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Abstract
Electron transfer dissociation (ETD) is evaluated as a technique to provide local information on
higher order structure and dynamics of a whole protein molecule. Isotopic labeling of highly flexible
segments of a model 18 kDa protein is carried out in solution under mildly denaturing conditions by
means of hydrogen/deuterium exchange (HDX), followed by transfer of intact protein ions to the gas
phase by means of electrospray ionization and mass-selection of a precursor ion for subsequent
reactions with fluoranthene radical anions. The ETD process gives rise to abundant fragment ions,
whose deuterium content can be measured as a function of duration of the HDX reaction in solution.
No backbone protection is detected for all protein segments spanning the twenty-five residue long
N-terminal part of the protein, which is known to lack structure in solution. At the same time,
noticeable protection is evident for segments representing the structured regions of the protein. The
results of this work suggest that ETD of intact protein ions is not accompanied by detectable hydrogen
scrambling and can be used in tandem with HDX to probe protein conformation in solution.

Hydrogen/deuterium exchange in solution (HDX) combined with mass spectrometry (MS) has
become a powerful tool to probe both conformation and dynamics of proteins under variety of
conditions, where patterns of deuterium distribution across the polypeptide backbone can be
obtained by fragmenting the protein molecule proteolytically in solution under the slow-
exchange conditions (1) or in the gas phase prior to MS detection (2). Enzymatic fragmentation
remains the most popular choice, as it can be implemented using a variety of platforms,
although the methodology employing protein ion fragmentation in the gas phase (top-down
HDX MS) is also gaining popularity. It offers several advantages, including a possibility to
avoid back-exchange by excluding protein manipulation under the slow exchange conditions
from the experimental scheme, and has been already applied to characterize dynamics and
structural features of proteins in their native and non-native states (3–5). One unique feature
of such experiments that is beginning to be exploited is its ability to correlate isotope
distribution patterns with specific protein conformations using mass selection prior to ion
activation as a means to obtain fragment ions originating from a particular conformer.

© 2009 The American Society for Mass Spectrometry. Published by Elsevier Inc. All rights reserved.
*To whom correspondence should be addressed at University of Massachusetts, Department of Chemistry, 710 North Pleasant Street,
Lederle Graduate Research Tower #701, Amherst, MA 01003, Tel (413) 545-1460, Fax (413) 545-4490, kaltashov@chem.umass.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
J Am Soc Mass Spectrom. Author manuscript; available in PMC 2010 August 1.

Published in final edited form as:
J Am Soc Mass Spectrom. 2009 August ; 20(8): 1514–1517. doi:10.1016/j.jasms.2009.04.006.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



However, applications of top-down HDX MS are still limited due to concerns over the
possibility of hydrogen scrambling accompanying collision-activated dissociation (CAD) of
protein ions. Indeed, several reports have been published suggesting that proton mobility in
the gas phase does influence the outcome of HDX CAD MS measurements for short peptides
and under certain conditions for longer polypeptides (3,6,7). Some time ago we suggested that
the specter of hydrogen scrambling in top-down HDX MS measurements may be alleviated
by using non-ergodic fragmentation processes, where dissociation is induced by ion-electron
interaction, rather than collisional activation (2). Indeed, the results of several recent studies
suggest that only minimal rearrangement or labile hydrogen atoms occurs in the gas phase
when electron capture dissociation (ECD) is used to probe local deuterium content of
polypeptides (8,9).

Another recently introduced fragmentation technique based on cation-electron interactions,
electron transfer dissociation, ETD (10), apparently is even less prone to scrambling when
applied to short peptides (11). While this report is very encouraging, it does not address a
question of whether ETD can be used to probe protein conformation in top-down HDX MS
experiments. Although ETD of intact protein ions is feasible (12), it is a multi-step process,
which involves precursor ion interactions with the reagent anion followed by its charge
reduction, subsequent formation of the radical site and, finally, radical-induced dissociation of
an N-Cα bond. Rearrangement of labile hydrogen atoms that may occur within the protein ion
prior to the dissociation events would result in hydrogen scrambling. Furthermore, increasing
the yield of dissociation often requires that the ion-ion interactions in the gas phase be allowed
to occur during an extended period of time, leading to “over-reaction” (13), which may also
alter the isotopic distributions of fragment ions by inducing charge reduction. Although the
fragment ion mass does not change upon charge reduction from n to n-1,1 the reduced fragment
ion would carry one “extra” H⋅ atom compared to fragments at (n-1)+ charge state that were
generated directly by protein ion dissociation, an apparent mass gain that may interfere with
top-down HDX MS measurements.

