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Pre-Steady-State Studies of Phosphite Dehydrogenase Demonstrate That Hydride
Transfer Is Fully Rate Limiting

Emily J. Fogle and Wilfred A. van der Donk*
Department of Chemistry, Umrsity of lllinois at Urbana-Champaign, 600 South Mathewgrue, Urbana, lllinois 61801
Receied August 2, 2007; Resed Manuscript Receéd September 3, 2007

ABSTRACT. Phosphite dehydrogenase (PTDH) is a unique NAD-dependent enzyme that catalyzes the
oxidation of inorganic phosphite to phosphate. The enzyme has great potential for cofactor regeneration,
and mechanistic studies have provided some insight into the residues that are important for catalysis. In
this investigation, pre-steady-state studies were performed on theddgped wild-type (WT) enzyme,
several active site mutants, a thermostable mutant (12X-PTDH), and a thermostable mutant with dual
cofactor specificity (NADP-12X-PTDH). Stopped-flow kinetic experiments indicate that slow steps after
hydride transfer do not significantly limit the rate of reaction for the WT enzyme, the active site mutants,
or the thermostable mutant. Pre-steady-state kinetic isotope effects (KIES) and single-turnover experiments
further confirm that slow steps after the chemical step do not significantly limit the rate of reaction for
any of these proteins. Collectively, these results suggest that the hydride transfer step is fully rate
determining in PTDH and that the observed KIE kg is the intrinsic effect in WT PTDH and the
mutants examined. In contrast, a slow step after catalysis may partially limit the rate of phosphite oxidation
by NADP-12X-PTDH with NADP as the cofactor. Finally, site-directed mutagenesis of Asp79 indicates
that this residue is important in orienting Arg237 for proper interaction with phosphite.

Phosphite dehydrogenase (PTDH$ a unique NAD- Scheme 1

dependent enzyme that was first isolated fi@seudomonas 0 0
stutzeriWW88 (1, 2). PTDH catalyzes the oxidation of /Ll\\d + NAD" + HO 2", /L'\\OH + NADH + H'
inorganic phosphite to phosphate (Scheme 1), allowing the " o 0" -

organism to use phosphite as its sole phosphorus source. Thg4ction resembles a phosphoryl transfer process, the enzyme
reaction represents an intriguing phosphoryl transfer reactiongp s significant sequence homology {Z%) to the

in which water or hydroxide is the phosphoryl acceptor. The p-hydroxy acid dehydrogenase family of enzym@s Using
enzyme has been shown to have great potential for cofactorinis' homology, important active site residues have been
regeneration J), and its substrate specificity has been jyentified in PTDH, and site-directed mutagenesis studies
expanded to include the_commermally_ important cofactor pave investigated the roles they play in catalysis. Arg237
NADP (4). Subsequent directed evolution led to a mutant 4ng Glu266 were shown to be important substrate binding
enzyme with increased activiyp) and substantially im-  regjques, whereas His292 mutants demonstrated that this
proved thermostability ), thus enhancing the industrial  resique is critical for catalysis in PTDH and may act as the
utility of the enzyme. _ active site base to activate the water nucleophile A

In addition to the engineering work, several studies have recently solved X-ray crystallographic structure of the
probed the mechanistic details of the unusual enzymatic inermostable 12X-PTDH  mutant (S. Nair, unpublished
transformation catalyzed by PTDH<11). Although the  oqits) confirmed the presence of these residues in the active

Town | oud be add S on @17) 244 site and provided further support for the roles they play in
* To whom correspondence shou e addressed. one: g i i i _ i
5360, Fax: (217) 244-8068. E-mail: vddonk@uiuc.edu, catalysis (Figure 1). In addition, the X-ray crystallographic

" This work was supported by the National Institutes of Health (Grant Structure suggests additional roles for other residues. For
GM63003). example, Asp79 is involved in a hydrogen bond/ionic

* Abbreviations: PTDH, phosphite dehydrogenase; NABijcoti- interaction with Arg237 and possibly acts to orient Arg237

namide adenine dinucleotide; WT, wild type; 12X-PTDH, thermostable ; i ;
PTDH generated by random mutagenesis: NADP-12X-PTDH, NADP- such that it properly positions the substrate phosphite for

specific 12X-PTDH; NADP, f-nicotinamide adenine dinucleotide ~ hydride transfer. Kinetic isotope effect (KIE) studies with
phosphate; KIE, kinetic isotope effe€l, primary kinetic isotope effect  deuterium-labeled phosphite demonstrated significant isotope

on Vimax P(V/K), primary kinetic isotope effect of/Kmpi LB, Luria— effects onV (®V) and Vima/Kmet [P(V/K)], indicating
Bertani broth; Oy, optical density at 600 nm; Tris, tris(hydroxy- : max L ma R
methyl)aminomethane: SBSPAGE, sodium dodecyl sulfateoly- hydride transfer is at least partially rate determining for the
acrylamide gel electrophoresis; MOPS, 4-morpholinepropanesulfonic enzyme 8, 10). This finding is somewhat surprising con-
acid; PCR, polymerase chain reaction; Y¥s, ultraviolet-visible; sidering the very favorable energetics of the reaction at pH

