Analyzing the Higher Order Structure of Proteins with Conformer-

Selective Ultraviolet Photodissociation

Stephan Warnke', Gert von Helden', and Kevin Pagel'-*

' Fritz Haber Institute of the Max Planck Society, Faradayweg 4-6, 14195 Berlin, Germany.
*Freie Universitit Berlin, Institute of Chemistry and Biochemistry, TakustraBe 3, 14195 Berlin, Germany

Correspondence
Prof. Dr. Kevin Pagel, Freie Universitét Berlin, Institute of Chemistry and Biochemistry - Organic Chemistry, Takustraf3e

3, 14195 Berlin, Germany. Email: kevin.pagel@fu-berlin.de

Abbreviations: Arrival time distribution (ATD); collision cross section (CCS); ion mobility spectrometry (IMS); ultraviolet
photodissociation (UVPD)

Keywords: electrospray ionization mass spectrometry (ESI-MS); ion mobility spectrometry (IMS); peptide sequencing; top-
down proteomics; ultraviolet photodissociation (UVPD)

Total number of words: 5137



ABSTRACT: The top-down approach in protein sequencing requires simple methods in which the analyte can be readily
dissociated at every position along the backbone. In this context, ultraviolet photodissociation (UVPD) recently emerged as a
promising tool because, in contrast to slow heating techniques such as collision induced dissociation (CID), the absorption of
UV light is followed by a rather statistically distributed cleavage of backbone bonds. As a result, nearly complete sequence
coverage can be obtained. It is well-known, however, that gas-phase proteins can adopt a variety of different, sometimes
coexisting conformations and the influence of this structural diversity on the UVPD fragmentation behavior is not clear.

Using ion mobility-UVPD-mass spectrometry we recently showed that UVPD is sensitive to the higher order structure of gas-
phase proteins. In particular, the cis/trans isomerization of certain proline peptide bonds was shown to significantly influence
the UVPD fragmentation pattern of two extended conformers of 117 ubiquitin. Building on these results, we here provide
conformer-selective UVPD data for 7" ubiquitin ions, which are known to be present in a much more diverse and wider
ensemble of different structures, ranging from very compact to highly extended species. Our data show that certain conformers
fall into groups with similar UVPD fragmentation pattern. Surprisingly, however, the conformers within each group can differ
tremendously in their collision cross section. This indicates that the multiple coexisting conformations typically observed for 7"

ubiquitin are caused by a few, not easily inter-convertible, subpopulations.




1. Introduction

The ability to dissociate peptide and protein ions in the gas phase of a mass spectrometer is essential for the vast majority of
proteomics experiments performed today. For this purpose, simple workflows, which deliver a high content of sequence
information are desirable. The workhorse technique in top-down protein sequencing is tandem-mass spectrometry (MS-MS) in
combination with collision induced dissociation (CID).[1] However, peptide bond cleavages do not occur randomly along the
sequence but rather at specific positions when the molecule is slowly heated during CID. As a result, often only little sequence
coverage and incomplete information about the primary structure is obtained, which in turn can be problematic, especially for
the characterization of unknown compounds.

Because of this limitation, over the past few years electron capture- and electron transfer dissociation (ECD/ETD) have
received increased attention, since in those methods, cleavages occur less selective along the sequence and therefore greatly
increased sequence information can be obtained.[2, 3] Unlike in collisional heating methods, noncovalent interactions can be
retained after dissociation of the backbone using ECD/ETD, which can facilitate the investigation of protein complexes and
higher order protein structures.[3-5] However, the ECD/ETD process is most efficient for precursor ions with high charge
density [6, 7], which, on the other hand, often leads to unfolding of the gas-phase protein. As a consequence, compact, more
native-like gas-phase ions are usually difficult to investigate by ECD/ETD. A dissociation method, which recently emerged as
a promising alternative is based on the absorption of UV photons by the amide backbone and subsequent dissociation [8].
During this ultraviolet photodissociation (UVPD), peptide bond cleavages occur rather statistically over the entire amino acid
sequence, which can yield nearly complete sequence coverage for intact proteins [9-12] and even noncovalent protein
assemblies.[13]

