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Abstract

‘Top-down’ proteomics analyzes intact proteins and identifies proteoforms by their intact mass as 

well as the observed fragmentation pattern in tandem mass spectrometry (MS/MS) experiments. 

Recently, hybrid ion mobility spectrometry-mass spectrometry (IM/MS) methods have gained 

traction for top-down experiments, either by allowing top-down analysis of individual isomers 

or alternatively by improving signal/noise and dynamic range for fragment ion assignment. 

We recently described the construction of a tandem-trapped ion mobility spectrometer/mass 

spectrometer (tandem-TIMS/MS) coupled with an ultraviolet (UV) laser and demonstrated proof-

of-principle for top-down analysis by UV photodissociation (UVPD) at 2–3 mbar. The present 
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work builds on this with an exploration of a top-down method that couples tandem-TIMS/MS 

with UVPD and a parallel-accumulation serial fragmentation (PASEF) MS/MS analysis. We first 

survey types and structures of UVPD-specific fragment ions generated at the 2–3 mbar pressure 

regime of our instrument. Notably, we observe UVPD-induced fragment ions with multiple 

conformations that differ from those produced in the absence of UV irradiation. Subsequently, we 

discuss how MS/MS spectra of top-down fragment ions lend themselves ideally for probability-

based scoring methods developed in the bottom-up proteomics field and how the ability to record 

automated PASEF-MS/MS spectra resolves ambiguities in assignment of top-down fragment ions. 

Finally, we describe coupling of tandem-TIMS/MS workflows with UVPD and PASEF-MS/MS 

analysis for native top-down protein analysis.

Graphical Abstract

Introduction

During gene expression, mechanisms such as alternative splicing of transcripts and post-

translational modification of proteins can give rise to different molecular forms of a 

protein (so-called proteoforms).1,2 Proteoforms lead to remarkable structural and functional 

diversity of a typical mammalian cell3,4 with current estimates of over one million 

proteoforms.5,6

Mass spectrometry (MS) has become increasingly successful in disentangling the 

complexity of proteomes.7 Typically, proteins are extracted from a biological sample 

of interest and enzymatically digested to peptides, which are then separated via liquid 

chromatography and mass analyzed. This ‘bottom-up’ approach routinely quantifies 

thousands of proteins in a single experiment and scales to a large number and broad 

range of samples. However, an immediate consequence of this workflow is that the link of 

peptides originating from the same protein molecule, i.e. the proteoform information, is not 

conserved. By contrast, ‘top-down’ proteomics analyzes intact proteins.8 Proteoforms are 

then identified by their intact mass as well as the observed fragmentation pattern in tandem 

mass spectrometry (MS/MS) experiments, providing insight into sequence variants as well 

as the localization of post-translational modifications and their co-occurrence within distinct 

proteoforms.9–12

In practice, however, the complexity of the proteome renders top-down protein analysis 

technologically challenging.13 Achieving complete sequence coverage of intact proteins, a 
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prerequisite for localizing all potential proteoforms, demands that a single precursor protein 

is cleaved at hundreds of peptide bonds to produce sequence-informative fragment ions. This 

often results in low signal/noise ratios and overlapping isotope distributions of the fragment 

ions due to dilution of a finite number of precursor protein ions into different fragment ions, 

charge states, and isotopes.14 These challenges are exacerbated by protein (in)solubility15 

and a very high dynamic range.5 To resolve these challenges, most top-down experiments 

are carried out with Fourier transform (FT)-based instruments that achieve extremely high 

resolving powers and mass accuracies. Parallel improvements in separation of intact proteins 

prior to MS analysis,16–18 MS sensitivity,19 MS/MS fragmentation20–22 of large proteins and 

protein complexes, and enrichment of specific protein precursor charge states23 have greatly 

increased sequence coverages achieved in top-down experiments.10

More recently, hybrid ion mobility spectrometry-mass spectrometry (IM/MS) methods 

have gained traction for top-down experiments.20,24–27 IMS separates ions according 

to differences in their ion mobilities, K, when the ions traverse an inert buffer gas 

under the influence of an applied electric field.28,29 One application of IM/MS in 

conjunction with top-down experiments is to separate intact proteins prior to their MS/MS 

fragmentation.27 This strategy enables top-down analysis of mobility-selected conformations 

and/or proteoforms, as recently described by Bethias et al. for mobility-separated, permuted 

histone tails.30 Another application of IM/MS is to separate the top-down fragment ions 

produced by MS/MS fragmentation,20,24–27,31,31–37 thereby improving signal/noise and 

dynamic range for assignment of the fragment ions. Furthermore, knowledge of cross 

sections of top-down fragment ions may be useful for their assignments37 in line with 

strategies developed for bottom-up proteomics.38,39 Nevertheless, the time-scale of IMS 

(<200 ms) makes it ideally suited for coupling to time-of-flight (TOF) mass analyzers 

rather than FT-MS. Consequently, fidelity of fragment ion assignment in top-down protein 

experiments by such IMS/TOF instruments is limited by the mass resolution and accuracy 

achievable by the TOF analyzer.

Tandem-IM/MS methods couple multiple ion mobility separations with ion dissociation in 

a single instrumental setup.40–49 Hence, such an approach has the potential of coupling 

top-down analysis of mobility-selected proteoforms with the benefits of mobility-separating 

fragment ions for their assignments, such as improved signal/noise and dynamic range. Such 

measurements can also be carried out from native solution conditions,31,37,40,45,50 thereby 

raising the possibility of correlating the presence of proteoforms with differences in protein 

structure and, thus, function.

Our own laboratories previously reported on the development of tandem-trapped 

ion mobility spectrometry/mass spectrometry (tandem-TIMS/MS)40,51,52 and discussed 

application of the method to study peptide oligomers,53 native-like structures of proteins 

and their complexes,31,35,50,54 sequence analysis of carbohydrates,55 and top-down analysis 

of proteins and protein complexes.31,36,37,40 At first constructed from co-axially coupling 

two prototype TIMS devices enabling only CID for precursor ion dissociation,40 we 

subsequently developed an orthogonal tandem-TIMS/MS configuration that we coupled 

with a 213 nm UV laser for UV photodissociation (UVPD).36 We demonstrated proof-of-

principle for UVPD of intact proteins at the 2–3 mbar pressure regime compatible with 
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TIMS and to mobility-separate the top-down fragment ions generated by CID and/or 

UVPD.36 These abilities were subsequently confirmed by Dit Fouque et al. and applied 

to sequence analysis of histone samples.56 The specific tTIMS/MS-UVPD instrument36 

reported by us was constructed from a commercial timsTOFPro instrument and therefore 

enables parallel accumulation/serial fragmentation (PASEF) workflows57 for the fragment 

ions generated from UVPD.

