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Abstract
The mobilities of electrosprayed proteins and protein multimers with molecular weights ranging
from 12.4 kDa (cytochrome C monomers) to 154 kDa (nonspecific concanavalin A hexamers)
were measured in dry air by a planar differential mobility analyzer (DMA) coupled to a time-of-
flight mass spectrometer (TOF-MS). The DMA determines true mobility at atmospheric pressure,
without perturbing ion structure from that delivered by the electrospray. A nondenaturing
aqueous 20 mM triethylammonium formate buffer yields compact ions with low charge states,
moderating polarization effects on ion mobility. Conversion of mobilities into cross-sections
involves a reduction factor ξ for the actual mobility relative to that associated with elastic
specular collisions with smooth surfaces. ξ is known to be 1.36 in air from Millikan’s oil drop
experiments. A similar enhancement effect ascribed to atomic-scale surface roughness has
been found in numerical simulations. Adopting Millikan’s value ξ=1.36 and assuming a spherical
geometry yields a gas-phase protein density ρp=0.949±0.053 g cm−3 for all our protein data.
This is substantially higher than the 0.67 g cm−3 found in recent low-resolution DMA
measurements of singly charged proteins. DMA-MS can distinguish nonspecific protein
aggregates formed during the electrospray process from those formed preferentially in solution.
The observed charge versus diameter relation is compatible with a protein charge reduction
mechanism based on the evaporation of triethylammonium ions from electrosprayed drops.

Key words: Ion mobility, Native-state protein MS, Differential mobility analysis, Charge
reduction, Gas-phase protein conformation

Introduction

Tandem ion mobility spectrometry–mass spectrometry
(IMS-MS) is of great utility in the analysis of gas-phase

protein ions [1]. The IMS-MS combination has recently been
used for the identification of aggregates that are undetected
by MS alone [2, 3], the observation of coulombic stretching
of highly charged protein ions [4, 5], and to probe gas-phase
protein ion structure [6–14]. Mobility measurements are
particularly interesting in the case of high-mass protein ions
generated by electrospray, which are capable of taking on
different conformations in the gas phase. However, there are
several unresolved issues in protein ion IMS-MS measure-
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ment. First, with the exception of the recent report of Bush et
al. [15], high-mass protein ions have so far been analyzed
only by IMS-MS systems relying on a nonlinear mobility
scale [8, 10–12]. True mobility measurements for protein
ions in a wide molecular weight range are thus necessary as
a comparison standard for nonlinear IMS measurements.
Second, it is still unclear if the measured gas-phase protein
structures correspond to liquid-phase structures, and thus
whether mobility measurement can be used to infer
structural clues about proteins in their native conforma-
tions [16]. Clearly, the shorter the time and the milder the
transfer from solution to gas, the closer the two structures
will be [17]. In the aforementioned studies, as well as in
most previous protein IMS-MS work, IMS was performed
on electrosprayed protein ions using either a linear drift
tube [4] or a traveling wave (T-wave) nonlinear IMS [9],
both of which perform mobility separation in time. While
electrospray ionization is rather mild and proceeds very
fast, most prior drift-tube and all T-wave studies have
provided substantial activation to the ions prior to
mobility determination, by either applying strong RF
(radiofrequency) fields for ion transfer, focusing, trapping,
and declustering collisions, or energetically injecting the
ions from a vacuum into the drift tube. While such
collisions and voltage differences are useful for increasing
measured signal intensity and decreasing mass peak
widths [18], they may give rise to structural changes in
protein ions [4].

An alternative to transient mobility separation in time
using linear drift tubes or T-wave spectrometers is steady
mobility separation in space with a differential mobility
analyzer (DMA). DMAs separate ions into fan-shaped
trajectories by combining a flow field and an electric field
[19, 20], and are commonly used in the study of atmospheric
aerosols. DMA-based IMS-MS of protein ions has several
advantages. DMAs measure true mobility, and the mobility
variable (i.e., the voltage difference between DMA electro-
des, is linearly proportional to inverse mobility, simplifying
DMA calibration as compared to nonlinear T-wave IMS.
Just as quadrupole mass spectrometers can isolate ions of a
specific m/z, DMAs act as mobility filters, transmitting only
a narrow range of electrical mobilities centered on a
prescribed value. This allows for DMAs to be readily
coupled as front-end devices to almost any mass spectrom-
eter with an atmospheric pressure ion source, without any
modification in the operation of the MS [21]. Recently, high-
transmission parallel-plate DMAs have been constructed
with resolving powers in excess of 50 [22, 23], which are
well suited to DMA-MS integration. In tandem DMA-MS
with a parallel-plate DMA, the DMA operates at atmos-
pheric pressure, and, unlike most other IMS-MS instru-
ments, it can be used to measure the mobility of
electrosprayed ions immediately following the evaporation
of electrospray drops, without the need to subject the ions to
RF fields, declustering collisions, energetic injection stages,
or even vacuum interfaces.

While many features of the DMA-MS combination make
it suitable for the analysis of electrospray-generated protein
ions, the fact that the DMA measurement is milder than
other IMS approaches does not by itself guarantee that the
ion structure analyzed in the DMA will coincide with the
liquid-phase structure. In fact, low-resolution differential
mobility analysis of electrosprayed proteins has produced
some controversial results. In earlier, groundbreaking stud-
ies, Kaufman and colleagues [24] used a charge-reduced
electrospray source [25–27], a low-resolution DMA (a
shortened version of the Knutson and Whitby DMA [28]),
and a sensitive single-ion detector (the condensation nucleus
counter, CNC [29]) to measure the mobility diameter (that of
a sphere of the measured mobility) of singly charged
globular proteins ranging from 5.7 to 669 kDa in molecular
weight. The ratio of the theoretical protein mass over the
volume of a sphere with the inferred mobility diameter gave
an effective protein density of ∼0.89 g cm−3 (after correcting
for a voltage bias [30] and for the effect of gas molecular
diameter [19]). This density is reasonable for gas-phase
proteins, assuming that some residual water molecules
remain bound to protein ions as they transit through the
DMA (operating with filtered air at ambient laboratory
humidity), as is the case for proteins in crystals [31, 32]
under moderately dry conditions. These observations sug-
gest that the protein structures measured in the DMA are
somewhat indicative of the protein liquid-phase structure,
since the loss of this residual solvent typically takes place at
the vacuum interface to the MS. Removal of this residual
solvent is believed to launch a denaturation process within
characteristic times discussed by Breuker and McLafferty
[17]. Recently, however, several research groups [33, 34]
have used an electrospray-DMA-CNC system with a differ-
ent DMA [35] (commercially available as the macroIMS
system from TSI Inc.) to measure protein mobility diame-
ters, from which a density of 0.67 g cm−3 has been inferred.
This density is approximately half the bulk protein density
determined from crystal structures (∼1.35 g cm−3 excluding
voids) and is unreasonably low, even for protein ions with
residual solvent bound. Subsequent studies [36] have shown
that proteins analyzed with macroIMS (based on the
commercial DMA run by different research groups, as well
as based on two other DMAs) yield diameters that vary by
as much as 15%. Although the origin of this disagreement
has not been addressed, it is clear from Figure 3 of [36] that
the only DMA in the study specifically designed to achieve
high resolution at nanometer sizes gave systematically the
highest protein densities (in the range of 0.81 g cm−3, and
exceptionally 0.90 g cm−3 for avidin). Our use here of a
DMA of an even higher resolving power to obtain protein
densities in the range of 0.95 g cm−3 (discussed in detail
here) confirms the need to use such special DMAs for
structure determination.

Because of both the potential advantages of the applica-
tion of differential mobility analysis to measure electro-
sprayed proteins and the ambiguous results found previously
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with low-resolution DMAs, further examination of electro-
sprayed proteins with DMAs is appropriate. In the present
study, we utilize a high-resolution parallel-plate DMA
(DMA P4, SEADM, Boecillo, Spain) coupled to a quadru-
pole time-of-flight mass spectrometer (QSTAR XL, MDS
Sciex, Toronto, Canada) to measure protein and protein
multimer ions in the 12–150 kDa range generated by
electrospraying protein solutions in aqueous 20 mM triethy-
lammonium formate. Use of this nondenaturing buffer gives
rise to multiply charged protein ions, but with reduced
charge states as compared to the more commonly used
aqueous ammonium acetate buffer [37]. With the DMA-MS,
we are able to clearly determine protein ion mobilities (in
dry air) and masses simultaneously, from which we infer
their spherical-equivalent diameters and effective gas-phase
densities. We compare our results to those in previous DMA
studies as well as to ion diameters inferred from early and
recent drift tube IMS-MS measurements in He [4, 13, 14,
38]. Additionally, we demonstrate that the DMA-MS
combination can distinguish between protein multimer ions
formed nonspecifically during the electrospray process and
those formed naturally in solution. Finally, we use DMA-
MS measurements to investigate the origin of multiply
charged protein ions in electrospray ionization.