Depending on solvent conditions and the amount of charged sites, proteins can adopt a multitude of different conformations in
the gas phase. Low charge states typically adopt compact, native-like structures governed by non-covalent, intramolecular
interactions, whereas the protein tends to unfold to elongated structures, dominated by charge repulsion when the charge state
of the molecule is increased [14]. Such structural differences can, for example, be analyzed by ion mobility spectrometry
(IMS). This technique makes use of the different drift velocities that protein conformers exhibit when they drift through an
inert buffer gas under the influence of a weak electric field [15-18]. The measured drift time can be converted into an angular
averaged collision cross section (CCS), which is a measure for the size and shape of the ion [19]. Moreover, the method can be
easily combined with MS (IM-MS), which allows the simultaneous analysis of m/z and CCS.

Using IM-MS in conjunction with UVPD, we recently demonstrated that higher order structure of a protein can drastically
influence its photofragmentation behavior at 193 nm [20]. The UVPD spectra of two different elongated structures of the 8.5
kDa protein ubiquitin in charge state 11" showed a significant variation in the fragment pattern, which was attributed to a
difference in the intramolecular hydrogen-bond pattern as a consequence of cis/trans isomerization of a single peptidyl-prolyl
bond. Here, we build on these results and present conformer selective UVPD data for ubiquitin 7" ions, which are known to
adopt a large variety of compact and extended conformations in the gas phase. Our data indicate that UVPD is also structure

sensitive for this conformationally much more diverse charge state. Additionally, we find evidence for a connection between



certain conformers, which show similar UVPD dissociation patterns even if they exhibit vastly different CCSs. From that we

conclude that groups of structures with considerably different CCSs but similar structural features within one group exist.

2. Materials and Methods

2.1 Samples

Human ubiquitin (~8.5 kDa) was purchased from R&D Systems (Wiesbaden, Germany) and used without further purification.
Solvents were purchased from Sigma-Aldrich (Taufkirchen, Germany). For electrospray ionization, an aqueous 1 mM
ubiquitin stock solution was diluted with water/methanol v/v 50/50 to yield a concentration of 10 uM. For (nano) electrospray
ionization ~5 pl of sample were loaded into a Pd/Pt coated borosilicate capillary prepared in-house and a voltage of 0.8-1.0 kV

was applied [21].

2.2 Experimental setup for conformer-resolved ultraviolet photodissociation experiments

The ion mobility method has been described in detail previously [15-18]. To preselect gas-phase protein conformers prior to
UV photodissociation (UVPD), an in-house built drift tube (DT) ion mobility-mass spectrometer similar to one described
previously was used (Figure 1 B) [20, 22]. Tons are generated in a nano-electrospray ionization source (nESI) [23] and
transferred into the vacuum. An electrodynamic ion funnel collects ions and releases ion pulses into the drift region where they
drift through helium buffer gas (~5 mbar) under the influence of a weak electric field (~10 V/cm). A second ion funnel guides
the now conformer separated but diffusionally spread ion clouds through a conductance limit into a differentially pumped
region where ion guides transport them into ultra high vacuum. Here, a quadrupole mass filter selects ions of a specific m/z
value. Arrival time distributions (ATDs) can then be recorded by measuring the time dependent ion current after release of the
ion trap.

For the acquisition of conformer-selective UVPD spectra, ions of a narrow drift time window (100 ps, corresponding to a
narrow collision cross section distribution) can be selected by electrostatic deflection prior mass selection. While traversing a
second quadrupole guide, the now conformer and m/z-selected ions are irradiated by a single unfocussed excimer laser pulse
(193 nm, ~1 mJ) and the resulting fragments are detected by means of time-of-flight (ToF) MS.

In Figure 1 A, a typical trigger pulse sequence for the conformer selective UVPD experiment is depicted. It is initiated by a 150
us ion gate pulse, followed by a 100 ps admittance window of the electrostatic deflection lens a few milliseconds later. By
varying the delay 4¢;, ions of different drift times can be selected. By the time ions traverse the second quadrupole guide, the
laser pulse is triggered which induces fragmentation over a wide m/z range. An inevitable kinetic energy spread of the fragment
ion cloud, accompanied by slightly differing flight times towards the ToF mass analyzer has to be accommodated by varying
the delay 4¢; (90-130 ps), which determines the moment of the ToF pulse. Subsequently, fragment spectra of different A¢;

values are averaged to yield mass spectra of the full fragment range.



