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Metal micronutrients are essential for life and exist in a delicate balance to main-
tain an organism’s health. The labile nature of metal-biomolecule interactions
clouds the understanding of metal binders and metal-mediated conformational
changes that are influential to health and disease. Mass spectrometry (MS)-
based methods and technologies have been developed to better understand
metal micronutrient dynamics in the intra- and extracellular environment. In this
review, we describe the challenges associated with studying labile metals in
human biology and highlight MS-based methods for the discovery and study of
metal-biomolecule interactions.

Paradigms of metal-binding interactions in biology

Metal ions are associated with 30-50% of proteins, serving diverse functions that include struc-
tural cofactors, catalytic centers, and metabolite transporters [1-4]. To maintain a state of equilib-
rium, a network of proteins and molecules has evolved that regulates metal micronutrients via
chaperones, transporters, storage proteins, and metal-binding small molecules like chelators
[5-8]. Early identification of metal-binding molecules stemmed from isolated discoveries of tightly
bound ions. As the field has progressed, increasing work has not only diversified the known sub-
set of metalloproteins and peptides but has also introduced the concept that the biological metal
population is subdivided into two distinct pools: the static poal (i.e., tightly bound metal ions that
are typically buried in a protein) and the more loosely bound or surface-exposed ‘labile’ pool
[9-11]. While existing analytical and protein isolation tools are frequently able to preserve the
metal-biomolecule interaction of the static pool, the labile pool may evade detection by traditional
methods due to their weaker affinity and exchangeable nature. Therefore, it is crucial to develop
techniques that enable studies of the metal interactions of species that can readily exchange
metal micronutrients with their environment. In this review, we discuss how existing and emerging
mass spectrometry (MS) technologies are leveraged to address questions regarding dynamic
metal interactions in biological systems. We highlight how MS, under biologically relevant condi-
tions, can directly probe binding interactions of spectroscopically challenging molecules as well
as capture the dynamics of metalloprotein interactions that otherwise evade discovery by classi-
cal biophysical and biochemical methods. We also discuss how pairing advances in chromato-
graphic enrichment and separation with MS analysis can identify metal-binding information in
complex biological mixtures. The featured examples seek to underscore the potential for parallel
development in these areas to bring forth new paradigms for metal-biomolecule interactions.

Challenges in identifying metal-binding interactions beyond known structural
motifs

Almost 30 years ago, it was estimated that approximately one-third of all purified proteins and
around half of all enzymes need a metal ion for their biological function [12], but only a subset
of metalloproteins had been isolated and validated. One classical approach to identify proteins
by their function was by generating an alignment of consensus sequences. The sequencing of
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the human genome [13] and subsequent purification and structural characterization of newly
identified proteins provided scientists with a wealth of information relating sequence to structure.
As many of these proteins lacked known functions, bioinformatic analyses became common to
identify relationships between structure and function in a high-throughput manner [14]. The foun-
dational work by Andreini et al. describes numerous databases that connected available struc-
tural information to enzymes with known metal cofactors and their functions [15,16]. In this
way, predictive tools can be employed to the metalloproteome (see Glossary) using known
metal-binding motifs as search parameters in protein, family, and domain databases to yield
predictions of proteins that bind metals with follow-up experimental structure/function character-
ization.

While this approach has been powerful in identifying motifs within the same protein region, several
metalloproteins that have been discovered would have evaded these bioinformatics-driven pre-
dictions. Although canonical motifs exist, such as the copper-binding ATCUN motif [17] and
the iron-binding 2-histidine-1-carboxylate motif 18], additional factors that influence the specific
role of amino acid residues on metal interactions are not strongly accounted for in sequence-
based analysis. First, the same metal-binding motif that constitutes the primary coordination
sphere of a metalloenzyme is likely to have a unique second coordination sphere that supports
the enzyme function; one amino acid sequence motif can have divergent functions as a result
of its outer coordination sphere and secondary structure. In the case of a protein with no reported
structure, it is difficult to extrapolate amino acid positions from a sequence; residues that are se-
quentially distant may come together in a folded protein to form a metal coordination site. Finally, it
is likely that noncanonical metal-binding motifs exist that remain to be identified and investigated.
The many challenges that arise with bioinformatics-based prediction highlight the importance of using
a multifaceted approach to discover and elucidate the function and dynamics of metal-binding spe-
cies in tandem. Bioinorganic chemists leverage a host of spectroscopic techniques such as UV-
visible, NMR, and electron paramagnetic resonance (EPR) spectroscopy to gain crucial information
regarding the metal-binding environment. While powerful, many of these techniques require high
sample concentrations and/or present challenges in complex mixtures, limiting studies in many bio-
logical samples. MS offers promise in filing this gap. The remaining sections of this review focus on
advances in MS to address the study of metal-binding species.

