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ABSTRACT: Ultraviolet photodissociation (UVPD) mass spectrom-
etry unlocks insights into the protein structure and sequence through
fragmentation patterns. While N- and C-terminal fragments are
traditionally relied upon, this work highlights the critical role of
internal fragments in achieving near-complete sequencing of protein.
Previous limitations of internal fragment utilization, owing to their
abundance and potential for random matching, are addressed here
with the development of Panda-UV, a novel software tool combining
spectral calibration, and Pearson correlation coefficient scoring for
confident fragment assignment. Panda-UV showcases its power
through comprehensive benchmarks on three model proteins. The
inclusion of internal fragments boosts identified fragment numbers by
26% and enhances average protein sequence coverage to a remarkable 93% for intact proteins, unlocking the hidden region of the
largest protein carbonic anhydrase II in model proteins. Notably, an average of 65% of internal fragments can be identified in
multiple replicates, demonstrating the high confidence of the fragments Panda-UV provided. Finally, the sequence coverages of mAb
subunits can be increased up to 86% and the complementary determining regions (CDRs) are nearly completely sequenced in a
single experiment. The source codes of Panda-UV are available at https://github.com/PHOENIXcenter/Panda-UV.

■ INTRODUCTION
Precise characterization of intact proteins, encompassing
sequence, modifications, and structure, unlocks critical insights
into biological processes from fundamental cellular events to
intricate disease mechanisms. In recent years, top-down mass
spectrometry (TDMS) has emerged as a powerful tool for
bypassing the information loss inherent in enzymatic digestion,
allowing direct analysis of entire proteins and their diverse
forms (proteoforms) arising from splicing, mutations, and
posttranslational modifications (PTMs).1−7

The core of successful TDMS lies in efficient protein
dissociation. While fragmentation via collision-induced dis-
sociation (CID)8 typically yields limited coverage, particularly
for larger proteins, ultraviolet photodissociation (UVPD)
shines.9−11 UVPD (193 nm) boasts unparalleled efficiency,
generating near-complete sequence cleavage for proteins below
30 kDa and offering promising potential for larger ones.12,13

However, maximizing sequence coverage requires venturing
beyond just the traditional N- and C-terminal fragments (a/x,
b/y, and c/z ions). Internal fragments hold vast untapped
potential.14−17 Representing the majority of MS/MS signals,
they offer access to protein regions often invisible to terminal
fragments, especially for larger proteins and regions inacces-
sible due to disulfide bonds.18,19 Their inclusion can
dramatically increase sequence coverage, reaching over 75%

for monoclonal antibodies with >150 kDa mass.19 Internal
fragments can even provide structural information when
characterizing protein complexes using native top-down MS
(nTDMS).20−22

Despite their promising potential, internal fragments remain
largely underutilized due to the computational matching
challenges and low confidence in assignments.23 The large
number of theoretical internal fragments compared to terminal
fragments dramatically expands the search space, leading to
exponential complexity and ambiguity. Additionally, traditional
search engines are ill-equipped to handle the diverse array of
terminal and internal fragment ions generated by UVPD,
including a/x, b/y, c/z, ax, ay, az, bx, by, bz, cx, cy, and cz ions,
further complicated by hydrogen migration during the
photofragmentation.24,25 Previous attempt using ClipsMS,26 a
dedicated internal fragment assignment tool, demonstrated the
improvements in protein sequence coverages but suffered from
low confidence for UVPD spectra due to the low signal-to-
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noise and congestion.27 For all model proteins of Dunham’s
study, only an average of 18% of UVPD internal fragments was
consistently identified in two out of three replicates, compared
to 63% for HCD internal fragments.27 This low confidence
discourages the utilization of internal fragments in the UVPD
analysis.
Herein, we introduce Panda-UV, a novel software tool

specifically designed for confident photofragmentation of
UVPD data. Panda-UV tackles the key challenges by
implementing spectral calibration28−30 to improve mass
accuracy and a Pearson correlation coefficient (PCC) scoring
system to filter the low-confidence matches. Through rigorous
benchmarking on UVPD spectra of model proteins, we
demonstrated that Panda-UV significantly increased the
confidence of internal fragment matching, paving the way for
their routine inclusion in UVPD-based protein characterization
and unlocking the potential of this powerful technique.

