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Abstract

Peptides and small molecules that bind to peptide receptors are important classes of drugs that are 

used for a wide variety of different applications. The search for novel neuropeptides traditionally 

involved a time-consuming approach to purify each peptide to homogeneity and determine its 

amino acid sequence. The discovery in the 1980s of enkephalin convertase/carboxypeptidase E 

(CPE), and the observation that this enzyme was involved in the production of nearly every known 

neuropeptide led to the idea for a one-step affinity purification of CPE substrates. This approach 

was successfully used to isolate hundreds of known neuropeptides in mouse brain, as well as over 

a dozen novel peptides. Some of the novel peptides found using this approach are among the most 

abundant peptides present in brain, but had not been previously identified by traditional 

approaches. Recently, receptors for two of the novel peptides have been identified, confirming 

their role as neuropeptides that function in cell-cell signaling. Small molecules that bind to one of 

these receptors have been developed and found to significantly reduce food intake and anxiety-like 

behavior in an animal model. This review describes the entire project, from discovery of CPE to 

the novel peptides and their receptors.
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Introduction: Peptides and peptide receptors as pharmacological targets

Peptides have many diverse functions and are found in virtually all organisms (Chung & 

Civelli, 2006; Fricker, 2012; Husson et al., 2007; Sobrino Crespo et al., 2014; Strand, 2003). 

In multicellular organisms, a large number of peptides are known to signal between cells, 

either between tissues as peptide hormones or between neurons as neuropeptides. Because of 

their important roles in signaling, peptides are used as drugs (Fosgerau & Hoffmann, 2015; 

Kaspar & Reichert, 2013). In some cases the peptides used as therapeutics are identical in 

sequence and post-translational modification (PTM) as the endogenous neuropeptides or 

peptide hormone; examples include insulin and vasopressin. In other cases the peptides used 
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as therapeutic agents are modified to enhance their stability; such modifications include the 

introduction of D-amino acids or PTMs that block the action of peptidases. There are 

currently more than 60 peptides that have been approved by the Food and Drug 

Administration and marketed as therapeutic agents, and many more peptides are in clinical 

testing (Fosgerau & Hoffmann, 2015; Kaspar & Reichert, 2013).

In addition to peptides themselves, small molecules that bind to peptide receptors are 

important drugs for many diverse applications. Examples include drugs for treatment of pain 

(mu opioid receptor agonists such as morphine, oxycodone, and many others), nausea and 

vomiting (aprepitant, a neurokinin receptor antagonist), and narcolepsy (suvorexant, an 

orexin receptor antagonist) (Levy, 2001; Preskorn, 2014). Additional drugs targeting other 

peptide receptors are in various stages of the development pipeline (Fosgerau & Hoffmann, 

2015; Kaspar & Reichert, 2013).

Hundreds of bioactive peptides have been identified since the first peptide hormone was 

discovered and characterized in the early 1900s (Bayliss, 1902; Fricker, 2012; Strand, 2003). 

In addition to the known neuropeptides and peptide hormones, there are many peptides of 

unknown function—these are termed “orphan peptides” (Chung & Civelli, 2006; Fricker, 

2010; Fricker, 2012; Ozawa et al., 2010). It is possible that some of these orphan peptides 

bind to receptors and function as neurotransmitters or peptide hormones. There are dozens 

of orphan G protein-coupled receptors (GPRCs) and it is likely that some of these bind 

peptides (Chung & Civelli, 2006; Civelli, 2008; Civelli et al., 2013; Ozawa et al., 2010). 

Thus, the identification of novel peptides and “de-orphanization” of their receptors is an area 

with potential therapeutic applications.

