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ABSTRACT. The backbone dynamics of the major coat protein (gVIlip) of the filamentous bacteriophage
M13, solubilized in detergent micelles, have been studied u$hgnuclear magnetic resonance
spectroscopy at three frequencies. Motional parameters and overall and internal correlation times were
derived with the model-free approach. It was also checked whether these parameters had to be modified
due to anisotropic motion of the protein/micelle complex. Reduced spectral density mapping was used
to calculate the spectral densitiesJéd), J(wn), andJ(wn)J The spectral densities were interpreted by
mapping a linear or scaled linear combination of two Lorentzians or@)— J(w) plot. The major

coat protein of bacteriophage M13 consists of twehelices, one of which is hydrophobic and located
within the micelle, while the other is amphipathic and located on the surface of the micelle. Our results
indicate that the motion of the hydrophobic helix is restricted such that it corresponds to the overall
tumbling of the protein/micelle complex. The interpretation of the relaxation data of the amphipathic
helix by means of the model-free approach and the reduced spectral density mapping indicate that in
addition to the overall motion all residues in this helix are subject to motion on the fast nanosecond and
picosecond time scales. The motions of the vectors in the low nanosecond range are characterized by
similar values of the spectral densities and correlation times and represent the motion of the amphipathic
helix on and away from the surface of the micelle. The relaxation data of the residues in the hinge region
connecting the helices show that there is an abrupt change from highly restricted to less restricted motion.
Both the C-terminal and N-terminal residues are very mobile.

The present paper focuses on the determination of thegroups (Van de Ven et al., 1993, Henry & Sykes, 1992;
backbone dynamics of the gene VIII protein (gVIAp) Opella et al., 1994). It has been found that in the micellar
encoded by the well-known filamentous bacteriophage M13. systems sodium dodecy! sulfate (SDS) and dodecylphos-
GVllip is a small protein (50 residues) that functions as the phocholine (DodPCho) the coat protein folds into a confor-
major coat protein in the phage particle and also as anmation consisting of twar-helices, connected by a hinge
mtnnsm_membrane protem_durlng the life cycle of the phage. region located around residue 22. A hydrophobic helix,
In the viral coat, 2700 copies of gVIlIp are arranged into & encompassing residues-285, spans the micelle, while an
helical assembly with a 5-fold rotational axis and an almost amphipathic helix (consisting of residues 20) is near the
2-fold screw axis (Marvin et al., 1994). Although the phage gface of the micelle (van de Ven et al., 1993; Papavoine
particle is soluble in aqueous solution, the individual coat ot 51 1994 1995). Similar results were obtained by solid-
proteins are not. _ _ _ . state NMR studies of the related bacteriophage fd coat protein

The gene VIII protein has been investigated extensively. hound to oriented bilayers (McDonnell et al., 1993).

Due to its small size and its relatively facile isolation in large . . . ,
o : The dynamic properties of gVllIp dissolved in detergent
guantities, it has become a popular model system for studylngmicelles as well as in phospholipid bilayers, have been
ly (Wick 1 . Structural studi f A : . ' ’ .
membrane assembly (Wickner, 1988). Structural studies o studied extensively by high-resolution NMR and solid-state

the protein in the membrane-bound form or in membrane- I . Col | i
mimicking environments have been undertaken by several NMR (Cross & Opella, 1980; Colnago et al. 1985; Leo et
al., 1987; Bogusky et al., 1988; Henry et al., 1986, 1987a).

The results of these, mostly one-dimensional, experiments
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15 to 20 Hz, whereas residues B0 had®®N line widths of
5—-10 Hz.

Additional dynamical information comes from the kinetics

Papavoine et al.

experiments a 2.5-kHz spin-lock field was used during the
relaxation period (Peng et al., 1991). Other parameters were
the same as in thR, experiment. For th&; experiments,

of hydrogen exchange at amide sites. Sykes and co-workerghe phase of the 90pulse before the relaxation period is

(Henry et al., 1987b; O’Neil & Sykes, 1988; Henry & Sykes,

alternated betweepnand—y to ensure that the magnetization

1990) showed, by measuring the exchange rates of severalelaxes as exp{T/T,) (Kay et al., 1989).
amide protons throughout the protein, that the residues in  All HSQC spectra, from whiclR; andR, were extracted,

the hydrophobic helix undergo very slow exchange, while

were collected with 512 increments and 2K real points in

the amide protons of the residues in the amphipathic helix thet, dimension. The NOE spectra were recorded with 350

exchange more rapidly.

In the present study, we present a full analysis of the
backbone dynamics of almost all individual residues of
gVlllp in SDS and DodPCho micelles. This was achieved

(500 MHz) and 512 (600 and 750 MHg)increments and
2K real points in the,; dimension. The sweep width was
12.0 ppm in the proton dimension and 22 ppm in the nitrogen
dimension. A delay of 1.2 s was used between the

by 15N spin-relaxation measurements using proton-detectedacquisition steps in thB; andR, experiments, while a delay

two-dimensional (2D}*N—'H NMR spectroscopy methods

of 4.5 s (750 MHz) and 5.0 s (500 and 600 MHz) was used

at three different spectrometer frequencies. The results,for the NOE experiments. Ten relaxation periods of 15, 45,

which were interpreted using the model-free approach,

including the possibility of anisotropic motion, and using

105, 195, 410, 605, 780, 995, 1295, and 2005 ms were used
in the R, experiments. In theR, experiments relaxation

reduced spectral density mapping, show that the residues aperiods of 8, 25, 41, 58, 72, 91, 124, 157, 240, and 322 ms

both termini of gVllip are very flexible. Furthermore, the
data show that the amphipathic helix exhibits motions on

were used. In the determination Bf,, nine delays were
used, ranging from 8 to 232 ms.

the fast nanosecond and picosecond time scales, super- All data were processed using the MNMR program

imposed on the overall motion of the complex. The motion
of the residues in the hydrophobic helix is very much

(PRONTO Software Development and Distribution, Copen-
hagen, Denmark) running on a Silicon Graphics Indigo

Constrained; the motion of this helix is characterized by the workstation. The time domain data were zero-filled to 2048

overall motion of the protein/micelle complex.

MATERIALS AND METHODS

Sample Preparation The filamentous M13 phages were
propagated on Escherichia coli K38 grown in minimal
medium as described previously (Konings, 1988NH,CI

and 4096 complex points in thg and t, dimensions,
respectively, and apodized using a cosine-bell function in
thet; and a Lorentzian-to-Gaussian filtering function in the
t dimension. The spectra were analyzed using the program
XEASY (Bartels et al., 1995).

