BIVIC Bioinformatics

Research article

@,

BiolVled Central

"TOF2H": A precision toolbox for rapid, high density/high coverage

hydrogen-deuterium exchange mass spectrometry via an

LC-MALDI approach, covering the data pipeline from spectral

acquisition to HDX rate analysis

Pornpat Nikamanon3, Elroy Pun?, Wayne Chou!, Marek D Koter! and

Paul D Gershon*!

Address: 'Department of Molecular Biology & Biochemistry, UC-Irvine, Irvine, CA 92697, USA, 2Department of Parking & Transportation Services,

UC-Irvine, Irvine, USA and 3Department of Information & Computer Science, UC-Irvine, Irvine, USA

Email: Pornpat Nikamanon - pornpatn@gmail.com; Elroy Pun - epun@uci.edu; Wayne Chou - waynechou@gmail.com;
Marek D Koter - mkoter@uci.edu; Paul D Gershon* - pgershon@uci.edu

* Corresponding author

Published: 20 September 2008 Received: 23 April 2008
BMC Bioinformatics 2008, 9:387  doi:10.1186/1471-2105-9-387 Accepted: 20 September 2008
This article is available from: http://www.biomedcentral.com/1471-2105/9/387

© 2008 Nikamanon et al; licensee BioMed Central Ltd.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0),

which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Abstract

Background: Protein-amide proton hydrogen-deuterium exchange (HDX) is used to investigate protein
conformation, conformational changes and surface binding sites for other molecules. To our knowledge,
software tools to automate data processing and analysis from sample fractionating (LC-MALDI) mass-

spectrometry-based HDX workflows are not publicly available.

Results: An integrated data pipeline (Solvent Explorer/TOF2H) has been developed for the processing of
LC-MALDI-derived HDX data. Based on an experiment-wide template, and taking an ab initio approach to
chromatographic and spectral peak finding, initial data processing is based on accurate mass-matching to
fully deisotoped peaklists accommodating, in MS/MS-confirmed peptide library searches, ambiguous mass-
hits to non-target proteins. Isotope-shift re-interrogation of library search results allows quick assessment
of the extent of deuteration from peaklist data alone. During raw spectrum editing, each spectral segment
is validated in real time, consistent with the manageable spectral numbers resulting from LC-MALDI
experiments. A semi-automated spectral-segment editor includes a semi-automated or automated
assessment of the quality of all spectral segments as they are pooled across an XIC peak for summing,
centroid mass determination, building of rates plots on-the-fly, and automated back exchange correction.
The resulting deuterium uptake rates plots from various experiments can be averaged, subtracted, re-
scaled, error-barred, and/or scatter-plotted from individual spectral segment centroids, compared to
solvent exposure and hydrogen bonding predictions and receive a color suggestion for 3D visualization.
This software lends itself to a "divorced" HDX approach in which MS/MS-confirmed peptide libraries are
built via nano or standard ESI without source modification, and HDX is performed via LC-MALDI using a

standard MALDI-TOF. The complete TOF2H package includes additional (eg LC analysis) modules.

Conclusion: "TOF2H" provides a comprehensive HDX data analysis package that has accelerated the
processing of LC-MALDI-based HDX data in the authors' lab from weeks to hours. It runs in a standard
MS Windows (XP or Vista) environment, and can be downloaded http://tof2h.bio.uci.edu or obtained from

the authors at no cost.
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Background

Polypeptide backbone amide proton-deuterium exchange
(HDX) analysis provides a powerful approach for under-
standing protein backbone solvent accessibility and con-
formational change. Despite the availability of NMR-
based HDX methods, the MS-based approach is sensitive
and amenable to larger molecules (albeit exchange rates
are not always assignable to individual amino acid resi-
dues). In MS-based HDX, exchange rates are not analyzed
in real time. Instead, individual timepoints are quenched
from a deuterium exchange reaction with cold acid then
each is incubated with an acid protease (typically pepsin)
and the resulting peptides are rapidly resolved and ana-
lyzed via LC-MS then identified by correlation with prior
LC-MS/MS experimental data. To minimize back
exchange (BE) of acquired deuterons with solvent protons
during wet sample processing, low temperature and low
pH conditions are maintained after quenching, and wet
analysis should be rapid.

The generation of potentially very complex peptide mix-
tures by digestion with a low-specificity protease necessi-
tates LC analysis with dynamic range and resolution,
which should nonetheless be speedy in order to minimize
BE. Minimizing potential ambiguities in peptide assign-
ment within mass spectra from complex chromatograms
requires accurate mass measurement, MS/MS on the fly,
use of the reversed phase retention time parameter and/or
fitting of experimental to candidate theoretical isotope
distributions. Our current path around these challenges
has been a combination of the above, namely mass-accu-
rate MALDI-TOF analysis in combination with the rapid
reversed phase LC nano-fractionation of HDX experimen-
tal samples. This is preceded by a series of preliminary LC-
MS/MS analyses in order to build, then saturate, a non-
redundant peptide library (done via an LC-MALDI-TOF/
TOF approach). Finally, in place of simple LC retention
time analysis we correlate "Z" number (critical organic
modifier concentration) [1] between HDX and MS/MS
library experiments, for each peptide irrespective of LC
instrument or solvent mixture.

To our knowledge, the use of MALDI for HDX work was
first reported by the Komives lab, with the introduction of
features such as immobilized pepsin for digestion and
pre-chilled MALDI plates [2]. Additional reports built
upon this approach [2-5]. However, these experiments
were done with unfractionated peptide mixtures and, to
our knowledge, there have been no reports of HDX by LC-
MALDI. Strengths of MALDI-TOF/TOF as a platform for
HDX work would be expected to include accurate mass
determination (with internal calibration), spectral resolu-
tion for accurate spectral peak area analysis/centroiding
and the absence of a heating step during sample introduc-
tion into the gaseous phase. Being an offline technique,
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mutual exclusivity is maintained between sample frac-
tionation and acquisition speeds, and between chromato-
graphic and spectral resolution. This contrasts with some
online instruments, in which the slower scan speeds
required for good spectral resolution may place a practical
limit on both LC gradient times and the high chromato-
graphic peak resolution required to prevent peptide-to-
peptide spectral interference and undesirable overlap of
the deuterium-shift trajectories of peptides in crowded
spectra — with crowding being a particular hazard at the
high dynamic ranges achievable with such instruments.
Finally, TOF-based work has the well-known advantage of
yielding essentially singly charge ions as the sole species in
peptide work, simplifying data interpretation. Thus HDX
workflows play to many of the well-known strengths of
MALDI-TOF-based technology. For our "HDX by LC-
MALDI" analysis, we employed the ABI 4700 MALDI-
TOF/TOF mass spectrometer for data acquisition. In our
hands, samples can be in the instrument within 12 min of
deuterium uptake quenching (2 min for protein diges-
tion, 1 min for column injection followed by a 3 min LC
gradient within a 5.5 min spotting window, 20 sec for
sample drying, and 15 sec to dock the plate within the
instrument). Within the gaseous phase within the instru-
ment, in which BE is finite but in our hands an order of
magnitude slower than at atmospheric pressure, MS data
from a set of 192 spots can be fully acquired within 30
minutes of plate docking.

For HDX experiments, specialized software tools are
required to reduce comprehensive datasets to manageable
proportions. Minimally, target peptides should be identi-
fied within mass spectra that may be numerous and
crowded, from which the corresponding target 13C/2H iso-
tope clusters must be excised, then the resulting spectral
segments averaged across an XIC peak and analyzed for
deuteric mass shift. Tools have been reported which
address part or all of such workflows. These include:
"AUTOHD" [3], which fits measured isotopic distribu-
tions to modeled distributions calculated via fast Fourier
transform, and includes a module for isotopic deconvolu-
tion of mass spectra (or of non-deisotoped instrument
software-derived peaklists), correlating clusters with pep-
tides based on accurate mass and isotopic distribution.
However, this software is designed for use with infused
samples only (non-LC fractionated). More recently,
"DEX" from the Komives lab [4] provides a tool which
appears to have essentially the same function as
AUTOHD. Weis & Engen's "HX-Express" [5] also covers
the latter part of the standard HDX workflow, namely cal-
culating centroid masses for isotope clusters correspond-
ing to chosen peptides, excised from raw spectra in ASCII
text format, followed by the generation of deuterium
uptake rates plots as Microsoft Excel charts. Calculations
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are based on weighted mean mass of the isotope cluster
rather than fitting to a theoretical distribution.

