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ABSTRACT Nickel-chelating lipid monolayers were used to generate two-dimensional crystals from yeast RNA polymerase
I that was histidine-tagged on one of its subunits. The interaction of the enzyme with the spread lipid layers was found to be
imidazole dependent, and the formation of two-dimensional crystals required small amounts of imidazole, probably to select
the specific interaction of the engineered tag with the nickel. Two distinct preparations of RNA polymerase I tagged on
different subunits yielded two different crystal forms, indicating that the position of the tag determines the crystallization
process. The orientation of the enzyme in both crystal forms is correlated with the location of the tagged subunits in a
three-dimensional model which shows that the tagged subunits are in contact with the lipid layer.

INTRODUCTION

Complex biological systems integrate multiple interdepen-
dent functions located on large macromolecular assemblies.
The biological activity relies on interactions with additional
polypeptides or ligands, and the functional tuning generally
involves the specific binding of regulatory proteins. To
understand the mechanism of action of such arrangements,
biochemical and genetic information has to be correlated
with structural data on the complexes in various functional
states.
Electron microscopy is widely used for the structural

study of such macromolecular complexes, because unlike
x-ray crystallography or NMR, this method is not limited by
the size of the particle. Structural information over a wide
range of resolution can be recorded, from the size of the
particle down to 0.3 to 0.4 nm. The contrast of unstained
biological samples is low, and the preservation of small
structural details requires low electron doses to reduce irra-
diation damage. These two main reasons impair the signal-
to-noise ratio of the electron micrographs and hinder their
direct visual interpretation. The aim of computerized image
analysis is to average a large number of molecular images to
improve the signal-to-noise ratio and to statistically validate
high-resolution structural features. The attainable resolution
by image analysis is determined by the capacity to define
the direction along which the specimen is observed and the
relative azimuthal angles of the molecules. Self-assembly of
biological macromolecules into regular arrays is thus a
prerequisite for high-resolution structural studies by elec-

tron microscopy, because the molecules are uniquely ori-
ented. Helical symmetry (Unwin, 1993), but most effi-
ciently two-dimensional (2-D) crystals revealed the
structure of membrane proteins at almost atomic resolution
(Henderson et al., 1990; Kühlbrandt et al., 1994).
Originally restricted to membrane proteins that are natu-

rally inserted or interacting with lipid bilayers, methods
were developed to study soluble proteins. Amphiphilic mol-
ecules form self-assembled structures when they are spread
at the surface of a buffered solution and provide unique
properties usable for orienting and organizing biological
macromolecules (Uzgiris and Kornberg, 1983; Lebeau et
al., 1996). The biophysical properties of lipid layers, such as
fluidity and stability, have proved to be essential to promot-
ing the self-organization of proteins on a surface (Lebeau et
al., 1996). A major task was to attract the macromolecules
close to the lipid layer spread on a Langmuir trough. For this
purpose, two types of interactions were used that mimic the
binding used in ion-exchange and affinity chromatography,
respectively. Nonspecific electrostatic interactions can be
formed between charged lipid layers and discrete domains
at the surface of protein molecules (Darst et al., 1989). This
approach proved to be successful for both single polypep-
tides (Celia et al., 1996; Ellis et al., 1997) or large molecular
assemblies such as DNA-dependent RNA polymerases from
different organisms (Darst et al., 1989; Edwards et al., 1994;
Schultz et al., 1990) or 50S ribosomal subunits (Avila-Sakar
et al., 1994). Specific interactions between the macromole-
cule of interest and the lipid layer can be promoted by
derivatizing the hydrophilic part of the lipid molecule with
a ligand of the biomolecule of interest (Uzgiris and Korn-
berg, 1983; Ribi et al., 1987; Darst et al., 1991a; Lebeau et
al., 1990). This latter method has several advantages con-
tributed by the specificity of the interaction. The environ-
ment of the macromolecules tethered to the lipid interface
can be better controlled, and the face of the protein inter-
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acting with the film can be predicted. Finally, the purity
requirements for the protein are less stringent, because it
could be demonstrated in several instances that the addition
of a contaminant protein to the macromolecule of interest
does not perturb the crystallization process (Lebeau et al.,
1990; Mosser and Brisson, 1991). The drawback of such an
approach is a time-consuming chemical and pharmacolog-
ical study of the binding characteristics of partially derivat-
ized, soluble ligands to determine the possible anchor sites
of the ligand on the lipid moiety. Moreover, because each
ligand binding site is different, accessibility requirements
have to be fulfilled, which implies the synthesis of a battery
of compounds differing by the length of a linking arm
between the ligand and the lipid (Lebeau et al., 1990).
There is therefore a general demand for a more universal

lipid support that would allow the 2-D crystallization of
virtually any protein or macromolecular complex. As a step
in this direction, we describe here the use of nickel-chelat-
ing lipids to crystallize proteins genetically modified by a
hexahistidine tag (His6 tag). These interactions are widely
used in immobilized metal ion affinity chromatography for
the purification of proteins or peptides (Porath et al., 1975).
The metal-chelating nitriloacetic acid (NTA) group (Ho-
chuli et al., 1987) was linked to a lipid molecule to allow the
coordination of histidine residues accessible on the protein.
Yeast RNA polymerase I was used in this study because

it is a sound example of a large molecular complex con-
taining more than 10 different subunits with a total molec-
ular mass higher than 600 kDa. There are few high-affinity
ligands for RNA polymerases, and it is therefore a challeng-
ing task to genetically modify the enzyme to introduce a
specific interaction with the metal-chelating lipid. A His6
tag was therefore introduced into the coding sequence of
one of the subunits, which, once expressed in a suitable
yeast strain, is incorporated into the complex to form an
active enzyme. Yeast RNA polymerase I was previously
crystallized in two dimensions by using positively charged
lipid layers (Schultz et al., 1990), which provides the unique
opportunity to compare the properties of both types of
crystallization procedures based on a nonspecific and a
specific interaction, respectively. A three-dimensional
model of the solvent-accessible surface of this enzyme is
available (Schultz et al., 1993) that will be useful to deter-
mine which face of the enzyme contacts the lipid film.
Moreover, the His6-tagged subunits were located on the
enzyme surface by immuno-electron microscopy (Klinger et
al., 1996; Lanzendörfer et al., 1997) and thus will allow us
to control whether the tagged subunit is indeed in contact
with the lipid film. The results show that under well-defined
imidazole concentrations, the chelating lipids can be used to
crystallize a large macromolecular complex tagged on one
of its subunits. The use of two preparations of RNA poly-
merase tagged on two distinct subunits clearly demonstrates
that the engineered His6 tag mediates the enzyme-lipid
interaction leading to crystallization.

