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ABSTRACT. The coupling of a DNA-binding protein to self-organized lipid monolayers is examined at the
air—water interface by means of film balance techniques and epifluorescence microscopy. We used two
recombinant species of the heat shock factor HSF24 which differ only in a carboxy-terminal histidine tag
that interacts specifically with the nickel-chelating head group of a synthetic chelator lipid. As key function,
HSF24 binds to DNA that contains heat-shock responsible promoter elements. In solution,pDdtéin
complex formation is demonstrated for the wild type and fusion protein. Substantial questions of these
studies are whether protein function is affected after adsorption to lipid layers and whether a specific
docking via histidine tag to the chelator lipid leads to functional immobilization. Using lipid mixtures
that allow a lateral organization of chelator lipids within the lipid film, specific binding and unspecific
adsorption can be distinguished by pattern formation of Diyfotein complexes. At the lipid interface,
functional DNA—protein complexes are only detected, when the histidine-tagged protein was immobilized
specifically to a chelator lipid containing monolayer. These results demonstrate that the immobilization
of histidine-tagged biomolecules to membranes via chelator lipids is a promising approach to achieve a
highly defined deposition of these molecules at an interface maintaining their function.

Biofunctionalized interfaces are of special interest in life (Dietrich et al., 1993). In addition, lipid films offer further
and material science, since they open a wide range ofadvantages: (i) In aqueous solution, lipids form spontane-
opportunities to mimic biological interfaces and to gain ously lateral structures by self-assembly which can be
insights into molecular and cellular recognition processes. transferred onto solid supports by various techniques [Tamm
Technical applications such as biofunctionalization or bio- & McConnell, 1985; Kinner et al., 1994; Dietrich & Tanipe
sensing are related to this topic. One of the key questions(1995) and reviewed by Ulman (1991) and Tédngdeal.
in this field is how to reach an effective and well-defined (1995)]. (ii) The common membrane architecture made up
enrichment, immobilization, and orientation of biomolecules by amphiphilic compounds tolerates the combination of a
optimized for function and binding capacity at an interface. vast variety of natural and synthetic molecules, which built
Unfortunately, proteins often unfold and denature at inter- up functional units and modify layer composition and
faces (Norde, 1986; Schmidt et al., 1990), which causes, for morphology (Martin et al., 1981; Tscharner et al., 1981; Lang
example, immune response against implants (Mulvihill et et al., 1992; Spinke et al., 1992; Schmitt et al., 1994). (iii)
al., 1985). Furthermore, denatured proteins can promotelLipid films organize in two dimensions by phase separation
protein adsorption and multilayer formation, reflecting a or extrinsic forces (Lee et al., 1994; Dietrich & Tampe

cooperative adsorption process. 1995). Film balance techniques are well established to
Here, we used lipid monolayers spread at the-aiater investigate the properties of lipid monolayers (Gains, 1966;

interface as a model system to investigate protein function Adamson, 1990).

at lipid interfaces. The high energy density of the-aiter In biochemistry and molecular biology, the expression of

interface may cause unfoIQing of proteins (McRitchie, 1986; pjstidine-tagged fusion proteins is a well-established tech-
Graham & Phillips, 1978; Nitsch et al., 1990). To avoid pique for identification, one-step purification, and charac-

such an unfavored process and to mimic cellular interfaces, iorization of gene products (Hochuli et al., 1988; Porath et
a lipid layer can be deposited on the-awater interface 5 "1976). This powerful technique is based on the affinity
of amino- or carboxy-terminally-fused five to six histidine
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ions (Schmitt et al., 1994), and they specifically interact with 5% glycerol. HSF24 was purified according to the manu-
histidine-tagged biomolecules (Dietrich et al., 1995; Gritsch facturer’s protocol (Qiagen) using NFAagarose as affinity

et al., 1995). Furthermore, by phase segregation, histidine-matrix. The bound protein was eluted with 0.1 M imidazole
tagged molecules can be organized laterally, forming two- and dialyzed against buffer A (10 mM HEPES, 100 mM
dimensional arrays (Dietrich et al., 1995; Gritsch et al., 1995). NaCl, pH 7.5). The purification procedure was monitored
In this study, we investigated the influence of protein by SDS-PAGE (Laemmli, 1970). The wild-type protein
immobilization via the specific binding to a chelator lipid was obtained by removal of the amino-terminal histidine tag
on protein function and compared it with unspecific binding. by thrombin (Sigma) cleavage.

