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INTRODUCTION

Electrospray ionization (ESI) [1, 2] is one of the
most important methods of mild ionization and widely
used for structural and conformational studies of bio�
molecules. The mass spectra of rather big molecules
usually contain series of peaks of multiply charged ions
with the mass m close to the molecular mass of the
molecule. The presence of series of peaks of multiply
charged ions particularly in the analysis of biopolymer
mixtures can cause difficulties in calculations of
molecular masses of individual compounds. In some
cases these difficulties are overcome using various
algorithms of the so�called deconvolution of multiple
charge state distributions, including the method of
maximum entropy [3].

Attempts to relate the intensity distributions of
multiply charged ions (or charge state distributions)
with the structural peculiarities of biomolecules and
processes occurring in the electrospray ion source
were made in a series of works [4–6]. Among these
were correlations between the maximum number of
the observed charges in the mass spectrum and the
number of ionogenic groups in a biomolecule, the
presence and interconversions between the native and

denaturated forms of the studied biopolymer in solu�
tion or in an ion source, etc. In some works the expan�
sion of the experimental charge state distribution into
Gaussian components was performed and, on this
basis, a conclusion about the number and contribu�
tions of the structural forms of the studied biopolymer
present in solution (or in ion source) was made [7, 8].
Felitsyn et al. in [9] approximated distribution by the
number of sodium ions retained by ions of the studied
biopolymer of a certain charge by a binomial distribu�
tion based on a certain estimate of the averaged prob�
ability of their retention. However, the difference
between the observed and calculated distributions in
this case appeared rather great. The question to which
degree the results obtained corresponded to the prop�
erties of the studied biopolymers in solutions and what
features are determined by the electrospray process
and the transfer of ions to the gas phase remains quite
unclear.

While considering the behavior of biomolecule ions
in solutions analysts usually suppose that charges in
these ions are retained by specific functional groups,
in other words, by ionogenic sites or charged centers of
the molecule which can exchange charge carriers with
the environment. It seems natural to expand this
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model to the processes of ion formation in spraying
biopolymer solutions. However, an alternative
assumption was also made about a more or less uni�
form distribution of charges on the external surface of
a native biomolecule arising in the electrospray pro�
cess [6]. Essentially, this is a consequence of the
known residue charge model, dating back to Dole
work [10]. In the work by Kebarle [11], this model was
named Dole’s Charge Residue Model, CRM, and
cited work [10]; however, we did not succeed to find
the comprehensive description of this model in [10].
In this model, as it was described in [11], it was
assumed that the measured charge of a bioion in elec�
trospraying is equal to the charge close to the Rayleigh
limit of the stability of the droplet surface with the
radius equal to that of the bioion. Hence, a combina�
tion of a certain version of this model with the model
of ion evaporation [5], in which small ions of a solvent,
for example, solvated H3O

+ at the final stage of the
evaporation of a droplet containing a bioion can leave
this droplet, competing for proton with ionogenic sites
of the bioion, seems to be more realistic. The possibil�
ity of the evaporation of small ions was also mentioned
in [10]. It should be noted that, in this work, the elec�
trospray of solutions of macromolecules leading to the
transfer of ions of these macromolecules into the gas
phase was performed for the first time and the term
electrospray was introduced.

In contrast to the method we described previously,
i.e., the decomposition of one�dimensional charge
state distributions leading to the estimation of the
probabilities of proton retention by single sites of
polyprotonated biomolecules [12], in this case we
assume a possibility of the retention of one charge car�
rier of another type (for example, Na+, K+, Ca2+, etc.)
along with a proton by each ionogenic site. In consid�
ering the types of charge carriers, multidimensional
charge state distributions over all combinations of
numbers of retained carriers measured in this case, as
was demonstrated in [11], can bear more substantial
information about the structure of the bioion and ion
formation in solution, for example, in the presence of
sodium ions in solution, by estimating the number of
acidic groups on the bioion surface. If the ion forma�
tion mechanism for acidic groups described in [11] is
applicable, the decomposition of multidimensional
charge state distributions with a change in the compo�
sition of solution can provide quantitative estimates of
ion equilibrium constants for acidic groups on the bio�
ion surface in solution, provided that these groups are
virtually neutral in solution but not necessarily proto�
nated, or where protons can be substituted by other
charge carrier. In this case, the state of these groups
can hardly have enough time to change during the
electrospay process.