2.3 Fragment assignment

The mass accuracy and resolving power (4m/m ~500) of the in-house built linear ToF mass analyzer attached to the drift-tube
instrument does not allow for a straightforward UVPD fragment assignment. Instead, comparison of a list of possible
fragments with high-resolution UVPD fragment spectra from earlier work [12, 20] (and unpublished data), as well as the
observed CID fragmentation pattern from a high-resolution Waters Synapt G2-S instrument (see SI), helped to assign and

understand the rather complex fragment spectra at least in part.

2.4 Collision cross section determination
For better comparison, the time axis of the arrival time distributions (ATDs) was converted to collision cross sections Q. For
conversion of ATDs from DT IMS instruments, which utilizes a uniform electric field in the drift region, this can be achieved

using the following equation [19]:
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where z and e correspond to the charge state of the investigated ions and the elementary charge, u is the reduced mass of the
ion-buffer gas molecule system, kp and T are the Boltzmann constant and the temperature, fp is the drift time, £ and L are the
electric field and the length of the drift cell, N is the number density of the buffer gas molecules and P is the pressure (in mbar).

CCS values reported here are in good agreement with previously published values for ubiquitin [24, 25].

3. Results and Discussion

3.1 Ion mobility-mass spectrometry of ubiquitin 7"

Ubiquitin has been investigated extensively in solution and in the gas phase using a variety of techniques. In both
environments, various distinct conformations, ranging from compact, globular to unfolded, extended structures have been
observed [26-30]. As for most gas-phase proteins, the charge state of the ions was found to be most influential on the structure.
Compact conformations require low charge states whereas more elongated structures are dominantly found for higher charge
states. Moreover, recent studies have shown that the gas-phase conformation of ubiquitin is also closely linked to the solution
conditions the ions originate from [25, 29, 31, 32]. When electrosprayed from aqueous or more denaturing solvents, ubiquitin
was shown to adopt compact, native-like conformations, as well as more elongated a-helix rich structure (the so-called A-state)
[25, 31], which are similar to those existing in the condensed phase.[26-28] Using IMS-based techniques, it was furthermore
shown that there is a certain connection between distinct folded and unfolded structures of gas-phase ubiquitin, which was
attributed to structural features that are preserved during the unfolding process [33].

In this study, we focus on ubiquitin ions of the intermediate charge state 7" in which attractive and repulsive intramolecular
interactions are balanced and multiple different structures are observed simultaneously using IM-MS. For these ions, the

distribution of gas-phase conformers strongly depends on instrument parameters such as source conditions and injection



energy. At gentle conditions, a compact species with a CCS of ~1000 A? can be observed, which unfolds to intermediate and
extended structures with CCSs ranging from 1200 A% to 1600 A> when the molecules are energized.

In Figure 2 typical arrival time distributions (ATDs) of ubiquitin 7° measured at two different trap conditions are shown with
drift times converted to CCSs. At intermediate conditions, the ATD exhibits a variety of partially folded (1200 A” - 1450 A?)
and extended structures (> 1450 Az) all of which having been observed previously [31, 34]. A more compact conformer around
1000 A® was also observed but not studied in detail here due to very low ion intensities. At harsher trap conditions at least two
more extended structures were observed with CCSs of ~1500 A” and ~1600 A”, respectively. The narrow peaks consecutively
labeled from 1 to 9 are the slices of the ATDs that have been selected at the ion ejection lens and were transmitted for UV

photodissociation.

