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Abstract

An examination of the derivation of the equation relating electrophoretic mobility (x,,) to charge and the hydrodynamic
radius (r) shows that the 1/r dependence arises from an approximation. A more generalised approach yields a 177
dependence and includes the known 1/V/I dependence as well. Nine totally ionised sulphonamides have been used to test

the proposed relationship between ., and r, and at each of four buffer concentrations utilised the correlations favour 1/ r.
For large molecules, x, , has frequently been demonstrated to be proportional to 1/M f”, which can be equivalent to 1/ r.
However, it has been suggested that there may be a transition from 1/r dependence for small molecules to a 1/r°
dependence for large molecules. Hence we have used literature data for a series of twenty-two peptides varying in size
between 3 and 39 amino acids long to test that theory and the generality of the 1/ r* dependence. The calculations indicate a

consistent dependence upon 1/r.
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1. Introduction

The electrophoretic mobility () of an analyte is
frequently described by the fundamental relationship
of Eq. (1):

”’ep - 61777’. ( )

where Z is the effective charge on the ion, 7 is the
viscosity and r is the hydrodynamic radius. Eq. (1) is
intuitively satisfactory as increased charge causes
greater mobility and the bigger the ion or the more

*Corresponding author.

viscous the medium through which it moves, the
larger the viscous drag and the less mobile the ion.

Various tests have confirmed the dependence upon
Z shown in Eq. (1). For example, a good correlation
(R=0.985) was found between the observed mo-
bilities of eighteen sulphonamides (SFAs) and the
so-called ‘‘charge-to-mass” ratios calculated from
pK, data and known molecular masses (M, values)
[1]. As the SFAs are relatively homogeneous in
composition and shape, the volumes of the molecules
will be closely related to their M, values. However,
the use of “‘charge-to-mass” ratios and M, is a crude
test of Eq. (1), at best. Firstly, there is the presump-
tion of direct proportionality between size and
molecular mass. In the case of an examination of a
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series of similarly sized and shaped dihydrofolate
reductase inhibitors (DHFRIs), it became immedi-
ately obvious that the behaviour of one of the eight
DHFRIs was strongly discordant with the correlation
observed between electrophoretic mobilities and the
‘““charge-to-mass’’ ratios for the other seven. The
high atomic mass of a bromine atom in the one
compound was the cause [2].

The second problem with the use of “‘charge-to-
mass” or ‘‘charge-to-volume” ratios is that in Eq.
(1) u,, is inversely proportional to r, not molecular
volume (V) or M,. In fact there are three presump-
tions even in the use of “‘equivalent” functions of M,
and V. in the place of r. (i) If the atomic mass
distribution in a series of molecules is the same, then
the average mass per atom is the same and M. is
proportional to the number of atoms. (ii) If these
atoms are also arranged in the same relativity (basic
shape and conformation), the molecular densities will
be the same and V, will become proportional to M..
(iii) Therefore, if we assume that a molecule may be
represented by a sphere of “‘equivalent volume”, V,
(=4/37r’ )M and roeM, !> Indeed Weinberger [3]
has suggested that g, is better related to M, ' than
other functions of M,, for small molecules. We have
used molecular modelling to determine optimum
configurations of eight DHFRIs, and from these the
surface areas of the hydrated molecules and thus r
values for equivalent spheres. The correlation was
again good (R=0.980), but in that case between g,
and Z/r [2]. At first sight, these two correlations may
appear to be in conflict. But in the case of the SFAs,
in effect there was only a correlation between g,
and Z since the charges varied from 0.0001 to 1
while the M, was generally 265*+10. For the
DHFRIs, the situation was similar. Interestingly,
whilst the ultimate separation of identically charged
ions was certainly due to subtle differences in size
[4], the correlation between ., and Z/r was little
affected by this factor. In effect then, both of these
studies [1,2] have supported u,,xZ, but have not
tested g, >1/r.

