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compelling advantages due to the potential to provide complete
characterization of protein sequence and post-translational
modifications. Here we describe the implementation of 193
nm ultraviolet photodissociation (UVPD) in an Orbitrap mass
spectrometer for characterization of intact proteins. Near-
complete fragmentation of proteins up to 29 kDa is achieved
with UVPD including the unambiguous localization of a single
residue mutation and several protein modifications on Pinl
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(Q13526), a protein implicated in the development of Alzheimer’s disease and in cancer pathogenesis. The S ns, high-energy
activation afforded by UVPD exhibits far less precursor ion-charge state dependence than conventional collision- and electron-

based dissociation methods.

ecent advances in instrumentation and experimental

design have propelled mass spectrometry to the forefront
of proteome research. Conventional bottom-up proteome
analysis is based on the ability to sequence the constituent
peptides of an enzymatically digested protein mixture. By this
approach, the identification of many proteins and post-
translation modifications (PTMs) is possible; however,
complete characterization of any protein is rare." This limits
the ability to determine sequence truncations, single nucleotide
polymorphisms (SNPs) and the combinatorial nature of PTMs.
The top-down approach,”™* an alternative that involves the
interrogation of intact proteins, provides both intact protein
and fragment mass measurements, and has the potential to
overcome the analysis deficiencies noted above (splice variants,
PTMs, mutations, etc.).

Despite the promise of the top-down approach, complete
characterization (in terms of sequence coverage) has generally
been limited to proteins <10 kDa due to the inability to
efficiently dissociate larger proteins and thus unambiguously
characterize whole proteoforms. Slow heating methods, such as
collision induced dissociation (CID) and infrared multiphoton
dissociation (IRMPD), often yield selective cleavage of the
most labile bonds (e.g, noncovalent interactions and amide
bonds N-terminal to 6proline residues) resulting in limited
sequence coverage.”” The advent of electron capture
dissociation (ECD)” and electron-transfer dissociation
(ETD)® has extended the utility of the top-down approach as
a result of dissociation occurring prior to energy randomization.
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This attribute greatly decreases the degree of amino acid-
specific cleavages seen with slow heating methods, yielding
more random and extensive fragmentation. The major
limitations of ECD and ETD stem from the strong dependency
on charge density and thus the gas-phase structure of the ions
selected for dissociation. The use of collisional activation or
infrared photoactivation prior to or during the ECD/ETD
process, termed activated-ion ECD/ETD,””!" has been
implemented to disrupt protein tertiary structure and allows
effective generation and detection of ECD/ETD products of
larger proteins. In addition, nozzle-skimmer dissociation'>"?
has extended the mass range of proteins that can be dissociated
to >200 kDa; however, nozzle-skimmer dissociation is
inherently nonspecific because it occurs prior to selection of
a precursor. The challenge of protein separations remains a
hurdle associated with top-down proteomics, but this factor
primarily limits throughput rather than impeding sequence
coverage.

193 nm ultraviolet photodissociation (UVPD) has been
shown to be a viable dissociation method for the character-
ization of peptides'>™>° and small proteins cations.*' ~>*> UVPD
at 193 nm of peptide cations yields extensive fragmentation
producing 4, b, ¢, %, 3, Y, z, v, w, and d jons.!7?0212319 Here we
present the implementation of 193 nm UVPD in a hybrid linear
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Figure 1. UVPD spectra of the 11+ charge state of (A) ubiquitin and (B) the 20+ charge state of myoglobin.

ion trap Orbitrap mass spectrometer (Thermo Scientific
Orbitrap Elite)** and the application of UVPD to top-down
protein characterization.

B EXPERIMENTAL SECTION

Materials. Ubiquitin from bovine erythrocytes, carbonic anhydrase
from bovine erythrocytes, and myoglobin from equine skeletal muscle
were purchased from Sigma-Aldrich and used without further
purification. All other chemicals were from Thermo Fisher Scientific.

