant of a competitive inhibitor with respect
to the substratelf, 16). If the observed pH dependence
corresponds with the Ky, of the inhibitor, the transition
observed in the pHrate profile is shown to be associated
with the substrate. On the other hand, if the, mbserved
with the inhibitor is identical to that observed flga/Km,

to PTDH, the monoprotonated form of phosphite would be
the true substrate and a residue on the enzyme would be
unprotonated for phosphite binding (Figure 5, right si@) (

In this mechanism, which provides explanations for the
observed pH-rate profile with mutants, only a small fraction

of the substrate and enzyme would be present in its correct

then the proton transfer event is associated with a residueprotonation state at the pH optimum of 7.25, explaining why

on the enzyme. When using this methodology, ideally one
employs an inhibitor with an acid dissociation constant
significantly different from that of the substrate such that
the two scenarios can be readily distinguished. Unfortunately,
the K, of sulfurous acid, the only inhibitor uncovered thus
far, is very close to that of phosphorous acid (6.8 vs 6.9)
(42). The K, observed in the plot oK; versus pH (Figure

4) is somewhat lower than this literature vafuelence,
although we think it is likely that the acidic limb of the./
Km—rate profile is associated with the substrate, we cannot
unequivocally rule out the involvement of an enzyme residue.

the catalytic efficiency of the enzyme is comparatively low
despite the very strong thermodynamic driving force.

As with most enzymes that are believed to utilize a reverse
protonation mechanism, one can wonder why PTDH would

20ne possible explanation is that the measutedould not be a
simple binding constant if the enzyme actually actively catalyzes the
formation of the covalent adduct between NAD and sulfite. The fact
that the adduct is not observed with mutants His292Phe, His292Asn,
and Arg237Lys would be consistent with such an interpretation. The
observed pH-K; profile would then be a combination of binding and
a follow-up chemical step, which may displace the observed p
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operate by a reverse protonation mechanism. The answer mayas been shown to increase by 0.55 unit when moving from
lie in the origin of the enzyme. Phosphite has yet to be H,O to D,O (50). In the context of the normal protonation
reported as a constituent of the environment, but it has beenmechanism in Figure 5, at pH 7.25 a greater proportion of
used extensively in recent decades in industrial settings. Sincegphosphite is deprotonated in® (pK,, = 6.8) than in BO
phosphite is toxic to microorganisms such asRseudomo-  at pD 7.25 (o2 = 7.3). This thermodynamic effect decreases
nas strain from which PTDH was first isolated, it is the dianionic substrate concentration indDcompared to
conceivable that phosphite oxidation is a relatively recent H;O and hence reduces the observ@g/Km phosphite rate
activity that has not yet been fully optimized. Binding of constant (normal isotope effect). This thermodynamic effect
phosphite in its monoprotonated form may therefore be a adds to any effect due to a kinetically important deprotona-
remnant of the monoanionic 2-keto acid substrate of its tion event. Note that the same reasoning also applies to the
ancestor, although PTDH clearly has evolved to recruit an reverse protonation model except that it would be an
additional Lys to its active site. Furthermore, binding of the enzymatic residue that would be more deprotonated,{d H
monoprotic form provides a clear avenue for converting an than in DO.

active site setup for oxidation of an alcohol substrate to one The thermodynamic effect can sometimes be offset by
that would support oxidation of phosphite. An alternative performing the reaction in fD at a higher pD, but given
explanation for the use of a reverse protonation mechanismthe narrow bell-shaped curve of the pH dependende6f

is that the thermodynamic disadvantage of binding phosphite K, snesphite attempts to this effect were unsuccessful as were
in its monoprotonated form may be offset by a kinetic attempts to deconvolute the thermodynamic and kinetic
advantage in catalysis. Unfortunately, unlike phosphoryl effects by performing a complete pHiate profile experiment
transfer reactions with heteroatom leaving group$ 45), in D;O. The effect of the pH dependence lQfy/Km phosphite
good model systems for providing insights into advantages on the observed SIE is illustrated well by the inverse value
that may be conferred onto the reaction by the protonation observed at pH 8.0 (0.60, Table 2). This inverse SIE can be
state of the substrate are not available. Clearly, verification mainly attributed to the change ikpof the group associated
that PTDH uses a reverse protonation mechanism by with the basic limb of the pH profile. At pH 8.0 in @,
independently determining th&pof the active site residue,  this group is partially protonated g = 7.8), whereas at
possibly using NMR methods, is essential. These studies arepD 8.0, the residue with an estimate®pn D,O of 8.2

currently ongoing. (7.8+ 0.4) is deprotonated to a much lesser extent, resulting
At both pH 7.25 and 8.0, PTDH exhibits small normal in a faster rate in BD (inverse isotope effect).
substrate KIES 0lcar andkeal Kim phosphite AS €xpected for an Panels B and C of Figure 2 show two generic mechanisms

