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This article presents a memory efficient algorithm for accurately calculating the isotopic fine
structures of molecules. Treating individual isotopic species of a molecule as different mass
states, we introduce the concept of transitions between mass states and represent all mass
states of the molecule in a hierarchical structure. We show that there exists a simple
relationship between two different mass states at two different levels of the hierarchical
structure. This allows us to efficiently and accurately compute both the mass and the
abundance of every mass state of a small to medium-sized molecule, whose gross structures
include small number of fine structures. A truncated calculation of this algorithm can be
applied to calculate a majority of isotopic species (99.99% of cumulative abundance) of a large
molecule. (J Am Soc Mass Spectrom 2008, 19, 1867–1874) © 2008 Published by Elsevier Inc.
on behalf of American Society for Mass Spectrometry

To successfully interpret experimental mass spec-
trometry data, it is necessary to calculate the
theoretical “continuous” isotopic envelope of a

molecule for comparison. One strategy of the theoretical
calculation is to first calculate the theoretical isotopic
distribution, i.e., a set of the discrete isotopic species
(each isotopic species has its own mass, abundance, and
composition), and the theoretical isotopic envelope can
be generated by convoluting the isotopic distributions
with a peak shape function (e.g., Gaussian or Cauchy-
Lorentz function) that accounts for instrument resolu-
tion. Another strategy is to inherently integrate the peak
shape function to the calculation and directly generate
the isotopic envelope. The former strategy is used in
polynomial-based methods and the latter is used in
Fourier transform-based methods (for more informa-
tion of these methods, vide infra). Earlier mass spec-
trometry instruments could only deal with small mol-
ecules due to the difficulty of ionization of large
molecules. It is easy to interpret the experimental spec-
tra of a small molecule because its isotopic distribution
is simple. The invention of electrospray ionization (ESI)
[1] and matrix-assisted laser desorption/ionization
(MALDI) [2] have made mass spectrometry of large
biological molecules (e.g., proteins) possible [3, 4].
However, isotopic distribution/envelope becomes

more complicated as the mass of the molecule increases.
In fact, the abundance of the monoisotopic species of a
large molecule (�100,000 Da) becomes vanishingly low,
and is generally not observed. Moreover, a single iso-
topic species does not dominate in the isotopic distri-
bution of such large molecules [5]. Furthermore, indi-
vidual low abundance isotopic species contribute
substantially to the isotopic distribution of large mole-
cules. For instance, the most abundant isotopic species
of bovine insulin is within the M � 2 nominal mass,
however, the experimental highest peak is the M � 3 at
low-resolution of m/�m50% 30,000 because there are
more isotopic species within M � 3 than within M � 2
[6]. With the improvement of instrument resolution, the
isotopic fine structures of large molecules can be ob-
served. Not only the mass and the abundance, but the
isotopic composition information is necessary to char-
acterize the experimental spectra, such as the isotopic
species assignment [7]. Moreover, it is theoretically
important to discuss the calculation of the mass, abun-
dance, and the isotopic composition of each isotopic
species of a molecule.
The calculation of the isotopic distribution/envelope

