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Abstract
Amide hydrogen/deuterium exchange detected by mass spectrometry (HXMS) is seeing wider use
for the identification of intrinsically disordered parts of proteins. In this review, we discuss
examples of how discovery of intrinsically disordered regions and their removal can aid in
structure determination, biopharmaceutical quality control, the characterization of how
posttranslational modifications affect weak structuring of disordered regions, the study of coupled
folding and binding, and the characterization of amyloid formation.
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1. INTRODUCTION
1.1 Intrinsically Disordered Proteins in health and disease

At the time the complete human genome was sequenced, Dunker‘s group, attempting to
predict the structures of all the new protein coding sequences, noted that the published
genomes contained sequences that did not look like they would code for structured
proteins 1. Remarkably, some 30% of bacterial proteins, nearly 40% of archaeal proteins and
perhaps as many as 50% of eukaryotic proteins were predicted to contain stretches of at least
40 consecutive disordered amino acids 2. Around the same time, protein biophysicists
discovered several proteins that appeared to not have a stable, unique structure, at least until
they interacted with their physiological partners 3; 4; 5; 6. The first review describing these
early experimental results was published in 1999 7. Many algorithms for prediction of
disordered sequences in proteins have since been developed 8; 9; 10; 11; 12; 13; 14; 15.

Intrinsically disordered proteins (IDPs) are found in functional niches that include
transcriptional and translational control, cell cycle control and signaling. IDPs were found to
be enriched among cancer related and signaling proteins 16, all processes that are in some
way involved in physiological control. IDPs are frequently associated with diseases.
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Increases in the number of disordered repeat sequences increases susceptibility to the
neurodegenerative diseases Huntington’s and Parkinson’s diseases 17; 18; 19. Mutations in
disordered regions can also result in the loss of important post-transcriptional modification
sites, leading to disease 20. Diseases such as cancer, cardiovascular disease, amyloidosis,
neurodegenerative diseases and diabetes often involve disordered proteins 17; 21 probably
because these often involve failures in protein signaling, structure, posttranslational
modification and inability to interact correctly with physiological partners 21. The more
virulent strains of disease-causing viruses may be characterized by their increased levels of
intrinsic disorder 22, and viruses in general appear to have a high proportion of genes
potentially coding for disordered proteins 23.

1.2 Experimental Characterization of Intrinsic Disorder
Intrinsically disordered regions of proteins can range from surface loops in otherwise
structured proteins that are not observed in x-ray crystal structures to long stretches of
polypeptide with low sequence complexity and no predicted structure. It is probably most
helpful to think of intrinsic disorder as a continuum from slightly less than uniquely
structured all the way to completely unfolded. Given this viewpoint, it is easy to see how
different experimental measures will weigh-in differently on whether or not a particular
region of a protein qualifies as intrinsically disordered. NMR spectroscopy is often a good
experimental approach to detecting intrinsic disorder, as it provides a highly sensitive read-
out of resonances that change their chemical environment and this is very useful for
monitoring changes in an IDP upon interaction with a binding partner 24; 25. NMR is also
very useful for detecting protein dynamics, however there is a blind spot for dynamic
regions that move on the NMR timescale because resonances that exchange between
different chemical environments will have broadened signals that may disappear completely.
If the disordered region is so dynamic that the atoms move very quickly between different
environments, the resonances will have averaged chemical shifts and will appear as strong
signals. Other more global indicators of secondary structure, such as circular dichroism
(CD) and/or packing of the hydrophobic cores, 1-anilino 8-naphthalene sulfonate (ANS)
binding and fluorescence changes are also useful for detecting large regions of disorder and
changes in disorder upon binding.

1.3 Amide Exchange
The use of mass spectrometry to detect amide hydrogen/deuterium exchange (HDX) has
found increasing applicability since its inception in the early 1990’s 26. Both electrospray
ionization (ESI) 26 and MALDI-TOF 27 are suitable approaches for analyzing whether an
amide group has exchanged with solvent deuterium when the sample is incubated in 2H2O
(D2O). H/D exchange analysis can be performed on intact proteins 28; 29, however it is most
often useful to perform the exchange reaction and then digest the protein with an acid-
tolerant protease to localize the sites of exchange 30.

