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ABSTRACT: Rotating framé>N relaxation NMR experiments have been performed to study the local mobility

of the oxidized and reduced forms of rat microsomal cytochrbgnén the microsecond to millisecond

time range. Measurements of rotating frame relaxation r&g$ \(vere performed as a function of the
effective magnetic field amplitude by using off-resonance radio frequency irradiation. Detailed analysis
of the two data sets resulted in the identification of slow motions along the backbone nitrogens for both
oxidation states of the protein. The local mobility of reduced and oxidized cytochiogmoened out to

be significantly different; 28 backbone nitrogens of the oxidized form were shown to participate in a
conformational exchange process, while this number dropped to 12 in the reduced form. The correlation
time, tex, for the exchange processes could be determined for 21 and 9 backbone nitrogens for oxidized
and reduced cytochromni®, respectively, with their values ranging between 70 and 280 The direct
experimental evidence provided in this study for the larger mobility of the oxidized form of the protein
is consistent with the different backbone NH solvent exchangeability recently documented for the two
oxidation states [Arnesano, F., et al. (1983pchemistry 37173—-184]. Our experimental observations

may have significant biological implications. The differential local mobility between the two oxidation
states is proposed to be an important factor controlling the molecular recognition processes in which
cytochromebs is involved.

Solution structures obtained through NMR are quite forms. The relative populations of the two forms vary
relevant as they constitute the starting point for other studies;according to the specific isoenzyme and are 6:4 in the rat
in particular, they can be further explored in terms of local microsomal isoenzyme. Cybs is mainly found as a
mobility. In electron transfer proteins, the structure and membrane-bound proteinl). However, a hydrophilic
mobility can be meaningfully compared between the two domain can be identified. It can be either isolated through
redox partnersl(—8). This has become possible after the tryptic cleavage or expressedHscherichia coliand it still
progress in the solution structure determination of paramag-retains its activity {6—19). Due to its moderate dimensions
netic molecules3, 9—11) since, in most cases, at least one as well as to the relatively easy procedure through which it
redox partner in electron transfer proteins is paramagneticcan be obtained, it has become the subject of many studies
(12). Mobility may be related to molecular recognitiatsy. with a variety of different methods. Therefore, it represents

The solution structures of both oxidized and reduced rat an ideal system for addressing fundamental problems related
microsomal cytochromes have recently become available to how the electron transfer process occurs in living
(7, 8). Cytochromebs (cyt bs hereafter) is a largely  organisms 20—22) and, more generally, to how energy is
widespread electron transfer protein found in a variety of transferred in living organisms. The careful comparison of
mammalian and avian species, and it has been extensivelfthe solution structures of cys in both oxidation states7(
studied (2, 14, 15). It contains ab-type heme which,  g) revealed small but significant differences indicating
together with two histidine side chains, provides the coor- stryctural rearrangements that could be important in deter-
dination sphere for the iron ion. The latter cycles between mining the stability of the protein in the two redox states
the +3 and +2 oxidation states. Since the heme is not gnd thus be related to the redox potential. Further inspection
covalently bound to the protein matrix, it is present in tWo of NMR data revealed a differential behavior of the two
orientations, usually indicated as the A (major) and B (minor) redox states with respect to exchange of labile protons with
the bulk solvent 7). Since the structure of the protein in
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the two oxidation states is not so different to justify a
different solvent accessibility, this fact could be interpreted
as being due to differential mobility in the two oxidation

states 7), which would produce different instantaneous
accessibility. Local mobility has often been thought, from
indirect evidence, to be important in controlling the electron
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transfer proces2@—27). Local mobility can indeed influ-
ence the molecular recognition proce$s, (28—31) as well
as the reorganization energy20—22), both features being

Biochemistry, Vol. 37, No. 35, 19982321

(Awlw1) = 35° with a resulting effective magnetic field
amplitude werr.  The amplitude of thé®N RF irradiation
during the pulse sequence was increased and decreased

necessary to achieve electron transfer in biological systems.gradually in a trapezoidal fashion to achieve adiabatic

Moreover, differential mobility of some regions of the protein

rotation of the magnetization to the effective magnetic field

can provide insight about the recognition process betweenaxis (39). During the application of the continuous wave
the two redox partners and in the electron transfer processspin-lock field at thé®N frequency, decoupling of the protons
(7). However, direct experimental evidence of local mobility is achieved with the Waltz-16 pulse decoupling sequence
for electron transfer proteins in both oxidation states is still (47) to avoid creation of antiphaséN magnetization via
quite rare 82—34). Therefore, a further characterization of cross-correlation processes (of the tyi&,, whereN and|
the local mobility of cytbs in both oxidation states could are the nuclear spin operators of tH#l and the directly
provide useful information. bound!H nuclei, respectively). The decoupling power was
Analysis of heteronuclear NMR relaxation has revealed a setto 2670 Hz in all experiments. The INEPT transfer delay
unique method for obtaining information on local mobility was setto 2.5 ms#g). The applied effective magnetic field
(35—37). In particular, rotating frame relaxation experiments amplitude valuesves for the measurement d&,°" were
have recently attracted the attention of several researcherds follows: 1870, 2090, 2300, 2590, 2890, 3210, and 3550
(38—40) due to their potential to reveal motions in an Hz. For each spin-lock power, a series of two-dimensional
intermediate time range, that is from microseconds to (2D) experiments was performed in which the relaxation
milliseconds 86, 41-45). This method has recently been delayT was set to the following values: 10, 20, 36, 50, 60,

applied on the HiPIP I fronkctothiorhodospira halophila
and it allowed the identification of a loop exhibiting an
exchange procesg).

