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Protein engineering of Drosophila alcohol dehydrogenase

The hydroxyl group of Tyr'® is involved in the active site of the enzyme
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Drosophita alcohol dehydrogenuse is the most studied member of the family of shori«chain alcohe! dehydrogenases, although its tridimensional

structure still remains unknown. We have engineered a Drosophile alcohol dehydrogenase in which tyrosine-152, an invariant residue in all members

of the (umily, has been substituted by phenylalanine. The mutated gene has been expressed in yeast and pure mutant enzyme has been prepared

by a one-step FPLC chromatographic procedure. Brosuphila ulcohol dehydrogenase-phenylalaning.152 shows no enzymatic astivity. This result

suggests not only that tyrosine-152 could constitute an essential building block of the active site but alse that it< hydroxy! group iz directly involved
in the redex reaction calalyzed by the enzyme.

Site-dirested-mutagencsis: Drosaphila; Alcohel dehydrogenase; Reactive residue

1. INTRODUCTION

Drosophite alcohol dehydrogenase (ADH, alcohol
NAD" oxidoreductase; EC 1.1.1.1) is the member of the
short-chain dehydrogenase family on which the largest
amount of genetic, biochemical and structural informa-
tion has been gathered [1]. Specific roles for several
amino acids and some secondary structure predictions
have been described for the D. melanogaster enzyme
(2,3). However, only indirect evidence is available con-
cerning the residues involved in the active domains of
ADH, as its structure is known only at the amino acid
sequence level. Very recently, the first crystallographic
analysis of a short chain dehydrogenase has been de-
scribed (4], and the tridimensional prediction for Drasa-
phila ADH is being approached through protein mod-
elling. In the meantime, comparison of conserved resi-
dues among all short-chain dehydrogenases, and be-
tween these and the well-known long-chain ADHs, have
provided valuable clues about protein sites involved in
the catalytic domains [5]. It has been claimed that the
secondary structure of the Naterminal region is organ-
ized into a Rossman feld nucleotide-binding domain,
consisting of alternating a-helices and f-sheets with
highly conserved Gly and Asp residues (Gly', Gly's,
Gly", Asp'®). Site-directed mutagenesis in these amino
acids seems to confirm their predicted role in building
the correct structure of the NAD® binding pocket (6,7).
Yet no data are available about the prosumptive sub-
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strate interactive region. Primary structure comparisons
have shown a highly conserved region in the middle of
a polypeptide comprising amino acids Tyr'*? and Lys'*,
As short chain dehydrogenases do not require metal
ions for their activity, an amino acid side chain has to
hold the hydroxyl group in the correct position to medi-
ate the electron transfer to the coenzyme. Biochemical
data [8], identification of residues by chemical modifica-
tion [9] and functional characterization of aming acids
by site-directed mutagenesis of the related enzyme
human-placental-15-hydroxyprostaglandin dehydroge-
nase [10] strongly suggest that Tyr'*? is one of the amino
acids involved in the catalytic sites of Drasophila ADH.
To confirm this hypothesis, we have engineered a
Drasophifa ADH-Phe'* enzyme. We have assumed that
this conservative change would not alter the overall
conformation of this region and therefore changes in
enzyme behaviour could not be attributed to structural
disruption, but rather to an alteration of a certain chem-
ical group essential for the catalytic function. The mu-
tant has been expressed in a 8. cerevisiae host/vestor
system previously described [11] and a one-step purifi-
cation protocol by FPLC chromatography has been
designed. Both crude yeast extracls and pure enzyme
preparations have been assayed for ADH activity and
protein content.

2. MATERIALS AND METHODS

2.1, Marterials

T4 DNA ligase, BamHI, HindIIl, Xhal, dNTP's and 3.4-dichloroi-
sogoumarin were obtained from Boehringer. Spel was from New Eng-
land Biolabs. Acel and the DNA Sequencing Kit were from Pharma-
¢cia, Replitherm Thermostable DNA Polymerase Kit was purchased
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from. Epicentre Technologies. [2-"SIATP und Hybond-C nitrogeliu-
lose filters were from Amershum. PCR primers were synthesized by
Oligos Ete. Ine. 1.10-Phenanthroline and E6I were obluined from
Sigmu, Other reported chemiculs uad reugents were from Sigma or
Merek. und culture mediy reugents from Difeo,

2.2, Organisms and plusmids

The following siruins were used: £, coli IM109[12]) und 8. corevisiae
WV36-201, an ADH-null strain, 2. melenogasier Adhs intronless cod-
ing scquence was originully cloned in plasmid p3008, The phagemid
pVT-U wus used 1o express the Drasophila Adl gene in yeast (giving
plasmid pVT-Adh), Vectors, plasmid consicuctions, S. cerevisiue
struins und Adh expression in yeust have been previously deseribed

(1.

