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Abstract

The backbone dynamics of the bacteriorhodopsin fragment (1–36)BR solubilized in a 1:1 chloroform/methanol
mixture were investigated by heteronuclear1H-15N NMR spectroscopy. The heteronuclear15N longitudinal and
transverse relaxation rates and15N{ 1H} steady-state NOEs were measured at three magnetic fields (11.7, 14.1, and
17.6 T). Careful statistical analysis resulted in the selection of the extended model-free form of the spectral density
function [Clore et al. (1990)J. Am. Chem. Soc., 112, 4989–4991] for all the backbone amides of (1–36)BR. The
peptide exhibits motions on the micro-, nano-, and picosecond time scales. The dynamics of theα-helical part of
the peptide (residues 9–31) are characterised by nanosecond and picosecond motions with mean order parameters
S2
s = 0.60 andS2

f = 0.84, respectively. The nanosecond motions were attributed to the peptide’s helix-coil
transitions in equilibrium. Residues 3–7 and 30–35 also exhibit motions on the pico- and nanosecond time scales,
but with lower order parameters. Residue 10 at the beginning of theα-helix and residues 30–35 at the C-terminus
are involved in conformational exchange processes on the microsecond time scale. The implications of the obtained
results for the studies of helix-coil transitions and the dynamics of membrane proteins are discussed.

Introduction

The most widely accepted theory of protein fold-
ing contends that it is a hierarchical process. Models
such as the diffusion-collision model (for a review see
Karplus and Weaver, 1994) and the framework model
(reviewed by Baldwin, 1989) suggest that secondary
structure elements serve as building blocks for the con-
struction of the native tertiary structure. In both mod-
els, elements of secondary structure are formed during
the early stages of the folding process and subse-
quently assembled into the three-dimensional protein
structure. For membrane proteins this two-stage view
of protein folding is supported by numerous experi-
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mental studies on the reconstruction of functional bac-
teriorhodopsin from its independently foldedα-helical
fragments in lipid bilayers (Popot et al., 1987; Kahn
and Engelman, 1992; Marti, 1998). Various NMR
studies (reviewed by Pervushin and Arseniev, 1995a)
have shown that individualα-helical fragments of
bacteriorhodopsin can acquire and retain their native-
like structure in membrane-mimicking media without
long-range tertiary interactions with other parts of the
protein. The individualα-helices in the membrane-
mimicking environment might also be a useful model
for understanding dynamics and folding mechanisms
of membrane proteins.

While there has been progress in understanding the
thermodynamics of the helix-coil transition in aque-
ous solutions (Chou and Scheraga, 1971; Scholtz and
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Baldwin, 1992), its kinetics have been studied less
extensively. Since the mid-1960s, different experi-
mental techniques were used to elucidate the kinet-
ics of helix-coil transitions (reviewed by Gruenewald
et al., 1979). For homopolymers of high molecular
weight in aqueous solutions, these studies yielded av-
eraged midpoint transition times between ca. 50 ns and
several microseconds. Recently, a new laser-induced
temperature-jump technique (Phillips et al., 1995) was
applied to study the helix-coil transition kinetics on
short alanine-based peptides in water (Williams et al.,
1996; Thompson et al., 1997). It provided unique ex-
perimental insights into fast transitions on a time scale
of tens to hundreds of nanoseconds. However, the time
range from picoseconds to several nanoseconds, which
is thought to correspond to the primary events of helix-
coil transitions (e.g. see Daggett and Levitt, 1992;
Korzhnev et al., 1999a and references cited therein),
is still beyond experimental access.

Usually, helical peptides in water exhibit low co-
operativity for thermal unfolding processes (Scholtz
and Baldwin, 1992). Consequently, one should expect
relatively high populations of partially unfolded states
even much below the critical temperature for thermal
unfolding. A study of the equilibrium dynamics of
interconversion of different helical species could pro-
vide valuable insights into the kinetics of the helix-coil
transition. The nanosecond dynamics of the helix-coil
interconversion equilibrium were recently elucidated
by electron spin resonance spectroscopy (ESR) on a
series of alanine-based peptides in aqueous solution
(Miick et al., 1993). It was shown that even in a
1:4 TFE/water mixture, where circular dichroism data
indicate very high populations for theα-helix, the pep-
tides exhibit significant local helix-coil transitions at
the helix termini.

Low polar solvents like trifluoroethanol, methanol,
or mixtures of chloroform and methanol are com-
monly used to mimick a membrane environment. In
comparison to water, these membrane-mimicking sol-
vents are known to increase the helix content in pep-
tides (for a review see Hirota et al., 1997) while
markedly reducing the cooperativity of the helix-coil
transitions (Luo and Baldwin, 1997), which produces
a wide range of partially unfoldedα-helical states in
equilibrium. The solution of the system of kinetic
equations for theα-helical peptide (9–31)BR in non-
polar solvents (Korzhnev et al., 1999b) has produced
a spectrum of helix-coil transition times, ranging from
10−10 to 10−6 s, which can be divided into two parts.
The faster transitions occur with a nearly continuous

distribution of transition times (10−10–10−8 s) and are
associated with the interconversion between various
helical states, such as the elongation or shortening
of an α-helix by one or several residues. The slower
transitions, on the other hand, occur with few discrete
transition times (10−7–10−6 s). They correspond to
interconversions between the denatured (all-coil) state
and some partially folded (helical) conformations and
involve several residues simultaneously whereas the
fast transitions usually affect only individual residues.
Both classes of transitions fall within time ranges
that are amenable to detection via NMR relaxation
measurements.

