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The most widely used modern mass spectrometers face severe performance limitations with
molecules larger than a few kDa. For far larger biomolecules, a common practice has been to
break these up chemically or enzymatically into fragments that are sufficiently small for the
instrumentation available. With its many sophisticated recent enhancements, this “bottom-up”
approach has proved highly valuable, such as for the rapid, routine identification and
quantitation of DNA-predicted proteins in complex mixtures. Characterization of smaller
molecules, however, has always measured the mass of the molecule and then that of its
fragments. This “top-down” approach has been made possible for direct analysis of large
biomolecules by the uniquely high (�105) mass resolving power and accuracy (�1 ppm) of the
Fourier-transform mass spectrometer. For complex mixtures, isolation of a single component’s
molecular ions for MS/MS not only gives biomolecule identifications of far higher reliability,
but directly characterizes sequence errors and post-translational modifications. Protein sizes
amenable for current MS/MS instrumentation are increased by a “middle-down” approach in
which limited proteolysis forms large (e.g., 10 kDa) polypeptides that are then subjected to
the top-down approach, or by “prefolding dissociation.” The latter, which extends
characterization to proteins �200 kDa, was made possible by greater understanding of
how molecular ion tertiary structure evolves in the gas phase. (J Am Soc Mass Spectrom
2008, 19, 1045–1053) © 2008 American Society for Mass Spectrometry

Today, biomolecular research benefits greatly from
the unique capabilities of modern mass spectrom-
etry (MS). For protein and DNA/RNA identifica-

tion and characterization by MS, two complementary
strategies have evolved during the past 15 years: the
“bottom-up” [1–6] and “top-down” [1, 5, 7–15] ap-
proaches. In the most commonly used bottom-up ap-
proach, the mixture of large biomolecules of interest is
first digested in solution, and then their combined small
(generally �3 kDa) products are analyzed by MS and
MS/MS to yield molecular weight (Mr) and fragment
mass values, respectively. For the top-down approach,
on the other hand, a mixture of proteins is directly
introduced into the mass spectrometer for determina-
tion of their Mr values. Molecular ions of an individual
component can then be mass-isolated and dissociated
(MS/MS) in the mass spectrometer, yielding product
masses related directly to its Mr value. A component’s
multiple isotopic peaks of far higher (even 50 kDa or
greater) mass values require correspondingly high re-
solving power and accuracy, for which electrospray
ionization (ESI) [16] and the relatively expensive

Fourier-transform (FT) MS instrument [17, 18] have been
generally used (the recently-introduced “Orbitrap”
shows promising capabilities [19, 20]). Special software
is also required, e.g., THRASH convertsm/z values from
multiply-charged ion to mass values and averages
isotopic peak intensity values for higher signal/noise
(S/N) [21], and ProSight uses these values to match
those of DNA-predicted proteins and possible post-
translational modifications [22].

Ion dissociation for MS/MS (or MSn) generally has
employed “threshold activation” methods with sequen-
tial activation events (e.g., energetic collisions, IR pho-
ton absorption) that energize the ion above its dissoci-
ation threshold and cleave the weakest bonds first. A
newer method, “electron capture dissociation” (ECD)
[23–27] suddenly adds a larger amount of energy (�5
eV) that cleaves the protein backbone bonds almost
stochastically, thus providing far higher sequence cov-
erage. Although ECD is mainly applicable to FTMS
instruments, its recently developed off-shoot “electron-
transfer dissociation” (ETD) by the Hunt research
group [28, 29] makes a similar capability available on
linear and 3D ion trap instruments used for the bot-
tom-up approach [19, 20]. Citations of these original
descriptions [23, 28] show that their adoption for both
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bottom-up and top-down proteomics has been particu-
larly impressive (Figure 1).

