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Oxytocin is a 9-amino acid peptide hormone. Since its discovery in 1954, it has most commonly been
studied in relation to its role in stimulating parturition and lactation. However, it is how known that
oxytocin has a widely diverse set of functions throughout the body including neuromodulation, bone
growth, and inflammation. Previous research has suggested that divalent metal ions may be required for
oxytocin activity, but the exact metal species and specific pathways have yet to be fully elucidated. In
this work, we focus on characterizing copper and zinc bound forms of oxytocin and related analogs
through far-UV circular dichroism. We report that Cu(i) and Zn(i) bind uniquely to oxytocin and all
analogs investigated. Furthermore, we investigate how these metal bound forms may affect downstream
signaling of MAPK activation upon receptor binding. We find that both Cu(i) and Zn(i) bound oxytocin
attenuates the activation of the MAPK pathway upon receptor binding relative to oxytocin alone.
Interestingly, we observed that Zn(i) bound forms of linear oxytocin facilitate increased MAPK signaling.
This study lays the foundation for future work on elucidating the metal effects on oxytocin's diverse
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Introduction

Oxytocin (OT) is a peptide hormone that is most widely known
for its clinical applications in stimulating childbirth as well as
its role in stimulating parturition and lactation. OT and its
synthetic analogs have been extensively used in clinical appli-
cations since the 1960s; however, the dosing and side effects
are often unpredictable in large part due to an incomplete
understanding of its regulation and mechanism of action.
Several decades ago, in an effort to understand the drivers of
OT action, divalent metal ions were found to influence the
hormonal activities of OT." However, it remains unclear how
metals influence OT function at the molecular level and the
downstream bioactivity.

Early studies suggested that divalent metals could enhance
the binding of OT to the OT receptor (OTR) on mammary gland
tissues.”> Researchers initially postulated that the enhanced

Department of Chemistry, University of California, Davis, Davis, CA, 95616, USA.
E-mail: mcheffern@ucdavis.edu

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d2¢cb00225f

i Denotes equal contributions.

§ Department of Chemistry, University of California, Davis, Davis, CA 95616, USA.
9 Department of Chemistry, University of California, Irvine, Irvine, CA 92697,
USA.

| Department of Chemistry, University of San Francisco, San Francisco, CA
94117, USA.

© 2023 The Author(s). Published by the Royal Society of Chemistry

receptor binding was due to metal ions interacting with the
OTR to increase the affinity and concentration of OT binding
sites, though the molecular nature of these sites were not
elucidated.' However, several studies in the 1990s began inves-
tigating divalent metal interactions directly with the OT peptide
itself, primarily employing mass spectrometry, computational
calculations, or a combination thereof. These studies demon-
strated that both Cu(un) and Zn(u) can coordinate to OT and
change its conformation, albeit with different binding modes.*™®

Zn(u) is posited to interact with OT through interaction of
backbone carbonyls under acidic, but not basic, conditions.>*
Bowers and coworkers used Cross Section and Hydration
Energy Mass Spectrometry (MS) alongside Chemistry at Har-
vard Macromolecular Mechanics (CHARMM) force field and
Density Functional Theory (DFT) calculations to predict that
Zn(u) binds to OT via six of the backbone carbonyl oxygens to
form a near-perfect octahedral complex that stabilizes a near-
planar surface ideal for OTR binding and pinpointed these six
backbone carbonyls to those of the Tyr2, Ile3, Gln4, Cys6, and
Lys8 and Gly9.?

