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Abstract

Photoactivation and photodissociation have long proven useful tools in tandem mass spectrometry,
but implementation often involves cumbersome and potentially dangerous configurations. Here we
redress this problem by using a fiber optic cable to couple an infrared (IR) laser to a mass
spectrometer for robust, efficient, and safe photoactivation experiments. Transmitting 10.6 pm IR
photons through a hollow-core fiber, we show that such fiber-assisted activated ion-electron
transfer dissociation (AI-ETD) and infrared multiphoton dissociation (IRMPD) experiments can
be carried out as effectively as traditional mirror-based implementations. We report on
transmission efficiency of the hollow-core fiber for conducting photoactivation experiments and
perform various intact protein and peptide analyses to illustrate the benefits of fiber-assisted Al-
ETD: namely a simplified system for irradiating the two-dimensional linear ion trap volume
concurrent with ETD reactions to limit uninformative non-dissociative events and thereby amplify
sequence coverage. We also describe a calibration scheme for the routine analysis of IR laser
alignment and power through the fiber and into the dual cell quadrupolar linear ion trap. In all,
these advances allow for a more robust, straightforward, and safe instrumentation platform,
permitting implementation of AI-ETD and IRMPD on commercial mass spectrometers and
broadening the accessibility of these techniques.
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INTRODUCTION

A centerpiece of mass spectrometry (MS) technology, tandem MS (MS/MS) requires
efficient and effective peptide fragmentation to enable accurate proteome characterization.1-8
Dissociation is commonly achieved by collisions with inert gases, as in collisionally
activated dissociation (CAD), also referred to as collision-induced dissociation (CID). By
contrast, electron-transfer dissociation (ETD) reacts multiply protonated polypeptides with
small molecule radical anions, resulting in peptide backbone cleavage.® Relative to CAD,
this method preserves labile post-translational modifications (PTMSs) during backbone
fragmentation, often yielding site-specific PTM localization.1% Now widely available on a
variety of commercial mass spectrometers, ETD has become a routine activation method for
the dissociation of biomolecules for protein sequence analysis.%11-13 |ts advent has
advanced both shotgun proteomic investigations, where mixtures are protease digested
before MS analysis, 112 and top-down techniques for intact proteins and proteoforms, which
often rely on activation by electron-based methods.14-16

Electron-based dissociation methods — ETD as well as electron-capture dissociation (ECD) -
have been limited by their inefficiency for precursors of low charge density.13 For these
precursors, secondary gas-phase structure can prevent dissociation, even after a free electron
has been introduced into the system. These non-dissociative electron transfer events (termed
ETnoD and ECnoD17-19) result in non-informative, seemingly intact products that simply
appear as charge-reduced versions of the precursor ion. Many previous studies have
alleviated the challenge of ETnoD29-24 and ECnoD?2°-33 via secondary activation. In the
solution we designed — activated ion-electron-transfer dissociation (Al-ETD) — the ion
trapping region is concurrently irradiated with IR photons during the ETD reaction. These
photons are intended to disrupt noncovalent interactions and gas-phase secondary structure
and thereby increase the generation of sequence-informative product ions following electron
transfer.22:34.35 The photon flux is kept low enough so that labile PTMs and peptide
backbone bonds are not cleaved.36-3° Previous reports have shown promise of this
concurrent photoactivation regime for the analysis of molecules ranging from tryptic
peptides and RNA molecules (~2-7 kDa)?449-42 to intact proteins (> 30 kDa)16:4344 and
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monoclonal antibodies (~ 150 kDa).*> Moreover, the concurrent nature of AI-ETD enables
efficient analysis without increasing scan time.