Another advantage of ECD/ETD is that only back-
bone bonds are cleaved, preserving side-chain modifi-
cations such as glycosylation and phosphorylation.
However, even tertiary noncovalent bonds can be pre-
served, so that these must be cleaved separately using
“activated ion” (AI) ECD for protein ions ��20 kDa to
obtain fragmentation information. For ions larger than
�50 kDa, dissociation in the mass spectrometer has
been ineffective using any gas-phase dissociation
method, with only bottom-up applicable. The recently
described “prefolding dissociation” (PFD) extends top-
down capabilities (but not ECD) to proteins larger than
200 kDa [11].

Origins of Top-Down Mass Spectrometry

When J. J. Thomson described his first mass spectrom-
etry instrument almost a century ago [30], he predicted
that the measured masses of a molecule and its frag-
ments would provide uniquely valuable structural in-
formation, e.g., the masses 12, 16, and 28 for carbon
monoxide. The basic idea of top-down MS was also
established more than a half century ago for electron
ionization mass spectra, and this application has been
extensively developed [31]. In pioneering research, Bi-
emann showed that such MS data from peptides could
provide unique sequence information [32]. For protein
characterization, these basic principles were discussed
[33] and applied in a series of papers [34–36], and the
useful description “protein fragment ladder” was pro-
posed [36]. However, the later “top-down” terminology
[7] clearly differentiates this from the far more widely
used “bottom-up” MS proteomics method, a major
reason for the immediate popularity of such a designa-
tion (Figure 1). This is only new nomenclature, not new
science, with its use in titles of scientific articles now
surpassing the citation of the original reference.

Top-Down Methodology

Ionizing a molecule and dissociating its molecular ions
in the mass spectrometer can provide mass data indi-
cating the molecular weight and elemental composition
of the molecule and of its pieces. Structural interpreta-
tion is greatly simplified for linear (noncyclic) mole-
cules, as cleavage of only one bond is necessary to
produce two pieces of the molecule. Rearranged prod-
uct ions that complicate mass spectral interpretation
[31] are usually minimal for MS/MS of linear proteins
[37–39] and DNA/RNA [5, 12–14], and the extent of
secondary fragmentation can be reduced by lowering
the dissociation power or removing the products from
further activation [40]. The primary product ions of
linear proteins are complementary fragment ion pairs,
each fragment containing one terminus of the molecule;
thus if two product ion masses differ by the mass of an
amino acid, there is a strong possibility that this residue
is located that distance in mass from a terminus, al-
though this could also arise by a coincidence in mass
values of products containing different termini. In con-
trast, proteolysis in bottom-up produces peptides with
no mass information concerning their location in the
protein. For top-down, differences between the experi-
mental Mr value and that of a DNA-predicted protein
gives an immediate indication of the molecular hetero-
geneity and sequence errors for that protein assign-
ment. Such mass differences can also indicate specific
post-translational [37] or post-transcriptional [5] modi-
fications (PTM, e.g., 79.9663 Da for phosphorylation,
14.0156 Da for methylation) [38, 41, 42]. Further, any
complementary pair of fragment ions, those whose
mass value total corresponds to that of the parent
molecular ion, narrows the location(s) of modifi-
cation, which can be furthered with MS3, etc. Such
100% sequence coverage is rare in the bottom-up
approach.

Biomolecular samples typically are complex mix-
tures of compounds, and their purification becomes
more difficult with increasing molecular size using
conventional methods. The powerful capabilities of
FTMS for separation by molecular weight can “purify”
individual molecular ion species, such as the 1 Da
resolution in the ESI mass spectrum of chondroitinases
I and II, MW 111,713, and 112,508 [43]. MS/MS of such
resolved molecular ions of a mixture was first demon-
strated for small peptides [44, 45] and larger peptides
[46], and then proteins [34–36] and DNA/RNA [12, 13].
As an example of the potential of this method, ESI of a
copolymer mixture gave �130 molecular ion species
with assigned elemental compositions [47]. The MS/MS
spectra from the separate isolation of five of these
components, each �1% relative abundance, clearly
showed that the manufacturer’s structural assignment
as block copolymers was inaccurate. ESI of a mixture of
proteins isolated from Arabidopsis thaliana gave accurate
Mr values for 14 separated molecular species [48], and
MS/MS and MS3 on the MS separated molecular ions of
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Figure 1. Cumulative citations of the first publication on ECD
[23], ETD [28], and “top-down” [7], and the cumulative number of
publications with “top-down” in the title. Reference [23] is one of
the most highly cited JACS papers of the last decade, while
reference [28] shows an even faster initial growth in number of
citations. The values for 2007 cumulative use of “ECD” and “ETD”
in titles are 243 and 56, respectively. Data are from SciFinder,
American Chemical Society.
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components of �5% abundance gave identifications
and sequence corrections.

