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lonic Mobilities of Duplex and Frayed Wire DNA in Discontinuous Buffer
Electrophoresis: Evidence of Interactions with Amino Aédids
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ABSTRACT. Nucleic acid-amino acid interactions are fundamental to understanding higher-order interactions
made by nucleic acid-binding proteins. Here we employ electrophoresis to investigate &@NAo acid
interactions by using a set of amino acids (Ala, GIn, Gly, Met, Phe, Val, bicine and tricine) as trailing
ions in a discontinuous buffer, and monitoring their interactions with duplex (from 12 to 3000 bp) and
frayed wire [a set of self-assembled superstructures arising frons@{# oligodeoxyribonucleotides]

DNA by the change in their ionic mobility (in terms of Bg as a function of amino acid concentration

in a polyacrylamide matrix. By titration of the pH of Tris-HCI polyacrylamide gels (from 7 to 10), a span

of steady-state amino acid concentrations and extents of ionization can be maintained. We found that
with a decrease in pH (thereby increasing amino acid concentrations and the extent of ionization of the
o-amino group), both the % and stacking limit were increased, but the extent varied among the trailing
ions, resulting in an induced dispersion oRpvalues for a given analyte. Using singular-value analysis

to take into account the Redependence on fragment size (i.e., th& #istribution), the degree of dispersion

was found to be positively correlated with the accumulation of N-protonated trailing ions in the resolving
phase. These results indicate that the modificationi&f8DNA is a mass-action effect involving DNA

amino acid interactions under essentially aqueous conditions.

As small ligands of nucleic acids, amino acids are of also valuable experimentally given the widespread interest
biological interest because of their connection to nucleic acid in optimizing the resolution of analytes in genotyping studies
binding proteins and peptides. Over the years, nucleic acidby discontinuous buffer electrophoresi?{-15).

interactions with amino acids and various derivatives in  Qur approach is to employ a discontinuous buffer PAA
solution and the solid phase have been probed by a varietyg|ectrophoretic system with different amino acids as trailing
of spectroscopic techniques such as UV absorption, circularions and compare their effects on theRaistribution of
dichroism, fluorescence, afHl nuclear magnetic resonance duplex and frayed wire DNA. In a discontinuous buffer
(1-10). More recently, noncovalent interactions between system, the concentration of the amino acid and its extent
amino acids and nucleic acid bases chemisorbed on solidof jonization in the trailing phase (where electrophoresis of
surfaces have been studied by scanning tunnel microscopythe analytes occurs) are governed by the ion concentrations
(11) In SO'Ution, these interactions are relatively Weak, in the |eading phase, which are read”y set by a suitable
nonspecific, and presumably electrostatic in nature (betweenchoice of leading and counterionksj. We used a Tris-HClI

the ligand’s ammonium groups and the nucleic acid back- |eading phase and adjusted the accumulation of the amino
bone), although intercalation by aromatic amino acids acid-trailing ions by titrating Tris to a pH range of-10
between nucleobases has also been describe6)(Here  with HCI; the known concentrations of Tris and-Gh the

we report a study of DNAamino acid interactions by  |eading phase then permit determination of the concentration
investigating the effect of amino acid association on the ionic of amino acids and pH in the trailing phase by applying
mobilities of dUpleX and fl’ayed wire DNA dUring electro- mu|tiphasic e|ectr0ph0resis theoW?ﬁlg) Thus, we dem-
phoresis in a polyacrylamide (PAAatrix. One advantage  onstrate that these amino acid-trailing ions give rise to a pH-
of analytical electrophoresis over spectroscopy is the ability dependent dispersion in theRydistribution that is graded

to simultaneously study a complex mixture of DNA species jth the accumulation of protonated amino acids in the
(differing in size or structure, for example). In addition to  trajling phase. In addition, we interpret the differences in
their fundamental value, electrophoretic investigations are the effect of amino acid interactions on the ion mobilities of
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synthetic oligodeoxyribonucleotides (ODNs). The fragment
sizes (in base pairs) are as follows: 12, 80, 100, 200, 300,
400, 500, 600, 700, 800, 900, 1031, 1200, 1500, 2000, and
3000. Frayed wire (FW) DNA was prepared from gé@;s)

as described previousl2@). Various amino acids (glycine,
L-alanine L-valine,L-phenylalaninel -glutamine,.-methion-

ine, bicine, and tricine) and Bis-Tris were purchased from
Sigma (Oakville, ON) or Fisher (Napean, ON) and were
>98% pure. Acrylamide solutions (2.67% C), Tris, and other
standard electrophoresis reagents were from Bio-Rad Labo-
ratories (Hercules, CA). All solutions were prepared with
Milli-Q deionized water £18.3Q-cm; Millipore, Billerica,
MA).