3.2 UV photodissociation of selected ubiquitin 7° conformers

After drift time and m/z-selection, the isolated ions are subjected to a single unfocused 193 nm ArF excimer laser pulse (~1 mJ)
and fragment spectra are recorded for each selected conformer individually by averaging over 500 ToF pulses. The so obtained
UV photofragment spectra of the nine different ubiquitin 7" structures from the ATD in Figure 2 are shown in Figure 3. The
spectra are normalized to the intensity of the precursor ion signal and then equally scaled to the level of the fragment
intensities. The roman numerals I to VIII denote the strongest ion signals. As expected from previous UVPD experiments [12,
20], a vast variety of different fragments is formed, which in turn results in rich fragment spectra with many, often only
partially resolved signals. All ion signals, however, can be clearly distinguished from noise level, as can be seen exemplarily in
Figure S1 of the supporting information (SI) where mass spectra of UV-irradiated and non-irradiated ions are compared. Many
of the fragment signals in Figure 3 can be found in all nine spectra; others, however, are only present in some. Among the most
apparent differences are the fragments labeled I, II and VIII, which are of higher intensities in the fragment spectra of the
ATD slices labeled 5, 6, 7, and 9 than in the spectra labeled 1, 2, 3, 4, and 8. In addition the fragment V is of considerably
higher intensity in the latter set of spectra.

Even without further assignment of the peaks, two aspects can already be concluded from the spectra in Figure 3. First,
ubiquitin 7" ions show a different UVPD fragmentation behavior depending on their conformation. This is interesting by itself
and indicates that UVPD is structure-sensitive to a certain extend. In contrast, CID experiments on the same conformers
showed no dependence on the structure and yielded almost identical fragment spectra, which is in good agreement with
previous observations (for details see Figures S2/S3).[20, 35] Second, some of the fragmentation spectra along the conformer

distribution are rather similar, which points to a link between certain conformers.

3.3. Fragment assignment

A deeper understanding of the observed dependence on conformation requires an unambiguous assignment of the obtained
fragments. Due to the limited resolution of the mass spectrometer used here, however, such an assignment cannot be made
purely on basis of the presented UVPD fragment spectra. Given that UVPD yields a vast variety of different fragments and

considering the mass accuracy (m/z £1.5) and resolution (4m/m ~500) of the instrument, up to five distinct photofragments can
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be hypothetically assigned to the signals labeled I to VIII (Table 1). To narrow down the list of possible candidates,
unambiguously identified UVPD fragments of non-conformer selected ubiquitin 10" and 117 ions from high-resolution
experiments [12] (unpublished data) were compared with the fragments in Table 1. For each signal I to VIII, at least two
fragment candidates have been previously observed in UVPD of 10" and 117 ubiquitin. These fragments are marked with an x
or, if the fragments are particularly prominent in the reference spectra, with xx in Table 1. It is interesting to note that for each
of the features I to VIII at least one fragment is observed that stems from cleavage of a peptide bond involving one of the three
proline residues that are present at positions 19, 37, and 38 in the sequence of ubiquitin. In addition, the fragments involving
proline residues are generally among the most prominent signals in the UVPD spectra of the higher charged species
(unpublished data).[12]

Comparison with other dissociation methods can yield further information about the identity of the observed UVPD fragments.
Fragment spectra obtained through dissociation techniques involving slow heating (such as CID), are largely dominated by b
and y type fragments stemming from cleavages N-terminal to proline or C-terminal to acidic residues.[12, 13, 36-38] This trend
is also observed in the CID spectra of ubiquitin 7° and leads to prominent series of C-terminal y-type fragments, stemming
from cleavages of the peptide bonds between Glu'"*-Pro"’ and preceding residues (for details see SI). Intriguingly, five C-
terminal y-type CID fragments are also among the previously observed UV photofragments in Table 1. Most of these
fragments, namely yss (57, 6), yao (4, and yso (57), stem from cleavage of peptide bonds preceding proline residues. Unlike in
the UVPD experiments, however, no significant differences between the CID fragment spectra of different conformers are
observed. A dissociation method that was previously shown to depend on the higher order structure of ubiquitin is ECD.[3, 39,
40] Using this dissociation technique for ubiquitin 7°, however, mainly leads to ¢- and z-type ions [39], none of which having
been observed in previous UVPD experiments of ubiquitin 10" and 117 (for details see SI).

Taken together, there is still a certain ambiguity in the identification of possible fragments for the eight most prominent signals
in Figure 3. However, there is clear evidence for a prevalence of fragments stemming from cleavages of peptide bonds
involving proline residues.[20] Such a proline-effect is well known for slow heating techniques such as CID [36, 38], but was
previously shown to be not significant in UVPD.[10] In addition, the tentative assignment made here only involves the eight
most prominent of the hundreds of different fragments observed in the experiment and does, thus, not contradict earlier studies

where rather non-specific backbone cleavage is found upon photodissociation at 193 nm.

