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Abstract

Up-front CID fragmentation is a phenomenon where molecular ions are activated and fragment as they enter the atmosphere-to-
vacuum region of the mass spectrometer, and consequently can complicate the mass spectra and their analysis. This phenomenon
can be minimized by controlling the voltages on lens/optic elements where ions are sampled from the atmospheric region, but this
approach can also have a negative effect on overall ion sensitivity. In this study, we introduce gas-phase modifiers (acetonitrile,
acetone, cyclohexane, water, and methanol) to the curtain gas to mitigate up-front CID fragmentation. These modifiers cluster
with incoming ions, increasing the energy barrier to fragmentation and consequently reducing the complexity of mass spectra.
The clustering is monitored by differential mobility spectrometry-mass spectrometry (DMS-MS) and precursor mass spectrum-
scanning. Unlike typical singly charged species, peptide ion-modifier clusters were found to survive through the atmosphere-to-
vacuum interface of the mass spectrometer, showing that highly charged peptides cluster most strongly with acetonitrile and
acetone. In addition, when peptides cluster with acetonitrile, they produce a large increase in signal intensity for the most highly
charged and fragile ions. This results in a significant reduction, up to 90% with some modifiers, in up-front CID fragmentation for
these fragile highly charged peptides, increasing the overall analytical sensitivity and decreasing the limits of detection by up to
82% depending on the analyte. The proposed technique has no significant detrimental effect on the peptide mass fingerprinting of
a BSA or mAD protein digest, but it does reduce the amount of redundant and data-deficient spectra needed to produce adequate
sequence coverage using information-dependent acquisition methods by ~40%. We propose that this technique could have a
benefit in the fields of proteomics and peptidomics where up-front CID fragmentation and chemical noise routinely mask targets
of biological importance.

Keywords Ion clusters - Differential mobility spectrometry - Peptide analysis - Up-front CID fragmentation

Introduction for MS ionization is analyte introduction using atmo-

spheric pressure electrospray ionization (ESI). ESI is

The analysis of compounds by mass spectrometry (MS)
is a ubiquitous technique across many different fields
from the detection of pollutants in environmental sam-
ples [1-3] to the screening of biological samples for
disease conditions [4-6]. Among the many methods
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known to be a low-energy, gentle form of ionization;
analytes are ionized but not fragmented in contrast to
traditional techniques like electron impact, in which in-
coming compounds are fragmented from their initial
state [7]. But even if ions are formed gently (as in
ESI), downstream of ionization, the acceleration of new-
ly formed ions as they move into the vacuum of the
mass spectrometer can cause fragmentation of the ions
by increasing their internal energy [8, 9]. When this
occurs, the phenomenon is frequently referred to as
up-front CID fragmentation or up-front CID collision-
induced dissociation (up-front CID CID). While this
phenomenon can be exploited for many applications (in-
cluding identification of selected molecule classes for
further in-line analysis [10], production of MS/MS data

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00216-019-02036-1&domain=pdf
http://orcid.org/0000-0002-3801-3590
mailto:Yves.LeBlanc@sciex.com

6366

Seale B. et al.

on single-stage instruments [11], generation of molecu-
lar structural information [12], or toxicology screening
[13]), this process is often undesirable, resulting in a
decrease in sensitivity for the compound of interest, or
in the resulting fragments complicating mass spectra. In
especially complex samples like those routinely sur-
veyed for peptidomic or proteomic analyses, it has been
suggested that up-front CID fragmentation could ac-
count for up to 60% of all non-tryptic peptides [14] in
standard protein digest samples and affect more than
15% of metabolites [15] in standard yeast cell lysate
metabolomics analyses.

Today, reduction of up-front CID fragmentation is
possible by reducing the energetics where the fragmen-
tation occurs [8]. For example, since the majority of
fragmentation occurs as ions enter the vacuum region
of the instrument, reduction of the inlet potential can
limit the fragmentation [16]. The highly energetic envi-
ronment is caused by accelerating ions through regions
with dramatic changes in pressure [17], and this in fo-
cusing and declustering incoming ions. A reduction of
the inlet potential may also negatively impact the over-
all signal intensity, resulting in a balance between
preventing fragmentation and achieving the highest pos-
sible signal. Careful tuning has been shown to improve
signal intensity by more than two times [18].

