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Abstract

Copper is essential in a host of biological processes, and disruption of its homeostasis is associated with diseases including neurode-
generation and metabolic disorders. Extracellular copper shifts in its speciation between healthy and disease states, and identifying
molecular components involved in these perturbations could widen the panel of biomarkers for copper status. While there have
been exciting advances in approaches for studying the extracellular proteome with mass spectrometry-based methods, the typical
workflows disrupt metal-protein interactions due to the lability of these bonds either during sample preparation or in gas-phase envi-
ronments. We sought to develop and apply a workflow to enrich for and identify protein populations with copper-binding propensities
in extracellular fluids using an immobilized metal affinity chromatography (IMAC) resin. The strategy was optimized using human
serum to allow for maximum quantity and diversity of protein enrichment. Protein populations could be differentiated based on pro-
tein load on the resin, likely on account of differences in abundance and affinity. The enrichment workflow was applied to plasma
samples from patients with Wilson’s disease and protein IDs and differential abundancies relative to healthy subjects were compared
to those yielded from a traditional proteomic workflow. While the IMAC workflow preserved differential abundance and protein ID
information from the traditional workflow, it identified several additional proteins being differentially abundant including those in-
volved in lipid metabolism, immune system, and antioxidant pathways. Our results suggest the potential for this IMAC workflow to
identify new proteins as potential biomarkers in copper-associated disease states.

Graphical abstract

Serum or
Plasma

IMAC based workflows reveal differences in protein populations retained on Cu?*-IDA-IMAC resin for both high and low serum loading
and when comparing Wilson disease plasma to healthy controls.

Introduction measuring the copper-carrying protein, ceruloplasmin (CP), with
immunoassays like ELISA. However, the aberrant compartmen-
talization of extracellular copper pools has been implicated in
various disease processes, such as in promoting the aggregation of
amyloid-beta peptides in Alzheimer’s disease and angiogenesis in
cancer progression.® In Wilson'’s disease (WD), which is caused by
a mutation of the copper transporter ATP7B, an elevated amount
of non-CP-bound copper is observed, but the composition of the
ligands for this extracellular copper pool remains unclear.’-® Elu-
cidating extracellular components associated with copper under
both healthy and disease states may expand our mechanistic un-
derstanding of extracellular copper signaling as well as contribute
to the pool of potential biomarkers that report on copper status.
Advances in MS-based protein identification have significantly
expanded our understanding of the blood proteome.” ' However,

Copper is an essential metal in biology in processes that in-
clude growth, cellular respiration, redox homeostasis, and lipid
metabolism.’ While most well studied as a redox-active cofactor
tightly bound in enzyme active sites, emerging tools for capturing
copper dynamics have illuminated new roles for exchangeable
copper pools at protein surfaces in cellular signaling and allosteric
regulation, but the majority of the studies on these copper pools
have focused on intracellular environments.* The extracellular
copper pool has received less attention in large part due to a
lack of tools for studying this milieu. Traditional, noninvasive
methods for assessing extracellular copper parameters rely on
quantitation of either total serum/plasma copper with methods
such as inductively coupled plasma-mass spectrometry (MS) or
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information on exchangeable metal sites are typically lost in these
strategies due to the labile nature of coordination bonds and
the redox susceptibility of metals like copper in standard sam-
ple preparation workflows do not consider the labile nature of
metal-mediated ternary complexes that may have physiological
relevance. Additionally, many metal-binding sites are present in
low abundance and can frequently evade identification in post-
acquisition analytics. In this work, we sought to establish an ap-
proach that could preserve and enrich for metal-binding informa-
tion in plasma and serum samples with subsequent integration
into MS-based proteomics workflows.

Immobilized metal affinity chromatography (IMAC) is a pow-
erful chromatographic technique used to enrich analytes with a
propensity for metal coordination. Designed in the 1970s, it was
optimized for and is most commonly used as a fast and efficient
chromatographic method to purify recombinant affinity-tagged
(i.e His-tag) proteins.!’ IMAC includes three main components:
a solid support bead usually composed of agarose, an extending
linker, and a chelate loaded with the metal ion of interest (most
commonly Ni?* for His-tagged protein purification). Upon addi-
tion of a metal-coordinating species, ternary complex formation
occurs between the immobilized metal chelate and the metal-
binding species, resulting in retention of the species on the sta-
tionary phase, separating it from noncoordinating species in the
mobile phase. Bound species can subsequently be eluted by weak-
ening the coordination bond via ligand competition or pH modu-
lation. IMAC has been applied to study endogenous metal coordi-
nating species in a variety of systems, such as rice roots, bacteria,
hepatocytes, and serum ">

