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The subtilisin-like prohormone convertases (PCs) contain an essential
downstream domain (P domain), which has been predicted to have a
B-barrel structure that interacts with and stabilizes the catalytic
domain (CAT). To assess possible sites of hydrophobic interaction, a
series of mutant PC3-enhanced GFP constructs were prepared in
which selected nonpolar residues on the surface of CAT were substi-
tuted by the corresponding polar residues in subitilisin Carlsberg. To
investigate the folding potential of the isolated P domain, signal
peptide-P domain-enhanced GFP constructs with mutated and/or
truncated P domains were also made. All mutants were expressed in
BTC3 cells, and their subcellular localization and secretion were
determined. The mutants fell into three main groups: () Golgi/
secreted, (i) ER/nonsecreted, and (iii) apoptosis inducing. The desta-
bilizing CAT mutations indicate that the side chains of V292, T328,
L351, Q408, H409, V412, and F441 and nonpolar fragments of the side
chains of R405 and W413 form a hydrophobic patch on CAT that
interacts with the P domain. We also have found that the P domain
can fold independently, as indicated by its secretion. Interestingly,
T594, which is near the P domain C terminus, was not essential for P
domain secretion but is crucial for the stability of intact PC3. T594V
produced a stable enzyme, but T594D did not, which suggests that
T594 participates in important hydrophobic interactions within PC3.
These findings support our conclusion that the catalytic and P do-
mains contribute to the folding and thermodynamic stability of the
convertases through reciprocal hydrophobic interactions.

he proteolytic processing of prohormones and other protein

precursors is carried out by a family of calcium-dependent,
subtilisin-like serine endoproteases, the prohormone convertases
(PCs), that are structurally related to the yeast prohormone pro-
cessing enzyme kexin (Kex2) (1-3). To date, seven mammalian
members of this family have been identified and characterized,
including the endoproteinases furin (subtilisin-like proprotein con-
vertase 1; SPC1) (4), PACE4 (SPC4) (5), and the PCs PC2 (SPC2)
(6,7), PC1/PC3 (SPC3) (8, 9), PC4 (SPC5) (10), PC5/PC6 (SPC6)
(11), and PC7/PC8/LPC (SPC7) (12-14). Their cleavage sites are
usually dibasic pairs, such as KR | or RR| (15-18). However,
basic residues at the P4 and/or P6 position may contribute to
substrate recognition or be required for activity, as in the case of
furin (15, 19, 20). Thus, minimal consensus sites for furin cleavage
are RXK/RR | and RXXR | (3,21). All SPCs are synthesized as
inactive proenzymes, possessing an N-terminal signal peptide,
prodomain, catalytic domain, P domain, and enzyme-specific C-
terminal segment (1-3). The upstream prodomain acts as an
internal chaperone for the folding of the catalytic domain in the
endoplasmic reticulum (ER) (22-25) and also as an intramolecular
inhibitor. The activation of the SPCs requires autocatalytic cleavage
and removal of the prodomain, a process that usually begins before
they exit from the ER (17, 23, 26-30). Recently, the solution
structure of the prodomain of PC3 was determined by hetero-
nuclear NMR spectroscopy by Tangrea and colleagues (31). The
catalytic domain forms the core structure and contains the well-
conserved catalytic triad Asp-His-Ser (32). This domain of the SPCs
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has shown the greatest similarity (45%) in comparison of sequence
alignments of all of the mammalian convertases and kexin (33).
Molecular modeling studies have indicated that the catalytic do-
mains of furin and PC3 are closely related to the bacterial subtilisins
(19, 34).

A unique feature of the eukaryotic proprotein convertases is the
presence of a downstream, well conserved P domain of ~150
residues. No such homologous sequences have been found in any
other subtilase family members or other proteins. The possible
functional role of the P domain has been explored by a number of
investigators who have shown that the catalytic domain is unstable
without it (35-37). Zhou and colleagues (33) demonstrated the
importance of the P domain in regulating the stability, calcium ion
dependence, and pH dependence of PC3 in domain swapping
studies among furin, PC2, and PC3. To better understand the
molecular basis of these observations in the absence of a 3D
structure, Lipkind et al. (37) have proposed a structural model of
the P domain. The modeling study predicts that the P domain is
folded as an eight-stranded B-barrel that interacts with the catalytic
domain through a hydrophobic patch (37). The variable C-terminal
regions of the SPCs are less conserved and mainly play a role in their
subcellular routing (1, 22, 38, 39). Both their tissue and subcellular
distributions and their substrate specificities influence their normal
functions in the body (3).

