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ABSTRACT. Proteolysis-inducing factor/dermcidin (PIF/DCD)
is a novel human gene, located on chromosome 12, locus 12q13.1,
that encodes a secreted 110-amino acid protein. Two transcripts for
the protein have been identified in normal skin, breast, placenta and
brain, and in various primary and metastatic tumor cells. The puta-
tive native-state structure of PIF/DCD has not been resolved. Here,
we describe some biochemical features of the soluble recombinant
11-kDa protein produced in Escherichia coli. The native 11-kDa
polypeptide displayed an anomalous mobility on 1% SDS-PAGE
under reduced conditions and appeared as a single ~16-kDa band.
Under nonreduced conditions, we detected by mass spectrometry,
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the presence of multiple peaks corresponding to m/z values of 21
kDa, which we confirmed as a dimeric form with a disulfide bridge
between cysteine 34 of each 11-kDa monomer. The native protein
exhibited an unusually high susceptibility to proteolytic attack by
trypsin, and up to 13 peptides derived from its C-terminus were pro-
duced after 5 min of incubation. The secondary structure analysis
of PIF/DCD native protein in aqueous solution, by circular dichro-
ism spectroscopy, revealed regions with non-well-defined secondary
structure but that acquired o-helix and B-sheet secondary structures
in the presence of TFE/water mixtures and micellar and non-micellar
SDS molecules. By using PONDR®, DisEMBL™, DisProt, and Glob-
Plot™ computational predictors, we identified a long disorder region
at the N-terminus of PIF/DCD amino acid sequence. This segment
(from 19-50 residues) is critical for some of its biological activities,
including neuron survival. This result is coherent with successive
failure of crystallization of the protein. Taken together, these data
suggest that the disorder and order transition may be relevant for
some biological functions of PIF/DCD.

Key words: Antimicrobial peptides, Intrinsically unstructured proteins,
Circular dichroism

INTRODUCTION

Proteolysis-inducing factor/dermcidin (PIF/DCD) is a novel human gene, located
on chromosome 12, locus 12q13.1, whose transcripts have been identified in normal skin,
mammary and brain tissues, and various cancer cells derived from primary and metastastic
tumors (Schittek et al., 2001; Cunningham et al., 2002; Porter al., 2003; Wang et al., 2003;
Deans et al., 2006). Previously, we identified that the levels of PIF/DCD mRNA expression
were higher in some breast carcinoma cell lines when compared to normal breast, testis and
placenta (Markovic, 2003). There has been considerable evidence from many studies that
this gene is overexpressed in various cancer cells and likely plays a role in carcinogenesis
and metabolic dysfunctions in the host (Porter et al., 2003; Wang et al., 2003; Minami et al.,
2004; Lowrie et al., 2006). In addition, it has been demonstrated that the 11-kDa polypeptide
is processed into different proteolytic peptides and that a 47-amino acid fragment derived
from its C-terminal region, and 30- and 20-amino acid fragments derived from its N-terminal
region, may function as either antibiotic peptides in the skin (Schittek et al., 2001), diffusible
survival evasion peptides in the brain (Cunningham et al., 1998, 2002) or cancer cachectic
factor in patients with pancreatic, breast, lung and ovarian cancer, and malignant melanoma
(Todorov et al., 1996; Wang et al., 2003), respectively.
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We have undertaken various biochemical and biological experiments to define the
amino acids and structures in PIF/DCD protein that may be critical for its putative native-state
structure and multiple biological functions. First, we cloned the full-length cDNA of human
PIF/DCD and purified recombinant forms of protein produced in Escherichia coli (Garay-
Malpartida, 2004). Initial studies showed an unexpected feature of the protein with respect
to its mobility on 15% polyacrylamide gels containing 1% SDS, under reduced conditions.
The native protein exhibited a molecular mass estimated at 16 kDa, while the expected size
was 11 kDa. In addition, our studies on limited proteolysis in the presence of trypsin revealed
that the PIF/DCD protein has a high proteolytic susceptibility. These features are similar to
proteins known as natively intrinsically unstructured proteins (Tompa, 2002). Polypeptides
in this class exhibit an absence of globularity, low compactness, absence of secondary struc-
ture, and high flexibility, which are characterized experimentally by missing regions of elec-
tron density in crystal structures (Tompa, 2002). The availability of curated databases and
development of computational tools have opened new perspectives and increased the success
rate of assigning the amino acid residues involved in secondary structure formation such as
a-helices, B-sheets, B-strands, and loops/coils in the proteins that lack three-dimensional
structures (Iakoucheva and Dunker, 2003). Thus, we evaluated order and disorder in the PIF/
DCD protein sequence using in silico web site programs. In addition, we carried out circular
dichroism spectroscopy with PIF/DCD in aqueous solution and in the presence of solvents
that revealed secondary structure contents and chemical properties for the protein, which
may provide new clues to its molecular mechanism of action and biological activities.

