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ABSTRACT: The doppel protein (Dpl) is a newly recognized prion protein (PrP)-like molecule encoded by

a novel gene locusprnd, located on the same chromosome as the PrP gene. To study the structural
features of Dpl, we have expressed recombinant human Dpl corresponding to the putative mature protein
domain (residues 24152) in Escherichia coli The primary structure of the recombinant Dpl-2462

was characterized using gel electrophoresis, N-terminal Edman sequencing, matrix-assisted laser desorption
ionization mass spectrometry, and electrospray ionization mass spectrometry E2#as shown to
contain two disulfide bonds (Cys94Cys145 and Cys108Cys140). The secondary structure of Dpl was
analyzed using far-UV circular dichroism spectroscopy. Dpt 282 was found to be am-helical protein

having a high helical content (40%). Dpl 2452 exhibited characteristics of a thermodynamically stable
protein that undergoes reversible and cooperative thermal denaturation. In addition, Dpl was found to be
soluble and sensitive to proteinase K digestion. Therefore, DpllB2 possesses biochemical properties
similar to those of recombinant PrP. This study provides knowledge about the molecular features of human
Dpl that will be useful in further investigation into its normal function and the role it may play in
neurodegenerative diseases.

Doppel (Dpl} (downstream, prion protein-like) was re- According to the “protein only” hypothesis, prion diseases
cently identified in mammalslj. It is encoded within a single  are disorders of PrP conformatio®) (PrP normally adopts
exon of a novel gengyrnd, located 16 kb downstream of  a highly a-helical globular structure in its native, cellular
the mouse PrP gene and 27 kb downstream of the humarform (PrF¥), which can be converted into thfesheet rich,
PrP gene. The sequence of Dpl is notably homologous to Protease-resistant pathogenic isoform (P? PrP) by a
that of PrP. Dpl is associated with neurodegeneration whenPoSt-translational process. However, the mechanism by which
ectopically expressed in several lines of transgenic nige ( PrP¢ causes prion dlsea_ses and the physiological function
The discovery of Dpl suggests, that in addition to PrP, other ©f PTF* remain uncertain. It has been shown that the

PrP-related proteins may contribute to the pathogenesis ofoXpression of PiPis hlghl_y regulated during ceIIu_Iar
neurodegenerative diseases. differentiation and embryonic developmet &). There is

also evidence that Pffbinds copper ions via its N-terminal
octapeptide repeat regio®-7), suggesting that PrP may
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land. contrast, two new lines of PrP knockout mice that involved
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terokinase; IPTG, isopropyip-galactopyranoside; GndHCI, guanidine evolutionarily diverged from PrP with newly acquired
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sodium dodecyl sulfatepolyacrylamide gel electrophoresis; MALDI,  of Dpl may provide valuable insight into the biology of Dpl.
matrix-assisted laser desorption ionization; ESI, electrospray ionization; .
MS, mass spectrometry; HPLC, high-performance liquid chromatog- The translated sequence of human doppel consists of 176

raphy; CD, circular dichroism; PK, proteinase K. residues. At the amino acid sequence level, Dpl and PrP share

10.1021/bi001523m CCC: $19.00 © 2000 American Chemical Society
Published on Web 10/11/2000




