
Structures of lactaldehyde reductase, FucO, link enzyme
activity to hydrogen bond networks and
conformational dynamics
Alberto Zavarise1, Shruthi Sridhar1,2, Tiila-Riikka Kiema2, Rikkert K. Wierenga2 and
Mikael Widersten1

1 Department of Chemistry – BMC, Uppsala University, Sweden

2 Faculty of Biochemistry and Molecular Medicine, University of Oulu, Finland

Keywords

catalytic mechanism; crystal structures;

lactaldehyde reductase; stereoselectivity

Correspondence

R. K. Wierenga, Department of Chemistry –
BMC, Uppsala University, Box 576, SE-751

23 Uppsala, Sweden

Tel: +358 407 486 439

E-mail: rik.wierenga@oulo.fi

and

M. Widersten, Faculty of Biochemistry and

Molecular Medicine, University of Oulu, FIN-

90014 Oulu, Finland

Tel: +46 18 471 4992

E-mail: mikael.widersten@kemi.uu.se

Alberto Zavarise and Shruthi Sridhar

contributed equally to this article

(Received 10 March 2022, revised 17 July

2022, accepted 22 August 2022)

doi:10.1111/febs.16603

A group-III iron containing 1,2-propanediol oxidoreductase, FucO, (also

known as lactaldehyde reductase) from Escherichia coli was examined

regarding its structure–dynamics–function relationships in the catalysis of

the NADH-dependent reduction of (2S)-lactaldehyde. Crystal structures of

FucO variants in the presence or absence of cofactors have been deter-

mined, illustrating large domain movements between the apo and holo

enzyme structures. Different structures of FucO variants co-crystallized

with NAD+ or NADH together with substrate further suggest dynamic

properties of the nicotinamide moiety of the coenzyme that are important

for the reaction mechanism. Modelling of the native substrate (2S)-

lactaldehyde into the active site can explain the stereoselectivity exhibited

by the enzyme, with a critical hydrogen bond interaction between the (2S)-

hydroxyl and the side-chain of N151, as well as the previously experimen-

tally demonstrated pro-(R) selectivity in hydride transfer from NADH to

the aldehydic carbon. Furthermore, the deuterium kinetic isotope effect of

hydride transfer suggests that reduction chemistry is the main rate-limiting

step for turnover which is not the case in FucO catalysed alcohol oxida-

tion. We further propose that a water molecule in the active site – hydro-

gen bonded to a conserved histidine (H267) and the 20-hydroxyl of the

coenzyme ribose – functions as a catalytic proton donor in the protonation

of the product alcohol. A hydrogen bond network of water molecules and

the side-chains of amino acid residues D360 and H267 links bulk solvent

to this proposed catalytic water molecule.

Introduction

Alcohol dehydrogenases (ADHs, EC1.1.1.1) are among

the most-studied enzyme super families and have stood

as exemplifying models for such central mechanistic

principles of catalysis as hydrogen tunnelling [1–4], low-
barrier hydrogen bonds [5], transition metal afforded

electrophilic catalysis [6] and NAD(P)-dependent

hydride transfer [7,8]. Alcohol dehydrogenases have also

been the paradigm of sequential BiBi reactions with

their variations [9–16]. Most of this knowledge has been

gathered on systems belonging to the zinc (II)-

dependent group I family of enzymes [17,18].

The less studied group III ADHs, so far identified

only in microbes [20], depend on Fe(II) as cofactor.

We have been interested in a group III ADH involved
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in the secondary metabolism of rare sugars in Escheri-

chia coli, FucO (EC1.1.1.77, Fig. 1) [21–23], with the

ambition to employ its regiospecificity for primary

alcohol oxidation in the biocatalysis of vicinal diols

to α-hydroxy aldehydes [24,25]. The proposed physio-

logical substrate of this enzyme is (2S)-lactaldehyde

(compound 2 in Fig. 2), with the resulting (2S)-1,2-

propanediol (4) as the ultimate fermentation product

in the metabolism of L-fucose [21,22]. A primary role

as aldehyde reductase is suggested from the pH

dependencies of catalysis where aldehyde reduction is

insensitive to pH within a broad range, whereas alco-

hol oxidation increases linearly with pH up to at least

pH 10, with the enzyme being virtually inactive at

neutral pH values [23]. The substrate scope of FucO

is limited to short-chain aldehydes and α-
hydroxyaldehydes and their cognate alcohols and vici-

nal diols with a strong preference for the (S)-

enantiomer of the substrates [23]. The catalytic mech-

anism of FucO has been inferred from knowledge

gained from studies of group I alcohol dehydroge-

nases such as the horse liver [17] or yeast [18] ADH.

However, considering the substantial differences in

structure and metal cofactor dependencies between

these ADHs, it is questionable as to how much of the

understanding based on the structure–function–dy-
namics properties of group I ADHs can be applied to

group III isoenzymes. Thus, here we have continued

studies on the catalytic mechanism of FucO, focusing

on the presumed native aldehyde reductase function.

FucO is a dimeric enzyme and each subunit consists

of two domains, being a nucleotide-binding domain,

which binds the cofactor (NAD+ or NADH, consist-

ing of residues 1 to 180) and a C-terminal domain

which binds the Fe(II) active-site metal ion (residues

190–380). Both domains contribute to the dimer inter-

face and both domains contribute to the binding

groove to which the cofactor NAD+/NADH and sub-

strate bind in the ternary complex. Here, we show

that the domains can adopt “open” (in the absence of

nucleotide) and “closed” conformations (in the pres-

ence of nucleotide). The new structural and enzymo-

logical data also provide insight into the FucO

reaction mechanism.

Results and Discussion

Enzyme kinetics

We have focused here on the reductive direction of the

catalysed reaction, based on the presumption that (S)-

lactaldehyde 2 is the enzyme’s physiological substrate.

Apparent steady-state parameters determined with 2,

propanal (1) and the coenzyme NADH are given in

Table 1. The obtained substrate saturation curves

exhibited significant (P < 0.01) positive cooperativity

and could not be adequately modelled by the

Michaelis–Menten expression. Instead, a modified Hill

equation (Eq. 1) was employed for modelling the

kinetic behaviour. Thus, the parameter describing half-

Fig. 1. (A) Cartoon representation of the homodimeric structure of FucO (F254I, PDB entry 7QNJ). The two catalytic Fe(II) ions are

shown as rust coloured spheres and the NAD+ coenzymes in magenta coloured ball-and-stick representation. (B) Close-up of the active

site (A-chain). Active-site residues discussed in this work are shown in ball-and-stick representation. Image constructed in PYMOL ver.

2.5 [19].
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saturation of substrate, KM, has been replaced by

“K0.5” to emphasize that this parameter is not directly

equivalent to a Michaelis constant. The exponent nH is

the Hill coefficient.

v0
E½ �tot

¼ kcat S½ �nH
KnH

0:5 þ S½ �nH (1)

The lower determined turnover number in the reac-

tions with constant concentration of 2 and varied

NADH, as compared to the reciprocal combination, is

not easily explained. In both cases were saturating

concentrations of the non-varied substrates present in

the respective reaction mixtures, yet the kcat values dif-

fer by a factor of 3. If the observed behaviour may be

linked to the cooperative behaviour and the complex-

ity of the kinetic mechanism (vide infra) is unclear.

