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Abstract: Complex binding of proteins by metal-chelating lipids via surface-exposed or protein-engineered
histidines provides an universal and powerful concept for the orientation and two-dimensional crystallization
of proteins at self-organized interfaces. To demonstrate pair formation between individual histidine-tagged
molecules and chelator lipids on the molecular level, we have synthesized novel lipids bearing beth a Ni
NTA chelator and a fluorescent group. These lipids serve as spectroscopic probes to visualize directly the
molecular recognition of fluorescence-labeled histidine-tagged peptides by metal-chelating lipids using
fluorescence resonance energy transfer (FRET). The molecular docking to chelator lipids assembled in mono-
or bilayers is highly specific, revealing only 3% unspecific adsorption and a binding constaptf Ihe

affinity constant was confirmed by fluorescence correlation spectroscopy (FCS) on single molecules, where
the ratio of lipid-bound to free was analyzed by their intrinsically different diffusion times passing through a
confocal volume of about 1 fL. By using a model peptide most of the electrostatic and steric contribution to
the binding process can be neglected. Therefore, the affinity constant can serve as a standard value for the
binding of histidine-tagged proteins to chelator lipid interfaces.

assembled monolayers of alkyl silah@s thiol#” on glass or
) . o ) ) . gold, respectively, or (iii) by self-assembled lipid layers. Unlike
Biofunctionalization of interfaces plays an important role in - giher thin films, lipid mono- or bilayers can be deposited on
bioanalytical, biochemical, biophysical, and structural studies. nealy every surface by various technigi&groviding bio-
Such two-dimensional systems can be studied with well- ¢ompatibility, lateral mobility, and two-dimensional patterning.
developed surface-sensitive methods. Therefore, solid surfaces=nctional units of biomembranes such as channels, transporters,
have to be coated by thin films that are functional and o gther membrane proteins can be reconstituted into vesicles
biocompatible to avoid distortion of the studied systems caused 5d immobilized at the surface by vesicle fusiéni2 Due to

by unspecific interactions. This surface coating can be achievedieir dynamic properties, lipids can be organized in two

Introduction

by several materials: (i) by adsorbed polymerk(ii) by self-
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dimensions by phase segregati8nelectrical fields}* and
microfabricated barrier, allowing the generation of structured
biofunctional interfaces. Furthermore, lateral diffusion is still
possible in supported membranes which is important to mimic
processes at or within biological membranes.
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Functional and structural studies often require the oriented segregated chelator lipids. The histidine-tagged protein was
and functional immobilization of proteins which can be achieved found to be fully functional with respect to its specific DNA
in several ways. Physisorption of a protein to a surface via recognition. Two-dimensional crystallization of proteins at
van der Waals, electrostatic, or entropic interactions are highly chelator lipid monolayers was reportéd3¢ Metal-chelating
sensitive toward ionic strength, pH, or temperature. This can surfaces can be produced either by coating with chelator fpids
lead to multilayer adsorption or a loss of orientation and activity or by modification of different surfaces with NT#&:37:38
of the protein. Covalent binding of the protein via surface- Although specific binding to self-assembled metal-chelating
accessible amino acid residues to a reactive surface often lacksnterfaces has been demonstrated, it was not possible to
regiospecificity and therefore orientation of the immobilized distinguish between adsorption to the interface and direct pair
protein. Additionally, the reactive site of a protein can also be formation between the chelator and the biomolecule.
blocked by the immobilization procedure which leads to a  In this report, we describe the synthesis of fluorescent chelator
reduced activity of the proteilf. Protein binding via its natural  lipids which serve as spectroscopic probes to follow the binding
ligand”*8 is only possible if the ligands can be fixed at the process. Due to a distance dependency of fluorescence reso-
surface and if the process of ligand binding is not the process nance energy transfer (FRET) in the nanometer range, pair
desired to study. The very affine binding of biotin to strepta- formation between an acceptor-labeled histidine-tagged molecule
vidin can also be used for protein immobilizatibh However, and a donor-labeled chelator lipid was proven. Molecular

this method requires a rather unspecific chemical biotinylation
of the protein. Protein-engineered affinity tags mimicking the
biotin moiety overcome this problem. However, they have a
drastically reduced affinity to streptavidf?® and an im-

mobilized streptavidin layer as a docking interface is still needed.
Immobilized metal ion affinity chromatography (IMA&)22is

a versatile and powerful method for protein purification and

recognition was followed at lipid monolayers at the-airater
interface as well as at lipid bilayers in vesicle solution.
Additionally, specific binding of single histidine-tagged mol-
ecules to chelator lipid containing vesicles could be demon-
strated by fluorescence correlation spectroscopy (FCS). Due
to their intrinsically different diffusion times for passing through

a confocal volume, the ratio of free and lipid-bound molecules

characterization. Here, fusion proteins are expressed with acould be analyzed by the autocorrelation function of the time-

short affinity sequence of five or six histidines (histidine-tag)
that binds to metal ion complexes such as nitrilotriacetic acid
(NTA) or iminodiacetic acid (IDA). In most cases, the
functionality of the protein is preserved. Additionally, the
binding is reversible and dissociation can be induced at low
pH or by addition of a competitor either for the protein
(histidine, imidazole) or the metal ion (EDTA).

We as well as Arnold and colleagues combined the IMAC
technique with the unique and fascinating properties of self-
organizing systems by introducing the concept of chelator
lipids.2324 The metal ion and ligand binding properties of the
chelator lipid interfaces as well as their dependency on ionic
strength, pH, and temperature was examined in de&t&l.
Specific docking of peptidés28and proteins to chelator lipids
via histidine tag® 3! or surface histidine4 could be demon-
strated. A designed model peptidas well as a DNA binding
proteirt® could be organized in two dimensions by phase-
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dependent fluorescence signal. The quantitative and molecular
analysis of this highly specific and oriented docking process
provides deeper insights into this versatile and powerful method
for reversible immobilization and orientation of proteins at lipid
interfaces.

Materials and Methods

Materials. The chemicals used were 1-stearoyl-2-olesyglycero-
3-phosphatidylcholine (Avanti Polar Lipids, Birmingham, ALY<-
benzyloxycarbonyl-lysine tert-butyl ester hydrochloride (Bachem,
Heidelberg, Germany), Pd/C (5%), fluorescamine, rhodamine 6G,
succinic anhydride (Aldrich, Steinheim, Germany), and 5-(and-6)-
carboxytetramethylrhodamine succinimidyl ester (Molecular Probes,
Eugene, OR). Thin-layer chromatography (TLC) plates (silica gel 60
F2s4), silica gel (46-63 uM, 230—400 mesh), bromocresol green, and
ninhydrin were purchased from Merck (Darmstadt, Germany). All other
chemicals and solvents were ordered from Fluka (Neu-Ulm, Germany)
and were reagent p.a. grade. Solvent ratios are given in volume/volume
if not otherwise stated. The histidine peptide H-GSGSGSGSGSHH-
HHHH-OH was synthesized by a solid-phase technique using fluore-
nylmethoxycarbonyl chemistry. The N-terminus was labeled with
tetramethylrhodamine succinimidyl ester in DMSO. The fluorescence-
labeled peptide was isolated by reversed-phase HPLgo@umn)
with an gradient from 20 to 80% acetonitrile (0.1% TFA) in water
(0.1% TFA). The identity of the labeled peptide was verified by mass
spectrometry (electrospray ionization, MH" = 1977 nv/z).

Analytical Methods. Reactions were monitored by TLC and
functional groups were visualized by UV absorbance (Z group),
fluorescamine (primary amines), ninhydrin (amines), cobalt isothiocy-

(32) Dietrich, C.; Schmitt, L.; TampeR. Proc. Natl. Acad. Sci. U.S.A.
1995 92, 9014-9018.
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anate (amines, amides), and bromocresol green (acids and bédes). In egs 1 and 2N is the number of molecules in the confocal volume,
NMR (500 MHz) and'*C NMR (100 MHz) spectra were recorded on 7 the diffusion time through the confocal volume (in eq 2, of component
Bruker AM 500 and AM 400, respectively. Chemical shifty @re 1 or 2, respectively)S the structural parameter, TA the fraction of
given in parts per million relative to the CDClsignal. Mass molecules in the triplet statéy the time constant of the triplet state,
spectrometry was performed at a Finnigan MAT (Forster City, CA) andy the fraction of molecules with a diffusion time.

either in the electron impact (El), in the electrospray, or in the fast- Diffusion coefficientsD were calculated by eq 3,

atom bombardment (FAB) ionization mode.

