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Abstract

Type II transmembrane serine proteases (TTSPs) are important in many biological processes. Cell 

surface expression is critical for TTSP activation and function. To date, the mechanism underlying 

TTSP cell surface expression is poorly understood. Corin is a TTSP and acts as the pro-atrial 

natriuretic peptide convertase that is essential for sodium homeostasis and normal blood pressure. 

In this study, we investigated how cytoplasmic tail sequences may regulate corin expression and 

activation on the cell surface. By site-directed mutagenesis, we made mouse corin proteins with 

truncations or point-mutations in the cytoplasmic tail. We expressed the mutants in transfected 

HEK293 cells and analyzed corin cell surface expression and activation by Western blotting and 

flow cytometry. We found that corin truncation mutants lacking a Lys-Phe-Gln sequence at 

residues 71–73 had higher levels of cell surface expression and activation compared with that in 

wild-type corin. When Lys-71, Phe-72 and Gln-73 residues were mutated together, but not 

individually, in corin with the full-length cytoplasmic tail, increased levels of cell surface 

expression and zymogen activation were also observed. These results indicate that residues 

Lys-71, Phe-72 and Gln-73 serve as a novel retention motif in the intracellular pathway to regulate 

corin cell surface expression and activation.
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1. Introduction

Type II transmembrane serine proteases (TTSPs) are trypsin-like enzymes that participate in 

diverse biological processes [1–5]. All TTSPs consist of an N-terminal cytoplasmic tail 

followed by a single-span transmembrane domain and an extracellular region with a C-

terminal protease domain. The transmembrane domain serves as an anchor to restrict the 

protease activity in the desired tissues [1, 6]. The cytoplasmic tails of the TTSPs range from 

19 to 161 amino acids in length [1, 6]. To date, their functional significance remains largely 

unknown.

Corin is a TTSP, consisting of a cytoplasmic tail, a transmembrane domain and an 

extracellular region with two frizzled, eight LDL receptor, a scavenger receptor and a 

protease domains [7, 8]. In cardiomyocytes, corin activates the natriuretic peptides that are 

essential for normal blood volume and pressure [7, 9–11]. Corin deficiency prevents 

natriuretic peptide processing and causes hypertension in knockout mice [12, 13]. Corin 

variants have been found in people with hypertension [14–19].

Corin is synthesized in an inactive zymogen form. Upon reaching the cell surface, it is 

cleaved and activated at a conserved site [20–23]. Previously [24], we found that a DDNN 

cytoplasmic motif regulated human corin cell surface expression and zymogen activation, 

indicating that the cytoplasmic tail plays a role in corin intracellular trafficking.

The natriuretic peptides are conserved from fish species to mammals [25]. Corin is also 

conserved evolutionarily and its homolog exists in the fruit fly Drosophila [26, 27]. 

Interestingly, the corin cytoplasmic tails in different species differ both in length and 

sequence (www.ensemble.org). For example, the mouse corin cytoplasmic tail is 67 amino 

acids longer than the human corin cytoplasmic tail [8]. Moreover, mouse and human corin 

cytoplasmic tails share little sequence similarities. In particular, mouse corin lacks the 

DDNN motif that mediates human corin cell surface expression [24].

We hypothesize that different cytoplasmic sequences may be involved in regulating mouse 

corin cell surface expression. To test this hypothesis, we created mouse corin proteins with 

altered cytoplasmic lengths and sequences. We expressed these proteins in human 

embryonic kidney 293 (HEK293) cells and analyzed their cell surface expression and 

zymogen activation by Western blotting and flow cytometry.

2. Materials and methods

2.1. Expression plasmids

Plasmids encoding mouse corin wild-type (WT) and mutants were constructed by site-

directed mutagenesis. All plasmids were pcDNA3.1 (Invitrogen)-based and verified by 

sequencing. Individual corin mutants are illustrated in Figs. 1–4. Plasmids encoding human 

WT corin and a splicing variant, hE1a, were described previously [24]. All recombinant 

corin proteins contained a C-terminal V5 tag for protein detection in Western blotting and 

flow cytometry.
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2.2. Cell culture and transfection

HEK293 cells were grown in 6-well plates (Corning) with DMEM and 10% fetal bovine 

serum (FBS) at 37°C in humidified incubators with 5% CO2 and 95% air. To express corin 

proteins, the cells were transfected with expression plasmids using TurboFect (Thermo 

Scientific) or FuGENE HD (Roche Diagnostics) reagents, following manufacturers’ 

instructions. The cells were cultured in DMEM with 10% FBS at 37°C for 24 h.