For large molecules several studies have correlated
M, With ZIM?” [5-10}. The correlations are good,
and in the case of estimates of Z based upon
substrate-specific pK, data — rather than the use of
isolated amino acid pK, data in peptides (where
charge suppression is known to occur) — the correla-
tion was extremely tight [10]. Again, u,,xZ is

clearly supported. Given the composition and size of
(larger) peptides and proteins, the proportionality
between molecular mass and molecular volume may
be valid. Hence the cube roots of M, values provide
relative radii of equivalent spheres and the squares of
these provide relative surface areas. Thus Mep 18
shown to be dependent upon the surface area and not
the radius to the power of one.

Compton [11] has suggested that there is a transi-
tion between electrophoretic behaviour of small
molecules (#e,*1/r) and large molecules (u,,1/
r?). Assuming Eq (1) as the starting point, after the
introduction of the Henry correction: u,, =kl1-Z/(k2-

1/3_’ k3 M2/3 1/2)

Calculations then indicated the predominance of
the k2-M :/3 term for small molecules at low ionic
strength (I) but of the k’j'Mf/‘%-I”2 terrn for large
molecules at high ionic strength (k1, k2 and k3 are
constants defined in Ref. [11]). Weinberger [3] has
also indicated that the empirical model produced by
Grossman et al. [12] fits between these two extremes
of behaviour. As these authors examined u, for
peptides containing between 3 and 39 amino acids
with formal charges ranging from 1.3 to 14.3, these
analytes certainly provide a good test of any pro-
posed dependencies of w,, upon Z and (M, or r).
However, no such tests appear to have been done.
Furthermore, in our examinations of correlations
between u, and molecular variables for small
molecules, we have observed stronger correlations
between w,, and Z/r" where x is 2 or 3, rather than
I.

An additional factor concerns the effect of buffer
concentration; ionic strength. Weime [13,14] has
suggested that w,, should be proportional to 1/ VI
and Issaq et al. [15] have provided experimental
verification. This is consistent with our own observa-
tions at low values of ionic strength [4,16].

The above factors lead to the question of the
validity of the basic form of Eq. (1). In this paper we
present an examination of the theory relating to the
derivation of Eq. (1) and experimental data to test
the outcomes. We also re-examine the data of
Grossman et al. [12].

2. Theory

The dependence of the electrophoretic mobility
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(H.p) upon the zeta-potential was derived by Huckel
by correcting the Stokes’ Eq. for the electrophoretic
retardation of the immediate ionic atmosphere.
Henry [17] has verified this relationship, and in
rationalised SI units [18] it is (Eq. (2)):

2¢,(
Fep =3 2)

where &, is the relative permittivity of the solution, 7
is the viscosity of the buffer and { is the zeta-
potential; the potential drop from the solid-liquid
interface to the slipping plane.

The zeta-potential [18-21] is related to the thick-
ness of the double layer, 8, as shown by Eq. (3):

o0,

[== (3)

T

provided the surface potential is small [21]. g is the
total excess charge per unit surface area. For most
analytes the charge per unit surface area is proble-
matic, and for the SFAs used in this study as test
analytes at pH 7, the negative charge on the deproto-
nated N will not be highly delocalised. However,
taking the simplest approximation of Z/4mr® and
combining it with Egs. (2) and (3) yields Eq. (4):

78
677":7r2

Hep 4

It is at this point that the final form of the
dependence of u,, upon r is determined. If the
thickness of the electrical double layer (8) is set
equal to the hydrodynamic radius of the ion (r), Eq.
(4) becomes Eq. (1). And setting 6=r 1is not
unreasonable. Provided that the sphere of hydration
is chosen to be sufficiently large, the radius of the
hydrated ion will extend out to the slipping plane and
all of the mobile mass of analyte plus solvent will be
incorporated. As long as 7 is adjusted in accordance
with solution conditions, Eq. (1) becomes a good
approximation.

