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ABSTRACT: Peptide hormones are essential signaling molecules with

therapeutic importance. Identifying regulatory factors that drive their activity o 9
gives important insight into their mode of action and clinical development. In ¢ D).
this work, we demonstrate the combined impact of Cu(Il) and the serum o e7 %l{l‘
protein albumin on the activity of C-peptide, a 31-mer peptide derived from \ W‘L-‘_”;"; v - )_)\"'c,,,s% J
the same I.)roh.()rmgne as 1nsuhn.. C—p.e}.)tlde exhibits beneficial effects, \ L\“’Lq’ \‘VJ
particularly in diabetic patients, but its clinical use has been hampered by a £

lack of mechanistic understanding. We show that Cu(II) mediates the R /

formation of ternary complexes between albumin and C-peptide and that the 7 g,’;’ 3

resulting species depend on the order of addition. These ternary complexes ‘z‘\(

notably alter peptide activity, showing differences from the peptide or Cu(1I)/

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(1I)-linked C-peptide/albumin complexes in the peptide’s mechanism of action and application as a biomarker.

B INTRODUCTION 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 S1)
containing the classical Amino-Terminal Cu(1I)- and Ni(1I)
(ATCUN) binding motif, a Zn(II) binding site at Cys34, and
two multimetal-binding sites: Site A (MBSA, Figure S1), which
can bind both Cu(II) and Zn(II), and site B (MBSB) which
can bind Zn(II)."”*° 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 anticancer 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 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 bio-
informatic 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 grow’ch,é_9 but its
therapeutic advancement has been hindered by a lack of
mechanistic understanding,® including debate over the identity
of its cognate receptor.'’”'* It 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 Received:  May 3, 2023
the molecular bases of these interactions."* ™' Published: July 24, 2023
The signaling activity of bioactive peptides like C-peptide is
influenced by the 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
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Figure 1. Circular dichroism spectra of 2 M BSA display structural changes in alpha helicity as shown by shifts in ellipticity at 212 and 222 nm.
Inset figures show the associated schemes with BSA (orange protein); Cu(II) (blue circle); C-peptide (green peptide). (A) Minimal reduction of
negative ellipticity occurs at 1 equivalent Cu(1I), with further reduction at 2 equivalents Cu(II). (B) Addition of apo-C-peptide to 1:1 Cu(II)-BSA
shows perturbations in secondary structure, while 2:1 Cu(II)-BSA displays modest shifts. (C) In the absence of Cu(II), 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(II)—C-peptide to apo-BSA, similar

decreases in ellipticity occur.

peptide-bound metal ions. Choi and colleagues recently
demonstrated that serum albumin can bind to and sequester
metal ions from Zn(Il) and Cu(1l)-loaded amyloid-beta (Af),
a peptide implicated in the pathologies associated with
Alzheimer’s disease. The metal-bound Af/albumin interaction
affects the peptide’s cytotoxicity, pointing to a possible
regulatory role of albumin in the metal/Af pathophysiol-

*7%7 Recently, another binding model between albumin
and metal-binding peptides was presented by Bossak-Ahmad et
al. with the Cu(II)-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 to both
metal ions and the presence of albumin.'” Spence and co-
workers first demonstrated that the activity of C-peptide in
modulating blood vessel physiology is activated by the addition
of Zn(I1).”*° Interestingly, the ability of C-peptide to increase
GLUT1 levels and ATP release in red blood cells were further
elevated by the coaddition of bovine serum albumin (BSA)
alongside Zn(I1).'>'* They proposed that the C-peptide
receptor may actually recognize the peptide complexed to
albumin rather than the peptide alone; ' * but the molecular
nature of such a complex and whether Zn(II) is involved in its
formation require further characterization. We recently
demonstrated that Cu(II) 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 IN3O square-planar Cu(Il) complex. While we
determined that Zn(II) could also bind to the peptide directly
via the peptide backbone, Cu(1I) addition displaces the Zn(II).

16727

Moreover, the full-length sequence of C-peptide is necessary
for precise binding of Cu(1l) to C-peptide, with mutations or
truncations of the metal-bindin% region leading to reshuffling
of the binding site (Figure S1)."

Herein, we sought to assess whether Cu(II) or Zn(II) could
facilitate interactions between C-peptide and albumin (using
BSA as a model system) and characterize the molecular nature
of the species formed. We demonstrate that Cu(Il) facilitates
the formation of ternary complexes between C-peptide and
BSA which do not form in the absence of Cu(II), and that such
an interaction is not observed with Zn(Il). Interestingly, the
resulting complexes depend on the order of addition.
Characterization via circular dichroism spectroscopy supports
the formation of distinct species when a C-peptide/Cu(II)
complex is added to BSA versus when Cu(II)-coordinated BSA
is added to C-peptide. 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 as the two are co-
released,>'* with C-peptide exhibiting a higher circulation
lifetime.”® Our results show that the presence of the ternary
complexes significantly affects the read-out in these assays,
conveying their potential importance to diagnostic measure-
ments. The ternary complexes also exhibit higher protection of
the Cu(Il) 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. Further spectroscopic characterization of the ternary
complexes in conjunction with time-dependent density func-
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tional theory (TDDFT) calculations demonstrates that while
the ligand set around the Cu(II) center shows close similarity
to the Cu(II)-albumin sites, the ternary complexes differ from
Cu(II)-albumin and from each other in their global
conformations, likely from distinctions in the orientations of
C-peptide and albumin about the Cu(II) center. Overall, the
presented data point to the impact of these C-peptide/
albumin/Cu(Il) complexes on the molecular action and
clinical applications of C-peptide as well as to the metal-
associated roles serum albumin may play in regulating
extracellular peptide activity.

