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Biogenesis of the Secretory Granule: Chromogranin A Coiled-Coil Structure Results in
Unusual Physical Properties and Suggests a Mechanism for Granule Core Condénsation
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ABSTRACT. The secretory pro-hormone chromogranin A (CHGA) is densely packed into storage granules
along with catecholamines, playing a catalytic role in granule biogenesis. 3-Dimensional structural data
on CHGA are lacking. We found a superfamily structural homology for CHGA in the tropomyosin family
of alpha-helical coiled-coils, even in mid-molecule regions where primary sequence identity is only modest.
The assignment was confirmed by an independent algorithm, suggegiing such domains spanning
CHGA. We provide additional physiochemical evidence (chromatographic, spectral, microscopic) consistent
with this unusual structure. Alpha-helical secondary structure (at tyl&9) was confirmed by circular
dichroism. CHGA molecular mass was estimated by MALDI-TOF mass spectrometr$akDa and

by denaturing gel filtration at50—61 kDa, while its native Stokes radius wa84.8 A, as compared to

an expected-30 A; the increase gave rise to an apparent native molecular weigh688 kDa, also
consistent with the extended conformation of a coiled-coil. Small-angle X-ray scattering (SAXS) on CHGA
in solution best fit an elongated cylindrical conformation in the monodisperse region with a radius of
gyration of the rod cross-sectioR) of ~52 A, compatible with a coiled-coil in the hydrated, aqueous
state, or a multimeric coiled-coil. Electron microscopy with negative staining revealed an extended,
filamentous CHGA structure with a diameter 04 + 4.5 A. Extended, coiled-coil conformation is
likely to permit protein “packing” in the secretory granule~a0% higher density than a globular/spherical
conformation. Natural allelic variation in the catestatin region was predicted to disrupt the coiled-coil.
Chromaffin granule ultrastructure revealed-a08 + 6.3 A periodicity of electron density, suggesting
nucleation of a binding complex by the CHGA core. Inhibition of CHGA expression, by siRNA, disrupted
regulated secretory protein traffic by65%, while targeted ablation of the CHGA gene in the mouse
reduced chromaffin granule cotransmitter concentrations #§—80%. These results suggest new roles

for secretory protein tertiary structure in hormone and transmitter storage, with implications for secretory
cargo condensation (or dense core “packing” structure) within the regulated pathway.

CHGA! is the first discovered of the “granin” pro-hormone The primary amino acid sequenc 8) extensive genomic
series mediating catecholamine storage and reledse ( sequencing of polymorphic allelest)( and phenotypic
expression of CHGA in hypertensiob)(have been well
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The rapid proliferation of genomic sequencing has out-

paced the capacity to experimentally establish the 3-dimen-

sional structures of proteins. Indeed, up to 55 different
polymorphic variants are now known within human CHGA
itself (4). Many methods for protein fold predictions exist
(10), but there is no consensus on optimal prediction

Mosley et al.

(Position Specific Iterative BLAST)1(7) <http://helix.nih-
.gov/docs/gcg/psiblast.htmlusing 3 iterations and a cutoff
e-value of <10°%. The threading and “contact capacity”
program “123D” <http://123d.ncifcrf.gov/123B.html> se-
qguentially aligns sequences to known templates (the EOL
fold library derived from SCOP and PDB), by recursively

methods. For example, entire proteomes have been matcheg@artitioning and subdividing the query sequence so as to

to a set of known 2- and 3-dimensional templates derived
from the Protein Data Bank (PDB) and the Structural
Classification of Proteins (SCOP) by a set iof silico
methods to assign putative foldkl( 12). The growing gap

optimize the 3-D match (the “contact capacity” between
query and object), restricting domains 30 amino acids

in length; the algorithm uses PSI-BLAST output profiles as
its initial input, providing the top 50 matches with their

between proteome-scale sequence data and proven structurassigned-scores 18) (19). Structures resulting from these

data engenders a need for relialmesilico methodology for
structural analysis. Even with extensive biochemical data on
CHGA, the lack of structural knowledge impedes further
refinement of the mechanisms of action for this important
class of pro-hormone in human disease.

CHGA has highly unusual physical properties, with elution
from gel filtration media suggesting an effective molecular
(Stokes) radiusKs) far higher than that predicted by its
molecular mass at-49 kDa (L3). CHGA can exist as a
homodimer {4) and perhaps even a homotetramer, with a
consequent increase in apparent molecular weidhj. (
However no prior experiment has produced a model that
explains all of these peculiar physical properties.

Multiple species’ CHGA and its several known human
genetic variants4) formed the queries for a protein annota-
tion pipeline (1), to assess its likely structure. The goal was
to combine the known physical properties with the predicted

algorithms compare favorably to those obtained from other
homology modeling procedure4§, 19). Gapped BLAST
and PSI-BLAST use “affine gap costs” which charge the
score—a for the existence of a gap, and the scerk for
each residue in the gap. Thus a gajkoésidues receives a
total score of—(a + bk); specifically, a gap of length 1
receives the score-(a + b) (17) <http://www.ncbi.nim
.nih.gov/BLAST/matrix_info.html#matrix .

Previously the entire human proteome was processed
through the EOL pipelinel@), and species-specific “bench-
marking” (see below) of all three methods was performed
(16). The “benchmarking” assignment “accuracy” is defined
for a givene (expectation)-value oz-score interval as the
number of true positive fold predictions divided by the
number of true and false positive fold predictions for this
species against the entire fold library. A true positive is
defined as a consistent fold assignment, while a false positive

3-dimensional structure, and form hypotheses about their S defined as an ambiguous or inconsistent assignment. These

relationships. Our initial homology results, followed by
extensive confirmation with several experimental techniques

“benchmark” standards were used to assign a reliability to
the CHGA homology output, with “A” reliability represent-

(chromatographic, spectral, and microscopic), suggest a novelNd =99.9% accuracy in fold assignment, "B reliability at

higher order structure for CHGA of the coiled-coil variety,
which may explain several of the unique physical properties
of the protein, with potential implications for the biogenesis
of the endocrine secretory vesicle.

EXPERIMENTAL PROCEDURES

CHGA Primary Structure and Sequence Variar@em-

99.0-99.9% accuracy, and “C” reliability at 90-®9.0%
accuracy 20).

The alignment provided the structural template for energy
mimimization by molecular dynamics with spatial restraints
in Modeller version 7 Z1) <http://salilab.org/modeler/
modeler.htm#.

Secondary Structure Modeling/Predictions

mon amino acid replacement sequence variants in CHGA  Simple secondary structure predictions (alpha-helix, strand
were discovered by systematic resequencing of each of thelbeta-sheet], loop) were accomplished by a neural network

eight CHGA exons, in genomic DNA fronm = 180 indivi-
duals (2= 360 chromosomes), as previously describ8d (
Homology ModelingTwelve naturally occurring amino
acid replacement variantgh)(of human CHGA (initially
wild-type, plus the catestatin variants Gly364Ser, Pro370Leu,
and Arg374GIn; subsequently Glu71Gly, Glul58Lys,
Glu246Asp, Arg253Trp, Ala256Gly, Leu314Pro, Gly297Ser,
and Arg381Trp) were processed via the “123D” algorithm
within the EOL “pipeline” against its template of folds
(FOLDLIB, <http://foldlib.sdsc.edw) derived from both the
PDB (Protein Data Bankshttp://www.rcsb.org/pdb) and
SCOP (Structural Classification of Proteinshttp://scop-
.mrc-Imb.cam.ac.uk/scop) (11, 12, 16). The CHGA align-
ment was fitted to the mature protein (i.e., the initial 18 amino

method @2, 23) using the on-line PredictProtein web-server
<http:/Mmww.predictprotein.org/results/bh5953gx.tmrhese
predictions included solvent accessibility (core/surfasti] [
ratio).