Electrophoresis and Data AcquisitiorRolyacrylamide
electrophoresis was performed using a Hoefer SE-250
Mighty Small apparatus (Amersham Biosciences, Piscataway,
NJ) essentially according to standard procedures. The gel
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cassette was 0.75 cm thick. Experiments were performed on C C I\|’| (|; s
either a single-phase 10.0% T gel containing 0.375 M Tris- —O |-| H CH,OH

HCI at various pH from 7 to 10, or a discontinuous Laemmli
setup in which the resolving gel was cast to the height of tricine (pKa = 8.05)
5.5 cm and topped wita 1 cmthick stacking gel (4.0% T)

containing 0.125 M Bis-TrisHCl at pH 6.0 or 6.6 (depending E'Gg';ﬁééessmgu;iiglf tg%gméﬂgligid(gﬂlingg?ﬂnslghzzthv/vgrr]i)used.

on the calculated pl of the amino acid). Preliminary experi- gpsitutions at the-amino group in bicine and tricine are in gray.
ments had shown no discernible difference in the analytes’ The K, values at 25C are also given.

%R between the two modes of electrophoresis, although the
addition of the stacking gel was greatly beneficial for where A, 7, and %o are the estimated parameters.
resolution, especially for FW DNA. The running buffer Alternatively, the data were fitted to a monoexponential
consisted of 12.5 mM Tris base and 100 mM trailing ion relation by settingAs| = |z1| = 107*°in eq 1. Goodness of
without additional pH adjustment. Samples were diluted in fit was judged byy? analysis with the number of degrees of
a glycerol loading buffer (25%) containing 0.05% bro- freedom given by the relation=p — 1 — g, wherep s the
mophenol blue, 0.05% orange G (Fisher), and 0.05% number of observations and is the number of fitted
tartrazine (Sigma). The latter two tracking dyes were included parameters.
because bromophenol blue (a monosulfonate, MV869)
was not in all cases sufficiently mobile to mark the moving RESULTS
boundary. The more mobile orange G (a disulfonate, MW Analysis of the Experimental Systewie have deployed
= 452) and tartrazine (a disulfonate-carboxylate, MAM65) standard discontinuous buffer PAA electrophoresis with a
were added to correctly visualize the moving boundary.  variable running buffer and resolving gel pH to study the
Once the samples had been loaded, the gel was electrointeractions of amino acid trailing ions with DNA by way
phoresed in a constant field of 15 VV/cm until the dye-marked of their effects on the DNA's size-dependenR%Six natural
front had moved to within 42 mm of the bottom of the = amino acids were studied in addition to bicine and tricine,
gel. Under this condition, ohmic heating was less th&€5  which are N-substituted glycine analogues (Figure 1). The
from ambient temperature and the run lasted between 0.5resolving gel contained 0.375 M Tris base titrated with HCI
and 5 h depending on the resolving gel pH and the nature ofto a pH between 7 and 10, our operational variable, which
the trailing ion. in turn determined the leading ion (Glconcentration:

Immediately after electrophoresis, the gel was stained with o
SYBR-gold (Molecular Probes, Eugene, OR) and digitized [ClIT] = Crris )
with a Storm 840 Imager (Molecular Dynamics, Sunnyvale, 10°PY — pK(Tris) + 1
CA) at excitation and emission wavelengths of 450 and 520 e

nm, respectively, and a pixel resolution of 100. Band  \herecs,. = 0.375 M. The running buffer consisted of 100
detection and % determination were performed with  mM trailing ion and 12.5 mM Tris base; its unadjusted pH
OneDScan software (Scanalytics, Fairfax, VA). ranged from 7 to 8.5 depending on the identity of the trailing
Numerical AnalysisNonlinear curve fitting to empirical  ion. Jovin (7—19, 21) has demonstrated that it was neither
models employing the Marquart.evenberg procedure was necessary nor expedient to contrive conditions in the running
performed with Origin (Microcal, Northampton, MA). Ex-  buffer because, for a given trailing ion, the pH and
pressed as a function of fragment siz¢in base pairs for  concentrations of constituents in the trailing phagefin
dsDNA orN for FW DNA oligomers), the % distributions
were fitted to biexponential functions of the form:

21n the original presentation of the following relations, JovirT)(
had used the superscripisandf instead ofr and4, respectively, as
he was considering essentially a continuous gel. We make this
substitution in keeping with his subsequent notation of a discontinuous
slab systemX8), which contains a stacking gel, as shown in Figure 2.

