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The Soret absorption band has been utilized as a probe for the adsorption of cytochtmthe surface of

a fused silica prism in direct contact with bulk protein solutions of various concentrations and pH. Employing
linear polarized light and a single-pass total internal reflection absorption technique, we examined in detalil
the adsorption isotherm, molecular orientation, packing density, and conformational change of the protein
bound to the bare (hydrophilic) and silanized (hydrophobic) glass surfaces. An adsorbate densitylcf
x 10" molecules/crhwas determined for the hydrophilic substrate at pH 7.2 @pes 110 uM, indicating

that the protein molecules are essentially closely packed on the surface at saturation. The packing density is

sensitive to the solution pH as well as the surface hydrophobicity, a result that the praidice interaction

is governed by both electrostatic and hydrophobic forces. The same forces also govern the molecular orientation,

yielding an angle of), = 41° between the heme plane and the surface normal at neutral pH. The angle is
retained over a wide pH range-9) and is fairly independent of the surface coverage on both the hydrophilic
and hydrophobic substrates. Reorientation of the protein occufs—420°) at pH ~ 3, when the cytc
unfolds and the hydrophobic force becomes dominant in the adsorption process.

Introduction For the heme proteins, Saavedra and co-wotRengave
Numerous biotechnologies involve proteins at interfaces. studied extensively the molecular orientation of both cytochrome

Examples include biocompatible materials, protein chromatog- € (€Yt €) and myoglobin (Mb) on the substrates of variable
raphy, solid-phase immunoassays, biosensors, and bidchips. Surface chemistry. They determined the orientation of the
Studying proteins at interfaces with spectroscopic means allowstransition dipoles in the heme using linear dichroism for a
a detailed examination of the nature of protefurface interac- ~ Protein film on the surface of an integrated optical waveguide
tions as well as a stringent test of the principles that govern the _and assessed the moleqular orientation distribution from Ia_ser-
conformational change and functionality of proteins within induced fluorescence anisotropy measurements conducted in the
confined space&:® Such knowledge is crucial to both techno- TIR configuration. Their results indicated that the mean mo-
logical and methodological developments in many biomedical lecular orientation of both cytand Mb on both the hydrophilic
applications® and hydrophobic glass substrates is anisotropic rather than
In studying proteins at interfaces, Fourier transform infrared random. From the crystallographic dimensions of each protein
(FTIR) spectroscopy in combination with total internal reflection molecule, monolayer densities ofL.3 x 103 and~0.9 x 1013
(TIR) is a commonly used methdd1® The method is adopted ~ Molecules/criwere estimated for cyt and Mb, respectively,
to investigate the backbone amide groups, whose vibrationsassuming that no “spreading” results from adsorption-induced
reflect the change in-helix andS-sheet secondary structures  conformational changes.
of the adsorbed proteins. No information, however, is provided ~ Salafsky and Eisenthdlrecently showed that second har-
by such spectra about the molecule’s adsorption orientation. monic generation (SHG) spectroscopy is a useful tool in probing
Raman spectroscopy has also been applied to the investigatiorprotein adsorption to the fused silica surface and to negatively
of proteins at interfaces. This technique is particularly sensitive charged phospholipids bilayers. The SHG signal can reflect the
for heme-containing proteins, which have a strong absorption amount of the surface-bound protein because binding of the
arising from the electronic transitionr (— z*) of the heme protein molecules to the surfaces reduces the polarization of
moiety, ideal for resonance-enhanced Raman excitation in theinterfacial water, resulting in the loss of the SHG signal. The
optical regiont! In addition to the information about structural  technique is intrinsically surface-selective and has allowed a
changes as provided by THFTIR, molecular orientation of  detection sensitivity on the order of #molecules/crito be
the adsorbed protein can be deduced from the relative intensityachieved explicitly for cytc. The result suggests that HRis
of the in-plane transitions of the heme group using light that is sum frequency generation (SFG) spectrosédisyalso a feasible