Therefore, we prepared laterally structured lipid films which  pNA Gel Mobility Shift AssaysFormation of sequence-
segregate into chelator IIpId-rICh domains. As chelator ||p|d, Specific DNA—protein Comp|exes was ana|yzed by electro-
we used unloaded NTAdioctadecylamine (NTADODA) phoretic DNA mobility shift assays. A modified protocol
or nickel-loaded Ni-NTA-DODA. The experiments were  of Zimarino and Wu (1987) was used. The DNA-binding
carried out with the heat shock transcription factor HSF24 reaction was performed (20 min at room temperature) by
from Lycopersicon perudanum (tomato). HSF24 is a  mixing increasing molar ratios of recombinant proteins (0
transcription activator, which by binding to heat-stress 4-fold excess) with 50 pmol of a double-stranded oligo-
responsible promoter elements (HSE) promotes transcriptionnycleotide (5GCCAGAAGCTTCTAGAAAGC-3, HSE3)

of heat shock genes (Scharf et al., 1990, 1994; Treuter etwhich contains three inverted repeats of the core motif,
al., 1993). The newly formed stress proteins are essential. AGAAN-, characteristic of all eukaryotic heat stress pro-
for cells to survive stress situations and to rapidly restore moter elements (Nover, 1987; Xiao & Lis, 1988). One of
their normal pattern of activities (Nover, 1991; Scharf etal., the oligonucleotide strands was synthesized with a fluores-
1994) Here, the effect of HSF24 immobilization to ||p|d cein molecule Cova|ent|y bound to thé-énd [dsHSE3
films and its functional integrity is investigated. This concept flyorescein-labeled top strand (FT)/nonlabeled bottom strand
might help to elaborate the structure of the proteddNA (NB)] to visualize free and bound oligonucleotides (at 320

complex by two-dimensional crystallization at chelattypid nm) after separation on a 1% agarose gel in TAE buffer (40
interfaces. mM Tris/acetate, 1 mM EDTA, pH 8.0). For competition
MATERIALS AND METHODS experiments, a 3-fold or 6-fold molar excess (in relation to

o o _ dsHSE3) of double-stranded oligonucleotides with the se-

Lipids. The chelator lipid (NTA-DODA) was synthesized  quence given above or of a mutated oligonucleotide (5
and characterized as described (Schmitt et al., 1994). INnGCCATAAGCTTGTACAAAGC-3) was added to the bind-
brief, after addition of trimethylsilyl groups, the silylaté- ing reaction together with fluorescein-labeled dsHSE3.
Boc+-lysine was coupled to the synthetic lipid dioctadecy- iy gajance MeasurementsThe film balance unit
lamine (DODA) via succinic anhydride in organic solution ;o qists of an epifluorescence microscope placed on top of
using active ester chemistry. The protecting group (Boc) a Langmuir trough (30 mmx 220 mm) which carries a
was cleaved by trifluoroacetic acid. Bromoacetic acid was subphase volume of 30 mL containing buffer A (10 mM
added, yielding the NTAchelator lipid (NTA-DODA). HEPES, 100 mM NaCl, pH 7.5). To achieve a homogeneous
Ih's product was characterized in detail by TLC, FTIR, and isgripytion, the fluorescence-labeled oligonucleotide (dsH-
H-NMR. D|myrlstoyl-L-a-_phosphz_;\tl_dylchpl|n_e (DMPC)  gp3 FT/BN) was dissolved in buffer A, yielding a final
was purchased from_ Avant Polar Lipids (_Blrmmgham, AL)' concentration of 15 nM. After spreading of the lipid mixture
TexasRed-labeled dipalmitoyte-phosphatidylethanolamine (10 nmol), the lateral pressure was adjusted by variation of
(TR-DPPE) was ordered from Molecular Probes (Eugene, i g rface area. The protein (1.5 nmol) was injected into