Coiled-coil predictions were accomplished by using the
on-line COILS web-server<http://www.ch.embnet.org/
software/COILS_form.htmt, searching for regions that are
strongly amphipathic, displaying a pattern of alternating
hydrophilic and hydrophobic residues that is repeated every
7 residues (heptad repeat residues~ag, with a and d
hydrophobic) as outlined by Lupas et a4j.

Physical Properties of CHGA
Gel Filtration in Native and Denatured Conditionblative

acid hydrophobic signal peptide of the pre-hormone was not CHGA was purified from freshly isolated chromaffin

included, since this segment of the protein is cleaved
cotranslationally). This pipeline performs a sequence homol-
ogy search via BLAST (Basic Local Alignment Search Tool)

granules of bovine adrenal medulla and human pheochro-
mocytoma as previously describe2b{-27). Homogeneity
was verified by SDSPAGE, and amino-terminal sequenc-

and an iterative sequence homology search via PSI-BLAST ing (28).
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The Stokes (effective molecular) radiuRs( of CHGA (SSRL <http://www-ssrl.slac.stanford.edugaxsF ), as pre-
under native conditions was established by gel filtration on viously described for other proteins in aqueous solut&%) (
a 50x 0.75 cm TSK-4000 SW column, run at 1 mL/min in  36). CHGA was studied at-520 mg/mL ¢0.1-0.4 mM)
0.2 M Na phosphate buffer, pH= 6.5. Size standards in aqueous solution buffered by either 1 mM Tris pH7.0
(Amersham) on this column were as followa:(thyroglo- or 1 mM MES pH= 5.5 (i.e., intragranular pH), in the
bulin, 669 kDa, 86 A)p (ferritin, 440 kDa, 79 A)c (gamma presence or absence of Ca&l 10 mM. Just prior to SAXS,
globulin, 160 kDa, 55.5 A)d (catalase, 232 kDa, 52 A protein solutions were centrifuged at13,000 RPM for 30
(bovine serum albumin dimer, 132 kDa, 43.5 AYpovine s, to remove macroscopic aggregates. Results of SAXS were

serum albumin monomer, 66 kDa, 35.5 A)(ovalbumin, analyzed and plotted as describ&d,(38).
45 kDa, 27.3 A), anth (lysozyme, 14.3 kDa, 20 A). Elution Electron Microscopy of CHGARecombinant human
was expressed as-[0gio Ko)'% whereKq = (Vi — Ve)/\4, CHGA (at 20 mg/mL) was placed on glow-discharged,

Ve = elution volume, and; = total internal volume. Stokes  carhon support films and stained with 1% aqueous uranyl
radius Rs, in A) was estimated by interpolation on the acetate. The grid was examined and images recorded with a
standard LaurentKillander plot of Rs versus {-logio Ko)* FEI Tecnai G2 Sphera electron microscope at 208k\tp:/

Apparent molecular weight Map, in kDa) was also  cryoem.ucsd.edel. Negatively stained protein fibers were
determined by interpolation on the plot of ;) versus then observed.

(_|Oglo Kd)1/2_

The molecular weight of CHGA, under denaturing condi-
tions @9, 30) was estimated by gel filtration on the same
column, at 0.8-1.0 mL/min elution, but with the following
buffers: 6 M guanidine HCI, 0.05 M Na phosphate, pH
6.5; or 0.1% (w/v) SDS, 0.05 M Na phosphate, pH6.5.

Recombinant Wild-Type Human CHGAhe human
CHGA cDNA was resequenced to verify wild-type bases
and encoded amino acids at each positidjy &nd then
recombinant human CHGA was expressed and purified as
previously described, using a terminal 6-His-affinity-t&d)(
After affinity isolation, the purity of recombinant human
CHGA was characterized by three techniques: SPBGE; Role of CHGA in the Chromaffin Cell Regulated
amino-terminal amino acid sequencing (6 cycles) on 50 pmol Secretory Pathway: Transmitter Exocytosis
of purified protein using an Applied Biosystems PROCISE
494HT Protein Sequenatorhttp://proteinsequencer.ucsd Cell Culture and Silencing of CHGA Expression by siRNA.
.edu/~; and MALDI-TOF (matrix-assisted laser desorption PC12 rat pheochromocytoma cells were cultured as previ-
ionization/time-of-flight) mass spectrometry. Five pico- ously described39). Two days before transfection, cells were
moles of recombinant human CHGA was analyzed on a PE split onto polyt-lysine (Sigma) coated 12-well Costar plates.
Biosystems Voyager DeSTR MALDI-TOF mass spec- Pools of~22 bp siRNA duplexes targeting an 800 bp coding
trometer with a nitrogen laser, operating in a linear mode region of rat CHGA or a 700 bp domain green fluorescent
using sinapinic (3,5-dimethoxy-4-hydroxycinnamic) acid protein (GFP) gene (as a control for specificity) were
as matrix<http://chem-tech.ucsd.edu/Recharges/MassSpec/prepared using a dicer siRNA generation kit (Genlantis)
equip-biomol.htm#. according to the manufacturer’s protocol. PC12 cells were

Circular Dichroism for Secondary Structur&he molar transfected with 64 ug/well of a pool of siRNAs, using
ellipticity ([ 6], degcn?dmol) of recombinant human CHGA  GeneSilencer transfection reagent (Genlantis) according to
(wild-type amino acids) was determined at 25 with the the manufacturer’s instructions. In cotransfection experiments
protein at 300ug/mL (~5 uM) in 10 mM Na phosphate  1.25ug/well of the expression plasmid for human growth
buffer, pH 5.2, or 10 mM Tris, pH 7.4; some CD experiments hormone (pXGH5, Nichols Institute) was added to siRNAs.
were conducted in 50% 2,2,2-trifluoroethanol (TFE). Other Twenty-four hours after the beginning of the transfection,
CD experiments were conducted in higher salt concentration,culture medium was replaced and cells were further cultured
either 0.5 or 1.0 M NaF (to minimize spectral noise in the for 72—96 h. CHGA expression was evaluated by immu-
far UV). Spectra were collected over 19260 nm in a Aviv noblotting. Total cell lysates were prepared by detergent
model 215 circular dichroism spectrometer (Aviv Biomedi- extraction for 20 min at 4C in a buffer containing 10 mM
cal, Lakewood, NJ<http://www.avivbiomedical.com) NaCl, 1% Triton X-100, 1 mM DTT, 5 mM EDTA, protease
with a 0.2 cm path length3@), collecting data at 0.5 nm inhibitors cocktail (Calbiochem), 50 mM Tris-HCI pH 8.0.
intervals. Two repeat scans were obtained for each sample,;The lysate were cleared by centrifugation at 23p@y 10
and a baseline spectrum was subtracted from the averagemin at 4 °C. Proteins were separated by SBEFFAGE on
From the ellipticity data, % contributions of alpha-helix, 10% polyacrylamide gels (NuPage, Invitrogen) and trans-
strand/beta-sheet, and random coil were computed (http://ferred onto nitrocellulose sheets (Schleicher and Schuell).
www.embl-heidelberg.de/andrade/k2d/) using the neural Membranes were blockedrfd h inbuffer containing either
network algorithm “K2d” trained on 18 protein templates 5% heat inactivated fetal calf serum (FCS) plus 0.05% Tween
(33, 349). 20 in PBS, or in 5% nonfat dry milk in PBS (NFDM-PBS).

