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Abstract

Using concurrent IR photo-activation during electron transfer dissociation (ETD) reactions, i.e.,
activated ion ETD (AI-ETD), significantly increases dissociation efficiency resulting in improved
overall performance. Here we describe the first implementation of AI-ETD on a quadrupole-
Orbitrap-quadrupole linear ion trap (QLT) hybrid MS system (Orbitrap Fusion Lumos) and
demonstrate the substantial benefits it offers for peptide characterization. First, we show that Al-
ETD can be implemented in a straight-forward manner by fastening the laser and guiding optics to
the instrument chassis itself, making alignment with the trapping volume of the QLT simple and
robust. We then characterize the performance of AI-ETD using standard peptides in addition to a
complex mixtures of tryptic peptides using LC-MS/MS, showing not only that AI-ETD can nearly
double the identifications achieved with ETD alone, but also that it outperforms the other available
supplemental activation methods (ETcaD and EThcD). Finally, we introduce a new activation
scheme called AI-ETD+ that combines AI-ETD in the high pressure cell of the QLT with a short
infrared multi-photon dissociation (IRMPD) activation in the low pressure cell. This reaction
scheme introduces no addition time to the scan duty cycle but generates MS/MS spectra rich in
b/y-type and c/z®-type product ions. The extensive generation of fragment ions in AI-ETD+
substantially increases peptide sequence coverage while also improving peptide identifications
over all other ETD methods, making it a valuable new tool for hybrid fragmentation approaches.
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In over a decade of availability on commercial mass spectrometers, electron transfer
dissociation (ETD) has become a valuable and ubiquitous fragmentation method used in a
wide range of proteomic experiments.1~6 Continued advancements in ETD instrumentation
and methodology have contributed to this sustained utility, and many of these improvements
have been incorporated into the newest generation of mass spectrometer (MS) systems. For
example, the robustness of the ETD reagent ion sources has been improved,” modifications
to precursor and reagent ion storage prior to the reactions has improved product ion signal-
to-noise (S/N),8 and calibration routes have standardized ETD reaction times to balance
sufficient precursor fragmentation with maximal identification power for proteomic
analyses.®

Despite these gains, however, a major challenge of ETD remains its reduced dissociation
efficiency for precursor ions having low charge density. Low-charge density precursor ions
are more compact and often undergo non-dissociative electron transfer (ETnoD), where
peptide backbone bond cleavage occurs but fragments are held via together non-covalent
interactions.19-16 ETnoD may impede the generation of sequence-informative product ions
and thus limits the utility of ETD in standard shotgun experiments, where the majority of
peptide precursors are doubly protonated. That said, ETnoD can be minimized in favor of
sequence-informative product ions by supplying the ETD reaction with more energy, and
several supplemental activation strategies have been implemented to accomplish this goal.
The most ubiquitous approach has been the use of gentle collisional dissociation of ETnoD
products, called ETcaD, which is effective at producing more fragmentation and sequence
coverage of low charge-density precursors.}” Likewise, activation of all ETD product ions
(including remaining precursor ions, fragment ions, and ETnoD products) with beam-type
collisional dissociation, termed EThcD, has proven a valuable way to generate more
extensive fragment ion series and sequence information from ETD reactions.18 For all of
their merits, however, ETcaD and EThcD both suffer from fragment ions that have skewed
isotope distributions due to hydrogen abstractions®-21 and, importantly, from increased
cycle time due to the secondary activation step after completion of the ETD reaction.

A third alternative to increasing product ion yield in ETD reactions is concurrent infrared
photo-activation, /.e., activated ion ETD (AI-ETD). In AI-ETD, IR photons unfold peptide
precursor ions by disrupting the non-covalent interactions via slow-heating, increasing
product ion yield and the amount of sequence information obtained per spectrum.22 The
concomitant unfolding prevents the pre-existing higher order structure from holding product
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ions together after backbone bond cleavage, not only promoting formation of c- and z®-type
ions but also minimizing the time the product ions are held together to mitigate hydrogen
rearrangements that can occur in ETnoD products. We have previously shown that AI-ETD
can improve proteome characterization in shotgun experiments and also can increase
sequence coverage of intact proteins.23-2% Notably, AI-ETD accomplishes this without any
addition to the standard ETD reaction time, making it highly favorable for high-throughput
experiments that look to maximize the number of peptides sequenced per unit time.