Top-Down Instrumentation

The extraction of extensive sequence information from
the high-mass MS data relies on the separation and
accurate mass assignment of all individual ion signals
in the mass spectrum. Most top-down MS studies
reported to date use FTMS instrumentation [17, 18, 49]
because of its uniquely high resolving power and mass
accuracy. More than 575 FT-ICR mass spectrometers
have been installed worldwide, and this number con-
tinues to increase with the increasing demand for
sensitive and accurate mass spectrometry measure-
ments in biology and related disciplines. A front-end
input capability for ion storage and mass separation,
such as the linear trap quadrupole (LTQ), provides
valuable additional control permitting software selec-
tion of specific MS and MS/MS experiments on a �1 s
timescale for fractions eluted from chromatographic
separation [19, 37, 42]. Of further value, the LTQ can
control the total number of charges of ions loaded into
the FTMS cell to maximize the mass accuracy using
external calibration.

Of additional high promise is the recently-introduced
“Orbitrap” mass spectrometer [19, 20, 28, 29] with mass
accuracy and resolving power only exceeded by FTMS.
The Orbitrap does not need the expensive super-
conducting magnet and liquid helium supply required
for FTMS, important factors in its widespread current
adoption. Proteins exceeding its resolving power can be
subjected first to limited proteolysis/degradation, with
the resulting large polypeptides then subjected indi-
vidually to top-down MS and MS/MS [19, 20, 22], the
“middle-down” approach. The Orbitrap is also proving
valuable for the bottom-up approach, for example pro-
viding peptide Mr values whose higher accuracy re-
stricts the possible protein assignments.

Special software for reduction of high resolution
data and correlation of fragment masses with DNA-
predicted sequences has also been critical to the efficient
application of the top-down methodology. For large
molecular ions, heavy isotopes of carbon and other
elements produce multiple isotopic peaks with �1 Da
spacings. With [13C]/[12C] � 1.1%, the ions 12C100,

12C99
13C1,

12C98
13C2, and

12C97 C
13C3 will give isotopic peaks

of relative abundances 100:110:60:22, with the most
abundant peak 1 Da above the monoisotopic peak. For
carbonic anhydrase, 29 kDa, the most abundant isotopic
peak is 17 Da higher than the monoisotopic peak,
and its abundance is vanishingly small [50]. For this
multitude of peaks in such an “isotopic cluster”, the
THRASH [21] program converts the m/z values of these
spacings to m values and compares the relative abun-
dance values of the isotopic cluster peaks with those
predicted to assign the cluster’s monoisotopic mass
value. THRASH also combines the abundances of the
isotopic peaks, thus maximizing signal/noise for detec-

tion of that ion species. The ProSight algorithm [22] for
proteins combines an extended THRASH version with
software to match molecular and fragment mass values
with those derived from DNA predicted amino acid
sequences. The user can also suggest possible PTMs
with which the program modifies mass values to find
additional matches.

Methods for Dissociation of
Multiply-Charged Biomolecular Ions

MS/MS was originally accomplished by allowing meta-
stable ions to dissociate in field-free regions of the mass
spectrometer [44, 51, 52]. Later, it was found more
efficient [53] to activate stable ions to above the disso-
ciation threshold using methods such as collisionally
activated dissociation (CAD) [40, 54] (also termed col-
lision induced dissociation) [10, 55], infrared multipho-
ton dissociation (IRMPD) [56], or blackbody infrared
dissociation (BIRD) [57]. For these “threshold” or “slow
heating” [58] methods, the incremental activation by
collisions or photons raises the internal energy slowly
(�s, ms) to above the dissociation threshold for various
bonds of the ion. Generally, the first to dissociate are the
noncovalent bonds of the tertiary structure (which
produces no lower-mass fragment ions), followed by
the weakest covalent bonds. Thus, product ions from
these cleavages are strongly favored in the CAD,
IRMPD, or BIRD spectra of proteins, and dominate their
metastable ion spectra.