Biosynthesis of Neuropeptides: Discovery of Enkephalin Convertase/

Carboxypeptidase E

In the mid-1970s, endogenous peptides with opiate-like properties were discovered in 

mammalian tissue extracts, including Met- and Leu-enkephalin, beta-endorphin, and various 

dynorphin peptides (Goldstein et al., 1979; Hughes et al., 1975; Lazarus, Ling & Guillemin, 

1976; Li, Chung & Doneen, 1976; Roberts & Herbert, 1977; Stern et al., 1979). Precursors 

of these peptides were identified and in most cases, the precursors contained lysine and/or 

arginine residues on either side of the bioactive peptides (Kimura et al., 1980; Lewis et al., 

1980). This led to the hypothesis that a trypsin-like endopeptidase initially cleaved the 

neuropeptide precursor protein into intermediates that contained C-terminal Lys/Arg 

residues, and these were subsequently removed by a carboxypeptidase B-like enzyme 

(Roberts et al., 1979). Because trypsin and carboxypeptidase B were produced in the 

exocrine pancreas and not known to be produced in brain or other endocrine tissues, it was 

likely that novel enzymes were involved in neuropeptides production. When I joined Dr. 

Solomon Snyder’s laboratory as a student in 1980, he proposed that I identify the unknown 

carboxypeptidase that produced enkephalin, the so-called “enkephalin convertase.”

If enkephalin convertase was specific for producing enkephalin, it would recognize more 

than the C-terminal basic residues (i.e. Lys or Arg). Because the existing assays for 

pancreatic carboxypeptidase B used very short peptides such as hippuryl-Arg (Folk et al., 
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1960), these substrates were not likely to be useful to detect an enzyme with specificity for a 

longer peptide. A new assay was developed that used the C-terminal sequence of an 

enkephalin precursor: Phe-Leu-Arg (Fricker & Snyder, 1982). A fluorescent group was 

attached to the N-terminus of this peptide so that it could be readily detected, and enzymatic 

conversion of substrate (dansyl-Phe-Leu-Arg) into product (dansyl-Phe-Leu) monitored by 

extraction of the product into chloroform. Using this assay, enkephalin convertase was 

detected in bovine adrenal chromaffin granules (Fricker & Snyder, 1982). Chromaffin 

granules were previously reported to contain enkephalin as well as enkephalin precursors, 

implying that they contain the carboxypeptidase that generates enkephalin (Lewis et al., 

1979; Stern et al., 1979). The enzyme detected in the chromaffin granules was a 

metallopeptidase with pH optimum around 5.5 (Fricker & Snyder, 1982). These properties 

were similar to those of an enzyme associated with pancreatic beta cells (Zuhlke et al., 1977; 

Zuhlke et al., 1976), but distinct from an enzyme that was claimed to be the enkephalin-

producing carboxypeptidase (Hook, Eiden & Brownstein, 1982). The chromaffin granule 

metallopeptidase was purified to homogeneity from adrenal, brain, and pituitary (Fricker & 

Snyder, 1983). Upon characterization, the enzyme was shown to convert enkephalin 

precursors into enkephalin and was named enkephalin convertase in the initial publication 

(Fricker & Snyder, 1982). However, enkephalin convertase was not specific for enkephalin 

precursors, cleaving basic residues from a wide range of peptides containing C-terminal Lys 

or Arg, although not from dipeptides such as hippuryl-Arg which are too short to be efficient 

substrates of this enzyme (Fricker & Snyder, 1983; Supattapone, Fricker & Snyder, 1984). 

The finding that enkephalin convertase was not specific for the sequence of the enkephalin 

precursor matched the broad distribution of the enzyme in all neuroendocrine tissues, with 

no correlation with the distribution of enkephalin. Taken together, it appeared that 

enkephalin convertase was a common enzyme for the production of all neuropeptides that 

were produced from precursors that required removal of basic amino acids, including the 

synthesis of insulin and other peptide hormones (Davidson & Hutton, 1987; Docherty & 

Hutton, 1983; Mains & Eipper, 1984). Therefore, the name enkephalin convertase was 

considered inaccurate and the enzyme was renamed carboxypeptidase E (CPE) (Fricker, 

1985; Fricker, 1988). Other names have been used for this enzyme, such as 

carboxypeptidase H, but CPE is most commonly used.

