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Abstract

Top-down mass spectrometry is an emerging approach for the analysis of intact proteins. The term

was coined as a contrast with the better-established, bottom-up strategy for analysis of peptide

fragments derived from digestion, either enzymatically or chemically, of intact proteins. Although

the term top-down originates from proteomics, it can also be applied to mass spectrometric

analysis of intact large biomolecules that are constituents of protein assemblies or complexes.

Traditionally, mass spectrometry has usually started with intact molecules, and in this regard, top-

down approaches reflect the spirit of mass spectrometry. This article provides an overview of the

methodologies in top-down mass spectrometry and then reviews applications covering protein

posttranslational modifications, protein biophysics, DNAs/RNAs, and protein assemblies. Finally,

challenges and future directions are discussed.

1. Introduction

Mass spectrometry (MS) has become the essential tool in proteomics research1. In the well-

established “bottom-up” approach, protein samples are digested enzymatically or chemically

to give smaller peptides that are easily characterized by mass spectrometers2. Following the

development of electron-capture dissociation (ECD)3, and, more recently, electron-transfer

dissociation (ETD)4, a new approach is emerging for analysis of intact protein samples by

MS; this approach has been given the term “top-down” to distinguish it from “bottom-up”.

The workflows of top-down and bottom-up approaches for protein analysis are

complementary (Figure 1). Although the bottom-up approach offers swift identification of a

protein by utilizing a combination of tandem mass spectrometric (MS/MS) data and

database searching, there are drawbacks for this approach5. Peptides from protein digestion

cannot be completely recovered for MS measurements, leading to information loss.

Correlations between peptides and their sources when dealing with mixtures of proteins

including proteins containing various post-translational modifications are also lost.

Furthermore, losses of peptides containing modifications can be particularly frustrating

when seeking to locate post-translational modifications. Moreover, for complex protein

mixtures, isomeric peptides are possible to be present in the digest, causing confusion as to

the protein source of a peptide, which is vital for the protein identification. Top-down

sequencing can overcome these information-loss problems. Measurement of the intact

proteins gives information for possible protein isoforms provided they have sufficiently

different masses so that the isoforms can be separated by the spectrometer. Given that the

analyst has selected the protein of interest according to its m/z prior to activation, top-down

sequencing, as an MS/MS method, always makes the connection between the intact protein

and the fragments.
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In contrast to the mature bottom-up approach, top-down sequencing is still in its growing

stage, and the number of practitioners is much less, although quickly growing. An important

factor is that a Fourier transform ion cyclotron resonance (FTICR) mass spectrometer is the

most effective tool for sequencing proteins via election-capture dissociation. Unfortunately

FTICR instruments are more costly and require more expertise than other mass

spectrometers. The use of orbitraps in top-down may be an alternative. Although electron-

transfer dissociation is an alternative to electron-capture dissociation and is suitable for ion-

trap instruments, its application to top-down is not yet as effective because the mass

resolving power of ion traps is insufficient to permit top-down studies.

The majority of the current top-down research is focused on protein identification and

characterization of associated post-translational modifications. The latter application can be

successful because electron-capture (transfer) dissociation retains labile modifying groups in

proteins during fragmentation. Given that several recent review articles addressed the

technical developments of top-down MS for protein analysis6–9, we will focus in this review

on the applications of top-down sequencing for protein biophysics and protein

conformational studies. Further, we consider nucleic acids and macromolecular assemblies.

This review provides a brief survey of recent top-down applications and is not

comprehensive.

2. Methodologies

Sample Preparation

To conduct top-down analysis by FTICR MS, it is desirable but not essential to have pure

samples or simple mixtures. Although one might deal with complex mixtures and separate

the proteins by using a quadrupole mass analyzer that is concatenated with the FTICR or

double resonance strategies in the FTICR instrument rather than HPLC, the dispersion of

signals during ionization and the suppression of individual proteins reduce the signal-to-

noise ratio. Therefore, sample purification is usually an important step. Furthermore,

because electron-capture dissociation cleaves the backbone N-Cα bond in a highly but not

completely nonspecific manner, there are many reaction channels producing many

fragments. Spectral averaging over a number of scans is usually required to improve the

signal-to-noise ratio; this approach means that larger quantities of samples are needed

compared to bottom-up approaches. Each protein is a unique case in top-down analysis,

unlike the analysis of peptides in a bottom-up approach. For bottom-up peptide

identification in proteomics, for example, the fragmentation conditions are established

beforehand and not changed during the LC-MS/MS analysis. For proteins, optimum results,

however, are achieved by tuning the conditions to fragment each. Thus, top-down is difficult

to conduct with on-line HPLC separation. This poses some difficulties for high throughput

analysis wherein coupling of sample separation and FTICR with ECD is necessary but

sometimes incompatible with the shorter time scales of LC separation and the longer times

of FTICR ECD spectral averaging. Therefore, fraction collection is very often spliced

between protein separation and FTICR measurement. Despite the difficulties, there is strong

motivation to develop further top-down analysis by increasing the speed and mass resolving

power of current instrument platforms. These improvements are needed to increase

throughput to augment bottom-up approaches that are inadequate for analyzing proteins with

multiple modifications.

