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a b s t r a c t

Hydrogen/deuterium exchange (HDX) mass spectrometry has been widely applied to the characterization
of protein dynamics. More recently, differential HDX has been shown to be effective for the characteri-
zation of ligand binding. Previously we have described a fully automated HDX system for use as a ligand
screening platform. Here we describe and validate the required data analysis workflow to facilitate the
use of HDX as a robust approach for ligand screening. Following acquisition of HDX data at a single
on-exchange time point (n ≥ 3), one way analysis of variance in conjunction with the Tukey multiple
comparison procedure is used to establish the significance of any measured difference. Analysis results
are graphed with respect to a single peptide, ligand or group of ligands, or displayed as an overview
within a heat map. For the heat map display, only �%D values with a Tukey-adjusted P-value less than
0.05 are colored. Hierarchical clustering is used to bin compounds with highly similar HDX signatures.
uclear receptor The workflow is evaluated with a small dataset showing the ligand binding domain (LDB) of the nuclear
receptor peroxisome proliferator-activated receptor gamma (PPAR�) screened against 10 functionally
selective ligands. More significantly, data for the vitamin D receptor (VDR) in complex with 87 ligands
are presented. To highlight the robustness and precision of our automated HDX platform we analyzed
the data from 4191 replicate HDX measurements acquired over an eight month timeframe. Ninety six
percent of these measurements were within 10% of the mean value. Work has begun to integrate these

pon
analysis and graphing com

. Introduction

Hydrogen/deuterium exchange (HDX) in combination with
ass spectrometry (MS) [1–5] is a powerful method for the

haracterization of protein dynamics [6–10]. The technique has
een applied to determine changes in dynamics (differential HDX)
etween a protein and its binding partners [11]. These binding part-
ers have included proteins, peptides, DNA, RNA, small molecules
12–22], or combinations of all five [23]. HDX has found use as

n approach to guide construct design in X-ray crystallography
ethods development [24,25] and has been applied to challenging
olecules such as antibodies [10] and membrane proteins [26–30].
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387-3806/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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ents within our HDX software suite.
© 2010 Elsevier B.V. All rights reserved.

Many of these experiments report HDX results from differen-
tial analysis between two states of a protein, for example HDX of
a protein ± ligand. Our group has advocated the use of automation
[13,31] to reduce random, gross and systematic errors during data
acquisition [14]. Following acquisition, the percent deuterium val-
ues must be extracted from the MS spectra, and the correlated data
volume can be considerable. For example, a single differential HDX
experiment may contain 100 peptides. Four replicate analyses of
seven on-exchange time points will yield 5600 data points. Screen-
ing just 50 ligands will expand that dataset to 280,000 values. The
data generated from a single research group over just a few years
can quickly top a million data points, all of which require tools for
visualization and protocols for quality control, archiving and data
backup. More importantly, approaches to provide significance of

changes on large datasets are needed.

Significant effort has been dedicated to software tools for the
analysis of HDX data [31–40]; however the majority of published
software are focused upon the generation of percent deuterium val-
ues and not downstream data analysis. Some applications contain

dx.doi.org/10.1016/j.ijms.2010.08.002
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:pgriffin@scripps.edu
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Fig. 1. Schematic representation of ou

o graphing components and others contain useful, but some-
hat limited, display elements such as the ability to compare two
atasets. The need therefore remains for a software solution that is
apable of the cross comparison of multiple (>50) datasets acquired
ver a significant time period by multiple users. Such a software
ackage will complete our goal of producing a HDX platform that is
omprehensive, rapid, and robust enough for use in screening appli-
ations. In this context we are interested in developing methods for
creening functionally selective nuclear receptor modulators; how-
ver, the approach can be applied to other target proteins such as
inases or G-protein coupled receptors (GPCRs).