OR). Organic solvents were purchased from Sigma (De- yhe supphase via a small hole in the trough without touching
isenhofen, Germany). All lipids were used without further and disturbing the airwater interface, yielding a final

purification. Equimolar lipid mixtures of NTADODA/ concentration of 45 nM. The surface tension was measured
DMPC (10 nr_nol) were spread in chloroform/meth_anol (3/1, with a Wilhelmy system (accuraci0.1 mN/m). For exact
viv) at the airwater interface. In the case of NI-NFA o neratyre control0.2°C), peltier elements were placed
DODA, complex formation was achieved in the presence of o,y the base-plate. The lipid monolayers were compressed
a 5-fold molar excess of Nigln the spreading solution. it 3 A2/(moleculemin). Compression, expansion, surface
Expression and Purlf_|cat|on of Recomblnant HSF24 tension, and temperature are computer-controlled. The lateral
pJCHSF24HC was obtained by cloning BolXI fragment  gicyription of fluorescence-labeled lipids and oligonucle-

coding for tomato Lp-HSF24 amino acid positions294 - yiqes was imaged by means of a epifiuorescence microscope
from pHSF24 (Treuter et al., 1993) intBccRI-digested \hich js mounted on a x-y translation stage. By changing

pJC20HC after filling in overhanging ends with Klenow p4an4eq filters, the two fluorescence probes [fluorescein (F)
DNA polymerase. pJC20HC is a derivative of pJC20 (Clos 54 TexasRed (TR)] can be observed simultaneously. TR-
et al., 1990) that allows the fusion of six histidine residues DPPE stains the fluid, liquid-expanded (LE) phase of the

to the _carboxy—terminal (_and .Of Lp-HSF24.  To obtain lipid monolayer. Fluorescein labels the oligonucleotide and
recombinant Lp-HSF24 with six histidine residues tagged thereby DNA-protein complexes (see DNA Gel Mobility

to the amino-terminal end, pHSF24HN was constructed by ghif Assays). The fluorescence is detected with a SIT-
ligation of aNdd —BanH| fragment of pJCHSF24HC into ., 1ara (Hamamatsu, Hamamatsu, Japan).

6His-pET11d. The fusion proteins were expressdd.iooli

strain BL21DE3(pLys) as described by Studier et al. (1990). ResuULTS

SolubleE. coli protein was dissolved in buffer containing

50 mM Tris/HCI, pH 7.5, 250 mM NaCl, 0.5 mM EDTA, Recombinant Heat Shock Factor HSF24 Is Functional as
2.5 mM MgCk, 1 mM phenylmethanesulfonyl fluoride, and Wild Type and Fusion Protein As a model system to
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Ficure 3: Phase behavior of lipid monolayers. Argaressure

. . - . isotherms of Ni-NTA-DODA (a), DMPC (b), or Ni-NTA-DODA/
Ficure 1: Expression and purification of HSF24. Coomassie- DMPC (1/1) (c) in buffer A at 24°C. The corresponding phase
stained polyacrylamide gel (12%) demonstrating the expression andgjagram which was roughly estimated from the measured-area
purification of amino-terminally histidine-tagged HSF24. Lane 1: pressuré isotherms, is shown in the inset. As an example, the

E. coli cell lysate 3 h after induction with IPTG. Lane 2: Soluble e : ; P 0
fraction of the cell lysate before incubation with Ni-NFAagarose E%mpphoa;ssltelznisogsgn?qwmolar mixture consisting of 50% LE and

beads. Lane 3: Nonbound protein. Lane 4: Wash fraction. Lane

" Fion etsd i 01 1 izl s dyred Lve & iabele DNA-protein compleres are formed, migatng
masses: 94, 67, 43, 30, 20.1,'and 14.4 kDa). Lane 8: Carboxy-mUCh slower n the gel (Figure 2a). CO”?F"GX formation
terminally-tagged HSF24 expressed and purified as illustrated for féaches saturation at a HSF24-to-DNA ratio of 2. Further

