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Abstract

We describe a novel N-terminathelix local motif that involves three hydrophobic residues and a Pro resRoebox

motif). Database analysis shows that when Pro is the N-cap aflaglix the distribution of amino acids in adjacent
positions changes dramatically with respect to the average distributiondrhatix, but not when Pro is at position N1.
N-cap Pro residues are usually associated to lle and Leu, at positidfaiNat position N3 and a hydrophobic residue

(h) at position N4. The side chain of the N-cap Pro packs against Val, while the hydrophobic residues at positions N
and N4 make favorable interactions. To analyze the role of this putative (eetjience fingerprint hPXXhhwe have
synthesized a series of peptides and analyzed them by circular dichi@Byrand NMR. We find that this motif is
formed in peptides, and that the accompanying hydrophobic interactions contribute up to 1ni2dt¢alhelix stability.

The fact that some of the residues in this fingerprint are not good N-cap and helix formers results in a small overall
stabilization of thex-helix with respect to other peptides having Gly as the N-cap and Ala at N3 and N4. This suggests
that thePro-boxmotif will not specially contribute to protein stability but to the specificity of its fold. In fact, 80% of

the sequences that contain the fingerprint sequence in the protein database are adopting the described structural motif,
and in none of them is the helix extended to place Pro at the more favorable N1 position.

Keywords: a-helix capping; proline; proline—valine interaction

Protein design from scratch has often found as a mayor difficulty Much is already known about the rules that govern helix for-
the simultaneous stabilization of several conformations, giving risemation, and it is possible to predict with reasonable accuracy the
to disperse and inhomogeneous set of species. These can havéelical content of monomeric sequences in the absence of tertiary
similar secondary structure content but different packing and terinteractions(Mufioz & Serrano, 1995c However, not all inter-
tiary contacts(molten globules It is, therefore, crucial in any actions between amino acids have been already determined, and
design exercise to consider alternative folded conformations and tmore interesting, there is a large number of local motifs at the ends
stabilize specifically the desired of®hakhnovich, 1998Produc-  of a-helices that have been described and need to be checked
tive strategies would imply increasing not only the stability of the experimentally(Aurora & Rose, 1998 A strategy to find new
target structure, but also increasing the energy gap between thiscal motifs is to identify combinations of amino acids in the
and other possible conformations. The same reasoning is valid fgsrotein structure database that are found with higher frequency
structure prediction. Finding sequence motifs that determine théhan expected from a random distributi@rarper & Rose, 1993;
local structure of the polypeptide chain could be helpful in thisMufioz et al., 1995; Viguera & Serrano, 1995a, 1995b; Prieto &
respect. Serrano, 1991 To eliminate context effects and to precisely cal-
culate the energy associated to a given interaction, the sequence
fingerprint obtained from the statistical analysis of the protein
Reprint requests to: Luis Serrano, EMBL Structural Biology Program,database must be studied isolated from the rest of the protein. One
Meyerhofstrasse 1, Heidelberg 69117, Germany. _ possibility is to introduce the designed sequence in a host
Present address: Dpto. Bioguimica y Biologia Molecular, Unidad depolyalanine-based peptide. Changes in the helical content of the

Biofisica, U.P.V., Bilbao, Spain. id vzed b h i . 1qorith I
Abbreviations:2D, two-dimensional; CD, circular dichroism; COSY, 2D peptides analyze y a hefisoil transition algorithm allow to

scalar correlated spectroscopy; DQF-COSY, double-quantum filter-COSYasSign energies to given interactions.
HPLC, high-performance liquid chromatography; NMR, nuclear magnetic There are several local motifs athelix ends involving two

resonance; NOE, nuclear Overhauser effect; NOESY, nuclear Overhausgy more residues that have been identified and experimentally char-
enhancement spectroscopy; ppm, parts per million; ROESY, rotating fram

Overhauser effect spectroscopy; RMSD, root-mean-square deviation; TFéCtenzed' At the N-terminus tk@applng box(Harper & Rose,
trifluoroethanol; TOCSY, total correlation spectroscopy; TSP, sodium1993; Lyu et al., 1998 the Hydrophobic staple(Seale et al.,
3-trimethylsylyl (2,2,3,3-2H4propionate. 1994; Mufioz et al., 1995; Mufioz & Serrano, 1995and vari-
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ants of thosdLacroix et al., 1998 At the C-terminus thé&chell-  number of seven-residue segments with the last five residues in
man (Schellman, 1980; Milner-White, 1988; Aurora et al., 1994; helical conformation, 1,339

Viguera & Serrano, 1995aand thePro-capping(Prieto & Ser-

rano, 1997 motifs. Other local motifs have been described re- Nexpected= Pingerprint * Neotal- 2
cently (Aurora & Rose, 1998; Penel et al., 1998ut so far, not

analyzed experimentally.

