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Abstract

X-Ray crystallography shows that the hydroxyl group of Thr-45 in the fermentative alcohol 

dehydrogenase (ADH1) from Saccharomyces cerevisiae is hydrogen-bonded to the hydroxyl 

group of the alcohol bound to the catalytic zinc and is part of a proton relay system linked 

to His-48. The contribution of Thr-45 to catalysis was studied with steady state kinetics of the 

enzyme with the T45G substitution. Affinities for coenzymes decrease by only 2–4-fold, but the 

turnover numbers (V/Et) and catalytic efficiencies (V/KmEt) decrease 480-fold and 2900-fold for 

the oxidation of ethanol and 450-fold and 8400-fold for acetaldehyde reduction, respectively, 

relative to wild-type enzyme. Binding of NADH appears to require protonation of a group with 

a pK value of ~ 7.4 in wild-type ADH1, but the pK value for T45G ADH1 appears to be less 

than 5. For wild-type enzyme, the pH dependencies for ethanol oxidation (V1/Et and V1/KbEt) 

are maximal above pK values of 7.0 to 7.7 and are attributed to the ionization of the alcohol 

or water bound to the catalytic zinc facilitated by His-48 in the enzyme-NAD+ complexes. For 

T45G ADH1, these pK values are shifted to 6.3. The reduction of acetaldehyde (V2/Et and V2/

KpEt) modestly increases as the pH increases for wild-type and T45G enzymes. The removal 

of the hydroxyethyl group of Thr-45 disrupts the connection of the oxygen of ligands bound to 

the catalytic zinc with the proton relay system and formation of productive catalytic states. The 

conformational change of the enzyme and the exchange of ligands on the catalytic zinc can also 

be affected. Assignments of groups responsible for the pK values are discussed in the context of 

studies on other forms of horse liver and yeast ADHs. The substitutions with Ala-45 and Cys-45 

in yeast ADH1 and the homologous substitutions with Ala-48 in horse and human liver ADHs also 

significantly decrease catalytic efficiency. Threonine or serine residues at this position in alcohol 

dehydrogenases are highly conserved and contribute substantially to catalysis.
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1. Introduction

Alcohol dehydrogenases (EC 1.1.1.1) oxidize alcohols by catalyzing hydride transfer to 

NAD+ and proton transfer to solvent. The first X-ray structure of horse liver ADH1E 

(ethanol-active isoenzyme) showed a hydrogen-bonded system connecting the zinc-bound 

water to Ser-48 and His-51, which could act as a base in the proton transfer [1, 2]. A 

structure of a ternary complex with NAD+ and an alcohol shows that the full system includes 

the oxygen of the alcohol bound to the catalytic zinc, the hydroxyl group of Ser-48, the 

2’-hydroxyl group of the nicotinamide ribose, and the imidazole group of His-51 as shown 

in Scheme 1 [3]. The hydrogens are implied by the three-dimensional structures, and the 

small shift of the hydrogens effectively relays a proton from the zinc ligand to water. The 

zinc-alkoxide is stabilized by a “low-barrier” hydrogen bond with the Ser-48 hydroxyl group 

at an O–O distance of 2.5 Å [4–7].

Studies of the pH dependence of catalysis of horse liver ADH1E suggest that a histidine 

residue participates in catalysis, but ionization of the water or alcohol bound to the zinc 

is also involved [8–11]. In the apoenzyme, a water replaces the 2’-hydroxyl group of 

the coenzyme and can maintain the connection between the water bound to the zinc and 

His-51 [12]. Substitution of His-51 with a glutamine residue significantly decreases the rate 

constants and alters the pH dependencies for binding of coenzymes and catalytic reactions, 

and X-ray crystallography shows that the glutamine can isosterically replace His-51 in 

binding [13, 14]. Oxidation of alcohols by yeast ADH1 is maximal above a pK value of 

~7.6, consistent with a role for the homologous His-48 as a proton acceptor [15–21]. Diethyl 

pyrocarbonate decreases activity of both yeast and liver alcohol dehydrogenases, supporting 

a role for a histidine in catalysis [17, 22]. Substitution of His-48 in yeast ADH1 with 

glutamine or glutamic acid decreases catalytic efficiencies and alters the pH dependencies 

[23, 24].

Sequence and structural alignments show that Ser-48 in horse ADH1E is homologous to 

Thr-45 in yeast ADH1 and that serine or threonine at this position is conserved in alcohol 

dehydrogenases [25, 26]. Three-dimensional structures of yeast ADH1 confirm that the 

proton relay system with Thr-45 and His-48 is present [27–29]. The T45S substitution in 

yeast ADH1 has less than 2-fold effects on the kinetics [30], but substituting Thr-45 in 

yeast ADH1 with alanine or cysteine residues “inactivates” the enzyme [24]. The S48A 

substitution in horse ADH1E decreases catalytic efficiency by ~105-fold and binding of 

coenzymes by 4–40-fold [6]. The S48T substitution in horse ADH1E has small effects on 

the reaction with ethanol, but alters the stereoselectivity for oxidation of secondary alcohols 

[6]. Inspection of the horse and yeast ADH1 structures suggests that substituting the serine 

or threonine with alanine would disrupt the binding of the oxygens of substrates and 

coenzymes and block the proton transfer. A cysteine sulfhydryl group also might not fit well 

and transfer a proton. However, we thought that the T45G substitution in the yeast enzyme 
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might allow some catalytic activity because a water molecule might fit in the location of the 

hydroxyl group of Thr-45 and facilitate the interaction of the substrate oxygen between the 

catalytic zinc and the 2’-hydroxyl group of the nicotinamide ribose. Molecular models based 

on the X-ray structure of the complex of the yeast enzyme with NAD+ and trifluoroethanol 

are shown in Fig. 1.

In this study, the kinetics and pH dependencies of catalysis for the T45G enzyme were 

determined and compared to results with horse liver and yeast ADHs. These enzymes have 

similar mechanisms. However, the catalytic zinc in the open conformation of the yeast 

apoenzyme has an “inverted” coordination to Cys-43, His-66, Glu-67 and Cys-153, and 

when coenzymes bind and the conformation closes, water or alcohol displaces Glu-67 to 

form the “classical” coordination [27–29]. In contrast, the coordination of the zinc in the 

liver apoenzyme and ternary complexes are both classical, but interchange of water and 

substrates bound to the zinc in complexes is required for catalysis [5, 12]. The differences in 

zinc coordination of the yeast and liver apoenzymes apparently cause significant changes in 

the pH dependence of coenzyme binding.

