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ABSTRACT. Mastoparan, a 14-residue peptide, stimulates GDP/GTP exchange on G proteins in a manner
strikingly analogous to that of agonist-bound receptors. Presumably, the peptide structurally mimics a
receptor’'s G protein-binding domain. We previously reported that mastoparan-X bindsuiounits of

Gi and G in a predominantlya-helical conformation [Sukumar, M., & Higashijima, T. (1992)Biol.

Chem. 267 21421-21424]. We have now developed an analogous peptide, INWKGIASM-
aminoisobutyryl (Aib)-RQVL-NH (MP-S), which is a selective activator of.GWe report the conformation

of MP-S when it is bound to &, determined from distance geometry calculations based on transferred
nuclear Overhauser effects (TRNOEs). Thgb@und conformation of MP-S is air-helix that is kinked

at residue 9. The conformations of MP-S when bound f@ & Gyo. are similar to the @-bound
conformation. In contrast, the lipid-bound conformation of MP-S is a straight helix. On the basis of the
Gsbound conformation of MP-S, directions for the design gfs€lective peptidergic mimics of receptors

are suggested.

Mastoparans, a family of tetradecapeptides originally TRNOESs are expected for affinities in this range (Sukumar
isolated from wasp venom, catalyze GDP/GTP exchange on& Higashijima, 1992). The TRNOE method relies on
G proteins through a mechanism remarkably similar to that transfer of cross-relaxation between two nuclei in the bound
of G protein-coupled receptors (Higashijinea al., 1988). state to the free ligand resonances via chemical exchange of
Because G proteins are activated by bound GTP, mastoparanfee and bound ligand and is observed as a negative NOE
thus function as receptor surrogates to initiate signaling. The between free ligand resonances. Because the cross-relaxation
functional similarity between mastoparan and the receptors,rate is a sensitive function of interproton distance, the
and the apparent competition between them for binding to TRNOE technique serves as a means of identifying spatially
G protein a-subunits (Higashijimaet al, 1988, 1990), close (<5 A) protons in the bound form (Wuthricét al.,
suggest that mastoparan binds to G proteins at the receptor4983; Wuthrich, 1986). TRNOE data provide an ap-
binding site. Furthermore, it is likely that mastoparan, in proximate set of interproton distance constraints, which are
its G protein-bound conformation, mimics the G protein- then used to arrive at the conformation of the bound form.
binging domains on receptors Fhat have been tentativgly TRNOESY data indicated that MP-X adopts a predomi-
assigned to the C- and N-terminal segments of the third 4y o-helical conformation when bound to G proteins
intracellular loop (O’Dowckt al., 1989; Ross, 1989; Strader (Sukumar & Higashijima, 1992). The G protein-bound
etal, 1989). These regions ha\_/e po_sitiv_ely charged rEESidueSconformation of MP-X'is véry similar to its membrane-bound
and can be modeled as amphmathrdn_ehces. . conformation, reported by us previously (Wakamagsal.,

We recently determined t_he G protein-bound conformation 1992), but differs from the largely unordered structure that
of mastoparan-X (MP-X)using TRNOE methods (Sukumar MP-X adonts i .

. . pts in aqueous buffers (Higashijiragal., 1983,
& Higashijima, 1992). TRNOESY has been widely used to 1984; Wakamatset al, 1983). Thea-helical folding of

determine conformations of small ."gaf?ds bound to large MP-X places the polar Lys residues on one face of the helix
pGr(z[e'ennsbgrnmf;%(:zuI?;Zggrggﬁfesell'lkg “Sp?;omigg(f Iir;ggc- and clusters the hydrophobic residues on the opposite face,
Srknmar <r&,H' asr’f"ma ,19532p TRNOéSYS’ orks,o - ' making the overall structure amphipathic. The similarity of
millu hen th:agbo If':d I" and s)n fairly ra 'd\g 'I'br'pn|1 the G protein-bound and membrane-bound conformations of
yw und g IS I Tairly rapid equitionu MP-X is consistent with the fact that activation of G proteins