Beyond classical motifs: MS approaches to characterize spectroscopically
challenging metal-biomolecule interactions

MS-based techniques are appealing for studies of metal complexation to biomolecules due to their
sensitivity, low sample volume requirement, and potential for high-throughput formats (Table 1). A
consideration when adapting and applying MS-based techniques to metal-binding interactions is
the weaker nature of coordination bonds relative to covalent interactions. Electrospray ionization
(ESI)-based MS techniques are attractive for the study of interactions like metal coordination, as it
preserves structure, post-translational modifications, and noncovalent interactions during ioniza-
tion. Metal adducts may be rapidly screened and assessed by the co-incubation of solutions of
metal salts and biomolecules (Figure 1A). ESI-MS-based profiling can be further coupled with a
multitude of peptide fragmentation techniques such as collision-induced dissociation (CID),
rapid multiphoton-induced dissociation (RMPID), and electron capture/transfer dissociation
(ECD/ETD) to identify the regions of metal binding within a larger peptide or protein.

MS-based techniques also fill an important gap in the study of metal interactions with peptides
and small proteins that lack either chromophoric residues or higher-order structure, which ren-
ders studies by traditional spectroscopic methods difficult [19-21]. One such example is C-
peptide, a hormone-like peptide co-secreted with insulin and zinc by pancreatic beta cells. Initially
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Glossary

Bottom-up proteomics: the process
of analyzing proteins through enzymatic
digestion followed by MS-based
fragmentation of resulting peptides for
protein identification and quantification.
Electrospray ionization (ESI): a mode
of ionization that generates highly
charged molecular ions from solution
into the gas phase without
fragmentation.

Metal-binding motifs: amino acid
sequences arranged in a manner that
promotes metal coordination.
Metallomics: the study of metals and
their biological roles.
Metalloproteome: all proteins in an
organism with biologically relevant metal
interactions.

Native mass spectrometry (NMS):
spectroscopic analysis of analytes in
their endogenous form by maintaining
physiologically relevant pH.

Peptide fragmentation: the process
of fragmenting a peptide along the
backbone, producing smaller segments.
Size exclusion chromatography
(SEC): analyte separation based on
molecular weight.

Top-down mass spectrometry
(TDMS): method of analyzing proteins
by MS through fragmentation without
the use of enzymatic digestion to gen-
erate peptides.



Trends in Biochemical Sciences

¢? CellPress

Table 1. MS techniques used to assess metal binding, summarizing the advantages, disadvantages, and nuances of methods that can be used to

study metal-binding species

Method Advantage Disadvantage Couple with...
Direct ESI-based e Sensitivity, low sample volume e Information should be validated via other e CID, RMPID, or ECD/ETD to identify regions of metal
techniques requirement, potential for high-- solution-based methods as metal-adduct forma- binding in an amino acid sequence
throughput format tion may occur during desolvation of the charged ®  IM to obtain biologically relevant structural information
* Impressive analyte size range, droplets and observe metal-induced conformational changes
provides data on conformational e Oxidation state may change during ionization pro-
dynamics and metal stoichiome- cess
try e |imited sensitivity and size capabilities (m/z range
* Preserves structure, post-- constrained by preservation of large complexes)

translational modifications, and
noncovalent interactions (when

using NMS)
ICP-MS e Quantify total metal levels e Complex sample matrix preparation limits e SEC-ICP-MS to simultaneously quantify metal levels
* Assess distribution shifts of metal  throughput and differentiate metal-binding species; workflow can
binders in different physiological e Unable to determine the identity of the metal-- be further paired with anion exchange chromatography
states binding species * el electrophoresis followed by laser ablation (LA--
ICP-MS)
Indirect IMAC ¢ Inferred metal binding prior to MSe  Reliance on ternary complex formation limits e ‘Top-down’ and ‘bottom-up’ proteomics to identify
identification enrichment to specific metal coordination geome-  putative metal binders
e Easily adapted for throughout try e IM-MS
sample processing e Strong metal binders may ‘strip’ metal from che-
* Enrichment is not limited to vola- lating resin
tile buffers

