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Abstract

The free solution electrophoretic mobility of two DNA molecules of different molecular masses, 18 base pairs and 2686
base pairs, has been measured in isoelectric histidine buffers with and without added low-molecular-mass electrolytes.
Extensive DNA-histidine complex formation is observed in isoelectric histidine buffer, as evidenced by distortion and
splitting of the pesks in the electropherograms. Peak distortion and splitting can be decreased or eliminated by adding
low-molecular-mass neutral salts to the solution, suggesting that the DNA—histidine complexes are stabilized by electrostatic
interactions. The ability of various neutral salts to disrupt the DNA—histidine complexes depends on the molecular mass of
the DNA and the concentration and type of added salt. [ 1999 Elsevier Science BV. All rights reserved.
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1. Introduction

Isoelectric buffers are beginning to find applica
tions in capillary zone electrophoresis, because the
very low conductivity of the buffers at their isoelec-
tric pH allows very high electric fields to be applied
to the capillary, decreasing the separation time [1-5].
Single-stranded DNA oligomers have been studied in
three different isoelectric buffers: histidine [2], lysine
[3] and IDA (iminodiacetic acid) [4]. The capillaries
were filled with sieving liquid polymers in order to
separate the DNA, because high-molecular-mass
DNA molecules migrate with identical mobilities in
free solution [6,7]. At neutral pH, the most efficient
separations of single-stranded DNA molecules were
obtained in isoelectric histidine buffer containing 7
M urea [2-5].

*Corresponding author. Tel.: +1-319-335-7896; fax: +1-319-
335-9570.

The separation of double-stranded (ds) DNA mole-
cules has recently been carried out in isoelectric
histidine buffer in capillaries filled with liquid poly-
acrylamide {4—6% T, 0% C; T=[g acrylamide+g
N,N’-methylenebisacrylamide (Bis)]/100 ml solu-
tion; C=g Bis/% T} [8]. Good resolution was
observed for DNA fragments smaller than 125 base
pairs (bp); baseline separation of fragments up to
587 bp in size was accomplished by adding low-
molecular-mass electrolytes to the isoelectric his-
tidine buffer [8]. It was postulated that isoelectric
histidine forms complexes with DNA, which can be
disrupted by adding neutral salts to the buffer.

In this work, DNA-histidine complex formation
in isoelectric histidine buffers has been studied in
more detail. The capillary was filled with buffer
alone; no sieving liquid polymers were added. Two
dsDNA samples were used, a high-molecular-mass
sample of linearized pUC19 (2686 bp) and a low-
molecular-mass, 18 bp oligomer, in order to investi-
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gate the molecular mass dependence of the mobility
in this buffer medium. Molecular mass-dependent
mobilities have been previously been observed for
small single-stranded [9] and double-stranded [7,10]
DNA molecules in Tris—acetate (TAE) and Tris—
borate (TBE) buffers in free solution.

The results described here confirm that extensive
complex formation occurs between histidine and
dsDNA molecules in isoelectric histidine buffers.
Complex formation can be reduced or eliminated by
adding monovalent cations to the solution. The
stability of the DNA-histidine complexes depends
on the concentration and type of added neutral salt,
as well as the molecular mass of the DNA.

2. Experimental
2.1. DNA samples

Linearized pUC19 was prepared by digestion of
the supercoiled plasmid with the restriction enzyme
Bsal, according to the manufacturers instructions.
After digestion was complete, as monitored by
agarose gdl electrophoresis [11,12], the linearized
DNA was ethanol precipitated, dissolved in TO.1E
buffer (10 mM Tris—HCI, pH 8.1, plus 0.1 mM
EDTA) at a concentration of ~200 ng/.l, and stored
at —20°C. The dsl18-mer, which was >98% pure,
had the sequence 5-ACGATCACCTTTGCTCAC-
3'. The individual oligonucleotides were synthesized
by standard methods, purified by reverse-phase
HPLC, annealed and stored at 4°C as a 100 pM
stock solution in distilled water. The two DNA stock
solutions and various mixtures were diluted to the
required concentration with TO.1E buffer (defined
above). Unless otherwise indicated, the pUC19 con-
centration in the injected solutions was aways 75
ng/wl; the concentration of the 18-mer was 30 ng/
wl. The DNAs in the mixtures were identified by the
relative areas of the peaks in the electropherogram
and/or by running the components separately.