Cu(n) has been shown to stably coordinate OT in the gas
phase under both acidic and basic conditions, with evidence
pointing to a highly stable, planar 4N coordination mode.**
This was initially demonstrated with both spectroscopic and
potentiometric studies by Danyi et al’ and Bal et al®
While collective data on Zn(u)-binding is generally in good
agreement with respect to which residues are involved, reports
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on Cu(n)-binding show some discrepancy as to the exact location
of binding. While the early spectroscopic studies revealed that
Cys1, Tyr2, 1le3, and Gln4 are involved in Cu(u) coordination,®
later studies by collision-induced dissociation (CID) mass spec-
trometry pointed to complexation involving Cys1, Cys6, Leu8, and
Gly9.? These discrepancies may be in part due to the strong pH-
dependence of Cu(n) complexation.**'° CID and electron-capture
dissociation (ECD) MS measurements alongside calculations
have shown that at pH 10, Cu(u) coordinates the backbone
nitrogens of Cys1, Cys6, Leu8, and Gly9."" Lowering the pH to
pH 5 allows Cu(u) to coordinate the backbone nitrogens of the
Cys1, Tyr2, lle3, GIn4 segment.® As the pH is lowered further to
pH 3, Cu(u) coordination shifts to 40 involving the Tyr2, Ile3,
Cys6, and Gly9."? Calculations have predicted that at pH 7, Cu(u)
coordinates to the backbone nitrogens of Ile3, GIn4, Asn4, Cys6.3
Very recently, further PRE NMR analysis indicated that a free
amine of Cys1 is required, with Cu(u) binding at that -NH2 first,
followed by Tyr2, Ile3, and GIn4."® The low-energy ensemble from
this analysis showed structural rigidity at the Tyr2 side chain
ring, indicating the possible presence of pi-cation interaction.
Taken together, this would suggest that the binding mode of
copper is heavily influenced by solvent environments and pH.

Despite the repeated observations that Cu(u) and Zn(u) can
bind OT and that their binding modes are distinct, it remains
unclear how these molecular interactions alter peptide confor-
mation with respect to receptor interactions and downstream
hormone regulatory pathways. Majority of the studies that have
investigated the consequences of OT/metal on bioactivity assess
physiological effects at the whole tissue rather than the mole-
cular or biochemical level. Moreover, such studies focus on the
metal effects on OT-induced uterine contractions. Recent years
have revealed new and divergent functions of OT in different
tissues including neuromodulation, metabolic regulation, and
inflammation, opening up new questions as to what effectors,
allosteric modulators, and regulators might be involved in
directing or tuning OT signaling pathways.'*™"” In particular,
many of these functions are associated with activation of the
ERK1/2 MAPK pathway.'®>*

oxOT
HO
NH3*—C—Y—1—Q—N—C—P—L—G— CONH,
rOTF
NH3*—C —F—I1—Q—N—C—P—L—G— CONH,
SH SH
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To this end, we hypothesize that Zn(u) and Cu(u) play
differential roles in modulating and directing OT towards the
various signaling pathways that it can activate, and that a closer
investigation of the molecular components that govern OT/
metal interactions is warranted. In this work, we assess the
impact of Zn(u) and Cu(u) on peptide secondary structure under
biologically relevant conditions not only with native oxytocin,
but in both cyclic and linear analogs where potential binding
regions are perturbed (Fig. 1; full chemical structures in Fig. S1,
ESIT). While the most-studied form of OT is its cyclized 9-amino
acid form wherein the Cys1 and Cys6 are oxidized to form a
disulfide bond (termed here oxOT for oxidized OT), emerging
studies suggest that modified analogs, including its linear
reduced form, may exert differing functions from the canonical
oxOT form.** In addition to studying both oxOT and reduced
OT (rOT), we investigated carbetocin, a synthetic analog used
clinically, where the disulfide linkage is replaced with a
thioether and methoxy-tyrosine replaces Tyr2 position. Addi-
tionally, carbetocin is deaminated at the C-terminus whereas
oxytocin has its C-terminus amidated. Furthermore, we synthe-
sized and studied the mutant OT Y2F with reduced cysteines
(rOTF) where the tyrosine is replaced with a phenyalanine to
determine if the tyrosine hydroxyl is required for binding.

