similar velocity widths of ~100 km s~! exhibit
vertical elongations of more than 200 pc with
thin widths of 30 pc. These vertical features are
consistent with the foot points of a magnetic
loop in its late stage of time evolution (/3). The
NANTEN data set indicates that a weak loop-
like feature that has a large velocity gradient is
“bridging” these vertical features at higher
latitudes between / =~ 3° and 5°, suggesting
the existence of another magnetic loop in the
positive longitude (SOM text and fig. S6). In
addition, the model offers naturally substantial
heating of the warm molecular gas at the foot
points; the velocity dispersion (~15 to 30 km s!)
of the broad CO features corresponds to kinet-
ic temperature higher than about 10* K if the
shock is completely converted into thermal en-
ergy at the foot points. We suggest, therefore,
that the present model has the potential to be
applied to the other salient broad velocity fea-
tures in the galactic center and to the heating of
the molecular gas at their foot points.

The present model shares the common phys-
ics of solar loops. It has been well understood
that solar loops are the results of magnetic
flotation driven by the motion of the magnetic
field lines anchored onto the solar granules
(26). The size scale of the solar loops is ~12
orders of magnitude smaller than those in the
galactic center, and this is a natural conse-
quence of the scale height on the solar surface,
only ~200 km, which determines the height of
the loop. Despite the large difference in size,

Sarepta Exhibit 1026, page 1

the Alfvén speed is ~10 km s! as calculated
from the density (~2.5 x 1077 g cm3) and the
magnetic field strength (~500 G) on the solar
surface (26). The small size of the solar loop
determines the much shorter time scale of the
solar flotation as ~103 s, as compared with
~10'* s in the galactic center loops.
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Extending Top-Down Mass
Spectrometry to Proteins with Masses
Greater Than 200 Kilodaltons

Xuemei Han,™* Mi Jin,™* Kathrin Breuker,? Fred W. McLafferty’t

For characterization of sequence and posttranslational modifications, molecular and fragment
ion mass data from ionizing and dissociating a protein in the mass spectrometer are far more
specific than are masses of peptides from the protein’s digestion. We extend the ~500-residue,
~50-kilodalton (kD) dissociation limitation of this top-down methodology by using electrospray
additives, heated vaporization, and separate noncovalent and covalent bond dissociation. This
process can cleave 287 interresidue bonds in the termini of a 1314-residue (144-kD) protein,
specify previously unidentified disulfide bonds between 8 of 27 cysteines in a 1714-residue (200-kD)
protein, and correct sequence predictions in two proteins, one with 2153 residues (229 kD).

structure from its mass and masses of its

backbone fragments are major proteomics
research capabilities. The “top-down” method-
ology (/) analyzes intact proteins by combining
electrospray ionization (ESI) (2) with high-
performance mass spectrometry (MS) such as
Fourier transform (FT) MS (3). Five to 10 ac-
curate mass values of backbone fragment ions
from dissociation of an ionized protein are suf-

Identifying a protein and characterizing its

ficient to identify it from among the many thou-
sands predicted by the DNA sequence (4, J5).
However, the largest molecular ions that have
yielded interresidue cleavages contain ~580 and
663 residues (6, 7), with molecular sizes of 67
and 74 kD, respectively. Although no molecular
weight (M) limitation exists for the “bottom-
up” approach (8—10) that initially digests the
protein into small peptides, for identification of
proteins (5) top-down MS gives fragments that

cover a much larger range of mass values, and
these can be produced from a single protein’s
M_-selected molecular ions.

