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Dedicated to Mom, Dad, and Justin who stood by my side no matter what and

supported me through my education journey to become the person | am today.



“I hope that in this year to come, you make mistakes.

Because if you are making mistakes, then you are making new things, trying new
things, learning, living, pushing yourself, changing yourself, changing your world.
You're doing things you've never done before, and more importantly, you're Doing
Something.

So that's my wish for you, and all of us, and my wish for myself. Make New
Mistakes. Make glorious, amazing mistakes. Make mistakes nobody's ever made

before. Don't freeze, don't stop, don't worry that it isn't good enough, or it isn't
perfect, whatever it is: art, or love, or work or family or life.

Whatever it is you're scared of doing, Do it.

b

Make your mistakes, next year and forever.’

—Neil Gaiman

(A note to myself during my Ph.D. training)
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Abstract of the dissertation

Physiological Effects of Transition Metals and Serum Albumin
on Proinsulin C-peptide

C-peptide exhibits beneficial effects, particularly in diabetic patients, but its clinical
use has been hampered by a lack of mechanistic understanding. The work described in
this thesis focuses on the advancement of C-peptide as a co-therapeutic with insulin for
diabetic patients by elucidating the molecular mechanisms that drive the beneficial
signaling effects of C-peptide. The work involved in understanding C-peptide’s
mechanisms of action during circulation, internalization, and peptide signaling include 1)
identifying which metal co-factors interact with C-peptide and alter its intracellular
functions, 2) analyzing how selected metal co-factors mediate ternary interactions
between C-peptide and serum albumin, another potential regulatory factor, and impacts
the biochemical behavior of the peptide, 3) revealing how high glucose exposure alters
structure of serum albumin and modifies ternary complexations with C-peptide, and 4)
determining how metal-bound C-peptide internalizes in different endocrine organs and

shifts intracellular Cu trafficking levels linking to copper-related diseases.

Chapter 2 addresses the first goal in determining which essential first-row d-block
transition metals play a role on the function of C-peptide using spectroscopic tools such
as electronic absorption spectroscopy. Cr(lll), Cu(ll), and Zn(ll) demonstrated binding to
C-peptide with differing stoichiometries and biologically relevant binding affinities. Cr(lll)
and Cu(ll) in particular modulated peptide internalization activity through subtle structural
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changes, pointing to the biological importance of metal ions as co-factors and its impact

on the function of bioactive peptides.

To this end, Chapter 3 expands on the regulatory factors associated with C-peptide
by demonstrating the combined impact of Cu(ll) and the serum protein albumin on the
activity of C-peptide. By tackling the second goal, this chapter displays a combination of
powerful tools such as FRET screening with Cu(ll) and Zn(ll) and spectroscopic tools. To
complement the CD and electronic absorption spectroscopy studies, a collaborative effort
with the Britt lab and Wang lab at UC Davis were extended to elucidate the coordination
chemistry behind these ternary complexes using EPR and TDDFT studies. This work
shows that Cu(ll) distinctly mediates the formation of ternary complexes between albumin
and C-peptide and that the resulting species depend on the order of addition. The
resulting species revealed two schematics of binding, one of which is confirmed by both
EPR and TDDFT simulations, whereas the other schematic points to a possible second
binding site on C-peptide, as previously determined the Heffern lab. Due to differences in
structure, both ternary complexes notably alter peptide activity, showing differences from
the peptide or Cu(ll)/peptide complexes alone in redox protection as well as in cellular
internalization of the peptide. In standard clinical immunoassays for measuring C-peptide
levels, the complexes inflate the quantitation of the peptide, suggesting that such adducts
may affect biomarker quantitation. Altogether, our work points to the potential relevance
of Cu(ll)-linked C-peptide/albumin complexes in the peptide's mechanism of action and

application as a clinical biomarker.

Because the focus on C-peptide mechanisms is tailored towards diabetic patients,

it is crucial to consider that the structure-function of the peptide alongside its regulatory
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factors may change in the presence of chronic glucose conditions. Serum albumin
undergoes irreversible glycation after long-term exposure to high glucose levels, leading
to modifications in its protein structure. The third goal addresses this challenge in Chapter
4, which reveals by spectroscopy (CD, UV-Vis) that glycated serum albumin alters ternary
complexation with Cu(ll) and C-peptide, as well as shifts cellular internalization and
clinical measurements of C-peptide. To extend our understanding the molecular
mechanisms of C-peptide with Cu(ll) and albumin, this work looks into the impact of long-
term incubation with high glucose on complexation with Cu(ll), C-peptide and albumin.
These studies begin to reveal formation of aggregation in collaboration with Dr. Duim at
UC Davis, leading to the project development of determining what factors may drive
aggregation. This warrants future studies by not only focusing on the mechanisms of C-
peptide with its co-factors in normal conditions, but also considering the challenges that

come with drug development of C-peptide in diabetic conditions.

As the relationship between Cu(ll) and C-peptide has been thoroughly
characterized in the previous chapters, Chapter 5 expands on the fourth goal by exploring
the potential impact of Cu(ll)-bound C-peptide on peptide internalization in different
endocrine targets and Cu intracellular pathways. This work displays trends in
redistributing Cu trafficking levels in the presence and absence of serum albumin, pointing
to the mechanism of C-peptide as a sequestration factor, as well as linking to the impact
C-peptide may have on Cu-associated diseases. Below is an abstract figure that
encapsulates a visual of this thesis, and how each chapter contributes to the molecular

understanding of C-peptide and its co-factors.
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Abstract Figure. As indicated by number markers, Chapter 1 introduces the biosynthesis
and discoveries made with C-peptide. Chapter 2 focuses on determining which metal co-
factors interact with C-peptide. Chapter 3 expands on metal interactions with C-peptide
by discussing how a metal ion may mediate ternary complexations with serum albumin.
Chapter 4 explores diabetic conditions by revealing how long-term exposure to high
glucose may impact ternary complexations elucidated in Chapter 3. Chapter 5 seeks to

link C-peptide interactions with metals and its impact on intracellular metabolic pathways.
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CHAPTER 1

Introduction: Effects of transition metals and serum albumin
on proinsulin C-peptide activity
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1.1 Therapeutic strategies using peptide hormones

Peptides have advanced the drug discovery of small molecules as a class of
therapeutics that can target the undruggable due to their high potency, low toxicity, and
selectivity.! Linked by peptide bonds, the structure of peptides vary by the number of
amino acid chains ranging from dipeptides to polypeptides with molecular weights from
0.5 to 5 kDa.?® Peptides typically act as growth factors, hormones, ion channel ligands,
or anti-microbial agents. These systems bind with high specificity and affinity to distinct
cell surface receptors and activate intracellular activities. While these mode of actions are
comparable to existing biologics such as therapeutic proteins and antibodies, peptides
possess the competitive advantage of lower immunogenicity, advanced peptide synthetic
strategies, and effective manufacturing costs.*-® Below is an adaptation from Muttnethaler
and colleagues?! on milestones in peptide development and methodologies that shaped

the success of peptide drug approvals in the peptide therapeutics field today (Figure 1.1).

A B
1985: Phage display
1922 1963

First medical use of Merrifield’s solid-phase
insulin extracted peptide synthesis for 1980s: Recombinant 52
from bovine/porcine automation technology
pancreas (Nobel Prize in 1984)
I I 29
1920 1940 1960 1980
[ I

1954 1980 5

Vigneaud'’s total synthesis Oxytocin

of oxytocin and vasopressin |

by solution-phase (Nobel

Prize in 1955) |1982|' 1960-1979 1980-1999 2000-2019

nsulin

Peptide drug approvals

(recombinant)

Figure 1.1. (A) The first peptide drug revolutionized the treatment for type 1 diabetes and

initiated the peptide therapeutics field for clinical use. Peptides shifted to synthetic
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production in the 1950s, however, processing took longer than other competing biologics.
With the increase in commercial interest of peptides, automation of peptide production
the use of solid-phase methods in the 1960s began to attract attention from the
pharmaceutical industry. The advent of recombinant technology and phage display in the
1980s enabled effective manufacturing practices with larger peptides, leading to a surge
in peptide drug approvals. (B) Peptide therapeutics now account for 5% of the

pharmaceutical market, and the field continues to expand today.

1.1.1 Examples of milestone peptide therapeutics

The field of peptide therapeutics initiated in 1922 with the first discovery of insulin
isolated from bovine and porcine pancreas, which plays a role regulating glucose in the
bloodstream. Once its function was elucidated, insulin revolutionized clinical treatments
as it became the first commercial peptide drug to treat patients with diabetes mellitus.’
This finding led to fundamental studies of natural hormones in the 20™ century centered
on structure, biosynthesis, and their unique mode of action.® With decades of research
on the elucidation on the structure and function of peptide hormones, peptide drug
developments today are focused on synthetic peptide-derived analogues for clinical
applications. A well-known example is oxytocin, a nonapeptide hormone first synthesized
in the neurons of the hypothalamus in the brain, then transported to the posterior pituitary,
where it is released to stimulate parturition and lactation.® Oxytocin is currently used to
induce uterine contractions for childbirth, and displays promising effects for alleviating
social disorders.'%11 Similar to the peptide structure of oxytocin, vasopressin is a pituitary
nonapeptide that differs by only two amino acids but produces opposite effects.'?
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Vasopressin induces changes in vasoconstriction, and acts as an anti-diuretic.'® Figure

1.2 displays the structures of the aforementioned peptides in this section.

Oxytocin

@
o*e B-0-@
@

Vasopressin

(D)
® @R
@)

Figure 1.2. Insulin consists of two peptide chains connected by disulfide bridges: a 21-
mer alpha (A)-chain and a 31-mer beta (B)-chain. Oxytocin and vasopressin are cyclic
peptides with 9 AA residues. Differences of three residues between these peptide lead to

juxtaposing functions.

1.2 History and significance of proinsulin C-peptide

After successful isolation of insulin, questions were raised regarding how the A-
and B- chains of insulin come together to form biologically active insulin. Steiner and
colleagues elucidated the mechanisms behind the biosynthesis of insulin,** and

determined there were intermediate forms of insulin prior to secretion from the pancreas.
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Their observations from labelling experiments in human pancreatic islet cells first
revealed a protein molecular weight of 10.8 kDa.* This suggested that insulin exists as
a precursor in the endoplasmic reticulum, termed as preproinsulin, where the amino acid
sequence starts with a polypeptide chain at the N-terminus (N-terminal signal peptide)
next to the B-chain segment of insulin, a connecting polypeptide chain between the
normal insulin chain sequences, and ends with the A-chain segment of insulin. This
protein precursor is what initiated the “prohormone” concept, in which active hormones
exist as an inactive precursor first. Two types of proteolytic activities occur for the
conversion of preproinsulin to active insulin. First, the N-terminal signal peptide is cleaved
by an endopeptidase, creating proinsulin. Steiner & co-workers!® showed that reoxidation
of the fully reduced precursor produces high vyields of proinsulin, indicating that the
primary role of proinsulin is to facilitate the efficient formation of the disulfide bonds that
link the A- and B- chains of insulin together. When active insulin is ready to be released
into the bloodstream, exopeptidases cleave insulin from the connecting polypeptide
chain. The free connecting segment found the middle of proinsulin was detected in
equimolar amounts with active insulin post-secretion. This polypeptide chain was termed
as C-peptide for its connecting properties.*® An illustration of the production of active

insulin and C-peptide, as well as the sequence of C-peptide, is shown in Figure 1.3.
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B-chain A-chain

of insulin of insulin
L — |
N-terminal C-peptide
signal peptide

‘-'—"-
—
Pancreatic

Preproinsulin

E.AEDILQVGQVELGGGPGAGSLAQPLALEGL,SQ

Figure 1.3. Biosynthesis of active insulin and C-peptide from the human pancreatic beta-
islet cells and its intermediate prohormone products. Preproinsulin is cleaved by an
endopeptidase to generate proinsulin. C-peptide brings the A- and B-chain of insulin
together to form disulfide linkages. When signaled to be released to the bloodstream, an
exopeptidase cleaves C-peptide from insulin to release equimolar amounts of active
insulin and C-peptide. The resulting C-peptide product (green) is a 31-mer random coiled

peptide.
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1.2.1 C-peptide as a clinical diagnhostic marker

Type 1 diabetes is an autoimmune disease in which the beta cells of the pancreas
cannot produce insulin, thus requiring dependence on insulin injections to regulate blood
sugar levels.” (CDC website). Decades ago, diagnosis of this chronic disease was
difficult because insulin immunoassays were the primary diagnostic tool for measuring
circulating insulin levels. These assays were more accurate for healthy subjects and
diabetics with a managed diet than with insulin-treated diabetic patients who lack insulin
production.’® When it was discovered that C-peptide is released in equimolar
concentrations with active insulin into the bloodstream, this opened doors to consider
measurements of serum C-peptide to better understand the mechanisms behind
destructed pancreatic beta cell function in patients with diabetes mellitus. Further
foundational research on C-peptide revealed that the clearance rate of C-peptide was
determined to be five times slower than insulin,!® and that C-peptide production can
persist decades after onset of the disease. Therefore, C-peptide peptide immunoassays
became the standard measurement as an insulin marker and elucidation in beta cell

functioning.?°

1.3 Trends of beneficial effects observed on C-peptide
activity

The long-term complications of Type 1 diabetes include cardiovascular (heart and
blood vessel) disease, nephropathy (kidney damage), neuropathy (nerve damage), and

retinopathy (eye damage).?! Interestingly, there are diabetic patients who developed less
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long-term complications than patients who are completely C-peptide deficient.?%23 This is
due to minimal endogenous beta cell activity that maintain the prolongation of C-peptide
production after dysfunction of pancreatic beta cells. Researchers began to investigate if
C-peptide contains any insulin-like effects. Initially thought to be inert, C-peptide now
presents promising in vivo and in vitro bioactivity that could ameliorate the long-term
complications of Type 1 diabetes such as blood flow regulation, glucose uptake, and
increased cell growth.?425 An adaptation from Wahren and colleagues?®® on the summary
of clinical, in vivo animal and in vitro cellular effects of C-peptide is listed in Table 1.1.
Yet, despite its beneficial health effects, neither its mechanism of action nor any clear
structure-function relationships have been elucidated, thus hindering its development

and use as a therapeutic agent.
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Table 1.1 in vivo animal and in vitro cellular effects of C-peptide

In vivo effects In vitro effects

G-protein involvement
Intracellular Ca2+ 1

PKC, MAPK and PI-3Ky 1
NFkB, PPARYy, Bcl2, c-Fos,

Functional reserve 1
Renal Glomerular hyperfiltration | | Intracellular
Urinary albumin excretion | | signaling

Structural abnormalities |

ZEB 1
eNOS activity and protein
Conduction velocity 1 levels 1
Vibration perception 1 Na+/K+-ATPase activity
Nerve Blood flow 1 and protein levels 1
Na+/K+-ATPase activity 1 A @i Cell growth 1
Hyperalgesia | Apoptosis |
Structural abnormalities | Insulinomimetic effects

Anti-thrombotic effects

Muscle blood flow
Circulation | Skin blood flow 1 Other Disaggregation of insulin
Myocardial blood flow and hexamers

contraction rate 1

1.4 Current structure-function studies of C-peptide with
transition metals

Meyer and co-workers?® first demonstrated a relationship between C-peptide and
its beneficial effects on chronic diabetic complications by showing that C-peptide
activates ATP release, a stimulant for nitric oxide in erythrocytes. This aids vasodilation
by increasing blood flow and lowering blood pressure. The co-addition of Cr(l1l) and Fe(ll)
activated C-peptide by increasing ATP release from erythrocytes over 72 hours or 24
hours, respectively.?” Zn(ll)-activated C-peptide has also shown a similar effect by

increasing ATP levels by 31%, as well as an increase in glucose uptake by 36% over
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erythrocytes alone.?”?® Recently, the Heffern lab demonstrated that Cu(ll) can alter
peptide internalization?® by directly binding to E3 and D4 of C-peptide.*° Moreover, the
wild-type sequence of C-peptide is necessary for precise binding of Cu(ll) to C-peptide,
and mutations or truncations of the peptide lead to non-specific metal ion binding.3°
Metals clearly play a role in peptide activity, setting a paradigm in which metals should
be considered when understanding the structure-function of C-peptide at a molecular

level.

1.4.1 Serum albumin as a potential chaperone for C-peptide

To expand on C-peptide and Zn(ll) delivery to erythrocytes for ATP release,
Spence and co-workers showed that C-peptide can bind to erythrocytes in the presence
or absence of Zn(ll), and that Zn(ll) delivery to erythrocytes only occurs in the presence
of C-peptide.31:32 However, the mechanisms of C-peptide binding to Zn(Il) could not be
demonstrated, indicating that another biomolecule may play a role. The physiological salt
solutions used for their studies contain albumin, a protein carrier for peptides,
metabolites, and drug molecules in vivo.3® When working with albumin-free solutions, C-
peptide and Zn(ll) delivery to erythrocytes was absent, suggesting that albumin is
necessary for enhanced ATP release.3! Geiger and colleagues confirmed that with the
addition of albumin/C-peptide/Zn(ll) complex, ATP release in ATP-derived erythrocytes
of Type 1 diabetic patients was restored to the levels of control or healthy erythrocytes.3?
Because the receptor for C-peptide remains elusive, it is now suggested that there may

be a receptor for albumin/C-peptide/Zn(ll) on erythrocytes.3?
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Serum albumin can become modified in hyperglycemic conditions by a process
termed glycation, which may alter ligand binding capabilities.34-2¢ Jacobs and co-workers
demonstrated that glycation of serum albumin disrupted C-peptide and Zn(ll) binding to
erythrocytes and decreased ATP release in comparison to previous studies with normal
serum albumin. This suggests that hyperglycemic patients with Type 1 diabetes have

implications for C-peptide therapy strategies.?’