We report here a characterization of the local mobility of
rat microsomal cytbs in both oxidation states, in the
microsecond to millisecond time range, by exploitithyl
off-resonance rotating frame relaxation.

EXPERIMENTAL PROCEDURES

Sample Preparation*N-labeled cyts was isolated and
purified as previously described) from cultures ofE. coli

86, 100, 150, 200, 300, and 10 ms. A further 2D spectrum
without the period of spin-lock field was also acquired to
measure the initial magnetization. All experiments were
recorded with a spectral width of 2130 Hz in the (**N
frequency) dimension and of 8390 Hz in tH& (*H
frequency) dimension. A total of 160 experiments;jreach
of 2048 real data points, were recorded. Every free induction
decay was comprised of 16 scans. Quadrature detection in
F, was obtained by using the TPPI method of Marion and
Withrich (49).

The longitudinal relaxation rat®,;, was measured via an
inversion recovery experiment of thN nuclear spin

strain TOPP 1 harboring the recombinant pUC13 plasmid introduced to a 2D heteronuclear correlation spectrum as
containing the gene encoding the 98-amino acid polypeptide described by Peng and Wagné6). The following relax-

corresponding to the soluble part of rat microsomal lwyt
(kindly provided by S. G. Sligar). The cultures were grown
in minimal M9 medium containing*¥NH4),SO, (3 g/L) as
the sole nitrogen source. After cell lysis with sonication,
the purification was carried out in two steps, including a CL-

6B anion exchange column followed by a P100 (Bio-Rad)

chromatography column. Approximately 15 mg of pure
protein (obtained frm a 5 L culture) was exchanged through

ation delays were used: 5, 10, 20, 40, 80, 120, 240, 320,
500, 1000, and 1500 ms. The acquisition parameters were
equivalent to those used for tie,°FF measurement except
that a total of 192 experiments were recorded for each 2D
spectrum, each being comprised of eight scans.

Sequence-specific assignments oflayin both oxidation
states were available in the literatuig 8, 51, 52).

Data Processing All 2D NMR data were processed on a

ultrafiltration (YM10 membranes, Amicon) with 10 mM  silicon Graphics workstation using the Xwinnmr Bruker
phosphate buffer at pH 7.0. The sample volume was reducedsoftware. Only the downfield part of the spectra (in thie

to ca. 50QuL with a final concentration of ca. 3 mM. Under
these conditions, the majority of the protein95%) is in

dimension), containing the \HN connectivities (512
ppm), was kept for the data analysis. All spectra were

the oxidized form. To keep the protein in the oxidized state transformed with 4K x 1K points in the F, and Fy
over the course of several days (needed for the performanceyimensions, respectively. All spectra acquired with a com-

of the NMR experiments), the NMR tube was periodically
(every 40-45 h) flashed with oxygen for 2015 min. The
protein was reduced by the anaerobic addition ofR0of
1 M sodium dithionite solution buffered at pH 6.9 (10 mM
phosphate).

NMR Experiments.All NMR experiments were carried

mon spin-lock power were processed by using the same
processing parameters (phasing parameters, baseline correc-
tion, etc.). Subsequent integration of cross-peaks for all
spectra was performed by using the standard routine available
from Bruker.

Determination of Relaxation RateRRelaxation rate§;

out at 298 K, on a Bruker Avance 600 NMR spectrometer andR;,°F were determined by fitting the cross-peak intensi-

operating at a proton Larmor frequency of 600.13 MHz.

ties () measured as a function of the relaxation delay

The N off-resonance rotating frame relaxation rates a single-exponential decay by using the Levenbdévigr-
(R,° ") were measured as a function of the effective quardt algorithm %3, 54) according to the following equa-

magnetic field amplitudedferr) by using the pulse sequence
described recently3Q). The!®N RF irradiation was applied
with an amplitudes,; and with an offsefAw with respect to

the center of the amide nitrogen resonances to lock the

magnetization along an axis making an an@le= arctan-

tion:
I(T) = A+ BexpRT) (1)

A, B, andR are adjustable fitting parameters. A program



12322 Biochemistry, Vol. 37, No. 35, 1998

which uses a Monte Carlo approad®9(55, 56) to estimate
via the LevenbergMarquardt algorithm the rates and their
errors was used for this purpose. Raj°, the phase cycle
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WeftiTex > 1, 1.€.,Tex > 1074 s (for thewer used in this work),
and the upper limit ifR,,°N® + Kzex Whenwertex < 1, i.€.,
Tex < 107* s (in the limit of wer — 0, Ry,ON* — Ry). In

was chosen so that the magnetization relaxes to zero for longaddition,0Q7ex < 1 must always hold. These limits are of

relaxation delays. Thus, in this cagewas set equal to zero
in the fitting procedure. The error bars correspond to the

help in determiningrex from the experimental data even if
the latter values span a limited part of the Lorenzian curve.

experimental error averaged over all powers. The error valueln our particular case, sinae.s ranges between 1870 and
for R,°FFco'(see later) includes the errors in the measurement 3550 Hz, we have access te values in the range of

of both R,,°FF and R,.

Analysis of Relaxation Rate§.he magnetization of &N
spini, when an RF irradiation of frequenayand amplitude
w1 is applied in the vicinity of its resonance frequenay
is aligned along the effective magnetic field, which is
characterized by an amplitudey; of (Aw2 + w:d)¥?and a
direction making an anglé of arctan{p:/Aw;) with the static
magnetic field axis. The relaxation raR,°™ of the ith
spin along the effective magnetic field is given by the
following expression40, 44, 57, 58)

R, % =R, cog 6, + R, sinf 6, +

T,
K sirf 6, °—

2
1+ Tex weff,i

approximately 16-300 us. A dependence dR,,°F " on

werr 1S an indication of the presence of an exchange process;
however, the estimate ofx is not very accurate far values
larger than approximately 15@s, and the data om. are
discussed qualitatively (see later).

