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Expanding the mass range for UVPD-based native top-down
mass spectrometry

The image shows how 193 nm UV photons from a pulsed
excimer laser irradiate in the vacuum of a mass spectrometer

a virus-like particle ionized by native mass spectrometry. Upon
absorption the virus particle dissociates, eliminating intact capsid
proteins, and peptidic fragments thereof. This information

aids in the structural identification and characterization of
macromolecular assemblies, as further exemplified in the paper
by work on the light harvesting complex B-phycoerythrin, and a
CRISPR-Cas Csy (type I-F Cascade) complex.
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Native top-down mass spectrometry is emerging as a methodology that can be used to structurally
investigate protein assemblies. To extend the possibilities of native top-down mass spectrometry to
larger and more heterogeneous biomolecular assemblies, advances in both the mass analyzer and
applied fragmentation techniques are still essential. Here, we explore ultraviolet photodissociation
(UVPD) of protein assemblies on an Orbitrap with extended mass range, expanding its usage to large and
heterogeneous macromolecular complexes, reaching masses above 1 million Da. We demonstrate that
UVPD can lead not only to the ejection of intact subunits directly from such large intact complexes, but
also to backbone fragmentation of these subunits, providing enough sequence information for subunit
identification. The Orbitrap mass analyzer enables simultaneous monitoring of the precursor, the
subunits, and the subunit fragments formed upon UVPD activation. While only partial sequence coverage
of the subunits is observed, the UVPD data yields information about the localization of chromophores
covalently attached to the subunits of the light harvesting complex B-phycoerythrin, extensive backbone
fragmentation in a subunit of a CRISPR-Cas Csy (type |-F Cascade) complex, and sequence
modifications in a virus-like proteinaceous nano-container. Through these multiple applications we
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Introduction

Native mass spectrometry involves characterizing ions retaining
(in part) their quaternary structure extracted from a (physiolog-
ical) solution.™ For ions with lower charge states, electrospray
ionization has been shown to preserve enough of the structure
in the gas phase for proteins to even display biological activity
upon rehydration.® Using primarily volatile aqueous high ionic
strength components, such as ammonium acetate, “intact”
native proteins and protein complexes ranging from small
proteins such as myoglobin and antibodies up to intact

“Biomolecular Mass Spectrometry and Proteomics, Bijvoet Center for Biomolecular
Research, Utrecht Institute of Pharmaceutical Sciences, Utrecht University,
Padualaan 8, 3584 Utrecht, The Netherlands. E-mail: a.j.r.heck@uu.nl

’Netherlands Proteomics Center, Padualaan 8, 3584 Utrecht, The Netherlands
‘Department of Microbiology and Immunology, University of Otago, PO Box 56, 9054
Dunedin, New Zealand

“Laboratory of Organic Chemistry, Department of Chemistry and Applied Biosciences,
ETH Ziirich, Viadimir-Prelog-Weg 1-5/10, 8093 Ziirich, Switzerland

T Electronic supplementary information (ESI) available: Csy primers, acquisition
parameters, UV absorption quantities, effect of pulse energy and HCD on BPE,
table of BPE product ions, BPE high resolution UVPD, native top-down UVPD of
BPE, native top-down of Csy complex, effect of pulse energy and HCD on
wt-AaLS, wt-AaLS high resolution UVPD, native top-down of wt-AaLS, sequence
coverages. See DOI: 10.1039/c9sc01857¢

This journal is © The Royal Society of Chemistry 2019

and heterogeneous particles, including ribonucleoprotein complexes and MDa virus-like particles.

ribosomes,® circadian clock systems,” viruses,® and ATPases’
have been successfully investigated.

The advent of high-resolution mass analyzers with a dynamic
range of several orders of magnitude extending in mass range
from approximately m/z 100 to m/z 80k have now enabled mass
spectrometric techniques to resolve composition and hetero-
geneities; determine binding stoichiometries, specificities, and
relative binding affinities; and probe the dynamics of interac-
tions, assembly interfaces, and structural arrangements. For
applications in structural biology, native mass spectrometry is
increasingly complementing X-ray crystallography, NMR spec-
trometry, and cryo-EM.'**?

Top-down proteomics, on the other hand, focuses on the
identification and quantification of proteoforms, which include
sequence variants and post-translational modifications, from the
fragments produced upon the cleavage of their backbone." With
the advance in mass range and growth in the complexity of the
analytes, native and top-down approaches are now merging,
leading to a constant drive to push the boundaries of native top-
down fragmentation methods." For protein complexes of more
than 100 kDa, a marked preference has been observed, until now,
for collision induced dissociation (CID/HCD).* While recent
developments involving surface-induced dissociation (SID) have
yielded inter-subunit connectivity and topology for intact
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complexes,” collisional activation often leads primarily to the
ejection of intact monomeric subunits. Extensive backbone frag-
mentation is usually not achieved for large complexes, such as
those studied here, even for the highest collision energies.
Furthermore, when achieved, it often does not provide sufficient
sequence coverage of the ejected subunits for identification and
characterization, with the exception of the so-called pseudo-MS?
approach which involves disassembling complexes in the source
region prior to mass selection.'®” Likewise, electron capture
dissociation (ECD) and electron transfer dissociation (ETD), per-
formed without additional collisional activation, primarily lead to
extensive charge reduction without substantial fragmentation.'®
Among photodissociation techniques, infrared multiphoton
dissociation (IRMPD), as previously implemented on ToF and FT-
ICR instruments,*® was also found to be best suited for subunit
ejection, without further fragmentation of these subunits.

