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translational modification.

retained in SR.
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(Background: Calsequestrin serves as a calcium storage/buffer protein in sarcoplasmic reticulum and undergoes a post-

Results: The specific site, degree, structure, and effects of glycosylation were determined.
Conclusion: The glycosylation prevented premature polymerization of calsequestrin ensuring mobility to the SR.
Significance: The glycosylation establishes a functional high capacity calcium binding polymer and allows calsequestrin to be

J

Calsequestrin (CASQ) serves as a major Ca>* storage/
buffer protein in the sarcoplasmic reticulum (SR). When
purified from skeletal muscle, CASQ1 is obtained in its gly-
cosylated form. Here, we have confirmed the specific site and
degree of glycosylation of native rabbit CASQ1 and have
investigated its effect on critical properties of CASQ by com-
parison with the non-glycosylated recombinant form. Based
on our comparative approach utilizing crystal structures,
Ca” binding capacities, analytical ultracentrifugation, and
light-scattering profiles of the native and recombinant rabbit
CASQ1, we propose a novel and dynamic role for glycosyla-
tion in CASQ. CASQ undergoes a unique degree of mannose
trimming as it is trafficked from the proximal endoplasmic
reticulum to the SR. The major glycoform of CASQ
(GIcNAc,Man,) found in the proximal endoplasmic reticu-
lum can severely hinder formation of the back-to-back inter-
face, potentially preventing premature Ca’?*-dependent
polymerization of CASQ and ensuring its continuous mobil-
ity to the SR. Only trimmed glycans can stabilize both front-
to-front and the back-to-back interfaces of CASQ through
extensive hydrogen bonding and electrostatic interactions.
Therefore, the mature glycoform of CASQ (GlcNAc,Man,_,)
within the SR can be retained upon establishing a functional
high capacity Ca®>* binding polymer. In addition, based on the
high resolution structures, we propose a molecular mecha-
nism for the catecholaminergic polymorphic ventricular
tachycardia (CPVT2) mutation, K206N.
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The sarcoplasmic reticulum (SR)? in muscle cells serves as a
Ca®" storage/release system that controls the state of the actin-
myosin fibrils by regulating cytosolic Ca®>" concentrations (1).
Release of Ca®™" from the SR stimulates muscle contraction, and
reuptake of cytosolic Ca®" into the SR returns muscles to a
relaxed state. In this pump-storage-release of Ca®" by skeletal
and cardiac SR, calsequestrin (CASQ) plays a major role
through buffering free Ca®>" levels within the lumen of the SR
together with other luminal acidic proteins (2). Both cardiac
CASQ (CASQ?2) and skeletal CASQ (CASQ1) do not act as a
passive Ca®" buffer but rather play an active role in regulating
Ca?" levels and facilitating its release from the SR lumen (1-3).
Through localizing CASQ and its bound Ca** proximal to the
ryanodine receptor, diffusion times for Ca®" release can be
drastically reduced (4).

Each CASQ molecule binds large numbers of Ca*>* ions with
low affinity (K, = ~1 mm) over the physiological range of Ca>"
concentrations and releases it with a high off-rate (5-11). High
capacity Ca®" binding by CASQ is largely known to be nonspe-
cific (12, 13). This high capacity and low affinity Ca®>" binding
by CASQ has been directly linked to its unique Ca*>"-depen-
dent precipitation (4, 10, 14, 15). According to our widely
accepted model of dynamic polymerization (4, 10, 16, 17), Ca>"
fills the electronegative pockets formed within the front-to-
front and back-to-back intermolecular interfaces of CASQ,
which cross-bridges CASQ molecules through intermolecular
cooperative binding of Ca>* and eventually leads to polymer
formation. Evidence of dynamic polymerization associated
with physiologic Ca”* signaling has been confirmed in muscle
in vivo (18).

