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Abstract

Mapping of structure and function of proteins adsorbed on solid surfaces is important in many contexts. Electrochemical techniques based

on single-crystal metal surfaces and in situ scanning probe microscopies (SPM) have recently opened new perspectives for mapping at the

single-molecule level. De novo design of model proteins has evolved in parallel and holds promise for test and control of protein folding and

for new tailored protein structural motifs. These two strategies are combined in the present report. We present a synthetic scheme for a new 4-

a-helix bundle carboprotein built on a galactopyranoside derivative with a thiol anchor aglycon suitable for surface immobilization on gold.

The galactopyranoside with thiol anchor and the thiol anchor alone were prepared for comparison. Voltammetry of the three molecules on

Au(111) showed reductive desorption peaks caused by monolayer adsorption via thiolate-Au bonding. In situ STM of the thiol anchor

disclosed an ordered adlayer with clear domains and molecular features. This holds promise, broadly for single-molecule voltammetry and

the SPM and scanning tunnelling microscopy (STM) of natural and synthetic proteins. D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Structural mapping and electron transfer function of

proteins adsorbed on solid surfaces is broadly important

[1–3]. Proteins frequently exert their natural function in the

adsorbed state, and protein adsorbates can be probed by

surface-based techniques such as X-ray photoelectron [3]

and resonance Raman spectroscopy [4,5], voltametric meth-

ods [6,7], and scanning tunnelling microscopy directly in

aqueous solution (in situ STM) [4,8–13].

Protein structure–function relations involve demanding

isolation, characterization, and chemical or microbiological

modification [1,6,7,12]. De novo design of functional model

proteins and development of systematic synthetic procedures

have therefore come forward [13–20]. De novo design

promises to critically test protein folding and stability, ena-

bles construction of ‘isolated’ structural motifs, and if suc-

cessful, ‘tailor-made’ novel protein-like structures. DeGrado

et al. [13] studied de novo design of 4-a-helix bundles and

other fold targets. Choma et al. [14] and Robertson et al. 15]

have developed heme-binding protein models. Mutter and

Vuilleumier [16] described cyclic and linear peptides as

templates for, especially, 4-a-helix bundles. This template-

assembled synthetic protein (TASP) approachwas adapted by

Rau et al. [17] for the synthesis of metalloprotein models.

Two of the present authors have developed the use of

monosaccharides as templates for de novo design of 4-a-

helix bundles, so-called carboproteins [18–20].

Voltammetry of redox proteins, long established [6,7], has

mostly rested on macroscopic voltammetry, and use of poly-

crystalline electrodes. Mapping of protein surface function

towards the molecular level, however, requires well-charac-

terized atomically planar surfaces. This facet of contempo-

rary physical electrochemistry and other facets such as in situ

STM have only recently been introduced in the electro-

chemistry of biological macromolecules [4,10,12,21,22].
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In this report, we describe the synthesis of a novel 4-a-

helix bundle carboprotein 1, which incorporates a thiol

anchor from the template. Carboprotein 1 was prepared by

oxime ligation of a C� terminal peptide aldehyde to a tetra-

aminooxyacetyl (Aoa) functionalized D-Galp (galactopyra-

nose) template, similar to a recently described carboprotein

[20]. The thiol group allows for adsorption to gold surfaces

without interference with folding of the protein. Galp with

thiol anchor 2 and thiol anchor 3 were studied for compar-

ison. Voltammetry of the three molecules on Au(111)-elec-

trodes gave reductive desorption of sulfide-bound

monolayers. In situ STM of the thiol anchor 3 disclosed an

ordered adlayer. These combined strategies show that well-

defined layers of the carboprotein 1 and the fragments 2 and

3 form spontaneously, and hold promise for voltammetry of

adsorbed redox functionalized 4-a-helix bundle proteins.

Fig. 1. (A): Synthesis of the 4-a-helix bundle carboprotein 1. (B): Carboprotein 1, Galp with thiol anchor 2, and the thiol anchor disulfide 3.
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2. Experimental

2.1. Reagents and synthesis

Carboprotein 1 was prepared starting from commercially

available 4-nitrophenyl a-D-Galp (4), which was reduced to

the amine 5 in 88% yield by catalytic hydrogenation (Fig.

1A). Chemoselective coupling of 5 to tritylmercaptoacetic

acid (6), mediated by PyBOP/HOBt provided 4-(tritylmer-

captoacetamido)phenyl a-D-Galp (7), in 69% yield. While

treatment with TFA–CH2Cl2–Et3SiH (1:1:0.1) gave the

reference compound 4-(mercaptoacetamido)phenyl a-D-Galp

(2), per-O-acylation of 7 with Nh,Nh-Boc2-Aoa-OH (8), [19]
DIPCDI, and DMAP resulted in 4-(tritylmercaptoacetami-

do)phenyl 2,3,4,6-tetra-O-(Boc2-Aoa)-a-D-Galp (9), in 62%

yield. Deprotection with TFA–CH2Cl2–Et3SiH (1:1:0.1)

provided the desired template 4-(mercaptoacetamido)phenyl

2,3,4,6-tetra-O-Aoa a-D-Galp (10), in quantitative yield.

