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The polysialyltransferases ST8Sia Il and ST8Sia IV polysialylate
the glycans of a small subset of mammalian proteins. Their most
abundant substrate is the neural cell adhesion molecule (NCAM).
An acidic surface patch and a novel a-helix in the first fibronectin
type III repeat of NCAM are required for the polysialylation of
N-glycans on the adjacent immunoglobulin domain. Inspection of
ST8SialV sequences revealed two conserved polybasic regions that
might interact with the NCAM acidic patch or the growing polysi-
alic acid chain. One is the previously identified polysialyltrans-
ferase domain (Nakata, D., Zhang, L., and Troy, F. A. (2006) Glyco-
conj. J. 23, 423—-436). The second is a 35-amino acid polybasic
region that contains seven basic residues and is equidistant from
the large sialyl motif in both polysialyltransferases. We replaced
these basic residues to evaluate their role in enzyme autopolysialy-
lation and NCAM-specific polysialylation. We found that replace-
ment of Arg®>’®/Arg”” or Arg®®® in the polysialyltransferase
domain of ST8Sia IV decreased both NCAM polysialylation and
autopolysialylation in parallel, suggesting that these residues are
important for catalytic activity. In contrast, replacing Arg®?/Arg”
in ST8Sia IV with alanine substantially decreased NCAM-specific
polysialylation while only partially impacting autopolysialylation,
suggesting that these residues may be particularly important for
NCAM polysialylation. Two conserved negatively charged resi-
dues, Glu®? and Asp®*, surround Arg®>. Replacement of these resi-
dues with alanine largely inactivated ST8Sia IV, whereas reversing
these residues enhanced enzyme autopolysialylation but signifi-
cantly reduced NCAM polysialylation. In sum, we have identified
selected amino acids in this conserved polysialyltransferase poly-
basic region that are critical for the protein-specific polysialylation
of NCAM.

Polysialic acid is a linear homopolymer of «2,8-linked sialic
acid that is added to a small subset of mammalian glycoproteins
by the polysialyltransferases (polySTs)® ST8Sia II (STX) and
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ST8Sia IV (PST) (1-4). Substrates for the polySTs include the
neural cell adhesion molecule (NCAM) (5, 6), the a-subunit of
the voltage-dependent sodium channel (7, 8), CD36, a scav-
enger receptor found in milk (9), neuropilin-2 expressed by
dendritic cells (10), and the polySTs themselves, which can
polysialylate their own N-glycans in a process called autopoly-
sialylation (11, 12). This small number of polysialylated pro-
teins and other evidence from our laboratory (13-15) suggest
that polysialylation is a protein-specific modification that
requires an initial protein-protein interaction between the
polySTs and their glycoprotein substrates.

The most abundant polysialylated protein is NCAM. The
three major NCAM isoforms consist of five Ig domains, two
fibronectin type III repeats, and a transmembrane domain and
cytoplasmic tail (NCAM140 and NCAM180) or a glycosylphos-
phatidylinositol anchor (NCAM120) (16). Polysialylation takes
place primarily on two N-linked glycans in the Ig5 domain (17).
We have previously shown that a truncated NCAM140 protein
consisting of Ig5, the first fibronectin type III repeat (FN1), the
transmembrane region, and cytoplasmic tail is fully polysialy-
lated (13). However, a protein consisting of Ig5, the transmem-
brane region, and cytoplasmic tail is not polysialylated (13).
This suggests that the polySTs recognize and bind the FN1
domain to polysialylate N-glycans on the adjacent Ig5 domain.
We subsequently identified an acidic patch unique to NCAM
FNI1, consisting of Asp®*®’, Asp®'!, Glu®'?, and Glu>'* (15).*
When three of these residues (Asp®'!, Glu®'?, and Glu®'*) are
mutated to alanine or arginine, NCAM polysialylation is re-
duced or abolished, suggesting that the acidic patch is part of a
larger recognition region. We anticipate that within this puta-
tive recognition region there will be amino acids required for
mediating polyST-NCAM binding, and those that do not medi-
ate binding per se but instead are required for correct position-
ing of the enzyme-substrate complex for polysialylation. For
example, we have identified a novel a-helix in the FN1 domain
that when replaced leads to polysialylation of O-glycans found
on the FN1 domain rather than N-glycans on the Ig5 domain

cell adhesion molecule; FN1, first fibronectin type Ill repeat of NCAM; SML,
large sialyl motif; SMS, small sialyl motif; VS, very small sialyl motif; PSTD,
polysialyltransferase domain; PBR, polybasic region; DMEM, Dulbecco’s
modified Eagle’s medium; FBS, fetal bovine serum; FITC, fluorescein iso-
thiocyanate; HRP, horseradish peroxidase; PBS, phosphate-buffered saline;
Endo N, PK1E endo-N-acylneuraminidase; ER, endoplasmic reticulum.
“These residues correspond to Asp>°%, Asp>?°, Glu>?!, and Glu®?® when the
sequence numbering includes the 19-amino acid signal sequence and
eliminates the 10-amino acid VASE exon included in the protein.
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(14). This helix may mediate an interdomain interaction that
positions the Ig5 N-glycans for polysialylation by an enzyme
bound to the FN1 domain (14). Alternatively, the helix could act
as a secondary interaction site that positions the polyST prop-
erly on the substrate.

The expression of the polySTs is developmentally regulated
with high levels of STX and moderate levels of PST expressed
throughout the developing embryo (2, 18, 19). STX levels
decline after birth, although PST expression persists in specific
regions of the adult brain where polysialylated NCAM is
involved in neuronal regeneration and synaptic plasticity (18 —
23). The large size and negative charge of polysialic acid disrupt
NCAM-dependent and NCAM-independent interactions,
thereby negatively modulating cell adhesion (24 —26). Simulta-
neous disruption of both PST and STX in mice results in severe
neuronal defects and death usually within 4 weeks after birth
(27). Interestingly, when NCAM expression is also eliminated
in these mice, they have a nearly normal phenotype, suggesting
the main function of polysialic acid is to modulate NCAM-
mediated cell adhesion during development (27). In addition,
re-expression of highly polysialylated NCAM has been associ-
ated with several cancers, including neuroblastomas, gliomas,
small cell lung carcinomas, and Wilms tumor. The presence of
polysialic acid is thought to promote cancer cell growth and
invasiveness (28 —35).

Sialyltransferases, including the polySTs, have three motifs
required for catalytic activity (36 —38) (see Fig. 14). Sialyl motif
Large (SML) is thought to bind the donor substrate CMP-sialic
acid (39), whereas sialyl motif Small (SMS) is believed to bind
both donor and carbohydrate acceptor substrates (40). The sia-
lyl motif Very Small (SMVS) has a conserved His residue that is
required for catalytic activity (38, 41). However, the precise
function of this motif is unknown. An additional 4-amino acid
motif, motifIII, is conserved in the sialyltransferases (42— 44). It
was suggested that this motif, and particularly His and Tyr res-
idues within its sequence, may be required for optimal activity
and acceptor recognition (42).

Angata et al. (45) used chimeric enzymes to identify regions
within the polySTs required for catalytic activity and NCAM
polysialylation. Sequences from PST, STX, and ST8Sia III were
used to construct the chimeric proteins. ST8Sia III is an «2,8-
sialyltransferase that typically adds one or two sialic acid resi-
dues to glycoprotein or glycolipid substrates, can autopolysia-
lylate its own glycans, but cannot polysialylate NCAM (46).
Deletion analysis showed that amino acids 62—356 are required
for PST catalytic activity. Replacement of segments of this
region with corresponding STX or ST8Sia III sequences led to
the suggestion that amino acids 62—127 and possibly 194 -267
of PST may be required for NCAM recognition (45).

