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To understand the structural basis for the different catalytic behaviour of the flavocytochromes b2 from
Saccharomyces cerevisiae and Hansenula anomala we have cloned and sequenced the gene encoding the
latter. We have compared the amino acid sequences of the mature proteins in the context of the known
crystal structure of S. cerevisiae flavocytochrome b2. Overall there is 60% sequence identity, but two surface
loops in particular are strikingly different in primary structure and net charge.

INTRODUCTION
Flavocytochrome b2 (L-lactate:cytochrome c oxido-

reductase, EC 1. 1.2.3) is a soluble component ofthe inter-
membrane space of yeast mitochondria, where it oxidizes
lactate to pyruvate and transfers electrons to cytochrome
c [1]. The structure of the enzyme from Saccharomyces
cerevisiae has recently been solved at 0.24 nm resolution
[2,3]. The enzyme is a tetramer of identical subunits (Mr
57 500) that have two readily identifiable structural
domains, one of which binds a protohaem IX molecule
(amino acid residues 1-100) and the other an FMN
molecule (amino acid residues 101-511). Amino acid
residues 486-511 form an extended C-terminal tail that
wraps around the fourfold axis of symmetry and makes
contact with each of the other three subunits of the
tetramer. During the catalytic cycle of flavocytochrome
b2 lactate is oxidized to pyruvate and the reducing
equivalents are transferred to FMN. Electrons are then
transferred singly to the cytochrome b2 haem and thence
to cytochrome c [4].
The gene encoding S. cerevisiae flavocytochrome b2 has

been cloned and sequenced and a number of active-site
amino acid residues have been altered by site-directed
mutagenesis in order to test their involvement in catalysis
[5]. Although S. cerevisiae flavocytochrome b2 is thus far
the only yeast flavocytochrome b2 of known three-
dimensional structure and amino acid sequence, extensive
kinetic studies of the equivalent enzyme from Hansenula
anomala have been made in recent years [6,7]. The molar
activity of the H. anomala enzyme is several-fold higher
than that of S. cerevisiae flavocytochrome b2 and the two
enzymes have different rate-limiting steps [7]. Attempts
to formulate a satisfactory explanation for these observa-
tions would be greatly aided if the amino acid sequence
of H. anomala flavocytochrome b2 were known. We
report here the complete deoxynucleotide sequence of
the gene and deduced amino acid sequence of flavo-
cytochrome b2 from the yeast H. anomala.

MATERIALS AND METHODS
Strains, media and growth

Escherichia coli strain JM101 [8] was used as host for
bacteriophage propagation and preparation of single-
strand DNA. Bacteria were grown in L broth [9], which
was supplemented with 10 mM-MgCl2 when used as a
host for bacteriophage A.

Construction of DNA library
Total genomic DNA was isolated from a 40 ml culture

of H. anomala grown to stationary phase on YPD
medium [1 % (w/v) yeast extract, 2% (w/v) peptone and
2% (w/v) glucose]. The cells were harvested by centri-
fugation, washed once with water, resuspended in 2 ml
of breakage buffer (0.9 M-sorbitol/ 14 mM-2-mercapto-
ethanol/50 mM-sodium phosphate buffer, pH 7.5) con-
taining 20 mg of zymolyase and incubated for 15 min at
37 'C. The resulting spheroplasts were lysed by addition
of 100#,1 of 200% (w/v) SDS, 0.2 ml of 0.5 M-EDTA,
pH 8.0, and 2 mg of proteinase K. After incubation at
65 'C for 30 min the sample was extracted once with
phenol and the DNA was then precipitated by addition of
2 ml of ethanol. Ethanol was decanted from the sedi-
mented DNA, the pellet was dissolved in 2 ml of TE
buffer (10 mM-Tris/HCl/1 mM-EDTA buffer, pH 8.0)
and ribonuclease A was added to 20 ,ug/ml. After 30 min
at 65 'C the sample was extracted once with phenol and
the DNA was again precipitated by addition of 2 ml of
ethanol, washed with 7000 (v/v), ethanol, dried and
dissolved in 0.2 ml of TE buffer. A 0.4 mg portion of
H. anomala DNA was subjected to partial digestion with
Sau3AI (14 units for 25 min at 37 °C). The fragments
were fractionated by sucrose-density-gradient centri-
fugation [10]. Fragments (15-25 kb) were pooled and
ligated with the bacteriophage vector AEMBL301 [11]
that had been cut with BamHl and EcoRl. Bacterio-
phages were packaged by use of a packaging kit
(Stratagene) in vitro according to manufacturer's instruc-

Vol. 263

973

Abbreviation used: 1 x SSC, standard saline citrate (0.15 M-NaCl/ 15 mM-sodium citrate buffer, pH 7.0).
t To whom correspondence should be addressed, at: Department of Microbiology, University of Edinburgh, West Mains Road, Edinburgh

EH9 3JG, Scotland, U.K.
These sequence data have been submitted to the EMBL/GenBank Data Libraries under the accession number X15278.



