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ARTICLE INFO ABSTRACT

Keywords: In top-down proteomics experiments, intact protein ions are subjected to gas-phase fragmentation for MS
Top-down analysis without prior digestion. This approach is used to characterize post-translational modifications and
Wide-pore

clipped forms of proteins, avoids several “inference” problems associated with bottom-up proteomics, and is well
suited to the study of proteoforms. In the past decade, top-down proteomics has progressed rapidly, taking
advantage of MS instrumentation improvements and the efforts of pioneering groups working to improve sample
handling and data processing. The potential of this technology has been established through its successful use in
a number of important biological studies. However, many challenges remain to be addressed like improving
protein separation capabilities such that it might become possible to expand the dynamic range of whole pro-
teome analysis, address co-elution and convoluted mass spectral data, and aid final data processing from peak
identification to quantification. In this study, we investigated the use of a wide-pore silica-based superficially
porous media with a high coverage phenyl bonding, commercially packed into customized capillary columns for
the purpose of top-down proteomics. Protein samples of increasing complexity were tested, namely subunit
digests of a monoclonal antibody, components of purified histones and proteins extracted from eukaryotic ri-
bosomes. High quality mass spectra were obtained from only 100 ng of protein sample while using difluoroacetic
acid as an ion pairing agent to improve peak shape and chromatographic resolution. A peak width at half height
of about 15 s for a 45 min gradient time was observed on a complex mixture giving an estimated peak capacity
close to 100. Most importantly, efficient separations were obtained for highly diverse proteins and there was no
need to make method specific adjustments, suggesting this is a highly versatile and easy-to-use setup for top-
down proteomics.

Superficially porous
Histones, monoclonal antibodies, ribosomes

1. Introduction

Proteins are complex molecules that play many critical roles in the
body. They represent the third component of the central dogma of mo-
lecular biology and directly exhibit the potential function of genes while
doing most of the work required for a living organism via a wide array of
functions. Among others, they can serve as catalytic enzymes,

messengers, structural components or be involved in transport and
storage. The proteome is the entire set of proteins that is produced or
modified by living organisms, and proteomics aims to decipher a picture
of a proteome at a given time in a given condition. Usually, the proteome
is investigated differentially in order to elucidate key mechanisms and/
or biological pathways explaining specific states or conditions of a living
organism at the protein level.

Abbreviations: MS, Mass Spectrometry; TD, Top-Down; BU, Bottom-Up; PTMs, Post-Translational Modifications; ID, Internal Diameter; DOE, Design Of Experi-
ment; RPLC, Reversed Phase Liquid Chromatography; FA, Formic Acid; DFA, DiFluoroacetic Acid; XIC, Extracted Ion Chromatogram; RSD, Relative Standard De-
viation; HCD, Higher-energy C-trap Dissociation; FWHM, Full Width at Half Maximum; RES, Resolution; LC, Light Chain; HC, Heavy Chain; AGC, Automatic Gain

Control; tg, Retention Time; mAb, monoclonal Antibody.
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Bottom-Up (BU) proteomics is based on a proteolytic digestion of
proteins from a complex mixture prior to analysis by mass spectrometry
(MS). Peptides resulting from the digestion are separated by liquid
chromatography or capillary electromigration [1,2] coupled to MS for
further sequencing and identification via a protein database search.
Furthermore, intensities of the identified peptides can be used as a
surrogate of the protein abundance in solution in order to compare
protein expression of large biological systems [3,4]. This technology is
now well established and has benefitted from dramatic improvement in
MS instrumentation (resolution, mass accuracy, sensitivity and acqui-
sition frequency). However, the beforehand proteolytic digestion results
in a massive loss of information and precludes the analysis of a large
diversity of proteoforms arising from combinatorial post-translational
modifications (PTMs), splicing mechanisms, polymorphisms, protease
degradation [5]. In this context, Top-Down (TD) proteomics has
emerged as an alternative approach capable of identifying and quanti-
fying these proteoforms. Proteins are analyzed without prior digestion
and identifications rely on MS/MS spectra obtained by fragmentation of
intact proteins in the mass spectrometer [6,7]. Although attractive and
promising, this methodology remains difficult to implement due to three
distinct challenges. First, the processing of TD data raises several specific
issues. For instance, the deconvolution of monoisotopic versus average
intact masses, the estimation of false discovery rates on identifications
and the scoring of proteoform spectral matches as well as the multi-
plicity of variable modifications that translate into highly demanding
computing resources. The field is very active and numerous software
applications have been developed to provide reliable tools to the
research community [8-13]. Secondly, TD proteomics inherently re-
quires MS instrumentation that is able to resolve the isotopic patterns of
intact proteins. This is needed in order to enhance the deconvolution of
the large number of overlapping multicharged fragments that can
originate from proteins. Fragmentation technologies orthogonal to
collision induced dissociation (CID) are also essential, because they can
increase sequence coverage and facilitate the analysis of labile PTMs. As
a result, TD proteomics investigators continue to explore emerging
technologies like ExD, IRMPD, UVPD [14-16]. Finally, the last challenge
to overcome is achieving a highly effective intact protein separation at
the front end of the analysis, which is directly tied to the observable
dynamic range of protein expression and proteoforms. In particular, a
more effective separation helps expand the intrascan dynamic range by
reducing the spectral overlap of co-eluting proteins (and their complex
charge state envelopes). Chromatographic separation of proteins in
reversed phase liquid chromatography (RPLC) is not yet commonplace
in the proteomics field. Nevertheless, there have been a few studies
involving use of home-made columns. For several examples of work,
investigators have found success with nano and capillary columns
packed with 1000 A pore size poly(styrene/divinylbenzene) particles
(PLRP-S media) [17-19]. An alternative type of column was more
recently proposed by Liang et al., which was a bridged hybrid mono-
lithic column based on a bis(triethoxysilyl)ethylene matrix functional-
ized with Cg groups [20]. This novel home-made column performed well
in terms of protein separations and repeatability while exhibiting low
backpressures. Wu et al. [21] demonstrated unprecedented separation
efficiency of intact proteins using a prototype, pulled tip capillary
densely packed with 0.47 pm silica particles. Ultimately, it should be
noted that these studies have exclusively come from expert laboratories
dedicated to the development of TD proteomics. It is our believe that the
field of TD proteomics is held back by the lack of commercial, ready-to-
use columns and robust operating.