linearly polarized in two different orientation3. approach to the investigation of aydsorbed on the surfaces.
T Part of the special issue “Charles S. Parmenter Festschrift”. An adsorbed protein molecule changes its conformation to
* Corresponding author. E-mail: hcchang@po.iams.sinica.edu.tw. some extent because of protesurface interactions. Specifi-
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cally, a surface may lower the energy state of the partially
“unfolded” protein relative to the energy of the corresponding
conformations in solutio®® However, this unfolding or spread-
ing effect is often very small and difficult to probe. Even under
the most extreme conditions, Herbold et%bbserved only a
small percentage of cyt unfolding on an anionic sulfopropyl
support when examining the effect of temperature on the elution
properties of the protein in hydrophobic interaction chroma-

tography. Their findings suggested that the conformational
changes similar to those observed in solution can occur at lower @)
Sample solution
Ey /

{13

12 y

temperatures (by-20 K) when cytc binds to a surface.

We propose a new method to study the combined phenomena
of adsorption isotherms, molecular orientation, packing density,
conformational changes, and pH dependence ot @gund to
the fused silica surfaces with high sensitivity. The method
involves the use of total internal reflection absorption (TIRA)
spectroscopy, focusing on the Soret band of the heme mBiety.
The Soret band has an exceptionally large molar absorgfivity
and has b_een known fo b_e a sensitive probe for the protein SFigure 1. (a) Optical arrangement of the fused silica prism for single-
conformational changes (induced by acid, alcohol, and other pass attenuated total reflection absorption measurements. (b) Schematic
denaturing reagents) in solutié®.?° Particularly, the shift of  of the plane of the porphyrin ring containing two degenerate electronic
this band reveals the conditions of ligand binding, oxidation transition dipoles : and u2) and the laboratory coordinate system
states of the iron, and conformations of the polypeptide in the defined by thex, y, andz axes. The structure of cgtshown on the left
vicinity of the porphyrin group. Compared to TIRF (total internal Was adapted from ref 48.
reflection fluorescence) spectroscogyl 24 TIRA is advanta- . : )
geous in being able to z)roF:/ide preggi measures of the absoluté" .UV_V'S spectrophotometer_(H|tach| U'?’.ZOO)' A quartz cell
number of surface-bound proteins without the need for calibra- with a path Iength_ of 1 mm (Lightpath Optical) was employed
tion against appropriate external stand&&sBy using this for the bulk solution measurements, and a UV-graded fused

- : . : i b
method, information about the adsorbate density as well as theS'I'Ca prism (CV1) in a single-pass TIR arrangentért was
used for the measurement of the surface-bound proteins. Figure

adsorption-induced conformational changes can be deduced fromla shows the experimental setun in which the prism is inserted
a close comparison of the protein’s properties in solution and ; P P prist

into the compartment of the spectrophotometer in a manner
on the surface. .y . .

similar to that of the solution sample cell. This allows the two
Experimental Section setups to be interchanged readily. In the TIRA measurement,
the evanescent wave detected the adsorbate via the internal
reflection of the light through the right-angle prism on which a
static sample cell was situated. The cell was made of a modified
viton O-ring (~25 mm diameter), separating the prism from a
glass plate. The space (3 mm) created by the O-ring can be

with 7 mM phosphate buffers (Acros) of various pH's to the filled with the desired solution in the individual measurements

desired acidity and concentration in each experiment. Concen-C7_émptied between the measurements using a small pipet
trations of such prepared protein solutions were determined without significantly altering thelposmon of the §ample holder.
spectroscopically by referring to the molar absorptivity of the We started the measurements with sample solutions of the; lowest
Soret band for the oxidized form of cgt e, = 1.06 x 10P pH or _Iowest concentration, and the spectra were acquired by
M-Lcm® at A = 408 nm and pH 7 The acidity of the scanning the spectrometer from 500 to 350 nm with a spectral
bandwidth of 2 nm and a scan speed of 15 nm/min. Linear

solutions was measured using a calibrated pH meter (Beckman™ . . - )
Coulter ®390). dichroism measurements were conducted using a dichroic