In this work, we optimized and applied the IMAC technology
alongside gel electrophoresis and MS analysis to enrich for pro-
tein populations with Cu?*-binding propensities as a potential ap-
proach for assessing copper status. We employed the resin in the
form of a solid-phase extraction set up rather than a column for-
mat to allow increased residence time of proteins with the resin
for maximum protein enrichment. In establishing a workflow, we
observed that the composition of the enriched protein population
showed key differences between low and high protein loading, of-
fering the possibility of differentiating protein populations based
on their Cu”* affinities. We extended our approach to assess re-
tained protein populations in samples acquired from WD patients,
and compared the protein identifications to those from a tradi-
tional serum proteomic workflow. The IMAC-enriched samples
both preserved the changes observed in the traditional workflow
as well as identified differentially abundant proteins that did not
appear in the traditional workflow. Our results illustrate the util-
ity of Cu?-IMAC to enrich for copper-interacting protein mark-
ers that may otherwise evade identification by current serum and
plasma proteomics approaches.

Methods
Cu?*-iminodiacetic acid-IMAC workflow

Cu?*-iminodiacetic acid-IMAC enrichment of pooled human
serum proteins

A total of 0.25 mL of iminodiacetic acid (IDA)-IMAC (BioRad) resin
was placed in a fritted centrifuge tube, washed with 5 mL of
nanopure water, loaded with 1 mL of 0.5 M CuSO,, washed with
5 mL nanopure water to remove unbound Cu“*, equilibrated with
3 mL of loading buffer [phosphate buffered saline (PBS) or bis-tris
buffered saline (BTS)], then incubated with various percentages of
pooled human serum (Sigma Aldrich) diluted to 500 puL with load-
ing buffer (50, 75, 125, 250, 300 uL of serum corresponding to 10%,

15%, 25%, 50%, and 60% serum, respectively). The proteins were
incubated with the Cu?*-IDA-IMAC resin by slowly rotating for 0,
5, 30, and 60 min. Unbound species were washed out with 10 mL
wash buffer (PBS or BTS); a final wash of 0.5 mL was collected sep-
arately. Retained proteins were then eluted with four 0.5 mL addi-
tions of 50 mM ethylenediaminetetraacetic acid (EDTA) dissolved
in water and pH adjusted to ~8 with HCI. The protein concentra-
tion of each fraction was determined by the Bradford method. For
imidazole competition experiments, imidazole was added to 75
HL of pooled human serum diluted to 500 pL in PBS to reach a fi-
nal concentration of 1, 5, 10, and 20 mM imidazole and incubated
for 60 min before washing and eluting with EDTA as described
previously. For the unloaded IDA-IMAC experiments, the same
procedure was followed with 30% serum being used for protein
loading.

Cu®*-IDA-IMAC enrichment of plasma samples from
healthy and WD subjects

Human plasma samples from healthy individuals (biological
replicates, n = 4) and individuals with WD (biological replicates,
n = 4) were obtained by Dr. Valentina Medici (UC Davis). All sub-
jects provided written informed consent prior to participation fol-
lowing the Declaration of Helsinki. The protocol was approved by
UCD Institutional Review Board (protocol # 818454). A total of 75
BL of each sample was diluted to 500 puL in PBS and the IMAC-
enrichment procedure was carried out as described earlier with
an incubation time of 60 min.

Gel electrophoresis

A total of 12.5 ug of protein from the elution fractions was pre-
pared with 2-mecaptoethanol and lithium dodecyl sulfate (LDS)
sample buffer and heated at 70°C for 15 min before loading into
a 4-12% Bis-Tris SDS-PAGE gel and run at 100 V for 60 min. After
separation, the gel was stained with Imperial protein stain (Pierce)
and subsequent destaining with water.

Liquid chromatography-tandem MS analysis of
IMAC elution fractions and serum proteins

S-trap protein digestion of serum and plasma samples

An aliquot of the elution fractions from the IMAC experiments
corresponding to 300 g protein (quantified by the Bradford assay)
were concentrated on a 3 kDa MWCO filter (MilliporeSigma™
Amicon™ Ultra) and washed with PBS to remove EDTA. The
concentrated proteins were then digested following the S-trap
procedure (ProtiFi). In brief, equal volume of 100 mM triethyl
ammonium bicarbonate (TEAB) with 10% SDS was added to the
concentrated protein samples in equal volume, reduced with
5 mM dithiothreitol for 15 min at 55°C, alkylated with 20 mM
iodoacetamide for 30 min at room temperature in the dark,
then acidified with H3PO4 to 1.2%. To the resulting protein solu-
tion, six volumes of 90:10 MeOH/1 M TEAB (100 mM final TEAB
concentration) was added and inverted immediately. Following
colloidal formation, the samples were added to the S-trap, spun
at 4000 rpm, and washed with 90:10 MeOH/TEAB solution. The
trapped proteins were then digested with 125 pL of 50 mM TEAB
containing 10 pg of trypsin overnight at 37°C. After overnight
digestion, 125 pL of 50 mM TEAB was added and incubated at
37°C for an additional hour. The tryptic peptides were then eluted
with TEAB, 0.1% formic acid (FA), and 50% ACN/0.1% FA and dried
via vacuum centrifugation. The traditional workflow followed the



same procedure described earlier without the IMAC enrichment
and the MWCO step.

