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Abstract: The rapid identification of proteins from biological samples is critical for extracting useful
information in proteomics studies. Mass spectrometry is one among the various methods of choice for
achieving this task; however, current approaches are limited by a lack of chemical control over proteins in
the gas phase. Herein, it is shown that modification of tyrosine to iodo-tyrosine followed by UV
photodissociation of the carbon—iodine bond can be used to generate a radial site specifically at the modified
residue. The subsequent dissociation of the protein is largely dominated by radical-directed reactions,
including dominant backbone fragmentation at the modified tyrosine. If iodination of the protein is carried
out under natively folded conditions, the modification and ultimate fragmentation can typically be isolated
to a single tyrosine residue. Some secondary backbone cleavage in the immediate vicinity of the modified
tyrosine also occurs, especially if proline is present. In the absence of a reactive tyrosine residue, similar
chemistry occurs via iodination at histidine. Possible mechanisms which would lead to the observed a-type
fragments at tyrosine and the secondary fragments at proline are discussed. A method for using this type
of site-specific information to reduce database searching times in proteomics experiments by several orders
of magnitude is outlined.

Introduction at methionine residuésln other experiments, dissociation of
the backbone at acidic residues or proline has been shown to
occur preferentially:” However, factors such as charge state
and sequence are known to influence these backbone fragmenta-
tions, and there is no facile method for rationally directing
"'dissociation at these residues, particularly with whole proteins.
Electron capture dissociation (ECDpnd electron-transfer

The chemical bonds holding together the naturally occurring
amino acids are typically stable, as are the peptide bonds which
link them to one another in a proteinFrom a functional
standpoint, it is logical that proteins are stable species; however
sequence identification usually requires at least partial disas-

sembly, meaning that some of these strong bonds must bedlssoma'uon (ETD) utilize electrons to facilitate backbone

tbhroken dTheredarﬁ seveSra: mtethods avallablle {or dollng this in yissociation via complex and incompletely understood mech-
€ condensed phase. Seleclive or semi-Seleclive cleavage caf ;41011 gcp and ETD are amenable to experiments with

be perf(;rgc;td n lso!{gtlonhwnh trlyz.sm (t)'r a'vanlety of OS;Qler whole proteins, but do not typically exhibit site-selective
:enzyrth]e t.I 'tre] =€ ecltlve ¢ em(;?? bllges_t;lon IS aszlposl_ b?'.t dissociation. This may relate to difficulties associated with trying
importantly, the resufts are predictable with reasonable rellability 4, yictate the location where an electron will interact with a
in both cases and are used for protein identification. Random biomolecule or to conformational heterogendtyModest

fragmentation of the protein by implementing very harsh preferential dissociation is observed at disulfide bonds, but this

conditions is not typl.cally performed. o . _ does not yield sequence informatitiFinally, less commonly
In contrast to solution-phase methods, site-directed dissocia-

tion of peptides or proteins in the gas-phase remains a (s) Reid, G. E.; Roberts, K. D.; Simpson, R. J.; O’'Hair, R. AJJAm. Soc.

i i i i i Mass Spectrom2005 16, 1131-1150.
form@ablg Cha”enge,’ des.plt.e avariety ,Of available techniques. (6) Tsaprailis, G.; Somogyi, A.; Nikolaev, E. N.; Wysocki, V. hit. J. Mass
Collision induced dissociation (CID) is the most common Spectrom200Q 196, 467—479.

; i H ; (7) Vaisar, T.; Urban, JJ. Mass Spectronl996 31, 1185-1187.
method. CID is performed by depositing energy into an ion by (8) Zubarev, R. A.; Horn, D. M.; Fridriksson, E. K.; Kelleher, N. L.; Kruger,

many collisions with neutral gasé3ypically, this leads to bond N. A; Lewis, M. A.; Carpenter, B. K.; McLafferty, F. WAnal. Chem.
- . : . —_— 200Q 72, 563-573.
fracture at many sites which cannot be easily determined a priori; (9) Syka, J. E. P.. Coon, J. J.: Schroeder, M. J.; Shabanowitz, J.: Hunt, D. F.
however, preferred cleavages have been observed under certain ~ Proc. Natl. Acad. Sci. U.S.2004 101, 9528-9533.
conditions. For example, Reid and co-workers used chemical 1© fg;ség‘(’)‘”f%g’\lg Berdys-Kochanska, J.; Simons, Phys. Chem. 2005

derivatization to direct very selective side-chain fragmentation (11) ZSZyistad, E. A, Turecek, B. Am. Soc. Mass Spectro2005 16, 208~

(12) Fragmentation is reduced at low temperatures: Mihalca, R.; Kleinnijenhuis,

(1) Radzicka, A.; Wolfenden, Rl. Am. Chem. S0d.996 118 6105-6109. A. J.; McDonnell, L. A.; Heck, A. J. R.; Heeren, R. M. A. Am. Soc.
(2) Schnolzer, M.; Jedrzejewski, P.; Lehmann, W.Hlectrophoresisl996 Mass Spectron2004 15, 1869-1873.