■ EXPERIMENTAL SECTION
Materials and Reagents. Three model proteins (carbonic

anhydrase II, myoglobin, and ubiquitin) and infliximab were
used in this study. Model proteins were purchased from Merck
KGaA (Darmstadt, Germany). Infliximab (Remicade) was
purchased from TopScience (Shanghai, China) with 98%
purity. All deionized water used in the experiment was purified
by a Milli-Q system (Millipore Inc., Milford, Massachusetts,
USA). IdeS protease was purchased from Yeasen Biotechnol-
ogy (Shanghai, China). All solvents and mobile phases were
purchased with liquid chromatography−mass spectrometry
(LC-MS) grade purity. Acetonitrile (ACN) was purchased
from Merck (Darmstock, Germany). Other solvents were
purchased from Sigma-Aldrich. Micro Bio-Spin P6̅ Gel
Columns were purchased from Bio-Rad (California, USA).
PLRP-S chromatographic packing (1000A, 5 μm) purchased
from Agilent (California, USA).

Sample Preparation and Mass Spectrometry. Model
proteins was dissolved in 1 mM ammonium acetate (Aladdin,
Shanghai, China) with a concentration of 10 μM. Solutions
were introduced into MS by direct infusion with a flow rate of
0.3 μL/min. The spray voltage was set at 1.6 kV. All MS data
sets were collected by an Orbitrap Fusion Lumos Tribrid mass
spectrometer (Thermo Fisher, San Jose, CA, USA) imple-
mented with a 193 nm ArF excimer laser (Gam laser, Orlando,
FL, USA) as described in our previous works.31−33 The
instrument was calibrated before acquiring the data. The full
mass spectra of model proteins were collected with a mass
resolution of 240 K. The protein ions were isolated individually
and subjected to a 5 ns single pulse of laser irradiation (1.1 mJ)
for UVPD analysis. The fragment ions were analyzed with a
mass resolution of 240 K. The automatic gain target (AGC) of
MS2 was set at 1E6.
The Infliximab sample was dissolved in PBS (50 mM

sodium phosphate, 150 mM NaCl, pH 6.6) at 5 μg/μL, and
then IdeS was added at 1 unit per microgram of infliximab
sample, and two fragments of F(ab′)2 and Fc were obtained by
specifically cutting the hinge region for 30 min at 37 °C. After
digestion, 6 M urea was added to denature these two fragments
for 20 min. Then, 5 mM TCEP chemical reduction was added
at room temperature for 30 min to open the disulfide bond to
reduce F(ab′)2 into Lc (light chain) and Fd (heavy chain
variable domain) fragments at room temperature for 30 min,
followed by adding 10 mM IAA in a dark environment for
alkylation for 30 min. Micro Bio-Spin P 6̅ Gel Columns were

then used to replace the buffer with ammonium acetate. Then,
the sample was freeze-dried. The sample was dissolved with
0.1% FA to 1 μg/μL and then introduced into LC-MS. The
temperature of the ion transfer capillary was 305 °C, the
electric spray voltage was 2000 V, and the RF lens was set to
55%. Before data collection, the retention time and charge
state distribution of infliximab subunits were determined
through LC-MS operation. The full mass spectrum was set to a
resolution of 15,000 and a mass range of 400−2000 m/z.
Then, targeted LC-MS/MS data collection was performed
through selected ion monitor (SIM) mode. The MS2 spectrum
was set with a 240 K resolution, a quality range of 350−2000
m/z, and an RF lens of 60%. The AGC of MS2 was set at 1000
with a maximum injection time of 500 ms. A single pulsed laser
irradiation of 5 ns was used for UVPD analysis of subunit
fragments, with an energy of about 0.6−1.4 mJ.