Recently, Troy and co-workers (47, 48) identified a stretch of
basic residues, termed the polysialyltransferase domain
(PSTD), which is only observed in the two polySTs and not in
other sialyltransferases. The PSTD is contiguous with SMS and
extends from amino acids 246-277 in PST and 261-292 in
STX. Mutation analysis demonstrated that the overall positive
charge of this motif is important for activity and identified spe-
cific residues required for NCAM polysialylation (Arg>>?, Ile*”>,
Lys®’®, and Arg®’”) (47).
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In this study, we have scanned the critical polyST regions
identified by the work of Angata et al. (45) for sequences that
may be involved in protein-protein recognition and NCAM
polysialylation. We identified a second polybasic motif that we
named the polybasic region (PBR). The PBR is conserved in
PST and STX and is located equidistant from the SML of each
enzyme. It consists of 35 amino acids of which 7 are the basic
amino acids Arg and Lys. We found that the replacement of two
specific residues within the PBR (Arg®* and Arg”® of PST and
Arg®” and Lys'®® of STX) have a greater negative effect on
NCAM polysialylation than on autopolysialylation. Replace-
ment of acidic residues surrounding PST Arg”® led to a similar
disparate effect on these processes. Comparison of the critical
residues in both the PSTD and PBR demonstrated that the
replacement of PSTD residues had an equally negative impact
on both NCAM polysialylation and enzyme autopolysialyla-
tion, whereas replacement of selected PBR residues more
severely impacted NCAM polysialylation, suggesting that the
PBR residues may play important roles in NCAM-specific
polysialylation.

EXPERIMENTAL PROCEDURES

Tissue culture materials such as Dulbecco’s modified Eagle’s
medium (DMEM), Opti-MEM 1, Lipofectin, and fetal bovine
serum (FBS) were purchased from Invitrogen. Nitrocellulose
membranes were purchased from Schleicher & Schuell. Super-
Signal West Pico chemiluminescence reagent was obtained
from Pierce. Precision Plus Protein™ standard was obtained
from Bio-Rad. Oligonucleotides and anti-V5 tag antibody were
purchased from Invitrogen. The QuikChange™ site-directed
mutagenesis kit and Pfu DNA polymerase were purchased from
Stratagene (La Jolla, CA). Human NCAM-Fc cDNA was a gift
from Genevieve Rougon (CNRS, Marseilles, France). The
¢DNA for human ST8Sia IV/PST was obtained from Dr.
Minoru Fukuda (Burnham Institute, La Jolla, CA), and the
c¢DNA for human ST8Sia II/STX was obtained from Dr. John
Lowe (Genentech, South San Francisco, CA). Protein A-Sepha-
rose was obtained from GE Healthcare. pEndo-N expressing
the endo-N-acylneuraminidase (endosialidase) cloned from
phage PK1E was the kind gift of Dr. Eric Vimr (University of
Illinois, Champagne-Urbana). DNA purification kits and nick-
el-nitrilotriacetic acid-coupled Superflow resin were obtained
from Qiagen (Valencia, CA). Protease inhibitors, lysozyme,
DNase, and RNase were obtained from Roche Applied Science.
Fluorescein isothiocyanate (FITC)-conjugated and horseradish
peroxidase (HRP)-conjugated goat anti-mouse antibodies were
purchased from Jackson ImmunoResearch. Other chemicals
and reagents were obtained from Sigma and Fisher.

Construction of PST and STX Mutants—Mutagenesis was
performed using the Stratagene QuikChange™ site-directed
mutagenesis kit, according to the manufacturer’s protocol.
Primers used are listed in supplemental Table 1. Mutations
were confirmed by DNA sequencing performed by the DNA
Sequencing Facility of the Research Resources Center at Uni-
versity of Illinois at Chicago.

Transfection of COS-1 Cells with NCAM, PST, and STX
¢DNAs—COS-1 cells maintained in DMEM, 10% FBS were
plated on 100-mm tissue culture plates or 12-mm glass cover-
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slips and grown at 37 °C, 5% CO, until 50-70% confluent.
Transfections were performed with Lipofectin according to the
Invitrogen protocol. For each plate, cells were co-transfected
with PST or STX cDNA, cloned upstream of the epitope tags in
the pcDNA3.1 (V5-His B) expression vector, and NCAM-Fc
c¢DNA, cloned in the pIG1 expression vector, at a ratio of 4:1,
respectively. To test enzyme autopolysialylation and localiza-
tion, COS-1 cells plated on coverslips were transfected with 0.5
pg of plasmid DNA mixed with 3 ul of Lipofectin and 300 ul of
Opti-MEM L

Recovery of NCAM-Fc Expressed with PST-V5 or STX-VS5 in
COS-1 Cells—COS-1 cells were co-transfected with PST-V5 or
STX-V5 plasmid DNA and NCAM-Fc plasmid DNA. The
transfection mixture was removed 6 h post-transfection, and 4
ml of DMEM, 10% FBS was added to each plate. After an 18-h
incubation, cell medium was collected and debris removed by
centrifugation. NCAM-Fc consists of the signal sequence and
extracellular domains (Igl-FN2) of a human skeletal muscle
isoform of NCAM fused upstream of the Fc region (hinge, CH2,
and CH3) of human IgG1. This soluble, secreted NCAM con-
struct was recovered directly from the cell medium by incuba-
tion for 2—4 h at 4 °C with 50 ul of protein A-Sepharose beads
(50% suspension in phosphate-buffered saline (PBS)), which
bind the Fc portion of NCAM-Fc (49). The beads were then
washed four times with 1 ml of immunoprecipitation buffer (50
mM Tris, pH 7.5, 150 mm NaCl, 5 mm EDTA, 0.5% Nonidet
P-40, 0.1% SDS), followed by one wash with 1 ml of immuno-
precipitation buffer containing 1% SDS. Following resuspen-
sion in 50 ul of Laemmli sample buffer containing 5% B-mer-
captoethanol, samples were heated at 65 °C for 10 min and
separated on a SDS-polyacrylamide gel (3% stacking gel, 5%
separating gel). To evaluate relative enzyme expression levels,
cells were lysed in 1 ml of immunoprecipitation buffer, and an
aliquot was mixed with an equal volume of Laemmli sample
buffer containing 5% B-mercaptoethanol, boiled at 110 °C for
10 min, and resolved on a SDS-polyacrylamide gel (5% stacking
gel, 7.5% separating gel).

Immunoblot Analysis of Polysialylation and Protein Expres-
sion Levels—Following SDS-PAGE, proteins were transferred
to a nitrocellulose membrane for 18 h at 500 mA. Following a
1-h blocking step in 5% nonfat dry milk in Tris-buffered saline,
pH 8.0, 0.1% Tween 20 (blocking buffer), membranes were
incubated with primary and HRP-conjugated secondary anti-
bodies prior to development. To detect polysialic acid, mem-
branes were incubated overnight with a 1:50-1:250 dilution of
OL.28 anti-polysialic acid antibody in 2% nonfat dry milk in
Tris-buffered saline, pH 8.0, and for 1 h with HRP-conjugated
goat anti-mouse IgM diluted 1:4000 in blocking buffer. For
analysis of enzyme expression, membranes were incubated for
2 h with an anti-V5 tag antibody diluted 1:5000 in blocking
buffer and HRP-conjugated goat anti-mouse IgG diluted 1:4000
in blocking buffer. Following primary antibody incubation,
blots were washed two times for 15 min with Tris-buffered
saline, pH 8.0, 0.1% Tween 20. Following the secondary anti-
body incubation, blots were washed four times for 15 min with
Tris-buffered saline, pH 8.0, 0.1% Tween 20. Immunoblots
were developed using the SuperSignal West Pico chemilumi-
nescence kit (Pierce) and Kodak Bio-Max MR film.

