Biochemistry2001,40, 1276112771 12761

Articles

15N Backbone Dynamics of Ferricytochronbes;: Comparison with the Reduced
Protein and the R98C Varidnt

Michael Assfalg), Lucia Bancit lvano Bertini,** Simone Ciofi-Baffonit and Paul D. Barkér

Magnetic Resonance Center and Department of Chemistryelsity of Florence, Sesto Fiorentino, Italy, and
Centre for Protein Engineering, MRC Centre, Hills Road, Cambridge CB2 2QH, United Kingdom

Receied January 22, 2001; Resed Manuscript Receed July 12, 2001

ABSTRACT. The backbone dynamics of ferricytochroimg,, a four-helix bundle protein frorkscherichia

coli, have been studied by NMR spectroscopy. The consequences of the introductiotyptahioether

linkage between the heme and protein and the reduction to the ferrous cytochrome have also been analyzed.
15N relaxation rated}; and R, and*H—'N NOEs were measured at proton Larmor frequencies of 500
and 600 MHz for the oxidized and reduced protein as well as for the oxidized R98C variant. In the latter
protein, an “artificial” thioether covalent bond has been introduced between the heme group and the protein
frame [Arnesano, F., Banci, L., Bertini, |., Ciofi-Baffoni, S., de Lumley Woodyear, T., Johnson, C. M.,
and Barker, P. D. (200@iochemistry 391499-1514]. The'®>N relaxation data were analyzed with the
ModelFree protocol, and the mobility parameters on the picosecond to nanosecond time scale were
compared for the three species. The three forms are rather rigid as a whole, with average generalized
order parameters values of 0.870.08 (oxidized cytochroméss,), 0.84 + 0.07 (reduced cytochrome

bss2), and 0.85+ 0.07 (oxidized R98C cytochromiassy), indicating similar mobility for each system.

Lower order parameter§) are found for residues belonging to loops 1 and 2. Higher mobility, as indicated

by lower order parameters, is found for heme binding heliceando4 in the R98C variant with respect

to the wild-type protein. The analysis requires a relatively long rotational correlation tipe 0.6 ns)

whose value is accounted for on the basis of the anisotropy of the molecular shape and the high phosphate
concentration needed to ensure the occurrence of monomer species. A parallel study of motions in the
millisecond to microsecond time scale has also been performed on oxidized wild-type and R98C cytochrome
bse2. In @ CPMG experiment, decay rates were analyzed in the presence of spin-echo pulse trains of
variable spacing. The dynamic behavior on this time scale is similar to that observed on the sub-nanosecond
time scale, showing an increased mobility in the residues connected to the heme ligands in the R98C
variant. It appears that the increased protein stability of the variant, established previously, is not correlated
with an increase in rigidity.

Protein molecules are not rigid entities but experience a investigation of molecular motions of proteins in that it
variety of motions over a wide range of time scales and provides complete information about the dynamic behavior
amplitudes. They vary from fast local oscillations about under physiological conditions3). For X-ray crystal-
bonds to slower cooperative movement of segments of thelography, at least some fluctuations may be dampened
overall structure 1). Molecular motions can influence the significantly by crystal packing contactd)(
binding of substrate, the catalytic process, and the mode of Measurement oftSN relaxation rates has become an
interaction with other macromolecules. In addition, it is clear important means of studying the backbone dynamics of
that dynamic properties are related to protein stability and proteins in solution §—7). They can be conveniently
folding (2). NMR spectroscopy is of particular value for the analyzed on the millisecond to microsecond and picosecond
to nanosecond time scalés{(13). Relaxation measurements
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histidine providing the axial ligands. It cycles between Fe(ll) wulgaris iron hydrogenase to the deoxygenated solution of
and Fe(lll) oxidation states. The heme, which is not bound cyt bsg;, which was then saturated with hydrogen. This
covalently to the protein matrix, is present in two orientations, method allows the sample to be kept reduced for a longer

the A (major) and B (minor) forms. They differ by a 180
rotation around thex—y meso direction. The structure of
the oxidized holoprotein has been determined by X-ray
crystallography to a resolution of 1.4 A4) and by NMR
spectroscopy 1(5), revealing a four-helix bundle fold. To
continue the characterization of this protein, the dynamic

period of time than with only the addition of sodium

dithionite in an argon atmosphere. Furthermore, when partial
reoxidation was observed, hydrogen bubbling restored the
completely reduced sample. To check the invariance of the
sample during each experiment, the volumes of the peaks in
HSQC spectra collected at the beginning and at the end of

properties of form A have been analyzed over a time range each set of experiments were compared.

of different time scales.

Recently, the structure of the R98C variant cytochrome
bss> (R98C cytbss) has also been determined by NMR
spectroscopyl®). In the A orientation, the heme is attached
covalently through its 2-vinyl group to the thiol sulfur of a
specifically introduced cysteine. This variant is particularly
interesting since cytss, is the only four-helix bundle
cytochrome which does not have a covalently linked heme.
The other members of this structurally homologous family,
cytochromec’ andcsss from photosynthetic bacteria, all have
the heme attached to the CXXCH maotif in the C-terminal
helix (17). To determine the effect on the protein dynamics
of cross-linking the protein to the heme, a comparison of
the mobility data for the wild-type and R98C dyg, proteins
has been made.

NMR SpectroscopyNMR experiments were carried out
at 298 K, on both a Bruker Avance 500 and a Bruker Avance
600 NMR spectrometer operating at proton Larmor frequen-
cies of 500.13 and 600.13 MHz, respectively.