3.4 Connection between conformers

To gain more insight into the apparent link between certain structures, the intensities of the fragments that exhibit noticeable
intensity variations along the conformer distribution are plotted in Figure 4. For clarity, open and solid symbols are used,
indicating two different types of curve progressions. The fragments labeled I, II and VIII in Figure 3, each increase in
intensities for conformers 5, 6, 7, and 9, whereas the opposite is the case for the fragments labeled V, VI, and VII, which are of
higher intensities in the fragment spectra of the conformers 1, 2, 3, 4, and 8. This observation supports the hypothesis that
certain structures are connected. Accordingly, the nine different structures of ubiquitin 7" can be classified into two groups of

conformers with similar photofragmentation patterns, namely structures 1-2-3-4-8 (group A) and structures 5-6-7-9 (group B).
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The fact that the photofragmentation patterns of two distinct conformers are different must be a result of a difference in
structure. One premise for the coexistence of multiple structures at a temperature of 300 K is the existence of sufficiently high
energy barriers that separates their corresponding conformational space and prevents group A and group B structures from
interconverting on the timescale of the experiment. In solution studies on ubiquitin, cis/frans isomerization of peptide bonds
involving loop and turn-inducing proline residues has been identified to form such a barrier, which is typically around 50-80
kJ/mol [41]. Especially the residue Pro'’ was found to be of particular importance for the protein structure [42], and we showed
that cis/trans isomerization of the peptide bond preceding the residue Pro" is likely the reason for coexisting gas-phase
structures of 117 ubiquitin [20]. Similar conclusions have been drawn for smaller proline containing model peptides where
multiple coexisting gas-phase conformations were attributed to isomerization of peptidyl-prolyl bonds [43, 44].

Our tentative fragment assignment suggests that for ubiquitin 7°, like in the 117 case, many differences in fragment identities
and relative abundances arise from cleavage around Xxx-Pro peptide bonds, which leads to the assumption that isomerization
of these peptide bonds plays an important role for the 7" ions as well. The two different structural groups A and B are,
therefore, likely to differ in the isomerization state of peptidyl-prolyl bonds. Such a subtle difference in local structure, on the
other hand, can severely influence the entire intramolecular hydrogen bonding network of the protein.[20] In ECD and ETD
experiments [4, 40, 45], as well as vacuum UVPD on protein-ligand complexes [46] it was found that the retention of
noncovalent interactions after cleavage of the backbone can lead to distinct fragmentation patterns. It is not unlikely, that
similar effects are responsible for the differences in the UVPD spectra observed here.

Fragment spectra from low energy CID experiments do not contain information about differences in higher order structure.[35]
This is not surprising because the internal energy of the molecule is increased gradually with each collision until it reaches the
dissociation threshold, which typically exceeds the barrier for cis/trans isomerization of Xxx-Pro peptide bonds [47]. The
situation is different, however, when the unfolding rather than the dissociation of the molecule is monitored after subjection to
collisions with inert gas molecules. In a recent series of studies on collision induced unfolding (CIU) of different gas-phase
conformations of ubiquitin 77, it was concluded that partially folded and unfolded structures can retain certain structural
aspects of the compact species from which they originated [31, 33]. In other words, certain structures are linked over an
unfolding path, with shared structural motifs. Our results support this hypothesis and indicate that the similarities in the
photofragmentation pattern within one group arise from shared structural features, which are maintained over the group’s entire

conformational space (i.e. 1-2-3-4-8 for group A and 5-6-7-9 for group B).

4. Concluding Remarks

UVPD recently emerged as a promising technique for peptide and protein sequencing because nearly complete sequence
coverage can be achieved within a relatively simple experiment. Using a combined IM-MS-UVPD-ToF-MS approach where
ions can be size and m/z selected before photodissociation (193 nm), we show here, that UVPD is sensitive to the underlying
higher order structure of conformationally highly diverse 7" ubiquitin ions. Considerable differences in fragment identities and

abundances were observed in the photofragment spectra of different pre-selected conformations. These results are in good



agreement with previously reported data on two extended conformers of 117 ubiquitin, which showed a significantly different
UVPD fragmentation behavior.

