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Determination of Equine Cytochrome c Backbone Amide
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Spectrometry Using a Wider Time Window and Isotope
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Abstract. A new strategy to analyze amide hydrogen/deuterium exchange mass
spectrometry (HDX-MS) data is proposed, utilizing a wider time window and isotope
envelope analysis of each peptide.Whilemost current scientific reports present HDX-
MS data as a set of time-dependent deuteration levels of peptides, the ideal HDX-MS
data presentation is a complete set of backbone amide hydrogen exchange rates.
The ideal data set can provide single amide resolution, coverage of all exchange
events, and the open/close ratio of each amide hydrogen in EX2mechanism. Toward
this goal, a typical HDX-MS protocol was modified in two aspects: measurement of a
wider time window in HDX-MSexperiments and deconvolution of isotope envelope of
each peptide. Measurement of a wider time window enabled the observation of

deuterium incorporation ofmost backbone amide hydrogens. Analysis of the isotope envelope instead of centroid
value provides the deuterium distribution instead of the sum of deuteration levels in each peptide. A one-step,
global-fitting algorithm optimized exchange rate and deuterium retention during the analysis of each amide
hydrogen by fitting the deuterated isotope envelopes at all time points of all peptides in a region. Application of this
strategy to cytochrome c yielded 97 out of 100 amide hydrogen exchange rates. A set of exchange rates
determined by this approach is more appropriate for a patent or regulatory filing of a biopharmaceutical than a
set of peptide deuteration levels obtained by a typical protocol. A wider time window of this method also
eliminates false negatives in protein-ligand binding site identification.
Keywords: Cytochrome c, Hydrogen/deuterium exchange, Isotope envelope, Mass spectrometry
Abbreviations: CID, Collision induced dissocoation; ETD, Electron transfer dissociation; GuHCl, Guanidine
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Received: 19 September 2016/Revised: 2 November 2016/Accepted: 27 November 2016/Published Online: 20 January 2017

Introduction

Hydrogen/deuterium exchange coupled with proteolysis,
liquid chromatography (LC), and mass spectrometry

(HDX-MS), is becoming a standard method to characterize
proteins. The technique can be used for protein characterization
[1–4], protein–small molecule interactions [5–7], and protein–
protein interactions [8–11]. A typical HDX reaction performed

in deuterated buffer at near neutral pH is followed by
quenching of the reaction by the addition of a cold acidic
buffer, digestion by protease(s) active at low pH, LC separa-
tion, and MS analysis.

The ideal HDX-MS data set presents the exchange rate of
each backbone amide hydrogen for the entire sequence of an
analyte protein. To acquire this type of data, two dimensions
have to be considered: protein sequence resolution and ex-
change time window [12]. A conventional HDX-MS data set
presents total deuterium incorporations in medium resolution
(several amide hydrogens) for a relatively narrow time window
(2–3 orders of magnitude). The medium resolution of the data
makes it very difficult to pinpoint where interesting behavior(s)
occurred in the segment. A narrow time window often fails to

Electronic supplementary material The online version of this article (doi:10.
1007/s13361-016-1571-1) contains supplementary material, which is available
to authorized users.

Correspondence to: Yoshitomo Hamuro; e-mail: yhamuro@yahoo.com

http://crossmark.crossref.org/dialog/?doi=10.1007/s13361-016-1571-1&domain=pdf
http://dx.doi.org/10.1007/s13361-016-1571-1
http://dx.doi.org/10.1007/s13361-016-1571-1


detect important exchange event(s) of very fast and very slow
exchanging amide hydrogens.

Achieving single amide resolution in HDX-MS is an active
research area. There are two fundamentally different ap-
proaches: sublocalization of deuterium by subtraction of the
deuteration levels in two analogous peptic or ion fragments,
and utilization of the isotope envelope shape [13] instead of the
centroid value of a peptic fragment [14–17]. The
sublocalization method can be further dissected into three
subclasses: utilization of non-specificity of a single protease
such as pepsin [12, 18, 19], development of new proteases [20–
24], and fragmentation of a peptide in the gas phase [25–30].

Sublocalization method subtracts the deuteration levels of
two analogous peptic or ion fragments. In this method, for
example, the subtraction of the number of deuteriums in resi-
dues 1–9 from that in residues 1–10 can yield the deuteration
level in residue 10. Good signal-to-noise ratio of both frag-
ments is critical for this approach, due to the propagation of
error upon subtraction.

Sublocalization utilizing only analogous pepsin fragments
is possible and has been used since early days of HDX-MS
analysis [18, 19]. This method takes advantage of relative weak
sequence specificity of pepsin [31]. This method works well as
long as HDX-MS system can generate and detect analogous
peptic fragments in high signal-to-noise ratio. However, the
number of analogous peptide pairs is usually limited.

