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Com plexes of bacteriophage T7 RNA poly mer ase (RNAP) with DNA tem plate, con tain ing pro moter and ter mi na tor of T7
RNAP, at tran scrip tion elon ga tion were vi su al ized by atomic force mi cros copy (AFM). Im ages for both non spe cific
(formed by T7 RNAP mol e cule with end frag ments of DNA tem plate) and spe cific (com plexes of T7 RNAP with pro moter
and tran scrip tion ter mi na tion area) com plexes were ob tained for pairs of sin gle mol e cules. The in flu ence of tran scrip tion 
pa ram e ters on the com plex for ma tion is dis cussed.

Keywords: atomic force mi cros copy, AFM, tran scrip tion, T7 RNA poly mer ase, ter mi na tor, pro moter, pro tein–DNA in -
ter ac tion.

In tro duc tion. Tran scrip tion is the pro cess in the course
of which RNA-poly mer ase (RNAP) forms a se ries of
com plexes at DNA-ma trix scan ning. In the be gin ning
an un sta ble ini ti a tion com plex is be ing formed, as a re -
sult of which, short prod ucts are syn the sized be fore
pro moter is re leased. Later, the sta ble elon ga tion com -
plex is formed, con sist ing of RNAP, DNA-ma trix and
an in creas ing RNA-tran script [1]. At least three types of 
tran si tion com plexes were shown to form at tran si tion
from ini ti a tion to elon ga tion com plexes us ing the bio -
chem i cal anal y sis and study ing the ki netic as pect of in -
ter ac tion be tween RNAP and DNA ma trix. The first
tran si tion com plex con sists of 3–5 nu cleo tides, the sec -

ond one of ~6–8 nu cleo tides, the third one of ~9–14

nu cleo tides [2, 3].
RNA-polymerases may be di vided into two classes: 

oligomeric RNAPs (bac te ria, eukaryotes) and
monomeric RNAPs (some bac te rio phages, mi to chon -
dria, chloroplasts). Though they have no struc tural
homology or sim i lar se quences, still ba sic
transcriptional steps are iden ti cal for both RNAP
classes [4].

The tran scrip tion is un der poly mer ase con trol dur -
ing elon ga tion till the pause or ter mi na tion. The sta ble
elon ga tion com plex is dis so ci ated in the pro cess of
tran scrip tion ter mi na tion upon reach ing spe cific po si -
tion on the DNA-ma trix. It is sug gested that dis so ci a -
tion is not caused by ter mi na tion im me di ately but first
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in ac ti va tion of the elon ga tion com plex oc curs [5]. Two
types of sig nals for the pause or ter mi na tion have been
re vealed for T7 RNA-poly mer ase, the most stud ied
among monomeric RNAPs. Sig nals of class I con tain
U-rich el e ment down the se quence, which forms
GC-rich hair pin. The ter mi na tion on class I sites is de -
pend ent on the pos si bil ity of sec ond ary struc ture for -
ma tion by the RNA mol e cule, which takes place even at 
the ab sence a non-ma trix DNA chain. The other ter mi -
na tor of T7RNAP be longs to class II and con sists of
con ser va tive se quence of 8 nu cleo tides. Gen er ally, the
pause or ter mi na tion takes place on the site which is lo -
cal ized by 7–8 nu cleo tides down the afore men tioned
el e ment. How ever, the de tails of both tran scrip tion ini -
ti a tion and ter mi na tion are hard to re veal by means of
tra di tional meth ods used for so lu tions, as, first of all,
the ini ti a tion in cludes sev eral rapid in ter me di ate stages
be tween bind ing to the pro moter and elon ga tion. Sec -
ondly, only the in sig nif i cant num bers of RNAP mol e -
cules in RNAP pop u la tion which take the ac tive part in
tran scrip tion at ev ery ex act mo ment in time, are as so ci -
ated with the ini ti a tion [6].

The ma jor ity of bio chem i cal in ves ti ga tions on the
ini ti a tion of tran scrip tion is per formed at ex per i men tal
con di tions which al low study ing only fixed lo ca tion of
the en zyme, when PNAP is stopped at a known po si tion 
of DNA ma trix due to the ab sence of a com ple men tary
nu cle o tide. The at tempts to syn chro nize the ini ti a tion
of tran scrip tion for RNAP mol e cule pop u la tion reached 
no suc cess as the syn chro ni za tion was abol ished due to
the sto chas tic na ture of tran si tion be tween the in ter me -
di ate stages.

