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ABSTRACT. Mastoparans, a family of tetradecapeptides from wasp venom, have been used as convenient
low molecular weight models of receptors coupled to GTP-binding regulatory proteins (G proteins) for
the understanding of the interaction between G proteins and receptors. Sukumar and Higashijima have
analyzed the conformation of mastoparan-X (MP-X) bound to the G protsimbunit using proton two-
dimensional transferred nuclear Overhauser effect (TRNOE) spectroscopy [Sukumar, M., and Higashijima,
T. (1992)J. Biol. Chem., 26721421-21424]. The resultant structure, however, was not well-defined
due to severe overlap of peptide proton resonances. To determine the G protein-bound conformation of
MP-X in detail, we have analyzed this interaction by heteronuclear multidimensional TRNOE experiments
of MP-X uniformly enriched with'>N and/or3C. By solving the overlap problem, we were able to
determine the precise conformation of MP-X bound tod3ithe peptide adopts an amphiphitichelix

from Trp3 to C-terminal Leul4, and the atomic root-mean-square deviation (rmsd) values in this portion
about the averaged coordinates were G:23.07 A for the backbone atoms (N*QC') and 0.84+ 0.16

A for all heavy atoms. These values are much smaller than the corresponding rmsd values of the structures
obtained from the proton 2D TRNOE spectrum alone: H70.41 A for the backbone atoms (N*QC')

and 2.84+ 0.51 A for all heavy atoms. Our results indicate that the heteronuclear multidimensional
TRNOE experiments of peptides uniformly enriched with stable isotopes are a very powerful tool for
analyzing the conformation of short peptides bound to large proteins. We will also discuss the structure
activity relationships of mastoparans in activating G proteins on the basis of the precise structure of MP-X

bound to Gib.
Mastoparans [MP5Figure 1; reviewed by Nakajima et 1 5 0 14
al. (1)], a family of tetradecapeptides from wasp venom, have Mb_x %gﬁﬁmgﬁ:gﬁz
been shown to directly activate GTP-binding regulatory MP-S  INWKGIASMURQVL-NH,

proteins [G proteins, reviewed by Gilma@)in @ manner  ggure 1: Amino acid sequences of MP, MP-X, and MP-S#U
similar to those of G protein-coupled recept®} ((i) These o-aminoisobutyric acid).

peptides show selectivity among G proteins: they strongly _ ) )
activate Go and Gi but not Gs or GB)( (ii) ADP- MPs are thus particularly useful for analyzing G protein
ribosylation of G proteins (Gi and Go) by pertussis toxin activation when employed as low molecular weight mimetics
inhibits the activation by MP<( 4). (iii) MP competes with of receptors. - _ _ _
receptors for binding to a common site on G proteiBs ( MPs show a striking conformational change in going from
aqueous solution to lipid environments. Their CD spectra
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in water indicate the absence of an ordered structure, whereagells were grown in M9 minimal media containifiiNH,Cl
those in the presence of phospholipid micelles or vesicles and/or [*Cg]glucose, and the protein was purified vig?Ni
are characteristic of am-helical conformation§—8). Itis NTA agarose affinity chromatography. Yeast ubiquitin
known that the physiological activities of many peptides are hydrolase (YUH), which specifically cleaves the ubiquitin
correlated with their affinities to phospholipid membranes fusion protein at the C-terminus of ubiquitin, was separately
(9, 10. Also, activities of many peptides are better correlated overexpressed i&. coli strain BL21(DE3) with a C-terminal
to their conformations in the membrane-bound state than tohexahistidine tag using the T7 promoter and purified via
those in an aqueous statg (L1, 13. In fact, the activation Ni2*—NTA agarose affinity chromatography. The ubig-
of G protein by MPs is enhanced in the presence of uitin—MPX-G was cleaved by YUH, the resultant MPX-G
phospholipid vesicles3]. Conformation analyses of MPs was purified by reversed-phase HPLC, and its C-terminal
bound to G proteins as well as to phospholipid membranesglycine residue was converted to an amide group by
are thus important to clarify the structuractivity relation- peptidylglycinea-amidating enzyme. The resultant MP-X
ships of MPs in activating G proteins. uniformly enriched with'>N and/or*3C was purified again
We previously determined the membrane-bound confor- by HPLC and then pooled and lyophilized. Nonenriched
mation of mastoparan-X (MP-X, Figure 1) using the proton MP-X was chemically synthesized by standard solid-phase
2D transferred nuclear Overhauser effect (TRNOE; 16) methodology. The primary structure and purity of the
in the presence of perdeuterated phospholipid vesicles andoeptide was confirmed by analytical HPLC, together with
found that the molecule adopts an amphiphitibelix from amino acid analysis.
Trp3 to C-terminal Leul4 X7). The G protein-bound NMR Sample PreparationAcetic acidd, (98%), DTT-
conformation of MP-X was similarly analyzed using the d,,(98.4%), and BO (99.9%) were purchased from ISOTEC
proton 2D TRNOE method in the presence of &rotein Inc. Nonenriched MP-X was chemically synthesized by
by Sukumar and Higashijimal®). The structure obtained  standard solid-phase methodology. MP-X uniformly en-
in their study was, however, too poorly defined to be riched with 15N and/or3C was expressed i&. coli cells
compared with that bound to membranes, due to severeand purified using a ubiquitin fusion protein system as
overlap of peptide proton resonances under the conditionsdescribed above. The primary structure and purity of the
employed (low temperature and relatively high pH). Hence, peptide was confirmed by analytical HPLC, together with
to elucidate the structureactivity relationships of MPs, it amino acid analysis. Peptides were dissolved in an NMR
is still essential to determine the G protein-bound conforma- sample buffer [90% kD/10% DxO or 99.9% RO containing
tion of the peptides in more detail. 10 mM acetic acidds (pH 6.0) and 1 mM DTTdy. The
The TRNOE method has been widely used to determine sample pH (direct pH meter reading) was adjusted tai6.1
conformations of peptides bound to large proteins or lipids 0.1. Recombinant polyhistidine-tagged Gi{Gila) was
(17—-21). However, this method suffers from poor dispersion expressed irE. coli cells and purified using Ni—NTA
of peptide proton resonances since the peptide molecules ilmgarose and Mono Q chromatography according to reported
a free state, through which the information about the bound procedures235). The purity of the protein after Mono Q
conformation is monitored, are primarily in a random coil chromatography was confirmed by SBBAGE. They were
state. In NMR analyses of proteins, the problem of poor exchanged into the NMR sample buffer (pH 6.0) by repetitive
proton resonance dispersion was alleviated by employing dilution and concentration using Centricon-10 ultrafiltration
heteronuclear multidimensional NMR experiments using (Amicon). Protein concentrations were determined by amido
proteins uniformly enriched with stable isotop&€, and'>N black staining with BSA as the standar2by.

