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Abstract

Rotating-frame15N relaxation rate (R1ρ) NMR experiments have been performed in order to study the dynamic
behavior of the reduced recombinant high-potential iron-sulfur protein iso I (HiPIP I) fromEctothiorhodospira
halophila, in theµs to ms time range. Measurements ofR1ρ were perfomed as a function of the effective spin-
lock magnetic field amplitude by using both on and off-resonance radio frequency irradiation. The two data sets
provided consistent results and were fit globally in order to identify possible exchange processes in an external
loop of the reduced HiPIP I. The loop consists of residues 43–45 and the correlation time of the exchange process
was determined to be 50± 8 µs for the backbone nitrogen of Gln 44.

Introduction

An important step towards understanding the func-
tional mechanism of a protein is the determination
of its structure. Multidimensional NMR spectroscopy
provides the means to achieve this task in solution
and therefore in conditions as close as possible to
the physiological ones. The technique has recently
been extended to paramagnetic molecules (Banci et
al., 1994; Banci and Pierattelli, 1995; Bertini and Felli,
1995; Bertini et al., 1996c). Indeed, the first NMR so-
lution structure of a paramagnetic metalloprotein has
been solved on a high-poterntial iron-sulfur protein
(HiPIP hereafter) (Banci et al., 1994).

This class of relatively small (less than 10 kDa)
proteins contains a single cubane-like Fe4S4 cluster
and such proteins are commonly found in purple pho-
toheterotrophic bacteria (Bartsch, 1978). A series of
studies on the characterization of the electronic prop-
erties of the cluster have been done by using different
biophysical techniques: Mössbauer (Moss et al., 1968;
Dickson et al., 1974; Dickson et al., 1976; Middleton
et al., 1980; Bertini et al., 1993a), electron para-
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magnetic resonance (EPR) (Led and Nesgard, 1987;
Dunham et al., 1991; Hagen, 1992), electron nu-
clear double resonance (ENDOR) (Rius and Lamotte,
1989; Mouesca et al., 1991; Mouesca et al., 1993)
and nuclear magnetic resonance (NMR) (Bertini et al.,
1992a,b, 1991; Banci et al., 1993a,b). Recently, direct
experimental evidence has been provided to show that
HiPIPs participate in photosynthetic electron transfer
(Hochkoeppler et al., 1995). Two oxidation states are
easily accessible for the Fe4S4 cluster: the reduced
state which contains four Fe2.5+ ions (Carter et al.,
1972; Middleton et al., 1980) and the oxidized state
containing two Fe2.5+ and two Fe3+ ions (Middleton
et al., 1980; Bertini et al., 1993a). The HiPIP I from
Ectothiorhodospira halophila, has been the subject of
intense NMR investigation in our lab, in both oxida-
tion states. Its small size (73 amino acids) and efficient
expression inEscherichia coli(Eltis et al., 1994) have
allowed the determination of the three dimensional
structure in solution of both the reduced and oxidized
forms by means of1H, 15N and 13C two and three-
dimensional NMR spectroscopy (Banci et al., 1994;
Bertini et al., 1996a, 1995, 1997). Thus, by close com-
parison of the two solution structures, one can account
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for the subtle structural rearrangements occuring upon
electron transfer via the Fe4S4 cube.

After the structure of the protein has been made
available, the next step in the effort to link protein
structure with function is the study of protein dy-
namics. Dynamic properties of proteins in solution
are nowdays commonly analyzed by measuring het-
eronuclear relaxation rates. However, the HiPIP I from
E. halophila in the reduced state, even if it has an
electronic ground spin stateS = 0 (Middleton et
al., 1980), is paramagnetic due to population of low-
lying excited spin states that are accessible at room
temperature. The paramagnetism severely enhances
the nuclear relaxation rates causing the longitudinal
relaxation rates (R1) for protons close to the metal
cluster to become as large as 300 Hz (Bertini et al.,
1996a). These effects have already been examined in
detail first by including the paramagnetic contribution
in a relaxation matrix analysis of NOEs (Bertini et al.,
1996b) and subsequently by measuring directly pro-
ton longitudinal relaxation rates (Bertini et al., 1996a).
By using this knowledge it is possible to evaluate the
distance from the paramagnetic center up to which
the relaxation enhancement is significant and, in part,
to account for this effect. In this work we are inter-
ested in probing protein motions that occur in aµs
to ms timescale. This was achieved by measuring the
amide backbone15N rotating-frame relaxation rate,
R1ρ(= 1/T1ρ), by using off- and on-resonance RF
irradiation.

The theoretical formulation ofR1ρ and its impor-
tance for investigating exchange processes has long
been recognized (Abragam, 1961; Deverell et al.,
1970; Wennerström, 1972). Recently, there have been
an increasing number of researchers who have used
heteronuclear, on-resonance,R1ρ measurements in or-
der to probe protein dynamics (Peng & Wagner, 1995;
Szyperski et al., 1993; Tjandra et al., 1995; Habazettl
et al., 1996). This is mainly due to the fact thatR1ρ

offers potentially different information about the spec-
tral densities than either longitudinal and transverse
relaxation rates or steady state NOEs. More specifi-
cally the dynamics in theµs to ms time regime can
be probed (Davis et al., 1994). An estimation of the
correlation time of the exchange processτex can (in
favourable cases) be achieved by relaxation measure-
ments of R1ρ as a function of the strength of the
spin-lock effective RF field.

