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The study of glycan function is a major frontier in biology that
could benefit from small molecules capable of perturbing carbo-
hydrate structures on cells. The widespread role of sulfotrans-
ferases in modulating glycan function makes them prime targets
for small-molecule modulators. Here, we report a system for
conditional activation of Golgi-resident sulfotransferases using a
chemical inducer of dimerization. Our approach capitalizes on two
features shared by these enzymes: their requirement of Golgi
localization for activity on cellular substrates and the modularity of
their catalytic and localization domains. Fusion of these domains to
the proteins FRB and FKBP enabled their induced assembly by the
natural product rapamycin. We applied this strategy to the GIcNAc-6-
sulfotransferases GIcNAc6ST-1 and GIctNAc6ST-2, which collaborate
in the sulfation of L-selectin ligands. Both the activity and speci-
ficity of the inducible enzymes were indistinguishable from their
WT counterparts. We further generated rapamycin-inducible chi-
meric enzymes comprising the localization domain of a sulfotrans-
ferase and the catalytic domain of a glycosyltransferase, demon-
strating the generality of the system among other Golgi enzymes.
The approach provides a means for studying sulfate-dependent
processes in cellular systems and, potentially, in vivo.
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hemical approaches have emerged as powerful allies to

traditional genetic and biochemical strategies for probing
biological function (1). Small molecules that modulate a pro-
tein’s function, either by inhibition or activation, can be used to
effect biological processes in a temporal, reversible, and tunable
fashion. The notion of developing small-molecule modulators of
protein function at the systems level is embodied in the modern
field of chemical genetics (2, 3). Two notable achievements in
this field are convergent protein/inhibitor engineering strategies
for the development of selective kinase inhibitors (4) and the
development of chemical inducers of dimerization for condi-
tional activation of proteins via domain assembly (5, 6). These
chemical approaches involve the use of drug-like small molecules
that target a single protein within a cellular system. Target
singularity is ensured by engineering the protein to respond
specifically to the small molecule “switch.”

To date, chemical approaches have had limited representation
among the repertoire of techniques used by the glycobiologist.
Natural product inhibitors of glycan assembly, such as tunica-
mycin, the nojirimycins, and swainsonine, are the most widely
used, but their toxicity and lack of selectivity complicate exper-
imental interpretation (7). Several groups have sought to design
inhibitors of glycosyltransferases and sulfotransferases, the en-
zymes that assemble and modify glycans within the Golgi
compartment. Most of these efforts have yielded polar and/or
charged compounds that mimic the enzymes’ nucleotide- or
carbohydrate-based substrates. As a result, the handful of re-
ported glycosyltransferase (8, 9) and carbohydrate sulfotrans-
ferase (10) inhibitors lack selectivity for a single target or cannot
function in cells because of poor bioavailability.

Given the role of these enzymes in synthesizing the glycans
essential for cell-cell interactions, we have focused on develop-
ing a general chemical strategy for modulating their activity in
cell-based systems. One commonality among a majority of
Golgi-resident enzymes is their modular domain architecture.

www.pnas.org/cgi/doi/10.1073/pnas.0403681101

The majority of glycosyltransferases (11) and all known carbo-
hydrate sulfotransferases (12) have two functional domains, an
N-terminal domain that encodes localization among the Golgi
cisternae (Loc) and a C-terminal domain that encodes catalytic
activity (Cat) (Fig. 14). Golgi localization of the Cat domain is
often required for activity on cellular substrates (13, 14). When
physically separated from the Loc domain, the Cat domain is
secreted from the cell and can no longer colocalize with its
substrates. We reasoned that the induced assembly of these
domains could rescue enzyme activity, providing the means for
a small-molecule switch (Fig. 1B). This concept was realized in
the context of the glycosyltransferase fucosyltransferase 7
(FucT7) (15). We fused the rapamycin binding proteins FRB and
FKBP, using a system developed by Schreiber and coworkers
(16) and used by others (17), to the Cat and Loc domains of
FucT7, respectively. Cells transfected with these constructs
expressed FucT7 activity in the presence of rapamycin, the
chemical inducer of dimerization, but not in its absence. Because
this chemical approach targets Golgi localization rather than a
specific aspect of substrate binding or catalysis, we speculated
that the strategy could be applied in a systemwide manner to any
Golgi enzyme, irrespective of the reaction it catalyzes.

