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1. IIltroductiol~ 

Dirwl oplicd scanning gel cllroill;ltogr:rplly was 
introduced by Rrumbauyh and Ackcrs [ 11 in 1968. 
The gsncral theory and advances wilhin the field 
arc covcrcd in scvcral reviews by Ackcrs [2-41. A 
varioly of experimental protocols are used in dirccl 
opknl scilnning &cl exclusion dlromi~tography 
[l-4]. One technique often used is termed (hc 
large-zone method in which the SilIllplC volume is 
comparable 10 the column volume, so tllal a con- 
centration plateau is rcachcd. Scorns taken during 

the loading process are cnllcd kildiflg-L!dgC saws. 
Time-difference chromatography for the direct 

optical gel scanner was introduced by Rrumbaugh 

ct al. [S] 10 minimize experimental errors intro- 
duced during ibc time course of large-zone experi- 
ments. This mcthod has been used by Saffen and 

Chun [6] and Oeswein and Chun [7] 10 analyze the 
behavior of oxyhemoglobin A and the interacGon 

of human serum apolipoprotein B with sodium 
deoxycholate. Zimmerman [8] examined the tech- 
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niquc of time-difference ~ll~0lllill~~y~;lplly wing 

compulcr simulations and sugyzstcd some modil’i- 
cations in the method of analysis. 

In this paper We dcmonstr:~tc tllill b;?!h of lhc 
previously suggcslrtl mstlrods havr inherent errors 
[hilt Ciln hc manifcslcd under ccrlilill conditions. 
We also introduce a method that is extremely 
simple and based on the fundamental properties of 
gel chromatography. 

The rate of movement of the ccntroid of Iargc- 
zone profiles has been shown to IX a mcasurc: of 
the partition coefficient ilnd therefore a measure of 
the molecular size of the sample [l]. The de- 
termination of an cquivillcnt sharp hounditr~ 
(cenlroid) is limited by (he experimental noise in 
the hascline, in the plateau, in the concentration 
profile, and in the problems associittcd with the 
numerical integration of this type of data. 

A much simpler methcd of determining the rate 
of centroid movement. called the time-difference 
method. has been proposed by Brumbaugb et al. 
[5]. The procedure is to subtract successive large- 
zone profiles from each other, resulting in t1 - 1 
difference profiles. where )I is equal to the number 
of large-zone scans. Brumbaugh et al. [5] stated 
that this reduces the problem of calculating 



centroid movement to one of determining the rate 
of movrment of the praks obtained in time-dif- 
ference scans. This novel data analysis technique 
\vas used in a study of the dimer-tetramer equi- 
librium of oxyhemoglobin A [6]. A later paper 
using computer simulations [S] claimed that it is 
the crnter of mass of the time-difference profiles, 
and not the peaks. that are oi interest in determin- 
ing the rate of large zone profile movement. A 
rc’cc’nt paper by Oeswein and Chun [7] uses the 
time-difrercnce peak procedure tc study human 
strum apolipoprotein B. 

In this paper we present a new analytical proce- 
dure for large*-zone centroid rate determinations. 
This method_ which we call the ‘time-difference 
arca technique.‘ is based on fundamental parame- 
tcrs. Computer simulations have bren generated to 
highlight the difference of this method with the 
other two semi-empirical methods. 

In addition to the computer simulations we 
have analyzed experimental data collected on a 
semi-automated system. This system is controlled 
and processed by an inexpensive Hewlett-Packard 
SS desk-top computer [9]. 

