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ABSTRACT. Using peptides tethered to polymer microbeads, we have developed a technique for measuring
the interactions between the transmembiaelices of membrane proteins and for screening combinatorial
libraries of peptides for members that interact with specific helices from membrane proteins. The method
was developed using the well-characterized homodimerization sequence of the membrane-sphelimng

from the erythrocyte membrane protein glycophorin A (GPA). As a control, we also tested a variant with

a dimer-disrupting alteration of a critical glycine residue to leucine. To test for detectable, native interactions
between detergent-solubilized and microbead-tetherdelices, we incubated fluorescent dye-labeled
GPA analogues in sodium dodecyl sulfate solution with microbeads that contained covalently attached
GPA analogues. When the dye-labeled peptide in solution and the bead-tethered peptide both contained
the native glycophorin A sequence, the microbeads readily accumulated the dye through laterat-peptide
peptide interactions and were visibly fluorescent under UV light. When either the peptide in solution or
the peptide attached to the beads contained the glycine to leucine change, the beads did not accumulate
any dye. The usefulness of this method for screening tethered peptide libraries was tested by incubating
dye-labeled, native sequence peptides in detergent solution with a few native sequence beads plus an
excess of beads containing the variant glycine to leucine sequence. When the dye-labeled peptide in solution
was present at a concentration»® M, the few native sequence beads were visually distinguishable
from the others because of their bright fluorescence. Using this model system, we have shown that it is
possible to visually detect specific, native interactions betweéelices from membrane proteins using
peptides tethered to polymer microbeads. It will thus be possible to use this method to measure the specific
lateral interactions that drive the folding and organization of membrane proteins and to screen combinatorial
libraries of peptides for members that interact with them.

The recent exponential growth in the use of combinatorial of these methods in biomedical research. An important
chemistry and high-throughput screening attests to the powercomponent of this research area is the polymer microbead,
first developed for use in solid-phase chemical synthdsis (

t This work is supported in part by grants to W.C.W. from the Polymer microbeads, often made from porous cross-linked
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more powerful high-throughput applications of microbead 75 80 85
technology is the screening of microbead-tethered combi- | | 1

natorial peptide libraries synthesized by the split and recom- FTHL-LI-FG-V: M‘AI'GI‘L
bine method 2, 3). In this type of library, each individual
bead has 50200 pmol of the same peptide sequence
attached to it but each bead in the library has a different
sequence. The value of bead-tethered libraries is that
individual beads can be identified and physically separated
and the unique peptide sequence on a bead can be determined
with standard sequencing methods. Such one-bead/one-com-
pound libraries have been used to screen for specific bimo-
lecular interactions4—6) and to screen for enzyme-specific
substrate sequences<10). We are developing methods for Ficure 1: Sequence of the transmembrane helix of glycophorin

. . ] . . A. The dimerization of the transmembrane helix of glycophorin A
using microbead-tethered peptides and tethered peptid s driven by specific interactions occurring at the right-handed

libraries for the characterization and screening of interactions ¢rossing {2) between residues 75 and 87. Residues that were shown
with the membrane-spanning sequences of membrane pro+to be important for the interactioi®, 14—16, 20, 38) are boxed
teins. Except for the ToxCat biological screening assay for in gray. The surface involved in the right-handed helical crossing
helixhelix homodimerizationX1), this is an area that has & 02 B By e oo B e e e sentaton
rece'V?d little attention to date and ye_t could be br_oadly of a modela-helix. In this work, we changed the critical glycine
useful in many areas of membrane protein structural biology. at position 83 to leucine to prevent dimerization.

