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Mass spectrometry has become a powerful method to 
study the structure and dynamics of proteins. Hydro-
gen/deuterium exchange in conjunction with mass 
spectrometry is now becoming more widely used to 
monitor conformational changes in proteins, and when 
combined with proteolytic digestion or gas-phase disso-
ciation, it can provide spatial resolution of structural 
regions which participate in conformational change. 
The biggest advantage offered by mass spectrometry 
is that it can distinguish different conformations of a 
protein even when they are present together, and this 
has made it an indispensable tool for studying the het-
erogeneity inherent in protein folding and unfolding re-
actions. This review surveys the application of mass 
spectrometry to study protein folding and unfolding 
reactions, and describes the important insights  
obtained from these studies. It also briefly examines the 
use of mass spectrometry to study the assembly and dis-
assembly of large multimeric protein complexes, and 
to obtain structural information on amyloid protofi-
brils and fibrils. 
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Introduction 

PROTEIN molecules are polymers typically constituted of 
a few hundred amino acid residues connected in a one-
dimensional chain. Unlike other types of polymers which 
can arrange themselves in space in an almost infinite 
number of ways, a protein adopts a unique three-dimen-
sional fold under native conditions, which confers to it a 
particular function. Even natively unfolded proteins fold 
to specific functional structures upon binding to specific 
partners1–3. The main question to be answered in protein 
folding studies is: How does a protein attain a unique 
structure out of nearly an infinite number of possible  
conformations, within the timescale of other cellular 
processes? Answering this question will lead to an under-
standing of the relationship between the amino acid  
sequence and the mechanism of protein folding, and will 
facilitate the prediction of the three-dimensional structure 
of a protein from its amino acid sequence. 

 Based on extensive experimental studies, several pheno-
menological models have been proposed for describing 
the process of protein folding. The nucleation model  
envisages that a few adjacent residues of the unfolded 
polypeptide chain arrange themselves in a small secondary 
structural unit, which acts as a nucleus, and the growth of 
the rest of the structure propagates from the nucleus4.  
The hydrophobic collapse model suggests that the un-
folded polypeptide chain undergoes an entropically driven 
transition in polar solvents, giving rise to a collapsed  
intermediate in which further structure evolves5–7. The 
framework model describes hierarchical formation of pro-
tein structure; secondary structural elements are formed 
independently, and they then arrange themselves in the 
final tertiary fold8–10. The nucleation–condensation model 
has both consolidation of the nucleus and formation of 
structure taking place concurrently; partially folded con-
formations are not populated11–13. These models suggest 
different ways by which the conformational search for the 
acquisition of the structure is restricted, so that folding 
occurs on a biologically relevant timescale. 
 Theoretical and computational studies describing the 
free energy surface over which folding reactions occur, 
have contributed significantly towards bettering our  
understanding of the mechanism of protein folding. These 
models suggest that protein folding pathways more closely 
resemble ‘funnels than tunnels in configuration space’14. 
The funnel picture of folding depicts how conformational 
entropy (the number of accessible conformations) may 
decrease with decrease in an effective potential energy 
averaged over solvent interactions15,16. The potential  
energy gradient ensures that the search for the native 
state, which has the lowest effective energy, is not a  
random, unbiased search. The roughness of the free  
energy landscape is associated with partially folded con-
formations which are considered to be kinetic traps, and 
the different microscopic routes taken by different mole-
cules to fold represent one or more macroscopic path-
ways for folding15,16. 
 Most models proposed to describe the mechanism of 
protein folding envisage that partially folded intermedi-
ates are populated during protein folding reactions. Fold-
ing intermediates act as milestones defining the progress 
of the folding reaction, and can be used to delineate one 
folding pathway from another. Importantly, their pres-
ence facilitates folding because then entropy and energy 
changes occur stepwise, thereby making it possible for 
the free energy barriers to be smaller than they would be 
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if folding occurred in one step. But a number of proteins 
have been reported to fold by a simplistic ‘two-state’ 
mechanism17, according to which a single, dominant, free 
energy barrier arises because of a mismatch on the free 
energy surface between potential energy favouring fold-
ing and the conformational entropy disfavouring folding. 
Apparent two-state folding behaviour is observed because 
partially folded intermediates are populated too sparsely 
to be detected by commonly used experimental probes. 
Nevertheless, for many ‘two-state’ folding proteins, par-
tially folded conformations have now been detected, either 
indirectly18 or directly19,20, and intermediates can be made 
to manifest themselves by effecting a change in the fold-
ing or unfolding conditions21–23. The detection of folding 
intermediates requires the appropriate choice of folding 
conditions in which they get stabilized, and the appropri-
ate choice of a probe sensitive to their presence. 
 A major reason why many proteins have been reported 
to fold in a ‘two-state’ manner is because of the types of 
probes that have been used to monitor folding and unfold-
ing transitions. Optical probes such as steady-state fluo-
rescence and circular dichroism (CD), which have been 
commonly used, provide ensemble-averaged signals and 
cannot distinguish between the different coexisting con-
formations of a protein. Hence, protein folding and  
unfolding reactions appear simple, similar to chemical re-
actions. But in contrast to chemical reactions, where there 
is formation or breakage of one or a few covalent bonds, 
hundreds of non-covalent interactions are broken and 
formed in protein folding reactions. Although commonly 
done, equating protein folding reactions with small-
molecule chemical reactions may result in an improper 
understanding of the principles governing the mechanism 
of protein folding. The complexity of protein folding  
reactions becomes apparent when high-resolution probes 
such as nuclear magnetic resonance (NMR), single-
molecule methods and time-resolved fluorescence reso-
nance energy transfer (TR-FRET) methods, or hydrogen/ 
deuterium (HX) exchange in conjunction with NMR or 
mass spectrometry (MS) are used24. NMR can provide 
residue-specific information, whereas TR-FRET and HX-
MS can distinguish between populations of molecules 
present together in different conformations25,26. In this re-
view, the application of MS to the studies of protein folding 
and unfolding, and the insights obtained into the mecha-
nism of protein folding from these studies are presented. 

Mass spectrometry in the study of protein  
folding and unfolding 

Mass spectrometry has been used to study protein folding 
for several years now. Before describing the application 
of MS to the study of protein folding, it is important to 
describe briefly pertinent aspects of the technique. 
Among the several ionization methods available, elec-
trospray ionization (ESI) has been commonly used to 

study the dynamics of proteins and protein–protein com-
plexes. A typical ESI mass spectrum consists of a distri-
bution of charge states with different mass-to-charge 
ratios. In electrospray ionization mass spectrometry (ESI-
MS), ions are generated directly from solution. Detection 
of protein molecules on the basis of the mass-to-charge 
ratio, makes it possible to detect high-mass proteins and 
protein–protein complexes. Each charge state seen in an 
ESI mass spectrum is a distribution of masses, arising due 
to the natural abundances of atomic isotopes like 13C, 15N, 
etc. The natural isotope abundances determine the width 
of the mass distribution. High-resolution mass spectrome-
ters (< 10 ppm resolution) can resolve different isotopic 
peaks of a charge state, and this can provide valuable in-
formation about the molecule of interest. The multiple 
charge states in an ESI mass spectrum, when deconvo-
luted to mass, provide mass measurements of a higher  
accuracy than does a matrix-assisted laser desorption 
ionization (MALDI) mass spectrum, which typically con-
tains only one or two charge states. 
 The application of MS to the study of biomolecules has 
received a tremendous boost because of advances in MS 
technology27–31. The current list of applications of MS  
includes the identification of covalent modifications of 
proteins, study of protein–protein complexes, determina-
tion of amino acid sequences of proteins, identification of 
segments of a protein involved in protein–protein inter-
actions, and the study of the conformational dynamics of 
proteins and protein–protein complexes32–40. 

Direct mass spectrometry studies of protein  
conformations 

When acquired in denaturing solvent conditions, ESI 
mass spectra of proteins generally show higher charge 
state distributions (CSDs) than when acquired under solvent 
conditions favouring the folded conformation41. Several 
studies have attributed this phenomenon to changes in the 
solvent accessibility of the possible protonation sites of 
charged amino acid residues, and to changes in their spe-
cific pKa values42,43. Another model postulates that the 
shift of the CSD towards higher values upon unfolding, 
arises mainly due to the increased surface area of the  
unfolded polypeptide44. 
 To elucidate the structural changes in proteins which 
give rise to different CSDs, the acid-induced unfolding of 
cytochrome c in different concentrations of methanol was 
monitored by fluorescence and CD in addition to ESI-
MS. In 50% methanol, the tertiary structure (monitored 
by fluorescence) is lost at ~ pH 4, but no significant 
change in the helical content (monitored by CD at 222 nm) 
was observed. Both tertiary as well as secondary structures 
were lost in a similar fashion upon pH-induced unfolding 
in 3% methanol. Despite the difference in the secondary 
structure contents of the acid denatured states in the two 
methanol concentrations, the CSDs in the ESI mass  
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spectra were found to be similar. This led to the conclu-
sion that in the case of cytochrome c, the CSD in the ESI 
mass spectrum changes with a change in the tertiary 
structure and is not sensitive to change in the secondary 
structure45. A comparison of the CSDs of proteins in sol-
vents with different surface tension revealed that the CSD 
is not sensitive to the surface tension of the solvent46. 
 Alcohol and acid-induced unfolding of the several pro-
teins has been monitored by the change in their CSDs, 
and partially unfolded conformations populated during 
unfolding have been detected47–49. The acid-induced  
unfolding of myoglobin was studied by time-resolved ESI-
MS using a continuous-flow mixing technique. An inter-
mediate, which is largely unfolded but which has intact 
heme–protein interactions was detected47. This approach 
was also used to study the effect of metal ion binding50, 
and the influence of mutations on the conformational sta-
bility of a protein51. 
 Optical spectroscopic techniques cannot dissect out the 
conformational changes in each component of a multi-
component system. On the other hand, changes in the 
CSD reflect changes in individual components. For  
example, the assembly of tetrameric hemoglobin was stud-
ied by examining the change in its CSD; seven different 
species populated during assembly could be detected52. 
Acid and organic co-solvent-induced unfolding of hemo-
globin monitored by ESI-MS revealed that the loss of 
heme from both the α- and β-chains occured in parallel, 
suggesting a symmetric mechanism of denaturation53. 
 Measurement of the change in the CSD has been used 
to monitor the conformational dynamics of many proteins, 
but it provides largely qualitative or semi-quantitative  
information. Factors which affect the desorption of pro-
teins, or gas phase ion chemistry, can alter the CSD. 
Hence, appropriate care must be taken while interpreting 
the changes in a CSD. It should also be noted that com-
parative studies of positive- and negative-ion CSDs on 
several small polypeptides led to the conclusion that  
only positively charged ions can provide information on 
the structures of proteins54. Hence, it is important to  
develop a good understanding of a protein CSD and to 
have a control on it. Continuous flow-extractive desorp-
tion ESI developed recently is an ESI arrangement by 
which the CSD of a protein can be controlled55. In a typi-
cal ESI-MS, a change in the CSD of the protein requires a 
change in the pH of bulk solution; however, exposure of 
electrospray droplets to acid vapours provides a fast 
means of changing the CSD independent of the pH of 
bulk unbuffered solution56. 

Mass spectrometry in conjunction with  
hydrogen/deuterium exchange 

In an unfolded polypeptide, the amide hydrogens con-
tinuously exchange with solvent protons with an intrinsic 
exchange rate, kint. The value of kint of an amide hydrogen 

depends on the pH, temperature and nature of the 
neighbouring amino acid residues57. The intrinsic exchange 
rate has a minimum value around pH 2.5. The mechanism 
of exchange at pH values above this minimum involves 
the abstraction of a proton, which is catalysed by OH–, 
and kint increases by one order of magnitude for every 
unit increase in pH. Below pH 2.5, the intrinsic exchange 
rate also increases and exchange is catalysed by H3O+. In 
general, the exchange rate doubles for every 10°C rise in 
temperature. The inductive effect exerted by neighbouring 
amino acids can change the pKa value of the amide hy-
drogen, and thus affect the intrinsic exchange rate57. In 
the case of folded proteins, the observed exchange rate 
(kHX) is slower than the kint measured in an unfolded 
polypeptide because: amide hydrogens (i) buried and 
shielded from the solvent, and (ii) involved in hydrogen 
bonding in the secondary structure. 
 The folded conformation of a protein is not a rigid 
static state, but undergoes conformational transitions of 
varying magnitudes, from small local fluctuations to 
complete unfolding. These conformational transitions  
result in the transient exposure of buried and hydrogen-
bonded amide hydrogens to the solvent. They may be 
small, leading to the exchange of only a single amide  
hydrogen, or at the other extreme, they may be large 
enough to expose all amide hydrogens to the solvent. 
Thus, the exchange at amide hydrogen sites in a folded 
protein depends upon unfolding and folding events having 
rate constants of ku and kf, respectively. This can be rep-
resented for an amide hydrogen as: 
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In the EX1 limit, where ku < kf << kint, every unfolding 
event leads to the exchange of one or more hydrogens, 
and the observed exchange rate reduces to kHX = ku. In the 
EX2 regime, where kf >> kint >> ku, every unfolding event 
does not result in exchange, and an equilibrium gets  
established between the folded and exchange-competent 
unfolded states. In this case kHX = (ku/kf)⋅kint. Also, kHX 
increases with pH in the EX2 limit, whereas it is inde-
pendent of pH in the EX1 limit. When kf is comparable in 
value to kint, the exchange mechanism falls neither in the 
EX1 limit nor in the EX2 limit, but in the mixed EXX 
limit58. 

