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Immobilization and imaging of protein molecules and protein-DNA complexes on a Langmuir-Blodgett
(LB) substrate have been explored here. We have prepared a nickel-arachidate (NiA) monolayer and
characterized it through pressure-area isotherm on a LB trough. Recombinant RNA polymerase from
Escherichia coli, where the largest subunit was replaced with the same gene having a series of histidine
amino acids at the C-terminus end of the protein, was immobilized over the Ni-arachidate monolayer
through a Ni(II)-histidine interaction. A single molecule of RNA polymerase could be seen through
intermittent-contact atomic force microscopy (AFM). Under the condition of the formation of the LB
monolayer, the enzyme molecules were arrayed and transcriptionally active. Interestingly, they could pick
up sequence specific DNA molecules from the subphase in an oriented fashion. On the other hand, preformed
RNA polymerase Ni(II)-arachidate monolayers bound DNA haphazardly when no surface pressure was
employed.

Introduction

Immobilization of individual biomolecules and their
complexes is an important requirement for a number of
biophysical and biochemical experiments. The require-
ments of immobilization become more stringent when a
scanning probe technique such as atomic force microscopy
(AFM) is used for imaging at the level of a single or a few
biomolecules. For this purpose, the nature of the substrate,
its roughness, the forces of immobilization (physical
adsorption vs chemical bonding), and the contrast in
mechanical properties between the molecule to be imaged
and the substrate are some of the factors that need to be
considered for artifact-free imaging of biomolecules. Often,
the finite force (approximately a few tens to hundreds of
piconewtons) that is needed for imaging can unbind the
immobilized molecule, creating artifacts in images. In
addition, the immobilization technique becomes particu-
larly challenging when one needs to preserve or mimic
the in vivo condition during the imaging of the biomol-
ecules. In this paper, we present a novel technique that
allows immobilization of histidine-tagged (His-tagged)
proteins and protein-DNA complexes at the single-
molecule level, by using a LB film of Ni(II)-arachidate
(NiA), where the well-known Ni-histidine interaction has
been utilized.

Over the past few years, the LB1,2 technique has gained
popularity in the formation of monolayers with chemical
complexes3 and biological species.4,5 The use of the LB
technique for the formation of biosensors has been

demonstrated6 and is comparable to other methods used
for immobilizing enzymes. Ni-histidine interactions are
commonly used in immobilized metal ion affinity chro-
matography for the purification of His-tagged proteins
and peptides.7 The novelty of the reported technique is to
combine the strength of the LB films of NiA as a substrate
for providing active sites and the use of the Ni-histidine
interaction for the immobilization at those sites. However,
one should keep in mind that the Ni(II)-arachidate
complex utilized here is different from the Ni-NTA
chemistry used in protein expression in biology. However,
both of these approaches utilize Ni(II)-histidine interac-
tions and thus made our system comparable to im-
mobilized metal ion affinity chromatography. The ratio-
nale behind the use of the Ni(II)-arachidate complex at
themonolayerwas2-fold.First, anamphipathicmonolayer
of NiA would ensure that Ni(II) is present in the subphase
where it can specifically coordinate with the histidine
present in the protein, and it would orient them in a
uniform fashion. In addition, the process is in situ where
the growth of the monolayer and the immobilization
process take place together. The process allows for the
protein to remain active and can also be used to study
protein-DNA complexes. Although, the technique is
demonstrated for RNA polymerase (RNAP) molecules, it
is sufficiently general and can be used for any His-tagged
molecule.

On the other hand, AFM has emerged as an important
technique for imaging biomolecules.8,9 Characterization
of LB films10,11 and self-assembled monolayers (SAMs)12,13
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using AFM has also been reported. In the present report,
the characterization of RNAP molecules, immobilized on
the NiA monolayer, has been achieved through the use of
intermittent-contact mode AFM.

Materials and Methods
Preparation of Glass Slides. The glass slides (18 mm × 19

mm, Marienfeld, Germany) were carefully cleaned in a 3:7 (v/v)
mixture of 30% H2O2 and 95% H2SO4 for about 2 h. Then, they
were rinsed with Milli-Q water thoroughly and stored under
water. Contact angle measurements were carried out to check
the hydrophilicity. The glass slides were sonicated in Milli-Q
water immediately before the transfer of the monolayers.

Purification of the Enzyme and Its Transcription Assay.
His-tagged RNA polymerase was purified7 from a strain obtained
as a gift from Robert Landick from the University of Wisconsin.
An RNA polymerase assay was carried out as reported earlier.14

Toward this, a section of LB film containing the enzyme was
marked and a few drops of transcription mixture (100 µL) were
placed for 10 min at 37 °C. Only NiA LB film acted as a control.
The drop was then placed on DE81 paper, washed, and counted.