Sulfation of glycans by Golgi-resident sulfotransferases is now
recognized as a widespread regulatory modification that can
convert the underlying molecule from one functional state to
another (18). Analogies have been drawn between sulfation and
phosphorylation, a well recognized modification that regulates
protein activity. Glycan sulfation is known to affect glycoprotein
hormone pharmacokinetics (19), growth factor and cytokine
activity (20), and viral (21) and bacterial (22) adhesion. A
dramatic example is found in the recruitment of leukocytes to
peripheral lymph nodes and sites of chronic inflammation (23).
This process is initiated by the interaction of the leukocyte
adhesion molecule L-selectin with glycoprotein ligands on spe-
cialized endothelial cells that line the blood vessel wall. The
L-selectin ligands are a family of sulfated polysaccharides rep-
resented by the structure shown in Fig. 1C, termed sulfoadhesin
(24, 25). This structure comprises a biantennary O-linked glycan
with two sialyl Lewis x (sLe*) capping groups elaborated from a
core 1 GIcNAc residue on the lower branch and a core 2 GIcNAc
residue on the upper branch. Both GIcNAc residues can be
sulfated at the 6-position, a modification that is required for
physiological L-selectin binding. Two related sulfotransferases,
GIcNACc6ST-1 and -2, are capable of performing this modifica-
tion, and mice deficient in GIcNAc6ST-2 lack L-selectin ligands
in their peripheral lymph nodes (26-28). The sulfotransferases
are therefore thought to play a regulatory role in the process by
generating a unique epitope recognized by L-selectin.

Here, we demonstrate that the sulfotransferases
GIcNACc6ST-1 and -2 can be engineered for control by the
chemical inducer of dimerization rapamycin. This small-
molecule switch allowed for temporal and tunable control of
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Fig. 1. A chemical approach for modulating Golgi sulfotransferase activity.
(A) The domain structure of the carbohydrate sulfotransferases. The enzymes
are type Il transmembrane proteins with an N-terminal cytosolic tail, single
pass transmembrane domain, luminal stem region, and a C-terminal catalytic
domain. The tail, transmembrane domain, and stem (abbreviated Loc) are
usually sufficient to confer Golgi localization. (B) Small-molecule-mediated
domain assembly as a means to control sulfotransferase activity in cells. The
Catand Locdomains of the enzymes are separated and fused to FRB and FKBP,
respectively. Rapamycin induces association of FKBP and FRB, thereby local-
izing the Cat domain in the Golgi where it can encounter its substrates. (C) The
structure of sulfoadhesin. Two antibodies used in this study bind to discrete
components of sulfoadhesin. G72 recognizes 6-sulfo sLe* shown in blue,
whereas MECA-79 recognizes a sulfated extension of the lower core 1 branch,
shown in green.

enzyme activity in cells and modulation of cell surface expression
of L-selectin ligands. In addition, sulfation of a secreted glyco-
protein by GIcNAc6ST-2 could be controlled by the drug. We
exploited the modularity of the system to assemble chimeric
enzymes comprising the Loc domains of the sulfotransferases
and the Cat domain of the glycosyltransferase FucT7. These
results underscore the potential generality of the approach
across the Golgi enzyme superfamily.

Experimental Procedures

Generation of the Cat-FRB; and Loc-FKBP Constructs. The plasmids
with the genes encoding FKBP-myc and FRBs-hemagglutinin
(HA) tag have been reported (15). To generate genes encoding
1Loc-FKBP and 2Loc-FKBP, the sequences corresponding to
the first 114 residues of GIcNAc6ST-1 and the first 40 residues
of GIctNAc6ST-2 were inserted into the plasmid encoding FKBP-
myc. To generate the Cat-FRB; domains, the DNA sequences
corresponding to residues 46—483 of GIcNAc6ST-1 and residues
25-386 of GIcNAc6ST-2 were inserted into the plasmid encoding
FRB;-HA. A detailed description of plasmid construction is
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provided in Supporting Materials and Methods, which is published
as supporting information on the PNAS web site.

