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Abstract

L-selectin (CD62L) is an extracellular protein with a lectin-like domain that mediates rolling
adhesion of leukocytes to vascular endothelial cell surfaces. Currently, there are no solved
structures for the ectodomain of CD62L, nor of CD62L in complex with its ligand. We have
developed a rapid mammalian recombinant protein expression system using an amplifiable
glutamine synthase based vector. Here, we further developed and applied this method to express
and purify the entire extracellular region of CD62L. This resulted in excess of 20 mg/liter yield of
recombinant CD62L. In an attempt to understand the different expression levels among four
similar CD62L constructs that differ primarily in signal sequences, we calculated the presence of
potential RNA pseudoknots in their signal sequences. The results showed the presence of
pseudoknots involving the start codon and between the signal sequence and gene in the mRNA of
the non-expressing constructs, suggesting a potential inhibitory role of RNA pseudoknots in
recombinant protein expression.

Introduction

Human L-Selectin (CD62L) is a member of the selectin family of proteins, a group that
binds carbohydrates and differ mainly in the number of sushi repeat domains found after the
lectin-binding and epidermal growth factor (EGF) domains [1]. This cell surface protein is
involved in rolling adhesion of leukocytes to endothelial cells [2], which is used for
lymphocyte homing and inflammation responses [3]. While the structures of E- and P-
selectins have been determined with bound carbohydrates [4], such a structure has not been
determined for L-selectin, and consequently the structural mechanism of L-selectin binding
to its carbohydrate ligand remain unresolved. Furthermore, the only L-selectin structures
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available are those corresponding to truncated lectin and EGF domain constructs [5, 6],
leaving the role of the two sushi domains undefined.

To facilitate the structural and functional studies of L-selectin, we attempted to develop an
efficient, stable recombinant over-expression system. We have previously described a
method for truncated CD62L ectodomain production [7], in which a step-wise increase of
methionine sulfoximine (MSX) concentration was achieved in a single- rather than multi-
round selection to amplify the recombinant glutamine synthetase (GS)-containing plasmid.
This reduced the time needed to establish stable recombinant-expressing clones from 6
months to less than 3 months. Here, we describe an improvement of this method to produce
the full length, four-domain extracellular CD62L that includes a c-type selectin domain, an
EGF calcium binding domain, and two sushi repeat domains (Figure 1). The presence of
nine disulfide bonds and seven predicted glycosylation sites make this protein difficult to
produce in bacteria or insect cells. We used the recently developed MSX-driven GS-system
to amplify recombinant CD62L expression [8, 9], similar to the DHFR gene amplification
method [10, 11].

Signal peptides are known to affect gene expression and some, such as those from rat serum
albumin (RSA) and immunoglobin G (1gG), have been used to enhance recombinant protein
expressions [8, 12]. In attempts to over-express CD62L, we generated recombinant CD62L
expression constructs using four different signal sequences in the same GS vector. To further
understand the effect of various signal sequences on recombinant CD62L expression, we
analyzed the presence of stable RNA structures, such as pseudoknots, in four different signal
peptide constructs of recombinant CD62L (Figure 2). Pseudoknots are tertiary structures that
form in single-stranded RNA, and are found in telomerase RNA, ribozymes, ribosomal
RNA, and messenger RNA [13-15]. They mainly occur when nucleotides in a hairpin loop
form additional base-pairing with their complementary nucleotides some distance away on
the same RNA strand [16]. These stable RNA structures are involved in gene regulation and
expression in multiple ways, and pseudoknots found in viral mMRNA are known to induce
translational frameshifts to allow viruses to produce multiple proteins from a single mRNA
[14, 15, 17, 18]. Evidence suggests that pseudoknots function as structural obstructions to
induce ribosomal pause, which then initiates frameshifts through a “slippery sequence” [19,
20]. The potential involvement of RNA pseudoknots in modulating recombinant protein
expressions, however, is not known. Conceivably, such pseudoknots may cause ribosomes to
pause during synthesis of recombinant protein, resulting in kinetic delay in protein synthesis
or even aborted translation. Here, our effort resulted in recombinant CD62L yield exceeding
20 mg/L among the high expressing clones, an approximate 5- to 10-fold increase compared
to the previous attempt. Our findings suggest that the presence of RNA pseudoknots may
lower recombinant protein expression yields.

