Biochemistry2005,44, 4765-4774 4765
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ABSTRACT. Phosphite dehydrogenase (PTDH) catalyzes the unusual oxidation of phosphite to phosphate
with the concomitant reduction of NADto NADH. PTDH shares significant amino acid sequence similarity
with p-hydroxy acid dehydrogenases (DHSs), including strongly conserved catalytic residues His292, Glu266,
and Arg237. Site-directed mutagenesis studies corroborate the essential role of His292 as all mutants of
this residue were completely inactive. Histidine-selective inactivation studies with diethyl pyrocarbonate
provide further evidence regarding the importance of His292. This residue is most likely the active site
base that deprotonates the water nucleophile. Kinetic analysis of mutants in which Arg237 was changed
to Leu, Lys, His, and GIn revealed that Arg237 is involved in substrate binding. These results agree with
the typical role of this residue in-hydroxy acid DHs. However, Glu266 does not play the typical role

of increasing the ¥, of His292 to enhance substrate binding and catalysis as the Glu266GIn mutant
displayed an increasdd,: and unchanged pHrate profile compared to those of wild-type PTDH. The

role of Glu266 is likely the positioning of His292 and Arg237 with which it forms hydrogen bonds in a
homology model. Homology modeling suggests that Lys76 may also be involved in substrate binding,
and this postulate is supported by mutagenesis studies. All mutants of Lys76 display reduced activity
with large effects on th&,, for phosphite, and Lys76Cys could be chemically rescued by alkylation with
2-bromoethylamine. Whereas a positively charged residue is absolutely essential for activity at the position
of Arg237, Lys76 mutants that lacked a positively charged side chain still had activity, indicating that it
is less important for binding and catalysis. These results highlight the versatility of nature’s catalytic
scaffolds, as a common framework with modest changes allows PTDH to catalyze its unusual nucleophilic
displacement reaction amghydroxy acid DHs to oxidize alcohols to ketones.

Phosphorus-containing molecules play essential roles inphosphorus atom. PTDH has practical value as an
all organisms. Most of these compounds involve phosphorusNAD(P)H cofactor regeneration enzyme in biotechnology
in its +5 oxidation state such as the ubiquitous phosphate and may be useful for the preparation of isotopically labeled
esters (RNA and DNA) and anhydrides (NTRsd NDPs). products or nonproteinogenic amino aci@s-{0).

As a result, studies on enzymes involved in phosphorus The amino acid sequence of PTDH frdRseudomonas
metabolism have been largely confined to phosphate esteristutzeriWwM88 (6) is significantly homologous (2334%
anhydride formation and hydrolysis. Essentially unexplored, identity) with the sequence of the family pfisomer specific
with a few notable exceptions of enzymes that catalyze for- 2-hydroxyacid dehydrogenases (DHs, Figure 13)( The
mation and cleavage of the-® bond (—5), are transfor-  chemistry catalyzed by PTDH is, however, fundamentally
mations that involve changes in the phosphorus oxidation different from that promoted by the other family members
state. Phosphite dehydrogenase (PTDH) catalyzes the'NAD as it involves nucleophilic displacement of one of the
dependent oxidation of hydrogen phosphonate (phosphite)phosphorus ligands (hydride) rather than a change in
to phosphate). PTDH and the recently reported hypo- hybridization (Scheme 1). The closest similarity with the
phosphite dioxygenas&)(are the only known enzymes that reaction catalyzed by PTDH may be the oxidation of the
catalyze direct oxidation of compounds containing a reduced hydrated form of glyoxylate to oxalate hylactate DH (2—
15), but PTDH does not show any activity with hydrated
 Support for this research was provided by the National Institutes aldehyde substratesl®). In essence, the transformation
of Health (Grant GM 63003). S.R. is a Colgate-Palmolive Undergradu- catalyzed by PTDH is formally a phosphoryl transfer

ate Fellow. : ; ; :
* To whom correspondence should be addressed. Phone: (217) 244_react|0n. While hydride would normally be an exceptionally

5360. Fax: (217) 244-8024. E-mail: vddonk@uiuc.edu. poor leaving group for nucleophilic displacement, a strong
! Abbreviations: DH, dehydrogenase; DEPC, diethyl pyrocarbonate; driving force for the reaction is provided by the very

DGDH, p-glycerate dehydrogenase; DLDbBhlactate dehydrogenase;  fayorable thermodynamics of oxidizing phosphite to phos-
DPGDH, p-3-phosphoglycerate dehydrogenase; FPLC, fast protein y gp P P

liquid chromatography; FDH, formate dehydrogenase; HPLC, high- phate Emmz —0.648 V at pH 7) and rgducing NADto
performance liquid chromatography; IMAC, immobilized metal affinity NADH (E* = —0.320 V), a process that is overallL5 kcal/
chromatography; IPTG, isopropyi-p-thiogalactopyranoside; NAD mol exergonic. Despite the favorable energetics, no other

and NADH, nicotinamide adenine dinucleotide; NDPs, nucleoside _ ; ;
diphosphates; NTPs, nucleoside triphosphates; Pt, phosphite; PTDH members of the-hydroxy acid DH family tested so far have

phosphite dehydrogenase; PCR, polymerase chain reaction; wt, wild-displayed any phosphite oxidation activiti. The strong
type. exergonic nature of the reaction notwithstanding, the hydride
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FDNFDVDACTARGVWLTFVPDLLTVPTAELAIGLAVGLGRHLRAADAFVRSGEF 131
DNFDVAACTHRGIWFTIVPSLLSAPTAEITIGLLIGLGRQMLEGDRFIRTGKF 131
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LASGHLAGYAADVFELED------ WARSDRPSKIPPSLLEKQDQTFFTPHLGSAVDDLRY 303
LEAGRLAYAGFDVFAGE-------------- PNINEGYYDLPN-TFLFPHIGSAATQARE 238
LASKHLAGAAIDVFPTEP--------- ATNSDPFTSPLCEFDN-VLLTPHIGGSTQEAQE 302
LDSGKIFGFVMDTYEDEVGVFNKDWEGKEFPDKELADLIDRPN-VLVTPHTAFYTTHAVR 307
LESGRLAGYAGDVWFPQP----------- APKDHPWRTMPYNG---MTPHISGTTLTAQA 343
L D e PH

