Volume 281, number 1.2, 39-83

ADONIS DO{4379391002 54N

FEBS 0931)
& 1991 Federation of Furepan Blovhemical Sodetles 0814319001 4). 80

Aprit 1991

Pyruvate-formate-lyase-deactivase and acetyl-CoA reductase activities of
Escherichia coli reside on a polymeric protein particle encoded by adhE

Dorotheu Kessler, Iris Leibrecht and Joachim Knappe

Instina fiir Biologisehe Chemie, Universitie Heidelberg, 6900 Feidelherg, Germany

Received 18 January 1991 revised version received 31 January 199}

A 4.8 kb DNA-frugment was eloned and sequenced enconipussing the strugtural gene off PFL-deactiviie (2.7 kb) and 2 kb of the & fanking region

that containg the clements for anaerobic induction. A mutant lacking devctivise wix xhawn to require exogenous eléetran ueeepiors for anacrobie

grawih with glucaze. This revealed the identity of PFL-deactivase with the ulcohol and acetaldehyde dehydragenases of £, eoli, The multicnzyme
represents u homopotymeric pratein (-~ 40 % 96 kDi) requiring Fet for all functions.

Fel».qetivation; Spirasome: Nucleatide sequence; Anserebic induction

1. INTRODUCTION

Glucose fermentation by  E. coli cells involves
transformation of pyruvate into acetyl-CoA and for-
mate as the key step that initiates the characteristic ter-
minal portion of the glycolytic route in that organism.
The catalyst, pyruvate formate-lyase (PFL), is
distinguished by containing a stable organic free
radical, probably localized at an aliphatic amino acid
residue, which functions as a coenzyme for substrate
conversion. The radical results from an AdoMet and
dihydroflavodoxin-dependent posttranslational protecin
modification, catalyzed by PFL-activase. 'Another
feature of pyruvate formate-lyase is its prominent
anaerobic induction, which involves the transcription
factor FNR (for a recent review, see [1]). v

Previous studies (reported in [1,2]; to be published in
detail elsewhere) demonstrated a second converter en-
zyme, termed PFL-deactivase, in E. coli cell extracts;
this catalyzes quenching of the PFL radical by using
Fe**, NAD and CoA as cofactors (Eqn. 1):

PFLq(radical form) £¢+NAD. CoA
PFLi(nonradical form) (1)

The deactivase, which is anaerobically induced to the
same level as PFL, was identified as having an intrigu-
ing homopolymer structure, where about 40 subunits of
100 kDa are helically assembled into a rod of about 130
nm in length.
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We here report the cloning and sequencing of the
structural gene of PFL-deactivase and studies of a
chromosomal null mutant, undertaken to elaborate the
physiology of PFL backconversion to the nonradical
form. This surprisingly uncovered the fact that the
polymeric enzyme harbors the alcohol plus
acetaldehyde/CoA dchydrogenase activities of E. coli.

2. MATERIALS AND METHODS

2.1, Materials

(M*SIdATPaS was obtained from Amersham Buchler. The DNA se-
quencing kit (Sequenase version 2.0) was from USB Corp,; pUC/M13
sequencing primers and vector pUC19 were from Bochringer Mann-
heim, Vector pBT306.1 was a gift of Dr, G. Schumacher.-Restriction
enzymes and other enzymes used for- DNA recombinant DNA pro-
cedires were from New England Biolabs or Boehringer Mannheim.
Other enzymes and biochemicals were from Boehringer Mannheim or
Serva, Immobilon for western blotting and nitrocellulose HATF for
replica plating were from Millipore.

2.2. ‘Bacterial strains and plasmid constructs

Strains were £, coli K12 (ATCC10798), MC4100, IM 109'and 11746
(MC4100 with Cm" inserted into adhE); Pseudomonas putida mt-2
KT2440, Plasmids contained the 4.8 kb fragment harboring the deac-
tivase genc (adhE) ligated into. pUCI9 (pIL343) or pBT306.1
(pSH 343). Antibiotics were applied to growth media as follows; am-
picillin, 100 mg/l; kanamycin, 50 mg/1; chloramphericol, 20 mg/1.

2.3, DNA methods ] :

Recombinant DNA methods were as compiled by Sambrook et al.
{3]. Nucleotide sequencing, by the Sanger method, employed plasmid
DNA from. exonuclease III generated subclones of pIL343 and
covered both directions. Insertion of the Cm' gene (from pACYC184)
for constructing 11.746 was according to [4].

