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Heparan sulfates (HS) are highly modified 
sugar polymers in multicellular organisms that 
function in cell adhesion and cellular responses 
to protein signaling. Functionally distinct, cell-
type dependent HS modification patterns arise 
as the result of a conserved network of enzymes 
that catalyze deacetylations, sulfations and 
epimerizations in specific positions of the sugar 
residues. To understand the genetic interactions 
of the enzymes during the HS modification 
process, we have measured the composition of 
HS purified from mutant strains of 
Caenorhabditis elegans. From these 
measurements we have developed a genetic 
network model of HS modification. We find the 
interactions to be highly recursive positive feed 
forward and negative feedback loops. Our 
genetic analyses show that the HS C5 epimerase 
hse-5, the HS 2O-sulfotransferase hst-2, or the 
HS 6-O-sulfotransferase hst-6 inhibit N-
sulfation. In contrast, hse-5 stimulates both 2O 
and 6-O-sulfation and, hst-2 and hst-6 inhibit 6-
O and 2-O-sulfation, respectively. The effects of 
hst-2 and hst-6 on N-sulfation, 6-O-sulfation 
and 2-O-sulfation appear largely dependent on 
hse-5 function. This core of regulatory 
interactions is further modulated by 6-O-
endosulfatase activity (sul-1). 47% of all 6-O-
sulfates gets removed from HS and this editing 
process is dependent on hst-2, thereby 
providing additional negative feedback between 
2-O and 6-O-sulfation. These findings suggest 
that the modification patterns are highly 
sensitive to the relative composition of the HS 
modification enzymes. Our comprehensive 
genetic analysis forms the basis of 
understanding the HS modification network in 
metazoans.  

Heparan sulfate proteoglycans (HSPGs) are 
multifunctional components of animal cell 

membranes and extracellular matrices. They play 
important roles in the development and physiology 
of multicellular organisms (1,2). Heparan sulfate 
(HS) glycans bind a diverse array of proteins 
involved in cellular adhesion, communication, 
motility and organelle dynamics (3). These diverse 
binding capabilities are determined by distinct 
patterns of saccharide modifications. Cell type 
specific modification patterns arise as the result of 
the action of an evolutionarily conserved network 
of enzymes that catalyze specific epimerization 
and sulfations of the sugar chain. How these 
enzymes interact during the HS modification 
process is the subject of this report. 

HS is a modification product of a polymer of 
alternating glucuronic acid (GlcA) and N-acetyl 
glucosamine (GlcNAc) (3). Polymer modification 
is not uniform nor does it go to completion, 
therefore the resulting glycans are chemically 
heterogeneous. Modification begins with the 
removal of acetyl groups from GlcNAc by the dual 
specificity enzyme N-deacetylase/sulfotransferase 
(NDST), followed by N-sulfation of glucosamine 
by NDST (3). N-sulfation occurs as a prerequisite 
for subsequent glucuronyl C-5 epimerization and 
O-linked sulfations (3). C-5 epimerization is the 
process of converting GlcA to isomeric Iduronic 
acid (IdoA). The resultant pattern of modifications 
consists of continuous stretches of N-sulfated and 
O-sulfated domains (NS domains) interspersed 
between continuous stretches of unmodified 
domains (NA domains) with short transition zones 
of alternating modified and unmodified 
saccharides (NS/NA domains) between them (3). 
The processes regulating extent and distribution of 
these domains of modifications is not well 
understood.  

HS modification patterns are dependent on 
cell type, developmental stage and, possibly the 
type of core protein (4-8). This suggests that 
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modification patterns are regulated in a cell type 
specific manner. The nature of this regulation is an 
important unanswered question regarding HS 
synthesis (3). Several HS biosynthetic and 
modification enzymes have been shown to 
physically interact or to exhibit codependent 
subcellular localization. For example, the Heparan 
polymerizing enzymes EXT1 and EXT2 interact 
with each other and EXT2 interacts with NDST 
(9). The subcellular distribution of C5 epimerase 
and Hs2st are mutually dependent suggesting 
assembly into a complex (10). These and other 
observations led to the hypothesis that heparan 
synthesis and modification occurs in the context of 
an organized quaternary complex named the 
“GAGosome” (9,11). One prediction of the 
GAGosome concept is, that the concentration and 
spatial organization of the enzymes within the 
Golgi should strongly influence HS modification 
patterns. 

Genetic analyses of individual enzymes have 
been reported in a variety of experimental 
contexts. One general concept that has emerged 
from these studies is that loss of an individual 
enzyme by mutation affects modifications not 
catalyzed by that enzyme, for example loss of the 
HS 2-O-sulfotransferase in mice or flies leads to 
an increase in 6-O-sulfation (12-14). These effects 
are not limited to modifications believed to occur 
after the step catalyzed by the mutant gene. For 
example, both C-5 epimerase and HS 2-O-
sulfotransferase mutants display an increase in N-
sulfation (14-16). Therefore, there exists a set of 
interactions between the modification genes that 
remains unexplained.  