Ideally, one would like to be able to incubate a particular
membrane-spanning-helix with a one-bead/one-compound
combinatorial library of helices and then identify those
members of the library which specifically interact with the
test sequence. For this method to be effective, the following
conditions must be met. First, there must be no nonspecific
interactions _between the necessarily hydrophobic pemideSMATERIALS AND METHODS
and the matrix of the microbeads. Second, soluble peptide
detergent complexes must equilibrate with the internal matrix ~ SynthesisAll the peptides were synthesized manually in
of the bead where most of the tethered peptides reside. Third fritted vessels shaken with a 18@rist action shaker using
the interaction of peptides in solution with the microbead- standard fast Fmoc chemistr1). See Table 1 for a list of
tethered peptides must be readily visible and measurablell of the synthesized peptides. Peptides were tethered to
Fourth, the helixhelix interactions within the polymer either Tentagel S microbeads) from Advanced Chemtech
matrix of the bead must faithfully reflect the strength and (Louisville, KY) or Amino PEGA microbeads2@) from
specificity of native helixhelix interactions in membranes. Novabiochem (San Diego, CA). Peptides to be cleaved and

To assess whether these necessary conditions can simullij_sc‘;e'gI In ?0'19“0” ,:/lvereb_synr:hesm:(i?nl dFmoc-AIa :c\lgvaSyn
taneously be met, we chose as a model system the well- resin from Novabiochem. -fold excess of Fmoc-

characterized, membrane-spanninbelix of the erythrocyte amino acids, 2-(#-benzotriazol-1-yl)-1,1,3 3-tetramethylu-
membrane protein glycoph%rin Ag(GPA)Gchogr:oriny,i ronium hexafluorpphosphate (HBTU), hydroxybenzotriazole
exists in the erythrocyte plasma membrane as a homodimer(HOBT)’ and diisopropylethylamine were used for each

which is stabilized by specific surfaesurface interactions cqupl_in_g in dir_nethylformami(_je, and a solution of 30%
between the single membrane-spanningelices (2—17). piperidine in dimethylformamide was used for the depro-

The interactions that drive dimerization have been well €€tion of the FT“OC amino group. Couplings were carried
characterized; they are mainly nonpolar van der Waals out for 30-60 min, and their progress and completion were

interactions that occur at a right-handed helical cross betweenmo_nltored by nmhyc_irln cqlonmetrlc test@4, 23). _Where
residues 75 and 87 of the native sequence. The interactingJnOIICateOI by the_ hinhydrin test, double coqpllngs were
surface is shown in Figure 1. The glycines at residues 79 performed to aqh|eve cpmplgtlon OT the reaction. .
and 83 are critical for dimerization and cannot be replaced After .synt_heS|s, a 95'5'2'5'.2'5. mixture qf trifluoroacetic
without inhibiting dimer formation5, 18, 19). Importantly acid, th|oanlsple, 1,2-_ethaned|t.h|ol, and anisole was used to
for this work, in detergent solution, the glycophorin A helix remove_the side c_:haln protecting groups and to cIe_ave the
dimer is stable and is driven by native interactiob8, 0). synthesized peptide from the NovaSyn TGA resin. For

In these experiments, we use peptides containing the nativeTer'tag(':'I S and PEGA beads, the synthesized peptides

sequence of the glycophorin A membrane-spanning helix remained tethereq to the peads because they are directly
(GPA) and we also use peptides (GBA) in which native coupled to the primary amino groups of_the beads. These

dimerization has been disrupted by changing one of the %ee"’;ﬂzn\glerz Lergggaeodllyavxgsﬁgth?/?:ngnfrﬂolrjigzlewylvmhashe q

critical glycines, GIy83 in the native sequence, to leucine Tentagel S beads with tethered peptides were stored after
thorough drying at low temperatures, while the PEGA beads

! Abbreviations: GPA, residues 732 of the membrane-spanning  were stored at20 °C in methanol because of their fragile

helix of the erythrocyte membrane protein glycophorin A; GFA . ;
variant of GPA in which a glycine is replaced with leucine; PEGA, hature under dry conditions. Peptides cleaved from NovaSyn

polyethylene glycol amino; SDS, sodium dodecyl sulfate; UV, ultra- | GA resin were dried repeatedly from methanol and 2-pro-
violet. panol and then were lyophilized from acetic acid.

