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ABSTRACT. Carboxypeptidase E (CPE) is a sorting receptor that directs the prohormone pro-opiomelano-
cortin (POMC) to the regulated secretory pathway, and is also a prohormone processing enzyme in neuro/
endocrine cells. It has been suggested that the 25 C-terminal amino acids are necessary for the binding of
CPE to secretory granule membranes, but its orientation in the membrane is not known. In this study, we
examined the structure and orientation of the membrane-binding domain at the C-terminus of CPE. In
vitro experiments using model membranes demonstrated that the last 22 amino acids of CPE (CP peptide)
insert in a shallow orientation into lipid bilayers at low pH. Circular dichroism analysis indicated that the
CP peptide adopts a partiethelical configuration at low pH, and helix content increases when it is
bound to lipid. Protease protection experiments, immunolabeling, and immunoisolation of intact secretory
granules with a C-terminal antibody revealed a cytoplasmic domain in CPE, consistent with a
transmembrane orientation of this protein. We conclude that the membrane-binding domain of CPE must
adopt ana-helical configuration to bind to lipids, and that CPE may require another integral membrane
“chaperone” protein to insert through the lipid bilayer in a transmembrane fashion.

Endocrine cells synthesize and secrete peptide hormonesand other processing enzymes, CPE is initially synthesized
in a highly regulated manner. Peptide hormones and theirwith a 14-amino acid N-terminal prodomain, which is
processing enzymes are initially synthesized as larger precurtemoved early in the secretory pathwday. Within the RSP,
sors that, upon being transported to the trans-Golgi network CPE exists in two forms: a 53 kDa soluble, enzymatically
(TGN), are targeted to the regulated secretory pathway active form and a 55 kDa membrane-bound form that has
(RSP). During the sorting process, proteins destined for the decreased enzymatic activity when bound to membra2)es (
RSP are separated from constitutive and lysosomal proteinsThe role of CPE in the RSP is twofold. The membrane-bound
and are packaged into budding immature secretory granulesform of CPE serves as a sorting receptor that targets pro-
Within this subcellular compartment, prohormones undergo opiomelanocortin (POMC) to the RSP, presumably operating
endoproteolysis to yield their constituent peptide hormones. within the TGN @, 4), and the soluble form functions as a
The mature secretory granule is the storage compartment oforohormone processing enzyme within secretory granéles (
the endocrine cell, from which peptide hormones are releaseds). As a sorting receptor, CPE binds two acidic residues on
upon stimulation in a Ca-dependent manner. the sorting signal motif of POMC at a specific binding site

Carboxypeptidase E (CPE) is a processing enzyme thatconsisting of two basic amino acids, Asgand LySeo (7).
cleaves basic residues from the C-terminus of endopro-This interaction between CPE and the sorting signal of
teolytically cleaved peptide hormones. The enzyme is presentPOMC results in the active segregation of the prohormone
exclusively in the Golgi and secretory granules of neural and within the TGN, thereby targeting it to the RSP. Since POMC
endocrine cells. In a manner similar to that of prohormones molecules can aggregate in the presence éf @ad low

pH (8), a complex of POMC aggregates may form in the
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Carboxypeptidase E is tightly anchored to the membranesCPE was by the SuperSignal Chemiluminescence System
of the TGN and secretory granules. We have recently shown(Pierce, Rockford, IL).
that CPE is associated in a cholesterol-dependent manner to Fluorescence Measuremenfuorescence was measured
lipid rafts within the membranes of the TGN and secretory at room temperature with a Spex Tau 2 Fluorolog spectrof-
granules, and that association with rafts is necessary for itsluorometer operating in steady state mode. Unless otherwise
function as a sorting receptor to the R3B)(In the secretory  noted, measurements were made in a semi-micro quartz
granules of chromaffin cellslQ), bovine pituitary {2, 13), cuvette (10 mm excitation path length, 4 mm emission path
pancreati cells @), and AtT-20 cells 14), the majority of length). The excitation and emission slit widths were-1.5
membrane-bound CPE immunoreactivity remains associated2.5 and 5 mm, respectively. Trp emission spectra were
with the membrane after extraction with detergent, and is measured at a rate of 1 nm/s using excitation at 280 nm.
only removed upon extraction with detergent and high salt. Preparation of Model MembranesSmall unilamellar
The membrane-binding region of CPE is thought to reside vesicles (SUVs) were prepared from mixtures containing 2.5
within its 24 C-terminal amino acids, comprising amino acids umol of total lipid composed of DOPC or an 80% DOPC/
411-434 of rat CPE12). This study showed that a synthetic 20% DOPG mixture (molar ratio). The lipid mixtures,
21-residue peptide corresponding to the C-terminal sequenceprepared from solutions in CHEbr ethanol, were dried
of CPE was able to bind to membranes in a detergent- under a stream of Nat~30 °C, dissolved in a few drops of
resistant manner, indicating that this sequence appears to b€HCI;, dried again with N, and then further dried under
sufficient and necessary for anchoring CPE to membraneshigh vacuum for 30 min. Typically, samples were then
of secretory granules. That this membrane associationhydrated with 50Q:L of an appropriate buffer (see below)
occurred only at an acidic pH may indicate that CPE is not and then sonicated in a bath sonicator (model G112SP1T,
inserted into the membrane until it reaches the acidic Lab Supplies Co., Hicksville, NY) for 25 min or until they
compartments of the regulated secretory pathway, i.e., thewere optically clear.
TGN and secretory granules. This study also demonstrated Assessment of Peptide Binding to Lipid VesicBsnples
that the C-terminal sequence of CPE contains a predictedcontaining 2 or 1QuM peptide were prepared by mixing
amphipathiax-helical conformation12); however, its exact ~ ~15-35uL of a CP peptide stock solution with one of the
orientation within the lipid bilayer was not established. In following buffers: 10 mM Tris-HCI and 150 mM NacCl (pH
this paper, we demonstrate that its 22 C-terminal residues8); Tris-acetate buffer (6.7 mM Tris-HCI, 150 mM NacCl,
anchor CPE to membranes of secretory granules by adoptingand 167 mM sodium acetate), adjusted to pH 4.1; or Tris-

