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Intimately associated with DNA, histone proteins serve as both A +70Da  +112Da  +154Da  +196Da  +238Da
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a structural scaffold for DNA packaging into the nucleus and an NeAc Ne-Ac
epigenetic means for the regulation of gene expression. One suc
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histone-based mechanism for transcriptional regulation is post- K2 dimethyl K" Ac
translational modification (PTM) of histones H2A, H2B, H3, and | Kﬂ'g;mhyl

H4.12 Combinations of modifications such as acetylation, meth-
ylation, and phosphorylation create a “Histone Code” that influences
gene transcription, gene silencing, and chromatin formétién.
Essential for complete understanding of this code is an efficient
methodology for detection, exact localization, and quantitation of
modifications at specific sites. We combine here gas-phase B
concentration and purificatiérinside a quadrupole-FTMS hybrid Asynchrounous
(Q-FTMS) with top down fragmentation using electron capture HelaH4
dissociation (ECD) and large-scale PTM prediction. This predic-

tion uses a new type of protein database that has been “shotgun
annotated” by assigning site-specific posttranslational modifications ~ *
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(and all their combinations) prior to searching for best matches 11319 lscn mass “&:":29 " 11484
with ECD data. The approach considers PTdlsing a database i
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search and enables complete and automated characterization of C
human histones harboring—8 PTMs from asynchronous and
butyrate-treated Hela cells.

With its sequence and modification sites extensively studied,
human histone H4 was chosen as a model. We generated all possible
protein forms by combinatorial modification of the seven known
siteg-? according to following rules: arginine 3 can be mono- or
dimethylated, lysines 5, 8, 12, 16, and 20 can be mono-, di-, 700 800 900 1000 m/z 1200 1300 1400
trimethylated or acetylated, and serine 1 can be phosphorylated.Figure 1. (A) ESI/FT mass spectrum (15 scans) of intact H4 isolated from

For a given rule set, the possible number of protein forms was the butyrate-treated Hela cells (scale set to mass forid8s). An asterisk
; P (*) denotes the position of the unobserved, unmodified histone H4. (B)
calculated by the following equation: ESI/FT mass spectrum (40 scans) of intact H4 isolated from the nuclei of
’ ‘ ‘ . asynchronous Hela cells (scale set to mass fofr ighs). (C) ECD MS/
N=(n,+1)" x (n,+1)? x (N + 1)® x ... x (0, + 1) MS spectrum (107 scans) ofl12 Da modified form of histone H4. (D)
ECD fragmentation map of histone H4112 Da after streamlined protein

. . . .. characterization achieved by retrieval from a highly annotated database.
wheren; is the number of possible PTMs for amino a¢jcandf; The best match from the database search is N-terminal acetylation, K16

is the number of occurrences of amino aciéh the sequence acetylation, and K20 dimethylation (highlighted in red).
allowed to be modified. For histone H4, this generatéck &° x
2! = 18 750 protein forms. Consideration of possible N-terminal ECD of a species-112 Da above unmodified H4 gave 91 observed
acetylation and start methionine on/off increased the total to 46 875. fragment ion masses (Figure 1c). The calibrated fragment ion
Perl scripts were written to populate all these protein forms into a masses were used to probe the heavily annotated database using
relational database (7.8 megabyte, MySQL) stored within the tolerances of 5, 15, and 25 ppm (Supporting Information Table 1)
architecture of ProSight PTM, a software environment designed with the top 10 hits from the 5 ppm search shown in Figure 2. Of
for Top Down Proteomic8 Database searches (typicatys min) the 91 fragment ions, 50 and 28 maichndz ions, respectively
were executed with MS/MS data from particular histone forms using (Supporting Information Table 2), and the overall mass difference
ProSight Retriever, an algorithm for probability-based protein (Am) of +112.05 Da is consistent with the experimerialvalue
identification? within 2 ppm. The best match atop the retrieval list is histone H4
An ESI/Q-FTMS spectrum of acid-extracted and RPLC-purified with an N-terminal acetylation, Lys16 acetylation, and Lys20
histone H4° from asynchronous human HelLa cells revealed many dimethylation. Detailed validation of these three PTMs was done
potentially modified forms (Figure 1b). An MS/MS spectrum from  manually. Other highly ranked histone forms include those with
oo o Brooe Py - MO exactly cprrect modifications, gnd one pf correct identity but
iDgB:r{moerm 'oofpcﬁfr'f;uf‘e“r Soianbe auonal Blology- incorrect position between the amino-terminus and Lys20. Such
§ Department of Chemistry. positional “isomers” between the top-scoring form and the next-
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Top candidates retrieved from a 5 ppm Search © 2 Am shotgun annotated H2A, H2B, and H3 were created, yielding sizes
N..-SGRGKGGKGLGKGGAK 1. "RHR K3y, "VLRDNIQGITKPAIRR 50 28 -0.065 :