1.5. C-peptide as a potential biomarker for copper-
related disease states

Studies have shown that imbalances in C-peptide levels can serve as a risk and
potentially diagnostic factor for the progression of metabolic diseases. For instance,
Wang and co-workers observed that C-peptide levels decrease with the advancement of
T2D, pointing to decreased function of the pancreatic beta-cells and the onset of
inflammatory and fibrotic progression.®® On the other hand, Han and colleagues
demonstrated higher serum fasting C-peptide levels in obese children with non-alcoholic
fatty liver disease (NAFLD) in comparison to the group without NAFLD.*® Interestingly,
copper dyshomeostasis has also been implicated in these disorders. Because the Heffern
lab has characterized the Cu-binding properties of C-peptide, we hypothesize that there

may be a mechanistic link between C-peptide levels and Cu regulation in DM and NAFLD.
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1.5.1 Copper homeostasis

Cu is an essential metal used as a cofactor for many enzymatic functions involved
in metabolic processes. When Cu is misregulated, it can be highly toxic to cells by
generating reactive oxygen species (ROS).4° ROS formation leads to protein oxidation
and cleavage of DNA and RNA, peroxidation of membrane lipids, and eventually cell
death.*! Therefore, the maintenance of Cu homeostasis is crucial to avoid these chain of
events. Cu ions in the bloodstream are transported through enterocytes and imported into
the cell by a Cu transporter, CTR1, and is delivered to one of two Cu ATPases, ATP7A
or ATP7B, for export out of the cell.*? Cu-binding proteins in blood plasma then bind to
Cu to regulate copper levels and distribution. For instance, ceruloplasmin binds tightly to
40-70% of total plasma copper and delivers copper directly to cell membrane
transporters. Another example is albumin, a major constituent of exchangeable copper

and accounts for 10-15% of plasma copper.*?

1.5.2 Copper imbalance associated with DM and NAFLD

Generation of ROS such as superoxide and hydroxyl radicals is a common
phenomenon associated with diabetes mellitus (DM).#* DM leads to failure or damage of
different organs and tissues such as the arteries, heart, nerves, kidneys, and retina.*°46
It is still unclear how generation of ROS is induced in DM, but multiple studies have

evaluated biologically relevant transition metals as catalysts of oxidative stress.*”-4®

Cu levels in particular exhibited a correlation with T1D studies. Streptozotocin

(STZ), a common inducing agent to study T1D, destructs the function of pancreatic beta-
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cells. STZ-induced rats contain elevated levels of Cu in the liver and kidney after a week
of treatment, then a two to five-fold increase in Cu levels after four weeks in comparison
to the control groups.*® There was also an increase in Cu in daily urinary excretion.*® Both
of these measurements in STZ-induced rats were comparable to T1D patients, where
higher serum Cu concentrations® and elevated ceruloplasmin plasma levels were
detected in comparison to heathy subjects,®! pointing to the systemic overload of Cu in
T1D. T2D patients displayed similar trends, with higher Cu levels in serum plasma and
urinary excretion, regardless of the progression path towards T2D long-term
complications.5?52 Together, these studies show that alteration of Cu levels is an
important factor to consider for the onset of DM complications due to increased oxidative

stress and ROS formation.®#>°

On the other hand, Cu deficiency (CuD) is a result of abnormal cell export (ATP7A)
leading to maldistribution, reduced ceruloplasmin concentrations, and decreased Cu
absorption.56-%° Because of these deleterious events, changes in lipid metabolism and
increased oxidative stress are observed in both animal and human models, suggesting
that CuD is a contributing factor in the pathogenesis of metabolic diseases such as non-
alcoholic fatty-liver disease (NAFLD).661 NAFLD is defined as the accumulation of
hepatic lipidation, and is considered the leading cause of chronic liver disease in both
children and adults.5263 However, further studies are necessary to elucidate the

mechanisms that drive the imbalance of Cu in DM and NAFLD.
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CHAPTER 2

Analysis of Metal Effects on C-Peptide Structure and
Internalization

Adapted with permission from:

Stevenson, M. J., Farran, I. C., Uyeda, K. S., San Juan, J. A., & Heffern, M. C. (2019). Analysis

of Metal Effects on C-Peptide Structure and Internalization. ChemBioChem, 20(19), 2447-2453.
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2.1 Introduction

Proinsulin C-peptide is a clinical marker for understanding pancreatic -cell
function and to help distinguish between Type 1 and Type 2 diabetes. Biosynthesized
between the A- and B-chains of insulin, C-peptide acts as the connecting linker by
bringing the A- and B-chains of insulin together by disulfide bond formation. As glucose
levels rise, active insulin and C-peptide are cleaved in the secretory vesicles, then
exocytosed in equimolar amounts. Using this action as an advantage, the strategy of
measuring C-peptide production is combined with screening for the presence of
remaining islet-cells and other autoantibodies to provide accurate assessments of

residual beta-cell function.!

C-peptide was initially thought to be biologically inert. Strong evidence now
suggests that C-peptide acts as a solubilizing agent for insulin and demonstrates
hormone-like roles post secretion such as glucose uptake, blood flow regulation by
stimulation of the eNOS pathway, release of ATP from erythrocytes, and increased cell
growth.2? In addition, there is debate about the signaling effects of C-peptide, whether it
binds classically to a G-protein coupled receptor on the cell surface to trigger signaling
cascades,®* or if C-peptide undergoes nonclassical peptide internalization then localizes
to the cytoplasm.® With over a decade of work supporting the beneficial physiological
effects of C-peptide,®’ its therapeutic advances are hindered by a lack of mechanistic
understanding.® Therefore, it is important to investigate the molecular mechanisms of C-
peptide activity to make the connection between the biological activities of C-peptide and

its structural functions.
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In elucidating the peptide’s mode of action, previous studies have shown that C-
peptide function depends on the co-addition of essential divalent metal ions. In the
presence of Zn(ll), C-peptide can prevent islet amyloid polypeptide (IAPP) aggregation in
pancreatic B-cells.® C-peptide activation of ATP release from erythrocytes is enhanced
when in the presence of Cr(lll), Fe(ll), or Zn(l1),°>*! to which Spence and co-workers
speculated that this mode of action may require a chaperone such as serum albumin
while C-peptide is being transported in the bloodstream.'213 Despite these observations,
the structural consequences and peptide functions of C-peptide when a metal ion binds
remain elusive. Recent studies have supported that essential d-block transition metals
can perturb and alter function of bioactive peptides at a molecular level such as insulin,
oxytocin, and  hepcidin.!*'"  Because the sequence of C-peptide
(EAEDLQVGQVELGGGPGAGSLQPLALEGSLQ) includes possible metal-binding
contenders, such as negatively charged glutamic and aspartic acid, this work highlights
how the inorganic biochemistry of metal ions may impact the function of C-peptide. While
the complete published work assesses the effects of all the first-row d-block metals, this
chapter focuses on my key contribution to the work, which is the investigation to the the
direct metal binding stoichiometries and affinities of metal ions that showed visible

interactions with C-peptide.
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2.2 Results and Discussion

2.2.1 Characterization of metal binding stoichiometries and
affinities to C-peptide

To gain a better understanding of the structure/function dependence of metal-
peptide interactions responsible for C-peptide activation of ATP release from
erythrocytes, we characterized resulting species from Zn(ll) addition to C-peptide.
Previous mass spectrometry studies suggested a Zn(l1)/C-peptide complex could form.°
To determine the binding affinity of optically silent Zn(ll), we used a chromophoric ligand,
Zincon (ZI). ZI binds to labile Zn(Il) and exhibits a metal-ligand charge-transfer (MLCT)
peak in the visible region of the electronic absorption spectrum. ZI was used as a
competitive ligand to assess binding parameters of Zn(ll)/C-peptide. When C-peptide is
titrated into a solution of preformed ZI-Zn(ll), the MLCT band of ZI-Zn(ll) at 618 nm
decreases (Figure 2.1). This suggests that C-peptide is competing with ZI for Zn(ll). The
calculated formation constant!® of the Zn(l1)/C-peptide complex is estimated to be log K
between 4.0 and 5.0, or Kg, app = 10-100 uM. Because the Zn(ll) concentration range is
from picomolar to micromolar in plasma, the dissociation constant range of the Zn(ll)/C-

peptide complex indicates that Zn(ll) can interact with C-peptide in solution and plasma.
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Figure 2.1. Binding affinity of Zn(ll) to C-peptide. (A) Zn(ll) binds to Zincon (ZI) at one
equivalence, and the binding affinity is determined to be log K=5.7. The ZI-Zn(ll) complex
produces a MLCT at 618 nm, providing a colorimetric method to measure Zn(ll) affinities
with other complex systems. (B) Electronic absorption spectra when 5 uM of C-peptide is
titrated up to 80 yM into a solution containing 10 uM Zn and 20 pM ZI in 50 mM HEPES
at pH 7.4. C-peptide competition for Zn(ll) is displayed by the absorption decrease at 618
nm. The estimated binding affinity of Zn(I1)/C-peptide is log K between 4.0 and 5.0 or Kg,

app = 10-100 |JM

Immunofluorescence demonstrated that out of all the d-block transition metals,
Cr(ll1) and Cu(ll) were the only metal ions that altered C-peptide internalization in human

embryonic kidney (HEK-293) cells.(add citation) To determine whether this effect was due
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to direct metal/peptide interactions, we probed the presence and approximate affinities of
such binding using electronic absorption (UV-Vis). To prepare samples for analysis, metal
salts were titrated from sub- to super- stoichiometric amounts into solutions containing
300 uM C-peptide in 50 mM phosphate buffer (pH 7.4). All essential d-block transition
metals (Cr(Ill), Mn(ll), Fe(ll), Fe(lll), Co(ll), Ni(ll), Cu(ll)) were titrated into C-peptide to
determine any direct metal binding. Based on the observed altered intracellular peptide
behavior by Cr(lll) and Cu(ll), results from UV-Vis studies indicate a 1:1 Cu(ll)/C-peptide

stoichiometric ratio and Cr(lll) shows a stoichiometric ratio of a 2:1 Cr(lll)/C-peptide

(Figure 2.2).
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Figure 2.2. Electronic absorption spectra of C-peptide in 50 mM phosphate buffer (pH

7.4) when titrated with (A) Cr(lll) and (B) Cu(ll). Metal solutions were titrated into 300 yM
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C-peptide from sub- to super-stoichiometric ratios (0.5 to 5 equivalences). A large band
at 220 nm is attributed to peptide backbone absorption. Arrows portray an increase in d-
d bands, suggesting interactions of the metal with C-peptide. (A) Addition of Cr(lll) display
an increase in two bands at 431 and 585 nm. (B) Titration of Cu(ll) caused an increase in

absorbance at 600 nm.

Because these metals display direct binding to C-peptide, we sought to determine
its binding affinity. While a Kd, app could not be determined for Cr(lll), we applied the same
method for determination of Zn(ll)/C-peptide affinity using the chromophoric ligand 1,10-
phenanthroline (phen) for Cu(ll)/C-peptide. Cu(ll)-phen has a charge transfer band at 265
nm. When C-peptide is titrated into Cu(ll)-phen solution, the loss of the charge band is
monitored to determine if the peptide can compete with phen for Cu(ll) (Figure 2.3).
Cu(ll)/C-peptide was calculated to be between log K of 7.4 and 7.8, or Kd, app = 15-40 nM.

With this estimation, Cu(ll) has a biologically relevant affinity for C-peptide.
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Figure 2.3. Binding affinity of Cu(ll) to C-peptide. (A) Cu(ll) binds to 1,10-phenanthroline
(phen) up to three equivalences, with Ky, B2, and (B3 of 9.0, 15.7, and 20.8, respectively.
[Cu(phen)z]?* exhibits a charge transfer band at 265 nm (¢ = 90,000 M cm™). (B)
Electronic absorption spectra when 5 uM of C-peptide is titrated up to 80 uM into a
solution containing 10 uM Cu(ll) and 40 uM phen in 50 mM bisTris at pH 7.4. C-peptide
competition for Cu(ll) is displayed by the absorption decrease at 265 nm. As C-peptide
chelates Cu(ll) from a 1:1 Cu(phen)?* complex, the estimated binding affinity of Cu(ll)/C-

peptide is log K between 7.4 and 7.8 or Kg, app = 15-40 nM.
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2.3 Conclusions

This work highlights the molecular mechanisms of how metals may influence C-
peptide activity. Because Cr(lll) and Cu(ll) altered peptide internalization, electronic
absorption spectroscopy was applied to probe how these metals affected C-peptide at
the molecular level. Direct binding of Cr(lll) and Cu(ll) was observed, to which an
approximate biologically relevant binding constant was determined for Cu(ll). As the
mechanisms of peptide hormones are commonly difficult to elucidate due to its random
coiled structure and modifications, this study brings enhances our understanding the
structure-function relationship of peptide hormones by demonstrating that metals can
modulate peptide activity; a slight structural change can alter peptide internalization, and
in turn alter its signaling pathways. As the extracellular space contains concentrations of
various essential metal ions through import and export of regulated channels and
transporters, it is important to consider the possible bioinorganic interactions peptides
may encounter. The exact signhaling pathways impacted from metal/C-peptide
interactions remains unknown, but these studies provide a paradigm on metal-binding

effects that will help direct future work (see Chapter 5).

An extension of this work was also used for an educational article on metal-binding
interactions. This work can be found in the cited article below:

Choi, S., San Juan, J. A., Heffern, M. C., & Stevenson, M. J. (2022). Quantifying the Binding

Interactions Between Cu (ll) and Peptide Residues in the Presence and Absence of

Chromophores. Journal of Visualized Experiments: Jove, (182).
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2.4 Materials and Methods

Chemicals and Reagents. All chemicals, reagents, and kits were purchased from Fisher
Scientific, Sigma-Aldrich, or Spectrum Chemicals, unless otherwise noted. Specifically,
dimethylformamide (DMF), 4-methylpiperidine, N,N,N’,N'-tetramethyl-O-(1H-
benzotriazol-1-yl)uronium hexafluorophosphate (HBTU), N,N-diisopropylethylamine
(DIEA), dichloromethane (DCM), 2,2,2-trifluoroacetic acid (TFA), diethyl ether, methanol,
formic acid (FA), dimethylsulfoxide (DMSO), CrClz-6H20, MnClz2, (NH4)2Fe(S04)2-6H20,
CoClz, NiClz2, CuClz, 2-carboxy-2'-hydroxy-5'-sulfoformazylbenzene monosodium salt
(Zincon, Z1), 2,2,2-Trifluoroethanol (TFE), Na2HPO4, 2-[Bis(2-
hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol (bisTris), 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), NaOH, HCI, ethylenediaminetetraacetic acid
(EDTA), and 1,10-phenanthroline (phen) were purchased from ThermoFisher; ZnClz and
FeCls were purchased from Sigma-Aldrich; and piperidine was purchased from Spectrum
Chemicals. Wang resin preloaded with Fmoc-GIn(Trt)-OH, along with Fmoc-protected
amino acids were purchased from ThermoFisher but manufactured by Chemimpex.
Buffered solutions and metal salt solutions were made using Direct-Q 3 deionized water
(>18 MQ, Millipore).

Solid-phase peptide synthesis and RP-HPLC purification of C-peptide. Human wild-
type C-peptide (EAEDLQVGQVELGGGPGAGSLQPLALEGSLQ) was synthesized via a
heated Fmoc-based solid-phase peptide synthesis (SPPS) method. For a 0.2 mmol
synthesis, Wang resin with preloaded Fmoc-GIn(Trt)-OH was swelled overnight in 5x
DMF. Resin was washed 5 times with 2x resin volume of DMF. The N-terminal residue

was deprotected with 20% piperidine in DMF or 25% 4-methylpiperidine in DMF, first
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shaken for 1 minute then repeated and placed on shaker for 10 minutes. The resin was
washed 10x with 2x resin volume of DMF. Amino acids (4.0 equivalents) and HBTU (3.9
equivalents) were dissolved in minimal DMF, then DIEA (10.0 eq) was added. Resin was
then suspended in the amino acid/HBTU solution and heated for 10 minutes at 95 °C,
shaken after 5 minutes, then placed on a shaker for 2 minute to cool. The resin was
washed 10x with 2x resin volume with DMF. The process was repeated from the
deprotection step for each amino acid. After the last amino acid was added to the
peptide, the resin was washed 10x with 2x resin volume of DMF, followed by 10x washes
with 2x resin volume of DCM and dried overnight. Cleavage of the protecting groups and
peptide from the resin was carried out in minimal solution of 95:5 TFA:water with 1-4
hours of shaking. The solution was separated from the resin and precipitated in chilled
diethyl ether and the suspension was centrifuged at 3900 rpm for 10 minutes at 4 °C.
The supernatant was decanted and the pellet was washed thrice with chilled diethyl ether
followed by centrifugation after each wash. The pellet was dried under a stream of air
overnight. Purification was performed with RP-HPLC on an Agilent Technologies 1260
Infinity Il HPLC with coupled Agilent Technologies 1260 Infinity 11 UV-Vis detection
system. Purification of crude C-peptide was performed using an Agilent Zorbax SB-C3
column (9.4 x 250 mm) at a flow rate of 3.4 mL min-! using a nonlinear gradient of water
with 0.1% FA (Solvent A) and methanol with 0.1% FA (Solvent B). The column was
equilibrated and crude C-peptide loaded onto the column in 50% Solvent B held constant
for 5 minutes. Solvent B increased from 50% to 75% from 5-30 minutes and from 75%
to 100% from 30-35 minutes. C-peptide eluted off of the column at 63% Solvent B.

Fractions containing C-peptide were confirmed by electrospray ionization
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mass spectrometry (ESI-MS) using an Agilent Technologies 1260 Infinity Il coupled with
an Agilent Technologies InfinityLab LC/MSD (Figure S12), dried, and stored at -20 °C
until use.