The other ap proach to study the tran scrip tion ini ti a -
tion, based on in ves ti ga tion on bind ing to the pro moter,
ini ti a tion, and elon ga tion for a sin gle out RNAP mol e -
cule in real time has been de vel oped re cently. This ap -
proach uses the DNA mol e cule, joined by both of its
ends to two balls, lo cated in op ti cal traps. At the same
time DNA mol e cule is lo cated close to the sur face
where sin gle im mo bi lized T7 RNAP mol e cules are lo -
cal ized on. Guid ing the op ti cal trap by means of os cil la -
tion of the ball, to which one DNA mol e cule end is at -
tached, the au thors of [6] ob served as so ci a tion and dis -
so ci a tion of the com plex be tween T7 RNAP and
pro moter DNA, with the con stant K = 2.9 sec-1, tran si -
tion to elon ga tion with K = 0.36 sec-1, syn the sis at rate

of 43 nu cleo tides per sec ond, and out put length of
RNA-tran script ~1200 nu cleo tides. Au thors showed
the tran si tion from ini ti a tion to elon ga tion last ing sig -
nif i cantly lon ger com par ing to the time of bi nary T7
RNAP-DNA-pro moter com plex ex is tence.

In or der to an a lyze RNAP-DNA com plexes,
formed at tran scrip tion, the method of atomic force mi -
cros copy (AFM) has been ap plied suc cess fully [7].
High res o lu tion AFM-vi su al iza tion of pro tein-nu cleic
com plexes al lows di rect study on bi o log i cal struc tures
at close to phys i o log i cal con di tions and with out crys tal -
li za tion. Un like tra di tional mi cro scopic meth ods,
which pro vide av er age in for ma tion for the pop u la tion
of mol e cules, us ing AFM al lows ob tain ing the data on
struc ture and func tion of sin gle mol e cules. Be sides, a
sig nif i cant ad van tage of AFM, com par ing to clas sic
elec tron mi cros copy, is the ab sence of tint ing or stain -
ing at pre par ing the sam ple. To study the to pog ra phy of
biomacromolecular sur faces us ing AFM the only re -
quire ment is for mol e cules to be ad sorbed on a flat sub -
strate. There fore, a sig nif i cant num ber of works is de -
voted to AFM-vi su al iza tion of pro tein com plexes with
DNA, in clud ing RNA-polymerases [7, 8].

The cur rent work pres ents the study on op ti mi za -
tion of tran scrip tion con di tions in vi tro for sub se quent
AFM-vi su al iza tion of the com plex formed by
monomeric T7 RNA-poly mer ase with lin ear DNA,
con tain ing pro moter and the tran scrip tion ter mi na tion
area for T7 RNAP. Both non-spe cific (formed by T7
RNAP with ter mi nal frag ment of DNA-ma trix) and
high-spe cific com plexes (first and fore most, with the
pro moter), which T7 RNAP forms with sin gle mol e -
cules of DNA-ma trix have been vi su al ized.

Ma te ri als and Meth ods. Tran scrip tion Amplicon
(length 1414 b.p.) with A1 pro moter (1 of 17 known
pro mot ers, which T7 bacteriophage ge nome con tains)
and T7 RNA-poly mer ase tran scrip tion ter mi na tion site
was used as a tran scrip tion ma trix (Fig.1). DNA tem -
plate was ob tained by the re stric tion by ScaI
endonuclease (New Eng land Biolabs, UK), supercoil
DNA pGEMEX (length 3993 b.p.) (Promega, USA),
with fur ther am pli fi ca tion and pu ri fi ca tion of amplicon. 
Tran scrip tion re ac tion was con ducted in ac cor dance
with the pro to cols given be low us ing the tran scrip tion
kits and T7 RNA-polymerases (Promega, USA),
MegaScript T7 (Ambion, USA) and a kit from New
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Eng land Biolabs, UK, at dif fer ent tem per a ture and time 
pa ram e ters.

Three tran scrip tion buff ers were used: buffer A
(Promega, USA), buffer B (Ambion, USA), and buffer
C [8]. Buffer A con tained 40 mM of Tris-HCl, pH 7.9, 6
mM MgCl2, 10 mM NaCl, 10 mM dithiothretiol, 2 mM
spermidine, 0.05 % tween 20, 40 units of RNazine, 20
units of RNA-poly mer ase in to tal vol ume of 20 ìl. The
tran scrip tion was ini ti ated add ing CTP, GTP, UTP, and
ATP nu cleo tides to 200 mkM.

Buffer B contained transcription reaction mixture,
RNazine 40 units, 20 units of RNA-polymerase, 20
mkM of CTP, GTP, UTP, and ATP in total volume of
20 mkl. After 20-65 min of incubation at 31°C, the
reaction was terminated by heating for 15 min at 70°C.

Buffer C contained 20 mM of Tris-HCl, pH 7.9, 5
mM MgCl2, 50 mM KCl, 1 mM dithiothretiol, 40 units
of RNazine, 20 units of RNA-polymerase in total
volume of 20 mkl. The transcription was initiated

adding CTP, GTP, UTP, and ATP to 100 mkM. After
65 min of incubation at 31°C, the reaction was
terminated by rapid cooling to 0°C.

