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ABSTRACT: Hydrogen—deuterium exchange mass spectrom-
etry (HDX-MS) is an established, powerful tool for
investigating protein—ligand interactions, protein folding, and
protein dynamics. However, HDX-MS is still an emergent tool
for quality control of biopharmaceuticals and for establishing
dynamic similarity between a biosimilar and an innovator
therapeutic. Because industry will conduct quality control and
similarity measurements over a product lifetime and in multiple
locations, an understanding of HDX-MS reproducibility is
critical. To determine the reproducibility of continuous-
labeling, bottom-up HDX-MS measurements, the present
interlaboratory comparison project evaluated deuterium uptake
data from the Fab fragment of NISTmAD reference material
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(PDB: SK8A) from 15 laboratories. Laboratories reported ~89 800 centroid measurements for 430 proteolytic peptide
sequences of the Fab fragment (~78 900 centroids), giving ~100% coverage, and ~10900 centroid measurements for 77
peptide sequences of the Fc fragment. Nearly half of peptide sequences are unique to the reporting laboratory, and only two
sequences are reported by all laboratories. The majority of the laboratories (87%) exhibited centroid mass laboratory
repeatability precisions of (s“**) < (0.15 + 0.01) Da (16;). All laboratories achieved (s***) < 0.4 Da. For immersions of protein
at Typx = (3.6 to 25) °C and for D,0 exchange times of typx = (30 s to 4 h) the reproducibility of back-exchange corrected,

deuterium uptake measurements for the 15 laboratories is o,

corrected, deuterium uptake measurements.

B INTRODUCTION

Over the last 28 years hydrogen—deuterium exchange mass
spectrometry (HDX-MS) has developed into a powerful tool for
investigating conformations, folding dynamics, and interactions
among proteins including antibodies, glycoproteins, lipopro-
teins, membrane proteins, virus fragments, enzymes, chaper-
ones, amyloids, fibrils, and pharmaceuticals.' The steady growth
of HDX-MS studies is reflected in the 2247 original, heavily
cited research publications appearing through 2018 (Figure
S1).” In the commercial sector HDX-MS data has been used to
substantiate and protect intellectual property in more than 110
United States patents since 2010.” HDX-MS data are
increasingly provided to support biologics license applications
(BLAs)." During 2016, 15% of BLAs to the Food and Drug
Administration (FDA) included HDX-MS data.” The increasing
use of HDX-MS has been facilitated by rapid advances in the
hardware and software that collect and analyze HDX-MS
kinetics measurements. In short, HDX-MS has emerged from
the “quicksand” of frontier science,’ and it has become a
mainstay tool in modern pharmaceutical”’~>® and structural
biology laboratories.***"~

Major advantages of HDX-MS for characterizing the
conformational dynamics of proteins are its availability to
make measurements under physiological conditions, its modest
sample requirements, its use of proteomic informatics that link
each HDX-MS peptide sequence directly to a portion of the
subject protein, and its nearly unlimited capability to character-
ize large proteins, for example, antibodies (~150
kDa)'%'#161935 and viral capsids (~2 MDa).**"** The spatial
structure obtained from X-ray and NMR structure analyses,
cryogenic electron microscopy (cryo-EM), and the molecular
dynamics revealed by HDX data can provide an improved
description of the structure—function—dynamics relationships
of a protein.”

HDX-MS is projected to have a role in quality control of
biopharmaceuticals and for establishing dynamic similarity
between a biosimilar and an innovator drug.”'******> As
HDX-MS measurements are used to characterize materials that
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rlespﬁfclflffifﬁfg}‘fs(tHDX) = (9.0 + 0.9) % (16). A nine laboratory cohort

that immersed samples at Typx = 25 °C exhibited reproducibility of

Ottty (tupx) = (6.5 % 0.6) % for back-exchange

will enter commerce, customers may ask: How true and precise
is the HDX-MS measurement?

Trueness is the nearness of agreement between the average of
a large number of replicate measurements and a reference
value.***’ Although numerous approaches to the prediction of
H/D exchange rates coefficient are reported,”* " no means of
accurately predicting exchange rates from first-principles
currently exist, and no reference materials with known exchange
rates are available. Thus, on the one hand, we cannot easily
establish the trueness of HDX-MS measurements. On the other
hand, the precision metrics of HDX-MS can be evaluated,
because precision is just the closeness of agreement among
measured values obtained by replicate measurements on the
same or similar objects under specified conditions.*® Precision is
characterized by the components of repeatability, intermediate
measurement precision (IMP), and reproducibility.*® Determi-
nations of reproducibility allow for variations of instruments,
reagents, locations, and operators.

HDX-MS studies have reported daily repeatability ranging
between 0.3% and 2.9% of maximum deuterium uptake and
IMP’s ranging between 1% and 9% over periods of 37 d to eight
months.””>™>* Cummins et al. compared HDX-MS measure-
ments for two laboratories harmonized by employing identical
procedures and equipment. For ligand-vitamin D nuclear
receptor complexes immersed for 30 s in D,O their results
exhibited D-uptake repeatability and reproducibility of 0.54%
for a set of 35 peptide sequences.”

The objective of this study is to determine the reproducibility
of continuous-labeling, bottom-up HDX-MS measurements
(Figure 1).°° Reproducibility is determined only through an
interlaboratory comparison exercise that engages multiple
laboratories in measurements of the same sample.*® For the
present unharmonized study investigators were permitted use of
any HDX-MS instrumentation and software. The laboratories
were not directed to report specific peptide sequences, nor were
they told the deuterium uptake rates of previously observed
peptides. A determination of HDX-MS reproducibility will
provide a measure of its present capability for evaluations of
protein commercial products. Furthermore, an interlaboratory
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Figure 1. Bottom-up HDX-MS experiment broken into steps controlled by the NIST HDX-MS reagent kit (steps A and B in the yellow/gray box) and
by each participating laboratory peptide (steps C through G). H for D back-exchange occurs during periods listed in red.

comparison project can itself stimulate improvements in
measurement procedures and equipment.

B EXPERIMENTAL METHODS

Bottom-up HDX-MS Measurements. Laboratories con-
ducted “bottom-up” HDX-MS experiments (Figure 1), using
procedures known to provide excellent repeatability preci-
sion.”””%* Immersion of Fab fragment of NISTmAD reference
material (PDB: SK8A)®*™% sample in buffered solution
(deuterium fraction, F**© = 0.8 to 0.96) at temperature Tyypyx
and pD 7.48 induces D for H exchange (Figure 1A). At typx the
solution is diluted into an acidic solution (Tquemh ~0°C,pH~
2.5, FD 9 = 0.18 to 0.48), containing chaotropic and reducing
agents,”” which denature the protein and reduce its disulfide
bonds (Figure 1B). In this cold acidic solution, chemical
exchange rates of amide sites in denatured proteins approach
their minima.®® All laboratories used the same HDX-MS kit
(Figure S2) that provided buffers and reagents used during the
first two steps (ref yellow/gray box of Figure 1). The kit
harmonized pH, salt concentration, and reducing power (Table
S1). However, specific requirements of laboratory apparatus
(Tables S2—S4) required adjustments to protein concentrations
and FP© (Table S5).

Subsequently, the denatured, quenched Fab solution passes
into a column containing immobilized pepsin or pepsin/
protease from Aspergillus saitoi type XIII blend (Figure
1C).>>**7% The protease digests the Fab fragment of NISTmAb
(Atpmteolym = (18 to 240) s, Tproteolysis = = (0 to 20) °C), and the
peptides within the effluent become trapped on a guard column
(Figure 1D). By flowing additional solution through the guard
column for ¢,y = (30 to 180) s, many laboratories wash out
salts. Reverse-phase chromatography, conducted at T - = 0 °C,
releases and separates peptides, which elute from the analytical
column at §%%% (Figure 1D). Electrospray ionization mass
spectrometry (ESI-MS) detects the peptide ions (Figure 1E).

Alternately, immediately after D,O incubation has completed
(Figure 1B), some laboratories flash freeze the sample (Table
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SS). Subsequently, the sample is thawed and analyzed using a
workflow similar to that depicted in Figures 2C—G.

The average mass change of each selected peptide (Figure 1F)
is calculated and plotted as a function of tyypy (Figure 1G). Since
side-chain amides generally exchange H/D more rapidly than
backbone amides,’”*® the deuterium labels at these positions
will have equilibrated during chromatography to the natural
protic isotope abundance, thus, simplifying analyses.

Separate experiments, equivalent to the HDX-MS experiment
for typx = 0 s, determine the initial curated list of peptides
(Figure 1F) that associates each chromatographic peak with
mass spectra. To improve the veracity of peptide identifications,
the operator observes MS/MS data for the eluting peptides.
With reference to the known sequence of Fab of NISTmAb®®
peptide ion identification software (Tables S2 and S3) analyzes
these data and proposes an amino acid sequence, charge state
(z), and confidence rank for each peptide ion fragment. The list
of retention times and sequences becomes the filter through
which peptide ions are selected for HDX-MS analyses. Still, the
curation process continues throughout the data analysis.
Curation of the list ascertains that the exchange kinetics of
sequences adhere to EX2 behavior,"”'~"* that the D-uptake
kinetics match the sequence assignments, that the LC retention
times remain stable, and that peptides exhibit adequate intensity
to support reliable centroid determinations and remain free of
interfering ion signals.

Each laboratory conducted proteomics studies on the Fab
fragment of NISTmAb and performed three HDX-MS runs.
Each “run” comprises three replicant measurements, termed
“reps”, at each time point, f;py. Laboratories submitted
spreadsheets of centroids and information about experimental
conditions to a not-for-profit data service, National Association
for Proficiency Testing (NAPT), Edina, MN, which anonymized
the datasheets and forwarded them to the National Institute of
Standards and Technology (NIST). The data are available for
study.”*
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Figure 2. Reference peptide heat map of the peptide sequences
reported by 15 laboratories for Fab fragment of NISTmADb. Colors
indicated on the legend denote the w; of each peptide sequence.
Vertical placements of the sequence stripes are determined by sequence
overlap and . Horizontal placements of stripes denote peptides
between the N-terminal and C-terminal sequence indices for the (A)
221 sequences reported for the heavy chain and (B) 209 sequences
reported for the light chain.