For bottom-up approaches, peptide separation is now a high-performance and mature

technology. For top-down, on-line separation of intact proteins by either capillary HPLC10

or isoelectric focusing11 may be chosen. Similar to 2-D gel electrophoresis, which

incorporates separation based on two properties of proteins (i.e., isoelectric point and

molecular mass), on- or off-line HPLC can be combined with capillary isoelectric
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focusing12, chromatofocusing13, or ion exchange14–15 to achieve also 2-D separation16 of

proteins for on-line MS measurement or for off-line fraction collection followed by MS

analysis. Hydrophilic interaction liquid chromatography (HILIC)17 can successfully separate

both peptides and proteins including histones18. Meng et al.19 combined gel electrophoresis

using an acid-labile surfactant with RPLC to separate intact proteins within a ~5 kDa range

for MS analysis. Newer technologies include gel-eluted liquid fraction entrapment

electrophoresis (GELFrEE) to separate proteins over a broad MW range and then to utilize

top-down FTICR experiments on the fractions that contain 5–100 kDa proteins20.

Similar to GELFrEE, an approach MSWIFT21 (membrane-separated wells for isoelectric

focusing and trapping, Figure 2.) can also be utilized for sample clean-up in bottom-up

proteomics22 and for removal of neutral buffering materials in protein sample23. The big

advantage of MSWIFT is that peptides/proteins of different pI values are bracketed by

membranes of fixed pH values, and the sample can be directly used for MS analysis unless

the sample mixture is too complicated and needs further separation. This is well suited for

top-down analysis.

Whitelegge24 developed methods to separate membrane proteins by using HPLC and

choosing appropriate solvent systems. A compromise strategy, known as “middle-down”,

was adopted in this research.25 Here, proteins are digested under mild conditions to produce

large peptides that are then fragmented in a top-down manner. In this way, peptides that are

smaller than the whole protein are easily separated by chromatography and submitted to

productive top-down analysis. Moreover, the sequence coverage can be better than that

afforded by bottom-up sequencing of digested peptides.

Higher charge states of the precursor ion are beneficial for fragmentation. Evan Williams26

first reported that glycerol and m-nitrobenzyl alcohol (mNBA) can be included in the spray

media to achieve “supercharging” of electrosprayed protein ions. The proposed mechanism

is that addition of the reagent into the sample solution causes the surface tension of the

droplets to increase during evaporation of the solvent. Increased surface tension allows the

droplets to accommodate more charges before reaching the Rayleigh limit27. Loo’s group28

screened sulfolane and other reagents for supercharging of native proteins and noncovalent

protein complexes. The effect was also demonstrated on large 800 kDa GroEL by van

Duijn29. Emmett30 identified some reagents, dimethylformamide, thiodiglycol,

dimethylacetamide, dimethylsulfoxide, and N-methylpyrrolidone, that not only increase the

charge of proteins with masses of 78 kDa when using ESI, but also improve the liquid

chromatography performance when added in the LC solvents.

Mass spectrometry instrumentation

Although the early mass spectrometric analysis of intact proteins was performed by using

triple quadrupole instruments31, the use of high mass resolving power FTICR

instrumentation32 afforded resolution of overlapping fragment ions for more confident

assignment33. Following recognition of the need for improved mass resolving power,

FTICR instruments with higher magnetic fields and actively shielded magnets became

available. A significant breakthrough was made with electron-capture dissociation, an

activation method that can fragment protein ions and, therefore, be utilized for analysis of

large biomolecules34. Thus, most top-down analyses to date have been done with FTICR-

based instruments.

