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Abstract: A method that allows the specific immobilization of proteins onto a gold electrode has been developed.
Mixed self-assembled monolayers of thiol chains functionalized with choline and hydroxyl groups have been
synthesized step-by-step over a template of thiocarboxylic acid adsorbed onto gold. Choline-functionalized monolayers
displayed affinity for a chimera protein made by the fusion offkgalactosidasestGal) from Escherichia coliand

the choline-binding domain of the (acetylmuramoyi®anine amidase (C-LYTA) frorBtreptococcus pneumoniae.

This chimera maintains both the hydrolase activity and the affinity for choline, respectively, of its parent proteins.
The binding of the protein to the tailored interface was specific and could be inhibited either by soluble choline or
by saturating the monolayer choline groups with the C-LYTA fragment. Usingp@utabeled chimera, saturation
coverage was found under optimized binding conditions. The activity of the immobilized chimera was determined
with (p-aminophenyl)3-p-galactopyranoside, a synthetic substratg-gilactosidase. The product of the enzymatic
reaction,p-aminophenol, was detected electrochemically using the functionalized gold surface with bound chimera
protein as a working electrode in a conventional electrochemical cell. Gold electrodes covered with chimera protein
were very stable and gave fast and reproducible electrochemical response to the adgitiGalafubstrate in a
conventional flow injection analysis system.

Introduction been used for specific binding of proteins to gold surfaces
covered with a self-assembled monolayer (SAM) of thio
compounds. Spinkeet al8 demonstrated the possibility of using
SAMs of biotinylated alkanethiols for binding streptavidin
Imolecules. Later this biotinavidin system was used as a
template to direct the binding of monobiotinylated Fab fragments

A challenging goal in biotechnology, molecular electronics,
and biosensors is the immobilization on surfaces of proteins
while retaining their full activity and stability. Most of the
commonly used methods, e.g., nonspecific adsorption, physical

entrapment in polymeric gels, chemical cross-linking, or o L
covalgnt attachn?en{ to an ?nsoluble suppaate difficult t% of monoclonal antibodiel.Katz et al1%2bound pyrrologuinoline

control and usually yield randomly bound proteins. On the duinone, the coenzyme of the quinoprotein glucose dehydro-
contrary, an ideal immobilization would produce saturation genase,_toaSAM of cysteine. Incubation of thls_functlonallze_d

coverage of reversibly and specifically bound proteins. Re- SAM with glucose dehydrogenase apoprotein resulted in

versibility allows the substitution of inactivated proteins by reconstituted active enzyme. A similar strategy has been used
active ones. Specificity permits the selective immobilization for reconstitution of Fe- and Zn-myoglobin over a SAM of thiol

of a given protein from a complex mixture. Under adequate derivatives of metalloporphyrin€® In a recent work by
circumstances, specific binding would result in oriented im- Whitesides and co-workefscarbonic anhydrase was specifi-

mobilization of the proteind:® cally bound to SAMs of alkanethiols terminated in benzene-
Molecular recognition properties of biological systems have Sulfonamide, a ligand for which it displays high affini.

* To whom correspondence should be addressed. FAX: 341 585 4760. (6) (a) Stayton, P. S.; Fisher, M. T.; Sligar, S. G.Biol. Chem1988
E-mail: vmfernandez@icp.csic.es. 263 13544-13548. (b) Stayton, P. S.; Olinger, J. M.; Jiang, M.; Bohn P.
T Instituto de Caiiisis. W.; Sligar, S. GJ. Am. Chem. S0d.992 114, 9298-9299. (c) Hong,H.
+On sabbatical leave from the A.N. Bach Institute of Biochemistry, G.; Jiang, M.; Sligar, S. G.; Bohn, P. langmuir 1994 10, 153-158.

Russian Academy of Sciences, Leninsky prospekt 35, Moscow 117071, (7) For reviews, see: (a) Dubois, L. H.; Nuzzo, R.Anu. Re. Phys.

Russia. Chem 1992 43, 437-463. (b) Ulman, A.An Introduction to Ultrathin

§ Centro de Investigaciones Bigizas. Organic Films: from Langmuir-Blodgett to Self-Assembigcademic

® Abstract published if\dvance ACS AbstractSanuary 15, 1997. Press: San Diego, 1991. (c) Whitesides, G. M.; Laibinis, R.aagmuir

(1) Barker, S. A. IrBiosensors: Fundamentals and Applicatipfiarner, 199Q 6, 87—96. (d) Mrksich, M.; Whitesides, G. MTrends Biotechnol.
A. P. F., Karube, |., Wilson, G. S., Eds.; Oxford University Press: Oxford, 1995 13, 228-235. (e) Zhong, C. J.; Porter M. nal. Chem1995 67,
1987; Chapter 6. 709A—-715A.

(2) Yasuda, Y; Sugino, H; Toyotama,H.; Hirata, Y.; Hara, M.; Miyake, (8) Spinke, J.; Liley, M.; Schmitt, F. J.; Guder, H. J; Angermaier, L.;
J. Bioelectrochem. Bioenerd.994 36, 135-139. Knoll, W. J. Chem. Phys1993 99, 7012-70109.

(3) Cullison, J. K.; Hawkridge, F. M; Nakashima, N; Yoshikawa, S. (9) Spinke, J.; Liley, M.; Guder, H. J.; Angermaier, L.; Knoll, W.
Langmuir1994 10, 877-882. Langmuir1993 9, 1821-1825.

(4) (a) Kuznetsov, B.; Byzova, N. A.; Shumakovich, GJPElectroanal. (10) (a) Katz, E.; Schlereth, D. D.; Schmidt, H. L.; Olsthoorn, A. J.J.
Chem.1994 371, 85-92. (b) Collinson, M;, Bowden, E. F.; Tarlov, M. J. Electroanal. Chem1994 368 165-171. (b) Guo, L-H.; McLendon, G.;
Langmuir1992 8, 1247-1250. Razafitrimo, H.; Gao, YJ. Mater. Chem1996 6, 369-374.

(5) Lu, B.; Xie, J.; Lu, C.; Wu, C.; Wei, YAnal. Chem1995 67, 83— (11) Mrksich, M.; Grunwell, J. R.; Whitesides, G. Nl. Am. Chem. Soc.
87. 1995 117, 12009-12010.

S0002-7863(96)03465-8 CCC: $14.00 © 1997 American Chemical Society



1044 J. Am. Chem. Soc., Vol. 119, No. 5, 1997

Madoz et al.
o
S
i ! N
S OH NS, S e
Cs
af| IO a so B 6 o
step 1 IS step 2 S 0
S OH lS:Z/\/\ 0N
< o
I
0 o
i
DA O
DOO S NSO A
EA C
—_— Au I
o
step 3 IS
S ](\/OH
N
i
o
3
o)
EPI S C/NW V\o/\/w
— Au Il
o
step 4 S
L OH
Sz/\/\C/N}(\/
i
o
S OH
! \
o) S
TCh sz/\AC/NH/\/ \/\OMH\/K/ \/\f“”—
— Au I
step 5 ‘S o
OH
S c /NH/\/
I
(o]

Figure 2. Sequence of chemical steps used in the synthesis of the

Figure 1. Schematic representation of the enzyme electrode showing choline-functionalized monolayer shown in Figure 1.

the hydrolysis of the substrate by the enzyme (reaction 1) and further

oxidation of the reaction product (reaction 2)(PAPG; @) PAP;
(©) quinonimine (not to scale; molecular details not accurate).

