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Abstract

The roles of putative active site residues of the Saccharomyces cerevisiae sphingolipid C-4 long chain base hydroxylase (Sur2p) were
investigated by site-directed mutagenesis. The replacement of any one of conserved His residues of three histidine-rich motifs with an alanine
eliminated hydroxylase activity in vivo and in vitro, indicating that they are all essential elements of the active site. An additional conserved
His residue (His 249) outside of the histidine-rich cluster region was also found to be crucial for activity. Additional mutants altered in residues
in close proximity to the histidine-rich cluster were generated. In order to determine their roles in hydroxylase vs. desaturase activities, residues
were replaced with conserved residues from the yeast A7-sterol-C5(6)-desaturase, Erg3p. Residues Phe 174, Asn 182, Ser 191, Leu 196, Pro
199, Asn 266, Tyr 269, Asp 271 and Gln 275 appear to be additionally important elements of the active site but their conversion into
corresponding Erg3p residues did not lead to a gain in desaturase activity. It is concluded that Sur2p is a membrane-bound hydroxylase that

belongs to the diiron family of eight-histidine motif enzymes.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Sphingolipids are particularly important and abundant
molecules with structural and regulatory functions [1,2].
For example, ceramide, the base compound of sphingoli-
pids, and sphingosine-1-phosphate are important signaling
molecules. They are generated in response to a variety of
stimuli, such as cytokines, UV light, heat, DNA damage,
growth factors, G protein-coupled receptor agonists and
antigens. The generation of ceramide indicates cellular
stress and has been implicated in apoptosis, proliferation
and differentiation [3]. Sphingosine-1-phosphate is an
extracellular effector involved in apoptosis, differentiation
and migration, and it also functions as an intracellular
second messenger [4].

Sphingolipids are composed of a long chain base with an
amide-linked fatty acid at the C-2 position and a polar
constituent at the C-1 position. There are significant differ-
ences between sphingolipids of mammals and the yeast
Saccharomyces cerevisiae. Yeast produces primarily the long
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chain base known as phytosphingosine (PHS), which is
hydroxylated at the C-4 position. In mammals, the long
chain bases are mostly in the form of sphingenine, desatu-
rated at the C4(5) position. C-4 hydroxylated sphingolipids
also occur in small amounts in mammalian cells in skin,
kidney, intestine and erythrocytes [5—7]. The amount of
hydroxylated sphingolipids is significantly high in human
carcinomas. For instance, human colonic and liver adeno-
carcinomas possess sphingolipids with hydroxylated sphin-
goid bases and fatty acids [8]. The presence of these
hydroxylated sphingolipids could change cell surface prop-
erties that lead to cancer. They may also alter ceramide-
induced apoptosis [9], a phenomenon in which the accumu-
lation of C4(5) desaturated ceramide is often observed [10].
In carcinomas, a possible limitation of this desaturation and a
reciprocal increase in C-4 hydroxylation prevent normal
ceramide-induced apoptosis.

Despite a great deal of research on the involvement of
hydroxylated sphingolipids in cancer, only one report reveals
a low level of C-4 hydroxylase activity [11].

On the other hand, the gene responsible for sphingoid
base C-4 hydroxylation in S. cerevisiae has been identified
and studied. It was first recognized as gene SUR2 (SYR2),
necessary for the antifungal action of syringomycin E, a
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small lipodepsinonapeptide secreted by Pseudomonas syrin-
gae [12,13]. Later, it was recognized to encode an enzyme
required for the long chain base hydroxylation in yeast
[12,14]. Sur2p catalyzes hydroxylation at the C-4 position
at the level of dihydrosphingosine (Fig. 1). SUR2 homologs
have been identified in Arabidopsis thaliana [15], Schizo-
saccharomyces pombe (accession number: CAA21900) and
Candida albicans (ORF sequence available from http://
www-sequence.stanford.edu).

Multiple sequence alignment of Sur2p homologs from C.
albicans, A. thaliana, S. pombe and S. cerevisiae shows that
all are identical in eight-conserved histidine residues, which
form three conserved clusters (Fig. 2). Two histidine-con-
taining motifs are located in the loop between the predicted
second and third transmembrane segment. The third histi-
dine-rich motif follows the fourth predicted transmembrane
segment.