 The control of heparan modifications 
undoubtedly results from a hierarchy of regulatory 
interactions, likely including a combination of 
substrate specificity and availability, physical 
interaction between the enzymes, trafficking of 
enzymes and substrates through the secretion 
pathway, transcription control of enzyme mRNA, 
translational control of protein production and 
finally post-translational modification of the 
modification enzymes. In order to gain insight into 
the complex process of heparan modifications in 
vivo we have systematically perturbed HS 
modifications in C. elegans, using deletion and 
missense mutations in genes coding for proteins 
involved in HS modification. Using complete 
enzymatic depolymerization of the HS chains and 

separation of the resulting disaccharide mixture by 
reverse phase–ion pair liquid chromatography, we 
measured the HS disaccharide composition 
enabling us to determine for each mutant and 
mutant combination individual disaccharide 
fractions, the degree of sulfation and sulfate 
distribution. From these measurements we have 
developed a comprehensive model of HS 
modification gene (referred throughout as 
HSMGs) interactions that forms the basis for 
understanding HS biosynthesis in metazoans. 

 
 

Experimental Procedures 
 

Growth conditions- All strains used for 
biochemical analysis were maintained at 20 C on 
NGM plates seeded with Streptomycin resistant E. 
coli OP50. For glycosaminoglycan production, 
worms were grown for four days in liquid culture.  
Preparation of Glycosaminoglycans - One or two, 
250 ml cultures of worms were lyophilized, then 
resuspended in 10 ml of acetone and disrupted 
with a Fisher brand Polytron for 2 min at half 
power. The homogenate was de-lipidated in 
acetone, clarified by centrifugation and 
lyophilized. 150-600 mg of acetone dried worm 
powder was solubilized and crude GAGs were 
purified as per Toyoda (17). The crude GAGs 
were frozen and stored at -80 C. 
Purification of Glycosaminoglycans - Frozen 
samples were thawed and incubated with 800 µl of 
DEAE for 1 hr at 4 C. The resin was collected by 
centrifugation and washed three times with 5 ml of 
150 mM NaCl, 50 mM Tris Cl pH 8.0. 
Glycosaminoglycans were eluted by incubating in 
800 µl of 1M NaCl, 50 mM TrisCl pH 8.0 for 10 
min. The elution was repeated three times and the 
resulting fractions were pooled and desalted on a 
PD-10 column (GE Healthcare). Desalted 
glycosaminoglycans were lyophilized and 
resuspended in 50 µl of distilled water. 
Enzymatic depolymerization- The samples were 
digested with a mixture containing 1 mIU each of 
Heparinase I, Heparinase II, and Heparinase III 
(Ibex, Montreal, Canada) in 20 mM TrisAcetate 
pH 7.0 2 mM Ca Acetate for 5 hrs at 37C. After 
digestion, the HS disaccharides were isolated by 
filtration using an YM-10 microcon filtration 
device (Fisher). 
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RP-IPA Chromatography- The protocol for 
determining the unsaturated disaccharide 
composition of heparan sulfate was essentially as 
described (17) with variations on the columns 
used. Briefly, the chromatographic equipment 
included a U3000 HPLC from Dionex, two single 
piston pumps from Eldex Laboratories, a RF2000 
Fluorescence detector from Dionex with a 12 µl 
flow cell volume, a dry reaction bath (FH-40) and 
a thermocontroller (TC-55) from Brinkman 
Instruments. The samples were analyzed using a 
Dionex C18 3 µm Acclaim 120 column 
(2.1x150mm) or a Senshu Pak C22 3µm Docosil 
column (2x100mm) with comparable results. The 
flow rates were 0.300 ml/min for the U3000 
gradient pump and 0.175 ml/min for the reaction 
pumps. Buffer A: Water. Buffer B: 200 mM NaCl. 
Buffer C: 10 mM Tetrabutylammonium 
Hydrogensulfate. Buffer D: 50% Acetonitrile. 
Injection volume = 20 µl. Initial conditions were 
% B = 1.0, % C = 12.0, % D = 17.0. Gradient was 
as follows: 1-55 % B over 9.0 min, 55-70 % B 
over 1.5 min, 70 % B for 4 min, 1% B for 10 min. 
C and D were constant at 12% and 17%, 
respectively. To the effluent from the HPLC the 
Eldex pumps added as reactants 1.0% NaOH and 
0.5% 2-cyanoacetamide, respectively. The mixture 
was passed through a reaction coil (0.25 mm inner 
diameter x 50 ft long) set in a dry reaction 
temperature controlled chamber set at 125 C and 
monitored fluorometrically (excitation 
wavelength: 346 nm; emission wavelength: 
410nm). Peaks were identified based on the 
retention times of known unsaturated chondroitin 
and HS disaccharide standards (V-labs, 
Covington, LA). The relative amount of each 
disaccharide is expressed as a percent of the total 
disaccharides determined. 
 
 

Results 
 

We have applied the method of Toyoda (17) to 
analyze the heparinase derived disaccharide 
composition of HS purified from C. elegans. The 
results of our analyses are presented in Table 1 
(see Dataset S1 for all raw data). As has been 
previously reported (17-19), D0S0, D2S0, and 
D2S6 are the major sulfated HS disaccharides and 
D2A0 and D0S6 are minor (<1%) disaccharides 
found in C. elegans (Table 1, Fig. 1). The 

composition of disaccharides measured from 
control strains is 60% D0A0, 12% D0S0, 17% 
D2S0, and 11% D2S6 (Table 1; Fig.S1). The total 
yield of HS/mg of dried tissue is 5.5 ng/mg and 
did not vary significantly between control and 
mutant strains (Table S1, Dataset S1). Our 
findings in regard to HS composition and yield are 
in close agreement with the values reported by 
Toyoda (52% D0A0, 18% D0S0, 18% D2S0, 11% 
D2S6, 12 ng/mg yield) (17).  

