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CAHI protein from Gr6Con4 (Fig. 5B). The data indicate
the presence of a peptide (AVAFGQNFR, molecular mass
1009.5803 Da) from the normal small subunit retained in the
37kDa protein band, indicating the lack of proteolytic cleav-
age of the small subunit from the CAHI pre-protein. Tryptic
peptides from the affinity purified 37kDa CAHI1 protein of
Gr6Con4 were isolated by HPLC and selectively sequenced,
allowing identification of the peptide ECGSNPDAYTCK
(mass 1287.4986Da) bridging the connection between the
large and small subunit sequences, as well as the CAH1 small
subunit peptide AVAFGQNFR (mass 1009.13 Da), confirm-
ing that the mature CAHI protein from GroCon4 retained
the small subunit covalently connected to the large subunit.
Although unprocessed, the carbonic anhydrase activity assay
demonstrated the CAH1 protein from Gr6Con4 to be active
(Fig. 6B).

Construct Gr6Con3 lacks the spacer region and 10 amino
acids from the C-terminus of the large subunit (Fig. 2), but
the amino acid sequence of the small subunit is intact, so the
total number of amino acids between the disulfide-bond-
forming cysteine residues is 12, including two amino acids
from the addition of a BamH] restriction site. Western blot
analysis comparing the molecular mass of the immunode-
tected CAH1 protein from Gr6Con3 with that from the pos-
itive control, Gr1Conl, as well as from Gr5Con2, revealed
two consistent, clear CAHI1 protein bands (Fig. 4D), with
the upper, more intense band (molecular mass 37 kDa) simi-
lar to the molecular mass of both the positive control and
Gr6Con4. Also identified was a lower, less intense band
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Fig. 6. GroCon4 construct expresses stable and active CAH1 protein.
(A) Western immunoblot of three individual T1 transgenic Arabidopsis
plants expressing Gr6Con4, an untransformed control (NT) and a
transgenic T1 plant expressing Gr1Con1. Each lane contains 30 ng total
soluble protein. (B) Carbonic anhydrase activity for the above-mentioned
plants. Total soluble protein was used for the activity assay was 100 pg.
Data represented as mean values of three readings with standard error

bars. Mean values significantly different from the NT as determined by
unadjusted paired t tests (P<0.05) are denoted by an asterisk.
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(molecular mass 35kDa) similar to the molecular mass of
CAHI from Gr5Con2. The N-terminal sequences of the
two protein bands from affinity purified Gr6Con3 CAHI1
were consistent with the N-terminus of the large subunit of
GrlConl (positive control), indicating successful and nor-
mal cleavage of the endomembrane targeting signal peptide
(Table 1). Protein samples from both protein bands (molec-
ular mass 35 and 37kDa) were also subjected to trypsin
digestion and MALDI-TOF analysis, which indicated the
presence of small subunit peptides from the upper band,
but not from the lower band (Supplementary Fig. S§A, B).
Tryptic peptides from the upper band of Gr6Con3 CAHI1
protein were resolved by HPLC and selectively sequenced,
revealing the presence of tryptic peptides with masses con-
sistent with the peptide ECGSAESANPDAYTCK (mass
1645.64 Da) bridging between the large and small subu-
nit sequences, as well as the CAH1 small subunit peptides
NPQYANGR (mass 919.43 Da), confirming that the upper
band of Gr6Con3 included the small subunit covalently
bonded with the large subunit of CAHI1. Furthermore,
although staining was not sensitive enough to detect a small
subunit band, tryptic digestion and MALDI-TOF analysis
of proteins in the expected small subunit size range identi-
fied a peptide of the expected mass (1009.4257 Da) of the
small subunit peptide AVAFGQNFR (Supplementary Fig.
S8C). Therefore, these results demonstrate partial process-
ing of CAHI, where the small submit was processed from
only some of the CAH1 pre-protein molecules, while others
remained unprocessed.