New proteases may provide new opportunities for better
HDX-MS analysis [20–24]. A new protease may give higher
sequence coverage or higher resolution than standard pepsin by
itself, depending on the analyte protein and conditions. Multi-
ple proteases can be used in parallel (in separate experiments)
for the digestion of a single analyte protein [24]. Or multiple
proteases can be used in tandem (in the same experiment) to
generate smaller peptic fragments and higher resolution
(Hamuro, unpublished results). It is not easy to find a new
protease that is active in low pH and low temperature HDX-MS
compatible conditions.

Gas-phase fragmentation of a peptide can yield
sublocalization of deuterium within a peptide [25–30]. A new
gas-phase fragmentation method has a similar value as a new
protease, providing new cleavage sites for sublocalization.
Electron capture dissociation (ECD) and electron transfer dis-
sociation (ETD) showed potential for sublocalization of deute-
rium within a peptide. Jørgensen’s group developed synthetic
peptides for the detection of scrambling in gas-phase fragmen-
tation [25] and paved the way for the practical application of
this method.

Englander’s group pioneered the HDX-MS analysis utiliz-
ing the isotope envelopes instead of the centroid values
[13, 32]. This approach became possible because of recent
development of higher resolution mass spectrometers that can
give baseline resolution among the isotopic peaks. This ap-
proach, for example, can differentiate a peptide with two 50%
deuterated amides versus the same peptide with one 100%
deuterated amide. Old standard data analysis cannot distinguish
the two situations, because it only measures the centroid value

of the peptide. This approach yields a set of deuteration
levels instead of the sum of deuterium incorporation for
each peptic fragment.

Monitoring a wide time range in HDX-MS analysis is often
overlooked [12]. A typical protein backbone amide hydrogen
exchanges between 10−2 s and approximately 1010 s [33],
covering 12 orders of magnitude. On the other hand, HDX-
MS data set usually measures from tens of seconds to thou-
sands of seconds, covering approximately 2–3 orders of mag-
nitude out of 12 orders and missing all fast exchanging and
slow exchanging phenomena.

Incomplete coverage of time window is a big issue, partic-
ularly in binding site identification for protein–small molecule
and protein–protein interaction. Figure 1 shows four types of
HDX-MS deuterium buildup curves with no perturbation in the
presence and absence of ligand. These cases except Figure 1a
are considered false negative in ligand binding site identifica-
tion.While the last three segments are considered nonperturbed
segments, they have unobserved perturbations outside of the
monitored time window (in the gray time range). The only way
to prevent this issue is to monitor a wide enough time range that
can cover the deuteration levels from 0% to 100% as in Fig-
ure 1a for all segments of the analyte protein.

In this paper, a new strategy to analyze HDX-MS data is
described, utilizing a wider time window and isotope envelope
of each analyte peptide. This study covered the time equivalent
from 10−2 to 106 s at pH 7 at 23 °C. Combination with isotope
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Figure 1. Simulated HDX-MS deuterium buildup curves that
show no perturbations with ligand ( ) and without ligand
( ) in a typical HDX-MS analysis. White is the time window
monitored (30 s–10,000 s) and gray is the time window not
monitored. (a) Deuteration levels go up from 0% to 100% with
and without ligand in the time window monitored. (b) No deu-
terium incorporation is observed with and without ligand in the
time window monitored. (c) The peptic segment is completely
deuterated with and without ligand in the time window moni-
tored. (d) Deuterium incorporations go up in the time window
monitored, whereas the deuteration levels do not cover from
0% to 100%
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envelope analysis determined the HDX rates of 97 backbone
amide hydrogens out of possible 100.

Experimental
Materials

All reagents were obtained from Sigma (St. Louis, MO, USA).

pH

The actual pD (pDcorr) value is slightly higher than the readings
of pH meter (pDread) in D2O (pDcorr = pDread + 0.4) [34].

On-Exchange Experiment for HDX-MS

HDX-MS analysis was carried out on fully automated system
described previously [3]. Briefly, on-exchange reaction was
initiated by mixing 2 μL of 1 mg/mL cytochrome c in H2O
with 18 μL of deuterated buffer (20 mM citrate at pDcorr 5.4 or
6.4; 20 mM phosphate, pDcorr 7.4 or 8.4; 20 mM serine pDcorr

9.4 or 10.4). The reaction mixture was incubated for 15, 50,
150, or 500 s at 0 °C or 30, 100, 300, or 1000 s at 23 °C
(Table 1). The on-exchanged solution was quenched by the
addition of chilled 30 μL of 1.6 M guanidine hydrochloride
(GuHCl), 0.8% formic acid, and immediately analyzed.

Fully Deuterated Experiment for HDX-MS

The fully deuterated sample was prepared by incubating the
mixture of 2 μL of 1 mg/mL cytochrome c with 18 μL of D2O

at 60 °C for 3 h. The sample was then quenched identically to
an on-exchanged solution.