Our approach was inspired by the work of DeMuth et al
[19]. who use organic modifiers to shelter non-covalently
bound protein complexes. They showed that the introduction
of polar organic modifiers to the curtain gas of a nano-ESI
source prevented the loss of the heme group of myoglobin
and hemoglobin. They proposed that clustering of polar spe-
cies around the analyte creates a delayed desolvation which
prevents fragmentation caused by ion acceleration at the en-
trance of the mass spectrometer. Addition of stabilization re-
agents in solution also appears to increase ion stability in the
field-free region [20]. We postulate that the same mechanism
could be employed on a traditional ESI source to prevent the
fragmentation of fragile compounds like highly charged pep-
tides. The clustering of the organic modifier with an analyte
necessitates an increase of energy to remove the cluster before
fragmentation of the analyte can occur.

In this study, we use gas-phase polar compounds to shelter
fragile peptides from fragmentation. We monitor the cluster-
ing behavior of five different polar modifiers using differential
mobility mass spectrometry (DMS-MS) to (a) prevent frag-
mentation of a number of peptides and (b) increase the signal
intensity of the highest detectable charge state of these pep-
tides. This results in lower limits of detection for these ions
and a simplification of the resulting mass spectra, which we
propose could greatly aid in peptide searches, as the removal
of up-front CID fragmented peptides will leave only those
peptides of biological or proteomic relevance behind.
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Experimental section
Materials

Peptides human angiotensin I (DRVYIHPFHL, Angl), hu-
man angiotensin III (RVYIHPF, Anglll), and bradykinin
(RPPGFSPFR), and the proteins bovine serum albumin
and trypsin were purchased from Sigma-Aldrich
(Oakville, ON, Canada) and used without further purifica-
tion. Peptide KGAILKGAILR (referred to as “KGAIL”)
was purchased from SynPep (Dublin, CA, USA) and used
without additional purification. Chemical reagents dithio-
threitol (DDT), iodoacetamide, ammonium hydroxide, and
ammonium bicarbonate were purchased from Sigma-
Aldrich (Oakville, ON, Canada). An intact monoclonal an-
tibody (mAb) standard (Waters Intact mAb Mass Check,
720004420EN) was purchased from Waters (Milford, MA,
USA). HPLC grade acetonitrile (ACN) and methanol
(MeOH) were purchased from Caledon Laboratory
Chemicals (Georgetown, ON, Canada). HPLC-grade ace-
tone, cyclohexane, and formic acid (FA) were purchased
from Sigma-Aldrich (Oakville, ON, Canada). Distilled, de-
ionized water (resistance > 18 M) was produced in-house
by a Millipore Integral 10 water purification system
(Billerica, MA, USA).

Protein digestion and LC-DMS-MS instrumentation

A standard trypsin digest of bovine serum albumin (BSA) was
performed. Briefly, 100 uL of 20 mM DTT was added to 2 mg
of BSA in a polypropylene vial and boiled for 15 min. Then
100 puL of iodoacetamide was added to the vial and it was
placed in the dark for 30 min. A 50-mM ammonium
bicarbonate/ammonium hydroxide buffer was prepared at
pH 8.5 and 600 uL was added to the vial. A total of 39 g
of trypsin was added and the vial was incubated at 37 °C
overnight. The resulting digest was diluted to 1 pmol/uL with
water containing 0.1% FA for analysis by LC-MS. KGAIL,
Angl, Anglll, and bradykinin were added to the diluted BSA
digest in some samples to evaluate known fragile peptides
(concentrations ranging from 3.4-273, 1.7-133, 4.1-333,
and 1.7-133 ng/mL respectively). The digestion procedure
was also performed on a monoclonal antibody sample as well,
with a final concentration of 1 pmol/uL.