The dominant proteomics application of
top-down MS has been for the characterization
of posttranslational modifications and sequence
errors (1, 4-7, 11). For bottom-up MS, the mea-
sured peptide mass values are matched against
those of the peptides expected from the DNA-
predicted proteins that are unmodified; to detect
a modification, matching must also be done
against the predicted peptide masses adjusted
separately for all likely modifications. Further,
bottom-up MS usually achieves only 40 to 90%
sequence coverage (8—10). For top-down MS,
in contrast, a discrepancy between the mea-
sured M, value and that predicted by the DNA
sequence directly shows the presence of a mod-
ification(s) or sequence error(s). The location
of the modification(s) in the protein is then
indicated by a corresponding discrepancy(s) in
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the fragment ion mass values (1, 4-7, 11). If, in
an unknown protein, the measured fragment
masses represent random backbone cleavages
at 10% of the interresidue sites, it should be
possible to locate a single protein modification
to within 10 residues, on average. Mass spectra
of the 76-residue ubiquitin protein (8.6 kD)
gave fragment ions representing cleavage of all
75 interresidue bonds, making possible its de
novo sequencing (/2), but the largest (~580-
and 663-residue) protein ions previously dis-
sociated gave <20 cleavages each (6, 7).

For proteins larger than ~500 residues, the
intractability for top-down MS appears to result
from the increasing complexity of the gaseous
molecular ion’s tertiary conformer structure
(13—17). Solvent removal from a denatured pro-
tein during ESI permits (/3—/7) much stronger
electrostatic intramolecular interactions such as
hydrogen bonds and salt bridges by removing
the competition from water, although this pro-
cess also weakens hydrophobic interactions.

Fig. 1. Prefolding dissociation.
Protein solution was electro-
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Immediately after desolvation of ubiquitin ions
electrosprayed from native solution, they were
found (1/7) to undergo almost no nozzle-
skimmer dissociation (/8), presumably from
fast folding of the nascent gaseous ions. This
unusual ion stabilization could be greatly re-
duced and extensive fragment mass data ob-
tained by the immediate addition of energy in
several ways to the newly formed ions (/7).
Here this “prefolding dissociation” (PFD) (Fig. 1)
and a method for conformer disruption that
involves ESI solution additives are applied to
large proteins, achieving cleavage of 108, 287,
87, and 62 interresidue bonds in the termini of
1023-, 1314-, 1714-, and 2153-residue proteins,
respectively. A single PFD spectrum, consum-
ing <1 pmol of protein (/9), defines as many as
100 cleavages.

This intractability of large proteins with con-
ventional ion-dissociation methods was re-
investigated with the protein [-galactosidase
(B-Gal; 1023 amino acids, 116 kD) (21). After

skimmer capillary electrospray

110

sprayed from the right into the FTMSQ_ %%‘“ —
MS entrance capillary, then heated

for ion desolvation and folding .

retardation; the ions were accel- e

erated by V. through the pre- ~1031orr | ~1 torr ~760 torr

skimmer collision region of short

mean-free path to cleave weak noncovalent bonds. lons were then accelerated by V,
postskimmer region of long mean-free path to cleave strong backbone covalent bonds.

its molecular ions were trapped in the FTMS cell,
they were subjected to infrared multiphoton dis-
sociation (IRMPD) (17, 22) under strenuous con-
ditions (80-ms, 27-W CO, laser) that resulted in
29 interresidue cleavages (Fig. 2A). However,
these conditions produced no cleavages from
the three larger proteins studied here. The al-
ternative PFD delays the postulated rapid for-
mation of intramolecular noncovalent bonds
both by (Fig. 1) heating the ESI inlet capillary
(temperature, 7 ) (/6) and by collisional
activation (acceleration by voltage V) in the
subsequent preskimmer region (~ 1-Torr pressure,
multiple low-energy collisions). Next, collisions
(acceleration separately by V) in the following
~1073-Torr postskimmer region are of higher
energy (far longer mean free path) and thus pro-
vide more efficient cleavage of the stronger co-
valent backbone bonds of the protein ions (/7).
However, dissociation is effected before a spe-
cific molecular ion mass can be separated; pre-
cursor ion selection is required for MS/MS of
mixture samples. Purified proteins and their bi-
nary mixtures were examined here.
Experimental variables of the new PFD meth-
ods were investigated first with the linear for-
mylglycinamide ribonucleotide amidotransferase
(PurL), predicted to have 1315 residues (23).
Its ESI mass spectrum gave M, = 143,500 + 23,
inconsistent with the DNA-sequence predicted

value of 143,635. Investigating the effect of capil-
lary temperature, 7 = 45°C, gave no backbone
cleavages for very vigorous subsequent collision

