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ABSTRACT. The 3-O-sulfation of glucosamine by heparan sulfat©3ulfotransferase-1 (3-OST-1) is a

key modification step during the biosynthesis of anticoagulant heparan sulfate (HS). In this paper, we
present evidence of a conformational change that occurs in 3-OST-1 upon binding to heparan sulfate.
The intrinsic fluorescence of 3-OST-1 was increased in the presence of HS, suggesting a conformational
change. This apparent conformational change was further investigated using differential chemical
modification of 3-OST-1 to measure the solvent accessibility of the lysine residues. 3-OST-1 was treated
with acetic anhydride in either the presence or absence of HS using both acetic anhydride and
hexadeuterioacetic anhydride under nondenaturing and denaturing conditions, respectively. The relative
reactivity of the lysine residues to acetylation afd][acetylation in the presence or absence of HS was
analyzed by measuring the ratio of acetylated and deuterioacetylated peptides using matrix-assisted laser
desorption ionization mass spectrometry. The solvent accessibilities of the lysine residues were altered
differentially depending on their location. In particular, we observed a group of lysine residues in the
C-terminus of 3-OST-1 that become more solvent accessible when 3-OST-1 binds to HS. This observation
indicates that a conformational change could be occurring during substrate binding. A truncated mutant
of 3-OST-1 that lacked this C-terminal region was expressed and found to exhibit a 200-fold reduction
in sulfotransferase activity. The results from this study will contribute to our understanding of the
interactions between 3-OSTs and HS.

Heparan sulfate proteoglycans (HSPGs) are present inspecific sulfated saccharide sequences within HS determine
large quantities on the surface of most mammalian cells andthe specificity of binding to proteinsj.
in the extracellular matrix. HSPGs are comprised of core  Specific sulfated saccharide sequences are introduced into
proteins and highly sulfated polysaccharide chains. Heparanthe HS chain during biosynthesis. HS is initially synthesized
sulfate (HS) is a structurally complex polysaccharide as a copolymer of glucuronic acid amdtacetylated glu-
comprised of repeating-14-linked sulfated glucosamine and cosamine byp-glucuronyl- andN-acetylb-glucosaminyl-
sulfated glucuronic/iduronic acid disaccharides. The functions transferase. Following polymerization, various modifications,
of HSPGs are largely determined by their HS polysaccharide including sulfation and epimerization, occur to HS in the
side chains. HS plays critical roles in a variety of biological Golgi apparatus?). Cs epimerization of glucuronic acid to
processes, including assisting viral infection, regulating blood iduronic acid is catalyzed by glucuronyls@pimerase.
coagulation and embryonic development, suppressing tumorN-Deacetylas®-sulfotransferase (NDST) catalyzésde-
growth, and controlling the eating behavior of mice by actylationN-sulfation of glucosamine residues(Sulfation
interacting with specific regulatory proteind~5). The of iduronic and glucuronic acid residues and6sulfation
and 3O-sulfation of glucosamine residues are catalyzed by
the uronyl 20-sulfotransferase (2-OST) and glucosaminyl
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6-O- and 3O-sulfotransfease (6-OST and 3-OST, respec- Without HS With HS
tively), respectively.

HS sulfotransferases, except for 2-OST, are present in o g
multiple isoforms, and these isoforms have tissue specific K \ K
expression pattern8{11). The expression levels of these K K

isoforms could play roles in regulating the biosynthesis of ,
the HS with defined saccharide sequences. NDST and 3-OST (Aot Avande)

isoforms recognize the saccharide sequences around the l B = CH3CO
modification sites which exhibit different substrate specifici-
ties @, 11, 12), whereas distinct substrate specificities among

B

6-OST isoforms were not detecteti3( 14).

Six different 3-OST isoforms have been identifietD(
12). The 3O-sulfation of glucosamine represents the final
modification step during the biosynthesis of biologically

active HS. 30-sulfated HS is known to bind to antithrombin
(AT), herpes simplex virus-1 glycoprotein D (HSV-1 gD),
and growth factor receptor and fibroblast growth factor 7 l

(15—-18). In addition, 3©-sulfated HS has been implicated l

in regulation of circadian rhythmd @) and various human Poptids |, —— Poptida2, /. Peplide | —— Peptide2

cancersZ0). The diverse biological functions of @-sulfated
HS are likely biosynthesized by different 3-OST isoforms. l \!/ l \[