%R = A, eXp(— —) +A, exp(— —) %R, (1)
7y 7
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@ Table 1: lonization and Mobility Properties of Selected lons at 25
°C
o| Tris X free ionic mobility x°
ion pKa (c-amino) pP (x108m2stVvTY
tricine 8.05 5.18 2.18
Q Tris X bicine 8.30 5.05 3.48
glycine 9.74 5.97 3.74
alanine 9.69 6.00 3.12
] valine 9.61 5.96 3.01
T|Tris .. X phenylalanine 9.12 5.48 2.74
T glutamine 9.13 5.65 2.97
methionine 9.20 5.74 31
TrisH* 8.07 2.60
Cl- 8.05
) ) apl = Y,[pKy(a-carboxyl)+ pKa(o-amino)].? Derived from Figure
A | Tris Cl 4 of Jovin @1) or converted from diffusion coefficientd from Table
2p-4 of AIP (33) via the Einstein relationRT = DF). For the
zwitterions,u® is the limiting value for the-1 state  Literature data
are not available and approximated by the value for threonine.
O Tris X, CI
respectively. The inequality in eq 4 implies thatpH pH.

Additionally, the differential concentrations of Tris and its
@ trailing counterion in phasa impose a lower limit on the

. . . , _ pH that is attainable:
FicurRe 2: Schematic representation of our experimental multiphasic

zone electrophoretic setup. Symbolic conventions of the phases are N

from Jovin (L9), corresponding to the resolution stageepresents . pK(TrisH") + pK(XH)

the cathode (upper) and anode (lower) buffers which are constitu- pH" > 2 (5)
tionally identical. Phasé is the stacking gel (when it is used) after

the analytes have traversed through iand:r are the steady-state

leading and trailing phases, respectively (demarcated by the movingThe limiting value corresponds tf,;, = c. As detailed by
boundary, dashes), of the resolving gel. The dotted lines representjovin (17), the concentrations of Cland Tris, the [, of

sieving of the analytes in the homogeneous trailing phase Tris and the trailing ion, and the three constituents’ free ionic

keeping with his notationslg, 19); Figure 2] were com- mobilities/,.f (Tablc_a 1 completc_a[y d_etermine the _pH and
pletely determined by the constituents in leading phase accumulation of T.r|s and thg F(alllng_lon in phasgFigure
(Figure 2). In some cases, we incorporated a stacking gels)’,f".S well as the'F net mob'“t.'es .(Flgure 4). The regultant
(phase?) to increase the band resolution and found no pH™ in turn d_eterm|_nesﬂthe |0n|zat|on1and concentrations of
difference beyond experimental uncertainty506) in the the subspecw_z_s [Trist}” and [X'NH%]J'

%Ry distribution from a continuous gel; hence, we neglect pH and Trailing lons Conspire To Strongly Affect the /4R

the effect of the stacking gel in the quantitative analyses thatD.'SftrIbUtlon of Duplex and FW DN/ _co!”nme.rmal dSDNA .
follow. sizing ladder, prepared from the restriction digest of plasmid

In a discontinuous electrophoretic system, the trailing ion DNA, was used to calibrate the dependence & @ chain

front defines a moving boundary that discretely delimits the length (in base pairs). The ladder contained essentially
more mobile ion (Ct in our system) in phaséand the less rand_om 'sequence fragments (D. Morarescu, personal com-
mobile trailing ion X in phaser (where resolution of the munication), and a 12 bp self-cqmplementary sequertee (5
analytes occur). Maintenance of this moving boundary CGATACGTATCG-3) was also included to affdra 3 log

requires biased distributions of constituents and pH across' 2N9€ in lengths (from 12 to 3000 bp).