B RESULTS AND DISCUSSION

Cu(ll) Facilitates Interactions between C-peptide and
Albumin. We first assayed whether Cu(1I) or Zn(II) could
facilitate interactions between C-peptide and albumin differ-
ently 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; A, =
546 nm, A,, = 579 nm) to be used as a FRET acceptor
alongside BSA that has been labeled with fluorescein
isothiocyanate (FITC-albumin, 4., = 495 nm, 4., = 520
nm), an established FRET donor for TAMRA.>>*° To screen
for binding interactions between TAMRA-C-peptide and
FITC-albumin, the FRET efliciency was measured with
increasing ratios of donor-to-acceptor (See Supporting
Discussion 1, Figures S2 and S3). When TAMRA-C-peptide
is preincubated with Cu(II), then added to FITC-albumin, an
increase in the FRET efficiency is observed with increasing
donor-to-acceptor ratios (Figure S2B), suggesting energy
transfer through binding between the two species. Such an
increase was not observed with the addition of Zn(II) nor in
the absence of either metal (Figure S2A and S2C). The data
from this assay indicate that Cu(II) 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.

Changes to the secondary structure of BSA are frequently
used as a proxy for characterizing the binding of drug
metabolites and co-factors, including Cu(II) to the pro-
tein.'”*”** We thus applied circular dichroism (CD) spec-
troscopy to screen for impacts of Cu(Il) on interactions
between C-peptide and albumin. The CD spectrum of BSA in
the absence of Cu(II) (apo-BSA) exhibits two negative bands
at approximately 4 = 208 and 222 nm, characteristic of the a-
helical structures that make up the protein.’”** These negative
bands arise from contributions of the n — #* 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 1A). We estimated the mean residue
ellipticities (MREs) at 212 and 222 nm and their ratios
using eq 1

observed CD (mdeg)
Conl X 10 (1)

MRE; 5 61222 0m =

where C,is the molar concentration, # is number of amino acid
residues, and [ is the pathlength. From the MRE, the helical
content can be approximated using eq 2:
MRE - 4000
a — helix (%) = ——— % 100
33,000 — 4000 )
This method has been used to assess ligand effects on the
albumin structure in a semiquantitative manner.”~** We
estimated the helical content of apo-BSA to be 71.1 and 68.2%
at 212 and 222 nm, respectively (Figure 1A, Table 1). Serum

Table 1. Alpha Helical Content for BSA with the Addition
of Apo-C-peptide or 1 and 2 Equivalents of Cu(II)—C-
peptide”

Apo-BSA + Apo-BSA + Apo-BSA +

Wavelength Apo-C- 1:1 Cu(Il)—  2:1 Cu(Il)—
(nm) Apo-BSA peptide C-peptide C-peptide
212 71.1 £ 0.1 71.1 +£ 0.2 63.1 +£0.3 62.7 +£ 0.1
222 68.2 + 0.4 69.2 + 0.4 62.5 +£02 61.7 £ 0.2

“Data reported as mean + SD with n = 3.

albumin can bind up to two equivalents of Cu(II). In buffered
solution, it has been shown that addition of one molar
equivalent of Cu(Il) primarily populates the higher-affinity
NTS site, while the addition of two equivalents allows for
Cu(II) occupation of both the NTS and MBSA sites;*" these
distinct occupations are observable by detectable differences in
the protein’s secondary structure.*’ Consistent with the
literature,**® we observed that the addition of one equivalent
of Cu(II) (1:1 Cu(II)-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(II) (2:1 Cu(II)-BSA) induce notable reductions in the
negative ellipticity at both 212 and 222 nm (corresponding to
an overall 5.7% and 4.9% decrease in helicity) (Figure 1A,
Table 2).

Table 2. Alpha Helical Content for BSA with the Addition
of 1 and 2 Equivalents of Cu(II), Followed by the Addition
of Apo-C-peptide”

1:1 Cu(ID)- 2:1 Cu(1D)-
Wavelength  1:1 Cu(II)- BSA + Apo-C-  2:1 Cu(Il)- BSA + Apo-C-
(nm) BSA peptide BSA peptide
212 69.3 + 0.1 62.8 + 0.3 654 + 02 644 + 04
222 68.3 + 0.3 634 £ 0.5 63.3 £ 04 649 + 04

“Data reported as mean + SD with n = 3.

In the absence of BSA, the CD spectra of metal-free C-
peptide (apo-C-peptide) and 1:1 or 2:1 Cu(II)—C-peptide
represent primarily random coil conformations with no
detectable helical content (Figure S4). When apo-C-peptide
is added to apo-BSA, the resulting CD spectral traces and
helical content closely overlap with apo-BSA at both the 212
and 222 nm peak regions (Figure 1C and Table 1). 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. We next compared the spectra and helicity values
of apo-BSA, 1:1 Cu(1I)-BSA, and 2:1 Cu(II)-BSA and the
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resulting spectra and values upon addition of C-peptide. In
contrast to the addition of apo-C-peptide to apo-BSA, addition
of apo-C-peptide to 1:1 Cu(II)-BSA decreases the helical
content at 212 and 222 nm by 6.5 and 4.9% respectively
relative to 1:1 Cu(II)-BSA alone (Figure 1B, Table 2). The
helicity content of 2:1 Cu(II)-BSA at 212 and 222 nm similarly
shifts in the presence of C-peptide albeit to a lesser degree than
at 1:1 Cu(II)-BSA (an overall 1% decrease and 1.6% increase,
respectively, over 2:1 Cu(II)-BSA alone) (Figure 1B, Table 2).
These shifts indicate that addition of apo-C-peptide to Cu(Il)-
BSA at either Cu(II) equivalent, may result in the formation of
new species that are distinct from Cu(II)-BSA alone.