RESULTS

The off-resonance rotating frame relaxation r&g°r,
was determined for each amide backbdie spin at seven
different effective magnetic field amplitudesgs. Except
if differently indicated, the data are reported and analyzed
for the A form of the protein. The experiments were
performed by changing simultaneously the values pénd
Aw (Aw is the offset between the frequency of the applied
RF field and the center frequency of the amide region) to

in the presence of chemical and/or conformational exchangekeep the anglé = arctanfiw/w,) = 35° for a nitrogen spin
between two conformations and a fast regime with respect'esonating at a frequency corresponding to the center of the

to the chemical shift separation, i.6Q7ex < 1, wheredQ

amide region. For'>N spins resonating at a different

is the chemical shift difference between the resonating frequency, the anglé; will undergo a small but systematic

nucleus in the two sites. The variables have the following
meanings. R; is the longitudinal relaxation rate of théh
spin. R,,°N* is the on-resonance rotating frame relaxation
rate of theith spin for an infinitely large effective field

variation corresponding to the changes in the valuesof
and Aw;. This was accounted for, as described above, to
obtainR,,°FFc"values according to eq 3. These values are
hereafter analyzed.

amplitude (where all exchange contributions are dispersed For rat microsomal cybs, the largest increases if

to zero). T is the correlation time for the exchange process
involving theith spin. K is a constant equal tpspp 022,
wherep, andp, are the relative populations of the two states

between the lowest and highest valueswefused were %
and 4.8 (for the amide spin of residue 52) for the reduced
and oxidized forms, respectively. The largest decreases in

a and b, respectively, between which the exchange proces®); were 14.8 (reduced cybs) and 14 (oxidized cytbs), for

occurs. Even if the rates ang, are of course relative to a
specific spini, this will not be indicated explicitly so the
nomenclature can be kept as simple as possible.

If the angled; were kept constant, a dependenc&gf™
on wer Would be indicative of the presence of an exchange
process involving the'>N nucleus under investigation.
However, for an applied RF irradiation with an amplitude
w1, the angled; will be strictly constant only for one spin
with frequencyw;. Therefore, for all the other spins, when
R,°FF, Ry, andi are known, the following correction should
be applied:

R,,°F = R, cog 6, _

— ON,oo_|_
sin” 6,

1p

IEX

K 2

=R OFF,cor (3)
2 1p
1+ Tex weff,i

the backbone amide of residue 94. It should be noted,
however, that the angular dispersion in the rotating frame
(off-resonance) is always smaller than the corresponding
dispersion when on-resonance irradiation is applied. The
results onR,,°FFcrare discussed below separately for each
oxidation state of cybs.

Oxidized Cyt b The longitudinal relaxation rate®; for
68 backbone amide nitrogen spins, which could be precisely
integrated as they are not overlapping with other signals,
are shown in Figure 1A. These rates display a uniform
behavior along the protein sequence, and their average value
is 1.9+ 0.1 Hz, consistent with previously reported data on
the bovine isoenzymé@). These values were subsequently
used in eq 3 to obtaiR,,° " values.

The dependence &,°™"on we Was examined for each
of the 68 backbone amides, and for 47 of these Riy&™" "
values were found independent of the effective magnetic field
amplitude. The average valuesRif,° <" (estimated using

Thus, information on fast exchange processes can be obtainedill the values obtained at the seven effective magnetic field

from the dependence &%,°Fon the effective magnetic
field amplitude. If the experiment&t, O™ <'values are fit
to a Lorentzian function (eq 3), the correlation tims for

amplitudes employed in the experiments) for the 47 backbone
amides, which were found independentwads;, are shown
in Figure 2A (unmarked residues). These relaxation rates

the exchange process can be estimated. If, on the other handshow overall a quite uniform behavior with an average value

no exchange process is presd®i,°™ ' is independent of
wer.  The lower limit value forR;,°F ¢ is R, ,ON~ when

for Ry, OFFcor= R, ON> = 6.8 + 0.9 Hz, except of the ones
corresponding to the backbone nitrogens of residues 27, 31,
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FiGURE 1: Longitudinal relaxation rates éfN backbone amides F'GgFRFE 2: Off-resonance rotating fram&N relaxation rates,
I resi for the oxidized (A) and r B) forms of Ry, ,OFFcof are reported per residue for the oxidized (A) and reduced
per residue for the oxidized (A) and reduced (B) forms oflayt (B) forms of cyths. The rates marked with an asterisk showed a

. dependence oR,OFFc on we. For these residues, the rate
34, 44, 54, 72, and 80. The latter seven residues havecorresponding to the lowest effective magnetic filed amplitude is

Ry,OFFco'rates which are 40150% larger than those of the  reported.
remaining 40. An increase R;,°"* due to higher “rigidity” _ _ _ _
of the NH bond vector in the sub-nanosecond time scale the protein from the ratid?/R; (60). ProvidedJ(w) is

should be smaller than 40% (on the order of 25%), and thus, negligible with respect ta(wn) and J(0), which is quite
the data obtained for the above seven residues can bdeasonable at the high magnetic field at which measurements

interpreted in terms of exchange processes. are performed:

These findings can be interpreted as follows. For the 40 R
residues with a uniform relaxation raRg,°™°°"(6.8 + 0.9 2x72 J(0) +Yy 4)
Hz), one can conclude either that there is no exchange R, 3J(wN) 2

process f.x = 0) or that it is not large enough to sizably
contribute toR;,. On the other hand, the behavior observed wherevy ~ 60.8 MHz and it holds that

for the other seven residues can be an indication of the

presence of a conformational exchange process. However, JO) _ 1+ w22 5
its time scale is faster that the one accessible with the J(wy) - On T (5)
available powers of the spin-lock fieldo{s), and thus,