Ficure 1: Partial sequence alignment of PTDH with members obtgdroxy acid dehydrogenase family. Conserved residues are indicated
in the consensus sequence. In blue are residues of the signature fingerprint me@{GX.GX,,D) for a Rossmann fold for binding the

cofactor 61, 52), except that in PTDH the usual Asp is replaced with Glu. In yellow are three residues, Arg237, Glu266, and His292

(PTDH numbering), that have important catalytic functions in the hydroxyacid dehydroge2@se2?). The Gly and Val/lle pair that
makes hydrogen bonding contacts with the carboxylate of the substrathyidroxy acid DHs is colored green. A Lys residue (red) that
is located in the active site of a homology model of PTOHi6 conserved in the two BLAST hits with the highest level of identity, the
function of which is currently unverified. It is also found in a phosphite dehydrogenaseMaatigenes faecaligVM2072 33). Abbreviations
(% identity with PTDH, GenBank accession number): DGDiglycerate DH Hyphomicrobium methyl@rum, 27%, P36234)53);
DPGDH, b-3-phosphoglycerate DHE( coli, 24%, P08328)34); DLDH, p-lactate DH [actobacillus heleticus 26%, P30901)55); and
FDH, formate DH Pseudomonasp. 101, 25%, P33160%§). GenBank accession numbers NP_47854@stocsp. PCC 7120, 51%p{,

59) and ZP_00110436\ostoc punctiforme51%). Four of these proteins, DGDB4), DLDH (PDB entry 2DLD), DPGDH %8), and FDH
(23), have been structurally characterized.
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studies suggest a similar reaction mechanism with some
0 distinct differences30—25). The currently favored mech-
RJ\COOH + NADH + H’ anism for the zinc-independent oxidationmehydroxy acids
is depicted in Scheme 2. A conserved His residue (His292
o PTDH numbering, Figure 1) is proposed to be the catalytic
/Ipl\\o— + NADH + H' acid or base that deprotonates the alcohol during oxidation
HO™ o~ and that protonates the carbonyl during the physiologically
important reduction of the substrated( 21). In the X-ray

transfer step is at least partially rate-limiting as shown by structure ofo-glycerate DH, this His residue is engaged in
kinetic isotope effects of-2 on bothkes andkealKm phosphite a short hydrogen bond (2.5 A) with a highly conserved

(17).

glutamate residue (Glu266, Figure 4] that has been

Although thep-hydroxyacid dehydrogenases have been proposed to increase th&pof His292 and ensure its proto-
studied in less depth and have no evolutionary relationship nation at physiological pH. Similar hydrogen bond interac-
to theL-hydroxyacid dehydrogenasetl( 18, 19), several tions between the two conserved residues are found in
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Scheme 2
His
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HzN @ Glu
o @)—Arg
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R‘N+ /_(— ¥
AR - '
~ (\‘NQ/NH\ o FicUrRe 2: View of the active site of a homology model of phosphite
LH -H ‘\—o)k dehydrogenase. The three residues that are conserved among the
HzN /Y Glu family of p-hydroxy DHs in the substrate-binding domain are
o oz \'““0 shown in stick format (His292, Arg237, and Glu266). Also shown
; é\o@)‘. is the Lys residue that is conserved in putative phosphite dehy-
ke h‘nﬁ\rg+ drogenases but not in other members of phieydroxy acid DH

superfamily.

structures of other family member2&-28). In one family ~ rchased from Fisher. POROS 20 MC resins used for metal
member, formate dehydrogenase, the Glu is replaced with acpe|ate affinity chromatography were purchased from Per-
GlIn, presumably because no proton transfer is required forSeptive Biosystems. Centricon spin columns and Amicon
formate oxidation. A strictly conserved Arg serves to bind  mempranes were obtained from Millipore. PCR purification,
the carboxylate group of the substrate9,(29). Crystal- gel extraction, Miniprep, and Midiprep kits were provided
lographic analyses of sevemalhydroxy acid DHs suggest  py Qjagen. The pET15b plasmid was obtained from Novagen.

that this Arg also aids in polarizing the carbonyl group of gjigonucleotides for PCRs were synthesized by Integrated
the substrate for reduction by NADH§—28, 30). Two DNA Technologies, Inc.

backbone amides from conserved Gly and Val/lle residues  gn,ymesRestriction enzymes Ncol and Bam#pix DNA

make additional hydrogen bonding contacts with the car- polymerase, andrag polymerase were purchased from

boxylate group (Scheme 2). In PTDH, this Gly is also con- GijpcoBRL. Ndel, shrimp alkaline phosphatase, and T4 DNA

served but Lys76 replaces the Val or lle residue (Figure 1). jigase were purchased from New England Biolabs. Thrombin
PTDH has a pH optimum of 7.5, which given th&p a5 obtained from Amersham Biosciences.