Experimental and Methods Section
Proteins and Electrospray Ionization

Bovine erythrocyte ubiquitin (U6253), bovine heart cyto-
chrome C (C2037), bovine pancreas ribonuclease A
(R6513), chicken egg white lysozyme (L6876), equine heart
myoglobin (M1882), ovalbumin (A5503), bovine serum
albumin (A8531), and jack bean concanavalin A (L7647)
were all purchased from Sigma–Aldrich (St. Louis, MO,
USA). Proteins were dissolved in 20 mM aqueous triethy-
lammonium formate buffer and desalted using Nanosep
centrifugal filtration devices (Pall Co.) with a filter cutoff
molecular weight that was at least 3 times less than that of
each protein. Following filtration, proteins were dissolved in
aqueous 20 mM triethylammonium formate buffer at
concentrations in the 20–50 μM range. Protein solutions
were electrosprayed using an electrospray source similar to
that described previously [23], but with a 360 μM outer
diameter, a 40 μM inner diameter capillary, and an outer
diameter tapered down to approximately 60 μM at the
capillary outlet. Samples were driven through the capillary
with a backing pressure of 0.1 bar. The electrospray source
was operated in the cone jet mode (confirmed by visual
observation of the electrospray with a microscope camera
when the electrospray capillary was several centimeters from
the DMA upper electrode), producing droplets with initial
diameters of ∼150 nm [27]. With these protein concentrations
and this droplet size, droplets containing zero, one, or multiple
proteins were produced. Although drops underwent coulombic
fission prior to complete evaporation, rough calculations show

that both single and nonspecific multimeric protein ions were
generated under these conditions [39].

Differential Mobility Analysis–Mass Spectrometry

The coupling of DMA P4 and the QSTAR MS has been
described previously [23]. The key features of the DMA-MS
for the measurement of electrosprayed proteins are illus-
trated in Figure 1. A 1.0 l min−1 flow of dry CO2 gas was
sent into the electrospray ionization source chamber to help
maintain a stable electrospray. Unlike in many cylindrical
DMAs, however, this flow of CO2 did not enter the DMA.
The DMA was operated with a high velocity sheath flow of
dry air (applied blower voltage 4 V, recirculating mode, 31°C
in the classification region), and a small counterflow of air
(∼0.3 l min−1) at the sample inlet. The counterflow served
to prevent entry of CO2 and uncharged vapors into the
DMA, as well as to drive the evaporation of electro-
sprayed droplets prior to their entrance into the DMA.
Complete drop evaporation was checked for by measuring
DMA-MS spectra with the electrospray needle at various
distances from the DMA inlet. Although increasing the
distance between the electrospray outlet and DMA inlet
decreased the overall signal intensity, it did not cause any
shift in the measured mobilities, showing that all free
solvent evaporated prior to ions entering the DMA.
Therefore, the electrospray capillary was moved close to
the DMA inlet (G 1 mm separation distance) to maximize
the measured ion signal intensity in the MS and to
measure protein ions as close to their point of origin as
possible. For tandem mobility and mass measurements,
the voltage in the DMA was stepped in increments of
10 V, usually in the 1000–3500 V range for each protein.
Voltages in this range have corresponding electric fields
below 3.5 × 105 V m−1, so mobilities are measured in the
low field limit. At each DMA voltage, a complete mass
spectrum was measured in the time-of-flight section of the
QSTAR XL (up to an m/z ratio of 20,000). Complete
mobility-mass spectra with adequate signal detection were
collected for samples in less than 10 min, and sometimes
in as little as 2 min.

As the DMA is a linear ion mobility spectrometer, DMA
calibration only requires determination of the DMA voltage
(potential difference between in outer and inner electrodes; see
Figure 1) needed to transmit a single standard ion of known
mobility. Ude and Fernandez de la Mora [40] measured the
mobilities of a series of positively charged cluster ions in air at
20°C produced by electrospraying tetra-alkylammonium salt
solutions. Their measurement of 0.528 cm2 V−1 s−1 for the
mobility of the cluster ion (THA+)3(Br

−)2 (THA
+ = tetrahepty-

lammonium+) was used here for calibration, and the DMA
voltage Vs required to transmit this ion was determined during
each day in which the experiments were performed. Because
DMA P4 was operated above room temperature while the
standard mobility was determined at room temperature, the
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standard ion mobility was adjusted using the hard-sphere model
for ion mobility to 0.538 cm2 V−1 s−1. As shown by Ku and
Fernandez de la Mora [41], the hard-sphere model works
reasonably well at this mobility, particularly when correcting for
a small temperature difference. With the DMA mobility scale
calibrated, the mobility of each measured ion was determined
from the equation

Z ¼ ZsVs

VDMA
; ð1Þ

where Z is the mobility of an ion selected when VDMA is the
applied voltage in the DMA, Zs is the mobility of the
standard, and Vs is the DMA voltage required to transmit the
standard (i.e., the voltage that gives the highest signal).

Results and Discussion
Tandem Mass-Mobility Spectra and the Effects
of Declustering Potentials

The ability to probe ion structure prior to declustering,
essentially as produced by the electrospray, is a useful
feature of DMA-MS. However, when employing decluster-
ing potentials between the DMA and the MS (for the
purpose of increasing ion transmission and removing solvent
adducts), the ions measured in the MS are not necessarily
identical in mass and mobility to the ions selected by the
DMA [18]. Figure 2a shows a false color scheme contour
plot of ion signal intensities from concanavalin A (conA) as
a function of both m/z and the declustering potential (DP1,
the potential difference between the orifice plate and the
skimmer) in the MS. For these measurements, the DMA was

set to transmit ions with an inverse mobility of 1.75 V s cm−2.
The number of protein molecules per ion and ion charge state
are labeled on the plot. Figure 2a shows that high declustering
potentials substantially increase the signal due to two beneficial
effects. One is that the removal of clusters sharpens peaks in the
m/z dimension. The other is that an increased declustering
potential also favors ion transmission. Several multimeric ions,
the trimer+12 and tetramer+15, are only barely detectable at DP=
0, but become quite strong at higher DP. Others, such as the
dimer+11, the monomer+6, and monomer+7, are imperceptible at
DP=0, but we believe they are parent ions rather than the
product of dissociation. ConA+6 and ConA+7 could conceiv-
ably be fragments of the dominant dimer ions with z=9 and 10
(ConA2

+9, ConA2
+10), but this is unlikely for ConA+6 because

it is already present at DP=60 V. This is confirmed by the fact
that ConA+6 has a mobility congruent with that of the more
abundant dimer ions appearing clearly at DP=0. ConA+7 will
later be seen to also have the right mobility with respect to
ConA+6 (Figure 3, discussed subsequently). Therefore, if
ConA+6 is not a fragment, then ConA+7 cannot be a fragment
either. ConA2

+11 cannot in turn be a fragment of either of these
two dominant parents. There is accordingly no indication
suggesting any dissociation of multimeric concanavalin A ions
at any declustering potential, even though all product ions
would necessarily remain at the selected mobility. We have
subsequently carried out numerous additional measurements
with concanavalin A and we can confirm its lack of tendency to
fragment within the 0–250 declustering voltage range (Borrajo,
R., Zurita, M., Fernandez de la Mora, J.: Relation between
crystal structures and electrosprayed gas phase structure of
concanavalin A, to be submitted to Anal. Chem.).
Figure 2b shows raw DMA spectra at various declustering
potentials for the lysozyme dimer (Lys2) with m/z

Figure 1. Schematic of the electrospray source and parallel plate differential mobility analyzer
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corresponding to z=+7. The tallest peak seen at the
highest voltage is indeed associated with (Lys2)

+7. The
second peak seen at ∼2100 V corresponds to the dimer
that goes through the DMA as (Lys2)

+8 but loses one
charge between the DMA and the TOF region of the MS.
A third peak is visible at ∼1900 V, which likely
corresponds to (Lys2)

+9 that loses two charges in the
DMA-MS interface. As the declustering potential is
decreased from 350 V to 50 V, the signal intensity ratio
of +7 dimer ions to +8 dimer ions that have undergone
charge loss increases from 1.44 to 2.92, showing that the
declustering potential does indeed enhance charge loss.
Also shown in Figure 2b is the narrower mobility peak for
(THA+)3(Br

−)2, with FWHM ∼1.88%. Accordingly, the
DMA has a resolving power in excess of 50, and the
broader protein mobility peaks seen are due to either
variable levels of adducts during mobility measurement,
or to the coexistence of several gas-phase protein
conformations.