Mass spectrometry-detected amide exchange (HXMS) experiments were traditionally
performed to study protein folding and unfolding and the measured amide proton exchange
rates were used to interpret the amount of hydrogen bond 31, however, HXMS can also be a
useful indicator of solvent accessibility changes at protein surfaces due to ligand
binding 32; 33; 34 and for epitope mapping of antibodies 35. The rates of amide exchange in
small peptides have been accurately measured by NMR, and these reveal subtle differences
in the intrinsic rates of exchange due to sequence context 36. NMR has the advantage that
the rate of exchange of single amides is measured, but the disadvantage is that the protein
must be of a size that is tractable by NMR, and it must be able to be expressed and
isotopically labeled with 15N so that the resonance assignments for the amide protons can be
made. Mass spectrometric measurements avoid the need for isotopic labeling of the protein
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and can be performed on proteins of any size 37. The mass spectrometry measurements rely
on proteolytic digestion of the protein and analysis of the peptide fragments. Thus, the
resolution is limited by the sizes of the peptides although, if many overlapping peptides are
obtained, this can improve the resolution. Top-down approaches as well as various
alternative ionization schemes have recently been demonstrated to yield accurate single
amide resolution as well 38; 39.

In folded proteins, the rates of exchange vary widely and depend on exposure to solvent as
well as folding and/or dynamics. If the rate of exchange of a single amide can be measured,
it is possible to compute a protection factor, which is simply the ratio of the intrinsic
exchange rate to the observed rate. Protection factors vary by 10–12 orders of magnitude
from amides in completely unfolded proteins to amides in very well-folded regions of
proteins. Teasing apart the contributions of dynamics, solvent accessibility, and foldedness
remains an unsolved problem. Computer simulations can reproduce the HDX results 40; 41

and theoretical analyses of amide exchange in proteins are now allowing insights into the
mechanisms of exchange 42.

This review will discuss what can be learned about IDPs and intrinsically disordered regions
of proteins from HXMS experiments. In the first part, we will discuss the utility of HXMS
for detecting intrinsically disordered regions in proteins. In the second part, we will discuss
how HXMS can be used to monitor coupled folding and binding, which is a phenomenon
that is extremely common among IDP sequences, as they often are only disordered prior to
finding their binding partner. In the third part, we will discuss the use of HXMS to
characterize aggregates and oligomers. Another property of IDPs is that they are prone to
aggregation, and this often leads to diseases such as Parkinson’s Alzheimers’ and
Creutzfeld-Jacob disease among others. HXMS is extremely useful in characterizing the
oligomers that form from IDPs. With evidence mounting that the disease-causing forms of
these aggregation-prone proteins may not be the final fibrillar form but an intermediate
oligomer, HXMS is becoming critical for characterizing such intermediates. In the final part,
we will discuss where developments could still be made to expand the information that can
be gained from analyzing IDPs by HXMS.

2.1 IDENTIFICATION OF DISORDERED REGIONS IN PROTEINS BY HXMS
2.1.1 Identification and removal of intrinsically disordered regions for structure
determination

Unstructured or disordered regions often pose practical problems when it comes to structure
determination by X-ray crystallography and NMR. In X-ray crystallography, flexible or
disordered regions often interfere with crystal formation and result in poor quality crystals.
Even if crystals can be obtained, the electron density from disordered regions often cannot
be resolved and appropriate structural models of these regions cannot be built. NMR
resonances for disordered regions usually are highly overlapped making them hard to assign
and sometimes mask the signal from the structured residues. Disordered regions often also
weakly associate, and at the high protein concentrations necessary for structure
determination, weak association can cause line broadening. It is preferable, therefore, to
remove these unstructured regions prior to structure determination, as long as the structural
integrity is not lost.

HXMS is being increasingly used to discover problematic disordered regions for construct
optimization in structure determination. As outlined schematically in Figure 1, regions of
intrinsic disorder exchange within a few minutes, and are readily identified by a protocol in
which the protein is incubated for short periods of time in deuterated buffer to exchange the
exposed amides, then the reaction is quenched by decreasing the pH to 2.5 and the
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temperature to 0°C, the sample is digested with pepsin, and finally mass spectrometry is
used to determine the deuterium content of the resulting peptides (Figure 1).

