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Abstract Cytochrome c (Cc) is a soluble electron carrier

protein, transferring reducing equivalents between Cc

reductase and Cc oxidase in eukaryotes. In this work, we

assessed the structural differences between reduced and

oxidized Cc in solution by paramagnetic NMR spectroscopy.

First, we have obtained nearly-complete backbone NMR

resonance assignments for iso-1-yeast Cc and horse Cc in

both oxidation states. These were further used to derive

pseudocontact shifts (PCSs) arising from the paramagnetic

haem group. Then, an extensive dataset comprising over 450

measured PCSs and high-resolution X-ray and solution

NMR structures of both proteins were used to define the

anisotropic magnetic susceptibility tensor, Dv. For most

nuclei, the PCSs back-calculated from the Dv tensor are in

excellent agreement with the experimental PCS values.

However, several contiguous stretches—clustered around

G41, N52, and A81—exhibit large deviations both in yeast

and horse Cc. This behaviour is indicative of redox-depen-

dent structural changes, the extent of which is likely con-

served in the protein family. We propose that the observed

discrepancies arise from the changes in protein dynamics and

discuss possible functional implications.
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Introduction

Cytochrome c (Cc) is a key component of the eukaryotic

respiratory chain, where it functions as an electron carrier

between the membrane-bound Cc reductase and Cc oxi-

dase. In yeast, Cc has other physiological partners, such as

cytochrome b2 (also known as lactate dehydrogenase) and

cytochrome c peroxidase (Banci and Assfalg 2001). The

primary sequence of this protein, reported for more than

100 different species, is highly conserved among eukary-

otes (Banci and Assfalg 2001). Two isoforms, iso-1 and

iso-2, are found in yeast, the former of which is much more

widely studied and is referred to as yCc in this work. yCc is

a positively-charged (pI = 9.54), low molecular weight

(12.7 kDa) protein, consisting of 108 amino-acids and the

haem prosthetic group.1

Cc is nearly spherical in shape and is formed by five

a-helices and a short b-strand, an overall fold that is highly

conserved across the protein family (Banci et al. 1999b;

Banci and Assfalg 2001). The protein contains a c-type

haem group located near the N-terminus and attached to the

polypeptide chain by covalent thioether bonds with two

cysteine residues, C14 and C17, from the canonical

CXXCH sequence. The haem harbours a six-coordinated

iron atom that has two physiologically relevant oxidation

states, Fe(II) and Fe(III), and is diamagnetic in the ferrous

and paramagnetic in the ferric form. The coordination
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sphere consists of four pyrrole nitrogens of the haem, the

Ne2 atom of H18, and the Sd atom of M80. To date, a

number of high-resolution X-ray and solution NMR

structures of cytochromes c from different species have

been reported (Banci and Assfalg 2001).

Overall, the three-dimensional structures of the reduced

(Ccred) and oxidized (Ccox) proteins are highly similar (see

Table 4 for the PDB entries and references). However,

solution NMR studies of yCc revealed slight conforma-

tional changes between the two redox states, such as

re-organization of the hydrogen bond network involving

one of the haem propionates and a concomitant reorienta-

tion of the N52 side-chain (Baistrocchi et al. 1996; Banci

et al. 1997a). In addition, NMR studies of yCc by hydro-

gen–deuterium (HD) exchange spectroscopy (Banci et al.

1997a; Baxter and Fetrow 1999) and relaxation techniques

(Fetrow and Baxter 1999) showed that yCcox is more

flexible than yCcred. At present, it is not clear whether the

redox-dependent rearrangement of the haem-centred

H-bond network and differences in protein dynamics play a

functional role in the modulation of the macromolecular

recognition or electron transfer rates in Cc complexes

(Banci et al. 2000).

In order to gain a deeper insight into the nature and

extent of the proposed redox-dependent structural changes

of Cc in solution, we used paramagnetic NMR spectros-

copy. Presence of paramagnetic species with an anisotropic

magnetic susceptibility tensor, Dv, gives rise to pseudo-

contact shifts (PCS), readily detectable as the difference in

chemical shifts of the protein resonances in the oxidized

and reduced forms (Ubbink et al. 2002). The PCS depends

on the position of the observed nucleus in the Dv reference

frame. For a protein of known structure, the latter can be

determined from experimental PCSs measured for multiple

nuclei, thus providing the asymmetry, magnitude, and the

orientation of the Dv tensor. Once the Dv reference frame

is known, a PCS value can be calculated for every atom in

the protein molecule. For rigid systems exhibiting no

structural differences between the oxidized and reduced

states, the experimental PCSs are exactly equal to the PCS

values back-calculated from the determined Dv tensor.