Separate and Denature

Acetylation
(Hexadeuterioacetic Anhydride)
B = CD4CO &

Digestion

In fact, 3-OST isoform 1 (3-OST-1) and 3-OST-5 are

responsible for key modifications in the biosynthesis of HS

that binds AT (2, 15). 3-OST-3 and 3-OST-5 are known to Mass Spectrometry

introduce key 39-sulfated groups during the biosynthesis °

of HS that bind HSV-1 gD 12, 17). £
The mechanism that HS sulfotransferases use to recognizes

their substrates is unknown. The crystal structure of the

binary complex of NDST and '$hosphoadenosine’-5 —

phosphate (PAR) was determined by Kakuta and CO”eagueSFIGURE 1: Scheme for differential chemical acetylation of lysine
(21). On the basis of the crystal structure, a computer model oqiques of m3-0OST-1 [adapted from Hochleiteéml. (27)].

of the ternary complex of NDST, PAPS'{Bhosphoadeno-

sine 3-phosphosulfate), and a disaccharide substrate wasextract (Sigma)15). HS from bovine kidney and chondroitin

3-OST-1 that used the NDST structure as a template hasyegpectively.

been reported23). The results from these studies suggest
that the sulfotransferase reaction mechanisms of NDST and

3-OST-1 are very similar to that of estrogen sulfotransferase approximately 125 nM 3-OST in buffer containing 100 mM

(24). However, the actual substrate recognition mechanism3 (N-mor ; : ; -
. -(N-morpholino)propanesulfonic acid (MOPS, Sigma) (pH
for NDST and 3-OST-1 is unknown. Our research has been7_0), 10 mM MgCh, 5 mM MnCh, 604M Zwittergent 3-16

focused on understanding the substrate recognition meCha'(CaIBiOChem) 2% glycerol, and 3M 3',5-adenosine

nism for 3-OSTs. Although the sequences of 3-OST isoforms diphosphate (PAP, Sigma), at 25 with spectral bandwidths
are more than 60% homologous in the sulfotransferaseof 4 nm (excitati’on) and 16 nm (emission). Using an

;jotr;:_am, t_thle subztratelspemflu;les a;e relmﬁrkably d'St'nCt' excitation wavelength of 295 nm, an emission scan was
n this article, we describe a conformational change occurring preformed from 310 to 430 nm, with a maximum emission

in 3-OST-1 upon binding to HS. Th_e conform_ational gha_ng_e wavelength observed at 330 nm. Spectra were also collected
was detected by observing an increase in the intrinsic after addition of HS or CS (18M) and a brief mixing. The
fluorescence of 3-OST-1 and a difference in the reactivity percent change was calculated as the difference in the

to acety!atlon in the presence or absence .Of HS. The fluorescence intensity at 330 nm between the samples with
observation of the conformational change contributes to our HS or CS and without HS or CS

understanding of the interactions between 3-OSTs and HS.

Intensity

Determination of the Intrinsic Fluorescence of 3-OSTs.
The intrinsic fluorescence of 3-OSTs was measured using

