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A computer program (eCRAM) has been developed for automated processing of electrospray mass spec-
tra based on the charge ratio analysis method. The eCRAM algorithm deconvolutes electrospray mass
spectra solely from the ratio of mass-to-charge (m/z) values of multiply charged ions. The program first
determines the ion charge by correlating the ratio of m/z values for any two (i.e., consecutive or non-
consecutive) multiply charged ions to the unique ratios of two integers. The mass, and subsequently the
identity of the charge carrying species, is further determined from m/z values and charge states of any two
ions. For the interpretation of high-resolution electrospray mass spectra, eCRAM correlates isotopic peaks
that share the same isotopic compositions. This process is also performed through charge ratio analysis
SI

sotopic composition
econvolution
T-ICR

after correcting the multiply charged ions to their lowest common ion charge. The application of eCRAM
algorithm has been demonstrated with theoretical mass-to-charge ratios for proteins lysozyme and car-
bonic anhydrase, as well as experimental data for both low and high-resolution FT-ICR electrospray mass
spectra of a range of proteins (ubiquitin, cytochrome c, transthyretin, lysozyme and calmodulin). This
also included the simulated data for mixtures by combining experimental data for ubiquitin, cytochrome

c and transthyretin.

. Introduction

Biopolymers are routinely analyzed by electrospray ionization
ESI) with high-mass accuracy when combined with Fourier trans-
orm ion cyclotron resonance mass spectrometry (FT-ICR MS) [1,2].
omputer algorithms have been developed to expedite the analysis
f electrospray mass spectra and to accurately translate mass-to-
harge (m/z) ratios of highly charged ions to zero-charge molecular
ass values. For low-resolution mass spectra, where isotope peaks

f multiply charged ions are not resolved, algorithms were devel-
ped by assuming the nature of the charge carrying species or
onsidering only a limited set of charge carrying species [3,4]. These
lgorithms had other limitations of producing artefact peaks that
ere greatly reduced by incorporating maximum-entropy based or
ultiplicative correlation algorithms [5,6].
With the high-resolving power of ion cyclotron resonance (ICR)

ass analyzers, multiply charged ions generated by ESI could be

esolved to their isotopic compositions affording mass accuracies
n the part-per-million (ppm) range, provided both the ion charge
z) and the assignment of an ion’s isotopic composition was accu-
ately determined. In the case of high-resolution electrospray mass
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spectra, the ion charge can be derived directly from the reciprocal
of the mass-to-charge separation between adjacent isotopic peaks
(1/�m/z) for any multiply charged ion [7,8]. Although the isotope
spacing method is direct, the complexity of overlapping isotope
peaks for mixtures and the addition of spectral noise may result in
inaccurate ion charge determination. Furthermore, for high charge
states ions, distinguishing 1/z and 1/(z + 1) would require mass
accuracies of a few ppm that is not routinely possible. To over-
come some of these limitations, pattern recognition techniques
were combined with the isotope spacing method in Zscore [9] and
THRASH [10] algorithms for automated charge state determina-
tion of FT-ICR mass spectra. For example, the THRASH algorithm
incorporated matching the experimental abundances with theoret-
ical isotopic distributions based on the model amino acid averagine
(C4.938H7.7583N1.3577O1.4773S0.0417) [8], which restricts its applica-
tion to a specific group of compounds and elemental compositions.

Other algorithms developed in recent years, AID-MS [11] and
PTFT [12], work on the basis of subtractive peak finding routines to
locate possible isotopic clusters in the spectrum. The former algo-
rithm shares similarities with the THRASH and relies on the isotope

spacing method as well as correlating the experimental isotopic
distributions with theoretical patterns (i.e., known elemental com-
positions). The AID-MS algorithm [11] requires the use of averagine
for modeling isotopic distributions, while the PTFT subtracts the
peak intensities in the frequency domain [12].