Our approach to HDX software development has been to store
ll the relevant MS spectral data and HDX results in a relational
atabase and is unique in this regard [35]. Unlike a standalone
pplication, this structure is ideal for HDX screening applica-
ions that require the cross comparison of multiple datasets. The
atabase also provides a single storage point for all data generated
ithin the laboratory and allows for easy sharing of data between
embers of a laboratory. Critically, the database provides a sin-

le target for data archiving. Quality control for processed data is

lso possible. For example, any project can be queried to provide
he standard deviation of all measurements. At the time of writing
here were 1,334,978 HDX values and associated MS spectra stored
ithin our database (active since April 2008, not including values

n the external user database). All of these data points and spectra
erential HDX data analysis workflow.

may be accessed directly from any web browser. This amount of
data would impossible to manage across multiple users with the
current generation of standalone HDX software applications.

We have previously published the differential HDX data for
PPAR� LBD in complex with 10 ligands of interest at single time
point [14]. During the evaluation of this dataset we determined
statistical significance between apo (ligand free) receptor and lig-
and bound receptor with a two tailed t-test. Although this approach
allowed for the determination of peptides that are different from
apo receptor, we did not address a crucial question; what is the
statistical significance of the changes observed between those 10
ligands? We understand that both ligand “A” and “B” differ from
“apo” for a particular peptide, however is “A” different from “B”? To
answer these questions we have chosen to re-evaluate the afore-
mentioned dataset. In doing so, we seek to establish a validated
workflow for HDX screening data that will subsequently be inte-
grated into our HDX software. This workflow was then applied to a
large VDR HDX dataset (>20,000 %D values) obtained for analysis of
the receptor in complex with 87 ligands, including small molecules,
cofactor proteins and DNA.
2. Materials and methods

PPAR� LBD was expressed and purified as described previ-
ously [12,14]. His-hVDR ligand binding domain (residues 118–425,
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Fig. 2. (A) HDX data for PPAR� LBD in complex with full agonist rosiglitazone and the partial agonist MRL-24. A two tailed t-test of the 30 s data showed no significant
difference between ligand free PPAR (apo) and the rosiglitazone bound receptor. In contrast, a significant reduction in exchange was observed following binding of MRL-24. It
should be noted that each differential HDX experiment contains its own “apo” internal control. For clarity, only the apo data associated with the rosiglitazone are displayed.
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here was complete overlap between the two apo samples (see text for a discussion
DX data for the PPAR� beta sheet region 159–169 ([M+2H]2+ ion) following 30 s

esults from the Tukey multiple comparison test. The letters above each bar repres
(rosi) is significantly different from B, C, D and E.

[165–215]) was expressed in E. coli BL21 cells as inclusion bodies.
nclusion bodies were solubilized in a guanidine–HCL buffer, cap-
ured by Ni–NTA, refolded by dialysis and purified on Q Sepharose
astFlow (QFF) chromatography. The final protein buffer was
0 mM Hepes (pH 7.5), 150 mM NaCl, 10 mM methionine, 10% glyc-
rol, 5 mM DTT. Full length WT His-hVDR and WT Flag-hRXR� were
xpressed in Baculovirus system and purified by Ni–NTA/SEC or
lag/SEC, respectively, as described previously [41].

HDX mass spectrometry was performed with a fully automated
ystem as described previously [13,14,31]. Briefly, a CTC Twin
AL liquid handling robot (LEAP Technologies, Carborro, NC) was
nterfaced with either a linear ion trap mass or orbitrap mass spec-
rometer (LTQ & Exactive, respectively, Thermo Electron, San Jose,
A). 4 �L of protein solution was diluted to 20 �L with D2O buffer.
ollowing on-exchange, the reaction was quenched with a cold 3 M
rea solution containing 1% TFA. The sample was then passed over
n immobilized pepsin column (prepared in house), desalted with a
8 sample trap (1 mm × 10 mm; Thermo Fisher Hypersil gold) and
luted across a C18 HPLC (1 mm × 50 mm; Thermo Fisher Hyper-
il gold) column into the ESI source of the mass spectrometer. All
DX values are the average of three or four individual on-exchange
xperiments acquired in a random order.

