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Linearly polarized attenuated total internal reflection (ATR) spectroscopy is used to study the adsorption
properties of reduced cytochroro¢o a silica surface. The adsorption equilibrium constant, surface coverage,
protein orientation, effect of NaCl, and pH dependence are determined for the adsorption of reduced cytochrome
c onto a silica surface. Surface coverage results (at pH 7.2) show that reduced cytoclpacks onto the

silica surface at80% of a closely packed monolayer. The protein orientation distribution as measured by an
order parameter is shown to be dependent on the surface coverage and solution pH. All of the results for the
surface adsorption of reduced cytochromen silica are indicative of an electrostatically driven interaction.

The results for reduced cytochromere compared to surface adsorption results for oxidized cytochcome

on silica. These results indicate that there is no significant difference in the adsorption behavior correlating
to the oxidation state of this heme protein.

Introduction heme absorbance spectra of reduced and oxidized proteins show
o, B, and Soret bandy] spectroscopic features that are

Protein adsorption to solid surfaces is a topic of considerable characteristic of and provide a means of monitoring the oxidation
interest, because of its importance in biosensors, chromatogra- P 9

phy, biocompatibility, and many biotechnology applications. state of the_ p“’te.'_"‘z- Under near-n_eutral pH conditions,
Understanding of surface adsorption properties of proteins andcytqchro_mec IS posmvely charged, ‘.Nh'Ch prowd(_es an electro-
characterization of protein thin films are critical to the further static driving force for Its adsorption to r!egat]vely charged
development of many of these technologies. Attenuated total surfaces (e.g., phospholipid membrangs, tin oxide, and S"'9a)-
internal reflection (ATR) spectroscopy has proven to be a useful .| CYtochromec has proven to be an ideal prototype protein
tool for studying proteins adsorbed to a variety of surfdcs.  Of adsorption studies to a host of different surfaces, including
In ATR measurements, the limited penetration of the evanescent(Put certainly not limited to) silica oxynitrid& silica* gold ;4
wave provides information about proteins confined to the surface 2nd Others>*¢However, the majority of studies of cytochrome
without interference from proteins in the bulk solution. It C @dsorption properties are limited to the oxidized form of

provides a direct measure of the surface coverage along withCYiochromec. Even in studies following the electrochemical
an indication of any conformational changes that odcur. Properties of films of cytochrome, the oxidized form is used

Utilizing polarized ATR spectroscopy allows for the determi- in the adsorption_pro_cess, and then an electric potential is used
nation of an order-parameter of the molecular orientation of {© change the oxidation state of the adsorbed prtei.One
surface-bound proteins. This technique has been especiaIIynOtable exception is a comparison study of the adsorption of

useful for studying the adsorption behavior of heme-containing P°th oxidgzed and reduced cytochroneeto a tin oxide
proteinst 8 electrodeé?® Even in that study the results for reduced cyto-

Cytochromec is a globular protein with well-characterized chromec on tin oxide were considered “problematical” by the

structural and spectroscopic properfidsfunctions as a redox ~ 2uthors:® Therefore, the objective of this research effort is to
protein that utilizes a change in the oxidation state of the iron obtain an understanding of the adsorption properties of reduced

at the center of the heme group for electron transfer. Oxidized CKtOChI‘(;)me(} t0 a silica ?u;]face, VIVhinh :\S a mé)d(_al negativ_t;ly
cytochromec is characterized by iron in &3 state (ferric) and charged surface. One 0 the goals o the Su.J yis to provide a
reduced cytochromehas iron in at-2 state (ferrous), and NMR basis for comparison with electrostatically driven adsorption of

structures exist for each oxidation state of the protéid.The oxidize'd cytochrome. ) .
In this study, ATR spectroscopic measurements are utilized

* Address correspondence to this author. E-mail: tahopkin@ tO study the adsorption of reduced cytochroméo a silica
buger.edu. o surface. Adsorption isotherms are characterized for both oxida-
. Butler University. tion states of the protein, using the strong Soret absorption band
University of Louisville. e
of reduced €416 nm) and oxidized cytochronee(~409 nm)