UV-Visible spectroscopy. All measurements were recorded on either a UV-1800 or UV-
1900 (Shimadzu) at room temperature using quartz cuvettes with 1 cm path length
(Starna Cells). For metal titrations into apo C-peptide, C-peptide was dissolved to 300
pM in either 50 mM phosphate, pH 7.4 or 50 mM bisTris, pH 7.4. All metal solutions were
dissolved in Milli-Q water. Sub-stoichiometric (150 uM) to super-stoichiometric (up to 1.5
mM) equivalents of metal salts were added to C-peptide, allowed to equilibrate for 3-5
minutes at room temperature, and measured. Water was used as the spectral reference.
Following data collection, the buffer spectrum with water as reference was subtracted
from all spectra and all spectra were normalized to account for dilution. For
competition studies of C-peptide with the preformed ZI-Zn(ll) complex, C-peptide was
dissolved in 50 mM HEPES, pH 7.4 at a concentration of 100 uM. ZI was dissolved in
DMSO. A solution of 500 pM Zn(ll) and 1 mM ZI was made by diluting Zn(ll) and ZI in 50
mM HEPES, pH 7.4. Equilibria were established by addition of Zn(ll) and ZI to final
concentrations 10 and 20 puM, respectively. C-peptide was added at varying
concentrations from 0 to 80 uM. Absorbance was measured with a reference of water
followed by subtraction of buffer with a reference of water and normalized for dilution.
[ZI-Zn(I)] monitored at 618 nm as detailed by Kocyta et al.ll All samples were kept
under dark conditions throughout the experiment. Calculation for the formation constant
of Zn(I1)/C-peptide complex are shown in Table S1. Similarly, C-peptide was dissolved in

50 mM bisTris, pH 7.4 to a concentration of 300 uM and titrated into 10 uM Cu(ll) with
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40 uM phen. Absorbance was measured with a reference of water followed by

subtraction of buffer with a reference of and normalized for dilution.
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CHAPTER 3

Copper(ll) affects the biochemical behavior of proinsulin
C-peptide by forming ternary complexes with serum albumin

Collaborations done with Job Chakarawet of the Britt lab (EPR), Zhecheng He of the Wang lab
(TDDFT), and Michael Stevenson formerly in the Heffern lab (C-peptide EPR)
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3.1 Introduction

Peptide hormones are key chemical messengers in all forms of life, driving vital
functions such as energy homeostasis, reproduction, and stress response.! Several FDA-
approved drugs have been derived from these hormones, including oxytocin for labor
induction and insulin for glucose regulation.?* A number of endogenous peptide
hormones have been identified in recent years via combined bioinformatic and structural
approaches, but for many of these, their function and mode of action remain elusive.®
One example is C-peptide, a 31-mer peptide derived from the same prohormone as
insulin. Over two decades of research support its physiological effects, including
beneficial impacts on glucose uptake, blood flow regulation, and cell growth,%° but its
therapeutic advancement has been hindered by a lack of mechanistic understanding,®
including debate over the identity of its cognate receptor.1%-1? |t has been suggested that
the elusive activity of the peptide may be due to overlooked regulators and binding
partners that modulate function.® We and others have recently shown that the activity of
C-peptide is influenced by metal ions, warranting further investigations on the molecular

basis of these interactions.13-16

The signaling activity of bioactive peptides like C-peptide is influenced by its rate
of production and secretion, circulation half-life, and the resulting concentration at the
target site.!” Fundamental to the latter two are the potential interactions with plasma
proteins. Abundant plasma proteins such as albumin, IgG, and transferrin are versatile
carriers of low-molecular metabolites, peptides, and proteins.’® Serum albumin, in
particular, contains four sites where biometals can bind, including one N-terminal site

(NTS, Figure 3.1) containing the classical Amino-Terminal Cu(ll)- and Ni(ll) (ATCUN)
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binding motif, a Zn(ll) binding site at Cys34, and two multi-metal binding sites: Site A

(MBSA, Figure 3.1, which can bind both Cu(ll) and Zn(ll), and Site B (MBSB) which can
bind Zn(I1).19:20

. | CCDC-809109

N-terminal site (NTS)
Cu(ll), Kg: 1 pM; Ni(ll), Kq: 0.15 uM

> a 7/ o
. PDB:3V03
PDB 5IJF
Multi-Metal Binding Site (MBSA)
Cu(ll), Kg: 10 nM; Zn(ll), Kg: 100 nM

PBD: 1T0C

Proinsulin C-peptide
Cu(ll), Kq: 15-40 nM; Zn(ll), K4: 10-100 uM
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Figure 3.1. Model structures and metal-binding sites of BSA and C-peptide. (A) BSAis a
heart-shaped molecule comprised of mainly alpha-helical domains. The protein contains
many binding sites for various classes of ligands. Particularly, BSA has two metal-binding
sites: N-terminal site (NTS) and Multi-Metal Binding Site A (MBSA). NTS binds to Cu(ll)
at Ka = 1 pM and Ni(ll) at Kq = 0.15 pM. MBSA binds to Cu(ll) at K¢ = 10 nM and Zn(ll) at
Kd = 100 nM. (B) C-peptide is a random coiled 31-mer peptide that coordinates to Cu(ll)
at E3 and D4 with a Ka = 10 nM, and indirectly with E27 when E3 and E4 are mutated. C-

peptide also binds to Zn(ll) at Ka = 10-100 uM, but the coordinating ligands remain elusive.

Considering its metal binding capacity, albumin is posited to be the major transporter of
endogenous and exogenous metals alike. In addition to metal ions, these binding sites
have been investigated for their effects on the bioavailability and distribution of small
molecule metallodrugs, including platinum-based anti-cancer agents.?%?? Less studied is
the chemical nature of how metal-binding peptides may interact with these sites in
albumin. In a two-species binding pair model, the high-affinity metal-binding sites on
albumin may be considered ligand-exchange competitors for the peptide-bound metal
ions. Choi and colleagues recently demonstrated that serum albumin can bind to and
sequester metal ions from Zn(ll) and Cu(ll)-loaded amyloid-beta (AB), a peptide
implicated in the pathologies associated with Alzheimer’'s disease. The metal-bound
AB/albumin interaction affects the peptide’s cytotoxicity, pointing to a possible regulatory
role of albumin in the metal/AB pathophysiology.?*-?” Recently, another binding model

between albumin and metal-binding peptides was presented by Bossak-Ahmad and co-
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workers with the Cu(ll)-containing tripeptide, GHK, namely that the metal center may
serve as a bridge in a peptide-metal-albumin ternary complex.?®

The activity of C-peptide has indeed been linked both to metal ions and the
presence of albumin.’® Spence and coworkers first demonstrated that the activity of C-
peptide in modulating blood vessel physiology is activated by the addition of Zn(ll).2°:3°
Interestingly, the ability of C-peptide to increase GLUTL1 levels and ATP release in red
blood cells were further elevated by the co-addition of bovine serum albumin (BSA)
alongside zn(l1).131* They proposed that the C-peptide receptor may actually recognize
the peptide complexed to albumin rather than the peptide alone;'34 but the molecular
nature of such a complex and whether Zn(ll) is involved in its formation require further
characterization. We recently demonstrated that Cu(ll) can directly bind to C-peptide and
alter the cellular internalization of the peptide.® We identified that the binding interaction
was focused on the N-terminal region of the peptide involving the E3 and D4 residues,
forming a 1N30 square planar Cu(ll) complex. While we determined that Zn(ll) could also
bind to the peptide directly via the peptide backbone, Cu(ll) addition displaces the zZn(ll).
Moreover, the full-length sequence of C-peptide is necessary for precise binding of Cu(ll)
to C-peptide, with mutations or truncations of the metal-binding region leading to

reshuffling of the binding site (Figure 3.1).1°

Herein, we sought to assess whether Cu(ll) or Zn(ll) could facilitate interactions
between C-peptide and albumin, and characterize the molecular nature of the species
formed. We demonstrate that Cu(ll) facilitates the formation of ternary complexes
between C-peptide and BSA which do not form in the absence of Cu(ll), and that such an

interaction is not observed with Zn(ll). Interestingly, the resulting complexes depend on
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the order of addition. Characterization via circular dichroism and UV-Vis absorption
spectroscopy in conjunction with time-dependent density functional theory (TDDFT)
calculations support the formation of distinct species when a C-peptide/Cu(ll) complex is
added to BSA versus when Cu(ll)-coordinated BSA is added to C-peptide. Electron
paramagnetic resonance (EPR) spectra show that, in either case, the coordination
environment around the Cu(ll) center shows close similarity to the Cu(ll)-albumin sites.
Taken together, the data indicate that the ternary complexes form via ligand exchange of
an Asp residue from the Cu(ll)-binding site of albumin for a carboxylate-bearing residue
in C-peptide. Regardless of order of addition, the ternary complexes exhibit higher
protection of the Cu(ll) center from reduction than albumin or C-peptide alone, suggesting
a possible metal sequestration function. Within the cellular context, inclusion of serum
albumin alters internalization of the peptide into human embryonic kidney cells, with the
complexes showing distinct activity from one another. Finally, we demonstrate the
potential clinical relevance of the ternary complexes with their effects on bioanalytical
immunoassays for C-peptide. C-peptide is a well-accepted secondary biomarker for
insulin,3132 as the two are co-released with C-peptide exhibiting a higher circulation
lifetime.33 Our results show that the presence of the ternary complexes significantly
affects the read-out in these assays, conveying their potential importance to diagnostic
measurements. Overall, the presented data point to the impact of the aloumin/Cu(ll)/C-

peptide complexes both in its molecular mechanisms as well as its clinical applications.
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3.2 Results & Discussion

3.2.1 Cu(ll) facilitates interactions between C-peptide and
albumin

We first assayed whether Cu(ll) or Zn(Il) could facilitate interactions between C-
peptide and albumin differently than in the absence of either metal by application of
Forster resonance energy transfer (FRET). The FRET phenomenon is widely used in
fluorescence spectrophotometry to assess protein-ligand interactions. In these
applications, two species of interest are independently labeled with two parts of a FRET
pair. FRET efficiency is used to determine if the two species come in close enough
proximity, (within the Forster distance) for energy transfer to occur.?* To apply this
approach to C-peptide and albumin, we generated C-peptide labeled with the fluorescent
dye TAMRA (TAMRA-C-peptide; Aex = 546 nm, Aem = 579 nm) to be used as a FRET
acceptor alongside BSA that has been labeled with fluorescein isothiocyanate (FITC-
albumin, Aex = 495 nm, Aem = 520 nm), an established FRET donor for TAMRA (Ro = 49-
56 A).35:36 |n screening for binding interactions between TAMRA-C-peptide and FITC-
albumin, the FRET efficiency was measured with increasing ratios of donor-to-acceptor.
We used the calculated FRET efficiency (FRET efficiency = 1 - F/Fo, where F is the
fluorescence intensity of the presence of the acceptor while Fo is the fluorescence
intensity in the absence of the acceptor) to assess relative proximities of albumin and C-
peptide under varying ratios of the donor-to-acceptor. While additional conditions and

information are required to calculate a quantitative distance, the FRET efficiency with
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varying donor-to-acceptor ratios can be used to infer whether a binding interaction
between two unlinked molecules facilitates FRET. In this scenario, FRET efficiency is
positively correlated with donor-to-acceptor ratios (Figure 3.1). Thus an increase in FRET
efficiency with higher ratios of TAMRA-C-peptide to FITC-BSA is suggestive of a binding
interaction between the two species. When TAMRA-C-peptide is preincubated with Cu(ll),
then added to FITC-albumin, an increase in the FRET efficiency is observed with
increasing donor-to-acceptor ratios (Figure 3.1B), suggesting energy transfer through
binding between the two species. Such an increase was not observed with the addition
of Zn(ll) nor in the absence of either metal (Figure 3.1A & 3.1C). Furthermore, the addition
of metal ions does not quench FRET output with increasing ratios of donor/acceptor
(Figure 3.2). Altogether, this assay indicated that Cu(ll) may mediate the formation of a
C-peptide/albumin complex that does not otherwise occur under the other conditions
tested. We thus sought to further characterize the interaction with fluorophore-free forms

of the peptide and protein.
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Figure 3.1. FRET efficiency of FITC-BSA and TAMRA-C-peptide in the absence and
presence of Cu(ll) or Zn(ll). (A) Preincubation of apo-TAMRA-C-peptide and apo-FITC-
BSA demonstrated little to no FRET efficiency. (B) Preincubation of Cu(ll) with TAMRA-
C-peptide followed by the addition of FITC-BSA showed increasing FRET efficiency with
increasing ratio of donor/acceptor. (C) Preformed Zn(ll) with TAMRA-C-peptide followed
by the addition of FITC-BSA displayed minimal FRET efficiency in comparison to Cu(ll).

Data is shown as mean + SD with n = 3.
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Figure 3.2. Fluorescence readout of FITC-BSA and TAMRA-C-peptide with or without
Cu(ll) or Zn(ll). (A) Addition of Cu(ll) to FITC-BSA quenches the fluorescence output at
2.5 uM FITC-BSA, but not at lower concentrations. (B) Fluorescence output of FITC-BSA

is not quenched by the addition of zZn(ll). (C) Addition of Cu(ll) or Zn(ll) minimally

Changes to the secondary structure of BSA is frequently used as a proxy for
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characterizing the binding of drug metabolites and co-factors, including Cu(ll) to the

protein.1®:37:38 We thus applied circular dichroism (CD) spectroscopy to screen for impacts



of Cu(ll) on interactions between C-peptide and albumin. The CD spectrum of BSA in the
absence of Cu(ll) (apo-BSA) exhibits two negative bands at approximately A = 208 and
222 nm, characteristic of the a-helical structures that make up the protein.3%4% These
negative bands arise from contributions of the n—1r* transition of a peptide bond within
the a-helices of the protein.*! Under the conditions we tested, the 208 nm band is slightly
red-shifted to 212 nm (Figure 3.3A). We estimated the mean residue ellipticities (MRE) at

212 and 222 nm and their ratios using the following Equation (1),

observed CD (mdegs)
MRE = 1
212 or 222 nm CpanIO ( )

where C; is the molar concentration, n is number of amino acid residues, and | is the

pathlength. From the MRE, the helical content can be approximated using Equation (2):

a — helix (%) = =299+ 100 )

33000—-4000

This method has been used to assess ligand effects on albumin structure in a semi-
quantitative manner.4>4 We estimated the helical content of apo-BSA to be 71.1% and
68.2% at 212 and 222 nm, respectively (Figure 3.3A, Table 3.2). Serum albumin can bind
up to two equivalents of Cu(ll). Consistent with literature,*> we observed that the addition
of one equivalent of Cu(ll) (1:1 Cu(ll)-BSA) induces a modest reduction in negative molar
ellipticity at 212 nm (corresponding to an overall 1.8% decrease in helicity), while two

equivalents of Cu(ll) (2:1 Cu(ll)-BSA) induce notable reductions in the negative ellipticity
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at both 212 and 222 nm (corresponding to an overall 5.7% and 4.9% decrease in helicity)

(Figure 3.3A, Table 3.1).

We compared the helicity values of BSA and Cu(ll)-BSA with addition of C-peptide
in the presence or absence of Cu(ll). In the absence of BSA, the CD spectra of metal-
free C-peptide (apo-C-peptide) and 1:1 or 2:1 Cu(ll)-C-peptide yield CD spectra
representing primarily random coil conformations with no detectable helical content
(Figure 3.4). When apo-C-peptide is added to apo-BSA, the resulting CD spectral traces
and helical content closely overlaps with apo-BSA at both the 212 and 222 nm peak
regions (Figure 3.3C and Table 3.2). This suggests that the molar ellipticity of apo-C-
peptide is minimally detectable in the presence of apo-BSA, and that the two species do
not interact in a way that perturbs the secondary structure of apo-BSA. In contrast,
addition of apo-C-peptide to 1:1 Cu(ll)-BSA decreases the helical content at 212 and 222
nm by 6.5% and 4.9% respectively relative to 1:1 Cu(ll)-BSA alone (Figure 3.3B, Table
3.1). The helicity content of 2:1 Cu(ll)-BSA at 212 and 222 nm similarly shifts in the
presence of C-peptide albeit to a lesser degree than at 1:1 Cu(ll)-BSA (an overall 1%
decrease and 1.6% increase over 2:1 Cu(ll)-BSA alone) (Figure 3.3B, Table 3.1). These
shifts indicate that addition of apo-C-peptide to Cu(ll)-BSA may result in new species that

are distinct from Cu(ll)-BSA alone at either equivalence.

As we had previously observed direct binding of Cu(ll) to C-peptide (Kd, cu(iyc-peptide
= 10 nM at pH 7.4),'> we investigated whether similar shifts in the apo-BSA structure
could be observed if Cu(ll) pre-complexed to C-peptide were introduced to BSA. Our prior
work supports the binding of at least 1 equivalent of Cu(ll);*¢ while we did not elucidate

the nature of 2nd binding site, we observed that mutating or truncating the binding site of
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the first Cu(ll) does not eradicate, but rather, reshuffles the binding site, pointing to a
possibility of the peptide binding a 2nd Cu(ll) equivalent.'> We thus pre-incubated C-
peptide with Cu(ll) at both 1 or 2 equivalents prior to addition to apo-BSA and the CD
spectra were monitored and compared to apo-BSA alone. The addition of 1:1 and 2:1
Cu(ll)-C-peptide to apo-BSA reduces the negative ellipticity of apo-BSA. Relative to apo-
BSA, addition of 1:1 Cu(ll)-C-peptide notably decreases helical content at 212 and 222
nm by 8% and 5.7%, respectively, while the addition of 2:1 Cu(ll)-C-peptide decreases

helical content further at 212 and 222 nm by 8.4% and 6.5% (Figure 3.3D, Table 3.2).
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Figure 3.3. Circular dichroism spectra of 2 uM BSA display structural changes in a-
helicity as shown by shifts in ellipticity at 212 and 222 nm. Inset figures show the
associated schemes with BSA (orange protein); Cu(ll) (blue circle); C-peptide (green
peptide). (A) Minimal reduction of negative ellipticity occurs at 1 equivalent Cu(ll), with
further reduction at 2 equivalents Cu(ll). (B) The addition of apo-C-peptide to 1:1 Cu(ll)-
BSA shows perturbations in secondary structure, while 2:1 Cu(ll)-BSA displays modest
shifts. (C) In the absence of Cu(ll), the CD spectra of apo-C-peptide and apo-BSA
overlaps to the spectra of apo-BSA alone. (D) With the addition of 1:1 and 2:1 Cu(ll)-C-

peptide to apo-BSA, similar decreases in ellipticity occur.

Table 3.1. Alpha helical content for BSA with the addition of 1 and 2 equivalents of Cu(ll),

followed by the addition of apo-C-peptide

. ) 1:1 Cu(ll)-BSA . ) 2:1 Cu(ll)-BSA

Wavelength (hm) 1:1 Cu(ll)-BSA + Apo-C-peptide 2:1 Cu(ll)-BSA + Apo-C-peptide
212 nm 69.3 62.8 65.4 64.4
222 nm 68.3 63.4 63.3 64.9

Table 3.2. Alpha helical content for BSA with the addition of apo-C-peptide or 1 and 2

equivalents of Cu(ll)-C-peptide

) Apo-BSA Apo-BSA Apo-BSA
UL Ul Apo-BSA + Apo-C-peptide + 1:1 Cu(ll)-C-peptide + 2:1 Cu(ll)-C-peptide
212 nm 71.1 71.1 63.1 62.7
222 nm 68.2 69.2 62.5 61.7
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Figure 3.4. CD spectra of C-peptide bound to 1 or 2 eq. Cu(ll). CD spectra of C-peptide
(2 uM) treated with one or two equivalents of Cu(ll) show no notable differences in

ellipticity compared to apo-C-peptide.