Other types of instruments (e.g., ion traps and time-of-flight mass spectrometers) can also be

applied to analyze intact proteins, but to date they are less effective than FTICRs, and hybrid

linear ion trap (LTQ) - orbitraps35 or LTQ-FTICRs36. In fact, the new-design orbitrap from

Thermo Fisher utilizes a higher field orbitrap analyzer and improved ion-trap, providing
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another opportunity for top-down proteomics. The combination gives improved resolving

power over older designs and higher speed, making it competitive with FTICR-based

instruments37. Fragmentation so far is by ETD and others instead of ECD, but the relative

effectiveness of ETD remains unknown for large proteins. Nevertheless, a significant

advantage of orbitraps compared to FTICRs is that mass resolving power decreases as the

square root of m/z not as its first power, making resolving power on orbitraps less sensitive

to m/z. Less competitive than FTICR and orbitraps is MALDI TOF, and several groups

utilized this approach for top-down analysis by employing the strategy of in-source decay

(ISD)38–39.29 30

Fragmentation methods

Although collisionally activated dissociation (CAD)40–41 is mainly used for protein

identification in top-down MS, detailed characterization of the proteins requires electron-

capture dissociation3. The advantage of the latter is that the labile posttranslational

modifications (e.g., phosphorylation and glycosylation) are retained during protein

fragmentation. These modifying groups are usually lost as part of small neutral molecules

(e.g., phosphoric acid) during the CAD processes. For large proteins, owing to

intramolecular interactions of the residues, the fragments cleaved by ECD sometimes do not

separate from each other. To solve this problem, activated-ion electron-capture dissociation

(AI-ECD)42 was developed. Protein ions are first preheated by collisions with inert gas

molecules or atoms or by irradiation with infrared laser light43 with energies less than the

threshold of dissociation, and then ECD is applied. This pre-heating of protein ions leads to

unfolding of the protein structure, breaking intramolecular interactions. As a result, the

fragments produced by ECD separate more readily from the protein than in the absence of

“heating” and are detected. Proteins with masses up to 200 kDa have been analyzed in part

by this approach44.

In addition to the prevalent electron-capture dissociation approach, other electron-induced

fragmentation methods are available for fragmenting peptides; they include electron-transfer

dissociation (ETD)4,35, electron-detachment dissociation (EDD)45 and electron-ionization

dissociation (EID)46. Negative-ion ETD can also fragment peptide anions by interaction

with either the Xe radical cation47 or fluoranthene (C16H10
+•) radical cation48. EDD, for

negative ions, promotes cleavage of the C-C bond of the protein backbone. The application

of most of these methods for structural analysis of intact proteins is in its infancy, and the

rules and mechanisms of fragmentation need to be better elucidated. The first demonstration

of EDD to a large protein was to ubiquitin49, whereas EDD can be applied to the analysis of

RNAs up to 61 nucleotides50.

A complementary approach to high-resolving-power mass measurements in FT instruments

is charge reduction by ion-ion reactions51; here the number of charges of the product ions

are decreased so that their m/z’s shift to higher values, affording more confident

assignments. This can be a useful approach, although the details are beyond the scope of this

article. Interested readers are referred to the papers by the S. McLuckey group. Some

applications of ion-ion chemistry are mentioned in the following section.

Software for data analysis

The Kelleher group has spearheaded the development of software for the top-down

technology. Their algorithm for data processing, ProsightPTM52, is so far the most

successful software package for analysis of top-down data of proteins with or without

modifications (http://groups.molbiosci.northwestern.edu/kelleher/software.html). The

software has been commercialized by Thermo Fisher. Another software platform is Biotools,

from Bruker. Boston University makes available a protein-identifier software package,
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BUPID-top-down53, for analysis of top-down data. This package is capable of assigning

internal fragments as well as sequence ions.

Applications

The first application of top-down mass spectrometry was the speciation of cytochrome c

proteins from nine animal sources; this was accomplished by comparing the CAD fragments

produced in a triple quadrupole instrument54–55, before the term “top-down” had been

coined in MS56. In a similar way, Feng57 fragmented ESI-produced ions of a 150 kDa

antibody. With the recent technological developments, top-down MS has found a number of

application areas in biomacromolecular research; the most common is intact-protein

characterization, DNA/RNA analysis, protein conformational characterization, protein-

ligand binding-site location, and the very recent protein-protein assembly characterization.

Potential clinical applications of top-down mass spectrometry are illustrated using

transthyretin and hemoglobin as models53.

A. Intact-protein characterization

Posttranslational modifications (PTMs)—Given that ECD/ETD does not cause losses

of labile modifications, it is especially useful for characterization of protein PTMs and

mutations. The Kelleher group58 has been developing the workflow for streamlined

characterization of proteins by top-down approaches by using histone H4 as a model for

shotgun annotation of acetylation, methylation, and phosphorylation and for the

characterization of isoforms. They studied four histone forms H2A59, H2B60, H361–62, and

H463–64 to obtain comprehensive information of modifications and progressive profiles at

different cell-cycle phases. They also demonstrated sample-separation methods and found

that mild performic acid oxidation65 enhances chromatographic and top-down mass

spectrometric analyses of histones.