AV DN
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Immunofluorescence Analysis of Enzyme Localization and
Activity—COS-1 cells were transfected with PST or STX plas-
mid DNA, as described above. One milliliter of DMEM, 10%
FBS was added to the transfection mixture 6 h post-transfec-
tion. After an 18-h incubation, cells were washed twice with 1
ml of PBS and permeabilized with —20 °C methanol to visualize
both internal structures and the cell surface. To detect
enzymes, cells were incubated with a 1:250 dilution of the
anti-V5 tag antibody, followed by incubation with FITC-conju-
gated goat anti-mouse IgG diluted 1:100 in immunofluores-
cence blocking buffer (5% normal goat serum in PBS). To eval-
uate autopolysialylation and catalytic activity, cells were
incubated with a 1:100 dilution of OL.28 anti-polysialic acid
antibody, followed by incubation with FITC-conjugated goat
anti-mouse IgM diluted 1:100 in immunofluorescence blocking
buffer. Following each antibody step, coverslips were washed
four times for 5 min with 1 ml of PBS. Coverslips were mounted
on glass slides using mounting medium (15% (w/v) Vinol 205
polyvinyl alcohol, 33% (w/v) glycerol, 0.1% azide in PBS, pH
8.5). Cells were visualized using a Nikon Axiophot microscope
equipped with epifluorescence illumination and either a 40X
FLUOR Ph3DL objective or 60X oil immersion Plan Apochro-
mat objective. Pictures were taken using a SPOT RT color dig-
ital camera and processed using Spot RT software version 3.5.1
(Diagnostic Instruments Inc, Sterling Heights, MI).

Quantification of Autopolysialylation and NCAM Polysialy-
lation by Pulse-Chase Analysis and Densitometry—To evaluate
autopolysialylation, PST-V5 and its mutants were transiently
expressed in COS-1 cells. Eighteen hours post-transfection,
cells were incubated with 5 ml of Met/Cys-free DMEM for 1 h.
Cells were then labeled for 1 h in 4 ml of fresh Met/Cys-free
DMEM containing 100 wCi/ml **S-Express protein labeling
mix (PerkinElmer Life Sciences). The labeling media was then
removed; cells were washed with 10 ml of PBS, and 4 ml of fresh
DMEM, 10% FBS was added for an additional 3 h. Following the
3-h chase, the media were recovered, centrifuged to remove
debris, and frozen at —20 °C. Cleaved and secreted polyST pro-
teins were immunoprecipitated from cell media using 6 ul of
anti-V5 tag antibody and 75 ul of protein A-Sepharose beads
(50% suspension in PBS). To evaluate NCAM polysialylation by
PST and its mutants, COS-1 cells transiently co-expressing a
wild type or mutant PST protein and NCAM-Fc (PST
cDNA:NCAM-Fc cDNA = 4:1) were labeled with **S-Express
protein labeling mix as described above, and NCAM-Fc was
recovered from the cell medium by incubation with 75 ul of
protein A-Sepharose beads for 2—4 h at 4 °C. Immunoprecipi-
tation beads were washed, resuspended in 75 ul of Laemmli
sample buffer containing 5% B3-mercaptoethanol, and heated at
65 °C for 10 min. Samples were separated on either 5% (NCAM-
Fc) or 7.5% (polySTs) SDS-polyacrylamide gels. Radiolabeled
proteins were visualized by fluorography using 10% 2,5-diphe-
nyloxazole in dimethyl sulfoxide (50), and gels were exposed to
Kodak BioMax MR film. For each sample, the amount of
polyST protein expressed was assessed by immunoblotting
using the anti-V5 epitope tag, as described above. To quantify
levels of polyST autopolysialylation and NCAM-Fc polysialyla-
tion, densitometry analysis was performed using a Bio-Rad
Chemidoc XRS system and the Bio-Rad Quantity One 4.6.2
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A. Schematic representation of PST and STX

motif Il SMVS

PST 71WKINSSLVLEIRKNILRFLDAERDVSVVKSSFKPG105
STX 86WRHNQTLSLRIRKQILKFLDAEKDISVLKGTLKPG120

B. PSTD mutants of PST

TMD

PBR

PSTD SMS

K276A/R277A 246KNKLKVRTAYPSLRLIHAVRGYWLTNKVPIAA277
K276Q/R2771 246KNKLKVRTAYPSLRLIHAVRGYWLTNKVPIQI277
R265A 246KNKLKVRTAYPSLRLIHAVAGYWLTNKVPIKR277
R265A/K276A/R277A 246KNKLKVRTAYPSLRLIHAVAGYWLTNKVPIAA277

C. PBR mutants of PST and STX

PST K72A 71WAINSSLVLEIRKNILRFLDAERDVSVVKSSFKPG105
PST R82A 71WKINSSLVLEIAKNILRFLDAERDVSVVKSSFKPG105
PST K83A 71WKINSSLVLEIRANILRFLDAERDVSVVKSSFKPG105
PST R87A 71WKINSSLVLEIRKNILAFLDAERDVSVVKSSFKPG105
PST R93A 71WKINSSLVLEIRKNILRFLDAEADVSVVKSSFKPG105
PST K99A 71WKINSSLVLEIRKNILRFLDAERDVSVVASSFKPG105
PST K103A 71WKINSSLVLEIRKNILRFLDAERDVSVVKSSFAPG105
PST R82A/R93A 71WKINSSLVLEIAKNILRFLDAEADVSVVKSSFKPG105
PST R82K/R93K 71WKINSSLVLEIKKNILRFLDAEKDVSVVKSSFKPG105
PST R82D/R93D 71WKINSSLVLEIDKNILRFLDAEDDVSVVKSSFKPG105
PST E92A/D94A 71WKINSSLVLEIRKNILRFLDAARAVSVVKSSFKPG105
PST E92D/D94E 71WKINSSLVLEIRKNILRFLDADREVSVVKSSFKPG105
STX R97A 86WRHNQTLSLRIAKQILKFLDAEKDISVLKGTLKPG120
STX K108A 86WRHNQTLSLRIRKQILKFLDAEADISVLKGTLKPG120
STX R97A/K108A 86WRHNQTLSLRIAKQILKFLDAEADISVLKGTLKPG120
STX R97K/K108R 86WRHNQTLSLRIKKQILKFLDAERDISVLKGTLKPG120

PST 246KNKLKVRTAYPSLRLIHAVRGYWLTNKVPIKR277
STX 261KHHVNVRTAYPSLRLLHAVRGYWLTNKVHIKR292

nickel affinity chromatography
according to the method provided
by Qiagen. PK1E Endo N requires
an a2,8-sialic acid chain of ~8 units
for cleavage and is therefore
expected to leave a short (~4 unit)
a2, 8-sialic acid chain at the termi-
nus of the glycan it has cleaved (52).
The polysialic acid chains on meta-
bolically labeled, immunoprecipi-
tated PST were digested on the
protein A-Sepharose beads by incu-
bation with a 1:10 dilution of Endo
N (30 pg/ml) in 20 mm Tris-HCI,
pH 7.4, for 2 h at 37 °C.

RESULTS

Our previous work demonstrated
that NCAM EN1 was required for
the polysialylation of N-glycans on
the adjacent Ig5 domain and that an
acidic surface patch and a unique
a-helix in FN1 played a role in this
process (13-15). We hypothesize
that NCAM-specific polysialylation
involves protein-protein interac-
tions between NCAM EN1 and the
polySTs. These protein interactions
would position a polyST to polysia-
lylate the N-glycans on the Ig5
domain and also potentially allow
stable binding to promote the
polymerization of the polysialic acid
chains. Alternatively or in addition,
after their recognition of substrate

FIGURE 1. PST and STX polybasic regions and mutants generated for this study. A, representation of the

via a protein-protein interaction,

polySTs and their polybasic regions and sialyl motifs. The PBRis a 35-amino acid region present in both PST and the POl}’STS may bind directly to the
STX, equidistant from the SML of each enzyme and rich in conserved positively charged amino acids. The PSTD growing polysialic acid chain to pro-

is aregion identified by Nakata et al. (47) that is 32 amino acids in length, rich in basic residues, and contiguous
with the SMS of the enzymes. The sialyl motifs (SML, SMS, SMVS, and moitif Ill) are regions of homology found

mote polymerization, as suggested

in all sialyltransferases that are believed to be involved in substrate and donor interactions. 8, PSTD of PSTand by Nakata et al. (47). In an effort to
the mutants made in this region that are used in this study. C, PBR of PST and STX and the mutants made in this identify residues in the polySTs that

region that are used in this study.

program. Densitometric results for each sample were normal-
ized for protein expression, and all results were compared with
those for PST (PST autopolysialylation and NCAM-Fc polysia-
lylation levels set to 100%).

