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Abstract

Previously, we described implementation of a front-end ETD (electron transfer dissociation)
source for an Orbitrap instrument (1). This source facilitates multiple fills of the C-trap with
product ions from ETD of intact proteins prior to mass analysis. The result is a dramatic
enhancement of the observed ion current without the need for time consuming averaging of data
from multiple mass measurements. Here we show that ion-ion proton transfer (IIPT) reactions can
be used to simplify ETD spectra and to disperse fragment ions over the entire mass range in a
controlled manner. We also show that protein derivatization can be employed to selectively
enhance the sequence information observed at the N- and C-termini of a protein.
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1. Introduction

Since the discovery and use of electron capture dissociation (ECD) by Zubarev, Kelleher
and McLafferty on a Fourier-transform ion cyclotron resonance (FT-ICR) mass
spectrometer in 1998 (2), much progress has been made in the development of mass

1duasnuen Joyiny

spectrometric methods for the analysis of intact proteins (3—-6). Electron transfer dissociation
(ETD) was implemented on less expensive, quadrupole linear ion trap (QLT) instruments in
2004 (7) and proved to be ideally suited for the characterization of large peptides modified
by phosphorylation (8) or O-GIcNAcylation (9). ETD of intact proteins on a QLT
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instrument was first attempted in 2005 (10). Proteins were converted to multiply charged
positive ions by electrospray ionization and then allowed to react with fluoranthene radical
anions. Electron transfer to the multiply charged proteins caused extensive fragmentation.
Multiply charged fragment ions were then deprotonated by a second reaction with the
carboxylate anion of benzoic acid and the resulting singly and double charged ions were
used to read the amino acid sequence at both ends of the protein. With this information and
the mass of the intact molecule it was possible to search protein databases for possible
matches and detect the presence of posttranslational modifications or splice variants. A 2007
paper described the use of this technology to analyze intact proteins from the E. coli, 70S
ribosomal protein complex (11). Forty-six of fifty-five known, unique components were
identified in a single, 90 min, online, chromatography experiment.

Development of a front-end ETD source for the Orbitrap Velos Pro™ was reported in 2013
(1). This source facilitates multiple fills of the C-trap with product ions from ETD of intact
proteins prior to mass analysis. The result is a dramatic enhancement of the observed ion
current without the need for time consuming averaging of data from multiple mass
measurements. Here we show that ion-ion proton transfer (IIPT) reactions can be used to
simplify ETD spectra and to disperse fragment ions over the entire mass range in a
controlled manner. We also show that protein derivatization can be employed to selectively
enhance the sequence information observed at the N- and C-termini of a protein.

2. Materials and Methods

2.1 Materials

All reagents, not otherwise identified, were purchased from Sigma-Aldrich (St. Louis, MO).
Burdick and Jackson® LC-MS grade acetonitrile was purchased from Honeywell
(Morristown, NJ). Hydrochloric acid, Pierce® LC-MS grade water, LC-MS grade formic
acid, DTSSP (3,3’-dithiobis[sulfosuccinimidylpropionate]), phosphate buffer-ed saline, and
urea were purchased from Thermo Fisher Scientific (San Jose, CA). Anhydrous acetyl
chloride and methanol were obtained from Alltech Associates, Inc. (Deerfield, IL). Sulfur
hexafluoride was purchased as a 10 ppm mixture with nitrogen gas from GTS-Welco
(Allentown, PA). Amicon® Ultra-0.5 10 kDa centrifugal filters were obtained from
Millipore (Billerica, MA). Fused silica microcapillary tubing was purchased from Polymicro
Technologies (Phoenix, AZ).

