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Abstract

The GM2 activator protein (GM2AP) is an 18 kDa non-enzymatic accessory protein involved in the
degradation of neuronal gangliosides. Genetic mutations of GM2AP can disrupt ganglioside
catabolism and lead to deadly lysosomal storage disorders. Crystallography of wild-type GM2AP
reveals 4 disulfide bonds and multiple conformations of a flexible loop region that is thought to be
involved in lipid binding. To extend the crystallography results, a cysteine construct (L126C) was
expressed and modified with 4-maleimide TEMPO for electron paramagnetic resonance (EPR)
studies. However, because a ninth cysteine has been added by site-directed mutagenesis and the
protein was expressed in E. coli in the form of inclusion bodies, the protein could misfold during
expression. To verify correct protein folding and labeling, a sequential multiple-protease digestion,
nano-LC electrospray ionization 14.5 T Fourier transform ion cyclotron resonance mass spectrometry
assay was developed. High-magnetic field and robust automatic gain control results in sub-ppm mass
accuracy for location of the spin-labeled cysteine and verification of proper connectivity of the four
disulfide bonds. The sequential multiple protease digestion strategy and ultra-high mass accuracy
provided by FT-ICR MS allow for rapid and unequivocal assignment of relevant peptides and provide
a simple pipeline for analyzing other GM2AP constructs.

INTRODUCTION

The GM2 Activator Protein (GM2AP) is an 18 kDa, non-enzymatic accessory protein involved
in ganglioside catabolism. A specific function of GM2AP involves binding and extracting GM2
from intralysosomal vesicles that positions the terminal GalNAc head group of GM2 for

cleavage by B-hexosaminidase A (Hex A) to produce GM3.1: 2 Genetic mutations to either
GM2AP or Hex A prevent the degradation of GM2, thereby causing lysosomal storage disease,
such as AB variant gangliosidosis and Tay Sachs disease.3~> GM2AP X-ray crystallographic
structures reveal 4 disulfide bonds and a B-cup topology that forms a hydrophobic pocket for

1Abbreviations: FT-ICR, Fourier transform ion cyclotron resonance; MS, mass spectrometry; LC, liquid chromatograph; ESI,
electrospray ionization; LTQ, linear quadrupole ion trap; GM2AP, GM2 activator protein; CID, collision-induced dissociation; ECD,
electron capture dissociation
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fanucci@chem.ufl.edu (G.E.F).
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lipid binding.® Various X-ray structures with different lipid substrates reveal multiple
conformations of a mobile loop region that is observed in either a “closed™ or "open"
conformation. These "open™ and "closed" conformations suggest a functional conformation
change that may occur upon lipid ligand or vesicle binding.®

To further probe the "binding" conformational changes of the loop region, site-directed spin
labeling electron paramagnetic resonance (EPR) spectroscopy’ 10 was applied to GM2AP.
111n proteins, site-directed spin labeling typically proceeds by generating site-specific cysteine
amino acid substitutions for modification with paramagnetic nitroxide probes, e.g., 4-
maleimide-TEMPO (Figure 1). Reduced cysteine residues act as nucleophiles capabable of
reacting with maleimide or thiosulfonate groups to form thioethers or disulfide bonds,
respectively. Cysteine residues involved in disulfide bonds do not readily react with those
functional groups at pH 6.8-7.4.12 To ensure that purified protein contained the proper
connectivity of the 8 native cysteine residues and that only the introduced reporter cysteine
(L126C) was labeled, a mass spectrometry based assay was developed.