2.2. Electrophoresis buffers
The running buffer used for most of the experi-

ments was 50 mM histidine, used at its isoelectric
pH of 7.7. No acid or base was added to adjust the

pH. Various monovalent and divalent sdts were
added to this buffer, as described below. Control
experiments were carried out using 40 mM TAE
buffer (40 mM Tris acetate, 1 mM EDTA, pH 8.0
[12]). All buffers were prepared with doubly distilled
water, filtered by suction through a 0.22-um Milli-
pore filter (Bedford, MA, USA), and stored at 4°C
until needed.

2.3 Apparatus

Capillary zone electrophoresis was carried out
using a Beckman P/ACE System 5000 apparatus
(Fullerton, CA, USA), operated in the reverse polari-
ty mode with UV detection at 254 nm, close to the
absorption maximum of DNA. Elution times and
peak profiles were calculated with the coLp software
program. Polyacrylamide coated capillaries (Beck-
man, eCAP) with external diameters of 375 pm,
internal diameters of 100 wm and lengths of 27.0 cm
(20.2 cm to the detector) were used. The elec-
troendosmotic flow (EOF) in the capillaries was
determined by direct measurements with 20 mM
acrylamide, using norma instrument polarity and
detection at 214 nm. The EOF mobility was always
=1-10"° cm® V™' s * and could be neglected when
calculating the mobilities of the DNA molecules.

The DNA samples were injected into the capillary
by a 1 s injection at low pressure (0.5 p.s.i., 0.007
MPa), using methods described previoudly [7]. The
injection volume was 18.6 nl; the plug length was
2.4 mm. Between runs, the capillary was rinsed with
running buffer for 1 min at high pressure (0.28 MPa,
>20 column volumes). The capillaries were flushed
with distilled water using an HPLC pump (Beckman
model 110A) at the end of each day and filled with
distilled water overnight.

DNA electrophoretic mobilities, w, were calcu-
lated from Eq. 1:

u =d/Et (1)

where d is the distance to the detector (in cm), E is
the electric field strength (inV/cm) and t is the time
required for the sample to migrate to the detector (in
9. All measurements were caried out at
25.0+0.1°C, using E=50 or 100 V/cm. Heating of
the liquid-cooled capillary was negligible at these
low electric field strengths; the temperature differ-
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Fig. 1. Elution profiles of linear pUC19 and the 18-mer in 40 mM
TAE buffer. The absorbance at 254 nm is plotted as a function of
elution time; E=100 V/cm, 1=10.8 pA.

ence between the center and the outer edge of the
capillary was estimated to be =0.4°C, even in the
most highly conducting solutions used here. The
measured current in the capillary was always propor-
tional to the applied voltage, another indication that
Joule heating was negligible. The apparent absolute
electrophoretic mobilities were generally reproduc-
ible within £0.03-10"* cm? V™! s™* in TAE buffer
and £0.1-10 * cm® V™' s~ " in isoelectric histidine
buffer, regardless of DNA concentration, electric
field strength and/or the age of the capillary. Identi-
ca results were also obtained with two different
eCAP capillaries. Control measurements were car-
ried out by injecting sample buffer (T0.1E) without
DNA into the capillary.
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3. Resaults