Scripps-Florida's "The Deuterator" [6] (recently updated
to HD Desktop - [7]) was a first attempt to automate the
processing of HDX data from scanning mass spectrome-
ters, including steps prior to isotope cluster analysis. The
workflow for this software includes the initial curation of
MS/MS-confirmed peptide data, the automated editing of
LC-MS spectral stacks from HDX experiments as delimited
by the positions of HDX isotope clusters predicted from
the initial curation, averaging of the stacked spectral seg-
ments, and isotope centroiding/fitting to the segment
average. In the first step, peptides whose independently
acquired MS/MS spectra match the protein of interest in
independent database searches (eg. Sequest, Mascot [8],
X!Tandem) are manually curated (on the basis of either
strength of score or protein region of interest) in a listing
that includes peptide sequence and a chromatographic
retention time range. In the second step, a retention time-
range/mass-range "box" enclosing the mass spectral clus-
ter assigned to a peptide sequence in MS/MS experiments
guides the automated editing of spectral stacks arising
from LC-MS analysis of HDX timepoints. After averaging
of the stacked segments and removal of spectral peaks
attributable to interfering clusters, the segment average is
subjected to deuterium uptake calculations by either least-
squares fitting of theoretical isotope distributions to the
observed cluster [9], or centroid (weighted mean) calcula-
tion [10]. "The Deuterator" has a spectral viewer that dis-
plays peptide information (as text) along with XICs and
spectral data. Deuterium buildup curves can be plotted
using software such as MS Excel.

At the time thta HDX work was initiated in the authors'
lab (prior to availability of "The Deuterator", above), no
automated tools were available for the processing of HDX
data including steps prior to isotope cluster analysis.
Moreover, as a result of our novel LC-MALDI approach to
HDX sample analysis, which involves off-line peptide
fractionation followed by analysis in a MALDI-TOF
instrument, data acquisition and processing requirements
are significantly different from those that are commonly
used, in terms of templating of the experiment and the
qualities/numbers of spectra produced. We therefore
developed a series of macros into a robust toolbox
("TOF2H/Solvent Explorer") for HDX analysis via LC-
MALDI MS, and these are described herein.

Results and discussion

Raw data format in the AB-SCIEX 4700 MALDI-TOF/TOF
mass spectrometer

The AB-SCIEX 4700 MALDI-TOF/TOF mass spectrometer
acquires mass spectra (plots of m/z (x) vs. intensity (y))
for samples spotted/dried onto stainless steel plates. The
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standard "Opti-TOF" plate used by the authors for HDX
experiments accommodates up to 192 samples deposited
within pre-etched spots denoted according to rows (A -
H) and columns (1 - 24) with each having a unique
alphanumeric "Spot_label". Via the manufacturer's "4000
Series Explorer" software, the AB-SCIEX 4700 is control-
led, and mass spectra are acquired from individual spots
then stored in an Oracle database ("TSQUARED").
TSQUARED is routinely accessed via "4000 Series
Explorer", leading to the display, within a graphical user
interface (GUI), of a central table ("spotset"), each row of
which corresponds to a spot on the sample plate. Upon
docking a plate that has been spotted for the first time (or
for the first time after cleaning), a new spotset
("spotset_ID" in TSQUARED) is initiated.

Each spectral acquisition/storage event in the AB-SCIEX
4700 generates and stores in TSQUARED: (1) A "raw spec-
trum", ie. a lengthy encoded list of m/z-intensity pairs to
bejoined in displayed spectral plots, (2) An "output peak-
list", ie. a tabulated listing of the properties of all peaks
detected in the raw spectrum ("Centroid Mass", "Height",
etc.) as interpreted by instrument-based spectrum
processing methods with user-adjustable parameters. In
the "4000 Series Explorer" software, each primary peaklist
(ie. a comprehensive list of spectral peaks exceeding a spe-
cific, preset S:N threshold) is treated to reduce clusters of
peaks attributable to naturally-occurring isotopes of mol-
ecules with a specified molecular formula (eg. COH5NO -
the approximate molecular formula of a generic peptide)
at natural abundance, to just one peak, namely the
monoisotope. As far as we could ascertain, only the result-
ing listing, named the "output peaklist" is available to the
user, eliminating the opportunity for theoretical isotope
fitting to instrument-derived peaklist data during HDX
experiments. Groups of spectra within a spotset are
denoted as linked via a shared five-digit Job_run_ID
(JRID), which is unique within TSQUARED (and ascends
incrementally, chronologically and practically indefi-
nitely). A new JRID is assigned whenever a new auto-
mated (batch) data acquisition session is initiated. Thus,
in HDX experiments for example, all LC-MALDI spots for
a particular HDX timepoint are associated with one
another via a shared, unique JRID.

Preliminary MSIMS experiments and per-experiment MS/
MS-confirmed peaklist (MPL) files

The flow of experimental data through TOF2H is shown
in Fig. 1. The directory structure employed by TOF2H at
the time of writing (as setup by the "TOF2H-New experi-
ment" macro) is shown in Additional file 1, in which the
experiment series level contains project-specific informa-
tion relevant to all experiments having a particular target
protein/protease combination. File types and functions
are indicated in Additional file 1.
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At the outset of a new experiment series or project, prelim-
inary nanoLC-MALDI MS/MS experiments are performed
(see "METHODS") in order to build a non-redundant
library of MS/MS-confirmed peptides for the target pro-
tein/protease of choice. Via TOF2H's "MPL curation
tools" macro, the database search output from each MS/
MS experiment, exported in .csv format, is reformatted to
TOF2H's "MPL" format (mainly to allow the addition of
HD Exchange information and fractionation/LC parame-
ter information for each peptide, (Additional file 1: Foot-
note 1), with one MPL workbook per experiment
containing one MPL sheet per protein hit in the .csv. To
the MPL workbook are attached the original .csv and a
manually-filled spreadsheet detailing LC gradient and
fractionation parameters for the overall MS/MS experi-
ment. LC fraction numbers are converted between tem-
plated and actual spotting patterns where necessary to
defeat the more limited range of spot pattern templates
available within the mass spectrometer software. A Mascot
"expect" = 0.05 cutoff is typically employed for inclusion
in the MPL. The resulting MPL workbooks are stored at the
"Experiment series" level within the directory hierarchy
(Additional file 1) since they are relevant to all subsequent
experiments with specific protease and target polypeptide.