Interestingly, the resulting spectra of Cu(ll)-C-peptide adducts added to apo-BSA
are distinct from the spectra when apo-C-peptide is added to Cu(ll)-treated BSA at the
same Cu(ll) equivalents. Taken together, the CD data points to the ability of Cu(ll) to
mediate the formation of a complex between C-peptide and BSA that otherwise does not
occur in the absence of the metal ion, and that both the Cu(ll) stoichiometry as well as
the order of addition impacts the resulting species. We thus present two schemes by
which a C-peptide/albumin/Cu(ll) complex may form: either C-peptide binds to metallated
sites on Cu(ll)-BSA (Scheme 1 or S1, Figure 3.5) or Cu(ll)-C-peptide coordinates to

available sites on BSA (Scheme 2 or S2, Figure 3.5).
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@ cu(ll) _/\r
+ \
Cu(ll)-BSA C-peptide J\f'_cu(”) @

Cu(ll
S2 J\f u( ) @ / C-peptide-Cu(ll)-BSA

Cu(ll)-C-peptide

Figure 3.5. Schematic representations of two potential binding interactions that may
result in ternary complexation between C-peptide and BSA, with Cu(ll) serving as a
bridge. The order of addition (whether Cu(ll) is added to C-peptide or BSA first prior to

the addition of the other) affects the structure of the resulting species.

3.2.2 Order and equivalence of Cu(ll) produces distinct metal
coordination sites

We next determined whether the Cu(ll) binding sites differ between the distinct C-
peptide/albumin/Cu(ll) complexes. We assessed the Cu(ll) coordination sites using the
d-d region in the electronic absorption spectra, which is sensitive to coordination
geometry and ligand identity. BSA is known to bind Cu(ll) at two sites, which can be
distinguished by their spectroscopic signatures: a high affinity N-terminal Site (NTS, Kd =
1 pM), which is metallated by the addition of one equivalent of Cu(ll), and a lower-affinity
Multi-Metal Binding Site A (MBSA, Kd = 10 nM), which is metallated at higher equivalents
of Cu(ll).2° At pH 7.4 in phosphate buffer, we observe that population of the NTS with (1:1
Cu(ll)/BSA) yields a d-d band with Amax at 540 nm (Figure 3.6B, Table 3.3, Figure 3.7),

characteristic of a strong square-planar ligand field. Further addition of Cu(ll) (2:1
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Cu(Il)/BSA) produces a red-shifted band with Amax at 555 nm, a charge transfer (CT)
transition band at 385 nm, and a second band with Amax at 680 nm (Figure 3.6A & 3.6B,
Table 3.4, Figure 3.7). The CT transition and second band is indicative of a weaker ligand
field consistent with the ligand set of the MBSA.*84¢ While a d-d band with Amax at 650 nm
and 725 nm is observed upon addition of 1 and 2 equivalents Cu(ll) respectively to apo-
C-peptide (Figure 3.6B, Table 3.3 & 3.4), the extinction coefficient of these peaks are
significantly lower than that of the Cu(ll)-BSA sites. We thus used the Cu(ll)-BSA

signatures as a point of comparison to assess the C-peptide/BSA/Cu(ll) complexes.

Spectral traces of the S1 and S2 complexes were subtracted from the summation
of the apo-C-peptide and apo-BSA spectra to focus the analysis on the Cu(ll) d-d bands
(Figure 3.8). Relative to the spectra of metallated BSA, the S1 complex at one equivalent
Cu(ll) shows a red shift in the Amax from 540 nm to 545 nm (Figure 3.6B, Table 3.3),
indicative of a weaker field ligand environment compared to 1:1 Cu(ll)-BSA. However, at
two equivalents Cu(ll), the S1 spectrum closely overlaps with that of the 2:1 Cu(ll)-BSA
spectra with minimal shifts in Amax at 388 nm, 556 nm, and 678 nm (Figure 3.6A & 3.6B,
Table 3.4). In contrast, the S2 complex at one equivalent of Cu(ll) blue-shifts the Amax to
525 nm relative to the 540-nm peak of 1:1 Cu(ll)/BSA and interestingly produces a CT
band at 360 nm (Figure 3.6A, Table 3.3), suggesting a stronger field ligand set compared
to 1:1 Cu(ll)-BSA. At two equivalents of Cu(ll), the spectrum of the S2 complex yield blue-
shifted absorption maxima at 375 nm and 530 nm relative to the 385 nm and 555 nm
bands of 2:1 Cu(ll)-BSA, while a 690 nm peak is observed red-shifted from the 680 nm
band of Cu(ll)-BSA (Figure 3.6A, Table 3.4). To ensure that the S1 and S2 spectra are

not merely the additive spectra of the species in solution, we summed the independent
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traces of C-peptide, BSA, or their Cu(ll) complexes accordingly to mimic the sample

preparation conditions of each scheme (Figure 3.9, Table 3.5 and 3.6). The addition

spectra show marked differences in the experimental spectra, both in terms of overall

spectral profile and absorption maxima, suggesting that the S1 and S2 preparations do

indeed result in new species and that the spectra are not merely mixtures of the individual

species added to the solution.
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Figure 3.6. UV-Visible spectra of Cu(ll)-C-peptide (orange), Cu(ll)-BSA (black), S1 (red),

and S2 (blue) at one (dashed line) and two (solid line) equivalents of Cu(ll). (A) Overlay

display of all spectra in the 300-900 nm range, alongside an (B) inset to highlight subtle

blue- or red-shifts in wavelength in the 500-700 nm range.
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Table 3.3. Maximum absorbance values of the UV-Vis spectra with the addition of one

equivalence of Cu(ll) (dashed line)

One equivalence of Cu(ll) (dashed)

Sample AbSax (NM)
Cu(Il)-C-peptide — 650
Cu(l)-BSA — 540

S1:1:1 Cu(ll)-BSA
+ apo-C-peptide

S2: apo-BSA
+ 1:1 Cu(ll)-C-peptide

— 545

360 525

Table 3.4. Maximum absorbance values of the UV-Vis spectra with the addition of two

equivalences of Cu(ll) (solid line)

Two equivalences of Cu(ll) (solid)

Sample Abs ., (NM)
Cu(I)-C-peptide — — 725
Cu(Il)-BSA 385 555 680
S1:2:1 Cu(ll)-BSA
+ apo-C-peptide 388 556 678
52: apo-BSA 375 530 690

+ 2:1 Cu(ll)-C-peptide
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Figure 3.7. UV-Visible spectra of Cu(ll) titrations into BSA. (A) Substoichiometric

additions of Cu(ll) was titrated into BSA. (B) Resulting spectra of 2:1 Cu(ll)-BSA and 1:1

Cu(Il)-BSA after subtraction from 1:1 Cu(ll)-BSA and apo BSA respectively.
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Figure 3.8. UV-Visible spectra of Figure 3 without subtraction of the protein/peptide

spectra. (A) Raw spectra traces of 1:1 and 2:1 Cu(ll)-BSA before subtraction from apo-

BSA, 1:1 and 2:1 Cu(ll)-C-peptide prior to subtraction from apo-C-peptide, as well as 1:1

and 2:1 S1 or S2 before subtraction from apo-C-peptide + apo-BSA. (B) Resulting spectra

after subtraction.
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Figure 3.9. Overlay of UV-Visible experimental spectra of S1 and S2 at 1 and 2
equivalences of Cu(ll) to the simulated (sim.) addition spectra corresponding to the
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entail spectra addition of control sample traces, resulted in differences in absorbance
maximum peaks and lack of CT transition bands in comparison to experimental traces of
S1 and S2 (solid). (B) Inset of spectra region of (A). Absorbance maximum values of the

simulations are listed in Table S1 and S2.
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Table 3.5. Addition spectra simulation of S1 and S2 at one equivalence of Cu(ll).

One equivalence of Cu(ll)
Sample Abs., (nm)
545
548
360 525
— 663

Table 3.6. Addition spectra simulation of S1 and S2 at two equivalences of Cu(ll).

Two equivalences of Cu(ll)

Sample AbsSax (NM)
S1:2:1 Cu(ll)-BSA
+ apo-C-peptide
S1: 2:1 Cu(I)-BSA
+ apo-C-peptide (simulation)
S2: apo-BSA
+ 2:1 Cu(ll)-C-peptide
S2: apo-BSA

+ 1:1 Cu(ll)-C-peptide — — 695
(simulation)

388 556 678

— 555 694

375 530 690

We further probed the coordination environment and geometry around the Cu(ll)

center of the complexes with electron paramagnetic resonance (EPR) spectroscopy.
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Previous work has shown that the NTS of serum albumin is composed of nitrogen ligands
which include the N-terminus, two backbone amide nitrogen atoms, and one His residue,
making a 4N square planar coordination site (Figure 3.9).#’ The MBSA contains two
nitrogen ligands, both from His residues, one oxygen ligand from an Asn residue and a

second oxygen ligand from an Asp residue to make a tetrahedral 2N20 site (Figure 3.9).48

This COOH unmodified because it's the first amino

L This COOH unmodified because it's the first amino
acid in sequence

l acid in sequence

Ala2

NTS site MBS site - C-peptide(truncated, EAED)

Figure 3.9. TDDFT results of the NTS site and MBSA site of BSA, as well as truncated
C-peptide (EAED). (A) Copper coordination models of the NTS site (left), MBSA site
(middle), and C-peptide (EAED) (right) are achieved by replacing terminal COOH with
(C=0O)NHCHs and terminal NHz with NH(C=0)CHs. COOH of the first amino acid of the
NTS site (Aspl) and truncated C-peptide (Glul) remains unmodified, and selected
hydrogens are hidden for visibility. All geometries are optimized (cam-b3lyp
functional/def2-tzvp-f basis) in TeraChem software by utilizing the PCM model (dielectric

constant = 4) for lowest energy geometry.
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We compared the Cu(ll) coordination environment of S1 and S2 to that of BSA
alone. At X-band frequency (9.39 GHz), the EPR spectra S1 and S2 complexes at one
equivalent Cu(ll) are identical to that of Cu(ll)-BSA, all species exhibit an axial signal with
hyperfine interactions to the Cu(ll) nucleus. Simulation was achieved using g; = 2.183
and A = 601 MHz. This result indicates no change in coordination modes at the NTS of

BSA in either complex.

Upon addition of two equivalents Cu(ll), a second paramagnetic copper species
with g = 2.27, g1 = 2.055 and A = 545 MHz was detected in all samples (Figure 3.10A,
Table 3.7). For Cu(ll)-BSA, this is consistent with metalation of the MBSA as previously
observed.*® No change in EPR spectra were observed upon the addition of C-peptide,
which suggests similarities in the coordination environment around the Cu(ll) center to
the MBSA in Cu(ll)-BSA. In addition, the parameters from the Cu(ll)-C-peptide EPR
spectrum at X-band frequency did not overlap with those of either the S1 or S2 complex,
confirming that Cu(ll)-C-peptide species were not present or detected (Figure 3.11, Table

3.8).15

To discern subtle differences, the samples were investigated at higher frequencies.
At Q-band frequency, the EPR spectra of S1 and S2 remain similar to that of Cu(ll)-BSA
(Figure 3.10B). We further interrogated Cu(ll)-BSA and the S2 complexes at D-band
frequency (130 GHz) (Figure 3.10C) due to the differences observed in the UV-Vis
absorption spectra (Figure 3.6A). To our knowledge, this is the first time that Cu(ll)-BSA
complex has been investigated with high-field EPR. The resulting spectra allow a precise
determination of g. = 2.042 for the NTS and 2.055 for the MBSA. The simultaneous

simulation of all EPR spectra yield g; and A values (Table 3.7) indicative of a neutral 4N
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coordination for the first site, and a neutral 2N20 coordination for the second site,*® which
is in agreement with the assignment of the NTS and MBSA, respectively. These
parameters do not change significantly in S1 or S2, suggesting conserved coordination

environments around the Cu(ll) centers compared to the equimolar Cu(ll)-BSA complex.

|
4400
B (mT)

|
4000 4200

Figure 3.10. Determination of coordination modes using EPR at X-, Q-, and D-band. (A)

X-band continuous-wave EPR spectra of Cu(ll)-BSA (black), S1 (red), and S2 (blue) at
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2 equivalents Cu(ll) concentration measured at 20 K. (B) Q-band field-sweep echo-
detected EPR spectra of Cu(ll)-BSA, S1, and S2 measured at 25 K. The spectra were
taken at microwave frequencies 34.296, 33.958, and 34.293 GHz, respectively, and were
overlaid onto the common g-factor abscissa. The spectra were pseudo-modulated at 3
mT. (C) D-band field-sweep echo detected EPR spectra of Cu(ll)-BSA and S2 at 10 and

13 K, respectively. The spectra were pseudo-modulated at 20 mT. Black dashed lines

are simulations of the data using the parameters given in Table 3.7.
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Figure 3.11. Electron paramagnetic resonance spectra of Cu(ll)-C-peptide. (A) X-band
continuous-wave EPR spectra of Cu(ll)-C-peptide (green) measured at 20 K. Black
dashed lines are simulations to the data using the parameters given in Table 3.8. (B)
Overlay of Cu(ll)-C-peptide spectra with X-band EPR spectra of S1 (red) and S2 (blue)
from Figure 4A. Dashed lines are simulations to the data for C-peptide (gray, Table 3.8)

as well as the data for S1 and S2 (black, Table 5) (C) Inset of g) region of (B

Table 3.7. EPR simulation parameters for Cu(ll)-BSA, S1, and S2.

_ NTS site MBSA site
i 2.183 2.270
N 2.0418 2.055
A, (MHz) 601 545
A, (MHz) 80 0
linewidth (X-band, mT) 5 5
linewidth (Q-band, mT) 6 11
linewidth (D-band, mT) 15 35
Relative ratio 0.5 0.5
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Table 3.8. EPR simulation parameters for Cu(ll)-C-peptide.

g 2.38

g1 2.078

Ay (MHz) 460
A, (MHz) 0
linewidth (X-band, mT) 4

The EPR and electronic absorption data together suggest that while the Cu(ll)
species in both S1 and S2 complexes are distinct from metallated BSA, they exhibit
similar geometries and atom identities. To help understand what leads to the slight shifts
in the absorption maxima of the UV-Vis spectra of the C-peptide/BSA/Cu(ll) complexes
relative to Cu(ll)/BSA alone, we applied time-dependent density functional theory
(TDDFT) to predict the visible spectra of hypothesized binding modes.>* Geometry
optimization and TDDFT calculations were constructed for both Cu(ll) binding sites of
BSA and Cu(ll)-C-peptide. The TDDFT calculations reveal that displacement of Asp249
at the MBSA of BSA (Figure 3.12A) by Asp4 of C-peptide (Figure 3.12B), results in a
modest blue shift in the Amax from 721 to 688 nm (Figure 3.12C), which resembles the
observed experimental shift in the spectrum of the 2:1 S1 complex (Figure 3.6B).
Modifications of TDDFT calculations with other residues of the C-peptide terminus yield
various models and electronics that does not support this experimental shift. Rather, the
subtle change in the Amax value may be attributed to a shift in sterics in the outer

coordination sphere as Asp4 of C-peptide coordinates.5253
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In addition, this model is also consistent with the minimal perturbations in the
primary coordination sphere observed by EPR. DFT calculation of EPR parameters using
PBEO functional®* gives g = 2.237 for Cu(ll) center in the MBSA, and g = 2.233 for Cu(ll)
ternary complex with the MBSA and C-peptide Asp4 residue (Table 3.9). There is a slight
discrepancy in the gj value from the experimental value, but the difference in g of the Cu
site with and without C-peptide is minimal, in congruence with the experimental
observation. Calculation of A parameter performed with B3LYP functional®* give |Aj| =
546 and 549 MHz for Cu/BSA and C-peptide/Cu(ll)/BSA models, respectively, in excellent
agreement with the experimental value (Table 3.9). Altogether, this supports the role of
Cu(ll) in bridging the interaction between C-peptide and BSA at the MBS via retention of
a coordinating Asp from C-peptide and replacement of the remaining Cu(ll) ligand set of
C-peptide with the MBSA ligands of BSA. Conversely, the red shift to Amax at 690 nm
observed in the experimental spectrum of the 2:1 S2 complex (Figure 3.6A) does not
match the predicted spectra of the model structures. In our previous work, we had
observed C-peptide mutants or truncates where the E3 and D4 binding sites are removed
still bind to Cu(ll) but at different sites that yield red-shifted spectra. One possible reason
for the red shift in the spectra of the S2 complex is that BSA addition may also induce a
reshuffling of the Cu(ll)-binding ligands from C-peptide similarly to what was observed

with the analogues.
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Figure 3.12. Modeled copper coordination ligand sets between C-peptide and BSA using

TDDFT calculations. (A) Established structure of the copper-binding MBSA in BSA (PDB:

51JF), where His67, His247, Asp249, and H20 are coordinated to the copper center

following a tetrahedral 2N20 site, and Asn99 is displaced. (B) Hypothetical coordination

model of the displacement of Asp249 from the MBSA to Asp4 of C-peptide. (C) Resulting

TDDFT calculations of predicted wavelengths based on optimized geometries of the

Cu(ll)-bound NTS (blue) and the Cu(ll)-bound MBSA (black) of BSA, as well as Cu(ll)-

bound C-peptide (orange). The displacement of Asp249 in the MBSA of BSA to Asp4 of
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C-peptide results in a blue-shifted Amax at 688 nm (red) from the MBSA trace at 721 nm

(black).

Table S8. Experimental EPR parameters from multifrequency EPR measurements and
calculated parameters from the DFT-optimized structures of Cu(ll) in the MBSA and in

the ternary complex with BSA MBSA site and C-peptide Asp4 residue.

Functional ot (o] A (MHz) AL (MHz)
Experimental 2.270 2.055 5452 o
DFT-optimized Cu/BSA (MBSA) |  PBEO 2.237 e -576 jpd
CopepiderculBoa (vBsa) | PP | 223 | o | s |
CUBSA (MBSA) BAYP | 2212 | pon | S| g
C-pepti([jDeF/guo([l)lt)i/nI;iSZZd(MBSA) B3LYP 2:209 2:823 ~549 2(7)

3.2.3 Ternary complexes exhibit modified biochemical and
cellular C-peptide behavior

We sought to determine whether the Cu(ll) center in the S1 and S2 complexes
could convey differences in biochemical and cellular function. Cu(ll) coordination to
peptides have been previously shown to alter the redox susceptibilities of metal ions

relative to its "free" aquated form. Both Cu(ll) and C-peptide have independently been
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shown to impact oxidative balance with biological systems. Thus, we assessed and
compared the ability of C-peptide, BSA, and the S1 and S2 complexes to affect Fenton-
type chemistry of Cu(ll). In its "free" form (e.g. the addition of CuCl2 to a buffered aqueous
solution), Cu(ll) ions in solution are reduced to Cu(l) in the presence of a reducing agent
such as ascorbic acid. In the presence of dissolved Oz, the resulting Cu(l) can catalyze
the production of reactive oxygen species (ROS) such as OH* radicals via Fenton-type

reactions (Equations 3-6).