A far larger proportion of inter-residue bonds is
cleaved using the related techniques of ECD [23–27, 38,
59–62] and ETD [19, 20, 28, 29]. In ECD, a low-energy
(�1 eV) electron is captured by a multiply protonated
protein, (M � nH)n�, to form a reduced (M � nH)(n�1)�·

radical ion; for ETD the electron is supplied by an
aromatic radical anion. The resulting charge recombi-
nation energy is so large (�5 eV) that it can cause
backbone dissociation of the newly formed radical ion
before this energy is randomized over the large ion
(“nonergodic” dissociation). Backbone cleavage is dom-
inant in ECD, so specific that there is negligible disso-
ciation of side-chain and other covalent bonds of the
protein ion, and even of its noncovalent bonds, as
discussed further below. This �5 eV energy gain also
makes the �1 eV differences in inter-residue bond
dissociation energies have far less influence on product
abundances. Thus, ECD and ETD backbone cleavage is
much less affected by the identity of the amino acids
(except for proline, vide infra) framing the cleavage site,
and in this way it provides more extensive sequence
coverage and PTM location specificity [25, 59].

In contrast to the threshold methods such as CAD
and IRMPD that produce amide bond cleavages (b, y
product ions), with ECD and ETD the reduced molec-
ular ions dissociate into complementary pairs of c and z·
(�90%) or a· and y (�10%) fragment ions (Scheme 1)
[25]. Proline has two N–C� bonds, so that this ECD
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cleavage of only one results in no c and z· product ions.
As another unique feature of the ECD mechanism
advantageous for protein sequencing, fragment ions
containing either the N- or C-terminus can be distin-
guished. The N-terminal fragment ions actually contain
an extra hydrogen atom from the H� neutralized by
electron capture; the mass sum of the “complementary”
c and z· pair is actually 1 Da greater than the Mr value.
Thus, if such a complementary c/z· pair is indicated by
their mass sum, the N-terminal c fragment is identified
directly by its �1 Da mass discrepancy. This N- or
C-terminal identification can also be made in the same
way if a single b or y ion from a threshold dissociation
corresponds to a single c or z· ion by a mass difference
corresponding to the �–NH difference in their forma-
tion mechanisms (Scheme 1). Such “golden complemen-
tary pairs” are valuable for the complete de novo
sequencing of smaller proteins with ECD [39].

“Internal” fragment ions, those that contain neither
of the protein termini, complicate spectral interpreta-
tion. These ions arise from two or more successive
cleavages within the same precursor ion, which is much
less probable for ECD/ETD than for CAD/IRMPD/
BIRD. The latter methods energize all vibrational
modes of the ion so that a primary product ion may still
be sufficiently energized for simultaneous or secondary
dissociation, and the product ion could also undergo
further excitation (although this is minimized with
SORI-CAD [40]). Nonergodic ECD occurs before energy
randomization so that the primary excitation energy not
expended in cleavage provides little relative increase to
the internal energy of the ECD primary products when
spread over their many vibrational modes. Further,
electron capture is dependent on the square of the ion
charge, reducing the probability of secondary ECD of
lower charge fragment ions versus that of the protein
ion. As a general strategy, more extensive and reli-
able sequence coverage is obtained from two separate
MS/MS spectra, one with conditions that maximize the
formation of different terminal fragment ions and the

other with conditions that minimize the formation of
internal fragment ions.