"Reference MSIMS-confirmed reference peaklist"
(refMPL) - a "dynamic", non-redundant compendium of
MSIMS data for a specific proteaseltarget protein

While MPL files are generated on a per-MS/MS-experi-
ment basis, the refMPL (reference MS/MS-confirmed
peaklist) is a non-redundant compendium of all MS/MS
confirmed peptides for a specific protease/target protein
combination, derived from multiple MPLs. The refMPL is
structurally distinct from precursor MPLs in that it (a)
contains only MPL sheets (no LC parameters data, etc),
and (b) is continuously updatable ("on the fly") with
MPL sheets from additional rounds of MS/MS analysis of
the same specific protease/target protein (such as, the
undeuterated ("F1H") controls of additional HDX experi-
ments, as they become available). For a round of updat-
ing, MPL files/sheets are selected individually for
comparison with all extant data in a chosen refMPL using
"TOF2H-MPL curation tools"'. A difference or "Compari-
son" sheet is generated, which can be transferred to the
refMPL as an "Update" sheet. All such operations are auto-
matically time-stamped to preserve the chronology of pro-
gressive updating. RefMPL contents can be displayed in
sequence-contig format using a contig. viewing tool,
showing also the % sequence coverage and the positions
of any inter-contig breaks.
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Implementation of an HDX wet experiment, Data
Extraction from TSQUARED, Experiment Template File
Next, HDX timepoint experiments can be implemented as
described in "Methods". For each HDX experiment, a
unique "experiment template file" (".etf" or "ETF") con-
tains an "experiment template" (ET) spreadsheet indicat-
ing the overall layout of the LC-MALDI HDX experiment
(Table 1, Additional file 1). The ET sheet indicates, also,
all spots that failed internal calibration during data acqui-
sition ("Def Cal" spots). Information in the ET sheet co-
ordinates data assembly, largely via the construction/
deconstruction of file paths and extracted datafile names.
Additional spreadsheets within the ETF include layout
map(s) for all MALDI target plates used, and tables for rel-
evant LC gradients.

http://www.biomedcentral.com/1471-2105/9/387

After recovery of peaklist and raw spectrum data from
TSQUARED (above), the ETF is built de novo by"TOF2H-
ETF Generator". Prior to building, user-inputs comprise:
Experiment series name/experiment name, relevant spot-
set dumps, ETF format (horizontal/vertical), preset
MALDI spotting pattern, whether spot labels are alphanu-
meric or numeric, and confirmation of the macro-
deduced timepoint/BE timepoint corresponding to each
job run ID. "ETF Generator" then assesses the contents of
the T2DE data dump, detecting: (a) multiple acquisitions
of a spot; (b) aniticpated LC-MALDI fractions missing in
data dumps; or (c) multiple JRIDs per timepoint. Thereaf-
ter, cross-correlations are deduced automatically between
spotset, spot, HDX timepoint and LC fraction (Table 1)).
All fractions whose acquisition failed internal calibration
are then marked on the ET sheet using, as a guide, an XML-

Table I: Header and initial few lines of an ET (Experiment Template worksheet, vertical-format).

Spot_Set_Name Timepoint Gradient Fraction spot_label Def cal? JR Job_run_ID
2007-12-02_VP55_5min_Capillary 900 sec | | Al D 28998
2 A3 D
3 A5
4 A7
5 A9
6 All
7 Al3
8 Al5
9 Al7
10 Al9
I A2l
12 A23
13 A24
14 A22
15 A20
16 Al8

The complete table contained 2688 data rows (total LC fractions). The ET cross-references experiment-specific parameters (numbers of
timepoints, number of fractions in each timepoint, actual deuterium exchange times, LC gradient type, spot label for each individual fraction number
generated via one of four embedded spot pattern generators), with acquisition-specific parameters (spotset names, JRID values and spot label for
every spectrum and every output peaklist associated with the experiment). A horizontal format (not shown) is also available for smaller
experiments (for fewer than 63 total fractions as limited by the 256 column limit of MS Excel 2003). Column "JR" is currently unused.

Page 5 of 16

(page number not for citation purposes)



BMC Bioinformatics 2008, 9:387

formatted summary of all acquisition parameters for the
experiment exported from TSQUARED. Alternative ETF
generation tools return various levels of manual control to
the above scheme (as may be useful for smaller experi-
ments and/or non-conventional experimental formats).

TOF2H-assembler: Import and assembly of all MS peaklist
data into a single worksheet

ETF generation is followed by peaklist assembly. Here,
"TOF2H-assembler" compiles all monoisotopic m/z-
intensity values from the set of dumped output peaklist
(.pkl) ASCII text files for the experiment into a single
worksheet, using the .etf as a guide (typically ~30,000 to
~170,000 data triplets from thousands of .pkl files). Each
m/z-intensity pair is tagged, on the fly, with LC fraction
number, and the resulting data triplets are listed in a sin-
gle column triplet per timepoint/BE timepoint, sorted by
ascending mass. Column triplets are horizontally juxta-
posed by ascending deuterium uptake time (bracketed by
F1H and F2H and followed by ascending BE time). The
resulting spreadsheet is supplemented with a marked-up
copy of the ET sheet, spreadsheets for recording program
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run parameters and statistical output (below). The result-
ing assembler output (".ass") file comprises the compre-
hensive MS peak summary for the experiment (Fig. 2).

TOF2H-processor: Pre-filtering steps (sheets 10, 15, 20, 25,
30, 35)

The assembled peaklist spreadsheet of the .ass file is proc-
essed, sequentially, through a series of steps by "TOF2H
processor", the output of each being preserved as a precur-
sor for the subsequent step (Table 2). The .ass file spread-
sheet is first "pre-filtered", followed by the alignment of
equivalent masses between timepoints, followed by a
library search for peptides relevant to the target protein
and for deuteration-dependent isotopes of library hits.
Results are written to an output spreadsheet. In our hands,
the above steps are able to reveal exchange-active peptides
of target proteins from instrument-derived output peaklist
data alone (without spectral editing or isotope fitting).
Pre-filtration/mass alignment and library search steps
may be coupled or run independently.