with an excess of free ligand. The &€ of mastoparans : :
for G protein activation are<10 uM, and substantial by mastoparans is much more pronounced when G proteins
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are reconstituted in lipid vesicles than when their activity is distance geometry calculations and show that its G protein-
measured in detergent solution (Higashijiiaal., 1988). bound conformation is a kinked helix, distinct from the
Structure-activity relationships of mastoparan analogs show membrane-bound conformation, which is a straight helix. On
that both the ability to form an amphipathic helix and the the basis of the &bound conformation of MP-S, we suggest
presence of positively charged residues at N- and C-terminaluseful directions for the design ofsGelective peptidergic
ends of the helix are crucial for regulatory activity (Higash- mimics of receptors.
ijima et al, 1990). Thus, the polar face of the amphipathic
MP-X molecule is probably involved in the binding interac- EXPERIMENTAL PROCEDURES
tion. Peptide SynthesisPeptides were synthesized by standard
Mutually selective interaction between receptors and G solid phase procedures. The crude peptide was purified to
proteins determines the signaling pathways that are initiatedapparent homogeneity by reverse phase HPLC on a Vydac
by an individual receptor, and mastoparans display lessC4 column, and the purity was confirmed by amino acid
marked but still significant selectivity among G proteins. analysis and NMR spectroscopy.
Mastoparan is modestly selective fois@EG,, and G, closely Protein Purification and AssaysRecombinant G, G,a.,
related G proteins that mediate inhibition of adenylylcyclase and Go. expressed ifEscherichia coliwere purified accord-
and the regulation of diverse ion channels. Mastoparan ising to reported procedures (ltoh & Gilman, 1991; Linder &
much less effective in stimulating {Gwhich activates Gilman, 1991), with minor modifications. Protein fractions
adenylylcyclase, or g which stimulates phospholipasefC-  obtained after Mono Q chromatography wetr80% pure
(Higashijimaet al., 1988; Casey & Gilman, 1988; Taylet by SDS-PAGE and were used for NMR experiments without
al., 1991). Regulatory peptides with marked specificity for further purification. Preparation of protein samples for NMR
individual G proteins would be useful molecular tools in spectroscopy (Sukumar & Higashijima, 1992) and measure-
studies aimed at delineating the involvement of a particular ment of F’S]JGTPyS binding and MP-S-promoted GTPase
G protein in specific biochemical pathways (Ekt¢@al., 1994; activity (Northupet al., 1982; Higashijimaet al., 1987, 1988)
Colomboet al,, 1994; Murgeet al., 1996) and, potentially,  were performed as described previouslysyGvas purified
as prototypes for development of G protein-directed drugs. from bovine brain and reconstituted witho&ubunits as
As part of a program to develop G protein-selective peptides, described previously (Higashijimet al., 1988).
we used TRNOESY to examine the conformation of mas-  Preparation of Small Unilamellar Vesicleferdeuterated
toparans when bound to various G proteins. We initially DPPC was a kind gift from K. Wakamatsu (Gunma Univer-
examined the conformation of MP-X bound tgoGnd Go sity, Kiryu, Japan). Small unilamellar vesicles were prepared
(Sukumar & Higashijima, 1992). Although the observed as follows. A thin film of DPPCdg, obtained by evaporating
TRNOES were consistent with ashelical conformation for ~ a chloroform solution of the lipid was suspended in NMR
the G protein-bound MP-X, the degenerate nature of the sample buffer (5 mM KR25 mM NaCl) and sonicated using
MP-X sequence and the effects of conformational averaginga probe type sonicator at 20 W for a total of 30 min at 60
resulted in extensive overlap of NMR signals corresponding °C. Vesicles obtained by this procedure are expected to have
to the C-terminal half of the molecule which made it difficult a diameter of 2086300 A (Wakamatsiet al., 1992).
to ascertain the presence or absence of several key inter- NMR Spectroscopy.All the NMR experiments were
residue TRNOEs. In an attempt to further refine the G carried out on a Varian VXR500 NMR spectrometer at 20
protein-bound conformation of mastoparans, we developed°C and pH 6.0 in phosphate buffer (5 mM) in the presence
mastoparan analogs that have less degenerate sequences afi 25 mM NacCl, in a total sample volume of 0.7 mL. Fifty
the C-terminal half. In developing these analogs, we have microliters of 3O was included to serve as an internal field-
taken into consideration the structural requirements for frequency-lock. TRNOESY spectra were recorded at a
activity, like the positioning of positive charges, net hydro- mixing time of 100 ms. Previous experiments with MP-X
phobicity, and overall amphipathicity (Higashijire al., (Sukumar & Higashijima, 1992) showed that the best signal-
1990). to-noise ratio in the amide region was obtained at pH 6.0
One of the recently developed analogs of mastoparan,and that the magnitudes of TRNOEs were linear up to a
MP-S (INWKGIASM-Aib-RQVL-NH,), not only gave a  mixing time of 100 ms. MP-X-stimulated GTPase activities
good dispersion ofH-NMR signals, allowing unambiguous  were almost identical at pH 6.0 and 8.0. G&hinding
assignment of most of the TRNOEs, but also had the activity was measured after every NMR experiment, and
interesting property of activatingd{®&ore markedly than & specific GTR'S binding activity after the NMR experiment
and G. This is in contrast to all other mastoparan analogs was always 86-100% of that of the initial protein sample,
that we have examined, which activatea®d G, better than suggesting that G proteim-subunits are fairly stable under
they activate G(Higashijimaet al,, 1988). This observation these conditions.
supports the idea that regulatory peptides specific for TOCSY (Davis & Bax, 1985) and NOESY (Jeeratral.,
individual G proteins, which are otherwise highly homolo- 1979; Kumaret al., 1981; Macurat al., 1981) spectra were
gous, can in fact be found within the simple framework of obtained using standard pulse schemes. A total of 256 FIDs
a relatively small molecule. In the development of the MP-S were acquired using a spectral width of 6000 Hz, with 2k
analog, the unusual amino acid Aib was introduced at data points and 32 or 128 scans for each FID. A mixing
position 10 with the expectation that, due to its unique ability time of 75 ms was used for the TOCSY experiment. Data
to stabilizea-helical conformations (Karle & Balaram, 1990), were processed using the program FTNMR (Hare Research
the H* chemical shifts of residues in its neighborhood will Inc., Seattle, WA). One-dimensional spectra were measured
be shifted from their random coil values. with 32k data points and a spectral width of 6000 Hz.
In this report, we describe the conformation assumed by Chemical shifts were measured relative to an internal
MP-S when bound to & determined by TRNOESY and standard, TMSP.
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Ficure 1: G protein selectivity of MP-S. The steady-state GTPase activitieg,dbiGand G were assayed in the presence of either MP-S
or Mas7 (Ald?, Leut-mastoparan) shown on the abscissa under conditions where GTP/GDP exchange is rate-limiting (Higetshljima
1990). Data are calculated as molar turnover numbers by dividing specific GTPase activity by the molar concentraticsulboéir
determined by GT#S binding. Trimeric G proteins were prepared by mixing the appropriates@units with a 2-fold molar excess of
Gpy. Before assay, trimers were reconstituted into phospholipid vesicles as described previously (Higaste)inte090).