Determination of the Relaxation Parameterall relax-

was used as the sole nitrogen source to obtain uniformly ation parametersR, R, Ri,, and NOE) were determined

15N-labeled M13 phages. The isolation and purification of

from the peak heights. Uncertainties in the measured peak

the phages were performed as described earlier (Konings,heights due to noise were extracted from the root-mean-

1980; Spruyt et al., 1989). Separation of gVllip from the
phage particles was carried out by phenol extraction (Knip-
pers & Hoffman-Berling, 1966; Konings et al., 1970). The
concentration of gVllip in the samples was typically 4.5
2.0 mM/500 mM PH,5]SDS (MSD Isotopes) or 1:52.0
mM/400 mM PHsg]DodPCho (Isotec Inc). The pH of the
samples was 4.90 (pH meter reading).

NMR Spectroscopy All NMR experiments were per-
formed at 37°C, using Varian Unity- 500 and 750

square (rms) baseline noise of the spectra. The individual
R; andR; rate constants were obtained by fitting two- and
three-parameter single-exponential functions to the experi-
mental data using the methods of nonlinear least squares
available in MATLAB (MathWorks, Inc.) (NeldersMeade
simplex algorithm) and Modelfree 3.1 (Mandel et al., 1995)
(Levenburg-Marquardt algorithm) software. The results
obtained via both programs were identical. The uncertainties
in the rate constants were determined via Monte Carlo

spectrometers and a Bruker AMX600 spectrometer. The Simulations using Modelfree 3.1 (Palmer et al., 1991b). The
measurements at 500 MHz were repeated twice, severaNOES were determined by dividing the peak heights in the

weeks apart. The pulse sequences used to me&dliR,

heteronuclear NOE enhancement spectra by those in the

and R, relaxation rates and the heteronuclear NOEs were feéference spectra. The uncertainties for the NOEs were
based on those described previously by Dayie and Wagnercalculated by using the relative errors of the peaks in these
(1994), which include pulsed-field gradients to select coher- SPectra.

ence-transfer pathways (Kay et al., 1992a) and the sensitivity- Data Analysis When the relaxation of th€éN nucleus is
enhancement procedure developed by Cavanagh et al. (1991predominantly caused by the dipolar interaction with its
and Palmer et al. (1991a,b). The water magnetization wasattached amide proton and by the anisotropy of its chemical

returned to its equilibrium position (along tlzeaxis) prior

to acquisition (Stonehouse et al., 1994). Infaexperiment

a 90 N pulse followed by the application of a gradient
pulse is given at the beginning of the experiment, in order
to ensure that the magnetization originatestdrand not on
5N (Farrow et al., 1994). During the relaxation period in

shift, the relaxation data can be interpreted in terms of the
motion of the!>N—H vector. This motion is a superposition
of both the overall motion of the protein and the motion of
the vector itself. Relaxation processes restoring the equi-
librium magnetization will be particularly effective if these
motions take place at the resonance frequencies of the

the R, experiment a CPMG-type sequence was used (Kay involved nuclei. The relationship between the relaxation

etal., 1992b; Palmer et al., 1992), in which the 129180
pulses were spaced 0.9 ms apart. Also, a serieRqpf
experiments was performed at 500 MHz. In thg,

parameters and the spectral density functigm) (which
monitors the motional behavior of tH&N—'H vector) are
given by (Abragam, 1961)
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R, = d[3J(w)) + 6J(w, + wy) +
Jwy — wy)] + CZJ(CUN) 1)

R, = (1,)d[43(0) + 3)(w,) + 6J(w,, + wy) +
6J(wy) + Iy — wy)] + (19)c4I(0) + 3)(wy)] + Ry,
2

NOE =1+ (y/y Iy — wy) —
6J(@y + o ))(L/RY) (3)

in which

& = (M) a4 g, (4)

(®)

whereh is Planck’s constanf;y andyy are the gyromagnetic
ratios of the'H and*>N nuclei, respectively, andy andwy
are the'H and*>N Larmor frequencies, respectivelyiy is
the internucleat®™N—H distance (1.02 A)B, is the magnetic
field strength, and» — op is the difference between the
parallel and perpendicular components of the axially sym-
metric>N chemical shift tensor, estimated to 5460 ppm
(Hiyama et al., 1988). The exchange term, Fhas been
included in eq 2 to account for chemical exchange processes
Given that the three experimentally determined parameters
R;, R;, and NOE, depend on the spectral density function at
five different frequencies, it is not possible to calculate the
spectral density values at these frequencies without an
assumption about the form of the spectral density function.
This problem has been approached in two ways, first by the
application of so-called reduced spectral density mapping,
in which the relaxation rates are directly translated in the

¢t = (1/3)VNZBOZ(GII - OD)Z

spectral density at three different frequencies, and second

by use of a physical model to describe the spectral density
function.

Reduced spectral density mapping, introduced by Farrow
et al. (1995), Ishima and Nagayama (1995a,b), andvcefe
et al. (1996), makes use of the finding that at high frequencies
the spectral density function is quite flat, i.e., in the region
of 500—700 MHz theJ(w) varies very slowly. At these
conditions the three spectral densiti#ay + wn), J(ww),
andJ(wy — wn) Mmay be averaged to one average spectral
densitylJ(wy)C Then the three relaxation rates in egs3l
are sufficient to determine the spectral density valug$it
J(wn), andJ(wy)Oaccording to

J(0)
Jon) | =
[I(wn)
B4R + @) 32(AP + D) 910(ER + )
UEP+@ 0 5P + )
0 0 1/5d2
R
R> (6)
R(HN— N,)

wherec? and d? are the constants defined in eqs'4 and 5.
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The magnetization transf&H,N — N,) = dqJ(wn — wn)

— 6J(wy + wn)] is correlated with the NOE via eq 3. The
frequency in the average spectral densififwy)[] may be
taken equal to 0.8#, (Farrow et al., 1995).

An earlier, alternative approach to interpret the relaxation
parameters is the widely used model-free approach of Lipari
and Szabo (1982a,b). This interpretation can be “refined”
by assuming that the overall motion is described by axially
symmetric anisotropic tumbling of the protein (Woesner,
1962a,b; Schurr et al., 1994; Tjandra et al., 1995). Both
models include fast internal motion of th&—H bond, i.e.,
the overall and internal motions are treated as independent
processes.

In the model-free approach, the spectral density function
is described by

S,
1+ (wz)?

4 a- §)r'e

Jw) = (2/5) 1+ (wr’Qz

()

wheret's = 1.td/(Te + 70), Tc is the overall correlation time

of the molecule, and. is the effective correlation time for
the internal motion. & is the generalized order parameter
which is a measure of the degree of spatial restriction of the
I5N—!H bond. It has values between 0 and 1, indicating
completely unrestricted and completely restricted motion,
respectively.