* Useful for discovery experiments

Differential e Localize residue-specific metal e  Limited to specific chemical labels for residues e Top-down and bottom-up proteomics

labeling binding ¢ Necessitates optimization of label concentration
* |Isolate labile metal-binding and reaction time
regions * Requires prior knowledge of metal binding

e Maintenance of metal interaction
post-labeling is not required

regarded as inert, a host of studies have shown it to be linked to a multitude of improved biological
outcomes independent of insulin [22]. The exact mechanism of C-peptide’s bioactivity is unclear
and investigations into inconsistencies with experimental results led to the finding that metal inter-
actions with C-peptide had notable impacts on its activity [23]. Direct coordination was
initially thought to be unlikely due to the lack of canonical metal binding sequence motifs in C-
peptide, but a series of MS experiments by the Spence grouped revealed the formation of metal ad-
ducts with a number of divalent metal ions. in particular, the zinc adduct ion was visible at high
abundance relative to the unmetallated species [24]. Tandem MS studies of C-peptide-Zn®* deter-
mined the binding location to be near the N terminus [24]. Later work by our group further extended
these findings, showing that C-peptide also forms an adduct with Cu?*. On co-incubation of Cu®*
and Zn?*, the presence of only the Cu?* adduct was shown by high-resolution MS, suggesting com-
petitive binding of Cu®* over Zn®* when both species are present [25]. The data were corroborated
by additional spectroscopic studies (EPR, NMR, and Fourier-transform infrared spectroscopy) [25],
validating the use of the technique to assess solution-phase dynamics.

Complementing the fragmentation-based ESI-MS techniques, ion mobility MS (IM-MS) provides
structural information to probe metal-induced conformational changes (Figure 1B). The Bowers
group has demonstrated the strengths of IM-MS by characterizing direct metal binding to the
reproductive neurohormone oxytocin [26,27]. MS studies indicate that binding of oxytocin to
metals is dependent on pH: Zn?*, Mg?*, Ni?*, Ca®*, Mn?*, Co?*, and Cu?* coordinate at pH
~3, while at higher pH only Cu®* and Ni** metal complexes can be observed with several depro-
tonation states. By contrast, no deprotonation was seen at lower pH, perhaps indicating that
metal coordination facilitated the deprotonation of three or four amide hydrogens at higher pH.

Trends in Biochemical Sciences, Month 2023, Vol. xx, No. xx 3



- ¢? CellPress Trends in Biochemical Sciences

Aa) Mass Spectrometry to Assess (B) Ion Mobility to Assess Conformation
Protein-Metal Interactions Dynamics of Peptide-Metal Binding

€+o
Native pH Low pH

High pH
l_l_, "

Decreasing pH
ESI \
Apo Metal Bound

s‘
/)
: NN

Trends In Blochemical Sclences

Intensity

]
Intensity
> o /

Figure 1. Mass spectrometry (MS)-based methods to assess metal binding and metal-induced structural mobility. (A) Native MS can be used to assess
metal interactions by monitoring mass shifts and distinct isotopic patterns. (B) Differences in pH change the propensity to and location of metal interactions and can be
monitored by ion mobility. Created with BioRender.com. Abbreviation: ESI, electrospray ionization.

CID, IM-MS, and computational experiments pointed to the most probable site of metal binding
by four nitrogen atoms at residues 1, 6, 8, and 9, making a 4N;gg9 complex. Conversely, exper-
iments conducted at lower pH suggested an octahedral 60 coordination by the carbonyl group
or a trigonal bipyramidal 40-1N coordination with an amine group at the N terminus [26,27].
Metal-containing biomolecules exist in multiple conformations in the extracellular space, con-
founding understanding of their function. The application of MS-based techniques has elucidated
the importance of probing metal-hormone adduct formation.