an a-helical structure that fully spans the membrane. acetate buffer adjusted to pH 5.5. The final volume was 650
uL. After tryptophan fluorescence emission spectra were
MATERIALS AND METHODS measured, samples were titrated with1® uL aliquots of

SUVs (5 mM lipid) prepared in the same buffers as described
above. Vesicle plus peptide addition did not alter sample
pH. Trp fluorescence emission spectra were measured after
each addition. Lipid-induced shifts in peptide fluorescence
reached final values immediately after each addition (not
shown). Background intensities (without peptide) were found
' to be negligible in control experiments and were generally
not subtracted before calculation &fax
Acrylamide Quenching ExperimenEor samples contain-
ing the CP peptide, SUVs composed of 20% DOPG and 80%
OPC (molar ratio) and peptide were prepared as described
above. The SUVs (32160 uL) were mixed with 12-55
uL of peptide and Tris-acetate buffer (pH 4.1) to yield final
concentrations of 200M or 1 mM lipid and 10uM peptide
in a total volume of 80@L. For the transmembrane peptides
(acetyl-KGLWL ¢K,A-amide and acetyl-BCWLGAL oK A-

Materials.For peptide binding and acrylamide quenching
experiments, dioleoylphosphatidylcholine (DOPC), dio-
leoylphosphatidylglycerol (DOPG), and 1-palmitoyl-2-(12-
doxyl)stearoylphosphatidylcholine (12SLPC) were purchased
from Avanti Polar Lipids (Alabaster, AL). 10-Doxylnona-
decane was purchased from Aldrich Chemicals (Milwaukee
WI). Acetyl-K,GLWLK,A-amide and acetyl-BCWLg-
AL¢K,A-amide were purchased from Research Genetics
(Huntsville, AL). The peptides were purified by HPLC, and
their purity was assayed by mass spectrometry as describe
previously (5, 16). They were stored at 4C in ethanol.
The C-terminal peptide of CPE [CP peptide (RIKE-
LMEW KM ,SETLNF)] was custom-synthesized by Peptide
Technologies (Gaithersburg, MD), and the purity was
confirmed by MALDI-TOF mass spectrometry. It was

dissolved in 10 mM Tris-HCl and 150 mM NaCl (pH 8.0) amide), the level of acrylamide quenching was measured in

ata concentratpn of O.—_K).S mM and.stored at_ ac. For 200 uM DOPC vesicles prepared by ethanol dilution into
protease protection and immunoisolation experiments, secre-

tory granule fractions from bovine intermediate and neural 10 mM phosphate and 150 mM NaCl (pH 7.1, total volume
y grant . o . of 800 uL) as previously describedl§, 18). Aliquots of
lobe pituitary were isolated and purified as previously

described 17). Carboxypeptidase Y was purchased from acrylamide were added fnoa 4 Mstock solution dissolved
Calbiochem (La Jolla, CA). For immunoisolation experi- in water. Approximately 23 min after each aliquot was

ments. intact secretorv aranules were subsequentl bounaadded the Trp fluorescence was measured at an excitation
' Y9 q y wavelength of 295 nm and an emission wavelength of 340

to magnetic beads using the Dynabeads M-500 Subcellular = ; .
X . . .~ 'nm. Addition of acrylamide did not affect pH. Backgrounds
kit (Dynal, Lake Success, NY). Detection of immunoreactive from samples lacking peptide were subtracted, and the