Our spectroscopic studies find that both Cu(u) and Zn(i) can
bind to all analogs, but the binding modes and conformational
consequences differ between the two metals ions and the
analogs. We find the native Tyr2 residue is involved in con-
formational dynamics associated with Cu(u) binding, as evi-
denced by large perturbations in the spectroscopic signatures
corresponding to the aromatic side chain. In contrast, Zn(u)
does not appear to bind near the Tyr2. In contrast, Zn(u)
induces more notable changes in the spectroscopic region of
the peptide that corresponds to the backbone and tail, parti-
cularly with rOT. Furthermore, we demonstrate that binding of
Cu(u) or Zn(u) to oxOT is competitive. We extend these studies
to investigate how the two metals influence ERK1/2 MAPK
activation. Our data show that both Zn(u)- and Cu(u)-binding
to OT decrease MAPK activation relative to OT alone, suggesting

roT
HO
NH{—T—N—L—Q—N—C—P—b—G—COMﬁ
SH SH
Carbetocin

Fig. 1 Chemical structure of oxytocin (oxOT), reduced oxytocin (rOT), reduced Y2F-oxytocin (rOTF), and carbetocin.
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that these metal bound forms have differing interactions with
the oxytocin receptor in association with the MAPK signaling
pathway. In contrast, Zn(n) enhances MAPK activation by linear
OT, suggesting that the metal ion may stabilize the receptor
recognition site on an otherwise less-ordered linear form.

Results and discussion
Selection of OT analogs used for this study

We aimed to first assess and compare how Cu(u) and Zn(u)
binding to oxOT affects the peptide’s structure under buffered
aqueous conditions at physiologically relevant pH. We applied
circular dichroism (CD) spectroscopy, a common technique for
evaluating protein and peptide structure via optical activity.
Most reports on oxytocin structure have evaluated the CD
spectra of the peptide and related peptides in the near-UV
region (250-400 nm), or, in the case of Cu(u)-binding, in the
d-d transition region (400-800 nm). The focus on the near-UV
region may be attributed to the presence of the chromophoric
amino acid, tyrosine (at Tyr2), and a disulfide bond, which both
have intense optical activities in this spectral region. However,
this region may also be sensitive to charge-transfer transitions
with Cu(n) that may not occur with the d'° configuration of
Zn(n). To allow for direct comparisons between the two metal
ions, we instead investigated the impact of Cu(u) and Zn(u) on
the far-UV region of the CD. To facilitate spectral interpretation,
the CD spectra of additional analogs were acquired. Three were
selected wherein either putative metal ion binding site or the
optically-active features are altered: reduced OT (rOT), which
lacks the disulfide bond and instead has two free thiols at Cys1
and Cys6; reduced OTF (rOTF), which similarly lacks the
disulfide bond but also has a phenylalanine substituted for
Tyr2; and carbetocin, which has a methylated Tyr2 and a
thioether bond instead of a disulfide bond bridging positions
1 and 6 (Fig. 1). Carbetocin is of added interest as it is a
clinically used analog that is reportedly more shelf-stable and
resistant to degradation once administered than OT. Despite
the increased chemical robustness of carbetocin, research
shows that the effect on potency can vary by application. For
instance, while potency is increased with respect to prevention
of post-partum hemorrhage, decreased potency in single-dose
induction of uterine contractions is observed.”***> This may
suggest tissue-specific or co-factor differences in the action of
oxOT as compared to carbetocin. Indeed, molecular pharma-
cology studies have shown that OT including carbetocin can
elicit functionally different effects despite interactions with the
same receptor.”®>”

Far-UV circular dichroism spectra of oxytocin and its analogs

As previously reported in literature, the spectrum of oxOT in the
absence of metals (apo-0xOT) shows a positive band centered at
225 nm and a positive shoulder (Fig. 2), which has previously
been attributed primarily to a Tyr2 transition, but with possible
contributions from the amide backbone and disulfide bond.®
The spectrum also exhibits a minimum centered at 196 nm,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Circular dichroism spectra of 40 uM oxOT, rOT, rOTF, and carbe-
tocin (15 mM phosphate, pH 7.4).