Construct Gr6Con?2 lacks the spacer and nine N-terminal
amino acids in the flanking region of the small subunit (Fig. 2)
but contains an intact large subunit, so 16 amino acids sepa-
rate the disulfide-bond-forming cysteine residues of the small
and large subunits. Western blot analysis consistently indi-
cated the presence of four separate immunodetectable CAH1
protein bands. Relative to the molecular mass of the CAH1
large subunit from the positive control, GrlConl (37kDa),
the upper two bands appeared slightly larger (42 and 40kDa,
respectively), the second lowest band appeared similar in
size (37kDa), and the lowest band appeared slightly smaller
(34kDa), similar to that from Gr5Con2 (35kDa) (Fig. 4D
and Supplementary Fig. S3). Affinity purified CAHI protein
was subjected to N-terminal sequencing of the large subunits,
but due to our inability to resolve all four bands sufficiently,
the top two bands and the lower two bands were analysed
as pairs. The large subunit N-terminal sequences, including
minor peptide sequences, were all consistent with the positive
control, indicating that all four bands had same N-terminal
sequence (Fig. 2). MALDI-TOF analysis of the top two
bands together, again due to our inability to resolve them suf-
ficiently, detected peptides from the small subunit, indicating
the lack of proteolytic separation of the small subunit in at
least one of the two bands, if not both (Supplementary Fig.
S9A). Small subunit peptides were not detected by MALDI-
TOF analysis in either of the lower two bands analysed sep-
arately, indicating the successful proteolytic removal of the
small subunit in both (Supplementary Fig. S9B, C). Tryptic
peptides from the upper two bands together were resolved by
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HPLC and selectively sequenced, revealing the presence of
small subunit peptides AVAFGQNFR (mass 1009.13 Da) and
NPQYANGR (mass 919.43 Da), and confirming that at least
one of the two larger bands resulted from unprocessed CAH1
protein where the small subunit was still covalently bonded
with the large subunit. The successful detection of a small
subunit in affinity purified CAH1 from Gr6Con2, confirmed
by N-terminal sequence analysis (Fig. 2), is consistent with
the lower two immunodetectable bands representing proteo-
lytically processed CAHI containing only the large subunit.
As with Gr6Con3, these results demonstrate partial process-
ing of CAH1 in Gr6Con2, where the small submit was pro-
cessed from only some of the CAH1 pre-protein molecules,
while others remained unprocessed.

Regardless of whether the CAHI1 from Gr6Conl,
Gr6Con2 and GroCon3 was only partially processed, only
one band was detected for each on non-reducing SDS-PAGE
(Supplementary Fig. S6), suggesting that the processed and
unprocessed peptides assembled into disulfide-linked com-
plexes indistinguishable in size from that of the control
GrlConl CAHI.

Discussion

Site-specific, limited proteolysis is an important step that con-
verts an inactive pre-protein into a functional, correctly folded
mature protein. Investigation of endoproteases involved in
pro-protein conversion has been extensively studied for over
a decade. Various proteins trafficking through the endomem-
brane system that undergo limited, site-specific proteoly-
sis have been studied in detail in mammalian cells (Seidah,
2011; Seidah et al., 2013) as well as in plants (Murphy et al.,
2012). In plants, important roles played by post-translational
modification, including site-specific proteolysis, especially in
generation of biologically active forms of small, secreted pep-
tides, have been well documented (Matsubayashi, 2011). Even
though in some cases evidence indicates the involvement of
dibasic residue targeting subtilisin-like proteases (Srivastava
et al., 2008; Wolf et al., 2009), in many cases a clear under-
standing of the proteolytic enzymes involved is still lacking
(Jiang and Rogers, 1999; Francois et al., 2002; Qiao et al.,
2012; Gu et al., 2012; Sugawara, et al., 2013).
Chlamydomonas CAHI1 is proteolytically processed from
a single pre-protein to release both large and small subunits
that assemble into a heterotetramer (Kamo et al, 1990),
and this processing appears to be conserved in higher plants
(Roberts and Spalding, 1995). Similar proteolysis also has
been suggested by Francois, et al. (2002) in Arabidopsis dur-
ing transgenic expression of a polyprotein construct leading
to production of two different antimicrobial proteins sepa-
rated by a spacer-like linker peptide. In the processing of these
antimicrobial proteins the initial proteolytic cleavage was sug-
gested to be dependent on occurrence of a diacidic site such
as Asp/Glu, but no direct evidence was provided to support
the involvement of or requirement for the diacidic residues
(Tailor et al., 1997; Francois et al., 2002). More recently simi-
lar proteolysis has also been suggested in the maturation of
a small, secreted, growth promoting peptide, phytosulfokines

