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ABSTRACT: The complete amino acid sequence of alcohol dehydrogenase of Thermoanaerobium brockii 
(TBAD) is presented. The S-carboxymethylated protein was cleaved at  methionine residues (with cyanogen 
bromide) to provide a set of 10 nonoverlapping fragments accounting for 90% of the sequence. These 
fragments were then overlapped and aligned, and the sequence was completed by using peptides generated 
by proteolytic cleavage a t  lysine residues (with Achromobacter protease I). The protein subunit contained 
352 amino acid residues corresponding to a molecular weight of 37 652. The sequence showed about 35% 
identity with that of the prokaryotic Alcaligenes eutrophus alcohol dehydrogenase and about 25% identity 
with any one of the eukaryotic alcohol/polyol dehydrogenases known today. Of these, only 18 residues (5%) 
are strictly conserved: 11  Gly, 2 Asp, and 1 each of Cys, His, Glu, Pro, and Val. 

A l c o h o l  dehydrogenases have been isolated from different 
sources, and the amino acid sequences of several such enzymes 
are known. Most of the alcohol dehydrogenases depend on 
zinc for their biological activity. One group of such enzymes 
includes tetrameric alcohol dehydrogenases from yeast 
(Jornvall, 1977; Wills & Jornovall, 1979; Bennetzen et al., 
1982; Russell & Hall, 1983; Russell et al., 1983; McKnight 
et al., 1985; Young & Pilgrim, 1985) and from the bacterium 
Alcaligenes eutrophus (Jendrossek et al., 1988) and the tet- 
rameric sorbitol dehydrogenase from sheep liver (Jeffrey et 
al., 1984). Another group of enzymes consists of dimeric 
alcohol dehydrogenases from the following: higher plants 
(Brandin et al., 1984; Dennis et al., 1985; Chang & Meyer- 
owitz, 1986; Llewellyn et al., 1987; human liver class I cy, p, 
and y subunits [reviewed in Jornvall et al. (1987)], class I1 
r subunit (Hiiiig et al., 1987), and class 111 6 subunit (Kaiser 
et al., 1988); rat liver class I (Crabb & Edenberg, 1986) and 
class 111 (Julia et al., 1988); mouse liver (Edenberg et al., 
1985) and horse liver class I (Jornvall, 1970). Insect alcohol 
dehydrogenases or bacterial ribitol and glucose dehydrogenases 
lack zinc (Jornvall et al., 1981, 1984; Jeffery et al., 1981), and 
other alcohol dehydrogenases use iron for activation (Scopes, 
1983; Neale et al., 1986; Williamson & Paquin, 1987). The 
horse liver enzyme is the only alcohol dehydrogenase for which 
a detailed three-dimensional structure has been determined 
by X-ray crystallography (Eklund et al., 1976). An evolu- 
tionary relationship between the long-chain zinc-dependent 
alcohol dehydrogenases has been suggested, in the form of a 
flow scheme (Jornvall et al., 1987). This scheme outlined 
dimeric and tetrameric alcohol dehydrogenases from euka- 
ryotic species (including mammals, higher plants, fungi, and 
yeasts) since amino acid sequences of known prokaryotic al- 
cohol dehydrogenases were then not yet available. 

Thermoanaerobium brockii alcohol dehydrogenase 
(TBAD)’ is an NADP-linked enzyme that was first described 
by Lamed and Zeikus (1980). The enzyme was later purified 
to “near homogeneity” and partially characterized (Lamed & 
Zeikus, 1981). TBAD, a tetramer with a molecular weight 
of 40000 per subunit, is stable at high temperatures (up to 
85 “C), tolerates organic solvents well, and shows broad 
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specificity and high reactivity toward secondary alcohols and 
low reactivity toward primary alcohols (Lamed & Zeikus, 
1981; Lamed et al., 1981; Keinan et al., 1986). 

We report here the purification to homogeneity and the 
amino acid sequence of an alcohol dehydrogenase from the 
bacterium T .  brockii. This is the first complete protein se- 
quence of a prokaryotic, of an NADP-linked, and of a ther- 
mophilic alcohol dehydrogenase. 

MATERIALS AND METHODS 
T .  brockii strain HTD4 was a generous gift of Dr. R. 