. To illustrate, electropherograms of the dsDNA ladder with
the two phasesl(): glycine as the trailing ion are shown in Figure 5A. For all
u, trailing ions, a decrease in the resolving gel pH (or
L o equivalently, an increase in the Ctoncentration and an
O __ Mo _1 4 Hxe 3) attendant decrease in the net trailing ion mobility) increased
[CI7] Uris W the %R of dsDNA analytes (Figure 6A). This resulted in a
1_ﬂT pH-dependent dispersion in theRhdistribution and, as
XH reported previously 1), an increase in the stacking limit
1 Ui Ls, and separation of larger fragments. In our experiments,
— =111 - dsDNA fragments shorter than200 bp followed a signifi-
H — ol = | PTiis HxH 4 cantly faster migration igime relative to larger fragments,
P P o7 e, ) and a biexponential function was required to fit théx%
% qllh = Ins distributions p < 0.01 vs a monoexponential fit).
DTris HUci- Comparison among the trailing ions revealed that they did
not disperse the % distributions equally. Tricine and bicine
wherec; denotes the concentration of constituiefibcluding had notably minor effects on theRudistribution compared

all dissociated subspecies) angland ¢; are the free ionic  to the natural amino acids, despite spanning a larger range
mobility and fractional ionization ofi (see Table 1), in pH™ (Figure 3). The % distributions for all the amino
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Ficure 3: pH and concentration profiles of constituents in the resolving phaseimposed by conditions set in the leading phlasehe
data are generated according to Jovi) (using the [, values of the trailing ion and Tris and ti¥@ values of the trailing ion, Tris, and
CI~. The dashed diagonal in each panel is the identity line to help show the positive pH bias imphyase 4, and the pHis lower-
bounded (dashed arrows) as prescribed by eq 5. The concentration profiles represent the protonated subspgcieshieee ¢ =
10°%PH s the N,-protonated fraction of constituentBecause of their similariy andu® values, the profile for glycine is representative
of alanine and valine, as is that of phenylalanine representative of methionine and glutamine.

LN B B L B R R L tricine, bicine, and glycine to eq 1 were statistically
351 indistinguishable < 0.05) at pH 10. Thus, with an increase
in pH, ion-specific effects on the electrophoretic mobilities
3.0 i of dsDNA appeared to vanish. Importantly, the pH-dependent
_ net mobilities of the trailing ions (Figure 4) ditbt converge
» 25T } in step with the observed BRodistributions with an increase
> in pH. Control experiments without the use of a trailing ion
e 20 § (i.e., a continuous 0.375 M Tris-HCI gel) showed almost no
o effect on the dispersion in theRgodistributions between pH
% 15F § 8 and 10. Thus, TrisH(pK, = 8.07) at up to 0.2 M exerted
£ negligible effects on the %& of dsDNA analytes.
1.0 teme In addition to dsDNA fragments, the effects of amino acid
Phe, GIn, Met ¥ trailing ions on the %: of d(A:sGis) oligomers were
osr " Gy, Ala, Val investigated (Figure 6B). ODNSs such as this containing long
50 52 64 006 55 50 97 94 96 98 100102104 terminal runs of consecutive guanine residues spontaneously

Ficure 4: pH-dependent mobility profile of the trailing ions. The

pH"

self-assemble to form polydisperse superstructures called
DNA frayed wires (FW) 20, 22—28). These structures
consist of two distinct conformational domains: a guanine

pH~™ values indicated by the symbols were calculated as described o ) o -
in the legend of Figure 3. The net ionic mobility is calculated by Stem arising from guanireguanine interactions that hold
the relationunet = (1 — @)’ from data in Table 1. the DNA strands together and an “arm” domain whereby

the single-stranded non-guanine portion of the parent ODNs
protrudes out of the guanine-rich core (hence the term
“frayed”). When separated by electrophoresis, these highly

acids, however, converged at the highest gtat was tested
(>10); the biexponential fits of the R distributions for
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FiIGURE 5: Electropherograms for DNA with glycine as the trailing ion a#@+10. The direction of electrophoresis is from left to right.