* The spectral density function in the model-free approach
has been extended to account for the presence of separate
internal motions on slow and fast time scales (Clore et al.,
1990a,b). In this approach, the faster internal correlation
time is assumed to be so short10 ps), that the extended
model-free spectral density function can be described by

§°S7. | S(-8)7.
+
1+ (wt)® 1+ (w7')?

Jw) = (1s) (8)

S? andS? are the generalized order parameters of the internal
motion on the fast%?) and slow &?) time scales, respec-
tively and S°S? = . Here, 7’ is defined as in eq 7 but
now t. is the effective correlation time for the slow internal
motion, which still needs to be appreciably faster than the
overall motion.

For anisotropic axially symmetric tumbling of the protein,
the spectral density function is related to two rotational
diffusion constantsp, and Dg, for diffusion parallel and
perpendicular to the cylindrical symmetry axis of the
molecule (Woesner 1962a; Schurr et al., 1994):

J(w) =

(2 0 g Ciy Cor, Csats
1+ (wr)* 14 (1) 1+ (013
c,v Ct C.r
(1_82) 112 222 332 )
1+ (wr')” 1+ (07'y) 1+ (w7'y)
with

c,=%,sin"6 C,=3sirfhcos b

C,=",(3cog 6 — 1y
where# is the angle between theN—1H internuclear vector

and the unique axis of the molecule arid= zcti/(7e + 7)),
with 7; = 71, 170, 73. The correlation timesy, 7., and 73
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Table 1. Models Used for Fittirig After having obtained the appropriate model for the
individual residues within the simple and extended model-

app.roaCh model _eq used variables constants free approach (eqs 7 and 8), the overall correlation time was
residues 1 7 222 Tc=11.8ns7. =0 optimized simultaneously with the motional parameters
2 : S i rans obtained for all individual residues. The final calculation
4 7 2, Ry Te=11.8Nnsz.=0 used 500 Monte Carlo simulations to determine uncertainties.
5 7 &, Te, Rex 7.=11.8ns The relaxation data were also interpreted in terms of a
helices I 7 T =0 model in which axially symmetric anisotropic tumbling of
I 7 7o, & 7e=0 the protein/micelle complex was assumed. To simplify the
" A zz' " 2 calculations, the helices were assigned motional parameters.
v 9 B R This is allowed because the relaxation data of the residues
VI 9 Tett, A1, 0 7.=0 within each helix are similar. The helical motional param-

aThe Ry, R;, and NOE data, measured at 500, 600, and 750 MHz, eters were CaIQUIated _f“?m the mee_m valueRpfR,, and

were used for all models. For modets3, the Modelfree 3.1 software ~ NOE of the residues within each helix for each spectrometer

was used. For models-VI, the parameters used in the grid search frequency gide infra). These mean values were used to

usg]?1 l\gAE)TSL_AlB wer((a) valggg ;gofgllovgzzc, roeff4 =06655—_Ci-5§213 gsész obtain motional parameters for both isotropic and anisotropic

= 0.4-0. ,Te=0— psS? = 0.4-0. ,§?=0.8— i i i i

0.025-1, 1 = 1-0.5-5 andd = 0-10-90, where the first number is tuth.’“ng'. A?a'n ﬂ;? different m°t'°|na|.tpar%2neteri were

the starting value, the second is the increment, and the last is the final Pt@INEA 1N SIEPS Ol InCreasing complexity. 1hese steps are

value of the variable in the grid search. represented in Table 1 as well by models VI. The

_ . — motional parameters were again determined by minimizing

depend on the rotational diffusion coefficients as follows: eq 10. Now, the calculated parameters were based on eqs
1 1 1 7,and 8 or eq 9. The minimization was performed using a

=T L= ="~ 3T~ grid search procedure in the program MATLAB. The first
4D, + 2Dyg Dy + 5D 6Dy set of calculations (models-1V) served to check the validity

In the determination of the motional parameters, an anisot- Of the use of the average relaxation parameters by comparison

ropy ratio,r, and an effective global correlation timeyy, with the results obtained with the Modelfree 3.1 software.
are used instead @ andDy. These parameters are defined The overall correlation time was not set to an initial value
asr = Dy/Dp andtey = 1/Desr, WhereDey = Y3(Dy + 2Dp). but was used as a variable in the grid search. The parameters
In the case where = 1, egs 9 and 7 are identical. were varied as followsz; andzes from 6.5 to 13 ns in steps

The values of the motional parameters of the individual of 0.5 ns,S* andS? from 0.4 to 1 in steps of 0.05, from
residues were derived following established approaches.O to 2000 ps in steps of 100 @2 from 0.8 to 1 in steps of
Once the overall tumbling time, has been determine&, 0.025,r from 1 to 5 in steps of 0.5 an@ from 0 to 90 in
Te, S2 S2 andRey can be derived from eqs—B, 7, and 8. steps of 10. The exchange ternie,, was not used in these
To determine the initial overall rotational correlation time grid search, for reasons explained in the Results and
the mean value oR./R; was used (Kay et al., 1989). In Discussion section.
this procedure only residues with an NOE higher than 0.6  The models (Table 1) were selected as follows: for each
are included, since in this case the fast internal motions aremodel, the number of statistical degrees of freedom (
unlikely to make significant contributions to th& and R, defined asM — p, is determined.M is the total number of
relaxation rates. Subsequently, the other motional parameterghe relaxation parameters used (hdte= 9 per residue or
for each individual residue were determined from fRe helix) andp is the number of motional parameters in the
R., and NOE data, obtained at three spectrometer frequenciegised model. To select the most appropriate model, the
simultaneously in steps of increasing complexity. Thus, in minimal value of they? in eq 10 was compared with 95%
the first step only® was varied to obtain an optimal fit to ~ confidence interval, the. = 0.05 critical value, of the?
the experimental data. In the second st&pand z. were distribution. The latter was obtained from Monte Carlo
varied for this purpose, etc. These steps are represented bgimulations using the Modelfree 3.1 software (Palmer et al.,
models +5 in Table 1. Optimal fits were obtained by 1991b; Mandel et al., 1995) or from statistics [Table A6 in
minimizing the error function: Devore (1982)]. The critical values of both methods were

alc cal alc cal similar. For all models we have. fit the least pumber of.
5 3 Ri,i - eri R‘;i - errji parameters that are consistent with the data within experi-
=) ) 0t mental error.
1= Or,; OR,, A model was selected for a residue or heliyifwas less
NOEa'°— NOEMe® 2 than the critical value. A more complex model (more
(10) parameters) was selectegffwas larger than the appropriate
critical value and if this more complex model could be
statistically justified. This justification can be done in terms
in which i denotes the proton resonance frequency of the of the statisticaF-test (Devore, 1982). ThE-test statistic
spectrometer (£ 500 MHz, 2= 600 MHz, 3= 750 MHz), is defined by
the superscript meas refers to the measured data, and calc