2.3. Western blotting

The transfected cells were lysed in a solution containing 50 mM Tris-HCl, pH 8.0, 150 mM 

NaCl, 1% Triton X-100 (v/v), 10% glycerol (v/v), and a protease inhibitor mixture (1:100 

dilution; Sigma). Lysates were mixed with a loading buffer with (reducing) or without (non-

reducing) 5% β-mercaptoethanol and heated at 98°C for 5 min. The proteins were analyzed 

by SDS-PAGE and Western blotting using an antibody (Invitrogen) against the V5 tag in 

recombinant corin proteins, as described previously [24].

2.4. Analysis of cell surface proteins

HEK293 cells in 6-well plates were transfected with corin-expressing plasmids and cultured 

at 37°C for 24 h. Cell surface proteins were labeled with 1 mM biotin-conjugated sulfo-NHS 

(N-hydroxysulfosuccinimide) (Pierce) at 4°C for 5 min. The reaction was terminated with 

100 mM glycine in PBS. After 30 min at 4°C, the cells were lysed. Streptavidin-sepharose 

beads (Thermo Scientific) were added to the cell lysate and incubated at 4°C for 2 h. The 

beads were washed with PBS and heated at 98°C in a loading buffer for 1 min. Eluted 

proteins were analyzed by SDS-PAGE and Western blotting.

2.5. Flow cytometry

Plasmids expressing corin were transfected into cultured HEK293 cells. After 24 h at 37°C, 

the cells were detached using a 0.02% EDTA solution. Corin proteins on the intact cell 

surface were analyzed by flow cytometry using an anti-V5 antibody and an FITC-

conjugated secondary antibody (Invitrogen) [24]. Life gating was performed using 

pyridinium iodide (Sigma). Data were acquired on a flow cytometer (FACSCalibur, BD) 

and analyzed by FlowJo V7.6.5 software (Tree Star).

2.6. Statistical analysis

Data were analyzed using software ImageJ or Prism 5 (GraphPad). Comparisons between 

two groups were done using Student’s t test. Comparisons among three or more groups were 

done using ANOVA followed by Bonferroni’s post hoc analysis. P<0.05 was considered to 

be significant. All data are presented as means ± S.D.

3. Results

3.1. Expression and activation of mouse corin WT and the mD50 and mD99 mutants

Mouse corin is activated at Arg-868 (Fig. 1A). A disulfide bond tethers the protease domain 

to the propeptide after the cleavage. On Western blots under reducing conditions, the 

cleaved protease domain fragment (Corin-p) appeared at ~40 kDa (Fig. 1B, top). Under non-
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reducing conditions, the disulfide bond remained unbroken and the activated corin migrated 

similarly as corin zymogen at ~190 kDa (Fig. 1B, bottom). In the mR868A mutant lacking 

the activation site (Fig. 1A), the ~40-kDa band was undetectable (Fig. 1B, top).

The mouse corin cytoplasmic tail consists of 112 amino acids, of which residues 1–99 share 

little sequence similarity with human corin sequence (Fig. 1A). We made the mouse corin 

mutants mD50 and mD99 by deleting 49 and 98 residues, respectively (Fig. 1A), and 

expressed them in HEK293 cells. In Western analysis, mouse corin WT (mWT) and mutants 

mD50 and mD99 had similar expression levels and migration patterns (Fig. 1C, left). The 

Western blotting was not sensitive enough to distinguish the corin proteins with different 

cytoplasmic lengths at ~190–200 kDa. Under reducing conditions, the Corin-p band was 

detected in the mD99 mutant at a higher level than that in mWT and the mD50 mutant (Fig. 