IR

A B [ ¢ D E | F G H | J K L M N | o P m

F1H 0 sec 5sec 10 sec 10 sec 15 sec 15 sec 30=
1 F1H MZ F1H height |fraction| 0sec MZ |0 sec height|fraction| 5sec MZ 5 sec height|fraction| 10 sec MZ height fraction| 15 sec MZ height fraction| 30 sec MZ he
| 2 | 601.7805176] 138.4487915 117 B12.9290771  108.6126404 192 B05.1432495 5558752441 145 B01.777771| 90.62924194 93 617.0614624 30.37392616 24 B18.2928467 34.3t
| 3 | B01.786438 79.16508484 116 6129315186 109.4291992 176 605.1572266 61.66373444 146 612,3320313| 27.52341843 104 6182876587 437449646 101 B18.300415 15
| 4 | 805.2258911 27.39576912 36 B12.9315796  100.0097048 180 805.1676025 46.87215805 149 6129282227 | 121.2166748 192) 618.2074243 31.16548157 100 618.9293523 75.9¢
| 5 | 6052410869 17 63442993 B6 6129327393 94.5921402 174 B05.1679077  35.82168579 164 612.9319458| 115.9133911 178| 618.9224243 85.66668569 156 618946106 B86.
| B | 612.3270264 45.04325567 131 6129397563 89.62167358 173 605.168335 71.22612817 76| 612.9335938| 164.7666160 187 618.923645 151.0306091 167 618.9537354 11000
| 7 | B13.3309937 6250262451 118 B12.9417114 101.256546 171 B05.1688232 54 37402344 147 B12.9348755| 169.7070923 186 E18.961853 100.0952301 181 B18.9539795 100.¢
| & | 817.0600566 31.00094223 1 B12.958374 7477019824 182 605.1702661 37.09900665 152 B12.9365286| 138.1756744 176 6169782715 103.2950118 183 510.9546509 117.
| 9 | B17.0641479 85 41959381 144 B12.9768677 111.1561127 190 B05.1721802 41.868051178 101 B12.9369507 | 123.5433044 173] 618.9824219 76.07318115 188 B18.9546509 122.(
| 10| 617.0641479 64.78729248 168 6129772949 1024133301 189 6051757813 71.17098999 168 512,9402466| 121.5413513 174 618,9546802 90.94116211 187 £18.9552002 124.°
[ 11| B17.085579 B1.07185364 132 6129811401 1233035043 191 B05.1766968 43.53453064 85 B12.934375  169.0088722 184 6212511987 209.7723694 84 B18.9556274 713t
| 12 | B17.0673828 29.08158112 84 B13.3262939 4768944168 103 B05.1768799  42.80568695 93 B12.9910278 138.599823 185 621.291626  71.60754395 96 B18.9577B37 133.¢
| 13| 617.0728149 59.41784668 145 B16.3762349 50.93475342 96 B05.1779785 6561244966 133 613.432312| 78.91242981 123| 6222944336 2005574951 84 6518.9580078 134.¢
| 14 | 618.2861328 135.2053986 118 617.0558472 7066585541 165 605.178894 5005911255 92 613.4387207| 117.4112701 165 6222949829 7275369263 96 618.9584351 115
| 15| B18.2879639  526.31073 117 B17.0583496 79.75021362 152 B05.1793823 56.10599518 98| 513.4399414| 74 90368652 131| 623.3009033 103.7229691 84 B18.9586182 723
| 16 | 618.2937012 296.1589661 116 617.0585379 63.03320313 148 605.1800537 58.20420456 G4 613.4411011| 203.1040192 179) 625.0292356 436.7651563 96 518.9606323 3237
| 17 | 818.2943726 62.09702301 115 B17.0893872  40.47823715 73 B05.180481 30.24119949 100 613 4422607 | 198.3919373 187| 628.3358154 B5.92475128 98 B18.9611206 105
| 18| 619.0029907 G63.2301712 171 6170595093 76.26620923 141 6051848145 74.04529572 95 613.4428101)  260.510490 182 B26.336792 1334208221 05 610.9610698 95
| 19| 819.0128784 107 674408 190 617.0596924 21.25191153 5| B05.1852417  61.9705925 67| 613.4439087 | 137.0620728 167 628.3377075 2122965393 97 B18.963623 144.°
| 20 | 619.3684082 4290545273 110 B17.0609741 105.147522 168  605.1853638 41.86405945 87| 513.4440918| 152.1236572 164 628.338623 33.40613937 99 B18.9638062 101.
| 21| 620.7830625 93.55079651 190) 617 0614014 2675928497 95 B05.18573 47 4552269 80 613.4447632  214.8897095 188 6293322754 4132033539 96 618.9855151 147.¢
| 22 | B20.7972412 74.33474731 183 B17.0618286 2592923355 14 B05.18573 34.74084473 103 613.446228| 226.0445862 180| 629.3355103| 147 2427673 1 618.9671631 190.4
| 23| 621.2939453  71.1706543 81 B17.0621948 51.16650391 114 605.1886597 34.96475983 130 613.4463501| 64.35522461 168| 629.3516235 736893158 125 B18.9677124 478.(
| 24 | 621.2988261 75.34966278 83 617.0627441 86.75167847 139 605.1890259 5253427124 69 613.4464111) 105.5959244 166 6293646662 47 4424057 G4 618.9683228 126t
| 25 | B21.2930112 1312038727 82 B17.0628662 64.30316162 154 B05.1898193 44 46146393 120 613.4474487 | 188.3173676 178| 629.3984375 58.84304047 134 B18.9890552 84.1:
| 26 | 622.0374766 21.70654052 1 B17.0630493 38.27492623 69 B05.1900024 36.0260495 G1] 613.4475035 256.0485718 175) 629.4122314 6767349701 169 618.9728614 1207
| 27 | 622.0444336 140.0534668 84 B17.0637207 62.29070663 128 805.1901245 35.96093369 97| B13.4476929| 89.03553772 151 629.4134521 87 3128831 133 B18.9778442 90.7:
| 28 | 622.0448608 39.64998627 73 B17.0639648 58.05437061 131 605.1901855 4520130539 144 513.4480581| 121.7784729 171) 6294260264 B3 6623703 138 B19.3153687 199.¢
| 29 | B22.0452271 14.99854483 12 B17.0641479 28.60240173 93 B05.1903687 27 49822993 68 613.4431201| 185.7150879 161) 6299924927 1356943359 2| B28.343683 90.8¢
| 30 | B22.0471191 B4.70655823 50 B17.0850635 48.8804512 117 B05.1905518  64.51730347 78| B13.4487305| 132.0189209 172 630.003479 104 5080261 3| B28.3450928 27.8°
| 31| 622.0451333 3316094971 72 B617.0652466 63.50988368 129 605.190918 £5.76960413 167 513.44587305| 195.2036285 176/ 630.0043335 1031380997 39 62836132681 39.6¢
| 32 | 6220526733 109.864502 B2 B17.0853076 45.77133942 116 B05.1912842  78.36595917 46| 613.4487915| 219.8068542 162) 630.0115356 99.42098236 12 630.0383301 226t
| 33 | 622.0638428 19.79815865 24 B17.06857959  B4.3094635 134 B05.1917725 71.14441681 94| B13.4480967 | 228.9932709 186| 630.0127563 102.4110413 4| 630.0388794 167k
| 34 | 622.1192627  61.66053467 182 6170663452 4957340622 144 605.192688 77.33059692 62| 513.4500732| 295.7922974 142) 630.0132446  201.6658643 23 B30.0395508 162.€
| 35 | 624.3008423 96.94015503 91 617.0665283 B85.44277954 147 605.192688 39.0123291 89 613.4501343) 206.7645416 177 630.0153198 71.66321564 5 630.039856 185.C
| 36 | 6243016968 B84 26268768 92 B17.0666504 29.3137722 10, 606.192688 40.23008728 163 B13.4509277 | 102.5649414 136| 630.0178833| 290.7338267 11 ©630.032856 212
| 37 | 624.302063 4288066101 90 B17.0667725 7793183839 135 B05.192749 65.54089355 82| 613.4512939| 147.1375732 141) 630.0180054 174 7006653 G| £30.0402222 171.t
| 38| B24.348877 31.456737648 96 B17.06868946 67 93782043 127 B05.1937266 49 50874329 104 B13.451416| 206.6366516 163 B30.019165 186 2046509 9| B30.0404663 266.°
| 39| 625.20850952  159.147171 131 6170665945 61.00657196 149 605.1935067  39.43596930 06 613.4514771| 159.6530544 143) 6300202637 1805915222 10 630.0405554  167.7
| 40| B25.291626 1203089294 130 B17.0869556 35.93272018 8| B05.1974487 70.39762875 73| B13.4516602| 128.9440002 160) 630.0219116 181.1128998 5| B30.0405884 267.¢
| 41| 625.2969971 56.23406457 129 6170670776 70.03649139 136 605.1975098 2274699402 39| 613.4517822| 124.5128326 173| 630,0228271 1919552155 7| 630.0407104 380.%
| 42 | 625.3303223 48.50031281 90 617.0671387 51.66479452 113 605.1976929  28.25230026 48 613.4519043| 204.5656891 174 630.0316772 2029368439 26 630.0411987 168.¢
| 43 | B27.2798462 50.06056976 106 B17.0678711 28.95038414 89 B05.2015991 30.42329025 34| B13.4550171| 91.66815186 153| 630.0322266 154 6265717 64 B630.0413818 382

44 | 627.2808228 | 136.8751221 105 B17.0680542 76.76445007 140  605.2022705 49.47543335 79| 613.4550781| 161.6531677 158| 630.0325317 | 82.27578735 52 £30.0415039 1951

K« ¥ i\ table 107/ Experiment Tempiate { Parameters A Stats / CooT T T ———— R |

Figure 2

Screenshot showing upper left segment of assembled mass/peak height/fraction data table (the complete table

