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ABSTRACT: The direct correlation between proteoforms and biological phenotype
necessitates the exploration of mass spectrometry (MS)-based methods more suitable for
proteoform detection and characterization. Here, we couple nano-hydrophobic interaction
chromatography (nano-HIC) to ultraviolet photodissociation MS (UVPD-MS) for separation
and characterization of intact proteins and proteoforms. High linearity, sensitivity, and sequence
coverage are obtained with this method for a variety of proteins. Investigation of collisional
cross sections of intact proteins during nano-HIC indicates semifolded conformations in low
charge states, enabling a different dimension of separation in comparison to traditional, fully
denaturing reversed-phase separations. This method is demonstrated for a mixture of intact
proteins from Escherichia coli ribosomes; high sequence coverage is obtained for a variety of
modified and unmodified proteoforms.

KEYWORDS: hydrophobic interaction chromatography (HIC), ultraviolet photodissociation (UVPD), mass spectrometry (MS),
orbitrap mass spectrometer, protein, proteoform, top-down mass spectrometry (TDMS), native mass spectrometry (nMS),
collisional cross section (CCS), liquid chromatography (LC)

■ INTRODUCTION
The broad field of proteomics has uncovered many insights
related to understanding disease pathways and discovery of
diagnostic markers.1−3 Specifically, the characterization of
proteoforms�or the sum of protein products that arise from a
single gene as a function of alternative splicing, genetic
variations, and post-translational modifications (PTM)�is
essential for decrypting many biological processes.4 The field
of mass spectrometry (MS)-based proteomics has emerged as a
powerful tool to characterize and differentiate proteoforms,
and multiple strategies have been developed to tackle
numerous multifaceted problems.5 MS-based proteomic
analysis is typically performed via one of three key approaches
categorized as bottom-up6,7 and middle-down8 methods, both
of which incorporate proteolysis of proteins prior to analysis,
or top-down,2,4,9,10 which encompasses analysis of intact
proteins. All three strategies generally rely on integration of a
robust liquid chromatographic separation method (or less
commonly, capillary electrophoresis) and tandem mass
spectrometry (MS/MS), typically via electrospray ionization
(ESI). While proteolysis-based proteomics strategies are
capable of detecting protein modifications with high sensitivity,
they lack the ability to directly differentiate proteoforms.2,4,9,10

Analysis of intact proteins enables separation and direct
identification of proteoforms, which are highly relevant to

correlating the biological function of proteins in disease
pathways.2−4 However, analysis of intact proteins presents new
challenges, both in terms of separation and MS/MS character-
ization, thus motivating the ongoing quest to advance the
performance of top-down analysis and options for top-down
analysis.
Reversed-phase liquid chromatography (RPLC) is most

commonly employed for separation of intact proteins prior to
ESI-MS/MS; this mode of chromatography analyzes proteins
in their denatured forms with proteins ionized in high charge
states.9,11 Several other separation modalities have been
explored for analysis of intact proteins by mass spectrometry,12

including size-exclusion chromatography (SEC),12−16 ion-
exchange chromatography (IEX),17−19 and hydrophobic
interaction chromatography (HIC).20−24 Although well-suited
for analysis of native proteins using nondenaturing mobile
phases, SEC suffers from low-resolution separation and
significant sample dilution.25 IEX typically uses a salt or pH
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gradient, a factor that may alter MS sensitivity throughout the
run, but has proven successful for biopharmaceutical
applications.12 HIC has emerged as a promising alternative
for analysis of intact proteins in low charge states and has most
notably been applied to characterization of intact proteins and
monoclonal antibodies at the MS1 level and/or in conjunction
with ECD fragmentation.21,23,24 The exact mechanism of low-
charge-state production via HIC of intact proteins is not fully
understood in the context of protein structures, and HIC has
not yet been adapted for high-throughput nanoscale
separations.20−24 One other emerging separation method for
intact proteins is capillary electrophoresis, offering high
separation efficiency and being well-adapted for native-like
proteins owing to the use of a buffered solution for sample
migration.26−30 Among these methods, HIC has a number of
similarities to conventional reversed-phase methods, using
hydrophobic stationary phases and also a salt to mediate
interactions between the stationary phases and proteins.
The consideration of the effect of chromatographic