2. iMaterials and methods 

Scphadex G-200. Blue dextran. DNP-phenyl- 
alaninr. myoglobin. ovalbumin. bovine serum al- 
bumin and alcohol dehydrogenase were purchased 
from Sigma Chemical Co. Other common labora- 
tc>ry chemicals were purchased from Fisher Scien- 
tific. The precision bore quartz columns used for 
scanning (inner diameter 0.935 cm. outer diameter 
1.1 cm. length 25.5 cm) were purchased from W.A. 
Sales. Chicago. IL. The pump used with the scanner 
system was an ISCO model 1612 peristaltic pump 
purchased from ISCO. The microcomputer was a 
Hewlett-Packard 85 with the 00085-15003 input/ 
output ROM option. The microcomputer was con- 
ncctrd via a Hewlett-Packard 82937A interface 
bus (HP-IB) to a Hewlett-Packard 3497A data 
acyuisition/control unit with the digital voltmeter 
and the 44428A 16 channel actuator output op- 
tions. 

The basic scanner system used for this work has 
bcrn described in detail elsewhere [1.9-111. In our 

instrument the column is mounted on a drive 
mechanism that moves the column through a dou- 
ble-grating monochrometer at a precise speed. The 
signal current from the phototube is converted to a 
voltage and read by the Hewlett-Packard 3497A 
data acquisition/control unit. For all experiments 
using this system the time increment between 
successive readings was set so that 500 data points 
were collected in the 2.15 min it takes to scan the 
17.6 cm of column used. The control unit is 
equipped with the actuator option which allows 
programmable control over switching operations. 
The data are collected in memory. then transferred 
to magnetic tape. A baseline scan can be stored in 
memory so that at any time between actual data 
collections one can view the most recent scan with 
baseline subtracted. 

The stored data can be analyzed on the HP-85 
using software we have writter_ m Hewlett-Packard 
Extended BASIC. Alternatively, the raw data can 
be transferred to the Clemson University IBM 
3081 computer. 

All of the techniques used. as well as the soft- 
ware developed for this system, are described in 
detail elsewhere [9]. 

3. Results 

A simplest-case approach was used to investi- 
gate some of the assumptions used in the analysis 
of time-difference profiles. A simulation was writ- 
ten in which leading-edge, large-zone profiles were 
represented as straight lines with decreasing slopes. 
This is shown in fig. 1. 

In this simulation, successive profiles were gen- 
erated that had their centroids separated by 10 
data poir.ts per profile. The concentration gradient 
for each profile was represented as a straight line 
to simplify calculations and to maximize analytical 
errors. The height of each concentration plateau 
was arbitrarily set at 1 absorbance unit. The point 
of intersection of the sloping line with the plateau 
for each scan was determined by subtracting the 
product of the spread factor and the profile num- 
ber from the centroid position. The baseline inter- 
cept was determined by adding the product of the 
spread factor and the profile number to the 



Fig. 1. Simplest-case kading-edge profiles. Profiles in A and C 
have centroids at 30,40. 50.60.70 and SO data points. Pnnei B 
shows the corraponding rime-difference profiles of panel A. 
Pnncl 3 shows the corresponding time-difference profiles of 
panel C. Parameters for these two cases are indicated in table I. 

centroid position. The straight fine connecting the 
two intersection points passes through the centroid 
and describes a simplistic front representing either 
a homogeneous solute, a heterogeneous one or a 
‘reaction profile’ having the assigned centroid. The 
slope of this straight line is -l/(2 X profile num- 
ber x the spread factor)_ The actual shape of the 
concentration profile will not affect the results if 
the basis of the analysis is theoretically correct. 
The time-difference profiles were created by sub- 
tracting successive simulated profiles. 

The tine-difference peak movement was cnlcu- 
lated from a linear regression of the position of the 
peak of each time-difference profile vs. the profile 
number (time) as described in ref. 5. The time-dif- 
ference center of mass movement was similarly 
calculated using the position of the center of mass 
of each time-difference profile vs. profile numbers 
as described in ref. 8. 