. through the
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Fig. 2. (A) IRMPD mass spectrum of B-Gal (1023 residues). PFD mass spectra of
(B to D) B-Gal [(B), single spectrum without and (C) with 500 uM ammonium
tartrate and (D), sum of 17 spectra] and (E) B (656 residues), (F) o (767 residues),
and (G) y (291 residues) chains of human complement C4. Open vertical bars show
backbone cleavages. Above the line: left, b ions; right, y ions; below the line: left, i,

ions; right, i ions. For (E) to (G), the cysteines (numbered below the line from each
terminus) that were found to be unsubstituted are indicated by a single vertical bar
topped with —SH; other Cys residues are part of S-S bonds, with a solid line for the
S-S bond indicating the identification of both Cys residues. The S-S bond in the a
chain is at 37-49, 37-56, or 49-56. Column captions are defined in Table 1.
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conditions (¥, = 170 and V_ = 18); even
increasing T to 90°C gave no cleavages at

=125and Vloost = 13, but increasing VlDre to
145 yielded extensive product ions (Table 1). Of
these mass values, 27 could be assigned to the
predicted C-terminal sequence; the 23 other mass
values were made assignable by removal of the
predicted N-terminal methionine to give a revised
M, value of 143,504 versus 143,500 observed
(1314 residues). Additional PFD spectra ob-
tained at 7, = 150° (Fig. 3A), 190°, 295°, and
345°C, but with lower collision energies ( me =
1341049 Vand V= 8 to 2 V), each provided
9 to 15 “unique” cleavages (those not found in
the other spectra), for a total of 126 different
cleavages. At T~ = 190°C, three additional
spectra in which V__ was decreased from 133 to
100 V while V was increased from 5 to 13 V
each yielded 9 to 17 unique cleavages, which

Sarepta Exhibit 1026, page 3

increased the total number of different 190°C
cleavages from 60 to 94. One and two additional

Top = 150° and 295°C spectra, respectively,
increased these different cleavages to 100 and
91. These 11 PFD spectra (Fig. 3B) designated a
total of 173 different cleavage sites. Increasing
the activation by any of the three parameters,
but particularly by V" osts increased the relative
intensity of ions of less than 50 residues, /
(Table 1).

We also tried a variety of small molecules
added to the ESI solution to reduce this molecular-
ion intractability. Glycerol, ribose, dimethyl sulf-
oxide, 1,4-cyclohexanedione, and ammonium
benzoate gave no appreciable fragmentation im-
provement or had a negative effect, nor did prior 6 M
urea denaturation or 80°C heating of the protein
solution in the ESI tip. However, the ammonium
salts of citrate, succinate, and tartrate (500 puM;

> “<50aa

Table 1. Effect of excitation parameters on PFD mass spectra of Purl (1314 residues). Capillary
temperature (T ) and pre- and postskimmer collision voltages (Vpe, Vpost) Versus the number of

N- and C-terminal (b, y) and secondary internal (i

these ions of <50 amino acids (/

<50aa’’

» 1,) product ions, the relative intensity (/) of

), and the total number of different backbone cleavages (X),

REPORTS I

Fig. 3, C to E) increased the interresidue
cleavages of PurL in a single spectrum to as
many as 100. These additives also produced a
more stable electrospray but did not appreciably
change the charge-state distribution of these
molecular ions and those of cytochrome ¢ or the
abundance of background singly charged ions
(19). Four spectra with the ammonium tartrate
additive under a variety of conditions (7, =
150°C, ¥, =100 to 140 V, V=510 12 V)
gave 174 different cleavages (Fig. 3F), and 10
spectra (7, = 150° to 190°C, V| = 6510 140 V,
Viest = 3 t0 12 V) with additives gave 249
cleavages. All 21 spectra gave 287 different
cleavages (Fig. 3G) that represent 73% of the
first 100 N- and C-terminal interresidue bonds
and 64% of the second 100. Such coverage
should make extensive de novo sequence
information possible for unknown proteins
(12). The apparent “ball of spaghetti” tertiary
structure only allows for cleavages in its
unraveled ends, with >800 central residues
untouched despite these multiple activations.
The ESI spectrum of the single-chain pro-
tein B-Gal (21) gave M, = 116,355 + 12 versus