Both CASQ1 and CASQ2 are often purified as glycosylated
and/or phosphorylated isoforms. Phosphorylation of CASQ2
results in a drastic increase of its helical content and Ca>" bind-
ing by providing a highly ordered polyanionic network (19).
However, the consequence of glycosylation of CASQ is not
clearly understood. Although glycosylation is considered the
most abundant protein modification found in nature, occurring

2 The abbreviations used are: SR, sarcoplasmic reticulum; ER, endoplasmic
reticulum; CPVT, catecholaminergic polymorphic ventricular tachycardia;
rCPVT, rabbit CPVT; CASQ, calsequestrin; rCASQ, rabbit CASQ.
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across all kingdoms of life (20), there is no general model or
consensus as to how glycosylation affects protein function.
Inhibition and/or suppression of glycosylation often results in
protein aggregation or misfolding, leading to non-functional
final states (21). Likewise, in a canine tachycardia-induced
model of hypertrophy that leads to heart failure, CASQ2 glyco-
sylation and phosphorylation are significantly altered (22). The
cellular processes underlying these changes have remained
uncertain due to the lack of understanding of CASQ trafficking
(23).

Although CASQ does not contain any known targeting
sequences, such as the C-terminal KDEL tetrapeptide, CASQ
uniquely evades secretion and is retained in junctional SR (24—
26). It has been proposed that the unique degree of glycan trim-
ming could regulate its intracellular trafficking and retention in
the junctional SR (26). Understanding the molecular mecha-
nism for the unique trafficking mechanism and high capacity
Ca’ binding of CASQ is critical for proper understanding of
Ca®" handling in myocytes and its genetic abnormalities such
as malignant hyperthermia or catecholaminergic polymorphic
ventricular tachycardia (CPVT) (3, 27-29). Of particular note is
a recent report on a new CPVT2 genotype, K206N, that impli-
cates a complex interplay between glycosylation, polymeriza-
tion, and Ca®" binding capacity in causing its lethal phenotype
(30). In this work we have extensively characterized the struc-
tural and functional significance of glycosylation of CASQ by
comparing the glycosylated native rCASQ1 to its non-glycosy-
lated recombinant form.

EXPERIMENTAL PROCEDURES

Preparation of Native Rabbit CASQI—Isolation of SR micro-
somal membranes and extraction and purification of rCASQ1
contained within were performed as previously described (16,
31).

Preparation of Recombinant Rabbit CASQ1—The open read-
ing frame for Oryctolagus cuniculus fast skeletal muscle CASQ
without the N-terminal signal peptide (GenBank™ accession
number M15747.1) was commercially synthesized (GenScript)
and inserted into pET28a using Ncol and Xhol sites. Plasmid
was then transformed into Escherichia coli DH5« cells. After
sequence confirmation, the plasmid was transformed into BL21
(DE3) E. coli. Purification of rCASQ1 was performed following
the same procedures as described before (10).

Crystallization and Structure Determination of Native and
Recombinant Rabbit CASQI—Native and recombinant CASQ
protein crystals were grown at 4 °C by the vapor diffusion
method using 2-methyl-2,4-pentanediol as the precipitating
agent and protein at a concentration of 10 mg ml~" in 20 mm
HEPES, pH 7.0, and 0.5 m NaCl. All crystals belonged to the
orthorhombic space group C222; with one molecule in the
asymmetric unit, and the diffraction data were collected to a
resolution of 1.8 and 1.9 A for native and recombinant rCASQ1l,
respectively. Intensity data were collected at the Advanced
Light Source (BL8.2.1 and 8.2.2) for native and recombinant
crystals. All data were reduced and scaled using HKL2000 (32).
Iterative model adjustment and refinement were completed
using the programs COOT (33) and PHENIX (34) using the
coordinates of rCASQ1 (PDB code 1A8Y). All coordinates and
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diffraction data have been deposited in the Protein Data Bank as
codes 3US3 (recombinant rCASQIl) and 3TRQ (native
rCASQ1).

Equilibrium Dialysis/Atomic Absorption Spectrophotometer—
To estimate the fractional occupancy (Y = [bound Ca*>*]/[total
rCASQ1]) for recombinant and native rCASQ1, equilibrium
dialysis and atomic absorption spectrophotometry were as
described previously in Sanchez et al. (19).