Mass spectrometry enables direct identification of post-translational modifications, including
disulfide bonds.23-20 Because of the analytical challenge associated with verifying multiple
disulfide bonds, a multi-tier assay was developed. First, the expressed protein was sequentially
proteolytically digested with the enzymes, trypsin, endoproteinase GIluC, and endoproteinase
AspN. After each sequential digestion, the samples were analyzed by high-field Fourier
transform ion cyclotron resonance (FT-ICR) MS.2! Although sequential proteolysis produces
more complex mixtures for analysis, the resulting MS/MS spectra from less complex disulfide-
bound peptide fragments result in simple verification of disulfide connectivity. High resolution
mass measurement with our modified 14.5 T LTQ FT-ICR MS provides high mass accuracy
and allows for quick peptide and fragment ion assignments with rms mass errors of less than
0.5 ppm.21 Here, we present a systematic approach to verify proper folding and labeling of a
recombinantly over-expressed L126C GM2AP construct by combination of standard
proteomic techniques and multiple scan functions with high resolution MS and/or low/high
resolution MS/MS with our modified 14.5 T LTQ FT-ICR MS. The first scan function included
the use of the typical top-5 data dependent (high resolution MS; low resolution MS/MS) to
identify all proteolytic fragments, whereas the identified fragments were subsequently analyzed
by directed high resolution MS/MS for verification of disulfide connectivity. Furthermore,
electron capture dissociation (ECD) with our custom-built 9.4 T FT-ICR provided the last piece
of information for verification of disulfide binding. The result is a high-confidence MS assay
that will be easy to apply to other spin-labeled proteins containing multiple disulfide linkages.

EXPERIMENTAL PROCEDURES

Materials

All solvents, methanol and water, were purchased from J.T. Baker (Philipsburg, NJ) at HPLC
grade. Trypsin, endoproteinase GIuC, endoproteinase Asp N, formic acid, and ammonium
bicarbonate were purchased from Sigma-Aldrich (St. Louis, MO).

Protein Expression and Purification of GM2AP Mutants

Wild-type and L126C GM2AP constructs were purified as previously described.22 The
substituted cysteine residue was modified with 4-maleimide-TEMPO (4MT) overnight in the
dark (4 °C) in 25 mM Tris, 2.5% glycerol, and 0.05% Tween 20 buffer (pH 7.0). The spin-
labeled L126C-4MT GM2AP construct was then dialyzed against 25 mM Tris, 2.5% glycerol,
and 0.05% Tween 20 buffer (pH 8.0) and concentrated to 200 pL. Concentrated spin-labeled
protein was loaded onto a size-exclusion S-200 Sephacryl column (Amhersham Biosciences,
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Piscataway, NJ) and eluted with 25 mM ammonium bicarbonate (pH 8.0) to remove the salts
and detergents.

Sequential Digestion with Trypsin, GIuC, and AspN

The solvent-exchanged sample was diluted to 50 pmol/uL (i.e., 50 uM), with a final volume
of 160 pL. To that solution, 100 ng of trypsin (final substrate:trypsin ratio ~1000:1) was added
and incubated overnight at 36 °C. Next, a 100 L aliquot of the trypsin digest was incubated
overnight with 200 ng of endoproteinase GIuC (substrate:GluC, 400:1) at 36 °C. Finally, 50

pL of the trypsin/Glu C digested solution was incubated with 100 ng of endoproteinase AspN
(substrate:AspN, 400:1). Each sample was diluted to 1 pmol/pL prior to LC MS analysis.

Direct Infusion and Reversed-Phase Capillary Liquid Chromatography

Direct infusion of the intact proteins was performed with an Advion BioSystems Nanomate
(Ithaca, NY).23 The intact proteins were diluted to 1-5 pmol/uL in H,O/methanol/formic acid,
43/50/2 (viviv). Digests were separated by reversed-phase nano-liquid chromatography (10
pL sample) with a Cqg capillary column (New Objective, Woburn, MA] 5 cmx 75 um, 15 um
i.d spray tip). An Eksigent NanoLC (Dublin, CA) was used to deliver a 35 minute gradient (5
to 95% B) at 400 nL/min with solution A as 0.5% formic acid (v/v) in 5% aqueous methanol
and solution B as 0.5% formic acid (v/v) in 95% aqueous methanol.

