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ABSTRACT. Among filamentous fungi capable of mycelial growttgtgenes play crucial roles by regulating
heterokaryon formation between different individuals. When fusion occurs between fungal mycelia that
differ genetically at theihetloci, the resulting heterokaryotic cells are quickly destroyed. It is unclear
how het gene products oPodospora anserindrigger heterokaryon incompatibility. One unexplored
possibility is that glycosphingolipids play a role becausehtbec2gene encodes a protein that displays
32% sequence identity and an additional 30% similarity to the mammalian glycolipid transfer protein.
Here, P. anserinaprotoplasts containing wild-typket-c2genes were shown to have greater glycosph-
ingolipid transfer activity than protoplasts with disruptieet-c2genes, a condition previously linked to
altered cell compatibility following hyphal fusion. The observed glycolipid transfer activity could not be
accounted for by nonspecific lipid transfer protein activity. Direct assessment showed that purified,
recombinant HET-C2 accelerates the intermembrane transfer of glycolipid in vitro, but that the HET-C2
activity is mitigated much less by negatively charged membranes than the mammalian glycolipid transfer
protein. The findings are discussed within the context of HET-C2 being a member of an emerging family
of ancestral sphingolipid transfer proteins that play important roles in cell proliferation and accelerated
death.

Self-nonself recognition among somatic cells is a uni- and theSlocus in plants g, 4). Het gene products regulate
versally important process among eukaryotic cells. In fungi, the compatibility and stability of heterokaryons during hyphal
somatic incompatibility is referred to as vegetative or fusion between different strains. Althoudiet genes have
heterokaryon incompatibility where it regulates hyphal fusion been studied and characterizedRn anserinaand Neuro-
that permits the exchange of cytoplasm and nuclei during spora crassa5—10), it is not clear how these genes and
the assimilative phase of growth. Under conditions of their products trigger vegetative incompatibility. Because of
vegetative incompatibility, the resulting heterokaryon un- the observation that thB. anserina het-chyene product,
dergoes a self-destructive process that leads to cell death (  HET-CZ (208 a.a.}, displays 32% sequence identity and
3). Vegetative incompatibility reduces the risks of transmis- an additional 30% sequence similarity to the porcine gly-
sion of infectious cytoplasmic elements, such as virus-like colipid transfer protein [(GLTP); 209 a.&.[5), one unex-
dsRNAs, and of exploitation by aggressive genotypes. In plored possibility is a role for glycosphingolipid interactions
filamentous fungi such aodospora anseringgenes at the  with hetgene products.
hetloci play a key role in controlling heterokaryon incom- ) — :
patibility. The hetloci show evolutionary features that are Abbreviations: HET-C2Podospora anserina het-gene product,

. ith loci that mediate self/nonself recoanition GLTP, glycolipid transfer protein; POPC, 1-palmitoyl-2-olesyl-

In common wi Cog glycero-3-phosphocholine; AV-GalCel-[(11E)-12-(9-anthryl)-11-

in other eukaryotes, such as the MHC complex in humans dodecenoyl]-10-5-galactosylsphingosine; AVPC, 1-acyl-2-[(1E)-
12-(9-anthryl)-11-dodecenoy§jrglycero-3-phosphocholine; AV-SPM,
N-[(11E)-12-(9-anthryl)-11-dodecenoyl]-sphingosine-1-phosphocho-
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Like other eukaryotic cellsl(l), filamentous fungi (mul- pared by rapid ethanol injection as described previo@gy. (
ticellular) and unicellular yeasts possess a variety of gly- POPC acceptor vesicles were prepared by sonication. Cal-
cosphingolipids in their membrane$2j. These glycosph-  culation of the transfer rate was achieved by fitting to first
ingolipids and associated metabolites participate in important order exponential behavior as previously described in detail
cell functions such as regulation of calcium homeostasis, (22, 29, 30).
signal transduction associated with cell stress and death, and Glycolipid transfer activity also was monitored using
dimorphism associated with pathogenic infectivity of host radiolabeled glycolipids. POPC donor vesicles containing 1
cells (13—15). Fungi have two types of membrane sphin- mol % [PH]GalCer, 10 mol % negatively charged dipalmitoyl
golipids. In one sphingolipid type, ceramide is linked to phosphatidic acid (DPPA), and a trace of nonexchangeable
inositol phosphate (inositolphosphoceramides), whereas, in['C]tripalmitate were prepared by sonication in 10 mM
the other type, ceramide is linked to glucose or galactose tosodium phosphate (pH 7.4), 1 mM DTT, 1 mM EDTA, and
form monoglycosylceramide42—16). The ability of such 0.02% NaN. POPC sonicated vesicles served as acceptor
glycolipids to interact withhetgene products has not been membranes. Following incubation with protein, the charged
evaluated even though monoglycosylsphingolipids are known donor and neutral acceptor vesicles were separated by rapid
to be good “substrates” for GLTPs purified from various elution over DEAE Sephacel minicolumnl( 28, 29).
mammalian tissuesly—22). GLTPs facilitate the in vitro Preparation of Soluble Protein Extracts from P. anserina
transfer of various glycolipids between membranes and areProtoplasts and AscosporeBisruption of thehet-c2gene
specific for glycolipids with sugar residues attached via was achieved as described previou&ly Briefly, the pCura
pB-linkages to the lipid hydrocarbon backbon&9{21). plasmid containing théet-c2gene was disrupted in vitro
However, sequence similarity, such as that observed betweerby insertion of theura5 gene ofP. anserinaat the EcoRl
HET-C2 and GLTP, does not guarantee functional homology. site of thehet-c2allele. To avoid expression of a truncated
An ArabidopsisHET-C2/GLTP homolog, recently identified HET-C2, about 500 bp at the &nd of thehet-c2gene were
by Clustal W sequence alignment and involved in accelerateddeleted from the pCura construct by digesting v@ial and
cell death triggered by avirulent stre23), was not able to  then withBal-31. The resulting deletion overlapped the ATG
accelerate the intermembrane transfer of monoglycosylce-start codon. This pCura construct was then used to
ramides, despite the presence of such glycolipids in planttransform ahet-c2 ura5-6 strain. Among 750 prototrophic
cells 4). transformants, one had lost the het-c2 phenotype and was

