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ABSTRACT. The electrophoretic mobility shift assay (EMSA) or simply the “gel shift assay” is one of the
most sensitive methods for studying the ability of a protein to bind to DNA. EMSAs are also widely used

to investigate protein- or sequence-dependent DNA bending. Here we report that electrophoresis using
physiological concentrations of Mgcan cause a mobility shift of restriction fragments in nondenaturing
polyacrylamide gels as the overhangs form stable base pairs. This phenomenon was observed at even 37
°C. The retardation was, however, more pronounced at low temperatures, where a three-nucleotide overhang
5'-GAC also caused a mobility shift. The stability of the pairing was generally high when the overhangs

of four nucleotides display high GC content, while the mobility shift caused'b45 T was greater

than those caused by-6ATC, 5-TCGA, and 5CTAG. This observation should be taken into account

to avoid misinterpretation of the data when the EMSA, especially the circular permutation gel mobility
shift assay, is performed using a running buffer that contains"Nans. The stable adhesion between

short overhangs may present an important basis for genome stability and many genetic processes occurring
in living cells.

Electrophoresis of DNA through polyacrylamide gels is a induced DNA bends have been four&l 7). This technique,
standard method in molecular biology. It is used not only to however, has not taken into account end-to-end DNA
separate, identify, and purify DNA fragments) (but also interaction as a possible cause of the band shift. If this is
to detect protein DNA interactions P), as well as the the case, it has the potential to result in misinterpretation of
presence of unusual DNA structures such as intrinsically the data obtained from this very widely used technique.
curved and cruciform DNA structure8,). The EMSA is We have found that several restriction fragments with
based on the phenomenon that the DNA fragments boundcohesive ends displayed anomalous electrophoretic behavior
by protein(s) or having an unusual DNA structure migrate in nondenaturing polyacrylamide gels when W¥gwas
more slowly in nondenaturing polyacrylamide gels than present. The changes in DNA migration have been explained
“naked” or ordinary DNA fragments of the same si2gJ3). as being due to intermolecular or intramolecular end-to-end
Furthermore, if the protein induces a DNA bend on binding, interaction. It is known that the Mg alleviates electrostatic
the protein-DNA complex migrates more slowly in the gel  repulsive interactions between phosphates, thereby stabilizing
than the nonbent complex of the same méags ( base pairing and base stackir®).(Although Mg" is also

The center of the intrinsically curved DNA, or the site of known to influence DNA conformation9¢14), its effect
the protein-induced DNA bend, is easily determined using on the terminal ends of DNA restriction fragments has not
circularly permuted DNA fragments. This technique, which been fully understood. Since the EMSA has sometimes been
was developed by Wu and Crothers and is called circular carried out in the presence of Klg this phenomenon may
permutation analysij, makes use of the phenomenon that have resulted in misinterpretation of the data. On the other
bent DNA slows the movement, with the effect being more hand, the finding of the MiJ-mediated stable base pairing
pronounced when the bend is positioned in the center of abetween short overhangs may help solve some of the
DNA molecule as opposed to the ends. Using this analysis, unsettled problems in genetic research.

a great many intrinsically curved DNA structures and protein-
MATERIALS AND METHODS

T This work was supported in part by a Grant-in-Aid for Scientific . . .
Research from the Ministry of Education, Culture, Sports, Science and ~ Construction of Plasmid$’lasmids pPRT-5/4 and pPRT-

Technology of Japan, NIG Cooperative Research Program, and the5/3 were made as follows. At first, each of the following

HiﬂagoTv%%rf]oclglgjstg‘ngnﬁgﬁiﬂig &eggg{ggsgg TE-_%QH. ohyama@ et of oligonucleotides was annealed in a solution containing
base2.ipc.konan-u.ac.jp. Telephone or fak81 78 435 2547. 100 mM NaCl: 5GGGAATTCGGCCGCTTAAGTCCGG-
* Faculty of Science and Engineering. ATCCTCGAGGCGCCAAGCTTCTAGACGCGTCCC:3
SHigh Technology Research Center. (), B-GGGACGCGTCTAGAAGCTTG-3(d), 5-ATCG-