MALDI Mass Spectrometry of rCASQI—Native rCASQ1
protein at 1 mg ml~" was chemically cleaved by the addition of
1 M CNBr in the presence of 4 mm CsIand 70% TFA at 25 °C for
2 h. This chemical cleavage allowed for the isolation of both the
C-terminal peptide and the peptide containing the N-linked
glycoside. After treatment with CNBr, the sample was dried and
then dissolved in 1:1 water:sinopinic acid. The sample was then
dried on a MALDI plate and analyzed in negative mode with an
Applied Biosystem 4800 mass analyzer. For whole protein mass
spectrometry, native rCASQ1l and peptide N-glycosidase
F-treated samples at a concentration of 0.5 mg ml™" in 50 mm
NaP,, pH 7.0 were dissolved in 1:1 sinopinic acid with 0.1% TFA
and analyzed in positive mode with an Applied Biosystem 4800
mass analyzer. The peptide N-glycosidase F treatment for
native rCASQ1 was done at a concentration of 0.5 mg ml~" in
50 mm NaP,, pH 7.0, and was treated with 500 units of peptide
N-glycosidase F (glycerol-free, New England Biolabs) in a reac-
tion volume of 20 ul overnight at 37 °C. Sample was then ana-
lyzed with SDS-PAGE electrophoresis to determine complete-
ness of cleavage.

Electrospray lonization Mass Spectrometry of rCASQ Peptide
Fragments—Recombinant and native rCASQ1 preparations
were digested with either CNBr or trypsin to produce unique
desired peptides. These samples were chromatographically
separated and analyzed by a Bruker Esquire HCT mass spec-
trometer as described before (35). Peptides were then subjected
to a MASCOT search (Matrix Science). MASCOT search
parameters included tryptophan modification to include both
of the dioxindolyalanines as well as asparagine modifications
for glycosylation. Other parameters included were chemical
alterations to methionine and included oxidative products gen-
erated by CNBr treatment. These modifications were both the
sulfoxide and sulfone forms of methionine as well as homoser-
ine and homoserine lactone. Serine/threonine phosphorylation
was also searched as a variable.

Circular Dichroism (CD)—CD spectra of recombinant and
native rCASQ1 were measured using an AVIV 202SF spectro-
polarimeter (AVIV Biomedical, Inc.) at 25 °C. Spectra of each
protein ata concentration of 0.25 mg ml ™" in 20 mm MOPS (pH
7.2) and 300 mm KCI was recorded from 200 to 260 nm.

Thermostability of Recombinant and Native rCASQI—The
thermostability of both recombinant and native rCASQ1 was
monitored as a function of CD signal at 222 nm using an AVIV
202SF spectropolarimeter (AVIV Biomedical, Inc.) and tem-
perature. Briefly, samples containing 5 uMm concentrations of
either native or recombinant rCASQ1 in 20 mm KP,, pH 7.2, and
300 mMm KCl were heated in a stepwise fashion by 2.5 °C per step
with a 4-min equilibration time and a 3-s scan time. Tempera-
ture was regulated with a Peltier device (AVIV Biomedical), and
samples were heated from 25 to 85 °C. To determine if the sam-
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FIGURE 1. CD spectra of rCASQ1. A, shown are wavelength scans of both native and recombinant rCASQ1 from 260 to 200 nm. The blue line represents
recombinant rCASQ1, whereas the red line represents native rCASQ1. B, thermostability of rCASQ1 is shown. Molar ellipticity measurements of native and
recombinant rCASQ1 at 222 nm are shown. Recombinant measurements are shown in blue, and native measurements are shown in red.

TABLE 1
Crystallographic data for the native and recombinant rCASQ1
Native rCASQ1  Recombinant rCASQ1

ples were refolded properly, CD spectra were taken after sam-
ples returned to 25 °C.
Analytical Ultracentrifugation—Both recombinant and na-

. 1 S C222 C222
tive rCASQ1 (1 mg ml ™! in 20 mm MOPS, 300 mm KCl, pH 7.2) pacegroup ! L
.. . . o+ Data collection statistics
containing various concentrations of mm Ca*™ (0.5, 1, 2, 5, 10) N 59971 A 50.913 A
were used to determine sedimentation velocity coefficients B 144.565 A 144.811 A
. Becl Coulter XL-I analvtical ul if ith c 111.170 A 110471 A
using a Beckman Coulter -1 analytical ultracentrifuge wit Resolution range 30.70-1.76 A 38.91-1.74 A
an An50-Ti rotor spun at 50,000 rpm at 25 °C for 14-16 h. No. of reflections (>0) 46770 48166
. . 0, 0 0y 10,
Radial scans were recorded measuring the absorbance of the Corflplete“ess - 98.02% (93%) 97.9% (90%)
samples at 280 nm. The sedimentation coefficient of each sedi- Relgmerfent statistics 0.18 0.19
: . . . work . .
menting boundary was determined using Sedfit and DCDT+. Rt 021 0.23
Each analysis incorporated 100 scans, and the values for the r'ffg&d&"l 0 0012 A 00154
density and viscosity of the buffer relative to water were 1.0038 Bond ;ﬁggless 0.81 0.91
and 1.0227, respectively. X/ilson B};facior A %g.(s)l gii
Molecular Mass Determination by Multiangle Light Scat- Ny oo ve (4) : i
tering—The chromatography and light-scattering experiments Nonsolvent 2972 2922
f d . v d ibed (19) Solvent 558 430
were performed as previously describe . Ramachandran plot
Favored 98.30% 98.6%
RESULTS Allowed 100.00% 100.00%