B RESULTS

Laboratory Reports. The NIST Interlaboratory Compar-
ison Project received 15 anonymized data sets and associated
documentation. The 15 data sets contain ~89 800 HDX-MS
centroid measurements from 709 peptide ions, ranging from 456
to 6048 m/z and 1 < z < 8, comprising 507 unique amino acid
sequences.

A few laboratories reported sequences of the Fc fraction of
NISTmAD. These sequences were expected due to trace Fc
present in the Fab stock solution. Since most of the laboratory
cohort did not report Fc peptides, 100 Fc peptide ions (77 Fc
sequences) were deleted from the working data set. The reduced
working data set for the Fab protein comprises ~78 900
centroids. The working data set contains 609 peptide ions
originating from 430 sequences of the light and heavy chains.

Laboratories reported the centroid mass {m(typy)), derived
for each measurement at seven D,O immersion times (Figure
1A), tupx = 0, 30, 60, 300, 900, 3600, and 14 400 s. By measuring
peptide ions observed from the finished Fab-D,O sample,
laboratories computed the centroid mass control value,
(M (00 5eudo) ), corresponding to typy R 00 s.

Reference Peptide Maps. Colored stripes, Figure 2,
illustrate the peptide ion sequences reported by all laboratories.
With reference to the legend of Figure 2, the color of each stripe
indicates its coincidence frequency (wf), which is the number of
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laboratories reporting the ith peptide sequence (ion of any z).
The x-coordinates of each stripe correspond to the start and stop
indices of the peptide sequence with reference to the Fab
fragment of NISTmAb. The y-coordinate position of each strip
allows a unique address for each sequence. The software drawing
this map places the most frequently reported sequences (largest
@) at the lower ordinates. Where peptides of the same @{ would
overlap, one peptide is placed in the next higher vertical row.

Summation of all data for the Fab fragment yields a map of the
heavy chain containing 221 peptide sequences (Figure 2A) and a
map of the light chain containing 209 peptide sequences (Figure
2B). The sequences comprise between 4 and 60 amino acids.
The set of 430 sequences reported by the laboratories has a
median sequence length of 13 amino acids, and 84% of the
members in the set contain between 5 and 21 amino acids
(Figure S3).

Although the laboratory cohort collectively reports sequences
that cover the heavy and light chains comprehensively, most
laboratories reported data sets holding lower sequence coverage.
The peptide sequences reported by the laboratories number
between 41 and 175, corresponding to coverages from 56% to
99% for the heavy chain and from 60% to 99% for the light chain
(Figure S4).

The sequence coincidence population, M(w°), is computed
by counting the peptide sequences for each coincidence
frequency, @°. For example, M(1) = 245 (represented by
black stripes in Figure 2) is the population of sequences listed
once across all laboratory data sets. The population M(1) of the
Fab fragment comprises 48% heavy-chain sequences and 53%
light-chain sequences. In Figure 2 stripes of other color bars
represent sequences listed twice or more across all laboratory
data sets (2 < wf < 15); thus, Y.5>M(w°) = 185 shared peptide
sequences. (The working data set is ),;°M(w°) = 430.) Across
the laboratory cohort, M(w) falls rapidly with increasing
coincidence frequency, such that only two peptide sequences are
reported by all laboratories, that is, M(15) = 2 (Figure SS).

The number of reported peptide sequences as a function of
the six instrument-software configurations used by the
laboratories was examined (Figure S6). On average, laboratories
reported (C) = 103 + 41 (1o) sequences. No laboratory
reported peptide sequence populations falling outside the (C) +
30 boundaries that would identify outlying performance. This
result suggests that each instrumentation-software configuration
has nearly equal capacity to detect the numerous Fab fragments
of NISTmAD emanating from its ESI source. Furthermore, we
note that the use of a pepsin/Type XIII protease mixture by Lab
12 did not lead to identification of a superior, outlying number of
peptides in comparison to the cohort using pepsin only.

Sensitivity Analyses of HDX-MS Measurements.
Knowledge the overall effect of experimental factors will guide
evaluation of the measurement uncertainty. One possible error
could arise if the deuterium content of peptides varies as a
function of charge.75’76 Thus, deuterium content of centroids
versus peptide charge was examined for 513 peptides (z = +1 to
+7) of 106 sequences reported by 13 laboratories. No evidence
of systemic, in-ESI source, intermolecular H/D exchange was
observed (Table S6).

Main effects plots reveal the overall effect of several
experimental factors on the HDX-MS measurement.”” The
main effects of each independent variable on the %E; o recteq and
%E corrected Uptake measurements are found by averaging across
the levels of the other independent variables of the HDX-MS
experiment. For this study main effects are computed for the
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Figure 3. Main effects plots showing the variation of HDX-MS measurements for (A) data uncorrected for back-exchange and (B) data corrected for
back-exchange. Bars denote log;o(RE) for each factor. Factors found by ANOVA to exert significant relative effect (p < 0.01) are marked with **.

Dashed lines mark the mean deuterium uptake.

factors of typy; Lab; %D,0; Peptide; Typx; Rep#, repetition
number; FROZEN, which is the flash-freezing of quenched
sample prior to proteolysis; and Run#, run number. These
computations used ~1120 measurements reported by all
laboratories for the two peptides: peptide 1, **VKDYF-
PEPVT"® of the heavy chain and peptide 2, ""VTHQG-
LSSPVTKSFNRGEC*" of the light chain.

Figure 3A displays main effects for %E,,comecter Which are
centroids processed with equation S3 and averaged from each
variable. Figure 3B displays the main effects plots for %E.,ecteas
which was computed with equation SS. On each panel a dashed
line marks the grand mean of deuterium exchange, which is the
average of data from all laboratories for both peptides. (We note
that the correction for back-exchange increases the grand mean
deuteration of the two peptides from 32% to 59%.) Factors are
ranked from left to right in accord with decreasing relative effect
(RE). Below each plot a colored bar shows the log;,RE, which
indicates the sensitivity for each factor.”” To assess the statistical
significance of the variance within the eight factors, analysis of
variance (ANOVA) computations were performed.”’””” In
Figure 3 factors exhibiting significant relative effect (p < 0.01)
are marked with **.

As shown in Figure 3, some factors respond in good accord
with the design of the HDX-MS experiment. As examples, mean
response (%E ncomected) Tises from 18% to 48% between typy = 30
s and fypx = Opeudo S and peptides 1 and 2 exhibit different
mean response, as expected for sequences residing in different
local structural environments. Examination of the results for the
procedure where samples are flash frozen (FROZEN= “yes”
indicate that this procedure has little effect on precision. The
mean response WE  orected SUggests a 1% improvement in
deuterium recovery; however, mean response %E . cceq TEVEISES
this effect by —2%. Likewise, mean response (%Eqncorected) fOT
Run#1,2,and 3 vary by less than 0.3%, which provides assurance
that day-to-day system performance is nearly invariant. These
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same trends are also observed in plots of %E_,, .c..q- ANOVA
computations also confirm insignificant variances for factors
FROZEN and Run#.

Main effects analyses reveal four nonideal responses, and
ANOVA verifies the significance of the variances. %EPePid
should not vary with factors of Lab or %D,0. Figure 3 shows
that the mean response %EER%  + and mean response %EEEIe |
vary significantly for both factors. Moreover, the ideal HDX-MS
experiment should exhibit null main effects with respect to Rep#;
however, the mean response A(%E comected) €xhibits an ~3.5%
reduction between Rep 1 and Rep 3. After back-exchange
correction the mean change remains A(%E qpecteq) = 3-5%. Since
each series of reps is executed within the same run, the
diminished response is likely a symptom of incomplete removal
of peptides from the chromatographic apparatus between the
replicate measurements.””*"

Temperature also affects acid- and base-catalyzed hydrogen—
deuterium exchange rates. Amides undergo ~3X increases in
exchange rates for each increment of 10 °C.** In accord with this
prediction, mean response of %E g ecrea (Figure 3B) increases as a
function of Typx between 3.6 and 25 °C; however, some
possible discordant response is displayed between 22 and 25 °C.
Since the responses at 22 and 24 °C originate from two and one
laboratories, respectively, it is difficult to separate effects of Lab
and Typy. The main effects method does not reveal factors
contributing to this incongruous response.

Determinations of Repeatability. Repeatability measure-
ments provide insight into the m/z measurement stability of the
sample handling, mass spectrometer, software, and procedures.
Figure 4 presents the fits for (s™*) versus log; o(typx) for typx = 0
s through tyypy = 00,eudo s for each laboratory. The repeatability
plot for each laboratory is constructed from a data set
comprising between 984 and 4057 S}I;:gﬁde(tHDX) values from
41 to 175 sequences in all reported charge states (Figure S7).
Uncertainty bars on the (s“*") symbols indicate the standard

DOI: 10.1021/acs.analchem.9b01100
Anal. Chem. 2019, 91, 7336—7345


http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b01100/suppl_file/ac9b01100_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b01100/suppl_file/ac9b01100_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b01100/suppl_file/ac9b01100_si_001.pdf
http://dx.doi.org/10.1021/acs.analchem.9b01100

Analytical Chemistry

=1 -2 A3 -4 -5 A6 o7 -8
A9 010 ©O11 -12 -e13 @14 415
0.5—
— 0.4
© 4
(=]
~ 0.3-
S\ -
o
E]v, 027 oo 0 ° ’ A
= O
~ 0.1- -
0=
=TT 717 717 T
I 0 1 2 3 4 ‘—I
[tupx=0] LoglO(tHDX) [tupx = 0]

Figure 4. Repeatability plotted as average standard deviation (s"**) vs
log,o(tupx) for all peptide ions reported by each laboratory. When
greater than the symbol, bars on each time point indicate one standard

error of the mean, ;.
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Figure S. Plots of %EPE% (t,:0x) vs log;o(typx) for peptides measured
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(D) HC-'TSGVHTFPAVL'”, (E) HC-'VVTVPSSSLGTQT>®,
and (F) HC-"®VTVPSSSLGTQT?®. Bars denote sample standard
uncertainties larger than 1%.

error of the mean, o;. For most laboratories ¢, < 0.007 Da, which
corresponds to the size of the symbols in Figure 4. In summary,
87% of laboratories exhibited centroid mass laboratory
repeatability precisions of (s"*) < 0.15 Da, and the remaining
13% have repeatability precisions characterized by 0.14 Da <
(s“*) < 0.4 Da.