1 Abbreviations: AFM, atomic force microscopy; BAP, bacterial ACAGTGTCATCGATTAATGGGGCCCGCTTAGCGG-
alkaline phosphatase; EMSA, electrophoretic mobility shift assay;
dNTPs, deoxyribonucleoside triphosphates; TB, Tris-borate; TBE, Tris- ACCGCCTGAGGACACGTGAT'3(b)' and 5>ATCACGT-

borate-EDTA; TAE, Tris-acetate-EDTA. GTCCTCAGGCGGTC-3(b'). The molecules were subse-
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quently precipitated with ethanol and dried. The recessed A
3'-termini of the a-a and b-b' duplexes were filled with
dNTPs using T4 DNA polymerase. The resulting blunt-ended
duplexes were extracted with phenol, precipitated with 270
ethanol, washed with 70% ethanol, and dried. Each duplex

was then cloned between tiiecoRl and Hindlll sites of 495
pUC19 that had been made blunt-ended. We screened the 392
recombinant plasmids carrying each duplex as a tandem

dimer and designated them pPRT-5/4 and pPRT-5/3, respec- 210

tively. To construct pRES, we used the following oligo- Pu—GECGE
nucleotides: SAATTCGGGCCCCACTGCGTCGATATC- 2% cGeGhmmmC 366 bp
GGGCCCCACTGCGTCTGCAc) and GACGCAGT- b: CTGmCAG o
GGGGCCCGATATCGACGCAGTGGGGCCCG-®). The GAC mmm= GTC

c—c duplex was prepared in the same manner described C:CGcgi::ZgGCGC 1867 bp

above and cloned into pUC19 cut wilcoRl and Pst. .
Sub I he f t ted by digesti fFIGURE 1: Electrophoretic anomaly observed for a DNA fragment
ubsequently, the fragment generate y digestion of ity cohesive ends in the presence of MgA digest of pUC19

pBR322 with the restriction enzym&st and Puul (nucle- with Haell and Pyull was subjected to nondenaturing polyacryla-
otides 3612-3734) was made blunt-ended by end filling with mide gel electrophoresis using 7.5% gels in the presence (A) or

dNTPs using T4 DNA polymerase. This fragment was then ﬁbsel?g? (B)t 0; 12 me'\gg%DT“i S:rl]fgﬁfd?lngi n;z;'geffﬂ(]fgiétﬁg of
H H ; H Inc Igest o a
inserted into theSma site of pPRT-5/4 or theCcRV site were Ioa%ed on?o Ia%legs Sand M, respectivelyg.J The DNA fragments
of pPRT-5/3 and pRES to generate pPRT-5/4B, pPRT-5/ 31 shown schematically.
3B, and pRES-B. By digesting the plasmids with various ) ) ) ) _
restriction enzymes, we produced 21 DNA fragments. The amide (29:1 acrylamlde:_b|sacrylam|de rat|9) gels at 5, 20,
construct pPRT-5/4U was created by insertingBhil and or 37 C The gels con'Falned, and the running buffers were
Ssp fragment of pUC19 (nucleotides 2232503) intoSma- comprised of}/>x TB with 1 or 10 mM MgC}. The control
cleaved pPRT-5/4 by blunt-end ligation. The DNA fragments €XPeriment was carried out at’® in the absence of Mg.
with one blunt end and the othel-6GCG overhang were ~ The gel contained, and the buffer was comprised/pf
prepared from pPRT-5/4B and pPRT-5/4U ustsgp and TB. The electrophoretic field across the gels was mamtamed
Mlul, Eco0109I (and T4 DNA polymerase) aridlul, or at 5.7 Vicm. After electrophoresis, gels were stained with
Dral and Miul. ethidium bromide. The buffer solution was pumped between
Enzyme ReactionsDigestion of DNA with restriction ~ the electrode compartments at a rate~df200 mL/h. In
enzymes, fill-in reaction with T4 DNA polymerase, removal addition, the contents of each compartment were stirred
of the 3-overhang with S1 nuclease (or T4 DNA poly- during electrophoresid ). 'I_'he agarose gel electroph.ore5|s
merase), removal of thé-ferminal phosphate with bacterial performed to detect DNA ligation products was carried out
alkaline phosphatase (BAP), anldemd labeling with §-32P]- in .1/2>< TBE [45 mM Tris-borate and 1 mM EDTA (pH 8.3)]
ATP using T4 polynucleotide kinase were performed using Using a 1.5% agarose gel. o
conventional method4). Unless otherwise indicated, enzyme- Preparation of the Dlluted_ Sampleghree microliters of
treated DNA fragments were extracted from each reaction the starting sample contained 0.3 ng dftehd-labeled
mixture with phenol, precipitated with ethanol, washed with fragment 10 irt/>x TB and 1 mM MgC}. Without a change
70% ethanol, and dried. In the end labeling reaction, the in the concentration of each componengl3of each of the
DNA-containing aqueous solution obtained by phenol ex- second, thlrd, and fourth samples were prepared to addition-
traction was loaded onto a Micro Spin G-25 column ally contain 3, 30, and 300 ng of unlabeled fragment 10,
(Amersham Pharmacia Biotech) to separate the labeled DNA€Spectively.
fragments from residualyf*?P]ATP, and the eluate was RESULTS
treated as described above. DNA ligation with T4 DNA
ligase was carried out as follows. First, we prepared.8 Initial Finding. It was observed initially that the 366 bp
of a solution containing 960 ng of the DNA fragments, 66 Hadl fragment of pUC19 migrated unexpectedly slowly in
mM Tris-HCI (pH 7.5), 10 mM MgC}, 1 mM DTT, and a nondenaturing polyacrylamide gel when the running buffer
0.1 mM ATP. The reaction mix was then incubated &5 contained 10 mM Mg" (Figure 1A). The fragment migrated
for 20 min. Then, 2ulL of the T4 DNA ligase solution  to the same position as that of the 1867 bp fragment. This
comprised of 7 units of the enzyme and the same buffer fragment, however, migrated almost normally in a conven-
described above was added. The reaction mixture was thertional nondenaturing polyacrylamide gel that did not contain
incubated at 5C for 90 min. The reaction was stopped as Mg?" (Figure 1B; the observed slight migration shift was
described above, and the products were resuspended in 1@resumably caused by a bent DNA structure in the fragment).
mM Tris-HCI (pH 7.5). Approximately 250 ng of each Thus, it was evident that the presence of¥gaused the

