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HIV-1 Rev is a 116 residue transporter protein #raers the host cell nucleus and uses its
17 amino acid segment (Rg¥g to bind and capture a specific piece of RNi#e Re
Response Element (RRE), for transport to the cytoplabhis is critical for HIV
replication. In isolation, Rey.so shows negligible structure in water, buglpha helical i
a mixture of water and 2,2,2-trifluoroethanol (TFEWhen bound to RREere we repo
that helix-constrained cyclic pentapeptides, eittapended to the kerminus o

incorporated within Rey 5o are efficient helix nucleators in water. Theytod up t®®0%
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alpha helicity for isolated Rev peptides in wated annfer high RNA-binding affinity.

2009 Elsevier Ltd. All rights reserved

1. Introduction

Designing drugs to selectively target specific profeNA

interactions remains extremely challendinge to the large and

flexible interacting surfaces, the complex struatuplasticity,

and the negatively charged and solvent exposedcasfof RNA.
Nevertheless, for human immunodeficiency virus (Hlafd
other retroviruses with small genomes (and thus feMems for
targeting by drugs), viral RNA and RNA-binding proigiare
important targets for therapeutic intervention. @uon to a
number of RNA-binding proteins is their role as sparters.

For example, HIV-1 Rev is a 116 residue viral pirothat plays
a critical role in HIV replicatioh* by binding to RNA Figure 1)

in the nucleus of a virus-infected host cell arahs$porting it to
the cytoplasm for translation into viral structueadd functional
proteins that assemble into new viral partileSpecific
inhibitors of the binding of the HIV-1 Rev proteto its RNA

partner might inhibit HIV replication, however very wie
compounds are known to potently antagonize thigast®n?®

Among known inhibitors are peptidés, aminoglycoside
antibiotics (e.g. neomycin B)nucleic acid aptamefsand other

a .

- Rev peptide

' RRE (RNA)

Figure 1. RNA-boundRew, s peptide (PDB:1ETF)’ (a) HIV-1

Rev residues 34-50 (red; peptide 1) bound to it stranded
RNA target sequence (green/yellow; Rev Response Elemen
RRE). (b) End view of the NMR-derived solution stire of H-
Rew,s7OH peptide bound to the RRE. Residue numbers
correspond to the Rev protein.

The Rev protein (18kDa) has two distinct functionaingins
identified through mutagenesis. The N-terminal domain
contains both the nuclear localisation signal ahd RNA-
binding domain (RBD), whereas the C-terminal domaintains

small molecule&. All of these ligands have issues with either the nuclear export signal. A 17-residue arginiré-region in the

bioavailability, stability, selectivity or potendy vivo. Here we

focus on promoting alpha helicity and enhancingnégf of the

RNA-binding HIV-1 Rev peptide sequence by incorpomgti
highly alpha helical cyclic pentapeptidest the N-terminus and
within the arginine-rich RNA-binding component of Reékhe

effects of introducing these cyclic peptides onixh@hduction

and affinity for the Rev-binding element RRE of RN&

reported.

N-terminal domain of Rev, residues 34-50, is impurfar both
targeting to the nuclelfsand specific binding to the major
groove of the RNA segment termed the Rev Resporsmetit
(RRE)! When isolated, this short synthetic peptide segeien
corresponding to HIV-1 Rewso (H-
TRQARRNRRRRWRERQR-NHK denoted from this point on as
peptide Rey;,orpeptidel) has negligible structure in water but
becomes alpha helical when 2,2,2-trifluoroethanoFH] is
added"® or when bound to the Rev Response Elefri&(Eigure
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1). Alanine mutagenesis of this 17-residue pefftidevealed
that Thrl, Arg2, Arg5, Arg6, Asn7 and Argll were crititaf
high affinity binding to RRE and for specificity evother RNA
segments, while Argl3, Argl5 and Argl7 also made iraport
electrostatic interactions.

2. Results and discussion

Previously, we reported on a cyclic pentapeptifle-(1,5-
cyclo)-[KARAD]-NH, that formed a single-helical turn with
unusually high stability in watéf.This pentapeptide contained a
crucial lactam bridge between the side chains ohéygposition
1) and aspartic acid (position 5), which promotednfation of
threea-helix-defining hydrogen bonds within the peptapegpif
This lactam bridge was more effective in inducin helicity
within pentapeptides than any other lactam britige other
hydrocarbon linkers between side chains of residuaesd 5-*2
Moreover, helicity was tolerant of many amino acd$positions
2, 3 and 4 in the sequent®’helix-favouring amino acids in
these positions in proteins also favoured heliaitythe cyclic

pentapeptidé?® and the cyclic pentapeptides could be combined

as module® to confer alpha helicity in, and biological actjmto,
longer peptide sequencks’ wWe therefore decided to examine
its influence here on alpha helicity when appendeth¢ end, or
within, the Rev peptide sequence corresponding ¢ RNA-
binding domain.

