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Abstract. (R)-3-hydroxybutyrate dehydrogenase (HBDH) catalyses the NADH-dependent 

reduction of 3-oxocarboxylates to (R)-3-hydroxycarboxylates. The active sites of a pair cold- 

and warm-adapted HBDHs are identical except for a single residue, yet kinetics evaluated at 

−5, 0, and 5 °C show much higher steady-state rate constant (kcat) for the cold-adapted than for 

the warm-adapted HBDH. Intriguingly, single-turnover rate constants (kSTO) are strikingly 

similar between the two orthologues. Psychrophilic HBDH primary deuterium kinetic isotope 

effects on kcat (
Dkcat) and kSTO (

DkSTO) decrease at lower temperature, suggesting more efficient 

hydride transfer relative to other steps as temperature decreases. However, mesophilic HBDH 

Dkcat and DkSTO are generally temperature-independent. The DkSTO data allowed calculation of 

intrinsic primary deuterium kinetic isotope effects. Intrinsic isotope effects of 4.2 and 3.9 for 

cold- and warm-adapted HBDH, respectively, at 5 °C, supported by QM/MM calculations, 

point to a late transition state for both orthologues. Conversely, intrinsic isotope effects of 5.7 

and 3.1 for cold- and warm-adapted HBDH, respectively, at −5 °C indicate the transition state 

becomes nearly symmetric for the psychrophilic enzyme, but more asymmetric for the 

mesophilic. His-to-Asn and Asn-to-His mutations in the psychrophilic and mesophilic HBDH 

active sites, respectively, swap the single active-site position where these orthologues diverge. 

At 5 °C, the His-to-Asn mutation in psychrophilic HBDH decreases Dkcat to 3.1, suggesting a 

decrease in transition-state symmetry, while the His-to-Asn mutation in mesophilic HBDH 

increases Dkcat to 4.4, indicating an increase in transition-state symmetry. Hence, temperature 

adaptation and a single divergent active-site residue may influence transition-state geometry in 

HBDHs.        

 

Keywords: 3-hydroxybutyrate dehydrogenase, kinetic isotope effects, low-temperature 

catalysis, hydride transfer, transition-state structure  
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INTRODUCTION 

Short-chain dehydrogenases/reductases (SDR) are ubiquitous across all domains of life 

and constitute one of the largest known protein superfamilies.1 Key features of SDR enzymes 

include a conserved tertiary structure and a strictly conserved Ser-Tyr-Lys catalytic triad, but 

low overall amino acid sequence identity.2 Due to their high enantioselectivity, natural and 

engineered SDRs are useful biocatalysts in asymmetric carbonyl reductions to produce chiral 

alcohols.3, 4 (R)-3-hydroxybutyrate dehydrogenase (HBDH) (EC 1.1.1.30) is an SDR that 

catalyses the reduced nicotinamide-adenine dinucleotide (NADH)-dependent reduction of 

acetoacetate to (R)-3-hydroxyburyrate (Scheme 1).5 HBDH also catalyses the reduction of 3-

oxovalerate, albeit drastically more slowly.5 The products of the HBDH reaction, (R)-3-

hydroxycarboxylates, are chiral precursors in the synthesis of value-added compounds such as 

antibiotics,6 and also form the monomeric units of biodegradable polyesters.7 Thus, recent 

attempts have been made to harness the catalytic properties of HBDH towards the production 

of its native and non-native products via biocatalysis and synthetic biology.8-10  

 

Scheme 1. HBDH-catalysed reaction. 

We have recently established the temperature-rate profiles of a psychrophilic (from 

Psychrobacter arcticus) and a mesophilic (from Acinetobacter baumannii) HBDH.11 P. 

arcticus and A. baumannii are members of the bacterial family Moraxellaceae, but the former 

is an extreme psychrophile from the arctic permafrost growing at temperatures constantly 

below 0 °C,12 while the latter is a mesophilic human pathogen that grows at 37 °C.13 We 

observed much higher catalytic rates for P. arcticus HBDH (PaHBDH) than for A. baumannii 

HBDH (AbHBDH) throughout the experimental temperature range,11 a common trend 
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observed in comparative studies of psychrophilic and mesophilic enzymes.14 Surprisingly, 

PaHBDH has a melting temperature (Tm) of 57 °C, which increases to 64 °C in the presence of 

the NADH.11 The combination of high catalytic rate and thermostability4 makes PaHBDH a 

promising biocatalyst for the synthesis of (R)-3-hydroxycarboxylates.  

