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a b s t r a c t
Pyruvate kinase multimers have been investigated by charge detection mass spectrometry (CDMS). In
CDMS, the m/z and z are simultaneously measured for each ion, so the mass is determined directly. The
measurements were made using a modiﬁed cone trap that incorporates an image charge detector with
a cryogenically cooled preampliﬁer. With non-denaturing solution conditions, the tetrameric form of
pyruvate kinase is observed along with aggregates of the tetramer. The time-of-ﬂight m/z spectrum shows
octamers and dodecamers. However, the lack of charge state resolution prevents identiﬁcation of larger
multimers. Multimers up to the 40-mer are revealed by CDMS. Their intensities fall-off exponentially
with size. Evidence supporting a non-speciﬁc, solution-based aggregation mechanism is presented. The
relationship between the m/z and mass of the multimers is consistent with the predictions of the charge
residue model. Pyruvate kinase ions are held in the cone trap for up to 129 ms. With this long trapping
time the root mean square deviation in the charge determination is reduced to 1.3 elementary charges.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
Native mass spectrometry (MS) is an emerging ﬁeld which
applies MS to the study of protein complexes or other noncovalent assemblies [1]. Time-of-ﬂight (TOF)-MS is prominent in this
ﬁeld since the technique has no theoretical upper mass limit [2],
is relatively cheap, and is fairly simple to design and operate;
however, the detectors used in TOF-MS, most often multichannel
plates (MCPs), exhibit decreasing detection efﬁciency with increasing mass-to-charge ratio (m/z) [3]. Electrospray ionization (ESI) is
well-suited to native MS for several reasons. It helps overcome the
detection efﬁciency limitation of ion detectors such as MCPs by producing multiply charged ions which reduces the mass-to-charge
ratio of the complexes so that they fall within the mass range of the
mass analyzer. When charge states are well resolved, the spacing
between the peaks allows for the determination of the masses of
the ions from the m/z spectrum. ESI is also a soft ionization technique which is capable of preserving large, noncovalent complexes
in the gas phase [4–7]. ESI-TOF-MS has successfully been used to
correlate the electrophoretic mobility diameter to molecular mass
for large protein complexes [8], probe the structure of entire virus
capsids [9], elucidate the mechanism of mismatched DNA repair
[10], and investigate the effects of small stabilizing molecules on
the gas-phase structure of protein complexes [11].
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ESI does not resolve all of the limitations of TOF in native MS,
however. Inherent mass heterogeneity as well as factors such as salt
adduction and incomplete solvent evaporation lead to peak broadening. As the sizes of complexes increase, these factors become
more signiﬁcant, eventually leading to the loss of charge state
resolution in the m/z spectrum, which precludes mass deduction.
Moreover, the charge state envelopes of several species may overlap, further convoluting the m/z spectrum and inhibiting mass
determination.
Charge detection mass spectrometry (CDMS) circumvents the
need for charge state resolution in the m/z spectrum by measuring
both the m/z and the charge of an individual ion simultaneously,
providing a direct determination of the mass [12–18]. To measure the charge, the ion is passed through a conducting cylinder,
impressing an image charge on the cylinder that can be detected
with a charge sensitive preampliﬁer. The difﬁculty of this approach
lies in the low signal-to-noise ratio associated with detecting the
charge on a single ion. The noise ﬂoor is not easily forced below
about 100 elementary charges (e). Signal averaging using a linear
array of charge detectors [19–21] or a recirculating ion trap [22,23]
can improve both the limit of detection and the precision of the
charge measurement. We recently described a CDMS instrument
where a dual hemispherical deﬂection analyzer (HDA) is coupled
to a modiﬁed cone trap, leading to extended trapping times which