A strategy for large scale top-down analysis using lysate from Saccharomyces cerevisiae
was developed by Meng et al.66. An on-line, metal-free, weak cation exchange-hydrophilic

interaction LC/RPLC system can be used to characterize core histone mixtures at the intact

protein level15, demonstrating significant improvement in sensitivity, several orders of

magnitude reduction in sample requirements, and a reduction in overall analysis time. The

Garcia group67 characterized the high mobility group (HMG) protein A1a, a small

heterochromatin-associated nuclear protein whose PTMs are partially linked to apoptosis

and cancer. Taking a combined MS effort including bottom-up, middle-down and top-down

MS, they found methylation, acetylation, and phosphorylation at unexpected sites. Bottom-

up MS is capable of identifying low-level modification sites, whereas top- and middle-down

MS can pinpoint the commonly occurring combinatorially modified forms (i.e., the

occupancy pattern of multiple modifications on residues along the sequence). These

workers, by using top-down methods, found that relatively few combinatorially modified

forms dominate the population.

Glycosylation is common and critical in biological systems. Because glycosylation is

heterogeneous in its sites and forms, detailed characterization is not a trivial task. It usually

requires harvest of the glycans and glycosylated peptides cleaved by enzymes followed by

chromatographic separation and analysis by various tools. Top-down MS can be clearly used

to characterize glycosylation in different systems. Fridriksson et al.68 characterized the

heterogeneous glycosylation of immunoglobulin E constructs of the Fc segment of IgE, the

Fcε(3-4) (52 kDa) and Fcε(2-3-4)2 (76 kDa) disulfide-bonded homodimers. Secreted

proteins of Mycobacterium tuberculosis are potential diagnostic and vaccine candidates.

Previously unidentified species were discovered that contain extensive post-translational

modifications69, including loss of a signal sequence, loss of the N-terminal residue,
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degradation by proteolysis, oxidation, and glycosylation. For example, seven hexose

attachments were found in a 9 kDa protein, and 20 attachments in each of two 20 kDa

proteins. Schirm et al.70 identified unusual bacterial glycosylation by tandem mass

spectrometry analyses of intact flagellin from four bacterial pathogens (Campylobacter
jejuni, Helicobacter pylori, Aeromonas caviae, and Listeria monocytogenes). The top-down

approach provided Information on the extent of glycosylation, the molecular masses, and the

identity of oligosaccharide residues on the flagellin. Whitelegge et al.71 studied

apolipoproteins that are from high-density lipoproteins from dog (Canis lupus familiaris).

The experimental molecular masses of apoA-II proapoA-I, apoA-I, apoC-I are in excellent

agreement with the corresponding MWs calculated from genomic data. Top-down

sequencing of apoC-I was performed.

Phosphorylation of proteins plays extremely important roles in biological function. A

phosphate group can be added to or removed from serine, threonine, or tyrosine by a kinase

or phosphotase. Characterization of both the sites of occupancy and the relative extent of

phosphorylation of a protein sequence is crucial for understanding the functions a protein

performs. In the case of limited number of phosphorylation sites, top-down MS can provide

a full view of phosphorylation. For proteins containing many phosphorylation sites with

partial occupancy of some, top-down results can be very complicated, and interpretation can

be challenging. By minimizing the further cleavage of primary product ions and by

denaturing the tertiary noncovalent bonding of the molecular ions under a variety of

activation conditions (AI-ECD), 250 out of the 258 backbone cleavages of carbonic

anhydrase can be produced72. Amazingly, posttranslational modifications can be identified

to within one residue of 235 residues in the protein, and 24 of a possible 34 phosphate

substitution sites can be located. The Ge group characterized phosphorylation of various

cardiac proteins, and they showed that cTnI is regulated by protein kinase A and protein

kinase C at five sites, Ser22/Ser23, Ser42/44, and Thr143. This information comes primarily

from in vitro phosphorylation assays by the specific kinases. It was unambiguously shown

that Ser22/23 are the only two sites basally phosphorylated in wild-type mouse cTnI73. To

confirm these identifications, one can substitute Ser with Ala. All the phosphorylation sites

in the truncated (28–115 kDa) and full-length forms of cardiac myosin binding protein C

(cMyBP-C, 142 kDa) were also identified74, and sequential phosphorylations were

characterized by using a combination of top-down and middle-down approaches.

Remarkably, it was discovered that truncations in recombinant proteins dramatically alter

the phosphorylation state. The significance of this work is that the usual use of

recombination technology affords truncated and full-length recombinant proteins with

alterations in the post-translational state, leading to variations in structure and function.