A Shimadzu Prominence LC system equipped with a
Phenomenex Aeris 2.6 um PEPTIDE XB-C18 100 mm x
2.1 mm LC column was coupled to the same LC-MS sys-
tem used to monitor clustering. Two solvents were
employed in a 30-min gradient elution, solvent A: 97.9%
water, 2% ACN, 0.1% FA and solvent B: 97.9% ACN, 2%
water, 0.1% FA. The gradient elution was as follows: 5% B
for 1 min., ramp to 35% B for 14 min, ramp to 60% B for
5 min., ramp to 95% B for 2.5 min., hold B at 95% for
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2.5 min., ramp to 5% B in 0.1 min., hold at 5% B for
4.9 min. The column temperature was held at 45 °C and
the flow rate was conserved throughout at 0.5 mL/min.
Sample injections of 10 puL performed. The ion source
conditions were as follows: curtain gas flow of 30 psi,
source gases (GS1, GS2) of 50 psi each, source tempera-
ture of 450 °C and an ion spray voltage of 5000 V. The MS
system was operated in information dependant acquisition
(IDA) mode. IDA conditions involved a DMS-ToF-MS

survey scan (200 ms) followed by up to 10 DMS-MS/MS
scans (30 ms each) on the most intense ions using an in-
tensity threshold of 50 cps. lons (and isotopes up to 4 Da)
were excluded for 2 s. after a single occurrence. The DMS
was set to transmission mode (SV =0) in all IDA
experiments.

Data collected from samples containing the spiked peptides
were analyzed using Peak View to produce XICs for the 4+, 4+
, 3+, and 3+ ions of KGAIL, Angl, Anglll, and bradykinin
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Fig. 2 Precursor spectra of KGAIL 3+ (380.5 m/z, left) and 4+
(285.6 m/z, right) with nitrogen (red), acetonitrile (blue) and acetone
(black). Positive numbers on mass spectra indicate the number of modi-
fier molecules clustered to the selected ion. The spectra indicate that

respectively. From the XICs, the peak area of each ion was
determined and the mean of three replicates (blank corrected)
of four concentrations was subjected to linear regression to
produce calibration curves. Limits of detection (LODs) were
calculated as the concentration (from the regression) that cor-
related with the signal of the mean of the blank plus three
times the standard deviation of the mean. Data from samples
which did not contain additional peptides were analyzed using
BioPharmaView v.2.0r3682 (SCIEX) for sequence coverage.
Protein sequences were obtained from the UniProt database
(P02769) for BSA and from Waters for the mAb sample and
sequenced using the Peptide Mapping command (with a max-
imum charge state of 10+, a minimum peptide length of 3, a
deconvolution tolerance of 10 ppm, an XIC m/z width of
0.075 Da, and automatic recalibration). The percentage of
sequence coverage and the percentage of auto-validated se-
quence coverage (mean of three replicates) were both evalu-
ated by Student’s ¢ test between samples analyzed in the
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modifier/analyte clusters survive to q1 of the mass spectrometer and are
cleared with 10 eV of collision energy in the collision cell before detection
(standard operating conditions)

presence of ACN and controls. The number of IDA counted
spectra was determined for each sample using PeakView’s
IDA Explorer and compared between ACN treatment and
control using Student’s 7 test.

Modifier clustering

Direct infusion of 1 pmol/uL KGAIL peptide in 50%
MeOH and 50% water at a flow rate of 10 pL/min on a
SelexION® technology equipped SCIEX 5600+ TripleToF
LC-MS system (Concord, ON, Canada) was used to eval-
uate the different curtain gas modifiers. The ion spray volt-
age was 5500 V with drying gases (GS1, GS2) flowing at
30 and 15 psi respectively. ToF-MS scans were performed
at a declustering potential (DP) of 100 V, collision energy
(CE) of 10 eV and an ion transfer coefficient (ITC) of 40%
with 250 ms of accumulation time across a m/z range of
150-2000 m/z. ACN, acetone, MeOH, and cyclohexane



Enhancing signal and mitigating up-front peptide fragmentation using controlled clustering by gas-phase... 6369