ONoE,

refers to the calculated values on the basis of eqs 7 or 8. vy — 757

- _ VL T X2
The o values are the uncertainties of the measured param- F=———7 (11)
eters. Minimization was achieved through a restrained (v1 = vaxz

nonlinear least-squares optimization using the Modelfree 3.1
software. wherey 2 andy,? are the values for the models with and
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“_ Table 2: Mean™N R, andR; (Ry,) Relaxation Data and NOEs and
Their Standard Deviations at 500-, 600-, and 750-MHz
Spectrometer Frequencies

R dR, Ro (Ryp) dR (dRy,)

@ frequency (s) (s (s (s NOE SDyoe

R 500 1.58 0.06 11.46(10.98) 0.79 (0.40) 0.58 0.06
600 1.31 0.09 11.60 1.02 0.62 0.10
750 1.11 0.10 13.90 0.62 0.67 0.07

parameters for gVIllp in SDS micelles is summarized in the

supporting information. The mean values of the relaxation

parameters obtained for gVIlip in SDS micelles are presented
in Table 2. The average uncertainty is 6.8%Rpand 6.7%

for R,. The average uncertainty in the NOEs is 13.0%; the

uncertainty forRy, is 3.6%.

In Figure 1, clear differences can be distinguished between
the relaxation results in different regions of the protein. At
the termini, residues-35 and 48-50 have small transverse
relaxation rate constants and the heteronuclear NOE for these
residues has a negative or small positive value. Furthermore,
two regions can be distinguished, comprising residue®19
and 25-45, respectively, which exhibit distinct relaxation
behavior. This difference is particularly manifest in Re
relaxation rate constants and the heteronuclear NOEs. In
Figure 1B, it can be seen that tReg values of residues 25

R, (s

NOE

9] 9 45 are twice as large as those of residue®®. For the
20 measurements performed at 500 MHz, the NOEs of the
0 5 10 15 20 25 30 35 40 45 50 residues in the latter region are between 0.37 and 0.49,

Resi >
, esidue number whereas the NOEs of residues-2% have an average value
FiIGurRe 1: Experimental’>N relaxation rates (A and B) and

heteronuclear NOEs (C) versus residue number for gVlIllp in SDS of about 0.74 (_see Figure 1C). For tRe relaxgtlon_rate
micelles, obtained from the measurements at 500 MHz. constants the difference between these two regions is smaller
(R2v9 (residues 921 1.7,R;29(residues 2545) = 1.4).
v, degrees of freedomv({ > »,). If the F-test statistic ~ "€ experiments performed at 600 and 750 MHz show
comparing two models is greater than the appropriate critical Similar differences between the relaxation parameters of the
value,F(a, v1 — v, v2), the more complex model is usedl. termini and the two regions described above. The relaxation
is the critical value of thé& distribution and was set at 0.05; data of gVllip in DodPCho micelles, measured at 500 MHz,
thus a more complex model is statistically justified if the @re similar to those of gVlllp in SDS micelles (data not
value determined lies within the 95% confidence interval of Shown). For residues 235 theR; relaxation rate is about
theF distribution. This procedure was carried out for every tWice as large as that of residues B0, whereas the NOEs
added parameter. If the of the most complex model still N the latter region have smaller values than those of residues
was higher than the appropriate critical value, the motional 25-45. However, the intensity of the peaks for these
parameters were obtained from fitting the data with this residues in the spectra of gVllip in DodPCho micelles was

model. too low to perform a quantitative interpretation of the data.
As has been mentioned earlier, residue6 form the
RESULTS AND DISCUSSION amphipathic helix, while residues 285 correspond to the

hydrophobic helix. Apparently, the dynamic behavior of

Ri, R, and NOE Relaxation Dataln the present paper,  these two helices is rather distinct. To obtain more detailed
use is made of the complet!N and NH resonance information on the origin of this difference and a better
assignments for gVlllp in SDS micelles reported earlier ynderstanding of the dynamics of the total protein, motional

(Henry & Sykes 1992; Van de Ven et al., 1993). From the parameters have been extracted from the relaxation param-
H—15N heteronuclear correlation experiments, the relaxation eters for gVlilp in SDS micelles.

parameters of residues Al, P6, K8, and Y24 could not be Determination of the Motional Parameters of Each
determined. The first two of these amino acids do not give |ndividual Residue: Model-Free ApproachThe SN—H
rise to a cross-peak in this type of spectra, and the cross-NOEs of residues 2545 exceed the value of 0.6 and
peaks of residues K8 and Y24 overlap too much to permit therefore, in a first approximation, the overall isotropic
reliable measurements of the peak heights. rotational correlation time was deduced from the average
Figure 1 presents thB; (Figure 1A) andR; relaxation value R,/R; of these residues (Kay et al., 1989). The
rates (Figure 1B) as well as the heteronuclear NOEs (Figureheteronuclear NOEs of the other residues were below 0.6
1C) determined from the measurements performed at 500and thus excluded from thg determination. The average
MHz. The relaxation parameters obtained from the experi- ratios obtained at 500, 600, and 750 MHz aRre/R1)s00 =
ments at the other frequencies yielded the same global10.81+ 0.20, R/Ry)soo = 13.47+ 0.38, and R/Ry)750 =
picture, although the absolute values were different because22.00+ 0.67. These values correspond witk of 12.1+
of the frequency difference. A complete list of the relaxation 0.1 ns (500 MHz), 11.4+ 0.2 ns (600 MHz), and 11.9
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Table 3: Backbone Dynamical Parameters for the Individual
Residues of gVIlIp

residue Te dre
no. S d (ps) (ps) S2 dS? S? dS? 42

Asp4 0.22 0.02 938 17 0.24 0.01 090 0.01 1041
Asp5 0.27 0.04 1312 52 0.31 0.01 0.88 0.02 7.04
Ala7 044 003 1278 57 0.51 0.01 086 0.01 41.86
Ala9 047 0.03 1560 97 0.54 0.01 0.86 0.01 38.64
Alal0 0.49 0.02 1572 87 057 0.01 0.86 0.01 22.24
Phel1l 051 0.04 1713 167 0.59 0.02 0.86 0.02 5.18
Asn2 055 0.03 1690 154 0.62 0.02 0.89 0.02 4.45
Ser13 0.51 0.03 1592 113 0.60 0.01 0.86 0.02 11.44
Leul4 053 0.04 1716 201 0.60 0.02 0.88 0.02 10.55
GIn15 053 0.03 1502 99 0.60 0.01 0.88 0.02 5.96
Alal6 0.48 0.03 1564 114 0.56 0.02 0.85 0.02 11.76
Serl7 045 0.03 1533 92 0.56 0.01 0.80 0.01 31.46