We have also used deuterium kinetic isotope effects, protein crystallography and 

quantum mechanics/molecular mechanics (QM/MM) calculations to demonstrate that 

PaHBDH and AbHBDH catalysis proceeds via concerted hydride and proton transfers.15 

Additionally, both enzymes show a highly conserved active site with a single diverging residue: 

PaHBDH His150 is equivalent to Asn145 in AbHBDH. The mutant Asn145His-AbHBDH has 

only modestly decreased rate in comparison with the wild-type (WT) enzyme, but His150Asn-

PaHBDH displays drastically reduced catalysis in comparison with WT-PaHBDH.15 

Nevertheless, these kinetic studies were carried out at 10 °C,15 a significantly higher 

temperature than the −10 to −5 °C of the natural environment of P. arcticus.12  

In the present work we employ primary deuterium kinetic isotope effects under steady-

state and single-turnover conditions at −5, 0, and 5 °C to determine rate-limiting steps and 

transition-state structures of the reaction catalysed by PaHBDH and AbHBDH near the 

temperature of P. arcticus’s natural environment. We also establish the effect His150/Asn145 

may exert on transition-state symmetry. Elucidation of the intricacies of HBDH catalysis may 

aid future engineering efforts of this enzyme.  

MATERIALS AND METHODS 

Materials. All commercially available chemicals were used without further 

purification. Reduced nicotinamide adenine dinucleotide (NADH), oxidised nicotinamide 

adenine dinucleotide (NAD+), D-glucose, Pseudomonas sp. glucose dehydrogenase, and 

acetoacetate were purchased from Sigma-Aldrich. Deuterium-labelled D-glucose (1-D, 98%) 
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was purchased from Cambridge Isotope Laboratories, and 3-oxovalerate was purchased from 

Carbosynth. NADH and 4S-[4-2H]NADH (NADD) were synthesised and purified as 

previously described.15 PaHBDH, AbHBDH, His150Asn-PaHBDH, His150Ala-PaHBDH, 

Asn145His-AbHBDH and Asn145Ala-AbHBDH were expressed and purified as previously 

described.11, 15 

PaHBDH and AbHBDH saturation kinetics in the presence of methanol. PaHBDH 

(5 nM) initial rates were measured at 10 °C in the presence of 0% and 10% methanol (v/v) at 

varying concentrations of one substrate, either acetoacetate (0.025 – 0.4 mM) or NADH (0.01 

– 0.160 mM), and a fixed, saturating concentration of the other (either 0.4 mM acetoacetate or 

0.160 mM NADH). AbHBDH (50 nM) initial rates were measured at 10 °C in the presence of 

0% and 10% methanol (v/v), varying concentrations of one substrate, either acetoacetate (0.05 

– 0.8 mM) or NADH (0.02 – 0.32 mM), and a fixed, saturating concentration of the other 

(either 0.8 mM acetoacetate or 0.32 mM NADH). All measurements were performed at least 

in duplicate in a Shimadzu UV-2600 spectrophotometer by monitoring the decrease in 

absorbance at 340 nm (ε = 6220 M−1 cm−1) due to the oxidation of NADH, in 1-cm optical path 

length quartz cuvettes (Hellma). 

PaHBDH and AbHBDH steady-state kinetic isotope effects. Primary deuterium 

kinetic isotope effects on the steady-state catalytic rate constant (Dkcat) were determined using 

NADH or NADD to reduce either acetoacetate or 3-oxovalerate in 100 mM HEPES, pH 7.0 at 

−5, 0, and 5 °C in the presence of 10% methanol (v/v) by measuring initial rates in the presence 

of saturating concentrations of both substrates (PaHBDH: 0.2 – 0.4 mM acetoacetate, 0.04 mM 

NADH and 0.02 mM NADD, 10 nM PaHBDH; 0.4 – 0.8 mM 3-oxovalerate, 0.005 NADH, 

0.2 – 0.4 mM 3-oxovalerate, 0.005 NADD, 30 nM PaHBDH; AbHBDH: 0.8 – 1.6 mM 

acetoacetate, 0.32 mM NADH or 0.16 mM NADD, 100 nM AbHBDH; 0.4 – 0.8 mM 3-
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oxovalerate, 0.16 mM NADH or NADD, 1 M AbHBDH). Kinetic isotope effects were 

calculated by dividing the kcat values obtained with NADH by the corresponding values 

obtained with NADD at the higher substrate concentration. All reactions were monitored at 

340 nm in an Applied Photophysics SX-20 stopped-flow spectrophotometer outfitted with a 

xenon lamp, a 5-L mixing cell (0.5-cm path length and 0.9-ms dead-time) and a circulating 

water bath for temperature control. One syringe contained enzyme and the other, the substrates. 

Both syringes contained buffer and methanol. Reactions were triggered by rapidly mixing 55 

L from each syringe and monitored for 60 s. A minimum of 5 traces with 10000 data-points 

per trace were collected for each concentration at each temperature.  