In the present paper, we explore the potential of tandem-TIMS/TOF-CID/UVPD-PASEF 

experiments for top-down analysis of proteins as illustrated in Scheme 1. First, we 

characterize background signal produced by UV irradiation of the instrument components 

and discuss types and structures of UVPD-specific fragment ions generated at the 2–3 

mbar pressure regime of our instrument. Second, we survey the challenges associated with 

reliably assigning fragment ions produced from coupling UVPD and CID in effective MS3 

experiments at the 5 – 20 ppm mass accuracy achieved by current TOF mass analyzers. 

Third, we discuss our strategy to overcome these limitations by taking advantage of three 

properties of our tandem-TIMS/MS setup: (1) the ability to record MS/MS spectra resolves 

ambiguities in ion assignment; (2) the knowledge of the precursor ion mobility and m/z 
ratio limits the possible number of precursor ions for spectral matches; and (3) MS/MS 

spectra of top-down fragment ions lend themselves ideally for probability-based scoring 

methods developed in the bottom-up proteomics field. Finally, we present proof-of-principle 

of coupling tandem-TIMS/MS workflows with UVPD and PASEF-MS/MS analysis for 

native top-down analysis of proteins.

Methods

Materials and sample preparations.

Ammonium acetate, bovine ubiquitin, and bovine carbonic anhydrase II were obtained from 

Sigma-Aldrich (St. Louis, MO) and ESI tuning mix from Agilent (Santa Clara, CA). Native 

protein samples were prepared in 100 mM ammonium acetate solution at a concentration of 

5 μM. Non-native protein samples were prepared in 50:50 methanol:water at a concentration 

of 5 μM with 1% acetic acid. ESI tuning mix was used as obtained for mass and ion mobility 

calibration.

Tandem-TIMS/MS (tTIMS/MS) instrumentation.

Experiments were performed on an orthogonal tandem-TIMS/MS instrument coupled 

with a UV laser described in detail earlier (see Figure S1, Supporting Information).36 

Briefly, this orthogonal tandem-TIMS/MS was constructed from modifying a commercially 

available timsTOF Pro instrument (Bruker Daltonics, Billerica, MA) by (1) incorporating an 

additional TIMS device between the electrospray capillary and the one already present in 

the timsTOF Pro; (2) inserting a linear ion trap operating at 2–3 mbar in-between the two 

TIMS devices; and (3) incorporating a 213 nm laser beam produced from the 5th harmonic 

of a Nd:YAG laser. For analysis, ions are first separated by mobility in TIMS1 (Scheme 1). 

As the ions elute from TIMS1, in accordance with their mobilities, they may be selected and 

collisionally activated as described previously,31,36,37,40 i.e. by timing the electric potentials 

on electrodes L1 and L2 for ion selection and by placing a voltage difference of 180 V 
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between apertures L2 and L3 for collisional activation of the selected ions. More technical 

details can be found in the original reports on TIMS58–63 and tandem-TIMS.36,40,51 Samples 

were infused into the electrospray ionization (ESI) source in positive mode through a 

gastight syringe. Ion mobilities and cross sections were calibrated as described for nitrogen 

gas.63–66

Parallel-accumulation / serial fragmentation tandem mass spectrometry (PASEF-MS/MS) 
analysis of top-down fragment ions.

We used the parallel-accumulation / serial fragmentation tandem mass spectrometry 

(PASEF-MS/MS) method57,67 to perform MS/MS analysis of top-down fragment ions 

eluting from TIMS-2. To this end, suitable top-down fragment ions eluting from TIMS-2 

were selected as precursor ions for PASEF-MS/MS in real time from TIMS-MS survey 

scans by a PASEF scheduling algorithm described in detail elsewhere.57 Note that the signal 

intensity of top-down fragment ions is generally lower than the signal intensity of tryptic 

peptides or intact proteins. Hence, to enable top-down protein analysis using effective MS3 

workflows, we increased the number of TIMS-MS survey scans to 250 and the number of 

MS/MS repetitions to 500 per PASEF cycle, respectively. We further reduced the minimum 

threshold intensity for scheduling to 50 arbitrary units (a.u.) and increased the scheduling 

target intensity to 200,000 a.u. Additionally, we set PASEF to ignore the charge state when 

scheduling ions for MS/MS. These settings allowed the PASEF algorithm to (1) successfully 

schedule fragment ions eluting from TIMS-2 for MS/MS analysis and (2) to accumulate 

sufficient MS/MS spectra for the top-down fragment ions to achieve signal-to-noise ratios 

suitable for reliable ion assignment. CID of the scheduled ions was performed at a bias 

of 55 V between the quadrupole and the collision cell (no attempt was made to optimize 

the collision energy for different precursor charge states). The time-scale for ion mobility 

separation in TIMS-2 was varied from 100 ms and 300 ms while keeping the duty cycle 

fixed at 100%. The time-scale for ion mobility separation in TIMS-1 was set identical 

to that of TIMS-2. As described,67 we used a polygon filter to restrain the m/z and ion 

mobility range for selection of features most likely representing top-down fragment ions 

rather than precursors or background ions. The m/z resolving power of the MS/MS spectra 

was estimated to approximately 45,000.

Data analysis.

Basic manual data analysis and visualization was carried out using Data Analysis 5.1 

(Bruker Daltonics) and ProteinProspector (UCSF, San Francisco, CA) as described.36 Top-

down protein analysis of PASEF-MS/MS spectra was conducted with a home-built software 

algorithm described in the main text. The timsdata library provided by Bruker Daltonics was 

used to compile MS/MS spectra for the precursor ions by aggregating raw (profile) data 

MS/MS TOF scans for precursor ions within user-defined tolerances for m/z (δ(m/z) = 2 

Th) and ion mobility K0 (δ(K0) = 0.05 cm2/Vs). We used a continuous wavelet transform 

(CWT) for feature detection as described below, and implemented the dynamic noise 

level method68 for subsequent feature reduction. MSDeconv was used for deconvolution 

of MS/MS spectra.69 We implemented the open mass spectrometry scoring algorithm 

(OMSSA)70 using the Apfloat library for arbitrary precision arithmetic to calculate a score 
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for each spectral match. The workflow was implemented in the Java programming language 

and is available upon reasonable request to the authors.