the amino-terminally-tagged HSF24. addition of protein leads to a diffuse band due to multivalent
interactions that shift the complexes to lower gel mobility.
(0 05 115 2 25 3 35 4 3535 3.5 3.5 HSF24 / DNA Complex formation is highly specific. In contrast to mutated

dsHSE3 (Figure 2b,c) or 800 ng of salmon sperm DNA (not
shown), unlabeled dsHSE3 effectively competes for DNA
|2 ) i l protein complex formation (Figure 2b). Identical results were
obtained with histidine-tagged and wild-type HSF24.
Chelator Lipid Layers as Specific Docking Interfaceio
achieve a lateral organization of the chelator lipids within
the lipid monolayer, we spread an equimolar mixture of
.o . .' ‘ . .s . ] chelator lipid (Ni-NTA-DODA) and DMPC as matrix lipid.
In Figure 3, the areapressure isotherms demonstrate that
the chelator lipid condenses at a drastic lower pressuge (
= 10 mN/m at 24°C) in comparison to DMPCx,, = 40
mN/m at 24°C) (Albrecht et al., 1978). The phase transition
(LE/LC phase) of the equimolar mixture Ni-NFADODA/
DMPC occurs in a pressure region in between, leading to a
significant slope of the isotherm in the two-phase region
-» - - (Figure 3c). The roughly estimated binary phase diagram

Ficure 2: DNA gel mobility shift assay. (a) Fluorescence-labeled exhibits a Iensllke_ two phase_ region (LE/LC) (.)f an Isomor

double-stranded oligonucleotides (50 pmol of dsHSE3 FT/NB) Phous system (inset of Figure 3). Applying standard
containing three heat shock elements (see Materials and Methodsfhermodynamics, the composition of the phases can be
were incubated with an increasing ratio of purified carboxy- estimated in the two-phase region (Cevc & Marsh, 1987).

terminally-tagged HSF24 (6200 pmol). Ata HSF24 to fluorescent  Gjyen an equimolar mixture that consists of 50% LE and

dsHSES ratio of 3.5, DNA competition assays were performed in : : 0
the presence of 150 or 300 pmol (3-fold or 6-fold molar excess) of LC phase, the LC domains contain about 80 mol % of

the unlabeled dsHSE3 (b) and mutated oligonucleotide, respectivelychelator lipid. In principle, the same situation holds true
(c). for mixtures with unloaded chelator lipid (NTADODA).

Missing the complex ion that compensates repulsive negative
investigate protein function at lipid interfaces, we used two charges of the NTA head group, the phase transition is shifted
species of HSF24 (wild type and fusion protein) which differ to higher pressures for NTADODA as previously analyzed
only in the additional sequence of six histidines at the (Schmitt et al., 1994; Dietrich et al., 1995). The lenslike
carboxy terminus. Therefore, amino- or carboxy-terminally- form of the binary phase diagram is not changed, and
tagged histidine fusion proteins were expressedt.ircoli estimated values for the concentration distribution for Ni-
and purified by immobilized metal affinity chromatography. NTA—DODA and NTA-DODA are similar (not shown).
The amino-terminal histidine tag was cleaved by thrombin  To study specific and unspecific protein binding to a
treatment (Figure 1). To test the functional integrity of the laterally structured lipid layer, an equimolar mixture of
heat shock factor, DNA mobility shift assays were performed chelator lipid and DMPC was spread on buffer A€ 20
(Figure 2). HSF24 specially binds to fluorescence-labeled °C) which contained 0.5 nmol (15 nM) of fluorescence-
oligonucleotides that contain three inverted repeats of heatlabeled dsHSE3. To stain the fluid LE phase of the lipid
shock responsible promoter elements (dsHSE3, see Materialsnonolayer, the lipid mixture was doped with fluorescence-
and Methods). By adding HSF24, defined fluorescence- labeled lipid (TR-DPPE, 0.1 mol %). Compression was