Distance Geometry Calculationd.RNOE intensities were  to reduce the violations of the constraints by the embedded
determined by measuring the volumes of the cross-peaks anatoordinates to an acceptable level, further optimization is
normalizing them with respect to a well-resolved diagonal carried out. This involves minimizing a function called
peak (Met Cy protons). This process allows comparison “error function” which measures the total violation of the
of intensities between different experiments. TRNOE in- constraints (that include covalent and chirality constraints)
tensities were further normalized according to the number by the coordinates. This minimization is done using a
of protons involved in a given TRNOE by dividing the simulated annealing protocol followed by conjugate gradient
TRNOE intensity between resonances a and b by theminimization. Twenty distance geometry conformations
normalization factor [R.Ny/(Na + Np)], where N, and N, were calculated. The structures obtained after DG calculation
are the number of chemically equivalent protons under were further refined by restrained energy minimization using
resonance a and b, respectively (Williamson & Neuhaus, a consistent valence force field (Dauber-Osguthapal.,
1987). These TRNOE magnitudes were then converted t01988) without Morse and cross terms. Conjugate gradient
distance constraints for distance geometry calculations. Theminimization was employed to yield a maximum derivative
TRNOEs were classified as strong, medium, or weak in of <0.001 kcal mot! A-2. Charge interactions were not
intensity on the basis of the normalized intensities: 0.5 included during this minimization because the dielectric
1.5%, weak; 1.55.0%, medium; and-5%, strong. Upper  environment of the bound form is unknown. The structures
bounds for the corresponding interproton distances were 4,0obtained after this minimization were analyzed for their
3.3,and 2.7 A, respectively. The distance between aromaticviolations from the input distance constraints and conver-
Trp2 protons (2.5 A), which is conformation-independent, gence of backbone conformation to obtain converged,
together with the inverse sixth power dependence of TRNOE distance-based structures.
intensity on interproton distance were used to define these
limits. Thus, for TRNOEs in these ranges, the chosen upperRESULTS
bounds represent conservative (loose) constraints. Methyl ] )
and methylene groups were replaced by pseudo-atoms at their MP-S Preferentially actiates G. In attempts to generate
corresponding centers of mass, and the upper bounds werdP analogs that display a convenient dispersion‘df
corrected appropriately by adding 1.5 and 1 A, respectively. chemical shifts, we sy_nthes_lz_ed the peptide described here
Distance constraints were incorporated into distance geom-as MP-S. Screens of its activity as a regulator of nucleotide
etry calculation in the form of skewed biharmonic potential €Xchange on several G proteins indicated that it was relatively
energy functions, with a force constant of 50 kcal Mdi 2, more effective as an activator ofs@Figure 1), which is
Distance geometry (DG) calculations were carried out using Unusual for mastoparans, which are generally selective for
the program DGII within Insight (NMRchitect, Biosym the G family, including G (Higashijimaet al, 1987, and
Technologies, San Diego, CA) on a Silicon Graphics oth_er unpubllshed data). The data show tha_lt MP-S_ prefer-
Personal Iris workstation. The DGII program is based on entially stimulated steady-state GTP hydrolysis byv@ich
the EMBED algorithm (Kuntzt al., 1989; Havel, 1991) and ~ contrasts with the preference of Mas7 for&bd G. MP
consists of the following steps. (1) The constraints used in itself is also selective for Gnd G relative to G, although
distance geometry include covalent and chirality constraints itS maximum activity is lower (Higashijimat al, 1987).
in addition to the experimentally determined distance con- Neither MP-S nor Mas7 is comparably active og (@ss
straints. “Bound smoothing” is carried out to compute a than 4-fold maximum stimulation; data not shown).
complete and more precise set of bounds, given the incom- Addition of Substoichiometric Amounts of G Protein
plete and imprecise set of distance bounds that are experi-Broadens théH-NMR Spectrum of MP-SFigure 2 shows
mentally available. (2) “Embedding” involves selecting a the effect of Go. on the'H-NMR spectrum of MP-S. At a
value between the lower and upper bounds obtained by boundprotein:peptide ratio of 1:13 (2.5 mM peptide)soGcaused
smoothing and finding atomic coordinates that yield calcu- a fairly uniform broadening of the peptide proton resonances.
lated distances which are “best-fit” to this guess. (3) In order Small changes in chemical shifts could be detected relative
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with those obtained in the presence abGndicates which
features of the G protein-bound conformation of MP-S are
unique and, by inference, which structural features may be
important for G protein regulation. TRNOESY spectra were
recorded at a series of lipid concentrations. The spectra
shown in Figures 3BF and 4B, obtained at 1.6 mM DPPC-
dso, had the best signal-to-noise ratio. This lipid concentra-
tion is estimated to produce-0.8% of the bound form
according to titrations of MP-X with DPPC in which CD
spectra were used to monitor lipid-induced change in the
conformation of MP-X. These TRNOEs reflect the confor-
mation of MP-S bound to DPPC vesicles and are not a result
of viscosity changes that accompany the addition of DPPC
vesicles to aqueous solution of MP-S. Addition of lipid
vesicles to a final concentration of 1.6 mM increased the
viscosity by only 5% at 20C which is expected to cause
similarly small changes in the rotational correlation time and
is not expected to give rise to the observed strong negative
TRNOEs. Also, the observed TRNOESs which are indicative
of a helical conformation are not expected from the free
. peptide which is predominantly random coil as shown by
to those of the free peptide. Changes were Hz, both  cp . Although the TRNOES observed in the presence of G
upfield and downfield. The observed broadening SqueStSprOteinS and DPPC vesicles were similar, there were
that the free peptide is in chemical exchange with the bound important differences which will be discussed below.
form and is consistent with rapid exchange between the free Figure 5 summarizes the sequential and medium range
and the protein-bound forms of MP-S. Exchange thatis fast trRNOEs observed in the TRNOESY spectra of MP-S
r.elativg to the chemica_l shift ti_me scale is expfacted to produce gptained in the presence of eithexGFigure 5A) or DPPC-
line widths and chemical shifts that are weighted averages y  Figure 5B). Several TRNOES characteristic of a helical
of the free and the bound forms. The chemical shifts, cqnformation were observed in both cases. For example,
f[herefore, are dominated by those of free peptide which is gayeral sequential amigamide TRNOES and medium range
in vast molar excess. TRNOES between andi + 3 residues were observed both
Resonance Assignments of MP&equence-specific reso-  in the Grbound form and in the lipid-bound form. Both
nance assignments were carried out using TOCSY (data nofc|asses of NOEs are characteristic ofeahelical conforma-
shown) and TRNOESY (Figure 3AC) spectra obtained in  tion. However, there were important differences between
the presence of @. The presence of several unique spin the two data sets. For example, several medium range
systems in the sequence of MP-S made sequence-specifiTRNOEs between Agnand Gly (N2 amide-G5w), Trp?
assignments straightforward. Prisly5, Alas, Sef, Aiblo, and Il& (W3Ha—168), Gly5 and Set (G50.-S8N), and Sé¢
and Val® all have unique spin connectivities and were used and Arg! (S8x—R113;, S&x—R113,, and S&—R11N),
as starting points for assignment. Sequential TRNOEs wereyhich would be expected from a helical structure, were

