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Summary 

The backbone dynamics of uniformly 15N-labelled fragments (residues 1 71 and 1-36) of bacterioopsin, 
solubilized in two media (methanol-chloroform (1:1), 0.1 M 2HCOzNH4, or SDS micelles) have been 
investigated using 2D proton-detected heteronuclear ~H-~SN NMR spectroscopy at two spectrometer 
frequencies, 600 and 400 MHz. Contributions of the conformational exchange to the transverse relax- 
ation rates of individual nitrogens were elucidated using a set of different rates of the CPMG spin-lock 
pulse train and were essentially suppressed by the high-frequency CPMG spin-lock. We found that most 
of the backbone amide groups of (1-71)bacterioopsin in SDS micelles are involved in the conformational 
exchange process over a rate range of 103 to 104 s -~. This conformational exchange is supposed to be due 
to an interaction between two a-helixes of (1-71)bacterioopsin, since the hydrolysis of the peptide bond 
in the loop region results in the disappearance of exchange line broadening, lSN relaxation rates and IH- 
15N NOE values were interpreted using the model-free approach of Lipari and Szabo [Lipari, G, and 
Szabo, A. (1982) J. Am. Chem. Soc., 104, 4546-4559]. In addition to overall rotation of the molecule, 
the backbone N-H vectors of the peptides are involved in two types of internal motions: fast, on a time 
scale < 20 ps, and intermediate, on a time scale close to 1 ns. The intermediate dynamics in the e~-helical 
stretches was mostly attributed to bending motions. A decrease in the order parameter of intermediate 
motions was also observed for residues next to Pro 5~ indicating an anisotropy of the overall rotational 
diffusion of the molecule. Distinctly mobile regions are identified by a large decrease in the order 
parameter of intermediate motions and correspond to the N- and C-termini, and to a loop connecting 
the r of (1-71)bacterioopsin. The internal dynamics of the a-helixes on the millisecond and 
nanosecond time scales should be taken into account in the development of a model of the functioning 
bacteriorhodopsin. 

Introduction 

For many years, measurements of 15N and 13C relax- 
ation rates have been used for N M R  studies of molecular 
mobility (Abragam, 1961). However, only since 2D experi- 
ments with 'reverse' proton detection have been developed 
(Bax et al., 1989) and ~SN- and ~3C-enriched proteins have 
become readily available, it has been possible to perform 
detailed and extensive heteronuclear relaxation studies on 
proteins (for a recent review, see Wagner (1993)). 

Internal motions faster than the rotational correlation 
time can be elucidated by analysis of heteronuclear relax- 
ation rates and NOEs (Lipari and Szabo, 1982). Slow 
conformational exchange in the micro-millisecond time 
range could increase the transverse relaxation rate. The 
size of this increase depends on the chemical shift refocus- 
ing scheme used during the relaxation delay. Exchange 
processes on the millisecond time scale could be eluci- 
dated by variation of the delay between the 180 ~ pulses in 
the CPMG pulse train and the exchange rates can thus be 
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measured (Bloom et al., 1965; Reeves, 1975; Orekhov et 
al., 1994). The contribution to the transverse relaxation 
rate caused by conformational exchange on a faster (mi- 
crosecond) time scale can be evaluated by measuring 
relaxation rates at different magnetic field strengths (Bar- 
chi et al., 1994). Thus, NMR spectroscopy can provide 
fundamental information on intramolecular motions in a 
wide range of time scales. 

By now it is generally believed that membrane proteins 
possess a flexible spatial structure and exhibit strong 
conformational dynamics on very broad time scales (Po- 
pot et al., 1993), so they are very attractive objects for 
exploration by dynamic NMR. Comparison of the dy- 
namic parameters of a membrane protein along with its 
spatial structure in different environments could give 
insight into protein-protein and protein-membrane inter- 
actions in lipid membranes. 

Bacteriorhodopsin (or bacterioopsin (BO) for the pro- 
tein without the retinal chromophore) is a transmembrane 
protein acting as a light-dependent proton pump in the 
purple membrane ofH. halobium (see Ovchinnikov (1982) 
for a review). Electron cryomicroscopy data suggested a 
seven-s-helix structural motif for bacteriorhodopsin (Hen- 
derson et al., 1990). 

