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Cellular biosynthesis ofmacromolecules often involves highly
branched enzyme pathways, thus cellular regulation of such
pathways could be rather difficult. Tounderstand the regulatory
mechanism, a systematic approach could be useful. We geneti-
cally analyzed a branched biosynthetic pathway for glycosphin-
golipid (GSL) GM1 using correlation index-based responsible
enzyme gene screening (CIRES), a novel quantitative pheno-
type-genotype correlation analysis. CIRES utilizes transcrip-
tomic profiles obtained frommultiple cells. Among a panel of B
cell lines, expression of GM1was negatively correlated with and
suppressed by gene expression of CD77 synthase (CD77Syn),
whereas no significant positive correlation was found for
enzymes actually biosynthesizing GM1. Unexpectedly, a GM1-
suppressive phenotype was also observed in the expression of
catalytically inactive CD77Syn, ruling out catalytic consump-
tion of lactosylceramide (LacCer) as the main cause for such
negative regulation. Rather, CD77Syn seemed to limit other
branching reaction(s) by targeting LacCer synthase (LacCer-
Syn), a proximal enzyme in the pathway, because they were
closely localized in the Golgi apparatus and formed a complex.
Moreover, turnover of LacCerSyn was accelerated upon
CD77Syn expression to globally change the GSL species
expressed. Collectively, these data suggest that transcriptomic
assessment of macromolecule biosynthetic pathways can dis-
close a global regulatory mechanism(s) even when unexpected.

Cellular macromolecules are biosynthesized by multistep
enzymatic biosynthetic pathways that often show extensive
branching. Many glycans are biosynthesized by ordered multi-
step reactions that involve multiple glycosyltransferases (1–4).
At the same time, glycan biosynthetic pathways branch at the
substrates utilized by multiple enzymes (5–8). Therefore, a
given branched biosynthetic pathway (both the biosynthetic
pathway and its branches) contains numerous candidate

enzymes that can potentially regulate the expression of a glycan
product. Moreover, the regulatory mechanism of these
enzymes may vary. Hence, a systematic approach is most suit-
able for understanding highly branched pathways. We exam-
ined how currently unclear branching points on glycan biosyn-
thesis are regulated by using a phenotype-genotype analysis.
Glycosphingolipid (GSL)2 is composed of hydrophobic cera-

mide and hydrophilic glycan(s). Expression of GSL is a regu-
lated event, as only a limited number of GSLs occur in a partic-
ular cell type in a given state (3, 9). The first step of GSL
biosynthesis is controlled by the cytosol-facing enzyme cera-
mide glucosyltransferase, which biosynthesizes glucosylcer-
amide (GlcCer) from ceramide (10, 11) (Fig. 1A). FAPP2 or
MDR1 transports GlcCer to theGolgi apparatus (12, 13), where
GlcCer is converted into lactosylceramide (LacCer) by Golgi-
luminal LacCer synthase (LacCerSyn; encoded by B4GALT6)
(10, 14). The commitment for various series of GSL biosynthe-
sis takes place at the usage of LacCer, a common precursor for
complex GSLs. Globo series GSLs are biosynthesized by CD77/
Gb3 synthase (CD77Syn; encoded by A4GALT) (15, 16) and
lacto series GSLs are biosynthesized by Lc3 synthase (Lc3Syn;
encoded by B3GNT5) (17), whereas ganglio series are biosyn-
thesized by GM3 synthase (GM3Syn; encoded by ST3GAL5)
(18). Due to the complexity of branching at LacCer, the identi-
fication of the regulatory mechanisms of GSL expression has
been amajor challenge, even after identification of the enzymes
involved (Fig. 1A) (19). Ganglio series biosynthesis may be an
efficient enzyme step because LacCerSyn and GM3Syn partic-
ipate in multienzyme complexes, by which channeling of Lac-
Cer to the GM3Syn reaction may occur (20, 21). This complex,
however, may change its sub-Golgi compartment localization
in response to other expressed proteins (22, 23) and the regu-
latory mechanism has not yet been fully clarified. Nevertheless,
GSL expression is regulated by various cellular events, such as
the activation of human B cells in the germinal center (24).
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Different GSL species appear to function in cellular signaling
events, although individual functional differences have not
been fully explored. Moreover, the expressions of particular
GSL species are targeted by various bacterial toxins, and thus
have pathological significance. For example, the shiga toxin,
cholera toxin, and heat-labile enterotoxin targets CD77, GM1,
and GD1a, respectively (Fig. 1A) (25–27).

The expressions ofmany cellular phenotypes aremainly con-
trolled by the regulation of gene expression (28). Correlation
index-based responsible enzyme gene screening (CIRES) is a
novel systematic strategy to quantitatively assess the pheno-
type-genotype correlation. Thismethodwas developed to iden-
tify genetically dominant enzyme gene(s) that may quantita-
tively regulate the expression of cell surface glycans (29). CIRES
involves the statistical comparison of multisample profiles
between genotypes (glycan-related gene expression profiles
obtained byDNAmicroarray) and cell surface phenotypes (gly-
can expression). Correlations found between these profiles are
used to build hypotheses, and subsequent geneticmanipulation
of cells provides experimental verification (Fig. 1B). CIRES has
been successfully used to screen glycosyltransferase genes
responsible for the level of glycan expression on the cell surface
(29, 30). Thus, we used CIRES to analyze other complicated
GSL biosynthetic pathways, with a focus on the regulation of
branching.
We analyzed the branching point of LacCer in GSL biosyn-

thesis using CIRES to understand the genetic characteristics of
the branching regulatory mechanism, which is a frequent sub-
ject of biochemical studies. Our genetic analyses of B cell lines
revealed that the globo series dominated the ganglio series in
this biosynthetic pathway at the branching point of the com-
mon precursor, LacCer. This genetic dominance is based on
LacCerSyn regulation by CD77Syn. In contrast, actual con-
sumption of LacCer to biosynthesizeGb3/CD77 is not required
for the suppression of ganglio series biosynthesis. Thus, this
study proposes a novel mechanism for LacCerSyn regulation at
the branching point of the biosynthetic pathway.