In the present study, to gain further insight into the protein
structure of the SPCs, particularly, the nature of the interaction
between the catalytic and P domains, we have carried out systematic
mutagenesis studies using enhanced GFP (EGFP)-tagged PC3
(1-616) as a WT control.

Materials and Methods

Construction of Vectors. Fig. 1 represents the constructs used in this
study. cDNA fragments encoding rat PC3 (1-616) was used as a
template (33, 38) and subcloned into the pEGFP-N3 expression
vector (CLONTECH). The construction of mutations is described
in the Supporting Text, which is published as supporting information
on the PNAS web site, www.pnas.org.

Cell Culture and Transfection. BTC3 cells were routinely maintained
in DMEM supplemented with 10% FCS (Life Technologies,
Grand Island, NY). Twenty-four hours after seeding on a round
coverslip in the bottom of a six-well plate, cells were transiently
transfected with 500 ng of EGFP expression vectors by using
Effectane Transfection Regent according to the manual (Qiagen,
Chatsworth, CA).

Immunostaining for Endogenous Insulin. Fixed cells were washed
three times with PBS and blocked by 5% normal donkey serum

Abbreviations: PC, prohormone convertase; SPC, subtilisin-like proprotein convertase;
EGFP, enhanced GFP; ER, endoplasmic reticulum.
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Fig. 1. Constructs of EGFP fusion and mutant proteins used in this study.
Full-length or WT PC3 consists of a signal peptide (Pre) and four domains,
pro-region (Pro), catalytic domain (Cat), P domain (P), and C-terminal domain.
PC3-Asp-616 (PC3D616) is a C-terminally truncated active form of full-length
PC3 (amino acids 1-736 of PC3) (38); PC3D616-EGFP is PC3D616-tagged with
EGFP (black) vialinkage at the N terminus of EGFP and was used as a fully active
control in this study. PC3AP-EGFP is a P domain deleted (PC3 amino acids
1-453) EGFP-tagged control. Gray-shaded regions represent domains contain-
ing point mutations. PC3G593-EGFP and PC3T594—-EGFP contain P domains,
truncated after G593 or T594, respectively. Sig-PdD616-EGFP consists of a
signal peptide (amino acids 1-27), followed by the P domain (amino acids
454-616) tagged with EGFP. In Sig-PdD616-EGFP, the signal peptide and P
domain are linked by two added amino acids, glycine (G) and threonine (T).
The signal cleavage site was predicted to lie between A27 and G28 in the
VKAGTDPR sequence by the siGNAL P v2.0 server (41, 42). Sig—PdG593-EGFP and
Sig—PdT594-EGFP consist of signal peptide, truncated P domain at G593 or
T594, respectively, and EGFP.

(Jackson ImmunoResearch) at 4°C overnight. Cells were then
incubated with a 1:1,000 dilution of guinea pig anti-insulin antibody
(DAKO) at 4°C overnight and incubated with a 1:500 dilution of
Cy3-conjugated donkey anti-guinea pig IgG (Jackson ImmunoRe-
search) for 30 min at room temperature before fluorescence
MiCroscopy.

Detection of Apoptosis. To observe fragmentated nuclei of apopto-
tic cells, the nuclei of fixed cells were stained with Hoechst 33342.
For detection of 3' OH DNA ends, a terminal deoxynucleotidyl-
transferase-mediated dUTP nick end labeling (TUNEL) assay,
DeadEnd Colorimetric TUNEL System (Promega) was performed
according to the manufacturer’s instructions. For a positive control,
BTC3 cells were incubated in the culture medium with 10 pg/ml
tunicamycin (Sigma-Aldrich).