To remove DNA template and depredated DNA,
which may contaminate the RNA preparation, after
transcription 1 mkl of DNAase I, free of RNAase,
(Ambion, USA) was added to the reaction mixture and
incubated for 15 min at 37°C. DNAase was inactivated
by incubating the reaction mixture at 70°C for 10 min.
The transcription efficiency was controlled via
electrophoresis in 1.2 % agarose gel, containing 1.8%
of formaldehyde (Fig.2). The transcription was
performed in a special room, set for working with RNA, 
using ultra-pure water with added DEPC to inhibit
RNAases. Later, to perform the electrophoresis at
denaturated conditions, the reaction mixture was added
with equal volumes of buffer for sample applying;
which contained 90% formamide, 0.01% xylencianol,
0.01% bromphenol blue, 10 mM EDTA, and 0.01%
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Fig.1 Schematic representation of linear DNA template used for
transcription (a) and its AFM-image (b). Primers L1 and L2 (boxes) flank
pGEMEX DNA fragment 1414 b.p. long containing the promoter and the
terminator of T7 RNA-polymerase transcription. pGEMEX DNA was
immobilized on freshly cleaved mica in HEPES buffer containing 2.5 mM of 

MgCl
2
. Image resolution 2.23 mkm x 2.23 mkm

Fig.2 Analysis of RNA-transcripts after transcription with T7
RNA-polymerase on the template of pGEMEX linear DNA fragment 1414
b.p. long (line 1) at the denaturating conditions in 1.2% agarose gel with
formaldehyde and control pTRI-Xef plasmid of 1890 b.p. (line 2). The
expected length of transcripts was 1032–1122 nucleotides. Reaction was
performed in buffer A (Promega) at 37°C, 1 h according to the manufac
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SDS. To evaluate the sizes of RNA-transcripts, formed
after the transcription on the DNA template pGEMEX,
control pTRI-Xef DNA template (transcription kit
MegaScript T7 (Ambion, USA)) was used. Performing
the transcription in accordance with manufacturer’s
conditions only full-size RNA-transcripts (length 1890
b.p.) were formed, and G 319A RNA-markers
(Promega, USA) were used to evaluate their sizes.

Atomic Force Mi cros copy Atomic force mi cro -
scope Nanoscope IV MultiMode Sys tem (Veeco In stru -
ments Inc., USA) with E-scan ner was used in our work.
AFM-im ages of DNA were re corded by the vi brat ing
vari ant of AFM in the air, in “height”-mode us ing
OMCL-AC160TS can ti le vers (Olym pus Op ti cal Co.,
Ja pan), res o nance fre quency 340-360 kHz and hard ness 
con stant 42 N/m. The im ages were ob tained in 512 x
512 res o lu tion, smooth ened, and an a lyzed us ing
Nanoscope Soft ware (v. 5.12r3) (Veeco In stru ments
Inc.).

Prep a ra tion of DNA sam ples for PCR and T7
RNAP-DNA com plexes for AFM To con duct poly mer -
ase chain re ac tion (PCR), L1 and L2 prim ers were con -
structed which bor dered pGEMEX DNA frag ment,
con tain ing pro moter and ter mi na tion site of T7
RNA-poly mer ase tran scrip tion. The L1 and L2 prim -
ers, the se quences of which with the cor re spond ing po -
si tions on cir cu lar DNA pGEMEX are given be low,
were ob tained from Sigma, Ja pan:

5'-cgc tta caa ttt cca ttc gcc att c-3' – di rect primer
L1 (3748–3772)

5'-ctg att ctg tgg ata acc gta tta ccg-3' – re verse
primer L2 (1168–1142)

Hot-start PCR was conducted using GeneAmp
9700 amplifier (Perkin Elmer, USA) in the reaction
mixture volume of 50 mkl at the following temperature
and time parameters: initial incubation – 95°C, 2 min;
denaturation – 95°C, 1 min; annealing – 71°C, 1 min;
synthesis – 74°C, 1 min; number of cycles – 35. The
temperature of annealing was determined theoretically
using Oligo software.

Amplicons were vi su al ized by sep a ra tion of 15 ìl
of PCR prod uct us ing elec tro pho re sis in 2% agarose gel 
with sub se quent stain ing by ethidium bro mide.

The fol low ing pro ce dure was ap plied in or der to
pu rify the am pli fied DNA frag ment. Af ter elec tro pho -
re sis, the band of gel, con tain ing amplicon, was cut out

by long wave low in ten sity UV source (BioRad, USA).
For fur ther amplicon pu ri fi ca tion from nu cleo tides,
prim ers, DNA-poly mer ase, and ethidium bro mide,
QIAquick PCR pu ri fi ca tion kit (QIAgen, Ja pan) was
used in ac cor dance with the man u fac turer’s rec om men -
da tions, as well as the ex trac tion with phe nol/chlo ro -
form with sub se quent reprecipitation by eth a nol.

PCR was per formed us ing thermostable high ac cu -
racy DNA-polymerases of 2 types – Pyrobest
DNA-poly mer ase (TaKaRa Co., Ja pan) and Invitrogen
Plat i num DNA-poly mer ase (Invitrogen, Ja pan).