Modern heteronuclear NMR spectroscopy is a
powerful tool for studying protein dynamics in a wide
time range (for a review see Palmer et al., 1996).
Detailed site-specific information on amplitudes and
correlation times of internal motions can be obtained
from the measurement of backbone amide15N relax-
ation rates, provided these internal motions are of the
order of or faster than the overall molecular tumbling.
Since the effective rotation correlation time for short
α-helical peptides in solution is in the nanosecond time
range, NMR studies of such peptides could provide
the experimental data on helix-coil transition kinetics
in the critical time range from picoseconds to several
nanoseconds where real-time experiments fail because
of dead time limitations.

In this work, we study the internal dynamics of
the bacteriorhodopsin fragment (1–36) which forms a
stableα-helix over residues 9–32 (Pervushin and Ar-
seniev, 1992). Since we were particularly interested in
the dynamics on the nanosecond time scale (Korzhnev
et al., 1997) close to the correlation time for the overall
molecular tumbling, measurements at three magnetic
fields were performed to ascertain the required statis-
tical confidence and resolution for the sampling of the
spectral density function.

Materials and methods

Sample preparation and NMR measurements
Uniformly 15N-labelled (1–36)BR was obtained as de-
scribed previously (Orekhov et al., 1995). Dry peptide
(3 mg) was dissolved in 0.5 ml of a 1:1 (volume ratios)
mixture of deuterated chloroform and methanol-d3
and 0.1 M2HCO2NH4 buffer. The final concentration
of the peptide in the sample was ca. 1.5 mM. The
apparent pH in methanol was 4.9. NMR experiments
were performed on four spectrometers: Varian Unity-
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plus and Unity (1H Larmor frequencies of 500 and
600 MHz, respectively) and Bruker DMX spectrom-
eters (1H Larmor frequencies of 600 and 750 MHz,
respectively).

A series of1H-detected two-dimensional correla-
tion spectra for the measurement of the backbone15N
longitudinal and transverse relaxation rates, R1 and
R2, and the heteronuclear15N{ 1H} steady-state NOE
were acquired using the pulse sequences described
by Farrow et al. (1994). The parameters used in the
different experiments are summarised in Table 1. T2
experiments were recorded with a CPMG echo delay
of 1 ms between15N inversion pulses of 70–90µs.
The total acquisition time per relaxation measurement
was 15–20 h. No presaturation of the intense OH
signal from methanol was performed in either exper-
iment. In the experiments for measuring longitudinal
and transverse relaxation rates the OH magnetisation
was dephased by pulsed field gradients. In the NOE
experiment the OH magnetisation was flipped back to
+z prior to the acquisition with the residual OH mag-
netisation in the transverse plane being dephased by
the field gradients.

Importance of the temperature control
In all NMR experiments special attention was paid
to the actual temperature of the sample. Even small
changes in the temperature during one experiment or
between different experiments can lead to substantial
bias in relaxation data, due mostly to the tempera-
ture dependence of the solvent viscosity (ca. 3% per
K). Neglecting temperature-dependent changes in the
internal dynamics, the changes in viscosity lead to
altered rotational diffusion rates resulting in relative
biases of comparable order (ca. 3% per K) in the
measured longitudinal and transverse relaxation rates.

For all spectrometers the temperature of 303 K was
adjusted using the temperature-dependent1H chemi-
cal shift difference of pure methanol (VanGeet, 1970).
For the (1–36)BR sample in the chloroform-methanol
mixture, the position of the methanol OH signal was
used as a sensitive internal indicator for monitoring
the sample temperature during the experiments. Note
that the deuterium signal of the methanol methyl group
was used to lock the magnetic field of the spectrome-
ter. The position of the OH signal was obtained from a
one-dimensional proton spectrum recorded in one scan
immediately after the termination of a 30–40 min test
run of the respective relaxation experiment. The delay
between the termination of the test run and the mea-
surement of the OH signal position was less than two

seconds, assuring that the actual temperature during
the relaxation experiment was recorded.

Radio frequency irradiation during an NMR ex-
periment can cause substantial heating of the sample,
resulting in different effective sample temperatures
for different experiments, with the consequences for
relaxation data precision discussed above. This ef-
fect may introduce a significant bias in the extracted
relaxation parameters. Several approaches can be con-
sidered to avoid possible temperature artefacts: (i) all
spectra of different mixing times can be recorded sep-
arately with individual temperature corrections; this
approach, however, can result in artefacts due to
spectrometer and sample instabilities during long ex-
periments; (ii) additional delays and/or off-resonance
irradiation can be introduced into the pulse sequences
in order to equalise the heat dissipation for different
mixing times (Bracken et al., 1999); (iii) in our mea-
surements, we relied on the averaging of temperature
fluctuations as explained below.

The mean sample temperature during an NMR
experiment results from the balance between radio fre-
quency heating and energy absorption by the cooling
air. The time constant for the equilibration of this pro-
cess is governed by the geometry of the probehead
and the sample as well as by the flow rate of the
cooling gas, but does not depend on the irradiation
power. This time constant can be roughly estimated
from the change in the lock signal amplitude at the
beginning of NMR experiments using significant irra-
diation. From our experience it follows that this time
constant is not less than tens of seconds. Thus, the
temporary changes in sample irradiation for different
mixing times are efficiently averaged out and do not
lead to significant temperature fluctuations provided
they occur fast enough and periodically. In our exper-
iments, these requirements were met by interleaved
acquisition where mixing times were alternated after
each scan such that long and short mixing times were
grouped pairwise. Since the duration of a single scan
is ca. 2–4 s, the frequency of alternation was suffi-
ciently fast for good averaging of the temperature. It
is notable that radio frequency irradiation sometimes
results in the apparent cooling of the sample. This
can happen if the temperature control sensor, which
is commonly located very close to the frequency coils
in the probehead, is more sensitive to the irradiation
than the sample itself. This effect, however, can also
be compensated for by an appropriate setting of the
temperature unit. In the case of (1–36)BR, the sam-
ple heating monitored as described above was ca. 0.3,
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Table 1. Experimental parameters used in the experiments for determining backbone15N longitudinal and
transverse relaxation rates, R1 and R2, respectively, and heteronuclear15N{ 1H} NOEs. Experiment type,
spectrometer type, recovery delay (D1), number of complex points acquired in the indirect dimension
(TD1), set of relaxation delays, and number of measurements (m) are presented for each experiment