contained 168,000 data triplets).
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Table 2: Glossary of spreadsheets in TOF2H-Processor workbook (sheets numbered in increments of 5 to accommodate future development)
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Table Function Operation Preliminary columns  Columns per timepoint Columns Notes
Sheet 10 Assembled peaklist data (same as assembler Copy of assembled Peaklist data m/z/peak height/identifier Each set of columns
output file) (timepoint) is ranked by
ascending m/z
Sheet 15 Highlighting of Def Cal spots masses Def Cal data highlighted m/z/peak height/identifier
Sheet 20 Deletion of Def_cal spots masses, highlighting ~ After Def Cal mass deletion, isotopomer rungs/ m/z/peak height/identifier/
of all isotopomers monoisotope colored correspondingly, rungs monoisotopelndex/isotope mass
indexed to monoisotope, and match mass error error
values for each isotope indicated in an additional
column
Sheet 25 Removal of all isotopomers, highlighteing of Sheet 20 without isotopomers; color info removed, m/z/peak height/identifier
calibrant masses then calibrant masses colored
Sheet 30 Filtering of calibrant masses Copy of Sheet 25 with calibrant masses removed m/z/identifier
Sheet 35 Selection of XIC peak only for each peptide Copy of XIC peak-fraction info only for each m/z/identifier
peptide in Sheet 30
Sheet 40 Cluster finding Sheet 45 cluster start row/
Sheet 45 cluster end row
Sheet 45 Collation of sheet 35 into a pair of columns Collate Sheet 35 into column triplet, find mass m/zlidentifier/substitute
with column of origin in third column. Row group boundaries, assign new row identifiers assigned row/assigned column
assignment for all peptides in fourth column
padded according to Sheet 40
Sheet 50 Sheet 35 after padding according to Sheet 45 m/z/identifier
row assignments
Srchl Sheet 45 hits to refMPL, plus candidate Query mass/spot ID/ m/z/identifier
isotope progeny, copied from Sheet 45 peptide info/primary
mass tol/progeny mass
tol
SrchIP Search parameters
Filt. Params  Pre-filtration parameters
Stats Enumeration of data
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The goal of the pre-filtering steps was the achievement of
just a single data triplet for each peptide detected with
accurate-mass in each timepoint. In the initial filtering
step, spots failing internal mass calibration (the so-called
"DefCal" spots) are highlighted then discarded, using the
ET as an index. This step was imposed to prevent the
errant misinterpretation of equivalent peaks as independ-
ent ones during the inter-timepoint mass alignment steps
(below), as was found to occur in early versions of
TOF2H. The second pre-filtering step is a de-isotoping
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one, imposed in order to pick up deuteration-time-
dependent isotope shifts in the final search output, which
would otherwise be masked. Although output peaklists
from 4000 Series Explorer software had undergone deiso-
toping for natural abundance elemental isotopes known
to occur within peptides, the superposition of an artifi-
cially-induced H-D isotope distribution led to a break-
down of the instrument's deisotoping function, and the
consequent retention of many isotopomers in the instru-
ment's output peaklist files (Fig. 3a). This effect was not
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Apparent isotope mass

Deisotopingof peptide-clusters. (a) m/z 1425 peptide in MALDI-TOF spectra from two samples: Upper — FIH (fully 1H;
instrument-deisotoped). Lower — after deuteration (incompletely instrument-deisotoped) (b) Count of discarded isotope
masses in the timepoints from a typical deuterium exchange experiment. FIH and F2H are fully protic and fully deuteric,

respectively, other times are in sec. FIH isotope discovery rate was typically 1% that of F2H (data now shown). The discovery
of some isotopes in FIH could be attributed to the occasional occurrence of perfectly coincident fully protic peptides, upsetting
the deisotoping algorithm in the AB 4700 mass spectrometer software, or closely apposed spectra to within fractional mass. (c)
Histogram (line display format) showing distribution of isotope mass errors among the 3670 total isotopes detected with iso-
tope mass error tolerance set to +/- 60 ppm, deisotoping gradient factors = 0 (no incremental widening of tolerance per iso-
tope increment). Number of "rungs" (isotope increments) </= 5. From this histogram, +/- 12 ppm was chosen as the default
deisotoping mass tolerance, with positive and negative gradient factors both set to | (one doubling of mass tol per additional
isotope) and five rungs max. In a random sample dataset, TOF2H picked 183 out of the 189 isotopic peaks that were identified
by eye, ie a correct hit rate of 96.8% (3.2% false negative). (d) Determination of an isotope mass difference that nulls the distri-
bution in (c). In each of the two experiments, a series of test isotope masses (panel c, all rungs combined) was tested followed
by calculation of the weighted mean bin-point (y) of the resulting histograms and linear regression of each series. The optimal
inter-isotope mass for each experiment is the value of x where y = 0.
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unique to the AB 4700 MALDI-TOF/TOF's instrument
software: In our hands, MatrixScience's "Mascot Distiller",
for example, was also unable to fully deisotope distribu-
tions from artificially deuterated samples (not shown).
The aim of full deisotoping was not to find monoisotopic
peaks, but rather, to reduce the number of list entries per
isotope cluster to just one (the lowest detectable mass
peak for the distribution).

The deisotoping algorithm is not a fitting function.
Instead, it simply detects the inter-isotope mass +/- deiso-
toping mass tolerance, up to a user-settable maximum
number of isotope increments, with "gradient factors" to
permit the progressive broadening of deisotoping mass
tolerance with number of isotope increments (all values
adjustable). The discarded isotope mass count increased
with experimental deuterium uptake time (Fig. 3b), vali-
dating the algorithm in practice. Upon checking a subset
of ~200 of the discarded isotope masses manually against
the corresponding raw spectra, false positives (discarded
masses that were actually superimposed, overlapping or
neighboring peaks with comparable fractional mass) and
false negatives (genuine isotope masses that were
ignored) were very infrequent (Fig. 3 legend). Regarding
the former, closely-apposed cross-talking mass clusters
may be of limited value for HDX studies anyhow, in the
absence of theoretical fitting [3,4]. The very occasional
occurrence of false negatives could be regarded as an una-
voidable statistical outlier phenomenon. Since isotopes
include induced deuteration at various levels, superim-
posed over the mixture of 13C, 2H, 15N, 170, 180, 33§, 34§
and 3¢S isotopes found in peptides at natural abundance
(all with different nuclear binding energies), TOF2H-
Processor can generate dataset-specific frequency distribu-
tions of experimental deisotoping mass errors for a given
isotope mass difference (Fig. 3¢), then empirically deter-
mine the isotope mass difference that nulls the distribu-
tion (Fig. 3d). The resulting value can then be used for
deisotoping as an alternative to the standard H-D mass
difference (eg. 1.006276744 amu, [4,11] or 1.0057 Da
(anonymous referee)).

In the penultimate pre-filtering step, TOF2H-Processor
highlights then deletes internal calibrant masses. In the
final pre-filtering step, XIC clusters (equivalent m/z values
from different spots within the same LC gradient) are
located and, within each XIC group, only the data triplet
with greatest intensity is retained. Mass tolerances used for
this and subsequent mass-equivalence determination
steps are described in Additional file 1.

TOF2H-processor: Inter-timepoint mass matching and
alignment (sheets 40, 45, 50)

Mass/height/fraction triplets surviving the pre-filtering
steps are subjected to mass correlation between time-
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points. This is done by copying values for all timepoints
to a single column triplet, which is then searched for mass
group boundaries. Each mass group is then dispersed back
across the timepoint domain after calculating spreadsheet
row numbers to bring equivalent masses into alignment.

TOF2H-processor: HDX mass matching to MSIMS-
confirmed peptide libraries

Next (or independently), TOF2H queries the chosen
refMPL files for F1H theoretical MH* matches to each
HDX-F1H monoisotopic MH* value in turn. In the event
of HDX experiments having mixed, multiple-protein tar-
gets, multiple refMPL files can be simultaneously
searched. To search for cross-matching peptide masses
from a non-target protein within a protein mixture, a
refMPL may alternatively be selected as a "decoy" and
searched only upon finding a hit within the target pro-
tein's refMPL. Within any chosen refMPL, sheets may be
searched optionally (eg. update sheets only). Upon find-
ing a match, the entire matching row from the row-
aligned-mass table (above) is reconstructed in the nascent
search result table (Fig. 4, yellow background) along with
peptide information from the refMPL and search mass
error. If the hit is a decoy, this is denoted with specific
background coloration in peptide info cell. Ambiguous
hits (multiple query peptides matching a reference mass
or vice versa) are boxed (Fig. 4). Theoretical masses corre-
sponding to peptide adducts (from within a user-defined
adducts group) may be included in a search.

