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To better understand the relation between structure and function of complex natural heme proteins, we have
designed and synthesized de novo simplified versions catlaguettes Furthermore, we have assembled
organized monolayers of these heme protein maquettes onto silanized quartz to more define their structural
and functional properties and to take the first step in constructing robust devices that exploit biological
chemistry. First, two di-helical peptidese,, were designed and synthesized to self-assemble into a four-
helix bundle py].. The assembly has a well-developed hydrophobic interior and coordinates iron
protoporphyrin IX (heme) by bis-histidine ligation. The chemisorption of these synthetic hemoproteins onto
silanized quartz was achieved by reacting disulfide bridges in the loop region akgadh thiols immobilized

at the surface. Self-assembled monolayers of synthetic hemoproteins were characterized by UV/vis
spectroscopy. UV absorption of the tryptophan reveals the presence of peptides on the substrate, and circular
dichroism (CD) seems to indicate that the axes ofdHeelices are oriented at a angle less thah réfative

to the substrate. The construction of monolayers of hemoproteins was successfully achieved in two different
ways: (1) Hemes were incorporated after the apoproteins were self-assembled onto the silanized quartz substrate.
This process led to bis-histidyl ligated hemes and to physisorbed porphyrins inside or at the surface of the
monolayer. Physisorbed hemes were removed by immersion of the film in NaCl and imidazole solutions.
(2) Heme-containing holoproteins were prepared in solutions before self-assembly onto silanized quartz. Linear
dichroism of the heme bis-ligated to the histidines showed an average tilt angle of the porphyrin plahe of 40
relative to the surface, consistent with an inclination of the whole assembly on the substrate suggested by CD
measurements. Monolayers of hemoproteins, after reduction, bind CO by displacing one of the histidines.
Their absorption spectra are remarkably similar to the ones reported for the cytootyome

Introduction illustrates the principal synthetic steps involved. A 31-amino-
acid peptideq, was linked via a N-terminal cysteine disulfide
bridge to form a helix-loop-helixy,, which spontaneously self-
assembles in aqueous solution to form a dimeg]J The

In contrast with small hemoproteins such as myoglobin or
cytochromes, many of which are known at atomic resolution,

large natural proteins associated with membranes and involved”;
9 P dimer—monomerKp value was less than 18 M as reported

in respiration and photosynthesis are not as well characterized.b Rabanal et 4. Th thetic four helix bund|
In recent years, several structures of the photosynthetic reaction y Rabanal et al. these syninetic four helix bundies possess

centet have been solved at high resolution, and most recently, a well-developed hydrophobic cdrand are able to coordinate

cytochrome oxidageand the cytochromec; complex struc- by bis-histidyl ligation Fe(lll) protoporphyrin IX (heme) with

i 9 6 5
tures have been described. These proteins, built around muItipIea Kp ranging from 10°t0 10> M. The bundles have proven

membrane spanning-helices, are enormous hydrophobic themselves to be viable molecular maquettes of hemoproteins
structures and incorporate many elaborations that attend to"’mo.I offer a novel way to study the structure and function of
biological activities divorced from the principal function of their mc_)re elaborate n.atural.counterparts. .

building an electrochemical gradient of protons across the [N this report, we investigate the adsorption of several
membrane. We have developed a minimalist appréathus hem_o_pro'geln maqu_ettes on silanized qu;_a_rtz. Interest in the
in the same way that the architect may builthaquettea three- ~ medification of solid surfaces by deposition of organic or
dimensional small-scale model of a proposed building to biological molecules has galnt_ed increasing momer_ltum the_past
evaluate the finished construction, a synthetic maquette of thesed€cade’ drawn by the potential not only for applications in
complex biological systems can be conceived and developedChemical and biomedical sensiAgbut also in the analysis of

as a means to comprehend the requirements for their function.t€ structure and the functionality of complex molecules.

Robertson et dldesigned and successfully created a maquette Typically, th_ere are two diffelrent approaches to build ultrathin
of the b-cytochrome subunit of cytochromec,. Figure 1 films on solid supports. Using the LangmeiBlodgett (LB)
balance, monolayers are assembled at the-gaser interface
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Figure 1. Solid-phase peptide synthesis produced the 31-amino-acid
peptide,a, which is oxidized to form a dix-helical unit, o, when
exposed to oxygen at basic pH. Tweunits self-assemble into a four-
o-helix bundle, f], and coordinate hemes by bis-histidyl ligation.
To fix the [o2]2 onto a silanized quartz, the peptides were covalently
attached to the substrate by exchange reaction between the disulfide
bridges and the thiols of the silanized quartz. Throughout this work,
the typical buffer solution contains 100 mM KCI and 50 mM TRIS,
pH 8.2. For the formation of the SAMs, the concentrationog]{ was

0.05 mM.

The two approaches are compared in Table 1; see also Netze

et all?

The proteins selected for the investigations reported here were

equipped with histidines positioned to bind iron protoporphyrin.
The first two were described by Robertson ettdH10A24],
ligates two and [H10H24]ligates four hemes/bundleT he third
protein, [H10H24-L61,L13F), a modification of these proto-

types, shows as described a singular well-defined structure as
demonstrated by NMR spectroscopy and has very similar heme

affinities to its prototype [H10H24J2 The construction of films

of these proteins is summarized at the bottom of Figure 1. The
work presented compares two methods of assembly of the
proteins on a silanized quartz surface. We investigate the
orientation of the hemes arnwthelices at the surface by UV/
vis linear dichroism and circular dichroism (CD) spectroscopy.
The absorption spectra in solution with the hemes oxidized,
reduced and reduced with CO-bound are compared with the
self-assembled monolayers (SAMs) and with the cytochrome
cs described by O’Connor et &t.

Experimental Methods

Chemicals and Solvents.Tris[hydroxymethyllJaminomethane
(TRIS), NaCl, and imidazole (fluorescence quality) were
purchased from the Sigma Chemical Co. (St. Louis, MO).
Pyridine, acetic anhydride, diethyl ether, trifluoroacetic acid,

J. Phys. Chem. B, Vol. 102, No. 11, 1998927

iron(lll) protoporphyrin X chloride, dimethyl sulfoxide (DMSO),
and (3-mercaptopropyl)trimethoxysilane (MPS) were purchased
from the Aldrich Chemical Co. (Milwaukee, WI). Ethanedithiol
was obtained from Fluka (Ronkonkoma, NY) and'&j&hio-
bis(2-nitrobenzoic acid) (DTNB) from Pierce (Rockford, IL).
NovaSyn PR-500 resin and lauryldimethylamine oxide (LDAO)
were purchased from Calbiochem-Novabiochem (La Jolla, CA).
Fmoc-protected amino acid pentafluorophenyl esters were
purchased from PerSeptive Biosystems (Framingham, MA) with
the exception of Fmoc-Arg(Pmc)-OPfp which was obtained
from Bachem (King of Prussia, PA). Sodium dithionite and
2-propanol (HPLC grade) were purchased from J. T. Baker
(Phillipsburg, NJ), and NOCHROMIX salt was obtained from
Godax Laboratories Inc. (New York, NY). Water was purified
using a Milli-Q water system from the Millipore Corp. (Bedford,
MA).

