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SCANNING GEL CHROMATOGRAPHY : DETERMINATION OF TRANSPORT PARAMETERS FROM
DYNAMIC PROFILES MEASURED AT LOW SOLUTE CONCENTRATION™
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Direct optical scanning of solute boundaries in large zone gel chromatography experiments provides an accurate means
of determining boundary profile shapes and rates of motion. A method has been developed for correcting such boundaries
to a constant time frame, eliminating the distortion which arises from finite column scanning rate. Centroids of the cor-
rected profiles can be used to determine the partition cross section for the solute of interest. The partition cross section
and flow rate determine transiational motion within the column. The axial dispersion coefficient, L, which characterizes
rate of boundary spreading may also be calculated from the profiles. In order 10 explore these procedures a study of four
noninteracting solutes was conducted. Partition cross sections determined from rates of motion of boundary centroids
were found to be in good agreement with those determined by the equilibrium saturation method on the same column. in
order to explore the lowest concentratian limits of the technique and to illusirate the boundary characteristics for a self-
associating solute, a study of carboxyhemoglobin was conducted over a wide concentration range. From measurements at
220 nm the lowest concentration where useful data could be obtained was 2 micrograms per ml (0.12 M heme). These 1e-
sults establish validity of the procedures used in analyzing the rates of boundary transport and in studving solute transport

over a wide range of conditions.

1. Introduction

Direct optical scanning of solute profiles i gel
chromatography experiments provides a means to ac-
quire a large amount of experimental information
rapidly [1—4]. The feasibility of such measurements
was initially demonstrated by Brumbaugh and Ackers
[1] and the basic transport characteristics of solute
zones and boundaries were surveyed. Subsequent
studies [2—4] have been aimed at development of the
equilibrium saturation technique in which solute pro-
files within the column are time-independent. The
equilibrium technique affords the most accurate deter-
mination of solute partition cross sections and parti-
tion coefficients. It is from these experimental quanti-
ties that the molecular size and interaction parameters
are most readily derived [5]. However, in spite of the
high accuracy and theoratical simplicity inherent in

* Supported by Grant GM-14493 from the National Institutes
of Health.

* part of this work is taken from the Ph.D. dissertation of
Maryann M. fones, Aupgust 1975.

equilibrium experiments, valuable additional informa-
tion is contained in the time-dependent properties of
solute profiles in transport experiments. This is parti-
cularly true in the case of solutes undergoing chemical
reactions such as self-association {6—10]. The new
technique of active enzyme chromatography, described
in accompanying papers [11,12], also makes use of dy-
namic profiles. Consequently, we have undertaken a
series of studies on the analysis of dynamic profiles ex-
perimentally obtained in direct optical scanning of gel
chromatography experiments.

In this paper we describe the experimental deter-
mination and analysis of boundaries in “large zone™
transport experiments! with single-species solutes (as
a function of molecular size) and of simple self-asso-
ciating systems. We have developed methods for ac-
curate determination of profile centroids. Results will
be presented illustrating their use in determining solute

T kn this and the accompanying papeais {11,121 we have used
terminology and definitions developed previously and used
consistently throughout the series of studies. A recent review
containing detailed descriptions and definitions is ref. [5].
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partition cross sections. Use of these transport param-
eters in providing inferences regarding molecular prop-
erties are well-established [5] and will not be discussed
here. In an accompanying paper we describe the appli-
cation of these methods to active enzyme transport.
Detailed analyses of solute profile shapes for scif-us-
sociating solutes will be described in a fater paper.

The technique of scanning gel chromatography is
particularly well-suited for studies of protein solutes
at low concentration, since the measurements can
readily be made at 220 nm, where the extinction coef-
ficients are very high (e.g., by a factor of approximately
ten compared with values at 280 nm for many proteins)

[13]-

2. Experimental

2.1. Materials

All gel chromatography experiments were performed
on Sephadex G-200 obtained from Pharmacia. Marker
proteins were purchased commercially. Glycylglycine
and the holoenzyme of rabbit muscle glyceraldehyde-
3-phosphate dehydrogenase were obtained from Sigma.
Sperm whale myoglobin was from Mann. The void
volume marker blue dextran was obtained from Phar-
macia. Tobacco mosaic virus was a gift of Dr. Robert
Scheele, (Department of Biology, University of Con-
necticut). Hemoglobin was prepared from freshly
drawn blood by the method of Williams and Tsay [14].