1C, right). Based on densitometry of the Western blots, the Corin-p band in the mD99 

mutant represented 29.0 ± 0.3% of the total amount of corin protein, which was higher than 

that in mWT (12.5 ± 1.2%) and the mD50 mutant (13.9 ± 2.2%) (p values <0.001) (Fig. 1D, 

left). As controls, human corin WT (hWT) and the hE1a variant were included (Fig. 1A and 

C). The level of the Corin-p band in hWT was higher than that in the hE1a variant (Fig. 1D, 

right), as reported previously [24]. On Western blots, the mouse Corin-p band migrated 

slower than the human Corin-p band, because the mouse fragment contains two N-

glycosylation sites (N970 and N1089, Fig. 1A) and hence more N-glycans than that in the 

human fragment, which contains only one N-glycosylation site [28].

Corin activation occurs on the cell surface but not intracellularly [23, 24]. The Corin-p band 

thus serves as an indicator for corin cell surface expression and activation. Increased levels 

of the Corin-p band in the mD99 mutant indicated increased cell surface expression. We 

confirmed this result by flow cytometry. In mD99 plasmid transfected HEK293 cells, 69.2 ± 

4.5% were corin-positive, which was higher than that in mWT plasmid transfected cells 

(35.6 ± 5.1%) (Figs. 1E and F, p=0.006). We verified these results by Western analysis of 

biotin-labeled cell surface proteins in the transfected cells. Levels of mD99 protein in the 

cell surface proteins were higher than that of mWT (Fig. 1G, top), whereas these two 

proteins had comparable levels in cell lysates (Fig. 1G, bottom). As controls, levels of the 

Corin-p band in hWT were higher than that in the hE1a variant in the cell surface proteins 

(Fig. 1G, top), consistent with the results in Fig. 1C and D and our previous reports [24].

3.2. Analysis of the corin m60, m70 and m75 mutants

Increased levels of cell surface expression and activation in the mD99 mutant indicated that 

cytoplasmic residues between 50–98 inhibited mouse corin cell surface targeting. To 

identify such residues, we constructed the mutants mD60, mD70 and mD75 by deleting 59, 

69 and 74 cytoplasmic residues, respectively (Fig. 2A). The mutants were expressed in 

HEK293 cells and analyzed by Western blotting. The results showed that the Corin-p band 

level in the mD75 mutant was comparable to that in the mD99 mutant but higher than that in 

mWT and mD60 and mD70 mutants (Fig. 2B). Based on densitometry of the Western blots, 

percentages of the Corin-p band in the mD75 (28.8 ± 0.02%) and mD99 (29.1 ± 0.3%) 

mutants were higher than that in mWT (16.6 ± 0.04%) and the mD50 (11.8 ± 2.9%), mD60 

(12.5 ± 2.9%) and mD70 (11.5 ± 2.6%) mutants (p values <0.05) (Fig. 2C). The differences 
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between the mD75 and mD99 mutants and among mWT and the mD50, mD60 and mD70 

mutants were not significant (Fig. 2C).

We next compared the cell surface expression of mWT and the mD75 mutant by flow 

cytometry. In mWT plasmid transfected HEK293 cells, 40.0 ± 5.1% were corin-positive, 

whereas in mD75 plasmid transfected cells, 76.3 ± 4.4% were corin-positive (Fig. 2D). The 

difference was highly significant (p=0.002) (Fig. 2E). The results indicated that residues 71–

75 had an inhibitory effect on corin cell surface expression.

3.3. Analysis of the corin mD71, mD72, mD73 and mD74 mutants

We made four more truncation mutants the mD71, mD72, mD73 and mD74 (Fig. 3A), and 

expressed them in HEK293 cells. In Western analysis of cell lysates under reducing 

conditions, levels of the Corin-p band in the mD72, mD73 and mD74 mutants were all 

higher than that in mWT (Fig. 3B). In contrast, no such increase was observed in the mD70 

and mD71 mutants. Based on densitometry of the Western blots, percentages of the Corin-p 

band were 26.4 ± 2.7, 29.2 ± 2.7, 29.2 ± 2.5 and 30.1 ± 4.7%, respectively, in the mD72, 

mD73, mD74 and mD75 mutants, which were all higher than that in mWT (16.4 ± 2.1%) (p 

values <0.05) (Fig. 3C). The results indicated that residues K71, F72 and Q73, individually 

or together, were responsible for inhibiting corin cell surface expression and activation.