has been extensively studied since 1960. Starting from
probability theory-based methods [8, 9] and mechanical
methods [10, 11] for small molecules, it gradually
evolved to polynomial expansion methods [12–14],
which include a general fundamental principal for any
molecule: the entire isotopic species of a molecule can
be mathematically expressed in a concise and compact
polynomial form:
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where mij and pij are the mass and the abundance of the
jth isotope of the ith element, respectively; ni is the
number of all atoms of the ith element. Based on this
polynomial representation, many stepwise calculation
methods [15–20] have been proposed. All of these
polynomial-based methods could theoretically compute
the exact isotopic distribution of any molecule, i.e.,
“infinite” resolution, but fail for large molecules in
practice because the number of isotopic species of a
large molecule could be immense (due to combinatorial
explosion with the increase of molecule weight). For
example, polystyrene (C4H9(C8H8)10,000H) and bovine
insulin (C254H377N65O75S6) have 6401,280,055 and
1563,613,904,160 isotopic species, respectively, if we
only consider stable isotopes: 12C and 13C for carbon, 1H
and 2H for hydrogen, 14N and 15N for nitrogen, 16O, 17O
and 18O for oxygen, 32S, 33S, 34S and 36S for sulfur. To
calculate the exact mass and the exact abundance of
every isotopic species of a molecule, polynomial-based
methods need to keep all isotopic species of the mole-
cule in memory simultaneously. Hence these methods
require memory that is usually not available on modern
personal computers. For example, more than 4000 giga-
bytes of RAM are required to compute the isotopic
distribution of bovine insulin. To deal with the memory
problem, stepwise methods used the pruning technique
[15] each time an atom [20] or an element [15] or a
hypothetical atom cluster [19] is added to only keep
those isotopic species with abundances above a user
defined threshold. Therefore, a direct consequence of
pruning is that some species are missing. Moreover,
possibly the deletion of a low abundance isotopic
species at an early step could result in the deletion of
one or more high abundance (greater than the thresh-
old) isotopic species in subsequent steps. Although the
masses and the abundances of remaining isotopic spe-
cies are still exact, those missing isotopic species could
result in significant distortion of the isotopic envelope
especially for large molecules [21].
On the other hand, based on the convolution theo-

rem, Rockwood and colleagues developed Fourier
transform-based methods [21–24] to directly calculate
the theoretic isotopic envelope. These Fourier transform-
basedmethods are conceptually independent of polynomial-
based methods, although they can be connected with each
other [22]. One of the strengths of Fourier transform-
based methods is that they do not suffer from the
combinatorial explosion in the polynomial-based meth-
ods. Only a number of sampling data points (e.g., 2048)
is needed to calculate the whole isotopic envelope at the
resolution of �105. When zooming into a limited mass
range, using an array size of 2048 data points can
achieve a resolution of 290,000,000 [24]. Therefore, Fou-
rier transform-based methods are very efficient in mem-
ory. Moreover, the integrated abundance and the cen-

troids of the calculated peaks are very close to
theoretical value. In addition, by taking the advantage
of fast Fourier transform algorithm, Fourier transform-
based methods are computationally very fast. Because
of these advantages, Fourier transform-based methods
are superb at handling large molecules. For example,
when calculating a DNA oligomer of molecular mass
�123 kDa, the calculation completed in less than one
second at a resolution of�400,000 while an array size of
only 4096 double precision points was used [21]. Com-
pared to polynomial-based methods, the peak profile
resulting from Fourier transform-based methods can be
directly compared to the experimental isotopic enve-
lope without requiring the additional computational
time and effort of convoluting the peak width function
to each isotopic species. One major drawback of Fourier
transform-based methods is that they lose the isotopic
composition information of each isotopic species. There
is inherently a resolution parameter associated with the
peak profile, which can result in a degradation of
resolution of individual isotopic species. Rockwood et
al. investigated the isotopic composition within each
nominal mass peak [25]. The accurate mass and accu-
rate abundance of the nominal mass could be calculated
from the isotopic composition information. Still, the
isotopic composition information of individual isotopic
species is still missing.
There are another stepwisemethod [26] and an approx-

imate method [27] to calculate the nominal peaks. Con-
versely, these methods do not provide the isotopic fine
structure information of a molecule, and such information
is required to fit experimental data from Fourier transform
(see Figure 2) and sector instruments.
Inspired by the fine structure of atomic spectra and

the transitions between different energy states in atomic
physics, we developed a new method to accurately
calculate the isotopic species of a molecule in a memory
efficient way. We represent all isotopic species as dif-
ferent mass states, each of which is associated with a
“configuration number” — its isotopic composition.
The monoisotopic mass state is called the ground state,
and the others are all excited states. Herein all mass
states of a molecule can form a hierarchical structure
that serves as a base for our simple recursive algori-
thm to calculate the entire isotopic distribution of the
molecule.