General Protein Process for HDX-MS

The quenched solution was pumped over a pepsin column
(104 μL bed volume) filled with porcine pepsin (Sigma)
immobilized on Poros 20 AL media (Applied Biosystems,
Foster City, CA, USA) per the manufacturer’s instructions
with 0.05% TFA (200 μL/min) for 2 min with contempora-
neous collection of proteolytic products by a reverse phase
trap column (4 μL bed volume). Subsequently, the peptide
fragments were eluted from the trap column and separated
by C18 column (Magic C18; Michrom BioResources, Inc.,
Auburn, CA, USA) with a linear gradient of 13% solvent B
to 40% solvent B over 23 min (solvent A, 0.05% TFA in
water; solvent B, 95% acetonitrile, 5% buffer A; flow rate
5 μL/min–10 μL/min). Mass spectrometric analyses were
carried out with a ThermoFisher LTQ Orbitrap mass spec-
trometer (ThermoFisher, San Jose, CA, USA) with capillary
temperature at 275 °C and resolution 15,000.

Theory
Effects of pH on Backbone Amide Hydrogen
Exchange

Backbone amide hydrogens can exchange with solvent hydro-
gen through acid-, base-, or water-catalyzed reactions [35, 36].

Table 1. HDX Reaction Conditions and Exchange Times Versus Exchange Times Corrected to pDcorr 7.4 and 23 °C (in Seconds)

Corrected to
pDcorr 7.4
and 23 °C

HDX reaction condition

pD 5.4 pD 6.4 pD 7.4 pD 8.4 pD 9.4 pD 10.4 pD 7.4 pD 8.4 pD 9.4 pD 10.4
0 °C 0 °C 0 °C 0 °C 0 °C 0 °C 23 °C 23 °C 23 °C 23 °C

0.013 15
0.044 50
0.13 150 15
0.44 500 50
1.3 150 15
4.4 500 50
13 150 15
44 500 50
130 150 15
440 500 50

1,400 150 15
4,400 500 50
13,000 150
44,000 500

30 30
100 100
300 300 30

1,000 1,000 100
3,000 300 30

10,000 1,000 100
30,000 300 30
100,000 1,000 100
300,000 300

1,000,000 1,000
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kch ¼ kH Hþ½ � þ kOH OH−½ � þ kH2O ð1Þ

Hydrogen exchange reaction primarily goes through the
base-catalyzed reaction near or above physiological pH
(>pH 5), while the acid and water-catalyzed reactions may
contribute at a very low pH. The acid- and base-catalyzed
reaction rates become comparable at around pH 2.3, where
hydrogen exchange reaction is the slowest [37]. Because the
hydrogen exchange rate, kch, is practically proportional to the
concentration of hydroxide ion, [OH−], above pH 5, hydrogen
exchange reaction becomes 10 times faster as pH increases one
unit in the pH range. Therefore, for example, the exchange
reaction for 300 s at pH 6 is equivalent to that for 30 s at pH 7.

Effects of Temperature on Backbone Amide Hydro-
gen Exchange

Arrhenius equation can describe the effects of temperature on a
rate constant,

k ¼ A exp –Ea=RTÞð ð2Þ
where A is the frequency factor and Ea is the activation energy
of the reaction. Now hydrogen exchange reaction is predomi-
nantly the base-catalyzed reaction above pH 5,

kch ∼ kOH OH−½ � ¼ A exp –Eb=RTÞ OH−½ �ð ð3Þ
where Eb is the activation energy of base-catalyzed amide
hydrogen exchange reaction. The activation energy of base-
catalyzed amide hydrogen exchange reaction is determined to
be 17 kcal/mol [35]. Equation 3 can convert the intrinsic
exchange rates at various pH and temperatures to that at a
standard condition.

Standardizing Exchange Time

In the current study, all exchange times were converted to the
exchange times in the standard condition (pDcorr 7.4, 23 °C)
using Equation 3. The exchange time at various pDcorr was
converted to the exchange time at pDcorr 7.4 by multiplying
with 10pD–7.4. All exchange times at 0 °C were converted to the
exchange times at 23 °C by multiplying with 0.088 (Table 1)
[12]. For example, 50 s exchange at pDcorr 6.4 at 0 °C is
equivalent to 0.44 (=50 × 10−1 × 0.088) s in the standard
condition.

Analysis
Checking Data Consistency

The difference in deuteration levels of a peptide in exchange
conditions A and B was calculated as

ΔDL %ð Þ ¼ jDA–DBj=Dmax � 100

where ΔDL (%) is the difference in deuteration levels, DA is
deuterium incorporation of the peptide in condition A, DB is

deuterium incorporation of the peptide in condition B, and
Dmax is the deuterium incorporation in the peptide in fully
deuterated sample.

