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Abstract

Polysialic acid (polySia) is a unique post-translational modification found on a small set of
mammalian glycoproteins. Composed of long chains of a2,8-linked sialic acid, this large,
negatively charged polymer attenuates protein and cell adhesion and modulates signaling mediated
by its carriers and proteins that interact with these carriers. PolySia is crucial for the proper
development of the nervous system and is upregulated during tissue regeneration and in highly
invasive cancers. Our laboratory has previously shown that the neural cell adhesion molecule,
NCAM, has an acidic surface patch in its first fibronectin type 111 repeat (FN1) that is critical for
the polysialylation of A-glycans on the adjacent immunoglobulin domain (1g5). We have also
identified a polysialyltransferase (polyST) polybasic region (PBR) that may mediate substrate
recognition. However, a direct interaction between the NCAM FNL1 acidic patch and the polyST
PBR has yet to be demonstrated. Here, we have probed this interaction using isothermal titration
calorimetry and nuclear magnetic resonance (NMR) spectroscopy. We observe direct and specific
binding between FN1 and the PBR peptide that is dependent upon acidic residues in FN1 and
basic residues of the PBR. NMR titration experiments verified the role of the FN1 acidic patch in
the recognition of the PBR and suggest a conformational change of the 1g5-FN1 linker region
following binding of the PBR to the acidic patch. Finally, mutation of residues identified by NMR
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titration experiments impacts NCAM polysialylation, supporting their mechanistic role in protein-
specific polysialylation.
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Polysialic acid (polySia) is a glycopolymer that consists of 8-400 a2,8-linked sialic acid
residues that is polymerized on the glycans of a small set of mammalian glycoproteins by
two Golgi-localized polysialyltransferases (polySTs), ST8Sia-Il and ST8Sia-1V.1~3 PolyST
substrates include the neural cell adhesion molecule (NCAM), neuropilin-2 (NRP-2),
synaptic cell adhesion molecule-1, the CD-36 scavenger receptor in human milk, the
voltage-gated sodium channel a subunit, C-C chemokine receptor-7, E-selectin ligand-1,
and the polySTs themselves.4~13 This large, negatively charged polymer binds significant
quantities of water and increases the hydrodynamic radius of the proteins it modifies.14
Consequently, polySia not only abrogates cell-cell adhesion mediated by these proteins but
also is believed to impact adhesion mediated by other nonpolysialylated proteins on the
same cell. For example, /n vitro studies demonstrated that polySia on NCAM is sufficient to
eliminate adhesion mediated by adjacent E-cadherin molecules.1> Furthermore, the presence
of polySia has been suggested to modulate cell signaling as a reservoir for various
neurotransmitters, growth factors, and chemokines and by altering c/s (between proteins on
the same membrane) and frans (between proteins on apposing cells) homophilic and
heterophilic protein—protein interactions.13 For instance, enzymatic removal of polySia
alters NCAM heterophilic interactions triggering differentiation, increased survival, and
reduced proliferation of neuroblastoma cells via activation of extracellular signal-regulated
kinase (ERK).16 Moreover, Eggers et al.1” provided evidence that removing polySia
promotes NCAM-dependent signaling through the Src family kinase, p597Y", paxillin, and
focal adhesion kinase (FAK), and this signaling increases the number of focal adhesions
leading to enhanced cell-matrix interactions.

Because of the functions mentioned above, polySia has been found to be critical for nervous
system development. Elimination of both polySTs in mice results in smaller overall body
and brain size, a reduction in olfactory bulb size, defects in motor neuron fasciculation and
axon guidance, hydrocephaly, and death within 4 weeks of birth.18 In adults, restricted
polySia expression in the hippocampus, hypothalamus, and olfactory bulb is essential for
continued synaptic plasticity and cell migration.1# Temporary re-expression of polySia has
been observed following nerve and liver damage and promotes migration of precursor cells
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to aid regeneration.19:20 Strikingly, polySia is upregulated in several highly metastatic
cancers, including non-small cell and small cell lung carcinoma (SCLC), neuroblastoma,
Wilm’s tumor, astrocytoma, colorectal carcinoma, and breast cancer.21:22

Our laboratory has extensively characterized the substrate specificity exhibited by polySTs.
Following the early work of Nelson et al.23 that suggested the importance of NCAM FN1 for
the polysialylation of A~glycans in the 1g5 domain, we performed extensive polysialylation
and binding studies using NCAM domain deletion mutants and showed that the first
fibronectin type 111 repeat (FN1) of NCAM has recognition elements that recruit polySTs to
polysialylate A~glycans in the adjacent fifth immunoglobulin domain (1g5). We found that
the 1g5—-FN1 tandem is sufficient for NCAM polysialylation and that deletion of the FN1
domain from NCAM abolishes polyST-NCAM binding and NCAM polysialylation.24-26 A
crystal structure of the NCAM FN1 domain confirmed the existence of an acidic patch,
formed by residues Asp°2%, Glu®21, and Glu®23 found on the surface of this domain.2’:28
Replacing these acidic residues with arginines resulted in the complete loss of NCAM
polysialylation.2® These data and more recent analysis of NRP-2 have given rise to a model
in which polySTs dock to the recognition domain, and this positions them to polysialylate
glycans on an adjacent domain or region. Specifically, the FN1 domain of NCAM and the
meprin-Ab protein-u tyrosine phosphatase (MAM) domain of NRP-2 are critical for polyST
recognition, and this allows the polysialylation of A-glycans on the adjacent NCAM Ig5
domain and O-glycans on the adjacent NRP-2 linker region.2529:30 Mutating surface acidic
patch residues (Asp®20, Glu®21, and GIu®23 in NCAM and Asp®52 and Asp®53 in NRP-2)
reduces the level of polysialylation of these proteins.22:30 A similar two-domain paradigm is
likely and has been previously suggested for the SynCAM 1 1g2 domain (recognition) and
Ig1 domain (polysialylation).3!