Small-Angle X-ray Scattering (SAXSAXS of recom- Nitrocellulose blots were incubatedrf@ h with either a
binant wild-type human CHGA was conducted on beam- rabbit polyclonal anti-catestatin (rat Chgasss 1:1000 in
line 4-2 at the Stanford Synchrotron Research Laboratory 5% NFDM-PBS), or a mouse monoclonal anti-actin (I-19,

Transmission Electron Microscopy of Chromaffin Gran-
ules.Human chromaffin granules were prepared from a fresh
homogenate of human pheochromocytoma sedimented on a
0.6 M/1.6 M sucrose density step gradient, as previously
described 25, 26) <http://medicine.ucsd.edu/hypertension/
protocols.htrwr . Purified granules were visualized on trans-
mission electron microscopy after fixation with osmium
tetroxide and dual staining with lead citrate and uranyl
acetate, as previously describ@®,(26). Morphometry was
conducted by replicaten(= 5) measurements over anx8
10 in. image at a magnification of 135,000 diameters.
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Table 1: Sequence Alignments to Tropomyosin: CHGA by Spécies

initial BLAST alignment

to mature human CHGA EOL homology matching for CHGA

amino acid identity score method for homologue aligned amino reliability score
CHGA alignment to with human homology match to that acids in that (fold assignment
species human CHGA CHGA match species’ CHGA species’ CHGA accuracy)
human 1439 (self) 439 (self) 123D tropomyosin 1clg 4849 B (99-99.9%)
pig 1-430 326 123D tropomyosin 1clg 5834 A (=99.9%)
horse 1430 338 123D tropomyosin 1clg 5848 A (=99.9%)
bovine 431 316 123D tropomyosin 1clg 4846 B (99-99.9%)
rat 1-412 241 123D tropomyosin 1clg 5878 B (99-99.9%)
mouse 1445 270 PSI-BLAST meromyosin 1i84 5B46 C (90-99%)

aThe BLAST and EOL outputs for the mature (after signal peptide excision) CHGA molecule from several species is shown. The human CHGA
was the query for the BLAST results so the aligned amino acids of each target CHGA is shown and the number of identical amino acids. They are
listed in decreasing homology compared to human. The EOL homology method is given for the match where each CHGA was the query protein
against the EOL library of fold templates. There was only one match in this amino acid region for each CHGA protein at “C” or above reliability.
The amino acids in the CHGA protein that aligned with the target are shown. Po&iiises¢rofa cardiac alpha-tropomyosin (TPM1; PDB ID
1clg) is a 284 amino acid sequence. The alpha-helical portion of chi¢kaltu¢ gallu3 meromyosin (PDB ID 1i84) was matched to murine
CHGA. The “reliability” score (A, B, C) is defined in the Experimental Procedures. PSI-BLAST (http://bioportal.weizmann.ac.il/educati@igmhater
gcg/PSIBLAST.html): position-specific iterated BLAST7, 74).

Santa Cruz Biotechnology; 1:1000 in 5% FCS), and washed RESULTS
for 15 min with 0.05% Tween 20 in PBS. Blots were ) )
subsequently incubatedrfa h with a goat anti-mouse IgG ~ Homology Model: Coiled-Coil

conjugated to horseradish peroxidase (Biodesign Interna- Human CHGA had no extended homology matches via

tional; 1:7500 in 5% FCS plus 0.05% Tween 20), or a goat BLAST or PSI-BLAST against the library of fold templates,

anti-rabbit horseradish peroxidase conjugate (BioRad; 1:3000, ich simply indicates that complete/intact CHGA does not

in 5% NFDM-PBS). Immunorea_ct_ive bands were yisualized have a 3-D structure solved by X-ray crystallography or
by detection of peroxidase activity by chemiluminescence NvR in the PDB. However there was a structural match
(Supersignal West Pico, Pierce). Protein expression wasyia the threading/contact capacity program 123D between
evaluated by densitometry (NIH image 1.6). an extended~302 amino acid stretch of the mid-molecule
Regulated Exocytotic SecretioRC12 cells transfected of human CHGA (CHGAg-349) and the full length of porcine
with an expression plasmid for human growth hormone GH cardiac alpha-tropomyosin (TPNLgs) (42): an alpha-
(pPXGHS5, Nichols Institute) were grown on 12-well culture helical, coiled-coil protein with a solved X-ray crystal
dishes. Cells were washed with calcium secretion buffer structure (PDB 1c1g). Within the human proteor&)( this
(CaSB: 150 mM NaCl, 5 mM KCI, 2 mM Cagl10 mM match was specific at level “B” reliability, reflecting99%
HEPES pH 7.4) and subsequently exposed to CaSB or to adccuracy for fold assignment_f_;ls d_escribed in the _Experi-
barium containing secretion buffer (BaSB: 150 mM NacCl, mental Procedures. Intraspecific alignment of porcine tro-
5 mM KCI, 2 mM BaCh, 10 mM HEPES pH 7.4) for 15  Pomyosinto porcine CHGA (by 123D) yielded an “A” match
min. Supernatants were collected and cell lysates were(Table 1).
prepared by quick freeze/thaw in CaSB containing 0.1% The human CHGA/tropomyosin alignment is shown in
Triton X100. GH was measured in the culture supernatant Supporting Information Figure I, spanning CHGA amino
and the cell lysate with colorimetric enzyme immunoassay acids lles through Asrse. The homologous region spanned
(GH ELISA, Roche Diagnostics) using a Spectramax mi- the entire length of a single tropomyosin chain (TRMd,).
croplate reader. The secretion rate of GH is calculated as al e predicted CHGA coiled-coil terminates within the
percentage of total GH present in the cells before stimulation; catestatin (CHGA-375) domain of CHGA, a region with
total GH is the sum of the amount released plus the amountknown secondary4@) and tertiary structured) (6).

