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Abstract: Multilayer protein films in which avidin or streptavidin is used as a cross-linking agent are widely
used in bioanalytical laboratories for diagnostics, isolation, and localization. However, comparatively little is
known about the structure of these films. In this study, molecular orientation in asymmetric protein bilayers
assembled on planar glass substrates was investigated. The multilayer architecture consisted of, in order of
deposition, a biotin capped phospholipid bilayer, streptavidin, and yeast cytochroiotinylated at cysteine

102. The orientation distribution of the heme groups in the cytochrorayer was determined using a
combination of absorption linear dichroism, measured in a planar integrated optical waveguide-attenuated total
reflection geometry, and fluorescence anisotropy, measured in a total internal reflection geometry. A Gaussian
model for the orientation distribution was used to recover the mean heme tilt angle and angular distribution
about the mean. The orientation distribution for the biotinylated cytochrofager was 41+ 11 degrees,

which is nearly identical to the orientation distribution measured previously for yeast cytochimaalently
immobilized via cysteine 102 to pyridyl-capped phospholipid bilayérin that case, the cytochrome surface
coverage was 0.9 monolayer. In the present study the cytochrome surface coverage was only 0.4 monolayer,
which likely precluded lateral interactions between protein molecules. The fact that the orientation distributions
were nearly identical shows that lateral interactions are not required to form a macroscopically oriented protein
film.

Introduction use in diagnostics, isolation, and localizatfoh.For example,
Spinke et af2 fabricated a multilayer assembly on a gold
substrate consisting of)(a binary, alkanethiol self-assembled
monolayer (SAM) bearing biotinylated tail groups) Gtrepta-
vidin; (iii) a Fab fragment biotinylated in the hinge regiai) (

the antigen to the Fab fragment, human chorionic gonadotrophin
(HCG); and ¢) an anti-HCG monoclonal antibody. The result
was a multilayer assembly designed to biospecifically bind
HCG. This type of assembly has been suggested as a model

turbed when the biotin moiety is covalently attached to a for development of biosensors based on naturally occurring

tiaR.9

macromolecular carrier or an insoluble substrate. Third, the molecular recc_ngnmoﬁ. o o o
binding sites are located in pairs on either side of the protein  The extensive use of avidin and streptavidin as binding
molecule. Thus when avidin or streptavidin is attached to a mediators has fostered considerable interest in relationships
biotinylated surface or carrier via one or both binding sites on between the structure and bioactivity of multilayer films
one face of the protein, the other two binding sites on the containing these proteins. A significant advance in this field
opposite face are presented to the solutidi. Other biotiny- ~ Was the discovery that under appropriate conditions both proteins
lated molecules can then be bound to the free sites. In thisform two-dimensional crystals upon binding to the air/water
manner complex protein film assemblies can be generated forinterface!®!! In a pioneering papéf, Darst et al. determined

Avidin and streptavidin are tetrameric proteins that are widely
used as binding mediators in a diverse array of bioanalytical
applications, including chromatography, cytochemistry and
cytometry, immunodiagnostics, biosensing, and drug delivery.
Several features of these proteins have lead to their popularity.
First, each contains four binding sites for biotin (vitamin H)
and the binding affinity is extremely high (Idg~ 15). Second,
under appropriate conditions, the binding interaction is unper-
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the molecular orientation distribution of the heme groups in the
Biotinylated cytochrome (outer) layer of the asymmetric protein bilayer. By
ﬁ;ﬁ,ﬁmmec comparison to the previous stuéiye sought to determine if
the degree of macroscopic orientation observed for yeast
cytochromec directly bonded to a phospholipid bilayer could
be maintained through an intermediate layer of biospecifically
bound streptavidin. A secondary goal was to measure the

orientation distribution of the streptavidin layer.

streptavidin

g § %3 8 3 ﬁ E%]‘,’}},“eg - Experimental Section
i g i gggg g g g g gn:;;mp' Proteins. Streptavidin (Sigma) was dissolved in 50 mM phosphate

buffer, pH 7.0, containing 100 mM KCI (referred to hereafter as
Substrate phosphate buffer). Labeled streptavidin was prepared by reacting the

Figure 1. Schematic of the protein bilayer assembly under study. A protein with an amine reactive fluorescent probe molecule: either
phospholipid bilayer composed of a 1:20 mol/mol ratio of DOPE-biotin: fluorescein isothiocyanate (FITC; Molecular Probes) or anthracene-
DOPC is first deposited onto a clean, hydrophilic glass substrate using 2,3-dicarboxaldehyde (ADC; Molecular Probes, #A-1139). Streptavidin
the Langmuir-Blodgett method. Streptavidin is bound to the biotin Was modified with FITC using a 1:1 molar ratio of label to protein, as
groups tethered from the lipid film surface, which leaves two free described previously** Using absorbance spectrometry, a FITC:

binding sites facing the solution. Yeast cytochroméearing a biotin streptavidin molar ratio of 0.6 was determined for the labeled product.
group linked at Cys102, is bound to the available binding sites on A modified procedure based on previous repénsas used to label
streptavidin. streptavidin with ADC. The protein was dissolved in 50 mM borate

buffer, pH 9.5, followed by addition of 30@L of 10 mM NaCN in 50
molecular orientation and packing geometry in a crystalline mM borate buffer and a molar quantity of ADC equal to the streptavidin.
submonolayer of streptavidin molecules bound to a Langmuir The mixture was allowed to react at room temperature for 30 min before
monolayer of biotin-capped lipids. Streptavidin-containing films being purified on a Sephadex G-25 column using phosphate buffer as
assembled at solid/liquid interfaces have also been the subjecthe eluent. An ADC:streptavidin molar ratio of 0.85 was determined
of a number of studiés® but considerably less is known about for the labeled product using absorbance spectrometry. All streptavidin
their structure. These films are usually not crystalline, which Solutions were passed through Guh polysulfone membrane filters
makes them incompatible with electron crystallography, the 1USt Prior to preparation of immobilized protein films. .
experimental technique employed by Darst efCal(This veast cytochromec (Sigma) was first purified by cation ex-
technique is somewhat limited by the requirements that the change®®*® A 100 uM solution was prepared in 25 mM phosphate
protein layer must be crystalline and the measurement must bebuffer containing 10 mM dithiothreitol (DTT) to reduce dimers. The
performed in a vacuum.) solution was passed through a carboxymethyl cellulose (CM52,