Peptide Synthesis.All peptides were synthesized by solid-
phase methodology using the standard fluorenylmethoxycarbo-
nyl/tert-butyl (FmociBu) chemistry as described previou8fi?
Each peptide was purified and characterized by high perfor-
mance liquid chromatography (HPLC) and mass spectrometric
analysis. The peptide concentration in aqueous solution was
determined by UV absorption of the tryptophan residue Wsing
€280 = 5,700 mot! cm~1 helix-%. The amino acid sequence of
the three different peptides studied are described in Table 2:
(1) H10A24 has one alanine and one histidine at the 10 and 24
position, respectively, in eac-helical unit as described by
Robertson et dl. After oxidation and self-assembly, it forms a
four-helix bundle named [H10A24jand 2 hemes-[H10A24]
after coordination to 2 porphyrins. (2) The bundle [H10H24]
ligates 4 hemes and was also characterized by Robertsoh et al.
(3) H10H24-L61,L13F is a variant of the prototype H10H24,
with the leucines at the 6 and 13 positions replaced by isoleucine

and phenylalanine, respectivefy.

Solution Molecular Weight Determination. The aggrega-
tion state of the proteins in aqueous solution was characterized
by size exclusion chromatography as described previdsly.

Preparation of the Solutions of Hemoproteins. The
Polutions of hemoproteins were prepared according to the
procedure reported by Robertson e ahn aqueous solution
containing 0.02 mM 31-amino-acids peptides with unreacted
cysteines was exposed to air to allow the cysteines to oxidize
to form disulfide bonds andy which, as shown in Figure 1,
spontaneously dimerizes toJ],. Heme was incorporated into
[oz]2 from a stock solution of 5 mM Fe(lll) protoporphyrin 1X
in DMSO by successive additions of 0.1 heme per binding site
til 0.99 heme/site was reached. During each addition, the
solution was well stirred and then allowed to equilibrate for 5
min. The final concentration of DMSO in the aqueous solution
was always lower than 1:200 (v:v). The heme incorporation
was monitored by the increase of the Soret Bamdximum,
between 410 and 412 nne (= 100000 M1 cmY). The
solution of hemoproteins was finally concentrated from 0.02 to
0.2 mM by ultracentrifugation using Centricon-3 centrifugal
concentrators obtained from Amicon, Inc. (Beverly, MA).

Absorption Properties of Heme Dissolved in LDAO.
Aliquots of a stock solution of 0.1 mM heme in 10 mM LDAO
were added to a 10 mM LDAO solution (Figure 2). Between
each addition and after the solution was allowed to equilibrate
for 5 min, the absorption spectrum was recorded.

Preparation of the Substrate. The quartz slides (1& 25
mn¥) were purchased from Esco Products, Inc. (Oak Ridge,
NJ). In certain situations, for instance, for circular dichroism
and UV absorption spectroscopies of the SAMs, the exterior
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TABLE 1: Comparison between Langmuir—Blodgett and Self-Assembling Techniquées
self-assembling

LangmuitBlodgett

The adsorption is a spontaneous process, leading to thermodynamicdlhe film compressed at the gawater interface, can lose its structure
equilibrated final films structures, depending essentially on the inter- upon or after the transfer to the substrate.

actions between the components of the layer and between the film

and the substrate.

The adsorbate does not need to be water “compatible”, i.e., inert

The adsorbate needs not only to be water compatible but to be also
toward water.

amphiphilic to form a stable monolayer at the gaster interface.

The adsorbate is covalently linked to the substrate; therefore the film To avoid changes in the structure of the film, often the sample has to
is less subject to desorption, and the diffusion of its components be maintained constantly in aqueous solutions. Intralayer
inside the layer is minimized. diffusion can cause structural modifications of the monolayer.

No special equipment is necessary. To compress the monolayer and to transfer it to the substrate, a LB

trough is necessary.

The structure of the adsorbate has to be characterized in solution and'he structure of the adsorbate has to be characterized not only in
on film only. solution and on film but at the gasvater interface too.

The control of the orientation of the film at the surface (lying flator  Compressing the film usually permits control of the orientation of the
standing perpendicular to the substrate) can eventually be achieved adsorbate at the surface, provided the sample conserves its integrity.
by the formation of mixed monolayers of the adsorbate with small

polymers (e.g., polyphenyls) to give more rigidity to the film.

a Both methods have their advantages and disadvantages. indeed, a combination of techniques may provide the best film quality and structural
control. For example, the substrate can be chemically modified by silanation before its dipping in the LB trough to modify the polarity of the
surface or/and to attach covalently the adsorbates.

TABLE 2: Amino Acid Sequence of the Three Peptides
Studied
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Thiol Density

and the interior ba 1 mmaquartz cell were coated to provide
four single monolayers. The quartz was then chemically cleaned
by immersion in fresh NOCHROMIX acid at room temper-
ature for about 1 h, rinsed with @, and then flushed with
argon. The quartz was silanized by using the procedure
described by Goss et #l. The MPS, used as received, was
applied to the quartz slides from a boiling solution of 2-propanol. 15

After a solution of 0.1 mL of MPS dissolved in 20 mL of Reaction Time [h]
2-propanol was brought to reflux, the cleaned and dry substratesrigure 2. The density of thiols on MPS-treated quartz slides is

g

<

30

were immersed for 10 min and then carefully rinsed with the
solvent, blown dry with a jet of argon, and cured in a drying
oven at 106-107 °C for 10 min. The curing step is crucial to
the performance of the coupling agent. After the completion
of these steps, the slides appeared as clear and clean as befo
the MPS treatment.

Quantitative Determination of Free Thiols on the Sub-
strate. Free thiols on the substrate were assayed using the
Ellman’s reactiof and measured spectroscopically as follows.
The slide was completely immersed a 1 mL solution of
DTNB, pH 9 (Figure 2). The reaction was monitored at 410
nm. During the measurement, the sample remained in the
cuvette, completely covered by the solution which was gently

represented versus the duration of the immersion of the slide in 1 mL
of solution of 0.005 mM DTNB, 100 mM TRIS, pH 9, when (A) the
coating was realized by one (circles) or by two (squares) silanation
curation processes and (B) after keeping the freshly coated slides
overnight in argon (circles), exposed to air (squares), and to oxygen

'Zﬁ'iangles) prior to testing with the Ellman’s reagent.

thiol produces the 2-nitro-5-thiobenzoate anion (TNB) with a

molar absorption coefficiente) of 14 150 M1 cm™ at 412
nm and a maximum at 409.5 nm (pH 7.3, 100 mM phosphate
buffer)’® The ¢ of TNB in 100 mM TRIS, pH 9, was
determined by reacting DTNB with-cysteine hydrochloride:
14600 M1 cm™t at 410 nm.