13576 Biochemistry, Vol. 39, No. 44, 2000 Lu et al.

similarities as well as differences. The N- and C-terminal then expanded intl L in LB supplemented with 3@g/mL
regions of Dpl and PrP are conserved to a large extent,kanamycin. When the expanded culture reached ag,OD
including an N-terminal signal sequence and a C-terminal of 0.6, the expression of recombinant polyhistidine-tagged
hydrophobic sequence for glycophosphatidylinositol (GPI) Dpl was induced by adding isoprop§dp-galactopyranoside
anchor attachment. Both of the mature proteins contain (IPTG) to a final concentration of 1 mM. The culture was
consensus motifs for Asn-linked glycosylation. However, Dpl harvested 812 h after induction, centrifuged, and resus-
lacks sequences homologous to the PrP regions containingpended in 24 mL of buffer A [6 M guanidine hydrochloride
the copper-binding octapeptide repeats and the highly (GndHCI), 10 mM Tris-HCI, 50 mM NgHPQ,, 100 mM
conserved neurotoxic segment (PrP 40@6). In addition, NaCl, and 10 mM reduced glutathione (pH 8.0)], supple-
the overall degree of sequence homology between the twomented with protease inhibitors (3 mM PMSF, 48/mL
proteins is only about 25%. Therefore, experimental data areleupeptin, and 0.1 mM apoprotinin). Solubilized proteins
needed to clarify the molecular and biochemical features of were released by four cycles of freezing (dry ice) and thawing
Dpl in comparison to PrP. (sonication at 410 °C). After centrifugation, the soluble
We have now expressed recombinant human Dp| corre- fraction was mixed with 8 mL of nickelnitrilotriacetic acid
sponding to its putative mature protein domain (residues 24 (Ni—NTA) agarose (Qiagen) equilibrated in buffer A. After
152) in Escherichia coliand characterized Dpl in terms of @ 30 min incubation, the resin was poured into a column
its primary and secondary structures, intrinsic protein stabil- ahd washed with 30 mL of buffer A. On-column oxidative

ity, and protease sensitivity. refolding of the immobilized polyhistidine tag-fused Dpl was
achieved by applying a 60 mL gradient of buffer A to buffer
MATERIALS AND METHODS B [10 mM Tris-HCI and 50 mM NgHPO, (pH 8.0)] at a

flow speed of 0.5 mL/min, followed by washing with 10
Plasmid ConstructionStandard cloning procedures were mL of buffer B. The polypeptide was eluted in 24 mL of
used (1). The open reading frame of the humRNDgene  puffer E [50 mM NaHPQ, and 500 mM imidazole (pH 6.0)].
(GenBank accession number AF106918) corresponding toAfter the resin had been washed with buffer A, oxidative
the putative mature Dpl inclusive of residues-2%2 was  refolding and imidazole elution were repeated to obtain a
amplified by polymerase chain reaction (PCR) using a human second batch of soluble protein. The combined fractions were

genomic DNA template. Two oligonucleotide primers-[5  treated with 1 unit/mL recombinant EK (Novagen) to remove
GACGACGACAAGATGGTCCAGACGAGGGGCA-3(for- the N-terminal tag from the Dpl-containing fusion protein.