ordered mechanism with NADbinding first @6, 47), no for phosphite oxidation. These models are drawn for the
isotope effect was observed &g/Kmnap When the second  normal protonation state, but corresponding mechanisms can
substrate phosphite was deuterated. Although small, the KIEsreadily be drawn for the reverse protonated mechanism and
0N Kear andKeaf Kim phosphie@r€ considerable when taking into  would not affect the following discussion. Regardless of
account the fact that-PH and P-D bonds are significantly ~ whether the initial nucleophile is water or an enzymatic
weaker than €H and C-D bonds. Taking the reported residue, several scenarios can be envisaged with regard to
stretching frequencies of thefM and P-D bonds observed  the details of the reaction mechanisbi); Nucleophile attack

by vibrational spectroscopy of phosphorous acid and its and hydride displacement can occur in concerted fashion or

deuterium-labeled analogue (2457 and 1793 Gmespec- in a stepwise mode with a five-coordinate phosphorane
tively) (48) as a measure of the difference in bond strengths, intermediate (associative mechanism) or a metaphosphate
we determine the theoretical maximal KIE at 25 to be intermediate (dissociative mechanism). A wealth of data

5.1. The observation of normal isotope effects shows that argues against the intermediacy of metaphosphate in enzyme-
despite the considerable driving force of the reaction, the catalyzed reactions, and hence, a stepwise dissociative
chemistry of hydride transfer is at least partly rate limiting reaction mechanism appears to be unlikeBl)( In a
or it becomes rate limiting when deuterium-labeled phosphite concerted mechanism featuring water as the nucleophile,
is used. At both pH values, the KIE &gy is somewhat larger  deprotonation and hydride transfer could occur in the same
than that orkea/Km,phosphite This observation suggests that a step (e.g., Figure 2B), whereas all other mechanisms would
step that is not part of..: masks the isotope effect in the involve two separate steps for water deprotonation and
latter case, which most likely is a conformational change hydride transfer (e.g., Figure 2C). Whenever two hydrogen
prior to phosphite binding. transfer events occur in the same reaction step and this step
The overall reaction equation for the transformation is cleanly rate limiting, the combined isotope effect when
catalyzed by PTDH (eq 1) clearly shows that a proton must both positions are labeled with deuterium will be the product
be removed from water. To probe the kinetic importance of of the kinetic isotope effects measured when either one of
this deprotonation, PTDH was assayed in buffer preparedthe positions is labele®g, 53). In the case of a concerted
in D;O. At pH 7.25, a large solvent isotope effect was reaction of PTDH, the substrate KIE and solvent KIE would
observed fokeal Kim phosphitdWith @ more modest value féea: be multiplicative with the caveat that solvent isotope effects
Given the shape of the pH dependenc&@fKm phosphite the can involve effects other than the chemical proton transfer
isotope effect on this parameter is a combination of both event. Hence, for completeness, we also determined the
thermodynamic and kinetic factor49), which complicates  substrate KIE in BO. Given the complications in interpreting
its interpretation. Because of the different acid dissociation the SIE orkea/Km phospritediscussed above, only the combined
constants for BO and HO, many functional groups have KIE on k. Will be discussed. The kinetic SIE dq@,is not
altered K, values in DO (usually approximately-0.4) 22). complicated by thermodynamic effects because of the lack
This affects both the enzyme and the substrate, whise p of a pH dependence ok.. At both pH and pD 7.25 and
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8.0, the experimentally observed combined substrate and 4.
solvent KIEs are smaller than those predicted for a concerted
process in which water deprotonation and hydride transfer
occur in the same rate-limiting step. Hence, it is likely that

the phosphite dehydrogenase reaction proceeds through a 5.
multistep kinetic mechanism.

SUMMARY

PTDH is highly specific for phosphite. Alternative sub-
strates or nucleophiles have not been discovered so far, and
none of the related members of thehydroxy acid dehy-
drogenases is capable of oxidizing phosphite. Sulfite is a
potent inhibitor via formation of a covalent adduct with
NADT in the enzyme’s active site. The pHate profile
shows a pH-independek,;and a bell-shaped curve flg/
Kim,phosphiteWith pKa values of 6.8 and 7.8. Because of the
close values of theseg's, two interpretations of these data
are currently indistinguishable. In the most straightforward 10.
mechanism, the lowerlf, corresponds to deprotonation of
the phosphite substrate whereas the higlarigpassociated
with an enzymatic residue. In a reverse protonated mecha-
nism, a residue on the enzyme is responsible for the acidic
limb, and deprotonation of monoanionic phosphite is associ-
ated with the basic limb. The latter model would explain
the low values forKkea/Km phosphie deSpite a very strong
thermodynamic driving force. The shape of the pidte
profile of keal Km phosphite@llSO results in large thermodynamic
effects dominating the kinetic solvent isotope effects, which 13
hampers its use in further defining the mechanism of the
enzyme. The substrate kinetic isotope effects do show clearly,
however, that chemistry is at least partially rate limiting
despite the high exergonicity of the transformation, and they
may allow further characterization of the kinetic mechanism
via pre-steady-state investigations that are currently under-
way.
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