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The bioactivity of neuropeptides can be regulated by a variety
of post-translational modifications, including proteolytic pro-
cessing. Here, gene-targeted mice producing defective prohor-
mone convertase 2 (PC2) were used to examine the post-
translational processing of two neuroendocrine prohormones,
pro-opiomelanocortin (POMC) and pro-orphanin FQ (pOFQ)/
nociceptin (N), in the brain. Reversed-phase HPLC and gel-
exclusion chromatography were combined with specific radio-
immunoassays to analyze the processing patterns of these two
prohormones in the hypothalamus and the amygdala. In the
case of POMC, the lack of PC2 activity completely prevented
carboxy-shortening of �-endorphins and greatly diminished
conversion of �-lipotropin to �-lipotropin and �-endorphin. Al-

though conversion of �-lipotropin to �-endorphin decreased,
the lack of PC2 activity caused an increase in �-lipotropin and
�-endorphin levels in the mutant animals, but no increases in
POMC or biosynthetic intermediates were seen. The extent of
OFQ/N production was significantly lower in PC2-deficient
mice and there was an accumulation of relatively large amounts
of pOFQ/N and biosynthetic intermediates. These results dem-
onstrate that PC2 is directly involved in the biogenesis of two
brain neuropeptides in vivo and suggest that the specific pro-
hormone and cellular context influences neuropeptide process-
ing by PCs.
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Neuropeptides are generated from inactive precursors by proteo-
lytic processing and concentrated into large, dense core vesicles
for release (Sossin et al., 1989). Two members of the subtilisin-
like prohormone convertase (PC) family, PC2 and PC1/PC3
(PC1), play major roles in neuroendocrine precursor processing
and appear to provide the basis for the tissue-specific aspects of
proteolytic peptide processing (Rouille et al., 1995). PC1 and PC2
are expressed exclusively in the brain and neuroendocrine sys-
tems, whereas other members of this family are expressed more
ubiquitously (Rouille et al., 1995; Zhou et al., 1999).

Over the last two decades, the tissue-specific, proteolytic pro-
cessing of the neuroendocrine prohormone pro-opiomelanocortin
(POMC) has been studied in great detail, particularly in the pitu-
itary gland, and has been found to be correlated with PC expres-
sion (Mains et al., 1977; Eipper and Mains, 1980; Mains and
Eipper, 1981; Rouille et al., 1995). These studies have shown that
PC1 is expressed at high levels in the anterior lobe of the pituitary
gland, whereas both PC2 and PC1 are expressed in the interme-
diate lobe (Day et al., 1992; Seidah and Chretien, 1992). PC2 is
believed to be responsible for the additional cleavages of POMC-

derived peptides found in the intermediate pituitary (Rouille et
al., 1995). POMC processing has also been studied in the rat
hypothalamus, and the extent of proteolytic processing is similar
to the POMC peptide processing patterns found in the neuroint-
ermediate pituitary (Emeson and Eipper, 1986). The hallmarks of
this proteolytic processing are the essentially complete conver-
sion of �-lipotropin (�-LPH) to �-LPH and �-endorphin and the
subsequent carboxy-shortening of approximately one-third of the
�-endorphin 1–31 molecules to �-endorphin 1–27 and 1–26. Fig-
ure 1A summarizes the general proteolytic processing patterns of
the �-LPH–�-endorphin domain in the rat hypothalamus.

Prepro-orphanin FQ (ppOFQ)/nociceptin (N) is a prohormone
encoding the neuropeptide OFQ/N, as well as other potential
peptides (Bunzow et al., 1994; Meunier et al., 1995; Reinscheid et
al., 1995). OFQ/N and its receptor (ORL1) are expressed abun-
dantly in the brain and spinal cord (Houtani et al., 2000) and have
been implicated in a variety of physiological processes, such as
cell excitability (Vaughan et al., 1997; Yu et al., 1997; Pan et al.,
2000) and cAMP production (Reinscheid et al., 1995); they also
possess nociceptive and anxiolytic properties (Jenck et al., 1997;
Koster et al., 1999). Relatively little is known about pOFQ/N
processing or the role of the PCs in the generation of individual
neuropeptides from the proprotein, although we have shown
previously that the major OFQ/N-containing peptide produced
in the rat, mouse, and monkey hypothalamus is OFQ/N1–17
(Quigley et al., 1998). Figure 1B summarizes what is known
about pOFQ/N proteolytic processing.

