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ABSTRACT OF THE DISSERTATION

Mass Spectrometry Based Characterization of Protein Structure and Peptide
Isomerization

by
Yuangi Tao
Doctor of Philosophy, Graduate Program in Chemistry

University of California, Riverside, December 2014
Dr. Ryan R. Julian, Chairperson

Structure is the key factor in protein function. Mass spectrometry has been shown to
be a powerful technique for exploring protein structures and post translational
modifications. This dissertation describes the application of mass spectrometry based

techniques to investigate peptide isomerization and protein solution phase structure.

The first half of the dissertation focuses on the identification of subtle post
translational modifications of protein: epimerization and isomerization. The presence of a
single D-amino acid in a peptide is very difficult to detect. Mass spectrometry-based
approaches rely on differences in fragmentation between peptide epimers. The success of
this approach is dependent on the structural sensitivity of the fragmentation method.
Radical Directed Dissociation (RDD) is particularly sensitive to the structure of the ion
being fragmented. It is demonstrated herein that RDD provides significantly better chiral
discrimination than collisional induced dissociation (CID). The combination of RDD and
CID is further applied for the identification of peptide epimerization/isomerization in

crystallin proteins. The sites that undergo the greatest degree of isomerization in

iX



crystallin correspond to disordered regions, which may have important implications for
the chaperone functionality of the proteins within the context of aging.

The second half of the dissertation utilizes the ability of 18-crown-6 (18C6) to form
noncovalent complexes with cationic groups to examine protein structures in solution. It
is demonstrated with model peptides that the 18C6 adduct stability is increased if
intramolecular charge complexation is inhibited by steric or competitive binding.
Molecular mechanics and dissociation experiments demonstrated that significant
structural changes occur upon loss of 18C6 in model peptides. Collisional activation of
protein-18C6 complex indicates that lower charge states represent structures that are not
similar to gas phase idealized states. Therefore, 18C6 can behave as a pseudo-solvent
molecule and preserve protein solution phase structure. 18C6 attachment can also be
applied to investigate protein electrostatic surface structure. It is shown that proteins can
have completely different surface structures despite the fact that the backbone structures
are similar. The results illustrated a new technique to characterize protein surface

structure and dynamics.



TABLE OF CONTENTS

CRAPLET L.t bbbt bbbt 1
CHARACTERIZATION OF PROTEIN STRUCTURE AND PTMSs BY MASS SPECTROMETRY .......... 1
1.1 Protein Characterization by Mass SPectrOmetry .........cccccevvvveeiveresiie s 1
1.2 Post Translational Modification ANalySiS...........ccceeveieiiieiiirie e 2
1.3 Protein Tertiary StIUCLUIES ........ccveiveiieiieceete et sre e 7
RETEIENCES ..ottt bbbttt bbbt n e 13
(O T o) USRS 17
DISCRIMINATING D-AMINO AcID CONTAINING PEPTIDES BY RADICAL DIRECTED
DISSOCIATION USING MASS SPECTROMETRY ..vcvvitiierieriaresiesearessessesessessessssessessesessessesessenns 17
P20 R 1 oo [0 od 1 o] o RSP RPRPRSRP 17
2.2 Experimental MethOdS .........ccooveiiic e 21
2.2. 1 MALETTALS ...ttt bbb 21
2.2.2 Peptide SYNThESIS......cviiiiiice e 21
2.2.3 Radical Precursor SYNthESIS ........ccoviiiiiicic e 22
2.2.4 Mass Spectrometry and Radical Directed Dissociation .............cccceeveeiveenneane. 23
2.3 RESUILS aN0 DISCUSSION.......eiuieiiieieiiiesieeiesiiesiee e esee st e e enee e e saeeneesreesseeneesseesseeneennes 24
2.3.1 D-SEIINE PEPLIARS .....cvvieeeiee ittt 24
2.3.2 D-ASP PEPLIAES. ...t 31
2.3.3 D-Ala PEPLIES. ... 35
2.3.4 Discrimination ADITITIES .......c.ecveiieieiie e enes 40
O 04 Tod 1115 o] SR 43
RETEIBINCES ...t ettt et e b et enre e nre e neenne e 44
(014 FoT 0] (=] G TSP PSSR 47
ISOMER PROTEOMICS: A CASE STUDY OF EPIMERIZATION AND ISOMERIZATION IN
(O N I I | N SO 47
20 A 111 0o 1 od 1 o SRS S 47
3.2 Experimental MethoOS .........ccoiiiiiiiiiis e 51

Xi



B2 L IMALEITAIS .ot eeeeeenees 51

3.2.2 Peptide and Radical Precursor SYnthesis..........c.ccooviiiieieiiic i 52
3.2.3 Protein Extraction and DIgeStioNn...........cccceiieieieenenie e 52
3.2.4 Mass Spectrometry and Radical Directed DiSSOCIAtioN ...........ccocvevvvrieeiinennne 53
3.2.5 LC-MS Data Acquisition and ANalYiSIS........cccouiiiiiiinieieeie e 53
3.2.6 Calculation Of R VAIUES.........ccooiiieiiiii e 55
3.3 RESUILS AN0 DISCUSSION.....ccuiiuiiieiiitisii sttt 56
3.3.1 General APPrOACH........cccuiiie et e 56
3.3.2 1SOMETr SEPATALION .....ecveeviciee ettt et e et e be e sre e nnes 58
3.3.3 Data ANAIYSIS.....cviitiecieeie et e anes 62
3.3.4 Sheep CryStallins ........cccuiiieie e e 65
3.3.5 Discrimination ADIIITIES ........ccoiiiiiiiiiieee s 72
3.3.6 Isomerization and FUNCLIONALILY .........coveiveiiei e 79
34 CONCIUSIONS ...ttt b e bttt et bbb ne et e nens 80
RETEIENCES ...ttt bbbttt bbbt n et 82
SUppPOrting INFOrMAtION .......c..cviiiece e 86
CRAPLET 4 ...ttt bbb bbbt 91
FACTORS THAT INFLUENCE COMPETITIVE INTERMOLECULAR SOLVATION OF PROTONATED
GROUPS IN PEPTIDES AND PROTEINS IN THE GAS PHASE .....ociviiiiieiiieeiee e 91
o I oo [FTox (o] SRRSO 91
4.2 Experimental Methods ..........cooiiiiiiiiee e 93
A4.2.1 MAEITAIS ...t nre e enes 93
4.2.2 Peptide Synthesis and 10diNAtIoN............ccoeiiiiiiiiniiieee e 94
4.2.3 MaSS SPECIIOMELIY ..ottt 94
4.2.4 Molecular Mechanics CalCulations ...........ccevveeiieeneiie e 95
4.3 RESUILS aNd DISCUSSION.......cciuiiieiiieieeriesieeiesiesiaesiessee e etesseestaeeesraesseeeesneessaeneennes 96
4.3.1 Mass Shift of Crown Complex in the 10N Trap ......ccccoovveieneneieneeeeeeeee, 96
4.3.2 Standard PEPLIAES ........coueiiiiieiieiisieiiee e 98
4.3.3 Molecular Dynamics SIMUIALIONS .........ccooeiiiininiiiiiece e, 105

xii



4.3.4 Protein 18C6 AddUct Stability.........cooeveiiiiiiiiieeeee e, 107

O O] o [ 1] o] TSR SPRTURR 116
RETEIBNCES ... ettt ettt r et et ne e nre e enes 118
CRAPLET 5.t 121
EXAMINING PROTEIN SURFACE STRUCTURE IN HIGHLY CONSERVED SEQUENCE VARIANTS
WITH MASS SPECTROMETRY ....ttiiiiiiiesiteateesieeesteessteastessseeessesssseesbeessseesaessnseessessnseesseesnnes 121
T8 A 111 0o 1ot o] ISP STRR 121
5.2 Experimental MethodS .........ccoiiiiiiiiieeee s 125
5.2.1 Protein Samples and PUrIfiCatION ..o 125
5.2.2M3SS SPECIFOMEIIY ....vvviiiiie ittt sttt e e e e nnneas 125
5.2.3 PrOtEIN SIIUCTUIES ....oovieiiiieiiecie sttt 127
5.3 RESUILS aN0 DISCUSSION.....ccuiiuiiieiiiiiesiisiesieeieie ettt sttt nes 127
BB L INSUNIN e 127
5.3.2 CYtOCHIOME € (CYIC) wouveerieiieiiieiie ettt ettt et nres 130
TG TR V<0 74 Y/ 41U PRTPR 134
5.3.4 Comparative ANAIYSIS........c.civiiieiiiieie et 137
5.3.5 Protein DenatUration............ccoceiiiiiieieieniesie s 140
5.4 CONCIUSIONS ...ttt bbbttt sbe st ene e nes 145
RETEIBNCES ...ttt be e enes 146
(08 T o) = G SOOI 149
CONCLUDING REMARKS ...ttt sttt sttt sttt sttt sttt et nsaeanbeenneeennee e 149

Xiii



LIST OF FIGURES

Figure 2.1 (a) PD of the two serine epimers of 'DVGSNK-NH,. The major difference is
the -30Da serine side chain loss. (b) CID of -30 loss from PD of ['DVGSNK-NH, + H]*
(D-ser epimer). A series of b3, by-30, bs-30 fragments are observed, while b3-30 ion is not
present in the spectrum, which verifies that the -30 loss is from serine. .........cc.ccocevvenee. 25

Figure 2.2 (a) CID of re-isolated radical peptide [(‘DVGSNK-NH,)e +H]" formed in
Figure 2.1a. The inset highlights differences in the losses of water and NHs. (b)
Traditional CID of protonated DVGSNK-NHo. .......ccccoviiiiiiiiiiccicece e 27

Figure 2.3 (a) PD-CID of [!\GSWD + H]* and (b) CID of [GSWD + H]". RDD shows a
better chiral discrimination ability with an Rcpira Value of 1211 (peak 294.17/bze) while
the number for CID is 1.8520.05 (D3-18/¥2). c.ecoviiieiieiece e 29

Figure 2.4 (a) PD-CID of ['GLSFA-NH, + H]" and (b) CID of [GLSFA-NH, + H]".
Relative intensities of by are significantly different between the two epimers. The Rchiral
value is 32+4 (bs*/c3) for RDD and 6.9+0.2 (b4-18/-17) for CID. .....cocovvvvviiiiiiiie 30

Figure 25 (@) PD of ['IQTGLDATHAER+H]* epimers. (b) PD of
[MIQTGLDATHAER+2H]** epimers. The D-form shows abundant 56 Da loss from Leu
for both charge states. Bold down arrow indicates precursor ion. ...........ccccevevevveeeeiveennnns 32

Figure 26 (@ CID of [IQTGLDATHAER+H]® epimers. (b) CID of
[IQTGLDATHAER+2H]** epimers. (c) CID of [IQTGLDATHAER+3H]*" epimers. This
demonstrated that RDD provides better chiral discrimination than CID in different charge
] £ (=5 F ST RTPPPRTPRTRPI 33

Figure 2.7 (a) PD-CID of ['DAEFR + H]* and (b) CID of [DAEFR + H]" epimers. RDD
shows a better chiral discrimination ability with a Rchira Value of 6.2+0.3 (peak z4'/-44)
while the number for CID is 2.33+0.07 (Y4 /-17). cuevoveevereeeieieeeeeee e 34

Figure 2.8 (a) PD-CID of [(*“YAFGYPS-NH,)s — H] ™ epimers. (b) CID of [YAFGYPS-
NH, + H]" epimers Show SImMilar SPECLIa. ...........covvvvivivieiieieeeeeeeee e, 36

Figure 2.9 (a) PD of [YAFGYPS-NH, + 3 + H]" epimers. (b) CID of the radical complex
generated by loss of iodine in panel a. The insets highlight differences in the ratio of
radical/canonical peptide generated by loss of the crown adduct. Bold down arrow
INAICALES PIECUISOT TN, 1..iuvitiiieiieiiete ettt ettt b ettt b e bbb enes 38

Xiv



Figure 2.10 (a) PD of [YAFDVVG-NH, + 3 + H]" and (b) PD-CID of [YAFDVVG-
NH,+ 3 +H]" epimers. The hydrogen abstraction efficiency is limited in the D-Ala
0101 o OB RTS 39

Figure 2.11 PD-CID of [ASTTTNYT-NH,+3+H]" epimers. The radical transfer
efficiency difference is very easy t0 identify. .........ccooeieiiiiiinie s 40

Figure 2.12 Calibration curve for PD of 'DVGSNK-NH, (a) and PD of YAFDVVG-NH,
F 3 COMPIEX (). et 43

Figure 3.1 LC-MS/MS results for a mixture of the four isomers of synthetic peptide
DAEFR (a) before (b) after modification. 'X represents the 4-iodo-benzoic acid
modification of X where X is any amino acid. Underlined residues correspond to D-
amino acid, and bold residues correspond to isoaspartic acid. The inset of (b) shows the
structure of 4-iodo-benzoic acid. The four isomers can be easily separated after covalent
modification by 4-10d0-DENZ0IC ACI. ........cooiiiiiiiicc 60

Figure 3.2 (a) LC chromatogram of a peptide mixture containing several synthetic
peptides including 'DVGSNK-NH,, 'DVGSNK-NH, and 'LDLAGR. The 'DVGSNK
epimers cannot be completely separated. (b) MS® (RDD) spectra at 35.68min and
36.49min (the blue asterisks) of (a). The two spectra are significantly different, indicating
the LC peak contains two peptides. (c) LC chromatogram of the same run as (a) during a
later elution time. (d) MS® (RDD) spectra at 72.27min and 72.87min (the blue asterisks)
of (c). The two spectra are almost identical. ............coovieiiiinini s 61

Figure 3.3 Sequence coverage (orange), degree of isomerization (blue) and degree of
epimerization (green) for aA-crystallin, aB-crystallin, and BB3- crystallin. The white bar
represents the fUull Protein SEQUENCE. .......cvevveir e 66

Figure 3.4 (a) LC chromatogram for peptide TVLDSGISEVR in sheep eye crystallin
digestion mixture. (b) CID of [TVLDSGISEVR + 2H]* at 24.76min, 26.59min,
28.53min separately. The spectra at 24.76min and 28.53min are identified as L-iSoAsp
and D-Asp containing peptide by comparing with (c). The R values for each of these
spectra relative to the synthetic peptides spectraare 1.3 and 1.7. Thered.........c.cceeneee. 70

Figure 3.5 (a) LC chromatogram for peptide 'TVLDSGISEVR in sheep eye crystallin
digestion mixture after modification. (b) RDD spectra of [[TVLDSGISEVR + 2H]*" at
64.68min, 67.57min, 70.44min separately. The three spectra are identified as L.-iSOASp,
D-iS0Asp, and L- Asp containing peptide by comparing with (c). The R values for each of
these spectra relative to the synthetic peptides spectra are of 2.6, 2.4 and 3.1. The red

XV



stars represent fragments from a co-eluting peptide. (¢) RDD spectra of four synthetic
peptides L-Asp, D- Asp, L-isoAsp, and D-is0Asp 'TVLDSGISEVR. .......c.cccccoeevevivnnenn, 71

Figure 3.6 LC chromatogram for peptide HFSPEDLTVK in sheep eye crystallin
digestion mixture. (b) CID spectra of [HFSPEDLTVK + 2H]2+ at 32.44min and 35.39min,
separately. The Risomer Value is 1.5 (Yo' & -18). (c) CID spectra of [HFSPEDLTVK + H]"
at 32.64 and 35.53min. The Risomer Value is 7.3 (bg” & ys'). The isomer discrimination is
achieved at +1 charge state. (d) LC chromatogram for peptide HFSPEDLTVK' in sheep
eye crystallin digestion mixture after modification. (¢) RDD spectra of [HFSPEDLTVK'
+ 2H]?* at 61.97 and 66.25min. The Risomer Value is 25.3 (V6 & Ya). wevvvevevvrceereeeennen, 73

Figure 3.7 (a) LC chromatogram for peptide Ac-AEQHSAPEQAAAGK in sheep eye
crystallin digestion mixture (b) CID spectra of [Ac-AEQHSAPEQAAAGK + 2H]* at
22.18min and 22.48min, separately. The two spectra are identified as L-serine and D-
serine containing peptide by comparing with (c). (c) CID spectra of two synthetic
peptides L-serine and D-serine Ac-AEQHSAPEQAAAGK. ......cccoveiievveie e 75

Figure 3.8 Relationship between retention time difference in HPLC and the Risomer Value
of peptide isomers listed in Table 3.1, for CID (a) and RDD (D). ....c.ccoceeveviiiieiiciecne 78

Figure 3.9 Isomerization ratio of oA and oB crystallins. Different colors indicate the
three structural regions of crystallin, with the N-terminal region in orange, the alpha
crystallin domain in blue, and the C-terminal extension in purple. The black asterisks
represent aspartic acid residues and the white asterisks represent serine residues. The
black stars (peptide 89-99 in oA and peptide 124-149 in aB) indicate regions where
isomerization was detected but not quantified due to incomplete separation by HPLC. . 80

Figure 4.1 (a) Full MS spectrum of peptide MRFA. The exact mass is 524.27 Da for
[MRFA+H]" (b) Full MS spectrum of peptide MRFA and 18C6 acquired on a different
day under different operating conditions. The exact mass is 788.42Da for
[MRFA+18C6+H]". The complex exhibits significant mass deviation (0.59 Da) while the
peptide peak is observed at correct mass (deviation within 0.2 Da). (c) CID of
[MRFA+18C6+H]". The arrow represents the precursor ion. The peptide mass is correct
after CID. (d) Full mass spectrum of MRFA and 18C6 in time-of-flight instrument (zoom
in between 780Da and 800Da). The mass and isotope patterns agree well with predicted
VAIUBS. ottt b e E ettt et et ae et et re e re e e 97

Figure 4.2 Isolation windows for a series of Ac-KGy (x = 0 to 5) peptides that have been
complexed with 18C6. The predicted masses and isotope distributions are shown as red
lines. The mass shifts increase as more glycine residues are added to the peptide. ......... 99

XVi



Figure 4.3 TOF mass spectrum of the mixture of 18C6 and Ac-KGy (x = 1 to 5) peptides.
The masses and isotope distributions agree well with predicted values for the 18C6
complex with Ac-KGy (x = 1 to 3). The 18C6 complex with Ac-KGGGG has very low
relative abundance while the Ac-KGGGGG-crown complex cannot be observed. ....... 100

Figure 4.4 (a) Precursor ion survival as a function of excitation voltage/degrees of
freedom. Again additional glycine residues lead to decreased stability. (b) The trends in
peptide complex stability determined independently by mass shifting and collisional
activation for Ac-KGx peptides. The y axis on the right represents the reciprocal of the
activation voltage (normalized by the number of degrees of freedom) to induce 50%
dissociation of the crown complexX by CID.........cccccceiiiieiiicieee e 101

Figure 4.5 Isolation windows (10Da) for a series of Ac-RGy (X = 0 to 5) peptides that
have been complexed with 18C6. The predicted masses and isotope distributions are
shown as red lines. The mass shifts increase as more glycine residues are added to the
PEPTITE. ...t bbb 102

Figure 4.6 Isolation windows (10 Da) for a series of Gx (x = 2 to 5) peptides that have
been complexed with 18C6. The predicted masses and isotope distributions are shown as
red lines. The mass shifts and peak widths are reduced compared to Ac-RGx and Ac-KGy
0] oL 0 USROS RPN 103

Figure 4.7 (a) Mass shifts for the primary isotopic peaks obtained from isolation
windows of 18C6 adducts with Ac-RGy, Ac-KG4, and Gy peptides. Reduced
intramolecular charge solvation in polyglycine leads to greater 18C6 adduct stability and
smaller mass shifts. (b) The magnitude of the mass shifting is reduced if the scan speed of
the INStrUMENt IS AECIEASEA. ......eiveeeieie e 104

Figure 4.8 Lowest energy structures for GGGG, GGGG-18C6, Ac-KGGG, and Ac-
KGGG-18C6 from molecular dynamics conformational searches. The hydrogen bond
distances between H and O atoms are shown for each structure. The peptide structures
change significantly when 18C6 is attached. The interactions between peptide backbone
and side chain are stronger for Ac-KGGG than for GGGG. .........ccccoceevieviiiiiciiecinns 106

Figure 4.9 Distributions of remaining 18C6 adducts following collisional activation of
the four adduct peak from different proteins in 50/50 water/methanol. (a) Cytochrome c
from charge state +9 to +15. (b) Ubiquitin from charge state +6 to +10. (c) apomyoglobin
from charge state +11 to +18. In general higher charge states retain more 18C6 adducts.



