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Abstract. The primary structure of nicotinoprotein alco-
hol dehydrogenase (ADH) from Amycolatopsis methano-
lica was determined and used for modelling against
known ADH structures, and for evaluation of the coen-
zyme binding. The results establish the medium-chain
dehydrogenase/reductase nature of the nicotinoprotein
ADH. Its subunit model and that of the human class 13
ADH subunit structure are similar, with mean o carbon
deviations of 0.95 A, but they differ in seven loops.
Nicotinoprotein ADH occupies a phylogenetic position
intermediate between the dimeric and tetrameric ADH

families. Two of the differing loops are important for
coenzyme binding in the nicotinoprotein model, where
one (with a Thr271Arg exchange towards the traditional
enzyme) may suggest a slight rotation of the coenzyme
adenine ring in the nicotinoprotein, and the other, with an
Asn288 insertion, may suggest an extra hydrogen bond to
its nicotinamide ribose, favouring stronger binding of the
coenzyme. Combined with previous data, this suggests
differences in the details of the tight coenzyme binding in
different nicotinoproteins, but a common mode for this
binding by loop differences.

Key words. Nicotinoprotein; alcohol dehydrogenase; coenzyme binding; molecular modelling; loop differences; mol-

ecular evolution.

Alcohol dehydrogenases (ADHs) are common in nature.
At least six protein families have given rise to enzymes
with this activity [1, 2]. Two of these belong to the super-
family of ‘medium-chain dehydrogenases/reductases’
(MDRs) and include ‘dimeric ADH’ (liver ADHs) and
‘tetrameric ADH’ (most yeast ADHs). Both work with a
zinc ion at the active site [3]. A third is represented by the
insect enzyme of the short-chain dehydrogenases/reduc-
tase (SDR) super-family, working without metal [4]. Re-
maining forms are ADH activities in aldo-keto reductases
[5], long-chain dehydrogenases/reductases [6] and iron-
dependent enzymes [7].

* Corresponding author.

Bacteria often have special ADH forms [8]. One such
MDR form in Gram-positive bacteria, characterized from
Amycolatopsis methanolica, has a mycothiol adduct with
formaldehyde as substrate, and phylogenetically occupies
a distinct position [9]. The same bacterial species also has
a ‘nicotinoprotein ADH’, with a tightly bound coenzyme
that is not dissociated from the enzyme between the reac-
tion cycles as in classical ADHs but, instead, is regener-
ated by a second substrate or electron carrier [8, 10].

This nicotinoprotein ADH has been reported to be related
to the liver ADHs and the mycothiol ADHs, based on par-
tial [8] or quoted [11, 12] sequence data. It is therefore
likely to be an MDR enzyme. However, its nicotinopro-
tein nature has not been molecularly defined and struc-
tural data have not been given. Instead, other nicotinopro-
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tein structures have been reported and appear to be dif-
ferent. A UDP-galactose 4-epimerase from Escherichia
coli is a nicotinoprotein of another protein family, SDR
[13], and a Zymomonas mobilis glucose-fructose oxido-
reductase is also a different nicotinoprotein [14], while a
Pseudomonas putida formaldehyde dehydrogenase, al-
though an MDR nicotinoprotein, has a special loop
explaining the tight coenzyme binding [15]. This loop is
absent in other MDR forms, including the Amycolatopsis
enzyme. Hence, the general nature of nicotinoproteins is
unclear and data for the Amycolatopsis nicotinoprotein
ADH are essential. Its primary structure, modelled ter-
tiary structure and deduced binding interactions are now
reported. The data define this enzyme form, suggest yet
another nicotinoprotein ADH type, and are of interest for
evaluating general properties in nicotinoproteins.