Determination of Exchange Rates and Maximum
Deuteration Levels

Algorithm to determine a set of exchange rates (Ki-j) and a set
of maximum deuteration levels (Mi-j) for residues i–j is de-
scribed in the following sections and Figure 2.

Observed Non-deuterated Isotope Envelope

The area of each isotopic peak was integrated. This step yielded
the ratio of no 13C peak, one 13C peak, two 13C peaks, and so
forth (Figure 3a).

Ni− j ¼ ni− j;0; ni− j;1; ni− j;2;…
� �X

k¼0

ni− j;k ¼ 1

where Ni-j is the observed isotope envelope of residues i–j, and
ni-j, k is the fraction of the peak with k

13C atoms in the isotope
envelope of non-deuterated residues i–j.

Variables for Simulation

Residues i–j has a set of exchange rates (Ki-j) and a set of
maximum deuteration levels (Mi-j) (Figure 3b),

Ki− j ¼ ki; kiþ1; kiþ2;…kj
� �

Mi− j ¼ mi;miþ1;miþ2;…mj

� �
Xj

k¼1

mk ¼ Mi− j;max

where kk is the exchange rate and mk is the maximum
deuteration level of residue k. The sum of mk has to match
the deuteration level of fully deuterated run of residues i–j,
Mi-j, max.

Calculation of Deuterium Distribution

The deuteration level (p) of residue i at exchange time t is

pi; t ¼ mi 1−exp –kitð Þ½ �
Pi− j;t ¼ pi;t; piþ1;t; piþ2;t;…pj;t

n o

Pi-j, t, can provide the calculated deuterium distribution in
residues i–j at time t, Qi-j, t, yielding the fraction of the peak
with no deuterium atoms (qi-j, t, 0), with one deuterium atom
(qi-j, t, 1), and so forth (Figure 3c, d).
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qi− j;t;0 ¼ ∏
j

k¼i
1− pk;t
� �

qi− j;t;1 ¼
Xj

k¼i

pk;t
1−pk;t
� � ∏j

k¼i
1− pk;t
� �" #

:::::
Qi− j;t ¼ qi− j;t;0; qi− j;t;1; qi− j;t;2;…

n o
X
k¼0

qi− j;t;k ¼ 1

ð4Þ

Observed Deuterated Isotope Envelope

The area of each deuterated isotopic peak was integrated.
This step yielded the ratio of monoisotopic (M) peak, M +
1 peak, M + 2 peak, and so forth (black columns in
Figure 3e, f).

Di− j;t ¼ di− j;t;0; di− j;t;1; di− j;t;2;…
� �X

k¼0

di− j;t;k ¼ 1

where Di-j, t is the observed isotope envelope of residues
i–j at time t and di-j, t, k is the fraction of the M + k
peak in the isotope envelope of residues i–j at exchange
time t.

Calculation of Deuterated Isotope Envelope

Calculation with the observed nondeuterated isotope en-
velope, Ni-j, and the calculated deuterium distribution,
Qi-j, t, can provide the calculated isotope envelope of
deuterated residues i–j at exchange time t, Ci-j, t (white
columns in Figure 3e, f).

START

New Ku-v and Mu-v

Calculate deuterated  isotope 

envelope of residues i-j at time t, Ci-j, t

Observed non-deuterated

isotope envelope of

residues i-j at time t, Ni-j, t

Exchange time, t

Calculate deviation of 

residues i-j at time t, Χ2
i-j, t

Calculate deuterium distribution 

of residues i-j at time t, Qi-j, t

Calculate deviation of 

residues i-j, Χ2
i-j = Σ Χ2

i-j, t

Observed deuterated

isotope envelope of

residues i-j at time t, Di-j, t

repeat for all time points

repeat for all peptides 

in region u-v

Calculate deviation of 

region u-v, Χ2
u-v = Σ Χ2

i-j

Is Χ2
u-v minimum?

STOP

No

Yes

t

Figure 2. Flow chart of the analysis. Algorithm to determine a set of exchange rates (Ku-v) and a set of maximum deuteration levels
(Mu-v) for region u-v. Residues i-j is a part of region u-v
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ci− j;t;0 ¼ ni− j;0qi− j;t;0
ci− j;t;1 ¼ ni− j;0qi− j; t;1 þ ni− j;1qi− j;t;0
ci− j;t;2 ¼ ni− j;0qi− j;t;2 þ ni− j;1qi− j; t;1 þ ni− j;2qi− j;t;0
…
Ci− j;t ¼ ci− j;t;0; ci− j;t;1; ci− j;t;2;…

� �X
k¼0

ci− j;t;k ¼ 1

where ci-j, t, k is the fraction of the M + k peak in the
isotope envelope of residues i–j at exchange time t.