Figure 4.10 CID spectra of cytochrome c at +9 charge state with four-adduct peaks at
various excitation energies. The black arrows represent precursor ions. Peaks are labeled
by “charge state-number of crown adducts”. 15% NCE is sufficient to produce the bare
(O] | TR TP U PP P TP U TR TRPRO 111

Figure 4.11 CID of [KKKKK+4(18C6)+4H]*". The black arrow represents the precursor
ion. Peaks are labeled by “charge state - number of 18C6 adducts”. The loss of one
crown from +4 charge state is observed yields the primary product. .............c.ccocceenee 112

Figure 4.12 CID spectra of cytochrome c at +14 charge state with four-adduct peaks at
various excitation energies. The black arrows represent precursor ions. Peaks are labeled
by “charge state-number of crown adducts”. The activation of +14 charge state mainly
leads to the loss of two crowns even at higher activation energies. .........ccccoecevverveennenn. 113

Figure 4.13 MS® spectrum showing collisional activation of the 14-2 peak of cytochrome
c. Naked protein is not the preferred product. Peaks are labeled by “charge state - number

of 18C6 adducts”. The precursor ion was generated by collisional activation of the 14-4
05T L OSSPSR 114

Figure 4.14 CID of holomyoglobin with four crown adducts for the (a) +10 and (b) +11
charge states. Heme loss occurs primarily after 18C6 is lost, suggesting a protective
function. Numbers refer to charge state and number of 18C6 adducts, i.e. 11-1 is the +11
charge state with a single 18C6 adduct. The black arrows represent the precursor ions.116

Figure 5.1 (a) Backbone structural alignment for the three variants of insulin. (b)
Sequence alignment for human, porcine and bovine insulin from top to bottom,
respectively. Sequence variation (white), basic residues (blue) and acidic residues (red)
are highlighted. (c) ESI-MS spectrum of insulin from bovine, porcine, human and 18C6
in water. Peaks are labeled by (charge state) — (number of 18C6 adducts). The results are
similar for all three ProteinS. ........coveiiicii e 129

Figure 5.2 Sequence alignment for horse, bovine, pigeon, and yeast cytc from top to
DOLLOM, FESPECLIVEIY. ..o e eere e 130

Figure 5.3 (a) Backbone structures of horse, bovine, and yeast cytc. Displayed atoms
represent basic and acidic sequence variations relative to horse cytc. (b) Surface
electrostatic distributions derived from crystal structures. The colors represent charge
polarity (positive charge, blue; negative charge, red)........cccccoveiiiiiiie i 131

Xviii



Figure 5.4 SNAPP distributions for four variants of cytc for the (a) +9 and (b) +10
charge states. Bovine, horse, and pigeon cytc exhibit similar results, while yeast cytc has
@ ISEINCE AISTIIDULION......oviiiic e 134

Figure 5.5 Backbone structural alignment of hen and human lysozyme. ...................... 135

Figure 5.6 Surface electrostatic distributions derived from crystal structures. The colors
represent charge polarity (positive charge, blue; negative charge, red). ........ccccccevvennene 135

Figure 5.7 Sequence alignment of hen and human lysozyme (top and bottom,
respectively). The blue stars indicate basic and acidic sequence variations.................... 136

Figure 5.8 SNAPP distributions for hen and human lysozyme, for the +11 and +12
(o 4 T T - (SRR 137

Figure 5.9 ESI-MS spectra of horse cytc in (a) 100% water (b) 50/50 water/methanol and
(c) 50/50 water/MeOH with 1% acid. No charge state distribution shift was observed for
50/50 water/MeOH, while a significant shift was observed with 0.1% acid. ................. 140

Figure 5.10 DESI mass spectra of (a) horse, (b) bovine, (c) pigeon, and (d) yeast cytc in
100% water and 50/50 water/methanol mixture. The yeast variant is significantly
unfolded in 50% METhANOL. .........ooiiiie s 143

Figure 5.11 SNAPP distributions of +9 charge state for horse, bovine, and pigeon cytc
in water and 50/50 water/MeOH. Partial denaturation in the presence of methanol when
compared t0 that IN WALEK..........cccooii i e 144

XiX



LIST OF SCHEMES
Scheme 1.1 Peptide backbone fragmentation nomenclature............ccccceevveievieieccc s, 5

Scheme 1.2 (a) Structure of 18-crown-6 (18C6). (b) Three hydrogen bonds formed

between primary amines and L8CH. .........ceiveieiiiiieii e 10
Scheme 2.1 Three photolabile Chromophores. ... 20
Scheme 2.2 Mechanism for 30 Da loss from serine side chain...........cccocevvnieieneeiene, 26

Scheme 3.1 Workflow to identify peptide isomers in a protein digestion mixture by LC-

XX



LIST OF TABLES

Table 2.1 Comparison of chiral recognition factors among different dissociation methods42

Table 3.1 Identified peptide isomers from sheep eye lens digest in ovine database......... 66
Table 3.2 Identified ovine crystallin proteins from bovine database ...............cccceovenneee. 68
Table 3.3 Risomer Value of the identified isomer peptides for bothd RDD and CID .......... 77
Table 5.1 Comparison of Relative Changes in SNAPP versus Sequence....................... 139
Table S 3.1 Source ions for R and S ValUES .........c.coveiiiiini i 86

Table S3.2 Detailed list for all the peptides identified in sheep eye crystallin from Ovine

ATADASE ...t e et e e e e e e —————a e e e e ——— 88

XXi



LIST OF ACRONYMS

MS — Mass Spectrometry

m/z — Mass to Charge ratio

ESI — ElectroSpray lonization

PTM — Post Translational Modification

NMR — Nuclear magnetic resonance

LC — Liquid Chromatography

LC-MS — Liquid Chromatography couple with Mass Spectrometry
18C6 — 18-Crown-6 ether

SNAPP — Selective Noncovalent Adduct Protein Probing
CCS — Collisional Cross Section

RDD - Radical Directed Dissociation

PD — PhotoDissociation

CID — Collision Induced Dissociation

ECD — Electron Capture Dissociation

ETD - Electron Transfer Dissociation

Cytc — cytochrome ¢

HDX — Hydrogen/Deuterium Exchange

MALDI — Matrix Assisted Laser Desorption/lonization
DESI —Desorption ElectroSpray lonization

MeOH — Methanol

NCE — Normalized Collisional Energy

DOF — Degree Of Freedom

TOF — Time Of Flight

XXii



Chapter 1

CHARACTERIZATION OF PROTEIN STRUCTURE AND PTMS BY MASS SPECTROMETRY

1.1 Protein Characterization by Mass Spectrometry

Mass spectrometry measures the mass to charge ratio (m/z) of a molecular ion. Other
than the m/z of the entire molecule, the ion can be fragmented in the mass spectrometer
and the masses of these fragment ions can be detected (tandem mass spectrometry). The
fragmentation pattern (including both bond cleavage sites and relative abundances of
fragment ions) provides structural information about the analyte molecule. Since early the
1900s, mass spectrometry has been widely used to analyze small organic molecules. In
the last few decades, the rapid development of instrumentation has empowered the
characterization of large biomolecules by mass spectrometry, especially after the
invention of two revolutionary soft ionization techniques, electrospray (ESI)* and matrix

assisted laser desorption ionization (MALDI).?

Proteins, as the most abundant biomolecules in living organisms, play a wide range of
functional roles, including catalyzing reactions, structural support, transportation, storage,
signaling, etc. Although proteins are made of only twenty types of common amino acids,
they can adopt a wide variety of structures and conformations, which determines the
protein functionality. Mass spectrometry is one of the major techniques used to
characterize protein structures. Generally, the identification of proteins by mass
spectrometry is achieved by comparing the masses of the proteolytic peptides or their

tandem mass spectra with those theoretically calculated from proteome or genome



database (bottom-up proteomics).® By coupling liquid chromatography (LC) and mass
spectrometry (LC-MS), thousands of proteins can be identified in a complex biological
system such as cell lysate.* Merely protein identification, however, is only the first step in
proteomics studies. With isotope labeling, or tandem mass tags, or label-free techniques,
target peptides or proteins can also be quantified in unknown samples, providing another
important dimension of information. Furthermore, mass spectrometry can also reveal
protein tertiary and quaternary structures via labeling techniques and limited digestion.”
Nevertheless, full protein characterization remains challenging due to the intricacy of the
proteome and the complexity of protein structures. The purpose of this dissertation is to
develop mass spectrometry based techniques to identify/quantify subtle post translational

modifications and characterize protein tertiary structures.

1.2 Post Translational Modification Analysis

One of the essential mechanisms that modulates protein structure and function is post
translational modification (PTM). In biological systems, a protein is synthesized via the
translation of mMRNA and different amino acids are incorporated based on the genomic
information. After translation, some proteins are modified by enzymatic reactions before
achieving their final functionality. These modifications are known as post-translational
modifications. This explains why the human proteome is much greater than the human
genome. Hundreds of PTMs are known to occur physiologically, including
phosphorylation, glycosylation, acetylation, disulfide bonds, deamidation, methylation,
etc. All these PTMs have a remarkable influence on the function of a protein. Unlike the

protein primary structure, PTMs cannot be directly determined from genetic information.
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Reliable methods for protein characterization and PTM analysis are therefore needed to

accurately identify the modification type and location.

PTMs can be divided into two broad classes, enzyme-catalyzed modifications and
spontaneous modifications. The addition and elimination of the majority of PTMs on a
protein are catalyzed by enzymes prior to the protein arrival of the final destination in the
cell. Usually the enzyme catalyzed modifications are necessary for the protein function.
However, some PTMs occur spontaneously in vivo, which can result in damage to the
protein structures and the cell. ® These non-enzymatic modifications are relatively
abundant in long-lived proteins, such as enamelin from teeth, crystallin from lens and
collagen from bones.” For example, free radicals can react with proteins and lead to
oxidation of several amino acids such as methionine and cysteine. During the aging
process these oxidative modifications accumulate, which are detrimental to the protein
function.® It is believed that oxidative stress is a major cause of several diseases,
especially age-related illness, such as cancer, Alzheimer’s disease, Parkinson’s disease,
diabetics, etc.® Another example is disulfide bonding, which can also occur upon aging.
The unexpected disulfide bonds can cause misfolding and aggregation of protein
structure, leading to dysfunctionality.’® Therefore, analysis of the age-related PTMs is

necessary and important for understanding the pathology of aging.

PTM identification using mass spectrometry is relatively straight forward: the amino
acid sequence of a peptide can be obtained from subtracting the masses of adjacent

product ions*! and chemical modifications can be directly observed by mass shifts.'?



Isomerization and epimerization, however, are exceptions. Epimerization refers to the
process of inverting the chiral center of one amino acid in a peptide or protein. Although
almost every amino acid in the eukaryotic proteins exists in the L form, D-amino acid
containing peptides are known to display important biological activities.®* Aspartic acid
isomerization refers to a spontaneous chemical reaction that leads to the formation of
several isomeric forms of aspartic acid through a cyclic succinimide intermediate.** Both
epimerization and isomerization can significantly affect protein structure and function,
and are also associated with numerous diseases. One notable example is beta-amyloid;
chiral inversion of Ser 26 in the peptide can result in a toxic truncated fragment which is
related to the pathology of Alzhimer’s diseases.™*° In addition, the accumulation of D-
amino acid and iso-Asp in proteins with increasing age has been detected in various
human tissues such as eye lenses, bones, brain, teeth, etc.'”*° Especially, isomerization in
the eye lens protein can induce protein aggregation and lens opacification, leading to
cataract disease. ! The detection of these modifications is very difficult due to the
identical mass between the original and modified peptides. Comparing to other age
related PTMs (deamination, disulfide bonds, oxidation, etc.), isomerization and

epimerization have been reported much less in the literature.

As previously mentioned, the fragmentation pattern of a peptide upon dissociation in
the mass spectrometer is structurally relevant. A variety of fragmentation techniques have
been reported to discriminate peptide epimers or isomers.?* Typically the fragmentation is
achieved by collision induced dissociation (CID).? In CID, the positively charged target

ions undergo repeated collision with an inert collision gas until fragmentation occurs. The
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dissociation pathway is related to the proton mobility and the cleavages are strongly
influenced by peptide sequences and the positions of charged side chains.?* Recently,
electron capture dissociation (ECD)® and electron transfer dissociation (ETD)?® have
been invented and shown to be powerful techniques for protein characterization and PTM
analysis. In these experiments, free electrons or radical anions are introduced to interact
with a multiply charged target peptide/protein, creating radicals and breaking backbones.
Unlike CID, during which the loss of PTMs occurs frequently, ECD and ETD fragments
retain labile PTMs such as phosphorylation and glycosylation. Typically, CID cleaves the
peptide amide backbone and yields b and y ions, while the radical dissociation methods

generate a, ¢ and z ions. Generic nomenclature for peptide backbone fragmentation is

shown in Scheme 1.1.

Scheme 1.1. Peptide backbone fragmentation nomenclature

Another radical based dissociation method, radical directed dissociation (RDD) has
been recently applied to elucidate protein tertiary structures.?” In RDD, peptides/proteins
are covalently labeled by a photolabile chromophore and irradiation of the labeled ion
with a UV laser generates a radical at the modification site. The radical can migrate along

the peptide backbone or side chains and then lead to peptide fragmentation upon
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collisional activation. The RDD fragmentation pattern is very structurally sensitive for
several reasons: First, the radical migration process is related to the protein structure and
the RDD fragmentation occurs in the vicinity of the radical.?”?® Secondly, different from
the mobile protons in CID and the radicals in ECD or ETD, the position of the initial
radical in RDD is fixed based on the chemical modification.” Thirdly, only one radical is
present in RDD, while several mobile protons can be responsible for CID fragmentation
in multiply charged peptides.

Described in Chapter 2 is the application of RDD for the discrimination of peptide
epimers. Based on the structural sensitivity, it is demonstrated that RDD can successfully
distinguish the subtle structural change between two peptide epimers and provides better
chiral discrimination ability than all the other previously reported dissociation methods.
However, Chapter 2 only examined standard peptide epimers. The significance of this
project lies in the possibility of detecting amino acid isomerization in proteins. This could
reveal how isomerization affects protein function and explore the correlation between
isomerization and certain diseases. Chapter 3 describes “isomer proteomics”, which is the
study of protein epimerization and isomerization in a complex biological sample. The
primary difference between isomer proteomics and traditional proteomics is that each m/z
of interest must be sampled multiple times to allow for comparison of tandem mass
spectra. The approach was illustrated by the examination of long-lived crystallin proteins
extracted from a sheep eye lens in Chapter 3. Numerous sites of epimerization and
isomerization were identified from the whole lens extract using a combination of RDD

and CID following separation by liquid chromatography. The results demonstrated for the



first time using both LC and MS for the detection of peptide isomers in a large-scale

proteomics analysis.

1.3 Protein Tertiary Structures

Several methods have been applied to investigate protein structures. For example,
Edman degradation®® has been widely used for peptide sequencing, with the following
identification of the single amino acid by UV spectroscopy. For secondary structures,
circular dichroism spectroscopy is a common method to determine alpha helix, beta-sheet
and random coil structures in a protein.®* The protein three-dimensional structures can be
accurately determined by nuclear magnetic resonance (NMR) and X-ray crystallography.
However, there are limitations for each method. Edman degradation can only provide
information about primary structure and the procedure is very time-consuming. X-ray
crystallography yields unambiguous information about protein structures but the
intramolecular interactions in solution can be overlooked in the crystal structure due to
the noncovalent intermolelcular interactions with adjacent proteins. NMR is capable of
detecting very fine structural variation or highly dynamic states, but the application is

restricted due to the complicated sample preparation process.

Mass spectrometry has been demonstrated to be a powerful technique for the
characterization of protein structures. Covalent labeling techniques are widely used to
study protein solvent accessibility, protein-protein interaction, protein-ligand binding, etc.
Hydrogen-deuterium exchange (HDX) is one of the most common covalent labeling

methods. In HDX, proteins are dissolved in deuterated solvents during a certain period of



time which result in the substitution of the covalent bonded hydrogens on the protein to
deuterium atoms.®? The labile hydrogen atoms such as those on side chains exchange
much faster than those on amide backbones and the exchange rates can be monitored by
mass spectrometry. Proteins in compact structures have relative less solvent accessibility
and a smaller amount exchanged hydrogens than unfolded states. Combining with LC,
HDX-MS has been applied for probing protein structures under various circumstances
such as conformational changes upon ligand binding,* large macromolecular assembly,**
protein aggregation,® structural dynamics, etc.*®*" Besides HDX, amino acid-specific
covalent labeling is another valuable technique to examine protein structures.®® In these
experiments, certain amino acid side chains (primary amine, carboxylic acid, serine,
tyrosine, etc.) of a protein are chemically modified, following by digestion and LC-MS
for the identification of the modification site. The reactivity of amino acids in proteins
depends on the solvent accessibility of that certain residue and thus the site-specific
structural information can be obtained. Additionally, in the last two decades, ion mobility
coupled to mass spectrometry has provided a new area in the structural analysis of large
protein complex.®**° lon mobility separates protein ions based on their ability to travel
through a drift tube. The drift tube is applied with electric field which affects the drift
velocity based on protein charges. The tube is also filled with buffer gas to induce
collisions with protein ions.* Under the influence of both electric fields and collisional
gas, the drift time of a protein correlates with the mass, charge, shape and size. A
compact protein that has a smaller collision cross section (CCS) will have a shorter drift

time. Although ion mobility cannot directly provide protein structural information in



detail, this method opens the way for comprehensive structural analysis for large protein

assemblies and aggregated protein systems.*?

A critical concern for protein structural characterization by mass spectrometry is that
the experiments are conducted in the gas phase, while these biomolecules carry out their
functions in aqueous solution. Therefore, it is necessary to ensure that the solution phase
structures are preserved during the transition. One of the most common ionization
methods is electrospray ionization (ESI).' During electrospray, high voltage is applied to
the liquid sample and a mist of highly charged droplets is generated. The size of these
droplets is reduced by solvent evaporation or coulomb explosion, finally yielding analyte
ions.”®* As a gentle ionization method, ESI does not fragment the sample molecules,
which allows weakly bonded complex to be transferred and detected.** However, detailed
mechanism of the ESI process at a molecular level is not known.* There is continuous
debate about the degree to which protein structure is preserved in the gas phase after the
transition by ESI. Recent work with ion mobility experiments“® revealed that the
interactions between charged lysine side chain and backbone carbonyls can dramatically
disturb the tertiary structure of a protein in the absence of solvent. However, with the
charged residues capped with 18-Crown-6, the protein solution phase structures are

preserved for certain charge states.



Scheme 1.2 (a) Structure of 18-crown-6 (18C6). (b) Three hydrogen bonds formed
between primary amines and 18C6.

18-crown-6 (18C6) is a small molecule that binds cationic species as shown in Scheme
1.2. When mixing with proteins or peptides in solution, 18C6 can noncovalently attach to
basic sites (Lys/Arg side chains and N-terminus) on the surface of the protein/peptide
during ESI.*" Such attachment has been applied for peptide charge stabilization,*’ radical
generation,”® protein structural analysis, *® etc. Chapter 4 demonstrates using mass
spectrometry that 18C6 can protect protein solution phase native structure by solving the
charged sites. The stability of the 18C6 attachment to the peptide is highly dependent on
the peptide sequence and structure. Experiments with model peptides with different
cation groups and different length have shown that the 18C6 adduct stability is decreased
if more intramolecular charge complexation is involved. Examination of the loss of 18C6
adducts from proteins following collisional activation reveals that lower charge states
lose the most 18C6. These results are in agreement with the ion mobility experiments that
upon the addition of 18C6, protein adopt more compact and native-like structures in the

gas phase than in the absence of 18C6, indicating that the non-covalent attachment
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of 18C6 to protein can solvate the positively charged side chain in a similar way as
solvent molecules.*

In this regard, 18C6 may serve the function of protecting solution phase protein
structure. Accordingly, an 18C6 based technique, known as SNAPP (selective
noncovalent adduct protein probing) has been developed for the examination of protein
solution phase structure by mass spectrometry.*®* In this method, 18C6 is used as a
recognition molecule to non-covalently attach solvent accessible basic residues in
proteins via three hydrogen bonds (Scheme 1.2b). The interaction is weak in solution, but
becomes strong in the gas phase during the ESI process as the solvent molecules rapidly
evaporated. The unique pattern of the number and relative intensities of protein-18C6
complexes is called SNAPP distribution. Previous results have demonstrated that the
18C6 attachment to charged side chains is interfered by intramolecular interactions such
as hydrogen bonds and salt bridges.>® Thus, the SNAPP distributions do not solely rely on
the number of basic residues or the protein sequence, but also probe the overall protein

conformation.

SNAPP is complementary to other common existing mass spectrometry based
techniques for protein structural elucidation. For example, the SNAPP distribution is very
sensitive to the local chemical environment for the basic residue side chains; in HDX,
however, the side chain information is lost due to the back exchange effect. Covalent
chemical modification of specific amino acids is suspect to induce protein structural
perturbation, while SNAPP experiments rely on the noncovalent 18C6 attachment to the

protein basic residues, which does not affect the overall protein structure. Although
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SNAPP cannot provide detailed information about specific amino acid side chains, this
technique is highly suitable for perturbing the protein structural change in different

environments (adding organic solvent, interacting with ligands, etc).

Described in Chapter 5 is the application of SNAPP technique for evaluating the
structural consequences of point mutations in naturally occurring sequence variants from
different species. Results in Chapter 5 demonstrate that mutations that lead to
perturbations to the electrostatic surface structure of a protein affect noncovalent
attachment and are easily observed with SNAPP. Comparing with the other techniques
described previously, SNAPP experiments are relatively easy to perform, require minimal

sample consumption, and can provide a facile route for protein surface structure analysis.
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Chapter 2
DISCRIMINATING D-AMINO ACID CONTAINING PEPTIDES BY RADICAL DIRECTED

DISSOCIATION USING MASS SPECTROMETRY

2.1 Introduction

Although eukaryotic proteins and peptides normally consist solely of L-amino acids,
peptides containing D-amino acids with known biological activities have also been
discovered in amphibians, invertebrates, and mammals.'? Inversion of the chirality of a
single amino acid from L to D yields a peptide epimer which can exhibit significantly
altered biological function. For example, the deltorphins® and dermorphin® are peptides
found in the skin of a South American frog, where the second amino acid is converted to
the D-isomer by post translational modification. These peptides show high affinity and
selectivity for opioid receptors, and the D-configurations are essential for biological
response. In addition, D-Ser and D-Asp have both been detected in human tissues where
it is hypothesized that spontaneous racemization occurs with aging.’ The presence of the
D-amino acids in proteins has also been correlated with abnormal protein aggregation or
unfolding. For example, the racemization of serine residues in -Amyloid protein may be
involved in the degeneration of neuronal cells and related to the pathology of
Alzheimer’s disease.® In each of these examples, inversion of chirality is inconspicuous
in an analytical sense because it does not result in a change in the molecular weight and

cannot be easily identified by standard amino acid sequencing methods. Therefore,
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reliable and sensitive methods for identifying and characterizing peptide epimers are
needed.