Materials and Methods

Reagents

DMEM/F-12 medium, Opti-MEM I medium, CHO-S-SFM Il medium, penicillin
streptomycin (PS), trypsin, fetal bovine serum (FBS), phosphate-buffered saline pH 7.4
(PBS), sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 4-12% gels,
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E-Gel agarose gels, and the Lipofectamine 3000 kit were purchased from Thermo Fisher
Scientific (Waltham, MA). GMEM medium, GS supplement, methionine sulfoximine
(MSX), bovine serum albumin (BSA), mucin from porcine stomach type Il (PSM-I1), 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), and DNA maxiprep kit were from
Sigma-Aldrich (St. Louis, MO). The CD62L ELISA kit was from R&D Systems (St. Louis,
MO). Ampicillin was from MP Biotechnologies (Santa Ana, CA). E. coli DH5a mix-and-go
transformation kit was from Zymo Research (Irving, CA). HBS-P+ buffer (0.1 M HEPES,
1.5 M NaCl, 0.5% v/v Surfactant P20, pH 7.4), carboxymethylated dextran (CM5) chip, and
N-hydroxysuccinimide/1-ethyl-3(-3-dimethyl-aminopropyl) carbodiimide hydrochloride
(NHS/EDC) were from General Electric Healthcare (Little Chalfont, UK). Centrifugal filter
concentrators were from EMD Millipore (Darmstadt, Germany). Anti-CD62L DREG-56
antibody was from eBioscience (San Diego, CA). RNeasy mini kit and Hot Start 7ag were
from QIAGEN (Hilden, Germany). Primers were from Integrated DNA Technologies
(Coralville, 1A). SuperScript 111 Reverse Transcriptase PRC kit was from Invitrogen
(Carlsbad, CA).

Chinese hamster ovary cell line CHO-lec3.2.8.1 was provided by Dr. Pamela Stanley [21].
Cells were maintained in DMEM/F-12 medium with 10% FBS and 1% PS at 37 °C with 5%
CO,, for transfection and switched to GMEM with 10% FBS, 1% PS, GS supplement, and
varying concentrations of MSX during selections. After cells were expanded into triple-layer
culture flasks with selection medium containing 500 uM MSX, the culture medium was
replaced with CHO-S-SFM 11 serum-free medium for protein production.

Plasmid constructs and production

The construct used is a GS-based system developed by our lab [8]. The CD62L expression
construct with native 1 signal sequence was synthesized by GenScript (Piscataway, NJ), and
all other constructs were synthesized by GeneCopoeia (Rockville, MD). The ectodomain of
CD62L was inserted between the BamH/ and Xhol restriction sites. The recombinant
plasmid, pGS-CD62L, was transformed into E. coli DH5a mix-and-go cells on an LB-plate
in the presence of ampicillin for maxiprep.

Transfection of CHO-lec3.2.8.1 cells and selection of stable clones

CHO-lec3.2.8.1 cells were grown in a 100 cm? flask until approximately 80% confluence
and transfected with a mixture of 30 ug sterile-filtered pGS-CD62L plasmid DNA, 90 L
Lipofactamine 3000, 60 puL P3000 reagent, and 3 mL Opti-MEM. After 20 hours of
incubation at 37 °C, cells were trypsinized, resuspended in 200 mL selection medium
containing 30 uM MSX, diluted seven-fold, and plated into ten 384 well plates with 50 pL
per well. MSX concentrations were increased incrementally from 30 pM to 150 pM, then to
500 uM every two weeks. This was achieved by replacing 25 pL of selection medium in the
wells with fresh selection medium containing two times the target MSX concentration. After
four days of incubation in the 500 UM MSX selection medium, wells were inspected every
three to four days for viable colonies. Selective medium replacements were made for wells
exhibiting color change and the CD62L expressions were measured by ELISA following a
manufacture’s instruction (R&D systems, Inc). The top 10% CD62L expression clones were
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trypsinized and transferred to 48 well plates, and their expressions were evaluated again by
ELISA upon confluence. The eight best CD62L expressing clones were expanded to T-75
cm? flasks, and the top two producers were further expanded into triple-layer flasks for
recombinant CD62L production.