In all the above studies the specific binding motif was unique
to the protein under study. A more general method would
require, firstly, a protein with a unique and specific binding

min in doubly distilled water, treated with230, (98%) at 106-120
°C for 1.5 h, and then rinsed in doubly distilled water. The
voltammogram in 0.1 M EBOy at this stage was characteristic of a
clean polycrystalline gold surfade. The area of the electrode was
determined from chronocoulometric Anson plots with 1.1 mM ferri-
cyanide in 0.1 M KClI, pH 3, using a value of 756 106 cm? s for

site and, secondly, a well-defined, functionalized substrate the diffusion coefficient of ferricyanid®. Typical effective areas were
surface. It seemed to us that the conjunction of SAM technology 0.30 cn# (geometrical area 0.26 &\ The electrode was rinsed with

with the potential of molecular genetic techniques to produce
chimeric proteins by the fusion of two parental gedesuld

water and dippedni a 1 mMsolution of 6,8-dithioctic acid (Aldrich)
in 2:1 ethanol/water for 24 h to allow the formation of a monolayer of

yield a general method for immobilization of enzymes through dithioctic acid (SAM-TOA). The modified electrodes were washed
specific binding sites: the enzyme would be fused to the binding With 2:1 ethanol/water, dried in air, and subjected immediately to
domain of a biological receptor, and consequently the topology carboxylic activation. Gold electrodes modified with '4¢ithiodi-

of the affinity site would be identical in the entire population
of chimeric proteins. The surface would be a tailored SAM
functionalized with a ligand chosen by its affinity for the
receptor.

In the present work we have explored this approach using
p-galactosidaseftGal) from Escherichia colifused to the
choline-binding domain of (acetylmuramoyhalanine amidase
(C-LYTA) from Streptococcus pneumoniée this chimera
protein retaining both the hydrolase activity and the affinity for
choline of its parent proteir’d. We have covalently bound an
analog of choline to the end of functionalized thiol chains
forming SAMs on gold electrodes. The enzyme-modified gold
itself was used as a working electrode to monitor the rate of
hydrolysis of p-aminophenyl)3-p-galactopyranoside (PAPG)
catalyzed by the immobilized enzyme, as depicted in Figure 1.
We have investigated the specificity, efficiency, and binding
reversibility of the fused protein to choline-functionalized SAMs
as well as the stability of the modified electrodes.

Experimental Section

Electrode Preparation. Polycrystalline gold wire electrodes were
polished withy-alumina (0.05«m, Buehler), washed, sonicated for 5

butyric acid (SAM-TBA), thiocholine (ICN Biochemicals, TCh), or
TBA-TCh mixtures of different molar ratios were prepared in a similar
way.

Synthesis of Choline-Modified SAM-Thioacids. The choline-
modified electrodes were prepared following the scheme in Figure 2
for SAM-TOA. (1) Activation of carboxylic acid groups of the
monolayer: The SAM-TOA electrode was immersed ®h in a
dioxane solution of 0.1 MN-hydroxysuccinimide (Sigma; NHS)
containing 0.1 M 1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide
(Sigma; EDAC) which catalyzed the esterificaiband rinsed three
times with dioxane and dried in air. (2) Coupling of hydrophilic
spacer: Amidation of NHS-esters of SAM-TOA was effected overnight
in undiluted 1,8-diamino-3,6-dioxaoctane (Merck, DADOO), after
which the unreacted diamine was removed by washing with ethanol
followed by dipping in 0.1 M KOH (SAM-TOA-DADOOQ). Alterna-
tively, mixtures of DADOO and ethanolamine (Aldrich; EA) were used
to prepare electrodes in which the DADOO spacers were diluted with
shorter hydroxy-ending molecules (SAM-TOA-[DADOO-EA]). (3)
Activation of terminal amino groups of SAM-TOA-DADOOQ: The
unprotonated amino end groups were activated by dipping the electrode
in undiluted 1-chloro-2,3-epoxypropane (epichlorhydrin, Merck) for 3
h (SAM-TOA-DADOO-Epi). Unreacted epichlorohydrin was elimi-
nated by washing with 2:1 ethanol/water. (4) Coupling of thiocholine
to activated SAM-TOA-DADOO-Epi: The terminal epoxy groups

(12) Jain, A.; Huang, S.; Whitesides, G. Nl. Am. Chem. Sod 994
118 5057+5052.

(13) Buow, L.; Mosbach, K.Trends Biotechnol1991, 9, 226-231.

(14) Sanchez-Puelles, J. M.; Sanz, J. M.; Garcl. L.; Gar@, E.Eur.
J. Biochem1992 203 153-159.

(15) Sabatini, E.; Rubinstein, |.; Maoz, R.; SagivJJElectroanal. Chem.
1987, 219, 365-371.

(16) Adams, R. NElectrochemistry at solid electrodedlarcel Dekker
Inc.: New York, 1969; p 219.

(17) Cuatrecasas, P.; Parikh Biochemistryl972 11, 2291-2298.
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generated in the previous step were reacted for 18 h with a 10 mM 0.1 M KCI, pH 7.3, containing 7 mM MgGl Electrodes incubated

solution of thiocholine in 50 mM phosphate buffer, pH 8, followed by
washing with the same buffer (SAM-TOA-DADOO-Epi-ThC).

For control purposell-methylN'-(aminopropyl)-4,4bipyridinium
(MAPV)*® was used instead of DADOO at step 2, andN2-[
(methylferrocenyl)amino]ethanethiol bk(methylferrocenyl)cystamine
(Aldrich, CA) was used in step 4 instead of thiocholine. All electrode
preparations were run in duplicate.

Detection of SAMs. After each step of SAM synthesis, a control
electrode was used for cyclic voltammetry in 0.5 M KOH supporting
electrolyte, under nitrogen, in the potential range 0-tb1 V. The
presence of a reductive desorption wave—dt.0 V was taken as
evidence for the existence of a SAMI.

Preparation of the Choline-Binding Domainj$-Galactosidase
Chimera. The fusion protein of-Gal and C-LYTA (“chimera protein”
in what follows) was produced and purified as reported previotfsly.
C-LYTA is a polypeptide of 16 kD& pS-Gal is a tetramer of 465
kDa?' The molecular mass of the chimera protein is 529 kDa. Chimera
protein labeled with*®S in methionine residues was produced using
the strain of E. coli W3140 [met-B] transformed with plasmid
pPEG4012? The radioactivity of the chimera protein was 2850 cpm/
ug protein.