M. T. Black and others

tions. The library was amplified by infection of E. coli
ED8654 [12] with the use of standard procedures. The
library contained approx. 30000 independent recom-
binants.

Isolation of the flavocytochrome b2 gene
DNA corresponding to the entire coding region of S.

cerevisiae flavocytochrome b2 was excised from the
plasmid pGR401 [5] as a 1.8 kb EcoRI-HindlIl re-
striction fragment and labelled with [a-32P]dATP by the
random primer method [13]. Recombinant bacterio-
phages were plated at 2000 plaques per 55 cm2 plate, and
plaques were transferred on to nylon filters (Amersham
Hybond-N), denatured and fixed according to manu-
facturer's instruction and probed by hybridization with
the 32P-labelled S. cerevisiae flavocytochrome b2 fragment
in 4 x SSC at 50 'C. Filters were washed in 1 x SSC at
60 'C and subjected to autoradiography. Hybridizing
plaques were picked for a second screening under the
same hybridization conditions but at a density of200-500
plaques per plate to allow isolation of single plaques.
Three clear positive plaques were identified, and one of
these (FG1) was selected for further characterization.

Determination of DNA sequence
DNA fragments corresponding to possible flavocyto-

chrome b2 coding regions were identified by Southern
blotting [9], isolated by agarose-gel electrophoresis and
cloned into either M13mpl8 or M13mpl9 [14]. Single-
stranded DNA was sequenced by the dideoxy chain-
termination method [15] with the use of M13 universal
sequencing primer or, after partial sequence determin-
ation, synthetic oligonucleotides complementary to
appropriate sections of the cloned inserts.

RESULTS AND DISCUSSION

Isolation of the flavocytochrome b2 gene
A number of genes have been identified on the basis of

their similarity to previously cloned genes by hetero-
logous hybridization. To test the feasibility of this
approach to isolation of the H. anomala flavocytochrome
b2 gene we probed total genomic DNA with a labelled
DNA fragment containing the S. cerevisiae flavocyto-
chrome b2 coding sequence. Single major bands were seen
in a number of different digests with restriction endo-
nucleases after Southern blotting (results not shown)
under quite stringent washing conditions (1 x SSC at
60 °C). These same hybridization and washing conditions
were used to probe an H. anomala genomic DNA library
as described in the Materials and methods section and a
positive clone FG1 was isolated. Restriction digests of
isolated FG1 DNA were subjected to Southern blotting
with the S. cerevisiae flavocytochrome b2 gene fragment
(results not shown). Bands of the same size as those
hybridizing in total genomic DNA were seen in the
corresponding digests ofFG1, indicating that the relevant
region of the genome had been isolated and allowing
construction of a partial restriction map.

Determination of DNA sequence
A number of hybridizing fragments of FG1 were

purified, cloned in M 13 vectors and subjected to sequence
determination. The complete coding sequence was de-
termined by using these clones with either the universal

M13 sequencing primer or later with oligonucleotides
synthesized specifically to prime within this sequence.
The complete nucleotide sequence of the H. anomala
flavocytochrome b2 gene and the deduced amino acid
sequence are shown in Fig. 1. Also included are 166
nucleotide residues of the genomic sequence upstream of
the coding region and 167 nucleotide residues down-
stream.