1H-phosphite, protiated phosphifél-phosphite, deuterated phosphite; ; i ati ;
AU, absorbance uniBkonsg primary kinetic isotope effect observed in 7.0, which strongly favors oxidation of phosphite to form

the pre steady stat€, commitment to catalysigg, ratio of catalysis;  PhosphateE” = —0.648 V) while reducing NAD to NADH
E;, equilibrium preceding catalysi8k, intrinsic isotope effect. (E” = —0.320 V). This leads to an essentially irreversible
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E266 extract was filtered (0.44m) and loaded onto an 8 mL
POROS (PerSeptive Biosystems) metal chelate affinity
column loaded with Ni* and equilibrated in buffer A. The
column was washed with 220 column volumes of buffer

A followed by a linear gradient of 20 column volumes from

100% buffer A to 100% buffer B (buffer A, 20 mM Tris,

pH 7.6, 100 mM NaCl, 10 mM imidazole, 10% (v/v)
D79 glycerol; buffer B, 20 mM Tris, pH 7.6, 100 mM NacCl, 500
mM imidazole, 10% (v/ v) glycerol). The fractions containing
PTDH, as determined by absorbance at 280 nm, -SDS
PAGE, and enzyme activity, were pooled, concentrated,
dialyzed into 50 MM MOPS, pH 7.25, and flash frozen. The
protein concentration was determined using a calculated
extinction coefficient for PTDH, 28 000 M cm™.

Preparation of D79A PTDHThe mutant was made using
the Quik Change protocol (Stratagene) with some modifica-
tions. The primer pair used to introduce the desired mutation
was D79A: 5-GCG CTC AAG GGC TTC GCAAATTTC
GAT GTG GAC GCC-3and B-GGC GTC CAC ATC GAA
ATT TGC GAA GCC CTT GAG CGC-3(with the mutated
codon underlined). The primers were desalted, and the PCR
reaction used Pfx polymerase. Once the mutant genes were
constructed, they were sequenced in their entirety to ensure
that the desired mutation was incorporated and no other
mutations were generated.
Steady-State Kinetic Assaysitial rates were obtained at

25 °C using a Cary 100 Bio U¥vis spectrophotometer
(Varian). The concentrations of stock NAD solutions were
determined using the extinction coefficient (NABso =

Ficure 1. Active site structure of 12X-PTDH.

reaction with an equilibrium constant of 10 Given the
favorable thermodynamics for the reaction, it is tempting to
envision an enzyme with a rapid chemical step limited by
slow physical steps, such as product release or a slow
conformational change. To evaluate the degree to which the
hydride transfer is rate limiting in PTDH, pre-steady-state
studies were performed on the WT enzyme, several active
site mutants, the thermostable 12X-PTDH mutant, and the
thermostable mutant NADP-12X-PTDH that has relaxed 18000 M cmY) (12). The concentrations of phosphite

cofactor specificity and can utilize both NAD and NADP. stock solutions were determined by adding PTDH and excess
These studies indicate that slow steps after hydride transferNAD, incubating the reaction at 2% until complete, and

do not limit the rate of reaction for wild-type PTDH and its determining the concentration of NADH produced using its
mutants. Collectively, the results suggest that the hydride =" . ning the c lor produ using !
extinction coefficient. Reactions were monitored by the

transfer step is fully rate determining f&g, and that the formation of NADH by absorbance at 340 nm. Typical

observed KIE is the intrinsic effect in the WT and the . ) .
mutants examined. A smaller isotope effect observed with Begfgogsl\\;lvgr_f_}gﬁ rf:r::jnegr'r.'nlogor:cl\gn'\frgfosn’ poT ;igawngh
keaf Km compared tdk.o Suggests that substrate dissociation h lh'ﬂ ' varying 1ons
is somewhat slower than hydride transfer under conditions phosphite. N .
of low substrate concentration. Steady—State Kinetic Isotope Effect(iEs were deteymmed
by holding the NAD concentration at KQ and varying the
MATERIALS AND METHODS concentration of eithetH- or °H-phosphite. It has been
shown previously that PTDH observes an ordered mechanism
Materials Sodium phosphite was purchased from Fluka. in which NAD binds first @), resulting in no observed KIE
All other chemicals were purchased from either Sigma or on V/K,nao (10). The data in this study were fitted to the
Aldrich unless otherwise noted. Michaelis—Menten equation to obtaiin.x andKn, p. Direct
Overexpression and Purification of WT and Mutant PTDH. comparison of the kinetic parameters determined With
Hise-tagged PTDH was overexpressed as reported previouslyand ?H-phosphite gav&V and °(V/Kp p).
(10). The His tag was shown in a prior study not to have a  Pre-Steady-State Kinetics and KIEs of the WT andu&cti
significant effect on the kinetics of the enzyn. (Briefly, Site Mutants.Pre-steady-state kinetic experiments were
3 L of LB was inoculated with~20 mL of an overnight performed using an Olis RSM 1000 stopped flow spectro-
culture ofEscherichia colBL21(DE3) harboring a pET15b  photometer. The dead time of the instrument under experi-

vector containing the PTDH gene and grown at’&7until mental conditions was determined to bet ms using
ODggo = 0.4. The culture was cooled on ice fer20 min, ascorbate and 2,6-dichloroindophendB), Data were col-

and IPTG was added to a concentration of 0.3 mM. The lected between 320 and 420 nm at a rate of 1000 scans/s for
culture was grown at 25C for 8—10 h following induction. a total time of -2 s for traces with the WT and all mutants