Accordingly, the goals here were (a) to determine whether compatible with strains containing the differemet-e and
mycelial fungi with the capacity to undergo hyphal fusion het-dalleles. Disruption of thénet-clocus in thisAhet-c2
(e.g., P. anserind possess proteins that accelerate the Strain was confirmed by Southern blot analysis. The lack of
intermembrane transfer of monoglycosylsphingolipids; (b) het-c2 mRNA and of HET-C2 protein expression was
to assess the potential role of thet-c2gene product in such ~ confirmed by Northern and Western blot analyses, respec-
a glycolipid transfer process; and (c) to identify structural tively.
and functional similarities and differences between HET-  Protoplasts were prepared and transformed as described
C2 and GLTP. The findings are discussed within the context previously @1). To recover the protoplast soluble protein
of the het-c2gene product being a member of an emerging fraction, cells were adjusted to 46ells/mL in 0.1 M Tris-
family of ancestral sphingolipid transfer proteins that are HCI (pH 7.5), 0.8 M sorbitol, centrifuged at 5000 rpm at 4
likely to play important roles in cell proliferation and °C for 5 min, and resuspended in sodium phosphate (pH

accelerated cell death. 7.4) containing 1 mM DTT, 1 mM EDTA, and 0.02% NaN
The cell suspension was sonicated with a Heat Systems-
EXPERIMENTAL PROCEDURES Ultrasonics probe sonifier three times for 30 s on ice. The

lysed protoplasts were centrifuged at@ (10 000 rpm for

Materials. 1-Palmitoyl-2-oleoyl phosphatidylcholine (POPC) 10 min), and the supernatant containing the soluble protein
was obtained from Avanti Polar Lipids (Alabaster, AL). \as collected. To recover the ascospore soluble protein
N-[(11E)-12-(9-anthryl)-11-dodecenoyl]-O-A-galactosyl-  fraction, ascospores from 100 bunches of asci were lyoph-
sphingosine (AV-GalCer)N-[(11E)-12-(9-anthryl)-11-dode- jjized for 4 h and were broken by vigorously vortexing three
cenoyl]-sphingosine-1-phosphocholine (AV-SPM), 1-acyl- times for 30 s together with glass beads (6045 mm
2-[(11E)-12-(9-anthryl)-11-dodecenoyBn-glycero-3-  diameter) in sodium phosphate buffer. The suspension,
phosphocholine (AV-PC), andac-1,2-di-oleoyl-3-[9-(3-  without glass beads, was then sonicated three times for 30 s
perylenoyl)nonanoyl]glycerol (Per-TG) were synthesized as on ice using the probe sonifier. After centrifugation G
described previously2@, 25). [*H]-bovine brain GalCer, (10 000 rpm for 10 min), the supernatant was collected. The
labeled at carbon 6 or galactose, was prepared using galactosgrotein concentrations of the soluble fractions were deter-
oxidase and tritiated sodium borohydrid26{-28). mined using the Lowry metho®).