Film Balance Measurements. Epifluorescence film balance mea- D= a)12/4r 3)
surements were performed on a self-built instrument as previously

described? The trough (Teflon) was 220 mm 30 mm and carried  wherew, corresponds to the radius of the elliptical confocal volume
a subphase volume of 25 mL. The surface tension was measured byperpendicular to the optical axis ando the diffusion time through

a Wilhelmy system, and the temperature was controlled by peltier the confocal volume.

elements. The speed of the movable barrier and the lateral pressure

were computer-controlled. The film balance was equipped with an Experimental Section

epifluorescence microscope. Fluorescence was excited by a HBO 50 . o )

lamp (Zeiss, Kochel, Germany). The fluorescence filter set (Zeiss) Synthesis of the NBD-Labeled Chelator Lipid. Synthesis of
consisted of an excitation filter (458+90 nm), a dichroitic mirror (510 N-(tert-Butyloxycarbonyl)-12-aminododecanoic Acid (2). 12-Amino-
nm), and an emission filter (long pass520 nm). The fluorescence ~ dodecanoic acidl) (430 mg, 2 mmol) was suspended in 20 mL of
microscope was interfaced to a monochromator via a glass fiber aPsolute methanol and 4@Q of triethylamine. A solution of 872 mg
technique. Intensities were measured by a photomultiplier working in (4 mmol) of ditert-butyl dicarbonate in 10 mL of absolute methanol
the single photon counting mode. For all experiments, degassed andVas added. After being stirredrfd h at 60°C, the reaction mixture
sterile filtered HEPES buffers (10 mM HEPES, 150 mM NaCl, pH  ¢leared up and the G@roduction stopped. The solvent was removed
7.5) were used if not stated otherwise. The NTA lipids were preloaded N @ vacuum, and the remaining oil was dissolved in 20 mL of
with nickel ions in organic solution by adding equimolar amounts of a Chloroform and extracted twice with hydrochloric acid (pH 2.5). The
methanol solution of NiGI6H,O. In experiments in which the buffer organic phase was dried over anhydrous sodlur_n sulfate, and the_ solvent
contained EDTA, the unloaded NTA lipid was used. For the binding @S Well as theert-butyl alcohol was removed in a vacuum. Yield:
experiments, the lipid monolayer was compressed to a surface pressuré@95 Mg (1.92 mmol) o2; 96%. TLC: R = 0.61 in CHCYMeOH

of 20 mN/m at a temperature of ZZ. The histidine peptide was ~ (15:1). *HNMR (400 MHz, CDC}): 6 = 1.20 (m, 16 H, Boc-NHCht
injected into the subphase while the area was kept constant. The spectr&HZ(CHZ)SCHz(:OOH)v 0 =1.36 (s, 9 H, HsC);COCONH-), 6 =
were measured in the sample/reference (s/) mode and baselingl-5 (0, 2 H, BOC-NHCECH(CH;)sCH,COOH), 6 = 2.26 (t, 2 H,
corrected. The baseline was recorded prior to each experiment. ToB0OC-NHCHCH(CH;)sCH.COOH),6 = 3.02 (bm, 2 H, Boc-NHE -

reach equilibrium the spectra were recorded 2 & after addition of CHy(CHz)s) CH,COOH), 6 = 4.49 (bs, 1 H, Boc-NCH,CHy(CH,)s-
the histidine peptide or EDTA, respectively. CHZCOOH). 13C NMR (100 MHz, CDC&)Z 0 = 25.37, 27.45, 29.12,

29.71-30.10, 30.69 ((HC)sCOCONHCHCH,(CH,)sCH,COOH), 6
= 34.72 CH,COOH),d = 41.34 (CONKCHy), 6 = 79.77 ((HC)s-
COCO), 6 = 156.76 ((HC);COCONH), 6 = 179.94 (CHCOOH).
MS (El, Ci7H3NO,): M* = 315m/z

Synthesis ofN-(N'-(tert-Butyloxycarbonyl)-12-aminododecanoyl)-
octadecylamide (3). After dissolving 605 mg (1.92 mmol) of

Vesicle Preparation. Appropriate molar ratios of lipid were mixed
in chloroform/methanol (6:1), and the organic solvent was removed in
a vacuum. The dry lipid was swollen in HEPES buffer to a final
concentration of 6.7 mM at room temperature 2ch and then extruded
21 times through 100-nm filters (LiposoFast-Basic, Avestin, Ottawa,
Canada). The lipid concentration was measured by UV absorption at compound? and 845 mg (3.84 mmol) of Z-Alipyridyl disulfide in 25

490 nm according to the absorp.tlon mgxmum Of_ NBD. mL of absolute chloroform, 516 mg (1.92 mmol) of octadecylamine,
Fluorescence Spectroscopy in Vesicle SolutionFluorescence 1006 mg (3.84 mmol) of triphenylphosphine, and 3000f triethyl-
spectra were recorded at a donor concentration of a¥5and at amine were added in 25 mL of absolute chloroform. After the mixture
acceptor concentrations of 0.5, 1, 2.5, 5, angilon a Fluorolog-2 - a5 sirred fo 4 h atroom temperature, the solvent was evaporated
(Spex Industries Inc., Edison, NJ) with an excitation at 450 nm 10 anq the product was recrystallized from acetone. Yield: 1000 mg of
minimize direct excitation of the acceptor. We scanned the emission 3 9204 T|.C: R = 0.84 in CHCYMeOH (50:1). *H NMR (400 MHz,
from 490 to 620 nm in 2-nm steps with an integration tiniel & per CDCl): 6 = 0.87 (t, 3H,HsC—), & = 1.25 (m, 46 H, HC(CH.)1s-
step. All spectra were recorded at room temperature in the s/r mode.cpy, Boc-NH(CHy)2(CH2)sCHz—), & = 1.43 (m, 11 H, HsCs
Fluorescence Correlation Spectroscopy FCS measurements were  CCONHCHCH,—), 0 = 1.60 (q, 2 H, HC(CHy)1sCH2CH,NHCO-),
performed on a Zeiss ConfoCor (Carl Zeiss Jena, Jena, Germany)y = 2.14 (dd, 2 H, HC(CH,);NHCOCH,—), 6 = 3.09 (dd, 2H, Boc-
equipped with a Nd:YAG laser (10 mW, excitation at 532 nm). The NHCH,—), 0 = 3.22 (dd, 2 H, HC(CH,)1cCH,NHCO-), 6 = 4.51
instrument was controlled by FCS Access software, and the autocor- (bs, 1 H, Boc-NH—), 6 = 5.48 (bs, 1 H, HC(CH,)1;NHCO-). 3C
relation functions were analyzed with FCS Access Fit soft¥aréhe NMR (100 MHz, CDC}): 6 = 14.77 (BC—), 6 = 23.35, 26.49, 27.44,
diameter of the pinhole was adjusted to @@ and the geometry of 27.60, 29.10, 29.9730.25, 30.35, 30.73, 32.59 {B(CH2)16CHo-
the confocal element was determined by a one-component fit (eq 1) to NHCOCH,(CH,)eCH,NHCOOC(CHa)3), 6 = 40.15 (HC(CH,)16CH,-
the correlation curve of rhodamine 6G. To determine an affinity NHCO-), 6 = 41.30 (Boc-NHCH,—), 6 = 79.64 ((HC);COCO-),
constant, we titrated 15 nM rhodamine-labeled histidine peptide with § = 156.66 ((HC);COCO—), 6 = 173.68 (HC(CH,)1NHCO—). MS
an increasing concentration of SOPC vesicles doped with 3 mol % (El, CasH7oN,03): M+ = 566 m/z.
Ni—NTA lipid. Each point on the titration curve corresponds to the Synthesis ofN-(N'-Methyl-12-aminododecyl)octadecylamine (4).
average of six measurements. The time-dependent fluorescence signah LiAIH ,—THF solution (44.2 mL, 0.2 M) was added drop by drop at
was collected over a period of 60 s. The autocorrelation curves were 0 °C to a solution of 1000 mg (1.77 mmol) of compoudih 200 mL

fitted by a two-component model (eq 2) as descritfed. of THF (freshly distilled over Caby under an inert gas atmosphere.
The reaction mixture was refluxedrf@ h and then cooled to €C.
1-TAL - efffto) 1 1 The excess of LiAIH was quenched by adding 336 of water and

Git)y=1+ NI —TA 1T » @ 336 uL of NaOH (15% in water, w/w) and 1 mL of water. The

[ ] o)1+ SZ(UT)] precipitated Al(OHj is filtered off and washed three times with hot

1-TA(L — e Vo) chloroform. The combined organic phases were dried over anhydrous
- = - 7 sodium sulfate, and the solvent was removed in a vacuum. The product
N[1—TA] was recrystallized from THF. Yield: 734 mg (1.58 mmol)%f39%.