HDX data analysis was performed with an updated version
f our HDX software platform [35,36]. Statistical tests were per-
ormed with Prism v5.0 (Graphpad Software, CA) and in custom
oftware with the Apache Commons Mathematics Library. Hier-
rchical clustering was performed with SpotFire Decisionsite v9.1
or functional genomics (TIBCO, Palo Alto, CA). For HCA data were
lustered according to Wards method [43].
. Results and discussion

In this work we establish a workflow for the analysis of dif-
erential HDX data that is compatible with large datasets. The
repeatability of our automated platform for data acquisition). Fig. 1(B). Differential
hange. Data are shown for 10 ligands of interest. The chart is annotated with the
ose ligands that exhibit a significant difference with a P-value < 0.05. For example,

complete experimental workflow is shown in Fig. 1 and the individ-
ual components of the scheme are described and evaluated in detail
below.

3.1. HDX screening dataset

We have previously shown that single time point differential
HDX data can provide rapid discriminatory information between
multiple synthetic and endogenous PPAR� ligands [14]. To illus-
trate this approach, Fig. 2(A) shows that a reduction in exchange
was observed for PPAR�-LBD residues 240–252 ([M+3H]3+) fol-
lowing binding of the partial agonist MRL-24, but not full agonist
rosiglitazone. The results from a two tailed t-test of the 30 s data
show that rosiglitazone is not significantly different from apo
receptor while the P-value for the MRL-24 data was <0.0001 (n = 4).
For this region of the receptor, the distinction between rosiglita-
zone and MRL24 can be made from the 30 s exchange data, and
therefore a complete differential HDX dataset is not required to
distinguish between these two functionally selective ligands. We
have demonstrated that ligand discrimination at the 30 s time point
is possible for all regions of PPAR� contained within the dataset
and as such acquisition and analysis of a complete HDX dataset is
not required to differentiate functionally selective PPAR� modula-
tors. For additional details and supporting data pertaining to the
single time point HDX method we direct the reader to our recent
publication [14]. We do acknowledge the possibility that certain
ligands may exhibit significant changes in HDX behavior which are
not reflected to statistical significance in the 30 s data. Regardless,
this does not diminish the validity of information obtained from

the 30 s HDX dataset.

To establish a robust data analysis workflow for future HDX
screening efforts we have revisited a differential HDX dataset
obtained for PPAR� LBD in complex with 10 ligands of interest [14].
The complete dataset is shown in Table 1. The mean percent change
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Table 1
HDX screening data for PPAR� LBD with synthetic, and endogenous, ligands.