2.2 Instrumentation

The scanning chromatograph used in these studies
has previously been described [1}. It was equipped
with a digital data acquisition system and an LKB
Varioperpex pump which maintained a constant flow
rate of approximately 3.0 ml per hour. The arrange-
ment of the scanning equipment and the data acquisition
tion system is shown in fig. 1.

2.3. Photometric performance

The necessity of determining solute absorbances
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with precision at 220 nm above a high baseline (due to
light scattering by the gel) pliaces very severe demands
upon the photometric accuracy of the scanning chro-
matograph. In order to minimize stray light from re-
mote wavelengths, an interference filter with a maxi-
mum transmittance at 220 nm was mourited just in
front of the photomuitiplier. Beer’s law tests at 220 nm
then showed strictly linear behavior to within measure-
able limits up to an optical density of 2.3. Minor cor-
rections could accurately be applied up to absorbances
of 3.2. Photometric precision was generally better than
+0.001 absorbance units at an optical density of 1.5,

2.4 Colunms

The quartz column (17 cm X0.945 ¢m) was packed
under gravity with Sephadex G-200, previously swollen
in 0.1 M potassium phosphate buffer, pH 7.6 Glass
wool served as the base on which the gel bed was packed
A porous polyethylene disc was used to stabilize the top
of the column.

2.5. Single solute profile determinations

Experiments of the large zone type [5} were carried
out with monodisperse solutes according to the follow
ing procedures. The gel column was equlibrated with
0.25 M potassium phosphate buffer, pH 7.6, with
10—*M EDTA and repeatedly scanned until a repro-
ducible baseline was obtained. The criterion for the
reproducibility of all saturation scans was established
to be that the mean difference in absorbance at each
point in the column between two consecutive scans
not exceed 0.0015. In practice the mean of differences
between any two scans used seldom exceeded 0.0010
absorbance units. Three scans which met such criteria
were averaged to yield a reference baseline or satura-
tion scan.

Protein solutions were made to approximately
0.1 mg/ml in 0.25 M phosphate buffer and filtered
twice through No. 2 filter paper. The inside of the-
column above the disc was rinsed several times with
the protein solution before the column was actually
filled and column loading begun. At the instant the
column saturation was started a timer was started to

FFig. 1. Scanning gel chromatograph used in determining solute profiles. (ay Schematic diagram, (b) photograph. Numbers correspond

to components shown in scheme (a).
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record the initial time (zy) and to follow the time
course of the saturation.

The column was repeatedly scanned to observe the
development of the leading boundaries of the satura-
tion species. As each scan was initiated, the time since
tg was noted. The absorbance at each point in the
column was monitored visually using a Sargent SRL
recorder which yielded a tracing of each scan. The
actual transmittance data were punched on paper tape
for subsequent numerical analysis.

When the absorbance at all points in the gel reached
a maximum, the column was scanned several times to
obtain a reproducible protein saturation profile. The
region of the column above the disc was then rinsed
with filtered phosphate buffer and re-equilibration of
the column with buffer was begun. Repeated scans
were made to observe the trailing boundary as the
sample moved out of the column.

Finally, after all sample had been eluted, a post-
experiment phosphate buffer baseline was obtained.
In most cases, this post baseline was used in conjunc-
tion with the saturated protein scan to determine the
species partition cross-section.

2.6. Associating solure profile determinations

Experiinents with carboxvhemoglobin were carried
out using procedures similar to those described above
for the noninteracting solute profile determinations.
These experiments were done with a series of samples
covering a range of hemoglobin concentration between
2 pug/ml and 400 ug/mi. At the highest concentration
(above 90 pg/ml) scans were performed at 240 nm. All
other measurements were made at 220 nm. -