Ry,CFFcorappears to be constant as a functiomwef but with Since the average values Bf,°FF<rand R; for all 40 15N

a higher value than in the absence of an exchange processsackbone amides that display uniform relaxation rates in the
Since the highest effective magnetic field corresponds to arotating frame are 6.8 0.9 and 1.9+ 0.1 Hz, respectively,
frequency of 3550 Hz, the exchange process operating forwe can determine a value fog of 5.0+ 0.7 ns. This value
residues 27, 31, 34, 44, 54, 72, and 80 should have ajs consistent with the one estimated in a recent study on the
correlation timerex of <40 us and a value 0bQ that is backbone dynamics of oxidized bovine microsomal foyt
large enough so thad{ze, is not negligible with respect to  (59), and it also lies in the range of that estimated through
Ry,°N* (6.8 £ 0.9 Hz). the StokesEinstein equationg1) which turns out to be 3.6

By knowing the average value 8 and the average value 4+ 1.3 ns.
of Ry,CFFcorfor residues that are not involved in exchange  Conformational Exchange Processes in Oxidized Gyt b
processes, if we approximate thag,° <" equalsR,, we TheRy,CFFc'values for the remaining 21 nitrogen backbone
can determine the overall rotational correlation timeof amides showed a dependence on the effective magnetic field
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Table 1: Exchange Correlation Times,§ Estimated for Amide 40 Al
Backbone Nitrogens of Oxidized and Reduced Gt
oxidized cytbs  reduced cybs 32
residue  secondary element T, (uS) Tex (US) g
Lys 5 pl 1804+ 30 190+ 30 il
Tyr 6 Bl b <40 § 24
Leu9 al 70+ 15 - &
Glu 10 ol 280+ 50 - ©q
Trp 22 B4 170+ 30 180+ 30 167
His 26 turn 1804+ 30 -
His 27 turn <40 <40
Tyr 30 B3 110+ 20 - 87 ool
Asp 31 p3 <40 - =
Lys 34 a2 <40 2004 30 2 3
His 39 a2 190+ 30 - 7x10 7x10
Glu 44 a3 <40 <40 28
Val 45 a3 180+ 30 — B
Leu 46 a3 1904+ 30 b —
Arg 47 a3 200+ 30 — E
Glu 48 a3 280+ 50 — =g
GIn 49 a3 200+ 30 — . 207
Asp 53 turn b 190+ 30 3
Ala 54 a4 <40 140+ 25 5
Phe 58 a4 1504+ 25 2204+ 35 a
Glu 59 ol 110+ 20 - < 121
Asp 60 ad 200+ 30 -
Ala 67 ab 200+ 30 -
Glu 69 a5 180+ 25 - o EEEE 5
Lys 72 ab <40 170+ 25 4 Q
Tyr 74 ab 180+ 25 b 2 3
Tx10 7x10
ey A2 [t Fook 25 Effective field amplitude (Hz)
His 80 urn <40 - Ficure 3: Off-resonance rotating frame relaxation rates for two
Arg 84 ob 190+ 30 2204+ 30 residues, Glu 48 (A) and Glu 59 (B), as a function of the effective

aThe secondary structural elements to which each amide belongsmagnetic field amplitudever, for the oxidized M) and reduced

are also reported.Amide backbone nitrogens for which a relaxation
rate could not be evaluated due to overlap in the spectra.

amplitudewes. More specifically, they displayed a mono-
tonic increase with decreasings, reaching values, for two
residues, up to 15 Hz at the lowest; employed (1870 Hz).
In Figure 2A, the rate®,,°"Fc°'measured at 1870 Hz for

(O) forms of rat microsomal cys. The solid curves represent the
fit with the function of eq 3 R,°N* = 5.9 and 5.8 Hz for the
oxidized and reduced forms, respectively).

starting value for the parametét, and then these two

parameters were allowed to change alternatively in an
iterative way until convergence of the fit was reached. The
obtained parameters were compared with the limit at low

these 21 backbone amides are reported. These corresponge; values, i.e.R;,° "= R, where an estimate &, was

to residues 5, 9, 10, 22, 26, 30, 39,-4B, 58-60, 67, 69,

obtained from the line widths. In all cases, tKevalues

74,75,79, and 84. They have been marked with an asteriskwere consistent with the expected laws; limits. An

to differentiate them from the remaining 47 amides whose
Ry, OFFco' relaxation rates were independentaaf.

analogous fitting procedure was also applied to the reduced
form and produced similar results (see later). Two repre-

The relaxation behavior observed for these residuessentative fits corresponding to the backbone nitrogens of

provides direct experimental evidence for the presence ofresidues Glu 48 and Glu 59 are shown in Figure 3.

exchange processes. Their correlation timgscan be
obtained by performing a fit of the data to eq 3. This was
achieved successfully for all 21 residues. The fits were
performed by using the nonlinear fitting routine provided
by the LevenbergMarquardt algorithm. The values esti-
mated forzex varied between 70 (for Leu 9 and lle 75) and
280us (for Glu 48) and are reported in Table 1. It should
be noted that in these fitd and 7.x were adjustable
parameters while a fixed value was used Ry°N=. This

In
addition, the data for lle 75 are shown in Figure 4A. The
correlation times for the exchange process in which they
participate are 286t 50, 110+ 20, and 70+ 15 us,
respectively. These residues were chosen as being repre-
sentative of the entire time range that can be probed with
the current experimental setting.