ECD of course requires positive, not negative, ions, a
limitation for its applicability to the analysis of acidic
proteins or nucleic acids. Their net charge in solution is
negative, resulting in significantly lower ion yields
using ESI of the opposite polarity [63]. However, ECD
of doubly-protonated nucleic acids [64] or CAD of
multiply-charged protein anions [7] can provide useful
structural information. An alternative to ECD is elec-
tron detachment dissociation (EDD) [61], which has
been applied to negatively charged ions of polypeptides
[65] and nucleic acids [66, 67]. In EDD, higher energy
(�20 eV) electrons impact on multiply deprotonated
proteins or nucleic acids, (M � nH)n�, to form (M �
nH)(n�1)�· radical ions [65]. The dominant fragmenta-
tion channel in EDD of polypeptide anions is cleavage
of the C�–C�O backbone bond, yielding complemen-
tary a·/x ion pairs [65]. EDD of polypeptides can
provide extensive sequence coverage and can be used
for the analysis of PTMs [61]. Nucleic acid fragmenta-
tion in EDD is only beginning to be explored, and
involves backbone cleavage with only minimal nucleo-
base loss [66].

ECD Retains Unstable PTM Side Chains

MS/MS methods have been marginal for locating gly-
cosylation, phosphorylation, etc. The covalent bonds
connecting such side chains can be sufficiently weak
that the common threshold dissociation methods such
as CAD and IRMPD cleave them as well as the back-
bone bonds, destroying the PTM information. ECD,
instead, preserves side-chain bonds while effecting near-
exclusive cleavage of covalent protein backbone bonds
(videsupra)[68–70].Theenzyme�-glutamylcarboxylase,
as studied by the Christopher Walsh group [69], mod-
ifies zymogens of serine proteases in the blood co-
agulation cascade. Mechanistic investigations were
complicated by the fact that these zymogens contain up
to 12 �-carboxyglutamic acids within a protein section
of 45 residues, and that both CAD and IRMPD pro-
duced complete loss of side chain CO2. However, ECD
retained the side chain while producing cleavages that
directly localized this labile modification.

Activated Ion ECD

Adding electrons to cold protein ions larger than 20 kDa
only reduces their charge state sequentially. Attempted
ECD of the 32� ions of a 49 kDa protein gave only
(M � 32 H)25–31� ions [71]. As described above, ECD
can cleave protein backbone bonds without appreciably
affecting the far weaker noncovalent bonds typical of
compact tertiary ion structures. If the resulting frag-
ment ion pairs are still joined by noncovalent bonds,
ECD will have reduced their charge without noticeably
changing the molecular ion mass [27, 62, 72]. In general,
protein ions of increasing size have more complex

Scheme 1
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tertiary structures, so that “activated ion” ECD is nec-
essary for these. In AI-ECD, the protein ion’s internal
energy is raised by energetic collisions with back-
ground gas or irradiation with IR photons to cause
sufficient cleavage of the intramolecular noncovalent
bonds of the ion’s tertiary structure; this can be done
before, during, or after ECD [71]. Systematic ECD
studies on cytochrome c [62] and ubiquitin [27] vali-
dated this approach; thermal unfolding of the gaseous
7� ions of ubiquitin increases the extent of sequence
information from 17% at 25 °C to 77% at 155 °C [27].
AI-ECD is required for proteins larger than �20 kDa
[38, 71], and can even delineate the transmembrane
domains of integral membrane proteins [73]. For larger
proteins, different ion activation conditions cleave dif-
ferent tertiary noncovalent bonds, yielding different
ECD product ions. Combining 25 ECD spectra using a
variety of ion activation conditions gave product ions
from the cleavage of 250 of the 258 inter-residue bonds
of bovine carbonic anhydrase [74]. EDD of nucleic acids
also appears to cleave covalent bonds without affecting
the intramolecular noncovalent bonding [66], and
AI-EDD of a 15-mer DNA using an infrared laser for ion
activation increased the extent of sequence information
from 0% to 47% [67].