3 6|3 6 |dsHSE3/DNA
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Ficure 4: Protein interaction with lipid monolayers. An equimolar
mixture of DMPC and loaded (Ni-NTADMPC) or unloaded
(NTA—DODA) chelator lipid, respectively, was spread on buffer
A supplemented with 0.5 nmol (15 nM) of oligonucleotide dsHSE3. Ficure5: Epifluorescence microscopy. Fluorescence micrographs
After compression to 1215 mN/m, the surface area of the of a Ni-NTA—DODA/DMPC (1/1) lipid monolayer doped with
monolayer was kept constant. Tracescashow time-dependent  0.1% TexasRed lipid on subphase buffer A at 25 mN/m @R
changes of surface pressure after injection of 1.5 nmol of HSF24, Byffer A was supplemented with 0.5 nmol (15 nM) of fluorescence-
yielding a final concentration of 45 nM. (a) Ni-NTADODA/ labeled oligonucleotide dsHSE3 FT/NB. Ten hours after injection
DMPC monolayer, HSF24 with histidine tag. (b) NT/ADODA/ of 1.5 nmol (45 nM) of histidine-tagged HSF24 into the subphase,
DMPC monolayer, HSF24 with histidine tag. (c) Ni-NT/AODA/ the lateral distribution of TexasRed lipids staining the fluid phase
DMPC monolayer, HSF24 without histidine tag. (d) Ni-NTA  (a, left panel) and DNA (b, right panel) was imaged by epifluo-
DODA/DMPC monolayer, no protein injection. rescence microscopy. Surface pressure change follows trace of panel
a. Both pictures show identical structures but in an inverse contrast.
performed to induce the formation of LC domains. The Identical positions are marked by arrows.
compression was stopped when about 50% of the area was .
covered with LC domains. At this point, the LC domains the chelator lipid. _ o _
show still Brownian motion. As known from phospholipids 10 Provide further evidence for a specific interaction, a
[reviewed by McConnell (1991) and Mevald (1990)], a lipid film containing the unloaded chglatpr lipid (NTA
long-range repulsive interaction prevents domain fusion and PODA) was used. Although the protein interacts with the
induces pattern formation and lateral order of the domains. liPid layer as shown in Figure 4b, the oligonucleotide was
The fluorescent oligonucleotide dissolved in the subphasenOt enriched at the lipid interface: Hence, no contrast of
is visible by a diffuse fluorescence image; it does not interact the DNA fluorescence was detected (Figure 6, top right).
with the lipid monolayers used in the experiments. Note, the lipid fluorescence is still structured in chelator lipid-

The injection of 1.5 nmol of HSF24 to such preformed fich LC domains surrounded by the fluid phase. Addition
structured lipid films leads to significant changes. The effect Of nickel ions, which induce complex formation of the
on the lateral pressure is illustrated in Figure 4. Independentchelator lipid head group, leads to a drastic change of the
of the chelator lipid (nickel-loaded or unloaded state, Figure DNA fluorescence. Now, equivalent to the experiment with
4ab) or of the added protein species (with or without the preformed Ni-NTA-DODA/DMPC layer (Figure 5),
histidine tag, Figure 4a,c), an increase of the surface pressurdNA—protein complexes are enriched at the chelator lipid-
was observed. The related fluorescence micrographs of the/ich domains. The fluorescence patterns of the lipid fluo-
lipid layers demonstrate that protein adsorption correlates '¢Scence (Figure 6, lower left) and DNA fluorescence (Figure
with a loss of Brownian motion and a decrease of the lateral 6 lower right) are |d§nt|cal but inverse in contrast. Inje_ctlon
order of the domains. This is obviously due to the changes ©f EDTA (0.5 mM final concentration) causes the disap-
of the former fluid LE phase which exhibits a much higher P&arance of the oligomer fluorescence (not shown). As a
viscosity, and a reduced diffusion as observed by photo- further control, HSF24 without histidine tag was added to a

bleaching techniques. The size of the LC domains is hardly Structured nickel-loaded chelator lipid layer (Ni-N¥A
affected by the protein adsorption. DODA/DMPC, 1/1) identical to the monolayer described in