Lamed, Tel-Aviv University. The bacterium was cultured 
according to the method of Zeikus et al. (1979). Cells were 
harvested in late exponential growth phase and were collected 
by continuous-flow centrifugation. Cell extracts were prepared 
from which the enzyme TBAD was purified by a modification 
of a procedure described by Lamed and Zeikus (1981). TBAD 
was purified 76-fold in six steps as summarized in Table I. 
The crude extract (500 mL, 20 mg of protein/mL) in 25 mM 
Tris-HC1 (pH 7.3) was treated with phenylmethanesulfonyl 
fluoride (10 mL of a 3% solution in ethanol) and with DNase 
(75 Fg/g of protein) for 30 min at room temperature. The 
solution was then heated at 85 OC for 2.5 min, rapidly cooled 
in an ice-water bath, and centrifuged. Then the supernatant 
was passed through a ZetaPrep 15-DEAE disk or cartridge 
(AMF, Inc.) onto the first Red Sepharose column (Pharmacia, 
3 X 30 cm). The protein was eluted from the affinity column 
by using a solution of NaC104 (0.2 M) at pH 8 (25 mM 
Tris-HCl), dialyzed against 25 mM Tris-HC1 (pH 8), and then 
passed through a second Red Sepharose minicolumn (0.5 X 
4 cm). The protein fractions eluting from the column were 
combined, and aliquots containing 20 mg of protein were 
subjected to gel filtration through a column of Sephacryl S-300 
(Pharmacia, 3 X 180 cm). The column was eluted with a 
solution of 50 mM Tris-HCl/lOO mM NaCl (pH 7.3) at a 

’ Abbreviations: TBAD, Thermoanaerobium brockii alcohol de- 
hydrogenase; HLAD, horse liver alcohol dehydrogenase; AEAD, AI- 
caligenes eutrophus alcohol dehydrogenase; SDS-PAGE, sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis; HPLC, high-performance 
liquid chromatography; CM, carboxymethyl; RP, reversed phase; Tris, 
tris(hydroxymethy1)aminomethane; API, Achromobacter protease I; 
DIDS, 4,4’-diisothiocyano-2,2’-stilbenedisulfonate; OPA, o-phthal- 
aldehyde; TFA, trifluoroacetic acid. 
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Table I: Purification of TBAD 
no. fraction volume (mL) protein" (mg) act.b (units) sp act. (units/mg) yield (95) purification (x-fold) 

1 crude extract 500 10000 11 200 1.1 100 1 
2 heat treatment 5 20 2630 10450 4.0 93 4 
3 ZetaPrepDEAE 520 1880 10 340 5.5 92 5 
4 Red Sepharose I 50 165 9 460 57.3 85 52 
5 Red Sepharose I1 54 155 9410 60.7 84 55 
6 Sephacryl S-300 110 98 8 250 84.2 74 76 

Protein concentration was determined according to the method of Bradford (1967). unit of enzyme catalyzes the oxidation of 1 pmol of 
2-butanol/min at 40 OC. 

1 2  3 4 5 6 M r x k D a  
7- * 

FIGURE 1 : SDS-PAGE analysis of TBAD during different purification 
steps. Electrophoresis was performed according to the method of 
Laemmli ( 1  970), on 12% gel slabs. Samples were denatured in the 
presence of 2-mercaptoethanol. (Lane 1 )  Crude enzyme after heat 
treatment; (lane 2) fraction from anion-exchange column; (lane 3) 
fraction from second Red Sepharose column; (lanes 4 and 5) purified 
protein, 2 and 8 pg, respectively, after Sephacryl S-300 (see text). 
The gel was stained with Coomassie Brilliant Blue. Positions of 
molecular weight markers are indicated. 

flow rate of 16 mL/h, and fractions containing TBAD were 
pooled. Under these conditions TBAD displayed an apparent 
molecular weight of 160000 when compared to elution volumes 
of the protein standards catalase (240000), aldolase (1 58 OOO), 
and bovine albumin 67000) (data not shown). On sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis, the purified 
enzyme migrated as a single band with an apparent molecular 
weight of 38000 per subunit (Figure 1). 

Staphylococcus aureus V8 protease was a product of Miles 
Laboratories; clostripain was purchased from Sigma; Achro- 
mobacter protease I (API), which specifically cleaves C-lysyl 
peptide bonds, was a generous gift of Dr. Koiti Titani, Fuji- 
ta-Gakuen Health University, Japan; carboxypeptidase Y was 
a product of Merck. 

Reduction and S-carboxymethylation were performed by 
a modification of the method of Cresfield et al. (1963) using 
6 M Gdn-HC1 and dithiothreitol (Cleland, 1964) in placed of 
urea and 2-mercaptoethanol. For S-carboxymethylation, 
2-iodoacetic acid or iod0[2-'~C]acetic acid (Amersham, 2 
pCi/pmol) was used. The alkylated protein was separated 
from excess reagents and salts by dialysis against 50 mM 
ammonium bicarbonate in the dark. Methylation of methi- 
onine residues and isolation and characterization of methio- 
nine-containing peptides followed the procedure of Sasagawa 
et al. (1983). 

Amino acid sequence of peptides was determined with a 
Model 470A protein sequencer equipped with an on-line PTH 
analyzer, Model 120A (Applied Biosystems). Data were 
collected and processed by using the chromstation-AT program 
of Spectra-Physics. 

The procedure used for blocking primary amines by o- 
phthalaldehyde (OPA) during automatic gas-phase microse- 
quencing was a modification of the method of Brauer et al. 

