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C4.4A is a glycosylphosphatidylinositol-anchored membrane protein comprised
of two LU domains (Ly6/uPAR-like domains) and an extensively O-glycosylated
C-terminal Ser/Thr/Pro-rich region. C4.4A is a novel biomarker for squamous
epithelial differentiation. Its expression is dysregulated under various
pathological conditions and it is a robust biomarker for poor prognosis in
various malignant conditions such as pulmonary adenocarcinoma. To facilitate
crystallization, the two LU domains were excised from intact C4.4A by limited
proteolysis, purified and crystallized by the sitting-drop vapour-diffusion
method. The crystals diffracted to 2.7 A resolution and belonged to space
group C222,, with unit-cell parameters a = 55.49, b = 119.63, c = 168.54 A. The
statistics indicated good quality of the data, which form a solid basis for the
determination of the C4.4A structure.

1. Introduction

C4.4A was initially discovered and defined as a metastasis-
associated antigen in a murine pancreatic tumour cell line
(Rosel et al., 1998). It was named C4.4A because it was
recognized by specific monoclonal antibody C4.4 (Rosel et al.,
1998). Under normal homeostatic conditions C4.4A has a very
strict expression pattern, which is primarily limited to strati-
fied squamous epithelium such as the skin (the stratum
granulosum), oesophagus, vagina, rectum, oral cavity, cornea
and the cuboidial epithelium of human placenta cells (Krieg-
baum, Jacobsen et al., 2011; Hansen et al., 2004). The high
expression of C4.4A in skin keratinocytes is maintained during
the re-epithelization of incisional wounds in mice (Hansen
et al., 2004) and in tissue-engineered human skin cultures
(B. Jacobsen et al., submitted) as well as in chronic human
wounds (Rosel et al., 1998; Hansen et al., 2004). A compre-
hensive study of invasive skin lesions shows that C4.4A
expression is maintained in stratum spinosum during hyper-
plasia, but more importantly C4.4A expression reappears in
deep invasive lesions whether these are malignant or benign
(Kriegbaum et al., 2015). Several studies have reported that
C4.4A is highly expressed in various solid cancers of, for
example, the breast (Miyake et al., 2015), bladder (Smith et al.,
2001; Kriegbaum et al., 2016), kidney (Konishi et al., 2010),
colon (Paret et al., 2007; Konishi et al., 2010) and oesophagus
(Ohtsuka et al., 2013; Hansen et al., 2008). In the case of
human pulmonary cancer, C4.4A expression has been the
focus of intense studies. Normal healthy lung epithelium is
devoid of C4.4A expression, but during early squamous
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Table 1

Macromolecule-production information.

Source organism

DNA source

Cloning vector

Expression vector

Expression host

Complete amino-acid sequence
of the construct producedf

Homo sapiens

c¢DNA from human C4.4A and suPAR D3

pMT/V5-His

pMT/V5-His

Drosophila S2 cells

LECYSCVQKADDGCSPNKMKTVKCAPGVDVCTEA-
VGAVETIHGQFSLAVRGCGSGLPGKNDRGLDL-
HGLLAFIQLQQCAQDRCNAKLNLTSRALDPAG-
NESAYPPNGVECYSCVGLSREACQGTSPPVVS-
CYNASDHVYKGCFDGNVTLTAANVTVSLPVRG-
CVQDEFCTRDGVTGPGFTLSGSCCQGSRCNSD-
LRNKTESPRIPPLVRLPPPEPTTVASTTSVT—
TSTSAPVRPTSTTKPMPAPTSQTPRQGVEHEA-
SRDEEPRLTGGAAGHQDDDDKLELENLPQNGR-
QCYSCKGNSTHGCSSEETFLIDCRGPMNQCLV-
ATGTHEPKNQSYMVRGCATASMCQHAHLGDAF-
SMNHIDVSCCTKSGCNHPDLDVQYRSG

+ The underlined sequences denote the chymotrypsin and enterokinase recognition sites,
respectively, and the italicized sequence indicates the uPAR-D3 fusion tag.

metaplasia (not malignant per se) pronounced C4.4A
expression appears, which is excellently aligned with its use as
a biomarker for squamous differentiation. From a cancer
patient perspective it is nonetheless more relevant that C4.4A
expression is found in some of the precursor lesions of
pulmonary adenocarcinomas, an epithelium subtype that is
not expected to express this biomarker (Jacobsen et al., 2012).
Accordingly, high expression levels of C4.4A constitute a
robust biomarker predicting a poor prognosis for patients with
pulmonary adenocarcinoma but not squamous cell carcinoma
(Hansen et al., 2007; Jacobsen & Ploug, 2008; Jacobsen et al.,
2013). Based on these findings, there is a great interest in
studying C4.4A in various pathological conditions and new
experimental tools are being developed to accomplish this,
such as C4.4A-deficient mouse models (Kriegbaum et al.,
2016).