Monitoring HX reactions in proteins 

The HX reactions of proteins are most commonly moni-
tored by NMR, which gives the average proton occu-
pancy at each amide site at each time point of the folding
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Figure 1. Schematic description of the principle of HX-MS to monitor conformational changes during protein unfolding. a, The deuterated pro-
tein is briefly exposed to an excess of water after increasing time intervals of unfolding. The segments which have unfolded exchange their amide 
deuterium with solvent protons. The exchange is quenched by lowering the pH. The decrease in the mass of the protein, determined by the extent of 
exchange/unfolding, is measured by mass spectrometry. b, The isotopic distributions (from the same charge state) of different conformations of a 
protein are centred at different m/z values in a mass spectrum. Hence, they can be distinguished from each other. The folded protein with the maxi-
mum number of protected deuterium is represented by the highest m/z distribution, whereas the completely unfolded state having all amide sites 
protonated is represented by the lowest m/z distribution. The m/z distribution corresponding to the partially unfolded conformation lies in between 
the folded and unfolded protein mass distributions, and is centred at a m/z value which depends on the extent of exchange (unfolding). 
 

reaction. By measuring proton occupancy at each amide 
site as a function of the time of folding, a kinetic curve 
for the gain of protection against HX can be constructed, 
from which the structural status of the amino acid residue 
at any time during folding can be inferred. A major limi-
tation of HX-NMR arises from the fact that it gives an 
ensemble-averaged signal, and hence cannot distinguish 
molecules having an amide site protonated from mole-
cules having the same amide site deuterated, when both 
are present in the same sample. MS can differentiate bet-
ween different molecules on the basis of their masses. 
Hence, it can distinguish between populations of mole-
cules having different numbers of deuterium incorpo-
rated, even when all these molecules are present together. 
Another advantage of MS is that the protein concentra-
tion needed is typically a few hundred-fold lower than 
that required for NMR measurements. In addition, large 
proteins as well as protein–protein complexes can be 
studied by MS, but not by NMR. Unlike NMR, however, 
MS cannot readily provide residue-level information, but 
this apparent drawback can be circumvented by proteolytic 
digestion and MS/MS analysis of exchanged samples. 
 Figure 1 explains how HX-MS can be used to monitor 
conformational changes in proteins. The deuterated protein 
is exposed to an excess of H2O. The molecules which have 
undergone a conformational change resulting in the expo-
sure of some amide deuteriums to the solvent will exchange 
these deuteriums with the solvent protons. Consequently 
their mass will be lower than the molecules that do not  
undergo the conformational change. For example, in the 

case of protein (un)folding, the folded protein will typically 
have a certain fraction of its amide deuteriums protected 
against exchange, the completely unfolded conformation 
will exchange almost all amide deuteriums, and a partially 
unfolded conformation will afford protection to only a sub-
set of the amide deuteriums protected in the folded form. 
Different extents of unfolding in different conformations of 
a protein result in the exchange of different numbers of  
amide deuterium. Hence, the different conformations have 
different masses, and are therefore distinguishable by MS, 
even when they coexist (Figure 1 b). 
 ESI HX-MS spectra are not often as simple as shown 
in Figure 1 b, and if multiple conformations of a protein 
coexist, the analysis of the spectrum becomes compli-
cated. A HX mass spectrum can provide answers to sev-
eral questions: (1) How many conformations of a protein 
are present in a given sample? What is the extent of  
exchange in each conformation? Which segments have 
undergone exchange in each conformation? What is the 
rate of inter-conversion among different conformations? 
In most cases, HX-MS spectra are analysed manually; 
however, some efforts have been made to develop soft-
ware that can be used to analyse HX-MS data59–65. 

Deducing the structure of partially (un)folded  
conformations 

Although, HX-MS offers several advantages over HX-
NMR, it falls behind the latter in not being able to pro-
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vide residue-level information on the different conforma-
tions sampled by a protein. Zhang and Smith66 developed 
a proteolytic digestion/MS methodology which can be 
used to determine the pattern of isotope exchange along 
the primary sequence of a protein. The regions of a pro-
tein which transiently sample the unfolded conformation, 
or remain in the unfolded state, undergo exchange, 
whereas folded regions protect their amide sites from  
exchange. Hence, from the pattern of exchange, derived 
from an analysis of proteolytic fragments created after 
HX is complete, the structural status of a sequence seg-
ment can be inferred. This methodology can be applied to 
equilibrium and kinetic studies of protein folding and  
unfolding. 
 The details of the technique have been reviewed ear-
lier67–69. Briefly, exchanged and quenched samples are 
digested with pepsin, either by adding pepsin directly to 
the solution or by passing the samples through a column 
containing immobilized pepsin on agarose beads. Since 
pepsin remains active even at pH 3, it is suitable for the 
digestion of proteins at low pH, where the intrinsic  
exchange rate is at its minimum value. The separation of 
peptides is carried out by reverse phase chromatography 
using a high performance liquid chromatography (HPLC) 
system connected to the source of the mass spectrometer. 
The separation of peptides by HPLC can be bypassed by 
directly injecting the digested sample into the mass spec-
trometer if: (1) the amount of sample is not limiting; (2) 
digestion is carried out after desalting, and (3) the resolu-
tion of the mass spectrometer is sufficient to confidently 
resolve the different peptides. The peptides are identified 
by exact mass measurement and collision-induced disso-
ciation (CID) MS/MS. 
 A comparison of the masses (which give the number of 
amide sites exchanged) of the peptides obtained from a 
sample allowed to undergo exchange for a defined period 
of time (or from a particular denaturant concentration in 
the case of equilibrium unfolding experiments) to those 
of the corresponding native and unfolded reference pep-
tides, yields the extent of exchange that occurred in the 
protein segments corresponding to the peptides, which in 
turn can be used to infer the extent of folding. The extent 
of proteolysis and the number of overlapping peptides 
generated by proteolysis determines the spatial resolution 
offered by this method, which usually narrows down to a 
few amino acid residues70. Exchange information even at 
the single residue level can potentially be obtained by the 
CID MS/MS of proteolytic fragments71. 
 The proteolytic digestion/MS methodology has been 
used to study the folding and unfolding pathways of  
several proteins72–74. In the case of tryptophan synthase, 
an equilibrium intermediate is populated in 3 M urea. 
Analysis of peptic fragments (Figure 2 a) from samples 
corresponding to this intermediate revealed that most of 
the N-terminal region (residues 20–130) of the protein is 
structured, whereas the C-terminal region is unfolded, 

and therefore unable to afford protection against ex-
change73. Figure 2 b shows the three-dimensional struc-
ture of the protein, onto which are mapped segments of 
the protein which are unfolded in the partially unfolded 
intermediate. During kinetic refolding studies of tryptophan 
synthase, an intermediate sampled by the entire popula-
tion of unfolded molecules during refolding was detected 
by HX-MS. The HX protection pattern of this kinetic  
intermediate was similar to that of the equilibrium interme-
diate, indicating that both the intermediates have the same 
secondary structure and hence are likely to be the same75. 
 Partially unfolded conformations sampled by SH3 do-
mains from various proteins under native conditions have 
been detected by HX-MS. The segments which are in-
volved in partial unfolding were identified by proteolytic 
digestion/MS76. In the case of the SH3 domain of PI3 
kinase, the sequence segments which first exchange out 
under native conditions are the same as those which  
unfold (and exchange) first during unfolding in the pres-
ence of high GdnHCl concentration. This implies that the 
unfolding of a protein in the presence of denaturant is ini-
tiated by native-state fluctuations, and that the unfolding 
pathways in the absence and presence of denaturant are 
the same (Figure 2 c)77. 
 The applicability of this technique to study the confor-
mational dynamics of proteins too large to be studied by 
NMR has been demonstrated by Smith and co-workers78. 
HX rates of different segments of rabbit muscle aldolase, 
a homotetramer with Mr = 157 kDa, were measured by 
this method, and a good correlation was observed  
between the crystallographic B-factor and the observed 
HX rates. This suggested that the HX involved localized, 
low-amplitude unfolding events. The segments which 
showed lower exchange rates than expected were identi-
fied as those involved in inter-subunit interactions79. 
 This approach, however, has been challenged by  
observations that back-exchange can take place during 
enzymatic digestion and scrambling of deuterium can 
take place during gas phase fragmentation of peptides80. 
Top-down fragmentation of electrosprayed ions provides 
an alternative method to prevent the undesired back-
exchange during enzymatic digestion. Top-down fragmen-
tation by electron capture dissociation (ECD) has also been 
shown to minimize the scrambling of amide deuterium81. 
When structural transitions of horse myoglobin were 
studied by HX-MS using top-down ECD, the results ob-
tained were consistent with that obtained by NMR stud-
ies. This study also demonstrated that ECD can pin-point 
the location of a protected amide deuterium with an aver-
age spatial resolution of less than two residues82,83. 

Native state exchange 

Native state exchange (NHX) is usually carried out using 
a continuous labelling method in which fully deuterated
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Figure 2. Structure of partially unfolded conformations. a, ESI-mass spectra of peptic fragments derived from the intact protein 
equilibrated in different concentrations of urea. Reference spectra indicating the extent of deuteration in the folded and unfolded 
conformations are shown at the top and bottom respectively. Samples were labelled for 5 s in urea/D2O before quenching and  
digestion by pepsin. In 2 M GdnHCl all the three fragments in most of the molecules have mass spectra similar to those of the cor-
responding fragments from the folded sample, implying that these segments are folded. In 3 M GdnHCl, the mass spectra of frag-
ments 8–11 and 163–172 are similar to those of the corresponding fragments from the unfolded protein, indicating that these 
fragments are unfolded in most of the molecules. But in the case of fragments 41–49, only 33% of molecules have become un-
folded in 3 M GdnHCl, which is apparent from the bimodal distribution. b, Three-dimentional structure of the protein depicting 
unfolded (red) and folded (blue) regions in the equilibrium unfolding intermediate. (Reprinted with permission from Rojsajjakul et 
al.73). c, Results of HX-MS studies of the unfolding of the SH3 domain of PI3 kinase. Shown are the locations of protected deute-
riums in the native state, N; partially unfolded conformation, IN at 40 s in zero denaturant (IN (40 s)) or at 5 s in 1.8 M GdnHCl  
(IN (5 s)), and IN at 240 s of exchange (IN (240 s)) in zero denaturant. Protected deuteriums are distributed throughout the folded 
protein. The segments coloured yellow have their deuterium protected, while segments which have exchanged all or some of their 
protected deuterium are shown in red. No peptide could be identified for the region shown in white. 

 
 
protein is diluted in H2O or fully protonated protein is  
diluted in D2O, and the extent of exchange is followed as 
a function of the time of incubation in water. Continuous 
labelling gives a cumulative picture of the population of 
different conformations that are sampled by the protein 
molecules. This makes the method ideal to determine  
unfolding rate constants under conditions where partially 
unfolded and completely unfolded states are sampled 

only transiently84, provided that the exchange mechanism 
is EX1. 
 Native state exchange studies can be of two types:  
kinetic NHX or equilibrium NHX. Kinetic NHX experi-
ments differentiate partially unfolded intermediates on 
the basis of the rates of the unfolding processes creating 
them, regardless of whether the intermediate is stable or 
not. On the other hand, equilibrium NHX distinguishes 
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partially unfolded conformations on the basis of their free 
energies of unfolding (ΔG), and the dependences of the 
free energies of unfolding on denaturant concentration. 
While equilibrium NHX studies provide information on 
the stability of an intermediate, kinetic NHX studies yield 
the temporal order in which different intermediates get 
populated. For kinetic NHX studies, exchange must occur 
in the EX1 limit, and for equilibrium NHX studies,  
exchange must occur in the EX2 limit. The exchange 
mechanism can be switched from EX2 to EX1 by increas-
ing the pH or temperature, or by adding denaturants85,86. 
 For most proteins under native conditions, exchange 
occurs by the EX2 mechanism. When the exchange of 
fully deuterated protein in water is monitored by ESI-MS, 
a single peak, shifting gradually towards decreasing mass 
with the time of incubation in water is observed. The un-
imodal profile of the mass spectrum arises because only 
one or two deuteriums exchange at a time, resulting in the 
shifting of the centre of mass to lower values. For the  
apparent two-state folder, chymotrypsin inhibitor 2, CI2, 
analysis of the deuterium content as a function of the time 
of incubation in water reveals that its exchange reaction 
cannot be described by single exponential kinetics; a  
bi-exponential exchange kinetics is observed87. In the 
case of Escherichia coli thioredoxin, more complicated 
exchange kinetics has been observed. The protected deu-
teriums exchange in five different kinetic phases, with 
rate constants that differ by several orders of magni-
tude23. 
 The above observations give rise to several questions: 
(1) Why is biphasic exchange kinetics observed for the 
‘two-state’ folding protein CI2? (2) Why do different  
amide deuterium exchanges take place independently of 
each other at different times of exchange? (3) Why does a 
subset of deuteriums exchange in one particular phase? 
An amide deuterium can exchange when it becomes ac-
cessible to solvent and is no longer involved in hydrogen 
bond formation. These conditions are met when an  
unfolding event caused by the breaking of a hydrogen 
bond leads to the exposure of the amino acid residue to 
the solvent. This implies that the exchange of one or two 
amide deuteriums at a time can arise due to small, local 
unfolding events. These local unfolding events are more 
probable than large global unfolding processes under  
native conditions where exchange takes place usually by 
the EX2 mechanism. Different protection factors (arising 
due to differences in hydrogen bonding and burial from 
the surface) of amide deuteriums result in differences in 
the exchange kinetics of different amide deuteriums. The 
exchange of different subsets of amide deuteriums in dif-
ferent kinetic phases can be explained as a process in 
which molecules sample, sequentially, conformations that 
afford protection to increasingly fewer subsets of deuteri-
ums. The observed rate constants of exchange monitored 
by HX-MS under EX2 conditions may represent the aver-
age frequency of local fluctuations. Partially unfolded 

conformations sampled by proteins under native or near-
native conditions have also been revealed by HX-NMR. 
These measurements have yielded the free energies of 
exchange of amide hydrogens. On the basis of these free 
energies of unfolding/exchange, different amino acid 
residues can be classified into subsets that comprise fold-
ing units called ‘foldons’88. 
 In order to carry out kinetic HX studies of a protein, 
exchange should occur in the EX1 limit. This is achieved 
by carrying out the exchange at high pH, so that unfold-
ing, and not the intrinsic rate of exchange is rate limiting. 
In the case of muscle acylphosphatase58 and the SH3 do-
main of PI3 kinase, this condition is met at physiological 
pH, but the same is not the case with most other proteins. 
In the case of the SH3 domain of PI3 kinase, HX in the 
EXI limit at pH 7.2 was monitored by ESI-MS. The 19 
deuteriums protected in the native state exchanged out in 
two kinetic phases. In the first phase, five of these  
exchanged out leading to the formation of a partially un-
folded form, I. In the second phase, the 14 deuteriums 
protected in I exchanged out as all the molecules tran-
siently sampled the completely unfolded state. In both  
kinetic phases, the mean of each mass distribution shifted 
towards lower m/z values with increase in the time of  
exchange, indicating the sampling of conformations hav-
ing fewer protected deuteriums. These results led to the 
conclusion that the SH3 domain of PI3 kinase samples 
several partially unfolded conformations, in the course of 
sampling the completely unfolded state (Figure 3)77. The 
NHX of several other SH3 domains has also been studied 
by MS. Partially unfolded conformations were observed, 
but an unfolding mechanism could not be established  
because HX occurred in the EX2 regime76. 
 Excursions to partially unfolded conformations under 
native conditions, as captured by HX-MS have been  
implicated in the functions of several proteins89–92. The 
segment of the hematopoetic kinase SH3 domain required 
for the binding of a prolyl-rich peptide has been mapped 
by proteolytic digestion of the exchanged samples,  
followed by their analysis using ESI-MS93. Such transient 
unfolding events can also produce aggregation-competent 
species, capable of aggregating into amyloid protofibrils 
and fibrils94. 