MATERIALS AND METHODS

Lipid synthesis

Specific lipids

The synthesis is based on a convergent approach proceeding through the
preparation of a nickel-chelating nitrilotriacetic group and 2-(1,3-di-O-
oleyl-glyceroxy)-acetic acid, which are coupled to lead to the desired
functionalized lipid, 2-(bis-carboxymethyl-amino)-6-[2-(1,3-di-O-oleyl-
glyceroxy)-acetyl-amino] hexanoic acid (NTA-DOGA). The NTA group
was elaborated from Z-N6-L-lysine as previously described by Hochuli et
al. (1987). A complete esterification of this triacid derivative was per-
formed in methanol with a few drops of sulfuric acid. For the lipid skeleton
synthesis, the glycerol moiety was obtained in a one-step procedure by
reacting epibromhydrin with 2 equivalents of oleyl alcohol in the presence
of NaH, affording the symmetrical dialkylglycerol ether (Altenburger et al.,
1992). Acetylation of the 1,3-di-O-oleyl-glycerol with tert-butyl bromoac-
etate followed by an hydrolysis led to the corresponding acid. The coupling
reaction between 2-(1,3-di-O-oleyl-glyceroxy)-acetic acid and the methyl
nitrilotriacetate derivative was performed in dichloromethane in the pres-
ence of dicyclohexylcarbodiimide and 4-dimethylaminopyridine to give
the expected functionalized lipid, the trimethylester of NTA-DOGA. The
latter was reduced in methanol to the corresponding distearyl derivative
(trimethylester of NTA-DSA) by catalytic hydrogenation, using palladium
on activated carbon (10%). Trimethylesters of NTA-DOGA and NTA-
DSA were quantitatively hydrolyzed in a mixture of ethylene glycol
dimethylether and water by the addition of an aqueous potassium hydrox-
ide solution to yield the triacids of NTA-DOGA and NTA-DSA, respec-
tively. For complexing Ni2� ions, a chloroform solution of lipid was stirred
with an aqueous buffer (pH 8) containing one equivalent of NiCl2�6H2O.
After 30 min, we observed the blue-green coloration of the organic phase.
The organic phase was concentrated under vacuum to obtain the corre-
sponding nickel-chelating lipid Ni-NTA-DOGA (or Ni-NTA-DSA), which
was used without further purification. The structure and purity of NTA-
DOGA and NTA-DSA were assessed and confirmed by UV, IR, proton,
and 13C NMR spectroscopy and mass spectrometry (Balavoine et al.,
manuscript in preparation). Final products are shown in Fig. 1.

Nonspecific lipids

L-�-Phosphatidylcholine from fresh egg yolk, stearylamine, L-�-phospha-
tidylserine from bovine brain, oleyl alcohol, and dioleyl trimethyl ammo-
nium were from Sigma-Aldrich Chemical Company (St. Louis, MO).

Yeast strains

Yeast strain LS 149 (kindly provided by A. Sentenac and his colleagues)
contained a His6-tagged AC40 subunit (MAT� ade2 ura3 trp1 his3 lys2

FIGURE 1 Structure of the functionalized Ni2�-chelating lipids: 2-(bis-
carboxymethyl-amino)-6-[2-(1, 3-di-O-oleyl-glyceroxy)-acetyl-amino] hex-
anoic acid (Ni-NTA-DOGA) and 2-(bis-carboxymethyl-amino)-6-[2-(1, 3-di-
O-stearyl-glyceroxy)-acetyl-amino] hexanoic acid (Ni-NTA-DSA).
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rpc40::His3 with plasmid pLS200 URA3, CEN, HA-RPC40–6histidine),
and strain YF2089 (kind gift of D. Friesen and colleagues) was His tagged
at subunit ABC23 (MAT� ade2 ura3 trp1 his3 leu2 rpb6:: LEU2 with
plasmid pFL39 TRP1, CEN/ARS RPB6–6Histidine). (The subunit nomen-
clature identifies the yeast enzyme class to which it belongs (A (I), B (II),
and C (III)) and the apparent size of the polypeptide in kDa � 10�3.)

RNA polymerase purification

Yeast RNA polymerase I was purified as described by Milkereit et al.
(manuscript submitted for publication). Briefly, yeast whole cell extract
was chromatographed on a DEAE Sepharose column. The RNA polymer-
ase I-containing fractions were identified and quantified by Western blot
analysis with antibodies directed against the RNA polymerase I-specific
subunit A49 (kindly provided by A. Sentenac and colleagues) and by the
RNA polymerase-dependent ability to synthesize RNA in a nonspecific
manner from single-stranded DNA templates.
The 350 mM potassium chloride eluate of the DEAE Sepharose column

contained the RNA polymerase I activity and was extensively dialyzed
against low salt containing buffer. The precipitate, which was dissolved in
a buffer containing 600 mM potassium acetate, was shown to contain most
of the total RNA polymerase I activity and was virtually devoid of RNA
polymerase II and III, as was determined by Western blot analysis.
This fraction was further chromatographed on a BioRex 70 column, and

the RNA polymerase I-specific activity was eluted in a single step with 2
M potassium acetate. Gel filtration of this fraction on Sephacryl S-300 in
a buffer containing 600 mM potassium acetate revealed a rather broad
distribution of RNA polymerase I through the column. The largest detect-
able RNA polymerase I-containing complexes migrated at a position
corresponding to a molecular mass of more than 106 Da and contained a
large proportion of the dimeric form of the enzyme, as evidenced by direct
electron microscopy observation of the fraction. Three 1.5-ml fractions
were stored at �80°C at a final protein concentration of 50–100 �g/ml in
buffer A (20 mM HEPES, pH 7.8, 600 mM potassium acetate, 2 mM
MgCl2, 0.02 mM EDTA, 20% glycerol).
Untagged yeast RNA polymerase I (a kind gift from A. Sentenac and

colleagues) was purified and assayed as previously described (Huet et al.,
1982).