3.4. Analysis of the corin mK71A, mF72A, mQ73A and mK71A/F72A/Q73A mutants

We next made the mK71A, mF72A, mQ73A and mK71A/F72A/Q73A mutants with point 

mutations in the full-length cytoplasmic tail (Fig. 4A). In Western analysis of lysates from 

transfected HEK293 cells, levels of the Corin-p band were similar in mWT and the mK71A, 

mF72A and mQ73A mutants (Fig. 4B and C). In contrast, levels of the Corin-p band in the 

mK71A/F72A/Q73A mutant were higher than that in mWT (Fig. 4B). Based on 

densitometry of the Western blots, the percentage of the Corin-p band in the mK71A/F72A/

Q73A mutant was 28.7 ± 1.3%, significantly higher than that in mWT (19.6 ± 1.4%; 

p=0.009) (Fig. 4C). The difference in Corin-p band levels between the mK71A/F72A/Q73A 

and mD99 mutants was not significant (p>0.05) (Fig. 4B and C). We also examined the cell 

surface expression of mWT and the mK71A/F72A/Q73A mutant by flow cytometry. In 

mK71A/F72A/Q73A plasmid transfected cells, 44.0 ± 2.2% cells were corin-positive, which 

was significantly higher than that in mWT plasmid transfected cells (32.6 ± 1.0%, p=0.002) 

(Fig. 4D and E).

4. Discussion

Transmembrane proteins represent ~20–30% predicted proteins in eukaryotic genomes [29, 

30] and are essential for cell survival and function. Cytoplasmic tails in these proteins play a 

key role in protein scaffolding, intracellular trafficking, membrane sorting and cell signaling 

[31–34]. In many transmembrane proteases, the cytoplasmic tails regulate protease 

translocation, activity, substrate accessibility, and internalization [35–37]. The TTSPs are 

important in maintaining physiological homeostasis [1, 4]. To date, however, there have 

been few studies analyzing cytoplasmic domain functions in these proteases.
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In this study, we analyzed the role of cytoplasmic sequences in corin cell surface targeting 

and activation. We expressed mouse corin proteins with truncated cytoplasmic tails in 

transfected HEK293 cells and found that corin truncation mutants lacking a Lys-Phe-Gln 

(KFQ) sequence at residues 71–73 had higher levels of cell surface expression and zymogen 

activation compared with that in mWT (Figs. 1–3). When Lys-71, Phe-72 and Gln-73 

residues were mutated together in the full-length corin, the mutant mK71A/F72A/Q73A also 

exhibited increased levels of cell surface expression and activation (Fig. 4). In contrast, such 

an increase was not observed in the mutants mK71A, mF72A and mQ73A, in which Lys-71, 

Phe-72 and Gln-73 residues were mutated individually (Fig. 4). These results indicate that 

Lys-71, Phe-72 and Gln-73 residues serve as a motif in regulating corin cell surface 

expression.

Cytoplasmic motifs are known to mediate transmembrane protein translocation and sorting 

[38, 39]. These motifs are recognized by membrane-associated carrier proteins in the ER and 

the Golgi for targeting to different subcellular destinations [40–42]. At this time, little is 

known regarding how corin traffics intracellularly. The KFQ motif we identified in this 

study has not been reported in other transmembrane proteins. We found that deletion or 

mutation of this motif enhanced corin cell surface expression, suggesting that the motif may 

interact with a regulatory element in the ER or the Golgi, thereby reducing corin trafficking 

to the cell surface. In many transmembrane proteins, ER and Golgi retention signals serve as 

a mechanism to ensure that proteins are properly folded and glycosylated before being 

transported to specific subcellular locations [39, 43–45]. Corin proteins are highly N-

glycosylated [23]. N-glycans are required for corin targeting to the cell surface [20, 23, 28]. 

The identification of the KFQ motif should encourage additional studies to understand how 

this motif regulates corin transport in the intracellular trafficking pathway.