including cleavages unique (, ;) among other values of 7 or of V, and V. 116,352 predicted. PFD at intermediate energies
o v v b # 4 # 5 s gave 47 different cleavages (Fig. 2B). Added
Tap €O pre post y b y les00a (%) unid ammonium tartrate increased this number to 76
90 145 13 11 17 12 10 49 50 15*  (Fig. 2C), whereas 17 spectra run under a variety
150 134 5 24 16 17 10 50 67 13*  of conditions gave 108 different cleavages (Fig.
295 60 8 23 17 12 17 36 69 12*  2D). These included all 29 cleavages from
345 49 2 22 15 9 9 41 55 9*  IRMPD in the FTMS cell (Fig. 2A).
190 133 5 24 14 15 7 36 60 171 Human complement C4 glycoprotein (1714
190 108 5 15 12 9 6 29 42 10t residues, M,, = 200,000 by SDS-polyacrylamide
190 105 8 15 13 10 8 49 46 9t gel electrophoresis) consists of three chains
190 100 13 21 10 9 8 64 48 12t linked by three disulfide bonds, but the
*Unique to other 7 values.  tUnique to other V, _and V, . values.  $%, . =10atT, = 190°C. locations of these or any other S-S bonds of
Tcap»oc Vpre Vpost #b #y #iy #I'y z
A 150 134 5 24 16 17 10 67
T 4 TT wrorHy LR -
42 41 49 41 173
It ] i 1101100 1
T T TTT L1} 1 ||| 111 0
(o 150 100 8 16 21 32 26 95
T T Wm0 0 TIAT EIII] T W T 2 T I]]n T 1m TTT MO TTmT ”":”":I"" - I -
D 150 100 8 30 23 18 27 98
000 000 0L E H I]J{ I i1 0 i (| ) |||||||.|||||| (I
¥ ] T I 0 07 o 1 I I ||| ||| I |
E 150 118 6 22 24 28 26 100

0 20 40 60 80 100 120 140 160

N-terminus

Fig. 3. PFD mass spectra of PurL (1314 residues): the effect of additives
to the electrospray solution. (A) No additive. (B) Sum of 11 spectra
without additives. Additives: (C) 500 pM ammonium citrate, (D) 500 uM

240 220 200 180

180 200 220 240
cleavage site
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C-terminus

ammonium succinate, and (E) 500 uM ammonium tartrate. (F) Sum of
four spectra with 500 uM ammonium tartrate. (G) Sum of all 21 spectra.
Designations as in Fig. 2.
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its 27 Cys residues have not been specified
(24). For such applications of bottom-up MS
to distinguish S-H and S-S in glycosylated
proteins (25), prior enzymatic or chemical
treatment to remove glycans is necessary. By
MS, Feng and Konishi measured a M, of
196,863 + 29 (26), indicating 5.3% glycosyla-
tion of the predicted amino acid sequence M, of
186,437. Our ESI mass spectrum gave no M,
data, presumably because of molecular-ion het-
erogeneity due to partial deglycosylation. Gentle
PFD (T, = 115°C, V. =50, V= —4) gave,
unexpectedly, two major fragment ions of
20,838 daltons (b,gs of the B chain) and
165,746 + 80 daltons, for a total of 186,584 +
80 daltons, indicating that the original ~7%
glycosylation had been reduced to <0.1% by
PFD. Four spectra obtained with more strenuous
activation (7, = 150° to 190°C, V= 80 to
105V, V. = 10 to 14 V) identified 87
cleavages (Fig. 2, E to G) that yielded fragment
ions without glycosylation.