Considering the polyST sequence requirements for substrate recognition, we previously
identified a polybasic region (PBR) in both the polySTs, which is not found in other
sialyltransferases. The polySTs are type Il Golgi-localized glycosyltransferases with short
N-terminal cytoplasmic tails and transmembrane regions followed by large C-terminal
lumenal domains (Figure 1). This lumenal domain contains sequences conserved in all
sialyltransferases called sialyl motifs [large (SML), small (SMS), motif 3 (M3), and very
small (SMVS)] that bind the CMP-sialic acid donor and glycan acceptors and contain
residues that are important for catalysis.32:33 The PBR and the polysialyltransferase domain
(PSTD) are unique to the polySTs and are likely involved in substrate binding and polySia
chain elongation.34-36 We found that mutation of Arg®2 and Arg® in the ST8Sia-IV PBR to
alanines caused a significant reduction in the level of NCAM polysialylation.3¢ Additionally,
both a catalytically inactive ST8Sia-1VV H331K mutant and a membrane-associated fragment
derived from first 140 amino acids of this enzyme that includes the PBR were capable of
serving as competitive inhibitors of NCAM polysialylation by wild-type ST8Sia-1V in
transfected COS-1 cells.3* Replacing Arg82 and Arg? in the PBR with alanines in the
inactive ST8Sia-1V H331K mutant eliminated its ability to serve as a competitive inhibitor
of NCAM polysialylation, suggesting that these PBR residues are essential for NCAM
recognition.3*
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While our previous studies suggest a direct interaction between the FN1 acidic patch
residues and the basic residues found in the ST8Sia-I1V PBR, this has yet to be shown.
Demonstration of a direct interaction is needed to precisely define the mechanism of protein-
specific NCAM polysialylation, as well as the interaction surface that could be targeted
therapeutically. Structural characterization of polySTs and other sialyltransferases has been
hindered by difficulties in obtaining recombinant enzymes in the quantity and purity that is
necessary for biophysical methods (discussed in ref 37). To date, of the approximately 20
mammalian sialyltransferases, only ST3Gal-1, ST6Gal-I, and ST8Sia-11l have been
structurally characterized.3”~40 To circumvent this difficulty, here we use a purified NCAM
FN1 domain and SUMO-tagged ST8Sia-1V PBR peptide fusion protein to probe their
interaction directly /n vitro using both isothermal titration calorimetry (ITC) and NMR
spectroscopy. ITC demonstrates a direct interaction of the PBR peptide and the FN1 domain
that is abrogated by mutation of the FN1 acidic residues or the PBR basic residues. NMR
titration experiments map the entire interaction surface for the PBR on the FN1 domain and
suggest a conformational change in the Ig5—FN1 linker region that is dependent upon PBR
binding. Moreover, cellular analysis of polysialylation through site-directed mutagenesis of
additional interaction residues revealed by the NMR titration experiments verified their
importance for NCAM recognition by ST8Sia-IV. Finally, as we have shown that a small
recombinant peptide is sufficient to target and bind a polyST substrate, our work provides
the proof of principle for the use of the PBR peptide and analogues for development as a
potential therapeutic.

MATERIALS AND METHODS

Reagents

The pET14(b)-6xHis-SUMO vector was a kind gift from A. Lavie (University of Illinois at
Chicago). The QuikChange |1 Site Directed Mutagenesis Kit was from Agilent (Santa Clara,
CA). PCR SuperMix High Fidelity, cell culture media Dulbecco’s modified Eagle’s medium
(DMEM) and Opti-MEM, Lipofectamine 2000 transfection reagent, and anti-V5 mouse
monoclonal antibody were purchased from Thermo-Fisher Scientific (Waltham, MA).
Restriction enzymes and T4 DNA ligase were obtained from New England Biolabs
(Ipswich, MA). Oligonucleotide primers were from Integrated DNA Technologies
(Coralville, 1A). Isopropyl p-D-1-thiogalactopyranoside (IPTG) and 2-(/N-
morpholino)ethanesulfonic acid (MES) were acquired from Gold Biotechnology (Olivette,
MO). [13C]Glucose and [Y"N]Jammonium chloride were obtained from Cambridge Isotope
Laboratories (Tewksbury, MA). Nickel-nitrilotriacetic acid (Ni-NTA) beads were acquired
from Clontech (Mountain View, CA). Molecular weight markers, 4-15% precast
polyacrylamide gels, and Clarity Western ECL Substrate were purchased from Bio-Rad
(Hercules, CA). Nitrocellulose membranes and protein A-Sepharose beads were from GE
Healthcare (Little Chalfont, U.K.). HyBlot CL autoradiography films were from Denville
Scientific Inc. (Denville, NJ). The anti-polySia 12F8 and anti-6xHis antibodies were
purchased from BD Biosciences (San Jose, CA). Horseradish peroxidase (HRP)- and
fluorescein isothiocyanate (FITC)-conjugated secondary antibodies were obtained from
Jackson ImmunoResearch (West Grove, PA). All other reagents were purchased from
Sigma-Aldrich, Fisher Scientific, or VWR International (Radnor, PA).
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Construction of the 6xHis-SUMO-PBR Bacterial Expression Construct

ST8Sia-1V residues 75-100 were amplified with the Ndel restriction site at the N-terminus
and the BamHI restriction site at the C-terminus using primers 5’-
CATATGTCCTCTTTGGTCCTAGAG-3” and 5’-
AAGAATCGCAGGTTTAAGTAGGGATCCGGCT-3’, respectively. Amplified ST8Sia-1V
sequences and the vector mentioned above were digested with Ndel and BamHI restriction
endonucleases and purified on an agarose gel. The insert was then ligated into the vector
using T4 DNA ligase generating the 6xHis-SUMO-PBR plasmid.

Mutagenesis of 6xHis-FN1, 6xHis-SUMO-PBR, and Full-Length NCAM

Mutagenesis was performed in all the constructs mentioned above using the primer sets
listed in Supplemental Table 1 and the QuikChange 11 site-directed mutagenesis kit
according to the manufacturer’s protocol. Isolated clones were sequenced by Sanger
sequencing at the DNA Services Facility of the University of Illinois at Chicago Research
Resources Center and were checked for accuracy using SnapGene Viewer software (GSL
Biotech).

Expression and Purification of the 6xHis-FN1, 6xHis-SUMO, and 6xHis-SUMO-PBR
Proteins

6xHis-FN1 was purified as previously described.?” Briefly, BL21(DE3) CodonPlus
Escherichia coli cells expressing 6xHis-FN1 were grown in 2xYT medium at 37 °C. The
culture was then induced with 1 mM IPTG at an optical density (A = 600 nm) of 0.6-0.8 and
maintained overnight at 22 °C. For isotopically labeled 6xHis-FN1, cells were grown in M9
minimal medium containing 1 g of [**NJammonium chloride and/or 5 g of [13C]glucose per
liter. The cells were harvested by centrifugation and lysed using Avestin Emulsiflex C5. The
cleared supernatant was passed over the Ni-NTA column to bind the His-tagged protein. The
column was washed with a buffer consisting of 50 mM Tris-HCI (pH 8.0), 500 mM NacCl,
and 50 mM imidazole. The protein was eluted in the same buffer containing 500 mM
imidazole. The protein was then dialyzed in the same buffer without the imidazole overnight
at 4 °C for the ITC experiments and in a buffer containing 300 mM NaCl and 20 mM
KH,PO,4 (pH 6.6) for the NMR experiments. To obtain 6xHis-SUMO and 6xHis-SUMO-
PBR, BL21(DE3) C41 E. coli cells expressing this construct were grown in 2xYT medium
at 37 °C to an optical density (1 = 600 nm) of 0.8-1.0 and induced with 1 mM IPTG. The
growth was continued at 37 °C for 4 h, and cells were harvested thereafter. The 6xHis-
SUMO-PBR peptide was purified as described above.