High-resolution NMR studies of membrane proteins 
require their solubilization in a membrane-mimicking 
environment, i.e., an appropriate organic solvent or deter- 
gent micelles (Arseniev et al., 1987; Pervushin et al., 
1991). From CD (Arseniev et al., 1987) and FT-IR 
(Torres and Padros, 1993) results, it was concluded that 
bacteriorhodopsin retains most of its native secondary 
structure in methanol-chloroform (1:1), 0.1 M LiC104. It 
was also shown that some elements of the bacteriorho- 
dopsin native tertiary structure are present in this milieu 
(Arseniev et al., 1987; Abdulaeva et al., 1991). The de- 
tailed structures of bacteriorhodopsin fragments have 
been obtained by 2D JH NMR spectroscopy (Arseniev et 
al., 1988; Maslennikov et al., 1990,1991a,1993; Barsukov 
et al., 1992; Sobol et al., 1992). The spatial structures of 
segments A (residues 1-36) and B (residues 34-65), both 
in organic mixture and in sodium dodecyl(:H25) sulfate 
(SDS) micelles, were reconstructed using the available 
NMR data (Maslennikov et al., 1991b; Lomize et al., 
1992; Pervushin et al., 1992; Pervushin and Arseniev, 
1992). 

Here we present a 15N NMR study of the backbone 
dynamics of the (1-71) and (1-36) fragments of bacterio- 
opsin in methanol-chloroform (1:1), 0.1 M 2HCO2NH4, 
and in SDS micelles at two spectrometer frequencies, i.e., 
400 and 600 MHz. The (1-36)- and (1-7l)bacterioopsin 
fragments reveal the same structural properties as in the 
whole bacteriorhodopsin molecule and could be regarded 
as minimal structural units consisting of one 'free' c~- 
helix and two interacting transmembrane s-helixes, re- 
spectively. 

Materials and Methods 

The uniformly 15N-labeled fragments (1-36)- and (1-71)- 
bacterioopsin were isolated as described previously (Abdul- 
aeva et al., 1987; Orekhov et al., 1992) from uniformly ~SN- 
labeled H. halobium, strain ET1001, which was cultured 
according to the published procedure (Crespi, 1982) in a 
medium containing the hydrolysate of ~SN-labeled Chlorel- 
la vulgaris. NMR samples were prepared as described 
(Pervushin et al., 1994). The Asp36-Pro 37 peptide bond of 
(1-71)BO in SDS micelles was hydrolysed by incubation 
of the NMR sample for several months at room tempera- 
ture. Electrophoresis indicated almost 100% hydrolysis. 

The ~SN and IH resonance assignment of (1-71)BO 
(Pervushin et al., 1994) was used throughout. The ~SN 
assignment for (1-36)BO was readily obtained from the 
~SN and IH resonance assignments of (1-71)BO and the 
~H assignment of (1-36)BO (Pervushin et al., 1992,1994). 
NMR measurements were carried out at 600 and 400 
MHz on UNITY-600 and UNITY-plus-400 VARIAN 
spectrometers at 30 ~ and 50 ~ for the samples in 
organic mixture and in micelles, respectively. The pulse 
sequences used to measure ~SN longitudinal (R(Sz)) and 
transverse (R(Sx)) relaxation rates were based on those 
described previously (Kay et al., 1989; Clore et al., 1990a; 
Peng and Wagner, 1992), appropriately modified to elim- 
inate cross-correlation between dipolar and chemical shift 
anisotropy relaxation mechanisms (Palmer et al., 1992). 
In the experiments for the measurement of the R(Sz) and 
R(Sx) relaxation rates, a delay of 1.4 s was used before 
each transient (2.5-5 times the longitudinal relaxation 
time of the backbone amide protons). Delays 2z between 
the centers of the 180 ~ pulses (the pulse length was 140 
~s) in the ~SN CPMG spin-echo sequence during the 
transverse relaxation period were 0.2, 0.5, 1.0 and 2.0 ms. 
R(Sz) and R(S0 relaxation rates were obtained using 
relaxation delays of 0.01, 0.1, 0.2, 0.4, 0.6, 0.9, 1.2, 1.5 
and 1.8 s and 0.001, 0.02, 0.04, 0.06, 0.08, 0.10, 0.12 and 
0.14 s, respectively. Sample heating during the pulse 
sequences was estimated by measuring the separation 
between the OH and CH3 resonances in the external 
standard (methanol) and was found not to exceed 3 ~ 
The ~H-15N NOEs were measured exactly as described 
previously (Kay et al., 1989; Clore et al., 1990a; Orekhov 
et al., 1994) with a delay of 4 s before each transient. All 
spectra were processed by a modified version of the 
FELIX software (Hare Research Inc., Woodinville, WA). 
Cross-peak volumes were measured using the program 
EASY (C. Bartels, ETH Z/~rich, Ztirich). Relaxation rates 
and the associated errors were calculated by the appropri- 
ate utility of the VNMR (VARIAN) software. Calcula- 
tion of dynamic and chemical exchange parameters was 
performed by software written in-house. Calculation of 
the 'model-free' parameter set, ~ (i.e., S~, S~, z~ and Aex, 
see below), was performed by nonlinear minimization of 
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the penalty function 22 (Palmer et al., 1991): 