Thi dd the i f | | ientation i Whatman) column, and the protein was eluted with a280 mM
IS paper addresses the Issue ol molecular orientation in a;, ;. strength gradient of sodium phosphate containing 10 mM DTT.

nopcrystalhne protein film |mmo_b|I|zed at a solid/liquid interface Cyt ¢ collected from the major band was split into two fractions. One
using streptavidin as a cross-linker. The control of molecular faction was dialyzed against phosphate buffer for 3 days to remove
orientation is clearly an important issue in the development of excess DTT. The second fraction was dialyzed against Type | deionized
biomolecular devices based on immobilized protein films, such water for 3 days, followed by evaporation of the water to recover the
as biosensors and bioelectronic devices. For example, anprotein. Zinc-substituted cyt (Zn-cyt c), a fluorescent form of the
antibody immobilized on a solid substrate with the antigenic protein, was prepared from the second fraction using procedures outlined
sites facing the substrate surface will be sterically restricted from previously*"!® After purification by size-exclusion chromatography
binding a macromolecular antigéfi? Given the extensive use  (Sephadex G-25), the Zn-cyt preparation was dialyzed against
of streptavidin in protein immobilization technologi®sijt is phosphate buffer.

appropriate to examine if binding of a biotinylated proteinto a  The thiol reactive reagenN-[6-(biotinamido)hexyl]-3-(2'-py-
streptavidin-coated substrate produces an oriented protein film.ridyldithio) propionamide (Biotin-HPDP, Pierce) was dissolved in a
To our knowledge, direct measurements of molecular orientation Minimal amount ofN,N-dimethylformamide. A 10-fold molar excess

in noncrystalline protein multilayer films containing streptavidin  ©f Biotin-HPDP was added to the protein solution (eithercyr Zn-
have not been previously reported. cyt ¢). The reaction was stirred f&@ h atroom temperature. After

. . this period, some precipitation of the Biotin-HPDP was observed which
In a previous paper, we reported that a macroscopically

iented fi f t cvtoch Idb ted usi was removed by centrifugation. Absorbance measurements were used
o.rlen e ,' .m ,o yeas, ,Cy ,OC romecou - e g.enera e usmg ‘?‘ to quantitate the concentration of the reaction product pyridine-2-thione
site-specific immobilization strategy in which the protein is

boun_d via (_:y310_2 to_a planar supported phospholipid b“ayer (13) Nargessi, R. D.; Smith, D. $4ethods Enzymoll986 122, 67—
bearing pyridyl disulfide (PDS) groupgs. Here that work is 72.( J @ Col A |

; i ; ; i i 14) (a) Collins, G. E.; Rose-Pehrsson, SAnalyst1994 119 1907
eXtends.d '.[0 the asé/mrﬂem% plrloFglnb.lljllayer. d%pICteq Ir:_ijl.gure 1913. (b) Kwakman, P. J M.; Koelewijn, H.; Kool, I.; Brinkman, U. A.;
1. A biotin-capped phospholipid bilayer is deposited first, pejong, G. J.. Chromatogr 1990 364, 155-166. (c) Montigny, P.;

followed by a streptavidin layer immobilized via binding to the  Stobaugh, J. F.; Givens, R. S.; Carlson, R. G.; Srinivasachar, K.; Sternson,
biotin-capped lipids. The third layer is formed using yeast L.A. Higuchi, T. Anal. Chem1987 59, 1096-1101.
cytochromec that has been biotinylated at Cys102, which allows En%ﬁiﬁfg;g%g El)'zé‘_';lg;l_':erg”son'M"'er’ S.; Margoliash, NEethods

it to bind to the free recognition sites on the streptavidin layer.  (16) willit, J. |_'_; Bowden, E. F. InRedox Chemistry and Interfacial

The primary experimental goal of this study was to measure Behaior of Biological Molecules Dryhurst, G., Niki, K., Eds.; Plenum
Press: New York, 1988; pp 6377.
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Ku, A. C.; Darst, S. A.; Kornberg, R. D.; Robertson, C. R.; Gast, A. P. CytochromesOkunuki, K., Kamen, M. D., Sekuzu, I., Eds.; University
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(€343 nm= 8080 Mt cm119) which is equal to the amount of biotinylated
protein. At this point, approximately 25% of the protein was biotiny-
lated (for both cytc and Zn-cytc). Consequently, the procedure was
repeated twice more to achieve quantitative biotinylation of protein.
The biotinylated proteins (now referred to as B-cyand B-Zn-cyt
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excite fluorescence from FITC- and ADC-streptavidin, respectively.
Fluorescence was detected through an emission polarizer and a 515
nm long pass filter for FITC-streptavidin films. A 20 nm band-pass
filter centered at 568 nm was used in place of the long pass filter for
ADC-streptavidin films. Absorbance linear dichroism measurements

c) were purified separately by extensive dialysis for 5 days (two changes were not performed on these films for reasons discussed below.

per day) against phosphate buffer, followed by chromatography on
Sephadex G-25. Immediately prior to preparation of immobilized
protein films, protein solutions were passed through®®polysulfone
membrane filters to remove any particulate matter.