which may represent the disordered region of the C-terminal
amino acid tail that is excluded from the tocin ring. In
comparing the CD spectra of the apo forms of oxOT and redOT
the peak profiles look similar at wavelengths higher than
200 nm, but redOT adapts a more negative ellipticity at
<200 nm, which influences the relative values of the remainder
of the spectrum. Negative ellipticity values below 200 nm are
frequently suggestive of random coil formations as might be
expected with redOT when the cyclic structure is no longer
stabilized by the disulfide linkage. The 225 nm band is both
reduced and red-shifted in the CD spectra of rOTF as would be
expected for a Phe substitution, further corroborating the
strong contribution of Tyr2 transitions to this peak. Interest-
ingly, rOTF exhibits a less negative ellipticity below 200 nm,
possibly indicating that this analog exhibits less disorder than
rOT. Surprisingly, carbetocin shows marked differences at
<200 nm despite having the same tail region as oxOT as well
the structural constraints of cyclization. Given that the
thioether bond of carbetocin that replaces the disulfide bond
of oxOT is proximal to the tail region, it is possible that
conformational changes to the tocin ring that stems from the
—-CH2 replacement may reorient the tail region to restrict
structural disorder. The carbetocin CD spectrum shows addi-
tional differences in the 225 nm band, suggesting that tyrosine
methylation red-shifts and reduces the molar ellipticity of this
transition.

Effects of Cu(u) and Zn(n) Binding to oxOT structure

Using the far-UV CD spectroscopy, we probed how Cu(u) and
Zn(u) affects the secondary structural features of oxOT. Both
Cu(n) and Zn(u) increase the molar ellipticity of the band at
196 nm (Fig. 3). Cu(u) increases the molar ellipticity value
relative to apo-oxOT from —3 to —1 millidegrees, in contrast

RSC Chem. Biol., 2023, 4,165-172 | 167
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Fig. 3 Circular dichroism spectra of 40 uM oxOT, rOT, rOTF, and carbetocin in the absence or presence of one equivalent of either Cu(i) or Zn(i) (15 mM

phosphate, pH 7.4).

to Zn(u) which increases it from —3 to 0 millidegrees, suggest-
ing that metal ion binding may alter the conformation of the
tail region. Stoichiometric addition of Cu(u) also increases the
intensity of the band centered at 225 nm. Zn(u) has a similar
but less pronounced effect on this 225 nm band (Fig. 3)
suggesting that Zn(u) does not induce the same structural
effects as Cu(u), which are likely on the Tyr2 transition. Pre-
vious experiments performed at pH 10.3 in the gas phase
suggest that Zn(u) binding orients Ile3, Gln4, and Asn5 differ-
ently than apo and Cu(u)-0xOT, but changes to these residues
may not be observable by CD. Titration of sub-(0.5 equivalents)
to super-(4.0 equivalents) of Cu(u) into oxOT show the increase
at 225 nm up to 1.0 equivalents of Cu(u) (Fig. S2, ESIY),
suggesting a 1:1 Cu(u) to oxOT ratio in the complex. Titration
of Zn(u) into oxOT also suggests a 1:1 binding ratio (Fig. S2,
ESIY).

We further applied CD spectroscopy to assess binding
competition between the two metal ions. Understanding bind-
ing competition would provide insight into how these metals
could influence, and possibly regulate, oxOT function in vivo.
When added to oxOT pre-incubated with one equivalent of
Zn(u) (Zn(un)-0xOT), Cu(u) addition increases the band at 225 nm

168 | RSC Chem. Biol., 2023, 4,165-172

(Fig. S3, ESIt), but additional Cu(u) equivalents (2.0 equiva-
lents) are required to reach the maximum change relative to
apo-oxOT. At 2.0 equivalents of Cu(u) to Zn(u)-0oxOT, the spec-
trum resembles that of oxOT pre-incubated with stoichiometric
amounts of Cu(u). In contrast, while addition of Zn(u) to Cu(u)-
oxOT at one equivalent of Cu(u) leads to a increase in the band
at 196 nm (Fig. S3B, ESI{), even 4.0 equivalents of Zn(u) does
not restore the spectrum to that of Zn(n)-oxOT. These data show
that both metal ions bind to oxOT at neutral pH and either
compete with each other for the same ligand set or preclude the
other metal ion from binding. Moreover, Cu(i) binding seems
to drastically impact the ability of Zn(u) to complex to the
peptide, suggesting a shared region of binding with preferential
affinity for Cu(u).