resulting fluorescence values were corrected both for dilution
! Abbreviations: MALDI-TOF, matrix-assisted laser desorption and for the inner filter effect arising from acrylamide
ionization time-of-flight; Amax, Wavelength of maximum fluorescence absorbancel©)

emission intensity; PMSF, phenylmethanesulfonyl fluoride; DMP, . . . . . .
dimethyl pimelimidate; BSA, bovine serum albumin; EDTA, ethyl- Measurement of Circular DichroisnCircular dichroism

enediaminetetraacetic acid; CPD-II, domain Il of carboxypeptidase D. (CD) measurements were made in 1 mm path length quartz
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cuvettes at room temperature using a Jasco J-715 CDrated, washed six times with HES buffer, and incubated with

instrument. Samples without lipid containedt® peptide
(23 uL from the stock solution) in 0% Tris-acetate adjusted
to pH 4.1 or 7.2 to give a final volume of 650.. The final

pH value was 4.1 or 7.3, respectively. Samples with lipid

M-PER Mammalian Protein Extraction Reagent buffer
(Pierce) containing 1% Triton X-100 and 60 mM octyl

pB-glucoside, for 30 min at 4C to elute the granules. The

beads were then washed once with 0.1 M glycine (pH 2.5)

were prepared similarly in the presence of 20% DOPG/80% and three times with HES, followed by extraction with SBS

DOPC (molar ratio) sonicated SUVs (final lipid concentration
of 200uM). Approximately 106-150 spectra were collected

PAGE sample buffer. Samples (isolated granules and beads)
were subjected to SDSPAGE and Western blot analysis.

and averaged for each measurement. Background values from Immunolabeling of Intact Secretory Granuldstact NL
samples lacking peptide were subtracted, and after conversiorgranules were immunolabeled by incubation overnight at 4

to molar ellipticity (per peptide bond), the fractiorahelix
content was calculated using SELCONZR),
Protease Protection Assalntact secretory granules from

°C with CPE 7-6 antibody in 80 mM metrizamide, 250 mM
sucrose, and 0.5% BSA followed by density gradient
centrifugation. For preabsorption experiments, the antibody

bovine intermediate and neural lobe pituitaries were isolated was incubated with 20@g of CPE C-terminal peptide for

as previously described 7). Granules were resuspended in
1 mL of cold homogenization buffer [L0 mM Tris (pH 7.4)
containing 250 mM sucrose], and 200 aliquots were used

30 min at 20°C before adding it to the granule preparation.
Granule preparations were loaded on top of a 0.3t0 0.15 M
metrizamide/sucrose step gradieh?) followed by ultra-

for each digestion reaction. As a positive control, membranescentrifugation fo 1 h at 10000@ in a Beckman SW55Ti

from granules were prepared as previously descriBgd(d

rotor. Intact secretory granules formed a dense band at the

40 ug of protein from these preparations was used in parallel 0.23 M—0.3 M interface. Equal aliquots of fractions-B
reactions. Each aliquot of intact granules and membranes(collected from the top) containing intact secretory granules
was incubated in the presence or absence of 40 units/mLassociated with the CPE C-terminal antibody were subjected

carboxypeptidase Y for 30 min at 37C, as described
previously @1). The reaction was terminated by placing the

to SDS-PAGE and Western blot analysis. The protein was
transferred onto a nitrocellulose membrane and probed with

tubes on ice and adding PMSF to a final concentration of 1 a secondary anti-rabbit 1gG, followed by chemiluminescent

mM. C-Terminal immunoreactivity of CPE was determined
by Western blotting, using an antibody (CPE 7-6) raised
against the five C-terminal amino acids, which was confirmed

detection using an ECL kit (Pierce).
Molecular Modeling of Mouse CPEA homology model
of mouse CPE was built using the CPD-Il and CPT structures

by epitope mapping. To ensure that the granules were intactas templates and the SegMod algorith2®)(implemented
during and after the digestion reaction, both intact and lysed in the program GeneMine. The CPD-Il and CPE sequences
preparations of granules were pelleted in homogenization are quite similar, except for two significant additions to the

buffer as described previousiLY). The supernatant was
removed, and the total protein was precipitated with 5
volumes of ice-cold ethanol for 16 h at20 °C. Western

CPE sequence: an insertion from Leuo Leugs and 24
additional C-terminal residues. Whereas CPD-II has only
nine residues corresponding to the first insertion, CPT has

blot analysis for chromogranin A, an abundant soluble protein 24 residues in this region. Therefore, CPT was used as the
in secretory granules, was carried out. As a negative control,template for the modeling of this insertion. The CPD-II and

blots were also probed with an N-terminal antibody to CPE,
CPE 2-6. To rule out the possibility that C-terminal CPE