Mass Spectrometry

Mass spectrometry was performed with either a modified hybrid linear quadrupole ion trap
FT-ICR mass spectrometer (LTQ-FT, Thermo Fisher Corp., Bremen, Germany) equipped with
an actively shielded 14.5 T superconducting magnet (Magnex, Oxford, U.K.),21: 24 25 or g
custom-built 9.4 T FT-ICR MS.26728 The protease-treated samples were screened by on-line
LC/MS with the 14.5 T LTQ FT-ICR instrument operated in top-5 data-dependent mode (high
resolution FT-ICR, low resolution LTQ CID MS/MS. For each precursor ion measurement,
one million charges were accumulated in the LTQ prior to transfer (~1 ms transfer period)
through three octopole ions guides (2.2 MHz, 250 V), ) to a capacitively coupled?® open
cylindrical ICR cell for analysis. The robust automatic gain control?4 for transferring the same
number of ions for each FT-ICR MS scan yielded less than 0.500 ppm rms mass error with
external calibration. Each of the five most abundant ions were collisionally dissociated in the
LTQ for low resolution MS/MS (3 microscans, 10,000 target ions, 2.0 Da isolation width, 35
% relative collision energy, 0.250 activation g, 30 ms activation period, and dynamic exclusion
list size of 60 for 1 minute). Data was collected with Xcalibur 2.0 software (Thermo Fisher).

Following the identification of disulfide-containing peptides from the first pass low resolution
LTQ MS/MS analysis (as described in Data analysis and Informatics section), the samples
were re-analyzed by nano-LC, selected-ion high resolution MS/MS to confirm charge state
and fragment ion assignments. The second experiment is needed for verification of disulfide
connectivity. The scan type for the high resolution MS/MS was set at 7 to 10 scans per segment.
The first scan was the same as the precursor ion scan found in the top-5 data-dependent
experiment. The next 2 to 9 scans were set to select relevant ions (disulfide connected peptide
fragments) for high resolution MS/MS. The 2 or 3 most abundant charge states (for relevant
disulfide connected proteolytic fragment targets) were selected for high resolution MS/MS
analysis because different charge states are known to fragment differently with C1D.30-32 A
selected-ion high resolution MS/MS scan consisted of a target ion accumulation target of
50,000 ions with a 5 Da mass selection window, CID fragmentation in the LTQ (35.0 scaled
collision energy, 0.250 activation g, and 30 ms activation period), and transfer to the cell for
measurement. Low resolution MS/MS spectra exhibiting ambiguous fragment assignments
were easily assigned by high resolution MS/MS based on charge state validation and mass
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errors less than 0.500 ppm. High resolution MS/MS data were collected with both Xcalibur
2.0 and MIDAS software.

Electron capture dissociation (ECD) was performed with a custom-built 9.4 T FT-ICR and is
known to specifically break disulfide bonds more readily than the polypeptide backbone.33~
35 Thus, disulfide bonds not verified by high resolution CID MS/MS were analyzed by ECD
FT-ICR MS. lons were selected with a quadrupole mass filter and accumulated in a second
octopole for 1 second.38 The ions were then transferred through multiple ion guides and trapped
in an open-ended cylindrical Penning trap by gated trapping for ECD analysis.3’ Accurate mass
and time-tag® knowledge of disulfide peptides from the top-5 data-dependent analysis of the
different digest facilitated the use of "peak parking" with the Eksigent nano-LC. Namely, at
the elution time for the peptide of interest, the flow rate was reduced from 400 nL/min to 50
nL/min so that 25 ECD spectra could be signal-averaged. Data acquisition was performed by
use of a Predator data station and data analysis by MIDAS 3.4 software.3?

