Curriculum Vitae

Name: Akina Hoshino
Date of Birth: January 18th, 1984
Degree and Date to be Conferred: Doctor of Philosophy, 2012

Collegiate Institutes Attended:
2006-2012

University of Maryland School of Medicine; Baltimore, Maryland. Doctor
of Philosophy, Neuroscience, April, 2012.

2002-2006

Vassar College; Poughkeepsie, NY. Bachelor of Arts, Biology; Chinese;
May 2006.

Professional Membership:
Society for Neuroscience

Publications:
Peer-Reviewed Journals :
Michael Helwig, Akina Hoshino, Casey Berridge, Sang-nam Lee, Nikolai Lorenzen,
Daniel Otzen, Jason Eriksen, and Iris Lindberg. “The neuroendocrine proteins 7B2 and
proSAAS suppress neurodegenerative disease-related protein aggregation.” Submitted
Akina Hoshino, Dorota Kowalska, François Jean, Claude Lazure, and Iris Lindberg.
“Modulation of PC1/3 activity by self-interaction and substrate binding.” Endocrinology
2011 Apr; 152(4):1402-11
Leonardo Tonelli, Morgan Katz, Colleen Kovacsics, Todd Gould, Belzora Joppy, Akina
Hoshino, Gloria Hoffman, Hirsh Komarow, and Teodor Postolache. “Allergic rhinitis
induces anxiety-like behavior and altered social interaction in rodents.” Brain, Behavior,
and Immunity 2009 Aug; 23(6):784-793

Leonardo Tonelli, Akina Hoshino, Morgan Katz, and Teodor Postolache. “Acute stress
promotes aggressive-like behavior in rats made allergic to tree pollen.” International
Journal of Child Health and Human Development 2008 Vol.1 305-311
E-book:
Akina Hoshino and Iris Lindberg. “Peptide Biosynthesis: Prohormone Convertases 1/3
and 2.” (L. D. Fricker & L. Devi, Eds). New Jersey: Morgan & Claypool Life Sciences
Publishers. 2012.

Oral presentations:
Akina Hoshino. “Regulation of prohormone convertase 1/3 and a novel function for
proSAAS as a secretory chaperone.” St. Jude Children’s Hospital, Memphis, TN. August
2011
Akina Hoshino. “Regulation of the peptide hormone-synthesizing enzyme, prohormone
convertase 1/3 (PC1/3).” University of Maryland, Baltimore, Protease Interest Group.
March 2011
Abstracts:
Akina Hoshino, Michael Helwig, Casey Berridge, Jason Eriksen, and Iris Lindberg.
“Structure-function analysis of proSAAS as an Aβ1-42 anti-aggregant.” National
Institutes of Health National Graduate Student Research Conference. Bethesda, MD.
October 2011
Akina Hoshino, Michael Helwig, Casey Berridge, Jason Eriksen, and Iris Lindberg.
“Structure-function analysis of proSAAS as an Aβ1-42 anti-aggregant.” Annual
Alzheimer’s Drug Discovery Foundation Conference. Jersey City, NJ. September 2011
Akina Hoshino, Michael Helwig, Casey Berridge, Jason Eriksen, and Iris Lindberg.
“Structure-function analysis of proSAAS as an Aβ1-42 anti-aggregant.” Program in
Neuroscience Annual Retreat. Baltimore, MD. June 2011
Akina Hoshino, Michael Helwig, Sang-Nam Lee, and Iris Lindberg. “The
neuroendocrine proteins proSAAS and 7B2 prevent Aβ1-42 aggregation.” Society for
Neuroscience, Baltimore Chapter. Baltimore, MD. March 2011
Akina Hoshino, Michael Helwig, Sang-Nam Lee, and Iris Lindberg. “The
neuroendocrine proteins proSAAS and 7B2 prevent Aβ1-42 aggregation.” Society for
Neuroscience Annual meeting. San Diego, CA. November 2010

Iris Lindberg, Dorota Kowalska, and Akina Hoshino. “Prohormone convertase 1/3
activity and stability is affected by self-interaction.” Gordon Conference, Proprotein
Processing, Trafficking and Secretion. New London, NH. July 2010
Akina Hoshino, Dorota Kowalska, and Iris Lindberg. “Prohormone convertase 1/3
activity and stability is affected by self-interaction.” Program in Neuroscience Annual
Retreat. Baltimore, MD. June 2010
Iris Lindberg, Dorota Kowalska, and Akina Hoshino. “Prohormone convertase 1/3
activity and stability is affected by self-interaction.” Gordon Conference, Proteolytic
Enzymes and Their Inhibitors. Lucca, Italy. May 2010
Akina Hoshino, Dorota Kowalska, and Iris Lindberg. “Self-aggregation and interaction
with binding proteins affect prohormone convertase 1/3 stability.” Society for
Neuroscience Annual meeting. Chicago, IL. October 2009
Akina Hoshino, Dorota Kowalska, and Iris Lindberg. “Self-aggregation and interaction
with binding proteins affect prohormone convertase 1 stability.” Program in
Neuroscience Annual Retreat. Baltimore, MD. June 2009
Akina Hoshino, Dorota Kowalska, and Iris Lindberg. “Stabilizing factors of
Prohormone Convertase 1.” Graduate Research Conference. Baltimore, MD. April 2009
Akihiko Ozawa, Ernestine Lee, Akina Hoshino, Robert Halenbeck, Joseph Miceli, Tracy
Mandichak, Srinivas Kothakota, and Iris Lindberg. “Validation of novel peptide
hormones using prohormone convertase screening.” ASBMB New Orleans, LA. March
2009
Awards and scholarship:
NIH National Graduate Student Research Conference: October 2011
12th Alzheimer’s Drug Discovery Foundation (ADDF) Young Investigator Scholarship:
September 2011
10th Alzheimer’s Drug Discovery Foundation (ADDF) Young Investigator Scholarship:
September 2009

Abstract

Title of Thesis:

Regulation of PC1/3 and the role of proSAAS in
secretory protein aggregation

Name:

Akina Hoshino, Doctor of Philosophy, 2012

Dissertation Directed by:

Iris Lindberg, Ph.D., Professor
Department of Anatomy and Neurobiology

Prohormone convertase 1/3 (PC1/3), a eukaryotic serine protease related to the
bacterial subtilase family, is critically involved in the maturation of neuropeptides and
peptide hormones, such as proopiomelanocortin and proinsulin. Recently, mutations and
SNPs have been identified in the Pcsk1 gene (encoding PC1/3) associating PC1/3 with
obesity. In the regulated secretory pathway of neuroendocrine and endocrine tissues,
PC1/3 cleaves after dibasic residues. PC1/3 is initially synthesized as a zymogen, and
undergoes autocatalytic processing at the N-terminus to yield active 87 kDa PC1/3. This
is followed by sequential cleavage at the C-terminus resulting in an intermediate 74 kDa
form, and the final 66 kDa PC1/3 species. In addition, PC1/3 activity is regulated by its
endogenous binding partner, proSAAS, which has been shown to inhibit PC1/3. PC1/3 is
a notoriously slow enzyme; in fact, the 87 kDa form is 100 times less active than other
family members, such as PC2 and furin. Therefore, additional regulatory mechanisms
beyond autocatalytic cleavage and proSAAS binding may contribute to PC1/3 activity.

Using a variety of biochemical techniques, I demonstrated that PC1/3 is also
regulated via self-association and substrate binding. I found that both secreted and
intracellular PC1/3 exist as multiple ionic and high molecular weight forms and that
PC1/3 oligomers are reversible and exhibit increased enzymatic activity upon
dissociation. Furthermore, PC1/3 dimers are activated upon preincubation with short
KR-containing peptides.

Since proSAAS is found in PC1/3-expressing cells, I

hypothesized that proSAAS could dissociate and activate PC1/3. However, under the
conditions tested, proSAAS was not able to dissociate PC1/3 in vitro, nor could it affect
PC1/3 oligomerization/aggregation within neuroendocrine cells.
Interestingly, proSAAS is more broadly expressed than PC1/3; therefore
proSAAS may have additional functions unrelated to PC1/3 regulation. Uncontrolled
protein aggregation is deleterious to neuronal function; for example, aggregation of Aβ142

and α-synuclein has been implicated in Alzheimer’s and Parkinson’s disease,

respectively. ProSAAS efficiently blocked the fibrillation of both of these proteins and
protected cells from Aβ1-42-induced cytotoxicity. In summary, the data in this thesis
clearly demonstrate that PC1/3 is regulated by self-association and substrate binding, and
that proSAAS has an anti-aggregant function for neurodegeneration-associated proteins.

Regulation of PC1/3 and the role of proSAAS in secretory protein aggregation

By
Akina Hoshino

Dissertation submitted to the Faculty of the Graduate School of the
University Maryland, Baltimore in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
2012

© Copyright 2012 by Akina Hoshino
All Rights Reserved

ACKNOWLEDGEMENTS
I have come to realize that science is truly a team effort, and it is a pleasure to thank the
many people who made my time as a graduate student both successful and even
enjoyable.
First and foremost, I would like to thank my thesis advisor, Dr. Iris Lindberg for her
continuous support and patience. She was always available for discussions and her
never-ending curiosity allowed me to pursue and combine her interest in the secretory
pathway with my interest in Alzheimer’s disease. I also appreciated the international
environment she provided; I was fortunate to meet scientists from all over the world,
whom I now call my colleagues and my friends. I thank both the present and past lab
members who made this journey both educational and entertaining, and always added
laughter to my day.
In addition, I would like to thank my thesis committee, Drs. Toni Antalis, Frank
Margolis, Jessica Mong, and Mervyn Monteiro, for their advice, guidance, and support;
the wonderful collaborators who provided data which strengthened my thesis immensely;
and finally, the many professors whom I met outside of our laboratory, who were always
willing to share their experiences with me as I wrestled with career/life choices.
I am blessed to have met Aric Colunga, a fellow graduate student who is now my fiancé.
We met as new students during orientation and he has supported me as a friend and as a
colleague during every step. Along the way, I also made some great friends who
celebrated the milestones of graduate school with me. I wish them the best of luck in
their careers and will treasure the experiences we shared.
I wish to thank my entire extended family. The guidance of my spiritual advisor,
Daishinkyousama, helped me put things into perspective, and made my graduate career
satisfying and less stressful. Glenn, my brother-in-law, provided a second place to go
home to in Japan and taught me how to cook tasty Malaysian food. Marilou and Eddie,
Aric’s parents, have continuously encouraged me and have provided a loving
environment for me in the United States.
I owe my deepest gratitude to my family who continued to believe in me throughout the
years: my grandparents for sharing my excitement and dreams; my sister, Asuka, who
always made me laugh, reassuring me that everything will be alright, and who showered
me with amazing birthday gifts; and finally, a special thank you to Mama and Papa who
made education and countless opportunities available to me. They were always there for
me—literally 24/7—and I could not have done this without their love and support.
“Keep smiling and keep looking up!” –Mama

iii

TABLE OF CONTENTS
CHAPTER I. GENERAL INTRODUCTION ....................................................................................... 1
1.1 DISCOVERY OF PROHORMONE CONVERTASES ........................................................................................2
1.2 INTRODUCTION TO PROHORMONE CONVERTASE 1/3..............................................................................4
1.2.1 Unique features of PC1/3 ..............................................................................................................4
1.2.2 Evolution........................................................................................................................................5
1.2.3 Domain structure ...........................................................................................................................6
1.2.4 The PC1/3 binding protein: proSAAS ..........................................................................................10
1.2.5 Gene location ...............................................................................................................................11
1.3 DISTRIBUTION ......................................................................................................................................11
1.3.1 Tissue distribution .......................................................................................................................11
1.3.2 Intracellular distribution .............................................................................................................12
1.3.3 Development ................................................................................................................................13
1.4 CELL BIOLOGY AND MATURATION ......................................................................................................14
1.4.1 PC1/3 maturation and post-translational modifications .............................................................14
1.4.2 Targeting of PC1/3 to the secretory granules ..............................................................................18
1.4.3 Is PC1/3 a transmembrane protein? ............................................................................................19
1.5 ENZYMATIC CHARACTERIZATION ........................................................................................................20
1.5.1 General enzymatic properties ......................................................................................................20
1.5.2 Contribution of various domains to enzymatic properties ...........................................................21
1.5.3 Substrate specificity .....................................................................................................................23
1.6 REGULATION OF PC1/3 ........................................................................................................................24
1.6.1 Transcriptional and translational control ...................................................................................24
1.6.2 Endogenous regulators ................................................................................................................28
1.6.3 Synthetic inhibitors and activators ..............................................................................................29
1.7 PC1/3 AS A THERAPEUTIC TARGET ......................................................................................................30
1.7.1 Human mutations .........................................................................................................................30
1.7.2 Single nucleotide polymorphisms (SNPs) ....................................................................................32
1.7.3 PC1/3 and other diseases ............................................................................................................33
1.8 MOUSE MODELS ..................................................................................................................................34
1.8.1 PC1/3 knockout mice ...................................................................................................................34
1.8.2 PC1/3 N222D mutant mouse .......................................................................................................35
1.9 RESEARCH OVERVIEW .........................................................................................................................35
CHAPTER II. PC1/3 ACTIVITY IS REGULATED BY SELF-INTERACTION AND SUBSTRATE
BINDING .............................................................................................................................................. 38
2.1 INTRODUCTION ....................................................................................................................................39
2.2 MATERIALS AND METHODS ..................................................................................................................41
2.2.1 Recombinant PC1/3 ion exchange purification ...........................................................................41
2.2.2 PC1/3 enzyme assay ....................................................................................................................41
2.2.3 SDS-PAGE and Western blotting ................................................................................................42
2.2.4 Cell culture ..................................................................................................................................42
2.2.5 Preparation of chromaffin granules ............................................................................................42
2.2.6 Isoelectric focusing ......................................................................................................................43
2.2.7 Gel filtration ................................................................................................................................44

iv

2.2.8 In vitro cross-linking....................................................................................................................44
2.2.9 Cell cross-linking .........................................................................................................................44
2.2.10 Radiation inactivation experiments ...........................................................................................45
2.2.11 Dynamic light scattering ............................................................................................................46
2.2.12 Active site titration .....................................................................................................................46
2.2.13 Substrate stability studies ..........................................................................................................47
2.2.14 Transfections .............................................................................................................................47
2.2.15 PC1/3 assay of cell lysates.........................................................................................................47
2.3 RESULTS ..............................................................................................................................................49
2.3.1 Recombinant and endogenous PC1/3 exist as multiple ionic forms ............................................49
2.3.2 More acidic forms represent defined oligomers and aggregates, while more basic forms are
monomeric ............................................................................................................................................53
2.3.3 Endogenous PC1/3 also exists as multiple self-associated populations ......................................55
2.3.4 Radiation inactivation experiments support the idea that the active PC1/3 species is an oligomer
..............................................................................................................................................................57
2.3.5 Dissociation of recombinant PC1/3 regulates activity; light scattering experiments show
activation is accompanied by a decrease in size ..................................................................................59
2.3.6 Dilution promotes release of active monomeric PC1/3 ...............................................................61
2.3.7 Fluorogenic substrate and peptides containing a C-terminal pair of basic residues
stabilize/activate various forms of PC1/3 .............................................................................................64
2.3.8 Activation by KR-containing peptides is mediated by both dissociation and processing ............68
2.3.9 The effect of N222D PC1/3 on WT PC1/3 activity .......................................................................71
2.4 DISCUSSION .........................................................................................................................................74
CHAPTER III. LACK OF EFFECT OF PROSAAS ON PC1/3 AGGREGATION .......................... 79
3.1 INTRODUCTION ....................................................................................................................................80
3.2 MATERIALS AND METHODS .................................................................................................................87
3.2.1 Preparation of recombinant His-tagged 27 kDa proSAAS ..........................................................87
3.2.2 PC1/3 activation assay ................................................................................................................88
3.2.3 Cell culture ..................................................................................................................................88
3.3 RESULTS ..............................................................................................................................................90
3.3.1 ProSAAS does not increase PC1/3 activity via dissociation of PC1/3 oligomers ........................90
3.3.2 PC1/3 in proSAAS-overexpressing cells is aggregated ...............................................................91
3.4 DISCUSSION .........................................................................................................................................94
CHAPTER IV. A NOVEL FUNCTION FOR PROSAAS AS A SECRETORY CHAPERONE ....... 98
4.1 INTRODUCTION ....................................................................................................................................99
4.2 MATERIALS AND METHODS ................................................................................................................102
4.2.1 Preparation of recombinant His-tagged proSAAS.....................................................................102
4.2.2 Peptide/protein preparation ......................................................................................................103
4.2.3 In vitro fibrillation assays ..........................................................................................................103
4.2.4 Electron microscopy ..................................................................................................................104
4.2.5 Cell culture ................................................................................................................................105
4.2.6 Aβ1-42 oligomer preparation.......................................................................................................105
4.2.7 Cytotoxicity assay ......................................................................................................................105
4.2.8 SDS-PAGE and Western blotting ..............................................................................................106

v

4.2.9 Immunofluorescence for proSAAS and AD markers ..................................................................106
4.2.10 Immunofluorescence for proSAAS and PD markers ................................................................108
4.3 RESULTS ............................................................................................................................................109
4.3.1 ProSAAS co-localizes with Aβ1-42 and plaques in the brain of an AD mouse model .................109
4.3.2 ProSAAS prevents the fibrillation of Aβ1-42 in vitro ...................................................................111
4.3.3 Structure-function analysis: anti-fibrillation properties reside within residues 97-180 of
proSAAS..............................................................................................................................................114
4.3.4 ProSAAS rescues Neuro2a cells from Aβ1-42-induced cytotoxicity ............................................116
4.3.5 ProSAAS is co-localized with α-synuclein in Lewy bodies and prevents α-synuclein fibrillation
in vitro ................................................................................................................................................119
4.4 DISCUSSION .......................................................................................................................................121
CHAPTER V. DISCUSSION AND FUTURE DIRECTIONS .......................................................... 126
5.1 PROPOSED HYPOTHESIS ......................................................................................................................127
5.2 PC1/3 IS REGULATED BY SELF-ASSOCIATION AND SUBSTRATE BINDING ............................................127
5.2.1 Oligomeric PC1/3 populations serve as a reservoir ..................................................................127
5.2.2 Unique properties of PC1/3 dimers ...........................................................................................128
5.2.3 PC1/3 dimers: implications in understanding mutation effects .................................................129
5.3 PROSAAS BINDING DOES NOT MODULATE PC1/3 SELF-ASSOCIATION ................................................135
5.4 PROSAAS AS A NOVEL SECRETORY CHAPERONE ...............................................................................136
5.4.1 ProSAAS inhibits the fibrillation of Aβ1-42 and α-synuclein: implications for the role of proSAAS
in amyloid pathology ..........................................................................................................................136
5.4.2. ProSAAS vs. Aβ1-42 oligomers ..................................................................................................139
5.4.3 Molecular mechanism underlying the cytoprotective effects of proSAAS ..................................142
REFERENCES ................................................................................................................................... 144

vi

LIST OF FIGURES
FIGURE 1. DOMAIN STRUCTURE OF PREPROPC1/3. ...........................................................................................7
FIGURE 2. PC1/3 MATURATION DURING THE REGULATED SECRETORY PATHWAY. .........................................17
FIGURE 3. RECOMBINANT PC1/3 EXISTS AS MULTIPLE IONIC FORMS..............................................................51
FIGURE 4. NATURAL PC1/3 ALSO EXISTS IN MULTIPLE IONIC POPULATIONS. .................................................52
FIGURE 5. MORE ACIDIC PC1/3 FORMS REPRESENT DEFINED OLIGOMERS AND AGGREGATES, WHILE BASIC
PC1/3 FORMS ARE MONOMERIC. ............................................................................................................54
FIGURE 6. ENDOGENOUS 87 KDA PC1/3 EXISTS AS MONOMERS, DIMERS, OLIGOMERS, AND AGGREGATES. ...56
FIGURE 7. RADIATION INACTIVATION EXPERIMENTS SHOW THAT THE TARGET SIZE OF PC1/3 IS 89 KDA BUT
THE ACTIVE PROTEIN IS 218 KDA. .......................................................................................................... 58
FIGURE 8. DILUTION OF RECOMBINANT PC1/3 INCREASES SPECIFIC ACTIVITY AND DECREASES APPARENT
SIZE. ...................................................................................................................................................... 60
FIGURE 9. DILUTION OF RECOMBINANT PC1/3 PROMOTES DISSOCIATION OF MONOMERS AND INCREASES THE
NUMBER OF ACTIVE SITES. ..................................................................................................................... 63
FIGURE 10. SUBSTRATE-LIKE MOLECULES STABILIZE/ACTIVATE VARIOUS FORMS OF PC1/3 ACTIVITY IN A
DOSE-DEPENDENT MANNER. .................................................................................................................. 65
FIGURE 11. ONLY A SUBSET OF PC1/3 SPECIES CAN BE STABILIZED/ACTIVATED BY PERTKR-AMC. .............67
FIGURE 12. ACTIVATION BY KR-CONTAINING PEPTIDES IS MEDIATED BOTH BY DISSOCIATION AND BY
CLEAVAGE OF 87 KDA TO 66 KDA PC1/3. ............................................................................................. 70
FIGURE 13. THE ADDITION OF N222D PC1/3 DOES NOT AFFECT TOTAL PC1/3 ACTIVITY IN VITRO. ................73
FIGURE 14. DOMAIN STRUCTURE OF PROSAAS. ............................................................................................82
FIGURE 15. THE EFFECT OF 27 KDA PROSAAS ON PC1/3 ACTIVITY IS TIME-DEPENDENT. .............................86
FIGURE 16. PREINCUBATION OF PC1/3 WITH PROSAAS DOES NOT RESULT IN AGGREGATE OR OLIGOMER
DISSOCIATION. ....................................................................................................................................... 90
FIGURE 17. PC1/3 IN PROSAAS-OVEREXPRESSING CELLS IS STILL AGGREGATED. .........................................92
FIGURE 18. PROSAAS CO-LOCALIZES WITH AΒ1-42 IN AGED APP695/PS-1DE9 MICE. .................................110
FIGURE 19. PROSAAS PREVENTS FIBRILLATION OF AΒ1-42 IN A DOSE- AND TIME-DEPENDENT MANNER. .....113
FIGURE 20. STRUCTURE-FUNCTION ANALYSIS: PROSAAS RESIDUES 97-180 ARE SUFFICIENT TO BLOCK AΒ1-42
FIBRILLATION. .....................................................................................................................................115
FIGURE 21. TIMELINE OF AΒ1-42 OLIGOMER PRODUCTION USED TO TREAT NEURO2A CELLS. .......................117
FIGURE 22. PROSAAS PREVENTS AΒ1-42 -INDUCED CYTOTOXICITY IN NEURO2A CELLS. .............................118
FIGURE 23. PROSAAS CO-LOCALIZES WITH Α-SYNUCLEIN IN LEWY BODIES OF PARKINSON’S DISEASE AND
PREVENTS Α-SYNUCLEIN FIBRILLATION IN VITRO. ................................................................................120
FIGURE 24. MUTATIONS IN THE PCSK1 GENE CAN AFFECT MULTIPLE STEPS DURING THE MATURATION OF THE
ENZYME. ..............................................................................................................................................134
FIGURE 25. AΒ MONOMERS CAN FORM DIFFERENT OLIGOMERIC POPULATIONS AND FIBRILS. ......................141

vii

LIST OF ABBREVIATIONS
ACTH
AD
ADDL
Ala
amc
APP
BCA
BDNF
BSA
CA1-3
Cha
CHAPS
CHIP
CHO
CMK
CPE
CRE
CRH
DHFR/MTX
DMSO
DSP
DST
DTT
ER
FPLC
FTD
HEK
HPLC
Hsp
IGF-1
IPG
IPTG
KO
LH
LPS
NFDM
PAM
PBS
PBST
PC
PD
PKA
PKC

Adrenocorticotropic hormone
Alzheimer’s disease
Aβ-derived diffusible ligands
Alanine
Amino-methyl-coumarin
Amyloid precursor protein
Bicinchoninic acid
Brain-derived neurotrophic factor
Bovine serum albumin
Cornu Ammonis area 1-3
cyclohexylalanine
3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate
Carboxy terminus of Hsc70-interacting protein
Chinese hamster ovary cells
Chloromethylketone
Carboxypeptidase E
cAMP responsive element
Corticotropin-releasing hormone
Dihydrofolate reductase/methotrexate
Dimethyl sulfoxide
Dithiobis[sulfosuccinimidylpropionate]
Disuccinimidyl tartrate
Dithiothreitol
Endoplasmic reticulum
Fast protein liquid chromatography
Frontotemporal dementia
Human embryonic kidney cells
High-performance liquid chromatography
Heat shock protein
Insulin-like growth factor 1
Immobilized pH gradient
Isopropyl β-D-thiogalactopyranoside
Knockout
Lateral hypothalamus
Lipopolysaccharide
Non-fat dry milk
Peptidyl glycine α-amidating mono-oxygenase
Phosphate-buffered saline
Phosphate-buffered saline containing 0.5 % Triton-X 100
Prohormone convertase/proprotein convertase
Parkinson’s disease
Protein kinase A
Protein kinase C
viii

PMSF
POMC
PTU
PVN
RFU
RIS
SDS-PAGE
SNP
TBS
TBST
TEM
TGFβ1
TGN
ThT
Tic
TRE
VMN
WT

Phenylmethylsulfonyl fluoride
Pro-opiomelanocortin
Propylthiouracil
Paraventricular nucleus
Relative fluorescence unit
Radiation inactivation size
Sodium dodecyl sulfate polyacrylamide gel electrophoresis
Single nucleotide polymorphism
Tris-buffered saline
Tris-buffered saline containing 0.05% Triton-X 100
Transmission electron microscopy
Transforming growth factor-β1
Trans-Golgi network
Thioflavin T
1,2,3,4 tetrahydroisoquinoline-3-carboxylic acid
Thyroid response element
Ventromedial nucleus
Wild-type

ix

Chapter I. General Introduction

1

1.1 Discovery of prohormone convertases
The idea that peptide hormones and proteins are originally synthesized from
inactive large precursors was recognized as early as the mid-1960s, but the enzymes
which cleave these precursors to generate bioactive species proved elusive for the next
two decades. While there was early recognition that precursor processing begins with
cleavage at the pairs of basic residues—usually Lys–Arg and Arg–Arg—that flank the
active peptide, it was not until the late 1980s and early 1990s when the first members of
the endoproteolytic machinery, the proprotein/prohormone convertases (PCs) were
identified, cloned, and characterized. Since then, many laboratories have concentrated
their efforts in identifying the enzymes which mediate not only precursor cleavage and
basic residue trimming, but additional post-translational modifications such as amidation,
sulfation, glycosylation, acetylation, phosphorylation, and octanoylation—modifications
that are often required for bioactivity.
The first indications of proteolytic activity able to cleave a peptide hormone
precursor were provided by John Hutton and colleagues, who demonstrated proinsulincleaving activity by two Ca2+-activated enzymes within insulinoma secretory granule
extracts [1,2]. The insulinoma enzyme requiring mM Ca2+ that cleaved proinsulin Cterminally to the Arg31Arg32 (between the B and C domains within insulin) was termed
the ‘type-1 proinsulin-converting endopeptidase’ whereas the enzyme requiring ten-fold
lower Ca2+ concentrations that cleaved proinsulin C-terminally to Lys64Arg65 (between
the C and A domains) was called the ‘type-2 proinsulin-converting endopeptidase’. Due
to abundance issues and technological limitations, these enzymes were not purified from
secretory granule extracts at this time, but this group provided the first enzymatic
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characterization of PCs, demonstrating their calcium-dependence and mildly acidic pH
optima—conditions that are consistent with the intragranular environment. The first use
of fluorogenic substrates for the study of PCs was published using these same insulinoma
granule enzyme preparations [3].
In 1990, by exploiting the homology of mammalian enzymes to the yeast enzyme
kex2 (also known as kexin and kex2p), Steiner and colleagues provided the cDNA
sequence of an enzyme they termed PC2 (for protease candidate 2) from human
insulinoma [4,5]. PC1/3 (also known as PC1, PC3, SPC3, and Pcsk1) was cloned soon
after as the third member of the convertase family, by two independent laboratories. This
enzyme was termed PC3 by Steiner’s group (who obtained the sequence from the mouse
pituitary cell line, AtT-20) and PC1 by Seidah’s group (who utilized both this cell line as
well as mouse insulinoma cDNA libraries) [6,7,8].