CPT structures were superimposed by best fitting the
homologous five-residue regions before (DLNRN) and after

was being degraded by carboxypeptidase Y during the (PETxA) prior to modeling the insertion. Although CPT
Western blot process, CPY was added to aliquots of intact provides a better template for this region than CPD-II, neither

granules after the incubation period, immediately put on ice,
and treated with PMSF as described above.
Immunoisolation of Intact Secretory Granul&ynabeads
(4 x 10%) were coupled to 20@g of either CPE 7-6 (C-
terminal CPE) or CPE 2-6 (N-terminal CPE) antibodies
overnight at 4°C according to the manufacturer’s instruc-
tions. Antibody-bead cross-linking was carried out through
incubation with 20 mM DMP (Pierce), made in 0.2 M
triethanolamine (pH 8.2), for 30 min at 2C. The reaction

was stopped by resuspending the beads in 50 mM Tris (pH

is very homologous to CPE here, and the modeled loop
should not be overinterpreted. The membrane-binding region
of CPE (residues 411434) was not modeled due to the
absence of a homologous sequence in any other carboxy-
peptidase. Overall, the model of mouse CPE presented here
is similar to that of human CPE2J).

RESULTS
Interaction of the CP Peptide with Model Membrangs.

7.5). The antibody-coated beads were blocked overnight atstudy the interaction of the C-terminal tail of CPE with the

4 °C with 5% nonfat dry milk in HES [20 mM Hepes,
5 mM EDTA (pH 7.4), 250 mM sucrose, 1 mM PMSF,
and a complete cocktail of protease inhibitors] before the
immunoisolation experiment. As a negative control, g0

of either C-terminal or N-terminal CPE peptide was added
prior to incubation with granules to preabsorb anti-C-terminal
or anti-N-terminal antibodies, respectively. For immuno-
isolation, purified intact secretory granules from bovine
neural lobe pituitary (NL) were resuspended in HES and
incubated overnight at 24C with 5 x 10’ beads per 40Qg

lipid bilayer, the binding of a peptide consisting of the last
22 residues of CPE (CP peptide) to model membranes was
studied. Binding was detected via shifts in thgx of the

Trp in the sequence of the peptide. A shift of Trp fluores-
cence to shorter wavelengths (blue shift) is commonly
observed when a Trp-containing peptide moves from an
aqueous solution to a membrane-bound state. Figure 1 shows
the dependence of the T¥pax of the CP peptide on lipid
concentration. There is a blue shift in the presence of DOPC
SUVs at pH 4.1, which reaches a plateau at high lipid

of granules. Granule-bound beads were magnetically sepa-concentrations<150uM). In contrast, very little blue shift
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FIGURE 1: Assessment of CPE binding to lipid vesicles. Aliquots 1'08_00 0.05 0.10 0.15 0.20 0.25
(2 uM) of the CP peptide were dissolved in Tris-acetate buffer at
pH 4.1 &), 5.5 (1), or 8.0 ©) and titrated with small unilamellar [Acrylamide] (M)

vesicles (SUVs) composed of 100% DOPC. Binding of the CP
peptide at pH 4.1 was also carried out in SUVs composed of 20%
DOPG and 80% DOPC (boltt). Trp fluorescence emission spectra
were measured at increasing concentrations of lipid after each
addition of peptide.

Ficure 2: CPE is inserted in a shallow orientation in model
membranes. Aliquots of acrylamide were added to samples contain-
ing 10uM CP peptide incorporated into SUVB/F is the ratio of

the fluorescence in the absence of acrylamide to that in the presence
of acrylamide. The CP peptide was prepared in Tris-acetate buffer
. . . at pH 4.1 and bound to 2QeM 100% DOPC vesiclest(), 1 mM

is seen at pH 8.0, and intermediate values were measured at00% DOPC vesiclesa(), or 200uM 20% DOPG/80% DOPG

pH 5.5. This behavior indicates that binding to DOPC SUVs vesicles @®). Acrylamide quenching curves are also shown for a
is strongest at low pH. control peptide with deeply located Trp, acety@l oWLoK-A-