Glycolipid Transfer Actiity. Two different assays were S. cereisiae Spheroplast Productiofrollowing inocula-
used to monitor the GLTP-mediated glycolipid transfer tion of 2% lactate medium (pH 5.5), yeast were grown at
between membranes. A fluorescence resonance energy0 °C to an O. D. 0.30.6 at 600 nm, harvested by
transfer (FRET) assay utilizing anthrylvinyl (AV) labeled centrifugation at £C, washed once with 0 followed by
glycolipid (1 mol %) and a nontransferable perylenoyl- 100 mM TrisSQ (pH 9.4) containing 10 mM DTT. Cells
labeled triglyceride (1.5 mol %) permitted continuous real were washed and resuspended in 20 mM potassium phos-
time monitoring of GLTP activity 22, 29, 30). POPC donor phate (pH 7.4) containing 1.2 M sorbitol (SB) and incubated
vesicles containing the fluorescent lipids and the indicated with gentle shaking fol h at 30°C with zymolase (5 mg/g
amount of negatively charged phosphoglyceride were pre- of wet cells). The resulting spheroplasts were harvested by
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centrifugation, washed twice with SB, and resuspended in  w.__
20 mM HEPES (pH 7.4) containing 0.6 M mannitol and 1 ""Z?M A
mM PMSF prior to homogenizing at 4C with a Dounce s
homogenizer. The soluble protein was collected by centrifu- m}“‘

gation at 10 000 rpm for 10 min (2C). { 0
§ Y
()éo —n:oasomam:zonékosﬁmno \ e

o

C2.Thehet-c2gene product, HET-C2, was previously cloned
and expressed as a GST fusion proteirEstherichia coli
using the pGEX-5X-1 expression vectd).( To facilitate
purification, the het-c2 cDNA open reading frame was
subcloned into a pGEX-6P-1 vector usiSgnal and Not |
restriction enzymes (New England Biolabs). The GST
cleavage site in pGEX-6P-1 is designed specifically for the 449
PreScission protease, which itself is GST-fusion protein.
Following cleavage of the GST-HET-C2, affinity purification
removed not only GST and uncleaved GST-HET-C2, but  °™
also the PreScission protease, from the HET-C2. Recombi-
nant bovine GLTP also was cloned and expressed as a GST- oo
GLTP fusion protein in similar fashiorig).

0 500 1000 1500 2000 2500

SDS-PAGE and Isoelectric FocusinRecombinant pro- Time (sec)
teins were analyzed by electrophoresis under reducing
conditions on 16% polyacrylamide gels containing 0.1% SDS
and stained with Coomassie Brilliant Blukg( 28). Isoelec-
tric focusing was carried out using the Pharmacia PhaseGel
IEF system (Amersham Biosciences). The PhastGels IEF ggg&a
gels, with a pH range of-39, were run using PhastSystem N\
SDS buffer strips according to the manufacturers instructions. buffer
The salt concentration of each sample was less than 0.20 N\ acceptor
M. The isoelectric points of HET-C2 and GLTP were vesicles
determined by comparing their migration patterns with those

. . : S Time
of Pharmacia IEF standard proteins after Coomassie staining. o . )
Ficure 1: General structures and excitation/emission properties

of fluorescent lipids and a typical response observed during

glycolipid intervesicular transfer. Panel A shows the fluorescent

. monoglycosylceramide with attached anthrylvinyl group (upper left)
P. anserina Protoplastsbut not AscosporgsPossess  and associated excitation (A) and emission (B) spectra, and the

Glycolipid Interesicular Transfer Actiity. To determine fluorescent triglyceride with the attached 3-perylenoyl group (upper

whether glycolipid transfer activity is presentPnanserina  right) and associated excitation (C) and emission (D) spectra. Panel

protoplasts and ascospores containing either the Wild—typeB shows a typical response observed as the emission signal of the

: . fluorescent glycolipid is recovered\Fr) when it is selectively
or a disruptedhet-c2 gene, soluble protein extracts were transferred out of a donor vesicle that also contains the nontransfer-

prepared and_ glycolipid inter\{esicular transfer rates were gpje fluorescent triglyceride. The kinetic response is first-order
measured using a well-established fluorescence resonanceermitting a rate constant to be calculated, as shown in Panel C

energy transfer (FRET) approach2( 29, 30). Figure 1A and described in detail in re2 29, and30.