2. Experimental Procedures

2.1. Site-directed mutagenesis

The single stranded template in M13mp18RF phage derived from the gene for yeast ADH1 

(adc1, YOL086c, UniProtKB entry P00330) in the yeast shuttle vector YEp13 [32, 33] 

was mutated with the oligonucleotide primer TCTGTCACGGTGACTTGCA (underline 

marks the site of mutation) by standard methods [34–36]. The mutation was confirmed by 

sequencing the singe-stranded M13 phage [37]. The T45A and T45C substitutions described 

previously were also confirmed by peptide mapping and amino acid sequencing [21, 36]. 

The fragment generated by Sph I restriction was subcloned into the yeast shuttle vector 

YEp13 and transfected into E. coli XL1-Blue cells for preparation of the plasmid, which 

was then transfected into an ADH-negative strain of S. cerevisiae for production of the 

substituted ADH [38, 39].

2.2. Enzyme purification

Yeast were grown to full density (OD600 = 12 cm−1) at 30 °C in 6 1.5-L flasks of YPD 

medium (1% yeast extract, 2% peptone, 2% glucose), with vigorous shaking so that the 

yeast did not require fermentation to grow. The enzyme was purified by precipitation 

with protamine sulfate and PEG4000 and chromatography on DEAE-Sepharose CL-6B and 

Octyl-Sepharose CL-4B [21, 39]. The final enzyme preparation appeared to be free of 

other proteins by SDS and native polyacrylamide gel electrophoresis. The concentration of 

purified protein was estimated using A280 = 1.26 cm−1 (mg/ml)−1. From ~69 g of cells, ~80 

mg of purified T45G enzyme was obtained. The concentration of active sites was determined 

by spectrophotometric titration with NAD+ in the presence of 10 mM pyrazole [40]. Enzyme 

activity was determined in a standard assay and used to control enzyme concentrations for 

the kinetics experiments [41].

Pal and Plapp Page 3

Chem Biol Interact. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.3. Steady-state kinetics

Ethanol and acetaldehyde were redistilled before use. NAD+ and NADH were purchased 

from Boehringer Mannheim Biochemical Co. Ethanol-d6 was from MSD Isotopes.

A buffer designed to mimic physiological conditions of 83 mM potassium phosphate, 40 

mM KCl and 0.25 mM EDTA, pH 7.3, was used at 30 °C for the kinetics experiments 

[42]. Enzyme activity was determined by measuring the change in absorbance at 340 nm 

with a spectrophotometer connected to a computer with a FORTRAN program to estimate 

initial velocities with a linear or parabolic fit of the data. The kinetic constants for the 

sequential bi mechanism were determined by initial velocity studies with concentrations 

of both substrates varied over a 17-fold range in a systematic manner (5 × 5 matrix, with 

duplicate assays) and fitting the data to the kinetic equation (v = V1[A][B]/(KiaKb + Ka[B] + 

Kb[A] +1)) for the sequential bi reaction with the SEQUEN program, where concentrations 

of reactants (A = NAD+, B = alcohol) are given in brackets, and the kinetic constants for 

the respective substrates have the corresponding subscripts [43]. For the reverse reaction, P = 

aldehyde is substituted for B, and Q = NADH is substituted for A. Standard errors for kinetic 

constants were usually <10–15 % of the values, indicating good estimates.

The pH dependencies of kinetic constants were determined at 30 °C by initial velocity 

studies with substrate concentrations varied from 17.6 to 300 mM ethanol and 0.176 to 3.0 

mM NAD+ or for the reverse reaction usually with 6 to 100 mM acetaldehyde and 6 to 100 

μM NADH (or 2-fold lower at low pH and 2–4-fold higher at high pH) in a 5 × 5 matrix of 

concentrations with duplicate assays. Buffers of 10 mM sodium pyrophosphate (Na4P2O7) 

and 0.25 mM EDTA containing sufficient H3PO4, NaH2PO4 and Na2HPO4 to produce a 

final ionic strength of 0.1 and the desired pH were used [21]. The buffers in the pH range of 

5.5 to 9.0 were prepared by mixing stock solutions with pH of 5.5 and 9.5 in the appropriate 

ratios. The buffers with pH over 9.0 were prepared from stock solutions of pH 9.4 and 

10.7 that contained 10 mM sodium pyrophosphate, 0.25 mM EDTA, and 5 mM sodium 

carbonate for good buffering capacity. All buffers were made as double strength and diluted 

in the reaction mixture with substrates just before the assays were started. The pH did not 

change significantly after the enzyme reaction. The pK values for the pH dependencies 

were determined by fitting the kinetic constants with a nonlinear least-squares program 

(NONLIN, C. M. Metzler, The Upjohn Co.) to equations derived for various mechanisms.

3. Results

3.1. T45G enzyme properties

The enzyme was purified in good yield by the same procedure as for wild-type enzyme, 

but the T45G enzyme had greatly reduced enzyme activity. The A280/A260 ratio was 1.68 

(similar to wild-type enzyme), suggesting that endogenous nucleotide was not bound to 

the protein. The titration with NAD+ in the presence of 10 mM pyrazole showed the same 

difference absorption peaks at 283 and 292 nm as for wild-type enzyme, and the apparent 

Kd for NAD+ was about the same as for wild-type enzyme. The T45G substitution does not 

appear to affect the interaction of the pyrazole with the catalytic zinc or the formation of the 

partial covalent bond with the nicotinamide ring, which has been observed with the horse 
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liver enzyme [44]. Based on the protein concentration determined from the absorption at 280 

nm and the titration of active sites, 65 % of the subunits could bind NAD+, typical of many 

preparations of the yeast enzyme.

3.2. T45G enzyme kinetic constants and mechanism

The kinetics of oxidation of ethanol and reduction of acetaldehyde show intersecting initial 

velocity patterns, consistent with the sequential bi bi mechanism typically found for ADHs. 

The kinetic constants in Table 1 show that the magnitudes of all of the constants change 

as a result of the T45G substitution. The equilibrium constant calculated from the kinetic 

constants agrees fairly well with the established value, suggesting that the constants are 

internally consistent. The inhibition constants for NAD+ (Kia) and NADH (Kiq) decrease 

about 2–4-fold, indicating that affinity for the coenzymes is not significantly affected. 

The Kb for ethanol and Kp for acetaldehyde increase 6-fold and 18-fold, respectively. 