Using the NMR solution structure of Rey (1) bound to RRE

(pdb:1ETH,"™ we first modelled whether the cyclic pentapeptide

attached to the N- or C-terminus might stericalgsh with the
RNA. There was insufficient space to permit attachnwnthe
cyclic peptide to the C-terminus @fand, even when attached to

the N-terminus ofl, there were clashes with the RNA backbone

bases of G47-G48F{gure 2) that would be expected to
negatively impact on binding affinity. To avert shpotential
problem, a series of models were created for Ac-{¥e)-
[KARAD]-Ala n-Rewvi.;~NH,, with different numbers of alanine
residues (n = 0-4) as spacers with high helical gmsjty and
small side chains to limit steric interference wite RNA
backbone. We found that at least three alanineduesi were
needed to separate the Rev peptide from the cpelatide and
thereby minimise steric clashes between the cyakethe RNA

(Figure 2). The models suggested that the side chain lactan dog g,i+3)

bridge may interact with the RRE backbone 64-GCU-6&mwh

= 2, but that r= 3 would enable the side chain lactam bridge to D

be projected beyond the RNA backbone and thus woelde
expected to interfere with binding=igure 2). We therefore
synthesized H-Rey-NH, (1), Ac-(1,5-cyclo)-[KARAD]-Rev.

17NH, (2), and Ac-(1,5-cyclo)-[KARAD]-Ala-Ala-Ala-Revi .~

NH, (3) to test for steric interference and for experitaén
comparison of helix induction and RNA binding affied.

b ,
W AT

Figure 2. Models of N-terminally capped Rev peptides botmd
the RRE. & compound?; (b) compound. Rew,.sis shown in
green, Ac-(1,5-cyclo-[KARAD])- is in pink, and the -Akla-
Ala- linker is in black.

a

Steric clas|

Circular dichroism spectraF{gure 3a) showed that the Ac-
(1,5-cyclo)-[KARAD]- unit was a very effective N-terminal helix

Tetrahedron

nucleator, improving alpha helicity from 6% (compdul) to
54% (compound? and3) in aqueous 10 mM phosphate buffer
(pH 7.0, 22C). Interestingly, helical induction by the N-terral
helix-constrained cyclic pentapeptidewas the same with
(compound3) or without (compoun@) the Ala-Ala-Ala spacer
between cyclic peptide and Rev peptidéigire 3a). This
induction of a-helicity using the N-terminal helix-constrained
cyclic peptide also improved the binding affinitprf RRE
(Figure 3b) from ICs, 886 NM (1) to IC50 260 NM @). A further
increase to 16 91 nM for3, despite comparabke-helicity to 2,
was attributed to more favourable fitting ®finto RRE without
the steric clash predicted earlier fo¢Figur e 2a).
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Figure 3. (a) Circular dichroism spectra of uncapped H-Rgv
NH, peptide {, black) versus N-terminally capped peptides Ac-
(1,5-cyclo)-[KARAD]-Rewv.;~NH, (2, blue) and Ac-(1,5-cyclo)-
[KARAD]-Ala-Ala-Ala-Rev,.1~NH, (3, red), measured in 10mM
phosphate buffer (pH 7.0) at 22 (b) Competitive binding of N-
terminal capped Rev peptidégblack),2 (blue),3 (red) for RRE
using 10nM Suc-Reu-AAAAC(fluorescein)-NH, (Kg = 7 nM)