3.1. Electrophoresis of linear pUC19 and the
ds18-mer in TAE buffer

The electropherogram of a mixture of linear
pUC19 and the ds18-mer in 40 mM TAE buffer is
illustrated in Fig. 1. Two peaks with nearly Gaussian
shapes were observed, well separated in elution time.
The two peaks can be identified by their relative
areas, since the two DNAs were injected with
different nucleotide concentrations. The identifica-
tion was confirmed by running linear pUC19 separ-
ately. The electrophoretic mobility of the faster peak,
corresponding to linear pUC19, was (3.59+0.03)-
10 * cm® V™' s . The slower peak, corresponding
to the 18-mer, had a mobility of (3.29+0.03)-10*
cm® V' s7'. These mobilities are in excellent
agreement with previous results [7]. The mobilities
were also independent of concentration over the
range tested (two-fold for linear pUCL19; 20-fold for
the 18-mer) and electric field strength, E, over a
four-fold variation in E.

3.2, Electrophoresis of the two DNAs in 50 mM
isoelectric histidine buffer

Completely different results were observed in 50
mM histidine buffer, as shown in Fig. 2. The two
DNAs and their mixture exhibited two peaks, a
broad, relatively rapidly migrating peak eluting at
16-17 min, and a slower, sharper peak €eluting at
26—-33 min, depending on the particular DNA in the
sample. Both peaks contained DNA, since histidine
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Fig. 2. Electropherograms observed in isoelectric 50 mM histidine buffer, pH 7.7, for (a), the 18-mer; (b), linear pUC19; (c), a mixture of
the two DNAs. In al cases, E=50 V/cm, | =0.8 pA. Equal amounts of DNA were injected in each sample.
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does not exhibit an appreciable absorbance at 254
nm [13]. Since injection of the sample buffer
(TO.1E) without DNA into the capillary resulted in a
flat electropherogram with no peaks, the sample
buffer did not contribute to the spectral features
observed in Fig. 2. The broadening of the peaks and
splitting into two components (Fig. 2) are unmistak-
able evidence of DNA-histidine complex formation,
since single peaks with nearly Gaussian peak shapes
were aways observed in TAE buffer (Fig. 1) and
TBE buffer [7]. The mobilities calculated for the
rapidly- and slowly-migrating peaks in isoelectric
histidine buffer are given in Table 1.

3.3. Electrophoresis in 50 mM histidine—NaCl
solutions

To investigate the effect of neutral salts on the
formation of DNA-histidine complexes, various
concentrations of NaCl were added to 50 mM

histidine buffer. Typical electropherograms observed
for linear pUC19 are illustrated in Fig. 3. Single
peaks were observed for this DNA in solutions
containing 20-50 mM NaCl-50 mM histidine,
becoming increasingly more symmetrical with in-
creasing NaCl concentration. The elution times also
gradually increased with increasing NaCl concen-
tration, indicating that the electrophoretic mobility
decreased with increasing solution conductivity, as
expected from theoretical considerations [14,15]. The
observed mobilities are summarized in Table 1.
Typical €electropherograms observed for the 18-
mer in running buffers containing 20-50 mM NaCl
plus 50 mM histidine are illustrated in Fig. 4. The
electropherogram observed in 20 mM NaCl-50 mM
histidine appeared to be normal (Fig. 4a), athough
some instability in the baseline was observed at ~30
min. Two peaks were observed when the NaCl
concentration was raised to 30 mM NaCl, as shown
in Fig. 4b. A single peak was observed again in 50

Table 1
Electrophoretic mobilities observed in 50 mM isoelectric histidine buffer with added neutral salts
Added salt Concentration 18-mer® puUC19? Mixture®

(mM)

Fast peak Slow peak Fast peak Slow peak Fast peak(s) Slow peak(s)

None 0 41 2.2 4.2 24 4.2 21
NaCl 10 43 - 53 - 47,50 -

20 33 - 4.2 - 33,41 22

30 33 24 40 - 32,41 24

50 26 - 34 - 26, 33 -
KBr 10 41 25 4.8 21 45 24

30 29 19 41 21 31,38 20

50 34 26 4.4 25 33,42 25

60 29 - 38 2.0 28,38 21

50° 27 - 38 19 28,37 1.9
Na, SO, 30 3.0 22 39 22 31 39 23
CaCl, 10 25 18 25 17 26 19

20 23 16 - 18 24 1.6
CaCl, 30 18 12 18 13 18 11,12
TAE buffer® 40 - - 3.60 - 3.25, 3.59 -

Mobility -10* cm® V™' s™*; the standard deviation is +0.1-10* cm® V™ * s ™.