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:s.maleknia@unsw.edu.au
dx.doi.org/10.1016/j.ijms.2009.10.005
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We have developed the charge ratio analysis method (CRAM) for
SI analysis of biopolymers [13,14]. The unique feature of the CRAM
s that charge states of ions are identified purely from the ratios
f m/z values of different multiply charged ions and by correlat-
ng these values to unique ratios of two integers that subsequently
dentify charge of ions. This approach is therefore independent of
he charge carrying species and as such the nature of charge car-
ying species is not kept uniform for all ions in a mass spectrum.
or high-resolution data, the CRAM process could also correlate
he isotopic peaks of different multiply charged ions that share
he same isotopic compositions [14]. This isotopic correlation step
an subsequently result in a more accurate mass determination,
articularly for sample mixtures with overlapping cluster peaks
nd for low signal-to-noise data. In addition, the application of
sotopic peak correlation within the CRAM can be valuable for

ass spectrometric quantification approaches that rely on correla-
ion of accurate isotopic peaks [15–19]. Note that the CRAM does
ot require a prior knowledge of the elemental composition of a
olecule, and as such does not rely at all on correlating experi-
ental isotopic patterns with the theoretical patterns (i.e., known

ompositions), and therefore CRAM could be applied to mass spec-
ral data for a range of compounds (i.e., including unspecified
ompositions). The application of the CRAM algorithm (eCRAM) for
nalysis of both the low and high-resolution ESI data is described,
nd the algorithm is demonstrated by processing data for several
roteins.

. Experimental

Electrospray mass spectra were recorded on a 4.7 Tesla magnet
APEX, Bruker Daltonics, Billerica, MA, USA) mass spectrometer in
he positive ion mode and spectra were processed with 512k or
M data points. Theoretical isotopic distributions were produced
rom the isotopic distribution utility of the Xmass software (Bruker
altonics, Billerica, MA, USA). Protein samples were obtained from
igma Chemicals (St. Louis, MO, USA), and were used without fur-
her purification, and solutions were prepared at a concentration
ange of 1–5 �M in 50:50 water and methanol or acetonitrile con-
aining 2–4% acetic acid or 0.1% TFA. The sample of transthyretin
TTR) was provided in a buffer of 400 mM sodium phosphate from
he Scripps Research Institute (La Jolla, CA, USA) [20], and a C18
ep-Pak (Waters Corporation, MA, USA) was used for desalting.
olutions were infused at a rate of between 3 and 5 �L/min with
n electrospray needle voltage in the range of 4.2–4.5 kV. Spec-
ra were mass calibrated with the most abundant isotopic peak of
ngiotensin-1 (2+ and 3+ ions) and ubiquitin (7+ to 13+) as external
r internal calibration ions.

. Results and discussions

.1. Theoretical basis of the CRAM

The theoretical basis of the CRAM was fully described earlier
11,12], and is briefly explained here. The mass-to-charge (m/z) val-
es for two multiply charged ions, i and j, originating from the same
ompound with a molecular mass (M) can be represented as (Rz)i
nd (Rz)j, respectively. These multiply charged ions of charge (z)
ould correspond to the addition or abstraction of a charge carry-

ng species (mA), where Rz = (M ± zmA)/z. The ratio of m/z values for

wo ions, i and j, can then be represented by Eq. (1):

(Rz)i

(Rz)j
= zj(M ± zimA)

zi(M ± zjmA)
(1)
l of Mass Spectrometry 290 (2010) 1–8

The CRAM approach makes an assumption that M > zimA or zjmA,
and therefore Eq. (1) is simplified to Eq. (2):

(Rz)i

(Rz)j
= zj

zi
(2)

Thus from the ratio of m/z values of any two multiply charged
ions, the inverse ratio of their two ion charges can be calcu-
lated. The unique property of the ratio of two integers is the
basis of the CRAM where by correlating the ratio of m/z values
of two multiply charged ions to the unique ratio of two integers,
the charge states of ions are identified without a priori knowl-
edge or assumption of the nature of the charge carrying species.
The purely mathematical basis of the CRAM makes it applicable
to mass spectral analyses of proteins, oligonucleotides or carbo-
hydrates with a wide range of compositions (i.e., proteins and
non-proteins).