The cells were pelleted by centrifugation (5@0@0 min), except R237K and D79A. For the latter, less active mutants
resuspended in 20 mM Tris, pH 7.6, 500 mM NacCl, and data were collected in the same wavelength range but at a
10% (v/v) glycerol, and stored at80 °C. The resuspended rate of 62 scans/s for a total time of 30 s. For all experiments,
cell pellet was thawed on ice, incubated with 0.3 mg/mL one syringe contained PTDH in 100 mM MOPS, pH 7.25,
lysozyme for 20 min, and then sonicated for 15 min with a and the other syringe contained NAD and eithéf or ?H-
pulse sequencef®& s on, 9.9 s off. After removal of cell  phosphite such that the final concentration of both substrates
debris by centrifugation (15000 30 min), the cell-free  was saturating +10K,,) after mixing, also in 100 mM
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Table 1: Steady-State Kinetic Constants for Asp79 and Arg237 A
Mutant$ 02

kcal Km,Pl Km,NAD kca[Km,Pt

s (M) M) (M~'s™h
WT  2.42(0.03) 55(5) 35(5) 6.5(0.%) 10*
D79A 0.0305(0.0008) 1200(100) 62(3) 25(2)
D79N  0.23(0.01) 35(5) 12(1) 6.60(0.98)10°
R237K 0.0126(0.0006) 1.00(0.16)10* 1000(100) 1.25(0.14) 01

a All assays were performed at 28, pH 7.25, in 100 mM MOPS.
The steady-state paramet&s andKm pr were measured at saturating
concentrations of NAD, and the phosphite concentration was varied,; 0.05 I 1
Kmnap Was determined by holding the phosphite concentration at a 0 02 0.4 06 08
saturating level and varying the concentration of NAD. The errors given Time (s)
in parentheses were obtained from fitting to the Micha€lienten
equation. : Bl ' ' ' ' i

"H Phosphite

0.15 3 J
H Phosphite

A340

MOPS, pH 7.25. The final concentration of enzyme was 15 .

uM for the WT and all of the mutants tested, except R237K

and D79A, for which the final concentrations were 33 and

28 uM, respectively. Aggregation and precipitation of the

enzymes did not allow the use of higher concentrations of 004 | i

enzyme. The traces shown here are the average of four shots.

kobss Was calculated by fitting the data to a zeroth-order 0.02 .

equation; the errors given fég,sqgare the standard deviation o l l 1 l . 1

of four individual shots. Controls showed that none of the 0 100 200 300 400 500 600 700

= 0 absorbance is due to product formation within the dead [phosphite] (xM)

time of the stopped flow instrument. Ficure 2: Reaction of wild-type PTDH with protiated and
Pre-Steady-State Kinetics and KIEs of Thermostable 12X- deuterated phosphite in the steady state and pre steady state. (A)

S Average of four pre-steady-state traces in which a solution of 15
PTDH and NADP-12X-PTDHpre-steady-state kinetic stud-  \"\wT pTDH was mixed with an equal volume of a solution of

ies were performed as described above except highel’goouM 1H- or 2H-phosphite and 500M NAD* in 50 mM MOPS,
concentrations of enzyme could be used because of the highepH 7.25. (B) Phosphite concentration dependence of the steady-

solubility of these proteins. For 12X-PTDH, the final state activity of 0.13M PTDH in the presence of 1 mM NAD

concentration of enzyme was 16M and the concentrations " 100 mM MOPS, pH 7.25. The lines represent fits to the
. Michaelis—=Menten equation for protiated (circles) and deuterated

of all substrates were 5 mM. The data were fit to a zeroth- (squares) phosphite.

order equation as described above. The traces are the average

of four shots. For NADP-12X-PTDH, the final concentration {514 decrease ke, Whereas the, values for phosphite
of enzyme was 12fM and the concentration of all substrates 5nq NAD were essentially unaffected (Table 1).

was 2.5 mM. When NAD was used, the traces were fit to a oo

zeroth-order equation. The curvature in the traces when tPtre-St(ra]ady-Sta]Eeplfllrlljﬁlcs ofWT PIDTTZ ptre-s(,jtetady-_

NADP was used as a substrate prevented fitting to a zeroth-S'&t€ benhavior o was Investigated to determine

order equation. The data were not well fit by the burst whether step(s) after catalysis were partially rate determnjlr_wg.