PKIE Endo-N-acylneuraminidase N (Endo N) Purification
and Sample Treatment—All reagents, cells, and protocols for
expression and purification of Endo N were kindly provided by
Dr. Eric Vimr, University of Illinois. The pEndo-N expression
plasmid consists of the full-length gene of the Endo N tail spike
protein from the phage K1E cloned into pQE60 that fuses a
carboxyl-terminal His, tag to the protein (Qiagen). The expres-
sion of PK1E Endo N was induced with 1 mm isopropyl 1-thio-
B-p-galactopyranoside (final concentration) for 3 h at 37 °C in
an M15 bacterial strain harboring both pEndo-N-QE60 and
pRep4 plasmids (51). The soluble enzyme was then purified by
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may be required for NCAM-specific

polysialylation, we evaluated the
polyST sequences for regions rich in basic residues that could
interact with the FN1 acidic patch and even polysialic acid itself.
In this work we evaluate a polybasic region previously identified
by Nakata ez al. (47), the PSTD, as well as a new polybasic region
found within a stretch of amino acids (62—127 of PST) that the
earlier work of Angata et al. (45) had suggested is critical for
NCAM-specific polysialylation. This 35-amino acid region,
which we call the PBR, is located equidistant from the SML of
each enzyme. It spans amino acids 71-105 in PST and amino
acids 86-120 in STX. A schematic representation of the
polySTs, including the relative positions of the PBR and PSTD
and their sequences, is shown in Fig. 1A. In this study we com-
pare the role of these two polyST polybasic regions in general
catalytic activity, as measured by enzyme autopolysialylation,
and in NCAM-specific polysialylation. Our goal was to find
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FIGURE 2. Mutations in Arg?®®, Lys®’¢, and Arg?”” in the PSTD of PST substantially decrease its ability to
both autopolysialylate and polysialylate NCAM without altering Golgi localization. COS-1 cells were
transiently co-transfected with NCAM-Fc and wild type PST-V5 or PST-V5 containing mutations in Arg2¢®
(R265A), Lys*’6, and Arg®’” (K276A/R277A or K276Q/R277I) or all three residues (R265A/K276A/R277A). A, top
panel, polysialylation of NCAM-Fc by wild type PST and the PST PSTD mutants was measured by immunoblot-
ting with OL.28 anti-polysialic acid antibody (Polysialylation, OL.28 Antibody). Bottom panel, to assess the
expression levels of the PST proteins, an aliquot of cell lysate was boiled to remove polysialic acid and immu-
noblotted with the anti-V5 tag antibody (Expression, Anti-V5 Antibody). B, top panels, COS-1 cells transiently
expressing PST and PST PSTD mutants K276A/R277A, R265A, R265A/K276A/R277A, and K276Q/R277| were
analyzed by indirect immunofluorescence microscopy using the anti-V5 tag antibody to assess protein
localization (Localization). Bar, 10 wm. Bottom panels, COS-1 cells transiently expressing PST and PST PSTD
mutants K276A/R277A, R265A, R265A/K276A/R277A, and K276Q/R2771 were analyzed by indirect immu-
nofluorescence microscopy using OL.28 anti-polysialic acid antibody to assess autopolysialylation
(Autopolysialylation). Bar, 50 uwm.

of this mutant and others in the
PSTD to compare the relative con-
tributions of these PSTD residues to
NCAM polysialylation.

For our study we have evaluated
the PST K276Q/R2771 mutant
described above and a similar
mutant, K276A/R277A, in which we
replaced these PST residues with
alanine (Fig. 1B, K276Q/R277I and
K276A/R277A). We have also
replaced Arg®®® in the PSTD with
alanine (Fig. 1B, R265A). This resi-
due is found in both polySTs but
was not analyzed by Nakata et al.
(47). Following co-expression of the
wild type and mutant PST proteins
with soluble NCAM-Fc in COS-1
cells, polysialylation of the NCAM-
Fc protein was evaluated by OL.28
immunoblotting as described under
“Experimental Procedures.” We
found that PST R265A and PST
K276A/R277A exhibited reduced
abilities to polysialylate NCAM-Fc,
as indicated by a decrease in anti-
polysialic acid antibody reactivity
and/or a decrease in the molecular
mass of the modified NCAM-Fc
protein. Strikingly, PST K276Q/
R2771 and PST R265A/K276A/
R277A were unable to detectably
polysialylate NCAM-Fc (Fig. 24, top
panel). Decreased expression levels
of the various mutants could not
explain the observed decreases in
NCAM-Fc polysialylation because
R265A was expressed at a similar
level as wild type PST and the other
three mutants appeared to be
expressed at higher levels than wild
type PST (Fig. 24, bottom panel).

The polySTs are predominantly

sequences that when replaced would decrease or eliminate
NCAM polysialylation without disrupting enzyme autopolysia-
lylation, with the rationale that this would allow us to identify
amino acids that could be involved in the predicted polyST-
NCAM interaction.

Role of PSTD Residues Arg*®°, Lys*”®, and Arg””” in PST Cat-
alytic Activity and NCAM Polysialylation—Using site-directed
mutagenesis and an in vitro activity assay, Nakata et al. (47)
concluded that the overall positive charge of the PSTD, and
specifically Arg252, 11e?75, Lys276, and Arg277, are essential for
NCAM polysialylation. They demonstrated that a double
mutant of PST, in which Lys*”® is replaced by glutamine and
Arg®” is replaced by isoleucine (K276Q/R2771 or KR (47)),
exhibited a substantially decreased ability to polysialylate
NCAM. Here we use our cellular assays to evaluate the activity
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Golgi enzymes that are found in part on the cell surface and as
cleaved, soluble forms in the cell media when overexpressed
(11, 49, 53). These enzymes are also capable of polysialylating
their own N-glycans (autopolysialylation), and this can be
examined by expressing the polySTs in COS-1 cells that contain
no other polyST substrates and staining these cells with the
OL.28 anti-polysialic acid antibody (11, 49, 53). To determine
whether the decreased ability of these PST PSTD mutants to
polysialylate NCAM reflects their misfolding and ER retention
and/or a general decrease in catalytic activity, we evaluated
their subcellular localization and autopolysialylation by immu-
nofluorescence microscopy. Using the anti-V5 tag antibody, we
found that the four PSTD mutants exhibited tight perinuclear
Golgi staining like wild type PST. These proteins also exhibited
variable amounts of diffuse staining surrounding the perinu-

JOURNAL OF BIOLOGICAL CHEMISTRY 15509



PolyST Sequences Required for NCAM Polysialylation

[
[
o

K72A
R82A
K83A
R87A
R93A

Polysialylation
OL.28 Antibody

250 kbDa—

Expression
Anti-V5 Antibody

FIGURE 3. Ability of PST to polysialylate NCAM is decreased by replacement of specific PBR basic residues.
COS-1 cells were transiently co-transfected with NCAM-Fc and wild type PST-V5 or PST-V5 containing single arginine
or lysine to alanine mutations. Top panel, NCAM-Fc was recovered from the cell media using protein A-Sepharose
and polysialylation measured by immunoblotting with OL.28 anti-polysialic acid antibody (Polysialylation, OL.28
Antibody). Bottom panel, to assess the expression levels of the PST proteins, an aliquot of cell lysate was boiled to
remove polysialic acid and immunoblotted with the anti-V5 tag antibody (Expression, Anti-V5 Antibody).

clear Golgi region suggestive of ER staining, and likely reflecting
protein overexpression in the COS-1 cell system (Fig. 2B, Local-
ization). Using the OL.28 anti-polysialic acid antibody, we
found that all four PSTD mutants differed from wild type PST
in their ability to autopolysialylate (Fig. 2B, Autopolysialyla-
tion). Autopolysialylated polySTs have been detected both in
the perinuclear Golgi region and at the cell surface (clearly
delineating the cell borders) (11). The PST R265A/K276A/
R277A mutant exhibited no detectable autopolysialylation; the
K276Q/R2771 mutant showed little detectable autopolysialyla-
tion, and the K276 A/R277A and R265A mutants were interme-
diate in their ability to autopolysialylate. In sum, the intrinsic
catalytic activities of PSTD mutants, as measured by autopoly-
sialylation, largely reflected their ability to polysialylate
NCAM-Fc. These results suggest that the changes made to
these PSTD amino acids may impact the general catalytic activ-
ity of the enzyme.