(15, 18). With these model peptides, we will show how the
four necessary conditions outlined above can be met and we
demonstrate how one can use microbead-tethered peptides
or tethered peptide libraries to study or screen the interactions
between membrane-spannioghelices.
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Table 1: Sequences of the Synthesized Peptides

Free Peptides Sequence®
Arg-GPA Fluorescent Dye-GRRRRITLIIFGVMAGVIGTILLISAA-CONH,
Arg-GPA™F Fluorescent Dye -GRRRRITLIIFGVMALVIGTILLISAA-CONH;
Tethered Peptidesh Sequence
Arg-GPA RRRRITLIIFGVMAGVIGTILLISAA-bead
Lys-GPA KKKKITLHFGVMAGVIGTILLISAA-bead
GPA ITLIIFGVMAGVIGTILLISAA-bead
Arg-GPA"T RRRRITLIIFGVMALVIGTILLISAA-bead
Lys-GPA"™ KKKKITLIIFGVMALVIGTILLISAA-bead
GPA™T ITLIIFGVMALVIGTILLISAA-bead

aSequences of the synthesized peptides. Free peptides have amidated C-termini. The native sequence of the membrane-spanning helix of glycophorin
A (GPA) is shown in bold and corresponds to residues 93 of the native sequence. The glycine that was changed to leucine in the control
peptides (Gly83 in the native sequence) is double underlined. Two alanines were added at the C-terminus to increase helicity and to move the
tethered peptides farther away from the bead polymer. The Arg and Lys sequences have four cationic residues on their N-termini. Two fluorescent
dyes, fluorescein and Texas Red, were used for labeling the N-termini of the peptides in sélEtich.tethered peptide variant was synthesized
on Tentagel beads and also on PEGA beads. See the text for details.

Mass Spectrometry and Peptide Sequenditgss spec- Fluorescence Quenchingluorescence was measured on
trometry of the crude free peptides, Arg-GPA and Arg- an SLM Aminco 8100 fluorometer at room temperature. The
GPAC®L (see Table 1), by the MALDI-TOF technique was level of quenching of fluorescein-labeled GPA analogues by
carried out on a Voyager-DE mass spectrometer from Texas Red-labeled GPA analogues was measured in SDS
Applied Biosystems (Foster City, CA). Almost no deletion solutions to assess the ability of these peptides to dimerize.
peptides were detected in the crude peptides. The predomiBecause of the overlap in the emission spectrum of fluores-
nant peaks in the Arg-GPA and Arg-GP#- samples were  cein and the broad excitation spectrum of Texas Red, Texas
both within the experimental uncertainty (0.4 mass unit) of Red was expected to quench fluorescein fluoresce2@e (
the expected values of 2869.4 for Arg-GPA and 2925.5 for when the two are in proximity, as they will be in the native
Arg-GPAS8L The sequences of the bead-tethered peptidesparallel GPA homodimer. In the guenching experiments, we
were confirmed by direct amino acid sequencing. measured the intensity of fluorescein-labeled peptides (GPA

Purification of the Free Peptidéhe free peptides (Table or GPAS®) in the presence and absence of Texas Red-
1) were designed with multiple cationic residues on their labeled peptides. The total peptide concentration was equal
N-terminus to increase solubility and manageabil®)( to 1.5uM, and the fluorescein intensity was corrected for
therefore, peptides were purified by cation exchange HPLC dilution in the samples that contained both dyes. In the
using PolyCAT A resin27) (Western Analytical Products, absence of Texas Red-labeled peptides, the fluorescein
Inc., Murietta, CA). Peptide was loadeth@ 5 cmx 0.5 intensity was directly proportional to its concentration;
cm PolyCAT A column using a 70% (v/v) 10 mM am- therefore, the quenching experiment is not detecting any
monium acetate solution (pH 5.5) with 20% 2-propanol and nonlinear self-quenching or aggregation phenomena.