Given the ability of Cu(u) to change the 225 nm band in the
CD spectrum of oxOT alongside the recent paramagnetic
relaxation enhancement nuclear magnetic resonance (PRE
NMR) studies pointing to pi-cation interactions, we applied
electronic absorption spectra to assess the impact of the metal
ion on the Tyr phenolic absorption spectrum. Apo-oxOT exhi-
bits characteristic bands at 220-230 nm from the peptide
backbone and 280 nm due to absorption by the Tyr2 ring

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Electronic absorption spectra of (A) 200 uM oxOT (15 mM phos-
phate, pH 7.4) in the absence (apo) and presence of 200 uM CrClz, MnCl,,
FeCls, CoCl,, NiCl,, CuCl,, ZnCl, and (B) CuCl, titrated into 200 uM oxOT
(15 mM MOPS, pH 7.4) from sub-(0.5 eq.) to super-stoichiometric (5.0 eq.)
ratios. CrCls, MnCl,, FeCls, CoCl,, and NiCl; have negligible changes to the
spectrum of oxOT, whereas CuCl, alters the spectrum of oxytocin by
blue-shifting the tyrosine band from 275 to 270 nm and forming a d—d
band centered at 515 nm.

(Fig. 4A). Ionization of tyrosine hydroxyl groups has been
shown to red-shift the spectrum of the amino acid to 295
nm.>*?° Stoichiometric addition of Cu(u), however, induces a
blue-shift from 275 nm to 270 nm alongside a notable increase
in intensity. This spectral change is accompanied by a rise in a
band centered at 515 nm, which is consistent with a d-d
transition at the Cu(u) center (Fig. 4A). This energy and

A) 15—

=3 +Cu(ll)
= +Zn(l)

=y
o
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A Ellipticity
[¢,]
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oxOT

T 1 T
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extinction coefficient correlate well with backbone amide coor-
dination, which is consistent with previously published
findings."> Addition of one stoichiometric equivalent of Zn(m)
or other d-block transition metals (Cr(ur), Mn(u), Fe(ur), Co(u),
and Ni(u)) does not yield changes to the UV-vis spectra of apo-
oxOT indicating a lack of detectable metal binding interaction
with oxOT that would perturb either the Tyr2 residue or the
peptide backbone absorbances. Control absorbance spectra of
the metal salts alone can be found in the ESIt (Fig. S4). We
further probed the binding by titration of sub-(0.5 equivalents)
to super-(5.0 equivalents) stoichiometric Cu(u) into oxOT
(Fig. 4B). The resulting spectra show both the increase and
blue-shift of the tyrosine band and the increase of the d-d
transition up to 1 equivalent Cu(u), corroborating the presence
of a1:1 Cu(u): OT complex that was observed in the CD spectra
(Fig. 4B). It should be noted that at higher copper stoichiome-
tries (4 equivalents) the baseline in the absorption spectrum
appears to be floated indicating possible aggregation under
high copper ratios. We also measured the emission spectra of
oxOT with excitation at 275 nm, which is attributed to the
tyrosine residue (Fig. S4, ESIt). While a reduction in emission
intensity is observed with Cu(u) addition, the decrease is
modest, and no wavelength shifts are observed. This would
further indicate that Cu(u) binding is not likely occurring
through direct coordination to the tyrosine ring system.