ward sequence) and-BAGGAGAAGCCCGGTTTAGC-  The resulting Dpl 24152 was separated from EK and the
CCCTCTCCAACCAAAACT-3 (reverse sequence)] with  N-terminal tag by cation exchange chromatography on CM
the ligation-independent cloning sites were synthesized resin (Sigma) equilibrated with buffer F [10 mM sodium
(Operon). Using the Expand High Fidelity PCR system phosphate (pH 6.0)]. Dpl 24152 was eluted at 156250
(Boehringer Mannheim), PCR was performed for 30 cycles mM NaCl using a gradient of-9500 mM NacCl in buffer F
(94 °C for 1 min, 55°C for 2 min, and 72°C for 3 min) at a flow rate of 0.5 mL/min. Fractions containing Dpl were
with final extension at 72C for 10 min in 10QuL containing identified by SDS-PAGE (16% gel, Novex) and Coomassie
50 pmol of primers, 750 ng of DNA template, and dNTPs pjue staining, pooled, concentrated by ultrafiltration (10 kDa
(400uM each). The PCR product (420 bp) was purified on  cutoff membrane, Amicon), and dialyzed against buffer F.
a 1.2% agarose gel and recovered using the QIAquick GelThe concentration of Dpl 24152 was determined by UV
Extraction Kit (Qiagen). The purified PCR fragment was absorbance using a molar extinction coefficiegsof 28 120
cloned into the pET-30 LIC/EK vector using the ligation- ©M-1 cm2,
independent cloning method according to the manufacturer's  N-Terminal Protein Sequencingroteins separated by
instruction (Novagen). The resulting construct is under the SDS-PAGE were electroblotted onto a Problott sequencing
control of both the T7 promoter and lac operator, and encodesmembrane (Perkin-Elmer). The protein band was excised and
an N-terminal 43-amino acid fusion peptide that includes a subjected to Edman degradation for-115 cycles on an
polyhistidine tag and an engineered enterokinase (EK) Applied Biosystems 494 Procise instrument.
Cleavage Site, followed by an additional methionine fused Matrix-Assisted Laser Desorption lonization Mass Spec-
to Dpl 24-152. The construct was transformed into Nova- trometry (MALDI-MS). The MALDI-MS instrument was
Blue SinglesE. coli competent cells (Novagen). Clones equipped with a pulsed nitrogen laser sourte=(337 nm)
Containing the construct were |dent|f|ed, and the cDNA insert and used at an acceleration Voltage of 28 kV operated in the
was completely sequenced using an ABI 377 Prism auto- linear mode (Voyager Biospectrometry Workstation, Per-
mated DNA sequencer (Perkin-Elmer) to ensure that no septive Biosystems, Framingham, MA). Samples were mixed
unintended mutations had been introduced. The abovewjth an equal volume of a saturated matrix solutian (
strategy yields a recombinant Dpl 2452 with only one  cyano-4-hydroxycinnamic acid for peptides and sinapinic
extra residue (M) at the N-terminus after cleavage of the acid for proteins in 60% acetonitrile and 0.3% trifluoroacetic
fusion peptide by EK. acid). One microliter of the mixture was applied onto the
Expression and Purification of Dpl 24152 The recom- laser target probe and was air-dried before being introduced
binant Dpl 24-152/pET30 plasmid was isolated from into the mass spectrometer. Singly protonated ions were most
NovaBlueE. coli cells and transformed into the expression frequently observed, allowing for simple assignment of
host, BL21(DE3)E. coli cells (Novagen). Freshly trans- molecular species. Between 100 and 200 spectra were
formed cells were incubated at 3€ with constant shaking  obtained for each sample. The spectra were averaged and
in 3 mL of Luria broth (LB) supplemented with 3@g/mL analyzed using the GRAMS software on the instrument. The
kanamycin until the ORreached 0.61.0. The culture was  instrument was calibrated using a mixture of standard
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peptides. A mass accuracy of 0-03.05% was routinely  containing 1 mM EDTA, 0.05% Nonidet P-40, 0.05%
obtained. sodium deoxycholate, and 10 mM sodium phosphate (pH
Electrospray lonization Mass Spectrometry (ESI-MESI- 7.0). PK was used at concentrations of 1, 2, 5, 10, 20, and
MS was performed on an ion trap LCQ mass spectrometer50 ug/mL. The digestion was terminated by the addition of
(Finnigan) using nitrogen as the sheath gas. The mass5 mM phenylmethanesulfonyl fluoride. The digest was boiled
spectrometer was equipped with an ESI needle with an ion-in SDS sample buffer and analyzed by SEFAGE.
spray voltage set at 3000 V. Samples were introduced either Antibody Production and Western Blotting peptide
by direct infusion at SuL/min or through on-line reverse ~ (CDIDFGAEGNRYYAANYWQFPD) corresponding to
phase high-performance liquid chromatography (HPLC) on mouse Dpl residues 688 was synthesized by Fmoc
a Michrom BioResources microbore column (C18ur, chemistry. The peptide is 95% homologous to the human
200 A, 1.0 mmx 150 mm) at 5QuL/min using a gradient  sequence (substitution of A for E at position 81). The peptide
of 0 to 65% acetonitrile containing 0.05% formic acid and was conjugated to maleimide-activated KLH via a free
0.005% trifluoroacetic acid. The spectra were acquired in sulfhydryl group (Princeton Biotechnology) and mixed with
the full scan mode using the Xcalibur control software. The complete Freund'’s adjunct prior to subcutaneous injection