An alternative is to approach the question of &
from the point of view of surface and colloid
chemistry. The analogy should not be pushed too far
since the surface of a solid or colloidal particle is
macroscopic and is surrounded by an extended
double layer of ions. We are considering single ions
and their local environments. However, the concept
of a double layer extending out from the surface of

the ion into a diffuse region of influence is useful. As
for the solid or colloidal particles, this leads to a
consideration of the quantitative effect of ionic
strength upon i,

The so-called inverse Debye—Huckel length, k',
is commonly equated with & in colloid chemistry
[17-22]. It is a pseudo constant muitiplier derived
from the Debye—Huckel theory, it has the dimen-
sions of length and is dependent upon 1/VI, as
required. The definition of « [17-23] is given by Eq.
(5):

AN 2
€ zln,»zi
i

e kT )

2 _
K =

where e is the protonic charge, n; is the number of
ions i per cm’, z; is the valence of ions i, k is the
Boltzmann constant and 7 the absolute temperature.
At 30°C this gives 6=[0.330-108 V117 em [24].
Substituting into Eq. (4) and re-arranging yields Eq.
(6):

z 1
Heo = Gmr® 3.30- 107VI

©®

Eq. (6) has been written as two parts to demon-
strate the modification of Eq. (1) that occurs when &
is set equal to k.

3. Experimental

3.1. Instrumental

A Model 270A CE System by Applied Biosystems
(Foster City, CA, USA) was used for all capillary
zone electrophoresis (CZE) experiments. The ana-
lytes were detected by UV-Vis absorbance at 254
nm and the detector time constant was set at 0.3 s in
all experiments.

The determinations were performed on a 67.3
cmX50 pm LD.X220 pm O.D. fused-silica capil-
lary (Applied Biosystems) with the detection window
located 49.0 c¢m from the injection end. Vacuum
injection took place at the anode (+) and all
experiments were performed at 30°C and 18 kV.
Electropherograms were recorded on a DeskJet Plus
recorder and data were collected and integrated with
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a Model 270 CE system interfaced to an Apple
Macintosh computer.

3.2. Chemicals and materials

The sulphonamides used in the study were ob-
tained from Sigma (St. Louis, MO, USA). The nine
compounds and their pK, values were, respectively,
sulphaquinoxaline (SQ) 5.5, sulphachloropyridazine
(SCP) 5.5, sulphabenzamide (SBE) 4.6, sulpha-
methoxazole (SMOQOZ) 5.6, sulphisoxazole (SIOX)
5.1, sulphamethizole (SMI) 5.4, sulphacetamide
(SAC) 5.4, phthalyl sulphacetamide (PSAC) ~2.89
and 5.4, and sulphanilic acid (SA) 3.2.

Standard stock solutions of each compound were
prepared by precisely dissolving 0.1 g in 100 ml of
HPLC-grade methanol (BDH). Each compound was
diluted with Milli-Q water to give a final con-
centration of 25 ng/pl. Sample solutions were
filtered (0.45 pm) before injection. The sodium
phosphate buffers were 65, 101, 174 and 210 mM
with respect to phosphate and were prepared from
Na,HPO, and NaH,PO, by calculation of the exact
amounts required according to the Henderson-Has-
selbach equation. Precise masses per unit volume
were then dissolved in water to just short of the
required total volume. These solutions were then
magnetically stirred and the stable pH recorded
relative to a freshly prepared pH 7 commercial
standard. Where the pH was slightly outside of the
range of 7.00%0.05, a small number of drops of 20%
H,PO, or 0.1 M NaOH were added with thorough
stirring to obtain the desired pH of 7.0. Chemicals
were of analytical-reagent grade and Milli-Q water
was used to prepare all solutions.

3.3. Methods

Capillary preparation at the start of each day of
experimentation involved initial purging with 0.1 M
NaOH for 3 min, followed by Milli-Q water purging
for 3 min and then the running buffer for 3 min.
Between runs, the capillary was purged with 0.1 M
NaOH for 3 min followed by running buffer for 3
min. Vacuum injections of 7 s duration were used. At
the nominal 4 nl/s [25], 28 nl would have been
injected. However, the more viscous buffers used
would lead to greatly reduced injection volumes.

Furthermore, as the sample was dissolved in water,
sample stacking compensated for this larger than
usual volume. Electroosmotic mobilities were de-
termined by the appearance of the baseline dis-
turbance due to the methanol solvent.