Throughout the following text we will define the-helix posi- Peptide synthesis

tions as previously indicate@urora et al., 1994 The peptides were synthesized at the EMBL peptide service by
solid-phase synthesis methods. Peptide homogeneity, composi-

N Ncap-N1 N2 N3 N4-..Nc C4 C3 C2 C1 Ccap C '  tions, and molecular weight were checked by analytical HPLC,

STC STCH H H H H H H H H STC STCamino acid analysis, and matrix assisted laser desorption time-of-

- . . flight mass spectrometry.
where STC indicates nonhelical angles, and H reflects helical angles.g P y

In this work we describe and analyze by CD and NMR, a new
N-terminal localmotif (N-Proline boxmotif). This motif is based CD and aggregation analysis

in the presence of Pro at position N-cap that makes unnecessa . . . .
E/eptlde concentration was determined by ultraviolet absorbance

the presence of a hydrogen bond partner and in the stabilizing _. . L
interaction of three accompanying hydrophobic side chains at po-GIII & Hippel, 1989).' The CD'spectra were acquired in a_.]ASCO-
" 710 dichrograph calibrated with S)-(+)-10-camphorsulfonic acid,
sitions N, N3, and N4. . ; . .
using the continuous mode Wita 1 mbandwidth 1 s response,
) and a scan speed of 50 fimin. Thirty scans were averaged to
Materials and methods give the final spectrum. The temperature of the cuvette was kept
constant at 278 K. The peptides were analyzed at pH 3.5 in the

presence, or absence, b M NaCl. To check the concentration

In proteins, helical segments have averggg backbone dihedral dependence of the ellipticity at 222 nm, two spectra atuM
angles of—64 + 7° and —41 + 7°, respectively(Presta & Rose, (5 mm pathlength cuvetteand 0.5 mM(0.1 mm pathlength cu-
1988. Residues at the N- and C-termini, termed N-cap, and C_Caryette) peptide concentrations were done. No concentration depen-
by Richardson and Richardsdfi988, define helix boundaries. dence was observed in the molar ellipticity, in any of the cases. The
Each N-cap and C-cap residue could make one additional maimelical content of the peptides was estimated from the ellipticity at
chain intrahelical hydrogen bond, but departs from the standard22 nm(Chen et al., 1974

¢, helical valueg Presta & Rose, 1988

Helix description

6222 B 0222RC

39,5041 - 2.57/n)

% helical content= 100 [ - 6222Rc:| ©)]

Protein database analysis
The protein structures database used is based on the one described . o .
by Hobohm and Sand€i994, including proteins with less than Where 02z is the observed ellipticity at 222 nnlpzorc is the

25% homology and is implemented in the program WHATIF eIIipt'icity at 2_22 nm of the random coil_sta(ellipticity found fqr
(Vriend, 1990. The conformational searches were done with thepeptlde AVVin the absence of splandnis the number of peptide

SCANS3D option of the same program using Kabsch and Sander’ls)onds’(n = 17 in our casp

(1983 definition of a secondary structure.

The selected motif contains seven consecutive residues. The twoajculation of the interaction free energies
first amino acids have nonhelical angleSTO), and the last five ] ] ] o
are helical(H). The probability of finding a certain fingerprint 1h€ change in free energy farhelix formation upon mutation in
sequence associated with this structural MEfgerprind is cal- peptides cannot be preC|.ser calculgted using a stanqard tyvo-stgte
culated by multiplying the individual probabilities of each residue Model because of the existence of different conformations in equi-
type of the fingerprin{Pi.q). Depending on if the residues being librium in solution. A more precise estimation can be obtained by

analyzed are located in the first two positions of the fingerprint orfitting a helix/coil transition algorithm to the changes in helical
in the remaining five P,g will be different [(STOing, P(H )ing, contgnt detected.by .fal’-u|tr¢T:1YIO|éUV). CD. The one-seqlience
respectively. To calculateP(STOjnq, we have divided the protein  Version of the helixcoil transition algorithm AGADIR1¢Mufioz
database into three-residue segments and counted the number&S€rrano, 199%, recently modified to include local motifs, ionic
those in which the central position is nonheliéhiboy = 39,233.  Strength effects, and long-range electrostatieSADIR1s-2;
The individual probability of a specific residue tyfR(STOig) is ~ -@Croix et al., 1998 was used to fit the far-UV CD data of the
the number of the segments containing this residue type in th@€Ptides to the experimental valgeithin a £2% difference.
central position(N,ed), divided by the total number of three-residue AGADIR1s-2 correctly predicts the helical content of the control

segmentsNeon) (Equation 1. pgptides(GAA, AAA GAAA, qnd QVA) and, th.erefore,. it is pqs-
sible to determine the contribution of the different interactions
P = Nios/Neont- (1) being analyzed, just by modifying their energy contribution in the

algorithm. Essentially, the free-energy contribution of the target

In the same wayP(H )inq is calculated for different residues at interaction is increased, or decreased, until the experimental heli-
the five last positions of our fingerprint. In this casg,s= 17,753.  cal content of the peptide is predicted within a certain margin.