Peptide Rosi MRL20 MRL24 GW1929 BVT13 MCC555 15PGJ2 9SHODE 13SHODE 15SHETE

30–40 (+2) −1 (2) −9 (0) −3 (3) −16 (1) −22 (1) 3 (1) −4 (4) 4 (2) 1 (1) −2 (2)
97–105 (+2) −30 (19) −66 (3) −51 (2) −42 (3) −63 (0) −3 (2) NaN −7 (4) −6 (3) −11 (1)
117–127 (+2) −1 (2) −7 (3) 0 (5) −17 (3) −29 (1) 4 (1) −6 (4) 5 (2) −1 (2) −8 (5)
136–145 (+2) −2 (2) −6 (0) 0 (2) −9 (1) −14 (0) 2 (2) −4 (2) 1 (2) −2 (1) −4 (3)
136–142 (+2) −3 (5) −7 (2) 7 (5) −14 (1) −26 (1) −1 (1) −8 (4) −2 (2) −3 (1) −9 (3)
159–169 (+2) −10 (7) −26 (4) −29 (8) −28 (5) −44 (2) −1 (1) −21 (4) 0 (1) −6 (2) −13 (3)
170–188 (+3) −10 (6) −25 (3) −14 (5) −26 (3) −34 (1) −5 (1) −13 (3) 1 (3) −6 (2) −11 (5)
170–181 (+3) −10 (5) −19 (1) −18 (7) −18 (6) −26 (2) −2 (0) −16 (2) −1 (2) −4 (2) −10 (2)
182–188 (+2) −8 (14) −37 (4) −29 (2) −34 (4) −46 (0) 2 (2) −19 (6) 1 (4) −7 (3) −16 (8)
189–196 (+2) −6 (9) −31 (1) −9 (3) −22 (1) −36 (1) 1 (1) −16 (4) 0 (2) −5 (2) −13 (6)
189–195 (+2) −7 (9) −26 (1) −17 (2) −24 (2) −40 (1) 2 (2) −18 (4) 2 (3) −6 (3) −14 (8)
208–219 (+2) −1 (1) −4 (2) −2 (3) −8 (4) −16 (1) 1 (0) −5 (2) 1 (2) −1 (1) −5 (3)
209–219 (+2) −3 (2) −5 (3) −3 (4) −11 (5) −20 (1) 1 (1) −6 (2) 4 (2) −1 (1) −6 (4)
220–226 (+1) 1 (1) −6 (1) 0 (8) −17 (7) −25 (2) 4 (1) −5 (5) 6 (2) 0 (2) −6 (4)
238–249 (+2) −4 (3) −6 (3) −4 (9) −11 (7) −14 (3) 0 (2) −3 (4) 2 (1) −1 (2) −4 (1)
239–249 (+2) −3 (3) −2 (2) −1 (7) −7 (7) −2 (3) 1 (2) −1 (3) 2 (1) 3 (2) −2 (1)
240–249 (+2) −5 (5) −6 (3) −4 (9) −6 (9) −6 (4) −1 (3) −2 (3) 0 (1) 0 (3) −2 (2)
250–260 (+2) −5 (3) −13 (3) −9 (7) −19 (6) −28 (2) 2 (1) −6 (2) 0 (2) −2 (1) −6 (2)
250–260 (+3) −5 (3) −10 (3) −7 (5) −8 (4) −25 (2) 2 (1) −6 (2) 0 (1) −2 (1) −7 (3)
261–270 (+2) −18 (15) −32 (2) −13 (3) −28 (4) −33 (2) −9 (1) −20 (3) −3 (2) −5 (2) −13 (4)
261–266 (+2) −13 (12) −33 (3) −9 (5) −31 (2) −36 (2) −3 (1) −18 (4) −3 (1) −5 (1) −14 (5)
271–287 (+2) −12 (6) −13 (3) −7 (8) −9 (5) −11 (4) −5 (3) −7 (3) −3 (2) −2 (3) −4 (2)
271–287 (+3) −12 (6) −13 (3) −7 (7) −9 (5) −11 (4) −5 (3) −6 (3) −3 (2) −2 (3) −4 (2)
271–295 (+3) −16 (8) −14 (3) −7 (7) −8 (4) −8 (5) −5 (3) −5 (3) −3 (3) −2 (3) −3 (3)
271–295 (+4) −16 (8) −15 (3) −6 (8) −9 (4) −7 (5) −5 (3) −5 (3) −3 (3) −2 (3) −3 (3)

−5
−5
−5

(
(
a
f
t

[
t
a

F
t

282–295 (+2) −25 (13) −18 (2) −7 (9) −8 (4)
288–295 (+1) −28 (14) −19 (2) −5 (11) −7 (5)
288–295 (+2) −29 (15) −18 (2) −5 (12) −10 (5)

n = 4) in HDX kinetics (and standard deviation) for each region
peptide start-end (z)) of the receptor is shown for all ligands. A neg-
tive number indicates that the measured %D (30 s on-exchange)
or the ligand bound receptor was less than the measured %D for
he unliganded apo receptor.
A bar chart representing the 30 s HDX data for the 159–169
M+2H]2+ peptide is shown in Fig. 2(B). These data are plotted as
he difference in HDX rate from the apo receptor for 10 PPAR� lig-
nds. It should be noted that the HDX data for each ligand was