17, 945-953. (13) Zubarev, R. A.; Kruger, N. A.; Fridriksson, E. K.; Lewis, M. A.; Horn, D.
(3) Lee, T. D.; Shively, J. EMethods Enzymoll99Q 193 361—-374. M.; Carpenter, B. K.; McLafferty, F. WJ. Am. Chem. Sod 999 121,
(4) Wells, J. M.; McLuckey, S. AMethods EnzymoR005 402, 148-185. 2857-2862.
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employed photodissociation experiments using various ultra- utilize this chemistry to initiate site-selective protein dissociation,
violet wavelengths generally produce a large number of frag- the radical must be generated in a specific location. To facilitate
ments in experiments with peptid&s'® This type of photodis- maximum selectivity, radical generation should also be achieved
sociation has not been explored with whole proteins, which without heating the entire molecule. Radicals can be generated
would probably necessitate the implementation of a multiphoton site specifically by photolysis of a carbon-iodine{Q bond?*
approach. C—I bonds of either the alkyl or aryl variety are known to
Although none of these techniques yield selective dissociation undergo direct dissociation following photoactivation in the
alone, it may be possible to combine the strengths of each ultraviolet?®> Aryl iodides can also undergo rapid predissociation
method to achieve this goal. For example, experiments with following conversion of the excited-state localized in the
ECD and ETD suggest that the presence of a radical facilitatesaromatic ring to a dissociative state along thel®ond?2® Both
backbone dissociation. It is also known that CID will follow processes occur in less than 60G7#n proteins, there are no
the lowest energy dissociation pathway (if a single such pathway C—I bonds in the naturally occurring amino acids; however,
can be established). In fact, recent experiments employing tyrosine and, to a lesser extent, histidine can be iodinated under
radical precursors that can be activated by CID to generate oddmild conditions at biological pH using the chloramine T method.
electron species have yielded some fragment selectivity fol- lodination under these conditions generates 3-iodotyrosine and
lowing re-isolation and further collisional activation, although 4(5) iodohistidine?® This reaction requires only minutes to
the initial radical generation also led to many undesirable side complete and exhibits a high degree of selectivity, meaning that
productst®-18 Notwithstanding, these experiments successfully the most exposed tyrosine residues (or residue) can be selectively
combined aspects of CID and ECD or ETD to yield results not iodinated?®
obtainable with either method alone. Herein, it is shown that 266-nm photoactivation of an iodo-
There are several inherent difficulties associated with directing tyrosine containing protein cleanly leads to the generation of a
dissociation of a whole protein at a particular amino acid in the highly localized radical on the aromatic ring of the modified
gas phase. First, the chemical complexity of proteins is tyrosine side chain. This radical can then be used to direct
problematic. The twenty naturally occurring amino acids selective a-type fragmentation of the protein backbone at the
comprise side chains with acids, bases, hydrocarbons, alcoholsmodified residue following re-isolation and further collisional
aromatic rings, amides, etc. This list does not include additional activation. The technique is successfully demonstrated with a
chemical groups that can be added post-translatiof&lijus, variety of proteins. Some iodination at histidine is also observed,
rationally directed dissociation must utilize chemistry capable leading to backbone cleavage at the modified histidine residues
of functioning in the presence of any combination of these as well. Proline is shown to be a susceptible site of secondary
chemical groups. Second, proteins are large molecules. Evercleavage, leading to backbone fragments when in close proxim-
ignoring the chemical details, proteins can contain thousandsity to a modified tyrosine or histidine. Furthermore, it is
of atoms with 3 — 6 vibrational degrees of freedonN (= demonstrated that this type of selective dissociation can be used
number of atoms). Site-directed dissociation requires that to identify known proteins in proteomics experiments 3 to 4
sufficient energy be directed to a particular bond in order to orders of magnitude faster than that with traditional techniques.
break it without disrupting the remaining bonds. There are two
ways to do this: (1) the dissociation energy for one bond must Experimental Section

be reduced Slgnlfl(.:a.lntly below the threshold for all other Materials. All reagents and proteins were used without purification
bonds?® or (2) sufficient energy to cleave a bond must be pjess otherwise noted. Cytochroméhorse heart), ubiquitin (bovine),
delivered to a specific bond which must dissociate prior to |ysozyme (chicken egg), myoglobin (horse heart), hemoglobin (human),
intramolecular vibrational energy redistribution (IVR)IVR and dithiothreitol were purchased from Sigma Aldrich (St. Louis, MO).
must be circumvented in the case of a protein because Chloramine-T, sodium metabisulfite, and sodium iodide were purchased
randomization of the amount of energy required to break a single from Fisher Chemical (Fairlawn, NJ). Water was purified to 182 M
bond over the number of vibrational degrees of freedom in a resistivity using a Millipore Direct-Q (Millipore, Billerica, MA).

protein would lead to no bond dissociati®h. Dialysis membranes and clips (MWC@ 3500 Da) were purchased
Previous experiments have demonstrated that radical mediated ™ Spectra Por (Rancho Dominguez, CA). o
backbone dissociation is a low-energy proc8ss order to Chloramine-T lodination of Proteins. Proteins were iodinated by
modification of a previously published proceddfd: is oxidized by

(14) Thompson, M. S.: Cui, W. D.; Reilly, J. Rngew. Chem. Int. E®2004 the addition of chloramine-T to"|] which adds to the ortho position of

43 4791-4794. o ) tyrosine side-chain by electrophilic aromatic addition. After a short
(15) %h'zjjo\g_'z'v;‘)l%r_" J.H.; Kim, M. SRapid Commun. Mass Spectro2004 reaction period, sodium metabisulfite, a reducing agent, is added to
(16) Wee, S.; Mortimer, A.; Moran, D.; Wright, A.; Barlow, C. K.; O’Hair, R.  quench the iodination. Stoichiometric quantities of reagent were used