3. Analysis of solute profiles
3.1. Data processing

Transmittance data recorded on punched paper tapes
were read into a Hewlett-Packard 2114A digital com-
puter equipped with high speed photoreader and punch.
Using an interactive program it was paossible to deter-
mine the reproducibility of buffer and reagent baseline
scans, as well as saturated protein scans, to average re-
producible scans, and to produce reference baseline
and protein scans in terms of absorbances; to punch
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Fig. 2. Diagram of trailling boundary in Iarge zore experiment.
X and X, are arbitrary reference positions within the buffer

baseline and solute plateau, respectively. X is the centroid
calculated according to eq. {(4a).

tapes of the partition cress section (%) at every
point in the gel bed; to determine the partition
coefficient (o) for partially included species; to
print out baseline-subtracted records of the abscr-
bance at every point in the column for each scan; and
to calculate the average baseline drift over regions of
the column into which the profile has not progressed.

3.2. Caiculation of centroids

The essential information to be obtained from each
profile is the centroid X. The rate of movcment of the
centroids is related to the partition cross section, £,
by the fundamental relationship:

dX/dr = F[zA, 1)

where £ is the volume flow rate and A is the column’s
cross-sectional area. The partition cross section repre-
sents the fraction of A which is accessible to solute. This
quantity £ is dependent on position X within the gel
bed. A typical boundary profile for the trailing boun-
dary in a Iarge zone experiment is diagramed in fig. 2
where X , X, represent arbitrary points of the baseline
and in the plateau, respectively. The slanted *‘plateau™
represents the variation of £ with position. The total
mass @ of solute contained between Xy and X, is re-
presented by the integral of the solute concentration
C (i.e., mass per unit volume of column bed) over the
differential volume elements 4 dx:

X2
0= [ c44x )
Xy
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The centroid position (X) is defined so that the total
amount of solute at the plateau concentration Cq be-
tween X5 and X would equal Q. @ therefore is the
product of the initial loading concentration of solute
Cy and the volume of gel available to the solute be-
tween X and X5:

X2

Q=C, [ Ex)A4dX. 3)
X

Both Cy and the partition cross section £ are obtained
from the averaged buffer baselines and averaged pro-
tein saturation scans for the single solute species {11.
When the column is completely saturated with solu-
tion containing the solute of inferest, the measured
absorbance Ay, at any point within the gel bed (i.e.,
after baseline subiraction) is related to the concentra-
tion C' (i.e., within the columm) by the Beer’s Law rela-
tionship: A, = eC'l where e and [ are the extinction
coefficient and pathlength respectively. Similasly, for
the solution above the gel bed 4, = eCgyl. The ratio
A /A, equals the partition cross section £(1).

The centroid X is calculated for each trailing pro-
file by determining (by numerical integration) values
of the integrals in the following relationship:

X> Xq

J #xyax=qlcy [ ¢'ax. (4a)
X X,

For a leading boundary similar considerations apply
and the formula corresponding to (4a) is:

¥ X,
J gdx=aicy) [ C'ax. (ab)
X, X,

Centroids calculated from a series of scans taken at
various times for a moving boundary can be used to
calculate apparent rates of motion and partition cross
sections according to eq. (1). However more accurate
values are obtained by first making the following cor-
rection.

3.3. Time frame profile correction

Profiles determined by direct scanning of gel col-
umns are dynamic profiles. The absorbance at each
point in the gel is determined at a different time from
every other point and the profiles continue to develop

even as they are scanned. The net result is that the cen-
troid determined for any given profile relates to no
fixed time frame. However, if the profile distortion
arising from finite rate of scanning is small, a good ap-
proximate correction can be made to the profile’s
shape and position within the column using the fol-
lowing procedure:

Since the rate of scanning and the rate of motion
of the profile, as defined by the rate of motion of the
centroid, are known, the position within the column
of each point on the profile may be corrected to a
fixed time (for example the time at which the scan was
begun) by the equation:

X'=XS(1 - V_/R), (35)

where the corrected distance coordinate X is related
to the initially determined value X, the distance 5 per
data point (0.458 mm in the present case), the scan
rate R (0.832 mm/s) and the rate of motion ¥V, of the
centroid (mm/s). An initial value of V_ is determined
from the rate of motion of centroids determined by
eq. (4a,b) for the experimentally measured series of
scans. The correction is then applied to each point
within the profile.

