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Abstract: Active enkephalin and related peptide hormones or neurotransmitters are generated by

proteolytic processing of inactive prohormone precursors. Little is known about the relative
accessibilities of prohormone cleavage sites and conformations of subdomains that undergo

proteolytic processing. Therefore, this study investigated the conformational features of the

prohormone proenkephalin (PE) by rapid hydrogen-deuterium exchange mass spectrometry
(DXMS). DXMS analyzes rates of hydrogen exchange of the polypeptide backbone of PE with

deuterium from D2O (heavy water) by mass spectrometry, accomplished at sub-second and

multisecond time periods. Results showed differential accessibilities of cleavage sites and
adjacent subdomains of PE to the aqueous environment. Importantly, protease cleavage sites of

PE with greater relative accessibilities correspond to sites most readily cleaved by processing

proteases to generate active peptide neurotransmitters. For comparison, peptides derived from PE
(by pepsin digestion) displayed greater accessibility to the solvent environment, illustrated by their

higher rates of H-D exchange compared to that of intact PE protein. The more limited H-D

exchange accessibilities of PE protein, compared to peptides derived from PE, indicate that PE
possesses tertiary conformation. These results demonstrate that differential tertiary conformations

of PE subdomains undergo ordered proteolytic processing to generate active enkephalin peptides

for cell-cell communication in the nervous and endocrine systems.
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Introduction

Prohormone precursors must undergo proteolytic

processing to generate small active peptide hor-

mones and neurotransmitters, known as neuropepti-

des, that are essential for cell-cell signaling in the

nervous and endocrine systems.1,2 Proenkephalin

(PE), like other prohormones, is processed at multi-

ple cleavage sites to generate enkephalin peptides

that participate in the control of analgesia,3–5 learn-

ing and memory,6,7 and brain-regulated behaviors

including drug addiction.8–10 PE contains 12 cleav-

age sites designated by dibasic residues in various

heterocombinations and homocombinations of argi-

nine and lysine, for example, Lys-Arg, Arg-Arg, and

Lys-Lys that generate (Met)enkephalin (ME),

(Leu)enkephalin (LE), ME-Arg-Gly-Leu, and ME-

Arg-Phe.1 Proteolytic processing of PE and prohor-

mones at dibasic processing sites is achieved by se-

cretory vesicle processing endoproteases consisting

of the cysteine protease cathepsin L1,11,12 and the

subtilisin-like prohormone convertases (PC) PC2 and

PC1/3, combined with the exopeptidases carboxypep-

tidase E and aminopeptidase B.1,13,14 The processed

neuropeptides undergo regulated secretion for con-

trol of target cellular systems.

The multiple protease processing sites are

located throughout PE, suggesting the tertiary con-

formation of PE may consist of cleavage site

domains and other subdomains with differential

accessibilities to the aqueous environment. Further-

more, processing of PE by sequential cleavages15,16

also suggests the hypothesis that differential accessi-

bilities of protease cleavage sites and intervening

domains within PE occur. For these reasons, this

study evaluated the hypothesized differential acces-

sibilities of PE subdomains to the aqueous solvent

environment by hydrogen-deuterium exchange mass

spectrometry (DXMS), which measures rates of

exchange of deuterium from heavy water (D2O) to

the polypeptide backbone of the PE protein. Differ-

ent rates of exchange among sub-regions in a poly-

peptide chain can indicate relative differences in

their conformational features with respect to accessi-

bilities and solvent access.17–24 For PE and other

prohormones, it is hypothesized that unequal solvent

accessibilities of PE subdomains participate in pro-

hormone processing to generate active peptides.

The hypothesis that PE contains tertiary confor-

mations predicts that its subdomains may have

restricted accessibility to the solvent environment

compared to short peptides derived from PE, which

are predicted to possess greater accessibility to the

aqueous environment than the same sequences

within the intact PE. Therefore, this study also com-

pared H-D exchange properties of intact PE with

that of individual peptides derived from PE. Use of a

quenched-flow system for measuring H-D exchange

allowed determination of the dynamic and rapid

nature of H-D exchange among PE domains, and

even more rapid H-D exchange of peptides derived

from PE.