Isothermal Titration Calorimetry

Purified 6xHis-FN1, its (DEE — RRR) mutant, 6xHis-SUMO, 6xHis-SUMO-PBR, and its
(R82A/R93A) mutant were dialyzed overnight at 4 °C in a buffer containing 500 mM NaCl
and 50 mM Tris (pH 8). FN1 and its mutant were prepared at a concentration of 20 £M, and
the PBR peptide and its mutant were concentrated to 600 M. All the experiments were
performed at 25 °C using a VP-ITC calorimeter (GE Healthcare). The final thermodynamic
parameters were calculated using Origin software (GE Healthcare) using a one-site model.
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NMR Spectroscopy

1H-15N HSQC, HNCA, HNCO, HN(CA)CO, HN(CO)CA, HNCACB, and CBCACONH
spectra for FN1 backbone assignments were recorded at 25 °C on a Bruker 600 MHz DRX
spectrometer equipped with a 5 mm inverse cryogenic probe. NMR spectra for HSQC
titrations were recorded on a Bruker 900 MHz AVANCE spectrometer equipped with a 5
mm TCI cryogenic probe. Samples for all the NMR experiments were in a buffer containing
300 mM NaCl and 20 mM KH,PO, (pH 6.6), supplemented with 10% D,0O. Backbone
dihedral angles and the secondary structure of FN1 were predicted using Talos+.41 All NMR
data were processed using NMRPipe*2 and analyzed using UCSF Sparky. HSQC titrations
were recorded in a 5 mm NMR tube at 1:0 (8 scans), 1:5 (32 scans), and 1:10 (64 scans)
ratios of FN1 to 6xHis-SUMO-PBR and its mutant (R82A/R93A).

Circular Dichroism Spectroscopy

Purified FN1 was prepared at a concentration of 75 gg/mL in 300 mM NaF and 20 mM
KHPQO4 (pH 6.5), and its CD spectrum was recorded in a 0.1 cm path-length cuvette on a
Jasco-815 spectropolarimeter from a wavelength of 190-260 nm. The ellipticity per residue
in degrees square centimeter per decimole was plotted against the wavelength to compare
the secondary structures of FN1 to that of its DEE to RRR mutant.

Gel Filtration

The 6xHis-SUMO-PBR and 6xHis-SUM-OPBR (R82A/R93A) mutant were purified and
concentrated at 5 mg/mL in a buffer containing 20 mM Tris-HCI (pH 8) and 500 mM NacCl
and injected into an AKTA protein purification system (GE Healthcare) connected to a
Superdex 75 10/300 GL size exclusion chromatography column (GE Healthcare).

Transfection of COS-7 Cells for Immunoprecipitation and Immunoblotting

COS-7 cells were maintained in DMEM supplemented with 10% FBS and 1% penicillin-
streptomycin in a 37 °C, 5% CO, incubator. Cells plated in 100 mm tissue culture plates
were transfected at 80-90% confluence the next day with 5 /g each of V5-tagged NCAM
and ST8Sia-1V cDNAs in 3 mL of Opti-MEM medium using 20 4L of Lipofectamine 2000
per plate, according to the manufacturer’s protocol. The cDNAS described above were made
as described previously.26:36 Shortly after the addition of the DNA complexes to the cells, 7
mL of DMEM supplemented with 10% FBS was added to the cells and cells were incubated
for 24 h at 37 °C and 5% CO».

Immunoprecipitation of V5-Tagged NCAM and Its Mutants

Twenty-four hours post-transfection, cells were lysed and immunoprecipitation was
performed using an anti-V5 antibody and protein A-Sepharose beads, as described
previously.30

Immunoblot Analysis of NCAM and Mutant Protein Polysialylation

Immunoprecipitated VV5-tagged NCAM and NCAM mutants were heated at 65 °C for 8 min
with Laemmli sample buffer [62.5 mM Tris-HCI (pH 6.8), 25% glycerol, 2% SDS, and
0.01% bromophenol blue] containing 10% S-mercaptoethanol to preserve polySia. To
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analyze expression of NCAM and its mutants, a 10% aliquot of the cleared cell lysate was
boiled with Laemmli sample buffer for 8 min. Proteins were then separated by
electrophoresis on a 4 to 15% precast polyacrylamide gel and transferred onto nitrocellulose
membranes for 1 h at 100 V. The membranes were blocked for 1 h in 5% nonfat dry milk in
TBST {Tris-buffered saline [TBS, 50 mM Tris-HCI (pH 8.0) and 150 mM NaCl] and 0.1%
Tween 20} and incubated overnight at 4 °C in a 1:1500 dilution of the 12F8 anti-polySia
monoclonal antibody in 2% milk in TBS to analyze polysialylation or a 1:10000 dilution of
the anti-V5 monoclonal antibody in 5% nonfat dry milk in TBST to analyze the expression
of NCAM mutants. After being washed four times for 10 min each with TBST with
agitation, the membranes were incubated with a 1:5000 dilution of HRPconjugated goat
anti-rat IgM (12F8) and goat anti-mouse IgG (anti-V5) secondary antibodies in 5% blocking
buffer in TBST for 1 h. After being washed four times for 10 min each in TBST with
agitation, the membranes were developed using Clarity Western ECL Substrate and HyBIlot
CL autoradiography film. To compare polysialylation levels of different NCAM mutants, we
used ImageJ (National Institutes of Health) for densitometry and calculated the ratio of
polysialylated protein level to loading control protein level for each mutant with the value
for wild-type NCAM set to 100%. The mean and standard deviation (SD) were calculated.
Statistical analysis was performed using unpaired Student’s ftests to provide the p values
shown in the figures.

Cellular Localization of NCAM Mutants

RESULTS

COS-7 cells plated on 12 mm glass coverslips in 24-well plates were transfected at 80-90%
confluence with 500 ng of V5-tagged NCAM or NCAM mutant protein expression vectors
mixed with 1 4L of Lipofectamine 2000 and 150 z1 of Opti-MEM I medium per well. One
milliliter of DMEM containing 10% FBS was added to each well and incubated for 24 h.
Thereafter, cells were washed twice with PBS and fixed and permeablized in —20 °C
methanol. Detection of proteins by indirect immunofluorescence microscopy was performed
as described previously.30 Briefly, fixed and permeabilized cells were incubated with mouse
monoclonal anti-V5 antibody (Thermo-Fisher) in blocking buffer (5% normal goat serum in
PBS) and stained with FITC-conjugated goat anti-mouse 1gG and 4’,6-diamidino-2-
phenylindol (DAPI) to stain the nucleus. Cells were visualized and imaged using a Zeiss
LSM 700 inverted confocal microscope equipped with an AxioCam digital microscope
camera using a 100x oil-immersion lens. Images were acquired using Zen software (Zeiss)
and analyzed using ImageJ (National Institutes of Health).