Formation and Chemical Treatment of SAMs of Synthetic

stirred. The reaction between the deprotonated DTNB and the Apo- and Hemoproteins onto the Substrate. A quartz cell
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was placed into 0.2 mM apo-[H10A243olution for 8 h. After Results
further immersion of the cell o2 h in 1 M NaCl followed by
washing with water and flushing with argon, hemes were
incorporated by dipping the cuvette into a buffer solution of
0.025 mM heme at different time intervals (Figure 5). Between
each immersion, the cell was washed with water and flushed
with argon and its absorption was recorded. After more than 1
h of immersion, the absorption of the heme reached a plateau
(Figure 5). There were two kinds of interactions of the
porphyrins with the film: physisorption (van der Waals and
electrostatic interactions) and chemisorption (bis-histidyl liga-

tion). The physisorbed porphyrins were removed in the same additional time, a decrease of the thiols density by 15% was

way as for heme incorporation, but this time the sample was pcaned (Figure 2A), probably due to the formation of disulfide
immersed in buffer containing fit2 M NaCl (Figure 6) and  5qs at the surface. Disulfide bonds can bind to ot
then 1 M imidazole (Figure 7). are not reactive with Ellman’s reagélt. After a single

The formation of SAMs from solutions of preformed hemo-  treatment with MPS and if we reasonably consider the reaction
proteins was achieved by immersion of a quartz slide into a of the free thiols with DTBN as complete, the density observed
solution of 0.2 mM heme-[H10H24Jor heme-[H10H24] or after 6 h was 675+ 50 pmol/cn? or 25+ 2 A2 per thiol (Figure
heme-[H10H24-L61,L13F]for 8 h. After washing with water, 2A). Considering the density of 202%er silanol group for a
the films were keptri 1 M NaCl fa 2 h toremove physisorbed  fully hydrated surface of native oxi#feand of 21+ 3 A2 per

Density of Thiols on Quartz Coated with MPS. The
homogeneity of the thiolated surface of the silanized quartz is
important in obtaining a complete uniform coverage of the
hemoprotein maquettes. Goss e¥alilanized quartz with MPS
for the fabrication of vapor-deposited gold electrodes. They
observed a nonuniform adhesion of the gold to the surface when
only one silanation-curation step was applied. In our work,
we did not observe an improvement in the density of the thiols
at the surface by additional treatment with MPS. On the
contrary, when the silanatiercuration was carried out one

hemoproteins. alkylsiloxane group? the surface appears to be almost totally
Reduction and Interaction with Carbon Monoxide. A covered. Therefore, SAMs were built onto quartz pretreated

silanized quartz slide coated with synthetic hemoproteins was by only one silanatiorcuration step.

washed and placed imta 1 cmx 1 cm cuvette filled with 3 To establish how long the quartz slides can be stored after

mL of buffer (Figure 11). After the cuvette was thoroughly silanation before a degradation of the surface occurs, they were
degassed with argon for 30 min, 0.05 mL of buffer containing kept overnight under different environments. The thiols densi-
0.5 mM sodium dithionite was added to reduce the hemes. Theties of the slides kept under argon atmosphere, avoiding any
effect of carbon monoxide on the films of reduced hemoproteins contact with oxygen, were very similar to those freshly silanized
was observed by bubbling pure CO for 5 min. During the whole (Figure 2A,B). However, after overnight exposure to air, the
experiment, the solution was maintained strictly anaerobic.  thiols coverage decreased by 55%, and after exposure for the
Circular Dichroism Spectropolarimetry. Quartz cells of same time to pure oxygen there was an 82% decrease. In
1 mm path length were placed in a circular dichroism spec- conclusion, silanized quartz slides with MPS can be stored for

tropolarimeter Aviv 62DS, oriented perpendicularly to the beam. ;izhvc\)/rc:rlg etr;%d %etrlnglvlﬂlgdgrignﬁg?stgl?r? tﬁgmori?;iri’oﬂ Ltlitolr?
One quartz cell silanized with MPS only, was used as reference.Within 30'minyafter the silgnation P
A second silanized cuvette was immersed into a solution of :

: UV Absorption of the Apoprotein. The UV absorption of
0.2 mM of apo-[H10A24] overnight. After the cuvette was ) -
washed thoroughly with water followed by flushing with & SAM of [H10A24} on a quartz cuvette is shown in Figure

argon, the CD spectra were recorded and averaged 10 s ever A. _The measurements were performed with the films exi)osed
nanometer. 0 air, out of solution. If the tryptophanvalue of 5700 M

. . . . cm! at 280 nm remains unchanged in the film, the density of
Absorption Spectroscopy and Linear Dichroism. Absorp- one singlea-helix can be estimated to 110 30 pmol/cn? or

tion spectra were recorded on a Perkin-Elmer UV/vis spectro- 150 4+ 40 A2/helix. The spectra of SAMs of apo-[H10H24]
photometer Lambda 2. Measurements were performed with the e shown in Figure 3B. In these measurements, the slides were
slide immersed in buffer or in air. In the first case, a1l kept in solution at all time. The figure shows the UV absorption
cn¥ quartz cell cleaned by immersion for at leds h in of one single slide (two monolayers) and of the four slides in
NOCHROMIX acid was washed with water and, after drying, series together (total of eight SAMs). The absorption of a
was finally filled with filtered buffer. The quartz coated with solution of apo-[H10H24] (dashed) is also presented for
hemoprotein was then placed into the cuvette. A reference comparison. The density af-helices was determined using
baseline was recorded with a cleaned quartz slide. At this point, the spectra of the four slides: 18020 pmol/cn? or 170+ 30

it is important to notice that the quality of the spectra is A2/helix. This value is close to the density observed for the
extremely sensitive, especially in the UV region, to (1) the dry films, within the experimental error. Figure 3 shows that
degree of cleanliness of the glassware used (it was cleaned asnonolayers maintained in solution display better quality UV
often as possible by immersion in fresh NOCHROMIX acid) absorption than dry films. When the slides are exposed to air,
and (2) the presence of particles in suspension in the buffer, the surface becomes contaminated and the quality of the spectra
which was always filtered twice using HPLC syringe filters with  decreases rapidly with time. In solution, this observation is still
0.2 um pore size. For measurements performed in air, the true, but if the film is manipulated with care, the degradation
samples were washed with water, flushed with argon, and thencan be minimized.