ligation product was electrophoresed. band shift. Since a 322 bp DNA fragment with blunt ends
Measurement of Electrophoretic Mobilitizor polyacry- did not show anomalous migration, we speculated that the

lamide gel electrophoresis in the presence of*NMdgp- Mg?t-mediated interaction between the overhangs was

proximately 300 ng of the purified DNA fragments (as well implicated in the phenomenon. To substantiate this hypoth-

as marker DNA fragments) was dissolvedlipx TB [45 esis, we performed a systematic study.

mM Tris-borate (pH 8.3)] containing 1 or 10 mM MgCl The Electrophoretic Anomaly Was Pronounced with High

The samples were then electrophoresed on 7.5% polyacryl-MgCl, Concentrations and at Low Temperaturésr this
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Table 1: Restriction Fragments Used in This Study

Fragment Restriction
NO. Structure?® Size (bp)® enzyme employed

1 AATTERGEE - SSCS&T AR 176 EcoR1

2 GGCCGCE{%:::%% éceee 176 Eco521
3 T ARGEGGR o EEERGanTT 176 AT
4 CCGeRAGEA - R & cacc 176 Mrol

5 CATCERGER - &REGEcrac 176 BamH]1
6 TCCRAGREEE - BREGEaceT 176 Xho 1

7 GCCCERREE - R&6Cccca 176 Ban1

8 AGCTEERRE - G&CGRrcaa 176 Hind 1II
9 T ACRGEEE o A8E R carc 176 Xbal

10 CGCGESSSSZI ERhRccac 176 Miu1
11 o GERGRC 180 PAFI
12 CG%AATT =& &Mac 179 Clal

13 T RREEE - RG& A 179 PshBI
14 CeCEEEER - Acce 178 Eco 01091
15 TG C e - §6G&GanT 178 Bpu 11021
16 CACEEEEA - K€ cre 178 Cpol
17 TeRAGRRER - GEEEEaCT 178 Eco811
18 CACCERRER == 8AG&Rcrac 177 AfLTIL
19 e G A - P AGeccae 139 Hgal
20 ccecGEReR Joo FRRGECCCC 140 Apal
21  GGGTGACGCAGATA-—- GaGag CCACTGCE 135 TspRI

a Structures of only the terminal regions are shown. The remainder of each DNA is depicted using a dotte@ripehe double-stranded

portion is counted.