CPE and the Discovery of Novel Neuropeptides

If CPE functions in the biosynthesis of a large number of known neuropeptides, then it was 

predicted that this enzyme would also function in the production of novel neuropeptides. At 

the time of the discovery of CPE in the early 1980s, novel neuropeptides were being 

discovered every year or two, and it was assumed that many unknown neuropeptides awaited 

discovery (Tatemoto, Carlquist & Mutt, 1982; Tatemoto et al., 1986; Tatemoto et al., 1984a; 

Tatemoto et al., 1984b; Tatemoto et al., 1985; Tatemoto & Mutt, 1980; Tatemoto et al., 

1983). One major limitation to the discovery of neuropeptides was the purification approach, 

which usually started with many kilograms of tissue and took years to separate the bioactive 

neuropeptide from all other proteins and peptides present in the extracts (Burgus & 

Guillemin, 1970; Hughes et al., 1975; Tatemoto, Carlquist & Mutt, 1982; Tatemoto & Mutt, 

1980).
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Because CPE seemed to be specific for neuropeptide production, based on the enzyme’s 

neuroendocrine distribution and localization to peptide-containing secretory vesicles, CPE 

could be used to rapidly identify novel neuropeptides. The idea was to use affinity 

chromatography to isolate CPE substrates in a single step, instead of using conventional 

chromatography that only afforded a 5–10-fold purification in each step and therefore 

required multiple steps to achieve sufficient purity for sequence determination. This idea 

consisted of two steps (Figure 1). The first involved inhibition of CPE to accumulate the 

Lys/Arg-extended CPE substrates—these are normally present at extremely low levels 

within brain and other neuroendocrine tissues. The second step involved purification on an 

affinity column, using an inactive enzyme that could bind substrates but not cleave them.

For step 1 of the scheme, potent inhibitors of CPE were identified from a screen of 

compounds previously developed as inhibitors of carboxypeptidase B and related enzymes 

(Fricker, Plummer & Snyder, 1983; McKay & Plummer, 1978; Plummer & Ryan, 1981). 

However, none of these compounds was able to penetrate the secretory vesicles where the 

production of neuropeptides occurred, presumably due to the highly-charged nature of the 

compounds. Without the essential first step of in vivo inhibition of CPE activity, it was not 

possible to pursue the idea of affinity purification of neuropeptides precursors.

In the late-1980s, techniques to generate mice with a targeted disruption of a specific gene 

(termed “knock-out” mice) were developed (Capecchi, 1989; Capecchi, 2001; Evans, 2001; 

Smithies, 2001). Knock-out of the CPE gene would lead to elevated levels of CPE 

substrates, a requirement for the peptide purification scheme to succeed (Figure 1). 

However, it was assumed that the knockout would completely eliminate the mature forms of 

most bioactive peptides and this would be embryonic lethal. At the time, CPE was 

incorrectly thought to be the only neuropeptide-producing carboxypeptidase in the secretory 

pathway (Fricker, 1988; Fricker, 1993; Fricker & Devi, 1994). Fortunately, mice lacking 

CPE activity were viable. In fact, such mice already existed—a spontaneous mutation in the 

CPE gene occurred in the early 1970s at The Jackson Laboratory in a colony of inbred mice, 

and because the mutant mouse was notably overweight, the mutation was named fat 
(Coleman & Eicher, 1990). Mice homozygous for the fat mutation (i.e. fat/fat mice) were 

extremely overweight and also sterile, but mice heterozygous for the fat mutation were 

fertile and had normal body weights. Geneticists mapped the location of the fat gene to 

chromosome 8 near the Cpe gene, and my laboratory helped determine that these mice had a 

mutation in the protein-coding region of the gene that caused CPE to be completely inactive 

(Naggert et al., 1995). The mutation was renamed Cpefat to reflect the altered gene.