illustrates the general structures and the excitatemission

properties of the anthrylvinyl-labeled monoglycosylceramide Sshowed significantly higher glycolipid transfer activity than
(energy donors) and the 3-perylenoyl-labeled triglyceride ascospores (Figure 2, panel B vs C). Only a trace of
(energy acceptor) used to assess glycolipid transfer activity. glycolipid transfer activity was detectable in ascospores even
As the fluorescent monoglycosylceramide is transferred out When thehet-c2gene was not disrupted. Control experiments
of donor membrane vesicles that also contain nontransferableshowed the activity in ascospores to be similar to the
triglyceride labeled with the 3-perylenoyl fluorophore, the €xtremely slow spontaneous intervesicular transfer rate of
emission intensity of the glycolipid fluorophore at 425 nm the fluorescent glycolipid (A¥-GalCer) observed in the
increases as a function of time due a loss of resonance energg@bsence of protein (Figure 2A). The results indicated that
transfer as the two fluorphores become spatially separateddlycolipid intervesicular transfer activity is present fh
(Figure 1B). The FRET approach permits kinetic assessmentanserinaprotoplasts, but not in ascospores, and that disrup-
of the lipid transfer process (for details, see 122s29, 30). tion of the het-c2gene significantly lowers the glycolipid
Figure 2 shows the calculated lipid transfer rates obtained intervesicular transfer activity observed in protoplasts.

by fitting the kinetic data to first order exponential behavior,  To determine whether the glycolipid intervesicular transfer
as illustrated in Figure 1C. As illustrated in Figure 2B, activity observed in theAhet-c protoplasts is due to a
significantly faster glycolipid intervesicular transfer rates nonspecific lipid transfer protein38—35) rather than a
were observed for protoplasts containing the wild-thee glycolipid-specific lipid transfer protein, additional lipid
c2 gene (het-c2 strain) compared to protoplasts with a transfer assays were carried out using fluorescent phosphati-
disrupted het-c2 gene Qhet-c strain). It is noteworthy, dylcholine (AV—PC) instead of the fluorescent glycolipid.
however, that protoplasts with the disruptest-c2gene still As shown in Figure 2E,F, similar levels of PC intervesicular
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Ficure 2: Glycolipid and phosphatidylcholine transfer activities

of P. anserinaprotoplasts and ascospores expressing either wild-

type or disruptedhet-c2genes. A total of 1«g of soluble protein
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Ficure 3: Panel A. SDSpolyacrylamide gel electrophoresis of
HET-C2 and GLTP. Proteins were stained using Coomassie Brilliant
Blue. Lane a, sonicatdsl. coli cells expressing GST-HET-C2 fusion
protein; lane b, affinity-purified recombinant HET-C2%3.2 kDa);

The thin upper band is due to “finger protein” (keratin) introduced
when loading the gel. Lane c, sonicatEd coli cells expressing
GST-GLTP fusion protein; lane d, affinity-purified recombinant
GLTP. Panel B. Isoelectric focusing gel electrophoresis of HET-
C2 and GLTP under nondenaturing conditions. Lane 1, HET-C2;
lane 2, GLTP; lane 3, Pharmacia IEF standards.

possess glycolipid intervesicular transfer activity. Sphero-
plasts were produced and the 100§0fupernatant was
analyzed for glycolipid intervesicular transfer activity. No
such activity was detected, regardless of whether galacto-
sylceramide or glucosylceramide was used as a “substrate”,
even though both of these monoglycosylceramides are
present irS. cereisiae (12). Addition of the 100009 yeast
supernatant did not inhibit the activity of control GLTP,
suggesting that no endogenous inhibitors were present in the
S. cereisiae spheroplast supernatant. In agreement with

extract was used in each experiment and values represent averaggsrevious reports33, 35, 36), abundant PC transfer activity

of three or more different experiments. het-c2, wild-typt-c2
Ahet-c, disruptedhet-c2gene. Panels AC. Glycolipid intermem-

brane transfer rates determined using fluorescent monoglycosyl-

was detected.
HET-C2 Mediates Glycolipid Inteesicular TransferTo

ceramide (AV-GalCer) as “substrate”. Spontaneous transfer (no directly assess whether HET-C2 was capable of accelerating

protein) and GLTP-mediated transfer (@) of AV-GalCer

the intermembrane transfer of monoglycosylceramides, re-

between neutral POPC donor and acceptor vesicles served a%gmbinant HET-C2 was produced by subcloning the HET-

negative and positive controls, respectively (panel A). Paneils.D

Phosphatidylcholine intermembrane transfer rates determined usin

g

C2 ORF into pGEX-6P-1 vector, heterologously expressing

fluorescent phosphatidylcholine (AV-PC) as “substrate”. Spontane- N E-_COH as a GST'HET'CZ fusipn protein, and then
ous transfer (no protein) of AV-PC between neutral POPC donor purifying as described in the Experimental Procedures. As
and acceptor vesicles served as a negative control, respectivelyshown in Figure 3A, SDSPAGE analysis under reducing