H-D exchange results showed that PE displayed

dynamic differences in relative accessibilities among

its cleavage sites and intervening subdomains flank-

ing the active enkephalin peptide sequences. Nota-

bly, the protease cleavage sites of PE that show

greater relative accessibilities correspond to sites

most readily cleaved by processing proteases to gen-

erate active peptide neurotransmitters.1 In contrast,

peptides derived from the same PE (generated by

pepsin) showed greater H-D exchange than intact

PE. The more limited H-D exchange of intact PE

indicates its tertiary conformational features. These

H-D exchange properties illustrate that the tertiary

conformational landscape of PE participates in its

proteolytic processing to generate active enkephalin

peptides for cell-cell communication.

Results

Rapid and differential H-D exchange rates of PE

subdomains
H-D exchange among subdomains of intact PE was

achieved by incubation in heavy water (D2O), in

time course studies, quenching, pepsin digestion, fol-

lowed by peptide mass analyses by LC-MS/MS to

determine incorporation of deuterium in pepsin-gen-

erated peptide fragments [Fig. 1(a1)]. For compari-

son, peptides derived from PE by pepsin digestion

(rather than intact PE) were subjected to H-D

exchange in time course studies [Fig. 1(a2)]. H-D

exchange at rapid sub-second and multisecond time

points required use of a quenched-flow system [Fig.

1(b)], which was necessary for the observation of

more rapid H-D exchange properties of PE compared

with other proteins that typically utilize longer H-D

exchange times.17–24

Pepsin digestion of PE and LC-MS/MS yielded

excellent coverage of peptides identified (Fig. 2).

Peptides included cleavage site domains of PE, and

intervening domains between active enkephalin

sequences. These pepsin digestion conditions were

used for DXMS experiments in this study.

H-D exchange of intact PE reveals differential

accessibilities of its subdomains

DXMS analyses of PE at the shortest time point

of 0.5 s demonstrated H-D exchange occurring

throughout the PE protein (Fig. 3). After incubation

of PE in D2O, H-D exchange is illustrated by map-

ping pepsin-generated peptide fragments along the

length of the PE polypeptide sequence. Time course

experiments at 0.5, 1, 10, and 37 s of H-D exchange

illustrated the increasing levels of deuteration of

peptide domains of PE with longer incubation times
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(Fig. 3). Of interest was the observation that at the

initial time points (0.5–10 s), differences in H-D

exchange were observed throughout different subdo-

mains of PE.

H-D exchange of intact PE, compared to H-D

exchange of peptides derived from PE

For comparison, H-D exchange of intact PE protein

was compared with individual peptides derived from

PE (by pepsin digestion). The rates of incorporation

of deuterium into each peptide fragment present

within intact PE, or into individual peptides gener-

ated from PE, were plotted (Supporting Information

Fig. A). These data indicated differences in relative

H-D exchange rates of intact PE compared to its

individual peptides, illustrated by mapping such dif-

ferences throughout PE (Fig. 4). Overall, H-D

exchange for intact PE was substantially lower than

that for individual peptides derived from PE, illus-

trating different conformational features of PE com-

pared with peptides of PE. The lower H-D exchange

for intact PE suggests that it possesses tertiary con-

formation that protects numerous subdomains from

accessibilities to the aqueous solvent environment.

Differential H-D exchange at proteolytic

processing site domains of PE
The multiple protease cleavage sites are essential

for processing PE into active enkephalin peptide

neurotransmitters and hormones. Therefore, H-D

exchange properties of peptide regions spanning the

12 cleavage sites were compared. The relative

Figure 1. H-D exchange of PE and peptides derived from PE, with quenched flow system. a1 and a2: DXMS of intact PE

and peptides derived from PE. DXMS (hydrogen-deuterium exchange mass spectrometer) was used to investigate H-D

exchange properties of intact PE (part ‘‘a1’’) and individual peptides derived from PE (by pepsin; part ‘‘a2’’). In (a1),

recombinant PE was subjected to incubation in D2O buffer in time course studies, followed by quenching, pepsin digestion,