The aim of this work was the development of a mul�
tidimensional version of the decomposition of charge
distributions of biomolecule ions obtained in electro�

spray ion source and the demonstration of some capa�
bilities of this model.

THEORETICAL BACKGROUND 
OF THE METHOD

In considering several types of charge carriers, the
retention of a certain charge carrier by one or another
ionogenic group or the absence of such carriers should
be considered as an event with the number of possible
outcomes greater than two. For the convenience of the
further analysis, let us consider that these outcomes
are estimated for initially neutral basic groups and ini�
tially negatively charged (detached proton) acidic
groups of a biomolecule. Thus, the set of observed
multiply charged ions for a given biomolecule can be
presented as a multidimensional distribution of the
intensities of their peaks by the number of charge car�
riers retained by the given ion. In this case, the charge
of such an ion will be equal to the sum of charges of the
retained carriers minus the total number of the acidic
ionogenic groups.

If we normalize such distribution for the unit sum
of intensities of corresponding ion peaks, we can con�
sider it as an estimation of a distribution of probabili�
ties for the retention of the specified numbers of
charge carriers of each type by the given biomolecule.
A possible form of the presentation of such distribu�
tion can be a polynomial, in which the symbols of the
corresponding charge carriers, for example, H, Na, K,
etc., are used as formal variables. In this case, for
example, notation p000 + p100H + p200H

2 + p210H
2Na +

p032Na3K2 means that the biomolecule does not retain
charge carriers with the probability p000, it retains one
proton with the probability p100, two protons with the
probability p200, two protons and one sodium ion with
the probability p210, and three sodium ions and two
potassium ions with the probability p032. Thus, index of
power at a formal variable indicates the number of
retained carriers of a corresponding type. The absence
of any combination of formal variables in such nota�
tion is equivalent to a zero coefficient at this combina�
tion and means that such ions do not present in the
mass spectrum.

Convenience of the proposed presentation of the
distributions under consideration is that, in the case
when the events of charge retention by individual ion�
ogenic sites are considered statistically independent,
the notation of the resulting multidimensional charge
state distribution for a biomolecule will be the product
of polynomial notations of such distributions of these
sites. For a single ionogenic site in the biomolecule, in
this case the three�dimensional charge distribution for
the studied charge carriers of its ions can be presented

as  +  +  +  Here  is the prob�

ability of the absence of charges in this site,  is the

probability of retaining proton,  is the probability
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of retaining a sodium ion, and  is the probability of
retaining a potassium ion. The sum of these probabil�
ities is equal to 1. In future let us refer to such distribu�
tion in the general case for each site as to the distribu�
tion of charge retention (DCR) by this site, and to a set
of many such distributions for all ionogenic sites of a
biomolecule as to the multiple distribution of charge
retention (mDCR). When the second ionogenic site is
present, its DCR can be similarly written in the case

under consideration:  +  +  +  A
three�dimensional charge state distribution at the
independent retention of no more than one of three
charge carriers by each of two sites can be written as
the product of their DCR notations considered as
polynomials of the formal variables H, Na, and K:

(1)

In this case, we take into account all versions of the
retention of charge carriers, multiplication of proba�
bilities at the independent execution of events, and
their addition when the events are incompatible. Such
calculations demonstrate that the proposed method of
getting notations of charge distributions will be also
valid for three sites and also for any number of sites
independently retaining charge carriers in a bioion. To
perform an inverse operation in certain approxima�
tion, i.e., to factorize the polynomial representing a
registered multidimensional charge distribution into
factors linear with respect to formal variables means to
decompose this distribution. As a result, we will obtain
estimates of the distributions of retention of charges
for all ionogenic sites of the biomolecule (mDCR).