The number of cases expectéNeypecied fOr €ach sequence The rest of the parameters: hydrogen bond, intrinsic propensi-

fingerprint is calculated multiplyin@singerprint timesNio (the total ties, capping effects, side-chain—side-chain interactions within the
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helix, and electrostatic interactions with the helix dipole as well asTable 1. Statistical analysis of the protein databd&se
between charged residues, were the same as previously described

(Lacroix et al., 1998 STC/STC/HHHHH
Fingerprint Cases Observed Expected f
NMR analysis hXXXXXX 15,362 464 365 1.3
(I/L)PXXXX 410 28 9.6 2.9
NMR samples were prepared in a®/2H,0 9:1(by vol.) mixture  yxxxhxx 15,383 330 424 08
at pH 3.5. DQFCOSY, TOCSY, ROESY, and NOESY spectra werexxxxxhx 15,632 620 424 15
performed in a Bruker AMX 500 MHz spectrometer at 278 K hXXXhXX 3,951 100 107 0.9
using standard procedur@@/ithrich, 1986. Sodium 3-trimethyl-  hXXXXhX 3,925 224 107 2.1
sylyl (2,2,3,3-2H4 propionate was used as an internal reference XPXXXXX 2,637 90 79 11
The proton resonances were assigned by the sequential assignm&fXXhxX 723 35 23 15
procedurgWiithrich, 1986. The mixing time in the NOESY spec- XPXXXnhX 726 40 23 L7
PXXhhX 211 17 7 2.4

i 0,
tra was 150 ms for aqueous solutlo_n and 1QO ms for the _30/0 TF YOO 756 47 20 og
samples. The &H proton conformational shifts were obtained by hPXXhXX

subtracting the random-coil chemical shift valyderutka et al., hPXXXhX iég ;g g g;
1995 from those measured in the peptide. In the case of Gly, wg,pxxnhhx 51 10 2 56
show the difference with the average values of its two protons|/L)pPxxvx 38 7 0.6 12.0
when they are separated. (I/L)PXXVh 11 6 0.2 30.0

XXPXXXX 2,637 112 32 3.5
Structure calculation by distance geometry XhPXXhh 57 1 1 10

NOEs identified in the NOESY specFru@OO ms mixing tlméz.of @Note: h is hydrophobic, p is polar, X is any residue. STC is any

a 1.2 mM preparation of IVV peptide in 30% TFE solution at conformation except helix and H is helix conformation. Probabilities: h

pH 3.5 were classified by visual inspection into three intensity(Leu, lle, Val, Met, Phgin STC = 0.2531; at position N-cap is 0.08364;

categories: strong, medium, and weak. Distances of 4, 5, and 6 Klol-ész 0b2942-SF’Trg3((I)/(IJ_5)4I§eLIg lle inHiToCozzz?'szhO& PrtOb. Vﬁl in I-kth

H i H ; . . FProin = 0. , Proin . . € proteins naving the
Were assigned fo ihe corresponding bais of Brotons, re=peCciNeNl | ooy moif are 20171226-231, Lesh115-123 2ab11295- 30,
’ N - o 1byb (103-108, 464—469and 1cmb(28-33.

used to find a set of structures compatible with the observed NOEs.

Protons for which stereochemical assignment was not possible

were submitted to pseudo-atom conversion within the same pro-

gram. Fifteen structures were selected with no distance violation

and a value for the target function betweex 40~ and 6x 10~ 2.

Local RMSD for backbone atoms of residues 4 to 7 was lower than

0.15 A. We have analyzed the dihedral angle distribution for all the
cases containing this motif in the protein structures database
(Table 2. This analysis shows that Pro at the N-cap position is

Results conformationally restricted with dihedral angles corresponding to

a PPII conformation and its side chain pointing up toward the

C-terminus. Theys angle for lle/Leu residue at position Nis

restricted in an extended conformation, while the Val side chain at

Table 1 shows the results of our statistical analysis of the proteimposition N3 has only one rotamer that results in its side chain

structures database. In the protein database, there are 90 heligasinting toward the N-terminus of the helix. As a result of these

that contain Pro at position N-cap, and 79 cases are expectedgstrictions, the side chain of Val packs against the side chain of

suggesting that this location is slightly preferred with respect toPro, and the side chain of [leeu at N interacts with the side

other nonhelical conformations. However, as previously describedhain of the hydrophobic residue at position N4. The-N4 in-

(Richardson & Richardson, 1988; Dasgupta & Bell, 19980 at  teraction is reminiscent of &ydrophobic staplemotif (Mufioz

position N1 is clearly more favored, being found four times moreet al., 1995. This is illustrated in Figure 1. These side-chain—side-

frequently than expected from a random distribution. Interestinglychain interactions could stabilize thehelix as they do in the

the probability of finding Pro as the N-cap residue increases wheiydrophobic staplenotif, explaining the higher than expected sta-

there are apolar residuddla, Val, lle, Leu, Met, and Phe; h tistical preference in the protein database. We define this putative

residue$ at positions N N3, and N4(sequence fingerprint h-P- local motif (h-P-X-X-h-h) as the N-Pro-boxX motif.