Reproducibility of HDX-MS. Reproducibility of HDX-MS
is derived using sample standard deviations (equation S6) of %
EEepide | for peptide sequences measured at the same Tyypy. The
laboratories were divided into cohorts that measured %EP<Pide |
at Typx = (25 £ 1), (21 £ 1), and (3.6 £ 1) °C. Figure S shows
plots of %EPEd | versus log,o(tupx) that were reported by the

correctes

nine laboratories of the (25 + 1) °C cohort. Figure 6A plots the
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Figure 6. Determinations of HDX-MS reproducibility based on the

sample standard deviation of %EPES% | for peptide sequences. (A)

o™ (tunx) (%) as a function of logo(tupx) for 14 sequences

measured at Typx = (25 + 1) °C. Symbols denote the data from
Peptides A—G (Figure S) and Peptides H-N (Figure S8). Black

squares and a trend line denote, sfespcmfﬁ]}éfﬁlity(tHDX) (%) vs log,o(tupx)-

Each black square is larger than the standard error of the mean, o; &
0.3%. (B) a};;ﬁ,‘}fﬁibmw(tHDx) (%) vs logyo(typx) determined from %
EEA  for sequences measured at Tyypy = (25 + 1), (21 + 1), and (3.6
+ 1) °C. Black squares and the trend line plot the weighted
Gﬂfpﬁ,ﬂ"f;fﬁft‘;s(tHDx) (%) vs logo(tupx)- Each black square is larger

than its standard error of the mean, oz < 0.9%.

sample standard deviations as a function of log;o(typx) for
peptides A—F (Figure 5) and peptides G—N (Figure S8). Each
plot exhibits self-consistent D-uptake patterns. Figures SD, S8G,
S8L, and S8N exhibit D-uptake traces suggestive of kinetics that
may be fit with multiple-exponential functions.** The weighted
arithmetic mean of these standard deviations is fopcmfi?}fi’ﬁﬁity =
(6.5 + 0.6) %. The nearly equal weighting of data from all
laboratories (w{= 8, 9) gives considerable statistical significance
to this result.

The determination of afjpig‘:,‘z;’gﬁiw is also computed by
expanding this analysis to include the complete subset of 130
sequences of @] > 2 and weighting each s§3$:§;°rt(tHDX) by the
number of reporting laboratories. This computation yields
Ormoinsitiy(trupx) = (74 £ 0.3) %. While robust, this value
reflects skew from unequal weighting given by laboratories that
have reported the most sequences. Reproducibility was also
evaluated for @{ > 2 sequences in other temperature cohorts
(Figure 6b). Table 1 summarizes the determinations of
aﬁfé‘r%rjudbmty and the associated sample standard deviations of
all temperatures is Gﬁfpﬁ)aj’lf;ffﬁ‘y“(tHDx) = (9.0 + 0.9) %, where the
weighting factors are a product of @; and the number of
sequences.

B DISCUSSION
The NIST HDX-MS interlaboratory comparison project has
found that 87% of the laboratory cohort achieved a measure-
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Table 1. Summary of Reproducibility Determinations for
Bottom-up HDX-MS for typx = (30 to 14 400) s

lab cohort number of

iz “C size sequences o  STD“ % o %
25+1 9 14 8to9 6.5 0.6
25+1 9 130 2t09 7.4 0.3
21 +1 4 88 2to4 9.7 0.7
36+1 2 26 2 223 3.1
wtd mean 15 244 9.0 0.9
a o_cohort

reproducibility*

ment repeatability precision of (s***) <0.15 +0.01 Da (o). All
laboratories exhibited repeatability of {(s*** ) < 0.4 Da. The main
effects analysis and measurements on 244 shared sequences
determined that the reproducibility of HDX-MS is a&fpﬁjé’jéfgﬁﬁ;s
= (9.0 £ 0.9) %. Laboratories in the (25 + 1) °C cohort realized
the reproducibility afesp(iocjﬁ‘c?ﬁhty = (6.5 + 0.6)%.

This analysis used the correction for D,O fraction and for
back-exchange through measurements of (m(0))Pertide
(m(tupx) P, and (m(00eu40) )PP on the same apparatus
and with the same procedures (equation S5).”>** The finishing
procedure prescribed to prepare Fab-D,0 for measurements
ensures that (m(00 ) )PP is essentially the same for all
laboratories; thus, bias in the back-exchange calculation for each
coincident peptide (wf > 2) propagates equally across
laboratories. Since such bias does not adversely affect the
present determination of HDX-MS precision, the present results
are suitable for computing the reproducibility of HDX-MS.

Intact protein mass spectrometry of Fab of NISTmADb reveals
the possibility of nascent amide protons that are effectively
unavailable for exchange (see Supporting Information); hence,
(m(oopseudo))Pepﬂde < (m(00))PP for a fraction of the peptides.
Consequently, the 9%EPES% () values reported herein are
not reference values for the Fab fragment of NISTmAD. The
distribution of sequestered protons along the protein polymer is
likely inhomogeneous.

The main effects study reveals that the peptides reported by
the cohort exhibit significant deuterium loss between the first
and third chromatographic gradients (reps) conducted for a run.
Since the loss of deuterium exchange is observed in %EPEtde |
and %ERPide | equally, the diminished response may evidence
incomplete removal of peptides from the chromatographic
apparatus between the replicate measurements. Adverse effects
of carryover have been reported previously, and the magnitude
of these effects can vary by peptide composition and column
chemistry.*”®" Diversity of the carryover contribution across
laboratories increases the uncertainty of %EEEH% Thus,
minimization of carryover is essential for precise HDX-MS
measurements.

The laboratory cohort reported peptide sequences with a
coincidence frequency distribution containing 245 sequences of
;i =1and 185 sequences of coincidence frequencies of 2 < wf <
15 (Figure SS5). In view of the diverse operating conditions of the
protease columns (Tables S4 and SS), the importance of this
result is uncertain.

Still, proteomics studies have reported that series of pepsin
digests conducted under the same conditions display a great
diversity of sequences and the prevalence of unique sequences
(@ = 1).°°° For example, Ahn et al. reported peptide
identifications for a series of 31 digestions conducted at the
same pH, salt concentration, temperature, and flow rate.*® They
found that a few (ubiquitous) peptides appeared in every
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digestion and that other peptides appeared only once in the
digestion series. Unique peptic peptides outnumbered the
reproducible peptides, and the number of unique peptides
increased with each consecutive digestion. The number of
reproducible peptides plateaued above five to six replicate
digestions. In their study, a peptide was defined as “reprodu-
cible” when it appeared in 50% of digestions.

The similar populations of w; = 1 and ®; > 1 sequences and
the rapid falloff of coincidence population M(°) to single-digit
coincidence frequency @ (Figure SS5) suggest that the
distribution of coincident sequences may follow a modified
binomial function.®” In silico digestion by pepsin of the light and
heavy chains of Fab of NISTmAD generates a powerset of nearly
8100 peptide sequences containing 4 to 30 amino acids. (This
calculation used the constraints that pepsin does not cleave at
the P1 position for H, K, R, and P, nor at the P2 for P.**) When
sample sizes are small compared to the total number of possible
sequences, binomial functions predict that the number of unique
sequences (@f = 1) will be greater than the number of sequences
of higher coincidence frequency (@{ > 1), as reported in this
study. For the sample sizes reported by the laboratory cohort,
most binomial models predict that no peptide sequence will
manifest a coincidence frequency of w; > 6.

Cleavage bias of pepsin and instrument fitness may also
produce subset populations of ubiquitous sequences, J,, that
exhibit sufficient signal-to-noise ratio (S/N) for HDX-MS
measurements by most laboratories. The ubiquitous sequences
may account for the small set of peptide sequences with
coincidence frequencies ranging 6 < @{ < 15 (Figure SS). Thus,
a modified binomial function may exist that can account for the
M(w°) versus ¢ distribution found for the laboratory cohort.

The plethora of peptic sequences produced from the Fab
fragment may cause chromatographic crowding, confounding
identifications. The surfeit of species may also result in ion
suppression in the electrospray source of less abundant and
difficult to ionize peptides. Dependent upon operating
conditions and instrument fitness, peptides exhibiting marginal
S/N may sporadically fall just within and just outside acceptance
criteria for centroid determinations. For proteomics measure-
ments of the same protein, each laboratory of the cohort may
acquire a distinct subset of observed peptide sequences.
Sequences within each subset may appear to be selected
randomly from the powerset.

Inspection of Figure 2 shows that at least 32 sequences must
be measured in order to describe 95% of the Fab of NISTmADb
HDX dynamics. For the quality control of a biotherapeutic
product based solely on sequence-level comparisons of the
deuterium content, the somewhat stochastic behavior of pepsin
will add complexity, as not all sequences may be available during
a measurement campaign. The quality control laboratory will
usually observe the subset of ubiquitous sequences J,
consistently, but the laboratory will likely need to repeat
digestions, until the necessary peptides are measured.

B CONCLUSION

The NIST HDX-MS interlaboratory comparison project has
analyzed 15 HDX-MS data sets (~78 900 centroids) for the Fab
fragment of NISTmAD reference material. This study finds that
most laboratories achieve a measurement repeatability precision
of (s*) < 0.15 + 0.01 Da (10). Plots of repeatability can help
assess HDX-MS system fitness and reveal procedural problems.
Bottom-up HDX-MS generally has a reproducibility of

a}jpﬁggggfgﬁzgs = (9.0 + 0.9) %. The distribution of peptic peptides
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reported by the laboratory cohort exhibit relatively few
coincidences. This low coincidence frequency distribution
may require quality control methods based on bottom-up
HDX-MS to perform repeated measurements to acquire a
suitable number of peptides.
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SUPPORTING INFORMATION

MATERIALS

Reagents and Materials. All reagents used to prepare samples and supplied with the HDX-MS kits
originated from the same chemical lots. D20 (99.96 mole % D) was acquired from Cambridge Isotopes
(Andover, MA). Sodium phosphate dihydrate, sodium phosphate monohydrate, and sodium chloride were
purchased from Sigma-Aldrich (St. Louis, MO). Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) and
98 % guanidine hydrochloride (GdmCI) were acquired from Thermo Scientific (Thermo Fisher Scientific,
Pittsburgh, PA).