11—y 1 y 1
+ 2 i :
1+ (Ur) [+ §( r 1)]1,2 1+ (Ur) [+ Sz(t/rz)]llz (2 199()%9.) EVOTECFCS Access Fit SoftwgrEVOTEC: Hamburg, Germany,

GH) =1+
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TLC: R = 0.54 in CHCYMeOH/AcOH (40:8:1). *H NMR (400 MHz,
CDCl): 6 = 0.87 (t, 2 H,H3sC(CHy)1;NH—), 6 = 1.18 (s, 1 H, HC-
(CH2)1NH=), 6 = 1.27 (m, 46 H, HC(CH2)1sCH2CH.NHCH,CH,-
(CH2s—), 6 = 1.47 (m, 6 H, HC(CH,)1sCH,CH,NHCH,CH-
(CH,)sCH>—), 8 = 2.43 (s, 3 HH3CNH(CH,)1,NH—), 6 = 2.55 (t, 4
H, —CH,NHCH,—), 6 = 2.58 (t, 2 H, HCNHCH,—). *C NMR (100
MHz, CDCL): 6 = 14.10 (HC-), 6 = 22.69, 27.36, 27.45, 29.36,
29.60-29.68, 29.97, 30.24, 31.92 {B(CH>)16) CH.NHCH,(CH,)16CH-
NHCHz), 6 = 36.58 (HCNH(CHy)12NH—), 6 = 50.19 (CH,-
NHCH,—), 6 = 52.26 (HCNHCH2—). MS (FAB, CyHeN2): M +
H* = 467 m/z

Synthesis ofN-(N'-Methyl- N'-(tert-butyloxycarbonyl)-12-amino-
dodecyl)octadecylamine (5).Di-tert-butyl dicarbonate (349 mg, 1.6

mmol) in 25 mL of absolute chloroform/methanol (9:1) was added to

a solution of 734 mg (1.58 mmol) of compourdand 700uL of
triethylamine in 50 mL of absolute chloroform/methanol (9:1)-&0

Dorn et al.

= 2.64 (d, 3 HH3C*NH,CH,CH,—), d = 2.90 (dt, 2 H, HC*NH,CH -
CH,—), 6 = 3.24 (2 dd, 4 H—CH;N(CO(CH,).,COOH)CH,—), 6 =
7.70-8.40 (b, HC*NH,CH,—). 13C NMR (100 MHz, CDC}): 6 =
14.77 (HC—), 0 = 23.34, 26.98, 27.13, 27.41, 27.62, 27.78, 28.20,
28.40, 29.13, 29.26, 29.39, 29.55, 29.64, 30.02, 3631835, 31.42,
31.50, 32.58 (KC(CH2)16CHN(CO(CHy),COOH)CH(CHy)10—), 6 =
33.61 (HC*NH.CH,—), 6 = 46.95 (-CH,N(CO(CH,),COOH)-
CH,—), 0 = 48.68 (-CH,N(CO(CH),COOH)CH—), 6 = 50.09
(HsC*NHCH,—), 6 = 172.73 (NCO(CH,),COOH)), 6 = 177.66
(N(CO(CHz)QCOOH) MS (FAB, Q5H70N203): M+ Ht=667m/z
Synthesis ofN-Succinyl-N-(N'-methyl-N'-(7-nitro-2,1,3-benzoxa-
diazol-4-yl)-12-aminododecyl)octadecylamine (8)Compound? (617
mg, 1.09 mmol) and 300L of triethylamine were dissolved in 40 mL
of chloroform, and 239 mg (1.20 mmol) of 7-nitro-2,1,3-benzoxadiazol-
4-chloride was added under the exclusion of light. After 12 h of stirring
at room temperature, the organic phase was extracted three times with

°C over a period of 2 h. Thereafter the reaction was stopped by adding 1 N hydrochloric acid and dried over anhydrous sodium sulfate, and
50 mL of cold hydrochloric acid (pH 2.5). The cold bath was removed, the solvent was removed in a vacuum. The pro@uweas recrystallized
and the reaction mixture was stirred for an additional 10 min at room from acetone. Yield: 715 mg (0.98 mmol) 8f 90%. TLC: Ry =
temperature. After phase separation, the organic phase was extracte®.45 in CHCYMeOH (15:1). *H NMR (400 MHz, CDC}): 6 = 0.87

with 1 N NaOH and dried over anhydrous sodium sulfate, and the (t, 3 H, H3C(CH)17N), 6 = 1.26 (m, 46 H, HC(CHy)1sCHx-
solvent was removed in a vacuum. The product was purified by silica CH,N(CO(CH,).COOH)CHCH,(CHy)s—), 6 = 1.53 (m, 4 H,—CH-

gel column chromatography using CH®IeOH (15:1) as the eluant.
Yield: 715 mg (1.26 mmol) ob, 80%. TLC: Rr = 0.48 in CHCY/
MeOH (15:1). 'H NMR (400 MHz, CDC}): ¢ = 0.88 (t, 3 H,
H3C(CHy)17NH-), 6 = 1.11 (s, 1 H,—CH,NHCH,—), 6 = 1.25 (m,
46 H, HyC(CH)15CH,CHNHCH,CHy(CH2)sCH,—), = 1.45 (s, 9H,
(H3C)sCOCON(CH)—), 6 = 1.49 (q, 2 H, Boc-N(CH)CH,CH,—), 6
=1.65 (g, 4 H—CH,CH,;NHCH,CH,—), 6 = 2.74 (bt, 4 H, CHCH -
NHCH,CH,—), 6 = 2.83 (s, 3 H, Boc-N(El3)—), 6 = 3.18 (bdd, 2 H,
Boc-N(CH;)CH2—). **C NMR (100 MHz, CDC}): 6 = 14.80
(HsC—), 6 = 23.39, 27.42, 27.96, 28.52, 29.18, 29.34, 36-30.38,
32.62 (HC(CH2)16CHNHCH,(CH2)10—), 0 = 34.73 (Boc-N(CH)-
CH,—), 0 = 49.44, 49.98 {CH,NHCH,—), ¢ = 79.71
((HsCCCON(CHy)—), 0 = 156.70 ((HC);COCON(CHz)—). MS
(FAB, C36H74N202): M + HT =567m/z

Synthesis ofN-Succinyl-N-(N'-methyl-N'-(tert-butyloxycarbonyl)-
12-aminododecyl)octadecylamine (6)A solution of compound (715
mg, 1.26 mmol), 40@.L of triethylamine, and 189 mg (1.89 mmol) of

CH;N(CO(CH,),COOH)CHCH,—), 6 = 1.75 (g, 2 H, NBD-N(CH)-
CH,CH,—), 6 = 2.67 (m, 4 H,—CH;N(CO(CH,),COOH)CH—), 6
= 3.23, 3.30 (2 dd, 2*2 H;-CH,N(CO(CH,),COOH)H>), 6 = 3.48
(m, 3 H, NBD-N(CH3)CH,—), 6 = 4.05 (m, 2 H, NBD-N(CH)-
CH,—), 6 = 6.07 (d, 1 H, H-6)0 = 8.41 (d, 1 H, H-5). 3C NMR
(100 MHz, CDC}): 6 =14.77 (HC—), 6 = 23.35, 27.30, 27.56, 27.64,
28.29, 28.70, 29.49, 29.91, 30.01, 30-130.35, 31.04, 32.59
(H3C(CH2)15CH2N(CO(CH,),COOH)CHy(CHy)10—), 6 = 42.13 (NBD-
N(CH3)CH,—), 6 = 47.31 (-CH,N(CO(CH,),COOH)CH,—), 6 =
48.97 (-CH:N(CO(CH).COOH)CH—), 0 = 56.66 (NBD-N(CH)-
CH,—), 6 = 101.61 (C-6) = 122.76 (C-5) = 136.06 (C-1)0 =
145.19 (C-2),0 = 145.55 (C-3),0 = 146.13 (C-4),0 = 172.78
(—CH;N(CO(CH,),COOH)CH), 6 = 175.99 CH,N(CO-
(CH,).COOH)CH—). MS (FAB, CiiH71N506): M + HT = 730m/z
Synthesis of N*N*-Bis[(tert-butyloxycarbonyl)methyl]- N¢-ben-
zyloxycarbonyl-L-lysine tert-Butyl Ester (10). A solution of 535 mg
(1.65 mmol)N¢-benzyloxycarbonyl-lysine tert-butyl ester hydrochlo-