Pioneered largely by the Brodbelt group,* ultraviolet photo-
dissociation (UVPD) is an emerging alternative to previous
dissociation methods. The present work further explores the
boundaries of native top-down MS on an Orbitrap mass spec-
trometer with extended mass range using 193 nm ultraviolet
laser pulses. UVPD, potentially the most versatile method, has so
far primarily been used for monomers and simple oligomers
typically with a molecular mass (M,,) below 200 kDa.**** To
demonstrate the benefits of native top-down UVPD MS to the
characterization of large protein assemblies, we have investi-
gated the gas-phase photodissociation of three distinct high-
mass assemblies. The first is B-phycoerythrin (B-PE) from Por-
phyridium cruentum - a 265 kDa hetero-multimeric oY protein
sub-complex of the light harvesting phycobilisome assembly,
and one of the brightest fluorescent protein assemblies known
to date. The second assembly we investigated is the type I-F
CRISPR-Cas Csy ribonucleoprotein complex of Pectobacterium
atrosepticum SCRI1043 - a 347 kDa heterogeneous complex
consisting of 9 proteins subunits: Cas8f/Cas5/(Cas7)s/Cas6f and
a single ~19 kDa CRISPR RNA (crRNA) strand.>*>® The third
system explored is a virus-like particle, termed AaLS. This
particle is built from the Aquifex aeolicus lumazine synthase
(AaLS) protein, which is a thermostable 17 kDa enzyme that
assembles into virus-like icosahedral protein cages containing
60 identical subunits with a 7 = 1 triangulation number,*
exhibiting a My, of ~1 MDa for the intact particles.?®*

Overall, we show that different laser fluences lead, under
optimal ion transfer conditions, to the observation of comple-
mentary dissociation pathways for protein assemblies reaching
1 MDa. At low fluences, the simultaneous detection of intact
subunits and corresponding high m/z product ions enables the
resolution of protein assemblies' composition and heteroge-
neities. As the fluence increases, optimal backbone cleavage
conditions are reached yielding enough sequence coverage of
the subunits to identify proteoforms.

Experimental
Cloning, expression and purification of the Csy complex

A plasmid (pPF1181) for crRNA expression was constructed by
PCR-amplifying spacer 1 and flanking repeat motifs of the
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CRISPR array from P. atrosepticum SCRI1043 through extension
of overlapping primers (primers PF2237 + PF2238) and cloning
into pRSF-1b via Ncol and HindIII restriction sites. All primers
are listed in Table S1.1 A plasmid (pPF1286) for expression of
proteins Cas8f (Csy1), Cas5 (Csy2), Cas7 (Csy3) and Cas6f (Csy4)
was constructed by PCR-amplifying the operon between cas8f
and cas6f (primers PF1455 + PF401) using P. atrosepticum
genomic DNA as template and cloning the product into pQE-
80LoriT via Mfel and Pstl restriction sites. The cas8f gene was
cloned to incorporate an N-terminal Strepll tag. Plasmid
constructs were confirmed using DNA sequencing.

The Strepll-tagged type I-F Csy complex was expressed in E.
coli BL21(DE3) containing pPF1181 and pPF1286. Cultures were
grown in LB with kanamycin (50 pug mL ") and ampicillin (100
pg mL ') at 37 °C and 180 rpm to an ODgg, of 0.2, then trans-
ferred to 25 °C and grown until an ODgq of 0.4 to 0.5. When the
desired ODgo Was achieved, complex expression was induced
with the addition of 1 mM isopropyl B-p-1-thiogalactopyrano-
side and incubated for 16 h at 25 °C and 180 rpm. Cells were
harvested by centrifugation at 10 000xg and 4 °C for 10 min,
and every 1 g of cell paste was resuspended in 10 mL Csy lysis
buffer (50 mM HEPES-NaOH, pH 7.5, 300 mM KCl, 5% glycerol,
1 mM dithiothreitol (DTT)) supplemented with 0.02 mg mL™*
DNase I, 0.1 mM phenylmethanesulfonyl flouride and one
cOmplete EDTA free protease inhibitor tablet. Cells were lysed
by French press (10 000 psi) and the lysate was clarified by two
rounds of centrifugation at 16 000xg and 4 °C for 15 min. Up to
10 mL of clarified lysate was added per 1 mL column of Strep-
Tactin resin (IBA), the column was washed with Csy lysis
buffer, and eluted by the addition of Csy lysis buffer supple-
mented with 3 mM D-desthiobiotin. Eluted Csy complex was
further purified by size exclusion chromatography (SEC) on
a Superdex 200 purification column in Csy SEC buffer (20 mM
HEPES-NaOH, pH 7.5, 100 mM KCl, 5% glycerol and 1 mM
DTT). Type I-F Csy complex fractions were pooled and
concentrated using a centrifugal concentrator (100 000 Da
MW(CO; molecular weight cut off). Aliquots of the Csy complex
were snap frozen with dry-ice ethanol and stored at —80 °C.

