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Abstract

Radical-directed dissociation (RDD) is a powerful technique for structural characterization of
peptides in mass spectrometry experiments. Prior to analysis, a radical precursor must typically
be appended to facilitate generation of a free radical. To explore the use of a radical precursor
that can be easily attached in a single step, we modified peptides using a “click” reaction with
iodophenylisothiocyanate. Coupling with amine functional groups proceeds with high yields,
producing stable iodophenylthiourea modified peptides. Photodissociation yields were recorded
at 266 nm and 213 nm for the 2-, 3-, and 4-iodo isomers of the modifier and found to be highest
for the 4-iodo isomer in nearly all cases. Fragmentation of the modified peptides following
collisional activation revealed favorable losses of the tag, and electronic structure calculations
were used to evaluate a potential mechanism involving hydrogen transfer within the thiourea
group. Examination of RDD data revealed that 4-iodobenzoic acid, 4-iodophenylthiourea, and 3-
iodo-tyrosine yield similar fragmentation patterns for a given peptide, although differences in
fragment abundance are noted. lodophenylisothiocyanate labeling in combination with RDD can
be used to differentiate isomeric amino acids within peptides, which should facilitate simplified

evaluation of isomers present in complex biological samples.



Introduction

Mass spectrometry (MS) is a powerful technique for the characterization of biomolecules due
to its ability to accurately measure the mass of intact analytes and obtain structural information
following fragmentation. A variety of fragmentation methods are available, with differing
chemical mechanisms creating fragments in each. The most commonly employed fragmentation
method is collision-induced dissociation (CID), which involves heating molecules through
collisions with a neutral gas." These collisions impart small amounts of energy into the molecule
which build up until the lowest energy dissociation pathway is accessible, at which point
fragmentation occurs. In peptides, this method produces primarily b- and y-ions via cleavage of
the amide bond. Photodissociation can be employed to impart energy into the analyte via
absorbed photons. In the longer wavelength region, infrared multiphoton dissociation (IRMPD)
heats a peptide slowly and results in a similar spectrum to CID,? while ultraviolet
photodissociation (UVPD) can be employed at different UV wavelengths to generate diverse
fragments by dissociative electronic excitation.3#567

As opposed to these methods which operate by imparting energy into even-electron
peptides, distinct fragmentation pathways are observed for activation of odd-electron or radical
analytes. In electron-transfer dissociation (ETD) or electron-capture dissociation (ECD), a
hydrogen abundant radical is initially created by the incoming electron.®'° Dissociation of this
fragile species produces c- and z-ions that are not typically observed in even-electron
fragmentation spectra. Radical-directed dissociation (RDD) also generates odd-electron
species, but operates through a different mechanism. In RDD, a radical is produced through
homolytic cleavage of a labile bond, yielding a hydrogen-deficient molecule that is also
susceptible to fragmentation." Photocleavage of a carbon-iodine bond can cleanly produce
such radicals with quantitative yields.'? Suitable carbon-iodine bonds can be incorporated by
iodination of tyrosine residues.' Alternatively, 4-iodobenzoic acid (41B) can be appended to the
N-terminus or a lysine residue through an NHS-ester reaction.'?'* In both cases, the iodine
atom is coupled directly to a phenyl ring that acts as a chromophore and enhances absorption
of incident light, increasing the photodissociation yield. Other methods for radical generation
include the use of CID-cleavable tags such as TEMPO', nitric oxide'®, and peroxycarbamate'”.

In a hydrogen-deficient peptide, the radical can migrate to other sites by abstracting a
hydrogen atom, relocating the hydrogen to the original radical location and generating a radical
in the new site. Addition of collisional energy results in unique fragmentation through bond

cleavage initiated by the radical to produce a-, x-, and z-ions as well as side-chain losses.'®



Radical migration takes place between sites which are spatially proximal, a property that is
independent of peptide sequence. The mechanism for radical migration lends RDD high
structural sensitivity and the ability to identify isomers in lipids,'® glycans,?° and peptides?'-??
based on differences in fragmentation intensities among the various forms.