Optimization of Variables

The comparison of observed isotope envelope (Di-j, t)
and calculated isotope envelope (Ci-j, t) can tell the
goodness of the parameters Ki-j and Mi-j at exchange
time t, X2

i-j, t. Minimization of the sum of the squares
of deviations between the observed and calculated iso-
tope envelopes at all time points, X2

i-j, can yield the
optimal Ki-j and Mi-j (Figure 2).

X 2
i− j;t ¼

X
k

di− j;t;k−ci− j;t;k
� �2

X 2
i− j ¼

X
t

X 2
i− j;t

Multiple Peptides in the Same Region

Whenmultiple peptides cover the same region, one set ofK and
M were optimized to minimize the sum of these X2’s (Table 2).
In the case of region IV in Figure 4, one set of variables, K67-82

and M67-82, were optimized to minimize the sum of X2’s for
segments 67–80, 67–82, 68–80, 68–82, 69–80, and 69–82
(note that peptide 65–82 gives the HDX behaviors of residues
67–82; Table 2; Figure 5).

Computation

All MS raw data were imported into Excel. After each isotopic
peak was integrated and converted into an area size, all data
handling and calculations were performed in Excel. Variables
were optimized using Solver Add-in program in Excel.

Results
The change of cytochrome c dynamic properties was negligible
in the wide range of exchange conditions employed. The
current study expands the exchange time window utilizing
the effects of pH and temperature on intrinsic hydrogen ex-
change reactions (Theory section) [12]. The effects of pH on
the dynamic properties of cytochrome c can be evaluated by the
comparison of the deuteration levels of a peptide after two
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Figure 3. Simulation of deuterated isotope envelopes of residues 69–80 (corresponding to peptide 67–80). (a) Observed non-
deuterated isotope envelope, N69-80. (b) Deuterium buildup curves of amide hydrogens between 69 and 80 generated from K69-80

and M69-80. There are 10 amide hydrogens in the segment because there are two prolines. Two dotted lines are at exchange times of
300 s and 1,000,000 s. (c) Calculated deuterium distribution at exchange time 300 s,Q69-80, 300. (d) Calculated deuterium distribution
at exchange time 1,000,000 s, Q69-80, 1,000,000. (e) Observed (black) and calculated (white) isotope envelope at exchange time 300 s,
D69-80, 300 andC69-80, 300. (f) Observed (black) and calculated (white) isotope envelope at exchange time 1,000,000 s, D69-80, 1,000,000

and C69-80, 1,000,000
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different HDX-MS experiments with equivalent exchange
times (Analysis section). There are 16 pairs of experimen-
tal conditions which are in different pH yet should give

identical deuteration levels (e.g., 150 s exchange at pDcorr

5.4 and 15 s exchange at pDcorr 6.4 in Table 1). The
average difference in deuteration levels determined in 382

Table 2. Backbone Amide Hydrogen Exchange Rates (s−1) of Equine Cytochrome c at 23 °C and pDcorr 7.4 (Ki) and Maximum Deuteration Levels (Mi). The
maximumMi is 0.90

10 20 30 40 50 60 70 80 90 100
GDVEKGKK I FVQKCAQCHTVEKGGKHKTGPNLHGLFGRKTGQAPGFTYTDANKNKG I TWKEETLMEYLENPKKY I PGTKM I FAG I KKKTEREDL I AYLKKATNE

(I) (II) (III) (V) (VI)(IV)
Figure 4. Sequence coverage of equine cytochrome c by peptic fragments. The exchange rates (Ki) and maximum deuteration
levels (Mi) were optimized using the data from all peptides within each of (I) – (VI) regions

492 Y. Hamuro: Cytochrome c HDX-MS Isotope Envelope



pairs (16 pairs of experimental conditions × 24 peptides)
was 3.1% (Supplementary Table S1 in Supporting Infor-
mation). Analogous analysis can be done for the tempera-
ture effects by comparing the deuteration level of 500 s at
0 °C and that of 30 s at 23 °C for pDcorr 7.4~10.4. In this
case, each pair should give slightly different deuteration
levels (see Table 1 for corrected times). The average dif-
ference in deuteration levels determined in 96 pairs (4 pairs
of experimental conditions × 24 peptides) was 4.8% (Sup-
plementary Table S2 in Supporting Information). While
these differences are slightly higher than the errors expect-
ed for duplicated experiments, the differences are not large
enough to suggest significant change in the dynamic prop-
erties of cytochrome c by pH or temperature change (see
Supplementary Figure S32 in Supporting Information for
examples of HDX-MS data with significant change in
dynamic properties).