To systematically interrogate and quantify the 
contribution of individual HSMGs to the genetic 
control of HS modifications, we removed 
individual HSMGs and analyzed the resulting HS 
composition. We first analyzed HS from animals 
with the hse-5(tm472) deletion allele, predicted to 
result in complete loss of function of the sole HS 
C5 glucuronic acid epimerase hse-5 in C. elegans 
(20). The HS disaccharide composition of the hse-
5(tm472) allele differs from control HS in three 
principal ways. Firstly, the amount of N-sulfated 
disaccharides increases from 38% in the control to 
64% in the hse-5 mutant (Table 1, Fig.1C, 
Fig.S1A). Secondly, the amount of 2-O-sulfated 
HS disaccharides decreases from 27% in control 
animals to 3% in the mutant. Finally, the amount 
of 6-O-sulfated disaccharides increases from 12% 
in the control to 18% in the mutant. These results 
indicate that hse-5 exerts a stimulatory effect on 2-
O-sulfation and inhibits 6-O-sulfation. 

We next analyzed HS from animals carrying 
the deletion alleles hst-2(ok595) (20,21) or hst-
6(ok273) (20), both predicted to represent 
complete loss of function alleles of the HS 2-O-
sulfotransferase hst-2 or the sole C. elegans HS 6-
O-sulfotransferase hst-6, respectively. HS from 
hst-2(ok595) mutant animals contains no 
detectable 2-O-sulfated HS disaccharides and the 
amount of N-sulfated disaccharides and 6-O-
sulfated disaccharides increases from 42% in the 
control to 58% in the mutant and, 11% in the 
control to 27% in the mutant, respectively (Table 
1; Fig.1C, Fig.S1B). Furthermore, we find that HS 
from hst-6(ok273) mutant animals completely lack 
6-O-sulfation and exhibit an increase in N-
sulfation from 41% in the control strain to 46% in 
the mutant as well as an increase in 2-O-sulfation 
from 29% in the control strain to 37% in the 
mutant (Table 1; Fig.1C, Fig.S1C). Thus, hst-2 
and hst-6 each limit N-sulfation as well as 6-O-
sulfation and 2-O-sulfation, respectively.  
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A characteristic feature of the 6-O-sulfate 
group in HS is that it can be enzymatically 
removed by the action of a 6-O-endosulfatase (22-
24). Whereas vertebrate genomes encode two 6-O-
endosulfatase genes (Sulf1 and Sulf2) (22), only a 
single ortholog (sul-1) encoding a 6-O-
endosulfatase can be identified in C. elegans 
(Fig.S2A). HS from animals harboring a large 
deletion in the sul-1 locus, predicted to result in 
complete loss of function (Fig.S2A,B) display no 
changes in N-sulfation (58% versus 58%) or 2-O-
sulfation (28% versus 26%) compared to HS from 
control animals (Table 1; Fig.S1D). However, we 
find an increase in 6O-sulfation in the sul-1 mutant 
(19% versus 11% in the control). Therefore the 
inhibitory input of sul-1 to the steady state 6-O-
sulfate phenotype is 8 sulfates/100 disaccharides. 
Furthermore, the increase in 6-O-sulfation occurs 
only on the tri-sulfated disaccharide D2S6 and not 
on the D0S6 disaccharide, suggesting that 6-O-
sulfation in C. elegans occurs exclusively in NS 
domains. In summary, removing any of the 
individual HSMGs, hse-5, hst-2, or hst-6 in C. 
elegans results in HS with increased N-sulfation, 
and 6-O-sulfation (if hse-5 or hst-2 are removed) 
or 2-O-sulfation (if hst-6 is removed). 
Furthermore, genetic removal of the only HS 6-O-
endosulfatase sul-1 results in increased 6-O-
sulfation to a similar extent (47%) as observed in 
mice (25). We conclude that the basic regulatory 
principles of HS biosynthesis are conserved from 
worms to vertebrates.  

In order to understand the genetic network 
governing HS modification in vivo, we conducted 
double and triple mutant analyses. We first 
determined, whether individual HSMGs can act 
independently in controlling N-sulfation. Because 
the hse-5(tm472); hst-6(ok273) hst-2(ok595) triple 
mutant is viable (26) in C. elegans, the individual 
contributions of each HSMG can be quantified 
directly by comparing the N-sulfation phenotype 
of the triple mutant to the three possible double 
mutants involving these genes. We find that HS 
from the hse-5(tm472);hst-6(ok273) hst-2(ok595) 
triple mutant is more extensively N-sulfated than 
control HS (72% versus 37% N-sulfation in the 
control (Table 1)). Interestingly, HS from each of 
the double mutants analyzed, i.e. hst-2(ok595) hst-
6(ok273), hse-5(tm472); hst-6(ok273), or hse-
5(tm472); hst-2(ok595), had marginally reduced 
N-sulfation compared to the triple mutant 