Differential Chemical ModificationThe differential chemi-
EXPERIMENTAL PROCEDURES cal modification protocol described below was adapted from
Hochleitner et al. (27) and is illustrated in Figure 1.
Materials. Recombinant mouse 3-OST-1 (m3-OST-1), Approximately 10 ug of m3-OST-1 was subjected to
human 3-OST-3A (h3-OST-3), and human 3-OST-5 (h3- acetylation under nondenaturing conditions using 400
OST-5) enzymes were expressed in Sf9 cells using aacetic anhydride in a buffer containing 100 mM MOPS (pH
baculovirus expression system. The enzymes were purified7.0), 10 mM MgC}, 5 mM MnCl, 60uM Zwittergent 3-16,
by heparin-Toyopearl and 35-ADP—agarose chromatog- 2% glycerol, 50 mM NacCl, and 36M PAP (buffer 1) at 4
raphies as described previouslg5( 26). [3°S]PAPS was °C, in solution (acetylation without HS). The reaction was
prepared by incubating 02 mCi/mL [**S]NaSQ, (carrier- allowed to proceed for 30 min and quenched with the
free, ICN) and 16 mM ATP with 5 mg/mL dialyzed yeast addition of 50 mM Tris (pH 7.0), and then the mixture was
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dialyzed against buffer contairgri M NaCl, 100 mM MOPS reached 0.8. The cultures were then cooled t@2and
(pH 7.0), 60uM Zwittergent 3-16, and 2% glycerol. The expression was induced by addition of 289/mL isopropyl
pH was monitored and remained neutral throughout the $-p-thiogalactopyranoside (IPTG, Promega). The cultures
course of the acetylation. continued to grow overnight at 2Z with constant shaking.
To perform the acetylation with HS, the reaction was The cells were harvested by centrifugation at 45@8 20
performed using an on-column format. Approximately 10 min. The resultant cell pellet was resuspended in 40 mL of
ug of m3-OST-1 was loaded on a 0.25 mL heparin  a buffer containing 25 mM Tris (pH 7.5), 500 mM NacCl,
Sepharose column which had been pre-equilibrated with and 10 mM imidazole (buffer A). The cells were lysed using
buffer 1 at 4°C. One milliliter of buffer 1 and 10@M acetic sonication, and the soluble fraction was isolated by centrifu-
anhydride was passed over the column at a flow rate of 0.1 gation at 10006 for 30 min at 4°C and filtration through a
mL/min. The reaction was quenched with 0.25 mL of 1 M 0.2 um filter.
Tris (pH 7.0) at a flow rate of 0.1 mL/min, and the column Nickel chromatography was used to purify b3-OST- 1 as
was washed with 0.5 mL of buffer 1. The on-column the protein contains a (Hiskag at the N-terminus. The
acetylation was repeated once, and the protein was elutecbacterial lysate was loaded on an NFAgarose (Qiagen)
with buffer containig 1 M NaCl, 100 mM MOPS (pH 7.0),  column (12 mmx 88 mm), which had been pre-equilibrated
60 uM Zwittergent 3-16, and 2% glycerol. with buffer A at a flow rate of 3 mL/min. Unbound material
Both samples (with and without HS) were then subjected was removed by extensive washing with buffer A, and the
to acetylation under denaturing conditions. The samples werebound proteins were eluted with a linear gradient of
incubated at 100C for 5 min, allowed to cool to 4C, and imidazole from 10 to 250 mM over the course of 33.3 min.
then subjected to complete acetylation using 1.2 mM The b3-OST-1 emerged between 100 and 200 mM imidazole.
hexadeuterioacetic anhydridéHacetic anhydride, Aldrich) b3-OST-1 has a substrate specificity identical to that of m3-
in 80 mM N&aCQO; (pH 11) for 30 min at 4°C. After that, OST-1 that was expressed in insect cells (data not shown).
additional 1.2 mM fH]acetic anhydride in 80 mM N&Os; A truncated b3-OST-1 mutant, which lacked the 28
(pH 11) was added; the mixture was allowed to incubate for C-terminal amino acids (truncated b3-OST-1), was con-
an additional 30 min at 4C, and then the reaction was structed using the Gene Tailor site-directed mutagenesis kit
quenched with 50 mM Tris (pH 7.0). The protein samples from Invitrogen. The C-terminal truncation was achieved by
were resolved on a precast 16.5% Tris-Tricine SIPAGE introducing a K284STP mutation in the b3-OST-1 pET-28a
gel (Bio-Rad), and the gel was stained with Coomassie blue.cDNA by PCR [using the primers &#ACCCCCAGGTG-
The acetylated protein migrated as one band at approximatelyfGATCCCTAACTACTTGATA-3' and 3-GGGATCCAC-
37 kDa. The bands were cut from the gel and subjected to CTGGGGGTGCGCCCGGCCT-3Jthe point mutation is
in-gel trypsin digestion with a Genomics Solutions ProGest bold)]. The resultant construct was sequenced to confirm the
robot using trypsin in 50 mM ammonium bicarbonate (pH mutation (University of North Carolina DNA Sequencing
8) (28). The resultant peptides were analyzed using matrix- Core Facility). The mutant was expressed and purified in
assisted desorption ionization time-of-flight mass spectrom- the manner described above for b3-OST-1.
etry (MALDI-TOF MS). Measurement of Sulfotransferase Aitji. Sulfotransferase
MALDI-TOF MSwas performed with a Bruker Reflex Il activity was determined by incubating approximately 35 ng
TOF mass spectrometer. Extracted peptides were lyophilizedof purified protein with 10ug of HS (from bovine kidney,
and reconstituted in L of 50% methanol (v/v) and 0.1% ICN) and 5x 1C° cpm of F5S]PAPS (400uM) in 50 ul
formic acid. Peptides (0.5L) were then mixed with JuL of a buffer containing 50 mM MOPS (pH 7.0), 10 mM
of saturatedx-cyanohydroxycinnamic acid in a 50% aceto- MnCly, 5 mM MgCk, and 1% Triton X-100. The reaction
nitrile/0.1% trifluoroacetic acid mixture, placed on a target mixture was incubated at 3T for 90 min, and the reaction
plate, and allowed to dry at 28C. For acetylated peptide was quenched by additiori 6 M urea and 100 mM EDTA.
identification, Bruker BioTools SequenceEditor software was The sample was then subjected to DEAE-Sepharose (200
used to match the molecular mass of peptides against thexL) chromatography to purify the®{S]HS. The gquantity of
m3-0OST-1 amino acid sequence (GenBank accession numbef®*S]HS was then determined by scintillation counting.
AF019385). The relative reactivity of each lysine residue  Determination of the Leel of Binding of b3-OST-1 and
with respect to acetic anhydride (protonated and deuterated)Truncated b3-OST-1 to PAP and Heparire determine the
was calculated from the integrated intensity of each identified binding affinity of the wild-type and truncated b3-OST-1
signal [relative reactivity= trideuterioacetylated lysine/  for PAPS, 3,5-ADP—agarose chromatography (Sigma) was
(trideuterioacetylated lysing- acetylated lysine) 100]. used. Approximately 20@g of protein in 5 mL of a buffer
Expression of m3-OST-1 and m3-OST-1(K284STP) in containing 25 mM Tris (pH 7.0) and 100 mM NaCl was
Escherichia coliAn Ndd site was introduced into the m3- loaded onto a'3'-ADP—agarose column (7 mm 52 mm)
OST-1 pcDNAS3 vectorZ9) using polymerase chain reaction which had been pre-equilibrated with 25 mM Tris (pH 7.0)
(PCR) upstream of m3-OST-1 amino acid position Gly48. and 100 mM NacCl at a flow rate of 0.5 mL/min. Unbound
This construct was inserted into the pET-28a vector (Novagen) material was removed and collected with 5 mL of 25 mM
usingNdd andEcaRl, and the resultant encoded m3-OST-1 Tris (pH 7.0) and 100 mM NaCl. The bound proteins were
with an N-terminal truncation of 47 amino acids (b3-OST- eluted with 5 mL of a buffer containing 25 mM Tris (pH
1). The plasmid was sequenced to confirm the reading frame7.0) and 250 mM NaCl (low-ionic strength elution fraction)
(at the University of North Carolina DNA Sequencing Core and 1 mL of a buffer containing 25 mM Tris (pH 7.0) and
Facility) and transformed into BL21-DES3 cells (Novegen). 1 M NacCl (high-ionic strength elution fraction). The samples
A 2 L LB culture (containing 5Q:g/mL kanamycin) was  from each eluted fraction were analyzed by SEFSA\GE,
inoculated and allowed to grow at 3T until the ODQyo and the gel was stained with Coomassie blue.
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Fluorescence Emission Scan