Surface Preparation. The totally reflecting face of a right-  Polarizer (OptoSigma), which has a specified extinction ratio

angle fused silica prism (CVI) served as the glass surface. The®f 1 x 10°* over the wavelength range of 38300 nm. The
surface has a specified flatness’h (1 = 632 nm) and was polarizer was moun;ed on a rotary precision stage (Newport)
used as received. Prior to the measurement, the prism wad©r Selection of the light polarization.

thoroughly cleaned with standard cleaning solutions, rinsed Al Of the absorption spectra were collected at room temper-.
extensively with deionized water, and dried with spectroscopic- 2tUre. Because the Soret band absorbance detected in this

grade acetone to produce a hydrophilic surface. The hydrophobicexDe”ment is typically very lowA < 0.02, special care has
surface was prepared by liquid-phase silanizdfiéh after been taken to avoid unnecessary changes in the positions of

cleaning the bare glass surface with the mixed solution ef H the prism as well as the polarizer to maintain the consistency

SQOy/H,0; (2:1) for more than 30 min. Silanization was carried of °p“?a' a"gnm.e.”t throughout the experiment. By doin_g S0, a
out by immersing the surface in a 2% solution of dimethyldi- detection sensitivity better thakA ~ +0.001 can be routinely

chiorosilane (Fluka) in dry toluene (Aldrich) for 2 h. After the ~achiéved. No measurement was made at pH8 for the
silanization, the surface was rinsed extensively with reagent- ydrophobic surface b%cause the silanized material is unstable
grade ethanol and deionized water. Both the hydrophilic and " the alkaline solutior
hydrophobic silica prisms were kept in a plastic bag purged
with N, before use.

Spectroscopic MeasurementsThe Soret absorption spectra Adsorption Isotherm. Figure 2 shows the absorption spectra
of free and surface-bound protein molecules were acquired with of cyt ¢ on the hydrophilic surface in the wavelength range of

7 Glass plate

oy, ¥ O-ring

To detector

Polarizer

Sample Preparation. Horse heart cytc was obtained
commercially (Sigma) and used without further purification. The
protein was first dissolved in deionized water, purified with a
Milli Q plus system (Millipore, resistivity> 18 MQ/cm), to
prepae a 1 mMstock solution. The solution was then diluted

Results and Discussion
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Figure 2. Optical absorption spectra of cyt adsorbed to the hydrophobic @) fused silica surfaces at pH 7.2. The solid curve is the
hydrophilic fused silica surface at various bulk protein concentrations, best fit of the experimental data to the Langmuir adsorption isotherm
C, = 4.0, 5.8, and 30 to 110M (bottom to top) at pH 7.2 in 7 mM with K, = 0.5 x 10° and 1.5x 10° M~1 (see eq 6 in text) for curves
phosphate buffer. (Inset) Comparison of the Soret absorption bands ofdenoted byO and®, respectively.
cytcin solution @) and on the surfac&)) at C, = 75uM after proper
sc_aling of the solution_-phas_e spectrum. All of the spectra were acquired depicted in Figure 1a, we have= 73.8 at/ = 408 nm,n, ~
using randomly polarized light. Lo o o . "
1.33 for the solution, and; = 1.47 for silica, which yield a
penetration depth af, = 139 nm and an effective thickness of
350-500 nm at bulk concentrations 6 = 4—110xM at pH de = 424 nm when randomly polarized light is used in the
7.2 in 7 mM phosphate buffers. The Soret band is seen to peakmeasurement. Assuming a step profile for the bulk protein
at 408 nm with its shape staying nearly the same over the entireconcentratiof? of
concentration range of investigation. The difference between
this band and that of the protein in solution is negligible (inset A, = €,Cd, (5)
in Figure 2), indicating that no profound conformational change
occurs as the protein is adsorbed to the surface at neutral pHyye haveA, ~ 4.5 x 1074 with ¢, = 0.106uM 2 cm* at Cp ~
A similar result was obtained for cyt on the hydrophobic  100,M. This absorbance is essentially within the limit of our
surface (data not shown). experimental error4£0.001) and needs to be taken into account
To quantify the protein adsorption, the contribution of the only whenC, > 2504M or when the interaction between cyt
free (or unbound) protein molecules to the observed band ¢ and the surface is repulsive, which occurs at the two extreme
intensity should be assessed first. It is well established that thepH regions.
light beam used in the TIR mode has a finite penetration depth  Eigyre 3 shows the adsorption isotherm plotted in terms of
and that it probes both adsorbed and free protein molecules inyhe Soret absorbance maximusj at4 = 408 nm versu€s,
the vicinity of a surfacé: In this assessment, we follow Jang  The maximum is seen to increase steadily with the bulk protein