Homology considerations predict that C4.4A is a glycolipid-
anchored protein belonging to the Ly6/uPAR/o-neurotoxin
(LU) family (Rosel et al., 1998). The extracellular region of
C4.4A includes two such LU domains (D1 and D2) followed
by a C-terminal region, which is rich in serine, threonine and
proline (STP-rich region; Hansen et al., 2004). Only a very few
genes encoding proteins with multiple LU domains are found
in the human genome and they are all found in a small gene
cluster on chromosome 19q13 (Kriegbaum, Persson et al.,
2011; Kjaergaard et al., 2008). Whereas the urokinase receptor
(uPAR) has three LU domains, all of which participate in the
dynamic assembly of a high-affinity binding site for its primary
ligand uPA, C4.4A has only two LU domains and thus
resembles its close structural homologue Haldisin, which is an
epithelial biomarker in the stratum granulosum (Gardsvoll et
al., 2013). Circumstantial evidence suggests that C4.4A plays a
role in adhesion, migration and invasion similar to that of
uPAR (Smith ef al., 2001; Thuma et al., 2013; Kriegbaum et al.,
2015). However, how C4.4A interacts with its putative ligands
to perform its functions and how the two LU domains are
arranged remain unknown. Protein structure—function rela-
tionships in uPAR (Llinas et al., 2005) have played an essential

role in the successful clinical translation of a small nonamer
peptide antagonist (Ploug et al, 2001) for non-invasive
imaging of uPAR expression by positron emission tomography
in cancer patients (Ploug, 2013; Persson et al., 2015). To set a
similar stage for research on C4.4A, we now report the puri-
fication, crystallization and preliminary X-ray study of the
C4.4A D1 and D2 domains (C4.4A-D1D2).

2. Materials and methods
2.1. Macromolecule production

Recombinant C4.4A-ent-uPAR-D3 fusion protein was
produced in Drosophila S2 cells as a secreted protein and
purified according to a previously published protocol
(Gardsvoll et al, 2007). The production procedure is
summarized in Table 1. Briefly, recombinant proteins were
expressed using Drosophila-SFM at a constant temperature of
298 K and 115 rev min~ ' in a shaker incubator. Expression of
the protein was induced by the addition of 0.5 mM CuSOQOy,, and
the conditioned medium was harvested after one week of
induction. After centrifugation and clarification by filtration,
the supernatant was applied onto an anti-uPAR monoclonal
antibody R2-coupled immunoaffinity chromatography
column. The column was washed with at least ten column
volumes of washing buffer (10 mM NaH,PO,, 140 mM NacCl
pH 7.4) and the target protein was then eluted with 0.1 M
acetic acid, 0.5 M NaCl pH 2.5 and the collected fractions were
immediately neutralized with 1 M Tris base pH 11. To remove
the highly glycosylated STP-rich region, purified C4.4A-ent-
uPAR D3 fusion protein was mixed with immobilized
chymotrypsin (Princeton Separations) at 37°C for 4-6 h to
cleave the exposed scissile peptide bonds Tyr200-Phe201 and
Phe201-Ser202 between C4.4A domain 2 and the STP-rich
region (Hansen et al., 2004). The digested material was loaded
onto a mAb R2 immunoaffinity chromatography column,
where the liberated uPAR-D3 and the uncleaved fusion
protein were absorbed. The flowthrough contained the target
C4.4A-D1D2 protein, which was further purified via size-
exclusion chromatography (SEC) on a Superdex 75 column
mounted on an AKTA FPLC system (GE Healthcare). The
purified protein was analyzed on 12% polyacrylamide gels
followed by Coomassie Blue staining. The target protein was
concentrated to 10 mg ml™" using an Amicon Ultra centrifugal
concentrator and finally stored at 193 K. Protein for crystal-
lization was analysed by SEC on a Superdex 75 column.

2.2. Crystallization

In order to obtain crystals of the target protein, the purified
C4.4A protein was concentrated to 10 mgml~" and then
crystallized by the sitting-drop vapour-diffusion method. The
crystallization conditions were screened in 96-well crystal-
growth plates with a crystallization robot (Art Robbins
Instruments) using the following commercial screening Kkits:
Index, PEGRx HT, SaltRX, Crystal Screen and others form
Hampton Research. After optimization, well formed crystals
of C44A-D1D2 were obtained using 22.5% polyethylene
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Table 2
Crystallization of C4.4A-D1D2.

Method Sitting-drop vapour diffusion
Plate type 24-well

Temperature (K) 293

Protein concentration (mg ml™") 10

Buffer composition of protein solution
Composition of reservoir solution

20 mM Tris pH 7.5, 100 mM NacCl
22.5%(w/v) PEG 4000, 0.1 M
citric acid pH 3.6

Volume and ratio of drop 11
Volume of reservoir (ml) 1
Table 3

Data collection and processing.

