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Two new mutants of Rhodobacter sphaeroides deficient in sulfolipid accumulation were isolated by directly
screening mutagenized cell lines for polar lipid composition by thin-layer chromatography of lipid extracts. A
genomic clone which complemented the mutations in these two lines, but not the previously described
sulfolipid-deficient sgd4 mutant, was identified. Sequence analysis of the relevant region of the clone revealed
three, in tandem open reading frames, designated sqdB, ORF2, and sqdC. One of the mutants was
complemented by the sqdB gene, and the other was complemented by the sqdC gene. Insertional inactivation
of sqdB also inactivated sqdC, indicating that sqdB and sqdC are cotranscribed. The N-terminal region of the
46-kDa putative protein encoded by the sqdB gene showed slight homology to UDP-glucose epimerase from
various organisms. The 30-kDa putative protein encoded by ORF2 showed very striking homology to rabbit
muscle glycogenin, a UDP-glucose utilizing, autoglycosylating glycosyltransferase. The 26-kDa putative protein
encoded by the sqdC gene was not homologous to any protein of known function.

Sulfoquinovosyl diacylglycerol, commonly called sulfoli-
pid, is thought to occur in the photosynthetic lamellae of all
photosynthetic organisms (14). The abundance varies from
about 2.5% of ether-extractable lipids in species such as
Rhodobacter sphaeroides (26) up to 40% of glycolipids in
marine red algae (11). Thus, this compound represents a
quantitatively important component of the global sulfur
cycle (15), yet we do not know how this lipid is synthesized
or what role it plays in photosynthetic organisms.

In an attempt to address the questions about the biosyn-
thesis and the function of the sulfolipid, we have initiated a
genetic dissection of the biosynthetic pathway in the purple
bacterium R. sphaeroides. We have previously described the
isolation of sulfolipid-deficient mutants of R. sphaeroides by
directly analyzing the polar lipid composition of mutagen-
ized cell lines by thin-layer chromatography. In addition a
gene, designated sqdA4, which complemented one of the
mutants was isolated and characterized (7).

Here, we describe the isolation of two additional genes
which complement two different classes of mutants with
defects in sulfolipid biosynthesis in R. sphaeroides. These
two genes are in two complementation groups different from
that previously described for the sqdA4 gene and they flank a
third open reading frame for which no mutant has yet been
isolated. Two of these three open reading frames have
limited deduced amino acid sequence homology with pro-
teins of known function, suggesting possible roles in the
pathway of sulfolipid biosynthesis.

MATERIALS AND METHODS

Bacterial strains and plasmids. Bacterial strains and plas-
mids used in this study are shown in Table 1.

Media and growth conditions. R. sphaeroides cell cultures
were grown in the malate-basal-salt medium described by
Ormerod et al. (22) or in Sistrom’s succinate-basal-salt
medium (30, 31) as described previously (7). When required,
0.8 pg of tetracycline per ml was added.

Escherichia coli strains were grown on Luria broth. Anti-
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biotics were added to the medium at the following final
concentrations (in micrograms per milliliter): tetracycline,
10; kanamycin, 50; ampicillin, 100; and streptomycin, 20.

Extraction and analysis of lipids. Lipid extracts were
prepared from cell cultures grown photoheterotrophically in
Sistrom’s medium, and polar lipids were extracted and
separated by one-dimensional thin-layer chromatography on
ammonium sulfate-treated silica plates as previously de-
scribed (7). The lipids were visualized bgl charring.

Time course for the incorporation of [>°S]sulfate into sulfo-
lipid. Cells grown photoheterotrophically were labelled with
[**S]sulfate and extracted, and the incorporation of sulfate
into sulfolipid was determined as described previously (7).

Triparental mating and complementation assay. To test for
complementation, individual clones, derivatives of either
pLA2917 or pCHBS00 harbored by E. coli HB101, were
transferred into the mutant strains by triparental mating with
the helper plasmid pRK2013 in E. coli MM294. The sulfoli-
pid phenotype of the exconjugants was tested by extraction
of the lipids, followed by thin-layer chromatography analysis
on ammonium sulfate-impregnated plates as previously de-
scribed (7).