The Recombinant ST8Sia-1V PBR Peptide and the NCAM FN1 Acidic Patch Interact Directly

in Vitro

Given the difficulty in obtaining full-length recombinant ST8Sia-1V, we sought to focus
solely on the PBR of the protein. Initial biochemical experiments attempted to use a
chemically synthesized PBR peptide consisting of residues 71-105 (Figure 1A); however,
the peptide was largely insoluble in physiological buffers likely because of its high
hydrophobicity. To circumvent this technical problem, we engineered a bacterial expression
vector consisting of an N-terminal 6xHis-SUMO tag linked to the ST8Sia-1V PBR peptide
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(residues 75-100) (henceforth termed SUMO-PBR) (Figure 1A). The length of this peptide
was chosen to include residues critical for recognition and polysialylation of NCAM34.36
while excluding surrounding hydrophobic residues to improve solubility. According to the
models of full-length ST8Sia-1V and the PBR published by Volkers et al.38 and Zhou et
al.,%3 the peptide should include the entire helical region on the N-terminal end of the PBR
and a smaller helix at the C-terminus connected by a loop. Moreover, the two basic residues
not included in our peptide, Lys’2 and Lys193, have little to no effect on NCAM
polysialylation when they are mutated to alanines, as previously reported by our
laboratory.38 The addition of a protein affinity tag permitted purification from £. colilysates
and aided in maintaining solubility. The FN1 domain was expressed and purified as
described previously (Figure S1).27

As we could obtain pure recombinant protein, we chose ITC to assay for a direct interaction
and to probe in detail the residues involved in binding. Concentrated SUMO-PBR peptide
was titrated into dilute FN1 at a ratio of 30:1, revealing a direct interaction /n vitro (Figure
1B). After the background heats had been subtracted from the SUMO control, the molecular
interaction between the ST8Sia-1VV PBR and the NCAM FN1 domain exhibited a 1:1 (V=
1.060 + 0.0698) stoichiometry and a Ky of 10 M (10.88 £ 2.46 1M) using a one-site
binding model. This model was chosen on the basis of our past work?4 and recent modeling
studies showing a 1:1 ST8Sia-1V:1g5-FN1 stoichiometry.38 The interaction exhibited an
enthalpic contribution (AH of approximately —1 kcal/mol or 990.6 + 91 cal/mol) and was
also entropically favorable (AS of 19.39 cal K~1 mol™1), implying that the hydrophobic
nature of the PBR also contributes to the recognition of NCAM FN1.44 However, this could
also be reflective of the induction of local disorder in another part of FN1. A change in
protein dynamics upon ligand binding to offset potential entropic penalties can be observed,
as noted in the work of MacRaild et al.*>

To further assess whether this binding event requires specific electrostatic interactions as
previous research has suggested,2°36 we purified both PBR and FN1 domain mutants and
assayed binding by ITC (Figure 1C,D and Figure S1). Replacing Asp®2°, Glu%2, and Glu®23
of FN1 [D520, E521, and E523 with three arginines (DEE to RRR)] in full-length NCAM
results in abrogation of polysialylation.2®> This FN1 mutant no longer binds to NCAM as
observed with ITC (Figure 1C). Similarly, mutation of the key basic residues (Arg®2 and
Arg%) in the PBR peptide [SUMO-PBR (R82A/R93A)] resulted in a lack of binding
between the SUMO-PBR and the FN1 domain3® (Figure 1D). Furthermore, circular
dichroism and size exclusion chromatography demonstrated that FN1 (DEE to RRR) and the
PBR peptide R82A/R93A mutants adopt folds similar to that of the wild-type protein,
indicating that the loss of binding was not simply caused by protein misfolding or
aggregation (Figure S1). Taken together, these results show for the first time that the
interaction between the ST8Sia-1VV PBR and the FN1 domain of NCAM is a direct binding
event that depends on electrostatic interactions between specific residues.

1H-15N HSQC Titration Experiments Reveal the FN1-ST8Sia-IV PBR Interaction Surface

As the X-ray crystal structure of the FN1 domain of NCAM is known?” and we have shown
a direct interaction with the ST8Sia-1V PBR, we sought to map the residues of the PBR
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binding interface on the FN1 domain surface. To do this, we first obtained chemical shift
assignments for the NCAM FN1 domain using standard heteronuclear NMR experiments
with isotopically labeled protein (Figure S2, 99% complete, BMRB entry 26929). Next, the
FN1 domain was titrated with purified SUMO-PBR, and 1H-15N HSQC spectra recorded
(Figure 2A and Figure S3). As a control, the same titrations were performed with the
SUMO-PBR (R82A/R93A) mutant that does not interact with the FN1 domain, as shown
above by ITC (Figure 2B). The SUMO-PBR and FNL1 titration experiments exhibited dose-
dependent chemical shift perturbations for several residues, and appear to be in fast
exchange as only one resonance is observed for the affected residues at each titration point
(Figure 2A and Figure S3). In contrast, the SUMO-PBR (R82A/R93A) mutant showed
minimal differences. This supports our ITC data and highlights those residues that are likely
to interact with the PBR peptide. Regions of interest showing chemical shift perturbations
relative to the control are boxed in panels A and B of Figure 2, and chemical shift
perturbations are shown in more detail in Figure 2C for Thr4%° (box 1), Glu52! (box 2), and
Asp°% (hox 3). Additionally, the combined shift difference was calculated as [(proton
shifts)? + (nitrogen shifts/6.51)2]%-546 for the FN1:SUMO-PBR and FN1:SUMO-PBR
(R82A/R93A) 1:10 titration ratios. After the minimal changes had been subtracted from the
control, several residues exhibiting significant chemical shift perturbations are observed
(Figure 3A). These residues were then mapped to the crystal structure of the FN1 domain
[Protein Data Bank (PDB) 2HAZ] and color-coded by surface and function (Figure 3B).

Included among the FN1 residues that have a significant chemical shift perturbation upon
PBR peptide binding are several acidic residues, including the previously identified acidic
patch residues Asp®20 (D520) and Glu®2! (E521) (Figure 3A,B, red). Glu®23 is also
implicated as part of the patch by both experimental evidence (ref 25 and see below) and
calculated surface electrostatics (Figure 3C). However, because of a residue overlap in

the 1H-15N HSQC spectrum, we could not definitively conclude that Glu523 displays a
chemical shift difference. Additionally, the NMR spectra show a significant perturbation of
Asp°% (D506) and Asp?98 (D498) upon interaction with the PBR peptide (Figure 3A,B).
While Asp®%8 s adjacent to the previously described acidic patch on the FN1 surface,
Asp*98 js found in the linker region between 1g5 and FN1 (Figure 3B). Nevertheless, both
residues could belong to an extended acidic patch based on a map of this domain’s
electrostatic surface potential generated by the Adaptive Poisson—-Boltzmann Solver (APBS)
server?’ (Figure 3C).