Purification of recombinant CD62L

A total of ~2.5 liters of spent medium harvests from triple-layer flasks were centrifuged and
filtered prior to loading onto an Ni-NTA column prepared with 50 mM NiCl, and
equilibrated with deionized water. Bound protein was eluted using a 1 M imidazole, 0.5 M
NaCl, 20 mM HEPES, pH 7.4 elution buffer in a gradient between 0-100% elution buffer
over 10 column volumes. Peaks from the Ni-NTA elution were evaluated by SDS-PAGE.
Fractions containing CD62L were combined, concentrated to approximately 2 mL, and
further purified using a Superdex 200 HR16/60 size exclusion column (GE Healthcare) that
was equilibrated with 100 mM NaCl and 20mM HEPES. Fractions containing CD62L were
concentrated to ~8mg/mL concentration in centrifugal filter concentrators. The peptide
sequence of purified recombinant CD62L was confirmed by N-terminal peptide sequencing.

BlAcore binding assays

Binding experiments were performed by measuring surface plasmon resonance (SPR) using
a BlAcore 3000 instrument (GE Healthcare). Recombinant CD62L and BSA (control) were
immobilized to different flow cells on a CM5 surface-based sensor chip using NHS/EDC
crosslinking in sodium acetate buffer, pH 5.0. For binding assays, the analyte consisted of a
serial dilution of anti-CD62L antibody DREG-56 from 40 to 5 nM or 44 pM PSM-II in
HBS-P buffer. PSM-11 was not soluble above 44 uM, and gave low signal below this
concentration, so three repeats were done at 44 pM to calculate an average. The error
produced from SPR is typically as large as the constant derived from the curves.

Pseudoknot calculations and visualization

A total of four recombinant CD62L expression constructs using native 1, native 2, RSA, and
1gG signal sequences were investigated (Figure 2). The constructs using native 1 or 2 signal
sequences produced clones that expressed recombinant CD62L protein, while the RSA and
1gG constructs did not. Since the four constructs differ primarily in their signal sequences,
the presence of pseudoknots in the signal sequence (beginning 12 nucleotides 5” of the start
codon) and between the signal sequence and the coding region were calculated using
DotKnot from the University of Western Australia [22, 23]. Dot-bracket visualization was
performed using the Visualization Applet for RNA (VARNA) [24]. Many viral pseudoknots
involve between 20-50 nucleotides; thus, pseudoknot calculations were performed using a
sliding 50 nucleotide-window with 25 nucleotide overlaps. Since each signal sequence
differs in length, pseudoknots were calculated to include 50 nucleotides from the CD62L
structural region.

gRT-PCR comparison of mRNA levels

CHO-lec cells were transiently transfected with each of the four constructs and the CD62L
mRNA was quantified by gRT-PCR. p-actin was used as a control. CHO-lec cells were
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grown in 6 well plates in DMEM to approximately 50% confluent. Transfection media
consisted of a mixture of 2 mL of serum-free Opti-MEM, 6 L of PEI, and 2 ug of either
RSA, 1gG, native 1, or native 2 leader constructs and was incubated for 20 minutes at room
temperature before adding to the CHO-lec cells. After 3 days at 37 °C, total MRNA was
isolated using a Qiagen RNeasy Mini Kit. First-strand cDNA was synthesized using the
Invitrogen SuperScript 111 reverse transcriptase kit, followed by PCR reaction using Hot
Start 7ag from Qiagen. Primers used were: CD62L forward 5’-
GAACAAGGAGGACTGCGTGGAGA-3’, CD62L reverse 5’-
CTTTAGTTTGTGGCAGGCGTCATC-3’, B-actin forward 5’-
CCAAGGCCAACCGTGAAAAGAT-3’, and B-actin reverse 5'-
CGACCAGAGGCATACAGGCACAG-3’. A 30-cycle PCR was carried out at 98 °C for 15
minutes, 98 °C for 30 seconds, 50 °C for 30 seconds, 72 °C for 1 minute, repeating steps 2—4
30 times, 72 °C for 2.5 minutes, 4 °C hold.