As we had previously observed direct binding of Cu(Il) to
C-peptide (Ky cu(my/cpeptice = 10 nM at pH 7.4),"° we
investigated whether similar shifts in the apo-BSA structure
could be observed if Cu(1l) pre-complexed to C-peptide at 1
or 2 equivalents (1:1 Cu(II)—C-peptide or 2:1 Cu(II)—C-
peptide) was introduced to apo-BSA. Our prior work with C-
peptide supports the binding of at least 1 equivalent of
Cu(11);'° while we did not elucidate the nature of the second
binding site, we observed that mutating or truncating the
binding site of the first Cu(II) does not eradicate, but rather,
reshuffles the binding site, pointing to a possibility of the
peptide binding a second Cu(II) equivalent.'> We thus pre-
incubated C-peptide with Cu(II) at both one or two
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(II)—C-peptide to apo-BSA reduces the
negative ellipticity of apo-BSA. Relative to apo-BSA, addition
of 1:1 Cu(II)—C-peptide notably decreases the helical content
at 212 and 222 nm by 8 and 5.7%, respectively, while the
addition of 2:1 Cu(II)—C-peptide decreases helical content
further at 212 and 222 nm by 8.4 and 6.5% (Figure 1D, Table
2). Of note, the resulting CD spectra when 1:1 and 2:1
Cu(II)—C-peptide are added to apo-BSA are distinct from the
CD spectra of the addition of apo-C-peptide to Cu(II)-BSA at
the corresponding Cu(II) equivalents.

Under every condition where C-peptide, Cu(II), and BSA
are all present, the CD data point to the ability of Cu(II) to
mediate complex formation between C-peptide and BSA that
otherwise does not occur in the absence of the metal ion.
Moreover, the order of addition—whether Cu(II) is first loaded
into the peptide then added to the protein, or first to the
protein prior to peptide addition—affects the formation of the
resulting species. Thus we identify two scenarios by which
spectroscopically distinct C-peptide/BSA/Cu(Il) ternary com-
plexes may form (Table 3): either C-peptide binds to
metalated sites on Cu(II)-BSA (C-peptide + Cu(II)-BSA) or
pre-formed Cu(II)—C-peptide complexes coordinate to BSA
(Cu(I1)—C-peptide + BSA).

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,*"** given that the two are coreleased from the
pancreas and C-peptide bears a significantly longer half-life.””
As we demonstrated that C-peptide may associate with
albumin in copper-linked complexes, we investigated whether
the formation of these species would affect the measurement of
C-peptide levels with a standard clinical immunoassay. The C-
peptide enzyme-linked immunosorbent assay (ELISA) meas-
ures C-peptide by immobilized immunoaffinities of the
peptide. We compared the detection of C-peptide in its apo-
form to the addition of Cu(IL), BSA, and the C-peptide/BSA/

Table 3. Schematic Representations of Experimental Setups
and Corresponding Nomenclature in this work”

Nomenclature Experimental Scheme

Cu(lﬂ/\[

C-peptide

C-peptide

“Cu(1l) facilitates the formation of ternary complexes with C-peptide
and BSA. The order of addition—whether Cu(Il) is preincubated
with C-peptide first then added to BSA (Cu(II)—C-peptide + BSA)
or C-peptide is added to a pre-complexed mixture of Cu(II) and BSA
(C-peptide + Cu(II)-BSA)—affects the structure of the resulting
species.

Cu(Il)-C-peptide

Cu(ll)-BSA

C-peptide + Cu(ll)-BSA

Cu(ll)-C-peptide + BSA Cu(ln)

C-peptide

Cu(II) complexes. The presence of either Cu(II) or albumin
does not significantly affect the ELISA-based detection of C-
peptide. However, when all biomolecules are present either via
the C-peptide + Cu(II)-BSA or as Cu(II)—C-peptide + BSA
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 2). In contrast, the addition of Zn(II) following
these same conditions does not significantly shift ELISA-based
detection of C-peptide (Figure SS). Altogether, these
observations suggest that the presence of these ternary
complexes may affect biomarker quantification. These
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Figure 2. 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(II), and BSA. Measurements were done in biological
replicates (n = 3), and ELISA detection was normalized to apo-C-
peptide. The presence of Cu(II) (orange) or BSA (teal) with C-
peptide minimally shifts C-peptide detection. When C-peptide is
added to Cu(II)-BSA (red) or when Cu(II)-C-peptide is added to
BSA (blue), C-peptide detection significantly increases. Significance is
analyzed by the unpaired t-test; **p < 0.01, ***p < 0.005. Data are
shown as mean + SD with n = 3.
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Figure 3. Fluorescent 7-OH-CCA assay (ex. 338 nm, em. 450 nm) for measuring redox protection from Cu(Il)-induced OH' generation by
solutions containing 2 yM Cu(II) in the presence or absence of 2 uM 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 C-peptide + Cu(II)-BSA and Cu(II)—C-peptide + BSA show increased redox protection as compared to Cu(II)-BSA. Data are shown as mean

+ SD with n = 3.

complexes warrant further consideration both in terms of their
impact on diagnoses and treatment regimens and their
chemical and biological behavior.