Transition Theory and Algorithm

In atomic physics, a set of quantum numbers are associ-
ated with the energy states of the atom. The main electron
shells of atoms, which are symbolized by the principal
quantum number n, correspond to the gross structure of
line spectra; the fine structures are caused by spin-orbit
(which are symbolized by s and l, respectively) coupling
and describe the splitting of the spectral lines of atoms.
The monoisotopic peak of a molecule has a unique

elemental composition, i.e., all hydrogen are 1H, all
carbons are 12C, etc. At approximately integer multiples
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of �1 Da higher in nominal mass, there are more than
one isotopic composition which have the same nucleon
number but differ by a few mDa. For example, at the
nominal mass �2 Da higher than the monoisotopic
mass, the isotopic composition could be obtained by the
change from two 12C in monoisotopic composition to
two 13C, or two 14N to two 15N, or one 12C to 13C and
one 14N to one 15N, and so on. By analogy, we use the
nucleon number and the configuration number (isoto-
pic composition) to define the isotopic gross structure
and the isotopic fine structure of a molecule, respec-
tively. All isotopic species of the molecule are consid-
ered as different mass states. Suppose for each mass
state, its isotopic composition (which we call configu-
ration number) is

[n11, n12, · · · ; · · · ; ni1, ni2, · · · , nij, · · · ; · · · ]

where nij stands for the number of the jth isotope for the
ith element in the molecule. The isotopes (separated by
the commas) of each element (separated by the semico-
lons) are sorted by their nucleon numbers, it means that
ni1 is the lightest isotope of the ith element, ni2 is the
second lightest isotope, and so on. The corresponding
nucleon number, mass, and abundance of the mass state
are A, m, and p, respectively:

A�A11n11�A12n12� · · · �Ai1ni1�Ai2ni2� · · ·

�Aijnij � · · · (2)

m�n11m11�n12m12� · · · �ni1mi1�ni2mi2� · · ·

�nijmij � · · · (3)

p �� n1!

n11 ! n12 ! · · ·
p11

n11p12
n12 · · ·� · · ·

� ni!

ni1 ! · · · nij ! · · ·
pi1

ni1 · · · pij
nij · · ·� · · · (4)

where ni � �j nij, i.e., the number of atoms of the ith
element; Aij, mij, and pij are the nucleon number, the
mass, and the abundance of the ith isotope for the jth
element, respectively.
We term each possible nucleon number A as a gross

structure, which includes a set of fine structures, i.e., all
mass states of the same nucleon number but different
configuration numbers. Specifically, the mass state
which consists of the lightest isotopes for all elements,
i.e., [n1, 0, 0, . . . ; n2, 0, 0, . . . ; . . .] is referred to as the
ground state, and the others are all excited states. Each
molecule only has one ground state. Those mass states
whose nucleon number is exactly one more than
ground state are the first excited states, mass states of
exactly two more nucleon numbers than ground state
are the second excited states, and so on. Finally, there is
only one highest excited-state, in which all of atoms are
the heaviest isotopes for each element.
For example, carbon monoxide (CO) has four gross

structures, i.e., 28, 29, 30, and 31, if we only consider the

stable isotopes 12C, 13C, 16O, 17O, 18O, and ignore
unstable isotopes such as 14C. The configuration num-
ber of ground state (nucleon number 28) is 12C16O/[1,0;
1,0,0] (the digital numbers before the semicolon are the
numbers of 12C and 13C, and those after the semicolon
are the numbers of 16O, 17O and 18O, respectively. The
same symbols are used thereafter). There are two first-
excited mass states (nucleon number 29), 12C17O/[1,0;
0,1,0] and 13C16O/[0,1;1,0,0]; there are two second-
excited mass states (nucleon number 30), 12C18O/[1,0;
0,0,1] and 13C17O/[0,1;0,1,0]; for nucleon number 31,
there is only one mass state, 13C18O/[0,1;0,0,1].
We define the element’s “transition” as the conversion