FucO has been proposed to follow an ordered BiBi

mechanism in the oxidation of alcohols based on a

relatively small primary deuterium kinetic isotope

effect (KIE) on kcat (1.9) in the oxidation of 1-

propanol (3) and a high dependency of medium vis-

cosity on kcat in the oxidation of 4 [23]. The rate-

limiting steps of catalysis have not been firmly pin-

pointed, however. The kinetic mechanism of the

reductive reaction has not previously been estab-

lished. Thus, we analysed the product inhibition pat-

tern of the reductive reaction involving NADH and

2. The double reciprocal plots of the four possible

combinations are shown in Fig. 3, with the numerical

values of determined steady-state parameters in Table

S1. The interpretation of the resulting inhibition pat-

tern is complicated by the fact that all substrate/pro-

duct combinations exhibited different degrees of

cooperativity. We have therefore based the assign-

ment of inhibition type on the influence of the inhi-

bitors on the estimated apparent Vmax and K0.5

values (Table S1). The interpreted inhibition patterns

are given in Fig. 3E and resemble mostly that of a

rapid equilibrium ordered BiBi with a dead-end

enzyme-EAP complex [26], although the assignment

should be regarded as preliminary considering the

non-typical behaviour. Furthermore, the presence of

the inhibiting products also alters the cooperative

behaviour, in some cases, quite dramatically. For

instance, in the reactions with constant [2] (substrate

“B”) and varied [NADH] (substrate “A”), addition

of NAD+ (product “Q”) alters the positive coopera-

tivity (nH = 1.3–1.6) to negative cooperativity

Table 1. Apparent steady-state kinetic parameters of aldehyde reduction.

Enzyme Substrate kcat (s
−1) K0.5 (mM) kcat/K0.5 (s−1�mM

−1) nH (Hill coeff.) k1 (s−1�mM
−1) k−1 (s−1) K1

a (mM)

Wild type NADH 3.5 � 0.3b 0.038 � 0.004b 91 � 10b 1.6 � 0.1 2100 � 300 74 � 10 0.035 � 0.007

H267Q NADH 3.6 � 0.4c 0.21 � 0.04c 17 � 4c 1.4 � 0.2 1100 � 200 36 � 10 0.032 � 0.01

D360N NADH ≥9.5c ≥0.26c 36c 0.71 � 0.1 2000 � 300 29 � 10 0.015 � 0.007

Wild type 1 24 � 2 1.9 � 0.4 12 � 3 1.4 � 0.4

H267Q 1 15 � 0.6 15 � 1 0.95 � 0.09 1.7 � 0.2

D360N 1 11 � 0.9 22 � 5 0.51 � 0.09 (1)

Wild type 2 11 � 0.3 0.31 � 0.02 36 � 3 1.5 � 0.2

Wild type 2 + NADDd 5.1 � 0.2 0.25 � 0.02 20 � 2 1.2 � 0.2

H267Q 2 9.8 � 0.7 9.9 � 1 1.0 � 0.09 (1)

H267Q 2 + NADDd 7.3 � 0.9 18 � 4 0.42 � 0.05 (1)

D360N 2 14 � 0.6 2.5 � 0.4 5.5 � 0.6 (1)

Wild type 5 7.3 � 0.2e 11 � 1e 0.65 � 0.04e -

Wild type 6 10 � 0.2e 4.1 � 0.3e 2.5 � 0.1e -

aK1 = k−1/k1.;
bDetermined in the presence of 4 mM 2.; cDetermined in the presence of 30 mM 1.; dIn the presence of [4R-2H]-

NADH : NADH (50 : 50).; eData from ref. [23].

Fig. 2. Compounds discussed.
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(nH = 0.82–0.73). A summary of the effects on coop-

erativity is also provided in Fig. 3E.

The underlying mechanism for the shift in coopera-

tive behaviour is unclear. It is possible that the inhibi-

tor competes for binding at one subunit forming a

dead-end enzyme-EQB or EAP complex. Such futile

ternary complexes may cause conformational changes

that are communicated to the neighbouring subunit,

causing a lowering of the affinity for NADH at the

catalytically competent subunit. We describe later in

the current work crystal structures of the enzyme in

open and closed states, with quite different intersub-

unit contacts that are in agreement with possible com-

munication of structural changes between the

respective active sites of the dimer.

Allosteric behaviour in metabolic enzymes is com-

mon, since it allows for emphasized responses to both

substrate and product concentrations in the context of

reaction networks maintaining homeostasis [27,28].

A physiological scenario where NADH is present

at enzyme-saturating concentrations and the concen-

trations of aldehyde 2 are varied, depending on the

presence of sugar metabolites, is possible. Thus, the

observed substantial shift from positive to negative

cooperativity in the reaction with varied [2], saturating

[NADH], and added alcohol 4, may reflect a sensor

for intracellular accumulation of the diol, which is of

no apparent metabolic value. Diol 4 may even interact

with related enzyme systems in unfavourable side-

reactions.

The primary deuterium KIE in the reaction with

[4R-2H]NADH and 2 resulted in a value higher than

that for 1-propanol oxidation, 4.4 (�0.2) as compared

to 1.9 (�0.1) (Table 2). Adopting the model of North-

rop including commitment-to-catalysis arguments [29],

a smaller deuterium KIE on kcat suggests that reaction

steps downstream of the isotope sensitive step, i.e. the

hydride transfer, are rate limiting for turnover, for

instance product release steps. Here, the Dkcat of 4.4

rather suggests that chemistry of reduction is rate lim-

iting to a higher degree as compared to the alcohol

oxidation. The Dkcat/K0.5 was similar (3.5 � 0.5) to

that previously determined for propanol oxidation

(4.2 � 0.4).

It has been shown in related systems with group I

ADHs [15,16] that turnover numbers are often compa-

rable to steps involved in coenzyme release, i.e. NAD+

release (k5) in the present case. Due to the lack of a

spectral probe for association and dissociation of the

oxidized coenzyme, we were unable to determine the

Fig. 3. Product inhibition of the catalysed reduction of 2. (A–D) Plots of 1/v0 versus 1/[varied S]. The non-varied substrate was present at

> 10 × K0.5. (E) Interpretation of the inhibition patterns based on the effects on the apparent Vmax and K0.5 parameters. The starred B/P pair

(panel D) exhibits a dramatic shift in cooperative behaviour from positive in the absence of P to pronounced negative cooperativity with

increasing concentrations of alcohol 4. Error bars are standard deviations of initial velocities (n = 4). The asterisk only emphasizes the

extreme response observed in that product ("P")/substrate ("B") pair.
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NAD+ off-rate for an evaluation of the rate limitation

of this step in the catalytic cycle. We can, however,

conclude that the dissociation rate of NADH (k−1 in

Table 1) exceeds kcat for 2 by 6.7-fold and if NAD+

affinity is similar to that of NADH, which is suggested

from their respective K0.5 values (38 and 70 μM for

NADH and NAD+, respectively [23]), it would infer

that cofactor release is not rate limiting to any major

extent in the catalysed aldehyde reduction. This is in

line with the fact that kcat of the reduction of 1 is only

partially affected by increase in medium viscosity [23]

which plays down the influence of product release

being rate limiting for turnover. The substantial pri-

mary deuterium KIE in the reduction of 2 is in agree-

ment with that presumption.