As mentioned above, Asp*98 is found in a linker region between Ig5 and FN1 (Figure 4A).
This residue and the adjacent Thr499 display significant chemical shift perturbations upon
binding of the ST8Sia-1V PBR peptide (dark blue strand, asterisks), while the adjacent linker
residues, GIn496 and Ala#%7, display smaller perturbations (Figure 3A, dark blue, and Figure
4A, dark blue). The Ig5-FN1 linker region is flanked by two loops, 526GGVP1530

and 98ONGKG®83, that are essential for NCAM polysialylation; replacing the residues in
these loops with alanines or glycines eliminates polysialylation (Figure 4, magenta
strands).24 The previously determined X-ray crystal structure of the NCAM 1g5-FN1 linker
region indicates that the main chain amide of Asp*98 forms a hydrogen bond with the main
chain carbonyl of Gly®26, a member of the 525GGVPI529 loop (Figure 4B), and the main
chain carbonyl of Asp*?8 forms a hydrogen bond with the side chain carboxyl group of
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Asn®80, part of the NGKG loop (Figure 4C).28 These interactions have been suggested to
stabilize the 1g5-FN1 linker region.24 Strikingly, Gly528 and, to a lesser extent, Gly®27 of the
GGVPI loop also display a chemical shift upon PBR peptide binding (Figure 3, magenta),
suggesting that either the PBR peptide contacts this region directly or the interaction of the
PBR with the acidic patch or linker translates into changes in the conformation of this loop.

The NMR titration experiments also revealed a potential PBR interaction surface on the FN1
domain not previously implicated by structural studies and mutagenesis experiments.
Residues Trp®37-Ser>47 located in a large loop between strands 43 and 4 showed
significant chemical shift perturbations (Figure S2B and Figure 3A,B, green). As this loop is
found on a face of the FN1 domain opposite that of the acidic patch, it is possible that the
PBR peptide used in our study binds in an extended conformation, allowing it to wrap
around the surface of the FN1 to contact this region. However, this extended conformation
seems to be incompatible with a hypothetical structure of the ST8Sia-1V modeled after the
X-ray structure of a related a2,8-sialyltransferase, ST8Sia-111.38

Relative Contributions of Identified FN1 Acidic Surface Residues to NCAM Polysialylation

Having mapped the residues of the acidic patch using NMR titration experiments, we
proceeded to assess their relative contribution to NCAM polysialylation by ST8Sia-1V. We
have previously demonstrated that replacing residues Asp®2, Glu®?1, and Glu523
simultaneously with alanine residues reduces the level of NCAM polysialylation, and
replacing them simultaneously with arginine residues abolishes NCAM polysialylation.2
Considering that our NMR data also suggest that Asp#®8 and Asp®% may be part of the
acidic patch (Figure 3), we also probed their impact on NCAM polysialylation. We mutated
each acidic residue individually to arginine, co-expressed the mutant NCAM proteins with
ST8Sia-1V in COS-7 cells, and evaluated their polysialylation by immunoprecipitating the
NCAM proteins and immunoblotting with an anti-polySia antibody (Figure 5A, top panel).
In addition, the relative expression level of each protein was determined by removing an
aliquot of the cell lysate prior to immunoprecipitation and evaluating protein expression by
immunoblotting with an anti-V5 epitope tag antibody after boiling the sample to remove
polySia (Figure 5A, bottom panel).

Replacing Asp498 (D498R) had the maximal impact, effectively eliminating NCAM
polysialylation [4 £ 5% (SD) relative to NCAM (Figure 5A, right)]. Mutating the other
acidic residues to arginine, including Asp®% (D506R), also produced a reduction in the level
of polysialylation [61 + 9% (SD) of wild-type levels (Figure 5A, right)]. Within the
previously identified acidic patch (Asp®2%, Glu®2!, and Glu®23), individually replacing
Glu®21 and GIu®23 with arginine (E521R and E523R, respectively) had the greatest impact
on NCAM polysialylation [19 + 6% (SD) and 12 + 7% (SD) of wild-type levels, respectively
(Figure 5A, right)]. It has been shown by our lab that this loss of polysialylation is not due to
misfolding and ER mislocalization of the D520R, E521R, and E523R NCAM mutants.2>
Likewise, we found that the D498R and D506R NCAM mutants are localized at the cell
surface and in the Golgi in transit to the surface, like wild-type NCAM (Figure 5C).

The decreases in the level of polysialylation of the mutant proteins suggest that a reduced
level of polyST-NCAM binding in the absence of these acidic residues may impair chain
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elongation, or alternatively, their absence may compromise polyST docking and alter access
to one of the two A-glycan sites that are polysialylated in wild-type NCAM. However, we
must consider that Asp#98 chemical shift perturbations upon PBR peptide binding and the
elimination of polysialylation in the D498R mutant could reflect a change in conformation
in the 1g5-FN1 linker region after binding of the PBR peptide to the core acidic patch in
FN1, as well as a requirement for specific residues in the linker region for maintenance of
flexibility and/or positioning of 1g5 and FN1. Indeed, our NMR titration experiments
suggest that other nonacidic residues in the Ig5-FN1 linker region are affected by the
binding of the PBR (Figure 3A, dark blue, and see below).

The Ig5-FNL1 Linker Region Is Important for NCAM Polysialylation

Immediately following a 6xHis tag and thrombin cleavage site (21 residues) at the very N-
terminus of recombinant FN1, we included four residues of the 1g5-FN1 linker (GIn496,
Ala?¥7 Asp?98 and Thr499), and all four exhibited chemical shift perturbations upon binding
of the PBR peptide (Figure 3A, dark blue). Here we did a side-by-side comparison of
ST8Sia-1V polysialylation of NCAM D498R and T499A mutants in COS-7 cells (Figure
5B). As discussed above, the D498R mutation resulted in a nearly complete loss of NCAM
polysialylation. The T499A mutation resulted in the loss of approximately 50% of the
polysialylation observed for wild-type NCAM [39 + 24% (SD) of wild-type levels (Figure
5B)]. This decrease in the level of polysialylation was not due to misfolding and
mislocalization as indirect immunofluorescence microscopy demonstrated that the T499A
mutant was properly localized and observed on the cell surface and in the Golgi in transit to
the surface (Figure 5C). Notably, replacing Asp*98 with alanine (D498A) led to a decrease in
the level of NCAM polysialylation to 60 + 10% (SD) of that of the wild-type protein (M.
Thompson, unpublished data).

Role of the FN1 83—-84 Loop in the Polysialylation of NCAM

In addition to the acidic patch and residues in the 1g5—FN1 linker region, the NMR titration
experiments also showed chemical shift perturbations for residues in the loop between the
3 and B4 strands of the FN1 domain (residues Trp>37—Ser®#7) (Figure 3A,B and Figure 4,
green). As these residues have not been previously implicated in NCAM polysialylation, we
mutated them and assessed the impact on NCAM polysialylation by ST8Sia-1V in COS-7
cells (Figure 6A). We constructed five point mutations in this loop; however, only residues
Ala®39 and Trp®45 showed changes in polysialylation, and these changes were dependent
upon the amino acid substitution. For example, when Trp®#® is mutated to alanine (W545A),
this impacts polysialylation [33 £ 13% (SD) of wild-type levels] without causing the protein
to misfold and mislocalize (Figure 6 and Figure S3). However, when this residue is mutated
to tyrosine (W545Y), it has no substantial effect on NCAM polysialylation [91 + 18% (SD)
of wild-type levels] (Figure 6). The same pattern holds true for Ala3°. Mutation to serine
reduces the level of polysialylation [41 £ 9% (SD) of wild-type levels], but substitution with
a large aromatic residue (A539F) had a weaker effect [77 £ 5% (SD) of wildtype levels
(Figure 6)].