Enzymatic Activity. The galactosidase activity of the soluble
chimera protein was determined spectrophotometrically wih (
nitrophenyl)3-b-galactopyranoside (Sigma; ONPG) as substiate.
Alternatively, the activity was measured with-&minophenyl)8-p-

with enzyme preparations were washed with this buffer and placed in
the electrochemical cell. From binding experiments at different
concentrations of chimera protein in the solution of incubation, a
minimum concentration of protein (0.1 mg/mL) yielding maximum
activity was selected.

Electrochemical Cell and Instruments. All the electrochemical
experiments were carried out at 20 in an electrochemical cell with
an electrolyte volume of 2 mL. A platinum auxiliary electrode and an
Ag/AgCl, 3 M NaCl, reference electrode connected to the cell by a
salt bridge filled with the electrolyte solution were used, as well as a
BAS analyzer, model CV-50W. Diffusion coefficients for PAP through
SAM modified gold electrodes were measured by chronocoulometry
at 25°C in 50 mM phosphate buffer, pH 7.3, 0.1 M KCI.

Experiment with the 3°S-Labeled Chimera Protein. Electrodes
covered with SAM functionalized with choline residues were incubated
in a solution containing 0.1 mg mt of 3°S-labeled chimera protein
in 50 mM phosphate bufferl M KCI, pH 7.3, for 10 min. After
washing with the same buffer solution for 15 min, the adsorbed protein
was heated at 100C for 10 min in 0.3 mL of a 2% sodium dodecyl
sulfate (Sigma, SDS) solution containing 0.1 M dithiothreitol in 60
mM Tris—HCI buffer, pH 7, after which less than 5% of the total
radioactivity remained on the gold wire. The SDS solution was added
to scintillation vials containing 3 mL of Ready Safe (Beckman)
scintillation liquid.

Synthesis of 2-N-(methylferrocenyl)amino]ethanethiol. The

galactopyranoside (Sigma; PAPG). In the latter case the course of thecompound Fc-CHNH-CH,-CH,-SH (FCRSH) was synthesized by

hydrolysis reaction was followed by cyclic voltammetry (CV) of the
reaction producp-aminophenot! a good method for the analysis of

condensation of ferrocenecarboxaldehyde (Aldrich) withxaexcess
of cystamine in a 1:1 water/ethanol mixture followed by reduction of

the activity of the bound enzyme since the gold wire served both as the resulting Schiff base with NaBH Ferrocene derivatives were

enzyme support and as an indicator of catalytic activity. Sincé"Mg
and Nd ions are necessary f@rgalactosidase enzymatic functiéh,
7 mM magnesium chloride was added to the pH 7.3, 50 mM sodium

extracted with chloroform, the solvent was allowed to evaporate, and
the slurry was dissolved in a small volume (1.5 mL) of chloroform
and purified on a silica gel (3070 mesh ASTM, Merck) column

phosphate buffer used as supporting electrolyte. The electrochemicalequilibrated with chloroform. The elution was made with chloroform/

response of PAP on a gold electrode covered with SAM-TOA-
[DADOO-EA, 1:8]-Epi-TCh was very stable, the CV remaining
unchanged during more than 100 cycles at 100 mV §he slope of

a plot of the current density of the PAP oxidation pegkys PAP
concentration was 4@A umol™ cm™2 with SAM-TOA-[DADOO-

EA, 1:8]-Epi-TCh as working electrode, from which the activity of

ethanol mixtures of decreasing hydrophobicity. Red-colored fractions
were analyzed for thiol content with 5;8ithiobis(2-nitrobenzoic acid)
(Ellman’s reagent, Sigma). Fractions eluted with 9:1 chloroform/
ethanol that contained SH groups and produced a single spot in thin
layer chromatography (DC-Alufolien Kiselgel GOk Merk) were
pooled. The solvent was evaporated under vacuum, and the product

the enzyme could be estimated from the peak intensity measured afterwas stored under nitrogentH NMR spectrum (CDG): 1.26 ppm

10 min of incubation of the enzyme with PAPG. The electrochemical
turnover of PAP did not affect the catalytic activity of the bound
enzyme, since the measured activity did not vary after a period of
incubation in supporting electrolyte containing 1mM PAP during which
100 CVs at 100 mVs' were run. From the dependence of the activity
on PAPG concentration, the following parameters of chimera protein
were determinedKm = 0.4 mM, kea: = 86 s'X. Routine analyses of
the activity of the enzymatic electrode were carried out with 4 mM
PAPG.

Binding of Chimera Protein to the Functionalized SAM. From
preliminary experiments we found that nonspecific adsorption of
chimera protein could be minimized by incubation of the modified
electrode for 10 min in a solution of lactoalbumin (0.5 mgHlLprior
to addition of the fused protein, followed by washing with 50 mM
sodium phosphate buffer, pH 7.3, for 10 min. This pretreatment was

applied to all electrodes. Pretreated electrodes were incubated with

the solution of chimera protein in 50 mM sodium phosphate buffer,

(18) De Lacey, A. L.; Bes, M. T.; Guez-Moreno, C.; Fermalez, V.
M. J. Electroanal. Chem1995 390, 69—76.

(19) Walczak, M. M.; Popenoe, D. D.; Deinhammer, R. S.; Lamp, B.
D.; Chung, C.; Porter, M. CLangmuir1991, 7, 2687-2693.

(20) Sanchez-Puelles, J. M.; Sanz, J. M.; Gardl. L.; Gar@, E.Gene
199Q 89, 69-75.

(21) Jacobson, R. H.; Zhang, X-J.; DuBose, R. F.; Matthews, B. W.
Nature 1994 369, 761-766.

(22) Cook, A; Lenderberg, Lenetics1962 47, 1335-1354.

(23) Sambrook, J.; Fritsch, E. F.; Maniatis, Molecular Cloning: a
Laboratory Manual;Cold Spring Harbor Laboratory: Cold Spring Harbor,
NY, 1989.

(24) (a) Razumas, V. J.; Kulys, J. J.; Malinauskas, A.Afdal. Chim.
Acta198Q 117, 387—-390. (b) Thompson, Q. R.; Barone, G. C., lll; Halsall,
H. B.; Heineman, W. RAnal. Biochem1991, 192 90-95.

(25) Wallenfels, K.; Zarnittz, M. L.; Laule, G.; Bender, H.; Keser, M.
Biochem. 21959 333 459-485.

(1H, s) 1.95 ppm (1H, s) 2.94 ppm (2H, t) 2.96 ppm (2H, t) 3.53 ppm
(2H, s) 4.15 ppm (9H, m). Anal. (Fe€H:/NS) Calcd: C, 56.74; H,
6.23; N, 5.09; S, 11.65. Found: C, 57.19; H, 5.80; N, 4.73; S, 11.25.
Mass spectrometry: calcdy/z275.043; foundm/z275.1.

