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Recently, it has been confirmed that long duplex DNA molecules with a size larger than several tens
of kilo-base pairgkbp), exhibit a discrete conformational transition from an unfolded coil state to

a folded compact state upon the addition of various kinds of chemical species that usually induce
DNA condensation. In this study, we performed a single-molecule observation on a large DNA,
Lambda ZAP Il DNA(~41 kbp), in a solution containing RNA polymerase and substrates along
with spermine, a tetravalent cation, at different concentrations, by use of fluorescence staining of
both DNA and RNA. We found that transcription, or RNA production, is completely inhibited in the
compact globule state, but is actively performed in the unfolded coil state. Such an all-or-none effect
on transcriptional activity induced by the discrete conformational transition of single DNA
molecules is discussed in relation to the mechanism of the regulation of large-scale genetic
activity. © 2005 American Institute of PhysidDOI: 10.1063/1.1937990

An important goal in biological science is to clarify the of the on/off change of transcriptional activity induced by the
mechanism of the self-regulation of transcriptional activity.folding/unfolding transition of a giant DNA in the presence
Currently, many regulatory factors have been discovered, inef spermine, a natural tetracation.
dicating that individual factors interact with certain regions  We used Lambda ZAP Il DNAStratagene, CA which
by the recognition of specific sequences along long genomiincludes a single T7 promoter region, as a template for tran-
DNA. It is considered that life is maintained through the usescription by T7 RNA polymeras€T7 RNAP; Invitrogen,
of very complicated networks composed of many key-lockMD). The transcriptional reactions were performed under
relationships.? However, it is still unclear how, in living conditions similar to those described in Ref. 12, with a0
cells, it is possible to achieve a delicate control of numerousf well-mixed reaction solution containing 5 mM dithiothrei-
genes with such complicated networks. In a different field oftol (provided with the polymerase kjt0.5 mM each of ATP,
research, cell biologists have been actively studying the recTP, and GTP, 1M UTP (Roche Diagonstics, Switzer-
lationship between morphology and function of chromatin,land), 0.5uM ChromaTide BODIPY TMR-14-UTP(BO-
both in prokaryoté and eukaryoté,and have shown that a DIPY; Molecular Probes, Inc., OR0.3 uM 4, 6-diamidino-
marked morphological change is accompanied by a signifi2-phenylindole (DAPI; Wako Pure Chemicals Industries,
cant functional change such as differentiation, cell cycle, andtd., Japah and 200(or 700 uM spermine tetrachloride
malignancy. Such large structural changes in chromatin haveNacalai Tesque, Japam T7 buffer (polymerase kit After
often been discussed in relation to the epigenetic modificagp (or 10, respectivelyng/mL Lambda ZAP II DNA and
tion of DNA and binding proteins like histone, in terms of 59 y of T7 RNAP were added under gentle stirring, the
methylation, acetylation, eft> On the other hand, for the sojution was incubated at 37 °C for 30 min. To avoid aggre-
past decade it has been established that giant DNA moleculggtion of DNA molecules, the concentration of DNA was

larger than several tens of kilo-base pairs exhibit a larggygjysted to be very low: around 10 ng/mL. Although RNAP
discrete conformational transition between unfolded coll a“qactivity on a single DNA molecule has been observed in a