Human Pin1 Expression, Purification, And Oxidation. The
human Pinl gene was subcloned in a pHIS8 vector, a derivative of
pET28a vector (Novagene).”> The Pinl R14A mutant was produced
using the QuikChange Site-Directed Mutagenesis Kit (Stratagene,
CA). The purification of Pinl R14A mutant was similar to previous
reported procedure.”® Briefly, the Pinl R14A was overexpressed in
using E. coli BL21(DE3) strain at 16 °C overnight induced by
isopropyl-f-p-thiogalactopyranoside (IPTG). The N-terminal poly-
histidine tag was removed by thrombin protease (Novegen Germany)
during the overnight dialysis after eluted from Ni-NTA (Invitrogen,
NY) purification. The protein was further purified by gel filtration
superdex7S (GE Healthcare) in 20 mM HEPES 7.5 and 50 mM NaCl.

Purified Pinl was treated with a mild oxidizing condition similar to
previously published protocol”” A 2 mg/mL purified Pinl RI14A
protein was incubated with 30 uM FeSO,/1 mM H,0, for 3 h. The
oxidation was stopped by removing hydroxyl free radicals using dialysis
in 20 mM HEPES, S0 mM NaCl overnight. Samples were spun down
for 20 min at 20,000 g to remove possible aggregation particles then
concentrated and desalted using a 10 kDa centrifugal filter (Millipore
Corporation) prior to mass spectrometric analysis.

Implementation of UVPD. UVPD was implemented in a manner
similar to what we have previously described for infrared photo-
dissociation.”® Briefly, experiments were performed using a modified
Thermo Scientific Orbitrap Elite mass spectrometer (Thermo Fisher
Scientific) equipped with ETD (Figure S1). The portion of the
vacuum manifold containing the higher energy collision dissociation
(HCD) cell and a portion of the ETD reagent transfer ion optics were
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modified to incorporate an optical window (quartz with antireflective
coating) concentric with the HCD cell. An ETD reagent transfer bent
quadrupole with rods rotated 45° was used, so the laser beam could be
transmitted between the rods. An optical periscope (Thorlabs)
consisting of two mirrors (25 mm, Edmund Optics) was used to
elevate and align the laser beam coaxial to the HCD cell. The excimer
laser was mounted with the beam output concentric with the bottom
mirror of the optical periscope. The instrument firmware was modified
to allow trapping of ions in the HCD cell for a user specified amount
of time and to gate a TTL trigger during the HCD scan events. The
TTL trigger was used as a pulse/delay generator (Berkeley Nucleonics
model S05) which triggered each pulse of an ArF excimer laser
(Coherent Excistar XS). Direct measurements of the collision gas
pressure were made via a flange-mounted pirani gauge connected to
the HCD cell housing by 6 mm tubing.

Mass Spectrometry. Protein solutions were prepared at 10 yM in
49.5:49.5:1 (v/v/v) water:acetonitrile:formic acid and were analyzed
by direct infusion at a flow rate of 3 yL/min. Spectra for all
dissociation methods were acquired using a mass range of 200—2000
m/z and resolving power of 240 000 at m/z 400. The AGC target for
MS? was set to one million, and isolation widths of 8 and 25 m/z were
used for model proteins and Pinl, respectively. Normalized collision
energies for CID and HCD were 15—30%, and ETD reaction times
were 5—15 ms with a reagent AGC target of 300 000. For UVPD
experiments, precursor ions were transferred to HCD cell with
normalized collision energy of 1% (no collisional induced dissociation
occurs at this setting), and spectra were acquired using one laser pulse
at 1—4 mJ/pulse. The HCD collision gas pressure was reduced to a
pressure measured as a § of 0.1 X 107'° Torr in the UHV portion of
the vacuum chamber containing the Orbitrap analyzer (5 mTorr
collision gas pressure). To afford the most meaningful comparisons,
the same amount of spectral averaging was performed for each
dissociation method; however, the extent of averaging varied with
protein molecular weight. 50, 200, and 500 scans were averaged for
ubiquitin, myoglobin and carbonic anhydrase, respectively. This
amount of averaging corresponded to acquisition times of ~45 s, 2.5
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Figure 2. Sequence coverage produced by CID, HCD, ETD, and UVPD as a function of precursor ion charge state for (A) ubiquitin and (B)
myoglobin. (C) UVPD product ion array for the 10+ charge state of ubiquitin showing the distribution of cleavages throughout the protein. Green
and blue areas indicate the observed cleavage for N- and C-terminal product ions, respectively.