A. J.; Radom, L.; Easton, C. €hem. Comm2006 40, 4233-4235. i i indinati 19 i
(17) Masterson. B. S in, H. V.. Chacon, A Hachey, D. L.+ Norrs, J. L. to I|_m|t the _ext.ent and_heter.oge_nelty of |od_|nat_|on (1.1.2.4_1 protein:

Porter, N. A.J. Am. Chem. So@004 126, 720-721. sodium iodide:chloramine-T:sodium metabisulfite). Reactions were
(18) ?zadg'gfi&éfox, H. A.; Beauchamp, J.1.Am. Chem. So@005 127, initiated by mixing~1—5 mg of protein and sodium iodide in 0.2 mL
(19) Schweppe, R: E.; Haydon, C. E.; Lewis, T. S.; Resing, K. A.; Ahn, N. G.

Acc. Chem. Re2003 36, 453-461. (24) Thoen, K. K.; Peez, J.; Ferra, Jr. J. J.; Kehttaa, H. 1.J. Am. Soc. Mass
(20) Marzluff, E. M.; Beauchamp, J. L. Iharge lons: Their Vaporization, Spectrom1998 9, 1135-1140.

Detection, and Structural AnalysisViley: New York, 1996; pp 115 (25) Kavita, K.; Das, P. KJ. Chem. Phys2002 117, 2038-2044.

143. (26) Marconi, G.J. Photochem1979 11, 385-391.
(21) Stannard, P. R.; Gelbart, W. M. Phys. Chem1981, 85, 3592-3599. (27) Cheng, P.Y.; Zhong, D.; Zewalil, A. i&hem. Phys. Letl.995 237, 399—
(22) Andersen, L. H.; Bluhme, H.; Boye, S.; Jorgensen, T. J. D.; Krogh, H.; 405.

Nielsen, I. B.; Nielsen, S. B.; Svendsen,Phys. Chem. Chem. Phyx04 (28) Miyashita, M.; Yamashita, S. Chromatogr.1989 475 135-144.

6, 2617-2627. (29) McGowan, E. B.; Stellwag, BBiochemistryl97Q 9, 3047.
(23) Haselmann, K. F.; Jorgensen, T. J. D.; Budnik, B. A.; Jensen, F.; Zubarev, (30) Regoeczi, Elodine-Labeled Plasma Protein€RC Press: Boca Raton,

R. A. Rapid Commun. Mass Spectro202 16, 2260-2265. FL, 1984.
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water, followed immediately by addition of chloramine-T. Sodium model peptide shown above were calculated using isodesmic redttions
metabisulfite was added after 10 min to quench the reaction. We found with glycine as performed previously by Rauk, et&Tlhe calculations
that lysozyme, which has four disulfide bonds, required harsher reaction were performed on the trans peptide, with the exception of proline,
conditions to produce comparable iodination yield to the other proteins wherein both conformers were considered. The-B BDE for glycine
investigated (2 iodination reagents, 30 min reaction time). lodinated was used as a reference value, and taken as 331.0 &%/#ol.
lysozyme and hemoglobin were purified by dialysis against water. This
iodination procedure typically yields 3%0% mono-iodinated protein
(see Supporting Information). Experimental results obtained with cytochrom¢Cytc) are
Reduction/Alkylation of Disulfide Bonds. Disulfide bonds in shown in Figure 1. lodination was carried out under mild
iodinated |ySOZyme were reduced and alkylated Using dithiothreitol Cond|t|ons Wh|Ch produce mostly mono_iodo Spec|es E|ectr0_
(DTT) and iodoacetamid®.lodinated lysozyme was dissolvedin 6 M gnray jonization can be used to transfer the protein into the gas
urea in 0.025 M triethylamine acetic acid (TEAA) buffered at pH 8.5. phase. The resulting desolvated, multiply protonated ions are

DTT was added in excess (SX disulfides, 8, 2 h). Reduced collected into a linear ion trap. Photodissociation of isolated

lysozyme was then alkylated by addition of iodoacetamide<(DO' T . 10+ 1 . . .
+ free thiols, room temperature, 1 h). Reduced, alkylated lysozyme [iodo — Cytc + 10H™" with 266 nm light yields a single peak

was dialyzed against 1% acetic acid, lyophilized, and reconstituted in €Orreésponding to the loss of &s shown in Figure la. Radical
water before mass spectrometry. formation via direct dissociation (or fast predissociation) of the
Electrospray Mass Spectrometry.Solutions containing-10 xM C—l b.ond was confirmed by comparing the result.s with CID
of protein in 10% methanol were infused into a standard electrospray €xperiments on the same peak. CID in an ion trap is caused by
source. lons were then transferred into an LTQ linear ion trap mass thousands of collisions with gaseous neutrals, ensuring that any
spectrometer (Thermo Fisher Scientific, Waltham, MA) for mass observed dissociation follows a statistical proc®$8No loss
analysis and/or dissociation experiments. The posterior plate of the LTQ of |- is observed with CID, suggesting that-Ccleavage is
was modified with a quartz window to transmi_t fourth-harmonic_ (266 not a low-energy dissociation pathway. Therefore, photodisso-
gm) Iascelr pulsgs froml a ﬂaShlamp'p‘:]mpe_d ﬁd'YAhG Iasderf(Chon_tmlfur_n, ciation of the G-I bond must occur promptly from a dissociative
anta Clara, CA). Pulses were synchronized to the end of the isolation o, jyey electronic state. Photoactivation of the unmodified
step of a typical M3experiment by feeding a TTL trigger signal from - . } . S -
protein results in no appreciable dissociation, as shown in Figure