Data Analysis and Informatics

Peaks from the Xcaliber files were extracted with a customized peak picking algorithm,
thresholded at 10% of the maximum peak magnitude for low resolution MS/MS and 1% for
high resolution MS. The resulting files were searched with MASCOT (Matrix Science,
Cambridge, UK) against a custom-created database containing the wild-type and L126C
mutant sequences. To aid in identification of the 4MT labeled cysteine, the mass of the 4-MT
label (252.14739) was added to the MASCOT modification database. Results from MASCOT
were visualized and validated with Scaffold (Proteomics Software, Portland, OR) software.
After identification of the 4AMT labeled peptide, the remaining disulfide peptides from each
digest were identified by comparing high-resolution MS precursor ion measurements to values
calculated from the elemental composition of the assigned peptides. High-resolution MS/MS
and ECD fragment ion assignments were performed by hand.

RESULTS AND DISCUSSION

Intact Protein Analysis

FT-ICR MS can resolve protein isotopic distributions#? and thus determine the charge state
unambiguously based on the m/z separation between isotopic variants differing in elemental
composition by 12C,, vs. 13C; 12C,.1.41 Thus, before sequential proteolysis and LC MS
analysis, the intact wild-type and L126C-4MT GM2AP were analyzed by direct infusion ESI
FT-ICR MS (Figure 2). A 240 Da mass shift was observed between the two constructs,
corresponding to the addition of one 4MT label to the substituted reporter cysteine (L126C).
The spectra also show several salt and oxidation adducts, both common for intact protein
analysis.

A second criterion for identification of the correct construct is presented in Figure 3, top. If
there are less than four disulfide bonds, the 16+ charge state isotopic distribution, calculated
from the molecular formula for the L126C-4AMT GM2AP construct, will decrease by 0.12598
= (2)(1.007825)/16) for each addition of 2 hydrogens. Thus, a positive match between the
calculated and experimental isotopic distributions precedes downstream analysis. For this case,
Figure 2, bottom illustrates excellent agreement between the measured and experimental
isotopic distributions for the 16+ charge state isotopic distribution of the L126C-4MT GM2AP
construct. Also, the salt adducts and oxidized species match the correct isotopic distribution
(data not shown). Thus, mass analysis of intact L126C-4MT GM2AP unambiguously confirms
the presence of four disulfide bonds and a single 4MT modification, but not disulfide bonding
arrangement.
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Tryptic Digest Peptide Analysis

Following tryptic digestion, the LC high-resolution precursor MS and low-resolution MS/MS
data were searched with MASCOT against the known sequence of L126C GM2AP, allowing
for the presence of 4MT. Low resolution MS/MS was chosen at first because of the slower
duty cycle associated with high resolution MS/MS. Figure 4 (top) presents the sequence of
L126C GM2AP, expected disulfide connectivity, location of the reporter cysteine, and sites of
proteolytic cleavage for different proteases. MASCOT/Scaffold analysis identifies the tryptic
digest fragments shown in blue in Figure 4, bottom), but cannot identify disulfide-containing
peptides (red in Figure 4, bottom). MASCOT is typically used to analyze proteomic data sets
in which the protein sample from cell lysate (including proteins containing disulfide bonds)
has been reduced with dithiothreitol and alkylated with iodoacetamide. Thus, the peptides that
contain cysteine will have reacted with iodoacetimide and can be identified with MASCOT.
This experiment was designed to retain the disulfide connectivity. Our current version of
MASCOT cannot identify peptides that are linked by disulfide bonds.

However, based on the known primary sequence, accurate mass measurement of the tryptic
digest peptide precursor ions, and sequence tags from subsequent MS/MS, manual analysis
revealed all of peptides containing one or more disulfide linkages, thus providing 100%
sequence coverage. In addition, from Figure 4 (top), the connectivity for tryptic peptide Cys-1
(linking C8 to C152), containing a single disulfide bond (see Figure 5) could be uniquely
determined (see below). Thus, from the predicted sequence and the results of the tryptic digest,
the expected tryptic disulfide peptide sequences and masses could be generated. Because 100%
sequence coverage identification was provided by trypsin digestion, other non-disulfide bound
peptide fragments were not reported for the Trypsin/Glu C or Trypsin/Glu C/Asp N digestions.
The need to verify the disulfide bound peptide fragments generated the need for the multiple
digestion platform. Furthermore, high mass accuracy reduces the number of possible matches
for ameasured peptide to the possibilities found in a database (or protein) of known sequences.
For example, if the tryptic peptide IESVLSSSGK, mass 1005.5342 Da, is searched against the
possible peptide fragments from the sequence of GM2AP at 1, 20, and 2000 ppm mass error,
the numbers of matched peptide sequences are 1, 4, and 7, respectively. Thus, high mass
accuracy yields higher confidence in assignments by reducing the number of possible peptide
matches.