As some of these residues in the £3-4 loop, including Ala39 and Trp545, appear to be
conserved in fibronectin type 111 repeats as illustrated in the comparison of NCAM FN1 and

Biochemistry. Author manuscript; available in PMC 2017 August 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bhide et al.

Page 12

FN2 sequences, they likely serve to stabilize the conformation of this loop region in the
protein fold (Figure 6C, purple boxes). This is apparent upon analysis of the FN1 domain
crystal structure as these residues are involved in packing interactions in this region (Figure
6B). For example, the aliphatic chain of Arg®38 packs against the aromatic ring of Trp®4°.
Similarly, Tyr5’2, which also shows some chemical shift perturbation (Figure 3A), may be
packing against Ala>3?, and this packing would be enhanced were Ala>3? to be replaced by
phenylalanine (A539F). As for why this region may affect polysialylation, it is important to
note that strands 43 and B4 along with this loop connect the acidic patch to the FN1 a-helix
that has previously been shown to be important for the proper positioning of the polySTs on
the surface of NCAM.27

Taken together, our data support the notion that as the ST8Sia-1V PBR peptide binds the
NCAM FNL1 core acidic patch, conformational changes are translated to the 1g5-FN1 linker
region through the adjacent stabilizing GGVPI loop and to residues in the £3-84 loop that
links to both the GGVPI and the acidic patch, and that these conformational changes likely
influence the 1g5-FNL1 relationship, polyST positioning, and NCAM polysialylation.

DISCUSSION

In this study, we have provided biophysical evidence showing that the acidic patch of the
NCAM FN1 domain is recognized directly by the PBR of ST8Sia-IV. Moreover, we have
mapped the full interaction surface of the PBR on the surface of FN1 using NMR titration
experiments and have shown that the chemical environments of not only the acidic patch
residues but also residues in the 1g5—FN1 linker region and one adjacent loop (GGVPI) are
altered upon binding of the PBR to the NCAM FN1 domain. We also observed that a distal
loop region between FN1 strands 83 and B4 is affected by the binding of the PBR to FN1.
This loop links to the GGVPI loop and acidic patch (Figure 4). Our data suggest that the
binding of the ST8Sia-1V PBR to the NCAM FNL1 acidic patch relays substantial
conformational changes in the FN1 domain and linker region that likely influence its
relationship to the adjacent 1g5 domain and the polysialylation of Aglycans in this domain.
These data are discussed below in the context of other mutagenesis and binding data to
provide a model of NCAM protein-specific polysialylation.

The ITC data in this work and previous mutagenesis and binding studies provide ample
evidence that the NCAM FN1 domain, and particularly an acidic surface patch, are the key
recognition element and a docking site for ST8Sia-1V.252% Here we provide the first direct
evidence that the FN1 acidic patch mediates ST8Sia-1V binding by demonstrating that
replacing FN1 acidic patch residues Asp®29, Glu®21, and Glu®23 with arginines eliminates
ST8Sia-1V PBR binding. Interestingly, replacing these acidic residues with either alanines or
arginines in full-length NCAM reduced the level of ST8Sia-1V binding by only ~35%,2°
suggesting that other interactions might be occurring between the full-length proteins. One
possibility is that Ig5—-FN1 linker residues, and especially the acidic Asp*98, might mediate
additional contacts with the full-length enzyme. While we cannot rule out this possibility,
analyses of NCAM chimeras and mutants highlighted the importance of the compaosition and
length of the 1g5—-FN1 linker region and secondary interactions between the polyST docked
on the FN1 acidic patch and the 1g5 domain.29:48
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Nevertheless, our NMR data are consistent with a role for the 1g5-FN1 linker and adjacent
FN1 loop sequences in NCAM polysialylation. The chemical shift perturbations observed
following binding of the PBR to the FN1 domain for GIn*9, Ala*97, Asp?%8, and Thr4%9 of
the 1g5—-FN1 linker region and Gly®26 and Gly®27 of the GGVPI loop suggest two
possibilities. First, as the core acidic patch residues are linked to the GGVPI loop by only a
few amino acids, and the main chain carbonyl of Gly>26 forms a hydrogen bond with the
main chain amino group of Asp*®8 in the linker, one could envision that the binding of the
ST8Sia-1V PBR to the core acidic patch may translate a conformational change to the
GGVPI loop that in turn impacts the conformation of the linker. Alternatively, the acidic
patch and GGVPI could be part of the binding site for the PBR. This latter possibility seems
unlikely in that previous mutagenesis studies have demonstrated that neither the GGVPI or
NGKG loops have a role in ST8Sia-1V binding.2* On the other hand, replacing the proline
residues in the Pro590-Ser501-Ser502.pro503 sequence (see Figure 4) on a stretch directly
linked to the GIn496-Ala%97-Asp#98-Thr499 linker not only eliminates polysialylation but also
decreases the level of ST8Sia-1V binding.2 Because 1H-1°N HSQC NMR titrations cannot
show perturbations in proline residues, we are unable to detect any changes in their chemical
environment upon PBR binding. These results and other work described below suggest that
the linker region, its conformation, and a defined 1g5-FN1 domain orientation are essential
for NCAM polysialylation.

The importance of the Ig5—FN1 linker region orientation in polyST recognition and
polysialylation was first suggested by Foley et al.,*8 who showed that inserting three amino
acids between the 1g5 and FN1 domain eliminated all polysialylation of 1g5 A-glycans.
Subsequent evaluation of mutants and chimeric proteins strongly suggested that after
binding the FN1 domain, the polySTs make a necessary contact with the Ig5 domain to
allow Atglycan polysialylation. Early experiments by Foley et al.28 showed that insertion of
new glycosylation sites into the 1g5 domain blocked the polysialylation of the original N-
glycans and shifted polysialylation to O-glycans in the FN1 domain. However, experiments
with chimeric proteins provided the most direct evidence of the importance of the polyST-
Ig5 interaction. Thompson et al.2? found that while the olfactory cell adhesion molecule
(OCAM) itself is not polysialylated despite sharing the same domain structure and
glycosylation sites as NCAM, an NCAM—-OCAM chimera in which the FN1 domain of
NCAM was replaced with that of OCAM is polysialylated. The OCAM FN1 domain could
be recognized by ST8Sia-1V, but large basic residues in the OCAM Ig5 domain blocked
polyST access and A-glycan polysialylation, suggesting that the polySTs make contact with
amino acid sequences in this NCAM domain that are required for their proper positioning.2
Consequently, changes in the 1g5—-FN1 linker or the GGVPI or NGKG loop regions that
stabilize the linker or even sequences adjacent to the linker, like PSSP, may alter the 1g5—
FN1 domain orientation and block this secondary binding interaction in the 1g5 domain.

