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ABSTRACT. A protocol for complete isotopic labeling of iso-1-cytochroreefrom the eukaryote
Saccharomyces cerisiae is reported. Assignments are reported for the vast majority oftieamide
resonances in both oxidized and reduced statiisheteronuclear relaxation experiments were collected

to study the picoseconrthanosecond backbone dynamics of this protein. Relaxation rates were computed
and fit to spectral density functions by a model-free analysis. Backbone amides in the overlapping loop
B/C region are the most flexible on the picosecendnosecond time scale in both forms of the protein.

The results show that, on average, the protein backbone is slightly more dynamic in the oxidized than the
reduced state, though not significantly so. Exchange terms, which suggest significant motion on a time
scale at least an order of magnitude slower than the overall correlation time of 5.2 ns, were required for
only two residues in the reduced state and 27 residues in the oxidized state. When analyzed on a per-
residue basis, the lower order parameters found in the oxidized state were scattered throughout the protein,
with a few continuous segments found in loop C and the C-terminal helix, suggesting greater flexibility
of these regions in the oxidized state. The results provide dynamic interpretations for previously presented
structural and functional data, including redox-dependent changes that occur in the protein. The way is
now paved for extensive dynamic analysis of variant cytochrotnes

Cytochromeg are small proteins that function as electron the overlapping loops B (Gly 34Gly 45) and C (Ser 490
carriers between the last two complexes in the electron Lys 54), 60s helix (Asp 66 Thr 69), loop D (Asn 76-Gly
transport chain of eukaryotic organisni3.(These globular ~ 84), and the C-terminal helix (Lys 87Thr 102). The loops
proteins fold around an iron-containing heme group that is of C102T are not unstructured entities; rather they contain
responsible for accepting an electron from cytochrazne regions of approximate-helical geometry, extended seg-
reductase and transferring an electron to cytochrame ments, ang-turn structures, formin€ loops with hydrogen-
oxidase. In shuttling electrons between electron donor andbonding networksg). The heme group is covalently attached
acceptor proteins, the iron in the heme group alternatesto the polypeptide chain at Cys 14 and Cys 17 by thioether
between the reduced, diamagnetic form Fe(ll) and the linkages. The heme iron is coordinated by the His 18 (loop
oxidized, paramagnetic form Fe(lll). The surrounding protein A) and Met 80 (loop D) side chains. The overall fold of the
is responsible for maintaining the redox state of the iron in protein does not change significantly with redox state
an aqueous cellular environment and for recognizing and (7, 9).

docking to the appropriate.redox partners. . . Despite very similar crystallographic and NMR structures
Cytochromec from yeast is well-behaved for biophysical ¢ the reduced and oxidized forms of iso-1-cytochrome
and biochemical studies and has been used as a model foéeveral groupsl0—13) have noted a large difference in the

st_udying pro_tein folding and structure_/function relationships. folding energetics between the two redox states of the protein.
High-resolution structures for the oxidized and reduced forms Supporting this observation, differential scanning calorimetry

of yeast iso-1-cytochromg including several mutant forms experiments{1) have measured a& kcal mol* increase

of the protein, have been determined by X-ray crystal- in thermal stabilit ;
g y upon reduction. To further understand
lography and NMR spectroscop§+7). The fold of iso-1- and describe features of the structures related to this

cytlochr(i_rgec (;]or?s?tlsdoi; rt1eI|ces ‘de I?Of st;uctlljrels. Th(?[ _difference in stability, hydrogen exchange NMR experiments
R?tselfépnlalehgl'al(nAlg ;’ Arr] 01%)5?2552 (sH_rSuiéJ_rSeeggn)en S have been carried out by several groups. Marmorino et al.
! X g 12).l00p ! U ss), (14) have shown that reduction of the heme group in iso-
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1-cytochromec, carrying the C102S mutation, relative to and for C15, a strain that produces no cytochraygrown
the reduced form. in YPD (0%).

We have used NMR methods to characterize the dynamics (C) Yeast Fermentation and Purification of C10Final
of iso-1-cytochrome (C102T) in an effort to relate them to  Minimal medium composition for production of C102T was
stability, function, and changes in redox state. The C102T 40 mM Bis-Tris (pH 6.5), 6.5 mg/mL yeast nitrogen base
variant has been used in these and in previous biophysical(YNB), 20 mg/mL dextrose, 2.0 mg/mL ammonium sulfate,
studies because it is structurally and functionally similar to 1.3 mg/mL Celtone, and 40 mL of salt solution (0.25 MK
the wild-type proteing, 15 but is better behaved in solution HPQO;, 0.25 M KHPO,, 0.1 M MgSQ, 2 mM MgCl, and
(16). As previously reported, we have expressed and purified 11 4M FeCh). All components were autoclaved, except the
a [U-15N] isotopically labeled C102T sample from yeast and Celtone, which was sterilized through a 02 filter and
Compared the hydrogen exchange behavior of the C-termina|added to the autoclaved medium after it cooled. To prOduce
helix in oxidized and reduced formd7). In this work,  labeled C102T,"™N ammonium sulfate and Celtone-N
heteronuclear, multidimensional NMR experiments were (Martek) were substituted for the unlabeled components.
used to assign the nitrogen resonances of a majority of the For fermentation of a large batch of labeled C102T, an
backbone amidé*N chemical shifts in both oxidized and overnight culture was prepared by inoculating 200 mL of
reduced forms of C102T at pH 4.6. The accompanying paperminima| medium with freshly prepared C93d. This culture
describes hydrogen exchange experiments on C102T to prob&vas grown at 3CC with vigorous shaking for 1822 h.
the slower (milliseconetsecond) time scale dynamics of the ~Five liters of minimal medium was prepared and placed in
protein backbonel®). In this paper, we describe the effect & 7-L fermentor vessel. Antibiotics (0.1 g/L streptomycin
of the heme iron redox state on backbone dynamics usingand 0.04 g/L chloramphenicol), 6 mL/L ethanol, and 0.5 mL
15\ relaxation measurements, a technique that probes fas©of Antifoam A were added. This medium was inoculated
(picosecond-nanosecond) time scale motions. Model-free with the 200 mL Overnight culture and the culture was grown
analysis of thé®N relaxation rates suggests that the oxidized for 5 days at 30°C with vigorous stirring and aeration.
protein has greater flexibility on the picosecemhnosecond ~ Samples of this culture were checked daily for culture
time scale relative to the reduced form. In particular, turbidity, pH, and contamination. One liter of a sterile 2%
backbone amides in the overlapping loop B/C region are the glycerol solution containing 0.1 g/L streptomycin, 0.04 g/L
most flexible on the picosecorghanosecond time scale in ~ chloramphenicol, 6 mL/L ethanol, and 100 mL of Antifoam
both forms of the protein. Conformational exchange on a A was added to the fermentor as necessary to maintain
slower time scale was identified for a significant number of culture volume. Usually, 23 additions were needed over
residues, spread throughout the oxidized protein, further the 5-day fermentation.
indicating greater flexibility relative to the reduced form of ~ On the fifth day, cells were harvested and C102T was
C102T. purified by a modificationZ1) of the standard protocoP8).
Protein was oxidized with Be(CN), which was then
removed by use of a small Sephadex DEAE A25 column
prior to the second ion-exchange column. Following the final
ion-exchange column and dialysis into NMR buffer, protein
was concentrated by use of centrifugal filters (Centricon).
A few grains of sodium dithionite were added to the
concentrated sample to reduce the protein. For experiments
involving reduced protein, the acetate NMR buffer contained
12 mM ascorbate and a grain of sodium dithionite to maintain
a reducing environment in solution. Protein composition was
confirmed by electrospray mass spectroscopy.