values of phosphorous acid, 1.5 and 63, (32), would Generation of Mutant GeneAn overlap extension PCR
suggest that unlike the substrate fhydroxy acid DHs,  (Og-pCR) method was utilized to introduce site specific
the active form of the substrate for PTDH is dianionic. To 1 tations into a BamH+Ncol fragment of the PTDH gene
maintain charge neutrality in the active site, a second using the purified pET11-PTDH plasmid encoding wild-type
protonated residue besides Arg237 may therefore be mvoIved(Wt) PTDH as a templates}. Two oligonucleotide primers

in substrate binding. At present, no structural information is flanking the fragment were used in combination with internal
available for PTDH, but a homology moded)(points o mytagenic primers. For the Ncol forward primer, the
Lys76 as a candidate for this residue, replacing the ”eUtraloIigomer was complementary to the sequence approximately
hydrogen bond contact of the amide of the Val or lle that 50 by ypstream from the restriction site to improve restriction
occupies this position in other family members (Scheme 2 gjgestion of the PCR product and prevent a problem of
and Figure 2). This Lys residue is conserved among other mjtipje-site annealing encountered when the primer was
known @33) and putative PTDHSs in protein database$0%  |gcated closer to the Ncol site. Flanking primer sequences
identity, Figure 1) but not im-hydroxy acid DHs, consistent  tqjow: BamHI reverse primer, '5TAG CAG CCG GAT
with a role of providing a second positive charge that is not ccc ccG GGC TG 3 Ncol forward primer, 5ACG GCA
needed for hydroxy acid binding. We report here site-directed cc GGC TGG ATA ACG CTA CGG 3 Mutagenic
mutagenesis studies of the three conserved active Siteprimers follow, with underlined codons encoding desired
residues, His292, Arg237, and Glu266, as well as Lys76. aming acid substitutions: His292Lys forward primerTe

ACT CCG AAA ATA GGG TCG GCA GTG CGC 3
MATERIALS AND METHODS His292Lys reverse primer, B CCC TAT TTT CGG AGT

ChemicalsNAD* was purchased from Sigma. Phospho- GAA CAG CGT ATT 3; His292Asp forward primer,'5TC
rous acid was purchased from Sigma-Aldrich. Deuterium- ACT CCG GAT ATA GGG TCG GCA GTG CGC '3
labeled phosphorous acid was prepared as described previHis292Asp reverse primer; B CCC TAT ATC CGG AGT
ously @). Diethyl pyrocarbonate was purchased from Alfa GAA CAG CGT ATT 3; His292Asn forward primer,'5TC
Aesar. Ingredients for buffers and media were obtained from ACT CCG AAC ATA GGG TCG GCA GTG CGC 3
Fisher, Difco, or Aldrich. dNTPs were ordered from Gib- His292Asn reverse primer, B CCC TAT GTT CGG AGT
CcoBRL and Invitrogen. Isopropyi-p-thiogalactoside (IPTG)  GAA CAG CGT ATT 3; His292Phe forward primer, 5C
was ordered from CalBioChem. Dithiothreitol (DTT) was ACT CCG TTT ATA GGG TCG GCA GTG CGC '3
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His292Phe reverse primer;, &A CCC TAT AAA CGG
AGT GAA CAG CGT ATT 3; Glu266Asp forward primer,

5 C GAA ATG GAT GAC TGG GCT CGC GCG GAC'3
Glu266Asp reverse primer; 8 CCA GTC ATC CATTTC
GAA TAC ATC CGC 3; Glu266GIn forward primer,'5TC
GAA ATG CAA GAC TGG GCT CGC GCG GAC 3
Glu266GIn reverse primer, &C CCAGTC TTG CAT TTC
GAA TAC ATC CGC 3; Arg237Lys forward primer, 5C
CCC TGT AAA GGT TCG GTA GTG GAT GAA 3
Arg237Lys reverse primer, & CGAACC TTT ACA GGG
GTT TAC AAG CAG 3; Arg237Leu forward primer, '5C
CCC TGT CTG GGT TCG GTA GTG GAT GAA 3
Arg237Leu reverse primer, & CGA ACC CAG ACA GGG
GTT TAC AAG CAG 3. Pfx DNA polymerase was used
for all PCR amplifications. Reaction mixtures contained the
forward and reverse primers (each at @M), GibcoBRL
PCR buffer, dNTPs (each at 0.25 mM), 6.5.5 mM Mg,
1-5 units of the polymerase, and the template DNA, in a
total volume of 5QuL. PCR products were purified with the
QIAquick gel extraction kit from QIAGEN.

Genes encoding the mutation of Lys76 to Ala, Arg, Cys,
or Met as well as Arg237 to His or GIn were generated using
mega-primer PCR. In the first PCR, the forward primer was
the mutagenic primer'55CT GCG CGC TCX XXG GCT
TCG ACA ATT TCG 3 for Lys76 mutations, where XXX
was GCG, CGT, TGC, or ATG encoding Ala, Arg, Cys, or
Met, respectively, at codon 76. For Arg237 mutations, the
forward primer was 5GTA AAC CCC TGT XXX GGT
TCG GTA GTG 3, where XXX was CAT or GAG encoding

Woodyer et al.

concentration of the protein was determined by the Bradford
assay and also by measuring the absorbance at 280 nm using
a theoretical extinction coefficient of 27 mMcm.

Remaal of the Histidine Tag with ThrombirThe histi-
dine tag of PTDH was removed by treatment of 1@pof
Hise-PTDH with 1 unit of thrombin at 16°C for 16 h.
Progression of cleavage was examined by gel electrophoresis
(12% SDS-polyacrylamide, PTDH= 36.4 kDa, Hig-PTDH
= 38.6 kDa). The thrombin reaction solution was transferred
to a YM30 Centricon, and the protein was repeatedly
concentrated by ultrafiltration followed by dilution with 50
mM MOPS buffer (pH 7.25) and reconcentration. The
procedure was repeated at least 10 times to ensure that the
His-tag peptide had been removed as shown by reaction of
the flow through with DEPC.