Recombinant CD62L expression constructs

The extracellular region of human CD62L consists of 345 amino acids, including a signal
peptide (1-41), a propeptide (42-51), and the mature peptide (52—345) (Gene accession:
NP_000646 and P14151) (Figure 1). Structurally, mature CD62L contains a C-type lectin
domain (52-170), an EGF domain (178-205), and two sushi domains (210-268, and 272—
330). A six-histidine tag was added to the C-terminus of each construct to facilitate
purification. In attempts to over-express CD62L, four constructs with different signal
sequences (RSA, 1gG, and two different native signal sequences) were generated in the same
GS vector (Figure 2). The two native signal sequences, referred to as native 1 (NP_000646)
and native 2 (P14151), are taken from two separate Gene bank entries of human CD62L,
with native 1 containing an additional 13 amino acids at the 5"-end of the gene. In addition,
the construct with native 1 signal sequence also includes the two C-terminal sushi domains,
making it a full extracellular construct with a total of 345 amino acids. While using an RSA
signal sequence improved recombinant TGF-B1 expression [8], to our surprise, neither RSA
nor 1gG leader constructs produced detectable levels of recombinant CD62L by ELISA. As
all constructs contain the epitope region for ELISA antibodies, the failure of RSA and IgG
signal sequences to produce CD62L suggests the effect of the signal sequence in
recombinant protein expression depends on its 3" coding sequences. Both native signal
sequences resulted in measurable expressions of CD62L and the current manuscript
primarily describes the expression and purification of the native 1 construct, as the
expression using the native 2 signal sequences has been reported previously [7].

Production of stable CD62L expressing CHO cell line

Approximately 107 CD62L-transfected cells were distributed into ten 384-well plates,
resulting in ~2500 cells per well. MSX concentration was increased in three steps to select
for stable CD62L-expressing clones. To optimize the recovery of high-expression clones,
multiple ELISA assays were carried out to screen a large number of asynchronous stable
clones in transfected 384 well plates, as well as to quantify the recombinant CD62L
expression among the selectively expanded CD62L-expressing clones for protein
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production. Of 3840 wells, 630 (~16%) produced viable colonies, suggesting the clones
were derived from single cells. Among them, 44 were expanded to 48 and 24 wells, and the
eight highest-expressing clones were expanded to T-75 cm? flasks for final yield analysis. Of
the 630 clones tested by ELISA, 457 (~70%) expressed < 1mg/L, 112 (~20%) expressed
between 1-5 mg/L, 54 (9%) expressed between 6-15 mg/L, and the top seven clones (1%)
expressed between 16-25 mg/L (Figure 3). Clone Cl14 produced ~ 24mg/L of CD62L prior
to affinity and size-exclusion purification and was expanded for recombinant protein
production. In comparison, the expression using the native 2 signal sequence resulted in 1-5
mg/L recombinant CD62L [7]. Thus, the current construct using the native 1 signal sequence
yielded approximately 5- to 10-fold more CD62L protein.

Expression and purification of recombinant CD62L

A total of 2.5 L serum-free culture medium of clone Cl14 was harvested and loaded onto a
20 mL Ni-NTA column. The bound CD62L was eluted with a 0-1 M imidazole gradient
elution. Peak fractions were analyzed by SDS-PAGE and the recombinant CD62L was found
in the elution between 50-300 mM imidazole concentrations. All CD62L-containing
fractions were combined, concentrated, and further purified through a Superdex 200
HR16/60 size exclusion column. CD62L eluted with an apparent molecular weight of 50 kD,
most likely due to the glycosylation of the multiple predicted glycosylation sites (Figure 4).
The N-terminal peptide sequencing resulted in WTYHYSEKPMNWQRARREF,
corresponding to the beginning of the mature CD62L sequence after the cleavage of pro-
CDG62L peptide.