Substrate selectivity

(2S)-Lactaldehyde (2) is the proposed physiological

substrate and the value of kcat/K0.5 exceeds all other

aldehyde substrates tested to this point with the wild-

type enzyme by > 3-fold (Table 1). The higher enzyme

efficiency is mainly caused by a relatively low K0.5 for

2, which is fivefold lower compared to that of propa-

nal and 11-fold lower compared to that of 2-

oxopropanal (6). This implies that stereoselective inter-

actions involving the (2S)-hydroxyl of 2 are at play in

productive substrate binding, which is further sup-

ported by the strong, 300-fold, preference for (2S)-

propane-1,2-diol over the (2R) enantiomer in the

oxidative reaction direction [23].

Lack of available crystal structures where informa-

tive ligands are bound in putatively productive modes

in the active site has hampered a conclusive description

of the observed stereoselectivity in FucO. Examination

of the structure of wild-type FucO (PDB entry 1RRM

[30]), in the light of functional data on isolated active-

site mutants that have lost the enantioselectivity [25],

points out residue N151 as a plausible determinant of

the (2S)-selectivity. Its involvement may be attributed

to a direct interaction between the C-2 hydroxyl of the

substrate with the amide side-chain of N151, as sug-

gested from manually docking this substrate into a

putatively productive binding mode within the active

site (Fig. 4).

Catalytic mechanism

The established mechanism for group I ADHs has

been a starting point when analysing the catalytic

mechanism of FucO. The iron(II) cofactor is assumed

to act as an electrophile stabilizing the buildup of

negative charge on the carbonyl oxygen upon hydride

transfer from NADH to the aldehyde C-1 (Fig. 5A).

The Fe(II) ion is coordinated by the side-chains of

three histidines, one aspartate and in addition, in the

unliganded active site, by two waters. It concerns the

NE2-atoms of His200, His263 and His277 and the

OD1-atom of Asp196 (Fig. 5B–D). These residues

protrude out of three different helices of the helical

domain. The two water molecules are displaced in

the presence of the bound nicotinamide ring in com-

plexes with NAD+ and NADH, as also observed in

the structural studies of a bacterial FucO homologue

[31] for which structures are available of the unli-

ganded enzyme (complexed with Fe(II)) and of the

binary complex (with bound Fe(II) and NAD+ in the

active site) The coordination of the Fe(II) ion is also

observed in the structure of 1,3-propanediol dehydro-

genase (PDB entry 3BFJ [32]), also in this case the

structure is available for the enzyme complexed with

Fe(II), but in the absence of NAD+. Homologues

also from other sources display very similar Fe(II)

coordination and amino acid ligands [33–35].
The pro-(R) hydride of NADH is transferred to the

substrate carbonyl in the reduction reaction [23]. In

this work, we have solved structures of FucO variants

in complex with NADH (PDB entry 7R5T) and

NAD+ (PDB entries 7QNF, 7QNJ and 7R0P). These

FucO variants have been identified previously in direc-

ted evolution studies aimed at finding variants with

different substrate specificities and we have confirmed

that these variants still catalyse the FucO reaction with

the natural substrate (Shruthi Sridhar, manuscript in

preparation). The crystal structures of the complexes

of these variants with NADH and NAD+ show that

Table 2. Kinetic isotope effects.

Reduction of 2a

Reduction of 1b
Oxidation of 3c

Enzyme Dkcat
Dkcat/K0.5

H2Ok/D2Ok Dkcat
Dkcat/KM

wild-type 4.4 � 0.2 3.5 � 0.5 0.99 � 0.1 1.9 � 0.07 4.2 � 0.4

H267Q 2.7 � 0.4 4.9 � 0.7 0.38 � 0.08 – –
D360N – – 0.50 � 0.1 – –

aKinetic isotope effect (KIE) of hydride transfer from [4R-2H]-NADH to 2.; bSolvent deuterium KIE of reduction of 1, at pL = 8.0, expressed

as the ratio of kcat
app in H2O as compared to D2O.; cKIE of hydride transfer from 1,1-d2-propanol to NAD+ at pH 10.0 [23].
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the mode of binding of the nicotinamide ring is in

agreement with the experimental evidence for the stere-

oselectivity in hydrogen transfer from NADH (Fig. 4).

The crystal structures of the point mutated variants

F254I, L259V and (N151G/L259V) determined at high

resolution (Table 3), respectively, at 1.73 Å (7QNI),

1.66 Å (7QNJ) 1.6 Å (7R0P), 1.85 Å (7R5T), 1.4 Å

(7R3D) and 2.14 Å (7QNF), show that the point

mutations cause only local changes in the structure;

also, the relative positions of the two domains in the

holo structures are the same as in wild type (Shruthi

Sridhar, manuscript in preparation). In all crystal

structures that we have determined, whenever an alco-

hol or aldehyde analogue is bound in what can be

regarded as mimicking productive enzyme–substrate
complexes, the nicotinamide ring of the coenzyme is

invisible in the electron density maps (Fig. 6). As an

example, in the crystal structure of FucO (N151G/

L259V, PDB entry 7QNF) complexed with ADP-

ribose (ADPR) and ethylene glycol, one of the hydro-

xyl oxygens of this alcohol is located at the same posi-

tion bound to the Fe(II) as a water molecule otherwise

present (Fig. 6B). In structures where there is no

ligand bound, or the nicotinamide ring is absent, two

water molecules bound to the Fe(II) are present (Fig. 6

A). If the nicotinamide moiety is included back in the

coenzyme, steric clashes with both water molecules

occur. We have interpreted these observations as cap-

turing different states of the coenzyme bound in the

active site. In the binary E•NADH or E•NAD+ com-

plex, the nicotinamide ring of the coenzyme is posi-

tioned in a conformation close to the Fe(II) cofactor

that may prevent productive binding of the aldehyde

substrate. Thus, the structural data clearly suggest that

dynamic movement of the nicotinamide ring is neces-

sary for the formation of a competent ternary complex

(which could not be captured in a crystal structure),

thereby allowing catalysis to occur. Formation of the

product alcohol involves protonation of the intermedi-

ate alkoxide. A potential proton donor is a water

molecule (circled in Fig. 7) that is within close hydro-

gen bond distance to the carbonyl oxygen of 2 mod-

elled in an assumed productive binding mode, thus

perfectly positioned for protonation of the formed

oxide. Possible links between structural dynamics in

the active site and the cooperative behaviour in the

kinetics are still unclear.