Analysis of peptides in brain and neuroendocrine tissues of Cpefat/Cpefat mice revealed that 

mature fully-processed neuropeptides were present, albeit at extremely low levels for most 

peptides (Cain, Wang & Beinfeld, 1997; Fricker et al., 1996; Naggert et al., 1995; Rovere et 

al., 1996). This led to the discovery of carboxypeptidase D, a CPE-like enzyme that is 

mainly present in the trans Golgi network of the secretory pathway where it primarily 

functions in the processing of proteins and peptides that transit to the cell surface via the 

constitutive secretory pathway (Song & Fricker, 1995; Varlamov & Fricker, 1998; Xin et al., 

1997). Although carboxypeptidase D appears to be excluded from the mature secretory 

vesicles where CPE is enriched and the majority of the neuropeptide processing occurs, the 
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presence of carboxypeptidase D in the trans Golgi network and immature secretory vesicles 

is sufficient to produce enough of the mature bioactive forms of neuropeptides to permit the 

animals to live a fairly normal lifespan (Varlamov et al., 1999a; Varlamov et al., 1999b).

As predicted from earlier studies on the substrate specificity and distribution of CPE, studies 

on Cpefat/Cpefat mice confirmed that CPE is the major carboxypeptidase involved in the 

production of nearly every neuropeptide (Che, Biswas & Fricker, 2005; Che & Fricker, 

2002; Zhang et al., 2008). The only exceptions are secretory pathway peptides that do not 

require removal of C-terminal basic residues, and peptides that are not produced within the 

secretory pathway. For example, secretory pathway peptides that are present in the 

Cpefat/Cpefat mice include peptides located on the C-terminus of their precursor such as 

beta-endorphin which only require endopeptidase cleavage, or peptides in which the C-

terminal basic residues are not removed such as alpha-neoendorphin which terminates in -

Pro-Arg and is not an efficient substrate of CPE (Zhang et al., 2008).

In addition to the secretory pathway peptides, a large number of other peptides are detected 

in brains of both wild-type and Cpefat/Cpefat mice as well as all other genotypes of mice that 

have been studied (Fricker, 2010; Zhang et al., 2008). These other peptides are mainly 

derived from proteins known to be localized to the cell cytoplasm, mitochondria, and/or 

nucleus; these are termed “intracellular peptides” to distinguish them from neuropeptides 

derived from secretory pathway proteins (Ferro et al., 2014; Fricker, 2010). Quantitative 

peptidomics studies indicated that the intracellular peptides are present at comparable levels 

in wild-type and Cpefat/Cpefat mice brains, and therefore are not substrates of CPE, 

consistent with their intracellular location as well as the absence of basic amino acid 

cleavage sites (Zhang et al., 2008). Some of these intracellular peptides have been found to 

be secreted via an unknown mechanism from brain slices and these secreted peptides may 

function as non-classical neuropeptides (Gelman et al., 2013). For example, the peptide 

RVD-hemopressin is secreted from mouse brain slices and binds to cannabinoid CB1 

receptors (Gomes et al., 2009; Heimann et al., 2007). Intracellular peptides that are not 

secreted from cells may bind to intracellular proteins and alter their folding and/or 

interactions with other proteins (Ferro et al., 2014). However, these potential functions of 

peptides are difficult to identify and the targets are not easily druggable because of their 

intracellular location, as opposed to the cell surface location of neuropeptide receptors.

Using mice lacking CPE to identify novel neuropeptides: Discovery of 

proSAAS-derived peptides

Once the Cpefat/Cpefat mutation was found to inactivate CPE activity and lead to the 

accumulation of neuropeptides, which is step 1 of the scheme shown in Figure 1, my 

laboratory began working on step 2; the affinity column to purify peptides with C-terminal 

Lys/Arg residues in a single step. Mutagenesis of a critical active site residue in CPE 

(Glu300Gln) rendered the enzyme inactive but still able to bind substrates (Qian, Varlamov & 

Fricker, 1999). (This is not the same point mutation as found in the Cpefat/Cpefat mice, 

which is Ser202Pro and causes the protein to be unstable and rapidly degraded.) 