These PFD data, simplified by the concomi-
tant deglycosylation, can be used to assess pos-
sible disulfide bonding of the cysteine residues on
the basis of two criteria. The presence of an S-S
bond causes the experimental PFD mass to be 2
daltons less than the sequence-predicted value
(27). Further, fragment ions are usually not
observed from backbone cleavages between the
Cys residues of an intrachain S-S bond, because
this would require its additional dissociation.
For the B chain with five cysteines (Fig. 2E),
the masses of the b_,, ions are those predicted,
whereas the masses of the b_. ions are 2 dal-
tons low, consistent with S-S bonding between
the N-terminal Cys,, and Cys. pair. The corre-
spondingly low values for y_,, ions indicate the
C terminus S-S bond from Cys,, to Cys,. The
remaining B-chain Cys that is 109 residues
from the C terminus must provide the inter-
chain S-S bond; consistent with this prediction,
many bonds are cleaved in the backbone be-
tween the two proposed intrachain S-S bonds.

For the central o chain (Fig. 2F), the by
mass shows that Cys,, and Cys,, are un-
modified, but the b, by, by, and b,,, masses
are 2 daltons less than expected, indicating S-S
bond formation between two of the cysteines
37, 49, and 56. Similar evidence shows that the
Cys that is 53 residues from the C terminus is
unmodified, leaving the remaining cysteines 141,
197, and 442 as sites for previously identified S-S
bonds to the outer B and y chains (24). In the y
chain (Fig. 2G), eight fragment ions of b_,
have predicted mass values, indicating that
Cys, is unmodified. However, the 17 y ions
of'y_,,, have mass values 2 daltons less than that
predicted, indicating a C-terminal S-S bond be-
tween Cys, ¢ and Cys, and —SH at the next seven
cysteines. This result leaves only the N-terminal
Cysg, and Cys, |, as sites for the two interchain
S-S bonds whose presence, but not locations,
were found previously (24). These cysteines
provide linkage to two of the proposed inter-
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chain S-S sites of the o chain, whose remain-
ing site was linked to that of the B chain. For
the fragment ion assignments shown in Fig. 2,
E to G, the standard deviation of the mass dif-
ference in measured versus calculated values
based on the S-S bonds postulated was +0.14
dalton. Of the 27 cysteines in the C4 glyco-
protein, eight are in previously unidentified S-S
bonds, modifying the deglycosylated M value
to 186,429 (27).

In initial studies, the linear protein myco-
cerosic acid synthase (Mas) from the construct
pQLAB-Mas (29) gave a measured M of
228,934 + 60, compared with the theoretical
value of 229,067 (2154 residues). Five PFD
spectra (T, = 150° to 190°C, V. =70 to
125V, Voost = 4 to 15 V) (fig. S1) gave 62
cleavages as far as 134 and 182 residues from
the N and C termini, respectively, and the N-
terminal cleavage data showed the absence of
the predicted methionine (corrected theoreti-
cal M, of 228,936 with 2153 residues).

For the identification of larger proteins by
top-down MS (5), the limitation found here that
primary b, y ions are formed by dissociations in
only the first 200 amino acids of each terminus
(~75% within 100 residues) has the advantage
that the fragment ion mass values of the unknown
sequences only have to be matched against masses
of the correspondingly short terminal fragments of
the DNA-predicted sequences, whereas the short
peptides generated for bottom-up MS can be
formed from any part of the protein. As a test of
top-down identification of larger proteins (table
S1), single PFD spectra of 1:1, 2:1, and 3:1
mixtures of PurL and B-Gal gave 11, 16, and 15,
respectively, different mass values (1 to 10 kD,
with an individual value often represented by
multiple charge states) that matched those for
primary backbone cleavages (b, y ions) predicted
for PurL. These mixtures also gave 17, 13, and 11
b, y ions (the largest had 84 residues) that matched
those for B-galactoside, and all mass values fit
those predicted with a standard deviation of 4.9
parts per million. These results suggest that reliable
identifications (5, /2) for more complex mix-
tures of large proteins should be possible
without initial proteolysis.

Top-down PFD characterization with our
6-T FTMS (12-T instruments now available
have far higher resolving power and sensitivity)
can provide even ~70% sequence coverage on
the first ~200 residues of each terminus of a
large protein. This study indicates the further
applicability of PFD to characterize stable
posttranslational modifications such as methyl-
ation, acetylation, oxidation, and deamidation
(27) in large proteins.
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