By coincidence, the Hutton

numbering system perfectly matched the later nomenclature given to the cloned enzymes,
since it was later shown that type-1 proinsulin-converting endopeptidase; PC1; and PC3
all represent the same protein [9], the enzyme we now call PC1/3. As for the type-2
endopeptidase, although a certain amount of confusion as to catalytic class is apparent in
early work due to the sensitivity of the observed activity to the thiol reagent pchloromercuribenzoate, this enzyme was shown to correspond to the later-cloned enzyme
PC2 [10]. Many laboratories quickly confirmed that transfection of PC1/3 and PC2
cDNAs resulted in the expression of enzymes with the catalytic properties and substrate
specificity expected of the Hutton proinsulin processing enzymes (reviewed in [11]).
While this thesis focuses on the PC1/3 and its binding partner, proSAAS, it is
important to note that aside from the neuroendocrine enzymes, PC1/3 and PC2, other
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proprotein convertase family members referred to as proprotein convertases (also
abbreviated as PCs) exist. These convertases share homology with the catalytic domain
of the bacterial enzyme subtilisin and to the yeast processing enzyme kex2. Seven other
members of the PC family have now been identified, including the ubiquitouslyexpressed enzyme furin (also known as SPC1); PACE4 (SPC4); PC7 [12,13,14,15]; PC4
(SPC5), found exclusively in the testes [13,16,17]; and two isoforms of PC5/6 (SPC6):
soluble PC5A/6A, and membrane-bound PC5B/6B, that are expressed in the brain,
intestine and adrenal [18,19].

Additionally, two other members of the family—the

ubiquitously-expressed SKI-I/S1P [20]; and PCSK9 (NARC-1), which is expressed in the
liver, kidney, brain, and intestine [21]—do not cleave after basic residues. Collectively,
these convertases carry out physiological precursor processing reactions of proteins
ranging from growth factors to peptide hormones, in both the constitutive and the
regulated secretory pathways.

1.2 Introduction to Prohormone Convertase 1/3
1.2.1 Unique features of PC1/3
PC1/3 is an interesting enzyme in many ways. Its restricted expression positions
it as one of the two exclusively neuroendocrine precursor processing enzymes, and its
activity in the Golgi apparatus and secretory granules, and its preference for larger
substrates indicates that it is likely to initiate the peptide hormone processing cascade
[22,23]. Unlike other members of the convertase family, PC1/3 undergoes extensive
autocatalytic processing at the C-terminus to yield multiple active forms with molecular
masses of 87 kDa, 74 kDa, and 66 kDa. Compared to other enzymes in the PC family,
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PC1/3 exhibits extremely slow kinetics [24], and the most active form of PC1/3—66
kDa—has an additional issue of instability with a short half-life of only half-hour to a
few hours, depending on experimental conditions in vitro [25,26,27,28]. Interestingly,
recent reports indicate that mutations and single nucleotide polymorphisms (SNPs) in the
Pcsk1 gene are associated with obesity, allowing the speculation that PC1/3-directed
drugs targeted to increase the production of anorexigenic neuropeptides (e.g. α-MSH
from POMC, or CART), may one day offer new avenues of therapy for these endocrine
disorder.

1.2.2 Evolution
PC1/3 has now been cloned from multiple species, including humans, rodents,
fish, the primitive vertebrate Amphioxus, and invertebrates such as Aplysia and hydra
[29,30,31,32,33]. These evolutionary studies have shown that PC1/3 is a relatively new
member of the convertase family which is most closely related to furin; these two
enzymes share 62% overall similarity [34] and are 65% identical in their catalytic
domains. Due to these similarities, it is possible that certain PC1/3 sequences found in
lower organisms may actually represent furin-like molecules. However, PC1/3s can be
distinguished from furins by their lack of the transmembrane segment always found in
furin, and their restricted distribution to secretory granules of neurons and endocrine
cells. For example, the catalytic domain of hydra PC1/3 is statistically indistinguishable
in terms of sequence similarity from that of mouse PC1/3 and human furin, yet this hydra
sequence was termed PC1/3 because it lacks a hydrophobic segment following the P
domain [33]. The later evolution (compared to other PCs) of PC1/3 is consistent with its
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more complex regulation described below, which may relate to the increased complexity
of hormonal signaling which evolved in vertebrates.

1.2.3 Domain structure
PreproPC1/3 is synthesized as a 753-amino acid precursor and consists of the
signal peptide and four functional domains. The signal peptide is rapidly removed in the
endoplasmic reticulum (ER), resulting in a 94 kDa proPC1/3 zymogen that is comprised
of the following four segments: prodomain, catalytic domain, P domain, and C-terminal
domain, as shown in Figure 1.
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Figure 1. Domain structure of preproPC1/3.
The designation D, H, S, (purple boxes) represents the catalytic triad Asp, His, and Ser;
Asn (N) (orange diamond) is the oxyanion hole residue which stabilizes the transition
state. The arrows indicate the cleavage sites important for PC1/3 maturation, the pink
hexagons represent the three predicted glycosylation sites, and the blue triangle marks the
predicted sulfation site. The dashed line in the prodomain indicates the secondary
cleavage site, probably cleaved in the Golgi. The P or Homo B domain following the
catalytic domain is important for the stabilization of the catalytic domain, as well as
determining various enzymatic properties. The C-terminal domain plays a role in
efficient routing of PC1/3 to the secretory granules, and contributes to substrate
specificity.
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The PC1/3 prodomain is 83 amino acids long, and is highly similar (80%) across
species. Unlike the catalytic domains, the prodomains of different convertases are not
very well conserved (30-40%) across different PC family members, except within a small
C-terminal portion [35,36].

In subtilisin-like enzymes, the prodomain is generally

thought to act as an intramolecular chaperone, assisting in the correct folding of the
active site [37,38,39], though this has not yet been specifically demonstrated for PC1/3.
Once folding is established, the prodomain likely remains associated with the enzyme,
acting as a potent tight-binding inhibitor with a Ki in the nanomolar range [26,40,41,42].
These two functions of the subtilase prodomain, intramolecular chaperone and
inhibitor, have been conserved from bacterial subtilisins [43] to yeast kex2 [44,45] to
modern members of the PC family [38,39]. PC1/3 forms containing mutations that
inhibit prodomain removal result in enzymes that are not properly glycosylated, and are
retained in the ER [46,47]. The structure of the mouse PC1/3 prodomain has been
resolved by NMR and consists of four anti-parallel β-sheets and two α-helices in a β–α–
β–β–α–β arrangement [48].
The catalytic domain is highly conserved across the PC family members, with
45% sequence similarity across PC family members and kex2. In PC1/3, this is a 343residue domain. Despite the low (26%) similarity between the catalytic domains of
human PC1/3 and subtilisin [6], molecular modeling studies have suggested close
structural homology, with the exception of a cluster of charged residues within the
substrate binding pocket which is most likely responsible for its selectivity for substrates
with pairs of basic residues, a feature that is found only in PCs [49,50]. This domain
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contains the highly conserved catalytic triad Asp167–His208–Ser382, and an Asn309 in the
oxyanion hole [35].
The P domain (also known as the homo B or middle domain) is the second
conserved domain, contains about 150 residues, and is located immediately after the
catalytic domain; it is a region unique to the eukaryotic PC family, and distinguishes this
family from bacterial subtilisins and other enzymes.

Molecular modeling studies

predicted that the P domain consists of a β-barrel structure with a hydrophobic core; this
was later verified when the crystal structure of the related enzyme furin was obtained
[51,52]. The P domain is involved in many aspects of PC1/3 maturation and activity
including zymogen activation [53,54], correct routing of PC1/3 to the secretory granules,
and overall secretion [53,55,56]. The P domain regulates enzymatic activity by assisting
in the folding and stabilization of the catalytic domain [56,57], and determines enzymatic
properties such as calcium binding, low pH dependence and substrate specificity [57].
The P domain contains several key residues that are well-conserved between
species. Firstly, residues Gly593 and Thr594 represent the functional boundary of this
domain and play an important role in overall enzyme stability [52]. In particular, Thr594,
which cannot be replaced by Ser, is required for proper catalytic domain folding [56].
Secondly, the sequence

517

ArgArgGlyAsp520 (RRGD; numbering using the mPC1/3

sequence) which represents a recognition motif for integrins [53,58,59], is found in six of
the nine PCs and is conserved in most species that possess PCs [53]. However, certain
non-mammalian convertases, e.g. Aplysia PC1/3 [30], appear to have variations in this
sequence. The RGD motif is critical for proPC1/3 processing and correct routing of 87
kDa PC1/3 to the secretory granules [53,55]. In in vitro studies, PC1/3-derived peptides
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containing the RRGD sequence bind to the integrin α5β1; however, in vivo, interaction of
PC1/3 with integrin is only observed in the ER, and does not require the RGD sequence.
Therefore the biological relevance of the integrin binding motif is unclear as yet.
The C-terminal domain is the least conserved domain between different members
of the convertase family, varying both in length and in sequence.

PC1/3 has an

exceptionally long C-terminal domain of ~21 kDa. Several studies have shown that the
C-terminal tail is involved in the proper sorting and routing of PC1/3 to the secretory
granules [47,53,55,60,61,62,63,64,65]; it is removed once PC1/3 enters the secretory
granule [27,66,67,68,69,70] (discussed further below).

1.2.4 The PC1/3 binding protein: proSAAS
ProSAAS was the second neuroendocrine protein to be characterized as a
convertase binding partner (following 7B2, the binding protein for PC2). ProSAAS was
discovered during the mass spectroscopic analysis of brain peptides that were
incompletely processed in Cpefat/Cpefat mice, which lack active carboxypeptidase E
(CPE), an enzyme that removes basic residues from convertase-processed products. Five
peptides were found with basic residue extensions at the C-terminus that were all derived
from one precursor protein, which was named proSAAS [71,72]. ProSAAS has been
well-characterized as a potent PC1/3 inhibitor [71,73,74], but it has also been proposed
that proSAAS functions as a neuropeptide involved in the signaling of circadian rhythms
and energy balance systems [75,76,77]. In Chapter IV, I will propose a new function for
proSAAS as a molecular chaperone for proteins associated with neurodegenerative
diseases.
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1.2.5 Gene location
The Pcsk1 gene which encodes PC1/3 is located on chromosome 5q15-21 in
humans and consists of 14 exons, covering about 43.8 kb [78]. Northern blot analysis
revealed a dominant 6.2 kb mRNA transcript in humans [8]. In mice, the Pcsk1 gene is
found on chromosome 13c and consists of 15 exons and 14 introns that span at least 42
kb. In tissues, two mRNA transcripts of 2.8 and 4.4 kb are found which result from the
use of two different polyadenylation sites located in exons 14 and 15 [7,79]. Pcsk1 has
also been localized to rat chromosome 2q1 [80,81].

1.3 Distribution
1.3.1 Tissue distribution
In situ hybridization and immunohistochemical studies have demonstrated that
PC1/3 expression is highest in neuroendocrine and endocrine tissues [82,83,84,85,86,87].
In the brain, PC1/3 expression is richest in the hypothalamus, specifically in the
magnocellular neurons within the paraventricular and supraoptic nuclei; this is consistent
with the ample presence of neuropeptide precursors in these regions [88]. Outside the
hypothalamus, PC1/3 is found in layers IV and V of the cerebral cortex; in the pyramidal
cell layer and stratum oriens within the CA1-CA3 regions in the hippocampus; in
thalamus; in larger neurons such as the interneurons in the striatum; in Purkinje and
granular cells of the cerebellum; along the border of corpus callosum; and in the dorsal
horn of the spinal cord [7,83,88,89,90]. Expression extends to retinal neuronal cells,
where PC1/3 mRNA is expressed more strongly in the retina than in the optic nerve head;
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here, the PC1/3 protein is specifically found in the ganglion cell layer and in the nerve
fiber layer of the inner retina [91].
In peripheral tissues, PC1/3 is present in all three lobes of the pituitary
[7,84,90,92], the thyroid, the adrenal medulla, in intestinal L cells, and in differentiating
epithelial cells in the colorectal zone and gut [85,90,93,94,95,96,97]. In the pancreas, the
highest levels of PC1/3 are found in β cells, although PC1/3 is expressed in adult α cells
at low levels [94,98,99,100]. PC1/3 is also expressed in lung tumors, within alveolar
macrophages, submucosal glands, cancerous cells infiltrating bronchial lesions, and
neuroendocrine cells and nerves of the bronchial epithelium, but not in healthy lung
tissue [101,102,103,104].

PC1/3 is additionally found in spleen mononuclear cells,

splenic macrophages, human monocyte-derived macrophages, and human monocytic
leukemia cells [104,105]. PC1/3 is not detectable in thyroid follicular cells, parathyroid,
adrenal cortex, testis, anal canal, undifferentiated monocytes, lymphocytes, or lymph
follicles [83,85,105,106].

1.3.2 Intracellular distribution
In AtT-20 cells, PC1/3 is found in the trans-Golgi network (TGN) as well as in
the cell tips, which contain the dense core secretory granules [93,107,108,109]. 87 kDa
PC1/3 is the predominant species in the TGN, where it is thought to participate in limited
proteolysis of precursors before being sorted to granules and converted to 66 kDa PC1/3
[68,107,109,110]. How PC1/3 is targeted to secretory granules is not fully understood;
there is evidence for the involvement of the C-terminal tail domain, discussed further
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below. It is estimated that PC1/3 and proopiomelanocortin (POMC) are found in a 1:5
ratio in AtT-20 cell secretory granules [67].

1.3.3 Development
The expression patterns of PC1/3 and proSAAS mRNA and protein during rodent
development are generally well correlated, but in most regions mRNA precedes protein
expression by about two days. PC1/3 is first expressed briefly in both unfertilized eggs
and in preimplantation embryos.

During this very early stage (E0-E5), PC1/3 is

expressed in the cytoplasm, except when it transiently translocates to the pronuclei after
fertilization until the post-zygotic stage [111]. Expression of proSAAS begins at E7, and
PC1/3 expression returns during early mid-gestation at E9 [112]. In Xenopus, expression
of proSAAS begins only at the neurula stage; oocytes do not express this protein [113].
As the embryo develops, PC1/3 and proSAAS expression gradually increase in a
subset of tissues, which during the final stages of development begin to become restricted
to the brain and endocrine tissues, resulting in the distribution observed in adult tissues;
this pattern correlates with neuropeptide production. For example, Marcinkiewicz et al.,
found that PC1/3 mRNA and protein can be detected in the pituitary anterior lobe from
E15 and E17 and that expression continues to increase until maximum level is reached in
adulthood [114].

This expression pattern coincides with POMC expression and

increasing adrenocorticotropic hormone (ACTH) production, indicating the importance
of PC1/3 activity in neuropeptide production beginning very early in life. Differences in
expression exist between adult and embryonic tissues: PC1/3 is a neuronal protein in the
adult, but during development, it is also found in glial cells in the embryonic brachial
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plexus [115]. While PC1/3 is expressed throughout the adult pituitary, PC1/3 is rarely
detected in the intermediate lobe during prenatal and early postnatal stages [115].

1.4 Cell Biology and Maturation
1.4.1 PC1/3 maturation and post-translational modifications
PC1/3 undergoes extensive post-translational modifications which begin in the
ER and continue as PC1/3 transits through the regulated secretory pathway (Figure 2).
In the ER, PC1/3 is initially synthesized as a 97 kDa proPC1/3 species, but within
minutes of zymogen synthesis—with a t1/2 of 2 minutes—the prodomain is rapidly
cleaved [69,116].

There are three potential cleavage sites within the prodomain:

50

RRSRR54, 61KR62, and 80RSKR83; the primary cleavage site, which is highly conserved,

has been established as
the ER [41,46,69].

80

RSKR83, and this initial cleavage is required for PC1/3 to exit

It is unclear precisely where along the secretory pathway the

prodomain dissociates from PC1/3. For furin, the prodomain remains associated until the
secondary cleavage event, and dissociation requires the decreased pH occurring in the
TGN, which triggers His protonation and a conformational switch [117]. This could also
be the case for PC1/3, since PC1/3 activity is not detected until this protein reaches the
TGN [110]. If PC1/3 activation resembles that of furin, this propeptide histidine switch
would add another layer of regulation to block premature activation of PC1/3.
Amazingly, the prodomains of PC1/3 and furin share only about 30% similarity
and yet can be swapped without affecting the rate of PC1/3 secretion [47].
PACE4/PC1/3 prodomain chimeras undergo efficient prodomain removal, while
switching prodomains between PC1/3 and PC2 results in lack of prodomain cleavage and
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ER retention [47]. A PC1/3 construct lacking the P domain also cannot remove its
prodomain [56,118]; this is not specific to PC1/3, as deletion of the furin P domain also
leads to lack of furin activity [119]. Mutation of the catalytic domain supports the idea
that prodomain removal is an autoproteolytic and intramolecular process; as mentioned
above, proteins containing mutations in the catalytic triad that block proPC1/3 conversion
to mature PC1/3 are retained in the ER, and addition of active enzyme in trans cannot
rescue prodomain cleavage [46,47]. However, mutation of the oxyanion hole to an
Asp—as found in PC2—does not result in a dramatic decrease in PC1/3 prodomain
removal [120]. Finally, under pulse/chase conditions, expression of the propeptide in
AtT-20 cells inhibits 66 kDa PC1/3 formation, and consequently reduces POMC
processing [121]. In HEK cells, in trans expression of the prodomain significantly
decreases processing of the zymogen [121].
PC1/3 undergoes several additional post-translational processing events during
biosynthesis, for example N-glycosylation and sulfation [26,116,122]. There are three
potential glycosylation sites, of which at least two are used, and glycosylation of Asn146 is
especially critical for proper folding and prosegment cleavage [7,122,123,124,125]. In
the Golgi, terminal glycosylation takes place, as indicated by the acquisition of resistance
to endoglycosidase H [116,122].

Zandberg et al. found that inhibiting PC1/3

glycosylation altered POMC processing, suggesting that this post-translational
modification might play a role in regulating PC1/3 activity [125]. Sulfation is thought to
occur on a specific Tyr in the C-terminal domain and not on the glycosylation sugars
[26,122]. Although this has not yet been experimentally demonstrated, by analogy with
furin as discussed above, a second internal cleavage within the prodomain may also occur
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in the Golgi, resulting in dissociation of the proregion and generating active 87 kDa
PC1/3.

PC1/3-mediated POMC processing has been observed in the TGN

[67,69,126,127], suggesting that precursor processing is initiated in this subcellular
compartment.
The final processing of the PC1/3 molecule occurs in the immature secretory
granules, which produces an intermediate 74 kDa form and the most active 66 kDa PC1/3
species [27,66,67,68,69,70]. Although many dibasic cleavage sites are present in the Cterminal tail, ArgArg617-618 represents the actual in vivo cleavage site [27,62,128]. The
resulting C-terminally truncated 66 kDa PC1/3 is much more active than 87 kDa PC1/3,
is highly unstable, and has a lower and narrower pH optimum [26,27,129]; this low pH
optimum is appropriate to the secretory granule environment.
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Figure 2. PC1/3 maturation during the regulated secretory pathway.
This figure illustrates the process of PC1/3 maturation as it moves through the regulated
secretory pathway. In the ER, PC1/3 is synthesized as preproPC1/3 and the signal
peptide and the prodomain are both rapidly cleaved. The cleaved prodomain most likely
remains associated until 87 kDa PC1/3 reaches the Golgi apparatus. In the secretory
granules, PC1/3 is C-terminally truncated, yielding the 74 kDa and 66 kDa forms of
PC1/3. The color scheme is the same as in Figure 1.
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1.4.2 Targeting of PC1/3 to the secretory granules
Many peptide hormone precursors are processed to bioactive peptides only after
arrival at the dense core granules; therefore, it is critical for both prohormones and
processing enzymes to be correctly and efficiently routed. Selective calcium-dependent
aggregation into granules, as well as interaction with sorting receptors, have both been
proposed as possible mechanisms to direct proteins into granules (reviewed in [130]).
However, the process by which secretory proteins are sorted into the regulated pathway
(in which secretory proteins are stored in granules until a stimulus arrives) versus the
default constitutive pathway (in which secretory proteins are continuously trafficked to
the exterior) is not yet fully understood.
The C-terminal domain of PC1/3 clearly plays a role in routing PC1/3 to secretory
granules in neuroendocrine-derived cell lines such as AtT-20, PC12, and GH4 cells
[47,53,55,60,61,62,63,64,65]. This domain is highly acidic, and contains two α-helical
structures which when bound to Ca2+ act to sort PC1/3 into granules [61,63,131].
Residues 617–753 target PC1/3 to the secretory granules, and the following segments,
residues 617–625, 665–682, and 711–753, are thought to assist with sorting and
association with membranes [61,65]. However, since membrane association of both 66
kDa and 87 kDa PC1/3 has been reported [61,65,70,132,133,134], the C-terminal tail
cannot be solely responsible for membrane association of this enzyme.
Fusion of the PC1/3 C-terminal tail to reporter proteins can re-route an otherwise
constitutively-secreted protein to secretory granules [131,135]. The addition of an αhelical segment from the PC1/3 C-terminus, together with other secretory granule sorting
signals, enhances the routing of these proteins to secretory granules, suggesting that not
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only is the tail important for the sorting of PC1/3, but that it can modulate the sorting
efficiency of prohormones [131,135].

Conversely, the majority of 66 kDa PC1/3

artificially expressed without a C-terminal tail does not enter granules [47] (but see also
[128] where no effect of the C-terminal tail was observed), and disruption of the tail αhelix results in a PC1/3 molecule that is no longer secreted via the regulated pathway
[63]. These results highlight the importance of the C-terminal domain and the tail αhelices in targeting PC1/3 to the secretory granule. Interestingly, chimeras of the PC1/3
prodomain and C-terminal domain are not directed to secretory granules, possibly
because they are processed in the ER by furin or PC7 [61,136].

1.4.3 Is PC1/3 a transmembrane protein?
PC1/3 has been reported to be both a Type I transmembrane protein and a
peripheral membrane-associated protein. Several groups have found that residues 619–
638 associate with lipid rafts in the membrane [65,133,134]; the Loh group has found that
residues 727–751, encoding a potential α-helix, interact with the membrane on the
lumenal side [134]. However, various biochemical assays, such as phosphorylation,
glycosylation, and protease protection assays, clearly demonstrate that PC1/3 is neither a
transmembrane protein nor initially synthesized as a transmembrane protein in the ER
[137]. Stettler et al. also point out that the proposed transmembrane sequence is unusual
and would be energetically highly unfavorable for membrane integration. In addition,
many other laboratories have found 87 kDa PC1/3 in secretion media; this would be
unlikely to occur if this form of PC1/3 were a true transmembrane protein
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[24,25,26,138,139].

We conclude that while PC1/3 clearly associates strongly with

membranes, it is a peripheral rather than an integral membrane protein.

1.5 Enzymatic Characterization
1.5.1 General enzymatic properties
Several laboratories have successfully purified recombinant PC1/3 from multiple
sources including CHO cells, mouse L cells, and insect cells [24,25,26], but recombinant
enzymes produced from all systems exhibit very low specific activity against both
fluorogenic and natural substrates [24,25,26,139,140]. Compared to furin, which
processes the fluorogenic substrate pERTKR-aminomethylcoumarin (amc) at rates of 11–
30 µmol amc/mg/h

[141,142,143], and PC2, with rates of 17–29 µmol amc/mg/h

[144,145], PC1/3 is extremely slow, exhibiting a rate of only 134–480 nmol amc/mg/h
[24,25].

The C-terminally truncated 66 kDa form of PC1/3, either generated as a

truncated recombinant protein, or obtained via cleavage of 87 kDa PC1/3, exhibits a 4-40
fold increase in specific activity both in vitro and in vivo, but is highly unstable in vitro,
with a half-life of only 30 minutes to a few hours [25,26,27,28,129].
87 kDa PC1/3 has a broad pH optimum of 5–6.5, consistent with the environment
it experiences in the Golgi and in secretory granules [24,126,146]. The generation of 66
kDa PC1/3 occurs spontaneously in an intermolecular fashion, is PC1/3 concentrationdependent, and requires a high Ca2+ and acidic environment [26,27]. While both PC1/3
forms require Ca2+ for activity, C-terminally truncated PC1/3 exhibits a 15-fold higher
Ca2+ requirement and a lower, narrower pH optimum of 5–5.5 for maximal activity [27].
The removal of the C-terminal tail also alters substrate specificity. For example, 87 kDa
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PC1/3 cleaves provasopressin only at the neurophysin/glycopeptide junction, whereas 66
kDa

PC1/3

will

cleave

at

the

neurophysin/glycopeptide

vasopressin/neurophysin junction, producing three products.

and

at

the

Another example is

prooxytocin, which is cleaved only by 74/66 kDa PC1/3 to release oxytocin and
neurophysin [147].

1.5.2 Contribution of various domains to enzymatic properties
Short peptides within the prodomain of PC1/3 (residues 83-93 surrounding the
cleavage site between the prodomain-catalytic domains) have been used as an inhibitor
platform.