FormationandDepositionofLangmuir-BlodgettFilms.
The LB films were prepared on a LB trough purchased from
Nima Technology and placed under a Perspex box. Arachidic
acid and NiSO4 (both of 99% purity) were purchased from Sigma-
Aldrich. The monolayers were formed by spreading the arachidic
acid solution (1 mg/mL) in chloroform (HPLC grade, Merck) at
the surface of the water subphase (water was purified with a
Milli-Q system, with a resisitivity of 18.2 MΩ), containing 10-4

M of NiSO4. Langmuir-Blodgett films were formed and trans-
ferred onto hydrophilic glass slides at a constant surface pressure
of 25 mN/m by vertical dipping. The rate of compression was 20
cm2/min, and the dipper speed while transferring the layers was
kept at 2 mm/min. The pH of the subphase solution was kept at
7.4 and was adjusted by using a Tris-HCl (Sigma) buffer (2
mM). The temperature was maintained at 20 ( 0.1 °C. The
transfer ratio was monitored and was greater than 0.8 in all the
cases. For the immobilization of the His-tagged RNAP (HisRNAP)
and the HisRNAP-DNA complexes, we introduced the HisRNAP
and the DNA in to the subphase. His-tagged RNA polymerase
purified in the laboratory was used for this work. In the current
study, we have used three variants of DNA for complex formation
with HisRNAP and immobilization: 40 kb T7 DNA, 3 kb plasmid
DNA, and a 50 kb DNA. The monolayers were characterized by
P-A isotherms for the whole range of pH values. The results for
the relevant pH values are shown.

Skeletonization of LB Films. The skeletonization of the LB
films was performed by soaking the slides in benzene for 20 min.15

The given skeletonization data are for five layers of arachidic
acid/NiA.

AFM Imaging. The AFM images were taken using a com-
mercial atomic force microscope, Thermomicroscope CP-R (Veeco
Technologies), with a 5 µm × 5 µm scanner in intermittent-

contact (IC) mode. Rectangular tip integrated cantilevers made
of silicon with a spring constant of 4 N/m (Olympus Opt., Japan)
were used. The cantilever was vibrated at a frequency of 60 kHz,
and the scan speed was varied from 1 to 5 µm/s. The slides were
dried for 2 h in a vacuum before imaging. The imaging was done
for at least 5-6 microscopically separated areas on each sample.
The representative images are given.

Results and Discussion
Monolayers on a Langmuir trough are generated by

compressing the spread solution with increasing surface
pressure. Such preformed monolayers can be transferred
onto a surface by dipping and removing the same in
successive operations (LB film). When the topography of
the three layers of NiA LB films was characterized by
AFM, the root mean square (rms) roughness achieved was
as low as 0.45 nm (Figure 1). This number is slightly higher
than the rms of the glass slide, 0.28 nm, but is much lower
than the size of the protein (11 nm) and also that of the
lateral dimension of a double-stranded DNA (1.9 nm). So,
in subsequent experiments, three layers of NiA were
transferred onto a glass slide and used as a hydrophobic
substrate for the final transfer of the immobilized protein
molecules.

When a monolayer is formed with arachidic acid, its
hydrophobic part would point outside, at the air-water
interface,16 and when the monolayer is formed with NiA,
Ni(II) bound to the carboxylate of arachidate would be
inside the subphase (Figure 2). In each dipping cycle of
the substrate, under constant surface pressure, two layers
of NiA would be transferred with the hydrophobic group
of the arachidate exposed on top. If the subphase contains
His-tagged protein, it would be sandwiched between two
such layers bound to Ni(II) ions. To facilitate the avail-
ability of HisRNAP at the top, once the substrate was
fully dipped inside the subphase containing HisRNAP,
the pressure was released and the surface was rigorously
cleaned before the slide was taken out, ensuring no further
transfer. Contact angle measurements showed a value of
7.4° upon the transfer of one layer of LB film of Ni(II)-
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Figure 1. 1 × 1 µm AFM image of three layers of arachidic acid/NiA deposited from the LB trough at pH 7.4.

Figure 2. Schematic representation of the NiA monolayer
formed at the air-water interphase.