2.4, Isolation and characierization of PFL-deactivase

20 gof E. coli 11.746/pSH343 cells, grown anacrobically at pH 7 on
glucose (15 g/1) minimal medium to the stationary phase and stored
at —~ 60°C, were suspended in 40 ml 50 mM Mops/KOH, pH 8.5, con-
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winlng & M EDTA, & oM dithieeryihiritel and 6.3 mM
phenyimethanauilonyl Nueride, and extracted, at 4*°C, by soniva.
tion, Atier centrifugation (12 000 % g, I hi, the extract (1400 mg pro-
tein) was adjusted to pEE 7.3, andd 1.4 ml 10% (wrv) Polymin G38
(BASF) was added: the precipinate was discarded, The supernatant
(40 mi; 930 mg) was carried through gel chromatography on Ultrogel
AcA A4 (LKB: § em? » 80 ) with $0 mM Mopt/ROH, pH 7,68,
plus 0.1 M RClat a flowerats of 4 emsh. Deactivine was collected with
the first 60 mi portien of thw eluate that appeared after the veld
volume, This sample (175 mg) was gel-Tiltered inlto 43 mM Tris-HCI,
pH .3, dituted to 178 mi and Immediately pumped ante DEAE-
cellulose (DE $2 Whatmang 3 ¢m® = 12 em). followed by washing
with 25 mi starting butfer (13 emsh), A linear gracient (180 mi) vo 300
MM KCI in the same buffer way applicd (8 emsh). Homogenous ene
syme (usuatly 90=110 mg) was colleeted with the firy protein peak
which eluted at about 90 mM K1 The sample was pressure coneen:
trited, using an Amicon XM $C-membrane, and transferred ino 20
mM Mops-KOH, pH 7.6 (containing 0.1 mM EDTA) for storuge. The
activity was stable at = 60%C Tor up (0 one year. Application of this
procedure 1o B, coli K12 wild-type ¢ells yielded 1015 mg deactivase,
. Edmun degradation found A-V-T.N-V-A. as the N-terminil se
quence, Size measurements gave 100 kDa for the constituent polypep-
tide (SDS-PAGE) and n Stokes' radius of 110=130 A for the native
protein (AcA 22 gel chromatography). The pd was 7.0,
Electron microscopy, kindly conducted by Dr. W, Herth, employed
a Philips CM 10 instrument ar an acceleration voltage of 100 kV. The
cieactivase sample (50 xg/ml) in anagrobic bulfer, pH 7.5, containing
2mM NAD and 0.3 mM Fe(NH.):(S04)2 was adsorbed 19 a carbon-
coated grid under argon (15 sy and finally stnined with 1% uranyl
acetate, pit 4.5,

2.5, Enzvmne assays

All assays used oxygenfree 0.1 M Mops-KOH, pH 7.5, with 6 mM
dithiothreitol, § mM MgSO, and 0.3 mM Fe(NH.)3(80.); as standard
buffer and were performed under argon at 30°C. Alcohol
dehydrogenase and acetyl-CoA reductase were measured spec-
troscopically with 0.4 mM NADH and 10 mM acetaldehyde or 0.2
mM.acetyl-CoA in t ml final volume. Units (U) were defined as pmol
NADH oxidized per min, For PFL-deactivase, the assay contained 2
mM NAD, 5 uM CoA, and 17 ug (100 pMol, 3.5 U) radical form of
pyruvate formate-lyase (PFL,) in 0.35 ml standard buffer. The reac-
tion was followed via determining residual PFL activity {8}, | mU
deactivase was defined as the amount that catalyzed quenching of 1
nMol: PFL-radical per min. PFL, was prepared by previous pro-
cedures (6],

Enzyme activities' of crude cell extracts: were determined on
previously gel-filtered (Sephadex G-25) samples, All protein values
are by the biuret method,

2.6, Immuno techniques

Screening. of transformed JMI109 cells employed replicas of agar
colonics not larger than | mm (1o hinder anaerobiosis and thus keep
the background-signa! from the chromosome-encoded PFL-
deactivase at a low level). After cell lysis (7] overproducers were im-
munodetected with anti PFL-deactivase antiserum from rabbit, using
protein. ‘A/horseradish peroxidase  conjugate (BioRad) olus
4-chloro-1-naphthol.