EXPERIMENTAL PROCEDURES

Cell Culture, Plasmid DNA, and Antibiotics—The Namalwa
and Ramos B cell lines were obtained from Health Science
Research Resources Bank and cultured in RPMI 1640 medium
supplemented with 10% fetal bovine serum (JRH Bioscience,
Lenexa, KS), sodium pyruvate, non-essential amino acids, and
2-mercaptoethanol. COS-7 and CHO-K1 cells were cultured in
�-minimal essential medium supplemented with 10% fetal
bovine serum. Retrovirus was produced by transient transfec-
tion of modified pMSCV vectors (Clontech, Mountain View,
CA) to Plat-A amphotropic packaging cells (31) using the cal-
cium-phosphate method as previously reported (29). The vari-
ous plasmid DNAs used in this study are summarized under
supplemental Table S2.Aspartic acid residues in theDXDmotif
of CD77Syn (residues 192 and 194) were pointmutated to thre-
onine residues by PCR-based mutagenesis to give rise to the
CD77Syn-TXTmutant. CHO-K1 cells were successively trans-
fected with three vectors harboring resistance genes to antibi-
otics obtained fromNacalai Tesque (Kyoto, Japan) or Invivogen

(San Diego, CA): G418 (1000 �g/ml), blasticidin (10 �g/ml),
and zeocin (125 �g/ml).
Antibodies and Other Probes—Biotin-xx-conjugated cholera

toxin B subunit was obtained from Invitrogen. Anti-CD77
monoclonal antibody (mAb) (clone 38-13) was obtained from
IMMUNOTECH (Marseille, France). Anti-giantin rabbit poly-
clonal antibodies (pAb) (RPB-114C) were kindly provided by
Dr. H-M. Shin (Kyoto University). Anti-GM130 (clone 35) and
calnexin (clone 37) were from BD Transduction Laboratories
(Franklin Lakes, NJ). Anti-HAmAb (HA.11) was fromCovance
(Berkeley, CA) and anti-HA PAb (y-11) was from Santa Cruz
Biotechnology (Santa Cruz, CA). Anti-FLAG mAb (M2) and
anti-PDI pAb (P7496) were from Sigma. The following labeled
probeswere used to detect signals: anti-rat IgM (phycoerythrin,
Rockland), streptavidin (phycoerythrin, Caltag), anti-mouse
IgG1 (Alexa 488, Invitrogen), anti-rabbit IgG (Alexa 568, Invit-
rogen, orHRP,DAKO), and anti-mouse IgG (HRP, ZymedLab-
oratories Inc.).
Flow Cytometry (FCM)—Approximately 5 � 105 cells in 100

�l of FACS buffer (1% BSA and 0.1% NaN3 in PBS(�)) were
incubated with anti-glycan probes at room temperature for 1 h.
Secondary staining was carried out for 30 min. Data were
obtained using FACScan (BD Bioscience) and analyzed using
FlowJo software (Tristar, San Carlos, CA). For cross-compari-
son of the staining signal among cell lines with different auto-
fluorescence, the mean florescence intensity (MFI) of back-
ground staining was roughly adjusted to MFI � 10 and the
relative staining signal was expressed as a ratio of staining MFI
divided by control MFI as previously reported (29).
Statistical Analyses of Glycan Expression Profiles—Other

than the use of different glycan-binding probes, the correlation
index analyses involved in the CIRES procedure, which
included a systematic comparison of the relative profiles of
gene expression obtained by cDNA microarray and glycan
expression obtained by FCM in six cell lines, were essentially
the same as those previously reported (29, 30). A full list of the
gene expression profiles used to estimate Pearson correlation
coefficients is available as a supplemental table in previous
reports (29, 30).
Retrovirus-mediated Gene Transfer—MSCVs carrying the

intended glycosyltransferaseswere prepared by transient trans-
fection of the modified MSCV vector, pMSCV-IRES-EGFP,
which bicistronically encodes an enhanced green fluorescent
protein (GFP) open reading frame under control of an internal
ribosomal entry site. Vectors were transiently transfected into a
Plat-A packaging cell line (31) and culture supernatant was fil-
tered and used for spin infection. Infected cells were cultured
for 2 weeks to stabilize expression and stained with anti-glycan
probe,whereby aGFP-positive populationwas regarded as con-
taining gene-transferred cells andGFP-negative cells were con-
sidered controls. Thus, a mixture of both populations was
stained in a single tube for two-color FCM. The resultant MFI
for phycoerythrin was used as an indication of the cell-surface
expression of the glycan epitope. Staining of the GFP-negative
population wasmonitored to confirm that it was similar to that
of non-infected/vector-infected cells. This method ensured
reliable staining with anti-glycan probes to evaluate quantita-
tive differences in glycan expression.
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Thin Layer Chromatographic Analysis of GSLs—The GFP-
positive population of retrovirus-infected cells was sorted by
FACSAriaII (BD Biosciences) to enrich glycosyltransferase-ex-
pressing cells. Cellular GSLs were isolated as previously
reported (32). In short, neutral GSLs contained in the lower
phase of the Folch partition were per-acetylated and purified
with a Florisil column, whereas the acidic GSL fraction was
prepared by repeated partitioning with the salt-containing
upper phase of the Folch partition. GSL fractions equivalent to
1mg of cellular protein were applied to a silica-based TLC plate
and separated with a solvent (chloroform, methanol, 0.2%
CaCl2, 60:35:8). Orcinol was used for the visualization of sugar
moieties in GSLs and charring was carried out to gain sensitiv-
ity for the detection after orcinol staining (33). For detection of
GM1, 670 ng/ml of biotinylated CTxB was overlaid and the
signal was detected with Konica Immunostain HRP-1000
(Seikagaku). This system could detect roughly 30 ng of GM1 on
TLC plate.
Immunofluorescent Detection of Glycosyltransferase Local-

ization—COS-7 cells were grown on glass coverslips and tran-
siently transfected with C-terminal HA-tagged glycosyltrans-
ferases harboring the CMV promoter for expression with
Lipofectamine reagent (Invitrogen). Cells were harvested 30 h
after transfection to avoid overexpression of glycosyltrans-
ferases. Cells were fixed with methanol at �20 °C for 10 min.
Slips were blocked with 5% BSA, 0.05% Tween 20 in TBS and
stainedwith anti-HA tag antibody (HA.11) and organellemark-
ers. Fluorescent images were obtained using an invertedmicro-
scope (IX70; Olympus, �100 objective lens) equipped with a
CCD camera (Cool SNAP HQ/OL; Photometrics) and Metha-
molph software (Olympus, Tokyo, Japan). The obtained images
were subsequently processed with Photoshop software
(Adobe). To avoid overexpression-induced mislocalization of
glycosyltransferase, cells with moderate HA.11 signals were
chosen to obtain images, although strongly stained cells also
showed essentially the same staining pattern 30 h post-trans-
fection. The use of COS-7 cells resulted in amore defined intra-
cellular localization of the Golgi-localized enzyme when com-
pared with that of CHO-K1, HeLa, or HT1080 cells. Thus, the
images of transfected COS-7 cells were analyzed in detail.
Transfection and Co-immunoprecipitation of Glycosyltrans-