2.3, DNA nunipulation procedures

Stundard DNA cloning prosedures were performed uceording to
Muniatis [13) or following enzyme supplier’s instructions. DNA from
Minipreps wus used for restriction analysis, fragment purification uand
bacterial transformautions. DNA to transform ycast eells by the lithium
sult method [14) was prepared using the Qiagen plasimid Kit for Midi
preparations. Sequencing of double-siranded DNA with [2-MSHATP
was carried out with the Pharmacia Sequencing Kit.

2.4, Site-direciod mutagenesis

Site-directed mutugenesis was performed sccording to a cussette
replacement methad based on twa coupled PCR reactions [15). The
fimt PCR reaction was curried out using the oligonucleotide
SCGTGCCGCGAGAAGACGGGCAY ux mutagenic primer (1291~
1310 frugment of the nan-coding strand) und the 20mer STTCTG.
GACTTCTGGGACAAY us upstream primer (1201=1220 fragment
of the coding strand) {sec complete ADH gene sequence in {16]), The
sccond PCR reuclion was curried out using the entire purified product
of the fimst PCR us upstream and the 17mer/MI3 primer
(SGTAAAACGACGGCCAGTR) us the downstream primer. tuking
udvantuge of the fuct that the gene is cloned in a pUC derived vector
(p3008). The first PCR amplification was performed in o final volume
of 100 «l, containing 10 ng of pA00H (template DNAJ. 100 pmol of ¢ach
primer, 2.5 ug of Repliterm Polymerase and 200 uM INTP's. Sumples
were fiest kept at 84°C for 120 x to ensure initinl denaturation, then
30 cycles of GO 5 ut 94°C (denaturation), 605 at 55*°C (annealing) and
60 5w 72*C (extension). Finally, 10 min at 72°C ensured that all
umplifiecd DNA wus double-stranded. Products were fructionated on
a 1.8% ugurose gel and the band earresponding to the desired fragment
was purified. Conditions for the second PCR were those deseribed for
the first step, except that the concentration of dNTP's was 400 M,
and the primer extension time was extended to 3 min per ¢ycle, owing
to the length of the segment to be amplified. Products of this second
PCR were extructed once with phenol/chioroform. once with chloro.
forny/ isoumy! alcahol, precipitated with ethanolsedium acetate, pH
3.5 (2:0.1 wiv), resuspended in 12 ul of TE and further digested with
BumHl and Xbal. Plasmid pI00B, currying the wild type Ad4 gene, had
been cleaved with the sume enzymes so that the PCR fragment cirry-
ing the mutated codon could replace the original (p3008-Phe).

2.5, Yeast celueces aid protein extraction procedures

Yeast clones were kept on yeust omission media (YOM) selective
media plates and grown in liquid yeast peptone dextrose (¥ PD) cul-
tures for expression of the heterologous proteins, us previously de-
scribed (11). Small seale crude extracts [11] provided enough material
to assay ADH actlvity and to analyze protein and Drosaphile ADH
content by SDS-PAGE und immunoblotting. ADH was purified from
lurge scale catracts prepared according to a glass beads cell disruption
method [17), using as proteuse inhibitor the following 5 x mix: 20 mM
EDTA, 20 mM PMSF, 10 ug/ml each of pepstutin, leupeptin, chy-
mostatin, antipain, 0 S mM 3.4-dichioroisocoumarin, 0.5 mM 1.10-
phenunthroline and 0.1 mM EG4C, Protein wus guuntified by the
method of Bradlord {18},
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2.6. Drosophils ADH purification

The supernatunt resulting from the disruption of 1 liter of yeast
culture was first clarified by the uddition of xalmine sulfute 1o u finul
concentrution of 0.28% (wv) followed by centrifugation at 12,000 rpm
for 20 min. The resultant supernatant was then fractianated by
(NH.,).80,, and the protein precipitiuted between 35 und S8% sutum-
tion. then resuspended in 20 mM Tris-HCl buffer. pH B.6. supple.
mented with 1% 2-propunol and 10™ M DTT. The sample was de-
sulted either by filtration chromatogruphy through a 2.5 x 20 ¢m
Sephudex- G258 column or by avernight diadysis. In the first case.
fractions showing ADH activity were pooled und the solution wus
concentrated 10-fold using Ultrafree-CL. filters Millipare (10 kDa
exclusion pore). Aliquots of 580 gl ol the crude ADH prepiration were
injected directly to u FPLC gel filtration system: Supeross 12 and
Superose 6 (Pharmacia) FPLC columns were connceted in serics to
sum their resolution ranges. Calumns had been equilibrated with the
sume Tris-HCl buffer. Sumples were run at 0.3 mlmin and protein
content was recorded by ubsorbance at 280 nm UV, Fractions showing
ADH uctivity were kept it 4°C for further analysis.