and LC-MS/MS for analyses of deuterons incorporated into PE regions. In (a2), the first step was to generate peptides

derived from PE by pepsin digestion, and these peptides were then subjected to incubation in D2O buffer in time course

studies followed by quenching and LC-MS/MS. (b) Quenched-flow system for rapid H-D exchange. A quenched-flow system

was developed to obtain rapid sub-second and multisecond time points for H-D exchange data. Pump A delivers the sample

in H2O buffer and pump B delivers the D2O buffer (buffer compositions are indicated in the methods) to a micro static mixing

tee. Sub-second and multisecond H-D exchange periods were achieved by varying the tubing volume of the delay tube

(dashed line in Fig. 2) that brings the mixture to a second mixing tee to which the quenching buffer is delivered by pump C.

The time of exposure of the sample to D2O is determined by the volume of that particular tubing because the sample is in

continuous flow at 0.4 mL/min prior to being quenched at the second mixing tee. These H-D exchange experiments were

conducted in a water bath of 3.9�C at time points of 0.5, 1, 10, and 37.5 s.
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Figure 2. Pepsin digestion of PE and mass spectrometry. The map of pepsin-generated peptides after H-D exchange

illustrates the excellent coverage of peptides spanning the PE protein, including the active peptides within the PE precursor.

The active peptides consist of (Met)enkephalin (M), M-Arg-Gly-Leu (O, octapeptide), (Leu)enkephalin (L), and M-Arg-Phe (H,

heptapeptide). The pepsin-generated peptides shown in black lines were used for analyses of H-D exchange of intact PE and

peptides derived from PE in Figures 3 and 4. The gray lines were observed in pepsin digests of PE, but were not used in

deuteration maps of PE in Figures 3 and 4.

Figure 3. Differential H-D exchange among subdomains of intact PE indicated by DXMS time-course studies. Dynamic

differences in the extent of deuteration are observed among different subdomains of PE. Time course studies incubated intact

PE in D2O buffer at 0.5, 1, 10, and 37 s in DXMS experiments. Incorporation of deuterium from D2O into peptide domains of

PE were calculated as percent of FD PE, observed as the maximum level of PE deuteration (14 h at room temperature, as

described in methods). Color coding of deuteration levels from 10 to 90% are indicated in the legend provide with this figure.

Mapping of the percent deuteration at the different time points illustrate time-dependent deuteration of PE. Notably, different

levels of deuteration were observed for distinct subdomains of PE, illustrated in the PE map. The map shows the primary

sequence of recombinant PE with the active enkephalin peptide sequences highlighted in yellow, with the adjacent dibasic

residue cleavage sites highlighted in purple.
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deuteration of each of the cleavage site ‘‘domains’’

was analyzed for peptide sequences adjacent to the

N-terminal and C-terminal sides of the cleavage site

that are known to interact with proteases.25,26 This

involved evaluating multiple peptides spanning

these cleavage site ‘‘domains.’’

Differential accessibilities of cleavage site

domains of intact PE was observed in time-course

studies (0.5 and 1 s incubation in D2O) [Fig. 5(a)]

The mid-regions of PE containing cleavage sites #4–

7 showed greater deuteration than the adjacent

regions of cleavage sites #2–3 and #8–10. However,

cleavage sites #1 and #12 at the N- and C-domains

of PE demonstrated greater levels of deuteration,

similar to the mid-region. Cleavage sites #3, 9, and

10 displayed lower relative deuteration compared

with the other protease cleavage sites of PE; the ba-

sis for their lower deuteration is not yet known.