m/z range of the instrument was-@000. Unlike MALDI, into FVB mice (Jackson Laboratory). The antisera were
ESI resulted in the formation of multiple protonated ions. obtained after boosting three times at weekly intervals.
Assignment of multiple charged ions to their original Western blotting was performed as previously descritiéj (
molecules was assisted by computer-aided deconvolution,
which transformsn/z values toM; values using BioWorks RESULTS
software (Finnigan). The mass accuracy was usually better Expression and Purification of Recombinant Human.Dpl
than 0.005%. As shown by molecular modelingl), the human Dpl
Peptide Mass Mappingpl 24—152 (20ug) was incu- precursor (residues -1176) is predicted to include an
bated at 37C for 4 h with sequencing-grade endoproteinase N-terminal signal peptide sequence (residue23) and a
Lys-C (Boehringer Mannheim) at a ratio of 20:1 in 20 MM hydrophobic C-terminal sequence (residues-1636) for
sodium phosphate (pH 7.0). The digestion products were attachment of a GPI anchor. Both of these segments are
analyzed using either MALDI-MS without separation or ESI- expected to be removed in the mature protein, like PrP and
MS following on-line HPLC. other GPI-anchored protein4§, 17). For that reason, the
Circular Dichroism (CD) SpectroscopyFar-Uv CD putative mature human Dpl protein corresponding to residues
spectra of Dpl [16-20 uM Dpl in 10 mM potassium 24—152 was chosen for expression as a recombinant protein
phosphate (pH 6.0)] were recorded on a Jasco 810 specin E. coli cells. A high-yield expression system under the
tropolarimeter between 185 and 250 nm using a 0.1 cm control of T7 and lac operator (pET vector), which has been
cuvette, and near-UV CD spectra [12M Dpl in 10 mM successful in expressing the recombinant P1R),(was
potassium phosphate (pH 6.0)] were recorded between 250employed to obtain large quantities of Dpl for structural
and 350 nm usig a 1 cmcuvette. Ellipticity was measured  studies.
ever 1 s with a response timef @ s and a bandwidth of 1 Dpl was cloned into the pET-30 LIC/EK vector and
nm. Between four and eight scans were collected and expressed as a fusion protein containing an N-terminal tag
averaged. The-helical content was estimated using the self- with polyhistidine residues followed by an EK cleavage site.
consistent methodL@). For thermal unfolding, ellipticity at ~ This cloning strategy minimizes the incorporation of vector
222 nm was monitored over the temperature range ef 20 coding sequence into Dpl 24152, which will contain only
85 °C in increments of 0.2C with a gradient of C/min. an extra methionine residue at the N-terminus. As was the
The CD data were fit to a two-state model with six case for recombinant PrA4, 18), the Dpl fusion protein
parameters to obtaif,, the midpoint of transition temper-  was recovered in inclusion bodies in the cytoplasmEof
ature, andAHp, the enthalpy of unfolding af, using the coli cells. The inclusion bodies were extracted in a buffer
KaleidaGraph program (Synergy Software). Fractions of containing GndHCI and reduced glutathione for efficient
unfolded Dpl were calculated by normalizing the CD solubilization of the proteins and to prevent the formation
intensities at different temperatures to those obtained at 200f intermolecular disulfide bonds. The Dpl fusion protein
°C. Reversibility was checked by measuring the CD after was bound through its N-terminal polyhistidine tail to-Ni
the heated samples were cooled to°2ZD NTA resin, which allowed for the removal of most other
Assays for Protein Solubility and Protease Senigjti The proteins. To obtain correctly folded Dpl, oxidative refolding
solubility of Dpl was tested by centrifuging Dpl (0.2 mg/ was performed on the immobilized protein by applying a
mL) in a buffer containing 150 mM NaCl and 10 mM Tris  decreasing GndHCl/glutathione gradieh8), The refolded
(pH 7.0) at 20000 for 1 h at 4°C. The supernatant was Dpl fusion protein was eluted from the NNTA resin by
transferred into a new tube. The remaining sample in the step elution using imidazole at concentrations@00 mM.
original tube was considered to be the pellet fraction, which The N-terminal fusion tag was subsequently removed by
was then resuspended in the same buffer. In a separateleavage using recombinant EK. The resulting Dpt-252
experiment, 0.5% Triton X-100 and 0.5% sodium deoxy- was further purified by cation exchange chromatography. As
cholate were present in the buffer. The supernatant and pelleshown in Figure 1, these purification steps resulted in the
fractions were analyzed for the presence of Dpl by SDS recovery of highly purified fractions of Dpl 24152. A yield
PAGE. The protease sensitivity of both recombinant Dpl and of 3—5 mg of Dpl 24-152 per liter of culture was obtained,
PrP was performed using a standard protocol, as describedvith a purity of >95% as judged by staining of gels using
previously (L3, 14). Proteins (0.2 mg/mL) were digested with  Coomassie blue (Figure 1), and by HPLC and free-zone
proteinase K (PK) at 37C for 1 h in thedigestion buffer capillary electrophoresis (data not shown).
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Table 1: N-Terminal Sequence Analysis of Purified DpH242