Western Blotting. Forty to 48 hours after transfection, medium was
replaced with complete serum-free medium and incubated for 20 h.
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Fig. 2. The P domain is required for PC3 progression within the secretory
pathway. (A) Analysis of subcellular localization by fluorescence microscopy.
PC3D616—-EGFP (a) and PC3AP-EGFP (b) expressed in BTC3 cells were observed
as green. Endogenous insulin was identified by anti-insulin antibody (Cy3) (c
and d) (red), and colocalization of EGFP-tagged proteins and endogenous
insulin was observed as yellow in merged images (e and f). Golgi-enhanced
cyan fluorescent protein and ER-enhanced yellow fluorescent protein were
used as markers for Golgi (g9) and ER (h), respectively. PC3D616-EGFP was
predominantly localized in Golgi and secretory granules near the cell surface
along with insulin, whereas PC3AP-EGFP was localized in the ER. (Magnifica-
tion: x800.) (B) Analysis of the expression and secretion of EGFP-tagged
proteins by Western blotting using anti-GFP antibody. PC3D616-EGFP was
detected as a 94-kDa band in both cell extract and medium. PC3AP-EGFP was
detected in cell extract as a 75-kDa band, but was not detected in the medium.

The cell extracts and 40X concentrated medium were loaded on
7.5% SDS/PAGE and then transferred onto nitrocellulose mem-
branes by electroblotting. Immunoblotting was conducted with a
1:400 dilution of rabbit anti-GFP antibody (CLONTECH).

Modeling Study. INSIGHT II (Biosym Technologies, San Diego) was
used for modeling studies. The x-ray structures of subtilisin Carls-
berg and vy crystallin were used as structural templates for the
catalytic and P domains, respectively (37).

Results

The P Domain Is Required for PC3 Folding and Secretion via the
Secretory Pathway. To verify the importance of the P domain for the
folding of proPC3 in the context of EGFP, expression of PC3AP-
EGFP was compared with PC3D616-EGFP (truncated WT con-
trol) in terms of both subcellular localization and secretion in FTC3
cells. The fates of these proteins differed significantly. PC3D616—
EGFP was seen to colocalize in the Golgi and secretory granules
near the cell surface (Fig. 24a), along with endogenous proinsulin
(Fig. 2A4e). Moreover, PC3D616-EGFP was secreted into the
medium (Fig. 1B). In contrast to PC3D616-EGFP, PC3AP-EGFP
remained in the ER (Fig. 24b), did not colocalize with endogenous
insulin (Fig. 2A4f), and was not detected in the medium (Fig. 2B).
These data reveal that PC3D616—EGFP can be sorted normally
into the regulated secretory pathway, whereas PC3AP-EGFP can-
not, but instead accumulates in the ER. This finding is thus
consistent with earlier observations that PC3 cannot fold without a
P domain (33, 36, 40).
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Fig.3. Mutation of residues comprising the predicted hydrophobic patch on
the surface of the catalytic domain. Ten positions mutated to correspond to
their homologous residues in subtilisin Carlsberg (37) were studied. (A) Anal-
ysis of subcellular localization by fluorescence microscopy. (B) Western blot-
ting using anti-GFP antibody. From the results of studies of subcellular local-
ization and secretion, those mutants were classified into three groups: Golgi/
secreted (1326K, S349E, and W413S), ER/nonsecreted (V292Y, T328D, L351E,
and Q408Y), and cell death (apoptosis-inducing) (L410R, V412S, and F441K). In
the cell death group, fragmentation of nuclei (arrows) was detected by
nuclear staining using Hoe33342 (C) and terminal deoxynucleotidyltrans-
ferase-mediated dUTP nick end labeling-positive cells were stained (dark
brown) (D). In the latter experiment, a positive control for apoptosis was
provided by treatment of WT PC3 with tunicamycin (Upper Middle). (Magni-
fications: A, xX800; C, X400; D, x200.)

Effects of Mutagenesis of Hydrophobic Residues on the Surface of the
Catalytic Domain. Comparative analysis of the surface residues of
the structurally conserved framework of subtilisin Carlsberg and
PC3 revealed a region where charged amino acid residues in
subtilisin are replaced by hydrophobic residues in PC3 and related
convertases (37). The acidic residues, Asp-172, Glu-195, and Glu-

197, of subtilisin are substituted by Val, Ser, and Leu residues,
respectively in the case of PC3, whereas the basic residues Lys-170,
Arg-247, Arg-249, and Lys-265 are changed to Ile, Leu, Val, and
Phe, respectively. These residues are clustered on the surface so as
to form a hydrophobic patch unique to the surfaces of the SPCs. In
PC3, it is formed by residues V293, T328, 1326, S349, 1351, V412,
F441, W413, Q408, and L410 and very likely interacts with its P
domain.