Location of Spin-Labeled Cysteine

Figure 6 shows the observed b- and y-ion series for the tryptic peptide containing the 4AMT
reporter cysteine. In contrast to other labile post-translational modifications,*2=44 the present
data illustrate that the 4MT thioester bond does not break during CID fragmentation, because
the bg_15 and yq3_14 ion series retain the mass associated with 4MT addition. Furthermore, if
a population of the expressed protein were not properly folded, other non-reporter cysteine
residues would be modified by the 4AMT label. This is not the case because other 4AMT modified
non-reporter cysteine were not observed. Figure 6 thus establishes the sequence location of the
4AMT spin-labeled cysteine.

Verification of Disulfide Bond Connectivity from Sequential Trypsin, Glu-C, and Asp-N
Peptide Analysis
From the tryptic peptide assignments and the predicted subsequent Glu-C and AspN proteolytic
cleavage sites, the remaining disulfide-connected peptides were generated and denoted as
Cys-2a, Cys-2b, and Cys-2c (see Figure 5). Charge state m/z values are also calculated for
nano-LC selected-ion high resolution MS/MS.

Figure 7 presents the fragment ions from the disulfide-containing peptides identified by high
mass accuracy MS and CID MS/MS. From the trypsin digest, Cys-1 (Figure 7, top; Table 1)
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resulted in b- and y- ions that retained the mass increase associated with the second, shorter
LGCIK sequence. High resolution MS/MS provided unambiguous assignment of the fragment
ions for Cys-1; i.e., at low resolution/mass accuracy in the LTQ (close to unit resolution) many
of the fragments had assignment ambiguities (data not shown). From the trypsin/Glu C
digestion, Cys-2a was verified (Figure 7, bottom; Table 2) with a tripeptide sequence tag.*°
The cysteine precursor ion mass measured to within 0.340 ppm mass error (Table 3) includes
the loss of 2 hydrogens for the disulfide bond formed between C%8 and C7°.

As for Cys-2 and Cys-2b, high resolution CID MS/MS provided a sequence tag for
identification, but did not reveal the disulfide bond connectivity. Cys-2 and Cys-2b are
essentially "cyclic" peptides, and are thus expected to fragment poorly by low-energy CID.
13, 14 Therefore, those peptides were fragmented by ECD. Both peptides resulted in only a
charge-reduced species, not fragmentation (data not shown). The trypsin/Glu C sample was
therefore digested with Asp N to release Cys-2¢ (Figure 5). Once again, high resolution MS/
MS sequencing could not verify the final two disulfide bonds; however, peptide identity was
confirmed. Figure 8 presents the spectrum after "peak parking" nano-LC ECD FT-ICR MS.
Once peak parking is initiated, i.e., flow rate slowed from 200 nL/min to 50 nL/min, the
separation will be less than optimal for the remainder of the analysis. However, the ECD
experiment was designed for analysis of only Cys-2c, thus the loss in separation efficiency for
the remainder of the gradient was irrelevant. ECD is known to specifically fragment disulfide
bonds.3373% In this case, ECD specifically broke the C%4 — C10° disulfide bond to generate
Frag2 (Figure 8) and EPC?*PEPLR. ECD analysis thus provided the final piece of evidence to
verify the last two disulfide bonds.

Finally, Table 3 summarizes the tryptic peptides identified by MASCOT, along with the
manually identified disulfide bonds. The data acquired from all three sequential digests by
accurate mass measurement MS and MS/MS sequence tags resulted in quick identification of
all four disulfide peptides as well as the sequence location of the 4MT-Cys.