Data Analysis. These raw files were then converted into an
mzML format using MSConvert, followed by deconvolution
with TopFD GUI v 1.5.434 at a S/N of 2. The deconvoluted
masses of UVPD fragment ions were transformed into a .csv
file using a custom python script and calibrated by Panda-UV,
which was then used as input for Panda-UV and ClipsMS.
Panda-UV and ClipsMS were used to search for the following
ion types within ±5 ppm: a, a+H, b, c, x, x+H, y, y-H, y-2H, z,
ax, ay, az, bx, bz, cx, cy. Hydrogen gains and losses in ClipsMS
searches were considered using an unlocalized modification
file, and then improbable fragments were deleted by a python
script. Panda-UV turned on mass calibration and spectral
calibration functions. The error for matching fragment
experimental envelope peaks is set to 10 ppm. Both Panda-
UV and ClipsMS match fragments in MH+ mode and terminal
fragment biased mode as described in a previous study.26

Panda-UV only retains terminal fragments with PCC scores
greater than 0.6 and internal fragments with PCC scores
greater than 0.8 to ensure confidence.

Code Availability. All the codes are programmed in
Python v3.7.16. Numpy v1.16.4, pandas v1.3.5, and pyteomics
v4.5.6 are used to preprocess data. GUI are constructed based
on PyQt5 v5.15.9. All the source codes of Panda-UV are freely
a v a i l a b l e f r om G i tHub (h t t p s : / / g i t h ub . c om/
PHOENIXcenter/Panda-UV) under GNU General Public
License version 3.0.

■ RESULTS AND DISCUSSION
Graphical User Interface (GUI) and Parameters of

Panda-UV. Panda-UV is a software tool specifically designed
for fragment matching of UVPD spectra, while the MS spectra
obtained by using common dissociation methods are also
compatible. It can match all known types of terminal and
internal fragment ions generated by UVPD, scoring the
matched fragments to yield highly confident results. With its
user-friendly graphical interface (Figure S1) and result
visualization (Figure S2), Panda-UV is easy to use even for
researchers with few programing skills. Additionally, its
command-line interface allows professional programmers to
integrate Panda-UV as a module into other software tools for
batch data processing.
Panda-UV can be run either by using a parameter file or by

configuring parameters directly through its GUI (Figure S1).
For interpreting UVPD spectra, the protein sequence and fixed
modification are used as input of Panda-UV to generate all
possible theoretical fragments according to the user-defined
ion types to match the deconvoluted masses in a preset error
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tolerance. For UVPD spectra of the protein−ligand complex,
the monoisotopic masses of ligand are used as an unlocalized
modification added to the theoretical fragments to assign the
holo fragment ions.
The confidence of the assignment is estimated by calculating

the similarity between experimental and theoretical isotopic
envelopes through PCC scoring. The R package enviPat35 is
utilized for calculations of the theoretical isotopic envelopes
based on the molecular formula and charge state of the
fragment ion. Thus, the directory of the R environment is also
used as an input parameter. We recommend installing R
version 4.2.1 and the latest version of enviPat. The
experimental isotopic envelopes of fragment ions are extracted
from the specified mzML file within a m/z tolerance, defined
as the “peaks match error”. The functions named “Mass
Calibration” and “MS Calibration” are also developed to
calibrate the deconvoluted mass and m/z of experimental data,
improving fragment matching and scoring.
After setting up the fragment matching error, ion types, and

workspace path, the user can initiate program execution by
clicking on the “Run” button. Upon completion, a fragment
matching the result file along with four figures will be
generated in your workspace path. These figures include
fragment cleavage maps and bar plots of residual fragment
yield for both terminal fragments and internal fragments
(Figure S2). These figures are HTML files created using Plotly
(v 2.24.1), and users can open them in a browser and save
them in other formats if needed.

Workflow of Panda-UV. If the user has configured all
parameters or uploaded a saved parameter file, then clicking
the “Run” button will initiate Panda-UV, which will run as
described in Figure 1A.