Ala18 049 002 1573 78 058 0.01 0.85 0.01 46.86 Residue number
Thr19 055 0.04 1266 80 0.61 0.02 0.90 0.02 22.10 — A H —
Glu20 0.52 0.03 1467 98 0.58 0.02 0.90 0.02 23.19 ) )
Tyr21 053 005 1523 166 0.63 0.02 0.84 0.02 15.76 Ficure 2: Plot of the order pa_lramete% as a function of residue
le22 083 003 969 175 6.70 number for gVIllp in SDS micelles. The secondary structure of
Gly23 0.89 0.03 17.22 gVllp is indicated; the box with letter A denotes the amphipathic
Ala25 0.90 0.02 20.70 helix and the box with letter H the hydrophobic helix.
I\Irg g? g'g; 8'82 191'397 therefore excluded from the subsequent final calculations
Met28 092 002 743  (vide infra). However, the relaxation parameters of these
Vval29 0.97 0.03 7.85 residues show that they are very mobile compared to the
Val30 0.99 0.03 8.42 other residues in the molecule (smallRgs and small or
val3l  1.00 0.03 792 negative NOEs except for residue 2, which will be discussed
lle32 0.96 0.03 4.16 ; .
val33 099 003 6.15 below). It is noted that the value of the 95% confidence
Gly34 098 0.03 5.65 interval of they? distribution, used in the fitting procedure,
Ala35 0.98 0.03 1.77 is 15.507, 14.067, and 12.592 for one, two, and three
|T|2r3376 i-gg 8-82 13?-3; motional parameters, respectively (Devore, 1982, Table A6;
Gly 38 098 003 500 it is notec_i that the total num_ber of _relaxatlon parameters
€39 0.96 0.03 13.19 available is 9). The use of an increasing number of motional
Lys40 0.97 0.02 2.84 parameters was justified according to fhéest statistic (see
Iﬁﬁéﬁ %%“‘1 %%?é 21-% Materials and Methods). Using the number of motional
Lys 43 095 003 8.45 parameters that were chosen for residue@, the final
Lys44 0.93 0.02 13.90 Value ofz; calculated was 11.7# 0.08 ns.
Phe45 090 0.02 93 36 3.08 Figure 2 displays the order paramete®s, of residues
Thr46 067 0.02 1465 117 21.29  4-46. A significant difference is observed for the residues
2The parameters were determined from modet$.1 within the two helices (A and H, see Figure 2); the average

< value of the amino acids in the hydrophobic helix is 0.96
0.2 ns (750 MHz). The average initial estimatergpfwas (SD 0.03). This value corresponds with highly restricted
set at 11.8t 0.4 ns. This correlation time is expected for internal motion in this part of the protein; earlier we have
a globular protein with a molecular mass of about-26 shown that this part of the protein traverses the micelle
kDa, which is in good agreement with our earlier findings (Papavoine et al., 1994). Interestingly, this hydrophobic helix
that one gVIlip molecule (molecular mass 5.2 kDa) is within the micelle exhibits dynamical properties similar to
complexed with about 60 SDS molecules (Papavoine et al., helices within the interior of globular proteins. The hinge
1994). Although the data of the residues of gVllip in region, which connects the two helices, is located around
DodPCho micelles only allow a qualitative interpretation, residue 22 (Van de Ven et al., 1993; Papavoine et al., 1994).
the average ratioRy/Ry)so0 Of the residues of gVllip in For this residues is 0.83, and its internal motion is on the
DodPCho micelles is higher than that obtained for the nanosecond time scale.(= 969 + 175 ps). Comparison
protein/SDS system. This implies that a DodPCho micelle of these dynamical parameters with those of residues 21 and
is larger in size than an SDS micelle, corresponding with a 23 indicates that the motion of the residues closer to the
higher rotational correlation time. hydrophobic helix becomes more restricted (higl&8y,
Using this approximate correlation time, the motional whereas the residues closer to the amphipathic helix are more
parameters, 7., S2, andS? were derived along the lines  mobile (lowerS, see Figure 2). In other words, the transition
indicated in the Materials and Methods section; they are listed of the hydrophobic to the amphipathic helix, described in
in Table 3. Inspection of Table 3 shows that only one terms of dynamics, is characterized by a sudden change from
parameters, suffices to account for the observed relaxation very restricted to a much more unrestricted internal motion.
behavior of residues 2344. For three residues, i.e., 22, 45 The residues in the amphipathic helix, which is located on
and 46, two parameter§ and 7., are needed, while the the surface of the micelle, have an aver&jealue of 0.51
majority of the remaining residues required three parameters,(SD 0.03), showing much mobility on both the picosecond
S?, 1, andS?, to obtain a reasonable fit. The behavior of and the nanosecond time scales, with an average correlation
the terminal residues, -23 and 4750, could not be time of the slow internal motion of 156& 117 ps and a
described with any of the models-5 in Table 1 and were  fast internal motion which is less than 10 ps. The high
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Table 4: Mean>N R; andR, Relaxation Data and NOEs and Their
| 1 I ITIT I 1 Standard Deviation at 500-, 600-, and 750-MHz Spectrometer
N i = I f i Frequencies of the Residues in the Amphipathic and Hydrophobic
s | {} i i % Helices
% 12 1 $ 5 R dR R dR
af ﬂ % helix frequency (s (sY) (sb) (s NOE SDioe
9 i ;X i 3 ° A 500 1.70 0.05 889 034 044 0.05
5 ghaitet 'k : A 600 142 007 853 045 048 0.8
x H A 750 122 0.08 1130 0.30 0.62 0.06
= i H 500 143 0.07 1566 134 0.74 0.09
z X H 600 120 012 1620 166 0.81 0.15
e 4 5 H 750 0.86 0.15 1895 1.08 0.82 0.11
a For the amphipathic helix (A), the mean value was calculated from
the data of residues-®1, and for the hydrophobic helix (H), residues
R A T 1 T T T M AT M) 2741 were used.