ferases—LacCerSyn-FLAG was transiently co-transfected with
CD77Syn-HA or GM3Syn into COS-7 cells using Lipo-
fectamine (Invitrogen). Cells were harvested 48 h after trans-
fection by trypsinization. Cell pelletswerewashedwith PBS and
lysed with sonication in TDE lysis buffer (50 mM Tris-HCl, pH
7.6, 1 mM DTT, 1 mM EDTA) containing protease inhibitor
mixture (Nacalai Tesque). Post-nuclear supernatants were
ultracentrifuged (55,000 rpm for 30 min) in MLA-130 rotor
(Beckman) and the resultant pellets were sonicated inTL buffer
(1%TritonX-100, 50mMTris-HCl, pH 7.6, 150mMNaCl, 1mM

EDTA) containing a protease inhibitor mixture to extract the
membrane fraction of the cells. The ultracentrifuge superna-
tants of these membrane extracts were used as membrane frac-
tions. These were immunoprecipitated with either HA.11 (anti
HA antibody) orM2 (anti-FLAG antibody) and Protein G-Sep-
harose (Amersham Biosciences, Uppsala, Sweden), and co-
immunoprecipitates were detected by immunoblotting with

M2 or y-11, respectively. To assess competition between
GM3Syn-HA and non-tagged CD77Syn/CD77Syn-TXT in
complex formation with LacCerSyn-FLAG, the respective
genes were successively introduced to CHO-K1 cells. CHO-K1
cells were employed because this cell line tends to stably hold
introduced transgenes. To ensure polyclonality of the cells, a
double transfectant clone (expressing LacCerSyn-FLAG and
GM3Syn-HA) of CHO-K1 cells (selected with G418 and blasti-
cidin) was transfected with the third constructs and poly-
clonally selected with zeocin.
Metabolic Labeling of LacCerSyn-FLAG—The polyclonal tri-

ple stable cells described aboveweremetabolically pulse labeled
with [35S]cysteine andmethionine (EXPRE35S35S Protein label-
ing mix, PerkinElmer Life Sciences) for 30 min and chased in
the medium containing enriched cold cysteine andmethionine
for the indicated times. Cells were recovered with trypsiniza-
tion and frozen in a deep freezer as cell packs. Cells were lysed
with Nonidet P-40/Triton X-100 (1% each) containing lysis
buffer and immunoprecipitated with M2 anti-FLAG antibody.
The amounts of cell lysate used for immunoprecipitation were
adjusted according to the size of the cell pack. Immunoprecipi-
tated samples were subjected to 10% SDS-PAGE and the signals
of the visualized bandswere quantifiedwith BAS2500 (Fujifilm,
Tokyo) after the gels were dried.

RESULTS

Dominant Effect of CD77Syn on GSL Expression in B Cells—
Within the biosynthetic pathway of GSLs, LacCer can be used
by a variety of enzymes to give rise to various series of GSLs.
Therefore, this branching point in the pathway could be inter-
preted as the point of lineage commitment to specific biosyn-
thetic pathways (Fig. 1A). CIRESmay be useful for understand-
ing the regulation of glycan biosynthesis at pathway branching
positions given its ability to identify regulatory enzyme genes
even when the enzyme reaction is not directly involved in the
formation of the glycan in question (29). The B subunits of two
bacterial toxins, the shiga toxin and cholera toxin, were
employed to probe CD77 and GM1, respectively, in FCM.
When the relative expression of a panel of six B cell lines was
compared, the staining profiles of CD77 and GM1 were dis-
tinct. CD77 was strongly expressed in the germinal center-like
B lymphomas Daudi, Ramos, and Raji (Fig. 2A), whereas prom-
inent expression of GM1 was found only in Namalwa cells (Fig.
2A) that lacked expression of CD77. Given that the shiga toxin
B subunit and the anti-CD77 antibody showed identical stain-
ing patterns for these cell lines, we used anti-CD77 for the
remainder of the study. TheGSL expression profiles were com-
paredwith the gene expression profiles for glycan-related genes
in identical sets of cell lines. The expression profile of the
CD77Syn (A4GALT) gene positively correlated (r � 0.83) with
that of CD77 and negatively correlated with that of GM1 (r �
�0.75; Fig. 2B and supplemental Table S1). In contrast, none of
the gene expression profiles forGM3Syn (ST3GAL5),GM2 syn-
thase (B4GALNT4), or GM1 synthase (B3GALT4) exhibited
significant positive correlations, although these are genes
whose products are involved in actual GM1 biosynthesis. A full
list of the correlated glycan-related genes is provided under
supplemental Table S1. Here, we focus on the presence of the
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negative correlation because such a relationship may be attrib-
utable to unexpected regulatory mechanisms.
CD77Syn Expression Determines the Expression of GSL

Species—First, we hypothesized that the CD77Syn reaction
would dominate at the branching point using LacCer. Consis-
tent with this hypothesis, retrovirus-mediated ectopic expres-
sion of CD77Syn changed the expression profile of GSL in
Namalwa cells, where induction ofCD77 (Fig. 2C) and concom-
itant reduction of GM1 was found in FCM (Fig. 2D). In this
assay, we utilized a vector in which EGFP is conjugated with an
internal ribosomal entry site to monitor glycosyltransferase
gene expression, which provided an internal staining control in
the same tube.Moreover, whenGFP-positive populations were

pooled by a cell sorter and their GSL fractions were analyzed by
thin layer chromatography (TLC), prominent induction of
CD77 and reduction of GM3 were observed upon CD77Syn
expression (Fig. 2E). When CTxB was overlaid, a reduction in
the GM1 band was also observed (Fig. 2E). These results indi-
cate that CD77Syn controls a global change in the GSL lineage.
In contrast to the Namalwa cells, the introduction of CD77Syn
to Ramos cells had a minimal effect on GSL biosynthesis (Fig.
2F). We reasoned that strong endogenous expression of
CD77Syn (Fig. 2B) could be responsible for the lack of effect in
Ramos cells because the total flow of GSL biosynthesis is less
likely to be changed by further introduction of CD77Syn.
Minor Contribution of Non-correlated Enzyme Genes in GSL