The pulse sequences used to measitdongitudinal and
transverse relaxation ratd®, andR,, were those previously
described§, 29), appropriately modified to eliminate cross
correlation between dipolar and chemical-shift anisotropy
(CSA) relaxation mechanism3@—32) and with pulsed field
gradients to suppress the water signal. Longitudinal and
transverse relaxation rates were obtained using delays in the
pulse sequencd] of 10, 70, 150, 250, 380, 540, 740, 1000,
1350, 2000, and 3000 ms and 7.6, 15.2, 30.4, 60.8, 76, 106.4,
136.8, 167.2, 182.4, 212.8, and 258.4 ms, respectively. A
refocusing delay of 45Qus was used in the transverse

In addition, the dynamic properties have been analyzed relaxation measurements. For heteronucléar >N NOE

for form A of reduced cybsg,. Local mobility has often been
proposed to be important in controlling the electron transfer
process 18—23). It is suggested to influence both the

measurements, two-dimensional (2D) spectra were acquired
using the water flip-back method to suppress the water
resonance33). For the three species, two NOE spectra with

molecular recognition process and the reorganization energy'H saturation and one without saturation were collected. In
1, both features being necessary to achieve electron transfetotal, 2048x 256 data points (204& 512 for reduced cyt

in biological systems. Therefore, a comparison of the
mobility of the protein in two different oxidation states is
particularly useful.

bse2) were collected using 8Ry), 16 (R.), and 64 (NOE)
scans for each experiment. The recycle delay was setto 2.5
s for the longitudinal and transverse relaxation measurements

Differences in generalized order parameters obtained fromand to 3 s in the NOEexperiments.'H saturation was
15\ relaxation ana|yses were used to estimate an upper |imitmalntalned for 2.5 s in the NOE experlments with saturation.

of the contribution of backbone dynamics to the entropy
changes occurring upon reduction or chemical modification
(24, 25).

The correction of NOE values for incompléte T, recovery
(33) has been calculated, and it turned out to be insignificant
(with respect to experimental error) for all the residues that

In the present case, the data indicate that both the reducedVe'e analyzed.

cytochrome and its oxidized R98C variant are stabilized
significantly with respect to unfolding, relative to the
oxidized wild-type (WT) protein AAGp_\"° = 25 and 5.6
kJ/mol, respectivelyl6, 26)]. We have investigated whether
the origins of these differences in stability can be related to
differences in dynamic behavior.

MATERIALS AND METHODS

Sample Preparation!®N-labeled E. coli cyt bsg, was
prepared as described previoushp,(27). Expression and
purification of the Arg98Cys variant of cybss, were
performed as described previousBi7| with the modifica-
tions introduced by Arnesano et al.g). The samples used
for NMR spectroscopy contain 1.8 mM protein and 500 mM
phosphate buffer at pH 4.8 in 90%® and 10% RO. The

To monitor slow conformational exchange processes,
transverse relaxation rates of backbdfid nuclei under
relatively weak effective fields were measured at 600 or 500
MHz for both oxidized wild type and R98C cits, proteins.
The experiments were performed as a function of the spin-
echo delay inf,-CPMG experiments using a pulse sequence
described in the literature8y, 34) and using the WATER-
GATE sequence3b) for water suppression. Sets of experi-
ments were carried out at six CPMG refocusing delays
(tcpmo) (450, 550, 700, 850, 1000, and 11&€), which allow
the observation of exchange between conformational sub-
states with average lifetimes ranging from 150 to 430
Relaxation delays varied from 7 to 230 ms, the exact values
depending orcpyve.

The acquisition time was 120 ms in all experiments.
Spectral windows of 34 ppm in thE; (**N frequency)

low protein concentration and the high ionic strength are such dimension and of 14 ppm in tH& (*H frequency) dimension
that aggregation or dimerization of the protein is avoided were used for oxidized and reduced byt and windows

(28). Confirmative measurements were also performed on

of 40 (F1) and 16 ppm F;) were used for R98C cylseo.

samples at lower concentrations. The reduced form of cyt Data were zero-filled to obtain 204& 512 data point

bse2, Was obtained by adding sodium dithionite and a catalytic
amount of a hydrogen-saturated solutionésulfaibrio

matrixes. A commercially available algorithm for linear
prediction was used in the indirect dimension to increase



Backbone Dynamics of Cytochronigs, Biochemistry, Vol. 40, No. 43, 200112763

resolution. Quadrature detectionfawas achieved by using  the tumbling of the molecule in solution is isotropic)
the TPPI method3pb).

All NMR data have been processed on a Silicon Graphics 2 szfm
workstation using the XWINNMR Bruker Software. Integra- Jw) = S P— (2a)
tion of cross-peaks for all spectra was performed by using 1+ (wty)
the standard routine of the XWINNMR program. < @)y

Analysis of'>N Relaxation DataRelaxation rate&; and Iw) = 2 fm (1-S) (2b)
R, were determined by fitting the cross-peak intensitigs ( 5(1 + (wrm)z 1+ (w7')?
measured as a function of the delay) (vithin the pulse
sequence, to a single-exponential decay by using the Lev- 2 Szrrn (sz - 82)1’
enburg-Marquardt algorithm %7, 38) according to the Jw) =% 5 ' (2¢)
following equation: 1+ (0r)” 1+ (07)

I(T) = A + B exp(=RT) 1) wheret ! = 7,1 + 7o %, 7, is the correlation time for

molecular reorientation, antk is the correlation time for

whereA, B, andR are adjustable fitting parameters, using a ntérnal motions, faster than, but slower than 10 ps. The