ig. 3. Differential HDX data for the H3 (A) and H12 (B) regions of the PPAR� LBD. Annota
est (P < 0.05). Rosi, MRL20, MRL24, GW1929, BVT13 and MCC555 are synthetic PPAR� m
(7) −9 (7) −2 (3) −8 (4) −1 (6) −2 (4)
(6) −4 (3) −2 (3) −3 (4) −1 (4) −2 (3)
(7) −5 (3) −2 (3) −4 (5) −1 (5) −2 (4)

acquired in a random order with its own internal “apo” or recep-
tor only plus DMSO control [13,14]. Although the internal control
requires an increase in data acquisition and analysis time, the use of
a control ensures that the precision of the experiment is minimally
impacted by changes in environmental or experimental conditions

such as pH, temperature, and chromatographic retention time. The
acquisition of data in this fashion allows data acquired over many
days, or even months to years to be compared (see Section 3.4 for
more details).

tions to the bar chart correspond to the results from a Tukey multiple comparison
odulators. 15PGJ2, 9SHODE, 13SHODE, 15SHETE are putative endogenous ligands.
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Table 2
Tukey’s multiple comparison test for PPAR� peptide [159–169 + 2H]2+

(ISEGQFMTRE).

Comparison Mean difference P < 0.05? Summary

Rosi vs MRL20 15.41 Yes **

Rosi vs MRL24 18.86 Yes ***

Rosi vs GW1929 17.80 Yes ***

Rosi vs BVT13 33.54 Yes ***

Rosi vs MCC555 −9.080 No ns
Rosi vs 15PGJ2 10.24 No ns
Rosi vs 9SHODE −10.31 No ns
Rosi vs 13SHODE −4.197 No ns
Rosi vs 15SHETE 2.512 No ns
MRL20 vs MRL24 3.453 No ns
MRL20 vs GW1929 2.393 No ns
MRL20 vs BVT13 18.13 Yes ***

MRL20 vs MCC555 −24.49 Yes ***

MRL20 vs 15PGJ2 −5.165 No ns
MRL20 vs 9SHODE −25.72 Yes ***

MRL20 vs 13SHODE −19.61 Yes ***

MRL20 vs 15SHETE −12.90 Yes *

MRL24 vs GW1929 −1.060 No ns
MRL24 vs BVT13 14.68 Yes **

MRL24 vs MCC555 −27.94 Yes ***

MRL24 vs 15PGJ2 −8.618 No ns
MRL24 vs 9SHODE −29.17 Yes ***

MRL24 vs 13SHODE −23.06 Yes ***

MRL24 vs 15SHETE −16.35 Yes **

GW1929 vs BVT13 15.74 Yes **

GW1929 vs MCC555 −26.88 Yes ***

GW1929 vs 15PGJ2 −7.558 No ns
GW1929 vs 9SHODE −28.11 Yes ***

GW1929 vs 13SHODE −22.00 Yes ***

GW1929 vs 15SHETE −15.29 Yes **

BVT13 vs MCC555 −42.62 Yes ***

BVT13 vs 15PGJ2 −23.30 Yes ***

BVT13 vs 9SHODE −43.85 Yes ***

BVT13 vs 13SHODE −37.74 Yes ***

BVT13 vs 15SHETE −31.03 Yes ***

MCC555 vs 15PGJ2 19.32 Yes ***

MCC555 vs 9SHODE −1.226 No ns
MCC555 vs 13SHODE 4.883 No ns
MCC555 vs 15SHETE 11.59 No ns
15PGJ2 vs 9SHODE −20.55 Yes ***

15PGJ2 vs 13SHODE −14.44 Yes *

15PGJ2 vs 15SHETE −7.733 No ns
9SHODE vs 13SHODE 6.109 No ns
9SHODE vs 15SHETE 12.82 Yes *

13SHODE vs 15SHETE 6.708 No ns

ns = not significant.
M.J. Chalmers et al. / International Jour

.2. Tukey multiple comparison procedure.