Single-turnover kinetic isotope effects. All reactions were carried out in 100 mM 

HEPES (pH 7.0) and 10% methanol (v/v) at −5, 0 and 5 °C by monitoring the decrease in 

absorbance at 340 nm due to consumption of either NADH or NADD in an Applied 

Photophysics SX-20 stopped-flow spectrophotometer. Single-turnover rates for PaHBDH 

were measured at saturating concentrations of 3-oxovalerate (1.1 mM or 0.336 mM when either 

NADH or NADD were used, respectively), 4 µM NADH or NADD, and enzyme 

concentrations of 40 µM and 50 µM. PaHBDH and either NADH or NADD was kept in one 

syringe and 3-oxovalerate in another. For AbHBDH, single-turnover rates were measured at 

saturating concentrations of 3-oxovalerate (3.45 mM and 3 mM when either NADH or NADD 

were used, respectively), 4 µM NADH or NADD, and enzyme concentrations of 40 µM and 

50 µM. AbHBDH and either NADH or NADD were kept in one syringe and 3-oxovalerate in 

another. Reaction was triggered by rapidly mixing 55 L from each syringe. A minimum of 6 

traces with 10000 data-points per trace were collected for each enzyme concentration at each 

temperature. Primary deuterium kinetic isotope effects on the single-turnover rate constant 

(DkSTO) were calculated as the ratio between the kSTO with NADH to that with NADD at the 

higher enzyme concentration. 
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PaHBDH and AbHBDH mutants steady-state kinetic isotope effects. Initial rates of 

acetoacetate reduction catalysed by HBDH mutants were measured at 5 °C with either NADH 

or NADD, under the same conditions as for the WT-HBDHs in the presence of saturation 

concentrations of acetoacetate and coenzyme. For His150Ala-PaHBDH: 5.4 - 10.8 mM 

acetoacetate, 0.032 mM NADH or NADD; 0.016 – 0.032 mM NADH, 10.8 mM acetoacetate; 

and 0.032 mM NADD, 10.8 mM acetoacetate; 0.4 M enzyme. For Asn145Ala-AbHBDH: 5.4 

– 10.8 mM acetoacetate, 0.04 mM NADH or NADD; 0.02 – 0.04 mM NADH, 10.8 mM 

acetoacetate; 0.04 mM NADD, 10.8 mM acetoacetate; 1.5 M enzyme. For His150Asn-

PaHBDH: 21.6 mM acetoacetate, 0.08 mM NADH or NADD; 7 M enzyme. For Asn145His-

AbHBDH: 10.8 – 21.6 mM acetoacetate, 0.08 mM NADH or NADD; 0.04 – 0.08 mM NADH, 

21.6 mM acetoacetate; and 0.08 mM NADD, 21.6 mM NADD, 0.4 M enzyme. All reactions 

were monitored at 340 nm in an Applied Photophysics SX-20 stopped-flow spectrophotometer. 

One syringe contained enzyme and the other, the substrates. Both syringes contained buffer 

and methanol. Reactions were triggered by rapidly mixing 55 L from each syringe and 

monitored for 60 s. A minimum of 4 traces with 5000 data-points per trace were collected for 

each concentration with exception of His150Asn-PaHBDH where 3 traces were collected. 

Kinetic data analysis. Kinetic data were analysed by the nonlinear regression function 

of SigmaPlot 14 (SPSS Inc.). Data points and error bars in graphs represent mean ± standard 

error of independent measurements, and kinetic and equilibrium constants are presented as 

mean ± fitting error, unless otherwise stated.  

Substrate saturation curves were fitted to eq 1 where v is the initial rate, ET is total 

enzyme concentration, S is the concentration of the varying substrate, kcat is the steady-state 

catalytic constant, and KM is the Michaelis constant. 
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𝑣

𝐸𝑇
=

𝑘𝑐𝑎𝑡𝑆

𝐾𝑀+𝑆
  eq 1 

Pre-steady-state single-turnover data were fitted to eq 2, where [NADH]t is the 

concentration of NADH at time t, [NADH]∞ is the NADH concentration as time approaches 

infinite, A0 is the amplitude change, t is the reaction time, and kSTO is the single-turnover rate 

constant. 

[𝑁𝐴𝐷𝐻]𝑡 =  [𝑁𝐴𝐷𝐻]∞ + 𝐴0𝑒−𝑘𝑆𝑇𝑂𝑡  eq 2 

Time-dependent kinetic isotope effects. Time-dependent kinetic isotope effects 

(tKIEs) for PaHBDH- and AbHBDH-catalysed reduction of 3-oxovalerate were extracted from 

the pre-steady-state single-turnover kinetics data by the method of Palfey and Fagan.16 The 

derivatives were calculated by dividing the change in consecutive NADH(D) concentrations 

by the corresponding change in time from the lines of best fit of the single-turnover data to eq 

2, with the tKIEs calculated from these derivatives via eq 5 (see Results and Discussion) where 

numerator and denominator were the mean  SE from at least 6 best fit lines (each from an 

individual reaction trace). The intrinsic primary deuterium kinetic isotope effect (Dk5) was taken 

from the tKIE value at t = 0. This process was carried out for single-turnover data collected at 

−5, 0 and 5 °C.  