- amide @), and for a control peptide with shallowly located Trp,
qusequent eXpe,”memS, Wer,e pe.rformed. at pH A_"l t0acetyl-lg()ZWLgALQA-amide .)F? Epach value represer)llts the avera%e
obtain the strongest interaction with lipid. Binding to vesicles of duplicate samples.
composed of 20% DOPG and 80% DOPC (molar ratio) was
similar to binding to 100% DOPC. Somewhat higher lipid
concentrations (roughly-34-fold) were needed to fully bind  the fully lipid-bound CP peptide (340 nm, Figure 1) is even
10 uM peptide compared to those needed to fully bind 2 more red-shifted than that for a Trp at the pelaonpolar
uM peptide (data not shown). One possible explanation for boundary of the bilayer, for whichmax equals 338 nm24).
the need for a higher lipid concentration to bind a higher This strongly suggests that the Trp residue, and thus the entire
concentration of peptide is that the vesicles have a limited CP peptide, is bound at the surface of the bilayer.
number of binding sites for peptides. The data in Figure 1  Acrylamide quenching was used to confirm this conclusion
suggest an upper limit of approximately one binding site per (Figure 2). Fluorescence quenching of Trp by acrylamide is
50 lipid molecules. This number may reflect the limited dependent on the degree of Trp exposure to an aqueous
amount of hydrophobic surface that is exposed on an SUV. environment 25). Two transmembrane peptides with Trp

Peptide binding to vesicles was also detected by the residues at known positions were used to calibrate acrylamide
quenching of CP peptide Trp fluorescence by a nitroxide- quenching. Acrylamide quenching of the Trp fluorescence
labeled PC (12SLPC) incorporated into the lipid bilayer. in these peptides shows that the slope of the acrylamide
Quenching of 1«M CP peptide in SUVs consisting of either quenching curve is much greater when a Trp is located at
100% PC (70% DOPC/30% 12SLPC) or 20% DOPG and the polar-nonpolar boundary of the bilayer (i.e., close to
80% PC (20% DOPG/50% DOPC/30% 12SLPC) (molar the membrane surface) than when a Trp is at the center of
ratio) exhibited a dependence upon lipid concentration similar the bilayer (i.e., in a transmembrane orientation) (Figure 2).
to that of Amax shifts (data not shown). In experiments carried out using the CP peptide bound to

Peptide Location within the Lipid BilayeThe location 80% DOPC/20% DOPG or DOPC vesicles, the level of
of the CP peptide within the bilayer was estimated by acrylamide quenching of the Trps is even greater than that
determining the location of the Trps in the center of the of a Trp at the polarnonpolar boundary of the bilayer
peptide sequence. A deeply inserted transmembrane confor{Figure 2), confirming a very shallow Trp location. That the
mation would require these Trps to be at the center of the quenching of the CP peptide at 200 lipid is not affected
bilayer. Thednax Of Trp fluorescence emission was used to by a small amount of unbound peptide is shown by a similar
estimate the position of Trp within the bilayer. To do this, level of quenching of the peptide at 1 mM lipid (Figure 2).
the Amax Of membrane-bound CP peptide was compared to The additional vesicles in the 1 mM lipid sample should bind
the previously reported standard curve for the dependencemuch of any residual peptide dissolved in solution at 200
of Trp Amax upon depth within the bilayei2@). The Amax of uM lipid.
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FIGURE 4: Protease protection assay. (A) Intact secretory granules
from bovine intermediate lobe pituitaries were incubated with (

or without (—) 40 units/mL carboxypeptidase Y and analyzed for
C-terminal CPE immunoreactivity. As a positive control, lysed
granule membranes were subjected to the same treatment. (B)
Chromogranin A (CGA) immunoreactivity in supernatant after CPY
treatment of lysed (lane 1) and intact (lane 2) granules. The absence
of CGA in lane 2 demonstrates that the integrity of the granules is
not compromised after protease digestion. Results are representative
of four experiments.

20 |

10

Topology of CPE in Intact Secretory Granuleshe
biochemical studies of the CP peptide suggested that it would
not by itself form a transmembrane structure. However, there
is evidence that proteins that do not assume a transmembrane
orientation in model membranes are able to do so in the
presence of another proteitd). Therefore, we examined
the orientation of CPE in secretory granule membranes,
where it could conceivably interact with other proteins to

[©}x10°(degecm2edecimol™)

-10

e —— assume a transmembrane orientation. Protease protection
190 200 210 220 230 240 250 260 . : s C
assays were carried out, in which intact secretory granules
Wavelength (nm) from bovine intermediate pituitary were treated with car-