min, and 6 min for ubiquitin, myoglobin, and carbonic anhydrase,
respectively.

Data Processing. MS* spectra were deconvolved using the Xtract
algorithm (Thermo Fisher Scientific) with S/N threshold of 3. CID,
HCD, ETD, and UVPD spectra were converted to either neutral
(ProSightPC) or protonated (manual interpretation) monoisotopic
masses. The monoisotopic spectra for all dissociation methods were
interpreted using a custom version of ProSightPC 3.0 (Thermo Fisher
Scientific) which included the ability to search a/x, b/y, and ¢/z ion
pairs in a single search in order to accommodate the complete array of
ions observed in UVPD spectra. Single protein mode with fragment
mass tolerance set to 10 ppm was used for all fragmentation methods.
Manual interpretation of UVPD data was performed using the
combination of unprocessed raw spectra and deconvolved spectra by
comparison to theoretical fragment masses generated by ProteinPro-
spector v5.10.3 (http://prospector.ucsf.edu). Sequence coverage was
calculated as a percentage value based on the total number of observed
inter-residue cleavages (considering all ion series) divided by the total
number of inter-residue bonds in the protein.

Results. Precursor ions were mass selected in the linear ion trap
then transferred to and stored in the HCD cell where UVPD was
performed. After a single S ns laser pulse, product ions were
transferred to the Orbitrap analyzer for high resolution and mass
accuracy analysis. Reduction of the collision gas pressure in the HCD
cell was not required as collisional cooling is not a major competing
pathway to dissociation by UVPD at 193 nm; however, reduction of
the collision gas pressure does yield lower pressure in the Orbitrap
analyzer and better data quality. Reduction of the collision gas pressure
allowed detection of low abundance and larger product ions not
observed at the standard collision gas pressure (Figure S2).

First, the small protein ubiquitin (76 residues, 8.6 kDa) was
analyzed to benchmark UVPD fragmentation characteristics against
other dissociation methods. A representative UVPD mass spectrum is
shown in Figure 1A for the 11+ charge state of ubiquitin. The inset,
which illustrates an expanded m/z region in Figure 1A, shows that
even low abundance product ions are highly resolved and detected
with high S/N. For comparison, UVPD, ETD, HCD, and CID were
performed for the 7+ to 13+ charge states of ubiquitin. The sequence
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coverage produced (Figure 2A) by ETD, HCD, and CID varied
substantially with ETD exhibiting significantly greater sequence
coverage for high charge states and HCD and CID performing better
for lower charge states. Unlike these well-studied activation methods,
UVPD exhibited very little charge state dependence, producing 100%
sequence coverage for the 7+ through 12+ charge states and only one
missed cleavage (99% sequence coverage) for the 13+ charge state by
manual interpretation. Manual interpretation of the UVPD spectra
yielded similar results to those obtained by ProSightPC, albeit with
some differences attributed to incorrect deconvolution of low mass
and low charge state product ions. This discrepancy arises from low S/
N of BC isotopic peaks of low molecular weight ions and the overlap
of isotopic distributions of low charge state ions with the isotopic
distributions of more abundant and highly charged ions.*’ Increasing
the S/N threshold for deconvolution from 1.5 to 10 yielded less than a
7% change in the sequence coverage produced by UVPD for all charge
states of ubiquitin (Figure S3).