(67%,68%, or 67% versus 72% in the triple 
(Table1)) suggesting that hse-5, hst-2, or hst-6 all 
have a minor role in restricting N-sulfation that is 
independent of the other HSMG genes. This 
interpretation is further corroborated by the 
following observations. First, both hse-5(tm472); 
hst-2(ok595) and hse-5(tm472); hst-6(ok273) have 
a slightly higher N-sulfation (68% and 67%, Table 
1) than the hse-5(tm472) single mutant (64%, 
Table 1). Thus the minor independent effects of 
hst-2 or hst-6 on N-sulfation can be detected by 
both reintroducing the activity of either gene into 
the triple mutant and removal of either gene from 
the hse-5(tm472) single mutant. Second, the 
amount of N-sulfation in the hst-2(ok595) hst-
6(ok273) double mutant (67%) is greater than 
either mutant alone (58% in hst-2(ok595) and 46% 
in hst-6(ok273), Table 1) demonstrating that both 
hst-2 and hst-6 can act independently to restrict the 
extent of N-sulfation. 

In a complementary manner, we assessed and 
quantified the ability of the HSMGs to interact 
with each other to limit the extent of N-sulfation. 
The hse-5(tm472); hst-2(ok595) double deletion 
mutant has an N-sulfation content of 67% 
compared to 64% or 58% in the hse-5(tm472) or 
hst-2(ok595) mutants, respectively (Table 1, 
Fig.S3A-C) demonstrating that, hst-2 has a larger 
inhibitory effect (18%) in the presence of hse-5 
than in the absence (3%). A qualitatively similar 
relationship between hst-6 and hse-5 can be 
observed from comparing the hse-5(tm472); hst-
6(ok273) double mutant (N-sulfation is 67%) to 
the hse-5(tm472) and hst-6(ok273) single mutants 
(64% and 46% respectively)(Table 1, Fig.S3A-C). 
Thus hst-6 has a greater influence on N-sulfation 
in the presence of hse-5 than in the absence. In 
summary, our findings indicate that hse-5 interact 
with hst-2 and hst-6 to limit the extent of N-
sulfation (Fig.2A).  

We next asked how HSMGs interact to control 
2-O-sulfation. Individual contributions of hse-5 
and hst-6 to the 2-O-sulfation phenotype can be 
determined and quantified by comparing the 2-O-
sulfation content of the hse-5(tm472); hst-
6(ok273) double mutant to the respective single 
mutants. Hse-5 has a strong stimulatory effect on 
2-O-sulfation (8% in the hse-5(tm472); hst-
6(ok273) double mutant versus 37% in hst-
6(ok273) single mutant). The effect of hse-5 on 2-
O-sulfation is greater in the absence of hst-6 than 
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in its presence indicating an inhibitory effect of 
hst-6 on 2-O-sulfation. Interestingly, the fraction 
of 2-O-sulfated disaccharides in the hse-5(tm472); 
hst-6(ok273) double mutant (8% 2-O-S) is greater 
than that of the hse-5 single mutant (3% 2-O-S), 
indicating that the inhibitory effects of hst-6 on 2-
O-sulfation are the sum of hse-5 dependent and 
independent effects (Fig.2B). 

In order to determine how HSMGs interact to 
control 6-O-sulfation, we first focused on sul-1 
encoding the only 6-O-endosulfatase. Biochemical 
and cell culture experiments suggest a role for 2O-
sulfation in the function of the sulf’s (27,28). To 
address this question in vivo, we constructed a sul-
1(gk151) hst-2(ok595) double null mutant and 
analyzed the HS composition. We find that HS 
from animals lacking both hst-2 and sul-1 display 
a disaccharide composition nearly identical to the 
hst-2 single mutant (N-sulfation 58% in hst-
2(ok595) versus 61% in the double mutant and 6-
O-sulfation 27% in hst-2(ok595) versus 28% in the 
double mutant (Table 1, Fig.S3D). These results 
show that, in vivo all sul-1 activity is dependent on 
hst-2. Intriguingly, the extent of 6-O-sulfation is 9 
sulfates/100 disaccharides more in the hst-2 
mutant than in the sul-1 mutant demonstrating that 
hst-2 inhibits 6-O-sulfation by both sul-1 
dependent and independent mechansims. To 
further determine whether the inhibitory effects of 
hst-2 on 6-O-sulfation are dependent or 
independent on hse-5, we compared HS from the 
hse-5(tm472); hst-2(ok595) double with the hse-
5(tm472) and hst-2(ok595) single mutants. HS 
from the hse-5(tm472); hst-2(ok595) double 
deletion mutant has a 6-O-sulfation content that is 
nearly identical to that of the hse-5(tm472) single 
mutant (19% vs 18%), but different from the 6-O-
sulfation content of the hst-2(ok595) deletion 
mutant (27%). Thus hse-5 is epistatic to hst-2 
indicating that all inhibitory effects of hst-2 on 6-
O-sulfation are dependent on hse-5. The 
observations that the hse-5 6-O-sulfation 
phenotype is epistatic to hst-2 and, that hse-5 and 
sul-1 single mutants share the same 6-O-sulfation 
phenotype (18% v 19%), support the conclusion 
that hse-5, hst-2, and sul-1 act in a linear pathway 
to limit 6-O-sulfation and that the net effect of this 
regulatory pathway is to reduce the steady-state 
level of 6-O-sulfation by 9 sulfates/100 
disaccharides. Additionally, our results indicate 

that hse-5 stimulates 6-O-sulfation by a 
mechanism that can be inhibited by hst-2 (Fig.2C).  