Two active-site residues that appear to be conserved

within this protein family (Fig. S1), H267 and D360

(FucO numbering), are within hydrogen bond distance

to each other, forming an interaction network together

with the main-chain amides of V361 and C362

(Fig. 7). H267 is also hydrogen bonded to the above-

mentioned candidate catalytic water molecule. Further-

more, a chain of hydrogen bonds of additional water

molecules together with the carboxyl groups of D360

links the substrate bonded water molecule to bulk sol-

vent (Fig. 7), ensuring an equilibrated supply of

Fig. 4. Modelling of 2 (cyan coloured carbons) in the active site of FucO as described in Materials and methods. The NADH molecule is

coloured magenta. A hydrogen bond between the side-chain amide of N151 and the (2S)-hydroxyl of 2 is clearly possible in the modelled

conformation. The carbonyl oxygen is within interacting distance of the iron(II) and the carbonyl carbon is located at a distance (2.1 Å) and

angle from C-4 of the nicotinamide of the coenzyme that could allow for transfer of the pro-(R) hydride to the carbonyl carbon, consistent

with previous experimental evidence for pro-(R) selectivity in FucO [23]. The modelled conformation agrees with the mode of binding of

ethylene glycol (EDO) (a bona fide substrate [23]) observed in the crystal structure of FucO (N151G/L259V) (Fig. 6B).

470 The FEBS Journal 290 (2023) 465–481 � 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

Structure–activity of (S)-lactaldehyde reductase A. Zavarise et al.

 17424658, 2023, 2, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1111/febs.16603 by U

ppsala U
niversity K

arin B
oye, W

iley O
nline L

ibrary on [17/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.2210/pdb7QNI/pdb
https://doi.org/10.2210/pdb7R3D/pdb
https://doi.org/10.2210/pdb7R3D/pdb
https://doi.org/10.2210/pdb7R3D/pdb
https://doi.org/10.2210/pdb7QNF/pdb
https://doi.org/10.2210/pdb7QNF/pdb
https://doi.org/10.2210/pdb7QNF/pdb


protons for catalysis. The acid/base properties of the

imidazolium/imidazole of H267, and with its acid/base

characteristics influenced by the presence of D360,

made us substitute both these residues to their closest

isosteres (H267Q and D360N) for analysis of possible

contributions to catalysis.

The absence of a solvent deuterium KIE on the

apparent kcat values determined with propanal (1) of

the wild-type catalysed reduction suggests that proton

transfer events are not contributing to rate limitations

(Table 2, Fig. 8). The H267Q or D360N substitutions

do not affect the turnover numbers with either 1 or 2

(Table 1), therefore rate-limiting acid/base roles for

these residues can be excluded. The approximately 2-

fold lower kcat values in Table 1 should be viewed as

lower limit values, since the increased K0.5 NADH dis-

played by both mutants prevents full enzyme satura-

tion in the assays.

Although turnover numbers are in essence unaf-

fected by the H267Q and D360N substitutions, the

effects on K0.5 values are quite pronounced. The

half-saturation values for either aldehyde, 1 or 2, are

increased 8- to 32-fold (Table 1). If assuming a

(mainly) ordered sequential kinetic mechanism, KM

for the aldehyde substrate, “KMB” can be described

by Eqn (2) [13], where the rate constant designations

refer to the ordered mechanism shown in Scheme 1.

A reasonable assumption is that aldehyde association

rates are considerably faster than subsequent steps

of reduction and alcohol release. Eqn (2) can then

Fig. 5. (A) Model of the basic mechanism of FucO catalysed aldehyde reduction, with the iron(II) cofactor acting as electrophile stabilizing a

transient oxyanion. The pro-(R) hydride of NADH is transferred to the substrate. (B–D) Coordination of Fe(II) cofactor in FucO. (B) 2FoFc map

drawn at 1σ of the residues liganding to the Fe(II) centre (A-chain of PDB entry 7QNJ). (C, D) Distances (in Å) between Fe(II) and ligands.

The three histidine ligands and D196 bind the central ion at close to 90° angles. The C-5 carbon of bound NAD+ is also within Van der Waals

distance to the iron(II). Image constructed in PYMOL ver. 2.5.
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be simplified to more clearly describe the connection

between K2, the dissociation constant of aldehyde

from the ternary complexes, k−2/k2 and KMB

(Eqn 3). It is evident that changes in reaction steps

not directly describing rates of association and disso-

ciation of the aldehyde may affect the half-

saturation value, but only in the direction of lower-

ing KMB as compared to K2. Thus, increased values

Table 3. Data collection, data processing and refinement statistics.

FucO variants L259V (apo)

F254I

co-crystallized

with NAD+

and Fe(II)

F254I

co-crystallized

with NAD+

and Fe(II)

F254I

co-crystallized

with NADH

and Fe(II)

N151G/L259V

co-crystallized

with NADH

and Fe(II)

N151G/L259V

co-crystallized

with NAD+

and Fe(II)

Cryoprotectant Glycerol Glycerol Ethylene glycol Glycerol Glycerol Ethylene glycol

Data collection

Beamline PETRA III (P14) DLS (I03) DLS (I03) DLS (I24) DLS (I24) DLS (i03)

Detector EIGER2 CdTe 16 M Eiger2 XE 16 M Eiger2 XE 16 M Pilatus3 6 M Pilatus3 6 M Eiger2 XE 16 M

Wavelength (Å) 0.9762 0.9763 0.9763 0.9999 0.9999 0.97625

Temperature (K) 100 100 100 100 100 100

Data processing

Space group C2 2 21 P212121 P212121 P21 P21 P212121

a, b, c (Å) 55.41, 108.36,

123.90

58.14, 86.22,

148.47

57.98, 86.16,

147.65

69.56, 54.33,

101.80

62.96, 95.11,

69.36

61.83, 85.76,

136.68

α, β, γ (°) 90.00, 90.00, 90.00 90.00, 90.00, 90.00 90.00, 90.00, 90.00 90.00, 99.97, 90.00 90.00, 116.48, 90.00 90.00, 90.00, 90.00

Data processing

software

XDS, AIMLESS XDS, AIMLESS DIALS, AIMLESS DIALS, AIMLESS XDS, AIMLESS DIALS, AIMLESS

Resolution (Å)a 1.73 (1.76–1.73) 1.66 (1.69–1.66) 1.60 (1.63–1.60) 1.85 (1.89–1.85) 1.40 (1.42–1.40) 2.14 (2.20–2.14)
Rpim (%) 2.1 (49.4) 3.3 (30.3) 3.6 (30.9) 5.6 (27.3) 3.8 (40.5) 7.0 (97.6)

CC1/2 (%) 99.9 (75.9) 99.9 (84.7) 99.8 (85.4) 99.3 (85.0) 99.7 (80.7) 99.7 (52.2)