Shanklin et al. [16] catalogued 75 known proteins that
contain similar eight-histidine motifs. The histidines are
proposed to bind catalytically active diiron. These proteins
are integral membrane proteins with desaturase, hydroxy-
lase, oxidase or decarbonylase activities. The tripartite
histidine motif is thought to be an important part of the
active site of these enzymes, where it is proposed to bind
catalytically active diiron. Spectroscopic studies of alkane
o-hydroxylase from Pseudomonas oleovorans [16]—an
enzyme of this family—indicate the presence of a diiron
cluster. The role of highly conserved histidines in enzymatic
catalysis is indicated by site-directed mutagenesis studies of

family members with desaturase functions: the A7-sterol-
C5(6)-desaturase from A. thaliana [17], the A12 acyl-lipid
desaturase of Synechocystis [18] and the rat A9 fatty acid
desaturase [19]. In contrast, structure—function studies on
the role of the histidine residues for hydroxylase activity
have not yet been reported.

In this work, site-directed mutagenesis studies of Sur2p
with systematic alteration of each histidine residue and
neighboring amino acids were undertaken. In addition,
Sur2p residues were replaced with corresponding residues
from a closely related yeast desaturase, Erg3p [20]. The
studies not only shed light on the roles of the histidines in
hydroxylase action of Sur2p, but also on the specific
contributions of other amino acids to hydroxylase vs.
desaturase activities.

2. Materials and methods
2.1. Site-directed mutagenesis

The pYES2 yeast expression vector (Invitrogen, Carls-
bad), initially containing the wild-type SUR2 gene cloned
into PstI—Sphl restriction sites [13], was used as a tem-
plate. For multiple site mutations, previously mutagenized
plasmids were used as templates. Site-directed mutagenesis
was performed using a method previously described [21],
with some modifications. Two mutagenized primers were
used to prime DNA synthesis by a high—fidelity polymer-
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Fig. 1. Biosynthesis of ceramide in yeast. The following enzymes are indicated: Sur2p—C-4 sphingoid base hydroxylase, Laglp, Laclp—ceramide syntheses.
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Fig. 2. Alignment of Sur2p protein with sphingoid base hydroxylases from different species and with S. cerevisiae CA7-sterol-C5(6)-desaturase (Erg3p).
Alignment was obtained by Clustal W analysis [35]. Residues altered in this study are in boldface. Conserved histidines are underlined.

ase (Platinum Taq, Invitrogen). A denaturated plasmid
served as template. Primers used are shown in Table 1.
The amplification was performed using an Ericomp Power-
Blockl ™ /PowerBlockIl™ PCR System. A two-stage am-
plification reaction was used [22]. In the first step, two
separate amplifications—each containing one of the two
oligonucleotides—were performed using the following
conditions: one cycle of 30 s at 94 °C, followed by five
cycles of 30 s at 94 °C, 1 min at 55 °C and 7.5 min at 68
°C with final elongation of 10 min at 68 °C. Equal
volumes of both reactions were mixed and second stage
amplification was performed with PCR cycling parameters:
1 cycle of 30 s at 94 °C, followed by 15 cycles of 30 s at
94 °C, 1 min at 55 °C and 7.5 min at 68 °C with final
elongation of 10 min at 68 °C. Products of amplifications
were digested with Dpnl restriction enzyme in order to
eliminate the methylated parental template molecules.

After chloroform extraction and ethanol precipitation about
10 pg of DNA were used to transform competent Escher-
ichia coli TG1 cells (supE thi-1 D(lac-proAB) D(mcrB-
hsdSM)5 (K- mK-) [F traD36 proAB laclqgZDM15]).
Transformants were selected for antibiotic resistance on
medium containing 100 pg/ml ampicillin. Plasmid DNAs
extracted from FE. coli transformants were sequenced to
verify that the desired mutations were introduced and no
additional mutations were present in the SUR2 coding
region.