To ap ply T7 RNAP–DNA com plexes on freshly
cleaved mica, ei ther 10 mM HEPES buffer, con tain ing
2.5 mM MgCl2 or the tran scrip tion buffer (as it also
con tained Mg2+ cat ions) was used. 10 mkl drop of mix -
ture of com plex was ap plied on mica line of 1 cm2, mo -
lar con cen tra tion ra tio T7 RNAP and DNA in the range
of 1–100 in TE-buffer (10 mM Tris-HCl, pH 7.9, 1 mM
EDTA), af ter 2 min of ex po si tion it was washed by
RNAases free ul tra-pure wa ter, blown by ni tro gen
stream flow, and vi su al ized im me di ately.

T7 RNAP-poly mer ase con cen tra tion in the out put
mix ture was de ter mined by spec tral anal y sis us ing the
con trol set of re agents for de ter min ing bo vine se rum al -
bu min (BSA) con cen tra tion (BSA Pro tein As say Re -
agent, Pierce, USA). The con cen tra tion of in ter me di ate 
mix ture of T7 RNA-poly mer ase was de ter mined on the
ba sis of cal i bra tion curve of op ti cal den sity de pend ence 
on cer tain BSA con cen tra tion for 3 BSA con cen tra tion
val ues, com ing out from the mea sured value of ab sorp -
tion.

The con cen tra tion of T7 RNA-poly mer ase
(Promega, USA) in stock so lu tion was 6.6 C10–6 M; the 
con cen tra tion of pGEMEX lin ear DNA, used as a tem -
plate for tran scrip tion was 200–800 pM (amplicon) at
AFM-vizialization. To de ter mine it, op ti cal den sity
and, thus, the con cen tra tion of pu ri fied PCR-prod uct
was mea sured, us ing spectrophotometry. The com -
plexes were pre pared by ad di tion of T7
RNA-polymerases to equal vol ume of DNA tem plate
so lu tion, ob tained by the method of se quen tial di lut ing
of the amplicon stock so lu tion.

To vi su al ize the com plex of T7 RNA-poly mer -
ase–DNA, mo lar con cen tra tion ra tio of poly mer ase and 
DNA was changed in the range of 1–100. The cor re -
spond ing mix tures of T7 RNA-poly mer ase were ob -
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tained by the method of se quen tial di lut ing of the stock
so lu tion.

Re sults and Dis cus sion. To study the struc ture of
T7 RNA-poly mer ase–DNA com plexes us ing AFM, the 
im mo bi li za tion of biomolecules on freshly cleaved
mica add ing Mg2+ ions was per formed. AFM im ages
of DNA tem plate mol e cules, ab sorbed on mica (Fig.1,
b) and be ing of non-ex tended shape and smooth ened
con tour, the frag ments of which were evenly im mo bi -
lized on the sub strate sur face, were used as the con trol.

The tran scrip tion ef fi ciency was con trolled by the
re ac tion with the con trol DNA-tem plate – pTRI-Xef
plasmid, which con tained T7 RNAP tran scrip tion pro -
moter, ob tained from MegaScript T7 kit (Ambion,
USA). RNA-tran scripts formed as a re sult of tran scrip -
tion on pTRI-Xef plasmid which were of 1890 b.p.
length (de ter mined af ter elec tro pho re sis with
RNA-mark ers (Promega, USA)) were used in turns as
mo lec u lar mass mark ers. 

The fact that the RNA-tran scripts of spe cific length
are syn the sized as a re sult of tran scrip tion on pGEMEX
DNA tem plate was proved by the pres ence of cor re -
spond ing bands on electrophoregram af ter denaturating 
elec tro pho re sis of the tran scrip tion prod ucts with T7
RNA-poly mer ase (Fig.2).

The presence of two bands on electrophoregram
testifies, to the author’s mind, about the synthesis of
RNA-transcripts of 1122 and 1032 b.p. (higher
intensity band), which correspond to the transcription
products with and without the transcription termination
site. Regardless asynchronization of the reaction
system, it is clear that after transcription only full-size

RNA-transcripts are formed and shorter transcripts,
appeared after stop in the termination site. The
transcription may be considered as scanning of DNA
template by high accuracy RNA-polymerase at ~40
nucleotides per 1 sec [5]. Short RNA-transcripts of
different length can also be formed, although their
number is insignificant comparing to the number of
full-size RNA-transcripts. Therefore, sensitivity of
visualization of the transcription results using
electrophoresis is insufficient for detecting these short
RNA-transcripts. It is noteworthy that the situation
with short RNA-transcripts is similar to the synthesis of 
during PCR not only amplicon of the expected length
(amplification of which takes place in geometrical
progression), but also of longer PCR-products,
however, in a significantly lower concentration
(synthesized in arithmetical progression), but they are
not visualized on electrophoregram due to insufficient
sensitivity of the system.