Fig. 3 Infusion DMS-MS DP 104
ramp of XIC of KGAIL 4+ with '
pure nitrogen transport gas (red), 0.9 -
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were supplied at 1.5% of the 20-psi nitrogen curtain gas
using the built-in solvent pump SelexION® DMS control-
ler. The built-in solvent pump delivers the modifier into the
curtain gas line, which is then fed into the curtain region
prior to the DMS cell. The commercial system provides
pump control for the above modifier and ensures delivery
at 1.5% and 3.0% in the curtain gas. In the current study,
we standardized all analyses at 1.5% level. For water as a
modifier, an external Perkin Elmer series 200 micropump
(Waltham, MA, USA) was used to supply 37.6 pL/min of
water in the curtain gas line operated at 10-psi of nitrogen,
resulting in an approximate 1.5% water enriched gas. This
was necessary as the built-in pump minimum flow rate
would have resulted in a higher percentage of modifier in
the gas phase. The DMS internal temperature was kept at
150 °C. All experimental data were collected with the
DMS cell mounted and operated either in transparent mode
(SV=0) or at fixed separation voltage (SV) that enabled
separation of ions.

Compensation voltage (CV) mapping was performed at a
fixed separation voltage (SV) of 3500 V, ramping the CV at
0.2 V increments across an appropriate range. The resulting
data were processed by producing extracted ion chromato-
grams (XIC) of the m/z of three separate ions of KGAIL, 4+:
285.6, 3+: 380.5, and 2+: 570.3 with a m/z width of 0.3.
Gaussian smoothing (1-point width) was applied to each
XIC individually. Precursor ion scans were performed of
KGAIL under nitrogen without modifier and with ACN and
acetone modifiers. Precursor ions for 4+ and 3+ KGAIL
(285.6 and 380.5 m/z, respectively, width of 2 m/z) were ac-
quired with a q1 m/z width of 280-360 and 370-450 m/z

100 150 200

Declustering Potential (V)

respectively and a scan time of 2 s. A total of 30 scans was
acquired and the scans were averaged using Research
PeakView v.1.2.2.0 software (SCIEX). DP ramps were per-
formed of KGAIL infusions with ACN, acetone and without
any curtain gas modifier using similar MS conditions except
the DP was ramped from 0 to 225 V with SV, CV setto 0 V.
XICs of 4+ KGAIL were obtained from these scans and plot-
ted. Finally, ToF-MS spectra were obtained of the same infu-
sion of KGAIL under all curtain gas configurations with SV,
CV setto 0 Vand a fixed DP of 100 V. Spectra were collected
for 1 min (119 in total) and the peak area of KGAIL ions and
fragments was determined from the average of the collected
spectra. Each condition was repeated in triplicate for an as-
sessment of reproducibility and all data was collected using
Analyst TF v.1.7.1 (SCIEX).

Results and discussion
Cluster formation and fragmentation reduction

DMS is an effective means of probing clustering behavior of
ions [21, 22]. The chemistry of cluster formation amplifies the
mobility differences between ions during their high and low
field portions of the waveform. Ions which cluster strongly
will have very different mobility versus those that cluster
weakly. We employed DMS-MS to observe the clustering
potential of the KGAIL peptide with ACN, acetone, cyclohex-
ane, water, and MeOH. Figure 1 shows plots of ion intensity
as a function of CV for the KGAIL ions (4+ red, 3+ black, and
2+ blue) with different modifiers and a pure nitrogen control at

@ Springer
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Fig. 4 Fragmentation of KGAIL under different current gas modifiers. a
Under pure nitrogen control (left) KGAIL shows significant fragmenta-
tion of the 4+ ion which results in several b- and y-ions as well as a limited
signal for the ion itself. But, with ACN present (right) the intensity of the
4+ ion is dramatically increased while the fragment ions are strongly
decreased. b The % total peak area from each ion or the sum of all

a fixed SVof 3500 V. All the modifiers provided some change
in the CV response of KGAIL, with cyclohexane showing the
smallest change overall (approximately 3 V less than the con-
trol). Polar, aprotic modifiers (ACN, acetone) produced strong
negative CV shifts, consistent with other research [23, 24]. It
is hypothesized that the strong dipole moment of these mod-
ifier compounds (3.92 D and 2.88 D for ACN and acetone,
respectively [25]) enables extensive cluster formation on the
densely charged KGAIL ions. The signal intensity was also
the highest when using ACN. Polar, protic modifiers (MeOH,
water) produced weaker negative shifts but also exhibited a
proton stripping effect in which the highest charge state ions
were suppressed in the resulting ionograms, an effect which
has been seen with other protic modifiers [26]. Specifically,
using water as a modifier eliminated the 4+ KGAIL ion, while
MeOH resulted in the loss of both the 4+ and 3+ ions. Charge