Methods for detecting the chirality of amino acid residues in peptides include
liquid/gas chromatography,” NMR,® and stereoselective enzymatic digestion.” Frequently
these methods require chiral reagents or chiral stationary phases which are not widely
available. Although mass spectrometry (MS) is a common and very powerful method for
carrying out proteomics research, differentiating peptide epimers with MS is challenging
because the chiral inversion does not lead to any change in mass/charge. Several
strategies have been developed to overcome this difficulty. Tao et al. reported
enantiomeric differentiation of single D- and L- amino acids with MS via the kinetic
method.'® Hydrogen/Deuterium exchange has been combined with tandem MS to identify
the racemization sites in immunoglobulin proteins.'' Chiral discrimination can also be
achieved by comparing the relative abundances of fragments obtained following
individual activation of each epimer. For this method to be successful both epimers must
be available and the relative intensity of some of the fragments must be substantially
different between the two fragmentation spectra. Both collision induced dissociation
(CID)"*"*'* and electron capture dissociation (ECD)">"'® have been successfully employed
to distinguish the presence of D amino acids in peptides using this approach; however,
discrimination 1is difficult with both methods. Fragmentation in CID occurs largely
through proton initiated pathways. Due to proton mobility and multiplicity, structural

sensitivity in CID can be limited. In the case of ECD, structural sensitivity is primarily
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dependent on the noncovalent hydrogen bonding network, which is poor in short
peptides.

An alternative MS based dissociation method, radical directed dissociation (RDD) has
been used previously to elucidate protein tertiary structure '’ or for site specific
cleavage.'® ' In these experiments, proteins or peptides are labeled by chromophores that
include a carbon-iodine or carbon-sulfur bond. Irradiation of the precursor ion with a
266nm laser homolytically cleaves the C-I or C-S bond and yields a radical specifically at
the modification site. Collisional activation of this radical species leads to various
backbone dissociation and side chain loss products. Migration of the radical dictates
which fragments will be observed and is highly dependent on peptide structure.”
Consequently, RDD fragmentation patterns are typically very structurally informative,
which should provide a greater potential for identifying subtle changes to peptide
structure relative to ECD and CID.

Another advantage of RDD is that there are numerous, nonequivalent methods for
generating radical peptides. Both covalent and noncovalent chemistry can be used;
several chromophores relevant to the present work are shown in Scheme 2.1.*' The
peptide N-terminus or lysine side chains can be modified by 1. Alternatively, if the
peptide contains a tyrosine residue, then single iodine can be easily installed as shown in
2. A third method combines the recognition ability of 18-crown-6 (18C6) ether with a
photolabile radical precursor (see 3). The 18C6 portion of 3 can noncovalently attach to
basic sites during electrospray by simply adding 3 to the solution containing the

peptide.”” > Photoactivation of the complex with 266 nm light leads to the loss of I and
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generates a phenyl radical, which can subsequently migrate to the peptide (or not) prior to
dissociation of the noncovalent complex following subsequent collisional activation.
Both the radical transfer probability and the subsequent fragmentation of the radical
peptide are potentially sensitive to peptide conformation. To simplify reading this
manuscript, traditional one letter codes are used for amino acids with underlined residues

representing sites of epimerization.

1 2
H,N

OH CH,

OH

e
oY, '

Scheme 2.1 Three photolabile chromophores.

Herein, eight peptides containing naturally occurring D-alanine, D-serine or D-aspartic
acid residues were examined by RDD and compared with all L-amino acid epimers.
Several different photolabile radical precursor chemistries were used, and in all cases
excellent discrimination between epimers was obtained by at least one method. It is

demonstrated that RDD can easily discriminate between epimers in various charge states,
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including multiply charged ions and positively and negatively charged ions. RDD can
successfully discriminate peptide epimers of various chain lengths (4-12 residues were
tested herein). In addition, for some peptides radical transfer efficiency from 3 (following
photoactivation) was shown to easily discriminate between epimers, illustrating an
alternate route for identification that does not involve fragmentation. The results clearly
demonstrate that RDD provides a diverse new array of powerful tools for detecting subtle

changes to peptide structure caused by chiral inversion of a single amino acid.

2.2 Experimental Methods

2.2.1 Materials

Organic solvents and reagents were purchased from Sigma-Aldrich (St. Louis, MO) or
Acros Organics (Geel, Belgium) and used without further purification. Water was
purified to 18.2 MQ using a Millipore 147 (Billerica, MA) Direct-Q system. The D
amino acids and resin were purchased from Ana Spec (Fremont, CA). Peptides were
purified by reversed-phase HPLC using a Biobasic C18 column (Thermo Scientific) prior

to quantitative analysis.

2.2.2 Peptide Synthesis

All the Peptides except D-alanine YAFDVVG-NH,; (deltorphin C) were synthesized
manually using standard fmoc procedures** with Rink Amide Resin or Wang Resin being
employed as the solid support. Amino acids with protected side chains were used when

needed. Deltorphin C was purchased from American peptide company (Sunnyvale, CA).
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2.2.3 Radical Precursor Synthesis

Procedures to synthesize the three labeling compounds shown in Scheme 2.1 are as
follows:

4-iodobenzoic acid modification (1). After synthesis of a peptide chain was completed,
but prior to cleavage from the resin, half of the sample was further modified to add 4-
iodobenzoic acid to the N-terminus of the peptide. Peptides modified in this fashion have
a superscripted 1 on the N-terminal residue (i.e. 'DVGSNK). To the reaction vessel SmL
dimethylformamide (DMF) was added and bubbled with N, for 15 minutes to swell the
resin, and then the DMF was drained. Afterwards, a mixture of equal moles of
tetramethylaminium hexafluorophosphate (HCTU) and 4-iodobenzoic acid dissolved in
2.5mL of DMF were added to reaction vessel and bubbled with N, for 6 minutes. The
resin was rinsed with SmL of methanol and dried for 20 minutes. Finally, the resin was
transferred to a glass vial and the peptide was cleaved.

Iodination of tyrosine in peptides (2). Peptides were iodinated at room temperature
using a previously published method.? Sodium iodide and chloramine-T were used as the
iodine source and the oxidizing reagent, respectively. After 1 min reaction, sodium
metabisulfite was added to the solution to quench the iodination reaction. Stoichiometric
quantities of iodination reagents were used to avoid any side reactions (1:1:1:2 molar
ratio of peptide/sodium iodide/chloramine-T/sodium metabisulfite). Iodinated peptides
were purified by removal of excess iodination reagents via peptide trap (Michrom

Bioresource Inc.).
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2-(hydroxymethyliodobenzoylester-18-Crown-6 ether (3) was prepared by the
previously reported procedure.”' 0.50 mmol DCC in 5.0 mL dioxane was added to a 50
mL round bottom flask containing 0.50 mmol of 4-iodobenzoic acid and 0.50 mmol 2-
hydroxymethyl-18-crown-6 ether. A catalytic amount of DMAP (~10 mg) was added.
After a 12 h reaction period, a crystalline hair-like precipitate was observed. The

precipitate was removed by filtration. The filtrate was then evaporated over nitrogen.

2.2.4 Mass Spectrometry and Radical Directed Dissociation

Solutions containing ~10 uM peptide in 50/50 methanol/water were infused into an
LTQ linear ion trap mass spectrometer (Thermo Fisher Scientific, San Jose,) with a
standard ESI source. No acid or buffer was added to the solutions for positive mode.
0.5% ammonium hydroxide or ImM ammonium acetate buffer was added to solutions to
enhance the signal for negative mode. The mass spectrometer has been modified with the
addition of a flash-pumped Nd:YAG laser (Continuum, Santa Clara, CA) to the back of
the instrument. The laser fires fourth harmonic pulses (266nm) through a quartz window
at the back of the instrument into the ion trap. Photodissociation (PD) of the
covalently/noncovalently modified peptides always produces the loss of iodine as the
most abundant peak. Further MS® experiments were performed by re-isolation followed
by and collision induced dissociation (CID) of the radical species. The isolation window
width of MS? and MS? experiments was set to 3-4 Da. For noncovalent radical delivery, 3
was added at 5 times the peptide concentration to the solution prior to electrospraying,
and the MS" type experiments described below were performed on the resulting

noncovalent peptide-crown complexes.
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2.3 Results and Discussion
2.3.1 D-serine Peptides

DVGSNK is a small B-amyloid peptide fragment. Racemization at the serine residue
has been found to be an age-dependent process and related to the pathology Alzheimer’s
disease. Figure 2.1a shows the PD spectra of the two serine epimers of 'DVGSNK-NH,
("X denotes N-terminal modification of X by 1 where X is any amino acid). The most
abundant peak for both peptides is loss of 127 Da from the precursor ion, which
corresponds to homolytic cleavage of the C-I bond. In addition to the loss of iodine, an
intense peak resulting from a loss of 30 Da from the radical peptide is observed for the D-
serine peptide. The matching loss is barely observed in the L-serine epimer. Chiral
inversion at serine is the only difference between the two peptides, and the side chain of
serine can undergo a loss of 30 Da by RDD via the mechanism shown in Scheme 2.2.
Tandem MS® experiments (Figure 2.1b) confirm that the loss of 30 Da originates from
the serine side chain. Previous results have demonstrated that the backbone and side
chain fragments resulting from PD (without subsequent collisional activation) are
typically localized to the vicinity where the radical is initially produced.'®" In this case,
the D-serine side chain is fortuitously in close proximity to the N-terminus of peptide,
while the L-serine side chain is not. Excellent discrimination between the two epimers is

therefore afforded.
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Figure 2.1 (a) PD of the two serine epimers of 'DVGSNK-NH,. The major difference is
the -30Da serine side chain loss. (b) CID of -30 loss from PD of ['DVGSNK-NH, + H]*
(D-ser epimer). A series of bs, bs-30, bs-30 fragments are observed, while b3-30 ion is not
present in the spectrum, which verifies that the -30 loss is from serine.
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Scheme 2.2. Mechanism for 30 Da loss from serine side chain

The MS? spectra generated by collisional activation of the radical peptides created by
the loss of 127 Da are shown in Figure 2.2a. Loss of 44 Da is prevalent for both epimers
and minor backbone fragmentations are also observed in roughly equal abundances.
Interestingly, the loss of 30 Da from serine side chain is not present in either spectrum. It
is likely that the fraction of radical which migrates promptly to the serine side chain
accounts for the -30 Da observed in the PD spectrum, and that subsequent collisional
activation favors migration to more thermodynamically favorable destinations. This
phenomenon has been observed previously where PD and PD-CID have yielded different
fragmentation patterns.'® Importantly, the PD-CID spectra of the two epimers also show
significant differences in the relative losses of NH; and H,O. The D-serine peptide is
dominated by water loss, which is a minor loss for the L-serine peptide.

It is useful to quantitatively compare the degree of difference obtained by comparison
of epimers in this fashion. An R value dependent on the ratios of observed peaks similar
to that originally reported for chiral recognition by Tao and coworkers'®is typically used.
We will report Reniral values as defined in equation (2.1).'*'® Rp and Ry represent ratios

of the abundances of a pair of fragment ions which have the largest difference between
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D- and L- epimers. If the fragmentation abundances are exactly identical for the two

peptide epimers, Rcphira = 1, indicating no chiral discrimination. If Repirag > 1, a larger

number reflects a higher degree of chiral recognition.
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Figure 2.2 (a) CID of re-isolated radical peptide [('DVGSNK-NH,)s +H]" formed in
Figure 2.1a. The inset highlights differences in the losses of water and NH;. (b)
Traditional CID of protonated DVGSNK-NH,.
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The Rcnpira Value for PD based on the side chain losses (-30/-44) is 3142, and for PD-
CID (-18/-17) is 13#4. For comparison, the CID spectra of the two protonated
unmodified DVGSNK-NH; peptides under the same collision energy are shown in Figure
2.2b. The loss of ammonia and water, and a few backbone fragments are observed for
both peptides. Relative intensities of some backbone fragments (y;', bs', ys') and -17/-
18Da losses vary slightly between the two spectra. The Rchiral value based on CID (y4+/—
18) 1s 2.6+0.3. It is clear that for DVGSNK-NH,, PD is the best way to differentiate the
two serine epimers, and that both PD and PD-CID have significantly better chiral
discrimination than CID.

Two other D-ser peptides were analyzed by RDD following modification by 1, Octopus
cardioactive peptide®® (GSWD, Figure 2.3) and a portion of w-Aga-IVB/IVC peptide®’
(GLSFA-NH,, Figure 2.4). Both peptides exhibit a notable difference in the relative
intensity of some fragments between the two epimers (supporting information).
Photodissociation of these two peptides does not lead to any significant side chain loss or
backbone cleavage. This further supports the idea that the unique -30 serine side chain
loss is specific for the DVGSNK-NH, peptide. The Rcpirai value for the PD-CID
fragmentation of 'GSWD is 12+1 (peak 294.17/bse) and for 'GLSFA-NH, is 32+4
(bge/c3). For comparison, the Repira values from CID for these two peptides are 6.9+0.2
(bsg-18/-17) and 1.85+0.05 (bs-18/y,), respectively. In summary, for all three D-serine
peptides studied here, either PD or PD-CID is more effective at discriminating chiral

epimers than normal CID.
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Figure 2.3 (a) PD-CID of [!\GSWD + H]* and (b) CID of [GSWD + H]". RDD shows a
better chiral discrimination ability with an Rcpira Value of 12+1 (peak 294.17/bz*) while
the number for CID is 1.85+0.05 (b3-18/yy).
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Figure 2.4 (a) PD-CID of ['GLSFA-NH, + H]" and (b) CID of [GLSFA-NH, + H]".
Relative intensities of bse are significantly different between the two epimers. The Rchiral
value is 3214 (bse/c3) for RDD and 6.940.2 (b,-18/-17) for CID.
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2.3.2 D-Asp Peptides.

D-Aspartic acid residues are commonly found in aged animal peptides and proteins
extracted from brain, lens, and tooth samples.”®3" Herein, two tryptic peptides, DAEFR
from B-amyloid and IQTGLDATHAER® from human lens o-crystallin are examined.
Figure 2.5 shows the PD spectra of the singly (a) and doubly (b) charged
'IQTGLDATHAER and its D-Asp epimer. In addition to containing D-Asp, this peptide
is also significantly longer than the three serine epimers examined above and can retain
multiple charges following ESI. The difference between the spectra of the two epimers is
obvious for both charge states, i.e., the =56 Da loss from the Leu side chain is prominent
for the D-epimer but minuscule for the L-epimer. The Repira Values are 8.8+ 0.8 and 4.5 +
0.1 for the +1 and +2 charge states, respectively. It is clear that epimers with longer
sequences and multiple charges do not impede excellent discrimination by RDD. On the
other hand, barely any difference is observed between the CID spectra of the nonradical
epimers (Figure 2.6). Among all the three charge states, the best Rcniral Value obtained by
CID is 1.66 £ 0.07. Similar results were obtained by examination of DAEFR as shown in
Figure 2.7, where epimerization occurs at the N-terminus. The Rchiral Value obtained by
PD-CID for 'DAEFR is 6.2 + 0.3, which is again significantly better than the value
obtained by CID (2.33 + 0.07). RDD can efficiently discriminate peptide epimers
containing serine or aspartic acid residues; however, both of these amino acids have side

chains which are capable of forming strong interactions via hydrogen bonding.
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Figure 25 (@) PD of [IQTGLDATHAER+H]* epimers. (b) PD of
[MIQTGLDATHAER+2H]** epimers. The D-form shows abundant —56 Da loss from Leu
for both charge states. Bold down arrow indicates precursor ion.
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Figure 26 (a) CID of [IQTGLDATHAER+H]" epimers. (b) CID of
[IQTGLDATHAER+2H]* epimers. (c) CID of [IQTGLDATHAER+3H]** epimers. This
demonstrated that RDD provides better chiral discrimination than CID in different charge
states.
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Figure 2.7 (a) PD-CID of ['DAEFR + H]* and (b) CID of [DAEFR + H]" epimers. RDD
shows a better chiral discrimination ability with a Rchira Value of 6.2+0.3 (peak z4'/-44)

while the number for CID is 2.33+0.07 (y,'/-17).
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2.3.3 D-Ala Peptides.

Alanine is the smallest amino acid that has a chiral carbon. Alternating the chirality of
Ala in a peptide should have the least impact on the conformation, and should make
discrimination of alanine epimers the most difficult. In this section, some D-Ala peptides
will be examined by RDD with different photolabile radical precursors.

Figure 2.8a shows the PD-CID spectra of singly deprotonated dermorphin4
(*YAFGYPS-NH,) radical and its D-Ala epimer. The fragmentation of the L-epimer is
dominated by the loss of 106 Da from tyrosine side chain, while a loss of 31 Da is
prevalent for the D-epimer. The Rcpirar Value (-31/-106) from this experiment is 15+3.
This demonstrates that excellent discrimination of peptide epimers can be achieved with
RDD even when alanine is the site of chiral inversion. It should be noted that in this case,
analysis of the peptide in negative ion mode yielded the best results. Fortunately,
previous experiments have demonstrated that for RDD the chemistry which dictates
radical migration and fragmentation is largely independent of charge state or charge

polarity®*-*

(although differences in structure can still influence the resulting spectra).
This ability to interrogate numerous charge states is an important advantage for this
peptide, although discrimination was still achieved in positive ion mode (5.1+0.8 for
Z¢/ys). CID of the protonated unmodified peptides is shown in Figure 2.8b for

comparison. The major difference between the two spectra is the ys peak, but with fairly

low abundance, and the best Rcpira value is 2.5+£0.2 (as/ys).
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Figure 2.8 (a) PD-CID of [(*YAFGYPS-NH,)s — H]™ epimers. (b) CID of [YAFGYPS-
NH, + H]* epimers show similar spectra.

It is also possible to deliver radicals to peptides via noncovalent attachment of a
suitable radical precursor such as 3. In these experiments, 3 is simply added to the
peptide solution prior to electrospray. Isolation of the complex [YAFGYPS-NH,+3+H]"
followed by photoactivation at 266nm leads to nearly complete loss of I" with significant
preservation of the noncovalent interaction, as shown in Figure 2.9a. Some spontaneous

dissociation of the noncovalent complex is also observed, releasing the protonated
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peptide. However, closer inspection of the peak (see inset in Figure 2.9a) reveals that a
distribution of protonated peptide and peptide radical is actually generated. This is not
unexpected. As the radical 3" dissociates from the peptide, it may abstract a hydrogen
from the peptide or depart as a radical (creating either radical or canonical peptide).
Interestingly, the relative abundances of the peptide radicals for the two epimers are
different. Figure 2.9b shows the MS? CID spectra of the noncovalent radical complexes.
The primary product again corresponds to loss of the adduct, although a few peptide
fragments are also observed. Once again, the percentage of peptide radical varies between
the two epimers as shown in the magnified spectra, indicating that the hydrogen
abstraction efficiency is limited in the D-Ala peptide. The Rchiry based on the
radical/nonradical pair is 3.7+0.1. Although this number is not significantly higher than
the value obtained by CID (2.5+0.2), it is obtained without detailed analysis of a complex
fragmentation spectrum. The m/z shifts that occur following loss of 3 are easily
predicted, meaning that the radical transfer efficiency could in theory be examined in an
automated fashion. Similar results are obtained for other D-Ala containing peptides
Deltorphin-1 (YAFDVVG-NH, Figure 2.10), and ASTTTNYT-NH, (Figure 2.11).* In
both cases, the D-epimer exhibits less radical yield. For the three alanine containing
peptide epimers studied herein, chiral inversion can be detected by intermolecular radical
transfer. Unfortunately, none of the previously examined serine peptides and only one of
the aspartic acid peptides displayed any differences in radical transfer efficiency. There is
a likely explanation for these results. In all three alanine peptides, the chiral inversion

occurs near the N-terminus, which also happens to be the most likely 18C6 binding site

37



for all three peptides (due to lack of arginine or lysine residues). Although one of the
serine peptides also fits these criteria, alanine is an unlikely site for radical abstraction,
while serine is not. In any case, the potential utility of using radical transfer efficiency to

detect chiral inversion will be limited to some subset of all epimers.

(@) [Me+H]" M+H]

2 504 ¢
‘D 800 802 804 806 .
c [M+3+H]
2 '\\ [l
£ o0 —d—t "
9 100- e
>
2 0
T 5 [Me+H] &[M+H]'
0 ' . r ! .
200 400 600 800 1000 1200 1400
m/z
[Me+H]" [M+H] [ L
1}
o —D
'l
(b) N
100+ 800 802 804 806
- [M+3-[s+H]"
£ 50 \ '
§ b |
£ 0 Ll l_l ..]l | N | .
2 100,
2 M-+HT&M+HT |5
k:
504
[M+3-1++H]
b | '
0 —— e
200 400 600 800 1000 1200 1400

m/z

Figure 2.9 (a) PD of [YAFGYPS-NH, + 3 + H]" epimers. (b) CID of the radical complex
generated by loss of iodine in panel a. The insets highlight differences in the ratio of
radical/canonical peptide generated by loss of the crown adduct. Bold down arrow
indicates precursor ion.
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Figure 2.11 PD-CID of [ASTTTNYT-NH,+3+H]" epimers. The radical transfer
efficiency difference is very easy to identify.