Specimen preparation

To study the interaction and crystallization of His6-tagged RNA poly-
merases with the specific lipids, 10 �l of buffer B (20 mM Tris, pH 7.5, 5
mM MgCl2, 20% glycerol) was placed in a Teflon well 4 mm in diameter
and 1 mm deep. The surface of the droplet was coated with 0.5–1 �l of
Ni-NTA-DOGA or Ni-NTA-DSA lipids at a concentration of 0.5 mg/ml in
chloroform/hexane (1:1, v/v). Five microliters of the RNA polymerase I
suspension at a concentration of 100 �g/ml was injected into the subphase
to reach a final potassium acetate concentration of 200 mM. The prepara-
tion was allowed to incubate for times ranging between 30 min and 48 h at
4°C or at 18°C in a humid chamber. Thereafter, a 300-mesh copper/
rhodium electron microscopy grid, covered with a freshly evaporated
10-nm-thick carbon film, was placed on top of the well with the carbon
film contacting the droplet. The grid was withdrawn after 2 min of
adsorption, rinsed with double-distilled water, and negatively stained for
30 s with a 2% uranyl acetate solution. The quality of the transfer was
found to be affected by the side of the grid on which the carbon foil was
deposited. Schmutz and Brisson (1996) showed that the metal surface
roughness is different for the rhodium side as compared to the copper side,
and that the rougher the surface, the flatter the carbon foil. We found
similarly that the number of transferred crystals was correlated with the use
of a flat carbon foil, although the quality (e.g., the degree of order) of the
crystals was not affected.

Electron microscopy and image processing

Micrographs were recorded on Kodak SO163 films at a magnification of
45,000�, using a Phillips CM120 transmission electron microscope oper-
ating at 100 kV and at minimal electron dose conditions (�10 electrons/
Å2). Electron micrographs were checked by optical diffraction for the
absence of astigmatism and for optimal contrast transfer function. The best
micrographs were printed and digitized on a flatbed scanner (Powerlook II,
UMAX) at 42 �m raster size, corresponding to 0.5 nm on the specimen.
Image analysis was performed with the IMAGIC statistical module

(Van Heel and Keegstra, 1981). Briefly, crystal images were processed to
normalize the variance of the pixel density and to set the average pixel
density to zero. This image was multiplied by a smooth-edged circular
mask with a diameter 0.9 times the diameter of the image, to minimize the
influence of the mask on the shape of the peaks in the Fourier transform.
Fourier transforms were calculated for these masked areas and displayed as
power spectra. Strong peaks were interactively selected and were used to
find additional peaks and to refine the reciprocal lattice. Amplitude and
phases of the peaks having amplitudes at least 1.5 times above background
and falling on the reciprocal lattice were selected from the Fourier trans-
form. A filtered image was then calculated by back-Fourier transforming
the masked peaks. The filtered image was centered on a putative twofold
symmetry by translational alignment of its 180°-rotated transform. The
central 128 � 128 pixel area of the centered filtered image was used as
cross-correlation reference as described by Saxton (1980). The individual
unit cells whose coordinates are determined from the position of peaks in
the cross-correlation function are extracted from the original image and
averaged to produce a noise-free image. The structure factors of the image
are extracted from the Fourier transform of the average image to determine
the extent of symmetry and the resolution.

RESULTS

His6-tagged RNA polymerase binds to
Ni-NTA-DOGA lipids through metal chelation

The purified RNA polymerase I containing a His6-tagged
subunit AC40 was incubated at a final concentration of 30
�g/ml with the Ni-NTA-DOGA lipid spread on the air/
buffer interface. A large number of RNA polymerase mol-
ecules were transferred to the electron microscopy grid.
Most of the enzyme molecules were aggregated into fila-
ment-like structures, and no crystalline area could be ob-
served (Fig. 2 A).
To demonstrate that the binding of the enzyme to the

Ni-NTA-DOGA lipid was mediated by a chelating interac-
tion, increasing amounts of imidazole were added to the
incubation buffer. Imidazole serves as an electron donor
competing with the protein for the coordination of nickel. At
a final concentration of 40 mM and up to 90 mM imidazole,
oval-shaped ordered areas 0.3–2 �m in size were observed
(Fig. 2 B and Table 1). These crystalline areas were often
arranged along strings connected by protein filaments. A
high concentration of crystals was thus observed locally,
separated by large areas devoid of any bound protein. RNA
polymerase molecules were found to bind to the lipid layer
up to an imidazole concentration of 200 mM, whereas at
higher concentrations of competitor the enzyme no longer
bound. These observations indicated that an excess of imi-
dazole prevented the interaction of RNA polymerase with
the Ni-NTA-DOGA lipid layers, but that a minimum imi-
dazole concentration was required to form crystalline areas.
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Under these conditions, the formation of crystals was highly
reproducible, because 80–90% of all experiments showed
crystalline regions. Crystallization was not observed at an
ionic strength higher than 200 mM potassium acetate, and
the binding of the enzyme to the Ni-NTA-DOGA lipid
could be detected up to an ionic strength of 300 mM
potassium acetate (Table 1).
The largest crystalline areas were observed after 2 h of

incubation at 4°C. Increasing incubation time resulted in a
lower number of transferred crystals, in a smaller average
size, and in the accumulation of small vesicles on the crystal
surface. Incubation times of 24 h or more promoted the
formation of multilayered areas identified as dark, oval-