Amino acid sequence of H. anomala flavocytochrome b2
Flavocytochrome b2 is a mitochondrial protein mito-

chondrial protein and the transport of newly synthesized
polypeptide is mediated by an N-terminal targeting
sequence. The mature flavocytochrome b2 of H. anomala
has been shown to contain valine and proline residues at
amino acid positions 2 and 3 respectively [16], which
suggests that the aspartic acid residue encoded by the
GAT triplet at positions 220-222 can be identified as the
N-terminal amino acid of the mature protein. The gene
therefore encodes a mature protein consisting of 500
amino acid residues, with a calculated Mr of 56197,
which is synthesized as a precursor of Mr 64258 with
a 73-amino acid-residue N-terminal extension that pre-
sumably directs this protein to the mitochondrial inter-
membrane space.
The predicted amino acid sequence completely con-

firms the published sequence of the isolated cytochrome
b2 'core' domain [17], and extends the N-terminal domain
by six residues, but two discrepancies were found when
our predicted sequence was compared with the protein
sequence of part of the C-terminal flavin domain [16].
We found residue 352 to be glutamine rather than
glutamic acid and residue 365 was leucine as opposed to
isoleucine.
Similarity to S. cerevisiae flavocytochrome b2
The complete amino acid sequences of flavocyto-

chromes b2 from S. cerevisiae and H. anomala were
aligned (Fig. 2) by using the computer program GAP
[18]. The overall amino acid sequence identity is 60%
(the DNA sequences are also about 60 % identical), but
some regions are very well conserved. All the active-site
residues thought to be directly involved in catalysis (His-
373, Tyr-254, Arg-376, Lys-349, Tyr-143 and Asp-282)
[5] and several others identified as being important for
flavin and haem binding are identical in the two species.
As discussed by Haumont et al. [17], the residues buried
within the N-terminal haem domain are well conserved
and it can be assumed that these fold very similarly. The
C-terminal flavin-containing domain of S. cerevisiae
flavocytochrome b2 contains an a8/38 barrel [2]. It is
expected that this basic structure must also be present in
the H. anomala enzyme: indeed the fl-strand residues are
extremely well conserved, with 83 00 sequence identity.
In contrast, the C-terminal tail, which makes a number
of inter-subunit contacts in the flavocytochrome b2
tetramer, is relatively poorly conserved.

Mitochondrial targeting sequence
The striking similarity of the sequences of the mature

flavocytochromes b2 of S. cerevisiae and H. anomala is
not extended to the N-terminal leader sequence. This
region is seven residues shorter in the H. anomala enzyme,
and although there is significant similarity the level of
identity is only about 24 %/. This finding is not surprising
in view of the well-documented variability of protein
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Sequence of flavocytochrome b2 from Hansenula anomala

: B16CCTC6AGGTATTCATCATTCTTBATATATATAmCAAG66ACTGACCTCCCACAAACTT CCCTTCAC AGTAG AG CC
Met Ph IS S8r Gin iLUArg Al Thr Arg Set Sor P APeSTA Lou 6UAla Set CTXL MuAn Pr A A Ser er

1 ATG C ttSAS4 8 BCAACB1.e AA TCA ACT AA TCTA CTABCMC ATC CCCC AB ATA 8CT TT TCA
91 GI Gm AUf~~~xk~~ k1 Et P4~ftlm

SE Tg RV E$X TCr 61n AEXS PeAT$A8T A6CA ef V6l CTi C1T TT68~ JrA 6T1Tl III IcXICERPrX 6TT eCT181 Gs CC M fc8 6T

HLt PiC°I PE° SIT %nE 614 M$t tle JSTTCA8 e8XICTiII?PETA6A CA1CTT E ER CE nC T$i8Tn
271 in VA8A 8 ER TOIll AAC C SAA 1 C T1 f 6TA
361 c C

VIl En8fi Pr X11$ SIT filf1XP4 P4$ 86G 6A A*A IC TCA jCA cA T4 TY 1TA TCT 8CITCATT6 8C AA T$6 86 A1

451 c r r

541 CCCPrCA PrT Gil AtitT6TAT T8

81 61Xf IV t LYS L TP A r A TE TA r6 C6T 81X A AlW$6AA6 A6
901 AA6 86T 8 A 81X lu1 l fUVRA8 CAA 86T 8I All 8 Pu E EPe 11 8f P S

1281 C 86'A CAA 86T T6 XTCA 2A C1T 86 8A CCX G Gi IE M8C CCT CA6
1261tIM~ ~ Gl i lfji A g nfNIfArlljilIPjhr ti tlix4 lM xP! tI.xM
1351 A~CCXGk1 1rU X tIMP U~2 IA~ I k1 lW f it iU4 G AfWflUi CHIX