Determination of CAT activity. R. sphaeroides cells har-
boring various plasmid constructs containing the chloram-
phenicol acetyltransferase (CAT) gene were grown photo-
heterotrophically in 200 ml of Sistrom’s medium. Cells were
harvested by centrifugation at 2,000 x g and resuspended in
5 ml of enzyme buffer (0.5 M sucrose, 5 mM ascorbic acid,
0.1 M Tris-Cl [pH 7.8], 5 mM dithiothreitol). After the
addition of 0.5 mg of DNase I, the cells were broken in a
French press at 18,000 Ib/in. The protein concentration in
the supernatant was determined by using the Bradford
microassay (8). To assay CAT activity, 40 ul of enzyme was
mixed with 5 pl of 0.25 M Tris-Cl SpH 8.0), 1 ul of 10 mM
acetyl coenzyme A, and 0.5 pl of [**C]chloramphenicol (57
pCi/mmol, 25 pCi/ml; NEN), and the mixture was incubated
at 37°C for 1 h. After extraction with 300 pl of ethyl acetate,
the organic phase was concentrated and spotted onto a Si250
Silica TLC plate (Baker) and activated for 15 min at 120°C.
The plates were developed with chloroform-methanol (95:5
[volfvol]), and radioactivity was determined by scanning
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TABLE 1. Bacterial strains and plasmids

Strain or plasmid Description or construction Source or
reference
Strains
R. sphaeroides 2.4.1 Wild type R. L. Uffen
R. sphaeroides CHB16 Sulfolipid deficient, sqdB This study
R. sphaeroides CHB18 Sulfolipid deficient, sqdC This study
E. coli HB101 F~ proA2 recA13 mcrB 21
E. coli DH5aF’ F' endAl recAl A(lacZYA-argF)U169 [$80dlacA(lacZ)M15)] 27
E. coli MM294 F~ endAl hsdR17 thi-1 2
Plasmids
pBS-KS*, pBS-KS™ Amp’, Bluescript Stratagene
pRK2013 Kan® Tra* RK2-ColEl,,, 12
pLA2917 Kan" Tc' cos 1
pCHBS500 Tc"; expression vector for R. sphaeroides 7
pBR328 Cm" Amp* Tc* 3
pHP45Q2 Amp* Sm" Spc’; () cassette 25
pCHB1601 Cosmid clone complementing the sqgdB and sqdC mutants This study
pCHBI1611 pCHBI1601 digested with HindIII and recircularized This study
pCHBI1621 11-kb HindIII fragment of pCHB1601 in HindIII of pLA2917 This study
pCHB16014 2.4-kb fragment of pCHB1601 in pL.A2917 complementing the sqdB mutant This study
pCHB16014D-B pCHB16014 cut with BglIl and recircularized This study
pCHB16014D-AB pCHB16014 cut with BamHI and BgilI and recircularized This study
pCHB16201 2-kb Sall-EcoRI partial fragment of pCHB16014 cloned into pBS-KS™, excised This study
with Kpnl and EcoRI and cloned into pCHB500
pCHB16202 2-kb Sall-EcoRlI partial fragment of pCHB16014 cloned into pBS-KS™; excised This study
with Kpnl and Xbal and cloned into pCHBS00
pCHB16151 1.5-kb Sall-EcoRI fragment of pCHB16014 cloned into pBS-KS™; excised with This study
Kpnl and EcoRI and cloned into pCHB500
pCHB16152 1.5-kb Sall-EcoRI fragment of pCHB16014 cloned into pBS-KS™; excised with This study
Kpnl and Xbal and cloned into pCHB500
pCHB16014CAT-1 1-kb Sau3Al fragment of pBR328 containing the CAT gene coding sequence, This study
cloned into the BamHI site of pCHB16014
pCHB16014CAT-2 Same as pCHB16014CAT-1, except opposite orientation of the CAT coding This study
sequence
pCHB181 4.2-kb BgllI fragment of pCHB1601 cloned into the BamHI site of pCHBS500 This study
pCHBI182 Same as pCHBI181, except opposite orientation of the insert This study
pCHBI183 1.2-kb Xbal-BamHI partial fragment of pCHB181 cloned into pBS-KS™; excised This study
with Kpnl and Xbal and cloned into pCHBS00
pCHB184 1.5-kb Xbal-BamHI partial fragment of pCHB181 cloned into pBS-KS™; excised This study
with Kpnl and Xbal and cloned into pCHB500
pCHBI185 1.5-kb Xbal-BamHI partial fragment of pCHB181 cloned into pBS-KS™; excised This study
with Kpnl and Xbal and cloned into pCHBS500
pCHB186 2.3-kb PstI-EcoRlI fragment of pCHB181 cloned into pCHB500 This study
pCHB187 1.2-kb PstI-BamHI partial fragment of pCHB181 cloned into pCHB500 This study
pCHB188 2.0-kb EcoRI-BamHI partial fragment of pCHB181 cloned into pBS-KS™*; excised This study
» with Xbal and EcoRI and cloned into pCHB500
pCHB189 1.7-kb EcoRI-BamHI partial fragment of pCHB181 cloned into pBS-KS™; excised This study
with Xbal and EcoRI and cloned into pCHB500
pCHB160018 2.0-kb partial PstI fragment of pCHB18S ligated in proper orientation with 22-kb This study
Pst1 fragment of pCHB16014
pCHB160018::0) 2.0-kb BamHI () cassette of pHP45(} inserted into the BamHI site of pCHB16014; This study