Monte Carlo approach to estimate the error on the ré@s ( ~ model described by eq 2c, which is the most general,
41). For R, the phase cycle was chosen so that the &ccounts for the presence of two distinct internal motions

magnetization relaxes to zero for long relaxation delays. ©¢¢urring on two different time scales, both faster than the
Thus, in this caseA was set equal to zero in the fitting overall molecular tumblings’ is the square of the generalized
procedure. Heteronuclear NOE values were calculated as the'der parametze.r characterizing the amplitude of the internal
ratio of peak volumes in spectra recorded with and without Motions, ands? is the square of the order parameter for the
14 saturation. The heteronuclear NOE values and their errorsfast internal motions characterized by correlation times much

were estimated by calculating the mean ratio and the standar@Maller tharre. & is very sensitive to the distance between
error from the available data sets. the nitrogen and hydrogen atoms and to ¢ CSA used

Ry, R,, and NOE values fot5N spins are determined by in the ModelFree analysis. Indeed, a decrease t® ppm
dipolar coupling with the attached proton and, frand to the N CSA decreases the order paramefgrobtained
R, also by the chemical shift anisotropy of the nitrogen spins. Tom a relaxation analysis at 17.6 T, byt%, which is larger
The equations for these rates, in terms of spectral densitygga” experimental uncert?|nt|e45(.48). Measurements of
functions P(w)], are reported in the literaturé®). R, can N dipolar couplings ané™N chemical shifts in solids4@,
also contain a contribution originating from exchanBg, 50), together with a quantum calculatioBlj, show that a

The experimental longitudinal and transverse relaxation Consistent set of values is as followsiy = 1.02 A and“N
rates and the heteronuclear NOEs have been analyzed witfeSA = —172 ppm 48, 52, 53). This was used to extragt.
the ModelFree 4.0 progrand®), within the Lipari-Szabo  1he three adjustable parameters &¢in eqs 2a-c), ze (in
approach ). This program models the overall rotational ©€dS 2b and 2c), an§? (in eq 2c). If an axially symmetric
diffusion using a diffusion tensdd. In the analysis presented model is used to account for molgcular rotational diffusion,
here, we have used both isotropic and axially symmetric the spectral density of eq 2c is given [82(54, 59)
models to account for the global rotational motidd-46).

Initial estimates for the overall tumbling correlation time and 23 s, (§° -/
the local correlation times for the NH vector of each residue Jw) = —ZIA] ot ) 3)
were derived from the measur&/R; ratios. The diffusion S |1+ (0r)® 1+ (07))

tensor of the molecule was initially estimated by fitting the
local correlation times for the NH vector of each residue to wheret';|™ = ;7% + 7%, 7,71 = 6D, 7271 = 5Dg + Dy,
an input structure with the programuadric_diffusion 7371 =2Dp + 4D, Ar = (3 cog O — 144, A, = 3 sir? 6
available from the Web site of A. G. Palmer, Ill. These co<g 0, As = 3/,sin* 0, and@ is the angle between the-\H
parameters were then optimized at the final steps of the bond vector and the principal axis of the diffusion tensor
relaxation rate fitting (see below). In this analysis, care was (32, 54, 55). All other symbols have the same meaning as
taken to remove from the input relaxation data those NHs above. The expressions fi(w) corresponding to egs 2a and
having an exchange contribution to tRevalue or exhibiting 2b can be derived from eq 3 as described above for the
large-amplitude internal motions on a time scale longer than isotropic case.
a few hundred picoseconds, identified from low NOE values,  To take into account the presence of a contribution to the
as inclusion of these data would bias the calculated tensorexperimentaR; relaxation rate, arising from conformational
parametersy, 47). The input structures fayuadric_diffusion exchange processes, an additional adjustable pararRgler (
and ModelFree calculations were the energy-minimized which sums up to the value d®;, calculated taking into
average solution structures of oxidized tygt, and R98C account only the dipolar and CSA contributions, may be
cyt bsez (15, 16). The structure of the reduced form of cyt introduced. As only three experimental values are available,
bse2 is assumed to be similar to that of the oxidized one, for the maximum number of adjustable parameters is three. Thus,
the present purpose. Rex can be introduced only in conjunction with models 2a
Within the ModelFree approach, various terms of the and 2b. The presence of exchange occurring in a suitable
spectral density function)(w), can be taken into account range of rates can also be experimentally determined through
with a maximum of three adjustable parameters to reproducetransverse relaxation rates measuring these rates at different
the experimental rates. These are (under the assumption thaspin-echo pulse trains of variable spacing (see below).
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Fittings were performed by introducing upper limits for site exchange process, ad is the difference in the Larmor
S (<1), §° (<1), and7e (<) and a lower limit forRe frequencies between the sites. Numerical simulations indicate
(>0). No other restraints were used. Model selection in the that this equation is accurate, provid@dis)“?0w/kex < 0.2;
ModelFree calculations was performed according to a i.e., the exchange process is fast with respect to the chemical
procedure, which is based gfi and F statistics 43). The shift difference §7).
uncertainties in the values of the ModelFree parameter were Equation 6 can be simplified in the slow pulsing limit.
estimated by Monte Carlo simulations3. To obtain distinct Forver values of<0.1key, the exchange-mediated relaxation
independent measurements of relaxation, data were collectedecomes linearly dependent on the pulse ra&: (
at two different external magnetic fields. The fitting proce-
dure within the ModelFree calculations was performed R,=|1— 4"_eff 6cu2/ke @)
simultaneously on both data sets. The choice of magnetic X Kex PaPs X
fields corresponding to proton frequencies of 500 and 600
MHz was dictated by two contrasting limitations: the Whenwves << 0.1k, €q 7 further reduces to the expression
resolution (extensive overlap is observed at magnetic fields for the free precession limit:
of <500 MHz) and the errors in estimating the relaxation
contribution due to the chemical shift anisotropy which Rex = PaPa0® /Ky (8)
become non-negligible at magnetic fieldsse600 MHz 62).