Equilibrium unfolding 

The characterization of partially unfolded conformations 
populated during the folding and unfolding of proteins is 
important for understanding the mechanism of protein 
folding. Partially folded conformations are usually not 
stable under native conditions, and hence do not get 
populated to the extent necessary to be detected. In order 
to induce partial unfolding, proteins are incubated with 
denaturing agents such as chemical denaturants or organic 
solvents which differentially destabilize the folded protein 
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and partially unfolded conformations. Several techniques 
based on optical spectroscopy and NMR have been used 
to study partially unfolded conformations. The observation 
of non-coincident equilibrium unfolding transitions moni-
tored by different probes, which report on different struc-
tural aspects of the protein, is indicative of the presence 
of equilibrium unfolding intermediates9,23,95,96. But when 
partially unfolded conformations are populated to a very 
low extent, they cannot be detected by optical measure-
ments. Furthermore, estimation of the fractional popula-
tion of an intermediate populated under a given set of 
conditions by optical methods is not straightforward. 
 Two equilibrium unfolding intermediates populated 
during the acid-induced unfolding of cytochrome c were 
detected and distinguished by the CSDs they produced in 
ESI mass spectra. The methanol-induced molten-globule 
state in the pH range 2.6–3.0 was observed to consist of 
two partially unfolded species which were also observed 
at the mid-point of the pH-induced unfolding transition97. 
During acid-induced unfolding of apo-myoglobin, a 
 
 
 

 
 

Figure 3. Kinetics of native-state exchange of the SH3 domain at pH 
7.2. Exchange was allowed to proceed for different times in 0 M 
GdnHCl. The native state spectra shown in green in (a and b) were  
obtained by quenching the exchange after 5 s of labelling. The mass 
spectrum shown by the red line in (b) corresponds to the completely 
unfolded state, which retains two deuteriums due to the presence of  
residual (7%) D2O during labelling. a, Unimodal mass spectra for  
exchange of the first five deuteriums, at different early times of label-
ling. The mass spectra shift gradually to the m/z value of partially  
unfolded conformation, IN during the time indicated above the arrow. b, 
Representative mass profiles for the exchange of the remaining 14 pro-
tected deuteriums, at different times of labelling. The mass spectra in 
both the panels correspond to the + 9 charge state. 

gradual shift in the maximum of the CSD towards lower 
m/z values was observed, which indicated a non-coopera-
tive unfolding reaction involving several partially unfolded 
conformations98. 
 Equilibrium unfolding intermediates populated during 
the unfolding of proteins by chemical denaturants such as 
GdnHCl and urea have been detected by HX-MS. An 
equilibrium unfolding intermediate, stable at low pH but 
not at neutral pH was observed during the GdnHCl-
induced equilibrium unfolding of E. coli thioredoxin. The 
structure in the folded form protected 33 ± 3 deuteriums 
from exchange with solvent protons, whereas unfolded 
molecules exchanged deuteriums from all exchangeable 
sites. The intermediate manifested itself as a mass distri-
bution spanning between the isotopic envelopes corre-
sponding to the folded and unfolded molecules, indicating 
that the molecules in the intermediate state are protected 
against HX at only a subset of the 33 ± 3 amide sites pro-
tected in the folded protein. The broad isotopic distribu-
tion observed for the intermediate state indicates that this 
state is an ensemble of conformations rather than a dis-
crete state23. 
 Urea-induced equilibrium unfolding of Staphylococcus 
aureus aldolase was monitored by HX-MS, and two equi-
librium unfolding intermediates were detected. The frac-
tions of folded, partially unfolded and unfolded protein 
were calculated and their free energies of unfolding were 
estimated. The mapping of the exchanged segments of 
sequence in the intermediate onto the three-dimensional 
native structure of the protein led to the conclusion that 
the intermediates arise due to sequential unfolding of the 
three domains of the protein72. Figure 4 shows representa-
tive mass spectra obtained in different concentrations of 
urea. In the case of tryptophan synthase, similar studies 
revealed the secondary structure content of two equilib-
rium unfolding intermediates populated upon urea-
induced unfolding73. 
 Hydrogen exchange in conjunction with MALDI-MS 
has been used to determine the stabilities of unpurified 
proteins99. The method, called ‘Stability of Unpurified 
Proteins from Rates of H/D Exchange’ (SUPREX) esti-
mates the stability of an unpurified or purified protein by 
measuring the extent of H/D at a specified time of incu-
bation in an exchange buffer containing increasing con-
centrations of denaturant. The amount of deuterium 
incorporated is determined by analysis of the samples  
using MALDI-MS. The SUPREX curves are generated by 
plotting the change in mass (with respect to the fully pro-
tonated protein) as a function of denaturant concentration. 
The observation of different surface area changes  
(m-values) associated with unfolding in low denaturant 
concentrations (determined by SUPREX) compared to the 
values in higher denaturant concentrations (determined 
by optical methods) indicated the presence of high-energy 
intermediates populated at low denaturant concentra-
tions100. 
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Kinetic studies 

Equilibrium unfolding studies have provided a wealth of 
information about partially unfolded conformations sam-
pled by proteins. Equilibrium studies cannot, however, 
define the sequence of events that occur on the folding or 
unfolding pathway of a protein. Kinetic studies can yield 
the temporal order of structural events during folding or 
unfolding. Partially (un)folded intermediates, however, 
get populated only transiently during this process, which 
makes their characterization difficult. Only under equilib-
rium conditions, if they are stable and get populated signi-
ficantly, can intermediates be studied easily. Although 
kinetic intermediates may not always be identical to equi-
librium intermediates, similarities in the structures and 
stabilities of the equilibrium and kinetic intermediates 
have been shown for several proteins20,95,101. 
 HX methods have proven to be extremely powerful for 
studying protein folding kinetics10,102. The detection and 
structural characterization of kinetic folding intermedi-
ates still remains a difficult task. In contrast to other 
probes commonly used to monitor protein folding, HX-MS 
 
 

 
 

Figure 4. Equilibrium unfolding of aldolase. ESI – mass spectra of 
intact aldolase (+36 charge state) equilibrated in various concentrations 
of urea. The dashed lines indicate the envelopes of isotope peaks repre-
senting specific structural forms of the protein. Each sample was  
labelled for 5 s in urea/D2O prior to quenching the HX. The spectra of 
the folded and unfolded protein references (top and bottom respec-
tively) indicate the deuterium levels expected for folded and unfolded 
aldolase. (Reprinted with permission from Pan and Smith72.) 

provides direct evidence for the presence of partially 
folded intermediates. HX-MS monitored kinetic refolding 
studies of various proteins have revealed the presence of 
parallel folding pathways and obligatory intermediates 
populated during folding75,102–106. In the case of trio-
sephosphate isomerase, a pulse labelling methodology 
was used to study the kinetics of refolding, and a partially 
folded conformation was detected. The intermediate 
manifested itself in the mass spectrum as a mass distribu-
tion in between the isotopic distributions corresponding 
to the folded and completely unfolded conformations. 
Proteolytic digestion of exchanged samples revealed that 
the C-terminal region of the protein folds first, giving rise 
to a partially folded conformation which subsequently  
attains the native conformation upon folding of the  
N-terminal region107. 
 A competition labelling method or a pulse-labelling 
method can be used to study the folding kinetics of a pro-
tein by HX-MS. In conventional pulse-labelling experi-
ments, samples are exchanged and quenched off-line, 
either by manual mixing or by using a quenched-flow  
device. The quenched samples need to be desalted and 
sometimes concentrated before injecting into the mass 
spectrometer. During this processing, some of the infor-
mation might be lost due to exchange at some of the  
protected amide sites, and back exchange can further 
complicate the analysis. An on-line pulse-labelling 
method, developed by Konermann and co-workers108  
employs a mixing-cum-labelling apparatus coupled to the 
source of the ESI mass spectrometer. The folding (or un-
folding) reaction is initiated in the first mixer of the appa-
ratus, followed by a brief labelling pulse after a specified 
time interval in the second mixer, after which the mixture 
enters into the mass spectrometer, where exchange is 
quenched by desorption. In addition to enabling a rapid 
analysis of the labelled samples, this method also gives 
the CSD of the species present at the time of labelling, 
from which additional information about the folding 
process can be inferred. 
 The refolding of acid/methanol denatured ubiquitin 
was initiated by a pH jump and monitored by on-line 
pulse-labelling108. An intermediate with a CSD similar to 
that of the folded protein, but having non-native protec-
tion against hydrogen exchange was observed. This 
method has also been applied to study the folding and as-
sembly of holomyoglobin109 and the S100A1 protein110. 
In both cases, intermediate states populated during fold-
ing were detected by measurement of the CSD as well as 
the protection afforded against hydrogen exchange. This 
method may not, however, be readily applicable to study 
refolding reactions which require the desalting of samples 
prior to MS analysis, for example, refolding reactions  
initiated from denatured states in chemical denaturants 
like urea or GdnHCl. 
 Transiently populated intermediates have not only been 
detected during refolding, but also during the unfolding 
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of proteins111,112. Unfolding studies can sometimes yield 
information about the mechanism of folding, which can-
not be obtained from folding studies20. Pulse-labelling 
HX exchange has also been applied to monitor the un-
folding of several proteins23,107,113. A two-state unfolding 
process was observed for triosephosphate isomerase107. In 
the case of E. coli thioredoxin, bi-exponential kinetics was 
observed when the kinetics of unfolding was monitored by 
intrinsic fluorescence and CD. Usually the observation of 
double exponential kinetics is attributed to the population 
of a transient intermediate species. HX-MS studies, how-
ever, revealed that a fraction of the molecules unfolds rap-
idly to the completely unfolded state, giving rise to a fast 
unfolding phase, and the rest of the molecules having pep-
tidyl-prolyl bonds in the cis configuration are held back and 
unfold slowly, giving rise to the slower unfolding phase. 
Hence, the application of HX-MS in these kinetic experi-
ments allowed delineation of the unfolding reaction from 
the proline isomerization reaction to which it is coupled23. 
In the case of aldolase, a tetrameric protein, a sequential 
unfolding pathway involving two partially unfolded inter-
mediates was deduced from HX-MS monitored kinetic 
unfolding studies. A detailed MS analysis showed that 
each unfolding domain consists of 107 residues, and three 
unfolding domains were mapped onto the folded three-
dimensional structure of the protein78. 
 In the case of a protein which is active only when it ex-
ists in a multimeric form, it becomes important to study 
assembly and disassembly in order to understand the fac-
tors which stabilize the multimeric state, and hence regu-
late the activity of the protein114. Hemoglobin is believed 
to exist as only a heterotetramer under equilibrium condi-
tions. However, ESI mass spectra showed, signals corre-
sponding to dimeric, hexameric as well as octameric 
states, implying the existence of heterogeneity under 
equilibrium conditions. Acid-induced unfolding studies 
of hemoglobin showed that the tetrameric form consists 
of two subpopulations which differ in their rate of disas-
sembly and in their CSDs. The tetramer with the higher 
CSD dissociated via a dimeric intermediate, whereas the 
tetrameric form with the lower CSD dissociated directly 
into monomers. A complex unfolding mechanism involv-
ing several intermediate states was deduced by global 
analysis of the kinetic profiles of various species115. 
Temperature-induced unfolding of a dimeric protein, 
NAD(+) sythetase monitored by hydrogen exchange and 
native ESI-MS revealed that NAD(+) synthetase under-
goes reversible dissociation before monomer unfolding, 
both at the temperature where monomer unfolding is not 
observed as well as at the temperature where monomer 
unfolding is observed116. 

Mass spectrometry and other labelling methods 

In addition to H/D exchange, a variety of other labelling 
methods have been used to probe the dynamics of pro-

teins, protein–protein complexes and protein–ligand 
complexes117–119. The reactivity of a thiol group of a free 
cysteinyl residue has been exploited in chemical cross-
linking methods used to distinguish different conforma-
tions of proteins. Solvent-accessible cysteine thiols of a 
protein can be labelled with thiol-specific labelling  
reagents such as methyl methanethiosulfonate (MMTS) 
or 5-5 dithiobis(2-nitrobenzoic acid) (DTNB) in millisec-
onds at alkaline pH120. This method can provide site-
specific information if the proteins contain only one  
cysteine residue, which can be achieved by generating 
suitable mutant variants of the protein121. 
 The refolding kinetics of various single cysteine-
containing mutant forms of a small protein, barstar was 
monitored by pulsed MMTS labelling in conjunction with 
ESI-MS. Urea-denatured protein was refolded by diluting 
the denaturant, and a 4 ms pulse of MMTS was applied at 
different time points of refolding using a quenched-flow 
device. The labelling reaction was stopped by adding ex-
cess of cysteine at low pH. The samples were desalted 
and analysed by ESI-MS. The fraction of labelled protein 
present at each time point of refolding, which depends 
upon the extent of refolding, was determined from the 
relative ion abundances of the mass distributions corre-
sponding to the labelled and unlabelled proteins. Figure 5 
shows representative mass spectra obtained at different 
time points of refolding, and the change in the fraction of 
labelled protein with the time of refolding. The apparent 
rate constants for the burial of cysteine residues were 
site-specific, and different from the refolding rate con-
stants obtained from fluorescence-monitored refolding 
studies. This indicated that side-chain burial is not syn-
chronized across different regions of the protein mole-
cule122. Pulsed MMTS labelling in conjunction with ESI-
MS (SX-MS) has also been employed to study the origin 
of multi-exponential folding kinetics of single-chain  
monellin, observed by changes in intrinsic optical signals. 
Two-exponential kinetics of protection of the Cys 42 
thiol was observed. Varying the strength of the labelling 
pulse ruled out the possibility of a sequential folding 
mechanism, and led to the conclusion that two parallel 
folding pathways are operational during the folding of 
monellin123. 
 Mass spectrometry-detected cyanylation of free  
sulphydryl groups has been used to study the oxidative 
refolding of disulphide-containing proteins. Disulphide 
bond intermediates populated during the folding of ribo-
nuclease A and ribonuclease T1 were detected when fold-
ing was monitored by ESI-MS in conjunction with 
glutathione labelling. Two disulphide-bond-containing 
intermediates were predominant in the case of ribonucle-
ase A, while one disulphide bond intermediate was popu-
lated in the case of ribonuclease T1124,125. Intermediates 
with native and non-native disulphide bonds were also 
detected during the folding of human epidermal growth 
factor126. An integrated approach utilizing HX and
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Figure 5. Kinetics of the change in cysteine accessibility during the refolding of barstar (having a cysteine at residue 3) 
in 0.6 M urea at pH 9.2. The protein was unfolded in 6 M urea and refolding was initiated by diluting the urea concentra-
tion to 0.6 M. A 4 ms MMTS pulse was applied at different times of refolding, and the labelling reaction was quenched by 
adding an excess of cysteine in 1% formic acid. a, Representative mass spectra obtained at different times of refolding. b, 
Change in percentage labelling (red circles), determined from relative ion intensity, with the time of refolding. The dashed 
and dotted lines represent the percentage labelling in the native and unfolded proteins respectively. The kinetics of the 
change in labelling represents the kinetics of the burial of cysteine 3 during refolding (Reprinted from Jha and Udgaon-
kar122). 