General Procedure for Testing Inducible Expression. CHO cells
(2.2 X 109) plated in 10-cm dishes were transfected in OptiMEM
(GIBCO) by using Lipofectamine PLUS (Invitrogen) with plas-
mids encoding the Cat-FRB3; and Loc-FKBP domains, then
allowed to recover for 12 h. The cells were plated into six-well
dishes at 500,000 cells per well and incubated with rapamycin.
After 24 h, the cells were processed for flow cytometry. For the
rapamycin titration and ascomycin experiments, cells were
plated in 12-well dishes at a density of 250,000 cells per well and
treated with the appropriate drugs for 24 h before being pro-
cessed for flow cytometry.

Analysis of GlyCAM-Ig Sulfation. CHO cells were transfected with
the plasmids encoding 2Loc-FKBP, 2Cat-FRBj, Corel-
B3GIcNACT, and GlyCAM-Ig. After 24 h, the cells were washed
and incubated in OptiMEM containing various concentrations
of rapamycin for 4 d. The media were collected, and the
GlyCAM-Ig was purified by using Protein A-agarose as de-
scribed (29).

Microscopy. Procedures for fluorescence microscopy and image
processing are provided in Supporting Materials and Methods.

Results

Characterization of Rapamycin-Inducible Sulfotransferases. We re-
lied on previous work from our laboratory (29) and others (30)
that identified the residues comprising functional Cat and Loc
domains of GIctNAc6ST-1 and -2. For GIcNAc6ST-1, we gener-
ated constructs comprising residues 1-114 (Loc) fused to the
gene encoding FKBP bearing a C-terminal myc tag (15) (final
construct termed 1Loc-FKBP) and residues 46—483 (Cat) fused
to three copies of the gene encoding FRB (final construct
termed 1Cat-FRB;). This latter construct also possessed an
N-terminal secretion signal to ensure entry into the secretory
pathway, followed by an HA tag. The orientation of this system
with respect to FRB and FKBP, along with the copy number of
these proteins (1IXFKBP and 3xFRB) were deemed optimal for
rapamycin control of FucT7 activity (15) and were thus imple-
mented for the sulfotransferases. Similar constructs were gen-
erated for GIcNAc6ST-2, comprising residues 1-40 (2Loc-
FKBP) and residues 25-386 (2Cat-FRB3). For the complete
sequences of both sulfotransferases, see Fig. 6, which is published
as supporting information on the PNAS web site.

The constructs were introduced either singly or in pairs into
CHO cells stably expressing FucT7 (FucT7-CHO) or WT CHO
cells by transient transfection. FucT7 installs the critical fucose
residue in sLe* (31). Sulfotransferase activity was assessed by
flow cytometry analysis using antibodies specific for sulfated
components of sulfoadhesin. The two antibodies used in these
studies were mAb G72 (32), specific for 6-sulfo-sLe*, and mAb
MECA-79 (33), specific for the GlcNAc-6-sulfated extension
on the lower branch of sulfoadhesin (the epitopes are high-
lighted in Fig. 1C). Elaboration of the lower branch requires
expression of the Corel-B3GIcNACT (25), which was cotrans-
fected alongside sulfotransferase domains in all experiments
using MECA-79 as a probe. A key difference between these
antibodies is that G72 will recognize 6-sulfo-sLe* capping
structures on any glycan subtype (both N- and O-linked),
whereas the determinant recognized by MECA-79 is found
only on O-linked glycans. Our previous work has shown that
GIcNACc6ST-1 prefers to sulfate N-linked glycans in CHO cells,
whereas GIcNAc6ST-2 prefers O-linked glycan substrates but
has significant activity on N-linked structures (29). Thus, the
two antibodies can provide a qualitative measure of both
enzyme activity and substrate specificity.

de Graffenried et al.
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Initial characterization of the inducible sulfotransferases. (A) Flow cytometry analysis of FucT7-CHO cells transfected with 1Cat-FRB3 and 1Loc-FKBP.