The SYBR-gold-stained gel images for runs at the lowest and highes{fiind 10, respectively) are also shown. (A) dsDNA. Labels
indicate the fragment size in base pairs; approximate order-of-magnitude markers are in bold. (B) Frayed wire DNA. Labels indicate the
Nth oligomer. The monomer at gHO appeared as a trough due to an inner filter effect arising from overstaining.

stable species form a characteristic ladder of bands eachN = 1), FW DNA exhibits a lower mobility than dsDNA
differing by a single strand 20). Given their unique  with an equivalent molecular weigh23d). In general, FW
structures, FW DNA provided another avenue for studying DNA did not resolve as well as dsDNA due to the broader
trailing ion—DNA interactions in PAA gels. bandwidths of FW bands and greater background staining,
The %R distributions of FW DNA are expressed in terms although the resolution was greatly enhanced by the use of
of the Nth oligomer (Figure 6B). Except for the monomer a stacking gel. Fewer bands could be resolved at low
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FIGURE 6: %R distributions for DNA in a discontinuous buffer Tris-HCI gel with various amino acids as the trailing iBw&s measured
relative to the steady-state moving boundary. Lines are global fits to eq 1 for each trailing ion. Labels indicaté #tenpith the
experiments were performed; the corresponding pilues are higher (eq 4). Analyses of replicate experiments d@Rdi&éerminations
indicate an average error 6f5%. (A) dsDNA. For the Tris-only experiments (bottom right panelR%was taken relative to the 12 bp
fragment as they were continuous systems with no ion front. The inset in the Tris-glycine panel redraws the data oR: @dage%B)
FW DNA. Note that log % is plotted on the ordinate, against oligomeric stdtd-itted lines are extended to &hvalue of 12 to indicate
the relative resolution of bands among trailing ions and conditions.

resolving gel pH, and the amino acid that was used also effects on the % of FW DNA as dsDNA: % increased
appeared to be a mitigating factor: glutamine, for example, for any given N with progressive stacking of smaller
gave particularly poor resolution, while methionine afforded oligomers as the pH decreased. The extent to which this
the highest signal-to-noise ratio. All theRudistributions occurred, as for dsDNA, varied significantly among the
were described well by a monoexponential fit (the curvatures trailing ions. The % dispersion was particularly severe with
seen in some log ®& vs N plots are due to non-zero values valine, whereas tricine produced approximately identida{ %
of %Ry). Qualitatively, resolving gel pH produced the same distributions from pH 7 to 9. Although the dispersion
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produced by bicine was comparable to those of the natural Since bothU andV are unitary,w can be directly used to

amino acids, the increase in the stacking limit at pHLs

= 3) was higher only than that of triciné{ = 2). Overall,
compared to that of dsDNA, the Bodispersions produced
by the trailing ions were more heterogeneous, but ti %
distributions at pH 10 were qualitatively similar.

No Other Buffer or Electrical Parameters Exerted Sig-
nificant Effects on the %Mistribution. In addition to the
identity of trailing ion and pH, we sought other experimental
parameters that might affect theRof DNA analytes. Only
variations in the sieving matrix itself, namely, the concentra-
tion of PAA (%T) and degree of cross-linking (%C), had
significant effects on the % (data not shown). The
concentration of the trailing ion had a moderate effect on
the run time and current flow but was otherwise inconse-
quential to 9%, consistent with the constraints imposed by
the steady-state moving boundar¥7( 29). Glycine, for
instance, yielded the sameRydistribution for all analytes

compare the relative effects of one trailing ion to another.
For the dsDNA data, the B line shape is dominantly
represented by the first basis cunvewith its correspond-
ingly dominant singular values{ = 1354) (Figure 7A,B;
note thatu, appears to be “inverted” becaugg < 0). The
second basis curu& (Figure 7C) makes a smaller contribu-
tion (2 = 192;s,/s; = 0.14) but is significant in the case of
tricine and bicine (for whichw, > 0 under all conditions;
Figure 7D), reflecting the lack of dispersion in theilRp6
distributions. Inspection ofz; shows thatiz (and subsequent
ux) make only a minor (and constant for all amino acids)
contribution & = 56; ss/s; = 0.04) to the observed Ro
curves (Figure 7E,F). We did not analyze the data for FW
DNA by SVD due to the low density of data, particularly at
lower pH.

