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Regulation of surface expression plays a 
pivotal role in the function of many types of 
plasmalemmal proteins, such as receptors, 
channels, and transporters. While bioti-
nylation is the most common method for 
studying membrane protein expression, 
cross-linking and protease treatment are 
used as alternative techniques. Protease-
cleavage reactions have been used previously 
to quantitate the surface-expressed proteins 
both in brain slice preparations (1,2) and 
in cell cultures (3,4). An advantage of this 
method as compared with biotinylation is 
the absence of the time-consuming precipi-
tation step associated with purification of 
the biotinylated proteins. Moreover, it also 
allows quantification of both internal and 
membrane pools of proteins in a single 
sample. Thus, the risk of potential errors 
associated with the purification step and 
with normalization between different lanes 
of a gel is reduced, while sample throughput 
is significantly increased. This purification 
step–related disadvantage of biotinylation 
was also addressed by a cross-linking 
method for analysis of membrane proteins 
(5). However, as it has been argued that the 

cross-linked protein complex (representing 
the membrane fraction of proteins) does 
not reliably enter the gel, the technique 
has been considered unsuitable for direct 
quantification of the membrane pool (1).

Unlike biotinylation and cross-linking, 
protease treatment is performed at 
mammalian physiological temperature to 
preserve enzyme activity (1–4). Incubation 
at mammalian physiological temperature is a 
significant limitation of the protease-cleavage 
method, particularly for plasmalemmal 
proteins with high trafficking rates, as it may 
lead to redistribution of the plasmalemmal 
proteins during cleavage (5). We herein 
report the utilization of a commercially 
available, cold-adapted trypsin from cod fish 
(6) (Penzyme, Zymetech, Reykjavik, Iceland) 
for analysis of surface expression of proteins 
in both cell cultures and brain slices. Preser-
vation of the proteolytic activity of the cold-
adapted enzyme at 0–4°C allows cleavage of 
surface proteins at temperatures at which 
membrane trafficking in mammalian cells 
is inhibited. As a proof of principle, this 
report comprises the results obtained for two 
proteins previously studied by us: the cation-

chloride cotransporter KCC2 (7,8) and the 
glutamate receptor GluA4 (9,10).

While the presence of accessible extra-
cellular trypsin cleavage sites within the 
protein of interest should be tested experi-
mentally, bioinformatics algorithms (such 
as HMMTOP) (11) can be used to make 
useful predictions. Previously, a decrease 
in the full-length protein intensity after 
trypsin cleavage has been taken as a measure 
of surface expression (2,3). This may be 
suitable for proteins like GluA4, which 
are highly expressed in the membrane, 
such that cleavage of the surface pool is 
detectable as a decrease in the full-length 
protein amount. However, for proteins such 
as KCC2 with a large intracellular pool and 
rapid turnover of the membrane pool (7,12; 
see also Supplementary Material), changes 
in the surface expression generate only small 
changes in the immunoreactivity of the full-
length protein. On the other hand, quanti-
fication of the immunoreactive signal of a 
trypsin-cleavage fragment from the protein 
provides a direct measure of changes in 
surface expression of the protein.

All experimental procedures were 
approved by the Ethics Committee for 
Animal Research at the University of 
Helsinki and by the Ethics Committee of 
the National Laboratory Animal Center, 
Finland. First, we tested different concen-
trations of cod trypsin in brain slices from 
rat hippocampus to determine the presence 
of any trypsin cleavage product of KCC2 
(Figure 1A). In these experiments, we consis-
tently saw one major C-terminal fragment 
band of KCC2, at ~90 kDa, detected using 
an affinity-purified polyclonal antibody 
against the intracellular C terminus of 
KCC2 (13) (Figure 1A). Based on these 
results, trypsin concentration was optimized 
at 4 µU/mL, an enzyme concentration that 
is not rate-limiting (Figure 1A). While the 
detection of a cleaved C-terminal fragment 
of KCC2 allowed us to directly quantitate 
the membrane expression of KCC2, surface 
expression of GluA4 in slices was estimated 
by a decrease in the full-length fraction of the 
protein using a polyclonal antibody against 
the intracellular C terminus of GluA4 (10). 
The kinetics of proteolysis of KCC2 and 
GluA4 were followed in slices (Figure 1, 
B and C and Figure 2, A and B, respectively). 
After 60 min of cod trypsin proteolysis, 
~70% of the membrane pool of proteins 
were cleaved (Figure 1C and Figure 2B), 
which is sufficient for analysis of changes in 
the membrane distribution of the proteins 
relative to control samples. At this time 
point, the surface expression of KCC2 (as 
a percentage of total expression) was found 
to be 14.5 ± 2.7% (values are given as mean 
± sem throughout; n = 10) (Figure 1C).  
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On the other hand, GluA4 immunore-
activity decreased to 61.8 ± 7.6%, corre-
sponding to 38.1 ± 7.6% membrane 
expression (Figure 2B; n = 10).