N 

~2(~)= ~ (v~,~(~)_ v~)~/(AW~)~ (1) 
i-I 

where VC~C(() and V exv are the calculated (Abragam, 1961; 
Clore et al., 1990b) and experimental values, respectively, 
and AV e~p is the uncertainty of the experimental value. In- 
dex i runs over the experimental data set (i.e., 15N R(S0, 
R(S~) and the :H-~SN NOE measured at all available 
spectrometer frequencies). For the evaluation of the un- 
certainty in ~, 100 Monte Carlo trials were used with V exp 
taken randomly from the interval V~Xp+AV~ xp. Minimal 
and maximal values of the parameter ~ obtained by this 
procedure were taken as corresponding lower and upper 
estimates for the 'model-free' parameters. 

Results and Discussion 

NMR measurements' 
Representative 2D a H-~ 5N correlation spectra of (1-36)- 

BO and (1-71)BO are shown in Fig. 1. R(Sz) and R(Sx) 
relaxation rates along with ~H-~SN NOE values are sum- 
marized in Fig. 2, demonstrating that almost complete 
data sets were obtained for (1-36)BO and (1-71)BO in 
organic mixture and in SDS micelles at 600 MHz. Meas- 
urements at 400 MHz include R(Sz) and R(Sx) for (1-36)- 
BO in SDS micelles and R(S0 for (1 71)BO in the chlo- 
roform-methanol mixture. For some of the backbone 
amide groups no experimental data are present (Fig. 2), 
owing to the weak intensity and/or overlap of correspon- 
ding cross peaks in 2D ~H-JSN correlation spectra (Fig. 1). 

Analysis of conformational exchange 
Conformational exchange processes could contribute 

significantly ( A j  to the measured transverse relaxation 
rates, Rm, in CPMG experiments (Bloom et al., 1965): 

R m ----- Aex + R~(Sx)  (2)  

where R*(Sx) is the 'chemical exchange-free' part of the 
transverse relaxation rate, originating from internal mol- 
ecular dynamics faster than the molecule rotational corre- 
lation time and from the overall rotation of the molecule. 

The contribution of conformational exchange can be 
evaluated in several possible ways. If the exchange rate is 
not very high compared to the available CPMG pulse 
repetition rate (i.e., the exchange rate constant is less than 
103-104 s-l), it is straightforward to utilize the Aex depend- 
ence on the CPMG pulse rate (Bloom et al., 1965; Ree- 
ves, 1975; Orekhov et al., 1994). Apart from the evalua- 
tion of Aex, this approach also provides chemical shift 
dispersion and exchange rate constants. 