and Miller® for the analysis of the penetration dept)(of concentration and gradually levels off@sapproaches 70M.
the evanescent wave as The data points can be well fit to the Langmuir adsorption model
%= 27n (sin% — n2)"? @) 0= K (6)
1 2 1+KC,

with an effective path lengthdf) of ) ] ] ) )
where® is the ratio of the number of occupied adsorption sites

dy+ dy to the total number of sites at saturation &qds the adsorption
e” T o5 (2) equilibrium constant. The same adsorption pattern can be found
for cyt c on the hydrophobic surface, although the amount of
which is an average of the sample thickness measured in theProtein adsorbed is significantly reduced at saturation (Figure

parallel (I or TM) and perpendiculari{ or TE) polarizations 3). The observation of this saturation behavior clearly indicates
that the detected signals are indeed derived from surface-bound

2n,,d, cos6(2 sirf o — ”31) proteins rather than from free protein molecules in solution.
1 = 5 > > 3) Conformational Changes. Proven by circular dichroism,
(L= m5)I(L + n3y sinf 6 — n3))] vibrational spectroscopy, and fluorescence spectroscopy, the
2n,,d, cos® confor_mation 01_‘ cytc in free solptiqn may be altered by
= p—2 4) changing the acidity, temperature, ionic strength, and concentra-
1-—n; tion of the denaturing reagent (e.g., acid, methanol, urea,
etc.)18-20 The surface itself may serve as a catalyst to change
where is the wavelength of the light in a vacuumy; is the the protein’s conformation. However, as pointed out earlier, the

ratio of the refractive indices of the sample versus those of the surface-induced effect is small and is practically undetectable
TIR crystal, andé is the angle of incidence. With the setup at neutral pH for cyt. To enhance this effect, denaturation of
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Figure 5. Shifts of the Soret absorption bands of cyh free solution

(m and ®) and on the bare glass surfad@ &ndO) as a function of
solution pH. Squares and circles represent two independent measure-
ments.
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W unfolding transition point of the surface-bound protein is shifted
M to higher pH (i.e., from pH~ 2.7 in solutioA® to pH ~ 3.2

significant shift ApH; ~ 0.5) is that the heme protein tends to
be unfolded more readily upon adsorption to the hydrophilic
glass surface. This observation is in accord with the finding of
Figure 4. Optical absorption spectra of cgt(a) in free solution and Goheen and co-worketgywho similarly detected the preferential

(b) on the hydrophilic surface at pH 2.4, 2.7, 2.9, 3.3, 3.7, and 4.7 (left . L
to right in a and bottom to top in b). The protein concentration was unfolding of cytc on an anionic surface only under extreme

fixed at 1104M in 7 mM phosphate buffer. The spectra in b are shifted cONditions by high-performance liquid chromatography.
along the vertl_cal axis for clarity, and the dashed lines denote the Molecular Orientation. The amount of cyt on the surface
wavelengthA = 408 nm. All of the spectra were acquired using . . . . .
randomly polarized light. (i.e., the packing density) was determined directly from the
observed spectra. This determination is justified because the
the protein with acids was examined on both the hydrophilic investigation conducted in the earlier section revealed minimal
and hydrophobic surfaces. conformational changes of the protein upon adsorption to the
surfaces. However, to determine the packing density precisely,
the molecular orientation must be known because the molar
absorptivity of a surface-bound protein molecule, which is
spatially oriented, may or may not be equal to its solution-phase
value, depending on the polarization of the light used in the
linear dichroism measureme®t33Following Saavedra and co-
s!3 we define the dichroic ratiop} as