In this study, equine cytochrome c sequence was dissected
into six regions (Figure 4). One set of parameters (exchange
rates, Ki and maximum deuteration levels, Mi) was used to fit
the isotope envelopes of all peptides in each region at all time
points as described in the Analysis section. For example, one
set of 28 variables, K67-82 and M67-82 (Table 2), fit all isotope
envelopes of six peptides, 65–80, 65–82, 66–80, 66–82, 67–80,
and 67–82 in region IV (Figure 4) at all 40 time points. While
K67-82 and M67-82 were optimized to fit the isotope envelopes,
the variables can describe the deuterium buildup curves of the
peptides very well (Figure 5a–f).

The overlapping peptides further dissected cytochrome c
sequence into 19 segments (Table 2) using 24 high-quality
peptides (Figure 4 and Supplementary Figures S1–S31 in
Supporting Information). For example, the six peptides shown
in Figure 5 dissected region IV into four segments, 67, 68, 69–
80, and 81–82 (Table 2). Out of 19 segments, seven segments

0

2

4

6

8

10

0

2

4

6

8

10

0

2

4

6

8

10

0

2

4

6

8

10

0

2

4

6

8

10

0

2

4

6

8

10

-0.5

0

0.5

1

1.5

2

2.5

10-2 1             102 104 106

(a) Residues 67-80 (b) Residues 67-82

(c) Residues 68-80 (d) Residues 68-82

(e) Residues 69-80 (f) Residues 69-82

(g) Sub-  localized

81-82

67

68

(h) Sub-  localized

49

64

65
66

10-2 1            102 104 106

1.5

1

0.5

0

-0.5

Exchange time (second)               

D
e

u
te

r
iu

m
 i
n

c
o

r
p

o
r
a

ti
o

n

Figure 5. Representative deuteriumbuildup curves. Diamonds and circles are observed values and solid lines are simulated curves.
(a) Residues 67–80. (b) Residues 67–82. (c) Residues 68–80. (d) Residues 68–82. (e) Residues 69–80. (f) Residues 69–82. (g)
Sublocalized deuterium buildup curves. , residues 81–82; , (69–82) – (69–80); , (68–82) – (68–80); , (67–82) – (67–80).

, residue 67; , (67–80) – (68–80); , (67–82) – (68–82). , residue 68; , (68–80) – (69–80); , (68–82) – (69–82). (h)
Sublocalized deuterium buildup curves. , residue 49; , (49–63) – (50–63); , (49–64) – (50–64); , (49–65) – (50–65); , (49–66)
– (50–66). , residue 66; , (47–66) – (47–65); , (48–66) – (48–65). , residue 65; , (47–65) – (47–64); , (48–65) – (48–
64). , residue 64; , (47–64) – (47–63); , (48–64) – (48–63)
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(Thr47, Thr49, Leu64, Met65, Glu66, Tyr67, and Leu68) were
single amide resolution and gave the explicit exchange rate at
each position. There are four segments (81–82, 83–84, 95–96,
and 97–98) that are only two residues long. In these cases, each
exchange rate was assigned to be as consistent as possible with
the previous NMR data [33]. There are eight relatively large
segments, such as 1–10. It is not possible to assign each exchange
rate explicitly without external information in these segments.
For these segments, first each exchange rate was assigned to be
consistent with theNMRdata. Then, the rest was assigned so that
neighboring residues have similar exchange rates.

This approach determined 97 backbone amide hydrogen
exchange rates out of 100 amino acids (excluding four prolines;
Table 2). There are three residues (Lys22, Gly23, and Tyr48)
not monitored because the first two residues of each peptide
lose deuterium too fast to follow during the downstream pro-
cessing [35]. For example, Bpeptide^ 22–47 provides the HDX
behaviors of amide hydrogens in Bsegment^ 24–47. The only
exceptions are peptides starting at N-terminal of cytochrome c,
which is acetylated.

Calculated parameters can describe the deuteration levels of
sublocalized residues very well. For example, the deuterium
buildup curves calculated from the parameters, k67, k68, k81, k82,
m67, m68, m81, and m82, fit the observed deuteration levels of
residues 67, 68, and 81–82 very well (Figure 5g). These eight
parameters were determined by fitting the isotope envelopes of
six peptides in region IV (Figure 4), not by fitting the deuterium
buildup curve of each sub-localized residue. Similarly, the
parameters, k49, k64, k65, k66, m49, m64, m65, and m66, deter-
mined by fitting the isotope envelopes of eight peptides in
region III (Figure 4) can describe the observed deuteration
levels of residues 49, 64, 65, and 66 very well (Figure 5h).
The good agreement between simulated and observed

deuterium buildup curves in sublocalized segments supports
the integrity of this approach.

A typical HDX-MS protocol can monitor only one-third
(34/97) of backbone amide hydrogens despite 100% sequence
coverage for equine cytochrome c. A typical HDX-MS proto-
col surveys 2–3 orders of time window (e.g., 30 to 10,000 s
shown in Figure 6). In this protocol, 36 out of 97 backbone
amide hydrogens exchange too fast to follow, and 27 hydro-
gens exchange too slowly, leaving approximately two-thirds of
amide hydrogen behaviors unobserved.