separation on protein structures and thus charge state is a
critical one in determining the extent of sequence coverage
that may be obtained via tandem mass spectrometry. For
example, successful characterization of intact proteins via
typical dissociation methods like collision-induced dissociation
(CID) (including higher-energy collisional dissociation
(HCD)) is dependent on high protein charge states due to
the reliance of these MS/MS methods on the mobile protons
to facilitate production of a broad array of b/y sequence
ions.31−34 In the context of collisional activation of intact
proteins, backbone fragmentation may be relatively sparse and
often dominant near the terminal ends of proteins, thus
resulting in limited sequence coverage that may be suitable for
identification of proteins rather than detailed characterization
of modified proteoforms. Alternative activation methods, such
as electron capture dissociation (ECD),35−37 electron transfer
dissociation (ETD),37−39 and ultraviolet photodissociation
(UVPD),40,41 or hybrid methods (for example, EThcD, AI-
ETD, ET-UVPD, and AI-ECD)42−46 are promising options for
characterization of intact proteins, although most electron-
based methods still exhibit a rather notable dependency on
charge states.44,47 UVPD relies on absorption of 193 or 213
nm photons, allowing access to higher-energy fragmentation
pathways that result in a combination of a/x-, b/y-, and c/z-
type ions that afford broad sequence coverage.40,48−50 A
unique advantage of UVPD for top-down analysis is its lack of
charge-state dependence; high sequence coverages of intact
proteins have been obtained for folded, native-like proteins in
low charge states as well as denatured, highly charged protein
ions with UVPD.51−53 This feature facilitates coupling of
UVPD to both denaturing and native separation modes
without sacrificing performance. Moreover, the analysis of
fragment ions in low charge states from intact proteins offers
the added potential benefit of “decongesting” the spectra
because fragment ions are produced in lower charge states,
spreading them out in the m/z landscape, easing isotope
assignments, and facilitating interpretation of spectra.
Here, we have coupled nano-HIC to MS for production of

intact proteins in low charge states and characterization of
proteins and proteoforms via UVPD. This work investigates
the use of alternative nanoscale separation methods to
traditional reversed-phase methods for top-down proteomics
and to capitalize on the ability of UVPD to characterize protein
fragment ions generated in low charge states because of the

solvent composition used for HIC separations. We also
investigate the extent to which native protein structures are
retained in an attempt to determine the utility of nano-HIC-
UVPD in structural biology/native proteomics.

■ EXPERIMENTAL SECTION

Materials

LC-MS grade water, formic acid, acetic acid, and acetonitrile
were purchased from Fisher Scientific. Ammonium acetate,
magnesium acetate tetrahydrate, lysozyme (chicken egg white),
ubiquitin (bovine erythrocytes), ribonuclease A (bovine
pancreas), α-lactalbumin (bovine milk), myoglobin (equine
skeletal muscle), cytochrome C (equine heart), and superoxide
dismutase (bovine erythrocytes) were all purchased from
Millipore Sigma. Escherichia coli strain B 70S ribosome was
obtained from New England BioLabs (NEB). For LC-MS runs,
individual protein samples were diluted into mobile phase
starting conditions without prior cleanup. To avoid interfer-
ence with protein analysis, nucleic acids from the E. coli 70S
ribosome sample were precipitated as previously described.54

In brief, 1:4 (v/v) of 100 mM magnesium acetate/ribosome
and 1:1 (v/v) acetic acid/ribosome were combined. The
mixture was incubated for 1 h at 4 °C with subsequent
centrifugation at 10 000 rpm for 5 min. The resulting
supernatant was removed, and the sample was exchanged
into mobile phase starting conditions for LC-MS experiments.
Native Nano-Liquid Chromatography

Nano-HIC experiments were performed on an UltiMate 3000
RSLCnano system (Thermo Fisher Scientific) configured in
direct inject mode. Columns were packed in-house with a
PolyPENTYL A bulk material (3 μm, 1500 Å, PolyLC) using
75 μm I.D. capillaries. HIC columns were packed to ∼20 cm
length. One microliter of the sample was injected onto the
house-packed nano-HIC column using a user-defined program
(UDP) for autosampler control and sample injection. Mobile
phase compositions included 1 M ammonium acetate (MPA)
and 20 mM ammonium acetate, 90% ACN (MPB). Both
mobile phases additionally contained 0.1% formic acid (FA).
The flow rate was held constant at 400 nL/min for the
duration of the 78 min method. After an initial 19 min
equilibration period at 1% MPB, proteins were eluted by an
increase to 99% MPB from 19−49 min. MPB was held at 99%
for an additional 10 min (49−59 min) prior to a 19 min re-
equilibration period (59.001−78 min). For nano-RPLC
experiments, a standard trap and elute method was utilized
instead of a direct inject method. Trap and analytical nano-
RPLC columns were packed to 3.5 and 20 cm length,
respectively, with the PLRP-S packing material (5 μm, 1000 Å,
Agilent). The gradient for RPLC comprised of water (MPA)
and acetonitrile (MPB), both with 0.1% formic acid. The
RPLC gradient started at 2% MPB and increased to 10% MPB
over 5 min (0−5 min), then up to 35% MPB (5−25 min), up
to 90% MPB (25−35 min), held at 90% MPB (35−40 min),
and re-equilibration at 2% MPB (40.001−55 min). The total
method runtime was 55 min with a constant flow rate of 300
nL/min. For all experiments, the autosampler was held at 5 °C.
The nano-LC columns were at room temperature for all
experiments.
Mass Spectrometry