1. Fragment matching. Low mass error tolerance is
contributed to decrease the false positive in fragment
matching. However, the measured mass may shift from
theoretical mass due to instrument systematic shift
despite with the dedicated instrument calibration.29

Panda-UV generates all possible theoretical fragments
based on the protein sequence, modifications, and ion
types (Figure 1A). It then matches these theoretical
fragments with the deconvoluted mass list in two stages

to eliminate the mass error. Initially, Panda-UV only
matches the terminal ion types chosen by the user within
a large error tolerance (20 ppm) and then calculates the
average error (ppm) of all matched fragments (Figure
1A). This error (ppm level) is used to calibrate
deconvoluted masses using the following calibration
formula:

_ = + ×mass calibrated mass/(1 error 10 )6 (1)

After calibration, a second round of fragment
matching is performed on the calibrated deconvoluted
masses by using user-defined error tolerance. Since the
masses have been calibrated, Panda-UV can accurately
match fragments within a low error tolerance, thereby
preventing misassignments caused by an instrument
systematic shift.

2. Fragment scoring. Generating internal fragments greatly
expanded the search space in fragment matching. To
accurate match fragments merely depending on mass
error is insufficient despite low mass error Panda-UV
provided with mass calibration. Here, we developed the
similarity between experimental and theoretical isotopic
envelopes based on PCC as auxiliary quality control to
ensure positive fragment matching (Figure 1B). The
theoretical isotopic envelopes of fragment ions are
calculated by R package enviPat using the chemical
formula and charge state of fragment ions as input. The
experimental isotopic envelope is directly extracted from
the mzML file within a user-defined m/z tolerance
(named “peak match error” in GUI). The calibration of
experimental m/z is recommended to increase the
success rate and accuracy of extraction. The averaged
deviations (ppm) of deconvoluted masses and m/z are
found comparable for UVPD spectra collected by the
orbitrap analyzer. Thus, the averaged mass error in
fragment matching is also applied for m/z calibration
similarly to that of mass in eq 1. The intensities of
matched isotopic peaks are used for PCC scoring. While
the isotopic peaks in theoretical envelop that missing in
the UVPD spectrum, the intensity of this peak is set as 0
(Figure 1B). The theoretical isotopic peak intensities

Figure 1. Workflow of Panda-UV. (A) Main steps of Panda-UV include fragment matching, fragment scoring, and result visualization. (B)
Similarity between experimental isotopic envelopes extracted from spectrum and theoretical isotopic envelopes of matched fragments are calculated
based on PCC to ensure confidence.
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calculated by enviPat are relative values between 0 and 1,
which need to be scaled to absolute intensity. The scale
factor is the ratio of the sum of the three peak intensities
in the experimental envelope to of the corresponding
three top highest peak in the theoretical envelope
(Figure 1B).

Despite the extraction of accurate experimental envelopes of
matched fragments, the experimental peaks in the envelope
may overlap with other envelopes of different fragments,
leading to inaccurate PCC scoring. To alleviate this problem,
Panda-UV calibrates the intensity of the experimental peak of
matched fragment to ensure accurate PCC scoring (Figure
1B). The calibration formula is shown in following (eq 2),
which based on the L-Score method:36

_ = + > >

>

l
m
ooooooo

n
ooooooo

y

y y y t

y t y y t y y

y t y y t y y

calibrated

,

, and

, and
r

r r r

r r r r r

r r r r r (2)

where t is the fixed relative intensity difference between
matched theoretical and experimental peaks, in this study we
set as 0.5 following a previous study.36 yr and yr′ are matched
theoretical and experimental relative peak intensities, respec-
tively. yr′ is obtained by scaling of experimental envelope peaks
by the most abundant peak. The main idea of this method is
that, when there is a large difference in relative intensity
between a theoretical peak and experimental peak, the relative
intensity difference between the two peaks is fixed as t.
The fitting scores of calibrated experimental envelopes and

theoretical envelopes are calculated using PCC as the reliability
score of matched fragments. The fragments with higher PCC
scores will be proven with higher confidence in the following
section.
3. Drop ambiguous matches. Due to the large theoretical
search space, an experimental fragment may match
multiple theoretical fragments within a user-defined
mass error tolerance, in which the fragments with the
lowest mass error are regarded as correct one. However,
incorrect determination may occur with the instrument
systematic shift caused expanding mass error for a
correct match. Mass calibration helps reduce these
incorrect matches to obtain more confident results. To
disambiguate fragments with different masses or same
masses but different formulas, mass error and PCC score
are combined to drop the ambiguous matches. For
example, if an experimental fragment matches both

multiple terminal ions and internal ions at the same
time, Panda-UV first keeps the terminal fragments with
lower mass errors and larger PCC scores.