Residue number ) ) )
FIGURE 3: R, (x) and Ry, (O) relaxation rates and uncertainties agreement for residues-21. For residues 2245, Ry, is
versus the residue number for gVIlip in SDS micelles. The data Somewhat smaller thaR, but for most residues the differ-
were obtained from measurements performed at 500 MHz. ences between the, and Ry, fall within their experimental
error [for residues 2545, the averageR; — Ry,) = 1.01

values of some residues (7, 9, 17, and 18) is an indication and the averageR 1.26]. Exceptions are tHs of residues
that the dynamics in this part of the protein might be more 22—26 and 28-30. Excluding theR, of these residues from
complex than represented by the models being applied herethe mean determination lowers thewith only 0.1 ns. Using
(see Table 3). only theRy, values for the determination of the correlation

At both the N- and C-terminal parts of the protein, a time lowers ther. with 0.5 ns. When the average correlation
“mobility gradient” is observed. Atthe N-terminus, the order time was lowered to a value of 11.3 ns, the relaxation
parameters of residues 4 and 5 show that the motion of thesegparameters of residues 284 could still be fitted by only
amides is less restricted than the residues in the amphipathioczarying & and did not require an exchange term. For
helix. The motion of residues 2 and 3 is too complicated, residues 22 and 25, an exchange term did not improve the
so that it cannot be described with the models used, but thefit significantly as well. From these observations, it has been
smaller R, and negative NOE of residue 3 are strong concluded that residues 225 may have a small confor-
indications that this residue is more mobile than residues 4 mational exchange contribution, but the effect on the
and 5. The relaxation data of residue 2 for gVlllp in SDS transverse relaxation rate is such that it does not influence
micelles (largeRy, Ry, andRy, and small positive NOE) is  the determined motional parameters. For this reason, the
very different from that of the other terminal residues, which exchange term has not been included in the grid search for
show smalR; andR; values and negative NOEs. The origin models VI, which are discussed below.
of this is unclear. For gVllip in DodPCho micelles, tRg Anisotropic Rotation Work by Schurr et al. (1994)
relaxation rate and heteronuclear NOE of residue 2 areindicated that use of the extended model-free approach (eq
similar to those of the other terminal residues. However, 8) to interpret the relaxation data may lead to the introduction
theR; relaxation rate of residue 2 in this system is still higher of internal motions, on the nanosecond time scale, not really
in comparison with the other terminal residues (data not present in the considered system. These motions may arise
shown). At the C-terminus, residues 45 and 46 show moreas an artifact when the molecule undergoes anisotropic
mobility than the residues of the hydrophobic helix. How- tumbling so that the extended model-free approach is used
ever, in comparison with the N-terminus, the motion of these outside its domain of validity. To examine this possibility
amides is more restricted. The relaxation parameters offor the present system, we attempted to fit the relaxation
residues 4750 indicate, like those of residue 3, that they data with an anisotropic model.

are very mobile.
Slow Conformational ExchangeFor all residues, the

To be able to include the effect of anisotropic tumbling,
the macromolecular structure needs to be included in the

addition of an exchange term, did not lead to a significantly analysis (Tjandra et al., 1995). The structure of the mieelle

better fit of the data. Normally, residues havinB#R; value

gVlllp complex is, however, not available other than that

that is one standard deviation greater than the average valuave know that the protein consists of twehelices connected
are considered for addition of an exchange term (Clore et by a hinge region:ide suprg.

al., 1990a). For the determination of the averRg&, ratio,

The relaxation parameters of the residues within the

the values of residues 285 were used. For these residues individual helices turn out to be very similar. This is not

only one parameter is sufficient to fit the datade suprg.

unexpected because thehelical backbone vectors are

TheR/R; of all other residues is almost a factor of 2 smaller almost collinear with the helix axis, making on average an
than the average. An exchange term is thus not expectedangle of about 15with it. Therefore, for each of the helices

for these residues.

To further exclude the possibility that tH& of residues
25—-45 might have arRe contribution and that the actual
R./R; (and thust,) is smaller than the value determined, we
measuredR,,. Figure 3 displays both thig, andRy, values
measured at 500 MHz. Comparison of RReandR,, data,

the average of the relaxation parameters was assigned to the
total helix (Table 4). In this approach residuesX (13
residues) of the amphipathic helix and residues 2% (15
residues) of the hydrophobic helix were taken. This provides
a basis for the calculation of the orientation of the helices
with respect to the unique axis of the protemicelle

the latter obtained with a 2.5-kHz spin-lock field, show good complex. This can be achieved by using the angle between
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Table 5: Backbone Dynamical Parameters of the Two Helices of g¥Illp

amphipathic helix hydrophobic helix

Te, Teff r model 7. (ps) 52 S? 0 (deg) 22 model 7. (ps) < S% 0 (deg) Va Xer
115 1.0 i 1200  0.65 61.42 I 1.00 8.46  69.88
115 1.0 Iv 1500 053 0.88 7.90 I 1.00 8.46  16.36
75 45 Y 100  0.80 60 38.98 Vi 0.95 30 4.83  43.80
a2 The parameters were determined from model¥IL
the helix axis and the axial symmetry axis of the system, as 6 — A
well asr = DyDg, as fitting parameters in a grid search o o oo ° |
procedure, which is feasible because we obtained a total of o %0, ° 00 o
nine relaxation parameters per helix segment by using three — 4 . ° ° e
different spectrometer frequencies. The results are sum- E °
marized in Table 5. 2 x° %%, a0 °
The grid search procedure was tested with models II, lll, & | «* S °
and 1V, which in fact correspond with the isotropic models ~ o* °
1, 2, and 3 (cf. Table 1) and yield similar answers (Tables Ir o
3 and 5). For anisotropic motion (models V and VI, Table °s
1), an optimal fit is obtained when for the amphipathic helix . B
6 = 60° and for the hydrophobic heli® = 30°. In all 0.7 T
models used, the best fit was obtained using &lfor the 0.6
hydrophobic helix and using at least two paramet&ts(d = 05
7¢) for the amphipathic helix. However, in comparison with  z 04
the isotropic mpdgl, the mternal _correlatlon time of the &z 0l O e Seseesesiees, <~ . %
amphipathic helix in the anisotropic model reduces to R B ° e%%0% e o
100 ps. This is true not only for the real minimum of the 0.2 he
selected model (anisotropic ratic= 4.5, Table 5) but also 0.1- .
for all other combinations of parameters with an anisotropic
ratio between 2.5 and 4.5 (data not shown). In the fits of v - C
the same model with smaller anisotropic ratios-2) the 3B . o|
internal motion correlation time is large (98@600 ps). _ 30y 1
Thus, in this approach the original nanosecond internal 3 25| ce
motion is accommodated in the overall anisotropic motion, 2 5|
as described by Schurr et al. (1994). = sl ®e, o %0 ® °
However, when comparing the? values of the simple g L ity °
model-free form and the anisotropic model in Table 5, the 10 % . .e® o
more complex model cannot be justified in terms of st 5f e o oetomee,
statistic, which has a value pf 2.1B(p.05, 3, 11 3.59]. O35 335 30 35 40 & o
This is not true when the simple model-free form and the Residue number
extended model-free form are compared [determined value — A& }— H —