Mice lacking an active PC2 exhibit defective hormone process-
ing in the proinsulin, proglucagon, and prosomatostatin systems
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of the pancreas (Furuta et al., 1997). In the present study, we have
used these mice to examine the effects of PC2 deficiency on the
processing of two neuroendocrine precursors in specific brain
tissues (Fig. 1). Here we use radioimmunoassays (RIAs) for
POMC-derived peptides [�-endorphin and �-melanocyte-
stimulating hormone (�-MSH)] and for OFQ/N, combined with
biochemical fractionation methods, to show that lack of a func-
tional PC2 affects both rate and site-specific proteolytic cleavages
of pOFQ/nociceptin and POMC-derived peptides in a
proprotein-specific manner.

MATERIALS AND METHODS
Animals. All �/� and PC2-deficient �/� mice bred were littermates
obtained from the mating of PC2 �/� mice initially provided by Dr. D.
Steiner (Howard Hughes Medical Institute, University of Chicago, Chi-
cago, IL). The PC2-deficient mice contain an insertion of a neomycin
cassette into exon 3 of the PC2 gene (Furuta et al., 1997). This insertion
alters transcript splicing and prevents activation of the mutated PC2
precursor. Homozygous �/� mice thus lack any PC2 activity. All animals
were housed and used according to institutional guidelines prescribed by
the National Institutes of Health.

Tissue isolation and sample preparation. Individual hypothalamic and
amygdala tissues from wild-type (WT), heterozygous, and homozygous
mutant mice were extracted in 0.5 ml of 10% acetic acid containing 0.5
mg/ml bovine serum albumin (BSA) and protease inhibitors (1 �l /ml
protease inhibitor cocktail; Sigma, St. Louis, MO). Samples were ho-
mogenized manually and then frozen and thawed three times. Tissue
extracts were centrifuged, and the supernatants were lyophilized for
peptide analyses.

Reversed-phase HPLC. After lyophilization, tissue extracts were resus-
pended in 500 �l of trifluoroacetic acid (TFA) and injected onto a Vydac
(214TP54) RP-HPLC column (C4, 300 Å pore size; The Separations
Group, Hesperia, CA). The extracts were fractionated using a Waters
(Milford, NJ) reversed phase (RP)-HPLC system with linear gradients of

acetonitrile in 0.1% TFA and a flow rate of 1 ml/min. Generally, 80 1-min
fractions were collected using a gradient of 8–36% acetonitrile. An
additional gradient starting with 13.6% acetonitrile for 3 min, a step-up
to 17.6% acetonitrile in 2 min, and then a linear gradient to 36%
acetonitrile at 80 min was used for some POMC peptide fractionations.
Aliquots were then vacuum dried before RIA. In some cases, an addi-
tional isocratic elution at 36% acetonitrile, after the linear gradient, was
used to elute POMC.

Gel-exclusion chromatography. Lyophilized extracts were resuspended
in 0.5 ml of 3 M acetic acid and injected onto a 1 � 35 cm column
(Bio-Rad, Richmond, CA) of Sephadex G-50 (Pharmacia, Piscataway,
NJ) using 3 M acetic acid containing 10 �g/mg BSA to elute the peptides
by FPLC (Pharmacia). The flow rate was 1 ml/min, and 1 min fractions
were collected. Molecular weight markers are shown in the figures.