FiGure 3: Circular dichroism spectra of CPE incorporated into boxypeptidase Y. CPY digestion markedly reduced C-
Plc()jdg!l Te(;n_?r?“es- tStambplffS COtnt?j'ngﬂll\& (irl? peg)tide in( 1;)- terminal CPE immunoreactivity in intact granules as assessed
(0] lnute ris-acetate opuirer al .1 In the absence—(-- H H it
or presence-{) of 2004M 20% D_OFF)>G_/80% DOPC vesicles. The lby VgeStemlblm anaIy|S|s t(F'gt“rOEf 4.'32'?:\(6‘ pog't've COW?L .
CP peptide was also prepared in Tris-acetate at pH 7.2, and CD ysed granules were also treated wi » and an equivaien
spectra were collected in the absenee) (or presence (---) of  decrease in CPE C-terminal immunoreactivity was observed
lipid vesicles. Each spectrum represents the average of 150 (Figure 4A). CPY was chosen as the protease for these
measurements. The fractionedhelix content was calculated using  experiments for its selectivity in hydrolyzing peptide bonds
SELCON. from the carboxy-terminal end; N-terminal CPE immuno-
reactivity was unaffected by CPY treatment (data not shown).
We needed to ensure that the high degree of quenchingThe absence of CGA immunoreactivity in the supernatant
by acrylamide was due to the high degree of exposure of after CPY digestion showed that the granules were intact
the Trp to an aqueous solution and not to some inherentthroughout the experiment (Figure 4B). Additionally, to rule
sensitivity to quenching in general. Therefore, quenching was out the possibility that C-terminal CPE was being degraded
also assessed using SUVs containing 10 mol % 10-doxyl- by carboxypeptidase Y during the Western blot process, CPY
nonadecane, a quencher that deeply buries in the bitayer. was added to aliquots of intact granules after the incubation
In these experiments, the control transmembrane peptide withperiod, immediately put on ice, and immediately treated with
a Trp close to the bilayer center exhibited strong quenching PMSF. No attenuation of CPE immunoreactivity was ob-
(Fo/F = 2.64). The control transmembrane peptide with a served after this treatment (data not shown).
Trp close to the membrane surface exhibited much weaker |mmunoisolation and Immunolabeling of Intact Secretory

quenching E/F = 1.55). The CP peptide exhibited even Granules To further demonstrate that membrane CPE has

weaker quenching by 10-doxylnonadecafg/k = 1.15),  a cytoplasmic domain and is therefore a transmembrane
further confirming a location of the bound peptide at the protein, intact secretory granules were immunoisolated using
membrane surface. a C-terminal antibody. Figure 5A shows that intact secretory

Peptide Secondary Structuréhe secondary structure of  granules were successfully isolated with magnetic beads
the CP peptide was examined using circular dichroism coupled with a C-terminal CPE antibody specific for the last
(Figure 3). At pH 7.2, the CP peptide exhibits an unusual five residues of CPE (ETLNF), thus confirming that this
circular dichroism spectrum that does not correspond to aepitope was exposed on the cytoplasmic face of the granule.
simple mixture of helices, sheets, or random structure. This That a significant amount of CPE immunoreactivity is eluted
spectrum does not appear to be affected by the presence ofrom beads coated with a C-terminal, but not an N-terminal,
DOPC SUVs. In contrast, at pH 4.1, the CP peptide exhibits antibody indicated that secretory granules were intact and
a standard spectrum of a peptide with significartelical not lysed or inside-out during the purification and immuno-
content. The amount of helix increases upon binding to isolation procedure. The intense band of N-terminal CPE
DOPC vesicles, from 18% in the absence of lipid to 33% in immunoreactivity present when granules are lysed (Figure
the presence of lipid, indicating that the binding of the CP 5B), compared to the weak band observed in intact granules
peptide to the membrane stabilizeshelix formation. (Figure 5A, lane 5), further confirms granule integrity during
the experiments. Additionally, preabsorbing the antibody with
2G. Caputo and E. London, unpublished results. a CPE C-terminal peptide inhibited the binding of granules
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Ficure 5: Immunoisolation of secretory granules by magnetic beads coupled to CPE antibodies. (A) Purified secretory granules from
bovine neural lobe pituitary were incubated with magnetic beads coated with either anti-C-terminal CPE {l4nhes anti-N-terminal

CPE (lanes 58) antibodies. For preabsorption controls, either C-terminal (lanes 3 and 4) or N-terminal (lanes 7 and 8) peptide was
included prior to addition of granules. Western blot analysis for C-terminal CPE immunoreactivity was carried out in samples containing
granules eluted from the beads (lanes 1, 3, 5, and 7) and for samples containing residual CPE immunoreactivity after elution and washing
(lanes 2, 4, 6, and 8). (B) Secretory granules were lysed, and the resulting supernatant was immunoprecipitated with an anti-N terminal
(N-term) or anti-C-terminal (C-term) CPE antibody. Results are representative of three experiments.