folded compact statésupon the addition of various DNA variety of adroit ways in previous pioneering studi&<*
condensing agents including biochemical spetieshus, it pere we used a very simple and concise procedure to visual-
is strongly suspected that this unique property of the foldingze poth the DNA conformation and its transcripts: after the
transition of giant DNA should somehow be closely relatedyanscriptional reaction, we elongated DNA molecules on the
to its biological function/activity. However, there have beeng|ass surface by gentle shear stréBoth the Lambda ZAP
some apparently conflicting studies on the biological activity] pnyaA and RNA molecules were visualized with a Carl
of condensed DNA"""suggesting that the manner of “con- zejss fluorescence microscopexiovert 200 TV) equipped
densation” of DNA has not yet been adequately clarified bioyyith a 100< oil-immersed lens and a high-sensitivity
physically. For example, it has been reported that “condensedymamatsu SIT TV camera. DAPI bound to DNA and BO-
DNA” shows rapid cyclizatiof and also higher transcrip- pjpy incorporated into RNA by polymerization was excited
tional activity,~ compared to the uncondensed DNA. In con- 3¢ \avelengths of 365 and 535 nm, respectively. We also
trast, the inhibition of transcriptidf and depression of the yseq an atomic force microscogdFM) equipped with a
activity of endonucleasd have also been reported. In the fluorescence microscog&FM; NBV100, FM; 1X70, Olym-
present letter we report our results in the direct observatiops Optical Co. Ltd., Japaro observe the same DNA and
RNA molecules. AFM was performed in Tapping Mode™ in
¥Electronic mail: yoshikaw@scphys.kyoto-u.ac.jp aqueous solution.

0003-6951/2005/86(22)/223901/3/$22.50 86, 223901-1 © 2005 American Institute of Physics
Downloaded 05 Mar 2008 to 130.54.110.22. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp


http://dx.doi.org/10.1063/1.1937990

223901-2 Yamada et al. Appl. Phys. Lett. 86, 223901 (2005)

(a) Unfolded (b) Folded

Sum

FIG. 3. (Color) Fluorescence microscopic image of Lambda ZAP 1l DNA at
the coexistence condition between unfolded and folded state withuB50
spermine. RNA transcripts exist only on the unfolded DitAlicated by the
arrowhead and are absent on the folded DNA. Blue and red colors corre-
spond to the fluorescence from labeled DNA and RNA, respectively.

FIG. 1. (Color Fluorescence microscopic images of single Lambda zAP 11 ctivity is on/off type or cooperative and continuous type.
DNA at (a) [sperminé=200 M and (b) [sperming=700 uM. Upper pic-  The single-chain observation clarifies that this activity is
tures: blue and red c_olors corresp(_)nd to the ﬂuores_cence from Iab_eled DNéompIeter inhibited for all of the compact DNA molecules.
and RNA (transcripty, respectively. Lower pictures: quasi-three- In order to confirm the on/off nature of the transcrip-
dimensional representations of the spatial distribution of fluorescence inten- .
sity on DNA. tional reaction, we have performed the measurement of the
transcriptional activity at the coexistence conditi®@50 uM
sperming between unfolded coil and folded compact states.
Figure 1 shows typical fluorescence microscopic imagesigure 3 exemplifies the result of such observation, where
of Lambda ZAP Il DNA:(a) in an unfolded elongated coil RNA transcripts exist on the unfolded DN/dicated by the
staté200 uM sperming and (b) in a folded compact state arrowhead, and the absence of transcripts on the folded
(700 uM sperming. In the lower pictures in Fig. 1, the in- DNA. It is to be noted that in this observation the unfolded
tensity distribution of fluorescence emitted from DAPI is DNA is not fully elongated by shear stress.
given as a quasi-three-dimensional representation. In Fig. 1, To measure the transcription along a DNA with higher
the elongated state of DNA9) is obtained as described ear- resolution, we performed AFM/FM observation. Figure 4
lier. The red spot in the upper left picture in Fig. 1 indicatesshows (a) the AFM image of an unfolded DNA200 uM
the active production of RNA, where fluorescence from BO-sperming together with(b) the fluorescence microscopic im-
DIPY is observed. In contrast, no red fluorescence is emittedge of RNA labeled with BODIPY. As the AFM image on the
from the folded compact DNA, as shown in the upper righttranscripts together with the DNA chain was obtained under
picture in Fig. 1. wet conditions inside the aqueous solution containing sub-
Figure 2 shows experimental data on the dependence @frates necessary for the RNA synthesis, the resolution is not
transcriptional activity on the spermine concentrationso good compared to the usual AFM image of DNA in a dry
through conventional test-tube measurement, i.e., the activitytate. Due to the resolution limit with optical observation, the
is measured as the ensemble average of many DNA mofiuorescence observation of BODIPY gives only a blurred
ecules. The experimental condition in this measurement iinage around the region that is white in the AFM image.
essentially the same as in the single-DNA observation. Th@ased on a comparison of the AFM and fluorescence images,
results in Fig. 2 indicate that the change in transcriptionain Fig. 4(c) we show a schematic representation of our ob-
activity around [sperming=400uM is rather steep, al- servation. Although we could not recognize individual
though it is not clear, based solely on the observation of th&@NAP/RNA molecules, the white part in the AFM image is
ensemble of DNAs, whether the change in transcriptionahttributable to RNAP molecules that stay near the promoter
in transcription.