In 2018, Bobaly et al. [22] described a new wide-pore silica-based
superficially porous media with a high coverage phenyl bonding, 2.7 ym
particles and an average pore size of 450 A [23]. This media was pro-
posed for 2.1- or 4.6-mm columns internal diameter (ID) and commer-
cialized as BioResolve RP mAb Polyphenyl stationary phase for the
reversed-phase analysis of intact or sub-unit digested monoclonal anti-
bodies (mAbs) and antibody-drug conjugates (ADCs) in a
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pharmaceutical context. Excellent protein recovery, peak capacity as
well as interesting selectivity was reported in those applications. Inter-
estingly, custom made capillary columns (I.D. x L 0.3 mm x 150 mm)
can be commercially ordered with this type of media. The aim of this
study was to investigate if this type of media and column format can be a
suitable alternative for protein separation in TD-proteomics applica-
tions. The first aspect of this work was to optimize protein separations
for the best compromise between resolution, peak capacity and sensi-
tivity within a 45-min long gradient. A second stage of the work was to
explore the usability of this media for non-mAbs protein separation to
expand its potential use for TD-proteomics application. First, the supe-
rior performance of this media to resolve hydrophobic compounds was
demonstrated in comparison to a traditional C4 column operating under
the same conditions. Then difluoroacetic acid (DFA) was investigated as
an alternative to formic acid (FA) as a pairing ion agent to improve
chromatographic performance without significant compromise to MS
sensitivity. With this, we explored whether DFA would behave any
differently under microflow electrospray conditions versus standard flow
LC-MS [24,25]. Subsequently, intervariable dynamics and performance
of the LC separation was investigated using a protein test mixture and a
Design Of Experiment (DOE) approach that took into account the mobile
phase flow rate (i.e., flow rate), gradient slope and the temperature. A set
of operating parameters was selected for further analysis of real-life
samples of increasing complexity in order to appraise the potential of
this capillary column chromatography for TD-proteomics. Results ob-
tained from a purified IgG1, a bovine histone mixture and a protein
extract from eukaryotic ribosomes are provided and discussed in terms
of chromatographic separation and value from an MS perspective.

2. Material and methods
2.1. Material

Acetonitrile (A955-1), ammonium acetate (73594), guanidine-HCl
(G4505), FA (A117-50), DFA (00922), histone from calf thymus
(H9250) and SIGMAFAST™ Protease Inhibitor Tablets (S8820), mag-
nesium acetate tetrahydrate (M5661), potassium acetate (P1190),
HEPES buffer (54457), ammonium sulfate (A4418),) were purchased
from Sigma Aldrich (St. Louis, MO, USA). Intact Protein Standard Mix
(A33526) and TCEP-HCI (20490) were from ThermoFisher (Waltham,
Massachusetts, USA). Difco Yeast Nitrogen Base (YNB) was from BD
(Franklin Lakes, New Jersey, USA). NIST IgG1 mAb standard (RM 8671)
was purchased from National Institute of Standards and Technology
(NIST, Gaithersburg, MD, USA). Endoproteases FabRICATOR (IdeS) and
FabALACTICA (IgdE) were obtained from Genovis (Lund, Sweden). All
aqueous solutions were prepared using LC-MS grade water from Ther-
moFisher (Waltham, Massachusetts, USA).

2.2. Standard solubilization and dilution

The Intact Protein Standard Mix is a lyophilized mixture of 6 re-
combinant proteins (human IGF-1 LR3, human thioredoxin,
S. dysgalactiae Protein G, Bovine Carbonic Anhydrase II, Streptococcus
Protein AG, and E. coli Exo Klenow). For LC-MS experiments, the stan-
dard was dissolved in 200 pL of LC-MS grade water with 0.1 % FA to a
final concentration of 0.4 ug/pL and aliquoted. Before analysis, aliquots
were further diluted 4 times before injection of 1 uL corresponding to
100 ng of total protein material. Histones from calf thymus were sup-
plied as a lyophilized powder that was resuspended in 50 mM pH 6.8
ammonium acetate buffer to reach a final concentration of 1 mg/mL.
Aliquots were further diluted 10 times in mobile phase A before injec-
tion of a 1 pL volume corresponding to 100 ng of total protein material.

2.3. NIST mAb preparation

Enzymatic proteolysis with IdeS was achieved by a twofold dilution
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of NIST mAb in a phosphate saline buffer 1X pH 7.4 followed by an
incubation during 1 h at 37 °C with 1 unit IdeS protease per 1 ug of mAb.
For IgdE proteolysis, NIST mAb was twofold diluted using 100 mM
phosphate buffer pH 7.0 and digested by IgdE protease overnight at
37 °C with 1 unit per 1 pg of mAb. Samples were evaporated until dry by
using a vacuum concentrator, then resuspended in Guanidine-HCI 6 M,
50 mM ammonium acetate adjusted to pH 5.6 using acetic acid. Samples
were reduced by incubation for 30 min at 56 °C at a final concentration
of TCEP 10 mM. A 1 pL injection volume corresponding to 100 ng of
protein material was used for all experiments.