the 24-kb Pst1 fragment of this clone was ligated in proper orientation with the
2.0-kb PstI partial fragment of pCHB185

individual lanes with a System 200 Imaging Scanner (Bio-
scan). The enzyme concentration was adjusted, such that
only monoacetylated product was formed and not more than
80% of the substrate was converted.

DNA manipulations. Restriction maps were constructed by
analysis of CsCl gradient-purified DNA according to estab-
lished methods (21). DNA fragments separated on agarose
gels were blotted onto Hybond-N* (Amersham) nylon mem-
branes by using the alkaline transfer method, and the DNA
was hybridized by the method of Reed and Mann (28).

Sequence analysis. DNA sequences cloned into pBS-KS
plasmids were determined by employing the chain termina-
tion reaction method (29) with a modified T7 DNA polymer-

ase (32) or sequencing grade Taq polymerase (17). To reduce
sequencing artifacts due to the high GC content of R.
sphaeroides DNA, GTP was replaced by 7-deaza-dGTP (4).
The labelled DNA fragments were separated on 6% poly-
acrylamide-8 M urea slab gels (23). Oligonucleotides used as
sequencing primers were synthesized on an Applied Biosys-
tems 380A DNA synthesizer by using the phosphoramidite
method (5).

Nucleotide sequence accession number. The DNA sequence
was deposited in GenBank with the accession number
M89780. Protein coding regions were predicted from the
DNA sequence by codon preference analysis by the method
of Gribskov et al. (13). A codon usage table for R. sphaeroi-
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FIG. 1. Lipid composition of the wild-type and the CHB16 and
CHBI8 mutant lines. Lipid extracts were prepared from different
strains lacking or harboring either the cosmid vector pLLA2917 or the
complementing cosmid pCHB1601 as indicated above each lane.
The cells were grown photoheterotrophically, and the lipids were
separated by thin-layer chromatography on an ammonium sulfate-
impregnated silica gel plate. The lipids were visualized by charring.
F, solvent front; PG, phosphatidylglycerol; OL, sulfolipid; PE,
phosphatidylethanolamine; PC, phosphatidylcholine; O, origin.

des was prepared by translating R. sphaeroides DNA se-
quences available from GenBank, including a total number
of 3,865 codons.

RESULTS

The primary phenotype of two sulfolipid-deficient mutant
lines of R. sphaeroides. During the initial screen for sulfolipid-
deficient mutants of R. sphaeroides (7), two lines, designated
CHB16 and CHBI18, which both have strongly reduced
amounts of sulfolipid as revealed by thin-layer chromatog-
raphy of the lipid extracts (Fig. 1), were identified. However,
upon labelling of the cells with [**S]sulfate, low but signifi-
cant incorporation of sulfate into sulfolipid was observed for
the mutant line CHBI18, while incorporation of labelled
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FIG. 2. Time course for the incorporation of 3S-labelled sulfate
into sulfolipid by the wild type (O), the sgqdB mutant ((I), and the
sqdC mutant (A).

sulfate into sulfolipid by mutant line CHB16 was not detect-
able (Fig. 2). Therefore, mutant line CHB18 carries a leaky
mutation, which strongly reduces the rate of sulfate incor-
poration into sulfolipid.

Both mutants are capable of photoheterotrophic growth
on Sistrom’s and Ormerod’s media which do not contain any
reduced sulfur compounds such as cysteine or methionine.
In addition, [**S]sulfate was incorporated into protein at a
similar rate compared with that for the wild type (6),
indicating that these two mutants are not deficient in the
sulfur assimilation pathway or the biosynthesis of sulfur-
containing amino acids. In this respect, these two new
sulfolipid-deficient mutants resemble the previously de-
scribed sgdA mutant (7). Therefore, both mutants appear to
carry mutations which specifically affect the biosynthesis of
sulfolipid.