(panel D).

conditions {8, 28) revealed the expected migration of HET-

transfer activity were observed in both protoplasts and C2, which was similar to that of GLTP.

ascospores. These levels of activity were significantly higher

The capacity of HET-C2 to stimulate the intermembrane

than the spontaneous intervesicular transfer rates observedransfer of monoglycosylceramides was then monitored in

for PC in the absence of protein (Figure 2D). More
importantly, disruption of thénet-c2gene did not alter the

real time using the FRET lipid transfer ass&2)( Figure
4A shows the results obtained when fluorescent monogly-

protein-mediated intervesicular transfer activities observed cosylceramide (AV-GalCer) served as a “substrate” for
for PC (Figure 2E,F). The preceding results suggested thatHET-C2. Significant intervesicular transfer of the fluorescent
P. anserinaprotoplasts and ascospores contain either a PC-glycolipid was observed [Figure 4A, trace b] relative to
specific transfer protein or a nonspecific lipid transfer protein positive and negative controls that contained either GLTP

(33—35) that functions independently of tinet-c2gene. The
very similar level of PC transfer activity in the wild-type

[Figure 4A, trace a] or no protein at all [Figure 4A, trace
c/d]. Including BSA (0.1 mg/mL), which has nonspecific

and theAhet-c protoplasts and ascospores which displayed lipid binding sites, did not affect the HET-C2 mediated

significantly different glycolipid transfer activities further
suggested that thbet-c2 gene product, HET-C2, plays a
significant role in the glycolipid transfer activity observed
in the protoplasts.

Saccharomyces cearisiae lacks glycolipid transfer act
ity, but not PC transfer actity. Because of the well-
established role of theet-c2gene in the cetftcell incom-
patibility response of filamentous fungi, it was germane to
determine whether unicellular fungi, that do not exhibit
mycelial growth and hyphal fusion (e.gS. cereisiae),

transfer of AV-GalCer (data not shown). The HET-C2
transfer rate of AV-GalCer was more than 25-fold faster than
the spontaneous transfer rate observed in the absence of
protein. The extremely slow spontaneous intervesicular
transfer of monoglycosylceramides is well-establist&d. (

To determine whether HET-C2 was selective for glycolip-
ids, the fluorescent monoglycosylceramide in the donor
vesicles was replaced with other fluorescent lipids. HET-
C2 did not significantly accelerate the intervesicular transfers
of sphingomyelin, phosphatidylcholine, or cholesterol above
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Ficure 4: HET-C2- and GLTP-mediated glycolipid transfer of
purified recombinant proteins as function of donor vesicle charge.
Panel A. Monitoring of intervesicular lipid transfer as a function
of time using 14.5 nM protein and POPC vesiclés 870 nm,Aem

425 nm); Trace a, GLTP-mediated transfer of AV-GalCer; Trace
b, HET-C2 mediated transfer of AV-GalCer; Trace c/d, represents
either spontaneous (no protein) transfer of AV-GalCer or HET-C2
mediated transfer of AV-SPM which yielded very similar kinetic
responses. Panel B. Initial transfer rates of AV-GalCer mediated
by GLTP or by HET-C2. Donor vesicles consisted of POPC and
transfer rates (pmoles of glycolipid transferred per sec) were
calculated as described in the Experimental Procedures. Panel C
Initial transfer rates of AV-GalCer for HET-C2 and GLTP (14.5
nM protein) from negatively charged donor vesicles containing 5
mol % POPG. Panel D. Initial transfer 6H-GalCer] GalCer for
HET-C2 and GLTP (86.5 nM protein) from POPC donor vesicles
containing 10% DPPA using the vesicle-ion exchange assay in
which the total assay volume is 0.5 mL. Values are averages
SD of at least three different experiments.

the spontaneous lipid transfer rates measured in the absenc

of protein. Data in Figure 4A (trace c/d) illustrate a typical
response for fluorescent sphingomyelin (A8PM) which
was similar to having no protein present.

To verify that the fluorescent probes did not significantly

affect the results, we also used a well-established radioactive

assay, in which donor vesicles contained tritiated glycolipid

Biochemistry, Vol. 42, No. 2, 2003539

to donors lacking the POPG (Figure 4, panel C vs B).
However, the 6-fold reduction of HET-C2 mediated transfer
activity was moderate compared to the 35-fold reduction in
the transfer rate of AV-GalCer mediated by GLTP with
donors containing 5 mol % POPG (Figure 4, panel C vs B).
The end result was similar transfer rates (0067 pmol/s of
AV-GalCer) for HET-C2 and GLTP with the 5 mol % POPG
donor vesicles (Figure 4C).