3. RESULTS

3.1. Molecular cloning and sequencing of a 4.8 kb
fragment specifying PFL-deactivase (adhE)

Chromosomal - DNA-fragments of E. coli K12,
generated by partial Sau3A digestion and gel elec-
trophoretic size fractionation (4-6 kb), were used to
construct a plasmid library by ligation into the pUC19
vector . and transformation into E. cofi JMI109,
Immuno-screening of about 8000 transformants with
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antiserum against PFL.deactivase abtained one positive
¢lone. Its recombinant plasmid, plL343, was analyzed
by restriction enzyme mapping (Fig. 1) and nucleotide
sequencing (4766 bp) of the total insert (Fig. 2).

We identified an open reading frame coding for a
polypeptide of 891 amino acid residues (96 010 Da) that
matehed with N-terminal sequence and molecular
weight data determined for the purified  PFL.
deactivase. No significant homology with nucleotide se-

vences deposited in the GenBank/EMBL data bank
was found at that time.. But after revealing the
dehydrogenase functions of PFL-deactivase (section
3.3), we became aware of the previously published se-
quence of adhkE (8], coding for E. coli alcohol
dehydrogenase. It proved to be identical with our
nucleotide sequence data for the deactivase gene alone
a stretch of 2759 bp.

Within the 2 kb region upstream of the structural
gene (see Fig. 2), a single DNA sequence of strong
similarity to the consensus promoter sequence is located
around nt ~6%90. This is preceded, at a distance of
about 70 bp, by a DNA stretch (TTGCC-N4-ATCAT)
of significant similarity to the consensus sequence
(TTGAT-N,-ATCAA) for FNR protein recognition [9].
These structures lying far upstream could be responsi-
ble for the anaerobic regulation of deactivase (se¢ see-
tion 3.2). Support for this suggestion stems from the
reported lack of anaerobic induction. of alcohol
dehydrogenase synthesis from  plasmid  pHILS - [8]
wherein the upsiream segment of adhE comprises as
much as 400 bp.

3.2. Expression of the plasmid-borne protein
By insertion of the Cm' gene and homologous
recombination via P1 [4], an E, coli mutant lacking