L 1uCys Lou ALYS GlyYALyCCurlAAA M et GTil6AA T

1441 B T6 CTT CT MA 8T 6 1 TL 866 AB CCT H B TAT BCA AT AGT TCA T A

Bi991o y s lule MtAnMtAg o o l o s Lys II.oCGlu Gl Lou Thr Pro G Lou iIuAs h GAr

11C1UMLH TlT AAA Bt BAA ATT AT6 AMT A6 ABA HAN TTX 86T 6IT MTA AA AlT BAA BA TA AICT CCTBAAXAT$X AT AC ABA

Serle HSIX As nA lgAla VolPrQ fEA nSClAsp STrAoTr 2Luin Asng I IChrGi Ar Meet61o al B1t lhA t Pro 61

12621 ABTAH CAT C ABA 6CC BIT CCA 6T BCT AAA BAT TAT CTA TTAT AA AMT TAT CABATU A BBT BCTHT ABA CCA PGT
711 ATA GAG 6ATGMCMATTTTGI16TACA ATBMAAAAAMHMCHBCTATHATMCBBACATATGTAGCATCMT I I IGTTG ACTTGTBGTMBMCACTHATTAGTT828 CHCTATMBCTGH AmTBHMH MATBBGHTACCTTCMAATAMACA6TTATCTAG

Fig. 1. Complete nucleotide sequence of the gene encoding flavocytochrome b2 from H. anomala and deduced amino acid sequence

Also shown are the upstream and downstream flanking sequences.

Sc MIKYKPILKI SKN CEMILR ASKTRLNTIR AYGSTVPKSK SFEQDSRKRT QSWTALRVBA IIMTSSVAY LNWHNBQIDH EPKLDMNKQK ISPAEVAKHN 20
Ha . .MFKSQLRT ATARSS..FR SIASKINPQR FNSSKTPIN A.TRGSNRSK NSIIAIIS. .LSAVSSSYY L.YQKDKFIS ADVPHWKDIE LTPEIVSQHN 19

----K--I- -----R ---LN--R ---S--P-----S---S-AL--- L-A-SS--Y L------------P--V--HN

Sc KPDDCVVIN B6WYDITRFL PNHP66QDVI KFNAGKDVTA IFEPLtIPNV IDKYIAPEKiK L6PLQBSMPP EIVCPPYAPB ETKIARKE QLKSILPPID 120
Ha KKDDIWVVI BQVYDLTDFI PNHP66QKII IRYAGKDATK IFVPIHPPDT IEKFIPPEKH I6PIVBEFEQ E....................................EEE LSDEEIDRIE RIER.KPPLS 112

K-DD-WV-M 6-VYDIT-FL PNHPBBQ--I ---AGKD-T- If-P-H-P-- I-K-I-PEK- I6PI-6---- E-------E-I-R-E----PPI-
Sc NIINLYDFEY UASQTITKQA WAYYSSBAND EVTHRENHNA YHRIFFKPKI LVDVRKVDIS TDMIGSHVDV PFYVSATALC KIBNPLEGEK DVARBCBQBV 220
Ha QMINLHDFET IARQCIPPPA AYYCSMDD EVTLRENHNA YHRIFFNPKI IIDVKDVDIS TEFFGEKTSA PFYISATALA K CTHP.EGEV AIAKBAGRE. 210

--INL-DFE- -A-Q-I---A -AYY-S-A-D EVT-RENHNA YHRIFF-PKI I-DV--VDIS T---6- PFY-SATAL- KLB-P-EGE- --A-B-B---

Sc TKVP AISTIASCSPEEI IE MPSKQIQW YQLYVNSDRK ITDDLVKNVE KL6VKALFVT VDAPSL6QRE KDAKAKFSNT KABPKAMKKT NVEESQGASR 320
Ha .DVVQMISTL ASCSFDEIAD ARIPBQQ.QW YQLYVHADRS ITEKAVRHAE ER6MKBLFIT VDAPSIBRRE KDMICMKFEAD SDVQ6. ............................................DDE DIDRSQ6ASR 306

--V-QMISTL ASCS--EI-- A---Q-QW YQIYVM-DR- IT---V---E --6-K-LF-T VDAPSIG-RE K(DMK-KF----------SQ6ASR
Sc AISKFIDPSL TWlKDIEEIKtK KTKLPIVIIC6 VQRTEDVIKA AE}6VS6WLI SNHBGRQLDF SRAPIEVLAE TMPIIEQRNL KDKIEYFVDG 6VRRGTDVIK 420
Ha AISSFIDPSI SWKDIAFIKS ITKMPIVIKG VQRKEDVLLA AEHGIQBVVI SNHGBRQLDY TRAPVEVLAE VMPILKER6L DQKIDTFVDG 6VRRBTDVLK 406