An examination of the surface-assisted acid-induced protein
unfolding started with the bulk solution of various pH’s. Figure
4a shows some sample spectra ofciyt bulk protein solution,
taken at a concentration of 11 using a 1-mm path length.
The peak is observed to shift from 409 to 397 nm as the pH of
the solution decreases from 10 to 2.5 (Figure 5). A sharp
transition is found between pH 2.5 and 3.0, in accord with WOTKer
previous measuremerntd!® The blue shift of the Soret band
has been attributed to the unfolding of the protein, which leads Ay Ay Ay
to the displacement of the protein ligands from the heme iron P=F— =7 — A
and the replacement of the ligands by water molectfles. Ao Ao~ Aoo

The corresponding spectra of aytadsorbed on the hydro-
philic glass surface are plotted in Figure 4b for comparison with whereA; (A,n) and A (As0) are the total absorbance and the
the solution results. The Soret maximum decreases steadily withabsorbance of the protein film acquired at the parallel (perpen-
solution pH ranging from 9 to 2. As will be discussed in the dicular) polarization, respectively. For the Soret band with
next two sections, this is a result of the lessening of the transition dipoles polarized in the plane of the porphyrin ring,
electrostatic attraction between cyand the bare glass surface. the ratio is related to the orientation of the planar heme moiety
Here we focus our attention on the pH-dependent band shift, py?22
particularly in the lower pH region, where differences are
noticed between these free and surface-bound proteins. Although ) )
the Soret band stays at nearly the same position (408 nm) for _B° B2 cos 0,
the free protein molecules, the Soret band of the surface-bound p= gz gz 1+ sirfo (8)
proteins already shows a shift to the blue at pH 3.2. #

To provide a more complete picture, we compare in Figure
5 the shifts of the Soret band of cgtboth on the hydrophilic where@, is the angle of the porphyrin plane tilted away from
surface and in the bulk solution over a wide pH range. These the surface normal of the substrate (cf. Figure 1b) BydE,,
two sets of data are essentially the same from pHL®G andE; are the respective electric fields of the evanescent wave
Significant differences are found at pH4, where the folding/ along thex, y, andz axes:

()
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Figure 6a shows the spectra acquired from the hydrophilic
surface for two different polarizations & = 110«M and pH
7.2 under comparison. As shown, the two spectra are identical
in both peak height and width. The differenceAn is quite . 3 . Al
small (<0.0pl), well within the limit of our experimental error 0'00%80 200 420 440 460 480
(~10%). Withp = 1.0,E2/E,? = 0.12, ancE/E,? = 1.08, we

obtain 6, = 41°. Interestingly, the angle is close t) = 37 i 6. Polarization ab i ¢ h hvdrophil

and 48 determined for cytc on the surface of a silicon ~ '9ure 6. Polarization absorption spectra of @yn the (a) hydrophilic
itride (Si id . h hni f and (b) hydrophobic surfaces at the bulk concentration of /ANIGat

oxynitride (SiQN,) waveguide using the techniques of TIR ;1175 iy’ mM phosphate buffer. The spectra were acquired at the

absorption and resonance Raman, respectively, with @ mono-parallel ) and perpendicular®) polarizations. The dashed line
chromatic light sourcé?® The angle also lies in the range &f denotes the wavelength= 408 nm.