X-X-h-h). In this sequence fingerprint, there is an overwhelming

presence for lle and Leu at’Nand for Val at position N3the

sequence/ILPXXVh, where X is any residue, is found 30 times

above the random expected numb@iis preference is not due to The Pro-box motif has been sequentially introduced on a model

sequence homology between the proteins containing this motipolyalanine-based peptide. Different combinations of the sequence

(Table 1: data not shownOn the other hand, when Pro is at fingerprint residues have been used as controls to evaluate the

position N1, we do not observe the same residue preferencdscal effects due to the intrinsic preferences of the amino acids to

(Table 2. be in certain conformations.

Database analysis

Peptide design
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Table 2. Analysis of the dihedral angles and side-chain rotamers in protein Pro-boxes

N’ N-cap N+ 1 N+ 2 N+ 3 N+ 4
Protein Sequence ¢ Xt ¢ W ¢ W ¢ W ¢ W x* ¢
2er7(226-23) LPLKVA 163 -99 54 146 —-56 —47 —-59 —-38 —-78 —49 -175  —59.7
lcsh(118-123 LPATVL 140 -66 —75 149 —50 —48 —-70 -25 —-70 —42 -179  —62.9
2abh(296-301 LPSHVV 150 -98 —64 153 —-62 -32 —66 -30 —74 —43 173 —68.3
1byb (103-108 IPDSVV 172 63 —55 134 —56 —34 —63 —38 -73 —-40 -167 —585
1byb (464—469 IPQWVV 124 56 —66 144 —-56 -35 —-68 -27 —68 —44 -172 —64.9
1pbe(247-2520 LPIEVL 161 —-67 —55 136 —45 38 —-59 -41 —-76 —-38 177  —635
lcmb(28-33  IPAEVL 123 -177 -56 149 —51 —42 —-70 —-28 -71 -37 176 —62.5
Average 147+ 19 —61+8 146+7 —56+6 —38+7 —65+5 —32+6 —73+t4 —42+4 —178+7 —63+3
1 10 17 Tyr at the end of the sequence, separated from the putative
GAA  GGPKAAAAKARAAKAGY- ,NH helical region by a Gly residue, was introduced to allow an accu-
AAA  GAPKAAAAKARAAKAGY- NH rate determination of peptide concentration, without the interfer-
IAA GIPKAAAAKARAAKAGY- NH ence of the aromatic residue on the far-UV CD spe@itaakrabartty
GAV  GGPKAAVAKARAAKAGY- ;NH et al., 1993.
AAV  GAPKAAVAKARAAKAGY- NH Positions 2, 6, and 7 of the peptides have been mutated inde-
IAV  GIPKAAVAKARAAKAGY- NH pendently. Gly, Ala, and lle occupy position 2. lle at position 2 is
GVA  GGPKAVAAKARAAKAGY- ;NH part of the motif we are analyzing, while Ala and Gly are controls.
IVA  GIPKAVAAKARAAKAGY- NH Pro cannot occupy position N2 of anhelix without disrupting it.
GVwV GGPKAVVAKARAAKAGY- ,NH The reason behind this is that there are steric constraints that force
AVV  GAPKAVVAKARAAKAGY- NH the residue preceding a Pro to adopt extendiedihedral angles
IVV  GIPKAVVAKARAAKAGY- NH (Flory, 1988. As a result, the residues at position 2 can only be
GAL  GGPKAALAKARAAKAGY- NH found at positions Nand N-cap of a putative regular-helix.
AAL GAPKAALAKARAAKAGY- MH Because Gly is a good N-cap residue, while Ala and lle are not
IAL  GIPKAALAKARAAKAGY- NH (Doig et al., 1994; Mufioz & Serrano, 1995hve expect to find
GVL  GGPKAVLAKARAAKAGY- NH Gly at the N-cap position, and Ala and lle outside of the helix at
IVL  GIPKAVLAKARAAKAGY- NH position N. At position 6, Ala is a control of the putative Pro—Val