"Isotope-progeny" and "False progeny" check (sheets 45,

50)

At later timepoints in HDX experiments, the shift in a pep-
tide's isotope envelope may be sufficient to drive the
abundance of the monoisotopic peak below the S:N
threshold employed for peak detection (above), so that
the first isotope listed for an isotope cluster is not the
monoisotope. To reveal such clusters, TOF2H-processor
performs, for each primary hit (above), an on-the-fly
"candidate isotope-progeny check". Specifically, all
entries in the pre-filtered mass list possessing mass values
between the hit mass and "upper bound" (the calculated
upper limit for possible deuteric shft) are scanned for
matches to isotopic increments of the hit mass. Upon
finding a candidate isotope progeny hit, the correspond-
ing row of the aligned-mass table is reconstructed in the
nascent search result table, directly beneath the primary
hit (Fig. 4). The search results table thus provides an
immediate visual indication of the extent of deuteric shift
(or absence of BE) for each experimental peptide detected,
along with the deuterium uptake timeframe of the shift,
prior to any spectrum editing. The absence of progeny
does not indicate an absence of deuterium uptake, simply
insufficient uptake to send the monoisotopic peak into
the noise.
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3 3010
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[ 26| 3770
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2 7140

30| 1019.56781 1 VR_057C__ 231-239 F.LIKFITGHN.I 1019.5864 1031.040 20200 1019.56781 1 |1019.580827 5 |1019.572021 15
[31| 1024.494507 15 YR_057C  325-332 L.EVYVRVTHG.I 1024.4846 1034.988 -9.660 1024.494507 15 | 1024.4313843 5 1024.491083 1
[32] -0.980

33 2640
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Figure 4

Screenshot showing upper left segment of TOF2H-Processor output. Columns B — E, comprising query peptide info
(m/z, fraction, accession/endpoints/sequence), theoretical mass and "upper bound" contain data imported from the refMPL.
Column D coloration indicates refMPL sheet of origin. Any adduct hits (not shown) are recorded with blue text coloration of
the peptide info cell with adduct info stated. Columns F — G show mass errors. Remaining columns show mass-matching HDX
timepoints data. Yellow bars denote primary hits, green masses in deuterium-uptake timepoints show "isotope progeny" of the
primary hit masses (progeny were more plentiful in the longer timepoints further to the right, not shown). For isotope progeny
searching, the search algorithm can progressively relax mass tolerances with increasing theoretical isotope increments. Brown
masses are "false progeny". True progeny listed beneath a false progeny in timepoint samples, are typically isotope progeny
(deuteration) of the false progeny. Salmon background denotes the progeny mass that was initially hit from among those on the
same row. Inverted coloration (yellow text against black background) indicates a decoy hit. Black borders surround ambiguous
hits (either more than one query hitting same theoretical mass (eg. upper box), or a single query hitting more than one theo-
retical mass (eg. center box). Good forward exchange/relatively low BE is indicated by increased spacing between yellow bars
(more numerous progeny, out of view). Inferior results (not shown) would be immediately apparent as fewer progeny (little or
no spacing between yellow bars).

If the progeny hit has a corresponding value in the F1H
column, then this mass is marked as a "false progeny" (the
F1H timepoint has never been exposed to deuterium).
False progeny almost invariably arise from a closely juxta-
posed peptide cluster whose fractional mass places it
within the mass tolerance window. Such a situation may
arise because the (intra-spectrum) deisotoping mass toler-
ance is set narrow (~12 ppm) over just 5 isotope incre-
ments, yet progeny may be sought at "inter-plate” mass
tolerance (~40 ppm, Additional file 1) over a "theoretical

isotope shift space" that extends to upper bound (which,
for a 1000 Da peptide, may be ~10 increments).

At the conclusion of each processing stage (data assembly,
pre-filtering and search), parameter sheets are time-
stamped and updated with user-adjustable settings,
pathnames for input files and program versions, and all
table contents enumerated. Multiple searches can be con-
ducted and stored per Processor output file.
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TOF2H-Editor

TOF2H-Editor is an ergonomic tool for developing deute-
rium uptake rate plots from raw spectra using the TOF2H-
Processor search results as a guide with real-time spectral
segment validation. A four-quadrant multi-tabbed GUI
was developed whose quadrants 1, 2, 3 and 4 contain
charts for: (1) XIC; (2) Single spectrum editing, (3) multi-
spectrum edit/sum XIC peak/peak-detect/cluster-centroid,
(4) BE-correctable deuterium-uptake rate plot/BE rate
plot. Rates plots are built progressively across the deute-
rium uptake timepoints for each peptide) (Fig. 5). Editor
workflow was streamlined with a target throughput of < 3
min processing time per peptide in a 14-timepoint exper-
iment (11 experimental plus three BE timepoints) with
real-time validation of all data.

In TOF2H-Editor, windows are tabbed to allow the view-
ing of main and alternative charts in each. In the standard
workflow, masses corresponding to search hits (above)
are selected from a listing in quadrant 1 (XIC, upper left).
For the selected peptide and timepoint, the XIC is then
displayed in quadrant 1, above-noise XIC fractions are
highlighted in a listing in quadrant 2 (upper right), and a
spectral segment for the first of these is read from the cor-
responding raw spectrum ASCII and displayed in quad-
rant 2. "Upper bound' (above) is used as the initial upper
endpoint mass for the segment. TOF2H-Editor recom-
mends acceptance/rejection of the segment and, mini-
mally, the operator visually approves or rejects the
segment via buttons under the quadrant 2 spectral plot, or
allows TOF2H-EDITOR to accept/reject without interven-
tion. Acceptance sends the segment to quadrant 3 (lower
left) and brings the next entry from the highlighted frac-
tion listing into the quadrant 2 plot. Spectral segments
thus accumulate as an overlay in quadrant 3 until the
highlighted XIC fractions listing is exhausted for a given
peptide/timepoint. Overlaid spectral segments can then
be mass-normalized to the average for all (to correct for
very small differences in internally calibrated mass), then
spectral peaks in the cluster are detected via a statistical
algorithm, followed by weighted mean (centroid mass)
calculation from the areas of all detected isotope peaks for
each individual segment. The overlaid segments can then
be averaged in quadrant 3 (with baseline offset correc-
tion), followed by spectral peak detection and weighted
mean calculation for the averaged peak cluster. A button
then sends the weighted means to the developing plot of
centroid mass vs. time in quadrant 4 (plotted between
F1H and F2H asymptotes), and this operation brings the
XIC/first spectral segment for the next timepoint into
quadrants 1 and 2 respectively. Upon completion of all
timepoints, the rates plot data are output and spectral
processing for a subsequent peptide can be initiated. All
rates data from an experiment (averaged segment and all
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individual segments contributing to the average) are out-
put to an experiment-specific "rates archive" workbook.

Additional features of "TOF2H-Editor" include: Ability to
choose from multiple searches in the Processor output file
and to save/restore partially edited experiments at the
point at which editing was interrupted, as well as: Quad-
rant 1: (1) Dual-pass XIC construction with user-settable
tight error tolerance for internally calibrated spots, and
looser error tolerance for spots whose internal calibration
had failed (Additional file 1: Footnote 2). (2) Overlayable
XICs for isotope progeny (above). (3) "Absolute" and/or
"relative” XICs, the latter calculated relative to peak
heights for internal MALDI mass calibrants (XICs for the
XIC for the calibrants themselves can also be viewed).
Quadrant 2: (1) Semi- and fully-automated decision-
making, namely approval/rejection of successive, above-
noise segments across a displayed XIC, via a statistical
algorithm. (2) Option to "snap" spectra to the internally
calibrated peaklist-derived mz value (in case of calibration
loss during download). (3) DefCal alert. Quadrant 3:
Rejection of individual segments; grouping of segments
for individual centroiding. Quadrant 4: (1) Calculation
and display of BE rates from BE timepoints for each pep-
tide in the experiment via linear regression and correction
of the main rates plot accordingly. (2) Calculation and
overlay of various theoretical horizontal asymptotes, on
the fly, on the developing quadrant4 exchange rate charts.
(3) Overlay of averaged spectral segments, from time-
point-to-timepoint, in a third quadrant 4 tab, with save in
ASCII text format that is compatible with Weis & Engen's
HX-Express macro. Quadrants 1-3: Vertical guidelines
over charts marking F1H theoretical monoisotopic mass
(quadrant 2, pink), current XIC fraction or F1H experi-
mental monoisotopic mass (red), or isotope progeny
mass if such a peak is being edited (quadrant 2, green).
Quadrants 2 and 3: Quick adjustment of spectral end-
points (using sliders or entering values); restoration to ini-
tial values, single-click zoom-out and restore to check for
interfering clusters. All quadrants: Single-click chart
zoom functions with full functionality in the zoomed
state.