MATERIAL AND METHODS
Protein expression and purification

Full-length PIF/DCD c¢cDNA (DKFZp313H1523, GenBank AL.598959) was cloned in
the plasmid vector pAE, which was used for expression of His-tagged recombinant protein in
bacterial host £. coli BL21 as described elsewhere (Garay-Malpartida, 2004). We produced
the hexamer-histidine-tagged-PIF/DCD protein in E. coli BL21(DE3) by growing transformed
bacteria at an absorbance of 0.3-0.4 at 600 nm, in the presence of 1 mM isopropyl-1-thio-p-D-
galactopyranoside (Invitrogen) for 4-8 h. The bacterial pellet was sonicated on ice with three
10-s high-intensity pulses in 15 mL of a lysis buffer containing PBS, 10 mM imidazole, 1%
Triton X-100, and 1 mM PMSF and then centrifuged at 10,000 g for 30 min. The soluble su-
pernatant was mixed with streptomycin sulfate (3%, w/v) and then centrifuged at 20,000 g for
1 h. The supernatant was then mixed with 250 puL (bed volume) of HisTrap™ resin (Amersham
Biosciences) at 4°C for 12 h. Proteins were eluted with 300-500 uL of elution buffer contain-
ing 100 mM imidazole. As a second step in the purification process, aliquots of proteins were
applied onto a Sepharose-Q column (Amersham Biosciences) and eluted with 0.1 M Tris-HCI,
pH 8.0, and increasing concentrations of NaCl (50-500 mM). At each step, the purity of protein
preparations was monitored on 15% SDS-PAGE gel with silver staining using the PlusOne kit
(Amersham Biosciences). In all steps, the purity of protein fractions was monitored on 15%
SDS-PAGE gels and stained with Coomassie blue or silver staining using PlusOne kit.
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Mass spectrometry and limited proteolysis analysis

The exact molecular masses and amino acid sequences of the purified proteins and
trypsin-digest fragments were determined with LC/MS-TOF mass spectrometry (Q-TOF
Ultima Micromass, London, UK). For the determination of PIF/DCD tendency to assemble
into oligomeric complexes, different solutions of purified protein were prepared in the absence
or presence of 10 mM DTT and separated by capillary electrophoresis. Each peak of collected
fraction was analyzed by LC/MS-TOF mass spectrometry.

The peptide map was obtained after enzymatic digestion with trypsin 1:500 (w/w) for
5, 10 and 30 min of incubation. Individual peptides and mixtures were separated by capillary
HPLC coupled to LC/MS-TOF mass spectrometry. The masses of monoisotopic peaks with
relative intensity higher than 5% of the most intense peak in the spectrum were used for com-
parison to a theoretical digestion of the protein by trypsin using the MS-program in the Expasy
proteomic server of the Swiss Institute of Bioinformatics.

Circular dichroism measurements

Circular dichroism (CD) spectra were obtained in aqueous solution, trifluoroethanol
(TFE) and micellar and non-micellar sodium dodecyl sulfate (SDS) water mixtures using JAS-
CO J810 spectropolarimeter with Peltier-type temperature controller and a thermostated cell
holder, interfaced with a thermostatic bath. The far-UV spectra were recorded in 0.1-cm path-
length quartz cells containing 1 mM PIF/DCD protein in 10 mM Tris-HCI bufter, pH 8.0, at
20°C. The spectrum is presented as an average of five scans recorded from 190 to 250 nm, at a
rate 20 nm/min. The data were corrected for the baseline contribution of the buffer.

Crystallization trials

We monitored the tendency of the recombinant protein solutions to form aggregates
and to grow crystals by vapor diffusion in sitting-drop Cryschem plates using the commercial
screen Crystal Screen Il from Hampton Research according to the protocol described else-
where (Scapin et al., 2000).

In silico predictions of disorder and order

The several online programs were assessed in terms of their ability to predict order and
disorder in PIF/DCD primary amino acid sequence. The programs were accessed through the
servers: www.pondr.com/, http://globplot.embl.de, www.disprot.org., and www.dis.embl.de. The
biophysical properties, posttranslational modifications, patterns, domains, and primary, second-
ary and tertiary structures in the PIF/DCD protein were assigned online using computational
programs at the servers Expasy, NPS®, ELM, DDBASE2, Prosite, Pfam and other open servers.