N-SGRGK 1 GGKGLGKGGAK 1 "RHR Ky, "VLRDNIQGITKPAIRR 500 26 -0,065 of 89, 113, and 1.35 GB, respectively. Searches of such larger
Ni -S(iRGKUGKGL(iK.‘."GGAKIRIIRI\';\.‘.:”VLRDNIQGITKPAIRR 47 27 -0.065 databases will require ECD data of the highest quality and offer a
N,.-SGRGKGGKGLGKGGA Koy "RHRK . *"VLRDNIQGITKPAIRR 46 28 -0.065 o ) . e
N-SGRGK 1 'GGKGLGK 5 "GGAKRHR Kz 'VLRDNIQGITKPAIRR 47 25 0063 method complementary to existing PTM detection using antibbdies
:&5‘;;&1"&‘#“‘;2‘"‘:1'.';f:[i‘:}“znttsgﬁ:‘*?{$§£“:§§ 7300 and bottom up M® for streamlined elucidation of the Histone
\;uﬂlugtlu\(b]m(;\ \..;(;g:jA\;(gu,'"Rl!zﬁllll(\u’Ll-{DNlQ%llTKP;:RR a2 006 Code. For proteomic-scale databases dealing with polymorphisms
N, -SGRGKGGKGLGK , "GGAK y"RHRKVLRDNIQGITKPAIRR 4327 -0.065 and alternative splicing via shotgun annotation, the approach

Niac- K 'GGAK e "RHRK . "VLRDNIQGITKPAIRR 43 27 -0.065 . - . . . . [T
- SORGKGGKGLGKGGAK e VLRDNIQOITKEAR ’ described here will require alteration to realize applicability in

t’:’?“’e 2 Xotptllo ’f“gtﬂ‘]?st fro”; an emﬁ;:ésgatabtaﬁ? Sefamh Witth_ 5 PPM eukaryotic proteome projects. Placing only the knowledge of
e L o . Dicogicl variabity wihin he database (erses the exensive pre-
acetylation is in red. prediction used here) is ultimately a superior approach and avoids
creation of large databases. An algorithm would then calculate PTM

possibilities on-the-fly (e.g. after a sequence tag search) to best
match the observed data.

In sum, the 1B resolving power of FTMS in MS/MS mode
combined with the increased populations of precursor ions afforded
by the quadrupole preconcentrator makes Q-FTMS/MS using ECD
the best instrumental configuration to couple with shotgun annota-
tion. The overall efficiency for measurement of PTM combinations
first demonstrated here represents a new advance for chemical-
level description of multiply modified proteins by mass spectrom-

best forms are discerned by a few critical fragment ions. For
example, two and four matching fragment ions are lost for the
second and third best hits, respectively, confidently discounting their
presence. With all top 10 hits having two acetylations and two
methylations, cleaving the protein backbone between each PTM
site is critical to achieve complete protein characterizatiarhus,

the top candidate in Figure 2 best fits the @* fragment ions,
with 12 of these putative matches, but having ppm errors. The
presence of PTM ‘“regioisomers” in the retrieval list increases
confidence in PTM detection, with the degree of localization etry.
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The conversion of high mass accuracy into database retrieval ) ) ] ) ]
specificity is especially important for highly annotated databases. ~ SUPPorting Information Available:  Results from 25 informatic
Restricting mass tolerances from 25 to 15 to 5 ppm returned 878, control experiments and tabulated frggment ions/search results fc_ar the
830, and 37 histone forms withr65 matching fragment ions _+112,_+154, and+238 Da fo_rms of histone H4 (PI?F). This material
(Supporting Information Table 1). The striking 95.8% drop between is available free of charge via the Internet at http:/pubs.acs.org.