The NMR method determined about one-half (53/100) of
backbone exchange rates for equine cytochrome c [33]. The
technique can explicitly determine the exchange rates of slowly
exchanging amide hydrogens, while it cannot observe any fast
exchanging amide hydrogens (Figure 5). Acquiring NMR data
at pD 5 in addition to pD 7 might add a dozen more exchange
rates by monitoring faster exchanging amide hydrogens.

The amide hydrogen exchange rates obtained by HDX-MS
method and NMR method are in good agreement (Figure 7).
Only seven out of 53 residues have HDX-MS exchange rates
more than one order of magnitude different from those deter-
mined by NMR. Particularly important ones are 10 residues,
the exchange rates of which were determined at high resolution
(either single amide residue segments or two residue segments)
by HDX-MS (residues Thr49, Leu64, Met65, Glu66, Tyr67,
Leu68, Ile95, Ala96, Tyr97, and Leu98; ◆ in Figure 7). While
the HDX-MS experiment yielded 15 high resolution exchange
rates, five of them exchanged too fast for NMR experiment.

Discussion
When a patent or regulatory filing requires describing the
dynamic properties of a biopharmaceutical, a set of backbone
amide hydrogen exchange rates is more appropriate than a set
of peptide deuteration levels. The majority of current HDX-MS
studies reports a set of peptide deuteration levels, such as
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[33]. Note that the NMR data were acquired at 20 °C, pDcorr 7.0,
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deuterium buildup curves [2], color maps [19], or butterfly
charts [38]. Although these presentations are very useful to
quickly grasp the similarities and differences in the dynamic
properties of an analyte protein, they do not have solid physi-
cochemical meanings. The values could change depending on
experimental conditions, such as back exchange during down-
stream process [37, 39]. Therefore, the comparison of two data
from different instruments or laboratories is difficult. On the
other hand, once the data is reduced down to a set of exchange
rates (Ki), they should not change as long as the protein fold
and exchange conditions are the same (although maximum
deuteration levels (Mi) may vary depending on laboratories or
instruments). An HDX-MS practitioner may choose the data
analysis method depending on the purpose of the analysis.

It is important to monitor a wide time window in HDX-MS
experiment, particularly for ligand binding site identification.
While the HDX-MS technique is gaining in popularity for the
identification of protein–protein and protein–small molecule
interaction sites especially for epitope mapping of antibody
drugs, the inability to detect perturbation upon interaction
may be a big problem. In the case of well-studied equine
cytochrome c – E8 antibody interaction, a standard HDX-MS
protocol can monitor only about one-third (5/14) of exchange
rates in the antibody binding site. X-ray co-crystal structure of
cytochrome c – E8 antibody complex identified 14 residues
(Val3, Gly34, Phe36, Gly37, Lys39, Thr58, Lys60, Glu61,
Glu62, Ala96, Lys99, Lys100, Asn103, and Glu104) as the
contact residues [40]. Among the 14 residues, only five resi-
dues (Phe36, Gly37, Thr58, Lys60, and Lys100) exchange
between 30 and 10,000 s. On the other hand, the current
method can cover all residues except Lys99.

The deconvolution of isotope envelope can provide a lot
more information than the centroid value of the same isotope
envelope [13]. In an ideal situation, the deconvolution of
peptide isotope envelope with x potentially deuterated amides
can give x number of deuteration values. On the other hand, the
centroid of the same isotope envelope can provide only one
value, the sum of the all deuteration levels. This means that
obtaining only centroid values in HDX-MS analysis wastes a
lot of valuable information. When HDX-MS started in the
1990s, most practitioners were using low resolution mass spec-
trometers that cannot clearly separate each peak (therefore
deconvolute) in an isotope envelope. Combined with not ideal
signal-to-noise ratio, usage of centroid values for HDX-MS
analysis became the standard. Now, with recent development
of MS, higher resolution HDX-MS data have become com-
monly available for HDX-MS studies, and the deconvolution
of isotope envelope is much easier.

While the current analysis is similar to a pioneering HDsite
work [13] by Englander’s group, there are three major differ-
ences between HDsite analysis and the current analysis. The
first one is usage of a wider time window, which is critical to
obtain not single amide deuteration levels but single amide
exchange rates because the exchange rates may vary by 12
orders of magnitude (Figure 6). To expand the time window,
HDX-MS experiments can be also performed at (1) very short

time points by a stopped-flow type apparatus, (2) very long
time points, (3) various temperatures, and (4) various pHs [12].
Each of the conditions (2)–(4) requires the analyte protein to
have the same dynamic properties as the native state in the
given exchange condition. A wider time window was possible
in the current study primarily because of the stability of cyto-
chrome c in the wide pH range.

