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Abstract

Five multimeric metalloprotein species are examined by electrospray ionization Fourier transform ion cyclotron resonance
mass spectrometry. Isotopically resolved mass spectra are obtained for noncovalent complexes with masses ranging from 25
to 86 kDa. Samples must be rigorously desalted, as these large molecules offer more sites for proton-sodium exchange, and
the heterogeneity of multiply sodiated species causes a decrease in the duration of the beat signal in the acquired transient, and
thus a decrease in signal to noise. Desalting methods reported by others for multimeric proteins, for example buffer exchange
with citrate, cause loss of the metal center in the proteins studied here. Extensive dialysis was found to be necessary in order
to observe isotopically resolved mass spectra. With these methods, multimeric complexes are observed for iron–sulfur proteins
as well as heme proteins. (Int J Mass Spectrom 210/211 (2001) 651–663) © 2001 Elsevier Science B.V.

Keywords: FTICR; Metalloproteins; Electrospray; Ferredoxin; Nigerythrin; Hemoglobin

1. Introduction

Noncovalent interactions between protein and pep-
tides play an important role in the chemistry of
biomolecules for processes such as molecular recog-
nition, as well as enzyme-substrate, protein-ligand,
and antibody-antigen interactions [1]. These interac-
tions are structurally specific in nature. Many physi-
ologically active proteins are multimeric and possess
active sites at the interface of the subunits [1].
Noncovalent interactions between the subunits of the
folded protein lead to aggregation into a specific
quaternary structure. These interactions are relatively
weak and can be disrupted in protein solutions by

altering the pH, the percentage of organic solvent, or
by using a denaturing agent [2–4].

The detection of specific noncovalent interactions
by electrospray ionization (ESI) mass spectrometry
has been demonstrated by a number of researchers
[4–38]. Until recently, mass spectrometry was not
suitable for examining noncovalent complexes be-
cause these interactions were disrupted during the
ionization process prior to mass measurement. With
the appropriate experimental conditions, ESI can be
used to examine a solution in or near its physiological
state, thereby maintaining the oligomeric stoichiome-
try of multimeric proteins during ionization [5,12–
14,18,21,28,31,39–42]. For example, the tetrameric
protein soy bean agglutinin [molecular weight
(MW)�116 kDa], one of the first examples of the
measurement of a multimeric protein complex by* Corresponding author. E-mail: jamster@uga.edu
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mass spectrometry, was observed by ESI-time-of-
flight (ESI-TOF) mass spectrometry to produce ions
between m/z 4000 and 5000 that correspond to the
tetrameric holoprotein [31]. Octamers and dodecam-
ers were also detected at lower abundance and higher
mass to charge. The oligomeric stoichiometry of
4-oxalocrotonate tautomerase has been observed by
ESI-TOF [12,13], and by ESI Fourier transform ion
cyclotron resonance (ESI-FTICR) mass spectrometry
using in-trap cleanup methods to remove adduction
[43]. ESI measurements of a sequence specific pro-
tein-DNA complex have been reported [9]. Noncova-
lent dimers of leucine zipper peptides have been
detected by ESI, ionspray, liquid beam desorption,
and laser desorption mass spectrometry [44–47]. ESI
quadrupole mass spectrometry has been used to ex-
amine the avidin-biotin complex [27]. These and
other results support the claim that higher order
structures are retained in the gas phase by using the
appropriate sample handling procedures.

ESI-TOF mass spectrometry is useful for examin-
ing noncovalent interactions because of the wide mass
range of this instrument. However, the ESI-TOF mass
spectrometer has limited mass resolution. ESI-qua-
drupole mass spectrometry has also been used to
examine noncovalent interactions under physiological
conditions, but the mass resolution and mass-to-
charge range is limited with this instrument. The mass
to charge of multimeric protein ions produced by ESI
under nondenaturing conditions often exceeds the
mass range of standard quadrupole mass spectrome-
ters, and only those instruments with an extended
mass range can be used for such studies
[10,18,19,27,48]. ESI-FTICR mass spectrometry
combines high resolution with a wide mass range, and
therefore offers additional capabilities for the study of
noncovalent interactions [6,8,17,28,32,43].