decreased the limit of detection and improved the precision of the
charge measurement [24]. Further improvement was obtained by
cryogenically cooling the JFET at the input of the charge sensitive
preampliﬁer which detects the image charge [25]. With cooling we
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were able to detect single macroions with less than 10 elementary
charges.
Here, CDMS has been used to collect m/z and mass spectra of
pyruvate kinase, an enzyme which produces pyruvate and ATP
during glycolysis. Pyruvate kinase monomer is known to associate
into tetramers in solution; tetramers have been observed by MS
to aggregate further into octamers and dodecamers [26]. To our
knowledge, there is no evidence in the literature of further aggregation of pyruvate kinase. By optimizing the interface of our mass
spectrometer to transmit high m/z ions, we have generated m/z
spectra which suggest the presence of larger aggregates of pyruvate kinase. At the high end of the spectra, the m/z envelopes of
different-sized aggregates overlap and peaks in the m/z spectra are
not sufﬁciently resolved to make assignments. The mass spectrum
produced via CDMS, however, evinces the existence of aggregates
of pyruvate kinase up to the 40-mer.
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2. Experimental methods
The experimental apparatus used for these studies has been
described in detail elsewhere [24], though some modiﬁcations have
been made to the ionization source and the atmosphere-to-vacuum
interface. Brieﬂy, ions are generated using a nano-electrospray
source (Advion Biosciences, Ithaca, NY, USA). They are transferred
into vacuum through a 10 cm long stainless steel capillary (0.75 mm
ID) heated to 100 ◦ C. The ions are then focused and transported
through three consecutive differentially pumped regions containing an ion funnel, hexapole, and quadrupole, respectively. A DC
offset on the hexapole sets the ion’s nominal kinetic energy (around
100 eV/charge).
The fourth differentially pumped region contains an orthogonal
TOF-MS as well as a modiﬁed cone trap [27] containing the charge
detection tube. The TOF-MS is based on the design of Dodonov et al.
[28]. Ions are analyzed by the TOF-MS if high-voltage pulses are
applied to electrodes in the extraction region.
When the TOF extraction electrodes are held at ground potential,
the ion beam passes through the extraction region to the entrance
of a dual hemispherical deﬂection analyzer (HDA) that selects a
band of kinetic energies. In some of the experiments described here,
the dual HDA was operated in a high resolution mode where the
ions are decelerated to 10 eV/charge before transmission through
the dual HDA and then accelerated to 100 eV/charge upon exiting.
In the high resolution mode the energy spread of the transmitted
ion beam is around 0.6 eV/charge FWHM [25]. The rest of the experiments were performed in a low resolution mode where the ions
are not decelerated before passage through the dual HDA. In this
mode, the energy spread of the ion beam exiting the dual HDA is
approximately 3.3 eV/charge FWHM. Ions transmitted through the
dual HDA pass into the modiﬁed cone trap where some of them are
trapped for charge detection measurements.
At the beginning of the trapping cycle the voltages on the front
and back end caps of the trap are set to 0 V, and ions pass through
the trap unimpeded. After around 1 ms, the trapping voltage (135 V)
is applied to the back end cap and shortly after, the same voltage
is applied to the front end cap. Ions with a nominal kinetic energy
of 100 eV/charge are trapped and cycle back and forth through the
charge detection tube at the center of the trap. The ions are trapped
for up to 129 ms; then the voltages on the front and back end caps
are returned to 0 V, and the trapping cycle begins again.
As an ion passes through the charge detection tube an image
charge is induced that is detected by a JFET (2SK152) at the input of a
charge-sensitive preampliﬁer (Amptek A250). The JFET is cooled to
∼125 K by means of liquid nitrogen reservoir housed in the vacuum
chamber. The periodic signal due to an ion recycling back and forth
within the trap is extracted from the raw data with a fast Fourier