= 42.52,F(0.05, 1, 13)= 4.67]. Furthermore, the nano-

Ficure 4: Values of the spectral density function versus the residue

second internal motion is already present when the simple n,mper of gviiip in SDS micelles. The spectral density function
model-free approach is applied to the data of the coat proteinwas determined at the frequencies (A) 0, (&), and (C) 0.8@y.
(Table 5). On the other hand, in the studies of Schurr et al. The secondary structure of gVllip is indicated; the box with letter

(1994), the effect of the nanosecond internal motion was only A denotes the amphipathic helix and the box with letter H the
seen when the extended model-free eq 8 was used and waBYdrophobic helix.
not detected in the simple form of the model-free approach. further interpretation of the spectral densities. They con-
Finally, we consider the result to be physically irrealistic structed plots in whichl(wy) or (wy)Owas plotted as a
because = D/Dg = 4.5, a value which is inconsistent with  function of J(0) to study the internal mobility of the amide
the possible dimensions of the complex; it cannot be achieved!®N—!H vectors in the GAL4 DNA-binding domain. This
even if the amphipathic helix would be collinear with the turned out to yield a linear relationship between these
hydrophobic helix. parameters. The spectral densities obtained for the gene VIII
Reduced Spectral Density MappingJsing eq 6 the protein (see Figure 4, derived from the 500-MHz measure-
spectral density function was calculatedJ@), J(wn), and ments), plotted in this manner, are presented in Figure 5 for
J(ww)G the parameters derived from the measurementsresidues 7#45. The data of the amphipathic helix are
performed at 500 MHz are displayed as a function of residue represented by crosses, those of the hydrophobic helix are
number in Figure 4. Thd(0) and LJ(wy)Ovalues differ shown by plus signs, and those of the other residues are
significantly for different parts of the protein, in the same displayed as circles. Itis clear that, except for a few points,
manner as already noticed for the relaxation parameters. Thishe spectral densities of tH&N—'H vectors cluster in two
similarity is not very surprising, sinc0) is predominantly domains, i.e., the vectors in the amphipathic helix fall around
determined byR, and [J(wy)Ois determined by the NOE  J(0) = 2.3 ns/rad, with)(wn) ~ 0.33 ns/rad and)(wy) O~
(see eqs 13). Recently, Lefere et al. (1996) attempted a 15 ps/rad. The spectral densities of thdl—'H vectors
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Ficure 5: Plots of (A, C)J(wn) vs J(0) and (B, D)J(ww)vs J(0). The experimental data, calculated from eq 6, are represented by crosses

for the amphipathic helix (residues-21), by plus signs for the hydrophobic helix (residues-25), and by circles for the other residues

(22 and 23). Theoretical spectral densities represented by the dashed and solid lines were calculated using eq 13 for panels A and B and
eq 15 for panels C and D, using = 11.9 ns and internal correlation times varying between 0 and 1500 ps. The solid lines connect
theoretically calculated(w) — J(0) combinations corresponding with the safgor As, whereas the dashed lines represent the data for

which 7 = 0, 500, 1000, and 1500 ps, respectively= 1 for panels A and B, anés = 0.85 for panels C and D. The bold solid line
connects the calculateljw) — J(0) combinations for the average value/ derived for the amphipathic helix.

in the hydrophobic helix fall around(0) ~ 4.8 ns/rad, with < 1 and negative fotr.w? > 1; for t7.w? = 1 the slope is
J(wn) & 0.28 ns/rad and)(wy)d~ 2.5 ps/rad. From the 0, and in a plot ofl(w) versusw the Lorentzians cross, i.e.,
available data it cannot be concluded that a linear relation, at the particular value ab whereJ(w) is probed. In Figure
as found by Lefere et al. (1996), exists for the coat protein. 5A,B eq 13 has been plotted far = wy andw = 0.87wy
Nevertheless, it is interesting to elaborate upon this feature.for different values ofr with 7. = 11.9 ns. The solid lines
The most simple situation for which one may expect to connect calculated points with the samg whereas the
encounter such a simple relationship is when the spectraldashed lines represent the data for which 0, 500, 1000,
density is a linear combination of two Lorentzians: and 1500 ps, respectively. It is implicit in this approach
that the!>N—1H vectors are subject to the same motional

Jw) = (2/5) AdTe + AT (12) behavior, i.e., their motions can be characterized by the same
1+ (wr(f 1+ (wr)? correlation times. It is obvious that such a situation obtains
for the overall motion of the molecule but this is not evident
with A, = 1 — A.. We assume that. is the overall for the internal motion of the individuaPN—H vectors.

correlation time and is related to the internal correlation  This situation may, however, be applicable when the vectors

time (e.g., as in the LipariSzabo approach, see eq 7). Itis in a certain part of the molecule are subject to the same
easy to show that for this situation (diffusional) motion. This is very likely true for the
amphipathic helix as suggested by the similarity of the
1- 17, 00° 20°TT(T + T,) relaxation parameters of ittfN—!H vectors. As mentioned,
Jo)=— IO +——5 (13)  the dashed straight lines representing eq 13 in Figure 5 arise

from linear combinations of two Lorentzians, which means
that each point on such a line corresponds with a certain
value ofAp. This s illustrated in Figure 5; proceeding from
right to left, the values of\, decrease from 1 to 0. As

with N = (1 + w%tA)(1 + w??. Thus, for constant values
of 7. and 7, and for a given value of, J(w) is a linear
function of J(0). The slope of the line is positive fot.w?
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expected forA, = 1 all lines, corresponding to different 8
values of 7, coincide because at that point the motion 1 A
characterized by the correlation timgdoes not contribute. 5 el
As follows from the foregoing discussion, for constamt £ sl
andz, the slope of the lines will depend on the valudsee &
Figure 5). It is interesting to note that in tl&vy) — J(0) g 4r
plot J(wy) increases with increasing values gfwhile in = 37
the D(ww)O— J(0) plot LJ(wy)Uinitially rapidly increases, 2t
goes through a maximum ferx 500 ps, and then decreases. 1}
This behavior is to be expected, as can be seen in a plot of o
J(w) versusr (cf. Figure 6). At this point it is interesting to o.d B
consider the experimental results. As expected the values _ =]
of the>N—H vectors in the hydrophabic helix are clustered g 0.5
around the point where the different straight lines cross, i.e., 5 .4l
for A, &~ 1, where the internal motion does not contribute. =