Values in parentheses are for the outer shell.

Diffraction source X29, NSLS
Wavelength (A) 0.9796

Temperature (K) 100

Detector ADSC Quantum 315 CCD
Crystal-to-detector distance (mm) 400

Rotation range per image (°) 1

Total rotation range (°) 360

Exposure time per image (s) 1

Space group C222,

a, b, c (A) 55.49, 119.63, 168.54
a, B,y () 90, 90, 90

Resolution range (A)
No. of unique reflections
Completeness (%)

43.22-2.70 (2.78-2.70)
15804 (1549)
99.73 (99.17)

Multiplicity 13.5 (8.9)
(Ilo(1)) ) 29.74 (2.68)
Overall B factor from Wilson plot (A?) 76.61

Rmerge (0/0) 5.718 (7721)
Reim. (%) 1.606 (26.68)
CCip 1.000 (0.897)

glycol 4000, 0.1 M citric acid pH 3.6 as precipitant in a 24-well
plate. Crystallization information is shown in Table 2.

2.3. Data collection and processing

Prior to X-ray data collection, the crystals were picked up
in a cryoloop (0.1-0.2 mm; Hampton Research), immediately
soaked in mother liquor containing an additional 25%(v/v)
glycerol as a cryoprotectant for 10-20 s and then flash-cooled
in liquid nitrogen. Diffraction experiments were conducted
under a cryogenic condition (100 K) on beamline X29 at
Brookhaven National Synchrotron Light Source (NSLS). A
total of 360 images were collected at a crystal-to-detector
distance of 400 mm with 1 s exposure for every 1° oscillation
frame. Diffraction data sets were processed using the auto-
mated data-processing pipeline xia2 (Winter, 2010) with
options that run XDS (Kabsch, 2010). Data-collection and
processing statistics are summarized in Table 3.

3. Results and discussion

Recombinant C4.4A-ent-uPAR-D3 protein with a C-terminal
uPAR D3 domain as a purification tag (Gardsvoll et al., 2007)
was expressed in Drosophila S2 cells with a yield of 20 mg 17"
and purified by immunoaffinity chromatography. Crystal-
lization of the full-length C4.4A protein, which was generated
by enterokinase cleavage of the C4.4A-ent-uPAR-D3 fusion

protein, failed. This is most likely to be owing to highly
heterogeneous O-glycosylation of the STP-rich region. C4.4A-
D1D2 was also generated by limited proteolysis using immo-
bilized chymotrypsin owing to the presence of an exposed
sequence between the C4.4A D2 domain and the STP-rich
region (Hansen et al., 2004). C44A-D1D2 was purified to
homogeneity by immunoaffinity chromatography combined
with gel filtration (Fig. la). The protein is monomeric as
judged by its elution volume (11.22 ml) from a gel-filtration
column (Fig. 1b). The purified C4.4A-D1D2 protein was
concentrated to 10mgml™' for initial crystallization
screening. Plate-like crystals (Fig. 2a) appeared in condition
C4 of the PEGRx HT screen. Data from the best C4.4A-D1D2
protein crystal (Fig. 2b) were obtained to 2.7 A resolution
(Fig. 3) on the X29 beamline at NSLS. The crystal lattice
belonged to space group (€222, with unit-cell parameters
a = 5549, b = 119.63, ¢ = 16854 A (Table 3). The most
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Figure 1

Purification of target C4.4A-D1D2 protein. (¢) SDS-PAGE analysis of
samples taken at different purification steps. Lane M, molecular-mass
marker (labelled in kDa); lanes 1 and 2, C4.4A-ent-uPAR-D3, elution
fractions from mAb R2 immunoaffinity chromatography; lanes 3-5,
C4.4A D1D2, elution fractions from SEC, with an approximate molecular
weight of 32 kDa. (b) Analysis of C4.4A-D1D2 on a Superdex 75 column.
C4.4A-D1D2 eluted with a retention volume of 11.22 ml, which
corresponds to a monomer.
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Figure 2

()

Crystals of C4.4A-D1D2. (a) Crystals from preliminary screening in a 96-well plate. (b) Crystals grown under the optimal condition (22.5% PEG 4000,

0.1 M citric acid pH 3.6) in a 24-well plate.

Figure 3
Representative X-ray diffraction image obtained from a crystal grown in
the optimized crystal-growth condition.

probable Matthews coefficient was 2.33 A’Da™! and corre-
sponded to two protein molecules per asymmetric unit, with a
solvent content of 47.28%.

C4.4A shares relatively low sequence identity (28%) with
its closest homologue, uPAR. Further studies are in progress
to determine the structure of C4.4A-D1D2 using uPAR as a
molecular-replacement template and elucidate the structure—
function relationship of this protein.
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