Besides being able to provide unique insights into the global state of post-translational

modification of rat cTn subunits, high resolving power, top-down MS readily revealed

naturally occurring single amino acid sequence variants including a genetic polymorphism at

residue 7 in cTnI, and an alternative splice isoform that affects a putative hinge region

around residue 192 of cTnT, all of which co-exist within a single rat heart36. By the same

method, the Ge group75 localized, for the first time, a single amino acid polymorphism at

V116 of swine cardiac troponin I.

Relative Quantitation—Quantitative information in proteomics is often required

especially in differential experiments where comparisons are made between test (disease)

and control (healthy) states. In the bottom-up approach, isotope-coded affinity tags (ICAT),

isobaric tag for relative and absolute quantitation (iTRAQ), stable isotope labeling by amino

acids of cell culture (SILAC), and related isotope-based labeling methods can be used to

label peptides for MS measurements1. Another strategy, called “label-free”, involves

quantitation by counting the spectra taken for a given analyte (the assumption is that

abundant analytes will be characterized by a larger number of spectra than will low-level
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analytes1. Because bottom-up measures peptides, information about protein isoforms is

usually missing. Top-down analysis provides quantitative data on different isoforms

including individual and post-translationally modified forms. Furthermore, given that a

protein modification gives several site-specific isoforms, a crude measure of the abundance

of one isoform can be made by comparing the intensities of the peaks corresponding to

unmodified and modified peptides76.

Zabrouskov77 characterized sequentially the relative stepwise deamidation of bovine

ribonuclease A at five sites: Asn67, Asn71, Asn94, Asn 34, and Gln4. In more detail, Ying

Ge’s group78 considered the possible change of fragmentation efficiency owing to addition

of a modification group to the protein and the variation of the modification sites. She

introduced a quantitation scheme by using the fragments from the unmodified protein as

yardsticks to normalize those unmodified fragments from the modified protein. Then the

abundances of the modified fragments from the modified protein can be compared with

those of unmodified fragments obtained in the same experiment. Hendrickson and

coworkers79 used ETD in an Orbitrap to analyze quantitatively apolipoproteins from human

high density lipoproteins (HDL). This paper is the first demonstration of differential mass

spectrometry (dMS80–81) in a top-down manner to deal with two sets of samples that differ

by 5-fold. In another timely application, Muddimann and coworkers82 showed that top-

down quantitation of stem-cell proteins can be accomplished by SILAC labeling.

Membrane Proteins—Membrane proteins are important, but less-studied than other

cellular proteins in proteomics research. Their intrinsic structures, interaction with the lipid

bilayer, and function for either transporting or signaling are of great interest. Since

crystallization of membrane proteins became possible, over 180 unique proteins have been

studied at atomic resolution by X-ray crystallography. It was estimated that approximately

1,700 membrane-protein structures comprise each structural family83. Although the vast

majority of MS and chemical labeling studies for membrane proteins, are by the bottom-up

approach84, the top-down protocol is emerging. For example, Whitelegge and

coworkers85–86 developed various solvent systems to collect integral membrane proteins for

top-down analysis. Recently, this group used high-resolving power, top-down MS to

characterize 11 integral and 5 peripheral subunits of the 750 kDa photosystem II complex

from the eukaryotic red alga, Galdieria sulphuraria87. Both collisionally activated and

electron-capture dissociation are capable for confirming the presence of 11 small subunits;

PsbE, PsbF, PsbH, PsbI, PsbJ, PsbK, PsbL, PsbM, PsbT, PsbX and PsbZ, and with a mass

accuracy that is better than 5 ppm. All subunits showed covalent modifications that fall into

three classes including retention of initiating formyl-methionine, removal of methionine at

the N-terminus with or without acetylation, and removal of a long, N-terminal peptide.

Peripheral subunits identified by top-down analysis included oxygen-evolving complex

subunits PsbO, PsbU, PsbV, as well as Psb28 (PsbW) and Psb27 (‘‘PsbZ-like’’). Granvogl

et al.88 identified 13 one-helix less than 10 kDa integral membrane proteins in photosystem

II subcomplexes of the thylakoid membrane in chloroplasts. Whitelegge et al.89 carried out

top-down analysis of the small subunits of the cytochrome b6f complex from Arabidopsis
thylakoids. The results revealed novel post-transcriptional/translational modifications

including the presence at PetL position 2 of glutamic acid instead of the proline predicted

from the gene sequence. Post-translationally modified integral membrane proteins with

polyhelix bundles, transmembrane porin motifs, and molecular masses up to 35 kDa can

now be investigated by CAD top-down high mass resolving power Fourier transform MS90.