(1984) and involved the following steps: (1) stopping the 
analysis at the end of the cycle preceding a proline residue; 
(2) disassembling the cartridge and exposing the filter carrying 
the sample; (3) pipetting 30 pL of a freshly prepared solution 
of 1% OPA and 1% 2-mercaptoethanol in chlorobutane (S3) 
onto the sample at the glass fiber filter (the solvent dries 
immediately); (4) reassembling the cartridge; ( 5 )  running steps 
1-18 of cycle 03COPA (see below); (6) repeating steps 2-4 
of this procedure; (7) running a full cycle 03COPA; (8) re- 
suming normal sequence procedure using cycle 03CPTH. 

Cycle 03COPA is a modified 03CPTH cycle from which 
delivery of R1 was omitted and washes with S2 were extended. 
The changes were (a) in steps 2, 3, 9, and 12, cartridge 
function was changed from "deliver R 1 " to "deliver R2", and 
(b) in step 17 the time was extended to 480 s. 

Complex mixtures of peptides were usually first separated 
by gel filtration on Sephadex G-50 in 5% formic acid and then 
purified by RP-HPLC on Aquapore RP-300 (C8) or PLRP-S 
300 (polystyrene/divinylbenzene) in a Spectra-Physics modular 
chromatograph Model SPS800/8780/8500/8773/4290 
equipped with a Barspec Model 1937 Chrom-A-Scope fast 
scan detector. In each case, an acetonitrile gradient was used 
in dilute aqueous solutions of trifluoroacetic acid (TFA) or 
sodium perchlorate/phosphoric acid. 

For amino acid composition, samples of peptides were an- 
alyzed with Dionex D-500 and D-400 amino acid analyzers. 
Protein concentration was determined according to the method 
of Bradford (1976). Enzymic activity of TBAD was assayed 
by following the formation of NADPH from NADP at 334 
nm = 6.1 mM-' cm-') in a reaction mixture containing 
NADP (0.5 mM), 2-butanol (1 50 mM), and Tris-HC1 (100 
mM, pH 7.8) at 40 OC. One unit of TBAD was defined as 
the amount of enzyme that catalyzes the oxidation of 1 pmol 
of 2-butanol/min at 40 "C. 

Cleavage at methionyl peptide bonds followed the general 
procedure of Gross (1 967). The protein (1 0 mg/mL) in 70% 
formic acid was treated with CNBr (10 mg/mL) a t  room 
temperature for 16-24 h. The reaction mixture was then 
diluted with water and lyophilized. Lysyl peptide bonds were 
selectively cleaved with API in 50 mM Tris-HC1/3 M urea 
(pH 9) for 5 h at 37 OC, S / E  = 300; arginyl peptide bonds 
were cleaved with clostripain in 50 mM Tris-HC1 (pH 8) for 
6 h at 37 "C, S / E  = 100, after activation of the enzyme in 
1 mM CaCI2 1 mM 2-mercaptoethanol; glutamyl peptide 
bonds were cleaved with S.  aureus V8 protease in ammonium 
bicarbonate pH 7.8 for 24 h at 37 OC, S / E  = 500. 

Carboxyl-terminal analyses of polypeptides were performed 
with carboxypeptidase Y according to the method of Klemm 
(1984) and by hydrazinolysis (Schroeder, 1972). 

Aminosilylation of glass fiber filters was performed by 
dipping TFA-activated glass fiber filters (AB1 400379) in a 
solution of (3-aminopropy1)triethoxysilane (2% v/v) in ace- 
tonitrile/water (97:l) for 2 min at room tempeature followed 
by extensive washing of the filters with acetonitrile and drying 
at 100 OC for 1 h. 
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FIGURE 2: Detailed summary of the proof of sequence of TBAD. The proven sequences of specific peptides, with underlined names, are given 
in one-letter code below the summary sequence (bold type). Prefixes M, K, R, and E denote peptides generated by cleavage of CM-TBAD 
at methionyl, lysyl, arginyl, and glutamyl peptides bonds, respectively. The prefix KM denotes peptides of methylated CM-TBAD cleaved 
with API at lysine residues. Peptide sequences written in  upper case letters were proven by Edman degradation; those in lower case letters 
indicate tentative identification or sequences deduced from amino acid compositions. Those not identified are shown by dashes or by long 
arrows, which indicate a long unideniified sequence. 

Coupling of DIDS to peptides in solution was performed 
in a 1.5-mL capped Eppendorf tube. After the peptide was 
dissolved in 30 pL of an aqueous solution of 8 M Gdn.HC1 
and heated to 56 "C under argon, 40 pL of an aqueous solution 
of 1% trimethylamine and 0.5 mg of solid DIDS were added 
and allowed to react for 10 min at  56 "C under argon. Am- 
monia (20 pL of a solution of 25% in water) was added, and 
the reaction was continued for an additional 5 min and then 
terminated by the addition of 50 pL of 25% aqueous TFA. 
This solution of the modified peptide was concentrated to about 
30 pL with argon and then applied to the gas-phase sequencer. 