Alternatively, treatment of the wild-type enzyme with chelating agents to remove the active 

Fricker Page 5

Adv Pharmacol. Author manuscript; available in PMC 2019 June 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



site zinc ion also eliminated enzyme activity without compromising substrate binding. Either 

of these approaches were able to produce the intended result; a protein that bound CPE 

substrates without cleaving them. However, it was difficult to produce large amounts of CPE 

and couple it to a solid-phase matrix (e.g. agarose) in high yield. Instead, the commercially 

available anhydrotrypsin-agarose was found to be comparable in terms of binding specificity 

(Che et al., 2001; Fricker et al., 2000). This was unexpected, in that trypsin typically cleaves 

peptides with internal Lys/Arg residues, and peptides with these residues on the C-terminus 

represent trypsin products, not substrates. Usually, enzymes bind substrates with much 

higher affinity than products. However, in testing it was found that the anhydrotrypsin-

agarose bound poorly to peptides with internal Lys/Arg residues and with high affinity to 

peptides with C-terminal Lys/Arg residues (Che et al., 2001; Fricker et al., 2000). Thus, the 

commercially-available resin was an ideal resource for step 2 of the scheme to purify 

neuropeptide precursors from brains of Cpefat/Cpefat mice.

Using the anhydrotrypsin affinity column, hundreds of peptide were purified from 

Cpefat/Cpefat mouse brains and identified using mass spectrometry (Che et al., 2001; Fricker 

et al., 2000). Many of these peptides corresponded to known neuropeptides with C-terminal 

Lys/Arg, as predicted. This finding confirmed that CPE is involved in the production of the 

vast majority of neuropeptides. In addition to the predicted peptides from known 

neuropeptide precursors, several novel peptides were found from a new precursor (Che et al., 

2001; Fricker et al., 2000). Because the functions of the peptides were not known at the 

time, and there was no amino acid sequence homology to known peptides, it was impossible 

to name the novel peptides with a functional name. Thus, the peptides were named based on 

amino acid sequence motifs found within the peptides. The first peptide identified had a Ser-

Ala-Ala-Ser sequence in the middle of the peptide, and so the peptide was named SAAS 

based on the single letter amino acid nomenclature (Fricker et al., 2000). Because two forms 

of this peptide were found, the larger was named Big SAAS and the smaller was named 

Little SAAS. The precursor was therefore named proSAAS, using the tradition of naming 

neuropeptide precursors. Other peptides identified in the affinity column eluate that were 

subsequently found to arise from different regions of proSAAS include peptides named 

GAV (Big and Little), PEN, and LEN (Big and Little). The big and little forms of the 

proSAAS-derived peptides arose from partial cleavage by the prohormone convertases (PCs) 

at basic amino acid-containing sites that are not efficiently cleaved (e.g., single basic 

residues)—this is also found with many other neuropeptide precursors that undergo 

differential processing into big and little forms (Fricker, 2012).

The initial report on the discovery of proSAAS raised the possibility that the proSAAS-

derived peptides functioned as neuropeptides but did not directly test this, which can take 

years to prove (Fricker et al., 2000). Another function for proSAAS was found and described 

in the initial report—that of PC1/3 inhibition (Fricker et al., 2000). The enzyme PC2 has an 

endogenous inhibitor, named 7B2, but 7B2 is specific for PC2 and does not inhibit PC1/3 

(Braks & Martens, 1994; Martens et al., 1994). Because the distribution of proSAAS in 

mouse neuroendocrine tissue was very broad and overlapped with the distribution of PC1/3, 

it was logical to test proSAAS as a PC1/3 inhibitor (Fricker et al., 2000). While proSAAS is 

a potent inhibitor of PC1/3, further studies mapped the inhibitory region to the junction of 

PEN and LEN and not the mature peptides, raising the possibility that the mature forms of 
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these peptides had additional functions as neuropeptides (Basak et al., 2001; Cameron, 

Fortenberry & Lindberg, 2000; Qian et al., 2000).