(Left) Cells were analyzed with G72. (Upper Left) Cells were treated with 200 nM rapamycin (Rap) (gray), or they were untreated (white). (Lower Left) Cells were
treated with 200 nM rapamycin (Rap) (gray), or they were transfected with full-length GIctNAc6ST-1 and treated with 200 nM rapamycin (white). (Right) Cells
were cotransfected with Core1-B3GIcNACT and analyzed with MECA-79. (Upper Right) Cells were treated with 200 nM rapamycin (Rap) (gray), or they were
untreated (white). (Lower Right) Cells were treated with 200 nM rapamycin (Rap) (gray), or they were transfected with full-length GIcNAc6ST-1 and treated with
200 nM rapamycin (white). (B) Flow cytometry analysis of FucT7-CHO cells transfected with 2Cat-FRB3 and 2Loc-FKBP. Panels are represented as in A, with
comparison to full-length GIcNAc6ST-2 in the lower left and right. (C) Mean fluorescence intensities (MFI) from flow cytometry data obtained as in A. Error bars
represent the standard deviation of triplicate data points. (D) Mean fluorescence intensities (MFI) from flow cytometry data obtained as in B. Error bars are as
in C. (E) Effects of increasing rapamycin on the activity of inducible sulfotransferases. (F) Effect of ascomycin on rapamycin-dependent sulfotransferase activity.

FucT7-CHO cells expressing both GIcNAc6ST-1 domains (1Loc-
FKBP and 1Cat-FRB3) showed robust G72 immunoreactivity in the
presence of rapamycin, but not in its absence (Fig. 24 Upper Left).
The rapamycin-dependent activity was comparable to that dis-
played by the full-length enzyme (Fig. 24 Lower Left). In control
experiments, rapamycin treatment had no effect on the activity of
the full-length enzyme, and the 1Cat-FRB3; domain alone showed
only basal levels of sulfotransferase activity in the presence or
absence of the drug (Fig. 2C). This basal activity may result from
partial retention of the catalytic domain in the Golgi compartment,
as has been observed for some enzymes (34, 35), or from the high
expression levels associated with transient transfection. The rapa-
mycin-inducible GIcNAc6ST-1 activity was also analyzed by
MECA-79 staining of transiently transfected CHO cells. As shown
in Fig. 2 A Upper Right and C, the reconstituted enzyme was not
capable of generating the MECA-79 antigen, consistent with the
preference of the full-length enzyme for N-linked structures (Fig.
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2A Lower Right). In summary, both the activity and substrate
specificity of the rapamycin-inducible GIcNAc6ST-1 are compara-
ble to the WT enzyme.

We performed similar experiments with the domains of
GIcNACc6ST-2. FucT7-CHO cells expressing both 2Loc-FKBP
and 2Cat-FRB; expressed 6-sulfo-sLe* (G72 antigen) in the
presence of rapamycin but not in its absence (Fig. 2B Upper Left).
This activity was comparable to that of the full-length enzyme
(Fig. 2B Lower Left). Control experiments confirmed that rapa-
mycin has no effect on WT enzyme activity and that, in this case,
the 2Cat-FRB3; domain alone showed no detectable activity in
the presence or absence of rapamycin (Fig. 2D). Flow cytometry
analysis of transiently transfected CHO cells with MECA-79
showed robust activity of the rapamycin-reconstituted enzyme
on O-linked glycoproteins (Fig. 2 B Upper Right and D). This
activity was within 2-fold of that produced by the full-length
enzyme (Fig. 2 B Lower Right and D). Thus, the rapamycin-
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Fig. 3. Effect of rapamycin (Rap) on Cat domain localization and sulfotransferase activity. (A) FucT7-CHO cells were transfected with the GIcNAc6ST-1 and -2
Cat and Loc domains in the presence or absence of 200 nM rapamycin. The cells were fixed, permeabilized, and stained with an anti-HA antibody followed by
an Alexa546-conjugated secondary antibody (red). The cells were also stained with DAPI to highlight the nucleus (blue). (Scale bar = 10 um.) (B) FucT7-CHO cells
were transfected with either 1Cat-FRB3 and 1Loc-FKBP (denoted 1 in rows 1 and 3) or 2Cat-FRB3 and 2Loc-FKBP (denoted 2 in rows 2 and 4) in the presence or
absence of 200 nM rapamycin. The cells were fixed, permeabilized, and stained with anti-HA antibody and anti-Mannll sera, followed by Alexa546-conjugated
(against anti-HA) and Alexa647-conjugated secondary antibodies. Panels in the top two rows show single sections of a deconvolved data set with the signal from
the HA tag and Mannll shown in monochrome in the first and second columns. The third column shows three color overlays with the HA tag in green, Mannll
in red, and the nuclear stain DAPI in blue. Panels in the bottom two rows are 3D projections containing the maximum pixel intensities of a deconvolved data
set. The DAPI-stained nucleus is shown for the purpose of orientation. The color scheme is identical to that in the top two rows. (Scale bar = 5 um.) (C) FucT7-CHO
cells were transfected with 2Cat-FRB3 and 2Loc-FKBP in the presence (Upper) or absence (Lower) of 200 nM rapamycin. The cells were fixed, permeabilized, and
stained with anti-HA, G72, and anti-Giantin, followed by the corresponding secondary antibodies (Alexa546-, Alexa488-, and Alexa647-conjugated secondary
antibodies, respectively). (Left) HA signal is shown in red, the G72 signal is shown in green, and the DAPI signal is shown in blue. (Right) The G72 signal is shown
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in green, the Giantin signal is shown in red, and the DAPI signal is shown in blue. (Scale bar = 10 um.)