= 34—45° obtained for H-cyt ¢ (containing an iron-free heme)
adsorbed to a quartz substrate using a TIRF techrigjue.
Figure 6b, we compare also the spectra ofcgh the hydro-
phobic surface acquired using two different polarizations. Again,
the two spectra are essentially identical, suggesting a mean tilt
angle off, = 41° as well. Notably, the angle also agrees sat-
isfactorily with the orientation distribution of 4& 3° deter-
mined for cytc on the silanized Si@l, waveguide surfac&®

It is instructive to compare our result with the electrostatic
properties of the investigated protein. The cytochrampeotein
is basic, containing 19 lysines, 2 arginines and 12 acidic residues
(aspartic or glutamic acidgy;?®it is positively charged{9) at

Wavelength (nm)

50 T T T T T T T T

)
_o®
1% i@-_iQ—MQ—Q i

IS
o

Heme tilt angle (degree)
8
1
1

N
o
T T
1

neutral pH. Koppenol and Margolia&thave investigated the \f

charged residues on the surface of horse heart eytd have I |

found that the distribution of the charges is highly asymmetric,

yielding a dipole of 325 D. The angle between the dipole vector 10 S S

and the heme plane is 33Hence, it is anticipated that when 1 3 5 7 9 11
Solution pH

the protein is adsorbed to a negatively charged surface, such as ]
that of the bare glass substrate at neutral pH, the angle betweerti'g“rzs dtbp%nﬁ:n(g)?saﬂijﬂr]\i d”:c?;r’l‘ogiec";‘i gﬁr?;‘g)ﬂtﬁyst;&?ogoﬁ
the heme pliane' and the surface would be approx.lmaté’lyf33 The protein concentration was fixed at 14® in 7 mM phosphate
the adsorption is governed solely by electrostatic forces and per.

the conformational change is insignificant. In this experiment,

we determine a tilt angle af, = 41°, which deviates from the little affected by the surrounding protein molecules. Therefore,

above angle by 8 The deviation may arise from two major the 8 deviation in the heme tilt angle, as discussed earlier, seems

and, perhaps, competing factors: protesurface and protein to indicate that localized interactions of the specific basic

protein interactions. The possibility of the proteiprotein residues (such as lysines) in the protein with the negatively
interaction, if there is any, can be tested by conducting a surfacecharged surface should be considered in understanding the
coverage dependence measurement. molecular adsorption and orientation properes.

Lee and Saavedf&have explored the coverage dependence  Variations in pH may produce a more profound effect upon
for Mb films adsorbed on the Si®, waveguide, measured as the molecular orientatioff. This effect is anticipated because
a function of bulk protein concentration after incubating the the adsorption of cyt on the glass surface is predominantly
sample for 30 min. A sharp change of the mean heme tilt angle governed by electrostatic forc&%:14therefore, changing the
from ~70 to ~45° was found on a hydrophilic surface as the charge states of both the substrate and the protein may lead to
bulk concentration is raised above:M. In contrast, the angle  different adsorption geometry. Figure 7 shows the mean tilt
changes from-20 to~45° on the hydrophobic surface at nearly angle of the heme plane as a function of bulk solution pH over
the same concentration range. Forgy very different behavior  the range of +9 on both the hydrophilic and hydrophobic
was observed; within the limit of our experimental error, no surfaces. The corresponding spectra around pH 3 are given in
significant changes in molecular orientation were observed whenFigure 8. Indeed, the orientation is seen to change sharply with
the bulk protein concentration was increased from 1 to/ 440 solution acidity for cytc adsorbed to the hydrophobic surface
on both the hydrophilic and hydrophobic surfaces. The tilt angle at pH~ 3, where the mean tilt angle decreases abruptly from
remains atd, = 41°. We are led to the conclusion that the 6, =414+ 2 to 20+ 3°. This kind of transition, however, cannot
molecular orientation of cyt adsorbed to the silica surface is be clearly detected on the hydrophilic surface because the
mainly determined by the proteirsurface interaction and is  amount of cytc adsorbed to the surface is very low in this pH
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0.006 — T T T spectra. For a protein film containing molecules with an isotropic
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. KAt whereE¢? = E2 + E2 andEi? = E,2 are the squares of the
0'00%80 400 420 440 460 480 electric field amplitude given at the parallel and perpendicular
polarizations, respectively, and is the number of internal