Discrepancies between the two datasets, however, might

indicate the presence of additional contributions arising

from redox-dependent structural changes (Feng et al. 1990;

Williams et al. 1985).

In this work, we have obtained nearly-complete NMR

assignments of HN, N, CO, Ca and Cb resonances of the

oxidized and reduced Cc from yeast and horse and used

those in the Dv tensor calculations. The magnitude and

orientation of the Dv tensors for both proteins are highly

similar, which is not surprising given the high degree of

sequence and structure conservation in the Cc protein

family. For most of the nuclei, there is an excellent

agreement between the experimental and back-calculated

PCS values. However, several contiguous stretches of

residues in both yeast and horse Cc exhibit large devia-

tions. The affected areas map out onto a single patch of the

protein structure, encompassing the haem propionate 7

group and a loop bearing the M80 ligand to the haem iron.

We propose that the discrepancies in PCS values observed

here arise from redox-dependent changes in protein

dynamics.

Results and discussion

NMR assignments of yCc and hCc

Here, we report nearly complete assignments of HN, N, Ca,

and Cb resonances of yCc and hCc in both oxidation states

(Table 1). For yCc, the backbone amide resonances of G83

(yCcox), G84 (yCcred) and the Cb resonance of T96 (yCcox/

yCcred) were not observed. In the X-ray structures of yCc

and hCc (see Table 4 for details), the HN atom of G84 is

located close to the centre of the F82 phenyl ring, a

favourable geometry for an amide-aromatic hydrogen bond

(Levitt and Perutz 1988). Such an arrangement would lead

to a strong, upfield shift of the G84 HN resonance due to

the ring-current effect of F82. Indeed, a chemical shift of

4.6 ppm was observed for G84 HN nucleus of hCc in an

earlier work (Liu et al. 2003). Except for yCcox with G84

HN assigned to a peak at 4.9 ppm, here we failed to detect

this resonance, likely due to an overlap with the dominant

water peak at 4.7 ppm. In addition to G84 HN, the hCc

Table 1 Extent of backbone resonance assignment (in %) for yCc and hCc performed in 20 mM sodium phosphate 0.1 M NaCl, pH 6.0 at

303 K. The residues for which no assignments were obtained are given in parentheses

yCcox yCcred hCcox hCcred

NH 99.0 (G83) 99.0 (G84) 97.0 (E21, T28, G84) 98.0 (E21, G84)

CO 89.8 (A-5, L9, G24, P25, G29,
N70, I75, F82, K86, L94, E103)

92.6 (E21, G24, G29, Q42,

N70, I75, G83, E103)

88.5 (V20, K27, G29, L32, R38, A43,

E66, N70, I75, A83, K86, E104)

91.3 (V20, K25, G29, A43,
N70, I75, A83, G84, E104)

Ca 100 100 100 100

Cb 99.0 (T96) 99.0 (T96) 100 100

In italic are the residues whose CO resonances cannot be assigned from the HNCO experiment (see text)
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resonances of E21 HN (hCcox/hCcred) and T28 HN (hCcox)

were not observed here, consistent with earlier work (Liu

et al. 2003).

We have not pursued the complete assignment of

backbone carbonyl resonances, but rather aimed at gener-

ating a sufficiently large dataset for the Dv tensor calcu-

lations (see below). To this end, only an HNCO spectrum

was acquired. As a result, no assignments of CO reso-

nances for the C-terminal residue or the residues followed

by a proline or by a residue with an unassigned NH peak

could be made (italicized in Table 1). Besides, a number of

CO resonances could not be assigned due to spectral

overlap.

In addition to the backbone nuclei, we have also

assigned all heavy sidechain-atoms of Asn and Gln resi-

dues, except for Cc atoms of N31 (yCcox/yCcred, hCcox)

and N52 (yCcred). For all systems studied, the HSQC

spectra acquired at low and high ionic strengths are

essentially identical, except for several backbone amide

resonances of charged amino-acids exhibiting salt-induced

shifts (Fig. S1). Overall, yCc appears to be more sensitive

to salt than hCc, which agrees well with the findings of an

earlier 1D 1H study (Moench et al. 1991).