Computation of theoretical isotope effects. Ground-state and transition-state 

structures for PaHBDH- and AbHBDH-catalysed reduction of 3-oxovalerate were calculated 

via QM/MM at M06-2X/ma-def2-SVP level of theory using ORCA 4.2.1 exactly as previously 

reported.15 Briefly, employing a micro/macro-iteration strategy (micro: M02-2X/ma-def2-

SVP//CHARMM; macro: GFN-XTB2//CHARMM) we further optimized and characterized 

the reactant, product and transition state stationary points. All calculations were performed in 

10 replicates, for which the initial structures were collected as equidistance snapshots from a 
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10-ns classical molecular dynamics simulation at 293 K. Kinetic isotope effects were calculated 

using the semi-classical transition-state theory approach, employing the Bigeleisen-Mayer 

equation for calculating vibrational contributions, and using the one-dimensional Bell infinite 

parabola correction for tunneling as implemented in Kinisot.17 The modifications to Kinisot for 

reading ORCA hessians are readily available at https://github.com/mpurg/kinisot. QM/MM 

hessians of reactant and transition states from our previous study were mass-weighted and 

diagonalized to obtain harmonic vibrational frequencies and Bigeleisen-Mayer reduced 

isotopic partition function ratios. The lowest 6 vibrational modes (translational and rotational 

degrees of freedom) were discarded. A scaling factor of 0.9795 was used.18 KIEs were 

computed independently for each of the 10 sets of reactant and transition states from the 

QM/MM calculations referred to above. Individual contributions to the semi-classical KIEs as 

well as the Bell correction for tunneling were calculated at −5, 0, and 5 ℃. Final values are 

arithmetic means of tunneling-corrected KIEs over all 10 replicates for each ortholog at each 

temperature. The individual contributions to the KIE for each of the 10 replicates for PaHBDH 

and AbHBDH are shown in Tables S1 and S2, respectively. 

RESULTS AND DISCUSSION 

Low-temperature primary deuterium kinetic isotope effects on kcat. To probe the 

hydride-transfer step near the environmental temperature of PaHBDH, kcat was determined 

with both enzymes for acetoacetate and 3-oxovalerate reduction at −5, 0 and 5 °C in the 

presence of either NADH or NADD (Figure 1) using a stopped-flow spectrophotometer. To 

prevent solution freezing at 0 and −5 °C, reactions at all three temperatures were carried out in 

the presence of 10% methanol (v/v), which was shown to have only a very small effect on the 

reaction by comparing the kinetics of acetoacetate reduction in the presence and absence of 

methanol at 10 °C (Figure S1). The highest difference observed was a 7% reduction in kcat for 

https://github.com/mpurg/kinisot
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PaHBDH in the presence of methanol, which is negligible in comparison with all isotope 

effects measured here (see below). Saturating concentrations of all substrates were used, and 

rate constants were confirmed to be unimolecular by their insensitivity to a lower concentration 

of substrates (Figure S2).  

 

Figure 1. PaHBDH and AbHBDH kcat for acetoacetate and 3-oxovalerate reduction at −5, 0 

and 5 °C in the presence of either NADH or NADD. All substrates and coenzymes were held 

at saturating concentrations. Each bar represents mean  SE of at least five replicates.   

 The kcat values for NADH-dependent reduction, summarised in Table S3, reflect the 

distinct temperature adaptations of the enzymes, with kcat 5- to 7-fold higher for PaHBDH than 

for AbHBDH for acetoacetate reduction, and 10- to 12-fold higher for the psychrophilic 

orthologue than for the mesophilic one for 3-oxovalerate reduction. The kcat observed for 

PaHBDH between −5 and 5 °C follow the same trend described at higher temperatures where 

the values with 3-oxovalerate are ~15-fold lower than with acetoacetate.11 In contrast, 

AbHBDH kcat with 3-oxovalerate at −5 and 0 °C are 31-fold lower than with acetoacetate, far 

from the 11- to 22-fold difference at higher temperatures,11 showing the challenge of catalysis 

with the non-native substrate is disproportionately compounded at very low temperature. 

 The data displayed in Figure 1 were utilised to calculate Dkcat (Table 1). For acetoacetate 

reduction, PaHBDH Dkcat is modest and temperature-independent, while AbHBDH Dkcat 

modestly increases from 2.2 at 5 °C, the same value found at 10 °C,15 to 2.8 at −5 °C. This 

points to chemistry remaining faster than other steps at low temperature for PaHBDH, but 
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becoming more rate-limiting for AbHBDH at lower temperature. For 3-oxovalerate reduction, 

AbHBDH Dkcat is significant and temperature-independent. However, PaHBDH Dkcat decreases 

from 2.5 at 5 °C to 1.9 at −5 °C, indicating that hydride transfer to 3-oxovalerate is less rate-

limiting at sub-zero temperature.  

Table 1. Primary deuterium kinetic isotope effects on kcat (
Dkcat) for PaHBDH- and AbHBDH-

catalysed reduction of acetoacetate and 3-oxovalerate. 