2.3.4 Discrimination Abilities

A summary of Rcpira values from RDD and CID for eight D-amino acid containing
peptides is shown in Table 2.1. The RDD experiments include both covalent and
noncovalent radical delivery methods. It is clear that RDD provides better chiral
discrimination than CID for most of the peptides, except Deltorphin C (YAFDVVG-
NH;). In order to achieve chiral discrimination by comparative dissociation, two
conflicting goals must be achieved simultaneously. One, the entire peptide structure must
be subject to examination (otherwise, the chiral center in question may not be probed).

Two, the pathway that leads to any given dissociation should ideally be quite specific. In
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RDD, a radical is generated at one specific site, which reduces the number of redundant
pathways that could lead to a particular dissociation. This is a significant advantage over
proton initiated dissociation, where multiple protons or equivalent protonation sites
frequently exist. Following radical initiation in RDD, the number of sites where radical
migration can occur exceeds the number of sites where fragmentation will be favored,
which increases the probability that the entire peptide structure will be probed prior to
fragmentation. Importantly, radical migration is known to be kinetically constrained by
structure, meaning that redundant pathways leading to the same fragmentation are
disfavored. Thus, RDD appears to naturally have the right mixture of specificity and
inclusivity to enable identification of single amino acid chiral inversions.

In addition to being useful for identification, the abundances of the fragment ions in
RDD are also reproducible and quantifiable. Figure 2.12 shows the quantitative analysis
of mixtures of peptides epimers using both covalent and noncovalent methods. Figure
2.12a shows the quantitative dependence of the relative abundance of -30 Ser side chain
loss from PD of 'DVGSNK-NH, as a function of D-serine epimer percentage. In Figure
2.12b, the abundance ratio of radical and nonradical peptide after PD of [YAFDVVG-
NH,+3+H]" is plotted verses the percentage of L-Ala epimer. Both plots provide linear
calibration responses with r > 0.99. Based on the error bars and slope, it is estimated that
the detection limit of the measurement is around 1-2%. Furthermore, larger error bars are
present with decreasing percentage of the L-form DVGSNK-NH; peptide; but in practice,
samples containing smaller amounts of the D-epimer would likely be examined, where

the calibration curve has relatively small error bars.

41



Table 2.1 Comparison of chiral recognition factors among different dissociation methods.

a,b,c
Dissociation RDD
Methods
Covalently Modification IBA-18C6 CID
Peptides PD PD-CID PD-CID
DVGSNK-NH, 3142 1344 2.5+0.2¢ 2.6+0.3
GLSFA-NH, -4 32+4 9+1¢ 6.9+0.2
GSWD - 121 1.6+0.2°¢ 1.85+0.05
YAFDVVG-NH, -4 10+2¢ 5.3+0.1" 18+1
YAFGYPS-NH, 5.7+0.3 1543/ 5.1+0.3¢ 2.5+0.2
ASTTTNYT-NH, | 5.7+0.2 742 1.9+0.1" 3.240.5
DAEFR -4 6.2+0.3 1.62+0.04" | 2.33+0.07
IQTGLDATHAER' | 8.8+0.8 5.0+0.4' 8+1 8/ 1.66+0.07/

“Single letter codes are used for the amino acids. The underlined residue corresponds to
the site of epimerization. "Errors represent the standard deviation of the mean. “The
relative intensity of the chirality determining ions have to be higher than 3% of the base
peak in at least one of the spectra, either D or L. All the values are calculated from the +1
charge state unless otherwise noted. “Only loss of iodine was observed. ‘Radical
introduced by iodo-tyrosine. /The value is obtained under negative mode. éCalculated by
the intensity variations of backbone fragmentations. hCalcul_ated by radical transfer
efficiency difference. ‘Calculated from the +2 charge state. ’Calculated from the +3
charge state.
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+ 3 complex (b).

2.4 Conclusions

Radical directed dissociation (RDD) is demonstrated to successfully discriminate D-
amino acid containing peptide epimers and quantitatively measure the relative content of
one epimer in a diastereomeric mixture. Different methods including noncovalent and
covalent labeling were applied for introducing photolabile precursors onto the peptides.
For most of the peptides that were examined, RDD provides a significantly better chiral
recognition than normal CID. The diversity of the radical delivery methods and the
flexibility of examining peptides in various different charge states is a significant
advantage. These promising results suggest that RDD might be a viable method for
examining peptide epimers from complex samples via coupling with liquid

chromatography.
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Chapter 3

ISOMER PROTEOMICS: A CASE STUDY OF EPIMERIZATION AND ISOMERIZATION IN

CRYSTALLINS

3.1 Introduction

The eye lens is a very peculiar and interesting construct.™? It is composed of 90%
crystallin proteins.> Among the crystallins, Alpha crystallins are most abundant and serve
as structural elements and as chaperones.*® In order to achieve the desired index of
refraction required for an optic, the concentration of proteins within the lens must be
high.® At the same time, aggregation of proteins into particles capable of scattering light
must also be avoided. The alpha crystallins assemble into large oligomeric species of
between 20-40 monomers which are highly dynamic in nature. Numerous studies have
indicated a preference for even numbered oligomers, suggesting that the assemblies are
comprised of dimer building blocks. © Additionally, within each monomer several
structural regions have been identified that each serve distinct roles. The central alpha
crystallin domain folds into a well-defined structure that is conserved across many of the
small heat shock proteins. In contrast, the N-terminal region and the C-terminal extension
do not form well-defined structures at the monomer level; however, these regions help

regulate higher order oligomer assembly and are necessary for chaperone activity.

As fiber cells in the eye lens mature, all organelles are ejected. The mature fiber cells

perform very few metabolic functions, have low oxygen and energy demands, and are
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avascular. Perhaps most interestingly, the crystallin proteins that were present in the lens
of a person when born are still present when they die. In other words, there is no turnover
of proteins within lens fiber cells. Given these properties, it is not surprising that many
studies have focused on examination of the changes that occur to lens proteins upon
aging. It has been established that numerous post-translational modifications occur to
crystallin proteins as a function of aging. Deamidation, truncation, glycation,
phosphorylation, disulfide bond formation, oxidation, acetylation, and methylation are
among the most commonly studied modifications.®*? However, there is also evidence
that epimerization, which occurs when a single amino acid acid undergoes
stereoinversion, is also an important modification that occurs as a function of aging.***
Epimerization leads to no change in mass and it is significantly more difficult to detect

than the other post-translational modifications (PTMs) listed above, which may explain

why epimerization has received significantly less attention.

Aspartic acid is a special amino acid in the context of PTMs that are not accompanied
by changes in mass. Backbone attack of the aspartic acid side chain yields a succinimide
ring that can lead to the formation of several isomeric forms. Simple ring opening will
yield a mixture of aspartic acid and isoaspartic acid, where the side chain has essentially
inserted into the peptide backbone.™® In addition, the chiral alpha hydrogen atom in the
succinimide ring can undergo stereoinversion, which can lead to the formation of D-
aspartic acid and D-isoaspartic acid. Since these two pathways can occur in conjunction,
the end result is that aspartic acid is frequently converted into four isomeric states, none
of which are distinguished by a shift in mass. Both isomerization and epimerization
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significantly perturb the local structure of the molecule at the affected residue. For
example, it has been demonstrated that substitution of D-residues can significantly reduce
the propensity of peptides to adopt alpha helical structures.’” Similar structural changes
may also explain why elevated epimerization is also associated unfavorably with
numerous diseases. For example, racemization of serine residues in B-Amyloid increases
the rate of aggregation and accelerates degeneration of neuronal cells, which may be

8

connected to the cause of Alzheimer’s disease.’® Epimerized residues are also more

frequently detected in crystallin proteins from cataract sufferers than in age controlled

19,20

healthy individuals. It is clear from these initial findings that characterization of

isomeric PTMs, though difficult, is warranted.

The majority of work in this area involving mass spectrometry has focused on
examination of isolated molecules. For example, it has been demonstrated that
differences in MS? spectra can be used to distinguish aspartic acid from isoaspartic acid.**
Similarly, differences in MS? spectra can be used to distinguish peptide epimers.?*?®
Quantitative analysis is typically carried out by calculation of an R value " that
corresponds to the degree of difference between the two fragments that change the most
in the MS? spectra obtained from each isomer (additional details about R values are
provided below). R values of 1 correspond to no difference between the spectra, and
larger values reflect bigger differences between the spectra being compared. Importantly,
this method requires that both the all L peptide and the epimer with a single D residue be

independently evaluated. Furthermore, not all fragmentation methods are equivalent in

epimer disambiguation. For example, although collision induced dissociation (CID) can
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yield acceptable results, it generally offers less structural sensitivity than electron or
radical based dissociation methods. Recent work has demonstrated that radical directed
dissociation (RDD) vyields the highest R values for epimer detection and has the
advantage of the greatest flexibility in terms of charge state selection.”® For identification
of isoaspartic acid, electron capture dissociation (ECD) is advantageous because it yields

a characteristic fragment that can facilitate identification.?**

Implementation of mass spectrometry in conjunction with liquid chromatography for
the analysis of more complicated isomer containing samples presents additional
opportunities and challenges. Fortunately, analysis of biological samples within the
context of aging simplifies the experiment in one important way— the original isomers
will always be present. All processes by which spontaneous epimerization/isomerization
occurs are incomplete, therefore some of the original peptide or protein will always
remain. Given this information, the challenge can be broken down into two components:
separation and characterization. Separation is typically carried out with standard liquid
chromatography (LC), which is capable of baseline separating many isomers using
typical C18 columns (i.e. columns packed with chiral media are not required).®
Therefore, in terms of the goals and approaches for separations, traditional proteomics
and isomer proteomics are very similar. However, for characterization the experimental
protocol for examining epimers or other isobaric isomers is fundamentally different in at
least one important way. In a typical proteomics experiment, the goal is usually to
characterize each unique m/z or peptide once and only once. On the other hand, if the

experiment is to identify post-translational isomerization, then it is not only desirable, but
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also required that the same m/z or peptide be examined multiple times. Multiple spectra
must be acquired for comparison to confirm epimerization and for calculation of relevant
R values. The need to acquire multiple spectra for the same m/z values must be then
balanced against the traditional goal of also simultaneously examining as many unique
peptides as possible. These requirements place limits on the complexity of samples that

can be evaluated in an online fashion for isomer proteomics.

In the present work, | characterized the isomeric PTMs in sheep crystallins extracted
from the eye lens. The results from both RDD and CID on LC separated peptides were
combined to improve isomer identification. A short exclusion time and a target peptide
mass list were used to ensure that each peptide was examined multiple times to allow for
comparison of the relevant tandem mass spectra. Three crystallin proteins (aA-, aB-, and
BB3-crystallin) were identified from the ovine database with excellent sequence coverage.
Several additional B- and y- crystallins were also identified from the bovine database (the
ovine database is incomplete) due to high sequence homology. The results illustrate that
the greatest degree of isomerization and epimerization occurs in the disordered N-
terminal and C-terminal regions of aA- and aB-crystallin, which are abundant and
important proteins in the lens that function as chaperones and also serve as structural

elements.

3.2 Experimental Methods

3.2.1 Materials
Organic solvents and reagents were purchased from Sigma-Aldrich (St. Louis, MO) or

Acros Organics (Geel, Belgium) and used without further purification. Water was
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purified to 18.2 MQ by a Millipore 147 (Billerica, MA) Direct-Q system. Amino acids
and resin were purchased from Ana Spec (Fremont, CA). Trypsin was purchased from

Sigma-Aldrich (St. Louis, MO).

3.2.2 Peptide and Radical Precursor Synthesis
All synthetic peptides were synthesized manually using standard fmoc procedures with
Rink Amide Resin or Wang Resin for the solid support. ** N-hydroxysuccinimide (NHS)

activated iodo-benzoyl esters were synthesized by a previously reported procedure.®®

3.2.3 Protein Extraction and Digestion

Sheep eyes were obtained from discarded tissue Corona Cattle Inc. (Corona, CA). The
lenses were separated, washed with distilled water, and then homogenized in 50mM
Tris/HCI, pH 7.8 buffer. The homogenate was centrifuged at 10,000 rpm for 20min at
4°C. The supernatant was purified by dialysis against water and lyophilized. The
Iyophilized protein was dissolved in 50mM NH4HCOj; buffer, pH 7.8, and the disulfide
bonds were reduced in 100mM DTT at 95°C for 5min. After returning to room
temperature, 100mM iodoacetamide solution was added and the mixture was incubated in
the dark for 20min. Then proteins were digested with trypsin overnight at 37°C, with the
protein-enzyme ratio at 50:1. For the iodo-benzoic modification, the digestion mixture
was first purified with a peptide trap (Michrom Bioresource Inc.). Approximately 5nmol
protein digestion mixture, 15uL of 15mM NHS ester dioxane solution, and 5uL borate
buffer (pH 8.6) were combined and incubated for 1h at 40°C. Important: note that

dimethyl sulfoxide (DMSOQ) should not be used for this step because it can easily cause
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aspartic acid isomerization. The modification side products at arginine and tyrosine side
chain were removed by incubating the reaction mixture in 1M hydroxylamine (pH 8.5
adjusted by NaOH) for 4h. The exact same procedure was performed on control peptides.
Since the deamidation and racemization of asparaginyl and aspartyl residues are non-
enzymatic spontaneous reactions that can occur under physiological conditions,* control
experiments with a synthetic peptide (TVLDSGISEVR) were performed to ensure that
the sample preparation procedure will not induce any isomerization. After reduction by
DTT in 95°C and incubation with trypsin overnight, no isomerization was detected by

LC-MS (data not shown).

3.2.4 Mass Spectrometry and Radical Directed Dissociation

Solutions were analyzed by an LTQ linear ion trap mass spectrometer (Thermo Fisher
Scientific, San Jose, CA) with a standard electrospray ionization (ESI) source. The back
plate of the mass spectrometer was modified with a quartz window to transmit fourth
harmonic (266 nm) laser pulses from a Nd:YAG laser (Continuum, Santa Clara,CA).
Photodissociation of the labeled peptide homolytically cleaves the C-1 bond in the
chromophore and produces a radical peptide. Further MS® experiments were performed

by re-isolation and collision-induced dissociation (CID) of the radical species.

3.2.5 LC-MS Data Acquisition and Analyisis
An Agilent 1100 series HPLC system (Agilent, Santa Clara, CA) with a BetaBasic-18
column (150x2.1 mm, particle size 5um) was coupled to the LTQ mass spectrometer.

Peptides were separated using 0.1% formic acid in water (mobile phase A) and 0.1%
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formic acid in acetonitrile (mobile phase B) with a flow rate of 0.2mL/min. The digestion
mixture was separated by the following gradient: 5%B to 20%B over 25min, 20%B to
30%B over the next 35min, 30% to 50%B over the next 15min, 50%B to 95%B over the
final 10min. The MS instrument was operated in the data-dependent mode. In a CID-only
LC-MS run, the first scan event is full MS from m/z 300 to 2000 Da, followed by
ultrazoom (scan event 2) and CID-MS? (scan event 3). In a RDD LC-MS run, the laser
pulses were triggered during the MS? (scan event 3) and the CID was performed as a
pseudo-MS? step (scan event 4).* Since the photodissociation of 4-iodo-benzoic labeled
peptide will always produce the radical peptide as the major product, the precursor ion of
CID in the MS? step is the radical species rather than the original peptide. The exclusion

time was 60 sec for the identification of peptides and 16 sec for the isomer discrimination.

MS data were acquired with Xcalibur software (Thermo Fisher Scientific). The raw
files were converted to mgf files by MM File Conversion. The mgf files were searched
with X! Tandem (version 2013.02.01.1) against the ovis aries database UniProt 2014 06,
26,849 entries). The cleavage sites were set as lysine and arginine (semi cleavage was
turned on), allowing up to two missed cleavages and one point mutation.
Carbamidomethylation (+57.02 Da at Cys) was set as fixed modification, and N-
acetylation was considered a variable modification. For the modified digestion mixture,
the 4-iodobenzoic acid modification (+230.01 Da) was considered a variable
modification at either the N-terminus or lysine side chain. The parent monoisotopic mass
error was set to £1 Da and the fragment monoisotopic mass error was set to 0.4 Da. The

minimum parent ion mass was set to 400 Da. The criteria used for accepting peptides
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identification is e < 0.005 for peptides. The false discovery rate is 1%, calculated by
searching the data against the reversed database. Given that the content of the eye lens is
~90% crystallin proteins, the data was also searched against a smaller database that
contains primarily crystallin proteins. A few additional peptides were identified in this

fashion and their identities were confirmed by manual assignment of the MS/MS data.

3.2.6 Calculation of R Values

To quantify the isomer discrimination sensitivity, an R value originally reported by
Tao et al.?’ for chiral selectivity is used. In the present work, the R is calculated by
equation 1. Ra and Rg represent ratios of the relative intensities of a pair of fragment ions
which varies the most between two isomers. Therefore, Risomer = 1 indicates that the two
tandem MS spectra are exactly identical and no isomerization occurs. If Risomer > 1, @
larger number reflects a higher probability of isomerization. The statistical significance of
the results is addressed in the Results and Discussion. In addition, we use an S value
calculated in the same fashion to provide a quantitative measure of the similarity of
experimental spectra to those obtained from synthetic standards. In the case of the S
value, the number should be smaller than the threshold. Although the same formula is
used in both cases, since the value should be higher in one case and lower in the other, we

have given them different designations to avoid confusion.

Scioirop = Risomer = Ra/Re (3.1)

55



3.3 Results and Discussion

3.3.1 General Approach

Our general experimental procedure for identifying peptide epimers in a mixture of
proteins is shown in Scheme 3.1. Following protein isolation and digestion with trypsin,
the sample is split into two pools and half of it is covalently modified. There are two
advantages to covalent modification. First, the covalent modification allows for
incorporation of a chromophore suitable for converting the peptides into radical species
and analysis by RDD. Previous work has demonstrated that RDD is the most sensitive
method for epimer discrimination.?® Second, the covalent modification frequently
enhances the separation of epimers as is described in greater detail below. There are also
obvious disadvantages to covalent modification, including loss of sample and additional
experimental complexity. Therefore, the unmodified samples are also analyzed using
standard CID. Although CID provides less ability to distinguish epimers, more peptides
and particularly those in low abundance are able to be analyzed. Given that distinguishing
epimers is a difficult task, it is also beneficial to carry out the analysis using two
independent methods. Both the modified and unmodified samples are then subjected to a

typical proteomics LC-MS run using CID for the purpose of peptide identification.

Using this information, a target peptide list is generated and all charge states of these
peptides are then examined in a second LC-MS run by both CID and RDD with a 16
second exclusion window. Multiple charge states are examined because R-values

frequently vary significantly for different charge states. The 16 second exclusion window
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IS used because it enables the examination and re-examination of up to four co-eluting
species within typical LC peak widths. Therefore, every peptide on the target list will be
examined multiple times, even if it is only at the leading and trailing edges of a single LC
peak (see discussion below for the significance of re-examining the same LC peak).
Although this strategy will limit the complexity of sample that can be analyzed in a single

run, it should be possible to mitigate this problem by carrying out additional runs (if

needed).
Unmodified digestion Modified digestion
mixture mixture
LC-MS/MS(CID)
exclusion time 1min
Y % s
‘ Peptide identification with X!Tandem ’
| Generate target peptide list I
LC-MS/MS
on target peptide list
exclusion time 16 sec
CID RDD
CID |
Identification of peptide Confirmation of sequence Identification of peptide
isomers by comparing and identification of isomers by comparing
MS/MS spectra modification site MS/MS spectra

Scheme 3.1. Workflow to identify peptide isomers in a protein digestion mixture by LC-
MS/MS

57



3.3.2 Isomer Separation

Comparison of potentially distinguishing MS/MS spectra first requires that the
isomers of interest be evaluated independently of one another. Although separations can
be carried out with chiral media,* isomers (including epimers) will also separate on
traditional columns, which are more frequently used.*! Incomplete separations complicate
analysis and make quantitation significantly more challenging. Fortunately, the covalent
modification that we wuse to install labile bonds for RDD also changes the
chromatographic behavior of the modified molecules. An example of this is shown in
Figure 3.1 for the peptide DAEFR, which is a small tryptic peptide from p-amyloid. All
of the four forms of aspartic acid (L-Asp,D-Asp, L-isoAsp, D-isoAsp) have been detected
in the human brain and the isomerization may be related to the pathology of Alzheimer’s
disease.>” Complete separation of these four isomers is difficult to achieve due to their
structural similarity.*® Figure 3.1a shows the LC-MS/MS results of mixture of DAEFR,
DAEFR, DAEFR, DAEFR (underlined residues corresponds to D- amino acid, and bold
residues correspond to isoaspartic acid). Only three LC peaks are observed because the L-
iS0OAsp and D-Asp containing peptides coelute. The following MS/MS spectra are used to
identify each peptide. 4-iodobenzoic acid (structure shown in the inset of Figure 3.1b) is
one of the chromophores that can be used for generating radicals for RDD ('X will be
used to represent the 4-iodobenzoic acid modification of X, where X is any amino acid).*®
Figure 3.1b shows the LC-MS/MS results of the same four peptide isomers after covalent
modification by 4-iodobenzoic acid. All four DAEFR isomers are nearly baseline

separated in the LC chromatogram and the following MS/MS spectra are different among
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the four peptides. In addition, the elution times are shifted and the elution order is
changed. It is clear that the addition of the hydrophobic tag significantly impacts the

elution properties of DAEFR, leading to improved separation.