@ Springer

fragments for KGAIL under different modifiers. Both ACN and acetone
show an increase in 4+ ion percentage. All organic modifiers limit the
total peak area from fragments. MeOH shows most of its peak area from a
single state (2+ ion). Error bars represent 1 standard deviation about the
mean (n = 3). All data were collected in DMS-TOF-MS mode, with DMS
operated in transmission mode (SV =0)

stripping can also be seen under other modifiers. For example,
at the CV maximum of the 4+ ion with ACN, a small amount
of 3+ ion is detected, suggesting a transfer of charge from the
4+ ion to the chemical modifier. Only ACN and acetone
showed appreciable amounts of all three charge states (+ 2 to
+4). When data are collected in ToF-MS mode, as those
shown in Fig. 1, the ions detected trace their origin from clus-
ters that have undergone declustering in one of two regions
where CID can are effectively applied: orifice region and/or
collision cell. This approach provides efficient MS informa-
tion, but may not reflect the ion population that could be
selected for MSMS analysis.

Precursor ion scans provide a rudimentary method to ob-
serve incoming clustered ions if those clusters survive the
entrance to the mass spectrometer. Figure 2 shows represen-
tative precursor mass spectra of 4+ and 3+ KGAIL ions for a
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Fig. 5 Selected XIC
chromatograms of spiked KGAIL
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nitrogen control, ACN modifier and acetone modifier. The
precursor scans were set up to select for the expected m/z of
the 3+ and 4+ ions (380.5 and 285.6 m/z respectively) in q3
while scanning an 80 m/z window above those m/zs in q1, and
the DMS was operated in transmission mode (SV =0).
Control spectra show no clustering (as expected) but with
ACN or acetone present, additional peaks beyond the bare
ion m/z are visible. With ACN, the KGAIL 3+ ion shows a
strong peak at the expected ion m/z with an additional peak +
14 m/z greater than the expected, consistent with the addition
of one ACN molecule to the ion. Acetone shows a similar
pattern with additional peaks at + 19 and + 38 m/z greater than
the expected peak, suggesting clusters of one and two

Time (min.)

additional acetone molecules on the KGAIL ion. Increasing
to the 4+ charge state creates a complex set of clusters for
ACN and acetone. The 4+ KGAIL precursor scan with ACN
shows some bare ion but the predominant signal intensity
originates from clusters with 2 or 3 additional ACN mole-
cules, +21 and +31.5 m/z respectively. Weak signals from
clusters with 1 and 4 additional ACN molecules are also pres-
ent. Acetone shows similarly low amounts of bare ion with
stronger signal for clusters of 2, 3, and 4 additional acetone
molecules. This evidence shows that ion and modifier clusters
can survive into the vacuum of the mass spectrometer, only to
be dissociated in the collision cell. This has implications for
performing tandem MS experiments on highly charged ions

@ Springer
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Table1 The peak area increases due to the presence of ACN curtain gas When full scan mass spectra are collected with DMS
modifier on peptide ions spiked into a BSA diges set to transmission mode (SV =0) with nitrogen only, the
Ion Conc. Increase %RSD of peak mass spectrum of 4+ KGAIL ion also shows the presence
(ng/mL) w/ACN area under of b- and y-ions, with bg, y,, and y; having very strong

ACN intensities (Fig. 4a). Upon the addition of ACN to the

KGAIL 4+ 13.6 5.6x 3 curtain gas, the intensities of the fragment ions drop and
Angl 4+ 67 2% 6 the' intensity 9f the 4+ ion i'ncreases (Fig. 4b). The shel-
Anglll 3+ 167 2 8x g tering of the 1op (by clustering) see'ms to have prevented
Bradykinin 3+ 67 L7x 2 any fragmentation that may occur in the atmosphere-to-

such as KGAIL 4+, as most of the ion intensity is not present
(prior to the collision cell) at the expected m/z due to signifi-
cant clustering.