cloning site

Hind 1l
n | Xbal Myl Smal

GGGAATTCGGCCGCTTAAGTCCGGATCCTCGAGGCGCCAAGCTTCTAGACGCGTCCCGG |

PPRT-5/4 s Mol Xhol
EcoR | Al BamHl
EooR | o501 AT f'"H' _Xho! |

Banl

Xbal
Hing 0™ w1

GMTTCGGCCGCTI‘MGTCCGGATCCTCGAGGCGCCMWAGACGCGTCCC

\

Cpol Afllll
po EcoRV

Eco811

ATCGACAGTGTCATCGATTMTGGGGCCCGCTTAGCGGACCGCCTGAGGACACGTGATAT'|

pPRT-5/3 Clal Eco0109 1
PHIF PshBl  Bput102l
PAIFI PshB
_cial ™" £o0109]

Bpu1102 1
P G

Eco81 |
| Aff Il

CGACAGTGTCATCGATTMTGGGGCCCGCTTAGCGGACCGCCTGAGGACACGTGAT

S e b
CGGGCCCCACTGCGTCGATATCGGGCCCCACTGCGTCT
I ——— —
| —" ori I

Ficure 2: Plasmid vectors used in this study.

behavior of the resulting fragments in the presence of'Mg
is shown in Figure 3. Several fragments displayed the
electrophoretic anomaly, and this was more pronounced at
high MgCkL concentrations and at low temperatures. In the
electrophoresis at 8C with 10 mM MgClL, the Ecdb2I (5-
GGCC overhang, lane 2Mrol (5'-CCGG overhang, lane
4), Banl (5'-GCGC overhang, lane 7Hindlll (5'-AGCT
overhang, lane 8Mlul (5'-CGCG overhang, lane 10)lllI
(5-CGTG and 5CACG overhangs, lane 18}ga (5'-
GGGCC and 5GGCCC overhangs, lane 19\pd (3'-
CCGG overhang, lane 20), ansRI (3-GGGTGACGC
and 3-GCGTCACCC overhangs, lane 21) fragments barely
entered the gel. Theeco01091 (B-GGC and 5GCC
overhangs, lane 14EcdRl (5-AATT overhang, lane 1),
BanHl (5'-GATC overhang, lane 5Cpd (5'-GAC and 5
GTC overhangs, lane 16Xhd (5'-TCGA overhang, lane
6), andXbd (5'-CTAG overhang, lane 9) fragments varied

study, we constructed plasmids pPRT-5/4, pPRT-5/3, andin the degree to which migration was retarded. The fragments
pRES (Figure 2) and cloned the 123 PBgti —Puul fragment
of pBR322 into theSma site of pPRT-5/4, or th&ecdRV
site of pPRT-5/3 and pRES. The resulting plasmids were under the conditions of 1 mM Mg, at 37°C, band shift
digested with the restriction enzymes indicated in the schemawas observed foBan, Mlul, Hgal, and TsRI fragments

of each plasmid structure. This generated 21 DNA fragments (lanes 7, 10, 19, and 21, respectively). The nine-nucleotide
with different cohesive ends (Table 1). The electrophoretic overhang of the'sfRI fragment caused it to be retained in

cited above are listed in order from highly retarded to slightly
retarded by the electrophoretic conditions. Interestingly, even
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Ficure 3: Effect of Mg+ on the electrophoretic behavior of various restriction fragments with cohesive ends. Electrophoresis was carried
out using 7.5% nondenaturing polyacrylamide gels at 5, 20, GIC3ih the absence or presence of 1 or 10 mM Mg& indicated in the
figure. Lanes are marked according to the fragment numbers in Table 1. Lanes marked M contained marker DNA fragments.
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FiGURE 4: Alteration of cohesive ends to blunt results in normal FIGURE 5: Effect of the removal of Sphosphate from DNA on

electrophoretic behavior. To generate blunt ends, DNA fragments Mobility. The DNA fragments 2, 4,7, 8, 10, 18, and 20 were treated
1—20 were treated with T4 DNA polymerase and fragment 21 was With bacterial alkaline phosphatase and subjected to electrophoresis.

