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Discovery of EX1 kinetics in hydrogen exchange (HX) mass spectrometry (MS) experiments is rare. Pro-
teins follow the EX1 kinetic regime when cooperative unfolding events simultaneously expose multiple
residues to solvent such that they all become deuterated together before the region is able to refold. A
number of factors can contribute to what we call “false EX1” in which it appears as though EX1 occurs in
vailable online 8 July 2010
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a protein when it probably does not. One of the contributors to false EX1 is peptide carryover between
chromatographic runs. In this work, we explore the origins of peptide carryover in HX MS, describe how
carryover causes mass spectra to indicate false EX1 kinetics and then describe an optimized washing
protocol that can be used to eliminate peptide carryover. A series of solvent injections was developed
and found to efficiently eliminate carryover signatures such that analysis of deuterium incorporation

for t
ass spectrometry
euterium

could be reliably followed

. Introduction

In hydrogen exchange mass spectrometry (HX MS), unique spec-
ral signatures are generated depending on whether the protein
nder investigation displays all EX2 kinetics, all EX1 kinetics or a
ixture of the two [1–4]. In EX1 kinetics, a percentage of the molec-

lar population being labeled undergoes an unfolding event such
hat a number of residues are simultaneously exposed to deuterium
n the labeling solution [5–10]. Exchange occurs at all the exposed
esidues before the exposed region refolds. Therefore, in the mass
pectra, there are two isotope distributions (a bimodal pattern): (1)
lower mass distribution that represents the population that did
ot undergo partial unfolding and was not labeled by deuterium,
nd (2) a higher mass distribution that represents the population
f molecules that did undergo partial unfolding and was exposed
o deuterium (see Fig. 1(a)). Because most proteins under native
onditions follow EX2 kinetics rather than EX1 kinetics [4,5,7,11],
iscovering a protein or region of a protein that follows EX1 kinetics
s a rare event which can reveal important clues concerning pro-
ein function. However, other factors can lead to so-called “false
X1” kinetic signatures, or mass spectra in which it appears that
X1 kinetics are occurring in the protein as a natural phenomenon

Abbreviations: IPA, isopropanol; ACN, acetonitrile; MeOH, methanol; FA, formic
cid; TFE, trifluoroethanol; TFA, trifluoroacetic acid; DMSO, dimethyl sulfoxide; HX
S, hydrogen exchange mass spectrometry.
∗ Corresponding author at: 341 Mugar Life Sciences, Northeastern University, 360
untington Ave., Boston, MA 02115-5000, United States. Fax: +1 617 373 2855.

E-mail address: j.engen@neu.edu (J.R. Engen).

387-3806/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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wo proteins prone to high carryover.
© 2010 Elsevier B.V. All rights reserved.

when in reality they are not. When ascribing EX1 kinetics to a pro-
tein, it is important to be sure that they are in fact real. Therefore,
being aware of these false EX1 patterns and their causes is valu-
able.

Three main sources of false EX1 signatures that we
have routinely encountered in our laboratory are: aggrega-
tion/multimerization, abnormal complete backexchange, and
carryover (Fig. 1(b)). In cases of protein aggregation, amyloids
for instance [12], the aggregate itself can prevent exchange of
deuterium as many sites are protected, protein motions are
restricted and it is generally difficult for deuterium to access labile
positions in the aggregate. The population of molecules that is
not aggregated exchanges normally and produces the higher mass
isotope distribution. Another type of false EX1 that arises from
abnormal complete backexchange, as described previously [13],
results from accelerated backexchange that occurs during the
online digestion step of the HX MS experiment. This phenomenon
causes nearly all peptic peptides to have false EX1 signatures,
as shown in the example in Fig. 2. In those experiments, and in
others, false EX1 kinetics are revealed when all peptides appear to
undergo EX1 kinetics, an event that would be exceedingly rare for
a protein. Finally, as we illustrate in this paper, peptide carryover
between chromatographic runs can also be a source of false EX1
kinetic signatures.