MicroLC-MS/MS analysis

Dried peptides were reconstituted in 0.1% FA and quantified via
a peptide fluorescent assay (Pierce). Peptide concentrations were
normalized to the lowest sample concentration. A total of 10 pg
of peptide were analysed by microflow liquid chromatography
connected online to the mass spectrometer (Ultimate 3000 and
Orbitrap-HF). Peptides were loaded onto a 1 x 150 mm PepMap
C18 column and separated at a flow rate of 50 pL/min with a gra-
dient ranging from 3% acetonitrile to 50% acetonitrile over 50 min,
a ramp to 95% for 5 min, followed by a ramp down to 1% over
5 min, followed by a hold at 1% for 5 min. MS1 and MS2 data were
acquired on Xcalibur (Thermo Fisher Scientific). MS spray voltage
was set to 4 kV; capillary temperature set to 320°C; sheath, auxil-
iary, and spare gas maintained at 35, 5, and 0, respectively; and S-
Lens set to 40. MS1 spectra were collected at a resolution of 60 000
with a automatic gain control (AGC) target of 3e6 and a max ion
injection time of 50 ms. The mass range of MS1 was 360-1300 Da.
MS2 spectra were collected in using data-dependent acquisition
with the top 12 ions from the MS1 scan being selected for frag-
mentation with dynamic exclusion set to 15 s. The normalized
collision energy was set to 28%. For MS2 spectra, the AGC was set
to 1e5 with a maximum ion injection time of 86 ms and spectra
were acquired at a resolution of 15 000.

Peptide and protein identification and
quantification

Raw LC-MS/MS files were searched using MSFragger in Frag-
Pipe.'®: Spectra were searched against the Uniprot protein
database (“homo sapiens”) concatenated with the reverse pro-
tein sequences (decoys) and common contaminates. A “closed”
search was conducted with a precursor tolerance set to —50
and 50 ppm and fragment mass tolerance set to 20 ppm. The
search was constrained to semi tryptic enzymatic cleavage with
a maximum of two missed cleavages with cysteine alkylation
(+57.021460) set as a fixed modification and methione oxida-
tion (+15.994900), pyro-glutamic acid or loss of ammonia at
the peptide N-terminus (—17.0265), and loss of water on glu-
tamate on peptide N-terminus (—18.0106) as variable modifica-
tions. The reverse-decoy method was used to estimate false dis-
covery rate (FDR). Peptide and protein FDR was set to 0.01. La-
bel free quantification was conducted using the MaxLFQ algo-
rithm employing “match between runs (MBR)” and “normaliza-
tion of ions” between experiment groups.® A minimum of two
ions were required for protein quantification and a retention
time tolerance of 1 min was used for both feature detection and
MBR.

Differential protein abundance detection

Data analysis was conducted in R. The output table containing the
protein abundance values (“unique MaxLFQ intensity”) produced
by MaxLFQ with MBR was used for differential protein abundance
determination. Proteins that contained only one unique peptide
and contained missing values in any condition were removed.
The remaining proteins were median normalized and the P-value
was calculated using the “moderated t-statistic” in the LIMMA R
package. The P-value was adjusted with Benjamini-Hochberg FDR
method. Proteins showing a log, fold change (log,FC) of +0.75
and adjusted P-value less than 0.1 were considered differentially
abundant.
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Results and discussion

Influence of buffer, serum loading, and
incubation time on the amount of protein
retained in Cu?*-IMAC resin