In summary, 28 backbone nitrogens in the oxidized state
of rat microsomal cyts were identified to participate in
conformational exchange processes in the microsecond to

value was equal to 5.9 Hz and corresponds to the lower limit millisecond time scale. A large amount of residues involved

of the averag®,,°™°"(6.8 + 0.9 Hz) obtained, as described in exchange processes was also suggested in a previous study
above, for the 40 residues not involved in exchange of the oxidized bovine isoenzymé&9), but no definitive
processes. The fits were also performed by using 7.7 Hz conclusions were reached. The correlation time for the

(the upper limit ofR,,°N>) as the fixed value of;,°N>.
The correlation times extracted were systematically 28%
larger, and a uniform systematic increasé$o) was also

process could be determined for 21 residues, while for the
remaining seven, only an upper limit (4@s) can be
estimated. The results for all 28 residues are reported in

obtained for their errors. In some cases, an initial estimate Table 1 together with the secondary structural elements of
for 7ex was used so we were able to obtain a reasonablethe protein to which they belong.
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By using eqgs 4 and 5, the overall rotational correlation

25 A time, 7., for the reduced form of the protein is 490.7 ns,
. which is the same as that determined for the oxidized form.
\m[i 201 Conformational Exchange Processes in Reduced €yt b
= The relaxation rateR;,°F<"for the nine remaining residues,
é‘ corresponding to residues 5, 22, 34, 53, 54, 58, 72, 75, and
OMQ 157 84, showed a dependence on the effective magnetic field
3 amplitudewes. The ratesR,,°F < for these nine residues
101 measured at the lowest spin-lock power employed (1870 Hz)
are displayed in Figure 2B and marked with an asterisk.
Again, the dependence &i,°7F<°"on werr indicates the
5 1'03 16 presence of conformational exchange processes. The ex-
perimental values oR;,° < were fit to eq 3, as already
30 described for the oxidized form, thus evaluating the exchange
B correlation timestey, for all nine residueszey values varied
95 between 140 (Ala 54) and 22 (Phe 58) and are reported
’m@ in Table 1. R,°N~ was set equal to 5.8 Hz, which
= | corresponds to the lower limit of the avera@g®N= (6.7 +
5 20 0.9 Hz). A representative fit is shown in Figure 4B and
5 corresponds to the backbone nitrogen of residue lletdd (
o 157 % = 165+ 25 us).
a In the reduced form of cyits, only 12 backbone nitrogens
107 were involved in conformational exchange processes on the
microsecond to millisecond time scale. The correlation time
5 i 4 for the process could be accurately determined for nine
10 10 residues, while for the three remaining residues, only an
Effective field amplitude (Hz) upper limit (40us) could be estimated. The results for all

12 residues are reported in Table 1 together with those for

Ficure 4: Off-resonance rotating frame relaxation rates for lle 75 the oxidized form.

are shown as a function of the effective magnetic field amplitude
weft, fOr the oxidized (A) and reduced (B) forms of rat microsomal
cyt bs. The solid curves represent the fit with the function of eq 3 DISCUSSION

(R,°N> = 5.9 and 5.8 Hz for the oxidized and reduced forms, ] )

respectively). A Comment on the Possible Effects of Unpaired Electrons.

The oxidized form of cybs is paramagnetic, and thus, the
effect of the low-spin heme Fe(lll) on proton relaxation is
expected to be non-negligibléZ—64). However, the effect
on nitrogen relaxation is dramatically reduced (approximately
by a factor of 100) due to the lower gyromagnetic ratio of
the 15N with respect to théH nucleus (lower by a factor of
10). Recently 46), off-resonance rotating frantéN relax-

Reduced Cytd€ The longitudinal relaxation rateg, for
68 nitrogen backbone amides that could be precisely
integrated are shown in Figure 1B. They turn out to be very
similar to those of the oxidized form (Figure 1B) and display
overall a uniform behavior along the protein sequence with

an average value of 12 0.1 Hz, i.e., the same as for the ation measurements were employed to probe the backbone
oxidized form_. ) dynamics of the reduced recombinant HiPIP | frd

The relaxation rateBy,° " 'were analyzed with the same  hajophila, which is a highly paramagnetic protein at room
approach described for the oxidized form. For 59 (out of temperature 5). In that case, a lower limit for the
68) residues, the values Bf,°"*'were independent of the  paramagnetic contribution on the rotating frame relaxation
spin-lock power used. Their average valuesRyf*™ <" rates was estimated. It was shown that the effect is non-
(estimated using all the values obtained at the seven effectiveneg"gime only for'>N nuclei closer tha 7 A to atleast one
magnetic field amplitudes employed in the experiments) are of the iron atoms of the 4Fe-4S cluster. The low-spin heme
shown in Figure 2B (unmarked). These rates show overall Fg(1]) jon is expected to enhance the nuclear relaxation rates

a uniform behavior with an average value fy,° <" of less than the coupled polymetallic cluster of reduced HiPIPs
6.7 + 0.9 Hz, except for those of the backbone nitogens of a5 its electron relaxation rates are shorter. From the
residues 6, 27, and 44. For these three residue&yfRE " |ongjtudinal relaxation rates of the heme methy! sign@g) (
rates are 486150% larger that the remaining 56. [which are at a fixed distance of 6.1 A from the Fe(lll) atom],