Langmuir —Blodgett Film Deposition. Fused quartz slides (2.5 cm
x 7.5 cmx 1 mm thick, Heraeus Amersil) were used as substrates for
fluorescence anisotropy measurements. Uranium oxide doped;silica
titania planar waveguides, fabricated by a-sgl dip coating proceds

Protein Surface Coverages. Surface coverages for immobilized
streptavidin and cyt films were determined using a desorption assay
similar to that described in ref 12. Briefly, streptavidin/cybilayer
protein films were fabricated, as described above, on twe 3" glass
microscope slides, each coated on one side. The streptavidin layer
was deposited from a 20M streptavidin solution in which 10% of
the protein molecules were labeled with FITC. The cyayer was
deposited from a solution containing a 1:5 mixture 6t cyt c:B-

were used as substrates for absorbance linear dichroism measurementgyt ¢, in which the total protein concentration was AM. After

All substrates were cleaned by soaking in ar’80chromic acid bath
for 30 min, rinsing with deionized water (Type | Reagent Grade), light

forming the multilayer assembly, the protein and LB films were
removed by sonication for 10 min in a Teflon vessel containing 12.5

scrubbing with a cotton pad in 0.1% PCC-54 surfactant (Pierce), and mL of 1% (v/v) Triton X-100 in 50 mM phosphate buffer, pH 7.0,

again rinsing with deionized water. The substrates were blown dry
with Ny prior to use.

The spreading solution consisting of a 1:20 molar ratio of 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamih&fbiotinyl] (DOPE-biotin,
Avanti Polar Lipids) and 1,2-dijis-9-octadecenoylsnglycero-3-
phosphocholine (DOPC, Sigma 99%) was prepared in chloroform
(Aldrich, 99.9%t) at a total lipid concentration of 3 mg/mL. Using
this spreading solution, supported phospholipid LB bilayers were

with 200 mM KCI. This procedure completely removed the lipid
bilayer and all associated protein as confirmed by epifluorescence
microscopy. The solution in the Teflon vessel was transferred to a
cuvette, and the fluorescence emission intensity of desorbed FITC-
streptavidin and B-Zn-cyt c was measured using a Spex Fluorolog
fluorometer. FITC-streptavidin fluorescence was excited at 490 nm
and emission measured at 520 nm—2 cyt ¢ fluorescence was
excited at 420 nm and measured at 623 nm. The amount of each protein

deposited on fused quartz and planar waveguide substrates employingemoved from the substrates was quantified using an external calibration

the procedure described in a previous pdpef.o maintain the “head
group out” structure of the as-deposited film, LB bilayers were kept
under water during all subsequent manipulations.

Protein Film Deposition and Orientation Measurements. The
orientation distribution of chromophores in films of immobilized
streptavidin and cyt (Figure 1) was examined in separate experiments
on separately prepared samples. To prepare an immobilizexfityt

curve. A dilution series containing both FITC-streptavidin anelZB-

cyt c was prepared in a surfactant solution identical in composition to
that used to remove the protein and LB films from the slides. An
amount of lipid equal in composition and concentration to that
composing the desorbed films was added to the calibration solutions.
Protein surface coverages were calculated by ratioing the amount of
each protein removed to the combined area of the slides, assuming a

for orientation studies, a substrate-supported lipid bilayer was mounted molecularly flat surface.

in a flow cell and rinsed with phosphate buffer. Au® solution of
unlabeled streptavidin was injected and allowed to bind to the biotin
moieties at the bilayer surface. Afte 2 hincubation time, the excess
streptavidin was rinsed from the cell with phosphate buffer and a 19
uM solution of B-cytc was injected. When preparing samples for
fluorescence anisotropy measurements, the solution contained a 1:
mixture of B—Zn cyt c:B-cyt ¢, with a total protein concentration of
19uM. (B—Zn cytc was diluted with B-cyt to increase the distance
between Zn porphyrins in the immobilized a/ayer. This eliminated

the possibility of fluorescence energy transfer which could invalidate
the anisotropy measuremef®sin both cases, the cyt solution was
allowed to react with the streptavidin-coated bilayer¥d before being

Results and Discussion

This study addresses the following question: When a protein

g’s biotinylated at a specific amino acid residue and then adsorbed

to a streptavidin-coated planar substrate, is a macroscopically
ordered protein film produced? This question is addressed by
comparing the molecular orientation distribution of the heme
groups in the cyt layer of the multilayer diagrammed in Figure

1 to a previous study in which cytc was directly bonded to a
thiol-reactive phospholipid bilayer. Given the widespread use

flushed from the cell with phosphate buffer. Anisotropy measurements of streptavidin in diagnostic, isolation, and localization tech-

were performed in a total internal reflection fluorescence (TIRF)
geometry as described in ref 18. Absorbance linear dichroism

measurements were performed using the planar integrated optical

waveguide-attenuated total reflection (IOW-ATR) technique, as de-
scribed previously® Orientation distributions for the porphyrin groups
in immobilized cytc films were calculated using a Gaussian distribution
model*®

To prepare an immobilized streptavidin film for orientation studies,

niques34 the results of this investigation should be of general
interest.