Ternary Complexes Modify Cu(ll) Redox Behavior.
Cu(II) coordination to peptides has been previously shown to
alter the metal ion’s redox susceptibility relative to its “free”
aquated form.*”** In addition, both Cu(II) and C-peptide
have independently been shown to impact oxidative balance
within biological systems.”**”** Thus, we assessed and
compared the ability of C-peptide, BSA, and the ternary
complexes to affect the Fenton-type chemistry of Cu(Il). In its
“free” form (i.e., the addition of CuCl, to a buffered aqueous
solution), Cu(II) ions in solution are reduced to Cu(I) when
exposed to a reducing agent such as ascorbic acid (eq 3). In the
presence of dissolved O,, the resulting Cu(I) can catalyze the
production of reactive oxygen species (ROS) such as OH’
radicals via Fenton-type reactions (eqs 4—6).

Ascorbic Acid + Cu(II) — Dehydroascorbic Acid + Cu(I)

3)
Cu(I) + O, - Cu(Il) + O; 4
20, + 2H' - H,0, + O, (s)
Cu(I) + H,0, —» Cu(ll) + HO  + HO (6)

In this way, ROS production by Cu(Il) reduction has been
used as an indicator of Cu(Il) ion availability in solution.
Nonfluorescent 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 ROS production.*”** We evaluated
the ability of C-peptide, BSA, and the ternary complexes to
affect reduction of the Cu(II) ion by ascorbic acid via 7-OH-
CCA fluorescence (Figure 3). To simplify the comparison of
the various Cu(II)-containing species, the amount of “free”
Cu(Il) ions in solution under the various conditions were
minimized by limiting studies to one molar equivalent of
Cu(1l). In comparison to Cu(Il) salt in phosphate buffer,
Cu(II)—C-peptide exhibits decreased formation of 7-OH-
CCA, indicating that the peptide decreases free Cu(Il)
availability (Figure 3A). Cu(II)-BSA further reduces 7-OH-
CCA formation to a more appreciable extent than C-peptide,
suggesting a higher degree of Cu(Il) redox protection in
Cu(II)-BSA. Intriguingly, the ternary complexes further reduce

the 7-OH-CCA as compared to Cu(II)-BSA (Figure 3B). The
degrees of redox protection of the ternary species appear
similar between the two orders of addition. However, we note
that the low levels of 7-OH-CCA fluorescence generated may
put the measurements below the detection limit to distinguish
the two species. These data suggest that the combined
presence of Cu(Il), BSA, and C-peptide generates Cu(Il)-
containing species with distinct, elevated redox protection than
either Cu(II)—C-peptide or Cu(Il)-BSA.

Cu(ll) and Albumin Combined Modify the Cellular
Behavior of C-peptide. Unlike classical peptide hormones,
C-peptide is internalized into HEK-293 (human embryonic
kidney) cells via endocytosis.”” We previously showed that
Cu(Il) affects the peptide’s behavior in cells, wherein the
addition of a slight excess of Cu(II) (11 uM CuCl, to 10 uM
peptide) decreases this internalization.'® To determine
whether the Cu(Il)-containing C-peptide/BSA complexes
have biological relevance in the cellular context, we assessed
whether the combined presence of Cu(II) and albumin could
impact peptide internalization. An important consideration in
these studies is that the addition of BSA alone to cells cultured
in serum-free media prominently affects cell growth.”® As
complexation of BSA to either copper, C-peptide, or both may
affect the available cell concentrations, BSA was applied in
excess (10-fold) to C-peptide to maintain consistent cell
growth across conditions and focus analysis on the effects of
the ternary species on C-peptide internalization. We also
further reasoned that providing BSA in excess would ensure
that the available C-peptide in the media would be bound in
the ternary complex to distinguish internalization behavior
from C-peptide in the absence of albumin and/or Cu(Il). Due
to differences in cell growth, comparisons could only be made
between samples that had equal amounts (0 or 100 M) of
BSA and not between samples with differing amounts of BSA.

All cells were cultured and plated in the presence of serum,
then starved of serum overnight. For BSA-absent conditions,
cells were treated with serum-free media containing either
vehicle (media only), C-peptide alone (apo-C-peptide), or 11
uM Cu(Il) combined with 10 uM C-peptide (termed Cu(II)—
C-peptide per Table 3). For BSA-present conditions, serum-
free media supplemented with 100 uM BSA was used as the
treatment vehicle, and cells were treated with either vehicle
alone, apo-C-peptide, and apo-C-peptide in the BSA-
containing treatment media that had been preincubated with
11 uM Cu(II) (termed C-peptide + Cu(II)-BSA per Table 3),
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Figure 4. Immunofluorescence imaging of C-peptide uptake into HEK-293 cells when stimulated with 10 uM C-peptide, 11 M CuCl,, in the
absence (—BSA) or presence (+BSA) of 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 the unpaired t-test; ***p < 0.005,
#ikiokp < 0,0001. In BSA-absent conditions (— BSA), uptake of Cu(II)-C-peptide is lower in comparison to apo-C-peptide. In contrast, in BSA-
present conditions (+ BSA), preincubating the C-peptide with Cu(II) (Cu(II)—C-peptide + BSA) yields a dramatic increase in C-peptide
internalization that is not observed when Cu(II) is added to the media first, followed by C-peptide (C-peptide + Cu(II)-BSA).

or a preincubated solution of C-peptide and Cu(Il) (termed
Cu(II)-C-peptide + BSA per Table 3). 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 4A).
Mean pixel intensities of each sample condition were used to
determine shifts in C-peptide internalization (Figure 4B).
Consistent with previous studies, the presence of Cu(Il) in
BSA-absent media leads to a decrease in internalization of C-
peptide. In contrast, under BSA-present conditions, the
preincubation of Cu(Il)—C-peptide results in a marked
increase in peptide internalization (Figure 4A,B) relative to
apo-C-peptide. The data confirms that the combined presence
of albumin and Cu(Il) differentially impacts C-peptide
internalization. Interestingly, if the albumin-containing media
is pretreated with Cu(Il), the same enhancement in C-peptide
internalization is not observed (Figure 4, C-peptide + Cu(Il)-
BSA). The distinct cellular behavior that arises with differential
order of addition supports the observations from the CD
spectroscopic studies, namely, that the structures of the ternary
complexes that form are influenced by the order of addition of
the three species. Importantly, the resulting difference in
cellular internalization suggest that the species that forms may
strongly impact the activity of the peptide.