and 7.5nM biotin-labelled RRE.
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Figure 4. Structure of peptid® in water (N-terminal cycle on
left). (@ Summary of sequential, short and medium range NOE
datain 90% H0:10% DO at 298K. NOE intensities were strong
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(upper distance constraint 2.7A), medium (3.54), wgaRA), differently spaced helix-constraining cyclic pergpfide
very weak (6.0A) and proportional to bar thickneSkycha < modules: Ac-(5,9; 10,14-cyclo)-TRQKRNRD][KRWRD]-
6Hz indicated byl. (b) 20 lowest energy structures with NH, (4), Ac-(5,9; 12,16-cyclo)-TRQA{RNRD]RR[KRERD]-
K(i) - D(i+4) lactam bridge in grey and backbone conformationrNH, (5), Ac-(4,8; 10,14-cyclo)-TRQ{ RRND]R[KRWRD]-NH,
in pink ribbon. Residues of the cyclic peptide,ethrspacer (6), Ac-(5,9; 8,12-cyclo)-TRQA{RN[KD]RRD]RERQ-NH, (7)
alanines, and Rey; are in the helix, while Rey,; are and Ac-(4,8; 12,16-cyclo)-TRBRRND]RRR[KRERD]-NH,
disordered. ¢ NMR structure of3 modelled to bind in RRE. (8). These all feature two cyclic pentapeptide moduéEther
Residues important for binding and specificity ameorange back-to-back with no spacet)(or spaced by one residu@,(two
(Thrl, Arg2, Argb, Arg6, Asn7, Argll, Argl3). residues?y), three residues), or overlapping one anothéef)(

Using 2D'H-NMR spectroscopy, we determined a solution  Circular dichroism spectraFigure 6a) demonstrated that the
structure for3 in water Figure 4) that showed the N-terminal cyclic pentapeptide dramatically increasedelicity in all five
cyclic peptide plus the linker plus Ray in an alpha helical compoundst-8 (55-92%,Table 1) relative tol (6%), indicating
conformation, while Rey.,; was disordered. This is consistent effective induction of alpha helicity across andydr&d the
with CD spectra above where only 54% helix inductiors wa cyclised regions. The two most alpha helical peptife6) had
found for3 in water, NMR structures f& in 90% HO:10% QO the highest competitive binding affinities for RREable 1,
at 298K (mixing time 200 ms) were calculated from MOE- Figure 6b), with 1C5, 223 nM 6) and 440 nM €). However,
derived distance (short, medium, long range) and®R.- compounds and6 were not as potent as the N-terminal capped
dihedral angle restraints derived from NOESY specimall analogues.
®Jwan. coupling constants and severaln@:i, g+ and
dyni+a) NOEswere indicative of alpha helical structure @in a b
water Figure 4a). The 20 lowest energy calculated structures < 1oo000
(Figure 4b) showed nap-dihedral angle (>3 or distance (>0.2
A) violations and relatively well-defined-helical turns, frayed
at the C-terminus with overall RMSD (residues 2 tp20.95 A
(Pymol software). The NMR-derived structure fdresembled
Rew,.50 bound to RNA, with most of the important residue8 in

1004

50000+
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% Rev-Fl bound
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[6] (deg.cm?.dmol™.residu

0

(Thrl, Arg2, Arg5, Arg6, Asn7, Argll, Argl3; orangeRigure 0 250 Py =% T T
4c) being in the alpha helix & and corresponding to those in Wavelength (nm) log [peptide] (M)
Rew,.sothat contact RNA.

Figure 6. (a) Circular dichroism spectra of Rey, peptide {)
and derivatives incorporating one or two -(1,5-cyKXXXD ]-
motifs at various positions#{8) measured in 10mM phosphate
buffer (pH 7.0) at 22C. Compoundsl (black), 4 (magenta)5
(green),6 (purple),7 (brown),8 (orangg. (b) Binding isotherms
for interaction with RRE-biotin. Competitive bindird peptides

1 (black),5 (green),6 (purple) for RRE using 10nM Suc-Rey
AAAAC(fluorescein)-NH, (K4 = 7 nM) and 7.5nM biotin-
labelled RRE.