remaining in the cells. Supporting Information Figure Il shows the predicted

model of human CHG#s—349 based on the 123D structural
Role of CHGA in the Chromaffin Cell Regulated alignment with tropomyosin (TPM1). TPM1 structure 1clg
Secretory Pathway: Cotransmitter Storage is a homotetramer, wherein the monomers (“A” and “B”

chains) coil in a parallel manner within each coiled-coil

Targeted ablation of th€hgalocus in the mouse (ho-  homodimer, while two such homodimers align in antiparallel
mozygousChgg—/—]) was accomplished and verified as fashion to form the final homotetramer. Despite identical
previously described4Q). The concentrations of multiple  primary structures, the “A” and “B” chains of TPM1 do not
chromaffin granule cotransmitters were measured in adrenalhave identical tertiary structure42), since each alpha-helix
gland homogenates of wild-type-(+) versus homozygous bends as it spirals around its partner, with an approximate
knockout (/—) mice, and expressed per adrenal gland: period of 7 residues per coiled tur@4).
catecholamines, norepinephrine, and epinephrine, by radi- Supporting Information Figure Ila displays human CHGA
oenzymatic assayt(); neuropeptide Y (NPY), by enzyme modeled to the tropomyosin “A” chain, and Supporting
immunoassay (Bachem AG); and ATP, by chemiluminescent Information Figure llb to the “B” chain: the near-complete
assay (QuantiLum recombinant luciferase, Promega). coiled-coil homology of CHGAs-349) is apparent in each
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A 1r Secondary Structure Predictions: Alpha-Helix and
1 Coiled-Caoll
nf The predictedZ2, 23) secondary structure across CHGA
08 was 32.7% alpha-helix, 5.2% strand/beta-sheet, and 63.1%

loop. The predicted residue accessibilities were 31.2%
exposed: (surface 16%)/68.8% core (buried). Predicted
(http:/AMww.ch.embnet.org/software/COILS_form.html) coiled-
coil domains in human CHGA (Figure 1a) revealed evidence
for seven windows ot 14 consecutive amino acids (i.e.,
> 2 consecutive head-to-tail heptad amphiphilic repezt (
04 | probability >50%) in coiled-coil domains that spanned much
of the molecule. Since CHGA may be phosphorylated on
Ser/Thr residues4g), we probed the role charge by coiled-
coil modeling on a CHGA template wherein we replaced
02 each Ser or Thr by Asp, to mimic the effect of phosphory-
lation; the 7 CHGA regions predicted to have coiled-coil
probability >50% were unaltered by this computational
change in charge. Such Ser/ThrAsp replacements might
100 200 300 400 also serve to probe the effects of addition of anionic sugars
to these residues during O-linked glycosylatidi®)(

In the adjacent panel of Figure 1b is a similar coiled-coill
B 1 prediction for the known coiled-coil template, porcine
tropomyosin (TPM1), showing an even greater propensity
for coiled-coil domains across the molecule by the heptad
repeat algorithn<http:/Mmww.ch.embnet.org/software/COILS-
_form.htmb.

Probability of coiled-coil

o

Amino acid residue

0.8

&
S

Physical Properties of Natural CHGA

0.6 | Gel Filtration: Denaturing for Molecular MassGel

filtration under denaturing conditions (e.@ M GuHCI or

q 0.1% SDS) can be used to estimate protein molecular weight

by interpolation between known standard elutio?8, 30),

yielding a molecular weight estimation as a simple function
F n m of protein size, independent of conformation. The results of

<

04 | P

Probability of coiled-coil

denaturing gel filtration of bovine and human CHGA
demonstrate a molecular weight for human CHGA~&9
kDa in 6M GUuHCI; and bovine CHGA at61 kDa in GUHCI
(Supporting Information Figure I1lI-A) anet50 kDa in 0.1%
SDS (Supporting Information Figure llI-b). The findings are
0 1 1 1 1 1 . . . .
o 200 00 500 500 1000 consistent with the primary structures of the mature proteins
deduced from the cDNA sequences: 48,960 Da for human
Amino acid residue CHGA and 48,232 Da for bovine CHGA,(3); somewhat

Ficure 1: Predicted coiled-coil domains. The Coils algorithm  higher values for actual~59—61 kDa) versus predicted
<http://www.ch.embnet.org/software/COILS_form.htmgearched (348_50 kDa) moIecuI;(r weight ar)e compart)ible with

for strongly amphipathic regions, displaying a pattern of alternating . . )

hydrophilic and hydrophobic residues repeated every 7 residues@dditional mass as a result of such post-translational modi-

(heptad repeat residues-a g, with a and d hydrophobic). The fications as glycosylation and phosphorylatiat,(47).

minimum window was two such heptads, over 14 residues. The  Gel Filtration: Native Conformation for Stokes Radius.

g(r:(i)gatgg%c)or:‘ C(O,ol\l)edH_Sr?qIL?]trchth '(ifahtﬁ‘;‘é” "ﬁ‘) t?a if#ng}'tg? 8|L%T;n% By contrast, native gel filtration demonstrated an effective
b ' P ’ 9€ Stokes radius Rs) of ~84.8 A (Supporting Information

of signal peptide). (B) Porcine tropomyosin (TPM1). A TS/ :
Figure IV-A), yielding an apparent molecular weight-e578

case. The CHGA a1 homology to tropomyosin is disrupted kD@ (Supporting  Information Figure 1V-B) for human
by a single 19- to 29-amino acid nonaligned segment within CHGA. A globular protein of human CHGA’s molecular
CHGA: at Vakrg—Tyrierin the “A” chain model (Figure 1a),  Weight (~49 kDa) would have a predictes ~30 A; the
and at Alazs—Lysyo, in the “B” chain model (Supporting une_xpectedly h|g|ﬁ2§ and apparent molecular_welgh_t suggest
Information Figure IIb): in each case, the nonaligned re- & highly asymmetric conformation compatible with time
gion overlaps the biologically active chromacin peptide, §|I|co f|nd|ng§ of an extended coiled-coil (Table 1, Support-
CHGA76-197 Which may possess endogenous antimicrobial ing Information Figure I).

properties 45). This region of nonalignment (Supporting , .

Information Figure 1) might locally destabilize the coiled- Recombinant Wild-Type Human CHGA
coil, and perhaps enhance the susceptibility of the chromacin Isolation and Characterization of PurityAfter isolation
region to proteolytic excision from the CHGA pro-hormone. by 6-His-tag affinity chromatography, recombinant CHGA

0.2 -
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was homogeneous on SBEAGE, with an apparent mo- 1510
lecular mass of~65—70 kDa (Supporting Information Figure Sy
V left), consistent with previous reportg5); the discrepancy —o—pH5.2
with the human CHGA mature protein’s true molecular mass 5 S0%TFE
(at ~48,960 Da) may result from anomalous mobility in
SDS-PAGE as a consequence of diminished SDS binding
by the polyanionic CHGA 48). Indeed, by MALDI-TOF
mass spectrometry (Supporting Information Figure V right),
scanning across the entingz region from 10,000 to 200,-
000, the m/z of recombinant CHGA is 50,129, within
experimental error£300 Da) of the calculated mass of the
recombinant protein (50,116 Da), taking into account the
adventitious amino-terminal Met and the carboxy-terminal
6-His affinity tag. Amino-terminal sequencing of the recom-
binant protein over six residues yielded [Met]-Leu-Pro-Val-
Asn-Ser, consistent with the known sequence of the mature
CHGA protein @8), plus the adventitious amino-terminal 210° : : : : : : :
Met residue. The minor MALDI-TOF peak at/z 25,159 190 200 210 220 230 240 250 260 270
likely represents theé-2 charge version of the 50,116 species.
Circular Dichroism for Secondary StructureCircular

110%4

5000

Mean residue ellipticity (deg.cm?.dmol™)