Persistence of cluster is less frequently observed for
small molecule (singly charged) and typical modifier such
as IPA. The clustering illustrated in Figs. 1 and 2 can be
used to reduce the potential for up-front CID fragmenta-
tion of ions. To evaluate this phenomenon, up-front CID
fragmentation can be induced on our instrument by in-
creasing the DP. Figure 3 shows the effect of increased
DP on the XIC of 4+ KGAIL. The control (red, nitrogen
only), shows a significant drop in ion intensity beginning
at 80 V DP, dropping to less than 40% of the initial in-
tensity at 100 V DP, the default and typical DP used on
these instruments. At a DP of 130 V, all the 4+ ion signal
is essentially eliminated. Under these conditions, evidence
of b and y ion fragments is also seen (see below), which
are indicative of up-front CID. In contrast, when ACN or
acetone is present, the signal intensity of the 4+ KGAIL is
maintained even when high DP values are used. The in-
tensity of the signal at the highest measured potential,
225V, is still greater than 80% for the peptide with both
ACN and acetone. We interpret this result as being evi-
dence that the clustering of the ion shelters it from the
energetic process of entering the mass spectrometer. The
instability seen under the presence of acetone is likely a
function of normal fluctuations in ion signal at relatively
low overall intensity as acetone does not exhibit an im-
provement in 4+ ion intensity.

vacuum region, resulting in a much stronger signal.
Though others have reported on the possibility of using
modifier to minimize fragmentation of low molecular
weight ions during the transit in the DMS cell [27, 28],
the peptide seems to occur after the DMS cell. As the
DMS cell SV is increased, there is no systematic decrease
in the precursor intensities of either charge state and no
indication of increase of fragment ions associated with
KGAIL (data not shown). Consequently, it is believed that
the fragment ions observed for KGAIL are predominantly
generated via up-front CID at the orifice-to-vacuum re-
gion. The peak area of all ions and the sum of all peak
areas for identifiable fragments were compared to the total
peak area derived from KGAIL to evaluate the effect of
each modifier (Fig. 4c). Without any modifier, the major-
ity of the KGAIL intensity is from the 3+ charge state but
approximately 10% is due to fragment ions. With ACN,
the peak area intensity of the KGAIL ions is more evenly
distributed, with much stronger 4+ ion than any of the
other modifiers. Furthermore, the percentage of the total
area derived from fragments is reduced by 66%. Acetone
and cyclohexane produce even fewer fragments, with re-
ductions of 84% and 90% respectively. Unfortunately, ac-
etone does not produce as strong a 4+ ion intensity as
ACN, and cyclohexane appears to suppress the 4+ ion
as well. The charge stripping modifiers water and
MeOH produce spectra with enriched 2+ ion intensities
at the expense of the other charge states. With MeOH,
there is no detectable 4+ or 3+ ion, with 97% of the total
peak area from the 2+ ion state. Both the charge stripping
modifiers reduce the fragmentation of KGAIL, as ob-
served by the limited amount (2.3 +0.7% of the total

Table 2 Limit of detection

improvements in fragile ions Ion Limit of detection Limit of detection Improvement
upon the addition of ACN to the with no with ACN (ng/mL) factor
curtain gas modifier (ng/mL)
KGAIL 4+* 4.4 3.7 1.19
Angl 4+ 5.6 3.6 1.55
Anglll 3+ 130 7.7 16.88
Bradykinin 3+ 3.9 1.2 325