CD Of}"CASQl—AS preViouSly reported (4’ 10)’ a buffer con- b 2:::: ; czz;HlIc:S‘i;‘ted |\fr§:iﬂ/i()r;s<‘;val of =5% of the data as the test set at the begin-
taining 300 mm KCl was chosen for the CD spectra because at ning of refinement.
this concentration of K ion, CASQU i driven to a fully folded 043 s devions () o i chatoms e the o
monomeric structure. Under these conditions both recombi- ideal values as implemented in PHENIX.
nant and native rCASQ1 exhibited identical far-UV CD spectra
(Fig. 1A), indicating that there is no overall change in secondary  rCASQ1 (Fig. 2B). Two structures showed a minor difference in
structure between glycosylated and unglycosylated rCASQ1  the vicinity of the glycosylation site. The temperature factors of
monomers. The estimated 7, values for the native and the the B-loop near the Asn-316 in native rCASQ1 showed signif-
recombinant rCASQ were very similar, 49.25 and 48.75°C, icantly (~40%) reduced values compared with those in recom-
respectively (Fig. 1B). binant rCASQ1.

Overall Structures of rCASQI—We were also able to crystal- Multiangle Light Scattering—Both native and recombinant
lize both recombinant and native rCASQ1 under the same con- rCASQ1 were studied by multiangle light scattering to deter-
ditions, which allowed us a detailed comparison between the mine their tendencies to form oligomers. The results clearly
native and recombinant form of rCASQI (Table 1). The a-car- indicated the monomeric nature of both molecules in the solu-
bons of the native and recombinant rCASQ1 were superimpos-  tion containing 300 mm KCl without any Ca®* (Fig. 3). With an
able with a root mean square deviation of 0.16 A without increaseto1 mm Ca®", native rCASQ1 was driven to a predom-
including two N-terminal and four C-terminal residues, which  inantly dimeric state, whereas recombinant rCASQ1 appeared
displayed different conformations between two rCASQ1 struc-  in an almost equimolar monomer:dimer ratio (Fig. 3). As the
tures (Fig. 2A). In addition, the electron density for the triose ~Ca®* concentration increased to 2 mm, recombinant rCASQ1
originating from the carboxyamide side chain of Asn-316, was driven to a dimeric state similar to native rCASQ1 (Fig. 3).
GlcNAc,Man,, was identified in the crystal structure of native =~ These results indicated a significant difference between native
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FIGURE 2. Structural representations of native and recombinant rCASQ1. A, superimposed views of native rCASQ1 (yellow) and recombinant rCASQ1 (blue)
with N and C termini are labeled as N and C, respectively. Attached glycans in native rCASQ1 are represented as ball and stick. Two major differences in N and
Cterminiare highlighted in blue (recombinant rCASQ1) and orange (native rCASQ1). B, shown is a representation of the N-linked glycan, GIcNAc,Man,, present
in native rCASQ1. Electron density was shown at 1o. The expected mannose at the second position is shown in both the f1-3 and B1-6 linkage due to
ambiguity. These figures were generated using Open-Source PyMOL™ (Version 1.4).
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FIGURE 3. Static light scattering of rCASQ1. Static light-scattering profiles of recombinant and native rCASQ1 in the absence and presence of both 1 mmand
2 mm Ca?" are shown. A,g, curves for both recombinant and native rCASQ1 are shown as red and blue lines for both panel A and B. In panel A, the A, curves in
the absence (solid line) and presence (dashed line) of 1 mm Ca™" are shown. Panel Bindicates recombinant and native rCASQ1 behavior in 2 mm Ca®" following
the same convention as panel A. In both panels molecular weights as determined by static light scattering are shown as dots, which are extended to the left axis
for easy interpretation. In addition, the average molecular weights for the major peaks are indicated in each panel.

