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Abstract Alcohol dehydrogenase class III (glutathione-depend- 
ent formaldehyde dehydrogenase) from Saccharomyces cerevis- 
iae was purified and analyzed structurally and enzymatically. The 
corresponding gene was also analyzed after cloning from a yeast 
genome Hbrary by screening with a probe prepared through PCR 
amplification. As with class III alcohol dehydrogenase from other 
sources, the yeast protein was obtained in two active forms, de- 
duced to reflect different adducts/modifications. Protein analysis 
established N-terminal and C-terminal positions, showing differ- 
ent and specific patterns in protein start positions between the 
human/mammalian, yeast, and prokaryotic forms. Km values with 
formaldehyde differ consistently, being about 10-fold higher in the 
yeast than the human/mammalian enzymes, but compensated for 
by similar changes in kc, t values. This is compatible with the 
different functional needs, emphasizing low formaldehyde con- 
centration in the animal cells but efficient formaldehyde elimina- 
tion in the microorganisms. This supports a general role of the 
enzyme in formaldehyde detoxication rather than in long-chain 
alcohol turnover. 
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1. Introduction 

Alcohol  dehydrogenase (ADH,  EC 1.1.1.1) constitutes a 
complex enzyme system, with class III forms present in many 
cells. This form has a distant origin [1], presumably reflecting 
the ancestor (cf [2]) of  all the six classes of  mammalian alcohol 
dehydrogenase presently known [3], and has a physiological 
role in the oxidation of  formaldehyde, acting as a glutathione- 
dependent formaldehyde dehydrogenase [4]. This activity seems 
essential for normal life development.  In contrast to the etha- 
nol-active class I enzyme, which is absent in some animals [5], 
including lower vertebrates [6] and invertebrates [1,7], class III is 
found in all organisms from bacteria [8,9] to human tissues 
[10,11]. The class III enzyme has also been detected in several 
yeast species [12-15] and has been structurally analyzed via the 
corresponding D N A  [14,15]. However,  direct analysis of  termi- 
nal structures o f  the protein or characterization of  its enzymatic 
properties in relation to the different sources has not  been 
performed. 

We have now purified and analyzed the Saccharomyces 
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cerevisiae enzyme, re-cloned and re-sequenced its gene, and 
correlated the enzymatic properties of  the protein with those 
of  the enzyme from higher organisms. The properties differ 
somewhat from those of  other class III alcohol dehydroge- 
nases, but in a consistent manner, and can be correlated with 
the different but specific needs for formaldehyde elimination in 
human/animals versus yeasts, compatible with the functional 
role of  the class III form of alcohol dehydrogenase as part of  
a detoxication system. 

2. Materials and methods 

2.1. Cloning of yeast class Ili alcohol dehydrogenase genomic DNA 
This study was initiated before a known DNA structure was availa- 

ble, and although therefore requiring more work than appar- 
ent, it is only briefly described since another report now exists [14]. 
Briefly, genomic DNA from X2180 Saccharomyces cerevisiae (ATCC 
26109) prepared as described [16], was subjected to PCR amplification 
using two primers based on the degenerated DNA sequences of human 
and Candida maltosa class III alcohol dehydrogenase [15,17], 5'- 
A(AG)TG(CT)GGIGA(AG)TG(CT)AA(AG)TT(CT)TG-3' (corre- 
sponding to nucleotides 284~305 of human cDNA) and 5'-CCCCAI- 
CC(TC)TT(AG)TG(AG)CAIGC(TC)TC-Y (corresponding to nucleo- 
tides 835 857 of the human cDNA). The PCR product (100 to 25 ng), 
labelled with 50/.tCi [~)2P]dCTP (Amersham) was used (2 × 108 cpm/ 
pg) in a plaque hybridization procedure to screen the X2180 Saccharo- 
myces cerevisiae genomic library in 2gtl 1 (Clontech Laboratories). 
After three rounds of screening, one positive clone was isolated. The 
insert was subcloned into pBluescript II SK (+) for double-strand DNA 
sequence analysis [18]. 