The measurement ofR1ρ can also be performed in
the presence of an off-resonance RF field along a tilted
magnetic field axis (ROFF

1ρ ) (Jones, 1966; Jacquinot

and Goldman, 1973; James et al., 1977, 1978; James
and Sawan, 1979; Peng et al., 1991). Recently, a de-
tailed theoretical and experimental study appeared on
the contribution of rapid chemical exchange processes
in off-resonance rotating-frame relaxation rate mea-
surements in1H (Desvaux et al., 1995) and15N (Zinn-
Justin et al., 1997) studies. In addition, an alternative
way to use off-resonanceR1ρ measurements in order
to monitor macromolecular motions in theµs to ms
time scale has been presented (Akke and Palmer, III,
1996).

In this work, on- and off-resonance measurements
of R1ρ have been combined in order to probe ‘slow’
(µs to ms) internal motions in a biological system
containing a paramagnetic center (the reduced form of
HiPIP I). A protein loop in which an exchange process
is operative is successfully identified and the correla-
tion time for the motion is determined by a global fit of
both on- and off- resonanceR1ρ experimental values.

Materials and Methods

Sample Preparation

15N labeled HiPIP I was isolated and purified from
E. coli cultures grown in minimal M9 medium en-
riched with (15NH4)2SO4 (0.3 g/l). Approximately
10 mg of the purified protein was exchanged through
ultrafiltration (YM3 membranes, Amicon) with 50
mM potassium phospate buffer at pH 5.0. The sample
volume was concentrated to∼ 450µl and then the pro-
tein was reduced by adding 20µl of 0.15 M buffered
solution of sodium isoascorbate under anaerobic con-
ditions. This resulted in a more than 95% reduced
protein at an approximate final concentration of 2 mM.
The oxidation state of the sample was checked peri-
odically (approximately every 12 h) during the course
of the experiments by recording 1D1H NMR spectra.
The paramagnetically shifted signals of the oxidized
and reduced froms of the protein have quite different
chemical shifts and are clearly indicative of its oxida-
tion state. All these ‘control’ spectra turned out to be
practically identical with each other and also with that
already reported for the reduced form of the protein
(Bertini et al., 1994).
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Figure 1. Two-dimensional heteronuclear pulse sequences for measuring the rotating-frame15N relaxation rate on- (RON
1ρ

, Fig. 1A) (Habazettl

et al., 1996) and off-resonance (R
OFF,cor
1ρ

, Fig 1B) (Zinn-Justin et al., 1997). The upper trace indicates proton pulses while the lower

trace indicates the15N spin pulses. Pulses of 90◦ and 180◦ are shown as thin and thick vertical bars, respectively. In the pulse sequence
of Figure 1A, the TPPI phase modulation is done on the first 90◦ 15N pulse following thet1 period. In the pulse sequence of Figure
1B, the TPPI phase modulation is done on the 90◦ 15N pulse immediately after the shaped cw spin-lock period. Pulse phases are shown
above the pulses themselves withα = +x,−x; φ = 4(+y),4(−y); β = +y,+y,−y,−y, γ = +x,+x,−x,−x, δ = 4(+x),4(−x),
ε = +y,−y,−y,+y,+y,−y,−y,+y,−y,+y,+y,−y,−y, +y, +y, −y. In both sequences, Waltz-16 composite pulse decoupling was
applied on the protons during the continuous wave spin lock of the15N magnetization. The continuous wave spin-lock strength was varied. In
the pulse sequence shown in Figure 1B, the field was increased and decreased gradually (in 2.5 ms) so that the magnetization components are
rotated adiabatically.

NMR experiments

All NMR experiments were carried out at 15◦C, on
a Bruker DRX 500 NMR spectrometer operating at a
proton Larmor frequency of 500.13 MHz.

The on-resonance rotating-frame relaxation rate
(RON

1ρ ) is measured as a function of the spin-lock field
strength (ω1) by using a recently published pulse se-
quence (Habazettl et al., 1996) which is also shown
in Figure 1A. In this experiment, the carrier of the
spin-lock field is set on resonance with the nitrogen
resonance frequency of the residue of interest. Dur-
ing the application of the continuous wave spin-lock

field at the15N channel, decoupling of the protons
is achieved with Waltz-16 (Shaka et al., 1983) in or-
der to avoid creation of antiphase15N magnetization
(of the typeNxIz, where N and I are the nuclear
spin operators of the15N and the directly bound1H
nucleus, respectively) via cross-correlation processes.
The decoupling power was equal to 3390 Hz. The IN-
EPT transfer delay was set to 2.5 ms. The effective
spin-lock magnetic field amplitudes (effective field
amplitude hereafter) used for the measurement ofRON

