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Abstract: Molecular orientation in hydrated cytochromécyt c) films formed by adsorption to substrates of differing
surface chemistry was investigated. The orientation distribution of the heme groups in the protein films was determined
using a combination of two techniques: absorption linear dichroism, measured in a planar integrated optical waveguide-
attenuated total reflection geometry, and emission anisotropy, measured in a total internal reflection fluorescence
geometry. The mean heme tilt angle and angular distribution about the mean were recovered using a Gaussian
model for the orientation distribution. These data are the first orientation distribution measurements reported for
protein film assemblies. The results show that a macroscopically ordered film of adsorledatgtules is produced

when a single, high-affinity type of noncovalent binding occurs between the surface of the protein and the substrate
surface. For example, electrostatic adsorption of the positively charged protein to the negatively charged head groups
of a Langmuir-Blodgett film of arachidic acid produces a narrow orientation distribution. When multiple, competing
adsorptive interactions are operative, which is the case when agsorbs to a clean glass surface, a relatively
disordered film is produced.

Introduction combinations have frequently been attributed to differences in

Due to their large size and chemically heterogeneous nature,r.nOIeCUIar orienta;ioﬁfl_z Unfortunatel_y, _systematic inves_tiga—
proteins are highly surface active molecules. Thus, an adsorbed'©" of these relat|0n$h|ps has been "”.“ted t_)y th_e experlme_ntal
protein film will form when a solution of dissolved proteins difficulty of measuring molecular orientation in a protein

contacts the surface of virtually any synthetic matérfalnder- mosnolayer adsorbﬁd att) a sohliqdwd |qterfac|e. ved ¢ .
standing and ultimately controlling this phenomenon is an im- OME progress has been made using polarized spectroscopic

portant issue in numerous biotechnologically-related fields, such techniques such as resonance Raman scattering, total internal

as affinity-based separations, biomaterials science, and biosensoﬁ’eﬂecnon fluorescence, and absorbance linear dichroism applied

development. Developing a fundamental understanding of to protein films immobilized on a variety of different substrate

i ,13-19a i Vi i i
protein adsorption behavior has consequently been a very activematen"jllé . However, the |nd|V|<_juaI apphcanon of any
research area. Two recent reviéwdiscussed the major of these techniques cannot generate information on the distribu-

scientific issues currently being addressed by numerous research (5) (a) Tarlov, M. J.; Bowden, E. B. Am. Chem. S0d991, 113 1847

groups studying immobilized protein films, as well as progress égﬁgh(z)qucirul'g%z”'lg- g(7.;77H§E\;vzkridge, F. M.; Nakashima, N.; Yoshikawa,
and prospects. One of these issues, molecular orientation, is (6) (%) Chang, I.-N.; Herron, J. N.angmuir 1995 11, 2083-2089. (b)

the major subject of this study and the accompanying paper. Lin, J.-N.; Chang, 1.-N.; Andrade, J. D.; Herron, J. N.; Christensen, D. A.
Due to the inherently asymmetric distribution in physical/ 19?71)3(- ?gfqmlfto%f- E%|1241KA54-G dor Hod A or L Knoll. W
. . . . : a pinke, J.; Llley, ., Guaer, A.-J.; Angermailer, L.; Knoll, .
chemlcal properties apd blc.)functllonal sites on the surface of 8 angmuir1993 9, 18211825, (b) Mulér, W. Ringsdorf, H.. Rump, E.:
protein, the geometric orientation of an adsorbed protein Wildburg, G.; Zhang, X.; Angermaier, L.; Knoll, W.; Liley, M.; Spinke, J.
molecule may (i) differ among adsorbent surfaces having the Sciencel993 262 1706-1708.

different physical and chemical properties and (i) determine if 965232%“”' . Noda, S.; Kunitake, J. Am. Chem. Sod 991, 113

the molecule’s native bioactivity is retained in the interfacial (9) luliano D. J.; Saavedra, S. S.; Truskey, GJABiomed. Mater. Res.
environment. For example, the orientation of an adsorbed 1993 27, 1103-1113.

protein may differ on hydrophilic and hydrophobic surfates, 53%%?%33’ S. A; Robertson, C. R.; Berzofsky, J.Biophys. J1988
and may affect its ability to participate in electron transfar (11) Lee, C.-S.; Belfort, GProc. Natl. Acad. Sci. U.S.A989 86, 8392—

bind to a dissolved ligantl. Experimentally observed differences  8396.
in surface activity and biofunction among protein-surface 76é12) Koyama, K.; Yamaguchi, N.; Miyasaka, Sciencel 994 265 762~
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tion of heme orientations in a protein film, since only one order ny
parameter can be obtained by measuring a spectral parameter
in only one dimension (e.g., intensity as a function of the excita-
tion beam polarization in a fluorescence anisotropy experiment).

Information about the orientation distribution can be recovered
by measuring at least two independent paraméteEmploying
this general approach, several groups have determined dipole
orientation distributions in molecular films adsorbed to silica
glasses and indium tin oxide, and in LangmtBlodgett (LB)
films doped with amphiphilic dye$:24 With respect to protein
films, the only study was reported by Bos and KlénTheir
attempt to determine the porphyrin orientation distribution in z
films of free base cytochromeadsorbed on glass and indium
tin oxide was unsuccessful due to scatter in the data.

In a previous papet we described a method for determining
the dipole orientation distribution in a molecular film using a X< .
combination of two techniques: absorption linear dichroism, porphyrin ~ ~ ~~
measured in a planar integrated optical waveguide-attenuated plane —__
total reflection (IOW-ATR) geometry, and emission anisotropy,  x
measured in a total internal reflection fluorescence (TIRF)
geometry. The mean dipole tilt angle and angular distribution
about the mean are recovered by using a Gaussian model for
the dipole orientation probability. We successfully tested the
IOW-ATR + TIRF method on model molecular assemblies
consisting of LB films of arachidic acid doped with fluorescent
amphiphiles.

Here we have extended this method to investigate molecularFigure 1. Top: Schematic of the molecular plane of a heme viewed
orientation in submonolayer to monolayer thick films of along the normal axis. The absorption dipolasandu. are perpen-
cytochrome ¢ adsorbed to substrates of differing surface dicular to one another in the heme plane, as are the emission dipoles
chemistry. Specifically, we examined if a macroscopically v:@ndvz. The angle between, anduv, is y. Bottom: Schematic of
oriented protein film can be produced via “nonspecific’ adsorp- 1€ heme molecular plane oriented in the laboratory coordinate system,
tion at a solid-liquid interface. The data presented below are ic:]eft'r:]:?(% tlc?lz(r']’ey'W??gﬁ'?ﬁﬁggguzgg'Sb:ttvflgzmm ?L{Z{'?rité?gal
the fl'rst.reported or!entatlon distribution measurements for reflection elemen’t and the adjacent medium of lower refractive index.
protein film assemblies. The results show that an adsorbed e heme is located at the interface in the lower index medium. The
CytOChromai (Cyt C) f||m Wlth a narrow orientation dIStI’IbUtIOI’] molecular p|ane’ defined by the—7 p|ane' lies at a p0|ar ang@
can be produced when a single, high-affinity type of noncovalent from the z-axis. The angle between theaxis and the normal to the
binding occurs between the surface of the protein and the molecular plane i8. The anglex describes the orientation gf in the
substrate surface. When multiple, competing adsorptive interac-x —Z plane, whileg is the azimuthal angle between theandx'-axes.
tions are operative, a relatively disordered film will be produced.

Although in retrospect these results are not surprising, their the adjacent medium of lower refractive index. The polarization

~

y z

observation is unprecedented. of the evanescent field that decays exponentially along the
positivez-axis from the origin is either transverse magnetic (TM)
Theory or transverse electric (TE). In TM polarization, the electric field

projects primarily along the-axis, with a smalk-axis compo-
nent, whereas in TE polarization, the electric field projects solely
along they-axis. A film of protein molecules, in which each
molecule contains one heme, is located at the interface in the
adjacent medium (although only one heme group is illustrated).
The chromophores partially absorb the evanescent field and
subsequently emit fluorescence.