Results and Discussion

Collision cross sections of UVPD-specific fragment ions

We previously applied our tandem-TIMS/MS instrument to demonstrate the feasibility of 

performing UV photodissociation in the 2–3 mbar pressure regime compatible with TIMS 

and highlighted the potential of this approach for top-down protein analysis.36 Prior to 

applying our UVPD / tandem-TIMS/MS setup for protein sequence analysis, however, we 

first characterize the ions produced under these conditions in greater detail. Our motivation 

here is two-fold: First, the quadrupolar ion trap and the TIMS devices here are constructed 

from printed circuit boards (PCBs). Irradiation of such boards with 213 nm photons at laser 

pulse energies on the order of ~100 μJ could potentially ionize layers of the PCBs. Such 

ionization events could lead to the formation of contaminant ions that would emerge as 

noise peaks and hence potentially degrade spectral quality and interfere with data analysis. 

Second, our UVPD experiments are carried out at 2–3 mbar which is much higher than 

the <10−2 mbar regime for which the UV photodissociation chemistry of peptides has 

been rigorously discussed.21,71–77 As described previously,36 the elevated pressure may 

collisionally cool and stabilize fragment ions that may not survive to detection in other 

instruments that operate at lower pressures. Hence, we seek to characterize the UVPD-

generated ions both in terms of the types formed and their structures.

First, we assess the abundance of contaminant ions generated by UV irradiation of the 

instrument components. To this end, we recorded nested ion mobility / mass spectra for 

angiotensin I produced by UV irradiation to the corresponding spectra that were produced 

with ESI and/or UVPD turned off (Figures S2 and S3, Supporting Information). Figure 

S2B (Supporting Information) shows that UV irradiation of the instrument (with ESI turned 

off) produces background ions mainly between m/z 100 and m/z 750. The intensity of the 

background ions increased when the laser pulse energy was increased from 4 μJ to 45 μJ. 

This observation supports the conclusion that these ions are generated by UV irradiation 

of instrument components. Nevertheless, the abundances of these background ions are 

roughly two to three orders of magnitude lower than the analyte-related ions observed 

when ESI and/or UVPD are turned on (Figures S2 and S3, Supporting Information). 

Figure S3 (Supporting Information) underscores that the UV-generated background ions 

are negligible in comparison to fragment ions produced by UV irradiation of singly- 

and doubly-protonated angiotensin I. We emphasize that UVPD of singly- and doubly-

protonated 10-residue peptide ions is typically a low-efficiency process. Hence, our data 

suggest that our instrumental configuration generates UV-generated background ions of 

sufficiently low abundance that they generally will not interfere with analysis of fragment 

ions produced from analyte ions.

To characterize the UVPD dissociation chemistry in our elevated pressure regime, we 

assigned the fragment ions produced from UVPD of angiotensin I. Figure 1A shows the 

nested ion mobility / mass spectrum generated by irradiating angiotensin I by approximately 

10 UV pulses at pulse energies of 45 μJ at 213 nm. The nested spectrum exhibits three 
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main bands of ions, of which the center band contains a sufficient number of sequence-

informative fragment ions. We next identified fragment ions in the nested ion mobility/

mass spectrum as described previously by first cross-correlating the nested spectrum to the 

isotopic pattern calculated for the fragment ions and further manually validating all fragment 

ion assignments.

We identified sequence-informative fragment ions both from the N-terminus (a, b, c - type 

ions) and the C-terminus (mainly y-type ions). As described previously, the data show 

abundant formation of [a+k] and [y-k] type ions with k=1, 2. We were unable to identify 

z-type ions in the spectrum and x-type ions appear to be of significantly lower abundances 

than their y-type congeners (see Figure 1B). The observation of x, [a+k] and [y-k] type 

fragment ions is important because this confirms the presence of fragment ions produced 

from a radical-based dissociation mechanism78–80 at the 2–3 mbar pressure regime we are 

operating under. We point out that we were unable to identify an abundant ion at m/z 
381, which warrants further investigations under considerations of sequence-scrambling 

pathways. Taken together, the data confirm our prior observation36 that UVPD at 2–3 mbar 

is feasible and produces fragment ions generally consistent with UVPD carried out under 

significantly lower pressures.

Next, we characterized the structures of the UVPD-generated fragment ions by their 

collision cross sections. Most noteworthy is the observation that the [a6+2] ion is 

approximately 3% larger in cross section than the a6 ion, despite only having two additional 

hydrogen atoms (Figure 1C). Specifically, the a6 ion appears as two co-existing isomers, 

as indicated by a broad envelope composed of a main peak (268 Å2) and a shoulder (260 

Å2). By contrast, the [a6+2] ion shows a single, main feature at approximately 260 Å2 (we 

disregard here the presence of the shoulder for [a6+2] at ~268 Å2 because this shoulder is 

most likely due to the second 13C peak of the a6 ion; see Figure S4, Supporting Information, 

for details). Please note that absolute cross section measured in TIMS agree with drift tube 

values generally to better than 1% and that differences in cross sections of ions within 

the same spectrum are precise to approximately 0.1 %.55,66 Hence, this difference in the 

cross-section is noteworthy because it points to structural differences between the a6 and 

[a6+2] ions that cannot be trivially rationalized by a decrease in mass or by the presence 

of a chemical moiety that might induce a rearrangement reaction. Furthermore, the ion 

mobility spectrum of the a6 ion produced by UVPD differs from that produced by CID (see 

Figure S4, Supporting Information). Multiple conformations were reported previously for 

fragment ions generated by MS/MS,37,41,42 but to our knowledge this is the first observation 

showing that distinct activation methods could induce different conformations of the same 

fragment ion. It will be interesting to apply computational techniques to investigate the 

structural differences between these ions and to reveal their mechanistic origins in upcoming 

studies. Additionally, we observed two separate isomers for the c5 ion whereas one main 

feature predominates for the a5 and b5 ions (Figure 1D). The c5 ion is ~ 3% larger in 

cross section than the main feature of the a5 and b5 ions, which appears unreasonable to 

rationalize trivially by mere presence of the −NH3 moiety because loss of the -CO group 

(b6→a5) does not result in different cross sections. Overall, the recorded ion mobility 

spectra indicate a rich structural chemistry of the UVPD-generated fragment ions, which 

will be interesting to investigate in subsequent studies by computational methods as was 
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previously accomplished for fragment ions related to bottom-up proteomics.76,81–83 Our 

results further point to the possibility that cross sections of fragment ions could aid in 

identification of UVPD-generated fragment ions in line with similar efforts for CID.38

Challenges associated with top-down protein analysis at mass tolerances > 1 ppm

Our above discussion confirms prior reports that irradiation of peptides and proteins with 

UV photons at 2–3 mbar produces sequence-informative fragment ions for polypeptides. 