The time-difference area was calculated by first 
determining the area under the time-difference 
profile and then dividing this value by the plateau 
height of the large zone. This procedure is il- 
lustrated in fig. 2. By definition. lines AB and CD 

Fig. 2. Diagrammatic representation of the time-difference arr3 
procedure. Pane1 A depicts a single Ieading edge and the 
equivalent sharp boundary. AI3 (centrotd). Panel B shows :hc 
equivalent sharp boundaries of two successive profiles (CD and 
AB). The area of the rectangle ABCD (shaded) in pane? C is 
equivalent to the area experimentally obtained (panel D) when 
the first profile is subtracted from the second profile. Therr- 
fae. the cent&d movement AD is equal to the arca in panel D 
(also equal to AB X AD). divided by the pla~rnu vnlur. AB. 

describe the position of equivalent sharp 
boundaries at two successive times. The rate of 
movement of the centroid is then the distance AD 
divided by the difference in time. The are: of 
rectangle ABCD describes the mass transF;Jrted 
between successive scans. The area under tha curve 
in fig. 2D is equal to the shaded area in .lg. 2C 
and therefore also equal to the area of the -ectan- 
gle ABCD. Dividing the area under the ?xperi- 
mentally de:ermined curve in fig. 2D by the plateau 
height (line Al3 or CD in fig. 2B) gives the distance 
AD, or the movement of the centroid in the time 
span between the two scans. For a particular ex- 
periment this value is determined n - 1 times. 
where n is the number of concentration profiles 
collected. 

The three methods of calculating centroid 
movement from time-difference profiles were com- 
pared_ The rate determined by the movement of 
ihe time-difference peaks bears little relation to 
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A compxison of time-difference analyses using a simplest-case simulaiion 

Spread Peak movrmrnf rate Center of mass rate Reduced area rate Input centroid movement 
factor (data points/profile) (data points/profile) (data points/profile) (data points/profile) 

1” 10.00 10.01 10.00 10 
2 12.00 10.23 10.00 
5 15.00 11.34 10.00 
7 17.00 12.39 10.00 

10 h 20.00 14.35 10.00 

1 5.80 5.11 5.00 5 

2 7.00 5.45 5.00 
3 x00 5.91 5.00 
4 MO 6.49 5.00 
5 IO.00 7.17 5.00 

5 25.00 20.75 20.00 10 
10 30.0 22.67 20.00 
I5 35.00 25.37 20.00 

” Correponds 10 panels A and B of fig. 1. 
h Corrchponds to prrnels C and D of fig. 1. 

the true centroid movement. This is shown in table 
1 Lvhcre comparisons are made at different rates of 
movement. as well as with different spread factors. 

Fig. 3. Time-difference using Gaussian simulations. Profiles in 
.\ and C‘ hart ccnrroids at 30. 45. 60. 75. 90 and 105 data 
p<>inth. Tha p-ofi1e.s in panel A (corresponding to set A of table 
2) h;l\c ~~~~llcr rprcad faxor?; than thaw in panel C (corre- 
yxnding I<> XI D of Tahlc 2). The profiles on Ihe righI arc Ihc 
ct>rrc\p\mding cimr-difference profiles: (B corresponds to A. D 
c‘~rro~p0nd~ 10 C). 

The rates determined by the movement of the 
centers of mass of the time-difference profiles are 
cIoser to the correct values, but also increase with 
increased overlap between scans (increased spread 
factor). In all cases, even though the rate of move- 
ment calculated may be grossly incorrect_ the cor- 
relation coefficient of the linear least-squares fit is 
very high (0.999). In each case tested_ the area 
method gave the correct value. 

Similar results were obtained when simulations 
were made using the integrated form of the Gaus- 

Table 2 

A comparison of time-difference zmnlyses using a Gaussian 
simulation 

Raw of ccntroid movement = 15 points/profile. Relarive spread 
value: rrlaIivr IO SKI A. The spread values are proportional IO 
thr variance in the Gaussian equntion. For a fixed time this 
vulur is a function of the flow raIe and the dispersion coeffi- 
cient which itself is a function of several parameters t3.121. 
Profiles for sets A and D are given in fig. 3. 