RIA. The OFQ/N antiserum is specific to the C terminus of OFQ/
N1–17 and does not cross-react with �-endorphin or dynorphin (DYN)
A. Tyr14 OFQ/nociceptin was iodinated using the chloramine-T method
(Quigley et al., 1998). The �-endorphin and �-MSH RIAs have been
described previously (Hatfield et al., 1988). The �-endorphin antiserum
is specific to the mid-portion of �-endorphin 1–31 and cross-reacts 1:1
with all �-endorphins and �-LPH (Hatfield et al., 1988). The �-MSH
antiserum is specific to the mid-portion of �-MSH and cross-reacts with
the C terminus of �-LPH (Hatfield et al., 1988; Thorne and Thomas,
1990). An antiserum specific for mouse (m)ppOFQ/N160–187 was gen-
erated in rabbits against the synthesized peptide after conjugation by
Covance (Denver, PA). This antiserum (VO61) was used at a final
dilution of 1:3000 and does not cross-react with OFQ/N, mppOFQ/
N160–176, or dynorphin A1–13. It also shows minimal cross-reactivity
with mppOFQ/N181–187. Thus, the potential internal RRR cleavage site
in pOFQ/N160–187 must be intact for full reactivity (Mathis et al.,
2001). Vacuum-dried samples were resuspended in phosphate buffer
containing �-mercaptoethanol and BSA for RIA. All of the RIA proce-
dures were performed as described previously (Quigley et al., 1998). The
RIAs have a sensitivity of �1.8 � 10 �3 pmol/tube. Recovery of input
immunoreactivity of single or pooled brain tissues was �85–90%. All
peptide nomenclature is based on the mouse primary amino acid se-
quences of pOFQ/N and POMC.

RESULTS
Lack of a functional PC2 decreases �-LPH conversion
to �-LPH and �-endorphin and abolishes carboxy-
shortening of �-endorphin 1–31 in vivo
We fractionated WT and mutant hypothalamic extracts by RP-
HPLC and assayed the fractions for �-endorphin and �-MSH
immunoreactivity. In the WT hypothalamus, almost all of the
�-MSH immunoreactivity is present as �-LPH (Fig. 2A). How-
ever, in the PC2-deficient mice, only approximately one-third of
the �-LPH was converted to �-LPH and �-endorphin. This result
suggests that PC2 is required to complete the in vivo conversion
of �-LPH to �-LPH and �-endorphin 1–31. Figure 2B confirms
that the major peak of immunoreactive material at 76 min is
�-LPH, as demonstrated by a single, large peak containing essen-
tially equal amounts of �-endorphin and �-MSH immunoreactiv-
ity. An additional peak of �-MSH immunoreactivity at 43 min in
the WT animals is absent in the mutants. This peptide is a
C-terminal fragment of �-LPH derived from a cleavage at leu10-
glu11 of �-LPH (Thorne and Thomas, 1990).

We subsequently determined the relative sizes of the
�-endorphin-immunoreactive material by gel-exclusion chroma-
tography of WT and PC2-deficient hypothalamic extracts. Figure
3 shows that essentially all of the �-LPH has been converted to
�-endorphin-sized material in the WT hypothalamus, as was
found in the RP-HPLC analyses, whereas in the PC2-deficient
animals, only approximately one-third of the �-LPH was con-
verted to �-endorphin. The inset in Figure 3 shows that only
�34% of �-LPH was cleaved to �-endorphin, whereas in the WT
animals, �96% of the �-LPH was converted to �-endorphin-
sized material.

Figure 1. A, C-terminal proteolytic processing of pre-POMC ( pPOMC).
A schematic representation of the �-LPH–�-endorphin processing path-
way in the rodent hypothalamus. B, A schematic representation of
ppOFQ/N processing in the rodent hypothalamus. Predicted and poten-
tial cleavages by PC1and PC2 based on pituitary POMC processing are
indicated. The processing patterns shown are thought to occur in mice
expressing WT PC2. K, Lysine; R, arginine. Asterisks denote potential
paired basic cleavages in OFQ/N. Arrows denote PC cleavage sites.
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PC2 has been proposed to convert �-endorphin 1–31 to its
carboxy-shortened form, �-endorphin 1–27 (Zhou and Mains,
1994). To determine whether mouse hypothalamic �-endorphin
1–31 is carboxy-shortened, we fractionated extracts by gel filtra-
tion as in Figure 3, pooled the �-endorphin-sized material, and
fractionated the pooled fractions using a gradient that was slightly
different from that shown in Figure 2. Figure 4A shows that in the
WT hypothalamus, some of the �-endorphin 1–31 (�40%) has
been converted to �-endorphin 1–27 and 1–26. Figure 4B shows
that the �-endorphin 1–31 was not processed to carboxy-
shortened peptides to any appreciable extent in the mutant hy-
pothalamus. The small amount of immunoreactive material elut-
ing at 62–64 min is �-LPH carryover from the pooled fractions.