RDD typically requires covalent modification of analytes prior to analysis. Although not
commonly employed with mass spectrometry, isothiocyanate functional group tagging of
peptides and proteins is commonly employed within biology. Historically, the Edman
degradation procedure was ubiquitously used to sequence proteins by capitalizing on the
reaction between protein N-terminal amines and isothiocyanates. Isothiocyanates are also
naturally occurring in some dietary vegetable species and have been studied for their native
reactivity with protein functional groups.?*2° However, the most common use of isothiocyanates
in protein research is the fluorescent labelling of protein amines utilizing labels such as
fluorescein isothiocyanate (FITC)?2’ or rhodamine isothiocyanate.?® Isothiocyanates are one
class of “click” reagents, which react rapidly in a one pot synthesis with high yield.?®
Isothiocyanate reacts with both amines (as illustrated in Scheme 1) and thiols, although the thiol
product is less stable and the modification is reversible.®® Previous uses with mass spectrometry
include isothiocyanate reactions employed to attach sulfonic acid groups to peptide digests to
aid with gas-phase peptide sequencing.?'*? Isothiocyanate derivatization has additionally been

implemented to enhance separation in liquid chromatography coupled to mass spectrometry.33

| C,/s y © I\©\ s y 0
7N,
O AN —= R,
o ¢ o ¢

4-iodophenylisothiocyanate 4-iodophenylthiourea (4IPT) tagged peptide
Scheme 1. Concerted mechanism for the reaction of a free amine with the isothiocyanate functional group

to produce a thiourea linkage.

Herein, we characterize isothiocyanate modified peptides for suitability in RDD experiments.
Photodissociation yields at 213 nm and 266 nm were measured as a function of iodine position.
Fragmentation following radical initiation was characterized, revealing both typical RDD
products and fragments unique to the isothiocyanate tag. A mechanism supported by B3LYP/6-
31+G(d) calculations that can account for the unique fragments is proposed. The effectiveness
of isothiocyanate modified peptides for RDD-based structural characterization and differentiation

of isomers is also evaluated.



Experimental Procedures

Materials

4-iodophenylisothiocyanate was purchased from Oakwood Products Inc. 2- and 3-
iodophenylisothiocyanate were purchased from Fisher Scientific. All iodine-containing reagents
were used without further purification. RRLIEDNEYTARG was purchased from Bachem Inc.
RQpsVELHSPQSLPR was purchased from Anaspec Inc. All other peptides were synthesized
using an accelerated FMOC-protected solid-phase peptide synthesis protocol** using FMOC-
protected amino acid residues purchased from Anaspec Inc.

Modification Reaction

Peptides were dissolved in a 1:1 ratio of 50 mM borate buffer pH 8.5:acetonitrile to a
concentration of 250 uM in 40 pL. lodophenyisothiocyanate was dissolved in acetonitrile to a
concentration of 50 mM and 0.2, 1, or 2 uL were added to the peptide fora 1:1, 1:5, or 1:10
peptide:isothiocyanate ratio for 30 minutes for the reaction tests in Fig. 1. Subsequent reactions
were performed at a 1:10 ratio for maximum yield. Samples were desalted using a Michrom
Bioresources MacroTrap peptide trap and re-dissolved in 50:50 H2O:ACN with 0.1% formic acid
to a final concentration of 10 uM for electrospray mass spectrometry.

Mass Spectrometry

Electrospray ionization (ESI) at 4 kV spray voltage, 275°C capillary temperature, and sheath
gas flow rate of 5 was used for analysis of peptides in Orbitrap and LTQ mass spectrometers.
Other source voltages were optimized for maximum signal. UVPD experiments at 213 nm were
conducted in an Orbitrap Velos Pro with an HCD cell modified with a quartz window.
Photoactivation was carried out for 50 ms at 1000Hz with 2.5 uJ laser pulses from an FQSS
213-Q4 CryLas laser. UVPD experiments at 266 nm were performed in an LTQ ion trap mass
spectrometer modified with a quartz window to allow for photoactivation with an Nd:YAG laser
(Continuum, Santa Clara, CA). Photodissociation was achieved by a single-shot excitation with
an approximately 4mJ laser pulse.

Electronic Structure Calculations

Theoretical calculations were carried out using density functional theory as implemented in
Gaussian09. The B3LYP functional was used with the 6-31+G(d) basis set. Transition states
were found using the QST3 approach and verified by calculating vibrational frequencies, for

which a single imaginary value was obtained.