Although Fourier transform ion cyclotron reso-
nance (FTICR) mass spectrometry seems well suited
for the analysis of protein multimers, a few issues are
worth consideration. First is the time scale of the
ESI-FTICR experiment. A high resolution ESI-
FTICR experiment requires that a noncovalent com-
plex is stable for 1–10 s, five orders of magnitude
longer than the 100 �s required for an ESI-TOF

measurement. Although several examples of FTICR
analyses of noncovalent protein multimers have been
published [6,8,9,17,28,32,43,44,49–51], only a few
show isotopic resolution [43,50]. These examples
have served to establish that the lifetime of multiply
charged noncovalent complexes is suitable for FTICR
analysis. Another consideration is that in the FTICR
experiment, all species in the cell are detected at the
same time. The constructive and destructive interfer-
ences of the observed frequencies of the closely
spaced isotope species in the cell produce a beat
pattern in the transient that is recorded [52,53]. As the
mass of the molecule increases, the beats in the
transient become shorter in duration and more widely
spaced in time [54]. In order to achieve isotopic
resolution, it is necessary to sample at least two beats
in the transient [54,55]. For high mass molecules such
as noncovalent complexes, the challenge is maintain-
ing the coherence of the ion packet for the long time
necessary (several seconds) to observe the second
beat in the transient.

Here we present a study of five metalloprotein
noncovalent complexes with molecular weights from
25 to 86 kDa that illustrate the capabilities and
challenges of using ESI-FTICR for such measure-
ments. Metalloproteins are more difficult to analyze
as holoproteins than standard proteins. The purifica-
tion and desalting methods that have been successful
for other proteins often result in loss of the metal in
the metalloprotein active site, thus limiting the types
of procedures that can be used [43,56,57]. Also, the
metal centers of some metalloproteins are unstable
toward ionization, leading to heterogeneity in the
detected species. These and other issues are illustrated
in the present work.

2. Experimental

Clostridium pasteurianum [2Fe–2S] ferredoxin
was isolated as the native protein from bacterial
culture [58]. Desulfovibrio vulgaris nigerythrin and
desulfovibrio vulgaris rubrerythrin were obtained by
overexpression in escherichia coli [59]. Bovine hemo-
globin was obtained from Sigma (St. Louis, MO,
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USA). Ferredoxin was desalted by repeated ultrafil-
tration with a 10 kDa MWCO membrane (Millipore,
Bedford, MA, USA) followed by resuspension in 10
mM ammonium acetate. Final ferredoxin dimer con-
centration was approximately 10 �M. Nigerythrin and
rubrerythrin were desalted by 16 h of dialysis in a bath
of 10 mM ammonium acetate in a 10 kDa Slide-A-
Lyzer dialysis cassette (Pierce, Rockford, IL, USA).
Final concentration was 40 �M for nigerythrin and
hemoglobin and 80 �M for rubrerythrin based on the
mass of the subunits of the proteins. Concentration for
bacterial proteins was determined by UV-visible spec-
trophotometry. Hemoglobin heterotetramer was de-
salted by repeated centrifugation through a 30 kDa
MWCO ultrafiltration tube (Millipore, Bedford, MA,
USA) followed by resuspension in 10 mM ammonium
acetate. The protein concentration was 80 �M (for the
subunit). All proteins except the hemoglobin het-
erodimer were sprayed out of 10 mM ammonium
acetate. The hemoglobin heterodimer was sprayed out
of 10% methanol to decrease the abundance of the
tetrameric and increase the abundance of the dimer.
Without methanol, monomer, dimer, and tetramer are
all observed in the mass spectrum of hemoglobin.
With 10% methanol, only the monomer and dimer are
observed.

Mass spectrometry was performed with a 7 T
FTICR mass spectrometer (Bruker BioApex, Bil-
lerica, MA, USA) equipped with an electrospray ion
source (Analytica, Branford, CT, USA). We were
unable to observe any multimers with the standard
glass capillary, and so it was replaced with a heated
metal capillary inlet [60]. The heated metal capillary
provides gentler desolvation and allows the noncova-
lent complex to be more easily observed. A capillary
temperature of 150 °C to 200 °C was used for these
experiments. Samples were ionized via nanospray,
through tips fabricated in house from 100 �m i.d.
fused silica (Polymicro Technologies, Phoenix, AZ,
USA; Supelco, Bellefonte, PA, USA). Pumping was
provided through a syringe pump at 6 �L/h, and the
nanospray voltage was applied at the needle of the
syringe. Space charge proved to be a major concern in
the observation of multiple beats in the transient. The
ion density within the cell was carefully controlled in

order to minimize space charge effects. This was
achieved by accumulating ions in the external hexa-
pole for times no greater than 0.7 s. Trap voltages
were 0.5 and 0.65 V for the front and back traps for
ferredoxin and nigerythrin, and 0.4 and 0.55 V for
hemoglobin dimer and tetramer and rubrerythrin.
These low trap voltages reduced space charge, en-
abling the observation of isotopic structure for the
high mass species presented here. 50 to 100 transients
were coadded for each of the mass spectra presented
here.