The CPMG pulse rate dependence of the ~SN trans- 
verse relaxation rates R m of the backbone amides of bac- 
terioopsin fragments is plotted in Fig. 3. It is clearly seen 

that only (1-71)BO in SDS micelles (Fig. 3a) exhibits line 
broadening due to conformational exchange on the milli- 
second time scale. If the interaction between two a-helixes 
of (1-7 I)BO in SDS micelles is disrupted by hydrolysis of 
the Asp36-Pro 37 peptide bond, the exchange line broaden- 
ing disappears (Fig. 3b). This allows us to 'assign' the 
observed conformational exchange to a process connected 
with helix-helix interactions. Unfortunately, the accuracy 
of the data is not good enough for a quantitative estima- 
tion of chemical shift dispersions and rate constants for 
the conformational exchange in (1-71)BO in SDS micelles. 
However, as already deduced from a theoretical consider- 
ation of conformational exchange presented in a previous 
paper (Orekhov et al., 1994), the rate constants fall in the 
millisecond range. For the further model-free analysis of 
(1 71)BO in SDS micelles we used the average of the 
transverse relaxation rates measured at high CPMG pulse 
rate (z=0.1, 0.25 and 0.5 ms). 

If the available CPMG pulse rate is tess than the ex- 
change constant, Aex could be obtained in the 'model-free' 
analysis (Clore et al., 1990b) as an adjustable parameter 
in a nonlinear minimization (Kay et al., 1989). This 
method is especially useful (Barchi et al., 1994) if the data 
for several spectrometer frequencies are available, because 
only one adjustable parameter can account for the mex for 
R m m e a s u r e m e n t s  at all spectrometer frequencies: 

k i k Aox = Aox (v / v~) 2 (3) 

where the indexes i,k correspond to different spectrome- 
ters with the frequencies v k and v ~. 

Calculations were made for (1-71)BO in organic mix- 
ture and for (1-36)BO both in chloroform-methanol 
mixture and in SDS micelles, with an adjustable exchange 
term introduced into the penalty function ~2 according to 
Eqs. 2 and 3. Table 1 lists A~x values obtained for the 
residues which exhibited statistically significant exchange 
line broadening. 

Residue Gly 21 of (1-36)BO in organic mixture is an 
interesting example of a residue exhibiting conformational 
exchange. From NMR data (Pervushin and Arseniev, 
1992; Sobol et al., 1992) and molecular dynamics simula- 
tions (Pervushin et al., 1995), it was deduced that the 
carbonyl group of the Met2~ peptide bond forms a 
transient hydrogen bond with the H~'~O group of Thr 24. If 
the lifetime of this hydrogen bond falls into the micro- 
second time range, this could explain the observed in- 
crease of the transverse relaxation rates of the 15N nucleus 
of Gly 21. It is more difficult at this time to ascribe line 
broadening of the other residues in Table 1 to a specific 
exchange process. 

Evaluation of overall correlation times 
The spectral density JR(w) of the autocorrelation func- 

tion of the vector rigidly attached to an axially symmetric 
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l 15 Fig. 2. Experimental ~5N relaxation rates and H- N NOEs for (a) (1-71)BO and (b) (1-36)BO in SDS micelles; and (c) (1 71)BO and (d) (1-36)BO 
in chloroform-methanol mixture. Filled and open circles represent data for 600 and 400 MHz spectrometer frequencies, respectively. 

molecule, with different rotational diffusion coefficients 
parallel (Dll) and perpendicular (Da) to the symmetry 
axis, is given by (Woessner, 1962,1969): 

2 [  At'~ 1 
JR(CO) = 5 L  + - -  

A2~2 A3 "c3 1 
l+Co2x ~ I- l+Coz-----~22 (4) 

where A~ = 0.75 sin40, A 2 = 3 sin20 cos20, A 3 = (1.5 cos20- 
0.5) 2, "c I = (4Dll + 2D. )-~, "~2 = (Dtl + 5D~ )-~, "c 3 = (6D 1 ) i, and 
0 is the angle between the vector and the diffusion ellipsoid 
symmetry axis. From the above equations it follows that 
if the vector of interest is collinear with the symmetry axis 
of the molecule (0 -- 0), the first two terms in Eq. 4 can be 
neglected, even in the case of strongly anisotropic motion 
of the molecule. Since backbone amide HN vectors are 

almost parallel to the axis of the a-helix of (1-36)BO, we 
used the isotropic JR(Co) function for our calculation: 