The challenge of AI-ETD, of course, is the addition of an IR laser on the mass spectrometer
system. Previous implementation of AI-ETD on an Orbitrap system required extensive
hardware modifications,2426 but the geometry of the newest generation of Orbitrap MS, /.e.,
the quadrupole-Orbitrap-quadrupole linear ion trap (g-OT-QLT) hybrid,2” or the Orbitrap
Fusion Lumos, enables facile implementation of the laser for robust AI-ETD experiments.
Here we describe our straight-forward approach of affixing a continuous wave CO5 laser to
the Lumos system and demonstrate that AI-ETD provides the best performance of all ETD
methods for shotgun proteomics. Moreover, we use this implementation of AI-ETD to
introduce a new activation scheme called AI-ETD+ that takes advantage of both electron-
driven fragmentation and infrared multi-photon dissociation (IRMPD) to generate full
sequence coverage of the large majority of peptides identified in LC-MS/MS experiments.

MATERIALS AND METHODS

A quadrupole-Orbitrap-quadrupole linear ion trap (q-OT-QLT) hybrid MS system (Orbitrap
Fusion Lumos, Thermo Fisher Scientific, San Jose, CA) was modified to include Firestar
T-100 Synrad 60-W CO, continuous wave laser (Mukilteo, WA). Four synthetic peptides
with the sequences SEDYVDIVQGNR, ENDILVLMESER, ELVNDDEDIDWVQTEK, and
INQLISETEAVVTNELEDGR were obtained from New England Peptides (Gardner, MA)
and were infused into the mass spectrometer at a flow rate of 57 pL/min for analysis with
ETD, ETcaD, EThcD, and AI-ETD. LC-MS/MS experiments of tryptic peptides from mouse
brain lysates were conducted using 90-minute analyses. Tryptic digestion was performed
similarly as described elsewhere.28-30 Calibrated charge dependent ETD parameters® were
enabled to determine ETD reagent ion AGC and ETD reaction times for all activation
methods, meaning ETD reaction times were the same for a given precursor ion charge state
either with and without collisional or photo-activation, and all MS/MS scans utilized the
QLT as the mass analyzer with rapid scan speed enabled. Photo-activation for AI-ETD
occurred concurrently with ETD reaction, meaning the laser was on only for the duration of
the ion-ion reaction time. Tandem mass spectra were searched with the Open Mass
Spectrometry Search Algorithm in the COMPASS suite.31:32 Prior to the search, unreacted
precursor peaks, charge reduced precursor peaks, and neutral loss peaks from the charge
reduced precursor were cleaned from spectra.3334 Product ions searched were c-, z®-, and
y-type for ETD, ETcaD, and Al-ETD, whereas b-type product ions were included in
addition to the other three in searches of EThcD and AI-ETD+ data. Trypsin specificity with
three missed cleavages allowed was used and peptide spectral matches (PSMs) were made
against the UniProt mouse (mus musculus) database (canonical and isoforms) downloaded
on May 12, 2016, which was concatenated with a reversed sequence version of the forward

Anal Chem. Author manuscript; available in PMC 2017 August 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Riley et al. Page 4

database. Peptides were filtered to a 1% false discovery rate using both e-value and
precursor mass accuracy. See Supplemental Material for more detailed methods.

RESULTS AND DISCUSSION

Instrument modifications

We designed our implementation of the CO5 laser on a g-OT-QLT system to require minimal
additional hardware while still allowing for simple laser installation that maintains
alignment integrity and robust instrument performance. Figure 1 illustrates our approach,
where we affixed the laser and alignment optics to the instrument chassis itself, removing
the need for a laser table and leaving the instrument footprint largely unchanged. Figure 1a
shows an overhead view of this setup in relation to the instrument schematic (not to scale),
indicating how the laser head is attached to the back of the instrument and the beam is
guided into the dual cell linear ion trap using optic mirrors and beam stirrers. Two focusing
lenses were also introduced immediately prior to the ZnSe window (25.4 mm in diameter)
that was added into the vacuum manifold. The IR photon beam was focused by the first lens
to have a waist approximately 1 mm in diameter, and the second lens columnated the beam
prior to transmission into the QLT. Figure 1b provides a rendered image of this
implementation with appropriate components labeled. The tube housing the lenses makes
coarse alignment with the QLT straight-forward and the beam stirrers allow for simple
adjustment of fining tuning of the beam position in the x and y dimensions.