3. Results and discussion

Ferredoxin from clostridium pasteurianum (CpFd)
forms a dimer containing one [2Fe–2S] cluster per
subunit, with a dimer mass of approximately 23 kDa.
Previous ESI-quadrupole mass spectrometric research
on CpFd had shown a multiplicity of peaks within
each charge state and were assigned as the dimer and
alkali cationized dimer species, but the peaks were not
resolved well enough to make an accurate assignment
[61]. The ESI-FTICR mass spectrum obtained for
CpFd dimer is shown in Fig. 1. At this relatively low
molecular weight (for a protein multimer), isotopic
resolution is readily achieved. The sample required
more extensive desalting than monomeric proteins.
Moderate capillary temperatures (150 °C) were used
in order to accomplish adequate desolvation. Higher
capillary temperatures caused degradation of the pro-
tein, whereas lower capillary temperatures resulted in
loss of signal due to inadequate desolvation. Fig. 1(a)
shows the mass spectrum, and the inset is an expan-
sion of the 11� charge state, demonstrating isotopic
resolution. Three different isotopic distributions are
evident within the 11� charge state. The most abun-
dant of these corresponds to a MW of 232 22.2 Da,
which is 30 Da higher than the theoretical dimer MW
of 231 92.5 Da, calculated for the amino acid se-
quence plus one [2Fe–2S] cluster per subunit [62].
Previous research with iron–sulfur proteins has dem-
onstrated that sulfur adducts often arise in the pres-
ence of free cysteines through the formation of a
dithiol (Cys–S–SH) [60]. CpFd contains five cys-

653P.K. Taylor et al./International Journal of Mass Spectrometry 210/211 (2001) 651–663



Fig. 1. ESI-FTICR mass spectrum of [2Fe–2S] ferredoxin from clostridium pasteurianum, a 23 kDa dimer. (a) Mass spectrum of the 12�
through 10� charge states, with an expansion of the 11� charge state showing isotopic resolution, binding of sodium and addition of sulfur
to the dimer. 50 scans were coadded. (b) Transient for this mass spectrum, showing a second beat at 0.45 s.
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teines, of which four are ligands to the iron–sulfur
cluster. The fifth cysteine is free and capable of
binding inorganic sulfide. The 30 Da mass difference
between the theoretical dimer mass and the mass of
the most abundant peak is too great for a sodium
adduct, but too small for a sulfur adduct. Fig. 2 shows
a comparison between the experimental isotopic dis-
tribution and theoretical isotopic distributions gener-
ated for the dimer plus a sodium adduct and the dimer
plus a sulfur adduct. Careful examination of the width
and shape of the experimental peak suggests that it is

composed of a mixture of a dimer plus sodium with a
dimer plus sulfur, an assignment only discernable
through the high resolution of ESI-FTICR. This as-
signment is confirmed by the peaks centered around
m/z 2116 in Fig. 1, which appear approximately 32 Da
above the most abundant peak and are assigned as the
addition of both a sulfur and a sodium to the dimer.
Petillot and coworkers also observed three sets of
peaks in the dimer mass spectrum of CpFd, which
were assigned as the dimer plus multiple sodium and
potassium adducts. The high resolution and high mass
accuracy of the FTICR instrument shows that these
higher mass species are a result of sodium binding and
sulfur adduction.

The peaks centered around m/z 2110 appear in the
correct range for the dimer, although poor isotope
statistics do not allow this assignment to be made with
high accuracy. To verify the mass of the dimer, the
protein was placed in 25% MeOH, causing partial
disruption of the noncovalent interactions. The apo-
subunit of the monomer gave a monoisotopic mass of
114 17.3 Da, in good agreement with the mass calcu-
lated from the amino acid sequence, 114 18.6 Da,
assuming the formation of two internal disulfide
bonds between the cysteines that normally bind the
[2Fe–2S] cluster. Accurate assignment of monoiso-
topic mass of the metal-containing protein requires
that the oxidation state of the metal cluster be taken
into account [60]. For the CpFd dimer, each [2Fe–2S]
cluster carries a 2� oxidation state, so that four
charges are attributed to the metal clusters. For
example, assigning the molecular weight from the
mass-to-charge value of the 11� charge state in the
mass spectrum required the subtraction of only seven
protons from the mass of the ion.

Identification of the peaks in the dimer mass
spectrum arising from sodium binding and sulfur
adduction requires high resolution. Fig. 1(b) shows
the transient obtained for the dimer, exhibiting a
second beat at 0.45 s. The beats in the transient are
due to destructive interference of the cyclotron fre-
quencies associated with the isotopes of the most
abundant charge state. The duration between beats is
given by

Fig. 2. Comparison of the isotopic distribution of the most abundant
peak in the 11� charge state for CpFd with theoretical isotopic
distributions generated for the dimer plus sodium and for the dimer
plus sulfur. (a) Theoretical isotopic distribution of CpFd dimer plus
sulfur. (b) Experimental isotopic distribution of the most abundant
peak in the 11� charge state of CpFd. (c) Theoretical isotopic
distribution of CpFd dimer with a single sodium-proton exchange.
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�t �
2�m2

zB
� 10�8 (1)

where �t is the beat period, m is the molecular mass
of the complex (in Da), B is magnetic field strength in
Tesla, and z is the charge state of the principal peak
[54]. For the 11� charge state of this 23 kDa
complex, the calculated beat period is 0.4 s, as
observed for the experimental data. The charge state
distribution falls within the range m/z 1900–2400.
This narrow distribution of relatively low charge
states is consistent with the expected mass spectrum
of a folded protein, as many of the potential sites for
protonation are not accessible with a compact protein
structure. The dimer is the only type of multimer
observed, indicating a specific noncovalent complex
consistent with the known biologically relevant mul-
timer stoichiometry of this protein.