Kinetic Studieslnitial rates were obtained at 2& using
a Cary 100 Bio U\+vis spectrophotometer (Varian) with
five fixed concentrations of NAD and five varying con-
centrations of phosphite or deuterium-labeled phosphite. The
concentrations of NAD stock solutions were determined by
UV—vis (enapt = 18 mMt cm™ at A = 260 nm). The
concentrations of phosphite stock solutions were determined
by adding PTDH and excess NAG~2 mM). The reaction
mixture was incubated at 2% and the reaction allowed to
reach completion. The concentration of phosphite in the
initial solution was then determined by the concentration of
NADH produced énapn = 6.22 mMt cmt at 4 = 340
nm). The specific activity of the protein was determined by
adding 2-75 ug of the protein to a 50@L assay solution

His or GlIn, respectively. The reverse primer encoded the containing 1.0 mM NAD and 1.0 mM phosphite in 50 mM
end of the phosphite dehydrogenase gene with a flankingMOPS (pH 7.25) at 25°C. Assays were performed in
BamHl restriction site. The resulting gene fragment was PCR duplicate. Values fok.,: and Ky were obtained by fitting

purified using the Qiagen PCR purification kit and used as
a mega-primer for a second PCR with a forward primer that

contained a Ndel restriction site flanking the start of the gene.

The final PCR product was gel purified (Qiagen quick gel
purification) digested with Ndel and BamHI and ligated into
the pET15b vector as a His tag fusion. All mutant genes
were sequenced with four overlapping reads to verify the

mutation in the absence of other substitutions. The constructs

the data to the equation for a sequential ordered mechanism
(34) with NAD™ binding first ), using ENZKIN (eq 1).
L Vol Al[B]
Kia + Ka[B] + Kg[A] + [A][B]
NAD™ and B= phosphite (1)

A=

pH—Rate Profiles for wt and Mutant PTDHsolutions of

were inserted into pET11 and pET15b vectors using the Ncol 100 mM Tris, 50 mM MES, and 50 mM AcOH [a universal

and BamHlI restriction sites, or Ndel and BamHI (for Lys76
mutants and R237H,G).

Overexpression and Purification of Mutant Proteins. E.
coli BL21(DE3) cells transformed with the appropriate
plasmid were grown and expressed as previously describe
(9), and large-scale protein purifications of Arg237, Glu266,
and His292 mutants (from 3 to 10 L cultures) were carried
out as previously describe#)( Escherichia colBL21(DE3)
cells harboring plasmids carrying the Lys76 mutants or the

R237H/Q mutations were grown and induced on a smaller
150 mL scale. These proteins were purified using the same

method used previously, but with smaller columns containing
500 uL bed volume columns of Talon immobilized metal
affinity chromatography (IMAC) resin (Clontech). Cor-

respondingly smaller wash and elution volumes of 10 and 1
mL, respectively, were used. For these smaller-scale purifica-
tions, the proteins were concentrated and re-equilibrated with

0.7 mL of buffer in Millipore Centricons with a 10 kDa
molecular mass cutoff to remove the ingredients from the
elution buffer. All purified proteins were stored a0 °C

buffer with a constant ionic strengtB%)] were adjusted to
various pH values from 5.5 to 9.5 at 26 usirg 5 M NaOH
or 5 M HCI. Stock solutions of phosphite{%00 mM) and
AD* (4—20 mM) were made at each pH using the same
niversal buffers. A 5x 5 matrix of various NAD and
phosphite concentrations was assayed at each pH, and the
reaction was initiated by adding—5 ug of wt-PTDH or
PTDH-E266Q to 500uL of assay buffer. The pHrate
profile was obtained by plotting loy/K versus pH. Ka

values were obtained by fitting the data to eq 2 for a process

involving two proton transitions3).
(VIK),

HT] K,
1+u+—j
Ka  [H']

log(V/K) = log 2)

Stoichiometry of Histidine AlkylationDiethyl pyrocar-
bonate (DEPC) solutions were freshly prepared in anhydrous
acetonitrile for each experiment. The concentration of DEPC

in the presence of 10% glycerol and 1 mM DTT. The was determined by monitoring the reaction with 10 mM
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imidazole (pH 7.5-8.0) at 240 nm &7). For all reactions,  Tapi16 1. Summary of Steady-State Kinetic Constants of wt and
the His tag was first removed from PTDH and H292F-PTDH  mutant PTDH at pH 7.5

(see above). The time course of alkylation was followed in _ ,
. . . kcal Km,phos hite kca[Km,phos hite Km,NAD
a cuvette by recording continuously the change in absorbance enzyme (sh (mM) M 153 (mM)
at 242 nm for 36-60 min. The number of modified histidine wt 32+02 0.053+ 0.004 6.0x 10 0.057+ 0.007
residues was calculated from the absorbance change at 242is292Asn =~ — - <102 -
nm using are of 3200 M~ cm™ (38, 39). His292Phe  — - <102 -
L . His292Lys - - <1072 -
Inactivation by DEPC in the Absence and Presence of gu266GIn  8.0:-06  5.00+ 0.06 80x 188 1.0+ 0.2
Ligands.PTDH was incubated at 28C in 30 mM sodium Arg237Lys 0.028+ 0.003 6.0+ 0.2 47 1.0+0.1
phosphate buffer (pH 7.25) for 1 min in the absence of any ﬁ:ggg;hfsu - - iigi -
substrates or subgtrate analogues, or in_ the presence of1 m'\f&rgzeﬂeln _ _ <102 _
NAD™, 1 mM sulfite, or 1 mM NAD" with 1 mM sulfite. Lys76Ala  0.82+0.01  1.1+0.2 0.75x 10° 0.26+ 0.04