Some peptide isomers do not separate even after modification with 4-iodobenzoic acid.
For example, in Figure 3.2a a single peak is detected for the peptide DVGSNK-NH,
despite the fact that two epimers (both D- and L-Ser) are present in the solution.
Fortunately in this case the two fragmentation spectra for the epimers are sufficiently
distinct that the presence of two species can still be detected. This is achieved by
examination of the leading and trailing edge of the LC peak, which vyields the
corresponding MS/MS spectra shown in Figure 3.2b and an R value of 3.1. Analysis of
these same epimers when injected individually into the instrument yields an R value of
13.2 1t is clear from this data that the epimers are still partially resolved in the LC even
though a single peak is apparent on the chromatogram. For comparison, the LC
chromatogram and MS/MS spectra for the leading and trailing edge of a peak containing
a single synthetic peptide that was added to the sample are shown in Figures 3.2¢c and

3.2d. In this case, the two spectra are virtually identical as expected.
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Figure 3.1 LC-MS/MS results for a mixture of the four isomers of synthetic peptide
DAEFR (a) before (b) after modification. 'X represents the 4-iodo-benzoic acid
modification of X where X is any amino acid. Underlined residues correspond to D-
amino acid, and bold residues correspond to isoaspartic acid. The inset of (b) shows the
structure of 4-iodo-benzoic acid. The four isomers can be easily separated after covalent
modification by 4-iodo-benzoic acid.
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Figure 3.2 (a) LC chromatogram of a peptide mixture containing several synthetic
peptides including 'DVGSNK-NH,, 'DVGSNK-NH, and 'LDLAGR. The 'DVGSNK
epimers cannot be completely separated. (b) MS® (RDD) spectra at 35.68min and
36.49min (the blue asterisks) of (a). The two spectra are significantly different, indicating
the LC peak contains two peptides. (c) LC chromatogram of the same run as (a) during a
later elution time. (d) MS® (RDD) spectra at 72.27min and 72.87min (the blue asterisks)

isomer

of (c). The two spectra are almost identical.
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3.3.3 Data Analysis

When attempting to identify potentially isomerized peptides in unknown samples,
candidate peptides from different LC peaks are selected if they have the same mass and
exhibit similar fragmentation patterns. In addition, the leading and trailing edge of each
individual LC peak is examined for differing MS/MS spectra. In each situation, the R
value is calculated from the relevant tandem MS spectra. Theoretically, any Risomer Value
which is bigger than 1 should indicate the presence of isomers. However, in reality,
MS/MS spectra are not perfectly reproducible (especially on the limited LC-MS
timescale) and the relative fragmentation abundances of the same peptide in two different
spectra acquired at different times are always slightly different. Previous studies have
reported that values of R >1.2 are sufficient to indicate statistically significant
differences in spectra, based on the reproducibility of ion intensity measurements from
direct injection experiments.”* However, in an LC-MS run, the error is higher because
only a few scans are averaged to obtain the MS/MS spectra for one peptide. In contrast,
spectra are usually averaged over 50-100 scans in direct infusion experiments, which
significantly reduces variation of the mean intensities. To establish the relevant threshold
for R values reported herein, a standard LC-MS run was performed on a mixture of
synthetic peptides without any isomers using both CID and RDD under identical
conditions to those employed on actual samples. The R values for each peptide were
calculated from two dissociation spectra at the beginning and the end of each LC peak.
Six R values were obtained this way for CID: 1.13, 1.20, 1.88, 1.55, 1.27, and 1.35. A

standard t-test was performed and the 99% confidence interval corresponds to R values
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from 0.94 to 1.85. Based on these numbers, we have set the threshold to identify peptide
isomers from CID fragmentation in this work to R values > 1.9. For RDD, the ion
intensities vary slightly more and the threshold to identify peptide isomers corresponds to
R values > 2.4 (See supporting information for detailed values). Finally, to eliminate
interference from chemical noise, the relative intensities of the fragment pairs for the
calculation of R values must be higher than 10% of the base peak in at least one of the
two spectra. Furthermore, peaks assigned as sequential fragments and **C isotopes tend to

have higher errors and are not used to determine R values.

Localization of the isomerized residue in a peptide requires comparison of data
obtained from biological sources with standard peptides. In these comparisons, the data
for sample peptides and standard peptides are acquired in separate LC-MS runs. Hence,
more error arises from different ionization efficiency or other random uncertainties
between different LC-MS runs. Similar metrics to those used to distinguish dissimilar
peptides from each other can be used to identify whether two peptides are likely to be the
same. Although the same equation as that for an R value is used, we will refer to
similarity scores as S values to avoid confusion. The criteria in this case will be that the S
value should be lower than the threshold, which will indicate that the two peptides cannot
be distinguished from each other and are likely identical. Furthermore, while comparing
the tandem mass spectra between synthetic standards and experimental peptides, the
experiments for unknown peptides and the standard peptides have to be conducted in two
separate LC-MS runs. More errors arise from the different ionization efficiency or other

random uncertainties between different LC-MS runs. To establish the S value threshold
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for positive identification of peptide isomers by comparing the MS/MS spectra with
standard peptides, another set of standard LC-MS runs were performed. Six S values
were obtained by comparing the MS/MS spectra acquired during different LC-MS runs of
the same peptides. The threshold for positive identification is 1.9 for CID and 3.2 for
RDD, i.e. S values below these numbers will indicate that the peptides are likely the same

(See supporting information for detailed values).

In addition to the types of amino acid isomerization discussed up to this point, there
are a few other modifications that do not result in any mass change that are worth
mentioning. For example, cis/trans- proline isomerization can have significant structural
implications. However, this type of isomerization is typically dynamic and it is unlikely
that such isomers can be chromatographically separated at room temperature. *°
Furthermore, our results do not suggest a bias towards identification of isomerization for
peptides that contain proline, as proline is present in both peptides that have and have not
undergone isomerization. Another type of modification that could occur in some rare
cases would be when two amino acids inverted in sequence,“® which could lead to
separation of the isomers by liquid chromatography. It is not anticipated that such
isomers will occur frequently enough to significantly impact our results, and it is possible
that these isomers could be identified by analysis of the MS/MS data if fragmentation
between the relevant residues is observed. Above all, if any of these alternate possibilities
or any other type of isomerization does occur, the isomers could be potentially identified

by the method described herein. If the isomerized peptide were determined to be
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important, subsequent scrutiny via comparison with authentic standards would reveal the

underlying modification responsible for the isomerization.

3.3.4 Sheep Crystallins

We applied the protocol described above to examine crystallin proteins extracted from
the eye lens of an approximately one year old sheep. Three variants of crystallin were
identified from the ovine database (aA-crystallin, aB-crystallin, pB3- crystallin). A
comprehensive list of identified peptide isomers from these three proteins is provided in
Table 3.1. The sequence coverage, degree of isomerization, and epimerization for these
proteins are summarized in graphical format in Figure 3.3. The sequence coverage (the
top bar in Figure 3.3) is excellent for all three proteins. Areas that are missing are
primarily due to very short peptide fragments. The degree of isomerization is shown for
each protein in the middle bar of Figure 3.3. This bar represents the presence of any
isomer that was detected (presumably mostly isoaspartic acid and aspartic acid or serine
epimerization). The degree of isomerization is highest for aA-crystallin (67%), indicating
that the most abundant protein is also subject to the greatest amount of modification. oB-
crystallin and BB3- crystallin exhibit a similar degree of isomerization, just below 50% of
the total sequence. In the lower bar in Figure 3.3, the extent of epimerization is shown.
We consider a peptide to be epimerized if the number of detected isomers is >4 for
peptides containing two aspartic acids, >2 for peptides containing one aspartic acid, or >1
for peptides that lack aspartic acid. The degree of suspected epimerization is again
greatest for aA-crystallin. Although it is possible that some of the isomers identified in

the middle but not lower bars of Figure 3.3 could also be epimers, this possibility is
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probably less likely given that aspartic acid is the most likely residue to isomerize and the
rate of isoaspartic acid formation is greater than that of epimerization. Nevertheless, it is
possible for exceptions to exist. Additionally, based on the sequence homology to bovine
crystallins, several other ovine B- and y- crystallins were identified by searching the data

against bovine database (Table 3.2).

aA crystallin
[ ]
I | .| . 83.2%
| | | I I I 51.8%
25.4%
aB crystallin
[ ]
.___________________________________________| I N | 81.7%
| | | | | 48.0%
7.4%
BB3 crystallin
[ ]
5 | . | | 75.4%
| I | | | | 44.1%

14.7%

Figure 3.3 Sequence coverage (orange), degree of isomerization (blue) and degree of
epimerization (green) for aA-crystallin, aB-crystallin, and BB3- crystallin. The white bar
represents the full protein sequence.

Table 3.1 Identified peptide isomers from sheep eye lens digest in ovine database. ?

Number Number of
of peaks Relative | Peptide
Peptide sequence Crystallin | in LC Abundance | Isomers
separatio (%) ' Confirmed
n by MS/MS”®
3.7%,
1 11 ¢ 1.2%,
Ac-"MDIAIQHPWF K aA 4 93.9%, 4
1.2%
2 7.8%),
LFDQIZEGEGL FEYDLLPFLS WA 3 32.4%, 3
STISPYYR
59.8%
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47 4%, _
TVLDSGISEV R® oA 3 50.8%, 409
1.8%
79 88 10.4%,
HFSPEDLTVK oA 2 80,60 2
%VQEDFVEIHG K* oA 1 2
4.7%,
21.1%,
1“QDDHGYISR™? ¢ oA 5 15.1%, 4
3.1%,
56.0%
132 145 13.7%,
SLSADGMLTF SGPK oA 2 85.3% 2
8.7%,
16\/PSGVDAGHS ER"’ oA 3 53.3%, 3
38.0%
11.8%,
1EEKPSSAPSS' " oA 3 82.3%, 3
5.9%

1 1 9.1%,
Ac-'"MDIAIHHPWI R oB 2 91 6% 2
“LFDQFFGEHL LESDLFPAST B 5 9.3%, 5

SLSPF* 90.7%
1.6%,
34.0%,
*APSWIDTGLS E MR® oB 6 1.0%, 1.8%, 4
59.7%,
1.9%
108 116 de 4.2%,
QDEHGFISR oB 2 95 8% 2
2| PADVDPLTI TSSLSSDGVL B 1 )
TVNGPR ¢
Ac->’AEQHSAPEQA AAGK™® BB3 1 2!
39
C**ELTAEC**PNL 14.2%,
TESLLEK®" pB3 2 85.8% 2
SWDAWSNSHHS DSL L' pB3 1 2
%S| RPLHIDGP DHK™® pB3 1 2
129
MEIVDDDVPS
LWAHGFQDR" pB3 ! 2
BHWNEWDANQP QLQSVR™® pB3 1 2

& Single letter codes are used for the amino acids. The underlined residues correspond
to most likely sites of epimerization. Bold residues are likely sites of isomerization. The
UniprotKB Accession Numbers for the identified proteins are: oA crystallin, QSENZO,
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aB crystallin, W5QOR4, and BB3 crystallin, Q52NW3 ° For those peptides that are
separated by multiple peaks in HPLC, MS/MS spectra are compared carefully to confirm
the number of peptide isomers.  Ac- represents N-terminal acetylation. ¢ N-terminal
glutamine cyclization is observed.** © These peptides were identified by searching the

data against a smaller database as detailed in the experimental section above.  Calculated
from area of peak in the extracted ion chromatogram for the target peptides from
unmodified peptide mixture. ® Determined from the combination of RDD and CID results.
" The double star represents iodoacetamide modified cysteine (+57Da). ' Isomers were
confirmed by comparing with synthetic peptides.

Table 3.2 Identified ovine crystallin proteins from bovine database.

Uniprotk® Sequence Unigue Expectation
Protein Name Acession Cov(gra o Peptides Q/alue
Number ge o Detected
B-crystallin A3 P11843 80% 11 -462.3
B-crystallin A4 Q6DTZ8 86% 9 -432.3
B-crystallin B2 P02522 71% 9 -360.9
B-crystallin B1 P07318 57% 10 -302.0
- i 0,
B-crystallin S P06504 54% 6 2016
zeta-crystallin 097764 49% 9 -189.9
- i 0,
y-crystallin F P23005 59% 6 1777
- i 0,
y-crystallin B P02526 42% 4 154.6
- i 0,
y-crystallin D P08209 32% 3 209.0
y-crystallin C Q28088 17% 2 -53.3
y-crystallin A P02527 14% 1 -46.0
B-crystallin A2 P26444 24% 3 -40.1
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Identification of peptide isomers as outlined in Table 3.1 and Figure 3.3 does not
reveal the actual sites of isomerization. Previous work has revealed that aspartic acid is
the most likely site for both isomerization and epimerization due to aging.** Therefore,
peptides containing aspartic acid are likely modified at this residue. Serine is the second
most likely site to undergo spontaneous epimerization.® All peptides that we have
identified contain either aspartic acid or serine or both. It is possible to positively identify
the site of isomerization by synthesizing synthetic standards and comparing the
respective MS/MS spectra, as detailed below. Recent work has also demonstrated that ion
mobility may be able to pinpoint (or at least narrow down) sites of epimerization, which
may simplify site identification in future experiments on crystallins.*® For the present
study, we synthesized a small number of authentic standards to compare with our results.
TVLDSGISEVR is a tryptic peptide from a-crystallin which separates into 3 peaks by LC
(Figure 3.4). By comparing the MS/MS CID spectra with those obtained from synthetic
peptides where all four different forms of aspartic acid were incorporated, two of the
three peaks are determined to contain L-isoAsp and D-Asp. The R values for each of
these spectra relative to the experimental spectra are 1.3 and 1.7, indicating positive
identification (<1.9). The peptide eluting at 26.59 minutes does not match any of the
isomers (with R values of 2.7, 3.5, 13.2, 3.9 for L-Asp, D- Asp, L-iSOAsp, and D-iSOASp
containing synthetic peptides, respectively); indicating that potentially the serine®
residue is also epimerized or that the remaining two Asp isomers are co-eluting. After
iodo-benzoic acid modification, three peaks are again detected by LC (Figure 3.5);

however, comparison with the synthetic peptides by RDD reveals that the three peaks
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correspond to L-isoAsp, D-isoAsp and L-Asp with corresponding R values of 2.6, 2.4 and
3.1 (< 3.2). Taken together, the combination of RDD and CID confirm the presence of all
four Asp isomers, which suggests that serine epimerization may not be the explanation

for the unassigned peak in Figure 3.4.
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Figure 3.4 (a) LC chromatogram for peptide TVLDSGISEVR in sheep eye crystallin
digestion mixture. (b) CID of [TVLDSGISEVR + 2H]* at 24.76min, 26.59min,
28.53min separately. The spectra at 24.76min and 28.53min are identified as L-iSOASp
and D-Asp containing peptide by comparing with (c). The R values for each of these
spectra relative to the synthetic peptides spectra are 1.3 and 1.7. The red

stars represent fragments from a co-eluting peptide HFSPEDLTVK. The peptide eluting
at 26.59 minutes does not match any of the isomers (with R values of 2.7, 3.5, 13.2, 3.9
for L-Asp, D- Asp, L-isoAsp, and D-isoAsp containing synthetic peptides, respectively);
indicating that potentially the serine residue is also epimerized or that the remaining two
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Asp isomers are co-eluting. (c) CID spectra of four synthetic peptides L-Asp, D- Asp, L-

isoAsp, and D-isoAsp TVLDSGISEVR.
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Figure 3.5 (a) LC chromatogram for peptide 'TVLDSGISEVR in sheep eye crystallin
digestion mixture after modification. (b) RDD spectra of [[TVLDSGISEVR + 2H]* at
64.68min, 67.57min, 70.44min separately. The three spectra are identified as I.-iSOAsp,
D-is0Asp, and L- Asp containing peptide by comparing with (c). The R values for each of
these spectra relative to the synthetic peptides spectra are of 2.6, 2.4 and 3.1. The red
stars represent fragments from a co-eluting peptide. (c) RDD spectra of four synthetic
peptides L-Asp, D- Asp, L-isoAsp, and D-isoAsp 'TVLDSGISEVR.
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3.3.5 Discrimination Abilities

In this chapter, the most important strategy to enhance the isomer discrimination
ability is to use mass list and short exclusion time in LC-MS/MS run. Specifically, after
peptides were identified by database searching of the LC-MS/MS dataset with normal
exclusion time (60 second), a mass list of identified peptides is created and the m/z of
every possible charge state are included. This is to eliminate all the other contaminations
or random non-crystallin peptides to be selected as parent ions in the isomer-
identification LC-MS/MS run. Also because the fragmentation pattern and the isomer
discrimination ability can vary between different charge states, this strategy greatly
enhances the possibility of every peptide isomer to be distinctly identified. For example,
an isomerized peptide, HFSPEDLTVK from aA-crystallin, was successfully identified
with this approach using CID. The peptide was shown as two separated peaks in LC
(Figure 3.6a), and the +2 charge state is prevalent in the full MS spectra. The Risomer Value
is 1.5 for +2 charge state (Figure 3.6b), smaller than 1.9, which is difficult to differentiate
between the situation of isomerization and co-elution. However, after an LC-MS/MS run
with the identified peptide mass list including every possible charge state, the +1 charge
state of HFSPEDLTVK is selected as the parent ion although the relative intensity is
small. The CID spectra of +1 charge state from the two LC peaks show an Risomer Value of
7.3 (Figure 3.6c), suggesting the occurrence of isomerization. Results from RDD further
confirm the identification; with a significant higher Risomer Value of 25.3 (Figure 3.6d and

3.6e).
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Figure 3.6 LC chromatogram for peptide HFSPEDLTVK in sheep eye crystallin
digestion mixture. (b) CID spectra of [HFSPEDLTVK + 2H]** at 32.44min and 35.39min,
separately. The Risomer Value is 1.5 (yo© & -18). (c) CID spectra of [HFSPEDLTVK + H]*
at 32.64 and 35.53min. The Risomer Value is 7.3 (bg” & ys'). The isomer discrimination is
achieved at +1 charge state. (d) LC chromatogram for peptide HFSPEDLTVK' in sheep
eye crystallin digestion mixture after modification. (e) RDD spectra of [HFSPEDLTVK'
+ 2H]** at 61.97 and 66.25min. The Risomer Value is 25.3 (Ys' & ya").
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Besides the similarity of MS/MS spectra among the peptide isomers, another difficulty
in the peptide isomer identification is that not every peptide isomers can be completely
separated by LC. Therefore, it is necessary that for every LC peak that was identified as a
candidate peptide, the MS/MS spectra of the front and the back of the peak are collected
and analyzed carefully. This requires a relatively short exclusion time (shorter than a
typical LC peak width). Not surprisingly, in an LC-MS run with 16 second dynamic
exclusion time, several peptides show different MS/MS fragmentation abundances within
one LC peak, suggesting that these single LC peak may contain multiple partially
separated peptide isomers. For example, Figure 3.7 shows the LC-MS/MS results
obtained from the sheep eye lens crystallin digestion mixture for peptide Ac-
AEQHSAPEQAAAGK (from BB3 crystallin). Only a single LC peak was observed for
this peptide as shown in Figure 3.7a. However, using the shorter exclusion time and the
peptide target list reveals that the MS/MS spectra at the beginning and the end of the LC
peak are different, which indicates that at least two peptide isomers are present. By
comparing the MS/MS CID spectra with those obtained from synthetic peptides with
serine as the epimerization site (Figure 3.7c), the two spectra in Figure 3.7b are
confirmed to contain L-serine and D-serine. However, in some other cases, since there
could be multiple amino acid epimerization and isomerization sites in one peptide, it is
not possible to identify the number of peptide isomers exist in one LC peak, only based
on the MS? results without any standard peptides. Nevertheless, this result demonstrated
that even when separations are incomplete, the isomer identification can still be

accomplished if the resulting fragmentation chemistry is sufficiently discriminating. It is
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also clear that relying solely on separations for isomer identification is a flawed strategy
since it is likely that some isomer will not be chromatographically resolved. To conclude,
by using short dynamic exclusion time and target peptide mass list with every possible

charge state, the number of identified peptide isomers is significantly increased.
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Figure 3.7 (a) LC chromatogram for peptide Ac-AEQHSAPEQAAAGK in sheep eye
crystallin digestion mixture (b) CID spectra of [Ac-AEQHSAPEQAAAGK + 2H]*" at
22.18min and 22.48min, separately. The two spectra are identified as L-serine and D-
serine containing peptide by comparing with (c). (c) CID spectra of two synthetic
peptides L-serine and D-serine Ac-AEQHSAPEQAAAGK.
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Instances of partial separation serve to highlight the importance of using a dissociation
method capable of generating high R values, since the partial resolution of the epimers or
isomers will reduce discrimination capability. Among all the dissociation techniques of
mass spectrometry that have been applied for isomer discrimination, RDD provides the
highest R value. Some of the previously reported R values for CID of peptide epimers are
smaller than 1.9, which is within the error described before and will bias the
isomerization identification in a large-scale proteomics analysis. In contrast, the R value
for RDD reported so far are relative high enough (>2.4). Table 3.3 shows the Risomer
values for peptide isomers that identified from the ovine database in the sheep eye lens
crystallin digestion mixture. For those peptides listed in Table 3.1 but not in Table 3.3,
the modified versions were not observed. It is reasonable because the isomerized peptides
are usually less abundant and can be lost during the modification procedure. This tends to
be the major drawback of RDD. Nevertheless, for most of the peptides that identified by
RDD, the Risomer Values are higher than CID. There are a few peptides that have
comparable Risomer Values between RDD and CID; but no significantly better value was
observed for CID. This suggests the advantages of using RDD; in the case where
complete separation cannot be achieved by LC (as shown in Figure 3.7), a method that
capable of generating high R values will provide a better chance for detecting isomers.
Also in the case of peptide TVLDSGISEVR described before, both RDD and CID are
important for the identification of four Asp isomer peptides. Above all, since the

detection of peptide isomers is an extremely hard work, it is always good to have multiple
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methods. The combination of RDD and CID is necessary in order to achieve convincing

isomer identification and maximum discrimination ability.

