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Investigating gas-phase structures of protein ions can lead to an improved understanding of
intramolecular forces that play an important role in protein folding. Both hydrogen/deuterium
(H/D) exchange and ion mobility spectrometry provide insight into the structures and
stabilities of different gas-phase conformers, but how best to relate the results from these two
methods has been hotly debated. Here, high-field asymmetric waveform ion mobility
spectrometry (FAIMS) is combined with Fourier-transform ion cyclotron resonance mass
spectrometry (FT/ICR MS) and is used to directly relate ubiquitin ion cross sections and H/D
exchange extents. Multiple conformers can be identified using both methods. For the 9�
charge state of ubiquitin, two conformers (or unresolved populations of conformers) that have
cross sections differing by 10% are resolved by FAIMS, but only one conformer is apparent
using H/D exchange at short times. For the 12� charge state, two conformers (or conformer
populations) have cross sections differing by �1%, yet H/D exchange of these conformers
differ significantly (6 versus 25 exchanges). These and other results show that ubiquitin ion
collisional cross sections and H/D exchange distributions are not strongly correlated and that
factors other than surface accessibility appear to play a significant role in determining rates
and extents of H/D exchange. Conformers that are not resolved by one method could be
resolved by the other, indicating that these two methods are highly complementary and that
more conformations can be resolved with this combination of methods than by either method
alone. (J Am Soc Mass Spectrom 2005, 16, 1427–1437) © 2005 American Society for Mass
Spectrometry

Understanding biomolecule conformation and
folding is an important challenge in chemistry
[1, 2]. In solution, many experimental methods

for determining biomolecular conformation have been
developed, including NMR, crystallography, and mass
spectrometry based methods. Effects of solvent on
molecular structure and folding are often inferred indi-
rectly from experiments done with different solvent
systems. In the gas phase, molecular conformation can
be investigated using gas-phase H/D exchange [3–6],
ion mobility spectrometry (IMS) [7–9], proton transfer
reactivity [10, 10b, 10d], ion-surface imprinting [11],
molecular dynamics simulations [12], ion energy loss
measurement [13, 14], and dissociation experiments
[15]. These experiments provide insight into the confor-
mations of ions in the complete absence of solvent, and
from such experiments, the effects of solvent on molec-
ular structure can be directly determined.
Pioneering gas-phase H/D exchange experiments of

McLafferty and coworkers clearly demonstrated that
multiple conformations of proteins can exist in the gas

phase [3]. For cytochrome c, a total of seven different
gas-phase conformers were identified based on differ-
ent extents of H/D exchange. Interestingly, several
charge states formed directly by electrospray ionization
had only one conformer whereas others were found to
have multiple conformers with the 7� charge state
having all seven. In combination with charge stripping
as well as IR heating with a CO2 laser, gas-phase
proteins were found to both unfold as well as fold in the
complete absence of solvent [3b]. Subsequent proton
transfer reactivity and IMS experiments have also dem-
onstrated gas-phase protein folding [2, 9d, 10a]. Implicit
in the interpretation of the H/D exchange data is the
assumption of a relationship between the extents of
H/D exchange and surface accessibility, and its relation
to the compactness of a conformer. However, some
evidence has suggested surface accessibility may not be
a dominant factor in H/D exchange extents for some
peptides and proteins [2, 5, 16].
From ion mobility spectroscopy, it is possible to

obtain collisional cross sections of gas-phase ions from
which information about structure can be inferred. This
method has been used extensively for obtaining de-
tailed information on small ions and atomic clusters
[17]. For proteins, multiple distinct gas-phase conform-
ers have been observed [2, 7–9]. In general, cross
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sections increase with ion charge state. For example,
cytochrome c charge states below 5� have cross sec-
tions that are slightly lower than the cross section
calculated for a native solution structure. The cross
section of the 19� approaches the calculated cross
section for a fully extended conformer [9a]. For inter-
mediate charge states, as many as five different con-
formers have been identified. Interestingly, the cross
sections of the more open conformers increase with
charge state whereas McLafferty and coworkers [3b]
found that H/D exchange extents for the four most
open conformers decrease with charge state. This result
is consistent with increased local structure around
charge sites for these conformers [3b]. Jarrold has
shown that more compact protein conformers hydrate
more readily and that gas-phase hydration can result in
the folding of more open conformers [2].
A key difficulty in comparing results from H/D