2.2. Purification of yeast class III alcohol dehydrogenase 
Frozen bakers' yeast (l'Hirondelle, S.I., Lesaffre, Paris) was homog- 

enized in a bead-beater (Biospec Products) with 0.5 mm diameter beads, 
at 4°C for I min (four times) in 10 mM Tris-HC1, 0.5 mM dithiothreitol, 
pH 7.5, and centrifuged at 29,000 × g for 1 h at 4°C. After dialysis 
against 10 mM Tris-HC1, 0.5 mM dithiothreitol, pH 7.5, the material 
was applied to DEAE-Sepharose CL-6B (2.6 × 94 cm) in the same 
buffer. After washing, a linear gradient of increasing NaC1 concentra- 
tion (0-0.18 M in 1200 ml) eluted the glutathione-dependent formalde- 
hyde dehydrogenase activity. Active fractions were concentrated to 60 
ml (Amicon with a Diaflo PM 10 membrane), dialyzed against 10 mM 
KH2PO4, 0.5 mM DTT, pH 6.8, and applied to hydroxylapatite (2 × 16 
cm). After isocratic elution at 36 ml/h (250 ml buffer) a linear gradient 
of 10~,00 rnM KH2PO 4 in 1200 ml 0.5 mM dithiothreitol, pH 6.8, was 
applied. Active fractions were pooled and concentrated to 30 ml, 
dialyzed against 10 mM Tris-HC1, 0.5 mM dithiothreitol, pH 7.5, and 
applied to Blue-Sepharose (1 × 25 cm). After washing, a linear gradient 
of NADH (~750/.tM) in 600 ml 10 mM Tris-HCl, 0.5 mM dithiothre- 
itol, pH 7.5, eluted two peaks of active material. The corresponding 
fractions were concentrated and dialyzed, for removal of NADH, 
against 100 mM Tris-HCl, 0.5 mM dithiothreitol, pH 7.5, and stored 
at -80°C. 
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The purification was monitored by SDS-polyacrylamide gel electro- 
phoresis and subsequent silver staining, and by isoelectric focusing in 
a pH 3-9 gradient (PhastSystem IEF 3-9, Pharmacia Biotech), devel- 
oped with activity staining using 4.8 mM formaldehyde and 1 mM 
glutathione. 

2.3. Enzymology 
Enzyme activities were determined at 25°C by spectrophotometric 

measurements at 340 nm. Alcohol oxidation was measured with 4 mM 
NAD ÷ in 0.1 M glycine-NaOH, pH 10; formaldehyde dehydrogenase 
activity in 0.1 M sodium phosphate, pH 8.0, with S-hydroxymethylglu- 
tathione (formed by mixing formaldehyde and glutathione) [4]. Concen- 
trations of hydroxymethylglutathione were calculated from the dissoci- 
ation constant of this compound [4], keeping free glutathione constant 
(1 mM) and changing the formaldehyde concentration. Formaldehyde 
concentrations were determined enzymatically by the NAD* to NADH 
conversion in the presence of Pseudomonas putida formaldehyde dehy- 
drogenase. One unit of activity (U) corresponds to 1 /tmol NADH 
formed per minute. For each kinetic experiment, at least five substrate 
concentrations were assayed in duplicate. With substrates that satu- 
rated the enzyme, the general concentration range was from 0.3 to 10 
Kin. Because of low solubility, the maximum concentration reached for 
octanol was 1 Kin, for 10-hydroxydecanoic acid 1.3 Kin, and for 12- 
hydroxydodecanoic acid 5 Kin. Results were expressed as the mean of 
at least three determinations, the variability of which was below 15%. 
Kinetic results were analyzed by a nonlinear regression data analysis 
program [19]. 