§ Academia Sinica.
D Sonoma State University. in ATR measurements. The effect of ionic strength, specifically
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NaCl, on the adsorption isotherms of reduced cytochroroe on which a static sample cell was situated. The sample cell was
silica is investigated. The polarized ATR measurements are usedmade of a modified rubber O-ring~6 mm diameter),

to determine an order-parameter for the orientation of surface- separating the prism from a glass plate. This assembly was held
bound reduced cytochroneethe surface coverage, and adsorp- in place by a custom-made stainless steel mounting block. The
tion equilibrium constants for reduced cytochrooan the silica space 0.5 mL) created by the O-ring was filled with the
surface. These results are compared with results from thesample solution in the individual measurements. To ensure that
adsorption of oxidized cytochronteon silica, and the similari-  the protein surface adsorption had reached equilibrium before
ties are discussed. The pH dependence of both surface coverageollecting ATR spectra, the Soret absorbance was monitored
and order parameter is also investigated for reduced cytochromeduring sample introduction. After the absorbance reached a

c on silica surface. constant and maximum level (typically5 min), ATR spectra
were acquired.
Experimental Section Linear dichroism spectra were measured with a dichroic

polarizer (Bolder Vision Optik), which has a manufacturer-
specified extinction ratio of 2.5 1073 over the 4068-430 nm
wavelength range (i.e., Soret absorption range). The polarizer
was mounted on a rotary precision stage (Thor Labs) for
selection of the light polarization (TE- or TM-polarized). For
each ATR sample, 5 nonpolarized spectra ane 12 of each
rpolarized spectra were acquired. All of the absorption spectra
were collected at room temperature. For any single adsorption
isotherm (e.g., variable reduced cytochroo@ncentration, 7
mM phosphate data), the prism was held in a constant position
with respect to the incident radiation in order to ensure that the
same surface location was probed for each measurement.

The ATR cell was cleaned following the removal of each
protein sample with a series of five washes: 1 wash with 1%
(w/v) SDS detergent for-30 s, 1 wash with acidic water (pH
3—4) for ~15 s, 2 washes with basic water (pH8), followed
by a wash with autoclaved 7 mM phosphate buffer (pH 7.2)
for ~30 s. The buffer wash was used for baseline scans.
Following the wash procedure, the concentration of adsorbed
cytochromec on the prism was below spectroscopic detection
limits.

Data Analysis. The ATR spectra for each polarization were
averaged together and smoothed with a 2-point moving average.
Because of the relatively small signal, the averaged and
smoothed ATR spectra were then fitted with a solution spectrum
to determine the location and absorbance of the Soret band.
The fitting solution spectrum was chosen based on the clarity
of the absorbance of its Soret band and the presence of a
relatively flat reference baseline in the 66000 nm region
where no absorbance is observed. The observed spectroscopic
structure and band shapes are identical for solution and ATR
surface spectra. The fitting solution spectrum is taken under

succinate buffer for pH 4.0604.75. All samples were analyzed the same ;olut|on condltlons_, as the ATR data to be analyzed,
and is typically from the higher end of the cytochrome

within 1 h ofpreparation to prevent oxidation during the study. concentration range. The fitting solution spectrum is overlaid

However, under the conditions described here, the samples Werel . the averaged and smoothed ATR spectrum. so that its
later found to maintain their reduction for at least 1 month when 9 P ’

kept tightly capped at 4C. baseline bisects the noise in the 600 nm range, and it fits

ATR Spectroscopy. The face of a right-angle fused silica the maximum absorbance value of the ATR spectra. For
; . o ) ticularly noi tra, iall lari tra,
prism (CVI) served as the silica surface for cytochrome particularly noisy spectra, especially polarized spectra, an upper

) Iy T and lower limit of absorbance were determined by adjusting
adsorption. The surface has a specified flainest/td (i . the fitting solution spectrum to enclose the upper and lower

S‘portions of the noise in the Soret band ignoring random large
noise peaks. These two spectra were averaged to determine
wavelength and absorbance values.