Exp. type Spectrometer D1 (s) TD1a Relaxation delays (ms) m

R1 Unity+ 500 1.6 60 15,80,120,200,300,400,500,700,900,1000 1

R1 Unity 600 2.0 54 10,50,100,200,300,400,600,800,1000 2

R1 DRX 600 2.0 64 16,33,49,66,98,131,196,262,394,525,787 2

R1 DRX 750 1.4 96 16,31,62,124,186,248,372,497,745,933,1490 2

R2 Unity+ 500 1.6 60 5,41,77,113,149,185,220,256,292,328,364,400 1

R2 Unity 600 2.0 60 0,16,32,48,80,112,144,176,1922

R2 DRX 600 2.0 64 16,32,48,64,80,95,112,128,144,159,176,192 2

R2 DRX 750 2.0 55 16,32,47,64,80,95,111,127,143,159,175,206 1

NOE Unity+ 500 3.5b 56 1

NOE Unity 600 4.5b 80 2

NOE DRX 600 4.5b 64 2

NOE DRX 750 4.5b 80 2

aThe spectral widths in theω1 direction were 1200, 1400, 2000 Hz for the spectrometers with1H Larmor
frequencies of 500, 600 and 750 MHz, respectively.
bIn all 15N{ 1H}-NOE experiments two spectra were acquired with and without proton presaturation,
respectively. In the former case, the relaxation delay was substituted by a proton presaturation time of
the same length.

0.1, and less than 0.1 K for the T2, NOE, and T1
experiments, respectively. Since the precision of the
calibration and the stability of the temperature units
were about 0.1 K, an appropriate temperature com-
pensation was performed only for the T2 and in some
cases for the NOE measurements. In conclusion, the
sample temperature during one experiment was sta-
ble to within 0.1 K and differred for not more than
0.2 K between different experiments, resulting in an
uncertainty of 0.5% for the relaxation rates on the as-
sumption that only the temperature dependence of the
solvent viscosity needs to be taken into account.

Evaluation of the spectra
All spectra were processed and quantified using a
macro within the VNMR software. Bruker spectra
were first converted to VNMR format. In each di-
mension, time domain data was zero-filled twice and
a non-shifted Gaussian weighting function was ap-
plied for apodization prior to the Fourier transform.
Suppression of the strong OH signal of methanol was
excellent and experiments were adjusted such that the
spectra required no first order phase correction in ei-
ther dimension, assuring that no baseline correction
was necessary. Peak intensities were measured using
supplementary home-written software. Both extrac-
tion of relaxation times from exponential curve fit
to a two-parameter function (an offset compensation

proved unnecessary) and model-free analysis of re-
laxation data were performed with the home-written
software DASHA (Orekhov et al., 1996). Relaxation
rates and NOEs from several experiments (see Table 1)
were averaged. For each averaged relaxation rate (T1,
T2, NOE) the uncertainties were taken to be the max-
imum of the following three values: (i) the dispersion
in a set of redundant measurements; (ii) the uncertain-
ties obtained from the covariance matrix of the least-
squares fit of the exponential decay curves and from
a Monte Carlo process (T1- and T2-experiments), or
from the signal-to-noise ratios (15N{ 1H}-NOE exper-
iments), respectively; and (iii) minimal uncertainties
of 2% for T1 and T2 and±0.05 for the NOE, ac-
counting for possible small (systematic) errors in the
experimental data and in the physical constants and
expressions governing the relaxation processes.

Model-free analysis

Dynamic models
A typical set of heteronuclear NMR relaxation data
consists of the longitudinal R1 and transverse R2 relax-
ation rates and the heteronuclear NOE sampled at one
or several magnetic fields. Their corresponding the-
oretical values can be back-calculated using standard
expressions (Abragam, 1961) and different forms of
the autocorrelation function, C(t). This function com-
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prises all information on the NH vector dynamics of
the backbone amide group occurring on the pico- to
nanosecond time scale.

If the molecular rotation is isotropic and uncorre-
lated with the internal motions, the total correlation
function C(t) can be rigorously factorized into a prod-
uct of internal CI (t) and overall CO (t) correlation
functions (Lipari and Szabo, 1982):

C(t) = CI (t)CO(t) (1)

Although this factorization is not valid in the case
of anisotropic overall rotation, it was shown to be a
good approximation (Lipari and Szabo, 1982) and is
implied in the following. A short description of the
models of internal and overall motions considered in
this article can be found in Table 2. All model-free
calculations were performed with a1H–15N internu-
clear distance (RHN) of 0.102 nm and a15N chemical
shift anisotropy (15N-CSA) of−170 ppm. These two
parameters were subsequently allowed to vary during
minimizations (see below) in order to verify whether
their adjustment within reasonable limits could signif-
icantly improve the agreement between experimental
and calculated relaxation data. R2 values may ad-
ditionally be increased by conformational exchange
processes on the micro- to millisecond time scale.
These relaxation contributions are proportional to the
square of the magnetic field (Reeves, 1975) and can be
accounted for by a single parameter1ex, correspond-
ing to the additional line broadening (in Hz) at 17.6 T
magnetic field strength.