Carryover is the general phenomenon whereby analyte from one

injection is undesirably retained in an LC system such that it elutes
in subsequent injections. Carryover can be a common problem in
any LC MS system (e.g., Refs. [14,15]) but in HX MS experiments
the problem of carryover can be amplified by the fact that chro-
matographic separations must occur at 0 ◦C wherein the kinetics

dx.doi.org/10.1016/j.ijms.2010.06.039
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:j.engen@neu.edu
dx.doi.org/10.1016/j.ijms.2010.06.039
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Fig. 1. Schematic depicting typical real versus false EX1 signatures in HX MS. Real EX1 (a) involves two populations: a lower mass species (peak 1, red) that has not yet
unfolded to become deuterated and a higher mass species (peak 2, green) that has undergone cooperative unfolding and has become deuterated. In false EX1 (b), there are
two distributions, but the lower mass distribution (1) is the result of some phenomena other than EX1 kinetic unfolding, including aggregation, abnormal backexchange or
sample carryover. If part of the protein population exists as an aggregate, that part of the population may not become deuterated (peak 1, red) while the rest of the population
will (peak 2, blue). Abnormal total-backexchange [13] can result when all the deuterium from a portion of the population (peak 1, red) is backexchanged during analysis.
False EX1 as a result of carryover occurs when some of the sample does not elute from the LC column, but elutes later, typically with the solvent gradient for the next injected
sample. Because the protein from the first injection (indicated here with a ‘*’) has been ba
artifactual lower mass distribution (peak 1, red) appears. Note that ‘*’ and ‘�’ represent the
them in injection 2. This figure is meant to be illustrative and does not address all the typ

Fig. 2. Comparison of deuterium levels in a dihydrofolate reductase (DHFR) peptic
peptide under (a) conditions that caused accelerated backexchange during analysis
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to carryover. A solution to the carryover problem is shown which
r (b) conditions that did not cause accelerated backexchange. The peptide shown
s: m/z = 632.85 (+2), TTSSVEGKQNLV, DHFR residues 81–92, either undeuterated
UN) or deuterated for 10 s or 30 min prior to digestion. This figure reprinted with
ermission from Ref. [13], Copyright 2006 American Chemical Society.

f analyte association/dissociation with the stationary phase are
lower. The ever-increasing sensitivity of mass spectrometers has
robably contributed in some fashion to better detection of carry-
ver, as has variability in chromatographic devices and stationary

hases. For example, we have noticed that carryover can become
greater concern in ultra-high pressure separations, those occur-

ng at pressures greater than 8000–8500 psi or so, wherein small
iameter particles (1.5–1.7 �m) are utilized for the separation.
erhaps this phenomena is related to the specific type of station-
ckexchanging longer than that from the second injection (indicated with a ‘�’), an
same protein/peptides but are indicated here with different symbols to distinguish
es of intensities, mass differences and peaks shapes that are possible.

ary phase particle engineered to handle such high pressures, but
much more experimentation will be required to determine the
exact reason behind the phenomenon. There is an additional reason
why carryover is more problematic in HX MS experiments than in
regular kinds of chromatography. In many chromatographic mea-
surements where carryover could occur, isotopes are not involved
and the mass of the carried over species remains constant. How-
ever, in HX MS experiments, labile deuterium at backbone amide
positions is present, and the mass of ions can change depending
on how long they are retained in the chromatographic system
(i.e., backexchange of deuterium in a peptide/protein to hydro-
gen is greater the longer something sticks or carries-over in an LC
column). Fig. 1(b) illustrates the phenomena. Deuterated species
(protein or peptides) are injected into the system and mass analysis
is performed. Upon a second injection, material that was retained
from the first injection carries-over and has now been exposed to
the 100% H2O environment of the LC system for much longer than
the deuterated protein in the second injection. As there has been
more time for backexchange to occur, the material from the first
injection that then elutes during the gradient in the second injec-
tion has a lower mass while the material from the second injection
has a higher mass. The result is a bimodal isotope pattern similar
to what is observed in real EX1 kinetics.