between two different isotopes of that element. If the
element has k isotopes, the number of possible transitions
is k/(k � 1)/2. For example, carbon has only one transi-
tion: between 12C and 13C; oxygen has three transitions:
between 16O and 17O, 17O and 18O, 16O and 18O.
We impose a “selection rule” on the transitions

between the molecule’s isotopic species: each time the
transition is only allowed for just one atom of one
element. For example, the mass state 12C16O/[1,0;1,0,0]
can transmit to the following three mass states 12C17O/
[1,0;0,1,0], 13C16O/[0,1;1,0,0] and 12C18O/[1,0;0,0,1], but
not states 13C17O/[0,1;0,1,0] and 13C18O/[0,1;0,0,1], see
Figure 1.
If we arrange all of mass states by nucleon number,

they form a hierarchical structure (see Figure 1). The top
level (level 0) only contains the lightest isotope (ground
state) of that molecule; the bottom level only contains
the heaviest isotope (highest excited-state) of that mol-
ecule. The nucleon number difference between any two
adjacent levels is one. This hierarchical relationship, as
shown later, allows the mass and the abundances of
each mass state to be quickly computed in a memory
efficient way.
Two variables are necessary to characterize both the

isotopic gross structures and the isotopic fine struc-

Figure 1. The transitions and hierarchical relationship between
different mass states of carbon monoxide. The dashed lines stand for
the conversion between 12C and 13C; the solid lines between 16O and
17O, or between 17O and 18O; dotted lines between 16O and 18O. Out
of these transitions, only the conversion between 16O and 18O
changes (dotted lines) traverse two levels, others only traverse one
level.
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tures. An isotopic fine structure denotes one individual
mass state and is associated with its mass and abun-
dance. An isotopic gross structure denotes one level
and is associated with two statistics of the mass states
within that level: (a) the average mass of all mass states
weighted by their abundance and (b) the sum of the
abundance of all mass states.
The hierarchical structure and the selection rule

allow us to easily compute the mass and the abundance
of each mass state. Let us start from level 0, which only
includes the ground state for any molecule. The prob-
ability of the ground state can be simply written as

p11
n1p21

n2 · · · pi1
ni · · · � �

i
pi1

ni (5)

where pi1 is the abundance of the lightest (or first)
isotope of the ith element. In logarithm space, it
becomes:

n1 log10 p11� n2 log10 p21� · · · � ni log10 pi1� · · ·

��
i

ni log10 pi1 (6)

The mass of ground state can be simplified to:

n1m11� n2m21� · · · � nimi1� · · · ��
i

nimi1 (7)

Because of the selection rule, the composition of the two
mass states of occurring transition change very little, i.e.,
from �· · · ; · · · ,nij, · · · , nij’, · · · ; · · ·� to �· · · ; · · · , nij �
1, · · · , nij’ � 1,· · · ; · · · �. Starting from level 1, the follow-
ing recursive formulas are used to calculate the mass and
probability:

m([· · · ; · · · , nij � 1, · · · , nij’� 1, · · · ; · · · ])

� m([· · · ; · · · , nij, · · · , nij’, · · · ; · · · ])

� mij’� mij (8)

p([· · · ; · · · , nij � 1, · · · , nij’� 1, · · · ; · · · ])

� p([· · · ; · · · , nij, · · · , nij’, · · · ; · · · ])
nijpij’

nij’pij

(9)

In logarithm space, the probability formula becomes

log10 p([· · · ; · · · , nij � 1, · · · , nij’ � 1 , · · · ; · · ·])

� log10 p([· · · ; · · · , nij, · · · ; nij’ · · · ; · · ·])

� log10 nij � log10 pij’ � log10 nij’ � log10 pij (10)