Pantazatos et al. have outlined an improved HXMS method to allow rapid identification of
unstructured regions in proteins and have demonstrated the use of this technique in
improving crystallographic success 43. As part of a large scale structural genomics project,
they screened 24 proteins from T. maritima by HXMS. The proteins were recombinantly
expressed and purified from E. coli and protein fragmentation maps after pepsin digestion
and ESI LC MS analysis before and after exchange with D2O for 10 s were analyzed to
determine the amides that readily exchanged and identify unstructured and highly dynamic
parts of the proteins. The entire analysis was completed rapidly (within 2 weeks) and data
were obtained for 21 of the 24 proteins screened. Complete coverage was obtained for 16 of
the 21 proteins. Comparison of the HXMS data to the known crystal structure of the T.
maritima thy1 protein TM0449 showed that they were able to accurately localize disordered
regions within the protein. They identified two regions in the protein that exchanged with
D2O rapidly that corresponded to parts in the crystal structure that were disordered. One of
the highly exchanging regions corresponded to the substrate binding region in the protein
demonstrating how HXMS can provide information on binding sites within proteins 32.
They also compared the exchange results for the T. maritima GroES heat shock protein
TM0505, which produced poorly diffracting crystals to the homologous M. tuberculosis
structure and showed that the highly dynamic regions of the protein mapped mostly to the
disordered residues in GroES that are involved in binding to GroEL. From the results of the
HXMS analysis the authors were able to design constructs that would have better
crystallographic success. Indeed, truncation of highly disordered C-termini detected by
HXMS in both TM0160 and TM171 led to improved crystals leading to higher resolution
structures of 1.7 Å and 2.3 Å, respectively. Overall the authors were able to successfully
crystallize 12 of the 21 proteins for which HXMS data was obtained.

Sharma et al. described the use of HXMS to optimize constructs for NMR analysis of five
targets chosen from the Northeast Structural Genomic Project: brain specific protein
C32E8.3 from Caenorhabditis elegans; DUF896 family protein YnzC from Bacillus subtilis;
protein YjcQ from Bacillus subtilis; cytoplasmic protein Q8ZRJ2 from Salmonella
typhimurium, and Escherichia coli lipoprotein YiaD 44. YjcQ and Q8ZRJ2 are highly
structured proteins and the HXMS results obtained for them were consistent with the
predominantly ordered solution structures of these targets. Removal of disordered tail
regions in C32E8.3 and YnzC improved the quality of the HSQC spectra and NMR 3D
structural data obtained for these proteins allowing structure determination of the folded
regions. YnzC is only 77 residues long and HXMS analysis showed that two regions, one in
the middle of the protein and one at the C-terminus were highly disordered. In order to
optimize the NMR conditions, five different truncations were made. Remarkably, removal
of almost 50% of the sequence (up to 37 amino acids from the C-terminal end of the protein)
did not affect the chemical shifts and ensuing structure determination of the remaining small
structured region. Determination of the structure of the full-length E. coli lipoprotein YiaD,
a desirable structural genomics target, proved impossible. Interestingly, neither disorder
predictors nor secondary structure predictors identified disorder within the N-terminal
region of YiaD, however, HXMS analysis suggested that it was in fact, disordered. Removal
of this sequence led to determination of the structure of this here-to-fore inaccessible
structural target.

Recently, Ertekin et al. have applied the HXMS/ NMR technique to optimize constructs for
NMR analysis of CDK2AP1 (cyclin-dependent kinase 2-associated protein 1), a tumor
suppressor gene that is deleted in oral cancer 45. The CDK2AP1 protein is 115 residues long
and had been proposed to form a homodimer with a disulfide bond between the Cys105
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residues. HXMS results showed that almost 50% of the N-terminal end of the protein was
highly dynamic and unstructured. This information helped researchers to design a construct
comprised only of the C-terminal half of the protein. Subsequent structural analysis by NMR
showed that this protein is a homodimer with a 4 helix bundle structure and Cys105 is
positioned to form a disulfide between the two monomers.