(22). This strategy seems applicable also to “random coil” MR SpectroscopyAll NMR measurements were per-
peptides since uniformi§C- or “*N-enriched polypeptides  formed on either a Bruker AMX-500 or ARX-400 spec-
in a urea-unfolded state gave well-dispersed signals in 2D yrometers at 20C. The experiments are listed in Table 1.
"H—"C or "H—"N spectra 23, 24. Here we report the  Aj| proton 2D NMR spectra were acquired in a phase-
conformation analysis of MP-X bound to Gilby hetero-  gensitive mode using the time-proportional phase increments
nuclear 3D TRNOE experiments of MP-X uniformly en- (TPPI) method 27) for quadrature detection in the

riched with**N and/or**C, in conjunction with simulated  gimension. All heteronuclear NMR spectra were acquired
annealing calculations. We will also discuss the strueture a phase-sensitive mode using Stat&8PI (8) for

activity relationships of MPs on the basis of the precise quadrature detection in the indirect dimensions.

structure of MP-X determined in this study. Nonenriched MP-X was used to record 2D NOESY and
MATERIALS AND METHODS TOCSY experiments. The water resonance was suppressed
by coherent presaturation during the 1-s relaxation delay and

Preparation of MP-X. MP-X uniformly enriched witHN during the NOESY mixing time,. TOCSY spectra were
and/or °C was expressed itEscherichia colicells and recorded using a MLEV-17 pulse schem29)( with a
purified using a ubiquitin fusion protein system as described isotropic mixing time of 80 ms in the absence and presence
elsewhere §8). Briefly, MP-X C-terminally flanked by a  of Gilo.. NOE spectroscopy3(Q, 3] in the absence of Gil
glycine residue (MPX-G) was overexpressedircoli strain was performed with a mixing time of 100 ms. NOESY
BL21(DE3) as a recombinant fusion protein wilaccha- spectra in the presence of @ilvere performed with mixing
romyces cereasiae ubiquitin under the control of the T7  times between 50 and 200 ms for checking the spin diffusion
promoter. The fusion protein contained a decahistidine tag effect. The intensities of TRNOE cross peaks were found
at its N-terminus to facilitate subsequent purification via to be roughly linear up to 100 ms, suggesting that the spin
Ni2*—NTA agarose affinity chromatography. THe coli diffusion effect is negligible in this range.
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Table 1: Parameters for NMR Experiments