If a defined 1g5—-FN1 domain orientation is essential, how can we explain the possible
conformational changes we observe in the GGVPI loop and GIn#9-Ala%97-Asp#98-Thr499
linker? To evaluate the flexibility of N-glycosylation site positioning and effectively the
flexibility in the 1g5-FN1 relationship, Foley et al.28 moved consensus glycosylation sites
into different positions on 1g5 and evaluated their polysialylation. The results suggested
some flexibility in glycosylation site preference, particularly if the site was placed on the
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same face of the 1g5 domain as one of the two glycosylation sites carrying the A-glycans
that are typically polysialylated. We proposed a limited flexibility of the linker, constrained
from side-to-side movement by the GGVPI and NGKG loops but able to move in such a way
that the Ig5 domain could come closer or move farther away from the FN1 domain.2428
With this in mind, it is tempting to speculate that changes in the chemical environment of the
GGVPI and GIn*%-Ala%97-Asp?98-Thr499 |inker residues upon binding of the PBR to the
acidic patch may reflect a more active 1g5-FN1 repositioning that allows a secondary
interaction of the docked polyST with Ig5 sequences. Interestingly, this type of restricted
flexibility in the analogous 1g5—-FN1 linker of OCAM is suggested by two X-ray crystal
structures of this protein.4?

Perturbations in the 53—/4 loop region were not expected upon titration of FN1 with the
PBR. However, replacing certain selected residues within this stretch affected NCAM
polysialylation depending on the choice of amino acids. Some of these residues are
conserved between FN1 and FN2 domains; notably, Trp>#° is conserved among many of the
fibronectin type 111 domains (Figure 6C). This suggests the possibility that this loop might
be important for positioning various structural elements of the FN1 domain. Indeed, the 53
strand directly follows a stretch containing the acidic patch and GGVPI loop, while the g4
strand links to an a-helix consisting of residues Asp>>1-Gly>3° (Figure 4A). This a-helix is
unique to the NCAM FN1 domain and, when replaced with two threonine or two alanine
residues in full-length NCAM, does not reduce the level of NCAM polysialylation but shifts
polySia from 1g5 A-glycans to FN1 O-glycans, implying that it could be important for the
positioning of polySTs on the FN1 domain.2” Notably, no chemical shift perturbations were
observed for the residues in the FN1 a-helix. As a result, the chemical perturbations
observed in the 83—84 loop might be due a relayed distal conformational change or
induction of local disorder as the PBR binds to the acidic patch. Additionally, although our
past results show that the 1g5-FN1 linker region may dimerize,28 the FN1 domain alone is a
monomer,2 in agreement with our SEC data (Figure S1). This strongly suggests the
observed 3-p4 loop chemical exchange is not a weak dimer effect. Furthermore, we cannot
rule out the possibility that this loop is an alternative binding site or involved in nonspecific
interactions with the SUMO tag. However, our attempts to fit the ITC data to a two-binding
site model to account for alternative and/or dual binding sites generated errors that were
significantly larger than those generated when we fit the ITC data to a one-site model,
supporting our interpretation of the interaction between PBR and FN1.

Recently, Volkers et al.38 have modeled ST8Sia-1V on an X-ray crystal structure of a related
a?,8-sialyltransferase, ST8Sia-111. In this work, they docked the NCAM 1g5-FN1 structure
previously determined by our laboratory28 on the modeled ST8Sia-1V structure. In this
model, Glu2! of the FN1 acidic patch interacts with Arg% in the PBR while Glu523 is
shown to interact with basic residues in the ST8Sia-I1V polysialyltransferase domain (PSTD)
(see Figure 1A). The PSTD is a stretch of 32 amino acids, rich in basic residues, found in the
catalytic domain and adjacent to a conserved region in all sialyltransferases called the small
sialyl motif (SMS)3 (see Figure 1A). Mutation of select residues in the ST8Sia-1V PSTD
eliminated its ability to polysialylate NCAM or autopolysialylate itself.3%36 Nakata et al.3°
originally proposed that this region may play a role in stabilizing the growing polySia chain
during the polymerization process. The model of Volkers et al.38 suggests that this indeed
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may be the case, and that the PSTD and PBR together form an extended basic groove for
substrate recognition as well as processive synthesis of the growing polySia chain. Our
mutagenesis data demonstrate that replacing Glu®23 substantially decreases the level of
NCAM polysialylation as detected by the anti-polySia antibody upon immunoblotting, and
that the polysialylated NCAM protein detected appears to migrate at a lower molecular
mass, suggesting fewer or shorter polySia chains are present (Figure 5A). Given this model,
it is a plausible alternative that Glu®23 does not interact with the PBR, even though it is
adjacent to other acidic residues on the FN1 surface that do, and instead interacts with PSTD
residues. Disruption of the PBR-PSTD interaction in the Glu523 mutant could destabilize
this interaction and the basic surface for substrate recognition and/or polySia elongation.

The limited expression of polySia in adult tissues, together with its expression in many
forms of cancer and its correlation with an increased level of metastasis, makes it an
attractive therapeutic target. Recently, Paulson and colleagues demonstrated the global
inhibition of sialylation in cells and mice using a sialic acid analogue, 3F-NeuAc.%051
However, the specific blockade of polysialylation has been more elusive with various
treatments leading to global inhibition of sialylation and/or unexpected consequences.
Seidenfaden et al.52 demonstrated that inducing differentiation of the neuroblastoma line,
SH-SY5Y, using retinoic acid simultaneously decreased the level of ST8Sia-1l mMRNA and
dramatically increased the level of ST8Sia-1V mRNA, leading to more rapid polysialylation
of NCAM without a noticeable increase in the quantities of polySia. Similarly, Beecken et
al.53 demonstrated that valproic acid decreased ST8Sia-1l mMRNA levels in neuroectodermal
tumor cell lines, and they also observed that ST8Sia-1V mRNA levels increased in a
compensatory fashion leading to a decrease in the extent of tumor cell adhesion. Ammonia
was shown to decrease the level of polySia expression in SCLC cells by altering nucleotide
sugar pools; however, this treatment would also be expected to impact general sialylation
and perhaps other glycosylation reactions.>#:55 Miyazaki et al.>® demonstrated that CMP and
2’-O-methyl-CMP, general inhibitors of sialyltransferases, could inhibit the activities of
ST8Sia-1l, -111, and -1V and the polysialylation of NCAM. In more recent work, Al-Saraireh
et al.>” showed that CMP blocked NCAM polysialylation by ST8Sia-II and tumor cell
migration. It is important to point out that CMP and its analogues are likely to be
nonspecific inhibitors in that they would expected to inhibit other sialyltransferases. As an
alternative, we suggest that the limited substrate specificity of the polySTs makes the
polyST—substrate interaction interface an attractive drug target. Shiga toxin B subunit-based
approaches and pH sensitive liposomes have been useful for the targeted delivery of
therapeutics to the secretory pathway.>8-61 Using similar delivery mechanisms, one could
envision that therapeutic reagents based on the polyST PBR peptide could be used to block
the polyST—substrate interactions in the Golgi and subsequent polysialylation of substrates.
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ABBREVIATIONS
polySia polysialic acid

NCAM neural cell adhesion molecule
FN1 first fibronectin type Il repeat of NCAM
195 fifth immunoglobulin domain of NCAM

polyST polysialyltransferase

PBR polybasic region
ITC isothermal titration calorimetry
NMR nuclear magnetic resonance

NRP-2 neuropilin-2

SCLC small cell lung carcinoma

DMEM Dulbecco’s modified Eagle’s medium
IPTG isopropyl B-D-1-thiogalactopyranoside
MES 2-(N-morpholino)ethanesulfonic acid

Ni-NTA nickel-nitrilotriacetic acid

HRP horseradish peroxidase

FITC fluorescein isothiocyanate

DAPI 4’ 6-diamidino-2-phenylindol
OCAM olfactory cell adhesion molecule
PSTD polysialyltransferase domain
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Figurel.