treated with S1 nuclease. Electrophoresis was carried out using 7.5%/€ctrophoretic conditions were the same as those described in the
nondenaturing polyacrylamide gels af® in the presence of 10  legend of Figure 4.
mM MgCl,. Lanes are marked according to the fragment numbers.
Lanes marked M contained marker DNA fragments. fragments were subjected to electrophoresis. All fragments
migrated normally in the buffer containing 10 mM Kfgat
the wells of the gel at all M concentrations that were 5 °C (Figure 4), which demonstrated that the cohesive ends
tested (lane 21 in each panel). All fragments migrated were responsible for the retarded migration. Subsequently,
normally when the electrophoresis was carried out using the effect of the terminal phosphate upon fragment migration
Y% TB (without Mg?*) at 5°C as shown at the bottom of  was also investigated using the DNA fragments that showed
Figure 3. highly retarded migration in Figure 3. As shown in Figure
We also tested the effect of CaChnd NaCl on the 5, dephosphorylation reduced the level to which migration
electrophoretic mobility of several fragments listed in Table was retarded for all fragments, although the effect was very
1. The effect of CaGlwas almost comparable to that of slight for theBan and Mlul fragments (fragments 7 and 10,
MgCl,. In the case of NaCl, however, even 100 mM NaCl respectively). This result indicated that the phosphate at the
did not affect the electrophoretic mobility of the restriction terminus of the overhang was also implicated in the band
fragments (not shown). shift phenomenon.
Cohesie Ends Are Responsible for the Retarded Migra-  Base Pairing between &@rhangs Is the Cause of the
tion. The cohesive ends of each fragment were made bluntPhenomenonThe efficiency of the ligation reaction was
using T4 DNA polymerase or S1 nuclease, and the resulting assessed using T4 DNA ligase, and the results are shown in
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::/ pentamer
770 - tetramer
495 — circularized molecule %ég qu &
392 -\ trimer -
"W\ circularized molecule
210 - \ dimer Ficure 8: Retarded migration disappears after dilution of the
162 monomer sample DNA solution subjected to electrophoresis. Fragment 10,

which carries the SCGCG overhangs, was end labeled wit*tP]-
ATP. In lane 1, 3uL of a solution containing 0.3 ng of the labeled
fragment,}/>x TB, and 1 mM MgC} was loaded into the well. In
addition to the components in the sample of lane 1, 3 (lane 2), 30
(lane 3), or 300 ng (lane 4) of nonlabeled fragment 10 was included
The products were separated on a 1.5% agarose gel rfgxn in the solution. Electrophoresis was carried out on 7.5% nondena-
TBE. Lanes are marked according to the fragment numbers. TheUNNg polyacrylamide gels at® in the presence of 1 mM Mggl
emergent bands in the lane corresponding to fragment 10 are drawn

Ficure 6: Ligation efficiency of a DNA fragment is proportional

to the extent of its retarded migration. DNA fragments with different
electrophoretic anomalies were subjected to the ligation reaction,
which was carried out at & in the buffer containing 10 mM Mg.

schematically on the right-hand side. ngiuL. However, when unlabeled DNA was added to the
solution in a stepwise fashion, an increased level of retarda-
M 1 2 M 3 M tion of the DNA band was observed, and this was dependent

on the concentration of the unlabeled DNA. This result
clearly shows that the retarded migration was caused by
intermolecular interactions.

The Stability of the Base Pairing betweengthangs Can
Be Roughly Estimated but Not Exactljhe 3-overhangs
5-TTAA, 5'-TTA (or 5-TAA), 5'-TGA (or 5-TCA), 5-
CG, B-TA, and 5-G (or 5-C) did not cause band shift under
any of the electrophoretic conditions that were tested.

Ficure 7: DNA fragments with one blunt end and the othér S Eyc|yding these from the analysis, we estimated the relative
CGCG overhang form dimer in the presence of 10 mM MgCI 9 ysIS,

The pPRT-5/4B-derived 583 and 411 bp fragments and the pPRT_stabiIitigs in base pairing from the data shown in Figure 3.
5/4U-derived 231 bp fragment were loaded onto lanes3,1 ~ According to the thermodynamic parameters reported by
respectively. Electrophoretic conditions were the same as thoseSugimoto et al. 18), which were established on the basis of

described in the legend of Figure 4. the measurement of the melting curves of double-stranded

Figure 6. After the reaction, thillul fragment (fragment ~ DNA molecules in the presencé d M Na', we calculated