2.4. Yeast ribosomes preparation

Wild strain yeast S. cerevisiae S288C was grown in a synthetic me-
dium made of YNB without amino acids, with ammonium sulfate as a
nitrogen source, and glucose (0.5 % m/v) used as the sole source of
carbon. 400 mL liquid cultures were inoculated at ODggonm 0.03 using
cells grown overnight in 10 mL of the same medium inoculated with a
fresh colony from YPD plates. Cultures were incubated in an Infors
orbital shaker operated at 200 rpm and 30 °C. When the cell density
reached ODggonm 4, cells were collected by centrifugation for 10 min at
4000 g. The cell pellet was resuspended in 5 mL of lysis buffer consisting
of HEPES 20 mM pH 7.5, magnesium acetate 10 mM, potassium acetate
50 mM, and one tablet of protease inhibitor cocktail. Two volumes of
acid-washed glass beads (0.45-0.5 mm diameter) were added to one
volume of the cell suspension, and the cells were lysed by vortexing for
three cycles of 5 min with 5 min on ice intervals between each cycle. The
resulting cell homogenate was collected by centrifugation for 5 min at
3000 g, aliquoted in 1 mL fractions, and either rapidly frozen at —80 °C
or immediately used for ribosome preparations. Total protein amount
was measured using a Bradford micro-assay.

A 7 %47 % sucrose gradient was prepared, by overlaying 2.6 mL
each of sucrose solutions containing 7 %, 17 %, 27 %, 37 %, 47 % su-
crose (m/m) respectively in Lysis Buffer (total gradient volume = 13.2
mL). These stacked volumes were allowed to sit overnight at 4 °C for
equilibration of the phases. 1 mL of freshly prepared lysate, was loaded
on top of the gradient, by replacing 1 mL of sucrose gradient on the top
of each tube, then centrifuged for 2.5 h at 39,000 g in a SW41Ti rotor
maintained at 4 °C (Beckman Coulter, Brea, CA, USA). The gradient was
fractionated from the bottom of the centrifuge tube using a Pasteur
pipette connected to a peristatic pump, and 200 pL fractions were
collected in a microplate. Half of each fraction was transferred in a UV
readable plate to record the distribution of ribosome across the frac-
tionated gradient. The UV plate was read at 254 nm for RNA
quantification.

Following the localization of the fractions containing the highest
RNA content (and thus ribosomes), the total protein amount was
measured using a Bradford micro-assay. The buffer composition of the
fractionated ribosomes was exchanged to 25 mM ammonium acetate
prior to LC-MS analyses, by loading a volume equivalent to 25 ug of
protein sample onto a molecular weight cut-off centrifugal filter unit
(0.5 mL, 10 kDa cutoff; Amicon, Merck Millipore Sigma) and running 8
cycles of concentration/dilution with the ammonium acetate solution.
Samples were acidified with 0.1 % DFA (v/v) and injected directly
without any additional precipitation step of nucleic acids.

2.5. LC-MS for top-down analysis

Samples were injected in microliter pickup mode onto a custom
made BioResolve RP (450 A, 2.7 pym, 0.3 mm x 150 mm) Polyphenyl
Column (Waters, Milford, MA, USA) using an UltiMate 3000 RSLCnano
chromatographic system fitted with a capillary flow meter from Ther-
moFisher Scientific (Waltham, MA, USA). Mobile phases A and B were
respectively HoO/ACN 98/2 and HoO/ACN 20/80 acidified with 0.1 %
(v/v) FA or DFA. The sample was eluted at a flow rate of 6 uL/min using
the following slope change points: 0-5 min hold at 6.3 % B, 5 min slope
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until 31.3 % B, 40 min slope until 56.2 % B, 5 min wash at 100 % B and
finally 10 min hold at 6.3 % B. The eluent was sprayed using the con-
ventional ESI ion source of a Q-Exactive Plus mass spectrometer from
ThermoFisher Scientific operating in the positive ion mode. MS spectra
were acquired at a resolution of 70 K, with a mass range of m/z
500-2500 and an AGC target value of 1e6 for a maximum ion accu-
mulation time of 500 ms. MS/MS data were acquired at similar resolu-
tion, in data-dependent top2 acquisition mode with an AGC target value
of 5e5 for a maximum ion accumulation time of 250 ms. Parent ions
were selected for fragmentation by Higher-energy C-trap Dissociation
(HCD) with a dynamic exclusion time of 30 s.

Histone sample was analyzed in positive ion mode on an Orbitrap
fusion instrument from ThermoFisher Scientific (Waltham, MA, USA).
MS spectra were acquired within a mass range of m/z 500-2500, with an
AGC target value of 4e5 for a maximum injection time of 250 ms at a
resolution of 60 K and 4 microscans accumulation. MS/MS data were
acquired at similar resolution, with a first m/z of 100, an AGC target
value of 1.25e5 for a maximum injection time of 250 ms and 4 micro-
scans accumulation. Parent ions were selected in the top speed 3 s mode
for fragmentation by HCD with a dynamic exclusion time of 60 s.

2.6. Design of experiment (DOE)

DOE studies were conducted using Minitab 17. A central composite
design (within surface response design) was selected with three
continuous factors i.e., the flow rate, the temperature and the gradient
slope. The number of replicates was set at one, three points were set at
the center of the cube, and alpha was selected as the default value (o =
1.682). Two levels were chosen to define the cube points i.e., flow rate
from 4 to 6 uL/min, temperature from 40 to 60 °C and gradient slope
defined as a gradient starting at 25 % ACN and reaching in 40 min a
target factor varying from 45 to 65 % ACN. Finally, the study was
designed with a total of 17 experiments, 8 cube points, 6 axial points and
3 center points (details available in Supplementary data 1) and using the
Intact Protein Standard Mix. Raw data were processed with the Thermo
Xcalibur v3.0.63 software. Peaks were integrated using the Genesis peak
algorithm, a Boxcar smoothing value of 3 points and enabling valley
detection in peak detection settings. For each peak, retention time (tg),
area and height were determined on the Total Ion Current (TIC) trace
and used to calculate surrogate estimators of chromatographic perfor-
mance and described below as “output variables™:

The average area of integrated peaks was used to monitor sensitivity.