Expression—To determine the regulatory competence of other
glycosyltransferases on theGSL biosynthetic pathway (Fig. 1A),
we also introduced genes encoding synthases for GlcCer, Lac-
Cer, GM3, GM2, GM1, and Lc3 to Namalwa and Ramos cells
(Fig. 3,A–D). GM3Synmay occur in alternatively spliced forms
(34). Because RT-PCR analysis showed that both Namalwa and
Ramos cells expressed the longer isoform of GM3Syn, we used
the cDNA of this isoform for further examinations. Consistent
with the correlation results, introduction of the CD77Syn gene
had the most prominent effect on the expression of both GM1
and CD77 in Namalwa cells (Fig. 3, A and B). In Ramos cells, in
which CD77Syn is endogenously expressed, overexpression of
GlcCer synthase had the most prominent effect; i.e. a greater
than 6-fold increase in CD77 expression was detected without
altering the GM1 expression, indicating that GlcCer synthase
determines the total flow of GSL biosynthesis in Ramos cells
(Fig. 3C). The GSL fraction of the GlcCer synthase-infected
GFP-positive pool also exhibited clear induction of CD77 by
TLC analysis, whereby a subtle increase in GlcCer but not Lac-
Cer or ganglio series GSL was noted (Fig. 3E). This was consis-
tent with the hypothesis that LacCer utilization can be deter-
mined by the expression of CD77Syn. In Ramos cells, GM3Syn
increased the expression of GM1 up to 4-fold (Fig. 3D). Thus,
the abundant expression of GM3Syn was somewhat able to
overcome dominance to use LacCer for ganglio series GSLs.
These results suggest the presence of simple competition
among enzymes to utilize LacCer at the biosynthetic branch.
However, previous reports have indicated that branching
enzymes CD77Syn, Lc3Syn, and GM3Syn exhibit the same
order of Km values toward LacCer, although the reports varied
in their values, i.e. 54.5 �M for CD77Syn (15), 80 �M for
GM3Syn (35), 3.2 �M for GM3Syn, and 8.0 �M for Lc3Syn (36).
Moreover, these data may not take into account molecular
crowding, another factor to be considered within the Golgi
apparatus (37). Therefore, we asked whether enzymatic con-
version of LacCer to CD77 is required for CD77Syn to exhibit
dominant “activity” to suppress ganglio series expression.
Enzyme Activity-independent Dominance of CD77Syn over

Other Enzyme Genes in the Pathway—CD77Syn is a member of
the conventional glycosyltransferase family, whose luminal cat-
alytic domain contains a DXD motif for enzyme activity (38–
40). We site directly point-mutagenized the DXD motif into
TXT to create a catalytically inactive mutant. When the TXT
mutantwas introduced toNamalwa cells, no induction ofCD77
was observed (Fig. 3F), as expected. However, a reduction in

FIGURE 1. Biosynthetic pathway of GSL and the CIRES procedure. A, bio-
synthetic pathway for GSLs. Biosynthetic pathways for GSLs comprising vari-
ous series are illustrated. Arrows indicate specific glycosyltransferase reac-
tions for biosynthesis. Biosynthetic pathways of globo-series (top), lacto
series (middle), and ganglio series (bottom) incorporating GSL branching at
the glycosyltransferase reaction for GM3Syn/ST3GAL5 (depicted as 3),
Lc3Syn/B3GNT5 (6), and CD77Syn/A4GALT (7), respectively. The biosynthesis
of these three series of glycans share the same substrate, LacCer. The names
of the GSLs that terminate with the indicated sugars are shown below. GM1
and CD77 are epitopes for the B subunit of the cholera toxin and shiga toxin,
respectively. B, the general concept of CIRES is illustrated. The main method-
ology and factors involved in CIRES were previously reported (29). Briefly, the
glycan expression profile was statistically tested against the expression pro-
files of glycan-related genes that were obtained by cross-sample comparison
of cDNA microarray experiments. The presence of glycan-related genes,
which exhibit similar (positively correlated) or dissimilar (negatively corre-
lated) profiles to glycan expression, are listed as candidate(s) responsible
genes. Genes exhibiting statistical significance by the Pearson correlation
index analyses were then experimentally tested for their ability to change the
expression of glycans on the cell surface via gene-transfer experiments.
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GM1was still observed (Fig. 3F). Tomeasure the reduction rate
between CD77Syn and its TXT mutant, sorted GFP-positive
cells were compared via side by side staining. The rate of GM1
reduction was greater in CD77Syn-introduced cells than in
TXTmutants (supplemental Fig. S1A). This difference could be
due to some degree of catalytic consumption of the LacCer.
Alternatively, because the GFP signal, which infers the
degree of transgene expression, was greater in CD77Syn
cells, the level of protein expression between the two cell
types could account for the difference. The expression level
of the mutant appeared to be important because the CTxB
signal tended to be weaker in the cells exhibiting stronger
GFP signals. CD77Syn-expressing cells exhibited stronger
GFP signaling with weaker CTxB signaling when superim-
posed with that of TXT mutants (supplemental Fig. S1B). In
any case, the observed reduction in GM1 with the TXT
mutant provides evidence against the possibility that enzy-
matic conversion of LacCer to CD77 by CD77Syn overex-
pression is the primary cause of the dominant effect of
CD77Syn in suppressing GM1 expression.
When the TXT mutant was introduced into Ramos cells,

which express endogenous CD77Syn, CD77 expression was
reduced, indicating that CD77Syn-TXT competes with the
endogenous CD77Syn for the intracellular niche (Fig. 3F). Con-