Model evaluation and statistical analysis
In order to extract spatial and temporal characteristics
of internal motions, the experimental relaxation rates
and NOEs are fitted to the theoretical values by mini-
mizing the per residue loss functionχ2 (e.g., Mandel
et al., 1995; Orekhov et al., 1995):

χ2(ζ) =
N∑
i=1

(
V thi (ζ)− V exp

i

)2(
1V

exp
i

)2 (2)

V th(ζ) andV exp are the theoretical and experimental
relaxation values, respectively;1V exp is the corre-
sponding uncertainty in the experimental value; index
i runs over the set of N experimentally determined
relaxation rates and NOEs for the given residue (for
T1, T2, and NOEs measured at three magnetic fields
we have N= 9), andζ denotes the set ofk adjustable
model parameters (which can include the conforma-
tional exchange term1ex for some residues). The

cumulative loss function is the sum of several per
residue loss functions. It is generally used for the op-
timization of global parameters (e.g. parameters of
the global molecular rotational tumbling) and for the
detection of general systematic discrepancies between
experimental data and a model.

If experimental errors are small, normally dis-
tributed, and uncorrelated with each other, the min-
imum for χ2(ζ) should correspond to the chi-square
distribution with (N−k) degrees of freedom. The ap-
propriateness of a particular model can then be eval-
uated by calculating the chi-square probability for
obtaining a loss function higher or equal to the one
calculated from Equation 2. Strictly speaking, the chi-
square statistics is not applicable to non-linear regres-
sion analysis. However, our Monte Carlo simulations
showed that chi-square statistics provides almost ex-
act probabilities provided the model parameters do not
approach their limiting values (e.g. 1 for the order
parameter). Commonly, a model is taken to be in-
appropriate if the loss function exceeds some critical
value defined by a given probability (usually the 95%
quantile) for randomly obtaining a higher loss func-
tion. For large numbers of degrees of freedom (i.e.
greater than ca. 20–30) this critical value approaches
the number of degrees of freedom. If several mod-
els with different numbers of adjustable parameters
have to be compared, the application of the pairwise
F -test is very helpful (Mandel, 1995). This test ad-
dresses the question of whether the reduction in the
loss function obtained for a model with more pa-
rameters is statistically significant. TheF -test is less
sensitive to the chosen uncertainties1V exp since it
essentially compares the ratio of the loss functions for
two models.

The dynamic model for the internal motions of a
particular backbone amide15N−1H vector was se-
lected according to the following procedure. Mini-
mizations of the per residue loss function were per-
formed for each of the four models of internal motions
(models I–IV in Table 2) with and without considera-
tion of a conformational exchange contribution,1ex,
resulting in a total of 8 minimizations per residue. The
parameters of the overall rotational diffusion were kept
constant (see below). Then, those models yielding
a loss function higher than the critical 95% quantile
were rejected while the simplest model (with the low-
est number of adjustable parameters), which provided
a loss function below the critical level, was accepted.
In all cases, an additionalF -test for the 90% quantile
confirmed our choice of the model function.
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Table 2. Autocorrelation functions and their adjustable parametersa

Type Abbreviation used in the text Adjustable parametersb Reference Motional model and time scale

CI (t) I S2 Lipari and Szabo, 1982 Very fast internal dynamics

CI (t) II S2, τe Lipari and Szabo, 1982 Picosecond internal dynamics

CI (t) III S2
f , S2

s , τs Clore et al., 1990 Intermediate internal dynamics in
nanoseconds

CI (t) IV S2
f , S2

s , τs, τf Clore et al., 1990 Intermediate internal dynamics in
pico- and nanoseconds

CO (t) Isotropic (Is) τR Lipari and Szabo, 1982 Isotropic overall tumbling

CO (t) Axial symmetry (AxS) τR, D⊥/D||, α, β Woessner, 1962 Anisotropic tumbling of a cylindrical
molecule

CO (t) Full anisotropy (FlA) τR, D1/D3, D2/D3, α, β, γ Woessner, 1962 Anisotropic tumbling of a molecule
of arbitrary shape

a S2, S2
f , and S2s are the order parameters for overall, fast (correlation time less than ca. 10 ps), and intermediate (correlation time in the

nanosecond time range) internal motions, respectively;τe (or τf ) andτs are the correlation times for fast and intermediate local motions,
respectively; Di(i = 1,2,3) are the eigenvalues of the rotation diffusion tensor; D⊥ = D1 = D2 and D|| = D3; α, β, andγ are Euler angles
for the transformation of molecular coordinates into the eigenbase of the molecular rotation diffusion tensor. The effective correlation time
for the anisotropic overall tumbling, comparative to the isotropic model, is defined asτR = [2(D1+D2+D3)]−1 = [(4D⊥ + 2D||)]−1.
bAn explicit form for the different types of the autocorrelation functions can be found elsewhere (see the literature cited).

Evaluation of the overall rotation correlation time

The overall rotation correlation time (τR) was obtained
as a global adjustable parameter from minimization of
thecumulativeloss function for residues 9–31 which
form theα-helix in (1–36)BR. For the calculation of
τR it was assumed that the dynamics of all amides
in the α-helix 9–31 can be described by a common
model function. This approximation is justified by the
common structural element and the very similar re-
laxation data of these residues. The calculations were
repeated for different model functions and the cumula-
tive loss functions obtained from these minimizations
were compared statistically using chi-square and F-
tests. The finalτR value was taken from the most
appropriate model (see Results).