were positioned in the instrument using a homemade slide Circular Dichroism. Circular dichroism measurements of
holder. For UV absorption, four slides instead of one were used SAMs of apo-[H10A24] demonstrated the conservation of the
to improve the quality of the spectra. For linear dichroism a-helicity of the peptides upon adsorption. The spectra also
measurements, a UV dichroic polarizer from Oriel Corp. provides some information about the orientation of the helices
(Stratford, CT) sensitive from 230 to 770 nm was placed atthe surface. Figure 4 shows that differences are clearly visible
between the incident measuring beam and the sample. Abetween CD of solution and of film. They can be explained
baseline reference was recorded by using a quartz slide. by (1) a partial loss of helicity, (2) the presence in the film of
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Figure 3. (A) UV spectroscopy of four single monolayers of apo- T T 1
[H10A24]; on silanized quartz and exposed to air. The inset shows the 0 30 60
summation of 10 spectra (solid) compared to the normalized absorption Time of immersion [ min. }

in solution (dashed). (B) The absorption of one single quartz slide coated
with apo-[H10H24] (solid thick line) immersed in buffer and the
spectrum of 4 slides placed together in the same cell (solid thin line)
filled with buffer are compared to the spectrum of apo-[H10H24]
solution (dashed line). The experimental conditions are the same as in
Figure 1.

Figure 5. Absorption of four single monolayers of H10A24 after
immersion in a buffer solution of 0.025 mM of heme during 0 s, 2 s,
1 min, 30 min, and 1 h. No significant change was observed after 1 h.
The experimental conditions are the same as in Figure 1.

a-helices/cri or 150 A/a-helix and usinge = 100 000 M1
cm™1), instead of the observed absorption of 0.0082 A/mono-
layer at 404 nm. Another indication of the existence of free
porphyrins in the SAM is the presence in the spectra of a small
absorption band located at 610 nm (Figure 5), typical of free
hemeg?
Removal of Physisorbed Hemes with NaCl.To differenti-
ate between the different types of physisorbed porphyrins, they
were desorbed from the film one species at the time. The first
step involved the immersion of the cuvette? M NaCl (Figure
6). This treatment led to a decrease in the absorption of the
film (Figure 6A). The difference spectrum between the
a . . . unwashed minus NaCl-washed film (i.e., the spectrum of the
180 200 220 240 260 physisorbed porphyrins) presented in Figure 6B (solid line) is
Wavelength [nm] very similar to the absorption of hemes in micelles of LDAO
Figure 4. The CD spectrum of four SAMs of apo-[H10A24kolid) at micromolar concentrations (dashed line). Thus it can be
onto a quartz cuvette is compared to the CD in solution (dashed) suggested that the physisorbed porphyrins in the film are located
normalized with the band at 193 nm of the film. The experimental in a nonpolar environment and perhaps in close contact with
conditions are the same as in Figure 1. each other. As indicated in Figure 6D, when hemes are added
in LDAO solution at concentrations lower than 0.01 mM, the

single-strandedyx-helices without a coiled coil structure, and  Soret band at 402 nm increases linearly with the concentration,
(3) the orientation of the peptides at the surface. These thFEEining €4020f 109 000 M1 cm™1. At concentrations higher than

~

[0] x 102 degree
=

'
N

possibilities will be discussed later. 0.01 mM, the Soret band broadens and shifts to 399 nm but
Incorporation of Heme in a SAM of Apo-[H10A24],. still depends linearly on the concentration of the heme, with a
Heme adsorption in a monolayer of apo-[H10A2dEcurs in slope decrease close to 50%uot = 58 000 M1 cm™),

minutes time scale. After 30 min, the absorption reaches 95% apparently due to dimerization of hemes in the micelles. The
of the value observed aftd h exposure to the heme solution density of the hemes removed by NaCl from the film of heme-
(Figure 5). But judging from the intensity and the position of [H10A24], was estimated to 52 pmol/@(320 A2/heme),
the Soret band, the porphyrins adsorbed are not all bis-histidyl consideringeso, = 58 000 Mt cm™1,

ligated. A film containing only bis-histidine coordinated iron- Desorption of Physisorbed Hemes with Imidazole.Im-

(1) porphyrins is expected to show a distinct Soret band at mersion of the SAM of heme-[H10A24]in a solution of
410 nm with an intensity of 0.0055 A/monolayer (estimated imidazole for 30 min removed more porphyrins from the film.
from the density found by UV spectroscopy: 110 pmol of Figure 7A shows the residual absorption was typical of bis-
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Figure 6. Removal of the physisorbed hemes from the film with NaCl 300 400 500 600 700

and comparison of its absorption with the spectra of hemes in micelles
of LDAO. (A) After incorporation of the heme in the film, the sample
was immersed in a solutiorf @ M NaCl and 50 mM TRIS, pH 8.2, Figure 8. The absorption of silanized quartz after coating with 2
for 0's, 10 min, and 2 days. (B) The difference between the absorption hemes-[H10A24] (1) decreased after immersion of the slid&flo in
before treatment and after 2 days (trace 4, solid) is compared to theimidazole solution (4). The trace (1) is treated as a linear combination
normalized spectra of 0.019 mM heme in LDAO (trace 5, dashed). of the spectrum of unligated hemes (3) and of the coordinated
(C) Absorbance at 402 nm versus the concentration of heme in a porphyrins (2). During the measurements, the sample was immersed
solution of 100 mM KCI, 10 mM potassium phosphate, pH 8, and 10 in buffer. All conditions are the same as in Figure 1.

mM LDAO. In the inset, the normalized spectra of @Bl (trace 6,

solid) and of 17M (trace 7, dotted) of heme in LDAO are compared. pletely reversible. After the treatment with imidazole, when
films of heme-[H10A24] were exposed again to a heme
histidyl hemes with a pronounced Soret band at 410 nm. Figure solution, their absorption spectra were similar to the spectra
7B shows that porphyrins desorbed by imidazole and aqueousreported in Figure 5, when the SAMs of apo-[H10A24jere
hemes have very similar absorption spectra. With an absorbanceirst immersed in the heme solution. Moreover, when the
of 0.0027 A per monolayer at 390 nm aggs = 55 600 M1 cuvette was again immersed in a solution of imidazole for 1 h,
cm~1 reported by Silver et &° for iron(lll) protoporphyrins a similar spectrum as described in Figure 7A was obtained with
IX in solution, the density of these hemes is estimated to 49 a Soret band at 410.5 nm and an intensity of 0.0055 A per
pmol/cn?, close to the density of the first type removed by NaCl. monolayer (not shown).
Finally, the remaining spectra, with an absorbance at 410 nm Formation of SAMs from a Solution of Preassembled
of 0.0055 A per monolayer and consideringo = 100 000 M! Synthetic Hemoproteins. The adsorption of [H10A24]ligat-
cm! reported by Robertson et &lthe density of the ligated  ing 2 hemes leads to the formation of a SAM with only one
hemes is evaluated to 55 pmol/&800 A%heme). coordinated heme/bundle. The result is shown in Figure 8. After
Reversibility of the Adsorption/Desorption Process. The coating, the spectrum with a broad Soret band at 404 nm
process consisting in adding hemes to SAMs of apoproteins indicates that upon adsorption a significant fraction of the hemes
followed by removing the physisorbed porphyrins was com- lost their bis-histidyl ligation (dashed, trace 1). To reveal the