These recursive formulas are similar to Yergey’s
method [15], where they are applied to a single element.
They allow us to avoid repeatedly calculating the
factorial (the factorial evaluations often cause overflow
for large whole numbers) and the exponential part in eq
4 for each state.
Discrete isotopic species could not compare with

experimental spectra directly. We generate the theoret-

ical isotopic envelope for comparison by convoluting a
peak shape function to the discrete isotopic species. The
most often used peak shape functions are the Gaussian
function and the Cauchy-Lorentz function. The contri-
bution of each isotopic species (it mass is mk and
abundance is pk) to the whole envelope can be calcu-
lated by:

f(m; �)� pkexp��
(m � mk)

2

2�2
� (11)

f(m; �)�
�2pk

�2� (m � mk)
2 (12)

Where � and � are the parameters of the Gaussian and
Cauchy-Lorentz functions, respectively, which are used
to control the width of the peak. Their full width at half
maximum are � (ln 256)1/2 and 2�, respectively. There-
fore, their resolutions defined by R � m/�m50% are
mk/(�(ln 256)1/2) and mk/2�, respectively. The final
form of the formula to calculate the theoretical isotopic
envelope is:

ftotal(m)� N�
k

pkexp��
(m � mk)

2R2 ln 256

2mk
2 � (13)

ftotal(m)� N�
k

pkmk
2

mk
2� 4R2(m � mk)

2 (14)

where N is the normalization to experimental spectra.
In practice, to generate a experiment-comparable enve-
lope, we take a number of equal-interval points within
a chosen mass range (e.g., the left bound is 1 Da less
than the mass of the lightest isotope species and the
right bound is 1 Da more than the mass of the highest
isotope species; the masses of these two species are easily
calculated), then use equations above to calculate the
corresponding abundance at each point. Note, here these
sampling data points have nothing to do with
the resolution. In the Fourier transform-based method,
the sampling data points are related to the resolution: the
more the sampling data points, the higher the resolution.

Results and Discussion

We applied our new algorithm to human neuropeptide
substance Pwith two additional protons (C63H100N18O13S)
and the theoretical calculated isotopic envelope at the
resolution of m/�m50% 800,000 agrees with the experi-
mental data well; see Figure 2. C63H100N18O13S has
51,582,720 individual isotopic species spread across 212
levels, and it only takes about 40 min for our algorithm to
generate the whole isotopic distribution on Intel Core2
Duo CPU@2.0GHz machine with 2 gigabytes of RAM. As
a comparison, the latest published isoDalton program [20]
ran out of memory on the same machine (isoDalton was
downloaded from MATLAB Central File Exchange that
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was submitted on 07/30/2007, http://www.mathworks.
com/matlabcentral/fileexchange/loadFile.do?objectId �
15,752).

For any transition in our algorithm, only the mass
difference between two different isotopes of the same
element is added to get the new mass, and the same is
applied to the logarithm of the abundance. We can
easily compute the abundance and the mass of the
ground state using eqs 6 and 7. The remaining mass
states can be iteratively computed from the ground state
using eqs 9 and 10. For example, the first excited states in
level one can be calculated based on the ground state; the
second excited states in level two can be calculated based
on the first excited states, and so on.
Moreover, compared with previous polynomial-

based methods, our method improves the memory
efficiency by dispersing the whole mass state set to
different levels when calculating the discrete isotopic
species. Most of the time we only need to keep two
adjacent levels in the memory during the whole calcu-
lation process (for those elements whose isotopes are
not continuous, for example, sulfur has 32S, 33S, 34S, and
36S, but no stable 35S, three levels have to be kept in the
memory to compensate the jump from 34S to 36S). As a
result, the number of mass states stored in the memory
is much smaller than the size of the whole mass state
set. Note that the number of states at each level starts
with one at the level including only ground state, it first
increases with the depth of the level, then decreases,
and eventually becomes one at the bottom level con-
taining only the highest excited-state. Therefore, the
isotopic distributions of large molecules can be accu-
rately computed on a typical personal computer. For
instance, molecule C100,000H200,000 (1,301,870 Da) has
10,000,200,001 different mass states, which are spread
across 200,001 levels. Previous polynomial-based meth-