Ignoring the presence of side chains on the porphyrin ring,
the heme exhibit®4, symmetry due to the complexed metal
ion. The two absorption transition dipoles; and u,, are
oriented perpendicular to each other in the heme plane, which
is designated as thé—Z plane. The position of the heme plane

In a previous pape¥ the IOW-ATR + TIRF method was
used to determine the molecular orientation distribution in a
thin film of linear dipole oscillators. In this study, a metal-
loporphyrin (heme) is used as a spectroscopic probe of
macroscopic molecular order, which requires that some modi-
fications to the theory used in the earlier paper be outlined.

The laboratory coordinate system is illustrated in Figure 1
using the geometry and notation of Thompson etaand
Fraaije et al® Light propagating along the-axis is totally
internally reflected at the origin, which is at the interface (the
x—y plane) between the internal reflection element (IRE) and

(19) (a) Timbs, M. M.; Thompson, N. LBiophys. J.199Q 58, 413 relative to the laboratory coordinate system can be described
‘1‘334(2)6%5“_%5‘107”' N.L.; McConnell, H. M.; Burghardt, T.Blophys. J. . py ¢, which is the angle between the IRE surface norrzal (

(20) Szabo, AJ. Chem. Phys198Q 72, 4620-4626. axis) and the heme plane, g; the angle between the IRE

(21) (a) Wirth, M. J.; Burbage, J. Anal. Chem1991, 63, 1311-1317. surface normal and the normal to the heme plane. (Noteéthat

(b) Burbage, J. D.; Wirth, M. J. Phys. Chem1992 96, 5943-5948. (c) +B=90r)

Wirth, M. J.; Piasecki-Coleman, D. A.; Montgomery, Jr., M.LEangmuir i : R . .
1995 11 990-995. The in-plane orientation is described by the azimuthal angle,

(22) (a) Bos, M. A.; Kleijn, J. MBiophys. J1995 68, 2573-2579. (b) ¢, the angle between theandx' axes, andy, the angle between
Bos, M. A; Kleijn, J. M.Biophys. J.1995 68, 2566-2572. theu, and thez axis. Two emission transition dipoles, and
Chgrﬁ) '};‘;(;gi‘ggg’gd %g?ﬁ%‘&f' E.. Zurawsky, W. P.; Scarlata, 3. F. ) are also oriented perpendicular to each other in the molecular

(24j Edmiston, P. L.: Wood, L. L. Lee, J. E.: Saavedra, S1.$hys. plane. The angle between the absorption and emission dipoles,

Chem.1996100, 775-784. y, is an expression of the extent of emission depolarization in
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the plane of the heme. For a metalloporphyrin withy, B.andp,. This limitation is overcome by measuring absorption
symmetry, the emission should be nearly randomized in the linear dichroism, in an IOW-ATR geometry, on protein film
molecular plane (i.e., circularly polarized with = 45°). samples prepared under conditions identical to those used to

However, the influence of the local environment around the prepare films for TIRF anisotropy measurements.
heme, such as the presence of side chains and axial ligands, The basic theory for determining the mean porphyrin tilt angle
may causey to be less than 45 in a heme protein film using IOW-ATR linear dichroism has
The steady state fluorescence anisotropy is defined as been described previoush}’® However, in previous studies,
a o function was used as an approximation of the orientation
I, =1y distribution in order to extract a mean tilt angle. This assump-
l,+2l, tion is valid if the actual distribution is very narrow; however,
if the actual distribution is broad (i.e., §, > 15° for the
Wherelz andly are the em|SS|0n IntenSItIeS fOI’ eXC|tat|0n ||ght Gauss|an model)’ then the Calcu'ated mean angle may d|ffer
polarized along the-axis andy-axis excitation, respectively.  sypstantially from the true mean angle. In this work, an
Assuming that (i) absorption intensity is randomized in the heme jntegrated form of the expression that relates the measured
plane (i.e., the magnitudes o andu, are equalf? (i) the linear dichroic ratio §) is used in place of the equation employed
fluorescence is collected by a low numerical aperture objective jn earlier studies (i.e., eq 3 in ref 4). This substitution eliminates

so that emission intensity is proportional to the projectiomiof  the need to assume that the distribution function is very narrow.
on thex—y detection plane, (iii) the detection system exhibits The expression is

zero polarization bias, (Jvno emission depolarization results

from molecular motion or intermolecular energy transfer during  Aire M .
the excited state lifetime, and (v) the angular distribution of *~ A \N¢) ™
adsorption and emission dipoles is isotropic with respeet to o [l2 .
anda (i.e., the distribution functiolN(¢) = 1 andN(c) = 129), (12 [, N1+ coS ) sinf df

thgn th_e measured int(_ensities can be related to molecular (1/2)Exzfn/2N(ﬁ)(l+ co€ B sinB dB + EzzfﬂlzN(ﬁ) sir B sin B dB
orientation by the following expressions: 0 0 @

whereN(p) is the orientation distribution function (assumed to
5 _ be Gaussian) e andAs; v are the absorbance values due to
l, = (1/2)E,”[1 + co$ B)(cos y + sir’ y cos B)O (3) the film for light propagating in the pair of TE and TM polarized
. L modes under comparisofN is the number of total internal
In these equationk,® and EZ are the squared electric field  |eflections over which the measurement is made in each mode,
amplitudes of the evanescent wave alongyhandz-axes at andE2, E,2 andE2 are the squared electric field amplitudes
the origin and the angular brackets denote an ensemble averaggs ine evanescent wave along they-, andz-axes at the origin.

r

|, = E{sir? B)(sin’ y + cos y co )0 (2)

over all the heme groups in the film. Expressions for calculatiny and the electric field amplitudes,
_The r_neasured an_|sotropy can be _related_to the angularusing the ray optics and two-phase approximatféiare given
distribution of polar tilt anglesN(3), by integration of the3 in refs 17b and 26.

distribution functions, as expressed in egs 4 and 5. Integration Measuring two parametensandp, allows values fop, and
aboutf is necessary to extract information about the orientation g 4 he calculated simultaneously using egs71 To mafintain
distribution since the normal to the heme plane is the major consistency with previous work”-24orientation distributions

symmetry axis of the molecule. reported in this paper are stated in term®@afather tharng.

Z f;/ZN(ﬁ)(Sinz B)(sirf y + cog y cog B) sinp dp @ Experimental Section
4

N

71/2 . Zinc 5,10,15,20-Tetrakis(4-octadecylpyridinio)porphyrin (Zn-
E, /;) N(5) sinf df TOPP). TOPP was synthesized from 5,10,15,20-tetrakis-4-pyridyl-
21H,23H-porphine (Aldrich, 97%) and 1-bromooctadecane (Aldrich,
|y 96%), using the procedure described by Ruaudel-Teixier %t arhe
> visible absorbance spectrum of TOPP (methanol solution) had bands

centered at 422, 518, 552, 592, and 648 nm, which corresponds closely
i _ _ i i o
f”f N(B)(L + cod [3)(009? v+ sir? y cod B) sinB 48 to the spectral features of 5,10,15,20-tetrakis(3-eicosylpyridinio)

1Jo porphyrin bromide, a very similar compouffd. The infrared spectral
2 /2 . features also corresponded. Zn-TOPP was prepared from TOPP and
ﬁ) N(5) sinf dp ZnCl,, following well-known procedure®® The visible absorption
(5) spectrum of Zn-TOPP dissolved in chloroform exhibited bands centered

at 442,525,574, and 616 nm. Zinc 5,10,15,20-tetra-4-pyridylporphyrin
The functional form ofN(3) can be modeled as a Gaussian was prepared in a similar manner.
distribution2:-24 where the heme planes are oriented about a  Silanes. Undecylenyl acetate was prepared by combiningnde-

mean tilt angle,8,, with an angular distribution (standard cylenyl alcohol (3.5 mL, 0.0187 mol) with triethylamine (3.9 mL,
deviation) ofB,: i 0.0187 mol) and cooling the stirred mixture to°G under nitrogen.