Table 3.3 Risomer Value of the identified isomer peptides for both RDD and CID. 2"

Peptide sequence CID RDD
Ac-'MDIAIQHPWFK!! 11.7 17.9
*TVLDSGISEVR® 20.4 47.2
®HFSPEDLTVK?®® 7.3 25.3
8 VQEDFVEIHGK® 5.8 35
18\/PSGVDAGHSER"™’ 4.0 3.3
> APSWIDTGLSEMR® ¢ 10.9 18.8
Ac-’AEQHSAPEQAAAGK™ 2.7 2.8

2 If multiple peaks were observed, only the highest Risomer Value is reported here. "The
table does not contain peptides isomers that can only be identified by CID because no
modification product was observed.

Another interesting aspect worth careful examination is that both the LC separation
and MS/MS fragmentation are related to peptide structures. Especially in RDD, the
radical migration is very structurally sensitive and can be used to probe peptide/protein
tertiary structures. ** Figure 3.8 shows the relationship between the retention time

difference and the Risomer Value for peptide isomers listed in Table 3.1 and Table 3.3. For

77



CID, no clear linear relationship is observed; however, there is a trend of higher R value

accompanied with better separation. The RDD results show a relatively good linear

relationship between the retention time difference and the R value; but the number of

RDD data shown here is not substantial enough to draw a firm conclusion. Nevertheless,

there could be a correlation between the isomer separation ability of HPLC (retention

time difference) and the isomer discrimination ability of mass spectrometry (R value).

Additional experiments or a larger dataset are required for further investigation.
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Figure 3.8 Relationship between retention time difference in HPLC and the Risomer Value
of peptide isomers listed in Table 3.1, for CID (a) and RDD (b).
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3.3.6 Isomerization and Functionality

The degree of isomerization for both aA-crystallin and aB-crystallin is shown in
Figure 3.9 as a function of the structural region of the protein (i.e. N-terminal region,
alpha crystallin domain, or C-terminal extension). In Figure 3.9, the sequence of the
protein is represented by the color coded bar with aspartic acid and serine residues
indicated by black and white asterisks, respectively. Below each bar, the degree of
isomerization detected within each peptide is shown (as determined by the total fractional
abundance of isomers). It is clear that aA-crystallin undergoes the greatest extent of
isomerization, with significant amounts of isomerization being detected in both the N-
terminal domain and the C-terminal extension. The alpha crystallin domain, which
corresponds to the globular part of the structure, is isomerized to a lesser extent although

some modification is noted.

Although some level of isomerization is found throughout the crystallins, as shown in
Figure 3.3, the degree of isomerization is highest in the disordered N-terminal and C-
terminal domains, as shown in Figure 3.9. Since these disordered regions are largely
responsible for regulating assembly of the higher order oligomers, it is certainly possible
that epimerization or formation of isoaspartic acid could significantly perturb the delicate
structural interactions that regulate the overall oligomerization state of the crystallins and
significantly impact their ability to function properly. Furthermore, it is known that a site
of isomerization identified in Figure 3.9 that occurs within the central domain,
®HFSPEDLTVK®, is an important chaperone binding interaction site. * The

accumulation of isomerization over time in these critical structural regions may
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contribute to cataract formation via loss of chaperone functionality, as has been suggested

previously.
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Figure 3.9 Isomerization ratio of aA and aB crystallins. Different colors indicate the
three structural regions of crystallin, with the N-terminal region in orange, the alpha
crystallin domain in blue, and the C-terminal extension in purple.“® The black asterisks
represent aspartic acid residues and the white asterisks represent serine residues. The
black stars (peptide 89-99 in aA and peptide 124-149 in oB) indicate regions where
isomerization was detected but not quantified due to incomplete separation by HPLC.

3.4 Conclusions

Although the detection of isomeric post-translational modifications in proteomics
experiments poses additional challenges relative to traditional proteomics, the importance
of these modifications justifies the development of methods for examining them. Herein |
have demonstrated that LC-MS can successfully identify isomers with excellent overall
sequence coverage. Importantly, isomer proteomics differs from traditional proteomics in
several important ways. First, while re-examination of a particular peptide is typically
avoided in traditional proteomics, it is required in isomer proteomics because isomers can
only be revealed by comparison of their respective MS/MS spectra. Second, the use of
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multiple fragmentation methods and chemical derivatization is highly beneficial because
the chances for separating and distinguishing isomers are significantly increased when
the analysis is carried out with several orthogonal methods. Overall, these differences
will place constraints on the complexity of samples that can be examined; however, we
have demonstrated that over a dozen target proteins from a biological sample can be

examined.

Results obtained on eye lens sheep crystallins reveal that a significant amount of
isomerization can be observed even for a young animal. Both epimerization of aspartic
acid and serine containing peptides was observed. The most abundant protein, aA-
crystallin was isomerized and epimerized to the greatest extent. Examination of the
isomerization in relation to the structural regions of aA-crystallin reveals that
modification is more prevalent in regions of the protein that are not structurally well
ordered. These modifications may impact in the functionality of aA-crystallin and may be
one of the causes of age-related cataract. The greater isomerization of unstructured
regions may also suggest that natively disordered proteins are more susceptible to

isomerization, although this idea will have to be examined in future studies.
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Supporting Information

Table S 3.1 Source ions for R and S values

R Values for CID

Peptide Fragment 1 Fragment 2 R value
RGYALG as -17 1.13
MEHFRW bs* -17 1.20

LVFFAEDVGSNK big" bs* 1.88
RPPGFSPFR be" -17 1.55
PHCKRM bs" Vi 1.27
RYLPT b, -17 1.35
R values for RDD

Peptide Fragment 1 Fragment 2 R value

LDLAGR -56L -43L 1.22
IQTGLDATHAER -12E -18 1.70

DAEFR Vs -59E 1.18

HGPLGPL -56L -43L 121
NGPLQAGQPGER vt -18 2.01
PSKYEPFV bse* yre 2.31




S values for CID

Peptide Fragment 1 Fragment 2 R value
TVLDSGISEVR (L-Asp) b,* Vo' 1.63
TVLDSGISEVR (D-isoAsp) Vo' Ve 1.13
TVLDSGISEVR (D-Asp) Vo' ys' 1.58
TVLDSGISEVR (isoAsp) Vo' -18 1.62
TVLDSGISEVR (L-Asp) b,* Voot 1.72
TVLDSGISEVR (isoAsp) Vo' -18 1.22

S values for RDD

Peptide Fragment 1 Fragment 2 R value
TVLDSGISEVR (isoAsp) Yoo Ve 2.38
TVLDSGISEVR (L-Asp) bs* yae' 2.02
TVLDSGISEVR (D-isoAsp) bs* Voo© 2.22
TVLDSGISEVR (D-Asp) Voo© Vool! 3.21
TVLDSGISEVR (iso-Asp) bt Vo' 2.07
TVLDSGISEVR (L-Asp) be" byt 2.70
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Table S3.2 Detailed list for all the peptides identified in sheep eye crystallin from Ovine

database.®”

Peptide Sequence Del\\ilizst?on Pesgﬁlj i E-
(Da)

aA Crystallin Ovine Q5ENZ0
'MDIAIQHPWFKR © -0.274 3.4e-009
R¥®TLGPFYPSRL 0.491 2.8e-003
R?LFDQFFGEGLFEYDLLPFLSSTISPYYR*Q 0.720 1.5e-011
FBGEGLFEYDLLPFLSSTISPYYR*Q 0.542 8.2e-012
R®TVLDSGISEVR®S 0.146 1.5e-006
R®SDRDKFVIFLDVK"H 1.352 1.3e-003
R®DKFVIFLDVK"H 0.609 2.1e-004
KHFSPEDLTVK?®V -0.042 1.1e-006
K¥VQEDFVEIHGK*H 0.400 7.6e-006
RMYRLPSNVDQSALSCSLSADGMLTFSGPK**V 0.478 1.7e-010
R PSNVDQSALSCSLSADGMLTFSGPK ¥V 0.352 3.0e-013
D'®QSALSCSLSADGMLTFSGPK !V -0.934 2.1e-005
S ALSCSLSADGMLTFSGPK 'V -0.043 8.0e-006
C2SLSADGMLTFSGPK*V 0.579 1.4e-009
K“°VPSGVDAGHSER™'A 0.312 4.4e-008
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R'™EEKPSSAPSS'

oB Crystallin Ovine Q5ENY9
'MDIAIHHPWIRMR ©
R™RPFFPFHSPSR?L
RZLFDQFFGEHLLESDLFPASTSLSPFY
F®YLRPPSFLR*A

R APSWIDTGLSEM*R®L ¢
K”*DRFSVNLDVK?®
R"FSVNLDVKHFSPEELK®V
KEHFSPEELK®V
K®VLGDVIEVHGK'®H

R%®QDEHGFISRE ®

K*?2YRIPADVDPLTITSSLSSDGVLTV*NGPR¥WK '

R2IPADVDPLTITSSLSSDGVLTMNGPR¥*K

BIKQASGPER™ET

BB3 Crystallin Ovine Q52NW3
M?AEQHSAPEQAAAGK™ S °
K®SHGGLGGSYK®V
K®VIVYEMENFQGK®*' R
R¥CELTAECPNLTESLLEK®V

K*VGSIQVESGPWLAFERR

89

0.424

0.477

-0.114

0.639

0.015

0.473

0.481

0.775

0.519

0.315

1.107

0.413

0.828

0.124

0.336

0.424

0.279

0.315

0.400

8.0e-003

4.1e-007

1.5e-005

6.5e-011

2.2e-003

5.7e-009

1.4e-004

1.8e-005

5.9e-003

6.2e-005

8.0e-003

1.2e-010

2.4e-012

9.8e-003

1.3e-009

1.7e-005

1.5e-009

3.2e-012

5.4e-012



R®OWDAWSNSHHSDSLL??s 0.408 1.1e-004

L'®SLRPLHIDGPDHK"*L 0.496 2.7e-005
K"®LHLFENPAFGGR''K 0.472 1.0e-009
Rk MEIVDDDVPSLWAHGFQDR*'V 0.657 1.2e-010
K'*MEIVDDDVPSLWAHGFQDR¥*'V 0.269 1.3e-011
SAINGTWVGYEFPGYRY'G 0.652 1.8e-008
R¥HWNEWDANQPQLQSVR*R 0.531 1.3e-012

2 Bold residues represent iodo-benzoic acid modified amino acids. ® Cysteine are
observed as iodoacetamide modified (+57Da). ¢ N-terminal acetylated peptide. ¢ The star
represents a point mutation from Val to Met. *The N-terminal glutamine cyclization
peptide is observed. ' The star represents a point mutation from Met to Val.

90



Chapter 4

FACTORS THAT INFLUENCE COMPETITIVE INTERMOLECULAR SOLVATION OF PROTONATED

GROUPS IN PEPTIDES AND PROTEINS IN THE GAS PHASE

4.1 Introduction

Although the first examples were synthesized in the 1930’s, crown ethers only came to
the forefront following recognition of their cation binding properties by Pederson in the
late 1960’s.! Crown ethers are cyclic oligomers, most typically constituted of ethylene
oxide unit repeats. The nomenclature of crown ethers refers to the total number of atoms
comprising the ring followed by the number of heteroatoms which are present. For
example, 18-crown-6 (18C6) is an 18 atom ring with 6 oxygen atoms. The cyclic
arrangement of crown ethers creates electronegative cavities which are well suited for
binding to cations. Crown ethers are freely soluble in both polar and nonpolar solvents,
making them well-suited for phase transfer catalysis.? Crown ethers have also been used
for cation recognition,® in separations,* and for gas phase experiments.>”’

18C6 in particular has found use in mass spectrometry (MS) based experiments due to
its ability to bind protonated primary amines via the formation of 3 specific hydrogen
bonds between every other oxygen atom.?® Attachment of 18C6 to protonated groups has
been used to: investigate mechanistic aspects of hydrogen/deuterium exchange,® examine
protein structure,'® generate radical peptides,™ in conjunction with ion mobility,** for
charge stripping,*® and for spectroscopy.** These experiments are typically conducted

with electrospray ionization, where 18C6 is added to the solution to be electrosprayed.
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Under sufficiently gentle ionization conditions, noncovalent 18C6 adducts are formed
and can be observed in the final mass spectra. It is important to point out that, with 18C6,
observation of a noncovalent adduct in the gas phase does not necessarily imply that the
complex was present in solution. For example, the dissociation constant for 18C6 with
protonated primary amines in water is quite low (in the high millimolar range),” yet
abundant adducts can be observed from aqueous solutions of peptides or proteins which
contain 18C6. It has been proposed that complexation occurs during the electrospray
process, where the effective concentration of 18C6 increases dramatically during droplet
evaporation and drives complex formation.*®

Once in the gas phase, the fundamental interaction between 18C6 and several
biologically relevant protonated groups is quite strong.'”* For example, the bond
dissociation energy for protonated butyl amine (a lysine mimic) and 18C6 is 223 kJ/mol,
which represents a significant fraction of the energy required to break a typical covalent
bond.™® However, the bond dissociation energies of small molecules cannot be
straightforwardly used to estimate the binding of 18C6 to similar functional groups in
more complex molecules such as peptides or proteins. For these larger molecules,
intramolecular binding sites that can competitively interact with charged groups are
frequently available and can significantly reduce the effective binding energy of the
crown. Entropy also becomes potentially more important when intramolecular charge
solvation is possible because the noncovalent bonding of two molecules is always
entropically unfavorable. The stability of the 18C6 adducts in larger molecules therefore

depends on competition between intramolecular and intermolecular solvation of charged
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sites, keeping in mind that optimal configurations for each may be separated by
significant kinetic barriers.

In this chapter, | examine the potential of 18C6 to act as “solvent” for charged residues
in the gas phase. It is found that for systems with significant structural flexibility and
available hydrogen binding sites, 18C6 adducts are kinetically trapped unstable
complexes. Very mild excitation leads to prompt loss of the 18C6 adduct and
rearrangement of peptide structure to accommodate the charged group. In more rigidly
constrained systems where optimal charge solvation is either not feasible or protected by
large kinetic barriers, 18C6 adduct stability is significantly enhanced. Molecular
mechanics calculations on several small glycine oligomers are used to examine the
structures of specific examples of unstable and stable 18C6 adducts. Collisional
activation of multi-adduct proteins reveals that adduct stability increases significantly
with increasing charge state, which may reflect the degree of structural reorganization
that has taken place in transit into the gas phase.

4.2 Experimental Methods
4.2.1 Materials

All the organic solvents were purchased from Sigma-Aldrich (St. Louis, MO) and used
without further purification. All amino acids and resin were purchased from Ana Spec
(Fremont, CA). Cytochrome c (cytc) and myoglobin were purchased from Sigma-Aldrich
(St. Louis, MO). 18-crown-6 was purchased from Alfa Aesar (Pelham, NH). Water was

purified to 18.2 MQ using a Millipore 147 (Billerca, MA) Direct-Q system. Peptides used
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in the radical directed dissociation experiments were purchased from American Peptide
(Sunnyvale, CA).
4.2.2 Peptide Synthesis and lodination

The GG, KG, RG peptide series were synthesized manually using standard fmoc
procedures with Wang Resin as the solid support.?> Amino acids with protected side
chains were used when needed. The N-terminus of KG and RG peptide series were
acetylated by acetic acid before the cleavage from beads (indicated by Ac- prior to the
peptide sequence).

Peptide EGVYVHPV were iodinated using a previously published method.?* Sodium
iodide, chloramine-T and peptide were mixed together in water with 1:1:1 molar ratio.
After 1 min reaction, sodium metabisulfite with 2 times of the peptide concentration was
added to the solution to quench the excess I,. The reaction mixture was purified via
peptide trap (Michrom Bioresource. Inc.).

4.2.3 Mass Spectrometry

Mass spectra were recorded with a Finnigan LTQ ion trap mass spectrometer (Thermo
Fisher Scientific, San Jose, CA) with a standard ESI source. The concentrations for all
peptides and proteins were 10uM. All samples were prepared in 50/50 water/methanol
except for holo myoglobin. 18C6 at 5~10 times the peptide/protein concentration was
added to the sample before electrospraying. The isolation window width was set to 10 Da
for the peptide-crown adduct peak and 10 Da for the protein-adduct peak. This wide
isolation window is needed to avoid collisional heating of the ions during isolation. The

width is also 10Da for ultrazoom scan mode (lower scan speed). The activation voltage
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(V) was was converted from normalized collisional energy (NCE) using the following
equation

V = NCE X (parent mass X tick amp slope + tick amp intercept)

Where tick amp slope and tick amp intercept are instrument-specific parameters,
equal to 0.000026 and 0.010236. The degrees of freedom (DOF) for an N-atom molecule
can be obtained with: DOF = 3N-6.

For radical directed dissociation, the posterior plate of mass spectrometer was
modified to transit fourth harmonic pulses (266nm) from a flash-pumped Nd:YAG laser
(Continuum, Santa Clara, CA) through a quartz window into the ion trap.
Photodissociation (PD) of the iodinated peptide or peptide-crown complex always
produces the loss of iodine as the major fragment. Further MS" experiments described in
detailed below were performed by re-isolation of the radical peptide or radical peptide-
crown complex followed by collision induced dissociation (CID). NCE is 10 to dissociate
the peptide and crown complex and 13 for peptide fragmentation.

4.2.4 Molecular Mechanics Calculations

Maestro and MacroModel (Schrodinger, Inc., San Diego, CA) were used to build
models and perform conformational searches. For all the calculations, the OPLS atomic
force field was used, with no solvent. The initial peptide structures were alpha helical
with the positive charge on the N-terminus for GGGG and the lysine side chain for Ac-
KGGG. For the GGGG complex with 18C6, the 18C6 molecule was manually placed
next to the N-terminus. For Ac-KGGG-18C6 complex, the lysine side chain was rotated

away from the peptide backbone into a position where 18C6 could interact. A torsional
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sampling conformational search algorithm (MCMM) was used to search conformational
space and identify low energy structures. 50000 structures were sampled in each
conformational search and 1000 low energy structures were saved. The lowest energy
structures obtained in each case were used to calculate binding energies (AH between
isolated and complexed, minimized structures).
4.3 Results and Discussion
4.3.1 Mass Shift of Crown Complex in the lon Trap

While performing experiments that utilizing the attachment of 18C6 to generate
noncovalent complexes in the gas phase in the ion trap instruments, | have noticed that on
some occasions that the masses of the complexes deviate significantly (>0.2 Da at normal
scan speed) from the expected masses (Figure 4.1a and Figure 4.1b). In all cases,
collisional activation of the peak results in loss of a molecule corresponding nominally to
the mass of 18C6 and generation of the peptide with the correct mass (Figure 4.1c),
which suggests that the complexes are correctly assigned but appear at the wrong m/z for
some reason. It has been well documented that fragile ions can fragment during resonant
excitation in ion traps, leading to peak broadening and mass shifts.???* The LTQ is a
forward scanning instrument, which means that it ejects ions of lower mass first. Fragile
ions ejected prematurely during this process will therefore broaden and mass shift
towards the direction of lower m/z. Evaluation of identical samples with time-of-flight
(TOF) MS, which does not activate ions during detection (Figure 4.1d), yields masses

and isotope patterns that agree well with predicted values.
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Figure 4.1 (a) Full MS spectrum of peptide MRFA. The exact mass is 524.27 Da for
[MRFA+H]" (b) Full MS spectrum of peptide MRFA and 18C6 acquired on a different
day under different operating conditions. The exact mass is 788.42Da for
[MRFA+18C6+H]". The complex exhibits significant mass deviation (0.59 Da) while the
peptide peak is observed at correct mass (deviation within 0.2 Da). (c) CID of
[MRFA+18C6+H]". The arrow represents the precursor ion. The peptide mass is correct
after CID. (d) Full mass spectrum of MRFA and 18C6 in time-of-flight instrument (zoom
in between 780Da and 800Da). The mass and isotope patterns agree well with predicted
values.
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4.3.2 Standard Peptides

Figure 4.2 illustrates isolation windows for a series of Ac-KGx (X = 0 to 5) peptides
that have been complexed with 18C6. The predicted masses and relative intensities for
isotopic peaks are shown for each complex as red lines. The agreement between the
expected and observed mass is very good for the 18C6 complex with Ac-K; however,
there is a clear trend of increasingly large mass shifts towards lower m/z that is
accompanied by peak broadening as the number of glycine residues increases. These
results are consistent with decreasing complex stability as more glycine residues are
added to the peptide. This assumption is further supported by results from a TOF mass
spectrometer, data shown in Figure 4.3. The sample contains five peptides (Ac-KGx x =1
to 5) and 18C6. For crown complexes Ac-KG-18C6, Ac-KGG-18C6, Ac-KGGG-18C6,
and Ac-KGGGG-18C6 masses and isotope distributions agree well with predicted values.
However, the relative abundance for the Ac-KGGGG-18C6 complex is low (the inset of
Figure 4.3). No Ac-KGGGGG-18C6 complex is observed, while the bare peptide Ac-
KGGGGG without crown complex is present in the spectrum (not shown). These results
confirmed that as the number of Glycine residues increases, the crown complex stability
is decreasing. The polyglycine part of the backbone is flexible and contains numerous
hydrogen bonding sites which can easily interact with the flexible lysine side chain.