The majority of existing protocols for using IMAC resins have
been designed and optimized for the purification and isolation of
histidine-tag-labeled proteins on Ni**-loaded columns. We sought
to establish a protocol that would allow for us to adapt the method
to capture a mixture of unlabeled native species based on their
Cu?*-binding affinities. Our initial goal was to select a system that
could enrich for a high diversity of proteins with metal-binding
capacity while maintaining the protein’s native structure, as
well as ensure adequate total protein recovery for subsequent
analysis. The most common commercially available IMAC resin
employ tridentate IDA, tetradentate nitriloacetic acid (NTA),
and pentadentate tris-carboxymethyl ethylene diamine (TED)
chelates. We reasoned that lower coordinative Cu?* saturation of
IDA would allow for greater diversity in protein binding over the
NTA and TED chelates, and thus opted to use the commercially
available Profinity IDA-IMAC resin (Biorad, Hercules, CA, USA). In-
stead of using the resin within a continuous-flow column set up,
we incorporated an incubation period with the IDA-IMAC to allow
flexibility in the adsorption time of the sample to maximize pro-
tein capture. In our workflow, the IMAC resin is loaded with Cu®*,
washed with water to remove unbound Cu”*, and equilibrated
with binding buffer (PBS or BTS). The sample is then introduced to
the equilibrated column and the suspension is incubated to allow
for protein binding. After incubation the unbound proteins are
washed off using binding buffer and retained proteins are eluted
with 50 mM EDTA. We first assessed whether this described set up
could exhibit a concentration-dependent capture of proteins from
human serum. Commercially obtained pooled human serum was
diluted in buffer at a fixed volume of 0.5 mL but with varying
percentages of serum (50, 75, 125, 200, and 300 uL, corresponding
to 10%, 15%, 25%, 40%, and 60% v/v, respectively) and applied
to a fixed amount of resin (0.25 mL). We compared two dilution
buffers: PBS and Bis-Tris-buffered saline, two common buffers
used to maintain physiological pH. Protein was subsequently
eluted from the resin with 50 mM EDTA, and total protein levels
in the eluents were quantified with a Bradford assay. For both PBS
and BTS, a positive linear trend from 10% serum to 40% serum
was observed with respect to protein concentration (Fig. 1A). At
greater than 40% serum, a break from linearity and a concen-
tration plateau emerged, indicative of protein saturation of the
resin above this serum content. The incubations in PBS resulted
higher protein recovery than BTS at all volumes tested (Fig. 1A).
Since using PBS as the diluent resulted in a higher total protein
binding to the resin, we used PBS in subsequent experiments. To
assess the effect of incubation time on protein recovery, a 0.5 mL
solution of 15% serum in PBS was incubated with 0.25 mL of
Cu?*-IDA-IMAC resin at various incubation times. An increase in
protein recovery was observed between O and 5 min incubation,
followed by plateau in protein concentration after 5 min, suggest-
ing that while protein adsorption occurs rapidly, the solid-phase
extraction set up allows higher protein recovery than a column
chromatography set up, the latter being akin to the 0 min in-
cubation period. Subsequent studies were performed at 60 min
incubation times to ensure ample adsorption time onto the resin.

Cu?*-IDA-IMAC protein population dependence

With a protocol established for protein enrichment, we assessed
the composition of proteins retained on resin. Serum was applied
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Fig. 2 1D gel electrophoresis of proteins retained and eluted from the Cu®* -IDA-IMAC resin under (left) increasing percentages of pooled human
serum (15-60%) and (right) increasing addition of imidazole to the sample prior to loading. Samples were incubated with the resin for 60 min with PBS

as the diluent.

to the resin at different serum percentages in PBS for 60 min, and
proteins in the elution fractions were separated and stained via
1D gel electrophoresis. The band profiles were compared to as-
sess relative protein populations. Interestingly, the band profile
between 55 and 100 kDa shows clear differences at the different
serum percentages, indicating that the protein composition is de-
pendent on the total amount of serum applied to the Cu?t-IDA-
IMAC resin. For instance, bands at >180 kDa, one at ~70 kDa, and
one between ~40 kDa (indicated with green arrows in Fig. 2A) all
increase with increasing serum percentage. However, this increase
is not global as bands at ~100 and ~60 kDa (indicated with blue
arrows in Fig. 2A) decrease with increasing serum percentage. We
reasoned that the differential enrichment with respect to serum
volume is attributed to the presence of protein competition for
the immobilized Cu?t. At low serum volumes, there is an excess
of available binding sites on the Cu’*-IDA-IMAC resin. The ex-
cess in binding sites may allow for the retention of proteins with
a range of binding affinities. Conversely, high serum volumes, cor-
responding to a higher amount of total protein may lead to a sto-
ichiometric excess of protein with copper-binding ability relative
to available coordination sites. In this scenario, proteins with a

greater affinity for the immobilized copper ion would outcompete
lower-affinity proteins. This hypothesis was first postulated by Po-
rath and Olin where they observed a disproportionate increase in
adsorbed protein with increasing serum amount applied to a Ni%*
TED column.?