equation (eq 1)14) WT PTDH showed no clear pre-steady-state burst of activity
' (Figure 2A). The trace does not show any obvious curvature,

and at timet = 0 the absorbance s0.05 absorbance unit

Activity (s™)
o
o
(o>}
T
1

dP/dt = A(1 — ekbt) + ket @) (AU) when uncorrected for the absorbance of the enzyme
and substrates; when corrected, thes 0 absorbance is
Single-Turneer Experiments with 12X-PTDHfor single- approximately 0. The amplitude of a full stoichiometric burst
turnover experiments data were collected between 320 andwould be expected to be0.1 AU on the basis of the amount
420 nm at a rate of 1000 scans/s for a total timh@ & for of enzyme used in the experiment, suggesting that a

H-phosphite and at a rate of 62 scans/s for a total time of stoichiometric burst does not take place in the dead time of
4 s for?H-phosphite. These experiments used 2.5 mM NAD, the instrument. Because it was not possible to increase the
150 uM 'H- or ?H-phosphite, and 15@M 12X-PTDH enzyme concentration to enhance any burst amplitude due
PTDH. The data were fit to a single-exponential equation. to aggregation and precipitation of the enzyme, we cannot
definitely rule out the possibility that a small substoichio-
RESULTS metric burst occurs within the dead time of the instrument.

Steady-State Kinetics of Asp79 Mutaifise D79A mutant 1 e Similarity of the pre-steady-state and steady-state rates
showed  significant differences in its kinetic constants Provides additional support that no rapid reaction occurs upon
compared to the WT enzyme (Table 1). Wheré@suap the initial mixing of the enzyme and substrates.
remained relatively unaffected, the value lgf; decreased Pre-Steady-State KIEs with WT PTDEomparison of the
approximately 80-fold andmpt increased about 20-fold, rates in the pre steady state usiftg- and ?H-phosphite
leading to a 2600-fold decrease in catalytic efficiency. On allows determination of the observed isotope effect in the
the other hand, the D79N mutant had kinetic parameters morepre steady stat€kqpsq(Figure 2A and Table 2). The primary
similar to those of WT. The mutant displayed only a 10- substrate KIE in the pre steady state was determined to be
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Table 2: Steady-State Kinetic Parameters for NADP-12X-P¥DH 121 A -

(lgcff) (kl\‘}laflKg;% by D(V/K) 1k "H Phosphit
12X 3.26(0.15) 7.6(1.1x 10* 2.5(0.15) 1.0(0.2) 081
NADP-12X NAD ~ 2.04(0.04) 4.3(0.2x 10* 2.17(0.08) 1.48(0.18) )
NADP-12X NADP 0.58(0.02) 2.5(0.3) 10* 1.66(0.07) 1.1(0.2) 2 06 4 Phosshitd]

a All assays were performed at 2&, pH 7.25, in 2700 mM MOPS.
The steady-state parametés andKm pr were measured at saturating 0.4 1
concentrations of NAD or NADP, and the phosphite concentration was 02
varied. The errors given in parentheses are obtained from fitting to the ’ |
Michaelis-Menten equation. 0 ‘ ) ) ) ‘ )
0 005 01 015 02 025 03 035
. . Ti
Pkopsa = 2.0(0.2) (Table 2), in good agreement with the ime (5)
steady-state KIE 0Wnax PV = 2.22(0.03) (Figure 2B). 1 ; : : : : ,
Pre-Steady-State Kinetics of 12X-PTDFhe pre-steady- B H Prosort

state behavior of the thermostable mutant 12X-PTDH was 08+ H Phosphite
investigated next because of its current use in commercial
settings. This enzyme does not aggregate at high enzyme o P67 ]
concentrations, allowing pre-steady-state studies that used 3
~10-fold more enzyme than the experiments with WT 04 1
PTDH. Pre-steady-state traces did not show a burst of activity
nor any curvature during the period of data collection (Figure 02 .
3A). A stoichiometric burst within the dead time of the
stoppeo_l flow instrument can be definitively ruled out; on 00 o5 1 15 2 25 3 35
the basis of the amount of enzyme used, the burst amplitude Time (sec)

would have been~0.9 A.U' Itis clear from the trace that no FIGURE 3: Pre-steady-state traces for 12X-PTDH. (A) Traces with
such burst occurs within the dead time of the stopped flow gatyrating NAD™ and H- or 2H-phosphite. Reaction conditions:
instrument. A significant substoichiometric burst can also 100 mM MOPS, pH 7.25, 5 mNH- or 2H-phosphite, 5 mM NAD,
be ruled out for 12X-PTDH; if the burst amplitude were 150 M 12X-PTDH. Each trace is the average of four separate
reduced by 90%, the expected burst would~b@09 AU. shots. (B) Single-turnover experiments wih- or 2H-phosphite.