Hence, we now discuss application of our instrumental setup for top-down analysis 

of proteins. In principle, assignment of fragment ions to the detected peaks generated 

from top-down analysis of proteins in the experiment appears as straight-forward as 

discussed in Figure 1 for angiotensin I: theoretical fragment ions can be predicted for a 

polypeptide sequence according to the established cleavage patterns and then assigned to the 

experimental masses within the instrumental mass accuracy. If the search space of possible 

fragment ions is limited and the precursor ion is known as in the example above, then this 

approach can be readily applied to interpret the MS/MS spectra. By contrast, fragment ion 

assignment can occur by chance if the search space of possible fragment ions is vast and 

mass accuracy is limited, thereby potentially assigning experimental contaminant or noise 

peaks as fragment ions.

Table 1 underscores that the fragment ion search space can quickly become significant for 

top-down analysis even when a single (known) precursor protein is investigated. The table 

compares the random match probability p at a mass tolerance of 15 ppm for two data sets 

of fragment ions produced by in-silico fragmentation of the respective polypeptide sequence. 

Here, p denotes the probability that any experimental peak (including noise or contaminants) 

matches the expected mass of a fragment ion from the polypeptide and is calculated as

p = n/ℎ

Eq. (1)

where ℎ is the number of bins for the mass range from 100 Da to the neutral polypeptide 

mass at a given mass tolerance and n is the number of bins associated with fragment 

ions of the polypeptide sequence. The first set of values was generated from applying 

the established peptide fragmentation pathways for cleavage of peptide bonds to generate 

N-terminal (a, b) and C-terminal (y) fragment ions and their common neutral loss satellite 

ions (-NH3, −H2O). Even for the 30 kDa protein bovine carbonic anhydrase II, the number 

of fragment ions appears minor and the probability for a random match at 15 ppm 

mass accuracy is estimated to a modest ~1.2%. This situation applies to standard CID 

measurements, but not to the experiments proposed here that couple UVPD with CID in 

effective MS3 experiments (see Scheme 1). Hence, our analysis must additionally include 

internal fragment ions and at least the [a+1], [a+2], [y-1], [y-2]-type ions for UVPD. Table 

1 underlines that more than 10,000 unique fragment ions can be produced for the 76-residue 

polypeptide ubiquitin (8.6 kDa), leading to a random match probability of approximately 

6% at a mass tolerance of 15 ppm. For the 261-residue protein bovine carbonic anhydrase 

(30 kDa), we calculated a total of 134,951 unique fragment ions and an estimated 38 

%-probability that a contaminant or noise peak in the experiment is randomly assigned as a 
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fragment ion at a mass tolerance of 15 ppm. Notice that additional considerations of x and 

z-type ions, side-chain losses, or post-translational modifications, would further increase the 

probability for random fragment ion assignments.

Figure 2 reveals how the probability p for a random match scales with the instrumental 

mass accuracy and the polypeptide sequence length. In Figure 2A, we plot p for a situation 

that requires only terminal a, b, y - type fragment ions and their neutral losses to be 

considered (i.e. CID experiments without abundant formation of internal ions). The data 

show that under such conditions, reasonably reliable assignment can be accomplished at 

mass accuracies compatible with IM/MS instruments (i.e. up to ~15–20 ppm). Figure 2B 

plots the random match probability for a setup coupling CID with UVPD and when internal 

fragment ions must be considered (excluding x and z-type ions or side-chains losses). These 

calculations show that reliable assignment of fragment ions requires mass accuracies of < 

100 ppb. Such mass accuracy can be achieved with FT-ICR instruments84,85 but not on 

currently available IM/MS instruments that utilize TOF mass analyzers.

To exemplify the challenges of performing reliable top-down protein analysis at mass 

accuracies compatible with TOF mass analyzers, we plot the random match probability 

as a function of the peptide sequence length for a mass accuracy of 15 ppm in Figure 2C). 

The figure shows that fragment ion assignments appear reasonable if CID-type ions (without 

internal cleavages) are exclusively formed in the experiment. By contrast, if internal ions are 

considered in conjunction with CID and UVPD-type fragment ions, then the random match 

probability increases quadratically with sequence length and unambiguous ion assignment 

at 15 ppm mass accuracy is limited to polypeptides with less than 100 residues. We 

emphasize that this situation is exacerbated if post-translationally modified protein systems 

are investigated or if coupling with additional fragmentation methods such as ETD/ECD 

is performed, further decreasing the effective peptide sequence length that can be reliably 

analyzed with current TOF mass analyzers.

Automated data analysis workflow for top-down protein analysis coupling tandem-
TIMS/MS with UVPD and PASEF MS/MS analysis.

To overcome these limitations and accomplish reliable fragment ion assignment at mass 

accuracies compatible with our tandem-TIMS/TOF configuration (i.e. in the 5 to 20 ppm 

range), we take advantage of three properties of our instrumental setup: (1) the ability to 

record MS/MS spectra resolves ambiguities in ion assignment; (2) the knowledge of the 

precursor ion mobility and m/z ratio limits the possible number of precursor ions for spectral 

matches; and (3) MS/MS spectra of top-down fragment ions lend themselves ideally for 

probability-based scoring methods widely used in mass spectrometry-based proteomics.

We thus implemented a data analysis workflow to enable top-down protein analysis based 

on coupling of CID and UVPD in tandem-TIMS/MS with automated MS/MS acquisition 

using the PASEF method. Figure 3 illustrates our data analysis workflow for assignment 

of fragment ions and backbone cleavage patterns using the pentapeptide RPPGF. Figure 

3A shows the nested ion mobility / mass spectrum recorded for RPPGF on our tandem-

TIMS/MS instrument with mobility-analysis carried out in TIMS-2. The spectrum was 

recorded under collisional-activating conditions prior to TIMS-2 and shows (fragment) 

Liu et al. Page 9

J Am Soc Mass Spectrom. Author manuscript; available in PMC 2024 June 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ions that are mobility-separated in TIMS-2. After mobility-separating the ions in TIMS-2, 

the PASEF method57,67 is then used to perform automated MS/MS fragmentation of 

mobility-selected and m/z-selected fragment ions for their sequencing. In the following, 

we illustrate our data analysis approach using the MS/MS spectrum for fragmentation of 

the singly-charged precursor ion at m/z 573 (see inset, Figure 3A). For illustration of our 

data processing workflow, we selected m/z 573 of the pentapeptide RPPGF because it is 

the intact precursor ion and its fragment ion spectrum is thus well-suited for unambiguous 

interpretation.

Compilation of profile MS/MS spectra for top-down fragmentions.—Figure 3B 

shows the MS/MS spectrum generated by PASEF for the singly charged precursor ion at m/z 
573. The spectrum was constructed from aggregating the profile spectra for the precursor ion 

using the application programming interface provided by Bruker Daltonics (see Methods 

sections). The MS/MS spectrum of m/z 573 reveals multiple abundant fragment ions. 