Figure 3. The calculated isotopic distribution in the first 12 main
levels (including 13,382 mass states) for bovine insulin (totally
1563,613,904,160 mass states dispersed into 871 levels), these 12
main levels have already represented 99.99% abundance of the
whole isotopic species. The inset panel shows all of five states in
Level 1: the upper part is the absolute abundance for each state
and the lower part is the logarithm of the absolute abundance; the
isotopic change for each state relative to the ground state is also
shown.

Figure 2. The theoretical calculated isotopic envelope (dotted
line) generated from our algorithm (with Cauchy-Lorentz peak
function) and the Fourier transform-ion cyclotron resonance mass
spectrum (solid line) of human neuropeptide substance P with
two additional protons. Only M� 1, M� 2, M� 3, and M� 4 are
shown; M has no fine structure. The resolution for the theoretical
calculated envelope is m/�m50% 800,000.
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ods will run out of memory to calculate the whole
isotopic distribution. In our method, the maximum
number of the mass states in a level is only 100,001.
Hence, our method requires only several megabytes of
memory for this molecule.
Although our algorithm significantly saves memory,

it does not completely solve the memory problem
because the number of the mass states at a single level
could still be too large to be kept in the memory. For
example, the maximum number of the mass states in a
single level of bovine insulin is 4.1 � 109. A machine
with 2 gigabytes of RAM could not compute the whole
isotopic distribution. Hence we also offer a truncation
option to calculate the major mass states of molecules. It
is based on the observation that the first few levels in
the hierarchical structure include most high abundance
isotopic species of a molecule because the isotopic
abundances of main group elements are heavily biased
to the lightest isotopes, e.g., about 98.93% carbon atoms
are 12C. Therefore, there exists a level G so that the
abundance of any mass state beyond level G is very
close to zero, and at the same time the sum of the
abundances of the mass states beyond level G is also
close to zero. We can terminate the computation at this
level and truncate the other levels. For example, in the
hierarchical structure of bovine insulin there are in total
871 levels and 1563,613,904,160 mass states. However,
the mass states in the first 12 levels (including 13,382
mass states) have already represented 99.99% of the
cumulative probability distribution (see Figure 3). As
mentioned in the introduction, previous pruning tech-
niques discard the isotopic species with low abun-
dances at each level (sometimes even the isotopic spe-
cies with high abundances are discarded), which results
in distortion of the whole isotopic envelope. In our
algorithm, every isotopic species in each level before
truncation is retained; therefore we can avoid the dis-
tortion problem. This truncation reduces a significant
portion of the calculation time. For instance, it takes less
than one second to calculate the first 12 levels of bovine
insulin. The truncation level G can be determined by the
cumulative abundance from level zero to level G. Our
experience is that cumulative abundance 99.9% is enough
to generate a high quality isotopic envelope. In addition,
the truncated calculation also saves the storage space.
Although only the mass states in two or three levels are
needed to be kept in memory, all computed mass states
need to be output onto hard disk. The reasons for
output onto hard disk will be explained as below. The
more the mass states of a molecule, the larger the
storage space needed. For example, saving all mass
states of bovine insulin in binary format needs more
than 8 terabytes space (ASCII format need more), but
saving the mass states in first 12 levels only need �150
kilobytes space. Usually the number of the mass states
in the single level is small if the elements in the
molecule have one or two isotopes, such as carbon or
hydrogen or nitrogen. The truncation method can deal
with this kind of “simple” molecules to several hundreds

of kilodaltons. If the molecule consists of multiple-isotope
elements like oxygen and sulfur, the number of the mass
states in each level can rapidly increase with the molec-
ular weight. We calculated different proteins in the IPI
Human database [28] (ver. 3.31) and found, conserva-
tively speaking, that the truncation method can deal
with proteins up to 20 kDa on a personal computer.
The whole isotopic envelope could be generated