Once the best model for the molecular motions is selected, When the pulse repetition rate is significantly faster than
the overallzy, the D;/Dy ratio, and the internal motional ~ the exchange rateRe, contributions are completely sup-
parameters for each spin are optimized by fitting the Pressed. Experimental limits on the spin-echo delay length
experimenta| relaxation parametals RZ, and NOE to their are determined by theduty CyCIe of the tl_’ansmlt.ter for short
equations 42) [the Powell minimization algorithm (see delays and the evolution dH—**N coupling during long
section 10.5 of reB8) has been used]. delays. _ _

It has been previously shown that, if the motions of the ~NMRD Measurement3he experimental NMRD profiles
NH vectors are not correlated with each other, an upper ©f bovine serum albumin were acquired with a Koenig-
bound to the contribution of the backbone dynamics to the Brown relaxometer. These experiments measuré—thgatgr
entropy change occurring between two related states can pdongitudinal relaxation rates as a function of magnetic fields.

calculated from the relatior2d, 56) For this instrument, the range of magnetic fields was from
0.01 to 50 MHz of proton Larmor frequency, with an error

3—(1+8S,,)" of £1%. The experimental rates are the sum of the rate of

AS= kz In ’ (4) bulk water and of that of the water molecules interacting
To|3-(@+ 881111)1/2 with the protein. The latter rates are modulated by a

correlation time which corresponds to the overall tumbling
where S is the conformational entropy is Boltzmann’s of the molecule. Three sets of measurements were taken on
constant, and, is the square root of the order parameter of & 3 MM protein sample at pH 5 and 298 K with phosphate
thenth NH vector. In this specific case, the initial state (state concentrations of 0, 5, and 500 mM. Data have been fitted
1) is the oxidized wild-type cybss> and the final state (state v_v|th the model free approach, after the bulk water contribu-
2) is either the reduced state of dys, or R98C cytbsey. tion has been subtracte@q).

R, Measurements in the Presence of a CPMG Spin-Echo RESULTS

Pulse Train.The effects of spin-echo pulses on transverse
relaxation rates due to exchange processes depend on the A Comment on the Possible Effects of Unpaired Electrons.
average field strength produced by the CPMG train. The The oxidized forms of cybse, are paramagnetic, and thus,

latter is determined by the repetition time§uc) with which the effect of the low-spin heme Fe(lll) on proton relaxation
the 360 pulses are applied: is expected to be non-negligibl&d—62). However, the
effect on nitrogen relaxation is dramatically reduced (by a
Vs (5*1) -1 (5) factor of approximately 100) due to the lower gyromagnetic
€ 2(T, + Tepmo) ratio of the'>N with respect to théH nucleus (lower by a
factor of 10).
whereT, is the duration of a 180N CPMG pulse (76is From studies on HiPIP$8) and cytochromés (64, 65),

for the experiments carried out at 600 MHz). Whenthe it was shown that the effect can be safely neglecteder

of the exchange process is longer than thewc delay nuclei which are more tm7 A from the paramagnetic

between refocusing pulses, no effect on the relaxation ratescenter. The backbon®N nuclei which are witm 7 A of

is observed. the iron ion, as determined from the average energy-
The contribution of the exchange processis)(to the minimized solution structure of oxidized chts, (15), are

transverse relaxation rate can be expressed in terms of thehose of Met 7 (6.1 A), Glu 8 (6.7 A), His 102 (6.7 A), and

CPMG veft frequency §7): Arg 98 (6.6 A). Met 7 has been excluded from the analysis
due to its broad signal (see below). For the other residues,
R, = & — 2y sinht (& sinh g ) (6) we have estimated the dipolar paramagnetic contribution to

x 2 eff 3 4y o nuclear dipolat®N relaxation, through the Solomon equation

(66), considering an electronic relaxation timef 7 x 10%?
where& = (ke? — 4papsdw?)¥? andkex = 1/Tex. Pa andps s [as estimated for low-spin heme Fe(lIB{f]. For a distance
are the populations of sites A and B, respectively, in a two- of 6.6 A, the dipolar paramagnetic contribution to longitu-
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Ficure 1: Comparison of®N relaxation parameters vs residue number for oxidild teduced @), and oxidized R98CK) cytochrome

bseo collected at 500 MHz.

dinal relaxation of thé>N nucleus at 600 MHz was found  Table 1: AverageR, andR, Relaxation Rates (4) and H—15N
to be 0.07 s!, which is very small and within the  NOEs for Amide!N Nuclei Measured at 500 and 600 MHz for

experimental uncertainty. An analogous conclusion can be ©xidized and Reduced Cys, and Oxidized R98C Cyfse.

made for oxidized R98C c\ise,, based on the fact that the oxidized reduced oxidized

15N —iron distances are almost the same as for the wild-type cyt bsez cythss;  R98C cythse,

protein. Ry (500 MHz) 1.66+0.09 1.54+0.12 1.66+0.08
Relaxation Measurements\ative cytochromebsg, is Ry (600 MHz) 1.26+0.08 1.18+-0.10 1.33+0.08

; R, (500 MHz) 12.06+ 1.03 12.62+ 1.06 11.54+0.89
present in two forms (A and B) as a consequence of two R. (600 MHz) 1267+ 116 1272 1.37 1251+ 1.17

different orientations of the heme, one differing from the 14"15y NOE (500 MHZ) 0.78+0.05 0.80+0.03 0.78+ 0.05
other by a 180rotation around the.—y meso directionZ8). 1H—15N NOE (600 MHz) 0.82+ 0.04 0.81+ 0.05 0.84+ 0.04
When the signals of the two forms are well separated in the