2.2, Drosophilu ADHMH activily nssay

Drosophile ADH uctivity wus measured by the inerease of ubsorb-
ance at 340 nm, recorded spectrophatometrically ut 35°C using 2-
propiunol us substiate [19).

28, Elcctrapharesis and inmmunoblorring

SDS-PAGE was performed according to Lacmmli [20). in 15%
serylumide gels, Protcing were visualized by both 0.1% Coomassie
brillunt bluc and ¢onventional silver staining. Western blotting wis
paiformed with u meonoclonul untibody against Drosophily ADH
(LLBES) [21}. following the procedures deseribed in [22], Quantificn-
tlon of protein bunds on SDS-gels and inununorsacting bands on
Westarn blots was performed by scanning densitometry in an Ul
troscan XL cquipped with the Gel Scan duty processing Softwure
(Pharmacia-LKB).

29. Sequeence anelysis

Cloning and sequencing were designed using the Sequence Analysis
Software Pactan? of the Geneties Camputer Group of the University
of Wiseconsin (GCGQ) (23]

3. RESULTS AND DISCUSSION

31, Mutagenesis and plasnid construets

Transformed £. coli IM109 cells were first screened
for the mutant gene (p3008-Phe) by an Acel digestion
of their plasmid DNA., on account of the Acel restric.
tion site lost when the Tyr triplet (TAC) was replaced
by the Phe triplet (TTC). Positive clones were further
analyzed by DNA sequencing of the entire ADH coding
region and compared with the same fragment in p3008
(Fig. 1). We thus verified the mutant sequence and es-
tablished that no additional changes had been produced
with respect to the Ad/i* reference gene. A HindI11-Spel
fragment containing the mutated gene was obtained
from p3008-Phe and cloned into the HindlIl and Xbal
sites of pYT-U, as previously described for wild-type
Al [11], yielding plasmid pVT-Adh-Phe. Yeast strain
WV-201-36 was transformed with this plasmid to ana-
lyze ADH-Phe'® activity ('Y-Phe strain). Positive and
negative controls were the same yeast strain trans-
formed with the pVT-Adh (wild-type) plasmid (Y-Wt
strain) and the pVT-U plasmid without insert (¥Y-¢
strain). respectively. Transformants were isolated by
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Fig. 1. IDNA sequence of the wildstype Adh gene and the Adh-Phie™®® mutaied gene. showing the A=T change involved, (Below) Ethidium
bromide-stuined agarase gel (0.8%) of (1) 0.5 4 of plasmid pVT-Adh (wild-type gene) digested with Acel. (2) 0.1 g of plasmid pYT-Adh-Phe'#
dige:ted with Accl, (3) 1 ug of plasmid pYT-Adh-Phe'® digested with Acel und (4) 150 ng of ADNA digesied with EeoRI and #MindlI,

their ability to grow on selective media lacking uracil.
Standard plasmid rescue procedures and Acel restric-
tion digestion were performed to verify that yeast cells
carried the correct construction in each case (Fig. ).

3.2, Wild-type and ADH-Phel52 expression
Crude extracts were prepared from selective 10 ml
overnight cultures of Y-¢. Y-Wt and Y-Phe strains und

Tuble |
Expression of Drosophile ADH in yeust strain WV20(.36

Transformunt Tolud yeust ADH activity  Specific ADH
plusmid protein aetivity

pV¥T-¢ 1.40) pg/pl® 0001 mU/ul*  0.000 mU/ug
pVT-Adh (W) 5,420 ugil 1.950 mU/ul 0.360 mU/ug
pYT-Phe'™ 1.003 pp/ul 0.001 mUul  0.000 mUiug

“Concentration of yeust protein in 100 ul extructed from 15 ml of
cullure,

*mU of ADH activity per minute at 25°C per ug of yeast extract,
‘mb) ol ADHM uctivily per g of total yeast protein.

used to quantify ADH activity. Values were considered
according to total protein content of the samples, previ-