Coupling of peptides to a glass fiber filter via DIDS was 
performed in a similar way. Aminosilylated glass fiber filter 
(see above) was dipped in 0.5 mL of an aqueous solution of 
1% trimethylamine and then reacted with 1 mg of solid DIDS 
at 56 "C under argon for 15 min. The filter was extensively 
washed with methanol and, after dipping in an aqueous so- 
lution of l% trimethylamine, transferred to a small Eppendorf 
tube, dried under argon, and heated to 56 "C. After the 
peptide was loaded (1-10 nmol in 30 pL of an aqueous solution 
of 8 M Gdn-HC1) onto the filter, 20 pL of 1% aqueous tri- 
methylamine was added, and then the coupling reaction was 
performed at 56 "C for 15 min under argon. To modify any 
remaining free amines, 300 pL of a solution of DIDS in 1% 

trimethylamine (2 mg/mL) was added, and the reaction was 
continued for 10 min. Ammonia (20 pL of a solution of 25% 
in water) was added for an additional 5 min, and the reaction 
was terminated with a solution of 25% TFA. The filter was 
extensively washed with methanol and dried. 

RESULTS 
General Strategy of Sequence Analysis. Most of the se- 

quence of TBAD was obtained by analysis of the amino ter- 
minus of the CM protein (residues 1-25, Figure 2) and of 10 
of its nonoverlapping cyanogen bromide fragments. The re- 
mainder of the sequence and alignment of the fragments were 
obtained by analysis of peptides isolated from cleavages at lysyl 
residues by Achromobacter protease I, at arginyl residues by 
clostripain, and at glutamyl residues by S.  aureus V8 protease. 
Complete details of the proof of the sequence are summarized 
in Figure 2. The results provide the complete sequence of T.  
brockii alcohol dehydrogenase. 

Cyanogen Bromide Peptides. Reduced and radiolabeled 
[14C]CM-TBAD (4 mg) was cleaved by cyanogen bromide, 
and an aliquot (0.5% of the total mixture of peptides) was 
analyzed by RP-HPLC (Figure 3A). Ten peptides could be 
identified (Ml-lo), four of which contained radioactivity of 
[14C]CM-cysteine (Ml ,  M5, M7, and M8). Figure 3A shows 
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FIGURE 3: RP-HPLC separations of cyanogen bromide digest of 
CM-TBAD. The digest (4 mg) was first separated on a column of 
Sephadex G-50 superfine (1.5 X 100 cm) in 5% formic acid at a flow 
rate of 0.5 mL/min. Eleven 8 mL peptide containing fractions were 
collected (data not shown). An aliquot from each fraction was an- 
alyzed by RP-HPLC using an analytical column (Aquapore RP-300, 
4.6 X 250 mm) and a gradient of acetonitrile ( 1 5 4 5 %  in 0.1% TFA 
for 30 min) at a flow rate of 1 mL/min. (A) Crude cyanogen bromide 
digest (20 pg) before gel filtration; (B, C and D) aliquots (0.5%) of 
fractions 3, 7,  and 9 of the Sephadex G-50 column, respectively. 
Purified peptides are identified by the prefix M, as in Figure 2. 

that RP-HPLC separation of the 10 cyanogen bromide pep- 
tides was not complete; therefore, it was necessary to perform 
a preliminary separation of the peptide mixture using gel 
filtration on a column of Sephadex G-50 superfine. The 11 
fractions thus obtained (data not shown) were further purified 
by RP-HPLC, an example of which is shown in Figure 3B-D. 
By this procedure, 10 pure cyanogen bromide fragments were 
isolated. The amino acid sequences of the peptides are shown 
in Figure 2, and the labeled peaks in the chromatograms of 
Figure 3 correspond to the amino acid sequence and compo- 
sition given in Figure 2. 

Lysyl Peptides. Ten milligrams of [I4C]CM-TBAD was 
cleaved at  lysyl residues by API at  pH 9 in the presence of 
3 M urea, and the resulting peptide mixture was separated 
by RP-HPLC. Most peptides were obtained in pure form after 

I I I I 
0 1000 2000 300( 
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FIGURE 4: RP-HPLC separations of API digests of CM-TBAD and 
methylated CM-TBAD. The carboxymethylated proteins were di- 
gested by API in 3 M urea, and aliquots of the digests (250 pg) were 
separated on an Aquapore RP-300 column (4.6 X 250 mm) by using 
identical gradients of acetonitrile (5-55% in 0.1% TFA for 50 min) 
at a flow rate of 1 mL/min. Peptides were monitored at 214 nm. 
(A) Elution pattern of API digest of nonmethylated CM-TBAD; 
purified peptides are identified by the prefix K and a number reflecting 
their order of elution from the column. (B) Elution pattern of API 
digest of methylated CM-TBAD; purified peptides are identified by 
numbers (no prefix), identical with those in (A). Solid arrows point 
to the new elution position of the methylated peptides; dotted lines 
mark original and new unchanged positions of nonmethylated peptides. 

this step. Figure 4A shows that 14 fractions corresponding 
to pure peptides K1-9 and K12-16 and one fraction containing 
a mixture of peptides K10 + K11 were isolated in reasonable 
yields (30-65%). Radioactivity of [14C]CM-cysteine was 
detected in peptides K5, K12, K14, and K15. The use of a 
fast-scan detector in the HPLC separation enabled fast 
identification of Tyr- and Trp-containing peptides according 
to their absorption at  260-310 nm. Trp absorption was de- 
tected in peptides K3, K10, and K12, and Tyr absorption was 
detected in peptides K4, K10, K12, and K15. The amino acid 
sequences of the peptides are shown in Figure 2, and the 
labeled peaks of the chromatograms of Figure 4 correspond 
to the amino acid sequence and composition given in Figure 
2. 