2.2. Yeast transformation

Competent cells were prepared as described [23] and
yeast was transformed by electroporation. DNA containing
a mutated SUR2 gene was used to transform the BY4742
sur2A (MATa his3A1 leu2AO lys2A0 ura3A0 sur2A::KAN)
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Table 1

Synthetic oligonucleotide primers used for site-directed mutagenesis
(codons for changed amino acids are underlined and product of the point
mutation within the codons for changed amino acids are in boldface)

Phe 174 Leu = CATGGCAATACCTTTTGCATAGATTG
CAATCTATGCAAAAGGTATTGCCATG

His 176 Ala ~ GGCAATACTTTTTGGCTAGATTGATGCATATG
CATATGCATCAATCTAGCCAAAAAGTATTGCC

His 180 Ala ~ GCATAGATTGATGGCTATGAATAAGACC
GGTCTTATTCATAGCCATCAATCTATGC

Asn 182 Pro GATGCATATGCCTAAGACCTTATAC
GTATAAGGTCTTAGGCATATGCATC

His 190 Ala ~ CCTTATACAAATGGTTCGCCTCTGTTCATCATG
CATGATGAACAGAGGCGAACCATTTGTATAAGG

Ser 191 Lys CAAATGGTTCAACAAGGTTCATCATGAAC
GTTCATGATGAACCTTGTGGAACCATTTG

His 193 Ala ~ GGTTCCACTCTGTTGCTCATGAACTATACGTGC
GCACGTATAGTTCATGAGCAACAGAGTGGAACC

His 194 Ala ~ CCACTCTGTTCATGCTGAACTATACGTGC
GCACGTATAGTTCAGCATGAACAGAGTGG

Leu 196 Trp  GTTCATCATGAATGGTACGTGCCATATGC
GCATATGGCACGTACCATTCATGATGAAC

Pro 199 Cys ~ GAACTATACGTGITGCTATGCTTACGG
CCGTAAGCATAGCACACGTATAGTTC

His 249 Ala ~ GACTGTCGATGACGCCTGTGGGTATGC
GCATACCCACAGGCGTCATCGACAGTC

Asn 266 Gly GCTTTTCCCTAATGGCGCTGTCTATCACG
CGTGATAGACAGCGCCATTAGGGAAAAGC

Tyr 269 Cys  CCTAATAACGCTGTCIGTCACGATATCC
GGATATCGTGACAGACAGCGTTATTAGG

His 270 Ala ~ CCTAATAACGCTGTCTATGCCGATATCCACCACC
GGTGGTGGATATCGGCATAGACAGCGTTATTAGG

Asp 271 Thr  GCTGTCTATCACACTATCCACCACC
GGTGGTGGATAGTGTGATAGACAGC

His 273 Ala ~ GCTGTCTATCACGATATCGCCCACCAGCAATTTGG
CCAAATTGCTGGTGGGCGATATCGTGATAGACAGC

His 274 Ala ~ CACGATATCCACGCCCAGCAATTTGG
CCAAATTGCTGGGCGTGGATATCGTG

GlIn 275 Leu  CGATATCCACCACCTGCAATTTGGTATC

GATACCAAATTGCAGGTGGTGGATATCG

strain (Research Genetics). BY4742 sur2A:SUR?2 strain was
used as a positive control.

2.3. Growth conditions

Yeast was grown at 28—30 °C with shaking in minimal
uracil dropout medium containing glucose [24]. In order to
induce the gene under control of the GAL/ promoter, cells
were transferred to minimal uracil dropout medium contain-
ing galactose (2%) as a carbon source.

2.4. Long chain base analysis

Yeast was grown as described above and harvested by
centrifugation. Release and identification of long chain
bases were performed as previously described [25]. Briefly,
lipids of the cell pellet were hydrolyzed by adding 1 M
HCI in methanol/water (82:18, v/v) and incubating at 80
°C for 20 h. After heating, ammonium hydroxide was
added, then sphingoid bases were extracted with chloro-
form and dried. Next, derivatization with UV-absorbing 4-

biphenylcarbonylchloride (Sigma) was carried out and
samples were resolved by reverse phase HPLC on a 4.6
mm X 15 cm Beckman C-18 column. Long chain bases
were eluted with the following gradient profile: 85%
methanol, 5 min, 85-95% methanol linearly, 20 min,
95% methanol, 5 min, 95—85% methanol linearly, 5 min
and 85% methanol, 5 min. The effluent was monitored by
absorbance at 280 nm.