4. Result visualization. Panda-UV usually plots fragment
cleavage maps and bar plots of the residual fragment
yield for terminal and internal fragments based on the
sequence and fragment matching result (Figure S2). If a
protein backbone is cleaved and the fragments were
matched by Panda-UV, a special symbol is inserted
between the two amino acids at the cleavage site when
plotting the fragmentation site map (Figure S2A,C).
This symbol signifies that this site has been fragmented.
Hovering over this symbol will display information
about the type, mass, intensity, and charge of the
matched fragment. If a backbone has been fragmented
multiple times, all information about matched fragments
will be fully displayed. This makes it convenient for users
to verify whether the fragments have been correctly
matched.

The horizontal axis of the bar plot of residual fragment yield
represents potential fragmentation sites within the protein,
while the vertical axis represents total ion intensity produced at
each cleavage site (Figure S2B,D). Different fragments are
represented by different colors. Similarly, hovering over these
can display specific ion information for manual verification.
Fragment matching results and all maps can be saved in a user-
specified workplace.

Panda-UV Unlocks the Hidden Depth of Protein
UVPD Spectra Using Internal Fragments. The low
confidence of internal fragments caused by random matching
limited the utilization of internal fragments in the UVPD
analysis. Dunham et al. found only an average of 18% of UVPD
internal fragments that were identified in two of three
replicates based on several model proteins, compared to 63%
for HCD internal fragments.27 Panda-UV tackled this
challenge by implementing spectral calibration and a PCC
scoring system to filter low-confidence matches. To validate
the effectiveness of PCC scoring and mass spectral calibration,
Panda-UV was evaluated on the data sets of three model
proteins, carbonic anhydrase II (CA, 29 kDa, 259 amino acids,
10+ charge state), holo-myoglobin (Mb, 17 kDa, 153 amino
acids, 8+ charge state), and ubiquitin (Ub, 8 kDa, 76 amino
acids, 6+ charge state) as described in the Experimental
Section, in which all data sets contained three spectra obtained
by replicated UVPD experiments. The percentages of frag-
ments retained in multiple replicates were plotted as a function
of PCC for three model proteins (Figure 2). The results

Figure 2. Effectiveness of PCC on percentage of retained in replicates was tested by Panda-UV for three model proteins, CA (10+), Mb (8+), and
Ub (6+) described in the Experimental Section.
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demonstrated that, as the PCC increases, the percentages of
UVPD fragments retained in replicates continued to rise for all
model proteins, suggesting that the high-scoring fragments
identified by Panda-UV had a higher confidence. Up to 60, 77,
and 88% of internal fragments and 93, 95, and 91% of terminal
fragments with PCC scores greater than 0.9 were identified in
the three-replicated UVPD experiments of model proteins,
respectively (Figure 2). The generation of a specific internal
fragment among different experiments requires two identical
fragmentation sites and ion types, while a terminal fragment
needs only one identical fragmentation site and ion type;
therefore, it is reasonable that the percentages of internal
fragments retained in multiple replicates are lower than
terminal fragments. The confidence in internal fragments was
guaranteed by the high similarity between theoretical and
experimental isotopic envelopes. To ensure the confidence of
matched fragments, only terminal fragments with PCC greater
than 0.6 and internal fragments with PCC greater than 0.8
were retained in the following analysis.
Mass accuracy is crucial for confident fragment matching.