To further substantiate this hypothesis, we added increasing
amounts of imidazole (final concentration of 0, 1, 5, 10, and
20 mM) to 0.5 mL of a serum solution containing 75 uL serum.
Imidazole is able to coordinate to the copper center in Cu?*-IDA
with high affinity, thus serving as a model for a high-affinity pro-
tein binder.?%?! Increasing the imidazole content yields a band
pattern that resembles the changes observed by increasing serum
volume, with similar bands increasing and decreasing accordingly
(Fig. 2B). Thus, the changes accompanying increasing imidazole
content suggest that on-column competition for the immobilized
Cu’* may indeed be what drives differential retention with pro-
tein loading. These data suggest serum loading may be potentially
leveraged as a means of differentially enriching protein popula-
tions based on resin affinity.

Having observed population differences by gel electrophoresis,
we aimed to identify the composition of the retained protein pop-
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Table 1. List of differentially abundant proteins from serum loading experiments?®

Protein name

Absolute log, fold change

Adjusted P-value (FDR)

Proteins more abundant at higher serum percentage
Alpha-2-HS-glycoprotein (AHSG)

Coagulation factor XII (F12)

Coagulation factor V (F5)

Complement C1q subcomponent subunit A (C1QA)
Complement C1g subcomponent subunit B (C1QB)
Complement C1g subcomponent subunit C (C1QC)
Complement component (C6)

Complement factor H (CFH)

Hemopexin (HPX)

Histidine-rich glycoprotein (HRG)

Proteins more abundant at lower serum percentage
Albumin (HSA)

Ceruloplasmin (CP)

Complement component (C2)

Complement component (C9)

Complement factor B (CFB)

0.88 1.53E-07
1.08 5.15E-07
0.91 9.37E-06
0.85 3.41E-07
0.90 5.39E-06
0.80 1.69E-05
0.90 2.37E-06
0.94 1.55E-07
0.84 2.03E-07
0.91 1.24E-06
1.89 6.05E-06
1.26 2.35E-08
0.89 1.47E-03
2.47 1.24E-08
0.90 4.90E-07

@Magnitude of change between conditions are represented as absolute value of log, fold change over the contrasting condition.

ulation under high and low serum percentages. A total of 15% and
60% serum in a fixed volume of 0.5 mL in PBS were used as “low”
and “high” serum amount, respectively. Each condition was run
on the IMAC resin in quadruplicate and the eluents were anal-
ysed by microLC-tandem MS (xLC-MS/MS) coupled with a protein
identification via MSFragger. The workflow identified more than
200 (Supplementary Table S1) proteins filtered at a 99% protein
probability with a minimum of two peptides per ID. Differential
binding between high and low serum percentages was assessed
by filtering out proteins with any missing values, quantile nor-
malizing the protein intensity values, applying LIMMA to gener-
ate a moderated t-statistic and subsequent P-value. The P-values
were adjusted via the Benjamini-Hochberg method to adjust for
multiple hypothesis testing. Proteins that showed +0.75 log,FC
and FDR adjusted P-value of less than 0.1 were considered dif-
ferentially abundant indicating differential binding with respect
to serum volume (Table 1).

The differential-binding analysis revealed serum proteins with
elevated enrichment in the high serum samples with previous as-
sociations with copper. For instance, hemopexin (HPX) showed el-
evated enrichment in the high serum samples. HPX is an acute
phase serum protein expressed by the liver that binds to heme
with a strong affinity (K4 < 1 pM).?> The main role of HPX is to par-
ticipate in heme recycling by binding and transporting to the LDL-
receptor-related 1 protein for internalization.”® Previous research
indicates HPX's ability to bind divalent metals, such as Cu?* 2 The
endocytosis of the heme-HPX complex increases cytosolic copper,
while metal binding leads to a decrease in the heme-HPX com-
plex stability.?® Another example of a protein with elevated en-
richment in the high serum samples is coagulation factor XII (F12);
a previous study has shown that metal ions, including copper, may
indeed activate F12-mediated coagulation.?® Finally, peptide frag-
ments of another identification, histidine-rich glycoprotein (HRG),
have been shown to bind copper, and copper has been proposed to
be associated with the antiangiogenic activity of the protein.?”:?