cycle residue residue amount
number (identifiedf (expected) (pmol)
1 M M 36.3
2 \% \% 34.6
* 3 Q Q 41.6
4 T T 38.1
— < 5 R R 36.1
6 G G 23.2
7 | | 21.2
5 6 8 K K 12.7
Ficure 1: Expression of recombinant Dpl 2452. Proteins were 9 H H 10.4
extracted during each purification step and were separated by SDS 10 R R 16.0
PAGE. An equivalent of about 1/1000 fraction of materials was 11 | I 9.4

loaded for each lane of 16% gels: lane 1, molecular size markers
(from bottom to top) of 15, 25, 35, 50, 75, 100, and 150 kDa; lane 47
2, initial extract ofE. coli cells induced with IPTG and used for
subsequent purification; lane 3, extract of uninduBedoli cells;

lane 4, pooled fractions eluted from-NNTA resin; lane 5, fractions
after subsequent treatment with EK; and lane 6, pooled fractions

from cation exchange chromatography. The positions of the Dpl- ranging from 8 to 17, derived from a single protein species
g?]nttﬁén;?ghtfus'on protein (%) and Dpl 24152 (<) are indicated ) in onization (Figure 2B). When deconvoluted, Dpt24
o 152 exhibited arM; value of 14 949.9+ 0.5 that is 4 Da
Primary Structure of Dpl N-Terminal sequencing by lower than that expected for the fU”y reduced DpI—ZéEZ
automated Edman degradation of purified Dpl-242 This result suggests that all four cysteine residues in Dpl
identified the first 11 amino acid residues with a single 24—152 are utilized to form two disulfide bonds. The four
expected sequence of MVQTRGIKHRI (Table 1). To verify cysteine residues are located in the C-terminal region of Dpl
that the entire Dpl 24152 polypeptide backbone was atresidues Cys94, Cys108, Cys140, and Cys145. To identify
correctly made, mass spectrometric measurements werghe exact disulfide bond linkage between these cysteine
performed. MALDI-MS showed that Dpl 24152 was residues, Dpl 24152 was digested with sequencing-grade
detected as a singly protonated formnalz 14 953 and a  endoproteinase Lys-C and the resulting peptide mixture was
doubly protonated form atvz of 7478, corresponding to  analyzed by mass spectrometry. As shown in Figure 3A, the
the observed/, of 14 953+ 5 (Figure 2A). This value isin ~ MALDI-MS spectrum of the unseparated products of the
close agreement with the theoretidd) value of 14 954.0 Lys-C digest revealed the presence of three linked peptide
for the Dpl 24-152 polypeptide without considering disulfide pairs having [M+ H] values of 4773, 5332, and 5801. These
bonds. A more precis#, value was obtained using ESI- values corresponded in mass values to peptide-125
MS. The ESI-MS spectrum of purified Dpl 2452 was linked to peptide 12143 (calculated [M+ H] of the
dominated by multiple protonated ions with charge states dipeptide of 4774.4), peptide 6601 linked to peptide 44