® 25 mM isoelectric histidine buffer.
€ Without isoelectric histidine buffer.
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Fig. 3. Electropherograms of linear pUC19 in 50 mM histidine containing: (8), 20 mM NaCl, | =10.2 pA; (b), 30 mM NaCl, 1 =13.1 pA;
(c), 50 MM NaCl, | =24.0 pA. In al cases, E=50 V/cm. Note that the scale is the same for all spectra, to facilitate visual comparisons. The

rising baseline in (b) was due to incomplete lamp warmup.

mM NaCl-50 mM histidine, as shown in Fig. 4c.
The absolute mobilities of the various peaks are
compiled in Table 1.

Mixtures of the two DNAs exhibited somewhat
more complicated electropherograms, as shown in
Fig. 5. In solutions containing 50 mM NaCl-50 mM
histidine (Fig. 5c), the elution profile contained two
peaks, as expected from the elution profiles of the
two individua components (compare Figs. 3c and
4c). However, differences were observed at lower
NaCl concentrations, especialy in 20 mM NaCl/50
mM histidine (Fig. 5a), where three peaks were
observed in the electropherogram. The two faster
migrating peaks had the elution times expected for
the individual DNA components (compare Figs. 3a
and 4a). However, a slowly migrating peak with an
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0.004 0.004 4

Absorbance (254 nm)
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elution time of ~30 min was also observed; this peak
had no counterpart in the spectra of the individual
DNAs. Three peaks were also observed for the
mixture of DNAs in 30 mM NaCl-50 mM histidine
(Fig. 5h). Again, the two faster-migrating peaks
correspond to the elution times observed for the
individual DNAs (compare Figs. 3b and 4b); the
slow peak corresponds to the slow peak observed in
the electropherogram of the 18-mer (Fig. 4b).

3.4. Electrophoresis in isoelectric histidine—KBr
solutions

Similar experiments were carried out with various
concentrations of KBr added to 50 mM histidine.
KBr was chosen because the limiting equivalent
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Fig. 4. Electropherograms of the 18-mer in 50 mM histidine containing: (a), 20 mM NaCl, 1 =10.1 p.A; (b), 30 mM NaCl, | =14.1 pA; (o),
50 mM NaCl, 1=24.0 pA. In al cases, E=50 V/cm. The occasional vertical spikes were due to bubble formation.
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Fig. 5. Electropherograms of mixtures of linear pUC19 and the 18-mer in 50 mM histidine containing: (a), 20 MM NaCl, 1 =10.2 pA; (b),
30 mM NaCl, 1=13.6 pA; (c), 50 mM NaCl, 1 =24.0 pA. In al cases, E=50 V/cm.

conductivities of the anion and cation are approxi-
mately equal [16], minimizing any peak distortion
caused by differing rates of migration of the counter-
ions and co-ions to different electrodes. Typical
results observed in solutions containing 50 mM
KBr-50 mM histidine are illustrated in Fig. 6. The
18-mer (Fig. 68) and linear pUC19 (Fig. 6b) eluted
as two widely separated peaks in this buffer medium,
even though single peaks were observed in 50 mM
NaCl-50 mM histidine (compare Figs. 3c and 4c).
The electropherogram of the DNA mixture in 50 mM
KBr/50 mM histidine (Fig. 6¢) was approximately
the sum of the individual components, except that
the peak corresponding to the 18-mer (elution time
~20 min) was broadened. Similar results were
observed in solutions with other KBr concentrations
(30-60 mM KBr-50 mM higtidine).