4. Results and discussion

The first feature of Eq. (6) is that Mg, 1/ V/I. This
is a dependence that has been discussed by others
[26,13—-15] and has been clearly demonstrated ex-
perimentally by Issaq et al. [15]. However, as these
authors point out, there is far from universal agree-
ment. From our own data on the DHFRIs [4] and
SFAs [16], this dependence appears to be correct at
low to moderate buffer concentrations. Under these
conditions, Joule heating, changes to ionisation of
the analytes due to salt effects and the synergism
between these two effects will be minimal [16]. We
have not attempted to test this dependence any
further and as we are concerned with CE analyses in
high buffer concentrations, the data presented in this
paper cannot be simply analysed to discern the
component that is due to increases in ionic strength
from that due to Joule heating [16].

The second feature of Eq. (6) is that Moo 1 /77,
This is in conflict with the generally accepted
dependence of Eq. (1), but is in accordance with the
findings for larger molecules where Mo, =1 /M f 7 5=
10].

4.1. Testing Eqs. (1) and (6)

Table 1 shows the raw and calculated data used to
investigate the applicability of Egs. (1) and (6) with
respect to the dependence of M, upon 7. This was
done via the correlation between the measured Hep
(in 174 mM buffer, column 8), and Z/r (column 5)
and Z/r® (column 6). Z/r’ is also included (column
7).

The charges were calculated from the pK, data
given in Section 3.2 and are shown in column 3. For
each charged site on each SFA, one water of
solvation has been allocated. These are shown in
column 2. As in the previous study [2], we applied
the Sybyl 6.01 molecular modelling software to built
up minimum energy configurations of the nine SFAs
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Table 1

Charge, radius, calculated relative mobilities and measured electrophoretic mobilities in 174 mM sodium phosphate buffer at pH 7

Migration SFA-nH,O Charge (Z) Radius (r, ;X) Relative rnobilities Electrophoretic
order mobilities
Zir zirt zir' (cm*-107°/Vs)
1 SQ-H,0 -0.969 3.817 —0.2539 —0.0665 —-0.0174 -22.600
2 SCP-H,0 —0.969 3.659 —0.2648 —0.0724 —0.0198 —23.252
3 SBE-H,0 —-0.996 3.728 —-0.2672 -0.0717 —-0.0192 —23.705
4 SMOZ-H,0 -0.962 3.607 —0.2667 -0.0739 -0.0205 —24.155
5 SIOX-H,0 —0.988 3.817 —0.2588 —-0.0722 —0.0178 —24.587
6 SMI-H,O -0.976 3.676 —0.2655 —0.0678 -0.0196 —24.934
7 SAC-H,0 —-0.976 3435 —0.2841 —0.0827 -0.0241 —-27.122
8 PSAC-2H,0 —1.976 4.061 —0.4866 —0.1198 —0.0295 —34.587
9 SA-H,0 -1 3.195 -0.313 —0.0980 -0.0307 —36.009

with a water of hydration added to each of the
ionised sites. Based on these structures, the averaged
radius of an equivalent sphere was calculated from
the volume of the SFAs. These are given in the
fourth column of Table 1.

The plot of u., versus Z/r is shown in Fig. 1. The

2/

Electrophoretic mobilities of SFA (em® 1107V -5)

-

Fig. 1. Electrophoretic mobilities of the nine SFAs (cm?-107°/V
s) in a 174 mM sodium phosphate buffer plotted versus Z/r. The
solid line is the linear regression calculated from the experimental
results and the dashed line is an alternative interpretation of the
data (see Section 4.1).

solid line was obtained from linear regression, has
the equation g,,/107°=0.567+92.17 Z/r and has a
correlation coefficient of R=0.753. Fig. 2 shows the
plot of u,., versus Z/r*. Its regression data is Mep!
107°=—0.658+322.6 Z/r" and with R=0.908. It is
clear from Figs. 1 and 2 and the correlation co-
efficients that the plot versus Z/r” is a better fit to
the data. Table 2 gives the equivalent correlation

F28

Electrophoretic mobilities of SFA (cm? - 10%/V -5)