Modifications with single amino acid substitutions, ketomethylene

pseudopeptide bonds, or replacement of the P1’ position with unnatural amino acids such
as γ-aminobutyric acid (GABA), beta-Cha, beta-Ala, L-Tic, yield more specific,
micromolar inhibitors of PC1/3 [41,148,149,150,151]. However, these peptide inhibitors
are still susceptible to inactivation by proteolytic cleavage and display relatively poor
membrane penetrance.
Domain swapping and mutagenesis experiments permit us to gain insight into
how each domain contributes to enzymatic properties. To address the role of PC1/3specific sequences within the catalytic domain to enzymatic properties, Ozawa et al.
switched small patches of residues in PC1/3 with those corresponding to PC2 sequences;
since PC2 is much more active than PC1/3, the expectation was that specific activity
could be increased [152]. The activity of 87 kDa PC1/3 was not affected but a shift in pH
optimum was observed, indicating that the primary sequence may be less important in
determining PC activity than contributions from the different domains. In addition, while
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the specific activity of 66 kDa PC1/3 benefited from one of these mutations, when the
mutant 66 kDa PC1/3 was transfected into PC12 cells, the efficiency of proneurotensin
cleavage was unaltered. Clearly, we do not yet completely understand the regulation of
PC1/3 activity in vivo [152]. PC1/3 and furin can cleave similar substrates in vitro [153]
suggesting that PC1/3 and furin may share similar characteristics in the binding pocket,
and that differences in substrate specificity may arise at least in part from their
differential intracellular localizations.
The P domain is known to contribute to pH optimum and stability [57]; when this
domain is swapped with the P domains of either PC2 or furin, the chimeric PC1/3s
display 3–4 fold higher activity than wild-type (WT) PC1/3; oddly, both chimeras exhibit
a neutral pH optimum [57], implying that P domain interactions with the active site must
play a role in determining enzymatic properties.
The C-terminal tail of PC1/3 clearly plays a role in enzyme stability, as the 66
kDa form of the enzyme lacking this domain is highly unstable. This domain appears to
be generally inhibitory, as 66 kDa PC1/3 is by far the most active form of this enzyme,
with a 10–40 fold increase in activity [26,27]. In vitro, the recombinant C-terminal tail
exhibits bimodal regulation, acting as an inhibitor at µM concentrations and as an
activator at nM concentrations [60,154]. It is also possible that the tail interacts with the
catalytic domain in such a way that it blocks substrate access; in support of this
hypothesis, tethering 87 kDa PC1/3 to the membrane via the peptidylglycine α-amidating
monooxygenase transmembrane domain increases substrate processing compared to
soluble, non-tethered PC1/3, with a broadened pH optimum [155,156]. In addition, the
C-terminal tail can determine substrate specificity; Jutras et al. have shown that prorenin
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processing only occurs in secretory granules after the formation of 66 kDa PC1/3 [60].
All of these studies suggest that interaction between the tail domain and the other
domains is critical for determining the enzymatic properties of the 87 kDa form.

1.5.3 Substrate specificity
PC1/3 cleaves a variety of precursors which give rise to neuropeptides and gut
hormones involved in the regulation of energy balance. For example, orexigenic peptides
such as Neuropeptide Y and Agouti-related-protein, as well as anorexigenic peptides such
as α-MSH (from POMC) and cocaine and Amphetamine-related transcript (CART) are
processed by PC1/3. Therefore it is understandable that disruption of PC1/3 activity
leads to obesity in humans and mouse bearing a mutation in the PC1/3 gene. PC1/3 is
also participates in the production of neuropeptides regulating pain (endorphins,
dynorphins, enkephalins), and reproduction (prooxytocin, prorelaxin).
PC1/3 most often cleaves neuropeptide precursors and prohormones C-terminally
to a pair of basic amino acids. Lys-Arg is the most preferred (50%) dibasic site, although
cleavage following Arg-Arg, Arg-Lys, Lys-Lys or after single Arg is also frequently
observed [22,25,146,157]. A compilation of peptide precursors that are cleaved by PC1/3
and 2 can be found in the review by Cameron et al.[158] and in Hoshino and Lindberg
[159]. From these tables, we can deduce that PC1/3 has a more restricted substrate
specificity than PC2. The readers are also referred to the same review of Cameron et al.,
in particular Table V which summarizes various rules governing preferred PC1/3 and 2
cleavage sites as well as inhibitor preferences ([158]; but see also later studies
[160,161,162,163]). Substrates with Arg at the P4 position are preferred by PC1/3, and

23

substitution at this position with Lys or Orn results in a slight decrease in the kcat/Km
value [148].
PC1/3 has a tendency to cleave larger precursors vs. the processing of
intermediate-sized neuropeptides mediated by PC2 [158]. Many neuropeptides cleaved
by PC1/3 can in fact be cleaved by PC2, but the same cannot be said about PC1/3
processing of PC2 substrates, supporting the idea that the binding cleft is more restricted
in PC1/3. New studies have allowed the development of improved algorithms to better
predict cleavage site usage by PCs (discussed in [164]), but it is clear that the molecular
features underlying PC1/3 specificity are not yet completely understood. Prorenin and
proghrelin are examples of unique peptides that are cleaved only by PC1/3 and not by
PC2 [60,66,153,165]. Future identification of additional selective cleavage sites will
provide information which can hopefully be used to improve our predictive capability;
however, it is likely that tertiary structure will play a part in determining susceptibility to
cleavage.

1.6 Regulation of PC1/3
1.6.1 Transcriptional and translational control
PC1/3 expression is under the control of the following promoter regions: two
cAMP-responsive elements (CRE), multiple thyroid response element (TRE)-like
sequences, POU sites, and an interferon consensus sequence (ICS).

Numerous

transcription factors have been implicated in PC1/3 gene regulation, including CREB,
ATF-1, Sp1, and c-Jun [79,166,167,168,169]. Both human and mouse Pcsk1 genes
contain multiple transcription initiation sites but lack the common TATA or CAAT boxes
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in promoter regions [79,167].

The sequence -288 to -1 is responsible for the

neuroendocrine tissue-specific expression of PC1/3 [167]. Promoter activity is enhanced
by Pax6 binding in a dose- and Cre-dependent manner, and Pax6 mutations result in
PC1/3 deficiency and abnormal glucose homeostasis [170].
PC1/3 expression can also be influenced by second messenger pathways in a
tissue-specific and time-dependent manner. Long-term treatment of AtT-20 cells with
secretagogues such as 8-bromo-cAMP or phorbol ester, protein kinase A, and
intracellular Ca2+ signaling pathways increase PC1/3 mRNA in AtT-20 cells,
gonadotroph

adenomas,

a

human

pancreatic

carcinoid

BON

cell

line,

the

neuroepithelioma cell line SKN-MCIXC, and the medullary thyroid carcinoma cell line
WE4/2 [171,172,173,174], but not in β-TC3 cells [175]. Activation of protein kinase C
stimulates PC1/3 mRNA expression in BON and SKN-MCIXC cells but not in WE4/2
cells [173,174]. Taken together, these pathways enable extensive transcriptional and
translational control over PC1/3 expression.
Brain PC1/3 gene and protein expression is regulated by many different
physiological factors.

PC1/3 gene and protein expression is increased in the

paraventricular nucleus (PVN) and in the median eminence after leptin administration; in
the PVN after induced hypothyroidism by thyroidectomy or 6-n-propyl-2-thiouracil
(PTU) treatment; and in the supraoptic nucleus after chronic salt loading [176,177,178].
Increased co-localization of PC1/3 and pro-TRH is observed in the PVN after PTU
treatment [178]. In contrast, 9-cis-retinoic acid, induced hyperthyroidism, and starvation
inhibit PC1/3 promoter activity in the PVN [177]. Morphine also has a time-dependent
effect on PC1/3 expression; short-term exposure to morphine down-regulates, while long-
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term exposure to morphine up-regulates PC1/3 gene and protein expression in the
hypothalamus, in a CRE-dependent manner [179].

Gonadotropin-releasing hormone

increases PC1/3 mRNA expression in gonadotroph adenomas [172]. Studies of nerve
injury models using kainic acid, pilocarpine, and transected sciatic nerve report
upregulation of PC1/3 mRNA and protein in the hippocampus and in Schwann cells
[180,181]. PC1/3 mRNA is not normally found in Schwann cells; surprisingly, it has a
similar induction timeline as BDNF after nerve injury [182].

Extracellular matrix

proteins including laminin and fibronectin can also enhance PC1/3 levels in neuronal
cultures [183].
Interestingly, ob/ob mice, which have a mutation in the leptin gene, exhibit
differential PC1/3 mRNA expression in the hypothalamus, while PC2 and PACE4
expression patterns are not affected [184]. Compared to the WT control, PC1/3 mRNA
expression is reduced in the lateral hypothalamus (LH) and increased in the ventromedial
nucleus (VMN) [184]. Food deprivation causes mRNA levels to decrease in the VMN
and to increase in the LH, while leptin administration causes PC1/3 mRNA expression to
decrease in the arcuate nucleus and increase in the LH. However, Nilaweera et al.
conclude that not all of these differences are due solely to leptin [184]; additional work
investigating other downstream signaling factors, PC1/3 protein levels, and PC1/3
activity levels will be helpful in understanding the functional effects of the different
expression patterns.
In the pituitary, dopamine, thyroid hormones, and corticosteroids play a
regulatory role in PC1/3 expression. Haloperidol (a dopamine antagonist) increases and
bromocriptine (a dopamine agonist) decreases PC1/3 and POMC mRNA expression in
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the neurointermediate lobe [84,123,185].

In the anterior pituitary, hypothyroidism

stimulates PC1/3 expression while hyperthyroidism decreases PC1/3 expression, likely
through interaction with the promoter TRE-like sequences [84,166]. In AtT-20 cells,
dexamethasone, corticotropic releasing hormone, and glucocorticoid treatment alter
PC1/3 expression [84,123], while lipopolysaccharide (LPS) administration and cytokine
treatment (IL-6 and LIF) promote POMC and PC1/3 expression and POMC processing
[186]. LPS also increases PC1/3 and proenkephalin levels [104]. In HP75 (human
pituitary adenoma) cells, transforming growth factor β1 stimulates PC1/3 mRNA
expression [172,187].
Several studies demonstrate PC1/3 gene regulation in the pancreas, especially in
adult α-cells, which predominantly express PC2 and very low levels of PC1/3
[98,99,188]. Exposure to high glucose (25 mM), or β-cell loss as a result of mutation or
streptozotocin treatment, can switch expression patterns and upregulate PC1/3 mRNA,
altering the peptide products secreted by α-cells [98,99,189,190,191,192,193,194]. A
small molecule agonist for the GPCR TGR5 which is implicated in GLP-1 release in
intestinal L-cells also increases PC1/3 promoter activity and GLP-1 secretion from αcells [99]. Finally, during development, pregnancy, α-cell regeneration, and in mouse
models of β-cell proliferation, PC1/3 expression is similarly elevated in α-cells [194].
In the intestine, PC1/3 mRNA and protein is up-regulated together with
proglucagon gene expression in response to GLP-1 secretion, in a CRE- and PKAdependent manner [195]. Berberine, an anti-diabetic drug, also mildly increases PC1/3
mRNA expression in the enteroendocrine cell line NCI-H716 [196]. Additional studies
will be needed to elucidate the molecular mechanisms for changes in PC1/3 expression
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levels, but it is clear that PC1/3 plays a pivotal role in responding to environmental and
hormonal changes.

1.6.2 Endogenous regulators
Within the secretory granules, other potential endogenous regulators of PC1/3
activity include CPE [197] and catecholamines [198,199]. CPEfat/fat mice contain a point
mutation in the CPE gene that renders the enzyme inactive [200]. Interestingly, PC1/3
expression is decreased in the brains and pituitaries of these mice, and general processing
of neuropeptide precursors by prohormone convertases is also impaired [197,200]. The
decrease in PC1/3 activity can be partly attributed to incomplete autocatalytic processing
of the 87 kDa form to the more active 66 kDa PC1/3 species [197]. In addition, there
may be an accumulation of the C-terminal domains of PC1/3 and of proSAAS (see p. 10)
that remain inhibitory in the absence of CPE activity [197,200]. However, in AtT-20
cells, siRNA-mediated CPE reduction had no effect on either PC1/3 expression or ACTH
production in the regulated secretory pathway; it is possible that the siRNA treatment was
too short to observe changes in PC1/3 expression and activity [201].
Secretory granules also contain millimolar concentrations of catecholamines, and
treatment of cells with reserpine—a catecholamine uptake inhibitor—results in increased
enkephalin levels [202,203,204]. We and others have found that this reserpine-induced
increase is not due to alterations in enzyme expression levels but to the loss of direct
catecholamine inhibition of PC1/3 [198,199]. Dopamine quinone is the most effective
inhibitor

among

the

catecholamines

and
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is

irreversible,

whereas

dopamine,

norepinephrine, and epinephrine represent reversible inhibitors of PC1/3 in the mM range
[198,199].

1.6.3 Synthetic inhibitors and activators
Because of the important role PC1/3 plays in neuropeptide processing, and the
wide range of physiological systems this enzyme affects, identifying small molecule
modulators of PC1/3 activity would be highly desirable. Several peptide-based inhibitors
have been characterized thus far; these have been based either on a KR-containing
sequence or on the PC1/3 prodomain (reviewed in [205,206]).
Results from a peptide combinatorial study indicate that peptides containing the
sequence Leu-X-Arg-X-Lys-Arg are the most potent inhibitors; indeed the most potent
peptide inhibitor in this study, Leu-Leu-Arg-Val-Lys-Arg, has a Ki of 3.2 nM and is the
exact inhibitory sequence present within proSAAS [74,207]. Substitutions at P5 do not
affect the Ki except for the deleterious Pro substitution, and Val is favored at the P3
position

[207].

Consistent

with

this

finding,

decanoyl-Arg-Val-Lys-Arg-

chloromethylketone is a widely used irreversible inhibitor of prohormone convertases
[208], and peptides containing the Arg-X-Lys-Arg/X-Lys motif are inhibitors of PC1/3 at
nanomolar concentrations [209]. However, these peptides are also prone to cleavage,
since they resemble PC substrates. Peptide efficacy can be improved by using other
chemical groups to replace the P1 position; a decarboxylated arginine mimetic,
phenylacetyl-RVR-4-amidinobenzylamide, has a Ki of 0.75 µM against furin or PC1/3
[210], and has improved stability. Basak et al. have also experimented with natural
compounds purified from a popular Asian medicinal plant, Andrographis paniculata.
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Modifications to the major constituent of the plant, succinylated andrographolide-based
labdane diterpines, display micromolar Kis against PC1/3 [211]. Unfortunately, these
compounds are also excellent inhibitors of furin, and thus lack specificity. PC1/3 is also
inhibited by the serpin, α1-antitrypsin Portland [25,139,212].

1.7 PC1/3 as a Therapeutic Target
1.7.1 Human mutations
Three human cases of compound or homozygous PC1/3 mutations have been
reported so far, and all share the phenotype of early-onset obesity, hyperphagia, intestinal
dysfunction, and abnormal glucose homeostasis caused by a complete loss of PC1/3
activity [54,213,214]. The three patients have inactivating mutations in both Pcsk1
alleles and exhibit obesity and intestinal dysfunction from birth. The first patient has a
G593R mutation in the P domain which prevents the removal of the prodomain and thus
ER exit. This is coupled with a mutation in the second PC1/3 allele encoding a AC+4
transversion in the donor splice site, which results in the skipping of exon 5, frameshift
and a subsequent premature stop codon in the catalytic domain. Amazingly, this patient
was not diagnosed until adulthood, when she was treated for hypogonadotropic
hypogonadism. She was able to conceive after treatment with gonadotropin-releasing
hormone but developed gestational diabetes mellitus. While impaired plasma POMC and
proinsulin processing were observed, processing of other prohormone substrates such
prorenin and procalcitonin was not affected. Analysis of plasma from the children of this
patient revealed that heterozygosity does not affect PC1/3-mediated insulin biosynthesis,
and these children are not obese [54,213].
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The second PC1/3 null subject described was hypocortisolemic, obese, and
exhibited a more severe case of persistent diarrhea caused by malabsorption of
monosaccharides and fat, despite a controlled, low-calorie formula diet [213]. She had
two mutations in the catalytic domain: the first mutation, G250stop, resulted in a
truncated PC1/3, and the second, A213del resulted in a partially processed enzyme
retained in the ER.
The third PC1/3 null subject reported was a 6-year old boy homozygous for
S307L, also in the catalytic domain [214]. Analysis of this mutation in a cell culture
model shows that mature PC1/3 is secreted and correctly folded, but does not exhibit any
catalytic activity on substrates other than itself. Similar to the previous two cases, this
patient exhibited childhood obesity due to hyperphagia, and intestinal dysfunction.
The above three cases are examples of patients with two copies of recessive
PC1/3 mutations which result in either trace or no PC1/3 activity. In addition, Creemers
and colleagues recently identified eight rare PC1/3 mutations in obese subjects, seven of
which affected PC1/3 maturation or enzymatic activity in vitro [215]. Interestingly, all of
these patients are PC1/3 heterozygotes. Their work also shows that possessing just one
mutant PC1/3 allele increases the risk of obesity by 8.7 times [215].
The mutations described in the studies above that are located in the catalytic and P
domains result in a severe loss of PC1/3 enzymatic activity when tested in vitro.
However, it is unclear how these mutations produce the wide phenotypic variability
observed between patients. The presence of certain PC1/3 products, despite the lack of
PC1/3 activity, indicates the likely contribution of redundant activity by other PCs (such
as PC2 and PC5) that compensate for the lack of PC1/3. In addition to metabolism
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differences, the severe malabsorption observed in these patients suggests that in humans,
PC1/3 also plays a major role in the normal absorptive function of the small intestine.

1.7.2 Single nucleotide polymorphisms (SNPs)
Recent genome-wide association and quantitative trait locus studies have shown
that Pcsk1 polymorphisms are associated with polygenic obesity and an increased risk of
Type 2 diabetes [216,217,218,219,220,221]. In particular, the nonsynonymous variants
rs6232, rs6234, and rs6235 (encoding the N221D, Q665E, and S690T mutations,
respectively), have been extensively studied in multiple populations and reproducibly
reported to be associated with obesity. Rs6232 (N221D) is located in exon 6 of the Pcsk1
gene, has been associated with obesity in multiple European populations, and in one
study, shows age-dependency [216,219,222]. In HEK293T cells, N221D PC1/3 exhibits
a 10% decrease in activity against the fluorogenic substrate pERTKR-amc [216].
Residue 221 may be important in regulating PC1/3 activity, since it is spatially located
quite close to the catalytic residue His208. This residue is also adjacent to Asn222; the
N222D substitution is also associated with obesity in mice [223], thus a mutation at
position 221 may contribute to the obesity phenotype through its neighboring residue.
Rs6234 (Gln665Glu) and rs6235 (Ser690Thr) are linked nonsynonymous variants
located in exon 14, and the resulting mutations are both found within the C-terminal tail
of PC1/3. These SNPs are associated with 1.22-fold increase in the risk of obesity (either
alone or as a pair) in Danish, Swiss, French, Swedish, and Greek populations
[216,220,222].

A decrease in postabsorptive, but not postprandial resting energy
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expenditure was significant until the data were adjusted for fat mass, suggesting that the
energy effect is dependent on body composition and on fat cell thermogenesis [224].
Four other studies have found linkage between the region on chromosome 5q that
contains the Pcsk1 gene and obesity [225,226,227,228]. Other PC1/3 SNPs that were
also shown to be associated with obesity include the intronic rs155971 and rs3811951 in
a Chinese population [229]. Finally, PC1/3 SNPs are associated with taller body height
and wider chest circumference in goats [230], indicating that PC1/3 could potentially
represent a marker for body size across species.

1.7.3 PC1/3 and other diseases
PC1/3 may also play a role in diseases such as diabetes and cancer. In a leptinresistant mouse model, transplantation of PC1/3-expressing pancreatic cells increases
pancreatic PC1/3 activity, successfully treating diabetes [231].

PC1/3 may also be an

effective target in cancer; changes in PC1/3 expression and activity have also been
implicated in melanoma, in non-small cell lung cancer, and in colorectal liver metastases.
When Blanchard et al. chemically induced tumor growth in transgenic mice with targeted
expression of PC1/3 in the mammary epithelium, enhanced growth of normal and
neoplastic mammary tissue growth was observed [232,233]. In addition, it has been
suggested that PC1/3 may also be utilized as a biomarker to diagnose certain types of
cancer.

For example, silent corticotroph adenomas and prolactin adenomas exhibit

decreased expression of PC1/3 [172].

In contrast, patients with non-functioning

macroadenomas have higher serum anti-PC1/3 autoantibody levels compared to
lymphocytic hypophysitis, other pituitary diseases, and healthy controls [234].
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1.8 Mouse Models
1.8.1 PC1/3 knockout mice
Human and mouse PC1/3s share an overall amino acid similarity of 92.6%, with
98% similarity in the catalytic domain [8]; therefore, knockout mice represent valuable
tools for studying PC1/3 function. Two different PC1/3 knockout mice, and one PC1/3
mutant mouse model, are now available and exhibit different phenotypes [223,235,236].
The first knockout mouse model was generated by targeted deletion of the promoter
region and the first exon [235]. We would expect PC1/3 knockout mice to be obese, as
humans with PC1/3 mutations exhibit early-onset obesity. Surprisingly, 66% of these
homozygous null mutants exhibit neonatal death, and about 33% of the null mice that do
survive are runted due to deficits in PC1/3 processing of pro-growth hormone releasing
hormone and insulin-like growth factor 1; however, hemizygotes are indeed mildly
obese. PC1/3 null mice exhibit deficient processing of many neuropeptide and peptide
hormone precursors, including POMC, proglucagon, and proinsulin. As with the human
cases, not all substrates are affected, implying the presence of compensating redundant
processing by other enzymes [160,163,237,238].
The second knockout mouse model has a targeted deletion from exon 2 to exon 10
of the Pcsk1 gene, and displays a more complex phenotype [236]. Homozygous mutants
exhibit preimplantation lethality and do not survive past the 8-cell stage, even though
94% of the mutant embryos have the capacity to grow until E6 in vitro.

Female

heterozygote mice that are fed a low fat diet are somewhat smaller compared to their WT
littermates, but display age-dependent weight gain when challenged with a high fat diet.
The difference in phenotype between mice and humans, despite high sequence homology,
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suggests that species and genetic background may play a role in predisposition to obesity,
and implies that regulation of substrate cleavage performed by PC1/3 may differ between
species.

1.8.2 PC1/3 N222D mutant mouse
Interestingly, homozygous mice expressing PC1/3 containing a N222D mutation
mimic the human phenotype and exhibit obesity and hyperphagia which is more
pronounced in females [223]. Residue 222 in the catalytic domain is highly conserved
from bacteria and yeasts to humans, and this mutation results in reduced (~45% of WT)
PC1/3 activity [216,223]. In addition to obesity, N222D mice have a defect in insulin
production and exhibit β-cell expansion, perhaps to compensate for their reduced insulin;
surprisingly, they do not develop diabetes. Heterozygotes display an intermediate weight
phenotype unless challenged with a high fat diet, reminiscent of the second knockout
mouse model discussed above. The semi-dominant effect of the N222D mutation on
body weight in mice and humans is intriguing, and the issue of possible dominantnegative effects of N222D on WT PC1/3 activity will be examined further in Chapter II.

1.9 Research Overview
PC1/3 plays an important role in the production of bioactive neuropeptides and
peptide hormones, and mutations and SNPs in the Pcsk1 gene have been associated with
obesity. However, the regulation of PC1/3 activity is not completely understood. To
better study PC1/3, the Lindberg laboratory has been optimizing the purification of
recombinant enzyme in order to obtain milligram quantities of pure secreted mPC1/3.
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Unfortunately, the amount of active PC1/3 recovered from the purification is low, and
activity is spread over multiple peaks, indicating multiple forms. Therefore, this thesis
began with the goals of improving our understanding of the biochemical properties of the
different forms of PC1/3 and describing how these forms may be regulated.
In Chapter II, I will learn that PC1/3 exists as multiple self-associated forms: as
inactive aggregates, as well as active oligomers, dimers, and the known 87 kDa, 74 kDa,
66 kDa monomeric species. I hypothesized that these higher molecular weight forms
could represent a reservoir of active PC1/3, and that dissociation of these aggregates
would result in a higher yield of PC1/3 activity. A variety of biochemical tools were
used to test this hypothesis, and I show in this chapter that endogenous PC1/3 also forms
these aggregates and oligomers, and that dissociation releases active PC1/3 monomers.
These experiments also led to the identification of a new active form of PC1/3—an 87
kDa PC1/3 dimer—and I present certain interesting enzymatic properties of this dimer,
such as activation by KR-containing peptides. Finally, I asked whether mutant N222D
PC1/3 (a mutation that causes obesity in mice), can affect WT PC1/3 activity by
disrupting normal PC1/3 self-association. A portion of the results presented in this
chapter were published in 2011 in Endocrinology, titled “Modulation of PC1/3 Activity
by Self-association and Peptide Binding”. In Chapter III, I address the hypothesis that
proSAAS—the endogenous binding partner of PC1/3—dissociates PC1/3 aggregates to
yield active PC1/3. However, experiments using gel filtration of recombinant protein,
and cross-linking of neuroendocrine cell extracts did not support this hypothesis. I then
speculate on possible endogenous factors such as molecular chaperones which may assist
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with PC1/3 dissociation and refolding, as well as on additional functions that proSAAS
may play in vivo.
In Chapter IV, I describe experiments to identify additional functions for
proSAAS. While proSAAS exerted no effect on PC1/3 aggregation, I hypothesized that
proSAAS may still affect aggregation of other secretory proteins, as proSAAS is found in
neurons and tissues that do not express PC1/3. I focused on proteins implicated in
neurodegenerative diseases that are known to undergo abnormal protein aggregation. I
present data that show that proSAAS can indeed function as an anti-aggregant for Aβ1-42
and α-synuclein, proteins whose aggregation is associated with the pathophysiology of
Alzheimer’s and Parkinson’s diseases. I also demonstrate that the addition of proSAAS
can prevent neurotoxicity induced by Aβ1-42 oligomers.
In the final chapter, these new findings are summarized and possible future
studies are discussed.

Overall, this thesis contributes new information to the

understanding of two important neuroendocrine proteins—PC1/3 and proSAAS—and
describes how they may represent potential therapeutic targets for treating either the
neuroendocrine system or neurodegenerative diseases, respectively.
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1

Chapter II. PC1/3 Activity is Regulated by Self-Interaction and
Substrate Binding

1

Hoshino A, Kowalska D, Jean F, Lazure C, Lindberg I (2011) Modulation of PC1/3
Activity by Self-Interaction and Substrate Binding. Endocrinology 152: 1402-1411.
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2.1 Introduction
As described in Chapter 1, increasing numbers of genome-wide association
studies have shown that mutations and single nucleotide polymorphisms (SNPs) of PC1/3
are associated with increased body weight, insulin sensitivity and processing, and
variations in blood glucose [54,213,214,216,217,219,223,229]. The first human PC1/3
mutation to be described was a compound heterozygote resulting in a null phenotype; this
mutation resulted in extreme obesity, intestinal dysfunction, and highly increased levels
of circulating prohormones [54]. Since then, two other human cases have been reported
with similar clinical phenotypes [213,214].