Other proteins with elevated enrichment in the high serum
samples include proteins associated with metabolic disorders in
which copper misregulation has been implicated. Of note is alpha-
2-HS-glycoprotein (AHSG), also referred to as fetuin-A (Fet-A),
a glycoprotein synthesized in the liver involved in various pro-

cesses including inhibition of ectopic calcification and fatty acid
metabolism.?? Moreover, elevated Fet-A has been associated with
metabolic disorders including nonalcoholic fatty liver, type 2 dia-
betes, and metabolic syndrome, all of which present altered cop-
per homeostasis.*

The abundance of various members of the complement sys-
tem is also dependent on the amount of serum applied. CFH,
C1QA, C1QB, C1QC, and C6 were higher in abundance in the
high serum experiment while CFB, C2, and C9 were higher in the
low serum experiment. The association of complement factor
H (CFH) with copper has been observed within the context of
inducing CFH oligomerization.3? These findings are interesting as
the complement system is involved in immune system response
to infections and an increase in copper levels has been observed
at sites of infection.®?:3* The exact biological ramifications of
copper accumulation at these sites are currently unknown.
However, our experiments may offer the speculation toward
dynamic differential copper binding directly to proteins of the
complement system within these sites.

At higher serum volume, CP is inversely correlated with fac-
tor V (F5) and factor XII, with CP being less enriched and the
latter two showing increased enrichment. The opposite binding
trend for CP and F5 is intriguing as both have been considered
members of the same protein family and evolutionary linked.>*
While CP has been more extensively studied for its role in copper
metabolism and transport, F5 has been suggested to bind copper
in a 1:1 metal-protein ratio.* A study conducted with metals, in-
cluding Cu?*, immobilized on NTA-bound liposomes induced clot-
ting at a higher rate than without the metals present.?® This obser-
vation was attributed to an interaction between the immobilized
metals and various contact pathway proteins. Along with the ob-
served elevated enrichment of F12 in the high serum samples, our
experiments may suggest possible metal/protein interactions in
influencing contact pathway activation.

Unexpectedly, serum albumin showed a decrease in abundance
with respect to increasing serum applied to the Cu?*-IDA-IMAC
resin. Albumin is a highly abundant serum protein containing
multiple metal-binding sites including a Cys34, an N-terminal
binding site (NBS), a multi-metal binding site (MBS), and an un-
known fourth site. The NBS site (Asp-Ala-His) has an estimated
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dissociation constant between log Ky = —11.18 and log K4 = —16.18
and transports copper in the bloodstream.?® However, despite the
high Cu®* affinity of the NBS site, it is unknown if albumin is bind-
ing to the immobilized copper at the NBS site. If binding occurs at
the NBS site, the formation of the tertiary complex between the
Cu?*-IDA-IMAC resin and albumin may lead to significant reduc-
tion in binding strength due to the incomplete ATCUN-Cu’* com-
plex formation, preventing one or more coordinating sites from
interacting with the immobilized Cu®*. If the geometry of albumin
binding is altered, then the actual binding strength may be low-
ered resulting in displacement by other proteins at higher serum
volumes. This supports our hypothesis that the application and
comparison of varying serum percentages to the IMAC resin can
be used to gauge the strength of ternary complex formation of
serum proteins.

Prior studies have determined that IMAC resins can capture
proteins that may not natively bind copper, but have copper-
binding propensities through features such as surface-exposed
histidines.*” Our studies illustrate that in addition to surface ac-
cessibility, sample loading may add another layer of selection
for protein populations based on their affinities for the copper
chelate. To date no detailed and in-depth proteomic analysis of
the protein population changes with respect to the total pro-
tein applied on an IMAC resin have been reported. While fur-
ther focused studies are required to understand the dynamic na-
ture of metal-protein binding and both the specifics and detailed
thermodynamics of the protein identified, our studies demon-
strate the potential for IMAC as a tool to gauge the relative
strength of Cu’* binding of species present in a complex bio-
logical matrix such as serum. Furthermore, our studies demon-
strate that the inclusion of an IMAC-enrichment step can re-
duce the complexity of a clinical sample to allow for the retained
population to be leveraged for assessing physiological metal
status.

Protein population is different with IMAC
enrichment-Wilson’s disease

Having established the abilities of our Cu?*-IDA-IMAC-based
protocol to enrich for specific populations with sufficient protein
abundance and diversity, as well as differentiate populations
based on the amount of serum loaded, we tested the utility of our
approach in extracting potentially unique diagnostic information
associated with WD. As patients with WD exhibit impairments
in CP loading, it is posited that these results in a higher level
of non-CP-bound copper in the blood; yet it remains uncertain
whether any changes occur on the composition of copper-binding
species. We analysed plasma samples from healthy controls
(CTL, n = 4) and WD (n = 4) patients by both the IMAC workflow
and a traditional proteomics workflow (Fig. 3). Over 200 proteins
were identified by both workflows (Supplementary Tables S2 and
S3) with a less than 1% FDR. To assess the differences between
the traditional workflow and IMAC workflow, the data were
divided into two subgroups: Unique MaxLFQ intensity value from
proteins with no missing values, and those where there were at
most one missing value in a condition and none in the other.
For the proteins with no missing values, differential abundance
analysis was carried out as previously described. In the latter
scenario, we assumed the protein was either not present or below
the detection limit.