Synthesis of the peptide aldehyde Ac-Glu-Ala-Leu-Glu-

Lys-Ala-Leu-Lys-Glu-Ala-Leu-Ala-Lys-Leu-Gly-Gly-H

(11), is described in Ref. [20]. Oxime ligation proceeded

with 50% excess of 11 relative to 10 under inert atmosphere

to give carboprotein 1 in 76% yield after purification by

preparative HPLC.

N-Phenyl-mercaptoacetamide disulfide (3) was prepared

by DIPCDI-mediated condensation of aniline and tritylmer-

captoacetic acid. Deprotection with TFA in the presence of

Et3SiH, followed by air-oxidation provided 3 in 27% overall

yield.

Other reagents including Millipore water (18.2 MV,

Milli-Q-Housing) were ultrapure grade. Buffer solutions

were 0.1 M K2HPO4/KH2PO4, pH 6.9 and 0.01 M NaOH,

pH 11.9.

2.2. Preparation of samples

Au(111) substrates for electrochemistry were prepared by

the method of Clavilier et al. [23] and Hamelin [24]. Prior to

use, Au(111)-electrodes were annealed in a hydrogen flame,

kept for 1 min over a water surface, and then inserted into

ultrapure water. Clean electrodes were transferred to sol-

utions of the carboprotein or fragment molecules. Carbo-

protein 1 was adsorbed by soaking the electrode in 0.23 mM

carboprotein in 0.1 M phosphate buffer for 18 h. Molecule 2
was adsorbed from 4 mM solution in water for 18 h, 3 from

15 mM solution in methanol for 4 h. The resulting samples

were thoroughly rinsed with millipore water.

2.3. Electrochemical measurements and STM imaging

Glassware was cleaned as reported [3,12]. Electrochem-

ical instrumentation was an Autolab system (Eco Chemie,

The Netherlands), controlled by the General System soft-

ware. Capacitance data were recorded by fixing the fre-

quency at 100 Hz with a modulation amplitude of 5 mV. The

Au(111)-electrode was used in the hanging meniscus mode.

The electrode system included a coiled bright platinum wire

as counter electrode and a saturated calomel (SCE) reference

electrode. Electrode potentials are referred to the SCE.

Solutions were deoxygenated by purified argon (Chrompack

5N), and an argon atmosphere maintained over the solution.

A PicoSPM instrument (Molecular Imaging, USA) with

a bipotentiostat for independent control of substrate and tip

potential was used for STM imaging. Electrochemical con-

trol was conducted in an in-house built three-electrode cell,

using 0.1 M HClO4 electrolyte. The substrate was a

Au(111)-disc (MaTeck, 10-mm diameter, 1-mm thick).

Reference and counter electrodes were Pt-wires. Tungsten

tips were prepared and coated as previously [3]. The

Fig. 2. Reductive desorption of the thiol anchor molecule 3 from Au(111).

(a): 10 mMNaOH, pH 11.9; curve a: first scan; curve b: second scan. (b): 0.1

M phosphate buffer, pH 6.9; curve a: first scan; curve b: second scan; scan

rate: 10 mV s�1.
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constant current mode was used with a tip current of 0.3 nA

and a bias voltage of 0.2 V.

3. Results and discussion

The synthesis of carboprotein 1 is outlined in Fig. 1A.

Synthesis of the carboprotein by oxime formation followed

by specific adsorption to a surface, without intermittent

deprotection steps, amounts to sequential chemoselective

ligation. ESI-MS confirmed the identity of 1 in partially

dimerized form via a disulfide bridge (10–20% disulfide).

As both the thiol and the disulfide are expected to undergo

adsorption, this was not critical.

Fig. 1B shows the structure of the full carboprotein 1, the

Galp with thiol anchor aglycon 2, and the thiol anchor

alone, synthesized as the disulfide 3. None of the molecules

contain a redox group but thiol functionalities adsorb

oxidatively on gold surfaces [25,26]. Voltammetric scans

to negative potentials reduce the Au–S bond, liberating the

thiol-containing molecules. Reductive desorption is com-

monly characterized by sharp reduction peaks in basic

solution. The peak area enables estimation of the molecular

coverage, important in STM image interpretation [27].

Fig. 2a shows reductive desorption of the thiol anchor

molecule 3 from Au(111) in 10 mMNaOH, pH 11.9. A sharp

peak appears at � 848 mV. The small shoulder on the

negative side is probably caused by non-ideality of the

Au(111)-surface or spurious impurities. A significantly

broader peak of about 40% of the peak area in the first scan

is seen in the second scan. The positive shift suggests that it

is due to re-adsorption of liberated thiol anchor. Reductive

desorption in 0.1 M phosphate, pH 6.9 gives a broader peak,

at � 702 mV, closer to the onset of dihydrogen evolution

(Fig. 2b). This is of interest as reductive desorption distinct

from dihydrogen evolution at low pH is not common. The

peak area is smaller than at pH 11.9 (Table 1). Subsequent

scans show significant but unshifted residual peaks with

larger relative areas than at pH 11.9. This suggests that the

subsequent peaks are caused by incomplete desorption in the

first scan, rather than desorption followed by re-adsorption.