Fig. 1. m/z spectrum measured for pyruvate kinase by TOF mass spectrometry.

transform (FFT). The FFT contains the fundamental frequency of the
ion as well as harmonics. The data analysis program identiﬁes the
fundamental frequency, f, and uses it to calculate the m/z of the ion
using [24]:
m
C
=
z
Eo f 2

(1)

where Eo is the nominal ion energy and C is a calibration constant
that is deduced empirically from Simion simulations.
Pyruvate kinase from rabbit muscle was purchased from
Sigma–Aldrich (St Louis, MO, USA). The protein was prepared at
a concentration of 23 M in 100 mM ammonium acetate and puriﬁed via size-exclusion chromatography. Under the non-denaturing
solution conditions used here, pyruvate kinase exists primarily as
a tetramer [29].
3. Results
Fig. 1 shows the m/z spectrum measured for pyruvate kinase
using the TOF mass spectrometer. In these experiments, a constant
bin width of 3.2 ns was used. Use of shorter bins was investigated,
but resolution was not improved. The largest charge state envelope, centered around m/z = 8000 Th, is due to the pyruvate kinase
tetramer PK4 . The smaller charge state envelopes centered around
m/z = 11,000 Th and 13,500 Th are due to the octamer (PK4 )2 and
dodecamer (PK4 )3 , respectively. Ions are present at higher m/z
(>15,000 Th), but the lack of charge state resolution prevents their
identiﬁcation. The signals below 6000 Th in Fig. 1 are not readily
identiﬁable because of the lack of charge state resolution, but they
are thought to be due to residual impurities in the sample.
Fig. 2 shows the m/z histogram determined for pyruvate kinase
by CDMS. As noted above, the m/z for each individual ion is calculated from the fundamental frequency determined by the data
analysis program using a fast Fourier transform. The resulting m/z
values are then binned to give the histogram. Ions trapped for less
than 200 cycles are excluded from all CDMS plots. This cycle cutoff
is implemented because ions trapped for less than 200 cycles do
not give reliable charge measurements. The results shown in Fig. 2
were recorded in the high resolution mode which provides better
m/z resolution. We do not show features below 5000 Th in the m/z
histogram to avoid the distraction of an artifact that is the result
of the program used to analyze the data occasionally reporting the
second harmonic as the fundamental frequency.
The features present in the CDMS m/z histogram are similar
to those present in the TOF m/z spectrum. Features at around
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Fig. 2. m/z histogram measured for pyruvate kinase using CDMS. The bin width is
50 Th. Features below 5000 Th are not shown because there is an artifact in this
region of the spectrum (see text).

7500 Th, 11,000 Th, and 13,000 Th are due to the tetramer PK4 ,
octamer (PK4 )2 , and dodecamer (PK4 )3 . Note that these features
occur at slightly different m/z values in the TOF spectra and CDMS
histogram. We attribute these differences to small errors in the calibration of the m/z scales in both experiments. In our previous work
with cytochrome c (which had well-resolved peaks in the m/z histogram) we found that the m/z values determined by CDMS were a
few percent too low [25]. The charge state resolution in the CDMS
histogram is similar to that found in the TOF m/z spectrum. It diminishes with increasing m/z, and there is no resolution for m/z values
above the dodecamer.
For each ion detected in CDMS, the mass is determined by multiplying the measured m/z and z values. The resulting masses are
binned to give the mass histogram. For reasons which will become
clear below, we do not simply sum the number of ions with masses
that fall into the mass bins. Instead we sum (m/z)−1/2 for each
ion. The resulting histogram is shown in Fig. 3. The signals for the
higher order multimers are shown on an expanded scale (×10) for

Fig. 3. Mass histogram measured by CDMS for pyruvate kinase with a concentration of 23 M. The bin width is 5000 Da. The solid vertical lines show the expected
positions of the multimers. The inset shows the natural log of the normalized peak
areas plotted against multimer size.

Fig. 4. Mass histogram measured by CDMS for pyruvate kinase with a concentration of 2.3 M. The bin width is 5000 Da. The solid vertical lines show the expected
positions of the multimers. The inset shows the natural log of the normalized peak
areas plotted against multimer size.