All data were collected using a modified, research-grade
Thermo Scientific Q Exactive HF-X Biopharma mass
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spectrometer (Bremen, Germany) that was modified by the
addition of a 500 Hz, 193 nm coherent ExciStar excimer laser
(Santa Cruz, CA) to perform UVPD in the HCD collision cell,
as described previously.55,56 For all direction infusion experi-
ments, an nESI NanoFlex source was utilized. The same source
was used for interfacing of a nano-LC column eluent into the
mass spectrometer. The source was operated in positive ion
mode at 1.2 kV. Tips for nESI were packed in-house using a P-
2000 tip puller (Sutter Instruments) and using 1.2 mm OD,
0.69 mm ID borosilicate capillaries. MS1 scan parameters
included 2 μscans/scan, 240K resolution, 5e6 AGC target, and
10 ms maximum injection time. MS/MS experiment
parameters included 3 μscans/scan, 240K resolution, 1e6
AGC target, 500 ms maximum injection time, n = 5 loop count
(i.e., 5 MS/MS scan events per MS1 precursor scan), an
isolation window of 1.4 m/z, and an intensity threshold of 8e4.
Inclusion lists with precursor m/z values and charge states
were utilized for all experiments; precursor ions for inclusion
lists were identified via survey MS1 scans. Intact protein mode
was utilized for all protein experiments. All UVPD experiments
were performed using 3 pulses, 3 mJ per pulse, unless
otherwise noted. Collisional cross section (CCS) measure-
ments were carried out using transient decay analysis (TDA)
as previously described,57 in which CCSs were estimated based
on ion decay rates in an Orbitrap analyzer, with a pressure
calibration based on the 8+ charge state of holo-myoglobin
(240K resolution) and with N2 as the collision gas. HCD
experiments were performed using a three-step NCE program
(35, 40, and 45 NCE). All MS/MS data for a given precursor
ion were averaged over the peak apex using a 50% base-peak
cutoff. The resulting total number of scans averaged per
precursor varied based on the precursor elution peak width.
MS/MS data was deconvoluted with QualBrowser Xtract using
the default S/N value of 3. Deconvoluted MS/MS fragments
were manually searched against individual protein sequences in
ProSight Lite using a 10 ppm mass error tolerance for all
assignments. Quantitation of nano-HIC protein peaks for
calibration curve generation was created in QualBrowser using
automated peak detection with manual integration adjustments
as necessary.

■ RESULTS AND DISCUSSION
As HIC typically results in production of proteins in low
charge states owing to the nature of the mobile phase, we
hypothesized that HIC would integrate well with UVPD-MS
owing to the robust performance of UVPD over a range of
charge states.50 Moreover, the orthogonal separation mode
compared to conventional reversed-phase methods (more
hydrophobic stationary phase, nonpolar/organic mobile phase)
offers the prospect of uncovering proteins that might otherwise
be obscured. Existing methods for HIC-MS analysis of intact
proteins have utilized mobile phases (MPs) containing 1 M
ammonium acetate (MPA) and 20 mM ammonium acetate
with 50% ACN (MPB).23,24 We aimed to develop a
complementary nanoscale HIC-MS method to extend the
scope of the strategy and facilitate integration with UVPD for
high-throughput protein analysis.
After optimization and evaluation of alternative gradients, all

subsequent methods used a PolyPENTYL A stationary phase
and a flow rate of 400 nL/min (1−99% MPB over 30 min after
a 22 min equilibration period). Mobile phases mirrored those
used for previously reported HIC-MS applications�MPA: 1
M ammonium acetate and MPB: 20 mM ammonium acetate,

90% ACN. Both mobile phase components additionally
contained 0.1% formic acid (FA), as some proteins are not
readily detected without this additive, possibly owing to
retention on column or ionization suppression. Using these
conditions, benchmark protein lysozyme (14.3 kDa) elutes at
∼43 min and is readily detected in low charge states (6+ to
8+) (Figure S1). This retention time corresponds to a solution
composition consisting of approximately 30% ACN and 670
mM ammonium acetate (34% MPB). Direct infusion of
lysozyme in solutions containing 50 mM ammonium acetate
indicates that low charge states (primarily 7+ and 8+) are
similarly observed regardless of whether the solvent
composition is aqueous, aqueous with 0.1% formic acid, 30%
ACN, or 30% ACN and 0.1% formic acid (Figure S2a−d). In
contrast, lysozyme sprayed from solutions containing 20%
ACN or 50% ACN (Figure S2e,f), each with 0.1% formic acid
but without 50 mM ammonium acetate (akin to solution
compositions prevalent in conventional reversed-phase PLRP-
LC used for proteins), show much higher and broader charge-
state distributions, with the 9+ charge state most abundant for
both solutions and charge distributions ranging from 8+ to 10+
or 7+ to 13+ for the 20 and 50% ACN conditions, respectively.
These comparisons suggest that the presence of high salt
concentrations (e.g., 50 mM ammonium acetate) results in low
charge states even in the presence of an ample supply of
protons from formic acid. Based on additional results shown
later, there is no compelling evidence that the low charge states
are indicative of fully native-like structures, but rather that the
low charge states arise from the use of the high salt
concentration, which may partially mitigate protein unfolding
and/or from the fast kinetics of the interactions between the
proteins and the HIC stationary phase, which may be faster
than the kinetics of full protein denaturation or shield the
proteins from full exposure to the organic solvent.
An equimolar mixture of five proteins, including ubiquitin,