Wavelength (nm)

dichroism (CD) has been used to follow the degree of alpha- Cﬁnditiorl — \galzue —
, e S ’ ! b : _ _
helical and coiled-coil transition in tropomyosin, focusing Trifluorosthanol (TFE) % |- - [ 50%
on ellipticity minima in the 208 to 222 nm range to estimate o-Helix, % 28% | 31% | 45%
this secondary structural featurg2( 49). We studied the B-Sheet, % _ 17% | 13% | 23%
conformation of human CHGA by CD at two pH values, Random coll, % 55% | 57% | 31%

pH = 7.4 (neutral, extracellular) or pis 5.2 (within the FIGURE 2: CHGA secondary structure probed by circular dichroism
chromaffin granule), and finally at lower dielectric constant (CD). The CD spectrum of differential absorption of circularly

. . . polarized light was conducted in the far ultraviolet range 190
(in 50% trifluoroethanol [TFE]), to enhance the hydrophobic 260 nm wavelength). Results are expressed as molar ellipti6ity ([

environment likely to occur at contact residues nucleating a gegcr/dmol). The spectra depict recombinant, purified human
coiled-coil. Human CHGA also demonstrated a CD spectrum CHGA at 300 mg/L ¢5 uM) in 10 mM Na phosphate, pH 5.2

with ellipticity minima at~205 and~222 nm, compatible  (within the chromaffin granule core), or 10 mM Tris pH 7.4 (neutral,
with alpha-helical content (Figure 2): by K2d estimatias,( extracellular pH, after release from the cell). The effect of lowering

the dielectric constant with 50% TFE (2,2,2-trifluoroethanol) is also
34), human CHGA secondary structural features were shown. The CD spectra show local minima in the region-8D8

dependent upon solvent conditions, with the greatest displayand~222 nm, characteristic of alpha-helical content, estimated by
of alpha-helix at 45%, in the chromaffin granule pH5.2, the neural network algorithm “K2d” (see Experimental Procedures).
with reduced dielectric constant (50% TFE). The especially

deep ellipticity minima (Figure 2) are notable at p+5.2, angle (1Q; Figure 3E), suggesting that the monomeric form
in particular with TFE. The range of alpha-helical content of CHGA predominates in solution.

found experimentally by CD for CHGA (2845%, Figure We then analyzed the monodisperse region scattering data
2) encompasses the predict&?2,(23) value of 32.7%. (Q? = 0.04-0.06) using two models: the Guinier (sphere)
Although tropomyosin is known to be an alpha-helical relationship (Figure 3B) or a rod/cylinder model (Figure 3D).
coiled-coil on the basis of its X-ray diffraction structuy, Clearly the rod model better fit the data than the sphere
its alpha-helical content estimated by CD is highly dependent relationship, as judged either by visual inspection of the fit
upon ionic strength, and most prominent at very high+{2 or by correlation coefficient (roR = 0.999, versus sphere

M) salt concentrations4@). Thus we also obtained the R = 0.879). We therefore fit the rod model to the scattering
CHGA CD spectrum at higher ionic strength (6.5M NaF, data, deriving a transverse radius of gyratiorRpf= ~52
designed to minimize spectral noise @200 nm @2)) at A for the rod.
pH 5.2 and 7.4, in the absence of TFE; however, the The continuously scaled self-association of CHGA (Figure
ellipticity minima did not deepen with 0-51 M NaF, 3A and 3C) occurred at either higher400 uM) or lower
suggesting no further increase in alpha-helix, thus differing (~1004M) CHGA concentration, and at either extracellular
from the salt-dependence of the tropomyosin alpha-helix. or intragranular pH (pH 7.0 or 5.5), even in the absence of
Small-Angle X-ray Scattering (SAXS) for Solution Shape. macroscopic (visible) aggregation. When 10 mM Gafds
During SAXS, CHGA displayed a range of apparent self- added to the solution, followed by centrifugation-at3,-
association states87, 38), from monodisperse to polydis- 000 rpm (microfuge), the supernatant scattering intensity (
perse as judged by plots of either(scattering intensity;  or I*S) at each scattering angl€?) diminished markedly,
Figure 3A) orl*S(intensity as a product of scattering angle; suggesting macroscopic aggregation prior to spectroscopy,
Figure 3C) as a function d®? (sine of scattering angle). consistent with our previous observation that high calcium
To explore the likely shape of CHGA in this setting, we concentration aggregates CHGBJ.
therefore chose measurements in the monodisperse regions Electron Microscopy (EM) of CHGAAfter negative
of each spectrum (Figure 3B and 3D). Of note, the mono- staining of CHGA adsorbed to the grid (Figure &)ery
disperse region was the quantitatively most prominent featurefield examined displayed elongated filamentous structures
of the spectrum, as judged by the histogram of scatteringthat were quite atypical for the appearance of globular
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Ficure 3: Small-angle X-ray scattering (SAXS) to probe CHGA conformation in solution. In the experiment pictured, recombinant human CHGA was studiggthat(2604M) concentration -
at pH= 7.0 in 1 mM Tris buffer. Note the log scale on the vertical axis for panels A through D. (A) Guinier (sphere) plot, graphing scattering intBrasitya function of? (sine of scattering £

angle). Both monodisperse and polydisperse regions of the curve are evident. (B) Guinier (sphere) plot in the monodisperse region of @¢attérirg0.6. The fit is characterized by =
0.879. (C) Rod plot, graphiniy S (intensity as a product of scattering angle) as a functio%fsine of scattering angle). (D) Rod plot for that model in the monodisperse region scattering hta

(@2 = 0.04-0.06). The fit is characterized bR = 0.999, yielding a transverse radius of gyrationRyf= ~52 A for the rod. (E) Histogram of scattering angle@)/ suggesting that the &
monodisperse form of CHGA exists in solution.
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Ficure 4: Electron microscopy of CHGA. After adsorption of recombinant human CHGA (at 20 mg/mL) to glow-discharged, carbon
support films, and negative staining with 1% aqueous uranyl acetate, the grid was examined and images recorded with a FEI Tecnai G2

Sphera electron microscope at 200 kV. The averaie diameter (14 measurements) of negatively stained protein fibers is shown. The scale
bar (lower left-hand corner) indicates 50 nm (500 A).

proteins. In calibrated images, the width of the filaments was A), a prediction compatible with our data. The periodicity
944 4.5 A (n = 14 cross-sectional measurements on typical of the coarser granular cores is 36025 A, which is on
filaments). The lengths of the filaments were quite variable, the order of~4 times the effective CHGA Stokes radius

but occasionally>50 nm (500 A). (360 A/84.8 A= ~4.2 times), suggests the possibility of
) ~4-fold multimerization of the basic unit of organization of
Chromaffin Granule Ultrastructure the core. However, these chromaffin granules were prepared

Chromaffin granules are intracellular vesicles that are after cell disassembly, as is customary, in rather nonphysi-
packed with CHGA and catecholamines at high concentra- ological circumstances, including sed_lmentatlon through a
tions (7—9). The electron-dense “packing” of the chromaffin  1:6 M (hyperosmolar) sucrose gradief®3); hence, we
granule core is demonstrated morphologically in Supporting cannot exclude a contr'lbutlon of osfmotlc'artlfacts to the
Information Figure VI. This electron micrograph shows both pattern o_f electron de;nsny'observed in the isolated granules
coarsely and finely periodic electron density of the granule (Supporting Information Figure V).
cores. The periodicity of the finely granular cores, at #8 I .