X-ray Photoelectron Spectroscopy (XPS). XPS spectra were
obtained on a Fisons ESCALAB 200R spectrometer equipped with a
120 W Mg Kd X-ray sourcely = 1253.6 eV). Pressure in the analysis
chamber was maintained belowx2107° Torr. An acceptance angle
of 45° and take-off angle of 45vere employed. Spectra were recorded
with a 20 eV pass energy, 0.1 eV spot, with acquisition time of 30 s
per scan. Monolayers were formed on 1%ayold square plates in the
same way as for the gold wires. Elemental composition was determined
from the integrated peak intensities after background subtraction and
using the following atomic sensitivity factors (ASF): 0.35, 0.205, 0.40,
and 0.63 for S, C, N, and O, respectivély.

Results

Thiocholine SAM. We attempted to chemisorb thiocholine
onto gold by incubating the gold support tvia 1 mMsolution
of this compound, but this did not yield a thiocholine SAM,
since (i) the electrochemical response to charged probes,
Fe(CN)}®~ and Ru(NH)e**, was similar to those observed with
bare gold electrodes (not shown), (ii) the reductive desorption
wave typical of thio compounds adsorbed on gdMas not
observed (not shown), and (iii) sulfur and nitrogen were
undetectable by XPS (Table S1 available in the Supporting
Information). This suggests that SAMs of thiocholine are

(26) Wagner, C. D.; Riggs, W. M.; Davis, L. E.; Moulder, J. F. In
Handbook of X-Ray Photoelectron Spectros¢dyyilenberg, G. E., Ed;
Perkin-Elmer Corp.: Eden Prairie, MN, 1979.
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extremely unstable, probably due to electrostatic repulsions 00—/ T T
among the charged groups. The stability of monolayers with
charged quaternary ammonium groups has been studied, both
theoretically and experimentally, by Doblhofet al3® who
concluded that the ionic group has a strong destabilizing effect
upon immersion in solvents of high dielectric constant. There-
fore, different preparation procedures of monolayers of thio-
choline were attempted by diluting this compound with neutral
or anionic thiols of similar chain length: (a) Thiocholine/1-
butanethiol (1:8). This SAM was also unstable since after 24
h the reductive desorption wave due to adsorbed thiols could
not be detected (not shown). (b) Thiocholine/4j#hiodi- o
butyric acid (1:1 and 1:4) SAMs were very stable, their CVs in
0.5 M KOH showing a large desorption wave-a1.0 V (not
shown) typical of monolayers of thio compounds adsorbed on

20 |

Current (pA)
=3
T

gold!® From the peak charge and assuming a value of 1 electron -10 _0'2 _0'4 . _0'6 . -o.s . 1l . 1'2
per sulfur atom, a surface coverage by sulfur atoms of £8.1 ’ ' = ’ 10 AL
0.5) x10719 mol cnT2 (n = 3) and (7.6+ 0.5) x 10719 mol Potential (V vs Ag/AgCl)

cm2 (n = 3), respectively, was estimated. Their atomic Figure 3. Cyclic voltammograms of modified electrodes in 0.5 M
compositions as determined by XPS were the expected onesKOH: (a) SAM-TOA (solid line); (b) SAM-TBA (dotted line); (c)
(Table S1; see below for further comments on the XPS results). SAM-TOA-[DADOO-EA,1:8]-Epi-TCh (dashed line). The scan rate
Freshly prepared gold electrodes with the above-mentionedWas 0-1 V s*. The starting potential was0.2 V.
thiocholine mixtures were incubated in solutions of chimera . ) )
protein, and after washing, their hydrolytic activity toward cal process becamg more irreversible (Figure 4a). In contrast,
PAPG was tested electrochemically. In neither case was boundcomplete suppression of the response of ferricyanide was
chimera protein detected (not shown). These results sugges@btained at pH 5.5 with the TOA-SAM (Figure 4b), in
that the acces of the C-LYTAs binding pocket to the thiocholine agreement with a previous report on TOA monolayéfsThe
molecules on the monolayer was sterically prevented, in different permselectivity toward ferricyanide displayed by TBA-
agreement with the results of Spin&eal.8 who demonstrated ~ and TOA-SAMs could be due to the known tendency of very
that binding of avidin to biotin on monolayers required the short chain alkanethiolates to form disordered structtftes.
inclusion of a spacer in the biotinylated thiol. To accomplish Stepwise Construction of the Choline-Functionalized
the inclusion of such a spacer in cholinethiol chains, we have SAM. The first step of our SAM modification scheme was
synthesized step-by-step SAMs of thiocholine starting with a the activation of the carboxy terminal groups in the monolayer
stable monolayer of thioacids. by esterification witiN-hydroxysuccinimide, a well-established
Thioacid SAM. The formation of stable SAMs of long-chain  method for binding primary amine groups to organic acids by
thioacids on gold is well documentéd. While commercially ~ amidationl” Since the reactive species is the un-ionized
available short-length thioacids have also been used to formcarboxylic group after rinsing with deionized water, the surface
SAMs on gold substrateéd they are not as well characterized. carboxy groups must be protonated, after which the reaction
Therefore, the presence of TBA- and TOA-SAMs, before and goes with a high yield. It was run in dioxane, since the
after each derivatization step, was investigated as well as theiriniermediate succinimide esters are very stable in the absence
electrochemical response to charged probes. The CV of Figure nucleophiles.
3a corresponds to a gold electrode covered with SAM-TOA
and shows a large desorption wave-dt0 V of thio compounds

adsorbed on golé? with a charge corresponding to a surface monqlayer, the actlvateq COOH groups were reacted .W'th
coverage by sulfur atoms of (7% 0.6) x 101 mol cnr2 (n 3-aminopropyl methyl viologen (MAPV) and the resulting
= 8). A similar determination of the SAM-TBA (Figure 3b) electrode was analyzed by CV. We checked that bare electrodes

gives a surface coverage of (7450.5) x 10710 mol cni2 (n showed no electrochemical peaks after incubation with MAPV

= 8). Both values are in reasonable agreement with a publishedf!lowed by rinsing with water. For the modified electrode the
monolayer thiolate surface coverage of %6L0~1° mol cn2 nearly symmetric CV in Figure 5 is suggestive of species
on Au(111)1° |mmpb|I|zed on a monolayef the pegk current de_nsmeﬁ",
The TBA-SAM showed, as expected, that selectivity toward @ndj®, had the same values and varied linearly with the scan
charged probes depends on the degree of ionization of thefate, and the peak-to-peak separatibky, was small, 27 mv.
carboxylic groups (Figure 4a). At pH 5.5 the electrochemical However, the width of the peak at half-height was 120 mV,
responses of Fe(Ch and Ru(NH)s3" on TBA-SAM elec- larger than the theoretical value of 9M&hV (n = 1) expected
trodes were identical to those observed with bare gold electrodesfor an ideally reversible process, perhaps due to repulsive
(not shown). The marked dependence with pH of the electro- interactions between charged viologen. The redox potential of
chemical response of Fe(C{¥) in the pH range 512 is in the one-electron reduction of immobilized viologen was sig-
agreement with the fact that th&pof thioacids increases after  nificantly less negative than the reduction potential of viologen
the formation of the monolayé&P. While the faradaic response  in solution, a shift which has been previously observed for
was not completely suppressed at alkaline pH, the electrochemi-

To check the efficiency of the amidation reaction of the TBA

(29) Porter, M. D.; Bright, T. B.; Allara, D. L.; Chidsey, C. E. D.Am.