Lack of a functional PC2 causes incomplete
conversion of pOFQ/N to OFQ/N in vivo
We then examined the extent of ppOFQ/N processing in PC2-
deficient mice using an antibody to OFQ (1–17) that can recog-
nize biosynthetic intermediates (BSIs), as well as the proprotein.
Figure 5A shows that in the WT hypothalamus virtually all of the
OFQ/N immunoreactivity elutes at 31 min. In contrast, Figure 5B

shows that although some OFQ/N is produced and elutes at
30–31 min, relatively large amounts of a pOFQ/N-like molecule
elute at 70 min. Potential BSIs containing the OFQ/N epitope
(66–67 min) were also detected in hypothalamic extracts ob-
tained from PC2 mutant mice. Figure 5C shows that proteolytic
processing in the heterozygote is very similar to the processing
observed in the WT, indicating that one-half of the PC2 enzy-
matic activity expressed in the heterozygotes is sufficient to pro-
duce WT proteolytic-processing patterns. We also noted a re-
duction in the total amount of OFQ / N-immunoreactive
material contained in extracts from PC2 mutant animals.
These results indicate that PC2 is required for complete pro-
cessing of the OFQ/N precursor and OFQ/N-containing in-
termediates; its absence causes a substantial reduction in
OFQ/N immunoreactivity.

To more fully characterize the effects on OFQ/N processing,
we fractionated hypothalamic extracts by gel-exclusion chroma-
tography. The open circles in Figure 6 indicate that virtually all of
the OFQ/N immunoreactivity co-elutes with 125I-OFQ/N in WT
animals, whereas larger relative amounts of pOFQ/N-sized ma-
terial were detected in the PC2 mutant animals. As with the
HPLC fractionations, much smaller amounts of OFQ/N immu-
noreactivity relative to the proprotein were detected in the PC2-
defective animals. The inset in Figure 6 shows that using the
HPLC fractionations, only �30% of the total immunoreactivity is
converted to OFQ/N in the mutants, compared with �98% in the
WT animals. The total amount of OFQ/N immunoreactivity
found in the HPLC fractionations from mutant mice ranged from
10 to 40% of WT values.

We also examined proteolytic processing of OFQ/N in the
amygdala. In the WT amygdala, virtually all of the immunoreac-
tive OFQ/N eluted at 31–32 min (Fig. 7), similar to our previous
findings analyzing hypothalamic extracts. In the PC2-deficient
mice, the peak of OFQ/nociceptin was greatly reduced, and new

Figure 2. �-LPH domain processing in WT and PC2 mutant mouse
hypothalamic extracts. RP-HPLC fractions were assayed for �-endorphin
and �-MSH immunoreactivity. The dashed line indicates the acetonitrile
gradient. A, WT �-MSH and mutant animals. B, Mutant PC2. Results
shown are representative of four separate determinations.

Figure 3. Sephadex G-50 gel-exclusion chromatography of WT and mu-
tant PC2 hypothalamic extracts. The fractions were assayed for
�-endorphin immunoreactivity. The arrow indicates the elution position
of 125I-acetyl-�-endorphin 1–27. V0, Exclusion volume; Vt, total column
volume. The inset shows the percentage of conversion of �-LPH to
�-endorphin in a WT compared with a PC2 mutant mouse hypothalamus.
The percentage of conversion is the ratio of the immunoreactivity eluting
3–3.5 kDa �-endorphin to the total �-endorphin immunoreactivity. Sev-
eral RP-HPLC analyses were used for this calculation. n � 3; p � 0.0063;
unpaired t test using StatView (Abacus Concepts, Calabasas, CA).
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peaks of immunoreactivity were detected at 71 min (pOFQ/N)
and 66–67 min (Fig. 7, filled circles). Thus, in both the amygdala
and the hypothalamus of the PC2 mutants, small amounts of
OFQ/N were produced; however, processing does not proceed to
completion, because unprocessed and partially processed immu-
noreactive material containing the OFQ/N epitope were de-
tected. We also found that in the amygdala, as in the hypothala-
mus, the level of mature OFQ/N immunoreactivity was
dramatically reduced in the mutants. This result again supports
the notion that PC2 is required for complete conversion of
pOFQ/N to the 17 amino acid OFQ/N peptide in the brain.