nucleus no. of points final matrix size spectral width (Hz)
NMR experiment F]_ F2 F3 Fl Fz F3 F1 Fz F3 F1 Fz F3

nonenriched MP-X

2D TOCSY H H 512 2048 1024 2048 6250 6250

2D NOESY H H 512 2048 1024 2048 6250 6250
15N-enriched MP-X

2D HSQC 15N H 256 2048 256 1024 1200 6250

3D TOCSY-HSQC H 15N H 128 128 1024 256 256 532 6250 1200 6250

3D NOESY-HSQC H 15N H 128 64 1024 256 256 532 6250 1400 6250

3D HMQC—NOESY-HMQC® 5N 15N H 64 64 1024 128 128 532 6250
13C- and'®*N-enriched MP-X

2D HSQC 13C H 256 2048 256 2048 20000 6250

3D HNCCeh 15N 13C H 128 48 1024 256 256 532 1200 1000 6250

3D HNCACB*f 13C 15N H 96 56 1024 256 256 582 8000 1250 6250

3D CBCA(CO)NNH!f 13C =\ H 96 60 1024 256 256 532 8000 1250 6250

3D TOCSY-HSQU H 13C H 80 32 1024 128 128 522 6250 7400 6250

aThe spectral data in this dimension were extracted only for the amide re§idhs.spectral data in this dimension were extracted only for the
aliphatic regions¢ The 15N carrier was palced at 119 pphThe 15N carrier was placed at 118.6 ppfiThe 1°C carrier was placed at 86.7 ppm.
fThe 13C carrier was placed at 45.4 pp#iThe 13C carrier was placed at 35.7 ppfiThe 13C’ carrier was placed at 176.5 ppm. Th carrier was

placed on the water resonance at 4.85 ppm.

Uniformly ®N-enriched MP-X was used to record a 2D
IH-15N HSQC @2), a three-dimensional (3DPN-edited
TOCSY—HSQC with a 80-ms mixing time, a 3BN-edited
NOESY—HSQC @3) with a 100-ms mixing time, and a 3D
1H 15N-edited HMQG-NOESY—HMQC (34) with a 100-
ms mixing time using the parameters in Table 1. For a 2D
HSQC, a 3D TOCSY-HSQC, and a 3D NOESYHSQC,

function and a single zero-filling was used in all dimensions
prior to Fourier transformation.

In all experiments, théH carrier was placed on the,8
resonance at 4.85 ppm, bottN and*3C carriers were set
differentially, respectively, depending on the experiments,
as shown in Table 1. All proton chemical shifts were
referenced to the methyl resonance of 4,4-dimethyl-4-

the water resonance was suppressed by using the WATERsilapentane-1-sulfonic acid (DSS) used as an internal stan-

GATE scheme 35) and water flip-back pulse3g). For a
3D HMQC—-NOESY-HMQC, the water resonance was

dard. The®®C and >N chemical shifts were indirectly
referenced using the following ratios of the zero-point

suppressed by coherent presaturation during the 1-s relaxatiofrequencies: 0.101 329 118 f&N to 'H and 0.251 449 53

delay and during the NOESY mixing timg,. Decoupling
of N was achieved by WALTZ-16 modulatior37).

Uniformly 1*C- and*>N-enriched MP-X was used to record
a 2D*H—%C HSQC, a 3D HNCO038, 39, a 3D HNCACB
(38—40), a 3D CBCA(CO)NH 88, 39, 4}, a 3D*3C-edited
TOCSY—HSQC with a 80-ms mixing time, and a 3BC-
edited NOESY-HMQC (42) with a 100-ms mixing time
using the parameters listed in Table 1. The BD-edited
TOCSY—HSQC experiment was performed using the pulse
sequence modified from the 3BN-edited TOCSY-HSQC.
For a 2D HSQC, a 3D HNCO, a 3D HNCACB, a 3D CBCA-
(CO)NH, and a 3D TOCS¥HSQC, the water resonance

for 13C to H (47).

GTPyS Binding Assay.The activation of Gidx by MP-X
was examined as a function of pH using tReS|GTP/S
binding assay as described previously48. The enhance-
ment of F°S]GTPyS binding to Gitx by MP-X showed that
the enhancing activities at pH 6.0 and 8.0 were almost
identical. This is consistent with previous data obtained from
MP-X-stimulated GTPase activityl8). The stability of
Gila during NMR experiments was confirmed b$$]-
GTPyS binding activity 48): the protein kept 6670% of
the original activity for 42 h under the conditions of the NMR
experiments, indicating that the observed TRNOEs reflect

was suppressed by using the WATERGATE scheme andinteraction of MP-X with intact Gidr.