B-phycoerythrin and wt-ALS samples

B-phycoerythrin, purified from the red algae Porphyridium
cruentum, was obtained from the Cayman Chemical Company.
The wt-AaLS capsid was purified in analogy to published
protocols for the purification of AaLS-derived proteins lacking
a Hise tag.®® An additional gel filtration step on a Superose 6
Increase 10/300 GL column (GE Healthcare) was included to
eliminate higher order aggregates of multiple protein cages. All
complexes were buffer exchanged to aqueous 150 mM NH,OAc
(pH 6.8) using Amicon ultra centrifugal filters (Millipore, Merck
KGaA, Germany) with a 10 kDa cutoff. As typical for native
electrospray ionization, protein concentrations in between 1
and 5 uM (monomer concentration) were used.

Native top-down MS

Native top-down MS of intact complexes was performed on
a previously described extended mass range (EMR) Q-Exactive

This journal is © The Royal Society of Chemistry 2019
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Orbitrap (Thermo Fisher Scientific, Bremen, Germany) with
a mass range limited to m/z 24 000.%* All samples were electro-
sprayed using gold-coated borosilicate capillaries pulled in-
house. All spectra were acquired with a signal to noise cutoff
corresponding to a 3.64 value of the “Noise threshold” param-
eter. Resolving powers of 4350 (transient length of 16 ms) or
8750 (transient length of 32 ms) at m/z 200 were used to resolve
high m/z charge distributions. A resolving power of 140 000
(transient length of 512 ms) at m/z 200 allowed isotopic reso-
lution of the subunits charge states, enabling optimal deiso-
toping and charge deconvolution of the peptidic fragment
peaks. The values of the Microscans and Averaging parameters
are provided in Table S2.t

For the native top-down UVPD experiments, precursor ions
were transferred to the HCD cell with a direct collision energy
parameter set to 0 eV to prevent dissociation. The UVPD spectra
were acquired using single 6 ns laser pulses at a wavelength of
193 nm and an energy of 0.5-4.5 m] per pulse (ExciStar 500,
Coherent, Santa Clara, CA, U.S.A.) as described in the next
section. A major bottleneck that we had to tackle was the
concomitant efficient transfer and detection of the macromo-
lecular precursor ions, the ejected subunit ions, the comple-
mentary high m/z product ions, and the peptidic fragments
formed. We therefore carefully adjusted the gas phase pressure
in the HCD cell along with several trapping and transfer volt-
ages. In more detail, the HCD cell trapping and extraction
parameters were optimized for low nitrogen collision gas pres-
sures to achieve efficient detection of the subunits and frag-
ments. Specifically, the ions of interest were decelerated in the
source region via reducing the Source DC Offset potential from
25-30 V to 2-5 V (for AaLS), as well as reducing the potential of
the Injection Flatapole, Inter Flatapole lens, Bent Flatapole and
Transfer Multipole to the lowest value enabling efficient trans-
mission. Following mass selection in the linear quadrupole, the
ions were transferred and stored in the HCD cell. The HCD cell
behavior was enhanced by setting the “lonGun AxField Exit”
parameter to —10 V and increasing the HCD Multipole DC-
Purge potential to 27 V. This enabled efficient trapping and
ejection of both low and high m/z ions under low pressure
conditions.

Implementation of UVPD

UVPD was implemented on the extended mass range (EMR) Q-
Exactive Orbitrap mass spectrometer essentially as described
previously.>*** Briefly, a CaF, viewport was added to the back of
the higher-energy collision dissociation (HCD) cell adjacent to
the C-trap as well as a CaF, window in lieu of the HCD cell
electrometer to limit gas conductance. Coaxial adjustment of
the 193 nm (6 ns pulses) laser beam with the HCD cell multi-
pole, following its reduction by a 2 mm in diameter aperture,
was achieved using a two-mirror periscope configuration. The
instrument's Split Lens and HCD Exit test points were used to
generate TTL trigger pulses for the laser using voltage
comparators. An Arduino microcontroller was used to trigger
the laser pulses 3 ms after injection into the HCD cell as
determined from processing the signals of the test points.

This journal is © The Royal Society of Chemistry 2019
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Optimal detection was observed using low pressure nitrogen as
HCD collision and trapping gas. Pressure measurements were
performed indirectly via monitoring the Ultra High Vacuum
readout. In almost all experiments, to ensure a long enough
observation time window for the dissociation processes,
a detection delay (IonGun Time) of typically 150 ms was used
without significantly affecting the duty cycle at a 140 000 at m/z
200 resolution characterized by 512 ms transients. Shorter
detection delays, down to 16 ms, yield similar results.