2.2 Instrument modification

Unless otherwise indicated, experiments were performed on a Thermo Fisher Scientific (San
Jose, CA) Orbitrap Velos Pro™. As described recently (1), this instrument was modified to
accommodate a glow discharge ion source for generation of negative ions used for electron
transfer and proton transfer reactions. Instrument control software (ITCL) was in-house
modified to control this ion source discharge, to isolate reagent anions, to enable ion/ion
reactions within the QLT using the front-end reagent ion source, and to allow multiple fills
of the C-trap with products of these ion/ion reactions.
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2.3 Sample Preparation

2.3.1 Amidation—Intact apomyoglobin and human CLIP peptide samples were dissolved
in a 20 pL solution containing 1 M pyridine, HCI and either 2-(2-aminoethyl)benzimidazole
dihydrochloride (intact apomyoglobin) or histamine dihydrochloride (human CLIP peptide),
pH ~ 5.5. A 5-pL aliquot of 0.1 M N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide
hydrochloride in 1 M pyridine-HCI was added and the solution was sonicated for 2 hrs.
Samples were then taken to dryness in a CentriVap® centrifugal vacuum concentrator
(Labconco Corporation, Kansas City, MO). The apomyoglobin sample was reconstituted in
200 pL 0.1% (v/v) acetic acid and desalted using a 10 kDa centrifugal filter prior to direct
infusion. Samples were stored at =40 °C until analyzed.

2.3.2 Derivatization with DTSSP and aminoethyl maleimide—Lyophilized
apomyoglobin was dissolved in a 100 pL solution containing 6 M urea, 100 mM PBS and 4
mM DTSSP, pH ~ 7.2 and allowed to cross-link for 2 hrs at 4 °C. The resulting disulfide
bonds were reduced with 160 mM dithiothreitol and alkylated by adding N-(2-aminoethyl)
maleimide (12) to produce a 320 mM solution and by allowing the reaction to proceed for
15 min at room temperature. The sample was desalted by precipitation with trichloroacetic
acid, taken to dryness and stored at =40 °C until analyzed..

2.3.3 Sample preparation for direct infusion—Immediately prior to MS analysis,
samples (unmodified and derivatized apomyoglobin) were dissolved in a 200-500 pL
solution containing 40% (v/v) acetonitrile and 60%, 0.1% (v/v) acetic acid (v/v). Samples
were infused at concentrations of 2-5 pmol/uL.

2.4 MS Analyses

2.4.1 Unmodified apomyoglobin—Apomyoglobin (2 pmol/uL) was electrosprayed into
the front-end of an ETD/IIPT-enabled Orbitrap Velos Pro™ with the aid of a fused silica,
microcapillary column equipped with a laser-pulled (P-2000 microcapillary laser puller,
Sutter Instrument Co., Navato, CA), electrospray emitter tip. Mass analysis was performed
by targeting [M+26H]*26 ions in a 6 m/zwindow centered at m/z 653.08. High resolution
MS/MS (100,000 at 400 m/z) spectra were acquired over a mass range of 200-4000 Da and
involved collecting 30 multiple C-trap fills of ions generated from 5 msec of ETD and 20—
160 msec of IIPT.

2.4.2 Histamine derivatized human CLIP peptide—Human CLIP peptide (250 fmol)
in 20 pl 0.1% (v/v) acetic acid was pressure loaded onto a 360-um o.d. x 75-um i.d. fused-
silica micro-capillary pre-column packed with 8-cm of irregular C1g resin (5-20 um, 120-A,
YMC) and washed with ~20 column volumes of 0.1% v/v acetic acid. The precolumn was
then connected to a 360-um o.d. x 50-um i.d. analytical column packed with 6-cm of C18
resin (5-um, 120-A, YMC) and equipped with a laser-pulled (P-2000, Sutter Instruments)
electrospray emitter tip (13). Samples were gradient eluted by nanoflow, (60 nL/min)
reverse-phase HPLC, as previously described (14) into an ETD-enabled Thermo Fisher
Scientific linear ion trap (LTQ). The instrument was operated in a data-dependent mode in
which a single MS1 scan was acquired from m/z 300-2000 followed by 2 ETD MS/MS
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scans. MS2 parameters were set as follows: 100 msec ETD reaction time, ITMS" AGC
target 2E4, reagent AGC target 4ES5.

