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Temperature-dependent hydrogen-deuterium (H�D) exchange of
the thermophilic alcohol dehydrogenase (htADH) has been studied
by using liquid chromatography-coupled mass spectrometry. Anal-
ysis of the changes in H�D exchange patterns for the protein-
derived peptides suggests that some regions of htADH are in a rigid
conformational substate at reduced temperatures with limited
cooperative protein motion. The enzyme undergoes two discrete
transitions at �30 and 45°C to attain a more dynamic conforma-
tional substate. Four of the five peptides exhibiting the transition
above 40°C are in direct contact with the cofactor, and the NAD�-
binding affinity is also altered in this temperature range, implicat-
ing a change in the mobility of the cofactor-binding domain >45°C.
By contrast, the five peptides exhibiting the transition at 30°C
reside in the substrate-binding domain. This transition coincides
with a change in the activation energy of kcat for hydride transfer,
leading to a linear correlation between kcat and the weighted
average exchange rate constant kHX(WA) for the five peptides.
These observations indicate a direct coupling between hydride
transfer and protein mobility in htADH, and that an increased
mobility is at least partially responsible for the reduced Eact at high
temperature. The data provide support for the hypothesis that
protein dynamics play a key role in controlling hydrogen tunneling
at enzyme active sites.

There has been increasing speculation that protein dynamics
may play an active role in facilitating catalysis in enzymes.

NMR studies of a number of enzymes such as HIV protease (1),
dihydrofolate reductase (2), cyclophilin A (3), ribonuclease A
(4), and ribonuclease binase (5) show flexible regions of enzyme
that may be correlated with catalysis. However, the demonstra-
tion of a causal relationship between the observed protein
motions and the rate of the elementary step of an enzyme-
catalyzed process remains a formidable experimental challenge.
Due to the multidimensional and quantum-tunneling nature of
hydrogen transfer reactions, the rate of hydrogen transfer is
highly sensitive to protein motions that modulate the height and
width of the reaction barrier (6–8). Therefore, enzymes cata-
lyzing proton, hydride, or hydrogen atom transfer reaction are
particularly valuable for understanding the role of protein
motion in catalysis.

Recently, experimental studies of some enzyme systems that
include alcohol dehydrogenase (9), soybean lipoxygenase (10),
dihydrofolate reductase (11), methylamine dehydrogenase (12),
and morphinone reductase (7) have produced anomalous kinetic
data that can be rationalized only by an environmentally coupled
tunneling model in which heavy atom motion controls the
probability of hydrogen transfer. Among these intriguing systems
is the thermophilic alcohol dehydrogenase (htADH) isolated
from Bacillus stearothermophilus strain LLD-R. htADH cata-
lyzes the reversible hydride transfer between the cofactor
NAD��NADH and the substrate alcohol�aldehyde with differ-
ent activation energies below and above 30°C (Fig. 1). Temper-
ature-dependent kinetic isotope effect studies have further
shown that the tunneling properties become more conspicuous
at elevated temperatures (�30°C) (9), a highly counterintuitive
result, because it is normally expected that tunneling will dimin-

ish with increasing temperature. These results were rationalized
within an environmentally coupled tunneling model, whereby
hydrogen transfer is enhanced at elevated temperatures by a
sampling of the conformational space that is inaccessible at low
temperature. This has the effect of reducing the reaction barrier
width and enhancing the vibrational�electronic coupling be-
tween reactant and product states (9). Indeed, theoretical mod-
eling studies of several enzyme-catalyzed hydrogen transfer
reactions have generated evidence supporting this view (13, 14).

The lack of a generic tool for probing protein motion makes
it difficult to test directly the environmentally coupled tunneling
model. Dynamic NMR techniques are not suitable for most of
the systems mentioned above due to their large sizes. In a
previous study, the flexibility of htADH was compared to a
mesophilic ADH from yeast by using Fourier transform infrared
spectroscopy to probe for global changes in protein flexibility
(15). Herein, we present results from a temperature-dependent
amide hydrogen-deuterium (H�D) exchange study of htADH
using liquid chromatography-coupled mass spectrometry (16).
By analyzing the H�D exchange patterns for protein-derived
peptides, it is possible to detect changes in protein mobility that
reveal a one-to-one correlation with temperature-dependent
changes in catalytic rate. This behavior is restricted to a small
subset of peptides that surround the substrate-binding pocket,
implying a direct link between regional protein dynamics and the
rate of hydride transfer.