8.4 8.1

7.8 7.5 7.2

pPm
FiGURE 2: Amide region of the 500 MH2H-NMR spectrum of
MP-S in the absence (A) and in the presence (B) atuGpectra
were recorded in 5 mM KPRand 25 mM NacCl at pH 6.0 and 20
°C. The peptide concentration was 2.5 mM, and the protein
concentration was 200M. No line broadening was applied prior
to Fourier transformation.

then used to complete assignments (Wuthethl., 1983;

Wouthrich, 1986). Chemical shifts are listed in Table 1.
TRNOESY.The NOESY spectrum of MP-S alone did not

show any NOEs other than weak@.3%) NOEs between

absent in spectra of @hound MP-S. These TRNOEs were

present in spectra of lipid-bound MP-S (Figures 3B,E, and
4). The absence of these medium range TRNOEs was
reproducible in experiments repeated under identical condi-

aromatic protons and a few intraresidue NOEs correspondingtions and in TRNOESY spectra obtained at higher protein

to the side chains of Lysand Il€. The absence of strong

concentrations (protein:peptide ratios of 1:13). In addition,

NOEs is consistent with the expectation for a small peptide the TRNOEs between the side chains of *Tapd ll€ were

like MP-S 7. ~ 1, where magnitudes of NOEs are close
to zero). In contrast, the TRNOESY spectrum of MP-S in
the presence of @& showed strong TRNOESs. Figure 3£

and Figure 4A show various regions of the TRNOESY

stronger for G-bound MP-S than for lipid-bound MP-S.
MP-S Binds to Gx as a Kinked Helix and to DPPQgg