Chemical Modification of the Mixture of Peptides KI 0 -k 
KI1 and of Peptide K16. Peptides K10 and K11 were ob- 
tained in a mixture that contained two methionine residues. 
Since the peptides in the mixture could not be resolved by 
RP-HPLC, an attempt was made to try to separate them 
following mild chemical modification. This was achieved by 
introducing into the peptides positively charged sulfonium 
groups at their methionine residues, thus modifying the “charge 
density” of the peptides in the mixture. The general procedure 
of Sasagawa et al. (1983) was used, except that methylation 
of methionine residues of [I4C]CM-TBAD was performed with 
nonlabeled methyl iodide. Figure 4 shows the separation 
patterns of the API digests of methy1-Met-[l4C]CM-TBAD 
(B) and of nonmethylated [14C]CM-TBAD (A). Two groups 
of peptides could be identified, one of which consisted of six 
peptides (Kl-5 and K7) whose retention times were not af- 
fected by methylation since they were devoid of methionine 
residues. The second group consisted of the methionine-con- 
taining lysyl peptides K6 and K8-16, in which the retention 
times were decreased in the methylated form and increased 
in the nonmethylated form. The change in the mobility of each 
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S-methylmethionine lysyl peptide (in RP-HPLC) was pro- 
portional to the change in its net charge density: the peptides 
K6, K8, and K16 that gained one charge per 3, 9, and 10 
residues, respectively, showed the largest increase in mobility; 
peptides K11, K9, K15, and K13 that gained one charge per 
15, 20, 21, and 22 residues, respectively, showed an inter- 
mediate increase in mobility; the smallest increase in mobility 
was recorded for peptides K12, K10, and K14 that gained one 
charge per 34, 39, and 56 residues, respectively. The mixture 
K10 + K1 1, the only unresolved lysyl peptides in Figure 4A, 
was well resolved after methylation (Figure 4B), and the two 
methylated lysyl peptides, KMlO and K M l l ,  were isolated 
and characterized (Figure 2). In this experiment it was 
convenient to use nonradioactive methyl iodide and radio- 
labeled protein [rather than vice versa as in Sasagawa et al. 
(1 984)] since methyl iodide is volatile, and special precautions 
should be taken when [‘4C]methyl iodide is used. 

K16, a fragment about 50 residues long (according to its 
amino acid composition), could be sequenced through residue 
13 and was then washed out of the sequencer. To retain the 
peptide in the sequencer during the analysis, K16 was cova- 
lently bound to an aminosilylated glass fiber filter disk through 
the water-soluble bifunctional phenyl isothiocyanate reagent, 
DIDS (see Materials and Methods). “Solid-phase” sequence 
analysis of the DIDS-bound peptide (in the gas-phase se- 
quencer) yielded the sequence of its residues 2-48, thus pro- 
viding the complete sequence of peptide K16. 

Following clostripain 
cleavage of [14C]CM-TBAD, 14 arginyl peptides were ob- 
tained by RP-HPLC and were identified by their amino acid 
compositions. Three such peptides, namely, R1, R5, and R7, 
were isolated and characterized. R5 yielded the partial se- 
quence of residues 53-77, and R1 corresponded to residues 
279-299 of TBAD (Figure 2). R7 was composed of 27 amino 
acids (residues 326-352, Figure 2), of which 20 residues would 
be extremely hydrophobic during Edman degradations [ 15 
hydrophobic plus 5 (phenylthiocarbamyl)lysines]. Indeed, R7 
could be sequenced only through residue 16 and was then 
washed out of the sequencer in the same manner as K16. 
Therefore, R7 was coupled with DIDS as described earlier, 
and the modified peptide was retained on the filter during the 
analysis and was sequenced through its C-terminal residues. 
The N-terminal glycine and the five lysines could not be 
identified in the analysis of the DIDS-modified R7. 