Most biologically interesting noncovalent com-
plexes have higher molecular weights than ferredoxin,
and so we have worked to increase the mass range of
the protein complexes that can be examined with
isotopic resolution. The mass spectrum of nigerythrin
from desulfovibrio vulgaris is shown in Fig. 3. Under
native conditions, nigerythrin forms a dimer weighing
approximately 40 kDa in which each subunit contains
an FeS4 rubredoxin-like site as well as an oxo-bridged
diiron site [59]. Fig. 3(a) shows the mass spectrum of
the nigerythrin dimer obtained at a capillary interface
temperature of 200 °C, with the expansion showing
the isotope peaks. Fig. 3(b) shows the transient for the
nigerythrin mass spectrum, with four beats appearing
in 5 s, exhibiting the expected increased spacing of
the transient beats with increasing mass. The wide
mass range of the isotope distribution can be attrib-
uted to the presence of sodium adducts. The opportu-
nity for sodium-proton exchange appears to increase
as the protein complexes become larger. Removing
sodium requires increasingly rigorous desalting tech-
niques. In this case, we were unable to remove all
traces of sodium even after 16 h of dialysis. Attempts
to remove sodium, using citrate, which has been
successful for other protein multimers [43], resulted
in loss of the metal from the protein. Although

isotopic resolution is achieved, a reliable monoiso-
topic MW cannot be extracted from these data, as the
isotopic composition of the peaks cannot be assigned.
Nevertheless, an average mass of 447 12.2 Da can be
extracted from the data, which was 180 Da higher
than the average mass of 445 32.1 Da calculated by
adding the mass of six irons to the published amino
acid sequence (obtained from The Institute for
Genomic Research website at http://www.tigr.org).
To determine whether this 180 Da mass difference
could be attributed to other factors besides the pres-
ence of multiple adducts, the protein was run under
denaturing conditions (49:49:2 H2O:MeOH:HOAc
v:v) to determine the monoisotopic mass of the
monomer aposubunit. The experimentally determined
monoisotopic mass of the monomer was found to be
221 80.5 Da, a difference of 97 mass units from the
sequence-derived mass of 220 83.9 Da, indicating a
disparity in the actual amino acid sequence from the
published sequence. The average mass of the subunit
obtained from this measurement is 221 92 Da. Using
the measured molecular weight of the subunit, the
molecular weight for the dimer is calculated to be
447 20 Da [221 92�2�56 (Fe)�6], in close agree-
ment to the measured value (180 ppm error).

Both dimeric and tetrameric hemoglobin was ex-
amined by ESI-FTICR. To examine the dimer, the
protein was dissolved in 10% methanol, which was
found to yield only monomer and dimer ions in the
broadband mass spectrum. Fig. 4 shows the narrow-
band mass spectrum of the heterodimer of bovine
hemoglobin, obtained at a capillary temperature of
200 °C. The dimer has a monoisotopic mass of
322 21.1 Da, in good agreement with the calculated
mass of 322 20.6 Da for a complex of one alpha
subunit, one beta subunit, and two iron-containing
heme groups. Hemoglobin exists predominantly in
solution as a heterotetramer with �2�2 stoichiometry.
No evidence is found in the mass spectrum of a trimer
form of hemoglobin, or of a homodimer of either �2

or �2 stoichiometry, indicating the species observed
result from a specific noncovalent complex. Although
some heterodimer was in evidence in a pure aqueous
solution, the strongest signal for dimer was obtained
with a 10% MeOH solution. To avoid space charge-
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Fig. 3. ESI-FTICR mass spectrum of nigerythrin from desulfovibrio vulgaris, a 44 kDa dimer with two metal-containing active sites per
subunit; one is an FeS4 cluster, whereas the other is an oxo-bridged diiron site. (a) Mass spectrum of the 12� through 10� charge states, with
an expansion of the 11� charge state showing isotopic resolution. The broad isotopic distribution suggests sodium heterogeneity. 50 scans
were coadded. (b) Transient for this mass spectrum, with an expansion showing the third and fourth beats at approximately 3.2 and 4.8 s,
respectively.
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Fig. 4. ESI-FTICR mass spectrum of the dimer of bovine hemoglobin, with a mass of 32 kDa, corresponding to the alpha and beta subunits
with their iron-containing heme groups. (a) Narrowband mass spectrum of hemoglobin dimer in 10% MeOH, with an expansion of the 11�
charge state showing isotopic resolution. 50 scans were coadded. (b) Transient for this mass spectrum, showing seven beats in 5.2 s.
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Fig. 5. ESI-FTICR mass spectrum of tetrameric bovine hemoglobin, under nondenaturing conditions. The 64 kDa tetramer has �2�2