To clarify the prediction that this hydrophobic patch is not
located on the external surface of PC3, but instead participates in
important intramolecular interactions within the core of the PC3
holoenzyme, we have mutated these hydrophobic residues to the
corresponding charged or polar residues found in subtilisin Carls-
berg and expressed these mutants in BTC3 cells. The subcellular
localizations of mutants I1326K, S349E, and W413S were similar to
that of WT (PC3D616-EGFP). These all progressed normally to
the Golgi region, indicating that their folding was not disrupted;
thus the side chains of these residues are probably directed outside
the hydrophobic patch. However, this was not the case for the other
seven mutants, which all were retained in the ER similarly to
PC3AP-EGFP (Fig. 34). As expected, Western blots showed that
the mutants that exhibited the Golgi pattern were all secreted into
the medium, whereas none of the ER pattern mutants were
secreted (Fig. 3B). Moreover, in the case of the nonsecreted
mutants, L410R, V412S, and F441K, the number of EGFP-
expressing cells in the transfected cultures was much lower than in
the case of the other mutants, and almost all EGFP-positive cells
expressing these mutants were rounded and small, and their nuclear
area could not be clearly delineated by fluorescence microscopy.
Fragmentation of nuclei was detected by nuclear staining (Fig. 3C),
and apoptotic cells were visualized in increased numbers by termi-
nal deoxynucleotidyltransferase-mediated dUTP nick end labeling
assay (Fig. 3D) in these cultures. Therefore, based on their subcel-
lular localizations and secretion, these catalytic domain mutants
could be classified into three groups (Table 1). Three mutants
(I326K, S349E, and W413S) were normally transported and se-
creted (Golgi/secreted group), four mutants (V292Y, T328D,
L351E, and Q408Y) were retained in the ER (ER/nonsecreted
group), and three mutants (L410R, V412S, and F441K) tended to
cause cell death (apoptosis-inducing group). Additionally, secreted
mutant proteins, 1326K, S349E, and W413S had levels of enzyme
activity similar to that of WT controls (see Fig. 8, which is published
as supporting information on the PNAS web site).

These results are thus consistent with the notion that the mutated
residues in the ER /nonsecreted and apoptosis-inducing groups are
important for the correct folding of the protein. Therefore, Val-292,
Thr-328, Leu-351, GIn-408, Leu-410, Val-412, and Phe-441, which
do not tolerate substitutions by polar amino acid residues, as are
present in subtilisin, must play a special role in the structural
organization of PC3. The most reasonable conclusion is that they
form a compact and flat hydrophobic patch on the surface of the

Table 1. Classification of the fates of EGFP-tagged proteins expressed in this study based on

their subcellular localization and secretion

Result Golgi/secreted ER/nonsecreted Apoptosis-inducing
| PC3D616-EGFP PC3AP-EGFP
I 1326K, S349E, W413S  V292Y, T328D, L351E, Q408Y, H409D, H409K  L410R, V4125, F441K
1] K588A, K588D, L589A  L589D, L591D, H592A

1590A, 1590D, 1590K G593A, G593D, G593R

I590R, L591A, H592D T594A, T594D

T594V
\% PC3T594-EGFP PC3G593-EGFP

Sig-PdD616-EGFP
Sig-PdT594-EGFP
Sig-PdG593-EGFP

5624 | www.pnas.org/cgi/doi/10.1073/pnas.0631617100
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Fig. 4. The topography of the hydrophobic surface of the catalytic domain.
The space-filling residues shown comprise a hydrophobic patch on the surface
of the catalytic domain of PC3, which is postulated to interact with the P
domain. An earlier model of this hydrophobic surface (37) was revised based
on the results of the present mutagenesis study. The aliphatic portions of the
side chains of R405 and WA413 also may contribute to the hydrophobic patch,
whereas 1326 and S349 are excluded. Residue L410 was also excluded from this
image because our modeling results indicated that the L410 side chain is
directed toward the interior of the catalytic domain. The numbers in paren-
theses represent positions in subtilisin Carlsberg.