Cleavage of [I4C]CM-TBAD with S .  aureus V8 protease 
yielded 11 peptide fractions (isolated by RP-HPLC). Peptide 
El  1 was formed by partial cleavage at  Glu-143 and spanned 
through glutamic acid residues 160 and 165 and most probably 
also through 224. Analysis of the first cycles of the Edman 
degradation of El  1 showed that this peptide was isolated in 
a mixture composed of about 40% E l  1 and 60% uncleaved 
or partially cleaved TBAD, and proline of E l  1 was identified 
in cycle 6 of the mixture. To block the contaminating se- 
quences at cycle 6, the peptide mixture was reacted with OPA, 
a compound that reacts with primary amines but not with the 
imino group of proline (Roth, 1971; Brauer et al., 1984). 
Peptide mixture E l  1 (1 nmol) was subjected to automatic 
gas-phase microsequence analysis; the analysis was interrupted 
after cycle 5, OPA was pipetted onto the sample (double 
coupling), and after appropriate washings (see Materials and 
Methods), the analysis was resumed for a total of 40 cycles. 
Only one unique sequence, that of peptide El  1, was detected 
and yielded the sequence of residues 6-32 and 37-40 of this 
peptide, corresponding to residues 148-175 and 180-183 of 
TBAD (Figure 2). 

Arginyl and Glutamyl Peptides. 
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C-Terminal Analyses of TBAD. Hydrazinolysis of CM- 
TBAD yielded 1 mol of alanine/mol of protein. Carboxy- 
peptidase Y digestion of CM-TBAD released 2 mol of valine 
and 1 mol each of alanine, leucine, and isoleucine at almost 
identical rates. It was therefore postulated that alanine was 
the C-terminal residue of TBAD and was preceded by four 
hydrophobic amino acid residues (Ile, Val, Val, Leu). M3 was 
the only peptide of the 10 cyanogen bromide fragments isolated 
and analyzed that lacked homoserine, indicating that it ori- 
ginated from the carboxyl terminus of the protein. These 
results were confirmed by sequencing of peptide M3. 

Alignment of Peptides and the Complete Sequence. As 
indicated in Figure 2, the alignment of overlapping peptides 
showed that 95% of the sequence of TBAD was proven une- 
quivocally by data obtained from at least two different 
cleavages. The remaining 5% of the sequence represented 17 
residues scattered throughout the molecule that were not 
identified in two different sets of peptides but rather in rep- 
licate analyses of one set of peptides. These included residues 
1,2,37,46, 52,59, 176-179,204-208,342, and 346 (Figure 
2). Overall, the data provide a unique alignment and a com- 
plete sequence of the 352 amino acid residues of T.  brockii 
alcohol dehydrogenase. No evidence was found for any mi- 
croheterogeneity in the primary structure of TBAD, and it is 
likely that the tetramer of this enzyme is composed of identical 
subunits of 352 amino acid residues. The molecular weight 
of the subunit of TBAD calculated from the amino acid se- 
quence (37 652) agrees with the molecular weight determined 
by amino acid composition analyses of the protein, as well as 
by SDS-PAGE analysis performed in this study (38 000, 
Figure 1) and previously by others (40000; Lamed & Zeikus, 
1981). 

DISCUSSION 
The alignment of alcohol dehydrogenase from different 

sources essentially as suggested by Jornvall et al. (1 987) is 
given in Figure 5. The primary structure of TBAD is aligned 
with the partial protein sequence of the Bacillus stearother- 
mophilus enzyme (residues 1-50; Bridgen et al., 1973; Jeck 
et al., 1979), with the translated nucleotide sequence of alcohol 
dehydrogenase of A .  eutrophus (Jendrossek et al., 1988) and 
with the horse liver enzyme (Jornvall, 1970) (the only alcohol 
dehydrogenase for which a three-dimensional structure is 
known; Eklund et al., 1976). Gaps were introduced to optimize 
identity and homology among the sequences. Some common 
parameters and major differences among TBAD and other 
alcohol dehydrogenases are discussed. TBAD is an NADP- 
linked tetrameric alcohol dehdyrogenase. Alignment of the 
sequence of TBAD with that of the horse liver enzyme shows 
that the bacterial enzyme is also a long-chain alcohol de- 
hydrogenase but, like the B. stearothermophilus enzyme, lacks 
eight residues at the amino terminus (Figure 5 ) .  Comparison 
with the N-terminus of the A. eutrophus enzyme cannot be 
done at present, since the N-terminal residue of the enzyme 
is still unidentified at the protein level (Jendrossek et al., 1988). 
Five gaps exist in the TBAD molecule. A long gap composed 
of 18 residues is found at  position 95 (of HLAD), and four 
small gaps of 1-2 residues at positions 39, 183, 246, and 283 
(numbering of HLAD) are found. Such or similar gaps are 
also found in other alcohol dehydrogenases, although they may 
vary in size and may be shifted a few residues (Jornvall et al., 
1987). These gap sites are located at or very close to intron 
positions in the genes of alcohol dehydrogenases [BrandEn et 
al., 1984; reviewed in Jornvall et al. (1987)l. 