shaped domains superposed on existing crystals and con-
sisting of up to four layers (Fig. 2 C). In their vast majority
the additional layers were smaller than the underlying do-
main and did not extend beyond its border, suggesting that
the second layer was not deposited by chance on the first
one. The poor staining of the additional layers did not allow
us to determine whether they were organized and were in a
unique register with the underlying crystal. If the latter were
the case, a moiré pattern would occasionally appear because
of slight shifts or rotations between the successive layers.
Such patterns were never observed.
To obtain an average view of the crystallized RNA poly-

merase molecule, five negatively stained crystals such as
those shown in Fig. 3 A, each containing �300 unit cells,
were analyzed as described in Materials and Methods. The
correlation averages of all crystals analyzed were similar
(Fig. 3 B), and their diffraction pattern could be indexed on
an oblique lattice corresponding to a unit cell of a� 22.6�
0.9 nm, b � 12.9 � 0.3 nm, and � � 110.2° � 1.7° (Fig.
3 C). The refinement of the phase origin of the diffraction
peaks identified a twofold axis perpendicular to the crystal
plane. Diffraction peaks out to a resolution of 1/2.0 nm�1

were consistent with p2 symmetry, showing a phase residual
on refinement of less than 25°. An average image was
calculated, including 51 reflections out to a resolution of
1/25 nm�1, which corresponded to a data completion of
76% and a mean phase residual of 8.7° (Fig. 3 D). The unit
cell was composed of a single RNA polymerase dimer
observed down its internal twofold axis. As a consequence,
the same surface in both RNA polymerase molecules was in
contact with the lipid film. The RNA polymerase monomer
view was composed of two stain-excluding domains sepa-
rated by a solvent-accessible groove. The smallest domain
corresponded to the position of a previously described
thumb-shaped protrusion on the 3-D model of the enzyme
(Schultz et al., 1993). The twofold symmetry of the dimer
and the asymmetry of the monomer projection unambigu-
ously define the orientation of the enzyme relative to the
lipid film. The groove pointed toward the solvent, whereas
the apical region of the enzyme contacted the lipid film.
To demonstrate the requirement of the specific lipid,

control experiments were performed using charged lipid
layers in the same buffer conditions. When L-�-phosphati-
dylserine, a negatively charged lipid that mimics the charges
present on the Ni-NTA-DOGA lipid, was used, the enzyme
was found to interact with the film, but no crystalline areas
were detected. Weak binding was also observed when L-�-
phosphatidylcholine or oleyl alcohol was spread at the air-
buffer interface, but crystals did not form. Curiously, little
binding was observed with positively charged lipids such as
stearylamine or dioleyl trimethyl ammonium. This family of
lipids was previously shown to promote the crystallization
of RNA polymerases of different origins (Darst et al., 1989,
1991b; Schultz et al., 1990). This discrepancy could be
explained by the higher ionic strength used in our experi-
ments (200 mM potassium acetate), which was not suitable
for crystallization on charged lipid layers (Table 1).

FIGURE 2 Low-magnification electron micrographs showing a Ni-
NTA-DOGA film incubated with yeast RNA polymerase I His6-tagged on
subunit AC40 at a concentration of 30 �g/ml. (A) In the absence of
imidazole, most of the transferred enzyme molecules are aggregated. The
arrows indicate isolated dimers of RNA polymerase. (B) In the presence of
40 mM imidazole and after 1 h of incubation time, dark, oval-shaped
domains connected by filamentous structures are observed. These domains
contain RNA polymerase molecules arranged in two-dimensional crystals,
as shown in Fig. 2 C. (C) For incubation times of 24 h, multilayered
structures are often observed as domains of higher density. The staining of
the different layers was not uniform, so that their exact register could not
be determined. The bar represents 100 nm in A, 520 nm in B, and 200 nm
in C.
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The hypothesis of a chelating interaction was further
challenged by adding EDTA to the incubation buffer. A
concentration above 10 mM was found to prevent crystal
formation, probably by chelating the metal more efficiently
than the histidines (Table 1). The addition of divalent or
trivalent cations at a final concentration of 5 mM had
different effects, depending on the nature of the ion; little
transfer of enzyme molecules was observed in the presence
of Fe3�, Zn2�, or Cu2�, whereas crystals could be observed
in the presence of Ca2� and Mg2�. Although all multivalent
cations should be able to out-compete the Ni2� ions che-
lated by the lipid, this distinct behavior probably reflects the
variable affinity of the divalent cations for the NTA moiety
and the hexahistidine tag.
Interestingly, a different crystal form was observed in the

presence of 5 mM nickel sulfate or nickel chloride (Fig. 4 A
and Table 1). These crystals still required 50 mM imidazole
to grow and did not grow in the presence of 5 mM magne-
sium sulfate. The diffraction patterns of these crystals were
similar and could be indexed on a square lattice of unit cell:
a � 25.3 � 0.5 nm, b � 25.0 � 0.3 nm, and � � 90.3° �
0.5°. The refinement of the phase origin of the diffraction
peaks identified a twofold axis perpendicular to the crystal
plane. Moreover, the characteristic phase relationship
F(h, k) � (�1)h�k F(h, �k) was observed for most reflec-
tions and indicated the presence, in the crystal plane, of
180° screw axes parallel to the a and b directions. This
peculiar symmetry was already suggested by the absence or
weakness of odd reflections on the crystallographic axes.
The 2-D crystals therefore corresponded to the space group
p22121. Diffraction peaks out to a resolution of 1/4.0 mn�1

were consistent with these symmetries, and an average
image including 74 reflections with a mean phase residual
of 10.7° was calculated (Fig. 4 B). The average unit cell was
composed of two RNA polymerase dimers interacting
through two opposite faces with the lipid film, which was in

apparent contradiction with the assumption that only the
tagged subunit should contact the specific lipid. Close in-
spection of the staining intensity within the unit cell re-
vealed that the pseudo-mirror symmetry-related RNA poly-
merase dimers were differently stained, suggesting that their
environments were different, e.g., that they were at different
distances from the lipid layer.
When the nickel sulfate concentration was lowered to 1

mM, this crystalline arrangement coexisted on the same grid
square, with the previously described crystals formed in the
absence of nickel in solution. At nickel sulfate concentra-
tions higher than 10 mM, no crystals formed, which is in
keeping with a competition of the soluble Ni2� and the
immobilized Ni2� for the binding of the hexahistidine tag.

