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ABSTRACT 

Current electrospray ion trap methodology for rapid mixture analysis of proteins used for the 
identification of (microorganisms is described. Development of iodion reaction techniques (e.g. 
reactions of multiply-charged protein cations with singly-charged anions) from both a fhdamental and 
practical approach are presented, detailing the necessary steps and considerations involved in complex 
mixture analysis. Data describing the reduction of the initial charge states of electrospray ions to 
arbitrarily low values, the utility of iodion reactions for mixture separation on the millisecond time 
scale, and effects of excess singly-charged reactants on detection and storage efficiency are illustrated. 

INTRODUCTION 

Recently, the combination of electrospray (ES) ionization with ion trap mass spectrometry, has 
proven to be a valuable tool in solving bioanalytical problems (1-4). The extension of ES mass 
spectrometry to the field of microbiology (e.g. viral analysis) for the identification of organisms is now 
becoming a reality (5-6). Despeyroux and coworkers have shown that the protein content of cricket 
paralysis virus can be mapped using intact virus without a preliminary extraction or sample preparation 
step (5). In addition, the multiple charging phenomenon of ES has made possible the analysis of whole 
tobacco mosaic virus and rice yellow mottle virus particles which have molecular weights in excess of 
40 million Da (6). This multiple charging phenomenon associated with ES yields a distribution of 
charge states, thereby allowing for multiple mass-to-charge measurements for a single species, and 
effectively reducing mass-to-charge values to a range amenable to most mass analyzers. Although the 
multiple charging phenomenon facilitates biopolymer mass measurement in some respects, 
complications can easily arise when ions derived from more than one biopolymer are present. Since 
multiple charging compresses the “mass scale”, the distance between adjacent charge states on the m/z 
scale decreases with increasing charge. Therefore this mass scale compression can make difficult the 
resolution of mixture components with modest differences in mass-to-charge ratio (7). 

Currently, two strategies exist to address peak overlap in ES mass spectra. The first centers 
on increasing the resolving power of the mass analyzer, utilizing Fourier transform ion cyclotron 
resonance (FTICR) mass spectrometry. The FTICR permits far more detail to be extracted from 
mixtures of ions derived from ES (8) than from the more commonly used quadrupole based 
techniques. Secondly, computer algorithms have been developed to extract mass information directly 
from ES mixture data (9), however the quality of the data is still dependent on the ability of the mass 
analyzer to resolve adjacent charge states (7). 

We have developed a novel iodion reaction strategy to decompress the “mass scale” by 
reducing the charges on the ions to the point at which the mass analyzer can resolve the mixture 
components In these experiments, mitiply charged protein cations are reacted on the millisecond 
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time scale, with singly-charged anions in order to reduce the charge states (e.g. increase the distance 
between adjacent peaks) of the protein cation population via proton transfer to arbitrarily low values 
(7,lO-13). The extent to which the mass scale can be decompressed is limited by the upper limit to the 
mass-to-charge scale of the ion trap mass spectrometer. Some advantages to this approach for 
mixture analysis include well-defined iodion chemistry (exclusive proton transfer reaction products 
observed), minimal iodneutral effects (minimal scattering, iodmolecule reactions), and fast reactions 
which maximize speed/duty cycle. This iodion reaction phenomenology will be employed in 
conjunction with targeted protein analysis, for the identification of microorganisms. 

EXPERTMENTAL 

All experiments were carried out with a home-made electrospray source coupled with a 
Finnigan MAT ion trap mass spectrometer, modified for injection of ions formed external to the ion 
trap through an end-cap electrode. Details of the electrospray /ion trap interface have been described 
(14). Further modifications have been made to this apparatus to allow anions to be injected through a 
3 mm hole drilled through the ring electrode. Details of these modifications and others made to 
facilitate analysis of high mass-to-charge ratio ions are reported elsewhere (12). A brief description of 
the hardware changes is given here. 

An atmospheric sampling glow discharge ion source has been mounted on a side port of a 6 in. 
cube used to support the ion trap assembly. The ion trap is situated such that there is a line of sight 
from the exit aperture of the glow discharge ion source to the 3 mm hole in the ring electrode. A lens 
stack is mounted off the glow discharge ion source to facilitate ion transport to the ring electrode. 
The discharge is pulsed under software control. The output of the pulser is connected to the anode of 
the glow discharge source. The pulser acts as a fast switch which alternates between a voltage 
sufficient to strike a discharge and ground. This arrangement allows for independent control of cation 
and anion accumulation. The glow discharge provides a convenient means for forming a wide variety 
of singly charged anions in high abundance. In all cases, the multiply charged protein ions were 
accumulated prior to anion accumulation. 