and recombinant rCASQ1 in their oligomeric response to low  binding properties of native and recombinant proteins were
levels of Ca*". analyzed by atomic absorption spectroscopy using the same
Analytical Ultracentrifugation—Both CASQI proteins pre-  buffer condition as that of multiangle light scattering. As shown
cipitated at Ca>" concentrations higher than ~3 mwm, which in Fig. 5, native and recombinant rCASQ1 showed a multipha-
disabled any HPLC-based experimental approach. Therefore, sic curve that was indicative of the stepwise formation of
to characterize the propensity of oligomerization at higher dimeric rCASQI to tetrameric and then higher-ordered poly-
Ca®" concentrations, sedimentation velocity experiments were ~ meric structures as Ca”>* increases. Consistent with multiangle
performed using analytical ultracentrifugation. As shown in light scattering results, native rCASQ1 underwent a transition
Fig. 4, the sedimentation coefficient of recombinant rCASQ1 at lower Ca®>" concentrations (0.86 mm Ca>") relative to
(4.3) was smaller than that of native rCASQI1 (6.0) in the pres- recombinant rCASQ1 (1.25 mm Ca*>"). However, at the Ca**
ence of 1 mm Ca®". This was indicative of a lower oligomeric concentrations above ~5 mm, both recombinant and native
state, supporting the results of dynamic light-scattering exper- ~CASQ1 bound similar amounts of Ca*>* ions, which indicated
iments (Fig. 3). However, at 5 mm Ca®", the sedimentation that glycosylation did not change Ca>* binding capacity at
velocities of recombinant and native rCASQ1 were almost those concentrations.
identical, with native slightly higher at 6.6 than that of recom- Mass Spectrometry of rCASQI1—Previously, electrosprayion-
binant at 6.5 (Fig. 4). ization mass spectroscopy was used to determine the degree of
Ca®" Binding Capacity Assay—To study the potential effect CASQ]1 glycosylation. However, this determination was ambig-
of glycosylation on the Ca®>* binding capacity of rCASQ1, Ca®>"  uous due to the mass of a phosphate ion being almost identical
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to half the mass of a mannose residue. Our novel approach was
to chemically cleave a peptide fragment that contains only Asn-
316 and none of the potential phosphorylation sites (Thr-229,
Thr-189, and Thr-353). By treating the protein sample with 1 m
CNBr with 4 mm CsCl, we were able to selectively cleave a
peptide spanning residues 300-324, which contained the
N-linked glycan attached to Asn-316. However, due to chemi-
cal modification of Trp-324 (36), there was a mass increase of
13.99 Da through its conversion into dioxindolyalanine lactone
(33). With this modified mass, the expected molecular mass of
a glycan-free peptide would be 2731.31 Da, and with the
expected glycan triose core of GIcNAc,Man,, the overall mass
would correspond to 3299.54 Da. With the increase of addi-
tional mannose residues (22), the mass should increase incre-
mentally by 160.0 Da (Calculated masses for 2, 3, and 4 man-
nose: 3461.59, 3623.64, and 3785.69, respectively). Therefore,
as seen in Fig. 6, the molecular mass peak corresponding to
3299.49 Da was assigned to the GIcNAc,Man,, 3461.5 Da peak

2 A

0 T 1

0 5 10
sedimentation coefficient [S]

FIGURE 4. Sedimentation equilibrium of rCASQ1. Native rCASQ1 in the
presence of 1 mm Ca®" was shown as a solid red line and in the presence of 5
mm Ca?" as a dotted red line. Recombinant rCASQ1 in the presence of 1T mm
Ca?* is shown as a solid blue line, and recombinant rCASQ1 in the presence of
5mm Ca?" is shown as a dotted blue line.

25

20

15

10

to GlcNAc,Man,, 3623.57 Da peak to GlcNAc,Man, and
finally the 3785.59 peak to GlcNAc,Man,.