Representative false color scheme m/z versus mobility
plots (with the most intense features depicted in red and the
least intense in dark blue) are shown in Figures 2c and 3 for
all measured proteins. Inverse mobility is used on the
horizontal axis of Figure 3 because it is proportional to the
ion cross-section over charge ratio (see Equation 2); thus
larger and less charged ions appear in the upper right. The
number of proteins per ion and the charge states are labeled
in Figure 3 for the most prominent peaks. As the molecular
weights of the monomers are known a priori, the charge and
multimeric state of each detected ion could be directly
determined. The data shown in Figure 3 were collected with
moderate-to-high declustering potentials (250–350 V), as
this was necessary to distinguish peaks corresponding to
protein and protein multimer ions. Unfortunately, as men-
tioned above, declustering can lead to charge loss between
the DMA and MS. This is further demonstrated by
comparing Figure 2c (adapted from [42] for an especially
clean lysozyme sample measured in CO2) and Figure 3d for
lysozyme, taken with declustering potentials of 1 V and 250 V,
respectively. The bare ions (lysn)

+n in the series of n-mers
should all have the samem/z. In reality, however, with only 1 V
of declustering potential, their average mass increases with n,
showing a level of clustering that increases with mass
(monomer+5, dimer+10, trimer+15; dimer+12, trimer+18, etc.). In
declustered lysozyme data, the excess adducts have been
substantially removed prior to the mass measurement.

While it is possible that the presence of some peaks in the
mass-mobility spectra could also be the result of the
asymmetric dissociation of larger protein ions into mono-
mers or lower order multimers between the DMA and MS,
we find that this is an unlikely origin for the peaks observed
here (with several possible exceptions to be discussed later).
In the Electronic Supplementary Material (ESM), we
provide complete mass spectra for selected proteins at
various declustering potentials, and the mobility spectra (in
terms of DMA voltage) for high m/z ions (m/z98,000) in

Figure 2. Effect of declustering voltage. (a) False color scheme
contour plots of concanavalin A ions with a mobility of 0.57 cm2

V−1 s−1 in air at atmospheric pressure and 31°C. The horizontal
variable is the declustering potential applied between the DMA
and MS. (b) Raw DMA spectra of lysozyme ions with an m/z
corresponding to the +7 dimer ion with various declustering
potentials. Black circles 350 V,white squares 250 V, gray triangles
150 V, black diamonds 50 V. Black line shows the raw DMA spec-
trum of the (THA+)3(Br2)

− ion, scaled down in signal intensity to fit
on the vertical axis. (c) DMA-MSspectrum inCO2gas for lysozyme
(100 μM concentration) in 20 mM triethyammonium acetate with
1 V of declustering potential (adapted from Fig 5.4a of [42])
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Figure 3. False color scheme contour plots for protein ions. (a.) Cytochrome C (350 V declustering potential), (b) ubiquitin
(350 V), (c) ribonuclease A (350 V), (d) lysozyme (250 V), (e) myoglobin (250 V), (f) ovalbumin (250 V), (g) bovine serum albumin
(150 V), and (h) concanavalin A (350 V). Protein ion multimeric state and number of charges are labeled. White arrows denote
ion peaks originating from charge loss between DMA and MS
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each spectrum. All detected high m/z ions had inverse
mobilities higher than the mobilities of peaks shown in
Figure 3 (and hence were transmitted at higher DMA
voltages); thus, if they fragmented between the DMA
and MS, their products would appear at higher inverse
mobilities than the peaks in Figure 3. Moreover, as shown
later in this manuscript, the charge states of the observed
ions appear to be reduced by the kinetics of ion
evaporation of triethylammonium ions [43]. Such strong
agreement between measured charge states and ion
evaporation models would not be expected for the product
of asymmetric dissociation [44]. We therefore conclude
once more that charge loss, but not multimeric dissocia-
tion, is prevalent with increasing declustering potential.

Clearly, increased declustering complicates the DMA-MS
spectra, with the appearance of product ion mass peaks at
parent ion mobilities. Fortunately, charge loss is far more
readily identifiable in DMA-MS than in more conventional
MS or IMS-MS methods. Charge loss transitions are marked
in Figure 3 with white arrows, which extend at a given
mobility from the m/z with which the ion went through the
DMA to the m/z with which it went through the MS.
Typically, only a single charge is lost from ions between the
DMA and MS, though in some instances multiple charge
loss is observed (for example the lysozyme ions mentioned
above). Other anomalous peaks merit discussion. A cyto-
chrome C+3 (CytC+3) peak with an inverse mobility of
1.56 V s cm−2 is clearly identifiable as a monomer via direct
assignment of z from the spacing between multiple sodium
adducts. This ion has an unreasonably small mobility for its
mass, and must be a fragment of CytC2

+7, which appears at
exactly the same mobility. This fragmentation mechanism, if
it is in fact the origin of the CytC+3 peak, is not observed so
clearly here for other protein multimer ions, but has been
observed at a declustering voltage of 350 V for GroEL
tetradecamers measured by DMA-MS [45]. A monomer
ribonuclease A+3 peak with an inverse mobility of
1.41 V s cm−2 shows a similar anomaly, though its origin
as a fragmentation product of a parent ion of the same
mobility is not so clear-cut. The two monomer ions CytC+4

and a CytC+3 with inverse mobilities of 1.40 V s cm−2 both
originate from CytC+5 (detected in separate experiments
with an inverse mobility of 1.40 V s cm−2) through two
successive charge loss events. All of these peaks are
similarly identifiable as monomers from the spacing in m/z
between successive sodium adducts.

The myoglobin spectrum is complicated by the presence
of both holo- and apomyoglobin ions, particularly at higher
multimeric states where various combinations of holo- and
apomyoglobin ions are observed. Nonetheless, the charge
and multimeric states are identifiable in the contour plot. The
mobilities of the holo- and apomyoglobin ions are similar
(except for the +5 holo- and apomyoglobin monomers),
showing that for some myoglobin ions, the loss of heme
occurs either during or shortly after electrospray drop
evaporation, but prior to ions entering the DMA. The

minimum FWHM obtainable approached 3% (for myoglobin
ions), but was often substantially higher, particularly for
ovalbumin and bovine serum albumin ions. This peak width
supports the notion that larger protein ions gather a greater
level of adducts, or exhibit a wider distribution of con-
formations. Some peaks are also broadened and slightly
shifted by charge loss interference. Quite often, an ion
composed of n protein monomers and z charges has a
similar mobility to a protein ion composed of n + 1
protein molecules and [(n + 1)/n](z − 1) charges, causing
overlap in the mobility spectrum if charge loss occurs
between the DMA and MS (e.g., in the lysozyme
spectrum of Figure 3d, the 1+5 to 1+4 transition leads to
a peak that interferes with the 2+8 peak, and the 3+10 to 3+9

transition interferes with the 4+12 peak).

Protein Diameter and Density Versus Measured
Mobility

In the absence of polarization effects, the hard-sphere limit
can be used to describe the relationship between the mobility
Z and the diameter di of smooth spherical ions. For ions with
diameters that are much smaller than the mean free path of
the gas molecules, the free molecular limit applies, leading
to:

Zffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ mg=mi

p ¼ 1

x
ze

p di þ dg
� �2

ffiffiffiffiffiffiffiffiffiffiffi
9kBT

8pmg

s
; ð2aÞ

where mg is the mass of the gas molecule, mi is the ion mass,
kB is Boltzmann’s constant (1.38 × 10−23 J K−1), T is the
temperature in the DMA, z is the number of charges on the
ion, e is the charge on the electron (1.6 x 10−19 C), p is the
pressure in the DMA (atmospheric pressure), and dg is the
diameter of the drift gas molecules (taken as 0.3 nm at room
temperature, from previous measurements in air [41]). The
coefficient ξ included in the denominator of the right-hand
side of Equation 2a is unity for the ideal case of elastic and
specular collisions. However, this is no longer true for real
ions or particles. For these species, ξ91 is an empirical drag
enhancement factor that decreases the mobility over its ideal
(smooth, elastic, and specular) value. The need for this factor
arose during Millikan’s determination of the electron charge,
which relied on precise measurements of the velocity of oil
drops in gases [46]. In the limit of small drops at reduced gas
pressure, Millikan’s work showed that ξ=ξM=1.36, in
other words the measured drag is 36% larger than
expected for ideal hard spheres. While Millikan’s early
studies did not include drops as small as most proteins,
many subsequent investigations have confirmed the value
ξ=1.36 down to rather small dimensions in air [41, 47,
48]. Following Epstein [49], the drag enhancement factor
has been written as