 
 
cyanylation was employed to characterize the disulphide 
intermediates of long Arg3 insulin-like growth factor-1. 
HX results showed an increase in structure as a function 
of disulphide bond formation127. 
 Cysteine labelling has several advantages over H/D ex-
change: (1) The label is covalently attached, and samples 
are therefore stable enough to be stored for longer dura-
tions before being analysed by MS. (2) In the case of HX, 
side-chain deuteriums exchange fast and information is 
mainly obtained from backbone amide hydrogens. On the 
other hand, cysteine labelling reports on side-chain pack-
ing. (3) Amide hydrogens belonging to the surface resi-
dues of the protein exchange rapidly with solvent 
protons, and cannot be used to probe folding or unfolding 
reactions, but cysteine labels even at the surface of a pro-
tein are not lost once attached to a thiol group. The cys-
teine labelling experiment, however, involves extensive 
protein engineering to generate a library of single cys-
teine-containing mutant proteins, which is not required 
for HX. 
 Hydroxyl radicals generated by the radiolysis of water 
upon exposure to synchrotron X-rays can oxidize amino 
acid side chains accessible to the solvent. These radicals 
are formed in microseconds, and can react with target 
groups on the microsecond timescale. The reactivities of 
the hydroxl radical with different side chains vary by two 
orders of magnitude. The cysteine side chain is the most 
reactive, whereas glycine is the least reactive128. The sites 
of oxidation are identified by MS, and the extent of oxi-
dation at each site can also be quantitatively estimated by 

MS. A close correlation has been observed between the 
surface accessibilities of different target residues and 
their oxidation rates129. This technique has been used to 
monitor the urea-induced unfolding of apomyoglobin at 
pH 7.8. Cooperative unfolding was observed for helices 
A to C with the values of thermodynamic parameters 
similar to those obtained from fluorescence data. Local 
unfolding was, however, observed for helix G130. In  
another study, this methodology was used to monitor the 
folding and dimerization of a heterodimeric protein, 
S100A11. A monomeric intermediate was observed at 
10 ms, which led to a completely associated but partially 
disordered state at 800 ms, before the final consolidated 
state131. MS-monitored hydroxyl labelling coupled to 
temperature jump-induced folding has been used to study 
the submillisecond refolding reaction of barstar132. This 
study demonstrated for the first time that photochemical 
oxidation-induced hydroxyl labelling monitored by MS 
can be used to study protein folding/unfolding reactions 
on the sub-millisecond timescale132,133. 
 Hydroxyl radical labelling in conjunction with MS 
yields information about the packing of the amino acid 
residue side chains, while HX-MS reports on backbone 
structure; hence, the two methods are complementary to 
each other. In the case of cytochrome c, the results  
obtained by hydroxyl radical labelling folding were  
consistent with the foldon model of cytochrome c folding 
obtained by HX134. 
 Application of MS in conjunction with different label-
ling methods to the study of membrane proteins has been 



SPECIAL SECTION: CHEMISTRY AND BIOLOGY 
 

CURRENT SCIENCE, VOL. 102, NO. 2, 25 JANUARY 2012 256 

recently reviewed by Barrera and Robinson135. Oxidative 
labelling of methionine residues engineered at different 
locations of the membrane protein bacteriorhodopsin has 
been employed to characterize the partially collapsed 
state attained by this protein in the presence of sodium 
dodecyl sulphate (SDS). The solvent-accessible core 
composed of different partially intact helices was retained 
in SDS-induced state136,137. The application of this meth-
odology to the study of the refolding of bacteriorhodopsin 
revealed a sequential folding mechanism138. 

Lessons for protein folding 

Multiple pathways 

It has been difficult to determine whether proteins avail 
of multiple pathways for folding and unfolding. Multiple 
folding pathways can arise if there is heterogeneity in the 
unfolded state, and when different members of the un-
folded state ensemble interconvert on a timescale much 
slower than their folding time24. The observation of single 
exponential kinetics does not mean that all the unfolded 
molecules fold via the same route. Single exponential ki-
netics can also be observed when multiple folding routes 
operate in parallel139. Interrupted refolding experiments 
can distinguish between different species populated  
during refolding on the basis of their different unfolding 
rate constants and hence can dissect out mechanisms of 
folding involving one or more pathways140. But such  
experiments involve complex kinetic analysis. HX-MS 
was first used to demonstrate the existence of multiple 
pathways by Miranker et al.102, when they monitored the 
refolding of lysozyme by pulse-labelling HX-MS. The  
results showed that a fraction of the unfolded lysozyme 
molecules refolds very fast on the timescale of 10 ms, 
whereas the rest of the molecules refold via a slower 
pathway sampling a partially folded intermediate. This 
conclusion was based on the unique ability of HX-MS to 
distinguish co-existing protein populations that differ in 
their level of exchange. In the case of single-chain Fv 
(scFv) too, two folding pathways operating in parallel 
were confirmed by HX-MS refolding studies141. SX-MS 
studies have also been used recently to show that monel-
lin also refolds via multiple pathways123. 

Obligatory intermediates 

Is the formation of an intermediate during folding of a 
protein an obligatory step or can some molecules bypass 
this step and fold directly to the native state? Does the 
structure of an intermediate determine how it will fold to 
the native state? The kinetic criterion for an obligatory in-
termediate is the observation of a lag phase in the forma-
tion of the native protein. Kinetic refolding studies of 
interleukin-1β, apomyoglobin and the α-subunit of tryp-

tophan synthase, in which refolding was monitored by 
HX-MS, provided direct evidence that the entire popula-
tion of the unfolded molecules proceeds through an  
intermediate state while refolding to the native state75,103–105. 
In the case of interleukin-1β, HX-MS results revealed 
that no native protein is formed for the first 400 ms of  
refolding, and during this time, the intermediate becomes 
maximally populated (Figure 6). Hence, a lag phase was 
observed in the formation of the native protein, which 
was direct evidence showing that the formation of this  
intermediate is an obligatory step during refolding103. 
 During the refolding of apomyoglobin, a single iso-
topic distribution at a mass value falling in between the 
mass values corresponding to the native and unfolded 
proteins was observed after a few milliseconds of refold-
ing. At this earliest time of refolding, no signal corre-
sponding to the native and unfolded protein could be 
detected, indicating that all the unfolded apomyoglobin 
 

 
 

Figure 6. Refolding kinetics of interleukin-1β (IL-1β) monitored by 
HX-MS. a, Three-dimensional plot showing the relative abundances of 
different species populated during the folding of IL-1β as a function of 
mass/charge ratio and folding time. b, Relative populations of mole-
cules in the native state (N), the unfolded state (U) and the intermediate 
conformation as a function of refolding time. In (a) no signal corre-
sponding to N is observed for the initial period of folding. Hence, a lag 
phase in the formation of N is observed (Reprinted from Heidary et 
al.103). 
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molecules had adopted the partially folded conformation 
while refolding to the native state. With an increase in the 
time of refolding, the mass distribution corresponding to 
the native protein gained in intensity at the cost of the in-
tensity of the mass distribution corresponding to the in-
termediate state104,105. 
 A comparison of the refolding kinetics of isolated VH 
and VL domains with scFv, revealed that the isolated do-
mains attain native-like protection against exchange 
within 10 s of refolding, whereas scFv attains full protec-
tion on the timescale of minutes. At the earliest time of 
refolding (10 s), fewer deuteriums are protected in scFv 
than in the two isolated domains together. The slower  
refolding and lower protection in scFv was attributed to 
premature association of domains in a non-native form, 
which acted as a kinetic trap142. The HX-MS kinetic  
refolding studies demonstrated the power of this tech-
nique to determine whether an intermediate is an obliga-
tory on-pathway species or not. 

Heterogeneity and quantification 

The number and amount of different intermediates popu-
lated during the folding of a protein are two important  
parameters required to establish a mechanism of folding. 
It is not easy to determine these two parameters precisely 
when folding is monitored by optical spectroscopy or 
NMR, both of which report ensemble-averaged signals. 
Mass spectrometry can, however, distinguish between 
several conformations of a protein, even when they are 
present together. In the case of the unfolding of aldolase, 
four different conformations, i.e. the native state, two 
partially unfolded intermediates, and the unfolded state 
populated at the same time could be distinguished on the 
basis of their extent of exchange in a single mass spec-
trum78. The relative amounts of different species popu-
lated during the folding or unfolding of a protein can be 
determined easily from their relative ion intensities, or 
from the relative areas occupied by the different species 
in the mass spectrum. When the different mass distribu-
tions are not well resolved, the mass spectra need to be 
deconvoluted using a Gaussian fitting procedure, and the 
relative populations of different forms can then be esti-
mated from the relative area under each distribution. For 
several proteins whose folding or unfolding has been 
studied by MS, the estimation of the relative amounts of 
different conformations populated at different times 
makes it possible to determine the rate constants with 
which the populations of the different conformations 
change as the reaction proceeds23,77,78,102. 

Chaperone-mediated folding 

Molecular chaperones are proteins which help in prevent-
ing newly synthesized proteins in non-native conforma-

tions from aggregating. Structural and mechanistic 
studies of chaperones over the past several years have 
provided detailed insights into the mechanisms of action 
of these proteins, and have led to different models which 
explain how they work143–145. A proper understanding of 
how chaperones perform their function requires an under-
standing of the conformational changes that occur both in 
the chaperone and in the substrate polypeptide. It has 
been a challenge to study chaperones due to their large 
size, and to characterize the relatively small substrate 
polypeptides in the presence of large chaperones. 
 The GroEL–GroES chaperonin system has been stud-
ied extensively by a wide variety of techniques146–148. 
Robinson and co-workers149 were the first to demonstrate 
the utility of HX-MS to study the functioning of GroEL. 
In studies of the folding of α-lactalbumin, they showed 
that it was possible to obtain information on the chaper-
one and the substrate at the same time from the same 
mass spectrum. The HX protection pattern of α-
lactalbumin bound to GroEL resembles that of the free 
molten globule state of the three-disulphide protein. The 
molten globule state of the four-disulphide protein, which 
presumably is more ordered than the three-disulphide 
protein molten globule, does not, however, bind to 
GroEL. These studies supported the idea that GroEL 
binds to relatively disordered states formed during the 
early stages of refolding, and they also showed that there 
is a major conformational change in GroEL upon disso-
ciation of the substrate. This conformational change  
resulted in the exchange out of more than 195 deuterons 
from each GroEL monomer149. 
 Other studies of GroEL-mediated folding monitored by 
HX-MS suggested that GroEL helps partly folded, trapped 
conformations of proteins to fold by causing them first to 
partially unfold in response to a mechanical stretching 
force150. On the other hand, proteolytic HX-MS-monitored 
folding studies of malate dehydrogenase (MDH) in the 
presence of GroEL showed that there is only a modest 
deprotection in MDH upon the addition of ATP and 
GroES binding, and that the deprotection is distributed 
throughout the protein. This study concluded that depro-
tection/unfolding arises due to the breaking of contacts 
between MDH and the cavity wall, rather than because of 
mechanical unfolding151. Tandem mass spectrometry of 
GroEL–substrate complexes has demonstrated that upon 
binding to the cis ring, different substrate proteins can  
induce different conformational changes in the trans 
ring152. In the case of Hsp90, the results from fluores-
cence spectroscopy and HX-MS-monitored conformational 
dynamics could resolve ATP-induced conformational 
changes, both spatially and temporally. The conforma-
tional change initiates from near the nucleotide-binding 
site, through the N-terminal region and finally to the 
middle domain153. 
 Small heat shock proteins (sHSPs) constitute an ubiq-
uitous class of molecular chaperones involved in various 
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cellular processes. They are present in almost all organ-
isms from E. coli to humans. Several studies have  
employed HX-MS to study the conformational dynamics 
of sHSPs upon binding to their substrate proteins, as well 
as the conformational dynamics of the substrate proteins 
when they bind to sHSPs154–156. Complex formation  
between pea PsHsp18.1 and TaHsp16.9 with the sub-
strates MDH and luciferase, monitored by HX-MS, re-
vealed that there were no significant changes in the 
dynamics of the sHsps upon binding to these substrate 
proteins. Both the substrate proteins attained a partially 
unfolded form only in the presence of the sHsps. In the 
case of MDH, the same segments were found structured 
when present in the complex with either of the sHsps,  
despite the difference in the sizes of the two sHsps. In 
that study, it was concluded that the sHsps do not adopt 
new structures upon binding to the substrates, and that 
the substrates are tethered to the sHsps at multiple posi-
tions155. 