Since the increased conductivity of the solution
made it impossible to add more than 60 mM KBr to
50 mM histidine to try to obtain single peaks in the
electropherograms, the histidine concentration was
decreased to 25 mM, with the results illustrated in
Fig. 7. In 50 mM KBr—25 mM histidine, the 18-mer
migrated as a single peak (Fig. 78). Two peaks were
observed for linear pUC19 (Fig. 7b). A mixture of
the two DNAs (Fig. 7c) exhibited peaks corre-
sponding to each individual DNA as well as a small,
slowly migrating peak eluting at ~36 min. The
absolute mobilities observed in the various KBr—
histidine solutions are compiled in Table 1.

3.5. Divalent salts

The DNA samples were aso studied in solutions
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Fig. 6. Electropherograms observed in 50 mM KBr—50 mM histidine for (a), the 18-mer; (b), linear pUCL9; (c), a mixture of the two DNAS.

In al cases, E=50 V/cm, 1=28.5 pA.
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Fig. 7. Electropherograms observed in 50 mM KBr—25 mM histidine for (a), the 18-mer; (b), linear pUCL9; (c), a mixture of the two DNAs.

In al cases, E=50 V/cm, 1=28.1 pA.

with divalent cations or anions added to the isoelec-
tric histidine buffer. Because of the increased con-
ductivity of these solutions, it was not possible to
add more than 30 mM Na,SO,, MgCl,, or CaCl, to
the background histidine buffer. The results obtained
in 30 mM Na,SO,-50 mM histidine (not shown)
were similar to those observed with 50 mM KBr-50
mM histidine (Fig. 6). The results observed with 30
mM MgCl, or CaCl, were similar; typica elec-
tropherograms observed in 30 mM CaCl,—50 mM
histidine are illustrated in Fig. 8. Two peaks were
observed for the 18-mer (Fig. 8a) and linear pUC19
(Fig. 8h). The electropherogram observed for the
mixture was approximately the sum of the individual
spectra, as shown in Fig. 8c. Typical mobilities
obtained in 50 mM histidine buffer containing
various divalent cations and anions are summarized
in Table 1.

4. Discussion
4.1. DNA-histidine complexes

The electropherograms observed for the 18-mer,
linear pUC19 and their mixture in isoelectric his-
tidine buffers were highly anomalous. The monodis-
perse DNAs (and their mixture) eluted as two
components — a broad, relatively rapidly migrating
peak eluting at ~16 min and a sower, relatively
sharp peak eluting at 26—33 min, depending on the
particular DNA (Fig. 2). The contrast between these
electropherograms and those exhibited by the same
DNAs in TAE buffer (Fig. 1) or TBE buffer [7]
suggests that DNA—histidine complexes are formed
in isoelectric histidine buffers.

The formation of DNA-histidine complexes in
isoelectric histidine is probably due to the extended
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Fig. 8. Electropherograms observed in 30 mM CaCl,—50 mM histidine for (8), the 18-mer; (b), linear pUC19; (c), a mixture of the two

DNAs. In al cases, E=50 V/cm, | =23.6 pA.
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double layer around the DNA molecules in solutions
of very low ionic strength. The Debye screening
parameter, x ~*, which is a measure of the thickness
of the ion atmosphere, is estimated to be 30 A in 10
mM NaCl [17]; it is probably of similar magnitude in
10 mM NaCl-50 mM histidine and much larger in
50 mM histidine buffer without added salt. When the
thickness of the ion atmosphere is so large, the
electrostatic potential around the DNA molecules
extends far into the solution. Large ions, such as
histidine, which would normally be sterically ex-
cluded from the DNA grooves [18], would be able to
interact electrostatically with the extended ion atmos-
phere. Once attracted into the double layer, the
positively charged amino groups of histidine may
have formed chelates with the negatively charged
DNA phosphate groups [8], leading to complex
formation. It seems likely that histidine residues
bound to the phosphate groups by such charge—
charge interactions would also interact with each
other, possibly via w—m stacking interactions, to
form an extensive layer on the outside of the DNA
helix. Similar outside-bound complexes are formed
by planar aromatic dyes [19,20].