The RNA polymerase–Ni-NTA-DOGA interaction
involves the polyhistidine tag

We investigated whether the His6 tag mediated the interac-
tion of the enzyme with the lipid interface, because it has
been shown in the case of streptavidine that surface histi-
dines may promote the interaction of the protein with metal-
chelating lipids (Pack et al., 1997). To check whether
streptavidine could compete with RNA polymerase for
binding to the lipid layer, the two proteins were mixed in the
crystallization buffer and incubated with the specific lipid.
Despite a fivefold molar excess of streptavidine, only the
RNA polymerase was recruited to the lipid surface and was
still able to crystallize in the above-described buffer conditions.
A wild-type, untagged RNA polymerase preparation was

set to crystallize in the same conditions. Little binding and
no regular arrangements were observed, suggesting that the
presence of a His6 tag was essential for lipid binding and
crystallization. As this latter result could be due to a differ-
ent purification procedure, an additional control was per-

TABLE 1 Summary of the tested incubation conditions

Crystallization conditions Observed crystals Comments

Lipid: Ni-NTA-DOGA p2 crystals Largest crystals after 2 h incubation
[Imidazole] � 40–90 mM a � 22.6 nm, b � 12.9 nm Multilayers after 24 h

� � 110.2°
Lipid: Ni-NTA-DOGA None Aggregation
[imidazole] � 0 mM
Lipid: Ni-NTA-DOGA None No binding
[imidazole] 	 200 mM
Lipid: Ni-NTA-DOGA None Binding
[CH3COOK] 	 200 mM
Lipid: PS None
Lipid: PC or OA None Weak binding
Lipid: SA or DOTMA None Weak binding
Lipid: Ni-NTA-DOGA None Crystals if [EDTA] � [Mg2�]
[EDTA] 	 10 mM
Lipid: Ni-NTA-DOGA p22121
[NiSO4] or [NiCl2] � 5 mM a � 25.3 nm, b � 25 nm

� � 90°
Lipid: Ni-NTA-DSA None Binding

Abbreviations: PS, phosphatidylserine; PC, phosphatidylcholine; OA, oleyl alcohol, SA, stearylamine; DOTMA, dioleyl-trimethylammonium; Ni-NTA-
DOGA, dioleyl nickel-chelating lipid; Ni-NTA-DSA, distearyl nickel-chelating lipid; brackets, concentration of the substance.
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formed using a different yeast strain to purify RNA poly-
merase molecules His6 tagged on subunit ABC23. Under the
same experimental conditions (in particular, 40 mM imida-
zole), 2-D crystalline regions were obtained (Fig. 5 A). The
correlation averages of four analyzed crystals were similar,
and their diffraction patterns were indexed on an oblique
lattice corresponding to a unit cell of a � 24.0 � 0.5 nm,
b � 13.6 � 0.4 nm, and � � 99.0° � 3°. A twofold axis
perpendicular to the crystal plane was identified upon re-
finement of the phase origin of the diffraction peaks. Dif-
fraction peaks out to a resolution of 1/4.5 nm�1 were
consistent with p2 symmetry, and an average image includ-
ing 29 reflections with a mean phase residual of 6.8° was
calculated (Fig. 5 B).
The average view of the RNA polymerase molecule as

well as the crystal packing were similar to those found in the
crystals formed with the AC40-tagged enzyme. The major
difference was in that the unit cell of the AC40-tagged
enzyme showed a pseudo-mirror symmetry with the AC23-
tagged enzyme, indicating that the enzyme interacted with
the lipid film in reversed orientation. In contrast to the

crystals of the AC40-tagged enzyme grown in the presence
of Nickel sulfate and similar to those formed in the absence
of nickel sulfate, the orientation of the ABC23-tagged en-
zyme relative to the lipid film is unique. These data dem-
onstrate that the three-dimensional position of the His6 tag

FIGURE 3 Analysis of 2-D crystals of RNA polymerase I molecules
His6-tagged on subunit AC40 formed on Ni-NTA-DOGA layers. (A) Field
of an electron micrograph showing a crystalline area negatively stained
with uranyl acetate. The crystal consists of a single molecular layer. The
bar represents 80 nm. (B) Correlation average image of the crystal shown
in A. Three hundred subimages were extracted from the crystalline area
around coordinates determined from the maxima of the autocorrelation
function of the crystal. The image is enlarged twice as compared to A. (C)
Computed power spectrum of the Fourier transformed correlation average
shown in B. Peaks up to 1/2.6 nm�1 are resolved in this pattern (reflection
(�5, �5) is marked by an arrowhead). The bar represents 0.5 nm�1. (D)
Two-dimensional projection map, synthesized using 51 terms up to 1/2.6
nm�1. Stain-excluding domains are shown in white and are contoured by
lines of equal density. The unit cell is delineated by solid lines, and the
twofold axes are shown by small ovals. The unit cell contains two RNA
polymerase molecules related by a twofold symmetry. The parameters of
the unit cell are a � 22.6 nm, b � 12.9 nm, and � � 110.2°.

FIGURE 4 Analysis of 2-D crystals of RNA polymerase I molecules
His6-tagged on subunit AC40 formed on Ni-NTA-DOGA layers in the
presence of 5 mM nickel chloride. (A) Field of an electron micrograph
showing a crystalline area negatively stained with uranyl acetate. The
crystal consists of a single molecular layer. The bar represents 100 nm. (B)
Two-dimensional projection map synthesized using 74 terms up to 1/4
nm�1. The parameters of the unit cell are a � 25.3 nm, b � 25.0 nm, and
� � 90.3°. The unit cell is delineated by solid lines; the twofold axes
perpendicular to the crystal plane are shown by small ovals; and the
in-plane screw axes are shown by dashed lines. The unit cell contains two
RNA polymerase dimers related by a pseudo-mirror symmetry, indicating
that the dimers are in reversed orientation. The mirror symmetry is only
partially respected, because the staining of dimers in the “up” position is
slightly different from that in the “down” position.