Vesicles as a Straight HelixWe used distance geometry

calculations to solve the structures afgdound and DPPC-

spectrum of MP-S (2.5 mM) obtained at a protein:peptide bound MP-S based on the observed TRNOE spectra.
ratio of 1:19 ¢-5% of peptide bound). These are NOEs Distance geometry calculations yield molecular conforma-
transferred from the bound state and reflect the conformationtions that satisfy NMR-derived distance constraints starting
of MP-S bound to G protein. A similar pattern of TRNOEs from randomized coordinates, thus avoiding the bias involved
was observed in the presence ofaGand Ga, under  in algorithms that start from an explicit initial model.
comparable conditions (data not shown), suggesting that theOptimized distance geometry structures were obtained start-
conformations of MP-S when bound to these G protein ing from 20 random coordinate sets. Table 2 lists the
o-subunits are very similar to its &bound conformation.  structural statistics for MP-S bound to.G and DPPC
Mastoparans bind both to detergent micelles and to vesicles. Inthe case of MP-S bound tgx(the 11 structures
phospholipid vesicles, and clear TRNOESY spectra of MP-S with the lowest overall energies all had maximum violations
were also obtained in the presence of small unilamellar of distance constraints 0£0.2 A and displayed similar
vesicles prepared from perdeuterated DPPC (DBfC- backbone conformations from residues 3 through 12. The
(Figure 3D-F and Figure 4B). Comparison of these spectra rmsd values for superimposing the backbone atoms of
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Ficure 3: Different regions of the TRNOESY spectrum of MP-S in the presence gf (6—C) and small unilamellar vesicles of DPPC-

dso (D—F): A and D, amide-amide region; B and E, amiéax region; and C and F, amidsside chain region. Inter-residue TRNOEs are
labeled. Spectra were recorded in 5 mM;Kd 25 mM NacCl at pH 6 and 28C. The peptide concentration was 2.5 mM, the protein
concentration 13@M, and the lipid concentration 1.6 mM.

Table 1: 'H NMR Chemical Shifts of MP-S at pH 6.0 and 2G A Kdo-A7B
ATo-UT0B L =i

residue NH o B others o A70-UT08 —, ol

llet 3.77 1.82 v2, 1.43, 1.14y5, 0.87;6, 0.77 R1To-L14y € - R11aL14y -2 -

Asr? 2.93,2.83 side chain amide, 7.71, 7.04 it

Trp® 845 4.67 3.38,3.31 2H,7.37;4H, 7.68; 5H, 7.21; 6H, R11a-L14B & o R11a-L14p 0
7.30; 7H, 7.56; indole, 10.27 [~ & - &

Lys* 8.22 4.23 1.82 y, 1.31;6, 1.69;¢, 3.01 - 7

Gly® 7.76 3.86

lle®  8.03 4.20 1.98 2, 1.57, 1.28y3, 1.02;6, 0.93 7 160-M9B X

Ala’ 8.53 4.36 1.48 e

Sef 8.22 4.45 3.98,3.91

Met® 8.29 4.45 2.18,2.08y, 2.67,2.58 J iy

Aibl®  8.22 1.52 : — = "

Arglt  7.95 4.32 1.96,1.84y,1.69;6,3.25 PO R

12 - qj i i

Gin 8.29 435 217,212y, égg side chain amide, 7.60, Ficure 4: a-Side chain region of TRNOESY spectrum of MP-S

val'* 823 4.15 2.16,2.13y,1.01 in the presence of r@ (A) and small unilamellar vesicles of DPPC-

Leu 838 4.40 1.75 v, 1.66;0, 0.94, 1.00; carboxamide, dso (B). Inter-residue TRNOEs are labeled. Spectra were recorded

in 5 mM KP, and 25 mM NacCl at pH 6 and 2TC. The peptide
concentration was 2.5 mM, the protein concentration 480 and
the lipid concentration 1.6 mM.

7.62,7.18

residues 312 on the average structure were 1:610.23 The concave side of the kinked helix is hydrophobic, and

A. The backbone atoms of these structures, from residuespolar residues are arrayed on the convex side of the molecule.

3 through 12, are superimposed in Figure 6A. The positions of the two N- and C-terminal residues are not
The structure of @-bound MP-S derived from the well-defined by NOE distance constraints and may not