4.2, Effect of neutral salts on the formation/
stability of DNA-histidine complexes

The binding of the histidine molecules to the DNA
phosphates would be expected to decrease in the
presence of added neutral salts, because the thickness
of the ion atmosphere decreases with increasing ionic
strength [17]. In addition, the more highly charged
monovalent and divalent cations in the added salts
would be preferentidly attracted to the negatively
charged phosphate groups, displacing the bound
histidine residues. In accordance with these expecta-
tions, adding 50 mM NaCl to 50 mM isoelectric
histidine buffer effectively eliminated DNA-his-
tidine complex formation, and the 18-mer and linear
pUC19 migrated as single, relatively symmetric
peaks in this buffer medium (Figs. 3c and 4c).
Hence, the DNA-histidine complexes appear to be
stabilized by electrostatic interactions.

KBr was not as effective as NaCl in eliminating
DNA-histidine complex formation, because two
peaks were observed for both the 18-mer and linear
pUC19 in solutions containing 30—60 mM KBr—50

mM histidine (Fig. 6). KBr may be less effective
than NaCl in destabilizing the DNA-histidine com-
plexes because the larger K™ ions do not interact as
strongly as Na“ ions with the phosphate residues
[21,22].

The stability of the DNA-histidine complexes also
depended on DNA molecular mass. Linear pUC19
migrated as a single peak in isoelectric histidine
buffer containing 20-50 mM NaCl (Fig. 3), sug-
gesting that pUC19-histidine complexes did not
form or were not stable in these solutions. However,
the 18-mer exhibited two peaks in 30 mM NaCl-50
mM histidine, indicating the presence of DNA-his-
tidine complexes in this buffer medium. The oppo-
site behavior was observed in KBr-histidine solu-
tions. The 18-mer migrated as a single peak in 50
mM KBr-25 mM histidine (Fig. 8a), indicating the
absence of complexes, while linear pUC19 exhibited
two peaks, indicating complex formation, under the
same conditions (Fig. 8b). Thus, the stability of the
DNA —histidine complexes appears to be mediated by
DNA size as well as the concentration and type of
low-molecular-mass €electrolyte.

Divalent cations such as Mg or Ca>* were not
able to destabilize the DNA-histidine complexes
over the available range of divalent ion concen-
trations (10-30 mM), as illustrated in Fig. 8. The
18-mer and linear pUC19 exhibited two peaks in 30
mM CaCl,—50 mM histidine; the mixture contained
three peaks and was the sum of the two individual
spectra. It is possible that the divalent cations acted
as bridges between the histidine residues and/or the
DNA molecules, stabilizing the DNA-histidine com-
plexes. Alternatively, it is possible that the added
concentration of divalent cations was too smal to
disrupt the DNA-histidine complexes. Further ex-
periments are needed to answer this question.

4.3 Dependence of the electrophoretic mobilities
on added salt and identification of the two peaks
in the electropherograms

The apparent absolute electrophoretic mobilities
observed for the 18-mer, linear pUC19 and mixtures
of the two DNAs in 50 mM histidine buffer with and
without added monovaent and divalent ions are
summarized in Table 1. For the 18-mer, the absolute
mobility was approximately the same in 50 mM
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histidine and in 50 mM histidine plus 10 mM NaCl
or 10 mM KBr. The equivalence of the mobilities is
surprising, since electrophoretic mobilities are pre-
dicted theoretically to decrease with increasing solu-
tion conductivity [14,15,23], and the conductivity of
50 mM isoelectric histidine increased about three-
fold upon adding 10 mM NaCl or 10 mM KBr to the
solution. Even more surprisingly, the mobility of
linear pUC19 increased upon adding 10 mM NaCl or
10 mM KBr to 50 mM histidine buffer, just the
opposite of the expected effect. The results suggest
that the DNA in the broad fast peaks observed in
isoelectric histidine buffer (without added salt) con-
tained some histidine that was in rapid exchange
with other histidine molecules in the solvent. Under
such conditions, a peak with a mobility intermediate
between that of the isolated molecule and its com-
plex would be observed, because the average mobili-
ty is weighted by the fraction of time that the DNA
migrates as a free (uncomplexed) molecule [24].
Two relatively sharp peaks were usually observed
in the electropherograms measured with neutral salts
added to isoelectric histidine buffer (Figs. 4-8). The
mobility of the faster-migrating peak in each of the
electropherograms decreased approximately as the
logarithm of the conductivity of the solvent, as
illustrated in Fig. 9 for NaCl-histidine solutions.
Such a decrease is predicted theoretically [15] and