The test protein for the HDX-MS interlaboratory comparison was the Fab fragment that was
enzymatically cleaved from Candidate RM 8670 (Lot #5F1b), which has the same structure as the Fab of
the NIST IgG1lx reference material, NISTmAb. !> Material used for this study contained a small fraction
of free Fc fragment. Triple-angle light scattering data indicated that the Fab fragment of NISTmAb sample
was in a monomeric state. 23

Samples of Fab fragment were used to prepare Fab-H20 and Fab-D20O buftfered stock solutions. Fab-
D20 solution was prepared by resuspending lyophilized Fab fragment of NISTmAD in buffered, 99.96 %
D20. Separate HDX-MS experiments revealed negligible differences between freshly prepared Fab-H2O
and Fab solutions prepared by resuspending lyophilized Fab fragment of NISTmAD in buffered H20O (data
not shown). The Fab-H20 and Fab-D20 solutions were dispensed through a 0.2 um filter into 1 mL glass
vials.

HDX-MS Kit. The NIST HDX-MS standard reagent kit comprising a padded box and 26 vials (Figure S2 and
Table S1) contained all solutions and materials necessary for generating reference peptide data; for
conducting three runs of HDX-MS kinetics studies involving immersion of Fab in buffered D20 for selected
durations, fpx (Figure 1A); and for quenching the H/D exchange process, denaturing the protein, and
reducing disulfide bonds during the analysis process (Figure 1B).

Each kit contained a glass vial holding ~200 puL Fab—H20 and a glass vial containing ~200 pL Fab—D-0O,
respectively. Each kit contained one 4 mL glass vial and one 2.5 mL plastic vial of H2O dilution buffer
solution, comprising 20 mmol/L sodium phosphate buffer and 150 mmol/L sodium chloride in deionized
H>O (pH 7.50 +0.02). Each kit contained three 4 mL glass vials and one 2.5 mL plastic vial of D20
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exchange buffer solution, comprising 20 mmol/L sodium phosphate buffer and 150 mmol/L sodium chloride
in 99.96 % D20 (pDcorrected 7.48 £ 002) 4.

Each kit contained four 4 mL glass vials of quench buffer solution, comprising 8 mol/L guanidine-HCl
and 0.4 mol/L sodium phosphate in H2O (pH 3.1 +0.02). To assure the preparation of solutions with
uniform disulfide bond reducing potential, the kits contained four samples of dry =0.70 g tris(2-
carboxyethyl) phosphine hydrochloride (TCEP). Each TCEP sample (Pierce™ TCEP; Thermo Scientific,
Pittsburgh, PA) was double-sealed within a 1.5 mL Eppendorf tube inside a 5 mL glass vial.

Onsite Preparation of Fab-H,0 Samples. The kit was shipped to participants via an overnight delivery service
in an insulated box. The package also contained chemical hazard information, a pamphlet describing the
Fab properties and an inventory of the kit contents (Table S1 in the Supporting Information). Dry gel packets
maintained the package contents at +4 °C and had sufficient capacity to accommodate transits of at least
48 h. Upon receipt of a package each participant ascertained that the internal temperature was near +4 °C.
(Replacement kits were issued to participants upon request.) Using H2O dilution buffer solution or D20
exchange buffer solution, as appropriate, laboratories promptly diluted the Fab stock solutions to the
concentration suitable for use in HDX-MS studies. Vials were stored at —80 °C until needed.

Prior to this study extensive multi-angle light scattering measurements (MALS) and size-exclusion
chromatography (SEC) measurements ascertained that the Fab fragment is resistant to aggregation under
stresses typical of refrigerated storage or international shipping on ice. ? Similar measurements found that
Fab solutions remain unchanged when stored at -20 °C for eight months and that buffered, pH 7.4 solutions
prepared from lyophilized Fab are also the same. Separate HDX-MS experiments revealed negligible
differences between freshly prepared Fab-H20 of NISTmAD and lyophilized Fab fragment of NISTmADb-
H20 resuspended in H20.

For a recent study Brinson et al. shipped solutions of Fab fragment of NIST-mAb in NMR sample
tubes at +4 °C to 26 laboratories in 9 countries. ° Structural fingerprints as viewed by 2D
heteronuclear single quantum coherence (HSQC) proton, nitrogen, and carbon NMR spectroscopy at 500
MHz to 900 MHz showed that the Fab fragment structures were essential identical, indicating that the
shipping process did not alter protein structure.

Onsite Finishing of Fab-D,0 Control Samples. Onsite preparation included additional finishing of the Fab-
D20 control sample to assure that the deuterium content corresponded to fHDpX & 0 ge, 40 Material. At each
participating laboratory the Fab-D20O sample was diluted with 99.96 % D20 buffered solution to the
concentration suitable for the incumbent HDX-MS apparatus. The sample was then incubated at 37 °C for
96 h prior to its centroid measurement. Although this procedure does not assure that the amide sites, (NH)x,
contain 99.96 % D, it does assure that the (NH)x contains maximum deuterium, as dictated by structural
properties.

METROLOGICAL METHODS

pH measurements. During preparation of solutions provided in the HDX-MS kit, pH measurements were
conducted with a Thermo-Fisher Model Orion 3-Star Benchtop pH meter (Thermo Scientific, Pittsburgh,
PA) coupled to a Catalog# 13-620-223 A double junction refillable glass pH Electrode (Fisher Scientific,
Pittsburgh, PA). The meter was calibrated using a point-by-point method with four point calibration
solutions, pH 1.68, 4.01, 7.00, 10.01 (Oakton Instruments, Vernon Hills, IL).
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Intact Mass Analysis of Fab of NISTmAb. Intact masses measurements were obtained for the native Fab
fragment of NISTmADb, Fab-H20, and for the Fab fragment prepared with maximally-deuterated,
exchangeable sites, Fab-D20. This Fab-D20 control sample was finished at each cohort laboratory by
incubating Fab-D20 from the HDX-MS kit at 37 °C for 96 hours in 99.96 % D20. Both Fab control samples
were infused directly into a Thermo LTQ Orbitrap Elite (Thermo Fisher, San Jose, CA) and an Agilent
6545 Q-TOF (Agilent Technologies, Santa Clara, CA). For these instruments, MagTran 1.03 software
(Amgen Inc., Thousand Oaks, CA) ¢ and BioConfirm 8.0 (Agilent Technologies, Santa Clara, CA),
respectively, deconvoluted the resulting spectra. The 1 221.990 637 m/z ion of the HP-1221 calibration
standard (Agilent Technologies) served as the reference mass for Q-TOF measurements.

Instrumentation. As listed in Table S2 in the participating laboratories employed a variety of hardware and
software to manipulate samples, chromatographically separate and mass analyze peptides, and to identify
peptide sequences. Table S3 lists the proteolytic, chromatography columns, and chromatography gradient
profile used by each laboratory.

COMPUTATIONAL METHODS

Computation of the deuterium uptake by a peptide. The centroid mass observed at time fupx is determined
from peptide isotopic envelope, as observed in the m/z spectrum using formula 1:

peptide _ ?=1(m/2i)'1i
(m(typx)) =z- T_mH+ S1)

where z is the ion charge, n is the number of isotopic m/z features in the mass spectrum of the ion, (m/z); is
the measured mass to charge ratio, /; is the intensity of the ith ion feature, and my+ is the proton mass. ’ To
compute centroids, each reporting laboratory used their chosen software tool. As listed in Table S2 in the
Supporting Information, the software included DXMS Explorer and HDExaminer (Sierra Analytics,
Modesto, CA), EXMS, 8 HDX Workbench, ? and DynamX (Waters Corp., Milford, MA).

At NIST the centroid masses, (m(typx)), reported by each laboratory, allowed computation of the
deuterium content of the peptide at fupx from the difference:

DPEPI (ty5) = (m(typx))POPUSE — (m(0)PePrice (82

where (m(0)) is the centroid mass at fupx = 0 s.

Direct comparisons of peptide data from the laboratories are facilitated by calculating the average
percentage of the measured amide sites at fnpx that have exchanged hydrogen for deuterium. At fupx the
average percentage of exchange, uncorrected for back-exchange, is:

eptide ppeptide . 2Y.100 %
%EDP (tupx) =

uncorrected Dpeptide
max

(S3)

Dpeptide

max 1 the maximum molecular weight change due to amide deuteration of a peptide:

where
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Dha ** = FP20 - (n—p — 2) - (mp+ —myy+) (34)
Here, n is the number of amino acids, p is the number of prolines in the peptide excluding the first one or
two N-terminal residues, mp+ is the deuteron mass. Since the present analyses involve extended
chromatography in H20 near 0 °C, the N-terminus and its adjacent amino acid undergo complete back-

. . eptide . -
exchange, and site deuteration of Db ¢ is reduced by two. 1!

The calculation of %Ef:rprtégtid(tHDx) includes an adjustment for H for D back-exchange during the
quench and analysis procedures (Figure 1B to 1E). The present work employs the back-exchange correction

specified by Zhang and Smith with the correction for a non-unitary deuterium fraction, FP20; 1213

DPePtAe (11 %)-100 %
FDZO((m(oo))peptide_(m(o))peptide)

o/ ppeptide _
A)Ecorrected (tHDX) -

(S5)
where (m(00))PePtde js the centroid mass of a peptide from a protein sample containing only deuterons at
its amide sites. Measurements of the control sample, Fab-D20, yields (m(oopseudo))peptide, which is
conjectured to equal (m(c0))PePtde, The masses (m(typx) )PP and (m(00 e ))PEPH4e are measured
using the same apparatus and procedures.

As originally conceived, equation S5 was designed to apply only to the back-exchange of polyalanine
peptides for a single-step process. Zhang and Smith simulated the single-step, back-exchange process
explicitly for 3000 peptides containing random amino acid sequences containing 5 to 25 amide hydrogens.
12 They found that corrections to the simulations using equation S5 yielded an average error of (5.5 + 5.5) %
(1o). In all, 86 % of peptides had errors of < 10 %.