The mass (mA) and subsequent identity of the charge carrying
species is determined by the CRAM according to Eq. (3):

((Rz)izi − (Rz)jzj) = ±mA(zi − zj) (3)

For high-resolution ESI data, in order to correlate two isotopic
peaks across two different multiply charged ion distributions of
charge zi and zj where zi > zj and i = j + n, the m/z value for (Rz)i in Eqs.
(1) to (3) need to be corrected for the additional mass of the charge
carrying species by substituting it with (Rz)i − n(mA/zi) [14]. This
correction factor is important for high-resolution accurate mass
determination, where Eq. (4) can be used to correlate isotopic peaks
that share a common isotopic composition:

(Rz)i − n(mA/zi)
(Rz)j

= zj

zi
(4)

The value for n represents the difference in charge of the mul-
tiply charged ions that are being correlated (n = i − j). For ions of
charge 13 and 10, the value for n is 3.

The CRAM processes electrospray mass spectra without a
theoretical upper mass limit, and was previously demonstrated
to calculate charge states more accurately, on the order of
100–1000 fold, in comparison to the isotope spacing method
[14]. Consider for example, human carbonic anhydrase II (Pro-
tein Data Bank entry 1ca2) with the elemental composition of
C1324H2019N356O383S2, a monoisotopic mass of 29097.88961 Da
and m/z values 2910.79679, 2646.27052 and 2425.83196 cor-
responding to additions of +10 to +12 protons (i.e., charges).
The ratio of 2910.79679/2646.27052 is 1.09996 that is within
4 × 10−5 of 1.1 derived from dividing 11 by 10, or the ratio of
2910.79679/2425.83196 is 1.19992, which is within 8 × 10−5 of 1.2
derived from dividing 12 by 10. After applying the correction fac-
tor (Eq. (4)), and adjusting the m/z values to a common charge
state of 10 (i.e., 2910.79679, 2646.27052 and 2425.83196), the
ratio of 2910.79679/2646.27052 is 1.1 that is the same as dividing
11 by 10.

3.2. Computational basis of eCRAM algorithm

The CRAM algorithm (eCRAM) has been implemented using
the Perl programming language for flexibility, in combination
with Unix command line utilities for efficient sorting and stream
editing. The program accepts, as input a comma separated
file containing peak positions (m/z) and relative peak intensi-
ties. Spectral peaks are sorted automatically into increasing m/z
values.
The program approaches the analysis by first populating the
space of all possible solutions and then efficiently identifying phys-
ically realistic solutions within that space. The solution space is
four-dimensional since each pair of spectral peaks (i and j) is com-
bined with candidate charge values (k and l). The term “row”
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ill be used to refer to each unique combination of (i, j, k, and
) in the solution space. The physically realistic solutions can be
rawn from the best rows (i.e., those with the smallest errors
etween their ratio of m/z values and their ratio of charge val-
es).

ig. 1. eCRAM processing of theoretical mass-to-charge ratios of the protein lysozyme. T
B) sorted on the basis of increasing error values, �ijkl (i.e., “Diff” listed on Column 1). By s
he “rowsets” for each charge carrying species illustrated in (C).
l of Mass Spectrometry 290 (2010) 1–8 3
For each row, that is a pair of spectral peaks, i and j, and can-
didate charges, k, and l, the program computes the experimental
ratio of m/z values for the two peaks, as well as with the theoretical
charge ratio of the candidate charge values. The amount of discrep-
ancy between experimental and theoretical charge ratios can be

he raw input data (A) is processed and generates a list of candidate charge values
earching the list in (B) with adjacency criteria, clusters of rows are found that form
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Fig. 1.

epresented by the variable �ijkl:

ijkl =
∣∣∣∣
([

(m/z)i

(m/z)j

]
·
[

k

l

]
− 1

)∣∣∣∣ (5)

For an ideal spectrum, the value for �ijkl will be zero for the
orrect charge values k and l and their corresponding peaks i and
. However, this criterion cannot be applied alone. Uncertainties
n the experimental measurements and/or spectral peak selection
ould result in physically realistic solutions having non-zero �ijkl
alues. Conversely, non-physical solutions could have low values of
ijkl. This is apparent when one recognizes that the ratios of integer

harges are not all unique. For instance, the ratio of charges 18 and
5 is the same as the ratio of charges 12 and 10.