FIGURE 5 Analysis of 2-D crystals of RNA polymerase I molecules
His6-tagged on subunit ABC23 formed on Ni-NTA-DOGA layers. (A) Field
of an electron micrograph showing a crystalline area negatively stained
with uranyl acetate. The bar represents 100 nm. (B) Two-dimensional
projection map synthesized using 29 terms up to 1/4.5 nm�1. The param-
eters of the unit cell are a � 24.0 nm, b � 13.6 nm, and � � 99.0°. The
unit cell is delineated by solid lines; the twofold axes perpendicular to the
crystal plane are shown by small ovals. The unit cell contains one RNA
polymerase dimer interacting with the lipid layer in the reverse orientation,
as compared to the crystals formed when subunit AC40 is tagged.
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determines the orientation of the enzyme molecules within
the crystals formed on Ni-NTA-DOGA lipid layers.

Fluidity of the lipid layers

The in-plane fluidity of the lipid layers was reduced by
saturating on the nonpolar oleyl moiety of the lipid mole-
cule to produce stearyl chains. Monolayer compression
curves showed that at room temperature, the saturated lipid
(Ni-NTA-DSA) was in a crystalline phase, whereas the
unsaturated Ni-NTA-DOGA was in a fluid phase (data not
shown). When the AC40-tagged RNA polymerase prepara-
tion at a final concentration of 20 �g/ml was incubated with
Ni-NTA-DSA, the characteristic 2-D crystals did not form
(Table 1). Curiously, the grid did not show a uniform
distribution of isolated RNA polymerase molecules but, in
contrast, was covered with oval-shaped domains similar to
those observed when crystallization occurred in the pres-
ence of the fluid lipid (Fig. 6 A). Within these domains
isolated monomeric as well as dimeric forms of the enzyme
were observed with a high density and with a stochastic
distribution, suggesting that once the RNA polymerase mol-
ecule interacts with the lipid film, it is prevented from
lateral movement (Fig. 6 B). The enzyme preparation could
be diluted to a final concentration of 6 �g/ml, and a good
coverage of the transferred lipid film was still observed
(Fig. 6 C). The amount of bound polymerase was roughly
proportional to the enzyme concentration. The decrease in
protein concentration did not affect the amount of oval-
shaped domains transferred onto the grid. These domains
were not formed by flattened vesicles, because such struc-
tures would show sharp boundaries at their borders, which
was not observed.
So far it was difficult to obtain a uniform distribution of

well-separated molecules, because fluid lipids promote their
interactions. Such a distribution is a prerequisite for struc-
tural studies of isolated particles by electron microscopy,
allowing us, among other applications, to determine
whether the macromolecules of interest are oriented. Visual
inspection of the lipid-bound particles indicated that a sig-
nificant proportion of RNA polymerase dimers was oriented
in such a way that the internal p2 axis lay in the plane of the
lipid layer. This orientation was in contradiction to the
orientation of His6-tagged RNA polymerase molecules
within the crystals, where the internal p2 axis was perpen-
dicular to the lipid plane. Moreover, additional characteris-
tic orientations of the enzyme were detected within the
image population. These observations suggested that the
RNA polymerase molecules were not specifically and
uniquely oriented.

DISCUSSION

We evaluated the use of a functionalized lipid molecule for
its capacity to establish chelator interactions with geneti-
cally engineered histidine tags. For this purpose we de-

signed a lipid molecule combining the nickel-chelating ni-
triloacetic acid (Hochuli et al., 1987) with dioleyl or
distearyl glycerol derivatives. A similar approach was suc-
cessfully used to study the interaction of histidine-contain-
ing peptides or proteins with spread monolayers (Schmitt et
al., 1994; Dietrich et al., 1995, 1996; Frey et al., 1996; Pack
et al., 1997). In these studies, 2-D crystallization of the
histidine-tagged proteins was evidenced indirectly by fluo-
rescence microscopy. Two-dimensional crystallization of
hexahistidine-tagged proteins by the use of similar lipids
was demonstrated at the molecular level by electron micros-
copy for HIV-1 reverse transcriptase (Kubalek et al., 1994)
and for retrovirus core proteins (Barklis et al., 1997). Un-
doubtedly, a large number of biological systems will benefit

FIGURE 6 Interaction of AC40-tagged RNA polymerase molecules with
the saturated Ni-NTA-DSA lipid layer. (A) Low-magnification electron
micrographs showing oval-shaped dark domains covered with RNA poly-
merase molecules. Between these domains large areas are devoid of any
enzyme molecule. (B) When observed at higher magnification, monomeric
and dimeric enzyme molecules are clearly observed. At a final RNA
polymerase concentration of 20 �g/ml, the macromolecules are closely
packed within the domains (�900 molecules/�m2). Note that the bound-
aries of the domains are not detectable, indicating that the oval-shaped
domains do not correspond to flattened vesicles. (C) At a RNA polymerase
concentration of 6 �g/ml, the molecular density is lower (�350 molecules/
�m2), but the enzymes are still segregated in oval-shaped domains whose
boundaries are not delineated. The bar represents 1 �m in A and 290 nm
in B and C.
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from this method for structural studies, because it can po-
tentially be used for any histidine-tagged protein. Our re-
sults characterize the interaction of two genetically modi-
fied RNA polymerase with these nickel-chelating lipids and
show for the first time the possibility of crystallizing large
molecular complexes composed of more than 10 different
subunits in which only one component is tagged. Moreover,
we show that different crystal groups can be obtained by
introducing the tag at a different position on the molecular
envelope. This aspect may be of importance for 3-D data
collection, because distinct crystals with different molecular
orientations will provide the missing information induced
by a limited tilt angle. Ultimately it might be possible to
orient at will the molecular complexes that could be of
importance, to decorate either crystals or isolated molecules
with a specific ligand or to study functional variants of the
complexes.