10) formed oligomers and putative circularized molecules th€ Stability of the base pairing between complementary
as indicated in the figure. The efficiency of the reaction was OVerhangs. The expected order of the stability is shown in
found to decrease, in order, from thMiul fragment (lane  the lower row in Figure 9. In the upper row, the order is
10), to theEcoRI fragment (lane 1), to th&ba fragment sh_own_ as judged from the degree.to which the retarded
(lane 9), to theAflll fragment (lane 3), which was the order migration qccurred. The cor_respon_dmg overhangs are con-
in the extent of retarded migration in Figure 3. Thus, this Nected by lines. As shown in the figuré;GCGC and 5
result indicates that DNA fragments with certain overhangs AATT were more stable than expected ardT&®GA and

are easily oligomerized in the presence of Mghrough 5'-CTAG were less stable than_ expected. The stability of
stable base pairing. This interpretation was further strength-t€ duplex formed by cohesive ends may have been
ened by the results shown in Figures 7 and 8. Figure 7 Shows&gmﬂcantly influenced by the st_ackmg interactions of_ the
dimerization of the fragments using a DNA fragment with terminal base of the_oyerhang with the adjapent basg in the
one blunt end and the other having aG5CG overhang. .othe'r pa}rtner of'the JOlr_1ed ends. As a ste_p in explo.r'lng the
All bands shifted to the position corresponding to the dimer implication of this putative effect, the predicted _stablllty fo_r
of each fragment. The fragment shown in lane 2 migrated the 6 bp steps was al_so calculated. However,_th|s calculation
slightly faster than the migration expected for the dimer. This did notimprove the mismatches between predicted and actual
appears to have been caused by the fast-migrating propertytaPilities (not shown).

of the “monomer” fragment subjected to the electrophoresis,

which is 411 bp but behaved as 400 bp molecules when DISCUSSION

electrophoresis was performed in the absence of"Migot The study reported here has shed light on the interaction
shown). The existence of such fast-migrating fragments is between the cohesive ends of DNA restriction fragments in
well-known (14—17). Direct evidence that oligomer forma- the presence of Mg. It was concluded that the Mg

tion is the cause of the band shift is shown in Figure 8. The mediated stable adhesion between short overhangs caused
retarded migration depended on the concentration of DNA mobility shift of the restriction fragments. Although the
molecules in the sample DNA solution that was subjected electrophoretic detection of the association between tetra-
to electrophoresis. Fragment 10 was found to migrate nucleotide and tRNA was reported in the 19709)( this is
normally when the DNA concentration was diluted to 0.1 the first report describing electrophoretic detection of
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stability deduced from of migration. Fragments 1, 5, and 14 showed an intermediate
low electrophoretic anomaly high level of retarded migration (Figure 3). In these cases, it seems
> that the oligomerized fragments were more resistant to
dissociation but were partially (or completely) dissociated
) ., N-E in time. Thg smear patterns observed for both cases appear
to reflect this putative molecular event well.

w
'ZE'E {Eg Ela ® :-E' 'EH? '(% ‘('E'El(m) stabilizing the sugarphosphate backbone of DNA8)( The

Magnesium ions normally serve a structural role by
favored sites for direct coordination to magnesium are
I phosphate oxygen and N7 and O6 of guanosiik 22).
Mechanistically, the divalent magnesium alleviates electro-
‘-|§ static repulsive interactions between phosphates, thereby
stabilizing base pairing and base stacki (n this study,
@ (10) (49

<

(M (18) 5) (14 ©) © (18) ) (4 the B-dephosphorylated overhangs produced a slightly less
ra LE stable base pairing than their phosphorylated counterparts
(21 - . -
9 20) (Fl_gure 5). AI_thoug_h we cannot explain the preuse_meqh-
- — anism by which this phenomenon occurs, magnesium ion
low predicted stability in base pairing high stabilization of the sugarphosphate backbone seems to be
FicurRe 9: Extent of the stability in base pairing between overhangs. related. Ir_‘ relation to the effect of ferminal phosphate,
The observed order of stability (Figure 3) is shown in the upper the following report has been presented. Thel&phospho-
row, and the expected order, according to Sugimoto etL8), {s rylated overhangs' 85GCC, 5-GCGC, and 3GCGC appear
shown in the lower row. The same overhangs are connected byto retard migration of the fragments in the nondenaturing
lines. Numerals are the fragment numbers. polyacrylamide gels, even without Mg in an end-to-end
interaction-independent manne23j. The extent of this
retardation, however, was much smaller than that derived
from oligomerization as observed in this study.