Using a set of trailing ions under contrived conditions to
span a range of net mobilities, Doktycz suggested that the

at pH 9.0 across a concentration range from 100 to 400 mM %R distribution could be correlated to the net ion mobility
(data now shown). Similarly, variations in the electric field une (16). However, this cannot explain the apparent conver-

(e.g., constant voltages from 10 to 25 V/cm or currents from

gence of the % distributions with an increase in pH, as

10 to 20 mA with voltages peaking above 45 V/cm) yielded u,: values themselves do not converge with an increase in

indistinguishable % curves. The field strength of 15 V/cm
was chosen to provide a convenient run time without
excessive ohmic heating in the gel.

DISCUSSION

The fascinating effects of trailing ion identity and resolving
gel pH on the 9% distribution of dSDNA were first described
by Doktycz (L6). We have significantly extended this line
of investigation by studying the differential dispersion of the
%Ry distributions of duplex and FW DNA by a series of
amino acids across a range of pHSs.

In the analysis of the ® distributions, direct fitting to
empirical functions (such as exponentials) is of limited utility

pH (Figure 4). Thus the ion-specific dispersion of th&%
dispersion is inconsistent with a simple transport effect
argued solely on the basis of conductances/mobilities of the
trailing ion (31). On the other hand, convergence of thB:%
curves at high pH emerges naturally when expressed as a
function of concentrations of Nprotonated groups in phase

7t (Figure 7B,D). Thus, the ion-specific order in the disper-
sion of %R distributions (natural amino acids bicine,
tricine) can be satisfactorily explained in terms of the
accumulation of y-protonated ions in phase which is in

turn a function of their basicity and free mobility (Figure
3). In other words, the weaker bases tricine and bicine simply
do not accumulate sufficient concentrations gfftotonated

in the absence of a mechanistic model. In this regard, ionS in phaser to effect the same degree of dispersion in
singular-value decomposition (SVD) is an elegant alternative the %® distributions as the natural amino acids which, being
that considers the B line shape throughout the experimental aPproximately equally basic, yield similar dispersions. The

range of fragment sizes without prejudice to mechanism.

Thus, aggregate B values obtained at each resolving gel
pH for all amino acids were organized as column veckprs
(48 in total) in the source matriX and decomposed into
the product

X =USV' (6)

net ionic mobility of the trailing ion comes into play in that

it is a determining factor ok (eq 3) and may serve as a
surrogate marker for the concentration of-protonated
amino acids in phaser. Thus, electrostatic interactions
between the-NH" group and the DNA polyanion appear
to be a mass-action effect and modify the mobility of DNA
analytes during electrophoresis. Although neither the lack
of a mechanistic model at present nor the limits of attainable

%R values for fragment sizes that were not destacked in NH+ concentration in our experiments (upt®.3 M; Figure

phasesx under a given condition were set to 100%. The
column eigenvectors vectorg are the basis ® curves;

3) permit a quantitative estimation of affinity constants,
inspection of the data (Figure 7B,D) suggests values no

linear superposition of these basis curves yields the observedyreater (and perhaps considerably lower) thag MO,

%R; profiles. Thevy column gives the amplitudes corre-

consistent with values observed with simple ion pairs in

sponding to the basis curves as a function of the correspond-solution.

ing experimental conditiofk (trailing ion and pH) repre-
sented inxx. The singular values in the diagonal matris
indicate the relative contribution of basis curugto the
observed profiles. Thus, the produsi’ gives the pH-
dependent weightv applied to the individual % basis

Gabbay and co-workers have described the stabilization
of nucleic acid duplexes by amino acids and analogues
against thermal denaturation in solutioid, (8, 10). In
particular, they observed by UV melting that the amino acid
amides at 200 mM increased the melting temperaiuref

curves when reconstructing the observed profiles, and rihonucleic (rl-rC and rA-rU) and deoxyribonucleic (calf

therefore represents a model-independent “titration curve”

for the change in the % distributions 80):

_ T

(7)

thymus) duplexes by-5 °C (AT,,). This indicates that amino
acids interact more strongly with duplex than single-stranded
DNA. We observed a similar phenomenon with the self-
complementary 12 bp dsDNA fragment (Figure 5A) which
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Ficure 7: SVD analysis of dsDNA % distributions. Aggregate data for dsDNA (all trailing ions) (Figure 6A) were analyzed by SVD
according to eq 6. (A, C, and E) The basi®%urvesu;—us, respectively. (B, D, and F) Weighting coefficienms—ws, respectively, as

defined by eq 7 applied to the corresponding basis cuivésreconstruct the observed®dine shapes. The corresponding singular values

are given. Concentrations of,Nbrotonated amino acid trailing ions [X-Nflalong the absicissa are as determined in Figure 3. Note that

for each column of panels the ordinate is scaled identically to emphasize the relative contributions of the components. Arrows indicate
titration end points reached for each trailing ion.