As part of any HX MS experiment, it is wise to monitor carefully
if carryover between injections occurs and then to minimize it as
much as possible. We present here a description of the carryover
phenomena as it applies to HX MS experiments for two proteins
[UmuD and the kinase domain of epidermal growth factor recep-
tor (EGFR)] that have a large number of “sticky” peptides prone
involves multi-solvent washing. By applying a customized wash-
ing method, a significant reduction in carryover can be achieved,
thereby permitting correct analysis of the HX mass spectra and
reliable data interpretation of protein behavior in solution.
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Fig. 3. Timeline and solvent conditions for UPLC column washing. The solvent pro-
grams for the trap column (blue line) and analytical column (red dash line) are
shown. Multiple combinations of four solvents (see Table 1) were injected onto the
trap and allowed to flow through it for the time indicated. Then two saw-tooth
gradients of 8–85% acetonitrile were used to wash the analytical column. The inset
shows the plumbing scheme of the UPLC. In our system, pump A + B was switched

TFA, from Ref. [20]), etc., as described below. Each solvent com-
ponent was injected, in order (Table 1), as shown in Fig. 3. In the
second step, peptides that made it past the trap and were stuck
to the analytical column were removed. This second step involved
performing a saw-tooth (8–85%) gradient of acetonitrile as shown

Table 1
The components and order of different wash protocols.

Wash protocol Components and order

1 100% IPA, 80% ACNa, 100% IPA, 80% ACN
2 100% MeOH, 80% ACN, 100% MeOH, 80% ACN
3 Mix1, 80% ACN, Mix1, 80% ACN
4 Mix2, 80% ACN, Mix2, 80% ACN
5 10% FA, 80% ACN, 10% FA, 80% ACN
6 100% TFE, 80% ACN, Mix1, 80% ACN
J. Fang et al. / International Journal

. Experimental

.1. Chemicals

Solvents used included: Formic acid (FA, Sigma–Aldrich, reagent
rade, ≥95%), trifluoroethanol (TFE, Sigma–Aldrich, ≥99.5%),
ethanol (MeOH, Fisher Scientific, HPLC grade), acetonitrile (ACN,

isher Scientific, HPLC grade), 2-isopropanol (IPA, Fisher Scien-
ific, HPLC grade), trifluoroacetic acid (TFA, Sigma–Aldrich, reagent
rade, ≥95%), dimethyl sulfoxide (DMSO, Sigma–Aldrich, reagent
rade, ≥95%) and deuterium oxide (99.9%, Cambridge Isotope Lab-
ratories, Inc.). All other reagents were analytical grade and used
ithout further purification. HPLC grade water was purchased from

isher Scientific. Porcine pepsin was obtained from Sigma–Aldrich
P6887).

.2. Sample preparation

UmuD was overexpressed in E. coli BL21(DE3) strain and puri-
ed as described previously [16]. EGFR kinase domain was obtained

rom Prof. M.J. Eck at DFCI/Harvard Medical School, Boston, MA.
he purity and mass of both proteins were verified by electro-
pray mass spectrometry (LCT premier, Waters) and the theoretical
asses matched the measured mass to within 0.4 Da. For UmuD, a

tock solution (50 �M, monomer concentration) was equilibrated
n 100% H2O buffer of 20 mM HEPES, 0.1 mM EDTA, 50 mM NaCl,
nd 10 mM DTT, pH 7.5. To initiate deuterium exchange, the stock
as diluted 17-fold (v/v) with D2O buffer (20 mM HEPES, 0.1 mM

DTA, 50 mM NaCl, and 10 mM DTT, pD 7.5) and exchange allowed
o proceed at 25 ◦C for 30 min. Exchange was quenched by lower-
ng the pH to 2.5 with phosphate buffer containing 6 M guanidine
Cl, the quenched samples were immediately frozen on dry ice
nd stored at −80 ◦C until analysis. For analysis, each labeled and
uenched UmuD sample was thawed in ice and pepsin was added
t a 1:10 ratio (protein:pepsin) by mass and allowed to incubate for
min at 0 ◦C before injection. EGFR protein was labeled in a similar

ashion except the buffer system was 20 mM Tris, 150 mM NaCl, pH
.4. EGFR was labeled with a 15-fold dilution and incubated for 12 h
t 37 ◦C, and digested with a protein:pepsin ratio (by mass) of 1:2.