Materials and methods

Protein analysis

Nicotinoprotein ADH was purified from the Gram-posi-
tive bacterium A. methanolica [8]. The protein was
carboxymethylated in 6 M guanidinium chloride, 0.4 M
Tris, pH 8.15, 2 mM EDTA by reduction with dithiothre-
itol and treatment with iodoacetate as described for other
ADHs [9]. Buffer and excess reagents were removed by
gel filtration (Sephadex G50; 4.6 x 250 mm) in 30%
acetic acid. The carboxymethylated protein was cleaved
in separate batches with Achromobacter Lys-specific
protease (Waco), Staphylococcus Glu-specific protease
(Boehringer), both at protease/substrate ratios of 1/10 for
4 h, Pseudomonas Asp-specific protease (Boehringer) at
a ratio of 1/125 for 20 h, trypsin (Worthington) at a ratio
of 1/25 for 4 h, and chymotrypsin (Sigma) at a ratio of
1/100 for 4 h, all at 37°C in 0.1 M ammonium bicarbon-
ate, pH 8.1, with up to 2.2 M urea for solubilization. Pep-
tides obtained were separated by reverse phase HPLC on
Vydac Cg (2.1 mm X 250 mm), C,4 (4.6 X 150 mm) or C,
(4.6 x 250 mm) columns with a linear gradient of ace-
tonitrile in aqueous 0.1 % trifluoroacetic acid. Sequence
degradations were performed on N-terminal sequencers
(Applied Biosystems and MilliGene instruments) and on
a C-terminal sequencer (Applied Biosystems 494C) al-
lowing extended degradations [16]. Total compositions
were determined by amino acid analysis after hydrolysis
for 24 h at 110°C with 6 M HC1/0.5% phenol. Peptide
molecular masses were determined with Finnigan
MALDI-TOF Lasermat 2000 and Micromass VG Au-
toSpec mass spectrometers.

Alignments, modelling and calculations

Sequence alignments and phylogenetic relationships
were evaluated using the program CLUSTAL W [17]
with bootstrap analysis [18]. Tree constructions were

Nicotinoprotein alcohol dehydrogenase

made in program TREEVIEW [19]. Molecular modelling
of the primary structure determined was performed with
the program ICM (version 2.7; Molsoft LLC) with the
known structure of human class I ADH (1hdx [20]) as
template. In this procedure, aligned residues were teth-
ered to the template structure and relaxed by energy re-
finements. Deletions and gaps were modelled by biased
probability Monte Carlo simulation [21]. Conformation
of each residue pair (class I versus the nicotinoprotein)
was evaluated by overlaying the model with the 1 struc-
ture. Pentafluorobenzyl alcohol or cyclohexanol and the
coenzyme were coordinated at the active site in a sub-
strate-like geometry as obtained from the corresponding
crystal structures of the class I horse [22] and human [20]
ADHs. The conformation of the coenzyme was taken
from the template.

Results

Primary structure

The primary structure of nicotinoprotein ADH from
A. methanolica was determined by amino acid sequence
analysis of the intact carboxymethylated protein and of
82 constituent peptides obtained through five digests
with proteolytic enzymes (fig. 1). The results gave over-
lapping fragments for all regions (fig. 1), and the peptides
were also checked for mass consistency by mass spec-
trometry (table 1). The N terminus was not blocked, in
contrast to that of many MDR ADHs [23]. Utilizing the
peptide structures obtained, cloning of the corresponding
cDNA was attempted. A full-length clone was never ob-
tained, but segments corresponding to large parts of
residues 83—204 were verified at the cDNA level. Com-
bined, the sequencer and mass data establish a 371-
residue polypeptide chain (fig. 1) with a mass of 38.97
kDa as the subunit of the nicotinoprotein ADH.

Alignment, modelling and active site

The sequence determined was submitted to molecular
modelling using the program ICM with the MDR human
class 18 ADH (1 hdx) structure as template. Results con-
firm the homology visible from alignments and show that
the nicotinoprotein can be strictly modelled into the
MDR ADH fold (fig. 2). Apart from the presence of
seven short deviating loops corresponding to gaps and in-
sertions (table 2), conformations between the human
ADH structure and the nicotinoprotein model are closely
similar (mean deviation of corresponding C, atoms:
0.95 A). The catalytic and structural zinc atoms and all
their seven ligands of the mammalian ADH subunit are
present at identical positions in the nicotinoprotein model
(fig 2). This general agreement in fold and important
residues strongly suggests that enzymatic mechanisms
and active-site relationships are highly similar.
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Table 1. Mass analyses of proteolytic peptides from nicotinopro-
tein ADH.

Nicotinoprotein alcohol dehydrogenase

Table 2. Structural alignment of the nicotinoprotein ADH with the
human I enzyme.