Materials and Methods
Cloning, Isolation, and Purification of htADH. The htADH gene was
amplified directly by PCR from the genomic DNA of B. stearo-
thermophilus strain LLD-R (NCIMB 12403; www.ncimb.co.uk)
with the primers 5�-cgtcatgaaagccgctgtagttg-3� and 5�-
atgagacagccctagaatgccggat-3�. The gene was first cloned into the
vector pCR 2.1-TOPO by TA cloning with the TOPO TA cloning
kit from Invitrogen, and the plasmid was propagated and
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Fig. 1. Arrhenius plots for the oxidation of protonated (F) and deuterated
(■ ) benzyl alcohol by htADH (adapted from ref. 9).
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sequenced to confirm the insertion of the gene. With the ADH
gene containing plasmid as template, a second round of PCR
with the primers 5�-gcgcgctagcatgaaagccgctgtagttgaacaatt-3� and
5�-tttaattgcccgcgcatcaaa attgcaatcttctatttattggatccc-3� generated
a �1.1-kb PCR product with two restriction sites incorporated
for ligation. The PCR product was double digested with NheI and
BamHI and ligated into the expression vector pET-24b(�) to
give the plasmid pET-ADH. The plasmid was subsequently
transformed into Escherichia coli expression system BL21(DE3).
For large-scale expression and purification of the enzyme, 6 �
1.6 liters of LB medium containing 30 �g�ml kanamacyin were
inoculated. The culture was incubated at 37°C with shaking until
the OD550 reached 0.6, then isopropyl �-D-thiogalactoside (0.6
mM) was added to induce protein expression. After growth for
another 16 h, the cells were harvested and lysed following
standard procedures. The supernatant containing cell contents
was incubated at 60°C for 15 min, and the debris was removed
by centrifugation. The remaining supernatant was first passed
through a fast-f low DEAE-Sepharose column, and the fractions
with ADH activity were pooled, concentrated, and passed
through a sephacryl S-300-HR column. The protein was further
purified by using an affinity column (Reactive Blue 2, Sigma)
and eluted with a salt gradient [final yield: �9 mg�liter media,
specific activity: 380 units�mg (60°C)]. The homogeneity of the
enzyme was confirmed by SDS�PAGE gel under reducing and
nonreducing conditions.

H�D Exchange. The exchange reactions were initiated by adding 10
�l of newly thawed protein solution (�0.5 mg/ml, 50 mM KPi,
pH 7.4�250 mM KCl�2.5 mM DTT) to 90 �l of D2O. After
incubation, the exchange reaction was rapidly quenched by
lowering the pH to 2.4 and temperature to 0°C and was followed
by pepsin digestion of the protein. The resulting peptides were
analyzed on a reversed-phase capillary column (POROS 20 R1,
PerSeptive Diagnostics, Cambridge, MA) coupled to a QStar
Pulsar quadrupole time-of-f light mass spectrometer with normal
electrospray interface (PE Biosystems). The maximal time from
the initiation of digestion to the elution of any peptide was 22
min. Zero time-point controls (the ‘‘artifactual in-exchange’’
control) were performed by adding quench buffer to the protein
solution before exposure to D2O. Measured peptide masses were
corrected for artifactual in-exchange at t � 0, normalized to
100% D2O, and corrected for back exchange following the
method described by Resing et al. (17). Typically, 12 data points
were collected at each temperature, with the shortest incubation
time of 7 s and the longest incubation time of 130 min. Kinetics
of exchange using corrected peptide masses were fit by nonlinear
least squares to the equation: Y � N � Ae�k1t � Be�k2t � Ce�k3t,
where N is the total number of amides exchanging over the

observed time course for each individual peptide, and A, B, and
C correspond to the number of amides exchanging with rate
constants k1, k2, and k3, respectively. The number of nonex-
changing amide Hs is calculated by subtracting the number of
exchanging amides (A�B�C) from the total number of back-
bone amides (NH) in the peptide, excluding proline residues.