A brief description and rationale for the molecular compo-
nents used to construct the multilayer (Figure 1) follows. A
DOPC bilayer is deposited as the base layer becapgeq a
relatively inert, biomimetic surface that resists nonspecific
protein adsorptiod21 (ii) the surface density of the dopant,

a substrate-supported bilayer was mounted in a flow cell and rinsed DOPE-biotin, is easily adjusted; anii) the chain-melting-

with phosphate buffer. The buffer solution was replaced with a 2.0
uM solution of streptavidin in which 10% of the protein molecules

were labeled with a fluor, either FITC or ADC. (As described above,
the labeled streptavidin was diluted with unlabeled streptavidin to
preclude energy transfer in the immobilized protein layer.) After a 2

h incubation time, the protein solution was replaced with phosphate

buffer. TIRF anisotropy measurements were performed following the
general procedure described previouglyThe 488 and 514.5 nm lines

from an argon ion laser (lon Laser Technology 5500) were used to

(19) Stuchbury, T.; Shipton, M.; Norris, R.; Malthouse, J. P. G.;
Brocklehurst, K.Biochem J1975 151, 417-432.

(20) (@) Yang, L.; Saavedra, S. S.; Armstrong, N. R.; Haye#nal.
Chem.1994 66, 1254-1263. (b) Edmiston, P. L.; Saavedra, S.Chem.
Mater. 1997, 9, 2599-2603.

phase transition temperature of DOPC-82° C; thus a bilayer
deposited at room temperature is in a single, liquid analogous
phase in which the lipids laterally diffugé22 The latter point

is important because lipid fluidity strongly influences binding
and packing of streptavidin on a biotin-capped lipid faf#4
Binding is inhibited if the lipid film is in a solid-condensed
phase.

(21) (a) Tamm, L. K. InOptical Microscopy: Emerging Methods and
Applications Herman, B., Lemasters, J. J., Eds.; Academic Press: San
Diego, 1993; Chapter 11, and references therein. (b) Sankaram, M. B.;
Marsh, D. InProtein—Lipid Interactions Watts, A., Ed.; Elsevier: Am-
sterdam, 1993; pp 127162.

(22) Tamm, L. K., McConnell, H. MBiophys. J.1985 47, 105-113.
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As noted above, the extremely high, multidentate affinity of ~ Epifluorescence of Protein Films. To access the macro-
streptavidin for biotin and the symmetry of the binding sites scopic quality of streptavidin films, FITC-streptavidin was
make this protein a very useful cross-linking adértnd, more allowed to bind to 1:20 DOPE-biotin:DOPC phospholipid
recently, a model for studying proteifigand binding at bilayers which were subsequently observed by epifluorescence
membrane surfacé$2 Furthermore,ij streptavidin lacks the  microscopy. A uniform fluorescence emission was observed
polysaccharide groups of avidin which could disrupt the packing which lacked any observable structural features at 400X
of the protein molecules bound to the bilayer, aijlgtrepta- magnification. Bilayer protein films consisting of unlabeled
vidin is thought to be less prone to nonspecific adsorption than streptavidin and 1:5 BZn-cyt c:B-cyt ¢ were also observed
avidin11¢2526 Yeast cytochromec is used to generate the by epifluorescence. Although exhibiting only a faint fluores-
outermost protein layer because it contains an intrinsic porphyrin cence, these films also appeared macroscopically uniform with
group which can be used as a probe of molecular orient&##n,  an absence of structural features. The uniformity was confirmed
and it contains a single reduced cysteine at positioA":@8ich by TIRF measurements. The relative standard deviation in
provides a unique site for attachment of a thiol-reactive biotin B—Zn-cyt ¢ emission intensity measured at 10 spots on two
derivative. Furthermore, molecular orientation measurementsseparate films was 6%.
on the cytc layer in this multilayer assembly (Figure 1) can be  Streptavidin Orientation Distribution.  Unlike cytochrome

compared to previous results obtained for cyimmobilized c, streptavidin lacks an intrinsic spectrosqopic prqbe tha; can
directly to a PDS-capped lipid bilayer via disulfide bonding at be used to perform polarized spectroscopic experiments in the
Cys10212 visible spectrum. However, from prior wdrlt appears that

However, it is important to note that the projected area of a streptavidin may be preferentially labeled at a single lysine
cyt ¢ molecule is smaller than the area per biotin binding site residue under conditions where the labeling ratio is equimolar.
on a streptavidin molecule (see below). Given this epitaxial This suggests that a structurally unique site on the protein can
mismatch, a surface coverage significantly less than one be labeled with a fluorescent tag that may be used as a probe
monolayer is predicted for biotinylated ayspecifically bound of molecular orientation. FITC-streptavidin was consequently
to a streptavidin film. Consequently, the lateral interactions that Prepared and immobilized on lipid bilayers doped with DOPE-
likely exist between cyt molecules in the near-monolayer film ~ biotin. TIRF measurements on these films yielded an anisotropy
formed on a PDS-capped lipid bilagémust be diminished or ~ 0f —0.172+ 0.032 = 3) for the FITC probe. The theoretical
absent in a submonolayer film of cgtbound to a streptavidin ~ anisotropy that would be measured in a TIRF geometry for a
film. This difference is a significant aspect of this study and is completely isotropic distribution of linear dipoles9.22° Thus
discussed below following presentation of results on the the experimental result meant thaj the streptavidin layer
structure, binding properties, and surface coverage of theimmobilized on the lipid bilayer is relatively disordered, 6) (-
streptavidin and cyt layers. probe labeling occurred at m_ultlpl_(_e_ sﬂgs,_r_ather a S|r_lgle site,