2 ~R 
JR(C0) = (5) 

5 l+Co2x 2 

where ZR is the effective overall rotational correlation time 
of the molecule. For the same reason, combined with the 
fact that the closely packed antiparalM two-a-helical 
motif of (1-71)BO has a more globular shape, we can use 
just one correlation time for the description of its overall 
rotational motion. The simplification of Eq. 4 to Eq. 5 is 
not valid for the residues situated in the terminal and 
loop regions (i.e., residues 1-7 and 33 36 in (1-36)BO 
and residues 1-7, 33-39 and 63-71 in (1-71)BO). The NH 
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vectors in these residues are likely to have 0 values differ- 
ing significantly from zero which, in principle, necessitates 
the use of the full form of the anisotropic spectral density 
function of Eq. 4. However, we used the J(o) function of 
Eq. 5 to reduce the number of adjustable parameters in 
the model. Thus, the results obtained for these residues 
can be regarded only qualitatively. 

The complete form of the 'isotropic' J(r function, 
including internal molecular motions, has been given by 
Clore et al. (1990b): 

J(co)= ~Ll-~-(m---~a)2 ~ l+(cox; )2 ' 
(6) 

where 1 / x; = I / '~R + 1 / % Z~ is the effective correlation time 
for internal motions on the intermediate time scale be- 
tween ~R and the fast limit (20 ps), and S~ and S~ are the 
order parameters for motions on the fast and intermedi- 
ate time scales. 

If for internal motions z~ < 100 ps, then Eq. 4 can be 
rewritten with the order parameter $2: 

2 [ .  S2~R (1-S2)'C" ] 
J(0 ) = 5 (7) 

where 1/'~', = 1/% + I/'~e, ~e is the effective correlation time 
for all internal motions and S 2 is the order parameter. In 
some cases (x~ << ~) ,  the relaxation data are in agreement 
with the simpler form of the spectral density function: 

2 S 2 z R 
J(~0) = (8) 

5 l+(m%) 

If the dynamics of most of the backbone amide vectors 
can be described by Eqs. 7 or 8, the value of x R can be 
obtained from the averaged ratio of R(S~)/R(Sx) (Kay et 
al., 1989). However, if most of the residues are involved 
in motions on the intermediate (nanosecond) time scale, 
the ratio R(S~)/R(Sx) gives an underestimated value of %. 
Used for further calculations, the underestimated "gR value 
leads to an underestimation of the value of x, and incor- 
rectly suggests the selfconsistency of  the calculation. For 
example, we consider an arbitrary macromolecule with 
intermediate time scale motions of NH groups (S~=0.9, 
S~ = 0.8, XR = 7.0 ns, X~ = 0.8 ns) and calculate the relaxation 
rates R(S 0 and R(S~) and the ~H-~SN NOE values using 
J(co), given by Eq. 6. The value of % calculated from the 
ratio R(S0/R(Sx) is 6.25 ns. Then, we investigate the be- 
havior of the penalty function X 2 (S2,%), obtained using 
the calculated relaxation rates R(S0 and R(S0 and the 
~H-~SN NOE values as V exp in Eq. 2 for the different 
values of ~R (see Fig. 4). It can be seen that for XR = 6.25 
ns (Fig. 4a), obtained from the ratio R(S~)/R(S~), the 
global minimum o f z  2 corresponds to fast internal motion 
($2=0.812 and x~=97 ps). As % increases, a new mini- 

mum of Z 2 appears and becomes global at ZR-> 7 ns. This 
minimum corresponds to x~ = 1 ns, which in turn necessi- 
tates the introduction of intermediate time scale motions, 
presented by the spectral density function given in Eq. 6. 
However, the depths of the first (at XR = 6.25 ns) and 
second (at ~R>7 ns) minima are comparable (Fig. 4). 
Thus, we are not able to choose between two minima of 
the penalty function Z 2 and, in general, between the ex- 
treme narrowing limit of internal motions and the pres- 
ence of internal dynamics on the nanosecond time scale. 