exchange to IMS results is that these two methods probe
different physical properties of an ion. In addition, H/D
exchange experiments and the ion mobility spectros-
copy experiments typically measure ion conformation
on two very different time frames. Ion mobility exper-
iments probe ion conformation within �10 ms of their
formation, whereas H/D exchange experiments done in
Fourier-transform ion cyclotron resonance (FT/ICR)
mass spectrometers typically probe ion conformation
several seconds or even hours after ion formation.
Clemmer and coworkers investigated the effects of
storing ions for up to 30 s in an RF ion trap before their
analysis by IMS [9a, b]. They observed that some
compact conformer populations unfolded during this
time frame whereas others did not. Valentine and
Clemmer have also investigated H/D exchange in the
drift tube of an ion mobility spectrometer [18]. They did
not observe a charge state dependence to H/D ex-
change extents for a given conformer separated by IMS,
but they did report that compact structures underwent
less exchange than more open structures.
High-field asymmetric waveform ion mobility spec-

trometry (FAIMS), a method based on principles first
demonstrated by Buryakov et al. [19], has recently been
applied to the separation of protein conformers [14, 20,
20a]. The separation is based on the dependence of ion
mobility on the electric field strength. In FAIMS, ions
pass between two cylindrical electrode surfaces across
which an asymmetric RF potential waveform is applied,
alternately exposing the ions to strong and weak electric
fields. Different mobilities of the ions during the high
field versus low field portion of the waveform result in
the ions drifting towards one of the electrodes. This
drift can be compensated for by using a DC potential.
By varying this “compensation” voltage (CV), ions are
separately transmitted through the FAIMS device into
the mass spectrometer. This method has the advantage
over the more widely used drift tube ion mobility
spectroscopy experiments in that very high ion trans-
mission is possible [21], and the method can be readily
used with virtually any type of mass spectrometer. A

current limitation is that it is not readily possible to
obtain absolute cross sections from these experiments.
Purves et al. have used FAIMS to separate different

conformers of bovine ubiquitin [14]. In combination
with ion retarding potential measurements, it was pos-
sible to obtain ion cross sectional measurements as a
function of CV values. The cross sections obtained
using this method were larger than those reported by
Clemmer and coworkers [9c, 10c] for these same ions.
However, by normalizing their data to the 13� charge
state for which there was only one conformer identified
using both techniques, Purves et al. [14] reported that
the remaining cross sections closely matched the ion
mobility data, with an average deviation of 1.5%. A few
additional conformers were resolved using FAIMS [14].
Here, we report the combination of FAIMS with

H/D exchange experiments done in FT/ICR MS to
investigate the structure of ubiquitin ions. Ubiquitin
ions were chosen because they have been investigated
by energy loss measurements in combination with
FAIMS, IMS, and H/D exchange. These experiments for
the first time make possible a direct comparison be-
tween H/D exchange experiments in FT/ICR MS with
collisional cross section measurements by IMS. We find
that H/D exchange extents do not significantly corre-
late to collisional cross sections and that these methods
for conformer separation appear to be highly comple-
mentary, with many conformers identified by one
method, but not the other.

Experimental

FT/ICR Mass Spectrometer

The Berkeley-Bruker 9.4 tesla FT/ICR mass spectrome-
ter is used for all experiments [22].°Ions°are°produced°by
electrospray ionization using a 0.1 mm i.d. stainless
steel capillary connected to a syringe pump system to
maintain a solution flow rate of 2 �L/min. This capil-
lary was positioned 5 mm away from the ion entrance
hole in the FAIMS device and a voltage of 2000 V was
applied to the capillary. No nebulizing gas was used.
Solutions were prepared from a 1 � 10�3 M stock
solution of ubiquitin in water which was stored at
�50 °C when not in use. A solution of 49.5/49.5/1%
water/methanol/acetic acid with a bovine ubiquitin
concentration of 10�5 M was used for electrospray
ionization. The D2O and bovine ubiquitin used in these
experiments were obtained from Sigma-Aldrich Co. (St.
Louis, MO) and were used as received. Methanol and
acetic acid were obtained from Fisher Scientific (Fair
Lawn, NJ) and were used as received.
H/D exchange was performed by introducing D2O

into the mass spectrometer through a piezoelectric
valve attached to the ultrahigh vacuum chamber. This
valve is controlled using the Xmass data acquisition
software (Bruker Daltonics, Billerica, MA). This valve is
opened for 10 to 60 s during which time the pressure is
�8 � 10�7 torr as measured on an uncalibrated ion
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gauge located �1.5 m from the ion cell. After the valve
is closed, a 120 s delay before ion detection is used to
allow the system to pump down and reach a pressure of
�2 � 10�8 torr. The number of deuteriums incorpo-
rated is calculated from the mass difference between the
center of the exchanged isotope distribution and the
center of the isotope distribution with no H/D ex-
change. The extent of H/D exchange at a given ex-
change time was reproducible to under �3 deuteriums
incorporated. This variation in H/D exchange extents
correlated to pressure changes in the D2O reservoir.
After the experiments reported here, modifications to
the gas inlet system improved H/D exchange reproduc-
ibility. No difference was detected between H/D ex-
change experiments with and without isolation of
neighboring charge states. Therefore, no isolation in the
ion cell was used in these experiments.
An extended pseudo-open cylindrical cell was built