water flip-back. For a 3D NOES¥HMQC, the water

Distance Constraints and Structure Calculationsiter-

resonance was suppressed by coherent presaturation duringroton distance restraints were obtained from the homo-

the 1-s relaxation delay and during the NOESY mixing time
m. Decoupling of'>N and C was achieved by WALTZ-16
modulation 87). Decoupling of*C was achieved by GARP
modulation 43).

nuclear and heteronuclear NOESY spectra with a mixing time
of 100 ms. Quantitative determination of cross-peak intensi-
ties was based on counting the contour levels, where the 4H
5H crosspeak of Trp3 was chosen as the standard with a

Data processing was performed either on a Bruker X-32 distance of 2.5 A. All NOE data were divided into three

UNIX workstation with UXNMR software or on a Silicon
Graphics INDIGO2 workstation using the program package
NMRDraw and NMRPipe44). For proton 2D NMR data
sets, a 60 phase-shifted sine-squared window function was
used in both dimensions prior to Fourier transformation. Final
matrix sizes were usually 1024 2048 real points in th&;
andF, dimensions, respectively. For 3D heteronuclear NMR
data sets, linear prediction method$ (46 were employed

classes, strong, medium, and weak, corresponding to distance
upper limits of 2.7, 3.6, and 4.5 A in the interproton distance
restraints. Pseudoatoms were used for nonstereospecifically
assigned protons, and intraresidue correcting factors were
added to the distance restraird9). In addition, 0.5 A was
added to the upper limits for distance restraints involving
methyl protons 50).

All calculations were carried out on a HP 9000/720

to extend the data in the indirectly acquired dimensions. After workstation with the X-PLOR 3.1 prograrbl). The three-

linear prediction, a 72phase-shifted sine-squared window

dimensional structures were calculated on the basis of the
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FiGure 2: Strips extracted from CBCA(CO)NH (A) and HNCACB (B) spectra, showing connectivities of residuels148 Red contours
indicate negative peaks. Horizontal solid lines indicate sequenti@nd C connectivities. The square indicates € resonances of
M9.

experimentally derived distance constraints using a dynami- A B
cally simulated annealing protocol starting from a template UN=1235  BN=1197  IN=1256
structure with randomized backbopendy torsion angles. A8 M9 Al0
Evaluation Methods. The convergence of the calculated
structures was evaluated in terms of the structural parameters,
i.e., rms deviations from experimental distance and dihedral
constraints, the values of energetic statistiGgE andFepe),
and rms deviations from idealized geometry. The distribu-
tion of backbone dihedral angles of the final converged
structures was evaluated by the representation of the Ram-
achandran dihedral pattern, indicating the deviations from
the sterically allowedd, 1) angle limits 62). The degree
of angular variation among the converged structures was |
further assessed by using an angular order pararS8¢5s).
The order paramet&was calculated by using the equation:

— 1.0

I
o)
=y
&

'H(ppm)

(ppm)

: T T
84 82 8.0 8.16 8.16 8.16

1 N N
S= —[(Zl sin6,) + (Z cost)"? H(ppm) H(ppm)
N = = Ficure 3: TRNOE spectra of the MP-X (5 mM) in the presence
) ] of Gila (0.25 mM) at pH 6.0 and 20C. (A) Amide—aliphatic
N is the number of total converged structures #hds a fingerprint region of a proton 2D TRNOE spectrum. The amide

particular dihedral angle of thigh structure of the total proton chemical shifts of residues Ala8lal0 are indicated by a
structures. vertical dotted line. (B) Three strips of tHéN-edited TRNOE

spectra for thelN chemical shift of residues Ala8Alalo0.
Horizontal solid lines indicate sequentigh anddsy connectivities.

RESULTS
TRNOESs. On addition of Gitr, peptide resonances were consistent with the expectation that the magnitude of NOEs
uniformly broadened without any detectable chemical shift is close to zero for small peptides such as MP-X. In contrast,
changes in a proton 1D NMR spectrum (data not shown), a TRNOESY spectrum of MP-X in the presence of &il
suggesting that MP-X in the free state is in slow chemical showed many strong negative NOEs (Figure 3A) as reported
exchange with MP-X in the Gid-bound state. We carried previously (L8). These observations indicate that these NOEs
out all TRNOE experiments at a protein:peptide ratio of 1:20 reflect the conformation of MP-X molecules in the G protein-
(5 mM MP-X) because this concentration ratio gives TRNOE bound state. It should be noted that the observed NOEs in
cross peaks of sufficient intensity without broadening them the presence of Gilare due to specific interaction of MP-X
too much. In a NOESY spectrum of MP-X along,(= and Gilx because it is known that BSA, which binds many
100 ms), only a few weak NOEs were observed, being kinds of small molecules, failed to give a similar NOE pattern
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and that no TRNOEs were observed in the presence of heat- 1 5 10 14

denatured G proteinlg). I NWKGI A AMAK KL LN
Resonance Assignments of MP-Kigure 3A shows the NNG,i+1) e

amide-aliphatic fingerprint region of a proton 2D NOESY  oNGi+D) e e

spectrum of MP-X in the presence of @il Resonance  BNGi+D BRI N - = .