Aliquots of a stock solution of diethyl pyrocarbonate in Lys76Arg  2.33+0.17  0.35+0.06 6.6x 10* 0.11+0.01
acetonitrile or just acetonitrile as a control were added to 32;2'\0"5; LorE0s S0l otk ig 090+ 0.00

the mixture to initiate the reaction resulting in final concen- — — : — ' '
trations of 25-100xM. Aliquots of 20uL were removed at * All proteins contained an N-terminal Hitag.

various time points from the reaction mixture and were

assayed in 1 mL assay mixtures containing 1 mM NAD The K, values for both substrates do, however, increase
and 1 mM phosphite in 30 mM sodium phosphate buffer significantly (85-fold for phosphite ang20-fold for NAD"),

(pH 7.25). resulting in a mutant with an overall reduced catalytic

CD SpectraWT and mutant PTDH samples were loaded efficiency. All mutant proteins were analyzed by circular
onto separate Centricons (YM30 membrane) and washeddichroism and showed no detectable differences compared
thoroughly ¢-10 x 1.5 mL) with 50 mM MOPS buffer (pH 0 the wt protein (data not shown). -

7.25) to remove any adventitious reagents from the IMAC  Inactivation by Diethyl Pyrocarbonatelhe site-directed
procedure. The concentrations of all samples were adjustednutagenesis studies show that His292 is important for NAD
to anAggo of 0.5 and analyzed using a JASCO J-720 spec- binding. To further probe the importance of this residue, wt
tropolarimeter at the Laboratory of Fluorescence Dynamics PTDH was treated with diethyl pyrocarbonate (DEPC) after
at the University of lllinois at Urbana-Champaign (UIUC). removal of the His tag. This reagent reacts selectively with

Cysteine Alkylation Cys residues of wt PTDH were accessible His residues to foriscarbethoxyhistidine in a
alkylated in the presence and absence of 1 mM NA@th PH range of 5.58.0 (38). UV—vis spectroscopic analysis

40 mM 2-bromoethylamine at pH 8.5 in 100 mM Tris buffer of the protein at 242 nm before and after reaction revealed
at 25°C for 24 h at a protein concentration of 3 mg/mL. the presence of 6.1% 0.11 modified residues, in good

Samples were assayed under conditions of saturating supagreement with the six His residues predicted from the
strates to determine the effect on the wt enzyme. The h_omology mo_del of PTDH 0 haveasolve_nt-exposed reactive
Lys76Cys mutant was reacted with and without 40 mM nitrogen that is not engaged in a well-defined hydrogen bond
2-bromoethylamine at pH 8.5 in 100 mM Tris buffer at a (9). The kinetics of modification showed multiphasic be-

protein concentration of 3.8 mg/mL in the presence of 2 mM havior with a faster phase followed bY one or more slower
NAD* (~10Ky) for 17 h, at which point the controls and processes (data not shown). The amplitude of the absorbance

; change of the fast phase suggests it results from the reaction
samples were assayed as described above. of 2—3 His residues. Treatment with DEPC also gave rise
RESULTS to time-dependent loss of activity with kinetics that correlated

closely with the fast phase of modification (Figure 3). To

Steady-State Kinetic Parameters of Mutants of His292, investigate whether the fast phase included reaction of
Arg237, and Glu266Wild-type (wt) PTDH and all mutant ~ His292, the His292Phe mutant was reacted with DEPC,
proteins were heterologously expressedEn coli with leading to 5.5+ 0.1 modified His residues. The amplitude
N-terminal Hig tags for ease of purification by IMACA(). of the fast phase was significantly smaller for this mutant
Previous studies have shown that the recombinant tagged1—2 His), consistent with rapid modification of His292 in
wt protein has only slightly reduced activity compared with the wt protein. Since the His292Phe protein (and other
the native proteing, 9). Mutation of His292 to Lys, Phe, or  His292 mutants) has no detectable activity, the involvement
Asn resulted in a loss of all detectable activity when assessingof His292 in the inactivation could not be probed directly
production of NADH spectrophotometrically. A conservative with the mutant enzyme. The wt protein was protected from
estimate of the sensitivity of the assay (Table 1) indicates inactivation, however, by the addition of both NARnd
an at least 18fold decrease irkealKm phosphiteCOmpared to sulfite (Figure 3), a competitive inhibitor with respect to
that of wt PTDH. Replacement of Arg237 with Leu, His, phosphite §). No protection was observed in the presence
and GIn similarly produced a mutant enzyme without of only NAD™ or sulfite. These results provide support that
detectable activity. However, substitution of the Arg with the inactivation is due to modification of a His in the active
another basic residue (Lys) resulted in an active mutant with site of the enzyme, which is protected in the ternary complex.
an ~100-fold decrease ik, The Michaelis constants for  Protection against inactivation by DEPC only when both
both phosphite and NAD increased significantly with a  NAD™ and sulfite are present is consistent with the ordered
greater effect on the former(20-fold vs 20-fold). Substitu-  kinetic mechanism of PTDH with NAD binding first ()
tion of Glu266 with GIn resulted in a mutant with a and with the homology model that shows that His292 is still
surprisingly improvedk.,:compared to that of the wt protein.  accessible after binding of just NAD Unfortunately,
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Ficure 3: Time-dependent loss of activity after treatment of wt
PTDH with 25uM DEPC (»), with 254M DEPC and 1 mM NAD
(O), with 25 uM DEPC and 1 mM sulfite W), and with 100uM
DEPC, 1 mM NAD!, and 1 mM sulfite 4).