The assignments of the backbone amide protons of yCc

obtained in this work are in excellent agreement with those

reported by Gao et al. 1990 (Fig. 1a). The only discrep-

ancies are found for the HN atoms of K79 in the reduced

and M80 in the oxidized form (outliers in Fig. 1a). The

latter assignment was later corrected to 8.86 ppm (Banci

et al. 1997a), closely matching the value obtained in this

work. For the backbone amide nitrogen atoms, a number of

differences are observed between the present and the

published datasets (Fig. 1b). As N nuclei are highly sen-

sitive to variations in the sample composition, most of the

discrepancies can be attributed to differences in the

experimental conditions: 50 mM sodium acetate pH 4.6

used in earlier reports (Fetrow and Baxter 1999; Morar

et al. 1999) and 20 mM sodium phosphate 0.1 M NaCl pH

6.0 in this work. However, several N resonances might

have been erroneously assigned in previous reports, which

used 3D NOESY-HSQC (Fetrow and Baxter 1999) or

unspecified experiments (Morar et al. 1999). In principle,

unambiguous assignments of backbone amide resonances

cannot be derived from NOESY-HSQC spectra alone and

require a complementary experiment, such as TOCSY-

HSQC (Rule and Hitchens 2006).

For example, the published assignments of N atoms of

G23 and I75 in yCcox appear to be swapped (Fetrow and

Baxter 1999; Morar et al. 1999). A possible explanation for

this discrepancy is an ambiguity in sequential HN–HN

NOE connectivities as illustrated in Fig. 2. The HN reso-

nances of Y74 (i - 1 residue of I75) and G24 (i ? 1 res-

idue of G23) have nearly the same proton frequency,

making it difficult to distinguish between the correct I75-

Y74/G23-G24 and an erroneous I75-G24/G23-Y74 con-

nections (Fig. 2). Residues I75 and G24 are followed by

prolines, precluding verification of the tentative assign-

ments through HNi/HNi?1 connectivities. In addition, the

NOE cross-peak between HN atoms of G23 and K22 is

very weak (not seen at the noise level in Fig. 2). Judging

from the signal-to-noise level of the NOESY-HSQC

spectrum (Fig. 2 in Fetrow and Baxter 1999), this cross-

peak would not be detected in the previous work and, thus,

could not be used to verify the G23 HN assignment. Given

the lower resolution and signal-to-noise ratio in the spectra

of Fetrow and Baxter (acquired at 500 MHz as compared

to 800 MHz used in this report), it seems unlikely that the

unambiguous assignments of the sequential connections in

Fig. 1 Comparison of the backbone amide chemical shift assign-

ments of yCc obtained in this and earlier works. a Chemical shifts of

HN atoms of the reduced (filled circles) and oxidized (open circles)

yCc as compared to the data of Gao et al. (BMRB entries 922 and

923, respectively; Gao et al. 1990. b Chemical shifts of HN (black)

and N (blue) atoms of the reduced (filled circles) and oxidized (open
circles) yCc as compared to the data of Fetrow and Baxter (Fetrow

and Baxter 1999). The most prominent outliers are indicated by the

labels
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I75-Y74 and G24-G23 pairs could be made in that work

(Fetrow and Baxter 1999). Here, the ambiguity has been

resolved through the combined use of HNCACB and

CBCA(CO)NH experiments.

The assignments of backbone atoms of hCc obtained in

this work are in excellent agreement with the published

data (Fig. S2a; Liu et al. 2003). Comparison of the

assignments for Ca, Cb, and CO resonances of wt hCc

(used in this work) with those of the H26 N/H33 N hCc

variant (Liu et al. 2003) reveals a remarkable similarity

(Fig. S2b), confirming that the introduced mutations do not

perturb the structure of the protein. (Liu et al. 2003).

Pseudocontact shifts and Dv-tensor calculations

The chemical shift of a given nucleus in the oxidized,

paramagnetic form (dox) can be expressed as:

dox ¼ dred þ dCS þ dPCS þ Ddstruct þ Ddother; ð1Þ

where dred is the chemical shift of the nucleus in the

reduced, diamagnetic from; dCS and dPCS are the contact

and pseudocontact shifts; Ddstruct is the chemical shift

contribution arising from the redox-dependent structural

changes; and Ddother is the term combining all other

differences in the chemical shifts, for example those arising

from slight discrepancies in the experimental conditions of

the reduced and oxidized samples. In the absence of the

contact shifts, which are only observed for the groups of

atoms in direct contact with or separated by a few covalent

bonds from the paramagnetic centre (Ubbink et al. 2002),

the difference between the chemical shifts in the oxidized

and reduced forms (Ddobs) is given by (2):