Isolation and characterization of a cosmid clone comple-
menting the two mutants. Individual cosmids from a library
of wild-type R. sphaeroides (7) were transferred by triparen-
tal mating from E. coli into the sulfolipid-deficient mutant
line CHB16. The polar lipid composition of approximately
800 exconjugants was examined by thin-layer chromatogra-
phy in order to identify one cosmid (pCHB1601), which
complemented the sulfolipid deficiency in the CHB16 mutant
line (Fig. 1). To test whether cosmid pCHB1601 could
complement other sulfolipid-deficient mutants, it was mated
into the previously described sqd4 mutant and into mutant
line CHBI18. Testing of the exconjugants for restoration of
the ability to synthesize sulfolipid revealed that the cosmid
pCHBI1601 also complemented the CHB18 mutant line (Fig.
1) but the sgqd4 mutant was not complemented. This result
indicated that the sqd4 gene does not belong to the same
complementation group as the defective gene (or genes) in
the two new mutants. The question of whether the two
mutations in the mutant lines CHB16 and CHBI18 are allelic
was answered through the isolation of two distinctive classes
of subclones of pCHB1601 complementing the two mutants
as described below.

On the basis of restriction analysis, the length of the
cosmid pCHB1601 was estimated to be about 48 kb. A
centrally located HindIII site allowed the isolation of the
right half of the cosmid as an 11-kb HindIII fragment, which
was subcloned into pLA2917 to give pCHB1621 (Fig. 3A).
Recircularization of the remaining plasmid gave rise to
pCHBI1611, which contained the left half of pPCHB1601 (Fig.
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FIG. 3. Restriction maps of cosmid pCHB1601 and its deriva-
tives. (A) Overview of restriction maps for pPCHB1601 and the two
subclones pCHB1611 and pCHB1621. (B) Detailed restriction map
of pCHB1611; the locations of the two subclones pCHB16014 and
pCHBI181 complementing the mutant lines CHB16 and CHBI1S,
respectively, are indicated as cross-hatched boxes. B4 (open box)
represents the location of a 4.3-kb BglII fragment carrying the sqdC
gene. (C) Sequencing strategy used to sequence pCHB16014 and
parts of pCHB18S. Closed arrows indicate sequencing runs obtained
by sequencing the pCHB16014 template and cross-hatched arrows
indicate runs obtained by sequencing the pCHB185 template. Se-
quencing runs preceded by a dot were obtained by using synthetic
oligonucleotide primers. Vector sequences are drawn with thick
lines. Restriction sites: A, BamHI; B, Bgill; E, EcoRI; H, HindIII;
K, Kpnl; P, Pstl; R, EcoRV.

3A). These two subclones were subjected to further restric-
tion and Southern analysis to provide detailed maps for
pCHBI1611 (Fig. 3B) and pCHB1621.

Isolation and sequence analysis of a small subclone of
pCHB1601, complementing the CHB16 mutant line. To iso-
late the gene, tentatively designated sqdB, which is defective
in the CHB16 mutant line, 2- to 3-kb fragments of pCHB1601
from a Sau3A partial digest were cloned into pLA2917. Of 96
clones from this sublibrary, 5 restored the wild-type pheno-
type when mated into the CHB16 mutant line. The smallest
positive clone, pCHB16014, contained an insert of about 2.4

J. BACTERIOL.

kb. A 2.9-kb fragment containing the insert as well as
flanking pLLA2917 sequences was excised by using a HindIII-
Pst1 partial digest, cloned into pBluescript and sequenced
(Fig. 3C).

Analysis of the DNA sequence of pCHB16014 (Fig. 4,
bases 1 to 2380) revealed that four of the possible six frames
contained a relatively large number of stop codons distrib-
uted throughout the sequence so that only relatively small
open reading frames were present; one frame lacked a stop
codon over the entire length of the pCHB16014 insert, and
one frame contained one stop codon resulting in a large open
reading frame. This reading frame was considered promis-
ing, because one of the in-frame ATG initiation codons was
preceded by a putative ribosome binding site, showing the
AGGAGG motif complementary to the 3’ end of the 16S
rRNA of R. sphaeroides as well as correct spacing relative to
the ATG (Fig. 4, sqdB). None of the other possible initiation
codons showed a comparable ribosome binding site. In
addition, codon usage analysis of the putative sqdB protein
coding sequence by the method of Gribskov et al. (13)
revealed codon bias common to other R. sphaeroides genes,
while none of the other open reading frames showed this
codon preference. This open reading frame could encode a
46-kDa protein, the putative sqdB gene product.