Oxidized Cytochrome c Preparation. Horse heart cyto-
chromec was obtained commercially (Sigma) and used without
further purification. It was dissolved in deionized water to give
an approximate concentration of 1 mM. The protein was injected
into a dialysis cassette (Pierce) and dialyzed in an autoclaved
10 mM NacCl solution at 5C for ~20 h. The concentration of
the stock was then determined spectroscopically, using the mola
absorptivity coefficient of the Soret peak of oxidized cytochrome
C (e408= 1.06 x 10° M~ cm1).2! For the oxidized cytochrome
c adsorption studies, the stock solution was diluted to concentra-
tions in the 0.£200uM range, using phosphate buffer (7 mM)
at pH 7.2. For pH dependence studies, the stock solution was
diluted with 7 mM phosphate buffer for (pH 3.75 ardl.75)
and 7 mM succinate buffer for pH 4.6@.75.

Reduced Cytochromec Preparation. The~1 mM oxidized
cytochromec stock solution was reduced with sodium dithionite
(0.29 M) at room temperature in phosphate buffer (3 mM) at
pH 7. The reduced protein was immediately purified by size
exclusion chromatography (Sephadex G-25 in 10 mM phosphate
buffer, pH 7.0, under inert Natmosphere). To maintain the
reduced state, 1 mM-ascorbic acid was added to the cyto-
chromec stock solution. The reduced stock solution was stored
under an inert M atmosphere at 4C, and the concentration
was determined spectroscopically, using the molar absorptivity
coefficient of the Soret peak of reduced cytochroer(es,6 =
1.29 x 10° M1 cm™1).22 For the reduced cytochrome
adsorption studies, the reduced stock solution was diluted to
concentrations in the 0:160 uM range, using phosphate buffer
(7 mM) with and without 150 mM NaCl at pH 7.2-Ascorbic
acid was added to each sample to a final concentration of 1
mM. For pH dependence studies, the stock solution was diluted
with 7 mM phosphate buffer for pH 3.75 arndd.75 and 7 mM

thoroughly cleaned with standard cleaning solutions, rinsed
extensively with deionized water, and dried with methanol.
The absorption spectra over the 3000 nm wavelength
range of free and surface-bound protein molecules were acquire
with a UV—vis spectrophotometer (Cary 50). A fused silica
prism in a single-pass ATR arrangement was used for the For treating our polarized ATR data we employed the
measurement of the surface-bound proteins. The prism wastheoretical formalism described in ref 5, which combines a
inserted into the compartment of the spectrophotometer in arigorous transfer-matrix calculation and a Kramekgonig
manner similar to that of the solution sample cell. In the ATR transformation to determine in a self-consistent manner the real
measurement, the evanescent wave detected the adsorbate vend imaginary parts of the refractive index, the surface coverage,
the internal reflection of the light through the right-angle prism and the second-order orientation parameter of a surface-adsorbed

dTheory Section
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Figure 2. Nonpolarized ATR absorbance spectra of reduced cyto-
chromec adsorbed to a silica surface from 5/4V1 reduced cytochrome

TE ™ ¢, pH 7.2, 7 mM phosphate, 1 mM ascorbic acid. Noisy blue spectrum
is the average of 5 scans with 2-point smoothing, and the smooth red
Figure 1. Schematic showing the angk, between the normal to the  line is a fit to the data using a solution spectrum.

heme group and the surface normal, coordinate system, and polarization . ) )
of the incident light beam. The structure of the heme is adapted from Cytochromec with two orthogonal dipoles in the heme plane,
ref 11. which defines a circular absorber, we have

2,
in Figure 1 with the plane of incidence of the light beam in the k + K, + k,
x—zplane, and therefore the electric field in the TE polarization
has only ay-component and in the TM polarization it has where# is the angle between the normal to the heme plane and

components along the and z axis. The sample (film/prism)  the z axis. The second-order parameter is then calculated by
surface is then thg—y plane.

As described in detail in ref 5, TE polarized absorbance data = 3 [ 1
are considered first because it involves only yheomponent Py(cosd) 2 2os’t 2 (3)
of the complex refractive index. The real part of the refractive
index of the protein film along the axis @) is initially

protein film. The adopted Cartesian coordinate system is defined

[CoLo=1 — )

