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’ Results \
Overview Methods Tau peptides Sprouty peptides Conclusions
o _ _ IMS/MS was used to separate and characterize Tau IS a brain protein, its longest splicing form (441 residues) has four regions with variant phosphorylation relevant to Sprouty?2, a regulator of the receptor tyrosine kinase signaling, has at _ _ _

* Localization variants of phosphopeptides fully peptide and protein isomers since 1990-s, but  Alzheimer’s disease [2]. We studied the 226 - 240 sequence VAVVRT?PPKS235PS2375238AK that binds Pinl (a prolyl | least 15 phosphorylated sites: 11 S, three T, and one Y [8]. * High-resolution FAIMS Is broadly able to separate
separated by 3'&2)6”“?' I|3n mobility - f until recently not the localization variants of isomerase enzyme) and microtubules, affecting neuronal function. There are one T and three S, including two adjacent S | This is in line with the relative abundances in human proteome: !chl'j_a“ot?] varlanttﬁ of ph?sphoptehptldesr,] )
spectrometry or fileld asymmetric wavertorm modified peptides. We had shown [3, 4] _ 84% S. 14% T. and 29 i i INnCluding those witn one, two, or three pnospno

_ : ] 235 237 298 (AN - 0 S, o T, and 2% Y [3]. Separation of previously unexplored
IMS (FAIMS) using planar-gap analyzers and baseline resolution of all variants of singly or Monophosphorylated variants: pT= (1), pS=* (2), pS=* (3), p>= (4); 1602.9 Da modification patterns were evaluated using two tryptic sequences groups on Ser, Thr, or Tyr
He/N, buffer gas doubly phOSphlory'ateg mOdg' peptide with Spectra for 1 show usual increase OV = 4 KV DV = 5.4 KV « Separation uncorrelated with the distance of PTM

+ Variants “co-eluting” in one charge state may be ~ thrée S (APLSTFRGSLPKSZYVK) using of compensation field (E¢) and = 7K | -9 | 51 - 64 sequence: NTNEY>T**EGPTVVPR (1655.7 Da) shift along the backbone, variants with adjacent
resolved in another, providing multiple separation FAIMS resolving power (R) at higher He Resolution improves at higher He Behavior resembles th%t atDV=4kVwithHe | ajows evaluating FAIMS separation for variants involving rare Y alternative attachment sites (that challenge
opportunities. On average, better resolution Here, we study peptic_les f_rom hgman_proteins fraCEoCrlls; _pﬁak W|;Iths (f\/\r/]hm) are ];(rai(c:)tll\(/):;’a?; (];tc))/t)”|—| \/ea]E:)arn:;sJr f:JoI:?; ZZan(it;ci/nasric;Efts:t kr)glv—;cil’ué) S/g uap;,a ?.gtn dfllgjirgir:;:tes for phosphorylation, in particular alternative modification of adjacent Y MS/MS approaches most) readily resolved
observed for higher charge states (tau and SPFOEWZI) with b'OTed(}llca_”y :(mportar_lth marked with R underneat o+ 3+ ke s e and T. As expected, separation improves with increasing He fraction » Effective variant separation is due to substantial

» Baseline separation achieved regardless of the variant phosphorylation, including 1solorms wit L He 0% PT231 (21 He 2O, o PT231 (3. T2 (@) P ﬂﬂ Geoeraied T2 N or 2 P orthogonality between FAIMS and MS

- . alternative attachment to adjacent sites, T and ol )7 ) |  ps237 ! pS237 | | v < : | - . . . : . .
modified residue (S, T, or Y) or number of . . . e + |  ps238 ps238 | | oo | DV =4kV dimensions: CVs for isomeric peptides differ by
. Y modification, and triple phosphorylation 3+ He 0% ’ ’ - . e
phosphorylations (1, 2, or 3) T | 4+ | | 1 709% He up to 1.5 times (vs. ~10% for mobility in
. Resolution uncorrelated with the distance of PTM ¢ émployed a planar FAIMS unit with 1.9 mm | Variants senarated for conventional IMS). Achieved resolution up to 17
. . . gap, coupled to the LTQ ion trap MS (Thermo N . AR = P for variant nairs and K it to ~60 in
shift along the backbone, isomers with phospho - : : : 20|13 He 20%) 3+, but not 2+ ions | r 14 | - or variant pairs an peax tapacity up to |
_ _ _ _ Fisher) using an ion funnel interface [5] e ) \ h tat
groups on neighboring sites readily separated | gl ol A A OREIChalge Stelc
A | 19 e i N ovesary o om o ow s om0 105 w0 us 1 e \/griant separations in different charge states
. N Jet disrupter | / e i ~» ~» . -9 ’ pT |y ’* mutually independent; the total peak capacity
i 0%0%% MS inlet \ = J j\\\ ' I ' L