stoichiometry, with each subunit binding an iron-containing heme group. (a) Mass spectrum of the 18� through 16� charge states, with
expansion of the 17� charge state showing isotopic resolution. 100 scans were coadded. (b) Transient for this mass spectrum, showing a
second beat at approximately 2.4 s.
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induced peak coalescence, it was necessary to use low
trapping voltages, 0.5 and 0.65 V for the front and
back trap plates, respectively. Fig. 4(a) shows a
narrowband mass spectrum of the 11� charge state,
with the inset expansion showing the resulting isoto-
pic structure. In addition to the dimer, higher mass
peaks are observed corresponding to the substitution
of up to three sodium cations for protons. In between
the peaks corresponding to the substitution by one and
two sodium cations, there is some signal in the region
corresponding to the addition of dioxygen. We have
been able to increase the abundance of this second
oxygen molecule by saturating the protein solution
with oxygen has prior to analysis. These results are
the subject of a separate paper [63]. Fig. 4(b) shows
the transient for this spectrum, which persists for over
five seconds, with seven beats, ensuring isotopic
resolution. At higher mass, beats in the transient are
expected to become more widely spaced, as can be
seen by comparison with Fig. 1(b). From equation 1,
the beat period is predicted to be 0.85 s, in close
agreement with the observation.

Fig. 5 shows the mass spectrum of the heterotet-
rameric form of hemoglobin, obtained by maintaining
the analyte under nondenaturing conditions and heat-
ing the capillary interface temperature of 200 °C.
Although the intact tetramer has been observed by
both electrospray[19,64] and matrix assisted laser
desorption/ionization [65], this is the first time that
isotopic resolution has been achieved for this holo-
protein noncovalent complex. The inset shows an
expansion of the 17� charge state, demonstrating
isotopic resolution. Fig. 6 shows a comparison of
expected versus measured isotopic envelope. The
wide distribution of isotope peaks suggests heteroge-
neity induced by sodium-proton exchange. The most
rigorous desalting techniques have not been able to
remove all of the sodium from the sample, but has
reduced the heterogeneity enough to allow observa-
tion of the second beat in the transient at approxi-
mately 2.3 s, Fig. 5(b). The breadth of the isotope
distribution may also be due to oxygenation. Satura-
tion of the protein solution allows us to observe a
mass shift corresponding to the mass of four mole-
cules of oxygen [63]. In addition to the problem of
adduction, space charge has also proven to be a
consideration. In order to achieve the second beat in
the transient, it was necessary to further reduce the
voltage on the front and back trap plates to 0.4 and
0.55 V, respectively. A shorter hexapole storage time
(0.1 s) also seemed to aid the observation of isotopic
resolution, presumably due to a reduction in the
number of high-energy collisions in the hexapole,
which might disrupt the noncovalent interactions.
Because of the poor isotope statistics, the monoiso-
topic mass cannot be reliably assigned. Nevertheless,
this is the highest mass metalloprotein complex for
which an isotopically resolved mass spectrum has
been reported. An average mass of 644 63 Da can be
derived from these data, which compares favorably to
the calculated value of 644 73 Da.

Fig. 7 shows a mass spectrum of desulfovibrio
vulgaris rubrerythrin, a tetrameric protein with a MW
of 86 kDa. Rubrerythrin contains an FeS4 site and an
oxo-bridged diiron site and has a high amino acid
sequence homology to nigerythrin, but unlike ni-
gerythrin, only the tetrameric form has been observed