TRNOE data (Figure 6) is predominanttyhelical, but a assume a fixed position even when MP-S is bound . G

consistent kink at residue 9 results in greater proximity of  The kinked structure of &bound MP-S differs from its

the N and C termini compared to those of a straight helix. lipid-bound conformation. The conformation of MP-S when
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( A) Solutions of the DPE’C-bound structures a_lso convergeq well,
INWKGIASMURDQU L-NH, but produced a straight helix with no obvious bend. Figure
7A shows the superposition of the best 15 of 20 DG
NN @, i+1) T - — —— structures, all of which had a maximum violation©6.2 A
a N (i, i+1) L - from the input distance constraints. The rmsd values for
BN G, i+1) — - - superimposing the backbone atoms of residue$4lon the
' average structure were 142 0.33 A.
op (i, i+3) —— .
— The difference between the TRNOE spectra gdbGund
- and lipid-bound MP-S that accounts for the convergence on
$S(,i+2) =—— a kinked structure for Gbound MP-S appears to be the
$s G, i+3) — — absence of TRNOEs between residues 8 and 11. Mock
distance geometry calculations that included the distance
(B) constraints corresponding to medium range TRNOEs be-
INWKGIASMUR DU L-NH, tween residues 8 and 11 yielded helical structures devoid of
a kink. The absence of medium range TRNOEs between
NN G, i+1) -t residues 8 and 11 in &ound MP-S appears to reflect the
aN (i, i+1) —— - - - -_— distance between these residues. The absence of these
BN G, i+1) —_— [ —— TRNOES could conceivably result from internal motions or
o the presence of alternative relaxation pathways for these
op G, i+3) R protons. However, these effects would be expected to affect
T — intraresidue TRNOEs in a similar fashion, and the fact that
T intraresiduea. — 3 TRNOEs of residues 8 and 11 had
oN (i, i+3) T — intensities comparable to those observed with lipid-bound
§S(,i+2) =— MP-S suggests that the absence of medium range TRNOEs
o between residues 8 and 11 in-Bund MP-S is a result of
S8 (i, i+3) —

conformational differences between thel®®und and DPPC-

FiGURe 5: Summary of sequential and medium range TRNOES hound MP-S. Other medium ranage TRNOESs.ok4A7
observed in the TRNOESY spectra of MP-S in the presence of 9 ' B

rG (A) and DPPCdg, vesicles (B). The thickness of the bar 160—M9f3, A70—U10p, and R1b—L145, are present in
reflects the intensity of the cross-peaks. Dashed lines represent?0th the Gbound and DPPC-bound MP-S. While the
TRNOES that might be present but that cannot be detected becaus&V3a—165 TRNOE is close to the noise level in{Gound
of overlap of resonances. SS is used to denote TRNOEs betweerVIP-S, there are other TRNOES between the side chains of
side chain protons. U in the sequence at the top dero@si-  hage two residues (Figure 3C) that suggest proximity of these
noisobutyric acid. . . . ! .

two residues, consistent with am-helical conformation.
bound to DPPC vesicles was determined from TRNOE data Thus, the striking absence of all three medium range
using distance geometry calculations, as described aboveTRNOESs between residues 8 and 110S®115;, S8&—

Table 2: Structural Statistics for MP-S Bound teeGand DPPC Vesiclés

parameter MP-S bound to& MP-S bound to DPPC vesicles

TRNOE-derived distance constraints

total 130 133

intraresidue 99 94

sequential 20 22

medium range 11 7
residual TRNOE distance constraint violations

number> 0.1 A 6+ 1.3(4-8) 4415 (2-8)

total violation (A) 1.32+ 0.22 (1-1.74) 0.95+ 0.35 (0.6%+1.82)

maximum (A) 0.18+ 0.04 (0.13-0.28) 0.16+ 0.03 (0.13-0.27)

DGl error functiord 0.17+ 0.07 (0.1-0.31) 0.1+ 0.1 (0.05-0.5)

energy (kcal/mol) 212.2+ 12.5 (193-236) 204.5+ 18.9 (188-242)
deviations from idealized geometry

bond lengths (49 0.022+ 0.012 (1.14+ 0.62) 0.022+ 0.012 (1.18+ 0.6)

bond angles (def) 0.88+ 2.6 (0.95+ 0.96) 0.83+ 2.5 (0.96+ 0.9)

o (deg) 8.0+ 6.1 (1.37+ 1.05) 9.7+ 8.9 (1.67+ 1.53)

Ca. chirality’ 2.9+ 1.7 (0.83+ 0.5) 2.9+ 2.3 (0.83+ 0.66)
rmsd values (&)

backbone (+14) 2.07+0.29 (1.672.4) 1.2+ 0.33 (0.82-1.96)

backbone (3-12) 1.61+0.23(1.15-1.92) 0.9+ 0.23 (0.62-1.29)

2 The statistics are for 20 distance geometry conformations, except for rmsd values and for deviations from idealized geometry, where the values
represent 11 out of the 20 and 15 out of the 20 best conformationsddeb@ind and DPPC-bound MP-S, respectively. The values in parentheses
represent the actual range of values, except for deviations from idealized geometry, where the values in parentheses represent the number of
standard deviations from the mean reference vaki€ke additional intraresidue NOESs are exclusively from the side chain’ofiéne additional
medium range NOEs are N2H G5Ha, W3Ha—16HSB, G5Ha—S8HN, S8Ht—R11HN, S8Ht—R11H3;, and S8k—R11H3,. ¢ The error function
measures the total violation of the constraints, which include covalent distance constraints, chirality constraints, and TRNOE-derived distance
constraints, and is minimized using a simulated annealing protocol followed by conjugate gradient mininfiZatieryy after restrained energy
minimization using a CVFF force field The values in parentheses represent the number of standard deviations from the mean reference values.
9Bond lengths include NC, C-0, Co.—C, Ca—Cf, and N-Ca.. " Bond angles include €N—Ca, Ca—C—N, Ca—C—0, G8—Ca—C, N—Ca—