This correction procedure does not change the datz
point number of the profile centroid, but does alter
the value assigned to its distance within the columsm, as
well as the time required to reach that position. Con-
sequently, a new rate of motion V is determined, and
a further correction of centroid position made. A pro-
gram was written to make these corrections on the
solute profiles successively until no further change oc-
curred in the rate of motion of the ceniroid. The re-

sulting boundary profile then approximates that of an
instantaneous scan taken at 7.

4. Results

4.1. Noninteracting solutes

Boundary profile determinations were made for the
experiments with glycylglycine, sperm whale myoglo-
bin, rabbit muscle glyceraldehyde-3-phosphate dehydro-
genase and tobacco mosaic virus. Plots of baseline-sub-
tracted (but uncorrected) scans of leading and trailing
boundaries are shown in fig. 3. It can be seen that the
boundaries are well-defined with little scatter in the
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Fig. 3. Baseline-subtracted scans of noninteracting solutes on a Sephadex G-200 column. For leading boundaries the envelope of
points at the upper left denotes the protein solution absorbance above the column bed. The distance between each point number
corresponds to 0.458 millimeters. The optical scanning window is 1 mm in height. Scans were made at 220 ant, and are not cor-

rected to constant time frame.
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Table } Table 1 (continued)
Cosrection of centroid position to the time frame fg
Centroid Io (S) Corrected Rate of
Centroid rg (s) Carrected Rate of position centroid centroid
pasition centroid centroid X (mm) X' (mm) motion
X (mm) X’ (mm) motion (mm/s)
(mm/s)
Glyceraldehyde-PQg dehydrogenase — Leading boundaries
Glycyl~glycine — Leading boundaries 21.40 778 20.71 0.0266
20.52 1653 T 20.21 0.0122 32.71 1218 31.73 0.0250
28.82 2319 28.39 0.0124 44.04 1665 42.74 0.0246
35.42 2839 34.90 0.0123 55.17 2111 53.56 0.0242
43.16 3470 42.53 0.0121 66.28 2561 64.37 0.0240
50.07 4012 49.32 0.0125 77.70 3010 75.40 0.0246
58.16 4664 57.30 0.0122 Glyceraldehyde-PQO4 dehydrogenase — Trailing boundaries
65.28 5216 64.29 0.0126
72.84 5830 71.77 0.0122 926 325 8.96 0.0276
79.84 6404 78.69 0.0120 21.24 773 20.58 0.0259
. ) 42.74 1662 41.53 0.0234
Glycyt—glycine — Trailing boundaries 53.12 2109 51.68 0.0227
3.80 318 3.75 0.0118 63.54 2554 61.81 0.0227
i;gg 920 11.07 0.0121 73.96 3001 71.94 0.0227
23:32 1596 19.67 0.0127 Tobacco mosaic virus — Trailing boundaries
2264 27.90 0.0123
35.75 2871 35.93 0.0121 34.95 673 32.89 0.0489
i9.29 1974 48.57 0.0121 73.10 15358 69.47 0.0413
;g.{z]g 4581 55.26 0.0124 92.08 1999 87.55 0.0409
?1.26 5093 62.33 0.0121
78:73 5705 70.16 0.0128 ]
36 94 6295 77.55 0.0125 points to obscure their shape. In general, both leading
6936 85.60 0.0128 and trailing boundaries appear symmetrical. Increased
Myoglobin — Leading boundaries boundary spreading (axial dispersion) as the sample
20.34 1222 19.95 0.0163 moves down the column is evident, as is the pro-
27.78 i571 27.24 0.0162 nounced effect of molecular size on boundary spread-
2;:3; g;ég i’gg gg:gé ing. As expected [15] the larger non-excluded solutes
48.97 3032 48.07 0.0152 exhibit greater rates of axial dispersion. It should be
55.79 3494 54.81 0.0146 noted also that the plateau values are very smooth
63.22 3946 62.01 0.0159 with very small slopes, indicating nearly uniform col-
69.96 4393 68.70 0.0150 umn packing.
76.98 4840 75.56 0.015¢ Table 1 is a compilation of corrected centroids and
Myoglobin — Trailing boundaries their rates of motion. The corrected centroids are listed
14.08 790 13.78 0.0174 in terms of the number of millimeters they have moved
;}’-gg :23; %2-95 0.0160 into the gel bed. As one would have expected, the time-
2251 2139 33:;5 gzg:g? corrected centroid position corresponds to a shorter
41.29 2580 40.54 0.015L distance within the gel bed and the magnitude of the
48.13 3029 47.26 0.0150 correction is greater for the more rapidly moving solutes
55.16 3483 54.15 0.0152 In order to illustrate how this correction alters the
gg:g; iggg gg:gi g:gigtzj shape of an entire profile, the seventh scan of the lead-