If model I (see Table 2) is valid for the majority
of backbone amide HN vectors, the value ofτR can
be readily calculated from the15N R1/R2 ratio (Kay
et al., 1989) since this ratio is independent from the
only parameters of the internal motions, S2. In the
presence of significant nanosecond motions involving
most of the residues, however,τR as calculated from
the R1/R2 ratio is underestimated (Korzhnev et al.,
1997). The subsequent model-free analysis will then
be biased towards the premise of the implied ‘fast’
model function, i.e. producing the erroneous impres-
sion of fast internal motions. With the correct value
of τR, however, the discrimination between the fast
models I and II and model III allowing nanosecond
motions is straightforward from a comparison of the
loss functionsχ2. Usually, model III requires a signif-

icantly longer (10–20%) overall correlation time, but
in practice neither model I, II nor III can be rejected
on the basis of statistical chi-square orF -tests for re-
laxation data acquired at just one magnetic field if the
overall rotation correlation time is unknown.

If experimental relaxation data are available for
several magnetic fields,χ2values become more sen-
sitive to the differences between models I, II and III.
Computer simulations have shown that a decrease in
the apparentτR derived from the R1/R2 ratio at higher
magnetic fields can serve as a clear indicator for model
III (Korzhnev et al., 1997).

Hydrodynamic calculations

Hydrodynamic calculations for theα-helical fragment
(residues 9–31) were performed using the DIFFC
module implemented in the DASHA software pack-
age. The beads approach (Garcia de la Torre and
Bloomfield, 1981) was applied with the backboneCα

atoms at the centre of the beads of radius 0.35 nm.
These calculations yielded the principal axes and
eigenvalues of the rotation diffusion tensor. Note that
a precise setting of the microscopic solvent viscosity
(which scales the rotational correlation time) was not
important since the effective overall rotation correla-
tion time was later adjusted through minimization of
the cumulative loss function.
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Figure 1. Experimental longitudinal and transverse15N relaxation
rates and heteronuclear15N{ 1H} steady-state NOE of (1–36)BR.
The relaxation data was measured at three magnetic fields with
1H Larmor frequencies of 500, 600, and 750 MHz (filled circles,
open circles, and filled squares, respectively). Uncertainties of the
experimental values are shown as grey bars.

Results

Relaxation data
Of the 35 backbone amide groups, 31 were evaluated
in the relaxation measurements. (1–36)BR contains
one proline (Pro8). Two pairs of signals were over-
lapped (Gly16 and Gly23, and Lys30 and Met32).
As all of these residues fall within the same struc-
tural motif (α-helix), similar dynamical behaviour can
be expected. We therefore evaluated these overlapped
peaks as well and arbitrarily assigned the apparent
relaxation rates to Gly16 and Lys30, respectively.
Signal-to-noise ratios were different for the individual
signals and in different experiments, but were never
less than ca. 20–30 with typical values of ca. 50. This
resulted in very small, usually less than 1%, uncertain-
ties of the T1 and T2 values obtained in the exponential
fit procedure using the covariance matrix. For most
of the amide nitrogens the final uncertainties of R1,
R2 and the15N{ 1H}NOEs were set to the assumed
minimal uncertainties (see Materials and methods for
details). The results for the measurements of15N R1,
R2, and the15N{ 1H}-NOE are shown in Figure 1.

Overall correlation time and selection of the
model-free spectral density function
Significant parts of the N- and C-terminal regions of
(1–36)BR are known to be disordered under the con-
ditions of our experiments (Pervushin et al., 1992). We

therefore restricted the initial estimation of the overall
rotation correlation time to theα-helical part (residues
9–31). Results of the fit of different forms of the
spectral density function to the experimental data are
summarised in Table 3. In each calculation, the overall
rotation correlation time was adjusted as a free global
parameter. As can be seen from the values of the loss
function listed in Table 3, models I and II (lines 1 and
8 in Table 3, respectively) cannot fit the experimental
data well. Only model III (line 15 in Table 3), account-
ing for local nanosecond motions, affords reasonable
correspondence with the experiment.

Although the statistical tests unambiguously
favour model III, further aspects in the evaluation of
the best model function must be taken into consid-
eration: (i) the anisotropy of the overall molecular
tumbling; (ii) conformational exchange processes on
the micro- to millisecond time scale; and (iii) uncer-
tainties in the physical constants used in the relaxation
analysis (notably the15N-CSA and1H–15N distance).

It was shown that the neglect of anisotropy for
the overall molecular rotation can misleadingly sug-
gest local nanosecond motions (Schurr et al., 1994).
The hydrodynamic calculations for the single heli-
cal (8–32)BR fragment yield an axially symmetric
rotational diffusion tensor with eigenvalue ratios of
1:0.296:0.297 and the long axis lying almost paral-
lel to the axis of theα-helix. The HN vectors of the
backbone amides in theα-helix also nearly coincide
with the helix axis, forming an angle of only 21± 11◦
with the longest axis of the diffusion tensor. An ex-
amination of Woessner’s (1962) expressions shows
that the molecular rotation correlation function in this
case is essentially mono-exponential with the effective
correlation times for the individual HN vectors not
differing much. Actually, the15N relaxation rates and
NOEs for the backbone amides in an isolated idealα-
helix can to a good approximation be reproduced by
the isotropic form of the overall rotation correlation
function (Orekhov et al., 1995). It was also recently
shown (Beloborodov et al., 1998) that the coupling be-
tween translation and rotation diffusion does not affect
NMR relaxation rates even in the case of screw-shaped
molecules like anα-helix. It is therefore not surprising
that the consideration of rotation diffusion anisotropy
for (1–36)BR does not significantly improve the qual-
ity of the fit for either model (lines 7, 14, and 20 in
Table 3). The only and obvious difference with respect
to the isotropic case is the reduction of the effective
rotation correlation time, which for anisotropic mod-
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Table 3. Results of model-free calculations for determiningτR. Only residues 9–31 of theα-helix of (1–36)BR were used for these calculations