the mass spectrometérto the laser via a digital delay generator . - .
(Berkeley Nucleonics, San Rafael, CA). Photodissociation (PD) of 1b. This result indicates that after IVR, the energy from a single

iodinated protein always resulted in loss of iodine as the most abundant266-nm photon absorbed by tryptophan or tyrosine is insufficient
product ion &50% relative abundance). Further Msperiments were 10 fragment the protein. In contrast, much smaller peptides
performed by re-isolation and collision induced dissociation (CID) of containing tryptophan or tyrosine can be fragmented by 266-
the photodissociation (PD) product. CID experiments were performed nm light15
by applying an excitation voltage on mass-selected ions using default ~ These results demonstrate that photoactivation of iodo-
instrument parameters. Protein fragments were assigned with the aidtyrosine is an effective method for generating a radical site
of UCSF Protein PrOSPEth"L,V-“-Of- The nomencldtadopted also  gg|ectively, even when attached to an entire protein.cCyt
:nCIUdes the t_sup;erscnptsge* _ar;)o“ t_o "\Tﬂ'catz NF loss tanz HO ; contains one tryptophan and four tyrosines, meaning that at least
0ss, respectively (e.g., Bf = bss Hy). Assignments do oty o tyrosine residues are unmodified. Despite the fact that these
distinguish between closed shell vs radical (e.g-) fragments. o\ . . .

. . ) . competitive chromophores are present in the protein, effective

Ab Initio Calculations. All calculations were performed using . . - . . L
radical generation is still possible. It is likely that some

hybrid density functional theory (B3LYP) at the B3LYP/6-31G* level . . ) .
of theory as implemented in Gaussian 03 Version 6.1 Revision D.01. absorption may occur at these residues; however, this leads to

Unrestricted methods (UB3LYP) were used for all open-shell systems. fluorescence or internal conversion of the energy. Neither of
Spin contamination was minimal for all systems. Candidate structures these outcomes will dramatically affect the protein as demon-
were built using GaussView 3.0. Transition state (TS) calculations Strated in Figure 1b, where native chromophore absorption leads
included optimizations and frequency calculations of the reactants, to no observable change. The bond dissociation energy for an
products, followed by a quasi-Newton synchronous transit (QST3) aromatic G-I bond is~280 kJ/moP® The energy from a 266-
calculatiort* and a frequency calculation on the resulting TS candidates. nm photon is 450 kJ/mol, meaning that additional energy will
Visualization of the single imaginary frequency found (TS11575.33 be available following bond breakage. This energy can be

—1 PR T ifi i . . . . . .
cm %, TS2: —1635.26 cm’) verified that the structures are indeed  yiqqinated translationally in the departing dr by internal
saddle points connecting the reactant and product. Zero point corrected

- o : conversion within the side chain.
energies were used to calculate activation barriers. . . .
The protein radical produced by loss efcian be re-isolated

and fragmented by CID as shown in Figure 1c. This step of the

Results and Discussion

. N experiment does not produce a single fragment, as observed
\[r \|)I\NH2 following photodissociation; however, the number of abundant
o R peaks is small, and examination reveals that all of them result
R = Asn, Pro, Trp, Val, Tyr from radical-directed fragmentation. Most importantly, the a
fragment results from cleavage C-terminal to Tyr74 and is the
C—H bond dissociation energies (BDESs) for tyrosifiy, aspar- second most abundant fragment, actually appearing twice in two

agine BH), proline PH), tryptophan gH), and valine gH) in the

g 6 ) P 6 ) yptop '6 ) ﬁ ) (35) Hehre, W. J.; Ditchfield, R.; Radom, L.; Pople, J. A.Am. Chem. Soc.
197Q 92, 4796-4801.

(31) Goldberg, M. E.; Rudolph, R.; Jaenicke,Btochemistryl991, 30, 2790- (36) Rauk, A.; Yu, D.; Taylor, J.; Shustov, G. V.; Block, D. A.; Armstrong, D.
2797. A. Biochemistry1999 38, 9089-9096.

(32) Kim, T.Y.; Thompson, M. S.; Reilly, J. Rapid Commun. Mass Spectrom. (37) Armstrong, D. A.; Yu, D.; Rauk, ACan. J. Chem1996 74, 1192-1199.