When the analogous experiments are performed with Zn(II)
instead of Cu(II) (Figure S6A and S6B), a similar enhance-
ment in peptide internalization is observed when cells are
treated with Zn(II) preincubated with C-peptide under BSA-
present conditions. While a decrease in internalization of
Zn(1)—C-peptide is also observed relative to apo-C-peptide
under BSA-absent conditions, the decrease is modest when
compared to the effects of Cu(1l) and shows no statistical
significance. The cellular effects of Zn(II) on C-peptide
internalization in BSA-present conditions is intriguing given
that neither the FRET-based assay nor the ELISA
quantification are impacted by Zn(Il). It is possible that the
effects are occurring independent of a ternary complex
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detectable via FRET-based assay (Figure S2C), warranting
additional studies on the molecular regulation of the Zn(II)/C-
peptide/albumin interaction.

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 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 supports Spence and
coworkers” hypothesis that the C-peptide receptor may interact
with the peptide complexed to albumin and not the peptide
alone.'”" The immunofluorescence data point 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 may better facilitate our understanding of the
peptide’s mode of action.

Order and Equivalence of Cu(ll) Produce Distinct
Metal Coordination Sites. The results from the presented in
vitro assays, biochemical measurements, and cellular studies all
point to the Cu(1I)-dependent formation of distinct complexes
between C-peptide and albumin. Moreover, both the CD and
cellular studies suggest that the order by which Cu(II) is added
into the mixture affects the resulting species. We sought to
further characterize these ternary complexes by assessing the
Cu(II) coordination environment in comparison to Cu(II)—C-
peptide and Cu(II)-BSA. We investigated the Cu(Il) sites
using the d—d region in the electronic absorption spectra,
which is sensitive to coordination geometry and ligand
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Figure S. UV—Visible spectra of Cu(II)—C-peptide (orange), Cu(II)-BSA (black), C-peptide + Cu(II)-BSA (red), and Cu(II)—C-peptide + BSA
(blue) at one (dashed line) and two (solid line) equivalents of Cu(II). Samples were prepared in 10 mM phosphate buffer at pH 7.4 with 300 uM
C-peptide, 300 uM BSA, and/or either 300 uM (1 equivalent) or 600 uM (2 equivalents) CuCl,. Absorbance values are reported as the values
when subtracted from the spectra of the same mixture but in the absence of Cu(Il) to facilitate analysis of the d-d bands. The spectra prior to
subtraction are shown in Figure S8A. (A) Overlay display of all subtracted spectra in the 300—900 nm range, alongside an (B) inset to highlight

subtle blue- or red-shifts in wavelength in the S00—700 nm range.

identity. As described in previous reports’®*® and our CD
studies, the loading of Cu(II) into the two sites of BSA can be
spectroscopically distinguished in buffered solution by varying
the equivalents of Cu(Il). Specifically, the high-affinity N-
terminal site (NTS, Ky = 1 pM) is the primary site of
metalation at one equivalent of Cu(Il) while addition of two
equivalents populates both the NTS site and the lower-affinity
Multimetal-binding site A (MBSA, K; = 10 nM"’ at pH 7.4 in
phosphate buffer). We observe that the population of the NTS
with copper (1:1 Cu(1I)-BSA) yields a d—d band with 4,,,, at
540 nm (Figure SB, Table 4, and Figure S7), characteristic of a

Table 4. Maximum Absorbance Values of the UV—Vis
Spectra with the Addition of One Equivalence of Cu(II)
(Dashed Line)

one equivalence Cu(II) (dashed)

samples Abs,,,, (nm)
Cu(II)—C-peptide - 650
Cu(II)-BSA - 540
C-peptide +1:1 Cu(II)-BSA - 545
1:1 Cu(II)—C-peptide + BSA 360 525

strong square-planar ligand field.***° Further addition of
Cu(II) (2:1 Cu(II)-BSA) produces a red-shifted band with
Amax @t 555 nm, a charge transfer (CT) transition band at 385
nm, and a second band with A, at 680 nm (Figure SAB,
Table S, and Figure S7). The CT transition and second band

Table 5. Maximum Absorbance Values of the UV—Vis
Spectra with the Addition of Two Equivalences of Cu(II)
(Solid Line)

two equivalences Cu(II) (solid)

samples Abs,,, (nm)
Cu(II)—C-peptide — — 725
Cu(11)-BSA 385 555 680
C-peptide + 2:1 Cu(II)-BSA 388 556 678
2:1 Cu(II)—C-peptide + BSA 375 530 690

are indicative of a weaker ligand field consistent with the ligand
set of the MBSA.>**® While a d—d band with 4, at 650 and
725 nm is observed upon addition of 1 and 2 equivalents of
Cu(Il), respectively, to apo-C-peptide (Figure SB, Tables 4
and §), the extinction coefficient of these peaks are significantly
lower than that of the Cu(Il)-BSA sites. We thus used the
Cu(II)-BSA signatures as a point of comparison to assess the
C-peptide/BSA/Cu(Il) complexes.