2.4.3 Aminoethyl benzimidazole derivatized apomyoglobin—Sample was directly
infused at a concentration of 5 pmol/uL as described above. Mass analyses were performed
by targeting ions in a 15 m/zwindow centered at m/z 867 that contained a highly charged,
derivatized form of the protein. MS/MS spectra were acquired at high resolution (r = 60,000
at 400 m/z) over a 200- 4000 m/z scan range using 10 multiple fills of ions generated by 7
msec of ETD and 60-120 msec of IIPT).

For LC-MS analysis, derivatized protein (1 pmol) was pressure loaded onto 360-um o.d. x
150-pm i.d. fused-silica micro-capillary pre-column (11-cm of POROSHELL 300SB-C18
(5-um, 300-A, Agilent Technologies, Santa Clara, CA) and washed with ~20 column
volumes of 0.3% (v/v) formic acid in water. The precolumn was then connected to a 360-um
o0.d. x 75-um i.d. fused-silica micro-capillary pre-column packed similarly to the precolumn
and equipped with a laser-pulled (P-2000, Sutter Instruments) electrospray emitter tip (13).
Samples were gradient eluted by nanoflow (60 nL/min) reverse-phase HPLC and ionized
using micro electrospray ionization as previously described (14). The elution gradient
utilized solvent A: 0.3% formic acid in water and solvent B: 0.3% formic acid, 72%
acetonitrile, 18% isopropanol and 9.7% water (all v/v). The instrument was set to toggle FT
(r = 60,000 at 400 m/2) and IT full MS scan types over a 300-2000 m/z scan range.

2.4.4 DTSSP-aminoethyl maleimide derivatized & esterified apomyoglobin—
Sample (5 pmol/uL) was infused directly into the electrospray ion source as described
above. Mass analysis was performed by targeting ions in a 10 m/z window centered around
m/z 848. High resolution MS/MS scans (r = 60,000 at 400 m/z) were acquired over a mass
range of 200-4000 Da and involved collecting 4 multiple C-trap fills of ions for 3
microscans each of data generated from 5-10 msec of ETD and 80-100 msec IIPT.

2.4.5 Data analysis—Interpretation of all ETD/IIPT MS/MS data was performed
manually on the unprocessed raw spectra. Theoretical fragment ion masses were calculated
using an in-house developed fragment mass calculator. Percent sequence coverage was
calculated by dividing the number of observed N-Ca bond cleavages by the total number of
predicted N-Ca bond cleavages (note that cleavage of the N-Ca bond that is N-terminal to
proline does not produce an observable fragment).

3. Results and Discussion

3.1 Gas-phase lon/lon Reactions Yield Near-Complete Sequence Coverage

Shown in Figure 1A is the ETD MS/MS spectrum recorded by allowing [M+26H]*26 ions
(m/z 653) from the protein, apomyoglobin (average MW 16,952.52 Da), to react with
fluoranthene radical anions for 5 msec. As shown in Fig 2, the ETD reaction fragments the
protein N-Ca bonds, more or less randomly, to produce ions of type ¢ and z. lons of type ¢
contain the amino terminus plus one or more amino acid residues and ions of type z contain
the carboxy terminus plus one or more amino acids residues. For apomyoglobin, a protein of
153 AA, there are 152 possible cleavage sites and 304 possible fragments of type c and z.
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Since the average mass of an amino acid is 110 and 1/6 amino acids are usually basic, it is
reasonable to expect that fragments near masses 660, 1320, 2640, 5280, 10,560, and 13,200
will have +1,+2,+4,+8,+16 and +20 charges, respectively. If the fragments are produced in
the ETD reaction, all would appear at or near m/z 660. Thus short reaction times for ETD
dissociation of intact proteins are expected to produce a complex mixture of multiply
charged fragments with overlapping isotope patterns and most of these are likely occur in a
narrow mass range, 200-300 Da above and below m/z of the parent ions that are selected for
fragmentation. In Figure 1A, more than 90% of the ETD fragment ion current from
apomyoglobin [M+26H]*28 ions (m/z 653) is observed between m/z 600 and 900.