Results and Discussion



In this study, model synthetic peptides were incubated with commercially available
iodophenylisothiocyanates to modify free amines located at either the N-terminus or a lysine
side-chain as shown in Scheme 1. The outcome of this reaction is the attachment of an
iodophenyl radical precursor to a peptide via a thiourea linker. The resulting iodophenylthiourea
(IPT) tagged-peptide contains a phenyl chromophore attached to a photolabile iodine atom that
can be irradiated with 266 nm or 213 nm light to produce homolytic cleavage and generate a
site-specific radical. Once generated, the radical can migrate to spatially proximal sites
throughout the sequence and cleave bonds to produce structurally-dependent fragments.
Reaction yields are shown in Fig. 1a for the incubation of 3-iodophenylisothiocyanate with
RRLIEDNEYTARG as a function of stoichiometric excess and temperature. The yields are
estimated based on ion counts from all contributing charge states for the modified and
unmodified peptides. The additional iodophenyl group in the modified peptides is hydrophobic,
which may enhance ionization and lead to slight over-representation of the modified form.3® The
reported yields therefore represent an upper limit, but are valid for comparison of varying
conditions. After 30 minutes of incubation at room temperature, modest modification (~9%) is
observed even with 10-fold excess isothiocyanate. However, increasing the temperature slightly
to 37°C resulted in a significantly higher yield (~96%) for the same 1:10 ratio. Notably, at 37°C
even the 1:1 ratio was able to achieve over 70% yield. Isolation and irradiation of the modified
peptide is shown in Fig. 1b, where application of 213 nm light produces a site-specific homolytic
cleavage of the carbon-iodine bond, generating a radical ion.

To examine the effect of iodine position on subsequent dissociation products, we modified a
series of peptides with the 2-, 3-, and 4-iodophenylisothiocyanates. The respective
photodissociation yields following activation at 266 nm are shown in Fig. 1c. There is a
significant difference observed between the isomers, and the 4-iodo isomer is found to produce
the greatest relative yield for all of the examined sequences. The 3-iodo isomer was found to
produce a higher or similar yield as the 2-iodo isomer in most cases. The variation in yields
between the different sequences is likely due to the presence of additional chromophores found
in the aromatic side-chains of tyrosine, phenylalanine, and tryptophan. These chromophores are
capable of transferring energy if the peptide structure places them in proximity to the 4IPT tag.
The photodissociation yield may also differ based on proximity to charged sites, which can lead
to shifts in the absorption profile.3® Photodissociation yields obtained following 213 nm excitation
are shown in Fig. 1d. Smaller differences are observed at 213 nm, but the 4-iodo isomer is

generally slightly favored at this wavelength as well.
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Figure 1. a) Reaction yields based on MS data for modification of the peptide RRLIEDNEYTARG
with isothiocyanate. Temperature exerts a greater effect than stoichiometric excess. b) Irradiation with
213 nm light produces site-specific cleavage of the iodine atom to generate a radical peptide. ¢)
Photodissociation yields for a series of peptides irradiated with 266 nm light. d) Photodissociation yields
for peptides irradiated with 213 nm light.

Following loss of iodine, collisional activation of the re-isolated radical yields the RDD
spectrum, as shown for DVEFRHDSG modified with 4IPT in Fig. 2a. A series of a- and z-ions
are observed as well as partial and full side-chain losses which are typical of RDD spectra.
Additionally, we observed two unique losses which correspond to partial-tag (-pt) and full-tag
(-ft) losses of the 4IPT. RDD of the deprotonated peptide GISEVRSDG is shown in Fig. S1,
displaying typical radical fragments in addition to the partial and full tag losses. As opposed to
the proton-driven mechanism in CID, the overall peptide charge does not play a central role in
radical fragmentation and RDD is relatively unaffected by charge state or polarity.3” The CID
spectrum of the non-radical peptide shown in Fig. 2b also displays abundant loss of the partial-
and full-tag fragments, indicating that these losses are primarily a result of vibrational heating.
Further isolation and fragmentation of the partial-tag loss is shown in Fig. 2c. In this spectrum,
no fragment corresponding to the full-tag loss is observed, indicating that the partial-tag loss is

not the first step towards the full-tag loss, rather each is generated independently. CID of the re-



isolated full-tag-loss fragment is shown in the top spectrum of Fig. 2d, compared to

fragmentation of the unmodified peptide in the bottom spectrum. The two spectra are nearly

identical, suggesting that the full-tag loss leaves behind the original sequence without

discernable alteration. Similarly favorable fragmentation has been observed previously in other

urea and thiourea containing compounds. 383940
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Figure 2. a) RDD fragmentation of DVEFRHDSG [M+4IPT+H]" produces a-ions and side-chain

losses. Unique losses of the partial tag (-pt) and full tag (-ft) are observed in some fragments. b) CID
fragmentation of DVEFRHDSG modified with 4IPT produces b/y-ions and partial/full tag loss. ¢) CID

fragmentation of the partial tag loss does not lead to full tag loss indicating different mechanistic origins.

d) CID fragmentation of the full tag loss (top) matches CID of the unmodified peptide (bottom).