investigation of the pH dependence of the inactivation
kinetics to determine thelkfy of His292 was inconclusive,
presumably due to the modification of multiple residues.

pH—Rate Profile of Glu266GInVild-type PTDH displays
a bell-shaped pHrate profile for keafKm phosphite With pKa
values of 6.8 and 7.81¢). Under saturated substrate
conditions ke4 is essentially independent of pH. On the basis
of the pH dependence of the competitive inhibition by sulfite,
the low-end K, has been attributed to the second deproto-
nation of the phosphite substrat&(p = 6.8) (16). The high-

Woodyer et al.
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Ficure 4: pH dependence d../Ky, for the E266Q mutant. The
line represents a nonlinear least-squares fit to eq 2.
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Table 2: Summary of Steady-State Kinetic Constants of wt PTDH,
the Lys76Cys Mutant, and the Lys76Cys Mutant Treated with
2-Bromoethylamine

Km,phosphite kcat kcal/Km,phosphite
enzyme (uM) (s (M~ts™
wt 53+ 4.0 3.2+0.2 6.0x 10*
Lys76Cys 770+ 130 0.43+ 0.02 5.6x 107
Lys76y-thiaLys 20+ 2 0.64+ 0.01 3.2x 10¢

a Alkylation reaction control® Cys capped with 2-bromoethylamine.

Changing the Lys to Arg resulted in much smaller changes
in the steady-state kinetic parameters. To probe whether the
observed data were due to local misfolding, the Lys76Cys
mutant was prepared and analyzed. Kg values for

end K. has been tentatively assigned to a residue that mustynogphite and NAD were increased by 12- and 3.5-fold,
be protonated for phosphite binding. Candidates for this respectively, and it&.; was decreased 5.5-fold compared

residue would be the conserved Arg237 or His292 residue,

or possibly Lys76. Although thely of His292 could not

to that of wt PTDH. The mutant enzyme was then treated
with 2-bromoethylamine with the aim of alkylating the newly

be determined by the pH dependence of the kinetics of DEPCintroduced Cys and restoring the positive charge-tisia-

inactivation, it may be accessible by mutation of Glu266. In
otherp-hydroxy acid DHs, this Glu keeps the active site His
in its protonated form by increasing it¥p Disruption of
this interaction is expected to lower th& resulting in a
shift of the basic limb of the bell curve to lower pH. The

lysine @1). As a control, wt PTDH was treated with the

reagent for an equal amount of time. Approximately 30%
of the wt activity was lost after this treatment; however, the
enzyme was completely protected from this inactivation by
the addition of 1 mM NAD. These results are consistent

pH dependence of the Glu266GIn mutant is depicted in with the homology model, which suggests that only one

Figure 4. Instead of the predicted shift to a lower pH, the
pK, of the basic limb transition actually shifted slightly
outward to a higher value (8.4 0.2). The acidic limb of
the curve corresponds to &pof 7.2+ 0.2, close to that of

cysteine (Cys236) is located near the active site and is
involved in hydrogen bonding to the'-Bydroxyl of the
nicotinamide ribose of NAD. Since NAD" protects wt
PTDH from inactivation, it was included in the alkylation

the wt protein. Attempts to generate the Glu266Asp mutant yeaction of Lys76Cys.

resulted in a mutant protein that was produced in insoluble

Comparison of Lys76Cys PTDH treated with and without

form regardless of the conditions of the overexpression or 2.promoethylamine showed that following alkylation tg

expression system that was used.
Steady-State Kinetic Parameters of Mutants of Lys$f76.

of the mutant for phosphite improved more than 38-fold and
the catalytic efficiencyl:a/Km) was enhanced more than 60-

not His292, two other candidate residues may govern fold and approached that of the wt enzyme (Table 2, Figure

phosphite binding with alkf, of 7.8. One of these is Lys76,
which is located in the active site cleft opposite the other

5). Therefore, a positive charge at this position clearly
enhances phosphite binding. To determine if Lys76 was

three conserved residues (Figure 2). Mutation of Lys76 to responsible for the basic limb of the wt PTDH, the-pkhte

Ala increased th&,, of phosphite 20-fold and that of NAD
4-fold with thek.o decreased by-4-fold (Table 1). Replace-
ment of the Lys with a Met provided a similar overall effect
with the Ky, values of phosphite and NADincreasing 40-
and 16-fold, respectively, and., decreasing~2-fold.

profile for KealKm phosphiteOf Lys76Ala was determined and
displayed a bell-shaped curve with a bask¢, pf 8.17 +
0.06 (Supporting Information). The pHate profile of the
Arg237Lys mutant, the only mutation at this position that
resulted in an active enzyme, also exhibits a bell-shaped
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Table 3: Substrate Kinetic Isotope Effects for wt PTDH and Two
Mutants

enzyme Keat/Keal (keal K,/ (Keal K, p)°
wt 2.1+0.1 1.8+ 0.3
Lys76Cys 2301 2.240.2
Glu266GIn 2.1+ 0.2 2.1+ 0.1

curve with a X, value for the basic limb that has shifted to
8.4 (Supporting Information). Like that of the wild-type
enzyme K.t was pH-independent for both Arg237Lys and
Lys76Ala.