NMR spectra, the mobility data have been collected on the experimental conditions described here, relaxation measure-

major form A. For the remaining signals, degenerate for the ments were also performed at 500 MHz on samples of the

two species, the mobility parameters are the average of those__. . - . .
of the two species. However, as degenerate signals in bothoxIdlzed wild-type cythse, at lower protein concentrations

H ana ) dmensions ae cave of NH moetes w2700 210 BOU% s vales e e sane vt
very similar environments, the two forms most likely exhibit b ' b

o : : . tion of 1.8 mM. For oxidized cybse,, reliableR;, Ry, and
similar dynamic behavior. In R98C ci%e> a single heme """ . )
orientation is present. However, all preparations we made H—="N NOE values have been obtained for 99 residues of

contain a further species, minor in concentration (intensity tlge 1(_)1 assigned backbone N.H resonances. The aide
ratio of 1:10), which differs in mass by 32 Da7) from the . N signals of Met 7 and His 102 are too broad to be
“normal” R98C cytbss, species. Although its origin is still integrated accurately. The s_|gnal of Ala 75_ can be integrated
currently unknown, it might originate from oxidatior-2 qnly at 600 MHz because sizable overlap is present at lower
oxygen atoms) of the Cys residue that forms the thioether field strengths. For reduced cés,, 98 NH resonances are
bond. The mobility parameters have been collected for the asSigned (unpublished data from this laboratory, same sample
major species with a normal mass. conditions as for the oxidized protein); only Asn 6, Tyr 105,

The experimentaR;, R,, and*H—15N NOE values at 500 and Arg 106 are unassigned in the reduced species. Relax-
MHz of the amide!>N nuclei of oxidized and reduced cyt ~ation rates have been measured for all the assigned residues
bss2 and oxidized RI8C cyhss, are plotted as a function of ~ With the exception of Met 7, whose peak is too broad to be
the protein sequence in Figure 1. Plots and table¥f  integrated accurately. For oxidized R98C byt,, reliable
relaxation data at the two fields are reported in the Supporting Rt andR; rates for amidé>N and*H—'*N NOE values have
Information for the three systems. Average relaxation been obtained for 98 residues of the 101 assigned backbone
parameter values at 500 and 600 MHz are reported in TableNH resonances. The signals of Glu 81 and Glu 92 are
1, and they are similar for the three derivatives within error. overlapped, while the signal of Met 7 is too broad to be
To ensure that no aggregation is occurring under the integrated accurately.
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Ficure 2: Spectral density function values for thgvy), J(wn), andJ(0) terms at a 600 MHz proton Larmor frequency for oxidizeq, (
reduced &), and oxidized R98CL]) cytochromebsg,.

The experimental data were then used to map the spectrafitting simulated data, and it is observed that for a rigid
density function values. This approach to the analysis of the nonspherical bodyR; is underestimated by 20% for anisotro-
5N relaxation data, originally proposed by Peng and Wagner piesD /Dy equal to 2.044). For moderate anisotropies (ca.
(29), has the advantage over the ModelFree approach of notl.3), the order parameters remain insensitive to the choice
requiring any assumption about the tumbling motions of the of model €8), but the internal correlation time,, may be
molecule in solution. Sincey ~ 10wy, frequenciesoy + overestimated and the exchange contribution artificial. The
wn can be approximated tey and the spectral density asymmetry was verified further by determining the diffusion
function values at the frequencies of interest can by ap- tensor from theR,/R; ratio with the progranguadric_dif-
proximated by the following expressions: fusion The calculation indicates a statistically better fit for

the relaxation data by using the axially symmetric model
over the isotropic modelH statistic> 3). No statistically
significant improvement in the fully anisotropic model over
> > ) axially symmetric diffusion was observed. We analyzed the
(3d” + 4c) relaxation data by using both the isotropic and axially
4 N symmetric models for the rotational diffusion tensor. In going
on) = 5= —5[1—g(NOE=1=1  (10)  from the isotropic to the axially symmetric case, we found
3d” +4c 7H no significant change in the results, but a better fit of the
relaxation data was obtained with the axially symmetric
J(wyy) = 0.2R,(NOE — 1)37/— (11) model. We discuss below the results obtained for the axially
H symmetric case only. After optimization in the final stages
of ModelFree calculation®),/Dy ratios of 1.10+ 0.05, 1.30
+ 0.06, and 1.1% 0.05 andry, values of 9.6+ 0.6, 9.7+

6R, — 3R, — 1—58R1(NOE —~ 1)%

Jer(0) =

It should be noted thak«(0) is used instead @X0) to denote
that exchange contributions #®& have not been explicitly o
considered in the present analys& 0.4, and 9.2+ 0.5 ns were found for ox!dlzed C\His62,
The values of the spectral density functionsat 0, wx reduced cybse,, and R98C cybse respectively.
(60 MHz), andwy; (600 MHz) are plotted in Figure 2 versus By analyzing thern values of a group of protein$,(64,
the residue number. 69—72), determined experimentally by NMR, versus their
Rotational Diffusion Tensor and ModelFree Analysis. molecular volumes (at normalized temperatures), we found
From the calculation of the inertia tensor, it is found that that the present,, values are higher than expected. Since
the molecule is asymmetric, as expected from its shape (thethe protein tends to aggregate, care is taken to avoid this
inertia tensor for oxidized cysg; has principal values ina  possibility. Literature data show that aggregation is prevented
1.00:0.97:0.38 ratio). The diffusion tensor appears to be axial.by a phosphate concentration of 500 mM and a protein
If the rotational diffusion is anisotropic and not included in concentration o4 mM (28). 5N R; andR, were measured
the analysis, erroneous conclusions about exchange ratest 500 MHz for oxidized cybss; in the protein concentration
would result. The introduced errors have been estimated byrange of 0.5-1.8 mM, in 500 mM phosphate buffer at pH
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lines indicate the error bar on the parameter values. The position of the helices with respect to the primary sequence is shown above the
figure. Asterisks denote degenerate resonances for the two forms.