Langmuir —Blodgett Film Characterization. The surface ~ On the surface of the protein, oiiif significant rotational
pressure versus area isotherms of pure DOPC and 1:20 DOPEMotion of the FITC probe occurs during the lifetime of the
biotin:DOPC were measured (not shown). As expected, these€Xcited state. Any qf these situations wo_uld produce depolarl_z_ed
isotherms nearly overlapped since DOPC is the major compo- quorescence_emlssmn, but since FITC_ is b_ound to streptavidin
nent in both films and were essentially identical to a previously through a single bond, the latter situation appeared most
published isotherm of DOPC (Figure 2 in ref 12). For the 1:20 Probable. o _
DOPE-biotin:DOPC film at a surface pressure of 35 mN/m, the To test the latter hypothesis, intrinsic fluorescence anisotropy
area per lipid molecule was approximately 69 Atypical value  (To) measurements were perform€d.For FITC-streptavidin
for a fluid, packed monolayé@?28 Based on the projected area  dissolved in 30% (v/v) glycerol in phosphate buffrwas 0.306
that a streptavidin molecule occupies in a crystalline monolayer ffom whichy, the angle between the absorption and emission
(about 3600 & 19, the ratio of biotinylated lipids per protein ~ diPoles, was calculated to be 28sing eq 9 in ref 18. For
molecule was about 2.9. FITC immobilized in a cross-linked silicone rubber (RTV 615,

To assess the macroscopic uniformity of films formed by LB General Electric)y, was 0.394 ang’ = 6°. Approximating
deposition, bilayers consisting of 1:20 DOPE-biotin:DOPC, the streptavidin molecule as a sphere, a rotational correlation

doped with a 0.7% molar ratio of the fluorescent lipid 1-acyl- time of g(? ns was calcylated for the protein dissolved in.3(.)%
2-[12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]dodecandyl- glycerol Since 80 ns is considerably longer than the radiative
glycero-3 phosphoethanolamine (NBD-PE, Avanti), were pre- lifetime of quorescel_n ({;\bout 4578, S|gn|f|cant_d(_apolarlzatlon
pared on glass substrates. When examined by epifluorescencé’f fluorescence emission from FITC-_streptawdln could not be
microscopy, these films appeared uniformly fluorescent by caused by glpbal motion qf the protein molecule and thus can
visual inspection at 400X magnification. This observation was only be ascr_lbed to Io<_:al|zed motion of the fluor. In other
quantitatively confirmed by TIRF measurements of emission words, the d|ﬁerenges in measuregand 'calculated/ V.alu.e.s
intensity at several locations on the surface of each slide. Film for EITC-streptawdln and FITC establlshfed that §|gn|f|cant
uniformity was unaffected by storage under water overnight or rotational motion of the probe was occurring despite the fact

: : R . : that it was covalently linked to the protein.
by manipulation h rinsing with buffer solutions. . . . .
y manipulations such as rinsing with buffer solutions The results obtained with FITC prompted additional experi-

(23) Weisenhorn, A. L.; Schmitt, F.-J.; Knoll, W.; Hansma, P. K. ments using a second fluorescent labeling reagent. ADC forms

Ultramicroscopyl1992 42—44, 1125-1132. : ; : ; ; :
24) Reiter’pﬁ?’.; Motschmann, H. Knoll, Wangmuir1993 9, 2430 a five-membered ring with the amino terminus of a lysine

2435. residuelt* which should prevent free rotation about the label-
(25) Duhamel, R. C.; Johnson, D. Methods. Enzymol99Q 184, 201 lysine bond. However, the anisotropy of ADC-streptavidin
207.
(26) Green, N. MMethods Enzymoll99Q 184 51—67. (29) Edmiston, P. L.; Lee, J. E.; Wood, L. L.; Saavedra, S1.®hys.
(27) Brayer, G. D.; Murphy, M. E. P. I€ytochrome c: A Multidisci- Chem.1996 100, 775-784.
plinary Approach Scott, R. A., Mauk, A. G., Eds.; University Science: (30) Lakowicz, J. RPrinciples of Fluorescence Spectroscppyenum
Sausalito, CA, 1996; Chapter 3. Press: New York, 1983; p 143.

(28) Yue, B. Y.; Jackson, C. M.; Taylor, J. A. G.; Minigins, J.; Pethica, (31) (a) Chen, R. F.; Vurek, G. G.; Alexander, Sciencel967, 156,
B. A. J. Chem. Soc., Faraday Trank976 72, 2685. 949. (b) Ware, W. R.; Baldwin, B. AJ. Chem. Phys1964 40, 1703.



Molecular Orientation Distributions in Protein Films. 4 J. Am. Chem. Soc., Vol. 120, No. 8, 19889

Table 1. Orientation Distributions Calculated for Selected
Combinations of Emission Anisotropy and Dichroic Ratio:
Application to B-Cytc Bound to Streptavidin Immobilized on a
Biotin-Capped Phospholipid Bilay®er

2

anisotropy ) §

dichroic ratio p) —0.096 —0.1074+ 0.01® —0.118 '§
1.12 40 + 14° nice nlo o
1.16 40 £ 9° 42° + 14° 4L + 21° _&’
1.184+0.057 400+ 7° 41° + 11° 43 £ 17 ®
1.20 n/o 41° 4+ 9° 42° + 1# E
1.24 n/o 41°+ 7° 42° £ 11° 2