To achieve an optimal detection of the backbone fragment
ions in the sequencing experiments, the precursor ions of
a single charge state were isolated using a 50-150 m/z window.
MS/MS experiments were performed with the following settings:
Microscans set to 1, Averaging set to 0, typically 1000 scans
recorded and subsequently averaged and 1 laser pulse of 0.5-4.5
m] per pulse energy. Pulse energy inside the HCD cell is
significantly lower and measured to correspond (upon exiting
the cell) to be ~30-130 pJ per pulse. While the beam size is
~2 mm in diameter, its exact spatial energy profile is not well
known. Assuming a uniform energy distribution, typical flu-
ences range from 950 to 4200 pJ cm~ > leading to hundreds of
photons being absorbed by proteins assemblies such as the
AaLS capsid (see Table S3t for relevant quantities). While
mentioning fluences, we report pulse energies as is common in
the field.?>*

Data analysis

Preliminary charge and isotope deconvolution of the raw files
involved conversion of the fragment ions to protonated mono-
isotopic masses. To this aim and following background
subtraction using an asymmetric least squares smoothing, we
used the Y.A.D.A. 2.0 tool** (Pattern Lab for Proteomics) with the
following parameters PPM of 20, stringency of 0.6, and “Is
Profile” on. A lower intensity threshold was applied to eliminate
low confidence assignments. The simplicity of type I-F Csy
complex spectra, acquired using a Microscans parameter equal
to 10, enabled manual processing.

Following manual control, the monoisotopic singly charged
spectra were assigned using an in-house developed software for
peak assignments and processing of top-down data combined
with Prosight Lite (v1.4.6) and the Fragment Ion Calculator
(Institute for System Biology, Seattle). The fragment lists
generated were sequentially analyzed against the known
sequences of the proteins present in the complex of interest.
Sequence assignment accommodated the major UVPD ion types
(a,a+1,b,c,x,x+1,y — NH;,y — 1,y, z), as well as H,O and NH;
losses respectively from the C- and N-terminus of the parent
ion.a—1,b—1,b+1,c—1,c+1,x—1,y+1,z—1,z+1,d,v
and w fragment ions were additionally considered in B-PE's
case. A mass accuracy better than 5 ppm, following mass reca-
libration using internal calibrant ions, was used. Sequence
coverage for a given protein was calculated as a percentage value
resulting from the division of the total number of observed
inter-residue cleavages (considering all ion series) by the total
number of inter-residue bonds in the protein.

Chem. Sci,, 2019, 10, 7163-7171 | 7165
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The relative abundances of the subunit fragment ions were
determined using the UniDec 3.1.0 deconvolution software.*

To benchmark the false discovery rate (FDR) of fragment ion
assignments in our fragmentation spectra, we searched the
spectra against 200 different randomly scrambled sequences.
The median sequence coverage percentage from the scrambled
searches was used as a proxy for the false positive rate at the
fragment assignment level.

Results and discussion

On the EMR Orbitrap used in this work (Fig. 1), the detectability
of UVPD fragments originating from large protein complexes
was improved via the reduction of the ions' kinetic energy prior
to entering the HCD cell and the adjustment of the trapping
conditions. Specifically, the ions of interest were decelerated in
the source region by reducing the Source DC Offset potential
from the standard 25 V to 2-5 V (for MDa wt-AaLS particles), as
well as reducing the potential of the Injection Flatapole, Inter
Flatapole lens, Bent Flatapole and Transfer Multipole to the
lowest value enabling efficient transmission. While this can
affect the desolvation of large complexes, the particularly soft
conditions also aid in retaining as much as possible the
solution-like structure in the gas phase.*® Most importantly this
allows trapping of the precursor ions under low pressure
conditions thereby enhancing detection of the fragments upon
ejection from the HCD cell. The HCD cell behavior was
enhanced by setting the IonGun AxField Exit to —10 V and
increasing the HCD Multipole DC-Purge potential to an
optimum of 27 V. The UV laser was triggered 3 ms after injection
into the HCD cell. Optimal detection was observed using low
pressure nitrogen as trapping gas. To ensure optimal detection
of all product ions an observation time window - detection
delay (IonGun Time) - of up to 150 ms was used.

Native top-down UVPD-MS of B-phycoerythrin (B-PE)

Large protein complexes have reasonable absorption cross-
sections in the ultraviolet range primarily due to the photo-
absorptivity of amide bonds with additional contributions of

Split-lens Quadrupole

TTL trigger
HCD cell =

Quadrupole

Guiding
Mass Filter 1

Bent Flatapole
*1

*1 »‘
5 )