To avoid this problem, additional experimental data 
are necessary, such as, for instance, relaxation measure- 
ments at different spectrometer frequencies. Calculations 
showed that ~R values obtained from the ratio R(S~)/R(S 0 
would not depend on the spectrometer frequency in the 
case of internal motions in the extreme narrowing limit 
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Fig. 3. The effects of conformational exchange on the transverse 
relaxation rate of backbone nitrogens for (l-71)BO and (1-36)BO in 
SDS micelles (a and c, respectively), and in chloroform-methanol 
mixture (d and e, respectively). Suppression of the conformational 
exchange for (1 71)BO after hydrolysis of peptide bond Asp36-Pro 37 
is demonstrated in (b). Results are presented as normalized cross-peak 
intensities in R(S,) experiments (Orekhov et al., 1994) with a fixed 
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Fig. 4. Penalty function •2 (S2,,~e) (see text) versus S 2 and t .  of Eq. 7, calculated using simulated tH-15N relaxation rates and tH-~SN NOEs (J(o~) 
is given by Eq, 6, S~=0.9, S~=0.8, %=7.0 ns and x~=0.8 ns), for values of t~=6.25, 7.0, 7.5 and 8.0 ns (plots a, b, c and d, respectively). 

(Xe< 100 ps), but would be lower for higher spectrometer 
frequencies in the case of intermediate internal motions 
(100 pS<ts<XR). This effect is detected for (1-36)BO in 
SDS micelles, where tR values obtained from the ratio 
R(Sz)/R(Sx) at two spectrometer frequencies are statistical- 
ly different, i.e., %=5.6+0.5  and 6.5+0.6 ns for 600 and 
400 MHz, respectively. A consideration of the molecular 
dynamics of c~-helixes presented by Pervushin et al. (1994) 
also supports the existence of overdamped bend vibra- 
tions of the m-helixes, as well as other motions with corre- 
lation times on the intermediate time scale. 

From the above reasons, we choose the spectral density 
function J(c0) represented by Eq. 6 for the ~SN NMR 
relaxation data analysis of c~-helical fragments of bac- 
terioopsin, tR values were determined by minimization of 
the penalty function F(%), as in Orekhov et al. (1994): 

F ( t R ) = E Z ~  (9) 

where index j runs over the backbone ~SN nuclei under 
consideration and g~ is calculated assuming fast and inter- 
mediate time scale motions (Eq. 6) with the same x R 
value. It should be noted that for z R values larger than 
some 'threshold' (usually 5-10% larger than tR obtained 
from the R(Sz)/R(Sx) ratio), F(~R) becomes virtually inde- 
pendent of x R (Fig. 5). A further increase in tR is compen- 
sated by the decrease of the order parameter S~. Thus, the 
lower limit of S~ and the upper limit of tR could be re- 
garded only qualitatively. However, the product of "c R S~ 
is more reliable. Since t r  is the same for all residues (at 
least, if anisotropy of rotational diffusion is not taken 
into account), S~ values could be used for the determina- 
tion of the relative mobility of protein regions. For the 
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TABLE 1 
RESIDUES DISPLAYING SIGNIFICANT CONFORMAT1ONAL EXCHANGE A~x IN 'MODEL-FREE' CALCULATIONS 

Fragment Medium Residue Aex (s '; 600 MHz) 

Mean Lower Upper 

1-36 Organic mixture Gly 21 0.42 
1-36 SDS micelles Leu ~3 2.09 

Ala 14 1.49 
Ala 18 2.23 
Met 2~ 2.03 
Phe 27 1.34 
Met 32 0.85 

1 71 Organic mixture Ala  39 3.81 
Lys 4~ 2.72 

1 71 SDS micelles Gly 23 1.16 
Phe 54 1.49 

0.03 1.45 
0.56 4.28 
0.21 3.52 
1.03 4.1 l 
0.35 3.60 
0.28 3.02 
0.29 1.66 
2.55 5.60 
0.26 5.70 
0.09 4.20 
0.30 5.90 

calculations we used XR values of  5.0 and 7.0 ns for 
(1-36)BO in organic mixture and in SDS micelles, and 
values of  9.5 and 7.5 ns for (1-71)BO in organic mixture 
and in SDS micelles, respectively. 