and used in these experiments. Improved resolution
and ion storage during H/D exchange was obtained
using this cell compared with the cell used previously
[22].°The°total°length°of°the°cell°is°300°mm°with°an°i.d.
of 60 mm. This cell is similar to other open cylindrical
cell°designs°[23]°except°that°the°excite/detect°plates°of
the cell have been extended to 150 mm long relative to
the 60 mm trapping cylinders. Thus, the length of the
excite/detect plates is 2.5 times the length of the trap-
ping cylinders. Capacitive coupling between the excite/
detect°plates°and°cylindrical°trapping°plates°[24]°has°not
yet been incorporated in this cell. The open cylindrical
design was further modified by the inclusion of several
additional trapping plates. These vertical plates allow
ions to be trapped with similar experimental conditions
as the previous cell. During ion injection, the potential
on the trapping plates is 4 V. Nitrogen gas is pulsed into
the mass spectrometer to assist in trapping the ions. The
voltage on the trapping plates is then raised linearly to
6 V in 1.5 s for improved ion trapping during H/D
exchange. The voltage on the trapping plates is then
linearly lowered to 1 V in 1.5 s before excitation and
detection.

FAIMS

The Ionalytics Selectra (Ionalytics, Ottawa, Canada) was
used for all FAIMS experiments. The FAIMS device is
interfaced with the mass spectrometer by using a PEEK
sleeve to hold the FAIMS device in proper alignment
with° the°mass° spectrometer.°An°o-ring°between° the
capillary entrance aperture of the mass spectrometer
and the exit orifice in the FAIMS device makes possible
a gas-tight interface between the two devices. A disper-
sion voltage (DV) of �3600 V and a nitrogen carrier gas
flow rate of 2.5 L/min produced CV scans similar to
those°reported°in°reference°[14].°Optimal°performance
of the FAIMS device is achieved at dispersion voltage
DV values above �4400 V. However, these higher DV
values significantly shift the CV required for ion trans-
mission compared with the CV scans reported by

Purves°et°al.°[14].°The°experimental°conditions°of°our
FAIMS device were chosen to yield CV scan peaks
similar to those obtained by Purves et al. when measur-
ing°ubiquitin°cross°sections°[14].°The°CV°is°generated°by
using a spare power supply on the mass spectrometer
and this voltage is controlled by the Bruker Xmass
software. The acquisition of CV scans was facilitated by
the use of a custom Xmass Tcl/Tk script. This script
steps a user-selected Xmass variable by a specified
increment and range, and saves a mass spectrum at
each step. All Bruker Xmass mass spectra data files
were processed using R statistical analysis software (R
Foundation for Statistical Computing, Vienna, Austria)
[25].

Results and Discussion

H/D Exchange

To combine H/D exchange with FAIMS over a wide CV
range, it is desirable to keep the H/D exchange times as
short as possible to reduce the potentially lengthy time
required for these experiments. To determine the extent
to which different conformers can be resolved using
short exchange times, H/D exchange was performed on
the entire charge state distribution of ubiquitin using
reaction times of 20 and 40 s. The results of these
experiments°are°summarized°in°Table°1.°For°the°8�
through 10� charge states, the extents of exchange
increase roughly linearly with reaction time, and two
conformers (or conformer populations) are clearly re-
solved. For the 7� charge state, two very low abun-
dance conformers are resolved at 20 s, but the signal-
to-noise ratio (S/N) is insufficient to observe these
conformers at 40 s. For the 11� and 12� charge states,
the extent of H/D exchange does not increase linearly
with reaction time. Three 11� conformers and two 12�
conformers are clearly resolved. The average difference
in exchange is roughly constant at these two exchange
times, although a third population appears at 40 s for
the 11� that is not apparent at 20 s. For the 13� charge
state, only one conformer is observed at the shorter
reaction time, and no signal is observed at 40 s because
of poor S/N for this ion. These results are in striking
contrast to recent results of Geller and Lifshitz who
resolved two different conformers for only the 13�
charge state using ND3 as an exchange reagent [6a].
Also°included°in°Table°1°are°the°data°obtained°by