RESULTS

In the present study, we investigated the structural and chemical properties of the
full-length recombinant PIF/DCD protein expressed in E. coli BL21 (DE3) as fusion protein
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containing a 6-amino acid His-tag (total 102 amino acid residues). Construction of expression
plasmids and dose-dependence studies for the induction and expression of soluble recombinant
protein at 1-2 mg per liter of bacterial broth have been described in detail (Garay-Malpartida,
2004). We performed the purification in three steps: Ni*" affinity, ion exchange and HPLC as
described in detail (Majczak, 2005). Purified fractions were separated by SDS-PAGE under
reduced conditions and silver stained. The gels revealed an anomalous mobility for the recom-
binant protein in SDS electropherograms. The observed molecular mass of 16 kDa was 5 kDa
higher than the predicted molecular mass of 11 kDa (Figure 1).
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Figure 1. A. SDS-PAGE (15%) gel stained with silver showing step by step purification of recombinant PIF/DCD
protein produced by Escherichia coli BL21(DE3) transformed by pAE-PIF/DCD plasmid. The soluble fraction was
purified using Ni*"+ NTA affinity column under denaturation conditions and eluted with 100 mM imidazole. Lane
1, BL21 not induced; lane 2, BL21 induced with 1 mM IPTG; lane 3, soluble fraction; lane 4, fraction not bound;
lanes 5 and 6, washes, and lane 7, elution fraction. B. SDS-PAGE (15%) gel stained with silver showing purification
of PIF/DCD after applying eluted fraction to Sepharose-Q column (MonoQ) and elution with NaCl gradient (0.1-0.5
M). Lane 1, Elution fraction; lanes 2 and 3, elution with 0.1 M NaCl, lanes 4, 5 and 6, 0.2 M NaCl; lanes 7, § and
9, 0.3 M NaCl, and lane 10, 0.5 M NaCl.

Complementary mass spectrometry (LC/MS-TOF) and oligomerization analysis, un-
der non-reduced conditions, revealed the existence of multiple 21-kDa isoforms (Figure 2B),
which we proved to be a dimer formed by two 11-kDa monomer linked by a disulfide bond
at cysteine 34 (Majczak, 2005). Proteolytic cleavage of recombinant PIF/DCD protein in the
presence of trypsin for 5 min resulted in up to 13 small peptides with molecular masses ranging
from 0.6 to 1.1 kDa (Figure 3). A larger peptide of 5 kDa composed of the N-terminal sequence
was resistant to trypsin (Figure 3).

Finally, we searched in three crystallization trials for a biochemical condition that
could lead to stable aggregates and give rise to crystals of PIF/DCD molecules. However, we
could not find any folding structures in all conditions tested.

Circular dichroism spectra of native PIF/DCD protein recorded at 20°C, in aqueous solu-
tion, indicated that the protein does not exhibit a well-defined secondary structure (Figure 4). The
CD spectrum in aqueous solution shows a strong negative peak at 198 nm and small shoulder
at 215 nm (Figure 4A, black line) which is indicative of a random coil structure. This CD spec-
trum was also observed under a wide range of temperatures. However, in the presence of the
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Figure 2. A. Total HPLC profile after separation of the elution fraction containing PIF/DCD proteins applied to C18
column Delta-Pak. The peaks 11, 12 and 13 eluting at 42 and 46 min contained the recombinant PIF/DCD protein.
B. LC/MS-TOF spectra of the thPIF/DCD, peaks 11, 12 and 13. The mass/charge (m/z) values of each detected
species revealed a molecular mass of 21.1 kDa, consistent with a dimer formed by two 11.5-kDa monomers linked
by an intermolecular disulfide bridge between the cysteines 34.
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Figure 3. Diagram showing the products of tryptic digestion of thPIF/DCD obtained after proteolytic cleavage by
trypsin at 1:500 (w/w). Aliquots were removed after 5, 10 and 30 min of incubation. A total of 13 small fragments
from 0.6 to 5 kDa were generated. The amino acid positions for each fragment’s N and C termini are indicated
according to primary amino acid sequence.

helicogenic solvent trifluoroethanol (40, 60, 80, 100%) and micellar and non-micellar SDS (5,
10, 20 mM), CD spectra changed completely, indicating that the protein gains a-helical and
B-sheet secondary structures.
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Figure 4. A. Far-UV CD spectra of PIF/DCD protein measured at 20°C in aqueous solution (black line) showing
random structure or no structure. In the presence of increased concentrations in micellar and non-micellar solutions
of sodium dodecyl sulfate (SDS), the protein shows a small gain in secondary structure, mainly a-helix and B-sheet,
which can be inferred by the shift of the minima at 198 and 222 nm and the maximum at 190 nm. B. CD spectra in
the presence of trifluoroethanol (TFE) (40-100%) show increases of transitions (minima at 208 and 220 nm, and the
maximum at 190 nm) from non-ordered secondary structure to a-helices and B-sheet structures. Concentration of
TFE is in percent (v/v).