Red + Cu(ll) = Ox + Cu(l) (3)
Cu(l)+ 0, = Cu(ll) + 05 (4)
20; +2HY - H,0,+ 0, (5)
cu(l) + H,0, - Cu(Il) + HO™ + HO' (6)

In this way, the production of ROS by Cu(ll) in the presence of a reducing agent has been
used as an indicator of Cu(ll) ion availability in solution. Non-fluorescent coumarin-3
carboxylic acid (3-CCA) is oxidized to fluorescent 7-OH-CCA (excitation at 388 nm,
emission at 450 nm) in the presence of HO® radicals, and has been applied as a probe
for this process.%>%6 We evaluated the ability of C-peptide, BSA, and the S1 and S2
complex to affect Cu(ll) redox susceptibility with this assay. C-peptide displays greater
protective copper redox abilities than phosphate buffer, indicating that the peptide
decreases free Cu(ll) availability (Figure 3.13A). BSA is able to reduce protect from ROS

generation to a more appreciable extent. In testing the S1 and S2 complexes, the resulting
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species show even lower ROS generation than both C-peptide and BSA alone (Figure

3.13A and B), further supporting the presence of distinct Cu(ll)-bridged species.

A 2 B 2
& 1x107 & 6
X
~ —— Cu(ll) + phosphate buffer S 2.0x10 Cu(ll) + apo-BSA
% 6' —— CuEII;+ap0—C—peptide g —— Ccu(ll) + S1
8x10° Cu(ll) + apo-BSA —— Cu(ll) + S2
3 —— cu(ll) +S1 > 1.6x10°7
o 6| = Cu()+s2 Q
S 6x10°7 S
2 1 @ 1.2x10°]
S ax10°1 £
) o
= % 8.0x10%-
o 2x10°1 g~
2 1 2
= ) [ ©
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& 0 20 40 60 80 ~ 4 0 20 40 60 80
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Figure 3.13. Fluorescent 7-OH-CCA assay (ex. 338 nm, em. 450 nm; n = 3) for measuring
redox protection from Cu(ll)-induced OH" generation by solutions containing 1 eq. Cu(ll)
and 2 uyM C-peptide and/or BSA in 10 mM phosphate buffer at pH 7.4. (A) RFU of C-
peptide decreases in comparison to phosphate buffer, but not to the same extent as either
BSA or the ternary complexes. (B) Inset of (A) highlights that S1 and S2 show increased

redox protection as compared to Cu(ll)-BSA. Data is shown as mean + SD with n = 3.

To determine whether copper-bridged C-peptide/BSA complexes have biological
relevance in the cellular context, we assessed whether the presence of albumin could
impact peptide internalization via immunofluorescence staining of the peptide. C-peptide
internalizes into HEK-293 (human embryonic kidney) at 30 minutes via endocytosis;®’ we

previously showed that Cu(ll) addition decreases this internalization.*® HEK-293 cells
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grown in serum-free media were treated with solutions containing apo-C-peptide or Cu(ll)-
C-peptide in the absence or presence of BSA (Figure 3.14A). To detect peptide uptake,
cells were fixed, permeabilized, and incubated with C-peptide primary antibodies,
followed by secondary antibodies conjugated with Alexa Fluor 488 fluorophore (Figure
3.14A). Mean pixel intensities (MPI) of each sample condition were used to determine
shifts in C-peptide internalization (Figure 3.14B). In comparison to apo-C-peptide, the S1
complex shows a decrease in MPI, although to a lesser degree than Cu(ll)/C-peptide in
the absence of BSA. In contrast, the S2 complex shows a marked increase in
internalization, even relative to apo-C-peptide in starvation media (Figure 3.14A & 3.14B).
The data confirms that the Cu(ll)-bridged albumin/C-peptide complexes are distinct from

one another and influence the pathway by which C-peptide interacts with cells.

A -BSA + BSA
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Figure 3.14. Immunofluorescence imaging of C-peptide uptake into HEK-293 cells when
stimulated with 10 uM C-peptide, 11 yM CuCl2, and/or 100 uM BSA. (A) Fixed cells were
immunolabeled with C-peptide primary antibodies followed by secondary antibodies
conjugated to Alexa Fluor 488. (B) Comparisons of fluorescence intensity of Alexa Fluor
488 immuno-labeled C-peptide. Data represent mean pixel intensities in regions of
interest as mean £ SD with n = 3. Significance is analyzed by unpaired t test; *** p <
0.005, **** p < 0.0001. Uptake of S1 is lower in comparison to apo-C-peptide while S2

shows a marked increase relative to all conditions tested.

Given that previous studies have shown Zn(ll) to influence the cellular behavior of
C-peptide, we also assessed whether Zn(ll) could similarly affect cellular internalization

of the peptide in the presence of albumin. In the absence of albumin, Zn(ll) modestly
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decreases cellular internalization of C-peptide albeit not to the same extent as Cu(ll). A
Zn(I)/C-peptide/albumin preparation according to S1 shows a decrease in peptide
internalization when compared to Zn(ll)/C-peptide alone, but comparable to the
internalization of C-peptide in the presence of albumin (Figure 3.15A & 3.15B). In
contrast, a Zn(ll)-containing preparation according to S2 results in an increase in
internalization relative to Zn(Il)/C-peptide alone, but comparable to the internalization of
C-peptide in the absence of albumin (Figure 3.15A & 3.15B). In either case, order of
addition and the presence of albumin may also influence interactions between Zn(lIl) and
C-peptide at the cellular level, but perhaps not via a ternary complex detectable by the
FRET-based assay (Figure 3.1C), warranting additional studies on the molecular

regulation of the Zn(Il)/C-peptide/albumin interaction.
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Figure 3.15. Immunofluorescence imaging of C-peptide uptake into HEK-293 cells when
stimulated with 10 uM C-peptide, 11 yM ZnClz, and/or 100 uM BSA. (A) Fixed cells were
immunolabeled with C-peptide primary antibodies followed by secondary antibodies
conjugated to Alexa Fluor 488 in green. Nuclei were stained with Hoescht 33342 dye as
a counterstain in blue. (B) Comparisons of fluorescence intensity of Alexa Fluor 488
immuno-labeled C-peptide. Data represent mean pixel intensities in regions of interest (n
= 3). Significance is analyzed by unpaired t test; * p < 0.05, ** p < 0.01, *** p < 0.001. The
uptake of S1 is lower in comparison to apo-C-peptide while S2 shows a relative increase

to C-peptide/BSA. Data is shown as mean + SD with n = 3.

The uptake pathways that initiate the cellular activity of C-peptide remain elusive

as several internalization methods have been proposed but not substantiated at the
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molecular level—passive diffusion, receptor-independent endocytosis, and receptor-
dependent endocytosis.>’~>° Previous studies have shown that under stress conditions,
albumin can internalize into cells via endocytosis.®° This goes alongside with Spence and
coworkers’ hypothesis that the C-peptide receptor may interact with the peptide
complexed to albumin than the peptide alone.*3'4 The immunofluorescence data points
to the possibility that copper-stabilization of a C-peptide complex with albumin may direct
uptake of the peptide via an albumin-associated pathway, and that this pathway may
diverge when cells are treated with the peptide in the absence of albumin. As debate
remains whether C-peptide uptake is receptor-mediated, and if so, which receptor serves
as the peptide's cognate, additional work is required to fully elucidate the impact of metal
ions on cellular activity. However, our work suggests the potential importance of
considering metal ions as mediators of C-peptide signaling, and their inclusion into future

studies to better facilitate our understanding of the peptide's mode of action.

3.2.4 Formation of ternary species inflates C-peptide
measurements

Perhaps the most widespread clinical application of C-peptide to date is as a
secondary biomarker for insulin,3132 given that the two are co-released from the pancreas
and C-peptide bears a significantly longer half-life.3 As we demonstrated that C-peptide
may be present in blood as a copper-linked complex with albumin, we investigated
whether the formation of these species would affect the measurement of C-peptide levels
with a standard clinical immunoassay. C-peptide enzyme-linked immunosorbent assay

(ELISA) measures C-peptide by immobilized immunoaffinities of the peptide. We
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compared the detection of C-peptide in its apo-form to the addition of Cu(ll), BSA, and
the S1 and S2 complexes. The presence of either Cu(ll) or albumin does not significantly
affect the ELISA-based detection of C-peptide. However, when both are present either by
the S1 and S2 preparations, the ELISA registers significantly higher C-peptide levels than
was added into the solution, showing 4.7- and 4.1-fold increases in measured C-peptide
levels, respectively (Figure 3.16). In contrast, the addition of Zn(ll) following these same
conditions does not significantly shift ELISA-based detection of C-peptide (Figure 3.17).
Altogether, these observations point to the possibility that the presence of these ternary
complexes may impact quantification of these biomarkers, potentially impacting

diagnoses and treatment regimens.
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Figure 3.16. C-peptide ELISA (abs. at 450 nm) for detecting C-peptide by antibody
recognition in solutions containing 50 pg/mL of apo-C-peptide, Cu(ll), and BSA.
Measurements were done in biological replicates (n = 3), and ELISA detection was
normalized to apo-C-peptide. The presence of Cu(ll) (orange) or BSA (teal) with C-
peptide minimally shifts C-peptide detection. When C-peptide is copper-bridged to BSA
following S1 (red) or S2 (blue), C-peptide detection significantly increases. Significance
is analyzed by unpaired t test; ** p < 0.01, *** p < 0.005. Data is shown as mean = SD

with n = 3.
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Figure S13. C-peptide ELISA (450 nm) for detecting C-peptide by antibody recognition
in solutions containing 50 pg/mL of apo-C-peptide, ZnClz, and BSA. Measurements were
done in biological triplicates (n = 3), and ELISA detection was normalized to apo-C-

peptide. The presence of Zn(ll) (orange) or BSA (teal) with C-peptide minimally shifts C-
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peptide detection. When C-peptide is prepared with the following S1 and S2 sample
conditions, C-peptide detection does not significantly shift in comparison to Cu(ll). Data

is shown as mean + SD with n = 3.

3.3 Conclusions

In this work, we present evidence for the formation of ternary complexes involving
C-peptide, Cu(ll), and albumin. The complexes are unique to the presence of Cu(ll) in
contrast to Zn(ll) addition or under metal-free conditions. The structure of albumin is
altered in the presence of Cu(ll) and C-peptide and distinct species are formed based on
the order of addition. While the Cu(ll) binding environments show similarities to the Cu(ll)-
BSA complex, spectroscopic and computational work suggest differences in ligand
identities. The S1 complex (C-peptide added to a Cu(ll)-BSA complex) corresponds to a
binding scenario wherein the Asp249 of the MBSA in BSA is exchanged with the Asp4 of
C-peptide. The S2 complex (Cu(ll)-C-peptide complex added to albumin) is
spectroscopically distinct from S1 and Cu(ll)-BSA alone, however, the exact ligand

identities require further investigation.

These ternary complexes exhibit biological activity that differ from metallated C-
peptide or BSA. Both the S1 and S2 species impact the biochemical activity of the bound
Cu(ll) to a similar degree, exhibiting higher redox protection on Cu(ll) than either C-
peptide or BSA. However, the complexes differ in their effects on cellular behavior: while
the S1 complex shows a reduction in internalization of C-peptide similarly to addition of

Cu(ll) to the peptide in the absence of BSA, the S2 complex has the opposite behavior,
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enhancing C-peptide internalization over that of C-peptide alone. This observation may
support the notion that a cognate receptor recognizes the albumin-associated C-peptide
rather than the apo-peptide,'314 and that Cu(ll) may be an important factor in stabilizing
this complex. Taken together, consideration of the ternary complexes may be essential

to untangling C-peptide’s mechanism of action.

The S1 and S2 complexes may also bear clinical relevance to C-peptide
measurements by standard bioassays. As C-peptide is used as a proxy for assessing
insulin secretory health, these assays are most frequently conducted in patients with
insulin-associated dysfunctions such as diabetes.332 Of note, many of these disorders
are associated with elevated serum copper levels.®1=62 Independently of copper levels,
shifts in albumin levels have been linked to diabetes risk and progression.®4-% As both
complexes significantly increased the observed C-peptide levels in comparison to C-
peptide alone, our data points to the importance of considering C-peptide measurements
alongside copper and albumin levels. While further investigations are required to
determine if the S1 or S2 species form in vivo, the concomitant changes in copper,
albumin, and C-peptide in diabetic states may point to a potential value of such ternary
complexes as biomarkers. Beyond C-peptide, this work offers additional opportunities to
investigate the impact of plasma proteins on metal-binding peptides in extracellular
signaling, further highlighting a need for studies on the biological and clinical implications

of regulatory partners associated with peptide hormones.
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3.4 Materials and Methods

Chemicals and reagents. All chemicals and reagents were purchased from Fisher
Scientific. Dimethylformamide (DMF), 4-methylpiperidine, N,N-diisopropylethylamine
(DIEA), dichloromethane (DCM), N,N,N’,N-tetramethyl-O-(1H-benzotriazol-1-yl)uronium
hexafluorophosphate (HBTU), 2,2,2-trifluoroacetic acid (TFA), diethyl ether, methanol,
formic acid (FA), dimethylsulfoxide (DMSO), 5(6)-carboxytetramethylrhodamine
succinimidyl ester (TAMRA), CuClz, Na2HPO4, H2COs, NaOH, HCI, coumarin-3-
carboxylic acid (3-CCA), L-ascorbic acid (Asc), and bovine serum albumin fatty acid-free
powder (BSA) were purchased from ThermoFisher. Albumin-fluorescein isothiocyanate
conjugate (FITC-albumin) was purchased from Sigma-Aldrich. Wang resin preloaded with
Fmoc-GIn(Trt)-OH and Fmoc-Gly-OH, along with Fmoc-protected amino acids were
purchased from Chemimpex. All buffered solutions and copper salt solutions were

created using Direct-Q 3 deionized water (>18 MQ, Millipore).

Solid-phase peptide synthesis and purification of C-peptide. SPPS and purification
protocol were adapted from Stevenson et al.3>* Human wild-type C-peptide
(EAEDLQVGQVELGGGPGAGSLQPLALEGSLQ), double mutant E3AD4A C-peptide,
and N-terminus (N-term, EAEDLQVGQVELG) and C-terminus (C-term, LALEGSLQ)
truncations were synthesized at a 0.2 mmol scale using a heated Fmoc-based solid-
phase peptide synthesis (SPPS) method. Wang resin with preloaded Fmoc-GIn(Trt)-OH
was swelled overnight in 5x DMF. Resin was washed 10 times with DMF. The C-terminal
residue was deprotected with 25% 4-methylpiperidine in DMF, first hand-shaken for 1
minute then placed on the shaker for 10 minutes. The resin was washed 10x with 2x resin

volume of DMF. Amino acids (4 eq.) and HBTU (3.9 eq.) were dissolved in minimal DMF,
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then DIEA (10 eq.) was added. Resin was suspended in the amino acid/HBTU/DIEA
solution and heated for 5 minutes at 95°C, shaken, and incubated again at 95 °C for
another 5 minutes. The solution was placed on a shaker to cool for 2 minutes. The resin
was washed 10x with 2x resin volume with DMF. The protocol was repeated from the
Fmoc deprotection step for each additional amino acid. After the last amino acid coupling,
the resin was washed 10x with 2x resin volume of DMF, followed by 10x washes with 2x
resin volume of DCM and dried overnight. Cleavage of the protecting groups and peptide
from the resin was carried out in minimal solution of 95:5 TFA:H20 with 1-4 hours shaking.
The solution was poured into chilled diethyl ether to precipitate, then the suspension was
centrifuged at 3900 rpm for 10 minutes at 4°C. The supernatant was decanted and the
pellet was washed again with chilled diethyl ether followed by centrifugation after each
wash (3x). The pellet was dried under a stream of air overnight. Purification was
performed with RP-HPLC on an Agilent Technologies 1260 Infinity Il HPLC with coupled
Agilent Technologies 1260 Infinity Il UV-Vis detection system. Purification of crude C-
peptide was performed using an Agilent Zorbax SB-C3 column (9.4 x 250 mm) at a flow
rate of 3.4 mL min-1 using a nonlinear gradient of water with 0.1% FA (Solvent A) and
methanol with 0.1% FA (Solvent B). The column was equilibrated and crude C-peptide
loaded onto the column in 50% Solvent B held constant for 5 minutes. Solvent B increased
from 50% to 75% from 5-30 minutes and from 75% to 100% from 30-35 minutes. C-
peptide eluted off of the column at 63% Solvent B. Fractions containing C-peptide were
confirmed by electrospray ionization mass 2 spectrometry (ESI-MS) using an Agilent
Technologies 1260 Infinity Il coupled with an Agilent Technologies InfinityLab LC/MSD

then dried and stored at -20°C until ready for use.
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Synthesis and purification of TAMRA-C-peptide. 2 mg/mL of purified C-peptide was
diluted in 0.1 M H2COs buffer, and 10x molar excess of TAMRA was dissolved in DMSO.
Reactive dye solution was slowly added to the C-peptide solution, and incubated for 1
hour with constant stirring. The mixed reaction was quenched using 1.5 M hydroxylamine
(pH 8.5) then incubated for another hour. Sep-Pak C18 1 cc Vac cartridges (Waters) were
activated with MeOH then equilibrated with H20 + 0.1% FA. Once the reaction mixture is
loaded onto the column and flowed through, the column was washed 3x with H20 + 0.1%
FA. The column was then eluted with MeOH in H20 + 0.1% FA at 20%, 40%, 60%, 80%,
then 100%. Purification was achieved using RP-HPLC on an Agilent Technologies 1260
Infinity 11l HPLC with coupled Agilent Technologies 1260 Infinity 1l UV-Vis detection
system. Purification of crude C-peptide was performed using an Agilent Zorbax SB-C3
column (9.4 x 250 mm) using a nonlinear gradient of water with 0.1% FA (Solvent A) and
MeOH with 0.1% FA (Solvent B). The column was equilibrated and TAMRA-C-peptide
was loaded onto the column in 100% Solvent A and held constant for 5 minutes. Solvent
B increased from 0% to 100% from 5-55 minutes and maintained at 100% Solvent B for
another 5 minutes. from 75% to 100% from 30-35 minutes. TAMRA-C-peptide eluted off
of the column between 60-80% Solvent B. The absorbance of TAMRA-labeled C-peptide
was monitored at 214 nm and 280 nm, and TAMRA was monitored at 555 nm. Fractions
containing TAMRA-C-peptide were verified by electrospray ionization mass spectrometry
(ESI-MS) using Agilent Technologies 1260 Infinity Il coupled with an Agilent Technologies

InfinityLab LC/MSD then dried and stored at -20°C until ready for use.