MATERIALS AND METHODS

Overexpression and Purification of [AN]C102T: (A)
Yeast Strains and Proteins. Saccharomyces:/tgiee strain
C93 (19) produces C102T, the iso-1-cytochromeariant
in which the cysteine at position 102 is replaced by threonine.
This variation eliminates intermolecular dimerization and
thus facilitates in vitro analysis of the protein. Its properties
are virtually identical to those of true wild-type iso-1-
cytochromec (9, 20, and it has been used as the “wild type”
by us @1) and by other researcher® 15, 22. Strain C93 Nuclear Magnetic Resonance SpectroscdgyIR data
does not produce iso-2-cytochrom€l9). For optimization  were acquired at 28C on a Bruker Avance DRX 500
experiments, a strain containing a complete deletion of the spectrometer J-15N]JC102T protein samples were dissolved
CYCllocus, C15 19), was also used. C93d, the diploid of i 50 mM deuterated acetate, pH 4.6 (uncorrected). Dioxane
strain C93, was produced by crossing C93 with strain B2111 was added as the internal standard. Spectra were processed
(8). on a Silicon Graphics workstation with FELIX 970 (Mo-

(B) Growth Cuwes and Low-Temperature Spectroscopy. lecular Simulations, Inc.).

Optimization of the medium and growth conditions for [*H—'N]NOESY—HSQC spectra were collected on oxi-
production of C102T in minimal medium was performed in dized (0.2 mM) and reduced (0.3 mM) C102T protein
10 mL cultures prepared in sidearm flasks. These culturessamples. WATERGATEZ4) pulses were incorporated into

were grown with vigorous shaking at 3G for 14 h. Culture
density was then determined with a KleBummersen
colorimeter, as previously describedl]. The amount of

pulse programs for water suppression. States-TPPI phase
cycling was used in both indirect dimensions. The initjal
sampling delays were adjusted to half the value of tthe

holocytochrome present in the cells at the end of incubation increment to eliminate phase errors and baseline distortion.
was determined by low-temperature difference spectroscopyFrequency jumping was used to center the proton spectrum
of the intact yeast cell@). For analysis, the culture density in the amide region. A mixing time of 133 ms and recycle
and spectroscopic absorbance were normalized to thosdime of 1.5 s was used. For the oxidized protein, a total of
qguantities determined for C93 grown in YPD (1% yeast 512 complex points were collectedtgwith a spectral width
extract, 2% Bacto-peptide, and 2% dextrose) medium (100%) of 2155 Hz, centered at 8.15 ppm; 128 complex points were
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collected inT,, with a spectral width of 6500 Hz, centered R = (d%4)[J(w,, — wy) + 3N (wy) + 6wy + wy)] +
. . 1 H N N H N
at the water frequency; 32 complex points were collected in B
t,, using a spectral width of 1250 Hz and tH#l carrier at cJ(wy) (1)
118.5 ppm. For each increment, 16 scans were acquired. 5
For the reduced protein, a total of 1024 complex points were R, = (d78)[4J(0) + J(wy, — wy) + 3J(wy) + 6)(wy) +

collected ints, with a spectral width of 2790 Hz, centered at 6J + + (c¥6)[43(0) + 3] + 2
8.00 ppm; 128 complex points were collectediinwith a (@ + o] + (CTO)[40) @]+ R (2)

spectral width of 6500 Hz, centered at the water frequency; tor which the constants = [uohynyn/873 Eny®Dand ¢ =
32 complex points were collectedtin using a spectral width  , Ag//3; uo is the permeability of free spaceijs Planck’s
of 1250 Hz and thé*N carrier at 118.5 ppm. For eath  constantyy andyy are the gyromagnetic ratios of the proton
increment, 16 scans were acquired. For both spectra, angng nitrogen nuclei, respectively;; andwy are the'H and

exponential line-broadening function was appliedas, 15\ Larmor frequencies, respectivelyi is the internuclear
shifted sine bell functions were used to apodize the data in1y—15\ distance (1.02 A); and\c = —160 ppm is the

the indirect dimensions. The data were zero-filled once in chemical shift anisotropy measured f8N nuclei (28).

each indirect dimension before Fourier transformation. Exchange contributions &, due to conformational averag-
A series of [H—*N] correlation spectra were collected ing on the microseconemillisecond time scale, are treated
to determine the backboriéN longitudinal ;) and trans- by the third termRey, in eq 2.
verse R) relaxation rate constants. Pulse sequences used |n addition, contributions from paramagnetic effects lead
to measure relaxation rates have been described previouslyg additional terms in these equatio29(3Q. For low-spin
(25) as well as the PEP-Z modificatio2). The initial t; (S= Y,) systems, these terms are negligible for protons that
sampling delays were adjusted to half the value oftthe o not experience contact shifts and aré A distant from
increment. Recyle times of 1.5 s were used for all experi- the heme iron :{l) In addition, due to the dependence of
ments. FoiR, experiments, relaxation delays of 17:32), paramagnetic relaxation on the square of the nuclear mag-
207, 345,518, 777, and 2508 %) ms were used (duplicate  netogyric ratio £?), the effect is further reduced (about 100-
acquisitions noted by 2). For R, experiments, relaxation  fo|d) for nitrogen nuclei 63). For oxidized C102T, amide
delays of 8.14 (x2), 16.29, 24.4%®), 32.58 (2), 40.72,  nitrogens outsidera8 A radius from the heme iron are
57.01, 73.30, 146.5942), 171.02, 219.88, and 472.35%) negligibly perturbed by the paramagnetic metal and were
ms were used. No data were collected at 472.35 ms for thetreated as diamagnetic in these studies. Analysidouf

reduced protein in order to reduce the data collection time rg|axation behaviord?) of nuclei within the 8 A radius is

and minimize the chance that the protein would become beyond the scope of this particular study.