.3. Chromatography and mass spectrometry

Approximately 20 pmol of peptic digested protein (for both
muD and EGFR) were injected into a custom nanoACQUITY UPLC

ystem (Waters Corp, Milford, MA) as described previously [17].
he entire system post injector was kept at 1.0 ◦C. Peptides were
rapped with a VanGuard Pre-Column (2.1 mm × 5 mm, ACQUITY
PLC BEH C18, 1.7 �m) for 4 min of desalting at 100 �L/min (essen-

ially no reduction in carryover was seen when a C8 trap was
sed). The trap was then placed in line with an analytical col-
mn (1.0 mm × 100 mm, ACQUITY UPLC BEH C18, 1.7 �m), see Fig. 3

nset. A 8–40% gradient of acetonitrile over 6 min at a flowrate of
0 �L/min was used to separate the peptides and elute them into
he mass spectrometer. At the end of the gradient, the ACN con-
entration was held at 40% for 1 min and increased to 85% and held
or 1 min. The UPLC mobile phases contained 0.05% formic acid for
pH of 2.5 [18]. The volume of the injector system from the mixer

o the head of the trap column was ∼110 �L, which included an
100 �L sampling loop.

The eluant from the UPLC analytical column was directed into a
Tof-Premier mass spectrometer (Waters Corp.) equipped with a
tandard ESI source. The QTof-premier instrument settings were
s follows: 3.5 kV cone and 40 V capillary voltages; source and
esolvation temperature were 80 and 175 ◦C, respectively; des-
lvation gas flow of 600 L/h. All spectra were collected in ESI (+)
nd V mode. The deuterium levels were not corrected for back-
to 85% ACN prior to the first injection and then brought back down to 8% for compo-
nent injection. This step is optional, but introduces another wash of the analytical
column. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of the article.)

exchange during analysis and are therefore reported as relative
[19].

2.4. Wash procedure and data processing

After each injection, carryover was checked by running a blank
in which the identical solvent and mass acquisition programs were
used but 0.1% formic acid in water or quenched sample buffer
without protein was injected. When carryover was observed, as
described below, a wash was applied to remove peptides between
runs. The washing procedure was composed of two steps. In the first
step, peptides stuck to the trap column were removed with pure or
combinations of several organic solvents, inorganic acids and their
mixtures, such as TFE, MeOH, IPA, FA, Mix1 (IPA:MeOH:ACN, 1:1:1
by volume) or Mix2 (1.0% DMSO, 60% ACN, 30% IPA, 8.9% H2O, 0.1%
7* 10% FA, 50% TFE, 80% MeOH, 80% ACN
8 5% FA, 50% TFE, 80% MeOH, 80% ACN
9 10% FA, 50% MeOH, 80% MeOH, 80% ACN

a Any solvent not listed as 100% was made in water, e.g., 80% ACN means 80% ACN,
20% water.
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Fig. 4. Examples of false EX1 kinetics and effective removal with washing. Mass spectra of three selected peptides each from UmuD (a) and EGFR (b) are shown. Both proteins
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ere analyzed after digesting with pepsin in solution when undeuterated (UN) o
njected, a regular HX MS separations gradient was performed (8–40% ACN in 6 min)
tep (middle row of each panel) or with a washing step (bottom row of each panel)
ash step resembles real EX1 kinetics, but is in fact false (see also Fig. 1). The seque

n Fig. 3. The flowrate for this gradient was the same as the flowrate
or normal separation (40 �L/min).

To process the data and quantify carryover, the relative mass
pectral intensity (peak height) of each peptide was compared in a
lank run performed right after a sample analysis run (no washing)
r in a blank run performed with an intermediate washing step
i.e., sample run, washing step, blank). The resulting value reported
n the amount of material retained in the system: 0% indicated
o peptide was retained and 100% indicated that the intensity of
eptides eluted in the blank run was identical to the signal observed

n the actual sample analysis run.