The dissociation constant (Ki) for 2,2,2-trifluoroethanol, a competitive inhibitor of ethanol, 

increases 10-fold, indicating weaker interactions of the alcohol in the substrate binding 

pocket. The most drastic changes are the ~470-fold decreases in turnover numbers for 

oxidation of ethanol (V1/Et) and reduction of acetaldehyde (V2/Et), and the overall decreases 

of 2900–8400-fold in catalytic efficiencies (V1/KbEt and V2/KpEt).

The kinetic mechanism of wild type yeast ADH1 is preferentially ordered, with coenzymes 

binding before the other substrates, and release of product coenzyme is partially rate

limiting for turnover [20, 39, 46–48]). The large decreases in turnover numbers for the T45G 

enzyme could indicate that hydrogen transfer has become rate-limiting, which would be 

expressed as larger isotope effects when oxidation of deuterated ethanol and protio-ethanol 

are compared. The results in Table 2 show that the deuterium isotope effects increase 

somewhat because of the T45G substitution. The effects are consistent with a more random 

mechanism, with partial rate-limitation by hydride transfer, but still with a preferred order 

with coenzyme binding first because DV1/KbEt is somewhat larger than DV1/KaEt. Similar 

studies with other mutated forms of yeast ADH also show somewhat elevated isotope effects 

[30]. Nevertheless, hydride transfer has not become fully rate-limiting because the intrinsic 

isotope effect is about 6 [19, 20], and it appears that isomerization of some complexes in 

the mechanism are also partially rate-limiting [36]. X-ray crystallography and cryogenic 

electron microscopy show that the protein changes conformation when coenzymes bind, and 

the coordination of the catalytic zinc inverts when substrates are bound [27–29].

3.3. pH Dependencies of reactions catalyzed by the T45G enzyme

The pH dependencies of the kinetic constants provide insight into the catalytic mechanism, 

although it can be difficult to assign which of the many groups on the enzyme contribute to 

a pH dependence [50]. The kinetic constants were determined as a function of pH for both 

the forward and reverse reactions (Table 3). The same buffer system was used previously 

for the wild-type and various substituted enzyme forms [21, 36]. The data in Table 3 show 

significant pH dependencies.

The pH dependencies are illustrated in Fig. 2 and were analyzed by fitting the relevant 

kinetic parameters with logarithmic functions. The parameters that fit the data are 
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summarized in Table 4 and compared to the values for the wild-type enzyme. Because 

the kinetic constants are comprised of multiple microscopic rate constants, the pK values 

are apparent and can be shifted from true values by commitment factors in the enzymatic 

mechanism [20, 51]. The pH dependencies for wild-type and H44R enzymes were 

determined previously [21]. The remarkable results are that the pH dependencies have been 

significantly altered by the T45G substitution, which does not change an ionizable group. 

The oxidation of ethanol (V1/Et and V1/KbEt) is described by a simple function where 

the rate constant is maximal at high pH when some group with a pK of ~6.3 becomes 

deprotonated. In contrast, the pH dependence for wild-type enzyme shows a wave function 

where the enzyme is somewhat more active at high pH than at low pH and described by 

ionization of some group with a pK of 7.0 or 7.7. The kinetic constant V1/Et includes 

rate constants for all of the steps in the mechanism after formation of the ternary complex 

(including release of products and any isomerizations), whereas the kinetic constant V1/

KbEt includes the binding of ethanol, hydride transfer, release of acetaldehyde, and any 

isomerizations, and thus its pH dependence is more related to the chemical step in the 

mechanism. The binding of NAD+ (1/Kia) for wild-type enzyme shows somewhat tighter 

binding at low pH than at high pH, and the binding by the T45G enzyme is similar but with 

an almost linear dependence. The apparent rate constants for association of NAD+ (V1/KaEt) 

for wild-type and T45G enzymes do not exhibit definitive pH dependencies.

For the reverse reaction catalyzed by the T45G ADH, V2/Et and V2/KpEt show a small, 

but linear, increase as pH decreases, whereas the wild-type enzyme has somewhat higher 

activity at low pH than at high pH that can be fitted by pK values of 7.0 or 7.8, for some 

groups on the enzyme that modulate activity. The pH dependencies of wild-type enzyme for 

V2/KqEt, which is related to the rate constant for association of NADH to the enzyme, and 

1/Kiq, which is the binding constant for NADH, show that protonation of some group with 

a pK value of 7.8 or 7.4 increases the kinetic constant. In contrast, the pH dependencies for 

these parameters with the T45G enzyme are almost linear with a slope of about – 0.8, which 

can indicate that stoichiometric protonation of the enzyme facilitates binding of NADH. 

Binding of NAD+ and NADH are controlled differently by these enzymes.

4. Discussion

4.1. Structural basis for understanding the effects of the T45G substitution

The recent structures of the wild-type yeast enzyme provide a framework of interpreting 

the effects of the T45G substitution on the kinetics and mechanism of the enzyme [27–

29]. X-ray crystallography of two different forms of wild-type yeast ADH1 crystallized 

with NAD+ and 2,2,2-trifluoroethanol shows that the tetrameric molecule (147396 Da) 

has back-to-back dimers where each dimer has one subunit in a closed conformation with 

NAD+ and the catalytic zinc in the classical coordination with bound trifluoroethanol, 

and the other subunit has an open conformation with or without NAD+, and the zinc has 

an inverted coordination (4W6Z.pdb, 5ENV.pdb). Each subunit has a coenzyme binding 

domain and a catalytic domain, and a rotation of ~12° closes up the substrate binding site. 

The conformational change appears to be coupled to the change in zinc coordination because 

Arg-340 interacts with coenzyme and Glu-67 moves from the zinc to interact with Arg-340 
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[29]. The coenzyme binding domains of two subunits interact about a molecular 2-fold axis 

with an extended β-sheet of the Rossmann fold. The asymmetry of the dimers in the crystal 

forms is apparently due to crystal lattice interactions because cryo-electron microscopy 

shows D2 symmetry for the tetramers (four identical subunits) for the open conformations 

of the apoenzyme (7KCQ.pdb) and one enzyme-NADH complex (7KJY.pdb) and for the 

closed conformations of another complex with NADH (7KC2.pdb) and a ternary complex 

with NAD+ and trifluoroethanol (7KCB.pdb).

The subunit with the open conformation in crystals can bind and release NAD+ even in the 

presence of trifluoroethanol, whereas NAD+ does not dissociate from the subunit with the 

closed conformation. Thus, the conformational change strengthens the binding of NAD+, 

but the energetics of the change with the yeast ADH are not known [28]. Binding of 

NAD+ to the open conformation of the protonated horse liver enzyme has a Kd of 0.67 

mM at pH 8 (similar to the value of 1.0 mM for the wild-type yeast enzyme [11]), and 

after deprotonation and the conformational change, the horse enzyme has an observed 

dissociation constant for NAD+ of 27 μM [52]. The dissociation constants for NAD+ or 

NADH with the yeast and liver enzymes differ in part because of different interactions with 

the adenine ring [53].