B. Nucleic acids

Tandem MS of large pieces of DNA/RNA has also become an active application area where

top-down protocols may bear fruit. The strengths of MS in this area lie in the ability to
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identify modifications and in the speed and sensitivity for analysis, compared with

conventional biochemical methods. The McLafferty group91 studied the fragmentation of

DNAs up to 108-mers and obtained complete sequence information for a 50-mer, by using

mostly internal fragments92. This work builds on earlier work begun by McLuckey and

coworkers in the early 90s93–94. The field has matured to the point that McLuckey proposed

a nomenclature scheme to denote fragment ions. Structural characterization of nucleic acids

by MS can clarify the modifications taking place in nature or produced artificially for

therapeutic purposes. Furthermore, MS can contribute to the understanding of metabolic

pathways of nucleic acids. Peptide nucleic acids95 and locked nucleic acids96 are two

examples of modified DNAs that have been already studied by MS. Introduction of

modification groups to an entity usually results in stability changes, which are vital to its

function. In this regard, gas-phase fragmentation mechanisms of nucleic acid ions are both

analytically and fundamentally important; in a fundamental sense, they provide insight to

solvation by providing a benchmark of their intrinsic stability in the gas phase.

New classes of RNA97–98, (e.g., small interfering RNAs, microRNAs, transfer RNA, and

ribosomal RNAs with nucleotide (nt) numbers varying from dozens to hundrends) do not act

as messenger RNA to produce proteins, but perform other important biological functions.

Several recent articles about top-down analysis of RNAs show the potential in this area. For

example, the McLuckey group showed that highly modified transfer RNAs99 can now be

approached with MS. Breuker100 completely sequenced a 34 nt RNA by CAD and EDD by

carefully minimizing the internal energy of the products from the primary backbone

cleavage. They also proposed a mechanism for backbone cleavage by EDD. Her group50

recently extended the strategy to a 61 nt RNA. Using IRMPD101 and SORI-CAD102, a few

groups studied non-covalent RNA/drug complexes to infer the properties of the stem-loop

structure with 20–30 nt RNAs as model systems. Interruptions in the sequence coverage

indicate binding sites between RNA and drug molecules. If such interruptions are general,

top-down MS will play an important role in locating binding sites in these systems.

C. Protein conformations

After the invention of ECD for MS, McLafferty immediately applied it to study not only the

detailed folding and unfolding of the protein ubiquitin103, but also the folding kinetic

intermediates of cytochrome c104, and the reductive unfolding pathways of RNase B

isoforms105. Breuker106 discovered that gentle collisional activation of the homodimer ions

of cytochrome c can generate regular ECD fragments without irradiating the protein with

electrons. This technique was given a term of “native ECD” and applied to probe the

thermal unfolding of native cytochrome c in the transition from solution to gas phase107.

Based on considerable evidence from experiment and simulation studies, the authors devised

a picture of the temporal evolution, from 10−12 to 102 s, of protein structure upon

electrospray into gas phase108 (Figure 3); the picture clarifies some important questions

regarding the preservation of native protein structure upon removal of hydrophilic solvent, a

transition during which the relative importance of hydrophobic and electrostatic interactions

changes considerably.

Gas-phase electrostatic interactions can be revealed by ECD for various protein ions. An

example is a 10 kDa, three-helix bundle protein with charges of 7+ to 16+ that was

submitted to ECD109. The yield of each observed c or z ion was plotted versus the charge

numbers of the protein ion, and a site-specific transition charge (“melting charge”) value

was assigned to be 50% of the total yield. The transition charge value of each of the three

helices was obtained by similarly plotting the integrated c/z ion yields versus the protein

charges. The transition charge values increase as we go from the N- to C-terminus,

indicating the three helices are more and more stable from N- to C-terminus, in agreement

with NMR data. The ECD cleavage sites between the helices, have site-specific transition
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charge values that are close to those of the nearby helix ends. The native structure of this

protein shows one, three, and six intrahelix salt-bridges in the three helices from N-to C-

terminus, respectively. The density of salt-bridges (number of salt-bridges/number of

residues) correlates well with the transition charge values, suggesting the protein structure is

mainly stabilized by the salt-bridges. This work sheds light on how to analyze ECD data in

terms of details of protein structures.

For protein conformations and dynamics, the bottom-up strategy combined with footprinting

by deuterium exchange110 or other chemical reagents111 is very powerful. The top-down

approach in this area is just emerging. One can take advantage of the dependence of protein

folding on charge-state of electrosprayed protein ions; for example, highly charged ions tend

to represent unfolded states112. Konermann’s group applied hydrogen/deuterium exchange

(H/DX) coupled with ECD top-down mass spectrometry to study static113 and intermediate

protein structures114. Another example of this approach is the work of Kaltashov, who

investigated ETD top-down of deuterated proteins115 and indicated that the prospects for

this approach are significant116. Interestingly, supercharging reagents (e.g., m-NBA) do not

cause dramatic structure changes, as demonstrated by ETD in a top-down experiment of

deuterated ubiquitin117. This overall approach may become useful for probing the real-time

kinetics of proteins under physiological conditions, if more examples are demonstrated.