. Results and discussion

.1. Possible locations of peptide carryover

Carryover in a chromatographic system can be caused by resid-
al material from a previously injected sample that was either
bsorbed to, or trapped within the injection system. Material can
e trapped in a number of potential sites, including: the injection
yringe barrel, void/dead volumes in the system, the rotor seal,
he tubing, the tubing connections, and finally on the analytical
nd/or trapping columns [15,20–22]. We have found that in a well-
ontrolled UPLC HX MS system, carryover in most of the potential
laces can be minimized except for carryover occurring on the
olumns. Column carryover can be very compound-dependent and
s related mainly to analyte:stationary phase interactions. Strong

nteractions between analyte and the stationary phase can prevent
eptides from being eluted by the solvent gradient. Not surpris-

ngly, material sticking to the trap column (as sample interacts with
he trap before the analytical column) is more prone to carryover to
he next run. Depending on the protein under investigation, these
labeling with deuterium for either 30 min (UmuD) or 12 h (EGFR). Material was
en another acquisition made of the same sample without an intermediate washing
wash protocol 7, Table 1. The bimodal pattern in the sample with no intermediate

nd charge state of each peptide are shown at the top of each panel.

“sticky peptides” may be unavoidable and in the case of HX MS
experiments, can show up in subsequent runs as false EX1 signa-
tures.

3.2. HX MS analysis of UmuD and EGFR proteins

Two proteins with an uncharacteristically high proportion of
sticky peptides were chosen to develop the washing protocol.
The DNA damage response protein UmuD [16] and the epidermal
growth factor receptor kinase domain (here called EGFR) both had
a number of sticky peptides that produced false EX1 signatures.
Fig. 4 illustrates typical spectra observed for three representative
peptides from each of these proteins. These example peptides rep-
resent different sequences and charge states. As shown later in
Figs. 5 and S1, length did not correlate with stickyness and there was
no strong correlation between hydrophobicity of the peptides, from
calculations using Bull and Breese parameters for example, with the
degree of carryover. In any case, without considering carryover, one
may be falsely led to think many of these peptides were under-
going EX1 kinetics as obvious bimodal isotopic distributions were
observed for many of the peptides from both proteins (Fig. 4(a) and
(b), middle row of each panel). Again it should be noted that if EX1 is
observed for the majority of peptides in an HX MS experiment, it is
very unlikely that these EX1 signatures represent true EX1 kinetic
events in the protein. Rather, false EX1, perhaps as a result of car-
ryover, is a much more likely explanation. To determine if sticky
peptides are being carried over, blank runs with the identical sol-

vent program should be performed between samples, particularly
when starting to work on a new protein for which carryover has not
yet been established. Adding a washing step between runs can sig-
nificantly reduce or eliminate false EX1 signatures (see bottom row
of each panel, Fig. 4(a) and (b)). The choice and manner of washing
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Fig. 5. (a–c) Effectiveness of different wash protocols in eliminating peptide carry-
over. Three of the most sticky peptides from UmuD are shown (see Fig. S1 for other
peptides). The m/z, charge state, and sequence of each peptide ion are shown at the
top of each graph. The far left column indicates carryover without washing (e.g., a
value of 90% means that the intensity of the peptide ion signal in a blank run follow-
ing a sample run was 90% of the signal intensity in the sample run). Columns 1–9
show the relative intensity of the peptide ion in a blank run after an intermediate
washing step using the washing protocols labeled 1–9, respectively, in Table 1. For
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xample, the intensity of the peptide ion in panel (a) fell to 13.1% in a blank run after
ash protocol 7 was used immediately post sample run. The most effective wash
rotocol overall was number 7, indicated with an ‘*’.

epends somewhat on the sample but some recommended solvent
ystems are shown below based on our observations.