6.3 A, is in the range of the effective Stokes radiRs) (of (Eiontrl?ut@loré of CtHGAPtcmhe Formation of the Regulated
~84.8 A for a single CHGA molecule. Since CHGA may xocylotic secretory Fathway
bind and thus serve to nucleate a complex including not only  Chromaffin Cells in Vitro: Exogenous Cotransmitter
cationic catecholamines and calciusil) but also anionic ExocytosisSupporting Information Figure VIl illustrates the
ATP (52), one might expect that the diameter of the consequences of CHGA ablation for the regulated secretory
fundamental repeating unit of organization (1686.3 A) pathway in chromaffin cells. Introduction of theHGA
within the chromaffin granule core would exceed the siRNA reagent dose-dependently decreased expression of
effective hydrodynamic dimension of CHGA itsef84.8 CHGA protein in chromaffin cells te-5% of control values
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(Supporting Information Figure VII-B). By contrast, a CHGA Pro370Leu or Arg374GIn, an induced homology gap
negative control siRNA (directed to an irrelevant protein) between tropomyosin BesLysys results in coiled-coil
had no effect (Supporting Information Figure VII-A). We exclusion of CHGA AlagyValzg3ValsgdPropgs.
then probed the regulated secretory pathway by triggering  Similar analyses of 8 additional, naturally occurring non-
exocytosis of transfected/expressed/trafficked growth hor- synonymous SNPs spanning CHGA (Glu71Gly, Glu158Lys,
mone from chromaffin granulesl,(39). After ablation of  Glu246Asp, Arg253Trp, Ala256Gly, Leu314Pro, Gly297Ser,
CHGA expression, regulated storage and exocytosis ofand Arg381Trp) 4) were undertaken. Glu71Gly did not
growth hormone was diminished by65% (Supporting  affect the wild-type homology model. However, each of the
Information Figure VII-C). other SNPs resulted in exclusion of 4 amino acids from the
Chromaffin Cells in V#o: Endogenous Cotransmitter coiled-coil in the pancreastatin domain, either pdetValogs
Storage. Targeted ablation of the CHGA gene in mice (by Glu158Lys, Gly297Ser, or Leu314Pro), or Ala-Progs
resulted in substantiaM40—80%) and significanty < 0.005 (by Arg253Trp, Ala256Gly, or Arg381Trp). Of note, three
to p < 0.0001) decrements in the concentrations of each polymorphisms (Arg253Trp, Ala256Gly, Gly297Ser) within
endogenous chromaffin granule cotransmitter assayed in thethe pancreastatin domain (CHG#-301) seemed to affect
adrenal gland: norepinephrine, epinephrine, neuropeptide Y,the coiled-coil structure in that same region (hMetPropgs).
and ATP (Supporting Information Figure VII-D).

DISCUSSION
Other Chromogranin/Secretogranin Protein Family
Members Also Bear Homology to Tropomyosin’s Overview. The rapid proliferation of genome sequencing
Coiled-Coil far outpaces the ability to establish 3-dimensional structures

via crystallography or NMR; indeed, the entire.3 x 1(¢°
Application of PSI-BLAST g4) also identified homology  pp human genome has been almost completely sequenced,

matches of 3 other human chromogranin/secretogranin familyyie|ding up to~35,000 protein-encoding geness). None-
members to tropomyosin (1clg A-chain): chromogranin B theless, 3-D structures have profound implications for
(CHGB), secretogranin Il (SCG2), and VGF. Human CHGB  e|ucidating functional models of proteins. Proteome-wide
matched 1clg at a likelihood of ¥ 1077, over CHGB  approaches1f) now allow species-specific assignment of
residues 392669 (full-length CHGB: 677 residues), cor- pytative structural homologues within over 100 proteomes
responding to 1clg residues 280. Human SCG2 matched  from publicly available data (seeeol.sdsc.edu). Here we
1clg at a likelihood of 8 107° over SCG2 residues203  characterize a homology structure for the secretory granule

(full-length SCG2: 617 residues), corresponding to 1clg core protein CHGA, in which the predicted coiled-coil
residues 73275. Human VGF matched 1clg at a likelihood = structure successfully accounts for several unusual physical

of 2 x 103, over VGF residues4230 (full-length VGF: properties of the protein_
616 residues), corresponding to 1clg residues23¥. These CHGA as a Coiled-Coil Structure: #idence and Implica-
homology matches to TPM1 did not achieve the higher level yjo s Tronomyosin and other coiled-coils have a character-

of significance found for human CHGA (at»# 107*). istic repeating pattern of seven amino acid residues residues
(a— g heptad), wherein residues a and d are hydrophobic
(24, 42). The nonintegral (every3.5 residue) nature of the
pitch of the helix results in a hydrophobic residue side-chain
The entire length of the tropomyosin polypeptide (TPM1 “stripe” winding along the length of the helix, prompting
residues +284) also displayed homology with CHGA chains the two interacting helices to wind around one another,
bearing naturally occurring non-synonymous cSNP variants forming a left-handed supercoil, or coiled-cad4).
within the catecholamine release-inhibitory catestatin re- The e (expectation)- and-values chosen to establish the
gion: Gly364Ser, Pro370Leu, and Arg374GIn (H5) In reliability of homology matches were confirmed separately
each case, the match began at CGHA amino acig dled for the proteome of each specid®). To understand whether
extended into the catestatin domain (CH{zAs7 Support- the CHGA/TPM1 homology was general (across species),
ing Information Figure VIII); preservation of the tropomyosin  we first submitted a BLAST search for the wild-type mature
homology across this CHGA region is perhaps not unex- human CHGA against all proteins in the EOL databds. (
pected since the variants are just carboxy-terminal to the There are CHGA proteins from 6 mammalian species
matched region. Catestatin itself may have amphiphilic beta- (including human) whose known proteomes have been
sheet secondarytg, 44) and coiled-loop tertiary (6) structure, processed via the EOL PSI-BLAST and/or 123D routines
and thus be excluded from the coiled-coil motif. (12) (Table 1). Using the mature human CHGA protein of
The coiled-coil alignment apparently changed for each 439 amino acids as the baseline, the other species CHGA-
catestatin variant, but at some distance from the catestatinto-CHGA alignments ranged from 421 (rat) to 445 (mouse)
domain: the SNP changes at catestatin amino acids Gly364Seramino acids in length. Table 1 lists CHGA for several species
Pro370Leu, or Arg374GIn each seemed to induce a gap into(column 1) in decreasing sequence homology compared to
the tropomyosin/CHGA alignment, wherein the gap excludes human, with the number of identical amino acids listed in
a 4 amino acid segment of the pancreastatin (ChHzAp1) column 3. Equine CHGA is the closest and rat the most
domain from the coiled-coil homology (Supporting Informa- distant of these species. The amino acid homology/fold match
tion Figure 11). In the case of CHGA Gly364Ser, an induced occurred between human CHGs49 and the entire tro-
homology gap between tropomyosin Glile,s (downward pomyosin chain of 284 amino acids. There was a similar
arrow indicating the gap) results in coiled-coil exclusion of amino acid span for the human, equine, bovine, porcine, and
CHGA Metyg,AlazgValgsValyes while in the case of either  rat CHGA homologies to tropomyosin, as listed in column

Effect of Catestatin Naturally Occurring Genetic Variants
on the Coiled-Coil Homology
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compared to the better-conserved amino- and carboxyl-
termini. Thus, the secondary and tertiary structural motif of
the coiled-coil (Figure 1; Supporting Information Figure )
seems to be conserved even in a region of diminishing
primary structural identity; since a coiled-coil requires only
the repetition of a heptad (& g) with hydrophobic residues

at heptad positions a and 84), rather than specific amino
acids at particular heptad positions, the coil’s retention even
in areas of declining interspecies sequence conservation does
not violate expectations.

