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Abstract

A method for improving the resolution of the chromatographic analysis based on
deriving the point-spread function of a chromatographic column, i.e. a chromatogram
of an individual compound, is described. A system of two functions - a chromatogram
of the substance analyzed and a point-spread function of the chromatographic column
- in combination with noise statistics enables the application of a RECOVERY signal-
reconstruction software package in order to obtain a superresolution chromatography.
The superresolution means a better resolution than that determined by the width
of the point-spread function. The proposed method is tested with a size exclusive
chromatography of bovine serum albumin. The resolution obtained exceeds one of
high-performance liquid chromatography (with a lower cost of the instrument system
by a factor of 15-20).

1 Introduction

Chromatography is a physicochemical method for the investigation of substances. This
method is based on the separation of components moving through a chromatographic
column [1], which is a calibrated tube 10 cm (high performance liquid chromatography
(HPLC)) to 30 m (gas chromatography) long. Size exclusion chromatography or gel filtra-
tion clearly demonstrates the process of separation. The column bed is the gel formed by
twisted polymer molecules. The polymer (agarose, dextran, polyacrylamide, etc.) is formed
as ~ 100 pm granules. When a sample moves through the column, large molecules crossing
the space between the granules move together with the solvent flow. Smaller molecules
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penetrating into the granules are delayed and exit later. Thus, the sample is divided into
fractions, depending on the molecular weight. The retention time 7 of a substance (which is
equal to the time necessary for the molecule passage through the chromatographic column)
is connected with its molecular weight M by the formula

logM = a — bt (1)

(see [2]). The constants a and b > 0 are determined by calibration measurements of samples
with known molecular weights.

A chromatogram is often represented as the sum of peaks, many of which overlap,
making an accurate analysis difficult. To increase the resolving power of the method, both
the new sorbents, which perform a finer separation, are developed and calculation methods
are used. The calculation methods are based on the assumption that the peak shape of an
individual substance can be described analytically, for example, with the use of the Gauss
function [2]. However, this is not often true. For example, a gel bed has some adsorption
activity. Therefore, one kind of separation (for example, size exclusion chromatography)
is imposed on another kind of chromatography (adsorption chromatography), resulting in
distortion of the peak shape. In this case, because of irreversible adsorption, the properties
of the column can vary. This leads to the fact that the peak shape of an individual
compound becomes not only asymmetric but also time-dependent.

Therefore, the parametric technique used in many standard chromatography data pro-
cessing packages cannot give reliable results in spite of a variety of used basis functions.
The shape of the peak observed in experiments does not often belong to a vast set of
standard package functions.

We suppose that the problem of overlapping peak’s separation could be accurately
solved with the use of a nonparametric method. The peak’s shape in this method does not
described by number of parameters (position of peak maximum, peak width, e.t.c.) but
the peak’s shape is determined directly from measurements by using the chromatography
of an individual compound.

A chromatogram of a substance mixture is the superposition of individual peaks. Every
peak is an individual substance. If the shapes of these peaks are the same throughout the
entire working range of the device, then chromatogram is the convolution of a sought for
distribution with the peak of this shape. In this case (gel-filtration), the molecular-weight
distribution is studied. The peak’s shape is determined directly from the chromatography
of an individual compound. The peak’s shape can be called, by analogy with optics, the
point spread function of a chromatographic column.

The inverse problem of decomposing a complex spectrum into the same components is
achieved by solving an integral convolution equation. For this equation, the input data is
the chromatogram, and the convolution operator kernel is the point spread function of the
chromatograph column. Solutions to similar problems can be found in [3-6].

2 RECOVERY software package and superresolution

To solve this problem, we use a RECOVERY software package restoring signals from the
noisy data [5,6] that was developed specially to restore nonnegative functions. The desired
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spectra are always such functions, in this case representing the molecular weight distribu-
tion for the substance under study. In the general case, the spectrum is an intermolecular
interaction distribution of the studied compound, accounting for the separation.

The RECOVERY software package is based on the maximum likelihood principle (MLP),
since this principle provides the maximum possible restoring efficiency [7]. According to
the MLP it is necessary to determine the likelihood function:

L="7P,

where

P =P(F|fo)

is the conditional probability of observing a set of experimental data, coinciding with the
actually obtained set
F(z;), i=1,2,...,n,

on the condition that the desired solution is equal to the function fy;. We can consider many
unknown values of the function fy(¢;), j =1,2,...,m as a vector in m-dimensional space
of solutions. Each point in the space corresponds to one of possible solutions. Further, the
maximum of the likelihood function is derived in this m-dimensional space of solutions on
the condition that some necessary restrictions on the solution are met.