Complementation analysis using various deletion clones
derived from pCHB16014. To identify the open reading frame
responsible for complementation of the CHB16 mutant line
by genetic means, two simple deletion clones of pCHB16014
were constructed. First, digestion of pCHB16014 with Bg/II
and then recircularization resulted in a 1-kb deletion expand-
ing from the right end of the insert into the 3’ end of the
putative open reading frame for the sqdB gene (Fig. S,
pCHB16014D-B). Second, double digestion of pCHB16014
with BglII and BamHI and then recircularization gave rise to
clone pCHB16014D-AB, which carried a deletion of 1.7 kb
beginning at the right insert end (Fig. 5). Both deletion
clones failed to complement the sgdB mutation, indicating
that parts of the open reading frame or an essential promoter
sequence was lost.

In order to test for orientation-dependent expression of
the putative sqdB open reading frame, various fragments of
the pCHB16014 insert were cloned behind a cytochrome ¢
promoter from Rhodobacter capsulatus located on the
pCHB500 vector (7). Two Sall sites, one upstream of the
putative initiation codon and one downstream in the putative
coding region, were particularly useful for the analysis. A
1.9-kb fragment spanning the region from the upstream Sall
site to the nearest EcoRI site downstream of the putative
sqdB open reading frame was obtained by a partial digest.
Insertion of the fragment in both orientations into pCHB500
behind the cycA promoter resulted in two clones,
pCHB16201 and pCHB16202 (Fig. 5), which were both able
to complement the sqdB mutant. On the other hand, inser-
tion of a shorter fragment of 1.6 kb from the second Sall site
to the EcoRlI site nearest to the 3’ end of the putative sqdB
open reading frame in both c:ientations into pCHB500 gave
rise to two clones, pCHB16151 and PCHB16152 (Fig. 5),
which were unable to complement the defect in the sqdB
mutant. Therefore, the defective gene in the sqdB mutant
must be located within the 1.9-kb Sal/l-EcoRI fragment of
pCHBI16014. In addition, this fragment must contain an
endogenous promoter driving the expression of the putative
gene, since complementation was independent of the orien-
tation of the insert relative to the external promoter provided
by the pCHBS500 vector. The fact that the smaller Sall-
EcoRI fragment cloned in both orientations into pCHBS500
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FIG. 4. Composite nucleotide sequence of pPCHB16014 and pCHB185. The deduced amino acid sequences of the putative sqdB and sqdC
genes and ORF2 are shown beneath the coding strand of the nucleotide sequence. The designations for the open reading frames are indicated
above the proposed initiation codons. BamHI sites which were used for subcloning are listed above the sequence. A putative ribosome

binding site (SD) for the sqdB gene is indicated above the sequence.

failed to provide sufficient sequence for complementation
was consistent with the idea that this fragment did not
include the N-terminal portion of the putative open reading
frame as shown in Fig. 5 and that it was missing a putative
promoter proposed to be located on the 350-bp fragment
between the two Sall sites.

Expression of a promoterless CAT gene inserted into
pCHB16014. To determine the predominant orientation of
gene expression and, thereby, the orientation of the sqdB
gene on pCHB16014, a 0.9-kb Sau3Al fragment containing
the CAT coding sequence but not a promoter was excised
from pBR328 and cloned in both orientations into the unique
BamHI site of pCHB16014. The two resulting clones,
pCHB16014CAT-1 and -2 (Fig. 6A), were mated into the
sqdB mutant along with the pLA2917 wvector and
pCHB16014. Upon testing of the lipid composition of the
resulting strains, it was noted that both clones containing the
insertions lost the ability to complement the defective sqdB
gene, indicating that the insertion resulted in the disruption
of the sqdB gene located on pCHB16014. Measurements of
the CAT activity in extracts obtained from the four cell lines
described above revealed that the presence of the clone
pCHB16014CAT-1 in the sqdB mutant resulted in 10-fold-
higher activity compared with that for pCHB16014CAT-2.
No CAT activity could be detected in extracts obtained from
cells harboring pLLA2917 or pCHB16014 (Fig. 6B). Since in
pCHB16014CAT-1 the orientation of the CAT coding se-
quence was the same as for the putative sqdB coding

