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Abstract

Top-down UVPD enables greater sequence coverage than any other currently available method, 

often fracturing the vast majority of peptide bonds in whole proteins. At the same time, UVPD can 

be used to dissociate noncovalent complexes assembled from multiple proteins without breaking 

any covalent bonds. Although the utility of these experiments is unquestioned, the mechanism 

underlying these seemingly contradictory results has been the subject of many discussions. Herein, 

some fundamental considerations of photochemistry are briefly summarized within the context of 

a proposed mechanism that rationalizes the experimental results obtained by UVPD. 

Considerations for future instrument design, in terms of wavelength choice and power, are briefly 

discussed.
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Introduction

Ultraviolet Photodissociation, or UVPD, is not a new method to mass spectrometry. In fact, 

the first experiments were reported decades ago.1–3 However, it was only recently that 

UVPD began to attract significant attention when Brodbelt and coworkers reported nearly 

complete sequence coverage of whole proteins in top-down experiments using this 

approach.4 There are several remarkable features of this result. First, large molecules, such 

as whole proteins, are difficult to fragment. For example, collision-induced dissociation 

(CID) works marvelously on smaller molecules such as peptides but is less useful for 

analysis of whole proteins where facile cleavage at a handful of sites tends to dominate. This 

drawback can be partially compensated by increasing the collision energy (i.e. with HCD5 or 

higher-energy collisional dissociation), but extensive fragmentation is still more difficult 

with increasing molecular size, and sequence coverage falls well short of being complete.6 

Electron-transfer dissociation (ETD)7 and electron-capture dissociation (ECD)8 also struggle 

to fragment whole proteins. Instead, abundant, intact, charge-reduced ions are often 

produced absent additional activation.9,10 These considerations naturally lead to an 

interesting question, why does UVPD work so well on whole proteins?

Discussion

The obvious answer is that there must be something about UVPD that distinguishes it from 

all other fragmentation methods. With that in mind, let’s explore what is known about 

ultraviolet photochemistry. Absorption of an ultraviolet photon leads to electronic excitation 

of a suitable chromophore. UVPD has been carried out several wavelengths, including 266 

nm, 213 nm, 193 nm, and 157 nm. At 266 nm,11,12 absorption in peptides occurs at 

primarily at tyrosine and tryptophan sidechains. At 193 nm13,14 and 213 nm,15 which 

correspond to higher energy photons, excitation of the peptide backbone is also possible. At 

157 nm,16 excitation of most bonds becomes feasible, including molecules in the air, 

requiring transmission of the laser beam in vacuo. Regardless of excitation wavelength, once 

an excited state electron is generated, there are two probable outcomes relevant to UVPD. 

First, if the electron is excited into or can relax into a dissociative orbital, then ‘direct’ or 

‘prompt’ dissociation will occur.17,18 This type of fragmentation happens on a femtosecond 

timescale and is not preceded by energy redistribution or excitation of the remainder of the 

molecule. Well-documented examples of this type of chemistry include fragmentation of 

carbon-iodine, carbon-sulfur, and sulfur-sulfur bonds.19–21 Indeed, direct dissociation is 

arguably a feature unique to UVPD, though proponents of the ‘nonergodic’ mechanism22 for 

ECD/ETD might argue otherwise.

A second relevant outcome following electronic excitation is internal conversion of the 

photon energy into vibrational modes. In this process, nonradiative relaxation back to the 

electronic ground state is accompanied by simultaneous vibrational excitation. The dictates 

of intramolecular vibrational energy redistribution (IVR)23 enable this vibrational energy to 

redistribute among all available modes within the femtosecond to picosecond timescale. The 

end result is a vibrationally hot molecule. If the photon energy is sufficient to cause 

dissociation via internal conversion, the fragments produced will be similar to those 

generated by CID or infrared multiphoton dissociation (IRMPD). In other words, regardless 
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of whether energy is introduced by a collision or a photon, following IVR, the energy is 

randomized, and the expected fragmentation pathways should be the same. Importantly, even 

though a single photon may carry sufficient energy to break a particular covalent bond, this 

is not a likely outcome following internal conversion because the energy will rapidly 

disperse throughout the molecule due to IVR. For example, a 193 nm photon corresponds to 

6.4 eV of energy and a typical homolytic bond dissociation energy for a single bond would 

fall in the vicinity of ~3.5 eV.24 Subsequently, the amount of energy per mode will be very 

small in a large molecule such as a protein with hundreds of bonds.25 Other relaxation 

pathways following electronic excitation, including fluorescence, are unlikely to yield 

dissociation.