A B

. ,.-'w:\\ Percent Change in Fluorescence at Aew = 330 nm)
. 2N With HS
'%0.6 '.':‘t A \x\:‘ +HS +CS
%0_ i ‘-‘.. m3-OST-1 | 14%+0.3% (n=4) | -0.4£0.2% (n=2)
il / % h3-OST-3 | 27%+7% (n=2) | 7%+3% (n=2)
B Without HS ‘3\ h3-OST-5 29%+9% (n=2) | -8%+0.4% (n=2)

\

Emission Wavelength (nm)

Ficure 2: Increase in the intrinsic fluorescence of 3-OSTs upon binding to HS. UsiRgaf 295 nm, a fluorescence emission scan of
3-0OSTs over d.mrange of 316-430 nm was completed with and without HS and CS. An emission scan of 3-OST-1 with and without HS
is shown in panel A: without HS&) and with HS @®). The difference in maximum intensityd, = 330 nm) was used to calculate the
percent change [percent charnggwith ligand — without ligand)/without ligand] shown in panel B.

To determine the affinity of wild-type and mutant m3- or CS and without HS or CS @t Incubation of HS with
OST-1 for HS, heparinSepharose chromatography (Phar- 3-OSTs induced an increase in the intensity of the intrinsic
macia) was used. Approximately 2@ of protein in 5 mL fluorescence for all proteins dtm, (14% m3-OST-1, 27%
of a buffer containing 25 mM Tris (pH 7.0) and 100 mM  h3-OST-3, and 29% for h3-OST-5), with no shift i,
NaCl was loaded onto a hepati®epharose column (7 mm  observed (Figure 2). To demonstrate that the change in the
x 52 mm), which had been pre-equilibrated with a buffer observed fluorescence intensity was due to binding of the
containing 25 mM Tris (pH 7.0) and 100 mM NaCl. enzyme to its substrate (HS), we incubated the 3-OSTs with
Unbound material was removed and collected with 5 mL of CS, which is not a substrate for any of the 3-OST5, @5,