sistent with wild-type CD77Syn expression, the TXT mutant
exhibited only subtle inhibition of GM1 in Ramos cells, indicat-
ing that the inhibitory effect of wild-type and TXTmutants on
GM3 biosynthesis is similar, resulting in no additive effect in
CD77Syn-sufficient Ramos cells. Taken together, these results
indicate that genetic dominance of CD77Syn was caused by the
occupation of a putative intracellular niche; therefore, catalyt-
ically inactive TXT mutants are able to exhibit a dominant-
negative phenotype.Moreover, these results clearly rule out the
notion that the substrate in the Golgi apparatus is distributed
evenly, and is thus accessible to downstream enzymes in the
pathway. Rather, depending on the CD77Syn, the accessibility
of LacCer to GM3Syn appeared to be regulated in the B cells
that endogenously regulate GSL expression. To determine
whether or not CD77Syn exhibit a dominant function at
branching of GSL in different cell types that is not known for
GSL alteration, we expressed CD77Syn and CD77Syn-TXT in
COS-7 cells expressing GD1b and GM1 as major and minor
gangliosides, respectively (41). Non-conjugated GFP was co-
transfected to monitor transfected cells in transient expression
experiments. GFP positive cells inCD77Syn-expressed cells did
not increase CD77 staining, indicating that dominance in the
CD77Syn expression could be cell-type specific. CD77Syn-
TXT cells showed suppression of GM1 (supplemental Fig. S2),

FIGURE 2. Dominant effect of CD77Syn on GSL expression. A, relative expression profile obtained by FCM staining using shiga toxin B subunit (left) or cholera
toxin B subunit (right) plotted in web-graph format. The relative strengths of the toxin epitope expressions in a set of six cells are expressed on a log-scale on
diagonal lines of a hexagon. Thus, plots located at the edge of the hexagon indicate stronger expression. Cells with the strongest expression were set to 100%
for each staining. B, relative gene expression profile of CD77Syn/A4GALT among a set of six cell lines. The intensity of gene expression is indicated as the
logarithmic value of the relative CD77Syn expression signal, which was normalized with the value of the control RNA in the cDNA microarray experiments (29).
C and D, anti-CD77- (C) or CTxB- (D) stained FCM results of cells infected with vector or CD77Syn are overlaid. The bold line indicates expression of CD77 (C) or
CTxB epitope (D) in CD77Syn-expressed cells, and the thin line indicates the results for vector-infected cells. The gray line corresponds to the negative control.
E, GSL analyses on TLC. A GFP-positive population was sorted using the cell sorter for control vector- and CD77Syn-infected Namalwa cells. GSL fractions were
prepared from Folch partition. U indicates the upper layer enriched with the acidic GSL fraction, whereas L indicates the lower layer enriched with the neutral
GSL fraction. The standard GSL (Std) used is indicated. Ceramide monohexoside and ceramide dihexoside are indicated as GlcCer and LacCer, respectively. GSL
was visualized by orcinol staining, and the single band indicated with an asterisk was judged as orcinol-negative due to the difference in color. Each lane
containing purified GSLs corresponds to 1 mg of protein. GM1 was visualized with a CTxB overlay. F, CD77Syn infection in Ramos cells. Ramos cells were infected
with CD77Syn or control vector virus and the GFP-positive fraction was assessed for GSL expression (left, CD77; right, CTxB) by FCM.
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thus CD77Syn-TXT could alter glycosylation even in the cell
type that does not regulate GSL species.
Subcellular Localization of Branching Enzymes—Tovisualize

the putative intracellular niche that CD77Syn may be occupy-
ing, we compared the intracellular localization of CD77Syn
with otherGSL synthases related to LacCer in B cells. The local-
ization of these branching glycosyltransferases was not directly
compared in the same cells. Because B cell lines have limited
cytoplasmic space, we used COS cells, which have been exten-
sively used for examining Golgi retention signaling of glycosyl-
transferases (42), thus could be useful in this study. The short
N-terminal tail may be involved in the determination of intra-
cellular localization of glycosyltransferase, thus C-terminal
HA-tagged glycosyltransferase constructs were transiently
expressed in COS-7 cells. Attempts to conjugate a larger tag,
such as GFP, resulted in the failed expression of glycosyltrans-
ferases, probably due to folding problems. To visualize intracel-
lular localization, we compared the localities of tagged enzymes
for LacCerSyn, CD77Syn, Lc3Syn, and GM3Syn to conven-
tional markers for the Golgi apparatus, giantin, or GM130, and
the endoplasmic reticulum, calnexin, or peptidyl disulfide
isomerase (PDI) in co-staining experiments (Fig. 4, A and B).
In B lymphoma cells, among �1–4-galactosyltransferases

reported to biosynthesize LacCer, B4GALT6 rather than
B4GALT5 (43) was prominently expressed by the cDNA
microarray (29), and shRNA-mediated knockdown of
B4GALT5 did not alter GSL expression. These results are sim-
ilar to those previously reported in knock-out mouse liver cells
(44). Thus, B4GALT6 was used for subsequent experiments.
This assay showed that LacCerSyn-HA andCD77Syn-HAwere
primarily localized to giantin-positive compartments, likely the
Golgi apparatus (Fig. 4, C–F). In contrast, Lc3Syn-HA were
primarily localized to the endoplasmic reticulum, as judged
from co-localization with PDI (Fig. 4, G and H). GM3Syn-HA
showed widespread localization, with partial co-localization
with both PDI and giantin (Fig. 4, I and J). Golgi localization
could be key for biosynthetic branching, as the degree of Golgi
localization was in good correlation with the effect of GSL
biosynthetic dominance in the retrovirus-mediated gene
transfer experiment; i.e. the efficiency was similar to that of
CD77Syn (exhibited 88% reduction in GM1 in Namalwa
cells), GM3Syn (exhibited 42% reduction in CD77 in Ramos
cells), and Lc3Syn (exhibited no reduction; Fig. 3, B andC). In
any case, in the putative intracellular niche, CD77Syn
seemed to localize closer to LacCerSyn. However, this was
not sufficiently conclusive evidence for the dominance of