1ρ

were the following: 1170, 1280, 1570, 1920, 2110,
and 2310 Hz. For each effective field amplitude, a
series of 2D experiments were performed in which
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the relaxation delay, T, corresponding to the duration
of the application of the spin lock field was varied
as follows: 10, 20, 36, 50, 60, 86, 100, 150, 200,
300, and 5 ms. All experiments were recorded with
a spectral width of 7003 Hz in theF2 dimension (1H
frequency) with the carrier placed on the water signal.
In theF1 dimension (15N frequency) the spectral width
was set equal to 2500 Hz. A total of 128 experiments
in t1, each of 2048 real data points, were recorded.
Every free induction decay was comprised of 16 scans.
The measuring time for every 2D spectrum was ap-
proximately 1 hour. Quadrature detection inF1 was
obtained by using the TPPI method of Marion and
Wuthrich (1983).

The measurement ofR1ρ was also done by using a
non-zero offset value (= 1ω) between the carrier and
the resonance frequencies. The pulse sequence used
was the one described in Zinn-Justinet al. (1997) and
is shown in Figure 1B. As can be seen, a trapezoid-
shaped spin-lock pulse is applied in order to achieve
adiabatic rotation of thez-magnetization by an angleθ
(chosen to be equal to 35◦ in our case). This relaxation
rate is denotedR1ρ off resonance,ROFF

1ρ . The effective
field amplitude values employed for the measurement
of ROFF

1ρ were the following: 2230, 2740, 3020, 3340,
3680, 4030, 4470 Hz. As also described in the preced-
ing paragraph, a series of 2D spectra were acquired
for each effective field amplitude value by varying the
duration of the spin lock shaped pulse as follows: 10,
20, 36, 50, 60, 86, 100, 150, 200, 300 and again 10 ms.
The acquisition parameters of this series of 2D data
were identical to the ones used for the measurement of
RON

1ρ , with the difference that the carrier frequency in
the F1 dimension was set approximately in the cen-
ter of the amide nitrogen region. In addition, when
measuring bothRON

1ρ andROFF
1ρ , an extra 2D spectrum

was obtained by setting T= 2 µs. This was done in
order to have a measure of the magnetization at the
beginning of the time period.

The longitudinal relaxation rate,R1, was measured
as described in Peng and Wagner (1994) by using the
following delays: 10, 20, 40, 80, 120, 240, 320, 500,
1000, and 1500 ms. The acquisition parameters were
equivalent to the ones used for the measurement of
ROFF

1ρ except that a total of 192 experiments int1 were
recorded, each being comprised of 8 scans.

For cross-peak assignment, we used the recently
published sequence specific assignment of the1H and
15N NMR spectra of reduced recombinant HiPIP I
from E. halophila(Bertini et al., 1994).

Data Processing
All 2D NMR data were processed on an INDY
SLC workstation using the Xwinnmr Bruker soft-
ware. Only the downfield part of the spectra (in the
1H dimension), containing the HN–N connectivities
(5–12 ppm), were kept for the data analysis. All spec-
tra acquired with a common effective field amplitude
value were processed by using the same processing
parameters (2K× 512 points in theF2 andF1 di-
mensions respectively, phasing parameters, baseline
correction, etc.). Subsequent integration of cross peaks
for all spectra was performed by using the standard
routine available from Bruker.

Determination of Relaxation Rates
For the determination of the relaxation ratesR1, ROFF

1ρ

andRON
1ρ the cross-peak intensities (I) measured as

a function of the relaxation delay T, were fit to a
single exponential decay by using the Levenberg-
Marquardt algorithm (Marquardt, 1963; Press et al.,
1988) according to the following equation:

I(T) = A+ B · exp[−RT] (1)

A and B and R were used as adjustable fitting
parameters. ForRON

1ρ , since the magnetization should
relax to zero,A was set equal to zero in the fitting
procedure. The same was done also forROFF

1ρ because
the sequence phase cycle was chosen so that the mag-
netization relaxes to zero for long relaxation delays.
The error bars correspond to the experimental error
averaged over all effective field amplitudes. This error
value includes the errors in the measurement of both
ROFF

1ρ andR1. The fitting was done with a program
kindly provided by Dr H. Desvaux. In order to esti-
mate the uncertainty in the values extracted forR, the
program uses a Monte Carlo approach similar to the
one previously used by several researchers (Palmer, III
et al., 1991; Peng and Wagner, 1992; Zinn-Justin et al.,
1997).

Methodology

Rotating frame15N relaxation

The relaxation rateRON
1ρ , provided the system is in

the limit of fast (chemical and/or conformational) ex-
change between two conformations, i.e.δ� · τex� 1,
whereδ� is the chemical shift difference between the
two exchanging sites andτex is the correlation time for
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the exchange process, is described by the following
equation (Deverell et al., 1970):

RON
1ρ = RON,∞

1ρ +K · τex

1+ τ2
ex · ω2

1

(2)

whereω1 is the effective spin-lock magnetic field ap-
plied at the Larmor frequencyωi of the spin i of
interest,RON,∞

1ρ is theRON
1ρ relaxation rate for an in-

finitely large effective field amplitudeω1 (where all
the exchange contributions are dispersed to zero),τex
is the time constant for the exchange process observed
for the i th spin,K is a constant equal topa · pb · δ�2,
wherepa andpb are the relative populations of the
two states a and b between which the exchange process
occurs.

