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ABSTRACT: Phosphite dehydrogenase (PTDH) catalyzes an 
unusual phosphoryl transfer reaction in which water displaces a 
hydride leaving group. Despite extensive effort, it remains unclear 
whether PTDH catalysis proceeds via an associative or dissociative 
mechanism. Here, primary 2H and secondary 18O kinetic isotope 
effects (KIEs) were determined and used together with 
computation to characterize the transition state (TS) catalyzed by a 
thermostable PTDH (17X-PTDH). The large, normal 18O KIEs 
suggest an associative mechanism. Various transition state 
structures were computed within a model of the enzyme active site 
and 2H and 18O KIEs were predicted to evaluate the accuracy of 
each TS. This analysis revealed that 17X-PTDH catalyzes an 
associative process with little leaving group displacement and 
extensive nucleophilic participation. This tight TS is likely a 
consequence of the extremely poor leaving group requiring 
significant P-O bond formation to expel the hydride. This finding 
contrasts with the dissociative TS in most phosphoryl transfer 
reactions from phosphate mono- and diesters. 

Phosphite dehydrogenase (PTDH) catalyzes the oxidation of 
phosphite (PT) to phosphate with the concomitant reduction of 
NAD+ to NADH.1 The enzyme allows microorganisms to use PT 
as their sole phosphorus source.2 The favorable thermodynamics 
(ΔGo = -15 kcal/mol) and the low cost of PT have attracted attention 
to PTDH as a cofactor regeneration system.3,4 This application 
spurred generation of PTDH mutants with increased activity,5 
thermostability6 and decreased cofactor specificity to enable 
regeneration of both NADH and NADPH.7 These PTDH variants 
have been used in biocatalytic systems, both as individual 
regeneration systems and as fusions with monooxygenases within 
self-sufficient biocatalysts.8-11 Because PTDH endows organisms 
with the unique ability to grow on PT, the enzyme has also received 
attention for biocontainment.12-15

Extensive efforts have been made to understand how PTDH 
displaces an extremely poor leaving group (hydride) with a water 
nucleophile. Much of this work has focused on a thermostable 
variant termed 17X-PTDH.16 All available data suggests that 17X-
PTDH and wild type PTDH operate via the same catalytic 

mechanism.16,17 His292 is the putative base that activates the water 
nucleophile and Arg237 is involved in orienting the substrate for 
catalysis.1 Other catalytically important residues (Figure 1) were 
identified by site-directed mutagenesis,18 crystallography19 and 
computation.20 Pre-steady state kinetics and kinetic isotope effects 
(KIEs) with deuterated PT have demonstrated that chemistry is 
entirely rate limiting.17 While a reasonable mechanism for this 
process can be postulated from this information (Figure 1), the 
relative timing of bond-making and bond-breaking and the 
protonation state of the substrate remain unclear. 

N
R

O
H2N

His292

N N H
Glu266

O

O

H2N
N
H

H3N
Arg237

O
P

H O

O

H
O H

NH2
N
H

NH3
Arg301

S

Met53

Figure 1. The proposed mechanism of the phosphoryl transfer 
catalyzed by 17X-PTDH including residues important for catalysis. 

Phosphate monoester hydrolyses generally proceed via loose 
transition states (TSs).21 However, the chemistry catalyzed by 17X-
PTDH is significantly different from a typical phosphoryl transfer. 
As 17X-PTDH does not accept alternative substrates or 
nucleophiles,22 linear free energy relationships (LFERs) cannot be 
used to probe the TS. Instead, we turned to secondary 18O KIEs 
(18(V/K)). This tool is well-developed for the study of phosphoryl 
transfer reactions,21,23 where 18(V/K) > 1 is expected for a tight TS 
(significant P-O bond formation, little P-H bond cleavage) and 
18(V/K) < 1 for a loose TS (little bond formation, significant bond 
cleavage). This interpretation assumes that the dominant 
contribution to 18(V/K) is the difference in P-O bond stretching 
vibrations in the ground state and the TS (Scheme S1). This 
framework is an oversimplification and other techniques including 
computational approaches are required to interpret secondary 18O 
KIEs confidently and to fully characterize the TS.
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Table 1. Steady-state kinetic parameters of 17X-PTDH at various acidities

pH kcat (s-1) Km,PT (mM) Km,NAD (mM) Kia,NAD (mM) kcat/Km,PT (M-1 s-1) DV D(V/K)
5.50 2.4 (0.1) 1.2 (0.1) 0.12 (0.01) 0.8 (0.1) 2.0 (0.2) x 103 2.3 (0.2) 2.2 (0.2)
7.25 2.9 (0.6) 0.05 (0.01) 0.033 (0.003) 0.6 (0.2) 6 (2) x 104 2.30 (0.04) 2.1 (0.2)
9.00 2.5 (0.6) 0.4 (0.1) 0.06 (0.03) 6 (3) 6 (1) x 103 2.29 (0.07) 2.1 (0.2)