FIGURE 3. Effect of overexpression of relevant enzymes in the pathway on the cell surface expression of CD77 or GM1. A–D, expression of CD77 (A and
C) or CTxB epitope (B and D) on Namalwa (A and B) or Ramos (C and D) cells infected with various glycosyltransferase genes. The log-scaled signal strength (MFI)
in staining was plotted for the indicated glycosyltransferases. Probe(�) indicates the background level of fluorescence detected for the fluorochrome-
conjugated secondary probe alone. E, GSL profile analysis of GlcCerSyn-infected Ramos cells on TLC. A GFP-positive population was sorted for vector control
(Vector) and GlcCerSyn (GCS)-infected Ramos cells. TLC was carried out as described in the legend to Fig. 2E and GSLs were visualized with orcinol staining. U and
L indicate the upper and lower fractions from Folch partitioning, respectively. The standard GSL (Std) used are indicated on the left. Each lane contains a GSL
fraction from cells corresponding to 0.65 mg of protein. F, effect of the CD77Syn mutant on GSL expression. A retrovirus vector for CD77Syn-TXT was prepared
and used to infect Namalwa or Ramos cells as described in the legend to Fig. 2C. Expression of GSL was monitored with FCM using anti-CD77 or CTxB. Dashed
lines indicate the negative control of the staining and bold gray lines indicate probe staining with control virus infection. Thin lines indicate probe staining of
infected cells with retrovirus encoding CD77Syn-TXT.
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CD77Syn given that GM3Syn could also co-localize with
LacCerSyn in the Golgi apparatus (Fig. 4I), indicating that
compartmentalization is not completely rigid.
Complex Formation of CD77Syn with LacCerSyn—It was

previously reported that LacCerSyn and GM3Syn are co-com-
plexed, and this complex formation is offered as evidence for
the efficient conversion of LacCer to GM3, as this physical kin
association could ease the process of channeling the substrate
from one to the other (20). However, it was not clear how
CD77Syn fit into this process, because, at least genetically, the
efficiency of CD77Syn in the pathway appeared greater than
that of GM3Syn in B cells (Figs. 2 and 3). Therefore, we exam-
ined whether CD77Syn could form a complex with LacCerSyn.
As previously reported, when LacCerSyn was co-expressed
with GM3Syn, the two enzymes formed a co-immunoprecipi-
table complex (Figs. 5,A and B). CD77Syn also co-immunopre-
cipitated with LacCerSyn (Fig. 5, A and B) indicating that such
complex formation is not limited to LacCerSyn with GM3Syn.
This complex did not contain microscopically co-localized

giantin, which is a Golgi resident tether protein. The co-immu-
noprecipitation was not detectable when the lysates of inde-
pendently transfected cells were mixed at the step of immuno-
precipitation (supplemental Fig. S3). Thus, complex formation
requires their co-expression in the same Golgi apparatus, sim-
ilar to the case of GM1 and GM2 synthases (20).
We next examined the ability of CD77Syn-TXT to form a

complex with LacCerSyn, because this mutant retained the
ability to repress ganglio series biosynthesiswithout consuming
LacCer. Consistent with its ability to inhibit ganglio series bio-
synthesis, CD77Syn-TXT also formed an enzyme complexwith
LacCerSyn (Fig. 5C). It was worth noting that the TXTmutant
expressing COS-7 cells had less LacCerSyn expression in the
lysate (Fig. 5, B and C) thus mutation may cause stronger inter-
action of the enzymes. This reduction of LacCerSyn may
explain why we detected reduced GM1 expression in COS-7
cells only upon CD77Syn-TXT transfection (supplemental Fig.
S2). This result prompted us to assess the level of GSLs in
CD77Syn-TXT introduced into Namalwa and Ramos cells.
Because retrovirus-mediated gene transfer to Namalwa cells
did not reach 100%, we sorted a GFP-positive population of
control or CD77Syn-TXT virus-infected cells. Consistent
reduction in GM3 occurred in CD77Syn-TXT-infected cells in
both TLC (Fig. 5D) and FCM (Fig. 5E), whereas GM1 was
detectable only in FCM (Fig. 3F). Although it is expected that
biosynthetic inhibition at the branching point utilizing LacCer
could cause its accumulation, CD77Syn-TXT cells showed
slightly reduced LacCer expression. In contrast, the observed
expression of GlcCer was similar to controls. Thus, GlcCer
incorporation into the GSL biosynthetic pathway appeared
unchanged. These data indicate that LacCer usage for GSL,
such as GM1 biosynthesis, is regulated by the presence of
CD77Syn and that this regulatory dominance could be achieved
via a biological process, such as the formation of an intra-Golgi
complex with LacCerSyn.
Possible Compartmentalization of CD77Syn and GM3Syn to

Utilize the LacCerSyn Complex—Because both CD77Syn and
GM3Syn can localize to the Golgi apparatus and form com-
plexes with LacCerSyn, an important question is whether Lac-
CerSyn is freely accessible to these distal enzymes. Cargo pro-
teins that traverse the Golgi apparatus can be differentially
sorted into their own destinations in relationship to glycosyla-
tion (45). We hypothesized that ganglio series and globo series
GSL biosynthesis could be distinctly functionally compart-
mented to explain the above findings. Alternatively, if CD77Syn
and GM3Syn function primarily in the same compartment of
the Golgi apparatus, LacCerSyn should be accessible to both of
the distal enzymes. Therefore, one could expect competition
between complexes for LacCerSyn. To examine these possibil-
ities, we tested whether CD77Syn could dominantly form a
complex with LacCerSyn to out-compete GM3Syn, resulting in
dominance in product formation. We first developed a double
transfectant cell line expressing both LacCerSyn-FLAG and
GM3Syn-HA,which forman intra-Golgi complex (Fig. 6A).We
then polyclonally introduced CD77Syn or CD77Syn-TXT and
compared them to a control vector to assess changes in com-
plex formation between LacCerSyn and GM3Syn. Expression
of CD77Syn and CD77Syn-TXT both resulted in reduced Lac-

FIGURE 4. Intracellular localization of glycosyltransferases related to Lac-
Cer. COS-7 cells were transiently transfected with HA-tagged glycosyltrans-
ferases and their intracellular localization was detected with indirect immun-
ofluorescent studies (anti-HA, green channel, Alexa 488) with Golgi-localized
giantin (red channel, Alexa 568; A, C, E, G, and I) or endoplasmic reticulum-
localized PDI (red channel; B, D, F, H, and J). Control staining of non-transfected
COS-7 cells was also carried out (A and B) with endoplasmic reticulum-local-
ized calnexin (green; A) or Golgi-localized GM130 (green; B). HA-tagged Lac-
CerSyn (C and D), CD77Syn (E and F), Lc3Syn (G and H), and GM3Syn (I and J)
were transfected. Small boxes at the right of the images are magnified and
shown on the left for each channel (R, red; G, green) to better examine overlap
in localization. DAPI was used to counterstain the nucleus (blue). Bar � 10 �m.
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CerSyn in the membrane fraction used for immunoprecipita-
tion (Fig. 6A), which is somewhat consistent with the reduction
in LacCer found in Ramos cells and CD77Syn-expressed
Namalwa cells in TLC (Figs. 2E and 3E). Accordingly, GM3Syn-