To confirm the recombinant CD62L function, binding assays were carried out using SPR.
Recombinant CD62L was immobilized on CM5 chip with immobilization levels of 1200,
5000, and 6700 response units (RU), respectively. BSA was immobilized at 13000 RU as a
control. Serial dilutions of DREG-56 or 44 uM PSM-II were injected as analytes over the
immobilized CD62L. The recombinant CD62L bound to its antibody DREG-56 and PSM-11
with affinities of 17 £ 20 nM and 55 + 54.5 M, respectively (Figure 5). Similar binding to
mucin and anti-CD62L antibody was observed compared to previous publication [7, 25]

Evaluation of the contribution of RNA pseudoknots in recombinant CD62L expression

The over-expression of current recombinant CD62L prompted us to further examine the four
similar recombinant CD62L constructs that resulted in drastically different expressions of
CDG62L. In particular, the failure of both the RSA and 1gG signal sequences to express
CD62L suggested the previously-observed enhancing effect of the RSA and 1gG signal
sequences to protein expression is gene-dependent, and that the RSA and IgG signal
sequences may interact with downstream CD62L-coding nucleotides to inhibit its
expression. To rule out a potential difference in transcription of the four recombinant CD62L
constructs, we compared the CD62L mRNA levels of the four expression constructs using
gRT-PCR in transiently transfected CHO-lec cells. All four expression plasmids resulted in
similar amount of CD62L mRNA regardless of their signal sequences (Figure 6). This
suggests that the differences in protein productions are not results of their transcriptions.
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We then examined potential influence of RNA pseudoknots in the expression of the four
recombinant CD62L constructs. While viral RNA is known to contain pseudoknots that are
capable of stalling ribosomes and inducing translational frameshifts to benefit viral gene
synthesis, it is not clear if such stable RNA structures are also present in normal mRNA to
modulate recombinant protein expression. A survey of published viral RNA pseudoknots
showed most of them consist of 20-35 nucleotides with calculated Gibbs free energies of
-10 to —30 kcal/mol (Figure 7). For an example of a known pseudoknot found in viral
mMRNA, Figure 7 shows the 2D representation of dot-bracket format next to the 3D NMR
structure. To investigate if RNA pseudoknots contributed to the observed yield differences in
CD62L production, we calculated the potential pseudoknot compositions in the signal
sequences and within 50 nucleotides of the structural coding region of CD62L in all four
recombinant CD62L expression constructs. Interestingly, RNA pseudoknots with similar
free energies to those of known viral pseudoknots are present in the signal sequence regions
of all four CD62L expression constructs (Figure 8). Second, both the 1gG and RSA leader
constructs contain potential pseudoknots over the translational initiation AUG codon (and
the ribosome binding site in 1gG), suggesting a potential barrier in ribosome binding and
translation initiation of the two constructs. Third, both RSA and IgG signal sequences
appear to form more stable pseudoknots than the two native signal sequences with the 5”-
CD62L coding sequences immediately followed (Figure 8). The presence of stable RNA
pseudoknots between the signal and coding sequences may explain the failure of RSA and
IgG signal sequences in recombinant CD62L expression.

Discussion

Here we have shown that our previously published method for the generation of stable
mammalian cell lines for production of recombinant protein is efficient and reproducible.
Our method enables the generation of high recombinant protein expressing cell lines in
approximately 2 months, much shorter than the 4-6 months required by the conventional
multiple-round selection method.

While secondary structures-such as simple hairpins-in mRNA that are close to the start
codon are known to inhibit protein translation [26], the potential role of RNA pseudoknots in
recombinant protein production is novel and could potentially be used to improve expression
yields. Though pseudoknots have been found to be beneficial in gene regulation in viruses,
they are also known to act as “ribosomal roadblocks”. The more stable a pseudoknot, the
more difficult it becomes for a ribosome to break the pseudoknot, and thus more likely to
lead to aborted protein synthesis [27]. Here, we examined the potential differences in the
pseudoknot structures among the four recombinant CD62L constructs. Our analyses showed
that pseudoknots are not only present in viral genes, they are likely present in non-viral
genes, such as in the coding region of CD62L, thus could potentially regulate the expression
of recombinant genes. Second, the formation of significant pseudoknots between the signal
sequences of 1gG and RSA and the 5'-CD62L coding sequences suggests expression
enhancement from signal sequences is not universal, but rather gene dependent.