In addition, a mouse model bearing a

mutation in the PC1/3 gene (N222D) also exhibits an obese phenotype [223]. Despite the
broad range of effects that PCs exert on biological processes through their production of
peptide hormones and neuropeptides, regulatory mechanisms for prohormone convertase
activity remain poorly understood.
Like the peptide hormones they process, prohormone convertases are also initially
produced as precursors. Unlike other convertases, PC2 is known to transit the secretory
pathway as a zymogen and is converted to mature PC2 only within secretory granules
[239]. All other convertases, including PC1/3, undergo propeptide cleavage in the ER;
whether the PC1/3 propeptide continues to remain associated with PC1/3, as is the case
for furin [117], is not yet known. The removal of the PC1/3 prosequence yields a mature
87 kDa form. In the acidic environment of the granules, this 87 kDa form is further
intermolecularly cleaved, resulting in the formation of a 66 kDa form which is highly
active, but also highly labile [25,26,27]. It is unclear whether the 20 kDa C-terminal tail
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interacts with PC1/3 as an inhibitor at certain concentrations [154] or performs a more
complex function [26,156].
In addition to regulated autocatalytic maturation, PCs can be regulated by their
binding partners. For example, proPC2 maturation is directly tied to the expression of its
bifunctional binding partner 7B2. During transport, the N-terminal domain of 7B2 acts to
block unproductive zymogen aggregation, which leads to the formation of inactive
enzyme [239], whereas the 7B2 C-terminal peptide is a potent inhibitor of active PC2
[240]. PC1/3 also possesses a binding partner, proSAAS [71]. Unlike 7B2, proSAAS
expression is not obligatory for the production of active PC1/3 [241], but like 7B2, its Cterminal peptide is a potent inhibitor of PC1/3 in vitro [71,73,207,242,243].
We recently reported that proPC2 and PC2 have a large propensity to aggregate, a
process that the PC2 escort 7B2 helps to block [244]. Like PC2, recombinant PC1/3 is
also susceptible to inactivating aggregation [24]; whether or not aggregation occurs
intracellularly has not yet been investigated. In this chapter, I present evidence that both
recombinant and natural PC1/3 forms exist as multiple ionic populations consisting of
monomers, oligomers and aggregates, and describe the effects of self-association on
enzyme activity. I further address the activation of PC1/3 by small peptides containing
pairs of basic residues, and show that this activation is mediated by both PC1/3
dissociation and processing of 87 kDa to the more active 66 kDa PC1/3. Finally, I
performed transfection studies to determine whether the N222D mutant PC1/3 could
affect WT PC1/3 activity in vitro. For all of our studies, I used mouse PC1/3; PC1/3 is
highly conserved, with 92.6% homology between human and mouse sequences and the
mouse and human enzymes have virtually identical characteristics in terms of
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chromatographic behavior, pH dependency, Ca2+ dependency, substrate specificities, and
molecular forms [139].

2.2 Materials and methods
2.2.1 Recombinant PC1/3 ion exchange purification
Four hundred and fifty ml of conditioned Opti-MEM containing secreted mPC1/3
obtained from highly PC1/3-overexpressing, dihydrofolate reductase/methotrexateamplified CHO cells [24] were filtered through a 0.22 µm filter, diluted with two
volumes of Buffer A (20 mM BisTris, 2 mM CaCl2, 0.4 mM dodecyl maltoside, 0.02%
NaN3, pH 7.0), pumped onto a 10 x 15 cm MonoQ anion exchange column, washed with
30 ml of Buffer A and eluted with the following gradient to Buffer B (1 M sodium
acetate, 20 mM BisTris, 2 mM CaCl2, 0.4 mM dodecyl maltoside, 0.02% NaN3, pH 7.0):
0–35% Buffer B in 60 min, 35–100% Buffer B in 60 min, and isocratic elution with
Buffer B for 10 min. Four and a half ml fractions were collected at a flow rate of 2
ml/min. This purification step was performed by Dr. Dorota Kowalska at the University
of Maryland-Baltimore.

2.2.2 PC1/3 enzyme assay
PC1/3 activity was measured as the rate of cleavage of a synthetic fluorogenic
substrate, pERTKR-(aminomethyl)-coumarin (amc) (final concentration: 200 µM), in 50
μl of PC1/3 reaction buffer, 0.1 M sodium acetate, pH 5.5, containing 0.1% BSA, 5 mM
calcium, and 0.2% octyl glucoside. The release of amc was monitored at 37 C for 30-120
minutes, depending on the assay, at λexcitation/λemission: 380/460 nm.
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2.2.3 SDS-PAGE and Western blotting
Aliquots of purification fractions were denatured with Laemmli sample buffer
containing 6 M urea, boiled and separated on 7.5% Tris-HCl SDS-PAGE gels (BioRad).
Proteins were then transferred onto nitrocellulose membranes and Western blotted using
polyclonal rabbit antiserum raised against the N-terminus of PC1/3 (2B6 1:1000 [70]) or
monoclonal anti-actin (1:4000, Sigma, St. Louis, MO) antibody which served as a
loading control.

2.2.4 Cell culture
AtT-20 cells were grown in DMEM high glucose media containing 10%
NuSerum (Becton Dickinson, Mountain View, CA), 5% fetal bovine serum (Life
Technologies, Grand Island, NY). Human embryonic kidney (HEK) cells were grown in
DMEM high glucose media supplemented with 10% FBS. Cells were maintained at 37 C
in 5% CO2.

2.2.5 Preparation of chromaffin granules
Forty bovine adrenals were dissected and collected medullas were homogenized
in 0.3 M sucrose solution and subjected to a series of centrifugation steps. Briefly, the
sucrose homogenate was centrifuged at 9000 rpm for 20 min to remove microsomes, then
at 10,000 rpm for 20 min to pellet granules and mitochondria. The resulting pellet was
then resuspended in 0.3 M sucrose, layered over a 1.6 M sucrose layer and centrifuged at
35,000 rpm for 1 h. The resulting eight pellets were rinsed with 1.6 M sucrose and stored
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at -20 C until use.

One-fifth of one pellet was extracted with 500 μl of Opti-MEM

(Invitrogen), clarified by centrifugation and used for isoelectric focusing experiments.

2.2.6 Isoelectric focusing
Cell and granule lysates were prepared in Opti-MEM medium (Invitrogen) in
order to provide a same-solution comparison with secreted PC1/3 obtained from CHO
cells; aprotinin (100 μg/ml) as well as a separate inhibitor mix was included (1/10th
volume of a 10X stock;

20 μM

E-64,

20 μM pepstatin, and 20 mM

phenylmethylsulfonyl fluoride (PMSF)). Samples were applied to 11 cm pH 5-8 IPG
strips (BioRad) and actively rehydrated at 50 V for 12 h at 10 C in rehydration buffer
containing 8 M urea, 2% CHAPS, 10 mM DTT, 0.2% Bio-Lyte (BioRad). Proteins were
focused at 8000 V for 35000 kVh, with a current limit of 50 µA/strip. Strips were then
reduced with 50 mM Tris-HCl, pH 8.8, 6 M urea, 2% SDS, 30% glycerol, 1% DTT for
10 min, alkylated with same buffer but containing 1.5% iodoacetamide substituted for
DTT, then transferred to 10% Tris-HCl (BioRad) gels for SDS-PAGE (second
dimension) and Western blotted for PC1/3, as described above.

After blotting,

membranes were stripped, re-blocked, and Western blotted for transferrin as an internal
standard for direct comparison of different runs. Two-dimensional gel electrophoresis
was performed on each sample at least twice, and ionic strength in each sample was kept
constant by diluting each sample ten-fold in rehydration buffer.
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2.2.7 Gel filtration
Aliquots of either PC1/3-containing ion-exchange fractions or of unconcentrated
and filtered conditioned medium from CHO/PC1/3 cells were size-fractionated using two
Superdex 200 10/300GL columns connected in series and eluted with gel filtration buffer
(10 mM BisTris, 150 mM sodium chloride buffer, 6 mM CaCl2, 0.4 mM dodecyl
maltoside, pH 6.5). The flow rate was 0.3 ml/min and either 1 ml fractions or 0.4 ml
fractions were collected. In experiments where samples were fractionated using three
Superdex 200 10/300GL columns connected in series, PC1/3 was eluted with a flow rate
of 0.1 ml/min and 0.5 ml fractions were collected. Fifty µl of each fraction were saved
for enzyme assays and the remaining 450 µl were precipitated with ice-cold
trichloroacetic acid (final concentration: 10%) for 30 min, centrifuged at 12,600 rpm for
30 min at 4 C. The resulting pellets were resuspended in 25 µl of Laemmli sample buffer
and subjected to SDS-PAGE and Western blotting as described above.

2.2.8 In vitro cross-linking
Recombinant PC1/3 aliquots obtained from gel filtration fractions (0.03 mg/ml)
were treated with 0.1% glutaraldehyde for 30 min at 4 C. The reactions were quenched
with the addition of 200 mM ethanolamine for 15 min at room temperature and subjected
to reducing gel electrophoresis on 7.5% gels.

2.2.9 Cell cross-linking
AtT-20 cells were plated into 6-well plates 1 day before the cross-linking
experiment. Cells were washed twice with PBS and incubated for 30 min at RT with
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0.5–1 mM dithiobis[sulfosuccinimidylpropionate] (DSP) (Pierce, Rockford, IL), a
reducible, cell-permeable cross-linker. The reaction was quenched by the addition of 20
mM Tris-HCl (pH 7.4) for 15 min at RT. The cells were then lysed in 1x Laemmli
sample buffer without β-mercaptoethanol and boiled for 10 min. Lysates were then
electrophoresed on 4-20% SDS polyacrylamide gels (Biorad) and analyzed by Western
blotting using the 2B6 antiserum, which recognizes the mature N-terminus of PC1/3.

2.2.10 Radiation inactivation experiments
Recombinant human PC1/3 was partially purified from the medium of GH4C1
cells infected with hPC1-expressing vaccinia virus [139]. For the determination of the
target size (TS), hPC1/3 was labeled with 1 mCi of L-35S-methionine, and the
fragmentation of 35S-labeled hPC1/3 was monitored by SDS-PAGE. Band intensities of
intact PC1/3 were quantified using imaging software and the logarithm of the protein
band intensity was plotted as a function of radiation dose. D37 (where D37 represents the
dose necessary to decrease the band intensity to 37% of its initial value) was obtained by
linear regression analysis, and was used to calculate the target size using the following
equation, based on a previously determined set of protein standards [245]: TS = 1.77 x
106/D37. For the determination of the radiation inactivation size (RIS), 2 U of PC1/3
(where 1 U releases 1 pmol/min of AMC from acetyl-RSKR-amc) were rapidly frozen in
1.5 ml tubes and subjected to 1.2 Mrad/h for varying lengths of time in a GammaCell
model 220
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Co source (Nordion International, Kanata, Ont., Canada). The temperature

was kept at -78 C by the addition of crushed dry ice. The solutions were then thawed and
the residual enzyme activity was determined using the pERTKR-amc substrate; each
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assay was performed in triplicate and repeated with two independent enzyme
preparations. D37 (where D37 represents the dose necessary to diminish enzyme activity
to 37% of its initial value), was obtained by linear regression analysis of residual PC1/3
activity as a function of radiation dose. The RIS was then obtained using this D37,
following a previously determined experimental relationship between enzyme activity
and radiation dose [246]: RIS= 1.29 x 106/ D37. These experiments were performed by
Drs. Francois Jean and Claude Lazure.

2.2.11 Dynamic light scattering
Solutions (0.1–0.2 mg/ml solutions of ion exchange fractions) were subjected to
dynamic light scattering on a Malvern Zetasizer Nano at 4 C.

Late ion exchange

fractions from two independent preparations of PC1/3 were diluted either with ion
exchange Buffer B, or enzyme assay buffer lacking BSA; the experiment was repeated
twice for each preparation.

2.2.12 Active site titration
PC1/3 was preincubated with the inhibitor decanoyl-RVKR-chloromethylketone
(RVKR-CMK; Enzo Life Sciences, Farmingdale, NY) for 30 min at the concentrations
indicated. The activity was then assayed in the presence of 200 µM substrate. For each
PC1/3 sample, the residual rate of activity was plotted as a function of the RVKR-CMK
concentration. Linear regression analysis was used to determine the best fit line, and the
calculated X-intercept was used to represent the concentration of available active sites.
Protein concentration was measured using the BCA protein assay (Pierce, Rockford, IL).
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2.2.13 Substrate stability studies
PC1/3 was preincubated in reaction buffer at 37 C for 2 h together with various
peptides and/or the fluorogenic substrate at the concentrations indicated. At the time of
assay, pERTKR-amc was added to a final concentration of 200 μM and PC1/3 activity
was measured and compared with identical, non-preincubated, reactions. All peptides
except RTKR were synthesized at >85% purity at the University of Maryland, Baltimore
Biopolymer Core Facility; RTKR was synthesized at LSUHSC Core Laboratories.

2.2.14 Transfections
HEK cells were plated into 6-well plates so that each well would be 90%
confluent at the time of transfection, and maintained at 37 C. On the day of transfection,
the cells were washed twice with Opti-MEM (Invitrogen, Carlsbad, CA) prior to
incubation with 800 µl of Opti-MEM containing 2 µg of DNA and 17 µl of
Lipofectamine (Invitrogen, Carlsbad, CA). After 4 h, the medium was replaced with
fresh Opti-MEM containing 0.1 mg/ml aprotinin, and cells were incubated for an
additional 44 h.

2.2.15 PC1/3 assay of cell lysates
The activity of cell lysates was measured as previously described [199]. Briefly,
cells were scraped into 500 µl of extraction buffer (0.1 M sodium acetate, 1% Triton-X, 1
µM E-64, 1 µM pepstatin, 1 mM PMSF, pH 6.0), centrifuged at 3,000 rpm and pulsesonicated two times for three seconds each. The cell extracts were then clarified by
centrifugation at 10,000 rpm for 2 min at 4 C, and the supernatant was saved for

47

subsequent enzyme assays and Western blotting. 15 µl of cell extracts containing WT
PC1/3 was assayed for 2 h, in the presence of increasing amounts of cell extracts
containing N222D PC1/3. The total volume of cell extract in each well was adjusted to
45 µl with cell extracts containing empty pcDNA3.1 vector, and the total assay volume
was 65 μl. The PC1/3 assay buffer contained additional protease inhibitors: 2 µM E-64,
2 µM pepstatin, and 2 mM PMSF. Specific PC1/3 activity is presented as the difference
between activity rates determined in the presence and in the absence of 1 µM LLRVKRamide, a potent PC1/3 inhibitor [73,74].
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2.3 Results
2.3.1 Recombinant and endogenous PC1/3 exist as multiple ionic forms
To purify recombinant PC1/3, we collected conditioned medium from DHFRamplified CHO cells overexpressing mouse PC1/3 (in which the major secreted protein is
PC1/3; see reference [24] and performed anion exchange chromatography [24]. Figure
3A depicts absorbance at 280 nm and the enzymatic activity of a representative
purification. This figure shows multiple PC1/3 activity peaks (labeled I–IV) that elute
along the entire salt gradient; coupled with Coomassie staining (Figure 3B) and Western
blotting (Figure 3C), these data suggest the presence of distinct PC1/3 populations with
different net charges. This general profile was reproduced at least five times with
different batches of conditioned medium, although there was variability in the amounts of
the last two peaks. Activity peak I exhibited high activity, most likely due to the
presence of the more active 66 kDa PC1/3 form, as shown by Western blotting (Figure
3C); however, Coomassie staining (Figure 1B) and Western blotting (not shown)
confirmed that the major protein in these early fractions was 77 kDa transferrin, likely
obtained from the Opti-MEM collection medium. In contrast, activity peaks III and IV
were richest in the 87 kDa form (Figure 3C). To confirm the presence of multiple ionic
PC1/3 populations, we separated an aliquot of the conditioned medium using 2-D gel
electrophoresis. Again, we observed multiple PC1/3 populations that differed in net
charge (Figure 4A).
I then investigated whether natural tissue PC1/3 also exists in multiple ionic
populations. In experiments shown in Figures 4B and C, I prepared AtT-20 cell lysates
(a mouse anterior pituitary cell line) and bovine chromaffin granule lysates and separated
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proteins by 2-D gel electrophoresis. We confirmed the presence of multiple PC1/3
populations exhibiting net surface charges between 4.5 and 6 (Figure 4B and C) in both
cell samples, similar to our results with recombinant CHO cell PC1/3.
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Figure 3. Recombinant PC1/3 exists as multiple ionic forms.
Conditioned medium from CHO/PC1/3 cells was filtered, diluted, loaded onto the
MonoQ column, and eluted with a sodium acetate gradient as described in the Materials
and Methods. UV absorbance was monitored at 280 nm (―) and aliquots of each
fraction (5 μl of 4.5 ml fraction) were assayed for PC1/3 activity (- -) (Panel A). Each
point represents the mean ± SD, N=3. Activity peaks were stained with Coomassie blue
(Panel B) or Western blotted using N-terminal PC1/3 antiserum 2B6 (Panel C).
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Figure 4. Natural PC1/3 also exists in multiple ionic populations.
Two-dimensional gel electrophoresis of secreted recombinant PC1/3 collected from CHO
cells (Panel A); AtT-20 cell lysates (Panel B); and bovine chromaffin granules (Panel
C). Proteins were first separated by isoelectric points on pH 5–8 IPG strips followed by
separation by size on 10% SDS-PAGE. After the second dimension, proteins were
Western blotted with antiserum 2B6 for PC1/3, followed by Western blotting for
transferrin as an internal standard. For each run, a parallel experiment was performed
with pI markers (Bio-Rad), which were stained to provide reference isoelectric points.
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2.3.2 More acidic forms represent defined oligomers and aggregates, while more
basic forms are monomeric
To further characterize the ionic populations of PC1/3, we subjected the two most
extreme ion exchange peaks (activity peaks I and IV from Figure 3A) to gel filtration.
Gel filtration of activity peak I, i.e. the most basic form, yielded activity peaks at
fractions 27 and 29 (Figure 5A), which correlates with the abundance of 74 and 66 kDa
PC1/3 in these fractions as observed by Western blotting (Figure 5B). Coomassie
staining, confirmed by Western blotting (not shown), showed that gel filtration fraction
28 contained mainly 77 kDa transferrin, explaining the lack of activity despite the large
UV-absorbing peak. The fact that the elution volume of PC1/3 is similar to that of 77
kDa transferrin suggests that PC1/3 in activity peak I consists only of monomeric 74 and
66 kDa forms. In contrast, gel filtration of activity peak IV, i.e. the most acidic form,
resulted in additional UV peaks eluting between the void volume and the 44 kDa marker,
suggesting that the PC1/3 species in peak IV consist of a mixture of aggregated,
oligomeric, and monomeric PC1/3 forms (Figure 5C). The large activity peak eluting
ahead of the 158 kDa marker (Figure 5C) exhibited an estimated mass of approximately
216 kDa when calculated using a standard curve constructed from the logarithm of
marker protein mass vs. elution volume.

Interestingly, activity was found only in

fractions containing monomeric 87 and 66 kDa PC1/3 and the 216 kDa form of PC1/3,
but not in fractions containing highly aggregated PC1/3 forms (Figure 5C). Crosslinking of late ion exchange fractions after gel filtration clearly demonstrated the
presence of PC1/3 species with at least four different molecular masses ranging from two
species larger than 225 kDa (aggregates); between 150 kDa and 225 kDa (probable
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dimer; see below); to monomeric 87/74/66 kDa PC1/3 (Figure 5D). These aggregates
and oligomers consisted mainly of 87 kDa PC1/3, although some 66 kDa PC1/3 was
detected in these samples under non-cross-linked, reducing conditions (Figure 5E).

Figure 5. More acidic PC1/3 forms represent defined oligomers and aggregates,
while basic PC1/3 forms are monomeric.
Panel A: Activity peak I from Figure 3A was concentrated and loaded onto two
Superdex columns connected in series. Protein elution was monitored by at 280 nm (―)
and 10 μl of each 1 ml fraction was assayed for activity (- -), N=3, mean ± SD. The void
and elution volumes of molecular weight standards (Bio-Rad gel filtration standards) are
indicated along the top of the panel. Panel B: Activity peaks obtained from gel filtration
in Panel A were Western blotted for PC1/3. Panel C: Gel filtration of the activity peak
IV from Figure 3A. Each fraction (10 µl) was assayed for enzyme activity (- -) and the
mean activity of triplicate wells ± SD are shown. Panels D & E: Of each 1 ml fraction
obtained from Panel C, 25 μl were treated with 0.1% glutaraldehyde (Panel D); or
reduced in Laemmli sample buffer (Panel E) and Western blotted using N-terminal
PC1/3 antiserum 2B6.
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2.3.3 Endogenous PC1/3 also exists as multiple self-associated populations
Direct gel filtration of conditioned medium from CHO cells also resulted in PC1/3
eluting in all fractions between the void volume and 44 kDa marker (Figure 6A),
indicating that PC1/3 aggregates and oligomers are not artifacts of the purification
procedure. Similarly, results obtained from gel filtration coupled with Western blotting
of chromaffin granules also support the idea that natural PC1/3 exists in forms of varying
sizes (Figure 6B). Lastly, cross-linking of live AtT-20 cells, using the cell-permeable
cross-linking agent DSP, revealed endogenous oligomeric and aggregated forms of 87
kDa PC1/3 (Figure 6C). It is apparent that the 87 kDa PC1/3 species becomes crosslinked, as evidenced by the preferential disappearance of this band with increasing
concentrations of DSP, however, disappearance of the 66 kDa PC1/3 band was also
observed at lower exposures (not shown).
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Figure 6. Endogenous 87 kDa PC1/3 exists as monomers, dimers, oligomers, and
aggregates.
A. Two hundred μl of conditioned medium from CHO/PC1/3 cells were filtered and
loaded onto two connected Superdex 200 10/300GL columns. Twenty-five μl of each
one ml fraction were Western blotted for PC1/3. The void and elution volumes of
molecular weight standards (Bio-Rad gel filtration standards) are indicated along the top
of the panel. B. Bovine chromaffin granules were lysed and loaded onto two connected
Superdex 200 10/300GL columns. Twenty-five µl of each 600 µl fraction was Western
blotted for PC1/3. The elution volumes of molecular weight standards (Bio-Rad gel
filtration standards) are indicated along the top of the panel.

The void volume is in

fraction 24. C. Live AtT-20 cells were treated with a membrane-permeable cross-linker,
DSP, for 1 h. The cells were then lysed and Western blotted for PC1/3.
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2.3.4 Radiation inactivation experiments support the idea that the active PC1/3
species is an oligomer
Radiation inactivation analysis was used to determine both the target size and the
enzyme inactivation size of PC1/3. After irradiation of
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S-labeled PC1/3 at different

doses of radiation, samples were subjected to SDS-PAGE to monitor protein
fragmentation. The extent of protein destruction with increasing irradiation is directly
related to protein size, and a linear plot of the band intensity of remaining unfragmented,
full-length PC1/3 against irradiation dose resulted in correlation coefficients of 0.936 and
0.901 in two independent experiments (one of which is shown in Figure 7A). Using a
previously determined relationship between radiation and protein molecular mass [245],
the calculated D37 value from this experiment, 19.9 ± 1.5 Mrad, leads to an estimated
target size value of 89 ± 7 kDa. This is in good agreement with the observed molecular
mass obtained by Coomassie staining of denatured, full-length PC1/3 determined by
SDS-polyacrylamide electrophoresis (87 kDa). When PC1/3 solutions were irradiated at
different doses and the log of residual activity was instead plotted against irradiation
dose, a linear relationship with a correlation coefficient of 0.996 was obtained (Figure
7B). Two independent activity experiments showed correlations of 0.968 and 0.971,
leading to an average D37 value of 5.9 ± 0.1. Using an equation employing known
enzyme standards [246], this D37 value corresponds to a molecular mass of 218 + 5
kDa—significantly larger than the actual target size. When these data are taken together
with cross-linking SDS-PAGE data showing that active fractions contain a molecular
species migrating below the position of the 225 kDa marker (Figure 5D), these results
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support the idea that the majority of active PC1/3 in this peak exists as a homodimer
composed solely of 87 kDa PC1/3.

Figure 7. Radiation inactivation experiments show that the target size of PC1/3 is 89
kDa but the active protein is 218 kDa.
Panel A: 35S-labeled hPC1/3 was exposed to increasing amounts of radiation and
subjected to SDS-PAGE. The intensity of the intact PC1/3 band was plotted as a function
of irradiation dose in order to obtain D37 (the dose necessary to decrease band intensity to
37%), which was then used to calculate the target size. Panel B: hPC1/3 was exposed to
increasing irradiation dose and after irradiation; residual PC1/3 activity was measured
and plotted against irradiation dose. The D37 (dose necessary to reduce enzymatic
activity to 37%) was obtained from this plot and used to calculate the radiation
inactivation size. Calculations were performed using the equations in Materials and
Methods. These experiments were performed by Drs. Francois Jean and Claude Lazure.
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2.3.5 Dissociation of recombinant PC1/3 regulates activity; light scattering
experiments show activation is accompanied by a decrease in size
The 66 kDa form of PC1/3 is an unstable enzyme which rapidly loses activity
[26,27].

I observed that the activity of oligomer-containing fractions consistently

remained more stable than fractions containing only monomers.

I therefore asked

whether a higher molecular weight form was responsible for this prolonged PC1/3
activity, perhaps by slow dissociation to an active species. To promote such dissociation,
I diluted aliquots of activity peak IV from Figure 3A (an oligomer-containing ion
exchange fraction) in PC1/3 assay buffer, and measured the effect of dilution on PC1/3
activity. Serial dilution resulted in a dramatic increase in the specific activity of PC1/3
(Figure 8B), whereas dilution of activity peak I (presumed monomeric 66/74 kDa PC1/3)
had no effect on specific activity (Figure 8A). PC2 was similarly unaffected by dilution
(not shown). Because of differences in salt concentration and pH (the PC1/3 assay buffer
contains 0.1 M sodium acetate at pH 5.5, while activity peak IV was obtained in 1 M
sodium acetate, pH 6.5), I repeated this experiment by diluting the ion exchange fractions
in the corresponding higher salt and/or higher pH buffers. All experiments yielded
similar results (data not shown), suggesting that dilution per se, and not buffer type,
results in increased activity.
To assess whether a molecular size change could be detected upon dilution, we
performed light scattering experiments. Dilution of activity peak IV from Figure 3A
with ion exchange Buffer B or with PC1/3 assay buffer lacking BSA resulted in a greater
than 20 nm decrease in the apparent diameter of the major protein population (Figure
8C). This experiment was repeated two times with similar results. These results support
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the idea that dissociation of an oligomeric population is associated with increased
activity.

Figure 8. Dilution of recombinant PC1/3 increases specific activity and decreases
apparent size.
Activity peak I from Figure 3A containing only monomeric PC1/3 (Panel A) or activity
peak IV from Figure 3A containing aggregates, oligomers, and monomers (Panel B)
were serially diluted in PC1/3 assay buffer and assayed for activity. Specific activity was
calculated by dividing activity by the amount of PC1/3 protein added to the reaction, as
measured by Bradford assay. Each bar represents the mean  SD, N=3. Light scattering
experiments reveal that the apparent size of PC1/3 present in activity peak IV decreases
upon dilution (Panel C).
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2.3.6 Dilution promotes release of active monomeric PC1/3
I further confirmed dissociation of PC1/3 by Western blotting samples that were
cross-linked after serial dilution (Figure 9A). Figure 9 illustrates the fact that both the
largest PC1/3 population (>225 kDa) and dimers are dissociated upon dilution, releasing
probable dimers and monomeric 87 and 66 kDa PC1/3, respectively. The increase in
specific activity plateaus at a dilution of 1:8 (Figure 8B), such that a dilution of 1:16 no
longer results in an increase in specific activity. These results are consistent with the
cross-linking data; at 1:8 dilution, all of the higher molecular weight species have been
converted to monomers, thus further dilutions will not yield additional monomeric PC1/3.
A Western blot of samples not subjected to cross-linking shows that there was equal
loading of protein.
Active site titration was used to test whether the monomeric PC1/3 species
generated via dilution are responsible for the increase in specific activity. After dilution,
PC1/3 samples were preincubated with increasing concentrations of the tight-binding
convertase inhibitor, RVKR-CMK, and the residual activity was plotted as a function of
inhibitor concentration.