We can thus conclude that the 56 residues with a uniform an electronic relaxation times of about 7 x 107%? s is
relaxation rateR;,° " in the range 6.7 0.9 Hz do not estimated for the low-spin heme Fe(lll). AN nuclei that
participate in any exchange process € 0) or that if they displayed “slow” dynamic modes are more tha A from
do, it is not large enough to sizably contributeRg. On the heme iron. The closest backboA®N nuclei, as
the other hand, the relaxation behavior of residues 6, 27,determined from the average energy-minimized solution
and 44 indicates the presence of a conformational exchangestructure of the oxidized protei), are those of His 39 (7.6
process with a correlation timey of <40 us, and a value ~ A), Leu 46 (7.4 A), Phe 58 (7.5 A), and Ala 67 (7.8 A). For
of 6Q that is large enough so thit.y is not negligible with such distances, the paramagnetic contibutiort*dhlongi-
respect toR;,°N" (6.7 + 0.9 Hz). tudinal relaxations is estimated to be in the range of ©.02
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0.05 Hz, which is very small and within the experimental using eq 3. By assuming an equal population of the two
uncertainty. Indeed, the longitudinal relaxation rates mea- exchanging conformationgfy, = 0.25), one can estimate,
sured for the latter four residues in the oxidized form of cyt from the parametef, 6Q which results in the range of 2-1
bs were 1.84 0.1, 1.9+ 0.1, 2.0+ 0.1, and 1.9+ 0.1 Hz, 2.8 ppm for both oxidation states. For the NHs of residues
respectively. Similar rates, within experimental error, were 46, 58, 59, and 67, which are the ones that are most affected
measured for the same residues also in the reduced form oby the pseudocontact contribution, this value turned out to
cytbs (1.6 £ 0.1, 1.9+ 0.1, and 1.9+ 0.1 Hz for His 39, be close to 2.5 ppm. Thus, one could estimate a contribution
Phe 58, and Ala 67, respectively, while Leu 46 was not well to 6Q2 of the pseudocontact shift of 25%. Even in this case,
resolved and thus itdR; rate could not be accurately the diamagnetic part afQ2 would be equal to~2.0 ppm,
determined). Therefore, in the case of oxidized leytthe and this change in chemical shift is large enough to be
effect of paramagnetic relaxation dfN R; relaxation is detected in the reduced form of the protein, if the same
negligible. This makes the analysis of the experimental data conformational exchange process was present. It should be
more straightforward, and exchange processes on the mi-noted, however, that the estimated pseudocontact shift
crosecond to millisecond time range can be safely probedvariation is related to a conformational movement of about
also in the presence of a paramagnetic center. 1 A. Alarger movement would have larger effects also for
Another additional effect on NMR parameters, due to the the diamagnetic site. As a counter argument, one could also
presence of a paramagentic center, is the pseudocontacmention that a conformational exchange process was identi-
contribution to the chemical shift6@). The method for  fied for both oxidation states for residue 58 which is
revealing chemical or conformational exchange processescharacterized by a large variation of the pseudocontact shift
from the Ry, measurements as a function of the effective within the 40-structure family (0.602 ppm). From the above
magnetic field amplitude relies on the existence of a discussion, we can conclude that the observed difference in
difference in chemical shiftdQ, between the two states mobility between the two oxidation states cannot be simply
involved in the exchange process. Therefore, possiblea result of the pseudocontact shift changes which make
additional contributions to the chemical shift, due to the “visible” motions in the oxidized state; the same motions
paramagnetic center, should be critically evaluated. Par-would be too small (in terms afQ2) to be detected in the
ticularly significant is the pseudocontact contribution, which diamagnetic protein.
depends on the position of the nucleus with respect to the Comparison of the Detected Motions in the Reduced and
origin and the axes of the magnetic susceptibility tensor. For Oxidized States of Cyb The results presented above for
example, a specifit®™N nucleus participating in an exchange the off-resonance rotating frame relaxation behavior of the
process would experience a fairly small change in the reduced and oxidized forms of rat microsomal bytllow
“diamagnetic” chemical shift, whereas the variation due to us to compare its dynamic properties in the microsecond to
the pseudocontact shift could be much larger. Consequently,millisecond time scale. The number of backbone nitrogens
the total 0Q would be non-negligible, and the exchange that display a slow motion is dramatically reduced in the
process could be experimentally probed. In other words, reduced form of the protein with respect to the oxidized one
the pseudocontact contribution to the chemical shift could (12 vs 28). A significant comparison can be made for the
“illuminate” small amplitude motions that would be invisible 25 backbone nitrogens that are commonly assigned. Of
in the absence of such contribution. This could be one of those, only 10 experience conformational exchange in both
the reasons why many more exchange processes werdorms, while the remaining 15 display exchange only in the
detected in the oxidized form (the paramagnetic one) of cyt oxidized state. Furthermore, no backbone nitrogen, assigned
bs. If that were the case, then our experimental observationsin both oxidation states, displays slow motions only in the
could not be interpreted solely in terms of an oxidation state- reduced from. Thus, our results provide experimental
dependent mobility of the two forms of the protein. There- evidence for increased mobility of the cys protein
fore, it is necessary to try to give an estimate of the backbone in the oxidized form with respect to the reduced
pseudocontact contribution to the effectd®. The pseudo-  one.
contact contribution to the chemical shift is independent of A simple inspection of Table 1 shows that the majority of
the gyromagnetic ratio of the nucleus. In addition, ¢ the backbone nitrogens displaying conformational exchange
chemical shift range for amide nitrogens in the reduced in the oxidized form are located in helice8 (six), a4 (four),
protein is on the order of 25 ppm, while the pseudocontact anda5 (four). Helicesal, a2, ando6 turned out to be less
shift range experimentally observed in this case is on the mobile with two, two, and one of their backbone nitrogens,
order of 2 ppm. Thus, the pseudocontact contribution to the respectively, involved in conformational equilibria. Five
observed®N chemical shift values is much smaller than the other backbone nitrogens characterized by detected motions
diamagnetic one. However, what is relevant is the changeare located in the foyf-strands, while the four remaining
in the pseudocontact shift induced by the presence of abackbone nitrogens form part of turns connecting the
conformational exchange process. A rough estimation of secondary structural elements. On the other hand, the
the variation of the pseudocontact shift with the conformation backbone nitrogens displaying detected motions in reduced
can be given by the range of pseudocontact shi6§ (  cyt bs are scattered throughout the protein and are rather
experienced by each amide proton within the family of 40 evenly distributed betwegfrstrands (four)a-helices (six),
structures of the oxidized form of the proteif).( The largest and turns (two). The secondary structure element that shows
calculated variations (approximately 0.6 ppm) were observedthe largest difference in mobility between the two oxidation
for the NHs of residues 46, 58, 59, and 67. On the other states is helixx3, which occupies the periphery of one side
hand, the change in the shift for the possible conformations of the heme-binding pocket and is very rich in acidic
can be estimated from the fits of the experimental data by residues. In this helix, out of five commonly assigned
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and the lower half those fromy, experiments. NH moieties
characterized by a redox state-dependent behavior (“mobile”
in the oxidized state and “non-mobile” in the reduced state,
in the respective time scale) are shown as gray spheres. Black
spheres instead represent residues having a common behavior
in the two oxidation states. However, this common behavior
is of different type in the two sets of experiments. In the
NH exchange data (upper part), the black color has been
used to indicate the residues that are more “rigid” in both
oxidation states. In thBy, data (lower half), the black color
has been used to indicate that these residues exhibit slow
r A4 motions (in the microsecond to millisecond time scale) in
_ H ‘[_@ @ @ / z?stﬂecgidfgminnstates. The first interesting po_int.is that the
A " g the support for the heme binding pocket
turns out to be rigid according to NH exchange data, and no
slow motions are observed (with the exception of that of
residues 30 and 31). This confirms the role of support carried
out by this secondary structural element. Amangelices,
two of them,a3 ando4, show a strong correlation between
the two data sets, that is, most of their NH groups show a
redox state-dependent behavior. These contain several
carboxylate residues that are involved in complex formation
with cyt c. For the other helices, the correlation between
the two data sets is not so strong. Some residues displaying
a differential behavior in the two oxidation states in one time
scale do not in the other, and the reverse also occurs.
However, these two data sets need not be correlated, and in
any case, no evidence of higher mobility of the reduced form
with respect to the oxidized one is observed.