(27) (@) Sun, L.; Crooks, M.; Ricco, A. Langmuir 1993 9, 1775~ Chem. Soc1987 109, 3559-3568.
1780. (b) Jordan, C. E.; Frey, B. L.; Kornguth, S.; Corn, R.Ldngmuir (30) Bain, C. D.; Whitesides, G. M.angmuir1989 5, 1370-1378.
1994 10, 3642-3648. (c) Zhang, M.; Anderson, M. Riangmuir 1994 (31) Nuzzo, R. G.; Dubais, L. H.; Allara, DL1. Am. Chem. S0d.99Q
10, 2807-2813. (d) Feng, Z. Q.; Imabayashi, S.; Kakiuchi, T.; Niki, XK. 112, 558-569. (b) Crooks, R. M.; Chailapakul, O.; Ross, C. B.; Sun, L.;
Electroanal. Chem1995 394, 149-154. Schoer, J. K. Innterfacial Design and Chemical Sensjrigallouk, T. E.,

(28) (a) Katz, EJ. Electroanal. Cheml99Q 291, 257-260. (b) Cheng, Harrison, D. J., Eds.; ACS Symposium Series 561; American Chemical
Q.; Brajter-Toth, A.Anal. Chem.1992 64, 1998-2000. (c) Duan, C; Society: Washington, DC, 1994; Chapter 10.

Meyerhoff, M. E.Anal. Chem1994 66, 1369-1377. (32) Abrure, H. D.Coord. Chem. Re 1988 86, 135-189.
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Figure 4. Cyclic voltammograms of 1 mM Fe(C) and 1 mM Ru-
(NH3)¢®*, 1 M KCI, on gold electrodes covered with (a) SAM-TBA,
(b) SAM-TOA, and (c) SAM-TOA-[DADOO-EA, 1:8]-Epi-TCh. The
pH of the supporting electrolyte was 5.5 except for Fe(©Nn (a),
which was (i) 5.0, (ii) 7.9, (iii) 8.6, and (iv) 11.7. The scan rate was
0.1Vst

viologens in other systentd. A surface concentration of (3.6
+ 0.1) x 10 %mol cm 2 (n = 6) for the immobilized viologens

was determined from the charge of the CV peaks, assuming a

one-electron reductio?f. For SAMs of viologenthiols on gold,
saturation coverage values of (3.3.9) x 10-1°mol cnT2 have

J. Am. Chem. Soc., Vol. 119, No. 5, 10947
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Figure 5. Cyclic voltammograms in 50 mM phosphate buffer, pH 9.0,
0.1 M KCI , of gold electrode covered with SAM-TBA-MAV. The
scan rate was 0.1 V&

been reporte® Thus, the reaction of activated TBA-SAM with
MAYV produces high coverages which are near those expected
for a close-packed monolayer of viologen with a roughly
perpendicular orientation of the ring systems to the electrode
surface?® However, as the cross-sectional area of the viologen
group is twice that of the alkyl chains, due to steric hindrance
only half of the carboxy groups in the monolayer might have
been esterified with MAV, and therefore this reaction with TBA-
SAMs cannot give information about the efficiency of the
sterification step. On the contrary, TOA-SAM should not have
this limitation since its chain density is half that of the TBA-
SAM. From CVs obtained after viologen binding to TOA-
SAMs a sulfur surface concentration of (2450.3) x 10710

mol cn? (n = 7) was estimated, corresponding to a yield of
condensation between COOH and Ngtoups of about 70%.
However, this yield could be improved by increasing the
concentration of the amine groups and by eliminating from the
reaction medium other nucleophiles, e.g., water molecules, that
would compete with the amine groups for the activated carboxy
groups. The results obtained with the coupling of viologens
also indicate that the thioacid SAMs were not damaged by the
activation of carboxy groups and further amidation. Upon
scanning the potential to 1.0 V in 0.5 M KOH, the monolayer
was desorbed since in repetitive scans the reduction current of
viologen decreased in parallel with the reductive desorption
wave (not shown), which confirms that viologen was bound to
the gold electrode through the thiol chain. We can conclude
that with this procedure activation of surfaces for amino
compounds can be easily and efficiently achieved.

Attachment of a Diamine Spacer. It has been shown that
optimum binding of avidin to biotin on monolayers requires
hydrophilic spacer$,and consequently our next step was the
coupling of the spacer DADOO. As mentioned abod,
hydroxysuccinimide esters of carboxylic acids prepared in
anhydrous media are very stable, and ligands with free amine
groups can be efficiently coupled through an amide linkage. In
our case activated esters were reacted with undiluted DADOO
in order to achieve a high concentration (6.8 M) of reactive
unprotonated amine groups, so that an almost complete ami-
dation of carboxy groups could be obtained. Cross-linking of

(33) (@) Katz, E.; de Lacey, A. L.; Fernandez, V. MElectroanal. Chem.
1993 358 261-272. (b) Katz, E.; Itzhak, N.; Willner, IlLangmuir1993
9, 1392-1396. (c) Tang, X.; Schneider, T.; Buttry, D. Rangmuir1994
10, 2235-2240.

(34) Bird, C. L.; Kuhn, A. T.Chem. Soc. Re 1981, 10, 49-82.

(35) (a) De Long, H. C.; Buttry, D. ALangmuir199Q 6, 1319-1322.
(b) De Long, H. C.; Buttry, D. ALangmuir1992 8, 2491-2496. (c) Tang,
X.; Schneider, T.; Buttry, DLangmuir1994 10, 2235-2240.

(36) Doblhofer, K; Figura, J.; Fuhrhop, J-Hangmuir1992 8, 1811-
1816.
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a single DADOO molecule to two neighboring carboxy groups —T T T T
was hindered by the high concentration of added nucleophile. 41 E
In their work on the optimization of biotin-functionalized

monolayers for avidin adsorption Spinkéal8 found that the
best results were obtained by dilution of the biotinylated chain
with shorter hydroxythiols. Moreover, in the construction of
the thiocholine SAM charged quaternary ammonium groups will
be introduced at the monolayer surface, and therefore choline
groups on the surface should be diluted to minimize this
destabilizing effect. Consequently, DADOO was diluted with
variable amounts of ethanolamine (EA) for the coupling reaction
to the activated carboxylic SAM. We have used different =+
dilutions of DADOO with EA in order to study the influence ]
of this dilution effect on thgg-galactosidase binding (see below).