assignments based on sequertiatN;+; NOE cross peaks aNGi+3) T

could not be carried out unambiguously because of severe ———— @

overlap of amide and €proton resonances: seven reso- E—

nances in 8.168.20 ppm and five in 4.234.25 ppm, oBi+3) e

respectively. We thus carried out heteronuclear 3D NMR _—_

experiments of uniformly>N- and*3C-enriched MP-X. The ——— B

assignments of the backbone resonanti&s(*>N, NH) and
13C# resonances were obtained from the CBCA(CO)NH
experiment, which correlates backbottdl and NH reso-

Ficure 4: Summary of the NOE connectivities observed in MP-X
bound to Gib. This structural information was used for the
sequence-specific assignments and the identification of secondary

nances with3Ce and 13Cf resonances of the preceding structure_e_lements_ ir_1 MP-X. U_nambiguously i_dentified NOE
connectivities are indicated by filled bars spanning the residues

residue, and the HNCACB experiment, which correlates the jnqlved in each NOE. Open bars represent NOEs which might be
15C* and 3C# resonances of the preceding residue with present but cannot be identified because of overlap of the resonances
intraresidue backbon®N, NH, 13C%, and!3C’ resonances. involved. The NOEs are classified into medium and weak according
Figure 2 shows the sequence strips of the C-terminal half of to the height of the filled bars.
MP-X taken from both the CBCA(CO)NH and HNCACB . o
spectra. In this region of MP-X both spectra show excellent 3P TRNOESY spectra are summarized in Figure 4. NOE
chemical shift dispersion due to well-dispersed signals in Patterns characteristic of am-helical conformation were
the 15N dimension, although the proton NMR spectra show apparent for Trp3 through C-terminal Leul4 from MN¢1),
poor chemical shift dispersion. Both spectra shown in panels @N(i,i+3), anda(i,i+3) NOEs.
A and B of Figure 2 were very useful in order to complete  Structure Calculations andaluation. To determine the
the backbone assignments. Carbonyl carbon resonances wer@etailed conformation of MP-X bound to Gilwe carried
assigned by a 3D HNCO spectrum (data not shown). The Out structure calculations by X-PLOR with simulated an-
assignments of side chain proton resonances were obtained€aling protocols using 151 distance constraints [74 intraresi-
from a 3D *N-edited TOCSY-HSQC spectrum of5N- due and 77 interresidue: 28 sequentjaH( j| = 1) and 49
enriched MP-X (data not shown). The assignments for side- medium range (I< |i — j| < 4), Figure 5A] obtained from
chain carbon resonances were obtained froni®Dedited ~ homonuclear 2D and heteronuclear 3D TRNOE spectra.
TOCSY—HSQC and 20*H—13C HSQC spectra 0fC- and Simulated annealing calculations were started from 100
15N-enriched MP-X (not shown). Chemical shifts obtained random initial structures. We selected the 14 final structures
are listed in Supporting Information. Details’3€ and>N with the lowest energies<30 kcal/mol), for which none of
chemical shift resolutions in a random coil state will be the NOE distance violation was larger than 0.5 A. In these
reported elsewheres9). 14 structures, there were only two violations larger than 0.2
Assignment of NOEsFigure 3B shows the amide A (both 0.21 A). Structural statistics for the mean and
aliphatic fingerprint regions of slices taken from the 3N- converged structures for MP-X were evaluated in terms of
edited TRNOE Spectrum in the presence of &GilFor structural parameters, as shown in Table 2. The convergence
comparison, the corresponding region of a proton 2D Was further assessed by thg ) spacing for all selected
TRNOESY spectrum is shown in Figure 3A. In Figure 3A, Structures. In a Ramachandran-type plot (Figure 6), most
chemical shift degeneracy of amide protons prevented Of the backbone dihedral angles of the final converged
unambiguous identification of each NOE cross peak, espe-structures fall in thex-helical region.
cially those involving Ala8 through Ala10. However, these  The overall convergence of the final set of structures can
cross peaks were distinctly resolved in the 3N-edited be quantified by an atomic rmsd value. The rms deviations
TRNOE spectra (Figure 3B). The connectivities alfl- from the averaged coordinate positions were G:84.16 A
(i,i+1) andBN(i,i+1) from Ala8 to Ala10 could be identified ~ for the backbone atoms (N,*CC') and 1.43+ 0.12 A for
only by these spectra. Similarly, sequential NN{1) all heavy atoms. For the same atom selection, the average
connectivities from Ala8 to Leul3 were identified unam- pairwise rmsd values of the 14 individual structures were
biguously only from a 3D HMQE TRNOESY-HMQC 1.20+ 0.39 and 2.08t 0.35 A, respectively (Table 3).
spectrum (data not shown). Furthermore, tfd-edited Panels B and C of Figure 5 show the distribution of the
spectra showed NOE cross peaks characteristic of anatomic rmsd for the 14 converged structures fitted over the
a-helical conformation,aN(i,i+2), NN(,i+2), and NN- backbone heavy atoms (N.*CC', O) of residues Trp3
(1,i+3). NOE cross peaks in the aliphatic region, which are Leul4 of the mean structure as a function of the residue
also severely overlapped in the proton 2D spectrum, were number. The backbone structure is well-defined throughout