RF lens
Orbitrap

Electrospray Mass Analyzer

Source

Fig. 1 Schematic diagram of the used Orbitrap EMR instrument to
which the UV-laser was coupled. The main parameters altered to
optimize detection for large complex subunits and fragments formed
thereof by UVPD are displayed with an asterisk: *1 for source-side
deceleration of the ions of interest and *2 for trapping in and ejection
from the HCD cell (see text for details).
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the aromatic residues, tryptophan (W), tyrosine (Y), and
phenylalanine (F). Further cross-section enhancement can be
achieved via chromophore attachment.’” Consequently, we
attempted our initial native top-down proteomics on a larger
complex, originating from a natural light harvesting complex,
whose natural chromophores can be expected to potentially
enhance UVPD. B-phycoerythrin (B-PE) is a multimeric pigment
protein, forming a major part of the peripheral antenna system
of the phycobilisome (PBS) protein assembly in algae and cya-
nobacteria. Characterized by strong absorption bands between
460 and 580 nm in solution, B-PE is structurally similar to
phycocyanin (PC) and allophycocyanin (APC), two other phy-
cobiliproteins part of the phycobilisome energy cascade that
display absorption bands more to the red. While all three differ
by the nature and number of their chromophoric groups, their
structures each consist of o and B monomers which arrange
into () heterodimers before oligomerizing into a stack of two
(B); discs with a central cavity hosting a single y-subunit
(Fig. 2b). The phycobiliproteins multimeric structure and ability
to form stacks is suspected to be responsible for the phycobi-
lisome's over 95% light harvesting and radiation-less energy
transfer efficiencies.*® Phycoerythrobilins (PEB) and phycour-
obilins (PUB) are two tetrapyrrole prosthetic groups of B-PE
covalently bound to cysteinyl residues of which only the first
is present in all three subunits. Two PEBs are mono-linked to
the a-unit as well as two others to the B-unit. Another PEB is
bound to the B subunit via two links. The central y-subunit
potentially carries up to five additional bilins. While a detailed
structural model was recently reported for the phycobilisome of
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Fig. 2 (a) Native top-down UVPD MS of mass selected B-PE ([37"-
33*], 1.0 mJ per pulse, 3.2 10~ mbar N, readout, and resolution at m/
z 200 of 4375 except for (b) 140 000 and (d) 8750). (b) Free chro-
mophores and (c) intact monomeric subunits resulting from the
dissociation of the (d) precursor ions are detected together with the (e)
concomitant higher m/z dissociation products. (f) Structural model of
the B-phycoerythrin (af)g barrel with the structurally non-resolved y
unit at the center and the PEB chromophores highlighted in mustard
green.
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Griffithsia pacifica based on cryo-EM data, the exact structural
details of how up to five bilins are attached to the y-subunit and
placed with respect to each other to enable efficient energy
transfer remains under investigation.*

As displayed in Fig. S1,T the UVPD fluence has a substantial
effect on B-PE dissociation at low nitrogen pressure in the HCD
cell - a limited gas conductance was determined to be optimal
in our setup. Essentially, at a given pressure, three regimes can
be distinguished: (1) at low UV fluences (energies below 1.0 m]
per pulse), species with #/z larger than the precursor ion (8000 <
m/z < 12 000) are formed, which appear to be concomitant with
intact monomeric sub-units detected at low m/z (1000 < m/z <
2000). (2) For medium range fluences (E between 1.0 and 1.5 mJ
per pulse), monomeric subunit ejection dominates as dissoci-
ation channel. The o- and B-subunits are found to be ejected
largely intact, with respectively 2 and 3 PEB chromophores
attached, and upon dissociation of a single charge state (35") at
resolution 140 000 at m/z 200 in close to stoichiometric ratios
(100 : 86 for o : B) (Fig. S2t). The y-subunit was not efficiently
detected, likely due to its lower stoichiometry and inherent
sequence heterogeneity. (3) In the higher fluence range (E above
1.5 m] per pulse), peptide fragments are abundant and ulti-
mately become the most prominent fragment ions. The obser-
vation of ejected intact chromophore ions (m/z 587) at all
fluences for UVPD (Fig. S17), but not for HCD/CID, suggests that
they may selectively enhance local absorption, funneled locally
into the selective elimination. Alternatively, they may be
released as neutral fragments in HCD/CID.

A detailed analysis of the UVPD mass spectrum (Fig. 2)
provides evidence of the coexistence of at least two populations
of assemblies (Fig. 2d) with masses (I) 262 377 &+ 18 Da and (II)
263 808 * 22 Da. It should be noted that, at high m/z, micro-
heterogeneities of a few hundred Da are not resolved, result-
ing in broad peaks representative of several assembly variants.
These result from the sequence variability of the vy-unit
threading the B-PE (af)e barrel, as well as losses of bilins upon
prolonged storage in an ammonium acetate buffer.** Dissocia-
tion of the complex yields intact subunits in the low mass range
(Fig. 2c) with average masses of 18 977.4 & 0.7 Da and 20 327.8
+ 1.1 Da, respectively corresponding to o and B subunits
respectively with 2 and 3 bilins bound. On the high m/z side
(Fig. 2e), three concomitant charge distributions are observed
with masses of 241 692 + 37 Da, 243 060 + 15 Da, and 244 397
=+ 128 Da. These respectively correspond to (I) minus B (242 050
Da), (I) minus o (243 399 Da) or (II) minus B (243 481 Da), and
(II) minus o (244 830 Da), respectively (see Table S41 for
a summary). PEB loss upon UVPD, mass 586.28 Da, can be seen
in Fig. 2b. A comparable analysis, using a higher mass resolu-
tion (Fig. S27) is provided as ESL.T