clarity. The vertical gray lines represent the expected mass of PK4
and multimers of PK4 . Multimers up to the 40-mer (PK4 )10 are
detected. The mass histogram shows resolved peaks with average
masses of 0.248, 0.492, 0.735, 0.977, 1.22, 1.47, 1.71, 1.95, 2.19, and
2.43 MDa. Each distribution is in agreement with the expected mass
for multimers of PK4 , but the mean masses are consistently 5–6%
larger than the expected values (based on a tetramer PK4 mass of
232,000 Da). The inset of Fig. 3 is a plot of the natural log of the normalized peak area for each pyruvate kinase multimer as a function
of multimer size. The plot is linear, indicating that the multimer
abundances fall off exponentially.
Fig. 4 shows the mass histogram measured by CDMS for a pyruvate kinase solution that was diluted by a factor of 10 with 100 mM
NH4 OAc. PK4 complexes are observed along with small amounts of
(PK4 )2 and (PK4 )3 . The larger multimers that were detected with
the more concentrated solution are not detected here. The inset
shows the natural log of the normalized peak areas plotted against
multimer size. The plot is linear with a slope that is 3.0 times steeper
than the corresponding plot with the more concentrated solution.
In CDMS, the m/z and mass of individual ions can be directly
correlated. Fig. 5 is a scatter plot of m/z versus mass where each
point represents a single ion. Clusters of points represent a collection of ions that correspond to a particular multimer of pyruvate
kinase. For example, the collection of points around m/z = 7500 Th
and mass = 250,000 Da is due to the PK4 tetramer, and the collection around m/z = 10,000 Th and mass = 500,000 Da is due to the
octamer (PK4 )2 . The closely spaced clusters of points with m/z values below 5000 Th can be ignored. They are artifacts of the data
analysis program that were mentioned above.
A close inspection of Fig. 5 reveals what appear to be streaks
of points on the high mass side of the large clusters of points.
For example, for the cluster of points due to the pyruvate kinase
tetramer at m/z = 7500 Th and mass = 250,000 Da, there is a streak of
points that extends to around mass = 500,000 Da. For the octamer,
the streak is from around 750,000 to around 1,000,000 Da, and for
the dodecamer it is from around 1,000,000 to around 1,500,000 Da.
We believe that the streaking is due to events where multiple
ions with very similar m/z values are trapped simultaneously. We
keep the signal intensity low to minimize the number of multiple trapping events, and the program used to analyze the data
rejects trapping events where there are signals from more than
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Fig. 5. Scatter plot of m/z against mass measured for pyruvate kinase with a concentration of 23 M. Each point represents an ion. The red line shows the m/z values
corresponding to the maximum charge (Rayleigh limit) predicted by the charge
residue model. The green and blue lines show m/z values that correspond to charges
that are 85% and 70% of the maximum charge, respectively. (For interpretation of
the references to color in this ﬁgure legend, the reader is referred to the web version
of this article.)

one ion. However, in cases where two ions with similar m/z values
are trapped together, the FFT will detect only a single frequency.
The m/z determination (which depends on the frequency) will be
accurate, but the image charge measurement will represent the
combined charge from all ions in the trap. In these cases, the data
analysis program will report one ion with an appropriate m/z but
with an artiﬁcially high charge and, consequently, an artiﬁcially
high mass. When multiple ions are trapped together, they are likely
to repel each other, destabilizing their trajectories and causing
them to be ejected from the trap. This destabilization effect will
be strongest when the charges on the ions are large. Conversely,
pairs of ions with lower charge states will interact less strongly and
survive in the trap for longer. So the likelihood for multiple ions to
remain trapped for at least 200 cycles increases as the charges on
the ions decreases. The hypothesis that these ions have a relatively
low charge is supported by their locations along the mass axis. The
streaks appear to cluster at masses lower than two times the mass
of a single ion cluster with the same m/z.
In a recent paper we reported CDMS measurements for
cytochrome c and ADH monomer [25]. In both cases we were able
to resolve charge states in the m/z histogram, and by comparing
the measured image charges to the charge deduced from the m/z
distributions, we were able to determine the accuracy of the image
charge measurements. We found an rms deviation of the measured
image charge of 2.2 e for ions trapped for up to 29 ms. In the present
work the ions are trapped for much longer, up to 129 ms. The longer
trapping time should lead to a signiﬁcant improvement in the accuracy of the charge measurements. As evident from Fig. 2, we also
achieved charge state resolution in the m/z histogram of the pyruvate kinase tetramer, so we can determine the rms deviations of
the image charge measurements for these ions using the procedure employed previously [25]. Fig. 6 shows the rms deviation of
the measured image charge plotted against the number of cycles for
the pyruvate kinase ions studied here. Results are shown for four
data sets. The points at 300 cycles are the rms deviations for ions
that are detected for 200–400 cycles; the points at 500 cycles are
the rms deviations for ions with 400–600 cycles, and so forth. The
deviations decrease from around 3.3 e for ions trapped from 200
to 400 cycles to around 1.3 e for ions trapped for 1800–2000 cycles.
However, most ions do not survive for 1800–2000 cycles and the