In comparing abundancies between CTL and WD samples, the
traditional workflow produced eight differentially abundant pro-
teins while the IMAC workflow produced 36 (Fig. 4A-C), indicating
that IMAC may allow for enrichment of a protein population that
is otherwise missed in the absence of this step. Several proteins,
including alpha-2-macroglobin, CP, complement component C7
(C7), apolipoprotein L1 (APOL1), and amyloid P-component were
found to be differentially abundant in WD plasma in both work-
flows. In addition to differential abundances in proteins between
CTL and WD samples, in analysing the collective identifications
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and B indicate proteins were less abundant in healthy than WD plasma. (C) Heatmap of differentially abundant proteins found in the traditional and
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indicates proteins not found differentially abundant.

made across both CTL and WD samples, we identified that the
IMAC procedure enriched for seven proteins that were otherwise
below detection via the traditional workflow. Conversely, three
proteins were identified with the traditional workflow, which
were excluded from detection in the IMAC-enriched samples
(Supplementary Table S4).

In both the traditional and IMAC workflows,
apolipoproteins (designated with the APO prefix) were ob-
served to be differentially abundant. Apolipoproteins are mainly
synthesized in the liver and intestines, and participate in triglyc-
eride and cholesterol transport.3® Apolipoproteins are potentially
connected to WD in that aberrant cholesterol, very-low-density
lipoprotein, and lipid metabolism have been observed in patients
as well as in Atp7b~/~ knockout mice, model of WD2° In the
traditional workflow, APOL1 showed a decrease in abundance in
WD plasma. In contrast, the IMAC workflow showed a decrease
in both APOL1 and APOC1 alongside the decreased abundance
of additional apolipoproteins, APOA1, APOA4, APOB, and APOH
(beta-2-glycoprotein), compared to healthy controls. Further-

various

more, APOF was detected in CTL samples but not detected
in WD plasma in both the traditional and IMAC workflows.
Apolipoproteins have been previously associated with hepatic
injury. For instance, a previous proteomics found a decrease
in APOE and APOL1 in the plasma of patients with different
stages of liver fibrosis due to chronic hepatitis C*! Addition-
ally, changes to apolipoproteins have been loosely associated
with copper. For instance, an inverse correlation was observed
between copper and apolipoproteins, with elevated APOAL,
APOA?2, and APOE identified in rats with copper deficiency.*?
Copper has also been shown to bind to and be reduced by
APOB within the context of LDL oxidation.** Moreover, certain
lipoproteins have been suggested to utilize copper for ferroxi-
dase activity, such as the >800 kDa protein “ferroxidase 11444
While many questions remain regarding how apolipoprotein
and lipoprotein, serum copper, and hepatic metabolism are
interconnected, our studies alongside the previous studies may
highlight their interplay as potential markers in diseases such
as WD.
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Several proteins were determined to be differentially abun-
dant uniquely in the IMAC workflow, such as transthyrien (TTR),
haptoglobin, and paraoxonase/arylesterase 1 (PON1). Several
studies have pointed to conformational changes to TTR in the
presence of several metalss with metals mediating potential
enzymatic function as well as even neuroprotective roles such as
amyloid-beta binding **-*° Haptoglobin's primary role is to bind
to free hemoglobin leading to the clearance and degradation of
hemoglobin and a decrease in haptoglobin is often associated
with hemolytic anemia, which results from the lysing of red blood
cells.*9°! Hemolytic anemia is a common presentation of WD
with approximately 10-15% of WD patients developing the com-
plication. PON1 has been shown to potentiate CCly liver damage
in mice transfected with human PON1, suggesting a protective
function against oxidative damage.>® These data suggest reten-
tion of biologically relevant trends as there is precedence of the
aforementioned proteins being differentially abundant in WD.>3