A comparison between the established 
biotinylation method for surface protein 
quantification and our cod trypsin method 
was carried out on KCC2 in hippocampal 
slices. Our first approach was to find out if 
surface biotinylation could detect any changes 
in total KCC2 immunoreactivity. Two sets 
of hippocampal slices were incubated with 

and without biotinylation (the latter serving 
as a negative control) under identical condi-
tions. Homogenates from both sets were 
incubated with streptavidin beads to precip-
itate the labeled proteins while the remaining 
supernatants were compared (Figure 1D, 
left panel). Since the surface expression of 
KCC2 is very low, there was no detectable 
difference in KCC2 expression between 
the supernatants of the biotinylated sample 
and the negative control. On the other hand, 
comparison of the eluent from streptavidin-

aided precipitation of biotinylated proteins 
and the remaining supernatant provides a 
direct determination of the percentage of 
surface-expressed protein (Figure 1D, right 
panel). Unavailability of a suitable loading 
control for the two samples (plasmalemmal 
and internal), compelled us to determine 
the raw percentage of the surface-expressed 
KCC2 (see Figure 1 legend). In contrast, 
the cod trypsin cleavage method provides 
a more reliable estimate about the distri-
bution of the protein between intracellular 
compartments and the membrane as the two 
can be separately resolved in the same well 
without the need for any loading control. 
The membrane expression of KCC2 was 
found to be 14.5 ± 2.7% and 5.4 ± 0.2% 
using cod trypsin treatment and biotiny-
lation, respectively.

Based on biotinylation studies, it has 
been reported that the surface expression 
of KCC2 increases after treatment with 
phorbol 12,13-dibutyrate (PDBu), an 
activator of the protein kinase C in cell 
culture systems (12). Using PDBu, we tested 
our optimized protease treatment assay 
in acute hippocampal slices (Figure 1E). 
Indeed, quantification of the C-terminal 
tryptic fragment of KCC2, representing 
the membrane pool, showed a signif-
icant increase by a factor of 1.935 ± 0.256 
(n = 9 sample pairs from 5 animals; P < 0.05; 
Wilcoxon matched paired test), which is in 
agreement with the reported value (12).

In a second series of experiments, we 
validated the cod trypsin technique for 
cell cultures. The concentration of cod 
trypsin for HEK cell culture systems was 
optimized at 4 µU/mL (Figure 2C), which 
is identical to that used for the slices. The 
crude antiserum raised against a C-terminal 
epitope on GluA4 (10)—which served as the 
primary antibody for quantifying the GluA4 
immunoreactivity in slices—could not detect 
a trypsin-cleaved fragment as it disclosed a 
nonspecific signal at approximately the same 
size where a cleaved fragment of GluA4 was 
expected (see Figure 2, C and D). Due to the 
low expression of GluA4 in hippocampal 
slices (14), the purified antiserum was used 
only in GluA4-overexpressing cultures. 
This allowed us to detect a trypsin-cleaved 
fragment of GluA4 in cultures at ~70–75 
kDa (Figure 2C).

Cod trypsin treatment of GluA4-overex-
pressing cultures (Figure 2D) resulted in a 
decrease of full-length GluA4 to 70.2 ± 3.7% 
of the control (n = 5), corresponding to 
29.8 ± 3.7% membrane expression. Previous 
studies have also determined the membrane 
expression of heterologously overexpressed 
GluA4 to be 25–40%, lower than that in 
brain slices as a consequence of inappro-
priate glycosylation in the former system 