Fig. 3a shows reductive desorption of Galp with thiol anchor,

2, in 10 mM NaOH, pH 11.9. A sharp peak is again

observed, shifted negatively to � 930 mV. The hydrophilic

carbohydrate group might have been expected to facilitate

desorption, shifting the desorption potential positively, and

the negative shift could be indicative of lateral intermolec-

ular interactions. As for molecule 3, a strongly shifted signal
is seen in the second scan but much smaller for 2 than for 3.
A broader positively shifted signal at � 630 mV is apparent

in phosphate buffer, pH 6.9 (Fig. 3b). This could support that

Table 1

Peak potentials and adsorbate coverages for reductive desorption of the thiol anchor 3, the Galp with thiol anchor, 2 and the full carboprotein 1

4-a-helix bundle carboprotein 1 Galp with thiol anchor 2 Thiol anchor 3

Peak (mV) Coverage (mol cm�2) Peak (mV) Coverage (mol cm�2) Peak (mV) Coverage (mol cm�2)

pH= 6.9 � 728 2.0� 10 �11 � 630 2.4� 10�10 �702 2.1�10�10

pH= 11.9 – – � 930 3.9� 10�10 � 848 5.0� 10�10

pH= 11.9/pH= 6.9 1.6 2.4

Fig. 3. Reductive desorption of the Galp with thiol anchor 2 from Au(111).

(a): 10 mMNaOH, pH 11.9; curve a: first scan; curve b: second scan. (b): 0.1

M phosphate buffer, pH 6.9; curve a: first scan; curve b: second scan; scan

rate: 10 mV s� 1.
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pH-dependent lateral interactions are indeed important.

Insignificantly shifted but larger residual peaks are again

apparent in the second scan (Fig. 3b), indicative of incom-

plete first scan desorption.

The peak potentials and coverages summarized in Table

1 show:

(a) Close to monolayer coverage is apparent at pH 11.9.

The coverage is larger for molecule 3 than for

molecule 2 due to the smaller size of the former.

(b) The coverages are significantly smaller at pH 6.9

than at pH 11.9, as noted due to incomplete

adsorbate desorption in the first scans at pH 6.9.

Fig. 4a shows voltammetric scans of the carboprotein 1,

adsorbed on Au(111) in 0.1 M phosphate, pH 6.9. Reductive

desorption at � 707 mV on the ascending dihydrogen

evolution wave is apparent. The adsorbate appears incom-

pletely desorbed after a single scan. Differential pulse

Fig. 4. Reductive desorption of the full 4-a-helix bundle carboprotein 1 from

Au(111). 0.1 M phosphate buffer, pH 6.9. (a): Cyclic voltammetry; curve a:

first scan; curve b: second scan. (b): Differential pulse voltammetry; curve a:

first scan; curve b: second scan; scan rate: 10 mV s�1.

Fig. 5. Differential capacitance changes on adsorption of carboprotein 1 on

Au(111) from 0.1 M phosphate buffer, pH 6.9. (a): Pure phosphate buffer.

(b): After adsorption of carboprotein 1. (c): After a single negative

reduction potential excursion on carboprotein 1 adsorbed on Au(111).

Fig. 6. In situ STM image of the thiol anchor molecule 3 showing domains of

pin-striped organization of individual molecules, and domain boundaries. 0.1

M HClO4 solution. Tunnelling current 0.3 nA. Bias voltage: 0.2 V. Substrate

electrode potential: � 0.8 V (vs. Pt-reference electrode).
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voltammetry (Fig. 4b) shows a similar pattern. No desorption

could be observed in 10 mM NaOH, where the carboprotein

is rapidly degraded. Peak potentials and coverages according

to a monolayer (Table 1) correspond to a significantly

smaller number of molecules than for molecules 2 and 3
due to the larger size of the full carboprotein.

Fig. 5 shows differential capacitance changes on carbo-

protein adsorption and reductive desorption. A strong phos-

phate adsorption peak dominates in pure buffer [28]. This

peak disappears on protein adsorption but partly reappears

after a negative potential excursion. Fig. 6 shows, finally, an

in situ STM image of molecule 3 on Au(111) in 0.1 M

HClO4. This investigation is preliminary, but the image

shows clearly regular domains of adsorbed molecules. The

combined data, based on linear voltammetry, capacitance

measurements, in situ STM, and use of single-crystal electro-

des show that controlled adsorption of biological molecules

of systematically increasing complexity can be achieved.

This holds promise for investigations of 4-a-helix bundle

proteins with redox centres such as heme groups, inserted by

axial histidine coordination in the helices [14,15,17], or non-

covalently by the heme group preference for the hydrophobic

interior between the helices.
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