Linear regression analysis was performed to calculate the

predicted concentration of inhibitor required to totally eliminate enzymatic activity
(Figure 9B).

The concentration of inhibitor required equals the concentration of

available PC1/3 active sites, assuming 1:1 stoichiometry between inhibitor and PC1/3. In
order to normalize for PC1/3 protein, the results are presented as the % of active PC1/3
out of the total (active and inactive) PC1/3 in the reaction (Figure 9C).
If PC1/3 aggregates convert to monomers that contribute to the observed dilutioninduced increase in specific activity (Figure 8B), the proportion of active PC1/3 should
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increase after dilution. This was the case; in an undiluted PC1/3 sample, of the total
concentration of 230 nM PC1/3 present in the assay, only 34 nM of PC1/3 consisted of
active PC1/3; therefore, only 15% of the total PC1/3 population was in active form.
However, when samples were diluted 1:4, the total concentration of PC1/3 was reduced
to 58 nM, but 37 nM of active enzyme was detected by active site titration. Thus,
dilution increased the proportion of titratable PC1/3 active sites from 15% to 64 %
(summarized in Figure 9C). This is consistent with our Western blot data where the
majority of PC1/3 in the undiluted sample could be cross-linked, while at a 1:4 dilution, a
significant proportion of PC1/3 was monomeric. Therefore I conclude that dilution
causes the PC1/3 oligomers to convert to smaller, active PC1/3 species, resulting in an
increase in active PC1/3 per μg of protein that contributes greatly to the total observed
enzymatic activity.
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Figure 9. Dilution of recombinant PC1/3 promotes dissociation of monomers and
increases the number of active sites.
A. Peak IV from Figure 3A, containing aggregates, oligomers, and monomers, was
serially diluted in PC1/3 assay buffer, either cross-linked (Left panel) or reduced (Right
panel), and Western blotted as described in Materials and Methods. B. Undiluted (1) or
diluted (1:4) PC1/3 was preincubated with increasing concentrations of the inhibitor,
RVKR-cmk. Each activity point represents the mean ± SD, N=3. C. A summary of the
concentrations of active PC1/3. The total PC1/3 concentration was measured using a
BCA protein assay.
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2.3.7 Fluorogenic substrate and peptides containing a C-terminal pair of basic
residues stabilize/activate various forms of PC1/3
I also investigated whether PC1/3 could undergo other forms of regulation, such
as substrate or peptide stabilization or activation. These parameters were assessed by
preincubating various PC1/3 forms in the presence or absence of the pERTKR-amc
fluorogenic substrate (or other small peptides) at 37 C for 2 h. At the end of the
preincubation period, enzyme activity was measured in all samples and compared with
the activity obtained without preincubation. After 2 h at 37 C, 66 and 87 kDa PC1/3 lost
98% and 20% of their starting activities, respectively. However, in the presence of
substrate, 66 kDa PC1/3 activity was stabilized, and 87 kDa PC1/3 activity was activated,
both in a dose-dependent manner (Figures 10A and B). At least 10 μM substrate was
required to observe these effects.
I also tested other small peptides related to our substrate, such as the nonfluorogenic peptides pERTKRS, and a cleavage product from our substrate, pERTKR,
and obtained similar results (Figures 10C and D). The other possible cleavage product
from the PC1/3-substrate reaction, amc, was inert (Figures 10C and D). The peptides
pERTSS (the basic residues of the cleavage recognition sites are mutated) and pERT (the
final product of the fluorogenic substrate following CPE action) were also inactive (not
shown), suggesting that a terminal KR is required for these PC1/3 stabilization and
activation effects.
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Figure 10. Substrate-like molecules stabilize/activate various forms of PC1/3 activity
in a dose-dependent manner.
66 kDa PC1/3 (Panel A) and 87 kDa PC1/3 (Panel B) were preincubated with increasing
concentrations of the synthetic substrate, pERTKR-amc, or with POMC, for 2 h at 37C.
Substrate concentration was adjusted to 200 μM immediately prior to the assay and
activity was compared to PC1/3 not subjected to preincubation. Activity greater than
100% indicates an activation event. 66 kDa PC1/3 (Panel C) and 87 kDa PC1/3 (Panel
D) were preincubated with 10 μM substrate, substrate-like peptides, or amc for 2 h at
37C. At the end of the preincubation period, 200 μM substrate was added and PC1/3
activity was measured. Activity of 66 kDa and 87 kDa prior to preincubation was 1.9
RFU/min and 0.96 RFU/min (4.3 pmol/min and 2.2 pmol/min) respectively, for dosedependent studies. For peptide stability assays, PC1/3 activity (prior to preincubation)
was 2.8 RFU/min (6.4 pmol/min) for both 66 and 87 kDa PC1/3. Results represent the
mean ± SD of triplicate wells. Veh, Vehicle.
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Because the 87 kDa PC1/3 enzyme used for these activation experiments
contained a variety of PC1/3 forms with varying molecular masses (see Figures 5C and
D), in order to determine which enzyme species was most affected by incubation with
peptide, I separated activity peak IV PC1/3 from Figure 3A using gel filtration. Taking
small fractions to better discriminate the peaks, I measured activity either immediately, or
following preincubation with or without 10 μM pERTKR-amc for 2 h at 37 C. Fractions
assayed immediately exhibited an activity profile similar to Figure 5C, with activity
peaks in fractions 63 and 67, correlating with the probable dimeric and monomeric forms
of 87 kDa PC1/3.

After preincubation with 10 μM pERTKR-amc, I observed a

pronounced increase in enzyme activity in fractions 61–66 (Figure 11A). Cross-linking
studies revealed that these fractions contain both monomeric 87 kDa PC1/3 and the
probable 87 kDa PC1/3 dimer (Figure 11B). However, preincubation of monomeric
PC1/3 with 10 μM pERTKR-amc for 2 h at 37 C resulted in stabilization of activity
rather than in activation (fractions 67–80). Interestingly, inactive PC1/3 populations
eluting near the void volume and the 670 kDa marker did not exhibit any increase in
activity even after preincubation with 10 µM pERTKR-amc, suggesting that not all selfassociated PC1/3 populations can be activated by substrate.

This experiment was

repeated three times with different PC1/3 preparations with similar results.
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Figure 11. Only a subset of PC1/3 species can be stabilized/activated by pERTKRamc.
In order to determine the size of the PC1/3 species responsible for the substrate
activation, 10 µl of the 0.4 ml gel filtration fractions shown were either assayed
immediately (― ―) or following preincubation for 2 h at 37 C with substrate (- -)
(Panel A). Molecular weight standards for this gel filtration chromatography are
indicated at the top of the panel. Each activity point represents the mean  SEM, N=2.
Activity peaks were either cross-linked with glutaraldehyde (Panel B) or reduced (Panel
C) and Western blotted as described in Materials and Methods. Activity peaks that were
stabilized or activated by the presence of substrate are marked with an asterisk (*).
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2.3.8 Activation by KR-containing peptides is mediated by both dissociation and
processing
To investigate the mechanism behind the activation of PC1/3 by KR-containing
peptides, I first separated Peak IV from Figure 3A using three Superdex columns
connected in series, and collected 500 µl fractions. The addition of a third column
greatly improved the separation that was obtained between the two activity peaks which
were activated by KR-containing peptides (which I will refer to as Peaks V and VI)
(Figure 12A). Panel B represents the activity curve for Peak V (fraction 80) and Peak
VI (fraction 86), illustrating the typical initial lag phase, which is followed by an
exponential increase in enzymatic activity. This exponential increase is reflected by the
differences in activity rates calculated from different time points within the 2 h enzyme
assay. Peak V exhibited a faster exponential rise than Peak VI; this is consistent with the
higher PC1/3 activity in Peak V at all time points. Panel C represents Peaks V and VI
which were cross-linked either immediately after gel filtration chromatography, or after
preincubation with 200 µM pERTKR-amc for 2 h. Cross-linking confirmed that dimers
and oligomers larger than 225 kDa account for the majority of the proteins in Peak V.
However, at the end of the 2 h preincubation, these dimers and oligomers had dissociated,
mainly to 87 kDa monomers. Western blotting of reduced samples showed limited
processing of 87 kDa to the 74- and 66 kDa forms, and these smaller forms were not
visible unless membranes were exposed for additional time to substrate. In contrast, Peak
VI originally consisted of 87 kDa dimers and monomers in a 1:1 ratio, but after
preincubation, only monomeric PC1/3 was observed (Figure 12C).

In addition,

processing of PC1/3 to its C-terminally truncated 74 kDa form was observed. Therefore,
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I conclude that activation is mediated both by dissociation and by processing of 87 kDa
oligomers and dimers to smaller forms of PC1/3. Furthermore, the exponential increase
is a reflection of the increase in the number of active 87 kDa PC1/3 species that
contribute to total enzymatic activity, as well as the formation of 66 kDa PC1/3, which
exhibits a higher specific activity than 87 kDa PC1/3.
In order to provide additional evidence that activation of PC1/3 oligomers is due
to dissociation of PC1/3, I irreversibly cross-linked PC1/3 oligomers with glutaraldehyde
prior to preincubation with 10 µM RTKR. Surprisingly, cross-linked PC1/3 retained
90% of its enzymatic activity, further supporting the presence of active self-associated
PC1/3 forms. However, when PC1/3 dissociation was prevented with the cross-linker,
glutaraldehyde, preincubation with 10 µM RTKR did not result in enzyme activation
(Figure 12D). These results are consistent with previous data showing that activation of
PC1/3 by KR-containing peptides requires PC1/3 dissociation.
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Figure 12. Activation by KR-containing peptides is mediated both by dissociation
and by cleavage of 87 kDa to 66 kDa PC1/3.
Panel A. Recombinant PC1/3 was subjected to ion exchange purification and then
loaded onto 3 Superdex columns connected in series. Thirty µl of each 450 µl fraction
(from #70–88) were assayed in triplicates, mean ± SD. A 2 h activity assay is here
broken into 30 min intervals to better demonstrate the increasing activity of PC1/3 over
time. Peak V contains oligomerized 87 kDa PC1/3; peak VI contains 87 kDa PC1/3
dimers and monomers. Longer assays show increasing PC1/3 activity, especially in
larger forms. Panel B. Enzymatic activity curves of Peak V (fraction 80, eluting around
the 158 kDa gel filtration marker) and Peak VI (fraction 86). The data represent the
activity of PC1/3 in triplicate wells (
errors are smaller than the curve) and are
characterized by an initial lag phase (10 min) followed by an exponential increase in amc
release (from the hydrolysis of the fluorogenic substrate pERTKR-amc). Panel C.
Activity peaks V and VI (from Panel A) were either cross-linked with glutaraldehyde
(Top panels) or reduced (Bottom panels), prior to (Left panels) or following
preincubation (Right panels) with 200 µM pERTKR-amc for 2 h at 37 C. Panel D.
Activity peak IV from Figure 3A (containing all forms of self-associated PC1/3) was
either treated with vehicle or cross-linked with glutaraldehyde, and then preincubated
with 10 µM of RTKR peptide prior to the enzyme assay. PC1/3 was activated by the
peptide only when the enzyme was not cross-linked, suggesting that activation of PC1/3
requires dissociation of oligomers.
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I was initially interested in identifying which of the 87 kDa PC1/3 forms (dimer
or monomer) was the most active form of PC1/3. Unfortunately, when I realized that
PC1/3 dissociation and processing were dynamic processes that occurred during the
enzyme assay, I saw that quantifying the specific activity of each form would be
technically impossible. I then attempted to take advantage of reversible cross-linkers
such as DSP or disuccinimidyl tartrate (DST) to manipulate self-association, and
determined that sufficient cross-linking with these agents, at a concentration that did not
abolish enzyme activity, was not achievable (data not shown).

I also attempted to

separate the different PC1/3 molecular weight forms using blue-native gels, but the
recovery of PC1/3 protein and enzymatic activity from the gel was poor (less than 10%).
Thus, while blue-native gels are useful in identifying the various PC1/3 forms, they are
not suitable for calculating the specific enzyme activity of each form. In summary, due
to technical limitations, I was not able to identify which 87 kDa PC1/3-containing form,
dimer or monomer, exhibits the highest specific activity.

2.3.9 The effect of N222D PC1/3 on WT PC1/3 activity
Interestingly, mice that are heterozygous for the N222D mutation exhibit a
dominant-negative weight phenotype when placed on a high fat diet [223]. Preliminary
results from our own laboratory suggested that mutant N222D PC1/3 reduces the
secretion of WT PC1/3 (L. A. Pickett and I. Lindberg, unpublished observations),
implying that N222D may associate with WT PC1/3 and affect its cellular itinerary.
Therefore, I tested the hypothesis that the addition of N222D PC1/3 will affect WT
PC1/3 activity in vitro.

WT and N222D PC1/3 were obtained from transiently-
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transfected HEK cells and PC1/3 expression in cells was verified by Western blotting
(Figure 13A). N222D PC1/3 present in clarified cell extracts was then added to WT
PC1/3 to achieve different ratios of WT to N222D PC1/3 forms; total cell extract volume
was adjusted with clarified extracts transfected with empty pcDNA 3.1, and PC1/3
activity was measured. If the hypothesis of dominant-negative effect were correct, I
would have expected to observe a decrease in PC1/3 activity in the presence of increasing
concentrations of N222D PC1/3. However, no deleterious effect of N222D PC1/3 on
WT PC1/3 activity was observed during the 2 h assay at the ratios tested (Figure 13B),
suggesting that N222D PC1/3 does not directly inhibit PC1/3 activity. Instead, activity of
WT and N222D assayed together exhibited an additive PC1/3 activity. N222D assayed
alone only exhibited 40% of activity compared to WT, as expected. This experiment was
repeated with different PC1/3 constructs and yielded similar results (results not shown).
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Figure 13. The addition of N222D PC1/3 does not affect total PC1/3 activity in vitro.
Panel A. HEK cells transiently transfected with WT, N222D, or pcDNA 3.1 were
Western blotted for PC1/3 expression and actin as a loading control, as described in
Materials and Methods. Panel B. Fifteen µl of cell extracts expressing WT PC1/3 were
assayed in the presence of increasing volumes of cell extracts containing N222D PC1/3.
The total volume of cell extract was adjusted to a constant volume using cell extracts
transfected with empty pcDNA vector. Each bar represents the mean ± SD, N=3.
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2.4 Discussion
PC1/3, most often the first active convertase encountered by neuropeptide and
peptide hormone precursors, clearly plays an initiating role in bioactive peptide
processing. However, little is known about the regulation of its activity beyond its
known proteolytic processing to smaller forms in endocrine cells [25,26,27] and its
interaction with proSAAS [73,74,242]. In the present study, I have identified multiple
PC1/3 populations that differ both in charge and in size, and have characterized the
enzymatic activity of two such forms.
Ion exchange chromatography demonstrated that recombinant PC1/3 consists of
multiple species with varying net charges (Figure 3).

Two-dimensional gel

electrophoresis of various samples, i.e. medium containing recombinant PC1/3, AtT-20
cell extracts, and chromaffin granule extracts (Figure 4), as well as medium from
CHO/PC1/3 cells expressing lower levels of PC1/3 (data not shown), confirmed the
presence of multiple ionic forms. These findings rule out the notion that differences in
ionic populations arise as an artifact of either overexpression or purification and suggest
instead that charge differences develop from intrinsic properties of this enzyme.
I used gel filtration chromatography to demonstrate that different ionic PC1/3
populations contain PC1/3 species with varying molecular masses.

The most basic

population of PC1/3 molecules exhibit high levels of enzymatic activity that correlate
with the presence of monomeric 66 kDa and 74 kDa PC1/3, known to be much more
active than 87 kDa PC1/3 [26,27,128]. This was unexpected, since the removal of the Cterminal tail of 87 kDa PC1/3, which has a predicted pI of 9, results in the generation of a
66 kDa form predicted to be much more acidic and therefore better retained by anion
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exchange chromatography than 87 kDa PC1/3. Instead, the most acidic PC1/3 forms,
peaks III and IV, consisted of a mixture of aggregated, oligomeric, and monomeric 87
kDa PC1/3 species. Interestingly, the bulk of enzyme activity in these acidic populations
eluted slightly ahead of the 158 kDa marker with an estimated size of 216 kDa, indicating
that active PC1/3 is an oligomer. Radiation inactivation experiments also supported the
idea that active PC1/3 is an oligomer, as did blue-native gels (results not shown).
Although the estimated size of 216 kDa indicated by gel filtration and radiation
inactivation could also support the idea of a trimer, cross-linking of the proteins present
in the major peak of activity following gel filtration confirmed the presence of distinct
PC1/3 species between 150 and 225 kDa, indicating that a dimer (predicted size = 174
kDa) represents the more likely possibility. The majority of PC1/3 in this peak consisted
of the 87 kDa species, suggesting a possible homodimer; I speculate that the
conformation of this dimer may be such that it migrates anomalously by gel filtration.
Although oligomerization appears to account for the majority of the ionic
heterogeneity of PC1/3, post-translational modifications could potentially also account
for a portion of the charge and size variation in different enzyme populations. PC1/3 has
been shown to be both glycosylated and sulfated [26,122]. Indeed, treatment of PC1/3
from activity peaks I-IV from Figure 3A with N-glycosidase F resulted in
deglycosylation of both 66 kDa and 87 kDa PC1/3, resulting in a downward molecular
weight shift (results not shown). However, there was no difference in deglycosylation
pattern among the various ion exchange peaks, suggesting that glycosylation per se does
not affect PC1/3 self-interaction.
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Gel filtration analysis confirmed that activity peak IV from Figure 3A contains a
mixture of aggregates, oligomers, dimers, and monomers of 87 kDa PC1/3. I found that
dilution of activity peak IV resulted in increased specific activity.

Dynamic light

scattering experiments and cross-linking studies supported the notion that dilution
promotes the dissociation of a given oligomeric PC1/3 population into a smaller and
more active enzyme species, suggesting that certain PC1/3 forms can interconvert. In
addition, this mixture also contained a large amount of inactive, aggregated PC1/3
molecules which could not be reactivated. It is also possible that these aggregates are
inhibitory and their removal by dilution or purification may allow monomers and dimers
to function more effectively. In secretory granules, the presence of the known PC1/3
binding protein proSAAS may affect PC1/3 oligomerization and activity; 7B2, a binding
partner of PC2, is known to block proPC2 aggregation [244]. This hypothesis will be
tested in Chapter III.
An important finding of the current study is that low concentrations of the
standard convertase fluorogenic substrate, pERTKR-amc, can stabilize the 66 kDa form
of PC1/3.

It should be pointed out that a proportion of substrate present during

preincubation was hydrolyzed by the enzyme; therefore, this stabilization could occur via
product rather than by substrate. In support of this hypothesis, short peptide products
containing a pair of basic residues were functional in stabilizing PC1/3 activity.

I

speculate that this peptide stabilization is due to the occupation of the active site, which
keeps the enzyme in an active conformation. Oddly, the natural PC1/3 substrate POMC
was not able to stabilize 66 kDa PC1/3; I speculate that the large size of POMC could
render its binding inefficient.
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Interestingly, I found that the same peptides which stabilize 66 kDa PC1/3
function as activators for 87 kDa PC1/3. Because the activation effect is only observed
for 87 kDa PC1/3, the C-terminal tail that differentiates the 66 kDa from the 87 kDa
species of PC1/3 must contribute substantially to activation. It has been shown that the
C-terminal tail can act as a PC1/3 inhibitor at μM concentrations in a complex, bimodal
manner [154]; I speculate that binding of activating small peptides might alter the
conformation of 87 kDa PC1/3 such that C-terminal tail-mediated autoinhibition is
lessened. In this regard it is interesting to note that tethering of PC1/3 by its C-terminal
tail to membranes results in an apparent increase in the activity of transfected enzyme
[156]. Alternatively, it is possible that stabilizing peptides shift the equilibrium between
different active forms, perhaps between 87 kDa dimers and monomers, or oligomers and
dimers, in a C-terminal tail-mediated fashion. This hypothesis is supported by the fact
that peptide activation of 87 kDa PC1/3 disappears at dilute enzyme concentrations,
implying that conditions favoring PC1/3 self-association are required for this effect to
manifest. Furthermore, the PC1/3 C-terminal tail has been shown to induce dimerization
of monomeric immunoglobulins [61]; if the C-terminal tail is also responsible for the
formation of PC1/3 dimers, then perhaps the binding of peptides alters the particular
conformation that allows these dimers to dissociate into active PC1/3 monomers. More
work is needed to identify the biochemical mechanism underlying enzyme activation, but
this study implies that the C-terminal tail could represent a promising pharmacologic
target for the therapeutic increase of PC1/3 activity.
Our study also has implications for clinically-observed PC1/3 polymorphisms.
The biochemical basis for the profound effect of most human PC1/3 mutations on body
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mass and glucose levels remains unclear. For example, the catalytic domain N222D
mutation results in an enzyme which can be up to 60% less active than WT PC1/3, and
generates a semi-dominant phenotype with regard to body mass in N222D heterozygote
mice placed on a high fat diet [223]. If PC1/3 functions as a higher order oligomer, then
the presence of mutant enzyme may impair the activity of a large number of WT enzyme
molecules, thus explaining the aberrant heterozygote phenotype revealed by challenge
with a high fat diet. Experiments to directly test the effects of the N222D PC1/3 on WT
PC1/3 activity cells confirm a strong dominant-negative effect of mutant enzyme on the
secretion of WT PC1/3 and the activity detected in the conditioned media of HEK cells
(L.A. Pickett and I. Lindberg and, unpublished results). However, I could not detect a
dominant-negative effect of mutant enzyme on WT PC1/3 activity in HEK cell extracts
during a post-transfection activity assay. It may be that initial association of WT and
mutant requires a subcellular locus.
In conclusion, I have here demonstrated that multiple species of recombinant and
endogenous PC1/3s exist which efficiently self-associate and which carry varying surface
charges. One 87 kDa PC1/3 population was identified as a likely dimer, and exhibited
activity which was strongly enhanced by short peptides containing two terminal
sequential basic residues. Taken together, our data suggest that oligomerization and
peptide activation can be added to intermolecular cleavage and association with
proSAAS as potential methods of regulating PC1/3 activity.
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Chapter III. Lack of Effect of ProSAAS on PC1/3 Aggregation
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3.1 Introduction
Out of the nine family members that comprise the prohormone/proprotein
convertase family, PC1/3 and PC2 are the only enzymes known to have endogenous
binding partners, proSAAS and 7B2, respectively. ProSAAS is a pan-neuronal protein
which exhibits unique properties such as calcium binding and acidic pI (reviewed in
[247]), and its C-terminal domain is a potent inhibitor of PC1/3 [71,73,74]. The gene
Pcsk1n encoding proSAAS is located on mouse chromosome XA1.1 and on human
chromosome Xq11.23, and contains 3 exons. Mammalian proSAAS sequences share
over 85% similarity [113] and despite quite limited overall sequence similarity (30%) in
lower vertebrates such as frog and zebrafish, certain potential α-helices, basic cleavage
sites, and the C-terminal PC1/3 inhibitor region have all been conserved in these lower
vertebrates, implying functional attributes [113]. ProSAAS has not yet been identified in
any invertebrate, though PC1/3 is clearly present in invertebrate species; lack of
identification may be due to insufficient overall sequence homology [113]. ProSAAS has
a broad distribution throughout neural and endocrine tissues [90], but the highest
expression is observed in the hypothalamus, and includes the arcuate, supraoptic and
superchiasmatic nuclei, which is consistent with its role in regulating neuropeptide
processing via its activity on PC1/3 [76,83,243,248,249,250].
Full-length 27 kDa proSAAS consists of a proline-rich N-terminal domain and a
41-residue C-terminal tail, separated from the N-terminal domain by the conserved furin
cleavage site RRLRR, as depicted in Figure 14. This domain architecture is quite similar
to that of 7B2. The inhibitory function of proSAAS has been well-characterized in both
in vitro and in vivo systems. The carboxy-terminal 41-residue domain of proSAAS (also
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known as Big PEN-LEN [73,74,251]) is a tight, slow-binding competitive inhibitor of
PC1/3 and inhibits this enzyme in the nanomolar range (1.5-7.5 nM) depending on the
protein/peptide length [71,73,74]. ProSAAS fragments can weakly inhibit PC2 as well,
but inhibitory potency for PC2 is reduced by 600- to 1500-fold [71,74]. The inhibitory
region can be narrowed to a hexapeptide—LLRVKR—which is found within the PEN
product, and mutation and peptide synthesis studies have shown that the terminal KR
residues are required for inhibition [73,74,207,241,242]. Binding assays indicate that
proSAAS binds to 66 kDa PC1/3 and to a lesser degree, to 74 kDa PC1/3, but does not
bind to the larger 87 kDa PC1/3 species (variations in the reported molecular weights of
PC1/3 are due to different enzyme sources); association required a mildly acidic pH of
5.5 [73].
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Figure 14. Domain structure of proSAAS.
The RRLRR furin cleavage site and other processing sites are indicated by arrows.
Peptide products derived from the N-terminus of proSAAS are shown in blue, and
peptide products derived from the C-terminus are in green. The inhibitory hexapeptide,
LLRVKR, is shown. 27 kDa and 21 kDa proSAAS have also been referred to as 26 kDa
and 22 kDa proSAAS, respectively, by other laboratories.
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In AtT-20 cells studied under pulse/chase conditions, overexpression of fulllength 27 kDa proSAAS inhibits POMC processing and reduces the rate of conversion of
87 kDa PC1/3 to the 66 kDa form (although under steady-state conditions, POMC
processing is not affected) [71,121,241]. In HEK cells, co-expression of PC1/3 and the
proSAAS C-terminus reduces zymogen processing and the overall secretion of all mature
forms [121].

However, the role of proSAAS in cellular peptide processing is not

completely understood.
Interestingly, mice overexpressing proSAAS under the beta-actin promoter
exhibit normal pituitary neuropeptide processing and normal body weight until weeks 1012 [252]. At this point the proSAAS transgenic mice begin to weigh 30-50% more, have
twice as much body fat, and exhibit higher elevated blood glucose levels than WT mice.
However, PC1/3 maturation is not altered in these mice. In vivo, extensive processing of
proSAAS exposes the KR of the inhibitory LLRVKR sequence to the carboxypeptidasetrimming enzyme, CPE, rendering the peptide non-inhibitory; thus, intact proSAAS only
transiently inhibits PC1/3 [248]. Therefore, the transgene was also expressed in CPEfat/fat
mice (which bears a point mutation in the CPE gene rendering the enzyme inactive). In
these mice, the inhibitory effect of proSAAS is more pronounced, and processing of
pituitary neuropeptides is reduced, confirming the importance of proSAAS in the
regulation of PC1/3.
ProSAAS clearly plays an important role in neuropeptide production during
development.