x ¼ 1þ paI=8ð Þ; ð2bÞ
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and interpreted as due to the fact that a fraction αI (∼0.91) of
the gas molecules interact inelastically with the ion.
Although most studies on small clusters and proteins via
IMS-MS have for a long time ignored Millikan’s drag
enhancement factor (with some exceptions, e.g., [50]), the
need for a coefficient ξ91 in (2a) was rediscovered 15 years
ago through model calculations [51] applied to moderately
small clusters such as fullerenes. In their simplest form,
these calculations have relied on the so-called exact hard-
sphere scattering model (EHSS), where each atom in the
ion is treated as an individual hard sphere undergoing
elastic and specular collisions with the gas. This approach
showed drag coefficient enhancements that depend on
geometry and ion size, and in some cases exceed ξEHSS=
1.20 [52]. Calculations for symmetrically growing aggre-
gates of fullerenes yielded an enhancement factor that
decreases linearly with curvature and extrapolates at large
sizes to 1.3 (Figure 3 of [51]):

xEHSS � 1:3 � �mi
�1=3: ð2cÞ

Interestingly, Tammet [53] had previously advocated a
smooth variation of ξ from ξM for large particles down to
unity for small molecules or atoms, though without
providing the simple functional dependence (2c). The
EHSS model has also been used for relatively complex
ions, such as proteins [4], though even this simplification
becomes increasingly untractable for increasingly large
proteins [52]. Contrary to Epstein’s interpretation, the
drag enhancement factor found in these model calcula-
tions has been ascribed to multiple scattering during
elastic ion–molecule collisions, resulting from the
atomic-scale roughness of the surfaces of essentially all
large particles. It is interesting that a model where the
gas molecules rebound elastically but diffusely (all
directions of reflection being equiprobable) gives ξ=4/
3, very close to Millikan’s value. However, Epstein
showed that this elastic-diffuse model was thermody-
namically inconsistent, and therefore opted for an
inelastic interpretation. What is apparent now though is
that there are elastic mechanisms to explain Millikan’s
findings, not only through multiple scattering, but also
through the effective randomization of the reflection
angle also forced by surface roughness.

There is still some discrepancy between extrapolations
from theoretical calculations of ξ and measured values of
it (a difference of 4.4%). It has been estimated by model
calculations to be 1.3 in He, but has long been known
from careful experiment to be 1.36 not only in air but
several other studied gases, including He [54–56]. The
ambiguity in ξ is more significant in the case of clusters
of moderate size. For these, EHSS calculations predict a
size dependence that is approximately captured by
Equation 2c, with ξEHSS∼1.2 for small proteins, and ξ
close to unity for small clusters (both in He). In contrast,

in air, we have confirmed Millikan’s value of 1.36 with
ionic liquid cluster ions that are smaller than the smallest
intact protein ions [41, 57]. Nonetheless, it follows both
from model computations and from measurements with
small drops that the drag on globular ions is increased,
probably due to molecular-scale roughness rather than
inelastic collisions. Furthermore, it is clear that the
conversion of a measured mobility into a protein cross-
section should not be based on the assumption ξ=1, even
though this approach has often been followed for small
[2] as well as large [9, 12] peptide and protein ions.

Several authors, unaware of Millikan’s precedent, have
advocated the use of the EHSS model for proteins [9, 52,
58]. We believe that Millikan’s 1.36 factor is more reliable
not only for large but also for small proteins in air for three
reasons. First, it has a firm experimental basis for globular
shapes, covering all the relevant protein size range. Second,
although the EHSS model has demonstrated great utility in
the case of small clusters of reasonably well-known structure
[59–61], its empirical support is much weaker for proteins
whose gas structure is not firmly known, and most often
differs from the crystal structure (even for protein ions
electrosprayed from neutral aqueous solutions) [4]. Finally,
EHSS calculations become increasingly difficult at large
protein masses, and would be even harder in molecular gases
and with the largest ions used here. Our selection of ξ=1.36
over the full protein size range is therefore the best available
choice for interpreting our measurements in air.

A first test of the applicability of Equation (2a) with
constant ξ=1.36 can be made by noting that it predicts a linear
relation between (z/Z)1/2 and protein diameter. Hence, for
spherical proteins of fixed density (for which di∼mi

1/3), a plot
of (z/Z)1/2 as a function ofm1/3 should yield a straight line. This
expectation is in fact observed to a first approximation in
Figure 4a, even though there is a modest scatter for each
multimer, which is particularly evident for the concanavalin A
hexamers (the uppermost group of the data points). In general,
a slight increase in (z/Z)1/2 is found with increasing charge
state. This effect suggests that ion-dipole forces or coulombic
stretching have a small effect on mobility, even with the use of
a charge-reducing buffer. Unfortunately, the scatter in the data
associated with the finite peak width precludes correcting for
polarization (or other effects leading to a variation of cross-
section with z), limiting the accuracy with which we may infer
protein sizes from these data. This problem is still
tolerable for our present purposes, and has been overcome
in subsequent studies using a single protein (the GroEL
tetradecamer) [45].

To provide an accurate determination of the diameters of
the largest protein ions, one must refine (2a) to account for
slight continuum effects in the mobility. These effects are
included in the Stokes–Millikan equation [41, 62]:

Z 1þ mg

mi

� ��1=2

¼ zeCC di þ dg
� �

3p� di þ dg
� � ð3aÞ
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CC ¼ 1þ 2l
di þ dg

½1:257þ 0:4e�0:55ðdiþdgÞ=l�; ð3bÞ

where μ is the gas viscosity and λ is the mean free path of
the gas molecules (66.5 nm at standard conditions). For
each detected and identifiable ion, m/z and mobility are
determined at the local maximum in signal intensity in
contour plots, and Equation 3a is subsequently used to
determine the ion diameter. Equation 3a converges to
Equation 2 for di GG λ provided that ξ=1.36. The protein
analyzed, the m/z value, ion mobility, number of proteins
per ion, ion diameter, and charge state are listed for
selected ions in Table 1 and for all measured ions in the
ESM. Protein ion diameters are shown as a function of
ion mass (the product of m/z and z) in Figure 4b. Also
shown are macroIMS data from Kaufman et al. [24, 30]
(white squares) and those measured by Bacher et al. [33]
and Kaddis et al. [34] (gray triangles) in a similar mass

range. A power law regression to our data is also shown
(di=0.1438 mi

0.3369; R2=0.992), which has almost exactly
the expected 1/3 power dependence. A best fit with a 1/3
power gives a slightly different constant of 0.1495, which,
for spherical ions, reveals a bulk density of 0.949 g cm−3±
0.053 g cm−3. The charge-reduced electrospray-DMA-CNC
measurements of Kaufman et al. [24] give a slightly smaller
density of 0.893 g cm−3. This is to be expected, as their charge-
reduced electrospray is designed to prevent secondary atom-
ization via coulombic fission, significantly increasing the
amount of adduct formation from impurities in the ES drops.

Figure 4. (a) (z/Z)1/2 as a function of mi
1/3. (b) Protein ion

diameter as a function of ion mass. Black circles indicate this
study. White squares are data from [24]. Gray triangles are
data from [33] and [34]. The dashed line denotes the power
law regression di=0.1438 mi

0.3369 (R2=0.992)

Table 1. Summary of selected protein ion measured m/z, mobility, protein
molecules per ion, charge state, and inferred mobility diameter (diameter
column)

m/z Inverse mobility
(V s cm2)

Proteins
per ion

Charge state Diameter (nm)

Cytochrome C
3100 1.653 1 4 3.39
4123 1.775 2 6 4.39
4650 1.729 3 8 5.04

Ubiquitin
3446 1.668 2 5 3.85
3687 1.584 3 7 4.48
4289 1.645 4 8 4.91
4760 1.698 5 9 5.32
6435 2.049 6 8 5.51
6010 1.851 7 10 5.88
5723 1.706 8 12 6.20
6435 1.836 9 12 6.44
7157 1.912 10 12 6.58

Ribonuclease A
2760 1.470 1 5 3.59
4636 1.828 2 6 4.46
5951 1.988 3 7 5.06
6170 1.896 4 9 5.63
6951 1.973 5 10 6.08
6938 1.820 6 12 6.41
7458 1.866 7 13 6.77

Lysozyme
2885 1.432 1 5 3.54
4774 1.858 2 6 4.50
5416 1.813 3 8 5.17
5785 1.744 4 10 5.70
6007 1.668 5 12 6.13

Myoglobin
2946 1.462 1 6 3.95
3921 1.470 2 9 4.92
4813 1.561 3 11 5.65
6410 1.828 4 11 6.14
6286 1.691 5 14 6.69
7043 1.790 6 15 7.14

Ovalbumin
5579 1.958 1 8 5.38
5925 1.595 2 15 6.72
7912 1.842 3 17 7.74

Bovine serum albumin
5191 1.661 1 13 6.37
8024 1.917 2 17 7.90

Concanavalin A
4281 1.737 1 6 4.34
4666 1.527 2 11 5.59
5934 1.609 3 13 6.27
7924 1.969 4 13 6.97
8582 2.021 4 12 6.77
9674 2.044 6 16 7.91
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Since the density is inferred from the measured protein size
(with water and other adducts), but is based on the mass of the
pure protein, this foreign matter always decreases the inferred
density. The much lower density of 0.668 g cm−3 obtained by
Bacher et al. [33] and Kaddis et al. [34] is paradoxical, as their
work relies on the commercial version of exactly the same
technique used by Kaufman et al. [24]. This anomaly and recent
discrepancies in inferred protein diameters from different
MacroIMS systems [36] have already been addressed in the
“Introduction,” and suggest the need to base the measurement
on DMAs that are capable of high resolution at nanometer sizes.