PSAC |

*SA 5

Fig. 2. Electrophoretic mobilities of the nine SFAs (cm®-107°/V
$) in 174 mM sodium phosphate buffer plotted versus Z/r*. The
solid line is the linear regression calculated from the experimental
results.
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Table 2
Correlation coefficients for plots of the measured electrophoretic
mobilities versus the calculated relative values Z/r, Z/r* and Z/r°

Buffer concentration (mM) Zlr z/? zi?
65 0.786 0.928 0.968
101 0.769 0918 0.968
174 0.753 0.908 0.967
210 0.648 0.842 0.947

coefficients for the other three buffer concentrations
and it is evident that the Z/r’ plots are universally a
significantly better fit. Indeed, the Z/r and Z/r’ plots
for the other three buffer concentrations are quali-
tatively identical to those in Figs. 1 and 2.

In the central region of the plots where the
majority of the data lie, the seven similarly charged
(Z=1) and similarly shaped SFAs (see general
structure, Fig. 3) are tightly bunched as expected.
(With the exception of SAC, where Ar is an acetyl
group, Ar represents an aromatic structure that is
generally a mono-substituted heterocycle. The exact
structures are given in Ref. [1]). The other two
analytes are significantly different in size and struc-
ture, as is shown in Fig. 3. Although frequently
grouped with other SFAs, SA is not an amide but a

Structures of Analytes at pH 7

1. Geaeral Structure

(o]

H@!—@—!—N\

! @

O
2. Sulphanilic acid (SA)

(o]

3. Phthalyl sulphacetamide (PSAC)

@&w@!—r«

Fig. 3. Structures of analytes at pH 7.

3

sulphonic acid, it lacks a second aromatic group, is
by far the smallest analyte and has a mobility
apparently in excess of the predicted value. By
contrast, PSAC is a diamide with a very different
structure, is by far the largest analyte and is far less
mobile than expected relative to the other SFAs.
Internal hydrogen bonding is apparent, but it is
difficult to see how this would decrease its mobility.
The p,, of these two analytes (SA, PSAC) are
widely divergent from the line of best fit in the case
of Fig. 1 and are clearly the reason for the poorer
correlation. An alternative interpretation of the data
in Fig. 1 is given by the dashed line through the
seven SFAs other than PSAC. It is a tight fit through
the data points, passes comfortably through the
origin and indicates a higher order dependence upon
r. To test the validity of this interpretation (dashed
line), Z/r* is plotted versus Z/r in Fig. 4. The
distribution of the measured wu., (Fig. 1) and the
calculated Z/r’ (Fig. 4) points versus Z/r are

r
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Fig. 4. Z/r* plotted versus Z/r for the nine SFAs. The data are
taken from Table 1.
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strikingly similar and the hand-drawn line of best fit
to the Z/r” data in Fig. 4 is much like the dashed line
in Flg 1. This strongly suggests that u ., is related to
Z/r* rather than Z/r. This comparison also indicates
that PSAC is the aberrant analyte and that the line of
best fit in Fig. 1 (solid line) is just an average
between the dashed line representing the true be-
haviour and that of PSAC. (The final possible
representation of the electrophoretic behaviour of the
cight analytes in Fig. 1 (other than PSAC) is a
straight line with a physically untenable intercept).

For the four buffer concentrations examined, all
plots of ., versus Z/r are clearly discriminatory on
the basis of size and parabolic dependencies (like the
dashed line shown in Fig. 1) are indicative of a
higher order dependence upon r. The Z/ r* plots (Fig.
2, for example) appear linear, have a near zero
intercept and are far less size discriminatory.