10% methanol. Hydrophobic impurities were eluted from the  Interactions between Bead-Tethered and Free Peptides.
column by pulsing with 2-propanol and methanol, and the To screen for interactions between detergent-solubilized and
peptide was eluted with the loading solvent with additional bead-tethered peptides, the beads must be incubated with
15% acetic acid. peptide solutions and the peptide in solution must equilibrate

Labeling with Fluorescent DyesPurified, lyophilized with the bead interior. To prepare microbeads with tethered
peptides were labeled on their N-terminal amino groups with peptides for incubation, they were first swelledd 2 mM
the fluorescent dye fluorescein or Texas Red. The succin-SDS solution for~4 h in sealed silanized glass vials. The
imidyl esters of these dyes (Molecular Probes, Eugene, OR)swelled beads were then settled to the bottom of the vial by
were used in excess over peptide to ensure the completecentrifugation for 5 min at 5000 rpm. The supernatant SDS
labeling of the terminal amino group. The labeled peptides solution was completely removed, and the freshly reconsti-
were repurified by cation exchange HPLC as described tuted Texas Red-labeled peptide in an SDS solution was
above. Monitoring was carried out at the absorption maxi- added to the vials. The tightly sealed vials were held 40
mum for the dyes. Retention times of the labeled peptides °C overnight in a water bath. After overnight equilibration,
were reduced by several minutes due to the loss of thethe beads were prepared for examination to determine if any
terminal charge. accumulation of the Texas Red dye could be detected. For

Reconstitution into SDS MicelleBurified labeled peptides  examination, the beads were settled by centrifugation and
were reconstituted into SDS micelles by dissolving them in the Texas Red-labeled peptide solution was siphoned off with
a 2 mM SDS solution and then lyophilizing the solution to a glass capillary. Beads were then washed three times with
dryness 28). The dried powder was redissolved into the a cold 2 mM SDS solution to remove any excess labeled
original volume of water to obtain stable solutions of peptides peptide solution. At this point, the beads were examined
in 2 mM SDS detergent. under long-wave (nominal, 365 nm) UV illumination and
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compared to control beads to determine if there is a visible 06

G83L

accumulation of Texas Red on the bead. For photography, A Arg-GRA B Arg-GPA
the beads were removed from the vials using a glass capillary %51

and air-dried on a glass cover slip that had been painted 0.4] Fluorescein | | Fluorescein
black. : 7 ;Texas Red

Fluorescein Fluorescein

+ Texas Red

RESULTS AND DISCUSSION

Fluorescence

Design of the Model Systerifthe membrane-spanning

helix of glycophorin A was chosen to test for interactions 011
betweena-helices in a detergent solution amdhelices '
tethered to polymer microbeads. The homodimerization of

the glycophorin A transmembrane helix is strong, and 520 560 600 640 520 560 600 640
specific and native interactions drive dimerization in deter- Wavelength (nm) Wavelength (nm)
gent solutions, such as sodium dodecyl sulfate (SDS), as wellFicure 2: Fluorescence quenching in GPA homologue peptides.

as in membraned2—16). SDS was chosen as the detergent Fluorescence spectra of fluorescein-labeled peptides and an equimo-

; ; ; ; lar mixture of fluorescein- and Texas Red-labeled peptides: (A)
we W.OUI(.j use in these .eXpenmemS because IF drives Dye-labeled Arg-GPA and (B) dye-labeled Arg-GF3A- In all
dimerization of glycophorin A and also because it been cases the total peptide concentration was a6 and the SDS

shown to promote native interactions between membraneconcentration was 2 mM. The spectra in each panel are for

proteins other than glycophori®@—-33). Thus, SDS prob-  fluorescein emission excited at 480 nm. The fluorescein emission

ably has widespread applicability to membrane protein Spectra measured in the equimolar mixtures were corrected for
. : : dilution. Fluorescein-labeled Arg-GPA is strongly quenched by