GAAA GGAKAAAAKARAAKAGY-,NH
GAVA GGAKAVAAKARAAKAGY-,NH

interaction. Position 7 bears Ala, Val, or Leu, to check for the
specificity of the interaction with residue’Nn our local motif,

Fig. 1. Superimposition of the region corresponding to the fingerprint sequence IPXX¥Xeu + ile, P= pro, V = val, X = any
amino acid adopting the described motif in known protein structures. Corresponding entries in the database are: 2er7, 1csh, 2nad, 1byb,
1pbe, 1cmb, 1gox. Identification and representation have been performed with the program WHATIF.
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because any of the three can makdyarophobic staplenotif with Table 3 summarizes the CD results, and Figure 2 shows the CD
lle at position 2 of the peptidéMufioz & Serrano, 1995a; Mufioz spectra for some of the more important peptides in this study
etal., 199%. The two peptides with Ala at position 3 instead of Pro, (GAL, IAL, GVL, and IVL, see below.

and Ala, or Val, at position §GAAA, GAVA), are controls to All peptides with a Gly at position 2 are more helical than those
check for the reliability of AGADIR in predicting helix destabili- with Ala and lle at the same position, as expected from the better
zation upon mutating a Val into an Ala in arthelix. N-capping properties of GlyDoig et al., 1994 However, there

are two important exceptions that are peptides IVV and IVL, in
which the full sequence fingerpririt/LPXXVh) has been intro-
duced. Mutating Ala into lle at position 2 results in a higher helical
The CD measurements were performed at low pH, 3.5. The helixontent, independently of which residues are found at positions 6
content of the peptides was low in water solution in the absence o&ind 7. This could be due to better N-capping properties of Ile
salt, due to the repulsion of the positively charged amino acids andompared to AlgDoig et al., 1994, if Pro is occupying position
the destabilizing effect of the free N-termin{isacroix et al., 1998 N1 in thea-helix conformation. Alternatively, the formation of a
At high ionic strength(1 M NaCl), the helix content was reason- Hydrophobic Staplenotif between lle2 side chain at positiorf N
able, and further calculations were done with these data. No agand the hydrophobic residue at position &la, Val, or Ley
gregation of the peptides was observed under any of the testesbuld explain this resulfMufioz et al., 1995; Mufioz & Serrano,
conditions. Peptide AVV in the absence of salt has been used t09953. Formation of aHydrophobic Staplenotif between resi-
obtain the random coil ellipticity of the peptide seriedlipticty at dues at positions 2 and(N' and N4 is supported by the fact that
222 nm of~1,378. Leu at position 7 does not reduce the helical content of the corre-
sponding peptides when compared to Ala, or even increases it
(IAL and IVL). A similar result was found in a series of peptides
Table 3. CD data, helix percentage and helix content used to a_nalyze thelydrophobic staplemotif_ar_ld was _explained
predicted by AGADIR by the eX|sten$:e of a favgrable hydrqphoblc interaction of Leu at
position N4 with the residue at position’ NGly, Ala, and Il
222 %hel Agadit Agadi Agadi! Agadir® (Mufioz et al., 1995; Mufioz & Serrano, 1995%al, at position 6
or 7, reduces the helical content with respect to Ala, as expected

CD analysis

GAA -7211 27 26 26 26 26 from its poor helical propensityPadmanabhan et al., 1990; Mufioz
AAA —-4,096 17 18 18 18 18 & Serrano, 1995b; Petukhov et al., 19980t compensated in the
IAA —4,933 20 19 22 19 22 case of position 7 by the formation ofHydrophobic staple
GAV -3,171 14 14 14 14 14
AAV —2,336 12 10 11 10 11
1AV —3,435 15 11 14 11 14 . .
GVA —3501 15 16 16 17 17 NMR analysis in 30% () trifluoroethanol (TFE)
AVA -2,078 11 12 12 13 13 To check for the formation of theN-Pro box motif described at
IVA —-4,302 18 12 14 15 17 the beginning of the Results section we have analyzed by NMR the
GVvV —1,575 9 9 9 10 10
AV -1,281 8 7 7 8 8
(\AY) —2,702 13 7 9 9 12
GAL —6,837 26 24 24 24 24
AAL —-4,710 19 16 17 16 17 o—GVL
IAL —6,296 24 18 22 18 23
GVL  -3761 16 14 14 16 16 ~ 110 &
IVL -5260 21 11 14 14 19 [s ] —H-IAL
GAAA —9514 34 33 33 33 3 £ ] =oAL
GAVA  —4,105 17 20 20 20 20 C 510
S} i

#The ellipticity values at 222 nm for 100 and 0% helix ar83,528 and 2 o010
1,378, respectively. T 1

bAGADIR1s-2 prediction(Lacroix & Serrano, 1998 > ]