oxidized. The interval between the refocusing pulses in the The spectral density functions included in egs 1 and 2,
N CPMG sequence was 1 ms. For oxidized C102T spectra, j(¢), describe motion in the frequency domain and are the
a total of 2048 complex points were collectedtinwith a Fourier transforms of the orientational correlation function
spectral width of 2155 Hz, centered at 8.15 ppm; 128 for the N—H bond vector, describing motions in the time
complex points were collected in, using a spectral width  domain. Eive spectral density termEwy), J(wh), Jwn +

of 1800 Hz and thé®N carrier at 118.5 ppm. For eac¢h wn), Jwn — wn), andJ(0), contribute to the experimental
increment, 32 scans were acquired. For reduced C102Tyg|axation parameters of egs 1 and 2. However,Rhand
spectra, a total of 2048 complex points were collected,in R, parameters are insufficient to determine the five frequen-
with a spectral width of 2155 Hz, centered at 8.00 ppm; 128 cjes that characterize the relaxation parameters as described.
complex points were collected B, using a spectral width  |nstead, the spectral density function can be represented by
of 1250 Hz and thé*N carrier at 118.5 ppm. For ea¢ch 3 model-free formalism33, 34 and has been employed for
increment, 32 scans were acquired. For all speetr@ Hz  the data presented here. A minimal number of parameters is

exponential line broadening function was applieda invoked to describe the overall tumbling rate of a macro-
shifted sine bell functions were used to apodize the data inmolecule and the internal motions of thel—15N bond

w 1. The data were zero-filled once i ; before Fourier  vector:
transformation.
Relaxation Data Analysidndividual peak heights were  J(w) = S 7, /[1 + (w7,)] + (1 — /[1 + (07)] (3)
measured by use of FELIX macros written by Dr. M. Akke
(Lund University) and supplied by Dr. A. G. Palmer The order parameters{) describes the degree of spatial
(Columbia University). Uncertainties in peak heights were restriction of the internal motions of thel—°N bond vector.
estimated from duplicate spectra as described previoBS)y ( The overall correlation timeg, is a result of the tumbling
R: andR, measurements were determined by nonlinear, least-motion of the entire molecule, and. is the effective
squares fitting of the experimental peak heights versus time correlation time resulting from fast (ps) internal motions,
using monoexponential functions provided in software pack- where 1t = 1/ t,, + 1/ .. Equation 3 assumes that the
ages by Dr. A. Palmer (Columbia University) or in Kaleida- overall tumbling of the macromolecule is isotropic. The value
Graph (Synergy Software). KaleidaGraph was used to of & ranges from 0 to 1, describing motions from completely
visualize the fits to the data. unrestricted to a relatively fixed molecular frame of reference,
The model-free formalism was used to relate the relaxation respectively.
parameters to the spectral density function of the NH bond  Analysis of the relaxation data within the model-free
vector. The relaxation rate®; and R;, for an amide®>N formalism was performed with the Modelfree program,
nucleus are dominated by dipolar interaction with the directly version 3.1, kindly provided by Dr. A. G. Palmer (Columbia
attached proton and by chemical shift anisotropy)( University) and described in previously published procedures
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(35). The relaxation data for each resonance were fit to three 1000 F o
different dynamical models while,, was held fixed: (1) L
<, (2) & and 7. (3) & and Re Initial estimations of the
overall correlation timesgm,, were obtained from the 10%
trimmed mean oRy/R;. A grid search was used to obtain
initial guesses for other model parameters. Model selection
was carried out as described by Mandel etZ#),(with some
adjustments since onlg; andR, were used in the calcula-
tions. The statistical approach was not applicable for model
selection since the fits for models 2 and 3 had zero degrees
of freedom. Instead, models 2 and 3 were used only when
the sum squared error (SSELS5 for model 1 fits, errors in
predictedr. andRex values were less than predicted values, L T
and R« terms were greater than 1 s. Time (hr)

RESULTS 0.02f

Optimization of Fermentation and Purification &fN-
Labeled Iso-1-cytochrome. dhe first step in performing
heteronuclear NMR experiments on any protein is to produce
large quantities of labeled protein. This is typically done by
inserting the gene encoding the protein of interest into an
expression plasmid and expressing large amounts of protein
in a well-developed expression systeB6( 37). Unfortu-
nately, mitochondrial cytochromes including yeast iso-1-
cytochromec, are not easily expressed in prokaryotic i
expression system&-type cytochromes are characterized O s San S50 555 560 68 B0 575
by a prosthetic heme group that is linked to the protein via Wavelength (nm)
thioether bonds to two cysteine side chains. During biosyn- Ficure 1: Growth curves (A) and low-temperature spectroscopy
thesis of the holoprotein, the covalent attachment is catalyzed(B) of test cultures of diploid C93, the yeast strain expressing
by a mitochondrial protein called heme lya8( 39, a CltOZ;lr, comp?rir;)gthhe celll giﬁ""ttf;]_Wigh t?]e deiﬁpre_SSigggf iISO'l_'
proten that i ot present n prokaryotic expression systems SLCENOMES n Beth panel e i dashed ine = 0 done
When this enzyme is not present, heme is not attached anche growth period; the thick dashed line is SD (synthetic dextrose)
holoprotein is not formed. with Celtone-U and 40 mM Bis-Tris; the thick solid line is SD

To correctly express isotopically labeled iso-1-cytochrome with Celtone-U and 40 mM Bis-Tris, spiked with glycerol; the thin,
¢, we aimed to develop an economical method for production dotted line ¢) is SD with 40 mM Bis-Tris only.
directly in yeast. Isotopic labeling requires growth in a fermentation times. Bis-tris was found to be appropriate for
defined, minimal medium so that sources of carbon, nitrogen, this purpose, but concentrations over 50 mM inhibited culture
and other nutritional sources can be strictly controlled. In growth (data not shown). SD medium with added 40 mM
the standard protocol for production of cytochromea Bis-Tris buffer produced cultures with high cell counts, but
haploid yeast strain is grown in rich (YPD) medium for8 they made very little cytochronme(compare thin dotted lines
days, cells are autolysed in ethyl acetate, and cytochome in Figure 1 panels A and B). Addition of Celtone to the
is purified by ion-exchange chromatograpy (23. Typical medium increases the culture density somewhat but increased
yields for wild-type iso-1-cytochrome are 25-35 mg/5 L the production of holocytochroneslightly (compare thick
of medium. Growth according to the same protocol except dashed lines in Figures 1 panels A and B). We found that
in minimal synthetic dextrose (SD) medium decreased this spiking the fermentor flask with glycerol and/or ethanol
yield to less than 0.5/L, an amount that is insufficient for toward the end of the fermentation period increased the
economical production of labeled protein. production of holocytochrome significantly (Figure 1).