Like tropomyosin, CHGA can homodimerize, and even
form homotetramers1d, 15); of note, a tetramer is the
characteristic coiled-coil form of tropomyosidd). Tro-
pomyosin coils in a parallel manner within each of the coiled-
coil homodimers, while two such homodimers align in
il _ _ _ _ _ antiparallel fashion to form the homotetramer; thus, we would

0 100 200 300 400 500 model a CHGA coiled-coil in a similar “stacking” fashion,

CHGA residue with particular implications for its very dense “packing”
Ficure 5: Chromogranin A interspecies sequence homology and Within the core of chromaffin granuleg{9).
coiled-coil domain. CHGA primary structure across 6 mammalian  Although the previously characterized homodimerization
species was evaluated by noting the % sequence identityd0%)  of CHGA may involve its intramolecular disulfide bridge,
with human CHGA. After alignment of 6 species’ (human, bovine, spanning residues Cys Cysss (39, 58), intriguingly this

equine, porcine, rat, mouse) CHGAs by Clustal-W (version 1.83) - o : sy .
<http:/www.ebi.ac.uk/clustal, the results of average identity ~ nYdrophobic loop motif is not included within the predicted

over sliding windows of 10 amino acids are plotted. The region of €xtended coiled-coil domain (CHGA 34, i.€., lless through
coiled-coil homology is shown at the top. Although the mature Asngsg). Thus, the coiled-coil model provides an alternate
human CHGA is CHGA 435 because of interspecies alignment mechanism for homomultimerization of CHGA.
“gaps” the number of amino acids on the horizontal axis is 477. 114 hydrophobic residue side-chain “stripe” of a coiled-

, . coil might also provide a surface for interaction of CHGA
6 of Ta_ble_l. These f'v.e species’ CHGAs matched o- ish membrane components of the regulated secretory
pomyosin via 123D, despite the decreasing sequence CHGA'pathway; indeed, the Hig-Leuso region of human CHGA

tOI.C EIGA homg'la\(?ygy OEB LAST srcl:ores. /Th(jhlevel /(;f 1_235) (H7eSGFEDEL SEWL g0) conforms exactly (12/12 match) to
reliability was “A” or "B" across human/pig/horse/bovine/ a6 tyms of a putative amphipathic alpha-helical motif,

rat CHGAs, consistent with the "benchmarking” process in herein hydrophobic residues (in bold type) occur every at
the EOL wherein "accuracy Va'“".-‘s are separately .esmb“Shedfourth residue in the primary structure, and lies within a
for the proteome of each specieB0) (see Experimental domain necessary for trafficking of CHGA into the regulated
Procedures). secretory pathway?d). Perhaps such a discrete segment of
Murine CHGA did not match tropomyosin at reliability =~ CHGA could be recognized as a sorting determinant to the
of “C” or above, but matched the family member meromyo- requlated pathway, by virtue of its putative membrane
sin over a similar span of amino acids (murine CHZAug). interaction.
Th|S matCh was Via PSI-BLAST Wlth a rellab”lty Of “Ccn. |mp|icati0n5 Of CHGA P0|ymorphism for C0i|ed_C0i|
The portion of chicken meromyosin (PDB ID 1i84) molecule Homology.We noted that the region of predicted CHGA
that murine CHGA matChed is the extended alpha-helical coiled-coil seemed to vary as a function of natura”y
domain of meromyosing{). occurring (4) functionalg5) polymorphism in the catestatin
Thus each of the various species’ CHGA proteins is region (Supporting Information Figure VIII). In particular,
predicted to match an extended alpha-helical coiled-coil, via each catestatin variant seemed to irelec4 amino acid
the EOL (PSI-BLAST and/or 123D) algorithms. The reten- exclusion from coiled-coil homology (at CHGA resides
tion of the 123D alignment from different species’ CHGA MetygiAlazgValzgaValogProyes), within the carboxy-terminal
to tropomyosin (Table 1), even as the sequence alignmentactive region of the pancreastatin domain (CH&As01) Iin
between that species’ CHGA and human CHGA diminished, human CHGA §9). Of note, because of its cyclic imino acid
demonstrates the preservation of secondary and tertiaryring in the peptide backbone, Bse would already be
structural homology across species. The 123D homology predicted to destabilize any alpha-helical regi66)( What
matches of greatest reliability (“A” scorez99.9% fold might be the implications of this polymorphism-induced
assignment accuracy) were for pig and horse CHGAs. Evenchange in secondary structure at the pancreastatin region?
though the X-ray crystal structure for full-length tropomyosin First of all, the overall conformation of CHGA might become
at highest resolution~7 A) is solved for the porcine less compact, leading to decrements of chromaffin granule
molecule (PDB 1c1g)42), multiple mammalian species transmitter storage density and exocytotic release in subjects
CHGAs (Table 1) displayed homology matches to 1clg at with catestatin variants. Second, the carboxy-terminal rec-
high reliability. Figure 5 illustrates interspecies sequence ognition site for pancreastatin processing (cleavage and
identity among six mammalian CHGASs, across the entire amidation signals at Giy:GlysodySs03) might become more
protein. Of note, the coiled-coil domain of CHGA is found surface-accessible to the processing enzymes in the chro-
in the mid-molecule (human CHGA 349), @ region of only maffin granule core. These possible structural implications
modest interspecies sequence conservation (Figure 5) asnight be tested in recombinant CHGA, or in humans

Coiled-coil region

% Identity over 10 amino acid windows
(5 other species)
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stratified by catestatin variant genotypes (Gly364Ser, concentrations with the two techniques (CD and SAXS);
Pro370Leu, or Arg374GIn). since the concentration of chromogranins within the chro-
Physical Properties of CHGA Compatible with Coiled- maffin granule corén situ may be as high as200 mg/mL
Coil Structure.Using a proteome-wide approach to protein (7—9), higher protein concentrations may better approximate
folding (12), we discovered a structural homologue (tro- conformations and evenis vivo.
pomyosin) for a molecule (CHGA) that has not been  Electron microscopy of CHGA (Figure 4) revealed elon-
crystallized, and then provided substantial new experimental gated filamentous structures with an average diamete®df
evidence in support of this prediction (Figures 2, 3, 4; + 4.5 A, which is in the range of the diameter value expected

Supporting Information Figure V). for a cylinder with a radius of52 A (Figure 3D). During
The results of native gel filtration studies show an transmission EM, 3-dimensional structures may “flatten” as
unexpectedly high apparent molecular weighMaf, ~578 a result of vacuum drying and electron bombardmeéd (

kDa (Supporting Information Figure IVB) and a Stokes 65); the degree of increase in particle width from flattening
radius of~84.8 A, despite a predicté®s ~30 A based on  has been reported at19—34%, when compared to native
an actual molecular mass 49 kDa. Even though CHGA  3-dimensional width@5, 66). If so, the native width of the
may homodimerize or even homotetramerik2 (4, 15, 58), CHGA filaments may actually be in the range o70—79

the Mg, Of ~578 kDa would then suggest 10-fold A. Of note is a previous report that the filament width of
multimerization; alternatively, a rather unusual, extended fibrinogen, another markedly asymmetric protein, has been
conformation is entirely compatible with our homology reported at-90 A during cryo-EM, which avoids artifactual
model (Supporting Information Figure ). flattening @7, 68).