The overall mechanism is shown in Scheme 2, where E represents the open conformation 

of the enzyme forms with the inverted zinc coordination with Glu-67, and F represents the 

closed conformation with the classical zinc coordination with a water or substrate oxygen. 

There is structural evidence for the F-NAD+ and F-NADH complexes with bound water 

[29]. The oxygens of the alcohol (Alc) or aldehyde (Ald) substrates replace the zinc-bound 

water, probably facilitated by the intermittent binding of Glu-67 [26, 28, 29]. It is also 

possible that the E-NAD+ complex is directly converted to F-NAD+-Alc by a concerted 

binding and conformational change, bypassing the F-NAD+-water complex, especially at 

high concentrations of alcohol. The mechanism of horse liver ADH1 differs because the 

liver apoenzyme has the classical coordination of the zinc, and after coenzyme binds and the 

conformation closes, the exchange of alcohol or aldehyde for a water probably involves a 

transient inversion of the zinc coordination [11, 12].

In the ternary complex (Fig. 1), the proton relay system (Scheme 1) can facilitate 

deprotonation of the alcohol to form the alkoxide (Alk), which is oxidized to the aldehyde, 

or the protonation of the alkoxide for the reverse reaction. In this mechanism, the zinc-water 

or zinc-alcohol and His-48 in the proton relay system might have pK values in the range 

of 5.5 and 10, and the state of protonation could affect the catalytic activities of the wild

type or T45G enzymes. However, the T45G substitution might disrupt the proton relay or 

accommodate a water molecule that replaces the hydroxyl group of the threonine and still 

facilitates proton relay.

Several ionizable amino acid residues interact with the coenzyme and could contribute to 

catalysis and pH dependencies (Fig. 3). Lys-206 NZ binds to the adenosine ribose O3D. 

The imidazole ND1 of His-44 makes a hydrogen bond to the pyrophosphate O2A of the 

coenzyme. The 3’-hydroxyl group of the nicotinamide ribose donates a hydrogen bond to 

the imidazole NE2 of His-48, and ND1 of His-48 donates a hydrogen bond to the carboxyl 
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group of Asp-53. Other nearby residues include His-15 and His-51 in the opening to the 

active site, and His-138 near the interface between subunits. It appears that His-15 is not 

directly involved in catalysis because the H15R substitution changes the kinetic constants by 

less than 2-fold [54].

Ligands to the catalytic zinc could also affect pH dependencies (Fig. 4). His-66 NE2 binds 

to the catalytic zinc and ND2 binds to the carboxylate of Asp-46, which also binds a 

water molecule buried behind the catalytic zinc. Glu-67 binds the catalytic zinc in the open 

conformation and to Arg-340 in the closed conformation. Both Asp-46 and Glu-67 appear to 

be carboxylates in the closed conformations as implied by the hydrogen bonding interactions 

with waters and protein groups (4W6Z.pdb, subunits A and C). The electron densities 

around Asp-46 and Glu-67 in the open conformation are less definitive (4W6Z.pdb, subunits 

B and D). The sulfhydryl groups of cysteine residues 43 and 153 certainly bind as thiolates 

to the catalytic zinc in the classical coordination, with bond distances of 2.3–2.4 Å, but 

the distance from Cys-153 SG to the zinc is ~2.5 Å in the inverted coordination [27]. The 

microscopic pK value for an isolated cysteine thiol is ~9, but in enzyme active sites, the 

range can be from 3–11 [55]. It is interesting that the exchange of CoII for ZnII in yeast 

ADH is accomplished by dialysis in sodium acetate buffer at low pH (4.5–5.2), although it is 

not clear if the catalytic zinc was substituted in yeast ADH as it was under similar conditions 

for horse liver ADH [56–59]. Protonation of a cysteine thiolate bound to the zinc could 

facilitate change in coordination, metal exchange, or acid/base catalysis. The pK value could 

be ~5 for a cysteine bound to the zinc in yeast ADH.

4.2. Related studies on horse liver alcohol dehydrogenase

Horse liver ADH1E has Arg-47. His-51, and Lys-228, corresponding to His-44, His-48, and 

Lys-206 in the homologous yeast ADH1, and comparisons with versions of yeast ADH1 

are relevant [25, 27]. (Residues numbers in some previous publications on the yeast enzyme 

used horse liver ADH1E numbers because the structural model at that time was based on 

the liver ADH1E.) Yeast ADH1 with the H44R substitution should resemble horse ADH1E 

[21]. Binding of NAD+ to ADH1E is tighter at high pH (up to pH 10) and is controlled by 

a group with a pK value of ~9.2 in free enzyme that shifts to a pK value of ~7.3 in the 

enzyme-NAD+ complex and is attributed to ionization of the water bound to the catalytic 

zinc to form zinc-hydroxide [8, 11, 60, 61]. A proton is released when NAD+ binds, and the 

deprotonated enzyme changes conformation and binds ligands [11, 60]. The rate constants 

for association of NAD+ show a bell-shaped dependency with pK values of ~6.9 and ~9.0 

[60, 62]. Binding of NADH is tightest at low pH, below a pK value of ~9.2, attributed to 

the zinc-bound water, which apparently shifts to 11.2 in the enzyme-NADH complex [63]. 

Thus, a proton is taken up when NADH binds to the enzyme [60]. The pH dependencies 

for binding of NAD+ and NADH were also determined in other studies [20, 64]. The 

pH dependence for binding NAD+ is inverted as compared to binding of NADH probably 

because affinity for the positively-charged nicotinamide ring of NAD+ is favored with a 

negatively-charged zinc-hydroxide whereas binding of the neutral ring in NADH is favored 

by a neutral zinc-water [61, 65].
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Above pH 10, affinity for both NAD+ and NADH decreases, which can be attributed 

to deprotonation of Lys-228 with a pK value of 10.4 [63, 66] and is supported by the 

observations that binding of NAD+ to the enzymes with the K228R substitution or with 

acetimidylated lysines is pH independent above pH 8 while binding decreases at low pH 

below a pK of 6.3–6.7, probably due to the zinc-water and His-51 in the proton relay [13, 

62].