Software and calculation of uncertainty. All manipulations of spreadsheets reported in CSV format were
accomplished with custom programs implemented in Labview 7.1 (National Instruments Corp, Austin, TX).
Additional statistical analyses were accomplished using custom scripts implemented in DataPlot.'#-1¢

In this work some uncertainties are reported as 1s and 1o, where the sample standard deviation is
computed by

s =20 —0)?/(n—1) (S6)

o= TGy — D2 /n (S7)

where X is the mean of the measurements, x; are the measured values, and # is the number of measurements.
An approximate standard error of the mean is

0x xS/ (S8)
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SUPPORTING RESULTS

Intact Mass Spectrometry of Finished Fab-D,0 Samples. Intact mass spectrometry can indicate the existence
of amide sites that undergo H/D exchange at extremely slow rates. Intact mass spectrometry measurements
on freshly- finished Fab-D20 control samples were performed on Orbitrap and Q-TOF platforms at NIST.
Deconvolution of the [M+nH"]"" mass envelopes of the Fab-H20 sample yielded the molecular mass of [M]
=47,628 (+2) g/mol. Taking into account the N-terminal pyroglutamate residue, this mass is in good accord
with the theoretical mass of Fab-H20, [M] = 47,628 g/mol and a previous measurement of [M] = 47,628
(£ 5) g/mol with a Q-TOF mass spectrometer.

Prior to conducting measurements on Fab-D2O the mass spectrometer sample handling systems were pre-
conditioned with 99.96 % D20. After conducting measurements by employing the same mass spectrometers
and infusion procedures, deconvolution of the [M+nD"]"" data for Fab-D20 yielded the molecular mass of
[M] = 48,206 (+2) g/mol. The theoretical mass of Fab-D20 is 48,390 g/mol. !” The difference between the
measured mass of Fab-D20O control samples and the theoretical mass indicates that (184 + 2) protons
supplant deuterons in exchangeable sites. These protons may indicate that certain portions of the 412 amide
sites of Fab-D20 are essentially inert to H/D exchange. Alternately, the protons may reside mainly among
the 346 amino acid side-group sites that are available to rapid H/D exchange with H2O within the MS
electrospray source. The intact molecule ESI-MS data do not resolve this question of site-occupancy type.
This uncertainty of the amide occupancy type within the finished Fab-D20 control directs us to assume that

(M(0050040) )PP < (m(00))PePtide,

Calculation of repeatability, (s“@). During a run at a laboratory, three reps at each fupx produce a like
number of centroid measurements for each peptide. For each peptide the application of equation S2
produces three DPPU(#px) for three reps. Application of equation S6 to the three DPPi%(fipx) computes
one sgggtide( typx) for the peptide during the run. The sgggtide( typx)’s for each peptide are plotted on

Figure S7 (blue dots). (For 2 % of all data no speptlde( tupx) is computed because fewer than three
DPPide(nx) are available at tapx for the peptide.) This procedure is repeated for the three runs, yielding

three speptlde( tupx) for each peptide. The accumulated sgggtide values across all peptides comprise the

repeatability plot for each laboratory The repeatability plot for each laboratory is constructed from a dataset

comprising between 984 to 4057 Speptlde values for peptides in all reported charge states (Figure S7). At

each fupx the arithmetic mean of s> ( typx) across all peptide sequences is computed to find the

peptlde
average repeatability, (s“2° (typx)), which are plotted as red squares on Figure S7. These means are reported
in Figure 4. The uncertainty (s2P) is the standard error of the mean, o, which is computed via equation
S8.

Using Repeatability plots to assess instrument fitness. A repeatability plot of s.2 vs tupx illuminates

e tlde
on the fitness of the HDX-MS laboratory system and procedures. As examples, ptlfe repeatability plots for
Lab 1 and Lab 8 (Figures S7A and S7H) exhibit tightly clustered patterns of (s2P 1) < 0.01 Da and (s2" 8)
<0.02 Da at each tpx, indicating excellent system fitness.

While a repeatability plot exhibiting a small (s“@P) is a characteristic of good HDX-MS system
fitness, the plot can reveal the presence of systemic problems. For example, the repeatability plots for

Lab 10 and Lab 12 (Figures S7J and S7L), yield (s2P ) ~ 0.2 Da; however, these plots also exhibit outlying
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sgg‘gtide data points that are four to ten times greater than (s@) at each #upx, indicating less than optimal

Lab Lab 13 ) ~
peptide ~

that are as much as twenty-five times greater

system fitness. The accumulation of numerous large s can elevate (s“@" ). For example, (s

0.4 Da, which is a result of contributions by sgggtide
than (s2 13 ) (Figure S7TM).

The repeatability plot can also reveal procedural problems. For example, Lab 9 (Figure S8I) shows good
average repeatability, (s“2P %) < 0.08 Da for all tupx, excepting frpx = 30 s, where (s“2P? ) = 0.2 Da because

sgg‘gtide are dispersed to 1.8 Da. This pattern suggests the possibility of a poorly synchronized robot that is
changing the duration of fupx, such that each rep samples a different tnpx + 9.

Effects of peptide charge on deuterium uptake. For data reported by 13 laboratories the responses of
centroids as a function of peptide charge were examined for 513 peptides (z = +1 to +7) of 107 sequences.
(Two laboratories did not report centroid data for multiple charge states.) The centroid data sets were
examined for effects due to intermolecular metathesis reactions resulting in H for D exchange. The concern
is that reactions in the ESI source may promote H for D exchange in the protic environment of the
electrospray ion source, thus, corrupting the nascent deuterium content. '8! The rates of such reaction
processes are putatively functions of the operating conditions within the ESI source and the peptide
reactivity of each charge state.

Since such reaction processes are functions of the peptide physical properties and of the operating
conditions within the electrospray ion source, the effects of intramolecular H for D exchange are expected
to be prominent for specific ion sequences and specific laboratories. In this view, as z increases for a
particular amino acid sequence, the peptides may exhibit decreased centroid mass. Variation of ESI source
operating conditions among the laboratories may make this effect prominent in the centroid data reported
by one laboratory but absent in others.

To detect the effects of putative intermolecular H/D exchange, the area of each DS¢44€"€ (t;py) vs.
log10(tupx) plot was integrated over the interval that each peptide is most deuterated, specifically, tpx =

(3,600 s, 14,400 s, ©p5e40)- The trapezoidal approximation was used for the integration of each peptide
charge state. 2°?! By dividing with a unit area determined by integrating over log;o(typx) for
Dseauence (¢ ny) =1 and multiplying by 100%, the area is normalized to percent. The calculations yield
%A; 1" (Lab), an estimated area of deuterium uptake for a sequence in charge state z. The uncertainty
of each %A} 1"*"“°(Lab) was computed using the uncertainties of DPePYde(¢, ) which, in turn, are
computed from the sample standard deviation of nine centroid measurements at each fupx. After rejecting
outliers residing £3s beyond the mean, the mean uncertainty of %AZequence (Lab) is SZS CAUENCE aTed (equation
S7). We adopt the test criteria that Aiequence (Lab)’s of two charge states of like sequence are unequal when
their areas differ by 1s,° """ where s, """ *® is the larger uncertainty found for each
%AZequence (Lab) pair under comparison. Table S5 lists the reported sequences of z, z+1, z+2, ... and their
relative integrated deuterium content as a function of charge state.

Centroid mass areas derived for 88 % of the 107 peptide sequences fall inside the chosen criterion
of 1s, "M The data submitted by the eleven laboratories comprise mainly sequences of z =+2, +3
and z =+3, +4, but longer series of z =+1, +2, +3; z =+4, +5, +6 and z =+4, +5, +6, +7 are also present. The
A 1" (Lab)'s along each series of z differ by < 1s, 0 - ““and 1s, 3" "% Where sequences
with charge series of z = +n, +n+1, (and occasionally z=+n+2) differ by > lszs_e:iluenCe R (G=0,1,2...n),
the lowest charge state, z=+n, is twice as likely to manifest the smaller area than the z=+n+1 peptide. For
the fragments of Fab of NISTmAb the diminished A;‘Euence (Lab) of the z=+n peptide likely arises from
coincidences with eluting LC peaks of similar m/z. Consequently, for this report evaluations of

reproducibility have used peptide centroids of the charge state manifesting the least measurement
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uncertainty for A, 1"*"““(Lab). In short, analyses of peptide centroids in different charge states provides
no evidence that systemic, in-ESI source, intermolecular H/D exchange affects data submitted by cohort
members.

Page S-9



FIGURES

Articles/Year

HDX-MS Articles/Year & Citations/Year

200
150 = 2247
i articles
100 =
50+
0 - | | | | | | | | I | | | | | | | I | | | | L] | | I
1990 2000 2010 2020
Year

Figure S1. Plot of the number of original research publications (i.e., reviews and commentaries are
uncounted) per year that employed hydrogen-deuterium exchange mass spectrometry to investigate protein

behavior since its invention in 199
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Figure S2. The HDX-MS standard reagent kit. A) Kit of reagents and vials. B) Location and
descriptions of vials inside the kit. Vials are used for the initial preparation of diluted protein
aliquots (bottom row), for the development of the proteomics database (leftmost column), and
for three HDX-MS experiments (upper right columns). C) Map of the vials referenced in
Table S1.
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Figure S3. Histogram showing the observation frequency vs peptide amino acid length (AA) for the heavy
and light chains of the Fab fragment of NISTmAD after proteolysis in immobilized enzyme columns. (The
plot does not show the sparse population of peptide ions near 60 AA.) Fifteen laboratories reported 430
sequences. The median sequence length in this set contains 13 amino acids, and 84 % of the members in
the set contain between 5 and 21 amino acids.
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Figure S4. Peptide sequences for the heavy chain (HC) and light chain (LC) reported by A) Lab 1, B) Lab
2, C) Lab 3, and D) Lab 4. To permit direct comparison of these maps, the xy-coordinates of each
sequence stripe are the same as in Figure 2 and Figures S4P. Headers note the number of reported

sequences and the coverage percentage.
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Figure S4 (cont’d). Peptide sequences for the heavy chain (HC) and light chain (LC) reported by E) Lab 5,
F) Lab 6, G) Lab 7, and H) Lab 8. To permit direct comparison of these maps, the xy-coordinates of each
sequence stripe are the same as in Figure 2 and Figures S4P. Headers note the number of reported sequences

and the coverage percentage.
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Figure S4 (cont’d). Peptide sequences for the heavy chain (HC) and light chain (LC) reported by I) Lab 9,
J) Lab 10, K) Lab 11, and L) Lab 12. To permit direct comparison of these maps, the xy-coordinates of
each sequence stripe are the same as in Figure 2 and Figure S4P. Headers note the number of reported