A strong evidence for such a correlation between
the assumed distributions of charge retention for indi�
vidual sites (mDCR) and the observed multidimen�
sional charge state distribution for a biomolecule in a
general case for any number of sites and any number of
types of charge carriers can be obtained using the
mathematical induction method. This property of
multidimensional charge state distributions is the gen�
eralization of the formalism of generating functions
[13], which we used to decompose one�dimensional
charge distributions of polyprotonated biopolymer
ions [12]. A similar approach involving calculations of
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the product of polynomials of symbols of isotopic
atoms was used to calculate versions of isotopic com�
binations for calculating isotopic distributions of
peaks in mass spectra of complex molecules [14]. In
this case, no coefficients at symbols of atoms were used
initially.

Of course, the assumption of the complete inde�
pendence of events of the retention of charge carriers
by various sites of the biomolecule can be true only
with a certain degree of approximation. For one�
dimensional charge state distributions, this problem in
sufficient detail was discussed previously [12]. The
presented considerations and the results of analysis of
experimental mass spectra of multiply charged ions on
this basis demonstrate that the situation is not as bad as
it could seem first. Thus, for example, it appeared that
if such dependence could be reduced to pairwise inter�
actions of charge carriers on closely lying sites, the for�
malism of independent charge retentions works,
though the mutual influence of closely lying charged
sites should be taken into account in the interpretation
of the results of calculations.

Notation (1) can be considered as a generating
function (of three variables) for two ionogenic sites
capable of retaining proton or sodium or potassium
ions. For the general case of n types of charge carriers
corresponding to xi variables and N charge�retaining
sites in the biomolecule, the generating function in
notations slightly different from those used in (1) will
take the form:

(2)

Here the left side is an approximate expression for the
generating function via normalized to unit sum the
measured intensities of mass�spectral peaks 

corresponding to the retention k1 carriers of the first
type, k2 carriers of the second type, …, and kn carriers
of the type n by the ion. Expression on the right side is
the presentation of the generating function via the
product for composition of distributions of charge
retentions by all ionogenic sites of the biomolecule. We
took into account that the sum of probabilities of the
retention of all possible charge carriers by a certain site
and the probabilitiy of the absence of charge is equal to
unity. Therefore, the notation of this last probability

 is absent in the expression and the value
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 was used instead of it. The problem is to

estimate the values  in the multipliers on the right
side of expression (2) or, in other words, to factorize
approximately the polynomial on the left side expres�
sion (2) into linear terms. As the order of multipliers
on the right side of expression (2) is of no importance,
this indicates that the set of ionogenic sites of the bio�
molecule with their probabilities of retaining charge
carriers is an unordered set. Calculation of the product
on the right side of expression (2) gives the sum in the
middle part of Eq. (2) and transforms these into an

ordered  The values  in the multipliers of

the right side of Eq. (2) can be found, for example by
minimizing the sum of squared deviations of coeffi�

cients at  on the left and right sides of Eq. (2):

The condition that the first�order derivatives of jPs

with respect to the unknown quantities for a certain
site (numbered j) are equal to zero at the known values
of kPs for all other sites (k ≠ j) leads to a linear prob�
lem. The system of equations for determining the
probabilities jPs of retaining corresponding charge car�
riers by site j at the given such probabilities for the
other sites can be written as follows:

(3)
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where

Thus, the complete procedure of determining the
probabilities of retaining charges by all ionogenic sites
of the biomolecule will be iterative, starting from a cer�
tain initial set of values of these probabilities preset, for
example, using a random number generator. As the
target function, which is the sum of squared deviations
of the experimental and calculated charge state distri�
butions, at each iteration can only decrease and is lim�
ited from below (≥0), the iterative procedure con�
verges and its result will be determined by the initial
values of the target quantities. In the one�dimensional
case implemented earlier, the scattering of the
obtained estimates of probabilities of retaining proton
at a random selection of the initial values of the
descent could be quite significant (at a level of 0.1 and
greater), so that an acceptable accuracy of the results
could be obtained only using averaging. In this case,
the lack of ordering of ionogenic sites was overcome by
the transposition of the found probabilities of protona�
tion for each initial set of the required probabilities in
the descending order. For the multidimensional case,
such ordering is impossible. However, in this case the
importance of averaging the values obtained was not
obvious. For polyprotonated molecules, the number
of determined parameters actually coincides with the
number of measured peak intensities. For multidi�
mensional charge state distributions, the number of
measured components can be many times greater than
the number of target quantities. Thus, for example, for
eight sites and two types of charge carriers, the number
of determined parameters is 16, while the
number of measured quantities is almost 3 times
greater: (9 × 9 + 9)/2 – 1 = 44. The calculations are
illustrated in Fig. 1. For polyprotonation at the inde�
pendent retention of protons by ionogenic sites, the
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conditions of the central limit theorem can be fulfilled
[13]. Then, with an increase in the number of such
sites, the charge state distributions should be approxi�
mated by normal distributions with improving accu�
racy; the latters are determined by two parameters: the
mean value and standard deviation. Thus, with an
increase in the number of ionogenic sites, the accuracy
of estimating retention probabilities should get worse
for this reason as well. For multidimensional distribu�
tions, the situation also seems more favorable.

IMPLEMENTATION OF THE METHOD, 
DISCUSSION ON POSSIBLE VERSIONS 

AND LIMITATIONS

Tests of the presented scheme of the decomposition
of multidimensional charge state distributions dem�
onstrated the necessity of averaging the results
obtained, because in many cases significant scattering
of the obtained estimates of probabilities of charges
retention for different initial values of their search was
obtained; it was comparable with similar scatter for
one�dimensional case. At the same time, in estimating
such probabilities for a virtual bioion with completely
identical sites, simple averaging resulted in a very high
accuracy. However, we succeeded to obtain such
results only after the introduction of randomization of
the iteration process of the search for a minimum, in
contrast to the earlier used one�dimensional version of
the decomposition of charge state distributions. In this
version, the numbers of optimized sites at every itera�
tion step were set deterministically and the direct aver�
aging for identical sites even without ordering of the

results obtained led to noticeable errors of the result.
The random selection of optimized site numbers in the
new version of decomposition solved the problem both
for one�dimensional and multidimensional cases.

To average unordered sets of probabilities of charge
retention in a general case, one can use an analogue of
this procedure, accepted in statistics of nonnumeric
data [15]. The starting point is the property of regular
mean values, which involves the minimization of the
sum of squared distances from the averaged data yk to
the average value 

(4)

Thus, if the concept of the distance between the sets of
data is defined or, in other words, a data space metric
is introduced, one can try to find the point with the
least mean�square deviation from the set of the data
obtained and to accept this point as the mean value of
these data. The right side of expression (2) converts the
unordered set of distributions of charge retentions
(mDCR) jPs into an ordered sequence of values

 which naturally gives a possibility of making

the space (mDCR) a metric one with the squared dis�

tance between the distributions  and

 equal to the sum of squared devia�

tions  from 

(5)

If we obtain a particular set of L values

, we can calculate the average charge

state distribution corresponding to this set:

and among  find  which has the mini�

mum deviation from this average value:
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As was shown by tests on model data, the error of this
estimate is slightly lower or comparable to that with
the averaging of ordered data in one�dimensional case.
However, it demonstrates much greater errors for
completely identical sites compared to simple averag�
ing of the found mDCRs without preliminary ordering
of individual DCRs. In a general case, for the conve�
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Fig. 1. Illustration of the calculation of the number of
members of charge state distributions for eight ionogenic
sites in a virtual biomolecule retaining protons or sodium
ions. Black points correspond to the measured members of
charge state distribution.
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nience of the comparison of results, we ordered these
DCRs by the increase in the probability of the absence
of charge at a given site. As the benchmark for com�

parison we select mDCR  implementing the
minimum of Eq. (6). It might be expected that some of
these partially ordered mDCRs can be averaged

together with  and for averaging other ones, one
should transpose some of their sites. One can propose
the following criterion of the acceptability of mDCR

for averaging  along with  Using a random
number generator, we form a distorted mDCR

 where jδs are independent random
variables uniformly distributed over the selected range
of permissible errors [–δ, δ] and satisfying the condi�
tions