The likelihood function for experimental data with the Gaussian statistics reduces to
a negative value of a quadratic deviation between the experimental data {F} and their
approximation: {Fy}

1 .
L=—3IIF - Ryl

The work [6] gives iteration formulas for localization of the likelihood function maxi-
mum. These iteration formulas implement the nonlinear signal restoration method that,
unlike the linear methods, is capable of expanding the bandwidth of the restored signal in
comparison with that of the input signal. The nonlinear method is capable to determine
thinner details in the output signal, even invisible in the input data and, therefore, increase
the resolution.

The natural measure of the resolution of a chromatograph is equal to the width of its
point spread function A. The value of width is determined by the diffusion processes eroding
the peak. If we use the RECOVERY software package, it is possible to obtain a resolution
0, which is better than this width § < A and, in this way, obtain a superresolution

A
R=—>1.
S 5>

It was shown in [3,4] that the limiting value of the achievable superresolution is limited
by the input data noise and can be calculated with the formula

1
SR < SRunax = 5 10gy(1+ Eu/ Ey), (2)

where

t1
E, = / F2(t) dt,
to
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is the signal energy; F, = no? is the noise energy; F(t) is the value of the obtained
chromatogram at the time 7; ¢; and ¢, are the initial and final times in the chromatogram;
n is the number of data in the chromatogram; and o? is the noise variance at each point.
If we express the signal-to-noise ratio in (2) in decibels,

dB = 101g,,(E,/E,),

it is possible to write a very easy-to-use approximate expression for the limiting superres-
olution
SRiax ~ dB/10.

The signal-to-noise ratio for the data below on the chromatographic analysis of bovine
serum albumin (BSA) (Fig.1a) is 47 dB. This means that the quality of the data makes
it possible to obtain a five times higher resolution than the width of the point spread
function of the chromatography column. The proposed technique yielded good results in
spectroscopy [8-10] and nuclear physics [11]. In this work, we use it to solve chromato-
graphic problems.

3 Materials and methods

The experimental technique was as follows: a protein mixture of known composition (bovine
serum albumin (BSA) monomer, dimer, and trimer) was separated by gel filtration. How-
ever, the used separating gel, as it had been known earlier, could not in principle separate
the mixture. So, a chromatogram with heavily overlapping peaks was obtained. The data
was processed with the use of the RECOVERY software package, and the result was com-
pared with the finer separation data obtained with the use of the HPLC.

The bovine serum albumin (fraction No. 5, Sigma, USA) was dissolved in a phosphate
buffer (NaCl - 100 mM, NaH,PO, 40 mM, ethylenediaminetetraacetic acid 1 mM, pH =
6.8) and, after ultra- filtration (Millipore, 0.2 pm), was applied to a Fractogel TSK HW
55 gel (TOYO SODA, Japan). The separation was carried out at a solvent current rate of
1.5 ml/min, column (25 x 900 mm). The column eluent was monitored for absorbance
at a wavelength A\ = 280 nm (Uvicord S 2138, LKB, Sweden). The output signal from
the detector was inputted to a computer via a special interface [12]. The protein purity
was checked by electrophoresis [13] in a polyacrylamide gel in the presence of sodium
dodecylsulfate and mercaptoethanol (SDS-PAAG) both in denaturing (boiling during 5
min) and native conditions. The high performance liquid chromatography was performed
in an TSK G2000 SW Spherogel column, 10 pym, 7.5 x 600 mm (LKB, Sweden) at a
solvent current rate of 0.5 ml/min, Beckman-Altex 334 chromatography system (USA).
The columns were calibrated with the use of the Pharmacia Gel Filtration Standard. The
peak area was measured calculations with the use of the MicroCal Origin 4.1 software
package. The calculations were made on IBM-compatible personal computers with MS-
DOS and Windows NT operating systems.