By having all laser components fastened to the instrument itself, the alignment remains
robust and largely unaffected by small movements that could drastically affect a setup where
instrument and laser table are on separate foundations. Additionally, minimizing hardware
reduces the costs and space needed to outfit the system with a laser.

The laser was aligned concentric with the QLT for all experiments described in this
manuscript using IRMPD fragmentation of background ions as indicators of alignment
accuracy. Following the hardware modifications, the Lua instrument control software was
modified to trigger the laser to fire when desired using TTL logic and a gate controller. Laser
power was controlled using a spare DAC output on the instrument so that power could be
adjusted in real time throughout a given experiment. Importantly, the He bath gas pressures
used for normal QLT operation remained unchanged for all experiments.

AI-ETD performance

We first assessed our laser-outfitted g-OT-QLT system by dissociating four synthetic tryptic
peptides with AI-ETD at various laser powers. For all AI-ETD experiments, the ETD
reaction was carried out as normal in the high pressure cell while trapping volume was
irradiated only for the duration of the ion-ion reaction with no pre- or post-activation. In this
current implementation, laser powers of 12-24 W generally produced the best AI-ETD
fragmentation (Figure 2), which is significantly lower than laser powers needed in previous
AI-ETD experiments on a linear ion trap-Orbitrap hybrid MS system (Orbitrap Elite) where
the pressure in the reaction cell also had to be lowered to achieve optimal AI-ETD
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fragmenation.24:25:35.36 The much shorter laser path and use of focusing optics in this
implementation account for this difference, allowing use of lower powered lasers.

Figure 2a displays the intensity of c-, z®-, b-, and y-type product ions produced by ETD and
AI-ETD at varying laser powers (6—-30 W) for the doubly protonated precursor of each of the
four peptides. Fragments generated by EThcD and ETcaD are also plotted for comparison,
where “nce” denotes normalized collision energy used. For each precursor, intensities of
individual fragments are summed for a given fragment ion type, and the intensities of each
fragment type are normalized to the greatest value seen for that precursor, allowing for easy
comparison across each peptide. Note, a C# script using the C# Mass Spectrometry Library
(CSMSL, https://github.com/dbailey chess/fCSMSL) was written to extract fragment ions
and their intensities. Figure 2b presents the normalized signal (again normalized to the
greatest value for each precursor) seen in the c- and z®-type fragment ion channels only, i.e.,
those specific to ETD fragmentation. In both cases, AI-ETD clearly increases fragment ion
production over ETD as laser power increases, although over fragmentation can occur. For
each peptide, y-type ion generation increases with laser power, but this is not necessarily
indication of collisional fragmentation. ETD is known to produce y-type ions in addition to
the canonical c- and z®-type fragments,3’ so the increase of all three fragment types
concomitantly is indicative of improved ETD-like fragmentation. However, increasing b-
type ion signal, in addition to degradation of c- and z®-type products, at higher laser powers
indicates the onset of IRMPD-like fragmentation, which is considered over fragmentation in
AI-ETD experiments.

In general, AI-ETD at 18-24 W generated more fragment ion signal than ETD, ETcaD, and
EThcD for all four fragment ion types, and Al-ETD always produced the maximum signal
for c- and z®-type ions. Figure S1 further illustrates the increased conversion efficiency of
AI-ETD, displaying the amount of remaining precursor and charge-reduced precursor
present in spectra after each activation method. AI-ETD also provided similar improved
fragment ion generation for higher charged precursors (z= +3 of
INQLISETEAVVTNELEDGR), albeit at lower laser powers (12—-18W) for optimal
activation, whereas EThcD and ETcaD both decreased total product ion signal compared to
ETD (Figure S2).

Increased fragment ion yield with AI-ETD is highlighted in Figure 3a, which shows
annotated spectra for ETD and AI-ETD at increasing laser powers for the doubly protonated
precursor ion of ENVNDDEDIDWVQTEK. The presence of c-, z®-, and y-type in AI-ETD
up through 18 W of power is clear, and the presence of b-type ions in the spectrum AI-ETD
at 24 W marks the onset of some degree of IRMPD fragmentation as well. This
improvement in fragment ion generation is coming directly from unfolding of precursor
ions, which mitigates the formation of non-sequence informative EThoD products, as
demonstrated by Figure 3b. Here the isotopic envelopes of the charge-reduce precursor ions
are shown for each of the spectra in part a (highlighted in gray in 2a). Monoisotopic m/z
peaks of the proton transfer (PTR) and ETnoD products are highlighted in blue and red,
respectively. Proton transfer and electron transfer are competing pathways in ETD reactions
that vary based on reagent anion used, and a minimal degree of PTR is known to happen
with fluoranthene, the reagent used in these experiments.38-40 |f ETnoD were not occurring
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at all and PTR was the only contributing factor to the charge-reduced precursor products, the
isotope distribution should match the theoretical isotope distribution shown by open white
circles.