Cations were injected axially into the ion trap for periods ranging from 0.02 to 0.2 s. In all 
cases, helium was admitted into the vacuum system to a total pressure of 1 mtorr. Anions were 
formed by sampling the headspace vapors of perfluoro- 1,3-dimethylcyclohexane (PDCH) into the 
glow discharge operated at 800 mtorr. For all iodion reactions described, anion accumulation periods 
ranged from 10 to 30 ms. Mutual storage times for iodion reactions varied from 30 to 350 ms. Mass 
range extension of the ion trap as high as m/z 70,000 was accomplished using the resonance ejection 
technique. 

Purified tobacco mosaic virus in a 0.1 M phosphate buffer solution was obtained from 
American Type Culture Collection. The virus was isolated using a 10 kDa molecular weight cut-off 
filter, and was washed with several 1 ml aliquots of HPLC grade water. The virus was then 
resuspended in a 50:50 watedmethanol solution containing 1% acetic acid. This solution was found to 
significantly disrupt the noncovaient interactions of the coat protein with the viral RNA. The proteins 
bovine serum albumin, transferrin, and ubiquitin were obtained from Sigma Chemical Company. 
PDCH was purchased directly from Aldrich Chemical Company. 



RESULTS AND DISCUSSION 

- 

2000 - 
- 
- 
- 

0 

Figure 1 shows 
the electrospray mass 
spectrum of the tobacco 
mosaic virus coat protein 
in the absence of anions, 
and after ions have been 
subjected to reaction with 
anions derived from 
PDCH for 100 ms. Under 
these reaction conditions 
iodion proton transfer 
reactions can reduce the 
charge on the TMV coat 
protein to arbitrarily low 
values. Previous results in 
our laboratory have 
shown that iodion rate 
data exhibit a linear 
dependence of rate on the 
square of the protein 
charge. These results 
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Figure 1 (a) ES mass spectrum of TMV viral coat protein. (b) Ionhon reaction 
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charge states and can 
therefore be used to reduce 
the charge of multiply- 
charged protein ions to 
arbitrarily low values. 

In Figure 2a is 
shown the ES mass 
spectrum of a mixture 
containing ubiquitin, bovine 
serum albumin (BSA), and 
bovine transferrin. The 
latter two proteins were 
present in the mixture at 
approximate concentrations 
of 10 and 5 pmol/pL 
respectively. The ubiquitin 
component was present 
from contamination in the 
line leading to the 
electrospray needle and was 
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p r e  2 (a) ES mass spectrum of a protein mixture containing ubiquitin, bovine 
used to provide an internal serum albumin, and bovine transferrin. (b) Ion/ion reaction of the mixture with 
calibration of the mass-to- PDCH anions for 295 ms showing resolution of mixture components. 



charge scale. While the presence of BSA and ubiquitin is clear from casual inspection of Figure 2a, 
contributions to the spectrum from transferrin are not obvious. The total ion signal derived from 
equimolar solutions of each protein run separately shows that BSA gives a much greater response 
under identical ES conditions. The transferrin ions are buried within the BSA cation signal, probably 
for this reason. Figure 2b shows the spectrum that results from the reaction of the ions of Figure 2a 
with anions of PDCH for 295 ms. This example illustrates the mass scale decompression possible 
from charge state reduction and makes clear the presence of at least three distinct charge state 
distributions. One corresponds to BSA, one to transferrin, and one to an unknown mixture 
component derived from BSA. 

While the chemistry associated with iodion reactions is clearly of primary interest in biological 
mixture analysis, the physics associated with the mutual storage of oppositely charged ions clouds can 
also be expected to affect important aspects of the ion trap experiment. For high number densities of 
singly-charged anions present during the iodion reaction experiment, two major phenomena affecting 
the physics of the stored ions associated with the mutual storage of cations and anions have been 
observed. First, the attractive potential experienced by the high mass cations arising from the presence 
of a large number of singly-charged anions can augment the trapping potential afforded by the 
quadrupole ion trap. Figure 3a shows the iodion reaction spectrum of ovalbumin (mw - 42,500 Da) 
after a 152 ms reaction time with anions derived from PDCH. Note that the primary peaks observed 
are the [M+3HI3' and the [M+2HI2' cations, with no response observed for the [M+H]' ion. In this 
example, the mass analysis conditions are set such that any ions with a m/z value greater than 3 x lo4 
will "leak" out of the 
analyzer due to insufficient 
pseudopotential well depths 
(e.g. little or no signal 
observed for the singly- 
charged ovalbumin). 