To optimize a protocol for improving the yield of These experiments also showed that the Celtone required
cytochromec, cultures of C93d were grown in 10 mL batches filter sterilization, that concentrations of ammonium sulfate
under a variety of media conditions. The culture density was greater than 2 mg/mL inhibited growth, and that addition of
recorded at various times during growth. After 15 h of some salts to the medium increased cell growth and cyto-
growth, the cells were subjected to low-temperature spec-chrome ¢ production (data not shown). C93d grown in
troscopy to determine the amount of holocytochrantkat minimal medium composed of 1.3 mg/mL Celtone and 2
was produced by the cells. In these small test cultures, wemg/mL ammonium sulfate, buffered with 40 mM Bis-Tris,
tested the effect of the addition of Celtone, various Celtone/ and spiked with glycerol or ethanol toward the end of the
ammonium sulfate ratios, addition of buffers and the effect culture grew to a density of 783)% and produced 982)%
of buffer concentration, the addition of various salts, and of the amount of holocytochrome found in a culture of
the addition of glycerol. We aimed to produce a protocol C93d grown in 10 mL YPD cultures. These culture condi-
that optimized both culture growth and the production of tions, which yielded the most in vivo cytochronteas
holocytochromec. determined by low-temperature spectroscopy, were scaled

Addition of buffer to the SD medium was found to be up to a 5-L fermentor batch. Using the protocol described
necessary, as the pH of the medium can drop over longin Materials and Methods, we produced 2 mdg{-labeled
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Ficure 2: Sequential®N backbone amide resonance assignments are basétHe®N] NOESY—HSQC experiments. Representative
slices from the 3D H—1N] NOESY—HSQC datasets (collected and processed as described in Materials and Methods) demonstrating
connectivities through the 60s helix and into loop D in both reduced (A) and oxidizedJEN]C102T. Sequential amideamide (iyn)
connectivities are highlighted with horizontal lines between strip plots. Even in irregular, nonhelical segments of the protein, sequential
connectivities were found for the majority of resonances in the protein.

C102T n 5 L of medium, enough to produce a 500, 0.3 chemical shifts. Although the NMR data reported here were
mM protein sample. Although the cytochromeyield did collected under slightly different temperature and pH condi-
not scale up from the 10 mL test cultures as we had tions, proton amide resonance assignments were in agreement
anticipated, the amount of protein produced by one 5-L with previously published assignments within the spectral
fermentor run was sufficient for heteronuclear, multidimen- resolution of the experiments.
sional NMR experiments. To confirm and extend thEN backbone assignments, 3D
Mass spectroscopic analysis showed that C102T grown[*H—'N] NOESY—HSQC data sets were collected. Repre-
on unlabeled minimal medium using our protocol was sentative slices from the 3BH—*N]NOESY—HSQC data
indistinguishable from the protein grown on rich medium. sets are shown in Figure 2. Connectivities through the 60s
[U-1N]C102T produced by this protocol was analyzed by helix and into loop D are shown to demonstrate the quality
electrospray mass spectroscopy and determined to be corof the sequential data even in less regular regions for
rectly expressed (MW= 12 859). The expected mass reflects relatively dilute (<0.5 mM) oxidized and reduced C102T
>99% 5N incorporation, the presence of the trimethylated NMR samples. Independent data from these spectra, includ-
lysine (Tml) 72, and covalently attached heme. ing sequential amideamide €iyn) connectivities and se-
5N Resonance Assignments for Reduced and Oxidizedguentiala-amide €l,n) connectivities, were used to sequen-
C102T.Iso-1-cytochromec contains five extra residues at tially assign the amide nitrogen resonances. *fReesonance
the amino terminus when aligned with other eukaryotic assignments for both oxidized and reduced iso-1-cytochrome
cytochromeg; thus, we followed the convention of number- ¢ (C102T) are provided in Table S1 (Supporting Informa-
ing its residues from-5 to 103. C102T is composed of 108 tion).
residues, four of which are prolines and nine of which are  The 3D FH—'N] NOESY—HSQC experiment allowed
asparagine or glutamine. Gao et dl5) published proton us to unambiguously assighN chemical shifts for 91
assignments for oxidized and reduced C102T at 300 K, pH residues in the reduced form of the protein and for 90
7.0. Recently, additional proton assigments for oxidized and residues in the oxidized form. The two N-terminal residues,
reduced C102S iso-1-cytochrornet 303 K, pH 7.0, have  Thr —5 and Glu—4, are still unassigned sequentially. Due
been publishedg, 7). About 40% of the amide resonances to overlapping resonances, broadened resonances that result
in the NMR spectra collected forUF*>N]JC102T can be in a reduced signal-to-noise ratio, a lack of sequential NOE
assigned on the basis of their unique proton chemical shiftsconnectivities, and other ambiguities, otheM resonances
and direct comparison to previously published amide proton remain unassigned. For the reduced protein, PBe Asn
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Ficure 3: Expanded regions froffy spectra of both reduced (A) and oxidized (B){**N]C102T are shown to demonstrate not only the
quality of the spectra but also the similarity of the resonance line widths and decay times for the diamagnetic and paramagnetic forms of
the protein. Panels from left to right repres@ntexperiments collected with relaxation delays of 17.3, 207, and 345 ms, respectively.
Experimental parameters and spectral processing are described in Materials and Methods.