The H51Q substitution significantly decreases the rate constants for binding NAD+, hydride 

transfer and catalytic efficiency for alcohol oxidation (V1/KbEt) at pH 8 as the apparent pK 

value for the pH dependence shifts up from ~6.7 in wild-type enzyme to ~8.1, consistent 

with a role for His-51 in facilitating proton transfer from the zinc-bound water and 

in controlling the conformational change [11, 13, 14]. Moreover, the doubly substituted 

H51Q:K228R enzyme shows a pH dependence for association of NAD+ and V1/KbEt with 

pK values of ~9.0, which are assigned to the zinc-water. Structures of the H51Q:K228R 

ADH complexed with NAD+ and fluorobenzyl alcohols determined at 1.8 Å show that 

the amino acid substitutions are accommodated with only small, local changes and that 

Gln-51 interacts with the 2’-hydroxyl group of the nicotinamide ribose [14]. The binding 

of NADH to the wild-type, H51Q, K228R, and H51Q:K228R ADHs is most rapid at low 

pH, decreasing at high pH above a pK value of ~9.6, probably related to ionization of the 

zinc-water [13].

4.3. The T45G substitution in yeast ADH differentially affects kinetic constants

The T45G substitution has small effects on the affinity for the coenzymes, even though 

the structural studies show that the hydroxyl group of Thr-45 interacts directly with 

the 2’-hydroxyl group of the nicotinamide ribose of the coenzyme. Perhaps the many 

other interactions of the coenzymes with the protein dominate the energetics, as adenine 

nucleotides bind well [67]. The Ki for trifluoroethanol binding increases 10-fold, suggesting 

that the hydrogen bonds to the Thr-45 hydroxyl group linking the oxygen of the alcohol 

bound to the zinc to the 2’-hydroxyl group of the NAD+ are disrupted and cannot be fully 

replaced by a water molecule (Fig. 1).The most dramatic effect of the T45G substitution 

is the ~470-fold decrease in turnover numbers, which is also expressed in the catalytic 

efficiencies (V/KmEt) that reflect the binding of substrate, hydrogen transfer and release of 

the first product. The large effect could be due to binding of the substrate in less productive 

modes, interference with deprotonation of the alcohol or protonation of the alkoxide, or the 

isomerization that involves the change in zinc coordination. It does not appear that the zinc 

is locked in the inverted coordination with T45G ADH1 because UV spectroscopy shows 

that pyrazole forms the complex with the nicotinamide ring of NAD+, as found in structures 

with horse liver ADH1 [44].

4.4. Interpretation of the pH dependencies for binding of coenzymes

The binding of NAD+ to wild-type and T45G yeast ADHs is modestly tighter at low pH 

than at high pH and is fundamentally different (inverted) from the horse liver enzyme, which 

binds NAD+ ~30-fold tighter at pH 9 than at pH 6, apparently controlled by ionization of 

the zinc-bound water in the apoenzyme [8, 60]. The pH dependence of the conformational 

change for the horse liver enzyme is most rapid at pH values below a pK value of 7.6 
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[11, 62]. The contrasting pH dependence can be because the zinc in the yeast apoenzyme 

is coordinated to the carboxylate group of Glu-67, and after coenzyme binds the enzyme 

changes conformation and a water binds to the zinc to produce F-NAD+.

The ligand exchange is probably an “interchange” mechanism, with a transient trigonal 

bipyramidal, pentacoordinate intermediate [27, 68, 69], and might occur when a positively

charged nicotinamide ring and the thiolate of Cys-153 are nearby, and the hydroxyl group of 

Thr-45 can interact with the water that binds to the zinc and displaces Glu-67. Structures for 

the open conformation of the wild-type yeast enzyme show the oxygen of trifluoroethanol 

interacting loosely with the catalytic zinc (Fig. 4). A water could replace the oxygen of 

trifluoroethanol and interact with the zinc in the open conformation of the apoenzyme.

The small decrease in affinity of wild-type yeast enzyme for NAD+ above a pK value of 

8–9 could be related to deprotonation of a histidine residue [15, 21], typically with a pK 

value between 5 and 8 [55]. The H44R yeast enzyme binds NAD+ modestly tighter than 

wild-type enzyme does in the pH range of 6–8, and even better at pH values above a pK 

of 9.8, consistent with some contribution of His-44 and Lys-206 to binding [21]. The H48Q 

enzyme binds NAD+ with about the same affinity and the small pH dependence as wild type 

enzyme, suggesting that His-48 does not contribute to the pH dependence of binding [70].

The wild-type horse liver and yeast enzymes bind NADH tighter (1/Kiq) at low pH than at 

high pH [15, 20, 60]. Wild-type yeast ADH exhibits a pK value of 7.4 for 1/Kiq and a pK 

value of 7.8 for the kinetic parameter V2/KqEt, related to the rate constant for association of 

NADH to free enzyme in an ordered mechanism. These pH dependencies do not appear to 

be due to His-44 or His-48 because the wild type, H44R, and H48Q enzymes have similar 

pH dependencies with pK values in the range from 7.2–7.9 [21, 70]. As suggested for horse 

ADH1E, ionization of the zinc-water could destabilize binding.

The T45G enzyme has unusual linear dependencies for binding of NADH, with a slope of 

~ −0.7 for the binding constant (1/Kiq) and a slope of ~ −0.9 for the apparent rate constant 

for association (V2/KqEt). It is as if a group with a pK below ~5 must be protonated for 

NADH to bind. (In Eq. 3, if K1 is ≫ [H+], log kobs has a linear dependence on pH.) 

In principle, such a pH dependence would exhibit a slope of −1.0 in the pH range from 

6–9, but the activity coefficient for a hydronium ion in the environment of the enzyme 

could be altered. Multiple ionizable groups can also produce almost linear pH dependencies 

with slopes less than 1.0 [24, 71]. However, structures at pH 8.3 for the wild-type enzyme 

complexed with NADH in the open and closed conformations do not show evidence for 

changes in protonation states of any nearby residues [29]. Deprotonation of phosphate 

or pyrophosphate could affect the pH dependence, but binding of those anions to horse 

liver ADH is relatively weak [72], and experiments on another mutated yeast ADH did 

not show significant differences in pH dependencies with Good’s buffers or the phosphate/

pyrophosphate buffers.