The results in Figure 4.2 and 4.3 strongly suggest that the 18C6 adducts represent
kinetically trapped structures which rapidly dissociate upon very minimal activation,
leading to the observed mass shifts and broadening. In Figure 4.4a, the precursor ion

survival yields are shown as a function of activation voltage normalized by the number of
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vibrational degrees of freedom.?*° Figure 4.4b shows that the trends in peptide complex
stability are nearly identical to those observed by mass shifting in Figure 4.2. Here the

degree of dissociation (a) is calculated using the following equation:

Relative abundance of precursor ion

o= ; : : s
Relative abundance of precursor ion + Relative abundance of peptide ion
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Figure 4.2 Isolation windows for a series of Ac-KGy (X = 0 to 5) peptides that have been
complexed with 18C6. The predicted masses and isotope distributions are shown as red
lines. The mass shifts increase as more glycine residues are added to the peptide.

99



[Ac-KGGGG+18C6+H]’

681.34768
[Ac-KGG+18CB+H]" o4 /
100 - 567.32584 5
80 =
] "% 680 685 690
60 - m/z

J[Ac-KG+18F6+H]' .
510.30470 [Ac-KGGG+18CEAH]" [AcKGGGGG+18CH+H]

] 624.34779 t Observed
ST T Pyt

T ' T Y T L |
500 550 600 650 \400 50 800

N
o
1

Relative Inteisnty
S

Figure 4.3 TOF mass spectrum of the mixture of 18C6 and Ac-KGy (x = 1 to 5) peptides.
The masses and isotope distributions agree well with predicted values for the 18C6
complex with Ac-KGy (x = 1 to 3). The 18C6 complex with Ac-KGGGG has very low
relative abundance while the Ac-KGGGGG-crown complex cannot be observed.

A similar set of experiments were conducted with Ac-RGx (x =010 5) and Gx (x =2 to
5) peptides and the results are shown in Figure 4.5 and Figure 4.6. Arginine is the most
basic residue and is therefore also a potential target for complexation by 18C6 at the
protonated guanidinyl side chain. Previous results have suggested that arginine
complexation with 18C6 is less favorable than with lysine.8"" The results in Figure 4.5
are consistent with this finding. A significant mass deviation is observed even for the
complex with acetylated arginine itself. Overall, the trend is similar to that observed for
the Ac-KGy peptides, although the degree of mass shifting and peak broadening is greater
for arginine than it is for lysine. Given that the inherent binding energy of arginine to
18C6 is weaker than it is for lysine, it is logical that competitive intramolecular binding is

able to out-compete retention of the 18C6 adduct more easily.
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peptide complex stability determined independently by mass shifting and collisional
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Figure 4.5 Isolation windows (10Da) for a series of Ac-RGy (X = 0 to 5) peptides that
have been complexed with 18C6. The predicted masses and isotope distributions are
shown as red lines. The mass shifts increase as more glycine residues are added to the
peptide.

For polyglycine, 18C6 attachment most likely occurs at the protonated N-terminus.
Interestingly, very minimal mass shifts or peak broadening (Figure 4.6) are observed for

most of the polyglycine peptides. Even for GGGGG, only minimal mass shifting is
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noticed. The fundamental binding energy for 18C6 to the N-terminus (223 kd/mol)*’ is
comparable to that for the side chain of lysine (based on n-butyl amine, 223 kJ/mol),*
meaning that there must be another explanation for the enhanced stability. Although the
polyglycine backbone is fairly flexible, it is not sufficiently long to effectively solvate a
charge at the protonated N-terminus via multidentate interactions as are present with
18C6. It appears that these steric constraints inhibit competitive complexation of the
charge by the peptide backbone which leads to enhanced retention of the 18C6 adduct. It
has been demonstrated previously that changes in the polarizability of small molecules

17,18

may influence crown binding strengths, though we anticipate such effects to be

secondary to hydrogen bonding capacity for these larger systems.
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been complexed with 18C6. The predicted masses and isotope distributions are shown as
red lines. The mass shifts and peak widths are reduced compared to Ac-RG, and Ac-KGy
peptides.
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The results from Figure 4.2, Figure 4.5 and Figure 4.6 are summarized for two
different scan speeds in Figure 4.7. The lower scan speed will lead to excitation of the
ions closer to the true m/z, and is observed to reduce the mass shifting significantly
though the same trends are observed in both Figures 4.7a and 4.7b. At the slower scan

speed in Figure 4.7b, the mass shifts are negligible for the polyglycines.
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Figure 4.7 (a) Mass shifts for the primary isotopic peaks obtained from isolation
windows of 18C6 adducts with Ac-RGy, Ac-KGy, and Gy peptides. Reduced
intramolecular charge solvation in polyglycine leads to greater 18C6 adduct stability and
smaller mass shifts. (b) The magnitude of the mass shifting is reduced if the scan speed of
the instrument is decreased.
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4.3.3 Molecular Dynamics Simulations

Molecular dynamics calculations were performed to explore the structures and
energetics of 18C6 complexes with Ac-KGGG and GGGG. The lowest energy structures
that we were able to obtain for each peptide alone and complexed with 18C6 are shown
in Figure 4.8. When attached to 18C6, the optimal structures have the protonated amines
in both peptides forming 3 hydrogen bonds with 18C6, indicating a strong interaction
between the charged site and the crown. However, solvation of the charged group in the
absence of 18C6 is much less comparable between the two peptides. For Ac-KGGG, the
peptide backbone and flexible side chain are able to rearrange in such a way that three
relatively strong hydrogen bonds again stabilize the charged sited. For GGGG, only a
single strong hydrogen bond is formed with an additional hydrogen bond that is
weakened by larger separation and an unfavorable OHN interaction angle. The calculated
binding energies for the two complexes are -176 kJ/mol for Ac-KGGG and -221 kJ/mol
for GGGG. It is unlikely that molecular dynamics can be relied upon to accurately
quantify these binding energies; however, the magnitude of the difference suggests that
the trend would likely hold up even with higher level calculations. The trend in binding

energy obtained by the calculations is also in agreement with experiment.
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Figure 4.8 Lowest energy structures for GGGG, GGGG-18C6, Ac-KGGG, and Ac-
KGGG-18C6 from molecular dynamics conformational searches. The hydrogen bond
distances between H and O atoms are shown for each structure. The peptide structures
change significantly when 18C6 is attached. The interactions between peptide backbone
and side chain are stronger for Ac-KGGG than for GGGG.
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4.3.4 Protein 18C6 Adduct Stability

The results in Figures 4.1-4.8 suggest that 18C6 adduct stability is a sensitive probe of
local conformational flexibility and hydrogen bonding capacity. We next examined 18C6
adduct stability in proteins, which frequently attach multiple 18C6 adducts. In Figure 4.9
the stability of 18C6 adducts on several whole proteins (cytc, ubiquitin, and
apomyoglobin) is examined as a function of charge state. In these experiments, a protein
peak containing four 18C6 adducts was isolated and subjected to collisional activation.
The amount of activation was kept constant between different charge states and proteins
as defined by the percent activation parameter in the LTQ software. As a control, we
examined the sensitivity of the observed distributions to small changes in activation

energy and found very little dependence for small variations (£3%) in activation.

Results for cytc in the +9 through +15 charge states are shown in Figure 4.9a.
Interestingly, for lower charge states the 18C6 adduct stability is very low. For example,
collisional activation of the +9 charge state yields the bare protein as the primary product
and higher order adducts are only retained in small abundance. At the other extreme,
excitation of the +15 charge state favors loss of only a single 18C6, leading to formation
of an abundant 3 adduct peak. There is essentially a smooth transition in behavior for all
of the charge states between these two extrema. For ubiquitin, similar (though not
identical) results are obtained. The lowest charge state exhibits the least 18C6 adduct
stability and the highest charge states again retain the most 18C6 adducts; however, there
is a significant discontinuity in the distributions between the +7 and +8 charge states. It is

also worth noting that the distributions themselves are dissimilar between cytc and
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ubiquitin, even if distributions at similar m/z are compared. The uniqueness of the
distributions suggests that they are not the result of some simple statistical process. In
Figure 4.9c, distributions obtained by examining apomyoglobin are shown. The general
trends are again similar, but only two 18C6 adducts are retained in the highest charge

states, compared with three for cytc and ubiquitin.
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Figure 4.9 Distributions of remaining 18C6 adducts following collisional activation of
the four adduct peak from different proteins in 50/50 water/methanol. (a) Cytochrome c
from charge state +9 to +15. (b) Ubiquitin from charge state +6 to +10. (c) apomyoglobin
from charge state +11 to +18. In general higher charge states retain more 18C6 adducts.

There are several conclusions that can be drawn from these results. First, 18C6 adduct
stability is reduced for proteins in lower charge states, as is described in greater detail

below in Figure 4.10 and 4.12. A second conclusion is that the degree of 18C6 retention
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observed for each protein is unique. It is likely that the nature of the distributions
generated upon loss of 18C6 adducts from various proteins is related to differences in
sequence and three dimensional structure. For example, such structural features unique to
each protein likely lead cytc to retain three 18C6 adducts in higher charge states under

the same conditions where apomyoglobin retains only two.

In Figure 4.10, spectra obtained by collisional activation of four-adduct peaks at
various excitation energies are shown for the +9 charge states of cytc. A single step of
activation is sufficient to produce the bare protein. In fact, once sufficient energy is used
to completely deplete the precursor ion, the bare protein is by far the most dominant
product. This is a very interesting result that requires careful consideration. In an ion trap,
activation is achieved by multiple, low-energy collisions. As a result, the lowest energy
dissociation pathways are typically observed. Furthermore, excitation is resonant,
meaning that once a single 18C6 adduct is lost no further energy will be pumped into the
ion. Generally, this will lead to loss of a single 18C6 adduct from a multiple adduct
complex following collisional activation because this represents the lowest energy
dissociation pathway. For example, excitation of [KKKKK+4(18C6)+4H]*" yields
dominant loss of a single 18C6 (Figure 4.11). Therefore, in order for all four 18C6
adducts to be lost simultaneously, the complex must acquire sufficient energy to lose all
four adducts prior to the loss of a single 18C6, or the acquisition of energy must
somehow result in significantly lower binding strength of the adducts to the protein. The
second scenario is plausible if activation leads to significant structural perturbation of the

protein, leading to weakening of 18C6 binding for all four adducts. In this case, the
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rearrangement would presumably be from a kinetically trapped solution phase-like
structure to the preferred gas phase structure. Alternatively, proteins are very large
molecules and can potentially store sufficient energy to eventually lose four adducts prior
to the loss of the first adduct. Given the rapid cooling that occurs in ion traps (as

26,27

illustrated by difficulty in carrying out ion activation by infrared radiation),”>" we find

this possibility to be less likely.
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Figure 4.10 CID spectra of cytochrome c at +9 charge state with four-adduct peaks at
various excitation energies. The black arrows represent precursor ions. Peaks are labeled
by “charge state-number of crown adducts”. 15% NCE is sufficient to produce the bare
protein.
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Figure 4.11 CID of [KKKKK+4(18C6)+4H]**. The black arrow represents the precursor
ion. Peaks are labeled by “charge state - number of 18C6 adducts”. The loss of one
crown from +4 charge state is observed yields the primary product.

In contrast, for the +14 charge state activation leads primarily to the loss of one or
two 18C6 adducts regardless of activation energy as shown in Figure 4.12. In this case, it
is difficult to distinguish between a situation where modest structural rearrangement
could occur and facilitate loss of two 18C6 adducts or the case where a large protein
might store sufficient energy to accommodate loss of two crowns. Nevertheless,
activation of the three adduct or two adduct peaks (following loss of one or two crowns)
does not lead to preferential formation of the naked protein (Figure 4.13), suggesting that
significant structural rearrangement is unlikely and that a different mechanism is
responsible for 18C6 adduct loss in the higher charge state. Since higher charges states
consist of elongated structures® that likely bear little resemblance to solution phase
structures, it is less likely that these structures would be kinetically trapped and prone to

undergo significant structural reorganization following collisional activation. This may
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account for the observation that 18C6 adducts are more stable on higher charge state

proteins. Furthermore, as additional charges are added to a protein, the capacity of the

protein for self-solvation will decrease, which should also lead to increased 18C6 adduct

stability.
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Figure 4.12 CID spectra of cytochrome c at +14 charge state with four-adduct peaks at
various excitation energies. The black arrows represent precursor ions. Peaks are labeled
by “charge state-number of crown adducts”. The activation of +14 charge state mainly
leads to the loss of two crowns even at higher activation energies.
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Figure 4.13 MS® spectrum showing collisional activation of the 14-2 peak of cytochrome
c. Naked protein is not the preferred product. Peaks are labeled by “charge state - number
of 18C6 adducts”. The precursor ion was generated by collisional activation of the 14-4

peak.

An interesting possibility arises from consideration of these results, namely, the degree
of loss of 18C6 adducts may reflect the degree to which a protein has undergone
structural reorganization to accommodate the gas phase environment. Greater loss of
18C6 would then presumably indicate less reorganization occurred during transit into the
gas phase and therefore greater similarity with solution phase structure (at least prior to
loss of the crowns). One possible benefit that could occur from addition of 18C6 is that it
may serve as solvent replacement during the transition of the protein from solution into
the gas phase, allowing the protein to retain a greater degree of structural resemblance to
the solution phase structure. If so, then 18C6 adduct formation may represent a method
for essentially preserving solution phase structures via pseudo-solvation. Indeed recent
work examining collision cross sections from ion mobility experiments concluded that
18C6 can micro-solvate charge sites and help to preserve solution phase structure for

certain charge states.”
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The possibility of native structure retention is examined further in Figure 4.14 where
the results from collisional activation of holomyoglobin in the +10 and +11 charge states
with four 18C6 adducts are shown. Holomyoglobin has a noncovalently attached heme
group that is known to be labile and easily lost in MS experiments.* Interestingly, the
results in Figure 4.14 show that heme loss generally occurs only after 18C6 is lost. For
example in Figure 4.144, the 10-0 (where 10 indicates charge state and O indicates the
number of 18C6 adducts) apo peak is not accompanied by any 10-1 or higher order 18C6
adduct peaks, indicating that it originated only from the 10-0 holo peak. Similarly, in
Figure 4.14b, the 10-0 apo peak is not accompanied by any 18C6 adducts. The 11-0 apo
peak does have an accompanying 11-1 adduct peak, but the intensity of this peak is
significantly lower than the 11-1 holo peak. All of these results are consistent with
preferential loss of 18C6 over loss of heme (the key indicator for loss of native-like
structure). This is further support that 18C6 can behave in a protective fashion, solvating
charged side chains and preserving native structures. For both the +10 and +11 data, loss
of all four adducts is observed in a single activation step, which is also consistent with
our analysis of the data in Figure 4.10 and Figure 4.12 and with significant structural

reorganization and possible retention of solution'n phase structure prior to activation.
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Figure 4.14 CID of holomyoglobin with four crown adducts for the (a) +10 and (b) +11
charge states. Heme loss occurs primarily after 18C6 is lost, suggesting a protective
function. Numbers refer to charge state and number of 18C6 adducts, i.e. 11-1 is the +11
charge state with a single 18C6 adduct. The black arrows represent the precursor ions.

4.4 Conclusions

Although the fundamental interaction between 18C6 and protonated amines in the gas
phase is quite strong, it is clear that in complex molecules this interaction can be
significantly weakened by competitive intramolecular charge solvation. The structures of
small model peptides which have been examined in detail undergo significant

rearrangement following loss of 18C6 in the gas phase. This observation is logical, given
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that hydrogen bonds with charged groups are among the strongest noncovalent forces
present in the gas phase. Examination of proteins reveals that 18C6 adducts on lower
charge states are weakly bound and easily lost upon collisional activation. In contrast,
higher charge states exhibit greater 18C6 adduct retention. These results are consistent
with the idea that proteins in lower charge states have greater resemblance to solution
phase structures and therefore undergo more structural rearrangement that facilitates loss
of 18C6. If this is the case, then 18C6 may serve the function of solvating side chains and
protecting solution phase structure. Experiments with holomyoglobin support this idea
because the labile heme group is observed to be lost primarily after 18C6 adducts. These
results suggest that the potential of 18C6 as a solvent replacement should be investigated

further.
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Chapter 5

EXAMINING PROTEIN SURFACE STRUCTURE IN HIGHLY CONSERVED SEQUENCE VARIANTS

WITH MASS SPECTROMETRY

5.1 Introduction

Sequence variation in proteins occurs frequently in nature and has significant
importance in various biological contexts. Certain proteins have similar amino acid
sequences but exhibit very different behaviors which are related to structure. For
example, the three proteins from the synuclein family (a-, B-, y-synuclein) share a high
level of sequence homology, but only a -synuclein is linked with fibril formation and the
pathology of Parkinson’s disease.® Furthermore, single point mutations in the o -
synuclein gene are known to greatly increase the rate of protein aggregation.>* Sickle cell
anemia is another well-known disease caused by a point mutation.®> The glutamic acid
residue in the sixth position of the 3 chain of normal hemoglobin is replaced by valine in
sickle cell hemoglobin.® This mutation shifts the hydrophobicity of the protein surface
and dramatically reduces the solubility of the deoxygenated hemoglobin in the blood,
which is ultimately responsible for the disease. It is clear from these examples that small
changes in the primary sequence can dramatically alter protein structure and function. It
is also well known that not all amino acid substitutions lead to significant structural
perturbations in terms of three-dimensional backbone structure. For example, the native
fold of ubiquitin can accommodate a large number of amino acid substitutions without

significant perturbation.”"® Point mutations are also regularly introduced into proteins
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intentionally by researchers for a variety of reasons,® frequently with the implicit hope
that the structure and behavior of the protein will not be affected.

It is possible to examine the effects of point mutations with traditional protein structure
determination methods such as x-ray crystallography™® and NMR.** In some cases this
may be warranted, but frequently the time and sample consumption required for these
methods will preclude their use. In contrast, mass spectrometry (MS) is well suited to
examine proteins both quickly and with excellent sensitivity. Although the three
dimensional structures obtained by x-ray and NMR cannot be derived from MS-based
experiments, there are aspects of protein structure which are most easily examined by
MS. The development of soft ionization methods, which has enabled protein analysis by
MS, also led to the emergence of methods that provide information about protein
structure. It was recognized early on that the mere process of electrospraying a protein
reveals some information about structure. For example, the charge state distribution
observed for a protein that has been electrosprayed can be used to coarsely determine

12 - 1% gybsequently, more sophisticated experiments utilizing

folding state.
hydrogen/deuterium exchange, irreversible covalent labeling, or crosslinking have been
used to reveal more detailed information about protein conformation.>*’ These methods
are the preferred manner to probe solvent accessibility and protein-protein interactions.
Another MS based technique known as SNAPP (selective noncovalent adduct protein
probing) has been developed to examine protein solution phase structure with

noncovalent probes. *¥% In this method, 18-crown-6 ether (18C6) is used as a recognition

molecule which can noncovalently attach to basic sites (Lys/Arg side chains, N-terminus)
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in proteins. Regardless of whether a particular site is available for binding by 18C6 is
determined by the presence and abundance of competitive intramolecular interactions,
including salt bridges and hydrogen bonds. Salt bridges with acidic groups are most
effective at interfering with 18C6 binding; ™ therefore, SNAPP is sensitive to the
arrangement of basic, acidic, and polar groups at the protein surface (which is ultimately
a function of the overall three-dimensional protein structure). 18C6 adducts do not simply
count the number of basic sites. Importantly, because of the relative solution and gas
phase binding properties, 18C6 does not interact significantly with proteins until after
droplet formation during ESI.2%# SNAPP is unique in that the focus is exclusively on
side chain interactions at the protein surface and structure probing occurs in the transition
between solution and the gas phase. The raw mass spectra provide a distribution of
protein-18C6 complexes (SNAPP distribution) for each charge state. The shape and
relative intensity of the distributions are very sensitive to protein surface structure. If the
protein is modified by ligand binding, denaturation, or point mutations which modulate
the chemical environment around 18C6 binding sites, shifts in the SNAPP distributions
will be observed. Therefore, SNAPP is primarily a comparison method which can
determine if changes to a protein or its environment lead to structural shifts, as well. It is
important to note that because SNAPP provides an electrostatic map of protein surface
structure, changes which do not result in rearrangement of the tertiary fold can still yield
different SNAPP distributions if the surface structure has been perturbed. There could be
important consequences for this type of situation, e.g. the catalytic properties of two

proteins with similar backbone structure might well be quite comparable, but protein-
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protein recognition could be significantly different due to changes at the surface where
recognition occurs.