Comparison of DMA-MS results to drift tube IMS-MS
results is also of interest, as the two methods of analysis are
capable of producing comparable data sets. Tables 2 and 3
summarize inferred diameters from mobility measurements for
cytochrome C and lysozyme ions, respectively, from this study
and prior studies [4, 13, 14, 38, 63]. For each measured ion we
list the number of protein monomers per ion and the charge
state. The “monomer ion diameter” columns refer to the
inferred diameters of the monomer from mobility measure-
ments (for the ions composed of n protein monomers, the value
tabulated is that inferred for the whole ion divided by n1/3).
Because mobility measurements were made in this study prior
to any declustering, and in prior studies the ions passed through
regions of high declustering potential, we report both the mean
monomer diameter and minimum monomer diameters for our
measurement, inferred from the point of maximum signal
intensity and the lowest detectable inverse mobility, respec-
tively, for each ion peak in the spectra. We list two diameters
inferred with the extreme assumptions ξ=1.36 and ξ=1. As

already discussed, the expected value in He is greater than 1,
and for sufficiently large ions it should approach 1.36 [54], so
the differences between both columns capture the largest
conceivable effect of ξ. In all calculations the diameter of the
gas molecule is accounted for; it is taken as 0.3 nm for “air”
molecules [40] and 0.2 nm for He molecules [64]. Finally, the
study to which each data point corresponds [4, 13, 14, 38, 63]
and the ionization technique used in the study are listed. All
other studies used He as a drift gas, and the ionization
technique in each study was different (note that we perform
ESI under nondenaturing conditions, while strongly denaturing
acidic solutions were used in other studies). The first thing to
note is the large differences between the MALDI data and the
ES data in He. Why MALDI gives rise to far more compact
structures for both proteins is perplexing. For the MALDI data
set, with ξ=1.00 and approximating protein ions as being
spherical, the average ion density comes to 1.22 g cm−3, close
to the density of bulk peptides (not accounting for inevitable
void spaces). However, with the more realistic values ξ=1.20
and ξ = 1.3, the average inferred density takes unnaturally high
values of 1.63 g cm−3 and 1.85 g cm−3, respectively. There is
also a considerable difference in density between the monomer
and multimer ions generated by MALDI, as is clear from the
decrease in apparent monomer diameter for the multimer ions.
The differences between the various measurements of ions in
He are much smaller than those with the MALDI data
(although there are still noticeable differences across experi-
ments and across charge states), and in light of the unique
results for MALDI-generated ions, we restrict comparisons of
our data to measurements of non-MALDI-generated ions. For

Table 2. Summary of inferred monomer diameters from IMS-MS studies of low-charge-state cytochrome C ions, taking ξ as 1.36 and 1.00. All other listed
studies used He as a drift gas during measurement

n z ξ=1.36 ξ=1.00 Study Source

Monomer ion
diameter (mean, nm)

Monomer ion
diameter (min, nm)

Monomer ion
diameter (mean, nm)

Monomer ion
diameter (min, nm)

1 4 3.39 3.26 4.00 3.85 This study Electrospray
2 6 3.48 3.40 4.10 4.00 This study Electrospray
2 7 3.55 3.42 4.17 4.02 This study Electrospray
2 8 3.81 3.48 4.48 4.09 This study Electrospray
1 1 3.07 – 3.61 – [14] CR* +9
1 1 3.06 – 3.60 – [14] CR* +8
1 2 2.95 – 3.47 – [14] CR* +9
1 2 3.06 – 3.56 – [14] CR* +8
1 3 2.97 – 3.49 – [14] CR* +9
1 3 2.97 – 3.49 – [14] CR* +8
1 4 2.88 – 3.39 – [14] CR* +9
1 4 2.97 – 3.49 – [14] CR* +8
1 3 3.07 – 3.61 – [4] Electrospray
1 4 3.09 – 3.63 – [4] Electrospray
1 3 3.08 – 3.63 – [38] Electrospray
1 4 3.10 – 3.64 – [38] Electrospray
1 1 2.84 – 3.34 – [13] MALDI
2 1 2.62 – 3.07 – [13] MALDI

0.3 nm was used for the diameter of “air” molecules
0.2 nm was used for the diameter of He molecules
All other studies used He and a drift tube
CR* charge-reduced ions originally with the noted charge state
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cytochrome C, the diameter in air (∼3.4 nm) is in-between the
two extreme bounds for the He data (∼2.9 nm for ξ=1.36 and
3.6 nm for ξ=1.00). The inferred diameters from the measure-
ments of Shelimov et al. [4] are brought into agreement with our
measurements if ξHe=1.1, which also narrows the gap between
the other listed measurements and our own. This inferred ξHe is
lower than the bounds predicted by EHSS calculation [51],
suggesting that different ion structures were examined here and
previously. Lysozyme measurements in air and He [63] give
matching diameters when using ξΗe=1.3. In general, if the same
structures were measured here and in earlier IMS-MSwork with
cytochrome C and lysozyme, then the ξ in He is indeed bound
between 1.1 and 1.3 for ions in this size range.

However, the apparent random differences between earlier
IMS-MS work and our experiments are substantial; thus, it is
more likely that the variations observed across the board are due
to the fact that different structures are being measured, as
opposed to ambiguities in ξ. Very recently, Bush et al. [15]
measured the mobilities of protein ions ranging from 12 to
801 kDa with a drift tube IMS-MS instrument, using both N2

and He buffer gas. Analysis of these newer data (not shown)
with Equation 2a and ξ=1.36 for both gases gives protein ion
densities of 0.86 g cm−3 (regression R290.99) and 0.93 g cm−3

(regression R290.99) in N2 and He, respectively. These values
are in excellent agreement with our inferred density of
0.949 g cm−3 and the density of 0.893 g cm−3 inferred from
the work of Kaufman et al. [24]. The approximate convergence
of these three studies on a protein ion density close to 0.9 g cm−3

suggests that ξ=1.36 is valid not only in air and N2, but also in
He for both large and small ions. Although these three
studies relied on very different mobility analysis methods,
the electrospray conditions employed were very similar
(nondenaturing), further suggesting that there is some
difference in the structures of ions produced from

denaturing and nondenaturing solutions, which precludes
clear comparison with earlier IMS-MS work.

Specific Versus Nonspecific Multimers

Many of the multimer ions examined in this study were
produced nonspecifically during the electrospray process
due to the unusually high protein concentrations used. When
studying proteins that are less well characterized than those
used here, the identification of specific multimeric states
may be of interest [65]. It has been argued previously that
for multimer ions originating nonspecifically during the
electrospray process, the intensity distribution as a function
of the degree of aggregation should follow a Poisson
distribution [39, 66]. Regardless of the exact functional
form of the multimer size distribution, nonspecific aggre-
gates would follow a unimodal distribution. Figure 5 shows
the size distributions of all protein ions examined, deter-
mined from maximum intensity values in contour plots.
Charge loss between the DMA and the MS was accounted
for in each measurement, but no corrections were made for
differences in transmission efficiency for ions of different m/z.
All size distributions are nearly unimodal, with the exception
of that for concanavalin A, which is overly abundant in dimers
and tetramers. Not surprisingly, concanavalin A tetramers form
specifically in solution, confirming that DMA-MS can be used
to identify specific solution-phase protein multimers.