Preparation of samples following each schematic. Concentrations of C-peptide and

BSA were first determined by molecular weight, then dissolved in 10 mM phosphate buffer
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(Fisher) at pH 7.4 for CD, UV-Vis, EPR, and CCA fluorescence, as well as in DPBS
(Gibco) for immunofluorescence. CuClz (Fisher) was dissolved in Milli-Q water followed
by solutions containing C-peptide and/or BSA to achieve 1 or 2 eq. Cu(ll). Treatments
following each schematic include: (S1) 15 minute incubation of preformed Cu(ll)-BSA at
1 or 2 eq. Cu(ll) in solution followed by the addition of C-peptide for another 15 minutes
incubation at 37°C; and (S2) 15 minute incubation of preformed Cu(ll)-C-peptide at 1 or
2 eq. Cu(ll) in solution followed by the addition of BSA for another 15 minute incubation

at 37°C.

Forster resonance energy transfer assay for screening C-peptide/albumin
interactions. 5 pM TAMRA-C-peptide and FITC-BSA were dissolved in 10 mM
phosphate buffer at pH 7.4. Concentrations and stoichiometric range of TAMRA-C-
peptide and FITC-BSA were first optimized to detect observable fluorescent output by
serial dilution with a factor of 2 using a 96-well microplate (Greiner Bio-One). Fluorescent
intensity was monitored at Aex =495 nm and Aem = 520 nm for FITC-albumin, and at Aex
= 546 nm and Aem = 579 nm for TAMRA-C-peptide using a fluorescent platereader
(Molecular Devices i3x). Because TAMRA-C-peptide displayed a detectable fluorescence
output at 2.5 uM only, the FRET assay was then optimized with TAMRA-C-peptide at this
concentration. Serial dilutions of FITC-BSA by a factor of 2 was added to 2.5 uM TAMRA-
C-peptide in the presence and absence of Cu(ll) or Zn(ll), then FRET efficiency % was
measured. When Ro = 49-56 A, FRET efficiency is achieved at 50%. Statistics were

performed on Prism 9.1 (GraphPad).

Circular dichroism. All measurements were recorded on a DSM 20 Circular Dichroism

spectrophotometer (Olis) at RT using 1 mm path-length cuvettes (Starna Cells). The
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following samples were made: (1) 2 uM (1 eq.) or 4 uM (2 eq.) of Cu(ll)-BSA (2) 2 uM of
preformed C-peptide and BSA, and (3) 2 uM (1 eq.) or 4 uM (2 eq.) of Cu(ll) with 2 uM of
C-peptide and BSA following (S1) and (S2) conditions. For each spectra acquisition, 4
scans were averaged with a bandwidth of 0.5 nm. The buffer spectrum was subtracted

from all spectra, then all spectra were smoothened using GraphPad Prism 8.

UV-Visible spectroscopy. All measurements were recorded on UV-1900 (Shimadzu)
using quartz cuvettes with 1 cm path-length cuvettes (Starna Cells). Samples include (1)
300 uM (1 eq.) or 600 uM (2 eq.) of Cu(ll) with 300 uM BSA to make preformed Cu(ll)-
BSA, and (2) 300 uM (1 eq.) or 600 uM (2 eq.) of Cu(ll) with 300 uM of C-peptide and
BSA following (S1) and (S2) conditions. Milli-Q water was used as a spectral reference.
After data collection, the phosphate buffer spectrum with water as reference was

subtracted from all spectra. All spectra were normalized to account for dilution.

Electron paramagnetic resonance. EPR spectra were recorded at the CalEPR center
at the University of California, Davis. Samples include (1) 50 uM (0.5 eq., “1 eq.”) or 150
MM (1.5 eq., “2 eq.”) of Cu(ll) with 100 uM BSA to make preformed Cu(ll)-BSA, (2) 50 uM
(0.5 eq., “1eq.”) or 150 uM (1.5 eq., “2 eq.”) of Cu(ll) with 100 uM of C-peptide and BSA
following (S1) and (S2) conditions, and (3) 0.5 mM of Cu(ll) with 1 mM C-peptide.
Continuous wave (CW) X-Band (9.39 GHz) spectra were collected using a Bruker
EleXsys-Il E500 (Billerica, MA) equipped with a super high Q resonator (ER4122SHQE).
Spectra were recorded at 20 K with a modulation frequency of 100 kHz, and a modulation
amplitude of 1 mT, with a 10 pyW microwave power. Cryogenic temperatures were
controlled and maintained through the use of an ESR900 liquid helium cryostat in

conjunction with a temperature controller (Oxford Instruments ITC503) and a gas flow
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controller. Echo-detected field sweep spectra at Q-band (34 GHz) were collected using a
Bruker EleXsys E580 spectrometer equipped with a 10 W amplifier and an R. A. Isaacson-
built cylindrical TEO11 resonator mounted in an Oxford CF935 cryostat. The standard
Hahn echo sequence ("/2— 1 — m — echo) was applied to each sample via the XEPR
software at 25 K and with 11 = 24 ns and 1 = 320 ns at various magnetic field values. The
resulting field sweeps were pseudomodulated using a modulation amplitude of 3 mT.
Echo-detected field sweep spectra at D-band (130 GHz) were collected using a home-
built 130 GHz EPR spectrometer equipped with an Oxford-CF935 liquid helium cryostat
as described previously.® Magnetic field-swept echo-detected EPR spectrum was
acquired using the Hahn echo pulse sequence: "/2— 71— m—echo, witha m=45nsand 1
= 300 ns at various magnetic field values. The resulting field sweeps were
pseudomodulated using a modulation amplitude of 20 mT. Simulations of the EPR
spectra were generated using the Easyspin 6.0.0 toolbox® in the Matlab R2021b software

suite (Mathworks Inc., Natick, MA).

Assay for measuring copper(l)-catalyzed OH* radical formation. C-peptide and BSA
were diluted in 10 mM phosphate buffer at pH 7.4. Samples for the time-dependent
fluorescence readouts were added to a 96-well microplate (Greiner Bio-One) which
include (1) 2 uM CuClz, (2) 2 uM of Cu(ll)-C-peptide, and (3) 2 uM of Cu(ll), C-peptide,
and BSA following (S1) and (S2) conditions. Coumarin-3-carboxylic acid (3-CCA) was
dissolved in 100 mM NaOH then back-titrated to a pH of 7.4, and L-ascorbic acid (Asc)
was dissolved in Milli-Q water. A premixed solution of 100 uM Asc:500 uM 3-CCA was

then added to each sample well, and time-dependent fluorescent intensity was monitored
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at 450 nm with an excitation at 388 nm using a fluorescent platereader (Molecular Devices

iI3x) for 1.5 hours. Statistics were performed on Prism 9.1 (GraphPad).

Cell line maintenance. Human embryonic kidney (HEK-293) cells were grown in
complete DMEM media + 4.5 g/L glucose (ThermoFisher Scientific) with the addition of
10% Avantor Seradigm Premium Grade Fetal Bovine Serum (VWR), 1 mM sodium
pyruvate (ThermoFisher Scientific), 100 IU penicillin and 100 pg/mL streptomycin
(ThermoFisher Scientific), and 2 mM L-glutamine (Gibco). Cells were subcultured every
2 to 3 days at 70 to 80% confluence. All experiments were performed on HEK-293 cells
between passage 5 and 35. Cells were maintained in a sterile environment and grown in

5% CO2 at 37°C in a Heracell 150l incubator (ThermoFisher Scientific).

Immunofluorescence. The immunofluorescence protocol was adapted from Stevenson
et al.* HEK-293 cells were plated into 12-well plates with acid-washed coverslips at
200,000 cells/well and grown to 50-70% confluence, then starved in serum-free DMEM
media with the same culturing formulation overnight. Cells were washed with DPBS and
treated with the following treatments for 30 minutes: (1) CuClz diluted in serum-free media
to final concentration of 11 uM Cu(ll), (2) 10 uM C-peptide diluted with serum-free media,
(3) preformed Cu(ll)-C-peptide diluted in serum-free media to final concentrations of 10
UM C-peptide and 11 pM Cu(ll), (4) 100 uM BSA diluted in serum-free media, (5)
preformed Cu(ll)-BSA diluted with serum-free media to make 100 uM BSA and 11 uM
Cu(ll), (6) 15 minute incubation of preformed C-peptide-BSA followed by dilution with
serum-free media to make 10 uM C-peptide and 100 uM BSA, and (7) 10 uM C-peptide,
11 puM Cu(ll), and 100 uM BSA following S1 or S2 conditions. Cells were then fixed with

4% paraformaldehyde at RT for 10 minutes, then washed twice with cold DPBS. Cells
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were permeabilized with 0.3% Triton X-100 (Fisher) in DPBS at RT for 10 minutes, then
washed thrice with cold DPBS. HEK-293 cells were blocked for 1 hour using blocking
solution that contains 3% BSA (Fisher),10 mM HEPES (Gibco), and 0.3% Triton X-100 in
DPBS. Cells were incubated overnight with primary anti-human C-peptide antibody (4593,
Cell Signaling Technology) at 1:400 dilution in blocking buffer at 4°C. Cells were rinsed
thrice with DPBS at 5 minutes each, incubated with Alexa Fluor 488 goat anti-rabbit
ReadyProbes secondary antibody (Invitrogen) for 30 minutes, then washed twice with
DBPS. Cells were stained with NucBlue Live ReadyProbes (Hoescht 33342, R37605,
Invitrogen), washed twice with DPBS, then mounted with ProLong Gold Antifade
Mountant (Invitrogen). Cells were imaged on an EVOS FL microscope with 40x
magnification using DAPI and GFP Fluorescent light cubes (Invitrogen). ImageJ was used
for image processing such as contrasting the DAPI and GFP channels, overlaying
images, and zooming images by 200%. ImageJ was also used to determine the mean

pixel intensity of treated cells. Statistics were performed on Prism 9.1 (GraphPad).

Antibody recognition of C-peptide. C-peptide, BSA, and CuClz were diluted in DPBS
to prepare 200 pg/mL stock solutions. Samples were incubated to final concentration of
50 pg/mL including (1) apo-C-peptide, (2) Cu(ll)/C-peptide (1 eq.), (3) C-peptide and BSA
(1 eq.), Cu(ll) with C-peptide and BSA following (4) (S1) and (5) (S2) conditions (1 eq.).
Samples were assessed for antibody recognition of C-peptide by ELISA (ab260064,
Abcam). All experiments were performed in three independent biological replicates, and

statistics were done on Prism 9.1 (GraphPad).
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CHAPTER 4

Glycation of serum albumin alters binding with C-peptide and
copper
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4.1 Introduction

Type 1 diabetes (T1D) is an autoimmune disease defined as the destruction of
pancreatic beta-cells that lead to a decrease in hormone secretion such as insulin. These
patients undergo insulin treatments to regulate glucose levels. However, the long-term
complications with the kidneys (nephropathy), nerves (neuropathy), and eyes
(retinopathy) are insulin-independent, suggesting a need for additional therapeutic

strategies for T1D patients.13

C-peptide is a 31-mer peptide that is cleaved from the prohormone of insulin, and
has demonstrated a range of beneficial effects such as blood flow regulation, glucose
uptake, and cell growth.* While the peptide is a potential candidate for the treatment of
T1D-associated long-term complications, its molecular mechanisms remain elusive. The
hinderance in therapeutic advancements may be due to overlooked secondary factors
associated with C-peptide. Our group has demonstrated that C-peptide binds to several
metal ions such as Cr(lll), Cu(ll), and Zn(l1).>® Furthermore, we have shown that C-
peptide forms a ternary complexation with Cu(ll) and serum albumin, which impacts the
biochemical behavior of the peptide as well as C-peptide clinical immunoassays (Chapter

3).

Serum albumin is an abundant protein carrier that can transport metabolites,
metals, fatty acids, and drugs; therefore, the protein plays a crucial role in regulating the
bioavailability of these species in the body.*'2 However, albumin contains a high number
of lysine and arginine residues, making the protein prone to glycation, a non-enzymatic

mechanism of glucose binding to proteins.**15> Termed as the Maillard reaction, glucose
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or fructose will spontaneous react with these amine-containing amino acid residues on

albumin.'6-8 After 21 days, the end products become irreversibly formed leading to

advances glycation end (AGE) products. Figure 4.1 is adapted from Anguizola et. al. and

displays both the Maillard reaction as well as AGE formation.’

A. Early-stage glycation
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Figure 4.1. Stages of glycation. (A) Early-stage glycation is initiated via the Malliard
reaction involving the conjugation of a reducing sugar such as D-glucose to a free amine
group such as Lys and Arg on albumin to form a reversible Schiff base, followed by an

Amadori product. This stage occurs over a span of hours to weeks. Open- and closed-
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chain forms of glucose are interchangeable. (B) Advanced-stage glycation follows to
generate advanced glycation end products (AGESs). This stage happens over a course of
a few weeks to months, leading to browning (fluorescence), cross-linking, and

aggregation.

Because T1D patients have persistent hyperglycemic conditions, AGE formation
is accelerated, leading to a shift in structure and function of albumin. This holds clinical
implication in two-fold: (1) albumin glycation as a biomarker for diabetes,'®2?° and (2)
alteration of drug or peptide binding to albumin at various stages of the autoimmune
disease. For example, recent studies focused on how albumin glycation may impair

peptide binding with liraglutide and C-peptide.?1:22

As we have previously characterized the formation of ternary complexes (S1 and
S2; see Chapter 3) between C-peptide, Cu(ll), and bovine serum albumin (BSA) in
Chapter 3, it is also important to investigate how these interactions may change in the
presence of glycated bovine serum albumin. Here, our work shows that glycated BSA
shifts both the biochemical activities and structure-function of C-peptide. The biochemical
activities characterized for S1 and S2 displayed opposing shifts with the addition of
glycated BSA. The inflated measurements of S1 and S2 observed in C-peptide clinical
immunoassays are reduced, and the enhanced effects of peptide internalization following
S2 are reversed. When investigating the mechanistic drive of these complexes with
glycated albumin, UV-Visible electronic absorption displayed broadening spectral
characteristics of S1 and S2, with S2 showing a shift in the Cu(ll)-coordination
environment. The spectra pointed to aggregation formation, to which the turbidity assays

and circular dichroism confirmed. Altogether, this work highlights how the structural
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changes of albumin post-glycation impacts C-peptide activity. This information will help
improve our molecular understanding about C-peptide and how it may behave in

hyperglycemic conditions associated with T1D.

4.2 Results and Discussion

4.2.1 Glycated albumin perturbs the biochemical activities of
C-peptide with Cu(ll) and albumin

To determine whether glycated BSA impacts C-peptide activity following the
copper-bridged C-peptide/BSA complexes, we generated glycated BSA to add into
solutions following S1 and S2.2324 Prior to experimental use, we incubated 10 mg/mL
BSA in high glucose conditions (500 mM glucose) for 21 days then filtered the solutions
to remove any excess glucose. To make direct comparisons between normal and
glycated conditions, we compared BSA incubated with high glucose (500 mM) for O days
(no glycation expected), termed as “nBSA” to BSA exposed to high glucose for 21 days

(glycation expected), termed “gBSA”.

We reported in Chapter 3 that both S1 and S2 ternary species registers increased
C-peptide levels by enzyme-linked immunosorbent assay (ELISA) in comparison to C-
peptide in the absence of BSA. As these clinical kits are used for the diagnosis of diabetes
using C-peptide as a secondary biomarker for insulin, it is important to understand
whether parameters such as glycemic status may impact C-peptide measurements
following S1- and S2-based complexation. To probe these differences, we compared the

detection of C-peptide with Cu(ll) following nBSA and gBSA conditions. The presence of
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high glucose with or without Cu(ll) does not impact C-peptide measurements. In Chapter
3, we observed that S1 and S2 inflates C-peptide measurements; addition of nBSA (S1
BSA and S2 nBSA) parallels these changes, showing that the presence of glucose does
not alter this inflation. Interestingly, when the samples are prepared via S1 and S2 but
with gBSA instead (S1 gBSA and S2 gBSA), detected C-peptide levels decreases by a
2.2- and 2.1-fold compared to S1 nBSA and S2 gBSA, respectively (Figure 4.2). Together,
these measurements show that quantification of these biomarkers may vary by glycemic

status.
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Figure 4.2. C-peptide ELISA (abs. at 450 nm) measurements by antibody recognition in
samples with 50 pg/mL apo-C-peptide, Cu(ll), nBSA, and gBSA. ELISA detection was
normalized to apo-C-peptide. The presence of high glucose did not shift C-peptide

detection alone (purple), with Cu(ll) (teal), or with the addition of apo-nBSA (orange) or
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apo-gBSA (orange, striped). When C-peptide is copper-bridged with gBSA by S1 (red,
striped) or S2 (blue, striped), registered C-peptide levels decrease compared to nBSA.
Significance is analyzed by unpaired t test; ** p < 0.01. Data is displayed as mean + SD

with n = 3.