We investigated whether the modifications present in the
analogs would affect their metal-binding capacity relative to
oxOT. Surprisingly, the CD spectra are shifted with the addition
of Cu(u) or Zn(u) for all the analogs, suggesting that these can
still interact with the metal ions. This supports the notion that
the peptide backbone plays a significant role in binding to both
metal ions. The differences in molar ellipticity with metal
addition were parsed between the peaks at <200 nm, which
likely represents the overall peptide secondary structure (amide
bond transitions) and tail region and the peaks in the 225-
230 nm range, which is expected to have the strongest con-
tribution from the aromatic ring at the 2 position (Fig. 5). With
all analogs, Cu(u) increased the ellipticity at the <200 nm
region to a similar degree, while Zn(u) increased the ellipticity
for oxOT, rOT, and rOTF while decreasing the ellipticity for the
carbetocin. The increase in ellipticity with the linear peptides is

B)

e = +Cu(ll)
= +Zn(ll)

A Ellipticity
T

N
|

JUN [T

T
oxOT roT

Il

carbetocin

rOTF

Fig. 5 Difference in ellipticity of the peaks in the circular dichroism spectra of oxOT and its analogs in the presence of Cu(i) (light gray) or Zn(i) (dark
gray), calculated as the difference in apo-peptide and metal-treated peptide (A Ellipticity = Ellipticity (metal-treated) — Ellipticity (apo-treated)). Values
were calculated for the peaks at (A) <200 nm (195 nm, 190 nm, 200 nm, and 190 nm for oxOT, rOT, rOTF, and carbetocin, respectively) to assess
changes in the tail or overall structure and (B) the 225-230 nm range (225 nm, 230 nm, 230 nm, and 228 nm for oxOT, rOT, rOTF, and carbetocin,
respectively) to assess changes in the conformation of the aromatic ring of the Tyr, Phe, or O-Me Tyr side chains.
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Fig. 6 Densitometry of western blots for total and phosphorylated MAPK
reveal metal-dependent modulation of MAPK activation by oxytocin
(n = 3 to 4). Statistical significance of peptide alone compared to metal
bound peptide was assessed by calculating p-values using unpaired t-test,
*p < 0.05.

more pronounced with rOT than rOTF. The increase in ellipti-
city may indicate that Zn(un) can reduce the disorder of the
linear analog structures. Differences in metal-dependent effects
are observed in the 220-230 nm range as compared to
the <200 nm range, with Cu(ir) showing a more notable effect
and increase in ellipticity in all cases as compared to Zn(u). This
Cu(n)-dependent effect is most prominent with carbetocin,
followed by oxOT, suggesting that the ring structure may help
orient interactions of the metal ion near the Tyr region. For the
reduced analogs (rOT and rOTF) mass spectrometry analysis
revealed that the addition of Cu(n) oxidizes the free thiols to
disulfides as would be expected given their respective redox
potentials (Fig. S6, ESIt). The mass spectra observed were
consistent with intra-disulfide bonding as opposed to dimer-
ized inter-disulfide bonding or other oxidation products
(Fig. S6, ESIT). Furthermore, it appears that the oxidized forms
of rOT and rOTF subsequently form complexes with copper as
suggested by copper adducts present in the mass spectra. CD
spectra further show that rOT plus Cu(u) is distinct from oxOT
both with and without Cu(u).

Metal effects on oxytocin/receptor-mediated MAPK signaling

Ligand binding to the oxytocin receptor can elicit a variety of
signaling pathways in tissue-specific ways including increased
cytosolic calcium, cAMP activation, and activation of MAP
kinases. The mechanistic or structural underpinnings of this
pathway divergence remain unclear but may point to distinct
active conformations of the ligand-receptor complex.*!
Whether metal ions are involved in activating the oxOT/OTR
axis remains unexplored. The CD data strongly support that
both Cu(u) and Zn(u) interactions with oxOT and its induce
structural changes in distinct manners. We thus investigated
the potential consequences of the metal-induced structural

170 | RSC Chem. Biol., 2023, 4,165-172
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changes on their receptor-mediated bioactivity. We focused
on the ability of oxOT/OTR binding to activate MAPK to begin
querying the influence of metals on receptor interactions.
HEK293T cells were transiently transfected to express a GFP-
tagged human OTR. Cells were stimulated for five minutes with
the apo peptides or peptides preincubated with Cu(u) or Zn(u).
Lysates were collected and western blots were used to analyze
total and phosphorylated MAPK expression. Densitometry
was performed to quantify the ratio of phosphorylated MAPK
to total MAPK where increased phosphorylation indicates
activation of the MAPK pathway (Fig. 6; representative blots
in Fig. S7, ESIY).