To this solution was added, dropwise with stirring over a 30 min period,
—(B-P )2 a mixture of acetyl chloride (1.23 mL, 0.0224 mol) and 50 mL of
xg ———# (6) dichloromethane. The mixture was stirred for an additionat-2.5,
2 then washed sequentially with cold water, 5% HCI, 20% Nakl@@d

N(@) =e

o

. . . . (26) Saavedra, S. S.; Reichert, W. Mnal. Chem.199Q 62, 2251—
Since N(8) is a function of two variables, a steady-state 2256,
anisotropy measurement cannot be used alone to determine both (27) Reichert, W. MCrit. Rev. Biocompat.1989 5, 173-205.
(28) (a) Ruaudel-Teixier, A.; Barraud, A.; Belbeoch, B.; Roulliay, M.
(25) Hofrichter, J.; Eaton, W. AAnnu. Re. Biophys. Bioengl97§ 5, Thin Solid Films1983 99, 33—40. (b) Dorough, G. D.; Miller, J. R.;
511-560. Huennekens, F. MJ. Am. Chem. Sod951 73, 4315-4320.
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saturated aqueous NacCl, dried with MgS@itered, and concentrated  for the second CdA layer, which was typically 0.85. On planar
by rotary evaporation. Purification was done by flash chromatography waveguide substrates, the Zn-TOPP/AA layers were deposited over only
using 5% ethyl acetatehexane as the eluent. The product, undecylenyl half of the total CdA film area. The other half was not coated to enable
acetate, was then used to prepare 1-acetato-11-(trichlorosilylyjundecanghe blank propagation loss of the CdA-coated waveguide structure to
following the procedure reported in ref 29. 1-(Thioacetato)-16- be measured, as described previod$hSpectroscopic measurements
(trichlorosilyl)hexadecane was prepared according to the procedureon Zn-TOPP films were performed within 24 h of deposition.
described in ref 29. For protein adsorption studies, LB multilayer films containing pure
Protein Solutions. Ferricytochrome from horse heart (ferricyt; AAin the outer layer, in a “*headgroup-out” orientation, were prepared
Sigma, 99%) was dissolved in 50 mM phosphate buffer, pH 7.2, purified in a similar manner. Three layers of CdA were first deposited, followed
by gel filtration on Sephadex G-25, and further diluted with phosphate by a single AA layer. The substrate was then released from the dipping
buffer to the final concentration required in particular experiments (using mechanism into a Teflon container that had been placed in the subphase
€410 nm= 106 100 M1 cm1 39, Ferrocytc was prepared using a molar  prior to film deposition. This allowed the film to remain under water
excess of sodium dithionite. After purification on a Sephadex G-25 during subsequent manipulations, which prevented the headgroup-out
column, ferrocytc solution was saturated with argon gas to prevent surface from being exposed to air.
reoxidation, and used immediately after dilution to the final concentra- ~ IOW-ATR Linear Dichroism Measurements. Absorption linear
tion required in particular experiments (usiages nm = 129 100 M* dichroism on waveguide-supported LB films doped with Zn-TOPP was
cm139, Porphyrin cytc was prepared following published proce- measured at 457.9 nm, using the instrumental arrangement and
dures®! Zinc-substituted cyt (Zn-cyt ¢) was prepared as described  procedures described in ref 24. Measurements on protein films were
by Vanderkooi et at® The product was dialyzed against 50 mM  performed at 514.5 nm, following the experimental protocols described
ammonium acetate, pH 5.0,rf6 h and then overnight against 50 mM  in ref 4.
phosphate buffer, pH 7.2. Zn-oytoncentration was determined using Dichroic ratios measured on identically prepared samples coated on
€423 nm= 243 000 Mt cm1 39, different waveguides were used to compute mean values and respective
Bovine serum albumin (BSA; fraction V, Sigma) derivatized with ~ Standard deviations. Since the mode propagation angle differed among
fluorescein isothiocyanate (FITC; Molecular Probes) was prepared Waveguides, individugb measurements were first normalized to the
following the vendor’s instruction® Using absorbance spectrometry, ~Mode-dependent parameters (number of total internal reflections and
a fluorescein:BSA molar ratio of 0.7 was determined for the product. the squared electric field amplitudes of the evanescent wave). In the
Substrate Cleaning and Silane Deposition. Silicon oxynitride case of TM polarized light, a correction was also made for the non-
planar waveguidé3and sot-gel glass planar waveguidésvere used zeroE,* component present in the denominator of eq 7. g\Values
as substrates for linear dichroism experiments. Fused silica slides (2.5/€POrted below were corrected using this procedure, which is described
cm x 7.5 cm x 1 mm thick, Dynasil, Berlin, NJ) were used as N the Supporting Information for this paper. After the correction
substrates for TIRF anisotropy experiments. Clean, hydrophilic Procedure is applied, eq 7 can rewritten as
substrates and substrates coated with dichlorodimethylsilane (DDS)

were prepared as described previodslgubstrates were either used A (1/2)‘/1'7/2N(ﬁ)(1 + cog B) sinB dg
immediately or stored in a sealed container at room temperature in the — _TTEcorected 9 — (8)
dark until use. The surfactant 1-(thioacetato)-16-(trichlorosilyl)- A\ T corrected jg N(B) sir® 8 sin 8 dg

hexadecane was used to prepare substrates coated with self-assembled
monolayers (SAMs) bearing a thiol tail group. Hydrophilic substrates
were immersed into a 0.1% {31 mM) solution of the surfactant

dissolved in dicyclohexyl (Aldrich) for 45 h. The substrates were 97:3 (viv) glyceroliphosphate buffer (50 mM, pH 7). The measurements

then copiously washed with chloroform, acetone, and deionized water, were performed at excitation and emission wavelengths of 582 and

dried under a stream of nitrogen, and stored in a sealed container at . :
room temperature in the dark until use. Just prior to use, the thioacetate636 nm, respectively. The mean ang§ between the absorption and

) ) . ; - mission dipoles w; Icul fr
tail group was reduced to a thiol by immersing the substrate into a emission dipoles was calculated frém

Intrinsic Anisotropy Measurements. The intrinsic anisotropyr)
of Zn-cytc was measured using a solution containing\8 protein in

solution of ether saturated with LiAlHor about 30 s. The substrate = A3 cody — 1
was then washed sequentially in 4% HCI, chloroform, acetone, and ro= v_h :_[ cosy ] (9)
deionized water and dried under a stream of nitrogen. The reduction I, +2, 5 2

process was repeated two times to ensure complete conversion of the

thioacetate to the thiol, producing a SAM composed of covalently bound Wherel, and I, are the fluorescence intensities measured with the

C16SH moieties. Using 1-acetato-11-(trichlorosilyl)undecane, substrates emission polarizer oriented parallel and perpendicular, respectively, to
coated with G;OH SAMs were prepared in an identical manner. These the vertically oriented excitation polarizer. For zinc 5,10,15,20-tetra-

coatings are referred to below as thiol and hydroxy SAMs, respectively. 4-pyridylporphyrin,r, was determined in an identical manner.

Static water contact angtefor hydrophilic, DDS-coated, thiol SAM- TIRF Measurements. TIRF anisotropy measurements on Zn-

coated, and hydroxy SAM-coated substrates wefet16°, 88° + 1°, TOPP-doped LB films were performed using modifications of the

72° £ 2°, and 48 + 2°, respectively. instrumental arrangement and procedures described previduslye
Langmuir —Blodgett (LB) Film Deposition. LB films containing 575 nm output from a Coherent 599 dye laser was used for excitation.

Zn-TOPP consisted of five layers: three layers of pure cadmium The collected fluorescence was directed through a bandpass filter
arachidate (CdA) followed by two layers of arachidic acid (AA) doped (635DF35, Omega Optical) onto a liquid nitrogen cooled CCD camera
with Zn-TOPP. The deposition procedure was essentially identical to (Photometrics). Since Zn-TOPP fluorescence should be nearly circu-
that described previoush. The Zn-TOPP:AA molar ratio in the  lary polarized®” no emission polarizer was present in the detection
spreading solution was 1:150. Transfer ratios were near unity except Path. The size of the image of the TIRF excitation spot on the CCD
chip was typically 100x 200 pixels. Intensity measurements were
(29) Balachander, N.; Sukenik, C. Nangmuir 199Q 6, 1621-1627. made by summing the pixel intensities over this area, using 5
(30) Margoliash, E.; Frohwirt, NBiochem. J1959 71, 570-572. binning and integrating for-15 s. The total number of pixel counts
(31) (a) Robinson, A. B.; Kamen, M. D. IBtructure and Function of  \as typically 16—107. The mean background intensity was obtained

CytochromesOkunuki, K., Kamen, M. D., Sekuzu, I., Eds.; University ; ; ; ; oot
Park Press: Baltimore, 1968: pp 38387, (b) Vanderkooi, J. M.; Adar, by imaging the sample without laser illumination at each spot on the

F.; Erecinska, MEur. J. Biochem1976 64, 381—387. film where p.0|aI'I2atI0.n was mea§ured. . ) o
(32) Conjugation With Amine Reactive Probes. technical bulletin; For experiments with protein films, the slide was fitted to a liquid
available from Molecular Probes, Eugene, OR. cell fabricated from Plexiglas (Figure 2). Experiments were initiated
46(13)3‘,\,7!611”4(,?1' D. S.; Reichert, W. M.; Berry, C.A8ppl. Spectrosc1992 by exchanging the water in the cell for about® mL of protein
(34) Yang, L.; Saavedra, S. S.; Armstrong, N. R.; Haye8nal. Chem. (36) Lakowicz, J. RPrinciples of Fluorescence Spectroscppyenum:
1994 66, 1254-1263. New York, 1983; p 120.