sequences and the coverage percentage.
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Figure S4 (cont’d). Peptide sequences for the heavy chain (HC) and light chain (LC) reported by
M) Lab 13, N) Lab 14, and O) Lab 15. To permit direct comparison of these maps, the xy-coordinates of
each sequence stripe are the same as in Figure 2 and Figure S4P. P) Summary map showing all reported
sequences. Headers note the number of reported sequences and the sequence coverage percentage.
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Figure S5. Sequence coincidence population M(w€) vs. Coincidence Frequency (w€) for sequences
reported by the 15 laboratory cohort. Black squares plot the observed M(w¢) found in the cohort data.
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Figure S6. Population of reported peptide sequences as a function of instrument-software configuration.
Boxes encompass laboratories (indicated by their numbers) sharing the same instrument-software
configuration, and the ordinate of each number denotes number of sequences reported by the laboratory. A
dashed line marks (C) = 103, the average number of sequences reported by all laboratories. The shaded
area denotes, (C) = 103 + 41, the envelop indicating the one standard deviation limit of the sequence
populations.
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Figure S7. The repeatability plots (sPP“ vs frpx) for: A) Lab 1, B) Lab 2, C) Lab 3, D) Lab 4, E) Lab 5,
F) Lab 6, G) Lab 7, and H) Lab 8. Blue dots mark the DPPi(;px) measurements. Squares mark (s'2P),
which is the average of sP®P%(spx) for all peptides reported by the indicated laboratory. The red line
indicates the fit of (s“P) vs upx. These fits with their uncertainty limits are summarized in Figure 4.
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Figure S7 (cont’d). The repeatability plots (sPPi% vs frpx) for: I) Lab 9, J) Lab 10, K) Lab 11, L) Lab 12,
M) Lab 13, N) Lab 14, and O) Lab 15. Squares mark (s@P), which is the average of sPPi¢ for all peptides
reported by the indicated laboratory at each fupx. The red line indicates the fit of (s%@P) vs tupx. These fits
with their uncertainty limits are summarized in Figure 4.
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Figure S8. Plots of %E f:rpr‘zgtzd(z‘HDx) vs logio(tupx) for peptides measured at Tupx = (25 £ 1) °C: G) LC-
"SIFPPSDEQL'*,  H) LC-"’LTLSKADYEKHKVYACE', 1)  HC-RESGPALVKPTQT!,  J)HC-
SADIWWDDKKHYNPSL®, K) HC-"*VSSASTKGPSVFPLAPSSKSTSGGTAAL', L) HC-
IVSWNSGALTSGVHTFPAVL!”, M) HC-'>°NSGALTSGVHTFPAVL'”” and N) HC-'LTSGVHTFPAVL'"",
Legend indicates the reporting laboratory.  Bars indicate uncertainties (1o) larger than symbols. The letter

designation of each panel corresponds to the Peptide list legend of Figure 6A.
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TABLES

Table S1. Positions, vial labeling, and chemical information for each vial in the HDX-MS Kkit.

(H20, pH 7.4)

Vial # Vial Label Chemical Contents Notes
1 Dilution Buffer 20 mmol/L phosphate buffer, 150 mmol/L Measured pH 7.50 (+ 0.02)
(H20, pH 7.4) NaClin H20 VOLUME: 4 mL
2,3,4 HDX-Day #: 20 mmol/L phosphate buffer, 150 mmol/L Corrected pDeorrected 7.48 (£ 0.02)
Exchange Buffer NaClin 99.98% D20 VOLUME: 4 mL
99.98% D20
5 Proteomics: 8 mol/L GdnHCl in 0.4 mol/L phosphate Measured pH 3.1 ( 0.02) to be diluted
Quench Buffer on day of use
VOLUME: 4 mL
6,7,8 HDX-Day #: 8 mollL GdnHCI, Measured pH 3.1 (£ 0.02) VOLUME: 4
Quench Buffer 0.4 mol/L phosphate buffer mL
9 Proteomics: 0.65 - 0.70 g tris (2-carboxyethyl) Material must be weighed and added to
TCEP-HCI phosphine hydrochloride dilute Quench Buffer (position 5) on day
of use.
10, 11,12 HDX-Day #: 0.65 - 0.70 g tris(2-carboxyethyl) Material must be weighed and added to
TCEP-HCI phosphine hydrochloride dilute Quench Buffer on day of use (See
page 9).
13 Dilution Buffer 20 mmol/L phosphate buffer, with 150 pDcorrected 7.48 (£ 0.02)
99.98% D,O mmol/L NaCl in 99.98% D20 (4 mL per VOLUME: 2.5 mL
glass vial and 2.5 mL per plastic vial)
14 Fab-D20 110 pmol/L NIST-Fab in 20 mmol/L 200 pL/vial, spin down contents before
phosphate buffer, pH 7.5 with 150 mmol/L use (p. 1)
NaCl in D20 (200 pL/vial) PDcorrected 7.48 ( 0.02)
Prepared on 6 NOV 2014 by
resuspension of lyophilized Fab in
99.98 % D20.
15 Microliter Freezer Vials for Empty. 5 vials with yellow caps
aliquoting diluted protein 5 vials with green caps
samples
16 Fab-H20 200 pmol/L NIST-Fab in 20 mmol/L 200 uL/vial, spin down contents before
phosphate buffer, 150 mmol/L NaCl in H20 use (p. 1)
buffer pH~7.4
17 Dilution Buffer 20 mmol/L phosphate buffer, pH 7.5 with Measured pH 7.5 (+ 0.02)

150 mmol/L NaCl in H20

VOLUME: 2.5 mL
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Table S2. Instrument-software configurations used by laboratories to analyze and identify peptide ions.

Lab Hsaannt;ﬁ:\eg Chromatograph Mass Spectrometer Peptide ID Software Centroid software
1 - Waters(@ Synapt G20 PLGS( DynamX 2.0
2
manual Waters(@ Synapt G20 PLGS( DynamX 3.00
D X 2.0
3 - Waters(@ Synapt G2Si® PLGS( yram
4 robot Waters(@ Synapt G2Si® PLGS( DynamXe®
DynamX 2.0.00
5 manual Waters(@ Synapt G2S(® PLGS( y
DXMS Explorer(@
6 manual Agilent Orbitrap Elitet ProtDisc(f xplorer
7 robot Agilentd Agilent 6530 Q-TOF®h Aglent Ma;snlglt;zitse(L Qualiative HDExaminer 1.4.0 beta®
8 manual Waters(@ Synapt G20 PLGS 3.0¢ DynamX 3.00
9 robot Thermo Orbitrap Elite® MASCOT HDX Workbench
10 robot Thermoe Thermo gExactive MASCOT HDExaminer
Orbitrap(e
DynamX 3.0
11 manual Waters( Synapt G2S® PLGS 2.5.2¢ y
12 robot Waters(@ Synapt G2Si® PLGS( DynamX 2.0
kand in-
13 robot Waterste Orbitrap Elitel® MASCOT! EXMSKand in-house
developed scripts
14 robot Agilentd Orbitrap Q-Exactive(® MASCOT( HDX Workbench(
15 robot Thermo Orbitrap Elite(® MASCOT HDX Workbench

YWaters nanoACQUITY UPLC
®Waters Corp., Milford, MA
c)ProteinLynx Global SERVER, Waters Corp., Milford, MA

YAgilent 1100 or 1260 series, Agilent Technologies, Inc., Santa Clara, CA
9Thermo Fisher Scientific, Santa Clara, CA

DThermo Fisher Proteome Discoverer 1.3, Thermo Fisher Scientific, Santa Clara, CA

®Sierra Analytics, Modesto, CA
"MAgilent Technologies, Inc., Santa Clara, CA
YMatrix Science, Oxford, UK

D Ref. 9.
O Ref. 8.
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Table S3. Software search engines and parameters used for identifying the peptide ions, as reported by each laboratory.

Search non-specific # permitted Tolerances Analysis | Minimum Score False di Lock-mass Fragment ions
Peptide ID Software against Fab enzyme missed Precursor & Mode(® of accepted ;tsee(FI[?;())\(l‘;;y reference per peptide
Lab sequence?(@ search? cleavages fragment (ppm) peptides o reagent(c (PLGS onlyd
1 10/20 MSE 0 Leu-Enk 0.3 fragment
1 PLGS 2.5.16¢ Yes Yes 4 ions/residue
£ ;
2 PLGS 246 Ves Yes 1 5120 MS 6.32 4 GluFib 3
3 PLGS 3.0 Yes Yes nla Automatic MSE n/a 4(f GluFib >3
4 PLGS 3.0.2¢ Yes Yes 1 100 MSE 5 4 Lue-Enk 3
5 PLGS 3.0.2¢ Yes Yes 10/10 DDA 10 1 Leu-Enk n/a
6 ProtDis 1.3(" Yes Yes 2 100 DDA 1.2 0.01 n/a
7 Mass Hunter B.07( Yes Yes DDA nla n/a
c - -
8 PLGS 3.0 Yes Yes 100 MS ID in 3outof4 GluFib Q.2 fragment
replicate runs ions/residue
9 MASCOT 2.3 § Yes Yes 0 20 DDA 20 n/a
10 MASCOT 2.4.16 Yes Yes 200 DDA 20 n/a n/a
1 PLGS 2.5.2¢ Yes Yes 1 200 MSE n/a n/a GluFib 2
12 PLGSeE Yes Yes 5,25 MSE > 7k 0 GluFib 0
13 MASCOT 2.30 Yes Yes 0 10/(0.8 Da) DDA 15 n/a n/a
14 MASCOT 2. 16 Yes Yes n/a 10/ (15 mDa) DDA 20 n/a n/a
15 MASCOT 2.30 Yes Yes 0 10/ (0.5 Da) DDA 15 n/a n/a n/a
a Ref. 2.

b DDA = Data Dependent Acquisition; MSE = Waters Proprietary method of data acquisition.

¢ Leu-Enk: Leucine-Enkephalin (556.2771 Da). GluFib: Glu-Fibrinogen peptide (m/z 785.8426).

d For MSE data acquisition mode the value specifies the minimum number of observed fragment ions per peptide required to validate the peptide identification.
e ProteinLynx Global SERVER, Waters Corp., Milford, MA

f Search against reverse sequence of Fab fragment of NISTmADb.

9 Fragment tolerance not given.

h Thermo Fisher Scientific, Santa Clara, CA

i Agilent Mass Hunter Qualitative Analysis B.07, Agilent Technologies, Inc., Santa Clara, CA

I Matrix Science, Oxford, UK

k Peptide.AutoCurate-Green.