Peptide Analyzed mass Calculated mass Loop Sequence Designation
MI1-L22 24428 24413 1 Np: NLC---DM N103-M107
A5-R26 2380.3 2378.2 1B: NYCLKNDL N109-L116
D23-542 2174.4 2174.0 2 Np: ATILDG A109-G114
T35-Y96 6683.9 6685.2 1B: NP—_RG N118-G121
Y34-K76 4496.0 4497.2

D50—E68 1963.1 1962.0 3 NpZ SAD-—-—-EAA S236—-A241
D69-C105 4144.9 4144.8 15 PQDYKKPIQ P243-Q251
V77-R95 2206.7 2206.0 4 Np: QMADQ Q251-Q255
D81-C105 3011.7 3009.2 1B: GV-DF G261-F264
C97-F121 2606.9 2605.1 5 Np: GTVVE G261—E265
Gl26-R142 18549 15538 1p GR-LD Ga70-D2rs
R142-E160 2194.9 21932 6 M SR e
A143-K152 1070.4 1069.6 p: - -

V153-R183 3231.8 3231.6 7 Np: LSGGV L296-V300
A179-Y191 1326.3 1325.6 1p: IN-PM 1303-M306
A184-K221 3624.7 3624.9

G192-F220 2630.2 2630.4 The alignment starts with Met1 of the nicotinoprotein correspond-
E223-A237 1517.4 1515.8 ing to Ile7 of the human enzyme, and proceeds with direct continu-
D238-A253 1691.1 1690.9 ity at all positions, except at seven loop regions, defined from the
A233-1.247 1464.2 1463.7 tertiary structure comparison of the nicotinoprotein model with the
Q266—-E290 2498.6 24993 human structure (fig. 2), and ends with Phe374 of the human pro-
D270-Y320 5295.0 5295.0 tein corresponding to His368 of the nicotinoprotein. This alignment
D270-L339 7172.0 7171.4 also defines alignments of the nicotinoprotein to other MDR ADH
Q330-Y344 1757.4 1757.0 forms (used in fig. 4), since human and horse class I ADH coalign
Y344-R357 1714.6 1714.8 and are used in reported alignments with other forms [cf. ref. 3].
G352-D371 2246.4 2245.1 Np, this nicotinoprotein; 1, the human 1 form.

M1-D371 38968.7 38967.7

Peptides shown are selected from figure 1, and defined by the iden-
tity and positional number of their first and last amino acid residue,
respectively. Bottom line shows the values for the entire polypep-
tide chain. Analysis by MALDI-TOF mass spectrometry for most
peptides, and by electrospray mass spectrometry for the entire pro-
tein chain and for the large peptides starting at position 270. The lat-
ter two peptides had oxidized Met301, adjusted for in the calculated
mass.

This finding made it meaningful to compare the residues
at the positions lining the substrate pocket of the human
enzyme (table 3). In the present alignment, based on the
structural assignments, the nicotinoprotein residue corre-
sponding to liver ADH position 116 differs from that
quoted before [11, 12] because of a different gap assign-
ment. Of 13 residues recognized at the active site of the
conventional enzyme [24] (table 3), five are identical in
the nicotinoprotein, six more are conservatively ex-
changed in a manner also seen in conventional ADHs,
and the remaining two also do not alter charge relation-
ships. Hence, one may conclude that the nicotinoprotein
has a standard, largely hydrophobic ADH active site
(table 3). Only two types of differences appear noticeable.
One is the replacement of Leul41 in the conventional
subunit with Cys in the nicotinoprotein, adding some po-
larity to the active site. The other is at the conventional
ADH positions 115 and 116, which, although unchanged
(Aspl15) or conservatively changed (Leul16 to Met) in

the nicotinoprotein (table 3), are part of a loop structure
in the conventional enzyme that deviates in the nicotino-
protein structure because of preceding gap positions
(table 2, fig. 2). Therefore, these two active-site residues
contribute to a wider substrate-binding pocket at this site
in the nicotinoprotein model.