To simplify this spectrum, we allow the ETD fragments to react with SFg™ and undergo one-
or-more, ion-ion proton transfer (I1PT) reactions. As shown in Figure 3, SFg™* functions as
Bronsted base, not an electron transfer reagent. Since the rate of an ion-ion reaction is
proportional to the square of the charge on the substrate (+10 ions react 100 times faster than
+1ions), it is possible to preferentially deprotonate highly charged ions and use short
reaction times to disperse them over a wide mass range or long reaction times to move them
beyond the mass range of the instrument.

Examples of ETD/IIPT spectra recorded on [M+26H]*2% ions (m/z 653) from apomyoglobin
with I1PT reaction times of 20, 40, 80 and 160 msec are shown in Figure 1 (B-E). Fragment
ions that appear in the mass range from 1000 — 1500 following long and short IIPT reactions
times are shown in Figure 4. Note that much of this mass range is devoid of ions in the
original ETD spectrum. The MS/MS spectrum in Fig 4A was acquired with a relatively long
I1PT reaction time (160 msec) and contains only ions with a charge of +1 or +2. In the
displayed mass range, the observed c and z ions derive from residues ~10-27 at each end of
the protein. For the mass range of 4,000, we find ¢ and z ions derived from ~65 residues at
each end of the protein. In contrast, the MS/MS spectrum in Fig 4B was acquired with an
IIPT reaction time of 20 msec and now contains ions with a charge of +3 to +7. In the
displayed mass range, the observed c and z ions derive from residues ~37-80 at each end of
the protein. For the mass range of 4,000 we find ¢ and z ions derived from ~115 residues at
each end of the protein. These data are summarized in the form of a heat map in Figure 5.
Note that 86% sequence coverage is obtained by manual interpretation of data from all 1IPT
reaction conditions. Use of IIPT reactions also improves the number of fragment ion
assignments that can be made with software such as ProSight (15, 16). As shown in
Supplemental Figure 1 the total number of c- and z-ions detected by ProSight for ETD only,
ETD & 20 msec IIPT and ETD & 40 msec IIPT is 100 to 131 to 150 respectively.
Noticeably absent in both sets of data are sequence assignments for a few residues at the N-
and C-termini of apomyoglobin, regions that are devoid of basic residues and thus fail to
carry a charge.

3.2 Protein Derivatization to Facilitate Sequence Analysis at the N- and C-termini of

Proteins

To enhance the formation and detection of ETD fragment ions at the N- and C-termini of
peptides and proteins, we have used two different derivatization protocols. The first involves
carbodiimide chemistry to convert carboxylic acid groups at the C-terminus and on the side
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chains of Asp and Glu residues to amides containing a basic imidazole group. ETD spectra
recorded on the highly-acidic, human CLIP peptide, before and after derivatization with
histamine, are shown in Figure 6. Note that the ETD MS/MS spectrum of [M+3H]*3 ions
(m/z822.91) from the unmodified peptide contains very few fragment ions and is dominated
by the charge reduced precursor species [M+3H]*** (Fig 6A). In contrast, the ETD MS/MS
spectrum of [M+7H]*7 ions (m/z 433.28), from the peptide derivatized with 6 histamine
units is now dominated by c and z type ions that provide complete sequence coverage (Fig
6B-C).

This same approach was employed to derivatize carboxyl groups of apomyoglobin with 2-
(2-aminoethyl) benzimidazole. Aminoethylbenzimidazole is chemically similar to histamine,
but has a mass that allows even the smallest amino acid, Gly, to be detected at the C-
terminus of a protein. (If the c-terminal residue is Gly, z; = 203, Figure 7A). Apomyoglobin
contains 22 carboxylic acid groups (13 Glu, 8 Asp, and the C-terminus). Following
derivatization, the dominant charge state in the electrospray ionization full MS spectrum of
the intact protein increased from 18 to 25 (Supplemental Figure 2A). MS/MS of ions at m/z
867, (7 msec of EDT, 60 msec of IIPT with 10 multiple C-trap fills) affords a spectrum that
contains a complete series of z ions for the last 39 amino acids in apomyoglobin (Fig 8A).