Fig. 6. Plot of the rms deviations of the image charge measurements against the
number of cycles. The line shows the expected n−1/2 dependence (where n is the
number of cycles).

rms deviation for all ions trapped from 200 to 2000 cycles is 2.3 e.
The rms deviations are expected to decline by a factor of n1/2 where
n is the number of cycles. The measured rms deviations roughly
follow the expected behavior which is shown by the solid line in
Fig. 6.
4. Discussion
The average masses for the pyruvate kinase multimers are 5–6%
larger than expected. Some of this discrepancy could be due to
an overestimate of the charge in the CDMS measurements. An
overestimate was observed in prior work with cytochrome c [25].
Additionally, published TOF mass spectra of pyruvate kinase also
show an overestimated mass [29] that is likely due to salt or solvent
adduction. Both factors probably contribute here.
In the CDMS experiment, the density of ions in the trap before
the voltages are applied to the end caps depends on the ion velocity – low velocity ions spend longer in the trap than high velocity
ones, so their density is higher. For ions with the same kinetic
energy/charge, the ion velocity is proportional to (m/z)−1/2 , so the
density in the trap is proportional to (m/z)1/2 . Thus high m/z ions are
more likely to be detected by CDMS than low m/z ions. To correct
for this bias, the signals measured by CDMS should be divided by
(m/z)1/2 . This correction was applied to the CDMS mass histogram
(see above) so that the abundances in the mass histogram are a
true reﬂection of the ﬂuxes in the ion beam. However, we did not
apply it to the CDMS m/z histogram, for reasons that will become
apparent below.
A similar correction to the one outlined above should be applied
to the TOF m/z spectrum because the ion density in the acceleration region is proportional to (m/z)1/2 . In addition, in the TOF
measurement, the time required for an ion to reach the detector
is proportional to (m/z)1/2 . The TOF signals are usually recorded in
bins with a ﬁxed time width so at longer times the bins contain ions
from a broader range of m/z values than at shorter times. To account
for this effect the intensities in the TOF m/z spectrum should be
divided by another (m/z)1/2 . So overall the TOF signals should be
divided by m/z in order to reﬂect the ﬂuxes in the ion beam. However, there is another factor to consider for TOF mass spectrometry:
the sensitivity of the microchannel plates used as the detector. The
sensitivity is generally expected to decrease with increasing m/z,
but it is probably a complex function of both mass and charge, and
the dependences are not well characterized at present. Perhaps for
this reason, TOF m/z spectra are not typically calibrated for these
effects.
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The protein multimers observed here could result from aggregation in solution, or they could be an artifact of the electrospray
process. It is believed that desolvated ions are generated in electrospray by two main mechanisms [30–33]. Small ions are thought
to be produced mainly by an ion evaporation mechanism, where
ions are ﬁeld emitted from the surface of the electrospray droplet
[34–36]. Large ions, like those studied here, are thought to be generated by the charge residue mechanism [30,37,38], where the
solvent completely evaporates from the electrosprayed droplets,
leaving behind a desolvated ion. In the charge residue mechanism,
aggregates may result if more than one of the complexes present
in solution is incorporated into the primary electrospray droplets.
Using known scaling relationships, solution properties (conductivity and surface tension), and electrospray properties (ﬂow rate
and nozzle diameter) [39], we estimate that the primary droplets
generated by electrospray under our conditions are around 50 nm
in diameter. With an initial PK4 concentration of 23 M, the average probability that a droplet contains a PK4 species is around 0.2.
The number of PK4 species in the primary droplets will follow
a Poisson distribution. An electrospray operated in the cone-jet
mode generates a distribution of primary droplet sizes which can
be approximated by a Gaussian [40]. We average the PK4 Poisson distributions (where the average probability depends on the
droplet size) over a Gaussian distribution of primary droplet sizes.
The results are shown in Fig. 7.
Fig. 7 shows the natural log of the multimer normalized relative
abundances plotted against multimer size. The red points show
the measured relative abundances for an initial concentration of
23 M, and the blue points show them for an initial concentration of 2.3 M. The solid red line in the plot on the left side of Fig. 7
shows the multimer abundances calculated with the Poisson distribution for an initial concentration of 23 M, and the blue line shows
the abundances calculated for an initial concentration of 2.3 M.
The multimer abundances predicted by the Poisson distribution
are much smaller than observed in the experiments. The predicted
change in the multimer abundances with the initial concentration
is also much smaller than observed.