Clone SL
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S 3% B P 16014D-AB -
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FIG. 5. Complementation analysis of the sgdB mutant by using
various subclones of pCHB16014. The putative open reading frame
for the sqdB gene is indicated above the pCHB16014 sequence (the
pCHB prefix of the clone names was omitted). The complementa-
tion result is indicated as absence (—) or presence (+) of the
sulfolipid (SL). Vector sequences derived from pLA2917 are drawn
with a thicker line, while sequences derived from the pBluescript
polylinker are shown as open boxes. The location and direction of
the cytochrome ¢ promoter (Pcyc) located on pCHBS00 are indi-
cated by an arrow. Restriction sites: A, BamHI; B, BglIl; E, EcoRI;
H, HindIll; K, Kpnl; O, Xhol; P, Pstl; S, Sall; X, Xbal; *, sites
which were lost during the cloning procedure.
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FIG. 6. CAT insertion clones of pCHB16014 and enzyme activ-
ity observed in cells containing these clones. (A) Location and
orientation of the fragment containing the CAT coding sequence
(filled box) in clones pCHB16014CAT-1 and -2. The exact location
and orientation of the putative sqdB open reading frame and the
coding sequence for the CAT gene are indicated by arrows. Vector
sequences derived from pLLA2917 are drawn with a thicker line.
Restriction sites: A, BamHI; B, Bglll; E, EcoRI; H, HindIlI; O,
Xhol; P, Pstl; V, Sau3Al. (B) CAT activity measured in extracts
from sqdB mutant cells containing the plasmids pLA2917,
pCHB16014, pCHB16014CAT-1, and pCHB16014CAT-1. Three
replicates were measured and averaged for each of the extracts, and
the calculated standard errors are indicated.

sequence, it was concluded that the coding sequence de-
picted in Fig. 4 represents the sqdB gene. It must be noted,
however, that small but significant amounts of CAT activity
were observed when the CAT coding sequence and the
putative sqdB coding sequence were oriented in opposite
direction in pCHB16014CAT-2 (Fig. 6).

The sqdB gene product shows homology to the N terminus of
UDP-glucose epimerase from different organisms. The puta-
tive open reading frame for the sqdB gene encodes a 404-
amino-acid-residue polypeptide with an aggregate molecular
mass of 46 kDa. A hydropathy analysis by the method of
Kyte and Doolittle (19) indicated that the putative protein is

J. BACTERIOL.

gallo 12 KIVLVTGGAGYIGSHTVVELIENGYDCVVA
sqdB 1 MR?A!L%D%WPTALHLSDLGHE IHIV
galE 1 MRVLVTGGSGYIGSHTCVQLLONGHDVIIL
gallo 43 DNLSNSWSSVRVTGRRAGDVLNLTAKPDRA
sqdB 31 DNLSRRWIDTELGVQSLTPMDSIQERCRIW
galE 31 DNLCNSKRSVLPVIERLGGKHPTFVEGDIR

B

ORF2 68 FAKLRL

LVDYRSVVFIDADALVLRNVDR

Glyc 61 LTKLHSWSLTQYSKLVFMDADTLVLANIDD
ORF2 120 LFDYPEFCAAPNVYESLSDFHRMNSGVFTA
Glyc 113 LFEREELSAAPD--PGWPD--CFNSGVFVY
ORF2 150 RPSTDTYARMLEALDVPGAFWRRTDOSFLQ
Glyc 139 QPSVETYNQLLHVASEQGSF-DGGDQGLLN
ORF2 180 FFPDW——~——— QGLPVFCNMLQYVWFA-M
Glyc 168 TFFNSWATTDIRKHLPFIYNLSSISIYSYL
ORF2 203 PELWSW-EiIRI LHF -QYEW

Glyc 198 !AFK%GANAMLGQTKPWN

FIG. 7. Sequence homology between the predicted amino acid
sequences of the sqdB gene and ORF2 and proteins of known
function. (A) Comparison of the N-terminal amino acid sequence of
the putative sqdB gene product and UDP-glucose epimerases from
Saccharomyces cerevisiae (10) and E. coli (20). The amino acid
sequences were translated from the nucleotide sequence of the gal10
gene of S. cerevisiae (top), the sqdB gene (center), and the galE gene
of E. coli (bottom). (B) Comparison of the putative amino acid
sequence of ORF2 and rabbit skeletal muscle glycogenin (9). Dotted
boxes indicate conservative substitutions, while solid boxes repre-
sent perfect identity.

probably soluble rather than membrane bound, because no
major hydrophobic domains typical for membrane spanning
regions could be detected.

The deduced amino acid sequence of the sqdB gene
product was used in a homology search of two protein data
bases (NBRF-PIR release 26 and SWISS-PROT release 15).
The enzyme UDP-glucose epimerase from various organ-
isms showed significant sequence homology (28.3% identity
over 60 amino acids for the E. coli protein or 43.3% if
identical amino acids and conservative substitutions were
considered) to the N-terminal region of the putative sqdB
gene product (Fig. 7A).