Fig. 6. Comparison of expected versus measured isotopic envelope
for the 17� charge state of heterotetrameric hemoglobin. (a)
Expected isotopic distribution, calculated for the heterotetramer
with �2�2 stoichiometry. (b) Measured isotopic distribution,
broader due to sodium adduction.
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Fig. 7. ESI-FTICR mass spectrum of rubrerythrin from desulfovibrio vulgaris. Rubrerythrin has an FeS4 active site as well as an oxo-bridged
diiron site, and has a high sequence homology to nigerythrin. However, only an 86 kDa tetrameric form of rubrerythrin has been seen by mass
spectrometry. (a) Mass spectrum of the 20� through 17� charge states. 100 scans were coadded. (b) Transient for this mass spectrum, with
expansion showing a second beat at approximately 4.0 s. Although the second beat in the mass spectrum is discernable, the isotope peaks are
indistinguishable from the noise in the mass spectrum.
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by mass spectrometry [35]. At this high molecular
weight, the second beat of the transient occurs at
approximately 4 s. Rubrerythrin was not able to
withstand 200 °C capillary interface temperature
without degradation of the complex, so the tempera-
ture was reduced to 150 °C. Fig. 7(a) shows the mass
spectrum of rubrerythrin, and Fig. 7(b) shows its
accompanying transient. The inset is an expansion of
the 3.8–4.3 s region of the transient, showing a very
weak second beat. Although the second beat is appar-
ent in the transient, isotopic structure is not evident in
the mass spectrum. From these data, we can obtain an
average molecular weight of 868 56.5 Da, which
agrees well with the calculated value of 868 47.6 Da
[59,66], consistent with a stoichiometry of Fe12, as
expected for the tetramer. Evidence of the bridging
oxygens is not observed in these mass spectra, which
would shift the mass of the complex by 64 Da. The
absence of the bridging oxygens is consistent with
high-resolution data for the monomer of this protein
[17].

4. Conclusions

These data provide the first examples of isotopi-
cally resolved mass spectra of multimeric metallopro-
teins. Sample purity, particularly for material isolated
from biological systems, is a primary concern. Sam-
ples obtained from bacterial media contain high quan-
tities of salt as well as buffers, which are not compat-
ible with mass spectrometry. Extensive desalting must
be performed in order to remove as much of the
adducting species as possible without denaturing the
noncovalent complex. Larger metalloproteins are par-
ticularly challenging to desalt, as rigorous methods
such as reverse phase high-performance liquid chro-
matography cause loss of the metal center. Sodium
heterogeneity is found to be the principle limitation in
extending the mass range of this technique. Space
charge is a factor, as the closely spaced isotope peaks
coalesce more readily as molecular weight increases.
This necessitates a reduction in the trapping potentials
as the molecular weight of the complexes increases.
This decreases the number of ions and reduces the

signal-to-noise ratio, necessitating extensive signal
averaging. In order to increase mass resolution to
examine even higher mass noncovalent complexes, it
will be necessary to sustain the coherence of the ion
packet for longer periods, and may require methods
such as quadrupolar excitation [67,68], although this
method can increase space charge effects such as
isotope coalescence. Alternatively, higher magnetic
field would aid such measurements.

Acknowledgements

CpFd was graciously donated by Dr. Michael
Adams at the University of Georgia. Rubrerythrin and
nigerythrin were prepared by Dr. Eric Coulter, Dr.
Neeta Shenvi, and Shi Jin. The authors are grateful for
generous financial support from NSF (CHE-9974579)
and from NIH (GM40388).

References

[1] B. Alberts, D. Bray, J. Lewis, M. Raff, K. Robert, J.D.
Watson, Molecular Biology of the Cell, 3rd ed., Garland
Publishing, New York, 1994.

[2] S.K. Chowdhury, V. Katta, B.T. Chait, J. Am. Chem. Soc. 112
(1990) 9012.

[3] A.K. Ganguly, B.N. Pramanik, A. Tsarbopoulos, T.R. Covey,
E. Huang, S.A. Fuhrman, J. Am. Chem. Soc. 114 (1992) 6559.

[4] A.K. Ganguly, B.N. Pramanik, E.C. Huang, A. Tsarbopoulos,
V.M. Girijavallabhan, S. Liberles, Tetrahedron 49 (1993)
7985.

[5] K. Strupat, H. Roginaux, A.V. Dorsselaer, J. Roth, T. Vogl,
J. Am. Soc. Mass Spectrom. 11 (2000) 780.

[6] J.E. Bruce, V.F. Smith, C.L. Liu, L.L. Randall, R.D. Smith,
Protein Sci. 7 (1998) 1180.

[7] P. Cao, M. Moini, J. Am. Soc. Mass Spectrom. 10 (1999) 184.
[8] R.D. Chen, X.H. Cheng, D.W. Mitchell, S.A. Hofstadler, Q.Y.

Wu, A.L. Rockwood, M.G. Sherman, R.D. Smith, Anal.
Chem. 67 (1995) 1159.

[9] X.H. Cheng, P.E. Morin, A.C. Harms, J.E. Bruce, Y. Ben-
David, R.D. Smith, Anal. Biochem. 239 (1996) 35.

[10] M.J. Doktycz, S. Habibigoudarzi, S.A. McLuckey, Anal.
Chem. 66 (1994) 3416.

[11] E.O. Espinoza, N.C. Lindley, K.M. Gordon, J.A. Ekhoff,
M.A. Kirms, Anal. Biochem. 268 (1999) 252.

[12] M.C. Fitzgerald, I. Chernushevich, K.G. Standing, S.B.H.
Kent, C.P. Whitman, J. Am. Chem. Soc. 117 (1995) 11075.