A proposed mechanism for both unique tag losses is shown in Scheme 2. For the partial-tag

loss, the first nitrogen of the thiourea abstracts a hydrogen from the second. This results in

dissociation of the bond connecting the first nitrogen with the thiourea carbon, and loss of the

iodophenyl group with an amine. The sulfur and carbon from the thiourea group remain on the

peptide and form an isothiocyanate group at the N-terminus. In a complementary mechanism for

the full tag loss, the second nitrogen deprotonates the first, resulting in loss of the full tag with

the two terminal groups swapped. The iodophenyl group in this mechanism is lost as an

isothiocyanate, reforming the initial reactant that was used for modification. The peptide ends up



with a terminal amine, regenerating the original peptide structure. As the original structure is

reformed, the fragmentation matches the unmodified peptide, as illustrated in Fig. 2d.
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Scheme 2. Proposed mechanisms involving hydrogen transfer for the fragmentation pathways of the

partial tag and full tag losses observed in the RDD and CID spectra of IPT modified peptides.

Energy minimization and transition state calculations on a model structure (phenyl-thiourea-
methyl) were carried out using the B3LYP/6-31+G(d) level of theory. Transition states were
confirmed by the presence of a single imaginary frequency that corresponded to transfer of a
hydrogen atom, as shown in Fig. 3a. An analogous structure was also optimized for urea, which
yielded a similar transition state (see Fig. S2). Structures with two methyl groups were optimized
as well (see Fig. S3 and S4). The relative energetics for reactants/transition state/products are
shown in Fig. 3b. The transition states for urea and thiourea are structurally quite similar, as are
the changes in energy +206 kJ/mol (urea) compared to +181 kd/mol (thiourea). The final

products for each are analogous as well, and the calculations suggest that both pathways are



somewhat endothermic. An alternative proton-driven mechanism has been proposed in model
alkyl thiourea and alkyl urea compounds that can also yield dissociation of the same carbon-
nitrogen bonds.*® However these pathways require multiple rearrangements and are guarded by

similar transition state barriers that yield more endothermic products.
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Figure 3. a) Transition state for the proposed mechanism of partial and full tag losses involving the
thiourea linker. A hydrogen is transferred between nitrogen atoms, leading to dissociation of one carbon-
nitrogen bond. b) Energy diagram for the overall dissociation reaction of the thiourea linker and

analogous urea linker. Energies are relative to the corresponding initial reactants.

A comparison of RDD performed with the 4IPT tag versus the previously used 4IB tag and
iodo-tyrosine modifications is shown in Fig. 4. In all spectra the common RDD fragments of a-,
x-, and z-ions as well as abundant side-chain losses are observed. Additionally, ce and z-1 ions
are observed in all cases, which are produced by a unique radical mechanism at threonine
residues.'® Some variation in fragment abundance is observed between the tags, most
noticeably in the -87R" and -106Y peaks. Apparent intensity differences are evident in the ag
and x1o fragments as well, which are both reduced in intensity in the 4IPT spectrum. The iodo-
tyrosine spectrum is the only one which did not contain the x10 ion or the bs ion. With the iodo-
tyrosine radical precursor, the radical starts in a location remote from the N-terminus, and this
change is similarly reflected in the change of fragmentation intensity compared to the N-
terminally tagged peptides. These examples illustrate the structural sensitivity of RDD, where
differences in the precursor composition, radical starting location, or gas phase structure can
influence fragmentation intensities in the resulting spectra. The most notable difference between
the spectra is the partial tag loss that yields the most abundant peak in the 4IPT-tag spectrum.
In comparison with 4IB, where the tag is attached via an amide group, no analogous loss of the
4|B-tag is observed. This difference may provide further evidence that the mechanism of tag

loss is occurring through hydrogen transfer between the nitrogen atoms of the thiourea group,



which cannot occur in an amide group that contains only one nitrogen atom. Each radical
precursor has advantages and disadvantages for its application in peptide analysis. 4IB features
the highest PD yield, and specifically reacts with amines. However, the procedure to install 41B
requires an extra step for prior activation via an NHS-ester. lodination of tyrosine is able to
utilize a native tyrosine residue in the sequence without prior activation, however this precursor
use is limited as the residue is not found in every sequence. Additionally, the use of an oxidizer
during the iodination can modify other residues such as methionine, and it is difficult to avoid
some addition of multiple iodine atoms that complicate the experiment. IPT requires no prior
activation, and additionally contains unique tag losses which can be used to confirm the identity
of modified peptides. IPT typically generates lower PD yields than 41B, however, which reduces
the amount of radical ions available for subsequent analysis. The choice of radical precursor

can be tailored from these options depending on the needs of the experiment.
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Figure 4. RDD spectra for RRLIEDNEYTARG [M+3H]** modified by a) iodination of tyrosine to b)
41B and c) 4IPT. The same major fragments are observed in all spectra with some variations in
abundance. Exceptions include bs and X fragments that are not observed iodotyrosine. The 4IPT

spectrum) additionally contains a partial tag (-pt) loss that is not observed with 41B.