Compound 4, Ac-(5,9-10,14-cyclo)-TRQA{RNRD]
[KRWRD]-NH, had appreciable helicityi= 0.64) but showed
low binding affinity for RRE (IG, 10 uM). Molecular modelling
had suggested that the K(5) D(9) and K(10)- D(14) lactam
bridges in4 are on two different faces of arthelix (Figure 5)
and potentially hinder interactions with RNA. To tdss notion,
we had synthesised compoun&, Ac-(5,9-12,16-cyclo)-
TRQA[KRNRD]RR[KRERD]-NH,, where we altered the
Figure 5. Helical wheel diagrams illustrating key residues atlocation of the second lactam bridge by placing amuno acids
positionsi andi+4 in the 17-residue sequence on the same face dfetween the lactam bridges. This synchronizes tdtartabridges
an alpha helix. This was used along with Ala mutagerdstd®  onto the samex-helical face in5, making them less likely to
to position K{)-D(i+4) lactam bridges to constrain Rev interfere with binding to RNA. This was evident frometB0O0-
peptides4-8 into a-helices. Linkers in red. Residues in blue arefold improvement in RRE-binding affinity fos (ICsy 223 nM)
important for binding and specificity for RRE. relative to 4 (ICs, 10 pM). Compound6 with one residue
between the cycles (440 nM) was somewhat tolerated, but
three alanines inserted between the cycles in comh8UICs,
1660 nM) were not well tolerated. These observatioage in
agreement with modelling of these cyclic-constraihelices into
the RNA, which revealed some steric clashes. Compaynd

An alternative to placing the helix-inducing cyclic
pentapeptide constraint at the end of the ;Resequence is to
incorporate it within the sequence. Because ofahgel interface
between Rey;; and RRE (988Adetermined using the PISA

15 . . .
server),” we were concerned that lactam bridges insertedlito which overlaps with the cyclic regions, reduces thenber of

Rev peptide might sterically impede binding to RREdelling r ; . ; L
predictions suggested that this might be the céms, we Sgé E?ct%eorallgtércl)gn'(/le)sldues and accordingly reducedniyt for

proceeded anyway hopeful that peptide-RNA cooperativight

enable cyclic mimics to fit allowable space. Takazge to avoid The lower affinity for RRE of the 16-residue peptil¢lCs,
replacing the important binding residues (Thrl, Ardggs, 223 nM), containing two cyclic peptide constrairgser the 25-
Arg6, Asn7 Argll, Argl3, Arglb, Argl7), we designedi{4) residue peptid& (ICso 91 nM, Table 1) cannot be explained by
lactam bridges across positions 4-8, 5-9, 8-1214@nd 12-16 differences in steric hindrance of lactam bridgéde schains.
(Figure 5). This led to five peptides4{8) incorporating two Rather this difference is attributed to the reqiiireplacement of
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a key amino acid to cater for the lysine residughef lactam
bridge. In Ac-(5,9-12,16-cyclo)-TRQAKRNRD]RR[KRERD]-

the lowest energy conformation of the RRE:Rev NMRicitrre

(pdb: 1ETF) showing an overall RMSD = 0.755 (Bsing

NH, (compound5), Arg5 had to be replaced with Lys5 in order residues 35-48 of pdb:1ETF and residues 2-15 opcomd5).

to synthesise the lactam bridge. An earlier alasten study of

Rev.;; had shown that Arg5 has a specific role in bindiog t

RRE and that the Arg5Ala mutant reduced specific ibgpd.0-
fold from the wild-type Rey;;peptide*® Furthermore, the NMR

structure of the Reu~RRE complex suggests that Args makes

bridging hydrogen bonds between U66 and G67 of the RR
This data is supported by earlier work showing thag5Acannot
be functionally replaced by lysiffélt therefore seems likely that
replacement of Arg5 explains the reduction in bigdaffinity.

Table 1. Summary of competitive binding affinities and ol
ellipticities for compound4-8 (10 mM PBS, pH 7.2, 298K).

Compound*  fy -log ICso £ SEM  ICso (M) ANG

1 0.06 6.05 + 0.05 886

2 0.54 6.59 +0.05 260 3.01
3 0.54 7.04 £0.06 91 -5.55
4 0.64 4.98 +0.07 10 000 5.94
5 0.92 6.65 0.04 223 -3.83
6 0.87 6.36t 0.05 440 -1.72
7 0.79 5.74+ 0.32 1820 1.77
8 0.55 5.78 £0.07 1660 154

*Maximum 10 uM testedAAG = -RTIN[ICsoyICs0z] Was determined in
kJ.mol*K™ relative to compound.