S.ySte'.“S- All of the peptides synthesized for this Wo_rk A€ Texas Red-labeled Arg-GPA (A), indicating a close, parallel

listed in Table 1. The part of the GPA sequence used in theseassociation. There is no quenching, and therefore no parallel

studies, residues 732 of the native sequence, encompasses association, between the dye-labeled Arg-GFA peptides (B).

the interaction surfacel@) between residues 75 and 87, as

shown in Figure 1. As a control for nonspecific or non-native labeled Tentagel S beads with varying amounts of Texas Red,

interactions, we also synthesized homologous peptides inwe found that we could visually distinguish labeled from

which the critical Gly83 was replaced with Leu (GPA). unlabeled beads when the degree of Texas Red labeling was
In several previous studies, this change was shown to prevent-1% of the bead’s active amino groups.
GPA dimerization in SDS micellesl, 18). The three- Selection of the Microbead3$o assess the importance of

dimensional structure of the dimer offers an explanation for the physical and chemical properties of the microbeads, we
this observation; in the dimer, the Gly83, @tom is less tested two very different types of beads. First we used
than one carbon diameter from the side chain of Val84, Tentagel S NH beads which are-130um diameter beads
leaving insufficient space for any Gly83,Constituent larger ~ made of cross-linked polystyrene with attached polyethylene
than a proton 12, 13). For the free peptides, four arginine glycol. The active amino group is on the end of a long<50
residues were added to the N-terminus to increase manage60-ethylene unit) polyethylene glycol chain linked to the
ability (26), and a glycine was added to the N-terminus as a polystyrene backbone. These beads are very stable, uniform,
spacer to improve the labeling of the N-terminal amino and physically robust, but they are also relatively hydro-
group. The two free peptides used in this study are termedphobic. Second, we also tested amino PEGA beagdy (
Arg-GPA and Arg-GPA®3 (see Table 1). Two C-terminal  which are made from acrylamide-cross-linked polyethylene
alanine residues were added to all peptides to act as spacerglycol. The PEGA beads are very hydrophilic and have much
from the polymer matrix of the microbeads and to promote higher porosity and accessibility to large soluble molecules.
helicity (34). For the bead-tethered peptides, we synthesized However, they are also physically less robust than Tentagel
peptides ending in the native isoleucine 73, and we synthe-beads. PEGA beads must be handled more carefully and
sized peptides that were terminated with four additional cannot be stored in dry form at any time.
positively charged residues, either Arg or Lys. This design  Specific Dimerization in Detergent SolutioBefore we
strategy was used to minimize the nonspecific self-associationinvestigated the association between microbead-tethered and
of the peptides on the microbeads to improve their acces-detergent-solubilized peptides, we first had to confirm that
sibility to the aqueous detergent solution. our GPA analogues were capable of nativelike dimerization
Selection of the DyeOur primary objective in this work  in SDS solution. Circular dichroism spectroscopy showed
was to show that we could achieve specific, native, visually that both free peptides, Arg-GPA and Arg-GPA, are
detectable interactions between dye-labeled peptides insoluble and fully helicaln a 2 mM SDSsolution (not
detergent solution and peptides tethered to polymer micro- shown), and we found that both GPA analogues, prepared
beads. After testing a number of fluorescent dyes, we chosein a 2 mM SDSsolution as described above, remained stable
Texas Red for labeling the peptides in solution because itsand in solution for at least several weeks. To characterize
bright red fluorescence is highly visible when excited with the homodimerization potential of Arg-GPA and Arg-
standard, hand-held, long-wave UV light sources. This GPAS®in solution, we adapted the fluorescence quenching
property permits simple benchtop screening of bead libraries procedure of Adair and EngelmaB5) by using fluorescein-
using a low-power microscope. Also, even at very faint labeled peptides as fluorescence donors and Texas Red-
intensities, the red color of Texas Red can be confidently labeled peptides as quenchers. Because of the overlap
distinguished from the intrinsic yellowish or bluish color of between fluorescein emission and Texas Red absorption, we
the microbeads and from the bluish color of the reflected expected Texas Red to quench fluorescein when the two are
long-wave UV light. In an experiment in which we directly in proximity. In the quenching experiments (Figure 2), we
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£ Ficure 4: Tentagel S beads photographed under simultaneous