(PSKs) as well as of pectin methylesterase (PME) (Srivastava
etal.,2008; Wolf et al., 2009). In both cases, dibasic amino acid
targeting subtilisin-like serine endopeptidases were shown to
control the proteolysis. Based on earlier reports, we originally
hypothesized that CAH1 maturation would involve limited
and specific proteolysis through protease recognition of one
or more specific amino acid sequences in the pre-protein.
Since we envisioned using this pre-protein or poly-protein
processing system in Arabidopsis for coordinated expression
of multiple protein coding sequences separated by the CAH1
spacer, we first proceeded to identify the factors determining
the spacer’s proteolytic removal. Based on that motivation,
we designed a hierarchical series of constructs intended to
identify and pinpoint the target site(s) for proteases responsi-
ble for the proteolytic maturation of the CAHI pre-protein.

The first set of constructs (Group 1) disrupted or modified
the previously demonstrated junction sites between the spacer
and the large and small subunits. The second set (Group 2
and Group 3) eliminated identifiable, potential protease target
sites within the spacer by sequentially deleting large stretches
of the spacer. The failure of any of the modifications from
Groups 1, 2 and 3 to disrupt the normal processing of CAH1
suggested the lack of any specific amino acid recognition
sequence controlling its proteolytic processing. The failure of
constructs Gr4Conl and Gr4Con2 containing, respectively,
a reversed spacer amino acid sequence and a unique amino
acid spacer sequence intended to disrupt spacer processing,
further confirmed the lack of specific amino acid sequences
as essential specific protease recognition sites in the spacer
region.

The failure to identify a specific targeting sequence essen-
tial for proteolytic processing within the spacer prompted
us to explore the large and small subunit regions flanking
the spacer between the cysteine residues involved in inter-
molecular disulfide bond formation between these subunits.
These cysteines are located nine amino acids upstream of the
mature C-terminus in the large subunit and 10 amino acids
downstream of the mature N-terminus in the small subunit
(Fukuzawa et al., 1990; Kamo et al., 1990). Constructs lack-
ing these specific disulfide bond-forming cysteine residues,
Gr5Con5 and Gr5Con6, resulted in much reduced levels of
protein expression, indicating the importance of disulfide
bond formation between large and small subunits for stable
CAHI protein expression (Supplementary Fig. S7A, B).

Since the peptide between these cysteine residues is com-
posed of an unusually high proportion of charged residues
(Fig. 1; 17 of the 35 spacer peptide amino acids are charged),
we hypothesized that following insertion of the CAHI1 pre-
protein into the endoplasmic reticulum and proteolytic
processing of the N-terminal signal peptide, the peptide
sequences representing the mature large and small subunits
may fold into their respective tertiary structures, leaving the
connecting hydrophilic spacer peptide as a loop extending
into the solvent. The published crystal structure of CAHI
(Suzuki et al., 2011) supports our hypothesis. The crystal
structure of the mature heterotetramer shows that the small
subunit is embedded deep in the pocket that forms an active
site holding the catalytic Zn ion. The structure emphasizes
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a protruding, unfolded spacer region that is presumably
accessible to proteases, potentially making the proteolysis of
the spacer an opportunistic but non-specific process. After
opportunistic cleavage of the spacer by one or more specific
or non-specific endoproteases, aminopeptidases and carboxy-
peptidases might progressively cleave exposed residues until
steric hindrance from the folded large and small subunits pre-
vents them from progressing further.