(35) Yang, L.; Saavedra, S. 8nal. Chem1995 67, 1307-1314. (37) Gouterman, M.; Stryer, L1. Chem. Phys1962 37, 2260-2266.
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Figure 2. Diagram of the flow cell for TIRF anisotropy measurements.
The drawing is not to scale.

solution, which covered approximately 4 £of the surface of the slide.
The protein solution was incubated in the cell for approximately 30
min in a humidified container under an argon atmosphere at room

temperature. The solution was then replaced with phosphate buffer,

Edmiston et al.

Results and Discussion

We previously reported the development of a methodology,
based on a combination of IOW-ATR linear dichroism and TIRF
anisotropy measurements, to measure the orientation distribution
of fluorescent dipoles in a substrate-supported, submonolayer
film.24 In that initial phase, we tested the IOW-ATR TIRF
method on model molecular assemblies consisting of Lang-
muir—Blodgett films of arachidic acid (AA) doped with linear
dipole oscillators.

The primary goals of the present work were the following:
(1) To extend molecular orientation distribution measurements,
using the IOW-ATR+ TIRF method, to thin film assemblies
of heme proteins. A model molecular assembly, consisting of
a LB multilayer of AA doped with Zn-TOPP, was used to test
application of the method to a submonolayer film of circularly
polarized oscillators, prior to proceeding to protein film samples.

without allowing the protein-coated surface of the slide to be exposed (2) To investigate the effect of substrate surface chemistry on

to air. Anisotropy measurements on eyfilms were performed in a
manner identical to that employed for LB films containing Zn-TOPP.
This was also true for FITEBSA films, except that, in place of the

molecular orientation in adsorbed monolayers of heme proteins.
Orientation distributions were measured for a model heme
protein, horse heart cyt, adsorbed to several different

615 nm bandpass filter, a sheet polarizer and a 515 nm bandpass filterg  fgces: hydrophilic (bare) glass substrates, substrates deriva-

(515EFLP, Omega Optical) were placed between the microscope

objective and the CCD. In all cases, the raw emission intensity
measurements in TE and TM polarizatiohg,andlv, were corrected

for polarization-dependent differences in laser power and the nonzero

2 component of TM excitation, using the procedures outlined

previously?* to calculate the respectivg andl, values used in eq 1.

Orientation Distribution Calculations. For experiments on heme
protein films and LB films containing Zn-TOPP, the mean tilt angle
(Bx) and the angular distribution3f) were recovered by iteratively
substituting estimated values 8 andf, into eqs 1 and 8, such that
the calculated anisotropy)(@nd dichroic ratio4) matched the measured
mean values for and p as closely as possible. Integrations were
performed using Mathematica software (Wolfram Research). For
consistency with previous wokd"-?45, and3, values were converted
to and reported a8, andé,, respectively. The equations and method
for determiningf,, and 6, for films containing FITC (a linear dipole)
were described in an earlier pageér.

Protein Surface Coverages.A surfactant desorption assay was used
to measure the surface coverages ofccgtisorbed to hydrophilic and

tized with DDS, substrates coated with thiol and hydroxy SAMs,
and substrates coated with Langmtilodgett films of AA.

Theoretical Considerations. For the geometry illustrated
in Figure 1, the theoretically allowable ranges for anisotropy
and the dichroic ratio are-0.5 to +0.25 and 0 to infinity,
respectively. As discussed previoudhit is important to note
that the parameter space in which combinations afdp are
physically reasonable is considerably smaller. The relationship
is illustrated in Figure 3, in which possible values fop, the
mean tilt angle €,), and the angular distributiorf{) for a
circular dipole oscillator are plotted over the ranges-6f5 <
r<+40250=<p=<40=<0,<90,and+0° <6, < £
90°. The response surfaces define those combinations of the
parameters that are theoretically possible for a Gaussian orien-
tation distribution model. It is evident that most of the parameter
space represents combinationsradnd p that are physically

silane-coated surfaces. Glass beads (3 mm diameter, Baxter) were usefhconsistent. For example, a molecular assembly cannot have
as substrates to increase the surface area relative to planar substrategn anisotropy of 0.15 and a dichroic ratio of 4, which would

Hydrophilic beads and beads derivatized with the DD§OE!, and

C16SH coatings were prepared using the procedures described aboved

for planar substrates, except the deposition time was increasesrto 6
h and, for Gi:OH and G¢SH, the silane concentrations were increased
to 0.3%. Ferricytc was incubated with approximately 20 g of beads
in a clean glass vial for 30 min to effect adsorption (under conditions

correspond to heme plane orientations predominately perpen-
icular and parallel to thex—y plane, respectively. This
illustrates the “cross-checking” feature of the IOW-ATRTIRF
technique, which aids in detecting systematic errors. In other
words, an angular distribution cannot be calculated if a given

equivalent to those used for planar substrates) and then rinsed withpair of measurements @ndp) are physically inconsistent.

phosphate buffer. The adsorbed protein was then desorbed and the

surface coverage determined as described previdusly.

Planar substrates (2.5 cmn7.5 cmx 1 mm glass slides) were used
for surface coverage determinations of cyidsorbed to LB films. Eight
headgroup-out LB films were incubated for 45 min in a solution
containing a 2:3 molar ratio of Zn-cyfferricyt c, with a total protein
concentration of 5aM. The ratio of substrate surface area to volume

Figure 3 also shows thatand p are more sensitive to the
angular distribution whe#,, is near 0 or 9, and is relatively
insensitive wherg, is near 38. The trend is shown more
clearly in Figure 4, in which anisotropy is plotted as a function
of 6, over the range of5° to £86° for four discrete values of
0, (5°, 35°, 60°, and 88). Whend, = 35°, r can vary only

of protein solution was approximately the same as used in the linear from —0.056 to—0.089. which is an 11-fold smaller interval

dichroism and fluorescence anisotropy experimeAfer washing with

phosphate buffer, the slides were immersed in a Teflon cell containing

10 mL of 1% (v/v) Triton X-100 in 200 mM KCI and sonicated for 10
min. Essentially quantitative desorption of protein was confirmed by
epifluorescence microscopy. The concentration of desorbed ityt

than wherp,, = 85°, where r can vary from-0.475 to—0.105.
Thus, a less precise evaluation of the width of the distribution
can be obtained whef), = 35°. (Note also that for a completely
random orientation distributiorff, = 54.7 which means that

the sonicated solution was determined by fluorescence spectrometry,g, = 35.3.)

using a dilution series of Zn-cytdissolved directly in 1% Triton X-100/
200 mM KCI to generate an external calibration curve. Surface

LB Films Doped with Zn-TOPP. Studies of multilayer LB

coverages were calculated by ratioing the amount of desorbed proteinfilms prepared from pure pyrldlnlopqrphyrln derivatives, using
to the aggregate surface area of the slides, under the applicableresonance Raman and electron Spin resonance SpeCtrOSCOpleS,

assumptions stated in ref 4.

have shown that the porphyrin plane is aligned nearly parallel
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Figure 3. Response surfaces for a circularly polarized oscillator showing theoretically possible values of the mean tilt angle (A, top) and angular
distribution (B, bottom). Calculations were performed using egs 1 and 8°ainéeBval for bothé, andd,, for anisotropy values ranging from0.5
to +0.2, for dichroic ratios ranging from O to 4, and assuming a value dffély.