Enzyme 

substrate 
−5 °C 0 °C 5 °C 

PaHBDH 

acetoacetate 
1.63  0.02 1.69  0.03 1.70  0.04 

AbHBDH 

acetoacetate 
2.8  0.2 2.3  0.1 2.2  0.1 

PaHBDH  

3-oxovalerate 1.9  0.1 2.1  0.2 2.5  0.2 

AbHBDH  

3-oxovalerate 
2.4  0.1 2.3  0.3 2.5  0.2 

  

Low-temperature primary deuterium kinetic isotope effects on kSTO. In an attempt 

to eliminate some of the kinetic complexity inherent to kcat and possibly unmask the expression 

of the primary deuterium kinetic isotope effects at low temperature, PaHBDH and AbHBDH 

kSTO were determined for 3-oxovalerate reduction in the presence of either NADH or NADD 

as the limiting reagent and saturating enzyme concentration (Figure 2). Reduction of 3-

oxovalerate was chosen because both enzymes already displayed sizable Dkcat with this 

substrate. All kSTO were largely independent of enzyme concentration, since a 20% reduction 

in enzyme concentration caused either no difference or in some cases only very small 

differences in kSTO (Figure S3), suggesting NADH and NADD are saturated with enzyme and 

kSTO is unimolecular.19 With NADH as coenzyme, PaHBDH kSTO are 2- to 3-fold higher than 

the corresponding kcat, while AbHBDH kSTO are 19- to 26-fold higher than the corresponding 

kcat. The large kSTO/kcat ratio for AbHBDH is intriguing given the significant Dkcat obtained for 
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this enzyme (Table 1). Nevertheless, the most remarkable result is the similarity between 

PaHBDH and AbHBDH kSTO at low temperature (Figure 2). This means the interconversion 

between HBDH:NADH:3OV and HBDH:NAD+:3HV complexes described by kSTO, which 

encompasses the chemical step, does not reflect the distinct temperature adaptation of the two 

enzymes as kcat does.  

  

Figure 2. PaHBDH and AbHBDH kSTO for 3-oxovalerate reduction at −5, 0 and 5 °C in the 

presence of either NADH or NADD. Enzyme concentration is 50 M, and NADL (where L 

denotes either H or D) concentration is 4 M. Values represent mean  SE of at least 6 

replicates. Lines of best fit to eq 2 are in black.  

 All DkSTO (Table 2) increased in comparison with the corresponding Dkcat (Table 1), with 

PaHBDH reflecting the most significant changes. PaHBDH DkSTO decreases from 4.2 at 5 °C 

to 2.9 at −5 °C, while AbHBDH DkSTO is less temperature-dependent, with only a modest 

decrease between 5 °C and −5 °C. These trends are in agreement with those found for Dkcat, and 
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reinforce the hypothesis that PaHBDH-catalysed hydride transfer to 3-oxovalerate is less rate-

limiting at −5 °C than at 5 °C, whereas AbHBDH-catalysed hydride transfer to 3-oxovalerate 

has comparable contribution to the rate-limiting step at all three temperatures.  

Table 2. Primary deuterium kinetic isotope effects on kSTO (DkSTO) for PaHBDH- and 

AbHBDH-catalysed reduction of 3-oxovalerate. 

 −5 °C 0 °C 5 °C 

PaHBDH  
DkSTO

3OV 
2.9  0.4 4.3  0.2 4.2  0.2 

AbHBDH  
DkSTO

3OV 
2.8  0.1 3.2  0.1 3.3  0.2 

 

 Intrinsic primary deuterium kinetic isotope effects. In most enzymatic reactions, 

several isotope-insensitive steps contribute to the overall reaction rate, masking the expression 

of the intrinsic isotope effect, i. e. the isotope effect one would measure were chemistry fully 

rate-determining.20, 21 Nevertheless, the intrinsic isotope effect is the only one that reflects the 

true differences in vibrational frequencies between reactant and transition states. Hence, for 

enzymatic transition-state geometry to be gleaned from isotope effects, their intrinsic values 

must be extracted from observed ones.22, 23 

 

Scheme 2. Kinetic mechanism for reduction of 3-oxovalerate (3OV) to (R)-3-

hydroxyvalerate (3HV) by PaHBDH and AbHBDH. 

HBDH reaction follows an ordered kinetic mechanism where NADH is the first to bind 

to the free enzyme (Scheme 2).15, 24, 25 The single-turnover experiment described above was 

designed to ensure pseudo-first-order conditions, with the interconversion between ternary 
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complexes describing a unimolecular process (kSTO = k5 + k6), and using the same 

concentrations of NADH and NADD (assuming they have the same extinction coefficient at 

340 nm). This is an ideal system to apply the method of Palfey and Fagan for extraction of 

intrinsic isotope effects from pre-steady-state data,16 a general expansion of the theory 

developed by Maniscalco et al.,26  whose theoretical basis proves that the limit of the tKIE as 

t approaches 0 equals the intrinsic kinetic isotope effect.  

Provided any potential equilibrium binding isotope effect falls within the expected 

uncertainty range of the experimental data, the intrinsic kinetic isotope effect (Dk5) is given by 

eq 3, where k5
H and k5

D are the forward rate constants for the reactions with NADH and NADD, 

respectively. Solving for k5
D yields eq 4. The tKIE for this reaction is obtained from eq 5, and 

the differential equation describing the system is given by eq 6. The limit of the tKIE as t 

approaches 0 is given by eq 7, which yields Dk5 by noting that [E:NAD+:3HV] = 0 at t = 0 and 

[E:NADH:3OV] = [E:NADD:3OV] at t = 0. 