2.5. C-4 hydroxylase assay

The assay was performed as described by Grilley and
Takemoto [26]. Mutants were grown on medium lacking
uracil and induced with galactose. Cells were harvested,
spheroplasted using Zymolase 100T (Seikagaku Corp.) and
disrupted by sonication. Finally, microsomal membranes
were isolated by differential centrifugation. For the in vitro
enzyme reaction, sphingoid base substrate dihydrosphingo-
sine (DHS) (Avanti Polar-Lipids, Inc.) was mixed with the
microsomes and NADPH to initiate the reaction. The
reaction mixture was incubated at 25 °C for 1 h and stopped
with methanol/chloroform (2:1, v/v). Next, the reaction
solution was centrifuged to separate the chloroform phase
that contains sphingoid bases. The chloroform phase was
dried, derivatized with UV-absorbing 4-biphenylcarbonyl-
chloride and subjected to high-performance liquid chroma-
tography as described above. PHS (Avanti Polar-Lipids)
derivatized with biphenylcarbonylchloride was used as a
standard. Control reactions using heat-inactivated (55 °C for
10 min) microsomes and without adding NADPH were run
for BY4742 sur2A:SUR2 to account for endogenous PHS.
No detectable PHS was present in these reactions.

2.6. C4(5) desaturase assay

The assay was performed in the same way as the C-4
hydroxylase assay (above), except that the production of
C4(5) desaturated sphingoid bases was analyzed. Sphingo-
sine (Avanti Polar-Lipids) derivatized with biphenylcarbo-
nylchloride was used as a standard.

2.7. Syringomycin E treatment

Cells were grown on plates containing minimal uracil
dropout medium with glucose and replica plated on uracil
dropout medium with glucose or galactose containing 1 pg/
ml of syringomycin E. Growth was examined after 36
h incubation at 28—30 °C.

2.8. SDS-PAGE and immunoblotting

Microsome preparations (50 pg of protein per lane) were
analyzed by 10% SDS-PAGE. After electrophoresis, pro-
teins were electrotransferred onto PVDF membranes at 15 V
for 18 h. Transferred proteins were detected by Western
blotting as previously described [27]. Duplicate gels were
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run and stained with Coomassie blue to estimate relative
total protein loaded in each lane.

3. Results
3.1. Mutation of His residues

Site-directed mutagenesis of each of the eight conserved
His residues of Sur2p was done to determine their roles in
sphingoid base hydroxylation. Mutants of residues 176, 180,
190, 193, 194, 270, 273 and 274 from the three histidine-
rich motifs were constructed. The residues were individually
replaced with alanine. Sur2p levels were examined in all
mutants by Western blot analysis, and they were similar to
the wild-type levels.

The replacement of each of the conserved His residues
from the three histidine-rich motifs completely eliminated
hydroxylase activity of Sur2p. No phytosphingosine was
present in sphingolipids extracted from mutants (Table 2). In
addition, in vitro activity assays did not reveal C-4 hydrox-
ylase activities in microsomal preparations from the His
mutants (Table 3).

3.2. Mutation of His 249

An additional conserved His residue (His 249) outside of
the histidine-rich cluster region was studied. Replacement of
His 249 by an alanine residue resulted in complete loss of
hydroxylase activity both in vivo and in vitro (Tables 2 and
3). This indicates that the additional histidine, located
between the second and third cluster of highly conserved
histidines is crucial to the reaction catalyzed by Sur2p.

