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Controlling Charge States of 
Large Ions 

Mark Scalf, Michael S. Westphall, Joern Krause,* 
Stanley L. Kaufman,? Lloyd M. Smith$ 

The charge state of ions produced in electrospray ionization (ESI) was reduced 
in a controlled manner to yield predominantly singly charged species by ex- 
posure of the aerosol to a bipolar ionizing gas. Analysis of the resulting ions on 
an orthogonal time-of-flight mass spectrometer yielded mass spectra greatly 
simplified compared with conventional ESI spectra. The decreased spectral 
complexity afforded by the charge reduction facilitates the analysis of mixtures 
by ESI mass spectrometry. 

The techniques of ESI (I) and matrix-assisted 
laser desorption/ionization (MALDI) (2) pro- 
duce gas-phase ions of biomolecules for their 
analysis by mass spectrometry (MS). ESI and 
MALDI differ in a number of respects. in- 

A ,  

cluding the complexity of the mass spectra 
produced: ESI produces a distribution of ions 
in various charge states, and correspondingly 
complex mass spectra, whereas MALDI 
yields predominantly singly charged ions and 
correspondingly simple mass spectra. This 
difference makes ESI generally unsuitable for 
the analysis of mixtures because of excessive 
overlap in the spectral features from the var- 
ious components, in contrast to MALDI 
which is well suited for such analyses. 
MALDI, however, is less gentle and typically 
provides lower resolution of high-mass ions 
than does ESI (3). 

In both MALDI and ESI desorption and 
ionization are closely intertwined, and it has 
not generally been possible to control the two 
processes independently. In ESI, buffer con- 
taining the analyte is passed through a capil- 
lary orifice maintained at a high electric po- 
tential. A stream of charged droplets is 
formed and subsequent desolvation leads 
eventually to a stream of charged ions. Pre- 
vious work has explored the potential for 
charge reduction to simplify ESI mass spectra 
of large molecules. Several studies have 
shown that charge state complexity can be 
reduced by gas-phase reactions using merged 
gas streams containing oppositely charged 
species (4), by varying solution conditions 
(9, or by gas-phase ion-ion reactions in a 
quadrupole ion trap (6-8). 

We describe here an approach that permits 
the charge state of ions generated in an elec- 
trospray plume to be reduced in a controlled 
manner, and for the resultant ions to be ana- 
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*Present address: Winkelstrasse 25, 4665 Oftringen, 
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lyzed in an orthogonal time-of-flight (TOF) 
mass spectrometer (9). Charge reduction is 
achieved by exposure of the electrospray- 
generated aerosol to a neutralizing gas con- 
taining a high concentration of bipolar (that 
is, both positively and negatively charged) 
ions (10). Collisions between the charged 
aerosol and the bipolar ions present in the 
bath gas result in neutralization of the multi- 
ply charged electrospray ions (11). The rate 
of this process may be controlled by varying 
the concentration of bipolar ions in the bath 
gas, which in turn is controlled by the degree 
of exposure to a 210Po a ionization source. 
This provides, in effect, the ability to "tune" 
the charge state of the electrospray-generated 
ions. A practical consequence is the ability to 
manipulate the charge distribution on electro- 
spray-generated ions such that it consists 
principally of singly charged ions and neu- 
trals, simplifying the mass spectra and there- 
by facilitating the analysis of mixtures. 

The instrument has three basic compo- 
nents: a positive-pressure ESI source (12), a 
charge neutralization chamber (Fig. I), and 
an orthogonal TOF mass spectrometer. The 
electrospray-generated aerosol containing 
analyte is swept into the neutralization cham- 
ber by a flow of medical air bath gas (4 
literslmin). The neutralization chamber is cy- 
lindrical with a diameter of 1.9 cm and a 
length of 4.3 cm. The gas is ionized by 
exposure to a 5-mCi 'loPo a particle source, 
and reactions between the resultant ions and 
the aerosol droplets or analyte ions leads to 
neutralization (13). Two factors are important 
in determining the degree of charge neutral- 
ization occurring in the chamber: the a par- 
ticle flux from the radioactive source and the 
residence time of the aerosol particles in the 
neutralization chamber. The a particle flux is 
readily controlled by placing thin brass disks 
with various numbers of holes punched in 
them between the 210Po source and the neu- 
tralization chamber; the source is completely 
shielded by a brass disk with no holes and 
shielded proportionally to the exposed sur- 
face area when holes are present in the disks. 