The instrument’s systematic shift caused mass error is
inevitable when acquiring mass spectra.29 It is difficult to
constantly maintain the instrument at an ideal 0 ppm shift.
Spectral calibration compensates for the mass error caused by
the instrument’s systematic shift, allowing a strict mass error
tolerance to improve the accuracy.28,30 Systematic Most
fragments were matched near to 0 ppm, so ±5 ppm error
tolerance was allowed in fragment matching with spectral
calibration (Figure S3). Although a strict mass tolerance error
(±5 ppm in this study) was used, only an average of 42.7%
experimental fragments is one-to-one matched (Figure S4A−
C) before dropping ambiguous matches on three model

proteins. The method for dropping ambiguous matches in
Panda-UV ensures that 92.2% experimental fragments were
uniquely matched (Figure S4D−F).
To further assess the robustness of Panda-UV, data sets of

three model proteins, aldolase (35+), CA (25+), and Mb
(15+) with three experimental replicates used in Dunham’s
study, were downloaded and tested using Panda-UV.27 The
results demonstrated that Panda-UV also guaranteed the
confidence and accuracy of matched fragments (Figure S5).
The percentage of internal fragments retained in multiple
replicates increased to 61% for CA (25+) used in Dunham’s
study, by filtering out fragments with PCC scores lower than
0.9 (Figure S5B). This was significantly higher than Dunham’s
14%.27

With the high confidence and accuracy provided by Panda-
UV, including internal fragments boosts the number of
identified fragments by 26% (reaching an average of 544
fragments) and enhances protein sequence coverage to an
average of 93% on model proteins described in the
Experimental Section (Figure 3A,B). ClipsMS was also tested
on model proteins as a benchmark for Panda-UV (Figure
3C,D). The summary of the number of fragments, the
percentage of fragments retained in multiple replicates, and
the search time provided by Panda-UV and ClipsMS are listed
in Table S1. Attributed to the abundant ion types that
bypassed improbable fragment matching and deleting, Panda-
UV significantly reduced the search space, thus obtaining more
than 10% (432 vs 394) terminal fragments and 32% (112 vs
85) internal fragments (Table S1). The percentage of
fragments retained in replicates increased from 82 to 84%
for terminal fragments and from 49 to 65% for internal
fragments (Table S1). Panda-UV increased both the number

Figure 3. Number of fragments and sequence coverage provided by (A, B) Panda-UV and (C, D) ClipsMS for three model proteins, CA (10+),
Mb (8+), and Ub (6+) described in the Experimental Section. Panda-UV only retained terminal fragments with PCC scores greater than 0.6 and
internal fragments with PCC scores greater than 0.8 to ensure confidence.
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and percentage of fragments retained in replicates, allowing for
extensive exploration of the UVPD data. Panda-UV and
ClipsMS performed similarly on HCD data regardless of
whether the fragments were terminal or internal (Table S2).
Additionally, with the optimization of the code framework,

Panda-UV took no more than 9 min to search one spectrum of
a model protein, which is 50 times faster than ClipsMS (Table
S1). Therefore, Panda-UV has a significant advantage when
searching multiple spectra of large proteins simultaneously. An
average of 11% signals (deconvoluted fragments) can be
additionally explained by internal fragments using Panda-UV
(Figure S6). For the largest protein, CA (10+), internal
fragments cover most regions that cannot be reached by
terminal fragments (Figure S2), increasing sequence coverage
from 69 to 83% and explained signals from 50 to 67%. This
suggests that internal fragments have the potential to deepen
the exploration of the “dark matter” that has never been
explored, aiding in the disambiguation of homologous
proteoforms that have minor differences and cannot be
identified solely with terminal fragments.