on-the-fly: each time we obtain a new isotopic species,
eq 11 or eq 12 is used to calculate the contribution of this
species. In practice, we use the following two-step
procedure to calculate the isotopic envelope. First we
output the isotopic species to a file on the disk, then sort
them by the mass (sometimes it is mandatory to save
the mass, abundance, and composition information of
individual isotopic species on the hard disk). For exam-
ple, such information is used in the assignment of fine
structure [7]. Sorting can be done quickly (usually less
than one second) because those isotopic species have
been semi-sorted by the level during the calculation. At
the second step, the envelope is generated on-the-fly by
loading the sorted isotopic species one by one, which
saves a lot of memory because only the sampling data
points are kept in the memory. This two-step procedure
improves the speed as well. It will take longer time to
compute all sampling points in the mass range when
using eq 11 or eq 12 to calculate the contribution of
single isotopic species. However, given that the peak
function has the limited width at a certain resolution,
only a portion of sampling points (e.g., the points
within	5� of central mass if we use Gaussian function)
need to be calculated. Moreover, 	5� boundary for
each isotopic species could be anchored efficiently
because all of isotopic species have already been sorted.
This is especially efficient for high-resolution cases
because the width of peak function is small. For in-
stance, it takes 68.17 s to calculate the isotopic envelope
of C10,000H10,000 at the resolution of 10

4, while 7.3 s at the
resolution of 107 for the same sample points (mass
range: [130078 Da, 130213 Da], interval 0.0001 Da).
We compared our method with two other programs.

One is the IsoPro [29], which implemented Yergey’s
algorithm [15], another is Mercury (kindly provided
by Professor Rockwood), which incorporated a high-
resolution profile-mode Fourier transform algorithm
[21] and an ultrahigh resolution Fourier transform
algorithm [24]. Although IsoPro does not provide exact
calculation time, in our experience it is fast to deal with
small and medium (
10,000 Da) peptides/proteins. For
example, both the calculation of peak list and the
generation of envelope of bovine insulin are done
within 1 s. We did not use IsoPro to calculate large
molecules because pruning used by polynomial-based
methods including IsoPro can result in severe distortion,
which has been discussed in [21]. The calculation time and
memory usage for calculating a medium molecule
C254H377N65O75S6 and a largemolecule C10,000H10,000 using
Mercury with default parameters and our truncated cal-
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culation, respectively, are listed in the Table 1. At the
resolution of �105, Mercury is too fast to record a
reliable length of time. However, at the resolution�107,
our method needs less time (Mercury code needs to be
modified to use a larger array to get higher resolution.
For example, the resolution is�60,000 when calculating
bovine insulin using the current array of 2048. The
resolution can be reached �108 if using an array of size
�16 M. This, however, will increase the calculation time
(personal communications with Professor Rockwood).
The calculation time in the second step of our algorithm
(calculating the envelope) will decrease dramatically
with the increase of resolution because high-resolution
requires fewer points around each isotopic species.
Mercury is more efficient in memory because it only
requires a number of sampling data points (2048 in
current version, i.e.,�5 kilobytes memory) is needed. In
the second envelope generation step of our method, it
can reach the same efficiency by using the same number
of sampling data points to Mercury, while in the
truncated calculation of isotopic species, usually �1
megabytes memory is used.
Our current implement can calculate the theoretical

isotopic distribution of protein molecules, which in-
clude the elements of C, H, O, N, and S. The program
was written in C�� and tested on Linux. It is freely
available under the GNU Lesser General Public License
(http://www.cs.brandeis.edu/�hong/software.htm).

Conclusions

We developed a memory efficient algorithm for accu-
rately calculating the entire isotopic fine structures of
large molecules, on which previous methods run out of
memory. The truncation option is offered to calculate
the major isotopic fine structures and reduce the calcu-
lation time.
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