2 The automated Edman degradation was performed using the ABI
7A sequenator with the initial yield of 60% and the repetitive yield
of 85%. ° This refers to the corresponding amino acid of the phenylthio-
hydantoin derivative identified in a given cycle.
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Ficure 2: Mass spectra of Dpl 24152. (A) MALDI-MS showed a major molecular ion atz 14 954.3 corresponding to the singly
protonated () Dpl 24—152 and an ion atvz 7477.7 corresponding to its doubly protonated-Y2orm. (B) ESI-MS showed molecular
ions containing 817 protons (8 to 17+) at respectivan/z values. Deconvolution of the spectrum resulted in a single species with an
value of 14 949.9t 0.5.
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Ficure 3: Identification of disulfide bonds in Dpl 24152. Peptides were generated from Lys-C digestion of Dpt1B2. MALDI-MS
of the unseparated digestion mixture (A) showed three singly protonated ions-atHlWwalues of 4773, 5332, and 5801 corresponding
to three peptide pairs containing disulfide bonds (expectedH{Mi] values in parentheses): peptide ¥I26 with peptide 127143
(4774.4), peptide 66102 with peptide 44152 (5333.8), and peptide 6201 with peptide 144152 (5803.3). These three disulfide bond-

containing peptide pairs were also detected as multiply protonated ions by ESI-MS after on-line HPLC (B). Deconvolution indicated that

the peptide pair with an HPLC retention time (RT) of 31.5 min (upper panel) hati ah4773.4+ 0.2 corresponding to peptide 16226
with peptide 127143; the one with an RT of 30.8 min (middle panel) hadrof 5332.7+ 0.2 corresponding to peptide 6601 with
peptide 44-152, and the one with an RT of 29.1 min (lower panel) hadvarof 5802.5+ 0.3 corresponding to peptide 6201 with

peptide 144-152.

Table 2: MS Assignment of Cysteine-Linked Peptides in Lys-C
Digest of Dpl 24-152

M M
M; (observed, (observed,
peptide cystine pair (calcd) MALDI) ESI)

102-126 and 127143 Cys108-Cys140 4773.4 47722 4773.4+0.2
66—101 and 144152 Cys94-Cys145 5332.8 53313 5332.7+0.2
62—101 and 144152 Cys94-Cys145 5802.3 580& 3 5802.5+ 0.3

152 (calculated [M+ H] of the dipeptide of 5333.8), and
peptide 62-101 linked to peptide 144152 (calculated [M

+ H] of the dipeptide of 5803.3). These three disulfide bond-
linked peptides were also analyzed using on-line HPLC
ESI-MS. The peptide pairs were well resolved by reverse
phase HPLC, each with a characteristic ESI-MS spectrum
exhibiting multiple protonated molecular ions (Figure 3B).
The mass valued\,) for the three peptide pairs obtained
by deconvolution are 47734 0.2, 5332.4- 0.2, and 5802.5

+ 0.3, respectively. Therefore, the combined peptide map-
ping data from the unseparated digest mixture using MALDI-
MS and from the on-line HPLC-separated peptides using
ESI-MS clearly identify two disulfide bonds in Dpl 24
152 (Cys108-Cys140 and Cys94Cys145) (Table 2). Since
no higher molecular oligomers of Dpl 2452 were observed

Secondary Structure of DpWe used CD to investigate
the conformation of Dpl. Dpl 24152 displayed a maximum
at 192 nm and double minima at 208 and 222 nm in the
far-UV CD spectrum (Figure 4A), characteristic of the
o-helical secondary structuré?). The mean residue ellip-
ticities at 208 and 222 nm werel50264+ 120 and—11965
+ 100 deg cridmol ™, respectively. The calculated percent-
age ofa-helical content was 40.6 0.5%. Therefore, like
recombinant human PrP 2231 (18, 19), recombinant
human Dpl 24-152 is also amx-helical protein having a
uniquely folded conformation. In addition, significant CD
signals were observed in the near-UV region (Figure 4B),
reflecting the strength of aromatic side chain interactions in
asymmetric environments. Thus, Dpl-2452 is likely to
have a stable tertiary structure.