However, even with techniques in top-downMS that
effectively destroy the gas-phase tertiary structure of
smaller ions, the relative extent of sequence information
generally decreases with increasing mass of the biomo-
lecular ions [10] (Figure 2). AI-ECD of larger (�250
residues) multiply protonated protein ions gives exten-
sive sequence information from the terminal protein
regions, but coverage in the central region is typically

poor [38, 71]. As the cross section of an ion for electron
capture is proportional to the square of the charge,
additional electron irradiation to maximize molecular
ion dissociation causes the larger, more highly charged
fragment ions to become favored for secondary disso-
ciation. This provides improved sequence coverage at
the ends of the protein at the expense of coverage in its
center. For proteins larger than �50 kDa (Figure 2),
special proteolysis can be employed that yields far
larger polypeptides, followed by their individual top-
down characterization [75–77], the “middle-down” ap-
proach. “Prefolding dissociation” (vide infra) can be
used [11].

The “plasma” ECD method [78] attempts to maxi-
mize the extent of AI unfolding for ECD while mini-
mizing the extent of secondary electron capture. From
opposing entrances, electrons and ions enter the pres-
surized FTMS cell, both through high (��10 eV) cation
trapping potentials. The ions are accelerated to the
grounded cell center, with collisions denaturing the ion
conformation. After the cell center the ions are slowed
and then reversed and accelerated by the other trapping
potential. This potential accelerates electrons approach-
ing the cell, but on entrance the electrons are retarded
electrostatically and by collisions. Now an electron that
is slowing down can be traveling in the same direction
and in the same path as an accelerating ion. When one
overtakes the other, the velocity difference of this
electron/ion pair will be minimum, maximizing the
cross-section for ECD. ECD will yield product ions,
however, of different velocities, reducing the probabil-
ity that they will capture another electron; most elec-
trons have similar velocity gradient pathways [78]. A
single such spectrum of carbonic anhydrase (259 resi-
dues) gave 512 m/z values, corresponding to 183 inter-
residue cleavages. The missed 75 cleavages are in the
center of the protein, indicating that the larger product
ions representing these missing cleavages have under-
gone secondary dissociation. Plasma ECD using lower
electron currents produced more of these large product
ions but found fewer total cleavages. Note, however,
that MS/MS with this version of plasma ECD requires
mass selection exterior to the FTMS ion cell. A tech-
nique in which the precursor ions are mass selected
within the FTMS cell and then accelerated along its
magnetic axis to effect plasma ECD with incoming
electrons has not yet been developed.

Charge Density Effects

Consistent with the H� reduction mechanism (Scheme
1), increasing the number of positive charges on a
protein molecular ion increases, on average, the number
of ECD cleavages. For example, increasing the ubiquitin
ion’s charge from 5� to 13� increases sequence cover-
age from ECD under standard conditions at 25 °C from
0% to 72% [27]. The charges per residue ratio of
electrosprayed protein ions is somewhat dependent on
composition, e.g., increasing with an increasing propor-

Figure 2. Extent of sequence information obtained in protein
ECD (open squares) and AI-ECD (filled squares) experiments
versus the number of the protein’s residues (data from reference
[71]; lines are meant to guide the eye.
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tion of basic residues and decreasing for integral resi-
due proteins [73]. In general, the maximum charge state
of peptide and protein ions electrosprayed from dena-
turing solutions increases almost linearly with the num-
ber of residues [79], with a slope of �0.15 charges per
residue (Figure 3). However, the width of the charge
state distribution also increases with increasing number
of residues [11, 55] to an extent that the average charge
actually decreases with increasing number of residues.
In other words, larger protein ions from ESI carry, on
average, fewer charges per residue than smaller protein
ions. In general, the larger the protein ion, the more
complex can be its tertiary structure; a greater propor-
tion of its conformers have more complex folded re-
gions that accommodate fewer charges. Williams and
Iavarone [80] have found electrospray conditions that
increase protein cation charge densities. Further, if
sample amount is not limiting, lower charge states can
be ejected from the cell during ESI to raise the propor-
tion of higher charge states.