Impacts of Laser Energy on Protein Photofragmen-
tation. Laser energy is a crucial parameter that influences the
fragmentation of proteins in the UVPD experiments. High
energy promotes secondary fragmentation of proteins,37

leading to spectral congestion that decreases the reliability of
fragment matching.38,39 Mb (8+), a model protein described in
the Experimental Section, was fragmented by UVPD at
different energies and analyzed using Panda-UV. With
increasing laser energy, the number of identified terminal
fragments increased from 422 to 631, and internal fragments
increased from 89 to 206 (Figure 4A). The total sequence
coverage, provided by both terminal and internal fragments,
increased from 97 to 99% (Figure 4B). On average, the
percentage of internal fragments retained in multiple replicates
exceeded 60%, indicating that Panda-UV ensures the

confidence of fragment matching (Table S3). By using high-
confidence fragment matching with Panda-UV, sequence
coverage can be further improved by increasing the laser
energy.
However, the number of large fragment masses, especially

internal fragments, increased with laser energy (Figure 4C,D).
This conflicted with the well-known transformation of large
fragments to small ones at high energies.27,40 Mb (17+) was
fragmented by UVPD at different energies and analyzed using
Panda-UV. The number of fragments and sequence coverage
increased to a lesser extent with laser energy for Mb (17+)
compared to Mb (8+) (Figure S7A,B). The number of large
fragments also increased with laser energy, which corre-
sponded with the findings of the previous study (Figure
S7C,D).27,40 The Orbitrap analyzer has a higher detection
sensitivity of fragment ions with low molecular weight (MW)
compared to those with high MW. This inconsistency may be
partially explained that the low Mb (8+) depletion (Figure
S8A) produced low intensity fragments and the complete Mb
(17+) depletion (Figure S8B) produced high intensity
fragments.

Panda-UV Improves Monoclonal Antibody Sequenc-
ing Coverages. Monoclonal antibodies (mAbs) were
frequently used as highly specific targeted therapeutic
drugs.41−43 The therapeutic effect of mAbs depends on their
primary structure, making it crucial to characterize their
structure for quality control.44,45 mAbs are composed of two
identical heavy chains (Hc, ∼50 kDa) and two identical light
chains (Lc, ∼25 kDa).46 The heavy and light chains were
connected by disulfide bonds, with additional disulfide bonds
present within these chains, making the structure of
monoclonal antibodies highly complex. The most popular
bottom-up strategy usually has low sequence coverage and is
not suitable for sequencing of mAbs.47 Currently, no MS
fragmentation method can effectively fragment and sequence

Figure 4.Model protein Mb (8+) described in the Experimental Section was fragmented by UPVD at different energies. The spectra were analyzed
by a Panda-UV. (A) Fragment number, (B) sequence coverage, and (C, D) mass distribution of terminal fragments and internal fragments were
plotted as a function of different laser energies for Mb (8+). Only the terminal fragments with PCC scores greater than 0.6 and the internal
fragments with PCC scores greater than 0.8 were retained to ensure confidence.
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mAbs, making the top-down strategy unsuitable for antibody
identification as well.48 Middle-down compensates for the
shortcomings of bottom-up and top-down to identify proteins
with complex structures, making it a suitable strategy for mAb
sequencing.49

Infliximab, a therapeutic monoclonal IgG1-type antibody
used to treat autoimmune diseases, has a thoroughly studied
structure. By using the middle-down strategy to obtain three
subunits of infliximab described in the Experimental Section,
we obtained raw spectra of 4 charge states ranging from 26+ to
29+ for Fc/2 (heavy chain Fc monomer), 18+ to 21+ for Lc
(light chain), and Fd (heavy chain variable domain). UVPD
fragmented the subunits to obtain an MS/MS spectrum for all
target charge states. Each spectrum was obtained by averaging
five hundred times. The process of the infliximab sample is
illustrated in Figure S9, following a previous study.50

Spectra across all charge states of subunits of infliximab were
analyzed by Panda-UV. Number of fragments and sequence
coverage for Fc/2, Lc, and Fd of 4 charge states and
fragmentation site maps for Fc/2 (27+), Lc (20+), and Fd
(19+) are plotted in Figure 5. After inclusion of internal
fragments, the average number of identified fragments
increased from 178 to 326 (Figure 5A,D,H), and the sequence
coverage increased from 44 to 78% (Figure 5B,E,I). In terms of
quantity, internal fragments can even outnumber terminal
fragments for Fc/2, indicating that UVPD generated abundant
internal fragments (Figure 5A). Internal fragments increased
the sequence coverage from 37 to 86% (Figure 5B) and