LacCerSyn co-immunoprecipitation was reduced. In contrast,
expression of GM3Syn in the membrane fraction did not
change, suggesting that the reduction was specific to LacCer-
Syn. These data indicate that LacCerSynwas not freely available

FIGURE 5. Complex formation of LacCerSyn with CD77Syn. A, LacCerSyn-FLAG was transiently co-transfected with CD77Syn-HA or GM3Syn-HA in COS-7 cells.
The membrane fraction (Input) was prepared from transfectant and immunoprecipitated with M2 anti-FLAG mAb and Protein G-Sepharose. Immunoprecipi-
tate and co-immunoprecipitate (bold box, co-IP) were monitored by immunoblotting with M2 (FLAG) mAb and y-11 (HA) pAb, respectively. B, similar to the
experiments in A, except that HA-tagged proteins were immunoprecipitated, and co-immunoprecipitation of LacCerSyn-FLAG was examined by immuno-
blotting. C, complex formation of a CD77Syn mutant with LacCerSyn. COS-7 cells were transiently transfected with LacCerSyn-FLAG and either CD77Syn-HA or
CD77Syn-TXT-HA as indicated at the top. Immunoprecipitation and immunoblotting were carried out as in A. GM130 was used as a control. D, GSL expression
profiling visualized by TLC. Sorted GFP-positive cell fractions were assessed for GSL expression as described in the legend to Fig. 2F for Namalwa and Ramos
cells infected with MSCV-IRES-GFP-CD77Syn-TXT (TXT) or a control virus (Vec). GSLs were visualized by orcinol staining to ensure that they possessed a sugar
moiety. Purified GSLs spotted on each lane correspond to 1 or 0.65 mg of protein for Namalwa or Ramos cells, respectively. E, reduction in GM3 expression due
to the CD77Syn-TXT mutant visualized by FCM. Sorted GFP-positive populations were assessed by anti-GM3 (GMR6, Seikagaku Corp., Tokyo) mouse mAb and
phycoerythrin-conjugated anti-mouse IgM. Only vector-infected Namalwa cells exceeded the detection limit in the experiment. This could be due to the
preferential expression of GM3 within intracellular organelles or a weak reactivity of the antibody. In any case, CD77Syn-TXT infection diminished the expression
of detectable GM3.

FIGURE 6. CD77Syn expression alters LacCerSyn turnover. A, polyclonal triple stable cell lines expressing LacCerSyn-FLAG, GM3Syn-HA with vector,
CD77Syn, or CD77Syn-TXT were subjected to a co-immunoprecipitation assay as described in the legend to Fig. 5A. Expressions of LacCerSyn and GM3Syn were
examined in both membrane fraction (input) and immunoprecipitated (IP) fractions. B, polyclonal triple stable cell lines expressing LacCerSyn-FLAG,
GM3Syn-HA with vector, or CD77Syn were pulse labeled for 30 min and chased for the indicated times to examine LacCerSyn turnover. The radioactivity of the
immunoprecipitated LacCerSyn band in the SDS-PAGE gel was visualized by BAS2500. The bottom graph indicates the relative mean values of LacCerSyn
signals in triplicate individual experiments, whereby a faster turnover of LacCerSyn in CD77Syn-expressing cells was detected. The bars at the top of each
column represent the mean � S.E., and the p value was calculated using a Student’s t test. IB, immunoblot.
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to GM3Syn when CD77Syn was expressed; thus, CD77Syn and
GM3Syn are less likely to compete for LacCerSyn in the same
compartment of the Golgi apparatus. Rather, it is likely that
CD77Syn acts more proximally to LacCerSyn in the pathway
than GM3Syn, possibly in different subcompartments, thus
favoring globo series GSL biosynthesis.
Change in the Turnover of LacCerSyn in the Presence of

CD77Syn—The apparent loss of LacCerSyn upon CD77Syn
expression (Fig. 6A) indicated possible functional compart-
mentalization between biosynthetic enzymes for the globo and
ganglio series. Yet, when immunofluorescent signals were com-
pared, neither GM3Syn nor CD77Syn seemed to localize in the
specified sub-Golgi structure, given that they were both co-lo-
calized with the authentic Golgi marker giantin, indicating that
such putative compartmentalization may not be seen at the
microscopic level even if it exists. As an alternative approach,
we focused on LacCerSyn turnover given the apparent loss of
LacCerSyn, because a considerable number of reports have
demonstrated that changes in the sorting of a protein may alter
its turnover (46–49). Moreover, the sorting of the Golgi glyco-
syltransferase could be a regulated event (50). We carried out
pulse-chase experiments on the above polyclonal triple stable
cells to determine whether the turnover rate of LacCerSyn
expression would increase. We pulsed these triple stable cells
with [35S]cysteine andmethionine, then chased the cells for the
indicated amounts of time. The radioactivity of immunopre-
cipitated LacCerSyn did not differ between controls and
CD77Syn-expressing cells immediately after the labeling. How-
ever, the reduction rate was greater in CD77Syn-expressing
cells as a function of time (Fig. 6B). It was unlikely that
CD77Syn expression caused overall acceleration of protein
turnover, because the expression of GM3Syn appeared unaf-
fected (Fig. 6A). Taken together, these data indicate that com-
plex formation with CD77Syn may change the turnover rate of
LacCerSyn within the cells. These data do not conflict with the
notion that expression of CD77Syn may trigger alternate sort-
ing of LacCerSyn to a functional compartment that is distinct
from the putative GM3-biosynthesizing compartment. Collec-
tively, we propose that a change in CD77Syn expression in acti-
vated B cells may cause the conversion of LacCer by separate
mechanisms, namely, the catalytic consumption of LacCer
(although it may not be a major cause, as anticipated), complex
formation with LacCerSyn to ease substrate transfer from
upstream enzymes, and alteration of LacCerSyn turnover to
limit LacCerSyn accession to other branching enzymes. Sup-
plemental Fig. S4 illustrates this using a flow model.