To observe fragment ion signals for the first two N-terminal amino acid residues of
apomyoglobin, the a-N-amino and lysine side chain amino groups were cross-linked with a
thiopropionic acid hydroxy-succinimide ester. The resulting disulfide bonds were reduced
and alkylated with aminoethylmaleimide (Figure 7B). Successful labeling of the N-terminus
increases the m/z for the ¢;* ion of the smallest amino acid, Gly, from 75 to 303. Presence of
the ethylamino group on the maleimide moiety ensures the ¢, fragment will be charged.
Figure 8B shows the ETD/IIPT spectrum recorded on the derivatized sample. Type ¢ ions
are now visible for the first 6 amino acids in apomyglobin. With data from both
derivatizations, total sequence coverage for apomyoglobin is 94%.

4. Conclusions

In an earlier paper (1), we described implementation of a front-end ETD source for an
Orbitrap Velos Pro™ instrument. This source facilitates multiple fills of the C-trap with
product ions from ETD of intact proteins prior to mass analysis. The result is a dramatic
enhancement of the observed ion current without the need for time consuming averaging of
data from multiple mass measurements. Here we show that sequential ETD and IIPT
reactions implemented on a modified Orbitrap Velos Pro™ can be used to simplify the
resulting spectra and to disperse ETD fragment ions over the entire mass range in a
controlled manner. We also show that protein derivatization can be employed to selectively
enhance the sequence information observed at the N- and C-termini of the protein. Next on
the horizon are methods for controlling the ETD reaction rate and for preventing product
ions from undergoing secondary reactions. Near complete sequence analysis of intact
proteins (50,000 Da) on chromatographic time scale will soon be a reality.
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Figure 1. ETD/IIPT MS/MS spectra recorded on intact apomyoglobin
(A) ETD spectrum recorded on (M+26H)25* ions from apomyoglobin using a reaction time

of 5 msec. (B-E) Spectra obtained by performing IIPT reactions on the ETD fragment ions
in (A) for 20 msec, 40 msec, 80 msec, and 160 msec, respectively.
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Figure 2. ETD reaction mechanism
Fragmentation scheme for the production of ions of types c and z by cleavage of the N-Ca

bond of a multiply charged precursor following the transfer of an electron from a radical
anion of fluoranthene.
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The sulfur hexafluoride radical anion removes a proton from the fragment, c"*, reduces

charge on the fragment by one and forms sulfur pentafluoride plus HF.
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Figure 4. Fragment ions observed with long and short IIPT reaction times
MS/MS spectra recorded on (M+26H)25* ions from apomyoglobin using an ETD reaction