catalytic domain, which engages the P domain during folding of the
proenzyme. In addition, more careful analysis of surrounding
amino acid residues indicated that the side chain of His-409 might
participate in this patch, along with nonpolar portions of the side
chains of both Arg-405 and Trp-413. Modeling also indicated that
the side chain of Leu-410 is not likely to be part of this surface, but
is directed toward the interior. Two additional mutations (H409D
and H409K) were also both ER-retained (see Fig. 9, which is
published as supporting information on the PNAS web site). This
finding suggested that His-409 also projects toward the P domain
interface. The revised topography of this hydrophobic patch
on the surface of PC3, based on these experimental data, is
shown in Fig. 4.

Mutagenesis of Neighboring Residues Near the C Terminus of the P
Domain. Previous studies by Zhou and colleagues (33) have revealed
the importance of several conserved amino acids in the C-terminal
region of the P domain (His-592, Gly-593, and Thr-594). These play
acrucial role not only in sustaining the autocatalytic activity but also
in the folding and secretion of PC3 (33). Jackson et al. (45) have also
reported a patient with a phenotype of defective prohormone
processing caused by compound heterozygosity for defects in the
PC3 gene, including a Gly-483-Arg missense allele and an allele
with an A to C transversion at position +4 of the donor splice site
of intron 5. In their report, PC3 Gly-483—Arg (which corresponds
to Gly-593 in rat PC3) was shown be retained in the ER. Therefore,
to more clearly understand how this region of the P domain
stabilizes the structure of PC3, a systematic mutagenesis study in
this region was performed. We individually mutated all of the
residues from Lys-588 to Thr-594 to alanine (A) or aspartic acid
(D). The results of this analysis (see Fig. 10, which is published as
supporting information on the PNAS web site) revealed that
Lys-588, Ile-590, and His-592 could be substituted with the nega-
tively charged residue, aspartic acid, whereas Leu-589 and Leu-591
could not. This region previously was predicted to form a B-strand
at the end of the proposed p-barrel structure of the P domain (37).
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Fig. 5. Mutations near the carboxyl terminus of the P domain. ER-retained
and tolerated mutations are shown by red and blue, respectively. Highlighted
sequence (yellow) is in the region of the last B-strand of the P domain
predicted by the Chou and Fasman method (43, 44), and arrows indicate
hydrophobic residues that are directed toward the P domain’s interior, ac-
cording to the previous modeling study (37). The mutations marked by * have
already been reported (33, 45), and underlined mutations were reconfirmed
in this study. The spatial structure of this g-strand is given below, where the
yellow vectors represent alternative directions of the side chains. W587, L589,
and L591 are inside the protein and K588, 1590, and H592 are outside. G593
forms a B-turn next to the g-strand.

The alternating acceptance of substitutions by charged residues
within this segment indeed coincides with the alternating directions
of the side chains in a B-strand. Moreover, Lys-588, Ile-590, and
Leu-591 could be substituted with alanine, but His-592, Gly-593,
and Thr-594 could not (Fig. 5). These data indicate that the side
chains of Leu-589 and Leu-591 project toward the interior of the P
domain, whereas Lys-588, Ile-590, and His-592 project outwardly,
thus supporting the previous predictions (37). The three external
residues in this B-strand probably do not interact with the hydro-
phobic patch on the surface of the catalytic domain, because they
are easily substituted by the negatively charged aspartic acid. The
next residue in the sequence, Gly-593, cannot be substituted by any
residues with a CP atom, which strongly indicates that Gly-593 forms
a B-turn at the end of the last B-strand of the P domain. However,
the essential Thr-594 residue could be substituted with the bulky
hydrophobic residue, valine, or with serine, but not with aspartic
acid or asparagine. These findings suggest that Thr-594 may play an
important role in specific hydrophobic interactions with the cata-
lytic domain that stabilize the PC3 structure.