a buffer containing 25 mM Tris (pH 7.0) and 100 mM NaCl.  26). Incubation of CS with 3-OST-3 induced a 7% increase
The bound proteins were eluted with 5 mL of a buffer in fluorescence intensity, which is4-fold less than that of
containing 25 mM Tris (pH 7.0) and 250 mM NaCl (low- the incubation with HS. Furthermore, an unchanged or
ionic strength elution fraction) and 1 mL of a buffer decreased fluorescence intensity was observed when 3-OST-1
containing 25 mM Tris (pH 7.0) ahl M NaCl (high-ionic  or 3-OST-5 was incubated with CS, respectively. These data
strength elution fraction). The samples from each eluted jndicate that the increase in fluorescence intensity is due to
fraction were analyzed by SDSAGE, and the gel was 3 specific interaction between 3-OSTs and HS.

stained with Coomassie blue. Differential Chemical ModificationThe increase in the
Homology Model of m3-OST-h3-OST-1 was homology  intensity of the intrinsic protein fluorescence was observed
modeled using the crystal structure of the sulfotransferase,ynen 3-0STs were bound to HS, suggesting that a confor-
domain of human NDST-1 [PDB entry INS2)] as the mational change occurs when the sulfotransferases interact
template structure. To select a template protein structure for i the substrate. To gain additional information concerning
modeling the m3-OST-1 structure, we used the primary m3- 5, hossible conformational changes that may occur in m3-
OST-1 protein sequence and aligned it W!th all proteins in 5gT.1 upon HS binding, we determined the relative sus-
the Protein Data Bank. The sequence alignment was per-cqpiipility of lysine residues to acetylation by acetic anhy-
formed on_the Biology workbench (http.//workbenc_h.sd- dride. This approach has been used with several different
sc.edu/) using the BLAST sequence alignment tool with the o ¢ains including human immunodeficiency virus core
BLOSUMG62 substitution matrix, affine gap penalties (gap protein p24 P7), lysozyme 80), and human catechol

opening penalty of-11, gap extension penalty efl), and O-meth :
. ! ) - yltransferase3(l), to determine the solvent acces-
ﬁg;r?bldﬁ rgtl; Ofl 0'85§$H'tf Wer;e rﬁmke;d rl;)ydtkeuz;ﬂges. sibility of lysine residues. Figure 1 illustrates the approach
-1 had the lowest value of all matched proteing ( used to differentially acetylate the lysine residues of m3-

value = 9 x 10?4 with a sequence approximately 30% ; : : ;
. . . - . OST-1 with and without HS bound. First, acetylation of the
identical with that of m3-OST-1. The PAP binding domains lysine residues of 3-OST-1 with and without HS bound was

were constrained during modeling as descnbedi _by Ra.mancarried out using acetic anhydride under nondenaturing
et al (23). The model had a score of 86 when verified using " - .
conditions. After the initial acetylation, a more complete

profiles_3D, where a score of 115 would be expected for a . . ) . :
valid protein of the same size. The model was created usingagetylatlon was carneq out using hexad_eutenoapgtm anhy-
the homology modeling module of Insight-I1. dride (PH]acetic a_mhydrlde) under denaturing conditions. The
acetylated proteins were resolved on SEPFAGE, and the
RESULTS protein was subjected to in-gel digestion with trypsin.
MALDI MS was employed to determine the ratio of resultant
Heparan Sulfate Increases the Intensity of the Intrinsic peptides containing acetylated (protonated) lysine %ihd
Fluorescence of 3-OST&he intrinsic fluorescence was labeled acetylated (trideuterated) lysine residues. The MALDI
measured for m3-OST-1, h3-OST-3A, and h3-OST-5. The MS spectra for m3-OST-1 with and without bound HS are
maximum emission wavelengtii«) was observed for all  shown in Figure 3. The inset illustrates the expanded spectra
proteins at 330 nm, using an excitation wavelendth) (©f for the acetylated antH-labeled acetylated lysine residues.
295 nm. The percent change was calculated as the differencé he relative reactivity of each lysine residue was calculated
in the fluorescence intensity between the samples with HSfrom the abundance of each identified signal [relative
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Ficure 3: MALDI-TOF mass spectra of m3-OST-1 that had been chemically modified with HS bound and without HS bound. Panel A
shows the mass spectrum of the protonated tryptic peptides from 3-OST-1 chemically modified in the presence of HS. The inset is an
expanded spectrum of the peaknalz 1782.02 to demonstrate the acetylated (Ac-K) and trideuterioacetylated peptidesKp Panel B

shows the mass spectrum of the protonated tryptic peptides from 3-OST-1 chemically modified in the absence of HS. The inset is an
expanded spectrum of the peaknalz 1782.02 to demonstrate the acetylated (Ac-K) and trideuterioacetylated peptidasKD
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FiGure 4: Relative reactivity of chemically modified lysine residues from m3-OST-1. The relative reactivity was calculated from the
intensity of each MS peak [relative reactivitytrideuterioacetylated lysine/(trideuterioacetylated lysinacetylated lysinex 100]. Columns
represent the mean of two independent experiments. Error bars represent the range.