The C-terminus of proSAAS shares a similar overall developmental

distribution with PC1/3 [112,251]. At E15.5, as processing of proSAAS first begins and
the inhibitory proSAAS peptide PEN-LEN begins to accumulate, no prodynorphin
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processing is observed. However, prodynorphin processing is initiated once PEN-LEN
levels become undetectable in adult brain extracts [251]. These studies are supported by
work in proSAAS knockout mice. These knockout mice, generated by targeted deletion
of transcriptional and translational start sites and exon 1, are viable but exhibit abnormal
neuropeptide processing in the prenatal brain [77], suggesting that proSAAS inhibits
PC1/3 activity in vivo. Interestingly, this inhibition is lost in adult animals, and levels of
PC1/3 products are restored in adult knockout mice compared to WT mice. This result is
in agreement with the finding that the inhibitory proSAAS peptide PEN-LEN is not
detectable in both the WT and KO adult brain. These studies point to an important role
for proSAAS in regulating neuropeptide processing during development, but it is unclear
how and whether proSAAS regulates PC1/3 activity in the adult brain.
There are many similarities between proSAAS and 7B2; both neuroendocrine
proteins are about 20–30 kDa in size, are exclusively expressed in neurons and endocrine
tissues, and possess C-terminal tails which are potent inhibitors of their cognate enzymes.
However, it has also been shown that 7B2 is a bifunctional protein; its C-terminal tail
inhibits mature PC2 while the N-terminal portion of the protein prevents spontaneous
inactivating aggregation of proPC2, thus facilitating the maturation of active enzyme
[244]. This type of chaperone-like activity has not yet been observed for proSAAS. Like
proPC2, PC1/3 has a large propensity to form inactive aggregates in vitro
[24,25,26,139,140,244]. Interestingly, these aggregates can be dissociated by dilution to
improve the specific activity of PC1/3 ([28], Chapter II). Intracellular PC1/3 is also
aggregated, and could potentially be dissociated to increase PC1/3 activity in cells, but an
endogenous factor that could dissociate PC1/3 is still unknown.
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Therefore, I

hypothesized that in vivo, proSAAS dissociates PC1/3 aggregates to yield active PC1/3
monomers.
In support of this hypothesis, I observed that the effect of proSAAS on PC1/3
activity is time-dependent, such that after a short preincubation time (30 min), proSAAS
is inhibitory, whereas at longer preincubation time (2 h), proSAAS activates PC1/3
(Figure 15). Furthermore, this phenomenon is dependent on the concentration of PC1/3,
which suggests that PC1/3 self-association may play a role in proSAAS-induced
increases in enzymatic activity. Therefore, in Chapter III, gel filtration and cell crosslinking techniques were used to test the hypothesis that proSAAS increases PC1/3
activity over time by dissociating active PC1/3 monomers from larger oligomers. I
predicted that when an oligomer-containing PC1/3 sample (for example, activity Peak IV
from an ion exchange purification) preincubated with 5 mM acetic acid (vehicle) is
separated by gel filtration, PC1/3 will elute in the void volume and in subsequent
fractions as aggregates and oligomers. However, if an identical quantity of PC1/3 is
preincubated with proSAAS for 2 h, PC1/3 aggregates should dissociate into smaller
forms, and elute in later fractions near the 158 kDa and 44 kDa markers (representing
PC1/3 oligomers and monomers). In addition, I predicted that PC1/3 in proSAASoverexpressing cells should be predominantly monomeric.

85

Figure 15. The effect of 27 kDa proSAAS on PC1/3 activity is time-dependent.
A. PC1/3 activity was assayed after a 30 min preincubation with proSAAS vehicle (5
mM acetic acid), and this activity was set as 100%. B. After 30 min preincubation with
recombinant proSAAS, PC1/3 activity is inhibited. C. PC1/3 loses activity when
preincubated for 2 hours at 37 C with vehicle. However, when PC1/3 is preincubated for
2 h at 37 C in the presence of proSAAS, PC1/3 activity is stimulated (D). Each bar
represents the mean ± SD of triplicate wells.
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3.2 Materials and Methods
3.2.1 Preparation of recombinant His-tagged 27 kDa proSAAS
Full-length 27 kDa mouse proSAAS was prepared as described previously [241].
Briefly, E. coli XL-1 Blue cells transformed with pQE30_27 kDa proSAAS plasmid were
grown for 3.5 h, and protein expression was induced with isopropyl β-Dthiogalactopyranoside (IPTG) (1 mM final concentration) for 3.5 h at 37 C followed by
another 16 h at 30 C with shaking. The bacterial pellet was resuspended in Buffer A (6
M guanidine chloride, 20 mM HEPES, pH 7.5) containing 1 mM PMSF and incubated
for 2 hours at 4 C with gentle rocking. The solution was then centrifuged at 12,000 rpm
for 15 min and the supernatant was loaded at a flow rate of 1 ml/min onto a nickel
column (GE Healthcare) previously equilibrated with Buffer A. The protein was refolded
over 3 hours along a gradient of 0-100% Buffer B (20 mM HEPES, 0.1 M NaCl, pH 7.5)
at 0.5 ml/min. The protein was eluted with Buffer C (0.5 M imidazole, 50 mM NaCl, pH
7.5) at a flow rate of 1 ml/min and 4 ml fractions were collected. An aliquot of each
fraction was analyzed by separation on a 15% SDS-PAGE gel and Coomassie staining, as
well as by PC1/3 enzyme assay to confirm PC1/3 inhibition.

Fractions containing

proSAAS were pooled and further purified using reverse phase high performance liquid
chromatography as previously described [243] with slight modifications. The sample
was acidified with acetic acid to a final concentration of 1 M, centrifuged at 13,000 rpm
for 10 min at 4 C, and loaded onto a Vydac C4 column at 2 ml/min. The column was
washed with 25% Buffer D (0.1 M acetic acid in 80% acetonitrile) until the UV
absorption stabilized to baseline value. Protein was eluted using a linear gradient from
25-100% Buffer D into tubes containing 1 M HEPES pH 7.4 to neutralize the acid. After
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analysis by SDS-PAGE and Coomassie blue staining, fractions containing proSAAS
were pooled, lyophilized, and stored at -80 C until use. The purity of the proSAAS
preparations were at least 90% as assessed by Coomassie staining.

3.2.2 PC1/3 activation assay
Aliquots of PC1/3 (Peak IV from ion exchange chromatography purification,
Figure 3A) was assayed after a short (30 min at room temperature) or a long (2 h at 37
C) preincubation with assay buffer (0.1 M sodium acetate, 0.2% octylglucoside, 5 mM
calcium chloride, pH 5.5) in the presence or absence of recombinant 27 kDa proSAAS.
At the time of assay, the fluorogenic substrate pERTKR-amc was added to a final
concentration of 200 µM and PC1/3 activity was measured for 30 min. The activity rates
are normalized such that 100% activity corresponds to PC1/3 activity assayed after a 30
min preincubation in a buffer lacking 27 kDa proSAAS.

3.2.3 Cell culture
AtT-20 cells stably expressing 27 kDa proSAAS (AtT-20/27 PS) (Y. Fortenberry,
unpublished) were cultured at 37 C in 5% CO2, 95% air. The cells were maintained in
DMEM high glucose medium containing 10% NuSerum (Becton Dickinson, Mountain
View, CA), 5% fetal bovine serum (Life Technologies, Grand Island, NY) and 100 µg/ml
hygromycin (Sigma Aldrich, St. Louis, MO).

In vitro cross-linking of cells, SDS-PAGE, Western blotting, and gel filtration
were performed as described in Chapter II.
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Samples were Western blotted using

polyclonal rabbit antiserum raised against the N-terminus of PC1/3 (2B6 1:1000 [70]) or
polyclonal rabbit antiserum raised against recombinant 21 kDa proSAAS (LS#45, 1:500).

89

3.3 Results
3.3.1 ProSAAS does not increase PC1/3 activity via dissociation of PC1/3 oligomers
Gel filtration and Western blotting were used to test whether the PC1/3 activation
event observed after preincubation with 27 kDa proSAAS could be attributed to the
dissociation of PC1/3 aggregates or oligomers. An aliquot of PC1/3 preincubated with 27
kDa proSAAS for 2 h at 37 C was loaded onto two gel filtration columns connected in
series and size-fractionated. Despite the presence of proSAAS, PC1/3 immunoreactivity
was still observed in fractions 13-27, indicating that proSAAS-preincubated samples of
PC1/3 still contained aggregates and oligomers (Figure 16A).

PC1/3 aggregates

preincubated with 5 mM acetic acid (vehicle) also did not dissociate, and PC1/3
immunoreactivity similarly was found in all fractions (Figure 16B).

Figure 16. Preincubation of PC1/3 with proSAAS does not result in aggregate or
oligomer dissociation.
PC1/3 after 2 h preincubation with proSAAS (A) and PC1/3 preincubated for 2 h with 5
mM acetic acid (vehicle) (B) were loaded onto two Superdex columns connected in
series. Twenty-five µl of 1 ml fractions were separated by SDS-PAGE and Western
blotted for PC1/3. The void volume and elution volumes of molecular weight standards
(Bio-Rad) are indicated along the bottom.
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3.3.2 PC1/3 in proSAAS-overexpressing cells is aggregated
In Chapter II, I showed that endogenous PC1/3 in AtT-20 cells could be crosslinked into monomers, dimers, oligomers, and aggregates. I predicted that if proSAAS
functions as an endogenous chaperone for PC1/3, AtT-20 cells overexpressing proSAAS
would contain lesser quantities of aggregated PC1/3. However, when I cross-linked AtT20 cells stably overexpressing 27 kDa proSAAS with increasing concentrations of DSP, I
found smeared PC1/3 immunoreactivity which consisted of PC1/3 dimers, oligomers, and
aggregates that did not enter the gel; simultaneously, there was a disappearance of the 87
kDa PC1/3 band (Figure 17A). Western blotting of the same samples confirmed that
AtT-20/PS cells do express higher levels of proSAAS (Figure 17B) (proSAAS was
undetectable in WT AtT-20 cells at the exposure time used to visualize bands for
proSAAS-overexpressing cells).

Together, these results resemble DSP cross-linking

results obtained in WT AtT-20 cells (Figure 6C) and suggest that increasing cellular
proSAAS expression does not reduce PC1/3 aggregation. However, it should be noted
that the proSAAS-immunoreactive band (~15 kDa) was lower than the expected
molecular weight of 27 kDa; this is probably due to processing of full-length proSAAS
inside the cells. Thus, I cannot exclude the possibility that proSAAS may have been
processed into a non-functional form, and therefore overexpression of proSAAS did not
necessarily result in an increase in proSAAS species that could have dissociated PC1/3
aggregates in vivo.
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Figure 17. PC1/3 in proSAAS-overexpressing cells is still aggregated.
A. Live AtT-20 and proSAAS-overexpressing AtT-20 (AtT-20/27 PS) cells were crosslinked with the membrane-permeable cross-linker DSP for 1 h. The cells were then
lysed, subjected to SDS-PAGE, and Western blotted for PC1/3. B. The same samples
from Panel A were Western blotted for proSAAS. The molecular mass of proSAAS is
smaller than the expected size, possibly due to processing inside of cells.
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In summary, these experiments show that recombinant 27 kDa proSAAS cannot
dissociate PC1/3 aggregates in vitro. In addition, overexpression of 27 kDa proSAAS in
AtT-20 cells does not demonstrably hinder or reduce PC1/3 self-association in vivo.
Therefore, I conclude that proSAAS likely does not function as an endogenous
deaggregating chaperone for PC1/3 in vivo.
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3.4 Discussion
Protein aggregation is a common phenomenon among secretory proteins and may
contribute to protein sorting to the secretory granules of the regulated secretory pathway
[130].

For example, hormones such as prolactin (reviewed in [253]) and insulin

(reviewed in [253,254]), as well as components of the post-translational machinery such
as CPE [255], peptidyl glycine α-amidating mono-oxygenase (PAM) [256] and PC2
[257] have been shown to readily aggregate at mM Ca and low pH conditions, consistent
with the intragranular environment.

In Chapter II, I identified PC1/3 aggregates

originating from multiple sources: AtT-20 cells, bovine chromaffin granules, and in the
medium of CHO cells overexpressing PC1/3 [28]. Interestingly, these self-associated
PC1/3 aggregates and oligomers are largely inactive but can be dissociated via dilution to
release active PC1/3 in vitro. In this chapter, I tested the hypothesis that proSAAS—the
known PC1/3-binding protein—activates PC1/3 by dissociating PC1/3 aggregates, thus
achieving the same effect as dilution.
To monitor the effect of proSAAS on PC1/3 dissociation, I subjected PC1/3
fractions preincubated in the presence or absence of proSAAS to gel filtration analysis. I
predicted that after preincubation with proSAAS, PC1/3 immunoreactivity would shift
from the void volume (fractions 13–14) towards the dimeric/monomeric fractions
(fractions 20-30). Surprisingly, gel filtration fractionation and Western blotting was
unable to demonstrate any effects of recombinant proSAAS on self-associated PC1/3
populations; PC1/3 preincubated with proSAAS still contained a mixture of PC1/3
aggregates, oligomers, and monomers.

The presence of PC1/3 in all gel filtration

fractions, beginning from the void volume, indicates that proSAAS does not activate
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PC1/3 by dissociation of PC1/3 aggregates or oligomers. This is consistent with prior
studies using AtT-20 cells in which PC1/3 is present in aggregated form both intra- and
extracellularly, despite expression of endogenous proSAAS [28,258].

AtT-20 cells

overexpressing proSAAS and those lacking additional intracellular proSAAS contained
comparable levels of PC1/3 aggregates, indicating that increasing proSAAS does not
affect PC1/3 self-association.
It is possible that the lack of proSAAS-mediated PC1/3 inhibition observed after
prolonged preincubation is due to PC1/3 processing of proSAAS into an inactive form.
However, in our in vitro assay, proSAAS remained intact during the 2 h preincubation
period as assessed by Western blotting, suggesting that the activation is not due to the
loss of the inhibitory action (data not shown). In future studies, it will be important to
test whether proSAAS binds to PC1/3 at an allosteric site, which could lead to
conformational changes which either render the enzyme more active, or stabilize PC1/3
in an active state.
It is important to continue investigating alternative endogenous factors that could
promote dissociation of PC1/3 aggregates in vivo. In addition to the obvious catalytic
capability gained from increasing the concentration of active PC1/3 monomers, this
would be beneficial for structural studies. For example, crystallography experiments
require milligram quantities of PC1/3; however these efforts have been stunted by the
fact that more than two-thirds of the secreted PC1/3 is lost to aggregation.
The secretory granule enzyme CPE is another example of a secretory granule
protein that may facilitate PC1/3 dissociation. Mice bearing a mutation in the CPE gene
have decreased PC1/3 expression and impaired prohormone processing, whereas addition
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of recombinant CPE increases PC1/3 activity in vitro ([197,200], A. Hoshino and I.
Lindberg, unpublished observations). However, we did not detect any effect of CPE on
PC1/3 oligomerization and aggregation (A. Hoshino and I. Lindberg, unpublished
observations).
Molecular chaperones represent a potential class of proteins that could play an
important role in modulating PC1/3 aggregation and oligomerization. These proteins are
well-known for their functions in the ER and in the cytoplasm but could also be
potentially useful in the crowded environment of the secretory granules. The many
purposes of chaperones are to ensure that a protein folds properly; remains properly
folded; and reaches its target destination in a functional form. To date, two molecular
chaperones, Cpn60 and clusterin, have been found to associate with PC1/3 [108,259].
Cpn60 belongs to the heat shock protein (hsp) family, and co-localizes and associates
with proinsulin and PC1/3 in the immature secretory granules of pancreatic β-cells [108].
Clusterin is a secreted 75 kDa heterodimeric glycoprotein that has chaperone-like activity
[260]. It forms reversible aggregates [261,262] which dissociate at mildly acidic pH—
consistent with the environment within immature secretory granules—resulting in
enhanced chaperone activity [262,263]. Furthermore, coimmunoprecipitation and gel
filtration studies showed that clusterin associates with PC1/3 in bovine chromaffin
granules [259]. Therefore, it would be interesting to test whether cpn60 or clusterin
participate physiologically in the dissociation of PC1/3, and/or whether other molecular
chaperones are present in secretory granules that function as PC1/3 deaggregants in
neuroendocrine tissues other than β-cells and chromaffin granules.
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Although proSAAS apparently does not function as a chaperone for PC1/3,
additional functions may exist for proSAAS in the adult brain. Prohormones are also
subject to aggregation at various stages during the secretory pathway. For example, it has
been hypothesized that prohormones are aggregated in the TGN or in the immature
secretory granules as a sorting mechanism to successfully enter the mature secretory
granules [130]. However, the majority of proneuropeptide processing occurs in the
secretory granules, so these aggregates must be reversible in order to allow processing
and post-translational modifications to occur. In addition, it has been shown that peptide
hormones can form amyloid structures [264,265]. However, these peptide hormone
amyloids must again dissociate rapidly upon secretion.

Therefore, proSAAS may

function as a chaperone to prevent irreversible aggregation of peptide hormones, rather
than of PC1/3.
In summary, I initially hypothesized that proSAAS could dissociate PC1/3
aggregates or oligomers to release active PC1/3. However, the results obtained from our
gel filtration and cross-linking studies did not support this hypothesis. I then investigated
other factors that may induce dissociation of PC1/3 in vivo, and ruled out a role for CPE
in PC1/3 self-association. During this work I tested chaperone effects of proSAAS on
other neuronal proteins prone to aggregation; these findings will be the subject of the next
chapter. However, a physiological mechanism for PC1/3 oligomer dissociation still
remains to be discovered.
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Chapter IV. A novel function for proSAAS as a secretory
chaperone
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4.1 Introduction
Although initial studies on proSAAS were focused on the regulation of PC1/3
activity, it is important to mention that proSAAS is a pan-neuronal protein, expressed
even in non-prohormone convertase 1/3-expressing cells. This raises the possibility of
additional functions performed by proSAAS in a subset of tissues [83,90]. In support of
this hypothesis, recent studies have now emerged showing that various proSAAS-derived
peptides participate in a number of physiologically important systems including circadian
rhythm [75,76], food intake [250], energy balance [77], and fetal neuropeptide processing
[77].
Furthermore, PC1/3 and proSAAS expression is not always co-regulated. For
example, Mzhavia and colleagues showed that although proSAAS is an endogenous
inhibitor of PC1/3, long-term treatment of AtT-20 cells with secretagogues increases
PC1/3 mRNA levels without affecting proSAAS mRNA [171]. A small number of
reports have shown that proSAAS expression responds to environmental stresses such as
dehydration [266], hypoxia [267], cold (increased in female hypothalamus) [268], and
high fat diet (increased levels in the female hippocampus) [268]. These differences
between the regulation of PC1/3 and proSAAS regulation support the hypothesis that
proSAAS may have non-PC1/3 related functions in vivo.
In the decade since its discovery, the role of proSAAS has been implicated several
times in various neurodegenerative diseases. Interestingly, proSAAS immunoreactivity
has been found in neurofibrillary tangles and neuritic plaques of brain tissues from
patients with Alzheimer’s disease (AD), Parkinsonism-dementia complex, and Pick’s
disease, implying a possible involvement of proSAAS in the pathophysiology of general
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tauopathies [269,270]. In addition, proSAAS is co-localized with Aβ1-42, Aβ1-40, and tau
in a transgenic mouse model of AD, as well as with α-synuclein in human Parkinson’s
disease brain tissue (M. Helwig, A. Hoshino et al., submitted).

In addition, four

independent proteomic studies have identified proSAAS as a candidate biomarker in AD
and frontotemporal dementia (FTD), showing significant changes in the levels of
proSAAS-derived peptides in the cerebrospinal fluid of these patients [271,272,273,274].
As mentioned in the previous chapters, another secretory protein, 7B2, has also
been reported as a possible chaperone. Indeed, Chaudhuri and colleagues showed that
7B2 blocks the aggregation of IGF-1[275] and experiments from our laboratory showed
that 7B2 blocks aggregation of proPC2, and can also prevent fibrillation of other proteins,
namely, Aβ1-42 and α-synuclein ([244], M. Helwig and A. Hoshino et al., submitted).
Based on these studies mentioned above, I hypothesized that proSAAS, which bears
structural similarities to 7B2, could also function as a chaperone to prevent aggregation
of proteins implicated in neurodegenerative disease.
AD is a devastating neurodegenerative disease that affects 35.6 million people
worldwide (Alzheimer’s Disease International).

It is responsible for most cases of

dementia, and hallmarks of AD brains include neuronal loss in memory-related areas,
intracellular neurofibrillary tangles composed of hyperphosphorylated tau, and aberrant
aggregation of Aβ1-42 peptide into extracellular plaques. In the hippocampus and in the
cortex of AD brains, both diffuse and dense core plaques are found. These tau tangles
and Aβ plaques are hypothesized to contribute to pathophysiology by disrupting normal
cell function, although exactly how this process occurs is still unknown. Parkinson’s
disease (PD) is the second leading neurodegenerative disease and affects 7-10 million
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people worldwide. PD represents another example of protein aggregation disease; in PD,
the α-synuclein protein aggregates into cytoplasmic Lewy bodies. In PD brains, a 5070% loss of dopaminergic neurons is observed in the substantia nigra, leading to multiple
motor symptoms such as resting tremor, muscle rigidity, and bradykinesia.

Pick’s

disease is a rare neurodegenerative disease that is characterized by tau aggregates, called
Pick bodies, in numerous areas of the frontal and temporal lobe. Like AD, patients
present with dementia, but usually show personality changes prior to exhibiting memory
deficits. All of these diseases share the feature of abnormal deposits of aggregated
proteins that are thought to ultimately lead to neurodegeneration. Therefore, identifying
drugs or molecular chaperones to prevent Aβ1-42, α-synuclein, or tau from aggregating
could represent a viable strategy for preventing or slowing down the progression of
neurodegenerative diseases.
In summary, the known differences in proSAAS and PC1/3 expression and
regulation support the hypothesis that proSAAS functions in vivo include not only
regulation of PC1/3 activity, but also roles unrelated to PC1/3 and neuropeptide
production. In this chapter, I tested the hypothesis that proSAAS is a secretory chaperone
for aggregation-prone proteins, and focused my studies on peptides and proteins
implicated in AD and PD. In vitro aggregation assays were used to show that proSAAS
serves as a potent anti-aggregation chaperone for Aβ1-42 and α-synuclein, but not for Aβ140

or tau. I also present immunohistochemical and in vitro cell data that support the

hypothesis that proSAAS functions as a novel type of secretory chaperone (M. Helwig
and A. Hoshino et al., submitted).
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4.2 Materials and methods
4.2.1 Preparation of recombinant His-tagged proSAAS
The 21 kDa mproSAAS (1-180) plasmid was prepared as described previously
[241]. Plasmids encoding N-terminally truncated His-tagged proSAAS fragments were
generated using pQE30_21 kDa proSAAS plasmid as a template. PCR was performed
using the GC-Rich PCR system (Roche Applied Science, Indianapolis, IN) and the
following primers: a common 3’ primer (5’-TAG GAA GCT TTT ACG GGG CAG
GAG CAG CCT C-3’) and the 5’ primers (5’-CGC GCA TGC GCG CAG GAG GCT
GAG GAT CAG CA-5’) for proSAAS62-180 and (5’-CGC GCA TGC GAC GCT CCA
GCT GCA CAG CTC GC-3’) for proSAAS97-180. The PCR products were purified using
Quick PCR purification kit (Qiagen Inc, Chatsworth, CA), digested with HindIII and
SphI (New England Biolabs, Ipswich, MA), and ligated into pQE30 (Qiagen). Constructs
encoding His-tagged proteins were verified by sequencing.
The plasmids were then transformed into E. coli XL-I Blue cells (Stratagene, La
Jolla, CA), induced with 1 mM (final concentration) IPTG for protein expression, and
purified using the native BugBuster protein extraction method (Novagen, Gibbstown,
NJ). Briefly, cells from 330-ml cultures were lysed in 15 ml of Bug Buster Protein
Extraction Reagent containing 1 mM PMSF, 15 µl of Benzonase nuclease and 15 kU of
rLysozyme (Novagen) for 20 min at room temperature, centrifuged at 16,000g for 20
min, and loaded onto a Ni-NTA resin previously equilibrated with Binding buffer (0.5 M
NaCl, 20 mM Tris-HCl, 5 mM imidazole, pH 7.9) using an AKTA FPLC (GE
Healthcare, Piscataway, NJ). The protein was washed with 5 column volumes of Binding
buffer, followed by 5 column volumes of Wash buffer (0.5 M NaCl, 20 mM Tris-HCl, 60

102

mM imidazole, pH 7.9), and eluted with 16 column volumes of elution buffer (0.5 M
NaCl, 20 mM Tris-HCl, 1 M imidazole, pH 7.9) at a flow rate of 5 ml/min. An aliquot of
each fraction was separated on 15% or an 18% SDS-PAGE gel, stained with Coomassie
Blue, and fractions with the highest concentrations of protein were subjected to buffer
exchange using a Superdex 200 10/300GL gel filtration column equilibrated with 5 mM
acetic acid.
ProSAAS138-180 and proSAAS97-137 were synthesized at more than 85% purity at
the University of Maryland-Baltimore, Biopolymer Core Facility.

4.2.2 Peptide/protein preparation
Aβ1-42 was purchased from Biopeptide or California Peptide (Napa, CA), treated
at a final concentration of 1 mM for 1 h with the denaturant hexafluoroisopropanol
(99%), lyophilized in aliquots, and stored at -80 C until use.

Human full-length α-

synuclein (1-140) was purified as described [276] and kindly provided by Nikolai
Lorenzen and Dr. Daniel Otzen of Aarhaus University.

Briefly, α-synuclein was

expressed in E. coli and purified via anion exchange chromatography, followed by
reverse-phase HPLC, eluted with a 0.1% trifluoroacetic acid, acetonitrile gradient. The
fractions were aliquoted, lyophilized and stored at -80C.

4.2.3 In vitro fibrillation assays
Aβ1-42 (22 μM) were fibrillated in 96-well plates in Tris-HCl buffer, pH 7.4, in the
presence or absence of a) full-length and N-terminally truncated proSAASs; b) proSAAS
sequences from different species; or c) either BSA or carbonic anhydrase as a negative
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control, at the concentrations indicated in the figures.

α-synuclein (44 µM) was

fibrillated in phosphate-buffered saline, pH 7.4, in the presence of one 3/32” diameter
polytetrafluoroethylene bead (McMaster-Carr, Santa Fe Springs, CA). The plate was
incubated at 37 C at 30 rpm agitation in the presence of 10 µM thioflavin T (ThT).
Fibrillation was measured as an increase in ThT fluorescence (Ex 444 nm, Em 485 nm)
upon binding to fibrils, measured at the times indicated. The data were then normalized:
0% was set as the lowest ThT fluorescence value for each condition (Time 0) and 100%
was set as the highest ThT fluorescence value for the assay.

4.2.4 Electron microscopy
Aβ1-42 (22 μM) was fibrillated in the presence or absence of 21 kDa proSAAS (2
µM) as described above but lacking the ThT dye. After 72 h, the vehicle-treated sample
(diluted 1000 times with water) and proSAAS-treated Aβ1-42 samples (undiluted) were
adsorbed onto formvar-coated 400 mesh copper grids and negatively stained with 2%
phosphotungstic acid, pH 7.

