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Abstract. Measurement of residual structure in intrinsically disordered proteins can
provide insights into the mechanisms by which such proteins undergo coupled
binding and folding. The present work describes an approach to measure residual
structure in disordered proteins using millisecond hydrogen/deuterium (H/D) ex-
change in a conventional bottom-up peptide-based workflow.We used the exchange
mid-point, relative to a totally deuterated control, to quantify the rate of H/D exchange
in each peptide. A weighted residue-by-residue average of thesemidpoints was used
to map the extent of residual structure at near single-residue resolution. We validated
this approach both by simulating a disordered protein and experimentally using the
p300 binding domain of ACTR, a model disordered protein already well-

characterized by other approaches. Secondary structure elements mapped in the present work are in good
agreement with prior nuclearmagnetic resonancemeasurements. The new approachwas somewhat limited by a
loss of spatial resolution and subject to artifacts because of heterogeneities in intrinsic exchange. Approaches to
correct these limitations are discussed.
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Introduction

Intrinsically disordered proteins contain regions that lack
well-defined structure under in vivo or native in vitro condi-

tions [1–3]. In higher organisms, roughly one-third of the
expressed proteins are expected to contain disordered regions
[4]. While folded proteins are essential in cellular functions
such as catalysis and structure, disordered proteins play essen-
tial roles in cellular signaling and protein–protein interactions
[5]. Central to their functions in protein–protein interactions is
the phenomenon of coupled folding and binding, where a
disordered protein becomes folded upon engagement with its
binding partner [6]. Two distinct modes of binding have been
proposed. One mode, known as conformational selection, pro-
poses that the disordered protein exists as an ensemble of
interconverting conformers that transiently populates folded

states. Under conformational selection, the binding partner
engages only with folded conformations. Alternatively, in the
induced folding mode, the disordered protein first forms an
encounter complex with its binding partner. It is interactions
with the surface of the binding partner that lead to the folding of
the disordered protein. A more detailed understanding of these
modes of interaction will provide deeper insights into the
principles of molecular recognition that underlie protein–pro-
tein interactions involving disordered proteins. In particular,
mapping and quantifying regions of disordered proteins that are
transiently structured (so-called residual structure) can support
or refute the conformational selection mode of binding. Yet,
obtaining measurements of residual structure remains
challenging.

One technique that can provide information about residual
structure is amide hydrogen/deuterium (H/D) exchange. The
rate of amide H/D exchange is highly dependent on the back-
bone dynamics in different regions of a protein: amides in
unstructured elements exchange rapidly, whereas rigidly struc-
tured elements can exchange many orders of magnitude more
slowly [7–9]. Mass spectrometry lends itself well to measure-
ment of deuterium incorporation [10]. Previously, we and
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others have found that H/D exchange measurements on disor-
dered proteins are more useful when the exchange process
is measured on the millisecond timescale [11–14]. In a
conventional H/D exchange experiment, the relative rates
of deuterium incorporation in different parts of the pro-
tein can be estimated by subjecting the deuterated protein
samples to rapid proteolysis under conditions that pre-
serve the deuterium label [15]. Still, this approach cannot
match the spatial resolution achievable using nuclear
magnetic resonance (NMR). For this reason, experimental
[16–18] or computational [19–21] approaches that pro-
vide single residue resolution are highly desirable.

In this work, we bring together an approach that
meets the need for mapping residual structure in intrin-
sically disordered proteins with near single-residue reso-
lution. Our approach is built upon a simple home-built
quench-flow device for millisecond H/D exchange, a
model-free analysis of the peptide level H/D exchange
kinetics, and a simple computational approach that takes
advantage of highly overlapping peptic peptide maps. We
demonstrate the feasibility of these approaches using a
disordered domain of ACTR, residues 1023-1093, (acti-
vator for thyroid hormone and retinoic acid receptors or
p160), hereafter referred to simply as ACTR, which
binds to the co-activation domain CREB binding protein
(hereafter referred to as CBP). ACTR is a nearly-random
coil protein that folds upon binding to CBP [22]. While
early work on ACTR suggested that the free protein was
completely unstructured [22, 23], more recent NMR mea-
surements have revealed that ACTR has small amounts
of transient structure in the regions that become folded
upon binding to CBP [24, 25].

Experimental
Protein

Human ACTR1023-1093 (see UniProt NCOA3_HUMAN) was
co-expressed with mouse CBP2059-2117 in E. coli strain
BL21(DE3) (Life Technologies, Grand Island, NY, USA)
using a pET co-expression plasmid [22] and purified using
anion exchange and size-exclusion chromatography as
described previously [11].