Anti-CPE (C-term) anti-CPE (C-term) + peptide the surface helices are very well conserved (Figure 7, red
residues). Bordering the modeled enzymatic pocket at its rim
is an exposed loop containing two residues unique to CPE,
Argzss and Lyseg Which have been shown to be necessary
[ . . . e - . = for the binding of the POMC sorting signal)( Two disulfide
bridges are predicted to form between gyand Cys, and
FIGURE 6: Intact secretory granules are labeled with CPE antibodies. Petween Cysgs and Cysos, and may serve to stabilize the
Purified secretory granules from bovine neural lobe pituitary were orientation of the sorting signal binding site. Note that 4gys
incubated with an antibody against the C-terminus of CPE and Cysysg and Cysgs are conserved in CPD-II. Although there
subsequently centrifuged through a metrizamide/sucrose step gradiis 5 thirg pair of cysteines in mouse CPE, the model predicts
ent. Fractions were collected and analyzed for the presence Ofthat the distance between the sulfur atom7s (12.5 A) precludes
C-terminal CPE antibodies. Lanes-% represent fractions-26, > S : P
respectively, which contained the secretory granule fraction. Lanes the formation of a disulfide bond. As the sequences of CPD-
6—10 show fractions 26, respectively, after addition of the CPE Il and CPE are highly homologous, especially in the modeled
C-terminal peptide. Results are representative of three experimentsprotein core and enzymatic pocket, the overall global
topology of the model is presumably correct. The model
to the beads, showing the specificity of the reaction (Figure cannot address the conformation and orientation of the
5A). A significant amount of CPE immunoreactivity re-  membrane-binding region due to the absence of a homolo-
mained on the beads after the first elution (Figure 5A, lane gous region in other Carboxypeptidases_ However, on the
2), thus demonstrating tight specific binding of C-terminal pasis of the considerable degree of homology between CPE
CPE on intact granules to antibody-coated beads. To furtherand CPD-I1, the model strongly suggests that the N-terminal
confirm that the C-terminal epitope (ETLNF) is exposed on residues of the membrane-binding region are well separated
the cytoplasmic side of secretory granules, these organellesrom the sorting signal binding site, as well as from both

were labeled with the C-terminal antibody followed by the catalytic domain and the substrate-binding site of CPE
isolation of intact granules using density gradient centrifuga- (Figure 7).

tion. Specific C-terminal CPE antibodies were observed in
fractions containing intact granules isolated from the 0.23 DISCUSSION
M—0.3 M interface of the gradient (Figure 6). The presence
of CPE antibodies in these fractions was eliminated by The functions of CPE as both a membrane-bound sorting
addition of the C-terminal peptide during immunolabeling receptor and a soluble prohormone processing enzyme are
(Figure 6). When the results of the immunoisolation and well-documented3, 26). It is well-known that the 55 kDa
immunolabeling experiments are taken together with the form of CPE binds tightly to the membrane via its 25
protease protection assay, they strongly indicate that thisC-terminal amino acidsl@). However, the manner in which
exposed epitope is part of CPE, and therefore that CPE isCPE associates with the membrane has not been previously
oriented in a transmembrane fashion in intact secretory examined. In this report, we have provided strong biochemi-
granules. cal evidence showing that the C-terminus of CPE extends
Homology ModelA homology model of mouse CPE was ~from the cytoplasmic leaflet of the membrane, supporting
built using CPD-Il and CPT as templates to estimate the the hypothesis that CPE is a transmembrane protein.
location of the transmembrane region relative to the enzy- In experiments using model membranes and a synthetic
matic and sorting signal binding sites of CPE. Of the 410 peptide representing the last 22 amino acids of CPE, we have
residues modeled by homology to either CPD-Il or CPT, shown that this peptide forms an amphipathitelix in a
201 residues (49%) are identical to the nearest residue inpH-dependent manner, and that binding to lipid increases
the CPD-II structure (Figure 7). For these identical residues, the extent of helical formation. The finding that a CPE
the root-mean-square deviation betweecarbons is 0.61  peptide strongly binds to model membranes only at an acidic
A. The protein core, enzymatic pockets, and inner faces of pH is consistent with results from previous studies that

1 2 3 4 5 6 7 8 9 10
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Ficure 7: Stereoview of the CPE model, built on the basis of the homology between CPE and both CPD-Il and CPT. The CPD-II, CPT,
and CPE sequences were aligned initially using CLUSTAL W, version B7¢ lanual modifications were then made to the alignment,

guided by the superimposed crystal structures of CPD-Il (PDB entry 1gmu) and CPT (PDB entry 1obr). The model includes residues
1-410 and is colored on the basis of identity between the CPE and CPD-II sequences (red if identical, blue if different). The N-terminal
region preceding the membrane-binding domain is denoted with a C. Cysteine side chains are drawn as ball-and-stick diagrams. Note the
disulfide bonds between Cyg and Cysos (top center) and between Gysnd Cyso (middle right). Argss and Lyseo are shown as space

filling models. The zinc atom is drawn as a green sphere to mark the enzymatic pocket. This figure was prepared with the programs
MolScript (38) and Raster3D3J9).