The �-sheet region of PPAR� LBD has been implicated in a
ovel helix 12-independent mode of activation of the receptor
12]. Therefore the changes in HDX kinetics for this region upon
igand interaction are of interest. To establish the statistical sig-
ificance of changes in HDX in this region for each ligand we
mployed a one way analysis of variance (optional) in conjunc-
ion with the Tukey multiple comparison procedure (Prism v5.0) in
fashion similar to that described by Hsu et al. [11] Results from

his analysis are given in Table 2. In a pair wise fashion, ligands
re compared and a P-value obtained. Annotation of Fig. 2(B) illus-
rates ligands that have significant differences in differential HDX
inetics (P < 0.05) as compared to each other from those pairs that
o not demonstrate significance. For example ligand “A” (rosigli-
azone) was significantly different from ligands B, C, D, E but not
, G, H, I, J. It should be noted that although the Tukey comparison
rovides a cross comparison of all 10 ligands, a much larger dataset

s generated. From this dataset comprised of 10 ligands there are 45
omparisons (9 + 8 + 7 + 6 + 5 + 4 + 3 + 2 + 1) that must be performed
see Table 2). The results from the Tukey comparison for all pep-
ides in the dataset are presented in Supplementary Table 1. This
able illustrates the complexity of the expansion of the dataset (10
igands and 28 peptides generate 1260 data points). It should also
e noted that by presenting only the P-values from the cross com-
arison test crucial information on the direction of the change in
DX is lost. It may be shown that two ligands of interest are dif-

erent, but is that change an increase or decrease in HDX kinetics?
or the reasons outlined above, we choose to represent the results
f the Tukey comparison data in combination with a histogram of
he HDX data (Figs. 2(B) and 3).

.3. Hierarchical cluster analysis.

We have demonstrated how heat maps in combination with
ierarchical clustering can be used to classify and display differen-
ial HDX data obtained from the analysis of the estrogen receptor
lpha (ER�) in complex with various SERMS [16]. The advantage
f the heat map approach is it provides a condensed view that can
e expanded to many hundreds of ligands. This is in contrast to a
ultiple comparison table (similar to that shown in Supplementary

able 1) which would expand to contain many thousands of com-
arisons. For example, the comparison of 100 ligands would yield
950 results per peptide, or 138,600 data points for the PPAR�
eptides shown in Table 1. The complete PPAR� HDX dataset has
herefore been plotted as a heat map and is shown in Fig. 4. For
his visualization we represent a reduction in HDX kinetics accord-
ng to a blue color (For interpretation of the references to color in
his figure, the reader is referred to the web version of the article.)
radient, and an increase in HDX kinetics according to a red col-
red gradient. The grey color represents no statistical significance
P > 0.05) in a two tailed t-test between the apo receptor DMSO
nly 30 s HDX data and the receptor/ligand complex 30 s HDX data.
he inclusion of this t-test allows us to color only those regions that
how a significant change and the blue/red color scheme maintains
onsistency across our HDX visualization components. Data were
lustered according to Ward’s method as described in Section 2.

Clearly the heat map provides a detailed overview of the screen-
ng dataset. When more detailed information is required for a
pecific region of the protein, the Tukey comparison annotated
istogram of the peptide of interest should be consulted. When
nformation is required for a specific ligand, a plot showing the %D
hange for all ligands across all peptides would provide additional
nformation. Fig. 5 shows the HDX data plotted against all peptides
n the dataset. The inclusion of error bars (standard errors, based
n n = 4) provides for a visual representation of the precision of
* P < 0.05.
** P < 0.01.

*** P < 0.001.

the measurements, a key feature of the data that cannot be rep-
resented on a heat map. As such we will incorporate all three of
these graphical components into future versions of our HDX data
analysis software.