Using the left side of Eq. (2) for  let us calculate

 keeping in mind Eq. (5) as a

threshold of the acceptability of averaging  along

with 

(7)

Thus, the meaning of this criterion is in cutting off
those found mDCRs that unacceptably far deviate

from it in direct averaging with 

The criterion  introduced for one�dimensional
mDCRs sorted in ascending order of probabilities of
the absence of charge appeared to be quite efficient.
However, even in the presence of two possible charge
carriers, the necessity of the transposition of some sites

in the distribution  to comply with selection crite�
rion (7) arose quite often. As the exhaustive search of
all site transpositions (N!) is unreal even for not very
large number of sites N, we used a simplified approach
to select an acceptable transposition. First a pair of
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each other by the sum of squared deviations of the cor�
responding probabilities in DCR (j1, k1) to a lesser
degree; then the second pair differing from (j1, k1) with
the same property (j2, k2) was searched for, etc., until
the last pair (jn, kn) not found previously was left. Then
we transposes the sites in mDCR from place j1 to k1,
from place j2 to k2, …, and from jn to kn, and checked
the feasibility of criterion (7). If the result was success�
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of sites) into averaging to obtain  in the opposite

case, we proceeded to the next distribution.

This approach in tests on model data demonstrated
in an average higher accuracy compared to the mini�
mization method (6) described above. However, in
most cases we did not succeed to obtain comparable
accuracy in the direct averaging of distributions for
identical sites. More progress was achieved in the
organization of the second cycle of optimization,
when two randomly selected sites for the initial

mDCR, starting from  randomly approached

each other up to their coincident instead of randomly
specifying the initial descent point.

Then, the mDCR found as a result of iteration pro�
cedure (3) was tested for satisfaction of averaging cri�
terion (7) including, if necessary, the procedure of site
transposition described above. If criterion (7) is satis�
fied, the found mDCR is included into the procedure

of new averaging to obtain  and becomes the ini�

tial approximation for the continuation of optimiza�
tion. Otherwise, the initial distribution remained the
same. In order that the whole second optimization
procedure could converge in any case, the total num�
ber of attempts was limited by a certain predetermined
number. If the desired accuracy to which criterion (7)
must be met appeared to be too severe (δ is small) and,
therefore, the number of averaged distributions seems
to be insufficient, this accuracy is reduced (δ is
increased) and recalculations are performed until an
acceptable number of averaged distributions is
obtained.

In selecting distributions for averaging, a quite suf�
ficient amount of these distributions can be rejected
and not used in the construction of an averaged distri�
bution. Therefore, it seems reasonable to use all
mDCRs generated in the second optimization cycle to
find a distribution minimally deviated from the aver�
age charge state distribution obtained in the first opti�

mization cycle, similarly to Eq. (6), 

As in some cases the problem of the decomposition
of charge state distributions can be an ill�defined
problem or the available data may be insufficient for
obtaining a stable result, and one of possible
approaches for overcoming of such difficulties is the
maximum entropy method mentioned above, the
search for mDCRs from both optimization cycles with

the maximum entropy  was also included into

the general procedure of multidimensional decompo�
sition:

P
j av1

s ;

P
j min1

s

P
j av2

s

P
j min2

s .

P
j mEnt

s
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(8)

The selection of mDCR with the maximum entropy
actually means that the preferable mDCR is most
close to the equally probable one and consistent with
the experimental data.