Wavelength [nm]
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Figure 9. From A to D, absorption of a silanized quartz slide after dipping for a few seconds (dashedy dnld fsolid) in buffer containing 1

(A) heme-, 2 (B) hemes-, 3 (C) hemes-, and 4 (D) hemes-[H10H24-L6l,l:218RRlysis of the spectra C and D revealed the presence of unligated
porphyrins in the film, as shown in E. Subtracting the absorption of uncoordinated hemes (trace 2, dashed), obtained after addition of the spectra
of porphyrins desorbed with NaCl and imidazole (from Figure 6B and 7B), from the absorption of SAMs of 4 hemes-[H10H24-L6(raG&]

1, thin) revealed the absorption of the still bis-ligated porphyrins (trace 3, thick). The same procedure was repeated for SAMs of 3 hemes-[H10H24-
L61,L13F].. The inset of the Figure 9E shows a schematic drawing illustrating an idealized SAM composed of an equal population of synthetic
protein with 2 and 3 ligated hemes/bundle, tilted at ddlative to the substrate. In F, the increase of the Soret band is shown at different times of
immersion. All conditions are the same as in Figure 1.

hemes remaining coordinated, the absorption of the unligated3, and 4 ligated hemes/bundle retained the coordination of 2
hemes had to be established first. This was estimated byhemes. The absorption spectra of a slide after exposure to a
combining the spectrum of the porphyrins removed with NaCl solution of 2 hemes-[H10H24]s typical of bis-histidyl hemes
(trace 4 in Figure 6B) and imidazole (trace 3 in Figure 7B) with the Soret band at 412 nm and identical to solufi@ven
from the SAM of heme-[H10A24] The total film spectrum the a- and g-bands are visible (Figure 11). The intensity of
was then modeled as a linear combination of this unligated hemethe Soret band of 0.004 A per monolayer is 65% of the signal
spectrum and the residual bis-histidyl ligated SAM spectrum observed for SAMs of apo-[H10A24hfter adding heme and
after extensive desorption with NaCl and imidazole (Figure 7A, after treatment with imidazole (Figure 7). When monolayers
trace 2). The absorbance of the porphyrins remaining bis- are formed from solutions of [H10H24binding 3 and 4 hemes/
histidyl coordinated upon adsorption was estimated to 0.0025 bundle, only two hemes retain their ligation to the histidines
A/monolayer (Figure 8, trace 2). This corresponds to a density after formation of the SAM. However the others remain
of 25 pmol/cnd, approximately half the value observed with associated with the film displaying the characteristic absorption
the apoprotein (55 pmol/chh Thus, it appears that the of hemes in an apolar environment (such as in Figure 6B).
formation of a SAM from 2 hemes-[H10A24Yields only one Parallel studies were conducted on heme-[H10H24-L6l,-
bis-histidyl heme/bundle. Immersion of the film in 1 M L13F], the singular structured variant of the prototypes. The
imidazole fo 3 h was necessary to remove the unbound results are described in Figure 9. Like heme-[H10H22]
porphyrins, but most probably some ligated porphyrins were hemes/bundle conserve their ligation upon SAM formation.
also desorbed from the film as well, since the signal observed Figure 9A,B shows that when the slides are coated with heme-
(dotted, trace 4) is only 65% of the expected absorption for 1 [H10H24-L6l,L13F} preformed with 1 and 2 hemes/bundle,
heme/bundle (trace 2). the spectra are typical of bis-histidyl hemes with an absorbance
In contrast to films of heme-[H10A24]monolayers of heme-  at 412 nm of 0.002 and 0.004 A/monolayer, respectively.
[H10H24} constructed from a solution of [H10H24With 2, Assuming the same ratio hemethelix as in solution, the density
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of the a-helices can be estimated to 3020 pmol/cn? or 190 = vertical —: horizontal
+ 30 A%helix. When 3 and 4 hemes were incorporated in the o (in plane) (out of plane)
[ag]2 in solution, the presence of non bis-histidyl ligated A.

porphyrins in the film is revealed by the hypsochromic shift of

the Soret band (from 411 nm in Figure 9A,B to 408 nm in Figure 6 o =20°

9D). However, [H10H24-L6l,L13R]conserves upon adsorption

more than the 2 ligated hemes/bundle observed with [H10H24]

The monolayer probably consists of an equal populationulb [ 3
binding 2 and 3 hemes, as described in Figure 9E. This model
was deduced using the following procedure. Both bis-histidyl
ligated and uncoordinated hemes contribute to the spectra of 3
and 4 hemes [H10H24-L6l,L13F]in Figures 9C,D. To
distinguish between these two contributions, the absorption of
the unligated hemes had to be established first. It was estimated
in the same way as described above for 2 hemes-[H1GA24]
similar linear combination of unligated and ligated heme spectra
was used to analyze the total SAM spectrum (Figure 9). The
absorption of unligated hemes was found 3 times lower in films 3
of 3 hemes-[H10H24-L61,L13K]than in SAMs of 4 hemes- h
[H10H24-L61,L13F}. In both cases, the spectra of bis-histidyl
ligated hemes were identical. However, the ratio A(3 or 4
hemes-[H10H24-L61,L13F): A(2 hemes-[H10H24-L61,L13F]

was 5:4, indicating that more than 2 hemes/bundle were ligated.
To explain the distribution of the hemes in the film, we propose Wavelength [nm]|

the following model: monolayers of 2 hemes-[H10H24-L6l,- Figure 10. Linear dichroism of SAMs of 2 hemes-[H10H24)n quartz
L13F]; coordinates 2 hemes and no unligated hemes are presengilanized with MPS. Absorption spectra at two different positions of
in the film. In SAMs of 3 hemes-[H10H24-L61,L13F]there the _sample 'relative to _the inciden_t beam with the light polarized
is a distribution of hemoproteins with 2 bis-histidyl ligated and Vertically (thick) and horizontally (thin).