2005 19, 1657-1665. (38) Laskin, J.; Futrell, J. H.; Chu, I. K. Am. Chem. So007, 129, 9598—
(33) Roepstorff, P.; Fohiman, Biomed. Mass Spectrori984 11, 601-601. 9599.
(34) Peng, C. Y.; Schlegel, H. Bsrael J. Chem1993 33, 449-454. (39) Blankshy, S. J.; Ellison, G. BAcc. Chem. Re003 36, 255-263.
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Figure 1. (a) Photodissociation spectrum for thelO charge state of iodo-GytThe only significant observed loss iswhich occurs with an excellent

yield. (b) In contrast, photoexcitation of the unmodified protein leads to no significant dissociation. (c) The radical protein generatedagfagrnseid by

CID. All of the labeled diagnostic fragments (excepth) represent radical-directed dissociations. Each of these radical-directed fragments is produced
within four amino acids of the modified tyrosine residue. (d) CID spectrum of the unmodified protein is provided for comparison. Few fragments are
resolved from the bulk of nonselective cleavages. It should be emphasized that all of the spectra stjvemgaot magnified in any way.

different charge states. This fragment is not observed in a regularemphasize only radical-directed fragments (which typically
CID experiment performed on the unmodified protein (see dominate the spectrum). The contributions for related fragment
Figure 1d for comparison). The;dyss fragments are also  types® (such as a and x, b and y, and ¢ and z, as shown in
facilitated by the tyrosine radical (as indicated by their absence Figure 3a) are summed, although the contributions from x-type
in normal CID) on the n-terminal side of Pro71, which is in fragments are very minor. The results for ubiquitin are shown
close proximity to Tyr74. For all other charge states studied in Figure 2a. Cleavage on the C-terminal side of Tyr 59 produces
(+9, +8), &4 and gp are the most intense ions observed. These the second most abundant fragmess, Additionally, a radical-
and other secondary fragments are discussed further below. mediated secondary fragmentation on the C-terminal side of
In addition, the yy and bps ions that are generated in the Asn60 is observed, and several fragments occur at Arg54-Thr55.
standard CID experiment are observed but at much lower All of the abundant radical reactivity is localized in the vicinity
relative intensity, and thesbion (the most abundant product — of Tyr59 (ubiquitin has only one tyrosine). Examination of the
by standard CID) is not observed. Overall, these results suggestrystal structure reveals that Arg54 is held in close proximity
that the barriers to dissociation are lower for radical-directed to Tyr59#2This may suggest that portions of the crystal structure
cleavages. Furthermore, dissociation is heavily favored in the remain intact in the gas pha&&although this issue will require
immediate vicinity where the radical is generated, including a further examinatior! Cleavage at His68 suggests some second-
diagnostic backbone cleavage at the modified tyrosine residue.ary iodination at this residue. Histidine iodination is discussed
Interestingly, there are four tyrosines in €§® but the results in further detail (vide infra). The identified modifications are
in Figure 1 suggest that Tyr74 is the most reactive, allowing in excellent agreement with previous iodination experiments
for selective derivatization. This is in agreement with previous where Tyr59 and His68 were found to be the only residues
observations where Tyr74 and (to a lesser extent) Tyr67 wereiodinated in ubiquitirf>
found to be iodinated under harsher conditiGhspection of In Figure 2b, the results for the A-chain of human hemoglo-
the crystal structuf@ reveals that Tyr67 is partially buried, bin, a substantially larger protein, are shown. The most intense
supporting the possibility for preferential iodination of Tyr74 peak results from a-type fragmentation on the C-terminal side
under mild conditions. of Tyr140. There are no other fragments observed in the vicinity
In Figure 2, the results for applying this technique to four of Tyrl140, indicating that secondary fragments are sequence-
additional proteins are shown. In these spectra, the relative or structure-dependent and will not always be observed. In fact,
contributions for fragments that appear only after CID of the

protein radical are shown as a function of sequence. These plotg42) g/Alfngkumar, S.; Bugg, C. E.; Cook, W. J. Mol. Biol. 1987, 194, 531~
(43) Baker, E. S.; Bowers, M. T. Am. Soc. Mass Spectrog007, 18, 1188~
(40) Bushnell, G. W.; Louie, G. V.; Brayer, G. 3. Mol. Biol. 1990 214, 1195.
585—-595. (44) Clemmer, D. E.; Jarrold, M. B. Mass Spectroni997, 32, 577-592.
(41) Santrucek, J.; Strohalm, M.; Kadlcik, V.; Hynek, R.; Kodicek,Bibchem. (45) Pickart, C. M.; Haldeman, M. T.; Kasperek, E. M.; Chen, ZJ.JBiol.
Biophys. Res. Commu004 323 1151-1156. Chem.1992 267, 14418-14423.
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Figure 2. Stack plots showing the relative contributions from different radical-directed fragments and the number of tyrosine and histidine resides for eac
protein. In general, fragmentation is localized around a modified tyrosine or histidine residue, producing dominant a-type fragment ionseomitineel C-t
side of the modified residue. X-type fragments are not common, meaning that most of the black bars represent intensity from a-type fragmentsl C and z an
b and y type fragments are more equally distributed. Results are for (a) ubiquifin(( hemoglobin (9-), (c) myoglobin (9+), and (d) lysozyme (18).