. X T . ~ 0.3t
An interesting situation obtains for the vectors of the 5
ampbhipathic helix. In thd(wn) — J(0) plot the data points = 0-2r
fall around the line representing a correlation time for the 0.1
internal motion approximately equal to 1000 ps, while from o
the L(wy) — J(0) plot this correlation time is estimated to C
be ~2000 ps. This means that for the vectors in the 60
amphipathic helix the simple model, i.8(w) is the sum of = 50
two Lorentzians, is not applicable and additional internal £ 40
motions should be allowed for. A simple description of the £
interpretation of the spectral densities, i.e., linear relationships = 30
in the J(w) — J(0) plots, may be retained by introducing a 3: 20
scaling factorA: as indicated in = 10

J(w):(z/s) AATe +(Af(l_AS))T (14) © 0O 2 4 6 8 10 12 14 16 18 20
1+ (wr)® 1+ (wr)® T [ns]

. I . . FiGUurRe 6: Plots ofJ(0) (A), J B), and[J (C) vst. The
There are different possible interpretations for scaling, €.9., points were Ca|cu|a(te)d(uginéw§)si(né|e Lore%a{;i)an(_ )

the effective!>N—!H internuclear distance may differ from
the value used above (1.02 A) (Lipari & Szabo, 1982a; Jarvet approach in eqs-78 (Lipari & Szabo, 1982a,b; Clore et al.,
etal., 1996) or the presence of very fast internal motion may 1990a,b) onto the measured spectral densities. Some physi-
require the introduction of a scaling factor (Clore et al., cal aspects are immediately transparent in plots as given in
1990a,b). In the latter approach—2 is the relative  Figure 5. We want to mention that in case the motions of
amplitude of the spectral density of the fast internal motion, the individual®®N—1H vectors are characterized by (very)
Asis that of the “slow” nanosecond internal motion, @és  ifferent internal correlation timed(w) is no longer a simple
= Ao is the amplitude of the spectral density corresponding jinear function ofJ(0). Furthermore, the ratio of the slopes
with the overall motion. Furthermore, is the correlation of these straight lines for thé(wy) — J(0) and D(ww)0—
time of the overall motion andis related to the slow internal J(0) plots immediately show whether more than one internal
motion,'rs. Thus,J(w_) is'agai.n a linear combination of tWo .~ relation time is needed to derive tReN—H vector
Lorentzians. For this situation motion. This is seen in Figure 5A,B for the amphipathic
2 2 helix. A similar difference was observed in the obtained

Jw) = ﬂ J(0) + Af(w) (15) correlation times in thé(w) — J(0) plots of the GAL4 DNA-
N SN binding domain (Lefere et al., 1996). As far as we can tell
from the present results, within the theoretical tools currently
available for the interpretation of the spectral densities, the
model-free approach seems to give an appropriate description
even of the motion of a flexible molecule such as the coat
protein of filamentous bacteriophage M13.

Thus, for constant values ofthe slope of the straight lines
representing the relationship betwed@w) and J(0) is
equivalent to that found for the situation described by eq
12. The facto® only scales dowd(w) by a constant value
except for the line characterized by= 0. This means that
the point where the different lines coincide moves along the ~Comparison with Other MicellarProtein Complexes
(r = 0) line to the left by an amount depending on the value Recently, Williams et al. (1996) have studied the dynamics
of As. This is illustrated in Figure 5C,D, in whicB(w) is of the major coat protein of the related bacteriophage IKe
plotted versus)(0) for Ar = 0.85. It can also be seen in this  in myristoyllysophosphatidylglycerol (MPG) micelles. This
figure that by choosingy = 0.85 a situation is generated in  protein consists of 53 residues and shares 19 similar residues
which the spectral densities of the the amphipathic helix are at the same positions with the M13 coat protein when the
clustered close to the & 1500) line in thed(wy) as well as two proteins are aligned at the C-termini. The secondary
in the L(wy)Oplot. structure of the coat protein of IKe consist of twehelical

The interpretation of spectral densities in eqs 13 and 15 regions as well, corresponding to a amphipathic helix (Asn4
mathematically corresponds to mapping of the model-free Ser26) and a hydrophobic helix (Trp2&8he48).
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In the study on the IKe coat protein, residues—48, restricted in its motion, whereas residue 21 has the same
which include both the amphipathic and hydrophobic helices, motional flexibility as the other residues in the amphipathic
have very similar dynamics. The average order parameterhelix. The residues in this helix are subject to extra internal
() for these residues is 0.85. Residue 28 is found to have motions with correlation times in the fast nanosecond and
a lower order parameter than the rest of these residues. picosecond time scales. The extra motions offiNe—1H

These results are in contrast with our results, which Vectors in this helix are not due to anisotropic tumbling of
indicate that the amphipathic helix has much more freedom the molecule. The motional behavior of the residues within
of motion than the hydrophobic helix. This difference may the amphipathic helix is very similar, as beautifully dem-
arise from several effects. The length of the amphipathic onstrated by the clustering of the data points in Figure 5.
helix of the IKe coat protein (residues-26) is larger than ~ This indicates that the motions of all vectors are correlated,
that of the M13 coat protein (residuesB0). The reduced  and we interpret this motional freedom as a motion of the
flexibility of the amphipathic helix of the Ike protein may —amphipathic helix on and away from the surface of the
then result in a stronger interaction between this helix and micelle. We surmise that the motion has a functional role
the MPG micelle than that of the M13 coat protein and the and provides the basis for the description of the conforma-
SDS micelle. On the other hand, the different micellar tional change of the structure of the protein in the membrane-
environments may be responsible for the effect or a bound form to that of the coat of the mature phage.
combination of both effects. The correlation time of the IKe Qualitatively similar results have been obtained for the
coat protein in MPG micelles is 16 ns, whereas that of the Protein in DodPCho micelles.

M13 coat protein in SDS micelles is 11.8 ns. Since a MPG
molecule has a large head group in comparison with a SDSACKNOWLEDGMENT

molecule, a larger micellar size is expected. From the results The NMR spectra were recorded at the Dutch SON/NWO

of the IKe coat protein, it is likely that size of the MPG  National HF-NMR Facility. We thank Mr. J. J. Joordens
micelle is such that the amphipathic helix, although exposed for technical assistance.
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