unambiguously assigned in'#C-edited TRNOE spectrum.
The o(i,i+3) connectivities characteristic of arhelical
conformation were thus identified for pairs Ala8ys11 and
Alal0—Leul3. Taken together, from heteronucleus-edited
TRNOE spectra we could newly identify 23 interresidue and

this portion of the molecule. This is supported by small rmsd
values of the Trp3Leul4 region: these values from the
averaged coordinate positions were 0270.07 A for the
backbone atoms (N,<CC') and 0.93+ 0.14 A for all heavy
atoms. For the same atom selection, the average pairwise

12 intraresidue NOE cross peaks. Sequential and medium+msd values were 0.4Gt 0.11 and 1.37+ 0.22 A,
range NOEs observed in the proton 2D and heteronuclearrespectively (Table 3).
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A 250 Table 2: Structural Statistics for MP2X
14 converged mean
structural parameter structures  structure
rmsd from exptl distance constraints (A)
S all (151) 0.028+ 0.002  0.022
N intraresidue (74) 0.02+ 0.001  0.021
I sequential|{ — j| = 1) (28) 0.012+0.003 0.018
medium range (X |i — j| < 4) (49) 0.041+ 0.005 0.027
123456 ,Zi 8N9 10 11 12 13 14 energetic statistics (kcal nd)°
B fesidue No. Froe 6.20+ 0.99 3.9
5 Frepel 4,95+ 1.31 2.7
4 E -, —17.2+6.8 —18.2
< rmsd from idealized geometry
A 34 bonds (A) 0.002+ 0.0002 0.002
é’ 2] angles (deg) 0.33%:0.024  0.290
impropers (deg) 0.31& 0.033  0.269
! aThe 14 converged structures refer to the final set of dynamical
0- simulated annealing structures starting from 2100 initial random
12345678 951011121314 structures; the mean structure was obtained by restrained minimization
c residue No. of the averaged coordinates of the 14 individual structures. The number
5 of each experimental constraint used in the calculations is given in
2] parenthese®.Fnoe and Frepel are the energies related to the NOE
< violations, the torsion angle violations, and the van der Waals repulsion
a 34 term, respectively. The values of the force constants used for these
524 terms are the standard values as implemented in the X-PLOR 3.1
manual b1). E, _,is the Lennard-Jones van der Waals energy calculated
14 with the CHARMm 62) empirical energy function.
0 T T T T T T T | T T T T T T
123456 7 891011121314 180
residue No.
NNERERRR 120 x
\RRRRRRR x
NER E RN RN RN RN RN X
\RERRRRR x
NERRRRERR 601
NANRRRRRR
NARRRRRRR
NHNRRRRRNERNRNERR y 0
123456 7 8 91011121314 X
residue No. -60 ] X x
Ficure 5: The number of NOE constraints and conformational
convergence of each residue of @ilhound MP-X. (A) Distribution 120
of the number of experimental distance constraints as a function
of the sequence position of MP-X. Key: filled bars, intraresidue X
NOEs; open bars, sequential NOEs; hatched bars, medium-range -180 , , : : :
NOEs. (B and C) Distribution of the rms distance of the backbone -180 -120 -60 0 60 120 180

(B) and all heavy atoms (C) from the mean structure as a function @
of residue number shown together with the standard deviations in

these values. (D) Order parame$af ¢ (filled bars) andy (hatched Ficure 6: Ramachandran plots of the backbone conformational
bars): 0= randomly distributed and % perfectly aligned. (¢, v) angles for all residues of the converged structures of MP-X