TOF2H-Rates Browser

TOF2H-Rates Browser (Fig. 6) is a processing and presen-
tational tool for combining comparing rates plots
between experiments. It takes, as input, EDITOR "rates
archive" data (though it should be equally compatible
with rates data generated by other software packages),
from which the centroid masses of individual fractions, or
scans, across an XIC peak are used to generate statistical
populations. Currently, Rates Browser can: (1) Simultane-
ously list peptides from any number of input files, pool
listings for replicate experiments under "group tabs", sort
listed peptides by mass or sequence position with ability
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TOF2H Editor 1.0.36 - Processing from [C:\TOF 2H\Data\VP55 and VP39, pepsin\2008-03-04-VP55 capillary\Processor output files\2008-03-27 15-36-38-FRAX WITH BE. xls] to [C:\TOF 2H\Data\WP55 ...
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Figure 5

Screen captures of TOF2H-Editor GUL. In each of the two screen captures shown, upper left, upper right, lower left,
lower right quadrants (QI, Q2, Q3, Q4, respectively) are as described in the text. In the peptide listing (upper left), already-
processed entries are prefaced with a "+"). For the XIC displayed (Ql), active XIC fractions populate the listing in Q2, and the
spectral segment for the first is plotted (from 3 Da below FIH monoisotopic mass to either "upper bound" or the highest mass
isotope detected). In Q2, spectral segments can be sequentially rejected or sent to Q3 (after re-endpointing if desired, though
upon sending to Q3, overlaid segment lower endpoints default to 0.5 Da below the monoisotopic mass). In win(3), segments
can be mass-aligned (via a small offset to slight mass errors), then averaged, leading to the view in the lower panel in which
spectral peaks are detected then the weighted mean (centroid) mass calculated. Sending the centroid mass to Q4 adds a point
to the growing rate plot (shown with overlaid theoretical lines). In addition, the averaged raw spectral segment is sent to
another tab of Q4 (not shown). Q4-upper, lower: Before and after BE correction, respectively.
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Figure 6

Screen capture of TOF2H-Rates Browser."Navigation" frame: Input "Rates" files data. "Peptide lists" frame, "Group tab"
frame: Peptide picking (multi-tabbed by input file or file-group). "Hotness" frame: Suggested color for 3D visualization. "Displayed
peptide" frame: Peptide info (red dots = theoretically exchangeable protons based on primary structure considerations only;
blue "v" = hydrogen bonded amide protons predicted from crystal structure). Central charts and "Calculation" frame: Rate plot
display, manipulation, and send to output chart. "SASA" frame: Main chain amide proton predicted solvent exposure as calcu-

lated by SASA [12].

to switch between list-view and sequence-contig-view. (2)
Overlay rates plots for any number of listed input peptides
with or without BE correction and theoretical horizontal
asymptotes, with separate BE rate plot overlays. (3) Con-
vert Y-axis between various scales including centroid
mass, % of maximum theoretical deuteration, % of maxi-
mum experimental deuteration, # of deuterons, convert X-
axis between either log or linear, with selectable plot leg-
end type. (4) Optionally interpolate missingtimepoint
values. (5) Generate output chart as mean of all currently
displayed input plots (either mean of individual XIC frac-
tion centroid masses or mean of summed XIC peak cen-
troids) with standard deviation error bars based on the
populations for individual fractions, tabulating the result-
ing data and saving to an output file that includes an oper-

ations log. Any number of such plots can be overlaid in
the output chart. (6) Re-import analyses from an output
file for subtraction of pairs of mean rates plots. (7) Show
the sequence of a currently plotted peptide marked-up
with theoretically exchangeable amide protons and amide
protons that are hydrogen bonded within an X-ray crystal
structure. (8) Show SASA [12] plot, based on an X-ray
crystal structure, of predicted solvent accessibility for each
residue in the currently displayed peptide and calculate a
mean SASA value across all exchangeable residues of the
peptide. (9) Calculate the "transition" timepoint and
interpolated "transition" time corresponding to the
%deuteration level that attains, or surpasses, a user-
defined "contour" value, and pick a corresponding color
for 3D visualization, based on the transition timepoint,
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from a user-defined color vs. timepoint series. (10) Simul-
taneously "re-contour" all analyses in an output file to
find the %deuteration contour that yields an optimum
spread of color values for 3D visualization. (11) Plot
mean SASA value vs. "transition" time for all analyses in
an output file, and "re-contour" this plot. (12) Export GIF
images of all charts with plots colored by series number or
by 3D color value, or flattened to grey shades with selecta-
ble line/marker styles.

Conclusion

The functions described form a core package of intercon-
nected programs ("Solvent "Explorer/TOF2H") for the
semi-automated processing and analysis of HDX data gen-
erated via an LC-MALDI workflow, from raw spectra and
instrument-generated peaklists through BE-corrected,
combined deuterium uptake rate plots. Additional mod-
ules and capabilities (eg. for LC solvents analysis) have
not been described. In the standard TPF2H workflow, an
experiment series (specific to a target protein or group
thereof + peptidase) initiates with iterative LC-MS/MS
analyses of peptidase digests of the protein/under fully
protic conditions until growth of the resulting non-redun-
dant library of MS/MS-confirmed peptide masses
becomes asymptotic. TOF2H then chaperones instrument
data from HDX experiments through a series of steps ini-
tiating with the generation of an experiment template,
assembly of the contents of ~2700 or more individual
instrument-derived spectral mass/height peaklists into a
single data array containing 168,000 or more masses, then
filtering of the array and alignment of equivalent masses,
peptide library searching, and systematic processing of
spectral segments for each "hit" peptide in turn.

TOF2H was designed with the nanoflow rates of LC-
MALDI in mind. We are aware of just four reports in
which HDX has been done at nanoflow rates [13] (all of
which were nano-ESI as opposed to nanoLC-MALDI). If
nanoflow approaches grow in popularity, specific issues
may come into play such as variablility in chromato-
graphic elution time ("dead time") due to the amplifica-
tion of the effects of run-to-run differences in dead
volume at low flow rates. This could provide a challenge
for the "fixed box" spectral editing approach [6] in which
HDX experimental spectra are edited on the basis of
library peptide elution times. The ab initio approach
employed by TOF2H has proven, in our nanoLC-MALDI
experiments, resistant to dead-time effects, especially
when combined with additional peptide validation and
filtering on the basis of LC elution profile (data not
shown). TOF2H is being upgraded for general instrument
(mzML) compatibility and, in this regard, the LC-MALDI
approach may be adaptable to the simpler MALDI-TOF
instrument in place of the MALDI-TOF/TOF instrumenta-
tion reported here. Since TOF2H accepts database search
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results in standard format, MS/MS-confirmed peptide
library construction could be performed on any ESI
instrument in standard configuration followed by HDX
experiments via MALDI-TOF. Such a "divorced" analysis
may avoid the need for HDX-specific modifications to ESI
mass spectrometers (such as the substitution of a delicate
nanospray source for an ESI source that may be cooled
and/or required only for HDX work) [14]. For this dual-
instrument strategy to be effective, however, a MALDI-
TOF with reasonably fast batch-acquisition rates would be
required.