Results and Discussion

estimated, and the value fkyis iteratively varied to match the Adsorption Isotherms. Figure 2 shows an example of a
calculated and experimental absorbances. Next, TM absorbanceéionpolarized ATR absorbance spectrum of reduced cytochrome
data are considered, where the calculations involve keathd c adsorbed to a silica surface from a 5,4M bulk solution

z components of the complex refractive index. However, for concentration at pH 7.2. The Sore) pand location at 416 nm
films that are randomly adsorbed from a bulk phase we can and the sharpx band at 550 nm are indicative of reduced
assume in-plane symmetry for the optical constants, which allow cytochromec (i.e., Fé"), whereas the Soret band shifts to ca.
us to writeny = ny andky = ky. Then a value for the real portion 409 nm and thex band broadens into th&band (520 nm) in
of the refractive index along theaxis (1) is estimated and a  the oxidized form of cytochrome Therefore, the ATR spectra
value for k, that matches the calculated and experimental can be used to monitor the oxidation state of the heme iron as
absorbances is iteratively determined. Once the imaginary partswell as the concentration and orientation of cytochrarmen
of the refractive index along each Cartesian axis are determined,the silica surface. The shape and location of the spectra were
then the surface coverag&)(can be calculated through the monitored for evidence of oxidation over the course of these
following relation® experiments. The addition of 150 mM NacCl did not change the
location or shape of the spectral features of cytochrame
= Ak + k, + k)t ) (spectrum not shown).
3¢ In(10) Figure 3 shows adsorption isotherms of reduced cytochrome
c on fused silica with (150 mM) and without NaCl. The
wheree is the molar absorptivity of the dissolved molecule and adsorption isotherms are plots of ATR absorbance (Soret band
t is the thickness of the layer defined by the linear dimension ~416 nm) vs bulk solution reduced cytochromeoncentration.
of the protein. The real portion of the refractive index of this The cytochromec concentration spans-®0 (no NacCl) and
layer depends on the solute and solvent concentration in the0—100xM (150 mM NaCl). Each of the data sets shown were
layer. For the adsorbed cyfilms examined here, we have used fit to a Langmuir adsorption model
the surface coverage obtained from eq 1, the molar absorptivity
of cytochromec measured over a broad spectral range, and a A= KaaAsalo
Kramers-Kronig relation to refine the initial estimate for the 1+ K,LC,
real part of the refractive index along each Cartesian axis,
with ¥ = X, y, z Once refinedn, values are determined, the whereA is the absorbance,q is the adsorption equilibrium
previously described routine is repeated to generate new refinedconstant Asa: is the absorbance upon saturation of the surface
values ofk, andT’, which are used to further refine values of (i.e., all adsorption sites are occupied), &ids the concentra-
n,. This iterative process typically converges in2loops. tion in bulk solution. The data in Figure 3 fit reasonably well
Once the dichroic values of the imaginary pdst, &, and to the Langmuir adsorption model in eq 4, and the values of
ky) have been obtained, then an average molecular orientationthe equilibrium constants ak,q = 1.0 x 10’ M~1 (no NacCl)
described by<cog0> can be determined. In the case of and 4.0 x 10° M~! (150 mM NacCl). Comparison of the

(4)
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Figure 3. Adsorption isotherms (ATR absorbance vs bulk concentra-
tion (Cp)) of reduced cytochromeon fused silica. Each sample is pH
7.2, 7 mM phosphate buffer, 1 mM ascorbic acid with 150 mM NaCl
(squares) and without (circles). The solid lines represent Langmuir fits
(eq 1) to the data.
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Figure 5. Plots of surface coverage vs bulk concentration (adsorption
isotherms) for reduced cytochromm@dsorbed to a silica surface at pH
7.2, 7 mM phosphate, 1 mM ascorbic acid: 0 (circles) and 150 mM
(squares) NacCl.
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Figure 6. Plots of the order parametéR,(cod)[vs surface coverage
of reduced cytochrome on silica, pH 7.2, 7 mM phosphate, 1 mM
ascorbic acid: 0 (circles) and 150 (squares) mM NaCl. The dashed

Figure 4. Polarized ATR absorbance spectra for reduced cytochrome lin€ is included to showP(cos)ti= 0.