We next analyzed the HS composition of two 
strains carrying missense mutations in the hse-5 
epimerase and the hst-6 6-O-sulfotransferase (20). 
We first analyzed HS from the hse-5(ot16) allele 
that encodes a G610E missense mutation. Based 
on the penetrance of neuroanatomical defects in 
the hse-5(tm472) deletion and hse-5(ot16) mutant, 
the ot16 missense allele is inferred to be a strong, 
if not a complete loss of function allele (20). We 
find that HS from the hse-5(ot16) allele displays a 
smaller increase in the amount of N-sulfated HS 
disaccharides from 37% in the control to 53%, 
compared to 64% in HS of hse-5(tm472) deletion 
allele (Table 1, Fig.S3E). The amount of 2-O-
sulfated HS disaccharides from the hse-5(ot16) 
missense allele was 12% compared to 3% in the 
hse-5(tm472) deletion allele and 26% in HS from 
the control strain (Table 1, Fig.S3E). Lastly, 6-O-
sulfation increased from 12% in the control strain 
to 17% in hse-5(ot16) compared to 18% in HS 
from the hse-5(tm472) deletion allele. Thus, the 6-
O-sulfation phenotype of the hse-5(ot16) allele is 
indistinguishable from the hse-5(tm472) null 
allele. In contrast, both the N-sulfation and 2-O-
sulfation phenotypes are less severe in the hse-
5(ot16) allele compared to the hse-5(tm472) null 
allele. One possible explanation is that hse-5(ot16) 
results in a partial loss of catalytic activity and that 
6-O-sulfation is more affected than 2-O- or N-
sulfation. Alternatively, the hse-5(ot16) allele may 
reveal functions that are independent of catalytic 
activity. Consistent with such a scenario recent in 
vitro studies suggest protein dependent effects of 
C5 epimerase on HS2st substrate specificity (29). 
Further experiments are required to resolve this 
question in vivo. 

Lastly, we analyzed HS from the hst-6(ot19) 
missense allele. The hst-6(ot19) allele encodes a 
H85Y mutation and is predicted to affect PAPS 
binding. Genetically, hst-6(ot19) is 
indistinguishable from the hst-6(ok273) deletion 
allele suggesting that it represents a strong, if not 
complete loss of function allele (30). In accord 
with this conclusion, we detect no 6-O-sulfated HS 
disaccharides in HS from hst-6(ot19) suggesting 
that the encoded enzyme is catalytically dead 
(Table 1, Fig.S3F). The effects of the hst-6(ot19) 
allele on HS composition are not significantly 
different from the hst-6(ok273) deletion allele, 
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consistent with the interpretation that the effects of 
hst-6 on hst-2 may require catalytic activity. 

  
 

Discussion 
 

Modification patterns encode the physical and 
chemical information that control the diverse 
functions of HS. The modification process is the 
result of a network of conserved enzymes that 
catalyze specific sulfations and epimerization of 
the saccharide subunits. In order to gain insight 
into the events that control the modification 
process in vivo, we have systematically perturbed 
the network of modification genes with defined 
deletion and missense mutations and measured the 
HS composition phenotype in Caenorhabditis 
elegans. From these measurements we have 
developed a genetic model of HS modification in 
C. elegans (Fig.2D). We find the interaction 
network to be highly recursive, that is, each 
member of the network has multiple inputs from 
and outputs to other members of the network. The 
logic is characterized by positive feed forward and 
negative feed back loops. This small network of 
enzymes is remarkably complex in that each 
chemical product can encode significance 
individually and in combination with virtually 
every other. Specifically, hst-1 acts first and 
stimulates the activity of subsequent modification 
steps controlled by hse-5, hst-2, and hst-6 
(reviewed in (3)). Hse-5 acts next and stimulates 
the steps controlled by hst-2 and hst-6. Hse-5, hst-
2 and hst-6 inhibit the extent of the reactions 
catalyzed by hst-1. Hst-2 and hst-6 have a 
mutually inhibitory interaction. The modification 
pattern that arises from the core regulatory 
interactions of hst-1, hse-5, hst-2, and hst-6 is 
modulated by an inhibitory input involving hst-2 
and the 6-O-endosulfatase sul-1. 

Genetic analysis of the heparan modification 
process has been limited to the removal of a single 
enzyme (13-15,31,32). Here we report the effects 
of double and triple mutant analyses for most of 
the enzymatic steps of the HS modification 
pathway as well as of missense mutations in hse-5 
and hst-6. At least three important implications 
arise from these experiments. Firstly, hst-2 and 
hst-6 act in parallel (the hst-2 hst-6 double mutant 
N-sulfation phenotype is greater than either of the 
single mutant phenotypes) to limit the extent of N-