While AI-ETD provides an exciting platform for proteome and proteoform characterization,
its commercial utility has yet to be realized because the nuances of previous versions —
namely multiple mirrors and exposed photons — limit robustness and introduce safety
hazards. IR photons are invisible to the human eye and at the powers used here are
extremely dangerous.22:3440 Indeed, nearly all photoactivation MS/MS methods to date have
been inhibited by such challenges.#6:47 Several FT-ICR systems and UVPD-enabled systems
present safe designs, but contain multiple mirrors. The ideal solution is a simple and self-
contained configuration. Here we present a novel platform for IR photoactivation on a
quadrupole Orbitrap linear ion-trap hybrid system (Orbitrap Fusion Lumos), utilizing a
hollow-core fiber optic cable to transmit the 10.6 um IR light rather than traditional mirrors
and lenses. Compared to previous renditions, this straightforward, fully contained system
enables higher analytic replicability for improved robustness and addresses health
requirements necessary for widespread use in both expert and non-expert labs. Moreover,
this setup allows for on-demand infrared photons that can be used for AI-ETD or infrared
multiphoton dissociation (IRMPD), another approach not yet widely available on
commercial mass spectrometers.

To demonstrate the effectiveness of this design, we show that AI-ETD via fiber-optic
transmission increases sequence coverage for peptides and intact proteins over ETD alone,
predominantly through increased c- and ze-type ion formation. We also establish a laser
calibration platform that allows for the routine determination of IR laser power and
alignment to promote facile adoption of AI-ETD and IRMPD across all user and laboratory
settings. With this technological innovation, lasers can now be routinely implemented with
fiber-optic transmission for AI-ETD and IRMPD analyses of peptides, intact proteoforms, or
other biomolecules across a variety of MS instruments.

EXPERIMENTAL SECTION

Materials

Protein standards ubiquitin from bovine erythrocytes (UniProt Accession P63048) and
myoglobin from equine skeletal muscle (UniProt Accession P68082) were obtained from
Sigma-Aldrich (St. Louis, MO, USA) for intact protein analysis. The proteins were desalted
using a Sep-Pak C2 column (Waters, Milford, MA). For electrospray MS analysis, protein
solutions were diluted to ~5 pmol/uL in 50% acetonitrile, 49.8% water, and 0.2% acetic
acid. The 34-amino acid-long non-tryptic peptide with sequence
ELVNDAYDISKQTEDIGNAISEREAVVTNELEGR was obtained from New England
Peptides (Gardner, MA, USA), and Angiotensin | with sequence DRVYIHPFHL was
obtained from Sigma-Aldrich (St. Louis, MO, USA). Flexmix Calibration Solution (Thermo
Fisher Scientific, San Jose, CA), which contains the small peptide MRFA, was obtained and
used without modification. For electrospray MS analysis, peptide solutions were diluted to
~2 pmol/uL in 50% methanol, 49.8% water, and 0.2% formic acid and directly infused into
the mass spectrometer for experiments with ETD, AI-ETD, and IRMPD.
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Mass Spectrometry

All MS and MS/MS experiments were performed on a quadrupole-Orbitrap-quadrupole
linear ion trap (q-OT-QLT) hybrid mass spectrometry system (Orbitrap Fusion Lumaos,
Thermo Fisher Scientific, San Jose, CA) that was modified to include a Firestar Ti-60
Synrad 60 Watt (W) CO, continuous wave laser (Mukilteo, WA) to allow for the excitation
of precursor ions within the quadrupolar linear ion trap during ion-ion reactions.#8:49 A
multi-mode hollow-core fiber capable of transmitting mid-IR wavelength photons was
obtained (Opto-Knowledge Systems, Torrance, CA) and coupled between the laser and
hybrid mass spectrometer.