To explore functions of proSAAS and/or proSAAS derived peptides, transgenic mice that 

overexpress proSAAS and knock-out mice lacking proSAAS were generated (Morgan et al., 

2010; Wei et al., 2004). The transgenic mice were slightly overweight, and the knock-out 

mice were leaner than wild-type littermates, suggesting a role of proSAAS-derived peptides 

in body weight regulation. ProSAAS-derived peptides may also contribute to rewarding 

behavior and anxiety, based on the behavior of transgenic and/or knock-out mice (Morgan et 

al., 2010; Wei et al., 2004). Although proSAAS is present in most neuroendocrine cells, 

levels in some cell types are much higher than in others; very high levels of proSAAS 

expression are found in the amygdala and the hypothalamus, especially the arcuate nucleus 

(Fricker et al., 2000). Within the arcuate nucleus, proSAAS peptides are most abundant in 

neurons that express neuropeptide Y (NPY), and are not abundant in neurons that express 

peptides derived from proopiomelanocortin (POMC) (Wardman et al., 2011). NPY neurons 

are orexigenic while POMC neurons are anorexigenic (Crown, Clifton & Steiner, 2007). The 

co-localization of proSAAS peptides and NPY is consistent with a role for these peptides in 

body weight regulation, possibly as neuropeptides.

Evidence that a proSAAS-derived peptide functioned in cell-cell signaling was provided 

from whole-cell patch clamp recordings of parvocellular neurons in the hypothalamic 

paraventricular nucleus (Wardman et al., 2011). Application of the peptide Big LEN to these 

cells produced a rapid and reversible inhibition of synaptic glutamate release that was spike 

independent and dependent on postsynaptic G protein activity (Wardman et al., 2011). This 

result strongly suggested that Big LEN is a neuropeptide that activates a G protein-coupled 

receptor (GPCR) expressed in the hypothalamus.

Matching “orphan” peptides and receptors

Direct evidence that proSAAS-derived peptides function as neuropeptides was recently 

provided from studies that sought to match these peptides with receptors. Rather than take a 

high throughput approach, the Devi laboratory took a targeted approach and focused on 

orphan GPCRs that were expressed at relatively high levels in brain regions that matched the 

distribution of proSAAS and its peptides. Using this targeted approach, Gomes et al 

screened a dozen receptors and found that Big LEN activated the orphan GPCR named 

GPR171 (Gomes et al., 2013). The shorter form of this peptide, Little LEN, did not bind to 

the receptor, but the C-terminal tetrapeptide of Big LEN that is cleaved to generate little 

LEN (i.e. Leu-Leu-Pro-Pro) was a weak agonist at GPR171 (Gomes et al., 2013). Thus, 

binding of Big LEN to GPR171 is mediated through the C-terminal portion of this peptide, 

and the processing step that generates Little LEN and the tetrapeptide affects its biological 

activity.

Using a similar approach, Devi and colleagues found that PEN activates the orphan GPCR 

named GPR83 (Gomes et al., 2016). GPR83 is also known as the Glucocorticoid-Induced 

Receptor, JP05, and GPR72, and was previously been implicated in body weight regulation 

and other functions (Adams et al., 2003; Muller et al., 2013; Wang et al., 2001). GPR83 
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knock-out mice are resistant to diet-induced obesity when placed on a high-fat diet, and have 

normal body weight on a regular chow diet (Muller et al., 2013). Interestingly, GPR83 and 

GPR171 are colocalized in some brain regions, as are their peptide ligands; PEN and Big 

LEN. Coexpression of GPR83 and GPR171 in cultured cell lines alters the signaling 

properties of each receptor, suggesting functional interactions of these receptors (Gomes et 

al., 2016).

Recently, a small molecule GPR171 agonist was identified and tested in mice (Wardman et 

al., 2016). As predicted from the previous studies on proSAAS, this agonist elevated food 

intake and body weight (Wardman et al., 2016). This effect was attenuated in mice in which 

GPR171 expression was reduced using short hairpin RNA-mediated knockdown, indicating 

that the effect was mediated by GPR171 (Wardman et al., 2016). While there is a limited 

commercial market for pharmaceuticals that elevate food intake (e.g., to treat anorexia), if 

GPR171 antagonists have the opposite effect and reduce feeding and body weight, this 

would be a novel therapeutic approach for a multi-billion dollar market. Very recently, a 

small molecule GPR171 antagonist was identified (Bobeck et al., 2017). This compound 

significantly reduced food intake in an animal model in which NPY/AgRP neurons were 

stimulated, but did not affect baseline feeding in unstimulated mice (Bobeck et al., 2017). In 

addition, injection of the GPR171 antagonist into the basolateral amygdala reduced anxiety-

like behavior (Bobeck et al., 2017). Taken together, these results are a promising new 

direction in the development of pharmaceuticals for treatment of disorders that have a large 

global market.

