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Abstract

The detailed mechanism behind the processes of DNA-dependent RNA transcription initiation is largely unknown.
When transcription initiation factors bind DNA, a significant change in the electrostatic state of the complex can
result. Using electrical capacitance measurements of solutions of the YY1 zinc finger transcription initiation factor
and the adeno-associated viral P5 promoter DNA, we observed a specific dielectric change when a protein—DNA
complex was formed. We propose that complexation results in electrostatic changes that may trigger the markedly

different electrical behavior, and offer a possible explanation for our results.
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1. Introduction

While much is known about the specific proteins
involved in the transcription process of genetic
information, relatively little is known about the
mechanism through which the pre-initiation com-
plex (PIC) begins the actual process of DNA
transcription.

One important area of investigation is in the
electronics of protein—DNA interactions. DNA
possesses a varied electronic topology, with two
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highly charged phosphate backbones sandwiching
aromatic bases. When a protein with charged side
chains forms a specific complex with DNA, a
significant change in the electrostatic state of the
system can result. This may be a potential source
of energy for the physical and chemical changes
which are to follow in the transcription process.
With this model in mind, the electrostatic environ-
ments of protein—DNA transcriptionally active
complexes are worthy of detailed study.

In order to investigate the bulk electronic prop-
erties of a transcription initiation protein—DNA
complex, it was necessary to select a functionally
and structurally well-behaved and well-defined
system. Here, we report results obtained from
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investigating the electronic properties of the eukar-
yotic protein transcription factor Yin—Yang 1 @ capacitance bridge
(YY1) alone and in the presence of DNA specif-
ically recognizing YY1. YY1 is a 68 kDa protein Illl
with four zinc fingers which selectively bind to

promoter DNA sequences, causing either repres-

sion or activation of the transcription rate, depend- -« >

ing on the promoter conteXt,2]. The YY1-DNA > -

complex influences expression at the level of I
transcription in a wide variety of cellular and viral i ; '—m
genes[1-3. The adeno-associated VirdaAVv ) m S!OZ

P5 promoter has a structurally and functionally silicon

well-characterized YY1 binding consensus

sequence located at its transcription initiation start

site, and is viable for basal transcription in the

presence of YY1 and other basal transcription (b) -

factors [3,4]. The three-dimensional crystal struc- i w 7"“;

ture of the YY1-AAV P5 initiator complex has — ' i

been solved5]. h

Capacﬁanc_e m,easurements on bIOIOglcal Sys- Fig. 1. Schematic illustration of the capacitor devi€a) A

tems have historically focused on bulk systems, yiew of the entire device including the connection of the elec-

such as tissue or groups of cells,7], but they trodes to the capacitor plates, made of flatinum). They are

have recently been shown to be extremely sensitive placed on a Ti(titanium) layer, shown in black; silicon was

and effective in measuring the presence of DNA, used asasul?strate, on top of which aSiO Ia_yer was thermally
. . grown. The distance between the electrodes is 80 nm; the solu-

even in Or_'e smgle Cel[S]_. Here we report that tion containing the buffer system and DNA, YY1 or the DNA—

the formation of a specific YY1-DNA compleX vvy1 complex was placed drop wise on the chip. The —

in solution leads to dielectric values, as measured symbols represent the positively and the negatively charged

by capacitance, that are clearly different from those ions and dipoles in the solutiorfb) SEM picture of the Pt

of the non-binding DNA and YY1 solutions. leads with an 80-nm gap between the two electrodes.

Increasing the measurement frequency of the alter- o i

nating current applied resulted in a scaling of the €l€ctrodes atop a titanium adhesion layer. The

values, but the frequency—capacitance curves for distance between the electrodes was 80 nm. To
YY1 and DNA alone and in a complex were still Measure the capacitance, @ubof YY1, DNA or

distinguishable, suggesting that the electronic con- COMplex in solution was placed on the capacitor.

text around the promoter DNA changes signifi- | € device was connected to a commercial capac-

cantly when protein—DNA interaction is active.  tance bridge(6440A Precision Component Ana-
lyzer, Wayne Kerr Ing. and a driving force of 0.5

V was applied with alternating current using vari-
able frequency. Capacitance was measured varying
the frequency from 10 kHz to 3 MHz in 20 kHz
intervals. All measurements were performed at
ambient temperature and pressure, and repeated
three times.