.3. Wash method development and optimization

An ideal wash protocol will be as thorough as possible and add
s little additional time to the length of an experiment as possi-
le. We strived for maximal efficiency of washing with minimal
ime consumption. Different types of solvent or solvent mixtures
ere injected through the injector and trap column. For these

xperiments (see Fig. 3 inset), no online pepsin digestion column
23] was used (see also below) and digestion was done in solu-
ion offline. In the system we used, each injection was 100 �L
nd the flowrate from the C pump was 100 �L/min. Four com-

onents were used in sequence (see Fig. 3, blue line) in each
ashing protocol. In terms of timing, in our system, upon the start

f the wash program, pumps A and B switched to 85% ACN for
min and returned to 8% when the first wash component was

njected. The injected solvent, driven by pump C pumping 0.1%
ss Spectrometry 302 (2011) 19–25 23

FA in water, flowed over the trap column for 1 min. The second
solvent was loaded, injected, allowed to flow over the trap for
another minute, etc., until all four solvents had been injected for
a total trap washing protocol time of 4 min. During trap wash-
ing, the analytical column was exposed to 8% ACN. At the end
of the trap washing with four components, the analytical column
was washed using gradients of acetonitrile (Fig. 3, red line). Total
time for the entire wash program was 11 min. Variations on this
timing can readily be envisioned, depending on the system in ques-
tion.

Several factors were taken into consideration in the choice of
the washing solvents: (1) potential power to solubilize or dena-
ture sticky peptides, (2) potential to release strong hydrophobic
interactions between peptide and column, (3) solvents not detri-
mental to mass spectrometry analysis later on (i.e., no detergents),
(4) solvents that generally do not harm the lifetime of the separa-
tions columns and do not alter separation efficiency, and (5) easy
solvents to deal with. Trifluoroethanol (TFE) can effectively solu-
bilize both peptides and proteins and it is sometimes used as a
co-solvent in protein folding studies [24,25]. Acetonitrile (70–90%)
is empirically known to be a good choice for removing peptides
absorbed by hydrophobic interactions in C18 columns, hence its
wide use as the organic solvent for HPLC. Asakawa and co-workers
[26] tested the effectiveness of 5–80% acetonitrile in removing car-
ryover. As expected, their results showed that a higher percent
organic solvent resulted in better washing and 80% ACN was their
final choice. As an alternative, a protic solvent, such as methanol
or 80–90% methanol, can sometimes be more effective for more
polar hydrophobic compounds. Acids, or acidified acetonitrile,
isopropanol/methanol/water solutions can also be quite efficient
and universally used to dissociate analyte adsorption caused by
dipole–dipole and ionic interactions. Low pH can influence the
charge state of analytes thereby affecting the efficiency of wash-
ing; some charged compounds may more easily dissolve in water
solutions while having more affinity towards pure organic solu-
tions in an unchanged state [21]. However, very concentrated acid
could damage the stationary phase and high concentrations may
increase back-pressure and lead to noisy mass spectra. After con-
sidering all these factors, the solvents that were chosen were: TFE,
methanol, isopropanol, acetonitrile, formic acid, and two mixtures:
Mix1 (IPA:MeOH:ACN, 1:1:1 by volume) and Mix2 (1.0% DMSO, 60%
ACN, 30% IPA, 8.9% H2O, 0.1% TFA [20]), see Table 1.

To determine the washing efficiency in experiments with both
the small UmuD protein and the much larger EGFR protein, rep-
resentative sticky peptides of both proteins were selected. Three
peptides selected for UmuD were: FVKASGDSMIDGGISDGDL, m/z
942.5, +2 (Fig. 5(a), red); LIVDSAITASHGDIVIA, m/z 848.0, +2
(Fig. 5(b), purple); and TVKKLQLRPTVQLIPMNSAYSPITISSEDTLDVF,
952.0, +4 (Fig. 5(c), green). The EGFR peptides that were stud-
ied, as well as others from UmuD that were followed, are shown
in Supporting Information Fig. S1. Washing efficiency was deter-
mined by comparing the amount of carryover of each peptide with
washing to that of the same peptide without washing. Because the
absolute signal for a given peptide will vary with the concentra-
tion of the injection, efficiency of ionization, etc., and may vary
from day to day for the same sample depending on multiple fac-
tors including the sensitivity of the mass spectrometer, the relative
intensity of sticky peptide was used to determine washing effi-
ciency. To determine carryover, the amount of injected sample was
fixed at 20 pmol and we measured the peak height of each peptide
ion in the sample run and the subsequent blank run(s). The ratio