2.4. Protein structure analysis and comparisons 
Peptides for amino acid sequence analysis were generated by diges- 

tions of the ~4C-carboxymethylated [2] protein with Achromobacter 
Lys-specific and Astacus Gly-specific proteases, followed by purifica- 
tions by reverse phase HPLC on a C4 column using a linear gradient 
(G70%) acetonitrile in 0.1% aqueous trifluoroacetic acid. Sequence 
analyses were performed by degradations in gas-phase or solid-phase 
sequencers, Applied Biosystems 470 with separate HPLC analysis, 
477A with on-line 120A analyzer, or Milligen 6600 instruments. Total 
compositions were determined with an LKB Pharmacia Alpha Plus 
analyzer after hydrolysis for 24 h at 110°C in 6 M HC1, 0.5% phenol. 

Nucleotide and amino acid sequences were compared against the 
EMBL, GenBank and SwissProt data banks using the FASTA program 
[20]. 

3. Results and discussion 

3.1. Isolation o f  Saccharomyces cerevisiae class I I I  alcohol 
dehydrogenase 

The method employed to purify class III alcohol dehydroge- 
nase from Baker's yeast provided homogeneous material. The 
activity of the crude extract was relatively high (Table 1), pre- 
sumably due to the presence initially of not  only class III alco- 

Table 1 
Purification of yeast class III alcohol dehydrogenase 

Purification Activity Protein Specific Purification Yield 
activity 

(step) (U) (mg) (U/mg) (fold) (%) 

Crude extract 458 8020 0.057 1 100 

DEAE-Sepharose 325 218 1.49 26 71 

Hydroxylapatite 292 15.8 18.5 320 64 

Blue Sepharose 
fraction 1 60 1.37 44 770 13 
fraction 2 137 2.82 49 860 30 

Values apply to the amount from 300 g bakers' yeast. Activity was 
measured with 1 mM formaldehyde/1 mM glutathione, 4 mM NAD + 
in 0.1 M sodium phosphate, pH 8.0. 

Table 2 
Terminal structures of S. cerevisiae class III alcohol dehydrogenase (top line) 
correlated with those of some other yeasts (below), mammals (middle) and 
prokaryotes (bottom) characterized 

Origin Class III region 

N-terminal C-terminal 

S. cerevisiae SAATVGKPI KCIAAVAYDA ..... HNGDCLRTVL KSDEIK 

C maltosa SESTVGKPI TCKAAVAWEA ..... HAGDCIRAVV DLS 

Human ANEVI KCKAAVAWEA ..... HSGKSIRTVV KI 

Horse SAEVI KCKAAVAWEA ..... HAGKS I RTVV KL 

Rat ANQVI RCKAAVAWEA ..... HSGNSIRTVL KL 

Mouse ANQVI RCKAAVAWEA ..... HSGDSIRTVL KM 

E. eoli M KSRAAVAFAP ..... 

hol dehydrogenase but also other activities, such as glu- 
thatione-independent formaldehyde dehydrogenase and gluta- 
thione reductase. The DEAE-Sepharose chromatography re- 
moved those interfering activities, while the hydroxylapatite 
chromatography step was necessary for the elimination of ma- 
terial which precluded the binding of the enzyme to Blue- 
Sepharose. Finally, Blue-Sepharose chromatography separated 
two peaks of activity. The corresponding forms are similar in 
specific activity (just below 50 U/mg) and identical in molecular 
weight, both giving a homogeneous band at approximately 45 
kDa upon SDS-polyacrylamide gel electrophoresis. Isoelectric 
focusing of the material from both peaks revealed that the 
major fraction (fraction 2) is the one most basic, and fraction 
1 the one more acidic. Both fractions, however, contained a 
further sub-band separated by charge. This charge multiplicity, 
with two major bands, is typical of  class III alcohol dehydro- 
genases isolated also in other species [1,6,10,21] and has been 
concluded to reflect adduct formation and other chemical mod- 
ifications. This seems also to be the case for the yeast enzyme, 
since Southern analysis revealed a single gene [22] and isoelec- 
tric focusing showed both bands in haploid yeast. In conclu- 
sion, it is clear that yeast has a class III protein recovered in 
expected yield, activity and minor  multiplicity. 