Interestingly, sulfhydryl oxidase 1 (QSOX1) was identified ex-
clusively in the IMAC workflow. QSOX1 is involved in disulfide
bond formation and positively correlated with pancreatic and
breast tumor cell growth.>* QSOX1 may act in a protective man-
ner during periods of increased oxidative stress, as observed in in
PC12 and overexpression studies with the breast cancer cell line
MCEF-7.5> To date, no correlation between QSOX1 or Cu?* bind-
ing has been observed, although an increase in both extracellular
non-CP-bound copper and oxidative stress has been documented
in WD. The mechanism of QSOX1 in protecting against oxidative
stress remains elusive and further investigation is necessary to
support a relation between copper, QSOX1, and WD. However, it
may be possible for QSOX1 to bind directly to non-CP-bound cop-
per in the extracellular space and reduce the ability for reactive
oxygen species (ROS) generation. Additionally, the IMAC workflow
revealed beta-Ala-His peptidase (CNDP1) to be present only in the
healthy plasma samples. CNDP1 acts to degrade the dipeptide B-
Ala-His (carnosine), which has been associated with protection
against reactive species generation and has been suggested to be
directly involved in maintaining copper homeostasis.*®>’ CNDP1
knockout studies lead to an increase in carnosine levels and our
data imply that CNDP1 levels are lower in WD, which could be
linked to a systemic reaction to increased oxidative stress by ex-
cess copper in the blood. Taken together, these two protein hits
demonstrate the potential value of the IMAC workflow for enrich-
ing otherwise overlooked proteins with implications in both dis-
ease pathology as well as in biomarker discovery.

A common concern with enrichment techniques is the added
variability they may impart. For each additive step in a work-
flow, artificial variability is added onto already complex biologi-
cal variability that confounds data and ultimately reduces signif-
icant conclusions. In our results, both the protein identifications
as well as the patterns of differential abundance with WD follow
the same trends in both workflows. This indicates that the IMAC
workflow does not occlude information obtained in the traditional
workflow. Importantly, while preserving biological trends in the
traditional workflow, the addition of IMAC also brings to light pro-
teins that are otherwise absent in the traditional workflow (QSOX1
and CNDP1) with potential disease relevance.

We posit that the difference in protein population profiles
observed in the IMAC flow compared to the traditional IMAC
workflow when contrasting healthy and WD plasma may be
due to ligands comprising the non-CP-bound copper known to
be present in WD. While the exact concentration of cheatable
metal micronutrients in the blood is poorly understood, it is well

established that the amount of chelatable copper increases in
WD. The increase in chelatable copper could shift the balance
of metalated serum proteins, which in turn would influence the
ability of such proteins to bind to the Cu?* loaded IMAC resin.
For example, if in a WD sample, a given protein is occupied
with non-CP-bound copper that is otherwise vacant in a healthy
sample, this may preclude the ability of that protein to bind the
Cu”* loaded IMAC resin, manifesting as a loss of that protein in
the IMAC-retained population. Alternatively, copper occupation
could shift the binding interaction between the protein and
IMAC resin to more accessible site, possibly lowering enrichment
efficacy. In either case, shifts in IMAC-enriched population may
offer valuable information in tandem with other clinical pa-
rameters for improving the comprehensiveness of copper status
assessment.

Conclusion

Copper is essential for maintaining biological homeostasis and
must be tightly regulated to preserve proper physiology or risk
disease onset. Despite the importance of copper in biological
processes, much remains to be understood with respect to the
dynamics of copper regulation, particularly in extracellular envi-
ronments, in part due to the dearth of techniques to study the pro-
teins involved, many of which may have low abundance. To this
end, we employed Cu?-IMAC coupled with a proteomics work-
flow as a means of enriching for copper-associated parameters.
We optimized the conditions for metal-binding protein enrich-
ment on a Cu’*-IDA-IMAC resin via a solid-phase extraction set
up thatis amenable to high-throughput workflows. We found that
distinct protein changes occur with increasing serum volume ap-
plied, and attributed these differences to protein competition for
the immobilized Cu®*, resulting in an increase of stronger Cu®*-
binding proteins at higher volumes, pointing the possibility of us-
ing IMAC to differentially enrich for proteins based on their Cu®*
affinities. We also contrasted healthy plasma to plasma from pa-
tients diagnosed with WD using a proteomics workflow with and
without the addition of Cu?*-IMAC. The integration of the IMAC
workflow both preserved expected protein differences as well as
identified additional differentially abundant proteins when com-
pared to the no-IMAC workflow. The differences in proteins found
differentially abundant between both workflows suggest IMAC
provides an additional layer of information regarding protein—
copper binding or as pseudo-depletion step of highly abundant
serum proteins. We note that the proteins identified in the IMAC
workflow only inform on a protein population with the propensity
for Cu?* binding. Further structural as well as biological studies
are required to validate whether the individual proteins are
native cuproproteins as well as their viability as biomarkers for
copper status across different disease states. Additionally, the
current experimental design will exclude proteins that bind Cu®*
with high affinities that prevent ligand exchange; however, future
work may focus on modulating sample preparation in tandem
with IMAC to recover this information. Nevertheless, this work
demonstrates the ability of the Cu®* IMAC technique to efficiently
assess differences in the global profile of the serum proteome
based on their copper affinities and could provide insight into
how these modulations influence copper regulation.

Supplementary material

Supplementary data are available at Metallomics online.
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