lysozyme, ribonuclease A, cytochrome c, and α-lactalbumin,
ranging in size from 8.6 to 14.3 kDa (see Table S1), was
separated by nano-HIC (400 μL/min, 1−99% MPB over 30
min). A representative chromatographic trace is shown in
Figure 1a, including both the base-peak trace and the extracted
ion chromatograms (XICs) for each of the five proteins. The
peaks are somewhat broader than the ones observed upon
conventional reversed-phase LC (see Figure S3), for example,
2.0 min (RPLC) vs 3.5 min (HIC) peak width for ribonuclease
A. This phenomenon is likely a reflection of the heterogeneity
of the protein conformations as well as the efficiency of the
HIC separation mechanism. Ubiquitin exhibits the poorest
chromatographic resolution, which may reflect multiple
different conformers and nonuniform interactions with the
HIC stationary phase (Figure 1a).58,59 The dependence of
elution in HIC-MS on the hydrophobic accessible surface area
(HASA) may be advantageous for the separation of proteins,
which are similar in mass, as observed here for lysozyme (14.3
kDa) and α-lactalbumin (14.2 kDa) (Figure 1a). While these
proteins differ by only 127 Da in mass (less than 0.9%
difference in mass), the difference in HASA is more prominent,
as lysozyme has a theoretical HASA of 946 Å2, while α-
lactalbumin has a larger HASA of 1460 Å2, 1.5× greater than
that of lysozyme. Theoretical HASA values for all five proteins
are shown in Table S2 and correlate directly with the order of
elution of these five proteins. The high-resolution separation of
proteins of similar masses is challenging with other nano-LC
methods such as nano-RPLC, in which denatured proteins of
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similar mass often have similar elution times.9 Development of
nanoscale ion-exchange-based chromatographic methods may
offer another opportunity for separation of proteins of similar
masses and deserve further exploration.18,19,60−62

Characterization of the five protein mixture was also
undertaken using a standard denaturing RPLC approach, for
which proteins are generated in higher charge states compared
to nano-HIC. The extracted ion chromatograms of the most
abundant charge state of each protein is shown in Figure S3a,
showing the following order of elution:lysozyme, ribonuclease
A, cytochrome c and ubiquitin, and α-lactalbumin. This elution
order differs from that observed using nano-HIC (Figure 1a)
as the RPLC method separates proteins based on hydro-
phobicity of denatured proteins, while nano-HIC separates
based on the hydrophobic accessible surface area of partially
folded proteins. The separation methods are complementary;
for example, ubiquitin and cytochrome c, which co-elute by
RPLC (Figure S3a), are resolved by HIC (Figure 1a).
As shown in Figure 1b, the MS1 spectra of each of the five

proteins obtained from the nano-HIC runs show low charge
states for all five proteins. Even the latest eluting protein, α-
lactalbumin, which is thus subjected to the most highly organic
mobile phase conditions (highest percentage of ACN),
displays low charge states. The charge states of α-lactalbumin
range from 7+ to 12+ when sprayed from a denaturing solution

(50:50 water/acetonitrile with 0.1% formic acid) without
ammonium acetate (Figure S4).
The production of low charge states by HIC has been

observed previously in applications using capillary HIC-MS for
the analysis of intact proteins and monoclonal antibodies.23,24

In those prior studies, HIC was classified as a quasi
nondenaturing mode of chromatography, and the authors
concluded that protein elution occurred faster than complete
denaturation using certain types of HIC stationary phase
materials (such as the one also used in the present work,
PolyPENTYL A). Another plausible explanation for the elution
of proteins in low charge states is that the high salt
concentration maintained during the separation may contrib-
ute to protection of the tertiary structure and limit protonation
of less accessible basic side chains or ones involved in
stabilizing noncovalent interactions such as hydrogen bonds or
salt bridges.23,24 The observation of low-protein charge-state
distributions does not necessarily equate with native-like,
folded structures, for example, low-charge-state distributions
can also be achieved by means of proton-transfer reactions
(PTRs), conversion of basic lysine side chains to nonbasic
carbamylated groups, and the use of basic (high pH) solution
conditions.53 However, none of the reagents typically
employed for charge reduction of proteins are used in the
nano-HIC-MS conditions; thus, the observation of low charge
states for proteins analyzed with this method is likely due to
the high ionic strength of the high salt mobile phases.
The presence of low-abundance proteoforms exhibiting mass