I/σ(I) 18.0 (1.5) 14.5 (2.5) 11.6 (2.5) 7.3 (1.9) 10.9 (2.2) 8.4 (1.2)

Completeness 100.0 (100.0) 99.8 (97.1) 100.0 (100.0) 99.9 (100.0) 99.0 (99.0) 100.0 (100.0)

Redundancy 13.2 (13.4) 6.7 (5.8) 13.10 (10.77) 3.2 (3.3) 3.12 (2.9) 13.3 (13.8)

Observed reflections 521 104 (28830) 598 472 (24663) 1 289 211 (52104) 207 448 (13009) 443 804 (20052) 545 632 (45803)

Unique reflections 39 368 (2151) 88 890 (4211) 98 360 (4837) 64 213 (3986) 141 933 (6998) 40 916 (3299)

Wilson B. factor (Å2) 28.4 12.8 12.1 19.5 17.0 32.5

Refinement statistics

Resolution 54.24–1.73 29.43–1.66 42.77–1.60 61.84–1.85 48.53–1.40 36.71–2.14
Rwork (%) 18.3 15.4 15.6 18.2 15.6 17.9

Rfree (%) 21.3 18.4 17.7 21.5 17.9 22.6

Number of used

reflections

37 407 84 312 93 476 61 014 135 015 38 784

Total number of

atoms

2894 5770 5790 5720 5762 5701

Number of waters 153 610 555 239 595 266

Average B-factor

Protein (A, B chains)

(Å2)

36.8 19.2/18.3 17.8/17.2 27.5/28.1 18.7/19.7 27.4/28.5

Active-site ligandsb

(of A- and B-

chains) (Å2)

27.7 (NAD+),

18.6 (FE)

23.6 (NAD+),

19.6 (FE)

30.2 (NADH/ADPR),

28.31 (FE)

18.4 (ADPR),

15.5 (FE)

46.2 (ADPR),

32.3 (FE)

Waters (Å2) 41.2 30.5 28.2 31.2 29.5 41.2

RMS deviation

Bond lengths (Å) 0.0049 0.0050 0.0077 0.0048 0.0068 0.0057

Bond angles (°) 1.3 1.3 1.4 1.3 1.4 1.4

Ramachandran plot

Favoured region (%) 97.92 98.03 98.95 98.16 98.17 97.11

Allowed region (%) 1.30 1.31 0.52 1.31 1.31 2.10

Outlier region (%) 0.78 0.66 0.52 0.52 0.52 0.79

PDB entry 7QNI 7QNJ 7R0P 7R5T 7R3D 7QNF

aValues given in parentheses are for the highest resolution shell.; bADPR refers to ADP-ribose.
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of the half-saturation concentrations suggest mainly

effects on association/dissociation of the aldehyde

substrates.

KMB ¼ k5 k�2k4 þ k�2k�3 þ k4k3ð Þ
k2 k4k5 þ k3k4 þ k3k5 þ k�3k5ð Þ (2)

KMB ¼ K2

1þ k3k4
k5 k4þk�3ð Þ þ k3

k4þk�3

(3)

Keeping in mind that the displayed cooperativity com-

plicates direct comparisons with ideally behaving model

systems (although neither mutant displayed significant

cooperativity with 2), the discussion may still assist in

the analysis of the FucO kinetics behaviour.

As judged from the crystal structures, the forma-

tion of correct hydrogen bond networks at the active

site is expected to facilitate productive aldehyde

binding and if disrupted by changes in hydrogen

bond donors/acceptors decreased association rate (or

increased dissociation rate, or both) could be an

effect, resulting in elevated values of K2. Treating

the determined K0.5 values as approximations of K2,

the estimated loss in binding energy corresponds to

1.4–2 kcal�mol−1, which is well in agreement with the

loss of a hydrogen bond. Such an interpretation

implies that the hydrogen bond pattern would

change in a manner that interactions between the

carbonyl oxygen and the catalytic water molecule are

lost. However, in order for such a scenario to be

valid, the rate of protonation of the transient alkox-

ide cannot be affected to a degree where it becomes

rate limiting for turnover. An alternative possibility

involves also changed interactions with the coen-

zyme. An effect by the mentioned substitutions was

a substantial increase in the respective K0.5 values

for NADH (Table 1). In an ordered mechanism KM

for NADH, “KMA” is defined by Eq. 4 [13].

KMA ¼ k3k4k5
k1 k4k5 þ k3k4 þ k3k5 þ k�3k5ð Þ (4)

which can be reparametrized into,

KMA ¼ K1

k�1
1
k3
þ 1

k4
þ 1

k5
þ K3

k4

� � (5)

where K1 is the equilibrium dissociation constant of

NADH from the binary E•NADH complex (k−1/k1)

(Table 1) and K3 is the ratio of reverse and forward

fluxes through the redox step. In order for KMA to

equal K1, the sum of all inverse forward-striving

terms in the denominator of Eq. 5 should be 1/k−1.

In the wild-type enzyme, the values of K1 and K0.5

for NADH are essentially identical (Table 1). In

both mutants, however, K0.5 for NADH > K1. Con-

sidering that the mutations in H267Q and D360N

supposedly disrupt hydrogen bond networks that

Fig. 6. Alternative conformations of the coenzyme in the active

site. (A) In the structure of FucO (F254I) (PDB entry 7R5T, pink

coloured carbons), the occupancy of the nicotinamide moiety of

the coenzyme is less than unity. The optimal agreement with the

modelled electron density is a case where the nicotinamide ring is

present but with lower occupancy (0.4) together with an alternative

binding mode where the ring is not seen, and the coenzyme is

instead modelled as ADP-ribose (ADPR, cyan coloured carbons).

Two water molecules coordinated to the iron(II) cofactor cause

sterical clashes if the coenzyme is modelled with the ring present.

The water molecule labelled “w” is the proposed catalytic proton

donor. (B) FucO (N151G/L259V) (B-chain of PDB entry 7QNF, dark

blue coloured carbons) cryoprotected with ethylene glycol (EDO).

Here, one of the Fe(II)-liganded water molecules is replaced by one

of the ligand hydroxyl oxygens, implying a putative substrate-

binding mode.
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may influence binding of the second substrate, the

reaction step that is most likely to become affected

is the dissociation of the alcohol product (with rate

constant k4), since intermolecular interactions with

the enzyme are expected to be similar. An increase

in the value of k4 lowers the product value of the

denominator resulting in KMA increases as compared

to K1. The proposed catalytic water molecule is also

within hydrogen bond distance to the 20-hydroxyl of

the coenzyme ribose (Fig. 7) and it is plausible that

this interaction is weakened or lost as a consequence

of the D360N/H267Q mutations; a resulting change

in the local hydrogen bond network in the presence

of substrate, as outlined in Fig. 9, could lower the

affinity for NADH and thus result in the observed

effects also on the (apparent) K0.5 values for the

aldehyde substrates. A possibly similar case has been

described in the horse liver ADH where picolin-

imidylation of a coenzyme-interacting Lys residue

resulted in similar effects – KM increases for both

coenzymes and second substrates, with retained and

even elevated, turnover rates [36].