02 Table 1. Orientation Distributions (deg) Calculated for Selected
Combinations of Emission Anisotropy and Dichroic Ratio:
Application to LB Films Doped with Zn-TOPP

0.1

001 anisotropy ()

—0.482+ 0.009 —0.491

A
B¥ . . .
0.1 dichroic ratio p) —0.473
oo 63 n/c 90+ 5.7 89+ 4.7
1054 42 n/o n/o 89+ 3.6
LS PN 147 n/o n/o 8H 2.3
D

Anisotropy

a2 Gaussian orientation distributions expresseé,.as 6,. ® Measured
p andr values (meant standard deviation) for AA LB films doped
52 0000000000 with Zn-TOPP.¢ Not obtainable (the combination @fandr did not
0 10 20 3 40 50 60 70 80 90 produce a simultaneous solution to egs 1 and 8).

Angular Distribution (degrees)
Figure 4. Relationship between anisotropy and angular distribution doped films supported on fused silica substrates, prepared under
for several discrete mean tilt angles, assuming a value of@8y: otherwise identical conditions, yielded an anisotropy-6£482
(A) 6, =5°% (B) 6, = 35 (C) 6, = 60° (D) 6, = 85°. 4+ 0.009. The fact thap > 10 andr is very close to the
theoretical minimum of-0.5 indicates that the molecular plane
to the film plane® An LB bilayer film of arachidic acid doped  of Zn-TOPP is nearly parallel to the LB film plane (see Figure
with Zn-TOPP therefore appeared to be an appropriate assembly3a).
for testing the theoretical and instrumental approaches used in  However, substituting the mean values forandr, and a
this study. It also served as a good model for comparison 10 ya|ye of 4% for y (based on the intrinsic anisotropy measure-
results obtained for heme protein films. Experiments were ments described below), into egs 1 and 8 did not yield a
performed on films of low surface coverage (about 1%) to calculated solution. In other words, the combinationoof
prevent energy transfer between chromophores, which would 105 andr = —0.482 is physically inconsistent with a Gaussian
invalidate the.fluorescenc.e anisotropy results (see the discussionyjstribution model for a circularly polarized oscillator with
below regarding Zn-cyt films). = 41°. However, orientation distributions could be calculated
The macroscopic uniformity of films doped with Zn-TOPP  for other pairs of andr that lie within 1 standard deviation of
was qualitatively analyzed by epifluorescence microscopy. The the mean values, as shown in Table 1. Within the ranges of
goal was to generate films that were devoid of observable = 105+ 42 andr = —0.4824 0.009, the calculated values for
structural features. Under 4@0magnification, the fluorescence ¢, and ¢, fell in the ranges of 87#90° and +2.3° to +5.7,
emission intensity from these films was macroscopically respectively.
uniform. The characterization of undoped CAA/AA LB films A the data in Table 1 make clear, the inability to calculate
by infrared spectroscopy, ellipsometry, and waveguide propaga-y gistribution for the combination gf = 105 andr = —0.482
tion loss measurements is described in a previous Baper. s 3 consequence of the very narrow range of allowable values
Two planar waveguides coated with Zn-TOPP-doped films that these parameters can assume when the porphyrin plane is
were prepared, and IOW-ATR linear dichroism measurements tjjted nearly 99. With reference to Figure 3, it is apparent that
were performed at three distinct physical locations on each. The an ensemble of circularly polarized oscillators must be distrib-
dichroic ratio p) was 105+ 42. (Note that the standard yted narrowly about a tilt angle of ca. 9@henr approaches
deviation of the measurement is large becadgev, the —0.5 andp approaches positive infinity. Thus, the inability to
denominator in eq 8, was very small, and the standard deviationcg|culate a distribution fop = 105 andr = —0.482cannotbe
does not provide any information about the distribution of tilt - attributed to a systematic error in the experimental and theoreti-
angles in the film.) TIRF measurements made on Zn-TOPP- ¢c3| approach. Rather this combination of measurements can
(38) (a) Lesieur, P.; Vandevyver, M.; Ruaudel-Teixier, A.; Barraud, A. pnly be.interpre.ted as .eVidence .Of a highly Ordered.ﬁlm’ Whic.h
Thin Solid Films1988 159, 315-322. (b) Palacin, S.; Ruaudel-Teixier, IS consistent with previous studies of molecular orientation in
A.; Barraud, A.J. Phys. Cheml1986 90, 6237-6242. porphyrin-containing LB films8

-0.44
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In summary, over length scales on the order of 1 cm, (i) the 2
angular distribution of porphyrin planes in Zn-TOPP-doped LB
films is centered at a mean tilt angle nearly parallel to the film
plane and (ii) the porphyrin planes are distributed in a very
narrow range about the mean angle. Finally, the Zn-TOPP
results demonstrate extension of the IOW-AFRIRF method
to orientation distribution measurements on films containing
circularly polarized oscillators.

Experimental Considerations for Fluorescence Measure-
ments on Cyt ¢ Films. In native cytc, the fluorescence
emission of the heme is quenched by the central iron atom.
Therefore, to perform fluorescence anisotropy measurements,
the protein had to be modified by removing the i@dnwhich
produces free base cgtin which the porphyrin exists as two
tautomers Wlth exchangeable hydrogens bounq to two of the  °~ P o o o o
four central nitrogen&? _The heme absorption dl_poles are no Wavelength (nm)
longer degeneraf®, which makes the theoretical analysis
somewhat more complicated. Inserting a Zn atom into the
porphyrin restores the approximately,, symmetry of the
chromophoré; and was the approach employed here. The

major disadvantage is that Zn-cgthas a lower fluorescence packed, randomly oriented protein monolayer, the average

el 2
quantum eff|_c|ency than fre_e pase o ) o center-to-center distance between zinc porphyrin groups would
NMR studies of Zn-cytc indicate that its conformation is  pe about 57 A. This separation is large enough to theoretically

1.5

Absorbance

Figure 5. Absorbance spectra of@@V Zn-cyt ¢ (dashed line) and 14
uM ferrocyt c (solid line) dissolved in 50 mM phosphate buffer, pH
7.2, in a 1 cmpath length cuvette.

not significantly perturbed relative to native ay¥® However, eliminate almost all energy transfer between zinc porphyrins.
removing the iron atom does alter the structural stability of the Ferrocytc was used as the diluent since thé8 absorbance
protein, possibly due to the absence of histidifre ligation. bands of the heme are blue shifted relative to ferricygnd