RNAP, and this value clearly indicates that the slide is
hydrophilic after the transfer of the enzyme complex. The
representative surface pressure-area (P-A) isotherms
for all the transferred monolayers are given in Figure 3
and Figure 4. It can be seen from Figure 3 that, at a higher
pH of 7.4, there is a mixture of arachidic acid (pKa ) 5.5)
and a Ni(II) complex of an arachidate ion, and more Ni(II)
ions are incorporated in the monolayer. On the other hand,
at pH 4.8, the P-A isotherm is very similar to that of free
acid and much less Ni(II) incorporation takes place. Figure
4 shows the P-A curve of NiA at pH 7.4 when the subphase
was enriched with HisRNAP, only RNAP (without His-
tagged), and promoter-containing DNA (40 kb T7 DNA).
It can be seen from this figure that, when the subphase
contains HisRNAP, the P-A isotherm changes to a greater
extent, thereby indicating the superior immobilization of
HisRNAP over the NiA monolayer compared to when
RNAP is injected into the subphase. This clearly indicates
that the Ni-histidine interaction is stronger and brings
about more immobilization in the case of HisRNAP than
with RNAP alone. The increase in area per molecule
indicates the overall steric repulsion among the adjacent
surface-bound Ni(II)-HisRNAP complexes on the mono-
layer. This was further proved by AFM analysis of the
films.

Figure 5a shows the distribution of HisRNAP over NiA
at pH 7.4. The protein molecules in the image appear as
bright spots. The heights observed for the bright spots
range from 5 to 20 nm with an average height of nearly
8.6 nm. This is close to the reported single-crystal
measurement of RNAP (11 × 15 × 11 nm),17 confirming
the identification of the bright spots as the RNAP.
However, the lateral dimensions of the imaged entities
range from 35 to 120 nm, with a mean value of 58.3 nm.
This is much larger than the average size of the protein.17

There could be two reasons for this observation. First, the
tip of the AFM cantilever has a radius of curvature of ∼15
nm, which may give rise to the broadening of the image.
Second, the observed spots may not be single molecules
but rather clusters of them leading to an extended
dimension. We mentioned before that the incorporation
of the metal ions in the LB films as well as subsequent
binding to the enzyme is pH dependent.7,16 At the transfer
pH of 7.4, both the undissociated arachidic acid and NiA
are present15,18 in the monolayer and, as a result, several
RNAP molecules may come over NiA, giving rise to
clustering. So, a control experiment of immobilization of
HisRNAP on a nonspecific template such as mica was
carried out (data not shown). The proximate aim of this
experiment was to find out whether the dimensions of the
images change when the specificity of the template surface
is compromised. In this case, we observed that the spread
of the imaged entity was from 5 to 40 nm. This indicates
that in the case of mica, where we have nonspecific

(17) Zhang, G.; Campbell, E. A.; Minakhin, L.; Richter, C.; Severinov,
K.; Darst, S. A. Cell 1999, 98, 811.

(18) Sigiyama, N.; Shimizu, A.; Nakamura, M.; Nakagawa, Y.;
Nagasawa, Y.; Ishida, H. Thin Solid Films 1998, 331, 170.

Figure 3. Surface pressure-area isotherms of arachidic acid,
NiA at pH 7.4, and NiA at pH 4.8. This figure clearly shows an
increase in the incorporation of Ni in the monolayer (by an
increase in compactness of the monolayer) at higher pH. The
arrow indicates the L2-LS phase transition.

Figure 4. Surface pressure-area isotherms of NiA, RNAP,
HisRNAP, and HisRNAP-DNA complex at pH 7.4.

Figure 5. 5 × 5 µm AFM images of immobilized HisRNAP on
three layers of arachidic acid/NiA. The monolayers in the LB
trough were formed at (a) pH 7.4 and (b) pH 4.8. From the
Z-range of the images, the nonspecific piling up at the low pH
case is evident.



immobilization, the molecules have more of a tendency to
pile together unlike in the case of NiA immobilization,
where the proteins are assembled and oriented in a single-
molecule layer.

The nickel present in the monolayer is pH dependent
(Figure 3), so the concentration of Ni(II) in the monolayer
can be tuned by changing the pH. The pressure-area
isotherm clearly shows that at pH 4.8 there is a negligible
amount of Ni(II) ions present in the monolayer. So, a
control transfer at pH 4.8 was done to test for the potential
adsorption of HisRNAP from the subphase to an arachidic
acid monolayer deficient in Ni(II) ions. This experiment
shows nonspecific piling up of proteins on the surface
(Figure 5b) with a height distribution of 25-250 nm (mean
57.6 nm) and lateral dimensions ranging from 84 to 554
nm (mean 178.1 nm).