2. Experimental
2.1. Measurements

The capacitance of solution samples was meas-
ured on a capacitor-on-a-chip device that was
assemble_d as illustrated in_ Fig. 1. The'fabrication 2.2. Preparation of DNA, YYI and DNA-YYI
of the chip has been previously describid. It
consisted of a silicon substrate passivated with a
thermally grown SiQ@ layer. Electron beam lithog-  The 20 bp adeno-associated virGaAV) P5
raphy was used to define 200-nm-wide platinum promoter oligomer was produced and purified as

complexes
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Fig. 2. Gel-shift assay for YY1-P5 promoter DNA complex
formation in the buffer conditions that were used for capaci-
tance measurementéa) All reactions utilized 50.0 fmol of
[*2P]-labeled AAV P5 DNA oligomer. The reaction in lane 1
received buffer, DNA and BSA30 fmol); lane 2—reaction
with DNA and 30 fmol of YY1; lane 3—the same as lane 2
but in the presence of a concentration of non-binding compet-
itor oligomer as shown above the lanes; lane 4—cold P5 olig-
omer DNA was used as a competitor. The reaction in lane 5
contained 10 pmol each of DNA and YY1. To be able to mon-
itor the complex formation, 1 fmol of*?P]-labeled P5 DNA
oligomer was added. The position of the free DNR) and

the bound DNA(B) are indicated to the left of the pane(®)
0.5png of YY1 and 0.2ug of BSA were separated by SDS gel
electrophoresis, and their positions verified by silver staining.
The migration of the BSA marke(68 kDa) is indicated to the
right of the panel. Lane 1—YY1; Lane 2—BSA.

previously described5]. Recombinant YY1 pro-
tein was expressed . coli. The protein was
isolated and it was purified near homogendity
99%, Fig. 2b, lane 1 Mass spectroscopynot

111

(Fig. 2b) with silver staining were used to estimate
protein purity[3,5]. A mutated P5 promoter DNA

oligomer previously shown not to bind to YY1
was used as a non-binding DNA].

In all capacitance measurements we usedu0.5
of solution. As controls we measured the capaci-
tance of the 50 mM NaCl and 5 mM HEPES
general buffer solution containing 10 pmol of
highly purified bovine serum albumitBSA, Gib-
co) as a carrier, the P5 promoter and YY1, also
dissolved in the general buffer. BSA is a well-
characterized protein long studied in dielectric
dispersion experimentgl0]. Both BSA and YY1
are basic proteins with a molecular mass of 68
kDa. To test for YY1-DNA complex capacitance
in solution, DNA (10 pmo) and YY1 (10 pmo)
were mixed in a reaction volume of 10 and
incubated for 15 min at 22.0C prior to measure-
ment. The measurements were recorded at a tem-
perature of 22.8-0.1 °C.

The YY1-DNA complex formation in the pres-
ence of 50 mM NaCl and 5 mM HEPES at pH
7.6 was verified by gel shift as previously
described using®?P]-labeled DNA oligonucleo-
tides [3]. The gel shift reactions were visualized
by scanning the gels on a Molecular Dynamics
Phosphorimager.

The protein concentrations were estimated by
applying the Bradford method11l]. The DNA
concentration was estimated by UV absorption at
260 nm.

Capacitance measurements were performed with
three different batches of purified YY1 and syn-
thetic oligonucleotide. Three different chips have
been tested and showed similar quantitative results.
All measurements were performed three times, and
we present averaged data over the three runs in
our plots.

3. Results and discussion

We have used a capacitor devi€Eig. 1) to
compare the capacitance of the DNA-YY1 com-
plex solution with the capacitance of DNA, the
YY1 protein with non-binding DNA, non-binding
BSA with the P5 promoter DNA, and the buffer
solution systems alone. We first verified the bind-

shown and SDS gel electrophoresis separation ing of YY1 to the P5 promoter DNA in the
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presence of the buffer system chosen for the (@)

capacitance measurements. Through a gel-shift Yo *  Water

assay, we determined that the YY1-P5 promoter 1 o — O Buffer
. . i 1 —0—YY1

DNA oligonucleotide form a complex specific with T A P5DNA

the P5 promoter sequence in the chosen buffer _ *°3 ) ® Complex

system (Fig. 28. This was determined by the § . O g,  —+ Dy

inhibition of complex formation in the presence of % N . Cop

cold P5 promoter DNA oligonucleotide as a com- & e

petitor in the reaction mixturéFig. 2a, lanes 1—  § ie10 e

3). Next we determined that reactions with 1 nmol & ]

of YY1 and 1 nmol of DNA yielded more than

99% of the DNA in a complex with YY1(Fig.