CONCLUSIONS

A multi-tiered assay successfully validates protein folding for GM2AP mutants by use of
conventional proteomic techniques and sequential digestion with a series of different proteases.
Although sequential proteolysis digestion increased the compositional complexity of the
sample (i.e., number of peptide fragments), the length of individual disulfide-containing
peptides was reduced, thereby simplifying interpretation. The modified 14.5 T LTQ-FT ICR
MS yielded mass errors of less than 1 ppm with automatic gain control (AGC). For external
calibration coefficients to be applied on an LC time scale, the same number of ions must be
transferred to the cell for each measurement.

High resolution MS combined with low-resolution MS/MS provides a quick screen for
identification of the spin-labeled mutant peptide, protein sequence coverage, and disulfide
bound peptide fragments. High resolution CID MS/MS allowed for validation of expected
disulfide links. In cases for which high resolution CID MS/MS did not establish disulfide
connectivity, ECD with the 9.4 T FT-ICR MS provided the necessary evidence. Finally, the
present techniques can be easily applied to other GM2AP constructs produced for EPR studies,
and more generally to other proteins with natural or artificial post-translational modifications
and multiple disulfide linkages.
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4-Maleimide-TEMPO

HCJ chm

HaC CH;

\ .

O
C13 H19 03 N2

Molecular Weight = 251.14011 Da

Figure 1.
Structure, molecular weight, and elemental composition for 4-maleimide-TEMPO.
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15+ 14+ 14.5 T ESI FT-ICR MS
Wild Type GM2AP
16+ 13+
17+ 12+
1,150 1,250 1,350 1,450 1,550 1,650 1,750
16+ 15+ L126C-4MT GM2AP Mutant
17+
14+
13+ 12+
1,150 1,250 1,350 1,450 1,550 1,650 1,750
m/z
Figure 2.

Broadband 14.5 T electrospray positive-ion FT-ICR mass spectra of intact wild-type and
L126C-4MT mutant GM2AP proteins. The L126C mutant was labeled with 4-maleimide-
TEMPO. The shift in the m/z for the observed charge states indicates labeling of the protein.
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Calculated Isotopic Distributions for L126C GM2AP
(16+ Charge State)

Correct Distribution
(4 Disulfide Bonds)

1268.80

1269.30

1269.80

m/z

= 4 Disulfide Bonds
= 3 Disulfide Bonds
= 2 Disulfide Bonds
= 1 Disulfide Bond
Il = 0 Disulfide Bond

“ln..

1270.30

1270.80

Isotopic Distribution for L126C-4MT GM2AP
with 4 Disulfide Bonds

Exptl m/z Calc'd m/z ppm error
| 1269.4461 1269.4455 -0.465
el 1269.5088 1269.5082 -0.481
®] 1269.5713 1269.5708 -0.378
eo| 1269.6340 1269.6335 -0.417
o| 1269.6968 1269.6961 -0.575
o] 1269.7594 1269.7587 -0.543

I Experimental

Figure 3.

Top: Calculated isotopic distributions corresponding to 0, 1, 2, 3, and 4 disulfide bonds for

Calculated

\

1269.0 1269.2

Jul

1269.4

UL

J

1269.6

|

4

[M+16H]6*

I

1269.8 1270.0

L126C-4MT GM2AP [M+16H]6*. The calculated m/z distribution decreases by (2)

(1.007825)/16 = 0.1260 for each additional disulfide linkage. Bottom: Calculated and
experimental isotopic distributions for L126C-4MT GM2AP [M+16H]16*. The close fit of the
calculated to the experimental distribution confirms that the protein has the correct amino acid

sequence, with four disulfide bonds, and a single 4MT label on a cysteine residue. The five

1270.2

highest-magnitude in the isotopic distribution were chosen for comparison to calculated masses