sulfation and, both of these inhibitory pathways 
are strongly dependent on hse-5. Additionally, 
hse-5 has a slight effect on N-sulfation 
independent of hst-2 and hst-6 although most of 
the inhibition requires the O-sulfotransferases. 
These interpretations result from the facts that i) 
the hse-5 phenotype is epistatic to the hst-2 and 
the hst-6 N-sulfation phenotypes, ii) all three 
double mutants involving hse-5, hst-2 and hst-6 
have the same phenotype with regard to N-
sulfation and iii) the triple mutant phenotype is 
slightly more severe than each of the double 
mutant phenotypes. The extent of N-sulfation is an 
important focus of regulation owing to its role in 
establishing the overall organization and the extent 
of Heparan sulfation. Inhibition of N-sulfation by 
epimerase and O-sulfotransferases seems to be a 
universal attribute of HS modifying networks, as 
this effect has been seen in mouse and fly mutants 
(12,14,15). Secondly, hse-5 activity stimulates 6-
O-sulfation. This interpretation follows from the 
fact that the degree of 6-O-sulfation is less in the 
hse-5; hst-2 double mutant than in the hst-2 
mutant. Finally, the 6-O-sulfation phenotype of 
hst-2 is epistatic to that of sul-1. Therefore, hst-2 
function is required for 6-O-sulfate removal. It 
should be noted that a limitation of our analysis is 
that all of the measurements and thus the 
interactions that they reveal are from whole worms 
and represent the net effects at steady state. The 
network in individual cells may differ 
quantitatively, and possibly qualitatively. 

One important mechanism that governs the 
interaction between heparan modifying enzymes is 
the substrate requirements of the individual 
reactions. For example, C-5 epimerization requires 
the flanking GlcN on the non-reducing end of 
GlcA to be N-sulfated, whereas there is no 
preference for N-sulfation of the GlcN linked at 
the reducing end of GlcA (33). C-5 epimerization 
is blocked by 2-O-sulfation or 6-O-sulfation on an 
adjacent GlcN (33). Additionally, Hs2st has a 
strong preference for Iduronic acid substrates and 
is blocked by an adjacent 6-O-sulfate (34,35). 
Therefore, 6-O-sulfation acts to block 
epimerization and 2-O-sulfation at the level of 
substrate requirement. Two lines of evidence 
support the hypothesis that the inhibition of 2-O-
sulfation by hst-6 reported here could be at least in 
part the result of substrate specificity. First, the 
slight but reproducible decrease in D0S0 
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disaccharide observed in hst-6(ok273) mutants 
and, second the results with the hst-6(ot19) 
missense mutation implying a requirement for 
catalytic activity (Table 1). One interesting 
question raised by this study regards the substrate 
requirements of the 6-O-sulfotransferase. Whereas 
we observe HST-6 clearly exhibiting a strong 
preference for an adjacent 2-O-sulfate in vivo (as 
there is almost no D0S6 detected from HS purified 
from worms), it is completely capable of sulfating 
GlcNS in the hst-2(ok595) null mutant. Human 
HS6st-2 and 3 were shown by Jemth et al. to have 
a strong preference for 2-O-sulfated substrates in 
vitro (36). One possibility is that the 6-O-
sulfotransferase reaction may by coupled to the 2-
O-sulfotransferase reaction, for example due to 
physical interactions between the enzymes. 
Alternatively, but not mutually exclusive, the 2-O-
sulfated substrate may be kinetically favored over 
the un-sulfated substrate.  

The effect of hst-2 on 6-O-sulfation has 
several interesting mechanistic implications. Our 
double mutant analysis indicate that the inhibitory 
effect of hst-2 on 6-O-sulfation results from at 
least two mechanisms, one that is sul-1 dependent 
and one that is sul-1 independent. This 
interpretation is based on the observation that the 
degree of 6-O-sulfation in the hst-2 sul-1 double 
null mutant is greater than in the sul-1 mutant 
alone. Also, there is more 6-O-sulfate in the hst-
2(ok595) null mutant than in wild type animals or 
in hse-5(tm472) null animals. Importantly, this 
increase in 6-O-sulfation is lost in the hse-
5(tm472); hst-2(ok595) double deletion mutant. In 
other words, hst-6 activity is upregulated by the 
loss of hst-2 activity and this up regulation is hse-5 
dependent. Since the stereochemistry of the 
hexuronic acid is lost during lyase digestion, our 
analytical method does not directly measure HSE-
5 catalytic activity. Thus, mechanistically, the 
dependence on hse-5 could be due to catalytic 
activity, that is a preference of the 
sulfotransferases for IdoA versus GlcA. 
Alternatively, this effect could be independent of 
IdoA as epimerase activity is decreased by 50% in 
HS2st mutant CHO cells (10). One possible 
mechanism for this effect could be that HST-6 
protein physically interacts with HSE-5 protein. 
This interaction could have any number of 
functional consequences for each protein. For 
example, HST-6 could be stabilized in the hst-

2(ok595) deletion mutant by binding to HSE-5 
protein. It has been observed that HS2st always 
co-localized with C-5 epimerase, whereas the 
converse was not true (10). Thus, C-5 epimerase 
can traffic to subcellular compartments 
independently of HS2st perhaps in connection 
with HST-6. These interpretations are consistent 
with our genetic data showing that almost all hst-2 
functions are dependent on hse-5 whereas not all 
hse-5 functions are dependent on hst-2. It should 
be pointed out that no evidence could be found 
that HS2ST and any of the HS6STs physically 
interact or show mutually dependent subcellular 
localization (37). 