Biological ConsequencesAfter determination of the
three-dimensional solution structure of rat microsomal cyt
bs in both oxidation states present in living organisris (
FIGURE 5: Information on the local mobility of rat microsomal cyt ~ 8), the next step in our effort to understand, at the molecular
bs obtained from the exchange behavior of labile protons with the |evel, how this protein carries out its function is the study
bulk solvent (A) and througRy, (B). (A) Black spheres represent ¢ i 6cal mobility. Indeed, fluctuations of a protein through
residues that were found to be nonexchanging in both oxidation . . ' .
states, while gray spheres represent those that, under the samdifferent conformations around the average solution structure,
experimental conditions, were found to be nonexchanging only in as determined through NMR, could be a key determinant of
the reduced state. (B) Black spheres represent residues for whichmany of its properties and of subtle features related to its
slow motions were identified in both oxidation states, whereas gray reactivity. In the case of electron transfer proteins, the

spheres represent those that display a slow motion only in the . .- At
oxidized state. Therefore, in both cases, gray spheres represen?tructure and dynamics of the protein in both oxidation states

residues that show an oxidation state-dependent local mobility. through which electron transfer is achieved could give
Black spheres indicate residues that have a common behaviorprecious insights in understanding which are the factors
regarding local mobility in both oxidation states. In panel A, they controlling the thermodynamic stability and the redox
oo s e ol ot s vy, POISEal of the proten, and which are the criving frces
Th% average minimized solution structure of oxidized rat microso- governing t_he interaction with the physiological partners as
mal cytbs was used to map the local mobility in the protein frame. Well as which factors modulate the electron transfer rate.
Only backbone atoms (including amide protons), the heme, and Most electron transfer proteins shuttle electrons through two
the two iron binding histidines are shown. oxidation states one of which is, in most cases, paramagnetic.
The solution structure determination of paramagnetic proteins
backbone nitrogens, five in the oxidized form and only one has now become achievab® @—11), and thus, structural
in the reduced form display a slow motion. comparisons can be made. However, there has been so far
It is worth comparing the data about local mobility only a limited amount of experimental studies, concerning
obtained through rotating frame relaxation measurementsonly diamagnetic states, aimed at determining the local
with those previously reported7), obtained from the  mobility of electron transfer protein82—34). Recently,
exchange behavior of labile protons with the bulk solvent. studies of the local dynamics of paramagentic proteins with
Both sets of data were acquired in both oxidation states for both standard59) and nonstandard method$g( 68) were
rat microsomal cybs. It is interesting to note that, in both  attempted as well. In this study, we have analyzed the local
cases, the oxidized form turns out to be more flexible than mobility of rat microsomal cytbs in both the reduced
the reduced one. No residue showing the reverse behavior{diamagnetic) and oxidized (paramagnetic) states'tha
is observed. To better analyze what happens at the localrotating frame relaxation NMR experiments. Thus, valuable
level, these data are mapped in the protein frame in Figureinformation has been obtained on “slow” local motions in
5. The upper part shows data from NH exchange behaviorthe microsecond to millisecond time scale.
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Our results show that the-sheet at the basis of the heme interconversion between the two forms (A to B) is faster in
pocket displays limited mobility in this time scale in both the oxidized than in the reduced sta#@l)( In addition, a
oxidation states. Previous data on the exchange behaviotigher mobility of the oxidized form was also noted in the
of labile protons with the bulk solvent showed that this part study of the exchange behavior of labile protons with the
of the protein contains nonexchanging amide protons in eitherbulk solvent ). Interestingly, an analogous behavior was
oxidation state and thus inferred a higher rigidity for this also observed for the iso-1-cytochroradrom Saccharo-
secondary structural element relative to the rest of the proteinmyces cergsiae(6). Rotating frame relaxation experiments
(in a longer time scale). The evidence provided in this study with cyt bs now confirm this trend; that is, the oxidized state
is consistent with the proposed)(role of support of the is also more flexible than the reduced one in the microsecond
heme pocket played by this element of secondary structure.to millisecond time scale.