H/D Exchange Mass Spectrometry

Millisecond amide H/D exchange labeling was carried out
using a home-built quench-flow device [14]. ACTR in 10
mM phosphate/50 mM sodium chloride/pH 6.9 was labeled
with a 5-fold excess of 10 mM phosphate/50 mM sodium
chloride/pD 6.9 at 22°C. The pDwas calculated using the glass
electrode correction for the deuterium isotope effect [26]. The
labeled sample was quenched with 200 mM sodium phosphate
buffer at pH 2.6 at a 6:5 volume ratio, frozen immediately with
liquid nitrogen, and held at –80°C until analyzed. Totally
deuterated control samples were prepared manually by labeling

for at least 14 h at 22°C using a 5-fold excess of labeling buffer
and then quenched as described above. Immediately prior to
LC-MS analysis on a time-of-flight mass spectrometer (Agilent
6220; Santa Clara, CA, USA), individual samples were rapidly
thawed by hand and injected into a refrigerated column com-
partment constructed in-house [27]. Following rapid proteoly-
sis of the quenched samples in an immobilized pepsin
column [28] at 0°C, ACTR peptides were desalted using
a C12 trap and separated with a water/acetonitrile gradi-
ent, as described previously [11]. All measurements were
based on the analysis of three technical replicates of the
labeling. Each replicate was analyzed on a separate day.
The average deuterium recovery was 80% ±8% (mean
±standard deviation), after accounting for a theoretical
maximum exchange of 83.3% (1:5 dilution with D2O).

Peptic peptides of ACTR were identified using a
combination of accurate mass measurements (±10 ppm)
on a time-of-flight mass spectrometer (Agilent model
6220; Santa Clara, CA, USA ) and MS/MS using
collision-induced dissociation in a linear ion trap (Ther-
mo LTQ-XL). Peptide MS/MS spectra were assigned
using Proteome Discoverer (Thermo, San Jose, CA,
USA) and validated by manual inspection of the assigned
peaks. A set of 63 peptides was used in this analysis
(see Table S1 in the Supporting Information). The pep-
tide set was scrutinized to remove potential y ion frag-
ments of larger peptides that might be generated by in-
source fragmentation [29]: when co-eluting peptides
shared a C-terminal cleavage site, the shorter peptides
were rejected unless the N-terminal cleavage could be
substantiated by another peptic peptide.

Data Analysis

Initial H/D exchange data processing was carried out using
HDExaminer (Sierra Analytics, Modesto, CA, USA). Deuteri-
um uptake was normalized to 100% using the totally deuterated
values [15]. The data were then exported to a spreadsheet for
subsequent analysis. The time required to reach 50% deutera-
tion (t50% ) was determined by linear interpolation between the
two data points spanning 50% exchange. Here, the overbar
indicates that the value represents the average exchange over
the entire peptide. The determination of residue-resolved t50%
values began with the generation of an ‘exchangeability’ ma-
trix, E, with dimensions i×j, analogous to the Kronecker delta
function, illustrated schematically in Figure 1. The index i
denotes the individual peptides and j denotes the residues in
the protein. The values in this matrix, either 1 or 0, indicate
whether a given residue, j, in a given peptide, i, reports on
exchange (i.e., Ei,j=1), or not (i.e., Ei,j=0). After proteolysis,
back-exchange causes complete loss of deuterium at the first
residue of a peptide because this position is converted from an
amide to an amine. Intrinsic exchange calculations show that
the second residue (i.e., the first amide deuterium in the pep-
tide) also undergoes rapid back-exchange under quench con-
ditions [30, 31]. Thus, the first two residues of peptide i and any
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proline residues were assigned E values of 0. All other residues
in each peptide were assigned values of 1. Residues that
were not contained within peptide i were also assigned a
value of 0. Formally,

Ei; j ¼ 0; if j < ni þ 2 or j > ci or Rj ¼ 00P00

1 ; if ni þ 2 ≤ j ≤ ci and Rj≠ 0 0 P 0 0

�
ð1Þ

where n and c denote the N- and C-termini of each peptide and
Rj is the identity of the residue j. The peptide-averaged t50%
values were mapped uniformly onto each residue of a given
peptide. The residue-resolved values of t50% were obtained
from a weighted average of t50% values from all peptides that
covered a given residue, as depicted schematically in Figure 1
by the vertical arrows:

t50%; j ¼

X
i

Ei; j⋅t50%;i⋅wi

� �
X

i

wi

ð2Þ

The weighting function w in Equation 2 gives more weight
to peptides with fewer exchangeable residues than to peptides
with larger numbers of exchangeable residues, since the shorter
peptides provide better spatial resolution. Here, the weighting
function was based on the inverse square of the number of
exchangeable residues:

wi ¼
X

i

Ei; j

 !−2

ð3Þ

Equations 1 through 3 were implemented in a series of
spreadsheets.