In order to evaluate the occurrence and the extent of hydrogen scrambling that may accompany
ETD of protein ions, we carried out HDX MS measurements using an 18 kDa model protein,
pseudo-wild type Cellular Retinoic Acid Binding Protein I (wt*-CRABP I) containing a 21-
residue His-tag at the N-terminus. While the protein itself is folded into a β-barrel conformation
(Figure 1), which remains stable across a wide pH range, the His-tag portion of the protein (red
segment in Figure 1) is entirely unstructured and its backbone, together with a short N-terminal
segment of the wild type sequence (orange in Figure 1), and should lack any protection in
solution (14). This makes the 25-residue N-terminal segment of the protein a convenient
reporter of hydrogen scrambling, which has been used to detect occurrence of scrambling in
HDX CAD MS (15).

HDX was initiated by diluting a stock solution of fully deuterated wt*-CRABP I (120 µM in
D2O) in H2O/10 mM ammonium acetate (1:15). HDX was carried out at pH 3.0 and 25°C and
quenched by dropping the solution temperature to 0°C, followed by injection to the ESI source
of a prototype 4.7T apeX-Ultra (Bruker Daltonics, Billerica, MA) FT ICR MS with ETD
capability (12). Source conditions were adjusted to minimize collisional activation and exclude
formation of CAD-generated fragment ions in the ESI interface. ETD of protein ions was
carried out by isolating and trapping the precursor ion (intact protein, charge state +17),
followed by introduction of fluoranthene anions. Overall, 63 fragment ions have been detected
in these experiments. While a significant proportion of these ions were derived from the His-
tag region (apparently due to the very high histidine content (16)), 39 fragments resulted from
cleavages of N-Cα bonds in the protein backbone beyond the His-tag sequence.

1we do not consider gain of an electron as a mass increase, since it would not be measurable using most commercial mass analyzers
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Although most fragmentation occurs during the initial 30 ms period, the ions were allowed to
over-react for an additional 50–100 msec to evaluate the potential negative impact of fragment
ions charge reduction on the quality of HDX MS measurements. Over-reaction manifests itself
under these conditions not only by a significant reduction of the charge states of surviving
precursor ions, but also by noticeable deviations of the isotopic distributions of fragment ions
from the ones calculated using their empirical formulas (Supplementary Material, Figure S1).
The magnitude of this bias towards higher masses is clearly dependent on the fragment ion
charge state (Supplementary Material, Figure S2), consistent with the notion that charge
reduction via electron gain in the gas phase does result in an apparent mass increase of fragment
ions at lower charge states. For example, charge reduction of c31 5+ will generate (c31+H⋅)4+

ions, whose appearance in the mass spectrum is expected to distort the isotopic distribution of
the entire c31 4+ ensemble. Such alterations of isotopic distributions of fragment ions under
over-reaction conditions may certainly interfere with top-down HDX MS measurements by
artificially inflating their deuterium content. However, we note that measurements of local
deuterium content rely on comparing the amounts of labile deuterium atoms in two overlapping
fragments (e.g., c31 4+ and c23 3+ in Figure 2) by either simple subtraction or deconvolution
(17). Therefore, distortion of the isotopic distribution of c31 4+ is expected to be at least partially
offset by that of c23 3+, minimizing the negative impact of fragment ion charge reduction on
the ability to accurately measure deuterium content of the [Ala25→Ser32] segment. Indeed, the
isotopic distribution of this segment calculated by deconvolution of experimentally measured
distributions of c31 4+ and c23 3+ fragment ions is very close to the theoretical isotopic
distribution for this segment calculated using its empirical formula (Figure S1).