Steady-state kinetic parameters of 17X-PTDH were determined 
from the initial rates of NADH production at varying 
concentrations of NAD+ and PT (Table 1; Figure S1). The primary 
H/D KIEs on Vmax (DV) and kcat/Km,PT (D(V/K)) were determined by 
direct comparison of the values obtained with protiated and 
deuterated PT (Figure S2). The dependence of kcat/KM,PT on pH and 
the independence of DV with varying acidity agree with previously 
reported data.16

Values of 18(V/K) were determined using NMR spectroscopy as 
described by Bennet.24 18O-labeled PT was prepared by 
hydrolyzing PCl3 with H2

18O.25 The effect per 18O on the 31P 
chemical shift (Δδ ~ 0.03 ppm) allowed quantification of the 
isotopic composition by spectral deconvolution (Figure 2a). The 
initial isotopic composition (R0) of a mixture of 18O3-PT and 16O3-
PT was determined from the relative peak areas of each 
isotopologue. After the addition of 17X-PTDH, 31P NMR spectra 
were recorded over time. The ratio of 18O3-PT to 16O3-PT (R) was 
determined as a function of the fractional conversion of the light 
isotopologue (F1) and fit to Equation 1.26 A subset of spectra from 
one experiment and the corresponding fit to Equation 1 are shown 
in Figure 2.  

𝑅
𝑅0

= (1 ― 𝐹1)
( 1
KIE) ― 1

          (𝑒𝑞 1)

18(V/K) was determined at different acidities (Figures S3-S5). In 
all cases, 18(V/K) was large and normal (Table 2). The variation 
with pH might suggest changes in the TS but this is inconsistent 
with the constant DV across the pH range. As the protonation state 
of PT (pKa

2 = 6.62) changes across this pH range, an equilibrium 
isotope effect (EIE) on the pKa of the labeled PT likely contributes 
to the observed 18(V/K). We determined this EIE by monitoring the 
chemical shift of each isotopologue as a function of pH (Figure 
S6).27 The obtained EIE of 1.016 ± 0.001 was in excellent 
agreement with reported EIEs on the second pKa of phosphate.28

 The EIE enriches the dianionic PT in 16O. If 17X-PTDH binds 
dianionic PT (Scheme S2), the “active” substrate pool would be 
enriched in the light isotopologue, resulting in a normal 
contribution to the observed 18(V/K). Dividing the KIEs observed 
at each acidity by the appropriate portion of the EIE (as determined 
by the percent of PT present as the dianion at each pH; see 
Supporting Information)29 results in a pH independent 18O KIE of 
1.017 ± 0.001 (Table 2). Conversely, if 17X-PTDH binds 
monoanionic PT (Scheme S2), the active substrate would be 
enriched in 18O and the EIE would inversely contribute to the 
observed 18(V/K). Multiplying each observed KIE by the 
appropriate portion of the EIE gives a pH independent 18O KIE of 
1.031 ± 0.001 for monoanionic PT (Table 2). Regardless of which 
substrate protonation state is correct, these values (1.017 and 1.031) 
are both large, normal KIEs.

To facilitate interpretation of the observed KIEs, TSs for the 
17X-PTDH-catalyzed reaction were computed within a model of 
the active site. Such analysis typically requires determination of the 
intrinsic KIEs.30-33 However, it has been demonstrated that 
chemistry is entirely rate-limiting for 17X-PTDH and the observed 
DV is the intrinsic KIE (Dk).17 Since DV and D(V/K) are essentially 
identical (Table 1), a significant forward commitment factor (cf) is 
unlikely and the 18(V/K) will reflect the intrinsic KIE (18k; eq 2).34

18(𝑉/𝐾) =
18𝑘 + 𝑐f

1 + 𝑐f
          (𝑒𝑞 2)

Figure 2. 18O/16O ratios determined by 31P NMR spectroscopy 
during 17X-PTDH catalysis at pH 7.25. (a) A subset of 31P NMR 
spectra illustrating accumulation of the 18O3 isotopologue as the 
reaction progresses. (b) 18(V/K) was obtained by fitting R/R0 ratios 
at various fractional conversions (F1) to eq 1. 

Table 2. Observed and corrected secondary 18O KIEs for the 
17X-PTDH catalyzed reaction

pH Measured 
18(V/K)a

Average 
18(V/K)b

18(V/K) for 
monoanionic 

PTc

18(V/K) for 
diananionic 

PTc

5.50
1.031 (1)
1.030 (2)
1.031 (2)

1.031 (1) 1.031 (1) 1.017 (1)

7.25
1.020 (1)
1.021 (1)
1.019 (1)

1.020 (1) 1.031 (1) 1.017 (1)

9.00
1.018 (1)
1.017 (2)
1.016 (1)