*KGAIL 4+ ion LOD is calculated from a calibration curve covering only three concentrations (3.4 ng/mL,
13.7 ng/mL, and 68.3 ng/mL due to non-linear behavior of the ion
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Fig. 6 Calibration curves for Angiotensin I 4+ and Angiotensin III 3+
with ACN modifier and without. The presence of ACN (blue) increases
the slope of the calibration line in relation to the control (red). In addition,
the uncertainty of the data is greatly reduced with ACN modifier by up to
3 times for Angl 4+ and 6 times for Anglll 3+. a Calibration curves for

KGAIL area) of fragmentation peak area observed in the
ToF-MS spectra (Fig. 4c). Overall, ACN is the most ef-
fective modifier in terms of a) reducing up-front fragmen-
tation of the fragile ion and b) enhancing the intensity of
the ions with highest charge states (in this case the 4+
charge state).

Application to fragile peptides in protein digests

To assess the application of an ACN curtain gas modifier to a
protein digest, four fragile peptides (Angl, AnglIII, bradykinin,
and KGAIL) were spiked into a BSA digest. This simulates a
‘real-world’ matrix while still providing a set of analytes with
known behavior. It was hypothesized that the presence of the
ACN modifier would improve the ability to detect the fragile
ions and that the extent of improvement would correlate with
the fragility of the ion. Specifically, very fragile ions such as
KGAIL 4+ might show very large improvements relative to
more stable ions. The samples were analyzed in triplicate by
LC-DMS-MS (in transparent mode, SV = 0) with and without
the presence of ACN in the curtain gas, and the ions of interest
(4+ KGAIL, 3+ bradykinin, 4+ Angl, and 3+ AnglIIl) were
extracted from the chromatograms. Three example-spectra are
shown in Fig. 5, KGAIL 4+ (13.7 ng/mL), Angl (6.7 ng/mL),
and AngllI (16.7 ng/mL). KGAIL shows a dramatic improve-
ment in peak area under ACN, with a 5.7% increase versus the
control, while maintaining an acceptable relative standard de-
viation (RSD) of the peak <8% (Fig. 5a). Angl (Fig. 5b)
shows a modest improvement in peak area with ACN, approx-
imately 2x over the control condition. When measuring
Anglll 3+, the presence of ACN enhances peak area by 2.8x

angiotensin I 4+ ion. b Calibration curves for Angiotensin III 3+ ion. The
lowest point on the curve is omitted from the plot due to its immense
uncertainty. Error bars represent 1 standard deviation about the mean (n =
3)

versus the control with only nitrogen (Fig. 5¢). In all cases, the
CV for replicate injections (n=3) was <2%. Table 1 shows
the peak area improvement of each spiked ion with an ACN
modifier. The scale of each improvement suggests the overall
fragility of the ions, with KGAIL 4+ being the most fragile
and bradykinin 3+ the least.

The increase in peak area upon the addition of ACN sug-
gests an overall improvement in the sensitivity and detection
limit for the fragile ions in question. We propose that this
could allow for the detection of previously unknown peptides
in biological samples that would otherwise be undetectable
due to their fragility. To test this explicitly, calibration curves
were collected to determine sensitivities and limits of detec-
tion (LODs). All the spiked peptides showed an improvement
in their LODs (Table 2) and an increase in the slope of their
calibration line. Peptide ions that were previously identified as
being very fragile (e.g., KGAIL 4+), show only marginal im-
provements to their LOD (i.e., a 16% reduction for KGAIL 4+),
while the least fragile peptides show dramatic improvements
(e.g., Anglll 3+ shows a 94% reduction in LOD). This could be
due to an improvement in reproducibility when ACN is present.
Figure 6a shows the calibration curves for Angl 4+ ion with
ACN (blue) and a control with no modifier (red). The control
line has greater uncertainty (with %RSD range across the data
points of 26-44% versus a %RSD range across the data points
under ACN of 4-15%), likely a combined effect of reduction
in matrix interference afforded by the presence of ACN, and
reducing fragmentation of the peptide. This is a novel obser-
vation which has previously only been reported when the
DMS system is engaged for separation [29]. The calibration
curve of Anglll is shown in Fig. 6b. The control curve had a
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Fig. 7 Protein sequencing comparisons with and without ACN modifier.
The sequence coverage of both mAb and BSA were statistically
unchanged in the presence of ACN despite the dramatic reduction in
the number of spectra captured by IDA. a Total MS1 based sequence
coverage and % of computer auto-validated sequence coverage was no
different with ACN. b The total number of spectra captured by the IDA
method. The presence of ACN reduces the total number of IDA “hits”
necessary to achieve maximal coverage. Error bars represent 1 standard
deviation about the mean (n = 3)