Clearly, ETnoD products are a major contribution to the charge-reduced precursor products
in ETD, but ETnoD products are diminished and ultimately are eliminated as laser power
increases with AI-ETD. Note, the isotope distributions are not plotted on the same intensity
scale, but the base peak height is given for each. Figure 3c illustrates this concept for other
standard peptides, plotting the intensity of the ETnoD (red) and PTR (blue) monoisotopic
peaks as a function of laser power. PTR products are largely unchanged by AI-ETD
fragmentation (which is expected because PTR is largely a function of reagent), but ETnoD
products are greatly reduced at higher AI-ETD laser powers.

With successful implementation of AI-ETD evident from the synthetic peptide studies, we
next examined the performance of AI-ETD for shotgun proteomic experiments with 90-
minute LC-MS/MS analyses of tryptic peptides from mouse brain lysate. Figure 4
summarizes the results of these experiments, showing how AI-ETD at various laser powers
compares to ETD. AI-ETD (18 W) nearly doubled the number of peptide spectral matches
(PSMs) as compared to ETD (panel a). AI-ETD also improves MS/MS success rate, plotted
both as a function of precursor m/z (panel b) and precursor charge state (2) (panel c).
MS/MS success rate is defined as the number of PSMs successfully sequenced divided by
the number of MS/MS scans acquired for a given 77/z bin or charge state. The significant
decline in success rate with ETD for precursors larger that ~600 Th and the low success
rates for z = +2 precursors exemplify of ETD’s low efficiency with low charge density
precursors due to ETnoD. AI-ETD improves success rates across the entire /m/zrange and
for all precursor charge states, with the most drastic improvements coming for doubly
protonated precursors and high m/zions. Notably, AI-ETD improves MS/MS success rate
for all precursor ion charge states, even the z = 3 precursor ions, where ETD is known to
perform well.1941 Comparing between AI-ETD laser powers, the lowest power of 12 W
does not improve performance as substantially, but the differences between 15 W, 18 W, and
21 W are less significant, with 18 W providing the best overall results.

Introducing AI-ETD+

The main goal of AI-ETD is to augment ETD fragmentation; the onset of substantial
collisional dissociation products is considered undesirable. Hybrid fragmentation methods,
on the other hand, such as EThcD and ETUVPD (/.e., using ultraviolet photo-dissociation to
activate ETD reaction products),*2-44 seek to combine multiple types of fragmentation to
generate extensive ion series corresponding to multiple dissociation pathways. This
approach has several benefits, including extensive peptide backbone sequence coverage and
localization of post-translational modifications (PTMs) that have been demonstrated with
EThcD.18:45-47 Challenges with EThcD and similar hybrid activation methods, however,
include both additional time needed to perform both dissociation methods, and loss of
sensitivity that can occur during the HCD process (/.e., some degree of product ion signal is
lost during HCD fragmentation).
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We devised a new hybrid fragmentation approach called AI-ETD+ that combines AI-ETD in
the high pressure cell of the dual cell QLT with a short IRMPD activation in the low pressure
cell prior to fragment ion mass analysis that occurs in the low pressure trap (see Figure S3
for a sample scan event). The higher bath gas pressures of the high pressure cell (~5 mTorr)
are suitable for ETD reactions, but they generally prevent dissociation via IRMPD due to
collisional cooling.#849 The low pressure cell, however, is used for improved resolution and
sensitivity during mass analysis*8 and has low enough pressures (~0.3 mTorr) to perform
IRMPD,#9:50 making the shuttling of ions into the low pressure cell standard in QLT
operation and presenting an ideal time to perform IRMPD with no additional steps needed in
the scan sequence. IRMPD is known to produce b- and y-type ions similar to other
collisional activation methods,>! providing complementary dissociation to AI-ETD. In this
scheme, all AI-ETD products are irradiated in the low pressure cell, /.e., no other mass
selection occurs prior to the photo-activation, which is similar to EThcD and allows for
further fragmentation of the unreacted precursor, a dominant product in all ETD reactions.
Importantly, AI-ETD+ differs from other hybrid fragmentation techniques in that it does not
add any additional time to the scan sequence. The IR photo-activation occurs immediately
after the transfer of ions into the low pressure trap for a duration of ~4 ms. This time is
typically utilized as a ion cooling time prior to mass analysis in the low pressure cell, but it
is more than sufficient to create generate IRMPD products with the reduced bath gas
pressure of the low pressure cell.