This was confirmed by comparing the effect of a denaturing therefore do not overlap the Zn-cgtexcitation band centered
agent, guqnidine HCI, on the intrinsic spectral properties of near 580 nm. This prevented energy transfer from Znedgt
native ferncytc al’ld Zn'Cth. The Soret band abSOFbanCG na“ve Cytc’ Wh|Ch W0u|d result |n quenchn‘]g and poss|b|y
maximum and the tryptophan fluorescence intensity (which is eyentual transfer to another Zn-aymolecule in the film. To
quenched in the folded state because of energy transfer to thgest if a 1:10 molar ratio of Zn-cyt/ferrocytc was sufficient
heme) of both proteins were monitored as a function of {5 prevent energy transfer in an adsorbed protein film, hydro-
guanidineHCI concentration. The denaturation midpoint of Zn- - phjjic glass substrates were incubated with solutions containing
cytcoccured at a guanidiridCl concentration of approximately  1:10, 1:20, and 1:30 molar ratios of Zn-cyt/ferrocywith the
1.75 M while that of native ferricyt was about 3 M. Despite  igtg] protein concentration held constant at 381. The
this difference in structural stability, we assume that the surface f|,grescence anisotropy measurements performed on the result-
activities of Zn-cytc and native cyt are equivalent with respect  ing protein films were statistically equivalent, which supports
to all of the substrates examined in this study. Invoking this the assumption that a 1:10 molar ratio is sufficiently dilute to
assumption permits Zn-cgtto be used as a substitute for native prevent energy transfer in a Zn-cyt/ferroayfilm.
cyt ¢, which in turn makes it possible for us to measure  \ye conclude this section by stating a general assumption that
molecular orientation distributions in cgfiilms using the IOW- must be invoked to enable the use of TIRF anisotropy
ATR + TIRF method. measurements to examine molecular orientation in protein films
The mean angley{ between the absorption and emission containing Zn-cyic: The molecular orientation distribution of
dipoles of Zn-cytc was determined by measuring the intrinsic ~ Zn-cyt ¢ molecules, coadsorbed in a film composed predomi-
emission anisotropyrg) of the protein dissolved in a viscous nately of native cyt, is equivalent to the molecular orientation
solvent at excitation and emission wavelengths of 582 and 636 distribution of all the protein molecules in the film. Although
nm, respectively Using eq 9, a value of #lwas calculated  this assumption appears reasonable, we have not verified it
for y (mean of two measurements). For comparisopyalue independently.
of 41° was also measured for zinc 5,10,15,20-tetra-4-pyridylpor-  Protein Surface Coverages.A surfactant desorption assay
phyrin. Measurements gf were not performed for adsorbed was used to determine protein surface coverages. The measure-
Zn-cytc. For the purposes of this study, a constant value of ments were performed using the solution concentrations and
41° was assumed, regardless of whether the protein wasincubation times listed for each substrate in Table 2. From the
dissolved or adsorbed at a sofitiquid interface. crystallographic dimensions of cyt (25 x 25 x 37 A)%0 a
Since nonradiative energy transfer between fluorophores in surface coverage of 2.2 10! mol/cn¥® is the equivalent of
a close-packed molecular assembly results in depolarizedone monolayer, assuming that the orientation of the molecules
emission, it must be eliminated if anisotropy measurements arein the film is geometrically random and no “spreading” occurs
to be used to quantitatively assess dipole orientation. In this due to adsorption-induced conformational changes. The surface
study, TIRF anisotropy measurements were performed on coverages listed in Table 2 are given in monolayer units and
adsorbed protein films formed by incubating substrates with range from 0.4 on the hydroxy SAM to 1.4 on the arachidic
solutions containing a 1:10 molar ratio of Zn-ayferrocytc. acid LB film.
Absorbance spectra of both proteins are plotted in Figure 5. These measurements should be considered approximate. The
Assuming a statistical distribution of molecules in a close- standard deviations range up to 25%. A potentially greater
source of uncertainty is the assumptions involved. As noted

(39) Moore, G. R.; Pettigrew, G. WCytochromes c. &blutionary,
Structural, and Physicochemical Aspecspringer-Verlag: Berlin, 1990; (40) Lvov, Y.; Ariga, K.; Ichinose, |.; Kunitake, TJ. Am. Chem. Soc.
p 24. 1995 117, 6117-6123.
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Table 2. Surface Coverages and Orientation Distributions for Adsorbed Cytochedrilens

bulk protein
concentratioh adsorption surface coverage orientation distribution
substrate surface (uM) time? (monolayers) dichroic ratio p) anisotropy () (6. £ 6,5, deg)

hydrophilic glass 35 30min 130.29 (=3) 0.59+0.05 h=2) -0.021+ 0.019 o= 3) 12+ 33
thiol SAM-coated glass 35 3h 0.5 1.660.23 h=3) -0.176+ 0.030 h=5) 61+ 23
hydroxy SAM-coated glass 35 -80h 04 0.7G£ 0.03 h=3) -0.053+ 0.023 6= 3) 13+ 29
DDS-treated glass 35 30min  0#80.21 =3) 1.58+0.03 h=3) -0.188+ 0.013 = 6) 49+ 11
arachidic acid LB film 50 30min 1.4 154 0.17 h=7) -0.154+ 0.026 6= 3) 46+ 6

a Concentration of protein solution and amount of time that solution was incubated with substrate to effect adé@pted.on one monolayer
= 2.2 x 10" mol/cn?. Unless otherwise noted,= 1 for all measurements Distribution is representative of the range of distributions listed in
Table 3.4 Distribution is representative of the range of distributions listed in Table 4.

above, the mean surface area occupied by an adsorbed proteifel 3, Orenation Disibutons (1eq) Caeylted for Seected
molecule is not known (and may differ among the various appiication to Cytc Films on Hydrophilic Glass

surface chemistries). Furthermore, to correlate molecular
orientation and surface coverage measurements on protein films dichroic
adsorbed to different materials (e.g., fused silica slides and soda_'atio () ~ —0.001

anisotropy ()
—0.011 —0.021+0.01¢ —0.031 —0.041

lime glass beads), one must assume that the adsorption behavio®.59+ 0.08 n/cf n/o n/o n/o n/o
on the two glass types is similar and that the surface roughnessg-;;1r ﬁi gg Tloi a1 {‘(/)i a0 n//O n//O

iale i i ; it . n/o n/o
of the two materials is also similar. Despite the uncertainties, 081 11+ 34 10+ 37 51 45 15431  no

the results are consistent with known trends. At pH 7, the net
charge on cyt is +9 and distributed asymmetricalty which 2 Gaussian orientation distributions expresseé,as 0,. ® Measured
presumably is the cause of its well-known tendency to adsorb py?i?gp:hi\lliilg?:séTﬁg{%bf;%n:tﬁgd(tﬂgvc%%)&)n;(t)igr?)gfai%sroéli)degotto
strongly to ngga_tlvely charged surf_aces, such as .mem.brane roduce a simultaneous solution to egs 1 and 8).

containing anionic lipids or fatty acidg. On the basis of its

neutral, hydrophilic character, the surface of the hydroxy SAM Table 4. Orientation Distributions (deg) Calculated for Selected
would be expected to exhibit the lowest affinity for protein gonl‘_b'“?t'ons gf Ele‘:'?S'O” A%Qtlrogx '\;‘”d Dichroic Ratio:
adsorption’:2 which is consistent with our observations. pplication to Cytc Films on Thio $

Orientation Distributions in Adsorbed Cyt ¢ Films. IOW- dichroic anisotropy ()
ATR linear dichroism and TIRF anisotropy measurements were ratio (o)) —0.146 —0.161 —0.176+ 0.03¢ —0.191 —0.206
performed on adsorbed cytfilms prepared using the solution 77,43 nié 52+ 20 61+ 28 73+ 38 nlo
concentrations and incubation times listed for each substrate in1 53 nlo  nlo 521 17 61+ 26 73+ 34
Table 2. The results of these experiments (dichroic ratio, 1.66+0.2% n/o nlo n/o 52+ 14 61+ 23
anisotropy, and calculated orientation distribution, expressed asl.79 nfo  n/o n/o n/o S5x11
1.89 n/o  nlo n/o n/o n/o

0, = 0,) are also listed in Table 2.

For two of the substrates, hydrophilic glass and thiol SAM- 2 Gaussian orientation distributions expresseé,as 6,. ® Measured
coated glass, orientation distributions could not be calculated p andr values (meant standard deviation) for cyt adsorbed to thiol
from the respective pairs of measured mean valuep fordr. SAM-coated glass: Not obtainable (the combination @fandr did
In other words, the mean values were physically inconsistent not produce a simultaneous solution o eqs 1 and 8).

with a Gaussian distribution model for a circularly polarized gntered into Table 2. We consider these valégs= 12° and
oscillator withy = 41°. The cause(s) of this inconsistency are 0, = + 33, to be representative of the degree of (dis)order in
unknown, but the most likely is random measurement error (as cytc film adsorbed to hydrophilic glass.
discussed above for the Zn-TOPP-doped LB films). Other A simjlar argument can be made for ayadsorbed to thiol
possibilities include (i)y may not be 41if the native protein  gaw-coated glass. The orientation distributions calculated from
structure is perturbed in t_he |nterfa_C|aI environment and (i) a pairs of p andr within 1 standard deviation of the respective
Gaussian model may be inappropriate for this sample. mean values of 1.66 anél0.176 are shown in Table 4. The
However, in the case of cytadsorbed to hydrophilic glass,  grientation distributions listed there hadg values that range
orientation distributions could be calculated for other pairs of fom 52 10 72 and 0, values ranging fromt 11° to + 3&°

p andr that were close to the respective mean values of 0.59 although mosb,, values are=+20°). The average value$,
and—0.021. (This suggests that random measurement error is— g and 6, = + 23, are considered representative for the

the primary cause of the physical inconsistency.) The results ,,ryose of comparing these samples to protein films adsorbed
of the calculations are shown in Table 3. All of the orientation o gther substrates, and appear in Table 2.