A possible alternative explanation includes structural

dynamics as a component that may influence coen-

zyme and aldehyde interactions in the active site. If

the affinity for the aldehyde substrate is affected by an

enzyme form in which the coenzyme is first bound, or

vice versa, i.e. the enzyme adopts a coenzyme-

dependent conformation that provides higher affinity

for the second substrate, a lowering of the affinity for

NADH would show up as a concomitant (apparent)

decrease in affinity for the aldehyde. This would be

manifested in steady-state measurements where the

coenzyme concentrations are not fully saturating, as in

the current study. The described possible model, how-

ever, also requires that the affinity of NADH is influ-

enced by binding of the aldehyde, a scenario that is

excluded by a linear ordered sequential model. Hence,

formation of the ternary E•NADH•R=O complex

must be modelled as a random process where the alde-

hyde may bind to the active site irrespective of preced-

ing NADH binding (Scheme 2). If applying Scheme 2

as a plausible model of substrate binding events,

KM
NADH would be dependent on the degree of satura-

tion of the E•R=O binary complex and the ratio of

k−4/k4 which would be distinct from K1 (k−1/k1).

Solid evidence for structural dynamics in the group

I ADH from horse liver exists [17,37]. The different

conformational states (“open” and “closed”) have been

linked to distinct kinetic behaviour and binding of the

coenzyme stabilizes the closed state, which also exhi-

bits higher affinity for the second substrate [17,36].

Similar coupling between structural states and rate-

limiting steps have also been suggested for FucO, but

without supporting structural data [23]. We have crys-

tallized a point mutation variant of FucO (L259V) in

the absence (“apo”) of coenzyme (NADH or NAD+)

and Fe(II) ion in the active sites and compared its

structure with a “holo” enzyme, with bound Fe(II)

and coenzyme (Fig. 10). The holo structure is in the

closed state, like the wild type, but in the apo structure

the domains have adopted a different position with

Fig. 7. Hydrogen bond network involving H267 and D360. The NE2 of H267 is via a bridging water molecule (also referred to as the

catalytic water, inside dotted ring) connected to the carbonyl oxygen of bound 2 when the substrate is placed in a presumably productive

pose. The catalytic water is also hydrogen bonded (at a distance of 2.7 Å) to the 20-hydroxyl group of the ribose moiety of the coenzyme. A

chain of water molecules connecting the aldehyde oxygen to bulk solvent, and including H267 and D360, is evident from the structure. Such

a chain of connected waters and acid/base functionalities may act as a provider of protons for the formation of the 1° alcohol product. Image

constructed in PyMOL ver. 2.5 using the atomic coordinates in PDB entry 7QNJ.
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respect to each other, such that the cleft between the

two domains is much wider and we will refer to this

state as “open” (Fig. 10). The enlargement of the cleft

is the result of rigid-body movements of the nucleotide

binding and α-helical domains of approximately 20

degrees with respect to each other, similarly as

observed for the equine ADH [37], although the

observed differences between the apo and holo states

are considerably larger in FucO. In addition, the

monomer–monomer interface interactions are different

in the apo and holo form (Fig. 10), which correlates

with the notion of cooperativity that has been

observed in the kinetic studies. Although the apo

enzyme form can be viewed as a “non-physiological”

state since the protein lacks both the coenzyme, in

Fig. 8. Proton inventory. The ratios of apparent kcat values of FucO

catalysed reduction of 1 determined at different concentrations

of D2O. pL = 8.0, where pL is the negative logarithm of

([D+]+[H+]). Error bars indicate standard deviations of apparent kcat

ratios (n ≥ 3). The kinetic isotope effects (Table 2) were estimated

after fitting a linear model.

Scheme 1. Ordered sequential BiBi mechanism as working model

for FucO catalysed aldehyde reduction.

Fig. 9. Possible effects by the H267Q and D360N substitutions on

hydrogen bond networks within the active site. (A) In the native

enzyme, a hydrogen bond between the proposed catalytic water

molecule (red) and the 20-hydroxyl of the coenzyme ribose can be

envisioned, maintaining the capacity for protonation of the transient

alkoxide formed in the reduction process. Replacement of either

D360 or H267 into Asn (B) and Gln (C), respectively, is expected to

change the hydrogen bond interactions of residue H267 into a

donor rather than as an acceptor, thereby flipping the orientation of

the catalytic water. The end effect would be the loss of a hydrogen

bond to the coenzyme.
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either reduced or oxidized form, or the Fe(II) cofactor,

the structure demonstrates an intrinsic high degree of

conformational flexibility in regions directly responsi-

ble for substrate binding and for the organization of a

catalytically competent active site.

The solvent deuterium KIE on kcat of the H267Q

and D360N mutants in the reaction with 1 is distinct

from that of the wild-type displaying inverse KIEs

(0.38 and 0.50, respectively) (Table 2, Fig. 8). The pro-

ton inventories of either mutant are too narrow to

allow to conclusively determine the number of hydro-

genic sites that cause the observed KIEs. However, the

agreement of a linear model of the data suggests that

the observed isotope effects may be attributed to single

hydrogenic sites. Although the H267Q and D360N

substitutions do not affect kcat with either 1 or 2

(Table 1), the displayed inverse solvent deuterium

KIEs suggest that tightening of hydrogenic sites is at

play in the rate-limiting steps of the catalytic cycle

[38]. One possible (trivial) explanation is that hydrogen

bond networks involved in coenzyme binding are

strengthened due to deuteration [39] and thereby

restore, in a D2O-concentration-dependent manner,

the affinity for NADH. An increasingly larger propor-

tion of enzymes with productively bound substrates,

E•NADH(•R=O), would be reflected as an apparent

increase in kcat when reactions are assayed under sub-

saturating conditions. A direct effect on the chemistry

is less likely since proton transfer reactions are not rate

limiting, as judged by the absence of a solvent deu-

terium KIE in the wild-type enzyme. In the case of

H267Q, the kinetic isotope effect on kcat in the hydride

transfer from NADH to 2 is smaller as compared to

that of the wild-type catalysed reaction (2.7 � 0.4).

This suggests that rate limitation has shifted from

hydride transfer to include also later steps of the cat-

alytic cycle, i.e. product(s) release.

Conclusions

An ordered BiBi sequential model suffices to describe

the kinetics of wild-type FucO, although cooperative

behaviour in the kinetics obfuscates the analysis.