Although fragment ion charge reduction is unlikely to have a significant negative impact on
the quality of top-down HDX MS measurements even under the unfavorable over-reaction
conditions (vide supra), extended reaction time may also increase the incidence of hydrogen
scrambling in the gas phase as a result of intramolecular H/D exchange prior to fragmentation.
In order to evaluate the extent of hydrogen scrambling, ETD was used to probe deuterium
content of the unstructured N-terminal segment of the protein. Even after very brief exchange,
isotopic distributions of all fragment ions derived from this region are nearly indistinguishable
from the distributions representing the HDX endpoint, suggesting very fast exchange of labile
deuterium atoms. The largest fragment ion exhibiting such behavior is c23 (Figure 3), which
incorporates the entire unstructured N-terminal segment. Although the surviving intact protein
ions retain 70 deuterons under these conditions (data not shown), no deuterium atoms are
retained within c23 beyond the small number representing the HDX end-point (due to the small,
but finite D2O/H2O dilution ratio). This suggests that no detectable intramolecular exchange
of labile hydrogen atoms occurs during protein ion ETD.

Fragment ions derived from the protein beyond the [Gly1→Ala25] segment display a markedly
different behavior. A noticeable retention of deuterium atoms is readily detected following
brief exchange, and the deviation of such isotopic distributions from HDX end-point persists
even following prolonged exchange in solution (e.g., c31 4+ in Figure 2). Deuterium content
of each fragment ion can be obtained by removing contributions of naturally occurring isotopes
and residual deuterium content (due to the finite D2O/H2O dilution ratio) by deconvolution
using their isotopic distributions at HDX end-point (17). The results of these calculations for
four adjacent fragment ions (c20, c23, c27 and c31) are shown in Figure 3. Clearly, retention of
deuterium is correlated with the position of the cleavage site, as detectable retention of
deuterium label is shown only by ions incorporating segments of the “native” sequence of
CRABP I.

In order to present local protection patterns deduced from top-down HDX MS measurements
and to minimize the influence of charge reduction on such measurements (vide supra),
distributions of retained deuterium in partially overlapping fragments can be used to evaluate
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deuterium content of short protein segments (e.g., c27 and c31 to obtain deuterium content
within the [Lys29→Ser32] segment). These calculations carried for several fragments using a
deconvolution procedure developed in our laboratory (17) and the results clearly show that
segments representing the unstructured region lack any protection, while noticeable protection
is afforded to segments localized in the stable elements of the protein secondary structure
(Figure 3).

Absence of deuterium retention within the protein segments representing the unstructured
elements of wt*-CRABP I provides conclusive evidence that proton/deuteron mobility in
protein ions undergoing ETD is very low and does not affect the outcome of local HDX MS
measurements. This opens up a host of new exciting opportunities for extending the HDX MS
armamentarium by including HDX ETD MS as a method to characterize protein conformation
and dynamics at high spatial resolution without the need for proteolytic step in solution.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Tertiary structure and sequence of wt*-CRABP I showing the His-tag (red), the unstructured
N-terminal segment of the wild-type protein (orange) and the first N-terminal segment forming
a stable element of its secondary (strand β1, blue).
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Figure 2.
Evolution of isotopic distributions of c23 3+ and c31 4+ fragment ions in ETD mass spectra of
wt*-CRABP I undergoing HDX in solution (black traces). The gray traces represent the end-
point of the exchange reaction
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Figure 3.
Blue bars: distribution of deuterium atoms retained by ETD fragments of fully deuterated
wt*-CRABP I exposed to protiated buffer (room temperature, pH 3.0) for 30 sec obtained by
deconvoluting the isotopic distributions of each fragment ion at the end-point of the exchange
reaction from that at following 30 sec of exchange. Brown bars (insets): distribution of retained
deuterium atoms within short protein segments obtained by deconvoluting isotopic
distributions of overlapping fragment ions.
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