Run # Modela Adjustable parameters (mean values) OptimisedτR (ns) Principal axes ratio Degrees of freedom Cumulativeχ2

1 Is, I, τR, S2 (0.81), 4.40± 0.03 175 995

2 Is, I τR, S2(0.76), CSA(191 ppm) 4.40± 0.03 153 888

3 Is, I τR, S2(0.92), RHN(0.105 nm) 4.40± 0.03 154 897

4 Is, I τR, S2(0.77),1ex(1.08 Hz)b 3.96± 0.06 153 642

5 FlA, I τR, S2(0.82) 2.74± 0.03 0.296, 0.297c 175 2417

6 AxS, I τR, S2(0.81) 4.08± 0.05 0.182± 0.008, 172 485

7 FlA, I τR, D1/D2, D2/D3, α, β, γ, S2(0.81) 4.18± 0.07 0.14± 0.02, 0.20± 0.01 170 471

8 Is, II τR, S2(0.79),τe(0.041 ns) 4.48± 0.02 154 574

9 Is, II τR, S2(0.72),τe(0.034 ns), CSA(200 ppm) 4.50± 0.03 131 380

10 Is, II τR, S2(0.78),τe(1.7 ns), RHN(0.106 nm) 5.02± 0.07 131 141

11 Is, II τR, S2(0.77),τe(0.032 ns),1ex (0.82 Hz)b 4.13± 0.05 132 320

12 FlA, II τR, S2(0.81),τe(0.040 ns) 2.79± 0.03 0.296, 0.297c 157 1950

13 AxS, II τR, D⊥/D||, α, β, S2(0.79),τe (0.021 ns) 4.38± 0.05 0.22± 0.01 155 317

14 FlA, II τR, D1/D2, D2/D3, α, β, γ, S2(0.79),τe(0.021 ns) 4.54± 0.07 0.16± 0.02, 0.24± 0.01 153 292

15 Is, III τR, S2
f (0.84), S2s(0.61),τs(2.9 ns) 5.77± 0.15 131 120

16 Is, III τR, S2
f (0.83), S2s(0.70),τs(2.4 ns), CSA(176 ppm) 5.33± 0.15 109 95

17 Is, III τR, S2
f (0.88), S2s(0.65),τs(2.7 ns), RHN(0.103 nm) 5.54± 0.15 111 98

18 Is, III τR, S2
f (0.81), S2s(0.42),τs(4.2 ns),τf (0.016 ns), 6.9± 0.2 116 103

19 Is, III τR, S2
f (0.84), S2s(0.64),τs(2.8 ns),1ex (0.24 Hz)b 5.45± 0.15 116 98

20 FlA, III τR, S2
f (0.84), S2s0.66),τs(2.6 ns) 3.52± 0.05 0.296, 0.297c 131 154

21 AxS, III τR, D⊥/D||, α, β,S2
f (0.83), S2s(0.76),τs(3.0 ns) 5.2± 0.4 0.28± 0.01 129 117

22 FlA, III τR, D1/D2, D2/D3, α, β, γ, S2
f (0.83), S2s(0.8),τs(2.9 ns) 5.1± 0.4 0.22± 0.04, 0.31± 0.03 128 116

aSee Table 2 for the definition of the models.
b1ex values (in Hz) refer to a magnetic field strength of 17.6 T.
cAnisotropy parameters obtained from the hydrodynamic calculations were kept constant in these minimisations.
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els corresponds to the average of all correlation time
eigenvalues.

It is notable that if the parameters defining the
anisotropy of the molecular rotation are allowed to
vary during the minimisation, the loss function can
drop considerably (see lines 6, 7, 13, and 14 in Table 3)
for models I and II. This merely reflects the opera-
tional similarity between the anisotropic calculations
and the application of model III (Schurr et al., 1994).
Both motional models presume at least two correlation
times on the nanosecond time scale which are, how-
ever, attributed to different sources: in the anisotropic
model these correlation times are attributed to the
global tumbling alone, while the isotropic model at-
tributes them to global and internal motions, respec-
tively. Since all HN vectors ofα-helical amides are
aligned almost parallel, resulting in one common ef-
fective correlation time, and since the relaxation data
does not exhibit large variations, both approaches pro-
duce indistinguishable spectral density functions J(ω).
The anisotropic model, however, is not consistent
with the anticipated hydrodynamic behaviour of the
(8–32)BRα-helix as the optimised orientation of the
symmetry axis of the diffusion tensor (lines 6 and 13 in
Table 3) after minimisation lies nearly perpendicular
to the helix axis, with the HN vectors forming angles
of 87± 12◦ with the symmetry axis.

Conformational exchange on the micro- to milli-
second time scale can substantially increase the appar-
ent transverse relaxation rates. Results of the calcula-
tions with consideration of conformational exchange
are presented in lines 4, 11, and 19 of Table 3. Clearly,
these calculations afford a significant reduction of the
loss function especially for models I and II. However,
model III still provides a statistically meaningful im-
provement over models I and II. Moreover, if model III
is chosen, the exchange term is required only for a
few residues. Thus, conformational exchange cannot
account for the poor fit of models I and II.