3.4. HDX data provides new information about the PPAR� LBD.

Fig. 3 shows the HDX data and Tukey comparison for two regions
of the receptor implicated in the regulation of its activity. Helix
three (Fig. 3(A)) is located in the center of the ligand binding
pocket and interacts with many of the synthetic ligands. For exam-
ple MRL20 is positioned closer to H3 than MRL24 (PDB:2Q59 and
PDB:2Q5P, Bruning et al. Fig. 8 [12]) and is within contact distance
of Ile281, Gly284, Cys285, Arg288 and Ala292 (numbering scheme
according to full length PPAR�). The proximity of the ligand to H3

results in a marked decrease in HDX kinetics (a reduction of 66% ± 3
from the apo value (87% ± 4)). MRL24 which is located further from
H3 in the X-ray structure, reduced the dynamics of the receptor
by 51% (±2). This change between the two ligands is significant
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ig. 4. Heat map of differential HDX data for PPAR� LBD. Changes with Tukey-adju
n the Tukey comparison (<0.05). These data highlight the ability
f the HDX data to reflect changes in ligand binding within the
eceptor. It is apparent from Fig. 3(A) that none of the putative
ndogenous agonists of the receptor perturb the dynamics of H3 to
he same extent as the synthetic ligands. No data could be obtained

Fig. 5. Differential HDX data for P
-values < 0.05 are colored according to the key. P-values > 0.05 are colored grey.
for 15PGJ2 which is a known to form a covalent bond to cysteine
residue 103 of the receptor (Cys307 in full length PPAR�).

Helix 12 (H12) has been described as the “master switch” of
nuclear receptors including PPAR� [44]. H12 along with H3–H4
loop comprise the so-called AF-2 (activation function-2) coacti-

PAR� LBD with 10 ligands.
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F eriod. The inset to the figure shows the mean and standard deviation for five peptides
c s measured to have a mean %D value of 51%D and a standard deviation of 3.7. The main
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Table 3
Data from 40 replicate HDX experiments acquired over an eight month time period.
Values provided are the mean and standard deviation values obtained from 127
replicates.

Peptide Mean Standard deviation

134–150(+2) 51 3.7
134–150(+3) 53 3.2
219–224(+1) 106 7.3
225–233(+1) 74 6.7
225–233(+2) 92 5.8
234–244(+2) 62 4.4
244–258(+3) 23 6.9
244–259(+2) 27 2.2
245–258(+3) 27 6.0
245–259(+2) 30 2.5
273–279(+2) 88 5.9
274–285(+2) 85 6.2
286–308(+3) 87 4.7
300–308(+2) 87 5.6
309–316(+1) 37 4.0
309–316(+2) 40 3.6
309–325(+3) 43 4.8
309–329(+3) 37 3.9
309–333(+3) 27 3.3
317–325(+2) 50 6.0
317–329(+2) 40 4.1
336–351(+2) 34 2.4
338–351(+2) 43 2.9
352–365(+2) 3 0.5
354–365(+2) 3 1.1
366–379(+2) 39 2.7
366–379(+3) 39 2.6
366–383(+3) 33 2.3
366–383(+4) 34 2.5
ig. 6. Precision of the VDR LBD 30 s HDX experiment over an eight month time p
alculated from 127 replicate analysis. The peptide spanning residues 134–150 wa
anel to the figure plots the difference of each replicate from the mean (33 peptid
alues are within 10% of the mean.

ator binding site. Deletions of H12 or the point mutation Y473A
position in the full length PPAR� sequence) renders the PPAR�
ilent to full agonists. Previous studies we have shown that full ago-
ists reduced HDX kinetics of the AF-2 surface. Thus, HDX analysis

s sensitive not only to binding, but to reading out dynamics that
an have a direct impact on receptor function. The HDX data for H12
re shown in Fig. 3(B). As expected, the most significant reduction
n HDX was observed for the synthetic agonist rosiglitazone.

Although the visualization of the data in Supplementary Table 1
re somewhat difficult due to the large number of data points
isplayed, results for the peptide spanning residues 239–249
LKLNHPESSQL [M+2H]2+) stand out because there are no statis-
ically significant changes in this region (H9–H10 link). Therefore,
or this set of ligands, the dynamics of this region of the receptor
an be determined to be totally insensitive to ligand binding. This
s the only region of the receptor that exhibits this behavior.