In terms of sequence coverage, optimal information content
was obtained for B-PE upon fragmentation of the most abun-
dant charge state at UV pulse energies of about 1.1 m]J per pulse,
and N, HCD pressures leading to a 2.37 10~ '° mbar readout on
the Ultra High Vacuum gauge (Fig. S3t). These conditions
ensure that ions with a high sequential score, commonly over-
fragmented at higher fluences, are retained while singly
charged ions whose overlapping distributions hinder charge

This journal is © The Royal Society of Chemistry 2019
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deconvolution and de-isotoping are kept to a minimum. Frag-
ments could be mapped onto the a- and B-subunit sequences as
shown in Fig. S3.f The resulting 38% and 29% sequence
coverages reached for the a- and B-chains at a 5 ppm accuracy
enable correct and unambiguous site assignment for the
binding of 2 of the PEB chromophores: o-C139 and B-C158.
Based on X-ray diffraction data,** the a-subunit second binding
site is wrongly annotated to be -C59 in our data and should
read o-C82. As for the B-subunit, while the other mono-linked B-
C82 binding site goes undetected, of the two bridged cysteines,
only B-C50 is correctly assigned from the available fragments.
While the FDR achieved in this analysis for the «- and B-
subunits is only 15%, due to the combined contributions of the
a-, B-, and vy-subunits to the fragmentation spectra, the
approach is highly promising for the characterization of pro-
teoforms. This is particularly true if the disassembly of the
complex into subunits is complemented by the isolation prior to
activation of a subunit given proteoform, e.g. using a pseudo-
MS? approach.'®"

Native top-down UVPD-MS of a type I-F CRISPR-Cas Csy
ribonucleoprotein complex

The next investigated complex is the CRISPR-Cas Csy (aka type
I-F Cascade) complex, which is a non-coding RNA-guided
surveillance complex of the P. atrosepticum SCRI1043. It has
been selected both for the heterogeneity of its subunits and to
demonstrate that chromophores are not essential to achieve
efficient dissociation upon excitation at 193 nm.

CRISPR-Cas systems provide adaptive immunity to bacteria
and archaea.”” By recognizing and targeting foreign DNA, this
type I-F Csy complex provides a sequence-specific protection to
P. atrosepticum against foreign genetic elements, such as
invading bacteriophages and plasmids.**** The destruction of
the foreign DNA also requires the Cas2-3 nuclease/helicase that
is recruited upon target DNA recognition by the type I-F
Cascade. Using cryo-EM and biochemical analyses, the type I-F
surveillance (Csy) complexes have been found to contain a 60-
nucleotide crRNA.***>¢ Ag illustrated in Fig. 3f and g, the head
of the complex is the Cas6f protein which is located at the 3’
stem-loop of the cr-RNA and initiates assembly following pre-
crRNA cleavage.”®*” Casé6f is followed along the length of the
crRNA spacer by six interlocking copies of Cas7 forming
a helical backbone. The complex tail consists of the Cas5 and
Cas8f proteins. Initially in an “open” hook state, the Csy
complex undergoes a transition to a “locked” state mediated by
the Cas5 “hook” domain, which flexibly clamps onto dsDNA
concomitantly with the Cas8f thumb domain. The Cas7 units,
which rotate upon DNA binding, provide a stabilizing groove for
the heteroduplex formation. Upon recognition of a short 2 base
pair GG “protospacer adjacent motif”’ (PAM), hybridization of
the crRNA with the target strand of DNA duplex occurs and
a DNA : RNA R-loop is formed which triggers recruitment of the
Cas2-3 endonuclease and subsequent degradation of the target
dsDNA.*¢