Figure 5 shows AI-ETD, EThcD, and AI-ETD+ spectra of the doubly protonated precursor
of the synthetic peptide INQLISETEAVVTNELEDGR. Extensive fragmentation is seen for
each method, and the signal in b-, c-, y, and z®-type ions is shown in bar graphs to the right.
This signal is normalized to the most intense signal from all three conditions, which was y-
type ion signal in AI-ETD+. The EThcD spectrum has more b- and y-type fragment ions
than the AI-ETD spectrum, which is expected, but c- and z®-type products are somewhat
diminished — apparent in both the spectra and the bar graphs. AI-ETD+ maintains c- and z®-
type product ion signal, with even more fragments being generated than in either AI-ETD or
EThcD, and it also produces substantial b- and y-type ion series with greater signal than
EThcD. Far less unreacted precursor is present in the EThcD spectrum, but AI-ETD+ still
has more signal in product ions channels. Note, all three spectra are on the same intensity
scale, which further highlights the lower overall signal detected in EThcD spectra compared
to AI-ETD and AI-ETD+ fragmentation. Several different combinations of laser powers
were tested for AI-ETD+, with the best combination being 18 W for AI-ETD, followed by 9
W for the IMRPD activation in the low pressure cell. Power output from the laser is easily
modulated in the instrument code on this timescale.

The benefits of AI-ETD+ from this test case translate to LC-MS/MS experiments, as well,
making it the optimal supplemental activation technique for ETD. Figure 6 compares ETD,
ETcaD, EThcD, AI-ETD, and Al-ETD+ fragmentation for 90-minute analyses of tryptic
peptides from mouse brain lysate. Note, AI-ETD in this comparison is with a laser power of
18 W, AI-ETD+ is shown using a combination of 18W and 9W for respective activation
stages, and the ETD and AI-ETD data correspond to the analyses shown in Figure 4. Table
S1 provides the average and standard deviation of MS/MS scans, PSMs, unique peptides,
and overall MS/MS success rate for all analyses, including multiple laser powers and laser
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power combinations for AI-ETD and AI-ETD+, respectively. Note, EThcD and AI-ETD+
data were searched using c-, z®-, b-, and y-type fragments (using all four gave the best
performance) while all other analyses used only c-, z®-, and y-type products for searching
(Figure S4).

AI-ETD+ provides the greatest number PSMs (Figure 6a) and generally boosts MS/MS
success rate the most across the 777/z range and for lower charge state precursors (z = 2 and
3). AI-ETD+ was slightly outperformed by AI-ETD and EThcD for precursors with m/z <
500 Th (Figure 6b) and standard AI-ETD is clearly better for higher charged precursors (z =
4) (Figure 6c), which are factors to keep in mind when designing future experiments.
Regardless, AI-ETD or AlI-ETD+ provided the best results, and Al-ETD+ doubled the
overall MS/MS success rate of ETD (63.22% vs. 31.56%), while AI-ETD and EThcD nearly
doubled ETD’s success rate (59.96% and 58.19%, respectively). It is worth noting that even
with similar success rates, AI-ETD noticeably increased PSM identifications over EThcD.
This is likely because more MS/MS scans were acquired in AI-ETD analyses. AI-ETD does
not slow down scan acquisition relative to standard ETD due to its concurrent activation
regime, whereas EThcD requires additional time to perform the collisional activation step
(Figure S5). Most interestingly, AI-ETD+ also maintained expected numbers of MS/MS
scans and did not increase scan times because it utilizes time already built into the scan
sequence to perform its additional IRMPD activation (Figure S5)