succinic anhydride in 40 mL of absolute chloroform was stirred at room ride, 1.33 mL of triethylamine, and 3.2 g (16.5 mmol) of bromoacetic
temperature for 3 h. The organic phase was extracted twice with 1 N acidtert-butyl ester was stirred in 20 mL of DMF for 4 days at 0.
NaOH and dried over anhydrous sodium sulfate. The solvent was The solvent and the excess of bromoacetic derttbutyl ester was

removed in a vacuum. Yield: 772 mg (1.16 mmol), 92%. TLR:
= 0.53 in CHCHACOH (25:1). 'H NMR (400 MHz, CDC}): ¢ =
0.88 (t, 3 H,H3C(CH)1/N—), 6 = 1.25 (m, 46 H, HC(CH,)1sCH»-
CH:N(COCH,CH,COOH)CHCH,(CH2)s—), d = 1.45 (s, 9 H, HsC)s-
COCON-), 6 = 1.46-1.60 (m, 6 H,—CH>CH,N(COCH.CH,COOH)-
CHzCHz(CHg)chchgN(CH;;)BOC), o = 2.68 (m, 4 H, NCO(HQ-
CH,COOH),d = 3.18 (dd, 2 H, Boc-N(CHCH,—), 6 = 3.23, 3.31
(2 dd, 2*2 H,—CH,N(CO(CH),COOH)CH,—). *C NMR (100 MHz,

CDCls): 6 = 14.80 (HC—),0 = 23.38, 27.39, 27.59, 27.70, 28.75,

29.18, 29.51, 30.05, 30.2480.38, 32.62 (HC(CH,)16CH.N(CO(CH)-
COOH)CH(CHo)10—), 0 = 34.74 (Boc-N(CH)CH2—), 6 = 47.36
(—CH2N(CO—(CH,),COOH)CH,—), 6 = 49.00 (N(COCHCH,-
COOH), 6 = 49.50 (-CH,N(COCH,CH,COOH)CH—), 6 = 79.79
((HsC):COCON-), 6 = 156.60 ((HC):COCON), 6 = 172.86
(—CH2N(CO(CH,),COOH)CH—), 6 = 175.55 (-CH,N(CO(CH.),-
COOH)CH,—). MS (FAB, CygH7gN20s): M + HT = 667 m/z.
Synthesis ofN-Succinyl-N-(N'-methyl-12-aminododecyl)octade-
cylamine (7). The protectedv-amino acid6 (772 mg, 1.16 mmol)

was dissolved in 44 mL of chloroform/trifluoroacetic acid (9:1) and

removed in a vacuum, and the remaining oil was extracted six times
with hexane. The combined organic phases were collected and the
solvent was removed in a vacuum. Yield: 614 mg (1.09 mmol) of
10, 66%. TLC: Ry = 0.70 in CHC}{MeOH (100:1). *H NMR (400
MHz, CDCL): 6 = 1.42 (s, 18 H, (f1sC)sCOCOCH),N—), 6 = 1.45
(s, 9H, H3C);COCOCHCH-) 6 = 1.53 (m, 4 H, Z-NHCH-
(CH2)2—), 0 = 1.64 (m, 2 H, Z-NH(CH)3sCH>—), 6 = 3.19 (q, 2 H,
Z-NHCH»—), 6 = 3.31 (t, 1 H, Z-NH(CH),CH—), 6 = 3.46 (dd, 4 H,
((H3C);COCOQH,),N—), 0 =5.08 (s, 2 H, @HsCH,OCONH-), 6 =
7.32 (m, 5 H, GHsCH,OCONH-). *3C NMR (100 MHz, CDC}): ¢
= 23.68, 28.77, 28.8829.90, 30.74 (Z-NHCKCHy)s—, ((CHa)s-
COCOY), 6 = 41.47 (Z-NHCH,—), 0 = 54.56 N(CH2)COOC(CH),),
0 = 65.83 (CHN(CH,COOC(CH)s)2), 6 = 67.10 (GHsCH,-
OCONH-), 6 = 81.44 (-N(CH,COOC(CHa)3)), 0 = 81.85 ((HC)s-
COCOCH-), o = 128.60-128.72, 129.10 (C-2, C-3, C-4, C-5, C-6),
0 = 137.47 (C-1),0 = 157.14 (GHsCH,OCONH-), 6 = 171.39
(N(CH,COOC(CHy)3)2), 6 = 173.10 ((HC);COCOCH). MS (FAB,
C30H43N203): M 4+ Ht = 565m/z

Synthesis ofN* ,N®-Bis[(tert-butyloxycarbonyl)methyl]-L-lysine

stirred at room temperature. After completion of the gas production tert-Butyl Ester (11). The Z-protected aming0 (614 mg, 1.09 mmol)

(12 h), the organic phase was extracted with 0.01 N NaOH until the was dissolved in 50 mL of CH@ACOH (25:1). After 15 mg of Pd/C
aqueous phase remained basic. The combined organic phases weré6% Pd) was added, compountd was hydrogenated at room
dried over sodium sulfate, and the solvent was removed in a vacuum.temperature and normal pressure for 2 h. The catalyst was filtered

Yield: 617 mg (1.09 mmol) of7, 94%. TLC: Rr= 0.31 in CHCY/
MeOH (9:1). *H NMR (400 MHz, CDC}): 6 = 0.87 (t, 3 H,HsC-
(CHz)1:N—), 6 = 1.25 (m, 46 H, HC(CH2)1sCH,CH,N(CO(CH),-
COOH)CHCH,(CH2)s—), 0 = 1.48, 155 (2 q, 2*2 H,
CH,CH,N(CO(CH,),COOH)CHCH,—), 6 = 1.68 (g, 2 H, HC*NH>-
CHzCHz_), 0 =259 (m, 4 H,_CHzN(CO(CHz)zcooH)CFk_), o

off, and the reaction mixture was extracted twicehnitN NaOH. The
combined organic phases were dried over anhydrous sodium sulfate,
and the organic solvent was removed in a vacuum. Yield: 421 mg
(0.98 mmol) of11, 90%. TLC: R = 0.32 in CHC{/MeOH (3:1).H

NMR (400 MHz, CDC}): 6 = 1.43 (s, 18 H, (f1sC);COCOCH).-

N-), 0 = 1.44 (s, 9H, H3C);COCOCHCH-), 6 = 1.46, 1.63 (2*m,
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2*2 H, HoN(CHy)2(CH2)2—), 6 = 1.73 (bm, 2 H, HNCH,CH>—), 6 =
2.68 (t, 2 H, HNCH,—), 6 = 3.29 (t, 2 H, HN(CH2),CH-), 6 =
3.45 (dd, 4 H, —N(CH,COOC(CH)3),). 3C NMR (100 MHz,
CDCl): 60 = 23.88, 28.86-28.89, 31.18, 33.89 (INCH,(CHy)s—,
((CH3)sCOCO-)3), 6 = 42.61 (HNCH,—), 6 = 54.46 (~N(CH.-
COOC(CHy)3)2), 6 = 65.96 (HN(CH2)4CH—), 6 = 81.31 (-N(CH.-
COOC(CHg)s)2), 6 = 81.66 (((CH);COCOCHY)), 6 = 171.39
(—N(CH,COOC(CH)3)2), 6 = 173.10 ((CH)sCOCOCH). MS (FAB,
C22H42N206): M+ HT =431m/z

Synthesis ofN%,N-Bis|[(tert-butyloxycarbonyl)methyl]- N¢-[N-[N'-
methyl-N'-(7-nitro-2,1,3-benzoxadiazol-4-yl)-12-aminododecyl]oc-
tadecylamine]succinylt-lysine tert-Butyl Ester (12). Under the
exclusion of light, 715 mg (0.98 mmol) of compouBdvas dissolved
in 20 mL of absolute CkCl, and 202 mg (0.98 mmol) of dicyclo-
hexylcarbodiimide, 113 mg (0.98 mmol) Nfhydroxysuccinimide and