Page S-23



Table S4. Proteolytic and chromatography columns and additional conditions reported by each laboratory.

LAB Inline Proteolytic column Trap Column Description Analytical column Chromatographic Solvent Chromatography Gradient Profile
system
1 Vendor: Applied Biosystems (Life Vendor: Waters Vendor: Waters Solvent A: H20 (0.1% FA) LAB 1
Technology) Model: VanGard Pre-Column BEH Model: Acquity UPLC BEH Solvent B: ACN (0.1% FA) | ' |
Enzyme: Pepsin Stationary phase: C18 Stationary phase: C18 z o / \
Poroszyme Immobilized Pepsin Dimension (dia. x length, mm): 2.1 x | Dimension (dia. x length, mm): 2.1 x = | \
Cartridge 5 100 5 0% / »
Dimension (dia. x length, mm): 2.0 X g 0% \
30 < o —
0 5 10 15
time (min)
2 Vendor: Waters Vendor: Waters Vendor: Waters Solvent A: H20 (0.1% FA) LAB 2
Enzyme: Pepsin Model: ACQUITY UPLC BEH C18 Model: Acquity UPLC BEH Solvent B: ACN (0.1% FA) g 1.
Model: Enzymate BEH Pepsin Column VanGuard Pre-column Stationary phase: C18 g o
Dimension (dia. x length, mm): Stationary phase: C18 Dimension (dia. x length, mm): 1 x -l
Solvent: Hz0 + 0.05% TFA @ 75 Dimension (dia. X length, mm): 2.1 x 100 g o
pL/min 5 g ™|~ -
0%
0 5 10 15
time (min)
3 Vendor: Waters Vendor: Waters Vendor: Waters Solvent A: 99.9% H20, 0.1% LAB 3
Enzyme: Pepsin Model: ACQUITY UPLC BEH C18 Model: Acquity UPLC BEH FA,pH25 <1
Model: Enzymate BEH Pepsin Column VanGuard Pre-column Stationary phase: C18 Solvent Bli_zg-?’z/'\sc'\‘r 0.1% | 5 %
Solvent: 99.9% H20, 0.1% FA (pH 2.5) Stationary phase: C18 Particle dia. (um): P < = o
@ 100 plL/min Dimension (mm): 2.1 x 5 Dimension (dia. x length, mm): 1 x e 40j’ //
100 § 20% /
0%
0 2 4 6 8 10
time (min)
4 Vendor: Waters Vendor: Waters Vendor: Waters Solvent A: H20/0.23% FA LAB 4
Model: Enzymate Pepsin Column Model: ACQUITY UPLC BEH C18 Model: ACQUITY UPLC BEH Solvent B: ACN/0.23% FA g 100%
Particle dia.(um): 5 um VanGuard Pre-column, Pore size Stationary Phase: C18 3 80%
Pore size (A): 130 (A):130 Particle dia.(um): 1.7 = 60%
Dim. (dia. x length, mm): 2.1 X 30 Dim. (dia. x length, mm): 1 x 100 2
Z 20%
<
0%
0 2 4 6 8 10
time (min)
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LAB Inline Proteolytic column Trap Column Description Analytical column Chromatographic Solvent Chromatography Gradient Profile
system
5 Vendor: IDEX Vendor: Waters Vendor: Waters Solvent A: H20 (0.23% FA) LABS
Model: Guard column Model: Acquity BEH Model: Acquity UPLC BEH Solvent B: ACN (0.23% FA) | <
Enzyme: Pepsin Stationary phase: C18 Stationary phase: C18 H 80%
Functionalization: immobilized pepsin Particle dia. (um): 1.7 Particle dia. (um): 1.7 - ij
beads (#20343, Thermo) Dimension (dia. x length, mm): 2.1 x | Dimension (dia. x length, mm): 2.1 x g
Dimension (dia. x length, mm): 2.0 X 5 100 g ™
0%
2 5 10 15
time (min)
6 Enzyme: Pepsin Vendor: Michrom Bioresources Vendor: Michrom Bioresources Solvent A: H20, 0.05% TFA LAB 6
Linker Chem.: Aldehyde Model: Magic C18 Model: Magic C18 Solvent B: 80% ACN, 20% o
Particle dia.(um): 20 Stationary phase: C18 Stationary phase: C18 H20, 0.01% TFA 2 8%
Dimension (dia. x length, mm): 1 x 20 Particle dia. (um): 3 Particle dia. (um): 3 = oo
B 40%
Solvent: H20 + 0.05% FA @ 20 pL/min | Dimension (dia. x length, mm): 0.2 x | Dimension (dia. x length, mm): 0.2 x £ o
1.0 50 § 6
0%
10 20 30 40
time (min)
7 Vendor: Prepared in lab Vendor: Agilent Vendor: Agilent Solvent A: 0.1 % FA LAB7
Enzyme: Pepsin Model: Poroshell 120 EC-C8 Model: Zorbax RRHD 300SB-C8 Solvent B: ACN/Hz0/FA g%
Functionalization: [2] Stationary phase: EC-C8 Stationary phase: 300SB-C8 (90:10:0.1) H 8%
Particle dia.(um): 20 Dimension (dia. x length, mm): 2.1 x | Dimension (dia. x length, mm): 2.1 X 3 SZj
E 0%
Dimension (dia. x length, mm): 2.1 x 5.0 50 § o
50 g
0%
10 15 20 25
time (min)
8 Vendor: AB Porozyme Vendor: Waters Vendor: Waters Solvent A: mqH20/ 0.23% FA LAB 8
Enzyme: Pepsin Model: Acquity UPLC BEH Model: Acquity UPLC BEH C18 Solvent B: ACN/0.23% FA g
Dimension (dia. x length, mm): 2.1 X VanGuard Stationary phase: C18 2 80%
30 Stationary phase: C18 Dimension (dia. x length, mm): 2.1 X 5 60:/°
Dimension (dia. x length, mm): 2.1 x 100 2
50 5 20%
= 0%
5 10 15
time (min)
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LAB Inline Proteolytic column Trap Column Description Analytical column Chromatographic Solvent Chromatography Gradient Profile
system
9 Vendor: Waters Vendor: C18 (5 ym) Grace Vendor: ThermoFisher Scientific Solvent A: H20 + 0.1% FA LAB 9
Enzyme: Pepsin Discovery Sciences, (Waltham, Solvent B: ACN +0.1% FA g
Model: Enzymate BEH Pepsin Column Carnforth, UK MA) 2 8%
Dimension (dia. x length, mm): 1.0 x Stationary phase: C18 =
50 Particle dia. (um): 1.9 g
Dimension (dia. x length, mm): 1.0 x § o
50 mm 0%
0 5 10 15
time (min)
10 Enzyme: Pepsin Vendor: Optimize Technologies Vendor: Grace Solvent A: H20 + 0.25% FA LAB 10
Functionalization: [1] Model: EXP Model: ProZap Expedite MS Solvent B: ACN g
Particle dia.(um): 20 Stationary phase: Halo Stationary phase: C18 2 8%
Dimension (dia. x length, mm): 2.0 x Dimension (dia. x length, mm): 2.1 x Particle dia. (um): = oo
B 40%
100 S Dimension (dia. x length, mm): 2.1 x I3
Solvent: H20 +0.05% TFA @ 500 10 g
pL/min 0%
0 5 10 15 20 25
time (min)
11 Vendor: Applied Biosystems Vendor: Waters Vendor: Waters Solvent A: H20 (0.1% FA) LAB 11
Enzyme: Pepsin Model: ACQUITY UPLC BEH C18 | Model: Acquity UPLCHSS T3 1.8 um | Solvent B: ACN (0.1% FA) g o
Model: Poroszyme Immobilized Pepsin VanGuard Pre-column Stationary phase: C18 2 8%
Cartridge Stationary phase: C18 Particle dia. (um): 1.8 = B
Dimension (dia. x length, mm): 2.0 X | Dimension (dia. x length, mm): 2.1X | pimension (dia. x length, mm): 1 x 50 2 0%
30 5 ' S = 20% L ]
o
4 L—
0%
0 2 4 6 8 10
time (min)
12 Vendor: NovaBioassay Vendor: Waters Vendor: Waters Solvent A: H20 (0.1% FA) LAB 12
Model: Dual protease column Model: ACQUITY UPLC BEH C18 Model: Acquity UPLC BEH Solvent B: ACN (0.1% FA) | <'®*
Enzyme: pepsin + Type XlII protease VanGuard Pre-column Stationary phase: C18 NOTE: Laboratory changed 3 so%
from aspergillus Stationary phase: C18 Dimension (dia. x length, mm): 1 x Quench buffer mixture to: 8 2 60%
Solvent: H20 with 0.1% FA/8 mM Dimension (dia. x length, mm): 2.1 x 100 mol/L Urea, 1 mol/L TCEP- g
TCEP-HCI @ 75 ulL/min 5 HCI, 100 mmolL PBS g %
adjusted with NaOH to pH <
2.5. 0 5 10 15
time (min)
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LAB Inline Proteolytic column Trap Column Description Analytical column Chromatographic Solvent Chromatography Gradient Profile
system
13 Vendor: Life Technology Vendor: Waters Vendor: Waters Solvent A: 0.1%FA+0.04% LAB 13
Enzyme: Pepsin Model: Acquity BEH C18 Vanguard Model: Acquity UPLC BEH C18 TFAin H0 <1
Dimension (dia. x length, mm): 2.0 X pre-column Stationary phase: C18 Solvent B: 0.1%FA+0.04% 2 g%
30 Stationary phase: C18 TFAin ACN = 60%
Dimension (dia. x length, mm): 2.1 x o 0%
5.0 2 0%
<
0%
0 10 20 30 40
time (min)
14 Vendor: Waters Vendor: Waters Vendor: ThermoFisher Scientific Solvent A: H20 0.3% FA LAB 14
Enzyme: Pepsin Model: Symmetry C8 Model: C18 Hypersil GOLD Sol_li"gr?tOBégog"AACN 10% o
Model: Enzymate BEH Pepsin Column Stationary phase: C18 Stationary phase: Silica based C18 20T H 8%
Dimension (dia. x length, mm): Dimension (dia. x length, mm): 2.1 x Particle dia. (um): = oo
B 40%
Solvent: H20 +0.1% TFA @ 200 10 Dimension (dia. x length, mm): 2.1 x £ .
pL/min 50 mm g ™
0%
0 2 4 6 8
time (min)
15 Vendor: Waters Vendor: Grace Discovery Sciences Vendor: ThermoFisher Solvent A: H20 +0.1% FA LAB 15
Model: Enzymate BEH Pepsin Column (Carnforth, UK) Scientific (Waltham, Solvent B: ACN +0.1% FA g%
Stationary phase: C18 MA) 3 80%
. . . = 60%
Particle dia. (um): 5 Model: Hypersil GOLD =
Dimension (dia. x length, mm): 1.0 x Staionary phase: C18 g
= 20%
500 Particle dia. (um): 1.9 2 o
Dimension (dia. x length, mm): 1.0 x 0 5 10 15
50 mm time (min)

[1] Refs. 23-24.
[2] Ref. 12.
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Table SS. Physio-chem and fluidic conditions reported by each laboratory for HDX-MS measurements.