STo whom correspondence should be addressed. The residence time of the aerosol particles is 
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controlled by varying the flow rate of the bath 
gas. By balancing the residence time with the 
a particle source exposure, one can obtain a 
charge distribution characteristic of a "neu- 
tral" aerosol (10). 

The neutralized aerosol exits the neutral- 
ization chamber through a 3-mm-diameter 
outlet held at the same potential as the en- 
trance nozzle of the mass spectrometer. A 
portion of the aerosol is swept into the en- 
trance nozzle of the spectrometer. An orthog- 
onal TOF mass spectrometer (PerSeptive 
Biosystems Mariner Biospectrometry Work- 
station) was chosen for these studies on the 
basis of thegreater mass-to-charge ratio (mlz) 
range acces'sible with this instrument config- 
uration than with other mass analyzer de- 
signs. The Mariner spectrometer has a mlz 
range of 25,000 atomic mass units ( m u )  with 
a measured external mass accuracy of better 
than 100 ppm. The original electrospray 
chamber of the instrument was replaced with 
the ESI source and neutralization chamber 
described above. 

A series of positive ion mass spectra was 
obtained in the analysis of the protein ubiq- 
uitin (8564.8 amu) at increasing levels of 
exposure to the 21QPo a particle source. With 
the 210Po source completely shielded (Fig. 
2A), a typical ESI charge distribution was 
observed, with six major charge states evi- 
dent ($7 to +2) and with the peak of the 
distribution corresponding to the +5 charge 
state. As the degree of exposure to the 210Po 
source was increased (Fig. 2B), the charge 

state distribution moved toward lower and major peak corresponding to the +1 charge 
fewer charge states, until with the source state. This result demonstrates the ability to 
completely unshielded (Fig. 2C), only two control the charge state by varying exposure 
major charge states were observed, with the to the ionizing source. 

[insul~n] 
<ub~qu~t~n> 
(cytochrome c) 

(+I) (acetate adduct) 

< + I >  

Mass (mlz) 

Fig. 3. Mixture of insulin, ubiquitin, and cytochrome c (5 p M  each in 1 : l  H,O:acetonitrile, 1% 
acetic acid) mass analyzed (A) without charge reduction and (0) with charge reduction. The absence 
of the acetate adduct on the +2 charge state of cytochrome c can be attributed t o  CAD in the 
nozzle-skimmer region. The averaged mass spectra shown were obtained over a 250-s t ime period 
at a spectral acquisition rate of 10 kHz, consuming 0.54 pl (2.7 pmol) of sample. The spectra were 
smoothed by convolution wi th a Gaussian function included in the software supplied with the 
spectrometer. 

'2 8% Ionized Gas Molecules + Alpha Particle 
3 

5 Fig. 1 (left). Schematic diagram of the charge neutralization apparatus. Fig. 
2 (right). Charge-state reduction of ubiquitin (5 p M  in 1 : l  H,O:acetonitrile, 1% 5 
acetic acid) as a function of exposed area of the 210Po a particle source: (A) m 
control (0% exposed), (B) 17.5%, and (C) 100%. The averaged mass spectra 2 
shown were obtained over a 250-s t ime period at a spectral acquisition rate of 
10 kHz, consuming 0.54 pI (2.7 pmol) of sample. - 

- g 
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The effect of charge reduction on the anal- 
ysis of a simple protein mixture by ESI is 
shown in Fig. 3. An equimolar mixture of 
three proteins (insulin, 5733.5 amu; ubiq- 
uitin, 8564.8 amu; and cytochrome c, 12,360 
amu) was prepared and mass analyzed with 
and without charge reduction. The result ob- 
tained in the absence of charge reduction 
(Fig. 3A) corresponds to a fairly typical ESI 
mass spectrum for such a mixture (7). The 
mass spectrum is complex, containing about 
50 peaks, 18 of which correspond to various 
charge states of the proteins as shown in the 
figure. In contrast, the spectrum shown in 
Fig. 38 exhibits only eight major peaks, 
which are readily assigned as shown. This 
result demonstrates the reduction of spectral 
complexity in mixture analysis afforded by 
charge reduction. 