0006 —————7—— T reflections. However, when applied to describing a film
o composed of oriented molecules, this set of equations should
2 0.004 be modified to
g
2 0002 _ Ayt~ Aoy 13)
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0.008 — T
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. J'.'N 1 wheree,, €y, ande, are the molar absorptivities of the oriented
0.002 2«3 ' S - molecules along the, y, and z axes, respectively, and are
0.000 4 ‘ | 3 e st proportional to the squares of the transition dipole moments of

480 the molecule in each_directiomxz, w2, and;;zz_._ Following
Fraaije et al?2? we consider the molar absorptivities,(ey, and
¢,) of the heme group for the surface-bound cyih terms of

380 400 420 440
Wavelength (nm)
Figure 8. Polarization absorption spectra of aytadsorbed to the

hydrophobic surface at pH values of (a) 3.8, (b) 3.0, and (c) 2.1. The the two _degenerate tranSIt_lon dlpoleslu(_aagu _> eg)_ lying
spectra were acquired at the parallé)(and perpendicular &) perpendicular to each other in the porphyrin plane (Figureé?b).

polarizations. Note that the discontinuity appearing-a800 nm is due Assuming that the two dipoles are similar in magnitude (i.e.,
to the change of the grating of the spectrometer and that the dashedu| ~ |uz2| ~ u), the authors showed that the time-averaged
lines denote the wavelength= 408 nm. transition moments are® = uy,? = u?(1 + sir? 6,)/4 andu,?

. . o . = u? cog 6,/2. Notably, depending of,,, these moments may
region (typicallyAn < 0.002 in Figure 4b). One may associate differ markedly from the corresponding terms? = WP = U
this sharp transition with the conformational change of the = ,2/3 of the protein in solution. The factor & in the latter
protein, which unfolds at pHv 3 as clearly shown by the blue  terms stems from the fact that the dipoles in the porphyrin ring
shift of the Soret band in Figure 8. The prevalence of the of the solution of cytc are randomly oriented with respect to
hydrophobic forcé/ which manifests itself at pH< 4 as either the parallel or the perpendicularly polarized light.Nt
discussed in the next SeCtion, may make an important contribu-— 1 and assuming that the conformational Change is insigniﬁ_

tion to the change of the tilt angle, too. cant, we have
Packing Density. Cytochromec is a globular protein with
crytallographic dimensions of 2.6 2.5 x 3.7 nm38 Assuming A=Ay 3Nnye _ )
that the conformational change is insignificant upon cyt 1000 40059[Ex (1+5'n20,u) +2E, 0059,4] (15)

adsorption, the maximum packing density should range from
1.7 x 107 1to 2.6 x 10~ mol/cn?, depending on the protein’'s  and
orientation. This transforms to a packing density of {1106)
x 10 molecules/crhwhen a uniform monolayer of closely Ap— Ay 3lnye,
packed protein molecules forms on the surface. In determining 1000 ~ 4 cosf
the packing density by linear dichroism using an Ar ion laser,
Lee and Saavedf# considered with care that the molar Both equations represent an extension of the calculations for
absorptivities of protein in solution and on an integrated optical the adsorbate with one transition dipole per moleéaf&:41
waveguide may not be the same if differences in the protein’s  With 6, = 41° and the absorbance maximumAy = 0.015
orientation and/or conformation exist. This led them to take an + 0.001 in Figure 3, we obtain a packing densitylof (2.3
alternative approach by determining the surface coverage usingt 0.2) x 10 mol/cn? or (1.4+ 0.1) x 10" molecules/crh
a pyridine hemochrome asséfor cyt c adsorbed to glass beads for cyt c on the hydrophilic surface at neutral pH. Note that
of 3 + 0.3 mm diameter. Adsorbate densities of 291011 this packing density is in good agreement with the value
mol/cn? on a hydrophilic surface and 17 10~ mol/cn® on determined by Lee and Saavedfdbut is~4 times larger than
a hydrophobic surface were obtained. However, as frankly that originally reported by Walker et &Pt is also noteworthy
pointed out by the authors, this approach encountered a numbethat thisT" is well within the saturation range of (:1.6) x
of uncertainties in their measurements. One of them is clearly 10'® molecules/crhexpected from the protein size, suggesting
that the total surface area of the beads is not precisely known,that the protein molecules are packed rather closely on the
which may give rise to an error of up t25%. surface, forming a uniform layer at pH 7.2 a@¢d = 110uM.