ALS-FIDPSI -bIKDI---K- -TK-PIVIK6 VQR-EDV--A AE-6--6WLI SNH66RQID- -RAP-EVIAE -MPII--R-L --K---FVDB 6VRRBTDVLK
Sc ALCLBAKG6VG IBRPFLYANS CYBRNGVEKA IEILRDEIEM SMRLIBVTSI AEIKPDLLDL STLltARTVGV PNDVLYNEVY EBPTLTEFED A.. 511
Ha AICIBACKGVG IBRPFIYAMS SYBDKGVTKA IQILKDEIEM NMRIL6VNKI EEITPEIIDT RSIHHRAVPV AKDYIYEQNY QRMSBAEFRP 6I0 500
A7CLCGABVG LGRPFLYA-S -Y6--6V-KA I--L-DEIEM -MRILLV--I -EL-P-LID------R-V-V --D-IY---Y ------EF------

Fig. 2. Deduced amino acid sequences of fiavocytochromes b2 from S. cerevisiae (Sc) and H. anomala (Ha)

The alignment of the sequences was selected so as to optimize sequence identity. The consensus sequence is also shown and the
eight fl-strands of the flavin domain are overlined. The numbering at the right refers to the mature protein sequences.
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targeting sequences [19] and presumably reflects a higher
rate of amino acid substitution in this region of the
polypeptide. On the other hand it is presumed that
the different regions of the flavocytochrome b2 leader
sequence are functionally similar in the two species, and
a number of relevant features are found. The extreme
N-terminus is very basic,- in common with almost all
imported mitochondrial proteins [19,20], and an un-
charged segment is found towards the C-terminal end of
the leader sequence (residues 46-66), as in S. cerevisiae
flavocytochrome b2 and other polypeptides transported
to the mitochondrial intermembrane space [21,22]. The
mature flavocytochrome b2 polypeptide is generated by
proteolytic cleavage in the mitochondrion. It is note-
worthy that the acidic nature of, the first amino acid
residue of the mature sequences has been conserved,
which may indicate a common cleavage mechanism, as
suggested previously [23].

Major differences between the H. anomala and S.
cerevisiae flavocytochrome b2 sequences
To analyse the structural basis for the catalytic differ-

ences between the two species of flavocytochrome b2 we
have looked for regions of significant sequence divergence
and investigated the positions of these in the three-
dimensional structure of the S. cerevisiae enzyme. The
most striking differences are found in two surface loops
of the protein. One of these joins the two domains of
the polypeptide and in S. cerevisiae flavocytochrome
b2 (residues 89-103) carries a net charge of - 1, but in
the H. anomala enzyme this region (residues 88-96) is
extremely acidic with a net charge of -6.

In both enzymes a proteinase-sensitive region is found
within the flavodehydrogenase domain, and in the crystal
structure of S. cerevisiae flavocytochrome b2 this region
cannot be resolved. It thus appears that this region is
mobile, and its influence on catalytic activity has been
indicated by kinetic studies of a mutant flavocytochrome
b2 [5] and proteinase-cleaved enzyme [24]. Whereas this
region (residues 300-312) in S. cerevisiae flavocyto-
chrome b2 is quite basic (net charge +4), the corre-
sponding region (residues 288-298) in the H. anomala
enzyme is very acidic with a net charge of -6. These
differences in charge account for the different behaviour
of the two proteins on ion-exchange chromatography
[25]. In addition, each of these loops is shorter in the
H. anomala enzyme, by six and two residues respectively.
These structural and chemical differences are likely to
have a significant bearing on the catalytic differences
between the two species of flavocytochrome b2, par-
ticularly in intramolecular electron transfer between
domains and in the interaction with cytochrome c. The
specific determinants of catalytic properties can now be
investigated by protein engineering, for example by
introducing features from the Hansenula enzyme into
Saccharomyces flavocytochrome b2.

We thank F. Pichinoty for the H. anomala strain, John Clark
for AEMBL301, F. S. Mathews for making available the
atomic co-ordinates of S. cerevisiae flavocytochrome b2 and
Lynn Kennedy for technical assistance.
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