Next, we accessed whether the presence of glycated albumin may impact C-
peptide internalization in HEK-293 (human embryonic kidney) at 30 minutes by
endocytosis. We previously characterized that Cu(ll)-C-peptide inhibits C-peptide
internalization (Stevenson 2019), and with the addition of the S2 complex with BSA in the
absence of glucose, peptide internalization was significantly enhanced (Chapter 3). To
determine the effects of albumin glycation on affecting C-peptide internalization, HEK-
293 cells were stimulated for 30 minutes then fixed, permeabilized, and incubated with
primary C-peptide antibodies. Secondary antibodies conjugated to Alexa Fluor 488
fluorophore were added to the fixed cells, then the mean pixel intensities (MPI) of each
stimulation condition were determined to detect any shifts in peptide internalization
(Figure 4.3). Sample conditions containing apo-C-peptide and the S1-type complexes
minimally shifted between addition of nBSA and gBSA. However, while an enhancement
was observed with S2 nBSA, this was reverted to be comparable to BSA-absent samples
for S2 gBSA. This shift suggests that an alteration in albumin structure from glycation may

lead to a shift in C-peptide internalization.
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Figure 4.3. Monitoring C-peptide uptake into serum-free HEK-293 cells using
immunofluorescence. (A) Stimulation conditions include 10 uM C-peptide and 11 uM
CuCl2 with the addition of either Day 0 gBSA (100 uM BSA + 250 mM glucose) or Day 21
gBSA (100 uM gBSA incubated with 250 mM glucose for 21 days at 37°C). C-peptide
primary antibodies were added to fixed cells followed by secondary antibodies conjugated
to Alexa Fluor 488. (B) Mean pixel intensities were quantified within cell regions of interest
using ImageJ and mean + SD with n = 3. Significance is determined by unpaired t test;

*** p < 0.005. Uptake of S2 gBSA decreases in comparison to the control with nBSA.

4.2.2 Shifts in spectroscopic signatures of C-peptide ternary
complexes with glycated alboumin may be driven by aggregate
formation

In Chapter 3, we confirmed by EPR and TDDFT that the ternary complexations
may be occurring at the MBSA of BSA. In addition, electronic absorption spectroscopy
established that S1 and S2 are in fact, distinct ternary complexes— S1 is a red-shifted
complex and S2 is a blue-shifted complex relative to the spectrum of 2:1 Cu(ll)-BSA. We
used the same experimental conditions as used in Chapter 3 for electronic absorption
spectroscopy, as well as the same data processing by subtraction of apo-gBSA + apo-C-
peptide spectrum (Figure 4.4A) from the S1 and S2 spectra, to determine whether gBSA
species impact these spectral characteristics. The S1 complex at two equivalents Cu(ll)
in the presence of NBSA interestingly displayed shifts at both Cu(ll)-binding sites. The
NTS peak red-shifted from 556 nm to 545 nm and the MBSA peak blue-shifted from 678

nm to 686 nm (Figure 4.4B, Table 4.1). In contrast, S2 following nBSA addition only blue-
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shifted the NTS peak from 530 nm to 540 nm (Figure 4.4C, Table 4.1). The shifts detected
with the addition of the nBSA species following S1 and S2 may point to reversible non-
enzymatic reactions occurring with high glucose exposure (Figure 4.1A). With the addition
of gBSA, the spectrum of S1 appears to broadened, causing a loss of distinction in both
d-d bands. When gBSA is complexed via S2, a broad-like d-d band at 653 nm emerges.
The broadening spectral characteristics observed with gBSA following S1 and S2
suggests formation of aggregates in solution due to long-term high glucose exposure

(Figure 4.4B).
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Figure 4.4. Electronic absorption spectra comparing the addition of nBSA and gBSA
following S1 and S2 at two equivalents of Cu(ll). (A) The addition of C-peptide (purple)
does not shift apo-gBSA (black), thus closely overlapping in spectra. (B) S1 displays a
broadening spectrum with the addition of gBSA (purple) but not with nBSA (black). (C)
gBSA shifts S2 to form new peak, suggesting a modification in the coordination complex

as a result of glycation. Maxima values of (A) and (B) are labeled in Table 4.1.

Table 4.1. Maximum absorbance values of the UV-Vis spectra with the addition of two

equivalents of Cu(ll).

Sample S1, Abs S2, Abs

nBSA 545 686 540 691

— 560 653

We tested our speculation on aggregation formation for S1 and S2 with the addition
of gBSA using a turbidity assay. Turbidity measures the presence of particles in solution
that will scatter light. Scattering of light impacts the ratio of incident light (lo) to transmitted
light (I) by decreasing transmitted light and therefore, increasing absorbance. Protein
aggregates are particles that scatter light in solution and results in apparent absorbance
that can be detected at 450 nm. Samples detected at higher values of absorbance, or
greater turbidity, will contain larger protein aggregates. The addition of nBSA following S1

and S2 conditions exhibited very minimal turbidity in comparison to the addition of gBSA.
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S1 and S2 displayed about a 3.5-fold increase in turbidity, implicating an increased

presence in protein aggregation (Figure 4.5).
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Figure 4.5. Turbidity assay (absorbance at 450 nm) to measure presence of protein
aggregation in sample solution. The presence of nBSA displays very minimal turbidity in

both S1 and S2 solutions. gBSA increases turbidity in both schematics.

In Chapter 3, we used circular dichroism (CD) to compare changes in alpha-helical
content of BSA based on the stoichiometric addition of Cu(ll), as well as the order of
addition with C-peptide and BSA. CD detected subtle shifts in alpha helical content at 212
and 222 nm revealed differences in conformational structure. With the addition of nBSA,
the CD spectra displayed no change in helical content (Figure 4.6, dashed spectra). The

addition of 2 equivalents Cu(ll) to gBSA show two peaks at 208 and 219 nm, with a large
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reduction in ellipticity at 208 nm. This reduction may suggest a shift towards beta-sheet
character, where a broadening peak is typically observed in the 210-220 nm region
(greenfield 2005). The addition of apo-C-peptide to 2:1 Cu(ll)/gBSA following S1 exhibits
shifts in wavelength values at both alpha helical peaks and increases in negative
ellipticity. The first alpha helical peak shifts from 208 to 209 nm, and the measured
ellipticity increases from -3 to -8 millidegrees. The second alpha helical peak shifts from
219 to 222 nm, and the detected ellipticity increases from -12 to -14 millidegrees. In
contrast, the addition of 2:1 Cu(ll)-C-peptide to apo-gBSA following S2 displays a loss of
the first helical peak and a broadening of the second helical peak, with a shift in
wavelength from 219 to 223 nm (Figure 4.6, solid spectra). Altogether, all gBSA spectra
implicate beta-sheet structure, and the wavelength shift in negative bands compared to
nNBSA suggest aggregation. These observations support both the electronic absorbance

data and the turbidity readouts.
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Figure 4.6. Circular dichroism spectra of 2 uM nBSA and gBSA detect differences in
structure by shifts in ellipticity and wavelength. Dashed-line spectra show 2 equivalents
Cu(ll) with nBSA (black), S1 (red), and S2 (blue). Helical content is shown to resemble
that of Chapter 3 data. Prominent reduction of negative ellipticity is observed in all gBSA
spectra (solid line) with 2:1 Cu(ll) (black), S1 (red), and S2 (blue). Particularly, shifts in
wavelength values are observed in Cu(ll)/gBSA and S2 spectra, pointing to beta-sheet

content.

4.2.3 Future work in exploring AGE formation and
aggregation with Cu(ll), C-peptide, and glycated albumin

It is reported that there may be a cross-talk between protein aggregation and AGE
formation.'>2> For example, the islet amyloid polypeptide (IAPP) is determined to be
heavily glycated, leading to formation of toxic amyloid-like aggregates.?® Metal ions have
shown to either inhibit or promote protein/peptide aggregation.?”22 Particularly, both C-

peptide and BSA contain literature precedence in displaying self-aggregation.23° As both
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biomolecules display Cu(ll)-binding characteristics, and the lab characterized Cu(ll)-
bridging ternary complexes between C-peptide and BSA, we hypothesized that the
presence of Cu(ll) plays a role in aggregation with C-peptide and BSA. To test this
hypothesis, we prepared the solutions containing high glucose (200 mM) and 30 uM BSA
with the following additions: 2 equivalents Cu(ll), 1 equivalents C-peptide, or both Cu(ll)
and C-peptide. All samples were incubated for 21 days at 37°C, then detected for AGE
fluorescence, or “browning.” Our preliminary work shows that with incubation of Cu(ll),

AGE formation is accelerated (Figure 4.7).
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Figure 4.7. AGE fluorescence assay (ex. 350 nm, em. 425 nm; n = 3) to measure AGE

formation after 21 days at 37°C in solutions containing 30 uM BSA with 2 equivalents
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Cu(ll), apo-C-peptide, or both in 10 mM phosphate buffer at pH 7.4. The presence of

Cu(ll) accelerates AGE formation. Data is displayed as mean + SD with n = 3.

To determine if Cu(ll) plays a role in the cross talk between AGE formation and
aggregation, we used a turbidity assay to detect if protein aggregation occurs between
Cu(ll), C-peptide, and BSA. Tsiolaki and colleagues showed characterization of C-peptide
aggregation in acidic conditions at room temperature for 7 days. To expand on their work,
samples containing 1 mg/mL C-peptide with equivalent solutions of Cu(ll) and BSA were
added in nanopure H20 with pH adjusted to 5.5 to observe if aggregation may be
detected. Interestingly, Cu(ll) increased protein aggregation when added to BSA and C-
peptide/BSA. This preliminary work warrants follow-up studies to monitor this process
over time up to 21 days using both turbidity and Thioflavin (Tht) assays in high glucose,
as well as single molecule fluorescence microscopy, to better understand the molecular

mechanisms that drive the observations seen in Figure 4.8.
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Figure 4.8. Turbidity assay (absorbance at 450 nm) to measure presence of protein
aggregation in sample solution. The presence of Cu(ll) displays an increase in turbidity,
suggesting a higher detection of protein aggregation in Cu(ll) + BSA and Cu(ll)/C-

peptide/BSA.
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4.3 Materials and Methods

All chemicals and reagents, as well as use of purified C-peptide, were adapted from
Chapter 3. Preparation of samples following S1 and S2 with the addition of nBSA and

gBSA for CD, UV-Vis spectroscopy, IF, and ELISA were also adapted from Chapter 3.

Preparation of nBSA samples. nBSA samples were prepared the day of experiment to
represent as Day 0. Concentrations of BSA and 500 mM glucose (Sigma) were first
determined by molecular weight, then dissolved in 10 mM phosphate buffer (Fisher) at

pH 7.4 for CD, UV-Vis spectroscopy, and in DPBS (Gibco) for IF and ELISA.

Preparation of gBSA samples. Prior to experimental use, solutions of 10 mg/mL BSA
were incubated in high glucose conditions (500 mM glucose) for 21 days, then filtered
using centrifugal filter columns (Amicon, 50 kDa cutoff) to remove any excess glucose.

gBSA samples are then diluted by either phosphate buffer or DPBS.

Turbidity assay for measuring protein aggregation. Samples were diluted in 10 mM
phosphate buffer at pH 7.4 then added to a 96-well microplate (Greiner Bio-One).
Turbidity of each solution was measured at 450 nm for absorbance using a platereader

(Molecular Devices i3x). Statistics were performed on Prism 9.1 (GraphPad).

AGE fluorescence assay to detect AGE formation. All samples contain 30 uM BSA
and were diluted in 10 mM phosphate buffer (n = 3). Sample conditions include apo-BSA
only and BSA + glucose (200 mM) as controls, and experimental solutions contain 200

mM glucose with the addition of 2:1 Cu(ll)-BSA, C-peptide/ BSA, or Cu(ll)/C-peptide/BSA.
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All samples were incubated for 21 days at 37°C, then measured for AGE fluorescence,
with an excitation of 350 nm and emission of 425 nm. Data is displayed as mean + SD

with n = 3.
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CHAPTER 5

Copper interactions with C-peptide shifts intracellular copper
metabolism and peptide uptake
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5.1 Introduction

Proinsulin C-peptide is released in equimolar amounts with active insulin from
pancreatic B-cells and has been shown to possess beneficial hormone-like roles such as
glucose uptake, blood flow regulation, and increased cell growth.1? With over a decade
of work supporting its beneficial physiological effects,®# its therapeutic advances are
hindered by a lack of mechanistic understanding of C-peptide.® Therefore, a molecular
investigation on C-peptide and its structural functions will help identify connections

between the physiological and biological activities of the peptide.

In determining the peptide’s mode of action, previous studies have shown that C-
peptide function depends on the co-addition of essential divalent metal ions. In the
presence of Zn(ll), C-peptide can prevent islet amyloid polypeptide (IAPP) aggregation in
pancreatic B-cells.®> C-peptide activation of ATP release from erythrocytes is enhanced
when in the presence of Cr(lll), Fe(ll), or Zn(l1).5-8 Further work showed that serum
albumin, an abundant circulating protein in the bloodstream,? is required for transport of
both Zn(ll) and C-peptide from pancreatic B-cells to erythrocytes.!®!! Recently, we
demonstrated that Cu(ll) can alter peptide internalization by directly binding to E3 and D4
of C-peptide.1>12 Moreover, the wild-type sequence of C-peptide is necessary for precise
binding of Cu(ll) to C-peptide, and that mutations or truncations of the peptide lead to
non-specific metal ion binding.!3

Cu(ll) is of particular interest as the dysregulation of intracellular copper
homeostasis is linked to tissue damage in type 2 diabetes (T2D) due to elevated copper

levels,'* and is correlated with the inflammatory or fibrotic progression in non-alcoholic
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fatty liver disease (NAFLD) as a result of decreased copper status.® As C-peptide has
been highlighted as a potential biomarker for Cu(ll)-related diseases,*® the direct binding
of Cu(ll) with full-length C-peptide raises the question of whether this metal/peptide
complexation contains the ability to shift intracellular copper levels, to which could impact
the aforementioned Cu(ll)-related disease states. To uncover the link between C-peptide
and copper metabolism, long-term signaling effects of C-peptide must be elucidated. As
serum albumin has been identified as a potential chaperone for C-peptide, and is the
second major constituent of exchangeable copper pool in blood plasma behind
ceruloplasmin,® we probed the role serum albumin may have on C-peptide mechanisms

by focusing on copper status.

In this work, we investigate the outcomes of C-peptide activity based on its wild-
type and mutated variant structures. Interestingly, these peptides display cell-line based
differences in altering copper biomarkers as well as peptide uptake mechanisms. Given
the relationship between C-peptide, Cu(ll), and albumin (see Chapter 3), cell-based
assays were also performed in the presence and absence of albumin. Overall, the
presented data may point to C-peptide activity that involves shifts in intracellular copper

status, and by extension, Cu(ll)-related diseases.
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5.2 Results

5.2.1 Wild-type C-peptide shifts copper metabolism and
serum albumin alters peptide activity

Because Cu(ll) directly binds to C-peptide and inhibits peptide internalization,?3
we interrogated whether the Cu(ll)-bound complex could impact copper trafficking and
homeostasis within the cell. To assess copper status, we used two cell lines, the human
hepatic line (HepG2) and the human embryonic kidney line (HEK-293), on account of
reported effects of C-peptide on liver and kidney tissues.'6-18 We monitored the effects of
C-peptide addition via protein levels of the copper chaperone for superoxide dismutase
(CCS), a well-established biomarker used for tracking copper homeostasis.®?° An
increase in CCS levels is indicative of a decrease in intracellular copper levels, while a
decrease in CCS is associated with an increase in intracellular copper levels. Cells were
stimulated with either Cu(ll), wild-type C-peptide only (apo-C-peptide), or C-peptide
preincubated with Cu(ll) (Cu(ll)-C-peptide) in starvation media (serum-free) for 24 hours
(Figure 5.1A), then lysates were analyzed by Western blotting. Only apo-C-peptide
increased CCS levels in both HepG2 and HEK-293 (Figure 5.1B and 5.1C), insinuating a
decrease of cytosolic copper levels. Because serum albumin is a potential chaperone for
C-peptide,’®1! we determined whether the copper modulatory ability of C-peptide is
influenced by the addition of commercially available bovine serum albumin (BSA). In
Figure 5.1b, BSA enhances the apo-C-peptide effect on cytosolic copper status in HepG2,
but surpasses this effect in HEK-293 (Figure 5.1C). However, when Cu(ll) is pre-bound
to C-peptide then added to a solution containing BSA, it decreased CCS expression in

both HepG2 and HEK-293 (Figure 5.1B and 5.1C), suggesting that the order in which
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Cu(ll) was added plays a role in shifting CCS levels. To confirm that the observed shifts
in CCS levels in both cell lines are due to decreased cytosolic copper status and is
independent of copper export, we looked at ATP7B in HepG2 and ATP7A in HEK-293
cells to track copper exporter levels.?!23 We showed that ATP7B and ATP7A protein
levels shift when exogenous copper is added in solution (Figure 5.1D and 5.1E). Copper
exporter levels did not change with apo-C-peptide, but shifted with Cu(ll)-bound C-
peptide. C-peptide/BSA slightly increased copper exporters in both HepG2 and HEK-293
(Figure 5.1D and 5.1E). Together, the lack of notable shifts in ATP7B and ATP7A
expression confirmed that the effects on cytosolic copper status observed with apo-C-

peptide and C-peptide/BSA are independent of copper export.
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Figure 5.1. Wild-type C-peptide with and without BSA shifts cytosolic copper status. (A)
Graphical representation depicting the workflow of 24 hour peptide stimulations using
both wild-type and mutated C-peptide in HepG2 and HEK-293 to investigate shifts in
cytosolic copper levels via CCS, a copper chaperone, and ATP7B or ATP7A, which are
copper exporters. (B, C, D, E) Sample conditions containing 10 uM wild-type apo-C-
peptide or preformed Cu(ll)-C-peptide in solution with and without BSA following Western
blot (WB) analysis of CCS levels in HepG2 and HEK-293, and ATP7B levels in HepG2
and ATP7A levels in HEK-293. (B) Comparison of biomarker levels are in reference to

the negative control WB band or apo-BSA WB band. Apo-C-peptide increased CCS levels
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in HepG2, and this effect was increased further in the presence of BSA. (C) Apo-C-
peptide increased CCS in HEK-293, but this effect was surpassed when C-peptide is
added with BSA. (D, E) Apo-C-peptide with and without BSA did not influence ATP7B

levels in HepG2 and minimally shifted ATP7A expression in HEK-293.