B [$,]

Mobility x 104, cm2v-1s-1
w

N

N

2 3 5 7 10
Conductivity, mS

Fig. 9. Dependence of the electrophoretic mobility on the
logarithm of the conductivity of the solvent linear pUC19 (O) and
the 18-mer (V). All solutions contained 50 mM histidine plus
varying quantities of NaCl; E=50 V/cm. The solid lines were
calculated by linear regression.

has been observed experimentally for DNA
[6,7,21,22]. The rate of decrease of the mohility with
increasing salt concentration was approximately in-
dependent of DNA molecular mass (Fig. 9), again in
agreement with theoretical predictions [15]. Hence, it
seems likely that the faster migrating peaks in the
various €electropherograms can be assigned to the
elution of the DNA molecules.

The mobility of the more slowly migrating peak in
each electropherogram (when present) was approxi-
mately independent of the concentration of added
sdlt, as shown in Table 1. Since the slow peaks were
not observed when high concentrations of neutral salt
were added to isoelectric histidine buffer (see, eg.,
Figs. 3, 4a and ¢ and 7a), and were never observed
when sample buffer alone (without DNA) was in-
jected into the capillary, it seems likely that they can
be attributed to the migration of DNA-histidine
complexes. The fact that the mobilities of the slow
peaks were independent of solution conductivity
suggests that the composition of the DNA-histidine
complexes varied in solutions with different salt
concentrations.

The following approximate calculation illustrates
this point. The electrophoretic mobility of a poly-
electrolyte is predicted theoretically to vary as:

m=qlf (2

where q is the effective charge and f is the tranda
tional friction coefficient [15,23,25,26]. The net
charge of the DNA-histidine complexes should be
approximately equal to that of the DNA alone, since
histidine is electrically neutral at its isoelectric pH.
Therefore, the decrease in mobility of the complexes
should be due primarily to a change in the frictional
coefficient, f. For rigid, rod-like molecules like the
18-mer studied here, f~M°®, where M is the DNA
molecular mass. Larger DNA molecules such as
linear pUC19 are worm-like cails, which are free
draining in electrophoresis [7,15,25,26]. Under such
conditions, f~M™*°. Hence, the ratio of the mobilities
of the fast (DNA) and slow (complex) peaks in the
electropherograms can be used to estimate the mo-
lecular mass of the complexes, using the relation:

/'LDNA :<Mcomplex>x (3)

/-'Lcomplex IleNA
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where x is 0.8 (for the 18-mer) or 1.0 (for pUC19).
Eg. 3 also contains the implicit assumption that the
frictional coefficients of the DNAs and their histidine
complexes exhibit the same dependence on x. The
apparent molecular mass of the complex, M, e
can then be used to estimate the number of moles of
histidine in the complex, from which the number of
moles of histidine per nucleotide residue ([His]/
[DNA-P]) can be estimated. The results of such a
calculation are given in Table 2 for a series of
KBr-histidine solutions. The results suggest that
there is a progressive decrease in the mole ratio of
bound histidine residues as the KBr concentration is
increased. Such a decrease could obscure the ex-
pected decrease of the electrophoretic mobility with
increasing solution conductivity.