ing boundary of myoglobin has been adjusted at every
point to the time the scan was initiated and is shown
in fig. 4 along with the uncorrected scan. The rate of
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Fig. 4. Correction of boundary profile to constant time frame,
eliminating the effect of finite column scanning rate. (o) Ex-
perimentally determined profile, (X) corrected profile.

motion of the corrected centroid of that scan was used
in computing the new position of each point. The pro-
file's shape for myoglobin (molecular radius 18.8 &)

is seen to be small. Indeed, the correction is not major
for a species like TMV, which is totally excluded from
the gel. Validity of the correction procedure depends
upon there being only a small distortion in the meas-
ured profile shape.

The ultimate value of being able to determine ac-
curately the centroid positions and rates of motion of
dynamic profiles is in relating these motions to molec-
ular size, i.e., through the molecular size-dependent
partition cross section £. The additional data necessary
for this calculation are the cross-sectional area of the
column and the solvent flow rate. For these single
solute experiments, a single column was used through-
out and the area was 0.715 cm?. The flow rate was
determined independently for each species, often in-
dependently for both leading and trailing boundaries.
The partition cross section calculated in this way for
the centroid position of each scan is compared with
the partition cross section determined by protein
saturation data in Table 2 for myoglobin.

It can be seen that the deviation of £€’s determined
from centroid movement relative to “true’’ saturation
£’s was small (less than 4% at all points considered).
These and similar results serve to establish that the
rates of centroid motion for profiles observed by the

Table 2
Determination of partition cross sections by twe methods with
myoglobin on a Sephadex G-200 column

Distance from Rate of Partition cross section &
top of gel centroid
bed X (mm) motion A. From B. From
(mm/s) centroid rate®  saturation
15.95 0.0163 0.735 0.787
27.24 0.0162 0.739 0.790
3398 0.0151 0.792 0.792
41.25 0.0156 0.770 0.791
48.07 0.0152 0.789 0.804
54.81 0.0146 0.823 0.799
62.01 0.0159 0.753 0.805
68.70 0.0150 0.801 0.804
75.56 0.0154 0.780 0.805

3} Calculated from leading boundary data.

direct optical scanning technique can be used to ob-
tain valid determinations of fundamental molecular

size-dependent transport parameters.
4.2. Estimation of axial dispersion coefficients

In addition to the partition cross section which de-
termines the average rate of translational motion of a
solute within the column, it is of interest to calculate
the axial dispersion coefficient L. This parameter also
depends upon moiecular size and determines the rate
of spreading of the solute boundary [15]. Since the
scans exhibited nearly flat plateaus, approximate
values of L could be calculated from the profiles ac-
cording to the formula {15}:

2
L1 { EAX — Fr _\* )
4824 |efc™l2C/Cy)

Typical results for this type of calculation are those
of myoglobin which yielded a value of (2.35 £ 0.7)
X 107* cm?2/s for L.

4.3. Carboxyhemoglobin

Trailing boundaries of human casboxyhemoglobin
solutions are shown in fig. 5 as a function of plateau
concentration. The objective of these studies was two-
fold; (1) to explore the lowest concentration limits of
the technique and (2) to illustrate the characteristic
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Fig. 5. Trailing boundaries of human carboxyhemoglobin on Sephadex G-200 column. Boundaries were scanned at 220 nm except
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boundary shapes and concentration-dependent centroid
rates for a self-associating solute.