Coenzyme binding

These relationships are relevant when evaluating the
nicotinoprotein model to explain the tight NAD(H) bind-
ing in the nicotinoprotein. Three results are then notice-
able. One is that considerable parts of the coenzyme bind-
ing in the conventional enzyme [20, 25] are also present
in the nicotinoprotein (table 3). Furthermore, the coen-
zyme conformation from the mammalian class I template
fits into the coenzyme-binding pocket with only minor
deviations (fig 3). In particular, His41 of the nicotinopro-
tein pocket is capable of binding the nicotinamide oxygen
like His47 in the conventional enzyme, Arg363 in the
nicotinoprotein model has a conformation identical to
that of Arg369 of the conventional enzyme and the inter-
actions with the template nicotinamide phosphate are
sustained in the nicotinoprotein model.

The second result is that alterations in two loop structures
affect coenzyme binding and appear to tighten it in the
nicotinoprotein model. Thus, a deviating loop in the
nicotinoprotein starts at position 261 (fig. 3), and the
shorter side chain of Thr262 compared with the corre-
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Figure 2. Overall conformational close agreement between the human 13 ADH structure (magenta) and the Amycolatopsis model (green).
Only seven loop structures (shown in bold) deviate more because of gap positions from insertions/deletions.

Table 3. Comparison of functionally important residues in the currently analysed nicotinoprotein structure and the template structure of
the human class I ADH.

Substrate-binding pocket Coenzyme-interacting residues Residues withing a sphere of 3.8 A around
the coenzyme
Np 1p Np 1B Np 1B
Inner part 41 His 47 Arg 167 Cys 174 Cys
42 Ser 48 Thr 42 Ser 48 Thr 192 Gly 199 Gly
61 His 67 His 45 His 51 His 193 Ile 200 Leu
87 Phe 93 Phe 171 Thr 178 Thr 194 Gly 201 Gly
133 Met 140 Phe 196 Ile 203 Val 195 Gly 202 Gly
134 Cys 141 Leu 259 Thr 268 Val
Middle part 216 Asp 223 Asp 284 Thr 292 Val
51 Leu 57 Leu 217 Pro 224 Ile 310 Gly 316 Gly
106 Asp 115 Asp 221 Lys 228 Lys 311 Thr 317 Ala
107 Met 116 Leu 260 Val 269 Ile 313 Phe 319 Tyr
286 Leu 294 Val 262 Thr 271 Arg 258 Ile 267 (Glu)
312 Leu 318 Val 363 Arg 369 Arg 266 Gln 274 (Thr)
Outer part 286 Leu 294 (Val)
104 Leu 110 Tyr 288 Asn - -
300 Val 306 Met
303 Leu 309 Leu

The structures are those initially assigned for the horse class I ADH [24], a classification into three sets of active-site residues, directly
coenzyme binding residues and residues within a sphere of 3.8 A around the coenzyme now interpreted as being able to form additional
interactions with the coenzyme (lower four Np residues), but with counterparts (within parentheses) less favourable for binding, or absent
(-), in IB. Np, the nicotinoprotein ADH; I, the human class I form [assignments in the mammalian enzyme from refs 20, 24, 25].
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Figure 3. Three-dimensional relationships for the coenzyme (bold) bound to the Amycolatopsis model structure (grey), as deduced by
docking the bound coenzyme from mammalian class I enzymes [20, 25] to the coenzyme site of the modelled bacterial enzyme. Residues
indicated in black are those discussed in the text and differing most compared with the conventional enzyme.

sponding Arg271 in the conventional enzyme gives the
coenzyme adenine ring enough space for a rotation of a
few degrees (2—5° of'its y, ), lowering the adenine ring to-
wards the active site. The other loop difference appears to
be of even greater importance and may constitute the de-
cisive difference in coenzyme binding. Thus, the segment
comprising residues 292—-298 in the conventional en-
zyme, critically involved in the conformational change
required for coenzyme binding and release [22], is differ-
ent in the nicotinoprotein model. There, the insertion of
Asn288 alters the character of the entire loop due to its
close proximity with the nicotinamide ribose. Nicotino-
protein Asn288 appears to be capable of additional hy-
drogen bonding with the nicotinamide ribose (fig. 3). In
addition, this residue insertion in the nicotinoprotein may
block the corresponding conformational change of this
segment in the conventional enzyme. Insertion of Asn288
may therefore produce a substantial part of the nicotino-
protein nature by blocking both a critical loop movement
in coenzyme binding/release and providing an extra
H bond to the coenzyme.