Figure 1. Surface protein quantitation of KCC2 using cold-adapted trypsin. (A) Hippocampal slices were 
prepared according to standard procedures. Throughout the experiments, slices were kept in physi-
ological solution (124 mM NaCl, 4 mM KCl, 1.3 mM CaCl2, 25 mM NaHCO3, 1.1 mM NaH2PO4, 1.3 mM 
MgSO4, and 10 mM D-glucose), continuously equilibrated with 95% O2 and 5% CO2. Cod trypsin was 
added at varying concentrations and slices were incubated for 60 min on ice. The proteolysis was stopped 
by washing the slices for 10 min with ice-cold physiological solution. Homogenization of the slices, elec-
trophoresis, immunoblotting, and densitometry were carried out according to standard procedures as 
described before (8). Compared with the control (incubation on ice without cod trypsin), an intracellular 
tryptic product with a molecular weight of ~90 kDa was detected in trypsin treated samples (arrow). (B,C) 
Hippocampal slices were incubated in 4 µU/mL cod trypsin in physiological solution on ice for different 
time periods. The cleaved fragment of KCC2 (arrow), representing the membrane pool, increases in a 
sigmoidal fashion. As shown in the graph in panel C, the surface expression of KCC2 (as a percentage of 
total expression) was found to be 14.5 ± 2.7% after 60 min of cod trypsin-cleavage of slices on ice and 
22.0 ± 4.0% after 120 min. (D) Left: Slices were biotinylated according to a protocol described before 
(8). Control slices were incubated on ice in the absence of biotin. Both groups of samples were incubated 
with streptavidin beads overnight at 4°C and the supernatants obtained were processed as described 
(8). While the supernatant from biotinylated slices represents the internal pool of KCC2, the supernatant 
from nonbiotinylated slices represents the total KCC2 pool. There was no appreciable difference between 
immunoreactive signals of KCC2 from the two supernatants, implying that the KCC2 membrane expres-
sion is low. β-tubulin served as a loading control. Right: Slices were biotinylated and homogenized as 
above and the homogenate was incubated on streptavidin beads overnight at 4°C in a reaction volume 
of 500 μL. The unlabeled proteins obtained as supernatant from the beads were therefore in a final 
volume of 500 μL. The biotin-labeled proteins, on the other hand, were eluted from the beads with 40 
μL Laemmli buffer at 75°C. While 20 μL eluted protein (representing 50% of the total biotinylated sur-
face proteins) was loaded on the gel, only 13.3 μL supernatant (which represents only 2.7% of the total 
unlabeled internal proteins) was loaded. Even with such a massive dilution of the internal proteins, the 
immunoreactive signal for KCC2 is very intense for the internal pool compared with the surface pool. (E) 
Hippocampal slices were incubated with or without 200 nM PDBu in physiological solution for 45 min 
at 34°C, and then subsequently treated with 4 µU/mL cod trypsin in physiological solution on ice for 60 
min. The immunoreactivity of the tryptic fragment (arrow) was higher in the PDBu-treated samples.
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(14). However, the decrease in the immuno-
reactivity of the full-length GluA4 did not 
completely correspond to the appearance of 
the trypsin-cleaved product of GluA4 which 
amounted to 17.6 ± 1.8% of the control full-
length GluA4 (n = 5). This might be explained 
by instability of the tryptic fragment in a 
heterologous overexpressing system.

A mutation in GluA4 subunit R507K 
was shown to prevent membrane expression 
(9). In agreement with this, cod trypsin 
treatment of GluA4 R507K–overexpressing 
HEK cells did not change the immunore-
activity of the full-length GluA4 R507K 
(104.7 ± 5.5% versus control samples, 
n = 5). Moreover, there was no evidence of 
presence of any cleavage fragment (Figure 
2D), further demonstrating that the R507K 
mutant was not accessible to cod trypsin.

In conclusion, the cod trypsin cleavage 
method reported herein is a novel and 
promising asset for research on membrane 
proteins in mammalian tissue samples and 
cell cultures. It permits working tempera-

tures which prevent protein trafficking in 
mammalian cells. Moreover, it is significantly 
faster than the biotinylation method.
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Figure 2. Surface protein quantitation of GluA4 using cold-adapted trypsin. (A,B) The immunoreactivity 
for GluA4 decreases in a sigmoidal fashion in samples from hippocampal slices treated with 4 µU/mL 
cod trypsin for different time periods on ice. β-tubulin was used as a loading control. In panel B, the 
kinetics were obtained by plotting the immunoreactivity of GluA4 at each time point after cod trypsin 
cleavage normalized to the initial immunoreactivity at 0 min. The amount of GluA4 in slices was found 
to decrease to 61.8 ± 8.4% of the initial amount after 60 min of cod trypsin cleavage of slices on ice 
while it decreased further to 46.0 ± 8.1% of the initial value after 120 min. (C) HEK cells overexpress-
ing GluA4 were washed with ice-cold phosphate buffered saline (PBS) and then treated with varying 
concentrations of cod trypsin in PBS on ice. The proteolysis was then stopped after 60 min by addition 
of trypsin inhibitors. Subsequently, the cells were pelleted down, washed, and immunoblotted according 
to standard procedures described (8). The immunoreactive signal for the full-length wild-type GluA4 
(or GluA4 R507K) was observed at ~110 kDa (arrowhead), and the intracellular trypsin-cleaved frag-
ment of GluA4 was detected at ~70 kDa (arrow). α-tubulin served as a loading control. Based on the 
appearance of the cleavage product of GluA4 and a decrease in the full-length GluA4, the concentra-
tion of cod trypsin for proteolysis of membrane proteins in cell cultures was optimized at 4 μU/mL.  
(D) After treatment with 4 µU/mL cod trypsin in PBS on ice for 30 min, a tryptic fragment (arrow) is only 
detectable in samples from cells transfected with wild-type GluA4 but not in samples from cells trans-
fected with GluA4 R507K mutant. While there was an appreciable decrease in the immunoreactivity 
of full-length (arrowhead) wild-type GluA4 in HEK cell culture treated with cod trypsin compared with 
the control samples, there was no significant change in the immunoreactive signal for full length GluA4 
R507K mutant. α-tubulin served as a loading control.