[13] M.C. Fitzgerald, I. Chernushevich, K.G. Standing, C.P. Whit-
man, S.B.H. Kent, Proc. Natl. Acad. Sci. U.S.A. 93 (1996)
6851.

662 P.K. Taylor et al./International Journal of Mass Spectrometry 210/211 (2001) 651–663



[14] B. Ganem, Y.T. Li, J.D. Henion, J. Am. Chem. Soc. 113
(1991) 7818.

[15] D.R. Goodlett, R.R.O. Loo, J.A. Loo, J.H. Wahl, H.R. Udseth,
R.D. Smith, J. Am. Soc. Mass Spectrom. 5 (1994) 614.

[16] S. Jespersen, W.M.A. Niessen, U.R. Tjaden, J. van der Greef,
J. Mass Spectrom. 33 (1998) 1088.

[17] S.S. Kulkarni, K. Taylor, I.J. Amster, Proceedings of the 44th
ASMS Conference on Mass Spectrometry and Allied Topics,
Portland, OR, May 12–16, 1996, p.487.

[18] K.J. Lightwahl, D.L. Springer, B.E. Winger, C.G. Edmonds,
D.G. Camp, B.D. Thrall, R.D. Smith, J. Am. Chem. Soc. 115
(1993) 803.

[19] K.J. Lightwahl, B.L. Schwartz, R.D. Smith, J. Am. Chem.
Soc. 116 (1994) 5271.

[20] R.R.O. Loo, D.R. Goodlett, R.D. Smith, J.A. Loo, J. Am.
Chem. Soc. 115 (1993) 4391.

[21] J.A. Loo, R.R.O. Loo, P.C. Andrews, Org. Mass Spectrom. 28
(1993) 1640.

[22] J.A. Loo, J. Mass Spectrom. 30 (1995) 180.
[23] J.A. Loo, Mass Spectrom. Rev. 16 (1997) 1.
[24] M.J. Raftery, C.L. Geczy, J. Am. Soc. Mass Spectrom. 9

(1998) 533.
[25] C.V. Robinson, E.W. Chung, B.B. Kragelund, J. Knudsen,

R.T. Aplin, F.M. Poulsen, C.M. Dobson, J. Am. Chem. Soc.
118 (1996) 8646.

[26] K.A. Sannes-Lowery, H.Y. Mei, J.A. Loo, Int. J. Mass
Spectrom. 193 (1999) 115.

[27] B.L. Schwartz, K.J. Lightwahl, R.D. Smith, J. Am. Soc. Mass
Spectrom. 5 (1994) 201.

[28] M.W. Senko, S.C. Beu, F.W. McLafferty, J. Am. Soc. Mass
Spectrom. 6 (1995) 229.

[29] M.W. Senko, C.L. Hendrickson, L. Pasatolic, J.A. Marto,
F.M. White, S.H. Guan, A.G. Marshall, Rapid Commun. Mass
Spectrom. 10 (1996) 1824.

[30] R.D. Smith, K.J. Lightwahl, B.E. Winger, J.A. Loo, Org.
Mass Spectrom. 27 (1992) 811.

[31] X.J. Tang, C.F. Brewer, S. Saha, I. Chernushevich, W. Ens,
K.G. Standing, Rapid Commun. Mass Spectrom. 8 (1994)
750.

[32] L.P. Tolic, A.C. Harms, G.A. Anderson, R.D. Smith, A.
Willie, M.S. Jorns, J. Am. Soc. Mass Spectrom. 9 (1998) 510.

[33] H.E. Witkowska, C.H.L. Shackleton, K. Dahlmanwright, J.Y.
Kim, J.A. Gustafsson, J. Am. Chem. Soc. 117 (1995) 3319.

[34] L.Y. Yang, C.S. Lee, S.A. Hofstadler, L. Pasa-Tolic, R.D.
Smith, Anal. Chem. 70 (1998) 3235.

[35] Q.P. Lei, X.Y. Cui, D.M. Kurtz, I.J. Amster, I.V. Chernush-
evich, K.G. Standing, Anal. Chem. 70 (1998) 1838.

[36] T.D. Veenstra, Biophys. Chem. 79 (1999) 63.
[37] T.D. Veenstra, Biochem. Biophys. Res. Commun. 257 (1999)

1.
[38] T.D. Veenstra, A.J. Tomlinson, L. Benson, R. Kumar, S.