showed a pH-dependent association of CPE with membranes
from bovine pituitary secretory granulek 13). Formation
of the a-helical structure therefore appears to be necessary

H’ [UII[ %
E |4

-
'y

—

to anchor CPE to lipids. That the helical content was only E |45 H

33% indicates that, at least in vitro, a partial helical E |46

configuration is sufficient for tight membrane binding. aw [T K]

Whether this is the case in vivo is not known, since the I E |

. . . . . E |49

membrane-binding domain may have an increased helical Lol ﬂ

content as part of the whole protein. It is possible that, in [m 1 I v

the presence of the lumenal domain of the protein, the I E | 2

membrane-binding domain of CPE is able to assume a W | 23

completea-helical configuration. 424 Iﬂ W
We used three independent biochemical approaches to h || K 425

examine whether CPE is inserted in a transmembrane fashion | M | 426 _H

in secretory granules. First, intact secretory granules treated M |42 T

with carboxypeptidase Y showed a decrease in C-terminal 43[8]— TTL is!']

CPE immunoreactivity, using a C-terminal antibody specific T 4w

for the last five residues of CPE (ETLNF), indicating that Sl

part of the C-terminus is exposed on the cytoplasmic side

of the granule. Second, intact granules were successfully €2 N

immunoisolated with the same anti-CPE antibody coupled T |am

to magnetic beads. Finally, intact secretory granules were F

immunolabeled with the C-terminal antibody. These experi- had

ments provide strong evidence that the extreme C-terminusFicure 8: Schematic representation of residues-4434 of mouse
of CPE is on the cytoplasmic side of the secretory granule CPE as a transmembrane helix with lumenal and cytoplasmic

s imati ; ; leaflets at the top and bottom, respectively. This region forms a
mgmgggg’ indicating that this region of CPE spans the partial amphipathi@-helix at acidic pH that is stabilized through

interaction with the lipid bilayer. Biochemical experiments suggest
The results from this study indicate that the membrane- that this region spans the membrane. The Artlysa14 pair may

binding region of CPE (R:KEEEKEELMEWWKMM- act as an anchor at the lumenal leaflet of the membrane with as

SETLNF3)) is a transmembrane-helix. On the basis of many as the last six reS|dues4;($TLNF434),formlng a “tail” that

the experimental evidence outlined above, we propose aprotrudes from the cytoplasmic leaflet.

scheme for the transmembrane region, shown in Figure 8.accessible to protease activity. Additionally, this pair of basic

Since the processing of membrane-bound CPE to the solubleresidues may serve to anchor the peptide at the surface of

form is suggested to occur at the Arglyssi4 pair (27), the lumenal leaflet of the membrar2B8(29). The 22-amino

these residues should lie at the lumenal interface, thus beingacid domain of CPE is sufficiently long to penetrate the
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bilayer with the last four residues exposed on the cytoplasmic shallow insertion of the CPE peptide in model membranes
side of the TGN, given that 18 amino acids is sufficient to may be explained by the absence of other membrane proteins
span the cholesterol-rich membrane of the T@&9, 30). that, when present, direct CPE through the bilayer. A putative
The turn of the helix at Mgtg leaves open the possibility  chaperone protein necessary for the transmembrane insertion
that as many as the last six residues may constitute aof CPE has been isolated from the detergent-insoluble portion
cytoplasmic tail. Protease protection, immunoisolation, and of secretory granule membranes (M. Assadi and Y. P. Loh,
immunolabeling experiments all give strong evidence that personal communication). Efforts to identify and characterize
the last four to six residues {SETLNF,34) are exposed on  this protein are currently underway.
the cytoplasmic side of the membrane. Therefore, we In conclusion, structural analysis of the membrane-binding
conclude that this region of CPE spans the membrane fromC-terminus of CPE by CD demonstrated a partigielical
residue 413 to residue 430. configuration which was stabilized by binding to model

The driving force for the insertion of CPE into the membranes. Protease protection, immunoisolation, and im-
membrane may be protonation of the glutamate residues inmunolabeling experiments using intact secretory granules
the N-terminal portion of the membrane-binding domain revealed a cytoplasmic domain in CPE, consistent with the
(E412RKEEEKEE;,). Within the acidic environment of the  insertion of the C-terminal membrane-binding region in a
TGN and secretory granules (pH 6.0 and 5.5, respectively) transmembrane fashion.
(31) where CPE is located, the glutamate side chains are
predicted to be partially protonated, thus enhancing the ability ACKNOWLEDGMENT
of the glutamate residues to form a helix. However, within
the lipid bilayer, the K, of Glu may shift up to as high as We thank Mr. Alex Maldonado for preparing secretory
9 (32), resulting in helix stabilization due to full protonation granule membranes.
of the glutamate residues. It has long been known that
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