If the RF irradiation is applied off-resonance with
an offset1ωi = ωrf − ωi , where ωrf is the RF
frequency, thenROFF

1ρ of the i th spin is given by the
following expression (Davis et al., 1994; Desvaux et
al., 1995; James et al., 1977; Akke and Palmer, III,
1996):

ROFF
1ρ = R1 · cos2 θi + RON,∞

1ρ · sin2 θi

+K · sin2 θi · τex

1+ τ2
ex · ω2

eff,i

(3)

whereR1 is the longitudinal relaxation rate of thei th

spin, θi = arctan(ω1/1ωi) and ωeff,i = (1ω2
i +

ω2
1)

1/2. The above equation can be rearranged as
follows:

ROFF
1ρ − R1 · cos2 θi

sin2 θi
=

R
ON,∞
1ρ +K · τex

1 + τ2
ex · ω2

eff,i

(4)

The first term of the above equation can be defined as
the corrected off-resonance relaxation rate and will be
referred to asROFF,cor

1ρ hereafter. Note that the latter
quantity corresponds toR1ρ measured atωeff,i with
ϑi = 90◦ , i.e.RON

1ρ . If ROFF
1ρ , R1, θi are known, then

R
OFF,cor
1ρ can be calculated.

By comparing Equations 2 and 4 and taking into
account that in the on-resonance case,ωeff,i = ω1,
it can be noted that the value ofROFF,cor

1ρ at a given
effective field amplitudeωeff,i is equal to the value
of RON

1ρ at the same effective field amplitude. There-

fore the data of the two sets of experiments, i.e.RON
1ρ

andROFF,cor
1ρ , can be fitted simultaneously to a single

equation. This allows us to expand the experimentally
available range of effective spin-lock field strengths
and consequently the time regime for the exchange
processes observed. Equations 2 and 4 show that the
dependence ofRON

1ρ or ROFF,cor
1ρ on ωeff, is indicative

of the presence of an exchange process involving the
backbone nitrogen. By fitting the experimental points
to a Lorenzian (Equation 2 or 4), the time constantτex
associated with the exchange process can be extracted.
If on the other hand, no exchange process is present,
R

OFF,cor
1ρ (andRON

1ρ ) are independent ofωeff. It should
be noted that the strict division between on- and off-
resonance rotating frame relaxation is artificial, since
the variation from on- to off-resonance occurs gradu-
ally as the offset differs from zero. One of the aims
of this study is to show that the combination of on-
and off-resonance RF irradiation can be very useful to
identify ‘slow motions’ in proteins. Despite it being
artificial, we will maintain the above classification in
theR1ρ data (RON

1ρ , ROFF
1ρ ) to refer to the two different

experimental pulse sequences.
The experimentally accessible time regime is di-

rectly dependent on the effective field amplitude range
available by the NMR probe (Desvaux et al., 1995).
In the presence of a ‘fast’ process (τex < 1/ωeff), the
third term of Equation 2 equalsK · τex. ThusROFF

1ρ

appears to be constant as a function ofωeff but larger
than in the absence of an exchange process and equal
to RON,∞

1ρ + K · τex. In this limit, however, the exact
value ofτex cannot be accurately estimated becauseK
is not known. The termK · τex depends on the square
of the chemical shift difference (δ�2) between the two
conformations. However, the chemical shift is known
to be very sensitive to conformational changes and
thus a motion with a significant amplitude is expected
to have a non-negligible value ofδ�. In the case of a
motion associated with a smallδ�, the contribution of
exchange toR1ρ is too small to be detected irrespective
of the timescale of the motion.

Effect of the paramagnetic center

The presence of a paramagnetic center provides ad-
ditional contributions to nuclear relaxation via the
dipolar and contact interactions as well as the inter-
action with the Curie spin. In the present system,
only the dipolar contribution is operative, since no
15N nuclei experience contact interaction, all being
separated from the paramagnetic center by more than
four bonds. The Curie contribution is also small in
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this case (Bertini et al., 1996a). In previous works
(Bertini et al., 1996b; Bertini et al., 1996a) the effect
of the paramagnetic center (ρ

para
i ) on longitudinal pro-

ton relaxation, due to dipolar coupling with the metal
cluster, has been accounted for by the Solomon equa-
tion (Solomon, 1955), which can be expressed by the
following relation:

ρ
para
i =

4∑
f=1

KH

r6
if

(5)

where the sum extends over the four iron atoms (f )
constituting the cluster,rif is the distance of thei pro-
ton from the ironf and KH is a constant that has
been experimentally determined (Bertini et al., 1996b;
Bertini et al., 1996a) and includes all the other relevant
electronic parameters (multiplicity of the electron spin
states, the electron relaxation times) and physical con-
stants (includingγH ). Due to the size of the molecule,
the correlation time for the interaction with the para-
magnetic center is determined by the relaxation time
of the electron spin. Since the situation in a coupled
system is largely complicated at room temperature due
to the population of several electronic levels, a unique
value for the effective electronic correlation time (τs)
cannot be evaluated. TheKH constant, however, can
be scaled by a factor of(γN/γH)

2 and used to esti-
mate the paramagnetic contribution to the longitudinal
relaxation of the nitrogen spins. On the contrary, we
do not have any experimental information on the para-
magnetic contribution to transverse relaxation and, by
not knowingτs, it cannot be calculated. Therefore
we can only estimate a lower limit for the paramag-
netic contribution to transverse relaxation, equal to the
longitudinal one.

Like all other terms contributing to nuclear re-
laxation except chemical exchange, the paramagnetic
term is independent of the effective field amplitude.
Thus, exchange processes can be also probed in the
presence of a paramagnetic center.

Results

Relaxation RatesROFF,cor
1ρ andRON

1ρ .

An example of a representative1H–15N 2D spectrum
obtained for the measurement ofROFF

1ρ is shown in Fig-
ure 2. In this spectrum, an effective spin-lock field of
2230 Hz was employed for a period of 10 ms. The off-
resonance rotating frame relaxation rate,ROFF

1ρ , was

determined for each amide backbone15N resonance
at seven different amplitudes of the effective RF field,
ωeff. Subsequently, the experimental values ofROFF

1ρ

were corrected for the angleθi .
In our case, off-resonance experiments were per-

formed by simultaneously changing the values ofω1
and 1ωj (for the resonancej located in the cen-
ter of 15N resonances) so that the ratio ofω1/1ωj
(and thereforeθj ) is kept constant in order to have
θj = 35◦. For all other15N resonances (i), the angleθi
will undergo a small but systematic variation with the
corresponding increase ofω1 and1ωj . However, this
is accounted for by using Equation 4. In the specific
case of the protein HiPIP I examined in this work, the
largest increase inθi between the lowest and highest
values ofω1 used was 3.3◦ (for the NH resonance of
residue 46). The corresponding largest decrease was
4.7◦ (for the NH resonance of residue 18). It should
be noted, however, that the angular dispersion in the
tilted rotating frame (off-resonance) is always smaller
than the corresponding dispersion when on-resonance
RF irradiation is applied.

The dependence ofROFF,cor
1ρ on ωeff was carefully

examined for each amide backbone resonance sepa-
rately. It was concluded that for all amide resonances
with the exception of one (NH of Gln 44), the values of
R

OFF,cor
1ρ were independent of the effective field ampli-

tude used. The average values ofR
OFF,cor
1ρ (estimated

using all the values obtained at the seven effective field
amplitudes employed in the experiments) of each NH
backbone resonance along the protein sequence are
shown in Figure 3. The rates of 51 residues in total
are displayed. These correspond to resonances that are
well resolved in the 2D NMR spectra so that they can
be precisely integrated.

The paramagnetic relaxation rate enhancement on
the R1 of the protons has been experimentally deter-
mined by Bertini et al. (1996a). It was shown that
the effect of the metal cluster onR1 is negligible for
metal to proton distances longer than 7 Å. This ef-
fect is scaled down by a factor of about 100 for the
nitrogen relaxation rates due to the lower magneto-
gyric ratio of the15N nucleus. Therefore, all residues
at distances greater than 7 Å from the metal center
can be considered diamagnetic and analyzed as such.
Of the detected residues, 12 are located at distances
less than 7 Å from the polymetallic center. These are
14, 33–37, 40, 50, 60–61, 64, 67. We will present
here all the results, but the corrections necessary for
these 12 residues will be discussed in detail later. The
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Figure 2. Representative15N–1H 2D spectrum of the reduced form of HiPIP I fromE. halophilaobtained by using the pulse sequence of
Figure 1B. An effective spin-lock field of 2230 Hz was employed for a period of 10 ms. The cross-peak indicated by an arrow is due to the
backbone amide nitrogen15N of Gln 44. The full assignment of the cross-peaks has been published elsewhere (Bertini et al., 1994).

Figure 3. Bar graph of the experimental15N R
OFF,cor
1ρ

values ver-
sus the amino acid sequence for the reduced form of HiPIP I from
E. halophilarecorded at 500 MHz and 15◦C. The values displayed
are the averages over the seven effective field amplitudes used, with
the exception of Gln 44 whose value obtained at the lowest effective
field amplitude is displayed (see Text for explanation).

rate reported in Figure 3 for the residue Gln 44 is
not the average, but the value obtained at the lowest
effective field amplitude (see below). The relaxation
ratesROFF,cor

1ρ show a distinctly different behavior at
residues 11, 22–23, 30, 43–45, 57 and 73 with respect
to the other residues. Neglecting these residues as well
as the ‘paramagnetic’ ones, the rates of the remaining
30 residues are quite uniform with an average value
of ROFF,cor