Effect of C-Terminal Truncations of the P Domain. To investigate
whether T594 is directed toward the hydrophobic core of PC3 or the
hydrophobic core of the P domain itself, further truncation studies
of the P domain were performed (Fig. 6). Initially, we confirmed
that the P domain can fold in the absence of the catalytic domain,
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Fig. 6. Truncation study of P domain. Subcellular localization (A) and expres-

sion and secretion assessed by Western blotting (B) of PC3T594-EGFP (a),
PC3G593-EGFP (b), Sig—PdD616-EGFP (c), Sig-PdT594—EGFP (d) and Sig-PdG593-
EGFP (e) in BTC3 cells are shown. PC3T594-EGFP and PC3G593-EGFP are C-
terminally truncated forms of PC3D616-EGFP (active control). Among these
truncations, only lack of T594 in PC3 (b) resulted in ER retention. Sig-PdD616—
EGFP could be sorted into Golgi and secreted into the medium, where it was
detected as a 45-kDa band; however, in the absence of the catalytic domain,
truncation after G593 of the P domain (e) did not prevent secretion. (Magnifica-
tion: A, X800.)

using the Sig-PdD616-EGFP construct. Then, the C-terminal
region of the P domain was truncated up to T594 not only in the WT
control, PC3D616-EGFP, but also in Sig-PdD616—-EGFP. As
expected, Sig-PdD616—EGFP was sorted into secretory pathway,
which indicates that the P domain (amino acids 454-616) can
properly fold without the catalytic domain. Truncation after Thr-
594 had no effect on folding or secretion in both control and
Sig-PdD616-EGFP. But, interestingly, truncation after Gly-593
was disruptive in the WT control, but not in Sig-PdD616-EGFP,
lacking the catalytic domain. These results indicate that Thr-594 is
necessary for the folding of the PC3 holoenzyme precursor, but not
for the folding of the isolated P domain. From this finding, we
believe that Thr-594 is normally oriented toward the interface with
the catalytic domain in PC3. Taken together with the results of the
former mutagenesis study, Thr-594 evidently plays an important
stabilizing role and also serves as the functional C terminus of the
P domain.

Discussion

Recently, GFP has been widely used in the field of cell biology
to monitor many cellular processes, including the secretory
pathway (46, 47). Therefore, in this study, we have used EGFP
protein as a downstream reporter domain to follow the progress
of PC3 derivatives and mutants through the secretory pathway.
The purpose of this study was to assess the role of mutual
hydrophobic interactions between the P and catalytic domains
for the folding of PC3. The most notable difference in primary
structures between the catalytic domains of the SPCs and
subtilisins is the large increase in number of negatively charged
residues, glutamic acid and aspartic acid, clustered on the surface
of the SPC catalytic domains in the substrate binding region (37).
We propose that this charge imbalance may lead to instability in
the catalytic domain, which is offset by interaction of the P
domain with the catalytic domain to provide stabilization.
Indeed, several truncation experiments have shown the P do-
mains are required for the stable folding of the SPCs (33, 36, 40).
In those prior studies, P domain-deleted convertases were
expressed in cells, but were unable to traverse the secretory
pathway, an indication of misfolding. In agreement with those
previous experiments, PC3AP-EGFP in our experiments was not
sorted into the secretory pathway and secreted normally, but was

5626 | www.pnas.org/cgi/doi/10.1073/pnas.0631617100

retained in the ER, although PC3D616-EGFP, a truncated but
fully functional WT control, was sorted normally into secretory
granules and secreted as an active enzyme. These findings
demonstrated that PC3AP-EGFP also is unable to fold normally
and this defect is not altered by the presence of the EGFP tag.

In the previous modeling study of Lipkind et al. (37), a conserved
patch of hydrophobic residues was identified on the surface of the
catalytic domain on the side away from the active site and it was
posited that this patch is a likely candidate for interaction with the
independently folded B-barrel structure proposed for the P domain.
Ten amino acids were predicted to form a patch, which could
interact with the P domain (37). The present mutagenesis study in
which these amino acid residues have been reverted to their polar
counterparts in subtilisin Carlsberg has resulted in a more precise
identification of residues in the patch that influence the folding of
PC3. Some of these mutants were retained in ER and others
induced apoptosis, whereas a few were well tolerated. Interestingly,
the tolerated mutations were arranged around the periphery of the
predicted hydrophobic patch, whereas the nontolerated mutations
were located within its central region. Several mutations that caused
apoptosis may have induced the unfolded protein response more
strongly than the other misfolding mutants, suggesting the possible
existence of different aberrant folding pathways or states (48).