The incorporation of the varying concentration of the
Ni(II) ions in the monolayer, with pH, was further
confirmed by the skeletonization experiments (Figure 6).
Skeletonization of a LB film involves removal of the acid
molecules from the monolayer depending on the dif-
ferential solubilization of the acid molecules and its salt
in an organic solvent. After the skeletonization of the slide
having NiA transferred at pH 7.4, the rms value of the
surface was found to be 0.5 nm, a slight increase from the
earlier value of 0.3 nm, indicating the presence of more
Ni. On the other hand, Figure 6 shows that the rms value
changes from 0.5 to 1.3 nm at low pH and after skel-
etonization or benzene treatment, indicating more rough-
ness. This is probably due to the presence of a higher
concentration of arachidic acid at this low pH. The two
slides for each case are separated by a dotted line. The
line scan below the images gives the roughness of the
films as we go across the images from left to right. The
line scans of the two images have been plotted together
to bring out the effect of the change in surface profiles and
hence the roughness more clearly.

Successful immobilization of HisRNAP was further
confirmed when a promoter containing T7DNA19 (∆DIII
T7 DNA with a single strong Escherichia coli RNAP

binding site) was injected along with HisRNAP in the
aqueous subphase. Figure 7a shows the image when the
aqueous subphase contained His-tagged RNAP along with
promoter containing 40 kb DNA, and the DNA-protein
complex was immobilized over the NiA monolayer. One(19) Dunn, J. J.; Studier, F. W. J. Mol. Biol. 1983, 166, 477.

Figure 6. Details of skeletonization. 1 × 0.5 µm AFM image of as deposited (left) and skeletonized (right) LB films deposited at
(a) pH 7.4 and (b) pH 4.8. The line scans indicate the increased roughness after skeletonization.

Figure 7. HisRNAP-promoter DNA complex on the NiA
monolayer. (a) 4 × 4 µm AFM image of immobilized RNAP-
DNA on three layers of arachidic acid/NiA deposited from the
LB trough. (b) 3 × 3 µm AFM image of immobilized RNAP on
three layers of arachidic acid/NiA with DNA picked up from
the solution without surface pressure. The deposition was done
at pH 7.4.



can see a concomitant change in the P-A isotherm of such
a complex as well (Figure 4). Promoters are specific, strong
bindingsites forRNAP,usually40-50basepairs in length.
The importance of the surface pressure on the monolayer
became evident when a preformed NiA-HisRNAP mono-
layer on a substrate was dipped in promoter containing
DNA solution for a long time and imaged. Figure 7b shows
that the DNA was not arrayed as was observed in Figure
7a, and it remained quite disordered. To minimize any
interaction between the Ni(II) ions in the monolayer and
the DNA in the solution, as the DNA molecules can get
immobilized onto the divalent ions present in the mono-
layer,5 the enzyme was first immobilized to the NiA
monolayer. Therefore, with the subsequent injection of
the DNA, it was envisaged that very few Ni(II) sites would
be available for binding to DNA present in the subphase.
Moreover, it is expected that the DNA, with a promoter
site for the enzyme, will preferentially bind to the enzyme
molecules rather than to the Ni(II) ions.

To further ascertain the specific nature of the DNA-
protein interaction at the monolayer, a control experiment
was performed where promoter containing DNA was
replaced with a nonpromoter DNA of similar length (50
kb). It can be seen from Figure 8a that, in this case, the
array of the DNA-protein complex (Figure 7a) was not
observed. It can also be seen from Figure 8b that even a
shorter DNA in length (3 kb) with the same promoter as
that of the long one did not show such specific orientation
as in Figure 7a. However, we did not notice any measurable
changes in the transfer ratio value (see Materials and
Methods) for nonspecific complexes, and thus, the reor-
ganization of the monolayer or the changes in orientation
have little effect on the transfer ratio.

When transcription assay was carried out by adding a
mixture of unspecified nucleoside 5′-triphosphate (NTP)
substrates (Amersham Pharmacia) and Mg(II) over the
LB film containing NiA-HisRNAP, 2% of radioactive
uridine 5′-triphosphate (UTP) was converted to RNA,
indicating that the immobilized enzyme is active.

Conclusion
To summarize, we have developed a new technique to

immobilize a protein-DNA complex in a linear array,
which can be adopted for other systems as well. The
method is simple and amenable to AFM analysis. In the
present experimental setup, we used a strong protein
recognition site on the DNA to align the DNA-protein
complex on the monolayer. Optimum surface pressure
generated on the LB film facilitated arraying of the DNA
molecules. On the other hand, in the absence of a strong
DNA-protein complex, the surface pressure may induce
dissociation of the complex resulting in piling up of the

proteins. This possibility can be tested further with other
experimental systems.
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Figure 8. HisRNAP-nonpromoter DNA and HisRNAP-small
DNA images. (a) 3 × 3 µm AFM image of immobilized
HisRNAP-nonpromoter DNA on three layers of NiA deposited
from the LB trough. (b) 1 × 1 µm AFM image of immobilized
HisRNAP-small DNA on three layers of NiA deposited from
the LB trough.