As displayed in Fig. 3, even for a ribonucleoprotein complex
where protein subunits are expected to strongly interact with
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Fig. 3 (a) Native top-down mass spectrometry of the mass selected
Csy ribonucleoprotein complex using UVPD ([43*-36%], 1.5 mJ per
pulse, 3.2 1071 mbar N, readout, and resolution 4375 at m/z 200). (b)
Low mass peptide fragments and (c) intact subunits resulting from the
dissociation of the (d) precursor ions are detected together with the (e)
concomitant high m/z product ions. (f) Structural model of an analo-
gous CRISPR-Cas complex (PDB ID: 5UZ9)* with (g) its structural
schematic: Cas6f (purple), 6x Cas7 (dark and light green), Cas8f (red),
Cas5 (grey), crRNA (black).
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the crRNA strand, we see facile subunit ejection. Compared to
B-PE, the same three laser regimes are observed with only
slightly higher pulse energies for Csy (3.2 10~ '° mbar, 8750
resolution at m/z 200). We therefore focus hereafter on the
structural information gained about the Csy complex. The
precursor is found to have a mass of 346 528 + 26 Da (Fig. 3d).
UVPD unambiguously yields the charge distributions of two
intact subunits, Cas6f and Cas7, with respective masses of
20 458.27 £ 0.45 Da and 36 778.9 &+ 2.4 Da (Fig. 3c). On the high
m/z side, one concomitant charge distribution is observed with
mass of 326 046 + 59 Da (Fig. 3e) which corresponds to Csy
minus Cas6f (expected mass 326 070 Da). The high m/z product
ions originating from the loss of Cas7 are not detected likely due
to lower abundance or their charge states. Compared to CID/
HCD we see less subunit ejection which might be due to
different dissociation dynamics, electrostatic interactions with
the RNA strand, and non-uniform repartition of charged amino
acids. Interestingly, Csy unwrapping appears to occur from the
head of the complex and not the tail as seen previously for the
related type I-E CRISPR-Cas complex from Escherichia coli.*®
Conditions optimal for disentangling fragments in the lowest
mass range - high resolution to resolve isotopologues, low laser
power to avoid over-fragmentation - yield the low m/z fragments
displayed in Fig. S4.1 Our analysis yields complete coverage for
a 19 amino acids continuous segment of the Cas7 protein,
thereby demonstrating that while composition can be deter-
mined from the subunits' charge distributions, unambiguous
identification can also be achieved by native top-down proteo-
mics based on the sequence coverage achieved using UVPD.
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Native top-down UVPD-MS of the AaLS nano-container

In the absence of efficient coupling to the environment, one of
the critical processes taking place upon activation of native
protein complexes by UV photons is internal conversion fol-
lowed by intramolecular vibrational energy redistribution (IVR),
as discussed above for B-PE. In order to test IVR efficiency upon
UV excitation of large protein complexes, particularly in the
absence of chromophore antennae, we selected a virus-like
particle (VLP) made of 60 equivalent subunits. In nature, this
enzymatic cage encapsulates another enzyme in its interior.
Together, they act in the same biochemical pathway to produce
the vitamin riboflavin.*® The AaLS polypeptides are arranged in
icosahedral symmetry.*°

When we subjected intact wt-AaLS particles of over 1 MDa to
UVPD, similarly to B-PE and Csy, essentially three UVPD
regimes could again be distinguished at a given pressure
(Fig. S5,1 6 10~ '° mbar N, readout): (1) at low UV fluences (E
below 2 m] per pulse), low m/z monomeric subunits are detected
concomitantly with complementary species whose m/z is larger
than the precursor (13 000 < m/z < 22 000). (2) For medium
range fluences (E between 2 and 3 mJ per pulse), the ejection of
intact monomeric subunits dominates. (3) In the higher fluence
range (E above 3 m]J per pulse), top-down peptidic fragments are
abundant and ultimately become the most prominent fragment
ions. While collisional cooling is not a major competing
pathway to UVPD for proteins below 100 kDa,*! it appears to
affect the dissociation of very large complexes, lower pulse
energies being amenable at low pressure.

More detailed analysis of the data presented in Fig. 4 (0.7 mJ
per pulse, 3.7 10 '° mbar N, readout), yields a precursor
(Fig. 4d) mass of 1 000 574 + 300 Da in close agreement with the
expected average value of 1 001 297 Da (NIST defined
elemental av. mass). The low mass charge distribution (Fig. 4c)
corresponds to the intact Aquifex aeolicus lumazine synthase
subunit with an average mass of 16 705.3 & 0.7 Da in agreement
with the average expected value of 16 706.0 Da. The concomi-
tant high mass distribution, 988 280 + 270, (Fig. 4e) appears to
be the capsid minus one subunit, with the discrepancy likely
due to partial fragmentation, and/or overlapping fragments.
Assuming a uniform charge distribution on wt-AaLS, the ejected
subunits appear to be highly charged compared to the precursor
and high m/z complementary ions. This asymmetric dissocia-
tion implies stripping of charges from the complex as the
leaving unit unfolds, as is also commonly observed during CID/
HCD of protein complexes.**

Due to desolvation and ion transfer limitations of the Q-
Exactive (EMR) Orbitrap used at high m/z, we resorted to
a selection window of 4000 m/z. Optimal fragmentation in terms
of sequence coverage was achieved at 1.6 mJ per pulse at a 3.9
10~ '° mbar N, readout (Fig. S71). As noted for B-PE, while high
fluences yield more fragments, over-fragmentation often leads
to species with lower information content in terms of sequence
coverage.”*

Sequence coverage is concentrated in the N- and C-terminus
regions and reaches 61% (FDR = 6%) for one data set, 62.5%
(FDR = 6.5%) using a minimum of 2 replicates out of 3. Strong

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (a) Native top-down mass spectrometry of wt-AaLS virus-like
nanocontainers (M,, > 1 MDa) using UVPD ([95"-87"], 0.7 mJ per
pulse, 3.7 107*° mbar N, readout, and resolution 4350 at m/z 200). (b)
Some low mass peptide and (c) intact wt-AaLS subunits resulting from
the dissociation of the (d) precursor ions of the VLPs are detected
together with (e) larger fragments. (f) Structural model of wt-AalLS
(PDB ID: 5MPP) with a pore formed by a pentamer of subunits high-
lighted in yellow.

evidence for glutamine Q2 deamination was found as it leads to
unambiguous attribution of the N-terminal fragments. a and y
ions were found to be predominant among the fragment ions
identified likely as a result of the unfolding process, the N-
terminal protruding out of the capsid. Interestingly, proline
sites are systematically cleaved as y ions using 193 nm UVPD
(Fig. S7b¥).