The cur rent work is fo cused on the vi su al iza tion of
T7 RNAP–DNA com plexes. How ever, RNA-tran -
scripts, formed as a re sult of tran scrip tion, were also re -
vealed (Fig.3). RNA-tran scripts were sim i lar to the
con densed struc tures, as in other re searches on
AFM-vi su al iza tion of RNA, be cause, to the au thor’s
mind, for vi su al iza tion of ex tended non-con densed
RNA mol e cules, the sub strate sur face fea tures (mica)
should be changed.

Hav ing added T7 RNAP to the tran scrip tion mix -
ture con tain ing DNA-tem plate in the pro cess of tran -
scrip tion, elongational com plexes, char ac ter ized by
spe cific bends, typ i cal for DNA-pro tein com plexes, are 
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Fig.3 AFM-image of RNA-transcripts
after transcription with T7
RNA-polymerase on the linear
pGEMEX DNA of 1414 b.p. and
treatment by DNAase I (expected
length of transcripts was 1032–1122
nucleotides, image resolution a – 1 x 1
mkm; b – 315 x 315 nm)



formed [8, 9]. Fig.4 and Fig.5 show AFM-im ages of
lin ear DNA pGEMEX af ter tran scrip tion with T7
RNA-poly mer ase at dif fer ent tem per a ture and time
con di tions and con sid er able ex cess of T7 RNA-poly -
mer ase mol e cules. DNA mol e cules in the com plex with 
T7 RNAP are spe cific and of great in ter est for the pres -
ence of bends and for ma tion of transcriptional loops af -
ter the tran scrip tion at room tem per a ture (Fig.4, a,
Fig.5). At the same time if T7 RNAP mol e cules are not
pres ent then bends and loops in pGEMEX lin ear DNA
mol e cules are not seen at AFM im ages (Fig.4, b, [10]).
In gen eral, the for ma tion of bends in the DNA mol e cule 
is de ter mined by com plex for ma tion with pro teins, on
the one hand, while, on the other hand, the bends ap pear 
dur ing vi su al iza tion of DNA–pro tein com plexes, ab -
sorbed on the mica sur face. This ef fect may be briefly
ex plained by the al ter ation of sur face charge den sity of
the DNA mol e cule upon the in ter ac tion with pro tein.
Gen er ally, the ab sorp tion of DNA mol e cules on the
sur face of evenly charged mica takes place due to elec -
tro static in ter ac tion of neg a tively charged DNA sites
with pos i tively charged sur face groups of mica. As a re -
sult of such in ter ac tion of two evenly charged sur faces

(DNA and sub strate), DNA mol e cules are reg u larly im -
mo bi lized on the sur face of sub strate, which tes ti fies to
the ex is tence of cer tain cor re la tion (em pir i cally
establihed) be tween sur face DNA prop er ties and sur -
face sub strate prop er ties.

The abovementioned facts al low con clud ing that
DNA mol e cules are char ac ter ized by the con for ma tion
with out bends only on mica sur face, which has a cer tain 
value of sur face charge den sity. At the change in the
sub strate sur face prop er ties, DNA mol e cules may be
ex tended or com pacted in the pro cess of ab sorp tion on
mica. The op po site sit u a tion is rea son able as well – lo -
cal change in DNA sur face charge (as it takes place in
the pro cess of in ter ac tion with pro tein) will re sult in im -
me di ate ap pear ance of bends at im mo bi liz ing on the
same sub strate. As a re sult of elec tro static in ter ac tion of 
DNA with the pro tein, lo cal sur face den sity of the neg a -
tive charge of DNA phos phate groups de creases, and,
there fore, the re puls ing forces of neigh bor ing phos -
phate groups, which sta bi lize the DNA struc ture (along
with stack ing in ter ac tion of ba sic pairs), de crease as
well [11, 12]. The re sult of this lo cal change in the DNA 
sur face prop er ties in the sites of in ter ac tion with pro tein 
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Fig.4 AFM-image of pGEMEX linear DNA fragment (1414 b.p.) used as transcription template and T7 RNA-polymerase molecules (two white points) after
60 min transcription in buffer A at room temperature (according to conditions [8]) (a) and after 65 min, at T = 31°C in buffer C for transcription (b); a – white
arrows point at the coiled fragments of DNA-template which appeared as a result of complex formation with T7 RNAP molecules, black arrows point at T7
RNAP which formed the complexes inside the DNA-template; b – black arrows point at T7 RNAP molecules which formed the complex with the ends of the

DNA template. Image resolution a – 1 x 1 mkm, b – 1.48 x 1.48mkm. T7 RNA-polymerase to DNA ratio is 20.



is an in crease in conformational mo bil ity of DNA at im -
mo bi li za tion on mica, which causes the ap pear ance of
bends in the sites of DNA-pro tein in ter ac tion vi su al ized 
on AFM im ages.