S 0.0 : , i : visible and UV illumination. The beads in sections 1A and 2A have

Z 0.0 0.2 0.4 0.6 0.8 1.0 not been incubated with a peptide solution. Those in section 1A

. . are unmanipulated, while those in section 2A have been directly

Mole Fraction of Texas Red-labeled peptide labeled with Texas Red on their active amino groups. The beads

. ; ; i lumns B-D have all been incubated with 20M Texas Red-
Ficure 3: Fluorescence quenching between Arg-GPA peptides. " €9 D N : .
For each point, we mixed various fractions of fluorescein-labeled '2P€led peptides in 2 mM SDS as follows: section 1B, Arg-GPA

; i lution, with no tethered peptide on the beads (only amino group
Arg-GPA and Texas Red-labeled Arg-GPA in 2 mM SDS and N Soiution, with nc . ) .
measured the fluorescence of the fluorescein after overnight 2C€tylation); section 2B, Arg-GP& in solution, with no tethered

T ~ ; ; peptide on the beads (only amino group acetylation); section 1C,
iq_t;in?;z:tggg)t @Zg'm-r;ﬁtgﬁégg SI;LEIAéggf\enqtégtslﬁ?e(g?r?{gﬁg%n Arg-GPA in solution, with GPA tethered to the beads; section 2C,

~ . . . 83L . H
was corrected for fluorescein dilution. The linearity of the plot Arg-GPA in solution, with GPA®L tethered to the beads; section

: : . g 1D, Arg-GPAC8L in solution, with GPA tethered to the beads; and
ﬁ;{g&?g: t?gr:?a?r%;gatgrg?gi,%ga;i%ggggdgasvzreadIm%oﬂlzed section 2D, Arg-GPA®L in solution, with GPA#®% tethered to the

intensity of ~1.0 in this experiment, as shown in Figure 2. beads. Each bead is approximately 180 in diameter.

excess of the Texas Red-labeled peptide. We conclude from

show the intensity of fluorescein-labeled peptides in the these fluorescence quenching experiments that the Arg-GPA
presence and absence of Texas Red-labeled peptides. Thgolecules form native, parallel-helical dimers in 2 mM
total peptide concentration was k. Complete equilibra-  SpS, and that this dimerization is completely prevented by
tion required an overnight incubation at 4Q. The fluo- a single G83L change.
rescence emission of fluorescein-labeled Arg-GPA is Strongly Taken together' the CD and fluorescence results demon-
quenched by an equimolar amount of Texas Red-labeled Arg-strate that the peptides we have synthesized (Table 1) are
GPA (Figure 2A). The strong quenching of fluorescein by staply soluble and fully helical and undergo specific, native
Texas Red indicates a close, parallel association between thejimerization in 2 mM SDS. These are important observa-
peptides. As expected, we observed no quenching when thejons, in part, because 2 mM is less than the reported CMC
free dyes were mixed in solution. Most importantly, when of 5.:10 mM for SDS in water 36, 37). However, in
an equimolar mixture of fluorescein and Texas Red-labeled experiments at various SDS concentrations, above and below
Arg-GPAS#t was equilibrated in 2 mM SDS, there was no  the reported CMC, we found no difference in the interactions,
quenching of fluorescein (Figure 2B), demonstrating that solubility, or stability of the peptides. Presumably, even
there is no nativelike, parallel association between the G83L pelow the CMC, the SDS molecules associate with the
peptides. Furthermore, no quenching of fluorescein fluores- hydrophobic peptides and stabilize them in water in their
cence was observed in hetero mixtures of dye-labeled Arg- g-helical configuration. Only at very high SDS concentra-
GPA and Arg-GPA&®" peptides. These results indicate that tions of ~70 mM did we observe any change at all.
a parallel association of Arg-GPA peptides occurs in specifically, high SDS concentrations caused a decrease in
detergent solution and that this association is absent in 683Lthe level of interactions between soluble and bead-tethered
peptides. GPA peptides, presumably due to the dilution of the peptides