4.8. Within experimental error, the data are identical within interpretation is consistent with a large measurgdnd a
this concentration range. Analysis of the relaxation data on D,/Dy, ratio of ~1.

the 0.5 mM protein sample providedrg value of 9.1+ A further contribution to the above-mentioned deviation
0.4 ns with an anisotropy, /Dy of 1.21 + 0.05. These of the 7, value derives from the high concentration of the
values, if compared with the data at 1.8 mM protein, are phosphate buffer, which increases the viscosity of the
consistent with a degree of association tending to zero. solution. The effect of varying phosphate concentration on
Moreover, no chemical shifts or line broadening of the cross- the t, value has been tested through NMRD measurements
peaks in thé’N—1H HSQC spectra was monitored over the performed on bovine serum albumin, a protein which is
above range of protein concentrations for those residues thaknown not to aggregate under the experimental conditions
can be considered involved in the dimerization process, onthat were used59). The r,, value is found to increase by
the basis of the dimeric X-ray structur&4j. Aggregation ~70% when the phosphate concentration is increased from
would determine changes #iN transverse relaxation rates 0 to 500 mM. This figure can be considered a rough estimate
and chemical shifts73). The lack of any spectral change is of the effect of phosphate concentration on theof cyt
again indicative of the absence of aggregation. Finally, when bsg, and accounts for most of the increase in thevalue.
comparing the orientation of the principal axes of the To our knowledge, no systematic studies on the effect of
diffusion tensor with the principal components of the inertia the buffer on protein tumbling are available in the literature.
tensor calculated for the monomeric and dimeric forms of  The parameters characterizing the overall and internal
the molecule [the latter obtained from the crystal structure mobility were obtained within the ModelFree approadB)(
(14)], we found a very good agreement for the monomeric for 98 of 99 residues of oxidized cists,; the signal of Arg
form (angle deviations o0& 15°), while a large discrepancy 106 could not be fitted by any model. For reduced and R98C
is calculated for the dimeric form. The same approach was cyt bsg;, 97 and 98 residues were fitted, respectively.
previously used to provide evidence that cytochrarthis The average generalized order parame&rsgalues for
monomeric in the solution stat&4). Thus, it is concluded  all the characterized residues are 0870.08 for oxidized
that the high value of,, is not due to aggregation, but arises cyt bse,, 0.84+ 0.07 for reduced cyise,, and 0.85+ 0.07
from other effects such as the anisotropy of the molecular for R98C cyt bss,. The & for each residue, the internal
shape and the high concentration of the phosphate buffer.correlation timesze, and the order parameter for the fast
Indeed, from the structure of cyke,, it appears that most  motions,S?, are reported in Figure 3A (oxidized cigésy),

of the NH vectors are aligned along the main rotational Figure 3B (reduced c\iss,), and Figure 3C (R98C cYise»).
diffusion axis. Since motions about the NH vectors do not The pattern o’ values for the various residues in the three
contribute to relaxation, the data mostly describe motions systems is similar. In all three cases, meaningful values (i.e.,
around the transversal axis. The latter motions, judging from larger than their errors) for the correlation time for fast
the shape of the molecule, are supposed to be much sloweinternal motions;., were found for residues belonging to
than those about the main diffusion axis. With respect to loop 1 and loop 2 and for a few residues located in helices
the overall tumbling motion, the latter situation can mimic al ando4. Some of these residues also experiktealues

a protein characterized by a slower isotropic motion. This of <1. Helicesal ando4 of R98C cythse, present a larger
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number of NH groups characterized by fast mobility with Table 2: Residues Exhibiting an Exchange Contribution to'the

respect to the wild-type protein. Transverse Relaxation Rate in Oxidized @y, and R98C Cyt
In oxidized cytbsey, residue 59 exhibits aRex contribution Dse2"
to the transverse relaxation rate, arising from conformational Tex (US) Tex (US)
exchange processes, of 2:5%.69 st while in the reduced oxidized  oxidized oxidized  oxidized
protein, residue 101 exhibits aRex contribution to the residue cytbss, R98C cythss, residue cytbss; R9I8C cythse,
transverse relaxation rate of 3.930.60 s gnd ate vglu_e 4 b 174+ 28 49 b 144+ 28
of 7.53+ 2.52 s1. In R98C cytbse,, No residues exhibit a 5 b 1754 15 54 317+110 b
detectableR., contribution through the measurements used g 38§i 1 Z%i gg g? iggi ?g E
for the ModelFree ar\aly5|s. N _ 10 400+ 94 b 58 b 3664+ 30
CPMG R Relaxation Data for Oxidized Protein&x- 11 381+56 4154+ 115 59 149+ 70 b
change processes in the millisecond to microsecond time 15 b 177+ 11 63 393t 60 b
scale can be observed as a contributRg, to theR, values ig 1731 o ﬁji g gg E %‘;gi fg
measured in the'_l'z-CPMG experiments, increasing with 18 b 248+ 85 69 b 3614 20
Tcpmc (See Materials and Methods)g). The analysis was 26 b 370+ 18 71 b 1444+ 35
performed by measuring the transverse relaxation r&gs, 30 b 375+ 44 87 125+ 69 b
of the backbone amide nitrogens as a functiorrgfc at gg j?gi %io %ggi ég 1?)2 E i;git %
different effective field strengths,, according to eq 5. A 10 385+ 11 b 106 2454+ 163 b

dependence R With ver indicates an exghange contribution 2 The correlation timegey, in the exchange process, obtained through
to the transverse relaxation rate occurring with a rate on thethe fit to eq 5, is reported.No exchange processes are observed in
same order as thes. To evaluate the exchange correlation  he 156-4004s time range.