CAGADIR1s-2 prediction after consideration of a full hydrophobic sta- *5 -5 103}
ple contribution when Pro is the N-cap residiie-Ala —0.55 kcaf/mol; = {
lle-Leu —0.8 kcal/mol; lle-Val —0.75 kcaymol). In the previous version =
of AGADIR the hydrophobic staple contribution was multiplied by 1 when @ 4
the N-cap residue is Ser, Thr, Asn, orAsp and by 0.5 with any other N- capq) -110
residue(see supplementary material in Lacroix et al., 1998is is based 'c
on the analysis of several different peptides containing this motif with, or "
without a good N-capping residue. 0 -1.510

dAGADIR1s-2 prediction after consideration of an + 3 interaction c
(—0.4 kcaymol) between Pro and Val, when Pro is the N-cap residue. 8

°AGADIR1s-2 prediction after considering both contributions simulta- = -2 10 4%++¢ ¢+ " ;i i ——1—+————++++—
neously(1.15 kcafmol). The magnitude of the error, in the determination 200 210 220 230 240 250
of the free energy contribution, is large for those peptides having a small
helical content. However, the Pro-Val+3 interaction is found in several Wavelength (nm)

of the peptides, and we can reproduce their helical content with the same
interaction energy without any fitting. We estimate that the average error is=ig. 2. Far-UV CD spectra of some of the studied peptides in aqueous
+0.25 kcaymol. solution(1 M NacCl pH 3.5.
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two peptides containing the full mot(fVV and IVL). This analy-  Table 4. Observed NOEs in a 100 ms mixing time NOESY
sis has been done in 30% TFE because the spectrdiNaClare  experiment of peptide IVV in 30% TFE solutfon

of very poor quality, and in aqueous solution the peptides are not
structured. 2 lle

Figure 3 shows the difference in the conformational chemical3 Hy 3 pro kb 4.0
shifts of the G protons with respect to random coil valudderutka Ii'r;) 4Llys HN 3.0
etal., 1995, for peptides IVV and IVL. The conformational shifts ~ Hg1 5 Ala HN 4.0
are the same within the error for all amino acids except for posi- HB% Z\Aﬁ t'lﬁl i-%
tion 7(Val in IVV and Leu in IVL). This reflects a difference in the HB2 6 V:I Hy2 45
random coil conformational preferences of Leu and Val. Although Hy 6 Val Hy2 5.0
Val in the random coil is populating mainly extended regions in the Hgi g ¥a: HBZ 2-8
Ramachandran plot, Leu populates the helical region equally WeI‘I1 L a Hy ’
(Serrano, 1995; Swindells et al., 1995; Smith et al., 2996 I—%/lfl 5 Ala HN 5.0
final result is that the change in thea chemical shift when HN 7 Val Hy2 5.0
folding into ana-helix is larger for Val than for LeuSerrano, Ha 7 Val HN 5.0
1995 Ha 7Vl Hy2 40

: . [e% al 92 .

Table 4 shows the long-range NOEs that we found in 30% TFE Hg 7 Val HN 5.0
for peptide IVV, and Figure 4 shows a region from the NMR :/3 E;\A}Iell :“ 2-8
spectrum showing some of the critical long-range NOEs described |7 a '
in Table 4. NOEs are observed between Pro3 and Val6 side chaing,ﬁﬁl 6 Val HN 5.0
as well as between lle2 and Pro3. Regretfully, no NOEs could be Ha 8 Ala HN 5.0
observed between the lle side chain and any of the Val side chains, HB8 6 Val Ho 5.0
because of signal overlapping. A set of structures, compatible witt¢ Val
the observed NOEs, has been calculated by distance geometry withns g I\_/;‘Is :N 38
the program DIANA(Guntert et al., 1991 The a-helix at the Ha 9 Lys HB 5.0
N-terminus is very well defined, while the C-terminus of the helix Ha 9 L)I’S Hy 5.0
is not due to severe overlapping of the NOEsg. 5. Pro is the Ha 10 Ala HN 5.0
N-cap residue and the Val side chains adopt the expdctes 7 Va,ll 8 Ala HN 4.0
rotamer(see Table 2, with Val6 packing against the Pro side chain. Hq 10 Ala HN 4.0
This rotamer is, in fact, the preferred oneithelices foig-branched Ha 10 Ala HB 4.0
residuegDunbrack & Karplus, 199¢ while for linear, or aromatic Ha 11 Arg HN 50
side chains two or more rotamers are allowed. This reduces thé V! 10 Ala HN 5.0
entropic cost of the Pro-Val interaction and could be one of the Hy1 11 Arg HN 5.0
clues for the special preference for Val at N3, among other hydro- Hy1l 11 Arg H 5.0
phobic residues. Hyl 11 Arg He 50

8 Ala
HN 9 Lys HN 4.0
. . . 9 Lys

Free energies of interaction HN 10 Ala HN 4.0
. . . . . HN 13 Ala HN 5.0
We have estimated the free energies of interaction by using a new H, 12 Ala HB 5.0

version of the helixXcoil transition theory algorithm AGADIR 10 Ala
(Mufioz & Serrano, 1997 This new version, AGADIR1s-2La- Hyl 11 Arg HN 4.0
Hyl 14 Lys H3 5.0

11 Arg
HN 12 Ala HN 4.0
Har 14 Lys HN 5.0

'g 12 Ala
s ——|VV HN 13 Ala HN 4.0

Q.