15 mg of 4-(dimethylamino)pyridine in 10 mL of absolute acetone were

added. Afte 4 h of stirring at room temperature, the precipitated urea
was filtered off and 421 mg (0.98 mmol) of compoutitiand 39QuL
of triethylamine in 20 mL of absolute GBI, were added. The reaction

was stirred for 5 h. Thereafter the solvent was removed in a vacuum.
The product was recrystallized from acetone. Yield: 1005 mg (0.88

mmol) of 12, 90%. TLC: Ry=0.29 in CHCYMeOH (75:1). *H NMR
(400 MHz, CDC}): 6 = 0.89 (t, 3 H,H3C(CH)17—), 6 = 1.18-1.40
(m, 46 H, HC(CH2)15—, NBD-N(CH3)(CHy)2CH2)s—), & = 1.42 (s,
18 H, (H3C)sCOCOCH).N—), d = 1.44 (s, 9H, H3C);:COCOCH-
CH-), 6 = 1.45-1.67 (M, 10 H—(CH2)CH,N(CO(CH,),CONHCH,-
(CH2)2)(CH2)CH,—, NBD-N(CHs)CH,CH,—), 6 = 1.74 (g, 2 H,
—CO(CH,).CONH(CH,)3(CH)CH-), 6 = 2.50, 2.62 (2 t, 2*2 H,
—CO(CH2),CONH-), 6 = 3.15-3.29 (m, 7 H,—CH,N(CO(CH.),-
CONHCH(CH)3sCH)CH,—), 6 = 3.43 (dd, 4 H,—N(CH,COOC-
(CHa)s)2), 8 = 3.47 (m, 3 H, NBD-N(®&3)—), d = 4.04 (m, 2 H, NBD-
N(CHz)CH.—), 6 = 6.06 (d, 1 H, H-6),0 = 6.43 (b, 1 H,
—CO(CHy),CONH—), 6 = 8.40 (d, 1 H, H-5). 13C NMR (100 MHz,
CDCly): 6 = 14.74 CHs—), 6 = 23.31, 23.84, 27.3130.77, 32.35,
32.55, 39.98 (HC(CH.)16CH.N(CO(CH,),CONHCH,(CH,)3)CH,-
(CH2)10—, ((CH3)sCOCO-)3), 6 = 42.15 (NBD-NCH3)—), 6 = 46.86
(CO(CH,),CONHCH,—), 6 = 48.61 (-CH,;N(CO(CH,),CONHCH;-
(CH2)3)CH2_), 0 =>54.49 EN(CHZCOOC(CH;)3)2), 0 =56.63 (NBD-
N(CH3)CH2—), 6 = 65.76 (-CO(CH,),CONH(CH,)3(CH,)CH-), ¢
= 81.31 - N(CH,COOC(CHg)3)2), 6 = 81.69 ((CH)sCOCOCH-), 0
= 101.55 (C-6),0 = 122.74 (C-5),0 = 136.00 (C-1),0 = 145.16
(C-2),0 = 145.52 (C-3)p = 146.09 (C-4)p = 171.34 (N(CH,COOC-
(CH3)3)2), 6 =171.99 (-CO(CH,)2:CONH-), 6 = 173.00 ((HC)s-
COCOCH-), 6 = 173.24 (- CO(CH,),CONH-). MS (FAB, GzH11~
N7011): M + Ht = 1143m/z

Synthesis ofN*,N®-Bis(carboxymethyl)-N¢-(N-(N'-methyl-N'-(7-
nitro-2,1,3-benzoxadiazol-4-yl)-12-aminododecyl)octadecylamine)-
succinyl+.-lysine (13). Under the exclusion of light, 1005 mg (0.88
mmol) of compoundl2 was dissolved in 90 mL of chloroform/
trifluoroacetic acid (5:1). The reaction was stirred for 20 h at room
temperature and then extracted twicehmdt N NaOH. After recrys-
tallization from acetone, the product is purified by silica gel column
chromatography with CH@MeOH/H,O (69:27:4) as the eluant.
Yield: 729 mg (0.75 mmol) ofL3, 81%. TLC: R = 0.38 in CHCY/
MeOH/H,O (69:27:4). *H NMR (400 MHz, CDCHCD;OD/FCCOOD
(9:0.9:0.1): 6 = 0.73 (t, 3 H,H3C(CH)17—), 6 = 1.05-1.56 (m, 54
H, HsC(CH3)16—, NBD-N(CHs)(CHy)2(CH2)o—, —CO(CH,).,CONHCH:-
(CH2),—), 6 = 1.58-1.76 (m, 4 H, NBD-N(CH)(CH,;)CH>—,
—CO(CH,);CONH(CH,)sCH,—), 6 = 2.34, 250 (2 t, 2*2 H,
—CO(CH2),CONH-), 6 = 3.04 (m, 2 H,—CO(CH,),CONHCH,—),
0 = 3.12 (m, 4 H,—CH2N(CO(CH,).CO)CH.>—), 6 = 3.30 (t, 1 H,
—CO(CH,),CONH(CH,)4,CH—), 6 = 3.36 (m, 3 H, NBD-N(&i3)—),
0 = 3.45 (m, 4 H,—"NH(CH,CO,H),), 6 = 3.94 (m, 2 H, NBD-
N(CH3)CH>—), 6 = 6.03 (d, 1 H, H-6),0 = 8.32 (d, 1 H, H-5)°C
NMR (100 MHz, CDCYCD3;OD/RCCOOD (9:0.9:0.1):6 = 14.34
(HsC—), 6 = 23.06, 24.14, 27.0430.07, 31.60, 32.32, 39.29, 46.97,
48.31-50.12 ((HC(CH2)17N(CO(CH2):CONH(CH,)4)(CH2)11—, NBD-
N(CH3)—), 6 = 55.55 *NH(CH.CO,H),), 6 = 56.51 (NBD-
N(CH;)CH,—), 6 = 66.48 (-CO(CH,),CONH(CH,),CH-), 6 =
101.79 (C-6)p = 121.95 (C-5)p = 136.36 (C-1)p = 145.12 (C-2),
0 = 145.37 (C-3),0 = 146.32 (C-4),0 =172.70 (-CO(CH,),-
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Figure 1. Chemical structure of the NBD-labeled chelator lidid
forming an octahedral complex (schematic) in the presence of nickel
14. Arrows indicate the free binding sites which can be occupied by
histidines. For comparison, the structure of the unlabeled chelator lipid
15 is illustrated.

CONH-), 6 =173.88 (-CO(CH,),.CONH—), 6 = 175.49 (*NH-
(CHCOZH),), 6 = 175.91 (HQCCH).

Results and Discussion

Synthesis of Fluorescence-Labeled Chelator Lipids A
variety of biochemical and biophysical methods are known to
study adsorption processes at lipid interfaces. However, in many
cases, it is not possible to distinguish between adsorption of
molecules to an interface on one hand and molecular recognition
of a molecule by a particular lipid in the assembly on the other
hand. Fluorescence energy transfer is well suited to monitor
pair formation due to the distance dependency of energy transfer
in the lower nanometer range. Thus, binding of an acceptor-
labeled biomolecule to a donor-labeled lipid can be followed
directly.

For our studies, we synthesized a metal-chelating lipid
carrying a fluorophore as a spectroscopic reporter (Figure 1).
To avoid interactions between the fluorophore and the metal-
chelating group we used NBD, which is supposed to stay in
the hydrophobic moiety of a lipid layer, whereas the NTA group
is accessible to water. We decided in favor of a NBD label
because of its spectral overlap and comparable fluorescence
lifetime to the acceptor fluorophore rhodamine which was used
to label the histidine-tagged molecule. In addition to its spectral
properties, NBD is highly suitable for fluorescence recovery
after photobleaching (FRAP) experiments to determine lateral
diffusion in lipid interfaces.