H
o

fewer radical-directed peaks are generated for hemoglobin thanbehave similarly to iodo-tyrosine (as is also observed with His68
for ubiquitin, confirming that selectivity is not a function of in ubiquitin). It follows that proteins with no chemically
protein size. Importantly, this should allow the technique to be available tyrosine residues may still be targeted via histidine.
extended to even larger proteins, with the ultimate limitation  The results for lysozyme are shown in Figure 2d. This protein
being mass resolution. Although no substantial secondary contains disulfide bonds which must be reduced and alkylated
backbone fragmentation is observed in the vicinity of Tyr140, prior to analysis. For lysozyme, a-type fragmentation on the
there are fragments in the vicinity of Tyr42 that suggest some C-terminal side of two tyrosine residues (Tyr20 and Tyr23) is
iodination occurs at this residue. Hemoglobin contains 3 tyrosine ohserved® lodination is performed on the folded protein prior
residues in total and 10 histidines. Tyr24 is substantially buried to alkylation, suggesting that these two residues have similar
(precluding iodination), yet many of the histidine residues are solvent accessibility. Indeed, previous reports have identified
fully exposed. Thus, observation of radical fragmentation only both Tyr20 and Tyr23 as sites of iodinati6hExamination of
in the vicinity of tyrosine residues confirms the selectivity for the crystal structure supports these restlsbundant cleavage
tyrosine iodination over histidine if both residues are chemically is also observed on the C-terminal side of a proximal tryptophan
availablel® residue. Tryptophan should not be iodinated by our procedure,
Myoglobin is similar in size to hemoglobin but yields slightly  indicating that this is a secondary fragmentation.
different results from the other proteins, as shown in Figure  Cleavage at lodinated Residuest is interesting to consider
2c. For myoglobin, the second most abundant fragmentation isyhy cleavage occurs specifically at modified tyrosine or
observed on the C-terminal side of His9%7aA dominant histidine residues for every protein that we have examined. In
secondary fragment4g occurs in close proximity, N-terminal - hoth cases, the radical that is initially produced by the loss of
to Pro100. Typically, tyrosine will be iodinated 3000 times  jodine should be very reactive. This prediction can be evaluated
faster than histidiné> However, if no tyrosine residue is  more quantitatively in terms of relative-GH bond dissociation
accessible, then histidine can be iodinated. Our results indicategnergies. A high ©H bond dissociation energy suggests that
that the two tyrosine residues in myoglobin must be inaccessible hygrogen abstraction from sites with lower-& bond dis-
in the natively folded protein. Examination of the crystal gociation energies will be thermodynamically favorable. The
structure reveals that Tyrl46 is clearly buried, whereas the c—H hond dissociation energy for either radical center (tyrosine
alcohol in Tyr103 reaches the surface but is crowded on all or histidine) is~490 kJ/ moBL52This is higher than most other
sides, which may explain the lack of reactivifylmportantly,
selective fragmentation at the modified histidine is still observed, (4g) Beddell, C. R.; Blake, C. C. F.; Oatley, S.JJMol. Biol. 1975 97, 643.
suggesting that any histidine residues that are iodinated will (49) g's?/asmv K.; Shimoda, T.; Imoto, T.; Funatsu, 81.Biochem 1968 64,

(50) Diamond, RJ. Mol. Biol. 1974 82, 371.
(46) Ramachandran, L. KChem. Re. 1956 56, 109-218. (51) da Silva, G.; Moore, E. E.; Bozzelli, J. W. Phys. Chem. 2006 110,
(47) Evans, S. V.; Brayer, G. DJ. Biol. Chem.1988 263 4263-4268. 13979-13988.
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Cytochrome c (70-78) NPKKYIPGT b - -
Ubiquitin (55-63) TLSDYNIQK Table 1. Calculated Bond Dissociation Energies?
Ubiquitin (64-72) ESTLHLVLR amino acid BDE (kJ/mol) @ B3LYP 6-31G*
Hemoglobin (38-46) TTKTYFPHF rpeH s
Hemoglobin (136-end) LTSKYR ProdC-—H trans 3015
Myoglobin (44-52) DKFKHLKTE TphCH 3509
Myoglobin (93-101) HATKHKIPI ASnAC—H 4186
Lysozyme (1 1-1 9) AM KRHGLDN* aSee Materials and Methods for calculation details.
Lysozyme (16-24) GLDN*YRGYS
Lysozyme (19-28) N*YRGYSLGNW 170 kJd/mol) available from the absorbed photon. If the hydrogen

transfer occurs rapidly with respect to energy redistribution, then

Figure 3. (a) Representative types of fragments typically observed in mass this excess energy may help facilitate the rearrangement.
spectra. a/ x, bly, c/z form complementary pa¥s= total number of amino Transfer of the OH hydrogen is followed by rapid electronic
acids in protein. (b) Local sequence around iodinated residues (in bold) for .. . . .
each protein. Proline, asparagine, or tryptophan residues that undergorearrangem.em' delqcallglng the radical into the aromat'c. rnng.
secondary fragmentation are underlinalicized residues represent sites ~ The delocalized radical is more stable 40 kJ/mol and is
where secondary fragmentations are expected but not observed. Numbergi|so capable of directly producing an a-type fragment at the
in parentheses represent amino acid numbers for the sequence shown. Thﬁmdified tyrosine by the mechanism shown in Scheni@ 1.