2a, lane 5. We applied these reaction conditions

in our protein—DNA complex capacitance meas- e  a.  m

urements. Aliquots of 0.l of the reaction mix- AC Frequency (Hz)

ture containing non-radioactive P5 oligonucleotide ®)
and YY1 were placed on the capacitor and after a * 25 .

5-min incubation period, the capacitance was :’g::ﬁ: Jesececy

measured. oYy s %@%
The frequency—capacitance curves were *°] —A—P5DNA 5 %

obtained by measuring the buffer alone, the YY1 —&— Complex O/

protein in solution with non-binding DNA, non- 5 .| // oo

binding BSA protein with the P5 DNA oligonu- & gﬁg;;&%ﬁf

cleotide and the YY1-P5 DNA complex in solution  § A o A

(Fig. 38. Repeated measurements with new sam- £ *°4 /0/ S

ples resulted in almost identical curves for each of 3 o// %/’/

the reaction assemblies, with a standard deviation os | ﬁ///

of 8X10 2, We also examined the behavior of

the dissipation factor, or the dielectric loss factor

under these condition@ig. 3b). For these curves, 00 e

we observe similar slopes at low frequencies, but
divergence at higher frequencies. The S.D. for the

dissipation factor was 810 2. _ .
Fig. 3. (a) Frequency vs. capacitance averaged measurements

Our capacitance measurements reveal CI']‘:“"’ader'for samples as labeledb) Frequency vs. dissipation factor

istic behaViorS_for DN_A' protein and prOtein_— averaged measurements. Aliquots of each sample were placed
DNA complex in solution. The P5 promoter in in the surface of the capacitor and subjected to alternating cur-

buffer solution gives the lowest capacitance values rent of increasing frequency. The identity of each curve is given
for all frequencies tested, while the protein solution " the accompanying legend.

is much higher, close to the values for pure water.

The solution containing protein—DNA complex The capacitance of any capacitor is altered by a
yielded capacitance values that were clearly differ- change in the dielectric constant of the medium
ent from the controls. Increasing the frequency of between the charged plates. In our apparatus, the
the alternating current resulted in a scaling of the solution sample is acting as a dielectric material
capacitance values, but the curves were still distin- for the capacitor on the chip, and therefore altering
guishable. The capacity response to the frequencythe measured capacitance. The ability of a dielec-
is mainly due to changes in the dipole moments tric to change the capacitance in a capacitor system
of the solute molecules in modulus and orienta- relative to a vacuum may be defined as the
tional relaxation. dielectric constant.

AC Frequency (Hz)
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Fig. 4. Electrostatic Map of the P5 Promoter DNA and YY1-P5 Complex. The YY1 protein is less electronegative than the promoter
DNA, and complex formation results in a completely new dipole moment ‘fingerprint’. The crystal structure of YY1-AAV P5
promoter complex, in which DNA is pictured, with Poisson—Boltzmann calculated partial charges mapped on the molecular surface.
The dark regions represent electronegative sites, while the lightest regions show areas of relative positivéaghehngecrystal
structure of the unbound AAV P5 promoter DNAb) The co-crystal structure of the zinc-finger domain of YY1 complexed with

the P5 promoter is shown. Image created using the crystal structure data file PDB id: 1UBD, Swiss PDB Viewer and Mega-POV
0.7.

As most proteins have a dielectric constant of the RCSB protein databa$&3]. It has a relatively
approximately 30, and DNA has a dielectric con- strong quadrupole moment, brought about by the
stant around 1, we can rationalize our capacitancewrapping of YY1 around the major groove of the
measurements. The dielectric effect is primarily DNA, which is strongly negatively charge(Fig.
due to the alignment of dipoles to the electric field 4). This juxtaposition of charge may dampen the
of the capacitor, so a stronger dipole should result dipole of the complex relative to unbound YY1,
in greater capacitancfl?]. Solvating effects do  and result in the specific capacitance values reflect-
dampen the impact of the dipole moments, ed in our data. Essentially, the solution samples
however. are acting as dielectrics for the capacitor.

The dipole moment of the YY1-AAV P5 com- Examination of the dissipation factor, which is
plex crystal structure is 486 Debye, slightly less related to the dielectric losses in the solution
that the average value for about 2300 proteins in sample in the alternating electric field, also shows
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