Amino Acid Residues within the PBR Are Required for Effi-
cient NCAM Polysialylation—To evaluate the role of the PST
PBR in NCAM polysialylation, all seven basic residues in this
region were individually replaced with alanine (Fig. 1C).
These mutants were co-expressed with NCAM-Fc, and poly-
sialylation of this soluble NCAM protein was measured by
immunoblotting with the anti-polysialic acid antibody,
OL.28. The PST mutants K72A, K83A, R87A, K99A, and
K103A polysialylated NCAM-Fc at levels similar to wild type
PST (Fig. 3, top panel). However, PST R82A and PST R93A
exhibited a significantly reduced ability to polysialylate
NCAM-Fc (Fig. 3, top panel). Analysis of relative expression
levels of wild type PST and its PBR mutants demonstrated
that these proteins were expressed at comparable levels, and
indicated the reduced NCAM-Fc polysialylation by PST
R82A and PST R93A was not because of their decreased
expression (Fig. 3, bottom panel).
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Charge of PST Arg®* and Arg® Is
Critical for NCAM Polysialyla-
tion—Replacement of PST Arg®* or
Arg” reduced polysialylation of
NCAM-Fc but did not eliminate it.
However, we found that a PST
R82A/R93A double mutant was
unable to polysialylate NCAM-Fc
(Fig. 4A). To determine whether the
specific amino acid or its charge is
critical for NCAM polysialylation,
we replaced Arg®* and Arg”® with
lysine residues to generate R82K/
R93K (Fig. 1C). Interestingly, al-
though replacement of these spe-
cific basic amino acids with neutral
alanine residues dramatically re-
duced or eliminated NCAM poly-
sialylation, replacement with the
alternative  positively  charged
amino acid seemed to have little
effect on the ability of the enzyme to
polysialylate NCAM-Fc (Fig. 44,
R82A/R93A versus R82K/R9I3K).

PST PBR Mutations That Eliminate NCAM Polysialylation Do
Not Alter Enzyme Autopolysialylation or Golgi Localization—
To determine whether these mutations in PST decrease or
eliminate NCAM polysialylation because they lead to misfold-
ing and ER retention, or because they generally inactivate the
enzymes, we localized these proteins and determined their abil-
ity to autopolysialylate using immunofluorescence microscopy
(Fig. 4B). Following expression in COS-1 cells, we found that
the PST R82A, R93A, R82A/R93A, and R82K/R93K mutants,
were localized predominantly in the Golgi, like wild type PST,
indicating these enzymes were not grossly misfolded and exited
the ER efficiently (Fig. 4B, Localization). More importantly,
staining expressing cells with the OL.28 antibody demonstrated
that the mutant enzymes were catalytically active as shown by
their ability to autopolysialylate (Fig. 4B, Autopolysialylation).
In other experiments, we also tested the polysialylation of
membrane-bound NCAM by the PST PBR mutants. PST
R82A/R93A demonstrated a significantly reduced ability to
polysialylate NCAM140, whereas PST R82K/R93K could poly-
sialylate NCAM140 as efficiently as the wild type enzyme (data
not shown). In sum, the decreased polysialylation of NCAM by
PST R82A, R93A, and R82A/R9I3A is not because of gross mis-
folding and ER retention or the general inactivity of the mutant
proteins.

STX PBR Mutations Have a Similar Effect on NCAM Polysia-
lylation as the Analogous PST PBR Mutants—Analyses of the
analogous amino acids in the PBR of STX (Arg”” and Lys'®®)
yielded similar results. We found that the STX R97A/K108A
mutant localized to the Golgi and was autopolysialylated
(appeared somewhat reduced) but was unable to polysialylate
NCAM-Fc (supplemental Fig. 1, A and B, R97A/KI108A).
Replacing these residues with the alternative positively charged
amino acids in an STX R97K/K108R mutant led to the recovery
of NCAM-Fc polysialylation (supplemental Fig. 1, A and B,

K103A
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R97K/KI108R). These results taken together with those in Fig. 4
suggest that the positive charge of specific basic amino acids
within the PBR of both PST and STX are required for NCAM-
specific polysialylation.

Residues Surrounding PST Arg®® Are Also Required for
NCAM Polysialylation—Our data suggest that the positive
charges of PST Arg® and Arg®® and STX Arg”” and Lys'°® are
important for NCAM-specific polysialylation. Consequently, it
was surprising to find that PST Arg®® and STX Lys'%® are both
flanked by negatively charged glutamate and aspartate residues
(PST Glu®*-Arg”™-Asp®® and STX Glu'®-Lys'%%-Asp'®®).
Notably, these residues are conserved only in the two polySTs
and are not found in other ST8Sia enzymes (Fig. 8). We won-
dered whether replacing Glu®* and Asp®* with alanine would
impact the ability of the enzyme to polysialylate NCAM and
even enhance that ability by increasing the overall positive
charge of the region. Unexpectedly, we found that the PST
E92A/D94A mutant was not able to detectably polysialylate
NCAM-Fc and demonstrated substantially reduced autopoly-
sialylation even though it was transported out of the ER effi-
ciently and localized in the Golgi (Fig. 5, A and B). To determine
whether the charge of these two residues was again the critical
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FIGURE 4. Analysis of the localization, autopolysialylation, and NCAM polysialylation of PST PBR Arg®2 and
Arg®3 single and double mutants. A, polysialylation of NCAM-Fc by PST, PSTR82A, PSTR93A, PST R82A/R93A, and
PSTR82K/R93K was compared by immunoblotting with the OL.28 anti-polysialic acid antibody following expression
in COS-1 cells (top panel). PolyST protein expression was assessed by immunoblotting with the anti-V5 epitope tag
antibody (bottom panel). B, COS-1 cells transiently expressing wild type or mutant PST-V5 were fixed with methanol
to visualize internal structures and the cell surface, and analyzed by indirect immunofluorescence microscopy for
enzyme localization (Localization, bar, 10 um) and autopolysialylation (Autopolysialylation, bar, 50 um).

factor, we replaced Glu®* with
aspartate and Asp®* with glutamate.
This PST E92D/D94E mutant was
localized properly and appeared to
possess an enhanced autopolysialy-
lation ability (Fig. 5B) but exhibited
a substantially reduced ability to
polysialylate NCAM-Fc (Fig. 54). In
sum, these data suggest that resi-
dues Glu®>-Arg”*-Asp® in PST are
critical for NCAM-specific polysia-
lylation. Although residue 93 must
be positively charged (either Arg or
Lys), residues 92 and 94 must be Glu
and Asp, respectively, to allow the
protein-specific polysialylation of
NCAM.

Quantitative Comparison of the
Changes in Enzyme Autopolysialy-
lation and NCAM Polysialylation
by PST with Mutations in the PSTD
and PBR—The immunoblotting
and immunofluorescence micros-
copy results described above sug-
gested that the PST PBR mutations,
R82A/R93A and E92D/D94E, nega-
tively affected NCAM polysialyla-
tion more than they did autopoly-
sialylation, whereas the PST PSTD
mutants seemed to affect both pro-
cesses similarly. To quantitatively
compare the abilities of the PST
PBR and PSTD mutants to
autopolysialylate and polysialylate
NCAM, we used pulse-chase analy-
sis and densitometry. Here we chose
to evaluate only those PST mutants that exhibited compromised
NCAM polysialylation and/or autopolysialylation in our immu-
noblotting and immunofluorescence assays in Figs. 2, 4, and 5.
COS-1 cells expressing a PST protein alone or co-expressing a
PST protein with NCAM-Fc were labeled with **S-Express
label for 1 h and chased for 3 h. Autopolysialylated PST proteins
were immunoprecipitated from cell media using the anti-V5
epitope tag antibody and protein A-Sepharose, whereas
NCAM-Fc was recovered from cell media using protein
A-Sepharose. Following separation on SDS-polyacrylamide
gels, radiolabeled bands were visualized by fluorography and
quantified by densitometry. To normalize the data, the expres-
sion of each PST protein was determined by immunoblotting,
following removal of polysialic acid by boiling.