Proteins and peptides were infused at 3-5 uL/min using a Hamilton GasTight Valco syringe
(Reno, NV) and a Chemyx Fusion 101 syringe pump (Stafford, TX), and precursors were
ionized using electrospray ionization at 3-4 kV with respect to ground. The inlet capillary
was held at 275 °C and the ion funnel RF was held at 30%. For ETD experiments, precursor
cations were selected in the quadrupole and accumulated in the middle section of the high-
pressure trap of the quadrupole linear ion trap, followed by accumulation of fluoranthene
reagent anion (202 m/2) within the front section of the trap, and subsequent charge sign
independent trapping for the ETD reaction.?0 Laser powers for AI-ETD ranged from 10-50
Watts (W). All MS/MS scans were conducted within the Orbitrap at a resolving power of
120,000 at 200 m/z.

A calibration routine was written into the instrument code to allow for the direct calculation
of laser-based precursor dissociation within the 2-dimensional quadrupolar linear ion trap.
The calibration was centered on the dissociation of the singly protonated peptide MRFA
(m/z=524.26) via IR laser irradiation within the high-pressure and low-pressure traps of the
2D-QLT. Monitoring precursor dissociation within the high-pressure trap and low-pressure
trap allowed for the routine examination of beam alignment and laser power due to the
design of the 2D-QLT (Figure S1).

Data Analysis

For increased signal-to-noise (S/N) ratio in MS/MS spectra, 10 or 25 individual scans were
summed, with averaging performed in the vendor’s post-acquisition software (XCalibur
Qual Browser, version 2.2). No microscans were performed. Note electrospray MS spectra
for all analytes are shown in Figure S2. MS/MS spectra were deconvoluted with XTRACT
(Thermo Fisher Scientific) using default parameters and a signal-to-noise ratio threshold of
three. Peak lists from XTRACT and protein sequences from UniProt were searched via
ProSight Lite which reported number of bonds cleaved and P-score for each method.>! For
combination of spectra, peak lists from each spectrum were concatenated. All fragment
matches were made within a 10-ppm tolerance. Note, a C# script using the C# Mass
Spectrometry Library (CSMSL, https://github.com/dbaileychess/fCSMSL) was written to
extract fragment ions and their intensities.
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RESULTS AND DISCUSSION

Instrumental modifications for fiber-enabled photoactivation

To implement IR photoactivation in a robust, safe manner we developed a contained hollow-
core fiber waveguide setup. Key to this arrangement is a suitable fiber — only recently made
available — capable of transmitting mid-IR photons. Figure 1A provides an overview of the
implementation of optical fiber-enabled photoactivation on a quadrupole Orbitrap linear ion-
trap hybrid system (Orbitrap Fusion Lumos) and the components required for this platform.
The dashed line indicates the instrument chassis to show that the laser and fiber optic are
attached to the exterior of the mass spectrometer. Still, all IR light is contained within the
fiber optic cable. Figure 1B details the cross-section of the fiber integrated here, which
includes a 750 um hollow core through which the mid-IR light travels efficiently (~90% for
a one-meter fiber). The fiber itself comprises a thin silver iodide dielectric layer, a reflective
silver layer, a glass capillary, and a thicker protective coating, allowing for transmission of
photons up to 50 W. A continuous wave 60 W CO laser was attached to a fiber coupler for
transmission into the fiber. A three-dimensional model of the scheme is shown in Figure 1C.
During initial testing, IR light quickly decomposed the end of the fiber, so an in-house
skimmer was created to funnel light into the optical fiber. Prior to photons passing through
the skimmer and entering the fiber, a focusing lens narrows the photon beam to a waist of
approximately 1.25 mm. After photons exit the fiber, an internal mirror directs them through
a zinc selenide window and into the trapping volume of the linear ion trap where they
interact with the ion cloud with radius ~ 1.0 mm and length ~ 30 cm.52:53 |n all these results
emphasize two primary advantages to the optical fiber compared to mirror-based delivery for
instrument configuration: first, the laser can be positioned in a non-constrained manner, 7.e.,
anywhere in or near the instrument, and second, the adapter cover with focusing lens can be
simply swapped in place of the standard vacuum cover, requiring no further alignment.>4-57