shifts consistent with post-translational modifications was also
observed for a few of the proteins. The separation of low-
abundance proteoforms of ubiquitin and lysozyme is shown in
Figure S5a,b, respectively. For example, an additional proteo-
form of ubiquitin (m/z 1778, 5+) elutes slightly earlier than
the dominant proteoform (Figure S5a). This low-abundance
proteoform may correspond to partial ADP ribosylation of the
C-terminal glycine residue at position G76, which has been
previously reported (+C6H14O11P2, +324.0011 Da).63,64 Two
additional low-abundance proteoforms are observed for
lysozyme, with mass shifts corresponding to approximately
−14 and +35 Da relative to the primary proteoform (Figure
S5b). These findings showcase the ability of nano-HIC-MS to
separate low-abundance proteoforms, ones overshadowed
using direct infusion methods or denaturing chromatography
workflows.
We investigated the quantitative dynamic range of the nano-

HIC-MS method by evaluating the extracted ion chromato-
grams (XICs) generated from successive replicate injections (n
= 3) of increasing concentrations of α-lactalbumin (0.5−12.5
μM), as shown in Figure 2a. Calibration curves were generated
for all five proteins; high linearities were obtained ranging from
0.983 to 0.998 (Figure 2b), underscoring the use of nano-HIC-
MS for quantitative analysis. Additionally, the different
response factors of each protein are evident from the slopes
of the calibration curves (Table S3), with ubiquitin showing
the highest response factor and cytochrome c showing the
lowest response factor. Limit of detection (LOD) and limit of
quantitation (LOQ) using nano-HIC-MS were calculated from
the calibration curves of each of the proteins, with LOD values
ranging from 2.0 to 5.6 pmol (based on the injection amount)
and LOQ values ranging from 6.0 to 17.0 pmol (Table S3).
These metrics compare favorably to capillary HIC-MS
methods, which have shown detection limits in the range of
14.0−58.5 pmol (based on 2 μL injections of protein (0.1−0.5

Figure 1. (a) Separation of five protein mixture (12.5 μM each of
ubiquitin (Ub), lysozyme (Lys), ribonuclease A (RibA), cytochrome c
(Cyt c), and α-lactalbumin (α-Lac)) using nano-HIC/MS with the
base-peak chromatogram and extracted ion chromatograms (XICs) of
each protein. (b−f) MS1 spectra from the HIC-MS run for each of
the five proteins. Nano-HIC separation was performed at a flow rate
of 400 nL/min with a 30 min gradient from 1 to 99% MPB.
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mg/mL concentrations, approximately 7−29 μM), on-
column)24 and benchmark nano-HIC as a sensitive approach.
Beyond MS1 detection and quantitation, we evaluated the

characterization of the five benchmark proteins via HCD and
UVPD. Assessment of HCD and UVPD data via direction
infusion resulted in optimal HCD NCE values ranging from 35
to 45 NCE (depending on the protein) and 193 nm UVPD
conditions of 3 pulses, 3 mJ per pulse (Figure S6). UVPD
conditions which performed best via direct infusion were also
shown to perform best using nano-HIC/UVPD-MS (Figure
S7). Examples of sequence coverage obtained for the most
abundant charge state of lysozyme (7+) are shown in Figure
3a,b, with 40 and 5% sequence coverage using either UVPD or
stepped HCD, respectively. Bar graphs of sequence coverage
for all five proteins obtained from replicate (n = 3) nano-HIC-
MS/MS runs are shown in Figure 3c. Much higher sequence
coverage is obtained by 193 nm UVPD compared to HCD.
The performance of collisional activation methods like HCD
depends greatly on charge states and the presence of mobile
protons.32 Collisional activation of proteins in low charge
states often results almost exclusively in preferential cleavages
(ones adjacent to Pro and/or acidic residues) and thus results
in very low sequence coverage.65 We have also noted that
HCD of proteins in low charge states generated from basic
solutions or by carbamylation of lysines results in low sequence
coverage.53 Alternative activation methods such as ETD and
ECD also perform less proficiently for ions in low charge states
because electron activation methods are mediated by the
charge density of the targeted ions.44,66,67 In contrast, 193 nm
UVPD generates fragmentation patterns of proteins which are
largely charge-independent, thus offering consistently high
sequence coverage regardless of charge state.53,68 UVPD of
low-charge-state ions also results in MS/MS spectra in which
the fragment ions are more dispersed in the m/z landscape

than their respective high-charge-state counterparts, thus often
enabling equivalent or even higher sequence coverage and
greater levels of characterization. In addition, many of the
benchmark proteins included in the present study contain one
or more disulfide bonds (Lys: 4, RibA: 4, α-Lac: 4, CytC: 1,
Ub: 0). Disulfide-containing proteins are traditionally difficult
to characterize via standard MS/MS methods; in contrast,
UVPD has been shown to generate high sequence coverage of
disulfide-containing proteins owing to the ability of UVPD to
cleave disulfide bonds.69