It seems possible that the binding of NADH (1/Kiq and V2/KqEt) to the T45G enzyme is 

facilitated when the thiolate of Cys-153 is protonated and a water binds to the catalytic 

zinc, displacing Glu-67, accompanied by the conformational change. Adding a proton would 
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electrostatically favor binding of NADH. Removing the hydroxyl group in the T45G enzyme 

could weaken the interaction of a water bound to the zinc and unmask the participation 

of Cys-153 in the interchange of zinc ligands. At pH 7, the T45G substitution decreases 

by ~ 80-fold V2/KqEt, the kinetic constant that includes the isomerization of E-NADH to 

F-NADH.

4.5. pH dependencies for binding and reactions of substrates

The pH dependencies for V1/Et and V1/KbEt for the T45G enzyme are similar, with maximal 

activities at high pH, above a pK value of 6.3 as compared to values of 7.0 and 7.7 for 

wild-type enzyme (Table 4). The classical interpretation for the wild-type yeast and horse 

enzymes is that the zinc ligand (water or alcohol) must be deprotonated for activity, and 

that His-48 (His-51 in horse ADH1E) in the proton relay system participates as a base that 

controls the pK value. The H48Q substitution in yeast ADH decreases catalytic efficiencies 

by ~10-fold, and the pH dependence becomes more complicated, increasing almost linearly 

(with a log-log slope of ~ 0.54) up to pH 9 with a double wave that could be fitted by pK 

values of 6.8 and 8.7 [24]. Likewise, the H48E substitution decreases activity by ~100-fold, 

and activity increases up to pH 10 with pK values of 6.5 and 8.9. (The double wave 

resembles a “hollow” dependence, which can result when proton transfer is “sticky” and 

the rate at which the alcohol can deprotonate and transfer a hydride ion from the alkoxide 

is decreased [50, 51].) The pH dependencies with pK values of 6.8 and 6.5 for these two 

enzymes with substitutions of His-48 and the pK value of 6.3 for the T45G could all be 

due to the ionization of the zinc-water or the zinc-alcohol in the complexes with NAD+, 

but ionization of His-48 in T45G ADH1 might still contribute because it binds to the 

nicotinamide ribose (Fig. 1).

Interpreting the pK values for wild-type yeast ADH is not certain because the apparent pK 

values for V1/Et and V1/KbEt can be shifted because of isomerizations in the mechanism. 

In contrast, the pH dependence of competitive inhibitors should produce “true” values. 

For wild-type yeast ADH1, the dependence of the negative logarithm of the competitive 

inhibition constant (log (1/Ki)) for trifluoroethanol against ethanol on pH increases 

essentially linearly from pH 6 to 10 with a slope of + 0.38 [48]. (We confirmed this linear 

dependence.) The pH dependence reflects the binding to the enzyme-NAD+ complex. In 

contrast, horse liver ADH1E shows a pK value of 7.6 for inhibition by trifluoroethanol, 

and one proton is released per active site on the formation of the complex with NAD+ 

and trifluoroethanol [11, 73]. Binding of trifluoroethanol and catalytic efficiency with 

cyclohexanol for horse ADH1E show similar bell-shaped pH dependencies with pK values 

of 7.2 and 10.1, attributed to His-51 and Lys-228 in the enzyme-NAD+ complex [20]. 

The H51Q substitution in horse ADH1E shifts the pH dependencies for trifluoroethanol 

binding and catalytic efficiency on ethanol to give maximum values above a pK value of 8.5, 

consistent with the zinc-water controlling the pK value [14].

Changing the environment of the catalytic zinc in yeast ADH1 also decreases activity. 

Substitution of Asp-46, which is hydrogen-bonded to His-66 (Fig. 4), with asparagine 

decreases catalytic efficiency for ethanol oxidation by ~1000-fold and is described by a 

pK value of ~6.2 [36]. Substitution of Glu-67, which intermittently binds to the zinc [27–
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29], with glutamine decreases efficiency by ~100-fold and produces a pH profile with a 

prominent pK value of ~6.8 and a further increase in activity at higher pH above a pK 

value of ~9.4. The C153D substitution decreases catalytic efficiency at pH 7.3 by 18-fold 

for ethanol oxidation and 8-fold for acetaldehyde reduction without greatly affecting the pK 

values [26]. The D46N, E67Q, and C153D substitutions probably affect the exchange of 

ligands on the catalytic zinc.

For the T45G enzyme, pH dependencies for V2/Et and V2/KpEt are essentially linear, with 

a modest increase of ~3-fold as pH decreases by 3.4 units. Wild-type enzyme is similar, 

increasing 3–6-fold as pH decreases, with pK values of 7.0 and 7.8. The H44R ADH has 

more distinct dependencies, with pK values of 6.6 and 7.6, for the two kinetic constants, 

respectively [21]. Horse liver ADH shows maximum catalytic efficiency for acetaldehyde 

reduction below a pK value of 8.6, whereas the H51Q substitution shifts the pK value up 

to 10, apparently because protonation of the alkoxide through the proton relay system is 

diminished [14]. It was proposed that a residue with a pK value of 8.25 in wild-type yeast 

ADH1 was involved as a base in alcohol oxidation and as an acid in aldehyde reduction 

[15, 18]. The common pK of 7.7 for the pH dependencies of V1/KbEt and V2/KpEt given 

in Table 4 would be consistent with a histidine residue, but it appears that the reactions of 

the NADH complexes of the yeast wild-type and T45G enzymes (V2/Et and V2/KpEt) are 

only modulated by protonation of some group(s) in the pH range from 5.5–9.0, which could 

include His-48.

4.6. Disruption of the proton relay system

The T45G substitution substantially decreases the turnover numbers and catalytic 

efficiencies for both ethanol oxidation and acetaldehyde reduction and significantly alters 

the pH dependencies. It appears that the connection of the zinc-bound water to the solvent in 

the proton relay is disrupted when the Thr-45 hydroxyl group is deleted.

Previous studies on the yeast enzyme with the T45A and T45C substitutions suggested that 

these enzymes had turnover numbers for ethanol oxidation that were less than 1/104 that of 

wild-type enzyme [24]. The T45G enzyme has a turnover number in the standard assay of 

0.18 s−1, and the value estimated for the T45A enzyme is 0.016 s−1, which suggests that 

a water as shown in Fig. 1 does not fully replace the catalytic contribution of the Thr-45 

hydroxyl group [70]. Structural modeling shows close contacts of such a water with atoms in 

the active site (e.g., 2.4 Å to Gly-45 CA), and it appears that a productive position would be 

sterically hindered in ternary complexes with an alcohol or aldehyde. The T45G substitution 

decreases binding of trifluoroethanol by only 10-fold, but some steric conflicts could have 

significant effects on transition states and rates of proton and hydride transfer.