These fragment ions are manually assigned as sequence-informative a, b, y-type fragment 

ions produced from cleavage of the peptide backbone as indicated in Figure 3B. The 

recorded data file further contains information about the precursor ion that was selected for 

MS/MS fragmentation. Specifically, the PASEF method stores the m/z and K0 ranges for the 

precursor ions subjected to MS/MS analysis.

Feature detection.—To identify the precursor ion and the produced fragment ions in an 

automated manner, we first detect features for the MS/MS spectrum. Our approach here 

applies a continuous wavelet transform (CWT) to detect features in the profile spectrum 

following prior literature.86,87 This method produced a set of 10,009 distinct features for the 

illustrative spectrum shown in Figure 3B.

Feature reduction.—Most of the detected features represent noise or are of such low 

abundance that they cannot reliably be used for fragment ions assignment. Hence, the next 

step is to identify the subset of the detected features that contain useful information and to 

discard those features that obfuscate data interpretation. To this end, our workflow calculates 

the dynamic noise level (DNL) for each feature following Xu et al.68 as shown in Figure 

3C and discards all features with signal/noise ratios smaller than a user-defined threshold 

k (with k=3 here). For the illustrative example depicted in Figure 3, only 569 out of the 

10,009 detected features (5.5 %) were thus retained for further analysis. Figure 3D shows 

the line spectrum constructed from the 569 features retained after feature reduction. The 

spectral similarity between the raw profile spectrum (Figure 3B) and the feature-reduced 

spectrum (Figure 3D) indicates a significant degree of similarity despite a roughly 95% 

percent reduction in features.

Charge state deconvolution and determination of monoisotopic masses.—The 

next data processing step is to identify the monoisotopic masses from the line spectrum. To 

this end, we use the approach implemented in MSDeconv,69 which applies a combinatorial 

algorithm to deconvolve complex spectra with overlapping isotope envelopes produced 

from top-down protein analysis. Notice that this algorithm has been extensively used in 

the MASH Explorer suite of programs.88 For the illustrative example here, MSDeconv 
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identified monoisotopic masses for 22 ions by deconvolution of the 569 features retained 

after DNL filtering. Figure 3E shows the deconvolved mass spectrum with only features for 

the deconvolved monoisotopic masses.

Precursor ion charge state.—For each MS/MS spectrum, the PASEF method records 

the precursor m/z, K0, and charge state z, which enables calculation of the precursor ion 

mass and cross section. Knowledge of the precursor ion mass and cross section is potentially 

useful for ion assignment because this can be used to constrain the search space of potential 

precursor ions. We noticed that the PASEF method often incorrectly assigned charge states 

for larger and highly charged precursor ions (such as y67
6+ from bovine carbonic anhydrase 

II discussed later). This challenge is most likely due to the PASEF method being geared 

towards analysis of short peptide sequences in bottom-up proteomics experiments, whereas 

our analysis here is typically concerned with precursor polypeptides with on the order of 50 

residues and charges states greater than 3+.

To check (and adjust if necessary) the charge state reported by PASEF, we determined the 

precursor ion charge state from the nested ion mobility / mass spectra (see Figure 3A). To 

this end, the workflow first applies a CWT to remove high-frequency noise from the nested 

spectrum as described.37 Next, the mass spectrum for the m/z and K0 window associated 

with the precursor ion is constructed. Finally, the mass spectrum is used to determine the 

charge state by means of Fourier analysis of its autocorrelation function as described.89 

Based on our experience,37 this approach reliably assigns charge states even for noisy 

regions of nested ion mobility/mass spectra.

Assignment of fragment ions.—As discussed above, reliable assignment of the 

fragment ions in the MS/MS spectra is hampered by the limited mass accuracy achieved by 

current TOF mass analyzers. Hence, to improve reliability of our fragment ion assignments, 

we used the OMSSA scoring function70 to calculate the E-value for the spectral matches, 

i.e. the probability that the ion assignment is not caused by a random process. We chose 

to score spectral matches with the OMSSA function here because of its straight-forward 

software implementation but the Mascot/MascotTD90 or Sequest91 scoring methods should 

be equally applicable. Note that the OMSSA scoring function is based on a Poisson process 

and mathematically related to the scoring function implemented in the ProSight algorithm,92 

which has been applied with great success for top-down protein analysis. For each MS/MS 

spectrum, we then scored all putative precursor ions consistent with the precursor ion mass 

and rank-ordered them by their calculated E-values. Assignments resulting in E-values 

below a user-defined significance level are discarded from further analysis (see below for 

estimating a reasonable threshold value using a decoy-sequence strategy).

For the m/z 573 precursor ion for RPPGF shown for illustrative purposes in Figure 3, we 

found one putative precursor ion (y5) compatible with the precursor ion. Our data analysis 

workflow was able to match 13 out of 22 peaks at a mass tolerance of 10 ppm, which 

resulted in an E-value calculated to 10−37.5. As indicated in Figure 3F, these assignments 

account for ~95% of the total ion count in the spectrum and are consistent with our manual 

assignments shown in Figure 3B.
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Automated interpretation of top-down protein analysis by tandem-TIMS/MS coupled with 
PASEF MS/MS.

To test our data analysis approach described above on a more realistic sample, we analyzed 

bovine carbonic anhydrase II by tandem-TIMS-PASEF/MS. To this end, we electrosprayed 

carbonic anhydrase II from denaturing conditions and collisionally-activated the intact ions 

by placing 180 V between ion apertures L2 and L3 (see Scheme 1 and Figure S1, Supporting 

Information). Collisional-activation causes bovine carbonic anhydrase II to dissociate into 

fragment ions, which are subsequently accumulated and separated in TIMS-2 (Figure 4A). 

To provide a baseline for ion assignment, we first assigned the fragment ions detected in 

the nested ion mobility / mass spectrum produced by CID of the intact carbonic anhydrase 

II using ProSight Lite (see Figure S10 in the Supporting Information).93 The analysis 

indicates extensive fragmentation at the amino and carboxy termini as expected for CID at 

an overall cleavage coverage of 32 %. The top-down fragment ions eluting from TIMS-2 

were then subjected to the PASEF method for automated precursor ion selection and MS/MS 

fragmentation as described under Methods. As shown in Figure 4A, multiple precursor ions 

are successfully selected and subjected to MS/MS analysis.

To exemplify the quality of the recorded MS/MS spectra, Figure 4B shows the MS/MS 

spectrum recorded for the precursor ion selected at m/z 1267 and 1/K0=1.350 with charge 

state 6+ (additional MS/MS spectra are shown in Figure S12, Supporting Information). 