To confirm the extent and location occhelicity in the
cyclic-constrained peptid®, we determined its NMR-derived
solution structure in wateF{gure 7), calculated using a dynamic
simulated annealing and energy minimisation prdtdnoX-
PLOR, using 106 NOE-derived distance restraints (g8eetial,
67 medium-long range), 15 backbogelihedral constraints and
10 hydrogen bonds. The structure ®fconfirmed its helical
nature in water, as identified in the CD spectra, withoH
chemical shifts all greater than -0.10 ppm and atradl residues
in the cyclised region (residues 5-16) haviag aH values
greater than -0.20 ppm, except for D9 and D16.
previously seen this trend for aspartic acid ressdin Ac-1,5-
cyclo-[KXXXD]-NH , with decreased\d aH.*** Furthermore,
variable temperature data suggested that amidergraif Ala4,
Lys6, Arg6, Arg8, Argll, Lys12, Argl3, Argl5, Aspl6 ahe t
C-terminal amide were all involved in hydrogen borfEgure

7). Finally, the®Iuncho coupling constants, with the exception of

those for Aspl16 and the terminal amide, were all fleas 6 Hz.
In combination, this data supports that all sixteesidues in

Weé ha

[ | [ |
AcTRQAKRNRDRRKRE R DNH2
o0o0® o o0 ® o0 o

VYV vy vy vy vy vy ky*

AS/T < 4 ppb/K

3i]NHCHoz <6 Hz
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Figure 7. Summary of sequential, short and medium range NOE
data for5 in 90% HO 10% DO at 298K. NOE intensities were
classified as strong (upper distance constrainf)2.fedium
(3.5A), weak (5.04), very weak (6.0A) and are propotioto

bar thickness; grey bars indicate overlapping dggyaad empty
bar for NOE not observed due to proximity to diagof’:hdhcHu <

6Hz are indicated by and O for broad signals. Temperature
insensitive amide NHs for which chemical shifts chahbg <
4ppb/K are indicated by

a

Figure 8. Lowest energy calculated structures %or (a) Lowest
energy structure showing proposed hydrogen bonids.20
lowest energy structures showing position of the K{ D(i+4)
lactam bridges (grey)c) Superimposition of compourfdl (red)
on H-Rey_;7OH (black) bound to RRE (pdb 1ETF) showing the

compound5 are in a helical conformation. 2D NOESY spectracy-C@ bonds of Thrl, Arg6, Asn7 and Arg11 as spheres.

were collected for compourilwith sequential NOEs dominant,
as well as significant medium-long range NOEsn{ds).

dupgivg)).  Additional weaker NOEsS (@i+2), Gang i+2), and

In terms of free energy, the data in Table 1 sugtes at
least 6 kJ.mal.K™ can be gained by constraining the peptide into

especially gy 4 Were also observed throughout the peptide2n a-helical conformation (this may be a maximum value)

sequence, supporting the existence of a continuminlix
(Figure 7).

The 20 lowest energy calculated structukgégure 8) did not
have anyg-dihedral angle (>3 or distance (>0.3A) violations
and showed relatively well-definem-helical turns with overall
RMSD (residues 2 to 15) = 0.470 A (Pymol software 0546
atoms used in calculation). The constraints ares thble to
transfera-helicity to those residues 1-4 and 10-11 outsidthe
cyclic regions. Compoun8 also closely aligns with the RRE-
bound conformation of the Rev peptide, with its sppsition on

provided that the helix-inducing constraint is apprately
positioned. In this particular interaction, the RNAay also
assist peptide folding through electrostatic imtéoms between
the negatively charged phosphate backbone and iabgit
charged arginine side chains.

3. Conclusion

In summary, we have used Rev-RNA structures to select
appropriate locations for incorporating helix-coagted cyclic
peptides into the RNA-binding domain of HIV-1 Rev pée, the



17-residue sequence TRQARRNRRRRWRERQR;NHThis
peptide alone was not helical in water but has Hehm@pensity,
since it becomes helical when bound to the RNA segkrewn
as RRE. We have demonstrated that helix-constrabyetic
pentapeptides are able to nucleate extensive dlplicty in Rev
peptides, even in the highly polar solvent water Whiompetes
very effectively for hydrogen bonding partners. \Wrappended
to the N-terminus of the isolated Rev peptide segeiea cyclic
pentapeptide was most effective in promoting bindinthe RRE
target when it was spaced three or more residues fhenN-
terminus. This spacing minimises steric clashewéen the
appended cyclic peptide helix and the RNA bases. rdterely,
the helix-constrained cyclic pentapeptides cannieerporated as
modular helical templates within the Rev peptideusege, also
conferring increased alpha helicity and higherrétf§i binding to
the RRE. Calculations suggest that this helix pganization in
water confers an advantage of 2 to 6 kJ:hiofto the Rev
peptide for binding to RNA.