The extensive fragmentation and array of product ion types
produced by UVPD enabled de novo sequencing of every residue of
ubiquitin based on the product ions observed; however, the
development of necessary informatics tools and practical implementa-
tion of this methodology is not trivial and would require significant
effort for larger proteins. UVPD of the 10+ charge state yielded nearly
complete sequence coverage from both N- and C-terminal product
ions (only four and three missed cleavages from N- and C-terminal
product ions, respectively). Product ions from 2 or more N- or C-
terminal ion series (i.e., a, b, c or %, y, z ions) were observed for 46 and
63 of the 75 inter-residue bonds sequenced from the N- and C-
terminus, respectively (Figure 2C).

The same experiments were also performed for selected charge
states of myoglobin (152 residues, 17 kDa) (Figures 1B and 2B), and
the advantages of UVPD are even more pronounced. As with
ubiquitin, HCD and CID yielded greater sequence coverage for the
lower charge states of myoglobin with HCD producing the greatest
coverage (66%) for the 16+ charge state. ETD did not exhibit the
same preference for higher charge states as noted for ubiquitin,
yielding approximately equal sequence coverage (64—71%) for 16+ to
24+ charge states. The lower than expected performance of ETD
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compared to the results for ubiquitin may be due to the greater
number of noncovalent interactions in myoglobin which maintain
secondary and tertiary structure and prevent release and detection of
many of the product ions. UVPD clearly outperforms HCD, CID, and
ETD for myoglobin, yielding >93% sequence coverage (by manual
interpretation) for each individual charge state interrogated here.
There is slightly greater discrepancy in sequence coverage between the
manual interpretation method and the use of ProSightPC for
myoglobin compared to ubiquitin due to increasing spectral
complexity and the reasons discussed above.

Figure S4 shows the comparative spectra for CID, HCD, ETD, and
UVPD of the 20+ charge state of myoglobin. For all charge states
analyzed, the CID and HCD spectra were dominated by cleavages N-
terminal to proline residues,®® C-terminal to acidic residues,®’ and
neutral losses of water and ammonia. Due to the higher energy
deposition of HCD compared to CID, the HCD spectra also
contained a significant number of low mass internal ions produced by
multiple cleavages of the protein backbone. The predominant products
in the ETD spectra of myoglobin were charge reduced precursor ions.
For the corresponding UVPD spectra, there were surprisingly few
neutral losses from the precursor or product ions despite the high
energy deposition of 193 nm UVPD (6.4 eV photons). The
conversion efficiency (ie., precursor to product ions) for both ETD
and UVPD were rather low for the parameters used in these
experiments, but this could be modulated by adjusting the ETD
reaction time and laser pulse energy for UVPD. A 100% conversion is
possible for both UVPD and ETD; however, greater precursor
depletion does not necessarily produce a better outcome for UVPD or
ETD due to secondary dissociation of product ions.

The dominant ion series produced by UVPD for all charge states of
ubiquitin and myoglobin (Figure 3A,B) were 4, x, y, and z ions with
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relatively few b, ¢, v, w, and d ions observed. The g, %, y, and z ions
exhibited significant contributions from both even and odd electron
forms, thus yielding mass shifts of +1.0078 Da and favoring the a + 1,
%, ¥y — 1, and z species as summarized for myoglobin in Figure SS5. In
general, our results are consistent with previous peptide and small
protein UVPD studies, suggesting 193 nm UVPD promotes backbone
cleavage through pathways occurring prior to intramolecular vibra-
tional redistribution as well as others on lonzger time scales subsequent
to intramolecular vibrational redistribution.*>*>**