Of the entire RECOVERY software package, in this work, we used Dconv_ and Dconv2_
programs designed to solve an integral convolution equation with a Gaussian noise distri-
bution with an increased amount of input data in the chromatogram: up to 4096 and
2048, respectively, for the above programs. Complete listings of a standard version of the
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RECOVERY software package written in Fortran-77 are given in [5] and in a computer pro-
gram library at http://cpc.cs.qub.ac.uk under the name ACLJ [6]. Additional data on this
software package can be obtained at http://kapitza.ras.ru/people/kosarev/recovery.html
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Figure 1: Determination of the point-spread function of a column with TSK gel: (a)
chromatogram of the BSA initial mixture (30 mg). The arrow indicates an unresolved
peak; dashed lines mark the time interval when the BSA monomer fraction was col-
lected; (b) chromatogram of the collected BSA fraction. Attention should be paid to
the absence of the unresolved peak and slight visible asymmetry.

4 BSA chromatography and point spread function determi-
nation

Figure la illustrates a BSA chromatogram. It can be seen that the substance consists of
at least two components (the second component is indicated by an arrow in the figure).
The resolution of the used gel bed is insufficient for the separation of these components.
This is no surprise, since the used column is designed for a wide molecular weight range
of 1-700 kD [14]. Therefore, it is incapable to separate a BSA monomer and dimer with
molecular weights of 67 and 134 kD, respectively.

Dashed lines indicate the time interval when a fraction containing the BSA monomer
was collected. The obtained fraction was repeatedly chromatographed on the same column.
The elution profile shown in Fig.1b shows the relative purity (absence of the BSA dimer
or trimer) of the obtained fraction. The obtained fraction was also studied with the use of
electrophoresis in SDS-PAAG. The results indicate that the studied fraction contains the
BSA monomer, ~15% low molecular weight impurities, and trace quantities of the BSA
dimer or trimer. The observed slight peak asymmetry can be caused by the impurities
of low molecular weight substances (products of the BSA proteolysis) and by the above
mentioned extraneous causes: an irreversible adsorption, hydrophobic interactions, etc.

This peak asymmetry does not prevent using the proposed method in order to reach a



superresolution at the chromatographic separation. The curve shown in Fig.l1b was used
in this work as a point spread function.
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Figure 2: The use of the RECOVERY software package for the initial data given in
Fig.1: (A) the BSA chromatogram obtained for a TSK-gel column; (B) point-spread
function (BSA monomer chromatogram); (C) recovering result of the chromatographic
separation data with the use of the Dconv2_ program from the RECOVERY software
package.
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Figure 3: High-performance liquid chromatogram of the BSA compound; the column
is TSK G2000 SW Spherogel, 10 pm, 7.5 x 600 mm (LKB); the solvent current rate is
0.5 ml/min.

Figure 2 illustrates the BSA chromatogram (curve A) and BSA monomer fraction used
as a point spread function (curve B). The narrow peaks are the result of recovering the
chromatographic separation data by using the Dconv2_ program. Along the X-axis, we
did not plot the substance retention time, as was done in Fig.1, but the molecular weights
calculated by formula (1). The recovery results in a set of three peaks, which correspond
to the BSA monomer, dimer, and trimer.

Figure 3 illustrates the HPLC separation of the same BSA sample. It is common knowl-
edge that this method allows high performance separation due to using the finely dispersed
gel beds. We used a HPLC column with 10 um granules.
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This small granule size allows one to increase significantly the separation efficiency.
However, this significantly increases the operating pressure required for pumping a solvent
through the column, and, hence, special pumps, high quality compounds, and special
materials should be used. All these factors appreciably increase the cost of the analysis.
The HPLC separation of a mixture is much more effective than TSK gel chromatography.
It can be seen from the figure that the compound contains four components, namely, a
low molecular weight impurity (of a 2 kD molecular weight), monomer, and dimer with
an unresolved BSA trimer. The results given in this figure coincide with the data in
the literature [15], which indicate that the BSA fraction No.5 used in our work contains
monomer, dimer and trimer molecules; some quantity of low molecular weight impurities;
and trace quantities of a BSA tetramer.

A peak with a small molecular weight, which can be observed in Fig.3 and is absent
in Fig.2, lies off the molecular weight range of the column used. At the same time, the
molecular weight range (67-201 kD), which is not completely separated by the HPLC, is
excellently separated by our method. If we evaluate the superresolution obtained with the
use of the RECOVERY software package by the data given in Fig.2 as the ratio of a width
of the point spread function to a distance between the BSA dimer and trimer, we obtain
a value of 1.1. This already justifies the use of the term superresolution in the title of our
work. As mentioned above, the quality of the data allows one to improve this value as
much as five times. Below, the molecular weights of compounds (kD) obtained with the
use of the standard TSK size exclusion chromatography, HPLC, and the method described
in this work are given in comparison with data from the Sigma-Aldrich catalogue [16].
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Figure 4: Calibration straight line for determining the constants ¢ and b from formula
(1) obtained in the separation of standard proteins: (1) cytochrome C (12.5 kD),
(2) ovalbumin (45 kD), and (3) BSA (67 kD). The decimal logarithm of the protein
molecular weight in [D] is plotted along the Y-axis. The approximating straight line
y(z) = —0.03852 +9.47 is plotted by the least squares technique with the use of points
Nos.1, 2, and 3. Points Nos.4 and 5 represent BSA dimer (127 kD) and trimer (200 kD).