was significantly more retarded than its 12-nucleotide  On the basis of this proposal, we must also consider
constituent strand than is expected in a common TBE gel. TrisH" as a source of-NH* groups, and we found that it
Moreover, Gabby and co-workers noted that the concentra-alone had a negligible effect on theR¥distribution. We

tion of an amino acid amide required to achieve the same note that an increase inRpas a result of association of
ATn is inversely correlated with the net positive charge of —NH™ ions is not contradictory since the absolute mobility
the amino acid amideg], in agreement with the notion that  of the analytes is almost always reduced with a decrease in
amino acids interact with nucleic acids via electrostatic pH (the advantage in distance traveled being offset by the
interactions. DNA-amino acid interactions have also been substantially longer run times required for the moving
reported in capillary electrophoresis with an isoelectric boundary to traverse the gel). The trailing ions, whedéH"
histidine running buffer 32). charge is neutralized by the carboxylate in the molecule (such
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that it is net neutral in this state of ionization), would REFERENCES

predictably have a less adverse effect on the net charge and
therefore mobility of the DNA analyte (compare Tris and
tricine, for example, which are equally basic). The observed

dispersions in the ®& distributions therefore represent the 2.

net effect of competing interactions with.Mrotonated
trailing ions and TrisH, and the narrower dispersion
observed with tricine and bicine may be partly due to the 3
higher concentrations of TrisHin phaser (Figure 3).

The biphasic % distributions observed with dsDNA are
likely a manifestation of the bend persistence length (50 nm, ,
or ~150 bp): fragments shorter than this migrate end-on as
stiff rods and exhibit greater mobility than longer, entangled
fragments which suffer from entropic trapping in the PAA
matrix. This property appears to be preserved even as small
fragments become progressively stacked with the moving
boundary as the pH decreases. In the case of FW DNA,

reptation analysis has shown that entropic trapping plays a -

significant role for assembled structures with long arms [such
as d(AGis)] but not d(AisG1s) in the PAA matrix used here

(10% T, 2.7% C) 23). Thus, the 9% distributions we 7.

obtained with d(AsGis) ODNSs, particularly the small oli-
gomers, should represent migration in the Ogston sieving
régime in which analytes can be treated as globular objects
whose gyration radii are smaller than the characteristic pore
size of the matrix. This is consistent with our results (Figure
6B) which indicate a strictly monophasic size dependence
at all pHs tested and suggest a persistence length longer than
a 12-mer. That even highly oligomeric FW DNA should
exhibit Ogston migration while large dsDNA reptates sug-
gests that FW DNA has a compact and rigid hydrodynamic
structure, resulting presumably from strong interactions in
the guanine-rich core. Even the 30-nucleotide monomer
migrates as a highly compact structure, exhibiting a higher
%R than a non-guanine-rich 12-nucleotide fragment (Figure
5). In terms of the effects of trailing ions onRxdispersion,
however, FW and dsDNA are fairly similar. Tricineg=

2 at pH 7), which also produced the slightest dispersion in
the %R distributions for dsDNA, had a similar effect on
FW DNA, bicine was intermediate (below the natural amino
acids,Ls = 4 at pH 7) in the sense that the stacking limit
was only slightly more increased at this pHs(= 3).
Moreover, for both isoforms, the larger fragments enjoy a
greater relative increase inRothan smaller fragments for 1
a given drop in pH. Given their structural differences from
dsDNA, some peculiarities observed with FW DNA are not

unexpected, but are nonetheless consistent with interactions 16-

with amino acids acting as trailing ions and their differential
accumulation in phase. Moreover, since the noncovalent
FW oligomers are known to exchange strands during
electrophoresis2b), the potential exists for Nprotonated
trailing phase constituents to complicate the FW exchange
kinetics. In the aggregate, the effects of trailing ions on the
electrophoretic migration of FW DNA share sufficient
similarities with their effects on dsDNA that a role for
interactions with N-protonated amino acids acting as trailing
ions, as we have proposed for dsDNA, is reasonable and
warrants further investigation.
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