We show here that in C. elegans, all 6-O-
sulfation occurs in NS domains and that 6-O-
endosulfatase activity requires hst-2. This 
contrasts with the situation in mammals. For 
example, mice encode multiple isoforms of Hs6st 
(Hs6st1-3 in mammals). The substrate specificities 
of the three 6-O-sulfotransferases have been 
analyzed in vitro and have been shown to exhibit 
subtle differences (29,38,39) The Hs6st1 isoform 
had a strong preference for Iduronic acid 
containing substrates that lacked 2-O-sulfate (29) 
whereas HS6st2 has a preference for IdoA(2S)-
GlcNS (38). These in vitro findings have been 
extended in vivo by measuring the HS composition 
from Hs6st1 null mice (31). In these mice there 
was no significant decrease in the tri-sulfated 
disaccharide, IdoA(2S)-GlcNS(6S) however there 
was a marked decrease in GlcNAc(6S) and 
HexAGlcNS(6S). These results suggest that 
Hs6st2 preferentially catalyzes the synthesis of 6-
O-sulfate within NS domains, whereas Hs6st1 and 
possibly Hs6st3 catalyze NS/NA transition zone 6-
O-sulfation. Similarly, vertebrate genomes encode 
two 6-O-endosulfatases (Sulf1,Sulf2). HS 
composition and domain organization were 
analyzed from Mouse embryonic fibroblasts 
(MEFs) mutant for Sulf1, Sulf2, or both (25). The 
activities of the two genes exhibit a measurable 
degree of preference for substrate structure. Sulf1 
activity exhibited a slight preference for 6-O-
sulfates within NS domains and Sulf2 exhibited a 
slight preference for 6-O-sulfates within NS/NA 
transition zones (25). Thus, comparison of the 6- 
O-sulfation pathway of C. elegans to mammals 
suggests that metazoans harbor at least two sets of 
paired activities for the addition and removal of 6-
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O-sulfates, one for NS domains and one for 
NS/NA domains. 

The results reported here show that the HS 
modification network is highly interconnected 
causing the output to be highly sensitive to the 
amount of individual HS modifying enzymes 
(Fig.2D). Based on the highly recursive nature of 
interactions between different HS modification 
enzymes, we suggest that the HS composition and 
by inference HS modification patters are 
dependent on the relative composition of HS 
modification enzymes in a given cell. That is, 
changes in the relative expression of a single gene 
will affect the activity of essentially all other genes 
involved in creating HS modification patterns. We 
have previously reported that ectopic over 
expression of hst-6 in the worm hypodermis leads 
to defects in motor neuron axon projections (26). 
These anatomical defects are accompanied by 

decreases in the degree of N-sulfation and 2-O-
sulfation (Dataset S1) consistent with the models 
presented here.   

Finally, an additional layer of regulation may 
be provided by the availability of the sulfate donor 
PAPS. Our lab and others have shown that the 
activity of the selective 3’-Phospho Adenosine 5’-
monophosphosulfate (PAPS) transporter PAPST1 
controls both the overall degree of sulfation and 
the composition of HS in vivo (40-42). These 
results were anticipated based on studies 
perturbing PAPS synthesis with PAPS synthase 
inhibitors (43). Thus, it may be possible that cell 
specific HS modification patterns are “self-
assembling” and require no additional regulatory 
factors. Regardless of the ultimate validity of this 
hypothesis, the model presented here forms the 
basis of understanding the HS modification 
process in vivo.  
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Figure Legends 
Figure 1. Disaccharide analyses of HS from C. elegans single deletion mutants. 
(A) Schematic of the HS disaccharide. The positions in the hexuronic and glucosamine residues that can 
be modified are indicated together with the gene names that encode the respective enzymatic activities 
(italic upper case: vertebrate gene names with the number of vertebrate genes indicated in parentheses, 
italic lower case: C. elegans gene names). GLCE: HS C-5 glucuronic acid epimerase; HS6STs: HS 6-O-
sulfotransferases; HS2ST: HS 2-O-sulfotransferase; HS3STs: HS 3-O-sulfotransferases; NDSTs: N-
deacetylase-N-sulfotransferases. 
(B) Schematic of the HS polymer. Blue diamonds indicate glucuronic acid, tan iduronic acid and blue 
squares N-acetyl glucosamine. Relevant modifications are indicated. D0A0 refers to a systematic 
nomenclature to describe disaccharides in glycosaminoglycans (44). ‘D’ signifies the Δ4,5 -unsaturated 
uronic acid with the following number denoting the uronic acid O-sulfation. The third letter represents the 
hexosamine descriptor with ‘A’ indicating N-acetylated and ‘S’ N-sulfated glucosamine. The last number 
describes the hexosamine O-sulfation. 
(C) Chromatograms of disaccharides from control, hse-5(tm472), hst-2(ok595), or hst-6(ok273) mutant 
animals. Chromatogram peaks are 1: Unbound peak, 2: D0A0, 3: D0S0, 4: D2A0, 5: D0S6, 6: D2S0, 7: 
D2S6.  
 