We were also able to generate a unique C-terminal peptide
under the same cleavage conditions that contains Thr-353, the
proposed major phosphorylation site in CASQ1 (37). Although
other phosphorylation sites exist within the C-terminus of
other CASQs, these sites are not found within the C-terminal of
rCASQ1 and were, therefore, excluded as possible outcomes.
The expected molecular mass for the unphosphorylated pep-
tide would be seen at 2868.0 Da in negative mode and at 2948.0
Da for its phosphorylated form. As seen in Fig. 6, there was no
corresponding peak for the phosphorylated form of this pep-
tide. Instead, two peaks were seen at 2850.0 and 2832.0 Da,
which correspond to the loss of one and two waters from the
peptide. Those peaks were not due to a loss of phosphate group,
as the relative peak intensity increased with increased laser
power, and the apparent loss of water has been seen with other
acid-rich peptides analyzed in negative mode. We also inde-
pendently confirmed that CNBr/Csl treatment did not acid-
hydrolyze any phosphate from the phosphorylated sites by ana-
lyzing casein-derived phosphopeptides using electrospray
ionization mass spectroscopy and the same MASCOT search
parameters as described under “Experimental Procedures” with
the addition of tryptic cut sites (supplemental Fig. 1).

We also used MALDI mass spectrometry to investigate the
heterogeneity of rCASQ1 glycosylation by comparing the
native rCASQ1 proteins with/without peptide N-glycosi-
dase treatment. The two major peaks of native rCASQ1 were
42,925.5 and 43,090.2, with a broad degree of heterogeneity.
After treatment with peptide N-glycosidase F, the determined
molecular mass was reduced to 42,243.10 Da, with a much nar-
rower peak indicating a more homogenous sample (Fig. 6,
inset).

In addition, tryptic digestion of the same protein preparation
followed by a MASCOT search yielded peptides that are unique
to rCASQ2, which indicated coexistence of rCAQ1l and
rCASQ?2 in the skeletal SR. Two unique peptides were found
with the expected scores of 0.0057 for a peptide experimentally

Fractional Occupancy (mol Ca* / mol CASQ)

T T
0 2 4

6 8 10

Total [Ca**]

FIGURE 5. Ca%*-binding capacities of rCASQ1. The number of Ca>* ions bound to the wild-type rCASQ1 and recombinant rCASQ1 was determined through
equilibrium dialysis and atomic absorption spectroscopy. Fractional occupancy (y = [bound Ca?*]/[total protein]) was plotted against [unbound Ca**].

Capacity traces are as follows; [], native rCASQ1; O, recombinant rCASQ1.
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FIGURE 6. Mass spectra of rCASQ1. Mass spectra were obtained using the linear high mass negative method supplied by Applied Biosystem/SEIEX. Spectra
were obtained from CNBr digestion of native rCASQ1. Mass peaks were fitted according to the glycan composition of the peptide fragment. For clarity, GIcNAc
composition is represented by circles, and Man composition is represented by squares. The dotted line at (m/z) of 2894.32 represents the expected m/z for a
phosphorylated C-terminal peptide. Inset, shown is the whole protein mass spectra obtained for recombinant (solid line) or native (dashed line) rCASQ1 using
the same method as described above. m/z corresponding to the highest intensity peaks are indicated.

determined at 1524.96 Da and a calculated mass of 1524.73 Da
and an expected value of 1.2E-6 for a peptide of experimental
mass 3189.85 Da and a calculated mass of 3189.52. With an
adjusted p value of <0.05, both of these peptides are significant
and unique for rCASQ2 (supplemental Fig. 1).

DISCUSSION

Posttranslational modifications are known to regulate the
function of proteins, often by modulating their physical char-
acteristics (38). Among those modifications, phosphorylation
and glycosylation are the most common. The attachment of
glycans during or after protein synthesis introduces profound
consequences on both structure and function of a protein. Inhi-
bition of glycosylation often results in aggregation or misfold-
ing of the corresponding proteins, leading to non-functional
and/or disease states (20). Phosphorylation is another essential
regulatory mechanism in nearly every aspect of eukaryotic cel-
lular functions, affecting more than 30% of all proteins (39, 40).
After phosphorylation, the disordered regions around the mod-
ification site of the target protein often become highly ordered
(41).

During its transit through the secretory pathway to the SR,
CASQ undergoes a yet uncharacterized glycosylation and phos-
phorylation (37, 42, 43, 45—50). Previously, both glycosylation and
phosphorylation have been linked to a junctional SR trafficking
mechanism (19, 37, 50 -52). Therefore, altered or impaired post-
translational modifications could cause serious pathological
symptoms (22, 23). Supporting this, in the animal heart failure
models, CASQ2 contains glycan structures that are unchar-
acteristic of normal junctional SR, indicating altered charac-
teristics or altered trafficking through secretory compart-
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ments (22). Previously, we have shown that phosphorylation
at the C terminus of human CASQ2 produces a disorder-to-
order transition by providing a more stable network of
anions, which increases its Ca?* binding capacity (19, 37).
Consequently, phosphorylation could not only affect traf-
ficking due to its effect on solubility but could also regulate a
level of Ca>" binding capacity of CASQ and, hence, a SR
Ca”" release amount in response to physiological needs (19,
37).