Fluorescence Measurement. The quenching of protein fluores-
cence by titration with NAD� was performed on a FluoroMax-3
fluorometer. Excitation wavelength was set at 295 nm to selec-
tively excite tryptophan. The buffer conditions are the same as
described in the H�D exchange experiments. All of the protein
and NAD� solutions were degassed and filtered before mea-
surement. Aliquots of NAD� solution were titrated into a 1 �
1-cm cell containing the free enzyme and the intensity of the
fluorescence maximum was recorded. From the quenching
titration curves, the dissociation constants (Kd) at different
temperatures for NAD� have been obtained with a one-site
binding model.

Results and Discussion
Temperature-Dependent H�D Exchange. Amide H�D exchange was
carried out at 10, 20, 40, 55, and 65°C with apo-enzyme.
Independent activity assays confirmed that the enzyme is fully
active after incubation for 130 min under the exchange condi-
tions. Twenty-one nonoverlapping peptides generated by pepsin
digestion and identified for H�D exchange analysis are shown in
Fig. 2. For each peptide, the number of incorporated deuterons
or exchanging Hs was obtained by calculating the difference
between the weighted average mass of the peptide before and
after H�D exchange. The plots of exchanging Hs vs. time were
fitted with a three-exponential model to give the exchange rate
constants k1, k2, and k3 and the number of corresponding
exchanging Hs (see Tables 1–8 and Fig. 7, which are published
as supporting information on the PNAS web site). Based on their
exchanging rates, the amide Hs are categorized into four groups:
fast-exchanging Hs (kex � 1 min�1), intermediate-exchanging Hs
(0.1 min�1 � kex � 1 min�1), slow-exchanging Hs (0.001 min�1

� kex � 0.1 min�1), and nonexchanging Hs (kex � 0.001 min�1).
An examination of the H�D exchange of the 21 peptides

reveals that the peptides show strikingly different patterns and
can be categorized into three distinct groups based on their
temperature-dependent H�D exchange patterns. The first
group, including 11 peptides, is represented by the six peptides
shown in Fig. 3. For these peptides, the number of the
exchangeable Hs appears to increase successively with tem-
perature. The H�D exchange kinetic traces consist of both slow
and fast kinetic components at low temperatures, whereas the
exchange is dominated by fast kinetic components at high

Fig. 2. Primary sequence of htADH. A total of 21 peptides generated by pepsin digestion are numbered starting from the N terminus. Peptides located in the
cofactor-binding domain are in green, and peptides located in the substrate-binding domain are in red.
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temperatures. In sharp contrast, the second group, including
peptides 8–10, 17, and 21, displays a clear transition between
40°C and 55°C in the temperature-dependent H�D exchange
(Fig. 4 a–e). At low temperatures (10, 20, and 40°C), the
exchange shows weak temperature-dependent behavior and is
dominated by fast kinetic components. At higher tempera-
tures, there are significantly more slow-exchanging Hs, as
indicated by the emergence of slow kinetic components in the
plots. Although these five peptides are distributed in both the
cofactor-binding domain (peptides 10 and 17) and the sub-
strate-binding domain (peptides 8, 9, and 21), they all have
some residues involved in NAD� binding except peptide 8
(Fig. 4g). The third group, which includes peptides 1–4 and 7,
exhibits a discontinuity or transition at lower temperature
(between 20°C and 40°C) in the temperature-dependent H�D
exchange (Fig. 5 a–e). Below the transition temperature, the
exchange is fast and reaches an equilibrium within the first 20
min, and both the number of exchangeable Hs and the
exchange rate show small changes with temperature. Above
the transition temperature, there are significantly more slow
and intermediate-exchangeable Hs, as evidenced by the ap-
pearance of slow kinetic components. Interestingly, all five of
the peptides are located in the substrate-binding domain and
are intertwined with each other to form the core of this domain
(Fig. 5g). Note that the residues responsible for substrate
binding are also located on the five peptides in the third group.

To analyze the exchange data in a more quantitative way, we
introduce a weighted average hydrogen exchange rate constant
defined as:

kHX(WA) � 	Ak1 � Bk2 � Ck3
/NH [1]

where NH is the total number of amide Hs for each individual
peptide, and A, B, and C are the number of amide Hs

exchanging with rate constant k1, k2, and k3, respectively. In
this manner, kHX(WA) represents the average rate constant for
all amide Hs within a given peptide. Although kHX(WA) is not
a traditional rate constant, it is an approximated measure of
the extent of H�D exchange, because it takes into account the
number of exchangeable Hs as well as the rate of exchange.
The plots of the kHX(WA) vs. 1�T are nonlinear, and the lines
break at �45°C for the peptides in group two (Fig. 4f ) and at
�30°C for the peptides in group three (Fig. 5f ).