Beyond identification metrics, the quality of fragmentation for EThcD, AI-ETD, and Al-
ETD+ was also assessed. In Figure 6d, the extent of peptide backbone sequence coverage is
examined by counting the number of bond cleavages missed, /.e., bonds where no fragment
ion of any type was observed. If zero bond cleavages are missed, the peptide had 100%
sequence coverage, or every bond could be explained by an observable fragment ion. For
this comparison, PSMs for all three technical replicate injections were pooled for each
fragmentation method, and only z = +2 precursors were considered since they are the
majority of precursors selected and are the case were these supplemental activation methods
provide the most benefit over ETD. The total numbers of PSMs (n) are provided for each
fragmentation method. AI-ETD+ performs significantly better than EThcD and AI-ETD,
providing 100% sequence coverage (zero bond cleavages missed) for the large majority
(~85%) of PSMs identified, with another 10% having only one cleavage missed. AI-ETD
sequences more PSMs with zero bond cleavages missed than EThcD, but ETheD
outperforms AI-ETD when considering PSMs with zero or one missed bond cleavage. Al-
ETD+ also generates the highest number of fragment ions per PSM, which is broken down
by count of each of the four fragment in types in Figure 6e. Interestingly, Al-ETD+ produces
more b- and y-type ions than EThcD and more c- and z®-type ions than standard AI-ETD,
indicating that it is also activating some degree of ETnoD products that AI-ETD is not fully
mitigating. Standard AI-ETD produces more c- and z®-type fragments than EThcD, but
similar numbers of y-type fragments and fewer b-type ions. These results show promise for
both AI-ETD and AI-ETD+ in standard proteomic experiments, but they also highlight the
potential AI-ETD+ has to be a new hybrid fragmentation method for challenging
applications like de novo sequencing where extensive ion series and multiple fragmentation
methods are highly valuable, if not necessary.52-54
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CONCLUSION

Enabling photo-dissociation capabilities on the newest generation of Orbitrap hybrid
instruments offers many new exciting possibilities. Here we have shown how a quadrupole-
Orbitrap-linear ion trap Tribrid MS system (Orbitrap Fusion Lumos) can be easily outfitted
with a continuous wave CO, infrared laser by affixing the laser head and optics directly to
the instrument chassis for a robust implementation. Moreover, we perform the first AI-ETD
analyses on the Lumos platform, demonstrating that concurrent IR photo-activation during
ETD substantially improves peptide fragmentation and nearly doubles identifications in LC-
MS/MS of complex peptide mixtures. With the other ETD-specific improvements already
afforded by the Lumos system, this work represents the state-of-the-art ETD technology for
proteomic experiments. We have also introduced a new hybrid fragmentation technique
called AI-ETD+ that combines AI-ETD and IRMPD fragmentation to generate extensive
c/z®- and b/y-type fragment ion series in a single MS/MS spectrum without adding any time
to the scan acquisition. AI-ETD+ represents the optimal supplemental fragmentation method
for ETD analyses over any other approach and enables 100% sequence coverage for the
large majority of identifications it generates. This work enables new directions in research
for de novo peptide sequencing, PTM characterization, intact protein analysis, and more, and
we investigate the benefits of AI-ETD for bottom-up and top-down phosphoproteomics in a
companion manuscript.%®
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Figure 1. Instrument modificationsfor Activated Ion Electron Transfer Dissociation (Al-ETD)
a) An instrument schematic summarizes the hardware additions made to implement AI-ETD

in the dual cell linear ion trap on the Orbitrap Fusion Lumos. Additions include the CO,
laser, guiding mirrors, beam steerers, focusing lenses, and an entrance window added to the
vacuum manifold. All beam guiding and manipulation is done external to the vacuum
chambers of the instrument. Note, the illustration is not to scale. b) A more detailed
depiction of the laser and associated beam guides, showing the orientation of the laser
mounted to the back of the instrument chassis and how the photon beam is brought
concentric to the trapping volume of the linear ion trap.
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Figure 2. AI-ETD improves product ion generation over ETD, ETcaD, and EThcD
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a) Increasing laser power enhances generation of ¢-, 7®-, and )~ type ions over ETD alone
for four standard peptides, although too high of laser power can cause decreases in product
ion intensity. Higher laser powers also begin to generate &-type ions, indicating onset of
some degree of IRPMD. AI-ETD at 18W and 24W generally produces more product ion
signal than ETcaD and EThcD supplemental activation techniques. b) Summing ¢ and Z®-
type product ion signal show how AI-ETD at varying laser powers increases ETD-specific
product ions over ETD, ETcaD, and EThcD. Signal for each graph was normalized to the

highest value for that condition.
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Figure 3. AI-ETD generates more product ions by decreasing ETnoD
a) Spectra from ETD and AI-ETD of increasing laser powers for the z= +2 precursor of