1 unligated hemes as well as bundles with 3 bis-histidyl ligated . . . .

and no unligated hemes. Similarly, the SAMs of 4 hemes- plane. T.h'S relation betyvee[h andg includes two Important
[H10H24-L61,L13F}, as illustrated in Figure 9E, are constituted assumptions: (1) The oriented monolayers possess a cylindrical
of a mixed population of hemoproteins with 2 bis-histidyl ligated SYMMetry about the normal to the substrate. In other words,

and 2 unligated hemes and hemoproteins with 3 bis-histidyl tEere E an is%tropic digtributiqndqf th; hemefs ri]n tr?e plaqe ?]f
ligated and 1 unligated hemes. This model satisfies the the substrate but an anisotropic distribution of the hemes in the

following observations: the same density for the bis-histidyl plane normal to the substr_ate. .(2) The two transition moments
ligated hemes as well as the ratio 3:1 of uncoordinated hemesOf the hem_es are—y polarized, i.e., they lie in the porphyrin
in 4 versus 3 hemes-[H10H24-L61,L13Fnd the ratio of 5:4 plane ?F.”ght angles to one another and they have equal
for the ligated hemes in 3 and 4 versus 2 hemes-[H10H24-L6l,- probabilities. ) ) . )
L13FL. In Figure 9E, the absorption of SAMs of 4 hemes- Mon&_:)layers of _sytheUc hemoproteins show a linear dichro-
[H10H24-L61,L13F} (trace 1) is described as a linear combi- 1SM @S illustrated in Figures 10C,D. Independentlly of the nature
nation of the absorption of bis-histidyl hemes (trace 3) with ©f the hemoprotein or of the process of fabrication of the
the unligated porphyrins (trace 2). Figure 9F describes the monolayer, we found the average tilt angf; to be 40+ 2°.
kinetics of the adsorption of heme-[H10H24-L61,L13F]As Theref(_)re, if we consider the mo_IecuIar plar_1e of the porphyrins
in case of the incorporation of heme in SAMs of apo-[H10A24] ~approximately parallel to the axis of thehelices ¢10°), the
(Figure 5), the adsorption of the hemoproteins occurs in a time /0Ng axis of the assembly would lie at an angle around 40
scale of minutes. relative to the surface. The insets in the Figures 9E and 12
Linear Dichroism of the SAMs of Synthetic Hemoproteins. illustrate idealized SAMs of hemoproteins, all of them oriented
Linear dichroism of the hemes attached to the peptides canat 40 _relati\_/e to the substrate. _However, some d_istr_ibution_in
reveal their orientation on the surface of the quartz. When the the orientation of the hemoproteins at the surface is likely, with
orientation of the plane of polarization of the light was changed Nonetheless a majority of them filted at angle lying between
from horizontal (out of the substrate plane) to vertical (in plane), 20° and 45. The variation ofyg, of only 5° when a; was
the absorption of the SAM decreased. This observation was changed from 20to 75 suggests a good homogeneity of the
quantified using eq 1 described by Blasie et&vhich provides film (Table 3).
Reduction and Interaction with Carbon Monoxide. Figure
A(A) sin? % 11A describes the absorption of a 0.015 mM solution of 2
D) = —— |2 sirf o] ——~| +cofay| (D) hemes-[H10H24] in oxidized, reduced, and CO-bound reduced
A4) 2 —sin’ Vav forms, and Figure 11B represents the absorption of the SAM.
After the solution was degased and sodium dithionite was added,
an estimate of the tilt angle of the porphyrin macrocycle plane the spectra observed in solution and in film were almost
relative to the substrate. In the equatibnis the dichroic ratio identical, with thea-band at 558 nm clearly visible (Table 4).
between the absorption of horizontally (out of plandy)(to The Soret band of the CO-treated hemes is located at 421
vertically (in plane) A)) polarized light. The incident angle, nm for both SAM and solution, but the-band shows an
a;, is the angle between the incident beam and the normal to hypsochromic shift by 4 nm in the fiim (Table 4). By
the monolayer plane, and, is the angle between the normal correlation with the observations reported for cytochranié
to the heme macrocycle plane and the normal to the monolayerand since no residual spectra of ferrous bis-histidyl heme was

D(A) = 0.95

Absorbance [x10-3]
©

a; =60 °
D(A) = 0.64

I T I
300 400 500 600 700
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TABLE 3: Tilt Angle of the Plane of the Heme (y3,) in TABLE 4: Absorption of Solution and Film of
SAMs of Hemoproteins Calculated for Different Incident 2 Hemes-[H10H24}, Oxidized, Reduced, and CO
Angles (@;)? Bound/Reduced
i (%) D) 9, (deg) +y2, (deg) band a (nm) B (nm) Soret (nm)
0 1.00 - - <olution 2 Hemes-[H10H24]
2 .95 42 12
38 8 go 43 7 Fe(lll) 559 532 412
40 0.83 42 3 Fe(ll) 558 528 424
) Fe(Il)-CO 568 540 421
45 0.79 42 3 SAM
7 41 2
28 8 6?1 40 2 Fe(lll) 558 534 411
70 0.55 39 2 Fe(ll) 558 527 424
75 0.53 39 2 Fe(Il)-CO 564 421
Cytochromec
2 The standard error oy, was determined using an error of 0.001 solution y 8
on the absorption and of Jon a. Fe(lll) 530 410
Fe(ll) 552 525 419
o Fe(lll) / 2 hemes-[HIOH24] Fe(ll)—CO 561 539 415

— Fedl) / 2hemes-[l—[lOl—l24]2

a . . . .
— - CO-Fe(ll) /2 hemcs-[H10H24]2 For comparison, the absorption maxima of solution of cytochrome

200 cs are also listed?

A. in solution

the SAM in fresh buffer, still 10% of the hemes were ligated to
CO. It seems probable that the desorption of hemes from the
film occurs during the reduction: In solution of 2 hemes-
[H10H24}, the intensity of the Soret band increased by a factor
1.5 (Figure 10A) after reduction, but in films, the increase was
only by 1.2 (Figure 10B). Thus sodium dithionite added to the
solution as reductant is probably responsible for the partial
desorption of hemes from the film. Finally, monolayers of
oxidized hemoproteins did not show any interaction with CO,
no spectral change having being observed.

Discussion

The UV absorption of the tryptophans gives the first
indication of the presence of peptides on the substrate (Figure
3). With a density evaluated between 130 and 19@dptide,
the peptides are probably not standing perpendicularly to the
surface. Considering the area of 108 @0 x 10 A2 one
o-helix occupies on the surface when oriented perpendicularly
to the substrate, and the area along the helix axis of F0Q&

x 50 A), the film is composed possibly by a close-packed
monolayer of peptides lying at an angle estimated betweén 20
ey 4 and 45.