The relative tg difference between two consecutive peaks
Atg = (trz —tr1) was used as a surrogate of selectivity because of diffi-
culties to calculate retention factors accurately with the lack of clear
unretained peak information using solely the TIC trace.

Full width at half maximum (FWHM) and resolution (RES) were
calculated according to the following formula [26]:

Area

FWHM = 0,939 x —
Height

(tre — tr1)

RES =—f2 R/ ____
(FWHM, + FWHM,)

FWHM, peak area and Aty taken as an average from the six peaks
given by the Intact Protein Standard Mix were finally used as the three
output variables of interest to be optimized during the DOE study.

2.7. Data analysis

2.7.1. NISTmAD and histone samples

Protein mass spectra were deconvoluted using PMI Intact software
(Protein Metrics, Cupertino, CA, USA) [27]. Theoretical masses were
computed by PMI Intact with chemical element values deduced from
MIDAs isotopic distribution exact center of mass [28]. GlycanMass tools
provided by the Expasy website [29] and Unimod [30] were used to
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calculate average masses for PTMs.

2.7.2. Ribosome preparation

The S. cerevisiaze proteome from Uniprot was used as database
(UP000002311 release 2022_01, 6062 entries) for all of the identifica-
tion searches. Raw data were processed by Prosight 4.0 on the Proteome
Discoverer 2.5 interface from ThermoFisher Scientific (Waltham, MA,
USA). The ProSightPD High/High cRAWler node was used with default
parameters and ProsightPD 4.0 Annotated Proteoform node was run
with mass tolerances of 20 ppm and 2.2 Da for fragment and precursor
masses, respectively. Subsequence search was used with a mass toler-
ance of 20 ppm for both fragment and precursor masses, then another
ProsightPD 4.0 Annotated Proteoform node was used for a less stringent
search with mass tolerance of 20 ppm and 100 Da for fragment and
precursor masses, respectively. N-term methionine excision, N-term
acetylation, acetylation (K), methylation/dimethylation (K, R), phos-
phorylation (S, T, Y) and oxidation (M) were set as variable modifica-
tions. A FDR (False Discovery Rate) of 1 % was applied for the
identification.

Raw data were also converted into an mzML format using msCon-
vertGUI [31] (ProteoWizard, version 3.0.19106-4a85cc56b). Then,
mzML files were processed using OpenMS tools [32], TOPFD and
TOPPIC (OpenMS-2.6.0-pre-HEAD-2020-10-23). TOPFD was used to
deconvolute data with the following parameters: HCD fragmentation,
maximum charge of 50, maximum mass of 100,000 Da, MS1 S/N ratio of
3.0, MS2 S/N ratio of 1.0, precursor windows size (m/z) of 3.0 and am/z
error of 0.02 Da. TOPPIC was used to analyze ms2.msalign files obtained
with TOPFD. TOPPIC was set with the following parameters: Decoy
Database, an Evalue of 0.01 was applied at both PrSM and proteoform
levels, a mass error tolerance of 20 ppm and a PrSM cluster error
tolerance of 1.2 Da were used. One single mass shift of +/— 500 Da was
tolerated and variable PTMs as described previously were used for the
search.

InteractiVenn [33] (https://wsww.interactivenn.net/) was used to
generate a Venn diagram of the identified ribosomal proteins. StringDB
[34] was used to generate a functional protein association network
(version 11.5, 2021_08, https://string-db.org/) with the following pa-
rameters: Full String network and mapping of network edges based on
confidence with an interaction score set at “high confidence” (0.700).

Peak capacity was calculated as follows according to both Wu [20]
and Neue [35], assuming fully symmetric peaks and an effective sepa-
ration time based on first and last detected protein signals:

X separationtime
Peak ty=1+——F—"——r
eakcapacity + 1.7 < FWHM

3. Results and discussion
3.1. Optimization of protein separation

To begin this work, we performed an initial qualitative comparison
of performance between the superficially porous phenyl media and a
classical reverse phase C4 column with 300 A pore size (see supple-
mentary data 2). The intact protein standard mix was run on these two
columns at three acetonitrile gradient slopes. All standard proteins
exhibited more retention on the phenyl media versus its C4 comparator.
Separation results were close in term of peak shape and FWHM for the
first four eluted peaks while the last two most hydrophobic ones were
significantly broader with the C4 column namely the Carbonic Anhy-
drase II and Exo Klenow proteins. This effect was all the more pro-
nounced when the gradient slope was flattened with a sharp increase of
tailing for the Exo Klenow peak and a decrease of its overall height. The
superior performance of the phenyl-bonded superficially porous sta-
tionary phase for hydrophobic proteins is not surprising, as this sorbent
was designed for efficient separations of both mAbs and antibody drug
conjugates. In all, these results indicate that the superficially porous
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phenyl column should be able to better handle protein mixtures with
diverse hydrophobicity when compared to a traditional C4 column.