A valid combination (i, j, k, l) will always occur amongst a set
f other related combinations (rows). In order to eliminate non-
hysical solutions, adjacency criteria are applied. The nature of this
djacency depends on the resolution of the original spectral data.
n a low-resolution spectrum, the m/z peak positions occur in a set
orresponding to a sequence of charge values for the same mass
alue. On the other hand, in a high-resolution spectrum, the peaks
n a spectral cluster correspond to different isotopes of the same
air of charge values.

Consider two “rows”, A and B, with their attributes denoted thus:

iA, jA, kA, lA, [�ijkl]A
iB, jB, kB, lB, [�ijkl]
B

These two “rows” (that is, rows of the printout such as in Fig. 1B)
re part of a “row set” if they satisfy certain adjacency criteria (see
elow). A “row set” is a coherent clump of peak identifiers and asso-
iated charge values. For low resolution, a row set will be comprised
nued ).

of multiple charge combinations. For high-resolution data, a row set
will be comprised of isotope peaks for the same charge combina-
tion. A valid row set represents a physically realistic solution that is
internally consistent. In the analysis of the low-resolution spectra
shown in Fig. 1C, the row set labelled AA is comprised of spectral
peaks labelled 0 (1101.403480), 3 (1193.103120), 6 (1301.475420)
and 9 (1431.522180) and their assigned charge values of 13, 12, 11
and 10. The consistency of the mass difference values (delta m) and
the Diff column adds further weight to the argument that this “row
set” represents a physically realistic solution.

Scanning for combinations of peaks and charge values that form
part of a “row set” involves scanning the combinations (i, j, k, l) that
satisfy the adjacency conditions. In a low-resolution spectra, the
adjacency condition requires one of the following to be true for
the pair: (iB = jA and kB = lA), (iA = jB and kA = lB), (iA = iB and kA = kB),
or (jA = jB and lA = lB). For the high-resolution mode, the adjacency
condition requires kB = kA and lB = lA.

There is no line drawn between “row set” boundaries. The rows
cluster together into row sets based purely on their charge ratios,
the adjacency criteria and their charge carrying species. The max-
imum difference values that are considered can be adjusted when
the program is run. For both the low and high-resolution spectra,
the best “row set” contains all the related charge values. Realis-
tic solutions are observed to form into clusters corresponding to
related combinations of charges. For example, a combination of
charges 13 with 11 would be expected along with the combina-
tions 13 with 12, and, 12 with 11. The row sets corresponding to

unrealistic solutions may still be present in the final output and are
discounted automatically or by the user input.

To analyze the isotopic effects in high-resolution spectra,
the m/z values of the row sets of interest are corrected for the
mass of the charge carrier and then the corrected spectrum is
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Scheme 1. Flowchart for eCRAM processin

ompletely re-processed. During the second pass, the program
rompts the user to select a subset of the row sets to display as the
nal output. The molecular weights of the proteins (allowing for

sotopic variations) are computed and printed out so as to high-
ight the correspondence of spectral peaks and associated protein

ass.
The major processing steps performed by the eCRAM are shown

n Scheme 1 and described below:

Step 1. Load spectrum, normalize intensities, and determine data
resolution (low versus high resolution).
Step 2. Compute error values, �ijkl, for all combinations of spec-
tral peaks (i and j) and candidate charge values (k and l). These
combinations of peaks and charges are referred to as rows (a user-
defined lower and upper range can be used for the candidate
charge values to minimize computing time). The error values,
�ijkl, are referred to as “Diff” for difference values in the program
output and are scaled to a suitable range for display.
Step 3. Sort the combinations (i, j, k, l) on increasing �ijkl. A
user-defined error range is typically selected (i.e., 0.03 for low
resolution and 0.0001 for high-resolution data).
Step 4. For each combination of i, j, k, and l, commencing at the
smallest �ijkl values, search for other combinations in the sorted
list that form part of the same “row set”. The criteria for adjacency

depend on the resolution of the spectral data.
Step 5. For low-resolution spectra, display the best “row sets” for
each candidate charge species. For high-resolution spectra, on the
first pass, display the best “row sets” and allow for input of the
row sets for subsequent re-processing for isotopic effects (Eq. (4)).
w and high-resolution mass spectral data.