Conclusion/Future Directions:

An important step in pharmacology is target identification. As a class, peptide receptors are 

a validated target, with numerous small molecules and peptide-based drugs on the market 

and more in development. There are dozens of orphan GPCRs that have defied attempts at 

deorphanization, potentially because their peptide ligands are novel and were not tested with 

the orphan GPCR. This appears to have been the case for GPR171 and GPR83, which bind 

peptides that are not commonly studied even though they are among the most abundant 

peptides in brain (Fricker, 2012).

Decades ago, the slow step in the discovery of new neuropeptides was the purification and 

identification of peptides using bioassays. Now, with mass spectrometry-based peptidomic 

approaches, peptide discovery is relatively easy and the hard part is finding functions for all 

of the novel peptides.

Based on the phenotype of mice lacking CPE activity, it is clear that peptides play important 

roles in many processes for which there is a major therapeutic demand. In addition to 

obesity and infertility, mice lacking CPE activity are anxious, depressed, and have memory 

problems (Rodriguiz et al., 2013; Woronowicz et al., 2008). Some of these same problems 

have been reported in a human patient lacking CPE activity due to a point mutation within 

the CPE gene that caused a frameshift and truncation of the protein (Alsters et al., 2015). 

Thus, further studies to identify the peptide(s) responsible for each of these behaviors in 

mice may be translatable to novel therapeutic approaches for major clinical problems. 
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Studies on conditional CPE knock-out mice in which the Cpe gene is disrupted in specific 

cell types may reveal novel roles for peptides in anxiety, depression, memory, fertility, and 

body weight regulation; such studies are currently in progress.
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Nonstandard Abbreviations:

CPE carboxypeptidase E

GPCR G protein-coupled receptors

PC prohormone convertase

PTM post-translational modification

NPY neuropeptide Y

POMC proopiomelanocortin
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Figure 1: Neuropeptide processing scheme and concept for the affinity purification of CPE 
substrates. Top:
Neuropeptides are produced from precursors by selective cleavages at sites that usually 

contain basic amino acids lysine (K) and arginine (R). Initially, an endopeptidase cleaves the 

precursor to generate intermediates that contain basic residues on their C-terminus except for 

the C-terminal peptide, which does not require addition processing to generate the mature 

form. Endopeptidases include prohormone convertase 1 (PC1, also known as PC3) and 

prohormone convertase 2 (PC2). For some neuropeptides, the processing of their precursors 

starts in the late Golgi and is mediated by endopeptidases in this compartment such as furin 

and other furin-like enzymes. Following the endopeptidase, a carboxypeptidase removes the 

C-terminal basic residue. Carboxypeptidase E (CPE) is the major neuropeptide-processing 

carboxypeptidase that is present within secretory vesicles. For neuropeptide precursors 

initially cleaved in the Golgi by furin or furin-like enzymes, carboxypeptidase D is present 

in this compartment and is able to remove the basic residues from the intermediates to 

produce the mature peptides. For some peptides, additional post-translational modifications 

are required, such as C-terminal amidation, N-terminal acetylation, or phosphorylation of 

Ser or Thr residues (not shown). Bottom: The general concept for the affinity purification of 

CPE substrates. Step 1 requires inhibition of CPE to enrich for CPE substrates—otherwise 

the peptides containing C-terminal lysine or arginine are present at extremely low levels in 

brain and other tissues. As the scheme was originally envisioned, step 2 required purification 

on a column of inactive CPE, which could bind substrates but not cleave them. In practice, 

anhydrotrypsin has the required specificity for peptides with C-terminal basic residues, and 

does not bind with high affinity to peptides with internal basic residues. Following 
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purification of the CPE substrates, the column eluate contains a mixture of hundreds of 

peptides. These are fractionated on reverse phase liquid chromatography columns and 

analyzed by on-line electrospray ionization mass spectrometry, which can often determine 

the sequence of peptides in complex mixtures.
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