Marshall°and°coworkers°[4]°who°did°H/D°exchange°on
ubiquitin ions using D2O and 1 h reaction times. Over-
all, we find excellent agreement between the results of
our H/D exchange done at relatively short times and
those of Marshall who used 90- to 180-fold longer
reaction times. Of the 144 exchangeable hydrogens in
bovine ubiquitin, 6 to 48 deuteriums for the various
charge states are incorporated with 40 s of H/D ex-
change versus the 27 to 88 hydrogens exchanged as
reported by Marshall and coworkers. The number of
conformers resolved in both experiments is the same for

1429J Am Soc Mass Spectrom 2005, 16, 1427–1437 SEPARATION OF UBIQUITIN CONFORMERS IN THE GAS PHASE



T
ab

le
1.

H
/
D
ex
ch
an
ge
ex
te
nt
s
an
d
re
la
ti
ve
co
nf
or
m
er
ab
un
d
an
ce
fo
r
th
e
7�

to
13

�
ch
ar
ge
st
at
es
of
ub
iq
ui
ti
n
m
ea
su
re
d
af
te
r
20
,4
0,
36
00
s
of
ex
ch
an
ge
a

20
s

H
/D

ex
ch

an
g

e
40

s
H

/D
ex

ch
an

g
e

36
00

s
H

/D
ex

ch
an

g
eb

U
b

iq
u

it
in

ch
ar

g
e

st
at

e
N

u
m

b
er

o
f

ex
ch

an
g

es
R

el
at

iv
e

in
te

n
si

ty
D

is
tr

ib
u

ti
o

n
w

id
th

(D
a)

D
if

fe
re

n
ce

in
ex

ch
an

g
e

N
u

m
b

er
o

f
ex

ch
an

g
es

R
el

at
iv

e
in

te
n

si
ty

D
is

tr
ib

u
ti

o
n

w
id

th
(D

a)

D
if

fe
re

n
ce

in
ex

ch
an

g
e

N
u

m
b

er
o

f
ex

ch
an

g
es

R
el

at
iv

e
in

te
n

si
ty

D
is

tr
ib

u
ti

o
n

w
id

th
(D

a)

D
if

fe
re

n
ce

in
ex

ch
an

g
e

7�
21

c
0.

42
31

--
88

1
29

7
1

17
14

--
69

0.
27

37
19

8�
18

1
21

35
1

23
85

1
29

6
0.

62
17

12
10

0.
44

15
25

76
0.

12
25

9
9�

24
1

21
48

1
24

82
1

19
--

25
0.

13
14

23
--

10
�

21
0.

43
21

42
0.

39
21

85
1

23
7

1
15

14
17

1
21

25
63

0.
09

21
22

11
�

--
47

0.
29

21
76

0.
27

16
21

1
19

31
1

19
16

60
1

21
16

6
0.

19
13

15
16

0.
3

14
31

47
0.

07
13

29
12

�
17

0.
18

14
25

0.
12

14
50

1
23

2
1

13
15

6
1

10
19

27
0.

9
19

23
13

�
0

1
10

--
12

1
18

a
20

an
d

40
s

d
at

a
o

b
ta

in
ed

w
it

h
a

D
2
O

p
re

ss
u

re
o

f
�

8
�

10
�

7
to

rr
.

b
H

/D
ex

ch
an

g
e

ex
te

n
ts

an
d

re
la

ti
ve

in
te

n
si

ti
es

o
b

ta
in

ed
fr

o
m

d
at

a
in

re
fe

re
n

ce
[4

].
c
T

h
e

n
u

m
b

er
o

f
h

yd
ro

g
en

s
ex

ch
an

g
ed

fo
r

ea
ch

co
n

fo
rm

er
w

it
h

in
a

ch
ar

g
e

st
at

e
is

ca
lc

u
la

te
d

fr
o

m
th

e
m

as
s

d
if

fe
re

n
ce

b
et

w
ee

n
th

e
ce

n
te

rs
o

f
th

e
H

/D
ex

ch
an

g
e

is
o

to
p

e
d

is
tr

ib
u

ti
o

n
an

d
th

e
is

o
to

p
e

d
is

tr
ib

u
ti

o
n

w
it

h
n

o
H

/D
ex

ch
an

g
e.