The second difference is the usage of one maximum deu-
teration level for each amide hydrogen in all peptides involved,
instead of calculating the back exchange for each amide hy-
drogen in each peptide (see Multiple Peptides in the Same
Region in Analysis; Figure 2). For example, the maximum
deuteration level of Glu69, m69, is assumed constant in six
peptides, 65–80, 65–82, 66–80, 66–82, 67–80, and 67–82,
although the peptides have different retention times that may
lead to different the maximum deuteration levels for Glu69 in
these peptides. HDsite analysis calculates the effective back
exchange time for each peptide and thus uses different maxi-
mum deuteration levels for the same amide hydrogen in differ-
ent peptides. The simplification of back exchange treatment in
the current study is possible because the back exchange is
significantly slowed down once organic solvent is introduced
in the liquid chromatography step. The current simpler method
is probably practical for an HDX-MS system with well-
controlled temperature, as the deuterium loss from a peptide
is negligible in the liquid chromatography step.

The third difference is a one-step, global-fitting algorithm to
obtain amide hydrogen exchange rates in the current analysis.
HDsite analysis yields the amide hydrogen exchange rates in two
steps: (1) calculating the deuteration level (or D-occupancy) of
each amide hydrogen at each time point by fitting the isotope
envelopes of peptides, which include the amide hydrogen, and
(2) calculating the exchange rate of the amide hydrogen by fitting
the deuteration level change of the amide hydrogen in the time
course. The current study obtains a set of amide hydrogen
exchange rates along with a set of maximum deuteration levels
in one step. The current study performs a global-fit of all isotope
envelopes at all time points in all peptides in one region using a
set of amide hydrogen exchange rates and a set of maximum
deuteration levels (see Analysis section; Figure 2). This simple
one-step, global-fitting approach is possible because of the usage
of one maximum deuteration level for each amide hydrogen in
all peptides involved, as described in the second difference.

The current analysis has pros and cons over HDsite analysis.
A big advantage of the current analysis is that there is no need
to assign each deuteration level to each residue to calculate the
exchange rate. For example, in the current data, there are 10
deuteration levels for segment 69–80 at each time point
(Table 2). To obtain an exchange rate in HDsite, one out of
10 deuteration levels from each time point has to be picked
correctly to generate one deuterium buildup curve. This selec-
tion may not be trivial, especially with erroneous data and/or
data with large segments. An HDsite type two-step approach
was not applicable to the current study because of the large size
of some regions. The current analysis does not have this ambi-
guity and yields a set of exchange rates even for a large region.
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A potential issue of the current analysis is the assumption that
each amide hydrogen (e.g., Glu69) has the one maximum
deuteration level (the same back exchange) in all peptides
involved (in this case, peptides 65–80, 65–82, 66–80, 66–82,
67–80, and 67–82). This may be a problem in a system with
poorly controlled temperature or an analysis with a long chro-
matography time. However, this appears not to be a problem in
the current study, judging from the sublocalized results
(Figure 5g, h). Overall, the current analysis algorithm is simpler
and easier to implement than the HDsite algorithm to obtain
hydrogen exchange rates, as long as the one maximum deuter-
ation level assumption holds for the data analyzed.

Future works may combine a wider time window with high
resolution HDX-MS studies using gas-phase fragmentation to
present explicit exchange rates. Gas-phase fragmentation
aiming to use for HDX-MS is an active research area [25–
30]. While more papers demonstrate the use of gas-phase
fragmentation for high resolution HDX-MS data, all of them
are determining not the exchange rates of residues but the
deuteration levels of residues [6, 7]. From a practical point of
view, gas-phase fragmentation technique is the same as a new
protease, which enables new sublocalizations. A paper deter-
mining the explicit exchange rates using gas-phase fragmenta-
tion is awaited to fully realize and validate the power of gas-
phase fragmentation for HDX-MS.

Conclusion
Almost a quarter century has passed since the first HDX-MS
paper was published [1]. Since then, HDX-MS has gained
utility and popularity and now is a very important tool to study
proteins. MS and automation technology has improved signif-
icantly during the period and can provide much superior raw
data for HDX-MS analysis [3, 41, 42]. While the software to
extract information from HDX-MS raw data has improved and
the presentation of the data has become refined, the majority of
the data extracted is still centroid values and most of the data
presented is still deuteration levels of peptides [14–17]. While
this data analysis approach is fine and valuable to quickly
investigate biological function of a target protein, this may
not be suitable for a more precise protein characterization
purpose, such as a patent or regulatory filing. With the avail-
ability of high resolution HDX-MS raw data, it may be the time
to shift the data analysis paradigm from determination of
centroid values and presentation of deuteration levels to
deconvolution of isotope envelopes and presentation of ex-
change rates.
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