We further explored the association between Arg-GPA in the detergent. To maximize the effective peptide concen-
molecules in detergent solution by measuring the dependencdration, most experiments were performed at 2 mM SDS.
of quenching on composition. The results are shown in Figure  Dimerization with Microbead-Tethered PeptideEhe
3. In this experiment, the relative fraction of Arg-GPA quenching experiments showed that the GPA peptides in
labeled with each of the two dyes was varied and the total Table 1 undergo specific, nativelike dimerization in an SDS
peptide concentration was held constant at ANb. The solution. Can we observe the same selectivity and specificity
emission intensity of the fluorescein was corrected for in the interactions between peptides in SDS solution and
dilution. Quenching was observed to be a linear function of peptides tethered to polymer microbeads? In Figure 4, we
the mole fraction of quencher over the entire composition show the results of an experiment that was designed to
range. Adair and Engelmar3%) showed that only dimer-  answer this question and to test for the four necessary
ization would give rise to a linear function in this experiment conditions for screening interactions between tethered and
and that higher-order oligomerization would give curved free membrane-spanning helices: (1) no nonspecific interac-
guenching plots. When the same experiment was repeatedions with the beads, (2) proper equilibration with the bead
with Arg-GPACE3L peptides, or hetero mixtures of Arg-GPA interior, (3) visual detectability of the interaction, and (4)
and Arg-GPA&#3L there was no measurable quenching of nativelike specificity. The two sections of column A contain
fluorescein fluorescence, even in the presence of a largecontrol Tentagel S beads that had not been exposed to the
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Ficure 5: Visibility of individual positive beads in a high-throughput screening assay. The photograph was taken under simultaneous
visible and UV illumination. Each cluster of beads in this photograph contaB® beads that have tethered GP# and a single bead

with a tethered native sequence GPA (see Table 1): row 1, Tentagel S beads; and row 2, PEGA beads. These beads were incubated
overnight together in the same vial with various concentrations of Texas Red-labeled Arg-GPA in 2 mM SDS: sections 1A apdRA, 20

Texas Red-labeled Arg-GPA; sections 1B and 2BM Texas Red-labeled Arg-GPA; and sections 1A and 2A 0/bTexas Red-labeled

Arg-GPA. In the leftmost two columns, the single GPA beads are readily distinguishable from the excess@f-GieAds by their
fluorescence. Each bead is approximately Z80in diameter.

peptide in solution. The beads in section 1A were unma- section 1C compared to the other samples. The Texas Red
nipulated and serve as a negative control, while the beadslabel accumulated by these beads is readily visible to the
in section 2A had been fully and directly labeled on their naked eye under UV light, and the beads are distinctly red
free amino groups with Texas Red. These beads serve as &ven under normal room lights. We estimate that we can
positive control. The beads in columns-B were incubated  visually detect an accumulation of peptide of as little as 2%
with 20 uM Texas Red-labeled peptida ia 2 mM SDS of the amount in the beads in section 1C; thus, the sensitivity
solution and contain, respectively, no tethered peptide (only of the assay is very high. Finally, the interactions are shown
amino group acetylation), tethered GPA, and tethered to be highly specific, native interactions by the observation
GPAG8L, These were incubated with Texas Red-labeled Arg- that the accumulation of the dye-labeled peptide on the beads
GPA (row 1) or with Texas Red-labeled Arg-GPHE- (row was completely prevented when either the tethered sequence
2). Only the beads in section 1C accumulated the dye-labeledor the sequence in solution contained the single G83L
peptide from solution. Importantly, this is the only combina- substitution.