Order parameters of fast internal motions 
Order parameters of  fast internal motions, S 2, are 

presented in Fig. 6. As can be seen in the figure, the 
values of S~ are scarcely correlated with the secondary 
structure of  BO fragments and with solubilization media. 
The mean values of  S~ are 0.87+0.07 and 0.82+0.06 for 
(1-36)BO in organic mixture and in SDS micelles, and 
0.87+0.05 and 0.79+0.07 for (1-71)BO in organic mix- 
ture and in SDS micelles, respectively. These values reveal 
the intrinsically local and environment-independent char- 
acter of  the fast motions originating from quantum zero 
point vibrations and stochastic collisions of  the adjacent 
atoms (Palmer and Case, 1992; Pervushin et al., 1995). As 
the order parameters S~ are not sensitive to the overesti- 
mation of the overall correlation time, their absolute 
values are in good agreement with the results provided by 
molecular dynamics simulations (Pervushin et al., 1995). 

3 i I l l l l l l l l l  J I I I I I I I  

0 ~ - - ~ W  

-1 

- 2  

- 1 3  , i , r , r , j , F r j , - i  , i , i , 
4 6 8 1 0  1 2  

~CR(ns ) 

Fig. 5. F('CR) dependences, normalized for the number of residues 
taken into consideration, for (a) (1-71)BO and (b) (1-36)BO in SDS 
micelles; and (c) (1-71)BO and (d) (1-36)BO in chloroform-methanol 
mixture. 

Order parameters of intermediate internal motions 
Order parameters of  intermediate internal motions, Ss 2 

(Fig. 7), occurring on a time scale between zR and the fast 
limit (20 ps), exhibited a significant decrease for residues 
near the N- and C-termini for all samples, and at the 
hinge region and next to Pro 5~ for (1-71)BO. As noted by 
Pervushin et al. (1994), significant distortions of the r and 

angles occur in the vicinity of Pro 5~ This leads to sig- 
nificant deviations in the orientations of the N H  vectors 
with respect to the direction of the c~-helix axis, i.e., to an 
increase of the 0 angle in Eq. 4. As a result, relaxation 
parameters become sensitive to the short correlation times 
x~ and z2 (Eq. 4) and the N H  vectors of  corresponding 
residues appear more mobile. This could explain the drop 
in the values of the S~ order parameters near Pro 5~ al- 
though the additional internal dynamics induced by the 
presence of proline in the center of  the second a-helix 
cannot be excluded. An analogous consideration can be 
made for the hinge region in (1-71)BO. However, the 
decrease of the order parameter in the hinge region is 
much more distinct in micelles than in organic solvent. I f  
this is not an artefact caused by the misinterpretation of 
~H-]SN NOE data due to fast amide proton exchange with 
the solvent, it suggests that the loop connecting the two 
c~-helical stretches is more flexible in SDS micelles. It can 
be seen in Fig. 7 that the S~ order parameters decrease at 
the ends of all a-helixes, which is in good agreement with 
the theoretical consideration of a-helixes presented by 
Pervushin et al. (1995), where this effect was attributed to 
overdamped elastic rod vibrations. According to the elas- 
tic rod model (Pervushin et al., 1995), S~ 2 values should 
have a cosine shape, with a maximum for the residues 
situated in the middle of a-helixes. 

Comparison of internal dynamics in one- and two-helical 
fragments 

From the experimental results (Figs. 6 and 7), it could 
be derived that only minor local differences occur in the 
internal dynamics of  the bacteriorhodopsin fragments. 
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Both in (1-36)BO and in (1-71)BO, a uniform distribu- 
tion of S~ values and a cosine shape of the S~ order para- 
meters were observed for the a-helixes. Unfortunately, 
due to the strong coupling of zR and S~ and the uncer- 
tainty in xR, we cannot detect a uniform shift of S~ be- 
tween the different samples. Thus, the presence of internal 
dynamics, like changes of the helix-helix tilt angle as 
observed in molecular dynamics simulations (Pervushin et 
al., 1995), could not be established. In general, it may be 
supposed that interactions between the two a-helixes of 
(1-71)BO only slightly change the intrinsic a-helical mo- 
tions on the nano- and picosecond time scales. However, 
such interactions could lead to the appearance of new 
types of motion on the milli- and microsecond time 
scales, like those observed for (1-71)BO in SDS micelles. 