Spectral traces of the C-peptide/BSA/Cu(II) complexes
were subtracted from the summation of the apo-C-peptide and
apo-BSA spectra to focus the analysis on the Cu(1I) d—d bands
(Figure S8). Relative to the spectra of metalated BSA, the C-
peptide + Cu(II)-BSA complex at one equivalent Cu(II) shows
a red shift in the A,,,, from 540 to 545 nm (Figure SB, Table
4), indicative of a weaker field ligand environment compared
to 1:1 Cu(II)-BSA. However, at two equivalents Cu(II), the C-
peptide + Cu(II)-BSA spectrum closely overlaps with that of
the 2:1 Cu(II)-BSA spectra with minimal shifts in 4,,,, at 388,
556, and 678 nm (Figure SA,B, Table S). In contrast, the
Cu(II)—C-peptide + BSA complex at one equivalent of Cu(II)
blue-shifts the 4, to 525 nm relative to the 540-nm peak of
1:1 Cu(II)-BSA and interestingly produces a CT band at 360
nm (Figure SA, Table 4), suggesting a stronger field ligand set
compared to 1:1 Cu(II)-BSA. At two equivalents of Cu(1l),
the spectrum of the Cu(Il)—C-peptide + BSA complex yield
blue-shifted absorption maxima at 375 and 530 nm relative to
the 385 nm and 555 nm bands of 2:1 Cu(II)-BSA, while a 690
nm peak is observed red-shifted from the 680 nm band of
Cu(II)-BSA (Figure SA and Table S). To ensure that the C-
peptide/BSA/Cu(Il) traces are not merely the additive spectra
of the species in solution, we summed the independent traces
of C-peptide, BSA, or their Cu(II) complexes accordingly to
mimic the sample preparation conditions of each scheme
(Figure S9, Tables S1 and S2). The addition spectra show
marked differences from the experimental spectra, both in
terms of overall spectral profile and absorption maxima,
suggesting that the C-peptide + Cu(II)-BSA and Cu(II)-C-
peptide + BSA preparations do indeed result in new species as
evidenced by the alterations in their d—d band positions.
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Figure 6. Electronic absorption spectra of pH titrations at two equivalents Cu(II). Samples were prepared in 10 mM phosphate buffer with 300 uM
of C-peptide and/or BSA with 300 uM (1 equivalent) CuCl,. (A) Cu(II)-BSA, (B) C-peptide + Cu(II)-BSA, and (C) Cu(II)—C-peptide + BSA
were prepped in neutral pH conditions, then titrated with 15 mM NaOH solution until basic pH conditions are reached. Selected traces are
displayed in each figure to show shifts in absorbance peaks with regards to pH dependence. The differences in the pH behavior of the three species
suggest that the order of addition leads to either differences in coordinating ligands or in global conformation.

We further characterized the chemical differences between
the C-peptide + Cu(II)-BSA and the Cu(II)—C-peptide + BSA
complexes, by assessing their pH stability via their d—d bands.
The complexes were prepared at neutral pH than titrated with
NaOH to raise the pH of the solutions (Figure 6). Upon an
increase in pH only the C-peptide + Cu(II)-BSA complex
exhibits a significant change in absorption intensity at the d—d
region (Figure 6B). This change at 535 nm corresponds to a
deprotonation of the backbone amide nitrogens at the NTS
BSA site.'?%%3 Conversely, upon an increase in pH, the
Cu(II)—C-peptide + BSA complex does not yield significant
changes in absorption (Figure 6C), providing further evidence
that the two C-peptide/BSA/Cu(II) species are distinct.

While the pH-dependent behaviors of the two species could
point to differences in coordinating ligands, they may
alternatively arise from global conformational differences that
affect the pH stability of the Cu(Il) sites on albumin. To
untangle these contributions, we probed the coordination
environment and geometry around the Cu(II) center of the
complexes with electron paramagnetic resonance (EPR)
spectroscopy. Previous work has shown that the NTS of
serum albumin is a square-planar coordination site of four
nitrogen ligands which include the N-terminus, two backbone
amide nitrogen atoms, and one His residue (Figure S1A).*°
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 S1A).”’

We compared the Cu(Il) coordination environment of the
C-peptide/BSA/Cu(Il) complexes to that of BSA alone. At X-
band frequency (9.39 GHz), the EPR spectra of the two
complexes at one equivalent Cu(II) are identical to that of
Cu(II)-BSA (Figure S10); all species exhibit an axial signal
with hyperfine interactions to the Cu(II) 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. The parameters from the Cu(I1l)—C-peptide
EPR spectrum at X-band frequency did not overlap with those
of either complexes, confirming that Cu(II)—C-peptide species
were not present or detected (Figure S11 and Table $3)."°
Upon addition of two equivalents Cu(Il), a second para-
magnetic copper species with gy = 2.27, gy = 2.055 and A, =
545 MHz was detected in all samples (Figure 7A, Table 6,
Figure S12A and S12B). For Cu(II)-BSA, this is consistent
with metalation of the MBSA as previously observed.”
Importantly, no change in EPR spectra were observed upon
the addition of C-peptide, which suggests similarities in the
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Figure 7. Determination of coordination modes using EPR at X-, Q-,
and D-bands at two equivalents of Cu(Il). (A) X-band continuous-
wave EPR spectra of Cu(II)-BSA (black), C-peptide + Cu(II)-BSA
(red), and Cu(II)—C-peptide + BSA (blue) at two equivalents of
Cu(Il) concentration measured at 20 K. (B) Q-band field-sweep
echo-detected EPR spectra of Cu(II)-BSA, C-peptide + Cu(II)-BSA,
and Cu(II)—C-peptide + BSA 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(II)-BSA and Cu(II)—C-peptide +
BSA 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 6, which are labeled in Figure S9.

coordination environment around the Cu(II) center to the
MBSA in Cu(II)-BSA.