reactivity= (*H-labeled acetylated lysiné{-labeled acety-  observed to have little or moderate differences in relative
lated lysine+ acetylated lysine)x 100] (Figure 4). reactivity with respect to acetic anhydride. For example,
We next compared the percentage of the identfesl K252 was observed to have relative reactivities of 56 and
labeled acetylated peptides of 3-OST-1. We observed that47% in the presence and absence of HS, respectively,
lysine residues in different regions of m3-OST-1 have distinct suggesting that the solvent accessibility of K252 is indepen-
relative reactivity with respect to acetylation in the presence dent of HS binding. However, K28 was observed to have a
or absence of HS (Figure 4). These results suggest that thegreater relative reactivity with HS bound than without (100
solvent accessibility of the lysine residues is altered differ- and 64%, respectively), suggesting that K28 is less solvent
entially when the enzyme interacts with HS. The higher accessible when the enzyme binds HS. Conversely, a stretch
percentage ofH-labeled acetylated peptide suggests lower of lysine residues (K284, K289, K299, K300, and K303) in
solvent accessibility in a nondenaturing buffer, such as athe C-terminal domain exhibits a lower relative reactivity
biological buffer. As expected, certain lysine residues were when the enzyme binds HS. We observed that the percent-
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Table 1: Sulfotransferase Activities of b3-OST-1 and the Truncated b3-0OST-1 b3-0ST-1
b3-0ST-1 A 1 2 3 4 B 1 2 3 4
protein pmol of f°S]sulfate transferredy of protein - — e 5 "‘%" e
b3-0ST-1 6.4 . '
truncated b3-OST-1 0.032 0.009 Truncated b3-0OST-1 Truncated b3-OST-1
5 6 7 8 5 6 7 8
ages ofH-labeled acetylated lysine residues are nearly 2-fold = > _

lower in the presence of HS than in the absence of HS, ) .
FIGURE 5: Analysis of the binding of b3-OST-1 and truncated b3-

suggesting th"’?t this region become; substantially MOr€ 5ST.1 to HS and PAPS. SBSAGE analysis of the fractions
solvent accessible when the enzyme binds HS. Because Wejyted from heparinSepharose (A) and' 3-ADP—agaorse (B)

observed that the relative reactivity of the lysine residues in chromatography fractions. Wild-type (b3-OST-1) fractions in panel
numerous regions of the enzyme was altered upon bindingA and B are the WT protein (lane 1), the unbound fraction (100

to HS, the results are consistent with the conclusion that amm ’N\Ia(ci:ll)) (Elane 375)’ thgt'r?wr']i_o?]i‘? St.re”tgth etlﬁtic;nt_fra%tiont_(ZS(Ol
. . _ -~ . . m al ane o), an € hignh-1onic strengtnh elution traction
conformational change occurs in m3-OST-1 upon binding ;' Nacly (lane 4). Truncated b3-OST-1 fractions in panel A and B

to HS. are truncated b3-OST-1 (lane 5), unbound fractions (100 mM NaCl)
The C-Terminus Is Required for Sulfotransferase Atgti (lane 6), the low-ionic strength elution fraction (250 mM NaCl)

The C-terminal region has attracted our attention as this (lan€ 7). and the high-ionic strength elution fraction (1 M NaCl)
(lane 8). The arrows indicate the migrated position of the protein

region undergoes substantial conformational changes wherny_ 4 for b3-0ST-1 or truncated b3-OST-1 on STSAGE.

the enzyme binds to HS. In addition, the function of this

region has not been reported previously, and it does notyath h3-0ST-1 and truncated b3-OST-1 in the high-ionic
include the proposed HS binding or PAPS binding domains gyrength elution fractions (1 M NaCl) from the hepatin