We also mutated the highly conserved carboxyl-terminal region
of the P domain (residues 588-594). We observed an alternating
pattern of tolerance of substitutions by aspartic acid residues with
respect to protein secretion (secreted/not secreted) in the sequence
588-592, which supports the prediction that this region forms a
B-strand in the folded P domain structure (37). At the same time
our data show, that if residues Leu-589 and Leu-591 participate in
the formation of the hydrophobic core of the P domain, the other
residues of this B-strand (Lys-588, Ile-590, and His-592) are likely
to be directed toward the exterior.

Moreover, our results confirm that G593R is retained in the ER,
a finding consistent with the occurrence of an inactivating mutation
in a human subject (45). Zhou et al. (33) presented data showing
that the shortest active form of PC3 was PC3T594 and that

Fig. 7.

Model of the hydrophobic surface of the P domain that is postulated
to interact with the catalytic domain. The hydrophobic residues on the exter-
nal sides of B-strands 5 and 6 of the B-barrel of the P domain, shown by large
space-filling images, could participate in hydrophobic interactions with the
catalytic domain. The side chains of g-strand 8 of the P domain, which do not
participate in such interactions, and are shown by small balls and sticks.

Ueda et al.



threonine could not replace His-592. Their results were suggestive
of an important function of these terminal residues of the P domain.
The additional mutation, T594V, along with T594S (33), is most
informative, as both mutants were tolerated. The fact that Thr-594
can be successfully substituted by the bulky hydrophobic residue,
valine (but not by aspartic acid), indicates that the threonine side
chain very likely participates in an important stabilizing hydropho-
bic interaction within PC3, because we have shown that Thr-594
itself is not important for the folding of the P domain. Both Gly-593
and Thr-594 are completely conserved among the mammalian
SPCs (37). Interestingly, Gly-593 could not be substituted with
alanine or aspartic acid. The absence of a side chain in glycine
confers great conformation flexibility to the polypeptide backbone.
We propose that Gly-593 interrupts the last B-strand at the C
terminus of the P domain. These findings indicate that Thr-594 is
crucial for the stable folding of the entire proenzyme, rather than
just the boundary region at the end of the P domain.

The downstream C-terminal segment beyond Thr-594 appears to
play a role in directing PC3 into the regulated secretory pathway.
Zhou et al. (38) have shown that PC3 truncated at D616 is sorted
predominantly into the constitutive pathway and is enzymatically
active. This naturally occurring truncated form, which was fused
with EGFP and used as a WT control (PC3D616-EGFP) in our
study, also is active, but instead is sorted into the regulated secretory
pathway, as indicated by its colocalization with endogenous insulin-
containing granules. It thus appears that tagging PC3D616 with
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EGFP restores normal sorting behavior to the truncated enzyme.
However, interestingly, deletion of the segment from Ser-595 to
Asp-616 caused a decrease in high-intensity EGFP signals near the
surface of the cell membrane; for example, compare PC3D616—
EGFP to PC3D594-EGFP, and SigPd-D616-EGFP to SigPd-
T594-EGFP and G593-EGFP in Figs. 24 and 6A. This finding
suggests that the segment from Ser-595 to Asp-616 in PC3, which
is also well conserved among various species, may influence its
sorting behavior, in concert with residues after D616.

We conclude from these studies that the P domain contributes to
the folding and thermodynamic stability of PC3 through specific
hydrophobic interactions with the catalytic domain and that Thr-
594 is the precise boundary between the P domain and the
C-terminal segment (Fig. 7). Thr-594 is crucially important for the
correct folding of the holoenzyme and participates in hydrophobic
interactions inside the PC3 structure. On the basis of these exper-
imental data, we have revised the dimensions of the hydrophobic
patch on the surface of the catalytic domain that is predicted to
interact with the hydrophobic surface of the P domain. We also
conclude that amino acid residues, near the C-end of the P domain
(587-593) form a B-strand.
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