For the proteins separated by RPLC-MS, sequence coverage
obtained by HCD was still somewhat lower than that obtained
by UVPD (Figure S3b), but the performance of HCD was
significantly better for the same proteins separated by RPLC
compared to HIC (Figure 3c) due to the analysis of higher
precursor ion charge states. It should also be noted that partial
retention of a secondary and/or tertiary structure could affect
the sequence coverage results for HCD. This comparison
underscores the advantage of UVPD for pairing with HIC
separations that are likely to generate low charge states of
proteins.
We aimed to further explore whether the conditions used for

nano-HIC separation are truly nondenaturing or some
intermediate. While low charge states observed for proteins
are often indicative of folded, native-like protein structures,

Figure 2. (a) Extracted ion chromatograms of α-lactalbumin (7+) for
three 1 μL injections of 0.5, 2.5, and 12.5 μM solutions and (b)
calibration curves from triplicate injections of 0.5, 2.5, and 12.5 μM
solutions of five proteins with the most abundant charge states used
for peak area determination.

Figure 3. (a) 193 nm UVPD and (b) HCD mass spectra of lysozyme
(7+, m/z 2044) from representative nano-HIC runs. (c) Comparison
of sequence coverage obtained from UVPD and HCD of the most
abundant charge states of each of the five proteins via nano-HIC-MS
based on the average of replicate experiments (n = 3). The selected
precursor is labeled with a green circle. The cysteines involved in
disulfide bonds are shaded gray in the sequence maps.
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they are also characteristic of charge states adopted by proteins
in basic solutions and/or may be indicative of collapsed
structures.70−72 We examined whether noncovalent interac-
tions are maintained by analyzing both myoglobin, which binds
its heme ligand via noncovalent interactions, and superoxide
dismutase, which exists in a native monomer/dimer equili-
brium state. The MS1 spectra obtained from nano-HIC-MS of
myoglobin and SOD are displayed in Figure 4a,b, and the

companion nano-HIC extracted ion chromatograms of both
the monomeric and complexed forms of each protein are
displayed in Figure S8. As seen in Figure 4a, the charge-state
distribution of myoglobin is low, ranging from 7+ to 10+;
however, only a small percentage of the protein retains heme
(<10%). SOD displays a majority of monomers (∼80%
monomers) in the MS1 spectrum, indicating relatively low
survival of dimers (20%) (Figure 4b).
The corresponding mass spectra obtained via direct infusion

of myoglobin and SOD under native-like solution conditions
(high salt concentration, no acid, no organic solvent) are
shown in Figure S9. Here, myoglobin is observed solely in its
holo heme-bound form, and the distribution of monomeric
and dimeric forms of SOD is approximately 58% monomers
and 42% dimers. The nano-HIC-MS data implies relatively low
survival of noncovalent interactions and is not consistent with
a truly “native-like” MS outcome. However, even though the
noncovalent interactions are disrupted during migration
through the HIC media, the production of low charge states
remains dominant. Thus, the high concentration of salt in the
mobile phase may suppress protonation, resulting in low
charge states and modulating the integrity of noncovalent
interactions, which are sensitive to high salt conditions.
In addition to probing the retention of noncovalent

interactions using nano-HIC-MS, we also aimed to determine
the collisional cross sections (CCSs) of the proteins eluting

from the HIC column. We employed a method previously
developed in our group based on the rate of transient signal
decay of a protein ion in an Orbitrap mass analyzer.57 In
essence, the decay rate of coherent ion motion in an Orbitrap
analyzer is directly related to the rotationally averaged size/
shape of the ions, thus offering a means to translate decay rate
into the CCS.57 Using this methodology, we compared CCS
values of the proteins directly eluting from nano-HIC-LC to
those infused from native-like solutions (50 mM ammonium
acetate) as displayed in Figure 5. The CCS values obtained for

the proteins sprayed from native-like solutions correspond well
with previously established values; for example, the average
CCS value of 1259 Å2 for ubiquitin (5+) aligns well with the
reported value of 1239 Å2 obtained from ion mobility (1.6%
deviation).73 In general, the CCS values obtained for the
native-like proteins consistently mirror values reported from
ion mobility [cytochrome c (7+) (1776 Å2 compared to a
reported value of 1785 Å2, 0.5% deviation)74 and lysozyme
(7+) (1440 Å2 compared to a reported value of 1364 Å2, 5.6%
deviation)].75 The CCS values obtained for the proteins after
elution from nano-HIC are generally higher than those
obtained for native-like proteins, diverging significantly for
ribonuclease A (nearly 300 Å2 increase in CCS for HIC),
ubiquitin (nearly 500 Å2 increase for HIC) and cytochrome c
(over 500 Å2 increase for HIC). Ubiquitin and cytochrome c
have no disulfide bonds to anchor the protein topology, thus
indicating that HIC significantly unfolds or elongates these
proteins. For the two proteins, α-lactalbumin and lysozyme,
each having four disulfide bonds, the CCS values obtained for
the proteins eluting from HIC were similar to those obtained
upon direct infusion of native-like solutions (HIC and native
CCS values within 9% difference). Interestingly, α-lactalbumin
and lysozyme also displayed the sharpest chromatographic
peaks among the five proteins included in the benchmark
mixture, possibly indicating that fewer conformational states
are present for α-lactalbumin and lysozyme than the other
proteins. Ribonuclease contains four disulfide bonds, but the
longest disulfide bond only spans about half of the protein, and
its HIC CCS was 27% greater than the native CCS value.
Thus, this correlation between the increased CCS values of
several of the proteins after HIC and the number of disulfide
bonds is consistent with partial unfolding during the HIC
elution process. Proteins that are more highly organized via
multiple disulfide bonds (such as lysozyme and α-lactalbumin)
more readily retain their compact structures and thus yield low
CCS values akin to ones expected for more native-like
proteins.76,77 During exposure to the organic solvent (ACN)