2.1.2 Characterization of receptor cytoplasmic tails and the effects of post-translational
modifications

Determination of structures of receptor cytoplasmic tails is difficult as they are usually
small, have several disordered regions, and are subject to post translational modifications
and conformational changes upon ligand binding 46. HXMS can be extremely useful in
determining folded and unfolded regions of cytoplasmic tails of receptors. An interesting
example that was studied by HXMS is the cytoplasmic tail of the low density lipoprotein
receptor-related protein, LRP1 (LRP1 CT) 47. This short intracellular region of 100 amino
acids has two NPXY motifs, NPXY4507 and NPXY4473. The NPXY sequence motif is found
in many tyrosine-phosphorylated proteins and is required for the specific binding of the
protein interaction domains (PIDs, also known as phosphotyrosine binding domains or
PTBs). In LRP1 the membrane proximal NPXY motif binds to Snx17 (sorting nexin 17)
when it is not phosphorylated and binds to Shp2 when both of the NPXY motifs are
phosphorylated. HXMS analysis of GST tagged LRP1 CT constructs showed that the
membrane-distal NPXY4507 motif is unstructured in the protein and easily phosphorylated
by v-Src, whereas the membrane-proximal NPXY4473 is not exposed to exchange nor is it
readily phosphorylated. However, upon phosphorylation of Y4507, the NPXY4473 motif
became more solvent-exposed and also more susceptible to v-Src phosphorylation. The
results were further confirmed using a Y4507E mutant of LRP1 CT. In order to directly
compare the solvent accessibility of the phosphorylated and unphosphorylated forms in the
same reaction, the authors phosphorylated 15N-labeled protein and then mixed it with
unlabeled, unphosphorylated protein prior to HXMS. The exposure of Y4473 to become
phosphorylated only after Y4507 is phosphorylated has implications with respect to the
binding and signaling by Snx17 and Shp2 that are regulated by phosphorylation. HXMS can
be very useful in determining the dynamics of such regions as shown in the above example.

2.1.3 Characterization/quality control of biopharmaceuticals
Mass spectrometry has gained importance in the characterization of biopharmaceuticals in
the recent years. Kaltashov et al. have reviewed several different uses of biological mass
spectrometry applied to biopharmaceutical characterization 48. Biopharmaceuticals, which
are mainly protein-based therapies that vary from 5 to greater than 100 kDa, are becoming
more prevalent. Proper folding of these biopharmaceuticals is critical for their effectiveness
and safety, and quality control requires thorough characterization of their primary,
secondary and tertiary structures as well as post-translational modifications. HXMS is useful
in ensuring proper folding and is extremely useful in determining if small parts of the
protein vary in solvent exposure. HXMS was used to characterize the recombinant form of
acid-β-glucocerebrosidase (GCase) which is used as a treatment for Gaucher's disease by
enzyme replacement therapy 49. If the protein is extensively oxidized during the
manufacturing process it can be detected using a combination of native ESI-MS and HXMS.
The protein’s charge distribution is changed due to a less compact conformation in ESI MS
analysis and HXMS revealed further insight into the partial unfolded state of the
recombinant GCase by comparing the spectra for intact and oxidized forms of the protein 50.
A detailed analysis of the results suggests that upon oxidation the activity of GCase is highly
diminished. The ability of HXMS to detect changes in conformation of protein drugs
resulting from different aspects of design and processing has led to the use of this technique
in biopharmaceutical characterization 51; 52.
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2.2 COUPLED FOLDING AND BINDING OF IDPs ANALYZED BY HXMS
Although some IDPs appear to always exist in an unfolded state, many more are only
unfolded until they find their binding partner, and fold upon binding. Since weakly-folded or
unfolded proteins exchange rapidly whereas folded proteins exchange orders of magnitude
more slowly, HXMS provides a sensitive indicator of coupled folding and binding. One of
the first examples of coupled folding and binding detected by HXMS was that of the
inhibitor, IκBα, which binds to various members of the NFκB transcription factor family
via its ankyrin repeat domain (ARD) 53. The IκBα ARD contains six ankyrin repeats (ARs),
and HXMS of IκBα on its own revealed that only the central three ARs were protected from
exchange 54. In fact, many of the amides in ARs 1, 5, and 6 exchanged in a few seconds as
revealed by flow quench amide exchange coupled to MALDI-TOF mass spectrometry 55

(Figure 2). The flow quench approach, pioneered by Dharmasiri and Smith 56, involves
rapid mixing of the protein with D2O so that mixing and quench steps can be accomplished
within tens of milliseconds. Flow quench followed by either MALDI-TOF or ESI MS
allows measurement of the rates of exchange of even the very rapidly exchanging amides.