C, N—Co—CB, and O-C—N.  Measured by the torsion anglex€C—N—Cp.1 An average of 20 distance geometry structures was used as the
target for superimposition.
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FIGURE 6: (A) Stereoview of superposition of distance geometry FIGURE 7: (A) Stereoview of superposition of distance geometry

structures of MP-S bound to £& calculated using TRNOE-derived ~ Structures of MP-S bound to DPRig vesicles calculated using
distance constraints. Only the backbone atoms are shown (B) TRNOE-derived distance constraints. Only the backbone atoms are

Structure with the lowest energy and least violation of the distance Shown. (B) Structure with the lowest energy and least violation of
constraints. Only the heavy atoms are shown for clarity. the distance constraints. Only the heavy atoms are shown for clarity.

all three G proteins. A likely explanation for the specificity

R115,, and S&—R11N in G-bound MP-S, even in _spectra_\ of MP-S for activating Gu is that the kinked conformation
recorded at higher protein concentrations (protein:peptide .

ratios of 1:13) is a consequence and indication of the kinked |Os (t)iPr:!?ilofnc:‘g?rrﬁg\'[/i?)tr;n?orga\(/:\{[?\/ee:t?r?s _a@itéaght:(fw;\l/se:he
conformation of the Gbound MP-S. P gi ) !

correlation of the differences in the specificities of MP-X
DISCUSSION for Gi. and G and MP-S f_or @\_Nith differ(_en.ces in their G
protein-bound conformations is made difficult because the
The conformation of Gbound MP-S reported here is a G//G,-bound conformation of MP-X is poorly defined, with
novel one for G protein-regulating peptides in that its regard to a kinked versus straight helix, due to the overlap
generally helical structure is broken by a kink around residue of resonances (Sukumar & Higashijima, 1992). This cor-
9. This kink creates a more compact structure and bringsrelation obviously needs to be pursued.
the N- and C-terminal parts of the molecule closer together.  Structure-activity studies of mastoparan analogs have
The overall bend in the molecule places the hydrophobic shown that positive charges are crucial for regulatory activity.
residues on the concave side of the molecule, forming aThus, it is likely that at least part of the hydrophilic side of
hydrophobic pocket, and exposes the more polar, cationicthe amphipathic MP-S molecule interacts witkG If true,
side chains. Although the TRNOE data do not clearly fix this orientation leaves the hydrophobic face of the peptide
the conformations of terminal residues 1, 2, 13, or 14 and exposed to the environment unless it is bound to a comple-
these residues may be quite flexible in thet®und peptide  mentary hydrophobic surface of& The kinked structure
(see below), the overall structure is well-defined. collapses the hydrophobic face of the MP-S molecule to form
MP-S is one of a few mastoparan analogs that is an a pocket that can be more easily filled by apolar residues of
effective regulator of @ The TRNOE spectra of MP-S  Ggq. In contrast, a linear amphipathic helix of MP-S is more
when in the presence of, Gy, or Ga are all very similar easily accommodated at a planar lipidater interface, which
(data not shown), suggesting that MP-S adopts the sameprobably explains why MP-S assumes a linear helix when
conformation when bound to any G protein. Specifically, bound to DPPC vesicles. Interaction of MP-S with its helix
the TRNOEs between residues 8 and 11 that would indicateaxis parallel to the surface of the bilayer would leave the
a linear helix are absent from the spectra of MP-S bound to hydrophobic face of the molecule buried in the hydrophobic
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core of the lipid bilayer, exposing positive charges to water. Casey, P. J., & Gilman, A. G. (1988) Biol. Chem. 2632577—

Such an orientation may play a role in presenting masto- 2580.
parans to G proteins. Clore, G. M., & Gronenborn, A. M. (1982). Magn. Reson. 48

The G protein-bound structure for MP-S is an attractive 402-417.
starting point for design of more selective, effective, and/or Cl(irzeé_GMg/I., & Gronenborn, A. M. (1983). Magn. Reson. 53

poten_t Cg,jactlvatlng pgptldes. One Q|rectlon for dgslgn IS Colombo, M. I., Mayorga, L. S., Nishimoto, I., Ross, E. M., &
stabilization of t_he I_<|nk. Examination of th_e minimum Stahl, P. D. (1994). Biol. Chem. 2691491914923

energy structure_ln Figure 5B sho_ws th_at the dihedral angleSDauber-Osguthorpe, P., Roberts, V. A., Osguthorpe, D. J., Wolff,
of residue 9 deviate from the helical dihedral angles of the 3. Genest, M., & Hagler, A. T. (198®)oteins: Struct., Funct.,
neighboring residues and are close to those ofthegion Genet. 4,31-47.