31, Leu 32, His 33, His 39, Gly 41, Glu 61, Thr 78, Gly 83, 15N Relaxation Rate Measuremenigith most of the!>N

Gly 84, and Leu 85 are unassigned sequentially. For the backbone resonance assignments in hand, a series of het-
oxidized protein, His 18, Gly 29, Asn 31, His 33, His 39, eronuclear 2D experiments were collected to measine
Asp 60, Lys 79, Met 80, Lys 81, Gly 83, Gly 84, Leu 85, relaxation ratedR; andR,, of backbone amide nitrogen atoms
and Lys 87 remain unassigned. These amide resonances ari@ the oxidized and reduced forms of C102T. Figure 3 shows
largely contained in loops where there is a lack of sequential expanded regions from thR spectra of both oxidized and
information to unambiguously assign the residues on the reduced C102T to demonstrate not only the quality of the
basis of NOE data only. Others overlap with other reso- spectra but also the similarity of the resonance line widths
nances, making a conclusive assignment difficult on the basisfor the diamagnetic and paramagnetic forms of the protein.
of NOE data alone. For this study, the imiti resonances  For the oxidized protein, relaxation times for 70 amide
of the heme group were not assigned. nitrogens are reported; for the reduced protein, relaxation

The 15N paramagnetic shifts for C102T are comparable times for 69 are reportgd h_ere. Missing data for assign_ed
in relative magnitude and distribution to the proton para- "€sonances are due primarily to resonance overlap, which
magnetic shifts reported in previous studi@s15). For the caus_(_ad dlfflcult_y in measuring peak height intensities.
backbone amide group shifts reported here, the paramagneti@dd't'ona”y’ reliable decay curves could not be_ measured
shift difference was largely due to the dipolar, or pseudo- for resonances that were broadened and weak in'the-[
contact, interactions with the heme iron. The largést 'H] HSQC spectra due to fast solvent exchange or paramag-
paramagnetic shifts>2.5 ppm) were observed in two netic effects (for residues near the heme iron in the oxidized
regions: a stretch of residues linking the N-terminal helix form).
and loop A (residues Cys #rhr 19) and a patch of residues Representativd; and T, relaxation decay curves, peak
inloop D (Tml 72, lle 75, and Phe 82). The amides of these intensity plotted against time, are shown in Figure 4. Single-
residues are within 10 A of the heme iron, except for lle 75. exponential two- and three-parameter decay curves were fit
For all of these residues, the proton paramagnetic shifts areto the peak intensity decay data. In particular, intensity data
greater than 1 ppm, in agreement with NMR data reported for amide nitrogens close to the heme iron in the oxidized
previously @5, 7. Another stretch of residues (Lys 27 form were also adequately fit by two-parameter decay curves,
through Leu 32) is within 10 A of the heme. Complete, demonstrating the lack of effect of the paramagnetic iron
unambiguous assignments were not obtained for this entireon the relaxation rates. Relaxation data are reported for
stretch, although Lys 27 had'& paramagnetic shift of only  amides throughout the paramagnetic (oxidized) form of the
0.15 ppm. protein. (Analysis of backbone dynamics is presented only
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inversion-recovery dataT, top two panels) and single-exponential decdls ljottom two panels). Error bars would be smaller than the
size of characters used to indicate data points. Top [Eftdata for Cys 14M), Gly 45 (#) and Lys 99 @). Bottom left: T, data for Lys
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Ficure 5: Experimental values for relaxation rat&,andR; (in seconds?), are shown for both the oxidized and reduced forms of C102T,

plotted against residue number. MeasuRgdates are shown in panels A (reduced’fN]C102T) and C (oxidized(->N]C102T). Measured

R; rates are shown in panels B (reducedfN]C102T) and D (oxidized)-15N]C102T). Gaps in the data result from overlapping resonances,
broadened resonances, and unassigned amide resonances that made measurements unavailable. Error bars for measured rates are shov

for those residues greater tha A from the heme iron, see  protein was 130.% 23.3 ms; in the oxidized protein, the
below.) averagel, was 140.6+ 6.9 ms. The errors in the relaxation
The experimental values for relaxation ratBs,and R, rates calculated for the reduced protein were somewhat larger
plotted against residue number are shown in Figure 5 for than for oxidized protein, since fewer time points and
both oxidized and reduced forms of C102T. The average duplicate data sets were collected for the reduced protein.
value of T; (= 1/Ry) for the reduced protein was 41889 Regions of C102T having amide nitrogens witk
44.5 ms; in the oxidized protein, the averafjewas 470.3 relaxation rates significantly different from the mean are few
+ 23.1 ms. The average valuef (= 1/R;) for the reduced (Figure 5). A region in the reduced form of C102T, from
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FicUrRE 6: Order parametersX) for backbone nitrogens measured for backbone nitrogen nuclei in reduced (A) and oxidizedfR]{

C102T are plotted as a function of residue number. Characteristic structure elements of C102T are represented by labeled bars in plot.
Residues for which spectral density function fits required an additional exchange term are shown in panels C (reduced C102T) and D
(oxidized C102T). Predicted exchange ratRs,(seconds?) are plotted against residue number.

GlIn 43 to Tyr 48, shows a discernible reduction Ra the heme iron were discarded from this set of data. The
relaxation rates relative to the average. These residues areesulting initial estimate for both oxidation states was-5.6
part of the overlapping loop B/C region of the protein. The 0.04 ns. By use of the calculated overall correlation times,
same region in the oxidized form of the protein does not the experimentally determined relaxation ratesand R,
show significantly lower than averad® relaxation rates.  were fit to spectral density functions to calculate order
TheR; relaxation rates along the backbone of the reduced parameters).
form of C102T are uniform within experimental errors. In The experimental data were fit to spectral density functions
the oxidized form of the protein, however, more variation is containing only one or two adjustable parameters. The
seen, particularly in the loop regions. Loop residues that show effective correlation timege, and a conformational exchange
increasedR;, rates are, notably, farther tha8 A from the parameterRey, were included as extra terms for residues not
paramagnetic heme center. Residues Wtrates signifi- adequately fit by the simple spectral density functiShoply,
cantly greater than the average include Glu 21 (start of loop or model 1). A rigorous statistical approach for model
A), GIn 42, and Glu 44 (loop B/C overlap region). The amide selection 85) was not possible since only two experimental
resonances for Glu 21 and GIn 42 have greater than averag@arametersR; and R;, were available, as described in
line widths, further indicating that these loop residues may Materials and Methods. Only two out of the 69 residues fit
be involved in slow (microsecongnillisecond) conforma- in the reduced form required an extra term to fit the
tional exchange processes. experimental relaxation data (Figure 6C). In contrast, 27 out
Model-Free AnalysisThe principal components of the of the 70 residues (Figure 6D) fit in the oxidized form
inertia tensor for C102T were derived from the crystal- required the additionalR.x exchange term (model 3).
lographic structures (1YCC and 2YCQ),(9). The relative Relaxation data for all residues studied, in both forms, were
values are 1:1.28:1.47; thus, isotropic tumbling of the protein adequately fit by these criteria. Once spectral density models
as a globular sphere was assumed for further analysis of thewere selected, the overall correlation timg)(was optimized
15N relaxation rate data. Based on the paramagnetic shift datafor all residues simultaneously. The optimized correlation
and relaxation rate data, we noted that the heme iron affectedime for the reduced protein was 5.18 0.07 ns; the
only amides within a 8 A radius. These observations are optimized correlation time for the oxidized protein was 5.26
consistent with calculations of the paramagnetic contribution + 0.03 ns. Thus, the overall tumbling times for both forms
to relaxation, which predict protons and, thus, nitrogens of the protein were the same within 1 standard deviation of
outsice a 7 Aradius would be minimally affected{) by each other. In addition, these calculations underscore the fact
the Fe(lll) state of the irong= 1/,). Consequently, a more that the contribution from the low-spiS& /,) paramagnetic
detailed analysis of backbone dynamics was not carried metal has a negligible effect on the relaxation behavior of
forward for five assigned amides (Cys 14, Cys 17, Met 80, the vast majority of the backboreN nuclei in the oxidized
Ala 81, and Phe 82) within a conservative 8 A cutoff and form of C102T.