The stability, cooperativity, and reversibility during un-
folding were examined by monitoring the CD signal at 222
nm after thermal denaturation. The effect of temperature on
the a-helical structure of Dpl 24152 was first noticeable
beginning at 45°C, followed by further loss of secondary
structure at higher temperatures and reaching a plateau at
about 75°C (Figure 5A). The cooperativity of the thermal
transition was demonstrated by the sigmoidal profile, an
indication of native-like packing. Thermal unfolding of Dpl

either on nonreducing polyacrylamide gels (data not shown) 24—152 was found to be reversible since its origiadielical

or by MALDI-MS and ESI-MS, the results described above
suggest that the disulfide bonds in Dpl are formed intramo-
lecularly.

structure was fully recovered after denaturation when the
sample was cooled to 2@ from 85°C (Figure 5B). This
type of thermodynamic behavior can be best explained by
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UV CD (B) spectra were recorded in 10 mM potassium phosphate
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the two-state unfolding modeR(). The estimated, was o
58.3 + 0.3 °C, and AH,, was 194+ 8 kJ/mol. Either
recombinant human PrP 2231 (19) or PrP 96-231 Q1)

was shown previously to undergo cooperative and reversible
thermal transition. 1

Solubility and Protease Sensitly. Previous studies have 20 — 1 r r * 1 ' T T 1
shown that recombinant PrP is soluble in its nativkelical 190 200 210 220 230 240 230
conformation, but becomes insoluble and resistant to PK Wavelength (nm)
digestion when PrP forms significgfitsheet structure atlow  Ficure 5: Thermal denaturation of Dpl 24152. (A) Thermal
pH and in the presence of salt4). We, therefore, examined  unfolding profile as temperatures increased from 20 t6@5CD
the solution solubility and protease sensitivity of Dpl. Figure Signals were monitored at 222 nm. (B) Reversibility of thermal

: : . unfolding. The sample was either unheated {20 upper panel)
6 shows that following centrifugation, Dpl 2452 was or heated to 85C followed by cooling to 20°C (lower panel).

recovered in the supernatant either in the absence or in therhe CD spectrum was recorded between 185 and 250 nm. The
presence of detergents, suggesting that Dpl was soluble inprotein concentration was 16M in 10 mM potassium phosphate

aqueous solutions at neutral pH. No aggregation was (PH 6.0).

observed even when Dpl was exposed to ambient temperature

for a prolonged period of time>(1 week, data not shown). Antibody ProductionThe availability of recombinant Dpl
Treatment of Dpl with Sug/mL PK for 60 min resulted in  allows for the immediate production of antibodies that may
complete protein degradation (Figure 7A). When tested underbe useful in the characterization of native Dpl. Several mouse
the same conditions, thee-helical rich, recombinant human antisera were obtained after they were immunized with a
PrP 23-231 was also degraded at similar PK concentrations 22-residue synthetic Dpl peptide. The peptide was derived
(Figure 7B). Therefore, like recombinant PrP-2331, Dpl from the mouse sequence, which is 95% homologous to the
24—152 is sensitive to degradation by PK. human sequence. As shown in Figure 8, the polyclonal Dpl
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Ficure 6: Solubility of Dpl 24-152. Solutions containing Dpl 24

152 [0.2 mg/mL in 150 mM NaCl and 10 mM Tris (pH 7.0)] were
centrifuged fo 1 h at2000@Q in the absence~) or presence)

of detergents (0.5% Triton X-100 and 0.5% sodium deoxycholate).
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against Dpl and PrP are specific for their respective antigens.
Furthermore, the Dpl antiserum recognized both recombinant
human (Figure 8) and mouse Dpl (B.-S. Wong, R. Li, and
M.-S. Sy, unpublished observation). Work is in progress to
produce monoclonal antibodies capable of recognizing
distinct epitopes on Dpl for further studies of its cell biology.

DISCUSSION

Until recently, PrP was considered to be quite unique in
both its overall sequence and its proposed role in prion
diseases. Only one repo3) showed sequence similarity
(23%) between a portion of the PrP molecule (residues-121
231) and a segment of the catalytic subunit of rat signal
peptidase (residues 49.37). The significance of this finding
remains unclear. On the other hand, the newly identified Dpl
shows several molecular features in common with R)P (

In addition to the overall degree of homology of 25%
between the entire sequences of Dpl and PrP, these proteins

Proteins in the supernatant and pellet fractions were separated orgre predicted to have similar topologies in terms of both the

SDS-PAGE (16% gel). Molecular size markers (from bottom to
top) of 15, 25, 35, and 50 kDa are indicated on the left.