The Gross group has combined top-down and bottom-up approaches118 with footprinting by

fast photochemical oxidation of proteins (FPOP119) to characterize protein conformations.

To draw conclusions, the amino acid residues modified by footprinting reagents must be

identified. According to Garcia and coworkers67, bottom-up strategies have the largest

dynamic range (i.e., can detect the modifications at low levels) whereas top-down

approaches can be used to assign regions undergoing the greatest modifications and

distinguish forms with combinatorial modifications.

D. Non-covalent protein complexes

With the development of modern MS technology, most cellular proteins can be analyzed to

show their identity. Attention is now needed to understand protein interactions with other

cellular species. Identification of protein components in complexes became possible when

ESI was invented and added to high performance mass spectrometers. Following Loo’s

highly-cited review120, other reviews of this field appeared29,121–124. The protein

interactions to be addressed involve those either with small ligands or other proteins, and

there is early demonstrations that top-down MS can be successfully applied to these

investigations. Although cross-linking and MS have been successfully applied to probe the

structures of native protein complexes125, the approach is not covered in this article because

reports of analysis by top-down MS are sparse.

Protein-ligand complexes—ECD can still fragment protein backbone in the presence of

ligands interacting noncovalently, indicating that these interactions survive the

fragmentation processes126. The Loo group127 also showed this to be the case for the ECD

of the protein-ligand complex of the 140-residue, 14.5 kDa alpha-synuclein protein and one

molecule of polycationic spermine (202 Da). From an analysis of the product ions, the

spermine binding can be localized to residues 106–138, demonstrating good agreement with

results from previous solution studies by NMR. The Loo group128 also determined the

adenosine triphosphate (ATP)-binding site on chicken adenylate kinase by the same method.

Although CAD of the protein-nucleotide triphosphate complexes yields products from the

dissociation of a covalent phosphate bond of the nucleotide with subsequent release of the

nucleotide monophosphate, the intrinsic stability of electrostatic interactions in the gas phase

allows the diphosphate group to remain noncovalently bound to the protein. Using ECD,
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they found that the product ions bearing mono- and diphosphate groups were mapped to the

region of the adenylate kinase-ATP complex, in agreement with NMR and X-ray

crystalloagraphic identifications of the ATP-binding pocket. More evidence for success of

this approach is from Erales et al.129, who mapped the copper-binding site of the small CP12

chloroplastic protein of Chlamydomonas reinhardtii by using top-down MS and site-directed

mutagenesis. Protein-peptide interface can also be mapped out by this approach as

demonstrated by the Langridge-Smith group130 using a complex of the 21kDa p53-inhibitor

protein anterior gradient-2 and its hexapeptide binding ligand (PTTIYY). The results are

supported by a solution-phase peptide-competition ELISA assay.

If fragmentation yields are insufficient, the application of supercharging by adding sulfolane

or m-nitrobenzyl alcohol to increase the charge of a protein-ligand complex causes

concomitant increases in fragmentation yields by CAD and ECD, all still retaining the

ligands in the fragments, as shown in recent work by the Loo group131. However, it can not

be excluded that rearrangement of the ligand in the supercharged whole complex may

occur132. Other aspects of protein-ligand complexes studied by MS were already covered in

other review articles133–134.

Protein-Protein complexes—Robinson and coworkers have been studying intact

macromolecular assemblies by native electrospray, MS/MS and ion mobility with Q-TOF

instruments modified to go to relatively high m/z of 32,400. Her group recently extended

their technology to membrane complexes that are protected in micelles135. The constituents

can be identified by bottom-up proteomics after the whole assembly is denatured and

digested by enzymes124. CAD of the intact complex generated by native electrospray

produces sub-complexes or single subunits carrying more charges than expected by

statistical considerations owing to asymmetric charge partitioning. The output is indicative

of how the subunits interact with each other and with the assembly of the subunits 123.