“*" represents all the same Asparagine. . . L )
P parag Abstraction of the amide NH is likely to be endothermic;

nonaromatic hydrogens present in a protein by 8680 kJ/mol, hqwevgr, energy is peing added to.the system py collisions at
making virtually all possible subsequent hydrogen abstractions this point in the reactioft: The most likely alternative to NH
exothermic. Given that either radical should abstract the first @Pstraction would involve transfer of the hydrogen to the
hydrogen that it comes in contact with, specificity would not "€&rranged radical, but this route is deemed unlikely because
be expected unless subsequent reactions all led to the samd'€ transition state is~246.5 kJ/mol high. A competing
product (which would seem unlikely). For tyrosine, there is a dIS.SOCIa'[IVE pathway is Ipss of gven-glectron p-qumomethlde.
further difficulty because the initially formed radical cannot ThiS pathway often dominates in radical peptiéfebut does
interact with the protein backbone where cleavage is observed.N0t €xplain the observed a-type fragments in this study. The
Previous work has shown that a-type fragments are typically present experiments cannot unequivocally determine whether
produced in radical systems by abstraction of fHeydrogen secondary fragments are generated by the initial radical or the
followed by cleavage of the carbewarbon bond in the stabilized form, but the observed selectivity suggests that the
backboné$ Due to steric constraints caused by the rigid nature staple form.may dominate. lodohistidine is capable.of following
of the tyrosine side chain, the initially produced radical and the @ dissociation pathway analogous to that shown in Scheme 1
f hydrogen cannot interact. In fact, they are separated &y without rearrangement, dlrectl_y producmg_ the observed back-
A, with the radical pointed away from the hydrogen. Therefore, PONe cleavages (see Supporting Information). _
the selective reactivity and the direct a-type cleavages observed Secondary FragmentsiThe local sequence for each tyrosine
at tyrosine residues suggest that a fast rearrangement of theor histidine which exhibited an a-type fragment resulting from
initially very reactive radical may occur. cleavage on the C-terminal side of the residue (i.e., residues
All of the results can be rationalized with a charge-remote that were likely iodinated) is shown in Figure 3b. In addition
mechanism, given in Scheme 1 (note that in all cases, proteint0 the diagnostic a-fragment produced at the modified residue,
ions are protonated and multiply charged). In this mechanism, the proximity of proline also appears to facilitate secondary
the initial radical undergoes intra-side chain hydrogen abstraction fragments. Secondary cleavages on the N-terminal side of
from the tyrosine OH. The calculated barrier to this rearrange-
i . ; 53) Karnezis, A.; Barlow, C. K.; O’Hair, R. A. J.; McFadyen, W. Rapid
ment is~137 kJ/mol; however, there is excess energy (up to (3 Commun. Mass Spectro@006 20, 2865-2870. y p
(54) Kaur, D.; Kaur, R. PJ. Mol. Struct. THEOCHEMOOS 757, 53-59.

(52) da Silva, G.; Chen, C. C.; Bozzelli, J. &hem. Phys. Let200§ 424, (55) Chu, I. K.; Rodriquez, C. F.; Lau, T. C.; Hopkinson, A. C.; Siu, K. W. M.
42-45, J. Phys. Chem200Q 104 3393-3397.

356 J. AM. CHEM. SOC. = VOL. 130, NO. 1, 2008



Dissociation of Whole Proteins in the Gas Phase ARTICLES
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proline (producing y and a fragments) are observed when proline correct, complimentary ions produced by radical-directed dis-
is within four amino acids of the radical site. It should also be sociation at proline will yield a and y ions, not b and y ions.
noted that fragmentation on the C-terminal side of asparaginelndeed these are the only type of fragments detected for
to produce a-type fragments is observed several times in Figuredissociations at the prolines underlined in Figure 3b. Further-
3. However, one of these cleavages is in conjunction with a more, CID of unmodified Cyt yields complimentary f and
proline fragmentation, and one asparagine (Asn27 in Lysozyme) y,gions on the N-terminal side of Pro76 due to the proline effect
fails to produce any fragmentation; therefore, it is unclear (see Figure 1d).CID of radical Cyt yields as and yg ions;
whether asparagine facilitates secondary dissociations. Thethe bys ion is not observed despite being the most abundant
abundant a-type fragment observed at Trp28 in lysozyme, five fragment for the unmodified protein. The complete absence of
residues from Tyr23, is most likely a secondary fragment as the bysion is best rationalized by the radical-directed dissociation
well, but there are insufficient tryptophan residues in these mechanism in Scheme 2 where b-type ions are not allowed.
proteins to draw any general conclusions. For proline, which These observations also offer further proof that radical-directed
represents~5% of the amino acids in proteins, there is a 44% dissociations occur with lower energy barriers than even
chance that it will be withint4 residues of a tyrosine. Therefore, favorable non-radical dissociation processes such as those
it is likely that secondary cleavages will be observed frequently, observed at proline residues.
potentially making them suitable for obtaining additional Applications to Database SearchingExperimental methods
sequence information after initial identification of tyrosine or currently employed in proteomics research are generally con-
histidine cleavage sites. sidered to be more advanced than the bioinformatics tools which
A previously proposed mechanism invoking hydrogen ab- have been developed to interpret the resélighus, one might
straction by a radical can be used to rationalize the secondaryconclude that the principle barrier to further progress in
fragments at asparagine and tryptophan highlighted in Figure proteomics research is bioinformatics. However, the difficulty
3b18In this mechanism, hydrogen abstraction fromghearbon is also due, in part, to the type of data that is collected in the

a-type radical

is followed by -elimination to produce an a-type fragment.
Therefore, amino acids with weakly boufiehydrogens should

experiments. As discussed in the introduction, bond breakage
with all mass spectrometric dissociation techniques used for

be more susceptible to backbone dissociation. Previous experi-protein identification typically occurs randomly. This leads to

ments have demonstrated that abstraction ofctHeydrogen

the production of vast amounts of raw data, but the information

from asparagine occurs with a lower barrier than any other content of this data is frequently lot%¥.Thus, the nature of the