Characterization of the protein-lipid interaction

The experiments show that the interaction tethering the
polymerase to the lipid monolayer is a chelating interaction.
Excess of imidazole, a competitor of the putative specific
interaction, prevents the binding and crystallization of the
enzyme. A low concentration of imidazole is required for
the enzyme to crystallize on these lipids, which reflects the
behavior of histidine-tagged proteins in immobilized metal
ion affinity chromatography. Small amounts of imidazole
are believed to prevent nonspecific binding (mediated, for
instance, by surface histidines) and favor the specific inter-
action with the engineered His6 tag. We suppose, similarly,
that in the absence of imidazole, the RNA polymerase can
contact the lipid film through specific and nonspecific in-
teractions. In this case the macromolecules may adopt var-
ious orientations with respect to the plane of the lipid layer,
thus preventing the establishment of ordered interactions.
The frequent observation of protein aggregates in the ab-
sence of imidazole suggests that a single RNA polymerase
molecule could establish multiple contacts with the lipid
layer, thus provoking a wrapping of the film. Crystallization
inhibition by high concentrations of divalent cations and by
EDTA, which are able to detach the chelated nickel atoms
from the lipid, further argues in favor of a coordination
interaction involving the nickel atoms. Finally, the absence
of crystallization observed when we use nonspecific lipids,
either positively charged, negatively charged, or neutral,
excludes a major role for electrostatic interactions in the
recognition process. This is further emphasized by the ab-
sence of effect on the binding of RNA polymerase to the
Ni-chelating lipids with the increase of ionic strength to 300
mM potassium acetate.
The interactions leading to crystallization do not neces-

sarily involve the His6 tag, which might be buried or be
weakly accessible compared to a single constitutive histi-
dine exposed at the surface. In this respect it was shown that
two surface histidines were responsible for the recognition

of streptavidin by copper-chelating lipids (Pack et al.,
1997). Although RNA polymerase crystals did not form
with the untagged protein, it can be argued that this negative
result is due to a different enzyme preparation and a differ-
ent purification protocol. A more direct demonstration that
the engineered His6 tag influenced the crystallization pro-
cess was obtained by showing that, when the tag was placed
either on subunit AC40 or on subunit ABC23, two distinct
crystal forms grew that differed by the orientation of the
enzyme relatively to the lipid film. The symmetry operators
of the crystals indicated that in both arrangements, the same
surface of each monomer was in contact with the lipid. In
any other orientation of the dimer, such as those found in
crystals formed on charged lipids, the two monomers would
not contribute equally to the lipid interaction. The structural
knowledge of the three-dimensional envelope of the enzyme
(Schultz et al., 1993) and the precise location of both
subunits within this envelope can be exploited to demon-
strate that the modified subunit is in close proximity to the
lipid film. Previous immuno-electron microscopy experi-
ments located the tagged subunits on the surface of a three-
dimensional model of the enzyme (Klinger et al., 1996;
Lanzendörfer et al., 1997). These experiments, summarized
in Fig. 7, showed that subunits AC40 and ABC23 are placed
on two opposite faces on the enzyme. This spatial location
gives a hint of the reversed orientation of the enzyme in the
two crystal forms. Moreover, the three-dimensional model
can be oriented relative to the lipid film, as predicted by the
location of the subunits, and the model can be used in the
same way as an electron microscope to reproject the protein
density. The calculated view of the enzyme in both orien-
tations is consistent with the experimental data, thus dem-
onstrating that the tagged subunit is in contact with the lipid
film for each RNA polymerase preparation (Fig. 7).
Puzzling results were obtained in the presence of weak

concentrations of Ni2� salts. A crystal form in which both
“up” and “down” orientations of the RNA polymerase co-
exist was obtained. This is in contradiction to the conclusion
that the orientation of the dimer is determined by the posi-
tion of the His6 tag. We propose that the soluble Ni2� ions
partially compete with the Ni-chelating lipid for the binding
of the His6 tag and that only a fraction of the RNA poly-
merase molecules bind to the lipid film. The second orien-
tation of the enzyme molecule would be dictated by protein-
protein interactions and would not involve enzyme-lipid
interactions. This latter hypothesis is sustained by the ob-
servation that the dimers in reversed orientation are not in
the same plane, because their staining is slightly different.
Similar in-plane screw axes were previously reported in the
case of 2-D RNA polymerase crystals formed on charged
lipid layers (Schultz et al., 1990; Darst et al., 1991b).

Comparison of specific versus
nonspecific interactions

The yeast RNA polymerase I was crystallized in two di-
mensions through nonspecific electrostatic interactions
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(Schultz et al., 1990) and a specific metal-chelating inter-
action, thus allowing the comparison of the two methods
independently of the biological system. The most striking
observation is the remarkable reproducibility of the crystal-
lization experiments when a specific interaction is used. In
our hands, the experiments using charged lipids were poorly
reproducible with the same enzyme preparation and varied
considerably from one enzyme preparation to the other. This
poor reproducibility is probably due to the dramatic influ-
ence of electrostatic charges within and around the incuba-
tion well and to small variations in protein purity. The
specific interaction appears more robust in these respects,
because electrostatic interactions were shown to be of minor
importance in the crystallization process and because con-
taminants, such as a fivefold molar excess of streptavidin,
had little influence on the protein-lipid interaction. The
crystals obtained with the specific lipid were not better
ordered than those formed on charged layers, indicating that
the transfer mechanism, the structural preservation, or the
homogeneity of the protein rather than the tethering to the
lipid layer limits their use for high-resolution structural
studies. Analysis of crystal defects reveals that the individ-
ual dimers may be severely tilted within the crystalline area