Unfolding of a region during or after desolvation
after electrospray can also produce different charge
densities within the protein ion, the phenomenon of
“asymmetric charge partitioning” [81]. An unfolded
region with newly-exposed basic residues can become
more highly charged by attracting protons from more
compact regions. Evidence from native electron capture
dissociation (NECD) [82–84] shows that desolvation
during ESI causes stepwise unfolding of the protein in
the gas phase followed by intramolecular proton trans-
fer to the newly unfolded region. Each unfolding leaves
the more compact protein region more depleted of
charge, which renders its subsequent unfolding even

more difficult because of reduced Coulombic repulsion.
For example, the unfolding enthalpies of the 6� and 9�
ions of the 76-residue protein ubiquitin are 30 and 6
kJ/mol, respectively, consistent with the loss of ECD
sequence information with decreasing the ubiquitin
ion’s charge from 13� to 5� [27].

Gaseous Protein Ion Conformations

A basic structure of these protein ions subjected to
MS/MS is now indicated by a variety of experiments, in
particular by H/D exchange [85–88], ion mobility cross
sections [89–92], ECD spectra, and infrared photodisso-
ciation (IRPD) spectra [88, 93, 94]. For gaseous ubiqui-
tin ions, the number of D atoms exchanged to near-
completion by D2O actually decreases from �70 for 7�
ions to �48 for 12� ions; the latter also exhibiting a
conformer of �24 D exchange [95]. The 13� ions, which
contain a proton at each basic site, exchange only �15 D
[87, 88]. Initial ion mobility studies of the Clemmer
group [89, 92] showed an ion cross section value of 13�
ubiquitin ions consistent with that of an �-helix. The
10�–13� ion values of 1700–2100 Å2 are classified as
“elongated”, the 8� and 9� ion values of 1100–1500 Å2

as “partially folded”, and the 5�–7� ions of �1000 Å2

as “compact”. These descriptions generally agree with
conformers proposed from ECD experiments [27, 88,
94]. The 13� conformer is indicated to be an �-helix in
which the protonated side chains are solvated back
into the helix to charge and stabilize its lengthwise
H-bonding network; this also is consistent with D-
substitution almost exclusively at the 13 protonated
sites [87, 88]. ECD data indicate that this stiffened 13�
helix bends for 12�–10� conformers at four sites of H�
loss. For 9�, 8� conformers, the helix C-terminal region
folds over onto itself to form side-by-side H-bonded
helical regions with dipole–dipole stabilization, while
further proton loss allows an additional N-terminal
fold-over to form a 3-helix bundle (7�, 6� conformers).
Consistent with this general picture, IRPD spectra [94]
indicate unusually strong hydrogen bonding of nearly
all of the gaseous protein N–H and O–H groups, with
surprising spectral similarities for different proteins
and for different charge states and temperatures.

Prefolding Dissociation

Activation of larger (1314, 1714, and 2153 residues)
protein ions by IRMPD in the trapped ion cell of a
FT-ICR instrument produced no backbone cleavages,
even under conditions (27 W CO2 laser power, 80 ms
irradiation time) far more strenuous than those re-
quired for the complete dissociation of smaller proteins
[11]. However, NECD of cytochrome c dimer ions
showed that removal of the aqueous solvent in ESI first
causes denaturing of one monomer, with breakage of
hydrophobic bonds (i.e., those formed from “fear” of
water) in a first step [82–84]. Moreover, unfolding of the
solution structure in the gas phase was found to occur

Figure 3. Maximum charge state of peptide and protein ions
electrosprayed from denaturing solutions (�50% methanol or
acetonitrile) versus the number of protein residues; open circles
from reference [79], filled circles from reference [11].
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in essentially the reversed order of the unfolding in
solution, meaning that the solution structure is thermo-
dynamically unstable in the gas phase [72]. Several
experiments indicate that this unfolding is followed by
the rapid formation of stable gas-phase structures;
possibly the loss of hydrophobic bonding exposes hy-
drophilic sites that immediately can participate in form-
ing new electrostatic bonds [11, 95]. For ubiquitin 7�
ions stored in the FTMS cell, fast (�0.2 s) denaturing
with an IR laser pulse showed a variety of refolding
pathways occurring in 1 s to �10 min [27].