. le-tur Sp
Clearly, such a burst does not occur within the dead time of S_ie_?)%tc')%grﬁ?gdg'g?ﬁiw1,329%&??%;_@?&: ' ég?h t:'acgris

the instrument or during the course of the experiment. In the average of four separate shots. The solid line represents the fit
addition, the rate observed in the pre steady state is withinto a single-exponential equation.

error of the steady-staties (Table 2). Collectively, these

observations indicate that a step after catalysis is not partially more, the isotope effect determined under single-turnover
rate limiting for 12X-PTDH. As found for WT PTDH, the  conditions was not significantly reduced compared to the

isotope effect for 12X-PTDH observed in the pre steady state, steady-state effecbV = 2.5(0.15).

Pkonsa= 2.23(0.15), is in good agreement with the observed  Steady-State KIEs of NADP-12X-PTD&teady-state KIEs
isotope effect orVmax (°V = 2.50(0.15), Table 2). were determined next for the engineered PTDH mutant with
Single-Turneer Experiments with 12X-PTDHhe higher dual-cofactor specificity using both NAD and NADP as

solubility of 12X-PTDH allowed investigation of the pre- substrates (Table 3). With NAD as a substratevas 2.17-
steady-state behavior under single-turnover conditions using(0.08), but when NADP was used, this value decreased
150 uM enzyme. These single-turnover experiments were significantly to 1.66(0.07). This same trend was also observed
performed to probe whether a step involving phosphite previously with the dual-cofactor specificity mutant in the
binding or a conformational change associated with binding WT background (i.e., without the mutations conferring the
could be partially rate limiting. At phosphite concentrations increased thermostability)lL§). The kea; value with NADP

of 50—150 uM, the experimental traces fdH- and ?H- as a substrate also decrease6-fold compared to when
phosphite were well fit by a single-exponential equation NAD was used as the cofactor (Table 3).

without any evidence for a lag phase (Figure 3B). The Pre-Steady-State Behiar of NADP-12X-PTDH with NAD
observed rates under single-turnover conditions ‘¢ as the SubstrateéThe pre-steady-state behavior of NADP-
phosphite were similar to the steady-state rates under thel2X-PTDH with NAD (Figure 4A) is very similar to that
same conditions, providing further evidence that steps afterobserved with 12X-PTDH and the wild-type enzyme. The
hydride transfer are not rate determining. Unfortunately, trace is linear, no significant burst of activity in the pre steady
attempts to separate binding steps from catalysis in thesestate is observed, and the rate in the pre steady &tgies
experiments were unsuccessful. The observed rates werg.1(0.2) s?, is within error of the steady-state rates =
independent of phosphite concentrations under conditions tha.04(0.04) s%. The isotope effect observed in the pre steady
still provided reliable absorbance changes—<{360 uM), state Pkopsa= 2.26(0.23), is also within error &V = 2.17-
suggesting thaKpp; is below 25uM. The isotope effect  (0.08), as observed with the other enzymes tested.

under single-turnover conditions was determined to be 2.2- Pre-Steady-State Behiar of NADP-12X-PTDH with
(0.16), close to the isotope effect observed in the pre-steady-NADP as the SubstrateThe pre-steady-state kinetics of
state multiple-turnover studies determined under saturatingNADP-12X-PTDH with NADP as the cofactor were inves-
concentrations of substrat€¥,,sq = 2.23(0.15). Further-  tigated to evaluate the possibility that a step after catalysis



Pre-Steady-State Studies of PTDH

Biochemistry, Vol. 46, No. 45, 200713105

T T T T T T T 014 . . . .
14 A H Phosphitww
12 MWV i 0.12 "H Phosphite
1 M E 0.1 4
o
.
g 0.8 g 2H Phosphite| g 0.08 b
<
0.6 o E < 0.06 2H Phosphite |
g
0.4 M,.«*“""M 1 0.04
0.2 i f
0.02
O 1 1 1 1 1 L L
01 02 03 04 05 06 07 08 0 L L
Ti 5 10 15 20 25 30
ime (s)
Time (s)
0.6 T T T T
05 "H Phosphite
04
3 30
02l 2H Phosphite
0.1 J
0 1 1 1 1
0 0.2 0.4 0.6 0.8 1
Time (s)

Time (s)

FiGURe 4: Pre-steady-state traces for NADP-12X-PTDH. (A)
Traces with saturating NADand 1H- or 2H-phosphite. Reaction
conditions: 100 mM MOPS, pH 7.25, 5 mN4- or 2H-phosphite,

5 mM NAD™, 123uM NADP-12X-PTDH. Each trace is the average
of four separate shots. (B) Traces with saturating NADP “id

or 2H-phosphite. Reaction conditions: 100 mM MOPS, pH 7.25,
5 mM *H- or 2H-phosphite, 5 mM NADP, 123aM NADP-12X-
PTDH. Each trace is the average of four separate shots.