The simulation of H/D exchange used a model poly-
peptide composed of two 10-residue helical domains
inserted between three 10-residue linker regions (see
Figure 2a). The amides in the linker regions were
assigned a half-life of 0.23 s, typical of intrinsic ex-
change by unstructured polypeptides at 25°C at pD 7
[30]. Gaussian distributions centered in the middle of
each helix were used to define the half-lives of exchange
in the helical regions (see Figure 2b). The slowest ex-
changing amides in the middles of the N- and C-terminal
helices had half-lives (τ) of 0.92 s and 0.58 s, respec-
tively, corresponding to protection factors of 4 and 2.5,
respectively. Amide H/D exchange was simulated in a
series of 10-residue peptides, each offset by four residues

Figure 1. H/D exchange kinetics mapped onto individual am-
ides using weighted residue averaging as described in the
Experimental section. Individual peptides are denoted by col-
ored boxes. The midpoint of exchange (t50% ) for each peptide
is indicated by color with a shading scheme between fast
exchange (yellow) and slow exchange (blue). The values of
zero and one indicate whether a given residue (j) contributes to
the observed exchange in peptide i. The residue-averaged
values at the bottom are obtained by using a weighted average
of t50% for residues assigned a value of one

Figure 2. Residue averaging of t50% values accurately returns
the protected regions in a simulation of a weakly protected
loop-helix-loop-helix-loop protein. The secondary structural
elements are shown in (a). The simulated half-lives (τ) of
exchange of individual residues are shown in (b). The t50%
values for overlapping, 10 residue peptides are shown in panel
(c), colored as shown in the scale bar. Using residue averaging
of the t50% values, as described in the Experimental section,
residue-averaged values of t50% were computed. The results are
shown in (d). See text for more details
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from the previous peptide, using a sum of single expo-
nentials:

D tð Þ ¼
X

j

1−e−
t
τ j

� �
ð4Þ

where τj is the half-life of exchange of residue j and t is
the exchange time. For simplicity, it is assumed in this
model that all residues in the peptide undergo detectable
H/D exchange. In other words, there are no prolines,
there is no conversion of the first amide into an amine,
and the second residue does not rapidly back-exchange.
The simulated deuterium uptake curves can be found in
the Supplementary Information section (Figure S1). t50%
for each peptide was determined by linear interpolation.
Residue-averaged t50% values were determined using
Equations 1 and 2 without weighting (i.e., w=1), since
all peptides were of equal length. These results are
shown in Figure 2c and d.

The helical propensity of ACTR was predicted using the
AGADIR algorithm [32–34] available online at http://
agadir.crg.es/. ACTR disorder prediction was calculated using
the PONDR-VLXT algorithm [35] available online at http://
www.pondr.com/.

Results
In this work, we propose a novel, model-free approach to
parameterize peptide-level H/D exchange kinetics and obtain
residue-resolved results by taking advantage of the many over-
lapping peptides produced by pepsin digestion. We describe
exchange using empirically-determined mid-point values, t50%,
which represent the time required to reach 50% deuteration
relative to a totally deuterated control sample. We avoid the use
of the term ‘half-life’ in this context since peptide-level ex-
change is an ill-defined multi-exponential process. We illus-
trate the use of this approach by defining residually-structured
helical elements in the intrinsically disordered protein ACTR.

The approach to obtaining residue-resolved kinetics, de-
scribed in the Experimental section, is presented schematically
in Figure 1. We used a weighted average of the mid-points of
exchange t50%ð Þ of every peptide that covers a given residue.
To validate this averaging approach, wemodeled exchange in a
simple two-helix polypeptide in which the two helices exhibit
only very weak protection against exchange (see Figure 2a and
b). Using the model, we simulated peptide-level H/D exchange
(see Supplementary Figure S1) to determine the midpoint of
exchange t50%ð Þ by each peptide, as shown in Figure 2c. All
residues, except for the first and last four, are covered by either
two or three peptides. The residue-resolvedmidpoint data, t50%,
shown in Figure 2d, compare favorably with the actual indi-
vidual half-lives (τ) of the amides, shown in Figure 2b. In
particular, the boundaries of both helical regions are well-
defined. The gradations of protection across each helix and
the locations of maximum protection can also be easily identi-
fied. Finally, the difference in the relative magnitudes of