Mechanism of Protein Electrospray Ionization

Although electrospray ionization has been a central tool for
the analysis of macromolecules for almost 20 years, debate
still persists regarding the origin of the number of charges

Table 3. Summary of inferred monomer diameters from IMS-MS studies of low-charge-state lysozyme ions, taking ξ as 1.36 and 1.00. All other listed studies
used He as a drift gas during measurement

n z ξ=1.36 ξ=1.00 Study Source

Monomer ion
diameter (mean, nm)

Monomer ion
diameter (min, nm)

Monomer ion
diameter (mean, nm)

Monomer ion
diameter (min, nm)

1 5 3.54 3.40 4.18 4.01 This study Electrospray
1 4 3.47 3.34 4.09 3.95 This study Electrospray
2 6 3.57 3.27 4.20 3.85 This study Electrospray
2 9 3.58 3.45 4.21 4.05 This study Electrospray
2 8 3.63 3.48 4.27 4.09 This study Electrospray
2 7 3.64 3.49 4.28 4.11 This study Electrospray
3 11 3.62 3.41 4.25 4.01 This study Electrospray
3 10 3.62 3.53 4.25 4.15 This study Electrospray
3 9 3.61 3.54 4.25 4.15 This study Electrospray
3 8 3.58 3.52 4.21 4.13 This study Electrospray
1 5 3.31 – 3.89 – [63] Electrospray
1 6 3.37 – 3.95 – [63] Electrospray
1 1 2.89 – 3.40 – [13] MALDI
2 1 2.78 – 3.27 – [13] MALDI
3 1 2.78 – 3.27 – [13] MALDI

0.3 nm was used for the diameter of “air” molecules
0.2 nm was used for the diameter of He molecules
All other studies used He and a drift tube
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per protein ion. Recently [67, 68], quantitative support has
grown for the hypothesis that protein ions are formed as
charge residues, but that their charge state is sometimes
determined by the kinetics of ion evaporation [69] from
electrospray drops (i.e., determined by the solvation energy
of the buffer ions). DMA-MS measurements are ideal for
further testing this hypothesis. From ion evaporation kinetic
models [70, 71], a relationship between the ion size and ion
charge state is expected when ions are formed as charge
residues, which is given as [72]:

di ¼ d�F zmean � 1=2ð Þ þ d�a ð4Þ
where zmean is the average charge on ions of diameter di
(correcting for charge loss in the DMA) and the function F
(zmean− 1/2) is described and tabulated elsewhere [73]. Figure 6
shows protein ion diameter as a function of F(zmean − 1/2) for

all data taken with triethylammonium formate buffer (black
circles). Also shown are data points that use the mean charge
states on protein ions determined by Hautreux et al. [75] (white
squares) with triethylamine added to the electrospray buffer, as
well as the data of Hogan et al. [67, 68] (gray triangles) with
10 mM triethylammonium bicarbonate buffer. Protein diame-
ters for these two data sets were determined using the power
law regression developed here. The dashed and dotted lines
shown on the figure represent the dmean versus F(zmean − 1/2)
relationship expected if the protein ions had charge states
determined by the Rayleigh limit of water (Equation 4) and
50% the Rayleigh limit of water. Clearly, protein ions are not
charged close to the Rayleigh limit. There is a reasonably good
linear correlation (R2=0.96) between di and F(zmean − 1/2),
suggesting that the charge on protein ions is determined by
triethylammonium buffer ion evaporation from electrospray
drops. The linear fit yields d*=2.19 nm, α=0.20, from which
we infer an activation energy ΔG=1.78 eV. Similarly, Castro
[75] inferred ΔG=1.73 eV for ion evaporation of triethylam-
monium ions. Note, however, that protein charge state from
aqueous electrosprays appears to be determined by ion
evaporation only when the solvation energy of ions is
sufficiently low, such that ion evaporation occurs for droplets
charged below the Rayleigh limit. Without the use of buffer
salts with unusually low ΔG, ion evaporation around globular
aqueous proteins will not occur. Furthermore, for ion evapo-
ration to determine protein charge states, protein ions must
form as charged residues (i.e., they themselves must not be
formed by ion evaporation). For more highly charged proteins,
often found when electrospraying denaturing solutions, there is
evidence that protein ions are not formed as charge residues
[42, 68, 76].

Figure 5. Protein ion size distributions determined from
peak intensities in contour plots with charge loss accounted
for

Figure 6. Protein ion diameter as a function of the ion
evaporation parameter F(zmean − 1/2). Black circles indicate
this study. White squares show data from Hatreux et al. [74].
Gray triangles show data from Hogan et al. [68]. Dashed line
indicates the expected curve for the Rayleigh limit of water.
Dotted line depicts the expected curve for 50% of the
Rayleigh limit. Solid line shows the linear regression curve

C. J. Hogan Jr. and J. F. de la Mora: Non-Denatured Protein Ion DMA-MS 169



Conclusions
We have used a newly developed parallel-plate DMA
mounted on the front end of a QSTAR mass spectrometer
to study electrosprays of protein and protein multimer ions
to reach the following conclusions:

1. Mobilities (in air) have been obtained for proteins and
protein aggregates electrosprayed from nondenaturing
aqueous solutions. For the first time, the ions are as
produced by the electrospray process. The data set covers
a mass range up to 150 KDa.

2. While declustering is not implemented prior to mobility
measurement in the DMA, a properly selected decluster-
ing potential at the entry of the MS permits sharp mass
peaks to be obtained without substantial distortion to the
original link between mobility and mass.

3. A broad critical examination of available information on
the ratio ξ between the drag on real spheroidal ions and
that on smooth ideal hard spheres has been undertaken for
the first time. It reveals that the assumption ξ=1 is never
sound for proteins, and that ξ for large ions tends to 1.36,
leaving little room for ambiguities in the case of large
ions. For air there is compelling information indicating
that the value ξ=1.36 applies for proteins of all sizes.
Model calculations in He suggest a size dependence of ξ
with values perhaps as low as 1.2 for small proteins. In
view of these facts, we interpret our own data at all
protein sizes based on Millikan’s value ξ=1.36.

4. Comparisons between existing data are difficult due to
clear variations between different ion production meth-
ods, charge states and instruments.

5. The mobilities obtained for protein ions by DMA-MS
imply relatively compact structures. When interpreted as
corresponding to spheres with the known ion mass, a
mean density of 0.949 g cm−3 results for all ions studied.
This value is considerably larger than previously found
with macroIMS for larger proteins.

6. DMA-MS measurements can be used to distinguish
between nonspecific protein aggregates formed during
the electrospray process and multimers forming specifi-
cally in solution.

7. Our measurements in aqueous triethylammonium formate
are compatible with the notion that low-charge-state
protein ions are charged residues whose charge state is
determined by ion evaporation.

Acknowledgements
We thank Alejandro Casado of SEADM and Bruce Thomson
of MDS Sciex for the advice they gave during the setup of the
DMA-MS system. We are grateful to Applied Biosystems and
SEADM for the loan of the MS and the DMA, respectively,
and to the Yale Keck Biotechnology Center for hosting the
tandem instrument.

References
1. Bohrer, B.C., Merenbloom, S.I., Koeniger, S.L., Hilderbrand, A.E.,

Clemmer, D.E.: Biomolecule analysis by ion mobility spectrometry.
Ann. Rev. Anal. Chem. 1, 293–327 (2008)

2. Counterman, A.E., Valentine, S.J., Srebalus, C.A., Henderson, S.C.,
Hoaglund, C.S., Clemmer, D.E.: High-order structure and dissociation
of gaseous peptide aggregates that are hidden in mass spectra. J. Am.
Soc. Mass Spectrom. 9(8), 743–759 (1998)

3. Bernstein, S.L., Liu, D.F., Wyttenbach, T., Bowers, M.T., Lee, J.C.,
Gray, H.B., Winkler, J.R.: Alpha-synuclein: stable compact and
extended monomeric structures and pH dependence of dimer formation.
J. Am. Soc. Mass Spectrom. 15(10), 1435–1443 (2004)

4. Shelimov, K.B., Clemmer, D.E., Hudgins, R.R., Jarrold, M.F.: Protein
structure in vacuo: gas-phase confirmations of BPTI and cytochrome c.
J. Am. Chem. Soc. 119(9), 2240–2248 (1997)

5. Myung, S., Badman, E.R., Lee, Y.J., Clemmer, D.E.: Structural
transitions of electrosprayed ubiquitin ions stored in an ion trap over
similar to 10 ms to 30 s. J. Phys. Chem. A 106(42), 9976–9982
(2002)

6. Shelimov, K.B., Jarrold, M.F.: Conformations, unfolding, and refolding
of apomyoglobin in vacuum: an activation barrier for gas-phase protein
folding. J. Am. Chem. Soc. 119(13), 2987–2994 (1997)