Structural characterization of protein aggregates 

Misfolded proteins can self-assemble to form higher  
order oligomeric intermediates157–159, which can then fur-
ther associate to form mature amyloid fibrils, which are 
unbranched fibrillar structures having a cross-β spine160. 
The formation of amyloid fibrils by specific proteins  
is associated with specific human diseases161. There is 
mounting evidence that the transient oligomeric forms, 
and not the mature amyloid fibrils, are toxic162–164. Hence, 
it is important to study the mechanism of formation of 
amyloid fibrils to understand the structural basis of pro-
tein aggregate toxicity. 
 Structural studies of amyloid fibrils, transient oli-
gomeric intermediates and protofibrils are challenging 
due to several reasons. (1) Amyloid fibrils are high mo-
lecular weight structures, which makes their structural 
characterization difficult by the techniques used to study 
globular proteins. (2) They are insoluble and noncrystal-
line. (3) The transient nature of oligomeric intermediates 
and protofibrils is a big obstacle to their characterization. 
Several structural biology techniques such as electron 
microscopy, atomic force microscopy, X-ray fibre dif-
fraction, solid-state NMR, Fourier transform infrared 
spectroscopy and CD have provided important insights 
into the structural details of amyloid fibrils and protofi-
brils165–171. 
 HX-MS offers the important advantage that it can be 
applied to study the secondary structure contents of all 
the species (from misfolded monomers to mature amyloid 
fibrils) populated during amyloid fibril formation. In  
addition, HX-MS can distinguish between different spe-
cies formed during amyloid fibril formation, even when 
they are present together, on the basis of their different 
patterns of exchange protection. Protofibrils and fibrils 

formed by the Aβ(1–40) peptide have been studied by 
HX-MS. The methodology employed and the major re-
sults of these studies have been reviewed recently172,173. 
Protofibrillar structures formed transiently during the  
aggregation of Aβ(1–40) were stable for days in the pres-
ence of calmidazolium chloride, which made them ame-
nable to be studied by HX-MS174. Proteolytic HX-MS 
studies of Aβ(1–40) protofibrils and fibrils showed that 
both the N- and C-terminal segments exchange readily, 
and are therefore not involved in the core structure. The 
segment 20–34 is highly protected from exchange in  
fibrils, but to a smaller extent in protofibrils. These stud-
ies showed that β-sheet structures present in the mature 
fibrils have already formed in the protofibrils, but expand 
to adjacent residues upon conversion of the protofibrils to 
fibrils175. In another study of Aβ(1–40) aggregation, a 
gradual decrease in solvent accessibility from the C-
terminal region to the N-terminal region was observed as 
the aggregation proceeded towards more aggregated 
states. The greater extent of solvent-exposed structure in 
the early aggregates compared to that in the mature fibrils 
might explain the structural basis of the toxicity of oli-
gomeric intermediates176. Application of HX-MS to the 
study of Aβ(1–40) and Aβ(1–42) fibrils has shown that 
these fibrils are not static structures, and that monomers 
comprising these fibrils continuously dissociate and reas-
sociate, resulting in molecular recycling within the fibril 
population. The monomers in Aβ(1–40) fibrils were 
found to recycle much faster than those in Aβ(1–42)177. 
The HX-MS-detected molecular recycling with amyloid 
fibrils was first reported in the case of fibrils formed by 
the SH3 domain of PI3 kinase178. This insight into the 
dynamic nature of amyloid fibrils might have important 
implications for drug design. 
 The application of HX-MS to the study of the aggrega-
tion of several other proteins such as the prion protein, 
apolipoprotein C-II and insulin have led to the identifica-
tion of sequence segments which comprise the cores of 
amyloid fibrils179–182. Direct MS studies have also pro-
vided important insights into the process of formation of 
the amyloid fibrils183,184. Mass spectrometry has also been 
used to detect and identify the types of amyloid deposits 
in patient tissues27,185. 
 Ion mobility (IM) is a gas phase electrophoretic tech-
nique that separates the molecules in an infused sample 
according to their size, shape and charge. Although deve-
loped in the early 19th century, IM has been only recently 
coupled to MS. The development of ion mobility mass 
spectrometry (IMMS) has been an important addition  
to the tool kit used for studying proteins186. IMMS-
monitored aggregation of β2-microglobulin has revealed 
that monomers to tetramers are populated during the lag 
phase of aggregation with no significant population of 
larger oligomers. The study also revealed that β2-
microglobulin oligomers are arranged in elongated  
assemblies in contrast to ring-like arrangements formed 
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during Aβ aggregation184. IMMS has also been used to 
study the conformational stability of the prion protein187, 
the oligomerization of amyloid-β188, and the mechanism 
of polymerization in serpinopathies189. 

Macromolecular assembly 

The realization that non-covalent complexes can survive 
the ionization process and remain intact in the mass spec-
trometer gave rise to new facets of mass spectrometry-
based research190. Macromolecular non-covalent complexes 
are usually studied by ESI hybrid quadrupole time-of-flight 
instruments (Q-Tof), originally designed for peptide se-
quencing in proteomics. Many of the older quadrupole in-
struments could transmit ions of up to about 4000 m/z, 
which allowed the detection of protein complexes having 
molecular masses of about 50–60 kDa. New develop-
ments in quadrupole design have led to an increase in the 
m/z range up to 32,000 (ref. 191), making it possible to 
study complexes of mega-Dalton molecular mass192. 
 Some modifications are required to increase the trans-
mission of intact macromolecular ions from the ion 
source to the detector. The difference in pressure between 
different sections of the mass spectrometer is the main 
threat to the survival of non-covalent complexes. The 
pressure gradient can be manipulated either by introduc-
ing collision gas, or by reducing the pumping at various 
stages along the path of the ions191. A flow-restricting 
sleeve fitted at the interface of the source and the first ion 
guide can increase the pressure locally in the first ion 
guide193. Decreasing source parameters such as the desol-
vation temperature, source temperature and capillary 
voltage can sometimes also be useful. 
 The application of MS to study the stoichiometry,  
heterogeneity, dynamics and architecture of macromo-
lecular complexes has been reviewed recently by Sharon 
and Robinson190. Typical examples of macromolecular 
complexes whose assembly has been studied by MS  
include the molecular chaperone GimC/prefoldin, the 
bacterial 20S proteosome and the 60S ribosomal subunit 
complex194–196. In the case of GimC/prefoldin, mass spec-
tra were collected throughout the time course of assem-
bly. No significantly populated intermediates could be 
observed, implying that the assembly process is highly 
cooperative194. Mass spectrometry-monitored assembly of 
the 20S proteosome revealed the population of an early 
heterodimeric intermediate as well as an unprocessed half 
proteosome particle. Two half proteosome particles were 
then observed to combine to form the mature 20S pro-
teosome. This study also determined the sites that are 
cleaved in the β-subunit during different stages of the  
assembly process195. 
 A pulse-chase based methodology in conjunction with 
quantitative mass spectrometry (PC/QMS) developed by 
Willianson and co-workers197–201 was used to monitor  

assembly of the 30S ribosomal subunit of E. coli. The 
binding rates of different 30S proteins determined by 
PC/QMS were found to be distributed within two orders 
of magnitude. The study of the temperature dependence 
of the binding kinetics revealed that different events 
throughout the assembly process have similar activation 
energies, leading to the conclusion that there are multiple 
parallel pathways available for the assembly of the 30S 
ribosomal subunit197. This conclusion contradicted the 
prevailing view that the 30S assembly takes place along a 
pathway proceeding through global rate-limiting confor-
mational change202. 
 MS/MS studies of various protein complexes suggest 
that the subunits which dissociate first are peripheral and 
more exposed, whereas those occupying the core of the 
complex are retained in the stripped complex192–194. These 
results provide some insights into the topologies of macro-
molecular complexes. CID MS/MS of the 20S pro-
teosome from Rhodococcus resulted in the dissociation of 
the α-subunits, consistent with their peripheral loca-
tion203. However, a half proteosome complex, in which 
both the α- and β-subunits are equally exposed, yielded 
β-subunits upon CID dissociation; implying that the con-
tact area (more between the α-subunits than between the 
β-subunits) might be the dominant factor in determining 
the pattern of dissociation204. It should be noted that other 
factors like the nature of inter-subunit interactions can 
also determine the dissociation pattern of a heterosubunit 
macromolecular complex. 
 IMMS has also been used to study protein–protein 
complexes and provides information on their stoichiome-
try, topology and cross-section205. It can also provide  
information about the influence of subunit packing and 
charge on the dissociation of protein–protein complexes206. 
Complexes as large as viruses such as the Hepatitis virus 
B capsid can be analysed207, but experimental parameters 
are not easily optimized208. 

Concluding remarks 

Unravelling the conformational heterogeneity in protein 
folding and unfolding reactions is crucial for understand-
ing the mechanism of protein folding. To distinguish  
between, and to characterize the different conformations 
sampled by an unfolded polypeptide chain while attaining 
the native three-dimensional structure has been one of the 
biggest challenges in protein folding studies. HX-MS 
provides the opportunity to distinguish between different 
coexisting conformations of a protein on the basis how 
they differ in the extent of protection they confer against 
exchange. It has not only provided direct evidence for the 
population of partially folded conformations populated 
during protein folding and unfolding reactions, but it has 
also made it possible to quantify their relative amounts  
at any given time of reaction. The application of this 
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methodology to protein folding has also shown that there 
may be parallel pathways of folding, and that transitions 
via partially folded conformations may be obligatory  
during folding. 
 Another important advantage offered by HX-MS when 
combined with proteolytic digestion and CID is that it 
can identify the segments of a protein which are struc-
tured in partially unfolded intermediates, and hence yield 
structural details about intermediate states. This method 
has also been applied to identify the regions of a protein 
involved in protein–protein interactions like in the case of 
multi-subunit complexes or in the case of protein aggre-
gates. Hence, HX-MS can provide a wealth of informa-
tion about the mechanistic aspects of protein folding/ 
unfolding reactions, the assembly of multisubunit com-
plexes, and the aggregation of proteins into amyloid fi-
brils. 
 

1. Dyson, H. J. and Wright, P. E., Coupling of folding and binding 
for unstructured proteins. Curr. Opin. Struct. Biol., 2002, 12, 54–
60. 

2. Uversky, V. N., What does it mean to be natively unfolded? Eur. 
J. Biochem., 2002, 269, 2–12. 

3. Fink, A. L., Natively unfolded proteins. Curr. Opin. Struct. Biol., 
2005, 15, 35–41. 

4. Wetlaufer, D. B., Nucleation, rapid folding, and globular intra-
chain regions in proteins. Proc. Natl. Acad. Sci. USA, 1973, 70, 
697–701. 

5. Robson, B. and Pain, R. H., Analysis of the code relating  
sequence to conformation in proteins: possible implications for 
the mechanism of formation of helical regions. J. Mol. Biol., 
1971, 58, 237–259. 

6. Dill, K. A., Theory for the folding and stability of globular pro-
teins. Biochemistry, 1985, 24, 1501–1509. 

7. Gutin, A. M., Abkevich, V. I. and Shakhnovich, E. I., Is burst  
hydrophobic collapse necessary for protein folding? Biochemis-
try, 1995, 34, 3066–3076. 

8. Ptitsyn, O. B., Stages in the mechanism of self-organization of 
protein molecules. Dokl. Akad. Nauk SSSR, 1973, 210, 1213–
1215. 

9. Kim, P. S. and Baldwin, R. L., Specific intermediates in the fold-
ing reactions of small proteins and the mechanism of protein fold-
ing. Annu. Rev. Biochem., 1982, 51, 459–489.  

10. Udgaonkar, J. B. and Baldwin, R. L., NMR evidence for an early 
framework intermediate on the folding pathway of ribonuclease 
A. Nature, 1988, 335, 694–699. 

11. Itzhaki, L. S., Otzen, D. E. and Fersht, A. R., The structure of the 
transition state for folding of chymotrypsin inhibitor 2 analysed 
by protein engineering methods: evidence for a nucleation-
condensation mechanism for protein folding. J. Mol. Biol., 1995, 
254, 260–288. 

12. Fersht, A. R., Optimization of rates of protein folding: the nuclea-
tion–condensation mechanism and its implications. Proc. Natl. 
Acad. Sci. USA, 1995, 92, 10869–10873.  

13. Daggett, V. and Fersht, A. R., Is there a unifying mechanism for 
protein folding? Trends Biochem. Sci., 2003, 28, 18–25. 

14. Dill, K. A., The stabilities of globular proteins. Protein Eng., 
1987, 16, 187–192. 

15. Wolynes, P. G., Onuchic, J. N. and Thirumalai, D., Navigating 
the folding routes. Science, 1995, 17, 1619–1620. 

16. Dill, K. A. and Chan, H. S., From Levinthal to pathways to fun-
nels. Nature Struct. Biol., 1997, 4, 10–19. 

17. Jackson, S. E., How do small single-domain proteins fold? Fold. 
Des., 1998, 3, R81–R91. 

18. Sanchez, I. E. and Kiefhaber, T., Evidence for sequential barriers 
and obligatory intermediates in apparent two-state protein fold-
ing. J. Mol. Biol., 2003, 325, 367–376. 

19. Korzhnev, D. M., Neudecker, P., Zarrine-Afsar, A., Davidson,  
A. R. and Kay, L. E., Abp1p and Fyn SH3 domains fold through 
similar low-populated intermediate states. Biochemistry, 2006, 
45, 10175–10183. 

20. Wani, A. H. and Udgaonkar, J. B., Revealing a concealed inter-
mediate that forms after the rate-limiting step of refolding of the 
SH3 domain of PI3 kinase. J. Mol. Biol., 2009, 387, 348–362. 

21. Chiti, F., Taddei, N., Webster, P., Hamada, D., Fiaschi, T., Ram-
poni, G. and Dobson, C. M., Acceleration of the folding of acyl-
phosphatase by stabilization of local secondary structure. Nature 
Struct. Biol., 1999, 6, 380–387. 

22. Gorski, S. A., Capaldi, A. P., Kleanthous, C. and Radford, S. E., 
Acidic conditions stabilise intermediates populated during the 
folding of Im7 and Im9. J. Mol. Biol., 2001, 312, 849–863. 

23. Wani, A. H. and Udgaonkar, J. B., HX-ESI-MS and optical stud-
ies of the unfolding of thioredoxin indicate stabilization of a par-
tially unfolded, aggregation-competent intermediate at low pH. 
Biochemistry, 2006, 45, 11226–11238. 

24. Udgaonkar, J. B., Multiple routes and structural heterogeneity in 
protein folding. Annu. Rev. Biophys., 2008, 37, 489–510. 

25. Lakshmikanth, G. S., Sridevi, K., Krishnamoorthy, G. and 
Udgaonkar, J. B., Structure is lost incrementally during the  
unfolding of barstar. Nature Struct. Biol., 2001, 8, 799–804. 

26. Pan, H. and Smith, D. L., Quaternary structure of aldolase leads 
to differences in folding and unfolding intermediates. Biochemis-
try, 2003, 42, 5713–5721. 

27. Stoeckli, M., Knochenmuss, R., McCombie, G., Mueller, D., 
Rohner, T., Staab, D. and Wiederhold, K. H., MALDI MS imag-
ing of amyloid. Methods Enzymol., 2006, 412, 94–106. 

28. Douglas, D. J., Linear quadrupoles in mass spectrometry. Mass 
Spectrom. Rev., 2009, 28, 937–960. 

29. Griffiths, W. J. and Wang, Y., Mass spectrometry: from proteo-
mics to metabolomics and lipidomics. Chem. Soc. Rev., 2009, 38, 
1882–1896. 