Finally, the third result is that the positions of residues in
a sphere of 3.8 A around the coenzyme template of the
nicotinoprotein model reveal the presence of coenzyme
interactions additional to those in the conventional struc-
ture (table 3). Thus, in addition to Asn288 mentioned
above, GIn266 in the nicotinoprotein is in the proximity
of the adenine ring. The corresponding Thr274 side chain
of the conventional enzyme is shorter and further away
than GIn266 of the model. Furthermore, the exchange of

conventional Glu267 to nicotinoprotein 11258 gives an
altered position and may provide further interactions with
the coenzyme in the nicotinoprotein. A similar situation
may apply to the exchange of conventional Val294 to
nicotinoprotein Leu286.

In conclusion, the results show that the coenzyme inter-
actions in the conventional MDR ADHs largely apply to
the nicotinoprotein enzyme, but that additional residues
give a few further interactions, two loop regions may
tighten the binding and the crucial residue may be the in-
serted Asn288 in the nicotinoprotein. It may provide an
extra H bond to the coenzyme and may negatively influ-
ence the conformational changes necessary for coenzyme
movement during the enzyme reaction.

Discussion

The present analysis of nicotinoprotein ADH from
A. methanolica defines this protein as an MDR enzyme
and gives reasonable explanations for the strong coen-
zyme binding. Surprisingly, the protein is residuewise
most closely similar to the class I vertebrate enzymes
(38% residue identity) and to the mycothiol-dependent
enzyme from the same bacterial species (31%). Presum-
ably, the overall similarities with the mycothiol-depen-
dent bacterial protein indicate a fairly close ancestral
connection, while the larger similarities to the mam-
malian class I rather than class Il enzymes may be de-
rived from functional convergence. Construction of a
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E. coli QOR

Human {Cr

Human SDH

E. coli TDH

A. methanolica MD-FDH

E. colilll
Human III

T. brockii ADH

P. putida FDH

A. methanolica Np-ADH

Human II

Human V

Human I

Human IV

Figure 4. Unrooted phylogenetic tree relating major forms of MDR ADHs. As shown, the present protein (Np-ADH) is most closely po-
sitioned to the mycothiol-dependent ADH from the same species (MD-FDH), and more distantly related to all other forms of ADH, FADH
(formaldehyde DH), TDH (threonine DH), SDH (sorbitol DH), QOR (quinone oxidoreductase) and ¢-Cr ({-crystallin).

phylogenetic tree from the present structure (fig. 4) sup-
ports this view and suggests the ancestral position of this
nicotinoprotein to be most closely associated with that of
the mycothiol form, far from those of the classes of con-
ventional MDR ADHs. Significantly, the results also
show that nicotinoproteins are not a structurally homoge-
neous entity. The present enzyme is an MDR form, other
ADH-related nicotinoproteins have been shown to be
SDR forms [13] or MDR forms with a loop insertion
elsewhere [15]. Independent of final details on further
forms, the finding of nicotinoproteins of three types
shows that the nicotinoprotein property has been acquired
repeatedly in nature and thus by itself does not indicate
ancestral connections, but merely structural acquirements
of strong coenzyme binding.

Regarding the tight coenzyme binding, the present results
reveal structural explanations. Apparently, at least three
factors are important for the tight binding. One is the pre-
sence of the general coenzyme-binding pocket of the con-
ventional MDR ADH and its residues in coenzyme inter-
actions (table 3). Another is the presence of additional co-
enzyme interactions with further residues due to both
individual residue replacements and loop alterations de-
rived from insertions/gaps. A third, and apparently the
key factor, appears to be additional hydrogen bonding to

the coenzyme, and in particular an interference with the
protein conformational changes necessary for coenzyme
movement in the conventional ADHs. Although the re-
sults, combined with those of previous data [13—15], sug-
gest that increased coenzyme binding may still be ob-
tained in different manners, one common mode may still
exist in the sense that alterations in loop structures appear
to mediate the increased SDR and MDR coenzyme bind-
ing [see refs 13, 15] (fig. 2). This may suggest loop alter-
ations as a general mode for the differential acquirement
of coenzyme interactions in dehydrogenases.
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