On the other hand, the backbone amide nitrogen of a | ocal mobility in electron transfer proteins, in particular
considerable number of residues was found to be involvedif they are oxidation state-dependent, could influence the
in a conformational exchange process in the microsecond tomechanism of proteinprotein recognition with the redox
millisecond time scale. The majority of residues exhibiting partner. In addition, once the complex is formed, it could
local motions, identified through rotating frame relaxation modulate the electron transfer rate which depends exponen-
experiments, in the two oxidation states, belong to the four tjally on the distance between the two redox centers as well
helices which form the heme binding pocke2¢-a5) and  as on the possible pathways. ®ythas been shown to form

to helixal. In particular, all amides belonging to hetid complexes with several proteird¥—78). Among these, the
show, in the oxidized state, slow motions with rates of the most extensively studied is the cy—cyt c complex {9,
order of milliseconds or faster, hinting at a collective motion 80). On the basis of electrostatic considerations, a first model
of this element of secondary structure. of the complex was proposed by SalemrB&)( where the

Local motions, on a much faster time scale, were recently positively charged surface of cgt(Lys 13, Lys 27, Lys 72,
analyzed through a “long” (2.5 ns) molecular dynamics and Lys 79) interacts with the negatively charged one of cyt
simulation on cytbs in water at 298 K and pH 6.960). bs (Glu 44, Glu 48, Glu 56, Asp 57, and Asp 60).

These settings match the experimental conditions of our A molecular dynamics simulation performed on the cyt
work. The_ oxidation state of cyds in th_e _simulation is not bs—cyt ¢ complex @8) showed that it is far from rigid and
clear, but it resembles better the oxidized rather than the 4t some conformations experienced through the simulation
reduced one. The aim of that study was to identify “hot” ¢4y1d actually contribute to the electron transfer process and
regions with high local mobility that could be relevant for - affect the electron transfer rate through the fluctuations of

the interaction of cytbs with its physiological partners.  ihe distance between the two redox centers produced by the
Higher mobility was shown to be localized in three regions, protein environment.

residues 1620 (region 1), 46-52 (region 2), and 6575
(region 3), with region 2 being the one deviating more from
the crystal structure during the course of the simulation. Our
experimental observations of local mobility of dyin the
oxidized state are in very good agreement with the predicted
regions of higher mobility in the molecular dynamics
simulation, even if in a different time range. Six residues
of region 2 (44-49) and five of region 3 (67, 69, 72, 74,
and 75) displayed slow motions in the microsecond time
scale. Motions in this time scale, associated with chemical
shift variations around 2 ppm, as observed in this case, on
the basis of theoretical chemical shift calculatioi6)( are
expected to involve rotations of backbone dihedral angles
on the order of 36-40° or variations in hydrogen bonding
distances and angles. Indeed, the observed local motion
identified through rotating frame relaxation experiments in
the loop of HiPIP | fromE. halophila(46) probably arise
from fluctuations between the two stable conformations
identified for this loop in the solid state in which the dihedral
angles involved change in conformation by-30°. For
comparison, motions on a time scale faster than the overall
rotational correlation time (in the sub-nanosecond time scale)
are expected to involve only variations of dihedral angles
smaller than 16-15° (71).

Probably the most striking result of the present investiga-
tion is the fact that the oxidized form of cigt is character-
ized by a higher local mobility than the reduced one in the
microsecond to millisecond time scale. This fact has been ockNOWLEDGMENT
inferred in the past by several indirect pieces of evidence:
oxidized cytbs displays lower thermal stability with respect We thank Massimo Lucci and Enrico Morelli for valuable
to the reduced form 72, 73), and the rate of heme help inthe technical aspects of this work and Dr. H. Desvaux

Our data show a high number of residues exhibiting
motions in the microsecond to millisecond time scale,
indicating that cytbs is a quite flexible protein. They also
show a redox state-dependent behavior with the oxidized
form of the protein being more flexible than the reduced
form. An analogous trend was observed through the
exchange behavior of labile protons with the bulk solvent
(7). The correspondence between NH mobility in the
microsecond to millisecond time scale and NH exchange
leads us to propose that the movements are such that the
hydrogen bonds involving the NH protons are instantaneously
broken and solvent accessible. The fact that both rat
microsomal cybs (7) and cytc from S. cereisiaeand horse
heart 6, 6, 82) are more flexible in the oxidized than in the
Yeduced form leads us to speculate about a possible role of
mobility in molecular recognition. A flexible molecule is
more suitable with respect to a rigid one for complex
formation with the redox partner. Indeed, it is reasonable
that the lifetime of the mobile form (oxidized state) is larger
than about 1 ms which is the upper limit for detection of
mobility from R, measurements. If oxidized cyt and
reduced cyths are allowed to react, the flexible oxidized
protein becomes reduced and rigid upon electron transfer
and vice versa for the other protein. More experimental data
on the mobility of the various redox partners are needed
before any statement on the generality of the model is made.



Backbone Dynamics of Oxidized and Reduced Cytochrbgne

for kindly providing the program using the Monte Carlo
approach to fit the experimental data.
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