Table 2
Sphingoid base analysis

PHS (%)
BY4742 sur2A <0.09
BY4742 sur2A:SUR2 41.46 +2.56
BY4742 sur2A:SUR2 His 176 Ala <0.23
BY4742 sur2A:SUR2 His 180 Ala <0.15
BY4742 sur2A:SUR2 His 190 Ala <0.08
BY4742 sur2A:SUR2 His 193 Ala <0.12
BY4742 sur2A:SUR2 His 194 Ala <0.1
BY4742 sur2A:SUR2 His 270 Ala <0.08
BY4742 sur2A:SUR2 His 273 Ala <0.11
BY4742 sur2A:SUR2 His 274 Ala <0.09
BY4742 sur2A:SUR2 His 249 Ala <0.08
BY4742 sur2A:SUR2 Phe 174 Leu <0.11
BY4742 sur2A:SUR2 Asn 182 Pro <0.18
BY4742 sur2A:SUR2 Ser 191 Lys 53.14 +£4.54
BY4742 sur2A:SUR2 Leu 196 Trp <0.13
BY4742 sur2A:SUR2 Pro 199 Cys <0.1
BY4742 sur2A:SUR2 Asn 266 Gly <0.13
BY4742 sur2A:SUR2 Tyr 269 Cys <0.1
BY4742 sur2A:SUR2 Asp 271 Thr 49.84 +7.02
BY4742 sur2A:SUR2 Gln 275 Leu <0.01

Percentage of PHS synthesized in yeast expressing wild-type and mutated
forms of SUR2. 100%—total sphingoid bases.

Table 3

C-4 sphingoid base hydroxylase activity in SYR2 null mutant and
transformants carrying the mutagenized forms of Sur2p (relative to wild-
type Sur2p)

Hydroxylase activity (%)

Sur2p 100%
sur2A not detected”
His 176 Ala not detected
His 180 Ala not detected
His 190 Ala not detected
His 193 Ala not detected
His 194 Ala not detected
His 270 Ala not detected
His 273 Ala not detected
His 274 Ala not detected
His 249 Ala not detected
Phe 174 Leu not detected
Asn 182 Pro not detected
Ser 191 Lys 98.7 £7.09
Leu 196 Trp not detected
Pro 199 Cys not detected
Asn 266 Gly not detected
Tyr 269 Cys not detected
Asp 271 Thr 98.3+6.08
Gln 275 Leu not detected

? Less than 0.5%, when 100% equals the formation of 2.73 + 0.71 nmol
of PHS by wild-type form of Sur2p as a result of the in vitro assay with 500
ng of protein under conditions described in Materials and methods.

3.3. Mutation of Phel74Leu, Asnl82Pro, Serl91Lys,
Leul96Trp, Prol199Cys, Asn266Gly, Tir269Cys, Asp271Thr
and GIn275Leu

Additional conserved residues that are in close proximity
to the histidine-rich clusters were studied to determine their
roles in hydroxylase vs. desaturase activities. Broun et al.
[28] showed that members of the diiron family of enzymes
from plants are catalytically plastic and a few non-histidine
amino acid substitutions near the histidine-rich motifs are
capable of converting a fatty acid hydroxylase into a
desaturase. There is no similarity between Syr2p and plant
fatty acid enzymes studied by Broun et al., aside from the
eight histidine residues characteristic of diiron family mem-
bers. However, in order to examine similar potential
changes in the catalytic activity of Sur2p, Sur2p was aligned
with the yeast A7-sterol C5(6) desaturase Erg3p, the only
known yeast desaturase with close similarity to Sur2p.
Sequence alignment revealed a number of residues in the
histidine-rich regions that are significantly different between
Sur2p and Erg3p (Fig. 2). Mutants altered in these amino
acids were constructed, and analyzed for hydroxylase activ-
ity. Sur2p levels were examined in all these mutants by
Western blot analysis, and they were comparable to the
wild-type. Hydroxylase activities were unchanged in Sur2p
mutated at Ser 191 and Asp 271. All other mutations
resulted in a loss of hydroxylase activity both in vivo and
in vitro (Figs. 3 and 4; Tables 2 and 3). No concomitant gain
of desaturase activity was evident. Taken together, residues
Phe 174, Asn 182, Ser 191, Leu 196, Pro 199, Asn 266, Tyr
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Fig. 3. Examples of sphingoid base analysis produced by wild-type Sur2p
and mutated forms of the enzyme. Methanol—-HCI hydrolysates of strain
BY4742 sur2A expressing (A) wild-type form of SUR2 (B) Ser 191 Lys, and
(C) Tyr 269 Cys mutants, were derivatized with 4-biphenylcarbonyl chloride
and the products were resolved by reverse phase HPLC as described in
Materials and methods.