(red dots).
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L126C GM2AP

I
GHHHHHHHHHHSSGHIEGRHMSSFSWDNCEDEGKDP

AVIRSLTLEPDPIVVPGNVTLSVVGSTSVPLSSPLKVDLV
LEKEVAGLWIKIP&GST YIGS&75TFEHF S1DVLDOMLIPT
GEP?94PEPLRTYGLP(I‘.1°5H 107pFKEGTYSLPKSEFVVP

C126ELPSWLTTGNYRIESVLSSSGKRLG(I:152IKIAASLKG

K, R: Trypsin
E: Glu-C
D: Asp-N

L126C-4MT GM2AP Sequence Coverage after
Solution Trypsin Digestion and LC/MS

GHHHHHHHHHHSSGHIEGRHMSSFSWDMCDEGKDP
AVIRSLTLEPDPIVVPGNVTLSVVGSTSVPLSSPLKVDL
VLEKEVAGLWIKIPCTDYIGSCTFEHFCDVLDMLIPTGE
PCPEPLRTYGLPCHCPFKEGTYSLPKSEFVVPDC"%¢
ELPSWLTTGNYRIESVLSSSGKRLGCIKIAASLKGI

MASCOT ldentification
Manual Identification

Figure 4.

Top: L126C GM2AP amino acid sequence with location of reported disulfide bonds and
predicted cleavages for trypsin (blue: K,R), Glu C (dark green: E), and Asp N (orange: D). The
location of the L126C amino acid substitution is shown in bright green. The HISqg-tag (light
gray) is engineered to include a Factor Xa cleavage site. Bottom: Sequence coverage for the
L126C-4MT GM2AP construct after trypsin digestion and nano-LC MS analysis. The blue
sequence was identified by MASCOT; the red sequence was identified by hand, and
corresponds to the peptides still containing disulfide bonds.
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Expected Disulfide Peptides:
Calculated Mass and m/z

Tryptic Disulfide Peptides

HMSSFSWDNCSDEGKDPAVIR Cys1: M, = 2823.2777 Da
3+ = 942.09986

5+ = 565.66282
1
IPCS3TDYIGSC7STFEHFC3'DVLDMLIPTGEPC®PEPLR

Cys2: Mr = 5069.2368 Da
6+ = 845.88007
7+ =725.18396
8+ =634.66187

Tryptic/Glu C Disulfide Peptides

[ | Cys2a: Mr = 2563.2172 Da
IPC*TDYIGSC">TFE 3+ = 855.07727
4+ = 641.55977

TYGLPC'HC "/PFK

Cys2b: Mr = 3641.6635 Da
4+ =911.42314
Se = 790 33097 HFC#'DVLDMLIPTGEPC®PEPLR

6+ = 607.95119
TYGLPG'"*HC""PFK

Tryptic/Glu C/Asp N Disulfide Peptide

Cys2c: Mr =2605.1374 Da HFC?1 EPC®*PEPLR
3+ = 869.38640
4+ = 652.29162 TYGLPC19HC"PFK
5+ = 522.03475 |

Figure 5.

Scheme presenting the theoretical disulfide bound peptides after sequential proteolytic
digestion. Various m/z values were calculated for charge states to aid during analysis and the
selected ion monitoring MS/MS experiment. Other combinations were also calculated (not
shown) but not identified.
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b4 b5 7 b9 b10b11b12b13b14 b15

e M e

YiaY13 Y12Y11Y10Yo Y8 Y7 Y6 Y5 Ya

Label
y15+2H y10
4-MT Labeled
CID MS/MS L126C GM2AP
y16+2H
b10
b4 b3 T i b9 b13 y13b14
AT I | IR 0 0 ) oL T O e
500 750 1000 1250 1500 1750 2000
m/z
Figure 6.