Excess solution was wicked off and the grids were

examined under a transmission electron microscope (Tecnai T12, FEI) operated at 80 kV.
Images were acquired using an AMT bottom mount CCD camera and AMT600 software,
at 30,000–52,000x magnification, to confirm fibril formation. The electron microscopy
images were taken by the Core Imaging Facility of the University of MarylandBaltimore.
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4.2.5 Cell culture
Neuro2a cells were purchased from the American Type Culture Collection
(ATCC, Manassas, VA) and were maintained in DMEM high glucose:Opti-MEM (1:1)
media supplemented with 10% fetal bovine serum and 1% antibiotics (Invitrogen) at 37 C
in 5% CO2.

4.2.6 Aβ1-42 oligomer preparation
Aβ1-42 peptide films were resuspended in DMSO at a concentration of 5 mM and
the peptide solutions were sonicated in a water bath sonicator for 10 min at room
temperature. The solutions were then diluted to a final concentration of 100 µM with
Ham’s F12 (phenol red-free, Biosource, CA) and were incubated at 4 C for 24 h to form
Aβ1-42 oligomers [277]. In some experiments, Aβ1-42 oligomers were prepared in the
presence of vehicle, proSAAS, or α-lactalbumin (Sigma).

4.2.7 Cytotoxicity assay
Neuro2a cells were plated in 96-well plates at a density of 5 x 103 cells/well in
100 µl of media. On the following day, Neuro2a cells were washed with serum-free
media and treated with either Aβ1-42 vehicle (0.2% DMSO in Ham’s F12) and proSAAS
vehicle (0.5 mM acetic acid); 10 µM (final concentration) of Aβ1-42 oligomers prepared
as described above and proSAAS vehicle (0.5 mM acetic acid); with both Aβ1-42 and 21
kDa proSAAS (at the concentrations indicated); or with Aβ1-42 and α-lactalbumin (6 µM)
as a negative control for 48 h. Cell viability was measured by adding 10 µl of WST-1
cell proliferation reagent (Roche, Mannheim) and absorption at 450 nm was measured
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every 30 min between 30–240 min using a Spectramax M2 fluorometer (Molecular
Devices, Sunnyvale, CA).

Background absorbance was measured at 690 nm and

subtracted from the 450 nm values, and the value for vehicle-treated cells was set as
100%.

Cell viability was also measured by labeling the cells with calcein AM

(Invitrogen), and fluorescence was measured at Ex 485 nm and Em 530 nm. Images of
these cells were taken using a Nikon Eclipse TE2000-E fluorescent microscope.

4.2.8 SDS-PAGE and Western blotting
An aliquot (2 μg) of the Aβ1-42 oligomers formed in Section 4.2.6 was
electrophoresed on an 18% Tris-HCl gel, and transferred to a polyvinylidene fluoride
membrane (Millipore, Billerca, MA). The membrane was blocked for 30 min in 5% nonfat dry milk (NFDM) in Tris-buffered saline containing 0.05% Triton-X 100 (TBST),
before incubating with monoclonal anti-β-amyloid antibody (6E10, Covance, 1:1000)
overnight at 4C. The following day, the membrane was washed three times with 5%
NFDM in TBST, and then incubated with anti-mouse antiserum conjugated with
horseradish peroxidase for 1.5 h. The membranes were washed three times with 5%
NFDM in TBST, and once with TBS before developing with a chemiluminescent
substrate (Pierce, Rockford, IL) on HyBlot CL autoradiography film.

4.2.9 Immunofluorescence for proSAAS and AD markers
A 12-month old APP695/PS1-dE9 mouse (AD model containing mutations in
both the amyloid precursor protein (APP) and presenilin 1) and a 9-month old Tg(PrnpMAPT*P301S)PS19Vle mouse (AD or tauopathy model that contains a mutation in tau)
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were sacrificed and their brains were fixed with Accustain (Sigma Aldrich, St.Louis,
MO) and subjected to paraffin processing.

Brains were sectioned using a Leica

microtome at 10 µm intervals. Antigen retrieval was obtained using Aqua DePar and
Reveal antigen retrieval solutions in a Decloaking Chamber system (Biocare Medical,
Concord, CA). The sections were then treated with avidin/biotin blocking kit (Vector
Laboratories, Burlingame, CA), incubated in 5% normal goat serum in TBS containing
0.5% Triton-X 100, for 20 min, followed by an incubation with polyclonal rabbit antiproSAAS (#45, 1:50) for one hour. The sections were washed with TBS containing 0.5%
Triton-X 100, and incubated with biotinylated goat anti-rabbit antibody (Vector
laboratories, Burlingame, CA) for 30 min, followed by a wash (in TBS containing 0.5%
Triton-X 100) and incubation with Texas Red Avidin DCS (Vector laboratories,
Burlingame, CA) for 10 min, then washed again with 0.5% Triton-X 100- containing
TBS.
For co-localization studies, sections were subjected to another round of reblocking and then stained with monoclonal mouse antisera to Aβ1-42 (12F4, 1:250,
Covance).

The sections were washed, incubated with biotinylated goat anti-mouse

antibody (Vector laboratories, Burlingame, CA) for 30 min, washed again before
incubating with Fluorescein Avidin for 10 min.

Finally, the sections were washed

extensively, mounted using Vectashield media, and viewed under a confocal microscope
(Olympus IX6a DSU). Neurolucida was used to process the images (Microbrightfield,
Inc, Willston, VT). Dense core plaques were stained with Methoxy-X04 (1 µM) and then
washed extensively before imaging. All of the immunofluorescence images using the
AD model mice were performed by Casey Berridge and Dr. Jason Eriksen from the
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Department of Pharmacological and Pharmaceutical Sciences, College of Pharmacy,
University of Houston.

4.2.10 Immunofluorescence for proSAAS and PD markers
A midbrain tissue sample from a male 89-year old donor with PD was obtained
from the NICHD Brain and Tissue Bank for Developmental Disorders at the University
of Maryland-Baltimore, MD.

The tissue was formalin-fixed, cryoprotected in 30%

sucrose, and frozen in isopentane over dry ice for 1 min before storage at -80 C. Tissues
were sectioned (16 µm) using a Leica cryostat and collected on Superfrost Plus object
slides (Fisher Scientific, Hampton, NH). Sections were blocked for 1 h in blocking
solution (0.1 M PBS containing 3% BSA and 0.5% Triton X-100) before incubation with
either rabbit anti-proSAAS (#45, 1:50) or monoclonal mouse anti-α-synuclein (1:150, BD
Biosciences, Franklin Lakes, NJ) in blocking solution overnight at 4 C. The following
day, sections were rinsed in 0.25% PBST and PBS, incubated with the secondary
antibodies: either Cy3-conjugated goat anti-rabbit (1:200, A10520, Invitrogen, Carlsbad,
CA) or Cy2-conjugated donkey anti-mouse (1:250, AP124J, Millipore, Billercia, MA) in
blocking solution containing Hoechst 33342 (1:10,000, ALX-620-050, Axxora LLC, San
Diego, CA) for 2 h at room temperature. Slides were rinsed in PBS, coverslipped with
Fluoromount G (Electron Microscopy Sciences, Hatfield, PA) and visualized using a
confocal Olympus BX61 (Olympus, Tokyo, Japan).
processing

software

(Olympus

FluoView,

Nikon

Images were merged using
MetaView).

All

of

the

immunofluorescence work for proSAAS and PD markers were performed by Dr. Michael
Helwig at the University of Maryland-Baltimore.
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4.3 Results
4.3.1 ProSAAS co-localizes with Aβ1-42 and plaques in the brain of an AD mouse
model
It was previously reported that the N-terminus of proSAAS co-localizes with
abnormal tau aggregates in AD and Pick’s disease. Therefore, we decided to examine
whether proSAAS also co-localizes with amyloid plaques—another feature of AD brains.
We stained coronal sections of the cortex and hippocampus of aged APP695/Ps-1dE9
mice for proSAAS, and Methoxy-X04-positive plaques. APP695/Ps-1dE9 is a double
transgenic mouse line produced by crossing animals that express mutant amyloid
precursor protein (APPswe) with animals expressing mutant presenilin-1 (PS1dE9); both
of these genes cause familial AD [278]. These mice have been used extensively in AD
studies because they develop dense core amyloid beta deposits in the hippocampus and
cortex beginning at 6 months of age, have increased Aβ1-42 production, and exhibit
cognitive impairment [279,280].
Aβ1-42 is thought to be pathogenic and has an increased tendency to form amyloid
fibrils as compared to Aβ1-40. To distinguish between association of proSAAS with
diffuse and dense core plaques, the cortex (Figure 18A–D) and hippocampus (Figure
18E–H) of APP695/Ps-1dE9 transgenic mice were stained with antiserum to proSAAS;
antibody to Aβ1-42 (to visualize the peptide found in both diffuse and dense core plaques);
and with Methoxy-04, which predominantly binds to dense core plaques. We found that
proSAAS highly co-localizes with all forms of plaques containing Aβ1-42 both in the
cortex (89%) and in the hippocampus (96%). Interestingly there was only limited colocalization (11-22%) between proSAAS and Methoxy-04 positive dense core plaques
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(Figure 18I). These results suggest a possible physiological role for proSAAS in βamyloid pathology in AD.

Figure 18. ProSAAS co-localizes with Aβ1-42 in aged APP695/Ps-1dE9 mice.
Coronal sections of the cortex (Panels A-D) and the hippocampus (Panels E-H) of 12month old APP695/Ps-1dE9 mice were stained for Aβ1-42, proSAAS, and Methoxy-X04.
Panels D and H are merged images showing co-localization of proSAAS and Aβ1-42 but
limited co-localization with Methoxy-X04-positive dense core plaques. Panel I is a
quantification of the co-localization pattern between proSAAS and Aβ1-42/Methoxy-04 in
each tissue. Scale bar, 100 µm. These images were taken by C. Berridge.
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4.3.2 ProSAAS prevents the fibrillation of Aβ1-42 in vitro
Aggregates of misfolded proteins found in brains of patients afflicted with
neurodegenerative diseases often consist of detergent-insoluble, β-sheet rich fibrils that
bind to dyes such as ThT and Congo Red. Accumulation of fibrils or oligomeric species
leading to fibrils is hypothesized to contribute to pathophysiology by disrupting normal
cell function. The addition of recombinant 21 kDa mproSAAS (N-terminal domain) was
able to prevent Aβ1-42 fibrillation in a dose-dependent manner, as assessed by ThT
binding (Figure 19A). I tested four different concentrations of proSAAS, from 0.1 to 2
µM, against 22 µM Aβ1-42. Amazingly, proSAAS was able to inhibit Aβ1-42 fibrillation
by 50% even at the low molar ratio of 37:1 (Aβ1-42:proSAAS), implying that proSAAS is
a potent inhibitor of fibrillation in vitro. Transmission electron microscopy (TEM)
confirmed the effect of proSAAS on Aβ1-42 fibrils: 48 h after the initiation of fibrillation,
samples were processed for TEM (Figure 19B).

Aβ1-42 fibrillated alone formed fibrils

that were on average 575 ± 302 nm (n=10, mean ± SD) in length, while the length of Aβ142

fibrils made in the presence of 2 µM proSAAS, was shorter, averaging 143 nm ± 113

nm (n=10, mean ± SD). The TEM data support my finding that proSAAS can prevent the
fibrillation of Aβ1-42, and indicate that the decrease in ThT fluorescence observed in the
presence of proSAAS was not an artifact due to fluorescence quenching.
AD is often not diagnosed until cognitive impairment has progressed considerably
and amyloid deposits have been made.

Therefore, if plaques indeed contribute to

neuronal death, identifying a therapy that can break down amyloid plaques and target
late-stage AD would be beneficial. However, the addition of proSAAS at t=120, when
Aβ1-42 has already formed fibrils, did not result in a decrease in ThT fluorescence. This
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indicates that proSAAS can only block fibrillation, and cannot disrupt preformed fibrils
(Figure 19C).
Amyloid precursor protein (APP) can be cleaved into multiple fibrillogenic
peptides, including Aβ1-40 and Aβ1-42. The plaques found in the brains of AD patients
contain both Aβ1-40 and Aβ1-42 peptides in a 1:1 ratio; therefore, we determined the
possible co-localization of proSAAS with each type of Aβ fragment.

The

immunohistochemistry results suggest that proSAAS distribution is more similar to Aβ142

than to Aβ1-40 distribution (M. Helwig, A. Hoshino et al., submitted). These results are

consistent with the in vitro data; while proSAAS was able to slow the fibrillation of Aβ140,

the anti-fibrillation effect was more potent against Aβ1-42 (M. Helwig, A. Hoshino et

al., submitted).
AD

brains

are

also

characterized

by

abnormal

accumulation

of

hyperphosphorylated tau. Immunofluorescence studies in transgenic mice show that
there is limited overlap between proSAAS and tau (M. Helwig, A. Hoshino et al.,
submitted). However, proSAAS was not able to block the fibrillation of tau (M. Helwig,
A. Hoshino et al., submitted).

Thus, it appears that proSAAS is able to prevent

fibrillation of only some of the aggregation-prone proteins implicated in AD.

112

Figure 19. ProSAAS prevents fibrillation of Aβ1-42 in a dose- and time-dependent
manner.
A. Aβ1-42 (22 µM) was fibrillated in the presence of increasing concentrations of 21 kDa
proSAAS (0–2 µM). Each fibrillation point represents the mean ± SD, N=4. B. After 72
h, fibril formation of Aβ1-42 with or without 21 kDa proSAAS was confirmed by TEM
(upper panels). The smaller fibrils formed in the presence of proSAAS are indicated by
the white arrows. The fibrils in the sample containing Aβ1-42 and proSAAS are shown at
a higher magnification. In the presence of 21 kDa proSAAS, fibril length was
significantly decreased, (bottom left panel). Each bar represents mean ± SD, N=10.
***=p<0.05, Student’s t-test. C. proSAAS cannot break pre-formed Aβ1-42 fibrils.
Vehicle (black triangles) or 2 µM 21 kDa proSAAS (blue open circles) was added to Aβ142 120 h after the initiation of fibrillation, as indicated by the arrow. The blue squares
represent Aβ1-42 fibrillated in the presence of 21 kDa proSAAS for the entire duration of
the assay. Each fibrillation point represents the mean ± SD, N=3.

113

4.3.3 Structure-function analysis: anti-fibrillation properties reside within residues
97-180 of proSAAS
I next wanted to identify the region within proSAAS responsible for the antifibrillation effect, using N-terminally truncated constructs. Figure 20A is a schematic
diagram illustrating the proSAAS constructs used for this study. Secondary structure
programs predict that the N-terminal domain of proSAAS (referred to here as 21 kDa)
contains three α-helices. Therefore, constructs were designed to test whether any of these
helices played a role in anti-fibrillation. Constructs 1-4 were able to efficiently prevent
fibrillation of Aβ1-42 (Figure 20B). Construct 5 (residues 138-180), which represents
putative α-helix III, was not able to prevent fibrillation. We then tested construct 6
(residues 97-137) to determine whether putative α-helix II was sufficient to prevent
fibrillation or whether both α-helices II and III were required. Our results suggest that
both α-helices II and III are required, since construct #6 had no anti-fibrillation
properties. Further, the expression of a segment encoding the two α-helices together may
be necessary for proper folding because adding only constructs 5 and 6 to Aβ1-42 had no
effect on fibrillation (data not shown). Interestingly, addition of full-length proSAAS
from Xenopus and zebrafish also prevented fibrillation of Aβ1-42, suggesting conservation
of function despite limited sequence homology (Figure 20C). I conclude that the Nterminal domain, specifically residues 97-180, can function as an anti-aggregation
chaperone for Aβ1-42.
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Figure 20. Structure-function analysis: proSAAS residues 97-180 are sufficient to
block Aβ1-42 fibrillation.
A. Domain structure of proSAAS and a schematic representation of predicted secondary
structures (in purple/pink boxes), and the N-terminally truncated proSAAS constructs. B.
Aβ1-42 (22 µM) was fibrillated in the presence of vehicle or 2 µM proSAAS constructs 1–
6. Constructs 1–4 were able to efficiently block fibrillation, whereas constructs 5 and 6
had no effect. C. Aβ1-42 (22 µM) was fibrillated in the presence of vehicle or full-length
proSAAS sequences from 3 different species: Xenopus, zebrafish, and mouse. Despite
limited sequence conservation between the species, proSAAS proteins from all species
were able to completely block Aβ1-42 fibrillation. Aβ1-42 was also fibrillated in the
presence of BSA as a negative control. Each fibrillation point represents the mean ± SD,
N=4.
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4.3.4 ProSAAS rescues Neuro2a cells from Aβ1-42-induced cytotoxicity
Aβ1-42 oligomers have been proposed to be the cytotoxic species, rather than fibrils.
Therefore, to test whether proSAAS can protect cells from Aβ1-42 induced cytotoxicity, I
treated Neuro2a cells with Aβ1-42 oligomers prepared as described in Figure 21A. Our
protocol produced a sample containing a mixture of monomeric, tetrameric, and
aggregated Aβ1-42 species (Figure 21B). I then treated Neuro2a cells with 10 µM of
these Aβ1-42 oligomers in the presence or absence of recombinant 21 kDa proSAAS
added to the media for 48 h. We observed 50% cell death when Neuro2a cells were
treated with Aβ1-42; however, in the presence of proSAAS, Aβ1-42-induced cytotoxicity
was completely inhibited. The effect of proSAAS was dose-dependent. α-lactalbumin
and carbonic anhydrase were also added to Aβ1-42-treated Neuro2a cells as negative
controls, but these two proteins were not able to prevent cytotoxicity. Another set of
cells was also treated with vehicle or with Aβ1-42 in the presence of vehicle, 21 kDa
proSAAS, or α-lactalbumin, and was stained with calcein AM to verify that 21 kDa
proSAAS indeed protected Neuro2a cells from Aβ1-42-induced cytotoxicity (Figure 22BE). I also tested whether the N-terminally truncated proSAAS constructs that exhibited
anti-fibrillation effects would also be neuroprotective against Aβ1-42 -induced
cytotoxicity. However, constructs 4 and 5 were toxic to the cells when added at a final
concentration of 3–9 µM (data not shown).
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Figure 21. Timeline of Aβ1-42 oligomer production used to treat Neuro2a cells.
A. In the first set of experiments, Aβ1-42 was preincubated at 4 C in Ham’s F12 media, as
described in Materials and Methods, for 24 h. At this time, Neuro2a cells were plated in
96-well plates. On the following day, Neuro2a cells were treated with only vehicle
(vehicle for Aβ1-42; 0.2 % DMSO in Ham’s F12 and vehicle for proSAAS; 0.5 mM acetic
acid); 10 µM Aβ1-42 oligomers and vehicle (vehicle for proSAAS; 0.5 mM acetic acid);
Aβ1-42 oligomers and 21 kDa proSAAS, or Aβ1-42 oligomers and α-lactalbumin. Neuro2a
cells were incubated for another 48 h and viability was measured using the WST-1 assay.
B. Western blotting of the oligomer sample used to treat Neuro2a cells. This sample is
composed of Aβ1-42 monomers, tetramers, and aggregates.
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Figure 22. ProSAAS prevents Aβ1-42 -induced cytotoxicity in Neuro2a cells.
A. Neuro2a cells were incubated for 48 h with a 10 µM Aβ1-42
monomer/oligomer/aggregate mixture in quadruplicates. This Aβ1-42 preparation resulted
in 50% cytotoxicity. The addition of 21 kDa mproSAAS to the medium during the 48 h
treatment prevented Aβ1-42-mediated cell death in a dose-dependent manner, as assessed
by WST-1 viability assay. α-lactalbumin (6 μM) and carbonic anhydrase (6 μM) were
added as a negative control in a set of Aβ1-42-treated Neuro2a cells. Results represent the
mean ± SD, N=4. ***=p<0.01. B-E. Representative images of Neuro2a cells treated
with vehicle (B), Aβ1-42 (C), Aβ1-42 + 21 kDa proSAAS (3 µM) (D), and Aβ1-42 + αlactalbumin (3 µM) (E), stained with calcein AM.
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4.3.5 ProSAAS is co-localized with α-synuclein in Lewy bodies and prevents αsynuclein fibrillation in vitro
Finally, I asked whether proSAAS could prevent fibrillation of proteins
implicated in other neurodegenerative diseases.

In Figure 23A-B, we show that

proSAAS co-localizes with α-synuclein in the brain of a PD patient. Therefore, I tested
proSAAS against α-synuclein fibrillation. In Figure 23C, I show that proSAAS and the
positive control, α-crystallin, efficiently prevented α-synuclein fibrillation in vitro, while
the same concentration of carbonic anhydrase, a control protein, had no effect.

As

expected, no immunoreactivity was observed in tissue sections incubated with proSAAS
antiserum preabsorbed with recombinant proSAAS (data not shown). These findings
suggest that proSAAS may function as a secretory chaperone for multiple proteins
implicated in neurodegenerative diseases.
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Figure 233. ProSAAS co-localizes with α-synuclein in Lewy bodies of Parkinson’s
disease and prevents α-synuclein fibrillation in vitro.
A. Schematic of α-synuclein and proSAAS immunoreactivity in the substantia nigra.
Lewy bodies (green stars) were only found in the substantia nigra, whereas proSAAS
staining was observed throughout the midbrain (red stars). B. Low magnification image
(right panels) illustrating a high degree of co-localization between proSAAS-ir (red) and
α-synuclein-ir (green). High power magnification (left panels) showing co-localization
of the two proteins in the cytosol. C. α-synuclein (44 µM) was fibrillated alone (circles)
or in the presence of 21 kDa proSAAS (3.4 µM) (blue squares), the positive control αcrystallin (44 µM) (dashed, green bottom triangles), or the negative control carbonic
anhydrase (44 µM) (dashed, pink triangles). Each fibrillation point represents the mean ±
SD, N=4. Images in Panels A and B were provided by Dr. M. Helwig.
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4.4 Discussion
The much broader distribution pattern of proSAAS with respect to PC1/3 led to
the hypothesis that proSAAS may perform functions in addition to enzyme inhibition. In
this chapter, I present data that suggest that proSAAS, specifically the N-terminal
domain, possesses a molecular chaperone-like function and prevents the fibrillation of
peptides/protein implicated in neurodegeneration. Chaperones play an important role in
maintaining neuronal protein homeostasis, and chaperone dysfunction has previously
been implicated in the pathogenesis of AD and PD (reviewed in [281]). For example,
hsps (the most common type of molecular chaperones), as well as two non-hsps, αBcrystallin and clusterin, can prevent Aβ1-42 and α-synuclein fibrillation in vitro (reviewed
in [281],[282,283,284]).

Interestingly, the N-terminal domain of proSAAS prevents

fibrillation of Aβ1-42 and α-synuclein in vitro, and co-localizes with Aβ1-42-positive
plaques, Lewy bodies, and neurofibrillary tangles in patients with AD, PD, and Pick’s
disease ([269,270], M. Helwig, A. Hoshino et al., submitted, Figures 18A–H, and 23A–
B). Thus, proSAAS may function as a molecular chaperone in vivo to prevent the
aggregation of proteins implicated in neurodegeneration. The mechanism of protein
fibrillation is still unclear; however, inappropriate hydrophobic interactions are thought to
contribute to fibril formation [285]. If this is the case, then the predicted α-helices within
the N-terminus of proSAAS may block Aβ1-42 fibrillation by preventing these
hydrophobic interactions.

This can be tested by performing structural studies to

determine whether residues 97-180 (which showed anti-aggregation properties) contain
α-helices, and to mutate residues to disrupt structure. I would predict that the loss of αhelical structure would eliminate the effect of proSAAS on fibril formation.
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Increasing evidence suggest that there is considerable overlap between AD and
Lewy body-containing pathologies; it is now thought that proteins that were formerly
associated with a specific disease (e.g. Aβ1-42 for AD and α-synuclein for PD), can
synergistically promote aberrant aggregation of other neurodegeneration-related proteins
(reviewed in [286]). Of particular interest are the studies showing that the accumulation
and cytotoxicity of α-synuclein aggregates are increased in the presence of Aβ1-42, and
that

α-synuclein

and

[287,288,289,290,291].

Aβ1-42

can

cross-seed

to

form

β-sheet

structures

Therefore, a protein that can interact with multiple protein

aggregates could be considered more attractive as a potential therapeutic. In this study, I
demonstrate that proSAAS is extremely effective as an anti-aggregant, and that it can
completely prevent the fibrillation of both Aβ1-42 and α-synuclein in vitro at the low
molar ratio of 22:1 (Aβ1-42:proSAAS) (Figure 19A) or 13:1 (α-synuclein: proSAAS),
demonstrating its therapeutic potential as a broad spectrum chaperone.
The subcellular locations of Aβ1-42 and α-synuclein deposits differ: Aβ1-42 plaques
are found extracellularly, while α-synuclein-rich Lewy bodies are cytoplasmic. However,
both Aβ1-42 and α-synuclein are secreted, as is proSAAS, and can be internalized from the
extracellular space (reviewed in [292], [293,294,295]).

Therefore, I speculate that

proSAAS can interact with Aβ1-42 and α-synuclein either following their secretion into
the extracellular space, or following uptake. The latter possibility is intriguing since it
has been shown that Aβ1-42 aggregation accumulates in acidic vesicles where it becomes
concentrated and begins to aggregate [296]. Additional immunocytochemical studies are
needed to determine the subcellular locus of interaction of proSAAS with Aβ1-42 and αsynuclein.
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The co-localization between proSAAS and Aβ1-42-positive plaques/α-synucleinpositive Lewy bodies observed in these studies lends support to the idea of physical
association of proSAAS and these two proteins in vivo. However, whether this colocalization is functional or non-specific is not clear at this time. It is indeed somewhat
puzzling to find proSAAS within amyloid plaques when I have shown that proSAAS can
prevent protein fibrillation at low molar ratios and that proSAAS cannot break preformed
fibrils in vitro. In certain areas, the local concentration of Aβ1-42 might exceed the ability
of proSAAS to prevent Aβ1-42 plaque formation. An alternative interpretation is that
proSAAS is ‘trapped’ in these plaques as the disease progresses, resulting in the loss of
its protective chaperone activity. The endogenous concentration of proSAAS in the brain
is currently unknown; additional studies are needed to address the concentration of
proSAAS in the hippocampus and in the cortex, and whether changes are observed prior
to or following plaque formation. In either case, increasing the endogenous levels of
proSAAS may represent a viable therapeutic target for treating neurodegenerative
diseases, and should first be tested in a cell culture model of Aβ1-42-induced cytotoxicity.
In addition to insoluble fibril formation, several different types of soluble Aβ
populations have been reported, for example, globular intermediates called ADDL (Aβderived diffusible ligands) and protofibrils that are thought to polymerize into longer
fibrils [297,298,299]. It has been proposed that these soluble Aβ1-42 oligomers are in fact
more cytotoxic than fibrils, and that the formation of amyloid plaques is a mechanism for
cells to sequester these oligomers. These studies are corroborated by postmortem studies
that found only weak correlation between plaque density and neuropsychological tests
[300]. In addition, injection of Aβ monomers or oligomers blocks long-term potentiation
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in in vivo studies [301]. Therefore, agents that prevent amyloid fibril formation at the
cost of increasing the concentration of toxic oligomeric species will not represent
effective therapeutics. However, I have shown that proSAAS can prevent cytotoxicity
induced by oligomeric (possibly tetrameric) Aβ species, suggesting that proSAAS may
act both on fibril formation (late stage AD?) and oligomer-induced cytotoxicity (early
stage AD?).
Aβ1-40 and tau also play an important role in AD, therefore, we tested whether
proSAAS could prevent the fibrillation of these two peptides. Although Aβ1-40 is not as
amyloidogenic as Aβ1-42, it is also found in amyloid plaques at a 1:1 ratio (Aβ1-42:Aβ1-40).
ThT assays revealed that while addition of proSAAS slows the progression of Aβ1-40
fibril formation, it cannot completely prevent fibrillation at the concentrations used to
completely block Aβ1-42 fibrillation (M. Helwig, A. Hoshino et al., submitted). These
data indicate that proSAAS is more effective against the more amyloidogenic Aβ1-42.
Hyperphosphorylated tau is known to form neurofibrillary tangles, disrupting
intracellular neuronal function. Therefore, proSAAS was tested against tau fibrillation.
We found that despite co-localization with tau, proSAAS cannot prevent fibrillation of
this protein (M. Helwig, A. Hoshino et al., submitted,). This lack of efficacy can be
potentially explained by the tau isoform used in our assay. Chaperones such as Hsp27,
70, and carboxy terminus of Hsc 70-interacting protein (CHIP) co-localize with
aggregated tau and preferentially bind to hyperphosphorylated tau [302]. However, the
tau form used in our fibrillation assay is a WT 2N4R isoform that is not
hyperphosphorylated.