We first evaluated the autopolysialylation of the PST
mutants (Fig. 6). To define the migration of autopolysialylated
PST on the SDS gel, we used bacteriophage PK1E endo-N-acyl-
neuraminidase (Endo N), an enzyme that specifically removes
a2,8-polysialic acid and requires a chain of ~8 units or longer
for activity (52). Autopolysialylated PST migrated with a molec-
ular mass between ~75 and 250 kDa and collapsed to a broad
48 — 65-kDa band when the immunoprecipitated protein was

+ NCAM-Fc
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FIGURE 5. Glu®? and Asp®* in the PBR of PST are critical for NCAM polysia-
lylation. A, polysialylation of NCAM-Fc by co-expressed PST, PST E92A/D94A,
and PST E92D/D94E was compared using OL.28 immunoblotting (top panel).
Relative enzyme expression levels were determined by anti-V5 tag antibody
immunoblotting of aliquots of cell lysates (bottom panel). B, localization
(Localization, V5 Antibody, bar, 10 um) and autopolysialylation (Autopolysia-
lylation, OL.28 Antibody, bar, 50 um) of PST, PST E92A/D94A, and PST E92D/
D94E was determined by immunofluorescence microscopy.

treated with Endo N (Fig. 6, PST and PST + Endo N). The
broadness of the Endo N-treated PST band is likely a result of
short (~4 units) oligosialic acid chains remaining on the N-gly-
cans of PST (52).

This analysis revealed three distinct groups of PST proteins
with respect to their ability to autopolysialylate. The first group
was composed of those enzymes that were autopolysialylated
like wild type PST and migrated as broad bands of 75-250 kDa.
This group included the PBR mutants R82A/R93A, R82K/
R93K, and E92D/D94E. The proportion of each mutant protein
autopolysialylated varied with R82A/R93A at 65%, R82K/RI3K
at 91%, and E92D/D94E at 123% of the wild type PST autopoly-
sialylation level. The extent of autopolysialylation by these
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FIGURE 6. Metabolic labeling reveals different patterns of autopolysialy-
lation for PST with mutations in the PBR and PSTD. Top panel, PST-V5 and
selected PBR and PSTD mutants were transiently expressed in COS-1 cells.
Expressing cells were metabolically labeled with 3°S-Met/Cys for 1 h and
chased with unlabeled media for 3 h. Proteins were recovered from cell media
using the anti-V5 tag antibody and analyzed by SDS-PAGE and fluorography.
Digestion of autopolysialylated PST with Endo N (PST + Endo N) demonstrates
that autopolysialylated PST proteins migrate between ~75 and 250 kDa. Bot-
tom panel, relative polyST protein expression was determined by immuno-
blot analysis using the anti-V5 epitope tag antibody. Densitometry analysis
was used to quantify the autopolysialylation of each polyST protein and its
protein expression. These numbers were used to compare the autopolysialy-
lation of each PST mutant to that of wild type PST (set at 100%). These values
are indicated as Relative Autopolysialylation.

mutants as measured by the pulse-chase analysis correlated
well with the numbers of cells stained and the intensity of stain-
ing in our OL.28 immunofluorescence microscopy analysis of
autopolysialylation in Figs. 4 and 5 (E92D/D94E > PST =
R82K/R93K > R82A/R93A). The second group was composed
of those enzymes that were clearly modified, possibly with
shorter or fewer sialic acid chains, and migrated as lower
molecular mass bands between ~65 and 90 kDa. This group
included the PSTD mutants K276A/R277A and K276Q/R2771
and the PBR mutant E92A/D94A. Only small proportions of
these proteins were autopolysialylated using the 75-250-kDa
window in the densitometry analysis (K276A/R277A, 23%;
K276Q/R2771, 8%; E92A/D94A, 20%) (Fig. 6). Again, this anal-
ysis in general correlated with the OL.28 staining of cells
expressing these mutants in Figs. 2 and 5. The last group con-
tained only one member, the PSTD mutant R265A/K276A/
R277A, which did not appear to be polysialylated in either the
pulse-chase analysis or the OL.28 immunofluorescence
microscopy assay (Figs. 2 and 6).

Next we evaluated the ability of these mutants to polysialy-
late NCAM using the pulse-chase analysis described above (Fig.
7A, top panel). For the PST PSTD mutants, decreases in NCAM
polysialylation closely mirrored decreases in autopolysialyla-
tion ability (see comparison in Fig. 7B). The K276 A/R277 A pro-
tein exhibited reduced autopolysialylation (23%) and NCAM
polysialylation (30%), as did the K276Q/R2771 protein (8%
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PST 100% 100% 100%
K276A/R277A 23% 30% 21%
K276Q/R277 8% 5% 0%
R265A/K276A/R277A 0% 0% 0%
R82A/R93A 65% 1% 0%
R82K/R93K 91% 72% 90%
E92A/D94A 20% 3% 0%
E92D/D94E 123% 51% %

FIGURE 7. Metabolic labeling reveals different patterns of NCAM-Fc poly-
sialylation for PST with mutations in the PBR and PSTD. A, top panel,
PST-V5 and selected PBR and PSTD mutants were transiently co-expressed
with NCAM-Fcin COS-1 cells. Expressing cells were metabolically labeled with
33S-Met/Cys for 1 h and chased with unlabeled media for 3 h. Radiolabeled
NCAM-Fc was recovered from cell media using protein A-Sepharose and ana-
lyzed by SDS-PAGE and fluorography. Polysialylated NCAM-Fc was defined as
those molecules migrating with molecular masses greater than unpolysialy-
lated NCAM-Fc (NCAM-Fc). Bottom panel, relative polyST protein expression
was determined by immunoblot analysis using the anti-V5 epitope tag anti-
body. Densitometry analysis was used to quantify the polysialylation of
NCAM-Fc by each polyST protein and polyST protein expression. These num-
bers were used to compare NCAM-Fc polysialylation by each PST mutant to
that of wild type PST (set at 100%). These values are indicated as Relative
NCAM-Fc Polysialylation. B, comparison of Relative Autopolysialylation and
NCAM-Fc Polysialylation (pulse-chase numbers are from A, and immunoblot
numbers are averages of two experiments) for PST and its mutants.

autopolysialylation and 5% NCAM polysialylation), whereas
the R265A/K276A/R277A protein was inactive in both pro-
cesses (Figs. 6 and 7). Densitometric scanning of the lanes of the
representative OL.28 immunoblots provided similar results in
most cases (Fig. 7B).

Our quantitative evaluation of the PST PBR mutants demon-
strated that for some, changes in NCAM polysialylation did not
always mirror changes in autopolysialylation, largely in accord
with our OL.28 immunoblot and immunofluorescence analyses
in Figs. 4 and 5. Replacement of Arg®* and Arg® with alanine
disproportionately decreased NCAM polysialylation to 11%
that of wild type PST and only decreased autopolysialylation to
65% that of the unaltered enzyme (Figs. 6 and 7). The inability of
OL.28 to recognize the NCAM modified by the R82A/R93A
mutant in the immunoblot analysis suggests that the modifica-
tion detected by the pulse-chase analysis could be due in part to
multiple, shorter sialic acid chains less than 5 units in length
that are not recognized by the OL.28 antibody (54). Replace-
ment of these residues with lysines allowed recovery of both
NCAM polysialylation (72%) and autopolysialylation (91%),
although the OL.28 reactivity on immunoblot suggests that

AV DN

JUNE 5, 2009+ VOLUME 284+NUMBER 23

PolyST Sequences Required for NCAM Polysialylation

more OL.28-reactive polysialic acid chains were added to the
NCAM modified by the R82K/R93K mutant than suggested by
the quantification of the pulse-chase labeling data (compare
R82K/R93K in Figs. 4 and Fig. 7).