For high-resolution spectra, on the second pass, display the best
“row sets” and allow for input of the row sets for final display.

• Step 6. For high-resolution spectra, on the second pass, calcu-
late and display the peak registrations and corresponding protein
mass values.

3.3. eCRAM processing of low-resolution electrospray mass
spectral data

The example provided in Fig. 1 illustrates the application of
eCRAM utilizing theoretical mass-to-charge ratios of the protein
lysozyme [11]. This data set is for low-resolution ESI mass spectra
and contains protonated as well as adducts of sodium and potas-
sium ions. The list shown in Fig. 1A has 12 m/z values in ascending
order with their corresponding row numbers. For example, row
zero has a corresponding m/z value of 1101.4034. The intensity of
all ions in this example is set to an arbitrary value of 100 to represent
the theoretically calculated m/z values. The program recognizes
that the set is for low-resolution data with one bunch of spectral
peaks (i.e., no isotopic peaks), and computes m/z ratio values along
with candidate charge ratio values. In this example, the lower and
upper values of the matrix were 7 and 19 (i.e., a user-defined range
minimizes the computing time).

The output shown in Fig. 1B shows the best 50 rows sorted on

the basis of increasing error values, �ijkl (i.e., “Diff” listed on Col-
umn 1). The mass of charge carrying species listed as “delta m”
on Column 8 of Fig. 1B is calculated from Eq. (3). The correction
factor (Eq. (4)) for isotopic correlation of high-resolution data is
represented as |dM|/|dZ| under Column 11, which is the same value
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ig. 2. eCRAM processing of high-resolution FT-ICR electrospray mass spectrum o
elected for second stage processing.

s “delta m” in this example of low-resolution data processing
Fig. 1B).

The program assembles the row sets in the following way.
y starting with the best row (smallest Diff value), the eCRAM
lgorithm searches down the list for other rows that satisfy the
djacency criteria required to join the current “row set”. The pro-
ram then returns to the top of the list and selects the next best,
on-assigned row and repeats the process. A number of filtering
nd merging steps are performed to obtain the rowset depicted in
ig. 1C. The assembly of the row set AA depicted in Fig. 1C, can be
xplained by reading down the “RowNum” in Fig. 1B (last column):

RowNum 0 – the row (0, 3, 13, 12) is the nucleation point for this
“row set” as it occurs first in the row list (best difference value).
RowNum 1 – the row (3, 6, 12, 11) satisfies the adjacency criteria

with RowNum 0 (i.e., 3 = 3 and 12 = 12), and also RowNum 2 and 3.
RowNum 2 – the row (6, 9, 11, 10) satisfies the adjacency criteria
with RowNum 1 (i.e., 6 = 6 and 11 = 11), and also RowNum 3 and 4.
RowNum 3 – the row (0, 6, 13, 11) satisfies the adjacency criteria
with RowNum 2 (i.e., 6 = 6 and 11 = 11), and also RowNum 1 and 7.
odulin. The rowsets within the triangular region bounded by (AO, BG and AG) are

• RowNum 4 – the row (3, 9, 12, 10) satisfies the adjacency criteria
with RowNum 0 (i.e., 3 = 3 and 12 = 12), and also RowNum 2 and 7.

• RowNum 5 – the row (3, 9, 18, 15) is not adjacent to any row
set members and appears to be an integer multiple of the charge
ratio 12:10.

• RowNum 6 – the row (0, 5, 19, 17) is not adjacent to any row set
members and the delta m is not an expected value.