DNA-template for transcription was constructed to
contain the promoter and T7 RNAP transcription
termination site, which are localized asymmetrically at
the ends of amplicon with the length of 1414 b.p. Thus,
the transcription promoter is located between
1212-1231 b.p., i.e. 200 b.p. from 3'-end of the DNA
template chain and the internal transcription terminator
T7 RNAP is located between 91–182 b.p., i.e. 90 b.p.
from 5'-end of the DNA template chain. Because there
were no data in the available literature concerning the
mentioned termination site, cloned in pGEMEX vector,
the issue of detecting the termination signals for T7
RNAP arose on the basis of sequence analysis of the
termination transcript. As a result of this investigation,
a hairpin structure (with one unpaired nucleotide), 13

b.p. long with a loop 3 of n., was revealed and free
energy of hairpin formation (DG=–16.4 kcal/mol) was
detected using GeneBee software [13].

AFM im age (Fig.4, a) shows that DNA mol e cules
No.1-4 formed the com plexes with only one T7 RNAP
mol e cule, while 3 poly mer ase mol e cules were bound to 
DNA No.5. At the same time DNA-T7 RNAP com -
plexes for mol e cules No. 1, 3, 4 were qual i ta tively dif -
fer ent from those No.2 and 5, the as so ci a tion of which
is ac com pa nied by the for ma tion of spe cific bends. The
frag ments which may be in ter preted as RNA-tran -
scripts are shown with white ar rows (note, that hav ing
done the thor ough anal y sis of AFM im ages of sim i lar
size pic ture in [8], the au thors did not re veal any
DNA-RNAP com plexes, con tain ing in creas ing
RNA-tran script).

The par tic u lar fea ture of AFM is the ca pa bil ity of
mea sur ing the con tour length of DNA mol e cules with
high res o lu tion us ing soft ware. Be sides, one of the pri -
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Fig.5 High resolution AFM-image of T7
RNA-polymerase and DNA-template
complexes. T7 RNA-polymerase
molecules are seen as spheres, r ~ 8 nm.
White arrows point at the complexes
formed by T7 RNA-polymerase and
DNA, and the black ones point at
RNA-transcripts. The transcription was
performed in buffer A at room
temperature for 60 min (similar to
conditions in [8]), and then the reaction
mixture was immediately used for
AFM-visualization. Image resolutions: a
– 348 x 348 nm, b – 306 x 306 nm, c – 298
x 298 nm, d – 299 x 299 nm. Contour
length of molecules a – 445–450 nm, b –

454–457 nm



mary ap pli ca tions of AFM was the mea sur ing of DNA
con tour length [14].

In [10] the con tour DNA-tem plate length of 1414
b.p. af ter am pli fi ca tion was mea sured, which was used
in this work to per form the tran scrip tion; the value
equaled 435±15 nm. The con tour length of DNA mol e -
cules, which formed the com plex with T7 RNAP were
also in the range of this sta tis ti cally re li able value
445–457 nm (Fig.5).

Let us take a closer look at the vi su al ized com plexes 
formed by T7 RNA-poly mer ase on both amplicon ends. 
Only one type of com plex (Fig.6) has been dis cov ered
for tran scrip tion at T = 37°C, 4 min – T7 RNAP mol e -
cule is bound to one of DNA-tem plate ends. The height
of this com plex (Fig.6, b, ar row), mea sured from AFM
im age by means of cross and lon gi tu di nal sec tion (re -
sults are not pre sented), equaled ~0.5 nm which cor re -
sponds to the value of height of a sin gle T7 RNAP mol -
e cule. At the same time, two types of com plexes (T7
RNAP com plexes with pro moter or ter mi na tor) lo cal -
ized on both ends of DNA tem plate (Fig.7) were vi su al -
ized af ter tran scrip tion at T = 31°C for 65 min. The
height of the other T7 RNAP-DNA com plex in di cated
by a black ar row (Fig.7, a, b) was 0.93–1 nm.

It is note wor thy that both spe cific and non-spe cific
com plexes are formed at the in ter ac tion of DNA mol e -
cule and T7 RNAP. Spe cific bind ing (in ter ac tion with
pro moter) is rel a tively in sen si tive to wards chang ing in
ionic strength of mix ture, but it de pends on con for ma -
tion of the DNA frag ment. Non-spe cific com plexes of
DNA-RNAP com plexes are formed due to elec tro static
in ter ac tion of pos i tively charged poly mer ase res i dues
with neg a tively charged phos phate groups of DNA.
Non-spe cific bind ing is highly sen si tive to ward chang -
ing in ionic strength of the re ac tion mix ture, how ever, it 
is in sen si tive to the de gree of DNA supercoiling. Hav -
ing an a lyzed the fea tures of non-spe cific and spe cific
DNA-RNAP com plexes, the au thors of [15] made the
con clu sion that the ba sic con stit u ents of reg u la tion
mech a nism of T7 bacteriophage tran scrip tion are the
ef fi ciency and the rate of RNAP open com plex for ma -
tion with pro moter, but not dif fer en tial pro moter bind -
ing.