The effect of charge reduction on the anal- 
ysis of a simple oligonucleotide mixture by 
ESI is shown in Fig. 4. An equimolar mixture 
of three oligonucleotides 15, 21, and 27 nu- 
cleotides in length was prepared and mass 
analyzed with and without charge reduction. 
In the absence of charge reduction (210Po 
source shielded, Fig. 4A) a complex mass 
spectrum wa$ obtained, with peaks corre- 
sponding to several different charge states for 
the three oligonucleotides in the mixture, as 
well as many other peaks due to fragmenta- 

tion (see below). Charge reduction (Fig. 4B) 
greatly simplified the mass spectrum, with 
only six major peaks evident, corresponding 
to the singly and doubly charged ions for 
each oligonucleotide. 

All of the unreduced charge spectra (Figs. 
2A, 3A, and 4A) show a number of peaks in 
the low rnlz region that do not correspond to 
charge states of the analytes and that disap- 
pear in the charge-reduced spectra. The mlz 
ratios and isotopic distributions of these 
peaks correspond predominantly to singly 
charged fragment ions, with a few multiply 
charged fragment ions as well (assignments 
not shown). The disappearance of these peaks 
with charge reduction is advantageous in a 
practical sense because it constitutes a sub- 
stantial reduction in the "chemical noise" of 
the system. The observed results are consis- 
tent with the occurrence of collision-activated 
dissociation (CAD) in the nozzle-skimmer 
region of the mass spectrometer (14). Multi- 
ply charged ions are more prone to such 
dissociation reactions (15); by decreasing the 
ion charge, charge reduction will thus tend to 
reduce such fragmentation. 

The signal intensities in the charge-re- 
duced spectra were substantially lower than 
those in the unreduced spectra, which is ex- 
pected because the charge reduction process 
converts ions to neutral species that are not 

000 

Mass (miz) 

Fig. 4. Mixture of three oligonucleotides, a 15-nucleotide oligomer d(TCTAAAACCACCCCC), a 
21-nucleotide oligomer d(TCTAAAACCACCCCCACTCCC), and a 27-nucleotide oligomer d(TCTA- 
AAACCACCCCCACTCCCAACCTT), mass analyzed (A) without charge reduction and (B) with 
charge reduction. Each oligonucleotide was at a concentration of 10 p M  in 3 : l  H,O:CH,OH, 400 
mM 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) [adjusted to pH 7 with triethylamine (17) ] .  The HFIP 
buffer was found to yield the least Na+ and Kf  oligonucleotide adduction of any buffer tested and 
was used for that reason. The averaged mass spectra shown were obtained over a 500-s time period 
at a spectral acquisition rate of 10 kHz, consuming 1.08 y l  (5.4 pmol) of sample. The spectra were 
smoothed by convolution with a Gaussian function included in the software supplied with the 
spectrometer. 

detected (10). Conversely, the reduction in 
chemical noise described above and simplifi- 
cation of the spectra both tend to increase 
detection sensitivity. More study will be 
needed to determine the trade-offs in these 
factors and to quantitatively assess the 
change in detectability that is associated with 
charge reduction. The mass resolutions of the 
spectra are unaffected by the charge reduc- 
tion process, with typical resolutions of about 
1000 with or without charge reduction. 

Previous approaches to charge reduction 
in ESI fall into two major categories: modi- 
fication of the solution conditions [for exam- 
ple, buffer, pH, salts (5)] or utilization of 
gas-phase reactions within an ion trap spec- 
trometer (6-8). Both the approach described 
here and the ion trap studies decouple the ion 
production process from the neutralization 
process: this is important because it provides 
flexibility with respect to the electrospray 
conditions, which is critical to obtaining 
high-quality results, and also permits control 
of the degree of charge neutralization. The 
approach presented here has further advan- 
tages compared with the previous ion trap 
studies; most importantly, the cation or anion 
used for charge reduction does not have to be 
"trapped" with the electrospray ions. This has 
the practical consequence of permitting 
charge reduction to be performed on virtually 
any mlz range of ions, independent of the 
neutralizing cation or anion's mlz value; in 
contrast, the restricted rnlz window character- 
istic of ion traps limits the analyte mlz range 
accessible with a given neutralizing ion (8). 
In addition, because a specific anionic or 
cationic species is not required, switching 
between positive and negative modes of elec- 
trospray is straightforward. This allows pro- 
teins to be neutralized in positive ion mode 
(Fig. 3), or DNA anions to be neutralized in 
negative ion mode (Fig. 4), without having to 
change any instrumental conditions other 
than the operating polarity. Lastly, this ap- 
proach is readily implemented by a simple 
modification of the ESI source and is thus 
adaptable to virtually any mass analyzer. 