Cumulatively from all the data presented, we find that UVPD
implemented on an Orbitrap EMR can be used to study the
composition and dissociation of very large protein assemblies,
broadening the scope of native top-down proteomics. While UV
excitation is not best known for its ability to dissociate non-
covalent bonds,**** we demonstrate that a single nanosecond
UV pulse can effectively dissociate non-covalent interactions in
large protein complexes such B-PE, Csy, and wt-AaLS. We
hypothesize that the ejection of intact subunits at low fluences
primarily results from instantaneous (on a 10 ps timescale)
internal conversion and redistribution of the photons’ energy
on vibrational modes, with the inter-protein interfaces acting as
energy transfer bottlenecks.*»** The subunit charges are high
compared to the average charge of the precursor and high m/z
product ions, thereby suggesting subunit unfolding and charge
stripping from the precursor ion upon ejection. Altogether, the
data support the so-called asymmetric dissociation often
observed in tandem MS experiments for protein
complexes.****%

As for higher UV fluences, the dissociation behavior
observed here for large protein complexes is similar to that of
smaller systems.*® It primarily leads to a collection of high
energy fragments, a, x, and side-chain-loss (d, v, and w) ions

This journal is © The Royal Society of Chemistry 2019
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(Fig. S3, S4, and S77), as observed on instruments with short
observation time windows. b and y fragments are observed as
well, as is typical for observation time windows extending into
the ms range.”**>” We therefore hypothesize that the frag-
mentation of the subunits of large complexes involves the
population of reactive (low-lying) bottleneck electronic excited

states as well as distinctive vibrational mode-specific

behaviors.***?

Conclusions

The primary aim of the present work was to further establish
UVPD as a structural tool for the characterization of protein
assemblies. While, for peptides, UVPD leads to prompt frag-
mentation due to the localization of the energy needed to break
a bond, it is a far less established technique for dissociating
non-covalent complexes. Furthermore, the 1 MDa barrier has
only been broken using CID/HCD.**** To demonstrate that
UVPD native top-down mass spectrometry is amenable to large
protein machineries, we generated data on three heterogeneous
assemblies: B-phycoerythrin (B-PE) - a 265 kDa heterogeneous
a6Bey protein sub-complex of the light harvesting phycobili-
some assembly - the type I-F Csy ribonucleoprotein CRISPR-
Cas complex of P. atrosepticum SCRI1043 — a 347 kDa hetero-
geneous complex consisting of 9 proteins and one crRNA strand
- and the 1 MDa virus-like particle wt-AaLS. At low fluences, low
and high m/z fragment pairs are observed corresponding to
intact subunit ions and the complementary product ions. As the
fluence increases, intact monomeric subunit ejection becomes
more prominent. At the highest fluences, peptidic fragments
are dominant.

Overall, we demonstrate here that UVPD is well-suited for the
characterization of large protein and ribonucleoprotein
assemblies, even up to the mega-Dalton range. Internal
conversion of the excited states reached upon absorption of
a 193 nm photon as well as the redistribution of the ~3 eV
energy in excess of typical peptide backbone bond energies,
readily explains why processes as different as release of
subunits, subunit unfolding, and subunit backbone cleavage
occur upon UVPD. While further instrumental developments
are clearly needed to achieve full native top-down analysis of
large complexes, unique sequence tags can already be readily
obtained with the potential to contribute to the identification of
released subunits in less well characterized assemblies.

Native top-down UVPD MS thereby provides not only infor-
mation on subunit composition and stoichiometry, as achieved
by conventional methods, but also substantial sequence infor-
mation that can be used to locate modifications and identify
proteoforms. By optimizing experimental conditions to maxi-
mize ions with high information content in terms of sequence
coverage, we have shown that it is possible to validate the
binding sites of several chromophores in B-PE (Fig. S37), induce
substantial fragmentation of a subunit of the CRISPR-Cas Csy
complex (Fig. S51), and determine up to 61% of the AaLS capsid
protein sequence (Fig. S71). Native top-down UVPD MS can
significantly facilitate screening assays for endogenous protein
assemblies purified from various biological sources.
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Overall, the present approach shows how a deeper under-
standing of the interplay between mass spectrometry instru-
mentation (how molecules are ionized, activated, and detected)
and gas-phase chemistry (which bonds are broken, at what rate,
and how cleavage or dissociation depends on factors such as the
charge state, size, composition, and sequence) enables the
development of ever more effective characterization
techniques.*
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