2 Gaussian orientation distributions expressef,.as 6,. ® Measured
p andr values (meant standard deviation) for B-cyt bound to
streptavidin immobilized to biotin capped phospholipid bilayéfsot
obtainable. The pair of values is physically inconsistent with a Gaussian 0 10 20 30 40 50 60 70 80 90
orientation distribution of circularly polarized oscillators. Heme Tilt Angle (degrees)

immobilized on lipid bilayers doped with DOPE-biotin was Figt1ur_e 2. %{T_Ussgla” proba_bc;IitIyd(_iistIrfi_l;utions fOL(Ag (doﬁel‘_j '_ig?_lyeaSt
—0.175=+ 0.053 = 3), nearly identical to the results obtained ¢! ¢ mmobilized on a pyridy! disuftide-capped pnosphalipid bilayer,
with FITC-streptavidin. Intrinsic fluorescence anisotropy mea- 3;;5t4g;tin%gar;j 1&) ’;{fer;tg dlirzn ?r:?ng%)”i(zs;é'dtgnz) bbi:?t}r-f:;t)%id
surements confirmed that significant free rotation of the label phospholipid bilayerg, = 41° and6, = 11°, this study.
was occurring, presumably about the single bonds in the lysine ‘ ’
side chain. Thus despite the difference in chemical structure, Binding Assays. Binding assays were performed to inves-
the use of ADC did not prevent depolarization due to local tigate if the protein layers in the asymmetric bilayer were
rotational motion. biospecifically immobilized as depicted in Figure 1. The first
Steady-state anisotropy cannot be used as a measure oferies of measurements was designed to determine if streptavidin
molecular orientation if significant rotational motion of the fluor  was biospecifically bound to biotin groups at the surface of the
occurs during its radiative lifetime. Consequently, absorbance lipid bilayer. Two sets of planar lipid bilayers were prepared.
linear dichroism measurements were not performed on im- One set was composed of 1:20 DOPE-biotin:DOPC; the other
mobilized FITC- or ADC-streptavidin films, and efforts to  set was composed of pure DOPC which functioned as the
determine the orientation distribution of these samples were control. FITC-streptavidin was incubated with each set of films.
discontinued. After 2 h the samples were rinsed with phosphate buffer, without
Cytochrome c Orientation Distribution. The heme group  exposure to air, and the FITC emission intensity was measured
of cyt ¢ is bound to the polypeptide via two thioether bonds ysing epifluorescence microscopy to determine the relative
and two axial ligands to the Fe atoth.Thus this chromophore  amount of protein bound to each type of film. The emission
should not be subject to the problems associated with local probejntensity from samples formed on bilayers containing DOPE-
motion in labeled streptavidin. biotin was nearly eight times greater than that from samples
Three' multilfayer. films, having the structure illustrated formed on pure DOPC bilayers & 2). Thus the majority of
schematically in Figure 1, were prepared on both planar the streptavidin immobilized on DOPE-biotin:DOPC bilayers
waveguide and fused quartz substrates for IOW-ATR linear \yas piospecifically bound rather than nonspecifically adsorbed.
dichroism and TIRF anisotropy measurements, respectively. The - A second series of experiments was designed to determine if
dichroic ratio f) of the porphyrin groups was 1.18 0.06 0 B-cyt ¢ was biospecifically bound to the immobilized strepta-
= 3), while the anisotropyr} was —0.107+ 0.011 f = 3). vidin layer. Supported bilayers consisting of 1:20 DOPE-biotin:

Using the mearp andr values, the orientation distribution of b= \yere prepared on quartz substrates followed by adsorp-
porphyym tilt angle.sQu i 95’) was calcullated to b.e Ak 11, tion of streptavidin. After rinsing in phosphate buffer, the
assuming a Gaussian distribution function. Within one standard samples were divided into two sets. One set was incubated

deV|a}t|t()n tOf ths mtgam and rdg/aluesla oItherb theolretllciallg/ with 100uM biotin dissolved in phosphate buffer followed by
I(ig\];lesvsp acsogqhol\r/]v?] I%n'ls'a%eag thae (r:gl\JNasaliSt(t)le Sz;?azltj)r?i?] t.he a buffer rinse; this treatment was designed to saturate the free
calculatea orientation distributfon within this range. Specifi- binding sites on the immobilized streptavidin layer. Both sets
o ge. Sp of films were then incubated f@ h in a 1:5 B-Zn-cytc:B-cyt
cally, within £+ 0.06 forp and+ 0.011 forr, 6, varied from . : . .
: ¢ solution in which the total protein concentration was:19.

40" to 44 while 6, varied from 7 to 21", The orientation After the cytc solution was replaced with phosphate buffer
distribution of 4F + 11° is therefore considered representative 1€ cytc . P phosp '
the emission intensity of the bound-Zn-cyt c was measured

of the distributions that could be calculated for combinations N fluor nee micr to determine the relativ
of p andr within one standard deviation of their mean values. using epitiuorescence microscopy to aetermine the relative
amount of protein bound to each film. The emission intensity

This result can be compared to a previous sttdywhich S o Go R B Voo Dlocked with soluble biotin was about

cyt ¢ was immobilized directly to a phospholipid bilayer, ; ; :
i s : b 8-fold greater than the intensity emitted from blocked (control)
I disulfide bond betw Cys102 and lipid
primartly via CisUtice bonaing hetyeen -ys anc 1pIcs films (n = 2). This result shows that the binding of&n-cyt

bearing PDS moieties. In that case, the measpi@tr values > e > x ! o
were 1.13+ 0.10 and—0.101+ 0.012, respectively, yielding c to immobilized streptavidin was predominately biospecific in
a porphyrin orientation distribution of 40+ 11°. These  nature. - . .
parameters are nearly identical to those given above for the Desorption Assays. Biotin-HPDP reacts with a thiol to
asymmetric bilayer. Thus macroscopic molecular orientation 9enerate a disulfide borfd. Treatment of the asymmetric
in the cytc layer is unchanged despite the presence of the protein b||_ayer d_e_plcted in Figure 1 with DTT should there_fore
intermediate streptavidin layer. The similarity is graphically liberate biospecifically bound B-cyt Consequently, a series
displayed in Figure 2 where the normalized Gaussian orientation ™ (32) Biotin-HPDP (21341). Technical bulletin; available from Pierce,
distributions for both molecular architectures are plotted. Rockford, IL.
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Table 2. Desorption of B-Cytc from Streptavidin Immobilized on of 2.2 x 10~ mol/cn?,18 from which a fractional coverage of
a Biotin-Capped Phospholipid Bilayer by Salt and Dithiothreitol 0.4 monolayer is calculated for B-cgt