The results of our previous work (Orekhov et al., 1992) 
are in line with the present observations. Most of the 
cross peaks in the heteronuclear 1HJSN correlation spec- 
tra of bacteriorhodopsin in methanol-chloroform (1:1)/ 
0.1 M 2HCO2NH4 originated from the transmembrane 
segments A, B and G only. The cross peaks from four 
segments (C, D, E and F) forming a closely packed a- 
helical bundle (residues 79-189) were missing, owing to 
conformational exchange on the millisecond time scale 

connected with helix-helix interactions. The absence of 
40% of the expected cross peaks in the ~H-lSN hetero- 
nuclear correlation NMR spectra was also noted by 
Seigneuret et al. (1991,1992) for bacteriorhodopsin so- 
lubilized in n-dodecyl maltoside detergent micelles, where 
the protein retains its photocycle and proton pumping 
activity. Thus, the dynamics occurring in bacteriorhodop- 
sin, both in the 'quasi-native' (chloroform-methanol 
mixture) and in the 'native' (dodecyl maltoside micelles) 
state, are very complicated and include fast thermal fluc- 
tuations of atoms and bending and flickering interactions 
of a-helixes. In the purple membrane, bacteriorhodopsin 
also exhibits intramolecular rearrangements such as 
changing of tilts between transmembrane a-helixes (Dra- 
heim et al., 1991). 

Based on these observations, we can suppose that 
bacteriorhodopsin comprises a set of similar structures, 
with slightly different modes of packing of the a-helixes. 
These structures interchange on the millisecond time 
scale. Thus, the internal dynamics of bacteriorhodopsin 
could be considered as a combination of the dynamics of 
individual a-helixes, such as bending motions, and dy- 
namics associated with helix-helix interactions, where 
helixes may tilt, slide past each other, extend or shorten. 
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Fig. 6. Summary of S~, the order parameter of fast (< 20 ps) internal 
motions, for (a) (1 71)BO and (b) (1 36)BO in SDS micelles; and (c) 
(I-71)BO and (d) (1 36)BO in chloroform methanol mixture. The a- 
helical regions (Pervushin et al., 1994) are indicated by bold lines at 
the bottom of the plots. Short horizontal bars show upper and lower 
uncertainties of the order parameters. 
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Conformational dynamics of this kind could be important 
for proton pumping in bacteriorhodopsin, and could be 
a characteristic feature of other m-helical integral mem- 
brane proteins which require a conformational realign- 
ment during functioning. 

Recently, Barchi et al. (1994) and Grasberger et al. 
(1993) tentatively attributed the effects of ~SN line broad- 
ening in protein spectra to the interaction between t~-helix 
and ]3-strand. Thus, the conformational exchange modu- 
lated by the interaction between the elements of second- 
ary structure could be important for proteins in general. 

Conclusions 

We have shown that one- and two-m-helical fragments 
of bacterioodopsin (residues 1-36 and 1-71) experience 
dynamics on a wide range of time scales. Helix-helix 
interactions of (1-71 )BO solubilized in SDS micelles cause 
conformational exchange on the millisecond time scale. 
To account for the conformational exchange part, values 
of 15N transverse relaxation rates along with longitudinal 
relaxation rates and 1H-aSN NOE measurements were 
used for the characterization of internal molecular mo- 
tions on the nano- and picosecond time scales. Order 
parameters for fast (< 20 ps) and intermediate (nanosec- 
ond) motions were calculated. The order parameters of 
the intermediate motions are strongly correlated with the 
presence of secondary structure (m-helixes) and its distor- 
tion. The dynamics observed for bacteriorhodopsin frag- 
ments could be an intrinsic feature of other membrane 
proteins, connected with their functioning. 
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