Ficure 5: Reaction of representative active site mutants with
protiated and deuterated phosphite in the pre steady state. (A)
Reaction of R237K with protiated and deuterated phosphite in the
pre steady state. Reaction conditions: 100 mM MOPS, pH 7.25,
100 mM H- or °H-phosphite, 10 mM NAD, 33uM R237K. (B)
Reaction of E266Q with protiated and deuterated phosphite in the
pre steady state. Reaction conditions: 100 mM MOPS, pH 7.25,
100 mMIH- or 2H-phosphite, 5 MM NAD, 15uM E266Q. Each
trace is the average of four separate shots. The background due to
absorbance of NAD at 340 nm has been subtracted.

becomes partially rate determining, providing a possible
explanation for the observed decreasek.ipand®V in the shows the absence of a significant burst in the pre steady
steady-state experiments discussed above (Table 3). Instate for this mutant. The data shown in Figure 5 correspond
contrast to what was observed when NAD was used as thetg |ess than 1 half-life, but the observed rate (1:62072
cofactor, the pre-steady-state traces showed curvature withs—l) is in very good agreement with the steady-state rate for
NADP, particularly with protiated phosphite (Figure 4B). The this mutant under saturating conditions (1.26102 s79),
curvature is not due to consumption of substrates; 18 again indicating that no significant burst occurs. Similarly,
of the substrates were consumed during the period of datanq gphservable burst of activity was observed in the pre steady
pollectlon. The curvature is mos.t likely due to byrst Kinetics gtate for K76A or D79A (data not shown), and their pre-
in the pre steady state. Analysis of the data finds that the g5y .state rates are approximately the same as the steady-
_rate immediately after mixing of the enzyme and substrates state rates (Table 2). The signal-to-noise ratio is much
is ~2-fold larger tharke: and then decreases t0 neakly improved for E266Q, which has higher activity, but for this
at the Iates_,t time points collecteq. We were gnable © mutant as well a significant burst of product formation was
accurately fit the data_ to t.he generic burs'F e_quatfbc).( not observed in the first 2 half-lives, and the steady-state
Pre-Steady-State Kinetics of PTDH AdiSite Mutants. and pre-steady-state rates are comparable (Figure 5B). The

The pre-steady-state behavior of the active site mutantsIack of a clear burst in the pre steadv state sugaests a ste
K76A, R237K, E266Q, and D79A was investigated as they \ € P! Y 99 - Step
fter catalysis does not significantly limit the rate of reaction

have steady-state rates spanning more than 3 orders of Il of th X ) d
magnitude. Pre-steady-state traces for R237K and E266Q or all of the active site mutants tested.

are shown in Figure 5. The trace for R237K has a relatively ~For completeness, the isotope effects in the pre steady state
low signal-to-noise ratio because the low activity of the Were also determined for these mutants. As expected on the
mutant leads to a relatively small absorbance change. Asbasis of the lack of burst kinetics, the isotope effect in the
for the WT enzyme, aggregation of the protein occurs at pre steady state for R237Rkosa= 2.37(0.35), was within
higher concentrations for all of the mutants tested, precluding error of®V = 2.36(0.06), whereas for E266@nsqwas 3.3-
studies using higher enzyme concentrations that would (0.3), also within error of the steady-state KI&/ = 3.3-
generate a larger absorbance change and improve the signal0.1). In fact,Pkopsq Was within error of the steady-staite/
to-noise ratio. Although noisy, the R237K trace (Figure 5A) for all of the mutants tested (Table 2).
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Table 3: Summary of Steady-State and Pre-Steady-State Kinetic Constants for WT PTDH and®utants

steady state pre steady state

kcat kca[Km,Pl kobsd

s (M~ts™) P(VIKmp) bV (s PKobsd
WT 2.42(0.03) 6.5(0.7x 10¢ 1.44(0.08) 2.22(0.03) 1.56(0.02) 2.0(0.1)
E266Q 7.5(0.1) 250(10) 1.78(0.15) 3.3(0.1) 5.3(0.5) 3.0(0.3)
K76A 0.62(0.01) 295(15) 1.9(0.1) 2.34(0.04) 0.42(0.07) 2.1(0.4)
R237K 0.0126(0.0006) 1.25(0.14) 2.1(0.3) 2.36(0.06) 0.0152(0.002) 2.37(0.35)
D79A 0.0305(0.0008) 25(2) 1.5(0.1) 1.97(0.08) 0.0188(0.0007) 2.01(0.16)
12X-PTDH 3.25(0.15) 7.6(1.1y 10¢ 1.0(0.2) 2.50(0.15) 2.5(0.1) 2.23(0.15)

2 All assays were performed at 26 and pH 7.25 in 100 mM MOPS.The steady-state parameters were measured at saturating NAD concentration
for each enzyme tested, and the phosphite concentration was varied. The errors given in parentheses were obtained from fitting to the Michaelis
Menten equation® The pre-steady-state studies were performed at saturating phosphite and NAD concentrations for each mutakg,sfugisd.
obtained by fitting the absorbance change observed in the pre steady state to a zeroth-order equation; the errors given in parentheses are standarc
deviations.