(23, 32). To explore the role of this C-terminal region in the - ggpharose column. This suggests that the truncated b3-OST-1

function of 3':]3_ShT -Il, e Pr:epared a poli”t mutant pmteig and b3-OST-1 have similar affinity for HS (Figure 5A, lanes
(K284STP) which lacked the C-terminal region (truncated , o4 gy | contrast, the majority of the truncated b3-OST-1

b3-OST-1) from residue 28A_r to 307. The mutant protein was was eluted from 35-ADP chromatography at 100 mM

expre§sed at levels approximately 5-fold lower than that of (unbound fraction) and 250 mM NacCl (low-ionic strength

tsr;ﬁa\ﬂ”ghtzﬁﬁte%areljni%ﬁedviré-vovgﬂ irgxi?é?tég gurlzx?_ elution fraction) (Figure 5B, lanes 6 and 7), whereas b3-
' PP OST-1 was only detected in the high-ionic strength elution

mately a 200-fold decrease in sulfotransferase activity, as . ; :

) " fraction (1 M NaCl) (Figure 5B, lane 4). This suggests that
compared with b3-OST-1 (Table 1). These data suggest thai -
this C-terminal domain is critically important for sulfotrans- ttPh,EFErSuré%a:;ei?egd-(avsitﬁ;Lhre]av?/iﬁjciecreealiegoif(f:llzlsi/ofr?r ti@?oasgd
ferase i’;\ctivity. Ir|1trinds ic pLot(;in fluorescznct:)e experimenﬁs of sulfotran?sferase activity in trl)jgcéted b3-OST-1, is likely
were also completed with the truncated b3-OST-1. The . -
truncated mutanltawas observed to have a4®3% increase  JU€ 10 @ decrease in the affinity for PAPS. Thus, we are

unable to conclude that the conformational change is required

in fluorescence atem upon the addition of HS; however, a X L X
similar increase in fluorescence was also observed uponf©' the enzymatic activity despite the fact that HS cannot

addition of CS, suggesting that the fluorescence increase ofinduce a fluorescence increase for truncated b3-OST-1.
truncated b3-OST-1 is not due to the specific binding of
substrate. The lack of the substrate-induced increase in thé?!SCUSSION
intrinsic fluorescence for truncated b3-OST-1 suggests that
the fluorescence increase is associated with sulfotransferas

activity. . .
) array of physiological roles. HS sulfotransferases are re-
To further characterize the truncated b3-OST-1, HS and gnqnsiple for introducing the structural diversity in HS

PAPS binding experiments were conducted. Because of theqy,ins. however, a complete understanding of the reaction
low sulfotransferase activity of the truncated b3-OST-1

Kineti vsi Id not b leted to det : ' mechanism of sulfotransferases remains elusive. The reaction
IN€lic analysis could not be completed to de erminektihe mechanism has been studied extensively for NDST-1, and
values for HS and PAPS. In addition, we were unable to

X . ) o the HS and PAPS binding motifs have been identifi2d (
gug?;gl:nfnaézgfrseﬁsxlo'fn ;ﬁft'\é?rll)éilgrgea?f?nai‘tm't'sst’ thus, 34). Nonetheless, the absence of a crystal structure for the
9 y Detween ternary complex of NDST-1 with HS and PAPS precludes a
truncated b3-OST-1 and HS or PAPS was difficult. To full understanding of the interactions between the substrate
overcome these difficulties, affinity chromatography was . . )
employed as described in the study of flavonolo3- and the enzyme. In this paper, we describe a conformational

sulfotransferase3@). Heparin-Sepharose chromatography change that occurs in 3'OST'.1 upon binding to HS. To our
was used to determine HS binding affinity, argG3ADP— knowledge, such an observation has not been reported.
agarose chromatography used to determine the PAPS binding Two lines of evidence support the conclusion that a
affinity because heparin and,3-ADP are the analogues of ~conformational change occurs in 3-OSTs upon binding to
HS and PAPS, respectively. SBBAGE followed by HS. First, we observed an increase in the fluorescence
staining with Coomassie blue was used to determine theintensity atlen, for 3-OSTs when bound to HS, which was
amount of b3-OST-1 and truncated b3-OST-1 that eluted only induced by binding to HS, but not CS. Fluorescence
from the affinity chromatographies using different concentra- has been used to study the conformational changes that
tions of NaCl (Figure 5). As shown in Figure 5A, we detected numerous proteins undergo upon binding their ligarg% (

Heparan sulfate biosynthesis is a complex process that
?/ields structurally diverse HS chains involved in an extensive
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36), including the binding of antithrombin (AT) to HS3T,

38). The conformational change of AT was subsequently
confirmed by X-ray crystallography of the AT and pentasac-
charide complex39). An increase in the intrinsic fluores-
cence of 3-OST-1 upon ligand binding could be attributed
to a simple binding event. However, this premise cannot
explain the observations made with the truncated b3-OST-1
mutant. The truncated mutant lacked the C-terminal region
that participates in the conformational change as determined
by differential chemical modification. This mutant (truncated
b3-OST-1) was observed to have an affinity for HS similar
to that of the wild-type protein (b3-OST-1) (Figure 5),
suggesting that the binding of HS to truncated b3-OST-1
occurred. However, HS cannot induce a fluorescence increase
for truncated b3-OST-1, as observed for wild-type 3-OSTs.
Therefore, the increase in intrinsic fluorescence that was
observed for the 3-OSTs does suggest that a conformational
change may be occurring upon binding of HS.