Solutions ” ) .
. — The packing density reported by Darst et%ik assumed for
Yoage of initial fluorescence the streptavidin layer (despite the difference in film fabrication
intensity remaining after i - ..
applying desorption treatments methods). In their work, streptavidin was bound to a biotiny-
desorption treatment to B-Cytc films? lated lipid monolayer at the surface of a Langmuir trough,
buffer rinsé 100% followed by compression and transfer to an electron microscope
buffer containing 200 mM KCl, 93% 12% grid. The protein formed crystalline domains with a unit cell
15 min static incubation ne3) dimension of 84+ 1 A x 85+ 2 A 0 which corresponds to a
buffer containing 200 mM KCl, 91% 7% monolayer surface coverage of 4.6510712 mol/cn?. The
buﬁ; iﬁ'{;;gﬁ%bggg?mw KCl, 5'50;)1) 8% surface coverage_measured here,»2 B0~12 mol/cne, therefore
10 mM DTT, 15 min static represents a fractional coverage of 0.6 monolayer. A submono-
incubation 6=23) layer coverage was not unexpected; other groups studying
buffer containing 200 mM KClI, 35%: 9% streptavidin binding to planar biotinylated surfaces have also
ilr]%&'\gti%?' 8 h static (n=3) reported data consistent with submonolayer covefage.
The surface coverage measurements show that the molar ratio
aProtein films were formed from solutions containing 1:5Bn of B-cyt ¢ to streptavidin in the bilayer was 3.4. Since there

cyt c:B-cyt ¢, under the same conditions used to form films for TIRF I . . .
anisotropy measurements (see text). Epifluorescence emission intensitie§2NNOt be more than two B-cgthinding sites per immobilized
measured after application of each desorption treatment were normalizedstreptavidin molecule, these data show that a significant fraction
to the first value measured for each film after the initial rinse in saline (approximately 40%) of the molecules in the B-cyayerwere
buffer. 50 mM phosphate buffer, pH 7.0, containing 100 mM KCI.  notpiospecifically immobilized. This result correlates well with

] ) ) the desorption data which indicated that about one-third of the
of desorption experiments was performed to determine what g_cyt ¢ Jayer was nonspecifically adsorbed. Some nonspecific
fraction of the B-cytc layer was actually immobilized to the adsorption of cyt was expected. This statement is based on
streptavidin layer via the biotin-HPDP linker. The general points. () In the previous stud§ in which yeast cytc
procedure has been described previotidh$:33 Briefly, three was immobilized directly to a PDS-capped lipid bilayer
protein bilayer films were prepared using the same procedure composed predominately of DOPC, some nonspecific protein
employed to prepare films for TIRF anisotropy measurements adsorption to the bilayer surface WG’IS observeid) Since the
of immobilized B-Zn-cytc. Epifluorescence microscopy was streptavidin surface coverage was only 0.6 monolayer, a

u?fedtto dth: am'tali'i\r/]e%?oﬁl'rtﬁr tirr:ebe}(;ept 0‘; Zt:w-r(]:wesgtrpitrl]ci): considerable fraction of the lipid bilayer surface was available
erectec by soaxing the S utier solutions containing a ¢ interaction with dissolved cyt molecules.

high salt concentration, DTT, or both. . . o
Macroscopic Orientation in the Cytochrome c Layer —

The results are listed in Table 2. After the films were soaked o . :
for 15 min in phosphate buffer containing 200 mM KCl (ionic Contributing Factors. One key result of this study is that the