1430 ROBINSON AND WILLIAMS J Am Soc Mass Spectrom 2005, 16, 1427–1437



each charge state. The absolute differences in the num-
bers of exchanges between different conformers of the
same charge state are in some cases larger at the
significantly shorter reaction times used here. For ex-
ample, the average difference in H/D exchange for the
two conformers of the 8� charge state is 12, 25, and 9 at
20, 40, and 3600 s. Similarly, a greater difference in
absolute exchange is observed for 10� charge state at
40 s than at 3600 s. Thus, higher separation efficiency or
conformer resolving power is obtained at short H/D
exchange times for the 8� through 12� charge states
for bovine ubiquitin.
The abundances of the isomers observed in these

experiments differed from those reported by Marshal
and°coworkers°[4].°For°all°charge°states°where°multiple
conformers are observed (except for the 12�), the
relative abundances of the different conformers are
more similar in our experiments than those observed by
Marshall and coworkers. For the 7�, 10�, and 12�
charge states, the lower exchanging population has the
greater abundance at 20 s and 40 s, but a lower
abundance at 3600 s. The different abundances for the
various conformers observed in these two experiments
are likely due to either different ion source/ion intro-
duction conditions or to isomerization of the conform-
ers during extended H/D exchange times.
The abundances of the isomers can be affected by the

length of time ions are accumulated in the hexapole
before ion introduction into the FT/ICR cell. Short
times (�0.2 s) resulted in the maximum number of
conformers observed. Clemmer and coworkers demon-
strated a shift in ion abundances at different cross
sections as ion storage time in an ion trap was increased

[9a, b], a result consistent with collisional heating that
can occur in RF storage devices.
These results indicate that there is no definitive trend

in H/D exchange extents with charge states at short
reaction times. The maximum extents of exchange are
observed for intermediate charge states. In contrast,
there appears to be a trend of decreasing H/D exchange
extent with increasing charge state at the very long
exchange time. The H/D exchange results from McLaf-
ferty and coworkers noted this trend of decreasing H/D
exchange at the higher charge states for several other
proteins°as°well°[3].°Our°results°at°short°exchange°times
can be attributed to differences in the H/D exchange
rates versus the maximum extents of exchange for these
different charge states.

Cross Sections

To relate FAIMS CV values to cross section measure-
ments, it is necessary to essentially “calibrate” FAIMS
using another method that can be directly related to the
highly accurate cross sections measured using ion mo-
bility spectroscopy. Purves et al. combined FAIMS with
energy retarding potential measurements in a triple
quadrupole°mass°spectrometer°[14].°Collisional°cross
sections were determined from measurements of the
translational energy that ions lose through collisions
with a buffer gas. These cross section values were�20%
greater than the corresponding cross sections measured
by IMS. After normalizing the collisional cross sections
measured by translational energy loss to those mea-
sured by IMS using the 13� charge state as a reference
point, the values closely matched, within 1.5% on
average. These measurements make it possible to di-
rectly relate CV values to collisional cross sections for
ubiquitin [9c, 14].
Experimental FAIMS conditions were adjusted to

obtain CV scans similar to those obtained by Purves et

Figure 1. Comparison of a CV scan for the 8� charge state of
ubiquitin obtained with a FT/ICR mass spectrometer (line with
letters x) with a scan obtained previously by Purves et al. (solid
line)°[14].°Collisional°cross°section°measurements°made°by°Purves
et°al.°[14]°for°this°charge°state°are°indicated°by°the°dashed°line°with
error bars. Letters a to d indicate CV values for the H/D exchange
mass°spectra°shown°in°Figure°3.

Figure 2. Compensation voltage scans for the 8� to 13� charge
state of bovine ubiquitin.
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al.°[14]°in°which°they°combined°FAIMS°with°energy°loss
collisional cross section measurements. Results of a CV
scan for the 8� charge state of ubiquitin under these
conditions°are°shown°in°Figure°1.°Also°shown°on°this
same plot is the CV scan for this same ion measured by
Purves° et° al.° [14],° as°well° as° their° collisional° cross
section values measured as a function of CV. Our
FAIMS CV scans indicate the presence of two clearly
resolved conformers, or two families of unresolved
conformers compared with three observed by Purves et
al., a result that is likely related to slightly different
electrospray conditions in the two experiments. The
separation of the two peaks that are centered at the
lowest CV values is nearly the same (�0.1 V) in both
experiments. Similar matches are observed for the 9�
through 12� charge states, with our CV scans for the
10� and 12� charge states indicating two unresolved
conformers°(Figure°2)°versus°three°and°two°resolved
conformers reported by Purves et al. for these respec-
tive ions. From these results, it is possible to relate CV
values measured for various conformers of different
charge states to the physical cross sections of these ions.
For example, the two 8� conformers that are transmit-
ted at CV values of �4.4 and �6.0 V have cross sections
of 1585 and 1330 Å2, respectively. By comparison, the
crystal structure of ubiquitin has a cross section of 930
Å2 and a fully extended structure has a cross section of
2140 Å2 [9b, 10c].