Second, further investigation of the conformational change
was completed using differential chemical modification of
m3-0OST-1. Determining the relative reactivity with respect
to acetic anhydride allowed us to probe the solvent acces-
sibility of lysine residues with and without HS bound. We
observed that lysine residues in different regions of m3-
OST-1 have distinct relative reactivity with respect to
apet_ylatmn in the rfreser_lce or apsence_ of HS. While the FiGURE 6: Homology model of m3-OST-1. The model is colored
binding of HS to 3-OST-1 has differential effects on the 5ccording to secondary structure. The lysine residues in the
solvent accessibility of the lysine residues, the residues C-terminus that were observed to undergo a conformational change
located in the C-terminal region of the protein showed a are represented with ball-and-stick illustrations. The potential PAP
substantial increase in solvent accessibility when m3-OST-1 and HS binding sites are denoted with arrows.

bound to HS. These observations suggest that the protein o

To gain a better understanding of the role of the C-terminal @nd the observed substrate-induced conformational change

domain plays in catalytic function, a homology model of is that this C-terminabi-helix region stabilizes the active
m3-0OST-1 was built using INSIGHT-II and NDST-1 was conformation of 3-OST-1. Interestingly, Wei and Swiedler
used as the templat@l, 23). The C-terminal region that  described a unique role for the C-terminal region of NDST-1
exhibited an increase in solvent accessibility was mapped (40). They observed that the removal of as few as 15 amino
to the C-terminabi-helix, which is located on the opposite  acids from the C-terminus of NDST-1 resulted in a complete
side of the proposed HS binding site (Figure 6). Tdrikelix loss of both the sulfotransferase and deacetylase activity. It
is also located away from the PAPS binding site. This model is known that the deacetylase activity of NDST does not
suggests that the C-terminal domain is not directly involved require binding to PAPSA(). These data suggest a complex
in binding either HS or PAPS. However, deletion of this role for the C-terminal region of NDST-1 and 3-OST-1 in
a-helix (truncated b3-OST-1) resulted in a 200-fold decrease the catalytic functions of these enzymes.

in sulfotransferase activity. In addition, the increase in o conformational change has not been reported for
intrinsic flgorescence observed for the wild-type enzyme NpsT-1 @4). Extensive computational simulation of the

upon binding HS was greatly reduced for the truncated b3- ternary complex of NDST-1, PAPS, and a disaccharide has
OST-1. Taken together, these data suggest that these Cqot ragyited in any observed major conformation changes

Lﬂggzl Zréngaﬁ:?;srepS:ig(;?lgﬂ;ﬁgtiz t:fetﬁgrgﬁggggeo dnals (22). However, the study utilized a disaccharide, rather than
OST-1 showed that the truncated b3-OST-1 has a similara polysaccharide, as the acceptor substrate for NDST-1. The

affinity for HS but a decreased affinity for PAPS. This difference in the size and structural complexity between the

decrease in PAPS binding affinity was unexpected, as thewsacchande and polysaccharide could have a substantial

. ) . . : . impact on the conformation of the enzyme.
model predicts thisx-helix does not directly interact with
PAPS. We noted that Gorokhov and colleagues predicted Conformational changes have been observed for numerous
that the C-terminus of NDST-1 might be involved in binding HS binding proteins, such as antithromb#2), microtubule-
to the 3-phosphate of PAP, and two residues, K833 and associated protein Ta4d), and hepatocyte growth factor/
R835, of NDST-1 are very close to theghosphate of PAP  scatter factor44). Binding of HS induces a conformational
(22). The corresponding residues based on the sequence&hange that is required for activity of those proteins. Our
alignment in 3-OST-1 are K272 and R2782(. The data suggest that HS induces a conformational change in
truncated b3-OST-1 described in this study includes both 3-OSTs, and that this conformational change provides a
these residues, suggesting that the residues for binding thepotential new mechanism for understanding the activity of
3'-phosphate of PAP are present. A possible explanation for 3-OSTs and HS.
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