Figure 4. Nano-HIC-LC MS1 spectra obtained for separate 1 μL
injections of 10 μM solutions containing (a) myoglobin or (b)
superoxide dismutase (SOD). The corresponding HIC-LC traces are
shown in Figure S8.

Figure 5. Comparison of collisional cross sections of proteins
determined from Orbitrap transient decay measurements from nano-
HIC-MS experiments (gold) and direct infusion experiments of
individual 12.5 μM protein solutions containing 50 mM ammonium
acetate (navy) (n = 3).
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during elution, the proteins lacking significant disulfide bond
motifs may partially unfold and adopt intermediate conforma-
tional states.
The nano-HIC/MS method was then applied for analysis of

a more complex mixture of E. coli ribosomal proteins, along
with a comparison to the analysis by conventional reversed-
phase PLRP-LC. The base-peak traces based on the HIC and
PLRP separations are shown in Figure S10, along with
extracted ion chromatograms for a selection of 16
representative proteins. Triplicate base-peak LC-MS traces of
HIC and RPLC runs are shown in Figure S11 to indicate run-
to-run reproducibility. Descriptors of the 16 ribosomal proteins
are summarized in Figure S10e. As expected, low charge states
are observed for the proteins separated by HIC, while much
higher charge states are observed in the RPLC separation, for
example, 21+ vs 8+ for L13 (16.0 kDa), 15+ vs 7+ for L25
(10.7 kDa), and 10+ vs 5+ for L32 (6.3 kDa) (RPLC vs HIC,
respectively). There are major differences in the elution order
of different proteins for HIC versus PLRP owing to the
aforementioned differences in the basis of separation of these
two methods. In certain cases, the resolution of separation is
enhanced in nano-HIC in comparison to nano-RPLC. For
example, L30 (m/z 802.34, 8+) and L25 (m/z 713.86, 15+),
which are slightly overlapping in the RPLC chromatogram
(RTmax 29.3 and 29.7 min, respectively, ΔRT = 0.4 min)
(Figure S10d), are better resolved in the HIC trace shown in
Figure S10c (L30 m/z 1282.94, 5+, L25 m/z 1528.56, 7+),
which have RTmax values of 40.5 and 42.0, respectively (ΔRT =
1.5 min). The same is true of the two overlapping proteins S16
and L18 (RPLC trace in Figure S10d; RTmax 33.2 and 34.1
min, respectively) which are better resolved in the HIC trace in
Figure S10c (S16 m/z 1532.68, 6+, RTmax 42.5 min; L18 m/z
1825.02, 7+, RTmax 44.0 min; ΔRT = 1.5 min). While the
aforementioned examples describe pairs of proteins which have
superior separation resolution via nano-HIC, the majority of
proteins from E. coli ribosomes exhibit superior chromato-
graphic resolution via nano-RPLC (Figures S10d vs S10c).
Additionally, the overall elution time range across all proteins
is shorter for HIC compared to RPLC, indicating a lower
overall selectivity. We conclude that the difference in protein
elution times, originating from the basis of the difference in
selectivity in HIC compared to RPLC, may, in certain cases, be
exploited via HIC if insufficient separation is obtained via
RPLC. Thus, HIC is presented as a partially complementary
technique to RPLC with overall lower selectivity and resolving
power, but in some cases improved selectivity and resolution.
Representative UVPD and HCD data in both HIC and

RPLC modes showing the MS1 spectra, MS/MS spectra,
deconvoluted UVPD, and HCD spectra, and UVPD and HCD
fragment maps are shown in Figures S12−S15 for proteins
L32, L33, and L29. Examples of assigned product ions from
fragment-rich spectral regions are displayed in Figure S16 for
proteins L33 and L29. A complete summary of all 16 identified
E. coli ribosomal proteins along with monoisotopic masses,
protein identifications, UniProt accession numbers, modifica-
tions, retention times (HIC and RPLC), sequence coverage
(HIC-UVPD, HIC-HCD, RPLC-UVPD, RPLC-HCD), and
protein sequences are shown in Table S4. Sequence coverage
of the 16 ribosomal proteins is summarized in Figure 6. HCD
generates higher sequence coverage (>80%) for 6 out of the 16
major ribosomal proteins in the HIC mode (L30, L33, L31,
and L25) compared to the PLRP mode, and UVPD yields
higher sequence coverage for four proteins (L30, L33, L34,