¢ adsorbed to a silica surface under solution conditions: V7
reduced cytochrome pH 7.2, 7 mM phosphate, 1 mM ascorbic acid.

of reduced cytochromeis no more than 80% of a monolayer

Noisy blue spectrum is TM polarized data, and the smooth blue on a silica surface. Collinson and Bowden measured adsorption

spectrum is the fit to these data. Noisy red spectrum is TE polarized
data, and the smooth red spectrum is the fit to these data using a solutio

spectrum.

isotherms for reduced cytochrone adsorbed to tin oxide

'blectrode? which is also dominated by electrostatic interac-

tions. This study reported saturation surface coveragés-of

isotherms shows that the presence of 150 mM NaCl results in 18 pmol/cn# at pH 7.0, 10 mM phosphate, aiid= 6.8 pmol/

a decrease oAnax by a factor of 2 and a decreasekfy by a

cn? at pH 7.0, 150 mM phosphat The results on tin oxide

factor of 20. Under these experimental conditions (pH 7.2) the are almost identical with the results in Figure 5 even though

interaction between cytochronegpositively charged) and the

NaCl was used for ionic strength in this study instead of

silica surface (negatively charged) is primarily electrostatic, and potassium phosphate.

the results with additional NaCl are consistent with an ionic
strength mediated interaction between cytochrarend the
silica.

Surface Coverage and Orientation.Figure 4 shows the
polarized ATR absorbance spectrum of reduced cytochrome
adsorbed to fused silica from a 5.7ZM concentration bulk
solution. As described in the Theory Section, the TE and TM

Figure 6 shows how the order paramet&y(co)l] of
reduced cytochrome adsorbed to a silica surface varies with
surface coverage for both, with and without NaCl. The data in
Figure 6 show a small but distinct NaCl dependence to the order
parameter. With no NaCl, the order parameter is slightly
negative, ca—0.10, where it is slightly positive;-0.05, with
150 mM NaCl. These measured order parameters, while small,

polarized data (as shown in Figure 4) were used in our are nonzero, which indicates that the protein orientation

calculations to determine the surface coverdgeaid the order
parameter[P,(co)[] of reduced cytochrome adsorbed to
silica.

distribution is not completely random. Figure 6 also shows a
difference in the surface coverage dependence of the order
parameter. The order parameter for the 0 mM NaCl data gets

Figure 5 shows plots of the surface coverage of reduced more negative (ca—0.20) at surface coverage6 pmol/cn?,

cytochromec on a silica surface with and without 150 mM  which indicates a more ordered protein film at the lowest surface
NaCl. With no NaCl added, the maximum surface coverage is coverages. This contrasts with the 150 mM NacCl data, which
I' = 18 pmol/cm, which is around 3 times the maximum surface show no change in the order parameter down to surface coverage
coverage with 150 mM NaCl. On the basis of the crystal- <4 pmol/cn?.

lographic dimensions of the protéeia close-packed monolayer pH Dependence.The pl of cytochromes is ~10.5 and the

of cytochromec would have a surface coverage of 28 pmol/ pKj of silica is ca 2—3, which means that there is a favorable
cn?. Therefore, even at the lowest ionic strength, the thin film electrostatic interaction between pH 3 and 10.5. Figure 7 shows
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Figure 7. Surface coverage vs pH for reduced cytochramaesorbed
to a silica surface from &M cyt ¢, 7 mM phosphate (or succinate), 1
mM ascorbic acid, 150 mM NaCl solution.
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Figure 8. Plot of the order parameteiP,(co¥)[] vs pH for reduced
cytochromec adsorbed to a silica surface fromiM cyt ¢, 7 mM
phosphate (or succinate), 1 mM ascorbic acid, 150 mM NacCl solution.
The dashed line is included to sha®,(co¥)J= 0.

the pH-dependent surface coverage of reduced cytochmme
from a 1uM solution containing 150 mM NacCl, over the pH
range 3.7510.5. The lowest pH data point recorded was above
the K, of silica, because the reduced cytochromenderwent
oxidation at the silica surface below pH 3.75. No surface
coverage was observed above pH 16-pl(of protein), because

Kraning et al.

TABLE 1: Summary of Adsorption Isotherm Results for
Reduced Vs Oxidized Cytochromec on a Silica Surface.