The analysis of NMR relaxation data further-
more requires knowledge of the15N chemical shift
anisotropy (CSA) and of the1H-15N internuclear dis-
tance. For the15N-CSA, a value of−160 ppm is
commonly used for backbone relaxation analysis (Kay
et al., 1989), although in some recent reports a slightly
larger value of−170 ppm was chosen (Tjandra et al.,
1996; Cordier et al., 1998). An even wider range of
15N-CSA values (for a review see Fushman and Cow-
burn, 1998) was found in solid-state NMR studies
of short peptides and model compounds. We there-
fore performed several calculations to verify whether

individual adjustment of15N-CSA values for each
residue can significantly improve the correspondence
between experimental and calculated relaxation data
(see lines 2, 9, and 16 of Table 3). Clearly, the per
residue adjustment of the15N-CSA value generally
entails a significant drop in the loss function; still
model III provides the best fit. For models I and II,
the optimized15N-CSA values moreover become un-
reasonably large (up to ca.−190/ − 200 ppm) while
model III yields values of−176± 10 ppm, in good
agreement with the experimentally derived values.

The results of the calculations with adjustable HN
internuclear distances are shown in lines 3, 10, and 17
of Table 3. Again, the loss functions were significantly
reduced for model II. An inspection of the obtained
dynamic parameters, however, shows that the correla-
tion times and order parameters become very similar
to those provided by model III without adjustment of
the internuclear distances. The order parameter S2 and
correlation timeτe of model II in this case correspond
to the order parameterS2

s and correlation timeτs of
model III. The adjustment of the internuclear distances
merely compensates for the absence of the order pa-
rameterS2

f in model II. Thus, it is not surprising that
the optimized distances obtained for model II are sys-
tematically higher by ca. 0.004 nm than the commonly
accepted value of 0.102 nm.

In conclusion, the isotropic model III (line 15 in
Table 3), accounting for nanosecond internal motions,
provides a reasonable compromise between good fit
and over-parametrization of the experimental data.
Both cumulative and per residue loss functions are be-
low their critical levels for the 95% quantile (except
for the per residue loss function of Gly31). It follows
that this model provides a good fit within the assumed
uncertainties in the experimental data. Yet, further
statistically meaningful reductions of the loss func-
tion (as verified by theF -test) are possible if further
adjustable parameters are introduced into the model
(see lines 16–19 in Table 3). This small mismatch
between calculated and experimental relaxation data
could be due to an actual over-simplification of the
motional model or to residual small systematic errors
in the experimental data which do not exceed the as-
sumed errors (see Materials and methods). Sticking
with the latter possibility, we confined our analysis
to the simplest model (isotropic model III), which re-
sulted in an overall rotation correlation timeτR of
5.77± 0.15 ns. The rounded offτR value of 5.8 ns
was then used for the further dynamic analysis of the
individual backbone amide groups of (1–36)BR.
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Figure 2. Results of the final model-free calculations for (1–36)BR.
Molecular rotation was assumed to be isotropic with a correlation
time of τR = 5.8 ns and model function IV, which in the case
of τf = 0 reduces to model function III (see Table 2), was used
throughout. A parameter for conformational exchange,1ex , was
required for residues 10, 31, 33 and 35. The correlation timeτf
for picosecond motions was resolved for residues 3, 5, 6, 7, 33
and 35. (a and b) Order parameters S2

s and S2f for the nano- and
picosecond motions, respectively. (c and d) Correlation timesτs and
τf for the nano- and picosecond motions. (e) Line broadening1ex
due to conformational exchange, valid for a1H Larmor frequency of
750 MHz. (f) Values of the per residue loss functionχ2. Horizontal
bars indicate the critical values for the 95% quantile.

Model-free analysis

The results of the final model-free calculations are
presented in Figure 2. Models I and II, withτR set
to 5.8 ns, produce extremely high values of the loss
function for all residues (data not shown) and are thus
inappropriate throughout all of (1–36)BR. Residues
10–29 in theα-helical part of the protein exhibit good
fits for model III. Figure 2 shows that the obtained
values of the loss function are below their critical
95% levels for all these residues. The following av-
erage values and dispersions for the dynamic param-
eters were observed for theα-helical residues 9–29:
〈S2

s 〉 = 0.60± 0.05, 〈S2
f 〉 = 0.84± 0.02, 〈τs〉 =

3.0± 1.0 ns. The inclusion of more model parameters
was necessary for the residues in the N- and C-termini.
Residues Gly31, Gly33, and Ser35 exhibit significant
line broadening due to conformational exchange. T2
values of Val34 measured at 600 and 750 MHz spec-
trometers turned out to be very low and inconsistent
with the simple square dependence on the spectrome-
ter field. This points to the strong line broadening due
to conformational exchange for this NH and to the pos-
sible violation of the fast exchange limit assumption,
which is essential for the square field dependence.
Thus, no quantitative calculations of the line broaden-
ing were made for Val34 and T2 values were not used
for the model-free calculations for this residue. All
residues in the C-terminus are thus clearly involved in
motional processes on the micro- to millisecond time
scale. Residues 3–7 in the N-terminus, on the contrary,
exhibit good fits for the transverse relaxation rates at
all magnetic fields without the need of an exchange
parameter whereas the15N{ 1H}-NOEs, as calculated
by model III, are significantly higher than the experi-
mental values. This is a clear indication for very fast
motions on the time scale up to some 10 ps, as implied
by model IV (Table 2). The use of model IV, with
an extra fast correlation timeτf , indeed reduces the
per residue loss functions in the N-terminus by almost
threefold. The inclusion ofτf was also necessary for
Gly33 in the C-terminus. Structural studies show that
both termini are flexible and do not form part of the
α-helix. It can therefore be assumed that their cor-
responding HN vector dynamics are described by a
superposition of correlation time eigenvalues, which is
different from the pseudo-global correlation time valid
for the helical residues. However, the individual ad-
justment of the apparentτR for these residues does not
lead to a considerable reduction in their loss functions.
Only for Ser35 did the slow order parameterS2

s vanish,
indicating that the relaxation data of this residue can
indeed be described by the simplest model I with an
individual apparent correlation time of ca. 1.6 ns.