Identified fragments for low-resolution CID MS/MS of tryptic digested 4MT L126C reporter
cysteine. The same 4MT labeled reporter cysteine was also observed from the other digests
(data not shown).
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Disulfide Bonds Verified by
High Mass Accuracy CID MS/MS

{2 lolele e el v

Y19 Y18 Y17 Yis Y14 Y13 Y12

Ys L G C152 I K
555.36123
V2"
923.96082
b183+
853.06771
Ye
670.38822
\ bis™ 97837729
757.64957 :
| ) Vid®
¥ ‘ [ | 1066.93995
483.77187 . ’ \
| | ’
4'.*‘_».,,‘-,\»‘4#‘?,“__, " . \" [ " i | Vb "’ L ' l‘”‘ P . )
400 500 600 700 800 900 1000 1100 1200 1300
m/z
b10 b11 b12 by,
| 1051.42256
IPC®TDYIGSCS|TI|F [E
b12
by 1299.53884
1152.46996
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’ 1134.45942 b,, - H,0
1033.41202
1281.5282
650 750 850 950 ; 1050 1150 1250 1350
mi/z

Figure 7.
Disulfide bonds that were verified through CID MS/MS analysis. Top: High-resolution MS/

MS of Cys-1. Several large peptide fragment masses verify the peptide sequence. Bottom:
High-resolution MS/MS of Cys-2a (mass scale-expanded segment shown as an inset). The
calculated mass for the intact peptide matches the experimental mass corresponding to one
disulfide bond (Table 1). A sequence tag of three amino acids verifies the identity of the
disulfide-containing peptide. As expected, the cyclic disulfide bond peptide does not yield
fragments.
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lon Exptl m/z Calc'd m/z  Error (ppm)
HEC?! Frag2 1667.7072 1667.7046 1.6
Frag2 = Frag2 - H,0 1649.7037  1649.6941 4.8
TYGLPC'SHC'7PFK Frag2 - H,0 - NH, 1632.6663 1632.667 -0.4
EPCPEPLR 939.4465 939.4478 1.4
EPCPEPLR - H,0 922.4451 922.4465 1.5

EPC%PEPLR - H,0
EPC%PEPLR Frag2 -H,0  Frag2
Frag2 - H,O - NH,

[M+3H]3*
\\A

" . : . r . 1,610 1,620 1,630 1,640 1,650 1,660 1,670 1,680 1,690
910 920 930 940 950 960 miz

m/z

600 800 1,000 1,200 1,400 1,600 1,800 2,000
m/z
Figure 8.

"Peak-parked nano-LC" high-resolution ECD MS/MS (25 scans, 3 min). ECD typically breaks
disulfide bonds prior to amino acid backbone fragmentation. Two fragments corresponding to
the specific fragmentation of the C94-C105 disulfide bond were observed. The table lists the
mass accuracy for ECD analysis.
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Page 19

Peak list and mass error for relevant peptides. The * indicates the spin-labeled L126C mutant peptide. Figure 4 lists

the sequences for the different cysteine-containing peptides.

Exptl m/z Exptl Mass (Da) Calc'd Mass (Da) Error (ppm) Peptide
568.2611 2269.0151 2269.0148 0.138 GHHHHHHHHHHSSGHIEGR
670.3882 669.3810 669.3810 0.021 DPAVIR
1601.8937 3201.7728 3201.7747 —0.596 SLTLEPDPIVVPGNVTLSVVGSTSVPLSSPLK
408.2472 814.4799 814.4800 —-0.110 VDLVLEK
458.2685 914.5224 914.5225 —0.084 EVAGLWIK
447.7318 893.4490 893.4494 —0.456 EGTYSLPK
855.7492 2564.2256 2564.2257 —-0.014 SEFVVPDC*ELPSWLTTGNYR
503.7744 1005.5342 1005.5342 0.015 IESVLSSSGK
706.8267 2823.2777 2823.2777 0.000 Cys-1
845.8801 5069.2368 5069.2374 -0.120 Cys-2
723.7993 2562.2109 2562.2100 0.340 Cys-2a
911.4231 3641.6632 3641.6636 —-0.126 Cys-2b
869.3866 2605.1378 2605.1378 -0.002 Cys-2c
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