The excess energy imparted upon absorption of a 193 nm photon
(~3 eV greater than typical peptide backbone bond energies) and the
combination of fast and slow fragmentation time scales are likely the
key to the success of UVPD for the dissociation of larger proteins.
UVPD of the 34+ charge state of carbonic anhydrase II (29 kDa, 259
residues) yielded 150 a, 38 b, 15 ¢, 54 x, 71 y, and 64 z ions (Figure
S6). These fragments corresponded to cleavage at 225 (87%) of the
258 interresidue sites. Extensive fragmentation is observed at the
termini of the protein as well as the central portion of the sequence.
This is the greatest sequence coverage that has been reported for
carbonic anhydrase (to the best of our knowledge). HCD and ETD of
the 34+ charge state of carbonic anhydrase yielded 30% and 70%
sequence coverage, respectively, and are consistent with results
recently published also using a Thermo Scientific Orbitrap Elite
mass spectrometer.”* Previously, plasma ECD was shown to produce
cleavages at 197 of the 258 inter-residue bonds of carbonic anhydrase
Il from spectra acquired under multiple experimental conditions.>*

The potential to provide unambiguous determination of SNPs,
sequence truncations, and the combinatorial nature of PTMs are the
major attractors of top-down mass spectrometry, and 193 nm UVPD
provides a means for fulfilling these goals. To demonstrate, we studied
the oxidation of peptidyl-prolyl cis/trans isomerase Pinl. Human Pinl
(UniProt Accession Number: Q13526) regulates the signal trans-
duction by conformational changes of phosphorylated Ser/Thr-Pro
peptide bonds upon proline isomerization.>® Due to the prevalence of
the Ser/Thr-Pro motif in signaling pathways, the physiological
function of Pinl has been demonstrated to be critical for the
development of pathological processes including cancer and
Alzheimer’s disease (AD).*® Pinl has been shown to be inactivated
in neurons of patients with AD consistent with the accumulation of cis
form of phosphorylated 7 observed at this stage.’” Pinl activity is
reduced in the early stage of AD through modification by
oxidation.*** The identification of oxidation sites of Pinl requires
considerable sequencing detail and has not been accomplished.

Intact mass analysis of Pinl (19 kDa), incubated with hydrogen
peroxide for 3 h (Figure 4 top right), reveals that the primary products
are doubly, triply, and quadruply oxidized species. The 193 nm UVPD
of all 22+ charge state species produced 96% sequence coverage for
Pinl and allowed unambiguous determination of dioxidation of C113
(to cysteine sulfinic acid) as the major oxidation product with lower
abundance oxidations detected at MS and M19 and no detectable
oxidation present at C57, M130, or M146. Inspection of a crystal
structure of Pin1*" (Figure 4 top left) shows the catalytically essential
C113 is located in a loop at the surface of the C-terminal PPlase
domain, whereas CS57 is buried at the interface of two f-sheets and an
a-helix. This supports the observation of C113 oxidation and no
oxidation of CS7. Consecutive a ions allow unambiguous localization
of a single residue mutation of R14A and partial oxidation of MIS,
while consecutive x ions show that oxidation of M146 is not observed
in detectable abundance (Figure 4 bottom). A mechanistic rationale
for this particular oxidation motif with respect to the progression of
AD would be premature, but this result demonstrates the ability of
UVPD to provide such rich fragmentation spectra that the precise
characterization of individual proteoforms associated with a certain
disease type becomes possible.

Overall, 193 nm UVPD yields major performance gains for the
characterization of intact proteins compared to any existing collision-
or electron-based dissociation methods. A single 5 ns laser pulse
results in extensive sequence coverage and the ability to identify and
localize PTMs in exquisite detail, demonstrating the significant
potential of UVPD to drive an expansion of top-down proteomics.
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Figure 4. Crystal structure (PDB ID 3NTP) of Pinl (top left) showing the locations of CS7 and C113, which are observed in nonoxidized (C57,
yellow) and oxidized (C113, red) forms, respectively. Mass spectrum of intact Pinl (top right) showing doubly and triply oxidized species as the
most abundant. Zoomed-in section of a 193 nm UVPD mass spectrum (bottom) of the 22+ charge state species, deconvolved to singly protonated

species. Apostrophe (*) indicates the neutral loss of water.
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