DISCUSSION

We used genetic techniques to analyze biosynthetic path-
ways by applying novel quantitative phenotype-genotype cor-
relation analysis; specifically, we used cell surface GSL expres-
sion and glycan-related gene expression to examine phenotype
and genotype characteristics, respectively. We focused on
genes that showed negative correlations between phenotype
and genotype, because such a relationship could represent a
novel regulatory mechanism. Subsequent analysis revealed a
mechanism explaining the genetic dominance of CD77Syn in
GSL regulation at a biosynthetic branching point. The genetic

analyses presented here provide novel insights into the archi-
tecture of biosynthetic pathway branching regulation. Our data
support the possible glycosyltransferase interaction-mediated
alteration of functional compartmentalization of enzymes
involved in pathway branching.
The Impact of Pathway Branching Control at LacCer in the

Regulation of GSL Biosynthesis—It is noteworthy that ectopic
expression of CD77Syn and CD77Syn-TXT both resulted in a
reduction in LacCerSyn by Western blotting (Fig. 6A). How-
ever, being similar to Ramos cells, CD77Syn-introduced
Namalwa cells exhibited very strong CD77 expression, even
when using charring detection, whichmirrors the level of GSLs
better than orcinol detection. Therefore, the question remains
how CD77Syn could suppress LacCerSyn yet efficiently pro-
duce CD77.
We found that only CD77Syn-sufficient Ramos cells induced

globe series-skewed expression by overexpression of GlcCer-
Syn (Fig. 3), thus the quantity of GlcCerSyn, not LacCerSyn is
likely to control the total flow rate of the GSL biosynthesis in
CD77Syn-sufficient cells. Nevertheless, regulation of the GSL
species seemed to take place at the LacCer branching point.
Therefore, we concentrated on branching regulation to address
the above question. One clue was the lack of LacCer accumula-
tion upon expression of CD77Syn-TXT (Fig. 5D). When
CD77Syn forms a physical complex with LacCerSyn, CD77Syn
complexing may limit the free GlcCer accessibility of LacCer-
Syn. Taken together, we propose a feasible possibility: induced
CD77Syn may compartmentalize LacCerSyn so that ongoing
biosynthesis of LacCer is efficiently coupled with subsequent
branching to CD77 biosynthesis. In such a scenario, the
CD77Syn compartment has a shorter turnover of contents, and
thus accelerated LacCerSyn turnover is observed (Fig. 6B).
Regardless of the mechanism, CD77Syn appears to play a key
role in regulating LacCerSyn during GSL expression in B cells,
where activation-dependent CD77 biosynthesis is potentiated
(supplemental Fig. S4). The above mentioned effect of
CD77Syn-TXT supports the idea that functional compartmen-
talization takes place in GSL biosynthesis branching. This may
be achieved by the glycosyltransferase-resident protein interac-
tion (23). More recently, Yamaji et al. (51) reported that
induced expression of transmembrane BAX inhibitor motif-
containing family proteins could suppress CD77Syn. Thus,
CD77Syn activity at the branching point can be dependent on
the microenvironment of the Golgi, which would include the
expression of BAX inhibitor motif-containing family proteins
or other unidentified protein(s). Expression profiles of these
proteinsmay determine cell-type specificity in GSL expression.
What is needed for a more precise understanding of this puta-
tive compartmentalizationmodel is mutant B cells that lack the
ganglio series suppressive activity of CD77Syn. Such synthetic
biological analysis of a rescuing CD77Syn-TXT mutant would
provide information with regards to the putative molecule
responsible for compartmentalization. We are currently
attempting to isolate such mutant cells for this purpose.
Global Change in GSL to Globo Series—The characterizations

in this study indicated that CD77Syn is a good candidate enzyme
to globally change the expression of the GSL species at LacCer
branching (10, 52), limiting the expression of LacCerSyn available
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to other pathways. Thus, induction of globo series GSL and a
concomitant reduction in ganglio seriesGSL could be regulated
by transcriptional activation of CD77Syn alone. Expression of
CD77 is specific to the germinal center B cells in secondary
lymphoid organs, thus CD77 has been utilized to mark germi-
nal center cells such as centroblasts. Indeed, induction of
CD77Syn was reported in in vitro-activated human B cells in a
microarray study (53). Thus, the above mechanism appears to
be responsible for GSL expression in activated B cells during
human germinal center reactions. Similarly, CD77-negative
(and ganglio series GSL-expressing) M1 cells can be converted
into a strongly CD77-positive state in 72 h in response to dif-
ferentiation to macrophagic cells (54). Such a drastic change in
the GSL profile could be explained by the function of CD77Syn
to control LacCerSyn. The physiological/functionalmeaning of
such global GSL conversion in each specific cell type is an
important issue to be examined in the future, and which we are
currently pursuing using manipulated cells only with the regu-
latory enzyme(s) identified.
Advantages of the CIRES Technique for Genetic Screening at

Branching Points—CIRES is a novel method for phenotype-
genotype analysis that utilizes the quantitative cellular pheno-
type to determine the gene(s) regulating the strength of the
phenotype asmodulator(s) of the system (29, 55). In the present
study, we applied CIRES to quantitatively evaluate differences
in GSL expression. From correlation analysis and overexpres-
sion experiments, we first hypothesized that the biosynthetic
pathway branches for the utilization of LacCer two steps
upstream of the GM1 synthase reaction, which could be a key
step for GM1 biosynthesis, and that this branching is regulated
by CD77Syn, although this enzyme is not in the biosynthetic
pathway of GM1. This hypothesis was based on the observed
negative correlation, and was a key step in identifying the pres-
ence of transferase activity-independent complex formation of
LacCerSyn with CD77Syn and changes in LacCerSyn turnover
by CD77Syn. To the best of our knowledge, CIRES is the only
systematic approach for determining such negative relation-
ships between enzymes, and thus could be an especially power-
ful tool for the identification of regulatory enzymes in highly
branched glycan biosynthesis pathways, where a bona fide reg-
ulatory enzyme may not be directly mapped within the biosyn-
thetic pathway of the glycan (e.g. the CD77Syn reaction for
GM1 expression). Such regulatory enzyme step mapping
should be combined with the introduction of “dominant-nega-
tive” glycosyltransferase, rather than knocking down the gene,
to informatively analyze the regulation. We strongly recom-
mend this strategy, especially when a negative correlation is
found via profile analyses.
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