Mutant line CHB18 marks a gene involved in sulfolipid
biosynthesis located adjacent to the sqdB gene. The defective
gene in the sulfolipid deficient mutant CHB18 was comple-
mented by the cosmid pCHB1601 and its subclone
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FIG. 8. Deletion and complementation analysis of derivatives of
pCHBI181 (A) and reconstruction and insertional inactivation of the
sqd operon (B). (A) The open arrow indicates the location of the
sqdC open reading frame on pCHB181. (B) The open arrows above
the pCHB160018 sequence indicate the location of the sqd genes and
ORF2. The () cassette is shown as a cross-hatched box. Clone
designations (without the pCHB prefix) and the presence (+) or
absence (—) of sulfolipid when the respective clone is mated into the
sqdC mutant are indicated. Vector sequences are drawn with a
thicker line. The solid arrows indicate the position and orientation of
the cycA promoter of pCHB500. Restriction sites: A, BamHI; B,
Bgill; E, EcoRI; H, HindIII; P, Pstl; +, sites lost during subcloning.

pCHBI1611 (Fig. 3B). A 4.3-kb BglII fragment (Fig. 3B, B4)
of pCHBI1611 beginning inside the sqdB coding sequence
was cloned in both directions into the BamHI site of the
pCHBS500 expression vector, giving rise to clones pCHB181
and pCHB182 (Fig. 8A). Plasmid pCHBI181, but not
pCHBI182, complemented the mutation in CHB18. This
result clearly located the gene on a defined fragment of
pCHBI1611 which overlapped with the 3’ portion of the
putative sqdB gene. The orientation dependence of the
fragment relative to the cytochrome ¢ promoter in pCHB500
for complementation indicated that this gene was expressed
in the same orientation as the sqdB gene. In addition, the
dependence of expression on the cycA promoter suggested
that the gene was not directly preceded by a promoter. This
gene was tentatively designated sqdC.

Identification and characterization of the sqdC open reading
frame. To identify the sqdC open reading frame on clone
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pCHBI181, a series of deletion clones of pCHB181 was
constructed in the expression vector pCHB500 and tested
for complementation of the sgdC mutant (Fig. 8A). The fact
that pCHB183 and pCHB184 do not complement as opposed
to pCHBI18S5 indicated that the sqdC gene is located in the
left half of pCHB181. The start of the gene is located within
the 307-bp BamHI fragment present in the complementing
clone pCHB188 and absent in the noncomplementing clone
pCHBI189 (Fig. 8A).

The insert of pCHB185 was cloned into pBluescript, and
the sequence from the right end of the overlapping clone
pCHB16014 to the right end of pCHBI185 (Fig. 3C) was
determined (Fig. 4, composite sequence of pCHB16014 and
pCHBI18S5). Open reading frame analysis in combination with
codon usage analysis revealed a putative sgdC open reading
frame which can encode a protein with a molecular mass of
26 kDa. The proposed initiation codon as well as two other
in-frame initiation codons further upstream are not preceded
by a recognizable ribosome binding site. However, since the
first initiation codon is located just outside the 307-bp
BamHI fragment determined to contain the start site for the
sqdC gene and the second initiation codon already falls into
a region with increased unusual codons, the third initiation
codon was proposed to represent the start of the sqdC gene.

The deduced amino acid sequence from the putative sqgdC
open reading frame showed no homology to known proteins
listed in two data bases (NBRF-PIR release 26 and SWISS-
PROT release 15). The result of a hydropathy analysis
according to the method of Kyte and Doolittle (19) did not
reveal major hydrophobic domains typical for membrane
spanning regions of membrane-bound proteins.

The translated amino acid sequence of an open reading
frame flanked by the sqdB and sqdC genes shows homology to
glycogenin. Analysis of the composite sequence of
pCHBI16014 and pCHB185 (Fig. 4) revealed an additional
reading frame, designated ORF2, proposed to begin 57 bp
downstream of the sqdB stop codon and ending 68 bp
upstream of the proposed initiation codon for the sqdC gene.
The result of codon usage analysis indicated that the codon
usage of ORF?2 is consistent with it being the protein coding
sequence for another R. sphaeroides gene. The initiation
codon proposed on the basis of the result of the reading
frame and codon usage analysis of the DNA sequence was
not found to be preceded by a recognizable ribosome binding
site. The deduced amino acid sequence of ORF2 was used to
search NBRF-PIR release 26 and SWISS-PROT release 15
for homologous sequences. Significant homology (36.6%
identity over 134 amino acids or 53.0% if identical amino
acids and conservative substitutions were considered) to
rabbit muscle glycogenin was discovered (Fig. 7B). Glyco-
genin is thought to be an autoglycosylating, UDP-glucose-
dependent glycosyltransferase involved in priming of glyco-
gen biosynthesis in mammals (9, 24).