time of 5 msec and (A) an IIPT reaction time of 160 msec or (B) an IIPT reaction time of 20
msec.
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Charge State (+) Charge State (+) Charge State (+) Charge State (+)
7 6 5 4 3 2 1 C 4 1 2 3 4 5 6 17 7 6 5 4 3 2 1 C y 4 1 2 3 4 5 6 7
1 G 153 78 K 16
2 L 152 79 K 75
3 s 151 80 G 74
4 D 150 81 H 73
5 G 149 82 H 72
M s E 148 83 E 71
7 w147 84 A 170
8 o 146 85 E 69
9 Q 145 86 L 68
10 v 144 X X X X X X X 87 K 67
11 L 143 88 P 66 X X X
12 N 142 ] 89 L 65
[ | 13 v 141 9 A 64
14 W 140 91 @ 63
[ | 15 G 139 92 s 62
16 K 138 93 H 61
17 v 137 94 A 60
18 E 136 95 T 59
19 A 135 96 K 58
20 D 134 97 H 57
21 1 133 98 K 56
22 A 132 X X X X X X X 99 I 55
23 6 131 100 P 54 X X X
24 H 130 101 1 53
25 6 129 102 K 52
26 @ 128 103 Y 51
| ] 27 E 127 104 L 50
28 v 126 105 E 49
29 L 125 106 F 48
30 1 124 107 1 47
31 R 123 108 s 46
32 L 122 109 D 45
33 F 121 110 A 44
34 T 120 111 1 43
35 6 119 112 1 42
X x 36 H 118 || 113 H 41
37 P 117 X X X X X X X 114 v 40
38 E 116 15 L 39
39 T 115 116 H 38
40 L 114 || 117 s 37
41 E 113 118 K 36
42 K 112 X X X X X X x 119 H 35 [ |
43 F 111 120 P 34 x X X X X X X
44 D 110 [ | [insa | 121 6 33
45 K 109 122 D 32
46 F 108 | | 123 F 31
47 K 107 124 G 30
48 H 106 125 A 29
49 L 105 1 126 D 28
50 K 104 127 a 27
51 T 103 128 @ 26
52 E 102 1290 G 25
53 A 101 130 a 24
54 E 100 131 M 23
55 M 99 132 T 22
56 K 98 133 K 21
57 A 97 13 a 20 N
58 S 96 . 135 L 19
59 E 95 136 E 18
60 D 94 137 ¢ 7 N
61 L 93 138 F 16
62 K 92 139 R 15 | ]
63 K 91 140 N 14
64 H 90 141 D 13
65 G 89 142 1 12
66 T 88 143 a 11
67 Vv 87 144 A 10
68 VvV 86 145 K 9
69 L 85 146 Y 8
70 T 84 147 K 7
71 A 83 148 E 6
72 L 82 149 L 5
73 6 81 150 G 4
74 G 80 151 F 3
75 179 152 9 2
76 L 78 153 ¢ 1
77 K71 7 6 5 4 3 2 1 __C Z 1 2 3 4 5 6 7
2 1 C Z 1 2 3

Apomyoglobin C-terminus

Start Observed at 160 ms IIPT
I First Observed at 80 ms IIPT

I First Observed at 40 ms IIPT
| First Observed at 20 ms IIPT
v Observed After Derivatization

Figure 5. Heat Map of the sequence coverage generated from intact apomyoglobin by using

sequential ETD/IIPT reactions

Fragment ions observed with 5 msec of ETD and 160 msec of IIPT are lightly shaded and
dominated by charge states of +1 and +2. More highly charged fragment ions (+3 to +7) that
are observed for the first time at shorter 1IPT reaction times (80, 40, and 20 msec) are
labeled in darker shades. Those shaded in black were only observed following chemical

derivatization of the protein.
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Figure 6. Derivatization of human CLIP peptide with histamine enhances fragmentation
observed by ETD

(A) ETD MS/MS spectrum of [M+3H]*2 ions m/z 822.91) from unmodified CLIP. (B) ETD
MS/MS spectrum of [M+7H]*7 ions (m/z 433.27) of CLIP derivatized with histamine.
Following derivatization, carboxyl groups of five, D and E residues, plus the C-terminus are
converted to amides containing a basic imidazole ring. (C) Sequence coverage obtained
from (B). Residues labeled by a histamine group are indicated by an asterisk.
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Figure 7. Protein modification strategies for observing extreme N- and C-terminal fragment ions
and for enhancing fragmentation by ETD

(A) Derivatization of the C-terminal carboxyl group (and other acidic residues) with
aminoethylbenzimidazole. (B) Derivatization of the amino terminus (and other side chain
amino groups) with a protected thiopropionic acid hydroxysuccinimide ester followed by
reaction with aminoethylmaleimide.
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Figure 8. Sequence coverage of the N- and C-terminus of apomyoglobin following derivatization
(A) 200-1700 m/z subsection of an ETD/IIPT MS/MS spectrum of apomyoglobin

derivatized with aminoethylbenzimidazole. Observed z-ions are indicated. (B) 250-1000

m/z subsection of an ETD/IIPT MS/MS spectrum of apomyoglobin derivatized with
DTSSP-maleimide. Observed c- and z-ions are indicated. Labeled amino acid residues are
indicated by an asterisk. ¥ denotes fragment ions not carrying a covalent label.
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