T T T Circular dichroism shows that the peptides retain some

Absorbance [x 10‘3]

0 —_—
400 500 600 700 helicicity upon adsorption. The fitting of the CD spectrum of
Wavelength [nm] [H10A24]; in solution with the CD spectra af-helix and of
Figure 11. Absorption of 2 hemes-[H10H24in its oxidized (dotted), unordered polypeptides described by Brahms ét gave a
reduced (solid), and reduced/CO (dashed)-bound-forms: (A) solution percentage ofa-helicity of 84%, in agreement with the
of 0.015 mM of 2 hemes-[H10H24jn buffer and (B) on quartz/MPS,  previously reported valués.However, it was not possible to

with the slide immersed in buffer. The spectra were recorded every : halini ; ;
0.5 nm. with a smoothing factor of 2 nm, but no averaging. The estimate thex-helicity of the peptides in the SAMs. In fact,

positions of the Soret, the-, andf-bands are reported in Table 4. Al Other factors influence the shape of the CD spectrum of peptides
conditions are the same as in Figure 1. immobilized onto a substrate: The observed changes of the bands
at 193, 208, and 224 nm (Figure 4) may be the result of tertiary
detected, the two porphyrins ligated to the peptide are interactingstructure alterations. In this regard, the rat#.p4[6]20s Of
with CO by displacing one of the histidines. After the slide 1.04 observed for [H10A24]n solution is attributed to a coiled
was washed with buffer, the absorption spectra of the oxidized coil,2® while a ratio of 0.78 in monolayers can be assigned to
hemes is observed, similar to the one shown in Figure 11B single-stranded-helices?32 The orientation of the peptides on
(dotted line) but with a loss of 30% of intensity. The desorption the substrate is certainly affecting the circular dichroism. As
of hemoproteins weakly bound to the surface and/or the removal shown in studies of polypeptides oriented by electric fiéfd,
of the hemes from the film (the protoporphyrins are not by immobilization in lipid bilaye?4ad and in LB films249:h
covalently attached to the peptide) can be the cause of thisthe bands at 208 nm and at 224 nm are very sensitive to the
decrease. Carbon monoxide does not appear to be responsible-helical axis orientation relative to the measuring beam. For
for this desorption, even if it has to displace one histidine to example, de Jongh et #:canalyzed the CD of oriented films
bind to the porphyrin. On the contrary, it seems to enhance of lipid —protein complexes. When tliehelices were adsorbed
ligation: afte 1 h of degassing the solution with argon, the parallel to the surface of the substrate, a change in the CD similar
spectra of the film did not change, and even after immersing to the one reported in Figure 4 was observed, in that the absolute
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intensity at 208 nm was increased and the band at 224 nm was
slightly decreased. By analogy and if we consider that the
differences observed are due essentially to the orientation of
the peptides on the quartz, the inclination of tidhelices of

the hemoprotein maquettes relative to the surface is less than
45°, Two additional observations corroborate this last point:
LB films of synthetic apopeptides on quartz pretreated with
octadecyltrichlorosilane exhibited a circular dichroism not only
similar to the SAMs but almost identical to the CD observed

by de Jongh et &¥:for polypeptides oriented parallel to the 4 /Lx 52

Density

[picomolcs/(:m2 1

surface?®> On the other hand, the linear dichroism of the SAMs
of heme-containing synthetic proteins, giving a tilt angle of 40
of the plane of the porphyrins relative to the surface of the
quartz, strongly suggests a tilted orientation with, however, two
important restrictions: (1) It is assumed that the plane of the
hemes and the axis of the peptides are parallel, and (2) the value<
of 40° has to be taken with precaution. It means only that in
average the hemes are tilted at®4@nd most probably a
distribution of y3, exists. Recently, Edminston et land

Wood et ak? determined the molecular orientation distribution

of yeast cytochromec onto SAM-coated glass, combining Figure 12. Schematic illustration of heme distribution in a monolayer
absorption linear dichroism and fluorescence anisotropy. They ©f [H10A24], after immersion in a solution of heme: The physisorbed
observed very different dispersions depending on the nature ofhemes removed with NaCl (in white) can be located inside the

’ - hydrophobic interior of the peptide, or eventually at the surface of the
the substrate: fror:20° to +30° for thiol SAM-coated glass film. The porphyrins desorbed with imidazole (patterned area) can

and=6° for arachidic acid LB film. This difference is explained  occupy the space between the peptides, outside the hydrophobic core,
by multiple adsorptive interactions (electrostatic, van der Waals, in a polar environment. The hydrophilic part of tlehelices are
covalent) between the protein and the thiol SAM-coated represented in the gray area. Finally, the residual spectra, typical of
substrate and by almost exclusively electrostatic adsorption in Pis-histidyl hemes, are assigned to the ligated porphyrins (in dark). In
the case of the LB film. In this particular case, the different thel_cgrtoor;_,lttrzje {dfghzlecti_ S’?Mth's repfresented with thbelices
modes of attachment of the cytochromeo the thiol SAM- (cylinders) tited at 40relative to the surface.

coated glass can be explained, at least partially by the low
accessibility of the thiol tail groups on the SAM by the Cys102
of the cytochrom@&? With the linear dichroism technique we
used in this study, it is not possible to determine the amplitude
of this distribution, but nonetheless, this method is attractive
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peptide. Finally, the remaining porphyrins resistant to desorp-
tion are most certainly coordinated to the two histidines at the
10 positions. The presence of imidazole-ligated hemes in the
film can be rejected: The difference spectra in Figures 6B and
- . o ~~""% 7B show in both cases the desorption of hemes absorbing at
for_ prospective yvork in the stu_dy of new or modified films: wavelengths always lower than 405 nm. But no increase of
This technique is very convenient to check the effect of the the absorption was observed at higher wavelength, indicating

nature of the substrate, the peptides, or of mixed monolayersy,; it imidazole ligates to uncoordinated hemes, the complexes
on the orientation of the hemes in the film. For example, SAMs o+ stay in the film but are desorbed in the solution. The