distributions listed there have smél] values (ranging from'S The distribution data listed in Table 2 can be separated into
to 16°) and largef, values (ranging fromt24° to +£45°). Thus, two groups: (1p, < + 11° for films adsorbed to AA LB films
despite the lack of an exact fit fpr= 0.59 andr = —0.021, it and DDS-coated substrates. In these cases, the distribution is
is apparent that the heme molecular planes in accfitm relatively narrow indicating that a relatively high degree of liquid

adsorbed to hydrophilic glass are very broadly distributed about ¢rystaliine order is present. The orientation distributions are

a mean tilt angle that is close to the normal axis to the film comparable to the 5+ 12° measured previously for Dilg
plane. Consequently, for purposes of pomparison to other films, (3) doped into a LB bilayer of A&* and approach that of the
the average values df, and 6, listed in Table 3 have been Zn-TOPP-doped LB films discussed above. @) +23° for

(41) (a) Koppenol, W. H.; Margoliash, B. Biol. Chem.1982 257, films adsorbed to hydrophilic, thiol SAM-coated, and hydroxy
4426-4437. éb) Slankaram, M.O| B.; Marsh, D. Rrotein-Lipid Interactions SAMs-coated substrates. In these cases, the distribution is
Watts, A., Ed.; Elsevier: London, 1993; p 130. 1 indi ; ; ; i _

(42) See for example: (a) Pachence, J. M.: Biasie, Bitphys. J1988 relatively broa_ld, indicating that the films are relatively d_|so_r
52, 735-747. (b) Heimburg, T.; Marsh, DBiophys. J.1993 65, 2408 dered. The difference between the narrow and broad distribu-

2417 and references therein. tions is illustrated in Figure 6, where normalized Gaussian
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Normalized Probability

30 40 50 60 70 80

Heme Tilt Angle (degrees)

Figure 6. Gaussian probability distributions for (A) cgtadsorbed to
hydrophilic glass with9, = 12° and 6, = £+ 33°, (B) cyt ¢ adsorbed
to on AA LB film with 6, = 46° andf, = +6°, (C) Zn-TOPP doped
into a LB bilayer of AA with6, = 89° andf, = +4° (these values are
representative of the orientation distributions listed in Table 1).

10 20 90

orientation distributions for cyt adsorbed to hydrophilic glass
and to AA are plotted. For comparison purposes, the distribu-
tion for the Zn-TOPP-doped LB films is also plotted.

The extent of disorder in the second group can be compared
to that of FITC-BSA adsorbed to hydrophilic glass, which we
examined as a model for a randomly oriented protein film

Edmiston et al.

posed of subpopulations of molecules in different geometric
orientations, which will sum to produce a broad orientation
distribution (as measured using the IOW-AH#RTIRF method).

In contrast, a narrow distribution will be produced when the
protein adsorbs to the surface predominately at a single contact
region, presumably via a single type of physical interaction of
high affinity (relative to competing interactions).

Consequently, a limited investigation into the physical nature
of cyt c adsorption to DDS-coated glass, hydrophilic glass, and
AA LB films was undertaken. Experiments were performed
to determine the extent to which cgttould be desorbed from
these substrates by soaking them in buffer solutions containing
a high salt concentration or a nonionic surfactant. Epifluores-
cence microscopy of Zn-cygtwas used to quantitatively monitor
the extent of desorption. The intent was to determine if the
(approximately) monolayer films formed by adsorption on these
three substrates contained distinct subpopulations of protein
molecules.

For these experiments, the substrate was first mounted in a
liquid cell. Protein films were formed by adsorption from
solutions containing 1:10 Zn-cyfferrocyt ¢, under the same
conditions used to form films for TIRF anisotropy measure-
ments. After the film was rinsed in 50 mM phosphate buffer
(pH 7.2, ionic strength of 113 mM) without being allowed to
dry, the cell was refilled with phosphate buffer and the

assembly. We reasoned that even if BSA molecules adsorb tofluorescence emission intensity was measured. The cell was

glass in a geometrically nonrandom manner, the orientation
distribution for the fluorescein label would be relatively isotropic
since there is a large number of spatially distributed lysines on
the surface of BSA available for attaching a FITC label.
Adsorbed BSA films were prepared by incubating hydrophilic
glass substrates with a 38V solution of FITC-BSA in
phosphate buffer for 30 min, followed by rinsing in phosphate
buffer. To prevent energy transfer between surface bound
fluorescein moieties, films used in TIRF experiments were
prepared from an incubation solution that contained a 10-fold
molar excess of unlabeled BSA (i.e., the total protein concentra-
tion was 38«M but the fluorescein concentration was only 2.6
uM). Linear dichroism and anisotropy measurements yielded
a mean tilt angle of 63+ 2° (n = 2) and an anisotropy of
—0.214+ 0.009 6 = 3), respectively. Using the theory for a
linear dipole presented in a previous p&pend assuming =
0°, a Gaussian orientation distribution of 63 30° was

then filled with buffer containing 200 mM KCI (ionic strength

of 313 mM). After soaking periods ranging from 15 min to 24
h, the cell was refilled with phosphate buffer and the emission
intensity was again measured. In other cases, after the initial
rinse in phosphate buffer, the slide was soaked in buffer
containing 2% (v/v) Triton X-100 for periods ranging from 15
min to 24 h (i.e., the treatment with 200 mM KCI was bypassed).
The results are shown in Table 5. Listed are the emission
intensities measured after application of each desorption treat-
ment, normalized to the first value measured for each film after
the initial rinse in phosphate buffer.

The data indicate that the nature of cybinding to hydro-
philic glass is complex. Some fraction of the molecules in the
film appear to be electrostatically adsorbed, since treatment with
high ionic strength buffer for periods of 15 min and 24 h
desorbed 16% and 40% of the film, respectively. Treatment

calculated. These values are reasonably close to the theoreticalvith 2% Triton X-100 for 15 min caused 53% of the film to

expectation for a completely random distribution, whicltjs
= 55° and6, > + 30°.43 More significantly, with reference to
the data listed in Table 2, it is apparent that the orientational
disorder in cytc films adsorbed on hydrophilic, thiol SAM-

desorb, and extending this treatment to 24 h removed 64%. For
the purposes of this discussion, the remaining 36% is considered
“irreversibly” adsorbed. The nature of the adsorptive interac-

tions between a protein molecule and a glass surface that both

coated, and hydroxy SAM-coated substrates is comparable tocan and cannot be disrupted by Triton X-100 is unknown.

that in the FITC-BSA film.

The remainder of this section addresses the question, Why
is the orientation distribution narrow in some ayfilms and
broad in others? One probable explanation is that a broad
distribution results from multiple types of adsorptive interac-
tions. In other words, adsorption to the substrate occurs via

However, it is clear from these data that several types of
interactions exist between the surfaces of the cytolecule
and hydrophilic glass.

Significantly different behavior was observed for cgt
adsorbed to AA LB films. Soaking in high ionic strength buffer

several contact regions on the surface of the protein. Thesefor only 15 min removed 47% of the protein; extending this

different protein-substrate interactions may share a common
physical basis (e.g., all primarily electrostatic) or may be physi-
cally distinct (e.g., some primarily electrostatic, some primarily
hydrophobic). Regardless, the net result will be a film com-

(43) Note that wherg,, = 55° for a linear dipole,f, is relatively
insensitive to differences im. Thus, anisotropy measurements cannot
distinguish betweed, = +30° and 6, > 30°. See Figure 6 in ref 24.

treatment to 24 h removed a total of 91%. These data strongly
suggest that a single mechanism, electrostatic attraction, domi-
nates the binding interaction between cydnd arachidic acid

LB films. Similar results have been reported for cygdsorbed

to negatively charged membranes and self-assembled mono-
layers®242 The predominance of electrostatic adsorption is not
surprising given that (i) the charge on the protein at pH 7 is
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Table 5. Desorption of Zn-cyt from Substrate Surfaces by Salt and Surfactant Solutions

percentage (%) of initial fluorescence intensity remaining after
applying desorption treatments to adsorbedcdyitns?

desorption treatment hydrophilic glass arachidic acid LB film DDS-coated glass
50 mM buffer rinsé 100 100 100
50 mM buffer containing 200 mM KCI, 15 min static incubation BH5 n=2) 53+ 7(n=05) 94+ 10(h=3)
50 mM buffer containing 200 mM KClI, 24 h static incubation 60 (n=2) 9+ 3 (n=23) 55+ 3(h=2)
2% Triton X-100 in 50 mM buffer, 15 min static incubatfon 47+ 35Nn=2) nnf 22+ 6 (n=23)
2% Triton X-100 in 50 mM buffer, 24 h static incubatfon 36MNn=1) nnf 8+2(n=23)

a Films were formed by adsorption from solutions containing 1:10 Zreffgtrocytc, under the same conditions used to form films for orientation
distribution measurements (Table 2). Emission intensities measured after application of desorption treatments were normalized to the first value
measured for each film after the initial rinse in phosphate buff6@ mM phosphate buffer, pH 7.2Not measured! Desorption experiments
using Triton X-100 were performed on protein films that had been rinsed in 50 mM buffer but had not been soaked in 200 mM KCI solution.