of peak heights represents the amount of carryover, or stickiness,
as shown in the far left column of each peptide in Fig. 5 (the error
of determining the intensity for n = 3 is shown in Supplementary
Fig. S2). A value of 90% means that 90% of the signal remained in
the subsequent blank injection. We made the same intensity mea-
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urement after each of the washing protocols shown in Table 1 was
pplied and compared the effectiveness of the different washing
rotocols.

The injection order of each component was optimized. The
rst and third wash components of each wash protocol were var-

ed, such as 100% MeOH, IPA, etc., whereas 80% acetonitrile was
onsistently used as the second and fourth component to both
emove sticky peptides as well as all other previous washing sol-
ent(s) that may have remained in the injection/trapping system.
en percent formic acid was chosen as the best acid for wash-
ng, although 5% FA was tested (Wash 8) but not found to be as
ffective as 10% FA. While formic acid was efficient in removing
ticky peptides, it introduced too many inorganic ions into subse-
uent chromatographic and mass spectrometry steps and caused
much higher back-pressure in UPLC. To reduce this problem,
e washed the FA away with another solvent (Wash 5, 7, 8, 9).
e found 50% TFE was optimal as the beneficial peptide removal

spects of TFE were preserved while also efficiently removing FA
rom the prior injection. When 100% TFE was used as the first
omponent (Wash 6), peptide mass spectral intensity was dramat-
cally reduced in later runs. It was important to remove residual
FE from the injection path and from the stationary phase prior
o a new HX MS sample being injected. We therefore used 50%
FE instead. In wash protocol 9, 50% TFE was replaced with 50%
eOH but there was not an improvement in the removal of most

ticky peptides (i.e., Wash 9 was not better than Wash 7). Wash
rotocol 7 was found to be the best combination of FA and TFE
ested. FA, methanol, and TFE were the most efficient solvents over-
ll and as mentioned above, ACN was the perfect choice for the last
omponent.

The wash protocol found ideal for removing the majority of
ticky peptides from the trap was protocol 7: 10% FA, 50% TFE,
0% MeOH, 80% ACN. As shown in Fig. 5, with this washing pro-
ocol, the intensity of the most sticky UmuD peptide was reduced
rom 90% intensity in subsequent runs without washing to 13%
ith wash protocol 7. The intensity of many of the sticky pep-

ides of both UmuD and EGFR were reduced to less than 5% of the
ntensity observed without washing (Figs. 5 and S1). Two uses of

ash protocol 7 back to back removed all traces of sticky peptides.
fter the use of wash protocol 7, the false EX1 kinetic signatures
f either UmuD or EGFR disappeared, as shown in Fig. 4, bot-
om rows. All of these experiments were reproduced more than
times.

. Conclusions

Falsely attributing EX1 kinetics to proteins and peptides that do
ot behave in the EX1 kinetic regime can be a problem. By being
ware of how real EX1 kinetics arise and the typical sources of
alse EX1 signatures, ascribing EX1 kinetics incorrectly can greatly
e reduced and/or eliminated. As we have shown here, testing for
eptide carryover is essential in any HX MS experiment. We have
emonstrated the reduction of carryover by a time-efficient wash-

ng procedure that allows washing of the trap column with multiple
olvents in an optimized order. Although this method adds to the
cquisition time required for an HX MS experiment, it converts use-
ess data into useful data that can be processed as a typical HX MS
ata set would be. Such conversion is well worth the additional
ime.

We note that in the system described here, online digestion [23]

as not implemented. An online digestion column can become

nother source of carryover and other methods must be used to
liminate carryover occurring in online digestion. Primarily, sol-
ents that destroy the enzymatic activity of the immobilized acid
rotease cannot be used to wash the column and other strategies

[

[
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must be adopted. We will describe such strategies and methods in
a future report.
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