We tested this hypothesis with a series of constructs incor-
porating deletions and modifications in the sequences of the
large and small subunits flanking the spacer, as well as con-
structs with a progressively reduced number of amino acids
between the disulfide-bond-forming cysteine residues of the
large and small subunits. Our goal was to re-confirm that
no specific sequence in the spacer or flanking sequences was
required for processing and to reduce the number of amino
acids between the disulfide-bond-forming cysteine residues,
thereby progressively decreasing the size of the hypothetical
spacer loop extending into the solvent and potentially inhibit-
ing proteases from gaining access.

Because no apparent effect on CAH1 processing was noted
with deletions only in the flanking sequences of the large and
small subunits, we concluded that no unique role in process-
ing is played by these flanking sequences. The only effect we
noted with these constructs was a decrease in the molecular
mass of the large subunit from construct Gr5Con2, which
lacks all nine amino acids at the C-terminus of the large sub-
unit, including a confirmed N-linked glycosylation site. Thus
the decreased large subunit molecular mass for Gr5Con2 can
be attributed to the missing N-linked glycosylation and lack
of a potentially bulky sugar complex.

The results from construct Gr6Conl, which entirely lacks
the spacer amino acid sequence, provided an important
advance in our understanding of the processing of the CAH1
pre-protein, in that it demonstrated clearly that the spacer
per se was not needed for processing or assembly. Together
with the lack of any effect of the flanking sequences of the
large and small subunits, this observation suggested that the
length and physical characteristics of the amino acid stretch
between the disulfide-bond-forming cysteines of the large
and small subunits might be the key to processing.

Four constructs, Gr6Conl, Gr6Con2, Gr6Con3 and
Gr6Cond, representing a progressively decreasing number,
from 21 (Gr6Conl), to 17 (Gr6Con2), to 12 (Gr6Con3), to
eight (Gr6Con4) amino acids between the key cysteine res-
idues, were used to test the hypothesis that the number of
amino acids between these cysteine residues is key to allow-
ing an opportunistic processing of the CAH1 pre-protein. As
mentioned above, our observations indicate Gr6Conl, with
21 amino acids separating the key cysteines, was processed
normally. Although there was, to a variable extent, a slightly
lower molecular mass presumptive large subunit detected that
may represent either a truncated or a non-glycosylated large
subunit, there was no evidence from the MALDI-TOF analy-
sis for the presence of a non-processed CAHI protein.

On the other hand, Gr6Con4, with only eight amino acids
separating the key cysteines, showed no evidence of process-
ing at all, other than removal of the N-terminal signal peptide.

This conclusion is supported by the presence of a single band
with an apparent molecular mass much higher than the large
subunit of Gr5Con2, with which Gr6Con4 shares in lack-
ing the whole large subunit flanking sequence, including the
asparagine residue glycosylated in the control. Confirmation
of the lack of processing was provided by the presence of
small subunit sequences, confirmed by N-terminal sequenc-
ing of tryptic peptides, detected in the MALDI-TOF analysis
of the purified, single CAHI protein band from Gr6Con4,
including confirmation of the peptide bridging the large and
small subunit sequences. Enzyme activity assays performed
using total protein extract from three separate transgenic
Gr6Con4d T1 generation plants indicated an active form of
the CAH1 enzyme, suggesting proteolytic separation of the
small subunit is not necessary for enzyme activity.