Immobilization sia Histidine Tag and Chelator Lipid  Figure S (left panel) and Figure 6 (see time trace of Figure
Restores Protein FunctionDNA—protein complex forma- 4c). Although t_he chelatqr lipid is nlckel—loadeq, no enrich-
tion was ensured by adding a 3-fold excess of HSF24 in ment of the oligonucleotide and no contrast in the DNA
relation to oligonucleotide to the subphase (see Figure 2). fluorescence were detected (not shown). In the absence of
Therefore, the protein adsorption and the lateral distribution Protein, the oligonucleotides do not interact with the lipid
of functional DNA—protein complexes could be analyzed layer. This result is confirmed by ;urface pressure measure-
by epifluorescence microscopy. After pressure equilibration, MeNts and by epifluorescence micrographs at lipid mono-
fluorescence images of the oligonucleotide reveal drastic /2yers in the absence of protein. Furthermore, the-area
differences depending on the immobilization process. In the Pressure isotherms of Ni-NTADODA, NTA—DODA,
case of a nickel-loaded chelator lipid monolayer (Ni-NFA DMPC, a_nd chelato_r lipid/DMPC monolayer are not affected
DODA/DMPC, 1/1), addition of HSF24, subsequent complex PY the oligonucleotide (not shown).
formation, and binding to the lipid layer lead to a significant
enrichment of the oligonucleotide at the LC domains (Figure DISCUSSION
5). The pattern of the two micrographs is identical but In solution, wild type as well as histidine-tagged HSF24
inverse in contrast, demonstrating that functional DNA  specifically recognizes DNA sequences that contain heat
HSF24 complexes are enriched at chelator lipid-rich domains shock promotor elements (Figure 2). By contrast, at the lipid
possibly by a specific interaction of the histidine tag with interface, HSF-DNA complex formation is directly depend-
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Ficure 6: Fluorescence micrographs of a NFAODA/DMPC
(1/1) monolayer doped with 0.1% TexasRed lipid on subphase
buffer A at 23 mN/m (20C). The experimental procedure is given
in detail in Figure 5. Ten hours after injection of histidine-tagged
HSF24, the lateral distribution of TexasRed lipids (a, top left) and
DNA was imaged (b, top right). Surface pressure change follows
trace of Figure 5b. In contrast to Figure 5b, no contrast in the
oligonucleotide fluorescence was detectable. This situation is

drastically changed when nickel ions are injected. Three hours after

addition of 3umol of NiCl, yielding a final concentration of 0.1
mM, the lipid fluorescence (c, bottom left) and the DNA fluores-
cence (d, bottom right) show identical patterns that are inverse in
contrast. Identical positions are marked by arrows.

Dietrich et al.

chelator lipid correlates with bound oligonucleotide and
therefore with functional protein attached to the lipid layer.
The only possible explanation is the enrichment of the
chelator lipid in the LC domains as demonstrated by the
binary phase diagram. This is confirmed by the observation
that the DNA fluorescence is slightly increased in the center
of the domains (Figure 5, right panel). Corresponding to
the condensation process of the binary Ni-NTBODA/
DMPC mixture and to the low lipid mobility in the LC phase
which conserves lipid distribution for long times, the
concentration of Ni-NTA-DODA in the domain center must
be increased in comparison to the border of the domains.
This correlates obviously with the increased DNA fluores-
cence and therefore with the increased adsorption of func-
tional protein in the center of the domains. Docking of
DNA—protein complexes is not induced by the phase
condition of the lipids, since DNAprotein complexes
without histidine tag are not bound. Histidine-taged DNA
protein complexes are only bound if complex formation of
the chelator lipid is achieved.

The presented experiments demonstrate that the im-
mobilization of histidine-tagged biomolecules to a membrane
interface via coordinative binding to chelator lipids is a
promising strategy to achieve a highly defined immobiliza-
tion of these molecules to an interface maintaining their
functional integrity even under conditions that promote
protein denaturation at the interface. This result could be
important for the preparation of biofunctionalized surfaces
which allow various technical applications in biosensors or
as biocompatible surfaces. Animinent advantage lies in the
high generality of this noval binding concept which allows
the application to various proteins to study molecular and
cellular recognition processes at membranes.
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chelator lipid. Two topics are essential for the understanding
of this result:

(1) Protein adsorption to the lipid monolayer: The effects
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