accurately bracketed the glycosylation modification that cannot
be localized by terminal fragments alone for Fc/2 (27+)
(Figure 5C). For Lc (20+) and Fd (19+), internal fragments
increased the sequence coverage from 56 to 86% and 46 to
79%, respectively (Figure 5E,I), in which six CDRs
(complementary determining regions)51,52 that are crucial for
the characterization of mAbs were nearly completely
sequenced (totally on 87%) (Figure 5F,J). Only terminal
fragments with PCC scores greater than 0.6 and terminal
fragments with PCC scores greater than 0.8 were retained to
ensure confidence. Researchers can increase the PCC to 0.9 to
get more confident results.
Previously, due to concerns about the confidence of

fragment assignment, internal fragments in UVPD were
ignored. However, Panda-UV can accurately and reliably
match both terminal and internal fragments produced by
UVPD. By including internal fragments, it significantly
improved subunit sequence coverages. Existing methods that
use multiple UVPD experiments of different parameters
increased the subunit sequence coverages up to 85%.49 This
process is time-consuming and costly, and it also involves
complex subsequent data processing. However, by including
internal fragments with Panda-UV, the sequence coverages of
subunits can be increased up to 86% and the CDRs were
nearly completely sequenced in a single experiment. This
approach fully leveraged the ability of UVPD to produce rich
fragment ions, achieving high sequence identification coverage

Figure 5. Number of fragments (A, D, H) and sequence coverage (B, E, I) for Fc/2, Lc, and Fd of 4 charge states of infliximab provided by
terminal and internal fragments. Fragmentation site maps provided (C, F, J) by terminal fragments and internal fragments for Fc/2 (27+), Lc
(20+), and Fd (19+) of infliximab. Only the terminal fragments with PCC scores greater than 0.6 and the internal fragments with PCC scores
greater than 0.8 were retained to ensure confidence.
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at the algorithm level while improving the sequencing
throughput.

■ CONCLUSIONS
UVPD mass spectrometry revolutionized protein analysis by
offering near-complete sequence cleavages for proteins <30
kDa. However, the vast potential of internal fragments, the
majority of MS/MS signals, remained largely untapped due to
computational challenges and unreliable assignments. This
study introduced Panda-UV, a novel software tool specifically
designed to conquer these hurdles and unlocked the power of
internal fragments in UVPD data analysis. Panda-UV tackled
the issue of low confidence through a two-pronged approach:
spectral calibration for enhanced mass accuracy and a Pearson
correlation coefficient (PCC) scoring system for filtering low-
confidence matches. This strategy increased the confidence of
matched internal fragments up to remarkable 65% at the
algorithm level. Benchmarked against ClipsMS, the existing
internal fragment assignment software, revealed advantages of
Panda-UV. Panda-UV consistently identified 65 more frag-
ments on average, with more than 16% internal fragments
retained in replicates and 50 times faster computation speed.
Moreover, its efficacy extended beyond our data sets,
improving fragment confidence in data sets used in Dunham’s
study as well.27 Finally, Panda-UV shined in real-world
applications. When analyzing monoclonal antibodies, it
doubled the number of identified fragments and boosted
sequence coverage to 86%, significantly enhancing the
identification accuracy of mAbs. In conclusion, Panda-UV
empowered researchers to unleash the full potential of internal
fragments in UVPD data analysis. With its ability to deliver
highly reliable fragment assignments, Panda-UV unlocked the
hidden depth of protein characterization, paving the way for
transformational advancements in proteomics research.
However, there are several challenges that should be

addressed in the future. In this study, about 7.8% of the
experimental fragments matched multiple theoretical fragments
that have the same chemical formula. These matches may be
disambiguated by “frameshift assignments”23 and fragmenta-
tion propensity.53−55 Furthermore, this study focuses on
fragment matching at the algorithmic level. A comprehensive
method should be developed by integrating advanced MS
techniques and bioinformatic algorithms, for instance,
PTCR56−58 and new deconvolution algorithm to explore the
complex UVPD spectra in the future.
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