ENVNDDEDIDWVQTEK show the extent to which AI-ETD can increase product in yield.
All spectra are on the same intensity scale. b) Investigation of the charge reduced precursor
products (greyed area in spectra in part a) show that the isotopic distribution shift upon Al-
ETD to match the presence of PTR products only with little to no ETnoD products. Base
peak intensities for each case are provided. c) The base peak intensity of the PTR and
ETnoD monoisotopic peaks for z= +2 precursors of SEDYVDIVQGNR (circle),
ENDILVLMESER (square), and ENVNDDEDIDWVQTEK (triangle) are plotted to show
that the trend of decreasing ETnoD products with increasing AI-ETD laser power holds for
each of the standard peptides. Note, the fourth peptide had a charge reduced precursor m/z
above 2000 Th and was thus excluded from this analysis.

Anal Chem. Author manuscript; available in PMC 2017 August 17.

T

24 30



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Riley et al. Page 15

Al-ETD

a) s 14,000 ~ETD~

- 12,000-
8,000-
6,000-
4,000
2,000-

—t
o
o
o
o
1

Peptide Spectral Ma

-

ow 12w 15W 18w 21w

-B- [0
-@- AT @12W
-~ AHTD @15W
-@- ALETD @18W
-@- AETD @21W

=
Tt
(==}
o
]

1

o~
o
1

MS/MS Success Rate (%)

0- T T L L)
400 600 800 1000 1200
Precursor m/z (50 Th hins)
) .
S I $ z
g 1 . :
v 401
et
2 &)
o 04 ™ o 150 @12
= A AED @15W
= ® A @18W
= & NED@2Iw
0 v ¥ T T
2 3 4 54

Precursor Charge State (z)

Figure4. AI-ETD at different laser powers compared to ETD for shotgun proteomics
a) AI-ETD across a range of laser powers improves peptide identification over ETD, with

AI-ETD at 18W generating the most peptide spectral matches — nearly doubling the
identifications obtained from ETD alone. b) AI-ETD increases MS/MS success rate over
ETD across the m/zrange, especially >600 Th. ¢) AI-ETD improves MS/MS success rates
over ETD for precursors of all charge states, with the exception of AI-ETD at 21W for z=5
(5+ indicates z=5). In general, AI-ETD at 18W performs best for all metrics. Note, success
rate is defined as number of MS/MS scans successfully converted to PSMs, and all data here
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represent the average of three technical replicates with one standard deviation shown by
error bars.
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Figure 5. AI-ETD+ offers maximal generation c-, z-, b- and y-type fragments
AI-ETD+ is the combination of irradiating ions in the high pressure trap concurrent with the

ETD reaction and providing a second short irradiation during product ion analysis in the low
pressure trap. This scheme does not increase the overall acquisition time per scan but
provides the combination of benefits of AI-ETD fragmentation plus extra collisional
excitation via IRMPD immediately prior to mass analysis. Spectra for the 2= +2 precursor
of INQLISETEAVVTNELEDGR are shown for AI-ETD at 18W, EThcD with a collision
energy of 25nce, and AI-ETD+ (18W during the ETD reaction and 9W during product ion
analysis). AI-ETD+ maintains the ¢ and Z®-type product ion signal generated by AI-ETD
and also provides more & and y~type product ion signal than EThcD. Spectra are on the
same intensity scale, and product ion signals were normalized to the highest value across all
three conditions.
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Fi%lj.ll’e 6. Al-ETD+ isthe optimal supplemental activation technique for shotgun proteomic
analyses

a) ngtide spectral matches for ETD and four different ETD supplemental activation
methods are shown, with AI-ETD+ providing the best identification power. MS/MS success
rates for precursor m/z (b) and charge state (c) are also provided for each method. Note, data
in a), b), and c) represent the average of three technical replicates, and error bars show one
standard deviation. d) The number of missing bond cleavages is shown for the z= +2
precursors from EThcD, AI-ETD, and AI-ETD+. Zero missed cleavages indicates that 100%
peptide sequence coverage was achieved for that PSM. €) Box plots show the distribution of
total ¢c-, 7@, b, and y~type product ions generated in a given PSM of z= +2 precursors for
EThcD, AI-ETD, and AI-ETD+. Note, data in d) and €) represent the aggregate total of
PSMs from all three technical replicates.
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