To discern subtle differences, the samples were investigated
at higher frequencies. At Q-band frequency, the EPR spectra of
the C-peptide/BSA/Cu(Il) complexes remain similar to that
of Cu(1I)-BSA (Figures 7B, S12A and S12B). We further
investigated Cu(II)-BSA and the Cu(II)—C-peptide + BSA
complex at D-band frequency (130 GHz) (Figures 7C and
S12B) due to the differences observed in the UV—Vis
absorption spectra (Figure SA). To our knowledge, this is
the first time that the Cu(II)-BSA complex has been
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Table 6. EPR Simulation Parameters for Cu(II)-BSA, C-
peptide + Cu(II)-BSA, and Cu(II)—C-peptide + BSA

NTS site MBSA site
g 2.183 2270
g 2.0418 2.055
Ay (MHz) 601 545
A, (MHz) 80 0
linewidth (X-band, mT) S S
linewidth (Q-band, mT) 6 11
linewidth (D-band, mT) 15 35
relative ratio 0.5 0.5

investigated via 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 6) indicative of a neutral 4 N
coordination for the first site, and a neutral 2N20O 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 either C-peptide/
BSA/Cu(II) complex, suggesting conserved coordination
environments around the Cu(II) centers compared to the

The EPR and electronic absorption data together suggest
that while the Cu(II) species in both C-peptide/BSA/Cu(II)
complexes are distinct from metalated BSA, their metal
coordination environments exhibit similar geometries and
atom identities. Thus, to understand what leads to the slight
shifts in the absorption maxima of the UV—Vis spectra of the
C-peptide/BSA/Cu(1l) complexes relative to Cu(II)/BSA
alone, we applied TDDFT to predict the visible spectra of
hypothesized binding modes.”” Geometry optimization and
TDDFT calculations were constructed for both Cu(II) binding
sites of BSA and Cu(II)—C-peptide (Figure SI13A,B and
Tables S4—S6). The TDDFT calculations (Table S7) reveal
that displacement of Asp249 at the MBSA of BSA (Figure 8A)
by Asp4 of C-peptide (Figure 8B) results in a modest blue shift
in the A, from 721 to 688 nm (Figure 8C), which resembles
the observed experimental shift in the UV—Vis spectrum of the
2:1 C-peptide + Cu(II)-BSA complex (Figure 8B). Mod-
ifications of TDDFT calculations with other residues of the C-
peptide terminus yield various models and electronics that do
not support this experimental shift. Rather, the subtle change
in the A, value may be attributed to a shift in sterics in the

outer coordination sphere®"’®” as Asp4 of C-peptide
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Figure 8. Modeled copper coordination ligand sets between C-peptide and BSA using TDDFT calculations. (A) Established structure of the
copper-binding MBSA in BSA, where His67, His247, Asp249, and H,O are coordinated to the copper center following a tetrahedral 2N20O 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(II)-bound NTS (blue) and the Cu(II)-bound MBSA
(black) of BSA, as well as Cu(II)-bound C-peptide (orange). The displacement of Asp249 in the MBSA of BSA to Asp4 of C-peptide results in a
blue-shifted A, at 688 nm (red) from the MBSA trace at 721 nm (black).
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Importantly, this hypothesis of this steric shift in the outer
sphere is also consistent with minimal perturbations in the
primary coordination sphere observed by EPR. DFT
calculations of EPR parameters using the PBEO functional®*
give g = 2.237 for the Cu(Il) center in the MBSA, and g =
2.233 for the Cu(Il) ternary complex with the MBSA and C-
peptide Asp4 residue (Table S8). Although there is a slight
discrepancy in the g value from the experimental value, the
difference in gy of the Cu site with and without C-peptide is
minimally small, in congruence with experimental observa-
tions. Calculation of the A, parameter performed with the
B3LYP functional®® gives |4l = 546 and 549 MHz for Cu-BSA
and C-peptide/BSA/Cu(Il) models, respectively, in excellent
agreement with experimental values (Table S8). Altogether,
the agreement between TDDFT calculations and the
experimental UV—Vis and EPR spectra supports the role of
Cu(I) 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(II) ligand set of C-
peptide with the MBSA ligands of BSA.

The TDDFT calculations lend insight into the comparable
coordination geometry of the C-peptide + Cu(II)-BSA
complex and resulting steric shift due to the Asp residue
swap. Conversely, the red shift to 4., at 690 nm and rise in
intensity of the CT band observed in the experimental
spectrum off the Cu(I1I)—C-peptide + BSA Complex (Figure
SA), could not be emulated by the predicted spectra of the
model structures. We thus considered whether the Cu(II)—C-
peptide + BSA complex involves a different Cu(II)-binding
region on C-peptide. In our previous studies, we made an
intriguing finding that mutating or truncating C-peptide to
perturb the putative Glu3 and Asp4 binding sites does not
eradicate Cu(Il) binding but reshuffles coordination to
different sites on the peptide, as determined by regional signal
loss in the NMR spectra.'” While addition of Cu(II) to the
wild-type peptide yields paramagnetic signal loss at the Glu3
and Asp4 side chain protons at the N-terminal region,
replacing these residues with Ala (the E3AD4A mutant
peptide) redirects the signal loss and suggests Cu(1I) binding
to other regions of the peptide, including the GIn9-Leul2
region, which contains a Glu residue at position 11, and the C-
terminal region, which contains a Glu residue at position 27. A
C-terminal truncate containing the Leu24-Gln31 residues (C-
term) shows signal loss at Glu27, implicating the residue in
Cu(II) binding. Interestingly, a N-terminal truncate containing
Glul—Glyl3 (N-term) shows signal loss or broadening not
only at the Glu3/Asp4 side chains, but also at the Glul and
Glull residues. Despite the differences in binding regions, the
mutant and truncates exhibit similar coordination environ-
ments to the wild type (INO3 square-planar geometry) as
indicated by similarities in the EPR spectra, d—d band
positions, and thermodynamic parameters.