Herein several orthologous proteins from multiple species that share a common
function and varying degrees of sequence homology are examined by the SNAPP-MS
method. In each case where structures are known, these proteins have been determined to
have nearly identical native folds by x-ray crystallography; however, the effects of
sequence variation on surface structures have not been previously experimentally probed.
For three variants of insulin, sequence mutations are very minor and SNAPP distributions
are all very similar, suggesting no disturbance to the electrostatic surface structure.
Cytochrome c (cytc) variants from four species were examined; three have known tertiary
structures. Interestingly, yeast yields a distinct SNAPP distribution relative to horse,
bovine and pigeon cytc. Yeast cytc contains the largest number of mutations in
acidic/basic residues and also exhibits reduced stability, leading to denaturation under
milder conditions than those required for the other variants. Two forms of lysozyme with
significant sequence mutations, but identical backbone structures, were found to yield
SNAPP distributions that are quite different. The relative importance of various types of
mutations on the observed SNAPP distributions and protein surface structures is

discussed.
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5.2 Experimental Methods

5.2.1 Protein Samples and Purification

Recombinant cytc iso-1 from Yeast was purchased from abcam (Cambridge, MA). All
other proteins used in this work were purchased from Sigma-Aldrich (St. Louis, MO).
Cytc from yeast and lysozyme from human was further purified by dialysis against water
and lyophilized. Methanol (Sigma Aldrich, St. Louis, MO) and acidic acid (Mallinckrodt
Baker Inc. Phillipsburg, NJ) were of analytical grade and used without further
purification. All protein samples were prepared using a Millipore (Millipore, Billerica,
MA) Direct-Q purified water without any acid or buffer, unless otherwise noted. The
concentrations for all proteins were kept in the 7~10uM range. 18C6 (Alfa Aesar, Pelham,
NH) with 10 times of protein concentration was added to the sample solution prior to
electrospray. For example, for a final cytc concentration of 10 uM, the concentration of

18C6 would be 100 uM. All samples were of neutral pH as determined by litmus paper.

5.2.2Mass Spectrometry

Mass spectra were recorded with a Finnigan LCQ 3D ion trap mass spectrometer
equipped with a modified liquid desorption electrospray ionization (DESI) source.
SNAPP experiments are very sensitive to the exact source conditions that are employed,
and therefore, the instrument was calibrated against a standard immediately prior to each
experimental run to verify similar source conditions. For these experiments, cytc from
horse in a 50/50 water/methanol mixture was used as the standard, which was verified to

yield a reproducible spectrum. Although standard ESI can be used for SNAPP, we have
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found that the liquid DESI arrangement provides for easier reproducibility. The complete
details of these findings will be the subject of a future publication. The DESI source was
implemented by removal of the original electrospray nozzle from the source mount. The
nozzle was then oriented as shown in Scheme 5.1 with a ring stand and clamp. The gas to
the nozzle was provided directly from a gas cylinder rather than being passed through the
LCQ. The liquid sample was pumped from a fixed tube placed ~90° to the mass
spectrometer inlet, with a distance of 0.5-1 cm as shown in Scheme 5.1. The sample was
ionized through interaction with the charged solvent droplets generated by the
electrospray nozzle. The sample flow rate was 3.0 uL/min, and the spray flow rate was
6.00 pL/min. The sheath gas pressure was increased to >80 psi. The solvent solution for
DESI source was a 50/50 water/methanol mixture with 1% acetic acid. Typical settings
were as follows: capillary voltage of 100 V, capillary temperature of 215 °C, tube lens
offset of —65 V, and spray voltage of 5 kV. Once optimized, the instrument parameters

remained unchanged for all experiments.
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Scheme 5.1 Diagram of the Liquid DESI Source
5.2.3 Protein Structures
The following Protein Data Bank (PDB) entries for the crystal structures discussed here
were used: porcine insulin, 2EFA; bovine insulin, 9INS; human insulin, 313Z; horse cytc,
1HRC; bovine cytc, 2B4Z; yeast cytc, 1YCC; human lysozyme, 1LZ1; hen lysozyme,
2LYZ. The surface electrostatic maps were generated from the Maestro computing
program (Schrodinger, Inc., San Diego, CA) by choosing the “molecular surface” option,
and the color is based on the residue charge (positive, blue; negative, red).

5.3 Results and Discussion

5.3.1 Insulin

Aligned backbone structures in ribbon form obtained from the crystal structures of
human, porcine, and bovine insulin are shown in Figure 5.1a. 2323 The three structures are
virtually identical. Sequence alignment for the same set of proteins is shown in Figure

5.1b. Only one residue is different between human and porcine insulin, while bovine
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insulin has two additional mutations (all highlighted in off-white). None of the mutations
involve basic or acidic residues, which are highlighted in blue and red, respectively.
Figure 5.1c shows the mass spectrum obtained from a solution containing bovine,
porcine, human insulin and 18C6. The three proteins were examined simultaneously,
which eliminates any potential effects from variations in source or solution conditions.
Reassuringly, the results are almost identical to those obtained from each protein
examined separately, when care is taken to ensure similar source conditions. Comparable
distributions both in terms of shape and relative intensities are obtained for all three
proteins. The highly aligned backbone structures and extremely similar sequences of
these variants suggest that they should have virtually identical surface structures as well,

which is reflected in the observed SNAPP distributions.
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Figure 5.1 (a) Backbone structural alignment for the three variants of insulin. (b)
Sequence alignment for human, porcine and bovine insulin from top to bottom,
respectively. Sequence variation (white), basic residues (blue) and acidic residues (red)
are highlighted. (c) ESI-MS spectrum of insulin from bovine, porcine, human and 18C6
in water. Peaks are labeled by (charge state) — (number of 18C6 adducts). The results are
similar for all three proteins.
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5.3.2 Cytochrome c (cytc)

Figure 5.2 shows the sequence alignment for horse, bovine, pigeon and yeast cytc.
Several mutations are observed among the four proteins. Horse and bovine cytc have the
most similar sequences with only one basic/acidic amino acid variation, K60G. Pigeon
cytc is also very similar with a total of five basic/acidic amino acid variations. In contrast,
yeast cytc has numerous basic/acidic amino acid variations. It also contains five
additional N-terminal residues (including one lysine) and is missing one C-terminal
residue. Overall, the yeast variant has one fewer basic and one fewer acidic residue than
the horse variant. In Figure 5.3a, the backbone crystal structures for horse, bovine, and
yeast cytc are shown from identical perspectives. Space filled atoms represent the side
chains of basic and acidic residue mutations relative to horse cytc. The three proteins
adopt very similar backbone structures, despite a fair number of point mutations.
Electrostatic surface surfaces derived from the crystal structures are shown in Figure 5.3b
from the same perspective shown in Figure 5.3a (red and blue areas are negatively and

positively charged, respectively).
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Figure 5.2 Sequence alignment for horse, bovine, pigeon, and yeast cytc from top to
bottom, respectively.
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Bovine

Figure 5.3 (a) Backbone structures of horse, bovine, and yeast cytc. Displayed atoms
represent basic and acidic sequence variations relative to horse cytc. (b) Surface
electrostatic distributions derived from crystal structures. The colors represent charge
polarity (positive charge, blue; negative charge, red).

Figure 5.4 shows the extracted SNAPP distributions for the four variants of cytc for the
+9 and +10 charge states. The intensities are normalized to the non-adduct protein peak
for comparison, and the error bars represent the standard deviation of the mean. Although
bovine cytc has one fewer lysine residue than the horse variant, they have nearly identical

SNAPP distributions, suggesting that the additional lysine 60 in horse cytc does not

contribute to the SNAPP distribution. Comparison of the two electrostatic surfaces shown
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in Figure 5.3b does not reveal significant differences in the region where Lys60 is located,
in agreement with the SNAPP results. Inspection of the NMR structure® for horse cytc
also reveals a potential salt bridge interaction between Lys60 and Glu62, which would
interfere with 18C6 attachment. These results confirm previous findings'® indicating that
SNAPP distributions do not simply count the number of basic residues present in a
protein, but rather provide information about the surface accessibility of basic residues in
relation to the surrounding chemical environment. The crystal structure of pigeon cytc
has not been reported yet, but based on the SNAPP distributions, it is likely similar to the
known horse and bovine structures. Although SNAPP only directly probes surface
structures, it is unlikely that two proteins with high sequence homology and similar
surface structures would be able to simultaneously adopt two highly dissimilar backbone
structures. Therefore, for homologous proteins, similar SNAPP distributions will likely
imply similar backbone structures, although dissimilar SNAPP distributions may not
imply dissimilar backbone structures.

This is illustrated in the SNAPP distributions for yeast cytc, which are somewhat
different from the remaining proteins despite the fact that the backbone structures are the
same. In Figure 5.4, it is clear that more 18C6 attaches to yeast cytc than the remaining
variants. It is tempting to suggest that the additional N-terminal lysine residue in yeast
might account for the increased 18C6 attachment, but the comparison above between the
horse and bovine variants reveals that one specific lysine residue does not necessarily
affect the SNAPP distribution. In this case, the lysine residue in the additional n-terminal

segment is also accompanied by an additional glutamic acid, which may mediate any

132



increased 18C6 attachment. Other potentially important mutations involving change of
polarity (basic and acidic residues), such as K7A, K8T, V11K, K25P, P44E, K531, N54K,
K60D, E62N, E69T, K88E, T89K, E92N, N103E, are also probable to contributors to the
observed shift. It is most likely that the sum of these mutations leads to perturbation of
the overall surface structure and a small shift in the observed SNAPP distributions.
Comparison of the electrostatic surfaces in Figure 5.3b also confirms that yeast, while
similar, has distinct features relative to the other variants, again in agreement with the

data obtained by SNAPP.
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Figure 5.4 SNAPP distributions for four variants of cytc for the (a) +9 and (b) +10

charge states. Bovine, horse, and pigeon cytc exhibit similar results, while yeast cytc has
a distinct distribution.

5.3.3 Lysozyme

The crystal structures of the hen and human variants of Lysozyme are well aligned as
shown by the ribbon representations in Figure 5.5. However, the predicted charge
distribution on the surface of these proteins is quite different, as shown in Figure 5.6. The
origin of the dissimilarity can be seen in the sequence alignment for the two proteins as
shown in Figure 5.7. The mutated acidic residues are highlighted with red stars and the

mutated basic residues are denoted by blue asterisks. In contrast to cytc, where many
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mutations correspond to minor shifting in location of the same residue, in lysozyme many

mutations occur in regions that contain no charged residues in the other variant.

Figure 5.5 Backbone structural alignment of hen and human lysozyme.

Hen Human

Figure 5.6 Surface electrostatic distributions derived from crystal structures. The colors
represent charge polarity (positive charge, blue; negative charge, red).
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Figure 5.7 Sequence alignment of hen and human lysozyme (top and bottom,
respectively). The blue stars indicate basic and acidic sequence variations.

It is not surprising to find that the SNAPP distributions for hen and human lysozyme
are not very similar, as shown in Figure 5.8 for charge states +11 and +12. Neither the
relative ntensities nor the shapes of the distributions are similar for the two variants.
Significantly more 18C6 attaches to human lysozyme, suggesting greater overall
availability of the basic residues. The SNAPP results confirm that human and hen
lysozyme have distinct surface structures, which is consistent with the picture predicted

by x-ray crystallography in Figure 5.6.
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Figure 5.8 SNAPP distributions for hen and human lysozyme, for the +11 and +12
charge states.

5.3.4 Comparative Analysis
The relative changes in SNAPP distributions for insulin, cytc, and lysozyme are
summarized in Table 5.1 in comparison with various changes in sequence. The ASNAPP

column shows the percent change in the SNAPP distribution for each protein (P) as a
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function of charge state relative to the first variant (P.f) according to eq 5.1. The
calculated differences reflect values between the error bars. Although it is difficult to
summarize the complexity of a SNAPP distribution in a single number, the results in
Table 5.1 do offer some interesting insight. For example, with insulin, none of the
ASNAPP scores are particularly high, but bovine insulin exhibits greater scores than
porcine insulin, which does correlate with the overall sequence variation. In the case of
cytc, the yeast variant clearly stands out as the most distinct protein. Interestingly, the
observed shift does not correlate well with changes to the sequence because yeast has
more 18C6 molecules attached but fewer basic residues. Many of the basic residues in
yeast are shifted in location (see Figure 5.2), which may be the more important factor.
For lysozyme, the two proteins can clearly be distinguished by ASNAPP values and have
significant sequence variation. Overall, the results from this limited data set indicate that
a ASNAPP score >10 indicates a high probability of surface structure variation.
Furthermore, the structural shifts between hen and human lysozyme and between yeast
cytc and the remaining cytc proteins are comparable in magnitude. The distinct surface
features of proteins with similar backbone structures led us to investigate if other

properties, such as denaturation, were dissimilar, as well.

P _ I:>ref

2P 2P«

ASNAPP =" x100 (5.1)
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Table 5.1 Comparison of Relative Changes in SNAPP versus Sequence

ASNAPP? ASequence”

Charge

State +8 | +9 | +10 | R K D,E R,K,D,E All

Protein Name

2 | 19| 12 33 104
Horse 0 0 0
AR | AK | A(D,E) ’A(RE’;(’D IAAL

. 3.03 2.88

Cytc | Bovine | 1.7 | 1.3 | 09 | O -1 0 1 % 3 %
. 6.06 106

Pigeon | 67 | 0.4 |26 | 0 | -1 | 4 |2|%° 1|y
Yeast | 202 | 200|105 +1 | 3 | -1 |5 |?% | 45|33

% %

+4 +5 +6 | R K D,E R,K,D,E All

1|1 4 6 51
Human 0 0 0
Insulin AR | AK | AD.E) 'A(RE’;(’D IAATI|
Bovine | 29 | 36 | 1.6 | 0 | 0 o |0 ow| 3 5;;)8
Porcine | 21 | 15 | 031 0 | 0© o ol ow | 1 1;;26
+10| +11 |+12| R | K | DE | RKDE | Al
1| 6 9 26 129
Lysozy | Hen 0 0 0
me AR | AK | A(DE) |A(RE’;|<’D AT
Human | 261|331 | 97 [+3| 1 | +2 |6 |5t )5 |93

aThe relative changes in SNAPP distributions as defined in eq 5.1. °Relative changes in
sequence; summed values represent the absolute change. Single letter codes are used for
the amino acids.
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5.3.5 Protein Denaturation

The stability of native protein structures in atypical solvent systems can vary substantially
and is a property which can be easily examined with ESI-MS.?" As shown above in
Figure 5.3a, the tertiary structure of cytc contains three major a-helices and no 3-sheets.
There is also a structurally relevant heme group covalently linked to the protein, and
there are no disulfide bonds to inhibit unfolding.”® When sufficient methanol is present,
cytc adopts a compact state with native-like secondary structures but ill-defined tertiary
structure.?® This state is easily detected by SNAPP,*® but is not obvious by scrutiny of
charge state distributions. Lowering the pH in the presence of methanol unfolds the
protein further and a distinct shift in the charge state distribution can be observed by ESI-

MS (Figure 5.9).%°

(a) 100% water +9

N
o

50/50 water/MeOH 1%acid

(b) 50/50 water/MeOH

+13

Relative Abundance

600 800 1000 1200 1400 1600 1800
m/z

Figure 5.9 ESI-MS spectra of horse cytc in (a) 100% water (b) 50/50 water/methanol and
(c) 50/50 water/MeOH with 1% acid. No charge state distribution shift was observed for
50/50 water/MeOH, while a significant shift was observed with 0.1% acid.
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Figure 5.10 shows the DESI mass spectra of horse, bovine, pigeon and yeast cytc in 100%
water and 50/50 water/methanol at neutral pH. The first three variants exhibit charge state
distributions similar to those observed in water, with +9 being the most intense peak.
However, for yeast, the introduction of methanol alone is sufficient to unfold the protein,
which can be observed by the dramatic shift in the charge state distribution. The results
indicate that the tertiary structure of yeast cytc is less stable than horse, bovine, or pigeon
despite the fact that the backbone structures are virtually identical. Structural stability is
determined by a variety of factors, including packing of the hydrophobic core, hydrogen
bonding, salt bridges, etc.** Comparison of the cytc sequences in Figure 5.2 reveals that
yeast has several mutations to the hydrophobic core in addition to the mutations that lead
to a distinct surface structure. The SNAPP data in Figure 5.4 indicates more 18C6
attachment to yeast compared with the other variants, which is consistent with fewer
favorable intramolecular ionic or hydrogen bonding interactions and reduced stability. It
is likely that some combination of both surface and core mutations leads to the reduced
structural stability of yeast cytc.

In Figure 5.11, the SNAPP distributions of +9 charge state for horse, bovine, and
pigeon cytc in 50/50 water/MeOH are shown in comparison to those obtained in water.
The SNAPP distributions clearly indicate a structural shift has occurred for each of these
proteins as well, even though complete denaturation is not observed as in the case of

yeast cytc. The SNAPP distributions further suggest that the structure of pigeon cytc has
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changed more than horse or bovine (this is particularly evident by comparison of the
higher crown adduct peaks). The native structures of all three variants were very similar
by SNAPP (Figure 5.4); however, pigeon cytc contains a P44E mutation in a turn region
that may enable pigeon to adopt a different partially denatured state. Following the
addition of acid to yield complete denaturation, the SNAPP distributions for the
denatured states of all four proteins are comparable. Furthermore, the addition of acid
does not significantly change the yeast SNAPP distribution relative to that obtained with

just the addition of methanol.
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Figure 5.10 DESI mass spectra of (a) horse, (b) bovine, (c) pigeon, and (d) yeast cytc in
100% water and 50/50 water/methanol mixture. The yeast variant is significantly
unfolded in 50% methanol.
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Figure 5.11 SNAPP distributions of +9 charge state for horse, bovine, and pigeon cytc
in water and 50/50 water/MeOH. Partial denaturation in the presence of methanol when
compared to that in water.
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5.4 Conclusions

The SNAPP—MS method is shown to be a useful probe of surface structure for proteins
with highly homologous sequences and nearly identical three-dimensional backbone
structures. For insulin, very minor sequence variation leads to very similar SNAPP
distributions for three variants. In the case of cytc, yeast exhibits the greatest change in
surface structure and also denatures more easily in the presence of an organic solvent.
These changes do not correlate well solely with differences in the number of potential
18C6 binding sites, suggesting that sequence shifts that alter the surface environment of
basic residues are also important. This hypothesis is further supported by results with
lysozyme where significant sequence shifting yields quite disparate SNAPP distributions.
These findings are consistent with previous results in which SNAPP distributions have
been shown to be sensitive to the availability of charged basic side chains. Changes to the
arrangement of charged groups on the protein surface lead to changes in the observed
SNAPP distributions. These results clearly demonstrate that proteins that adopt nearly
identical tertiary structure may have substantially different electrostatic surfaces that
could easily modulate protein—protein or small molecule recognition responses. The
SNAPP—-MS method is easy to conduct and requires minimal sample consumption, which
should make it ideal for structure validation for proteins that have been subjected to site-
directed mutagenesis. Furthermore, SNAPP can assess variations in structurally ill-
defined or highly dynamic states, such as proteins that have been partially or fully
denatured. The effects of mutations can therefore be tracked from completely folded to

completely unfolded structures by the same method.
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Chapter 6

CONCLUDING REMARKS

The goal of my PhD study during the last five years is to develop new mass
spectrometry based techniques to study large biomolecules. The method described herein
would benefit the identification of subtle post translational modification (PTM) and the

characterization of protein solution phase structure.

While many PTMs are catalyzed by enzymes immediately after the protein are
synthesized in cell, epimerization and isomerization are usually spontaneous reactions.
The spontaneous isomerization processes are associated with age-related protein
dysfunctions and pathogenesis of diseases. To date, these PTMs have not received
sufficient attentions due to the difficulty in the detection. The work in Chapter 2 and
Chapter 3 leads to the comprehensive study of isomerization in biological systems. Based
on the LC-MS/MS method proposed in Chapter 3, future direction is the application of
this methodology to explore isomerization in a broad variety of proteins from different
organisms. The comparison of isomerization ratio between healthy and damaged cells can

potentially facilitate the discovery of biomarkers for certain diseases.

One difficulty in mass-spectrometry based isomerization detection lies in the
identification of the specific isomerized amino acid in a peptide. Although tandem mass

spectra can be used to distinguish two peptide isomers, the location of the isomerization
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cannot be directly determined without comparing with synthetic standard peptides.
Another future direction could be the analysis of a tandem mass spectral database from a
vast number of standard peptide epimers, trying to unravel possible correlation between
the isomerization site and the dissociation pattern differences. Since RDD fragmentation
is highly structurally sensitive and the radical migration pathway is dependent on the
peptide local structure, it is very likely that side chain losses or radical induced backbone
fragmentations from RDD can reflect the location of isomerized amino acid. Still, a large

fragmentation spectra dataset of peptide epimers is required to draw a firm conclusion.

Besides isomerization and epimerization, several other PTMs were identified in the
crystallin sample in Chapter 3, including disulfide bond, oxidation, glutathionylation, etc.
Most of these PTMs are not listed in the protein database and thus might occur during
aging. These modifications can be responsible for the protein aggregation in the eye lens
and cataract disease. A deep understanding of the age related PTMs is therefore needed.
Additionally, the relative ratios of these PTMs between the water-soluble and water-

insoluble proteins can reveal the effects of PTMs on protein aggregation.

For examining whole protein structure or large protein complex by mass spectrometry,
it is crucial that the protein native structure is preserved during the electrospray (ESI)
process. Results from this thesis demonstrated that 18C6 can protect protein solution
phase structure by intramolecular charge solvation and thus be used to probe protein
electrostatic surface structure and dynamic state. Analysis of the protein-18C6 complex

stability provides another aspect of information about protein structure or protein
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unfolding process during the transition to gas phase. This inspires us to further study
protein structural change in different solvent conditions. Furthermore, results from the
SNAPP experiment of orthologous proteins from various species demonstrated that
although two proteins have highly aligned backbone structures, sequence mutations can
significantly affect protein surface structures, which could easily modulate protein-
protein interactions. The SNAPP technique allows further investigation of the influence

of single point mutations on protein dynamic structure and function.

In summary, this dissertation described a new aspect of proteomics research, isomer
proteomics, for large-scale analysis of peptide isomerization in complex biological
samples. Extending this newly developed proteomics method opens a door to a full
investigation of age related PTMs and potentially a better understanding of disease
pathology. This work also demonstrated the utility of 18C6 adducts for protecting protein

solution phase structure and probing protein surface structure.
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