Further Derivatization of SAMs with Epichlorohydrin.
w-Halo-1,2-epoxyalkanes are versatile bifunctional reagents with 08 e "l o= T
two different electrophilic centers and whose alkylation reactions ;
depend markedly on the solvent. In aprotic solvents these RN wARAR
compounds react with nucleophiles by displacement of the halide Figure 6. Cyclic voltammograms in 0.1 M HCIOof gold electrode
ion to give the epoxyalkyl derivativeZ. In the present work ~ covered with (a) SAM-TOA-[DADOO-EA, 1:8]-Epi-ferrocenyl thiol
terminal amine groups of the spacer DADOO were activated (501 in€), (b) SAM-TOA-[DADOO-EA, 1.8] incubated for 20 hiin 1
by reaction with epychlorohydrin (step 3 in Figure 2). The use mM ferrocenyl thiol (dashed line). The scan rate was 0.1V s
of undiluted epichlorohydrin in this step allows a high concen-
tration of the electrophilic center (12.7 M), avoids protonation
of the nucleophilic terminal amine groups, and minimizes the
opening of oxyrane groups.

Covalent Linkage of Thiocholine. In protic solvents
terminal epoxides are very reactive toward nucleophiles.
Among the possible analogues of choline with functional groups
suceptible to nucleophilic reaction with oxiranes, we chose
thiocholine because thiol groups are more acidic, stronger

nucleophiles than their homologous alcohols, e.g., choline. experiment in which a SAM-TBA-[EA] electrode did not show

Thiocholine is largely ionized at pH 8, at Wh'.Ch the OXITane  glectrochemical response after incubatiorhveitl mMsolution
groups are perfectly stable and react as shown in step 4 of Figure

; h - of ferrocenyl thiol and further washing. CV peak intensities
2. Experiments of reductive desorption of SAM-TOA-[DA- . o . o
DOO-EA, 1:8]-Epi-TCh indicate saturation coverage by a thio of SAM-TOA electrodes modified with ferrocene varied linearly

compound after the full synthesis (Figure 3c) with a peak charge with the scan rate up to 2 Vfs. However, even at low scan
corresponding to a sulfur atom concentration of & 9010 rates the CV showed a peak splitting of 3615 mV at 100
P 2 9 ) mV/s. The electron transfer rate constant obtained using
mol cn2. This monolayer was found to be permeable to a N deto 1 imil |
negatively charged electrochemical probe such as FQECN Lav!ron S Mo was 3.8+ 0.3 s* (n = 4), simriar values
- ot L ’ having been reported for ferrocene groups immobilized in
while the peaks of Ru(Ng** were greatly diminished and less

i . fSAMs.40 However, higher electron transfer (ET) rate constants
reversible (Figure 4c). These results support the presence o have been observéiwith mixed monolayers of FCCACH,)1 -
thiocholine—N(CHs)s* terminal groups on the monolayer. Y 211

In order to check the effectiveness of the oxirane reaction SH and CH(CHo)uSH (g = 0.25, similar to the ferrocene

with thiols, SAM-TOA-[DADOO-EA, 1:4]-Epi was reacted with molar fraction expected in our above electrodes). This high

. . . ET rate was explained by the presence of defective Fc sites,
2-[N-(methylferrocenyl)amlno]ethanethlol. Alter extensive wash- e.g., at the domain boundaries, that can act as intermediates for
ing of the electrode, ferrocene was detected by CV (Figure 6,

L i~ . electron transfer to the other Fc sites in the interior of the SAM
Sgg%@g)E :31‘?400”;2'}géif;?dﬁzg?ﬁgf:mvgtgoiﬁ‘.%zgp‘fth domains'®® After exchange of some ferrocene-terminated thiols
[ . N '.]W un . I Wt \vith unsubstituted alkanethiols, the standard rate constant fell
the thiol derivative of ferrocene, in which case no CV peaks

were observed (Figure 6, dashed line). The surface concentra—to 1.8 5.1 Our results with ferrocene-functionalized SAMs
) ) 9 ’ ' suggests that SAM-TOA-Fc layers are ordered and that the
tion of the immobilized ferrocene calculated from the charge

of the cathodic CV peak was (14 0.2) x 10-1°mol cm-2 (n ferrocene heads are held away from the surface of the electrode,

= 5) as compared with a 0.8 10719 mol cnT2 concentration thereby slowing the electron tr_ansfer. ) _

of reactive oxirane groups expected from the 1:4 DADOO Qompl.eteness of the Reaction of Oxirane Groups V.V'th .
EA molar ratio used in the amidation step. After 3 months of 1Miocholine. Because epoxy groups are very reactive in
storage in 2:1 ethanol/water the electrodes showed well-resolveg?du€ous media and could possibly bind proteins nonspecifi-

voltammograms of ferrocene, although the peak intensity was cally,t e.g.,ﬁ-ga}lactosidas_e, it was necessary to check_ for the
reduced by half (not shown). This high stability is not presence of residual epoxides after the oxirafi€h reaction.

unprecedented since it has also been observed for gold micro-Vith this aim a SAM-TBA-[EA-DADOO, 1:8]-Epi-TCh elec-

electrodes covered with ferrocenyl thidfs.Similar CVs were .
) . (39) Laviron, E.J. Electroanal. Chem1979 101, 19-28.
observed for SAM-TBA-[DADOO-EA, 1:8]-ferrocenyl thiol (40) (a) Chidsey, C. E. D.; Bertozzi, C. R.; Putvinski, T. M.; Mujsce, A.

(not shown). These results indicate that the reaction of DADOO M. J. Am. Chem. Sat99Q 112,4301-4306. (b) Chidsey, C. E. (Bcience
1991 251, 919-922. (c) Hockett, L. A.; Creager, S. Eangmuir 1995

Crarrent (i)

terminal amines with epichlorhydrin and subsequent attack by
ferrocenyl thiol had a high yield. The absence of electrochemi-
cal response in the SAM-TOA or -TBA electrodes whose amine
groups had not been activated with epichlorhydrin after incuba-
tion with ferrocenyl thiol allows us to conclude that ferrocenyl
thiol molecules detected by CV were indeed covalently bound
to the activated thiol chains and not directly adsorbed onto gold
by displacement of a thiol chain on the monolayer. This
conclusion could also be inferred from a similar control

(37) Cruickshank, P. A.; Fishman, M. Org. Chem1969, 34, 4060- 11, 2318-2321. (d) Rubin, S.; Chow, J. T.; Ferraris, J. P.; Zawodzinski, T.
4065. A., Jr. Langmuir1996 12, 363-370.
(38) Hickman, J. J.; Ofer, D.; Zou, C.; Wrighton, M. S.; Laibinis, P. E.; (41) Hannibal-Friedrich, O.; Chun, M.; Sernetz, Biotechnol. Bioeng.