FAIMS with H/D Exchange

Experiments combining FAIMS with H/D exchange
were done to determine how the extent of H/D ex-
change correlates with the collisional cross section of an
ion. H/D exchange results (20 s) for the 8� charge state
measured at four different CV values are shown in

Figure°3.°The°CV°values°of°�4.4,°�5.4,°�6.0,°and°�6.4°V
correspond to ion cross sections of 1585, 1410, 1330, and
1280 Å2, respectively. As can be seen from the H/D
exchange°data°in°Figure°3,°two°distinct°conformers°or
families of unresolved conformers, centered around 6
and 18 incorporated deuteriums, are resolved using
H/D exchange at each of these CV values (the slightly
higher°extent°of°exchange°in°Figure°3°a,°b°versus°c,°d°is
an artifact attributable to slightly higher pressures of
gaseous D2O). There is no obvious change in the abun-
dance of these two conformer families as measured by
H/D exchange despite the significantly different phys-
ical cross sections of the ions at the different CV values.
These results clearly demonstrate that the two con-
former families that are resolved using FAIMS have
essentially the same H/D exchange extents. Similarly,
H/D exchange resolves two families of conformers that
are not resolved using FAIMS. These results indicate
that H/D exchange is sensitive to conformational dif-
ferences between these ion populations that is not
directly related to the collisional cross sections of these
ions, or that the ion populations undergo isomeriza-
tions to two different conformations on the long time
frame of the H/D exchange experiments.
Results of the FAIMS-H/D exchange experiments for

the 9� charge state are shown for both 20 and 40 s
reaction°times°in°Figure°4.°A°broad°peak°in°the°CV°scan
is observed indicating the presence of two or more
largely°unresolved°conformers°(Figure°4a).°Maxima°in
the CV data occur at �5.8 and �5.0 V. These values are
within 0.1 V of those for the two peaks observed by
Purves°et°al.°[14]°who°reported°better°resolved°peaks
with collisional cross sections for the constituent ions of
1460 and 1625 Å2, respectively. H/D exchange data

0.1
5.0

0 .0

a

0.1
5.0

0.0

b

0.1
5.0

0.0
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0.1
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Number of H/D Exchanges

ytisnetnI evitale
R

Figure 3. H/D exchange mass spectra for the 8� charge state of
ubiquitin with 20 s reaction time at �8 � 10�7 torr at compensa-
tion voltages of (a) �4.4 V, (b) �5.3 V, (c) �5.9 V, and (d) �6.5 V
corresponding to a 300 Å2 range of collisional cross sections.

Figure 4. FAIMS-FT/ICR MS data for the 9� charge state of
ubiquitin: (a) CV scan and (b), (c), (d), (e) H/D exchange mea-
sured at CV values of �5.0 V (b), (d) and �5.8 V (c), (e) at 20 s (b),
(c) and 40 s exchange time (d), (e).
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measured°at°these°two°CV°values°are°shown°in°Figure
4b–°e.°Both°at°20°s°and°at°40°s,°a°single°isotope°distribu-
tion is observed corresponding to an average of 24 and
48 deuteriums incorporated, respectively. Prior H/D
exchange°experiments°(Table°1)°did°resolve°a°second
lower exchanging distribution at 40 s of H/D exchange.
Marshall and coworkers also reported a lower exchang-
ing°distribution°for°this°charge°state°[4].°The°low°abun-
dance of this distribution makes this conformation
difficult to detect consistently. In contrast, the FAIMS
results indicate that at least two conformers are initially
present in similar abundance. This could be due to the
presence of multiple conformers that are stable on the
lifetime of the FAIMS measurements (hundreds of ms
[26]),°but°which°isomerize°to°a°single°conformer°(or
unresolved family of conformers) on a time frame much
shorter than the H/D exchange reaction time (tens of s).
Another possible explanation for this result is that the
conformers that have different physical cross sections
undergo the same extent and rate of H/D exchange.
Results°for°the°10�°charge°state°are°shown°in°Figure