Fig. 3. H�D exchange time course plots for peptides 11, 13–15, 18, and 19 at
10°C (F), 20°C (E), 40°C (�), 55°C (ƒ), and 65°C (■ ).

Fig. 4. Temperature-dependent H�D exchange of the five peptides that
show a transition between 40°C and 55°C. (a–e) H�D exchange time course
plots for peptides 8–10, 17, and 21 at 10°C (F), 20°C (E), 40°C (�), 55°C (ƒ), and
65°C (■ ). ( f) Plot of ln(kHX(WA)) vs. 1�T. The weight average H�D exchange rate
constant kHX(WA) is defined as Ak1 � Bk2 � Ck3)�NH. (g) Structure of htADH
monomer. The two zinc ions and the modeled-in cofactor NAD� are shown in
yellow. The cofactor-binding domain is on the left, and the substrate-binding
domain is on the right. The five peptides exhibiting a transition above 40°C in
the temperature-dependent H�D exchange are mapped onto the structure
and colored.
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H�D Exchange Mechanism for Native Protein. Only single envelopes
of isotope peaks and no bimodal isotope patterns have been
observed in the mass spectra (16), indicating that htADH is
structurally homogeneous and in its native state under exchange
temperatures. For the amide hydrogens of a native protein to
exchange with D2O, transient structural f luctuations are neces-
sary to break intrinsic protein H bonds and to bring exchangeable
amide Hs into H bonding contact with the catalyst OD� (18).
The structural f luctuations can be either fast local f luctuations
or relatively slower fluctuations involving cooperative motions
or large subglobal unfoldings (19, 20).

It is generally assumed that exchange can be modeled as a
two-state process involving the opening (kopen) and closing
(kclose) of protein followed by reaction of the exposed amide with
OD� (kex). Further, under native conditions and neutral pH, the
closing step is generally much faster than the exchange step
(kclose �� kex), and the H�D exchange falls into the EX2 limit, Eq.
2. Under this condition, the overall exchange rate is proportional
to the equilibrium constant Keq for the interconversion between
the closed and open states of protein and kHX is expressed as the
product of kex and Keq.

kHX � Keq � kex � 	kopen/kclose
 � kex [2]

Even under native conditions, a small fraction of the popu-
lation of any protein will assume high energy conformational
substates as described by the Boltzmann distribution (21), and
raising the temperature is expected to populate these high-
energy conformational substates. Because kex is also tempera-
ture dependent, the expectation is that the rate of exchange will
increase with temperature in an Arrhenius fashion (see Fig. 3).
In contrast, a number of the peptides from htADH exhibit a
discontinuous change in the rate and the number of deuterons
incorporated (Figs. 4 and 5). In these instances, we apply Eq. 3,
which invokes a transition between two states as temperature is
raised above a threshold value:

E�excited
closed (H) L|;

k�open

k�close

E�excited
open (H) O¡

k�ex

E�(D)

�1

Eground
closed (H) L|;

kopen

kclose

Eground
open (H) O¡

kex

E(D)

[3]

Physical Origin of the Temperature-Dependent Transitions in H�D
Exchange. It has been shown that an E. coli ADH that is highly
homologous to htADH undergoes a conformational change when
it binds NAD� (22). The conformational change involves a rigid
body rotation of the catalytic domain relative to the NAD�-binding
domain, although the extent of rotation (�2.5°) is significantly
smaller than that for dimeric ADHs such as horse liver ADH (22).
It was feasible that the transition in temperature-dependent H�D
exchange shown in Figs. 4 and 5 resulted from a switch to a more
open cofactor-free conformation at high temperatures, leading to
the solvent exposure of a larger number of amide hydrogens. This
appears highly unlikely, however, because the x-ray structure of
htADH shows that the protein is already in an open form at reduced
temperatures (23). If a structural change occurred as the temper-
ature was raised into the range that is optimal for catalysis, it might
be expected to bring the protein into a form that is better able to
support catalysis, i.e., a more closed configuration. The strongest
evidence against a temperature-dependent domain closure as the
origin of the observations in H�D exchange comes from H�D
exchange experiments in the presence of a high concentration of
NAD� (10 mM), which clearly show a reduction in exchange for
some peptides together with no effect on the extent of deuteration
and exchange rates for peptides 1–4, 7, and 9 (23).