The MS/MS spectrum reveals abundant formation of fragment ions between m/z 200 and 

m/z ~2500. For the spectrum shown in Figure 4B, the data analysis procedure described 

above recognized monoisotopic masses for 101 ions, many of which have charge states 

3+ and 4+. A total of 74 of these experimental ions could be matched to fragment ions 

of y67
6+ at a mass tolerance of 5 ppm, resulting in an E-value for y67

6+ of 10−46. To 

check assignment of the automated data analysis workflow, we manually confirmed that the 

predicted isotope patterns of the assigned ions match the experimental data. Notice that y67 

results from cleavage of the peptide bond N-terminal to Pro93, which highlights presence 

of the proline-effect94 and thus further reinforces the assignment. Figure 4B reveals that 

the ions assigned to the peaks are a, b, y-type fragment ions and that many of the more 

abundant ions are produced by the proline-effect (e.g. y47
3+, y47

4+, b9, and the internal ions 

b9, b10, and b11 annotated in Figure 4B). These observations further support the validity of 

the fragment ion assignments.

For automated interpretation of larger data sets, the significance threshold of the obtained 

E-values must be statistically determined. To assess which E-values are significant for ion 

assignment, we thus compared E-values calculated for the known amino acid sequence 

of bovine carbonic anhydrase II to those calculated for the reverse sequence (Figure 4C). 

This approach was motivated by the established procedure in bottom-up proteomics to use 

decoy databases with reversed amino acid sequences to establish the significance level of 

the calculated scores.95 Hence, we recorded 9 additional data sets and extracted all PASEF 

MS/MS spectra. Subsequently, we calculated the E-values for all potential precursor ions 

compatible with the masses of the respective precursor ions, both for the forward and reverse 

(decoy) amino acid sequences of bovine carbonic anhydrase II.
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Figure 4C compares the frequency distribution of the calculated E-values for carbonic 

anhydrase II to those calculated for its reverse sequence at three mass tolerances (5, 

10, 20 ppm). The histograms show that the −log E values calculated for the carbonic 

anhydrase sequence generally increase with decreasing mass tolerance. The plots further 

reveal that the histograms for the carbonic anhydrase II forward (target) sequence exhibit 

tails at high −log E values which are not present in the histograms for the reverse (decoy) 

sequence. Hence, we consider assignments with−log E values greater than those calculated 

for the reverse sequence as significant. To assess the significance of these E-values more 

quantitatively, we calculated the ratio r E0  with

r E0 = N E ≤ E0 decoy
N E ≤ E0 target

Eq. (2)

where N E ≤ E0 decoy and N E ≤ E0 target refer to the number of spectral matches with an 

E-value lower than the threshold E0 for the decoy and target amino acid sequences, 

respectively. Here, we followed the strategy of estimating the false discovery rate in 

bottom-up proteomics.95,96 Figure 4D plots r E0  as a function of E0 for the different mass 

tolerances. The plot shows that −log E values greater than approximately 13 to 15 appear 

reasonable as threshold for assignment of MS/MS spectra for the data sets studied here.

Figure 4E shows the cleavage coverage map generated for the data set shown in Figure 

4A using a threshold value of −log E0 greater than 15 at a mass tolerance of 5 ppm. This 

data set contains 31 experimental PASEF MS/MS spectra, for which we scored all potential 

precursor ions and rejected all assignments with −log E < 15. This resulted in precursor 

ion assignments for 11 out of 31 experimental MS/MS spectra, for which we accepted the 

highest scoring precursor ion. Accounting for multiple charge states of the same fragment 

ion, we obtained MS/MS spectra for 8 distinct fragment ions. We subsequently used the 

fragment ion matches of these precursor ions to generate the cleavage map shown in Figure 

4E. The cleavage map shows that 9 out of 11 accepted precursor ions are associated with 

C-terminal y-type fragment ions and two MS/MS spectra were assigned to N-terminal 

b-type ions (b36 and b40). Six of these precursor ions (b40, y24, y25, y60, y61, y67; see Figure 

4C) are related to the proline-effect, which lends credibility to the precursor assignments. 

The cleavage map further shows no spectral match for the central region of the amino acid 

sequence, which is expected for CID-type fragmentation of larger precursor proteins. Hence, 

the lack of assignments to precursor and fragment ions associated with the central region of 

the polypeptide sequence further corroborates the reliability of our data analysis approach. 

Overall, these fragment ion assignments result in a cleavage coverage of 96 out of 259 amide 

bonds (37% coverage) from the data set shown in Figure 4A, but it should be noted that this 

coverage mainly stems from fragmentation of only two ions (namely the largest carboxy and 

amino terminal ions y67 and b40).

Next, we assessed the data acquisition time scale required for reliable ion assignment 

(Figure S6). To this end, we varied the number of PASEF MS/MS spectra that were 

aggregated for a specific precursor ion and subjected for data analysis and E-value scoring. 

Liu et al. Page 13

J Am Soc Mass Spectrom. Author manuscript; available in PMC 2024 June 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure S6A indicates that the quality of the aggregated MS/MS spectra still results in 

significant −log E values for the y61, y67, and y27 fragment ions when only 500 MS/MS 

scans are aggregated for a specific precursor ion. The resulting cleavage map for the y67 

precursor ion is shown in Figure S6B, which still appears sufficient as input for BLAST 

to identify carbonic anhydrase as the protein ion (BLAST E-score of 10−10). Note that 

our settings recorded 500 PASEF frames (each with up to 10 precursor ion selections) 

within approximately 2.5 minutes of measurement time, which means that there are ample 

opportunities to optimize the PASEF settings to either improve the sequence coverage 

obtained or to reduce the time scale needed for protein identification.

Protein top-down analysis by tandem-TIMS/MS coupled with UVPD and PASEF MS/MS 
analysis.

Our above discussion underlined the ability of our tandem-TIMS/MS instrument to perform 

UVPD at 2–3 mbar without generating UV-specific noise peaks at abundances significant 

enough to hamper data analysis. Further, we described a data processing algorithm 

that reliably assigns fragment ion matches to PASEF MS/MS spectra in effective MS3 

measurements from an intact precursor protein. We now evaluate the ability of our 

instrumental configuration of performing top-down protein analysis by coupling tandem-

TIMS/MS analysis of an intact protein with UVPD and PASEF MS/MS analysis of the 

UV-generated and mobility-separated fragment ions (see Scheme 1).