<= 0.4+ ° 13 Ala
® 1 IVL HN 14 Lys HN 4.0
£ ] Ha 18 Gly HN 5.0
» 021 HB 18 Gly HN 5.0

K 1 14 Lys
g 0 HN 15 Ala HN 4.0
= Ha 17 Tyr HB 5.0
g ] Ha 17 Tyr Hy 5.0
5 -0.21 Ha 17 Tyr H 6.0

= 15 Ala
S 04 HN 16 Gly HN 4.0
&) ] HB 17 Tyr H 6.0

T ] 16 Gly
®) GIPKAVXAKARAAKAGY HB 171’%— Hy 6.0

Fig. 3. Plot of the conformational shifts of theaCprotons defined as
Smeasured— Scoil IN 30% TFE solution for peptides IVL and IVV. aDistances were assigned by visual inspection of the intensities.
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the peptide series analyzed by Baldwin and coworkPrsg et al.,
1994. Making lle more favorable as N-cap residue to correctly
predict peptides 1AV, IVA, IVV, IAL, and IVL results in an over-
estimation of the helical content of peptides IAA and I&lata not
shown). Therefore, the N-cap contribution of lle cannot explain the
low helical content predicted for these peptides. Moreover, NMR
analysis of peptide IVV indicates that Pro occupies the N-cap
position, while lle is at position N In the case of Val, we have

previously determined the position dependence of its intrinsic he-
lical propensity(Petukhov et al., 1998In any case, we could not
find any combination of values for Val intrinsic propensity at dif-
ferent helical positions that will explain the behavior of all the
peptides analyzed hefdata not shown Therefore, there must be

: 7 T T T other factors that can explain these differences:

454

1. There are favorablei + 3 Pro—Val andor i,i + 4 Pro—Val or
. Pro—Leu, interactions when both residues are in the helical
conformation.

ppm 4

2. Pro, when being the N-cap residue, can interact with residues at
positioni + 3 and/or i + 4, as we have seen in the NMR
analysis.

3. Pro, when being the N-cap residue, can promote the formation
of a hydrophobic staplemotif as efficiently as good N-cap
residues: Asn, Asp, Ser, and Thr. In AGADIR1s-2 tHgdro-
phobic staplecontribution, when the N-cap residue is not Asn,
Asp, Ser, and Thr, is considered to be half of its normal value
(Lacroix et al., 1998

o

T T T T T T T ]
20 18 1.6 14 12 1.0 ppm

0k To determine which of these possibilities is correct, we have

introduced, or modified, the corresponding interactions in
Fig. 4. Selected regions of the 2EH-NMR spectra showing some of the AGADIRls-Z. We can reproduce_ the hellc?al content of-some of the
NOEs described in the manuscrigt: Amide-CaH. B: Ca-methyl side- peptides mentioned above by introduction of favorable+ 3
chain region. The position of the intraresidue NOEs is shown as singld’ro—Val andori,i + 4 Pro—Val or Pro—Leu interactions when both
numbers. The nonsequential NOEs are shown as two numbers separatediigsidues are in the helical conformation. However, this result is an
a comma. overestimation of some of the peptides initially predicted correctly
(data not shown Moreover, in the helical conformation the Pro
side chain is pointing toward the N-terminus far away from the N3
Val side chain. Consideration of cag@s and(3), separately, cor-
rectly predicts some of the above-mentioned peptides, but not all
croix et al., 1998 includes previously described local motifs: of them (Table 2. It is only the combination of these two possi-
Hydrophobic staple, Schellmamotif, andPro-cappingmotif, new pjjties that allows a correct prediction of all the peptides analyzed
variants of those and newly described side-chain—side-chain inte{-taple 3. Comparison of the predicted helical content at a residue
actions. It takes into consideration a position dependence of thgye| for peptides GVL and IVL illustrates that when having the
helical propensities for some of the 20 amino adi@®tukhov  pro_phox motif sequence, Pro tends to occupy the N-cap position.
et al,, 1998. A new electrostatic model with all electrostatic in- op the other hand, when there is a good N-cap residue before Pro

teractions up to 12 residues in distance in the helix and random coj}, the sequencéGly in this case it results in Pro occupying the
conformations, as well as the effect of ionic strength has beery 1 1 position(Fig. 6).

implemented.