(data not shown), thus suggesting that the transfer and
staining protocols introduce at least part of the disorder. We
hope that cryo-electron microscopy of frozen-hydrated crys-
tals will sort out these various questions (Dubochet et al.,
1988).
The crystals obtained with the specific lipid were not

larger than those formed on charged lipids, but the distri-
bution of the organized areas was distinct. In most in-
stances, the crystals formed on charged lipids were contig-
uous to regions covered with isolated molecules. Crystals
formed in the presence of the specific Ni-chelating lipids
were segregated in oval-shaped domains. This behavior
probably reflects a property of the lipid rather than the
recruitment of all RNA polymerase molecules into crystals,
because similar domains formed when the saturated lipid
was used where the distance between isolated molecules
excludes protein-protein interactions. Previous reports indi-
cated that the properties of this family of lipids vary with
time and that diluted lipid solutions lose their ability to
promote crystallization (Barklis et al., 1997; Venien-Bryan,
personal communication). Although no activity loss was
observed with time, it is conceivable that part of the lipid
molecules are degraded and form two distinct phases, only
one of which would be able to bind the protein.
The kinetics of crystal growth were comparable to both

specific and nonspecific lipids, which is consistent with the
proposal that crystallization is mainly driven by protein-
protein interactions. A major difference was the formation,
after long incubation times, of multilayered structures that
were not observed for yeast RNA polymerase I when
charged lipids were used. Similar structures would appear in
the case of epitaxial crystal growth from the 2-D crystals, as
described for yeast RNA polymerase II on charged lipids
(Darst et al., 1991b) and for streptavidin on specific lipids
(Hemming et al., 1995), and thus would not be a specific
event associated with functionalized lipids. However, the
multilayered structures observed in the present work do not
share all of the properties expected for an epitaxial process.
Most importantly, the nth layers can be in variable register
as compared to the (n � 1)th, and as a result no moiré
pattern could be observed. It is possible, however, that
because of the defects and large amount of twinning of the
underlying crystal, the upper layer is not in register. In the
case of the B subunit of cholera toxin, a helical growing
mechanism was proposed to explain the formation of mul-
tilayer structures (Mosser and Brisson, 1991; and Mosser,
unpublished observations). Platinum shadowing of His6-
tagged RNA polymerase I multilayers indicated that the
multiple stacks do not obey a helical growth model (data not
shown). As an alternative mechanism, 2-D crystals may
detach from the interface and be randomly deposited on the
carbon support used for electron microscopy. The adsorp-
tion onto the carbon foil needs then to be directional,
because all crystals adopt the same orientation. Whatever
the exact mechanism, the formation of multilayers requires
protein-protein interactions, as evidenced by the high pro-
portion of stacks compared to the protein-free surfaces and

FIGURE 7 Schematic representation of the orientation of the His6-
tagged RNA polymerase molecule upon interaction with the nickel-chelat-
ing lipid. (A) Two-dimensional projection maps of the crystalline areas
formed with the AC40- and the ABC23-tagged RNA polymerase, respec-
tively. (B) The projection maps shown in A correspond to characteristic
orientations of the RNA polymerase molecule, and define which face of a
previously calculated three-dimensional molecular model (Schultz et al.,
1993) interacts with the lipid film. For the sake of clarity, only the surface
representation of an RNA polymerase monomer is shown. The position of
the lipid film is indicated by circles and lines symbolizing the lipid
molecule. The spatial location of the His6-tagged subunits, as determined
previously by immuno-electron microscopy at a resolution of �4 nm
(Klinger et al., 1996; Lanzendörfer et al., 1997), is labeled by a white spot.
These representations show that in both crystal forms, the tagged subunit
is in contact with the lipid layer.
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by the observation that the upper layer rarely stretches out
beyond the edges of the lower one.

Potential use of nonfluid lipid layers

The saturated lipids have a reduced fluidity compared to the
unsaturated molecules and prevent crystallization of His6-
tagged RNA polymerase. As demonstrated for other sys-
tems (Darst et al., 1991a; Mosser and Brisson, 1991), the
low fluidity of these lipids reduces the lateral mobility of the
bound proteins and impairs their in-plane interactions. As a
consequence, the saturated lipids allow us to bind and
transfer protein complexes at concentrations in the 10�8

molar range, which then adopt a stochastic distribution ideal
for structural studies of isolated particles. This is a consid-
erable advantage as compared to fluid lipids, with which it
is difficult to obtain a homogeneous distribution of parti-
cles, which tend to aggregate if they fail to crystallize. Such
rigid supports represent a favorable alternative to carbon
supports, the adsorption conditions of which are poorly
understood. An important property is that maximally com-
pressed lipid film prevents hydrophobic interactions of pro-
teins with the support, which could denature the specimen.
It is further possible to modulate the environment of the
protein complex by adding charged headgroups in the lipid
layer. Moreover, the biological activity of the lipid-bound
enzyme can be tested, and the physiological significance of
the observed structure can be validated by using large lipid
monolayers formed on multicompartment troughs (Peters
and Fromhertz, 1975).
A predicted property of the specific interaction of the

enzyme with the lipid film is that all RNA polymerase
molecules should have the same orientation relative to the
lipid plane. As shown above, the His6-tagged RNA poly-
merase molecules are specifically oriented in the 2-D crys-
tals. An oriented adsorption is of highest interest for struc-
tural studies of isolated molecules, where individual
molecular images are aligned in rotation and translation
before being averaged. Averaging is possible only when all
molecules are viewed along the same direction; therefore an
additional step is necessary to partition the images into
classes corresponding to different molecular views (Frank,
1996). The situation is even more complex when the mo-
lecular assembly can adopt various conformations or con-
sists of a heterogeneous population. Thus by reducing the
complexity of the data set, an oriented adsorption of the
molecular complexes will help to partition the images ac-
cording criteria other than orientation. Our experiments
failed to demonstrate that the RNA polymerase molecules
are oriented with respect to the lipid film. We attribute this
observation to disorder introduced by the transfer, staining,
and drying steps, which may modify the orientation of the
RNA polymerase molecule. In this respect it is worth noting
that the expected orientation is not favorable, because it
corresponds to a situation where the longest dimension of
the enzyme is perpendicular to the lipid plane. We expect

that a larger number of molecules will be oriented when the
hydrated specimen is preserved in a vitrified state
(Dubochet et al., 1988).
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