Resolving metal-binding dynamics with native MS (NMS) of metalloproteins
Given the nature and intermediate strength of metal-ligand coordination bonds, metal-biomole-
cule interactions are sensitive to pH, redox environment, and, in the case of proteins, 3D struc-
ture. These properties pose challenges to conventional sample preparation methods for MS
analysis, which often use low- or high-pH solvents that can influence metal interactions. NMS
is a rapidly developing MS technique used to study intact biomolecules in their native state.
The term ‘native’ refers to the analyte state prior to ionization wherein the analyte most closely re-
sembles its biological state. NMS has been developed to tackle an impressive size range of
analytes from small molecules to large (hundreds of kDa) protein complexes [28,29]. Importantly
for metalloproteins and peptides, the approach can leave noncovalent interactions, including
metal coordination bonds, intact (Figure 1A). NMS can be used in conjunction with IM to retain
biologically relevant structural information, including metal-induced conformational dynamics.

A distinction of NMS from non-native MS techniques is the inclusion of a buffer to maintain biolog-
ically relevant pH and ionic strength prior to ionization. Buffer choice can strongly influence the
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quality and sensitivity of data, as many common buffers (phosphate, Tris-HCI, Bis-Tris, etc.) are
nonvolatile and are incompatible with ESI [30]. Common volatile buffers, such as ammonium ace-
tate and triethyl ammonium bicarbonate, are useful in providing proper ionic strength but have lit-
tle to no buffering capacity at physiologically relevant pH (~7) [31,32]. The lack of adequate
buffering renders them susceptible to pH changes during the electrospray process; however,
the timescale of pH-induced protein unfolding may be longer than spectral acquisition, and
high concentrations (>100 mM) may aid in mitigating pH changes [32]. When studying large com-
plexes, the instrument mass-to-charge (m/z) range can be a limiting factor, and this limitation can
be further exacerbated due to the preservation of structure in NMS, which typically generates
lower-charge states; however, many modern instruments and techniques are being developed
to have extended m/z options allowing large (kDa) complexes to be studied.

In the context of traditional structural biology methods, which frequently require structural rigidity
and homogeneity, NMS fills an important need in studies of the conformational dynamics of intrin-
sically disordered proteins (IDPs) and peptides. In the event where multiple conformers are pres-
ent, such as in the case where the metal can bind at multiple locations in a semi-disordered
system, NMS data can provide conformational differentiation while simultaneously reporting on
metal stoichiometry. This ability was recently showcased in an assessment of metal binding by
the antiangiogenic plasmin-derived histidine-rich glycoprotein peptide (HRP) fragment by NMS
[33]. Studies have suggested that Zn?* binds to the histidine-rich region of HRP, influencing its
antiangiogenic properties [33]. Martin et al. used NMS to quantify the binding of five to six Zn*
ions to a peptide mimetic of the HRP proteolytic fragment comprising amino acids HRP330-
364 (HRP330). IM-MS experiments showed a decrease in arrival time when HRP330 was com-
plexed to zinc, indicative of a more compact cross-section. Increasing Zn>* concentration led to
arrival time peak broadening, suggesting the presence of multiple structural conformers [34]. ETD
and CID showed reduced fragmentation in select regions of the peptide, providing additional ev-
idence of multiple locations of zinc binding [34].

Recent studies have shown the promise of extending NMS to native top-down MS (nTDMS)
workflows to reveal key insights into metal interactions beyond classical cytosolic proteins to in-
clude recent studies of membrane metalloproteins via incorporation into nanodiscs and the char-
acterization of alpha synuclein’s metal-induced aggregation propensities [35-38]. Another
exciting application of NMS called native ambient MS imaging is providing opportunities to di-
rectly study metalloproteins in tissues with little to no pretreatment; recent work by Hale and co-
workers, for instance, showed that coupling NMS with MS imaging allows the direct assessment
and localization of metallated forms of GTPase Ran, paralbumin-alpha, and carbonic anhydrase
localized in rat brains [39]. While the method is currently limited in its sensitivity and size capabil-
ities, further development of these technologies should provide exciting opportunities to observe
tissue-specific differences in metalloprotein states.