3.2. Protein structure and D N A  clone 
Screening under high stringency of a genomic library from 

Saccharomyces cerevisiae strain X2180 with an approximately 
600 bp fragment from X2180 as probe (cf. section 2), yielded 
a single 2gt l  1 clone showing a strong hybridization signal. This 
clone contained a 4.3 kb insert that was sub-cloned into 
pBluescript SK(+) and sequenced, yielding a 1158 bp open 
reading frame encoding a 386-residue polypeptide chain char- 
acteristic of class III ADH.  At the time of analysis, this struc- 
ture was unknown,  but soon after it was given in another report 
[14]. Our structure is identical to that report, except for a silent 
mutat ion at position 726, where we find C (instead of A in 14). 

We also analyzed the protein structure of the purified class 
III alcohol dehydrogenase from Baker's yeast after reduction 
and carboxymethylation. Attempts at direct sequence analysis 
of the whole polypeptide revealed that the N-terminal residue 
was blocked as in a wide range of other alcohol dehydrogenases 
[23]. However, deblocking by treatment with trifluoroacetic 
acid in methanol  (1:1, by vol.) for 16 h at room temperature 
was successful (cf. [2]) and subsequent sequence analysis re- 
vealed the deacylated start sequence to be Ser-Ala-Ala-Thr-. 
Together with the D N A  sequence, this identifies the N-terminal 
structure as shown in Table II, and proves the acylated (pre- 
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Table 3 
Enzymatic properties of yeast class III alcohol dehydrogenase 

Substrate Km k~at k~tlKm 
(mM) (min -l) (mM-l'min-l) 

Ethanol NS 0.21 
Octanol 2.4 1100 460 
10-HDA 7.2 2700 370 
12-HDDA 1.8 1800 960 
HM-GSH 0.04 5300 134000 
NAD + 0.14 4100 29000 

Alcohol activities were measured at pH 10.0, glutathione-dependent 
formaldehyde dehydrogenase activity at pH 8.0. NS, nonsaturable; 
10-HDA, 10-hydroxydecanoic acid; 12-HDDA, 12-hydroxydodecanoic 
acid, HM-GSH, S-hydroxymethylglutathione. 

sumably acetylated) nature of the native N-terminus. The C- 
terminal structure was determined by carboxypeptidase Y di- 
gestion, establishing the four last residues. 

In addition, the carboxymethylated protein was cleaved by 
proteinases K and G, and peptides obtained were separated by 
reverse phase HPLC for sequence analysis. In this manner, 63% 
of the entire protein was checked, giving at all positions con- 
trolled, identical results with those deduced from the DNA 
analysis, except in one case: amino acid residue 307 was Gly by 
peptide analysis, but Glu from DNA analysis now and pre- 
viously [14]. Thus, a strain difference within Saccharomyces 
cerevisiae, explaining this single difference between protein and 
nucleotide data is likely. Notably, strain differences were also 
found in the traditional ethanol-active yeast alcohol dehydroge- 
nase [24]. The protein sequence of class III  ADH from Sac- 
charomyees cerevisiae has 71% residue identity with that from 
Candida maltosa [15] and 63% identity with that of the human 
class III enzyme [17]. 

In conclusion, protein and nucleotide data agree in defining 
class III yeast alcohol dehydrogenase, revealing one silent and 
one translated exchange between strains, apart from establish- 
ing protein start and end points, which differ in three groups 
(Table 2). The yeast enzymes are the ones longest at both ends, 
the mammalian enzymes intermediate, and the prokaryotic 
forms shortest, all most clearly visible at the N-terminal end 
(Table 2). Apart  from this regular pattern, many residues close 
to the termini differ widely. 