Having implemented this IR delivery mechanism, we next sought to characterize its
performance across the four parameters depicted in Figure 2: laser power, transmission
efficiency, bending, and temporal stability. Our initial question was whether the fiber optic
could deliver high photon flux at powers up to 100 W. Figure 2A illustrates the expected
output from a 100 W laser (dashed line), the measured output from the laser (grey squares),
and the measured output from a 1.0 m optical fiber (green circles). At laser powers in excess
of 55 W, the laser output began to drop below expected values. At 30% of the maximal laser
power of 100 W, a 16% loss was observed when comparing power output from the laser to
power output from the fiber. (Typical AI-ETD and IRMPD experiments require 30-50 W).
This fiber-induced power loss increased to 22% when the laser was operated at 70 W, or
70% of the maximum laser output. Operating the laser at lower power levels minimized this
phenomenon. Figure 2B illustrates transmission losses due to various components of the set
up. The laser-fiber adapter was quite efficient, reducing the relative percent transmission to
99.4%. After transmission through a 1.0 m fiber at 30 W, the transmission was reduced to
81.5% of the power produced by the laser. Finally, after navigating the focusing lenses,
mirror, and ion trap mount, 78.5% of the original laser power was retained. This compares
favorably to the traditional mirror-based approach, which typically gave ~60 — 70%
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transmission. Notably, the photon beam no longer has a Gaussian distribution after passing
through the fiber and isn’t concentrated in a single mode.

We next wondered how the fiber optic affected laser power, particularly for indirect photon
transmission routes (/.e. fiber bending). While laser and all fiber optic components will
ideally be mounted inside the mass spectrometer itself, such an implementation would
require the fiber optic to take an indirect path. Figure 2C demonstrates a set of experiments
testing the fiber’s ability to transmit 10.6 um IR light at 6 W when bent to varying degrees,
with transmission measurements presented as the average of triplicate experiments. The fiber
has a minimum bend radius of 20 cm, preventing hairpin turns. After normalizing light
transmission to the transmission through a straight fiber, we observed the following losses.
A 90° turn accounted for ~ 8% transmission loss relative to a straight fiber, whereas three
180° turns accounted for 5-12% transmission loss. Specifically, even a very tight 25 cm
radius turn (the tightest of three tested) only reduced transmission by 12%. A 360° bend at
the manufacturer-specified minimum radius, 20 cm, transmitted ~ 65% of the IR light that a
straight fiber transmitted. We conclude that likely losses due to bending are minimal and
would permit incorporation of the light source on the mass spectrometer’s interior. The laser
beam travelling out of the fiber optic can enter anywhere in the vacuum chamber if an
appropriate combination of lenses and mirrors can direct the beam to the target region,
making this approach translatable to other platforms like time-of-flight systems.

Finally, we assessed the extent to which the system can consistently deliver high power over
extended periods of time by performing a power stability experiment lasting 120 minutes
(Figure 2D). The laser was fired at ~ 32 W for 30 ms every 6.5 seconds. Laser power output
was measured at the ion trap after transmission through a 1.0 m fiber and gave an average
value of ~ 26 W across the 120-minute duration. The 26 W mean output represents a 17%
transmission loss, similar to the power loss calculated at 30% laser power in Figure 2A.
According to the manufacturer and our experience, the fiber is very robust and gives
consistent photon transmission month-to-month. We have used the fiber without issue for
several months steady. Overall, these fiber transmission and laser efficiency data illustrate
the utility of an optical fiber in the transmission of long-wave IR light and show that IR light
is successfully transported into the linear ion trap for subsequent AI-ETD or IRMPD.