In addition, we assayed the HPLC fractions using an RIA
directed against the C terminus of the OFQ/N proprotein (Ma-
this et al., 2001). In the WT and heterozygote hypothalamus, we
found two major peaks of C-terminus immunoreactivity eluting

at 62 and 66 min, with synthetic C-terminal peptide eluting at 62
min (Fig. 8A). As shown previously, OFQ/N elutes at 31 min
(Fig. 5A). In the mutant animals, the major peak of both OFQ/N
and C-terminal immunoreactivity eluted at 71 min, and the
relative amounts of immunoreactivity eluting at 62 and 66 min
decreased markedly (Fig. 8B). These results support the notion
that a moiety eluting at 71 min contains both the C-terminal and
OFQ/N epitope and is most likely pOFQ/N. The peaks eluting at
62 and 66 min appear to be the full-length C-terminal peptide
and a derivative containing an intact internal RRR sequence.

DISCUSSION
The proteolytic processing patterns of POMC-derived peptides
have been studied previously in the rat hypothalamus (Emeson
and Eipper, 1986). Those studies demonstrated that POMC pro-
cessing in the hypothalamus resembled the processing pattern in
the neurointermediate pituitary rather than the anterior pituitary
(Eipper and Mains, 1981; Emeson and Eipper, 1986). The excep-
tion to this was the lack of acetylation needed to produce �-N-
acetylated endorphins and MSH. Thus, in the rat, almost all of
the hypothalamic �-LPH was converted to �-endorphin 1–31-
related molecules, and approximately one-third of this population
was carboxy-shortened. We found essentially the same result in
the WT mouse hypothalamus (Figs. 3, 4).

Zhou and Mains (1994) found that overexpression of PC2 in
AtT-20 anterior pituitary cells resulted in enhanced proteolytic
cleavages at specific, paired-basic sites. In the case of PC2, it
enhanced the conversion of �-LPH to �-LPH and �-endorphin
and produced carboxy-shortened �-endorphin 1–27. As pre-
dicted, we found no carboxy-shortened �-endorphins in the hy-
pothalamus of mice lacking a functional PC2; thus, PC1 does not
cleave at the �-endorphin C-terminal KK site in vivo. We found
that lack of a functional PC2 greatly diminished (by two-thirds)
the conversion of �-LPH to �-LPH and �-endorphin in vivo. We
did not find any increase in unprocessed POMC in brain tissues
from the mutant mice, unlike our studies of pituitary POMC
processing in PC2 mutant mice (Allen et al., 1999).

The results obtained by examining pOFQ/N processing in
specific brain tissues were in contrast to these observations. In
both the hypothalamus and the amygdala, we found that lack of a
functional PC2 resulted in an increase in unprocessed OFQ/N-
containing material, including pOFQ/N. Also, in contrast to the
POMC pathway, there was a reduction in the OFQ/N immuno-
reactivity in both the hypothalamus and amygdala of the mutant
animals. The decrease in the production of mature OFQ/N
suggests that PC2 is much more active than PC1 in cleaving the
KR sites bounding OFQ/N (Fig. 1B). The PC2-deficient mice
used here have been examined for DYN processing in the brain
(Berman et al., 2000). These studies showed a substantial reduc-
tion in DYN A8, DYN A17, and DYN B13, and it was concluded
that PC2 was critical for DYN peptide production.

The presence of PC2 activity completes the conversion of
�-LPH to �-endorphin and carboxy-shortens some of the
�-endorphin 1–31 to �-endorphin 1–27 in vitro. PC2 is autoacti-
vated in the acidic environment of a late post-Golgi compartment
(Lamango et al., 1999), and it is after early cleavages by PC1 that
PC2 performs its functions. Our studies confirm the in vitro
studies using POMC pituitary cells as a model; however, in vivo,
PC1 (presumably) was able to convert a substantial amount of
�-LPH to �-LPH and �-endorphin, as seen in the mutant animals
(Fig. 2A). In fact, the processing profile resembles the pattern
found in the mouse anterior pituitary (Eipper and Mains, 1980).