Constructs Gr6Con3 and Gr6Con2, with 12 and 17 amino
acids, respectively, separating the key cysteine residues, both
yielded multiple large-subunit-containing CAHI1 protein
bands, which were confirmed to represent partial processing
of the pre-proteins produced from these constructs. The two
distinct bands observed with Gr6Con3 were demonstrated to
represent an unprocessed pre-protein and a processed large
subunit of CAHI in the larger and smaller bands, respectively.
Similarly, the four distinct bands observed with Gr6Con2
were demonstrated to represent partial processing of the pre-
protein, with the two upper bands representing unprocessed
pre-protein and the two lower bands representing processed
large subunits. The best explanation for the occurrence of
these four large-subunit-containing CAHI protein bands
resulting from expression of the Gr6Con2 construct appears
to be that in both the upper, unprocessed pair and the lower,
processed pair, the lighter of each pair either has altered gly-
cosylation or is lacking glycosylation completely, presum-
ably of the asparagine in the large subunit flanking region.
Therefore, the results from constructs Gr6Conl, Gr6Con2,
Gr6Con3 and Gro6Cond demonstrate that decreasing the
number of amino acids between the disulfide-bond-forming
cysteines of the large and small subunits below about 21
results in a decrease in the efficiency of CAHI pre-protein
processing, resulting in a complete lack of processing when
only about eight amino acids separate the cysteines.

Our results suggest that the previously identified CAHI
spacer region is not necessary for the proteolytic separa-
tion of the large and small subunits, although it may play an
important role in the correct post-translational modification
of the protein, such as N-glycosylation. We can also conclude
that the efficiency of the proteolytic machinery in cleaving
the small subunit from the CAHI pre-protein increases with
the number of amino acids separating the disulfide-bond-
forming cysteine residues, at least in the range of 8-21 amino
acids. Our results also indicate that proteolytic separation
of the small subunit is not a necessity for the production
of an active enzyme, since the unprocessed mature protein
from Gr6Con4 was active. This result raises interesting ques-
tions about the evolutionary and functional significance of
the proteolytic removal of the spacer. Further experimenta-
tion using a homologous system will be required to reveal the
importance of the proteolytic events in the context of proper
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localization, optimum post-translational modification or
optimum activity of the mature CAHI.

This research reveals a potentially unique proteolytic
processing progression. Our results suggest that proteo-
lytic processing of CAHI, albeit in a heterologous system,
is an opportunistic process that relies on an unidentified
endoprotease/s to make an initial, perhaps non-specific, cut
in the hydrophilic amino acid sequence between the disulfide-
bond-forming cysteine residues of the large and small subu-
nits, the efficiency of which is related to the physical distance
between these cysteine residues. The variable N-terminal
sequence results from the small subunit suggests that after the
initial cut, the exposed residues are cleaved by aminopepti-
dases and carboxypeptidases until the steric hindrance of
the folded large and small subunits prevent them from cleav-
ing any further. Our inability to pinpoint a requirement of
any specific amino acid sequence for the proteolysis suggests
involvement of unknown, probably multiple, opportunistic
endoproteases.

Supplementary data

Supplementary data are available at JXB online.

Figure S1. Schematic representation for in planta CAHI
expression cassette.

Figure S2. Arabidopsis
active CAHI.

Figure S3. Spacer does not seem to contain any specific
motif that controls proteolytic cleavage of the small subunit.

Figure S4. CAHI pre-protein processing is compro-
mised by decreasing the number of amino acids separating
the disulfide bond forming cysteines of the large and small
subunits.

Figure S5. Spacer is not required for the proteolytic pro-
cessing of the CAHI1 pre-protein.

Figure S6. Group six constructs form stable heterotetramers.

Figure S7. Mutants with mutated disulfide bond form-
ing cysteine residues show weak protein expression with an
altered large subunit size.

Figure S8. Gr6Con3 is partially processed.

Figure S9. Gr6Con2 is partially processed.

Supplementary materials and methods. Development of
constructs explained in detail with primer sequences.
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