30. Sikanen, T., Franssila, S., Kauppila, T. J., Kostiainen, R., 
Kotiaho, T. and Ketola, R. A., Microchip technology in mass 
spectrometry. Mass. Spectrom. Rev., 2009, 29, 351–391. 

31. Yates, J. R., Ruse, C. I. and Nakorchevsky, A., Proteomics by 
mass spectrometry: approaches, advances, and applications. Annu. 
Rev. Biomed. Eng., 2009, 11, 49–79. 

32. Ehring, H., Hydrogen exchange/electrospray ionization mass 
spectrometry studies of structural features of proteins and pro-
tein/protein interactions. Anal. Biochem., 1999, 267, 252–259. 

33. Downard, K. M., Ions of the interactome: the role of MS in the 
study of protein interactions in proteomics and structural biology. 
Proteomics, 2006, 6, 5374–5384. 

34. Thiede, B., Hohenwarter, W., Krah, A., Mattow, J., Schmid, M., 
Schmidt, F. and Jungblut, P. R., Peptide mass fingerprinting. 
Methods, 2005, 35, 237–247. 

35. Kaveti, S. and Engen, J. R., Protein interactions probed with mass 
spectrometry. Methods Mol. Biol., 2006, 316, 179–197. 

36. Stone, K. L., Crawford, M., McMurray, W., Williams, N. and 
Williams, K. R., Identification of proteins based on MS/MS spec-
tra and location of posttranslational modifications. Methods Mol. 
Biol., 2007, 386, 57–77. 

37. Xing, G., Zhang, J., Chen, Y. and Zhao, Y., Identification of four 
novel types of in vitro protein modifications. J. Proteome Res., 
2008, 7, 4603–4608.  

38. Sykes, M. T. and Williamson, J. R., A complex assembly land-
scape for the 30S ribosomal subunit. Annu. Rev. Biophys., 2009, 
38, 197–215. 

39. Marcsisin, S. R. and Engen, J. R., Molecular insight into the con-
formational dynamics of the Elongin BC complex and its inter-
action with HIV-1 Vif. J. Mol. Biol., 2010, 402, 892–904.  



SPECIAL SECTION: CHEMISTRY AND BIOLOGY 
 

CURRENT SCIENCE, VOL. 102, NO. 2, 25 JANUARY 2012 261

40. Ben-Nissan, G. and Sharon, M., Capturing protein structural  
kinetics by mass spectrometry. Chem. Soc. Rev., 2011, 40, 3627–
3637. 

41. Chowdhury, S. K., Katta, V. and Chait, B. T., An electrospray 
mass spectrometer with new features. Rapid Commun. Mass Spec-
trom., 1990, 3, 81–87. 

42. Loo, J. A., Edmonds, C. G., Udseth, H. R. and Smith, R. D.,  
Effect of reducing disulfide-containing proteins on electrospray 
ionization mass spectra. Anal. Chem., 1990, 62, 693–698.  

43. Katta, V. and Chait, B. T., Conformational changes in proteins 
probed by hydrogen-exchange electrospray-ionization mass spectro-
metry. Rapid Commun. Mass Spectrom., 1991, 5, 214–217. 

44. Fenn, J. B., Ion formation from charged droplets: roles of geome-
try, energy and time. J. Am. Soc. Mass Spectrom., 1993, 4, 524–535. 

45. Konermann, L. and Douglas, D. J., Acid-induced unfolding of  
cytochrome c at different methanol concentrations: electrospray 
ionization mass spectrometry specifically monitors changes in the 
tertiary structure. Biochemistry, 1997, 36, 12296–12302. 

46. Samalikova, M., Matecko, I., Muller, N. and Grandori, R., Inter-
preting conformational effects in protein nano-ESI-MS spectra. 
Anal. Bioanal. Chem., 2004, 378, 1112–1123. 

47. Konermann, L., Rosell, F. I., Mauk, A. G. and Douglas, D. J., 
Acid-induced denaturation of myoglobin studied by time-resolved 
electrospray ionization mass spectrometry. Biochemistry, 1997, 
36, 6448–6454. 

48. Babu, K. R. and Douglas, D. J., Methanol-induced conformations 
of myoglobin at pH 4.0. Biochemistry, 2002, 39, 14702–14710. 

49. Babu, K. R., Moradian, A. and Douglas, D. J., The methanol–
induced conformational transitions of beta-lactoglobulin, cyto-
chrome c, and ubiquitin at low pH: a study by electrospray ionization 
mass spectrometry. J. Am. Soc. Mass Spectrom., 2001, 12, 317–328. 

50. Gumerov, D. R., Mason, A. B. and Kaltashov, I. A., Interlobe 
communication in human serum transferrin: metal binding and 
conformational dynamics investigated by electrospray ionization 
mass spectrometry. Biochemistry, 2003, 42, 5421–5428. 

51. Guy, P., Remigy, H., Jaquinod, M., Bersch, B., Blanchard, L., 
Dolla, A. and Forest, E., Study of the new stability properties  
induced by amino acid replacement of tyrosine 64 in cytochrome 
C553 from Desulfovibrio vulgaris Hildenborough using electro-
spray ionization mass spectrometry. Biochem. Biophys. Res. Com-
mun., 1996, 218, 97–103. 

52. Griffith, W. P. and Kaltashov, I. A., Highly asymmetric interac-
tions between globin chains during hemoglobin assembly  
revealed by electrospray ionization mass spectrometry. Bio-
chemistry, 2003, 42, 10024–10033. 

53. Wang, X., Zhao, W., Lin, X., Su, B. and Liu, J., Observation of 
symmetric denaturation of hemoglobin subunits by electrospray 
ionization mass spectrometry. Mass Spectrom. Rev., 2010, 45, 
1306–1311. 

54. Konermann, L. and Douglas, D. J., Equilibrium unfolding of pro-
teins monitored by electrospray ionization mass spectrometry: 
distinguishing two-state from multi-state transitions. Rapid Com-
mun. Mass Spectrom., 1998, 12, 435–442. 

55. Yang, S. H., Wijeratne, A. B., Li, L., Edwards, B. L. and Schug, 
K. A., Manipulation of protein charge states through continuous 
flow–extractive desorption electrospray ionization: a new ambient 
ionization technique. Anal. Chem., 2011, 83, 643–647. 

56. Kharlamova, A., Prentice, B. M., Huang, T. Y. and McLuckey,  
S. A., Electrospray droplet exposure to gaseous acids for the  
manipulation of protein charge state distributions. Anal. Chem., 
2010, 82, 7422–7429. 

57. Bai, Y., Milne, J. S., Mayne, L. and Englander, S. W., Primary 
structure effects on peptide group hydrogen exchange. Proteins, 
1993, 17, 75–86. 

58. Jaswal, S. S. and Miranker, A. D., Scope and utility of hydrogen 
exchange as a tool for mapping landscapes. Protein Sci., 2007, 
16, 2378–2390.  

59. Hotchko, M., Anand, G. S., Komives, E. A., and Ten Eyck, L. F., 
Automated extraction of backbone deuteration levels from amide 
H/2H mass spectrometry experiments. Protein Sci., 2006, 15, 
583–601. 

60. Weis, D. D., Wales, T. E., Engen, J. R., Hotchko, M. and Ten 
Eyck, L. F., Identification and characterization of EX1 kinetics in 
H/D exchange mass spectrometry by peak width analysis. J. Am. 
Soc. Mass Spectrom., 2006, 17, 1498–1509. 

61. Pascal, B. D., Chalmers, M. J., Busby, S. A., Mader, C. C., 
Southern, M. R., Tsinoremas, N. F. and Griffin, P. R., The 
Deuterator: software for the determination of backbone amide 
deuterium levels from H/D exchange MS data. BMC Bioinfor-
matics, 2007, 8, 156. 

62. Pascal, B. D., Chalmers, M. J., Busby, S. A. and Griffin, P. R., 
HD desktop: an integrated platform for the analysis and visualiza-
tion of H/D exchange data. J. Am. Soc. Mass Spectrom., 2009, 20, 
601–610. 

63. Nikamanon, P., Pun, E., Chou, W., Koter, M. D. and Gershon,  
P. D., ‘TOF2H’: a precision toolbox for rapid, high density/high 
coverage hydrogen–deuterium exchange mass spectrometry via an 
LC–MALDI approach, covering the data pipeline from spectral 
acquisition to HDX rate analysis. BMC Bioinformatics, 2008, 9, 
387. 

64. Slysz, G. W., Baker, C. A., Bozsa, B. M., Dang, A., Percy, A. J., 
Bennett, M. and Schriemer, D. C., Hydra: software for tailored 
processing of H/D exchange data from MS or tandem MS analy-
ses. BMC Bioinformatics, 2009, 10, 162. 

65. Liu, S. et al., HDX-analyser: a novel package for statistical 
analysis of protein structure dynamics. BMC Bioinformatics 
(Suppl. 1), 2011, 12, S43. 

66. Zhang, Z. and Smith, D. L., Determination of amide hydrogen  
exchange by mass spectrometry: a new tool for protein structure 
elucidation. Protein Sci., 1993, 2, 522–531. 

67. Engen, J. R. and Smith, D. L., Investigating protein structure and 
dynamics by hydrogen exchange MS. Anal. Chem., 2001, 73, 
256A–265A. 

68. Wang, L., Pan, H. and Smith, D. L., Hydrogen exchange-mass 
spectrometry: optimization of digestion conditions. Mol. Cell 
Proteomics, 2002, 1, 132–138. 

69. Hoofnagle, A. N., Resing, K. A. and Ahn, N. G., Protein analysis 
by hydrogen exchange mass spectrometry. Annu. Rev. Biophys. 
Biomol. Struct., 2003, 32, 1–25. 

70. Zhang, H. M., Kazazic, S., Schaub, T. M., Tipton, J. D., Emmett, 
M. R. and Marshall, A. G., Enhanced digestion efficiency, pep-
tide ionization efficiency, and sequence resolution for protein  
hydrogen/deuterium exchange monitored by Fourier transform 
ion cyclotron resonance mass spectrometry. Anal. Chem., 2008, 
80, 9034–9041. 

71. Kim, M. Y., Maier, C. S., Reed, D. J. and Deinzer, M. L., Site-
specific amide hydrogen/deuterium exchange in E. coli thioredo-
xins measured by electrospray ionization mass spectrometry.  
J. Am. Chem. Soc., 2001, 123, 9860–9866. 

72. Pan, H. and Smith, D. L., Amide hydrogen exchange/mass spec-
trometry applied to cooperative protein folding: equilibrium  
unfolding of Staphylococcus aureus aldolase. Methods Enzymol., 
2004, 380, 285–308. 

73. Rojsajjakul, T., Wintrode, P., Vadrevu, R., Robert Matthews, C. 
and Smith, D. L., Multi-state unfolding of the alpha subunit of 
tryptophan synthase, a TIM barrel protein: insights into the  
secondary structure of the stable equilibrium intermediates by  
hydrogen exchange mass spectrometry. J. Mol. Biol., 2004, 341, 
241–253. 

74. Gu, Z., Zitzewitz, J. A. and Matthews, C. R., Mapping the struc-
ture of folding cores in TIM barrel proteins by hydrogen  
exchange mass spectrometry: the roles of motif and sequence for 
the indole-3-glycerol phosphate synthase from Sulfolobus solfa-
taricus. J. Mol. Biol., 2007, 368, 582–594. 



SPECIAL SECTION: CHEMISTRY AND BIOLOGY 
 

CURRENT SCIENCE, VOL. 102, NO. 2, 25 JANUARY 2012 262 

75. Wintrode, P. L., Rojsajjakul, T., Vadrevu, R., Matthews, C. R. 
and Smith, D. L., An obligatory intermediate controls the folding 
of the alpha-subunit of tryptophan synthase, a TIM barrel protein. 
J. Mol. Biol., 2005, 347, 911–919. 

76. Wales, T. E. and Engen, J. R., Partial unfolding of diverse SH3 
domains on a wide timescale. J. Mol. Biol., 2006, 357, 1592–
1604. 

77. Wani, A. H. and Udgaonkar, J. B., Native state dynamics drive 
the unfolding of the SH3 domain of PI3 kinase at high denaturant 
concentration. Proc. Natl. Acad. Sci. USA, 2009, 106, 20711–
20716. 

78. Deng, Y. and Smith, D. L., Identification of unfolding domains in 
large proteins by their unfolding rates. Biochemistry, 1998, 37, 
6256–6262. 

79. Zhang, Z., Post, C. B. and Smith, D. L., Amide hydrogen  
exchange determined by mass spectrometry: application to rabbit 
muscle aldolase. Biochemistry, 1996, 35, 779–791. 

80. Kaltashov, I. A. and Eyles, S. J., Crossing the phase boundary to 
study protein dynamics and function: combination of amide  
hydrogen exchange in solution and ion fragmentation in the gas 
phase. J. Mass Spectrom., 2002, 37, 557–565. 

81. Konermann, L., Pan, J. and Liu, Y. H., Hydrogen exchange mass 
spectrometry for studying protein structure and dynamics. Chem. 
Soc. Rev., 2011, 40, 1224–1234. 

82. Pan, J., Han, J., Borchers, C. H. and Konermann, L., Characteriz-
ing short-lived protein folding intermediates by top-down hydro-
gen exchange mass spectrometry. Anal. Chem., 2010, 82, 8591–
8597. 

83. Pan, J., Han, J., Borchers, C. H. and Konermann, L., Hydro-
gen/deuterium exchange mass spectrometry with top-down elec-
tron capture dissociation for characterizing structural transitions 
of a 17 kDa protein. J. Am. Chem. Soc., 2009, 131, 12801– 
12808. 

84. Deng, Y., Zhang, Z. and Smith, D. L., Comparison of continuous 
and pulsed labelling amide hydrogen exchange/mass spectrometry 
for studies of protein dynamics. J. Am. Soc. Mass Spectrom., 
1999, 10, 675–684. 

85. Bai, Y., Sosnick, T. R., Mayne, L. and Englander, S. W., Protein 
folding intermediates: native-state hydrogen exchange. Science, 
1995, 269, 192–197. 

86. Hoang, L., Bedard, S., Krishna, M. M., Lin, Y. and Englander,  
S. W., Cytochrome c folding pathway: kinetic native-state hydro-
gen exchange. Proc. Natl. Acad. Sci. USA, 2002, 99, 12173–
12178. 