It is worth noting that the predicted pseudoknots may differ from those present on mRNA /n
vivo in the absence of experimental validation. Likewise, the calculated Gibbs free energy
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may not directly correlated to this “roadblocking” effect, which is also determined by the
interactions between the different pseudoknot components [27]. While RNA pseudoknot
analyses of the four recombinant CD62L expression constructs are consistent with the
notion of stable RNA structures impeding the efficiency of protein translation, further
experimental evidence is needed to determine if pseudoknots contribute to the expression of
other recombinant proteins. Further, it is not clear if the current improvement in recombinant
CD62L production of native 1 over native 2 signal sequences is solely due to their RNA
pseudoknot structural differences. Other differences, such as the inclusion of the two sushi
domains in the native 1 construct may also affect the recombinant CD62L production.
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Abbreviations

SPR surface plasmon resonance

PS penicillin streptomycin

FBS fetal bovine serum

PBS phosphate-buffered saline pH 7.4

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis
BSA bovine serum albumin

PSM-I11 mucin from porcine stomach type Il

HEPES 4-2-hydroxyethyl-1-piperazineethanesulfonic acid

CM5 carboxymethylated dextran

NHS/EDC  A-hydroxysuccinimide/1-ethyl-3-3-dimethyl-aminopropyl carbodiimide
hydrochloride

MSX methionine sulfoximine
GS glutamine synthetase
EGF epidermal growth factor
1gG Immunoglobin G

RSA rat serum albumin

PCR polymerase chain reaction
PEI polyethylenimine
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Highlights
. Optimized GS-based protein expression system for stable cell clone
production
. Increased yield of the full ectodomain of a human selectin protein, CD62L
. Investigated effect of tertiary mRNA structures on protein expression levels
. Pseudoknots involving start codon and signal sequences affect protein
expression
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Figure 1.

Plasmid map of pGS-CD62L and primary structure of CD62L ectodomain containing nine
disulfide bonds and seven predicted glycosylation sites. The construct used contained all six
domains; the signal and propeptide were cleaved post-translationally before purification.
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Native 1 C-type Lectin Domain Sushi

MGCRRTREGPSKAMIFPWKCQSTQRDLWNIFKLWGWTMLCC

Native2 Pro C-type Lectin Domain Ca-Binding EGF

MIFPWKCQSTQRDLWNIFKLWGWTMLCC

C-type Lectin Domain Ca-Binding EGF

MKWVTFLLLLFISGSAFS

C-type Lectin Domain Ca-Binding EGF

METDTLLLWVLLLWYPGSTGD

Figure 2.
The four recombinant CD62L expression constructs with differing signal sequences. All four

are cloned into the pGS-CD62L vectors. Native 1 and native 2 expressed recombinant
CD62L, while RSA and IgG did not.
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Figure 3.

Frequency distribution of CD62L-producing clones from single-round gene amplification,
analyzed by ELISA.
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Figure 4.

Gel filtration of CD62L. (a) Size exclusion chromatography profile with CD62L peak
labeled. (b) Coomassie blue-stained SDS-PAGE of fraction from gel filtration showing a
band corresponding to recombinant CD62L.
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DREG-56 Binding to CD62L (1200 RU)
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Biding analysis on BIAcore showing CD62L binding to (a) an anti-CD62L antibody
(DREG-56) and (b) PSM-11. BSA was used as a control to subtract background binding.
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Figure 6.
Agarose gel electrophoresis showing the RT-PCR bands for CD62L (top) and p-actin

(bottom). mMRNA samples were prepared from either CD62L-transfected or non-transfected
CHO-lec cells. The lanes are designated as L, ladder; 1, native 1; 2, native 2; 3, 1gG; 4, RSA,;
and 5, untransfected.
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Hairpim

-18.41 kcai'mol

Viral cosIL
Pseudoknots

Example of a known pseudoknot from bacteriophage T2 (PDB: 2TPK [28, 29]) shown in (a)
a 3D structure derived from NMR with corresponding labeled nucleotides, and (b) a 2D
representation with the calculated Gibbs free energy. Published sequences from viral
pseudoknots were compared both in Gibbs free energy (c) and length (d) to the predicted
pseudoknots in the first 200 nucleotides of all four recombinant CD62L constructs.
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Figure 8.

Predicted most stable pseudoknots present in the four recombinant CD62L expression
constructs. Kozak and start codons are within the first 15 nucleotides of each construct and
are shown in blue. Pseudoknots were calculated including both the signal sequence and the
first 50 nucleotides of CD62L structural region. Common pseudoknots present solely in
CD62L structural regions are not included.
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