These H-D exchange data for PE illustrate three

main subdomains of PE with differential accessibil-

ities to the aqueous environment corresponding to

the mid-region, N- and C-terminal domains, and

subdomains between the mid-region and both the

N- and C-terminal domains. The cleavage site

regions of #4–7 that show high accessibilities (com-

pared with other subdomains of PE) to the aqueous

environment in PE represent sites that are readily

cleaved by prohormone processing proteases.15,16,27

In contrast to intact PE, peptides derived from

PE (by pepsin) showed greater levels of deutera-

tion [Fig. 5(b)]. The majority of individual peptides

(derived by pepsin digestion of PE) showed high

levels of deuteration at 50–90% of maximum deut-

eration (at 1 s time point). Peptides at cleavage

sites #3 and #5 showed deuteration at about 50%

of maximum deuteration. In contrast, intact PE

showed lower deuteration throughout the protein

at 20–40% of maximum deuteration [1 s time

point, Fig. 5(a)]. Direct plots of peptides spanning

cleavage sites from DXMS of intact PE, compared

with peptides, further illustrate the more limited

H-D exchange of peptides of intact PE compared

to peptides derived from PE (Supporting Informa-

tion Fig. B).

Overall, these data illustrate the differential

accessibilities of cleavage site domains of PE that

undergoes proteolytic processing to generate active

enkephalin neurotransmitter peptides.

Figure 4. Intact PE displays lower rates of H-D exchange compared to peptides derived from PE. Time-course studies

compared the rates of H-D exchange of intact PE compared to individual peptides derived from PE (by pepsin). The percent

deuteration of each peptide domain was calculated as the difference between intact PE and peptides derived from PE. The

color legend indicates the range of the differences in H-D exchange from �70 to 0% (shades of blue to white) and 0–10%

(white to pink). The PE map shows that all the subdomain regions of intact PE have lower H-D exchange rates (shades of

blue color) compared to peptides derived from PE.

182 PROTEINSCIENCE.ORG Differential Conformational Features of the PE



Discussion

H-D exchange analyses of this study illustrated sev-

eral unique features of PE protein conformational

properties. First, PE undergoes extremely rapid H-D

exchange at sub-second and multisecond time points

for incubation in heavy water (D2O), which contrasts

with many other proteins which display much lower

rates of H-D exchange, which include matrilysin,

and protein kinase A.17–24 Second, subdomains of

the PE prohormone display differences in their rela-

tive accessibilities to the aqueous solvent environ-

ment, including differences in H-D exchange occur-

ring among the 12 protease cleavage sites of PE.

Third, in contrast to intact PE, analyses of individ-

ual peptides derived from PE (by pepsin) illustrate

their more rapid H-D exchange properties. These

data indicate that tertiary conformational properties

of PE provide protection for many of its subdomains

from accessibilities to the solvent environment,

whereas individual peptides (derived from PE) pos-

sess full accessibilities to the solvent. In addition,

CD (circular dichroism) analyses of PE have demon-

strated its secondary structural features composed

of a-helix, b-sheet, and b-turns.28 These H-D

exchange data indicate that conformational proper-

ties of PE participate in its proteolytic processing for

production of active enkephalin peptide hormones

and neurotransmitters.

It is of interest that the cleavage sites of PE

with the greatest accessibilities to the aqueous envi-

ronment correspond to sites most readily cleaved by

processing proteases. Previous studies show initial

cleavage of PE at the KR site #7 by cathepsin L,15 a

site which shows one of the greatest relative accessi-

bilities to the solvent environment compared with

other cleavage sites [Fig. 5(a)]. The prohormone con-

vertases PC1/3 and PC2 show major cleavages of PE

at sites #6 and #7, which possess high accessibilities

to the aqueous environment16 compared with other

cleavage sites. An aspartyl protease involved in pro-

hormone processing readily cleaves site #7 of PE.27

Thus, the DXMS data support the hypothesis that

proteolytic processing of PE occurs most readily at

cleavage sites with greater accessibilities to the

aqueous environment.

It should be noted that in addition to accessibil-

ities of cleavage sites, the amino acid sequences ad-

jacent to the dibasic residue cleavage sites are also

important for determining the preferences of pro-

teases for cleavage sites.29–32 Therefore, while the

cleavage sites #1, 4, 5, 11, and 12 show similar H-D

exchange compared with the most readily cleaved

sites #6 and #7, the different amino acid sequences

at such sites may participate in the lower extent of

their proteolytic processing.15,16,27

Differential accessibilities, and thus exchange

rates, were observed throughout the PE sequence

including cleavage site domains. Interestingly, most

segments of intact PE exchanged faster than PE-

derived peptides. Areas of more restricted accessibil-

ities were not isolated to cleavage sites. Accessibil-

ities among PE subdomains were varied and specific

to particular regions of PE. The rapid H-D exchange

periods of sub-second and seconds achieved in this

study, compared with longer exchange periods of

100 s in previous studies,28 was key to observing

the dynamic nature of PE interactions with its

Figure 5. Differential H-D exchange among protease

cleavage sites of PE and peptides derived from PE. (a)

Intact PE: H-D exchange at cleavage site subdomains.