_ . bound to Git. Circles () indicate the glycine residue at the fifth
Description of the StructureFigure 7A shows the best-  position and the crosses indicate other residues.

fit superposition of the backbone heavy atoms (N, C)
of Trp3—Leul4 for the 14 converged structures of MP-X  with 15N and/or!3C. To demonstrate the impact of hetero-
bound to Git.. As expected from the NOE pattern shown nuclear 3D TRNOE experiments, structural calculation was

in Figure 4, the peptide backbone from Trp3 to Leul4 is carried out using 116 distance constraints [62 intraresidue
well-defined and adopts an amphiphitiehelical conforma- and 54 interresidue: 17 sequentidl € j| = 1) and 37

tion, with the three lysine side chains located on one side medium range (X |i — j| < 4)] obtained from our proton
and the hydrophobic side chains located on the other side of2D TRNOE experiment alone. The structural calculation
the amphiphilicx-helix. The portion of the N-terminal two  was carried out using the same procedure as previously
residues, llel and Asn2, is rather disordered. The disordermentioned (see Resu|ts)_ Figure 7B shows 14 such structures
in this region agrees well with its smaller order parameter fitted as those in Figure 7A. These structures are poorly

value S (Figure 5D). defined and their rms deviations from the averaged coordi-
nate positions are as large as 170.41 A for the backbone
DISCUSSION atoms (N, @, C) and 2.84+ 0.51 A for all heavy atoms

Structure of MP-X Obtained from Proton 2D TRNOE (Table 3).
Analysis. In the present study, we have precisely determined Use of Peptides Uniformly Enriched with Stable Isotopes.
the conformation of MP-X bound to Gilby the hetero-  Although the TRNOE method is useful for determining
nuclear TRNOE experiments of peptides uniformly enriched conformations of peptides bound to large proteit®{21),
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Table 3: Comparison of rmsd Value between Unifori#i@- and
15N-Enriched and Nonenriched MP2X

atomic rmsd of 14
converged structures vs av pairwise rmsd of 14
mean structure (A)  converged structures (A)

residues residues residues residues
1-14 3-14 1-14 3-14

Heteronuclear TRNOE Analysis of Uniformly
13C- and'®>N-Enriched MP-X

backbone
N, C3, C 0.84+0.16 0.27+0.07 1.204+0.39 0.40+0.11
N,C3 C,0 0.85+0.13 0.31+£0.09 1.214+0.33 0.46+0.13
all heavy atoms 1.43-0.12 0.93+0.14 2.08+0.28 1.37+0.22

Homonuclear TRNOE Analysis Alone of Nonenriched MP-X
backbone
N, C3, C 1.93+0.31 1.70+0.41 2.73+0.74 2.34+0.84
N,C3, C,0 2.01+0.31 1.81+0.41 2.85+0.73 2.51+ 0.84
all heavy atoms 3.0% 0.39 2.84+0.51 4.32+1.01 3.95+1.18

2 The rmsd values were obtained by best fitting the backbone atom
(N, C?, C, O) coordinates for all residues of the 14 converged structures.
The numbers given for the backbone and all heavy atoms represent
the mean values: standard deviations.

FicURE 8: Electrostatic potential representations of MP-X bound
A B to Gila. Blue regions represent positive potentials of lysine
residues. White regions represent neutral potentials. The figure was
prepared using the program GRASEY),

in this study we employed a new general method to prepare
isotope-enriched peptides that uses a ubiquitin fusion system.
In fact, we could prepare MP-X uniformly enriched with
5N and/or'3C in 2 weeks. The heteronuclear 3D TRNOE
experiments of such peptides provide invaluable information
which enabled determination of MP-X conformation bound
to G protein in detail as shown in Figure 7A, even when the
dihedral constraints cannot be used in structural calculation.
Structure-Activity Relationships of MP-XThe Gi-bound
MP-X molecules adopt an amphiphila-helix from Trp3
to C-terminal Leul4 with three lysine side chains located
on one side of the helix and hydrophobic side chains on the
opposite side. The N-terminal two residues, llel and Asn2,
are not well-defined. This MP-X structure is similar to the
one in the membrane-bound stafi€’)( Such a similarity
has been predicted on the basis of the observation that the
Ficure 7: Backbone structures (N,%CC) of the 14 converged

structures of MP-X bound to Gil(A) obtained from heteronuclear activation of G proteins by M.PS IS ’T‘“Ch more pr_onoun_ced
3D TRNOE experiments and (B) obtained from proton 2D TRNOE When G proteins are reconstituted in phospholipid vesicles
experiments alone. Structures are the best fit of the backbone heavythan in a detergent solutior8), Moreover, this similarity
atoms (N, C, C) of residues Trp3Leul4. The figure was prepared  suggests that the amphiphilichelix structure of MPs may
using MIDAS Plus 66). be important in activating G proteins. This is also supported
it does have a few drawbacks: (i) There is poor signal by a previous observation that the extent of activation of G
dispersion of peptide proton resonances, especially under theproteins by MPs decreases when they are designed to have
conditions of low temperature and relatively high pH. (i) low amphiphilic momentsg).