Naylor, J. Am. Soc. Mass Spectrom. 9 (1998) 580.
[39] B. Ganem, Y.T. Li, J.D. Henion, J. Am. Chem. Soc. 113

(1991) 6294.
[40] V. Katta, B.T. Chait, J. Am. Chem. Soc. 113 (1991) 8534.
[41] M. Baca, S.B.H. Kent, J. Am. Chem. Soc. 114 (1992) 3992.
[42] M. Jaquinod, E. Leize, N. Potier, A.M. Albrecht, A. Shanzer,

A. Vandorsselaer, Tetrahedron Lett. 34 (1993) 2771.

[43] L.P. Tolic, J.E. Bruce, Q.P. Lei, G.A. Anderson, R.D. Smith,
Anal. Chem. 70 (1998) 405.

[44] Y.T. Li, Y.L. Hsieh, J.D. Henion, M.W. Senko, F.W. McLaf-
ferty, B. Ganem, J. Am. Chem. Soc. 115 (1993) 8409.

[45] W. Kleinekofort, A. Pfenninger, T. Plomer, C. Griesinger, B.
Brutschy, Int. J. Mass Spectrom. Ion Processes 156 (1996)
195.

[46] M.O. Glocker, S.H.J. Bauer, J. Kast, J. Volz, M. Przybylski,
J. Mass Spectrom. 31 (1996) 1221.

[47] M. Przybylski, M.O. Glocker, Angew. Chem. Int. Ed. Engl.
35 (1996) 807.

[48] Y.T. Li, Y.L. Hsieh, J.D. Henion, B. Ganem, J. Am. Soc.
Mass Spectrom. 4 (1993) 631.

[49] R.D. Smith, J.E. Bruce, Q.Y. Wu, Q.P. Lei, Chem. Soc. Rev.
26 (1997) 191.

[50] J.E. Bruce, S.L. Vanorden, G.A. Anderson, S.A. Hofstadler,
M.G. Sherman, A.L. Rockwood, R.D. Smith, J. Mass Spec-
trom. 30 (1995) 124.

[51] B.L. Schwartz, J.E. Bruce, G.A. Anderson, S.A. Hofstadler,
A.L. Rockwood, R.D. Smith, A. Chilkoti, P.S. Stayton, J. Am.
Soc. Mass Spectrom. 6 (1995) 459.

[52] A.G. Marshall, C.L. Hendrickson, G.S. Jackson, Mass Spec-
trom. Rev. 17 (1998) 1.

[53] I.J. Amster, J. Mass Spectrom. 31 (1996) 1325.
[54] M.L. Easterling, I.J. Amster, G.J. van Rooij, R.M.A. Heeren,

J. Am. Soc. Mass Spectrom. 10 (1999) 1074.
[55] S.A. Hofstadler, J.E. Bruce, A.L. Rockwood, G.A. Anderson,

B.E. Winger, R.D. Smith, Int. J. Mass Spectrom. Ion Pro-
cesses 132 (1994) 109.

[56] K. Linnemayr, A. Rizzi, D. Josic, G. Allmaier, Anal. Chim.
Acta 372 (1998) 187.

[57] N. Torto, A. Hofte, R. van der Hoeven, U. Tjaden, L. Gorton,
G. Marko-Varga, C. Bruggink, J. van der Greef, J. Mass
Spectrom. 33 (1998) 334.

[58] J. Cardenas, L.E. Mortenson, D.C. Yoch, Biochem. Biophys.
Acta 434 (1976) 244.

[59] H.L. Lumppio, N.V. Shenvi, R.P. Garg, A.O. Summers, D.M.
Kurtz, J. Bacteriol. 179 (1997) 4607.

[60] K.A. Johnson, M. Verhagen, P.S. Brereton, M.W.W. Adams,
I.J. Amster, Anal. Chem. 72 (2000) 1410.

[61] Y. Petillot, M.P. Golinelli, E. Forest, J. Meyer, Biochem.
Biophys. Res. Commun. 210 (1995) 686.

[62] J. Fujinaga, J. Meyer, Biochem. Biophys. Res. Commun. 192
(1993) 1115.

[63] P.K. Taylor, I.J. Amster, submitted to J. Am. Soc. Mass
Spectrom.

[64] S. Martinovic, S.J. Berger, L. Pasa-Tolic, R.D. Smith, Anal.
Chem. 72 (2000) 5356.

[65] A. Wattenberg, F. Sobott, B. Brutschy, Rapid Commun. Mass
Spectrom. 14 (2000) 859.

[66] A.J. Pierik, R.B.G. Wolbert, G.L. Portier, M. Verhagen, W.R.
Hagen, Eur. J. Biochem. 212 (1993) 237.

[67] L. Schweikhard, S.H. Guan, A.G. Marshall, Int. J. Mass
Spectrom. Ion Processes 120 (1992) 71.

[68] J.P. Speir, G.S. Gorman, C.C. Pitsenberger, C.A. Turner, P.P.
Wang, I.J. Amster, Anal. Chem. 65 (1993) 1746.

663P.K. Taylor et al./International Journal of Mass Spectrometry 210/211 (2001) 651–663