269, Asp 271 and GIn 275 appear to be additionally
important elements of the active site of the yeast C-4
sphingoid base hydroxylase.

Since four or seven amino acid substitutions combined
were required for the fatty acid hydroxylase—desaturase
interconversion [28], multiple site mutations of Sur2p
were also analyzed. Multiple site mutants were con-
structed in the combinations shown in Table 4. Neither
desaturase nor hydroxylase activity was observed in these
mutants. Interestingly, the level of Sur2p mutant protein
synthesis was highly reduced in all cases (data not
shown).

3.4. Syringomycin E sensitivity

All constructed mutants were tested for growth sensitivity
to syringomycin E. Syringomycin E is a small lipodepsino-
napeptide produced by the plant bacterium P. syringae, and it
inhibits growth of S. cerevisiae at micromolar concentra-
tions. The SUR2 gene is required for the antifungal action of
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Fig. 4. Examples of in vitro hydroxylase assay using microsomal
preparations from wild-type Sur2p and mutated forms of the enzyme.
Microsomes from BY4742 sur2A expressing (A) wild-type form of SUR2
(B) Leu 196 Trp, and (C) Ser 191 Lys mutants, were incubated with DHS
substrate for 60 min at 25 °C, the sphingoid bases extracted with
chloroform and derivatized with the 4-biphenylcarbonyl chloride, and the
products were resolved by reverse phase HPLC as described in Materials
and methods.

syringomycin E suggesting that C-4 sphingoid base hydrox-
ylation of sphingolipids is necessary for syringomycin E
action [13]. Only mutants altered in residues Ser 191 and
Asp 271 were sensitive to this antifungal agent (Fig. 5) (data
not shown for multiple site mutants), in accordance with the

Table 4
Multiple site mutants constructed in this study

Asn182Pro, Asn266Gly

Asnl182Pro, Asn266Gly, Pro199Cys

Asn182Pro, Asn266Gly, Pro199Cys, GIn275Leu

Asnl182Pro, Asn266Gly, Pro199Cys, GIn275Leu, Phe 174Leu

Asnl182Pro, Asn266Gly, Pro199Cys, GIn275Leu, Phel74Leu, Tyr269Cys

Asnl182Pro, Asn266Gly, Pro199Cys, GIn275Leu, Phel74Leu, Tyr269Cys,
Leul96Trp

Asnl182Pro, Asn266Gly, Pro199Cys, GIn275Leu, Phel74Leu, Tyr269Cys,
Leul96Trp, Asp271Thr

Asn182Pro, Asn266Gly, Pro199Cys, GIn275Leu, Phel74Leu, Tyr269Cys,
Leul96Trp, Asp271Thr, Serl91Lys
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His 176 Ala
His 180 Ala
His 190 Ala
His 193 Ala
His 194 Ala
His 270 Ala
His 273 Ala

GAL+ SE

GLU+ SE

His 274 Ala

His 249 Ala
Phe 174 Leu
Asn 182 Pro
Ser 191 Lys
Leu 196 Trp
Pro 199 Cys
Asn266 Gly
Tyr 269 Cys
Asp 271 Thr
GIn 275 Leu

Fig. 5. Syringomycin E sensitivity of mutants. Cells were replica plated onto uracil dropout medium with glucose or galactose containing 1 pg/ml syringomycin

E. Growth was examined after 24 h incubation at 28—30 °C.

corresponding normal hydroxylase activities of these
mutants.

4. Discussion

In this work, we provide data that support Sur2p as a
member of the family of diiron enzymes with active site
histidine—rich motifs [29]. Hydropathy analysis for different
proteins from this family indicates that these characteristic
motifs are localized within the hydrophilic domains on the
cytoplasmic face of the endoplasmic reticulum. Histidine-
rich domains have been proposed to stabilize an active site
metal center. Previous site-directed mutagenesis studies on
these enzymes [17—19] focused on the desaturases. To our
knowledge, the present report is the first structure—function
study of the hydroxylases and the first such study of an
enzyme for sphingolipid biosynthesis.