87. Xiao, H., Hoerner, J. K., Eyles, S. J., Dobo, A., Voigtman, E., 
Mel’cuk, A. I. and Kaltashov, I. A., Mapping protein energy land-
scapes with amide hydrogen exchange and mass spectrometry: I. 
A generalized model for a two-state protein and comparison with 
experiment. Protein Sci., 2005, 14, 543–557. 

88. Englander, S. W., Protein folding intermediates and pathways 
studied by hydrogen exchange. Annu. Rev. Biophys. Biomol. 
Struct., 2000, 29, 213–328. 

89. Baek, J. H., Yang, W. S., Lee, C. and Yu, M. H., Functional  
unfolding of alpha 1-antitrypsin probed by hydrogen–deuterium 
exchange coupled with mass spectrometry. Mol. Cell Proteomics, 
2009, 8, 1072–1078. 

90. Mazon, H., Marcillat, O., Forest, E. and Vial, C., Hydrogen/ 
deuterium exchange studies of native rabbit MM–CK dynamics. 
Protein Sci., 2004, 13, 476–486. 

91. Resing, K. A. and Ahn, N. G., Deuterium exchange mass spectro-
metry as a probe of protein kinase activation. Analysis of wild–
type and constitutively active mutants of MAP kinase kinase-1. 
Biochemistry, 1998, 37, 463–475. 

92. Xiao, H. and Kaltashov, I. A., Transient structural disorder as a 
facilitator of protein–ligand binding: native H/D exchange–mass 
spectrometry study of cellular retinoic acid binding protein I.  
J. Am. Soc. Mass Spectrom., 2005, 16, 869–879. 

93. Engen, J. R., Smithgall, T. E., Gmeiner, W. H. and Smith, D. L., 
Identification and localization of slow, natural, cooperative  
unfolding in the hematopoietic cell kinase SH3 domain by amide 
hydrogen exchange and mass spectrometry. Biochemistry, 1997, 
36, 14384–14391. 

94. Chiti, F. and Dobson, C. M., Amyloid formation by globular  
proteins under native conditions. Nature Chem. Biol., 2009, 5, 
15–22. 

95. Saeki, K., Arai, M., Yoda, T., Nakao, M. and Kuwajima, K.,  
Localized nature of the transition-state structure in goat alpha-
lactalbumin folding. J. Mol. Biol., 2004, 341, 589–604. 

96. Latypov, R. F., Maki, K., Cheng, H., Luck, S. D. and Roder, H., 
Folding mechanism of reduced cytochrome c: equilibrium and  
kinetic properties in the presence of carbon monoxide. J. Mol. 
Biol., 2008, 383, 437–453. 

97. Grandori, R., Detecting equilibrium cytochrome c folding inter-
mediates by electrospray ionisation mass spectrometry: two par-
tially folded forms populate the molten-globule state. Protein 
Sci., 2002, 11, 453–458. 

98. Konermann, L. and Douglas, D. J., Unfolding of proteins moni-
tored by electrospray ionization mass spectrometry: a comparison 
of positive and negative ion modes. J. Am. Soc. Mass Spectrom., 
1998, 9, 1248–1254. 

99. Ghaemmaghami, S. and Oas, T. G., Quantitative protein stability 
measurement in vivo. Nat. Struct. Biol., 2001, 8, 879–882. 

100. Dai, S. Y. and Fitzgerald, M. C., A mass spectrometry-based 
probe of equilibrium intermediates in protein-folding reactions. 
Biochemistry, 2006, 45, 12890–12897. 

101. Raschke, T. M. and Marqusee, S., The kinetic folding intermedi-
ate of ribonuclease H resembles the acid molten globule and  
partially unfolded molecules detected under native conditions. 
Nature Struct. Biol., 1997, 4, 298–304. 

102. Miranker, A., Robinson, C. V., Radford, S. E., Aplin, R. T. and 
Dobson, C. M., Detection of transient protein folding populations 
by mass spectrometry. Science, 1993, 262, 896–900. 

103. Heidary, D. K., Gross, L. A., Roy, M. and Jennings, P. A., Evi-
dence for an obligatory intermediate in the folding of interleukin–
1 beta. Nature Struct. Biol., 1997, 4, 725–731. 

104. Tsui, V., Garcia, C., Cavagnero, S., Siuzdak, G., Dyson, H. J. and 
Wright, P. E., Quench-flow experiments combined with mass 
spectrometry show apomyoglobin folds through an obligatory in-
termediate. Protein Sci., 1999, 8, 45–49. 

105. Nishimura, C., Dyson, H. J. and Wright, P. E., Identification of 
native and non-native structure in kinetic folding intermediates of 
apomyoglobin. J. Mol. Biol., 2006, 355, 139–156. 

106. Di Paolo, A., Balbeur, D., De Pauw, E., Redfield, C. and 
Matagne, A., Rapid collapse into molten globule is followed by 
simple two-state kinetics in the folding of lysozyme from bacte-
riophage λ. Biochemistry, 2010, 49, 8644–8657. 

107. Pan, H., Raza, A. S. and Smith, D. L., Equilibrium and kinetic 
folding of rabbit muscle triosephosphate isomerase by hydrogen 
exchange mass spectrometry. J. Mol. Biol., 2004, 336, 1251–
1263. 

108. Pan, J., Wilson, D. J. and Konermann, L., Pulsed hydrogen  
exchange and electrospray charge-state distribution as comple-
mentary probes of protein structure in kinetic experiments:  
implications for ubiquitin folding. Biochemistry, 2005, 44, 8627–
8633. 

109. Simmons, D. A. and Konermann, L., Characterization of transient 
protein folding intermediates during myoglobin reconstitution by 
time-resolved electrospray mass spectrometry with on-line iso-
topic pulse labelling. Biochemistry, 2002, 41, 1906–1914. 

110. Pan, J., Rintala–Dempsey, A. C., Li, Y., Shaw, G. S. and Koner-
mann, L., Folding kinetics of the S100A11 protein dimer studied 
by time-resolved electrospray mass spectrometry and pulsed  
hydrogen-deuterium exchange. Biochemistry, 2006, 45, 3005– 
3013. 



SPECIAL SECTION: CHEMISTRY AND BIOLOGY 
 

CURRENT SCIENCE, VOL. 102, NO. 2, 25 JANUARY 2012 263

111. Zaidi, F. N., Nath, U. and Udgaonkar, J. B., Multiple intermedi-
ates and transition states during protein unfolding. Nature Struct. 
Biol., 1997, 4, 1016–1024. 

112. Bhuyan, A. K. and Udgaonkar, J. B., Multiple kinetic interme-
diates accumulate during the unfolding of horse cytochrome c in 
the oxidized state. Biochemistry, 1998, 37, 9147–9155. 

113. Canet, D. et al., Local cooperativity in the unfolding of an amy-
loidogenic variant of human lysozyme. Nature Struct. Biol., 2002, 
4, 308–315. 

114. Englander, J. J. et al., Protein structure change studied by  
hydrogen–deuterium exchange, functional labelling, and  
mass spectrometry. Proc. Natl. Acad. Sci. USA, 2003, 100, 7057–
7062. 

115. Simmons, D. A., Wilson, D. J., Lajoie, G. A., Doherty-Kirby, A. 
and Konermann, L., Subunit disassembly and unfolding kinetics 
of hemoglobin studied by time-resolved electrospray mass spectro-
metry. Biochemistry, 2004, 43, 14792–14801. 

116. Mobley, J. A. and Pollakov, A., Detection of early unfolding 
events in a dimeric protein by amide proton exchange and native 
electrospray mass spectrometry. Protein Sci., 2009, 18, 1620–
1627.  

117. Johnson, C. P., Tang, H.-Y., Carag, C., Speicher, D. W. and 
Discher, D. E., Forced unfolding of proteins within cells. Science, 
2007, 317, 663–666. 

118. Fitzgerald, M. C. and West, G. M., Painting proteins with cova-
lent labels: what is the picture? J. Am. Soc. Mass Spectrom., 
2009, 20, 1193–1206. 

119. Xu, Y., Falk, I. N., Hallen, M. A. and Fitzergerald, M. C., Mass 
spectrometry- and lysine amidination-based protocol for thermo-
dynamic analysis of proteins and ligand binding interactions. 
Anal. Chem., 2011, 83, 3555–3562. 

120. Feng, Z., Butler, M. C., Alam, S. L. and Loh, S. N., On the nature 
of conformational openings: native and unfolded-state hydrogen 
and thiol-disulfide exchange studies of ferric aquomyoglobin.  
J. Mol. Biol., 2001, 314, 153–166. 

121. Giron, P., Dayon, L. and Sanchez, J. C., Cysteine tagging for MS-
based proteomics. Mass Spectrom. Rev., 2011, 30, 366–395. 

122. Jha, S. K. and Udgaonkar, J. B., Exploring the cooperativity of 
the fast folding reaction of a small protein using pulsed thiol  
labelling and mass spectrometry. J. Biol. Chem., 2007, 282, 
37479–37491.  

123. Jha, S. K., Dasgupta, A., Malhotra, P. and Udgaonkar, J. B., Identi-
fication of multiple folding pathways of monellin using pulsed 
thiol labelling and mass spectrometry. Biochemistry, 2011, 50, 
3062–3074. 

124. Torella, C., Ruoppolo, M., Marino, G. and Pucci, P., Analysis of 
RNase A refolding intermediates by electrospray/mass spectrome-
try. FEBS Lett., 1994, 352, 301–306. 

125. Ruoppolo, M., Torella, C., Kanda, F., Panico, M., Pucci, P., Marino, 
G. and Morris, H. R., Identification of disulphide bonds in the  
refolding of bovine pancreatic RNase A. Fold. Des., 1996, 1, 
381–390. 

126. Wu, J., Yang, Y. and Watson, J. T., Trapping of intermediates 
during the refolding of recombinant human epidermal growth  
factor (hEGF) by cyanylation, and subsequent structural elucida-
tion by mass spectrometry. Protein Sci., 1998, 7, 1017–1028.  

127. Li, X., Chou, Y. T., Husain, R. and Watson, J. T., Integration of 
hydrogen/deuterium exchange and cyanylation-based methodol-
ogy for conformational studies of cystinyl proteins. Anal. Bio-
chem., 2004, 331, 130–137. 

128. Kiselar, J. G. and Chance, M. R., Future directions of structural 
mass spectrometry using hydroxyl radical footprinting. Mass 
Spectrom. Rev., 2010, 45, 1373–1382. 

129. Maleknia, S. D., Kiselar, J. G. and Downard, K. M., Hydroxyl 
radical probe of the surface of lysozyme by synchrotron radiolysis 
and mass spectrometry. Rapid Commun. Mass Spectrom., 2002, 
16, 53–61. 

130. Maleknia, S. D. and Downard, K. M., Unfolding of apomyoglobin 
helices by synchrotron radiolysis and mass spectrometry. Eur.  
J. Biochem., 2001, 268, 5578–5588. 

131. Stocks, B. B., Rezvanpour, A., Shaw, G. S. and Konermann, L., 
Temporal development of protein structure during S100A11 fold-
ing and dimerization probed by oxidative labelling and mass 
spectrometry. J. Mol. Biol., 2011, 409, 669–679. 

132. Chen, J., Rempel, D. L. and Gross, M. L., Temperature jump and 
fast photochemical oxidation probe submillisecond protein fold-
ing. J. Am. Chem. Soc., 2010, 10, 15502–15504. 

133. Grurbele, M., Analytical biochemistry: weighing up protein fold-
ing. Nature, 2010, 468, 640–641. 

134. Stocks, B. B. and Konermann, L., Time-dependent changes in 
side–chain solvent accessibility during cytochrome c folding 
probed by pulsed oxidative labelling and mass spectrometry. J. 
Mol. Biol., 2010, 398, 362–373. 

135. Barrera, N. P. and Robinson, C. V., Advances in mass spectrome-
try of membrane proteins: from individual proteins to intact com-
plexes. Annu. Rev. Biochem., 2011, 80, 34.1–34.25. 

136. Pan, Y., Brown, L. and Konermann, L., Mapping the structure of 
an integral membrane protein under semi-denaturing conditions 
by laser-induced oxidative labelling and mass spectrometry.  
J. Mol. Biol., 2009, 394, 968–981. 

137. Pan, Y., Brown, L. and Konermann, L., Site-directed mutagenesis 
combined with oxidative methionine labelling for probing struc-
tural transitions of a membrane protein by mass spectrometry.  
J. Am. Soc. Mass Spectrom., 2010, 21, 1947–1956. 

138. Pan, Y., Brown, L. and Konermann, L., Kinetic folding mecha-
nism of an integral membrane protein examined by pulsed oxida-
tive labelling and mass spectrometry. J. Mol. Biol., 2011, 410, 
146–158. 

139. Ellison, P. A. and Cavagnero, S., Role of unfolded state heteroge-
neity and en-route ruggedness in protein folding kinetics. Protein 
Sci., 2006, 15, 564–582. 

140. Patra, A. K. and Udgaonkar, J. B., Characterization of the folding 
and unfolding reactions of single–chain monellin: evidence for 
multiple intermediates and competing pathways. Biochemistry, 
2007, 46, 11727–11743. 

141. Freund, C., Gehrig, P., Baici, A., Holak, T. A. and Pluckthun, A., 
Parallel pathways in the folding of a short-term denatured scFv 
fragment of an antibody. Fold. Des., 1998, 3, 39–49. 

142. Jager, M. and Pluckthun, A., Direct evidence by H/D exchange 
and ESI-MS for transient unproductive domain interaction in the 
refolding of an antibody scFv fragment. Protein Sci., 2000, 9, 
552–563. 

143. Brinker, A., Pfeifer, G., Kerner, M. J., Naylor, D. J., Hartl,  
F. U. and Hayer-Hartl, M., Dual function of protein confinement 
in chaperonin-assisted protein folding. Cell, 2001, 107, 223– 
233. 

144. Bhutani, N. and Udgaonkar, J. B., Chaperonins as protein folding 
machines. Curr. Sci., 2002, 83, 1337–1351. 

145. Horwich, A. L., Farr, G. W. and Fenton, W. A., GroEL–GroES-
mediated protein folding. Chem. Rev., 2006, 106, 1917– 
1930. 

146. Tang, Y. C. et al., Structural features of the GroEL–GroES nano-
cage required for rapid folding of encapsulated protein. Cell, 
2006, 125, 903–914. 

147. Kipnis, Y., Papo, N., Haran, G. and Horovitz, A., Concerted 
ATP-induced allosteric transitions in GroEL facilitate release of 
protein substrate domains in an all-or-none manner. Proc. Natl. 
Acad. Sci. USA, 2007, 104, 3119–3124. 