In studying coupled folding and binding by HXMS, some issues arise regarding
interpretation of the data. Most HXMS data represents an ensemble of rates since deuterium
exchange is quantified at the peptide rather than residue level. Thus, individual rates of
exchange cannot be discerned from the data, however it is possible to “bin” the data into the
number of amides exchanging at the intrinsic rate, at an intermediate rate, and at a slow
rate 34. Using such an analysis, it was possible to demonstrate that a relatively large number
of amides in ARs of IκBα exchange at the intrinsic rate reported for amides in completely
unstructured peptides 36. Later, it was shown that although amides in the β-hairpins of AR5-
AR6 exchange rapidly in the free state, they exchange much more slowly when bound to
NFκB (Figure 3). The marked decrease in the number of amides that exchanged by 10 min
(over 10 in the beta hairpins of AR5 and AR6) could only be explained if these repeats
folded upon binding to NFκB 57.

The intrinsically disordered proteins CREB-binding protein (CBP) and activator of thyroid
and retinoid receptors (ACTR) both fold upon binding to one another and these proteins and
their binding have been well-studied by NMR 58. Weis’s group used HXMS to measure
amide exchange of CBP, ACTR, and the complex between 5 sec and 12 h and then fitted the
results with stretched exponentials. After defining a segment averaged protection factor,
they were able to define regions of each protein that contained amides that exchange at the
intrinsic rate 59. In this case, nearly all of the CBP exchanges more slowly in the bound form
as compared to the free. The region defined by the peptic fragment spanning residues 33–47
was completely exchanged by the first measurement, and others, such as 48–59 were nearly
completely exchanged (cf. Figure 2 in Keppel et al).

Both AR5–AR6 in IκBα and CBP are only marginally stable. CBP appears to undergo two-
state unfolding with a ΔGu of 6.1 ± 0.4 kJ/mol 60, and therefore approximately 8% of the
CBP population can be expected to be unfolded at any given time at 300 K. Oas and
colleagues have analyzed in full kinetic detail the ramifications of small amounts of
unfolded populations based on NMR-determined protection factors (which are derived
accurately from the exchange rates of individual amides) 61. Essentially, since the unfolded
portion exchanges so much more quickly than the folded portion, molten globules will
appear to be more unfolded than they really are. Only if the exchange between states is
extremely slow, or if one population of states is much more highly exchanging than another,
will two separable mass envelopes be observed in the HXMS spectra, a phenomenon that is
referred to as EX1 behavior. In most cases, molten globules are a population of related states
that interconvert on relatively fast timescales and then as the time of deuteration is
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increased, a single mass envelope is observed that gradually increases in mass, a
phenomenon that is referred to as EX2. Because the molten globule is spending some time
in a largely unfolded state, the amount of exchange will appear more rapid than expected
due to the increased exchange from sparsely populated unfolded states.

2.3 CHARACTERIZATION OF OLIGOMERS AND AGGREGATES OF IDPS
HXMS is a powerful tool for probing the solvent accessibility of regions of IDPs when they
form oligomers or aggregates. Typically, only a portion of the protein will be buried in the
oligomer, and this portion will have decreased amide exchange. Studies of IκBα were some
of the first to demonstrate this phenomenon. IκBα is a marginally stable protein, and its
thermal denaturation is irreversible. When monomeric IκBα is incubated for as little as 10
min at 37°C, a soluble aggregate forms that elutes from a size exclusion column in the void
volume 54. To characterize this soluble aggregate, we performed HXMS experiments at
room temperature and after the protein had been incubated at 37°C for 10 min. Because the
amide exchange experiment was carried out at 37°C, regions that remained in the same
folded state as at 25°C would be expected to exchange more rapidly because amide
exchange is a temperature-dependent reaction. Regions of ARs 2 and 3 showed this
expected increase in HDX rate for the higher temperature (37 vs. 25°C) (Figure 4 peptides
shown in green). On the other hand, regions of the protein that became buried in the core of
the soluble aggregate that forms at 37°C would be expected to exchange LESS than they
exchanged at 25°C, when the protein was in the monomeric state. Regions of ARs 1, 5, and
6 showed this behavior as they became much less solvent accessible at the higher
temperature (Figure 4 peptides shown in red). These results made a lot of sense because the
regions of ARs 2 and 3 (green peptides) are the regions of IκBα that are most well-folded,
and so were not expected to unfold and form an aggregate. Conversely, regions of ARs 1, 5,
and 6 (red peptides) are the regions of IκBα that deviate from the consensus for stable
ankyrin repeats, and might be expected to unfold at 37°C and become buried in the
aggregate. Amide exchange is a powerful method that can sample the protein backbone as it
engages in aggregate formation and provide a “read-out” of which regions of the protein
actually participate in aggregate formation and which retain their folded state and go along
for the ride.