Glycosylation—Both CASQ1 and CASQ2 of various species
contain an N-glycosylation consensus sequence (Asn-X-Ser/
Thr) at their C terminus. Our mass spectometry data showed
that the predominant glycan of rabbit CASQI1 is a triose,
GlcNAc,Man,, with the presence of lesser, but approximately
equal, amounts of GlcNAc,Man,, GIcNAc,Man,, and
GlcNAc,Man, (Fig. 6), which differs from that of canine CASQ
(42, 53). Changes in the mannose content of N-linked glycans
are often observed during trafficking through distinct ER and
Golgi compartments (54, 55). However, trimming of N-linked
glycans to Manl, Man3, and Man4, which is the case in
rCASQ], is still poorly understood (23).

In native rCASQ1, GlcNAc,Man, , was attached to Asn-
316, which is located at the beginning of a short 8-turn com-
prised of residues 316 —319. The temperature factors for those
residues were substantially reduced upon glycosylation. How-
ever, consistent with CD spectra (Fig. 1), those glycans did not
cause any significant secondary structural change. On the other
hand, consistent with the results of both sedimentation (Fig. 4)
and light-scattering studies (Fig. 3), the presence of the glycans
significantly stabilizes intermolecular interactions. The com-
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parison of crystal structures between native and recombinant
rCASQ1 showed that the interaction with neighboring N-ter-
minal residue of a partner subunit was substantially strength-
ened by those glycans through both direct and water/ion-me-
diated indirect interactions (Fig. 7). For example, the carboxyl
side chain of Glu-2 of a dimeric partner CASQ1 molecule was
within a hydrogen-bonding distance with the N-acetyl group of
the second GlcNac (Fig. 7). In addition, one Na™ ion was tightly
coordinated by the side-chain oxygens of Glu-1, Asn-316, and

FIGURE 7. Observed molecular interactions of glycans in front-to-front
dimer interfaces. Detailed interaction between the N-terminal residues of
one CASQ1 molecule (black) and glycans attached to the other CASQ1 (gray)
is shown. The participating Na™ and water molecule are depicted with blue
and red spheres. The inset shows a front-to-front dimer that involves N-termi-
nal arm exchange. These figures were generated using CCP4MG.2.5.0.

Thr-318, the backbone oxygen of Gly-248, and the N-acetyl
group of the first GlcNac.

Although the major glycans according to our mass spectom-
etry data, GlcNac,Man,_,, would not cause any steric hin-
drance in both front-to-front and back-to-back interfaces (Fig.
8, A, B, and D), the expected bulky glycan moiety of CASQL1 in
the proximal ER, GlcNac,Mang o, can certainly interfere with
the back-to-back interaction due to severe steric clash (Fig. 8E).
However, the same bulky glycans (GlcNac,Mang,) do not
interfere with the formation of the front-to-front interface (Fig.
8C); instead they can accelerate dimer formation through
enforced front-to-front interaction between two subunits, as
mentioned above. Therefore, it is likely that high mannosyla-
tion of CASQ (Manyg,) is a device to prevent premature oligo-
merization or aggregation while at the same time stabilizing the
dimer and keeping CASQ in solution through mimicking the
role played by many molecular chaperones (44). As with other
proteins, CASQ is progressively modified as it moves from the
entry side (cis) to the exit side (¢trans) of ER. As CASQ is pro-
cessed, interference in back-to-back interactions on part of the
glycan chain is reduced through successive trimming. Glycan
moieties in medium levels of glycosylation, such as Mang or
Man,, are no longer inhibitory. Eventually the matured form of
glycans (GlcNac,Man,; _,) allows CASQ molecules to polymer-
ize in the SR (Fig. 8A4). Therefore, through the time- and space-
controlled mannose trimming, Ca®>"-dependent polymeriza-
tion causes CASQ to deposit itself at its target site. Considering
the similarity of the Ca®>" binding capacity and sedimentation
coefficients between native and recombinant CASQ1 in high
Ca®" concentration, it is likely that the major glycan form in