7. Hudgins, R.R., Woenckhaus, J., Jarrold, M.F.: High resolution ion
mobility measurements for gas phase proteins: correlation between
solution phase and gas phase conformations. Int. J. Mass Spectrom.
165, 497–507 (1997)

8. Ruotolo, B.T., Benesch, J.L.P., Sandercock, A.M., Hyung, S.J.,
Robinson, C.V.: Ion mobility-mass spectrometry analysis of large
protein complexes. Nat. Protoc. 3(7), 1139–1152 (2008)

9. Ruotolo, B.T., Giles, K., Campuzano, I., Sandercock, A.M., Bateman,
R.H., Robinson, C.V.: Evidence for macromolecular protein rings in the
absence of bulk water. Science 310, 1658–1661 (2005)

10. Faull, P.A., Korkeila, K.E., Kalapothakis, J.M., Gray, A., McCullough,
B.J., Barran, P.E.: Gas-phase metalloprotein complexes interrogated by
ion mobility-mass spectrometry. Int. J. Mass Spectrom. 283(1–3), 140–
148 (2009)

11. Scarff, C.A., Patel, V.J., Thalassinos, K., Scrivens, J.H.: Probing
hemoglobin structure by means of traveling-wave ion mobility mass
spectrometry. J. Am. Soc. Mass Spectrom. 20(4), 625–631 (2009)

12. van Duijn, E., Barendregt, A., Synowsky, S., Versluis, C., Heck, A.J.R.:
Chaperonin complexes monitored by ion mobility mass spectrometry. J.
Am. Chem. Soc. 131(4), 1452–1459 (2009)

13. Fernandez-Lima, F.A., Blase, R.C., Russell, D.H.: A study of ion-
neutral collision cross-section value for low charge states of peptides,
proteins, and peptide/protein complexes. Int. J. Mass Spectrom. 298(1–3),
111−118 (2010)

14. Zhao, Q., Schieffer, G.M., Soyk, M.W., Anderson, T.J., Houk, R.S.,
Badman, E.R.: Effects of ion/ion proton transfer reactions of con-
formation of gas-phase cytochrome c ions. 21, 1208–1217, J. Am. Soc.
Mass Spectrom. (2010)

15. Bush, M.F., Hall, Z., Giles, K., Hoyes, J., Robinson, C.V., Ruotolo, B.
T.: Collision cross sections of proteins and their complexes: a
calibration framework and database for gas-phase structural biology.
Anal. Chem. 82(22), 9557−9565 (2010)

16. Ruotolo, B.T., Robinson, C.V.: Aspects of native proteins are retained
in vacuum. Curr. Opin. Chem. Biol. 10, 402–408 (2006)

17. Breuker, K., McLafferty, F.W.: Stepwise evolution of protein native
structure with electrospray into the gas phase, 10(−12) to 10(2) S. Proc.
Natl Acad. Sci. USA 105(47), 18145–18152 (2008)

18. Thomson, B.A.: Declustering and fragmentation of protein ions from an
electrospray ion source. J. Am. Soc. Mass Spectrom. 8, 1053–1058 (1997)

19. Fernandez de la Mora, J., de Juan, L., Eichler, T., Rosell, J.: Differential
mobility analysis of molecular ions and nanometer particles. Trends
Anal. Chem. 17(6), 328–339 (1998)

20. Knutson, E.O., Whitby, K.T.: Aerosol classification by electric
mobility: apparatus, theory, and applications. J. Aerosol Sci. 6, 443–
451 (1975)

21. Fernandez de la Mora, J., Ude, S., Thomson, B.A.: The potential of
differential mobility analysis coupled to MS for the study of very large
singly and multiply charged proteins and protein complexes in the gas
phase. Biotechnol. J. 1, 988–997 (2006)

170 C. J. Hogan Jr. and J. F. de la Mora: Non-Denatured Protein Ion DMA-MS



22. Rus, J., Moro, D., Sillero, J.A., Royuela, J., Casado, A., Estevez-Molinero,
F., Fernandez de la Mora, J.: IMS-MS studies based on coupling a
differential mobility analyzer (DMA) to commercial API-MS systems. Int.
J. Mass Spectrom. 298, 30−40 (2010)

23. Hogan, C.J., Fernandez de la Mora, J.: Tandem ion mobility-mass
spectrometry (IMS-MS) study of ion evaporation from ionic liquid-
acetonitrile nanodrops. Phys. Chem. Chem. Phys. 11, 8079–8090 (2009)

24. Kaufman, S.L., Skogen, J.W., Dorman, F.D., Zarrin, F., Lewis, K.C.:
Macromolecule analysis based on electrophoretic mobility in air:
globular proteins. Anal. Chem. 68(11), 1895–1904 (1996)

25. Scalf, M., Westphall, M.S., Krause, J., Kaufman, S.L., Smith, L.M.:
Controlling charge states of large ions. Science 283(5399), 194–197
(1999)

26. Scalf, M., Westphall, M.S., Smith, L.M.: Charge reduction electrospray
mass spectrometry. Anal. Chem. 72(1), 52–60 (2000)

27. Chen, D.R., Pui, D.Y.H., Kaufman, S.L.: Electrospraying of conducting
liquids for monodisperse aerosol generation in the 4 nm to 1.8 μm
diameter range. J. Aerosol Sci. 26(6), 963–977 (1995)

28. Kousaka, Y., Okuyama, K., Adachi, M., Mimura, T.: Effect of
Brownian diffusion on electrical classification of ultrafine aerosol-
particles in differential mobility analyzer. J. Chem. Eng. Jpn 19(5),
401–407 (1986)

29. Stolzenburg, M.R., Mcmurry, P.H.: An ultrafine aerosol condensation
nucleus counter. Aerosol Sci. Technol. 14(1), 48–65 (1991)

30. Kaufman, S.L., Skogen, J.W., Dorman, F.D., Zarrin, F., Lewis, K.C.:
Macromolecule analysis based on electrophoretic mobility in air: globular
proteins. (Vol 68, pg 1895, 1996). Anal. Chem. 68(20), 3703 (1996)

31. Rupley, J.A., Gratton, E., Careri, G.: Water and globular-proteins.
Trends Biochem. Sci. 8(1), 18–22 (1983)

32. Fernandez de la Mora, J.: Electrospray ionization of large multiply
charged species proceeds via Dole's charged residue mechanism. Anal.
Chim. Acta 406(1), 93–104 (2000)

33. Bacher, G., Szymanski, W.W., Kaufman, S.L., Zollner, P., Blaas, D.,
Allmaier, G.: Charge-reduced nano electrospray ionization combined
with differential mobility analysis of peptides, proteins, glycoproteins,
noncovalent protein complexes and viruses. J. Mass Spectrom. 36(9),
1038–1052 (2001)

34. Kaddis, C.S., Lomeli, S.H., Yin, S., Berhane, B., Apostol, M.I.,
Kickhoefer, V.A., Rome, L.H., Loo, J.A.: Sizing large proteins and
protein complexes by electrospray ionization mass spectrometry and ion
mobility. J. Am. Soc. Mass Spectrom. 18(7), 1206–1216 (2007)

35. Chen, D.R., Pui, D.Y.H., Hummes, D., Fissan, H., Quant, F.R., Sem, G.
J.: Design and evaluation of a nanometer aerosol differential mobility
analyzer (Nano-DMA). J. Aerosol Sci. 29(5–6), 497–509 (1998)

36. Laschober, C., Kaddis, C.S., Reischl, G.P., Loo, J.A., Allmaier, G.,
Szymanski, W.W.: Comparison of various nano-differential mobility
analysers (nDMAs) applying globular proteins. J. Exp. Nanosci. 2(4),
291–301 (2007)

37. Lemaire, D., Marie, G., Serani, L., Laprevote, O.: Stabilization of gas-
phase noncovalent macromolecular complexes in electrospray mass
spectrometry using aqueous triethylammonium bicarbonate buffer.
Anal. Chem. 73, 1699–1706 (2001)

38. Badman, E.R., Hoaglund-Hyzer, C.S., Clemmer, D.E.: Monitoring
structural changes of proteins in an ion trap over similar to 10–200 ms:
unfolding transitions in cytochrome c ions. Anal. Chem. 73(24), 6000–
6007 (2001)

39. Hogan, C.J., Biswas, P.: Monte Carlo simulation of macromolecular
nanoelectrospray ionization. J. Am. Soc. Mass Spectrom. 19, 1098–1107
(2008)

40. Ude, S., Fernandez de la Mora, J.: Molecular monodisperse mobility
and mass standards from electrosprays of tetra-alkyl ammonium halides.
J. Aerosol Sci. 36(10), 1224–1237 (2005)