Jorgensen’s group characterized a proteolytic fragment of β2macroglobulin (ΔK58-β2m),
which is known to cause dialysis-related amyloidosis 62. Operating under the well-
established assumption that propensity to unfold is linked to propensity to aggregate into
amyloid fibrils, these researchers used HXMS to characterize the proteolyzed variant,
ΔK58-β2m. Their results showed that a significant proportion of this variant which was
much less stable, was also unfolded at 37°C. Since the ΔK58-β2m variant had a different
molecular weight, they were able to directly compare it to the full-length protein in the same
reaction. HXMS of the ΔK58-β2m variant showed the evolution of a bimodal mass
distribution with 18 of about 29 previously protected amide hydrogens exchanging in a
correlated manner forming a separate mass envelope from the more highly exchanging
protein population (ie. EX1 behavior). The full-length protein also showed bimodal mass
envelopes indicative of such EX1 exchange, but on a much longer time scale. Thus, it was
possible to surmise that the region of the protein that unfolded in a correlated manner, as
indicated by HXMS, would be the region that would initially participate in amyloid
formation. In addition, thioflavin-T dye binding, a classic indicator of amyloid formation,
showed that the ΔK58-β2m variant formed amyloid-like aggregates orders of magnitude
faster than the full-length protein.

PrP is a monomeric, α-helical protein that is called a prion because it can transition to a
misfolded, aggregated form termed PrPSc, resulting in transmissible spongiform
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encephalopathy (TSE), or prion disease 63; 64. HDX approaches are becoming widely used
to discover which regions of IDPs are buried in various oligomeric states of prion proteins.
Wemmer’s group used both HXMS and exchange-quenched NMR to probe the regions of
the prion protein, PrP (89–143, P101L) that participate in fibril formation 65. They found
two regions, residues 102–109 and 117–136 that were highly protected (with a half-life of
exchange longer than one week!) in the fibril form. In addition, the NMR experiments
revealed that the intervening segment, residues 110–116, had multi-exponential exchange
behavior indicating that it was sampling different chemical environments.

Smirnovas et al., recently reported the characterization of the transformation of the cellular
form of PrP, PrPC to the amyloid form, PrPSc, in protein isolated from infected mouse
brains 66. The authors took advantage of a mouse model that does not have the capability of
attaching glycosyl-phosphatidylinositol (GPI) linkers into the PrPC. The PrPC that does not
have the GPI linker attached was better proteolyzed, and therefore the coverage of the C-
terminal part of the protein in the HXMS experiments was greatly improved. The prions
isolated from the brains of these mice are highly infective suggesting that the lack of post-
translational modifications does not affect the structure of the disease-causing protein
oligomer. HXMS results allowed the authors to discriminate between different theoretical
models of the oligomerization process, providing strong evidence for refolding of the entire
C-terminal part of the protein. These researchers also provided evidence that the structure
(based on HXMS evidence) of the native oligomer resembled the aggregates that could be
generated in vitro confirming earlier HXMS experiments 67as well as the model by Dima
and Thirumalai 68. The results highlight the fact that HXMS is the ONLY label-free
approach that can be used to study disease-causing IDPs isolated from natural sources.

One of the pioneers of using HXMS to study amyloids was Carol Robinson. By carefully
devising a pulse-labeling approach, she was able to discern the kinetics of formation and
recycling of oligomers during the formation of Aβ fibrils. This work highlighted for the first
time the dynamic nature of the fibrils, which many researchers had mistakenly imagined
were static once fibrils had formed 69.