protection in the two helices is also returned accurately using
the peptide-averaging approach. There is some degradation in
the quality of the data. Some loss of both spatial resolution and
dynamic range is evident in Figure 2d. These losses arise from
the blurring of the data that arises from trying to retrieve single
residue resolution from overlapping 10 residue fragments.
Overall, however, the results from the simulation establish the
feasibility of using residue averaging of the t50% values to
achieve higher resolution for weakly protected secondary struc-
tural elements from peptide maps where most residues are
covered by at least two or three peptides.

Representative deuterium uptake data from selected pep-
tides covering the entirety of the ACTR sequence are shown in
Figure 3. These results have been normalized to 100% relative
to fully deuterated ACTR. As is evident in the figure, ACTR
peptides exhibit a range of different amide H/D exchange
kinetic profiles. The time required to reach 50% deuteration
can be estimated from Figure 3 using the dashed horizontal
reference line at 50%. At one extreme, the N-terminal peptide
1023-1030 is 50% exchanged after approximately 0.2 s and is
almost fully exchanged by 3.5 s. In contrast, the 1051-1057
peptide takes 1.6 s to reach 50% and is only ~65% deuterated
after 3.5 s. This represents a roughly 16-fold difference in the
rate of H/D exchange in different peptides of ACTR.

Although a variety of different approaches to parameterize
deuterium incorporation kinetics have been described in the
literature [15, 19–21, 36–38], peptide-level H/D exchange is
inherently a multi-exponential process involving kinetics of
both forward and back-exchange. It is well known that analysis
of multi-exponential behavior is computationally challenging,
particularly when the data are sparse [39]. To avoid these
issues, we have adopted the empirical approach of interpolating
the amount of time required to reach 50%, t50% , using simple
linear interpolation between the two exchange measurements
that span 50%. The peptide-level t50% values that arise from
this simple analysis, mapped onto the ACTR sequence, are
shown in Figure 4. Two peptides (1070-1072 and 1070-
1073), shown in black, exchange too slowly to reach 50%
exchange within the timescale of the quench-flow exchange
system. These two peptides were excluded from subsequent
analysis. In general, peptides from the N-terminal third of
ACTR are less protected. This less protected region correlates
with the 24-residue N-terminal tail that is absent from the
NMR-derived structure of the ACTR-CBP complex [22]. The
most slowly-exchanging peptides, shown in blue and black,
align with regions of ACTR that become helical in the complex
(shown in Figure 4a).

Using this approach, we obtained residue-resolved t50%
values by residue averaging the data shown in Figure 4. The
results are shown in Figure 5b. The t50% values range from
0.23 s in N-terminal tail to a maximum of 1.03 s in helix 1. In
general, there is good correlation between residues with t50%
values greater than 0.5 s (dashed line in Figure 5b) and the
regions of ACTR that become helical in complex with CBP.
However, there is less protection in residues 1058 and 1059
than in the rest of the residues in helix 1. There is also some
blurring of the N-terminal boundary of helix 2, with t50% values
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suggesting that this helix extends to residue 1067. It is worth
noting that the author-deposited secondary structure assign-
ment in the Protein Databank extends helix 2 to residue 1066
(see 1KBH), whereas Figure 5a shows the secondary structure
assignment using the DSSP algorithm [40]. Finally, in the C-
terminal tail, residues 1083-1093, exchange is much slower
than in the disordered N-terminal tail. At neutral pH, exchange
at the C-terminal amide of ACTR is hindered by two carbox-
ylate groups that repel OD–, resulting in increased protection
against exchange. This factor contributes to a calculated intrin-
sic exchange half-life of 33 s for the C-terminal amide of
ACTR [30]. This amide is essentially non-exchanging on the
millisecond timescale, leading to some bias in the measurement
of t50% in all of the C-terminal peptides.

Discussion
There are two alternative models that describe how intrinsically
disordered proteins undergo coupled binding and folding with
their interaction partners. These interactions might involve
either binding of a transiently-folded conformer or, alternative-
ly, formation of an encounter complex that induces folding [2,
6]. Measuring the extent to which the isolated protein samples
folded conformations in the absence of its binding partner can
provide better insights into the nature of protein–protein inter-
actions involving disordered proteins. Our goal in this work is
to explore the potential for millisecond H/D exchange and
residue averaging to provide this type of information.