Fortunately, such longer folding times allow special
techniques to interfere and compete with this process
before the ion becomes too stable, thus allowing “pre-
folding dissociation” (PFD) that extends the upper limit
of top-down MS to proteins larger than 200 kDa [11].
The unfolding of the solution conformers’ hydrophobic
bonding starts in the capillary that introduces electros-
prayed ions into the mass spectrometer vacuum system;
thus heating this capillary is a first technique to delay
any fast folding. Just after the capillary and before the
skimmer is a high-pressure region in which the newly
desolvated ions undergo many collisions (nozzle–skimmer
dissociation [34], so that increased accelerating voltage
here also delays refolding by increasing the proportion
of energetic collisions. In the lower pressure post-
skimmer region (only used for PFD), far higher energy
collisions can cause backbone CAD before refolding
prevents dissociation. Additives such as ammonium
tartrate in the ESI solution gave a surprising additional
50% in backbone cleavages, possibly by replacing water
molecules adducted to hydrophilic protein sites and
thus delaying the fast folding.

This successive activation approach immediately fol-
lowing desolvation takes advantage of the phase tran-
sition of the ions from solution to gas phase, by which
the order of local protein stability is altered [72, 83, 84].
The change in local stability is the driving force for
conformational rearrangements, apparently with tran-
sient structures that are locally unfolded. Various acti-
vation conditions during the phase transition appar-
ently produce differences in this unfolding-refolding
process, as different activations yield fragmentation in
different local regions. For a 1314 residue protein for
which 100 backbone cleavages were the most produced
in a single PFD spectrum, PFD techniques, varied in 21
spectra, produced 287 backbone cleavages. These data
revealed a post-translational modification that removed
the N-terminal Met, correcting the molecular weight
prediction from 143,635 to 143,504, in agreement with
the measured value of 143,500 � 23 [11]. However,
these extended activation conditions produced no dis-
sociation in the�800 residue central region of the protein.
Apparently, increasing the gaseous protein ion’s internal
energy causes preferential unfolding of the terminal re-
gions away from the center while leaving the rest rela-
tively intact, a “ball of spaghetti” structure [11].

A disadvantage of PFD [11, 95] is that its backbone
cleavages are effected by collisional activation in the ESI

source region, which generally favors threshold-energy
dissociation channels [55]. Although PFD is thus appli-
cable to the analysis of stable PTMs (e.g., methylation,
oxidation), it is less useful for the characterization of
labile PTMs (e.g., phosphorylation, glycosylation). For a
200 kDa protein with �7% glycosylation, �99.9% of the
latter was removed by PFD [11]; however, the resulting
PFD spectrum made possible SH versus S–S bond
assignments to all of its 27 Cys residues. A way out of
the dilemma that extensive backbone fragmentation
and sequence coverage requires ion internal energies
far too high to retain the labile PTMs would be to effect
backbone cleavage by a separate dissociation method
that is not based on slow ion activation. Reactions with
electrons (ECD/ETD) could dissociate the denatured
ends without PTM loss. Further, ECD could also cleave
the protein internally, with the strenuous CAD then
forcing out and dissociating these new chain ends.

Conclusions

Although the amazingly high resolving power and
MS/MS capabilities of FTMS have made possible excit-
ing new applications for characterizing complex petro-
leum samples [96], the majority of the �575 FTMS
instruments now available are in proteomics laborato-
ries. Most of these instruments are producing uniquely
useful research and protein characterization data, yet
relatively few are used in extensive top-down applica-
tions, especially those with automated introduction of
separated (e.g., LC, CE) fractions of complex protein
mixtures, on-line data reduction to select molecular ions
for CAD or ECD, direct PTM characterization, etc. [42,
97]. Thus, the impressive Figure 1 growth curve for the
top-down methodology does not appear to be limited
by the equipment costs involved, which are still attrac-
tive versus investments for modern molecular charac-
terization techniques such as NMR, imaging, and syn-
chrotron radiation. With the even more impressive
current research in top-down fundamentals and appli-
cations from many highly capable laboratories, top-
down should continue to become an increasingly im-
portant approach for biomolecule identification and
characterization.
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