Creation of a polar mutation by insertion of an {2 cassette
into the sqdB gene. A common feature of bacterial genes
organized in a transcriptional unit or operon is that muta-
tions, particularly transposon insertions, in the genes located
at the 5’ end of the operon can exert polar effects by
inhibition of expression of the genes located in the 3’
direction of the insertion. In order to examine whether the
sqdB and sqdC genes are cotranscribed, the colinear se-
quence of the three open reading frames on the cosmid
pCHB1601 was reconstructed by combining parts of the two
subclones pCHB16014 and pCHB185, which complement
the sqdB and sqdC mutants, respectively. The plasmid
pCHB16014 was digested with PszI, and the small fragments
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were replaced by a 2.0-kb PstI partial fragment of pCHB185,
giving rise to pPCHB160018 containing all three open reading
frames in their original order (Fig. 8B).

A polar mutation in the sgdB gene was created by inserting
the 2.0-kb BamHI fragment of pHP45Q) carrying an Q
cassette, which contains a spectinomycin and streptomycin
resistance gene flanked by transcriptional terminators and
stop codons in all three frames (25), into the 5'-proximal
BamHI site of pCHB160018, giving rise to pCHB160018::)
(Fig. 8B). The () cassette causes termination of transcription
and translation independently of the orientation. In order to
test whether this mutation would affect the expression of the
sqdC gene located at the 3’ end of the region, pCHB160018
and pCHB160018::() were mated into the sqdC mutant.
Plasmid pCHB160018 complemented the mutation, whereas
pCHB160018::() did not (Fig. 8B). This result indicated that
the sqdB and sqdC genes are cotranscribed and that the two
genes sqdB and sqdC together with ORF2 are organized in
an operon.

DISCUSSION

On the basis of the complementation analysis described
here, it can be concluded that the two sulfolipid-deficient
mutant lines of R. sphaeroides, CHB16 and CHBI18, carry
mutations in two different genes involved in sulfolipid bio-
synthesis. These two novel genes have been preliminarily
designated sqdB and sqdC, respectively. Together with the
recently identified sqd4 gene (7), the number of genes
presently known to be required for sulfolipid biosynthesis is
three. In addition, an open reading frame, designated ORF2,
located between the sqdB and sqdC genes may represent
another gene in this pathway. Since we have not yet isolated
a mutant defective in this putative gene, additional experi-
ments are required to test whether ORF 2 represents an
additional sqd gene required for sulfolipid biosynthesis.
Since we have not yet isolated the same mutant twice, it is
assumed that the pathway of sulfolipid biosynthesis is not
saturated with mutations.

Unfortunately, we do not know what the functions of any
of the gene products are, and further experiments will be
required to address this question. However, the apparent
amino acid sequence identity between regions of the UDP-
glucose epimerase from various organisms and the putative
sqdB gene product permits speculation about the function of
the putative sqdB gene product. The enzyme UDP-glucose
epimerase catalyzes the conversion of UDP-glucose to UDP-
galactose (18). UDP-sulfoquinovose has recently been dem-
onstrated to be a precursor of the plant sulfolipid (16). It is
therefore conceivable that the sqdB gene product may be
involved in sulfolipid biosynthesis at the level of synthesis of
UDP-sulfoquinovose or some other related sugar nucleotide.
Similarly, although the involvement of ORF2 in sulfolipid
biosynthesis has not yet been demonstrated, the apparent
sequence similarity to glycogenin, a UDP-glucose-depen-
dent glycosyltransferase, raises the possibility that ORF2
represents a sqd gene coding for a glycosyltransferase,
which has been postulated to catalyze the last step in the
pathway (16).

The polar effect of an ) cassette insertion into the sqdB
gene on the expression of the sqdC gene suggests that these
two genes are organized in an operon. Thus, it may be
possible to identify other sulfolipid-deficient mutants by
directed mutagenesis of the regions of the chromosome
adjacent to the sqdC gene. It must be pointed out that the
previously described sqdA (7) mutant is not closely linked to
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this operon. Therefore, directed mutagenesis of the regions
of DNA adjacent to the sqd4 gene may also reveal other
genes involved in sulfolipid biosynthesis in R. sphaeroides.
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