The synthesis of lipidl3 is based on a modular system
whereby the lipid backbonk—-8 is synthesized separately from
the chelating headgroup—11 (Figure 2). Since the NBD
fluorophore had to be introduced in the hydrophobic moiety of
the lipid, we synthesized the asymmetrically substituted second-
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Figure 2. Synthesis of the NBD-labeled metal-chelating lidi@

ary amineb5. This was accomplished via reduction of the reducing agent LiAlH, but with the side effect of loosing the

corresponding amid8. Problems occurred during reduction Boc protecting group at the primary amine. Interestingly, the
of the amide beside the carbamate of the Boc group in release of the Boc group did not result in the primary amine as
compound3. In contrast to amides substituted with shorter alkyl expected. Instead, quantitative methylation of the primary amine

chains?0the reduction of the amide in compouBeither failed was observed. Although reductive alkylation of amines such
or resulted in complex mixtures of products using selective as the LeuckartWallach reaction are extensively descrildéd,
reduction agents such as (BNBH4* NaBH;OCOCH,*? methylation of primary amines via reduction of a Boc group

LiBH 4/ TMSCI,*3 LIAIH 4—,(OMe),** or BHy/THF 2> We finally was not reported so far. The reduction of the Boc group was
succeeded in quantitative reduction of the amide with the strong verified by IR spectroscopy where no carbonyl valence vibration
(40) Glaser, H.. Mber, F.. Pieper, G.. Scfiter, R.- Spielberger, G.: either of an amide or a carbamate were detected (data not

Stl, H. Methoden der organischen Chemie (Houben-W&gorg Thieme shown). Reductive methylation of the primary amine was

Verlag: Stuttgart, Germany, 1957; Vol. XI. (43) Giannis, A.; Sandhoff, KAngew. Chem1989 101, 220-222.
(41) Wakamatsu, T.; Inaki, H.; Ogawa, A.; Watanabe, M.; Biatero- (44) Brown, H. C.; Tsukamoto, Al. Am. Chem. S0d.964 86, 1089-
cycles198Q 14, 1437-1440. 1095.
(42) Umino, N.; lwakuma, T.; Itho, NTetrahedron Lett1976 33, 2875~ (45) Roeske, R. W.; Weitl, F. L.; Prasad, K. U.; Thompson, R.JM.

2876. Org. Chem.1976 41, 1260-1261.
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demonstrated: (i) by mass spectrometry, where the masses of 2s-
compoundg}—8 and12 were increased by 14 amu (RNHGH s
instead of RNH); (ii) by the high-resolutiofH NMR spectra

of 4—8, 12, and13, where a singlet with an integration of three
protons was observed with a chemical shift depending on the
substitution of the amined( & = 2.43 ppm, no substituens;

0 = 2.83 ppm, Boc group/: 6 = 2.64 ppm, protonated and 0.5+
122 6 = 3.48 and 3.47 ppm, NBD); (iii) by thin-layer 00 e LT
chromatography, where the diamieould not be stained with 520 540 560 580 600 620 640
fluorescamine, a specific reagent for primary amitfesf the wavelength / nm
primary amine group in amid@ was deprotected prior to .
reduction with LiAlHs, neither a shift in the masses 48,

12, and13 by 14 amu nor a singlet with an integration of three
protons in théH NMR spectra was observed (data not shown).
In this case the reduction product could be stained with

\ chelator lipid FRET
W

& histidine peptide

1.04

intensity a.u.

intensity a.u.

fluorescamine. W 1
In the next step, we had to reintroduce regioselectively the 1

Boc group at the methyl-substituted amine in compodirithis

was accomplished at20 °C, whereas at higher temperatures 0‘0520 540 560 580 600 620 640

or with an excess of diert-butyl dicarbonate, both amines were wavelength / nm

protected (data not shown). The following steps, coupling of  ,,_
the succinyl spacer and the NBD group, are described in the
literature?7:48

The NTA derivativell was synthesized according to ref 23
but with a slight modification. The carboxy groups of NTA
were protected bytert-butyl esters which leads to a better
solubility of compoundL1in organic solutions and consequently
to better yields in the coupling of the lipid backboBeiith the S
chelator headgroupl (90%). In the final step, théert-butyl 520 550 550 5B 600 650 640
esters are cleaved with TFA and the product is isolated by silica wavelength / nm

gel Chromatography with an overall yield of 38%. ) Figure 3. Fluorescence energy transfer at the-awater interface.
Pair Formation at the Monolayer Interface. The physical Fluorescence emission spectra of a monolayer of (a) SOPC and 3 mol
behavior of lipid monolayers at the aiwater interface can be % of NBD-labeled Ni-NTA lipid 14 (solid line), after addition of 1
studied sensitively by film balance techniques. Molecular nmol (subphase concentration of 40 nM) of rhodamine-labeled histidine
packing of the lipids as well as docking of biomolecules onto peptide (dashed line) and after addition of 108 EDTA to the
monolayers can be followed by changes in the apgassure ~ Subphase (dotted line), (b) SOPC and 3 mol % of NBD-labeled Ni
isotherms in parallel to a variety of surface-sensitive techniques. NTA lipid 14 (solid line) and after addition of 1 nmol of unlabeled
However, by using these methods, it is not possible to histidine peptide (dashed line), (c) SOPC and 3 mol % of unlabeled

. ! . . Ni—NTA lipid 15 and 3 mol % of NBD-labeled lipid (solid line),
distinguish between adsorption to a monolayer and formation after the addition of 1 nmol of rhodamine-labeled histidine peptide

of a distinct lipid—protein complex. To follow the recognition (dashed line) and after the addition of 1001 EDTA to the subphase

process between histidine-tagged biomolecules and metal-(qotted line). All spectra were recorded at a lateral pressure af 20
chelating lipids, we studied the pair formation of a rhodamine- 0.5 mN/m and on 10 mM HEPES, 150 mM NaCl, pH 7.5, at°g2

labeled histidine peptide and the synthesized NBD-labeled
chelator lipid at the airwater interface by fluorescence
resonance energy transfer. For these studies we designed
peptide composed of a C-terminal affinity tag of six histidines,
a hydrophilic and flexible glycine-serine spacer, and a N-
terminally coupled rhodamine fluorophore circumventing steric,
hydrophobic, or electrostatic contribution caused, e.g., by a
protein.

For the monolayer experiments, we chose SOPC as a matrix
lipid because of its high fluidity over a broad range of lateral
pressure and its length of alkyl chains matching best the alkyl
chains of the labeled chelator lipid. The SOPC monolayer was
doped with 3 mol % NBD-labeled NiNTA lipid 14, and an
area-pressure isotherm was recorded whereby a continuous

intensity a.u.

lateral diffusion the fluorescence is recovered immediately after
ghotobleaching of the fluorophore so that the NBD emission
remains constant during the recording of the emission spectra
(Figure 3a, solid line). At constant surface area, 1 nmol of
rhodamine-labeled histidine peptide was added, yielding a final
concentration of 40 nM in the subphase. Due to the high lateral
pressure and the low molar ratio of metal-chelating lipid, only
a slight increase in the lateral pressure of 0.5 mN/m was
observed over a period of 2 h, which is in the range of error. In
contrast to these minor thermodynamic changes of the lipid
monolayer, a drastic effect on the fluorescence emission spectra
was recorded after the addition of rhodamine-labeled histidine
peptide. The NBD emission intensity at 530 nm decreased about
50%, and a new fluorescence band at 570 nm according to the

transition from the liquid-expanded to the liquid-condensed L - f thodami d (Fi 3a dashed
phase was observed (data not shown). Up to 25 mN/m the emission maximum of rhodamine appeare (Figure 3a, dashe
line). This decrease in donor intensity to the expense of the

monolayer shows a homogeneous fluorescence. Because of high . . : .
acceptor intensity provides strong evidence for a fluorescence

(46) Udenfried, S.; Stein, S.; Bten, P.; Dairman, WSciencel972 energy transfer caused by direct binding of the rhodamine-
178 871-872. o labeled histidine peptide to the NBD-labeled chelator lipid. To
43é‘174)3’é“”9'V~ T.; Reedemann, C. Biochim. Biophys. Acta986 862, provide further proof for a molecular recognition event, we

(48) Gosh, P. B.; Whitehouse, M. VRiochemistry1968 108 155 added EDTA as a competitor for the nickel ion to the subphase.