The T45C yeast ADH might have been expected to retain activity if the cysteine residue 

could participate in the hydrogen bond system. However, the conversion of the active site 

serine in subtilisin to a cysteine, by a “chemical mutation” based on research by Henry 

Weiner, made an enzyme that had < 1/100 of the activity of wild-type enzyme on peptide 

substrates [74, 75]. Apparently the slightly larger size or deficiency of hydrogen bonding of 

the sulfur as compared to an oxygen severely impacts proton transfer.
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The homologous S48A substitution in the horse liver ADH1E decreases turnover with 

ethanol by 200-fold, to 0.018 s−1, affinity for NAD+ by 4-fold, and catalytic efficiency 

for ethanol oxidation by 7 × 105-fold [6]. The T48A substitution also inactivates human 

ADH1B [76]. These results show that conservative substitutions (glycine, alanine or 

cysteine) of the serine or threonine residues substantially decrease catalytic activity of 

ADHs, probably by disrupting the proton relay system.

Benzyl alcohol is oxidized by yeast ADH1 with a turnover number of 0.012 s−1 and ADH2 

with a value of 1.9 s−1 [77]. Deuterium isotope effects on turnover numbers (DV/Et = 

3.6–4.1) show that hydride transfer is at least partly rate-limiting step in the oxidation of 

4-methylbenzyl alcohol and the reduction of 4-methylbenzaldehyde [18]. The lower activity 

on these large aromatic substrates as compared to ethanol is probably because of steric 

hindrance and poor productive binding [77], which also would occur with the T45G enzyme 

acting on ethanol.

The T45G substitution did not change an ionizable amino acid, but does alter the rate 

constants and pH dependencies, exposing a modest pH dependence for V1/Et and V1/

KbEt with a pK value of 6.3. Likewise, the H44R, D46N, H48Q, H48E, and E67Q 

substitutions all decreased catalytic efficiency for ethanol oxidation (V1/KbEt) and exposed 

pH dependencies with pK values of 6.1–6.8, as compared to the pK value of 7.7 for 

wild-type enzyme [24]. Thus, it is tempting to assign the pK value of 6.3 for the T45G 

enzyme to the ionization of the zinc-water in the enzyme-NAD+ complex. However, the pH 

dependencies for the H48Q and H48E enzymes can be described by two ionizable groups 

with the second pK value in the range of 8.7–10, and thus it is possible that the higher 

pK value is due to the zinc-water. Dependencies of kinetic constants on pH are complex 

functions of the contributions of each amino acid residue to the microscopic rate constants in 

the enzyme mechanism, and it is difficult to assign a specific role for a particular amino acid 

[71].

The role of His-48 in catalysis needs further study. Analysis of Fig. 1 shows that the proton 

relay would require a small, but energetically feasible rotation of single bonds of His-48 to 

move the imidazole group so that NE2 accepts a hydrogen bond from the 2’-hydroxyl group 

of the nicotinamide ribose rather than from the 3’-hydroxyl group. This movement would 

disrupt the hydrogen bond from ND1 to Asp-53, but after the proton is relayed from the 

zinc ligand to the imidazole (Scheme 1), Asp-53 could stabilize the protonated imidazole 

or facilitate the transfer to bulk solvent. His-51 contributes to catalysis in liver ADHs, but 

substitutions with glutamine do not completely abolish activity [14, 24, 78]. Proton and 

hydride transfers in ADHs deserve further computational studies of the dynamics [79–81].

The T45G substitution changes the pH dependencies for binding of NADH and catalytic 

efficiencies and disrupts the proton relay to His-48, but the mechanism of proton transfer 

is not clear in this new enzyme. A water molecule can bind to the zinc in the enzyme

coenzyme complexes and allow the coordination of the catalytic zinc to change and 

substrates to bind, but it appears that a water would not easily replace the hydroxyl group of 

Thr-48 and fit well in the proton relay system. Perhaps a transient pentacoordinate species 

with a water and the oxygen of a substrate forms with the zinc and slowly transfers the 
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proton. Perhaps the thiol/thiolate group of Cys-153 participates, or conformational states 

might be altered. It is clear that the serine or threonine residues in the yeast and liver ADHs 

have a critical role in catalysis.
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Highlights

Threonine 45 is a critical amino acid in catalysis by yeast ADH.

The Thr45Gly substitution disrupts the proton relay system.

The pH dependencies for catalysis by yeast and liver ADHs are compared.

The inverted coordination of zinc in the yeast apoenzyme affects NAD binding.

Binding of NADH to the Thr45Gly ADH is linearly dependent on pH.
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Fig. 1. 
Structural models of the proton relay system in yeast ADH1. Top figure shows the structure 

of the complex with NAD+ and trifluoroethanol (TFE) determined by X-ray crystallography 

at 2.4 Å (4W6Z.pdb, subunit A). The bottom figure shows how a water might replace the 

hydroxyl group of Thr-45 in the T45G enzyme and facilitate the connection between the 

alcohol and the solvent. The figure was prepared with the Molray interface server in Uppsala 

[31]. Atoms are color coded: oxygen (red), carbon (gray), nitrogen (blue), phosphorus 

(green), zinc (brown), fluorine (magenta). The dashed red lines represent hydrogen bonds.
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Fig. 2. 
pH dependencies for the kinetic constants of the T45G enzyme. The logarithms of the 

kinetic constants are plotted, and the units (chosen to put values on the same graph) for 

each parameter are defined with the symbols below. The lines are calculated from the fits 

to the equations given in Table 4. (A) Forward reaction: V1/Et (s−11 ○), V1/KbEt (M−1s−1 

◊), 1/Kia (mM−1 □), V1/KaEt, (mM−1s−1 Δ). The fitted line for Log V1/Et shows the fit to 

a bell-shaped pH dependence, but the estimated value for upper pK was uncertain at 10.5 ± 

0.4, and the fit to Eq. 1 in Table 4 was better. (B) Reverse reaction: V2/Et (s−1 □), V2/KpEt 

(mM−1 s−1 Δ), V2/KqEt (μM−1s−1 ○), 1/Kiq, (μM−1 ◊).
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Fig. 3. 
Active site of the wild-type yeast enzyme, showing interactions of amino acid residues with 

the coenzyme (Ade for adenine ring), catalytic zinc and trifluoroethanol (TFE). This is the 

closed conformation based on subunit A from 5ENV.pdb [28]. Atom colors are described 

in Fig. 1, except phosphorus is gold here. The dashed red lines represent hydrogen bonds. 

Views of the open and closed conformations and the different coordinations of the catalytic 

zinc are shown in Refs. [28, 29].