time, 7ex, the R, values have been fitted againsgk to eq 6.
In both oxidized forms of cybsg,, the transverse relaxation
rates measured at the highest possible are fairly homo-
geneous over the protein sequence with the exception of Loop 1
residues 21 and 22 in loop 1 and of some residues involved
in loop 2 (see Figure 1). In oxidized cigte,, residues 54,
55, 57, 59, and 63, belonging to the final part of loop 2 and
the beginning of helixx3, show a dependence Bf on ve.
Also, residues 911 and 17 (helixx1), 33, 35, and 40 (helix
a2), and 87 and 106 display a dependenc®&pobn ves. In
oxidized R98C cythsg,, residues showindr, rates higher
than the average value are mainly present in hebideand

a3. In these regions, residues-@, 9, 11, and 1518 (helix

al) and 58, 66, 68, 69, and 71 (helaB) also display a
dependence d®, onves. In the other regions of the variant,
residues showing a dependencdrebn ve are 26, 30, and

33 (helix a2), 49 (loop 2), and 99 and 103 (helix4).
Residues exhibiting an exchange contribution in oxidized cyt Fioure 4: Mapping of N mobility on the milisecond to

bsez and R98C cybse; are listed in Table 2, together with microsecond time scale in the protein frame of the oxidized wild-

experiencing conformational exchange processes in bothexperiments. The NH bonds experiencing exchange processes are

oxidized wild-type and variant forms of cybse; are depicted as lines colored by the following code based on the
schematically shown in panels A and B of Figure 4 secondary structure: red, heli; violet, helix a2; pink, loop;
tivel " cyan, helixa3; and orange, helixx4. The secondary structure
respectively. elements are indicated.
The CPMG experiments have also been carried out on the
reduced protein. Reliable decay curves could not be measured . . .
in this case. The reason for this is the autoxidation of the observe that the relaxation data of cytochraselisplaying

sample, as documented elsewheté)(during the longer & fo'lfq vetry similar tﬁ thalt of tCytbsez t7)ut showing tn%
time needed for this kind of measurement. Indeed, slight shift significant sequence homology to dyk. (77), are reporte

changes in the 2D spectra were observed between sets o be better described by a fully anisotropic diffusion tensor

al

. . : : 74).
experiments having different refocusing delays. The ModelFree analysis indicates that the three molecules
DISCUSSION investigated are particularly rigid on the picosecond to

nanosecond time scale, as expected on the basis of their

E. coli cyt bsg, consists of four longu-helices packed — extensive helical structure. Average order parant&tealues
together in an antiparallel fashion corresponding to the well- of ~0.90 are obtained for residues belonging to the helices.
known four-helix bundle topology. On the basis of relaxation Larger mobility is observed for the terminal residues, as well
data at two magnetic fields for 909 residues of 106, the as for residues belonging to loop 1 (residues-29), loop
analysis presented here finds that an axially symmetric 2 (residues 4145 and 49-57), and loop 3 (residues 81
diffusion tensor is appropriate for a description of the 83). Loops 1 and 2 are characterized$yalues as low as
tumbling of the molecule in solution. It is interesting to 0.59, and loop 3 is characterized by an average-0{82
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025 the former values of 0.84 and 0.85 (Figure 3). These
020 A observations are supported 8y values different from 1 in
015 R98C cythss,, indicating the presence of relatively fast local
oo motions which contribute significantly to relaxation. More-
over, it has been shown previously¢5y 16) that the HN
IIIIII...I.“J“ I protons of residues 27 in R98C cyt bsg, are more
A

! l|-|| (| |||||"||||“ exchangeable with bulk solvent than those in the wild-type

e """"I“I""]II "y

0031 o A protein. Apparently, the introduction of a covalent bond

0.10-] ”H between the heme and heti¥ causes an increase in mobility

015 on the sub-nanosecond time scale in the latter helix. Such

mobility is extended to helixx1 through the coordination

s bond between the iron and Met 7. The effect can be ascribed
o 2 s 40 so e b s a0 o il reasonably to strain introduced by the thioether bond.

Residue number Residues 5861 also show a slight difference in mobility.
0.25 - The local? values of wild-type and R98C cyis, are 0.83
B and 0.90 on average, respectively. This difference is related
to the secondary structure, as these residues belong to helix
o3 in R98C cythbse, but not in the wild-type proteinil®,

S’ (R98C) - §” (ox)

-0.20 o

= 0.10 ~ 16)

o 00 III wllk Another approach to evaluating differences in mobility

Z o.oo]m. | IT "|'“'|{[l|]|]|"' I-l Il' 0 "I“-r'llln-l-'ll"-.'l",-' between two related species is that of calculating the

3 s I B L difference in entropyAS from & values, according to eq 4.