5.°The°surface°plot°of°the°H/D°exchange°and°CV°scan

data°in°Figure°5a°indicates°two°local°maxima.°These
maxima occur at CV values of �4.9 and �5.5 V with 7
and°21°deuteriums°incorporated,°respectively.°In°Figure
5b°and°c,°the°H/D°exchange°data°at°CV°values°of°�4.9
and �5.5 V clearly show two resolved conformers, the
relative abundances of which depend on the CV values.
At a CV of �4.9 V, the abundance of the conformer that
undergoes 7 exchanges is 3.9 times greater than that of
the conformer that undergoes 21 exchanges. At a CV of
�5.5 V, the abundance of the lower exchanging con-
former is only 0.8 times that of the higher exchanging
conformer.°From°the°surface°plot°data° in°Figure°5a,
individual CV scans are constructed for the two con-
formers°resolved°by°H/D°exchange°(Figure°5d).°The
conformers that undergo 7 and 21 exchanges have
maxima at CV values of �4.9 and �5.5 V, respectively.
Also°shown°in°Figure°5d°is°the°CV°scan°without°H/D
exchange. This CV scan with no H/D exchange has a
broad peak with no obviously resolved conformers.
Purves et al. reported two unresolved conformations for
this charge state with a maximum at �5.35 V and the
second conformation identified as a shoulder on the
main peak at �4.95 V, consistent with our H/D ex-
change resolved CV scans.
From°the°Figure°5°data,°clearly°the°two°conformers

that undergo different extents of H/D exchange also
have different collisional cross sections. Purves et al.
measured cross sections of 1710 and 1670 Å2 for ions
transmitted at CV values of �4.95 and �5.35 V, respec-
tively. By comparison to these results, the conformer
that undergoes 7 exchanges corresponds to an ion with
a cross section of �1710 Å2 and the conformer that
undergoes 21 exchanges corresponds to an ion with a

Figure 5. FAIMS-FT/ICR MS data for the 10� charge state of
bovine ubiquitin measured using 20 s H/D reaction time: (a)
surface plot of CV values versus extents of H/D exchange, where
lines marked with open triangles and filled triangles indicate H/D
exchange distributions at CV values of �4.9 V and �5.5 V,
respectively, and lines marked with open circles and letters x
correspond to CV scans of the H/D exchange distribution with 7
and 21 deuteriums incorporated, respectively, (b) and (c) H/D
exchange mass spectra at �4.9 V (b) and �5.5 V (c) and (d) CV
scan with no H/D exchange (solid line) and with H/D exchange
of the conformer that undergoes 7 exchanges (open circles) and 21
exchanges (letters x).

Figure 6. FAIMS-FT/ICR MS data for the 11� charge state of
bovine ubiquitin: (a) CV scan and spectra obtained at CV values of
(b) �5.0 V and (c) �5.4 V with 40 s reaction time.
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physical cross section of �1670 Å2. Thus, the ion with
the larger physical cross section undergoes less H/D
exchange.
The CV scan for the 11� charge state of ubiquitin has

a peak at �5.4 V and a broad shoulder around �4.7 to
�5.0 V indicating the presence of at least two confor-
mations°(Figure°6a).°Purves°et°al.°measured°collisional
cross sections of 1755 and 1770 Å2 at CV values of�5.35
and°�5.0°V,° respectively.° In°Figure°6b°and° c,°H/D
exchange spectra (40 s) are shown at CV values of �5.0
and �5.4 V. Three conformations are resolved by H/D
exchange with average deuterium incorporation of 16,
30, and 45. The H/D distributions for this charge state
do not change at different CV values. FAIMS results
indicate at least two conformations and H/D exchange
independently resolves three conformations.
A CV scan (no H/D exchange) for the 12� charge

state shows a single broad peak with a maximum at
�4.4°V°(Figure°7a)°H/D°exchange°(20°s)°resolves°two
conformations with 2 and 17 deuteriums incorporated.
As°seen°in°Figure°7b,°c,°d,°the°relative°abundance°of°the
two distributions resolved by H/D exchange depend
on the CV value. The relative abundance of the con-
former that undergoes less exchange is greatest at �4.2
V° (Figure° 7b).° The° conformer° that° undergoes°more
exchange has a relative intensity maximum at �5.1 V
(Figure°7d).°Figure°7c°shows°a°mass°spectrum°at°an
intermediate voltage of �4.6 V. A spectrum of the 12�
charge state with no exchange is shown for reference in
Figure°7e.
Individual CV plots for both conformers resolved by