• RowNum 7 – the row (0, 9, 13, 10) satisfies the adjacency criteria
with RowNum 3 (i.e., 0 = 0 and 13 = 13) and RowNum 4 (i.e., 9 = 9
and 10 = 10).

eCRAM has matched all protonated species as part of the row
set AA. When looking for sodium species (22.9897), the nucleation
point is the row (1, 4, 13, 12), and the adjacency criteria result in the
rows forming the row set BA (Fig. 1C) from peaks 1, 4, 7, 10 with

charges of 13, 12, 11 and 10. Similarly for potassium (39.0984),
the row set CA (Fig. 1C) is comprised of peaks 2, 5, 8 and 11 with
corresponding charges of 13, 12, 11 and 10. Note that although the
row set CB satisfies the adjacency criteria, inspection of the delta m
values discounts it as a physically unrealistic solution.
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ig. 3. Correlation of the experimental and theoretical isotopic peaks for +13 and
11 ions of calmodulin by the eCRAM.

Note that the values of charge carrying species (i.e., proton,
odium and potassium) are consistent throughout various row sets.

or instance, the charge carrying species calculated for all six sets of
harges of row set AA is 1.0078 (proton). Similarly, for the row set
A, the charge carrying species is 22.9897 (sodium) and for the row
et CA, a value of 39.0984 (potassium) is calculated. This process of
dentifying the charge carrying species, purely from the ratios of

ig. 4. eCRAM processing of the combined high-resolution FT-ICR electrospray mass spec
i.e., mixture of two proteins) within the triangular regions bounded by (AU, AG and AV)
l of Mass Spectrometry 290 (2010) 1–8 7

charge states, is a unique feature of the CRAM. Values for �ijkl (Eq.
(5)) listed under “Diff” are larger for row sets BA and CA when com-
pared to the row set AA. This is expected and is due to the increase
in the mass of charge carrying species and the assumption of Eq.
(3) (M > zimA or zjmA).

As described above in the description of the eCRAM algorithm,
non-realistic solutions could also be found (for example, the ratio
of charges 18 and 15 is the same as the ratio of charges 12 and 10).
For the lysozyme data, Fig. 1C shows the row set CB with acceptable
error values. This set matches data for charge states 19 and 18, 18
and 16, and 19 and 16, while missing other key charge states of
18 and 17, or 19 and 17. Additionally, the value of charge carrying
species is not consistent for each set of charges. These two features
identify that the row set CB is not a valid realistic solution and could
be removed.
3.4. eCRAM processing of high-resolution electrospray mass
spectral data

Processing of high-resolution mass spectral data occurs in two
steps [12]. In the first instance, the charge state values of ions

tra of ubiquitin and cytochrome c as an example of mixtures. Two distinct rowsets
and (CI, AA, AH) are selected for second stage processing.
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re calculated along with the mass (mA) and subsequent identi-
cation of the charge carrying species (Eq. (3)). In the following
teps, the isotopic peaks of the multiply charged ions that share

common isotopic composition are correlated (Eq. (4)). These
re illustrated with high-resolution mass spectra of the protein
almodulin (Figs. 2 and 3).

The list in Fig. 2A contains 47 rows of m/z and intensity values.
he program first recognizes that the list represents a set of high-
esolution data with four bunches of spectral lines. The row sets are
hen identified from the ratios of m/z values and by comparing those
o ratios of integers. The matrix in Fig. 2B shows seven possible row
ets, all within an acceptable error value, �ijkl = 0.0005 (Eq. (5)). The
ow set AR (corresponding to charge state 18, 15) does not correlate
ith other Row Sets, and is eliminated at this stage. The other six

ow sets (i.e., AO, AP, BG, AA, AQ, AG) represent correlation of ion
harges 13, 12, 11 and 10. The charge carrying species is identified
s a “proton” (as described above for low-resolution data).