substantially larger LOD (130 ng/mL vs. 7.7 ng/mL with
ACN present). The benefit is likely due to a reduction to
the relative standard deviation (RSD) at each measured point.
The control data had approximately ~50% RSD at each data
point vs. 1-8% RSD when measured with ACN present. In
combination with an increase in peak area, this results in
much improved detection limit using ACN for this charge
state.

The benefits of using ACN to increase sensitivity do not
negatively impact the results of peptide mass fingerprinting of
the protein matrix. Figure 7a shows the % sequence coverage
determined by BioPharmaView’s algorithm, which matches
m/z of potential peptides in MS1, for a digest of a mixture of
amAb (chosen as a stand-in for common protein therapeutics)
and BSA (chosen to represent a generic protein), analyzed
with and without an ACN modifier. Statistically, there is no
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difference between the sequence coverage with the modifier
for the mAb (p=0.363, «=0.05) or BSA (p=0.224, o=
0.05). A similar result is seen with BioPharmaView’s auto-
validation algorithm which employs MS/MS spectra to verify
its matches in MS1. Specifically, there is no significant impact
on the auto-validated sequence coverage for the mAb (p=
0.410, o«=0.05) or BSA (p=0.172, «=0.05) when using
ACN as a modifier. This suggests that the clustering seen in
Fig. 2 does not have a detrimental impact on most of the
peptides present in the sample. However, it remains possible
that there are some peptides that cannot be detected in MS/MS
scans using IDA due to their m/z being altered by clustering.
This is because the IDA method selects for the exact m/z of the
precursor, which would only be detected after declustering in
the collision cell. Stated another way, in this case, Q1 would
be effectively set at different, erroneous mass. Thus, data-
independent acquisition (DIA) methods such as Sequential
Window Acquisition of All THeoretical mass spectra
(SWATH) [30] with sufficiently wide isolation windows
may be necessary to achieve complete MS/MS information
from samples analyzed with strongly clustering modifiers like
ACN or acetone.

Another major benefit of using ACN as a modifier for
the IDA method is a significant reduction in the number of
spectra captured in the analysis (Fig. 7b). Both the mAb
and BSA digests had large reductions in the total number
of IDA events using ACN when compared to the control
(reductions of 42% and 40% respectively). This indicates
that a good portion of the spectra collected by IDA do not
add further support for the identification of the protein. We
speculate that these extraneous spectra (that are not identi-
fied when using ACN) may be derived from contaminants
and noise which is eliminated by the gas-phase modifier
(Figs. 5 and 6) or peptide fragments created by up-front
CID fragmentation (Fig. 4). The eliminated spectra provide
either no support for protein identification or redundant
support. The removal of these artifact spectra could be of
great benefit to more complex analyses where elimination
of noise is crucial to proper interpretation of the biological
significance of proteins and peptides.

Conclusion

We have demonstrated the use of polar gas-phase modifiers
in the curtain gas to shelter fragile peptide ions from up-
front CID fragmentation. The modifiers cluster with the
ions which results in a larger energy barrier to fragmenta-
tion which we can monitor via DMS and precursor scans.
The net result is significant reduction in fragmentation of
fragile ions which leads to a decrease in limits of detection
for these ions in a protein digest matrix. Furthermore, this
method does not interfere with routine peptide mass
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fingerprinting of the protein digest and causes a reduction
in the number of redundant spectra produced by IDA
means of MS/MS acquisition. Since the reduction in the
number of MSMS collected did not lead to a reduction in
the total number of spectra that lead to confirmation of the
detected protein, we anticipate this approach to be benefi-
cial in tryptic digest analysis. The impact of the proposed
workflow on biological analysis of more complex samples
will be part of a future study.
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