Considerations for MS analysis

While MS-based techniques are promising for the probing of metal-biomolecule interactions, the
information to be gleaned from ESI-MS should be interpreted with caution and paired with other
solution-based validation methods. For instance, due to the nature of the electrospray process
and ion generation, Cu®* adduct formation may occur more readily during the desolvation of
the charged droplets generated by ESI. A thorough study conducted by Bal et al. further substan-
tiated these concerns by illustrating key differences between solution-phase metal-binding equi-
librium and gas-phase equilibrium [40]. Moreover, when analyzing transition-metal complexes
such as those with Cu™ and Fe?* via ESI-MS, the oxidation state may change during the ionization
process depending on the source conditions, therein reducing or increasing metal-biomolecule
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formation. While the oxidation state of the bound metal post-ionization can be determined by
careful examination of the isotopic distribution of the metal complex with a mass spectrometer
with high-resolution capability, the true endogenous oxidation state of the complex needs to be
validated through follow-up experiments or prior knowledge of the oxidation state.

In addition, there is often uncertainty associated with the use of fragmentation-based studies to
localize a metal-binding site. The difficulty arises from potential ‘metal hopping’, which is akin to
the ‘mobile proton theory’ where the proton is transferred and facilitates the fragmentation pro-
cess [41]. This phenomenon has been studied in peptides with several acidic residues in
which, during fragmentation, chromium was inserted into the peptide backbone, occluding accu-
rate localization [42]. The Spence group proposed a similar event when identifying the zinc-bind-
ing site of C-peptide [24]. Therefore, care should be taken when suggesting metal-binding
locations based on fragmentation spectra alone. Nevertheless, these studies highlight the
power of MS to quickly gain insight into metal binding and to elucidate the complex nature of
metal-binding dynamics.

Classifying metal-protein populations in biological mixtures

Profiling metal populations based on size

While the field of metalloproteomics has provided key insights into metal-biomolecule interac-
tions, there remains a subset of this population that is uncharacterized due to challenges in
metal coordination preservation [11]. The uncharacterized population is a mixture of large and
small proteins and peptides as well as small-molecule metabolites like citrate. Separating
metal-binding species via molecular weight cutoff (MWCO) filters is appealing due to the experi-
mental ease, efficiency, and range of cutoff sizes. Efforts have been made to classify clinical cop-
per status in terms of populations bound to the major carrier ceruloplasmin (CP) [43-45]. To
achieve this, MWCO filtration has been applied alongside total metal and/or immunoassay quan-
tification of CP [46]. Wilson disease, a genetic copper-trafficking disorder, is typically monitored
via comparison of CP- and non-CP-bound copper levels [43,47]. Furthermore, MWCO filtration
methods were recently leveraged on mice missing the copper importer Ctri to identify a novel
copper carrier of <2 kDa, termed small copper carrier (SCC) [48]. SCC was proposed to be re-
sponsible for increased urinary copper excretion in the mutant mice, indicating that low-molecu-
lar-weight metal-binding species in the blood may influence and represent an organism’s metal
status, warranting further investigation into their identities.

Understanding not only total metal levels but also how the distribution shifts in disease states
holds promise in diagnostics. The limitation of using strict MWCO approaches for this purpose
is that they bin the copper pool into simply high or low molecular weight rather than a spectrum
of sizes. Indirect methods like chelator/ultrafiltration methods also suffer from the inability to di-
rectly analyze speciated metals and rely on approximations and assumptions of metal binding
[45,46]. Other multidimensional separation methods involving the use of NMS can be used to
probe how speciation occurs in metalloproteins but currently lack the ability to profile metal dis-
tribution in biofluids in a high-throughput manner. To this end, research has incorporated a com-
bination of chromatographic separation techniques like anion exchange, size exclusion, and 2D
gel electrophoresis followed by laser ablation coupled with inductively coupled plasma MS
(ICP-MS) (Table 1) [49,50]. Size exclusion chromatography (SEC) separates analytes
based on molecular weight while ICP-MS enables accurate metal quantitation (Figure 2).