A second part of this work was to investigate whether the use of an
ion-pairing agent could be of benefit to TD-proteomics separations with
the phenyl column chemistry. The use of TFA as an ion-pairing agent in
the mobile phase has been very effectively employed, and it is widely
used to improve the peak shape and width of eluted proteins [36].
However, in the case of chromatographic separations hyphenated to MS,
FA is preferred because of the strong MS signal suppression induced by
TFA. Recently, several papers reported the preferable use of DFA against
TFA for its better compromise in terms of ion pairing to improve chro-
matographic performance over its negative signal suppression effect
[25]. Herein, the use of DFA was evaluated and compared to FA in an
experiment involving the injection of the intact protein standard mix in
two conditions differing by the mobile phase composition only. Fig. 1
panel (a) shows the chromatogram obtained with FA while panel (b)
shows the separation as obtained with DFA. The six standard proteins
were eluted in the same order, while more retention was observed with
the DFA condition - as would be expected from the increased hydro-
phobicity conferred by a more hydrophobic and effective ion pairing
agent [37]. DFA improved also slightly the selectivity as can be observed
from the elution of the six proteins spanning over 21.6 min versus 18 min
in the FA condition. This effect translates directly into an increase of Atg
between consecutive peaks (see Table 1). Peak sharpness was the most
significantly improved parameter with on average a FWHM of 16 s in
DFA versus 29 s in FA. Altogether, the improved peak widths and
selectivity led to a 2-fold increase in resolution when using DFA. It is also
worth noting that both peak width and shape were highly compromised
in the FA based separation of Exo Klenow protein (~68 kDa) and that the
positive effect of switching to DFA might be most convincing with high
molecular mass proteins. Finally, the area of peaks from the total ion
chromatograms was found to decrease on average by a factor of 3.5 in
DFA versus FA while the height decreased only by a factor of 2 due to the
balancing of effects from ion suppression versus improved peak widths.
Considering that the data-dependent acquisition mode (DDA) in a TD-
experiment is sensitive to a signal threshold for triggering MS/MS
events, we could assume that the height of peaks is more relevant to
estimate the capacity of recording fragmentation data for protein iden-
tification. In this way, we could assume only a 2-fold decrease in
sensitivity for TD-experiments using DFA mobile phases while getting a
2-fold increase in protein resolution for an enhanced peak capacity that
is by far the most limiting factor that currently needs improvement to
maximize protein identifications. Finally, it should be noted that the
DFA ion pairing effect was also observed with C4 columns but chro-
matographic results were still superior with the combined use of DFA
with the superficially porous phenyl column (data not shown).

In the next experiments, a DOE-like study (see material & methods)
was conducted in order to quickly optimize a couple other variables and
to thereby obtain balanced performance in terms of protein separation,
peak sharpness and time/method throughput. Three variable parame-
ters were studied as input factors ie., temperature, flow rate and the
eluent gradient slope. These are parameters that are known to be critical
for chromatographic reverse phase separation [38]. In this experiment,
DFA was kept at a constant mobile phase concentration of 0.1 % to limit
the number of tests in the DOE study. FWHM, Atg and peak area were
used as output factors (as surrogate indicators of separation efficiency,
selectivity and sensitivity).

Fig. 2 shows the analysis of variance obtained from a set of 17 in-
jections after fitting the data with a first order model. Results shows that
both the flow rate and gradient steepness (slope) significantly affect
peak width. This is expected as these parameters are tied to longitudinal
diffusion. Average time distance between consecutive peaks was
exclusively influenced by the gradient steepness with a fairly flat effect
being seen for both flow rate and temperature. Finally, sensitivity,
evaluated as the average area of the detected peaks, was shown to be
mainly influenced by the flow rate, almost proportionally due to a
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(6) Exo Klenow

~ 68 kDa
43.9
(5) Carbonic Anhydrase Il
(2) Streptococcus AG ~29 kDa
~ 50 kDa (3) IGF1 LR3
~ 9_kDa
oy 422
(1) G Streptococcus dysgalactiae 28.5
~21kDa ™. 29.8 (4) Thioredoxin
25.9 32.9 ~ 12 kDa
B) DFA 0.1% (6)
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21.6 min
(5)
2
(2) 47.6
L L T T T T
10 15 20 25 30 35 40 45 50 55 60
Time (min)

Fig. 1. TIC chromatograms from a 100 ng injection of protein standard mix, using either 0.1 % FA as a modifier (Panel A) or 0.1 % DFA (Panel B). TIC signal on the y-

axis (not shown) was normalized to the largest peak displayed.

Table 1
Result summary of chromatographic performance parameters measured with FA and DFA acidic modifiers.
Protein tr(min) Area Height Atg(min) FWHM RES tr(min) Area Height Atg(min) FWHM RES
FA (s) DFA (s)
(1) G Protein Streptococcus 25.8 7. 3E+08 21 3.0 28.5 2. 2.E+08 13 5.9
dysgalactiae, 21 kDa E+09 E+09
(2) Streptococcus AG, 50 kDa 28.5 2. 6E+08 2.7 32 1.4 31.5 7. 4.E+08 3.0 18 2.3
E+10 E-+09
(3) IGF1 LR3, 9 kDa 29.8 9. 3E+08 1.3 25 3.8 32.8 2. 1.E4+08 1.3 16 7.1
E+09 E+09
(4) Thioredoxin, 12 kDa 32.9 8. 3E+08 3.1 24 11.0 36.1 2. 2.E408 3.4 12 24.7
E+09 E+09
(5) Carbonic Anhydrase II, 29 kDa 42.2 2. 7E+08 9.3 27 1.3 47.6 6. 4.E+08 11.5 15 3.7
E+10 E+09
(6) Exo Klenow, 68 kDa 43.8 8. 2E+09 1.6 46 50.1 2. 8.E408 2.4 24
E+10 E+10
Average 33.8 2. 6E+408 3.6 29 4.1 37.8 7. 3. 4.3 16 8.7
E+10 E+09 E+408

dilution effect observed with increased flow rates [39]. Interestingly,
and even if it is not statistically significant (p-value of 0.14), tempera-
ture appeared here to have a slightly negative impact on detected peak
area. Column temperature is usually seen to have a positive effect on
protein recovery [22], so this contradictory outcome suggests an unex-
pected negative effect. There was no straightforward evidence of tem-
perature induced protein hydrolysis as well, but this hypothesis cannot
be fully ruled out. Another plausible explanation for this could be that

there is a slight decrease in ionization at high temperature in relation to
the electrospray operating conditions of the experiment.