𝑘𝐷
5 =

𝑘5
𝐻

𝑘5
𝐷  eq 3 

𝑘5
𝐷 =

𝑘5
𝐻

𝑘𝐷
5
  eq 4 

𝑡𝐾𝐼𝐸 =  
−

𝑑[𝐸:𝑁𝐴𝐷𝐻:3𝑂𝑉]

𝑑𝑡

−
𝑑[𝐸:𝑁𝐴𝐷𝐷:3𝑂𝑉]

𝑑𝑡

   eq 5 

𝑡𝐾𝐼𝐸 =
𝑘5

𝐻[𝐸:𝑁𝐴𝐷𝐻:3𝑂𝑉]−𝑘6
𝐻[𝐸:𝑁𝐴𝐷+:3𝐻𝑉]

𝑘5
𝐻

𝑘𝐷
5

[𝐸:𝑁𝐴𝐷𝐷:3𝑂𝑉]−𝑘6
𝐷[𝐸:𝑁𝐴𝐷+:3𝐻𝑉]

  eq 6 

lim
𝑡→0

𝑡𝐾𝐼𝐸 = lim
𝑡→0

𝑘5
𝐻[𝐸:𝑁𝐴𝐷𝐻:3𝑂𝑉]

𝑘5
𝐻

𝑘𝐷
5

[𝐸:𝑁𝐴𝐷𝐷:3𝑂𝑉]

=
𝑘5

𝐻

𝑘5
𝐻

𝑘𝐷
5

= 𝑘𝐷
5  eq 7  

Applying this method to the single-turnover kinetics data for 3-oxovalerate reduction 
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yields the tKIEs depicted in Figure 3, and the Dk5 summarised in Table 3. For PaHBDH, Dk5 

equals DkSTO at 5 °C (Tables 2 and 3), establishing that at this temperature, hydride transfer is 

rate-determining for conversion of PaHBDH:NADH:3OV to PaHBDH:NAD+:3HV. 

However, Dk5 > DkSTO at −5 °C (Tables 2 and 3), confirming hydride transfer is only partially 

rate-limiting, and an isotope-insensitive step, possibly a conformational change, must 

significant influence the rate. For AbHBDH, on the other hand, Dk5 ~ DkSTO at −5 °C and 5 °C 

(Tables 2 and 3), in agreement with the rate of hydride transfer dominating, albeit not 

absolutely determining, the rate of conversion of AbHBDH:NADH:3OV to 

AbHBDH:NAD+:3HV.  

 

Figure 3. Time-dependent kinetic isotope effects (tKIE) for PaHBDH and AbHBDH at low 

temperature. 

 Transition-state analysis of PaHBDH and AbHBDH reactions at 5 °C. Quantum-

mechanical tunnelling has been shown to contribute to the rate of several enzyme-catalysed 

hydride-transfer reactions even when the intrinsic primary deuterium kinetic isotope effect does 

not exceed the zero-point-energy-derived limit of ~7,27-30 for instance based on the disruption 

of presumed coupled-motions due to the lower tunnelling probability of deuterium in 

comparison with protium in multiple-isotope effects experiments,30 the breakdown of the 

Swain-Schaad exponential relationship31 predicted for semi-classical reaction trajectories 

involving protium, deuterium, and tritium labelling,29 the breakdown of the rule of the 

geometric mean when measuring primary and secondary isotope effects,28 and the difference 
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in activation energies and ratio of pre-exponential factors in Arrhenius plots of nonadiabatic 

reactions involving deuterium-labelled and unlabelled substrates.32 All of these approaches 

require either labelling with deuterium and tritium and/or deuteration at multiple positions,28-

30 or that the hydride-step be rate-determining at all experimental temperatures.32, 33   

Table 3. Intrinsic primary deuterium kinetic isotope effects (Dk5) for PaHBDH- and AbHBDH-

catalysed reduction of 3-oxovalerate. 

 −5 °C 0 °C 5 °C 

PaHBDH  
Dk5

 5.7 ± 0.5 5.5 ± 0.4 4.2 ± 0.3 

AbHBDH  
Dk5 

3.1 ± 0.4 4.4 ± 0.2 3.9 ± 0.2 

 

In the PaHBDH and AbHBDH reactions, we assume some contribution from 

tunnelling, especially at low temperature. However, a quantitative evaluation of this 

contribution is not possible due to the single-isotope and single-position labelling employed 

here, and the fact chemistry is not rate-determining at every temperature, as evidenced by Dk5 