Replacement of Glu®> and Asp”* with alanine largely inacti-
vated the enzyme for NCAM polysialylation (3%), with some
residual auto-modification observed by pulse-chase analysis
(20%). Interestingly, pulse-chase analysis indicated that switch-
ing these residues in the E92D/D94E mutant enhanced
autopolysialylation (123%) but significantly decreased NCAM
polysialylation (51%). The OL.28 immunoblotting shown in Fig.
5 suggested a more substantial decrease in NCAM-Fc polysia-
lylation by the E92D/D94E mutant (a decrease to 7% rather
than 51% of the wild type PST level). Because the molecular
mass of the E92D/D94E-modified NCAM-Fc is lower than that
modified by R82K/R93K or wild type PST, some proportion of
the modification could reflect the addition of multiple shorter
sialic chains rather than the polymerization of long (>5 units)
polysialic acid chains that would be recognized by the OL.28
antibody.

In sum, these data corroborate our OL.28 immunoblot
analyses of NCAM polysialylation and the OL.28 immuno-
fluorescence analyses of enzyme autopolysialylation. Muta-
tions in specific PSTD residues decrease both autopolysialy-
lation and NCAM polysialylation to similar extents, whereas
replacements of Arg®” and Arg®?, as well as Glu®” and Asp®*,
in the PBR of PST disproportionately decrease NCAM
polysialylation.

DISCUSSION

In this work we have compared two polybasic regions found
in the polySTs, PST and STX. The PSTD, or polysialyltrans-
ferase domain, is a region enriched in basic residues adjacent to
the SMS (Fig. 1A). The previous results of Nakata et al. (47)
were confirmed in this work using a different assay and showed
that Lys®”® and Arg®”” in the PSTD are particularly important
for NCAM polysialylation. Our experiments suggest that
replacement of these residues is likely to impact the general
catalytic mechanism because both NCAM polysialylation and
enzyme autopolysialylation are affected similarly (Figs. 2, 6, and
7). We identified two conserved residues in a second polybasic
region we called the PBR that appear to be critical for NCAM
polysialylation. In contrast to the PSTD mutations, replace-
ment of Arg®” and Arg”® in PST or Arg® and Lys'%® in STX with
alanine dramatically reduced NCAM polysialylation and only
partially decreased enzyme autopolysialylation. These results
suggest that these residues may be required for a productive
polyST-NCAM interaction. In PST, replacement of Arg® had
the most severe effect on NCAM polysialylation (see Fig. 3), and
interestingly, this positively charged residue is surrounded by
two negatively charged residues, conserved in only the polySTs
(see Fig. 8). Replacement of Glu®* and Asp®* with alanine
largely eliminated the ability of PST to polysialylate NCAM and
substantially reduced autopolysialylation (Figs. 5-7), suggest-
ing that they may play a structural role in both maintaining a
catalytically active enzyme and in allowing the recognition of
the NCAM substrate. Switching these residues in the E92D/
D94E mutant surprisingly enhanced enzyme autopolysialyla-
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ST8Sia I WRRNQTAARAFRKQMED/CCDPAHLFAMTKMNSPMGK
ST8Sia V WAMNISEANQFKSTLSR/CCNAPAFLFTTQKNTPLGT
ST8Sia VI WKRQAEEYANFRAKLAS/CCDAVQNFVVSQNNTPVGT

ST8Sia II(STX) WRHNQTLSLRIRKQILK/FLDAEKDISVLKGTLKPGD
ST8Sia III WKFNRTAFLHQRQEILQ/HVDVIKNFSLTKNSVRIGQ
ST8Sia IV(PST) WKINSSLVLEIRKNILR/FLDAERDVSVVKSSFKPGD

FIGURE 8. Comparison of «2,8-sialyltransferase PBR sequences. Using the
ClustalW and ClustalX version 2 programs (66), we aligned and compared
sequences corresponding to the PBR region in PST (ST8Sia IV) and STX (ST8Sia
1) for all six «2,8-sialyltransferases. These sequences fell into two groups
based on sequence homology. One group contained ST8Sia |, V, and VI,
whereas the other contained ST8Sia Il/STX, ST8Sia lll, and ST8Sia IV/PST. Mem-
bers of both groups possessed conserved basic residues in the amino-termi-
nal half of this domain (conserved basic residues shown in bold). Members of
ST8Sial,V, and VI possessed two adjacent cysteine residues at the beginning
of the carboxyl-terminal half of this region, whereas ST8Sia 1I/STX, ST8Sia Ill,
and ST8Sia IV/PST possessed additional basic residues. Notably, ST8Sia Il/STX,
ST8Sia lll, and ST8Sia IV/PST, which are capable of auto-oligo/polysialylation,
have a conserved basic residue corresponding to Arg®® in PST, Lys' '2in ST8Sia
lll, and Lys'®® in PST, but only PST Arg®® and STX Lys'®® are flanked by two
negatively charged residues (shown in boldface italic).

tion but significantly decreased the ability of the enzyme to
polysialylate NCAM.

The polymerization of polysialic acid on NCAM glycans is
likely to be more complicated than the addition of a single mon-
osaccharide to a growing glycan chain. However, like mono-
glycosyltransferases, any sequence changes that directly impact
the catalytic mechanism either directly or by a change in folding
would be expected to eliminate overall activity. In the case of
the polySTs, this would be reflected by a decrease in, or elimi-
nation of, both NCAM polysialylation and enzyme autopolysia-
lylation. Replacement of residues in the PSTD decreased or
eliminated both NCAM polysialylation and enzyme autopoly-
sialylation to the same extent (see comparison in Fig. 7B) sug-
gesting that these changes altered the general catalytic activity
of PST. The close proximity of the PSTD and particularly Lys*”®
and Arg>”” to the SMS (see Fig. 14) could have altered the local
folding of this region of the protein leading to a decrease in
activity or complete inactivation of the enzyme. However, the
proper cell surface localization of the mutant proteins suggests
that no large changes in folding occurred when these amino
acids were replaced (Fig. 2B). Replacing the acidic amino acids
surrounding Arg”® in PST with alanine residues also dramati-
cally decreased the activity of the polyST without a change in
trafficking and localization. The possible implications of this
will be discussed in more detail below.

Because polysialic acid is found only on a small subset of
glycoproteins, this implies a level of substrate specificity that is
predicted to involve an initial protein-protein interaction
between the polyST and substrate. This idea is supported by
evidence from our laboratory that demonstrates the require-
ment for specific sequences in the NCAM FN1 domain for the
polysialylation of N-glycans on the adjacent Ig5s domain (13,
15). The ability of the polySTs to polymerize long chains of
polysialic acid on substrates adds yet another dimension to this
protein-specific modification. We predict that the polymeriza-
tion of sialic acid is likely to require that the polySTs maintain
their interaction with substrates via persistent protein-protein
interactions, and that substrate specificity and the ability to
polymerize the polysialic acid chain might be achieved by the
same polyST-NCAM protein-protein interactions. However,
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another possibility suggested by Nakata et al. (47) is that the
polySTs interact with the growing polysialic acid chain and that
this allows continued polymerization.

Disruption of sequences in the polySTs required for either
binding to NCAM and/or the proper positioning of the polyST
may block or decrease NCAM polysialylation without equally
impacting polyST autopolysialylation. This is what we have
observed when PST Arg®” and Arg” and STX Arg®” and Lys'®
are mutated to alanine. On the other hand, amino acid substi-
tutions that decrease or inhibit interaction with the growing
polysialic acid chain would be expected to negatively impact
both enzyme autopolysialylation and NCAM polysialylation.
This is what both Nakata et al. (47) and this work show when
Lys*’® and Arg®”” in the PSTD are replaced. Although it is dif-
ficult to discern whether these sequence changes are having a
negative impact on catalytic activity or on polysialic acid chain
interaction, Nakata et al. (47) have demonstrated that the neg-
atively charged glycosaminoglycan, heparin, inhibits the in
vitro polysialylation of NCAM, providing support for the idea
that an enzyme-polysialic acid chain interaction might indeed
occur.