Figure 3. Representative deuterium uptake curves from ACTR peptic peptides exhibit a range of deuterium uptake kinetics; t50%
values were determined by linear interpolation (the point where each curve crosses the 50% line). Data were normalized to 100%
relative to a totally deuterated control [15]. The error bars denote the standard deviations from triplicate measurements

Figure 4. t50% values (in seconds) for each peptic peptide of ACTR are aligned against the primary sequence and secondary
structure (a) that ACTR forms in complex with its binding partner [22]. (b) The t50% values are indicated by the color scale that runs
from 0.18 s in yellow to 3 s in blue. The scale is logarithmic, with each box in the scale denoting a two-fold increase in t50% . Two
peptides, shown in black, did not reach 50% exchange
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In the case of ACTR, a small, soluble protein that does not
appear to be prone to aggregation and can be easily isotopical-
ly-labeled, NMR has provided valuable insights into the extent
of residual structuring [22, 23, 25, 41]. The measurement of
chemical shifts for the backbone carbon atoms (Cα and C′)
relative to the chemical shifts of the same protein measured in 6
M urea [24] has been used to map regions of ACTR that are
transiently helical (see Figure 5c and d) [41]. Large, positive
secondary chemical shifts are indicative of residual structure.
Also shown in Figure 5 are helical propensity and disorder
predictions for ACTR (Figure 5e and f). ACTR can serve as a
useful model system to validate millisecond H/D exchange
measurements.

In general, the data shown in Figure 5b are in good agree-
ment with NMR secondary chemical shift data. Both types of
measurements show that the extent of residual structuring is
strongest in helix 1, in good agreement with the helical pro-
pensity prediction. The biggest discrepancy is in the helix 2
region, where H/D exchange suggests that the degree of struc-
turing is similar to that of helix 1. In contrast, the NMR data
suggest that structuring in the helix 2 region is weaker. This
discrepancy suggests several different possibilities. First, the
difference may just arise as an artifact of the residue averaging
process itself: there are fewer small peptides in the helix 2
region, so the exchange kinetics may not be as well-localized.
A second possibility is that there is no simple linear correlation
between H/D exchange kinetics and secondary chemical shift.
Finally, the data obtained from NMR and H/D exchange may
report on different, but related, biophysical properties of poly-
peptides. Although H/D exchange kinetics are related to dy-
namic motions of the peptide backbone [7, 8, 42], the second-
ary chemical shifts are sensitive to the extent to which the
polypeptide backbone favors particular dihedral angles [43,
44]. Hence, the naïve expectation that there would be a linear
correspondence between t50% and secondary chemical shift is
unlikely. Interestingly, both the NMR and H/D exchange mea-
surements suggest that there is little or no residual structure in
the helix 3 region. This observation is also in good agreement
with the helical propensity prediction. All of these observations
imply that folding in helix 3 requires interaction with the
surface of CBP [22]. Finally, we note some slight evidence of
protection in the 1030-1040 region that seems to correlate with
limited helical propensity and, possibly, positive secondary
chemical shifts for the Cα carbons. In contrast to the generally
good agreement between H/D exchange, NMR, and helical
propensity, there is little correlation between H/D exchange
and the PONDR disorder prediction. PONDR scores range
from zero for regions with a high likelihood of being ordered
to one for regions with a high likelihood of being disordered.
Figure 5f shows the disorder prediction for ACTR. Although
the disorder prediction correctly shows a low likelihood for
order in all regions of ACTR, the lowest PONDR scores do not
align with the helical regions of ACTR.

Although there is generally good correlation between the
various measures and predictions of residual secondary struc-
ture, the comparison does reveal some limitations of the

Figure 5. Residue averaged exchange can be used to mea-
sure and map residual structure in an intrinsically disordered
protein. Measures of residual structure and disorder are aligned
against the α-helical secondary structure that ACTR forms in
complex with CBP (a) [22]; t50% values obtained by averaging
the peptide data (Figure 4) are shown in (b). Secondary chem-
ical shift data obtained by NMR are shown in (c) and (d) [41]. A
helical propensity prediction and a disorder prediction are
shown in panels (e) and (f), respectively
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millisecond H/D exchange approach. In general, even when
weighted averaging is used, there is some degradation of spatial
resolution. This is not surprising: it would be unreasonable to
expect recovery of truly residue-resolved exchange from pep-
tides that span many residues no matter how many overlapping
peptides are combined. Despite the use of a weighted average,
it is still possible that a small peptide could be ‘overruled’ by a
large number of longer peptides, especially if the longer pep-
tides cross a structured/unstructured boundary in the primary
sequence. In other words, a short protected region might go
undetected if the majority of peptides covering the region are
long and cover adjacent unprotected regions. The averaging
process could also be subject to bias either from unfavorable
peptide coverage or selective assembly (i.e., cherry picking) of
the peptide map. It is also important to exclude from the peptide
map any in-source y-ion fragments [45] that might appear to be
authentic proteolytic peptides.