(¢p ~ —=70°, vy ~ +15C°). The kink at position 9 should Davis, D. G., & Bax, A. (1985)J. Am. Chem. Soc. 102820~
therefore be stabilized by a proline residue at position 10. 2821.

The right-handed helical region of conformational space is Eker, P., Holm, P. K., van Deurs, B., & Sandvig, K. (1994RBiol.
inaccessible for residues preceding proline (Schimmel & Chem. 26918607-18615. _

Flory, 1968), and amino acids that precede proline in natural Havel, T. F. (1991prog. Biophys. Mol. Biol. 5643-78.
proteins exhibit an overwhelming preference for flagegion Higashijima, T., Wakamatsu, K., Takemitsu, M., Fujino, M.,

(Macarthur & Thornton, 1991). The absence of an amide yggauma, T & Miyazawa, T. (1983FEBS Lett. 152227~

hydrogen on pr_oline should also dis_rupt the_ intramolecular Higashijima, T., Wakamatsu, K., Saito, K., Fujino, M., Nakajima,
hydrogen bonding pattern of a straight helix (see below). T & Miyazawa, T. (1984)Biochim. Biophys. Acta 80257—
The o-helical region is, however, entirely accessible for  161.
proline itself (Macarthur & Thornton, 1991), and a Yo  Higashijima, T., Ferguson, K. M., Smigel, M. D., & Gilman, A.
analog of MP-S would thus be expected to constrain the G. (1987)J. Biol. Chem. 262757-761.
conformation to a kinked structure. It is possible that Higashijima, T., Uzu, S., Nakajima, T., & Ross, E. M. (1988)
interactions involving the Al side chain are important for ~ Biol. Chem. 2636491-6494. ,
activation, and the proline ring may have to be appropriately H'%%%h'll'ﬂaf;-iﬁgg'e“ J., & Ross, E. M. (1990) Biol. Chem.
modified if the proline analog has diminished activity. : ' .

An alternative design strategy is to destabilize a straight Itoh, H., & Gilman, A. G. (1991). Biol. Chem. 26616226-16231.

. . . . e " - Jeener, J., Meier, B. H., Bachmann, P., & Ernst, R. R. (1979)
helix by replacing amino acids at specific positions with ~~ 2 Phys. 7145464553,

N-methyl amino acids, thus interfering with the intramo- .0y 'y ¢ Balaram, P. (1990Biochemistry 296747-6756.
lecular hydrogen bqndmg pattern. Preliminary modeling Kumar, A., Wagner, G., Emst, R. R., & Wuthrich, K. (1981)
suggests that the kink in &ound MP-S lacks hydrogen Am. Chem. Soc. 103654-3658.

bonds involving amide groups of residues—12. Thus, Kuntz, 1. D., Thomason, J. F., & Oshiro, C. M. (1988)ethods
an analog of MP-S in which these residues are replaced by Enzymol. 177159-204.

the correspondindl-methyl amino acids is likely to have a  Linder, M. E., & Gilman, A. G. (1991Methods Enzymol. 195
destabilized helix. This strategy has the virtue of keeping 202-215.

the side chains intact while stabilizing the active conforma- Macarthur, M. W., & Thornton, J. M. (1991). Mol. Biol. 218
tion. Preliminary experiments that followed the dependence 397412

of specific TRNOE intensities on the mole fraction of the Macura, S., Huang, Y., Suter, D., & Ernst, R. R. (1981Magn.
bound MP-S showed that the side chains of the C-terminal MESZO”C' 43;52‘(2;1(;2 A, GaraHiguera, 1, Kim, C. M
residues VaF and Led* may not interact directly with . . '  fl y APy LT
The possibility that the side chains of the C-terminal amino SSE_OV'C‘ 3. L., &Mayor, F., Jr. (1996). Biol. Chem. 271985~
acids ml_ght not be myolyed in d|r§act interaction is usefu[ i Northup, J. K., Smigel, M. D., & Gilman, A. G. (1982) Biol.
the design of Gactivating peptides with reduced lytic Chem. 25711416-11423.

activity. Many mastoparan analogs exhibit some lytic o'Dowd, B. F., Lefkowitz, R. J., & Caron, M. G. (198%nnu.
activity at concentrations exceeding 1M, which is Rev. Neurosci. 1267—83.

undesirable forin vivo studies. However, mastoparan Ross, E. M. (1989Neuron 3 141-152.

analogs that differ at position 10 have markedly different Schimmel, P. R., & Flory, P. J. (1968) Mol. Biol. 34 105-120.
Iytic activities (H. Mukai and T. Higashijima, unpublished), Strader, C. D., Sigal, I. S., & Dixon, R. A. (198®ASEB J. 3
and alteration of C-terminal residues may produce active 1825-1832.

peptides with reduced lytic activity. Sukumar, M., & Higashijima, T. (1992). Biol. Chem. 26,/21421
21424.
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