1 KD
Pv Py 8 H HBPKPE EHP P
P €

B

s ]
O —
=

Fig. 1. Restriction map of plasmid p1L.343 insert. Major endonuclease
restriction sites and the location of the deactivase structural gene
(adhE) are shown, Hatched boxes indicate connections from vector
pUC19. The data were deduced from the nucleotide sequence and ex-
perimentally verified for A, Ba, B, C, Ec, H, P and X, Alighment (at
27.4 min) with the physical map of the £. coli chromosome [15] in-
dicates anticlockwise gene polarity, The lower panel denotes the mode
of Cm"insertion for constructing the mutant sirain 1L746. Abbrevia-
tions: A, Aval; Ba, BamHl; B, Bgll; C, Clal; Ec, EcoRl; E, EcoRV;
H, Hindlll; Hi, HinPl; K, Kpnl; P, Pstl; Py, Pvull; X, Xbal,
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GATCTAATORCTUAACTTCTUAACCATTOTTACOTACCAGTOTIRUTTTTITCCGOCAGTUTGACGCCTCCGGOTACATCAGCTGECAGCE
COACMTTCCCTOCCATTAUCGUAGCCAGARCEECAGCTUCTACTARACTTICTICTIGUTCATOTTOGTCATTGTTTTITGGACTCCCTCAT
TATARTTACTGCTATTANCCAGUATGTOTARTCCCOOATICCGACCCTOCACAGOCTCOOAGACTPICIGCTETCAGGTIACTTTATCGT
TARCGTATTACTATCACCGAC T ETAITIATTCLOGTCATTCAGACCATCACCTTATOTCOATTCATACTC TCTCTCCCUTGTCOAGACACA
TPATTCTTTCOCEACCCTCTTTAATTOTTAATTATCTCATTACCANTARAGANTCG TCTGGOOO TTGCCC GOAAMNGTACCARATGLEGTT
CTTACTCOCCARTACATITTCCAARATTOTTAACC AR TTCECTTTTATTCACCOTATCACANTCTATAGC TTOCATCONTGCCTTARCAN
ACATCTTTCAATTCANTCARATACRGATTGOCTARGCATCTCTATCTTTICTONTTACAGTTCCAGTAGTGAAATGCACALATARTTTANG
ANTTGATTATTATTTAGCACTITCCTCTARCCARAUGCRGTOGARTTACTANTATCATTTCAATTATTCTTCAGCARGCCCAGGATT ATGA
TCTGGUGAAAATAACATGATCOTGAGGAGARGCAUTT RAGGAANTCO TEATAACTAAC TG TANTTTOAGARGAATATT TTTACCTATTCC
TETTGCTITTUATARCTGLGCGOGAACAAAGTANMANTAATGACCARGTAARCCGEAGCATCOCAGCTCCOTTTCATITCAAAGGANTT AN
TTAAGCAGGCCGGGOAAANTCLCCTTARTACCAGTANCGATAARTTCAATCCCCARTGCCATCAGCAATAGCCCCATARNTACGCGTAATC
ACGUTGATGCCUGGTCTOGCATARNACCCOTACCAGLCALGETGCCATOCGGANCANTCCCCARCANCATARAGCGRACAATGCANTAGES
ACARKGAMACCARRCAGNTAGCTARTCCTOTOATARCGLUTACCCCAGACGATCCTAGAACTGATCGCCCCTCGCCCCCCCATCARCGGE
ARCCCCAGTGGCACCACACCANIGLTTTCACGTACCOCOGTTTCTGATITTICTPCCTTOTTCIOTTTATCCTCGCCANGCTTIGCCGCTE
ATCATCOACATCUCTATTETCACCACCAGGATACCCCCGGCCATACGOANCGAATCARTTGATATACCAAAAAGT TGTAGAATCGTGTCO
CCGAGARMARGCGAGATCCACAAGATANTGGCCACAGACAGG TTGGCTGTAAGG TTAGT T TTGTTTCGCGCTGCCOCTGTCTGATAACTG
GTCATGCTGATARAGACGGGAATANTCCCTACCGGGTIGACCAGCGCARALAACCCGATGAANAATT TGAAGTARRCGGGARANTCANAA
AAGGTCTGAATCACGGTTAGCTCCOANGCAMAAGCCCGATANTGTTAGCCATAAATARGG T TGAAAAGACGCGC TGACAATACGCCTIIT
GACAGCATTITTCACCTCCTAACTACTTAAANTTGCTATCATTCGTTATIGTTATC YAGTTGTGCAARACATGCTAATGTAGCCACCAAA
TCATACTACAATTTATTARCTGTTAGCTATAATGGCCARAAGCGATGCTGARAGGTGTCAGCTTTCCAAMAATTTGATT TGGA TCACGTA
ATCAGTACCCAGAARGTGAGTAATCTTGCTTACGCCACCTGGAAGTGACGCATTAGAGATAATAACTCTAATGTTTAAACTCTTITAGTAA
ATCACAGTGAGTGTGAGCGCGAGTAAGCTTTTCATTITICATAGGTTARGCARATCATCACCGCACTGACTATACTCTCGTATTCGAGCAG

*l +2673
ATGATTTACTANAARAGT T TRACAT TATCAGGACAGCATT [ATG, » v s oo vevvs zsee GCT| TANTCAGTAGCGCTGTCTGGCAACAT
AARCGGCCCCTTCTGGGCAATGCCGATCAGTTAAGGATTAGTTGACC |

Fig. 2. Nucleotide sequence of pll34d insert encompassing the denctivase gene (adhEy. Numbering of nueleotides is relative 1o the adenine residue
of the initlator methionine of the coding region of deactivase (boxed streteh), The structural gene is idential to b £, the nucleotide sequence of
which (from - 83 to + 2676) is published in (8]. Underlined stretehes refer to a poiential FNR-binding-site (- 769 to —756), the - 35 and - 10
promoter consensus regions (beginning with =702 and - 683) and the Shine Dalgarno sequence (~11). The depicted 2 kb-streteh also shows three
parallel open reading frames (- 181710 ~ 1449; - 157810 — 1285; ~ 889 to ~ 590) and one antiparallel ORF {~$76 to =~ 1121); they lack a typical
Shine Dalgarno sequence. Beginning with nt — 1816, the complementary strand has a further ORF, which represents part of oppA (see (16)),