@ g0 The change in entropy is related to the ratio of the square
o5 root of the order paramet& evaluated for each NH group

and summed for all the NHs detected in the two forms. While
) the averag& values are close for the two states, meaningful
o L differences can be detected, as shown in Figure 5A. There

Residue number are 96 residues havirg values of<0.95, and the entropy

FiGURES: Differences in the order parameteg)(of the backbone ~ change was estimated to be 45 J mof* K. This value
nitrogens for (A) R98C minus wild-type cye; and (B) reduced  indicates a globally higher disorder in R98C k..
minus oxidized cytochromiess, vs residue number. The dotted lines In comparison to the wild-type protein, R98C cytochrome
rs‘;g;gﬁqesm the sum of the average errors orfihalues of the two 0 staple toward thermal and chemical denaturation
' (AAGp-_\H° = 5.6 kd/mol) 2). This feature is not reflected

in an increased rigidity. While the thioether bond increases
(Figure 3). Furthermore, these regions also disffayalues resistance to thermal and chemical unfolding, it also intro-
different from 1, indicating the presence of very fast local duces structural strains that amplify backbone atom motions
motions characterized by correlation times<a20 ps {9). on the sub-nanosecond time scale for the region close to the
Mapping the values of the spectral density function at heme axial ligands. Interestingly, this effect is most notice-
frequencies of 0, 60<wn), and 600 MHz €wy) over the able on helix 1, trans to the new covalent bond. This region,
protein frame results in the loop regions being characterizedwhich evolved to bind the heme 2-vinyl group, now has to
by J(0) values that are smaller than the average and{dy) accommodate the 2-methyl group of the heme.

values that are larger than the average (Figure 2). These tWo Residues experiencing conformational exchange on the
observations point again to larger backbone fluctuations on yjjlisecond to microsecond time scale were identified
the picosecond to nanosecond time scale in these regionsyhroygh analysis of the dependence of transverse relaxation
No significant conformational exchange proces$®st 5 ates on the delay of the spin-echo pulse train. The total
s™*) have been found by the ModelFree analysis, but motions nmper of backbone nitrogens participating in such exchange
on the millisecond to microsecond time scale have been processes is larger in R98C dys, than in the wild-type
detected for the oxidized proteins through CPMG experi- protein (see Table 2 and Figure 4). In particular, most
ments. These results are discussed in the following section.esidues belonging to helixl of R98C cythss, display a
Comparison between Oxidized Wild-Type and R98C Cy- dependence d®, values ornccpue Only four do in the case
tochrome ks> The relaxation data (Figure 1) aifl values of the wild-type protein. Another difference is observed in
(Figure 5A) indicate that the mobilities of the oxidized wild- loop 2 where wild-type cybsg, exhibits a higher mobility
type and R98C cybss, are on average very similar on the on this time scalel5). Finally, in the R98C protein, residues
picosecond to nanosecond time scale. However, a detailedd9 and 103 belonging to helir4 experience exchange
analysis over the whole amino acid sequence reveals somerocesses which vary from those of the wild-type protein.
significant local differences. It appears that the variant has In general, the behavior in the millisecond to microsecond
more higher-mobility residues than the wild-type protein. time scale is similar to that observed on the sub-nanosecond

Residues 412 (belonging to helixx1) and 93103 (helix time scale.
a4) contain the axial ligands to the iron and are significantly =~ Comparison between Oxidized and Reduced Wild-Type
more mobile in R98C cyibse, than in the wild-type protein.  Cytochrome k.. Analysis of the relaxation data for the two
The latter exhibits averag® values of 0.93 and 0.90 and redox forms of cythbss, shows that the reduced form has

-0.20 o
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generally lowerS values for essentially all the residues.
Exceptions occur in loop 2 (Figures 1 and 5B).

If eq 4 is used to estimate the NH fluctuation contribution
to AS’, a value of 168+ 22 J mol! K1 is obtained from
96 NH pairs withS values of <0.95. The positive value
indicates that the entropic contribution from backbone
mobility favors the reduced state. This behavior is the
opposite of that observed for mitochondrial cytochrome
(70) and cytochroméos (65), but is the same as that for the
low-potential cytochromesss from D. wulgaris (79). Thus,
the entropic contribution calculated from tBedata is found
to be variable among these proteins. It also shows similarity
in the magnitude of the overall thermodynamic values of
homologous systems, but it is clear that this is only one of
the contributions taAS’. Indeed, it has been proposed that
the global entropy change is mainly determined by solvation
effects 80, 81).

Reduction of cybse, increases its stability toward unfold-
ing, the reduced protein being25 kJ/mol more stable than
the oxidized protein6). Our results show that the reduced
form is slightly more mobile than the oxidized protein.
Unfortunately, the present system is not suited for a
comparison of the backbone dynamics on the microsecond
to millisecond time scale, which has been correlated with
the protein local stability§2).

CONCLUSIONS

In this work, the backbone dynamics of the oxidized and
reduced cytse,, as well as of the oxidized R98C variant,

have been analyzed and compared to evaluate the effects of

redox or chemical modification on protein mobility. The three
proteins display very similar global dynamic behavior on

the picosecond to nanosecond time scale. However, some

local differences are observed. The regions of residuei?4
and 91-104 belonging to heliceal anda4, respectively,
result in a more mobile oxidized R98C variant with respect
to the oxidized wild-type protein. In addition, a higher degree

of conformational exchange has been observed in the same

regions for the R98C variant. Thus, the new covalent link
forces the protein into a state characterized by higher
mobility. This may be a consequence of strain produced by
an artificial covalent bond between the heme and the protein
matrix. Similarly, the reduction process does not determine
large changes in mobility on the picosecond to nanosecond
time scale, although slightly lowe# values are observed
for the reduced protein. The latter observation cannot be
generalized as the difference in backbone mobility between

the oxidized and reduced cytochromes has been found to be 24.

either positive or negative. Finally, entropy estimates ob-
tained from order parameters indicate that picosecond to
nanosecond time scale motions contribute to the stabilization
of the variant and the reduced forms of &y,
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