inducible GIcNAc6ST-2 is active on both N- and O-linked
glycoproteins in CHO cells, similar to the WT enzyme.

To investigate the tunability of the system, we analyzed the
effects of various doses of rapamycin on the expression density
of 6-sulfo-sLe* (G72 antigen). FucT7-CHO cells were transiently
transfected with either 1Loc-FKBP and 1Cat-FRBj3; or 2Loc-
FKBP and 2Cat-FRBj; in the presence of increasing concentra-
tions of rapamycin, then stained with G72 and analyzed by flow
cytometry. As shown in Fig. 2F, both reconstituted enzymes
showed dose-dependent activity characterized by ECs, values of
0.8 nM for GIcNAc6ST-1 and 0.1 nM for GIcNAc6ST-2. The
specificity of the response was confirmed by competition exper-
iments with the drug ascomycin, which binds to FKBP but not to
FRB and thus prevents formation of the rapamycin/FKBP/FRB
complex (15, 36). Ascomycin inhibited the rapamycin-dependent
response of both sulfotransferases in a dose-dependent manner
(Fig. 2F).

Rapamycin-Induced Golgi Localization of the Cat Domain Is Required
for Cellular Activity. We hypothesized that rapamycin exerts its
effects by retaining the Cat domain in the Golgi compartment in
association with the Loc domain. To test this hypothesis, we
investigated the effects of rapamycin on the cellular distribution
of 1Cat-FRB3 and 2Cat-FRB3 by immunofluorescence micros-
copy, exploiting their N-terminal HA tags. In the absence of
rapamycin, anti-HA staining of CHO cells transfected with
either 1Cat-FRB; or 2Cat-FRBj3 and the respective loc domains
shows a diffuse reticulated signal and nuclear envelope staining
(Fig. 34). This observation is consistent with a fraction of the
protein being nonspecifically retained in the endoplasmic retic-
ulum, possibly because of overexpression or misfolding. How-
ever, in the presence of rapamycin, the HA immunoreactivity
was observed in punctate juxtanuclear structures consistent with
Golgi localization (Fig. 34). Furthermore, colocalization studies
with the known Golgi enzyme mannosidase II (Mannll) con-
firmed that the catalytic domains are Golgi-resident in the
presence of rapamycin (Fig. 3B, rows 1 and 2 for GIcNAc6ST-1
and -2, respectively). By contrast, in the absence of rapamycin,
the catalytic domains showed no colocalization with MannlII
(Fig. 3B, rows 3 and 4 for GIcNAc6ST-1 and -2, respectively). To

16718 | www.pnas.org/cgi/doi/10.1073/pnas.0403681101

verify that Golgi retention of the Cat domain correlates with
expression of the enzymatic product 6-sulfo-sLe*, we performed
three-color immunofluorescence microscopy studies with G72,
anti-Giantin (a Golgi-resident protein), and anti-HA. As shown
in Fig. 3C, expression of the G72 antigen on FucT7-CHO cells
transfected with 2Loc-FKBP and 2Cat-FRB; correlated with
HA immunoreactivity in the Golgi compartment, and both
depended on the presence of rapamycin.