> DkSTO in most cases. Thus, we limited our evaluation of Dk5 to a semi-classical interpretation 

of transition-state structures. We recently reported models of the PaHBDH- and AbHBDH-

catalysed reduction of 3-oxovalerate based on a “static” QM/MM approach, which captured 

the concerted nature of hydride- and proton-transfers derived from primary and solvent isotope 

effects.15 Theoretical kinetic isotope effects for hydride transfer calculated at 5 °C from those 

models yielded values of 4.0 ± 0.2 for PaHBDH, in excellent agreement with Dk5 at the same 

temperature, and 3.2 ± 0.1 for AbHBDH, in reasonable agreement with Dk5 at 5 °C, suggesting 

both reactions proceed via late, product-like transition states regarding hydride transfer (Figure 

4). In the transition-state models, hydride transfer to C3 of 3-oxovalerate is slightly more 

advanced in the AbHBDH reaction than in the PaHBDH one, in agreement with the marginally 
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lower value of AbHBDH Dk5 as compared with PaHBDH Dk5 at 5 °C. 

    

Figure 4. Transition-state models for PaHBDH- and AbHBDH-catalysed reduction of 3-

oxovalerate15 at 5 °C. Only the QM regions are shown. Dashed-lines depict partial bonds, and 

associated numbers denote mean distances (Å) of 10 replicates optimized at the M06-2X/ma-

def2-SVP level of theory. Standard error of the mean distances are shown in Table S4. 

 Interpretation of transition states of PaHBDH and AbHBDH reactions at −5 °C. 

Theoretical kinetic isotope effects for hydride transfer calculated at 0 and −5 °C increased 

monotonically with decreasing temperature (Table S5). While they remained always higher for 

the psychrophilic than for the mesophilic orthologue, they do not capture the correct 

temperature dependence of Dk5. This discrepancy may result from a combination of factors, for 

example, from a quantum-mechanical perspective, a larger contribution from tunneling at 

lower temperatures would be expected, which the one-dimensional Bell infinite parabola model 

does not correctly describe.34 Within a semi-classical framework, the change in Dk5 reflects a 

change in the transition-state ensemble geometry at lower temperatures, which is not accurately 

described by the "static" QM/MM methodology. 

 Primary deuterium kinetic isotope effects will approach the semi-classical upper limit 

of ~7 when the transferring particle experiences maximum difference in its bond-order between 

ground state and  transition state.27 For hydride-transfer reactions, this condition is satisfied by 
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loose, symmetric transition states, while both early and late, asymmetric transition states will 

result in comparatively smaller net-change in hydride bonding environment, deflating the 

isotope effect.27, 35 At −5 °C, PaHBDH Dk5 increases to 5.7, indicating a symmetric or near-

symmetric transition-state geometry for hydride transfer (Figure 5). On the other hand, 

AbHBDH Dk5 decreases to 3.1 at −5 °C, pointing to an even more asymmetric, probably 

product-like transition-state geometry for hydride transfer (Figure 5). 

 

Figure 5. Proposed transition states for PaHBDH and AbHBDH-catalysed hydride transfer at 

−5 °C. R = ribosyl-diphosphate-adenosine. 

The trend Dk5 > DkSTO > Dkcat along with the altered transition-state symmetry in 

PaHBDH catalysis at sub-zero temperature might be involved in the cold-adaptation of this 

enzyme. However, it is noteworthy that other SDR orthologues can also catalyse hydride 

transfers to carbonyls with distinct degrees of symmetry at the transition state. For instance, an 

intrinsic primary deuterium isotope effect of 2.7 for Streptococcus pneumonia 3-oxoacyl-ACP 

reductase, combined with a high -secondary deuterium isotope effect, established a late 

transition state for hydride transfer,36 while an intrinsic primary deuterium isotope effect lower 

limit of 4.5 for Mycobacterium tuberculosis 3-oxoacyl-ACP reductase suggests a relatively 

more symmetric transition state,37 and both of these orthologues are mesophilic.  

His150Asn-PaHBDH and Asn145His-AbHBDH Dkcat at 5 °C. In spite of the their 

overall low amino acid sequence identity, PaHBDH and AbHBDH have highly conserved 

active sites, with only one diverging position: His150 in PaHBDH is equivalent to Asn145 in 
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AbHBDH (Figure 6A).15 In comparison to the corresponding WT-PaHBDH and WT-

AbHBDH, a 52-fold, 4300-fold, 31-fold, and 7-fold decrease in kcat for acetate reduction at 5 

°C is observed for His150Ala-PaHBDH, His150Asn-PaHBDH, Asn145Ala-AbHBDH, 

Asn145His-AbHBDH (Figure 6B and Table S6), indicating that while a PaHBDH-like active 

site has only modest impact on AbHBDH catalysis, an AbHBDH-like active site drastically 

disrupts PaHBDH catalysis. This suggests that outer protein shells exert a major influence on 

PaHBDH catalysis, but only modest influence on AbHBDH catalysis, a similar trend to what 

was observed at 10 °C,15 but even more pronounced at 5 °C. Acetoacetate reduction at 0 and 

−5 °C and reduction of 3-oxovalerate at any temperature could not be accurately measured due 

to extremely low rates with most of the mutants.       