The reduction of charge state described 
above necessarily increases the rnlz ratio of 
the ions being analyzed. In conventional ESI- 
MS, even very large molecules [for example, 
megadaltons in size (16)] are produced with 
rnlz ratios below 10,000, enabling their anal- 
ysis with a variety of mass analyzer designs. 
However, with charge reduction the relative- 
ly high mass of common proteins and nucleic 
acids can quickly exceed the rnlz range ac- 
cessible with most instruments. An orthogo- 
nal-TOF system such as the one used here is 
clearly the best design presently available for 
such applications because of the very high 
intrinsic mlz range of TOF analysis. Howev- 
er, the particular instrument we used is lim- 
ited by timing and other considerations to a 
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mlz range below 25,000. The design and de- 
velopment of a mass analyzer better suited 
for this method of ion generation is an im- 
portant area for future work. 
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Rapid Fluctuations in Sea Level 
Recorded at  Huon Peninsula 

During the Penultimate 
Deglaciation 

Tezer M. Esat,*T Malcolm T. McCulloch, John Chappell, 
Bradley Pillans, Akio Omura 

About 140,000 years ago, the breakup of large continental ice sheets initiated 
the Last lnterglacial period. Sea level rose and peaked around 135,000 years ago 
about 14 meters below present levels. A record of Last Interglacial sea levels 
between 116,000 years to 136,000 years ago is preserved at reef VII of the 
uplifted coral terraces of Huon Peninsula in Papua New Guinea. However, corals 
from a cave situated about 90 meters below the crest of reef VII are 130,000 
2 2000 years old and appear to have grown in conditions that were 6°C cooler 
than those at present. These observations imply a drop in sea level of 60 to 80 
meters. After 130,000 years, sea level began rising again in response to the 
major insolation maximum at 126,000 to 128,000 years ago. The early (about 
140,000 years ago) start of the penultimate deglaciation, well before the peak 
in insolation, is consistent with the Devils Hole chronology. 

The coral reef terraces at Huon Peninsula in 
Papua New Guinea extend more than 80 km 
along the coast and have been uplifted at a rate 
that varies from 0.5 m per 1000 years (ky) in 
the northwest to nearly 4 miky to the southeast. 
The high uplift rates have exposed a record of 
late Quaternary interglacial and interstadial sea- 
level high stands (1-4). Prominent among these 
stands is reef structure VII, which formed when 
the sea level rose during the penultimate degla- 
ciation, a period that may have lasted for more 
than 10,000 years at -125,000 years before 
present (yr B.P.), when the climate was similar 
to or possibly warmer than the present climate 
and sea levels were 3 to 5 m higher. At 
Kwambu, a present-day analog of terrace VII 
exists with a barrier reef, a lagoon, and a fiing- 
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ing reef; here, the fossil terrace VII is at a height 
of 225 m (Fig. 1). 

During an international expedition to the 
Huon terraces in July through August 1992, we 
located a large ancient sea cave in the riser of 
terrace VIb [isotope stage 5b-5c, with a nomi- 
nal age of 90 to 100 kiloannum (ka)] (Fig. 1, 
Kwangam section). It is situated -400 m west 
of Kwangam River, at -90 m below the crest 
of reef VII. The cave presumably formed when 
a younger reef grew over earlier corals that 
were buried in rubble. An unusually large (> 1 
m in diameter) Porites coral was found just 
inside the entrance, and other corals were found 
on the floor and walls. To highlight the discov- 
ery of such a well-preserved specimen, we 
named the location "Aladdin's Cave." Here, we 
present U-series ages of corals from Aladdin's 
Cave and terrace VI that. combined with strati- 
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reef tract VII, provide information on rapid 
920, Japan. sea-level changes during the course of the pen- - .  
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ultimate deglaciation and its relation to solar 
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