Rapamycin Can Modulate GICNAc6ST-2 Activity on a Secreted Glyco-
protein in a Tunable Fashion. Both membrane-associated and
secreted glycoprotein ligands for L-selectin have been identified.
Indeed, the first ligand characterized in the mouse was the
secreted mucin-like glycoprotein GlyCAM-1, which is produced
by peripheral lymph node endothelial cells with the same
sulfated polysaccharides found on their membrane-bound glyco-
proteins (24, 37). The WT sulfotransferases are capable of
sulfating both membrane-bound and secreted L-selectin ligands,
prompting us to inquire whether the inducible enzymes have a
comparable substrate spectrum. To address this question, we
coexpressed the domains of GIcNAc6ST-2 (and the gene en-
coding Corel-B3GIcNACT) with the gene encoding GlyCAM-1
fused to the Fc region of human IgG, (GlyCAM-Ig) (38). The
CHO cells were simultaneously treated with various doses of
rapamycin. The secreted GlyCAM-Ig was purified on Protein
A-agarose and then analyzed by Western blot probing with
MECA-79 or anti-human IgG. As shown in Fig. 4, GlyCAM-Ig
demonstrated MECA-79 immunoreactivity in a manner that
depended on the dose of rapamycin, with a minimal effective
concentration of 10 nM. Thus, the chemically modulated
GIcNACc6ST-2 can act on secreted in addition to membrane-
bound glycoproteins in a tunable fashion.

Heterologous Cat and Loc Domains Can Be Functionally Assembled by
Rapamycin. The modularity of Golgi enzymes is underscored by
numerous previous studies in which functional chimeric en-
zymes were generated comprising heterologous catalytic and
localization domains (29, 39). We therefore sought to address
whether such chimeras could be generated with chemical
inducibility. Toward this end, we exploited our previous FucT7
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GlyCAM-lg. CHO cells were transfected with GlyCAM-Ilg, 2Cat-FRB3, 2Loc-
FKBP, and Core1-B3GIcNACT. The cells were then incubated with rapamycin
for 4 d. The secreted GlyCAM-Ig was captured on Protein A-agarose and
analyzed by Western blot probing with MECA-79 (Upper) or anti-human IgG
(Lower). Far right lane shows GlyCAM-Ig isolated from CHO cells transfected
with full-length GIctNAc6ST-2. Molecular mass marker in both blots equals
64 kDa.