Reduction chemistry is rate-limiting, as judged by the

relatively large primary deuterium kinetic isotope

effect on kcat. Protonation of the transient alkoxide is

proposed to be delivered by a catalytic water molecule,

hydrogen bonded to the coenzyme and a conserved

His (H267). Proton supply to the catalytic water mole-

cule is achieved via a hydrogen bond chain connecting

bulk solvent with the active site (Fig. 7). The stereose-

lectivity for (2S)-hydroxylated substrates is explained

by its direct interaction with the amide side-chain of

N151. The enzyme exhibits intrinsic potential for func-

tional structural dynamics as illustrated by large

domain movements between an apo form and a cofac-

tor saturated enzyme form and by alternative positions

of the coenzyme nicotinamide ring in the determined

structures. We propose that domain movement may be

important for substrate and coenzyme binding/dissoci-

ation kinetics, similarly to the equine liver ADH.

Mutations of amino acid residues involved in the chain

of hydrogen bonds connecting substrate with the cat-

alytic water molecule and one of the ribose of bound

coenzyme apparently shifts the kinetic model to ran-

dom order of substrate/coenzyme binding, as judged

by substantially increased values of half-saturation

concentrations but with retained affinity for NADH in

the binary E•coenzyme complex.

Materials and methods

Chemicals, reagents and molecular biology

components

Buffer components and other bulk chemicals were of the

highest purity commercially available. Propanal (1, ≥ 97%)

(Sigma/Aldrich #W292303, Darmstadt, Germany) and (S)-

lactaldehyde (2, 1 M solution in H2O) (Sigma/Aldrich

#47014), NADH (disodium salt, Sigma/Aldrich #N8129)

and NAD+ (Sigma/Aldrich #443410) were used in reactions

as provided by the manufacturer. Oligonucleotides were

custom synthesized by Thermo Scientific, Heidelberg, Ger-

many. QuikChange mutagenesis kit and Escherichia coli

XL-1 Blue were purchased from Agilent, Santa Clara, CA,

USA.

Scheme 2. Random order of binding of NADH coenzyme and aldehyde substrate suggested from the kinetic data in the reduction of 1

catalysed by FucO H267Q and D360N mutants.

476 The FEBS Journal 290 (2023) 465–481 � 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

Structure–activity of (S)-lactaldehyde reductase A. Zavarise et al.

 17424658, 2023, 2, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1111/febs.16603 by U

ppsala U
niversity K

arin B
oye, W

iley O
nline L

ibrary on [17/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Site-directed mutagenesis

Mutant genes encoding FucO H267Q and D360N were

constructed by the QuikChange (Agilent) protocol by the

inclusion of mutameric oligos (Table S2). The desired gene

sequences were confirmed by DNA sequencing (Eurofins,

Ebersberg, Germany).

Fig. 10. Crystal structures of a single subunit (A, yellow) and dimer (C, yellow) of the holo form of FucO F254I, with bound NADH and Fe(II)

(PDB entry 7R5T) and a single subunit (B, green) and dimer (D, green) of the apo form of FucO L259V, lacking both coenzyme and Fe(II)

cofactor (PDB entry 7QNI). The view of the upper subunit of the dimer (shown in C, D) is similar as used for the single subunit (shown in A,

B) and the dimer twofold axis runs horizontally between the two subunits of the dimer. The bound NADH molecule in the holo enzyme is

shown in stick representation (magenta coloured carbons). The virtual positioning of NADH shown in the apo form panels is obtained by

superpositioning of either the C-α-atoms of the residues of the nucleotide binding domain (B) or the dimer (D). The positioning of NADH in

the apo structure indicates how domain movements are expected to influence coenzyme interactions with the enzyme. In the apo form, the

helical domain has undergone an approximately 20-degree rigid-body rotation with respect to the nucleotide-binding domain, most clearly

seen by comparing the A and B panels. The more extended dimer interface of the apo form in comparison with the holo form is seen by

comparing the C and D panels.
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Protein expression and purification

The wild-type enzyme and variants thereof were expressed

and purified as described previously [23].

Sequence alignment, protein crystallization, data

collection, processing and structure

determination

CLUSTALW analysis [40] was performed for a selection of

protein Blast [41] hits. The chosen protein sequences were

within a score range of 317–200 bits applying the default

settings in the BLASTP program as provided by the Expasy

service (Swiss Institute of Bioinformatics, Lausanne,

Switzerland, www.expasy.org).

Protein crystals of the different FucO variants were

obtained in the conditions specified in Table S3. The crys-

tal treatment is also specified in Table S3 and the data

sets were collected from cryocooled crystals (Table 3). The

data sets were processed using XDS (7QNI, 7QNJ and

7R3D) [42,43] or DIALS (7QNF, 7R0P and 7R5T) [44],

as specified also in Table 3. Data were further scaled and

merged using AIMLESS [45]. The crystal structures were

solved by the molecular replacement method using mole-

cule A of PDB entry 1RRM [30] as the search model.

The molecule was split into two parts consisting of

domain A (residues 1–185) and domain B (residues 186–
383), and the structure was determined using the expert

mode of the molecular replacement program PHASER

[46] from ccp4i2 [47]. One (FucO L259V, apo, PDB entry

7QNI) or two copies (all other structures) of each protein

subunit were obtained as solutions of the molecular

replacement calculations, and the correct orientation of

the domains in the molecules was selected using the sym-

metry operations in COOT [48]. COOT was used to man-

ually improve the protein model and identify the ligands

and the waters. The structure was further refined using

REFMAC5 [49]. Refinement statistics are given in

Table 3. The quality of the structure was checked by

using the validation tools of COOT and by inspecting the

PDB validation report. In the refined structures of the

complexes with NAD+ or NADH, it was noticed that the

electron density map around the nicotinamide ring was

usually weaker than for the rest of the nucleotide, suggest-

ing either (a) the nicotinamide ring is disordered or (b)

NAD+/NADH was partially hydrolysed, forming adeno-

sine diphosphate ribose (ADPR). In the structure where

the density for the nicotinamide ring was poor, the

nucleotide was modelled as ADPR (PDB entries 7R3D

and 7QNF). In other structures, NAD+ was included in

the model, in which case the B-factors of the nicotinamide

moiety were higher than the remaining part (PDB entries

7QNJ, 7R0P). In one structure, the best description was

provided by including in the model both ADPR and

NADH, with similar occupancy (PDB entry 7R5T).

Molecular modelling

Aldehyde substrate 2 was manually positioned, using

PyMOL, in the active site of FucO (F254I). The modelling

was guided by the structure of FucO (N151G/L259V, PDB

entry 7QNF) cryoprotected with ethylene glycol which is a

bona fide alcohol substrate. In this structure, the bound

nucleotide is modelled as ADPR. The mode of binding of

ethylene glycol is shown in Fig. 6B.

Steady-state kinetics

Aldehyde reduction was assayed spectrophotometrically in

0.1 M sodium phosphate, pH 8.0, at 30 °C, by the time-

dependent concomitant oxidation of NADH, followed at

340 nm in a 0.5-cm cuvette. NADH concentration was

kept at 0.4 mM, which corresponds to 11 × K0.5 for the

wild-type, ≤ 1.9 × K0.5 for the H267Q and D360N

mutants. Kinetic parameters were also determined in the

presence of varying concentrations of NADH (20–
500 μM) and 30 mM 1 or 0.2–20 mM 2. Stated aldehyde

concentrations refer to the sum of the hydrate and alde-

hydic forms.