Figure S7A shows the mass spectrum recorded for bovine ubiquitin electrosprayed from 

ammonium acetate solution with mobility-separation in TIMS-1. We subsequently mobility-

selected charge state 6+ by gating the ions eluting from TIMS-1 between apertures L2 and 

L3 as described (Figure S7B). Next, we stored the selected ions between 10 ms and 100 ms 

in the quadrupolar ion trap for irradiation with a UV laser that operates at 1000 Hz with 

pulse energies set to approximately 10 μJ (Figure S7C to S7F). The data reveal that a storage 

time of 10 ms does not result in abundant formation of fragment ions (Figure S7C) whereas 

storage times longer than 10 ms appear sufficient to induce fragmentation at the selected 

laser pulse energy (Figures S7D to S7F). The major fragment ions formed by UV irradiation 

in Figure S7 can be assigned to a set of terminal a, b, y - type ions of ubiquitin (and their 

radical-produced [a+k] and [y-k] congeners with k = 1, 2) such as y40
4+ (m/z 1141), y66

5+ 

(m/z 1489), y58
4+ (m/z 1632), b18

2+ (m/z 1017) and a18
2+ (m/z 1003). Note that the spectra 

recorded at 50 ms and 100 ms trapping time also show formation of a singly charged species 

at m/z 779 which we are unable to assign by standard fragmentation pathways.

It is intriguing to take a closer look at the ion mobility spectra of the a18
2+ and [a18 + 

2]2+ ions for the different UV irradiation times (Figure 5, see Figure S9 in the Supporting 

Information for more details). We make two important observations in Figure 5A, which 

compares the spectra for the a18
2+ ions obtained at trap storage times varying from 0 ms 

to 100 ms. First, the data reveal two features for a18
2+, a compact one centered at ~415 

Å2 and an extended feature centered at 512 Å2, respectively. This observation implies that 

the a18
2+ fragment ions exist in two distinct conformations that (1) are stable on the ~100 

ms time scale of the TIMS-2 separation; and (2) differ in cross section by about 20%. 

Second, the plot shows that no a18
2+ fragment can be detected without UV irradiation and 
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that the abundances of the a18
2+ fragment ions increase with increasing trap storage/UV 

exposure time. This means that both features are produced from absorption of UV photons. 

Further, Figure 5B indicates that the relative abundance of the compact feature centered at 

~415 Å2 increases with increasing trap storage/UV exposure time. This observation can be 

rationalized in two ways. For one, the more extended conformation could more efficiently 

absorb UV photons and undergo secondary fragmentation, especially at prolonged UV 

irradiation times. Alternatively, the more compact feature could be preferentially formed 

upon prolonged exposure to UV photons, potentially through a different dissociation 

mechanism than the extended feature. The plot also shows that the relative abundance of 

the compact and extended features appear similar for the a18
2+ and [a18+2]2+ fragment 

ions. Nevertheless, in overall agreement with our discussion above of the a6 and [a6+2] 

fragment ions produced from UVPD of angiotensin I (Figures 1C and 1D) and our analysis 

of top-down fragment ions reported previously, the spectra in Figure 5 highlight a rich 

structural chemistry of the fragment ions which could potentially be exploited for their 

assignments.

For PASEF MS/MS analysis of the UVPD fragment ions separated in TIMS-2 (see Scheme 

1), we thus chose a trap storage time of 20 ms for UV exposure to minimize the overall 

experimental time-scale of coupling two ion mobility separations with MS/MS analysis in 

a single measurement workflow. Figure 6 summarizes our tandem-TIMS/MS measurements 

coupling UVPD with PASEF MS/MS analysis. Here, mobility-separations were carried out 

in TIMS-1 and TIMS-2 over 100 ms and coupled with mobility-selection of charge state 

6+, UVPD/storage for 20 ms, and PASEF MS/MS analysis. Figure 6A depicts the base 

peak chromatogram highlighting the acquisition of precursor ions and MS/MS spectra in 

alternating segments of 25 seconds and 50 seconds, respectively. The fragment ions obtained 

by UVPD of the intact ubiquitin ions are separated in TIMS-2 and precursors are selected 

for PASEF MS/MS analysis (Figures 6B and 6C). The peptide bond cleavages assigned by 

analysis of the fragment ions observed in the nested ion mobility/mass spectra produced 

by UVPD of intact ubiquitin (Figure S11, Supporting Information) indicate significant 

fragmentation throughout the polypeptide chain. Two of these fragment ions were selected 

as precursor ions for automated MS/MS fragmentation, which our data analysis workflow 

assigns as b18
2+ and a18

2+ (Figure 6D). The analysis of the MS/MS spectra (Figure 6D) 

reveals that acquisition of MS/MS spectra for about 50 s is sufficient for reliable assignment 

(E < 10−30) of ions with ~20 residues at significant cleavage coverage. We stress that there 

are ample opportunities for optimizing the PASEF algorithm for top-down protein analysis, 

such as optimizing the collision energies for CID, which we will report on elsewhere.

Conclusions

We assessed the ability of conducting top-down protein analysis from native solution 

conditions using our orthogonal tandem-TIMS/MS instrument coupling UVPD with PASEF 

MS/MS analysis. We conclude from our analysis that:

1. Our instrumental setup does not produce UV-specific noise peaks at abundances 

significant enough to hamper data analysis and fragment ion assignments.
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2. We demonstrated the ability to generate sequence-informative fragment ions 

for precursor peptide and protein ions in low charge states by their UV 

photodissociation at 2–3 mbar.

3. We observed multiple conformations of UVPD-induced [a+2]-type ions which 

differ from the conformations of the corresponding a-type ions. This highlights a 

rich structural chemistry of the UVPD-generated fragment ions and indicates that 

cross sections of fragment ions could aid in identification of UVPD-generated 

fragment ions. This structural chemistry and its practical value will be the subject 

of future research.

4. Experiments coupling UVPD and CID for effective MS3 top-down protein 

analysis require consideration of internal fragment ions which renders fragment 

ion assignments at mass tolerances achievable by TOF mass analyzers unreliable.

5. We described a data analysis strategy for automated interpretation of effective 

MS3 experiments coupling UVPD and PASEF MS/MS and demonstrated its 

reliability.

6. Tandem-TIMS/MS workflows coupling two ion mobility-separations with 

effective MS3 analyses stages by CID/UVPD and PASEF MS/MS analysis can 

be carried out at time-scales on the order of 1–3 minutes.

In summary, our discussion here underlines the potential of effective MS3 workflows that 

couple tandem-TIMS/MS with UVPD and PASEF MS/MS analysis for top-down analysis of 

proteins.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Nested ion mobility / mass spectrum produced by UVPD for angiotensin I. The 

spectrum exhibits three bands of ions of which the center band (region 2) is sufficient to 

obtain the peptide sequence. (B) Extracted mass spectrum for region 2 shown in (A) with 

fragment ions assigned. (C), (D) Ion mobility spectra for the a6 fragment ion and its [a+1] 

and [a+2] congeners and spectra for the a5, b5, c5 ions.
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Figure 2. 
Random match probability p calculated for different polypeptide sequences, mass tolerances, 

and ion activation methods. The value of p denotes the probability that any experimental 

peak (including noise) would be assigned to a fragment ion at a given mass tolerance. (A) 

Probabilities considering only terminal a, b, y-type ions and their NH3, H2O neutral losses. 