4, Experimental section

Synthesis of peptides 1-8. Peptides were synthesized
manually by standard solid phase methods using HBTRER
activation of Fmoc on Rink Amide resins (subst@ati0.30-0.50
mmol/g, 0.2-0.5 mmol scale, 0.50-1.00 g resin).rremuivalents
of Fmoc-protected amino acid, 4 equivalents of HBHEdd 4

5
samples were dissolved in 1 mL of 18Mlistilled water (~1-4
mg/mL). Each stock solution (4QQ) was then diluted 1:10 with
phosphate buffer (10 mM, pH 7.2), while the remaind®g pL
was kept for concentration determination. Solutiorese then
prepared for each sample with final concentratiohs-400 puM
in 10 mM sodium phosphate buffer (pH 7.2).

Concentrations were determined using the PULCON méthod
Pulses (9%) were accurately determined, then 1D spectra were
acquired using standard Watergate sequence with3%64, rg
= 128-512, d1 = 30 sec. Several fully resolved agrwere
integrated and used to calculate concentration fre@requation:

S, 1,6 nr
CU: CR U U6R60 }/4? gR
SR 7;? 360°nUrgU

wherec is concentration$ is integral (in absolute units/number
of protons),T is temperature in Kelvirfizgeis 360 rf pulse,n is
the number of scans, amd is receiver gain used for measuring
the referenceR) and unknownl{) samples.

CD ellipticity (in millidegrees) was converted to ichse
molar ellipticity (deg.crhdmol™.residué) using p] = 6,4, /(10 x
C x N x |), wheref,,, is ellipticity in millidegrees, C is peptide

equivalents of DIPEA were used in each coupling. Fmooncentration (mol/L), | is optical path lengthaafll (cm), and N
deprotection involved 2< 3 min treatments with excess 1:1 js number of peptide units.

piperidineDMF. Coupling yields were monitored by quantitative

ninhydrin assay. The phenylisopropyl ester of agpacid and
methyltrityl group of lysine were removed by tregtithe peptide
resin with 3% TFA in DCM (5x 2 min). The resin was

neutralised by washing with 5% DIPEA in DMF (2 x 3min).

Cyclization was effected on-resin using BOP, DIPEA in BM

Percent Helicity of peptideswas calculated from residue-
molar elipticity atA = 222 using eqfiaix = ([0]222 - [0]0)/( [O]max -
[0]0)- [Olmax ([B]max = [B].(n — X)/N) is the maximum theoretical
mean residue ellipticity for a helix of n residufd,, is the mean
residue ellipticity of an infinite helix, and x ian empirical

The peptide resin was then washed with DMF, MeOH/DCM andgonstant that can be interpreted as the effectiveber of amides

DCM, dried under nitrogen with suction for 20 mirepfides
were cleaved using 95% TFA, 2.5% TIPS, 2.5%©HPeptides
were precipitated with diethyl ether and then dechrte give
white solids that were re-dissolved in 1:1 acetdsfisiater and
lyophilised. The crude peptides were purified byHPLC
(R:Vydac C18 column, 300 A. 22 250mm, 214nm, Solvent A
= 0.1% TFA in HO, Solvent B = 0.1% TFA, 10% B in
acetonitrile. Gradient: 0% B to 100% B over 30 mins)

H-TRQARRNRRRRWRERQR-NK(1):. R: 14.25 min. MS

[M+H]" = 2437.69 (found), 2436.41 (calc.). Ac-(1,5-cyclo)-

[KARAD]TRQARRNRRRRWRERQR-NH (2): R: 13.8 min.

MS [M+6H]®" = 501.09 (found), 501.12 (calc.). Ac-(1,5-cyclo)-

[KARAD]JAAATRQARRNRRRRWRERQR-NH (3): R: 15.5
min. MS [M+6HT* = 536.58 (found), 536.64 (calc.). Ac-(5,9;
10,14-cyclo)-TRQA[KRNRD][KRWRD]-NH (4): R;: 17.2 min.