5.2.2 C-peptide mutants reveal cell-line based differences in
copper trafficking

We reported that the Cu(ll)-C-peptide interaction requires the full-length peptide
for precise copper binding at the E3 and D4 amino acid residues, and that either replacing
both residues to generate a double mutant (E3A/D4A), or truncating the peptide to the N-
terminus segment (N-term, E1G13) or the C-terminus segment (C-term, L24Q31) results
in non-specific copper binding.'®* We herein evaluate whether disrupted copper binding of
these mutants impacts the observed prominent effects of wild-type C-peptide with or
without BSA on copper trafficking in HepG2 and HEK-293. All three C-peptide mutants
with or without BSA did not display any notable changes in both CCS levels and ATP7B
levels (Figure 5.2A & 5.2C) of HepG2, suggesting that the full length of C-peptide is
necessary to observe prominent shifts in cytosolic copper levels. In HEK-293, CCS levels
increased following the addition of each apo-mutant (Figure 5.2B), indicating that non-
specific binding of Cu(ll) still allows for similar changes in CCS levels as in wild-type C-
peptide. When these mutants are added with BSA, only the N-term increases CCS levels
(Figure 5.2B), pointing to the importance of the Cu(ll)-binding residues of C-peptide when

BSA is present. ATP7A levels slightly change in HEK-293 with each apo-mutant both with
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and without BSA (Figure 5.2D). Altogether, the observed changes with CCS in both cell

models do not correlate with copper export.
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Figure 5.2. C-peptide mutants reveal cell-line based differences in copper biomarker

responses and mode of peptide uptake. Sample conditions include 10 uM C-peptide
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mutants (E3A/D4A, N-term, C-term) following the same Western blot analysis as wild-
type C-peptide with or without BSA. (A) All three apo-mutants did not shift CCS levels
with and without BSA in HepG2. Pre-bound Cu(ll)-peptide mutants slightly decreased
CCS levels with and without BSA. (C) ATP7B did not change with any apo-mutant with
and without BSA. In HEK-293, all three apo-mutants increased CCS. (B) When Cu(ll) or
BSA is added with N-term, CCS levels seem to only increase with this specific peptide
mutant. (D) ATP7A levels slightly shift in HEK-293 in comparison to HepG2. (E) Summary
table of Western blots that include wild-type C-peptide and all C-peptide mutants tested
in various conditions for comparison (Figure 5.1B-E and Figure 5.2A-D). Blue indicates
an increase in protein levels, while red points to a decrease in protein levels. Grey
represents either the control WB band or no change observed with respect to the control

WB band.

5.2.3 Mode of C-peptide uptake is cell-line dependent

Because cell-line based differences were observed between the wild-type and
mutated peptides, we questioned if the differences in functionality stem from preference
in the mode of C-peptide uptake that leads to these distinctive changes. Both cell lines
were stimulated with solutions containing apo-C-peptide or Cu(ll)-C-peptide with the
addition of BSA in starvation media (serum-free) at 30 minutes, 4 hours, or 24 hours to
detect peptide uptake over time. Cells were fixed, permeabilized, and incubated with C-
peptide primary antibodies, followed by secondary antibodies conjugated with Alexa Fluor
488 fluorophore. Mean pixel intensities of each sample condition was used to determine

any shifts in C-peptide internalization. As previously reported, HEK-293 at 30 minutes
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displayed an increase in the internalization of apo-C-peptide.'® Whereas, the presence of
Cu(ll) causes a decrease in C-peptide internalization.'? Interestingly, Cu(ll)-C-peptide
greatly increased internalization in the presence of BSA in comparison to Cu(ll)-C-peptide
in starvation media (Figure 5.3), demonstrating that BSA reverts the process of Cu(ll)
inhibition with C-peptide internalization. At 4 and 24 hours, C-peptide internalization was
not observed in HEK-293 cells. In HepG2 cells, peptide internalization was not observed
at any of the timed stimulations, suggesting that C-peptide was not internalized via

endocytosis in HepG2 in comparison to HEK-293.

HepG2 HEK-293
Nucleus C-peptide Merge Nucleus C-peptide Merge
-~ -.
Apo-
C-peptide
+ BSA
Cu(ll)-
C-peptide
+ BSA

Figure 5.3. Representative immunofluorescence images (n = 3) show that wild-type C-
peptide/BSA and Cu(ll)-C-peptide/BSA does not increase peptide internalization in
HepG2, but notably increases when wild-type Cu(ll)-C-peptide/BSA is added to HEK-293

cells.
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5.3 Discussion

Our work highlights new mechanistic effects of C-peptide in regulating copper
metabolism. We observe cell-line based differences in cytosolic copper responses
between two cell-line models, HepG2 and HEK-293, which have been used in previous
C-peptide studies,’®18 and presented as well-characterized models for metabolic
processing and copper trafficking responses.?'-22 Full-length apo-C-peptide induces a
shift in cytosolic copper status after 24 hours by increasing CCS levels, and as a result,
decreases copper levels in HepG2 and HEK-293. Furthermore, the data highlights a
crosstalk between C-peptide and BSA, a potential chaperone, as BSA enhances the C-
peptide effect on decreasing copper levels in HepG2. This shift in copper status points to
a potential restoration in copper homeostasis for Cu(ll)-related diseases associated with
elevated copper levels, such as T2D.* On the other hand, when C-peptide is pre-
complexed with Cu(ll), we observe an opposite effect where CCS decreases, and
therefore, copper levels increase. BSA enhances this effect with HepG2, and even further
with HEK-293. As the onset of NAFLD, another Cu(ll)-related disease, progress due to a
copper deficient state (Wang 2020), Cu(ll)-C-peptide/BSA could help regulate cytosolic

copper status by increasing intracellular copper levels.

When the copper binding residues (E3, D4) of C-peptide are mutated, or the full-length
peptide is truncated to its N-term (E1G13) or C-term (L24Q31) segment, we observe that
these mutations were able to reproduce increased shifts in CCS levels as full-length C-
peptide in HEK-293, but this effect was absent in HepG2. This outcome suggests that the
peptide uptake mechanism of C-peptide may vary by endocrine target. Various modes of

C-peptide uptake have been studied such as C-peptide internalization as demonstrated
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by Lindahl and colleagues,'® and C-peptide uptake by receptor mediation via GPR146 as
screened by Yosten and co-workers.!” Time-dependent Immunofluorescence studies
revealed that HEK-293 increases C-peptide internalization when added with Cu(ll) and
BSA at the 30-minute timepoint; whereas, HepG2 does not internalize C-peptide following
all sample conditions at 30 minutes, 4 hours, or 24 hours. Therefore, it is possible that
HepG2 binds to C-peptide via a GPR receptor, while HEK-293 internalizes the peptide by
endocytosis. These cell-line based differences by mode of peptide uptake warrants

further investigation.

Referring back to the ternary complexations discussed in Chapter 3, Scheme 1
(Cu(l)-BSA + apo-C-peptide) and Scheme 2 (apo-BSA + Cu(ll)-C-peptide), we
guestioned if the different Cu(ll)-coordination modes between Scheme 1 and 2 point to
possible preferences in binding modes depending on the trends seen between cell-line
or endocrine targets. Because we observe an increased shift in intracellular copper levels
with C-peptide/BSA particularly in HepG2, the binding mode that pairs with this trend
follows Scheme 1 as BSA has a higher binding affinity for Cu(ll) than C-peptide, and
therefore Cu(ll) must bind to the protein chaperone first. In HEK-293, intracellular copper
levels increased with preformed Cu(ll)-C-peptide and BSA, to which follows the binding
formation of Scheme 2 In addition, peptide internalization increased only with Scheme 2
in HEK-293 cells, but no changes are seen in HepG2 cells in all proposed schematics.
Therefore, the binding modes between Schemes 1 and 2 may also play a role in method

of C-peptide uptake (Figure 5.4).

Overall, our work highlights new mechanistic insights with C-peptide in regards to

shifting copper metabolism and peptide uptake. The distinctions in copper biomarker
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responses based on cell lines, addition of BSA, and Cu(ll)-binding modes can pave the
way for understanding the interplay of these diseases with potential applications in both

therapeutic and diagnostic advances.

= S\ . . I, -
s1 "N s2 S\
1 Cu
Increased cytosolic copper levels Decreased cytosolic copper levels
HepG2 HEK-293

Figure 5.4. Proposed scheme displaying possible mechanisms of C-peptide and BSA in
shifting copper metabolism within HepG2 and HEK-293. Intracellular copper levels are
typically balanced by homeostasis, however, a disruption in copper levels lead to copper-
related disease states. When C-peptide/BSA enters HepG2 possibly by receptor
mediation, Cu(ll) bridges these biomolecules following Scheme 1, which leads to
increased intracellular copper levels in HepG2. Conversely, when preformed Cu(ll)-C-
peptide and BSA enters HEK-293 by endocytosis, this leads to the formation of Scheme
2. As a result, HEK-293 is put in a state of decreased intracellular copper levels. Blue
circle Copper; Green biomolecule C-peptide; Protein Serum albumin; Gray circle

metabolites; Cu Copper
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**\When replicating these blots for HepG2, biomarker expression changes with passage
numbers. These cells are cultured in 4.5 g/L glucose, and the changes observed by
Western blotting seem to correlate to long-term exposure of glucose. Blots shown in this
chapter are done between P18-22. Blots completed between P12-15 exhibit different

protein expression.
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5.4 Materials and Methods

Chemicals and reagents. All chemicals and reagents were purchased from Fisher
Scientific. Dimethylformamide (DMF), 4-methylpiperidine, N,N-diisopropylethylamine
(DIEA), dichloromethane (DCM), N,N,N’,N*-tetramethyl-O-(1H-benzotriazol-1-yl)uronium
hexafluorophosphate (HBTU), 2,2,2-trifluoroacetic acid (TFA), diethyl ether, methanol,
formic acid (FA), dimethylsulfoxide (DMSO), CuClz, NazHPO4, NaOH, HCI, coumarin-3-
carboxylic acid (3-CCA), L-ascorbic acid (Asc), and bovine serum albumin fatty acid-free
powder (BSA) were purchased from ThermoFisher. Wang resin preloaded with Fmoc-
GIn(Trt)-OH and Fmoc-Gly-OH, along with Fmoc-protected amino acids were purchased
from ThermoFisher but manufactured by ChemlImpex. All buffered solutions and copper

salt solutions were created using Direct-Q 3 deionized water (>18 MQ, Millipore).

Peptide synthesis of wild-type C-peptide & mutants. Human wild-type C-peptide
(EAEDLQVGQVELGGGPGAGSLQPLALEGSLQ), E3A/D4A C-peptide, and N-terminus
(N-term, E1-G13) and C-terminus (C-term, L24-Q31) truncations were synthesized at a
0.2 mmol scale using a heated Fmoc-based solid-phase peptide synthesis (SPPS)
method. For wild-type, E3A/D4A, and C-term, Wang resin with preloaded Fmoc-GIn(Trt)-
OH was swelled overnight in 5x DMF. Resin was washed 10 times with DMF. The N-
terminal residue was deprotected with 25% 4-methylpiperidine in DMF, first hand-shaken
for 1 minute then placed on the shaker for 10 minutes. The resin was washed 10x with
2x resin volume of DMF. Amino acids (4 eqg.) and HBTU (3.9 eq.) were dissolved in
minimal DMF, then DIEA (10 eq.) was added. Resin was suspended in the amino
acid/HBTU/DIEA solution and heated for 5 minutes at 95°C, shaken, and incubated again

at 95 °C for another 5 minutes. The solution was placed on a shaker to cool for 2 minutes.
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The resin was washed 10x with 2x resin volume with DMF. The protocol was repeated
from the Fmoc deprotection step for each additional amino acid. After the last amino acid
coupling, the resin was washed 10x with 2x resin volume of DMF, followed by 10x washes
with 2x resin volume of DCM and dried overnight. Cleavage of the protecting groups and
peptide from the resin was carried out in minimal solution of 95:5 TFA:H20 with 1-4 hours
shaking. The solution was poured into chilled diethyl ether to precipitate, then the
suspension was centrifuged at 3900 rpm for 10 minutes at 4°C. The supernatant was
decanted and the pellet was washed again with chilled diethyl ether followed by

centrifugation after each wash (3x). The pellet was dried under a stream of air overnight.

Preparation of samples following each schematic. Pre-aliquoted C-peptide and BSA
were dissolved in DPBS (Gibco) for Western blot and immunofluorescence experiments,
or in 10 mM POaq buffer (Fisher) at pH 7.4 for CCA assays, CD, UV-Vis, pH titrations, and
EPR. CuCl2 (Fisher) was dissolved in Milli-Q water followed by solutions containing C-
peptide and/or BSA to achieve 1 or 2 eq. Cu(ll). Treatments following each schematic
include: (S1) 30 minute incubation of preformed Cu(ll)-BSA at 1 or 2 eq. Cu(ll) in solution
followed by the addition of C-peptide for another 30 minutes incubation (S2) 30 minute
incubation of preformed Cu(ll)-C-peptide at 1 or 2 eq. Cu(ll) in solution followed by the
addition of BSA for another 30 minute incubation, and (S3) separate 30 minute
incubations of preformed Cu(ll)-BSA and Cu(ll)-C-peptide at 0.5 or 1 eq. Cu(ll), followed
by the combination of these preformed solutions for an additional 30 minutes to reach

final concentrations of 1 or 2 eq. Cu(ll) in solution.

Cell line maintenance and Western blot treatment conditions. Human embryonic

kidney (HEK-293) cells and human hepatocyte carcinoma (HepG2) cells were grown in
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complete DMEM media + 4.5 g/L high glucose (ThermoFisher Scientific) with the addition
of 10% Avantor Seradigm Premium Grade Fetal Bovine Serum (VWR), 1 mM sodium
pyruvate (ThermoFisher Scientific), 100 IU penicillin and 100 pg/mL streptomycin
(ThermoFisher Scientific), and 2 mM L-glutamine (Gibco). Cells were subcultured every
2 to 3 days at 70 to 90% confluence. All experiments were performed on HEK-293 cells
between passage 5 and 35, and HepG2 cells between passage 10 and 20. Cells were
maintained in a sterile environment and grown in 5% CO2 at 37°C in a Heracell 150l
incubator (ThermoFisher Scientific). The following treatments for both cell lines at 30
minutes, 4 hours, or 24 hours include (1) CuClz diluted in serum-free media to final
concentration of 11 uM Cu(ll), (2) 10 uM C-peptide diluted with serum-free media, (3)
preformed Cu(ll)-C-peptide diluted in serum-free media to final concentrations of 10 uM
C-peptide and 11 pM Cu(ll), (4) 100 uM BSA diluted in serum-free media, (5) preformed
Cu(Il)-BSA diluted with serum-free media to make 100 uM BSA and 11 puM Cu(ll), (6) 30
minute incubation of preformed C-peptide-BSA followed by dilution with serum-free media
to make 10 uM C-peptide and 100 uM BSA, and (7) 10 uM C-peptide, 11 puM Cu(ll), and
100 uM BSA following (S2) conditions. C-peptide mutants (E3A/D4A, N-term, C-term)
were also dissolved in DPBS following the same treatment conditions (1-7) as wild-type

C-peptide.

Western blot analysis. Cells were plated at 400,000 and 300,000 cells per well in a 6-
well plate for HEK-293 and HepG2 cells, respectively. Media was aspirated and washed
with PBS at RT, then cells were serum-starved overnight. The following treatments for
both cell lines at 30 minutes, 4 hours, or 24 hours include (1-7) for both wild-type C-

peptide and C-peptide mutants (E3A/D4A, N-term, C-term). After a timed stimulation was
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completed at 30 minutes, 4 hours or 24 hours, cells were washed with cold DPBS, then
lysed (150 mM NacCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris-Cl
pH 7.4) with EDTA-free protease inhibitor (ThermoFisher Scientific) and phosphatase
inhibitor (MilliporeSigma). Lysates were vortexed on ice for 20 minutes then cleared by
centrifugation at 15,000 x G at 4°C. Lysates were frozen at -20°C overnight, then
quantified using a BCA assay (Invitrogen). 10 pg protein was prepared with 2-
mercaptoethanol (BioRad), DPBS (Gibco), and LDS sample buffer (NPOOO7, Invitrogen),
and loaded into a 4-12% Bis-Tris 15-well gel (Invitrogen). Gels were run in MES buffer at
100 V for 1 hour then transferred onto a PVDF membrane using a Trans-Blot Turbo
Transfer System (BioRad). Membranes were blocked in 5% BSA in TBST solution (Cell
Signaling Technology) for 1 hour at RT and blotted in primary antibody overnight at 4°C.
Membranes were washed 3x for 5 minutes with TBST at room temperature and blotted
with a secondary antibody in 5% BSA in TBST. Membranes were washed 3x for 5
minutes in TBST and imaged on a Chemidoc MP Imager (BioRad). Primary antibodies
included anti-CCS (1:1000 Santa Cruz Biotechnology), anti-ATP7B (1:2000
Abcam), anti-ATP7A (1:2000 Santa Cruz Biotechnology), anti-B-Actin (1:5000 Cell
Signaling Technology), and anti-a-tubulin (1:5000 ThermoFisher). For secondary
antibodies, anti-rabbit IgG HRP-conjugated antibody (1:2000 Cell Signaling Technology)
was used for ATP7B, anti-mouse IgG HRP-conjugated antibody (1:1000 Cell Signaling
Technology) for ATP7A, anti-mouse IgG AlexaFluor 800 (1:5000 Invitrogen) for CCS,
anti-rabbit IgG AlexaFluor 555 (1:5000 Invitrogen) for B-Actin, and anti-rat IgG AlexaFluor
647 (1:5000 Invitrogen) for a-tubulin. Images were processed using the ImagelLab

software (Biorad).
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Immunofluorescence. The immunofluorescence protocol was adapted from Stevenson
et al.! HEK-293 cells were plated into 12-well plates with acid-washed coverslips at
200,000 cells/well and HepG2 cells were plated at 100,000 cells/well. Both cell lines were
grown to 50-70% confluence, then serum-starved overnight. Cells were washed with
DPBS and treated with the same treatments used in Western blot stimulations (1-7) with
wild-type C-peptide at 30 minutes, 4 hours, and 24 hours. Cells were then fixed with 4%
paraformaldehyde at RT for 10 minutes, then washed twice with cold DPBS. Cells were
permeabilized with 0.3% Triton X-100 (Fisher) in DPBS at RT for 10 minutes, then washed
thrice with cold DPBS. HEK-293 cells were blocked with 3% BSA (Fisher) and HepG2
cells were blocked with 10% BSA at RT for one hour. Both blocking solutions also contain
10 mM HEPES (Gibco) and 0.3% Triton X-100 in DPBS. Cells were incubated overnight
with primary anti-human C-peptide antibody (4593, Cell Signaling Technology) at 1:400
dilution in blocking buffer at 4°C. Cells were rinsed thrice with DPBS at 5 minutes each,
incubated with Alexa Fluor 488 goat anti-rabbit ReadyProbes secondary antibody
(Invitrogen) for 30 minutes, then washed twice with DBPS. Cells were stained with
NucBlue Live ReadyProbes (Hoescht 33342, R37605, Invitrogen), washed twice with
DPBS, then mounted with ProLong Gold Antifade Mountant (Invitrogen). Cells were
imaged on an EVOS FL microscope with 40x magnification using DAPI and GFP
Fluorescent light cubes (Invitrogen). ImageJ was used for image processing such as
contrasting the DAPI and GFP channels, overlaying images, and zooming images by

200%. ImageJ was also used to determine the mean pixel intensity of treated cells.
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