with the hemes lying perpendicularly to the substrate will show 5 netition between imidazole and the histidines for the
areverse linear dichroism relative to the one reported in Figure ¢ qination to the hemes cannot be entirely excluded, leading
10, with th_e vertically polanzed more intense than the horizon- {4 the formation in the film of porphyrins ligated to histidine
tally polarized absorption. and imidazole. But as the spectra of residual hemes is so similar
To be considered as an effective maquette of the cytochrometo the absorption of the hemoprotein in solution, the possibility
bc; complex, the synthetic peptides adsorbed on a surface musis unlikely. Finally, the similar density between the three types
conserve their binding properties toward the heme. Not only of hemes, 56-55 pmol/cn?, and the total reversibility of the
coordinated but also unligated hemes were detected in films of adsorptior-desorption process suggest the occupancy of specific
apo-[H10A24} after exposure to heme solution. By treatment sites inside or at the surface of the film.
with NaCl, followed by imidazole, we were able to distinguish When complete synthetic hemoproteins were adsorbed onto
between three species. Figure 12 describes the possiblesilanized quartz, they were still able to conserve partially the
locations of these porphyrins. First, the less strongly adsorbed,coordination with the iron(lIl) porphyrins. Two kinetics in the
removed with NaCl, can be located inside the hydrophobic core time course of the adsorption can be sorted out. The initial
of the peptide, between the ligated hemes, because of their slowsharp increase of the adsorption (Figure 9F) during the first
desorption from the monolayer (2 days2 M NaCl) and of minutes of immersion can be rationalized by rapid adsorption
their absorption very similar to the heme dissolved in micelles of an imperfect monolayer, probably driven by van der Waals
of LDAO. On the other hand, the spectra can be interpreted asinteractions between the apolar residues of the interior of the
a film of hemes adsorbed at the surface of the SAM. Excitonic peptide (from Leu or Trp) and the surface, and by exchange
interaction between proximal hemes can explain the bathochro-reaction between the cystines of the peptide and the thiols at
mic shift of the spectra and strong van der Waals interactions the surface. Then a slower process follows, which can take
between the porphyrins and the surface of the film, the slow minutes to hours. It consists of additional adsorption and
desorption. The second type, removed with imidazole, shows consolidation, possibly involving the rearrangement of the
a similar absorption spectrum as that of hemes in water and isbundles at the surface (e.g., formation of new hydrogen bonds
not desorbed by NaCl. It is possibly localized inside the film, and electrostatic interactions between the polar amino acids
in contact with each other and with the polar residues of the located at the exterior of the assembly, such as Glu or Lys).
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This consolidation mechanism would not only improve the to a monolayer of hemoprotein with all histidine coordination
packing at the surface (for example, by increasing the tilt angle) sites occupied. On the other hand, holoproteins preformed in
but would create more room for the adsorption of additional solution lost half their ligated hemes upon formation of SAM,
hemoproteins. On the other hand, bis-histidyl ligated porphyrins most probably because of steric hindrance between pairs of
in films formed directly from heme-[H10H24]and heme- hemes in near contact at 10 or 24 positions. The newly designed
[H10H24-L6I,L13F}, were 88% less dense than in films [H10H24-L61,L13F} is an exception since it can partially
constructed from apoproteins. A different structure between maintain the ligation of 75% of the hemes. We have shown
these two films can explain this lower coverage: The hemes that the synthetic hemoproteins can still be considered as
by ligating the histidines rigidify thed_], in solution which magquettes after the formation of SAM: Even if some of the
therefore have more difficulty in modifying their configuration hemes lost their coordination to the histidines, the remaining
to form close-packed monolayers. ligated ones display remarkably similar spectral properties as

Finally, films of hemoprotein maquettes after reduction, were in solution and, furthermore, they are able in their reduced state
able to ligate CO. The CO complexes show interesting to ligate CO reversibly without being removed from the film.
absorptions: The position of the Soret band at 421 nm is the It is important to remember that, in contrast with cytochrome
same in film and in solution, but an hypsochromic shift of the Cs, in the synthetic proteins there is no thioether linkage to
a-band by 4 nm was observed (Table 4). Changes in the immobilize the hemes. The only point of anchorage is through
planarity of the iron and in the charge-transfer transition between the bis-histidyl ligation. Finally, we want to point out two
the iron and CO, for example, electrostatic interactions betweenimportant observations. (1) Reversibility: Most of the processes
the peptide polar groups, especially the glutamates (Glu) anddescribed in this study show a remarkable reversibility. Incor-
CO, can explain this observati8nindeed an electrostatic effect  poration of hemes in SAMs of apoproteins followed by removal
of glutamate on heme redox potential has been observed inof the physisorbed ones can be repeated several times with
solution of these maquettd%.In human myoglobin, a similar  excellent reproducibility of the absorption spectra. On the other
observation was reported by Decatur etalThe amino acid hand, even if the absorption of the SAM of holoproteins
at position 68, because of its proximity to the heme pocket can decreases by 30% after reduction and ligation to CO, the film
have specific interactions with the ligand of the porphyrin, for can be reduced again and still coordinates CO. (2) Reproduc-
example, with CO. In the native form, valine occupies this ibility: We observed that the formation of SAMs of synthetic
position and, because of its apolar character, does not interacfproteins show an excellent reproducibility, usually higher than
with CO. The replacement of Val68 by Glu or Asp induced 95%. These last two points are important because they indicate
an hypsochromic shift of the-band by 2 and 4 nm, respec- that the SAMs are not only structured, but that one of their
tively. constituents, the hemes, occupy specific sites in the film.

The hemoprotein maquette 4 hemes-[H10HZ#&bws many These SAMs represent a crucial stage in the development of
similarities with the cytochromes. In this natural protein, 4  films that are both robust and able to exploit the sophisticated
hemes are covalently bound by thioether linkages to a single chemistry of biological systems. These bundles have been
polypeptide consisting of 166120 amino acids with a molec-  designed with extraordinary stability that permits us to change
ular weight of 13-15 kDA ([H10H24} is composed of 124  the amino acids sequence at will in ways natural proteins cannot
amino acids with a molecular weight of 45 kDA). As in tolerate. We are beginning to explore structure/binding/function
the hemoprotein maquette, 4 heme groups have histidines agelationships that provide insight into the more complex natural
axial ligands in both the fifth and the sixth coordination sites. systems. As demonstrated with CO, films of synthetic hemo-
The cytochromess, when fully reduced, is able to ligate CO at  proteins are sensitive to molecules dissolved in agueous solution
the sixth coordination position of each of the 4 hemes. The and can be of great utility as chemical and biochemical sensors.
cytochromecz and 4 hemes-[H10H24poth show low redox By carefully choosing the position of the hemes inside the
potentials (from—240 to—357 m\A2 and from—150 to—250 bundles and by immobilizing the whole assembly between
mV?> for the natural and the synthetic protein, respectively). The electrodes (gold for example), construction of molecular wires
lower value for the cytochromes is due to a greater solvent  Wwith a series of hemes as conducting material @fttklices as
exposure of the hemd3. With all these similarities, we are  insulator can be investigated. This will certainly play an
expecting comparable spectral properties for these two as-important role in the development of nanotechnology.
semblies. In fact, as reported by O’Connor etlalthe
absorption spectra of the ferric, ferrous, and the ferrous-CO  Acknowledgment. The support of this work by grants from
forms of the cytochromec;, are remarkably similar to the  NIH (GM 41048) and from the Swiss National Fund for the
absorptions described in Figure 10. By analogy, we can Scientific Research is acknowledged. B.R.G. was supported by
consider that reduced 2 hemes-[H10H24ke cytochromecs, GM 17816 (NIH postdoctoral fellowship). We also thank Xiaoxi
ligates CO at the sixth coordination site, with the fifth site still Chen and Dr. Konda S. Reddy for the many stimulating
occupied by histidine. Furthermore, the fact that hemes in the discussions.

SAM bind CO without being desorbed from the film is another
indication that the fifth ligand, e.qg., histidine, must play the role References and Notes
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