Dihedral constraints cannot be used in structural determi-  Structure-activity relationship studies of MPs have shown
nation. To determine precise conformations of peptides that positive charges are crucial for regulatory activity on G
bound to large proteins, as many NOEs as possible need tqroteins b). The three lysine residues at the 4th, 11th, and
be observed in the TRNOE spectra by solving the overlap 12th positions are conserved in MPs isolated from wasp
problem. In such a caselld—!>N TRNOE experiment with  venom (). Thus, it is likely that the positive charges are
selectively'®N-enriched peptides has been used as a way toplaced on one face to facilitate the binding interaction with
resolve this problem55, 5. However, the heteronuclear G proteins. Figure 8 shows the hydrophilic surface of the
TRNOE strategy with uniformly enriched peptides has not amphiphilica-helix of the average structure of MP-X. The
yet been widely used probably for the following reasons: three lysine residues, Lys4, Lysl1l, and Lys12, are placed
Uniformly enriched peptides are too expensive to be on one side of the helix, and the side chains of these extend
synthesized chemically, and a procedure needed to expresin the same direction. This is in good agreement with the
and enrich short peptides with stable isotope&.icoli cells structure-activity relationships of MPs in activating G

is much more complex than the one used for proteins. Thus,proteins.




NMR Structure of Mastoparan-X Bound to G ProteirSubunit

Similarities between Mastoparans and G Protein-Coupled
Receptors. Studies of site-directed mutagenesis, chimera,

Biochemistry, Vol. 37, No. 14, 1998789

Mitsubishi Kasei Institute of Life Sciences and Yoshio
Kodera at the Department of Physics, Kitasato University,

and synthetic peptides of G protein-coupled receptors havefor helpful discussion, as well as Dr. Arno’litar at

suggested that the N- and C-terminal parts of the third inner
loop and the N-terminal part of the C-terminal tail as well
as the second inner loop are all important for the activation
of G proteins §7—59). Recently, Wess and co-workers
(60—62) have reported that the C-terminal part of the third
inner loop of m2 muscarinic receptor can specifically
recognize the C-terminus ef-subunits of Gi/o, leading to

G protein activation. Secondary structure predicti6éB)
and a recent mutagenesis stu@¥)(suggest that this region

of m2 muscarinic receptor ig-helically arranged, with the
positively charged residues located on one side and with the
hydrophobic residues located on the opposite side. This
predicted secondary structure is similar to the conformation
of Gila-bound MP-X elucidated in the present study. It has
been reported that MP binds the C-terminal region af Gi
(65) and MP inhibits the ability of Go to increase the affinity
of agonists binding to the m2 muscarinic recepts}. (
Taking these observations into account, the C-terminal part
of the third inner loop of M2 receptors is expected to take a
conformation similar to that of Gi-bound MP-X determined
in this study.

Comparison of the Structure of Gi-Bound MP-X and Gs-
Bound MP-S. Very recently, Sukumar and co-workers
determined by proton 2D TRNOE experiments the Gs-bound
conformation of MP-S (Figure 1), one of a few mastoparan
analogues that can activate Gxl), Their data indicated
that MP-S molecules adopt arthelical conformation with
a kink at residue 9 when bound to Gs as well as to Gi or
Go. They suggested that a kinked helix is optimal for
activating Gs, whereas a straight helix is the optimal
conformation for activating Gi/o. However, they also
described that it is difficult to clearly correlate differential
specificities of MP-S and MP-X with their different G
protein-bound conformations because the Gi/o-bound con-
formations that they determined are poorly defined. The Gi-
bound conformation of MP-X precisely determined in this
study is a straighto-helix in the portion from Trp3 to
C-terminal Leul4. Although our data support their postula-
tion, we would like to suggest that the postulation can be
more rigorously examined when the Gs-bound conformation
of MP-S is analyzed by our present strategy.

In conclusion, we have demonstrated that the heteronuclear

multidimensional TRNOE experiments of peptides uniformly
enriched with'3C and >N are powerful in determining
detailed conformations of peptides bound to large proteins.
We believe that our present study will be useful for the
development of peptides that specifically regulate G proteins
and for the understanding of recept@ protein interactions.
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