As a further test, we simulated an increase in the volume of
the primary electrospray droplets to see if that could provide a
good ﬁt to the measured abundances. The green line in Fig. 7
shows the result of simulations where the average volume has
been increased by a factor of 6 at a concentration of 23 M. These
parameters provide a good ﬁt to the abundances of small multimers but woefully underestimate the abundances of the larger
ones. With the droplet volume increased by a factor of 12 at a concentration of 23 M (brown line in Fig. 7) the simulation comes
close to predicting the correct abundances for the larger multimers but substantially overestimates the abundances of the smaller
ones. In both cases, the multimer abundances fall off more rapidly
than observed (a Poisson distribution falls off more rapidly than the
observed exponential dependence).
In summary then, it is difﬁcult to account for the overall abundance of the aggregates, the aggregate size distribution, and the
concentration dependence in terms of an electrospray artifact,
although it is possible that a small number of the aggregates may
be due to this artifact.
We now explore the possibility that the aggregates result mainly
from aggregation in solution through a series of coupled equilibria:
PK4 + PK4  (PK4 )2 ,

K1 =

[(PK4 )2 ]
[PK4 ]2

(2)

(PK4 )2 + PK4  (PK4 )3 ,

K2 =

[(PK4 )3 ]
[(PK4 )2 ][PK4 ]

(3)

(PK4 )3 + PK4  (PK4 )4 ,

K3 =

[(PK4 )4 ]
[(PK4 )3 ][PK4 ]

(4)

etc.
As noted above, the abundances fall off roughly exponentially
with increasing aggregate size. This behavior is characteristic of
non-speciﬁc aggregation where the equilibrium constants K1 , K2 ,
K3 , etc. (and the corresponding free energy changes) are similar.
We established a simulation for this process and then manually
adjusted the equilibrium constants (with K1 = K2 = K3 , etc.) until the
calculated distribution approximated the distribution measured

E.E. Pierson et al. / International Journal of Mass Spectrometry 337 (2013) 50–56

m
m1/2
=
ZR
0.0778

(5)

The solid red line in Fig. 5 shows the predicted variation in m/ZR
plotted against the mass. The clusters of points (corresponding to
the different multimer sizes) track the predicted dependence of
m/ZR with mass, but the clusters of points all lie at slightly larger
m/z values than predicted. This indicates that the pyruvate kinase
multimers carry a charge that is slightly less than the maximum
predicted by the model described above. Indeed, de la Mora [6]
argued that the charge on a spherical ion generated by the charge
residue mechanism should lie between 70% and 100% of the maximum value because daughter droplets generated by a Rayleigh
discharging event are charged to around 70% of the Rayleigh limit
while the remaining primary droplet is charged to around 85% of
the Rayleigh limit. The green line in Fig. 5 shows the m/z values
expected if the ions were charged to 85% of the Rayleigh limit, and
the blue line shows the m/z values for charging to 70%. The clusters
of points lie on the 85% line, and only a few points lie beyond the
70% line. The model described above is not very rigorous, so it is
not appropriate to put much weight on small deviations between
the results and the model predictions. However, we can certainly
conclude that the results are consistent with the charge residue
mechanism.
The charge residue mechanism described above predicts that
the m/z is proportional to m1/2 , and the experimental results (Fig. 5)
show this dependence. As a consequence of this dependence, the
separation between the m/z envelopes of the multimers diminishes as the mass increases, and for the larger multimers the m/z
envelopes overlap. This is why the larger multimers were not
assignable in the m/z spectra (both TOF and CDMS). The overlapping m/z distributions provide a fundamental limitation to
traditional mass spectrometry methods that prevents the differentiation and identiﬁcation of large proteins and noncovalently
bound complexes, particularly when the sample is not pure, or
there is a mixture of several complexes. Conversely, this clearly
illustrates the utility of CDMS measurements, where resolution is
not lost along the mass axis because the spacing between complexes depends only on their difference in mass.
Mass spectrometry of large complexes is characterized by signiﬁcant peak broadening due to non-speciﬁc adduct formation and
inherent mass heterogeneity (chemical broadening). A resolving
power of 5000 has been achieved with the TOF mass spectrometer for smaller ions with well-deﬁned masses, so the widths of the