remaining nuclei were treated as diamagnetic. Backbone Dynamics of Reduced C10Pfe average order
Initial estimates of the overall correlation time,J were parameter values for the different helices and loop structures
based on the 10% trimmed mean of tRgR; ratios. In in C102T are listed in Table 1. For the reduced form of the

addition, for calculations involving oxidized C102T, as protein, only loop C had a reduced average order parameter
indicated earlier, the five amides withima A radius of (0.79+ 0.06) relative to the rest of the structure; however,
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Table 1. Average Order Parameter Valu&3 for Structural 0.22 1
Elements )
structural Szd 0.12
element residues reduced C102T oxidized C102T frgz) 0.02
N-helix 3-13 [7/11] 0.89 (0.07) [10/11] 0.82 (0.06) (ox)
loop A 17-32 [6/16] 0.92 (0.09) [6/16]0.73 (0.06) -0.08 1
loop B 34-45 [8/12] 0.84 (0.16) [11/12] 0.78 (0.07)
loop C 40-54 [9/15] 0.79 (0.15) [11/15] 0.77 (0.06) -0.18
60s helix 60-70 [7/20] 0.89 (0.06) [8/11] 0.81 (0.07) 5 6 16 26 36 46 56 66 76 86 96
loop D 71-84 [9/14] 0.89 (0.06) [5/14] 0.77 (0.02) residue
C-helix 87-103  [14/17]0.92 (0.10)  [16/17]0.86 (0.03)

- - - Ficure 7: Order parameter changes linked with redox state are
2 Number of residues measured out of total residues in each elementgnown. Difference between order paramete®d (measured for

is noted in brackets. Standard deviations are given in parentheses. gduced and oxidizedJF1SN]CL102T Freq — Soy) is plotted against

residue number. Only significant changes in order parameters are

. . plotted. Positive differences indicate a gain in order on the
the average is not outside the error range of avefagelues picosecond to nanosecond time scale linked to reduction; negative

for other structural elements. Specifically, GIn 42, Gly 45, differences indicate loss in order linked to reduction.
Tyr 48, and Thr 49 contributed the most to lowering the
average for this region of the protein. The only two residues data for the reduced protein, a more detailed analysis was
in the reduced form requiring aR.x term were Gly 24 and  yndertaken.
GIn 42. Both residues are contained in loop structures, The difference in order parameters between oxidized and
although not all loops in the protein have lower than average reduced C102T are plotted versus residue number in Figure
order parameters. 7. Thirty-two residues were found to have significagit
Backbone Dynamics of Oxidized C102 the oxidized differences between the oxidized and reduced forms. The
form of the protein, a slight difference in averagfevalues majority (26) of these residues had higher order parameters
between helices and loops can be observed. As listed in Tablan the reduced form compared to the oxidized form. These
1, the C-helix in the oxidized form has the highest average 26 residues were distributed throughout the protein. Only
order parameter value (0.860.03). The loop structures all  two structural elements had continuous clusters of significant
have averag& values lower than 0.8, although the differ- changes. First, the C-terminal helix contains a stretch of
ence is not necessarily significant since several residues inresidues having significant order parameter differences
loops A and D were not included in the analysis due to their between the redox forms of the protein. Second, the
proximity to the paramagnetic heme iron or lack of sequential N-terminal segment of loop D (Tml 72Thr 78) had
assignments. As seen for the reduced form, below-averagesignificant increases in order parameter values in reduced
order parameters are observed for a stretch of loop C residue€102T compared to oxidized. Neither stretch of residues is

(GIn 42, Glu 44, Gly 45, and Tyr 46). In addition, residues
at the amino-terminus (Phe3 and Lys—2) and contained

in loop A (Gly 23 and Gly 24) also have lower than average
order parameters.

Strikingly, in oxidized C102T, the pattern of residues
requiring Rex terms was much more widespread than
observed in the reduced form. Twenty-five residues of the
oxidized form of the protein requireBey terms. Notably,
no residues in the 60s helix (Asp 6Thr 69) required an

near <8 A) the paramagnetic iron in space.

Additionally, a number of residues in overlapping loops
B and C have significant changes in order parameters upon
reduction. Interestingly, significant increases in order pa-
rameter values were seen for three loop B residues (Gly 34,
Phe 36, and Gly 37), while significant decreases upon
reduction were observed for three residues in loop C (GIn
42, Tyr 48, and Thr 49). Only three other residues (Gly 1,
Asp 90, and Glu 103) had significant decreases in order

additional exchange term; however, the pattern of residuesparameter values upon reduction.

requiringRex terms was not strongly correlated with structural
elements. The average value of tRg term was 1.79 ¢,
but the residues requiring the largd&k values were Glu
44 (4.81+ 0.51 s?) and GIn 42 (5.924+ 1.1 s%). The
requirement foRe, terms in fitting the relaxation data to a
spectral density model implies that there is significant motion
within the protein on time scales at least an order of
magnitude slower than the overall correlation time (5.2 ns).
Comparison of Order Parameters for Oxidized and
Reduced C102TThe order paramete, largely reflects
the nanosecondpicosecond time scale motions along the
backbone. The average order parame) ¢alculated for
all amides in the backbone of the reduced form of C102T
was 0.88+ 0.10.The average for the oxidized form was 0.80
+ 0.07; thus, the overall averages are slightly, but not
significantly, different. To determine if this difference in