These previous studies suggest that Cu(II) can bind to C-
peptide on different sites beyond the Glu3/Asp4 residues with
similar coordination environments. To determine whether
such a reshuffled binding may occur with the Cu(I)—C-
peptide + BSA complexes, we compared the electronic
absorption spectra of the Cu(Il)—C-peptide + BSA complex
(at 2 equivalence Cu(Il)) to similar preparations but with the
E3AD4A, C-term, and N-term peptides (Figure 9). We
observed a strong resemblance in the spectra of Cu(II)—N-
term + BSA, including the red-shift in the d—d band, relative to
Cu(II)-BSA as well as the increased intensity of a CT band.

——- Cu(ll)-N-term + BSA

pubs.acs.org/JACS
] — Cu(ll-BSA
] — C-peptide + Cu(ll)-BSA
i
025 | — Cu(ll)-C-peptide + BSA
|
i ~=- Cu(ll)-E3A/D4A + BSA
o2l = Cu(ll}-C-term + BSA
\
\
\
\

A Absorbance
o
>
L

0.10

0.05 4

T T T T T 1
300 400 500 600 700 800 900
Wavelength (nm)

Figure 9. Comparison of the UV—Visible spectra between Cu(II)—C-
peptide + BSA (solid blue) and Cu(II)-peptide + BSA preparations
with varying C-peptide mutants that were previously reported to have
reshuffled Cu(1I) binding: a mutant wherein the putative Glu3 and
Asp4 Cu(II) binding residues are mutated to Ala (E3A/D4A peptide,
dashed blue), a C-terminal truncate containing the Leu24-Gln31
residues (C-term, dashed purple), and an N-terminal truncate
containing Glul—Glyl13 residues (N-term, dashed pink). Cu(II)-
BSA (solid black) and C-peptide + Cu(II)-BSA (solid red) are
provided for reference. Samples were prepared in 10 mM phosphate
buffer with 300 uM of peptide and/or BSA. Spectra represent
preparations with 2 equivalents (600 pM) of Cu(Il) to both C-
peptide and BSA (which are equimolar when both are present).
Cu(II)—C-peptide + BSA shows a strong resemblance to the spectra
of Cu(Il)-N-term + BSA, suggesting similarities in their global
conformations.

These data support the notion that addition of BSA to
Cu(II)—C-peptide may reshuffle the binding of Cu(II) toward
an interaction similar to that which occurs on the N-term
peptide. We thus propose that the divergent structure and
behavior of the ternary complexes that arise from order of
addition result from differences in orientation of C-peptide and
albumin around the Cu(II) center.

B CONCLUSIONS

In this work, we present evidence for ternary complexes
involving C-peptide, Cu(II), and albumin. The complexes
require Cu(II) to form and do not form either in the absence
of Cu(Il) or with the addition Zn(1I) addition. The structure
of albumin is altered upon incubation with Cu(II) and C-
peptide, and distinct species are formed based on the order of
addition. While the Cu(II) binding environments show
similarities to a Cu(II)-BSA complex, spectroscopic and
computational work suggest differences in ligand identities
and global structure of the biomolecules. The C-peptide +
Cu(II)-BSA complex corresponds to a binding scenario
wherein the Asp249 of the MBSA in BSA is exchanged with
the Asp4 of C-peptide. The Cu(II)—C-peptide + BSA complex
is spectroscopically distinct from C-peptide + Cu(II)-BSA and
Cu(II)-BSA alone. While the exact ligand identities require
further investigation, our findings suggest a level of binding
precision within albumin that is influenced by the surrounding
ligands of the added Cu(1I) species.

These ternary complexes exhibit biological activity that differ
from metalated C-peptide or BSA. Both C-peptide/BSA/
Cu(Il) species impact biochemical activity of the bound
Cu(Il) to a similar degree, exhibiting higher redox protection
on Cu(Il) than either C-peptide or BSA. However, the
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complexes differ in their effects on cellular behavior: while the
C-peptide + Cu(1I)-BSA complex shows a reduction in C-
peptide internalization similar to the addition of Cu(I) to the
peptide in the absence of BSA, the Cu(II)—C-peptide + BSA
complex has the opposite behavior, 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 unassociated
peptide'>'* and that Cu(II) 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 two C-peptide/BSA/Cu(II) 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 diabe-
tes.”"*> Of note, many of these disorders are associated with
elevated serum copper levels.”* % Independently of copper
levels, shifts in albumin levels have been linked to diabetes risk
and progression.”” " As both complexes significantly
increased the observed C-peptide levels in comparison to C-
peptide alone, our data point to the importance of considering
C-peptide measurements alongside copper and albumin levels.
While further investigations are required to determine if the C-
peptide/BSA/Cu(Il) species form in vivo, the concomitant
changes in copper, albumin, and C-peptide in diabetic states
may point to the 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 bioactive
peptides.
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