It is interesting to note that the KFQ motif is conserved in mouse and rat corin proteins but 

not in human corin. Corin proteins in most mammalian species, including monkey, bovine 

and dog, are similar to human corin containing the DDNN, but not the KFQ, cytoplasmic 

motif (www.ensemble.org). The different cytoplasmic sequences are likely derived from 

alternatively spliced corin gene exons [24]. It remains unclear how the exon encoding the 

KFQ-containing segment was selected preferentially in the rodent corin genes during 

evolution.

In human corin, the cytoplasmic DDNN motif regulates the cell surface expression [24]. 

Recently, we identified a human CORIN minor allele encoding a variant with a truncated 

cytoplasmic tail that lacks the DDNN motif [46]. In transfected cells, the corin variant 

exhibited poor trafficking in the Golgi and low expression on the cell surface [46]. 

Individuals carrying this variant CORIN allele have higher levels of unprocessed natriuretic 

peptides in blood and are more likely to develop hypertension than individuals with the WT 

allele [46]. These results support the idea that the corin cytoplasmic tail is of functional 

importance and that genetic mutations altering corin cytoplasmic sequences may impair 

corin activity and contribute to hypertension. In light of our new findings, further studies to 

understand the functional significance of the corin cytoplasmic tails in different species may 

provide new insights into the cellular mechanism that regulates corin expression and 

activity.
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Highlights

• Corin is a transmembrane protease that activates the natriuretic peptides

• Cell surface expression is important for corin zymogen activation

• A novel cytoplasmic motif regulates corin cell surface expression and activation
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Fig. 1. Corin cytoplasmic tail and activation
(A) Corin domains and cytoplasmic sequences. An arrow indicates the activation site. A 

disulfide bond (s-s) links the protease domain and the propeptide. Y-shaped symbols in the 

protease domain indicate N-glycosylation sites. A V5 tag (V) is at the C-terminus. 

Cytoplasmic sequences in mouse (m) corin WT and the truncation mutants mD50 and mD99 

as well as human (h) corin WT and the hE1a variant are shown. (B, C) Western analysis of 

corin proteins under reducing (B, top; C, right) and non-reducing (B, bottom; C, left) 

conditions. (D) Percentages of corin activation (Corin-p vs. Corin bands) were calculated 

based on densitometry of Western blots represented in C, right panel. n=4 per group. 

**p<0.001; n.s., not significant. (E, F) Flow cytometric analysis of surface corin in HEK293 

cells transfected with WT and mD99 plasmids. Data are mean ± S.D. of corin-positive cells. 

n=4 per group. (G) Western analysis of cell surface-labeled corin proteins under reducing 

conditions (top). Corin proteins in cell lysates were controls (bottom).
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Fig. 2. Analysis of corin mutants with truncated cytoplasmic tails
(A) Illustration of corin mutants with truncated cytoplasmic tails. (B, C) Western analysis of 

corin mutants in transfected HEK293 cells under reducing conditions. Percentage of corin 

activation (Corin-p vs. Corin bands) were calculated based on densitometry of Western 

blots. n=3 per group. (D, E) Flow cytometric analysis of surface corin in HEK293 cells 

transfected with mWT and mD75 plasmids. Data are mean ± S.D. of corin-positive cells. 

n=4 per group.

Li et al. Page 12

Biochem Biophys Res Commun. Author manuscript; available in PMC 2016 September 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. Analysis of corin mutants with truncated cytoplasmic tails around the KFQ motif
(A) Illustration of corin mutants with truncated cytoplasmic tails. (B, C) Western analysis of 

corin truncation mutants in transfected HEK293 cells under reducing conditions. Percentage 

of corin activation (Corin-p vs. Corin bands) were calculated based on densitometry of 

Western blots. n=4 per group.
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Fig. 4. Analysis of corin mutants with full-length cytoplasmic tails lacking the KFQ motif
(A) Illustration of corin mutants with full-length cytoplasmic tails. Residues 7–59 are not 

shown. The KFQ motif is boxed. (B, C) Western analysis of corin mutants in transfected 

HEK293 cells under reducing conditions. Percentage of corin activation (Corin-p vs. Corin 

bands) were calculated based on densitometry of Western blots. n=3 per group. (D, E) Flow 

cytometric analysis of surface corin in HEK293 cells transfected with mWT and mK71A/

F72A/Q73A plasmids. Data are mean ± S.D. of corin-positive cells. n=5 per group.
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