Laser alignment and power calibration

Having shown that IR light could be successfully transmitted into the 2D-QLT by means of
an optical fiber, we next established a calibration platform based on precursor decay rates.
This platform allows for facile testing of laser alignment and power on a routine basis,
similar to ultraviolet photodissociation (UVPD) calibrations.>® The laser settings were tuned
to allow for proper analyses by monitoring the dissociation of a small peptide precursor
MRFA.. Specifically, z= 1 precursor ions (mm/z=524.26, AGC = 10,000) were isolated with
the quadrupole using an isolation width of 2 Th and shuttled to either the high-pressure or
low-pressure cell of the 2D-QLT where they were irradiated for increasing duration and laser
power. Precursor decay is monitored as a function of precursor ion signal, A, following
photoactivation, as directly compared to precursor signal prior to irradiation, Ag.>® The
instrument proceeds with 41 individual experiments varying in reaction duration from 0.5 to
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200.5 ms and each consisting of ten microscans, at each laser power. Overall, twelve laser
powers are tested within the high-pressure and low-pressure traps for a total of 492
measurements, unique in laser power and reaction duration (Figure S1). Calibration
proceeds by adjusting for imbalances in laser power and fine-tuning of laser alignment can
be performed until expected precursor decay values are met.50 Values lower than expected in
the high-pressure cell, low-pressure cell, or both, are indicative of the nature of beam mis-
alignment. Typically, adjustment of the pre-optic lenses helps maximize power output.
Manipulation of the single internal mirror or a xy-translational mount at the fiber’s end
enable facile alignment of the IR beam path before iteration through the MRFA
photodissociation routine. This calibration platform now allows for robust AI-ETD and
IRMPD with replicable experimental methods across different instruments. Figure 3 reveals
how increasing IR laser power greatly increases the rate of precursor dissociation for this
fiber-enabled configuration, thus enabling IRMPD analyses on a chromatographic timescale.
Our prior work suggests that slightly lower laser powers are helpful for phosphoproteomics,
while glycopeptide fragmentation is optimal at the same laser power used for unmodified
peptides. Future work will need to address these PTM-centric tests across multiple systems
to understand if laser power can be “calibrated” for different PTM enrichments, much like
chromatographic gradients are optimized for different PTM enrichments.

Dissociation of peptide and protein cations with AI-ETD

We tested the efficacy of fiber-enabled protein fragmentation with AI-ETD to ensure that
results were comparable to traditional mirror-based implementations. Figure 4 provides
evidence that this new set-up can conduct high-quality AI-ETD experiments (as compared to
ETD) for the analysis of a 34-amino acid-long non-tryptic peptide,
ELVNDAYDISKQTEDIGNAISEREAVVTNELEGR. For a z= 4 precursor (945.21 m/2),
the ETD spectrum in Figure 4A is dominated by charge-reduced peaks representing 26.5%
of the total ion current (TIC). Relatively few sequence-informative product ions are detected;
the charge-reduced species confer no sequence information as they simply appear as intact
precursors. By contrast, AI-ETD significantly diminishes ETnoD events with increasing
laser power. The charge-reduced precursor peaks are reduced more than two-fold following
AI-ETD at 20% laser power (12.5% TIC) and are reduced more than three-fold following
AI-ETD at 30% laser power (8% TIC) (Figure 4B). These spectra have an abundance of c-
and ze-type ion products: when signal intensities of all fragment types (b, ¢, y, z¢) are
summed for each method and normalized to the highest value across all five conditions, Al-
ETD clearly generates more c- and ze-type ion signal than ETD alone, while also increasing
the generation of y-type ions (Figure 4C). Additionally, at higher laser powers (above ~ 32
W), spectra demonstrate a prominent increase in b- and y-type product ions, indicating that
dissociation proceeds through vibrational channels, as is typical of IRMPD and other slow-
heating methods. While c- and ze-type ion signal for this 34-amino acid peptide peaks at
30% laser power, the generation of b- and y-type ions at ~ 44 W and ~ 56 W laser powers
causes the percent of TIC explained by fragment ions to continue increasing (Figure 4D).
Noticeably, the percent TIC explained by charge-reduced intact precursors decreases across
laser power, reaching 1.7% of the TIC during AI-ETD at ~ 56 W laser power — a 15-fold
reduction relative to ETD.
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Having shown that this setup works effectively for mid-sized precursors, we next sought to
assess its performance for small proteins. Panels A and B of Figure 5 demonstrate the
sequence coverage attained for an intact protein investigation of myoglobin with ETD and
AI-ETD, respectively. The z= 16 precursor was selected for the ~ 16.9 kDa protein which
corresponds to a low-to-intermediate charge density precursor ion (Figure S2). ETD at 15
ms succesfully cleaved 55 bonds within the 153-residue protein, and AI-ETD increased the
number of bonds cleaved by 160% to 88. This boost compares well with what was achieved
with a comparable number of averaged scans (10 scans) with the previous traditional mirror-
based AI-ETD setup (Figure $3).44 Figure 5C demonstrates the ability to perform many
ETD and AI-ETD experiments across varying reaction durations and shows their respective
sequence coverage. For the z= 16 myoglobin precursor, sequence coverage peaked at about
15 ms for both ETD and AI-ETD, corresponding to sequence coverages of 32% and 58%,
respectively. When all reaction timepoints were summed, we observed increases in overall
sequence coverage (57% for ETD and 80% for AI-ETD), in keeping with previous reports
on the benefits of combining results from multiple reaction times.16:61 These data were then
further concatenated to attain a miminal increase in sequence coverage to 82%, denoted by
the black line in Figure 5C — an unsurprising outcome considering AI-ETD already
generates the majority of fragments achieved by ETD.