25 and 5 ppm is attributed primarily to the differentiation of

. . . . . References
acetylation vs trimethylation of lysines which have the same _ _
nominal Am but differ in their mass defects by 36 mDa. gg JFZ?ggrl:?eflfd MG-? -Péﬁﬁ[ﬁi’ﬂ'eleNaf‘J'rfzeS'csanz"f(ﬁ?éfaSe?&399'
Our data in addition to other studi@sreport that multiply (3) Krogan, N. J.; Kim, M,;T'_ong, A.; Golshani, A.; Cagney, G.; Canadien,
acety|ated H4 occurs at very low abundance in asynchronous|y V.; Richards, D. P.; Beattie, B. K.; Emili, A.; Boone, C.; Shilatifard, A.;

. . Buratowski, S.; Greenblatt, 84ol. Cell. Biol. 2003 23, 4207-4218.
grown HelLa cells. To enrich these higher mass forms, HelLa cells (4) Fernandez-Capetillo, O.; Mahadevaiah, S. K.; Celeste, A.; Romanienko,

were treated with the nonspecific histone deacetylase inhibitor E‘.J.; Came,rini;AODtero,C R.”DZ.;O ggnfez{égv.sl\gg Manova, K.; Burgoyne, P.;
; 3 f : ussenzweig, ev. Cell. , — .
sodium bUtyraté’ and histone H4 was interrogated by ESI/Q-FTMS (5) Santos-Rosa, H.; Schneider, R.; Bannister, A. J.; Sherriff, J.; Bernstein,

as before. Many higher-mass forms were observed (Figure 1a), and B. E.; Emre, N. C.; Schreiber, S. L.; Mellor, J.; Kouzarides Nature

: 2002 419, 407-411.
ECD was performed on th&238l Da and+154 Da species, (6) Reid, G. E.. Shang, H.: Hogan, J. M.; Lee, G. U.. McLuckey, SJA.
generating 62 and 116 fragment ions, respectively (MS/MS data Am. Chem. So@002 126, 7353-7362.

4 i _ i i (7) Zubarev, R. A.; Kelleher, N. L.; McLafferty, F. WI. Am. Chem. Soc.
not shown)* At 5 ppm, the highest-scoring form (44 matching 1008 120, 32653266

C/Z IOHS) f0r the+238 Da SpeCIeS Conta|ned aCetyIa“On at the N (8) Ge’ Y' Lawhorn, B. G' E|Naggar’ M’ Strauss' E' Park’ J. H’ Beg|ey’

terminus, K5, K8, K12, and K16 as well as dimethylation at K20. o $ F;-; MGCLEf_felg,ty, 5 \I’BV-_J'-:AE‘- CReT_- 30@003_%\/'2%67;6&3-‘( e
These six PTMs precisely account for the oversth and were © N‘t"{_of&na‘ éhgﬂ'2d03~'75?;§§i,40§6_ eng, . Mctartiy, ] eliener

verified manually. However, after querying the database with the (10) Shgd?ﬁ._Dth; Ilengze_l. MJ JR] Tglirlas(léihc. Iz.g; Qlizs%i:.zgé;lliféiggoones,
P . . P.; Wright, J. A.; Davie, J. Rl. Biol. Chem , .
+154 Da Species fragment 1ons, th.e top three ma.tCheS We.re an (11) Sze, S. K.; Ge, Y.; Oh, H.; McLafferty, F. WRroc. Natl. Acad. Sci.
N-terminal acetylation, K16 acetylation, and K20 dimethylation, U.S.A.2002 99, 1774-1779.
; H ; (12) Zhang, K.; Williams, K. E.; Huang, L.; Yau, P.; Siino, J. S.; Bradbury,
with an acetylatlon at e_lther K8, K12, or K5. F_Or each of these E. M.; Jones, P. R.; Minch, M. J.; Burlingame, A.Mol. Cell. Proteomics
three PTM isomers, a high number of fragment ions matched (73, 2002 1, 500-508.

72, and 70, respectively). The presence of the K8 species cannot (13) Boffa, L. C.; Vidal, G.; Mann, R. S.; Allfrey, V. GJ. Biol. Chem197§

. . o o 253 3364-3366.
be validated with the current data. This is because some localization- (14 Th‘z higher number of fragment ions observed fort1§4 vs the+238

critical fragment ions (e.g., they) that match both the K12 and Da species is attributed to the former being higher in abundance in
- . . - butyrate-treated cells and because it is a mixture 6B 2acetylation
K5 species are consistent with the presence of a K8 isomer even isomers. Fragment ion spectra were internally calibrated using unmodified

in its absence. The presence of acetyl-K8 could be addressed by z ions before database searching.

careful abundance measurements of key fragment ions or preferably (%) Eﬂrg“gsb.sli.pxnélag,. B‘_i gi‘rg'hlz'BWBNg?Ldr‘é"ggbg' 4Al'é igg?anow'tz' I

MS3. (16) Zhang, L.; Eugeni, E. E.; Parthun, M. R.; Freitas, M.@Ghromosoma
In preparation for shotgun annotation of other histones and 2003 112 77-86.
proteins in other functional classes, larger databases comprising JA039748I

J. AM. CHEM. SOC. = VOL. 126, NO. 11, 2004 3387