MS [M+2H]** = 946.00 (found), 946.02 (calc.). Ac-(5,9; 12,16-

cyclo)-TRQA[KRNRD]RR[KRERD]-NH (5) R: 13.3 min. MS

[M+2H]?" = 1102.51 (found), 1102.61 (calc.). Ac-(4,8; 10,14-

cyclo)-TRQ[KRRND]R[KRWRD]-NH, (6) R: 13.6 min. MS

[M+2H]?* = 988.50 (found), 988.55 (calc.) . Ac-(5,9; 8,12-

cyclo)-TRQA[KRN[KD]RRD]RERQ-NH; (7) R: 14.2 min. MS

[M+3H]** = 707.03 (found), 706.73 (calc.). Ac-(4,8; 12,16-

cyclo)-TRQ[KRRNDJRRR[KRERD]-NH (8) R;: 14.4 min. MS
[M+3H]% = 744.40 (found), 744.43 (calc.)

Circular Dichroism Spectroscopy. CD experiments were
performed on a Jasco model J-810 spectropolarincetérated
with (1S)-(+)-10-camphorsulfonic acid. Spectra wereorded in
a 0.1cm Jasco cell between 260-185 nm at 50 nm/mtim avi
bandwidth of 1.0 nm, response time of 2 s, resalusiep width
0.1 nm and sensitivity 20, 50 or 100 mdeg. Eaclctspm is the
average of 5 scans with smoothing to reduce noisptide

missing as a result of end effects, usually abot42(we used
x=3) and P]., = (-44000 + 250T) (T is temperature of the peptide
solution in °C). P, is the mean residue ellipticity of the peptide
in random coil conformation and equals to (22203T)5and
[0]222 ([6]222 = 1/n . Poud/(10 X | X C)) is the observed residue
ellipticity of peptide at 222 nmf,,s = measured ellipticity in
mdeg; n = number of peptide residues; C = sampleatration
(mol/L); | = optical path length of the cell in cm.

NMR Spectroscopy. Peptides (1-2 mg) were dissolved in
600uL of H,0:D,0 (9:1) or HO:CDsCN (1:1) at pH 5.0. 1D and
2D 'H-NMR spectra were recorded on a Bruker Avance DRX-
600 spectrometer. 2D'H-spectra were recorded in phase-
sensitive mode using time-proportional phase inergation for
quadrature detection in th& dimension. The 2D experiments
included TOCSY (standard Bruker mlevgpph pulse pmogra
ROESY (standard Bruker roesygpph pulse program), NOESY
and dqfCOSY (standard Bruker dgfcosygpph pulse progra
TOCSY spectra were acquired over 6887 Hz with 4096 cexnpl
data points inF2, 512 increments irfF1 and 32 scans per
increment. NOESY spectra were acquired over 6887 Hia wit
4096 complex data points 2, 512 increments il and 32
scans per increment. TOCSY and NOESY spectra were adquir
with several isotropic mixing times of 80, 100 mg fldOCSY
and 200-300 ms for NOESY. Water suppression was achieve
using modified WATERGATE. For 1D'H NMR spectra
acquired in HO/D,O (9:1), the water resonance was suppressed
by low power irradiation during the relaxation deldy5 to 3.0
s). The variable NMR experiments were performed dber
range of 278-318K. Spectra were processed using pirops
(Bruker, Germany) software and NOE intensities weréectadd
manually. Thal dimensions of all 2D spectra were zero-filled to
1024 real data points with 90° phase-shifted QSINEwiieldow
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functions applied in both dimensions followed by feu
transformation and fifth order polynomial baselowerection.'H
chemical shifts were referenced to DSS0(00 ppm) in water.
A N coupling constants were measured from'HONMR and
dgf-COSY spectra using XPLOR program.

Structure Calculations. Distance restraints used
calculating the structure fob in water were derived from
NOESY spectra (recorded at 298K) using a mixing tirh@G®
ms. NOE cross-peak volumes were classified manualgtrasg
(upper distance constraist 2.7A), medium £ 3.5A), weak €
5.0A) and very weak<( 6.0A). Standard pseudoatom distance
corrections were applied for non-stereospecificadlysigned
protons. To address the possibility of conformatiocaveraging,
intensities were classified conservatively and agper distance
limits were included in the calculations to allow thergest
possible number of conformers to fit the experirabrdata.
Backbone dihedral angle restraints were inferreanframide

have K, values for all our compounds, we were able to use the
ICs, values obtained from the competitive binding daiée can
use the assumption that the ratio QfK/ Keq = I1Cs0 1)/ ICs0 ()
as illustrated in the literatuf8The 1G,, values are comparable to
each other as they were obtained under the sameirarpéal

N conditions. We and othéfshave used the Igvalues to calculate
differences in the free energy of binding by conmgnequation

t0 AAG = -RTIn[lcso(l/lcso(z)].
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