lntrOdUCthn Curtain p'a‘te\ﬁ Curtain gas out 'ne" M 5T Hesow) R T 40% He _ | N Mixture | exceeds 100. Multiplicity of charge states must be

 As analyses of the primary sequences become Gas im> q “Th}]h | s | Some separation also | PY | PT considered when comparing peak capacity with
routine, proteomics is shifting to characterization of C l Carrier gas > S | | 2 | He 40%| e | | | for 2+ ions, apparently | Mixture I _ separations in solution
post-translational modifications (PTM). Perhaps the - ol | (1] il | 5 . | duetotnerma | ! |+ Absolute CVs accurate enough to identify
most common and important one is phosphorylation, EAIMS hold VAN bll?llf\l — JLL VA2 1 unfolding 7 R S A N A : « T
which In eukaryotes occurs at the Ser (S), Thr (T), or 'OASAsymmetric waveform o  He 70% L1 08 | 11 | o J e ‘ 104 106 108 110 112 114 116 118 135 140 145 150 155 160 165 variants based .On CV tags : without MS/MS.

Tyr (Y) residues lon funnel | | 162 [ 1 | E., Viem Spectra essentially unchanged at least over some
. . . . . TR | HE. e S0%/ " v | | Resolution of 17: the high n in FAIMS for localization varian i i

 Most proteins feature multiple sites attaching a given Scheme of FAIMS unit with MS front end | 4 I 2k [ o esolution o the highest see > for localization variants irsgr?t?figg’ﬁgInus’flg?/eprl_zla’nWLh(I:CrnzgﬁgIdhe;saeblera dient
PTM, but hardly any site is always occupied. This | ol wi | A @ [\Az | 130 e 1Al e 1as P d
Creates multlple Iocallzatlon VarlantS, many Of Wthh The reS|dence t|me |n the gap tva”ed by 20 4'0 6'0 8'0 160 120 , o.zlas o.gol 0.95 I1.oo 1.I05 1.1ol 1.ol 11 I1r2 13 1%1 15 Ile 3 11 | 12 135 - 151 Sequence LLGS S FS S GPVADGI IR (1754.9 Da)
coexist in vivo and have differing biological activit setting the gas flow rate, here 2 L/min resultin - e i T I 1 o Y B L . . . . . . . .

I . 9 PEP9 4 in t _% 2 ° ° _ . : | i | [\ [ el e r e With four S (including two pairs of adjacent S), permits variant triple Acknowledgements

e |dentification of variants by collision-induced | =VU.£S The above panels are for pH =3 SOlUtIOnS, spectra with :gggsl(%) " p psgsg)_:gszgs( +) ] modification. We looked at p8138p8139p8141 and p8138p8139p8142 This research was funded by the NIH/National Center for Research Resources (RR
dissocia_tion (CID) IS chall_enged b_y the dominant PTM The highest peak voltage (dispersion voltage, pH = 2 virtually identical. E.g., for {DV = 5.4 kV, 50% He} _ o b U\ [ T 72\ . .1n8312ez)5ﬁ3%2§gn;| li/leopl):cr;tlzrl]aern;c?ifeﬁggrl?gb(c?rgtngE%(;rg/erlggl;:tl%SnZiEg:t?f?c
abstraction that yields uninformative fragments and DV) was 5.4 kV. For best resolving power R, e el O . SA AL With s 2+ - S 3+ user facility at Pacific Northwest National Laboratory (PNNL) in Richland, WA.
PTM shifts in the excited peptide prior to the we used He/N2 gas with maximum He fraction - - Relative E; DV = 4 kV i With pS*2 T With pS ithp 1 PNNL is operated for the DOE by Battelle under contract DE-AC05-76RLO-1830.
dissociation step. Electron capture or transfer under the breakdown threshold: 50% for DV = Bisphosphorylated variants: p T2 pS#® (5), pT%31pS%37 (6), pT*'pS**° (7); 1682.8 Da 20% He ’ Ref
dissociation (EC/TD) avoids those problems, but has 5.4 kV and 70% for DV = 4 kV. These regimes " . i N _ ererences
low sensitivity because of inefficiency and orovide R ~ 200 for 3+ and 4+ peptides [6,7] PV = 24KV e pmm a1 DV T 4KV o Variants fully separated | " ' O NI S,