Set Relative Peak movement Ccncer of mass Area (average) 
spread data (points/ (data points/ (data points/ 
vtllur orofile) orofile) protile) . 

A 1 15.20 15.01 15.00 
B 3 15.50 15.34 15.00 
C 6 16.50 16.28 15.00 
D 9 17.90 17.68 15.01 



Table 3 

Comparison of rates of movement using calculated equivalent boundaries and time-difference areas 

Leading edge equivalent 
sharp boundary 
(data Doints/minb 

Time-difference area 
(data poin:s/min) 

Stokes 
radius [13] 
rA1 

M, 

Blue drx:ran 

. . _ 
3.09 2.99 > 10h 

Alcohol c’zhydrogenase 2.23 2.24 41.7 141ocKl 

Bovine serum albumin 2.04 2.07 37.0 67000 

Ovalbumin 1.79 1.88 27.6 45 000 

Myogtobin 1.57 1.65 18.6 18600 

Phenylalanine 1.39 1.42 165 

sian equation to describe leading-edge profiles as 

done by Halvorson and Ackers [12] (fig. 3). The 

rates of movement of the time-difference peak 

positions, the rates of movement of the centers of 

mass. and the time-difference areas were again 

calculated and are shown in table 2. Again the 

method using time-difference area returns the in- 

put parameters while the other two methods fail. 
The time-difference area technique was also 

tested with experimental data. The absorbance at 

each point of a baseline-subtracted. leading-edge 

scan was first divided by the absorbance of the 

plateau at that point (obtained from saturation 

values). The resulting profiles were then subtracted 

one from another to yield the time-difference pro- 

files The area for each member of a particular set 
of time-difference profiles was determined by 

trapezoidal integration_ The individually de- 

termined areas for each profile set were then aver- 

aged. 

In these runs. equally spaced data points were 

collected over the 17.6 cm of the gel column 

scanned at a wavelength of 220 rum. The time 

between the initiation of scans in all cases was 10 

min. The void volume marker was Blue dextran 

and the internal volume marker was DNP-phenyl- 

alanine. The buffer used in all cases was 0.1 M 

potassium phosphate (p. 7.6). The results are 

shown in table 3 where they are compared with 

values obtained from equivalent sharp-boundary 

analyses of the leading edges [l]. The average 

difference in values (always using the lower value 

of the rate for the division) is 2.9%. In no case is 

there a difference greater than 5%. It can be seen 

that the time-difference method acd equivalent 

sharp-boundary measurements agree quite well 

4. Discussion 

The time-difference method for large-zone anal- 

ysis is useful since each scan becomes a baseline 

for the next scan, thus eliminating the major 

sources of noise that develop during the course of 

an experiment_ However. as seen in the simple 

cases presented. the more overlap between succes- 

sive profiles. the more the time-difference peak 

movement increases with respect to the equivalent 

sharp-boundary rate of movement. The same holds 

true for the movement of the center of mass of the 
difference curve_ Large molecules have greater dis- 

persion than small molecules [12], but also faster 

centroid movement. Faster centroid movement re- 

sults in less overlap of profiles and therefore the 

time-difference peak movement more closely re- 

sembles the movement of the centroid. The time- 

difference peaks reflect the amount of dispersion 

as well as the rate of centroid movement, disper- 

sion being more pronounced for smaller mole- 

cules. In the case where successive profiles are not 

completely separated, the result will be erro- 

neously high rates. 

The method of time-difference area has several 

distinct advantages. Values calculated are disper- 

sion independent and are determined by the rate 

of centroid movement only. Random noise can be 

reduced, since the areas obtained can be averaged, 

while examination of the individual areas can be 



used to detect any interaction of the sample with 

the gel matrix. This technique will also give 

xveight-average partition coefficients for multicom- 
portent or interacting systems which previous 

time-difference techniques cannot justify on a the- 

oretical basis. 
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