The effect of a different negatively charged lipid, DPPA,
also was investigated because DPPA was routinely included
in the radiolabeled lipid transfer assay. Figure 4D shows that
a 3-fold faster transfer rate of]GalCer was observed with
HET-C2 compared to GLTP when the donor vesicles
contained 10% DPPA. The FRET lipid transfer assay gave
a similar result, in that a 2-fold faster transfer rate of AV-
GalCer was observed with HET-C2 compared to GLTP when
the donor vesicles contained 10% DPPA (data not shown).

To show that HET-C2 was mediating glycolipid transfer
and not fusion of donor and acceptor vesicles, control
experiments were performed using the radiolabeled lipid
transfer assay. Less than 5% of tHéC]tripalmitin non-
transferable marker in the negatively charged donor vesicles
was recovered with acceptors following elution through the
DEAE minicolumns. On the other hand, the tritiated material
that did coelute with the acceptor vesicles behaved identically
to authentic GalCer standard when analyzed by thin-layer
chromatography (CH@ICH3;OH/H;0, 85:15:1.5 v/v). Thus,
[*H]GalCer redistribution was not due to enzymatic alteration
of the glycolipid to water-soluble or spontaneously mobile
radioactive products. Rather, the glycolipid itself was
transferred between bilayer vesicles by HET-C2.

Isoelectric Focusing and Hydropathy AnalysBecause
of the strikingly different response of HET-C2 and GLTP
to membranes containing negatively charged phospholipid,
the isoelectric points (pl) and hydropathy plots of the two
fecombinant lipid transfer proteins were determined. Ex-
perimental verification of the pls was necessary because of
differences noted in the experimental and theoretical pls of
wild-type GLTP. A pl near 9.0 was determined previously
for bovine GLTP by FPLC chromatofocusing under nonde-
naturing conditions48, 42), whereas, theoretical predictions
based on GLTP amino acid composition yielded a pl value

and a negatively charged phospholipid to enable separatlonof 7.68. Using the Pharmacia PhastSystem PhastGel IEF

from neutral acceptor vesicles by ion exchange chromatog-
raphy @1, 28, 29). Tritiated monoglycosylceramide, such
as PH]GalCer, was readily transferred. However, HET-C2
did not transfer JH]ceramide and only very slightly trans-
ferred PH]SPM. A complex glycolipid, JH] ganglioside
GM1, also was readily transferred by HET-C2 (data not
shown).

Effect of Negatiely Charged Membranes on HET-C2
Glycolipid Transfer Actiity. We previously showed that the
transfer rate of AV-GalCer mediated by GLTP is sensitive
to the membrane charge, probably due to electrostatic
interaction between GLTP and the membrane interfadg (

To determine to what extent negatively charged membranes

modulate HET-C2 glycolipid transfer activity, we analyzed
HET-C2's ability to facilitate AV-GalCer transfer from

(Figure 3B), a pl value near 9.0 was found for recombinant
bovine GLTP. In contrast, the pl of recombinant HET-C2
was found to be near 6.0 under nondenaturing conditions.
This pl value of 6.0 agreed closely with a 5.9 value
determined previously under denaturing conditfaarsd was
slightly lower than the theoretical value of 6.34, predicted
from HET-C2 amino acid composition.

To gain further insights into HET-C2 structure, the relative
hydropathy of the amino acid sequence was analyzed by the
Kyte-Doolittle approach38). HET-C2 contained hydropho-
bic segments at its N-terminus, near amino acids &)
110-130, 145-165, and near its C-terminus (Figure 5, solid
black line). Except for the relatively hydrophobic N-terminus
of HET-C2, the hydropathy pattern was mirrored in GLTP

negatively charged donor vesicles. Figure 4C shows the effect(Figure 5, dotted line), but with a 320 a.a. upstream shift

of including 5 mol % POPG in the small unilamellar donor
vesicles containing AV-GalCer. The HET-C2-mediated
transfer of AV-GalCer was reduced about 6-fold compared

that resulted in the hydrophobic segments being near amino

4Turcq et al., unpublished observations.
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Hydropathy analyses provided interesting initial insights
into the structural features HET-C2 compared to GLTP
(Figure 5). Although a similar pattern of peaks and valleys
is evident in the hydropathy plots, a downstream displace-
ment of about 1620 amino acids occurs in HET-C2
compared to GLTP. The most striking differences occurred
in three regions: (i) at the N-termini, where HET-C2 shows
increased hydrophobicity, (ii) near the middle, where GLTP’s
polarity is highest (a.a. 115130), and (iii) approaching the
C-terminus, where the HET-C2 shows a very polar region

20 40 60 80 190 120 140 160 180 200 (a.a. 165-180). These structural differences may play a role
Residues in the mitigated response of HET-C2 to negatively charged
FIGURE 5: Hydropathy analysis of HET-C2 and GLTP. The Kyte membranes. Clearly, further studies of HET-C2 and GLTP

and Doolittle approact8g) was used with an average window size  protein structure will be required to fully characterize the
of 19 amino acid residues plotted at one-residue intervals. Increasinggjmilarities and differences described here.