.5. Appraising the quality of the HDX MS platform

To evaluate the workflow described above with a larger dataset
nd to assess the precision of our system we have focused on a set
f experiments performed with the vitamin D receptor (VDR). We
ave a significant ongoing effort to profile the HDX fingerprint of
DR ligands, including small molecules, fragments, cofactor pro-

eins and DNAs. Because all the data are readily accessible from the
elational database, we extracted the differential HDX data for 40
DR ligands acquired over an eight month time period. Each VDR
xperiment contained data for 34 different peptides and total 4191
iscrete %D values. In order to maintain the quality of our data,

ach experiment contained a DMSO internal control and all were
cquired with the same orbitrap mass spectrometer. Subsequent
o acquisition all mass spectral data were visually inspected to
ssess the quality of the measured isotopic distribution. The man-
al inspection is time-consuming, however we believe this is an

384–389(+2) 3 1.3
384–390(+2) 3 0.8
384–403(+3) 53 3.8
384–403(+4) 54 3.9
390–403(+2) 72 5.3
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ig. 7. HDX heat map obtained from the analysis of VDR LBD in complex with 87 l
ith Tukey-adjusted P-values < 0.05 are colored according to the key. P-values > 0.0

mportant part of the QC process for HDX data analysis (at least until
he reliability of fully automated approaches are demonstrated on
manually verified dataset of a similar complexity). From these

ata we can assess the performance of our HDX platform over a
ignificant period of time.

The acquisition of the DMSO control with each experiment pro-
ides us with many replicate analyses of the same protein acquired
nder the same HDX and MS conditions. To evaluate the quality
f our HDX data we determined the mean %D value for 34 pep-
ides across the 40 HDX experiments (127 total %D measurements
or each peptide) and the results are given in Table 3. The inset to
ig. 6 shows the mean and standard deviation for five of these pep-
ides following 30 s of on-exchange (n = 127). The peptide spanning
esidues 134–150 ([M+2H]2+ ion) gave a mean % HDX value of 51
nd a standard deviation of only 3.7%. An alternate way to display
he precision of the data is to plot the distance of these measured

alues from the mean values. Fig. 6 shows all 4191 measurements
measured %D − mean %D for all 34 peptides (4191 values)) ordered
rom largest to smallest values. The data illustrate the precision of
hese replicate HDX experiments. It was determined that 4039 val-
es were within 10% of the measured mean (>96%) and 3452 were
of interest. Data are clustered and ordered according the methods table. Changes
colored grey.

within 5% of the mean (82%). These data show our ability to acquire
HDX MS data with high precision over a significant period of time,
and therefore validates our large scale cross comparison of multiple
HDX datasets.

Having established that our HDX system can operate with high
precision over significant periods of time, we performed the cross
comparison of 87 HDX datasets acquired over a two-year period.
The data were treated as described in Sections 3.2 and 3.3. The heat
map and cluster analysis are shown in Fig. 7. This figure summarizes
by far the largest single HDX experiment published to date and the
acquisition and analysis of the data are ongoing.

4. Conclusions

We have outlined a data analysis workflow for integration into

our HDX software and a schematic representation of this workflow
is shown in Fig. 1. We validated the approach with a small dataset
of 10 PPAR� ligands. Data are compared with a Tukey cross com-
parison test and statistically significant changes are plotted in a
heat map. The performance of our HDX system was then evaluated
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ith a dataset comprised of 40 differential HDX experiments. The
recision of the data exceeded our expectations. For example, over
n eight month period 127 replicate measurements of the 134–150
M+2H]2+ peptide yielded an mean of 51%D with a standard devi-
tion of only 3.7%. Having established the precision of the system
or an additional 36 peptides we determined that over 96% of our

easured %D values were within 10% of their mean values. Finally
e show the differential HDX data for 87 ligands acquired over a

wo-year period. Together we show how subtle, but statistically sig-
ificant changes in HDX data can be used to probe the mechanism
f action for synthetic and endogenous ligands of interest.
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