1ρ = (10.1 ± 1.5) Hz, which in this case

equalsRON,∞
1ρ . According to the analysis presented in

the Methodology section this could be interpreted in
one of the following ways: (i) absence of an exchange
process (τex = 0), (ii) presence of exchange processes
with τex larger than the reciprocal of the smallestωeff
used, i.e.τex > 150µs, (iii) δ� is not large enough to
contribute sizeably toR1ρ.
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Table 1. Average values of the rotat-
ing-frame 15N relaxations ratesROFF,cor

1ρ

andRON
1ρ

measured in the reduced HiPIP I
from E. halophila

Residue R
OFF,cor
1ρ

(Hz) RON
1ρ

(Hz)

11 18± 3 16± 2

13 11± 1 12± 2

14 11± 2 10± 1

16 9± 1 9± 1

17 11± 2 10± 1

19 10± 2 10± 2

60 11± 2 10± 2

64 12± 2 13± 2

According to the presentation under Methodology,
theseROFF,cor

1ρ rates are equal to the corresponding
rates on resonance when measured at the same effec-
tive field amplitude. By measuring theRON

1ρ for each
resonance, direct experimental proof can be provided
of this fact. We thus measuredRON

1ρ as a function of ef-
fective field amplitude for residues 11, 13, 14, 16, 17,
19, 60 and 64. These specific residues were selected
because they give rise to three groups of resonances
with very similar 15N chemical shift values: 14–19–
60, 16–17, 11–13–64. Thus, it is possible to measure
their RON

1ρ simultaneously for each group. TheRON
1ρ

rates for the above eight residues showed no depen-
dence on the effective field amplitude employed and
their average values are reported in Table 1, together
with those ofROFF,cor

1ρ . As evidenced in Table 1, the
two sets of rates are very similar, within experimental
error, thus confirming the reliability of the treatment
summarized in the ‘Methodology’ section.

Residues 11, 43, 45 and 57 haveROFF,cor
1ρ rates

(Figure 3) which are 40–80 % larger than those of the
rest of the protein. By taking into account Equations
(2) and (4), this behaviour is an indication of the pres-
ence of a conformational exchange process. However,
its time scale is faster than the one accessible with
the available amplitudes of the effective magnetic field
(ωeff) and thus, as discussed in the ‘Methodology’ sec-
tion, ROFF,cor

1ρ appears to be constant as a function of
ωeff but with a higher value than in the absence of
an exchange process. Since the highestωeff available
equals 4470 Hz, the exchange process operative for
residues 11, 43, 45 and 57 should have a correlation
time τex < 35 µs and a value ofδ� that is large

enough so thatK · τex is not negligible with respect
to RON,∞

1ρ (10.1 ± 1.5 Hz). The use of higherωeff
values would allow precise quantitation of such rapid
exchange processes. This could be achieved by using
larger resonance offsets, as previously reported (Akke
et al., 1998). Among these four residues, the backbone
nitrogen of Ala 11 displays the largestROFF,cor

1ρ . The

NH of Ala 11 is located 9.4 Å away from the closest
iron atom and in an external loop, which excludes the
possibility that the increased rotating-frame relaxation
rates are due to paramagnetic effects. Its increased
R

OFF,cor
1ρ value is therefore due to increased mobility,

which is consistent with its structural features.
By knowing the average value ofR1 and the aver-

age value ofROFF,corr
1ρ for the backbone nitrogens of all

residues that are not involved in exchange processes, if
we approximateROFF,corr

1ρ = R2, the overall rotational
correlation time,τc, of the protein can be determined
from the ratioR2/R1 (Kay et al., 1989). As described
in the literature (Kay et al., 1989; Habazettl et al.,
1996) the ratioR2/R1 is related with the ratio of the
spectral densitiesJ(0) andJ(ωN) via the relation:

R2

R1
≈ 2

3
· J (0)

J (ωN)
+ 1

2
, (6)

whereωN ≈ 50.7 MHz and it holds that

J (0)

J (ωN)
= 1 + ω2

Nτ2
c . (7)

By taking into account that the average values of
R

OFF,cor
1ρ (= R2) andR1 for all 15N resonances that

display uniform relaxation rates in the rotating frame
are 10.1± 1.5 Hz and 2.3± 0.2 Hz respectively, we
can determine a value forτc = 6.8± 1.0 ns.

Conformational Exchange Rate of Gln-44

The off-resonance rotating frame relaxation rate,
R

OFF,cor
1ρ , for the backbone nitrogen resonance of Gln

44 was the only one that displayed a dependence
on ωeff. The rates are shown in Figure 4 with solid
symbols.