Figure 5 shows the consensus predictions for some biophysical properties, primary and
secondary structures identified PIF/DCD protein obtained by a combination of programs. For
amino acid sequence, the programs predicted tendencies for a-helix (40%) and random coil (60%)
in its structure. The regions comprising the residues 57-70, 79-92 and 93-108 are characterized
by imperfect repeats of 12-13 amino acids, which display the variations: KQRSSLLEKGLDGA,
KLGKDAVEDLESY, and KGAVHDVKDVLDSVLS, respectively. This amphipathic a-helix is
a feature of many peptide antibiotics from animals and plants (Zanetti et al., 1995). The region is
formed by cluster of negative/hydrophobic and positive/hydrophilic amino acids that displays a
perfect helical wheel, as shown in Figure 5B. Its presence supports the previous study suggesting
that the 47-amino acid peptide derived from the C-terminal region of PIF/DCD polypeptide acts
as an anionic antibiotic secreted by sweat glands (Schittek et al., 2001).

Figure 6 shows the plots created by PONDR (A), DisProt (B), GlobProt (C), and Dis-
EMBL (D) predictors, using the PIF/DCD primary sequence. The curves indicate the ordered
regions with globularity propensity, or with high and low potential for high flexibility or in-
trinsic disorder (Linding et al., 2003a; Romero et al., 2004). The plots show that the sequence
comprising the amino acids 1 to 50 is the region with the highest prediction for unstructured
region in the putative protein structure. The disorder probability in this region varied from 0.5
to 0.9 (Figure 6). The DisEMBL program characterized the presence of loops or coils (amino
acids 1-44, 59-68) and Remark-465 (amino acids 1-47) in this flexible N-terminal segment.

Last, we chose an unstructured region, spanning from residues 20 to 45 of the PIF/DCD
N-terminus, and a computational method for identifying conformational motions of peptides

Genetics and Molecular Research 6 (4): 1000-1011 (2007)
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Figure 5. A. The diagrams show the regions in the primary sequence of PIF/DCD protein containing predictions
for primary and secondary structures (a-helix, B-sheet, turn or coil), hydrophilicity, flexibility, antigenic index, and
surface probability. The predictions were generated using various programs on line. B. The helical wheel or spiral
formed by the amino acid sequence comprising residues 41 to 92 of the carboxy-terminal sequence of PIF/DCD.
This plot was generated by the PEPWHEEL program. Residues in blue and magenta are lipid-exposed sites (mainly
hydrophobic amino acids), whereas residues marked in brown and red are water-exposed sites (mainly hydrophilic
amino acids).

under many conventional molecular dynamic stimulation conditions. The analysis showed pre-
dominantly unfolding trajectories in water over a wide range of temperatures, indicating lack
of foldability of the peptide chain (data not shown). Together, these results could explain the
absence of crystallized proteins under various biochemical conditions tested.

Genetics and Molecular Research 6 (4): 1000-1011 (2007)
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Figure 6. Analytical plots created by PONDR® (A), DisProt (B), GlobProt (C), and DisEMBL™ (D) predictors
which indicated ratios of order and disorder for PIF/DCD protein. The scores above or below threshold line indicate
regions with high or low potential for disorder. The probability and propensity were defined from amino to carboxy
termini sequence of the protein. The peptide signal amino acid sequence was not included for the analysis.