 

Figure 6. Analysis of PaHBDH and AbHBDH active-site mutations. (A) Overlay of 

PaHBDH:NAD+:acetoacetate (PDB ID: 6ZZO) and AbHBDH:NAD+:acetoacetate (PDB ID: 

6ZZQ) active sites.15 Acetoacetate, nicotinamide moiety of NAD+, and His150/Asn145 side 

chains are shown as stick, while other residue side chains are shown as wireframe. (B) 

PaHBDH and AbHBDH mutants kcat for acetoacetate reduction at 5 °C in the presence of either 

NADH or NADD. Substrates and coenzymes were held at saturating concentrations. Each bar 

represents mean  SE of at least 4 replicates for His150Ala-PaHBDH, Asn145Ala-AbHBDH, 
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and Asn145His-AbHBDH, or triplicates for His150Asn-PaHBDH.  

 In order to evaluate if the decrease in kcat may be associated with a change in rate-

limiting step where hydride transfer becomes more rate-limiting with the mutants, we 

determined Dkcat for all four HBDH mutants (Figure 6B). Hydride transfer is negligibly rate-

limiting for acetoacetate reduction by PaHBDH at 5 °C, but partially rate-limiting with 

AbHBDH at that temperature (Table 1). His150Ala-PaHBDH Dkcat equals 1.98 ± 0.02 and 

Asn145Ala-AbHBDH Dkcat equals 2.2 ± 0.1, very similar to the respective Dkcat obtained with 

WT-PaHBDH and WT-AbHBDH, suggesting the significant decreases in rates arising from 

the alanine substitutions do not reflect an altered contribution of the hydride-transfer step to 

the overall reaction rate.   

 His150Asn-PaHBDH Dkcat equals 3.1 ± 0.1, representing an increase from the WT- 

PaHBDH Dkcat of 1.7, suggesting the 4300-fold reduction in rate imposed by the asparagine 

substitution exposes the chemical step. Intriguingly, Asn145His-AbHBDH Dkcat equals 4.4 ± 

0.1, twice the WT-AbHBDH Dkcat even though only a modest decrease in rate is imposed by 

the histidine substitution. Assuming (i) reactions with acetoacetate and 3-oxovalerate proceed 

via similar transition-state structures and (ii) hydride transfer dominates His150Asn-PaHBDH 

and Asn145His-AbHBDH kcat, comparison of Dk5 for the wild-type enzymes with Dkcat for 

His150Asn-PaHBDH and Asn145His-AbHBDH might suggest that introduction of an 

AbHBDH-like active site into PaHBDH leads to a more asymmetric transition-state geometry 

for the psychrophilic enzyme reaction, while introduction of a PaHBDH-like active site into 

AbHBDH increases the transition-state symmetry of the reaction with the mesophilic enzyme. 

Transition-state structures have been reported to vary even for highly conserved enzyme 

orthologues. For example, human and bovine purine nucleoside phosphorylase reactions 

proceed by distinct transition states in spite of sharing 87% overall amino acid sequence 
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identity and 100% sequence identity in the active site.38, 39  

In summary, we sought to uncover differences in kinetics of cold- and warm-adapted 

HBDHs near the temperature where the former evolved to function. We demonstrated that 

hydride transfer becomes less rate-limiting for the psychrophilic enzyme as the temperature is 

lowered, while for the mesophilic enzyme, hydride transfer is significantly rate-limiting across 

the three experimental temperatures. Our results also uncovered differences in transition-state 

symmetry between PaHBDH and AbHBDH reactions modulated both by temperature and a 

single diverging position in otherwise highly conserved active sites. In a previous phylogenetic 

analysis of bacterial HBDHs adapted to various environments, harboring a either a histidine or 

an asparagine in that diverging position defines two distinct clusters of HBDHs, with both 

clusters comprising bacteria adapted to all sampled habitats.15 Hence, further research may help 

establish whether temperature- and single residue-modulation of transition-state geometry is a 

general feature of HBDHs, and perhaps of other SDRs. 

SUPPORTING INFORMATION AVAILABLE 

Further experimental results and theoretical analysis of PaHBDH and AbHBDH catalysis. This 

material is available free of charge via the internet at http://pubs.acs.org.  

ACCESSION CODES 

PaHBDH: UniProt Q4FRT2 

AbHBDH: UniProt A0A1E3M3N6  

ABBREVIATIONS  

SDR, short-chain dehydrogenase/reductase; HBDH, (R)-3-hydroxyburyrate dehydrogenase; 

PaHBDH, P. arcticus HBDH; AbHBDH, A. baumannii HBDH; NADH, reduced nicotinamide-

adenine dinucleotide; NAD+, oxidised nicotinamide-adenine dinucleotide; QM/MM, quantum 

http://pubs.acs.org/
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mechanics/molecular mechanics; WT, wild-type; kcat, steady-state catalytic constant; kSTO, 

single-turnover rate constant; 3OV, 3-oxovalerate; 3HV, (R)-3-hydroxyvalerate.  
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