In order to obtain data points on a wider range
of ωeff, also measurements ofRON

1ρ for the backbone
nitrogen resonance of Gln 44 were performed as a
function of ωeff. The data points obtained are shown
in Figure 4 with open symbols. It can be seen that,
in the overlapping range of the values ofωeff em-
ployed in the off- and on-resonance measurements, the
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Figure 4. Plot of the experimental rotating-frame15N relaxation
rate (R1ρ = RON

1ρ
orROFF,cor

1ρ
) of Gln-44 measured on- (RON

1ρ
) and

off-(ROFF,cor
1ρ

) resonance as a function of the effective field ampli-

tude (ωeff). The open symbols correspond toRON
1ρ

(measured with

the pulse sequence 1A) and the solid symbols representR
OFF,cor
1ρ

(measured with the pulse sequence 1B). The solid curve represents
the fit with the function of Equation 4 done by using the Leven-
berg–Marquardt algorithm. All experimental data points displayed
were used for the fit.

rates ofROFF,cor
1ρ are reproducible. In addition, the on-

resonance data show a dependence onωeff, already
evident from the off-resonance measurements.

The fit, performed on all the experimental val-
ues by using Equation 4, is superimposed on the
experimental data in Figure 4 with a solid line. It
was done by using the Levenberg-Marquardt algo-
rithm (Marquardt, 1963; Press et al., 1988) and the
errors calculated correspond to a confidence band of
95.6 %. In this fit, a fixed value ofRON,∞

1rho was used

(RON,∞
1ρ = 10.1 Hz as estimated above), whileK and

τex were adjustable parameters. This nonlinear fitting
procedure provided a value ofτex for the backbone
nitrogen of Gln-44 of 50± 6 µs and for the parameter
K a value of(3.8 ± 0.2) × 106 s−2. The fits were
repeated by fixing the parameterRON,∞

1ρ to its upper
and lower limits (11.6 and 8.6 Hz respectively) and
they gave values forτex andK within a 10–15% range
from those obtained by usingRON,∞

1ρ = 10.1 Hz.
By taking into account the results of all these three
independent fits the final values for the parametersK
andτex are(3.8± 0.3) × 106 s−2 and 50± 8 µs, re-
spectively. By assuming two equally populated states
a and b between which the exchange process occurs
(pa = pb = 0.5), this value ofK corresponds to a
chemical shift difference of 3.9±0.3 ppm between the
two exchanging conformations. When the fits are done

independently on the two different data sets we obtain
values of 50± 15µs and 53± 17µs forτex, by using
theROFF,cor

1ρ andRON
1ρ data, respectively. These values

are identical, within experimental error, with the one
determined by the simultaneous fit in both data sets,
thus reconfirming the validity of the approach used. It
is worth recalling that residues 43 and 45, adjacent to
Gln-44, also experience conformational exchange, as
discussed in the previous section. Even though we are
not in a position to define theτex parameter for these
two residues, their time constant for the exchange
process in which they participate has an upper limit
of about 35µs. This value is of the same order of
magnitude of that estimated for Gln-44.

Discussion

In the present study, measurements of rotating frame
15N backbone relaxation rates of the reduced recom-
binant HiPIP I fromE. halophilawere performed in
order to probe molecular motions in theµs to ms time
range. Such a ‘slow’ dynamic mode was identified in
the external loop made up by residues 43–45.

The X-ray crystal structure of this protein has been
solved at 2.5 Å resolution (Breiter et al., 1991). In that
study it was seen that, although most of the electron
density was well-ordered, the region around amino
acids 40–46 presented difficulties in the fitting process
because these residues adopted different conforma-
tions due to crystal packing. Indeed the two different
molecules present in the crystal cell show different
conformations in this region (Breiter et al., 1991).
In the solution structure of the protein (Banci et al.,
1994; Bertini et al., 1996a) residues 44–46 have av-
erage backbone RMSD values 60–70 % higher than
the global average RMSD. The lower definition of
this region could then be an indication of increased
local mobility. Recently, Bertini et al. (1996b) used
complete relaxation matrix analysis for further refine-
ment of the solution structure of this protein. During
these calculations it was observed that some consis-
tent violations arose from residue 44 and it was thus
speculated that ‘this may be due to local mobility’, for
which the static model used in that study could not
account for. Our results are in agreement with these
NOE observations. Indeed, the observed reduced NOE
intensities could be the result of exchange between
two conformations. In general, the results presented in
this work are consistent with all the above described,
previously observed, experimental facts and provide
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the first solid experimental evidence for the existence
of conformational flexibility for the residues 43–45.

For all characterized HiPIPs it was noted that they
have a fairly conserved tertiary structure, despite their
quite different primary sequences. This holds espe-
cially for the cluster and its surroundings. However,
their redox potentials display a large variation in the
range of 50 to 450 mV (Przysiecki et al., 1985).
Thus, in our effort to understand the factors control-
ling the redox potential in HiPIPs we should focus our
attention on the protein regions that are different in
the various isoenzymes. The loop that mostly varies
among the different HiPIP structures is that connecting
the second cysteine to the third, which in the present
protein are Cys 36 and Cys 50. The finding of an ex-
change process in this loop indicates that there are two
conformations accessible at room temperature. This
could be important for electron transfer and for protein
stability.