148. Sharma, S. et al., Monitoring protein conformation along the 
pathway of chaperonin-assisted folding. Cell, 2008, 133, 142–
153. 

149. Robinson, C. V. et al., Conformation of GroEL-bound alpha-
lactalbumin probed by mass spectrometry. Nature, 1994, 372, 
646–651. 



SPECIAL SECTION: CHEMISTRY AND BIOLOGY 
 

CURRENT SCIENCE, VOL. 102, NO. 2, 25 JANUARY 2012 264 

150. Shtilerman, M., Lorimer, G. H. and Englander, S. W., Chaperonin 
function: folding by forced unfolding. Science, 1999, 284, 822–
825. 

151. Chen, J., Walter, S., Horwich, A. L. and Smith, D. L., Folding of 
malate dehydrogenase inside the GroEL-GroES cavity. Nature 
Struct. Biol., 2001, 8, 721–728. 

152. van Duijn, E. et al., Tandem mass spectrometry of intact GroEL-
substrate complexes reveals substrate-specific conformational 
changes in the trans ring. J. Am. Chem. Soc., 2006, 128, 4694–
4702. 

153. Graf, C., Stankiewicz, M., Kramer, G. and Mayer, M. P., Spa-
tially and kinetically resolved changes in the conformational  
dynamics of the Hsp90 chaperone machine. EMBO J., 2009, 28, 
602–613. 

154. Rist, W., Graf, C., Bukau, B. and Mayer, M. P., Amide hydrogen 
exchange reveals conformational changes in hsp70 chaperones 
important for allosteric regulation. J. Biol. Chem., 2006, 281, 
16493–16501. 

155. Cheng, G., Basha, E., Wysocki, V. H. and Vierling, E., Insights 
into small heat shock protein and substrate structure during chap-
erone action derived from hydrogen/deuterium exchange and 
mass spectrometry. J. Biol. Chem., 2008, 283, 26634–26642. 

156. Stengel, F. et al., Quaternary dynamics and plasticity underlie 
small heat shock protein chaperon function. Proc. Natl. Acad. Sci. 
USA, 2010, 107, 2007–2012.  

157. Kumar, S., Mohanty, S. K. and Udgaonkar, J. B., Mechanism of 
formation of amyloid protofibrils of barstar from soluble oligo-
mers: evidence for multiple steps and lateral association coupled 
to conformational conversion. J. Mol. Biol., 2007, 367, 1186–
1204. 

158. Kumar, S. and Udgaonkar, J. B., Mechanisms of amyloid fibril 
formation by proteins. Curr. Sci., 2010, 96, 1053–1070. 

159. Jain, S. and Udgaonkar, J. B., Evidence for stepwise formation of 
amyloid fibrils by the mouse prion protein. J. Mol. Biol., 2008, 
382, 1228–1241. 

160. Sipe, J. D. and Cohen, A. S., Review: history of the amyloid  
fibril. J. Struct. Biol., 2000, 130, 88–98. 

161. Chiti, F. and Dobson, C. M., Protein misfolding, functional amy-
loid, and human disease. Annu. Rev. Biochem., 2006, 75, 333–
366. 

162. Caughey, B. and Lansbury, P. T., Protofibrils, pores, fibrils, and 
neurodegeneration: separating the responsible protein aggregates 
from the innocent bystanders. Annu. Rev. Neurosci., 2003, 26, 
267–298. 

163. Kayed, R., Sokolov, Y., Edmonds, B., McIntire, T. M., Milton,  
S. C., Hall, J. E. and Glabe, C. G., Permeabilization of lipid  
bilayers is a common conformation-dependent activity of soluble 
amyloid oligomers in protein misfolding diseases. J. Biol. Chem., 
2004, 279, 46363–46366.  

164. Quist, A. et al., Amyloid ion channels: a common structural link 
for protein-misfolding disease. Proc. Natl. Acad. Sci. USA, 2005, 
102, 10427–10432.  

165. Nielsen, E. H., Nybo, M. and Svehag, S. E., Electron microscopy 
of prefibrillar structures and amyloid fibrils. Methods Enzymol., 
1999, 309, 491–496.  

166. Ding, T. T. and Harper, J. D., Analysis of amyloid-beta assem-
blies using tapping mode atomic force microscopy under ambient 
conditions. Methods Enzymol., 1999, 309, 510–225. 

167. Seshadri, S., Khurana, R. and Fink, A. L., Fourier transform  
infrared spectroscopy in analysis of protein deposits. Methods  
Enzymol., 1999, 309, 559–576. 

168. Serpell, L. C., Fraser, P. E. and Sunde, M., X-ray fiber diffraction 
of amyloid fibrils. Methods Enzymol., 1999, 309, 526–536. 

169. Jimenez, J. L., Nettleton, E. J., Bouchard, M., Robinson, C. V., 
Dobson, C. M. and Saibil, H. R., The protofilament structure of 
insulin amyloid fibrils. Proc. Natl. Acad. Sci. USA, 2002, 99, 
9196–9201. 

170. Chen, S., Ferrone, F. A. and Wetzel, R., Huntington’s disease 
age-of-onset linked to polyglutamine aggregation nucleation. 
Proc. Natl. Acad. Sci. USA, 2002, 99, 11884–11889. 

171. Tycko, R., Molecular structure of amyloid fibrils: insights from 
solid-state NMR. Q. Rev. Biophys., 2006, 39, 1–55. 

172. Kheterpal, I. and Wetzel, R., Hydrogen/deuterium exchange mass 
spectrometry – a window into amyloid structure. Acc. Chem. Res., 
2006, 39, 584–593. 

173. Grasso, G., The use of mass spectrometry to study amyloid-β 
peptides. Mass Spectrom. Rev., 2011, 30, 347–365. 

174. Williams, A. D. et al., Structural properties of Abeta protofibrils 
stabilized by a small-molecule. Proc. Natl. Acad. Sci. USA, 2005, 
102, 7115–7120. 

175. Kheterpal, I., Chen, M., Cook, K. D. and Wetzel, R., Structural 
differences in Abeta amyloid protofibrils and fibrils mapped by 
hydrogen exchange-mass spectrometry with on-line proteolytic 
fragmentation. J. Mol. Biol., 2006, 361, 785–795. 

176. Zhang, A., Qi, W., Good, T. A. and Fernandez, E. J., Structural 
differences between Abeta(1–40) intermediate oligomers and  
fibrils elucidated by proteolytic fragmentation and hydrogen/ 
deuterium exchange. Biophys. J., 2009, 96, 1091–1104. 

177. Sánchez, L. et al., Aβ40 and Aβ42 amyloid fibrils exhibit distinct 
molecular recycling properties. J. Am. Chem. Soc., 2011, 133, 
6505–6508. 

178. Carulla, N. et al., Molecular recycling within amyloid fibrils.  
Nature, 2005, 436, 554–558. 

179. Nettleton, E. J., Tito, P. Sunde, M., Bouchard, M., Dobson, C. M. 
and Robinson, C. V. Characterization of the oligomeric states of 
insulin in self-assembly and amyloid fibril formation by mass 
spectrometry. Biophys J., 2000, 79, 1053–1065. 

180. Lu, X., Wintrode, P. L. and Surewicz, W. K., Beta-sheet core of 
human prion protein amyloid fibrils as determined by hydro-
gen/deuterium exchange. Proc. Natl. Acad. Sci. USA, 2007, 104, 
1510–1515. 

181. Wilson, L. M. et al., A structural core within apolipoprotein C-II 
amyloid fibrils identified using hydrogen exchange and proteolysis. 
J. Mol. Biol., 2007, 366, 1639–1651. 

182. Smironvas, V., Baron, G. S., Offerdahl, D. K., Raymond, G. J., 
Caughey, B. and Surewicz, W. K., Structural organization of 
brain–derived mammalian prions examined by hydrogen–deuterium 
exchange. Nature Struct. Mol. Biol., 2011, 18, 504–506. 

183. Smith, D. P., Radford, S. E. and Ashcroft, A. E., Elongated  
oligomers in beta2-microglobulin amyloid assembly revealed by 
ion mobility spectrometry-mass spectrometry. Proc. Natl. Acad. 
Sci. USA, 2010, 107, 6794–6798. 

184. Wang, G., Abzalimov, R. R. and Kaltashov, I. A., Direct monitor-
ing of heat-stressed biopolymers with temperature-controlled 
electrospray ionization mass spectrometry. Anal. Chem., 2011, 
15, 2870–2876. 

185. Murphy, C. L., Wang, S., Williams, T., Weiss, D. T. and Solo-
mon, A., Characterization of systemic amyloid deposits by mass 
spectrometry. Methods Enzymol., 2006, 412, 48–62. 

186. Ruotolo, B. T., Benesch, J. L., Sandercock, A. M., Hyung, S. J. 
and Robinson, C. V., Ion mobility-mass spectrometry of large 
protein complexes. Nature Protoc., 2008, 3, 1139–1152. 

187. Grabenauer, M., Wyttenbach, T., Sanghera, N., Slade, S. E.,  
Pinheiro, T. J. T., Scrivens, J. H. and Bowers, M. T., Conforma-
tional stability of Syrian Hamster Prion Protein PrP(90–231).  
J. Am. Chem. Soc., 2010, 132, 8816–8818. 

188. Bernstein, S. L. et al., Amloid-β protein oligimerization and the 
importance of tetramers and dodecamers in the aetiology of Alz-
heimer’s disease. Nature Chem., 2009, 1, 326–331. 

189. Ekeowa, U. I. et al., Defining the mechanism of polymerization in the 
sepinopathies. Proc. Natl. Acad. Sci. USA, 2010, 107, 17146–17151. 

190. Sharon, M. and Robinson, C. V., The role of mass spectrometry 
in structure elucidation of dynamic protein complexes. Annu. Rev. 
Biochem., 2007, 76, 167–193. 



SPECIAL SECTION: CHEMISTRY AND BIOLOGY 
 

CURRENT SCIENCE, VOL. 102, NO. 2, 25 JANUARY 2012 265

191. Sobott, F., Hernandez, H., McCammon, M. G., Tito, M. A. and 
Robinson, C. V., A tandem mass spectrometer for improved 
transmission and analysis of large macromolecular assemblies. 
Anal. Chem., 2002, 74, 1402–1407. 

192. Ilag, L. L., Videler, H., McKay, A. R., Sobott, F., Fucini, P., 
Nierhaus, K. H. and Robinson, C. V., Heptameric (L12)6/L10 
rather than canonical pentameric complexes are found by tandem 
MS of intact ribosomes from thermophilic bacteria. Proc. Natl. 
Acad. Sci. USA, 2005, 102, 8192–8197. 

193. Chernushevich, I. V. and Thomson, B. A., Collisional cooling of 
large ions in electrospray mass spectrometry. Anal. Chem., 2004, 
76, 1754–1760. 

194. Fandrich, M., Tito, M. A., Leroux, M. R., Rostom, A. A., Hartl, 
F. U., Dobson, C. M. and Robinson, C. V., Observation of the 
noncovalent assembly and disassembly pathways of the chaper-
one complex MtGimC by mass spectrometry. Proc. Natl. Acad. 
Sci. USA, 2000, 97, 14151–14155. 

195. Sharon, M., Witt, S., Glasmacher, E., Baumeister, W. and Robin-
son, C. V., Mass spectrometry reveals the missing links in the  
assembly pathway of the bacterial 20 S proteasome. J. Biol. 
Chem., 2007, 282, 18448–18457. 

196. Lebreton, A., Rousselle, J. C., Lenormand, P., Namane, A., Jac-
quier, A., Fromont-Racine, M. and Saveanu, C., 60S ribosomal 
subunit assembly dynamics defined by semi-quantitative mass 
spectrometry of purified complexes. Nucleic Acids Res., 2008, 36, 
4988–4999. 

197. Talkington, M. W., Siuzdak, G. and Williamson, J. R., An assem-
bly landscape for the 30S ribosomal subunit. Nature, 2005, 438, 
628–632. 

198. Bunner, A. E., Trauger, S. A., Siuzdak, G. and Williamson, J. R., 
Quantitative ESI-TOF analysis of macromolecular assembly  
kinetics. Anal. Chem., 2008, 80, 9397–9386. 

199. Bunner, A. E. and Williamson, J. R., Stable isotope pulse-chase 
monitored by quantitative mass spectrometry applied to E. coli 
30s ribosome assembly kinetics. Methods, 2009, 49, 136–141. 

200. Sykes, M. T. and Williamson, J. R., A complex assembly land-
scape for the 30S ribosomal subunit. Annu. Rev. Biophys., 2009, 
38, 197–215. 

201. Bunner, A. E., Beck, A. H. and Williamson, J. R., Kinetic coop-
erativity in Escherichia coli 30S ribosomal subunit reconstitution 
reveals additional complexity in the assembly landscape. Proc. 
Natl. Acad. Sci. USA, 2010, 107, 5417–5422. 

202. Traub, P. and Nomura, M., Studies on the assembly of ribosomes in 
vitro. Cold Spring Harbor. Symp. Quant. Biol., 1996, 34, 63–67. 

203. Sharon, M., Witt, S., Glasmacher, E., Baumeister, W. and Robin-
son, C. V., Mass spectrometry reveals the missing links in the  
assembly pathway of the bacterial 20S proteosome. J. Biol. 
Chem., 2007, 282, 18448–18457. 

204. Witt, S. et al., Proteasome assembly triggers a switch required for 
active-site maturation. Structure, 2006, 14, 1179–1188. 

205. Utrech, C., Rose, R. J., van Duijn, E., Lorenzen, K. and Heck,  
A. J., Ion mobility mass spectrometry of proteins and protein as-
semblies. Chem. Soc. Rev., 2010, 39, 1633–1655. 

206. Boeri Erba, E., Ruotolo, B. T., Barsky, D. and Robinson, C. V., 
Ion mobility-mass spectrometry reveals the influence of subunit 
packing and charge on the dissociation of multiprotein com-
plexes. Anal. Chem., 2010, 82, 9702–9710. 

207. Uetrecht, C., Versluis, C., Watts, N. R., Wingfield, P. T., Steven, 
A. C. and Heck, A. J., Stability and shape of hepatitis B virus 
capsids in vacuo. Angew Chem., Int. Ed. Engl., 2008, 47, 6247–
6351. 

208. Michaelevski, I., Eisenstein, M. and Sharon, M., Gas-phase com-
paction and unfolding of protein structures. Anal. Chem., 2010, 
82, 9484–9491. 

 

 
 
 
 