Protein D20 D20 Flow Rate Trap Column ESI
Lab Conc Fraction | T oC Fraction through . Solvent Source
Thox (°C) during during e (°C) Sﬁut?gﬁh H during | Proteolytic FROZENG | T t"'°t°°"fs's(s(sc)@c?c) Exchange, Tic(°C) | Capillary
Labeling, | Labeling, utionp Quench, | column proteolysis (s @ pLU/min) T (°C)
Mmol/L FP:20 FD20 (ML/min)
1 25+0.1 7.5 0.85 0 24710250 0.21 200 No --b@10°C None 1+£0.1 80
2 25 13.3 0.93 0 24810 2.51 0.47 75 No 240s @ 20°C None 0 175
3 25+0.1 8.0 0.84 1+£05 24910 2.50 0.42 100 No 180s @ 1°C 180s @ 100 3+0.02 80
4 25+ 041 4.16 0.92 25041 24610 2.54 0.46 100 No 180s @ 20 °C 180s @ 100 0+0.1 175
5 24+0.1 0.43 0.90 0x1 24410 2.55 0.45 300 Yes 120s @ 18°C 120 s @ 300 005 80
6 254 +0.1 16.7 0.83 1.5+0.1 2.5 0.33 20 Yes 48s@1.5°C none 15+0.1 200
7 25+041 1.2 0.95 1+£0.3 24710249 0.48 200 No 180s @ 0°C 60 s @ 200 002 225
8 25+0.1 20 0.96 005 2491025 0.48 150 Yes 18s@20°C 180 s @ 40 0+1 90
9 25+0.1 0.56 0.86 1+0.1 2.5 0.43 50 No 130s @ 8°C 50s @ 30 1.5+0.1 240
10 20£1 4.55 0.91 01 25 0.18 500 Yes 0s@3°C none 01 225
1 201 20 0.90 20£1 25110252 0.45 100 Yes 180s @ 15°C none 005 150
12 22+1 2.83 0.94 4 25110252 047 75 No 150 s @ 15 °Cled none 001 80
13 22105 2.99 0.94 005 254 10 2.57 0.47 100 No 130s@0°C 100 @ 100 005 250
14 3602 10.0 0.80 1.8+0.1 2.46t0 247 0.40 No 150s @ 15°C none 3602 320
15 3.6+0.1 0.56 0.86 1.0+£01 25 043 50 No 180s @ 8°C 180 @ 50 1.5+£0.1 240
a) FROZEN = “Yes” when sample was frozen at -80 °C immediately after Quench Step (ref. Figure 1B).
b) Value is not reported.
c) Proteolysis column contained pepsin and Type XIII protease from aspergillus.
d) The laboratory used 8 mol/L urea in place of guanidinium chloride.

Page S-28



Table S6. Table of relative A% = [ %D eptide(tHDX)dloglo(tﬂDX) integrated over typx= (3,600 s,
14,400 s, ©0psendo)- For each sequence cells colored blue exhibited the greatest integrated deuterium

content, ALt

LEGEND:

, and cells colored red have A% that are depressed by at least 1s relative to the blue cells.

Areas are essentially equal: AC®! + 5~ AL 1+ ¢

total total . Atotal total
Area of 47> and A" do not match: A +5 <A %7

s

z=+7 z=+6 z=+45 2z=+4 z=+3 z=4+2 z=+1 LAB Sequence

HC/5-19
HC/35-47
HC/35-48
HC/36-47
HC/36-48
HC/51-65
HC/51-69
HC/53-65
HC/66-82
HC/68-82
HC/70-82
HC/83-94
HC/106-117
HC/107-117
HC/118-145
HC/118-158
HC/130-158
HC/149-158
HC/159-170
HC/159-177
HC/166-177
HC/167-177
HC/188-200
HC/189-200
LC/35-45
LC/46-53
LC/71-82
LC/115-124
LC/116-124
LC/135-142

N NN N N N DNDNNNDNNDNDNNNNNNDNDNDDNDNDNDNDDNDNDNDDNDNDNDNDDNDDNDN
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z=+7

z=+6

Z=+5

Z=+4 z=+3z=+2 z=+1

LAB

Sequence

LC/135-147
LC/135-160
LC/143-160
LC/178-213
LC/179-213
LC/181-213
LC/195-213

HC/111-127
LC/195-213

HC/5-17
HC/83-94

HC/5-19
HC/5-20
HC/28-47
HC/28-50
HC/35-47
HC/35-50
HC/35-53
HC/36-50
HC/51-65
HC/51-69
HC/51-82
HC/53-65
HC/70-94
HC/122-145
HC/-16--1
HC/-26--1
LC/46-70
LC/46-71
LC/178-191
LC/178-194
LC/181-194
LC/194-213
LC/195-213

N N N N N NjoOo ooy Oy OO OO OOy OO Oy OO O OOl LB BRIN NN DNDNMNMNDNNDN

HC/5-17
HC/5-19
HC/51-65
HC/53-65
HC/70-82
HC/149-177
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z2=+47 2=+46 z=+5 z=+4 2z=43 z=+2 z=+1 LAB Sequence

HC/159-177

HC/162-177

HC/188-196

HC/188-200

HC/189-196

HC/189-200

LC/35-45

LC/115-124

LC/116-124

LC/135-160

LC/143-153

LC/148-160

LC/161-171

LC/161-174

LCMT72-178

LC/178-194

LC/181-194

LC/195-213

LC/206-213

HC/5-17

HC/5-19

HC/28-48

HC/35-47

HC/35-50

HC/36-50

HC/39-50

HC/51-65

HC/51-69

HC/54-65

HC/66-82

HC/68-82

HC/70-82

HC/83-94

HC/106-117

HC/118-129

HC/118-145

HC/149-158

HC/159-177

HC/188-200

00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00N N N N N N N N N N N N N NN N NN

LC/26-35
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z=+7

z=+6

Z=+5

Z=+4

z=+3 7 z=+2 7 z=+1

LAB Sequence

8 LC/35-45

8 LC/115-124
8 LC/135-153
8 LC/135-160
8 LC/178-194
8 LC/195-213
9 HC/5-19

9 HC/35-50

9 HC/51-65

9 HC/106-117
9 HC/149-158
9 HC/159-177
9 LC/115-124
9 LC/135-142
9 LC/179-194
9 LC/195-213
10 HC/5-17

10 HC/5-19

10 HC/5-20

10 HC/35-50
10 HC/36-48
10 HC/36-50
10 HC/51-65
10 HC/51-69
10 HC/53-65
10 HC/53-69
10 HC/54-69
10 HC/66-82
10 HC/68-82
10 HC/83-94
10 HC/149-177
10 HC/-15-1
10 HC/-27--1
10 LC/46-53
10 LC/46-69
10 LC/46-70
10 LC/135-142
10 LC/135-160
10 LC/175-194
10 LC/178-194
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z=+7

z=+6

Z=+5

z=+4

z=+3 z=+2 z=+1

LAB Sequence
10 LC/179-194
10 LC/181-194
10 LC/181-213
10 LC/194-213
10 LC/195-213
11 HC/5-17
11 HC/5-17
11 HC/5-19
11 HC/5-19
11 HC/35-47
11 HC/35-47
11 HC/35-48
11 HC/36-46
11 HC/50-68
11 HC/50-68
11 HC/51-65
11 HC/51-65
11 HC/53-65
11 HC/53-65
11 HC/66-82
11 HC/66-82
11 HC/70-82
11 HC/118-145
11 HC/161-188
11 LC/27-34
11 LC/35-45
11 LC/54-69
11 LC/54-70
11 LC/56-78
11 LC/135-147
12 HC/5-20
12 HC/39-49
12 HC/51-65
12 HC/51-68
12 HC/51-69
12 HC/69-82
12 HC/70-82
12 HC/107-117
12 HC/159-166
12 HC/159-174
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z2=+47 2=+46 z=+5 z=+4 2z=43 7z=+2 z=+1 LAB Sequence

12 HC/166-173

12 HC/M67-173

12 HC/200-208

12 LC/M18-124

12 LCM23-131

12 LC/M35-147

12 LC/M45-151

12 LC/M51-174

12 LC/M61-174

12 LC/M161-178

12 LCM67-177

12 LC/195-206

12 LC/195-209

12 LC/M95-212

12 LC/M95-213

12 LC/M99-213

12 LC/202-213

13 HC/35-50
13 HC/51-65
13 HC/53-65
13 HC/66-82
13 HC/70-82

13 HC/149-158

13 HC/188-200

13 HC/189-200

13 LC/M15-124

13 LC/M16-124

13 LC/135-153
13 LC/135-160
13 LC/143-160
13 LC/178-194
14 HC/5-17

14 HC/35-46
14 HC/35-47
14 HC/35-50
14 HC/36-48
14 HC/51-65
14 HC/53-65
14 HC/70-82
14 HC/83-94
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z=+7 z=+6 z=+5 z=+4 z=+43 z=+2 z=+1 LAB Sequence
14 HC/106-117
14 HC/188-200

14 LC/35-45
14 LC/46-53
14 LC/7T1-82

14 LCM15-124
14 LC/M16-124
14 LC/M35-147
14 LC/135-160
14 LC/M43-160
14 LC/M95-213

15 HC/83-94
15 HC/188-200
15 LC/46-53
15 LC/54-70
15 LC/71-82
15 LC/M16-124
15 LC/135-142

15 LC/135-147
15 LC/135-160
15 LC/139-160
15 LC/143-160
15 LC/148-160
15 LC/M61-174
15 LC/195-213
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