tion in Figure 4 in which both the bead-tethered pep#tdd We repeated the experiment depicted in Figure 4 with other
the peptide in solution contained the native GPA sequence.Tentagel S beads containing the Arg- and Lys-GPA and Arg-
Nonspecific interactions with the resin are ruled out by the and Lys-GPA&83- sequences shown in Table 1. We also
inability of any other beads to accumulate the dye-labeled tested the same sequences tethered to the more hydrophilic
peptides, including those with closely related peptide se- PEGA beads. In all cases, the results were the same. When
quences. Proper equilibration with the bead interior, after the tethered and soluble peptides both contained the native
overnight equilibration at 40C, is shown by the observation GPA sequence, the beads accumulated the dye-labeled
that the beads in section 1C are nearly as bright as the fully peptides from solution, but when either sequence, or both,
labeled beads in section 2A and that the accumulated dye-contained the G83L substitution, the beads did not ac-
labeled peptide is not washed away by several washing stepgumulate any detectable dye. Thus, we conclude that neither
with a cold SDS solution. We also showed that the the polymer matrix of the bead nor the terminus of the
association is fully reversible by incubating these beads tethered peptides has a significant effect on the ability of
overnight at~40 °C with a large excess of an SDS solution peptides in solution to interact with peptides tethered to
and observing that they were no longer fluorescent. The polymer microbeads. We also tested the effect of using
visibility and detectability of the native GPAGPA interac- different concentrations of an SDS solution while maintaining
tion are demonstrated by the brightness of the beads inthe Texas Red-labeled peptide atZ@. The interaction is
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relatively insensitive to SDS concentration in the regime
between 2 and 20 mM. At a very high SDS concentration
of ~70 mM, the specificity of the interactions was main-
tained; however, the visible accumulation of the Texas Red-
labeled GPA on GPA beads was noticeably smaller.
Usefulness as a Screening Assbijtimately, this assay
is being developed to screen combinatorial peptide libraries
for members that have specific lateral interactions with
particular helices in detergent solution. As a test of such a
high-throughput screen, we mixed a few GPA beads of
known numbers with an excess of GF#A- beads and
incubated the bead mixtures with 20, 2, and O\d Texas
Red-labeled Arg-GPA in an SDS solution. For the 20 and 2
uM peptide solutions, the few GPA beads were readily
distinguishable from the excess of GPA- beads under UV

o 0 & W

9
10.

11.

light because the GPA beads readily accumulated the Texas 12.

Red-labeled Arg-GPA from solution and the GB& beads

did not. However, at the lowest concentration that was tested,
0.5uM Texas Red-labeled Arg-GPA, the GPA beads were
difficult to distinguish from the GPA83- beads as shown in
Figure 5. To show the contrast between the positive and
negative beads in this screen, we present in Figure 5 a
photograph of~30 GPAF®L beads from each sample of
Tentagel and PEGA beads, along with one of the fluorescent
GPA beads from the same sample. This experiment dem-
onstrates that it is possible to clearly and unambiguously
distinguish a single bead-tethered peptide sequence with
which a labeled peptide interacts from a large excess of very
similar but noninteracting sequences. This ability is necessary
and sufficient for screening combinatorial peptide libraries
for members that interact with a specific membrane-spanning
a-helix.

ConclusionsWe have shown that we can visually observe
highly specific, native interactions between peptides in
detergent solution and peptides tethered to polymer micro-
beads. Importantly, we also showed that we can use this
method to select positive, interacting sequences from a large
excess of very similar but noninteracting sequences. Taken
together, these features fulfill all the requirements for high-
throughput screening of combinatorial libraries of potential
membrane-spannirg-helices. Screening can be done either
visually, for qualitative selection of interacting species, or
by digital imaging for quantitative measurements. These
techniques thus offer a very powerful, new approach that
can be applied to diverse problems in the engineering, design,
and characterization of membrane proteins.
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