If

proSAAS

also

exhibits

a

binding preference

for

hyperphosphorylated tau, this may explain its lack of effect in the tau fibrillation assay.
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It will be important in future work to test the effect of proSAAS on the
hyperphosphorylated form of tau.
In summary, I have here identified a molecular chaperone-like activity for the Nterminal domain of proSAAS.

I showed using ThT assays and TEM studies that

proSAAS can prevent the fibrillation of multiple proteins, Aβ1-42 and α-synuclein, in
vitro. I also found that the addition of recombinant proSAAS to Neuro2a cells protected
these cells from Aβ1-42-induced cytotoxicity. Finally I presented immunohistochemistry
data which illustrates co-localization of proSAAS and aggregation-prone proteins in vivo.
Collectively, these data suggest that proSAAS may play a role in neurodegenerative
diseases such as AD and PD which are known to involve abnormal protein aggregation,
and highlight the therapeutic potential of proSAAS, especially in terms of preventing
neurotoxicity.
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Chapter V. Discussion and Future Directions
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5.1 Proposed hypothesis
PC1/3 and its binding partner, proSAAS are key players in the neuroendocrine
system. PC1/3 plays a critical role in the processing of neuropeptide precursors and
peptide hormones such as POMC and proinsulin. The enzyme is found only in cells that
possess a regulated secretory pathway, where peptide hormone precursors are
concentrated, post-translationally modified, and stored for release in response to
extracellular signals.

PC1/3 is most often the first committed enzyme in the

neuropeptide/prohormone processing cascade, and as such would be expected to be
significantly regulated. ProSAAS is a potent inhibitor of PC1/3 activity and has been
shown to regulate neuropeptide processing during development [71,73,74,77]. In the past
two decades, much has been learned about PC1/3 maturation, its endogenous substrates,
and its association with obesity [159]; however, a complete understanding of PC1/3
regulation has remained elusive. Interestingly, purification of secreted PC1/3 yielded
multiple self-associated PC1/3 forms, ranging from large inactive aggregates, to active
oligomers and monomers. I hypothesized that PC1/3 is regulated by self-association, and
that proSAAS mediates PC1/3 dissociation into active monomers. I also tested a third
hypothesis that proSAAS acts as a general secretory chaperone, and can prevent the
formation of neurotoxic aggregates.

5.2 PC1/3 is regulated by self-association and substrate binding
5.2.1 Oligomeric PC1/3 populations serve as a reservoir
Chapter II showed that both recombinant, as well as endogenous PC1/3 from
neuroendocrine cells and bovine chromaffin granules exist as multiple ionic and
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molecular weight forms. Treatment with cross-linking agents resulted in the appearance
of high molecular weight multimers, and the disappearance of the 87- but not the 66-kDa
PC1/3 band, demonstrating that the 87 kDa PC1/3 is the major form which exhibits selfassociation. Dilution of PC1/3 preparations promoted the dissociation of certain high
molecular weight forms (here termed oligomers) into active monomers. A decrease in
oligomer size was confirmed by cross-linking and dynamic light scattering studies, while
enzyme assays and active site titration experiments showed that the decrease in size
correlates with an increase in PC1/3 activity. I was not able to recover active enzyme
from the largest PC1/3 inactive aggregates eluting in and near the void volume,
suggesting that not all self-associated forms can dissociate and contribute to PC1/3
activity. These aggregates may represent unfolded PC1/3. Secretory granules can have a
half-life of days in neurons and endocrine cells, yet 66 kDa PC1/3 is very unstable
[25,26,27,28,129]; therefore holding a subset of the PC1/3 pool in an inactive state and
releasing monomers over time would enable steady maintenance of PC1/3 activity during
prolonged storage time in each granule.
5.2.2 Unique properties of PC1/3 dimers
I also demonstrated that PC1/3 forms an active dimer which can be activated by
KR-containing peptides. KR-peptide activation is mediated both by PC1/3 oligomer
dissociation and C-terminal processing to the final 66 kDa form. Furthermore, these
dimers observed were 87 kDa homodimers, suggesting that the C-terminal tail may play a
role in PC1/3 self-association. How the KR-containing peptides can enhance PC1/3
maturation is unclear, but it is possible that they bind to allosteric sites within the Cterminal tail and induce a conformational change, allowing PC1/3 oligomers to dissociate
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and/or become processed to their final 66 kDa form.

This could be tested with a

competition assay using recombinant PC1/3 C-terminal tail protein. If the KR-containing
peptides interact with the C-terminal tail, then the presence of the C-terminal domain
should eliminate the KR-containing peptide-mediated activation of PC1/3 oligomers.
Furthermore, the oligomers would remain associated even after preincubation with the
peptides. Structure-function studies should be performed using truncated sections of the
PC1/3 C-terminal domain for the competition assay; this would allow us to narrow down
the region which contains the possible binding sites for the activating peptides.

5.2.3 PC1/3 dimers: implications in understanding mutation effects
Exciting new information has recently become available linking multiple Pcsk1
gene mutations and polymorphisms to disease, and future work should include studies of
these mutations. Early clinical cases showed that patients with PC1/3 mutations in both
alleles lack enzymatic activity and exhibit severe early-onset obesity and intestinal
dysfunction. However, studies by Creemers and colleagues have shown that PC1/3
heterozygosity is also found among extreme obese subjects, and can also considerably
increase the risk of obesity [215]. This is supported by studies in PC1/3N222D mice where
reduction of PC1/3 activity by 55% predisposes the animal to excessive weight gain
[223], but the process by which heterozygosity leads to predisposition to obesity is not
known.
The most interesting implication of Chapter II is that the formation of dimers may
help explain how mutations in PC1/3 can affect WT PC1/3 activity in a dominantnegative fashion. In light of our findings, I hypothesized that the N222D mutation
directly affects WT PC1/3 activity via formation of heterodimers. Surprisingly though, a
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dominant negative effect could not be observed when cellular extracts containing N222D
PC1/3 were added to cell extracts containing WT PC1/3. It is possible that the PC1/3
WT and mutant were not incubated under optimal conditions. If dimerization occurs in
the immature secretory granules where the pH is around 6.5, then the pH used for the
assay (pH 5.5) may have been too low to observe an effect.

Therefore, in future

experiments, cell extracts containing WT and N222D PC1/3 should be preincubated at
different pH values (pH 5.5-6.5) to test whether the N222D mutation affects total PC1/3
activity. I also did not directly test whether the N222D and WT PC1/3 can interact. One
possible experiment is to express differentially tagged PC1/3 forms (e.g. FLAG-N222D
and HA-WT PC1/3), mix the cell extracts, cross-link and perform a coimmunoprecipitation using antibodies against the FLAG and HA tags. If the two PC1/3
forms interact, I should be able to pull down PC1/3 complexes that would be
immunoreactive for both tags.
Single transfection experiments such as the ones described above and in Chapter 2
(where cells only express WT or the mutant PC1/3) yield important information
regarding the effect of the mutation on PC1/3 maturation and enzyme activity. However,
these experiments do not accurately simulate the environment of a heterozygous
individual and do not allow for the possibility of studying mutant/wild-type PC1/3
interaction in cells. In addition, heterodimerization may require a particular subcellular
environment.

One way to address this potential issue is to co-transfect cells with

differentially-tagged mutants and WT PC1/3, and use these cell extracts for cross-linking
studies, co-immunoprecipitations, or enzymatic assays. This approach would allow WT
and N222D PC1/3 to interact intracellularly, and would answer the question of whether
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the mutant and WT PC1/3 can indeed form dimers which ultimately affect PC1/3 activity
in vivo.
Such co-transfection experiments were recently attempted using an N222D
mutant and a HA-tagged WT PC1/3. Interestingly, co-expression of the two PC1/3 forms
resulted in decreased activity in the cell extracts due to reduced expression of WT PC1/3
(data not shown).

This is somewhat reminiscent of proinsulin; misfolded mutant

proinsulin exerts a dominant-negative effect on WT proinsulin by forming an
intermolecular complex which is retained in the ER, and subsequently degraded
[303,304].

Therefore, N222D mutation may exert a dominant-negative effect by

affecting WT PC1/3 expression or by preventing exit from the ER. However, whether
N222D PC1/3 directly interacts with WT PC1/3 has not yet been demonstrated. In our
laboratory, co-immunoprecipitation attempts between the N222D mutant and WT
proteins have been unsuccessful (L.A. Pickett and I. Lindberg, unpublished
observations). It is possible that the interaction between N222D and WT is a transient
phenomenon, and cell cross-linking with DSP prior to co-immunoprecipitation may be
required to observe the heterodimerization. Alternatively, high caloric stress may be
required to observe the adverse N222D-WT interaction, as the dominant-negative
phenotype of the N222D heterozygote does not manifest until the mice are placed on a
high fat diet [223]. Finally, it is also possible that this particular mutant does not form a
heterodimer with PC1/3. Nonetheless, examining the self-association properties of other
recombinant mutant PC1/3s, or mutant and WT PC1/3 in the case of heterozygotes could
lead to a better understanding of the full effect of these mutations on enzymatic activity.
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I hypothesized earlier that the C-terminal tail plays a role in selfassociation/dissociation properties of the enzyme, therefore, mutations that occur in the
C-terminal tail are of special interest as they could indirectly affect WT PC1/3 activity.
For example, the mutations Gln665Glu/Ser690Thr are found in the C-terminal domain
and do not have demonstrable defects in enzyme activity, yet individuals possessing these
mutations have a higher risk of obesity [216,220,222]. If a given mutation were to affect
the ability of PC1/3 to self-associate, correct routing into secretory granules may not
occur; if the mutation were to affect the dissociation of active PC1/3 monomers, WT
PC1/3 might remain in an inactive aggregate; or if the mutant and WT PC1/3 formed a
heterodimer which cannot dissociate, PC1/3 maturation could be impaired. For each of
the above potential scenarios (as summarized in Figure 24), expression of just one
mutant copy of PC1/3 would affect the overall availability of active WT PC1/3, and thus
affect the total enzymatic activity. Therefore, co-expression and co-immunoprecipitation
experiments should be performed even for mutant PC1/3s that do not exhibit obvious
defects in an in vitro enzymatic assay.
Finally, the physiological effect of a given PC1/3 mutation may differ between
cell lines that possess a regulated secretory pathway (i.e. Neuro2a cells) vs. cell lines that
only possess a constitutive pathway (HEK cells). While HEK cells have an advantage of
high protein expression, these cells do not contain all of the cellular components PC1/3
would normally encounter, which could confound results. For example, recombinant
enzyme containing the N180S mutation exhibits a reduction of activity only when
expressed and immunoprecipitated from conditioned media of Neuro2a cells and not
from that of HEK cells [215]. Thus, it will be important in future studies to validate the
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effect of the mutation in neuroendocrine cell lines, as dimerization and maturation of
PC1/3 occurs during transport through the regulated secretory pathway.
In summary, the work in Chapter II demonstrates that PC1/3 is additionally
regulated by self-association, dimerization, and substrate binding, and this knowledge can
potentially explain how certain mutations can act in a dominant-negative manner.
However, a direct explanation for heterozygote effect remains unclear; thus, the
biochemical mechanisms underlying other known PC1/3 mutations and their possible
interactions with WT PC1/3 should be included in further investigations.
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Figure 244. Mutations in the Pcsk1 gene can affect multiple steps during the
maturation of the enzyme.
In the ER, the mutation may result in misfolded PC1/3 protein that is degraded; in the
case of heterozygote the mutant can bind to WT PC1/3 and route the correctly folded
PC1/3 for degradation, decreasing the overall synthesis of PC1/3. In the Golgi, mutations
can prevent proper post-translational modifications to occur, such as glycosylation and
sulfation. Mutations can also affect aggregation that occurs as a sorting mechanism to
ensure PC1/3 goes through the regulated secretory pathway. In the immature secretory
granules, PC1/3 aggregates containing both mutant and WT PC1/3 may result in no
dissociation, mutant homodimer, or WT-mutant heterodimer, which could affect
dissociation and processing of PC1/3 into the final 66 kDa form.
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5.3 proSAAS binding does not modulate PC1/3 self-association
The physiological factor that would dissociate PC1/3 oligomers is unknown.
ProSAAS is an endogenous binding partner of PC1/3, and is co-localized with this
enzyme in all tissues expressing PC1/3 [71,83]. Furthermore, I observed that proSAAS
can affect PC1/3 differently in a time-dependent manner: at short preincubation periods
(minutes), proSAAS inhibited PC1/3, but after longer preincubation times (hours),
proSAAS could increase the specific activity. This led to the hypothesis that during
prolonged preincubation times, proSAAS might act as a molecular chaperone to
dissociate PC1/3 into active forms. However, this hypothesis was falsified; gel filtration
studies showed that proSAAS cannot dissociate PC1/3 aggregates, and proSAASoverexpressing cells contain multiple self-associated forms of endogenous PC1/3.
One of the limitations of our in vitro studies is the assumption that proSAAS
alone can efficiently deaggregate PC1/3; however, this may not be the case.

For

example, the molecular chaperone clusterin does not always function independently; the
binding of clusterin inhibits irreversible protein aggregation, and maintains a reservoir of
inactive protein that can then be refolded and made functional by other chaperones such
as Hsp 70 [305]. Therefore, future studies should test the hypothesis that proSAAS is a
molecular chaperone for PC1/3 in a more physiologically relevant context, i.e. in
reactions containing other chaperones. In this regard, an interesting study was performed
by Murray and colleagues [306]. Mammalian cell and tissue extracts were added to Aβ140

fibrils and 8 kDa gelsolin; this then resulted in deaggregation of amyloid fibrils [306].

A variation of this experiment for PC1/3 would be to add neuroendocrine cell extracts
(e.g. AtT-20 cells) to PC1/3 oligomers and aggregates to test whether monomeric PC1/3
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can be released. If PC1/3 dissociation is observed, then cell extracts from AtT-20 cells
overexpressing proSAAS, or AtT-20 cells treated with siRNA against proSAAS (to
knock down proSAAS levels) could be applied to PC1/3 aggregates and oligomers. If
proSAAS is a chaperone for PC1/3 in AtT-20 cells, then the rate of disaggregation should
correlate with the amount of proSAAS in the extract.

This experiment offers the

advantage of testing the effect of proSAAS in the presence of other possible PC1/3
binding partners.
It is surprising that proSAAS-overexpressing cells still contained multiple selfassociated forms of intracellular PC1/3. However, these assays did not account for
possible environmental stressors. It could be postulated that dissociation of PC1/3 is
promoted by an increased demand in neuropeptide processing as a result of
environmental changes. For example, neuroendocrine cells can be treated with leptin to
mimic the situation mice will be in when placed on a high fat diet. In conclusion, under
the conditions tested, proSAAS did not dissociate PC1/3 to release active PC1/3
monomers, and it is clear that more work will have to be performed to characterize PC1/3
association/dissociation in order to elucidate how this process is regulated.

5.4 ProSAAS as a novel secretory chaperone
5.4.1 ProSAAS inhibits the fibrillation of Aβ1-42 and α-synuclein: implications for
the role of proSAAS in amyloid pathology
In chapter IV, I tested the hypothesis that proSAAS functions as a molecular
chaperone for secretory proteins. Using thioflavin T (ThT) fluorescence assays and
transmission electron microscopy studies, I demonstrated the potent effect of proSAAS in
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preventing the fibrillation of Aβ1-42 and α-synuclein, two molecules involved in AD and
PD pathophysiology. I also presented data on co-localization of proSAAS within Aβpositive plaques in the brain of an AD mouse model and within α-synuclein-positive
Lewy bodies in the substantia nigra of a human brain who had PD. How amyloid plaques
lead to AD is still unclear. However, it has been shown that neurons surrounding these
plaques suffer from dystrophic neurites [307], suggesting that an equilibrium may exist
between plaques and oligomers that causes a local increase in toxic species around
plaques. In addition, inflammation may arise from the presence of plaques, resulting in
neuronal death in the surrounding tissue. Therefore, prevention of plaque formation may
be a viable therapeutic avenue.
ProSAAS is an effective inhibitor of Aβ1-42 amyloid fibril formation in vitro;
therefore, it seems paradoxical to identify proSAAS in amyloid plaques in AD mouse
brains. One possibility is that in the AD mouse model, the ratio of Aβ: proSAAS is too
high, such that the fibrillation process cannot be completely blocked. Alternatively,
amyloid plaques are heterogeneous [308]. If proSAAS is ‘trapped’ in these plaques,
there may be reduced levels of available proSAAS to prevent Aβ fibrillation or
cytotoxicity, thus contributing to the pathophysiology. There is also the possibility that
co-localization of proSAAS in these plaques occurs by coincidence.
One way to address the physiological role of proSAAS is through the use of
animal models. Fortunately, both proSAAS knockout and overexpressing mice have
already been generated [77,252].

To examine the physiology of proSAAS in AD

neurodegeneration, proSAAS knockout mice or proSAAS overexpressing mice should be
crossed with AD models (such as the APP695/PS-1-dE9 mice used for our
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immunohistochemistry studies). If proSAAS exhibits anti-fibrillation effect in vivo, I
would expect that the progeny of AD model x proSAAS KO cross would exhibit
accelerated and/or exacerbated impairment of memory function, accompanied by
enhanced Aβ plaque formation. Conversely, AD mice which overexpress proSAAS
might exhibit a later onset of cognitive impairment, and a decrease in amyloid plaques. It
is entirely possible that modulation of proSAAS level will not affect the number of
amyloid plaques observed, as plaque formation does not always correlate with clinical
phenotypes in AD patients.

However, we may still be able to observe changes in

cognitive function; if so, this would further highlight the discrepancy between plaque
formation and memory impairment. Alternatively, endogenous expression of proSAAS
in transgenic AD mice can be modulated either by injecting recombinant proSAAS
protein; a viral construct expressing proSAAS (which would increase proSAAS levels);
or siRNA (which would decrease proSAAS levels). Increasing proSAAS levels would be
expected to improve AD symptoms, whereas the acute knockdown should result in
exacerbation of cognitive deficit.
In addition, at least 20 different neurodegenerative diseases are characterized by
protein aggregation (reviewed in [309]).

It will be of interest in future studies to

investigate whether proSAAS might also prevent the fibrillation of other proteins, for
example, the huntingtin protein found in Huntington’s disease [310,311]. ProSAAS may
also exhibit chaperone-like activity in peripheral tissues, as there are several tissues that
express only proSAAS, and not PC1/3. For example, type 2 diabetes is characterized by
aggregation composed of islet amyloid polypeptide (IAPP, also known as amylin), which
is thought to contribute to the loss of β-cells (reviewed in [312]). In the pancreas,
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proSAAS-derived peptides are richest in alpha and delta cells [313,314]. Interestingly,
under diabetic conditions, expression of the secretory protein IAPP is also increased in
delta cells [315]. This increased expression potentially enhances the opportunity for the
two proteins to interact. Therefore I predict that the addition of proSAAS to IAPP should
block IAPP fibrillation. In addition, aged proSAAS KO mice should be examined for the
development of insoluble protein deposits in the pancreas or in the brain as a function of
age—as this phenomenon has been observed in aged mice lacking the chaperone clusterin
[316]—to find additional substrates for proSAAS. Co-immunoprecipitation of tissue
samples using a proSAAS antibody would be an alternative way to identify potential
binding substrates.

5.4.2. ProSAAS vs. Aβ1-42 oligomers
It has been suggested that the soluble, lower molecular weight forms of Aβ
oligomers are more toxic than fibrils, causing synaptic dysfunction and neuronal death,
and that in fact, the plaques represent an attempt by neurons to protect themselves by
sequestering the toxic Aβ1-42 species into an insoluble, inert state (reviewed in [317]).
Under this ‘toxic Aβ oligomer’ hypothesis, it may seem counterintuitive to utilize
proSAAS to prevent Aβ fibrillation at the cost of increasing Aβ oligomers. Therefore, it
would be important to examine the effects of proSAAS on Aβ1-42 oligomerization.
ProSAAS may prevent Aβ oligomers from forming, thus preventing Aβ1-42
polymerization at multiple steps (from small oligomers to large fibrils); however, it is
possible that the anti-aggregation effect of proSAAS may be limited to specific types of
peptide/protein aggregation events e.g. β-sheet rich fibrils that bind ThT or Congo Red
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dyes. In support of the latter hypothesis, proSAAS was unable to prevent aggregation of
PC1/3 (Chapter III), but was able to prevent the ThT-positive fibrillation of Aβ1-42 and αsynuclein.
Furthermore, the AD field has been complicated by the identification of numerous
Aβ1-42 forms (Figure 25), which produce effects on neurons ranging from memory
impairment to neuronal death (reviewed in [317]). In other words not all oligomers are
created equal; certain forms may be neurotoxic, while others may be easily degraded, and
others will aggregate further to form fibrils and amyloid plaques (reviewed in [317],
[318]). In Chapter IV, I only addressed the effect of proSAAS on low-‘n’ oligomers,
such as trimers and tetramers, and on fibrils, but proSAAS may affect the production of
other intermediate Aβ species. For example, a 56 kDa soluble high molecular weight
oligomeric form named Aβ*56 has been identified in the brains of middle-aged (6 to 14month old) Tg(APPSWE)2576Kahs (Tg2576) mice [319]. Aβ*56 is hypothesized to
cause memory impairment in these middle-aged Tg2576 mice, as the formation of Aβ*56
coincides with the onset of memory deficits, which occurs before plaque formation and
neuronal death are observed [319].

However, our oligomerization protocol did not

generate this 56 kDa form, so I was not able to test whether proSAAS inhibits its
formation.
In future studies, the effect of proSAAS on Aβ*56 formation or resulting memory
impairments should be addressed. First, proSAAS-overexpressing mice could be crossed
with Tg2576 mice; if proSAAS prevents the formation of pre-fibrillar Aβ1-42 species, we
would expect to see no Aβ*56, or delayed Aβ*56 formation. Secondly, since purified
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Aβ*56 causes spatial memory deficits when injected into young rats [319], if proSAAS is
co-injected with Aβ*56, Aβ*56-induced memory impairment might be spared.
In conclusion, we now know that proSAAS prevents the fibrillation of Aβ1-42.
Whether proSAAS-mediated prevention of fibrillation will ultimately be beneficial or
worsen symptoms in the AD brain is currently unknown. However, the experiments
described above will improve our understanding of the role proSAAS plays in AD, and
will assist in future decisions to employ proSAAS as a therapeutic target.

Figure 255. Aβ monomers can form different oligomeric populations and fibrils.
It was once thought that amyloid plaques were formed in a linear fashion (as indicated by
the purple boxes), beginning from Aβ1-42 monomers and increasing in size to form
oligomers, protofibrils, fibrils, and finally amyoid plaques. However, several different
oligomeric complexes have been reported in the literature; these can either be prepared
synthetically or purified from AD-afflicted brains (blue boxes). Not all oligomers are
identical, but all oligomer species may contribute to plaque formation, cytotoxicity,
and/or cognitive impairment. The trimers and tetramers in the green boxes represent the
oligomers synthesized for the cytotoxicity experiments.
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5.4.3 Molecular mechanism underlying the cytoprotective effects of proSAAS
While proSAAS was able to prevent Aβ1-42-induced cell death of neuroblastomaderived Neuro2a cultures, future studies should include an examination of the molecular
mechanisms behind this protection. For example, it has been shown that neuronal cells
can endocytose soluble Aβ oligomers in acidic compartments such as lysosomes, thereby
concentrating intracellular Aβ up to micromolar concentrations [296]. These aggregates
are then released and act as ‘seeds’ to form extracellular plaques that can then disrupt
cellular function. ProSAAS may prevent this cellular reuptake or the formation of Aβ
toxic species downstream of reuptake that ultimately result in cytotoxicity.

Future

experiments should test whether proSAAS affects reuptake by immunoblotting for Aβ in
cellular extracts treated with recombinant Aβ in the presence or absence of proSAAS.
Alternatively, cells could be stained for Aβ, proSAAS, and organelle markers to
determine precisely where Aβ and proSAAS co-localize. These results will help to
elucidate the subcellular locus of proSAAS interaction with Aβ.
Aβ1-42 oligomers are known to be transient species (reviewed in [317]). It can be
postulated that these trimers/tetramers species applied to the cells transition into a more
toxic species during the 48 h incubation with cells, and that proSAAS prevents the
formation of such toxic species. More work is needed to systematically characterize the
production of the various Aβ species formed during incubation with cells, identifying the
forms which are prevented by proSAAS inclusion, and the actual Aβ forms that interact
with proSAAS in vivo.
Finally, proSAAS may be useful in the neurodegenerative field as a biomarker.
Significant decreases in proSAAS levels in the cerebrospinal fluid of patients with AD

142

and FTD have been reported [271,272,273,274], which might be expected if proSAAS
indeed represents an endogenous chaperone for Aβ1-42. It will be important to measure
the concentration of proSAAS in the hippocampus and cortex of young, middle-aged, and
aged AD mice brains using ELISAs or radioimmunoassays.

I speculate that the

concentration of proSAAS in brain may decrease with age, and that proSAAS expression
will be even lower in brains of AD model mice. The utility of proSAAS as a potential
biomarker may also extend to endocrine tumors. Two independent groups have reported
the presence of proSAAS in pheochromocytoma tissue [320,321]. At this stage, it is
impossible to ascertain whether proSAAS plays any role in pheochromocytoma
development or progression; however, these studies provide important starting points to
investigate proSAAS as a novel therapeutic target and/or a biomarker for disease.
In conclusion, the findings presented in this thesis include additional regulatory
mechanisms for PC1/3 which may assist in understanding how PC1/3 mutations affect its
activity and ultimately lead to neuroendocrine disorders such as obesity.

Although

proSAAS could not dissociate PC1/3 aggregates, proSAAS may function as a molecular
chaperone for Aβ1-42 and α-synuclein, supporting previous findings on a possible role of
proSAAS in neurodegenerative disease [269,270].
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