Ubiquitin ETD and AI-ETD data were similarly compared across reaction durations, with
peak sequence coverage coming at 5 ms for ETD and 10 ms for AI-ETD (Figure 5D). When
experimental data across reaction durations were summed, AI-ETD attained slightly higher
coverage than ETD alone (99% to 97% coverage, respectively). Representative ubiquitin
ETD and AI-ETD spectra for the z= 11 charge state precursor with laser power at ~ 32 W
are shown in Figure S4. For this small protein with a molecular weight of ~8.6 kDa, charge-
reduced intact species are significant across the 15 ms ETD spectrum. In the AI-ETD
spectrum, charge-reduced species are noticeably diminished and, in turn, more c- and ze-ion
products were generated. Specifically, whereas ETD generated 91 unique product ions
yielding 84% sequence coverage, Al-ETD generated 164 unique products, a 180% boost in
turn generating 96% sequence coverage (Figure S4C). These results are comparable to our
previous AI-ETD characterization on this molecule using the traditional mirror-based IR
design.#344 Collectively these data highlight the effectiveness of fiber-optic enabled AI-ETD
to produce spectra for all peptides and proteins tested here. Further, the calibration routine
and improved safety of this implementation position this technology for broad
dissemination.

CONCLUSION

Here we report the coupling of an IR laser to a mass spectrometer using an optical fiber to
enable flexible photoactivation options, including AI-ETD and IRPMD. Few fiber
waveguide implementations have been reported since Hogan and co-workers (how nearly
thirty years ago) coupled a laser to a mass spectrometer with fiber optics to affect laser
desorption ionization of peptides, polymers and porphyrins within an FT-ICR instrument.
62-68 Qur report is the first description of fiber waveguide technology on a commercially
available instrument for ETD-related studies, providing a direct path for a safe commercial
implementation of AI-ETD. We show that fiber-optic-enabled AI-ETD maintains the
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benefits in product ion generation and sequence coverage previously reported for AI-ETD,
while now providing a direct route to robust implementation across different instruments
within and across laboratories. We also introduce a new calibration scheme to test laser
power settings and alignment to aid in this effort. While not fully explored here, the fiber-
optic IR delivery now makes IRMPD highly accessible and worthy of further investigation.
As the field of proteomics moves forward, more diverse audiences of MS researchers will
benefit from access to the advantages AI-ETD provides for investigations of post-
translationally modified peptides and complex proteoform mixtures. With this fiber optics
approach, photoactivation methodologies should be substantially more accessible and will
allow entirely new applications of the method as it reaches new users.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Instrument maodifications for photodissociation via a fiber-optic cable capable of
transmitting mid-IR photons.