41. Ku, B.K., Fernandez de la Mora, J.: Relation between electrical
mobility, mass, and size for nanodrops 1–6.5 nm in diameter in air.
Aerosol Sci. Technol. 43(3), 241–249 (2009)

42. Fernandez de la Mora, J.: The differential mobility analyzer (DMA):
adding a true mobility dimension to a preexisting API-MS. Chap. 5 in:
Wilkins, C., Trimpin, S. (eds.) Ion mobility spectroscopy–mass spectrom-
etry: theory and applications. Taylor and Francis, New York (2010)

43. Thomson, B.A., Iribarne, J.V.: Field induced ion evaporation from
liquid surfaces at atmospheric pressure. J. Chem. Phys. 71(11), 4451–
4463 (1979)

44. Benesch, J.L.P.: Collisional activation of protein complexes: picking up
the pieces. J. Am. Soc. Mass Spectrom. 20(3), 341–348 (2009)

45. Hogan, C.J., Ruotolo, B.T., Robinson, C.V., Fernandez de la Mora, J.:
Tandem differential mobility analysis-mass spectrometry reveals partial
collapse of the GroEL complex. Submitted to: J. Phys. Chem. B (2010)

46. Millikan, R.A.: The general law of fall of a small spherical body
through a gas, and its bearing upon the nature of molecular reflection
from surfaces. Phys. Rev. 22, 1–23 (1923)

47. Kim, J.H., Mulholland, G.W., Kukuck, S.R., Pui, D.Y.H.: Slip
correction measurements of certified PSL nanoparticles using a nano-
meter differential mobility analyzer (nano-DMA) for Knudsen number
from 0.5 to 83. J. Res. Nat. Inst. Stand. Technol. 110(1), 31–54 (2005)

48. Davies, C.N.: Definitive equations for the fluid resistance of spheres.
Proc. Phys. Soc. 57, 259–270 (1945)

49. Epstein, P.S.: On the resistance experienced by spheres in their motion
through gases. Phys. Rev. 23, 710–733 (1924)

50. Chen, Y.L., Collings, B.A., Douglas, D.J.: Collision cross sections of
myoglobin and cytochrome c ions with Ne, Ar, and Kr. J. Am. Soc.
Mass Spectrom. 8(7), 681–687 (1997)

51. Shvartsburg, A.A., Jarrold, M.F.: An exact hard-spheres scattering
model for the mobilities of polyatomic ions. Chem. Phys. Lett. 261(1–
2), 86–91 (1996)

52. Shvartsburg, A.A., Mashkevich, S.V., Baker, E.S., Smith, R.D.:
Optimization of algorithms for ion mobility calculations. J. Phys.
Chem. A 111(10), 2002–2010 (2007)

53. Tammet, H.: Size and mobility of nanometer particles, clusters and ions.
J. Aerosol Sci. 26(3), 459–475 (1995)

54. Eglin, J.M.: The coefficients of viscosity and slip of carbon dioxide by
the oil drop method and the law of motion of an oil drop in carbon
dioxide, oxygen, and helium, at low pressures. Phys. Rev. 22, 161–170
(1923)

55. Rader, D.G.: Momentum slip correction factor for small particles in 9
common gases. J. Aerosol Sci. 21, 161–168 (1990)

56. Allen, M.D., Raabe, O.G.: Slip correction measurements of spherical
solid aerosol-particles in an improved Millikan apparatus. Aerosol Sci.
Technol. 4, 269–286 (1985)

57. Larriba, C., Hogan, C.J., Attoui, M., Borrajo, R., Fernandez-Garcia, J.,
Fernandez de la Mora, J.: The mobility-volume relationship below
3.0 nm examined by tandem mobility-mass measurement. Aerosol Sci.
Techn. In press (2010)

58. Scarff, C.A., Thalassinos, K., Hilton, G.R., Scrivens, J.H.: Travelling
wave ion mobility mass spectrometry studies of protein structure:
biological significance and comparison with X-ray crystallography and
nuclear magnetic resonance spectroscopy measurements. Rapid Com-
mun. Mass Spectrom. 22(20), 3297–3304 (2008)

59. Kinnear, B.S., Kaleta, D.T., Kohtani, M., Hudgins, R.R., Jarrold, M.F.:
Conformations of unsolvated valine-based peptides. J. Am. Chem. Soc.
122(38), 9243–9256 (2000)

60. Breaux, G.A., Jarrold, M.F.: Probing helix formation in unsolvated
peptides. J. Am. Chem. Soc. 125(35), 10740–10747 (2003)

61. Jarrold, M.F.: Helices and sheets in vacuo. Phys. Chem. Chem. Phys. 9
(14), 1659–1671 (2007)

62. Friedlander, S.K.: Smoke, dust, and haze. Oxford University Press, New
York (2000)

63. Valentine, S.J., Anderson, J.G., Ellington, A.D., Clemmer, D.E.:
Disulfide-intact and -reduced lysozyme in the gas phase: conformations
and pathways of folding and unfolding. J. Phys. Chem. B 101(19),
3891–3900 (1997)

64. Asbury, G.R., Hill, H.H.: Using different drift gases to change
separation factors (α) in ion mobility spectrometry. Anal. Chem. 72,
580–584 (2000)

65. Lane, L.A., Ruotolo, B.T., Robinson, C.V., Favrin, G., Benesch, J.L.P.:
A Monte Carlo approach for assessing the specificity of protein
oligomers observed in nanoelectrospray mass spectra. Int. J. Mass
Spectrom. 282, 169–177 (2009)

66. Lewis, K.C., Dohmeier, D.M., Jorgenson, J.W., Kaufman, S.L., Zarrin,
F., Dorman, F.D.: Electrospray-condensation particle counter—a mol-
ecule-counting LC-detector for macromolecules. Anal. Chem. 66(14),
2285–2292 (1994)

67. Hogan, C.J., Carroll, J.A., Rohrs, H.W., Biswas, P., Gross, M.L.:
Charge carrier field emission determines the number of charges on
native state proteins in electrospray ionization. J. Am. Chem. Soc. 130,
6926–6927 (2008)

68. Hogan, C.J., Carroll, J.A., Rohrs, H.W., Biswas, P., Gross, M.L.:
Combined charged residue-field emission model of macromolecular
electrospray ionization. Anal. Chem. 81(1), 369–377 (2009)

C. J. Hogan Jr. and J. F. de la Mora: Non-Denatured Protein Ion DMA-MS 171



69. Iribarne, J.V., Thomson, B.A.: On the evaporation of small ions from
charged droplets. J. Chem. Phys. 64(6), 2287–2294 (1976)

70. Gamero-Castano, M., Fernandez de la Mora, J.: Kinetics of small ion
evaporation from the charge and mass distribution of multiply
charged clusters in electrosprays. J. Mass Spectrom. 35(7), 790–803
(2000)

71. Labowsky, M., Fenn, J.B., Fernandez de la Mora, J.: A continuum
model for ion evaporation from a drop: effect of curvature and
charge on ion solvation energy. Anal. Chim. Acta 406(1), 105–118
(2000)

72. Ku, B.K., Fernandez de la Mora, J.: Evaporation kinetics of tetraalky-
lammonium ions from charged formamide drops. J. Phys. Chem. B 109
(22), 11173–11179 (2005)

73. Gamero-Castano, M., Fernandez de la Mora, J.: Mechanisms of
electrospray ionization of singly and multiply charged salt clusters.
Anal. Chim. Acta 406(1), 67–91 (2000)

74. Hautreux, M., Hue, N., de Kerdaniel, A.D.F., Zahir, A., Malec, V.,
Laprevote, O.: Under non-denaturing solvent conditions, the mean
charge state of a multiply charged protein ion formed by electrospray is
linearly correlated with the macromolecular surface. Int. J. Mass
Spectrom. 231, 131–137 (2004)

75. Castro, S.: PhD dissertation. Yale University, New Haven (2008)
76. Krusemark, C.J., Frey, B.L., Belshaw, P.J., Smith, L.M.: Modifying the

charge state distribution of proteins in electrospray ionization mass
spectrometry by chemical derivatization. J. Am. Soc. Mass Spectrom. 20
(9), 1617–1625 (2009)

172 C. J. Hogan Jr. and J. F. de la Mora: Non-Denatured Protein Ion DMA-MS


	Ion Mobility Measurements of Nondenatured 12–150 kDa Proteins and Protein Multimers by Tandem Differential Mobility Analysis–Mass Spectrometry (DMA-MS)
	Abstract
	Introduction
	Experimental and Methods Section
	Section14
	Section15
	Results and Discussion
	Section17
	Section18
	Section19
	Section110
	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