PFL-deactivase was constructed. This strain (11.746)
was used primarily as a host for verifying the expression
of the cloned structural gene. Plasmid pSH343, com-
prising the 4.8 kb insert of pIL343 religated into the
shuttle vector pBT306.1, was applied to these ex-
periments. Substantial amounts of deactivase were
synthesized .in IL746/pSH343 cells grown in glucose
minimal medium. The level was increased about 10-fold
at anoxic conditions (Fig. 3), which suggests that the
cloned DNA fragment harbored all sequence elements
essential for anaerobic regulation. (For wild-type E.
coli K12 cells, immunotitrations of the chromosome-
directed PFL-deactivase found an anaerobic induc-
tion/derepression factor of 8-12), It is interesting to
note that the protein was produced also in pSH343
transformed cells of the obligately aerobic Ps. putida
(data not shown).

To assess the identity of the gene product we purified
the protein from batch-cultured IL746/pSH343 cells,
The catalytic properties  as well as the striking
ultrastructure, elaborated by gel chromatography and
electron microscopy (Fig. 4), were indistinguishable
from that of the chromosome-specified protein.

3.3, Anaerobic growth phenotype of the null mutant
(IL746)

To investigate physiological consequences of a defec-
tive . PFL-deactivase, bacterial growth in glucose
minimal medium was studied in chemostat cultures
maintained at pH 7. 11746 cells grew normally (1.2 h
doubling time) with oxygen applied, but proved unable
to grow anaerobically. unless an electron .acceptor
substrate was supplemented. With 0.1 M nitrate, the
doubling time (1.5 h) was like that of the parental strain
MCA4100 at normal or nitrate supplemented anoxic con-
ditions. ‘

The observed phenotype was that of the ana mutant
of E, coli [10] which was previously characterized as
lacking the enzyme activities for endogenous reoxida-
tion of the glycolytic NADH by reducing acetyl-CoA to
ethanol:

NADH + acetyl-CoA=NAD + acetaldehyde + CoA (2)
NADH + acetaldehyde=*NAD + ethanol 3)

We found then that the 1L.746 cells also lacked these ac-
tivities (Table I), thus indicating their association with
the PFL-deactivase protein.
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Fig. 3. Anaerobically induced enzyme production from the cloned 4.8
kb fragment. About 5 x 107 cells of strain IL746/pSH 343, grown
cither.acrobically (Expt. 1) or anaerobically (Expt. 2) on glucose (pH
7, 37°C), were lysed with 2% SDS (4 min, 100°C). The solubilized
material was subjected 1o SDS-PAGE  (8%), electroblotted and
Coomassie-stained (lanes a) or immuno-stained (lanes b). Expt, 3
employed untransformed [L.746 cells, grown anaerobically with 0.1 M
nitrate. (Figures (kDa) indicate marker protein migration.)

3.4, Multiple Fé* dependent redox functions of the
polymeric enzyme

Assays on the isolated enzyme confirmed this sugges-
tion. The activity data, summarized in Table I,
established unequivocally that the catalytic capacity of
acetyl-CoA to ethanol reduction of E. coli cells is due to
the same protein that we purified through its property
of quenching the PFL radical. '

Since the deactivase function is strictly Fe** depen-
dent, we examined whether metals could also be involv-

ed in the dehydrogenase functions. Both activities, with

acetyl-CoA or acetaldehyde as substrates, proved to be
significantly and specifically stimulated by Fe?* (Table
11). . Half-maximum activity was achieved with about
one equivalent of free Fe?* applied per enzyme pro-
moter in the assay. When the assays were performed in
the reverse directions, the metal effect was only ob-
served with the ethanol ‘substrate, not with -acetal-
dehyde/CoA. :

Consistent with the thermodynamic data for reac-
tions (2) and (3), the spectroscopic assays determined
virtually complete conversion of acetyl-CoA to ethanol
from a small excess of NADH applied (Fig. 5). The
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Fig. 4. Electron micrograph of e negatively  stained PFEL»

deactivasesacety - CoA reductise protein, The bar indicates 50 am.