The structure of complex, formed by T7 RNAP
polymerase at transcription, has been studied
thoroughly in the previous investigations. Thus, in [16]
X-ray analysis was used to present detailed crystalline
structure of the elongation complex of T7
RNA-polymerase with resolution of 2.9 A°. RNA-DNA
hybrid (8 b.p.) was shown to be built in the active center 
of the enzyme, resulting in significant rearrangement of 
the amino end domain. Such rearrangement includes
alternative folding of about 130 residues and significant 
reorientation (with 130° turn) of core subdomain,
resulting in a structure formation which provides
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Fig. 6 High resolution AFM-image of T7 RNA-polymerase and DNA
template for transcription at T = 37°C, 4 min. Image resolution a – 280 x 280
nm, b – 280 x 280 nm. The arrow points at the complex formed by T7
RNA-polymerase and DNA. After transcription, 7 ìl of buffer A were added 
to 7 ìl of the reaction mixture and then it was applied on mica



proper operation of stable elongation complex. Though
much data are published on T7 RNAP structure in
elongation and initiation complexes, the data on these
complexes obtained with biochemical method do not
match the crystallographic information completely.
Using kinetic analysis of the transcription initiation and 
elongation, the stage of initiation was determined to last 
4 sec for single T7 RNAP molecules [4] and
RNA-transcript of 1200 b.p. synthesis lasts
approximately 30 sec. Therefore, in our case
performing the transcription for 4 min is enough for the
synthesis of RNA-transcripts on DNA-template of
1414 b.p. used in our work. However, at 4 min
transcription (in buffer A) only the complexes which
are specific for binding to one DNA-template end,
similar to the variant in Fig. 6, b, were visualized. At the 
same time the increase to 65 min in transcription time
allowed detecting T7 RNAP complexes with both
terminal fragments of the DNA-template (Fig. 7).

The au thors be lieve that the com plexes in di cated by 
black ar rows in Fig.7 cor re spond to the com plex
formed by T7 RNAP with the DNA-ma trix in the tran -
scrip tion ter mi na tion site. It is pos si ble that af ter elon -
ga tion, sev eral T7 RNAP mol e cules with cor re spond -
ing RNAP-tran scripts “stop” at the ter mi na tor one by
one. It is sup ported by rather a sig nif i cant size of the
com plex, as well as the pres ence of T7 RNAP mol e cule
in side the DNA-tem plate at the com plexes on both ter -
mi nal sites of the DNA tem plate.

Gen er ally, to sta bi lize the com plex at the tran scrip -
tion ter mi na tion, the re ac tion is per formed at the av er -
age ionic strength (I) 75–80 mM Na+ and NTP con cen -
tra tion 80–200 mkM. The tran scrip tion in our work was 
per formed at I = 80 mM Na+ (buff ers A and C, the man -
u fac turer of buffer B does not ex pose the re ac tion mix -
ture con tent). The RNAP ter mi na tion mech a nism of T7
phage is less stud ied and com pre hended, com par ing to
the cell ter mi na tion mech a nism of Esch e richia coli
RNAP, as the ma jor ity of elon ga tion com plexes of T7
RNAP are non-sta ble and are eas ily dis so ci ated even at
the con di tion of RNAP stop out side the ter mi na tion
site. It is also sup posed that in case of ionic strength de -
crease, the ter mi na tion com plex at reach ing the ter mi -
na tion site is dis so ci ated fast (5-15 sec). It is con sid ered
to be the com mon fea ture of the in ter nal ter mi na tors
[17]. Be sides, this com plex is dis so ci ated fast even at
not high ionic strength val ues, mean while in E. coli
RNAP the ma jor ity of elongational com plexes, in clud -
ing the com plexes which stop at the po si tions of tran -
scrip tion ter mi na tion are sta ble and can be vi su al ized
[8].

To our mind, the vi su al iza tion of a great num ber of
T7 RNAP com plexes with ter mi nal frag ments of the
DNA-tem plate may be ex plained by sev eral rea sons.
Firstly, the pro moter and the ter mi na tion site are lo cal -
ized on the ends of the DNA-tem plate. As the bind ing
con stant for T7 RNAP mol e cule with highly spe cific
pro moter site ex ceeds that of non-spe cific bind ing
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Fig.7 High resolution AFM-images of
DNA–T7-polymerase complexes
formed after 65 min, 31°C transcription
in buffer C. T7 RNA-polymerase to
DNA ratio was 10. White arrows point
at T7 RNA-polymerase with the
promoter, and the black ones point at
the complex in the transcription
termination site. Reaction was
terminated by rapid cooling down to
0°C. To perform AFM-visualization the 
reaction mixture was 10 times dissolved 
with HEPES buffer. Image resolution: a

– 338 x 338 nm; b – 297 x 297 nm.



(with any site in side the DNA tem plate) [15], then at the 
dis so ci a tion con di tions of T7 RNAP-DNA com plexes
the pro moter-T7 RNAP com plex is the most sta ble
among the ones, formed in the pro cesses of tran scrip -
tion ini ti a tion and ter mi na tion. Sec ondly, the dis so ci a -
tion time of T7 RNAP-pro moter com plex is much lon -
ger than the time of tran si tion to the elon ga tion com -
plex; there fore, there is a higher pos si bil ity of com plex
vi su al iza tion with the pro moter at dif fer ent equal con -
di tions. Thirdly, pause or com plete stop of the en zyme
takes place in the ter mi na tion site which sta tis ti cally in -
creases the pos si bil ity of com plex vi su al iza tion with
the ter mi nal DNA-tem plate frag ment.