T7 promoter (20 bp) (a) AFM (b) BODIPY ©
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FIG. 2. Transcriptional activity vs concentration of spermider). The 0.5 pm 0.5 pm
vertical broken line indicates the region of the conformational transition as
evaluated from the fluorescence microscopic observation of bulk DNA so+IG. 4. (Color) A single DNA molecule transcribed into RNA, as observed

lution. (Modified from the original figure in Ref. 1p. simultaneously bya) AFM and (b) FM. (c) Schematic representation.
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TABLE |. Transcriptional activity at different spermine concentrations ob- contrast to the discrete conformational transition of linear
tained from single-DNA measurement. giant DNA: circular DNA exhibits a stepwise collapse,
which causes local stress along double-stranded DNA chains.

Number Total number Fraction of . . .
[Sperming of active DNA of DNA? active DNA _ Itis expect_ed that the generation _of such I_o_cal stress in
circular DNAs induced by the collapsing transition may be
200 uM 47 79 0.60 associated with the enhancement of enzymatic activity,
700 uM 0 103 0.00 through weakening of the double-strand structure. A similar

discussion may be applicable to the genetic activity in a loop
attached to a scaffold in giant genomic DNA in chromdtin,
a?dthough other factors such as topoisomerases and structural
. . ) . ; . “maintenance of chromosomes family proteins, etc., are also
activity with the single-chain observation. At a spermine . . : L S
considerable. Since the folding transition is a characteristic

concentration of 70QM, the activity of transcription is . )
S event generated on a large scale along a giant DNA, it may
completely inhibited and all of the DNA molecules assumes . . . 4
lay a role in the large-scale regulation of multiple gefes,

p
a folded compact state. In contrast, at 30d, where DNA complementing key-lock interactions in individual genes.

molecules show an unfolded coil conformation, most of the The authors are arateful to Dr. Naoko Makita for provid-
DNAs exhibit the transcriptional activity. It is now clear that . 9 X P

individual DNA shows on/off switching in transcriptional ac- Ing hglp_ful advice on the expen_ment_al mgthods, Mr. Hi-
tivity that is accompanied by a folding transition. royuki Kitahata for help on analyzing video images, and Dr.

The above result indicates that the transcriptional activ—T atstlo ¢E!taya in.d Dr. Da;nlderg Bf‘r:gl Cior t?e{r Ixndd fcortr;]-
ity of an individual chain is strongly related to its conforma- ments. This WOrk IS supported by the rants in Ad Tor the

tion, i.e., to a drastic change in its density. The density ratidélst Century COE “Center for Diversity and Universality in

between the folded compact globule and unfolded coil state, gﬁ'SiC_S”t an(?c Bf(')rl S_cielntgic Resear((::h itn dPtr)ior\i;\)// tAreasd
Pglobuld Peoil €0UAlS the inverse ratio of the cube of the respec- emistry ot biological Frocesses Lrealed by wvater an

; e ; He e i Biomolecules” from the Ministry of Education, Culture
tive radii R3;/Ropue The coil radius is given af; : ’ '
~ \N¥5 under good solvent conditions for a chafwherex ~ SPOrts. Science and Technology of Japan.