Figure 2 presents a simplified block diagram of the
procedure for the decomposition of multidimensional
charge state distributions described above. In this dia�
gram the main procedures and sequence of their exe�
cution are schematically presented. Some auxiliary
functions are not shown. In particular, modules for
modeling of the initial data by the given set of proba�
bilities of charge retention by the specified set of vir�
tual ionogenic sites are not presented. Calculations of
error estimates for the obtained values of probabilities
of the retention of charge carriers are also omitted.
The designations of the estimated values were given

P
j

k s P
j

k sln–
j 0=

n

∑
s 1=

N

∑k
max

=  P
j mEnt

s P
j mEnt

sln–
j 0=

n

∑
s 1=

N

∑ S P
j mEnt

s( ).=

above, as well as the details of the calculation proce�
dures.

CONCLUSIONS

An expansion of the previously developed
approach to the decomposition of charge state distri�
butions of polyprotonated biomolecules to the case of
probable attachment of other possible charge carriers
to these biomolecules was made. The problem was
reduced to an iteration process with minimizing the
sum of squared deviations between the measured
intensities of mass�spectral peaks, corresponding to
the retention of all possible sets of charge carriers by a
given biomolecule and predicted by the model of inde�
pendent retentions of one of these carriers by each
ionogenic site of the molecule. To improve the accu�
racy of the result, four versions of averaging of the
obtained distributions of charge retention by each site
with varying the initial values for the search of mini�
mum were performed. The selection of these distribu�
tions maximizing their total entropy was also included.

Reading of an initial data file: N is the number
of cites, n is the number of types of charge

ε is the accuracy of minimization. The forma�
tion of a normalized set of intensities of mass�

, corresponding to the

acceptable accuracy of criterion (7). L2 is the

J = 0. The number of optimizations is Nopt = 1

carriers, L is the number of minimizations,

spectral peaks Jk1 … kn, ,

retention of ki carriers of ith�type, δ is the 

acceptable number of “empty” minimizations.

Random choice of the initial values iPs = iPs of

probabilities of charge retention, j = 0; J = J + 1

Nopt = 1

Nopt = 2

iP = iP; j = 0 ∀|iPs ⎯  iPs | < ε j < N

Random choice of sj. Calculation of the optimal

value iPsj
 at the fixed other values iPs; j = j + 1

yes

yes

no

nono

yes

J < L
Selection of iPs with the maximum entropy: 
For Nopt = 1, ordering of iPs by descending iP0; 

accumulation of iPs with calculating

deviation from 

in this case:

P
i mEnt

s

For Nopt = 2, the selection of iPs with a minimum
l

(2). 
pl k1 … kn, ,

the selection andpk1 … kn, ,
: P

i min2
s ;

averaging of iPs satisfying criterion (7) with possible
site transposition, J = J + 1 and 
P

i av2
s ; for each L2 of unsuccessful attempts L = L – 1

P
i init

s P
i

s=

J = 0
Specifying initial values iPs by the random choice
of two sites and random approach of theirP

i init
s

distributions to each other, j = 0. iPs = iPs

For Nopt = 1, averaging of the accumulated

Search in iPs with the mi�

For Nopt = 2; J = L recording in file 

reconstruction

l
pl k1 … kn, ,

: pk1 … kn, ,
.

nimum deviation from 
Selection and averaging of iPs satisfying

pk1 … kn, ,
: P

i min1
s .

l
criterion (7) with possible site transposition:

P
i av1

s , P
i min2

s , P
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s , P
i mEnt

s ,

P
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s , Nopt= 2; P
i init

s = I0 P
i

s; J = 0.
P
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s , 

and filing of the corresponding mass spectra

Fig. 2. Simplified block diagram of the procedure for the decomposition of multidimensional charge state distributions.
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For the efficient implementation of the method in
systems for the registration and analysis of mass spec�
trometric information, the development of a proce�
dure for the determination of the contributions of
peaks forming a multidimensional charge state distri�
bution to be decomposed into the recorded mass spec�
trum is necessary. For time�of�flight mass spectra in
this procedure one can use the approach described in
our work [16].
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