For the correlation of the isotopic peaks, m/z values are adjusted
nd eCRAM generates a new list of m/z values based on the correc-
ion applied from Eq. (4) (i.e., the mass and the numbers of charge
arrying species associated with each ion). eCRAM applies the algo-
ithm to the new m/z list and generates the final output (Fig. 2C) that
orrelates isotopic peaks for all ions. Note in this example, the first
sotope peak of charge 13 (m/z 1292.338148), the second isotope
eaks of charge 12 and 11 (i.e., m/z 1399.952506 and 1527.150317)
nd the first isotope peak of charge 10 (m/z 1679.769988) are cor-
elated. The protein mass (i.e., neutral mass) is calculated from the
verage of m/z values multiplied by their corresponding charges
nd subtracting the mass of charge carrying species (i.e., proton in
his example). The protein mass based on the lightest isotopic peak
s 16786.496470 as listed on the first row of Column 5 (Fig. 2C).

The eCRAM correlation of isotopic peaks for high-resolution
SI data is also helpful for matching experimental and theoret-
cal isotopic patterns [14]. In the case of compounds where the
lemental composition is not known, an elemental composition is
ssumed (CaHbOcNdSe). Correlation of the experimental and the-
retical isotopic peaks for +13 and +11 ions of calmodulin by the
CRAM is shown in Fig. 3. Similar results for processing of both low
nd high-resolution ESI data of five proteins, ubiquitin, lysozyme,
ytochrome c, transthyretin (TTR) and calmodulin were obtained
y the eCRAM. In all these cases, the eCRAM algorithm correctly

dentified the ion charge and correlated isotopic peaks.

.5. eCRAM processing of high-resolution electrospray mass
pectral data for mixtures

To evaluate the eCRAM algorithm for processing of complex
ample mixtures, mass spectral data for two proteins, ubiquitin
nd cytochrome c were combined. The simulated data for mixtures
ontained high-resolution m/z values for charge states 9 to 13 of
biquitin, and charge states 14 to 17 for cytochrome c. The eCRAM
lgorithm successfully processed the mixture data by correctly cal-
ulating the charge states of the two proteins, and subsequently
orrelated their charge states with m/z values of their isotopic
eaks. The eCRAM output with charge allocations and molecular
ass of ubiquitin and cytochrome c, from processing the proteins

s a mixture, are presented in Fig. 4. Note in this case, the matrix

Fig. 4A) displays two distinct triangular regions bounded by (AU,
G and AV) and (CI, AA, AH) that represent the charge states and

heir associated row sets for the two proteins.
The eCRAM algorithm was evaluated further by including an

mpurity in the form of an overlapping peak (data not shown). Mass

[
[
[

[
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spectral data for +18 charge state of transthyretin (TTR) were added
to the mass list of ubiquitin and cytochrome c mixture (described
above). In this instance, 10 extra peaks associated with TTR ranging
from m/z 772.599554 to 773.099633, partially overlapped with +16
peaks of cytochrome c ranging from m/z 773.114083 to 773.795056.
The eCRAM algorithm once again identified and correlated cor-
rect charge states with m/z values associated with ubiquitin and
cytochrome c, and the presence of the impurity did not disturb the
processing of the data.

4. Conclusions

The eCRAM computer program and the processing of both low
and high-resolution data were described. In addition, method-
ologies for the selection of real solutions and elimination of
non-realistic solutions were provided. Mass spectral data for
a range of proteins including mixtures, were successfully pro-
cessed by the eCRAM algorithm, and examples were provided
for lysozyme, calmodulin, and a mixture containing ubiquitin and
cytochrome c. The eCRAM demonstrated that both the ion charge
and the mass of charge carrying species are calculated without a
priori knowledge and assumption of the nature of charge carrying
species, and more importantly, the charge carrying species is not
assumed to be uniform across an electrospray mass spectrum. The
isotope correlation feature of the eCRAM is especially useful for
quantitative applications where cross-correlation of mass spectral
data with theoretical isotopic distribution is required, particularly
for low signal-to-noise data and where elemental compositions are
not known. For accurate processing of the high-resolution mass
spectral data by eCRAM some user-defined input for selection of a
set of solutions is recommended. The eCRAM algorithm is currently
being optimized for availability on the World Wide Web. Options
for a standalone version are also being explored with provisions to
provide the program code to non-commercial users.
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