In Table 3 we show AGADIR1s-2 prediction of the helical con-
tent for all the peptides. The algorithm correctly predict2% of
the experimental valu¢he helical content of peptides: GAA, AAA,
IAA, GAV, AAV, GVA, AVA, GVV, AVV, GAL, GVL, and GAAA. There are several ways in which a Pro residue can be found at the
For peptides AAL and GAVA, the predicted and experimental val-beginning of are-helix. In one of these patterns, Pro is occupying
ues are quite clos@ess thant 3%, when taking into account the the N-cap position. An analysis of the protein database shows that
decimals. However, peptides IAV, IVA, IVV, IAL, and IVL are all  the presence of a Pro at the N-cap position o#&émelix is usually
predicted to have less helical contéAtto 1099 when compared associated to hydrophobic amino acids at positioh$R, and N4.
with the experimental data. One possibility to explain these result§his could suggest the presence of a new N-terminal local motif
is that the N-cap contribution of Ile or the position dependence of(sequence fingerprint: hPXXhhwhich could stabilize the helical
the helical propensity of Val are not estimated correctly. The N-capconformation andor define the helix N-terminu&ro-boxmotif).
contribution of lle in helices has been calibrated in AGADIR using However, the appearance in the protein structure data bank of

——r
24 22

Discussion
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Fig. 5. Superimposition of the 15 best structures obtained by distance geometry analysis using the programGuAtA et al.,
1991 of the NOEs obtained in a 100-ms mixing time NOESY experiment of the IVV peptide. Representation was done using the
program Insightll(Biosym Technologies, San Diego, California

certain amino acid combinations more frequently than expectedhain hydrogen bonding. However, Pro is statistically preferred at
should be regarded with caution. For example, it is hormal toposition N1 but not at other helical positions. This is explained
find in helices a nice hydrophilithydrophobic pattern that is because the pyrrolidine ring conformationally restrictsi#tengle
more related to tertiary considerations than to local effects. Thef the preceding residue in an extended conformation incompatible
distinction between tertiary and local reasons for the frequentvith helical anglegSchimmel & Flory, 1968 This results in an
association of a structural and a sequence motif can only bentropic gain but is incompatible with the preceding residue adopt-
done by isolating the given sequence fingerprint in the absenceng a helical conformation. For the same reason, Pro should be in
of the protein context. principle also compatible with the N-cap position, although statis-
The CD and NMR analysis we have performed on severatically this is not the case. The reason for it is that Pro side chain
polyalanine-based peptides containing fm®-box motif finger-  will not provide a hydrogen bond to any of the unsatisfied main-
print sequencéhPXXhh) and the corresponding controls indicates chain amide groups in the first helical turn as Asn, Asp, Ser, or Thr
that this sequence corresponds to a local helical motif. This motiflo, nor it will facilitate their solvation as Gly dod$errano &
is similar in its organization to thelydrophobic staple&eombined  Fersht, 1989 However, by restricting the¢ angle of the preceding
with a Capping boxmotif. In both cases, there is a favorable residue it poses its side chain to point toward the helix and, there-
interaction between residues at positions N-cap andd8ide- fore, favors the formation of a side-chain—side-chain interaction
chain—side-chain hydrophobic interaction in tNeterminal Pro-  with residue N4(Hydrophobic staplenotif). Therefore, when Pro
box motif and two side-chain—main-chain hydrogen bonds in theoccupies the N-cap position there must be a selection toward res-
Capping boxmotif), as well as between 'Nand N4. TheHydro- idues at positions Nand N4 that make favorable interactions.
phobic staplecontribution for the three pairs analyzed here: lle- Another important point is that Pro at the N-cap has its side chain
Ala, lle-Val, and lle-Leu seems to be the same than that in othepriented toward the side chain of residue Kdg. 1), while at
peptides containing@apping boxmotif (Mufioz & Serrano, 1995a  position N1 it points toward the N-terminus of the helix. As a
In globular proteins, Pro occurs rarely insidehelices, and in  result, when Pro is the N-cap residue it can establish side-chain—
those rare cases the helices are kinkgairlow & Thornton, 1988 side-chain interactions with the N3 residue, but not when it is at
The reason for it is that the Pro main chain cannot makigian 4 position N1. The overwhelming preference for Val at N3 can be
hydrogen bond. However, Pip angle is constrained to approxi- explained by the fact that the rotamer normally adopted by Val in
mately—65°, which is ideal for a helical conformation. This should helices(trans conformer; Dunbrack & Karplus, 1994s the one
make Pro an excellent amino acid in the first turn of theelix found in this interaction. In addition, due to the nature of Pro side
where the amide groups are not involved in main-chain—main<hain, its packing with the Val side chain buries a large surface
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