Discussion

Conformational exchange in (1–36)BR
The results presented in Figure 2 indicate substantial
conformational exchange on the micro- to millisecond
time scale for the C-terminus of (1–36)BR, although
our previous studies with variable CPMG echo delays
(Orekhov et al., 1995) failed to detect these processes.
It must be borne in mind, however, that the suppres-
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sion of1ex contributions to R2 by the CPMG pulse
train is limited to conformational exchange processes
with relatively long exchange correlation times (on
the millisecond time scale). Previous structural stud-
ies of the bacteriorhodopsin fragments (1–36) (Per-
vushin and Arseniev, 1992) and (1–71) (Pervushin
et al., 1994) revealed no ordered structure for residues
33–36. Notably, the mobility of the hinge region
(residues 33–39) of (1–71)BR is significantly low-
ered on changing the medium from SDS micelles to
a (1:1) chloroform/methanol mixture. We propose that
the chloroform/methanol mixture can stabilise tenta-
tive hydrogen bonds in different conformations of the
C-terminus of (1–36)BR, providing an explanation for
the observed relatively fast conformational exchange
on the microsecond time scale.

Motions on the pico- and nanosecond time scales
The dynamics on the pico- and nanosecond time scales
occurring in the N- and C- termini of (1–36)BR are
complex. These residues show no ordered structure
and the prerequisite of the model-free approach, i.e.
uncorrelated internal and overall motions, might be
invalid here. The model-free parameters should then
be regarded merely as the parameters of a triple-
exponential approximation of the actual complex auto-
correlation function while the available experimental
data does not suffice to separate global and internal
motions for these terminal residues. Most probably,
the anisotropy of the molecular tumbling and transient
formation of hydrogen bonds for these residues re-
sult in a broad spectrum of correlation times on the
nanosecond time scale. Local flexibility of those pep-
tide groups, which are not involved in stable hydrogen
bonds, could provide the explanation for the observed
motions on the picosecond time scale.

The extensive nanosecond dynamics of theα-
helical backbone amides of (1–36)BR as derived from
the presented new set of relaxation measurements at
several magnetic fields are in line with our previ-
ous dynamic studies of BR peptides performed at
one magnetic field (Orekhov et al., 1995). In the
work of Pervushin et al. (1995b), nanosecond motions
were explained by the overdamped bending oscilla-
tions of theα-helix of (1–36)BR. Although motions
of this kind most probably do occur in solution, the
experimental order parameters S2 (corresponding to
amplitudes) and correlation times do not follow the
trends expected from the bending model. The only
definite result obtained from the analysis of the relax-
ation data for theα-helical residues of (1–36)BR is that

a dynamic model must include at least two correlation
times in the nanosecond time range to be consistent
with the experimental data. We have also shown that
these apparent additional nanosecond motions cannot
be accounted for by the overall rotational anisotropy.
The mean order parameter〈S2

s 〉 for the nanosecond
motions of theα-helical residues with an average cor-
relation time of some 3 ns is as low as 0.6, indicating
that the amplitudes of these internal motions are quite
substantial. Such high amplitudes, however, strongly
suggest temporary ruptures of theα-helix. We there-
fore suggest that theα-helix in (1–36)BR exhibits fast
transitions between folded and partially or completely
unfolded states. Since the peptide remains in thermal
equilibrium with the environment during the NMR
experiments, these transitions represent the equilib-
rium helix-coil transitions. The low cooperativity of
the helix-coil interconversion in (1–36)BR implies a
high content of partially unfolded states of the peptide.
For such states, the model-free approach assumption
of uncorrelated overall and internal motions could
fail. Moreover, the anisotropy of the overall molecu-
lar rotation in the partially unfolded states, which, in
contrast to the folded state, cannot be quantified due
to the large variety of unknown conformations, prob-
ably creates a broad distribution of effective overall
correlation times. It is therefore not clear whether the
observed correlation timesτs of the nanosecond in-
ternal motions represent the true correlation times of
the helix-coil transitions or whether they are only the
manifestation of the motional anisotropy in the differ-
ent unfolded states. In the latter case, the helix-coil
transitions could occur on a slower time scale.

Conclusions

We have shown that heteronuclear NMR relaxation
measurements can provide valuable information about
the early events of protein folding and help us to de-
tect and quantify equilibrium helix-coil transitions in
(1–36)BR. The obtained results are in good agreement
with current theoretical and experimental data on the
kinetics of helix-coil transitions (see Korzhnev et al.,
1999b and references therein). The possibility to si-
multaneously observe the relatively stableα-helix (by
applying regular NMR structure determination proce-
dures) and the transitions between thisα-helix and a
set of partially unfolded conformations (by applying
the model-free approach to NMR relaxation data) is a
result of the low cooperativity of the helix-coil tran-
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sitions in low polar solvents. In our previous study of
(1–36)BR and (1–71)BR (Orekhov et al., 1995) the
nanosecond dynamics of these peptides were observed
both in a chloroform/methanolmixture and in SDS mi-
celles. This indicates that similar helix-coil transitions
can also be expected for native bacteriorhodopsin in
membranes, although the interaction between helices
could affect the thermodynamics and kinetics of these
transitions.
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