We were able to demonstrate that eight histidines are each
crucial for C-4 sphingoid base hydroxylase activity. Conver-
sion of each of the eight conserved histidines into an alanine
residue failed to complement the yeast sur2A mutant. An
additional conserved histidine residue (His 249) was shown
to be essential for Sur2p catalytic activity. In studies by Taton
et al. [17], the corresponding His residue from Erg3p was
converted into a leucine or glutamic acid, and this signifi-
cantly reduced the desaturase activity of this enzyme. It is
possible that this additional histidine residue, located be-
tween the second and third histidine-rich cluster, is important
for active site stability.

Another group of mutants was constructed by altering
conserved residues in close proximity to the histidine cluster.
These residues were converted into corresponding residues
found in Erg3p. Hydroxylases and desaturases are proposed
to be mechanistically very similar. Small changes in their
active site geometries can shift the balance between hydrox-
ylase and desaturase action. Broun et al. [28] showed that the
active sites of a pair of diiron plant oleate desaturases and
oleate hydroxylases are closely related. In addition to the
eight histidines, there are seven highly conserved amino
acids in oleate desaturases from several plant species. The
functions of each of the seven residues were examined using

a site-directed mutagenesis approach. Corresponding resi-
dues found in hydroxylases were replaced with residues from
equivalent positions in oleate desaturases. Also residues
found in oleate desaturases were replaced with corresponding
hydroxylase residues. Four amino acid substitutions resulted
in conversion of oleate 12-desaturase into a hydroxylase. A
six-amino acid-substitution led to the conversion of the
hydroxylase into a desaturase. In the present work, a similar
active site modification study of Sur2p was undertaken.
Mutants with single site replacements of hydroxylase resi-
dues with desaturase residues were shown to lose their
hydroxylase activity but with no concomitant gain of desa-
turase activity. This indicates that the conserved residues are
important for hydroxylase activity and their conversion into
different amino acids failed to complement the Sur2p dele-
tion mutant.

The conversions of Ser 191 into Lys and Asp 271 into Thr
had no effect on the hydroxylase activity nor did they
provide desaturase activity. This shows that these residues
are not directly essential for the hydroxylase-specific catal-
ysis and that the single substitutions are not sufficient for
desaturase activity.

Studies by Broun et al. [28] showed that changes in
catalytic activity resulted from a combined effect of several
amino acids with partially overlapping effect. Following
these studies, we constructed multiple site mutants using
non-histidine residues. All the mutants had reduced levels of
mutated Sur2p, and no mutant was able to synthesize
desaturated sphingoid bases. Residues for multiple site
mutants were chosen randomly, and it is possible that the
combinations selected resulted in decreased protein stability.

It was shown by Ternes et al. [11] that the family of
membrane-bound desaturases and hydroxylases with the
tripartite histidine motif can be divided into two groups:
either short or long spacing between the first and second
histidine box. Sur2p has short spacing while proteins from
the newly defined DES family of C4(5) sphingoid base
desaturases have long spacing. It is possible that larger active
site architectural changes are needed for interconversion of
C-4 hydroxylase—desaturase activities, and this could ex-
plain the failure to convert Sur2p into a desaturase by
alteration of only one or a few amino acids.
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Additionally, we tested all mutants for their sensitivity to
syringomycin E. The present results are in accordance with
previous studies showing that C-4 hydroxylation is impor-
tant for the antifungal action of syringomycin E. Mutants
with defects in C-4 hydroxylated sphingoid base biosynthe-
sis were resistant to this antifungal agent. It is known than
syringomycin E targets plasma membranes and that sphin-
golipid and sterol biosyntheses are required for its action.
Sphingolipids and sterols are major elements of lipid rafts
[30-32], and sphingolipid hydroxylation is probably sig-
nificant for proper assembly of rafts in the plasma mem-
brane [33,34]. When yeast sphingolipids lack C-4
hydroxylated sphingoid bases, raft properties likely change
in ways that influence syringomycin E action.
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