The effect of protein concentration on resolution
of boundaries from scans taken at 220 nm is vividly
illustrated by the results shown in fig. 5. In the lowest
concentration ranges the r.m.s. noise is approximately
constant at £0.001 absorbance units. This imposes a
severe limitation on resolution of boundary shapes at
concentrations below about S ug/ml, although approxi-
mate boundary positions (centroids) are still obtainable
from the data at 2 pgg/ml. It should be noted that these
protein absorbances are measured above a baseline op-
tical density (due to light scattering by the gel) of
about 1.5. Results of the quality presented here can
only be achieved with an instrument of exceptionaily
high photometric accuracy in the low wavelength
ranges.

The hemoglobin trailing boundary profiles are asym-
metric, as expected for a self-associating solute (cf.
ref. [5]) and also exhibit concentration dependent
rates of centroid motion. The boundaries, although
skewed, are unimodel, as expected for a dimer—tet-
ramer association stoichiometry. The partition cross-
section for a self-associating solute is a weight average
of the species £’s [5] and its variation with total pro-
tein concentration generates a dissociation curve
shown in fig. 6. These weight average £’s were calcu-
lated according to eq- (1). The solid curve (fig- 6) is a
fitted cissociation curve corresponding to an equilib-
rium constant of 160.5 d2/g, end-points of 0.542
(tetramer) and 0.724 {(dimer), and a nonideality term
{g = —0.15). The data are insufficient to define the
above four parameters simultaneously with precision
.and are presented here only to illustrate the types of
variation observed. A subsequent paper will include
more extensive data of this type and will deal with
the problem of detailed analyses for stoichiometry
and equilibrium constants.

5. Discussion

This study has been aimed primarily at exploring
the feasibility and limits of accuracy whereby bound-
ary profiles may be determined using.the technique
of scanning gel chromatography. We have placed pri-
mary emphasis upon the goal of determining reliable
partition cross sections from rates of centroid motion

3

:
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Fig. 6. Concentration dependence of partition cross sections
for carboyxhemoglobin calculated from rates of centroid mo-
tion.

within the column. Although tnis basic phenomeno-
logical parameter can be determined most accurately
from equilibrium saturation experiments, its deter-
mination from dynamic considerations is of great in-
terest for applications to the technique of active en-
zyme gel chromatography, described in accompanying
papers [11,12].

The results of experiments presented here establish
that good agreement exists between partition cross
sections determined by dynamic and equilibrium ap-
proaches. Rate of motion studies with moleculas
species of widely differing molecular weight, e.g.,
glycyiglycine (132) and glyceraldehyde-3-phosphate
dehydrogenase (156 000) yielded partition cross sec-
tions which were found to agree closely with corre-
sponding cross sections obtained by the equilibrium
saturation method. The agreement was always within
4%. Since the calculation of centroid positions and
partition cross sections from their rate of motion is
based exclusively on conservation of mass considera-
tions, there is na reason in principle to expect any-
thing less than complete agreement between these £'s
and those calculated from the equilibrium saturation
method. We have observed that minor manipulations
of the reference baseline, i.e., on the order of 0.001
absorbance units (the scan reproducibility limits) can
cause substantial changes in the saturation £, while
barely altering the £ from the centroid rate of motion.
In the results presented here such manipulations have
been avoided. Nor was any smoothing of the data car-
ried out.
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It should be noted that obtaining an accurate value
for the absorbance of the solution above the disc is
also crucial to the accurate determination of centroids.
In most instances this solution absorbance was found
to differ slightly when new protein solution was added
to the column during the experiment. Although this
source of error may be minimized, it is difficult to
eliminate entirely.

It is interesting that in the present studies the col-
umns produced remarkably constant partition cross
sections throughout their entire length. In many cases,
the beads of gel pack more closely at the bottom, re-
ducing the void volume fraction by several percent
[1] and changing the transport behavior as protein
moves down the column. This effect is very minor in
the present study, making eq. (6) a good approxima-
tion for calculation of axial dispersion coefficients. In
other cases no such simple formula can be applied.

The carboxyhemoglobin results illustrate the appli-
cability of the technique to self-assaciating solutes
and also serve to define the lower limits of protein
concentration to which the methods can be applied.
This limit appears to be approximately 2 pg/ml (0.12
micromolar in heme). In a subsequent paper we will
describe studies of detailed boundary shapes for such
a self-associating solute system. The application of re-
sults obtained here to the study of active enzyme
transport is described in the accompanying paper {11].
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