Another issue that can arise is that intrinsic exchange, nor-
mally thought of as uniform and ‘fast’, can in fact be rather
heterogeneous. We have already noted in the Results section
that exchange by the C-terminal aspartate amide is abnormally
slow. This effect arises because of the electrostatic repulsion
between the carboxylates and the deuteroxide ion [30]. Ex-
change will always be slow at the C-terminus, but especially
slow when a second carboxylate (aspartate or glutamate) is
present. Another well-known effect is steric protection of the
amide by leucine, isoleucine, and valine side chains [30]. This
effect is particularly evident in two ACTR peptides, EEI (1070-
1072) and EEID (1070-1073), shown in black in Figure 4.
After back-exchange, EEI has only a single, slowly-
exchanging amide. In EEID, the slowly-exchanging isoleucine
is further protected by the adjacent carboxylate groups. These
two peptides were the only ones that did not reach 50%
exchange by 3.5 s (see Figure 3). For well-folded proteins,
these subtle intrinsic exchange effects become less important
because exchange can be many orders of magnitude slower
than the intrinsic rate. For intrinsically disordered proteins,
however, analysis of H/D exchange kinetics may require some
sort of normalization that takes these effects into account. An
alternative approach might be to measure millisecond H/D
exchange relative to exchange in a high concentration of deu-
terated denaturant such as d4-urea. Regardless of the relative
magnitude of intrinsic exchange for a given peptide, a peptide
that shows faster exchange in the presence of urea would be
indicative of residual structure.

The apparently residue-resolved exchange kinetics sug-
gested to us that it might be possible to extract residue-
resolved protection factors (i.e., the ratio of intrinsic to ob-
served rate of exchange). We attempted this by first calculating
peptide-level t50% using intrinsic exchange [30] and then
determining the corresponding residue resolved t50% values.
Here, the results were disappointing. Many residues appeared
to exchange somewhat faster than predicted on the basis of
intrinsic exchange (results not shown). Indeed, many of the
peptides in the intrinsically disordered protein α-synuclein have
also been shown to exchange more rapidly than expected on
the basis of intrinsic exchange calculations [46]. Rand et al.
also observed peptide D/H back-exchange kinetics that were

faster than predicted on the basis of intrinsic exchange [47].
These observations suggests that the intrinsic exchange calcu-
lations, based on model peptides [30, 31], may not be suffi-
ciently accurate for polypeptides that are nearly unstructured.

The highly overlapping nature of the peptic peptide map
shown in Figure 4 offers the promise that H/D exchange might
be sub-localized by application of a subtractive approach [19].
Recent work, however, suggests that overlapping peptides can
exhibit dramatic differences in the level of back-exchange,
rendering a subtractive approach based on the magnitude of
exchange unreliable [48]. Instead, our approach relies on the
use of t50% to parameterize the rate, rather than themagnitude,
of exchange. Our approach should be much less susceptible to
back-exchange artifacts. An additional advantage of the use of
t50% is that it is empirical and model-free: no assumptions are
made about the functional form of the exchange kinetics. This
means the approach applies equally well to any H/D exchange
data. One possible limitation would be for peptides that exhibit
H/D exchange kinetics that appear to be bi-exponential.

Conclusions
In this work, we have described an approach to mapping
residual secondary structure in an intrinsically disordered pro-
tein using peptide-level millisecond H/D exchange combined
with a residue averaging algorithm to approach single-residue
resolution. Although the spatial resolution is somewhat less
than what can be achieved by NMR, H/D exchange mass
spectrometry does not require incorporation of 13C and 15N
into the protein, and the approach retains the advantages of
working with smaller amounts of much larger proteins. Com-
pensation for heterogeneity of intrinsic exchange may further
improve the interpretation of the results. We expect that the
residue averaging approach can also be applied to conventional
timescale H/D exchange data on well-folded proteins. Efforts
in this area are on-going in our lab.
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