amino acid®® Furthermore, abstraction of thiehydrogen from

experimental results is currently creating an unduly large burden

asparagine by OH radical is preferred over abstraction of the which bioinformatics has been unable to resolve. An alternative

o-hydrogert? suggesting that loss of thé-hydrogen should

strategy is to acquire better data with high information content

be facile. In contrast to these results, calculated bond dissociationthat can be more easily interpreted. Radical-directed dissociation
energies do not suggest that asparagine should be susceptiblean be used to obtain specific (rather than random) information
to this type of attack. The results in Table 1 suggest that from peptide or protein fragmentation by dictating where
abstraction of thgg-hydrogen from asparagine should not be fragmentation occurs. As a result, it is possible to significantly

facile relative to other amino acids. Further experiments will
be required to resolve this apparent contradiction.

reduce the amount of time needed for data analysis.
Either the most intense or second most intense observed peak

For proline, experiments in solution suggest that abstraction in each of these experiments results from dissociation on the

of ad-hydrogen is preferred over tifieposition>”°8 A proposed

C-terminal side of tyrosine. The one exception to this occurs

mechanism which accounts for the secondary fragmentationsfor myoglobin where tyrosine is not modified, but in this case,

observed in our experiments is shown in ScherigAbstrac-
tion of ad-hydrogen leads to homolytic cleavage of the peptide
bond®® The resulting y-type ion is stable; however, the b-type
counterpart is not stable and will rapidly lose GOCO loss
yields a radical a-type ion. Therefore, if this mechanism is

(56) Galano, A.; Alvarez-ldaboy, J. R.; Bravo-Perez, G.; Ruiz-Santoyo, M. E.
J. Mol. Struct. THEOCHEM002 617, 77—86.

(57) Easton, C. XChem. Re. 1997, 97, 53—82.

(58) Nukuna, B. N.; Goshe, M. B.; Anderson, V. E.Am. Chem. So001,
123 1208-1214.

(59) A similar result is obtained by abstracting the alpha hydrogen: Fung, Y.
M. E.; Chan, T. W. DJ. Am. Soc. Mass Spectrog005 16, 1523-1535.

(60) Wee, S.; O'Hair, R. A. J.; McFadyen, W. Dt. J. Mass Spectron2004
234, 101-122.

(61) Haselmann, K. F.; Budnik, B. A.; Zubarev, R. Rapid Commun. Mass
Spectrom200Q 14, 2242-2246.

the most intense cleavage is C-terminal to histidine. Given this
information, four out of five proteins can be positively identified
by checking two experimental peaks against all possible
C-terminal a-type cleavages at tyrosine residues. There are 13
tyrosines present out of a total of 603 residues in the 5 proteins
studied herein. Therefore, the numbers dictate that 10 experi-
mental peaks would be checked against 13 possible matches
for a total of 130 required calculations (assuming the protein is
known). In contrast, standard techniques using dissociation
results produced by random processes would require checking

(62) Palagi, P. M.; Hernandez, P.; Walther, D.; Appel, RPEoteomic2006
6, 5435-5444.
(63) Fenyo, D.; Beavis, R. Clrends Biotech2002 20, S35-S38.
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significantly more peaks. For example, if ECD or ETD were residues in a gas-phase experiment. This abiotic approach is
used and full sequence coverage was obtained, then 1196achieved in milliseconds by replacing a single atom in an entire
potential peaks (assuming ¢ and z ions only) would need to be protein. This capability will enable faster bioinformatics that
checked against 1196 possible matches for a totatdf4 will greatly speed the interpretation of proteomics data. Fur-
million calculations. The database search using the standardthermore, a side benefit of this research is rapid new method
approach would therefore requiret orders of magnitude more  for identifying sites of iodination in a protein. lodination is
time to perform. If the sequence coverage were reduced to onlyfrequently performed for protein structure analysis, and native
50%, then 598 peaks would be checked leading-7®0 000 iodotyrosines represent essential components in thyroid proteins
calculations. The potential gain would still be a factor of 5000. such as thyroglobulif

Inclusion of histidine residues in the radical-directed approach Acknowled t Th h tefully acknowledae fund
would require 390 calculations and lead to the identification of . cknowledgment. The authors grateiully acknowledge fund-

all five proteins. Furthermore, the secondary fragments which |r}gcfrc|).;n the '?‘I_iMS (tEesealrchtﬁwalidéE RJE)B ar;jd the Ugli]/_ersny
are generated at proline should be preseaé% of the time, o Laliornia. 1he authors aiso than s bardeen and Jinsong

potentially allowing for independent confirmation of the iden- Shgng f.ct’r fru(|jtf¥lhd|scu;lsm?s a?d Lhel Rellly grogp ?me_'rana
tification. It should be mentioned that the presence of post- niversity an ermoElectron for help in modifying the LTQ.

translational modifications will complicate data analysis; how-  Supporting Information Available: All raw mass spectra and
ever, this problem will scale equally for the traditional and the full sequence stack plots. This material is available free of
radical-directed approaches. charge via the Internet at http://pubs.acs.org.

Conclusions JA076535A

The results presented here demonstrate that proteins can b?e4) Medeiros-Neto, G.: Targovnik, H. M.: Vassart, Endocr. Re. 1993 14,

efficiently and selectively cleaved at tyrosine or histidine 165-183.
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