As already mentioned in the ‘Introduction’ the ef-
fect of the paramagnetic center on proton relaxation
is not negligible and it has been used to achieve
additional proton-metal distance constraints and to
refine the solution structure. The effect on nitrogen
relaxation is dramatically reduced due to the lower
magnetogyric ratio of the15N with respect to the1H
nucleus. However, in the previous studies, the elec-
tron contribution to relaxation was used to estimate
a metal nucleus distance, where the relationship be-
tween the rate and the distance is 1/r6, reducing the
impact of experimental error on the derived distances
which were used in the structure calculations only as
upper distance limits. When, on the other hand, mobil-
ity is analyzed the relationship between the observed
parameter (a rate) and the unknown one (the spec-
tral density function at different frequencies) is linear
and thus the need for accuracy of the correction for
paramagnetic effects is more stringent. For example,
the contribution on longitudinal nitrogen relaxation
will be more than 1 Hz for nuclei at a distance less
than 4 Å from at least one iron atom. This is much
smaller than the contribution on protons (100 Hz in
the same conditions), but it has to be compared with
the ‘diamagnetic’ nitrogen relaxation rate which is 2.3
± 0.2 Hz on average. More specifically, for nine out of
the 1215N nuclei which are at a distance less than 7 Å
from at least one iron atom, the polymetallic center
provides 3–8% paramagnetic relaxation enhancement
with respect to an average diamagneticR1 value of
2.3 Hz. For residues 36 and 37 the enhancement is of
the order of about 10%, while for residue 33 it is of

Table 2. Average values ofROFF,cor
1ρ

and the correspond-
ing values after correction for the paramagnetic effect in
the reduced HiPIP I fromE. halophila

Residue R
OFF,cor
1ρ

(Hz) R
OFF,cor
1ρ

− ρpara(Hz)

14 10.7± 1.7 10.6± 1.7

33 14.2± 1.8 13.5± 2.0

34 13.3± 1.6 13.1± 1.6

35 10.0± 1.5 9.9± 1.5

36 11.9± 1.5 11.7± 1.6

37 12.3± 1.7 12.0± 1.8

40 11.9± 2.2 11.8± 2.2

50 11.3± 1.9 11.1± 1.9

60 11.1± 1.9 11.0± 1.9

61 9.5± 0.8 9.4± 0.8

64 12.0± 1.9 11.8± 1.9

67 13.8± 2.0 13.6± 2.0

the order of 30%. After subtraction of the estimated
ρpara, the values ofR1 for residues 33, 36 and 37
(3.9, 2.9 and 2.8 Hz respectively) become 3.2± 0.3,
2.7± 0.2 and 2.5± 0.2 Hz respectively. For the re-
maining nine residues the paramagnetic enhancement
is much smaller and theR1 rates measured were be-
tween 2.4 and 2.7 Hz. The paramagnetic relaxation
rate enhancement on rotating frame relaxation rates
cannot be evaluated as we do not have an estimate of
the paramagnetic contribution to transverse relaxation
provided by the metal center. However, we can provide
a lower limit to this contribution, given by theρpara.
Table 2 shows theROFF,cor

1ρ values for the 12 residues

at a distance less than 7 Å from at least one iron
atom before and after subtracting the paramagnetic
contribution.

In conclusion, the effect of the paramagnetic, cen-
ter on nitrogen relaxation can be partially accounted
for by exploiting the available knowledge from lon-
gitudinal proton relaxation studies. The fact that a
correction cannot be given for transverse relaxation
with the present data, prevents the interpretation of
self-relaxation rates in terms of local dynamics in
the ps-ns time range. However, this does not prevent
the observation of exchange phenomena in theµs-ms
time range through the exploitation of rotating frame
relaxation rates versus the effective field amplitude.

Another point that should be discussed concerns
the determination of the overall rotational correlation
time, τc, of the protein. By using the experimen-
tal data of this workτc is estimated to be 6.8±
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1.0 ns. However, in a recent study on the same protein
where calculated and experimental NOE intensities
were compared in order to account for the paramag-
netic effect on their intensities (Bertini et al., 1996b),
this correlation time was estimated to be 4± 1 ns.
The upper limit of 5 ns is relatively close to the lower
limit of 5.8 ns resulting from our work. An alternative
approach to study the dynamics in the ps-ns timescale
has been recently proposed (Felli et al., 1998). This
approach is based on the measurement of cross cor-
relation rates and yields the J(WN)/J(0) ratio. For the
residues that did not show any modes faster thanτc,
the ratio was 7.55± 1.60 which provides a value for
τc 5.6 ± 0.7 ns. This value is very similar, within
experimental error, to the one estimated in this work.

It is important to mention that the experimental
methods of Felli et al. (1998) are not affected by
exchange contributions and are ‘silent’ in the ms–µs
time regime, while the opposite is true for the tech-
niques used by us, which are tailored only to detect
motions in this time range. Consequently, it is inter-
esting to note that Felli et al. (1998) did not detect
any ‘fast’ motional modes for residues 41–46 which
is consistent with our results. We can thus conclude
that the present study, together with that of Felli et al.
(1998) provide valuable complementary information
on the dynamic properties of the reduced recombi-
nant high-potential iron sulfur protein I (HiPIP I) from
E. halophilain two different time domains.
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