Kad T

bulk solution conditions (x10°% M~1)2 [P,(co)® (pmol/cn?)©
oxidized cytc, pH 7.2, 12+2 -0.15 17

7 mM phosphate
reduced cyt, pH 7.2, 10+1 —0.10 18

7 mM phosphate,

1 mM ascorbic acid
reduced cyt, pH 7.2, 7mM 0.4+ 0.07 0.05 6

phosphate, 1 mM ascorbic
acid, 150 mM NacCl

a Adsorption equilibrium constant determined by fitting isotherm data
to eq 4.° Values for order parameter are reported for saturated surface
conditions only. The uncertainty in the order parameter is approximately
0.10.¢ Surface coverage values for saturated surface conditions only.
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Figure 9. Plot of the order parametdR,(co¥))[vs bulk concentration

for (red circles) reduced cytochronwe(pH 7.2, 7 mM phosphate, 1
mM ascorbic acid) and (green triangles) oxidized cytochranfeH

7.2, 7 mM phosphate) adsorbed to a silica surface. The dashed line is
included to showP,(co®)[]= 0.

polarized ATR spectra was measured for oxidized cytochrome
¢ (0—100 uM), pH 7.2, 7 mM phosphate buffer in order to
compare with reduced cytochrongesurface adsorption under
almost identical experimental conditions. Results from the
adsorption isotherm of oxidized cytochrormare presented in
Table 1 along with a summary of the reduced cytochrame

the interaction between the silica surface and protein is no longeradsorption results. The adsorption equilibrium constants, order

electrostatically favorable.

parameters, and surface coverage are shown for oxidized and

The pH dependence of the order parameter of reducedreduced (0 and 150 mM NacCl) cytochromen a silica surface.

cytochromec adsorbed to silica is shown in Figure 8. Over the
pH range 6-9, the order parameter is roughly constant,
P,(co®)0~ 0.05, which corresponds to the average order
parameter reported in Figure 6 for the 150 mM NacCl data. At
the low (<5.5) and high £9) pH ends, the value dP,(co9)0
decreases to ca:0.15. At the extremes of the pH range it is
difficult to eliminate the possibility of a conformational change

Comparison of the results shows that tg (12 x 1° vs 10
x 10 M~1) and P,(co®)J(—0.15 vs—0.10) are not signifi-
cantly different for oxidized vs reduced cytochroroeThe
surface coverage at saturation 1€80% of a close-packed
monolayer for both oxidized and reduced cytochranoa silica.

For a more complete comparison, Figure 9 shows plots of
the order parameter vs surface coverage for oxidized and

in the protein, which could cause the observed order parameterreduced cytochrome adsorbed to a silica surface. It is clear
changes. Because of the dominance of electrostatic interactionsthat the data in Figure 9 show more similarities than differences.
it is also reasonable to expect that at these pH values theThe data show the same general surface coverage dependence

orientation distribution of reduced cytochromen silica would

in the order parameters for both oxidation states of the protein.

be considerably different than that at near-neutral pH. From the The most significant difference between the data sets is that
measurements presented in this paper, it is not possible to sayeduced cytochrome reaches a larger maximum surface
with certainty the cause of the pH dependence of the order coverage. However, the amount of scatter in the individual data

parameter shown in Figure 8.

Comparison with Oxidized Cytochromec. The adsorption
of oxidized cytochrome (i.e., Fe(lll) in heme group) to silica
has been investigated in a number of previous studie$he
surface coverages reported range from 11 to 22 pmélfom
solutions with 7-10 mM phosphaté&? Because of the significant

points makes it extremely difficult to derive quantitative
conclusions from these comparisons. Even considering this
uncertainty, the data provided in Table 1 and Figure 9 indicate
that the oxidation state of cytochroraeplays little role in the
adsorption properties of the protein on a silica surface.

It is important to note in this discussion that ATR measure-

differences in reported values, an adsorption isotherm with ments of the heme spectra in this study do not show any
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evidence of conformation changé3*in either oxidation state Supporting Information Available: Figures showing the

of the protein upon adsorption to silica. While previous adsorption isotherm for oxidized cytochrome and ATR
studieg324 show that heme spectra are sensitive to conforma- absorbance vs pH for reduced cytochrooresorbed to silica.
tional changes in cytochroneeit is not a “global” measurement  This material is available free of charge via the Internet at http:/
of protein structure. Therefore, it is impossible to say with pubs.acs.org.

absolute certainty that cytochrorogreduced or oxidized) does
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