
Proceedings ofSCA”1NG 97 139 

Orientation of Single, Active Escherichia coli RNA 
Polymerase Molecules for Study by Atomic Force 
Microscopy 

NEIL H. THOMSON, BEITYE L. SMITH, NILS ALMQVIST, 
LUTZ SCHMITT*. MIKHAIL KASHLEV?, ERIC T. K O O L , ~  
PAuL K. HANSMA 

Physics Department. University of California Santa 
Barbara. Santa Barbara: *Department of Chemistry, 
Stanford University, Stanford, California; ?National 
Cancer Institute. Frederick Cancer Research and 
Development Center, Frederick, Maryland: $Department 
of Chemistry. University of Rochester. Rochester, New 
York. USA 

Esckerichia coli RNA polymerase (RNAP) has been 
specifically bound, via a histidine tag, to a self-assembled 
monolayer of two different functionalized alkanethiols on 
ultraflat gold surfaces. One alkanethiol was terminated in an 
ethylene glycol (EG j group, which resists nonspecific bind- 
ing of proteins. and the other was terminated in a nitriloacetic 
acid (NTA) group which coordinates a nickel ion through four 
sites. Two other sites of the nickel are available for coordina- 
tion with a genetically engineered histidine tag, situated on the 
P’ subunit of RNAP. Histidine tags usually are used for rapid 
purification of proteins on NTA columns. We have utilized 
this interaction to specifically bind single RNAP molecules to 
a functionalized gold surface flat enough for investigation with 
the atomic force microscope (AFM). A similar system has 
been previously investigated by surface plasmon resonance.’ 

Ultraflat gold surfaces were prepared using a method sim- 
ilar to the template-stripping method of Hegner er 01.’ Gold 
was evaporated or sputtered onto heated mica (300 to 350°C) 
to a thickness of 150 to 200 nm. The gold was glued down. 
using a low viscosity two-part thermally curable epoxy 
(epotek 377). to steel discs suitable for mounting in a Digital 
Instruments AFM. The mica was then removed by incubating 
these steel-glue-gold-mica sandwiches in tetrahydrofuran 
(THF) for various times. The THF loosens the mica suff- 
ciently from the gold to enable the mica to be mechanically 
cleaved to reveal the gold surface that replicates the mica sur- 
face. The morphologies of the gold surfaces that we made this 
way were excellent for distinguishing the RNAP molecules 
by AFM (Fig. 1). Typical root-mean-square (RMS) roughness 
values were in the range of0.28 to 0.52 nm over regions of25 
pm?. 

The alkanethiol monolayer was deposited by soaking the 
gold surfaces in 1 mM ethanolic solution of the thiols for 18 
to 24 h. On removal. the surfaces were rinsed in HPLC grade 
ethanol, dried in a stream of Argon. and stored in a dessicator. 
Different relative concentrations of NTA to EG were used to 
investigate the monolayer formation. AFM images of these 
mixed monolayers revealed that. below 10% NTA-thiol. thc 
NTA-thiol phase separated from the EG-thiol into domains 
with maximum dimensions below about 100 nm. The 
domains of NTA appeared 1.6 to 3.2 nm higher than the EG, 

consistent with the larger head-group of this ho l .  At high con- 
centrations of NTA-thiol (above 90%), the thiols did not form 
smooth monolayers, possibly because of steric hindrance of 
the bulky NTA groups disrupting the self-assembling nature 
of the alkanethiol. The phase separation of these two compo- 
nents was not previously known since the domain size is too 
small to be detected by other means.’ If the percentage of 
NTA-thiol was kept to 5%, the islands they formed were small 
enough to allow only a single RNAP molecule to bind to them, 
keeping individual molecules well separated for AFM study. 

To bind the histidine-tagged RNAP, the functionahzed sur- 
faces were initially incubated under 1 mM NaOH for 5 min 
(since the binding of the nickel ion is strongest at alkaline pH). 
This solution was then exchanged for a solution of 40 mM 
NiSO, in 1 mM NaOH, which was left on the surface for 1 h. 
The surface was then rinsed with a buffer compatible with 
RNAP activity (20 mM Tris pH 7.9,5 mM MgCl,, 50 mM 
KCl, 1 mM P-mercaptoethanol). RNAP was either added to 
the surfaces before introduction into the microscope fluid cell, 
or it was injected into the fluid cell while scanning by means 
ofa  long ceramic needle. In this case, no O-ring was used. 

Sequential images (movies) were acquired of RNAP bind- 
ing to these surfaces while imaging in fluid tapping-mode. 
Specific binding of the RNAP was observed on the NTA 
islands, provided that the system was not overloaded with pro- 
tein. There was a large variability observed in the binding 
times and strength of binding of different proteins. Some pro- 
teins “appeared” on the surface within the time scale of one 
image, others took several images before they were stably 
bound. During scanning of bound proteins, the majority 
would remain stationary while others “disappeared” from the 
surface within one image. 

The activity of the RNAP was confirmed using a small sin- 
gle-stranded DNA template, known as a rolling circle tem- 

This DNA template enables the RNAP to produce 
RNA transcripts up to 9000 bases long, which can be imaged 
after the sample has been dried in air. A similar method was 
used to determine activity of RNAP physisorbed on mica.’ 

In conclusion, single active RNA polymerase molecules 
have been specifically bound to a surface flat enough for dis- 
tinction by AFM. This enables the dynamics of transcription- 
ally active RNAPs to be investigated by AFM without prob- 
lems of residual motion encountered when the RNAP is 
physisorbed to mica (unpublished data). 
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