Isothermal titration calorimetry of SUMO-PBR and NCAM FNL1. (A) Schematic of the
domain structure and conserved sequences in ST8Sia-I1V. Shown are sialyl motifs that are
conserved in all sialyltransferases [large (SML), small (SMS), motif 3 (M3), and very small
(SMVS)], as well as two regions unique to polySTs, the polybasic region (PBR) and the
polysialyltransferase domain (PSTD). The sequence of the PBR peptide used in in this study
is shown with R82 and R83, key residues for NCAM recognition and polysialylation,
underlined. (B) Heat exchanges resulting from a control titration between FN1 and SUMO
(top panel). Heat exchanges and calculated enthalpies resulting from the titration of 600 M
SUMO-PBR with 20 zM FN1 (bottom panels). (C) The FN1 520DEE523 to RRR mutation
that leads to an elimination of NCAM polysialylation?® also leads to a loss of binding
between SUMO-PBR and FNL1. (D) The ST8Sia-1V PBR R82A/R93A mutation that leads to
a loss of NCAM polysialylation also leads to a loss of binding between the PBR and FN1
domain.
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Figure 2.

1H-15N HSQC NMR spectra for 1°N-labeled NCAM FN1 with and without titration with
the SUMO-PBR peptides. (A) Overlay of the IH-1N HSQC NMR spectrum of the 15N-
labeled FN1 domain (red) and the spectrum after addition of the unlabeled SUMO-PBR
peptide at a 1:10 concentration ratio (black). (B) As a control, the 15N-labeled FN1 domain
spectrum (red) was overlaid with that obtained after addition of the nonbinding SUMO-PBR
(R82A/R93A) mutant (blue) at a 1:10 concentration ratio. Other titrations have been omitted
for the sake of clarity. (C) Selected interacting residues [Thr4%9 (box 1), Glu®2! (box 2), and
Asp®%8 (hox 3)] showing specific chemical exchanges for wild-type SUMO-PBR but not
SUMO-PBR (R82A/R93A) are magnified with spectra from panel A on the left and panel B
on the right.
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Figure 3.
NCAM FNL1 residues impacted by ST8Sia-IV PBR peptide binding. (A) Residues showing

specific and significant NMR chemical shift perturbations upon addition of the SUMO-PBR
peptide. The combined shift difference (CSD) values for the FN1-SUMO-PBR interaction
were plotted after subtraction of the control values, and the data are presented as two bar
graphs representing the N-terminal (top) and C-terminal (bottom) residues of the FN1
domain. (B) The FN1 residues most impacted by SUMO-PBR interaction are mapped onto
the crystal structure of the FN1 domain (PDB entry 2HAZ).27 (C) Electrostatic surface
potential map of NCAM FNL1 calculated using the Adaptive Poisson—-Boltzmann Solver
(APBS).*" For both panels B and C, two views of the NCAM FN1 domain structure are
shown rotated by 180°.
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Figure 4.
NCAM Ig5-FNL1 structure and interactions between the linker region and FN1 GGVPI and

NGKG loops. (A) Crystal structure of the NCAM Ig5-FNL1 linker region (PDB entry
3MTR).28 Asparagine residues in the Ig5 domain bearing A-glycans that are polysialylated
are colored orange. The 1g5-FN1 linker region, including GIn*%, Ala%®7, Asp*%8, and
Thr499, is colored dark blue with asterisks indicating the positions of Asp498 and Thr4%. The
PSSP sequence, colored cyan, is a part of the same unstructured segment that comprises the
linker region. The GGVPI and NGKG loops flanking and stabilizing the linker region are
colored magenta. The acidic patch that includes Asp®%8, Asp>20, GIu52L, and Glu23 is
colored red. The 83—84 loop that connects strands leading to a unique FN1 a-helix and the
GGVPI loop and acidic patch is colored green. (B) Predicted hydrogen bond formed
between the main chain amide group of Asp#8 in the linker region and the main chain
carbonyl of Gly®26 in the GGVPI loop. (C) Predicted hydrogen bond formed between the
side chain amide group of Asn®80 in the NGKG loop and the main chain carbonyl of Asp#%8
in the linker region. This figure is adapted from ref 24.
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Figure5.

Impact of acidic patch and linker mutations on NCAM polysialylation. (A) Polysialylation
(top) and expression (bottom) of NCAM mutants with replacements of known and potential
acidic patch residues. The adjacent bar graph shows statistics resulting from three different
experiments. (B) Polysialylation (top) and expression (bottom) of NCAM mutants with
replacements of two 1g5—-FN1 linker residues. The adjacent bar graphs show statistics from
three different experiments. Quantification of the experimental results in panels A and B was
performed as described in Materials and Methods with error bars representing the standard
deviation (SD). Statistical analysis was performed using unpaired Student’s ftests: *0.01 < p
< 0.05, **0.001 < p< 0.01, and ***0.0001 < p < 0.001 with respect to wild-type NCAM,
which is normalized to 100%. The pvalue for T499A is 0.06. (C) Cellular localization of
V5-tagged NCAM mutants in COS-7 cells. V5-tagged NCAM mutants were localized by
indirect immunofluorescence microscopy using a mouse anti-V5 antibody and a FITC-
conjugated goat anti-mouse antibody. DAPI is used to stain the cell nucleus. The scale bar is

20 ym.
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Figure®6.
Impact of mutating residues in the FN1 3—4 loop on NCAM polysialylation. (A)

Polysialylation (top) and expression (bottom) of NCAM mutants with replacements of £3—
B4 loop residues. The adjacent bar graph shows statistics resulting from three different
experiments. Quantification of the experimental results was performed as described in
Materials and Methods with error bars representing the SD. Statistical analysis was
performed using unpaired Student’s ftests: *0.01 < p< 0.05, **0.001 < p< 0.01, and
***(0,0001 < p< 0.001 with respect to wild-type NCAM, which is normalized to 100%.
Other comparisons are indicated by a line above the bars in the graph. (B) Packing of
residues in the 83—84 loop of NCAM FNL1. (C) Conservation of the primary sequence
between the NCAM FN1 and FN2 domains generated using ESPript.2 Conserved residues
in the 53—/4 loop are boxed. Conserved residues are colored red and similar residues
yellow, and purple boxes indicate the g3—/4 loop residues conserved between the NCAM
FN1 and NCAM FN2 domains.
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