In Figure 3b the 
same experiment is 
performed, except that the 
PDCH anions were present 
during the mass analysis 
period. Note that intense 
signals are observed for the 
anions (ejected via mass 
selective instability) despite 
the fact that the detector 
voltages are optimized for 
cations, and that the 
observed anion signal is 
roughly three time larger 
than the observed ovalbumin 
cation data (thus 
demonstrating the significant 
excess of anions). The 
[M+H]' ion of ovalbumin 
gives rise to the most intense 
cation signal in Figure 3b 
whereas there is essentially 
no evidence for this ion in 
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Figure 3 (a) ES mass spectrum of ovalbumin following 152 ms of mutual 
storage with anions derived from PDCH. The anions were then removed prior 
to mass analysis via resonance ejection. (b) ES mass spectrum acquired under 
the same conditions except that the anions were not ejected prior to mass 
analysis. Cations were qjected via resonance ejection whereas anions were 
ejected via mass selective instability. (*) Indicates peaks arising from 
unidentified impurities in the ovalbumin sample. 



Figure 3a. For this example, high m/z cations can be trapped by the electric field created by an anion 
cloud when the trapping potential created by the oscillating quadrupole field is insufficient to do so. 
This creates the interesting situation in which the quadrupole field traps the anions which, in turn, are 
largely responsible for trapping the high mass cations. This phenomenon can then be exploited to 
store ions of higher m/z than might otherwise be trapped. 

Another effect due to the presence of an ion cloud of opposite polarity and much higher total 
charge in the center of the trap can also be seen in Figure 3. For the iodion reaction spectrum in 
Figure 3b, signals arising from the +3 and +2 charge states are observed at less than 1% and 6% 
respectively of their intensities in Figure 3a. In this case the anion cloud which is present during the 
resonance ejection of the +3 and +2 charge states, interferes with the mass analysis of high d z  
cations. For this reason it is desirable to eject the anions prior to resonance ejection of the cations (for 
the [M+H]' cation of ovalbumin, the anion cloud is effectively removed from the trap just prior to 
detection ). 

CONCLUSIONS AND FUTURE WORK 

Iodion proton transfer reactions involving multiply-charged proteins can readily be effected in 
the quadrupole ion trap. These reactions can successfhlly reduce the charge states to arbitrarily low 
values, and separate mixtures of ions of different mass and charge but similar mass-to-charge ratios. 
This is a particularly common scenario in ES mass spectrometry of proteins and other biopolymers. 
Fluorocarbon anions, such as those derived from PDCH, appear to react exclusively via proton 
transfer with multiply protonated species, even for globular proteins as large as BSA and bovine 
transferrin. Such consistent and predictable behavior is important if usefhl mass information is to be 
derived from separating ion mixtures via charge state reduction. 

For the reduction of charge states associated with iodion reactions of mixture components, ion 
storage and resonance 
ejection of the high m/z 
product ions can be 
significantly affected by the 
presence of an ion cloud of 
opposite polarity and much 
higher total charge in the 
center of the ion trap. The 
presence of the anion cloud 
can be used to help store 
high m/z protein cations 
which otherwise might not 
be trapped. In addition, 
the anion cloud can 
adversely affect the 
resonance ejection of mass 
analysis due to the fact that 
the electric field generated 
bv the anions can rival or 
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Experimental design for target analysis of marker proteins for 
species identification. 



By understanding the underlying principles of the ionlion reaction process, experiments can 
now be designed for the target analysis of marker proteins in various microorganisms for species 
identification. In Figure 4, the pre-target analysis represents the proteome of a given orgatzlsm with 
the marker protein (unique to a particular genus species) shown “buried” under the starting protein 
mixture. In order to identiq the microorganism, a tailored waveform is applied to the endcap 
electrodes which is specific for the charge state distribution of the marker peptide, ranging from the 
higher charge states generated by the ES ionization process to the lower charge states obtained via 
ionlion reaction. This tailored waveform is set such that only ions of designated m/z values are stored 
while unwanted signal due to other proteins and matrix components are ejected from the trap. The 
next step in the experiment is to subject the ion signal present in the high charge state isolation 
windows to iodion proton transfer reactions with PDCH anions. After an approximate ionlion 
reaction time of 100 ms or less, if peaks are present in the lower charge state windows, then an 
identification of the microorganism can be made. 
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