159. After the addition of EDTA to a final concentration of 0.1 mM,
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no rhodamine fluorescence was detected at the lipid interface
and 80% of the NBD emission was recovered with respect to
the beginning of the experiment (Figure 3a, dotted line). The
loss of fluorescence intensity can be explained by bleaching of
NBD at the air-water interface over a period of 6 h. In a
comparable set of experiments, 1 nmol of unlabeled histidine
peptide was injected underneath a monolayer of SOPC and 3
mol % NBD-labeled Ni-NTA lipid. Here again, the lateral
pressure increased about 0.5 mN/m over a period of 2 h. In
contrast to the experiment described before, the fluorescence ot . . .
emission decreased only by 10% (Figure 3b, dashed line) which 500 520 540 560 580 600 620
is mainly due to NBD bleaching over the period of 2 h. wavelength / nm

As final proof for pair formation between the histidine peptide Figure 4. Fluorescence energy transfer in vesicle solution. Fluorescence
and the metal-chelating lipid, 1 nmol of rhodamine-labeled emission spectra of SOPC vesicles containing: (a) 3 mol % of NBD-
peptide was injected underneath a monolayer identical to thelabeled Ni-NTA lipid 14, (b) 3 mol % of NBD-labeled N NTA lipid
experiments described before but with one exception. In this 14 and 10uM rhodamine-labeled histidine peptide, (c) 3 mol % of
case, he flirescence donor and the chelaing group were rof €0 LA 0 150 A4 oseine ooy heiene,
located W'thm the iame lipid. Here, the SOPC monolayer was rhodamine excitation resulting in spectrum d. Spectrum e is calculated
SOped with 3 mOI % of unlab?!ed chelator lipi a_nd 3 mol by multiplying spectrum a by a factor of 0.54 to check for reabsorption
% of NBD lipid 8. After addition of the rhodamine-labeled  fom unbound rhodamine.
histidine peptide, the lateral pressure again increased about 0.5
mN/m. The NBD emission decreased about 25%, and a smallchosen as matrix lipid. SOPC vesicles are unilamellar (100 nm
shoulder at 570 nm according to the rhodamine emission in diameter) and in a fluid phase at room temperatére.
maximum was observed (Figure 3c, dashed line). Addition of Molecular docking of the histidine peptide to the chelator
EDTA to the subphase (0.1 mM) reduced the intensity at 570 lipid was demonstrated by a decrease in donor intensity and an
nm (Figure 3c, dotted line) and increased the intensity at 530 increase in acceptor intensity induced by fluorescence energy
nm only about 5%, indicating a much lower energy transfer transfer (Figure 4). To take the direct excitation of the
efficiency in comparison to the first set of experiments with rhodamine into account, a spectrum of rhodamine-labeled
the fluorescent chelator lipid (for comparison see Figure 3a). histidine peptide in the presence of unlabeled-NiTA lipid
This can be explained by a larger average distance of donorvesicles (Figure 4, spectrum c) was recorded and subtracted from
and acceptor since the chelator group and the fluorescence labethe spectrum of NBD-labeled NiNTA lipid vesicles in the
are not linked to the same lipid. Thus, direct docking of the Presence of rhodamine-labeled histidine peptide (Figure 4,
histidine peptide to the chelator lipid can be clearly distinguished Spectrum b). The resulting difference spectrum (Figure 4,
from adsorption of the histidine peptide to a chelator lipid SPectrum d) confirms an efficient fluorescence energy transfer
interface by the fluorescence energy transfer efficiency. from the donor-labeled chelator lipid to the acceptor-labeled

In all experiments the reversibility of the peptide binding histidine pepude. A decrease of NBD Intensity induced by
could be demonstrated by adding EDTA to the subphase asreabsorptlon from unbound rhodamine pepthle can be excluded
competitor for the nickel. In both experiments energy transfer due to the unchapged shape of the NBD emission spectrum up
was reduced after injectibn of EDTA (Figure 3a,c, dotted lines) o 5.40 nm. This is dempnstrated by the comparison of spectrum
Although the rhodamine fluorescence vanishéoi in Figure 33.. d with spectrum e, Wh.lc.h was calculated from a spectrum of
hodamine t th | iill be detect aNBQ-IabeIgd chelator lipid in the absgncg of rhodamlne-lqpeled
rnodamine fluorescence at the monolayer can stll be detecte peptide (Figure 4, spectrum a) by adjusting same intensities at
in Figure 3c, indicating that there is still rhodamine-labeled

A " . the NBD maximum.
peptide immobilized at the monolayer. This may be duetothe \yg 150 checked the possibility that the binding of the
higher amount of negatively charged lipids, 3 mol

o e ’ % of NTA histidine peptide could induce phase separation or structural
lipid and 3 mol % of NBD lipid8, in the monolayer interacting  eqrganization of the fluorescence-labeled chelator lipid and
electrostatically with the histidine tag because at pH 7.5 a small thereby change the spectral properties of the fluorophore. First,
percentage of histidines are still positively charged. The e titrated SOPC vesicles containing 3 mol % of NBD-labeled
reversibility of the binding was also demonstrated by an increase Nj—NTA lipid with up to 10uM of unlabeled histidine peptide.
in NBD intensity after addition of EDTA. But in both  The intensity of the NBD remained unchanged within the range
experiments only 80% of the NBD intensity was recovered with of error (data not shown), indicating that quenching of the donor
respect to the intensity before addition of the rhodamine-labeled gmission by other effects besides fluorescence energy transfer
peptide. This decrease of the NBD fluorescence in the can be excluded. Second, we checked for self-quenching by
monolayer is most probably due to bleaching processes ratherpreparing SOPC vesicles which contain an increasing molar ratio
than fluorescence energy transfer. of the fluorescent chelator lipid. We observed a linear
Molecular Docking at Vesicles Vesicles as mimics for ~ dependency of the NBD fluorescence intensity up to 3 mol %
cells, organelles, or biomembranes are well suited to study (Figure 5), indicating that no self-quenching of the NBD occurs
molecular recognition processes at membranes. Furthermoreat molar ratios chosen in the experiments.
in vesicle solution, the direct binding process of the rhodamine-  To determine a binding constant of histidine-tagged biomol-
labeled peptide to the NBD-labeled chelator lipid can be ecules for chelator lipids, we titrated SOPC vesicles containing
quantitatively analyzed by fluorescence energy transfer because3 mol % of NBD-labeled chelator lipid with rhodamine-labeled
bleaching of the dyes was not observed and the absorbance ohistidine peptide. Energy transfer efficiencies were calculated

the ﬂuorophore.ca'n be mefisure‘j precisely. qu comparison (49) Cevc, GPhospholipids Handboomarcel Dekker Inc.: New York,
and because of its ideal mixing and phase behavior, SOPC was1993.

intensity a. u.
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Figure 5. Fluorescence emission intensities at 530 nm of SOPC
vesicles containing various amounts of NBD-labeled-NITA lipid

14. The linear regression curve is fitted to the first four values and time-dependent fluorescence
then extrapolated.
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Figure 6. Binding constant of histidine peptide to vesicles doped with t/ms
Ni—NTA lipid 14 was determined by fluoresecence energy transfer.
Energy transfer efficiencies are plotted versus the concentration of c

rhodamine-labeled histidine peptide (i) for specific binding in the
presence of Ni* (crosses) and (i) for unspecific binding in the absence
of Ni2* (stars). The chelator lipid concentration was 3,28, and
measurements were performed in 10 mM HEPES, 150 mM NacCl, pH
7.5, at 22°C. From the data a binding constaii;(= 3.0 + 0.4 uM)

was calculated.

from the decrease of donor intensities because an increase in
acceptor intensity, especially at low acceptor concentrations,

was difficult to observe. The fluorescence emission spectra were
integrated from 490 to 540 nm to obtain a signal proportional

to the relative quantum yield of the donor which is unaffected 0 10 2'0 3'0 4'0
by the acceptor spectra. No change in the molar absorbance of NTA-conc. / uM

the donor during the titration of the peptide occurred (data not

shown). Therefore, we calculated the energy transfer efficien- Figure 7. Fluorescence correlation spectroscopy. (a) Time-dependent
: : fluorescence signal of rhodamine-labeled histidine peptides (15 nM)
cies ET according to eq 4, wheteand |, correspond to the was analyzed regarding to their different diffusion timesir the free

or lipid-bound state. (b) Fluorescence autocorrelation funct®is

are shown in the presence of various amounts of SOPC vesicles
containing 3 mol % of the NiNTA lipid 14. The concentration of
integrated fluorescence intensity of the donor in the presencemetal-chelating lipid in the outer vesicle leaflet is given (0, 0.5, 1, 2.5,
and absence of acceptor, respectively. Assuming a two-states, 10, 20, and 4@&M). The autocorrelation functions are normalized
model of free and lipid-bound acceptor molecules, the energy to an equal number of molecules in the confocal volume. (b) The
transfer efficiency is proportional to the amount of acceptor- fraction of bound peptide is calculated from the autocorrelation functions
labeled histidine peptide bound to the donor-labeled NTA- by atwo-component fit and plotted versus the chelator lipid concentra-
lipid.5° We plotted the energy transfer efficiencies against the tion which is accessible by the histidine peptide (outer vesicle leaflet).

concentration of rhodamine-labeled histidine peptide (Figure 6, EXPeriments were performed in the presence (crosses) and absence of
. nickel ions (stars). The data are averaged from six measurements. From

prosses). The experln‘_nen_tal data can be fitted by a Langmu”the data a binding constar{ = 4.3 £ 0.8 uM) was calculated.
isotherm (Figure 6, solid line)

% bound peptide

ET=1—(l/ly) (4)

[AIET efficiency at saturation. In the model, independent binding sites

= % (5) are assumed which seem to be reasonable at receptor concentra-
Kq T [A] tion of 3 mol %. From the fit a dissociation constadgqtof 3.0

+ 0.4 uM was determined.