DISCUSSION

Isotopically Labeled Cytochrome ¢ for NMR Studié&
have described a method for expressing and purifying
[U-*NJiso-1-cytochromee. By taking advantage of consti-
tutively expressed heme lyase activity, we can produce
correctly expressed, postranslationally modified, and folded
C102T for structural studies. By use of commercially
available media supplements, only minor modifications to
established media recipes and fermentation protocols were
necessary to provide a suitable medium for robust fermenta-
tion and uniform isotopic incorporation. Mass spectroscopic
and NMR techniques demonstrated tHat was uniformly
incorporated into the proteinlUF'®N]JC102T was isolated
with straightforward methods published previous)(
While the yield of 1®N-labeled protein was not high (on

average order parameter could be attributed to a particularaverage, 0.5 mg/L), sufficient amounts were available at a
segment of the protein in one redox form compared to the reasonable cost for the NMR-based structural studies.
other or if it reflected the larger errors from the relaxation Furthermore, since C102T is a very stable protein, one
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preparation provided enough well-behaved protein for mul- ppm were observed for amide nitrogens within roughly a
tiple studies over several months, a favorable point in cost 10 A radius of the heme iron. CurrentB?N chemical shifts
considerations. The availability of isotopically labeled iso- are difficult to calculate and predic#4). The'>N chemical
1-cytochrome opens new avenues to using NMR techniques shifts are strongly affected by local geometry but are also
for testing structurefunction relationships and the protein affected by the strength of the local electrical field. Therefore,
protein interactions that guide the electron transport function the ®N chemical shifts do not necessarily lend quantitative
of this small, but important, heme protein. or geometric insight into local conformational differences
Recently,Escherichia coliexpression systems have been between redox forms of the protein. Nonetheless, changes
developed to produce iso-1-cytochrom@0). Respectable  in paramagnetié®N shifts can shed light on conformational
yields (15 mg/L) of unlabeled, heme-containing protein changes due to single-site variants in future studies.
expressed in rich medium were reported, but the lysine Owerall Correlation Time Similar for Reduced and Oxi-
residue at position 72 was not trimethylated. The yields in dized C102T The overall correlation times determined for
minimal, isotopically labeled medium have not yet been reduced and oxidized C102T do not differ significantly. The
reported. Nonetheless, the flexibility and malleability of the averager,, of 5.2 ns for C102T is in approximate agreement
E. coli expression systems promise that these problems canwith the 4.0 ns correlation time predicted from electron
be overcome. While isotopic labeling in ti& cereisiae paramagnetic resonance (EPR) studies of C1@%) &nd
expression system might turn out to be more costly, the correlation times determined for other proteins of similar size
advantage is that the protein is correctly posttranslationally (46).
modified. Thus, thé&. cereisiaeexpression system promises The similarity in correlation times calculated for both
to be of versatile use for future studies on variant cyto- redox forms also reflects the negligible effect the paramag-
chromesc, particularly for those studies of the interaction netic iron had on relaxation rates for the majority of amide
of cytochromec with its redox partners, where correct nitrogens in oxidized C102T. Unpaired spins affect nuclear
posttranslational modification could be critical. spin relaxation by contact and dipolar mechanisms and Curie
5N Chemical Shifts Assigned to Reduced and Oxidizedspin relaxation 47). The contact mechanism, which is
C102T While detailed structural and dynamic studies of attenuated through bonds between the heme center and
[U-5N]-labeled cytochromés proteins have been presented affected heme nuclei, does not contribute to the relaxation
(41), very few prokaryotic, and no eukaryotic, cytochromes mechanism for nitrogens of the protein backbone. Dipolar
¢ have been studied by heteronuclear NMR techniques due(or pseudocontact) and Curie relaxation mechanisms are
to the difficulty in expressing isotopically labeled protein. linked to overall correlation times. For a protein the size of
Heteronuclear backbone assignments for both ferricyto- cytochromec, studied at relatively high magnetic field,
chromec' and ferrocytochrome, from Rhodobacter cap-  pseudocontact and Curie mechanisms of relaxation due to
sulatus and for ferrocytochromecsss from Chlorobium the unpaired spin are expected to have negligible effects on
liminicola f. thiosulfatophilumhave been reported previously the majority of amide nitrogen relaxation rate¥l( 498.
(42, 43 Since we are now able to produéeN-labeled Similarly, Banci et al. found that paramagnetic, low-spin
cytochromec from S. cereisiae, we report here backbone Fe(ll) had no discernible effect on rotating frame relaxation
15N chemical shift assignments for both reduced and oxidized rates for'5N nuclei within eve a 7 Aradius from the heme
[U-N]iso-1-cytochromes (C102T). Our methods relied on  iron in cytochromebs (41).
previously published amide proton assignments and sequen- In this study, amide nitrogens within a conservative 8 A
tial NOE connectivities because of the limiting amount of radius of the heme iron in the corresponding crystal structures
protein in hand. Our aim was to assign a majority of the (2) were excluded from the calculations for determining
backbone amides so that we could carry out two-dimensional overall correlation time. The five excluded nitrogen nuclei
heteronuclear experiments to measure hydrogen exchangeare located in three segments of the protein: in the linker
and relaxation rates!®™N shifts are not reported unless between the N-terminal helix and loop A, at the C-terminal
independent NOE data from the current study were available.end of loop A, and in a segment of loop D. Other residues
Sequential amideamide andx proton—amide connectivities  within the 8 A radius cutoff had amide resonances that were
were continuous throughout most of the protein, except for unassigned sequentially.
three segments of the amino acid sequence. The two Backbone Dynamics of Reduced and Oxidized C102T
N-terminal residues are still unassigned, as in all NMR Relaxation rates were used to predict order parameters for
studies of iso-1-cytochrome published to date. A lack of  the backbone nitrogens in iso-1-cytochromeOrder pa-
NOE connectivities was found for a segment of loop A from rameters &) reflect the fast motions (picosecondano-
Gly 29 to Gly 34 and the linker between loop D and the second) of thé5N—H vector in solution. As predicted from
C-terminal helix from Gly 83 to Leu 85. None of these previous structural studies of this globular protein, the order
segments of cytochrome has been implicated in redox- parameter values reported here indicate that both redox forms
dependent conformational changes or in interactions with of the protein are folded and compact. The only stretch of
redox partner proteinsd). Additionally, these regions are disordered, or highly flexible, amino acids is found at the
not proximal to the heme. Thus, despite some minor gaps inN-terminus (Thr—5 to Phe—3). Assignments are missing
the >N amide assignments, the coverage along the backboneor the two N-terminal residues in both redox states due to
is significant and useful. a lack of NOEs connecting these residues to the rest of the
Paramagneti¢®N chemical shift changes along the back- chain, further suggesting that they are disordered in relation
bone of C102T largely corresponded with significant amide to the rest of the protein.
proton paramagnetic shift differences reported earlier); There is only a weak correlation between order parameters
In particular,*>N chemical shift differences greater than 3 and the different structural elements, helices and loops, in
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C102T. In the oxidized form of the protein, the loops had frame NMR relaxation experiments, Banci et dll)(recently
average order parameters less than 0.8; the helice$had found a difference in backbone dynamics between the two
averages above 0.8, but the order parameters are within Iredox states of cytochrom® and identified a general loss
standard deviation of each other. In the reduced protein, theof slow motions in the reduced form relative to the oxidized
differences were not as markééN relaxation-based studies protein. These authors propose that differential flexibility
of SH2 domains49), interleukin I3 (50), and staphylococcal  related to redox state may be an important factor underlying
nuclease 1) also found slightly higher averadg# values molecular recognition processes involving electron-transfer
for helices. The backbone dynamics indicate that the loops proteins.