We attempt here to derive the adsorbate packing deriSjty ( Compared to this monolayer coverage, the packing density of
directly from the photometrj-#! of the observed polarization  the protein on the hydrophobic surface (Figure 3) is significantly

[E4(1+sin6,)] (16)
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20— ——T——— 71— 17— surface is higher than that on the hydrophobic surface, but it
becomes significantly lower at pH 4. Because at pi 3 the
f% electrostatic interaction between the protein and the surface on
average is repulsive, the observation that more protein molecules
5 are adsorbed to the silanized surface than to the bare surface
J indicates that hydrophobic forces, in addition to electrostatic
forces, also play an important role in the adsorption process.
/ $ The hydrophobic forces may even dominate the adsorption in
yj /." the lower-pH region for the silanized substrate. The importance
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_o-o* . of the hydrophobic interactions in protein adsorption has been
o P emphasized by Gast and co-workérfor ribonuclease A on
o’ polystyrene surfaces.
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2 4 6 8 10 12 Conclusions
Solution pH

Figure 9. Changes in the packing densitf)(of cyt ¢ on the The Soret band is a sensitive probe of adsorption equilibrium,
hydrophilic (©) and hydrophobic®) surfaces with solution pH. The molecular orientation, packing density, and conformational
protein concentration was fixed at 148 in 7 mM phosphate buffer. changes of heme proteins bound to a fused silica surface. It is
The arrow indicates the isoelectric point of ayat p = 10.6. a direct and promising approach for further examination of
protein adsorption on a single-crystal surf42éL46on which
lower, 7.8x 102 molecules/cry meaning that only half of the ~ the molecular orientation of a protein is expected to be
surface is covered by the cgtmolecules. determined more precisely using linearly polarized light. The
Figure 9 shows the pH dependence of cyadsorption to method can be applied to the study of other heme-containing
both the hydrophilic and hydrophobic surfaces. The measure- proteins (such as myoglobin and hemoglobion the surfaces
ments were conducted over pH ranges of13 for the of any other optically transparent substrates as well.
hydrophilic substrate and-3 for the hydrophobic substrate, The adsorption of cyt on the bare fused silica surface
over which the protein retains nearly the same conformation. depends strongly on bulk solution pH but shows only a weak
The error in this" determination is roughly-10% after proper ~ dependence on the same surface after silanization. The result is
calibration of the measurefl,, againstep, which in turn is pH- consistent with the picture that protein adsorption on the
dependent (cf. Figure 4a). On the bare surface, the packinghydrophilic glass surface at neutral pH is governed by electro-
density is observed to increase dramatically with solution pH static forces. The electrostatic interaction, however, is greatly
in the acidic region and reach the maximum at pH 9.5, where lessened on the silanized surface, where the hydrophobic force
the surface is completely covered by the cymolecules. At prevails at pH< 4. This suggests that the Soret absorption band
the two extreme regions, pH 5 or pH > 10, the Soret band  can be used as a sensitive probe of the hydrophobicity of a
intensity diminishes rapidly. The result correlates well with the surface under investigation.
isoelectric points of the protein and the surfack£p10.6 for
cyt c and g & 3 for the silica substrat&}* (i.e., at pH< 3, Acknowledgment. We thank Professors Y. T. Lee for many
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