intermolecular association between short overhangs of large
DNA fragments. The following report is consistent with our
conclusion. Using atomic force microscopy (AFM) and ] ) ] N
electron microscopy, Ret and Fourcade2()) demonstrated We must be careful in the mterpretgﬂqn of the mobility
that restriction fragments carrying overhangs were apt to be data when we perform electrophoresis in the presence of
circularized by addition of M§ or C&* at room tempera- ~ Magnesium or calcium ions. We have reported data related
ture. In the case of the 3005 bigaMii-cleaved plasmid DNA ~ to this caution, which were obtained by electrophoretic
(overhangs, 5CCGG), 95% of the DNA fragments main-  analysis at 5C in the presence of 10 mM Mg&er CaCh
tained a circular conformation in the presence ofMghey ~ (14). At that time, we had already noticed the migration
also presented electrophoretic data obtained by agarose ggPhe€nomenon reported here. Therefore, we made all permuted
electrophoresis in TAE buffer containing ¥ty When four  fragments blunt ended to prevent misinterpretation (conver-
differently cleaved plasmid DNA samples were compared, Sion of cohesive ends to blunt ends is the easiest way to
the aboveNgoMI-cleaved plasmid showed a marked “trace” deal with this problem). Many papers have been published
of the intramolecular end-to-end interaction, which emerged Without knowledge of the phenomenon described here. On
as a smear band between the positions of the linear andthe basis of the mobility data of several synthetic DNA
nicked molecules. fragments with the four-nucleotide overhangs in the presence
Our study demonstrated that some of the oligomerized of 10 mM MgCh, Bruckner et al. 10) reported that a
molecules (or their circularized forms) were stable enough Physiological concentration of magnesium ions induces a
under the polyacrylamide gel electrophoresis conditions; i.e., Strong macroscopic curvature in GGGCCC-containing DNA.
they were resistant to the friction with the gel matrix and However, in light of this study, some misinterpretation of
were not separated. The relative stabilities in the base pairingghe data may be involved. The report by Dlakic and
between the overhangs generally agreed well with the Harrington (2) contrasts with the above report. They studied
expected values (Figure 9). This means that by using"Mg the effects of sequence context on the formation of DNA
we could only “magnify” the normal phenomenon of base curvature. In their study, they performed a similar electro-
pairing on the “stage” that we could observe. This also phoresis. However, since the overhangs of their DNAs were
suggests that the stabilities in the base pairing betwéen 3 5-AGA and 3-TCT in which the effect on base pairing is
overhangs are the same as those between their correspondingyesumably very weak, it is supposed that the band shift did
5'-overhangs. The discrepancy observed for th&6GC, not originate from the interaction between the overhangs.
5-AATT, 5-TCGA, and 5CTAG overhangs in Figure 9 In a study by Diekmann24), the magnesium dependence
may be caused by some unknown stabilization or destabiliza-of the gel migration anomaly of intrinsically bent DNA
tion effect lying between the base at théehd of the fragments was investigated, where restriction fragments
overhang of one molecule and the last base of the double-generated byiadll (blunt) or EcoRI (5-AATT) were used.
stranded region of the “partner” molecule. Several fragments The results for thé&ecaRl fragments may partly exhibit the
showed a slight retardation in 10 mM MgQit 5 °C (for effect of the end-to-end interaction. Furthermoréjiadlll
example, fragments 6, 9, and 16 in Figure 3). This can be fragment of kinetoplast DNA (bent DNA) was reported to
explained by assuming that the considerable amounts ofshow unusually largé-factors (apparent size divided by
oligomerized fragments or the circularized form of the actual size) in the presence of-80 mM MgCk without
oligomer dissociated to the “monomer” during the early stage apparent explanatior2f). This can be explained in terms
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of the highly stabilized base pairing between the overhangs

as clarified in this study.

Several overhangs did not cause the retarded migration
of the restriction fragments (Figure 3). This may not be
because they could not stabilize the intermolecular (or
intramolecular) end-to-end interactions, but because their
interaction was very weak and thus the dissociation of the
interacting fragments occurred more easily during electro-

phoresis. The M -mediated stabilization of base pairing

between overhangs appears to allude to the presence of a
fundamental mechanism in living cells that supports many

11.

12.

13.

14

basic genetic processes to be performed accurately and that

protects genomes from mutation caused by accidental cleav- 15.

age.
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