ET

where [A] corresponds to the total concentration of the peptide,
Kg to the dissociation constant, and ET to the energy transfer (50) Faster, T.Z. Naturforsch.1949 4a, 321-327.
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Table 1. Diffusion Coefficients D) Calculated from the Diffusion The fraction of lipid-bound peptide was calculated from a
Time (r) through the Confocal Volume (1.5 ft) two-component fit to the autocorrelation function of the time-
fluorophore T(ms) D (107 (m?s™?) dependent fluorescence signal (eq 2). This fraction was
rhodamine 6G (MW= 478) 0.07 28 corrected for differer_lces in the fluorescence quantum yield of
histidine peptide (MW= 1976) 0.10 1.9 bound and free peptide using eq 6, whemorresponds to the
histidine peptide bound to vesicles 2.4 0.08
(200 nmg) . y
latex bead (100 nr@)3° 0.04 =" (6)
y+a®—ya

a Diffusion timest were calculated from a one- or two-component

fit to the autocorrelation function of the time-dependent fluorescence qrrected fraction of lipid-bound peptidg,to the measured
signal®® The concentration of the fluorophore was 15 nM in 10 mM - C . L
HEPES, 150 mM NaCl, pH 7.5, at 2Z. The value of bound peptide fraction of lipid-bound peptide, and to the ratio of counts per

was measured at saturation (#B1 Ni—NTA lipid 14). molecules (cpm) in the bound and free state (in this experiment
o = 0.58)3° The fraction of lipid-bound peptide was plotted
To check for unspecific binding of the rhodamine-labeled 2against the chelator lipid concentration (Figure 7b). Similar to
peptide, we performed the same experiment with SOPC vesiclesthe fluorescence energy transfer measurements, the data can be
containing unloaded chelator lipid in the presence of 0.1 mM fitted by a Langmuir isotherm
EDTA. Even at peptide concentrations where saturation was
reached in the specific binding experiment (i), an energy R= [AIR,
transfer efficiency of only 3% was determined (Figure 6, stars). Ky + [A]
In agreement with the monolayer experiments, an efficient
fluorescence energy transfer was observed due to the bindingwhereR is the fraction of lipid-bound peptid®., the fraction
of acceptor-labeled peptide to donor-labeled chelator lipid. The of bound peptide at saturatioiiy the dissociation constant, and
histidine peptide serves as an ideal model for the vast variety [A] the concentration of NTA-lipid in the outer leaflet of the
of histidine-tagged proteins since additional factors contributing vesicle assuming an equal distribution of NTA lipid between
to the specific binding process are kept minimal. Therefore, the inner and outer leaflet. From the fit a dissociation constant
the binding constantKy = 3 uM) represents a standard value K, of 4.3 + 0.8 uM was obtained. To check for unspecific
for the Ni=NTA system at self-assembled interfaces which can pinding, an identical experiment was performed with vesicles
be increased or decreased by additional steric, electrostatic, ofcontaining unloaded chelator lipid in the presence of ABD
van der Waals contributions. EDTA. Even at chelator lipid concentrations (481) where
Fluorescence Correlation Spectroscopy Alternatively, the saturation of the specific binding was observed, only 3.7% of
binding constant of histidine-tagged molecules to metal-chelating the rhodamine-labeled peptide was bound to the vesicles.
lipids was examined by fluorescence correlation spectroscopy The rather large difference in the diffusion coefficients of
(FCS)?! In contrast to the fluorescence energy transfer studies the free and the vesicle-bound ligand makes fluorescence
where the lipid acted as a spectroscopic reporter of the binding correlation spectroscopy a well-suited method to study binding
process, the rhodamine-labeled histidine peptide was used as &f ligands to lipid vesicles in a homogeneous assay. Although
reporter in the FCS measurements. Therefore, the binding of pair formation between histidine peptide and chelator lipid
the fast diffusing peptide to the slow diffusing SOPC vesicles cannot be distinguished from peptide adsorption to chelator lipid
containing 3 mol % Ni-NTA lipid was followed by FCS. To  containing vesicles, the very low unspecific binding of 3.7 %
compare the results obtained from both methods, we used thestrongly suggests that direct binding of the histidine peptide to
unlabeled chelator lipid5, which has a structure very similar  the chelator lipid assembled in SOPC vesicles occurs. The
to that of the NBD-labeled chelator lipid (Figure 1). For the determined dissociation constaiof 4.3+ 0.8uM is in good
evaluation of the dissociation constant, we titrated 15 nM agreement with the dissociation constégtof 3.0 & 0.4 uM
rhodamine-labeled histidine peptide with vesicles containing determined by fluorescence energy transfer.
Ni—NTA lipid. From the fluorescence autocorrelation func-
tions, which were normalized to an equal number of molecules Conclusion

in the confocal volume, an increase in the number of slow — rpe concept of metal-chelating lipids is a versatile and
diffusing particles (bound peptides) was detected to the expense,, verfyl method for the immobilization, orientation, and two-
of the fast diffusing free peptides as the concentration of chelator yimensional crystallization of proteins at self-organizing inter-
I|p|d was |ncre_a_sed (Figure 7a). The_ diffusion timeand the faces. In this study, molecular recognition of a rhodamine-
diffusion coefficientsD of free and lipid-bound molecules are 0164 histidine peptide by a novel NBD-labeled chelator lipid

given in Table 1. The diffusion constant of the rhodamine- ' oq gemonstrated using fluorescence energy transfer at the
labeled histidine peptide is slightly higher than for the standard monolayer interface as well as in vesicle solution. Thereby we

rhodamine 6G according to the higher molecular weight or more \, .o able to distinguish between a direct binding of the

precisely the larger hydrodynamic radius. Interestingly, the piqtigine-tagged molecule to the chelator lipid and adsorption

pliffgsion constant of the peptide bound to the yesigle (100 NM 46 the lipid interface due to the distance dependency of energy
in diameter) is greater by a factor of 2 than the diffusion constant ;o «fer efficiency. The immobilization is highly specific,

of a latex bead with the same diameter. The apparent faster ey, ging tg only 3% unspecific binding. An affinity constant of

d|ffg§|on of the ves_lcle _bound fluorophore mlght be due to the 3 uM was determined by fluorescence energy transfer and by

additional lateral diffusion of the fluorophore in plane of the g ,qrescence correlation spectroscopy. In literature, binding of

fluid membrane which does not occur with a fixed fluorophore histidine-tagged proteins to immobilized NFAor IDA—metal

on alatexbead. Moreover, vesicles and latex beads might differ o, jexes is often characterized by a drastically higher affinity

in their hydrodynamic radii. than measured in this report. These high affinity constants were

(51) Eigen, M.; Riegler, RProc. Natl. Acad. Sci. U.S.A994 91, 5740- not experimentally determined and mistaken for the formation

747. of the metat-chelate complex. The simple and effective one-

()
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step purification of histidine-tagged proteins by immobilized kinetically stable immobilization of the proteins at the chelator
metal ion affinity chromatography (IMAC) is possibly due to interfaces is reported for at least 60 min, demonstrating the
the number of theoretical plates during chromatography allowing suitability of the chelator concept for bioanalytical studi@¥’.38
efficient rebinding after dissociation or from multivalent interac- Detailed kinetic studies of the complex formation are under
tions of the tagged protein with the affinity matrix. In this investigation.

report, the binding of histidine-tagged molecules to metal-
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