From the u,, versus Z/ r* plot in 174 mM buffer
(Fig. 5) it is clear that all size discrimination has

zy

Electrophoretic mobilities of SFA (cm’” -10°/V -s)

Fig. 5. Electrophoretic mobilities of the nine SFAs em*-107%/V
s) in 174 mM sodium phosphate buffer plotted versus ZIr'. The
solid line is the linear regression calculated from the experimental
results and the dashed line is an alternative interpretation of the
data.

disappeared and that this is the tightest fit to the x«,,
data. Table 2 confirms this to be equally true at the
other three buffer concentrations. The correlation
coefficients are significantly higher again, than in the
case of Z/r*. However, in 174 mM buffer (again),
the equation to the line of best fit (solid line) is
Mep/107° = —4.736+992.0 Z/r and from Fig. 5 the
magnitude of the intercept is substantial. We would
suggest that this is because the true electrophoretic
behaviour is best represented by the dashed line, thus
indicating a too strong dependence upon r. (Support
for this suggestion will be evident in Section 4.2).

4.2. Testing the data of Grossman et al.

The data of Grossman et al. [12] provides an
outstanding basis for testing electrophoretic behav-
jour. The twenty-two peptides range in size from
3-39 amino acid residues (n), in charge (Z) from
[.33 to 14.28 and have Z/n varying from 0.165 to
0.759. For practical purposes, the authors themselves
chose to determine the empirical relationship that
best described the variation between u,,, Z and n.
The result was g, =5.23-10"" 1n(z+1)/n°“3 This
expression is a very good fit to the data, so the
predictive objective of the research was presumably
achieved. However, theoretically it is not very
helpful. As mentioned above, Weinberger [3] has
suggested that this data may well fit the Compton
model [11] in which there is a gradual transition
from 1/M " to 1/M, /3 dependence as M, increases.
In Figs. 6—8 the measured M, [12] are plotted versus
Zin'"?, Z/n*" and Z/n, respectively.

From Fig. 6 (the u,, versus Z/n'"" plot), it is
immediately obvious that there is a huge scatter of
the data and that Z/n'’? badly represents the depen-
dence of the data overall. Linear regression yields a
correlation coefficient of 0.62. Furthermore, under
the (approximate, solid) line of best fit shown, there
is a group of outliers. These are designated by the Bl
symbols in Fig. 6. They are the largest analytes
(n=24) and they form an envelope (dashed line)
below and to the right of the rest of the data. In
particular, the data for these larger peptides (H)
indicate a parabolic or higher order dependence upon
1/n'"?, perhaps indicating a 1/n >3 dependence as
has generally been observed for large molecules

1/3
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Fig. 6. Electrophoretic mobilities of the twenty-two peptides
plotted versus the formal charge (Z, at pH 2.50) over the cube root
of the number (n) of amino acid residues. Data taken from Ref.
[12]. Legend: (M) largest peptides, (-—) smallest peptides, (#)
mid-size peptides. Approximate lines of best fit are drawn to the
overall data (solid), the largest peptides (dashed) and the smallest
peptides (dotted).

[5-10]. This could also be consistent with Comptons
proposal [11] of a gradual transition in electro-
phoretic dependencies between 1/n'"* for small
molecules and 1/n°"" for large molecules. The
smallest molecules (n=7) are designated by the —
symbols in Fig. 6 and form an envelope (dotted line)
above and to the left of the rest of the data. This
limited set of data appear to form a concave shape,
but this shape does not greatly alter from Figs. 6-8
in response to 1/n*"* increasing from x=1-3. Closer
inspection of the plots for this sub-set of the smallest
peptides indicates that the relativities change and
hence this group should not be taken as a homoge-
neous set and its behaviour thus overinterpreted.
However, the u,, versus Z/n'" plot is clearly and
strongly discriminatory with respect to size.

Fig. 7 is the p,, versus Z/n*"? plot. The overall
spread of data is considerably reduced (R=0.90)
compared to Fig. 6 and each of the individual sets of

45

.

Electrophoretic mobilities of SFA (cm® - 104V -s)

Fig. 7. Electrophoretic mobilities of the twenty-two peptides
plotted versus the formal charge (Z, at pH 2.50) over the cube root
of the number (#) of amino acid residues, squared. Data taken
from Ref. [12]. Legend as for Fig. 6. An approximate line of best
fit has been drawn to the data overall.

peptides [small (—), large (H) and intermediate (4)]
have approximately linear plots. However, this plot
is again discriminatory with respect to size.