Finally, to compromise between peak sharpness, protein selectivity
and elution time, a gradient slope of 0.5 % ACN/min reaching a final
value of 45 % ACN (56.2 % B) was preferred. In these conditions, the
elution of the largest Exo Klenow protein (peak 6) occurred at 50.1 min,
which is just at the start of the column wash with 100 % B. Regarding the
flow rate, its increase will improve peak sharpness to the expense of



L. Lignieres et al.

(A)Main Effects Plot for FWHM
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Analysis of Variance

Fl SI T
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Linear 3 31.76 0.00
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s 17 Slope 1 15.88 0.00
; Temp 1 0.24 0.52
- Error 13 7.08
o 16-
£ Lack-of-Fit| 11 6.51 0.37
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s Pure Error 2 0.56
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(B)Main Effects Plot for Aty Analysis of Variance
Flow Slope Tem
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45,
Linear 3 7.29 0.00
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40
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-
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-
o \ Error 13 0.07
c x
5 Lack-of-Fit| 11 0.08 0.00
S 30
Pure Error 2 0.00
Total 16 8.2
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(C) Main Effects Plot for Area Analysis of Variance
1.2E+10 - Flow Slope Temp Source DF Adj SS P-Value
Linear 3 4.3E+19 0.00
. LIE+10 1 Flow 1 4.0E+19 | 0.00
(7]
= s| 1 1.2E+18 | 0.22
< 1.0E+10 - ope
§ Temp 1 1.8E+18 0.14
45 9E+9] / Error 13 9.8E+18
g Lack-of-Fit| 11 9.4E+18 | 0.19
E 8E+9
Pure Error 2 3.7E+17
7E+9- Total 16 5.3E+19
6E+9-
R-sq= | 81.49%
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DF: Degree of Freedom
Adj SS: Adjusted Sum of Squares

Fig. 2. Variance analysis of the DOE study with DFA modifier, data were fitted against a first order model, (A) effects plot for FWHM, (B) effects plot for Atz and (C)
effects plot for peak area.
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column operating pressure and MS sensitivity. A balanced flow rate of 6
uL/min was then chosen here for a very acceptable backpressure of
about 105-97 bars along the separation. Even if temperature did not
appear crucial for the intact protein mix analysis, we still made the
choice to keep a relatively high temperature of 60 °C for further analysis
as it is known to benefit to the elution of some difficult proteins like
mAbs and to limit column backpressure. Finally, method performance
was quickly investigated; consecutive dilutions of the protein standard
allowed us to approximate a limit of detection at the low ng level.
Linearity based on peak area was demonstrated for 5 to 500 ng mass
loads of all peaks except for the Exo Klenow protein that exhibits the

Unreduced

|

39.26

(B)
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most intense signal and demonstrated saturation when the injected
amount exceeded 100 ng. Repeatability of tgs was better than < 0.5 %
RSD for all the detected peaks (See supplementary data 3). These per-
formance data were obtained on previous generation instrumentations
(both the chromatographic system and the mass spectrometer) and may
be better when testing on state-of-the-art systems.

3.2. Analysis of the NIST mAb at intact and subunit levels

Antibody-based molecules continue to represent the most widely
relied upon drug modality in the biopharmaceutical industry [40]. They
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Fig. 3. TIC chromatograms from 100 ng injection of NISTmADb, in (A) intact condition, (B) IdeS condition, (C) IgdE condition, (D) reduced condition, (E) IdeS and
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are, however, heterogeneous proteins due to multiple enzymatic and
chemical PTMs that occur during their manufacturing process. Regula-
tory authorities require in-depth characterization of these PTMs and
detailed control of any that might be deemed quality attributes. Only
through this analytical work, can the consistency of a drug substance be
soundly demonstrated.

Over the last 20 years, the usage of MS has increased steadily for the
analysis of protein-based biotherapeutics [41] and it is now considered
to be a fundamental technique for characterizing and monitoring quality
attributes. Middle-down analysis is currently-one of the most promising
MS-based workflows for gathering information about protein quality
attributes [42]. It is based on specific enzymes (for instance immuno-
globulin degrading enzymes, like IdeS) that enable minimal sample
preparation with limited artefact introduction and the use of high res-
olution mass spectrometry to observe numerous PTMs in one single run
[22,43,44]. In this context, we first tested the developed method with
the analysis of the NIST IgG1 mAb standard (RM 8671) in both reduced
and non-reduced conditions, at the intact level as well as after IdeS or
IgdE digestion. Fig. 3 shows the corresponding TIC chromatograms
generated with only 100 ng-injections of material. All chromatograms
show an efficient separation and symmetrical, sharp peaks for all the
generated species, namely intact, heavy chain (HC), light chain (LC), Fc/
2/, (Fab’),, Fd’, Fc, Fab, Fc/2 and Fd. The largest peak width was
observed on the intact mAb with a FWHM of 19 s. Others peaks were
narrower and exhibited an average FWHM of 14 s. Of note, IgdE
digestion was not complete as can be deduced in Fig. 3E by the presence
of one (Fc + Fab) structure at 34.34 min. The incomplete IgdE digestion
was also detected in the reduced version of the sample by the presence of
one HC chain still visible at 38.16 min (see Fig. 3F). This partial diges-
tion can be mitigated with an appropriate phosphate buffer concentra-
tion for digestion [45]. Apart from all these abundant subunits of
interest, numerous minor peaks were also well separated in each con-
dition. Fig. 4 provides a zoomed view of the non-reduced IdeS digestion.