L29, L24, and L25) in the HIC mode compared to PLRP-LC.
Comparisons of UVPD to HCD indicate that UVPD offers
higher sequence coverage for 15 of the 16 proteins in the HIC
mode and for all 16 of the proteins in the PLRP mode.
However, in most cases, nano-RPLC-UVPD slightly outper-
forms or is comparable to nano-HIC-UVPD (Figure 6). While,
theoretically, HIC-UVPD should outperform RPLC-UVPD
due to (1) the independence of UVPD with regard to charge
state and (2) the improved spectral decongestion for MS/MS
of lower protein ion charge states, the MS/MS data displayed
in Figure 6 illustrates that this is not in fact the case. We
attribute this discrepancy to the lower initial MS1 signal
intensity that is produced using nano-HIC compared to nano-
RPLC. Efforts are underway to improve the MS1 signal level of
protein ions for nano-HIC-MS via mobile phase modulation.
The future aim of obtaining higher MS1 signal levels combined
with UVPD will be especially beneficial for HIC separation and
analysis of larger proteins, which typically suffer from either
low overall sequence coverage (for conventional CID or
HCD) or from adequate sequence coverage but spectral
congestion (UVPD of high charge states generated by RPLC).
Nano-HIC-UVPD also enables identification of PTMs of

some of the ribosomal proteins (Figure S10e). For example,
protein L29 was identified both as its Uniprot sequence (m/z
1455.62, 5+) as well as an oxidized form (m/z 1458.82, 5+,
Met1 oxidation). This oxidation is localized with confidence
given the high sequence coverage of this protein (85%
sequence coverage, Figure 6a). The UVPD sequence coverage
map for protein L29 with Met1 oxidation is displayed in Figure
S17. This PTM identification and localization are also revealed
via RPLC/UVPD-MS.
In general, the results demonstrate the high depth of

characterization of nano-HIC-UVPD, which is often comple-
mentary to nano-RPLC-UVPD, as well as the advantages of an
alternative separation modality, which facilitates resolution of
certain proteins that may overlap in standard reversed-phase
separations. It seems that the retention of partial folding of

Figure 6. Comparison of sequence coverages obtained by HCD and
UVPD for 16 E. coli ribosome proteins via (a) nano-HIC and (b)
nano-RPLC separation. Stars in panel (a) indicate MS2 conditions for
which nano-HIC outperformed nano-RPLC in terms of sequence
coverage for UVPD or HCD. Sequence coverages are based on the
inclusion of fragment ions from three replicate runs.
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proteins during nano-HIC separation enables a different
dimension of separation compared to nano-RPLC.

■ CONCLUSIONS
In this work, we highlight the high sensitivity, linearity, and
depth of coverage obtained for separation and characterization
of intact proteoforms using nano-HIC/UVPD-MS. UVPD is
particularly well suited as an MS/MS method for protein
analysis by nano-HIC owing to the low dependence of the
performance of UVPD on the ion charge state. Moreover, the
low charge states of proteins produced by the HIC solvent
composition alleviate some of the spectral congestion often
encountered in MS/MS analysis of proteins in high charge
states, in which the m/z values of fragment ions are densely
spaced. Furthermore, insights are obtained into the nature of
the protein structures eluting from HIC, indicating that nano-
HIC does not fully preserve native-like conformations but the
high salt environment of HIC does mitigate complete
denaturation as evidenced by the low charge states and
moderately increased collisional cross sections. We view nano-
HIC-UVPD-MS as a complementary alternative to more
conventional RPLC-based methods, capable of characterizing
proteoforms and offering an orthogonal option for expanding
protein separation strategies.
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Pasǎ-Tolic,́ L.; Chamot-Rooke, J.; Danis, P. O.; Smith, L. M.; Tsybin,
Y. O.; Loo, J. A.; Ge, Y.; Kelleher, N. L.; Agar, J. N. Best Practices and
Benchmarks for Intact Protein Analysis for Top-down Mass
Spectrometry. Nat. Methods 2019, 16, 587−594.
(10) Toby, T. K.; Fornelli, L.; Kelleher, N. L. Progress in Top-Down
Proteomics and the Analysis of Proteoforms. Annu. Rev. Anal. Chem.
2016, 9, 499−519.
(11) Durbin, K. R.; Tran, J. C.; Zamdborg, L.; Sweet, S. M. M.;
Catherman, A. D.; Lee, J. E.; Li, M.; Kellie, J. F.; Kelleher, N. L. Intact
Mass Detection, Interpretation, and Visualization to Automate Top-
Down Proteomics on a Large Scale. Proteomics 2010, 10, 3589−3597.
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