The H�D exchange of the 10 peptides displaying a tempera-
ture-dependent transition reaches equilibrium quickly at low
temperatures (Figs. 4 and 5), consistent with the exchangeable
Hs within these peptides being made available to solvent mainly
through fast local protein fluctuation characterized by small
activation energy. The exchange patterns also indicate that the
remainder of the amide hydrogens are well protected from the
solvent (compactness) and that large-scale protein motion is
limited (rigidity), supporting the suggestion that thermophilic
proteins are less f lexible in comparison with their mesophilic and

Fig. 5. Temperature-dependent H�D exchange of the five peptides that
show a transition between 20°C and 40°C. (a–e) H�D exchange time course
plots for peptides 1–4 and 7 at 10°C (F), 20°C (E), 40°C (�), 55°C (ƒ), and 65°C
(■ ). ( f) Plot of ln(kHX(WA)) vs. 1�T. The weight average H�D exchange rate
constant kHX(WA) is defined as Ak1 � Bk2 � Ck3)�NH. (g) Structure of htADH
monomer. The five peptides exhibiting a transition at 30°C in the tempera-
ture-dependent H�D exchange are mapped onto the structure and colored.
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psychrophilic counterparts at reduced temperature (24, 25). At
elevated temperatures, some nonexchangeable Hs that are pro-
tected by hydrophobic packing and hydrogen bonding start to
exchange with D2O, as evidenced by the emergence of interme-
diate and slow-exchanging Hs. The changes in the H�D exchange
pattern, together with the appearance of the intermediate and
slow-exchanging Hs, strongly suggest an initiation of large co-
operative protein motions characterized by higher activation
barriers. These cooperative motions are frozen out at low
temperatures due to the absence of adequate thermal energy to
overcome the kinetic barrier between the low- and high-energy
conformational substates.

The transition above 40°C is accompanied by a change in
NAD�-binding affinity, as measured by the quenching of protein
fluorescence by NAD�. The fluorescence spectrum of free htADH
exhibits a temperature-independent maximum at 336 nm when Trp
residues are selectively excited. The dissociation constants (Kd) for
NAD� remain almost constant up to 45°C and increase by �2-fold
above this temperature (see Table 7). Considering that four of the
five peptides that show a transition above 40°C are in direct contact
with the cofactor (Fig. 4g), the transitions in H�D exchange and
binding affinity are most likely due to the same structural or
dynamical changes around the cofactor-binding pocket. Peptide 17
plays a particularly important role in the binding and releasing of
NAD�. A single-residue change within this fragment can have a
significant impact on cofactor binding for ADHs, as suggested by
the studies of horse liver ADH and the thermophilic ADH from
Sulfolobus solfataricus (26, 27).

The transitions above 20°C are restricted to five peptides that
reside in the substrate-binding domain (Fig. 5). One distinct
feature of the substrate-binding domain is its primary compo-
sition of antiparallel � strands that are interconnected by
multiple hydrogen bonds. It is probable that these observed
transitions in H�D exchange are analogous to ‘‘phase-transition’’
processes characterized by simultaneous breakage of multiple
hydrogen bonds. Additionally, we note the presence of 10 proline
residues, including a cis-proline (Pro 56) located on peptide 3
(23), within the substrate-binding domain. The cis-proline at
position 56, which is expected to rigidify the local structure, may
undergo a cis to trans isomerization that initiates or contributes
to the observed transition at 30°C.

It is clear that htADH undergoes at least two cooperative
changes with increasing temperature, and that the changes are
not related to domain opening�closing. The thermal activation
of htADH is best viewed as a shift from a rigid substate to a
preexisting high-energy substates with greater flexibility (Eq. 3).
It is possible that this shift is also accompanied by some
structural changes that alter the average configuration of the
atoms, but a structural change without an accompanying alter-
ation in protein dynamics cannot explain the changes in H�D
exchange patterns. The possibility that there are subtle changes
in the average structure of the thermally activated htADH,
especially for surface loops, is currently under investigation by
x-ray crystallographic studies.