A significant amount of functionality is incorporated into
the TOF2H toolset, whose performance has proven to be
quite precise and robust. TOF2H matured with some ele-
ments in common with "The Deuterator" (see introduc-
tion), as may be inevitable due to the systemic nature of
segments of the workflow. However, many features seem
to be unique: TOF2H data processing workflow incorpo-
rates real-time verification, via interactive (semi-auto-
mated) spectral editing, as opposed to the more fully-
automated data processing approach employed by "The
Deuterator" which then requires manual validation as a
follow-up. TOF2H takes an ab initio approach to isotope
cluster finding in spectra, and XIC peak finding in chro-
matograms, as opposed to boxing predicted positions in
the LC-MS spectral stacks (above). The ab initio approach
involves scanning of the spectrometer software-generated,
partially declustered peaklists for target peptides of inter-
est prior to any spectral editing operations, then picking
extant chromatographic peaks based on an examination
of each XIC from beginning to end. Within the active frac-
tions of an XIC, TOF2H verifies each spectral segment for
the presence of a recognizable, well-segregated cluster
prior to sending the spectral segment for summing. Thus,
every segment that is summed and centroided has already
been automatically or visually pre-validated in multiple
steps. TOF2H is distinct in other ways too: It works
through an entire HDX experiment from an experiment
template file, it can provide an approximation of the
extent of deuterium uptake over the experiment from
peaklist analysis alone (prior to any spectral analysis), and
during searches of MS/MS confirmed peptide lists it has
the ability to find metal adducts and to reject mass
matches that could be spurious matches to non-target
proteins present in an experimental mixture. TOF2H has
the capacity to display and process deuterium uptake
plots, and it can calculate and implement BE corrections
on the fly in a manner that normalizes for the potential
influence of LC retention time on BE. Finally, the TOF2H
package is portable, available for use on client PCs, in
other labs, for desktop use, and is available from the
authors at no charge.
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In the general sense, HDX data processing strategies are
likely to develop in an instrumentation-dependent man-
ner, as a function of: (1) Instrument mass accuracy/reso-
lution of spectral acquisition; (2) whether or not
instrument software parses spectra into peaklists and
whether these peaklists are partially or fully declustered;
(3) whether sample input to the spectrometer is in the
form of fractions or a continuous sample stream; (4)
whether mass calibration is conferred experiment-wide or
on a spectrum-by-spectrum basis; (5) how spectral resolu-
tion may impinge on the method used for centroid mass
calculation or theoretical fitting [6]; (6) whether library
hits and spectra are few enough to permit assessment/val-
idation of each spectral segment in real time (the TOF2H
approach) and whether validation is automated or done
on a sampling basis only; (7) MALDI target plate layout;
(8) chromatographic resolution; (9) Amount of BE that
must be corrected, etc. We believe that within this land-
scape, TOF2H carves a distinct niche providing, to our
knowledge, a number of capabilities that are not other-
wise available. TOF2H has the potential, nonetheless, to
be useful in a cross-platform manner without fundamen-
tal re-design.

TOF2H was implemented as an integrated series of mac-
ros in MS Excel/VBA (MS Excel 2003 or 2007 with Office
Web Components) though it is now undergoing conver-
sion to other languages. It runs in MS Windows XP or
Vista environments, and can run either locally or remotely
via a LAN. Data inputs comprise instrument-derived peak-
list and raw spectrum files (ascii text), instrument data-
base XML export files, database (eg. Mascot) search results
exported as csv, and a user-filled LC Parameters spread-
sheet. Intermediate and final data output are in the form
of MS Excel spreadsheets. GIF files of processed deuterium
uptake rates plots and other charts can be exported.

Methods

Initial MSIMS experiments

HDX analysis of a specific protein in conjunction with a
specific protease, was initiated with the development of a
preliminary accurate-mass reference "MS/MS-confirmed
peaklist" (refMPL). Experimental details will be described
in more detail elsewhere (Koter et al, in preparation).
Briefly, the target protein was digested for various times
with a non-pecific acid-protease (typically pepsin), then
samples were mixed back and subjected to automated
nanoLC-MALDI analysis, spotting robotically into 288
spots with online matrix dosage (including internal cali-
brant). The resulting MALDI target plate was then sub-
jected to MS/MS batch analysis using the AB-Sciex 4700
MALD-TOF/TOF, in which instrument manufacturer's
software determines XIC peak fractions (spots) across the
plate for MS ions above a specified abundance threshold,
then generates MS/MS spectra for all of these ions from
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their XIC peak fractions. The resulting MS/MS fragmenta-
tion data were sent to the Mascot search engine (http://
www.matrixscience.com; [8]) for fragment mass-match-
ing to proteins within a specified database that had been
digested to peptides by Mascot in silico, at all theoretical
combinations of the protein's interpeptide bonds.

HDX wet experiment

Details of HDX wet experiments will be described in more
detail elsewhere (Koter et al, in preparation). Briefly, each
such experiment is performed by diluting protein solution
into deuteric buffer followed by incubation in this buffer
for a preset time period (timepoint), then quenching with
protic acid at close to 0°C. Controls included "F1H" (fully
protic: Protic quench first, followed by protic buffer dilu-
tion), "0 sec" (protic quench first, followed by deuteric
buffer dilution) and "F2H" (fully deuteric: Deuteric dilu-
tion followed by deuteric quench). Quenched samples
were immediately loaded to a manually controlled, high
resolution nanocapillary C18 LC column, then immedi-
ately eluted with a rapidly-developing (3 min) solvent
gradient in 0.1% TFA, dosing the column output on line
with MALDI matrix and internal calibrants, and manually
depositing fractions directly onto the 192 etched spots of
a chilled stainless steel MALDI target plate. The sample
plate was then immediately subjected to < 50 mTorr of
vacuum and immediately docked in the 4700.

HDX timpoint data acquisition and recovery

Docking was immediately followed by a "batch" MS data
acquisition session (Dock plate -> (acquire/store spectra)®
-> undock plate). MS spectra were acquired via 1000 laser
shots and saved using "4000 Series Explorer" software in
batch mode, employing an instrument-derived spectrum
processing method that lists monoisotope peaks with S:N
greater than a preset value and effects instrument calibra-
tion via the internal calibrants. After repetition of this
process with different times of HD exchange, the data
from each timepoint became associated with a unique
TSQUARED-derived JRID. F1H plates were typically sub-
jected, also, to MS/MS batch analysis (RESULTS). After
data acquisition for all timepoint samples of an HDX
experiment, all MS output peaklists and raw spectra from
each relevant spotset were recovered from TSQUARED
into stand-alone ASCII text files (one folder per spotset,
Additional file 1), using the tool "TOF-TOF Data Extrac-
tor" (T2DE, http://www.proteomecommons.org). In our
hands, a 192-spot plate-full of MS spectra could be down-
loaded in approximately 5 — 8 min. The XML database
export function of "4000 Series Explorer" software
allowed manual dumping of all summary information for
spotsets to XML files which were utilized by TOF2H for
ETF generation and other functions.
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Abbreviations

amu: Atomic mass units; BE: Back exchange; Da: Dalton;
DB: Database; ET: Experiment Template; .etf/ETF: Experi-
ment template file; ET: Experiment template; F1H: Fully
protic; F2H: Fully deuteric; GUIL: Graphical User Interface;
HDX: Hydrogen/deuterium exchange; ID: Identification;
JRID: JOB_RUN_ID; LAN: Local Area Network; LC: Liquid
Chromatography; LC-MALDI-TOF/TOF: Mass Spectrome-
try by LC MALDI with Time of Flight (dual-stage) analysis;
MALDI: Matrix-Assisted Laser Desorption; MPL: MS/MS-
confirmed peaklist; MS: Mass spectrometry; MS/MS: MS
followed by selection/isolation of individual ions and MS
of the fragments; m/z: Mass-to-charge ratio; NMR:
Nuclear magnetic resonance; RefMPL: Reference MPL
(containing one copy each of all MS/MS-confirmed pep-
tide for the target protein, over a series of sheets); T2DE:
T2 Data Extractor http://www.proteomecommons.org;
TFA: Trifluoroacetic acid; TOF: Time of flight; XIC:
Extracted Ion Chromatogram.
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