Primary Kinetic Isotope Effects of K76C and E26@&pth

Lys76Cys and Glu266GIn mutations resulted in perturbations

of the Kear and Keaf Km phosphite Of PTDH. In the case of
Glu266GIn k.o was enhanced more than 2-fold, wherkas
of Lys76Cys was reduced more than 5-fold; thé&ijg/
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was treated with 40 mM 2-bromoethylamine in 100 mM Tris (pH
8.5) and 2 mM NAD (H) or with just 100 mM Tris (pH 8.5) and
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Km phosphitevalues were decreased by 7- and 63-fold, respec-2 mM NAD* (O). These samples were then assayed at varying

tively. The primary kinetic isotope effects (KIEs) displayed

by these mutants were determined with deuterium-labeled

phosphite 17) to probe for changes in the rate-limiting step-
(s) (Table 3). Thekea and KealKm phosphite Values for these

mutants span a range greater than 1 order of magnitude, ye

their kinetic isotope effects are identical within experimental
error (Table 3), indicating that the degree to which the
hydride transfer step is rate-limiting is maintained, and

perhaps that the measured KIE is the intrinsic isotope effect

as demonstrated for formate dehydrogena&®, (another
member of thep-hydroxy acid DH family.p-Lactate DH
from Lactobacillus pentosuslso displays only modest
changes in substrate KIE d@a (1.6-2.6) for a series of
active site mutants with turnover frequencies differing by 4
orders of magnitude2Q). Whether chemistry is solely rate
limiting in this case has not been determined to date.

DISCUSSION

When previous studies anhydroxy acid dehydrogenases
are interpreted in the context of PTDH, it is important to

concentrations of phosphite and saturating NAD

general base for lactate binding (and oxidation). Remarkably,
substitution of the His with Lys in DLDH fronh.actobacillus
ulgaricus produced an enzyme with an essentially un-
hanged..:and Michaelis constants for pyruvate and NAD
(25, 28). The kinetic properties of this mutant for the
oxidation of p-lactate, more relevant for comparison with
PTDH, have not been published. In the current study on

"PTDH, mutation of His292 to Asn, Lys, or Phe resulted in

a protein without detectable phosphite oxidation activity
(Table 1). Similar results have been reported for mutation
of this residue in FDH43). Collectively, these findings show
that in general, the conserved Hisorhydroxy DHs is more
critical for binding and oxidation of the reduced substrate
than binding and reduction of the oxidized substrate.

In PTDH, His292 could fulfill three different roles in
phosphite oxidation. In the most straightforward extrapolation
of the accepted mechanism of oxidatiornoefiydroxy acids
(Scheme 2), it would deprotonate a water molecule for attack
onto the phosphorus of phosphite. Alternatively, it could

consider the physiological role of these proteins. In general, function merely as a binding residue for phosphite. And,

the in vivo function of the enzymes that hawehydroxy
acids as their substrates is tteeluctionof the corresponding

although more speculative, it could be involved in nucleo-
philic catalysis, resulting in a phosphohistidine intermediate

2-keto acids. Hence, these proteins have evolved towardin analogy to His kinases. A phosphohistidine species is very

optimizedK, values for the keto acid at physiological pH.
The function of formate dehydrogenase (FDH) is the
oxidation of formate to carbon dioxide, and the role of
phosphite dehydrogenase is tiddationof phosphite. The

labile, and its hydrolysis should be readily achieved with
one of the other basic residues in the active site serving as
a general base.

The acidic limb of the pHrate profile with wt PTDH

latter two enzymes have not been assayed in the reverséhas been attributed to deprotonation of monoprotic phos-
direction because of the strong thermodynamic preferencephorous acid with the basic limb being associated with

for the oxidized productieq = 10! for PTDH and 5x 1C°
for FDH at pH 7.0).

deprotonation of an enzymatic residue. Although tKeg @f
His292 could not be determined directly in the DEPC

The role of the fully conserved His has been addressed ininactivation studies, the effect of mutation of Glu266 to Gin

a number of studies on otherhydroxy acid DHs. Substitu-
tion of the catalytic His with Tyr irp-lactate DH (DLDH)
from Lactobacillus plantarunresulted in a protein with a

could potentially be used to evaluate whether the basic limb

in the pH-rate profile is linked to His292. Replacement of

the corresponding Glu with GIn ip-lactate DH fromL.

greatly decreased but still measurable level of pyruvate bulgaricusshifts the proton transfer transition observed in

reduction activity 21). On the other hand, in the direction
of b-lactate oxidation, th&, for lactate was too large to be

the KealKm pyruvate VErsus pH profile by 2 units to lower pH

because of the disrupted stabilization of the protonated His

determined. Replacement of the His with GIn further (29). A shift of the K, of the enzyme-NAD* complex in
disrupted the catalytic function, and the reaction could not the same direction has also been reported for the Glu to Gin
be saturated in either direction. These results are consistentutant ofp-lactate DH fromL. pentosug20). Hence, these
with a proton donor being required at the position of the studies clearly established that in those proteins the conserved
His residue for pyruvate binding (and reduction) and a Glu serves to ensure that the His in the active site is
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protonated for optimal substrate binding. However, it is clear
from the pH-rate profile of the Glu266GIn PTDH mutant
(Figure 4) that such a shift of the basic limb toward lower
pH is not observed. Therefore, we conclude that either the
protonation state of His292 does not show up in the profile
for Keal Km,phosphieOF Glu266 does not influence thép of
His292. Although the Glu266GIn mutation did not affect the
pH—rate profile, it did increase th&; values for both
substrates and interestingly displayed an incre&ggd his
latter finding in conjunction with the substantial KIE that
shows that chemistry is still at least partially rate-limiting
rules out a role for Glu266 in stabilizing a developing positive
charge on His292 in the transition state of the hydride transfer
step. Most likely, the mutation disrupts the positioning of Ficure 6: Possible protonation states of the phosphite substrate
'the two active site residues to which it is hydmgen bonded and PTDH with theppotential active forms ingide {)he box. In a
in the homology model, Arg237 and His292, thereby mechanism that utilizes a regular protonation state (left side), the
increasing theKy, of phosphite. Once the substrates are dianionic form of phosphorous acid is the true substrate and an
bound, the Glu residue is not important for catalysis. enzymatic residue must be protonated for binding. In a reverse