Comparison of relative H-D exchange rates at the 12

dibasic residue cleavage sites of PE are illustrated at 0.5

and 1 s time points for PE incubation in D2O (hatched and

black bars, respectively). H-D exchange data was compiled

from multiple peptides of PE that span each of the

cleavage sites (indicated in figure) and their average level of

percent deuteration was calculated (mean 6 s.e.m.). (b)

Peptides derived from PE: H-D exchange of peptides

spanning cleavage site domains. H-D exchange of peptides

spanning multiple cleavage sites are illustrated for 0.5 and

1 s exchange time periods (white and gray, respectively).

H-D exchange data for peptides spanning each of the

cleavage sites (indicated in figure) were compiled and their

average level of percent deuteration was calculated (mean

6 s.e.m.). The standard deviation of deuterium

incorporation measured in replicate determinations was

typically less than 5% of the mean, as reported (49, 50).
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solvent environment. PE represents one among the

increasing number of highly dynamic proteins,33

which include protease substrates such as proopio-

melanocortin and other similarly dynamic proteins

such as a-synuclein.34,35

The hydrogen-deuterium exchange levels for

regions of intact PE and peptides derived from PE

were additionally compared with theoretical levels of

intrinsic exchange rates for an unstructured poly-

peptide of the same sequence.36–38 The H-D

exchange rates for peptides derived from PE were

observed to correlate to the theoretical rates for

unstructured peptides of the same sequence. Thus,

the more restricted H-D exchange properties of

intact PE, occurring rapidly with short exchange

periods, indicate its structured features compared

with unstructured peptides derived from PE.

These results provide insight into conforma-

tional properties of a prohormone, illustrated by H-

D exchange investigation of PE in this study. This

achievement represents new knowledge of PE and

prohormone conformational properties, since no crys-

tal structures of any prohormone has yet been deter-

mined. In contrast, crystal structures of the prohor-

mone processing enzyme cathepsin L has been

determined,39,40 and the structural features of the

prohormone convertases have been modeled based on

furin and kexin crystal structures.41 To gain knowl-

edge of structural features of a prohormone, PE, the

DXMS approach of this study illustrates the relative

differences in solvent accessibilities of PE subdo-

mains, including its multiple protease cleavage sites.

In conclusion, DXMS studies of PE indicate that

(a) PE has protected domains in its tertiary confor-

mation that are relatively protected from the aque-

ous environment and (b) PE possesses domains with

lower solvent accessibility compared to peptides

derived from PE. Importantly, the cleavage site

domains of PE with the greatest accessibilities to

the aqueous environment correspond to sites that

are most readily cleaved by prohormone processing

proteases.15,16,27 It will be important in future stud-

ies to gain structural information of PE and prohor-

mones with both DXMS and crystal structure deter-

minations. Such knowledge may promote exploration

of small molecules that modulate prohormone inter-

actions with processing proteases as a means for

regulating prohormone processing and production of

active peptide hormones and neurotransmitters for

cell-cell communication in health and disease.