The estimated [His|/[DNA-P] ratios in Table 2
suggest that histidine forms an extensive layer
around the outside of the DNA helix, much as planar
aromatic dyes form extensive outside-bound arrays
on the DNA helix [19,20]. However, the actual
numerical values in Table 2 cannot be taken too
literally, because they depend on the assumption that
counterion condensation is unaffected by histidine
complexation. This is a reasonable approximation,
since counterion condensation is virtually indepen-
dent of ionic strength over a wide range of ionic
strengths [26]. However, if histidine complexation
were to induce an increase in counterion condensa-
tion, decreasing the effective net charge of the DNA
molecules, the DNA-histidine complexes would
migrate more slowly than the parent DNA molecules
because of the reduced net charge. In such a case, the
[His]/[DNA-P] ratios in the various complexes
would be lower than estimated in Table 2.

Table 2
Approximate composition of DNA—histidine complexes in 50 mM
isoelectric histidine buffers containing added KBr

KBr (mM) [His]/[DNA-P]*
18-mer Linear pUC19
10 19 2.6
30 15 2.0
50 0.9 15
60 - 1.9

“Molar ratio of histidine residues to DNA nucleotide bases,
assuming that the decrease in mobility of the complexes is due
entirely to an increase in mass.

The [His]/[DNA-P] ratio might also be lower than
indicated in Table 2 if the histidine residues and/or
added cations could act as bridges between the DNA
molecules, in effect increasing the average molecular
mass of the DNA.. In such a case, large dipolar arrays
of DNA-histidine complexes might have formed
because of electrohydrodynamic instabilities in the
capillary, similar to the dipolar arrays observed for
very high-molecular-mass DNAs in TBE buffer [27].
Such dipolar arrays migrate in widely separated
clusters in the capillary, even though the DNA itself
is monodisperse. The DNA molecules used in this
study were much too small to form dipolar arrays,
but the DNA-histidine aggregates might have been
large enough to form such structures.

The electrophoretic mobilities observed for the
18-mer and linear pUC19 in 30 mM CaCl,—50 mM
histidine were ~two-fold lower than the mobilities
observed in solutions containing 30 mM NaCl, KBr
or Na,SO,, as shown in Table 1. Such a decrease is
expected from counterion condensation theory,
which posits that the effective charge on the DNA
phosphates is proportional to 1/Z, where Z is the
counterion valence [26]. Hence, from Eg. 2, the
electrophoretic mobility is predicted to decrease by
approximately a factor of 2, as observed, when
divalent counterions are added to the background
electrolyte. Similar decreases in mobility have been
observed in free solution [7] and in gels [28] upon
adding divalent cations to the running buffer.

5. Conclusions

The studies described here suggest that DNA
molecules form complexes with histidine molecules
in isoelectric histidine buffers, giving rise to peak
distortion and splitting in the electropherograms. The
faster-migrating peak in each electropherogram can
be attributed to the migration of the DNA molecules,
because the mobilities of the fast peaks decreased
with increasing solution conductivity, as expected
theoreticaly [15].

The dower-migrating peak in each electropherog-
ram can probably be attributed to the migration of
DNA-histidine complexes. The mobilities of these
peaks were approximately independent of solution
conductivity, most likely because the composition of



N.C. Sellwagen et al. / J. Chromatogr. A 838 (1999) 179—189 189

the DNA-histidine complexes varied in solutions
with different concentrations of neutral salts, obscur-
ing any dependence of the mobility on solution
conductivity.

The DNA-histidine complexes could be disrupted
by adding a sufficient concentration of monovalent
cations to isoelectric histidine buffer, giving rise to
electropherograms containing a single DNA peak.
Hence, the complexes appear to be stabilized by
electrostatic interactions. The stability of the DNA—
histidine complexes also depends on the molecular
mass of the DNA and on the concentration and type
of added neutral salt. Na™ ions were more effective
than K" ions in destabilizing the DNA-histidine
complexes; divalent cations were not able to disrupt
the complexes over the available range of divalent
ion concentrations.
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