The results with the Glu266GIn mutant raise the question Protonation mechanism, the group with the lowe,phere

f which id - tant in ohosphite bindi It phosphite monoanion, will be protonated whereas the group with
o which residues are 'mP‘?r "?m In phosphite bin Ing._ the higher K, here a residue on PTDH, will be deprotonated in
appears from the loss of activity in the Arg237Leu, Arg237His, the active enzymesubstrate collision complex.

and Arg237GIn mutants and the significant increase in the

Michaelis constant for phosphite in the Arg237Lys PTDH less than 2 units, the pHate profiles for a reaction that
mutant that Arg237 retains its traditional role in substrate follows either the normally protonated or the reverse pro-
binding and that a positive charge is essential at this position.tonated mechanism will both be bell-shaped with very similar
On the other hand, Val/lle76 that provides additional binding macroscopic group Ky values 84) (for a good graphic
contacts to the carboxylate group of 2-keto acids (Schemepresentation of an example, see46}. In the case of PTDH,

2) is not conserved in PTDH. In the homology model, the such a reverse protonation mechanism could explain the
backbone amide of Gly77 is still pointing into the active relatively low catalytic efficiency despite the high thermo-
site cleft, but given the smaller size of phosphite compared dynamic driving force since only a very small fraction of
to hydroxy acids, it is too far removed for making direct enzyme and substrate would be in the correct protonation
contacts with the substrate. Instead, the side chain of thestate at the optimal pH.

Lys that replaces the Val or lle residue (Lys76, Figure 1) is  If operational, why would PTDH utilize a reverse proto-
situated well for interaction with phosphite (Figure 2). The nation mechanism? The answer may lie in the origin of the
effect of the Lys mutants on th&, for phosphite (Table 1)  enzyme. Phosphite has yet to be reported as a natural
is much greater than on the other kinetic parameters, constituent of the environment, but it has been used in past
consistent with a role of this residue in phosphite binding. decades in industrial settings. It is therefore conceivable that
The almost complete rescue of catalytic efficiency after phosphite oxidation is a relatively recent activity that has
alkylation of the Lys76Cys mutant with 2-bromoethylamine not yet been fully optimized, which is supported by its low
also supports its role in phosphite binding. However, unlike catalytic efficiency. Because its original substrate was
the results with mutants of Arg237, a positive charge is not monoanionic, the use of monoanionic phosphite by PTDH
absolutely required at residue 76. Furthermore, the pH could be a remnant of its ancestral activity. Furthermore,
dependence of th&../Kn—rate profile for the Lys76Ala  whereas use of the monoprotonated form may constitute a
mutant is essentially unaltered, ruling out the possibility that thermodynamic disadvantage, it is possible that this is offset
the residue with alg, of 7.8 is Lys76. This leaves Arg237 by a kinetic advantage of using the monoanionic substrate
as a possible candidate for this residue. Unfortunately, in the hydride transfer step. NMR spectroscopic studies are
mutation of Arg237 to nonbasic residues abolishes phosphiteongoing in an attempt to support or refute the hypothesis
oxidation activity, and mutation to Lys does not significantly that phosphite binds to PTDH in its monoanionic form and
change the observedp(8.4) for the basic limb of the pH to determine the I§, of His292.

rate profile. Hence, Arg237 cannot be ruled out as the residue In summary, the mutagenesis and other studies presented
responsible for this proton transition. One other possibility here support roles of substrate binding for Arg237 and Lys76.
exists, however, if the enzyme utilizes a reverse protonation The latter residue represents a useful marker for annotating
mechanism as described below. Such mechanisms have beegenes encoding members of thdydroxy acid DH family

o
-

H o
inactive

E-XH*

pK, ~6.8 /

I
HHO

OH

\pKa ~7.8

E-X

+ I
E-XH -R-OH
NS

reverse protonated state

/ pK, ~6.8

pKa~7.8 \

E-X

inactive

uncovered for several enzymes in recent yea@s44—49).
In the most straightforward interpretation of the pkate

as phosphite dehydrogenases. Mutation of His292 results in
abolishment of phosphite oxidation, indicating its essential

profile, the substrate must be deprotonated and a residue omole in phosphite oxidation. The most likely role for His292

PTDH must be protonated for maximal activity (Figure 6,

is activation of a nucleophile for phosphite oxidation.

left side). In a reverse protonation mechanism, the substrateWhether that nucleophile is water or whether His292 itself
and enzyme protonation states that lead to a productivecould be the nucleophile cannot be concluded from the
collision complex would consist of monoprotonated phos- available data. Unfortunately, thiophosphite is not a substrate
phite and a deprotonated active site residue (Figure 6, rightfor PTDH (16), precluding distinction between these two
side). When the microscopicKp values are separated by possibilities through stereochemical studies (i.e., inversion
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vs retention) assuming that hydride displacement occurs by 12.

an in-line displacement and does not involve metaphosphate
as an intermediatel 6, 50). Glu266 is not essential, ruling
out a role as an active site nucleophile in covalent catalysis.
It is important for phosphite binding but only through
positioning of other active site residues. It does not appear
to control the protonation state of His292 as in other family ;5
members. The pHrate profile of the enzyme in combination
with the mutagenesis studies suggests that a reverse proto-
nation mechanism is a possibility for PTDH, which needs
to be corroborated by future spectroscopic studies.
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