Materials and Methods

Expression of human PE in E. coli and affinity

purification

N-His-tagged recombinant human PE was generated

by expression in E. coli, and purified by a Ni2þ-affin-
ity column as described previously.28 Briefly, PE was

expressed using the PE-pET19b vector in the

Rosetta 2 (DE3) (EMD, San Diego, CA), BL21 E.

coli. After expression, achieved by IPTG induction,

PE was purified by Ni2þ-affinity column (EMD)

equilibrated with 100 mM Na-phosphate, 20 mM

Tris, pH 8.0, 6M urea (buffer A), and 5 mM imidaz-

ole; PE was eluted with 300 mM imidazole in buffer

A and incrementally dialyzed in a buffer representing

in vivo reducing conditions in the secretory path-

way42 consisting of 100 mM sodium phosphate, 20

mM Tris, pH 7.5, 5 mM glutathione (GSH), and 0.5

mM oxidized glutathione (GSSG; Calbiochem, San

Diego, CA). Recombinant PE was dialyzed into a final

storage buffer of 50 mM Tris, pH 7.5. Purified

recombinant PE was confirmed by SDS-PAGE and

immunoblotting with anti-(Met)-enkephalin polyclo-

nal antibody (1:5000, Chemicon, Temecula, CA). Pro-

tein concentration was estimated by absorbance

measurements at 280 nm using the molar extinction

coefficient of 33,640 M�1cm�1 calculated based on the

amino acid sequence of recombinant His-tagged PE.43

DXMS studies of intact PE at sub-second and
multisecond time points

H-D exchange of intact PE was compared to that of

peptides derived from PE obtained by pepsin diges-

tion in time course studies (sub-second and multisec-

ond time points). Each time point used 50 lg of

intact PE protein.

H-D exchange of recombinant PE at sub-second

and multisecond time points was achieved using the

quench-flow apparatus.44 The quench-flow system

for these experiments was composed of three Shi-

madzu LC-10AD HPLC pumps [Fig. 1(b)], with

pump A delivering the sample in H2O buffer (8.3

mM Tris, pH 7.2 at 0�C) at 0.1 mL/min and pump B

delivering the D2O buffer (8.3 mM Tris in D2O, pH

7.2 at 0�C) at 0.3 mL/min to an Upchurch Scientific

M-540 micro static mixing tee (Idex Health & Sci-

ence, Oak Harbor, WA). Sub-second and multisecond

H-D exchange periods were achieved by varying the

tubing volume of the delay tube [dashed line in Fig.

1(b)] that delivered the mixture to a second mixing

tee where the quenching buffer (1.5M guanidine

hydrochloride, 2.4% formic acid (FA), and 24.75%

glycerol) was delivered by pump C. H-D exchange

experiments were conducted in a water bath of

4.9�C at time points of 0.5, 1, 10, and 37.5 s. After

the quenching step, which terminated H-D exchange

by decreasing the pH to 2.2–2.5, the sample was col-

lected in a glass microsampling vial (Sun-Sri, Rock-

wood, TN) and immediately frozen in dry ice. Each

time point was collected by manually exchanging

the delay tubing [Fig. 1(b)] to the appropriate vol-

ume prior to sample collection. The volume within

each tube is determined by the inner diameter of the

tubing and the length of the tubing. The extent of

exposure of the sample to D2O is determined by the
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volume of that particular tubing because the sample

is in continuous flow at 0.4 mL/min prior to being

quenched at the second mixing tee.

Each PE sample after H-D exchange was subjected

to pepsin digestion and mass spectrometry for analyses

of deuterated peptides, conducted as previously

described.27,45,46 Briefly, the quenched sample at 0�C
was passed over a porcine pepsin-immobilized column

and the pepsin-generated peptides were separated by a

C-18 column (Vydac). The separated peptides were

mass analyzed using a Thermo Finnigan LCQ mass

spectrometer for identification of pepsin-generated pep-

tide sequences from the resulting MS/MS data sets

achieved with use of Sequest (Thermo Scientific, Wal-

tham, MA). Data processing and reduction of H-D

exchange experiments used DXMS data-reduction soft-

ware (Sierra Analytics, Modesto, CA).17,18,47

As control, nondeuterated PE was subjected to

the same procedure in H2O, allowing analyses of

LC-MS/MS spectral data of pepsin-generated frag-

ments of PE. Briefly, the nondeuterated PE samples

were processed by addition of 30 lL of 8.3 mM Tris,

pH 7.2–10 lL of 50 lg protein or peptides and then

the addition of 20 lL of 1.5M guanidine hydrochlor-

ide, 2.4% FA, 24.75% glycerol prior to pepsin diges-

tion and LC-MS/MS. In addition, fully deuterated

(FD) PE samples had 10 lL of 50 lg protein (or pep-

tides) added to 30 lL of D2O, 0.8% FA and allowed

to exchange for 14 h at room temperature prior to

pepsin digestion and LC-MS/MS analyses.