constructs comprising the catalytic domain fused to three
copies of FRB (FT7Cat-FRB3) and the localization domain
fused to FKBP (FT7Loc-FKBP) (15). FT7Cat-FRB3 was in-
troduced in CHO cells alongside either FT7Loc-FKBP, 1Loc-
FKBP, or 2Loc-FKBP. The activity of the catalytic domain was
assessed by flow cytometry analysis using the anti-sLe* anti-
body HECA-452. As shown in Fig. 5, all combinations dem-
onstrated rapamycin-dependent activity within 2-fold of that
produced by full-length FucT7. The most robust activity was
observed with the localization domain of GIcNAc6ST-2, which
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Fig. 5. Chimeric enzymes comprising Cat and Loc domains of different
proteins are functionally assembled by rapamycin (rap). (A) CHO cells were
cotransfected with FT7Cat-FRB3 and one of the following Loc domains:
FT7Loc-FKBP (Left), 1Loc-FKBP (Center), or 2Loc-FKBP (Right). (Upper) The cells
were treated with 200 nM rapamycin (gray) or untreated (white). (Lower)
Comparison of the rapamycin-induced enzyme (gray) with full-length FT7
(white). The cells were stained with mAb HECA-452 and analyzed by flow
cytometry. (B) Graphical representation of the mean fluorescence intensities
(MFI) from flow cytometry data generated as in A. Error bars represent the
standard deviation of triplicate data points. (C) Cells transfected as in A were
lysed, and the expression levels of the different Loc domains were compared
by Western blot probing with an anti-myc mAb (Upper). The blot was stripped
and reprobed with an anti-actin antibody to verify equivalent protein loading
(Lower).
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produced a signal similar to that of full-length FucT7. There
are several possible explanations for the apparent differences
in activity. First, the various localization domains may have
different stabilities in cells or may be expressed at different
levels. Second, the localization domains may have subtly
different distributions among the Golgi cisternae that are more
or less favorable with respect to substrate access. Finally, the
rapamycin-assembled complexes may experience different
geometrical constraints that affect their substrate access or
catalytic activities. We tested the effect of rapamycin on the
stability of the heterologous pairs of Cat and Loc domains in
CHO cells by determining the quantity of Loc domain in the
presence or absence of the drug. As shown in Fig. 5C, the
presence of rapamycin dramatically increased the stability of
all three Loc domains, suggesting that complex formation
blocks degradation of the membrane-bound domain. 1Loc-
FKBP possesses an extended stem region that may be espe-
cially susceptible to proteolysis, which may explain its lower
steady-state levels in the absence of the drug.

Discussion

We have demonstrated that Golgi-resident sulfotransferases
responsible for L-selectin ligand biosynthesis can be engi-
neered to respond to a small-molecule switch. The inducible
enzymes possess activities and substrate specificities that are
comparable to their native counterparts. Because all Golgi
sulfotransferases share the same domain organization, this
approach for modulating their activity may be applicable
across the superfamily. Specific sulfoforms of heparan sulfate
bind to growth factors and chemokines and influence their
receptor signaling activity (40). These sulfoforms reflect the
expression of discrete sulfotransferases, the regulation of
which would provide an unprecedented level of control over
processes such as angiogenesis, Wnt signaling, and wound
repair. Similarly, the sulfotransferases that modify chondroitin
sulfates govern processes such as development, nerve regen-
eration, and lymphocyte homing (41, 42). The ability to control
sulfotransferases with small molecules will provide mecha-
nisms for studying these events.

There are several questions that can be uniquely addressed
with this experimental system. First, the chemically controlled
enzymes are tunable. Their cellular activity can be titrated as
a function of the dose of rapamycin. Thus, the system permits
a high level of control over the density of sulfated glycans
displayed on the cell surface. A single cell line can be induced
to display various epitope densities, which can be altered in a
dynamic fashion by simply changing the drug concentration.
Furthermore, the response time to the drug is limited only by
its diffusion rate and the transit time of newly synthesized
glycans through the secretory pathway. By contrast, genetic
approaches to modulating enzyme activity, such as inducible
promoters (i.e., tetracycline), gene silencing (i.e., RNA silenc-
ing or antisense), and gene disruption do not offer such
control.

Second, the system offers a convenient means to assess the
impact of Golgi distribution on the activity of catalytic domains.
As demonstrated by the GlcNAc6ST-FucT7 chimeras, a single
catalytic domain can be functionally assembled with various
localization domains by the chemical inducer of dimerization.
Localization domains that reside in different Golgi subcompart-
ments could be used to position a single catalytic domain in those
cisternae for comparison of activity on various cellular sub-
strates. By contrast, direct fusion of the catalytic domain to
various localization domains could produce structural perturba-
tions that preclude direct comparisons of activity.

One of the most exciting potential applications is the
temporally controlled induction/suppression of enzyme activ-
ity in living organisms. Conventional gene knockouts are often
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plagued by lethal phenotypes or compensatory up-regulation
of related genes during development of the organism. The
inducible system described here may serve as an alternative
means for down-regulating enzyme activity after an organism
has developed in its presence. It is notable that rapamycin and
a related natural product FK506 have been successfully used
as modulators of protein activity in vivo (43, 44). Furthermore,
the chemical approach we describe could be used to titrate
enzyme activity levels in vivo as a means to assess the roles
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