Figure 4. RP-HPLC fractionation of WT and PC2-deficient mouse hy-
pothalamic extracts after gel exclusion, as in Figure 3. The pooled extracts
of �-endorphin-sized material were fractionated on the gradient indi-
cated, and the fractions were assayed for �-endorphin immunoreactivity.
The arrows indicate the elution times of authentic �-endorphin peptides.
The dashed line indicates the acetonitrile gradient. Similar results were
seen in two experiments. Ac, Acetyl.
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Figure 6. Sephadex G-50 chromatography of WT and PC2 mutant
mouse hypothalamic extracts. Gel filtration was performed as described in
Materials and Methods. Portions of the fractions were vacuum dried and
assayed for OFQ/N immunoreactivity. 125I-OFQ/N elutes at fraction 55.
Cytochrome C (molecular mass, 22.5 kDa) elutes at fraction 33–34. V0,
Exclusion volume; Vt, total column volume. Conversion of total OFQ/N
immunoreactivity to mature peptide in WT and PC2 mutant mouse
hypothalamus is shown in the inset. The percentage of conversion is the
ratio of the immunoreactivity co-eluting with synthetic OFQ/N at 31 min
to the total OFQ/N immunoreactivity. We used RP-HPLC analyses for
this calculation. n � 3; p � 0.002; unpaired t test using StatView.

Figure 7. RP-HPLC fractionation of WT and PC2 mutant amygdala
extracts. Extracts from WT animals (open circles) and PC2 mutant ani-
mals ( filled circles) were fractionated using a linear gradient of 8–36%
acetonitrile (dashed line). The fractions were assayed for OFQ/N immu-
noreactivity. The arrow indicates the elution time of synthetic OFQ/N.
The profile shown is representative of four separate determinations.

4

Figure 5. RP-HPLC fractionation of (WT) and PC2 mutant mouse
hypothalamic extracts (one mouse hypothalamic equivalent). Extracts
from WT (A), PC2-deficient ( B), and heterozygous (C) mice were frac-
tionated using a linear gradient of 8–36% acetonitrile (dashed line). The
fractions were assayed for OFQ/N immunoreactivity. The arrow indicates
the elution position of synthetic OFQ/N. The profile shown is represen-
tative of four separate determinations.
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This general scenario holds true with regard to some of the
pOFQ/N cleavages at KR sites (Fig. 1), but unlike the
�-endorphin immunoreactivity, we found a reduction in OFQ/N
immunoreactivity in the mutant, as well as relative increases in
unprocessed prohormone and a putative biosynthetic intermedi-
ate. Thus, the effects of a nonfunctional PC2 on propeptide
processing are different, depending on which proprotein pathway
is examined. What still remains unclear is what prevents PC1
from completely cleaving at all of the KR sites examined in our
studies. There is no sequence homology bounding the KR sites
examined here in either pOFQ/N or POMC; thus, site-specific
amino acid sequence homology does not explain why conversion
stops.

Very recently an inhibitor of PC1 called proSAAS has been
cloned and characterized (Fricker et al., 2000). The expression of

proSAAS in AtT-20 cells results in a substantial reduction in the
rate of endogenous POMC processing. We know that there are
activators of PCs, because the 7B2 protein is essential for the
activation and maturation of PC2 (Lamango et al., 1999). Because
there are specific inhibitors and activators for PCs, their existence
may provide the answer to the incomplete conversion at specific
KR sites in POMC and pOFQ/N. PC1 and PC2 show temporal
and spatial expression during development (Marcinkiewicz et al.,
1993; Zheng et al., 1994); thus, it will also be interesting to
examine the effects of PC2 deficiency on pOFQ/N and POMC
processing during fetal development.

We have shown that the lack of functional PC2 produces
aberrant processing in two neuroendocrine prohormone path-
ways. Not only is PC2 required for site-specific cleavages, but it
also appears to play a role in the conversion of certain interme-
diates in vivo. In the case of pOFQ/N, PC2 appears to affect the
amount of end product peptide produced. We have also shown
that expression of a nonfunctional PC2 can affect processing in a
prohormone-specific manner. The ability to generate multiple
biological activities from a given prohormone is an efficient way to
create physiological diversity without the use of gene products
encoding each peptide separately. It has been shown previously
that PC1 and PC2 can be regulated by a variety of modulators,
such as neurotransmitters, steroid hormones, and hypothalamic
releasing factors (Day et al., 1992). The combination of such
regulation and potentially selective expression of inhibitors and
activators for the PCs creates a new level of complexity in
producing bioactivities from prohormones.
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