When combined, changes in metal speciation and distribution among molecular-weight classes
can be accurately measured and contrasted across conditions. SEC-ICP-MS has found utility in

the classification of Wilson disease based on copper distribution, monitoring of zinc redistribution
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Figure 2. Profiling metal distribution by size exclusion chromatography-inductively coupled plasma mass
spectrometry (SEC-ICP-MS). The diversity of metal-binding species is monitored by SEC-ICP-MS. Changes in metal
distribution are used to assess disease states and progression. Created with BioRender.com.

in serum with high lipid content, and metalloprotein determination in human breast milk, serum,
and cerebrospinal fluid [51-57]. Another instance of the application of SEC-ICP-MS in diagnostic
settings is monitoring the redistribution of iron post-intravenous injection of iron-containing com-
pounds used to treat iron deficiency. Using custom SEC-ICP-MS, Neu et al. monitored the in-
crease of iron-binding species at different molecular weights after an injection of Ferrlecit
(sodium ferric gluconate). Clear differences were observed for both protein-bound (higher molec-
ular weight) and non-protein-bound (lower molecular weight) species 3 h post-injection [58].
While still in the early stages of development, SEC-ICP-MS used in conjunction with
proteomics-based MS techniques will provide a deeper picture of the complexities of metal dy-
namics and speciation.

Enriching metal-binding species from biological mixtures with immobilized metal affinity chroma-
tography (IMAC)

Complementary to developments in chromatography-paired ICP-MS, chromatographic enrich-
ment of protein populations based on metal-binding propensities has the potential to identify
new metal-binding populations [59]. Bottom-up proteomics enables both the identification of
proteins and a snapshot of the protein abundance landscape in a biological mixture. Despite its
utility, sample preparation involves harsh denaturing conditions and enzymatic digestion leading
to loss of metal coordination. Thus, in addition to investigating the tightly bound pool of metals
found buried in the center of a protein, it becomes important to purposefully identify labile
metal-bound pools of biomolecules. This limit on sample preparation may be circumvented by
preserving metal-interaction information prior to the application of bottom-up proteomics.
IMAC has the potential to fill this gap (Figure 3 and Table 1).

IMAC was first introduced in the literature as a method for fractionating histidine- and cysteine-
containing proteins [60]. While its most widespread use in current research is the purification of
histidine-tagged proteins, researchers have demonstrated its potential to identify putative
metal-binding species that are difficult to predict based on sequence information alone [60,61].
IMAC comprises three main components: an immobilizing resin, an extending linker, and a
metal chelating group. Biomolecules with metal-binding propensities will interact with the
immobilized metal creating a ternary complex, whereas non-metal-binding species will not inter-
act with the resin, allowing their removal. In the early 2000s, several studies focused on the use of
IMAC to understand the metalloproteome illustrated the potential application of IMAC to gain bi-
ological insights. For example, She et al. described cell-line-dependent differences between
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Figure 3. Varying metal-binding species enrichment methods via immobilized metal affinity chromatography
(IMAC). (A) Traditional enrichment of proteins by IMAC. (B) Identification of metal interaction sites of enzymatically
digested proteins. (C) On-resin protein digestion to identify putative metal interaction sites. Created with BioRender.com.

proteins enriched on Cu?*- and Zn?*-IMAC resin [62]. Among those proteins enriched on the
Cu?*-loaded IMAC resin was protein disulfide isomerase (PDI), which had been only recently de-
termined to bind Cu®*. Smith et al. followed by separating microsomal and cytosolic components
and applying each to a Cu?*-IMAC resin. A total of 67 proteins were enriched, with several not
previously reported to associate with copper [62,63].

Additionally, IMAC has been uniquely applied to understand metal binding and regulation in extra-
cellular proteins in blood-based samples. Wang et al. applied serum to IMAC resins loaded with
Zn*, Cd?*, Ca?*, Ni#*, and Pb?*, resulting in over 700 protein identifications with several proteins
showing metal-specific enrichment levels. For example, transthyretin was moderately enriched
on Ni?* and Cu®* resins whereas Zn®*-IMAC enriched transthyretin to a lesser extent [64]. Ex-
tending IMAC’s application to study metal-binding dynamics, our laboratory explored the utiliza-
tion of IMAC to study the relative strength of the Cu®*—IDA interaction by incubating a fixed
amount of resin with increasing percentages of serum [65]. Both 1D gel electrophoresis and
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MS-based proteomics revealed key differences in protein populations with respect to increasing
serum. The workflow was further extended to study differences in copper-interacting proteins in
Wilson disease and healthy controls. In addition to producing differentially abundant proteins, the
IMAC workflow acted as a pseudo-clean-up step while preserving key protein abundance infor-
mation in the non-IMAC-based proteomics workflow [65].