One of the most advantageous applications of RDD is structural characterization, due to the
sensitivity of radical migration to three-dimensional structure. Radical migration occurs between
sites which are nearby in space but may be distant in sequence. Isomerization of residues
inherently affects the underlying structure, and these changes further alter the final gas-phase
structure of peptide analytes. The variation in radical migration pathway and change in energetic
favorability leads to larger changes in the abundance of fragments produced with this technique.

As a result, RDD is able to discern isomers more sensitively than other techniques such as CID.



Comparison of RDD spectra for peptide pairs where a single amino acid has been isomerized is
shown in Fig. 5. For [GISEVRSDG+H]" (with either L-Asp or L-isoAsp), the resulting RDD
spectra vary most in the abundances of the ag and -CO; losses. To quantitatively assess
differences between the spectra, an Risomer SCOre is calculated from the two fragments that
change abundance the most between spectra. The ratio of these two fragments in each
spectrum are taken and divided to yield a ratio of ratios. A significance threshold Risomer SCOre of
2.4 has been established previously with 41B.*' For Fig. 5a, an Risomer SCOre of 6.40 is obtained
from the 41PT RDD spectra for the GISEVRSDG isomers. In Fig. 5b, the sequence HFSPEELK
contains the L-Ser and D-Ser epimers, differing in inversion of one chiral bond. Here, the
glutamic acid sidechain and partial tag loss fragments change significantly between spectra with
a score or 5.16. While these epimers represent smaller modifications to the structure compared
to L-isoAsp, they are still discriminated using radical fragmentation. A variety of peptides were
tested and the resulting Risomer SCOres are displayed in Table 1. 4IPT is able to differentiate
isomers of Asp, Ser, His, and Glu, demonstrating versatility in RDD isomer analysis. Additional
comparisons to 4IB scores are shown for two sequences at the bottom of Table 1. For these
particular sequences, 4IPT vyields slightly higher scores, but the similar scores indicate that RDD

discrimination of isomers will likely be comparable for 4IPT and 4IB.
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Figure 5. a) RDD examination of GISEVRSDG [M+4IPT+H]" in the L-Asp form (top) and L-isoAsp
form (bottom). b) RDD examination of HFSPEELK [M-+4IPT+H]" epimers. L-Asp (top) and D-Asp
(bottom).

Sequence Isomer 1 Isomer 2 Risomer Score
GISEVRSDG L-Asp8 L-isoAsp8 6.40
WFDTGK L-Asp3 D-Asp3 3.96

DVEFRHDSG L-Asp7 L-isoAsp7 6.16



DAWSNSRDSDSLLSL L-Asp8 L-isoAsp8 4.56

TVLDSGISEVR L-Glu9 D-isoGlu9 5.15
HFSPEELK L-Ser3 D-Ser3 5.00
IQTGLDATHAER L-Asp6 D-Asp6 3.30
HFSPEDLTVK L-His1 D-His1 5.16
IQTGLDATHAER (41B) L-Asp6 D-Asp6 2.67
HFSPEDLTVK (4IB) L-His1 D-His1 3.25

Table 1. Risomer SCOres obtained from RDD analysis of various peptides isomers. Raw data is

included in the supporting information.

Conclusion

We have characterized the modification of peptides with a new radical precursor using a
commercially available iodophenylisothiocyanate that easily forms covalent bonds with amines.
This modification was found to be well-suited for RDD experiments, producing the typical
fragments expected of a radical peptide while maintaining sufficient structural sensitivity to allow
for isomer identification. The tag is partially labile and can be lost with sufficient vibrational
excitation, producing unique mass losses that could be used to confirm the identity of modified
peptides in complex samples. Although isocyanate-reactive reagents have been widely
employed in solution-phase studies of proteins, they have found less use in mass spectrometry
or proteomics. The ease of modification and stability of the resulting products in both solution
and the gas phase suggest that isocyanate coupling may be an excellent candidate for other
applications requiring covalent modification of peptides or other biomolecules for mass-

spectrometry based experiments.

Supporting Information
Anionic RDD spectrum for DVEFRHDSG (Figure S1), transition state structure for
phenyl-urea-methyl (Figure S2), transition state structures for methyl-thiourea-methyl (Figure
S3) and methyl-urea-methyl (Figure S4), and mass spectra for the peptide Risomer SCOres shown
in Table 1 (Figure S5-S12).
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