(B) Random match probabilities considering both internal and terminal a, b, y-type ions and 

their NH3, H2O neutral losses as well as their UVPD-derived [a+k] and [y-k] congeners 

(k=1, 2). (C) Random match probabilities as a function of the sequence length at a mass 

tolerance of 15 ppm compatible with typical TOF mass analyzers. Note the logarithmic 

scales.
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Figure 3. 
Illustration of the data analysis algorithm implemented for top-down protein analysis using 

effective MS3 experiments conducted with tandem-TIMS/MS. (A) Nested ion mobility/mass 

spectrum showing precursor ion TIMS-MS scans used by the PASEF algorithm to select 

and schedule ions for MS/MS analysis. (B) PASEF-MS/MS spectrum compiled from a total 

of 587 individual MS/MS TOF scans for the precursor ion selected at m/z 573 and K0 = 

0.978 cm2/Vs. (C), (D) Features in the experimental MS/MS spectrum are detected by a 

CWT and subsequently filtered according to their dynamic noise level. (E) Deconvolution 

and detection of monoisotopic masses is accomplished by MsDeconv. (F) Comparison of the 

experimental (raw) spectrum and the matched fragment ions. Fragment ions are generated 

for the input sequence and matched to the experimental monoisotopic masses shown in (E). 

The OMSSA algorithm is used to score spectral matches.
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Figure 4. 
(A) Fragment ions produced from collisionally-dissociating bovine carbonic anhydrase II are 

separated in TIMS-2. The markers indicate the m/z and K0 values that were selected for 

precursor ion selection and automated MS/MS analysis by the PASEF method implemented 

in the timsTOF Pro. The circle marks the precursor ion corresponding to the PASEF MS/MS 

spectrum shown in (B). (B). PASEF MS/MS spectrum recorded for precursor ion m/z 1267 

and 1/K0=1.350 cm2/Vs. The PASEF-recorded charge state of 3+ was corrected to 6+ and 

the spectrum was assigned to y67
6+ with a mass of 7598 Da at an E-value of 10−46. Several 

fragment ion assignments are annotated for illustrative purposes. (C) Distribution of scores 

calculated for bovine carbonic anhydrase II for the data set shown in Figure 2 at mass 

tolerances of 5, 10, and 20 ppm. We used the reverse amino acid sequence as decoy. Note 
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the logarithmic scale of the y-axis. (D) Ratio r E0  estimated for the assignments shown in 

(C) as a function of the threshold score E0, calculated as the ratio of the respective spectral 

matches with scores less than E0 for the decoy and target sequence of carbonic anhydrase 

II. The plot suggests that precursor ion assignments with scores −log E0 greater than ~15 are 

significant at a mass tolerance of 5 ppm. (E) Cleavage map constructed from the data set 

shown in (A) indicating the accepted PASEF-scheduled precursor ions and their fragment 

ions. Out of 31 precursor ions selected by PASEF, 11 precursor ions were accepted at a 

score −log E>15 and assigned to 8 distinct ions, six of which are related to the proline-effect. 

Notice that the annotated ions do not represent the entire depth of the dataset shown in (A) 

as only a small subset of the available precursor ions were selected by PASEF.
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Figure 5. 
Ion mobility spectra for a18

2+ and [a18+2]2+ fragment ions obtained by irradiation of bovine 

ubiquitin 6+ with UV laser pulses at 213 nm at a pulse frequency of 1000 Hz. (A) Spectra 

for a18
2+ recorded at different trap storage and UV exposure times reveals presence of two 

features centered at ~415 Å2 and 512 Å2, respectively. The abundance of a18
2+ increases 

with increasing trap storage/UV exposure time. (B) The relative abundance of the compact 

feature centered at ~415 Å2 increases with increasing trap storage/UV exposure time but 

does not significantly depend on the apparent formation mechanism (a18
2+: blue solid trace; 

[a18+2]2+: red dashed trace).
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Figure 6. 
Tandem-TIMS-UVPD-PASEF/MS analysis of intact ubiquitin charge state 6+ electrosprayed 

from native solution conditions. (A) Base peak chromatogram highlighting the acquisition 

of TOF precursor scans (blue trace) used for precursor ion selection and the MS/MS scans 

(black trace) for the scheduled precursor ions. (B), (C) Mass spectrum and corresponding 

nested ion mobility/mass spectrum compiled from the TOF precursor scans (blue trace) in 

(A). The PASEF algorithm scheduled two top-down fragment ions for additional MS/MS 

analysis, which were subsequently identified by our data analysis strategy as the a18
2+ (blue 

diamond) and b18
2+ (red diamond) fragment ions. (D), (E) PASEF MS/MS spectra for the 

b18
2+ fragment ion compiled from aggregating MS/MS scans over a spectra acquisition time 

window of 350 seconds (D) and 50 seconds (E). Fragment ions were matched (red trace) to 
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the experimental spectra (black trace) and scored by our data analysis strategy. Both spectra 

result in reasonable scores and enable BLAST to correctly identify ubiquitin as the precursor 

protein.
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Scheme 1. 
Diagram illustrating the sequence of events coupling tandem-TIMS/MS workflows 

with CID/UVPD and PASEF-MS/MS for top-down protein analysis in effective MS3 

experiments. Proteins are separated in TIMS-1 and mobility-selected for CID or for UVPD 

in the ion trap. The fragment ions produced are separated in TIMS-2 and subjected to 

MS/MS analysis by the PASEF method.
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Table 1.

Probability for random matches to fragment ions at 15 ppm mass tolerance

Peptide sequence Sequence length CIDa CID + UVPDb

Number of 
primary 

fragment ions

Random match 
probability p at 15 

ppm (%)

Number of 
primary fragment 

ions

Random match 
probability p at 15 

ppm (%)

RPPGF 5 45 <0.1 77 0.1

angiotensin 1 10 90 0.1 242 0.3

ubiquitin 76 684 0.5 11,792 6.1

cytochrome c 104 936 0.6 21,956 10

β-lactoglobulin 162 1458 0.8 52,986 19

carbonic anhydrase II 261 2331 1.2 134,951 38

a
considering only terminal a, b, y-type ions including their −NH3 and −H2O neutral losses

b
considering terminal a, b, y-type ions and internal a, b-type ions including their −NH3 and −H2O neutral losses and their UVPD-generated 

congeners [a +k] and [y - k] with k = 1, 2. Not including c, x, z-type ions or side-chain losses.
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