Identifying metal interaction sites

Although the typical IMAC workflow leaves the metal interaction site ambiguous, this challenge
can be addressed by including protein digests in the method. For instance, an initial IMAC enrich-
ment followed by trypsin digestion and reapplication of digested proteins to IMAC can point to the
specific sequences that interact with the resin. Smith et al. demonstrated this approach with
Streptococcus pneumoniae lysates applied to Co?*- and Ni*-IMAC, resulting in over 200 puta-
tive metal-binding proteins. Reapplication of tryptic peptides revealed the sequence motifs H(X)
nH, MX)nH, and H(X)nM [66]. To streamline this approach, She and coworkers showed that
digestion-paired IMAC can be performed with a single enrichment step via ‘on-column protein di-
gestion’ [62]. In on-column digestion, the sample is first enriched on column, but prior to elution of
the bound species the enzyme is applied directly to the resin. In theory, the remaining peptides
will be the sections of proteins interacting with the immobilized metal and can be eluted and an-
alyzed. The approach was used to find BiS*-interaoting sites of proteins from Helicobacter pylori
to provide insight into the antibacterial mode of Bi-containing gastrointestinal drugs [67].

An additional method to identify putative protein metal-binding sites identified by IMAC is differential
labeling (Table 1). In this approach, native and denatured proteins are modified with a residue-
specific label (i.e., iodoacetamide for cysteine alkylation) followed by MS-based proteomics analysis
(bottom up or top down). Metal interaction sites are correlated with residues showing differential
modification as metal coordination is likely to inhibit reaction with the chemical label [68,69]. Using
metallothionine, a cysteine-rich metalloprotein, as a model, Krezel and colleagues illustrated that a
dual labeling strategy was more effective in assessing metal interaction sites of moderate to low
binding affinities than the traditional single-label workflow [70]. Similar to the traditional workflow,
the native protein is first modified with a residue-specific label. However, after the initial labeling
the same protein is denatured, the metal is removed, and it is modified with a second chemical
label with similar residue specificity. Residues with the second chemical label are probable locations
of metal interactions. While differential labeling is powerful, it requires careful optimization of the labile
concentration as well as labels that are specific to metal-coordinating residues under the protein’s
native conditions. Nevertheless, this is an important tool to elucidate metal interaction sites. These
examples highlight the diversity of applications of IMAC paired with MS-based analysis and should
remain in the toolkit of bicinorganic chemists as new technologies emerge.

Concluding remarks

The increasing diversity of MS-based tools and emerging technologies described herein will en-
able cutting-edge breakthroughs in the field of metallomics. The expansion of MS applications
will provide vital insight complementary to other established spectroscopic approaches routinely
used in the bioinorganic field. While we have highlighted recent advances and applications to-
ward understanding metal-binding dynamics, the breadth of available tools remains narrow.
For example, we lack accurate methods to monitor the metal loading of large proteins that require
several metal cofactors for proper function. Despite recent developments, these methods are
currently limited to small (<20 kDa) metalloproteins and need further refinement. In addition,
there is a particular deficit in tools that explore the extracellular space; study has been hindered
not only by its complexity, but also by the dynamic range of analytes (see Outstanding
questions). Combining the power of computational chemistry, chromatography systems, and
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Outstanding questions

What are the labile metal interactions in
the extracellular space?

Can MS-based methods be devel-
oped to monitor metal-mediated com-
plex formation and used to gain insight
into solution-phase dynamics?

What is the influence of the various
fragmentation techniques on metal
binding and the ability to capture
endogenous metal interaction sites?

To what degree does metal speciation
allow differentiation of diseases and
disease progression?

Trends in Biochemical Sciences, Month 2023, Vol. xx, No. xx

9




¢ CellPress

Trends in Biochemical Sciences

MS will facilitate the characterization of metal-binding-site dynamics with respect to changes in
post-translational modifications, mutations, and ternary complex formation. Importantly, this
research will investigate links between metal regulation, health, and disease. While these relation-
ships have been suggested, there exists a large barrier to improving human health and develop-
ing disease diagnostic tools. An understanding of metal biomolecules in the intra- and
extracellular space will usher in a new frontier in our understanding of the functional role metals
have in bioclogy.
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