A) Instrumental schematic summarizes the retrofitting of a Fusion Lumos mass spectrometer
with a fiber optic cable capable of transmitting IR light. A detailed schematic illustrates
instrumental modifications necessary for IR transmission into the dual cell linear ion trap to
implement AI-ETD and IRMPD. Modifications include the CO» laser, fiber coupler, IR light
skimmer, fiber optic cable, focusing lenses, guiding mirrors, and an entrance window added
to the vacuum manifold. B) The cross-section and manufacturer specifications of the hollow-
core fiber used in this study are shown. C) A three-dimensional depiction of the hollow-core
fiber and components transmitting light from an IR laser and through a custom machined ion
trap mount. Note, the illustrations in panels A-C are not to scale.
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Figure 2. Laser Power, Transmission Efficiency, Bending, and Temporal Stability of Fiber Optic
IR Delivery.

A) Power output before and after fiber optic transmission. Measurements were made at the
end of the 1.0 m fiber. B) Visual depiction of percent light transmission through the fiber
coupler, straight fiber optic cable, lenses, and mirror for a 30 W laser output. C) Relative
percent transmission through the fiber as a function of varying fiber orientations.
Experiments are normalized to transmission through a straight fiber and were performed in
triplicate. Error bars represent one standard deviation. Measurements were made at the end
of the 1.0 m fiber after a 6 W laser output. D) Stability test, monitoring power output from
the laser (operating at 30% maximal laser power) through the 1.0 m fiber with a 30 ms pulse
every 6.5 seconds over 120 minutes.
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Figure 3. IRMPD of the small peptide MRFA across laser powers.
Dissociation of the singly protonated peptide MRFA (/2 = 524.26) tracked as a function of

precursor decay, where Ag is the precursor intensity before irradiation and A is the precursor
intensity after a given reaction duration. Each point represents an average of ten transients
after photoirradiation via the designated power level (corresponding to ~ 26, 32, 38, 44, and
50 W laser output, from top-to-bottom, respectively). Curves represent an exponential decay

asymptotic fit.
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Figure4. ETD and AI-ETD tandem mass spectra and fragmentation profiles.
Each tandem mass spectrum, representing an average of 25 transients, was generated

following 10 ms of A) ETD or B) AI-ETD of the z= 4 peptide precursor. Spectra are on the
same intensity scale with labeled regions given a 10x zoom. C) Increasing laser power
increases generation of sequence-informative c-, ze-, and y-type product ions over ETD
alone. D) AI-ETD drastically improves the percent of the total ion chromatogram (%TIC)
explained by product ion fragments (c-, ze-, b-, and y-type) as laser power increases (grey
bars, left axis). Additionally, AI-ETD greatly reduces the charge-reduced intact precursor
signal, modeled as a percentage of the TIC (blue line, right axis). Laser powers denote the
percentage of maximal output and correspond to 0, 20, 32, 44, and 56 W, from left-to-right,
respectively. Each graph is normalized to the maximum intensity across all conditions.
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Figure5. Fiber-enabled Al-ETD outperforms ETD for top-down analyses of myoglobin and
ubiquitin.

Myoglobin sequence coverage maps following A) ETD and B) AI-ETD (with ~ 32 W laser
output) of the z= 16 precursor ion are shown. AI-ETD (again with ~ 32 W laser output)
elicits greater coverage compared to ETD across reactions durations for both C) myoglobin
and D) ubiquitin. Black lines above bars indicate sequence coverage when both ETD and

AI-ETD data points are included.
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