6x10

4

5

RMS Deviation (Da)

with an initial concentration of 23 M. The manually optimized
distribution is shown in the right panel of Fig. 7 as a solid red line.
It comes close to reproducing the measured distribution. We then
reduced the initial concentration by a factor of 10 and reevaluated
the abundances. The result is shown in the same plot as a solid
blue line. The abundances are in good agreement with those determined from the experimental results with an initial concentration
of 2.3 M. These simulations indicate that the multimers observed
in the experiments are mainly due to non-speciﬁc aggregation of
PK4 in solution.
When proteins are electrosprayed from non-denaturing solutions (such as the 100 mM aqueous ammonium acetate used here),
they are expected to retain the compact folded structure present in
solution. In the charge residue mechanism mentioned above, the
extent of analyte charging can then be predicted from the Rayleigh
charge limit for a water droplet with the same size as the analyte
[6]. Heck and van den Heuvel have derived a simpliﬁed equation
relating mass and maximum protein charge, ZR , assuming that the
protein or protein complex is spherical and has the same density as
water so that the nominal radius can be estimated from the mass
of the protein [41]. That relationship can be manipulated to relate
m/z to mass:
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Fig. 8. Plots of the rms deviation against mass for the m/z measurement (solid blue
line), charge measurement (solid green line), and the total rms deviation (red line).
The points show the rms deviations deduced from the widths of the peaks in the
mass histogram (Fig. 5). (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)

peaks in the TOF mass spectrum of pyruvate kinase must be mainly
due to the chemical broadening mentioned above.
On the other hand, the main factors contributing to the widths of
the peaks in the CDMS mass histograms appear to be instrumental.
There are contributions from both the m/z and charge measurements. The main factors affecting the m/z resolution in CDMS are
the energy spread of the ion beam and the fact that the ion’s oscillation frequency depends on the entry conditions (position and
angle). From Eq. (1), a slightly different frequency leads to a slightly
different m/z. The rms deviation resulting from the energy spread
and the shift in the oscillation frequency is plotted as the solid blue
line in Fig. 8. The rms deviation resulting from the uncertainty in
the charge measurement (2.3 e) is shown by the solid green line.
The overall rms deviation is given by
R=



2
Rm/z
+ Rz2

(6)

where Rm/z is the rms deviation from the m/z measurement and Rz
is the rms deviation in the charge determination. The overall rms
deviation is plotted as the red line in Fig. 8. It is evident from the
ﬁgure that the uncertainty in the charge determination is the main
instrumental factor limiting the overall resolution. The ﬁlled points
in Fig. 8 are the rms deviations obtained from the FWHM determined for the peaks in the CDMS mass histogram. We assume that
the peaks are Gaussian, and then the rms deviation is the FWHM
divided by 2.35482. We only show results where the signal was
large enough to obtain a reliable FWHM. The points from the measurements lie slightly below the expected values shown by the red
line.
5. Conclusions
We have used CDMS to collect m/z and mass histograms for
pyruvate kinase. The results reveal multimers of pyruvate kinase
that cannot be detected by traditional MS methods. Our mass
histogram evinces baseline-resolved peaks corresponding to multimers up to (PK4 )10 . The exponential decay in intensity of these
peaks with increasing mass suggests non-speciﬁc aggregation
of pyruvate kinase tetramers. By performing concentrationdependent studies and comparing the results to a model, we
have concluded that this aggregation occurs primarily in solution
and is not simply an artifact of the electrospray process. The
relationship between the m/z and mass of pyruvate kinase agrees
with the charge residue model for globular protein complexes. The
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measured ions have charges that are around 85% of the Rayleigh
charge limit. With the long trapping time observed for some ions
the rms deviation in the charge measurement was reduced to 1.3 e.
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