Whitesides, G. MJ. Am. Chem. So0d99], 113 1128-1132. 1980,22,157-175.
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20 . r . . . T 0.1 unit of native E. coli -galactosidase (obtained from
commercial sources). As the enzymatic reaction proceeds PAP
accumulates in the bulk and peak currents increase with time
10 ] (Figure 7), which suggests that the CV can be used to follow
the binding of chimera protein. For this purpose gold electrodes
were incubated in protein solutions, washed with buffer, and
inserted into an electrochemical cell to which was added PAPG
at zero time. CVs were recorded after 12 min of reaction.

e The specificity of the binding of chimera protein to choline-
modified electrodes was tested as follows: PAP was detected
after thiocholine electrode incubation with chimera protein, but

Current (1A)
s
1

20r T no PAP was observed if natiykgalactosidase was used instead
(not shown). Moreover, dipping of a thiocholine electrode in
a0k | a solution of C-LYTA protein, which has only the choline-

; binding domain, blocked the binding of chimera protein since
04 0.2 0.0 Y PAP was not detected (not shown). Although both results
Potential (V vs Ag/AgCl) demonstrate that the binding of chlmera_ protein requires the
receptor domain, they do not prove that this adsorption involves
Figure 7. Catalytic activity ofﬂ—galactosi_dase fror&. coliin 50 mM a specific, unique cholinereceptor interaction. Results in
phosphate_ buffer, pH _7.3, 0.1 M KClI, with 4 mM PAPG as substrate, Figure 8 answer this question: no PAPG hydrolysis was
e DAoL oy A g0 sectade  observed afer thiocholne cectode ncubation in chimera
grams were recorded at the indicated times after addition of the enzymeprOtem somtlor_] containg 1. M choline (Figure 8a), which
to the electrochemical cell. suggests that dissolved choline molecules saturated the receptor
sites on the chimera protein, leading to a lower affinity for the

trode was incubated for 1.5 h in a 1:1 water/ethanol solution of choline-modified SAM. On the contrary, the binding of
1 mM ferrocenyl thiol. The absence of peaks in the CV after chimera-protein in a KCI solution of the same ionic strength to
washing (not shown) indicates complete reaction of TCh with the modified electrode (Figure 8b) indicates that the low binding
oxirane groups and that the substitution of the monolayer chain0bserved in the presence of choline was not due to an
units by the ferrocenyl thiol was negligible, in agreement with €lectrostatic effect. The ability of an electrode to hydrolyze
the result of Figure 6. PAPG was lost after incubation a 3 Mcholine solution (Figure
XPS of SAMs. Chemical analysis by XPS of the monolayer 8c), but not after incubatiomi3 M KCI solution (not shown)
at the different stages of synthesis was attempted. The resultgvhich indicates that soluble choline molecules remove the
obtained for one of the SAMs under study (SAM-TBA) are immobilized chimera protein by competition with the thiocholine
shown in Table S1 (Supporting Information). In none of the residues on the SAM. Washing with buffer recovered the
spectra were elements other than S, C, N, and O detected. Theffinity of the electrode of Figure 8c for chimera protein (Figure
experimental intensities normalized to the expected atomic 8d). No chimera protein binding was detected after incubation
carbon content were in reasonable agreement with the theoreticaith SAM-TOA-[DADOO-EA, 1:8]-Epi electrodes reacted
content of N and O. However, the concentration of S found either with 2-mercaptoethylamine or 2-mercaptoethanol instead
for SAM-TBA, SAM[TBA-TCh], and SAM-TBA-DADOO was of thiocholine (not shown). PAP was also not detected with
always about half of the theoretical one, in agreement with the bare gold electrodes incubated eitherfigalactosidase or in
XPS data reported for SAMs of long-chain alkanetHibknd chimera protein solutions after 12 min of PAPG addition (not
thioalkanoic acid4® Since Bainet al#2 have shown conclu-  shown). All these results demonstrate that chimera protein binds
sively that the signal of sulfur atoms in contact with the gold reversibly and specifically to choline residues on the SAM-
substrate is much lower than expected due to attenuation of themodified electrode through its choline-binding domain.
photoelectrons by the interference of the monolayer with the  Dependence of the Protein Binding on the Composition
photoelectrons, one can anticipate that the atomic sensitivity of the Monolayer. We have studied the effect of choline
factor (ASF) for sulfur will depend on its position in the residue concentration on the binding of the chimera protein by
monolayer. This could explain the higheguad Sexpectearatio diluting DADOO with EA at the second step of monolayer
in our electrodes covered with SAM-TBA-DADOO-Epi-TCh  construction. If we assume a similar reactivity of ethanolamine
(which should contain sulfur atoms with two different positions and DADOO toward hydroxysuccinimide esters of thiocarboxy-
in the monolayer), as compared to the SAM-TBA (Table S1). |ic monolayer, then the molar fraction of thiocholine in the
These results are consistent with the layer structure expectedmonolayer Xg) corresponds to the molar fraction of DADOO

from our synthesis. . . present in the reaction with succinimide esters. Dilution of
Evidence for Specific Binding of Chimera Protein on the DADOO with the shorter hydrophylic chain, EA, produces a
Electrode Surface Modified and Functionalized with Choline large increase of the bound chimera protein with a sharp

R.GSidueS. Figure 7 shows the CVs Of a gOld wire mOdlfled maximum atXg = 0.03 (Figure S1, Supporting |nf0rmation)_

with SAM-TOA-[DADOO-EA, 1:8]-Epi-TCh taken at different  The same trend was observed with monolayers built up from

times after PAPG addition to an electrochemical cell containing thiobutyric or thioctic acids (Figure S1). Spinkeal8 observed
(42) Bain, C. D.; Troughton, E. B.; Tao,Y. T.; Evall, J.; Whitesides, 6. & Similar effect of surface-biotin dilution on the adsorption of

M.; Nuzzo, R. G.J. Am. Chem. Sod.989 111, 321-335. avidin molecules and explained it as being due to steric
445‘;3) Freeman, T.L.; Evans, S. D.; Ulman, llangmuir1995 13, 4411~ hindrance in the undiluted biotin layer. A similar explanation

(44) (a) Blankenburg, R.; Meller, P.; Ringsdorf, H.; SalesseB®- CO”"?' apply _to our Cas?- The Ic_)we_r value X at which
chemistry1989 28, 8214-8221. (b) Darst, S. E.; Ahlers, M.; Meller, P.  maximum chimera protein adsorption is observed would be due
H.; Kubalek, E. W.; Blankenburg, R.; Ribi, H. O.; Ringsdorf, H.; Kornberg,  to the larger size of the chimera protein molecules compared to
R. D.Biophys. J1991, 59, 387—396. (c) Schmitt, F.-J.; Knoll, WBiophys. avidin
J. 1991, 60, 716-720. (d) Amador, S. M.; Pachence, J. M.; McCauley, Jr., '

J. P.; Smith I, A. B.; Blasie, J. KLangmuir1993 9, 812-817. Calculation of Protein Coverage. From binding experi-
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Figure 8. Enzymatic activity of SAM-TOA-[DADOO-EA, 1:8]-Epi-TCh electrodes after immersion in solutions of (a) C-L\¥d&lactosidase
chimera 1 M choline, (b) C-LYTA#-galactosidase chimera M KClI, (c) electrode used in (b), after 10 min of incubatiarliM choline solution,
and (d) electrode used in (c), after washinghsdtM KCI and subsequent incubation in a solution of C-LYBAgalactosidase chimera M KCI.
After incubation the electrodes were washed in 50 mM phosphate plifféKCl, pH 7.3, and placed in an electrochemical cell containing 50 mM
phosphate buffer, pH 7.3, 0.1 M KCI. Cyclic voltammograms at 0.1 Vveere recorded 12 min after addition of 4 mM PAPG.