2.1 FUTURE OUTLOOK
HXMS is finding many useful applications within the realm of discovery of intrinsically
disordered regions in proteins. The advent of automated instrumentation will allow high
throughput analysis to become routine 70, and in the next few years it is likely that quality
control of all protein biopharmaceuticals will require HXMS characterization since it reveals
site-specific defects in expressed proteins whereas the more commonly used analyses such
as HPLC retention time or CD only report defects in the globally averaged structure. It is
also likely that crystallographers and structural biologists in general will routinely screen
their constructs by HXMS to discover problematic disordered regions. High throughput
instrumentation will also enable the use of HXMS for fragment screening in therapeutic
discovery because often drug binding results in decreased exchange of dynamic/disordered
loop regions. The study of coupled folding and binding, that still relies mostly on NMR
approaches will benefit greatly from advances in ionization/fragmentation that allow single
amide resolution in HXMS studies 71; 72; 73. For these detailed biophysical characterizations,
the ability to measure rates of exchange of individual amides in the free and bound states
will provide a wealth of kinetic and thermodynamic information that remains elusive. Such
developments will likely also be critical to the discovery of the actual disease-causing
oligomers of amyloidogenic IDPs. Here, the ability of HXMS to characterize proteins
isolated from natural sources promises to be essential for understanding the behavior of
these disease-causing proteins in vivo.
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Abbreviations

HXMS hydrogen/deuterium exchange coupled to mass spectrometry

IDP intrinsically disordered protein

LRP1 CT the cytoplasmic tail of the low density lipoprotein receptor-related protein,
LRP1

AR ankyrin repeat.
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Highlights for Balasubramaniam and Komives

• HXMS is useful for discovery of intrinisically disordered (ID) regions in
proteins.

• ID discovery and removal facilitates structure determination.

• ID discovery facilitates biopharmaceutical quality control.

• HXMS reveals coupled folding and binding of IDPs.

• HXMS reveals the regions of IDPs involved in aggregation.

• HXMS reveals structures of early oligomers, likely causative agents in amyloid
diseases.
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Figure 1.
Schematic diagram of the HXMS experiment used to discover intrinsically disordered
protein regions. A generic example is given of a repeat protein for which the structure was
known only when the protein was in complex with its binding partner. Intrinsic disorder is
readily characterized by rapid amide exchange after only a few minutes. There is some
residual deuteration at t=0 due to the experimental set-up. The data were fitted to single or
double exponential equations. Typically, the rate of the first exponential was set to 30 s−1

and the second exponential as well as the amplitude of each exponential phase were fitted
parameters. The amplitude (number of amides exchanging) of the rapidly exchanging group
can be taken as approximately the number of amides exchanging at the intrinsic rate.
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Figure 2.
Example of HXMS data from a region of IκBα collected using a quench-flow apparatus that
allows rapid mixing and measurement of exchange after 10 msec. The mass spectra show
incorporation of deuterons in times under 1 sec can be readily determined allowing the
determination of how many amides are exchanging at the intrinsic rate indicating that they
are in completely unstructured regions.

Balasubramaniam and Komives Page 15

Biochim Biophys Acta. Author manuscript; available in PMC 2014 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Example of how HXMS data can reveal a coupled folding and binding event. Each panel
shows the HXMS data from one of the six β-hairpins of IκBα in the free state (black
symbols) compared to the NFκB-bound state (red symbols). It can be seen that the folded
regions (from repeats 2, 3, and 4) do not change much upon binding whereas the
intrinsically disordered regions (AR5–6) exchange completely in the free state, but in the
bound state their exchange resembles that of the folded ARs 2, 3, and 4. The data are from
Truhlar et al., (2006) 57.
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Figure 4.
An example of how HXMS data can be used to identify the regions of a protein that are
buried in an aggregate vs. those that are not. Incubation of IκBα at 37°C rapidly promotes
aggregate formation. When HDX is carried out at 37°C, the exchange rate is expected to be
faster than at 25°C. The β-hairpins from ARs 2 and 3 show this behavior (green lines)
however segments from ARs 1, 5, and 6 exchange more slowly at 37 °C than at 25 °C
indicating they have become buried in the aggregate that forms at the higher temperature.
The data are from Hughes et al., (2004) 54. The regions of IκBα marked with green bars had
an increase in the number of amides exchanged in 5 min from an average of 1.4 at 25°C to
an average of 5.4 at 37°C, consistent with the expected increase due to the increased
temperature of the exchange reaction. The regions of IκBα marked with red bars had a
decrease in the number of amides exchanged in 5 min from 5.6 to 4.6 in the N-terminus,
from 12 to 10 in AR4 and from 18 to 15 in the PEST.

Balasubramaniam and Komives Page 17

Biochim Biophys Acta. Author manuscript; available in PMC 2014 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