Overall, TBAD is very different from the other two enzymes 
HLAD and AEAD. Only 96 of 357 positions in TBAD are 
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1 2 0  4 0  60  80  * * :  * *  . * * * *  * * *  * *  
HLAD: STAGKVIKCKAAVLWEEKKPFSIEEVEVAP~PKAHEVRIKMVATGICRSDDH~WSGTLVTPLPVIAGHEAAGIVESIGEGVTTVRPGDKVIPL-FTPQCG 
BSAD : MKAAVVEQFKKPLQVKEVEKPISYGEVLVRI---ACGVCHTBLH-AAHGBWPVP 
AEAD : MTAMMKAAVFVEPGRIELADKPIPDIGPNDALVRI~~TTTTICGTDVH~ILKGEYPVAKGLTVGHEPVGIIEKLGSAVTGYREGQRVIAGAICP--- 
TBAD : MKGFAMLSIGKVGWIEKEKPAPGPFDAIVRP--LAVAPCTSDIHTVFEGAIGERHNMILGHEAVGEWEVGSEVKDFKPGDRVWPAITP--- 

:t : t -tt t t +  t - ttt t + t  +x:+ t 
1 2 0  40 60 80 

100 
. t  

1 2 0  140 1 6 0  1 8 0  
* 

HLAD: KCRVCKHPEGNFCLKNDLSMRGTMQDGTSRFTCRGKPIYHFLGTSTFSQYTVVD-EISVAKIDAASPLFKVCLIGCGFSTGYGSAVKVAKVTQGSTCAV 
AEA3: -NFNSYAAQ3GVASQDGSYLMASGQCGCHGYKATAG~FGNMIDGTQ~YVLVPDA~ANLTPIPDGLTD~QVLMCPDIMSTGFKGA-ENANI~IGDTVAV 
-BAD: _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  DWRTSEVQRGYHQHSGGMLAGWKPSNVKDG~GEFFHVNDADMNLA~LPKEIPLEAA~IPDM?ITTGFHGA-ELADIELGATVAV 

r r t  * -  tt t : *  - t t -  - 
1 0 3  1 2 0  1 4 0  163  

2 0 3  2 2 3  2 4 c  2 60 28C 
* :  X . l  x . *  

HLAD: FGLGGVGLSVIMGCKAAGA1IGMINKDKFAKAKEVGATECVNPQDYKKPIQEVLTEMSNG-GVT)FSFEVIGRLDTMVTALSCCQFAVGVSVIVGVP 
AEAD: FAQGPIGLCATAGARLCGATTIIAIDGNDHRLEIARKMGADWLNFRNC--DWDEVMKLTGGRASIEALGTQATFEQSLRVLK-PGGTLSSLGVY 
TBAD: ~GIGPVGLMAVAGAKLRGAGRIIAVGSRPVCVDAAKYYGATDIVNYKDG~~PIESQIMNLTEGKGVDAAIIAGGNADIMATAVKIVK-PGGTIANVNVF 

x t r +  + tt +t !+ : t -t + :  - t-t : - t 

18C 2 0 0  2 2 0  2 4 3  26C 

300 32C 3 4 0  250 314 

HLAD: PDSQ?iLSMNP~.1LLLSGRTWKGAIFG-GFKSKDSVPKLKFALDPL~THVLP-FEK~NEGFDL~RS--GFSIR~ILTF 
AEAD: --SSDLTIPLSAFAAGLG3HKINTALCPGGKERMRRLINVIESGRVDLGALVTHQYR-LDDIVAAYDLFANQRDGVLKlAIKPH 
TBAD: SEGEVLPVlRLEWGCGMAHKTIKGGLCPGGLCPGGRL~RLIDLVFYKR~PS~LV~HVFRGFDNIE~ML~DKPKDL1KPW:LA 

2 8 0  3 3 0  3 2 0  740 3 5 2  
X . -  : t  - : t- - - .  

FIGURE 5: Comparison of the primary structures of alcohol dehydrogenases from horse liver (HLAD,  EE enzyme) and from the bacteria B .  
srearorhermophilus (BSAD, partial sequence), A. eurrophus (AEAD, translated from the nucleotide sequence), and T. brockii (TBAD). Gaps 
were introduced to optimize homology between the sequences. Residue numbering of HLAD is above the sequence, and that of TBAD is below 
the sequence. HLAD sequence is from BrandCn et ai. (1975); BSAD partial sequence is from Bridgen et al. (1973). corrected by Jeck et al. 
(1979); AEAD sequence is from Jendrossek et al. (1988); TBAD sequence is from Figure 2. (+) Identical residues in TBAD. AEAD, and 
HLAD; (*) strictly conserved residues in 16 different eukaryotic alcohol dehydrogenases [data from Jornvall et al. (1987)l; (x) conserved residues 
that have been preserved in TBAD and replaced in AEAD; (-) conserved residues that have been replaced in both YBAD and AEAD; ( # )  
conserved residue in all alcohol dehydrogenases with the exception of TBAD. 

identical with those of the eukaryotic HLAD (27% identity), 
while in the other prokaryotic alcohol dehydrogenase, AEAD, 
124 of 354 positions compared are identical with those of 
TBAD (35% identity). However, the percent of identity varies 
within different regions of the molecules, regions between the 
gap sites of TBAD. The N-terminal region of TBAD (region 
1, residues 1-88 of this enzyme) shows 36% identity with 
HLAD and 32% identity with AEAD. The second region 
(residues 89-159) shows 17% identity with HLAD and 39% 
identity with AEAD. The third region (residues 160-221) 
shows 43% identity with both HLAD and AEAD, and the 
C-terminal region (region 4, residues 222-352) shows 23% 
identity with HLAD and 36% identity with AEAD. The 
greatest similarity between TBAD and the other two alcohol 
dehydrogenases is seen in region 3, where the vast majority 
of the coenzyme binding residues are located. 