Table 1. Molecular weights of BSA components (kD), determined by various methods

Peak number | O | 2 3
Table value 67 + 1 134 +14 | 201 £1.7
TSK-gel - 67 - -
HPLC 2 68 135 190
RECOVERY | - | 664 + 053|127 £ 1.62 | 200 + 5.78

The line denoted RECOVERY contains data averaged over five independent measure-
ments with a probable error of +10. Peaks are numbered in increased order of the molecular
weights of the compounds. The peak No.O corresponds to a low molecular weight impurity
and peaks Nos.1, 2, and 3 correspond to the BSA monomer, dimer, and trimer. Figure 4
illustrates a calibration curve for determining the constants @ and b from formula (1). The
proposed method demonstrates a good agreement with the published data with respect to
the determined molecular weights, namely, better than 5%, and demonstrates an important
improvement in the resolution in comparison with the HPLC. Note that it proved possible
to reach a 6% error with the use of standard methods only through the simultaneous use
of three detectors, namely, light scattering, viscosimetric, and refractive ones [17], while
this work uses only one detector.

Table 2. The percentage of the components of a separated mixture

Peak number 0 | 2 3
TSK-gel - 100 - -
HPLC 17.3 | 66.7 13.7 2.3
RECOVERY - 83+ 6147 +6|23+1

The reasons behind the remaining slight discrepancy between the determined molecular
weights can be divided into two groups: the first one is related to the determination of the
molecular weights by using the calibration curve, and the second, to the use of the nonpara-
metric method. Let us consider these reasons one after the other. The albumin monomer
molecule has a shape close to an ellipsoid of revolution with the 140 x 40 A principal and
transverse axes. At the same time, a dimer is an aggregate of two such molecules with a
50% overlap [18]. The hydrodynamic properties of the dimer and, naturally, its capability
to penetrate into the separating gel significantly differ from the monomer properties. That
is, possibly, the reasons why a dimer molecule gives a decreased molecular weight value.

The second reason is the special features of the method used. As indicated above, we use
the nonparametric method without fixing in advance the shape of the point spread function
of the chromatographic column. The point spread function is determined experimentally,
not assuming in advance the shape of the molecular weight spectrum of the substance
analyzed as a set of discrete lines. We have to pay for these less stringent requirements
by decreasing the accuracy of the spectrum restoration in comparison to the parametric
method. The least possible error in determining the parameters at the MLP application is
derived from the Cramer-Rao inequality [7], and this error varies as a power dependence of
an input data error. At the same time, the limiting possible resolution of the nonparametric
method depends logarithmically on the input data error [3, 4]. This resolution is generally
worse than that obtained with the parametric method.



The optimal way is, at first, to measure the sufficiently reliable data on the shape of the
point spread function and recovered spectra using the nonparametric method, and then
the parametric method should be applied. An example of a successful use of this approach
can be found in [11].

These data demonstrate good agreement of the component percentage determined by
the well-known and new methods. It should be noted that, although the peak of a low
molecular weight impurity is not visible in experiments with the TSK gel column, its pres-
ence is reflected in the percentage of the main peak No.1. At the same time, a contribution
of the low molecular weight impurity into the total balance (peak No.l) coincides, with
good accuracy, with the sum of the peaks Nos.0 and 1 determined with the HPLC technique.

Thus, we have shown that the proposed method fundamentally improves the quality of
the chromatographic separation. Quantitatively measure of overlapping peaks is achieved.
Note that these new possibilities are achieved through reasonable processing of the mea-
sured data with no complication in the instrumentation.

The use of the RECOVERY software package for the gel filtration data significantly
increased the resolution of this method and exceeded the quality of the separation obtained
with the HPLC technique. Note that the cost of the used instrument complex for gel
filtration ($1000. - US dollars) is roughly 15-20 times lower than that for the HPLC setup
($20, 000. - US dollars).
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