In Fig. 8 (u,, versus Z/n"), each of the sets of
data points is clearly curved down, indicating that
x=3 is too large for u ., versus Z/n*" plots.

One further feature of Figs. 6—8 is worthy of note.
As x increases from 1-2-3, the data for the large
peptides move up to the mean while the plots for the
small peptides move down and through the mean.
The implication is that somewhere between x =2 and
x=3 there is a value which would best represent the
data overall. Grossman et al. [12] determined their
empirical relationship between u.,, Z and n by
grouping the peptides at fixed charge and determin-
ing the dependence upon n. With this fixed, the
dependence upon Z was found. Alternatively, setting
Mo, =A+B-Z -n~ %, rearrangement, followed by tak-
ing logarithms, setting A=0, further rearrangement
and linear regression would provide a preliminary
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Electrophoretic mobilities of SFA (cm® - 10°/V -3)

28
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z
n

Fig. 8. Electrophoretic mobilities of the twenty-two peptides
plotted versus the formal charge (Z, at pH 2.50) over the number
(n) of amino acid residues. Data taken from Ref. [12]. Legend as
for Fig. 6. Approximate lines of best fit are drawn to the data for
the largest peptides (M) and the smallest peptides (—).

estimate of X. Iterations between the given equation
and a logarithmic form with rearrangement would
then solve the equation. However, an exact value of
X between 2/3 and 1 would not be physically
meaningful, and, the nature of the data in its present
form does not warrant more precise analysis.

Since the data of Grossman et al. [12] is based
upon n, the number of amino acid residues linearly
linked in the peptides, there will be a significant
approximation involved in assuming a direct pro-
portionality between n and M, and thus the molecu-
lar volumes of the peptides. Firstly there are the very
large percentage differences between the M, values
and sizes of individual amino acids which could lead
to significant scatter in any plotted function of n.
Secondly there is the presumption of “‘linearity™. If
the peptides all remain extended, one dimension
would be properly represented by n. On the other
hand, if shape is a determinant of u,, and peptide
conformation is a function of length (and/or se-
quence), there will be a natural discrimination on the

basis of size — as is observed. (A detailed treatment
of the effects of shape on translational frictional
properties of macromolecules has been given by
Cantor and Schimmel [27] and Grossman and Col-
burn [28] have simplified and summarised the out-
comes).

The other important presumption in the analysis of
the Grossman et al. [12] data is that the pX, values
of the functional groups on the side chains of the
individual amino acids are conserved in the peptide
chains. Rickard et al. [10] have demonstrated that
this is not the case. Charge modification in the amino
acid side chains is significant, as is the effect on
correlations between u, and 1/M 23 albeit perhaps
only to the extent of halving the scatter in Fig. 7
{29].

5. Summary and conclusions

Two aspects of the electrophoretic migration
behaviour have been investigated.

5.1. Theoretical description of electrophoretic
migration

(a) By considering migrating ions as their equiva-
lent spheres and assuming distribution of charge over
the surface, the electrophoretic mobility is theoret-
ically shown to be dependent upon the square of the
reciprocal of the hydrodynamic radius (1/r %), and
thus the surface area.

(b) Treatment of the ionic atmosphere as an
extended electrical double layer and using the Debye
length as the thickness, leads to the known depen-
dence of the electrophoretic mobility upon the square
root of the reciprocal of the ionic strength (1/ VI ).

5.2. Testing the dependence of the electrophoretic
migration upon the hydrodynamic radius

(i) The electrophoretic mobility data obtained for
nine sulphonamide analytes in four buffer concen—
trations has been shown to support the 1/ r depen—
dence rather than the alternatives of 1/r or 1/ r’ and
thereby to support the theoretical relationship de-
rived.

(ii) It is concluded that the data of Grossman et al.
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[12] clearly support the dependence of M, UpoON
Z/n*" rather than Z/n'’® or Z/n. Within the con-
straints of the data, the overall correlation coefficient
of 0.899 for the M, VErsus Z/n*"? plot gives a strong
indication that M., is dependent upon 1/r (Eq. (6))
and not 1/r (Eq. (1)).
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