?:édzgglliqg tljllrilat{ Iétl}di;c?éggebc}/ Iﬁwne;r.measmg positive value. HET- Physiological Implicationslt is well established thatet

genes are highly involved in the growth properties and life
acids 25-50, 90-110, 140-160, and 186-195. Also, avery  cycle of filamentous fungi such &bdospora anserinahere
polar region (a.a. 165180), that occurred near the C- they participate in apical growth and ascospore formation.
terminus of HET-C2, was nearer the midpoint of GLTP’'s Our data suggest that the abnormal ascospore formation,

Hydropathy

]
-
T

sequence (a.a. 133.25). previously observed when theet-c2gene is mutationally
inactivated §), is not directly linked to the glycosphingolipid
DISCUSSION transferring capability of HET-C2. Neither control cells nor

P. anserinaascospores containing the disruptexd-c2gene

HET-C2 Glycosphingolipid Transfer Aeity. We have displayed significant glycosphingolipid transfer activity in
shown that the HET-C2 protein encoded by Het-c2gene their cytosols, even though similar basal levels of phosphati-
in the filamentous fungusk. anserina has the ability to dylcholine transfer activity were evident in both the controls
transfer glycosphingolipids between membranes in vitro. andhet-c2knockouts of the ascospores and protoplasts. In
HET-C2 did not accelerate the intervesicular transfer of contrast, our data do suggest a link between the glycosph-
nonglycolipid “substrates” such as sphingomyelin, phos- ingolipid transferring capability of HET-C2 and the vegeta-
phatidylcholine, or cholesterol. A similar selectivity of bovine tive incompatibility response. Establishing that HET-C2 can
and porcine GLTPs for glycolipids is well-establishd@ selectively interact with monoglycosphingolipids embedded
21). Although the net transfer rate displayed by HET-C2 in phosphoglyceride membranes represents a potentially
toward monoglycosylceramides embedded in zwitterionic significant and intriguing step forward because of the well-
phosphoglyceride membranes is about 5-fold slower than thatestablished and widespread role that sphingolipid metabolites,
of mammalian GLTP, it is important to note that the such as ceramide, play in signaling processes linked to the
glycolipid transfer rate mediated by HET-C2 represents at stress response and to programmed cell dea@h (n P.
least a 25-fold acceleration over the spontaneous interve-ansering when fusion occurs between fungal individuals that
sicular transfer rate observed in the absence of protein.differ genetically at theihetloci, the resulting heterokaryotic
Moreover, glycolipid transfer mediated by HET-C2 is much cell is quickly destroyed in a lytic response. It is clear that
less affected by negatively charged membranes than is bovinehet-cis not the onlyhetgene involved in this response. The
GLTP, which shows a dramatically reduced transfer capabil- het-egene, which encodes a polypeptide with a GTP binding
ity when the monoglycosylceramide is embedded in a site and WD40 repeats, appears to act antagonistically to
negatively charged phosphoglyceride membr&®. (This the het-c gene. HET-E protein binds GTP in vitro, and
behavior appears to be related to the different isoelectric mutations that abolish binding or affect WD40 repeats
points determined for HET-C2 and GLTP. At neutral pH, abrogate the incompatibility respongi). The GTP-binding
HET-C2 (pl = 6.0) is expected to show only a modest property of HET-E suggests that it might play a role in signal
attraction for negatively charged vesicles, whereas GLTP (pl transduction events. Recent data strongly suggest that regula-
= 9.0), with a net positive charge, is expected to display a tion of HET-C and HET-E may involve formation of a
stronger affinity for negatively charged donor membranes protein complex41). Taken together, a hypothetical scenario
(29). Interestingly, although the presence of negatively begins to emerge linking the interaction of thet gene
charged phosphoglyceride slowed the HET-C2-mediated products to a signaling system in which HET-C2 may act as
GalCer transfer rate much less than that of GLTP, the HET- a glycolipid sensor or local transporter involved in regulating
C2-mediated glycolipid transfer was more strongly affected the metabolic pool(s) of sphingolipid metabolites, which in
than GLTP by the type of anionic phosphoglyceride (e.g., turn participate in the stress and lytic responses linked to
POPG vs DPPA). We previously observed-Z5% greater  cell—cell interactions. Support for such a scenario is strength-
reductions in the GLTP-mediated transfer rate of GalCer ened when the following observations are considered.
from donor vesicles having POPG (10 mol %) instead of = Saccharomyces cersiae which exists in a unicellular
DPPA (29). With HET-C2, much greater differences were state and exhibits neither mycelial growth nor hyphal fusion,
observed between POPG and DPPA suggesting that theshows no capacity to transfer monoglycosylceramides be-
differing pls of the two proteins cannot entirely account for tween membrane vesicles. On-line searches of the yeast
the experimentally observed behavior. genome databases provide no evidence for HET-C2, GLTP,
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or related homologues ir5. cereisiae These findings