Obtaining sequence information of the components directly from the intact complex,

however, has been limited when using CAD, IRMPD, SID, BIRD, and ECD. The discovery

by the Gross group136 that ECD is capable of providing top-down sequencing of the exposed

region of the subunit of 147 kDa yeast alcohol dehydrogenase tetramer in an FTICR mass

spectrometer offers encouragement for development in this area. For example, they showed

that sequence information is generated directly from the intact assembly and moreover that

the sequence information is from the exposed region of the constituent component. The

latter observation has implications for providing structural insights of the assembly. The

observed ECD fragments correlate well with the B-factor, a temperature-factor in X-ray

crystallography as shown in Figure 4137. The B-factor is a measure of the flexibility of

certain region of the protein sequence when changes in temperature or crystal imperfection

occur. The MSMS fragments from top-down mass spectrometry and the B-factors from X-

ray crystallography build a connection between these two analytical tools. We think this

opens up a new top-down approach to characterize macromolecular assemblies by obtaining

both proteomics and structural-biology information in one experiment.

4. Perspectives

In the first ECD paper3 in 1998, the term “top down” was invoked. The first full article56

describing “top-down” MS appeared in 1999, and since then, more and more laboratories are

adopting the approach. Its strength is to utilize electron-induced fragmentation to determine

post-translational modifications and other changes (e.g., amino-acid substitutions) in

proteins. One obstacle standing in the way of widespread use is the lack of high throughput

analysis on the proteome scale, and improvements may be in the offing with the new

orbitrap Elite, discussed earlier. The Kelleher group is spearheading the needed
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technological developments to realize the hope that top-down MS can be applied to solve

problems in systems biology.

Another obstacle is the lower sensitivity of top-down approach for detection of PTMs than

that of bottom-up. Technological advances are highly desired to address these issues. For

example, it is clear that electrophoresis-based protein separation when coupled with top-

down mass spectrometry will be a step forward to characterize therapeutic proteins. Another

approach is a “middle-down” (“middle-out”) strategy whereby large proteins are digested to

afford larger peptides than does trypsin digestion (discussed earlier). Promising in this area

is the use of OmpT, and enzyme known to cleave principally at dibasic sites and give

peptide fragments that can be 10 times larger in size than those from trypsin digestion138. As

this enzyme becomes available, we expect to see new applications in proteomics.

On another front, construction of high-field FTICR instruments for improved performance is

now going forward with a 21 T magnet139. In the meantime, the top-down technology will

coexist with bottom-up and middle-down approaches for application to identification and

biophysical investigation of proteins and other biomolecular entities.

The extension of ECD to other non-FTICR types of mass spectrometers should have

advantages in expanding the field. Recently, Voinov and coworkers140 built a

radiofrequency-free magnetic cell in which ECD products were generated and detected in a

triple quadrupole instrument by replacing the second quadrupole with this cell. This advance

brings ECD into the realm of beam-type instruments. By simply adjusting the voltages, ECD

and CAD can be performed sequentially in the cell141 (Figure 5). The coupling with Q-TOF

instruments with their shorter duty-cycle may provide a more convenient means to achieve

high-throughput ECD top-down analysis. In–source atmospheric pressure (AP)-ECD is

another potentially interesting choice142.

Given that top-down MS is well-suited for target-compound analysis, research in protein

biophysics will grow in combination with hydrogen/deuterium exchange and other chemical

labeling strategies to probe protein conformation and dynamics. In structural biology,

determination of the compositions and stoichiometry of macromolecular assemblies is of

great importance because many biological functions are performed by proteins in complexes

rather than by isolated proteins. Our observation that ECD of an intact tetrameric complex of

yeast alcohol dehydrogenase in FTICR provides both identification and structure

information holds significant promise in this direction. Incorporation of ETD/ECD into the

Q-TOF/ion mobility platform is also promising for the study of protein complexes; this

combination gives cross sections, their changes for ETD/ECD fragments, and possibly CAD

fragments to help infer structure.
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Figure 1.
Comparison of top-down and bottom-up workflows.
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Figure 2.
MSWIFT device for isoelectric point-based separation. Reprinted from ref. 22, J. Am. Soc.
Mass Spectrom., 2010, 9, 1612–1619, with permission of the American Society for Mass

Spectrometry.
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Figure 3.
Temporal structure evolution of globular proteins after ESI - ref. 108 Proc. Natl. Acad. Sci.
U.S.A., 2008, 105, 18145–18152, copyright of the National Academy of Sciences.
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Figure 4.
Crystal structure of yeast ADH tetramer (PDB code 2HCY). The lower left subunit is shown

in B-factor scale where the N-terminus has the highest B-factor value. In each of the other

three subunits, the sequenced N-terminal region up to the 55th residue by ECD is highlighted

in red – ref 137.
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Figure 5.
Triple quadrupole instrument with the 2nd Q replaced with a RF-free magnetic cell for ECD

and CAD – ref 141, Rapid Commun. Mass Spectrom., 2009, 23, 3028–3030, copyright of

John Wiley & Sons.
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