of C102T are more similar to the loop structures found in ~ We also observed a general increase in order parameters,
the SH2 domain[®= 0.76) than the more flexible linker  or a reduction of motions on the picosecenthnosecond
loops in calbindin (= 0.59) 62), for instance. Crystal-  time scale, for the reduced form relative to oxidized C102T.
lographic studies4) and hydrogen exchange studiéd (18 The increased¥ values for the reduced form were not
of iso-1-cytochromec confirm that the loops contain localized to one region of the protein, rather a loss of fast
hydrogen-bonding networks and many backbone amide motions throughout the protein was observed. The increase
hydrogens within the loops are protected from solvent in order parameters is small relative to changes seen upon
exchange. These loops serve structural purposes, providinggain or loss of secondary structuds), and indeed, the order
heme ligands and linkages and, perhaps, providing epitopesparameters for both the oxidized and reduced proteins suggest
for redox partner recognition. For example, NMB3) and that local internal motions on the picosecenthnosecond
crystallographic$4) studies have suggested that the loop D time scale are small. However, to bolster the change seen in
region is at the interfacial surface in the cytochrome fast motions, the relaxation data for the reduced protein

c—cytochromec peroxidase complex. suggest an accompanying change in intermediate time scale
Despite the relatively uniforn® values determined for  motions (microsecondmillisecond) with redox state. Re-
both forms of C102T, the residues of loop C (Ser4§s markably, the amides requiring exchange terms were, again,

54) had the most variable relaxation rates and, as anot localized to one region but rather spread throughout the
consequence, the average order parameters for this structurgdrotein. These observations are consistent with hydrogen
element are slightly below the over&t average. In both  exchange experiments on C102T, which predict a generalized
redox forms, residues in the beginning and middle of the increase in free energy of unfolding for the reduced protein
loop sequence (GlIn 42, Gly 45, Tyr 48, and Thr 49) K&d (14, 18. Milne et al. 69) have suggested that hydrogen
values significantly lower than the overall average. Interest- exchange behavior can be influenced by the resistance or
ingly, significant decreases 8 upon reduction are observed malleability of the surrounding structure. In the C102T case,
for three of these loop C residues (Glu 42, Tyr 48, and Thr the general slowing of hydrogen exchange in the reduced
49). Additionally, in both redox states, relaxation data for form is apparently linked to the generalized loss of fast
GlIn 42 suggest that this particular residue is also subject to(picosecone-nanosecond) and intermediate (microseecend
slower time scale exchange processes. millisecond) backbone motions. Dynamics measurements
Hydrogen exchange experiments7( demonstrate that have been made on a wide range of time scales and the
these residues are not protected from solvent exchangeexperimental NMR data in hand suggest a generalized
Similarly, in the crystal structures of both redox forn& ( structural difference in dynamics on a range of time scales
9), the amides of residues 42, 45, and 48 are not hydrogen-between the oxidized and reduced forms of yeast iso-1-
bonded to any other atom. However, in both crystal cytochromec. These NMR results dovetail wth earlier studies
structures, the amide of Thr 49 is hydrogen-bonded to onebased on adiabatic compressibili§0f, small-angle X-ray
of the propionate groups at the bottom of the heme. scattering §1), and amide | infrared spectrosco@?) that
Crystallographic average thermal factofB-féctors) are also predicted a generalized loss of motion or flexibility in
relatively high for residues in loop C compared to the rest the reduced form of cytochromes
of the structure4). Interestingly, residues at the C-terminal There is not a strong correlation between the order
end of the loop (Ser 4#Trp 59), rather than at the parameter differences and the redox-dependent changes in
N-terminal end, have the highest temperature factors. Loopaverage thermal factorB{factors) from crystallographic
C does not contain any of the heme ligands or linkages, sostudies 4). Segments 4759, 65-72, and 8%+85 have
it may not play as important a structural role as loops A or significantly higher crystallographic thermal factors in the
D, for instance. Bai et al56) have suggested that this region oxidized protein. 9) Although we observed decreases in
in equine cytochrome has a relatively low free energy of averages’ values upon oxidation for some residues in these
unfolding, although it is loop D, not loop C, that is predicted regions, they were not always significant nor were they
to have the lowest free energy of unfolding in the molecule. necessarily coincident with the thermal factor differences.
Redox-Dependent Dynamic Befw. One of the major In loop D, for instance, we noted significant decreases in
aims of this study was to examine changes in the dynamic order parameters (a gain of picosecond-nanosecond dynam-
behavior of iso-1-cytochrome that correlate with the  ics) for Tml 72-Thr 78 of loop D linked to oxidation, but
oxidation state. Heteronuclear relaxation studies have beernthe largesB-factor changes were noted for Ala-8lLeu 85
used by many other groups interested in dynamic changesin the link between loop D and the C-terminal helix. Residues
in protein backbones correlated with binding eved®; 62, 83—85 are currently unassigned in theN NMR studies
56, 57), folding (46), and redox state4(, 58). This presented here, so we were unable to make a direct
information, in concert with detailed, high-resolution struc- comparison in this notable region. We observed a loss of
tural studies, can reveal important changes that impact onpicoseconeé-nanosecond order upon oxidation in the C-
our understanding of how proteins function. Using rotating- terminal helix. In contrast, the average thermal factors in
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this region decreased upon oxidation. Last, residuesb®97  function that the protein carries out is the same: electron
in loop C have been implicated as a flexible region in both transfer. Thus, a general change in conformational dynamics
redox states, based on ddN relaxation studies. However, upon electron transfer may be a common signaling mecha-
we noted a significant increase in order parameters for two nism for interaction of redox partners with various surfaces
of these loop C residues (Tyr 48 and Thr 49) linked to of cytochromec. The way is now paved to test this
oxidation. The general lack of correlation between order suggestion by studying the dynamic properties of variant
parameters and thermal factors has been noted for othercytochromeg and comparing the results to the extensive in
proteins, including staphylococcal nucleasé)( vivo, in vitro, and structural data that have been collected
Dynamic Explanations for Results from Rreus Mu- previously.
tagenesis Studiekleteronuclear relaxation studies can detect
changes in backbone dynamics, but interpretation of theseACKNOWLEDGMENT
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