48801.7 Da (57ppm)

e Clipped Fab D,,,/K,5s

Journal of Chromatography B 1214 (2023) 123566

Several peaks below 1 % in relative abundance were reliably separated
and assigned to their most likely structures according to mass matching.
Peaks labelled from 2 to 4 correspond to one non-glycosylated and to
partial reduced isoforms of the Fc/2. Peaks 5 to 7 represent clipped
forms of the Fab subunit with identified cleavages at the upper hinge of
the HC, the C-terminus of the LC and reduction of the hinge disulfide
bridge. These results are in agreement with the knowledge of antibody
fragmentation susceptibility [46] and they have already been reported
in various studies [47-50]. Finally, peaks labelled as 9 and 10 were
identified as singly reduced and oxidized Fab variants. In these separa-
tions, there is a peak labeled with an asterisk and this corresponds to the
IdeS enzyme used during sample preparation. This artefact can be
removed by slightly modifying the sample preparation using immobi-
lized IdeS on agarose beads. In conclusion, the present method is fully
compatible with the analysis of mAbs at both the intact and subunit
level, and it has shown itself to be useful for characterizing and moni-
toring low levels of potential critical quality attributes with only 100 ng
of injected material per run and only a few micrograms of mAb
consumed during sample preparation.

3.3. Analysis of bovine histones

Histones are the major structural proteins of chromosomes; they
associate with DNA in the nucleus and help condense it into chromatin.
They are highly modified with PTMs that modulate chromatin structure
which in turn plays an important role in control and adjustment of gene
expression. Over the last decade, mass spectrometry has become a
valuable tool to studying the heterogeneity of those highly modified
proteins, especially analyzing them at the intact level, because it has
provided unique information regarding the precise combination of
multiple PTMs on the same protein [51,52]. We used here a bovine
histone mixture from calf thymus to test the chromatographic perfor-
mance of the developed method. This was an insight investigation since

Fab/2

Fab
97609.3 Da (+5ppm)

Fc/2 GOF ’, Fab red.
25231.2 Da (-35ppm) ¢ 47257.0 Da (78ppm) 97610.6 Da (-2ppm)
1 8 9
. | .2
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Fig. 4. Enlarged view of NISTmADb TIC chromatogram in IdeS non-reduced condition.
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histones are thought to be challenging to work with highly basic proteins
that can exhibit pronounced secondary interactions and peak broad-
ening during RPLC. Fig. 5A shows the TIC profile obtained from a 100
ng-injection of material. Proteins were found to elute from 12 to 40 min;
13 peaks appeared to represent the majority of the TIC peaks areas.
These peaks have been annotated with their protein assignments in
Fig. 5A. Protein identification was performed by mass matching of his-
tones theoretical sequences and sequencing data were used for confir-
mation. Table 2 summarizes the most relevant mass assignments made
in this experiment while Fig. 5 panels B, C, D and E represent the

Journal of Chromatography B 1214 (2023) 123566

deconvoluted mass spectra of H2B1, H4, H3 and H2A1 histone variants.
Extracted ion chromatogram (XIC) signals from these 4 peaks were used
to estimate an average LC peak FWHM of 16 s, which is reassuringly
comparable to results obtained with the protein standard.

It is worthwhile to compare the results of this experiment with those
published by Zhou et al. [39] wherein bovine histone RPLC-MS analysis
was scaled to 1.0 mm ID chromatography with C;g bonded phases of
fully versus superficially porous commercial columns. In their work, the
authors obtained a reasonable separation for the most abundant histones
from the five major families and even detected variants of lower
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Table 2
Masses and assignments of the main Bovine histone species detected by MS.
tg (min) histones accession # Sequence/PTMs Theoretical masses (Da) Experimental masses (Da) Am (Da)
12.22 H1.5 XP_010816761.1 2-226/Ac(1) 22604.83 22604.19 —0.64
12.84 H1.2 P02253 2-213/Ac(1) 21266.28 21265.94 -0.33
H1.3 A7MAZ5 2-221/Ac(1) 22064.22 22063.56 —0.66
H1.3 A7MAZ5 9-221/Ac(1) 21366.52 21367.58 1.06
13.55 H1.1 G3N131 2-218/Ac(1) 22011.06 22010.27 —-0.78
24.66 H2B1 P62808 2-126 13774.81 13774.35 —0.46
25.42 H4 P62803 2-103/Ac(1)dimethyl(1) 11306.14 11305.66 —0.47
H4 P62803 2-103/Ac(2)dimethyl(1) 11348.14 11347.76 —0.38
26.55 H3.1* P68432 2-136/Ac(1) 15312.74 15312.32 —0.42
27.88 H2AV Q32LA7 2-128 13377.35 13377.15 -0.2
H2AZ POCOS4 2-128 13421.4 13421.06 —0.34
29.13 H2A2A Q6FI13.3 2-130/Ac(1) 14006.15 14005.71 —0.44
H2A2C A1A4R1 2-129/Ac(1) 13899.04 13898.74 -0.3
30.26 H2A1 POCOS9 2-130/Ac(1) 14002.14 14001.76 —0.38
30.72 H2B1 P62808 2-126/Ac(1) 13816.81 13816.46 -0.35
H2B1IN Q32148 2-126/Ac(1)methyl(1) 13847.85 13846.58 -1.27
35.21 H3.2* P84227 2-136/Ac(1) 15298.68 15297.35 —1.33
37.56 H3 - - - - -
39.14 H3.1* P68432 2-136/Ac(1)C(red) 15314.76 15314.69 —0.07

abundance by increasing protein injection up to 1.6 pg. They also tried
to use different ion pairing agents but experienced significant peak
broadening using DFA with columns made of superficially porous par-
ticles. Compared to these published results, we obtained here a very
similar elution order of the detected species. Importantly, H4 and H2B1
variants were fully resolved in our experiments while those two species
showed co-elution in previous work. Our scaling of chromatography
down to 0.3 mm I.D. has also helped increase method sensitivity, with at
least the same number of isoforms identified from a 10 to 20 reduced
mass load injection. In that respect, this type of column and workflow
could be of benefit when only a scarce amount of material can be
extracted. Interestingly, bovine histone mixture was also studied pre-
viously by capillary zone electrophoresis as an alternative separation
technology [53]. This technology requires only small amounts of pro-
teins to be loaded in volumes as low as 25 nL and separation of 4 his-
tones peaks was achieved over a 5 min window.