Peptides derived from PE by pepsin-digestion
and H-D exchange studies

Peptides derived from PE were subjected to H-D

exchange for comparison to intact PE. Peptides from

PE were generated by initial digestion of PE with

pepsin prior to H-D exchange. Pepsin digestion of

recombinant PE (2 mg) in 0.5M guanidine hydro-

chloride, 0.5% FA, 11% glycerol used the pepsin col-

umn from H-D exchange experiments described

above for intact PE, and as described previously.45,46

Briefly, the PE protein at 0�C was passed over the

porcine pepsin immobilized column using Shimadzu

LC-10AD HPLC pumps (Kyoto, Japan) with 0.05%

TFA at flow rate of 100 ll/min, and pepsin-generated

peptides were directly collected into a test tube on

ice. TFA was removed and the peptides were concen-

trated and isolated using an AmprepTM C-18 mini-

column (from Amersham Biosciences, Piscataway,

NJ) equilibrated with 2%-acetonitrile in 0.5% FA

and elution with 75% acetonitrile, 0.2% FA. The pep-

tides were lyophilized and stored at �70�C prior to

use in DXMS experiments. Analyses of peptides

derived from 50 lg PE was used for each H-D

exchange experiment, conducted as described above

for intact PE. Lyophilized peptides were reconsti-

tuted in 8.3 mM Tris, pH 7.2 prior to H-D exchange

and LC-MS/MS.

Analyses of H-D exchange rates
The exchange process in a protein/peptide of x

number of amides can be viewed as x number of

independent chemical reactions that each obeys

first order reaction kinetics.36–38,48 If amide hydro-

gen i exchanges at the rate of kex,i, the amount of

deuterium of this position at time point t could be

computed as Di,t ¼ 1 � e�kex,it. kex,i, is a function of

pH, temperature, protein sequence, and protein

conformation. The exchange rate of each peptide

or segments of protein is a summation of the

H-D exchange for each amide hydrogen, with

the exceptions of the N-terminal amino group of

the peptide and the amide hydrogen of the second

amino acid, which exchange too rapidly to retain

deuterons during experiments, and the amino acid

proline, which does not contain an amide proton.

Therefore, for a fragment f starting from residue

m to n, the amount of deuterium incorporated is

Df ;t ¼
Pn

i¼mþ2�Nproline

ð1� e�kex;itÞ.

A double exponential equation, D ¼ Amax �
A1e

�k1t � A2e
�k2t,41 was used to fit the sub-second H-

D exchange data and calculate the H-D exchange

rates using MatLab (MathWorks, Natick, MA) and

Mathematica 6.0 (Wolfram Research, Champaign,

IL). The Amax term was used as a constraint of A1

and A2 such that the sum is less than or equal to

the maximum hydrogen-deuterium exchangeable

sites (A1 þ A2 ¼ Amax). The resulting parameters

were then used in the comparison of the exchange

rates between intact PE and peptides derived from

PE (Fig. 4). In generating the ribbon maps of Fig-

ures 3 and 4, the relative deuteration levels of the

peptides were sublocalized using overlapping pep-

tides.45 First, fragments (fi) were delineated within

each peptide based on the overlapping regions with

another peptide or set of peptides. To prevent over

interpretation of minimally overlapping regions, a

minimum overlap of five residues was established. Sec-

ond, we defined a variable si,t to represent the mass

shift of fragment fi at one exchange time point t. And

thus, a set of linear equations was established such

that the sum of si,t in a specific peptide was equal to

the total number of experimentally observed deute-

rium for that particular peptide. A best fit solution

was obtained by linear least square fitting, with the

following two constraints: (1) si,t could not be <0 and

(2) for a given fragment fi, mass shift at longer on-

exchange time points could not be smaller than mass

shift at the shorter on-exchange time points. These fit-

ted values were then plotted as shown in Figure 5.
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