suggest that a transfer protein with selectivity for monogly-
cosylsphingolipids and sequence similarities to HET-C2 or

GLTP is likely not to be present i. cereisiae

It is also noteworthy that a HET-C2/GLTP homologue has
recently been identified that significantly affects the stress
and programmed cell death response in plants. The lethal, q

recessiveacd11knockout inArabidopsisexhibits cell death

characteristics analogous to animal cell apoptosis, and
constitutively expresses defense-related genes that accom-10-
pany the hypersensitive response normally triggered by

avirulent pathogens2@). This ACD11 null phenotype is
caused by deletion of thacd11gene, encoding a protein

homologous to the mammalian GLTP and to HET-C2.

Alignment of the ACD11 amino acid sequeAaeith either

the HET-C2 sequence or the bovine GLTP sequence using

7.

11.

12.

the Lalign algorithm shows 29 and 28% identity as well as 13.

24 and 28% similarity, with 272 amino acid overlap. ACD11
accelerates the intermembrane transfer of sphingolipids in
vitro. However, instead of glycosphingolipids, sphingosine

appears to be a preferred “substrate”. Cell death iratiud 1

knockout does not appear to proceed via the senescence-
related pathway, but occurs via a programmed cell death
pathway that is coordinated with the activation of defense

responses23). Although the in vivo function of ACD11

14.

Biochemistry, Vol. 42, No. 2, 200341

Saupe, S. J., Turcq, B., and Begueret, J. (1995) Sequence diversity
and unusual variability at the het-c locus involved in vegetative
incompatibility in the fungus Podospora anseri@aurr. Genet.

27, 466-471.

.Wu, J., Saupe, S. J., and Glass, N. L. (1998) Evidence for balancing

selection operating at the het-c heterokaryon incompatibility locus
in a group of filamentous fungProc. Natl. Acad. Sci. U.S.A. 95
12398-12403.

. Saupe, S. J., Clave, C., and Begueret, J. (2000) Vegetative

incompatibility in filamentous fungi:;PodosporaandNeurospora
provide some cluesCurr. Opin. Microbiol. 3 608-612.

Saupe, S. J., Clave, C., Sabourin, M., and Begueret, J. (2000)
Characterization of hch, theodospora anserinhomologue of

the het-c heterokaryon incompatibility gene of Neurospora crassa.
Curr. Genet. 3839-47.

Huwiler, A., Kolter, T., Pfeilschifter, J., and Sandhoff, K. (2000)
Physiology and pathophysiology of sphingolipid metabolism and
signaling.Biochim. Biophys. Acta 148%3—99.

Dickson, R. C., and Lester, R. L. (1999) Yeast sphingolipids.
Biochim. Biophys. Acta 142847—357.

Dickson, R. C., and Lester, R. L. (2002) Sphingolipid functions
in Saccharomyces cersiae Biochim. Biophys. Acta 15833—

25.

Koga, J., Yamauchi, T., Shimura, M., Ogawa, N., Oshima, K.,
Umemura, K., Kikuchi, M., and Ogasawara, N. (1998) Cerebro-
sides A and C, sphingolipid elicitors of hypersensitive cell death
and phytoalexin accumulation in rice plangs.Biol. Chem. 48
31985-31991.

15. Toledo, M. S., Levery, S. B., Straus, A. H., and Takahashi, H. K.

remains unclear, the in vitro transfer of sphingosine by 16.

ACD11 provides a potentially important link between

ACD11 function and a key sphingolipid metabolite in the

17.

generation of related sphingolipid signals that are directly 1s.

involved in eukaryotic apoptotic responses. Because of their
homology to GLTP and analogous in vitro transfer activities,
linking ACD11 and HET-C2 to the cell death response of
multicellular eukaryotes is an exciting development and an
important step in shedding light on the physiological role of

the emerging family of sphingolipid transfer proteins.
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