strength of 313 mM), 93% 12% of the B-Zn-cyt ¢ layer or_ientati(_m distribution of the porph_yrin groups i_n _afilm of B_—cyt
that was initially immobilized remained bound. No additional Cimmobilized through an intermediate streptavidin layer (Figure
desorption (91%: 7%) was observed by extending the soaking 1) i nearly identical to that measured previoé&fpr a film
period to 8 h. When these films were subsequently soaked in ©f €yt ¢ covalently immobilized to a PDS-capped phospholipid
phosphate buffer containing 200 mM KCl and 10 mM DTT bilayer. In bpth molecular .archltecture's., the majority of the
for 15 min, the relative amount of BZn-cytc remaining bound Yt € (@approximately 60%) is site-specifically bound and the
dropped to 52%t 8%. Extending the treatment with DTT to Wlo!th of the measulred dlstrlbutlpﬁ:(ll°) is relatlv.e-ly narrow,
8 h left only 35%:+ 9% of the initial B-Zn-cyt c layer bound which correlates with a predominantly site-specific interaction.
to the films. These results are summarized as-3@% of the An earlier study® showed that a much broader distribution,
immobilized B-cytc layer is electrostatically adsorbed, ap- corresponding to the deposition of a relatively disordered protein
proximately 60% is specifically bound via the biotin linker, and film, occurs when extensive nonspecific binding interferes with
the remaining 35% is bound by unknown interactions that cannot the intended site-specific interaction.
be disrupted by the combination of DTT and high salt. These On the other hand, the desorption and surface coverage
results correlate reasonably well with the results of the binding measurements show that about-3®% of the B-cytc layer is
assays described above. Furthermore, they are remarkablynonspecifically bound. This result appears to be inconsistent
similar to the results of analogous desorption experiments with the measured orientation distribution (4111 degrees),
performed on yeast cgtimmobilized directly to a PDS-capped  which indicates that the porphyrin groups in the cyayer are
lipid bilayer*? In those films, 5%-10% of the cytc layer was ~ macroscopically oriented. However, a similar degree of non-
electrostatically adsorbed, approximately 60% was immobilized specific binding was observed in the previous stddgr cyt ¢
via disulfide bonding, and about 35% could not be desorbed in deposited directly on a PDS-capped lipid bilayer. In that case,
a buffer containing KCIl and DTT. selective desorption of the specifically bound fraction was used
Protein Surface Coverages.The protein bilayer was further  to measure the orientation distribution of the nonspecifically
characterized by measuring the surface coverage of each proteingound fraction (33t 40 degrees), which allowed the distribution
The film was found to be composed of 26102 mol/cn¥ of of the specifically bound fraction to be recovered (399
streptavidin and 8.8& 10"*2mol/cn? of B-cytc. These values  degrees). Since the means of the two subpopulations were not
can be expressed as monolayer fractions by assuming a packingjgnificantly different, the orientation distribution of the entire
density for each protein layer. On a molecularly flat surface, a jjm (40 £ 11 degrees) was not significantly broadened. A
close packed cyt monolayer corresponds to a packing density gimijlar sjituation may have occurred for the bilayer geometry
(33) Wood, L. L.; Cheng, S.-S.; Edmiston, P. L.; Saavedra, S. &m. examined here. However, this possibility was not further
Chem. Soc1997, 119, 571-576. investigated because the surface coverage of the nonspecifically
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bound B-cytc (about 0.14 monolayer) was too low to perform disulfide group to the biotin ring structure in Biotin-HPDP is
statistically valid linear dichroism measurements. 29.2 A32 From an examination of the crystal structures of the
Although the orientation distribution of the streptavidin layer two protein$®we estimate the following:i) The distance from
of the protein bilayer was not measured, macroscopic order in @ biotin group occupying a binding site on streptavidin to the
this layer is one probable reason that the orientation distribution outer surface of the protein is 17 A. (Alternately, from the
of the cytc layer is nearly identical to that measured for the diagram published by Darst et al. [Figure 8 in ref 10], this
PDS-capped lipid bilayer geometty. As noted above, under ~ distance is estimated to be 15 A)ii) (The thiol side chain of
appropriate conditions streptavidin forms crystalline domains Cys102 is locatet 8 A from the surface of cyt (although partial
at the air-water interface in which the biotin binding sites are unfolding of the C-terminal region to permit reaction with an
oriented approximately normal to the interfacial plaieliThe extrinsic thiol could conceivably shorten this distaffke Given
streptavidin films prepared in this study were probably not these distances, only abtdiA of thespacer arm is left to span
crystalline since characteristic morphologies were not observedthe “gap” when B-cyt is bound to streptavidin. The resulting
when FITC-streptavidin films were examined by epifluorescence steric hindrance probably restricts the motion of bound B-cyt
microscopy. However, given the nearly identical orientation ¢, which in turn should restrict the porphyrin to a narrow range
distributions plotted in Figure 2, the streptavidin layer must have of tilt angles. Finally, electrostatics may also play a role. At
a high degree of macroscopic order that is “transferable” to the pH 7.0, cytc has a net charge &f9, whereas, with a pl between
subsequent cyt layer® 5 and 6%° streptavidin has a net negative charge. Therefore
A second key result of this study is that the fractional surface the binding interaction between the proteins may be enhanced
coverage of the cyt layer was 0.4 monolayer, which is less by electrostatic attraction.
than half of the 0.9 monolayer coverage achieved wherccyt Conclusion
was immobilized directly to a PDS-capped lipid bilayeér.
Considering this difference in light of the nearly identical ~ Due to their extremely high, multidentate affinity for biotin,
orientation distributions measured for these two architectures avidin, and streptavidin have become widely used as binding
leads to a significant conclusion: lateral proteprotein mediators in a diverse array of bioanalytical applicatibhin
interactions arenot a prerequisite for the generation of an contrast to this popularity, relatively little is known about the
macroscopically oriented cytfilm. B-cyt ¢ molecules bound structure of protein multilayers formed using either avidin or
to different streptavidin molecules in the packing arrangement streptavidin as a cross-linking agent. In this work, the issue of
reported by Darst et &P would be too widely spaced to interact molecular orientation in the outermost layer of a streptavidin-
laterally (although a pair of cyt molecules bound to one mediated protein multilayer was addressed. Multilayer as-
streptavidin might be close enough). Even if the streptavidin semblies consisting of B-cyt bound to a biotin capped
molecules formed a close-packed structure, in which the phospholipid bilayer through an intermediate streptavidin layer
projected area per molecule would be about 258@*he area were structurally characterized. The orientation distribution of
per biotin binding site (1250 A would still be considerably  the porphyrin groups in the B-cytlayer was almost identical
larger than the area of a cgtmolecule €900 A?). Therefore to the distribution in films formed by direct immobilization of
it appears that, at least in this molecular architecture, specific Cyt ¢ to PDS-capped lipid bilayef8. Thus the intermediate
binding of B-cytc to streptavidin determines porphyrin orienta-  streptavidin layer did not measurably affect macroscopic mo-
tion, and lateral interactions are relatively unimportant. In lecular orientation in the outer B-cgtlayer. The low surface
contrast, other authors have suggested that lateral interactiongoverage of the B-cyt layer, ca. 0.4 monolayer, demonstrates
among proteins occupying adjacent adsorption sites may bethat formation of a close packed monolayer on a streptavidin-
necessary to “force” the molecules to align in a particular coated surface igot requiredto generate an oriented protein
geometric orientation, possibly by sterically hindering transla- film.
tional and rotational motion and/or preventing multiple types
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