DISCUSSION was within error of the effect on the WT. Considering that
The reaction catalyzed by PTDH, the oxidation of inor- the catalytic efficiency c_)f these mutants is diminished by
ganic phosphite to phosphate (Scheme 1), represents ahP to 4 orders of m'agnltude compared to that of the WT
intriguing phosphoryl transfer reaction in which water or €nzyme and thake, is decreased by more than 100-fold,
hydroxide is the phosphoryl acceptor. Previous site-directed identicalVimaxisotope effects in the mutants and WT present
mutagenesis studied)(have investigated the roles played the possibility that the observed isotope effect may be the
by several active site residues in catalysis. These studiedntrinsic effect; i.e., the observed KIE &fyaxis not masked
demonstrated the importance of Arg237 and Glu266 for by other steps. To evaluate the degree to which the hydride
phosphite binding and the critical importance of His292 for transfer step is rate limiting in PTDH, pre-steady-state_ studl_es
catalysis. The recently solved X-ray crystallographic structure Were performed on the WT enzyme, several active site
(unpublished data) has confirmed the presence of thesgnutants, and the thermostable 12X-PTDH mutant. Studies
residues in the enzyme active site and has suggested othefith the WT enzyme did not show a significant burst of
residues that might be important to enzyme function (Figure activity nor clear curvat.ure during the course of the measure-
1). In the structure, the conserved Asp79 interacts with ment or in the dead time of the stopped flow instrument.
Arg237, but is not expected to make direct contacts with The same beh_awor was observed for several active site
phosphite. The site-directed mutagenesis studies presentefutants including E266Q, K76A, R237K, and D79A and
here suggest that Asp79 acts to orient Arg237. The D79A the thermostable mutants 12X-PTDH and NADP-12X-PTDH
mutation, which eliminates any functionality that could hold With NAD as a substrate. These results indicate that slow
Arg237 in place, led to significantly decreased values of both Steps after hydride transfer, such as product release or a slow
keat aNd KealKm pt @nd a large increase iim e compared to conformatl_onal change, do not significantly limit the steady-
the WT enzyme (Table 1). In fact, the kinetic constants for State rate in the WT enzyme and mutants tested. Attempts
D79A are similar to those found for R237K, a mutant in {0 confirm this conclusion by determining both the deuterium
which the arginine that directly interacts with phosphite is and tritium KIEs using the method of Northropd) were
mutated to lysine. In contrast, the D79N mutant has nearly !nconcluswe due _to the relatively Iarg_e error in the tritium
WT activity, andKm e has actually decreased compared to isotope effects. Slngl_e-turnover_ experlmer_lts with the 12X-
that of the WT (Table 1). Presumably the hydrogen-bonding PTPH mutant also did not provide any evidence that steps
interactions between Asn79 and Arg237 are sufficient to preceding catalysis limit the rate of reaction for 12X-PTDH.
position the arginine for efficient binding of phosphite. The pre-steady-state behavior of NADP-12X-PTDH using
The extremely favorable energetics of the reaction cata- the alternate cofactor NADP differs from that observed with
lyzed by PTDH,Keq = 101, make it tempting to envision a  the WT and other PTDH mutants. The rate immediately after
mechanism in which the chemical step of hydride transfer mixing the enzyme and substrates-i-fold faster than the
is rapid and the steady-state rate is determined by physicalsteady-state rate, suggesting that a step after catalysis is
steps such as product release or a slow conformationalpartially rate determining for this mutant under these
change. However, previous studies with PTDH showed conditions. This model is consistent with the decrease in both
significant KIEs on bothVma and /Ky indicating that  kKear@nd the steady-state KIE in this mutant when NADP is
the chemical step of hydride transfer is at least partially rate used as the cofactor (Table 2). Together with the small
determining 8). The isotope effect oW/Kpynap Was unity, dissociation constant previously determined for NADPH for
consistent with an ordered mechanism with NAD binding the NADP-specific mutations in the WT backgrouriby,
first. It should be noted that the values found for the isotope the data suggest that product release may be partially rate
effects are larger than they may first appear because thedetermining for NADP-12X-PTDH using NADP as a co-
theoretical maximal classical isotope effect has been calcu-factor.
lated to be 5.0 at 28C on the basis of infrared stretching In several other enzymes where chemistry has been shown
frequencies of PH and P-D bonds (0). Unlike other to be fully rate limiting (8—20) it was observed that the
dehydrogenased ), the possibility of quantum mechanical isotope effects oVnax andV/K were the same as the result
tunneling has not yet been investigated for PTDH. of a very small or no commitment to catalysis. In PTBW
When KIEs were determined for active site mutants such is greater tharP(V/K) for the WT and all the active site
as K76A and R237K, the isotope effect observedviny mutants tested (Table 2). This finding suggests that PTDH
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Scheme 2 12
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may have a relatively large forward commitment to catalysis.

Examination of the expressions f8W (eq 2) and®(V/K)

(eq 3),

E-NAD + S
Pk+ C, -
1 + Cf -B

AG (kcal/mol)

P(VIK) =

Pk + R/ 12
szj 3)
1+ RIE 6 E + NADH + P

simplified for an irreversible reaction as occurs in PTDH, Reaction Coordinate
shows that®?V and P(V/K) depend on different terms in
addition to the intrinsic effectk. Using Northrop’s terminol- 20 B
ogy (1), P(VIK) depends also on the commitment to
catalysisC;, wherea®V depends on the ratio &, the ratio
of catalysis, toE;, the equilibrium preceding catalysis (the
ratio R/E; has also been termexs in the nomenclature of
Cleland @2)).