Indlscrlmlnate bond Cleavage Selected tau peptldes were SyntheSIZed on Signal for (5) V | c6 A ; Signal for (5) nOW £ : | for 3+ Ions’ bUt nOt 2+ 2.D Singer, J KUhImann, M MUSChket, R Hoffman. Anal Chem 2010, 82:6409

 Number of unique fragments equals the distance solid phase and purified to homogeneity by vanishes above 20% e vanishes above 50% He40%: 62 64 66 68 70 72 7488 % 92 o4 % 98 j ﬁAAss:varttstl))urg,QJDCSree_tSﬁ,AI\?DISCrrr\‘ith, ggﬁoggtlezréAnal Chem 2010, 82:8327
between alternative mOdIfIEd sit_es along_ the _ RPLC and CZE, Sproutyz peptides were He, perhaps due to ' ;6\ b6 \ He, supporting the | DV =54 kV, Mixture 2+ With ps'* 3+ 5:AA Shzz:tzbzig: F Li, Km'llar{g, rI\?aD Sn?i?r]]. Ana; Chém 2006, 78:3706
backbone, and peptides with adjacent sites differ by a obtained from Alta Bioscience (Birmingham peptide unfolding B ' ' notion of heat- s s 5w 40% He _ sumof | | 6. AA Shvartsburg, WF Danielson, RD Smith. Anal Chem 2010, 82:2456
sinale fraament. Hence, variants with nearbv sites are . - | | b5 - - | | ' | i i i i i | Spectra 7. AA Shvartsburg, DC Prior, K Tang, RD Smith. Anal Chem 2010, 82:7649
hargd to dgtln uish, PTM often assigned to ayre on UK)' .T.O test the dependence on the solution upor_\ Strong_er fleld 0 . Induced unfoldlng S“ght resolution gain ek 8. SM Sweet, FK Mardakheh, KJ Ryan, AJ Langton, JK Heath, HJ Cooper.

_ Sl g 9 conditions, some analyses were repeated heating at higher He o . 'L Al variants resolved s In both charge states, Anal Chem 2008, 80:6650
instead of a residue using infusion solvents with pH = 3 (50/49/1 fractions | | N at50 - 60% He. for | validation by data for

» Peptides featuring three or more attachment sites water/ methanol/acetic acid) and pH = 2 All ant e JJ /\ oy , )/ 1 the mixture plotted
have variants non-distinguishable by MS/MS (either (48/48/4 water/methanol/formic acid). Solutions varlan Sy o e e 10NS - o r e o o v e 10 1 s 1o 1 1w CONTACT: Dr. Alexandre A. Shvartsburg
CID or EC/TD) in principle [1] were delivered to the ES| emitter at 0.1 - 0.5 'nFLUdg_‘g 6_and / . | £, Viem Biological Sciences Division

. i ' i with adjacent | N | ol | _ _ _ _ Pacific Northwest National Laborator
Some variants may be separated by LC, especially uL/min, lower values for lower pH ternative it eson | ; . || .. | sprouty2 peptides show excellent separation of variants with _ y
the HILIC technique. However, LC is slow and many lons of charge states 2, 3, and 4 were afternative Sies, n oo | | . . PN . . P.O. Box 999, Richland, WA 99352
variants are unresolved or do not elute, especially for y O, resolved at 20% He 'O/\mi AN E;;”Q”""’; \ adjacent alternatlvely modified sites or trlple phosphorylatlon alexandre.shvartsburg@pnnl.gov

. . g . InveStlgated - 110 115 1é0 1%5 1;10 150 1éo 1;0 1!30 19 ! 60 6£ 6'4 56 6'8 76 75 80 85
multiply modified peptides [2] for 3+ ions E., Vicrm : Ee, Viem
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