DISCUSSION

PIF/DCD is a 110-amino acid protein that is most highly expressed in sweat glands
of the skin (Schittek et al., 2001), as well in breast tissue and in the central nervous system
(Porter et al., 2003). The amino acid sequence of 11-kDa PIF/DCD protein does not have
significant alignments to known proteins or a particular motif that could assign one specific
function. A prior study has provided biological evidence that the protein interacts with specific
transmembrane receptors to induce the growth and survival of breast cancer cells (Porter et al.,
2003), which suggests that the protein may adopt a stable globular structure. It has also been
demonstrated that several truncated peptides generated by limited proteolysis of this protein
exert other important biological functions such as antimicrobial activity (Steffen et al., 2006),
induction of immune response and neuron survival (Cunningham et al., 1998) and induction
of skeletal muscle proteolysis during cancer cachexia (Tisdale, 2004). Such functions have
been partly credited to either structural conformation (Cunningham et al., 1998; Steffen et
al., 2006) or post-transductional modification of the protein (Tisdale, 2004), which are not yet
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fully elucidated. In this report, we present further biochemical evidence suggesting that higher
susceptibility for proteolytic processing and lack of regular secondary structure may be special
features associated with PIF/DCD functions.

Our initial biochemical studies on SDS-PAGE gels revealed an anomalous electropho-
retic mobility for native reduced recombinant human 11-kDa protein which migrated in the
gels as a 16-kDa polypeptide, approximately 40% larger than expected (Figure 1). Aberrant
mobility and structural flexibility are caused by PEST domains, which are highly charged re-
gions rich in proline, glutamic acid, aspartic acid, and serine or threonine residues, very often
associated with rapid protein degradation (Rogers et al., 1986). In agreement with this, we
identified a poor PEST sequence at the N-terminus of the protein. The anomalous electropho-
retic behavior is also caused by differential SDS binding to large negative charge on certain
segments of the protein leading to the formation of a-helical structures. As demonstrated here
(Figure 4) and in previous studies (Lai et al., 2005, Steffen et al., 2006), the native PIF/DCD
molecule and DCD-derived peptides DCD-1L and LEK-45 are able to self-associate and form
oligomers in the presence of SDS molecules. Globularity and disordered regions can be pre-
dicted using computational predictors (Linding et al., 2003a). We identified a large disordered
region, spanning from residues 1 to 50 of the N-terminal sequence of PIF/DCD protein (Figure
6). The disorder probability/propensity ranged from 0.5 to 0.9. The accuracy of the predictors
(PONDR®, DisEMBL™, DisProt, and GlobPlot™) varies from 70 to 84% (Oldfield et al., 2005;
Vucetic et al., 2005). DisEMBL predictor examines residues within loops/coils, Remark-465,
and residues with missing coordinates (Linding et al., 2003a). PONDR platform predicts fea-
tures such as loops/coils and hot loops (Li et al., 1999). GlobPlot predicts order/globularity and
disorder based on inter-domains containing linear motifs (Linding et al., 2003b). This struc-
tural disorder has also been characterized experimentally in circular dichroism studies (Figure
4). Furthermore, molecular dynamic stimulation studies indicated that residues 20 to 45 display
predominantly unfolding trajectories in water over a wide range of temperatures. Correlating
with these findings, we could not identify any tendency of PIF/DCD protein to form aggregates
and yield crystals. Another important feature identified within the N-terminal region of the PIF/
DCD was the resistance to proteolytic digestion by trypsin (Figure 3).

Previous studies have shown that PIF/DCD expression and effects in the brain and
various tumor types are influenced by oxidative stress, inflammatory cytokines, chemicals,
and oncogenic transformation (Cunningham et al., 2002; Wang et al., 2003; Minami et al.,
2004; Rieg et al., 2004; Lowrie et al., 2006; Deans et al., 20006). It is quite possible that the
native PIF/DCD protein secreted by brain neurons and breast cancer cells binds to its putative
transmenbrane receptors, which have not been fully characterized (Porter et al., 2003). An-
other study has provided evidence that PIF/DCD binds to calreticulin, a ubiquitous calcium-
binding protein that has a variety of functions (Cunningham et al., 2000). In addition, it was
demonstrated that PIF/DCD is a ligand of MUCI, a transmembrane glycoprotein aberrantly
overexpressed by breast carcinomas and other carcinomas (Kufe, 2004). It is interesting that
MUCI co-signals with the ErbB2 and FGFR3 receptor tyrosine kinases, which leads to its
diffusion to the nucleus where it interacts and represses pS3-mediated transcription (Wei et
al., 2007). Thus, alternatively, the growth and survival effects mediated by PIF/DCD could
also be associated with its ability to bind MUCI1 under certain pathological conditions.

Genetics and Molecular Research 6 (4): 1000-1011 (2007)
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Finally, it seems most likely that PIF/DCD acquires a well-defined three-dimensional
structure to participate in many cellular functions. Therefore, future studies aiming to precisely
define its native and functional structures may advance our understanding of its role in normal
and cancer cells.
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