Figure 2. Models of the Heparan modification network. Shown are the most parsimonious genetic 
models governing N-sulfation (A), 2-O-sulfation (B), and 6-O-sulfation (C), with (D) depicting the 
combined negative and positive genetic interactions. For simplicity, some known interactions likely also 
present in C. elegans have been omitted such as positive interactions between hst-1 and hse-5, hst-2, or 
hst-6 (3). The dashed line indicates a minor function of hse-5 in the absence of both hst-2 and hst-6. The 
interactions as depicted represent the qualitative relationships in the steady state of C. elegans. 
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Table 1. Quantification of HS composition 

 
a D0A0 refers to a systematic nomenclature to describe disaccharides in glycosaminoglycans (44). ‘D’ signifies the Δ4,5 -unsaturated uronic acid with the 
following number denoting the uronic acid O-sulfation. The third letter represents the hexosamine descriptor with ‘A’ indicating N-acetylated and ‘S’ N-sulfated 
glucosamine. The last number describes the hexosamine O-sulfation. b Except where indicated all strains contain the evIs82b transgene (Is[unc-129::GFP]). 
The HS composition of evIs82b is comparable to HS from wild type N2 (Dataset S1). c This strain harbors the otIs35; mgIs18 transgenes (Is[ttx-3::kal-1] 
and Is[ttx-3::GFP]). The HS composition of otIs35; mgIs18 is comparable to both evIs82b and wild type N2 (Dataset S1). Values ± the standard error of 
the mean are given. Each mutant was assayed on at least two different days and the average value is compared to the value of the control strain on the 
same days. 

Genotype N D0A0a 

[%] 
D0S0 
[%] 

D0S6 
[%] 

D2S0 
[%] 

D2S6 
[%] 

N-sulfation 
[%] 

2O-sulf. 
[%] 

6O-sulf. 
[%] 

Sulfates/100 
disaccharides 

Controlb 16 60.0±1.3 12.1±0.5 0.2±0.1 17.1±1.3 10.7±0.5 40.0±1.3 27.5±1.0  10.9±0.6 78.5±2.2 
           
Control 5 62.5±2.5 10.3±0.8 0.3±0.2 15.2±1.0 11.7±0.8 37.5±2.5 26.9±1.6 12.0±1.0 76.4±5.0 
hse-5(tm472) 4 35.8±2.1 44.8±1.8 16.5±0.4 2.6±1.3 0.4±0.4 64.2±2.1 3.1±1.7  17.9±0.7 85.2±2.6 
           
Control 9 57.7±1.6 13.2±0.6 0.4±0.1 18.2±1.9 10.5±0.8 42.3±1.6 28.7±1.5 10.9±1.0 81.9±2.9 
hst-2(ok595)  6 41.7±1.9 31.2±2.1 27.1±1.4 0.0 0.0 58.3±1.9 0.0 27.1±1.4  85.4±3.3 
           
Control 4 58.7±1.0 12.0±0.1 0.3±0.2 16.7±2.6 12.3±1.9 41.3±0.8 29.0±0.7 12.6±1.8 83.0±3.2 
hst-6(ok273) 5 54.3±2.7 9.4±0.6 0.0±0.0 36.6±2.2 0.0±0.0 45.7±2.7 36.5±2.2  0.0 81.9±4.9 
           
Control 9 57.7±1.6 13.2±0.6 0.4±0.1 18.2± 10.5±0.8 42.3±1.6 28.7±1.5 10.9±1.0 81.9±2.9 
sul-1(gk151) 8 58.5±1.0 15.1± 0.6±0.1 7.4±1.0 18.4±0.8  41.5±1.0 25.9±0.8 19.0±0.9 86.5±2.8 
           
Control 5 62.5±3.1 10.3±1.0 0.3±0.2 15.2±1.2 11.7±0.9 37.5±3.1  26.9±1.9 12.0±1.1  76.4±6.1 
hse-5(ot16) 3 46.8±4.2 31.8±3.0  9.6±0.5 4.2±0.9 7.6±0.6  53.2±4.2 11.8±1.5 17.2±0.7 82.3±6.0 
           
Control  7 60.9±2.7 11.5±0.7  0.0 18.4±2.6  9.2±0.6 39.1±2.7  27.6±5.5 9.2±0.6 75.9±4.2 
hst-6(ot19)c 4 56.1±4.7 8.5±1.1 0.0 35.6±5.1 0.0 44.1±4.9 35.6±5.1 0.0 79.7±10.1 
           
Control 7 63.2±1.3  10.9±0.7  0.1±0.1  14.3±0.7 11.5±0.6  36.8±1.3 25.8±1.2 11.5±0.6 74.1±2.8 
hse-5(tm472); hst-2(ok595) 3 32.4±4.7 48.5±5.4 18.7±0.9 0.0 0.0 67.2±4.5 0.0 18.6±0.9 85.8±5.4 
hst-6(ok273) hst-2(ok595) 2 32.4±5.1 67.6±5.1 0.0 0.0 0.0 67.6±5.1 0.0 0.0 67.6±5.1 
hse-5(tm472); hst-6(ok273) 2 32.8±4.9 59.3±4.6 0.0 7.9±0.3 0.0 67.2±4.9 7.9±0.3 0.0 75.1±5.2 
hse-5(tm472);hst-6(ok273) hst-2(ok595) 3 28.1±5.3 71.9±5.3  0.0 0.0 0.0 71.9±5.3 0.0 0.0 71.9±5.3 
           
Control 9 57.7±1.6 13.2±0.6 0.4±0.1 18.2± 10.5±0.8 42.3±1.6 28.7±1.5 10.9±1.0 81.9±2.9 
sul-1(gk151); hst-2(ok595) 3 38.8±0.7 32.5±1.1 28.7±0.5 0.0 0.0 61.2±0.7 0.0 28.7±0.5  89.9±1.1 
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