The depieted specimen s representative of the large majority of
moletules abseeved (vize distribution 60-220 nm in lengih).

overall process of thioester reduction to the aleohol
stage, catalyzed by a single protein, resembles the reac-
tion of HMG-CoA reductase, but at variance with the
latter enzyme, the ‘acetyl-CoA reductase’ can readily
accept the intermediary aldehyde as substrate.

For the deactivase function, NAD in its oxidized '
form is required, and the PFL radical quenching pro-
cess is unidirectional. We found now that the reaction

Tabley =
Catalytic dctivities
PF1- Aceyl-CoA Ethanol

deactivasereductase  dehydrogenase

(mUsmg) (U/mg) (Usmg)
Chromosome encoded enzyme 11.0 9.6 9.9
Plasmid encoded enzyme 11.0 10.4 9.9
E. coli K12 cell extract 0.36 0.2 0.23
E. ¢oli 11.746 cell extract 50,006 =0.004 <0.006

Assays were performed in'the presence of 0.3 mM Fe** at pH 7.5 and
10°C.

Table 1)
Activation by Fe**

Catalytic activity

Additions Acetyl-CoA reductase PFL-deactivase
0,1’ mM EDTA 9 -
None 17 <5
0.03 uM Fe?* 56 -
0.03 mM Fe*t 100 18
0.3 mM Fe** 100 100
0.03 mM Zn?* 15 : : -
0.03 mM Co?* 18 <5

0,03 mM Mn?* 17 : -

Measurements were by the standardassays (Fe?* omitted) with varia-

tions as indicated, using enzyme concentrations of 4 jig/ml (acetyl-

CoA reductase) and 3 ug/ml (deactivase), Activity values are relative

to that at standard conditions with 0,3 mM Fe?* = 100, Data (not

shown) for acetaldehyde reduction were similar to that with
acetyl-CoA.,
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Fig. 8. Conversion of PFL from the radical 1o the nonradical form

(A) and reduetion of acetyl-CoA/aceraldehyde (B). Fo reaction con-

ditions, see Materials and Methods. Expt. A employed 98 pmol PFL.

(E), 1.8 pg purified enzyme, 1.1 mM NAD and NADH as follows: 0

mM (o3, 0.17 mM (%) or 0.86 mM (o). Expt. B employed 0.1 pmol

acetyl-CoA or acataldehyde and 19 pg purified enzyme; NADH eon-
sumption was registrated phorometrically,

rate is drastically lowered when small fractions of
NADH are simultaneously present (Fig. 5A). This
should have a direct bearing on the physiological usage
of the various catalytic functions of the multienzyme.

4, DISCUSSION

Association. of the two dehydrogenase activities
(egns. (2) and (3) of .E. coli with a single, large-sized
protein has long been suggested (for a review, see [11])
and was more recently ascribed to the 96 kDa polypep-
tide encoded by adhE [8}). We now have delineated a
rod-shaped polymer structure comprising about 40
identical subunits and found that its redox functions are
specifically activated by Fe**, The protein is most pro-
bably identical with the ‘spirosomes’ detected in many
obligate and facultative anaerobes (see [12}).

In glucose fermentation, NAD regeneration by the
polymeric enzyme immediately follows pyruvate con-
version to acetyl-CoA, Its indispensability in the
absence.of exogenous electron acceptors is a direct con-
sequence -of the PFL reaction. Both proteins, the
polymeric enzyme and pyruvate formate-lyase, are pro-
minent anaerobic gene products with induction factors
of 10~15. They represent spots ‘H 97.3’ .and ‘G 74,
respectively, of the 2D map of anaerobic polypeptides
[13]. The nucleotide sequence motifs bound in the 5'
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upstreamy reglon of ad/iE could suggest a transeriptional
control by the FNR protein [9] as previously delineated
for the pft gene [14]. , ‘

In anaerobically growing bacteria at pH 7, PFL exists
predominantly - in the active radical form  which
becomes converted back to the nonradical form upon
exhaustion of the glucose supply [3]. We expect that
other physiological conditions should oceur where the
polymerie enzyme will exert its PFL deactivating fune-
tion. This could possibly be switched on by an increased
intracellular NAD/NADH ratio whersupon metabolic
fluxes would be rerouted (e.g. glycolysis towards lac-
tate). The chemical mechanism of quenching the pro-
tein radical of pyruvate formate-lyase is another in-
triguing property of the polymeric enzyme to be in-
vestigated,
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