H/D exchange can be reconstructed from these data

and° are° shown° in° Figure° 7a.° The° CV° plot° for° the
conformer°that°undergoes°less°exchange°(2)°has°a°max-
imum in CV transmission at �4.2 V. The CV scan of the
conformer°that°undergoes°more°H/D°exchange°(17)°has
peaks at CV values of �4.2 and �5.1 V. This CV scan is
similar to the CV scan obtained by Purves et al. who
resolved two peaks at CV values of �4.55 and �5.05 V
with measured collisional cross sections of 1905 and
1890 Å2, respectively. These results suggest that at least
three conformers are present for the 12� charge state.
The two conformers that have a single measured cross
section of 1905 Å2, correspond to H/D exchange distri-
butions with 2 and 17 deuteriums incorporated. The
ions with a more compact conformation or lower cross
section of 1890 Å2 correspond to a third conformer that
also undergoes 17 H/D exchanges. As observed for the
10� charge state, a more compact conformer can un-
dergo greater extent of H/D exchange.
For the 13� charge state with 20 s of H/D exchange,

one distribution is observed with no deuteriums incor-
porated. We were unable to determine the extent of
exchange at longer exchange times because of insuffi-
cient S/N. Marshal and coworkers also observed a
single exchange distribution with 12 deuteriums incor-
porated°at°3600°s°[4].°The°CV°scan°of°the°13�°charge
state has one peak at�4.6 V. Purves et al. also observed
a single peak for the 13� charge state at �4.65 V and
this ion has a measured cross section of 1970 Å2.
Multiple conformations for the 13� have been resolved
with FAIMS using a different carrier gas composition of
60/40 helium/nitrogen gas [20b]. McLafferty and co-
workers also reported evidence of multiple conforma-
tions for the 13� charge state based on evidence from
ECD experiments [15d]. The 13� charge state has the
largest measured cross section, presumably due to
having the most extended conformation, but this ion
undergoes the least H/D exchange (at 20 s) of the
charge states investigated. Presumably, this ion has the
greatest surface accessibility, but undergoes the least
H/D exchange.

Conclusions

For the ubiquitin ions of a given charge state, the
extents of H/D exchange at short times (20–40 s) do not
appear to be significantly correlated to ion cross sec-
tions. For the 8�, 9�, and 11� charge states, the extents
of H/D exchange do not depend on FAIMS CV values,
but those of the 10� and 12� charge states do. For the
latter charge states, the conformations that undergo the
greatest extent of H/D exchange occur at CV values
corresponding to conformations with lower cross sec-
tion. This indicates that more compact conformers can
undergo greater extents of H/D exchange. Factors other
than surface accessibility or cross section appear to play
an important role in determining the rate and extent of
H/D exchange within these charge states. This result is
consistent with the observation that H/D exchange

Figure 7. FAIMS-FT/ICR MS data for the 12� charge state of
bovine ubiquitin: (a) CV scan with no H/D exchange (solid line),
conformer with 17 exchanges (letter x), and conformer with 2
exchanges (open circles) where b, c, d, and e indicate the compen-
sation voltages at which the H/D exchange mass spectra were
acquired (20 s reaction time for (b)–(d), no H/D exchange for (e).
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extents of peptide dimers can be greater or less than
those of the constituent monomers [16a].
Previously proposed mechanisms for H/D exchange

indicate that an H/D exchange reagent, such as D2O,
must form two simultaneous hydrogen bonds before
H/D°exchange°[27,°28].°Such°a°“relay”°mechanism°[28]
suggests that the observed decrease in H/D exchange
for more extended conformers of a given charge state
may be attributable to fewer possible multi-dentate
interactions with the D2O.
Others have suggested that ubiquitin conformers

with different charge states can be grouped into “fam-
ilies” of structures based on either collisional cross
section or on H/D exchange extents. Although con-
formers with different charge states may be structurally
very similar, our combined FAIMS and H/D exchange
measurements suggest that grouping conformers into
families based on a single physical property may over-
simplify the complexity of these gas-phase conformers.
FAIMS and H/D exchange can each resolve gas-phase
conformations that are not resolved by the other tech-
nique and a combination of FAIMS and H/D exchange
resolves more conformers than either method alone.
These results suggest that H/D exchange and collision
cross sectional measurements probe different properties
of the gas-phase ubiquitin conformers. For the 12�
charge state, the two conformers (or conformer popu-
lations) have cross sections that differ by �1%, yet the
H/D exchange extents (40 s) of these two conformers
differ significantly (6 versus 25). For the 9� charge
state, the cross sections of the two conformers differ by
10%, yet only one conformer is observed by H/D
exchange. There is the possibility that the longer time
frame H/D exchange experiments probe the gas-phase
conformations of the ubiquitin ions after they have
isomerized to conformations not present during the
time in which ions are transmitted through the FAIMS
device. However, the dependence of H/D exchange on
compensation voltage for the 10� and 12� charge
states implies that at least some of the conformers
originally separated by FAIMS survive and are probed
by these H/D exchange experiments. Thus, the combi-
nation of FAIMS and H/D exchange provides a nearly
orthogonal two-dimensional separation of the ubiquitin
conformers.
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