FIGURE 8. Observed and predicted dimer interaction of native rCASQ1. The front-to-front and back-to-back interactions between two rCASQ1 monomers
are represented with a ribbon diagram of protein (gray and black) and space-filing model of glycans (red and green). A, a full octamer with alternating glycan
moieties shows their relative positions in polymer packing of CASQ; B. shown is the front-to-front dimer with the trimmed glycan moiety, GIcNAc,Man;,.
C, shown is the front-to-front dimer with full glycan moieties, GIcNAc,Man,. D, shown is the back-to-back dimer with trimmed glycan moiety, GIcNAc,Man;,.
E, shown is the back-to-back dimer with full glycan moieties, GIcNAc,Man,. These figures were generated using Open-Source PyMOL™ (v1.4).
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FIGURE 9. Structural impact of K206N mutation. Shown is a hypothetical
model of glycan positioning in K206N mutation. Normal glycosylation moi-
eties positioned at Asp-316 are shown in green and red for each monomer,
and expected glycosylation moieties introduced by mutation at K206N are
shown in blue. The inset represents the salt bridge that stabilizes the front-to-
front interface.

mature CASQ1, GlcNac,Man;, might play a passive role once it
reaches the SR.

Although canine cardiac CASQ localizes to the proximal ER
cisternae of cells, canine skeletal CASQ1 escapes that proximal
sites and is found in the distal regions of the ER, which is an
ER-Golgi intermediate compartment. A distinct difference has
been noticed between CASQ1 and CASQ2 glycoforms, and
mannose trimming from the attached glycoside has been pro-
posed as the step responsible for shuttling CASQ2 into the car-
diac SR (17). In general, CASQ1 is more negatively charged
than CASQ2, although CASQ2 has a more negatively charged C
terminus. Previously we have shown CASQ2 forms a polymer at
lower Ca®" levels relative to CASQ1 (10). It is highly plausible
that the more negative charge of CASQ1 delays the productive
collision between monomers. In addition, the higher degree of
glycosylation observed in cardiac CASQ2 (Man; or Man,) can
further stabilize the dimer and polymer, resulting in earlier
polymerization at lower Ca®>" concentrations when compared
with cardiac CASQ 1 (Man,). Therefore, it is tempting to spec-
ulate that differences in both mannose trimming and net charge
are the determinant for the observed differential targeting of
CASQ1 and CASQ2.

Implication on K206N-CPVT2 Mutation—The recently dis-
covered K206N-CPVT2 mutation has been shown to incorpo-
rate additional glycans, which results in lower Ca® binding
capacity and altered polymerization in CASQ2 (30). Neumann
et al. suggested that the alteration in function is due to the
amino acid substitution and not the altered glycosylation.
Indeed, as evidenced in the crystal structure, the corresponding
Lys-187 in rCASQ1 was critical in stabilizing two salt-bridges
(Fig. 9). Those symmetrical salt-bridge pairs stabilized the
front-to-front dimer together with N-terminal arm-exchange
interactions in the opposite side of the dimer. As shown in Fig.

JANUARY 27,2012+VOLUME 287+NUMBER 5

9 inset, the formation of a salt bridge between Arg-134 and
Asp-261 was dependent on the interaction between Glu-133
and Lys-187 (Lys-206). Thus, K206N mutation and consequent
glycosylation in this solvent-exposed area will disrupt the net-
work of salt bridges and weaken the front-to-front interaction
without introducing much steric hindrance (Fig. 9).

Conclusion—The observed mature forms of oligosaccharide
(GlcNAc,Man,_,) did not have any significant effect on the
structure and stability of monomeric rCASQl. Instead,
through further stabilizing the N-terminal arm-exchange of a
partnering subunit, the glycans significantly enhanced or stabi-
lized formation of a front-to-front dimer. Coupled with the
body of evidence in this article, we propose that dynamic man-
nose-trimming in CASQ is a primary mechanism for intracel-
lular trafficking/targeting. The polymerization of CASQ is a
consequence of Ca®*-dependent back-to-back interaction
among CASQ dimers (4, 10, 16, 17). The formation of this
interface is prevented by the bulky glycan moiety in the prox-
imal ER (GlcNac,Mang o) but is later enabled by progressive
mannose-trimming.
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