The termC;, R, andE; in turn depend on different ratios
of microscopic rate constants. The pre-steady-state data
demonstrate that there are no kinetically important steps after
catalysis, and the single-turnover experiments did not provide
clear evidence for a slow conformational change prior to
hydride transfer. Therefore, the minimal mechanism given -10
in Scheme 2 can be used to represent the initial reaction rates
catalyzed by PTDH in the presence of saturating concentra- -15
tions of NAI'..): In this scheme, no eqU|I_|br|a precede cat_aIyS|s Reaction Coordinate
unfjer conditions of substrate saturatiBiy and.thusl'Ef IS Ficure 6: Proposed free energy diagram of the reaction catalyzed
:ngysQ and Rr are described by the expressions in egs 4 by PTDH (A) and PTDH mutants (B).

n

E-NAD + S

AG (kcal/mol)

E-NAD-S

E + NADH + P

change for the reaction catalyzed by PTDH at pH 7.0 (15

szk—s 4) kcal/mol) was determined from the redox potentials of
Ky phosphite and NAD as reported previousl@) As discussed
above, the experimental data suggest kaats fully limited
R =k_5 (5) by hydride transfer; thus, the barrier height for hydride
ks transfer (17 kcal/mol) was calculated using the Eyring

equation, assumingis = keae Using the experimentally
(21). The stopped flow data clearly show that product release yetermined isotope effect WK, the assumption ofs =

(ky) must be much faster Fhan hydride transfg),(resulting kews and the expression f&(V/K) given in eq 2, the value
in a value forRs approaching 0 and observed isotope effects of ke and the barrier to the formation of the ES complex

on V that are equal to the intrinsic KIE (eq 3). Phosphite were determined. The free energy diagram depicted in Figure

release from the ternary complekiX on the other hand 6A accounts for the experimental observations of nearly
cannot be much faster than the hydride transfer step to. : . ) . i
identical Vmax isotope effects in mutants with a wide range

account for’(V/K) values that are smaller than those ¥k of catalytic efficiency and activity, a lack of a significant

In the case of PTDH, the observed data are consistent with : d .

a rate of Michaelis complex dissociatioks) that is ap- burstDln the pre st_eady state, and identity bgtween the steady-

proximately 2-fold slower than the chemical steg)( In state®V and thg isotope effepts obse_rved in the pre s'Feady

other words, the commitment to catalysis is about 2 as g State. Suqh a kinetic mechamsm predicts that as commitment

result of a “sticky” substrate2Q). to catalysis becomes smaller, i.e., the substrate becomes less
A free energy diagram describing the minimal kinetic Sticky orks becomes smaller tha, the isotope effect will

mechanism is given in Figure 6A. The energy of the ES become more fully expressed #{V/K) to the limit where

complex was determined from tig for phosphite calculated ~ °(V/K) = PV. Interestingly, such a trend is observed in the

from P(V/IK), PV, and K p; using the method of Klinman  active site mutants. Althoud(V/K) never reaches the limit

and MatthewsZ3). The dissociation constant for phosphite 0f PV, ask.. decrease8(V/K) approache8V in the active

so determined is 16:M, which corresponds to an ES site mutants (Table 2). Free energy profiles for the K76A

complex~6.5 kcal/mol lower in energy than the NAD and R237K mutants, determined as described above for WT

enzyme complex and free phosphite. The total free energyPTDH, show graphically the (small) decrease in commitment
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to catalysis that occurs in these mutants compared to the 8.
WT (Figure 6B).

It has been noted that the classic picture of an enzyme-
catalyzed reaction in which physical steps such as substrate
binding and product release are rapid and a single chemical

transformation step is slow and completely rate determining 10.

is often incorrect 24). More often enzymes have multiple
rate determining steps, and in some cases the overall rate of
reaction is not determined by chemistry at all and is entirely
limited by physical step26). In fact, it has been suggested

that during evolution the step with the largest barrier is being 12.

optimized, ultimately resulting in several partially rate
determining steps2@). The observation that chemistry is
fully rate determining in PTDH may suggest that the enzyme
has only relatively recently evolved the ability to oxidize
phosphite. However, the low sequence conservation between
PTDH and another confirmed phosphite dehydrogen2ige (

as well as putative phosphite dehydrogenases in the protein
databases suggests that these enzymes may have had a long
time to evolve and diverge. It is intriguing that the two ;¢
members of thep-hydroxy acid dehydrogenase family
catalyzing the thermodynamically most favorable reactions, 17.
formate dehydrogenase and phosphite dehydrogenase, are
among the slowest enzymes in the family and that for both
chemistry is fully rate limiting 18). The fact that we have
not been able to improve the activity of PTDH significantly
through in vitro evolution techniquesb)( suggests that
perhaps the nucleophilic displacement reaction catalyzed by
PTDH has a relatively large intrinsic barrier.

13
14.

15.
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