ments with3°S-labeled chimera protein an average of (430 B-GALACTOSIDASE

0.03ug of bound protein crm? was found, which corresponds subunit C-LYTA subunit
to a chimera protein coverage of (5£70.6) x 1012 mol cn 2. ()
The crystal structure op-galactosidase at 3.5 A resolution :
indicates that the protein is a tetramer with 222-point symmetry s

with dimensions of 17.5¢ 13.5 x 9 nm along the respective

2-fold axes?! The projection of the largest face of the protein

has a rhombus shape (Figure 9). The N-terminal residues of

the subunits to which the C-LYTA polypeptides are incorporated

in the chimera protein are located at the ends of the shortest .;‘{ i ,f(
diagonals of the rhomb facésand the distance between the f,e’f 5

e
..fjf:ff
AR
nearest N-terminal neighbors is about 1.5 ¥mThe hydro- .{;fﬁl Jf.g‘if.;? j
dynamic behavior of C-LYTA monomers suggests that these f {.f({_{{

polypeptides are prolate ellipsoids of x53 nm#6é Therefore,
plausible dimensions along the symmetry axes of the chimeraFigure 9. Schematic representation of the chimera protein binding to
protein would be 17.5< 19.5x 9 nm. The following points a choline-functionalized SAM of thioctic acid. For the sake of clarity,
suggest that the binding to the choline monolayer involves more thioctic chains functionalized with ethanolamine have been omitted.
than one C-LYTA binding domain: (i) the high stability of the ~ (The sizes of the components were kept in proportion; other molecular
SAM-chimera assemblyide infra); (ii) the high concentration ~ details are not accurate.)

of choline required for the desorption of the chimera protein . .

(>0.6 M): (iii) the strong dependence of the binding on the two of them could be simultaneously bound to the choline SAM

dilution of choline in the SAM (Figure S1 in the Supporting (Figure 9). InFigue 9 a binding mode that involves a nearest-

Information). For steric reasons, of the four binding sites only Neighbor pair of C-LYTAs with a projection area of 160 fim

: : : : (17.5x 9 nm) is represented. Since lateral diffusion of firmly

aroa) Alomic coordinates of the refined protein modelwere taken fom pound proteins is restricted, binding proceeds randomly and a
(46) Usobiaga, P.; Medrano, F. J. Gasset, M. GarglL.: Siz, J. L.: maximum of 60% of the electrode can be covered with prdtein.

Rivas, G.; Laynez, J.; Méneez, M.J. Biol. Chem1996,271,6832-6838. The effective area occupied by each molecule of chimera protein
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should beca. 285 nn¥ for the orientation considered above, functionalities?d84950 The main advantage of solid-phase
and corresponds to a saturation coverage of>6.80712 mol synthetic chemistry is that it can be easily performed in
cm~2, in good agreement with the coverage determined*8y laboratories with little experience in organic synthesis, avoiding
labeling. On the contrary, for other possible binding orientations Costly steps of reactive side group protection and separation of
involving two opposite C-LYTAs with a projection area of 340 the product from reagents and byproducts. The proposed
nm? (17.5 x 19.5 nm) the electrode would be covered, on Synthetic route produces highly stable functionalized SAMs
average, with two monolayers of chimera protein. However, a ¢@pable of binding large macromolecules. The remarkable
patchy multilayer formation seems to be very unlikely for a Stability may be due to the formation of a network of hydrogen
highly hydrophylic protein, such as C-LYTA-Gal, at the bonds betwee_n nelghbprlng_amldes generat_ed after the amidation
conditions used during the binding step and further washing Sti‘g githe thioalkanaic "?‘C'd monolayer, since Tam_-_C_helng
(50 mM phosphate buffer, pH 7.3, 0.1 M KCI). Also the al.>Y have reported experimental results on the stabilizing role

e L of internal amides in SAMs. This is in agreement with earlier
absence of diffusional limitations of the substrate PAPG and ¢ s of Ringsdorf and co-worke& who found that phase

of PAP (see below) argues against the formation of protein y,nsition of biotin lipids capable of hydrogen bond formation
aggregates. These experimental results are in favor of a binding,yith neighboring chains took place at lower surface pressures
configuration as that given in Figure 9. Other authors have g that the biotin lipids have a smaller molecular area in the
proven that specific interaction between proteins and uniform sojid condensed state than a homologous biotin lipid without
substrate surfaces results in oriented protein ffifrfé. There- the internal amide. Their interpretation of these results as well
fore, it is reasonable to conclude that chimera protein moleculesas of the much higher melting point found for amide-containing
would be bound with nearly the same orientation to the electrode biotin lipids was that the formation of hydrogen bonds leads to
surface in those domains of the SAM-choline monolayer which a better packing of the monolay#2

were uniform at the molecular level. Our results confirm the previous conclusions obtained by
Knoll and co-worker% about the requirements for optimal
binding of protein through molecular recognition: (i) a substrate
of hydroxy thiols; (ii) the inclusion of a spacer on the thiol

phosphqte buffer,_?_ mM Mg. St"?‘b'my was also tested b}_/ chains that carry the specific ligand; (iii) an adequate proportion
conventional flow injection analysis (FIA) with the enzymatic : .
of the two types of thiol chains.

elec_:trodes as Wo_rking electr_o des. The eI(_actrode was very §table The combination of SAMs and genetic engineering constitutes
during 6 h ofcontinuous testing on flow (Figure S2, Supporting 5 yqerful tool for immobilizing proteins on functionalized

Information), with half-lives of 20 h. Electrodes that lostmost g rfaces; this tool having potential use in biosensors and other
of their activity after days of continuous use recovered almost pigelectronic devices. The proposed system is conceptually

90% of their original activity after being dipped in fresh simple and could be easily extended to other well-known
solutions of chimera protein, which suggests that the modified receptor-ligand systems such as avidibiotin.

SAM was stable during the experiment, but that enzyme
desorption occurred. This is in agreement with the results of ~ Acknowledgment. The authors thank Dr. Jodd. Guisan
the stability of SAMs in experiments with ferrocene-modified and Dr. Antonio L. de Lacey for their useful comments during
SAMs. |n the FIA System the response of these modified the experimental Work, Professors Hector Atawamd Claudio
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S2). From the dependence of the peak current intensity on theand SAB95-0095). J.M. was the recipient of a fellowship from
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support of this work by the Comigidnterministerial de Ciencia
0.2 mM, close to that found for the soluble enzyme and the y Tecnologa, Spain (Grant BI094-0621-C02-02)
same substrate, was determined. This indicates that the im- ' '
mobilization of the chimera protein to the choline SAM does  sypporting Information Available: Table S1, with the
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