Pal and Plapp Page 22

Chem Biol Interact. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
Interactions of ligands to the catalytic zinc in the open enzyme conformation showing a 

potential trigonal bipyramidal, pentacoordinate intermediate in the interchange of ligands. 

The red dashes indicate zinc coordination and hydrogen bonds where the distances (Å) to 

the zinc differ in the open versus (closed) conformations: His-66 NE2 2.2 (2.1), Cys-43 

SG 2.4 (2.3), Cys-153 SG 2.5 (2.4), TFE O 3.0 (1.9), Glu-67 OE2 2.3 (4.9). The model is 

based on subunits B and D (4W6Z.pdb [27]), which have no coenzyme bound, and is similar 

to subunit B (5ENV.pdb [28]), which has bound NAD+. The crystals were prepared in the 

presence of 0.1–0.5 M 2,2,2-trifluoroethanol (TFE) and ~ 2 mM NAD+, but crystal lattice 

contacts apparently prevent the conformational change [29].
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Scheme 1. 
Proton Relay System in Horse Liver ADH
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Scheme 2. 
General Mechanism for Alcohol Dehydrogenases
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Table 1

Kinetic constants for wild-type and T45G yeast alcohol dehydrogenases.
a

Constant wild type
b T45G

Ka (μM), NAD+ 160 1500

Kb (mM), ethanol 21 130

Kp (mM), acetaldehyde 0.74 32

Kq (μM), NADH 94 47

Kia (μM), NAD+ 950 1600

Kiq (μM), NADH 31 70

V1/Et (s−1) 360 0.64

V2/Et (s−1) 1800 7.8

Ki (mM), CF3CH2OH 2.5 27

Activity (s−1) 400 0.18

Keq (pM) 12 42

a
Ka, Kb, Kp, and Kq are the Michaelis constants for NAD+, ethanol, NADH and acetaldehyde respectively. Ki values are the dissociation 

(inhibition) constants. V1/Et is the turnover number for ethanol oxidation and V2/Et is the turnover number for acetaldehyde reduction, where Et 
is the concentration of subunits (“active” sites). The buffer was 83 mM potassium phosphate with 40 mM KCl and 0.25 mM EDTA at pH 7.3 and 
30 °C. “Activity” is the turnover number in the standard assay [41] at 30 °C, based on titration of the active sites. The equilibrium constant is 

calculated from the Haldane equation, Keq = V1Kp Kiq[H+]/V2KbKia, where [H+] = 5 × 10−8 M at pH 7.3. The experimental value is 10 pM 

[45].

b
From Ref. [21].
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Table 2

Deuterium isotope effects for oxidation of ethanol.
a

Enzyme/KIE DV1/Et
DV1/KbEt

DV1/KaEt
D(1/Kia)

T45G 3.9 ± 0.2 3.6 ± 0.3 2.5 ± 0.2 1.1 ± 0.2

wild-type
b 1.2 ± 0.2 2.0 ± 0.4 1.8 ± 0.2 1.0 ± 0.2

a
Nomenclature of Northrop [49]. Determined by initial velocity studies with co-varied coenzyme and substrate with 17-fold range of 

concentrations in a 5 × 5 matrix with duplicate assays.

b
Somewhat higher values are reported in Ref. [36].
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Table 3

Dependencies of kinetic constants on pH for T45G yeast alcohol dehydrogenase.
a

Constant / pH 5.60 6.05 6.54 7.00 – 8.07 9.00 9.95

Ka (μM), NAD+ 660 510 720 690 – 2100 2140 1580

Kb (mM), CH3CH2OH 150 116 135 120 – 190 130 91

Kia (μM), NAD+ 800 650 720 880 – 1130 1470 2370

V1/Et (s−1) 0.11 0.19 0.32 0.42 – 0.72 0.56 0.44

Constant / pH 5.52 6.06 6.52 7.00 7.65 8.08 8.96 –

Kq (μM), NADH 9.6 3.4 18 13 220 320 910 -

Kp (mM), CH3CHO 52 46 56 41 43 35 33 –

Kiq (μM), NADH 3.8 8.6 11 38 156 290 450 –

V2/Et (s−1) 21 16 16 9.5 9.3 7.3 4.2 –

Keq (pM) 23 50 37 65 40 10 –

a
Kinetic constants determined by initial velocity studies with 17-fold varied substrate concentrations in a 5 × 5 matrix with duplicate assays. 

Standard errors of the fits to Eq. 1 are typically less than 15 %.

Chem Biol Interact. Author manuscript; available in PMC 2022 November 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Pal and Plapp Page 29

Table 4

Apparent macroscopic pK values and kinetic constants at pH limits.
a

Wild-type ADH
b T45G ADH

Kinetic constant Eq pK Limiting Values Eq pK or log-pH slope Value at high pH or at pH 7

V1/Et (s−1) 1 7.0 ± 0.1 k a 250 2 6.2 ± 0.1 0.52 ± 0.04

k b 500

V1/KbEt (M−1 s−1) 1 7.7 ± 0.1 k a 3200 2 6.30 ± 0.05 4.3 ± 0.2

k b 25000

1/Kia (mM−1)
b 1 8.1 ± 0.2 k a 1.8 4 m − 0.12 ± 0.02 1.1

k b 0.20

V2/Et (s−1) 1 7.0 ± 0.3 k a 4000 4 m − 0.14 ± 0.02 12

k b 1300

V2/KpEt (mM−1 s−1) 1 7.8 ± 0.2 k a 2900 4 m − 0.11 ± 0.01 0.27

k b 450

V2/KqEt (μM−1 s−1) 3 7.8 ± 0.1 k a 32 4 m − 0.89 ± 0.22 0.39

1/Kiq (mM−1)
b 1 7.4 ± 0.2 k a 68 4 m − 0.69 ± 0.09 32

k b 2.4

a
Data were fitted to the logarithmic forms of the pH dependencies. Eq. 1 is kobs = (ka + kbK1/[H+])/(1 + K1/[H+), where the enzyme reacts in a 

protonated form that is described by kinetic constant ka and an unprotonated form (related by K1) with kinetic constant kb. When only one form 

of enzyme is active, the simpler equations apply: Eq. 2, kobs = kb/(1 + [H+]/K1); Eq. 3, kobs = ka/(1 + K1[H+]), and Eq. 4 is kobs = m [H+] + 

intercept.

b
Data from Ref. [21]. The data for Kia and Kiq have been refitted as 1/Kia and 1/Kiq, yielding the binding constant and the pK1 for the free 

enzyme.
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