Steady-state kinetic parameters were determined after fit-

ting either the Michaelis–Menten equation or a modified

Hill equation (Eqn 1), to the experimental data using pro-

grams MMFIT or INRATE, respectively, in the Simfit

package (www.simfit.org.uk). K0.5 in Eqn (1) refers to the

half-saturation concentration of the enzyme catalysed reac-

tion and nH is the Hill coefficient. Model discriminations

between the two rate laws were determined by F-tests of

the residuals with a threshold of P < 0.05 for inclusion of

the Hill coefficient in the rate expression.

Product inhibition

The reduction of 2 was followed during the steady state in

0.1 M sodium phosphate pH 8.0, at 30 °C, by recording the

initial velocities of NADH reduction at either constant con-

centrations of 2 (4 mM, 12 × K0.5) and varied [NADH] (5–
80 μM) or at constant [NADH] (0.4 mM, 10 × KM) and var-

ied [2] (0.4–20 mM) in the presence of different concentra-

tions of product, either NAD+ (0–270 μM) or 4 (0–
450 mM). Kinetic parameters were determined as described

above and the inhibition patterns were analysed by double

reciprocal plots of initial reaction velocities as functions of

varied [2] or [NADH], respectively, in the presence of the

different concentrations of either NAD+ or 4 as inhibitors.

Proton inventory

Catalysed rates were determined in the presence of 0.4 mM

NADH and 5 mM 1 and 20 nM of wild-type or 60 mM 1

and 20 nM of H267Q and D360N. Reactions were per-

formed in D2O/H2O ratios between 0 and 79%, in 0.1 M
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sodium-phosphate, at 30 °C (pL = 8). pL was adjusted

using a pH meter applying the following compensation:

pL = pD + 0.3139α + 0.085α2 [50], where pD is the value

of the glass electrode reading and α is the fraction of D2O/

H2O.

Kinetic isotope effect in hydride transfer from

NADH to aldehyde

[4R-2H]NADH (A-side NADD (nicotinamide adenine dinu-

cleotide)) was synthesized as described in [23] which is a

revised protocol of Hallis and Liu [51]. As many as

860 units of yeast alcohol dehydrogenase, 0.14 mmol

NAD+ and 8.5 mmol ethanol-d5 (Sigma Aldrich #489336)

added in portions of 1.7 mmol every 20 min were mixed in

15 mL 50 mM NH4HCO3 and incubated at room tempera-

ture for 1.5 h. Kinetic isotope effects (KIEs) in aldehyde

reduction were determined in the presence of 0.4 mM

[4R-2H]NADH/NADH (50 : 50) and varying concentra-

tions (0.125–5 mM) of 2 for wild-type and (5–30 mM) for

H267Q.

Pre-steady-state kinetics

The association and dissociation rates of enzyme/NADH

were determined in stopped-flow experiments in an Applied

Photophysics SX-20 fluorometer. NADH fluorescence was

excited at 340 nm and emitted light was collected above

405 nm. Slit widths for entering and exiting light were set

to 1 mm. Enzyme (5 μM) was rapidly mixed with NADH

(20–60 μM) and the transient exponential increase in fluo-

rescence emission was recorded. The apparent rates, kobs,

reflecting the approach to the association/dissociation equi-

librium were determined by fitting Eqn (6) to the experi-

mental trace averages, where F is the recorded emitted

light, A, the signal amplitude and C the floating end point.

The rate constants of NADH association, kon, and dissoci-

ation, koff, were determined after fitting Eqn (7) to the

determined values of kobs. Examples of averaged fluores-

cence tracks and fits of Eqns (6) and (7) are shown in

Fig. S2.

F ¼ Aexp �kobstð Þ þ C (6)

kobs ¼ kon NADH½ � þ koff (7)

Acknowledgements

The synchrotron data sets were collected at beamline

P14 operated by EMBL Hamburg at the PETRA III

storage ring (DESY, Hamburg, Germany) and beamli-

nes I03 and I24 at Diamond Light Source (Oxford,

UK). We thank the beamline scientists for their expert

assistance when using these beamlines. The use of the

facilities and expertise of the Biocenter Oulu Structural

Biology Core Facility, a member of Biocenter Finland,

Instruct-ERIC Centre Finland and FINStruct, are

gratefully acknowledged. We thank Dr Subhadra Dal-

wani for preparing Fig. 10. This work was kindly sup-

ported by Foundation Olle Engkvist Byggmästare
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21 Baldomá L, Aguilar J. Metabolism of L-fucose and L-

rhamnose in Escherichia coli: aerobic-anaerobic

regulation of L-lactaldehyde dissimilation. J Bacteriol.

1988;170:416–21.
22 Conway T, Ingram LO. Similarity of Escherichia coli

propanediol oxidoreductase (fucO product) and an

unusual alcohol dehydrogenase from Zymomonas

mobilis and Saccharomyces cerevisiae. J Bacteriol.

1989;171:3754–9.
23 Blikstad C, Widersten M. Functional characterization

of a stereospecific diol dehydrogenase, FucO, from

Escherichia coli: substrate specificity, pH dependence,

kinetic isotope effects and influence of solvent viscosity.

J Mol Catal B Enzymol. 2010;66:148–55.
24 Blikstad C, Dahlström KM, Salminen TA, Widersten M.

Stereoselective oxidation of aryl-substituted vicinal diols

into chiral α-hydroxy aldehydes by re-engineered

propanediol oxidoreductase. ACS Catal. 2013;3:3016–25.
25 Blikstad C, Dahlström KM, Salminen TA, Widersten

M. Substrate scope and selectivity in offspring to an

enzyme subjected to directed evolution. FEBS J.

2014;281:2387–98.
26 Gutfreund H. Behavior and analysis of rapid

equilibrium and steady-state enzyme systems. In: Segel

IH, editor. Enzyme kinetics. New York, NY: John

Wiley & Sons, Inc.; 1975. p. 649–56.
27 Friedrich P. On the physiological significance of

positive and negative cooperativity in enzymes. J Theor

Biol. 1979;81:527–32.
28 Goldbeter A, Venieratos D. Analysis of the role of

enzyme co-operativity in metabolic oscillations. J Mol

Biol. 1980;138:137–44.
29 Northrop DB. The expression of isotope effects on

enzyme.Catalyzed reactions. Annu Rev Biochem.

1981;50:103–31.
30 Kumaran D, Swaminathan S. Crystal structure of

Lactaldehyde reductase. 2004. https://doi.org/10.2210/

pdb1rrm/pdb

31 Moon J-H, Lee H-J, Park S-Y, Song J-M, Park M-Y,

Park H-M, et al. Structures of iron-dependent alcohol

dehydrogenase 2 from Zymomonas mobilis ZM4 with and

without NAD+ cofactor. J Mol Biol. 2011;407:413–24.
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