Is the perSIStence. Iengt_(about 150 bp for DNA at room p. B. Warren and P. R. Wolde, Phys. Rev. L&, 128101(2004.
temperatureandN is defined as the number of independent 25" o 1550, Natur@ondon 427, 415(2004.

segments of lengthh per contour lengthL (40820 bp for  3p. Frenkiel-krispin, S. Levin-Zaidman, E. Shimoni, S. G. Wolf, E. J.
Lambda ZAP Il DNA. On the other hand, the globule size Wachtel, T. Arad, S. E. Finkel, R. Kolter, and A. Minsky, EMBO 20,
Rylobule iS proportional to(AsN)*’®, where s is the cross- ,1184(2001.

4 . . .
- p —~ . A. Wolffe, Chromatin 3rd ed.(Academic Press, San Diego, 1998
sectional area of the chai3 nne=27.5 bﬁ) The density ®J. Zhang, F. Xu, T. Hashimshony, I. Keshet, and H. Cedar, Nature

ratio pgioputel Peoil CaN thus be estimated as\2N*>. For the (| ondon 420, 198 (2002.

giant DNA adopted in this experiment, this ratio4sL0°. It ®M. A. Karymov, M. Tomschik, S. H. Leuba, P. Caiafa, and J. Zlatanova,
has been confirmed from the measurement of the BrownianFASEB J. 15, 2631(200D. _

motion of an individual giant DNA molecule that the relative K. Yoshikawa, M. Takahashi, V. V. Vasilevskaya, and A. R. Khokhlov,
atio of the fycrodynamic adi s on the order of G on LS LTSS L

giant DNA™" The high density present in a globular confor- e raspaud, M. Olvera de la Cruz, J.-L. Sikorav, and F. Livolant, Biophys.
mation should prevent the binding of enzymésre, RNA J. 74, 381(1998.

polymerasgto DNA, which could lead to a total inhibition ﬁD. Jary and J.-L. Sikorav, Biochemistryg, 3223(1999.

of transcriptional activity. Table | indicates that the relative '(-:B\‘/"‘V%Zna' lzncd;aélg:\I/cl)o’nl_t-agﬂézRaéri]g(i’el:ﬁigt%%v%zaél_?- (‘fgg‘%ames' C. Arguello,
activity decreaged from 0.60 at 20M S,permin? to O_'OO at 1z Tsur?lbto, F. Luckel, and K. Yoshikawa, Biophys..ChemOG 23
700 uM spermine. The abrupt change in density, with a dis- (2003,

crete conformational transition, is the direct cause of the on*H. Oana, K. Tsumoto, Y. Yoshikawa, and K. Yoshikawa, FEBS LB&0,

off switching of transcriptional activity. The present study 143 (2002.
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been reported that a small change in concentration such as ofashi, Y. Shirai, A. Sakai, S. Kawano, K. Murakami-Murofushi, and T.
a 1:1 salt, RNA and ATP, can cause a large discrete transitiop<U°wa Mol. Biol. Cell 14, 4758(2003. .
in the conformation of aiant DN/&4 Such a conformational . Gueroui, C. Place, E. Freyssingeas, and B. Berge, Proc. Natl. Acad. Sci.
In the contorm. g : _ : USA 99, 6005 (2002.

transition in giant DNA can cover a large genetic region,*®y. Harada, O. Ohara, A. Takatsuki, H. ltoh, N. Shimamoto, and K. Ki-
possibly including tens or hundreds of genes. Thus, it iszonosita Jr., NaturéLondon) 409, 113(200.

strongly suspected that such a conformational transition cor-H. Kabata, O. Kurosawa, I. Arai, M. Washizu, S. A. Margarson, R. E.
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In the present study, we have shown that transcription i$%y. Matsuzawa and K. Yoshikawa, Nucleosides Nucleotid® 1415
completely inhibited upon compaction. In contrast to this_(1994. o _
inhibitory effect, it has been reported that transcriptional ac- A Y- Grosberg and A. R. KhokhlovStatistical Physics of Macromol-
tivity was promoted by the condensation on small gir_cularzﬁ?lﬂszﬁgj\lﬁf? :;ztl'.“gﬁy(;fzzhg;ﬁ’z%gf”"e‘ NY, 1954
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Table | summarizes the results regarding transcription
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