B

A

1 2 3 4 5 6 7 1 2 3 4 5 6 7

Ficure 7: Sensitivity to PK digestion. Recombinant human Dpl
24—152 (A) and PrP 23231 (B) at a protein concentration of 0.2

presence of the N-terminal signal peptide sequence and the
C-terminal consensus sequences for Asn-linked glycosylation
and GPI anchor addition. Therefore, Dpl and PrP are
predicted to be synthesized and processed in the same cellular
compartments. Like PrR24, 25), Dpl would be synthesized

in the endocytic pathway involving initial translation in the
endoplasmic reticulum where modification by the GPI anchor
and Asn-linked glycans occurs, before exporting to the cell
surface. Furthermore, molecular modeling predicted possible
helical domains in Dpl based on the recombinant PrP model
(1). Extensive studies are still required to verify the homol-
ogy-based predictions for Dpl and to uncover its biological
functions.

This work was focused on the molecular features of
recombinant Dpl. There are now considerable structural data
available for recombinant PrP, allowing for direct comparison
between Dpl and PrP. Recombinant PrP expresseddnli

mg/mL were incubated in the absence (lane 1) or presence (laneshas been shown to be a good model of nativecPhdth

2-T7)of1, 2,5, 10, 20, and 50g/mL PK at 37°C for 1 h. Proteins
were separated on an SBBAGE (16%) gel. The position of
molecular size markers (from bottom to top) at 8, 15, 25, and 35
kDa is indicated on the left.

-35

Pre > -

1 2 3 4 5 6

Ficure 8: Antibody against Dpl. Recombinant human Dpl24
152 (lanes 2, 4, and 6) and PrP-2331 (lanes 1, 3, and 5) were

=20

have higha-helical contentsZ6, 27), bind copper ions§—

7), and are soluble in nonionic detergents and sensitive to
proteolytic degradatiorld, 22). The small quantities of Dpl
that can be obtained from tissue sources have imposed
constraints on detailed structural studies. However, recom-
binant Dpl can be obtained in large quantitiesEncoli
following standard cloning and refolding schemes. N-
Terminal sequencing and mass spectrometry of the intact
protein confirmed that the Dpl polypeptide was synthesized
correctly (Table 1 and Figure 2). Because Dpl contains four
cysteine residues, a detailed analysis of possible disulfide
bond linkage was undertaken. The combined results from

analyzed by Western blotting. The membranes were probed with aboth MALDI-MS and ESI-MS indicate that two disulfide
mouse preimmune serum (lanes 1 and 2), a mouse Dpl antiserumbonds are present in Dpl, one between Cys94 and Cys145

(lanes 3 and 4), and PrP monoclonal antibody 8H4 (lanes 5 and 6).and the other between Cys108 and Cys140. It is noteworthy

The positions of Dpl and PrP bands are indicated with arrows. A
minor band that is smaller than the major Dpl band was a

degradation product. Molecular size markers of 20 and 35 kDa are

also indicated.

that PrP contains only one disulfide bond, corresponding to
the Cys108-Cys140 bond in Dpl.

The secondary structure of recombinant Dpl is character-
ized by mainly theo-helical conformation (Figure 4), and

antiserum did not cross react with recombinant human PrPthe CD profile of Dpl bears a striking resemblance to that
23—-231 (lane 3), but readily recognized recombinant human of recombinant PrP 23231 of the human g, 19) and

Dpl 24—152 (lane 4). A previously characterized monoclonal
anti-PrP antibody, 8H4165), recognized PrP 23231 (lane
5), but not Dpl 24-152 (lane 6). Therefore, the antibodies

mouse 28) sequences. Dpl contains a higkhelical content
(40%, determined by CD) (this study), a value similar to
that found in recombinant human and mouse PrP 231
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(40%, by NMR) @6, 29), as well as native PFPpurified in normal and pathological conditions.
from hamster brain (42%, by Fourier transform infrared
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