+9* and (ii) the hydrophilic headgroup plane of an AA LB On the basis of the desorption data, this face is predicted to be
film should be highly ordered and uniformly chargéd. predominately hydrophobic, although it also may contain
Another type of behavior was observed for cyadsorbed to positively charged residues (since a considerable fraction of
DDS-coated glass. Soaking in high ionic strength buffer for absorbed protein could be desorbed in 200 mM KCI). However,
15 min removed only 6% of the protein; extending this treatment the existence of such a face is not apparent from a qualitative
to 24 h removed a total of 45%. Treatment with 2% Triton examination of the crystal structure. There is a noticeable lack
X-100 for periods of 15 min and 24 h removed 78% and 92% of hydrophobic residues on those areas of thecairface that
of the protein, respectively. These results suggest that aare locally enriched with charged amino acids, and the distribu-
significant fraction of the protein film is weakly bound via tion of hydrophobic residues over the remainder of the surface
electrostatic forces. This is not surprising since it is well known appears to be relatively uniform. Thus, in contrast to the AA
that silanizing a glass surface reduces but does not eliminateLB film case, our experimental observation of an oriented cyt
its intrinsic negative charg®. However, the essentially quan- ¢ film adsorbed to DDS-treated glass is not readily supported
titative removal in 2% Triton X-100 indicates that the adsorption on the basis of the crystal structure.
of cyt c to DDS-treated glass is predominately hydrophobic in ~ Overall, our data suggest that the adsorptive interaction(s)
nature, which is expected on the basis of the wettability of the between the surfaces of the protein and the substrate is the
substrate surface (water contact angle o¢f)88 dominant factor governing molecular orientation in adsorbed
Overall, the results of the desorption experiments support the cyt ¢ films. However, other factors may influence the presence
idea that cytc adsorption to either an arachidate LB film or of macroscopic (dis)order and should be considered.
DDS-coated glass is dominated by a single, substrate-specific  First, a conformational change induced by adsorptfanay
type of noncovalent interaction, whereas multiple types of alter the geometric relationship between the heme plane and
interactions occur between cgtand hydrophilic glass. Fur-  the three-dimensional polypeptide matrix surrounding it. Con-
thermore, only on hydrophilic glass does irreversibly adsorbed sequently, there are at least three possible explanations for the
protein comprise a significant fraction of the film. This model broad distribution of heme tilt angles in a ayfilm adsorbed
correlates well with the orientation distribution data: Narrow to hydrophilic glass: (i) The protein is adsorbed via several
distributions result from protein adsorption via a single, different contact regions on the surface of the protein, which
dominant interaction, whereas a broad distribution is observed produces a film containing subpopulations of molecules having
for a protein film generated via multiple types of adsorptive different geometric orientations. (ii) The protein adsorbs via a
interactions. single contact region, but a broad distribution in the extent of
In the case of AA LB films, the narrow orientation distribution adsorption-induced conformational changes produces a broad
can be rationalized in terms of the protein structure. Itis well molecular orientation distribution. (iii) A combination of (i)
known that the distribution of charged residues on the surface and (ii). At this point, we cannot distinguish between these
of cyt cis highly asymmetri¢! The calculated dipole moment  possibilities.
is greater than 300 D, with the dipole vector oriented about Second, lateral interactions between adjacent protein mol-
33 from the heme plant2 The asymmetry is readily observ- ecules in a closely packed film could be an energetically
able by examining the crystal structure of the protein (we used important factor in producing a macroscopically oriented film
the program Insight I, Biosym Technologies, San Diego, at a solid-liquid interface. Lateral interactions coupled with
operating on a Silicon Graphics workstation). Lysine residues lateral diffusion appear to be necessary to form two-dimensional
are enriched on the protein face where the heme edge is exposedyrotein crystals at the aitwater interfacé® In this study, the
and carboxylates are located primarily on the top and back of two films with surface coverages substantially less than a
the molecule. Thus, in retrospect, it is not surprising that a monolayer (on thiol and hydroxy SAMs) were disordered.
narrow orientation distribution is produced when cydsorbs However, substantial disorder was also present in the film
to a negatively charged, physically homogeneous substrate. adsorbed on hydrophilic glass, which had a surface coverage
The physical basis for the narrow distribution of heme tilt greater than one monolayer. Therefore, the presence of adjacent
angles on DDS-coated substrates is less clear. By analogy toprotein molecules in itself does not appear to be a sufficient
the AA LB film case, a favored interaction between one face condition for producing an oriented film. However, it should
on the protein molecule and the substrate surface is indicated.be noted that we do not know if the extent of lateral interactions

(44) Fatty acid LB films have been extensively studied and are known differed among the protein films adsorbed to hydrophilic glass,

to be well ordered on a macroscopic scale. See: (a) UlmanArA. DDS-coated glass, and AA LB films.

Introduction to Ultrathin OrganicFilmsAcademic: San Diego, 1991. (b) Assessment of the Method. The results presented above

Zasadzinski, J. A.; Viswanathan, R.; Madsen, L.; Garnaes, J.; Schwartz, gnd in the accompanying paper demonstrate that orientation

D. K. Sciencel994 263 1726-1733.
(45) See for example: Chen, M; Cassidy, R. M.Chromatogr.1992 (46) Ahlers, M.; Miller, W.; Reichert, A.; Ringsdorf, H.; Venzmer, J.

602 227-234. Angew. Chem., Int. Ed. Endl99Q 29, 1269-1285.
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distributions in hydrated heme protein films can be measured

using the IOW-ATR + TIRF method. This technique is  Conclusions

sensitive to submonolayer coverages. Using our existing

instrumental arrangement, the sensitivity for linear dichroism A combination of IOW-ATR linear dichroism and TIRF
measurements is in the range of B0% of a monolayer (ca.  anisotropy techniques was employed to study molecular orienta-
10-12 mol/cn? for cyt ¢) for a chromophore of moderate molar  tion in heme protein films. The data presented here and in the
absorptivity (e.g.,e = 8800 M1 cm™! at 514.5 nm). A accompanying paper are the first orientation distribution mea-
substantially lower detection limit could be achieved if the IOW- surements reported for protein film assemblies. The results in
ATR measurements were performed at a wavelength near thethis paper show that a macroscopically ordered film of adsorbed
peak of the Soret absorbance band, where the molar abSOI’ptiVitycyt ¢ molecules can be produced when a single, high-affinity
is about 10-fold greater. Due to the intrinsic sensitivity of type of noncovalent binding occurs between the surface of the
fluorescence and the high throughput of our instrument, steady-protein and the substrate surface. When multiple, competing
state anisotropy measurements can be readily performed on &dsorptive interactions are operative, a relatively disordered film
film of chromophores having moderate photophysical properties yj|| be produced. Although these findings are not surprising
(e ~ 5000 M~* cm™* and quantum yield~0.1) and very low i retrospect, their direct observation is unprecedented. In
surface coverage (on the order of 1 mol/cn? for a zinc addition to protein films, the IOW-ATR- TIRF method should

porphyrin).  Thus, with respect to sensitivity, the use of the qye yseful in studying relationships among assembly tech-
IOW-ATR + TIRF method to examine orientation distributions nique, structure, and function in other types of two-dimensional

in molecular films will always be limited by the IOW-ATR molecular arrays.
measurement.
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