Most of the coenzyme binding residues of HLAD are con- 
served or conservatively replaced in TBAD, especially residues 
that interact with the nicotinamide, the nicotinamide ribose, 
and the pyrophosphate moieties of the coenzyme [Figure 5 and 
Eklund et al. (1981)l. Some differences are observed in 
residues that interact with the adenine moiety, but the major 
difference is observed in the interactions of the protein with 
the adenosine ribose moiety of the coenzyme. Asp-223 (of 
HLAD) is a strictly conserved residue in all NAD-linked 
alcohol dehydrogenases (Jornvall et al., 1987). It forms an 
important hydrogen bond with 0-2’ of the adenosine ribose 
moiety of NAD, which is essential for proper orientation and 
binding of the coenzyme to the enzyme. NADP has an extra 
phosphate group bound to 0-2’ of the ribose moiety and cannot 
be properly oriented in HLAD in the same way as NAD, due 
to interference of the extra phosphate as well as charge re- 
pulsion between phosphate and Asp-223 (Branden et al., 1975; 
Eklund et al., 1981). Indeed, horse liver alcohol dehydrogenase 
showed very little activity with NADP (Sund & Theorell, 

1963; Fawcett & Kaplan, 1962). TBAD is an NADP-linked 
enzyme, and to accommodate an extra phosphate on the 
adenosine ribose, Asp-223 would have to give way to an amino 
acid with a much smaller side chain, such as Gly-198 of 
TBAD. Furthermore, a charged or a polar interaction between 
the phosphate group and the protein would be expected. The 
side chain of residue 225 of HLAD is oriented in the proper 
direction, is in close proximity, and would be a likely candidate 
for such interactions (Eklund et al., 1981). This side chain 
of Asn-225 is replaced in TBAD by the side chain of Arg-200; 
consequently, the positive charge of the arginine side chain 
could form a charge contact with the extra phosphate of 
NADP. 

The horse liver enzyme contains two zinc atoms, one cata- 
lytic and one structural (Branden et al., 1975). Preliminary 
results with TBAD indicated that the bacterial enzyme con- 
tained only one zinc per subunit and was reversibly inactivated 
by zinc chelating compounds, such as o-phenanthroline (Peretz 
et al., unpublished results). The sequence data revealed a 
stretch of 18 amino acids (residues 96-113) in HLAD that 
was missing in TBAD (Figure 5 ) ,  which contained all 4 
cysteine ligands of the structural zinc of the horse liver enzyme 
(cysteines 97, 100, 103, and 11 1). As for the ligands of the 
catalytic zinc atom, only two were preserved in TBAD: Cys-46 
and His-67 (Figure 5). A similar situation was observed in 
sorbitol dehydrogenase, a tetrameric NAD-linked zinc enzyme 
from sheep liver (Jeffery et al., 1981), which lacks the 
structural zinc and three of its cysteine ligands (the fourth one, 
Cys-103, is preserved) as well as one of the catalytic zinc 
ligands, Cys-174 (Jeffery et al., 1984). Model studies (Eklund 
et al., 1985) have suggested that a glutamic acid residue re- 
places Cys-174 in HLAD. In TBAD, Asp-150 is in the ho- 
mologous position of Cys- 174 (of HLAD), which could serve 
as the third catalytic zinc ligand. The fourth ligand in HLAD 
is a water molecule or a hydroxyl ion (BrandEn et a]., 1975). 
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Most of the strictly conserved residues of other alcohol 
dehydrogenases have been preserved in TBAD as well. Of the 
22 conserved residues of the eukaryotic alcohol dehydrogenases 
(Jornvall et a]., 1987), 18 were preserved in TBAD, including 
11 glycines, 2 aspartic acids, and 1 each of Pro, Cys, His, Glu, 
and Val. In  AEAD 3 of these residues, 2 Gly residues and 
1 Asp, were replaced by Ala residues and 1 Gln, respectively, 
thus reducing the strictly conserved residues of the alcohol 
dehydrogenases to 15. 
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SUPPLEMENTARY MATERIAL AVAILABLE 
Two figures showing the general strategy for the determi- 

nation of the sequence of TBAD and the relative orientation 
of the peptides, as well as the chromatographic separations 
(by RP-HPLC) of arginyl and glutamyl peptides of CM- 
TBAD, and two tables containing the amino acid compositions 
of CM-TBAD and of peptides obtained from its cleavage with 
cyanogen bromide and Achromobacter protease I (4 pages). 
Ordering information is given on any current masthead page. 
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