Correlation Between Catalysis and Protein Mobility. One of the most
compelling observations from this study is the coincidence of the
transition in kHX(WA) for peptides 1–4 and 7 with kcat (see Figs.
1 and 5f ). This leads to the linear correlations shown in Fig. 6.
These five peptides are the only ones that show a linear rela-
tionship between kcat and kH(WA) with correlations of determi-
nation r2 � 0.9.¶ From a structural perspective, with the excep-

tion of peptide 1, peptides 2–4 and 7 contain residues located in
a region of the active site that is expected to participate in
substrate binding. We are led to the conclusion that an increase
in mobility within the substrate-binding domain is intimately
linked to the efficiency of hydride transfer. The observed
correlations in Fig. 6 provide support for the view that specific
and regional protein motions of htADH will evolve to enhance
catalysis, presumably through promoting hydride transfer in
htADH according to the environmentally coupled tunneling
model (10). Although the peptides that show a transition above
40°C in H�D exchange have residues clustered around the
NAD�-binding pocket, the transition in H�D exchange for these
peptides occurs at a higher temperature than the transition in
Arrhenius plot and any implied correlation between catalysis
and flexibility changes in the regions of the protein near these
peptides is more tenuous. The importance of conformational
f lexibility for catalysis in ADH is further supported by a com-
parative H�D exchange study, which shows that a highly homol-
ogous cold-adapted ADH exhibits enhanced conformational
f lexibility in the regions involved in substrate and cofactor
binding at its physiologically relevant temperature (10°C) (Z.-
X.L., I. Tsigos, T.L., V. Bouriotis, K.A.R., N.G.A., and J.P.K.,
unpublished work).

Although NMR studies have suggested that the protein mo-
tion responsible for H�D exchange is likely to be on a micro- to
millisecond time scale (28, 29), no information regarding the
time scale of the motions responsible for exchange can be
gleaned from the composite rate constant kHX(WA). It should be
emphasized that the correlation between kcat and kHX(WA) in Fig.
6 does not indicate that the protein fluctuations responsible for
H�D exchange are on the same time scale of protein motions as
for catalysis. The catalysis-related protein vibrational modes are
likely to be on a considerably shorter time scale than the
cooperative protein fluctuations that are activated at elevated
temperatures and are responsible for the H�D exchange (10, 30).
Importantly, the correlations observed in this study imply that
catalysis is proportional to the population of the high-energy
conformational substates that determine the ratio of protein
opening and closing rates for H�D exchange. Further spec-

¶The five peptides that show a transition above 40°C show some degree of correlation with
r2 in the range of 0.82–0.89. The remaining peptides show weak correlation with r2 below
0.8, with the exception of peptides 11 (r2 � 0.89) and 20 (r2 � 0.87). All values for r2 are
summarized in Table 8.

Fig. 6. Correlation between kcat [obtained from the oxidation of benzyl
alcohol (9)] and kHX(WA) for peptides 1 (coefficient of determination r2 � 0.98),
2 (r2 � 0.97), 3 (r2 � 0.93), 4 (r2 � 0.97), and 7 (r2 � 0.91).
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troscopic studies, as well as molecular dynamics simulations
in long time regimes, may yield insight into the nature of pro-
tein motion that both allows the access of amide to OD� during
H�D exchange and leads to enhancement of hydrogen transfer
catalysis.

Conclusion
A thermophilic alcohol dehydrogenase (htADH) has previously
been shown to undergo a temperature-dependent transition
between enzyme forms that differ in their properties for the
hydride transfer and its accompanying tunneling parameters (9,
15). Using H�D exchange coupled to mass spectrometry, we now
show that specific regions of htADH undergo changes in dynamic
properties that correlate with cofactor binding and hydride
transfer. Analysis of the H�D exchange pattern for 21 protein-
derived peptides between 10 and 65°C indicates that approxi-

mately half of the enzyme is frozen in a rigid conformational
substrate at reduced temperature. As the temperature is raised,
the enzyme undergoes transitions to attain high-energy substates
with enhanced mobility. For five peptides that reside in the
substrate-binding domain, statistically significant linear correla-
tions are observed between the temperature dependence of the
average rate constants for H�D exchange and that for enzymatic
turnover. These results provide unprecedented experimental
support for the hypothesis that specific and regional protein
motions are linked to the efficiency of enzymatic hydride
transfer.
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