We have identified the two dissociation mechanisms relevant to top-down UVPD, direct 

dissociation and internal conversion. Now we must ascertain how these work together to 

yield high sequence coverage. A weakness of direct dissociation is that little energy is 

available for breaking noncovalent bonds that may be holding the two fragments together. In 

a protein, many such intramolecular noncovalent interactions will be expected for compact 

or partially unfolded conformations. The resulting ‘stickyness’ of these noncovalent bonds is 

often used to rationalize charge reduction without fragmentation in ETD/ECD.9 Also 

relevant are experiments with disulfide bound peptide pairs. Excitation of the disulfide bond 

leads to direct dissociation and observation of individual peptides. However, replacement of 

one peptide with propyl mercaptan significantly increases the photodissociation yield in 

some cases, suggesting that noncovalent interactions prevent some peptide dimers from 

falling apart.26 Therefore, if direct dissociation alone were active in UVPD, low dissociation 

yields would be expected. This behavior is not observed. A single laser pulse yields 

significant fragmentation.4 It could be argued that perhaps UVPD initiates numerous direct 

dissociations, overcoming noncovalent bonding by effectively ‘shredding’ the ion, but recent 

statistical analyses have demonstrated that multiple fragmentations are not dominant in 

UVPD.27

On the other hand, if internal conversion were dominant, then UVPD and CID (or IRMPD) 

spectra would be expected to be nearly identical. Although b/y ions are observed in UVPD, 

suggesting that internal conversion does contribute to the observed fragmentation, abundant 

a-, c- and z- type ions are also generated. These ions are unlikely to be produced by the 

mobile proton mechanism,28 which should dictate fragmentation following internal 

conversion. Therefore internal conversion cannot rationalize all of the fragmentation 

observed in UVPD, but this is not to say that internal conversion does not play a significant 

role. The importance is highlighted best by a recent report on UVPD of tetrameric protein 

complexes.29 In this application, UVPD leads to dissociation of whole protein dimers and 

monomers where the charge is distributed symmetrically among the products. By CID, these 

systems dissociate asymmetrically, ejecting a highly charged monomer.30 Interestingly, the 

UVPD results closely mirror what is observed when protein complexes are fragmented by 

surface-induced dissociation (SID).31 The primary difference between SID and CID, in the 

context of this discussion, is timescale. In SID, energy is deposited in a single, catastrophic 

event. By comparison, energy in CID is increased over a lengthy timescale involving many 

collisions. The similarity with SID suggests UVPD also facilitates rapid and substantial 

molecular heating, which most likely occurs via energy deposition from internal conversion 
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of multiple photons over a short timescale (perhaps even shorter than occurs in SID). This 

observation is critical for understanding how high sequence coverage is obtained in top-

down UVPD experiments.

The body of these observations leads to a hypothesis—high sequence coverage in top-down 

UVPD results from simultaneous internal conversion and direct dissociation. The 

experiments with protein complexes reveal that significant internal conversion leads to rapid 

heating. The presence of non-proton initiated fragments confirms direct dissociation also 

occurs. The simultaneous combination of both processes is required to rationalize the final 

results. Multiple photons are absorbed by the protein, and the majority undergo internal 

conversion, heating the ion. Simultaneously, a select few photons (probably <1 per protein) 

cause direct dissociation of the peptide backbone. Those fragments separated by direct 

dissociation then separate from each other due to heating from internal conversion. An 

illustration of the process is shown in Figure 1. In some cases, internal conversion alone may 

be sufficient to fragment the molecule, leading to generation of some b/y ions. However, 

high sequence coverage is likely facilitated by the stochastic nature of peptide bond 

excitation resulting in direct dissociation. In rare circumstances, a combination of 

dissociation events will lead to a secondary cleavage event, generating an internal ion and 

two terminal ions. For protein complexes, some of the proteins only experience internal 

heating, which leads to disruption of noncovalent bonds between subunits. Some proteins 

also undergo direct dissociation (which is also observed in reasonable abundance). The 

observation of intact protein dimers from tetramers and small abundance of internal ions 

both point to low incidence of direct dissociation, i.e. <1 per protein. Furthermore, recent 

experiments combining UV and IR lasers demonstrated that the abundance of a-type ions 

did not increase significantly with additional IR activation,32 suggesting that fragmented 

ions held together by noncovalent bonds are not abundant in UVPD.

Under the proposed mechanism, the ratio of internal conversion to direct dissociation events 

is important. If the fraction of direct dissociations is too high, then the ion will be shredded 

and sensitivity will be negatively impacted by loss of ion current to internal ions. If the 

number of direction dissociations is too small, or zero, then sequence coverage will be 

reduced and the results will begin to resemble those from CID. At 266 nm, single-photon 

direct dissociation of the peptide backbone is not possible due to lack of absorption. Direct 

dissociation becomes more feasible at 213nm, and absorption by peptide bonds increases 

significantly at 193nm, which may suggest greater access to direct dissociation pathways. 

For 157 nm, short timescale experiments have demonstrated abundant direct dissociation 

pathways in peptides.33 Additional experiments will be required to determine which of these 

three UV wavelengths provides the optimal ratio of direct dissociation/internal conversion 

events. The incident power of the laser can also be varied and may be important for 

instrument optimization. For example, the symmetric dissociation of protein complexes may 

be unlikely with a lower power laser due to insufficient heating in an effectively short time 

window.
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Conclusions

UVPD is proving to be a versatile tool for interrogating whole proteins. Top-down 

sequencing can be achieved with excellent sequence coverage. Structural information can be 

obtained for proteins and protein complexes.34,35 Bond-selective fragmentation can be used 

to generate radicals for various purposes.36 The ability to access dissociative excited states 

that yield fragments prior to IVR is a unique feature of UVPD. Future improvements 

enabling greater control of these direct dissociation pathways will likely expand the 

capabilities of mass spectrometry even further.
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Figure 1. 
Illustration of proposed mechanism. Black line represents protein backbone, internal 

conversion of UV photons occurs at red sites, direct dissociation at green. Red fragments 

heated by internal conversion separate.
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