3.4. Chromatographic separation of yeast ribosomes

Ribosomes are ribonucleoprotein complexes found in the cytosol of
eukaryotic and prokaryotic cells [54]. Their function is to synthesize
proteins by decoding the information contained in mRNA transcripts. A
wide diversity of ribosomes has been studied and it is known that each
type can have very distinct ribosomal protein stoichiometries and a vast
array of PTMs. By analogy with the “histone code” it is speculated that
there may be a “ribosome code” composed of unique combinations of
proteoforms and that each could hold potential functional roles in
regulating translational outputs [55,56]. To this end, TD-proteomics
could be used as an approach to help define the regulation mecha-
nisms involving PTMs and ribosome activity. Keeping that in mind, we
turned to testing the underlying method with a protein mixture
composed of purified yeast ribosomes. Fig. 6A shows the TIC chro-
matogram resulting from the analysis of 1 ug of a ribosomal preparation.
25 major peaks labelled at a TIC threshold of 10 % were chromato-
graphically resolved in a time range of 5-50 min. Of interest, protein
derived signals were identified from 9.3 to 51.4 min with no significant
detection in the column wash step. That is, proteins were detected across
the entirety of the gradient with optimum separation. Fig. 6B shows an
extracted ion-chromatogram of m/z values representing three distinct
proteins that eluted at the start, middle and end of the gradient. Peak
widths for these three species ranged from 11 to 17 s (FWHM). An
effective peak capacity was also estimated according to an equation
from Wu et al. [21] and by using the first and last real protein elution
time as described by Neue [35] and Wang [57]. By taking an effective
elution time window of 42.4 min and an estimated average FWHM of 15

10

s, a peak capacity close to 100 was approximated. Roth et al. [58] re-
ported previously a protein separation at capillary level with extremely
narrow peak widths of about 5 to 6 s but only with a very fast gradient of
3 min and a comparatively high flow rate versus what has been employed
in this work. A very fast gradient can lead to poor peak capacity, as a
result, Roth and co-workers also reported the separation of ~500 ng
total protein from mouse heart homogenate with a longer 20 min
gradient. From this experiment, they reported 59 unique identified
proteins and a mean peak capacity of 106.

Usually, the acquisition of informative TD-mass spectra is quite slow
to accumulate ion signal as compared to BU-proteomics. Top2 MSMS
cycles are typically used with a sequencing speed close to 1 Hz in order
to accumulate several microscans. This instrument limitation makes it
more favorable to apply extended gradients. In our experiment, MS and
MSMS data were next processed with Prosight and Toppic for protein
identification. Fig. 6C shows the Venn diagram of the 89 unique iden-
tified proteins by combination of outputs from the two software. 64
proteins (about 72 %) were consistently identified by both while each of
the two software applications singly identified 14 % of the remaining
proteins i.e., 12 and 13 unique proteins. Fig. 6D shows finally the
STRING protein graph composed of 89 identified nodes with protein—
protein interaction links or connections among them. Red nodes show
proteins with GO molecular function classified as structural constituents
of the ribosome in accordance with expected identifications.

Altogether, these results show that significant amounts of informa-
tion rich MS data can be acquired for top-down analysis with nanogram
level injections of a rather complex protein mixture. Even if chromato-
graphic resolution of proteins is not yet at the level of peptides (which
tend to show 6 to 8 s peak widths on similar gradient time separations),
we have demonstrated here the feasibility to elute proteins with sym-
metrical peak shape and FWHM widths only twice larger. The use of DFA
contributes significantly to this improved resolution and it is shown here
to not dramatically compromise MS sensitivity.

4. Conclusions

A wide-pore silica-based superficially porous phenyl bonded media,
commercially available as 2.7 ym particles with an average pore diam-
eter of 450 A was evaluated for capillary scale TD-proteomics. The
choice of a 0.3 mm ID column made it very easy to operate this chro-
matography with a conventional ESI ion source. The superior behavior
of this media was observed for hydrophobic proteins when compared to
traditional C4 columns used for protein separations. Then, the positive
effect of using DFA as an ion pairing agent for TD-proteomics separa-
tions and its coupling with MS was demonstrated. Significant
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Fig. 6. (A) TIC chromatogram from a 1 pg injection of a ribosomal preparation from Saccharomyces Cerevisiae, (B) extracted ion-chromatogram of m/z signals from
three distinct proteins eluted at the early, middle and end of the gradient (C) Venn diagram of identified proteins using either TOPPIC or PROSIGHT and (D) full
STRING network of the 89 identified proteins, red nodes belong to the cytosolic ribosome cellular component from Gene Ontology enrichment. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

chromatographic benefits were obtained with only a 2-3-fold MS
sensitivity loss, so DFA has been confirmed to be a balanced mobile
phase compromise worth broader consideration for TD-proteomics. By
combining DFA with the phenyl bonded superficially porous particle
column, we have developed a method that proved itself to be robust and
able to separate proteins with excellent peak shape and high peak ca-
pacity with only a 2-fold decrease in MS sensitivity. In comparison, TFA
might show equivalent or slightly better chromatography but it will
cause an up to 10-fold decrease in MS sensitivity versus FA. With the
presented method, about 0.1-1 pg of total protein mixture can be
routinely loaded onto the column, though the limit of detection will be
close to 1 ng. Outstanding versatility was observed with no further
optimization required to analyze heterogeneous samples such as mAb
subunit digestions, histones and eukaryotic ribosomal proteins. This
phenyl stationary phase can be requested for custom column packing

and the use of standardized manufacturing processes should make for
TD experiments. In our hands, operating pressures did not exceed 105
bars so there it can be broadly applied on all types of LC hardware so
long as considerations are made for flow rate and dispersion optimiza-
tion. In all, we believe this chromatographic approach will make for a
reliable and readily accessible technique for other investigators looking
for a starting point for TD-proteomics.
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