Interestingly, we found that acidic residues Glu®? and Asp®*
that flank PST Arg®? are critical for enzyme activity and NCAM
polysialylation. Replacement of Glu?*> and Asp”* with alanine
substantially decreased autopolysialylation (20% of control)
and eliminated the ability of the enzyme to polysialylate NCAM
(3% of control). In contrast, switching these residues (Glu®* to
Asp and Asp” to Glu) led to enhanced enzyme autopolysialy-
lation (123% of control) without restoring OL.28 antibody-de-
tectable NCAM polysialylation (Fig. 7). Based on this observa-
tion, one wonders whether Glu®* and Asp®* play an important
structural role that is dependent upon interactions that their
carboxylic acid side chains make with other amino acids in the
structure. Notably, neither mutant was compromised in traf-
ficking out of the ER, suggesting that if a structural change
occurred it must have been relatively small and not recognized
by the ER quality control system (Fig. 5B). The requirement for
these specific amino acids flanking Arg”® (Glu-Arg-Asp works
but Asp-Arg-Glu does not) suggests that the presentation of
Arg® could be crucial for NCAM polysialylation and that this
might be what is disrupted in the Asp-Arg-Glu mutant.

Secondary structure prediction analysis of the PBR suggests
that mutation of Glu®> and Asp®* may cause structural alter-
ations in the region of Glu?>-Arg”*-Asp®®. The PSIPRED pro-
gram (55) predicts that the PBR of PST is predominantly helical
up to Lys'® with a break from Leu®® to Asp®*. Switching the
negative charges of Glu®? and Asp®* is not predicted to affect
the secondary structure. In contrast, replacement of Glu®* and
Asp®*with alanine is predicted to lengthen the helical structure
with only a two amino acid break at Leu®” and Asp®. However,
a second inactive mutant we generated, PST E92K/D94K (data
not shown), is not expected to increase the helical content of
the PBR, suggesting that altering the structure of Glu”*-Arg”*-
Asp®* from aloop to a helix may not be sufficient to abolish PST
activity. Another secondary structure prediction program
JUFO (56) predicts that the PBR is a combination of unstruc-
tured, helical, and strand regions. Glu®>-Arg”*-Asp®* and
Asp??-Arg”>-Glu”* are in aloop beginning at Phe®®, with a short
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strand beginning at Val®. Replacement of Glu®> and Asp”* with

alanine is predicted to increase the helical content surrounding
Ala®*-Arg®*-Ala®*, which itself, unlike in the PSIPRED predic-
tion, remains in a loop. The helix, which in the wild type PBR is
expected to end at Arg®, extends as far as Ala®" and begins
again at Ser®® in the mutant, whereas in the wild type sequence
a sheet is predicted to begin at Val®®. In summary, both pro-
grams predict an alteration in the secondary structure of the
Ala®?-Arg”-Ala®* mutant, with an increase in helical content of
the PBR. However, they differ on whether the Ala®*-Arg”*-
Ala®* mutation itself is in a loop or a helix, so it is difficult to
envision a structural model of what is taking place.

In contrast to the changes made in the PSTD, the replace-
ment of specific residues in the PBR led to a decrease or elimi-
nation of NCAM polysialylation but notably less dramatic
decreases or even enhancement of enzyme autopolysialylation
(R82A/R93A and E92D/D94E in particular). This suggested
that these changes may alter the protein-protein interactions
required for the productive polyST interaction with NCAM.
Preliminary co-immunoprecipitation experiments to deter-
mine whether replacement of Arg®—Arg®® or Glu”*-Arg”*-
Asp®* altered the ability of PST to bind to NCAM have given
mixed results, and decreases in NCAM binding did not parallel
decreases in NCAM polysialylation (data not shown). This
leaves the possibility that these residues may be critical for posi-
tioning rather than binding per se, possibly by forming a second
part of a two-part interaction site.

Are charged residues found as part of protein-protein inter-
action sites? Analyses by several researchers that evaluate the
propensity of particular residues at protein interfaces have
demonstrated that hydrophobic residues are found most fre-
quently in larger interfaces, with polar residues in higher abun-
dance at smaller interfaces (57). Polar residues are enriched
under “hot spots” of binding energy found in protein-protein
interfaces and are generally surrounded by rings of hydropho-
bic residues (58, 59). Tryptophan, arginine, and tyrosine are
especially enriched in hot spots with other residues, such as
leucine, isoleucine, aspartate, histidine, proline, and lysine,
showing some enrichment (59). It is thought that arginine res-
idues are found at high frequency in protein-protein interfaces
because the arginine side chain can enter into a variety of
noncovalent interactions, including hydrogen bonding, hydro-
phobic interactions (via its aliphatic side chain carbons), and
electrostatic interactions (57, 58, 60). A survey of other protein-
specific modification events shows that in some of these the
basic amino acids appear to be important for enzyme recogni-
tion, as discussed below.

Studies of the mechanisms of protein-specific modification
events like the biosynthesis of the mannose 6-phosphate recog-
nition marker of lysosomal enzymes, and the addition of Gal-
NAc-4-sulfate to the termini of pituitary glycoprotein hor-
mones, have focused on identifying regions in the substrates
recognized by the specific enzymes rather than the reverse. In
both cases, positively charged amino acids have been identified
as important components of the recognition regions of these
substrates. Specifically placed lysine and arginine residues are
critical for the phosphorylation of the high mannose glycans of
lysosomal enzymes and other proteins like DNase I that carry
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mannose 6-phosphate residues. These basic residues are part of
a surface patch on the substrate that is recognized by the
N-acetylglucosamine-1-phosphotransferase (61-63). The a-
subunit of pituitary glycoprotein hormones and other proteins,
like carbonic anhydrase VI, that have GalINAc-4-sulfate rather
than Gal-sialic acid at the terminus of their N-glycans contain a
stretch of amino acids rich in lysine residues that are recognized
by the N-acetylgalactosaminyltransferases. Recently, Miller et
al. (64) demonstrated that a 19-amino acid sequence from the
carboxyl terminus of carbonic anhydrase-VI is necessary and
sufficient for recognition by two 31,4-GalNAc transferases and
allows them to add 1,4-linked GalNAc to the termini of the
N-glycans of a reporter protein. A stretch of basic residues
(KRKKEK) in this sequence is critical but not completely suffi-
cient for recognition. This basic sequence is similar to the PLR-
SKK sequence that forms an a-helix in the a-subunit of pitui-
tary glycoprotein hormones and is critical for recognition by
the pituitary B1,4-GalNAc transferase (65).

A comparison of the sequences spanning the PBR of all six
a2,8-sialyltransferases (ST8Sia enzymes), using Clustal W and
ClustalX version 2 (66), demonstrates that they partition into
two groups that differ both in the number of basic amino acids
and in common sequences in the carboxyl-terminal half of this
region (Fig. 8). The polySTs, STX (ST8Sia II) and PST (ST8Sia
IV), and ST8Sia III, an enzyme that is capable of auto-oligo/
polysialylation but that is not able to recognize and polysialylate
NCAM (46), form one group. ST8Sia I, V, and VI that add
monosialic acid to substrates form the second group. The
polySTs and ST8Sia III have a higher overall number of basic
residues (5-9 basic residues) than do the other three sialyl-
transferases (2—4 basic residues). However, what is most strik-
ing is that the sequences of these two groups of enzymes are
significantly different in the carboxyl-terminal half of the PBR
in several respects. ST8Sia I, V, and VI possess two adjacent
cysteine residues not found in PST, STX, and ST8Sia III,
whereas these latter enzymes have three conserved basic resi-
dues that are missing from the sequences of STSia I, V, and VI
(only one lysine is found in ST8Sia I) (Fig. 8). But most notably,
ST8Sia III contains a Lys at the same position as Arg” in PST
and Lys'®® in STX, but it lacks the acidic residues surrounding
this residue (Glu and Asp) that are absolutely conserved in the
two polySTs. The conservation of the acidic-basic-acidic motif
coupled with the results of our mutagenesis studies allow us to
suggest that these residues may be critical for a productive
polyST-NCAM interaction. Future structural work is needed to
confirm our predictions.
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