3.3. Enzymatic characterization 
The fraction 1 and 2 preparations (Table 1) showed identical 

enzymatic properties against all substrates tested (Table 3). 

Table 4 
Comparison of enzymatic properties of class III alcohol dehydroge- 
nases with S-hydroxymethylglutathione from different species 

Substrate Km kca t kcal/Km 
(/,tM) (min -1) (mM -1- min -1) 

Human 4 200 50,000 
Rat 0.92 216 235,000 
Octopus 1.5 300 200,000 
D. melanogaster 6 960 160,000 
S. cerevisiae 40 5300 134,000 
E. coli 94 9350 100,000 

Activities were measured as in Table 3. S. cerevisiae data are from this 
study, those from E. coli, fruit fly, octopus, rat, and the human enzymes 
from [1,4,8,25,26]. 
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With ethanol, the enzyme was active only at very high substrate 
concentrations and did not reach saturation; with formalde- 
hyde in the presence of glutathione the enzyme was highly 
active, properties typical of class III enzymes. Hydroxy- 
methylglutathione is the best substrate. Relative to that activity, 
the one toward alcohols is low due to the very high Km values 
for alcohols (Table 3). 

3.4. Comparisons o f  enzymatic data and correlation with 
functional needs" 

In comparison to the human enzyme, the Km and kcat values 
of the yeast enzyme are significantly higher. The Km for the 
human enzyme is 4 p M  [25] with hydroxymethyl-glutathione, 
compared to 40/,tM for the yeast enzyme. However, the kca t 

values are 200 and 5300 min -~, respectively (Table 4). Conse- 
quently, the specific activity is also much lower for the human 
(3 U/mg) than for the yeast enzyme (49 U/mg). All Km values 
are higher for the yeast enzymes (0.04-0.26 mM) ([13], this work) 
than those for the human, rat, octopus and Drosophila enzymes 
(4-9 /tM) [1,4,25,26], but the simultaneous increase in kcat 
makes the kcat/Km ratio largely conserved for S-hydroxymeth- 
ylglutathione (Table 4). Regarding coenzyme, the yeast enzyme 
is characterized by a low affinity (Kin 0.14 mM) compared to 
that of the human enzyme (Kin 0.009 mM) [27]. 

Notably, the formaldehyde concentration to which the cells 
of the human body can be exposed is low. Hence, it appears 
significant that the human and mammalian enzymes have very 
low Km values, adapted to these conditions. In contrast, yeast 
is exposed to hazardous environments, with potentially higher 
content of formaldehyde. At those conditions, an enzyme with 
both higher K m and higher koa t values will be catalytically more 
efficient [28]. Interestingly, the methylotrophic yeasts are ex- 
posed to even higher formaldehyde concentrations, and conse- 
quently exhibit higher Km values than the enzyme for Saccharo- 
myces. Thus, K m values for class III from Candida boidinii, 
Kloeckera and Pichia pastoris are from 3- to 6-fold that for 
Saccharomyces [13]. A class III form from another micro-or- 
ganism, E. coli, also exhibits a high Kr, and kca t [8], resulting in 
a kcatlKm ratio similar to those for the yeast and animal enzymes 
(Table 4). Overall these data support the hypothesis of a close 
correlation between the class III catalytic values and the need 
for an efficient formaldehyde elimination in the corresponding 
organism, maintaining an optimal kcatlK m ratio, which appears 
to lead to a value of about 200,000 mM -~'min -~ (Table 4). 
Depending on the formaldehyde concentration in their respec- 
tive environments, the Km and kcat values would change in an 
evolutionary adaptation to acquire the highest catalytic rate 
with the maximal Km value [28]. With low formaldehyde expo- 
sure, Km values are low (and overall activity low). With less 
sensitive, unicellular organisms, both Km and koa, values are 
increased. This correspondence indicates a strong evolutionary 
restriction on the catalytic constants, and emphasizes the cen- 
tral role of class III alcohol dehydrogenase as an enzyme in 
formaldehyde detoxication. 
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