V-

27 KDa ---- ~

A 1 2 3 4 5 6 7

Fig. 2. Western bict analysis of Drossphile ADH. Control ADH,
purified fram D, melunagaster flies, was loaded in lanes (1) 0.05 mg.
and (2) 1 18, Protein extracts were from the following yeas! strains (3)
20 gl of ¥Y-¢ (WVY201-36 transformed with pVT-U plasmid without
insert), (4) 20 gl of ¥-Phe (WV201.36 transformed with pYT-Adh-
Phe'* mutant plasmid), and (6) § ul of YWt (WV201-36 trunsformed
with pVT-Adh wild-1ype plasmid). (S)and (7) are plain sumple buffer.
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Fig. 3. Elution profile (—) of FPLC columns. The purification rationale was as follows: 500 4l of 35-55% ammonium sulfate-lractionated protein
extract of the Y-Wt sirain was run on the Superose 12+8uperoset series system and absorban«e at 230 nm was recorded. Sample eluled between
110 and 130 min after injection was collected as | ml fractions und ADH activity was quantified spectrophotometrically at 340 am (-..-.»). (B)
SDS-PAGE of 10 gl aliquots of the fractions collected, stained for total protein with Coomassie blue: *¢* = 5 ug of control ADH (purified from
fly homogenates). (1) tu (5) aliquots of {ractions 1-5, respectively. (6) Molesular weight markers. (C) Immuneblotting of a replica of the previous
gel, showing that ADH activity corresponds (o Coomassie blue stained bands.

ousiy quaniified following Bradford. As shown in Table were similar and rather low compared with that of Y-
I, no significant ADH activity was detected in the Y-Phe Whr. This is in agreement with the poor growth rate of
extracts. Protein content from Y-¢ and Y-Phe cultures these defective strains, which lack any ADH activity,
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whereas Drasophila Adh gene complements the mutant
host [11]. To assess the presence of ADH protein in the
Y-Phe extracts, equivalent amounts of total protein of
cach strain were immunodetected, using Drasophila
ADH monoclonal antibodies. Western blots (Fig. 2)
showed that yeast cells synthesizing mutant ADH pro-
duced a similar amount of polypeptide to those express-
ing the wild-type gene.

3.3, Yeast-synthezised ADH purification
In order to extend the analysis of our preliminary
results with crude extracts, a one step-purification
method was performed with both Y-Wt and Y-Phe ex-
tracts from 1 liter cultures, Fig. 3A shows the profile
obtained when total yeast protein of Y-Wt was chroma-
tographed by FPLC as described in Materials and
Methods. Previous assays with purified preparations of
Drosaphila ADH gave an approximate retention time of
120 min for the active dimer. In addition. fractionation
of the yeast crude homogenate produced an isolated
peak at the same retention time, which showed the
ADH activity expected for the Drosophila enzyme.
Coomassie blue staining of a SDS-polyacrylamide gel
of the positive fractions revealed the presence of the
predicted 27 kDa ADH monomer, 95% pure, following
densitometry. Western blotting confirmed the ADH na-
ture of the 27 kDa bands (Fig. 3B). When total yeast
extracts from Y-Phe were chromatographed under the
same conditions, an isolated peak of protein was de-
tected at the corresponding retention time (data not
shown). SDS-polyacrylamide gel stained with Coomas-
“sie blue and further immunodetected allowed the identi-
fication of the expected ADH 27 kDa band, but no
enzymatic activity could be recorded in any of these
fractions.

3.4, Behaviour of the mutant ADH-Phe'*?

Jl.ack of ADH-Phe'*? catalytic activity in purified
preparations supports the predicted critical role of
Tyr'* in the substrate-binding pocket of the catalytic
domain. Our results further suggest that the hydroxyl
group of the Tyr side chain could play an active role in
a hydrogen-bond interaction between the substrate and
the established enzyme~coenzyme complex during ca-
talysis. Besides, our data agree with those obtained
from 15-hydroxyprostaglandin dehydrogenase [10], al-
though no direct correlation could be made between the
catalytic domains of the two enzymes, as they bind
structurally different substrates. Some authors thus
claim that different subclasses of short chain dehydro-
genases should be considered {4]. Moreover, the loss of
activity in the mutated 15-hydroxyprostaglundin dehy-
drogenase (Tyr'3'-Ala) may have been due not only to
the absence of the reactive group but also to a structural
alteration of the catalytic site, whereas this second ex-
planation could not be invoked in our case. On the other
hand, the similarity on the clution profiles of Drosophila
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wild-type ADH and the mutated enzyme seems to sug-
gest that the two can produce apparently similar dimeric
forms. Some authors claim that Tyr'*? could play a
critical role in subunit binding to produce active dimeric
forms [10], but our results do not seem to support this
interpretation. In the absence of a tridimensional strue-
ture for Drosophila ADH, we postulate that the Tyr'®
residue lies in the core of the cacalytic domain and
makes an essential contribution to the electron transfer
route, indispensable for substrate transformation.
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