At the current state, however, our data also imply that specific conformers not necessarily yield unique UVPD fragment
spectra. Instead, we find repeating fragment patterns, which indicate that certain structures within the ensemble are closely
connected. Based on these results, the conformers of 7" ubiquitin can be categorized into two groups, A and B, each of which
exhibiting various structures with different CCSs but a similar UVPD fragmentation behavior. This leads us to the assumption
that, despite their difference in CCS, the conformers within one group share a common structural feature, which is retained
over the entire gas-phase unfolding pathway, while a relatively large energy barrier prevents interconversion between both
groups on the timescale of the experiment. In our previous study on 117 ubiquitin, cis/frans isomerization of Xxx-Pro peptide
bonds was identified as a possible cause for the varying photodissociation pattern. Even though the limited mass resolution in
the photofragment spectra reported here does not allow us to unambiguously assign all fragments, it is likely that the here-
observed differences in the UVPD spectra are also originating from cis/trans isomerization of peptidyl-prolyl bonds.

Seen from a broader perspective, our data imply that the conformational families often observed for gas-phase proteins, are in
fact groups of dynamically interconverting structures that are separated by a relatively large energy barrier. While UVPD is not
sensitive to the conformational aspects within one group, it can well be used to distinguish between different groups — for
example to identify proline cis/trans isomers, which are known to have a significant impact on the folding of proteins in both

solution and gas phase.
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Figure 1: (A) Typical pulse sequence as applied for conformer-selective UVPD measurements at the drift tube IM-MS setup.
(B) Schematic diagram of the utilized instrument. After size and mass selection, ions are irradiated with a single excimer laser

pulse and fragments are detected in the time-of-flight mass spectrometer.
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Figure 2: Arrival time distributions (ATDs) of ubiquitin 7" at two different trap settings. The time axis was converted to
collision cross section (CCS). The narrow peaks labeled consecutively from 1 to 9 are the selected portions of the ATDs
transmitted for UV photodissociation. A previously reported more compact conformation (~1000 A%) was not studied within

this work.

11



I 1o v [M+7H" VIVII
v VIII

P B D P PR BT

Litadidabata]

NI P B S P P S

NI T I B I |

Ladilediledsd

ion intensity / a.u.

U P T TP TP B S PO S P AP P P P

P O I S B P

P S P T PR S |

700 800 900 1000 1100 1200 1300 1400 1500 1600
m/z

Figure 3: UVPD fragment spectra of the selected portions of the ATD labeled 1 to 9 in Figure 2. The spectra are normalized to
the intensity of the precursor ion signal and then equally scaled to the level of the fragments. The dashed lines highlight the

most prominent signals I - VIII. Conformers that occur at both trap settings (Figure 2) yield identical UVPD spectra.
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Figure 4: Dependence on conformation of the most abundant UVPD fragments. The signals labeled III and IV in Figure 3

show only little variation and are not included here.
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Table 1

Label m/z m/z Type Sequence prev.

(exp.)  (th.) position  observed®
912.1 ¢4 16 -
913.7 Vas 29 X
I 912.8 913.8  yy 37 XX
9143 by 41 -
9144 by 49 -
0| 1089.0 10892 2 38 -
1089.6  ysg 19 XX
1116.7  cx 47 -
m 1s1 74 20 67 ¥
1117.8 vy 38 X
11184 ¢y 20 -
11413 x5 27 -
1142.1  yu 37 XX
| AY 11414 11423 x5 47
11423 2y 57
1142.6 by 41 -
1307.0 by 47 -
v 1307.6 13073 s 19 XX
13083 xq0 7 -
1309.7 v 31 X
1325.1  ax 24 -
VI 1323.7 13252  as 36 X
13253 yp 6 X
1332.1  aug 48 -
1333.1  ys, 18 XX
VII 13331 13338 2z, 30 X
13339 V3s 42 X
1334.6 by 36 X
1356.1 zy 53 X
VI 13564 13569 a, 72 -
1357.6  ay 37 X

* found in UVPD fragment spectra of ubiquitin 10" and
117 [12] (and unpublished data)

Table 1: Possible UVPD fragments in a 1.5 Da window. Bold numbers denote Pro residues. Fragments observed previously

by UVPD for other charge states are marked with x when present or xx when particularly prominent in the reference spectra.
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