The key re sult of cur rent in ves ti ga tion is the di rect
vi su al iza tion of the com plexes formed by T7 RNAP
with ter mi nal frag ments of DNA-tem plate as well as
with pro moter and tran scrip tion ter mi na tion site. The
data ob tained al low sup pos ing that the pro cess of scan -
ning by RNA-poly mer ase starts from the end of DNA
tem plate nearby the pro moter. Vi su al iza tion of sev eral
T7 RNAP mol e cules in the com plex with DNA-tem -
plate con firms the re sults of [18], which pres ents the
pos si bil ity of as so ci a tion of sev eral RNAP mol e cules in 
the pro cess of tran scrip tion elon ga tion.

The study on the com plexes formed by RNAP dur -
ing tran scrip tion may be of great im por tance for un der -
stand ing the re sis tance of RNAP to ward an ti bac te rial
prep a ra tions which is of ten dis cussed in the lit er a ture.
Be sides, from the stand point of fu ture AFM-in ves ti ga -
tions, it is worth study ing the elon ga tion com plexes of
clin i cal iso la tors of My co bac te rium tu ber cu lo sis,
RNAP of which is more than 1000 times more sen si tive
to anti-tu ber cu lo sis an ti bi otic rifampicin com par ing to
RNAP of E. coli [19].

The re sults ob tained give grounds for hop ing that
AFM will re main a pow er ful and ef fec tive method of
vi su al iza tion of macromolecular com plexes and in ves -
ti ga tion of intermolecular in ter ac tions in DNA-pro tein
com plexes, es pe cially for not dried sam ples, but in
buffer di rectly at the phys i o log i cal con di tions, pro vid -
ing ad vanced un der stand ing of the com pli cated tran -
scrip tion reg u la tion mech a nisms.

The work was par tially sup ported by Ja pan So ci ety
for the Pro mo tion of Sci ence and the Acad emy of Med -
i cal Sci ences of Ukraine.

The au thor ex presses his grat i tude to O. Yu.
Limanska (In sti tute of Ex per i men tal and Clin i cal Vet -
er i nary Med i cine UAAS) for con struc tive dis cus sions
and crit i cal ac claims while writ ing this ar ti cle.

À. Ï. Ëè ìàí ñêèé

Âè çó à ëè çà öèÿ êîì ïëåê ñà ÄÍÊ ñ Ò7 ÐÍÊ-ïî ëè ìå ðà çîé ñ ïî ìîùüþ

àòîì íî-ñè ëî âîé ìèê ðîñ êî ïèè

Ðå çþ ìå

Ñ èñ ïîëü çî âà íè åì àòîì íî-ñè ëî âîé ìèê ðîñ êî ïèè (ÀÑÌ) âè çó à ëè çè ðî âà -
íû êîì ïëåê ñû ÐÍÊ-ïî ëè ìå ðà çû (ÐÍÊÏ) áàê òå ðè î ôà ãà Ò7 ñ ÄÍÊ-ìàò -
ðè öåé (ñî äåð æà ùåé ïðî ìî òîð è òåð ìè íà òîð òðàíñ êðèï öèè Ò7
ÐÍÊÏ) ïðè ïðî âå äå íèè òðàíñ êðèï öèè. Íà óðîâ íå ïàð åäè íè÷ íûõ ìî ëå -
êóë ïî ëó ÷å íû èçî áðà æå íèÿ êàê íå ñïå öè ôè ÷åñ êèõ (îá ðà çî âàí íûõ ìî ëå -
êó ëîé Ò7 ÐÍÊÏ ñ êîí öå âû ìè ôðàã ìåí òà ìè ÄÍÊ-ìàò ðè öû), òàê è
ñïå öè ôè ÷åñ êèõ (ñôîð ìè ðî âàí íûõ Ò7 ÐÍÊÏ ñ ïðî ìî òî ðîì è îá ëàñ òüþ
òåð ìè íà öèè òðàíñ êðèï öèè) êîì ïëåê ñîâ. Îáñóæ äà åò ñÿ âëè ÿ íèå ïà ðà -
ìåò ðîâ òðàíñ êðèï öèè íà êîì ïëåê ñî îá ðà çî âà íèå.

Êëþ ÷å âûå ñëî âà: àòîì íî-ñè ëî âàÿ ìèê ðîñ êî ïèÿ, ÀÑÌ, òðàíñ êðèï -
öèÿ, Ò7 ÐÍÊ-ïî ëè ìå ðà çà, òåð ìè íà òîð, ïðî ìî òîð, âçà è ìî äå éñòâèå áå -
ëîê–ÄÍÊ.
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