As expected, we observe strong activation of the MAPK
pathway by oxOT alone relative to the no-peptide control.
Interestingly, Cu(u) and Zn(u) addition to oxOT both attenuate
this activation, suggesting that the metal-bound forms of oxOT
either do not interact with the OT receptor as strongly or that
the receptor-ligand conformation does not mediate MAPK
signaling. Interestingly, a previous study using preformed Cu-
oxOT complex showed no significant difference between uter-
ine contraction with or without copper complexation.** Taken
together, this warrants and provides a foundation for further
investigations of metal-oxytocin complexes and subsequent
receptor activation and downstream signaling. Consistent with
the traditional dogma that oxOT is the bioactive form, we
observe that neither rOT nor rOTF activate MAPK signaling.
However, both reduced OT and reduced OTF show an increase
in activation when bound by Zn(u) but no change relative to
peptide alone when bound by Cu(u). Alongside the CD data
(Fig. 3), the Zn(u)-dependent gain-of-function of the linear
peptides may suggest that Zn(i) may reduce the disorder of
the linear peptide towards a more rigid structure like the cyclic
peptides, facilitating receptor binding, but further studies are
required to substantiate this hypothesis. While carbetocin
promotes MAPK activation, it does so to a lesser degree than
oxOT, and Zn(u) showed no effect on its activity. While a
modest decrease in activation was observed with the addition
of Cu(u) relative to apo-carbetocin, the difference was not
statistically significant. Thus, while metal-binding is indeed
observed for carbetocin, the lack of effects on MAPK activation
may suggest that any induced conformational change by Cu(u)
or Zn(u) does not significantly alter the synthetic analog’s
interaction with the receptor.

Conclusion

This work offers molecular insight into how metal ions bind to
a peptide hormone and alters its structure as well as bioactivity.
We first used electronic absorption spectroscopy to show a
direct interaction between Cu(u) and oxOT in a 1:1 binding
stoichiometry. Circular dichroism then showed that Cu(u)
induces structural changes by means of reorienting the dis-
ulfide bond and the phenol ring of Tyr2 and Zn(u) induces
structural changes in the carboxy terminal tail. In conjunction with
fluorescence spectrometry of oxOT we show that the hydroxyl

© 2023 The Author(s). Published by the Royal Society of Chemistry
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group of Tyr2 most likely coordinates to Cu(u) and alters the
structure of the 20-membered ring formed by the disulfide bond.
Furthermore, the competition studies show that Cu(u) is able to
out-compete Zn(u) for oxOT. We then showed a metal-modulated
effect on downstream signaling upon oxytocin receptor binding of
oxytocin and where both Cu(u) and Zn(n) bound oxOT attenuate
MAPK signaling relative to oxOT alone. Additionally, we note that
Zn(u) bound rOT shows an increase in signaling from rOT alone
and carbetocin with and without metal bound shows no signifi-
cant changes in MAPK activation and lower MAPK signaling
overall relative to oxOT. Taken together, this lays a foundation
for future research at the receptor level of oxytocin and metal
mediated bioactivity.

Metal-induced structural changes to a peptide hormone may
have a number of effects on storage, secretion, stability, and/or
signaling. In this case, it is possible that both Zn(u) and Cu(u)
lend different structural integrities to oxOT at different points
in oxOT lifetime. Physiologically, it is possible that Cu(u) is
bound to oxOT in serum but, because the concentrations of
metal ions surrounding specific tissues are believed to fluctu-
ate, Zn(u) may be able to displace Cu(u) under specific concen-
trations. It still remains to be seen how Cu(u) would affect oxOT
in serum, however, metal binding may be a key player in
prevention of degradation; further studies in our lab are under-
way to test this hypothesis. The binding of metal ions to
peptide hormones, particularly oxOT, may provide an addi-
tional source for regulation, and this study provides the foun-
dation for future studies.
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