The coiled-coil domain predictions (Figure 1; Supporting  Chromaffin Granule Ultrastructurelransmission electron
Information Figure 1l) and CD spectra (Figure 2) indicate microscopy of freshly isolated human chromaffin granules
that CHGA does assume such an alpha-helical and then(Supporting Information Figure VI) revealed periodic patterns
coiled-coil conformation. Historically, the extended structure of electron density in the soluble cores: a finer periodicity
predicted by homology modeling is also consistent with the of 108 + 6.3 A, and a coarser periodicity of 360 25 A.
unusual (early) gel filtration elution and optical rotatory This periodic electron density suggests that the granule core
dispersion properties noted for bovine CHGE3(61), as may be at least loosely structured rather than a simple
well as similarly high ratios of polar to nonpolar amino acids solution. Indeed, the very highn situ concentrations of
for CHGA and tropomyosini3). An early NMR structure  granule core solutes (chromogranins &200 mg/mL,
also suggested an extended conformation for bovine CHGA catecholamines at600 mM, ATP at~150 mM) (7—9)
(62). The presence of alpha-helix within CHGA has also been represent severe departures from physical ide&i®y, @nd
documented previously for bovine CHGAZ). the effective ionic concentrations (activities) are likely to

During SAXS (Figure 3), CHGA displayed a range of self- be far lower than the actual concentrations. Might these
association (Figure 6A and 6C), though the monomeric form concentrations exceed solubility, especially in the progres-
was the quantitatively most prominent (Figure 3E). When sively low pH/high C&" milieu of the mature granulel(
X-ray scattering behavior in the monodisperse range was51)? If so, the unit of nucleation of the granule core complex
evaluated, the data best fit the model for a rod-like structure might be expected to yield a periodic structure to the core.
(Figure 3D,R= 0.999), with the transverse radius of gyration Indeed, we noted a finely granular 1886.3 A periodicity,
of the cylinder estimated a® = ~52 A. This value is perhaps consistent with the nucleation of a core complex by
somewhat greater than the observed stacking periodicity ofthe ~84.8 A radius CHGA, with subsequent higher order
coiled-coils within tropomyosin 1clg crystals a20—22 nucleation to a 36G: 25 A complex, suggesting-4-fold
A (62), perhaps consistent with the notion that SAXS multimerization. Indeed, noncovalent tetramerization of
observes hydrated molecules freely moving in aqueous CHGA has been observeih vitro (14, 58). While the
solution; by contrast, a crystal is likely to have a far more presence of CHGA as the nucleating factor in such com-
rigid/fixed packing architecture of defined periodicity. plexes is not established, the binding of multiple granule
Alternatively, since coiled-coils can exist with up to 7 alpha- soluble components by CHGA has been demonstrdgd (
helices supercoiled about one anoth@®)( the increase in  52), and genetic ablation of CHGif vivo clearly diminishes
radius from multiple intertwined coils might in part account the size, number, and electron density of adrenal chromaffin
for the R, = ~52 A that we found (Figure 6D). In any case, granules 40).
the ~52 A transverse radius of CHGA (Figure 3D) is Implications for Chromaffin Granule Biogenesis and
substantially greater than the radius predicted for a simple Regulated Secretory Protein Traffickinghe transmission
alpha-helix at~5—10 A (depending upon the nature of the electron micrograph (Supporting Information Figure VI)
side chains). demonstrates the electron-dense core packing of granule

Many of our SAXS experiments on CHGA (Figure 3) were contents, including CHGA. Indeed, the chromaffin granule
performed at relatively high protein concentration (20 mg/ core is known to contain its soluble cargo at very high
mL, or ~400 uM), while the CD experiments (Figure 2) concentrations, in a physical matrix whose activities deviate
were performed at lower protein concentration (300 mg/L, substantially from physical ideality: chromogranins (the
or ~5 uM). The protein concentrations were chosen based major one being CHGA) at-200 mg/mL, catecholamines
on optimal spectral performance of the two different at~600 mM, and ATP at~150 mM (7—9).
techniques. During SAXS, we did study CHGA at concen- What are the implications of a coiled-coil, versus a
trations down to~100uM, and noted a qualitatively similar  globular/spherical structure, for the density of the chromaffin
scattering profile suggesting a continuum of monodisperse granule core? The solid geometry of such structures is
to polydisperse forms. Nonetheless, we did not study identical potentially quite different. If a rod or cylinder (rod volume
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= zr’h) approximates the potential “packing” density of a ing during the biogenesis of the chromaffin granule core.
linear alpha-helix (or coiled-coil), versus a sphere (sphere Future studies will probe the functional significance of this
volume = (4/3)zr® for a globular protein, then a coiled- unexpected structural feature of CHGA, including its de-
coil would allow the protein to occupy up te78.5% of the pendence upon the particular ionic conditions (i.e., the gran-
available 3-dimensional space, versus onl$2.4% for a ule interior milieu of low pH and high CGa) (1, 51) that
globular/spherical protein. In principle, then, a coiled-coil occur during secretory granule nucleation and maturation.
structure could allow the accumulation of the secretory

granule core proteins (chromogranins/secretogranins) toACKNOWLEDGMENT
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granu_le core protein_(CHGA) might con_tripute to its eX- vjicente Reyes, Robert Byrnes and Greg Quifor develop-
traordinary condensation (t6200 mg/mL) within the soluble 5 the annotation pipeline, making their data available, and
core, an event that may nucleate the condensation of,qyiding training in its use. Portions of this research were
cotransmitters such as other peptide hormones, catecholag,ried out at the Stanford Synchrotron Radiation Laboratory
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density @0). to coiled-coil structure determination.
Indeed, inhibition of CHGA expression in chromaffin cells

by siRNA (Supporting Information Figure VII-A/B/C)
disrupted chromaffin granule regulated secretory protein
trafficking and exocytosis by~65%, while chromaffin
granule cotransmitter concentrations were depleted 4y
80% after targeted ablation of the CHGA gene in the mouse
(Supporting Information Figure VII-D).

What is the significance of the CHGA regions at its amino-
and carboxy-termini, that are not likely to form coiled-coils
(Figure 5)? The CHGA region homologous to tropomyosin

SUPPORTING INFORMATION AVAILABLE

Figures | through VIII as described in the text. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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