1.017 (1) 1.031 (1) 1.017 (1)

aDetermined by fitting R/R0 and F1 to eq 1. Errors are from curve 
fitting. bErrors are standard deviations from triplicate 
measurements. cKIEs corrected for the EIE on the protonation state 
of PT (see Supporting Information). 
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A TS for the reaction of monoanionic PT was located using the 
M06-2X/6-31G* level of theory as implemented in Gaussian 09.35 
Solvation effects were considered with the polarizable continuum 
model.36,37 This structure exhibited significant P-Onuc bond 
formation and little P-H bond cleavage. Next, P-Onuc (d1; Figure 
3a) and P-H (d2; Figure 3a) bond distances were altered by 0.05 Å 
intervals and additional TSs were identified with these distances 
fixed. KIEs were computed for each structure using ISOEFF07 
(Figure 3b).38 Structures with d2 = 1.580 Å gave 2H KIEs in good 
agreement with the observed value. With d1 = 1.841 Å, the 
calculated 18O KIE matched the expected value for monoanionic 
PT. No TSs could be found that predicted 18O KIEs as large as 
1.031. TSs located with dianionic PT predicted inverse 18O KIEs. 
Collectively, these results suggest a mechanism in which dianionic 
PT binds to 17X-PTDH with His292 protonated. Then, proton 
transfer occurs in the ternary complex before phosphoryl transfer 
from monoanionic PT (Scheme 1) that proceeds through a tight TS 
(Figure 3a) with bond orders of 0.75 for the P-O bond and 0.70 for 
the P-H bond. Chemistry occurring on the monoanionic substrate 
is satisfying since it resembles a phosphate diester from which 
phosphoryl transfers proceed through less dissociative mechanisms 
than phosphate monoesters.21 Calculations used to arrive at this 
structure were relatively insensitive to the basis set used (Tables S6 
– S10).

Figure 3. (a) TS model for the 17X-PTDH-catalyzed reaction with 
monoanionic PT. (b) Predicted KIEs at various P-H and P-O bond 
lengths. Dashed red lines represent experimental KIEs.

Scheme 1. 17X-PTDH binds dianionic PT with protonated 
His292. Proton transfer from His292 to PT precedes the phosphoryl 
transfer from the monoanionic PT. 
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The protonation of dianionic PT by His292 upon binding could 
be part of a binding isotope effect (BIE) that would inversely 
contribute to 18(V/K).28,39 That contribution may or may not be 
counteracted by other interactions in the ternary complex. While 
BIEs can be normal or inverse, 17X-PTDH would likely constrain 
the vibrational state of the oxygen atoms of PT.40 Since this 
potential inverse contribution of substrate binding is not accounted 
for by our model, we posit that 18(V/K) of 1.017 reflects the lower 
limit of 18k suggesting a P-O bond length of < 1.89 Å in the TS 
(Figure 3b). As DV accurately reflects Dk, the P-H bond length in 
the TS will be approximately 1.59 Å (for discussion of potential 
tunneling, see the Supporting Information). 

Additional calculations were performed to evaluate the influence 
of the arginine mimics on the TS geometry and KIEs. Removal of 
the guanidinium ions did not significantly alter the tightness of the 
TS (Table S5). This finding is consistent with the observation that 
positive charges common to the active site of phosphotransferases 
do not promote tightening of the TS.21,41-43 In the presence of the 
arginine mimics, the predicted 18O KIEs are smaller (Table S5). 
This decrease results from the nonbridging oxygen atoms 
becoming more vibrationally restricted when interacting with the 
guanidinium ions. As both Arg237 and Arg301 are known to be 
important for 17X-PTDH catalysis and are in the active site,16,18 the 
model that includes two guanidinium ions better reflects the 
enzymatic reaction. TSs located within this model suggest the 
arginine residues orient the substrate for catalysis and activate the 
nucleophilic water for deprotonation. These calculations also 
predict a significantly larger activation barrier in the absence of the 
arginine mimics (Table S5), consistent with the drastic reduction in 
activity upon mutation of either catalytic arginine.16,18  

Compared to the loose TSs observed for phosphate monoester 
hydrolyses, the TS proposed for 17X-PTDH catalysis is consistent 
with an expected anti-Hammond effect due to the significantly 
worse leaving group.21,44 On a More-O’Ferrall-Jencks plot45,46 for 
P-O bond formation and cleavage of the bond to a generic leaving 
group, the change from alkoxide to hydride as leaving group will 
raise the energy of the metaphosphate corner (Figure S7). 
Consequently, the TS will shift towards the phosphorane corner, 
leading to more P-O bond formation and less bond cleavage to the 
leaving group, which we observe. The upper-right corner of this 
plot would also increase in energy with a hydride leaving group. 
The resulting Hammond effect would shift the TS towards the 
products. If both effects were equal in importance, the net effect 
would predict increased P-O bonding to the incoming nucleophile 
and little difference in the extent of leaving group departure (Figure 
S7). Our proposed TS shows little evidence for this Hammond 
effect, which could reflect the extremely exergonic nature of the 
17X-PTDH reaction or an imbalance in the magnitude of the 
Hammond and anti-Hammond effects (Figure S7). 

d1 d2
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The large, normal 18(V/K) reported here for 17X-PTDH catalysis 
is similar to observations for phosphate triester hydrolyses,21,47 
which proceed via tight TSs. Supplementing the data with 
computation provides a TS structure that is consistent with the 
observed H/D and 18O KIEs. This structure illustrates a tighter TS 
than would be expected for the hydrolysis of phosphate mono- and 
diesters and provides the first insights into the TS for the unusual 
phosphoryl transfer catalyzed by PTDH.
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