Ddobs ¼ dox � dred ¼ dPCS þ Ddstruct þ Ddother ð2Þ

If the system undergoes no redox-dependent structural

changes and the experimental conditions of the reduced

and oxidized samples closely match, the last two terms in

(2) become negligible, so that Ddobs & dPCS. Providing

that the three-dimensional structure of the protein is

known, a set of experimentally determined Ddobs values

can be used in this case to determine the Dv-tensor

according to (3) in the ‘‘Experimental section’’. With

these assumptions in mind, we have used Ddobs datasets

obtained in this work to calculate the Dv tensors for yCc

and hCc.

For yCc several subsets of nuclei were used in the Dv
tensor calculations (Table S1). Judging from the errors of

the fitted parameters, the highest precision is achieved

when an entire set of HN, N, Ca, Cb, and CO atoms is

employed in the calculations. The magnitude and the ori-

entation of the determined Dv tensors are relatively

insensitive to the choice of the input structure (Table S1).

As signified by the lowest variance value, the best fit is

obtained when the X-ray structure of yCcred is used. The

orientation of the determined Dv tensor in the molecular

frame of the protein is shown in Fig. 3, with the corre-

sponding parameters presented in Table 2. With its origin

at the haem iron, the Dv reference frame deviates only

slightly from the haem-centred coordinate system defined

in Fig. 3b: the Dv z0 axis makes a 15� angle with the haem

normal and the orthogonal x’ and y’ axes are rotated by 10�
relative to the x and y axes of the molecular reference

frame. The PCS isosurfaces of ±0.5 ppm and ±0.2 ppm

span most of the protein, with only a small portion of each

extending beyond the yCc surface (Fig. 3c). Thus, only a

few intermolecular PCSs originating from yCc can be

expected to be detected in its complexes with partner

proteins.

The Dv tensor parameters obtained in this work agree

well with most of the values reported before (Table 2).

Interestingly, the average parameters computed from four

different yCc structures are strikingly similar to the Dv
tensor values of Gao et al. calculated from proton PCSs

(Gao et al. 1991). The worst agreement is observed with

the data of Banci et al., who used the NMR structure of

yCcox in the Dv tensor calculations (Banci et al. 1997a).

Despite similar values of the Euler angles, the Dvax and

Dvrh obtained with the yCcox NMR structure in this work

Fig. 2 Selected 1H–1H planes of the 15N-NOESY-HSQC spectrum of

yCcox. Solid red lines identify sequential HN–HN cross-peaks.

Dashed lines indicate a possible ambiguity, connecting I75-G24 and

G23-Y74 pairs of residues
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(Table S1) are significantly larger than those reported by

Banci et al. (Banci et al. 1997a).

Contrary to the case of yCc, the calculation of the Dv
tensor for hCc is highly dependent on the input structure

(Table S2), most likely due to significant differences

among the reported crystallographic and NMR structures.

The best fit is achieved using the X-ray coordinates of

hCcox (Table S2). The Dv parameters obtained for hCc in

this work lie in the range of previously reported values

(Table 3), are very similar to those of yCc (Table 2), and

Fig. 3 Experimentally determined Dv tensor of yCc. a The X-ray

structure of yCcred used for the tensor determination. The haem group

and its ligands are shown as sticks, with iron atom as a sphere.

b Definition of the molecular reference frame (black) and its relation

to the principal axes of the Dv tensor (red). The Euler angle b defines

the cone angle between the haem normal and the tensor z’ axis. At

small b, as is the case here, the angle j approximates the rotation of

the orthogonal x’ and y’ axes relative to the molecular frame x and y

axes and can be expressed in terms of the other two Dv Euler angles

as j = (a ? c) - p. c PCS isosurfaces of ±0.5 ppm (dark shade)

and ±0.2 ppm (light shade) in the molecular frame of yCc. The blue

and red isosurfaces indicate positive and negative PCSs, respectively.

The right panel displays the Van der Waals surface of yCc. The

protein orientation is the same as in (a). PCS isosurfaces were

calculated with Numbat (Schmitz et al. 2008). All molecular graphics

in this work were prepared with PyMol (DeLano 2002)

Table 2 Comparison of Dv tensors determined for yCc in this and earlier works. Dvax and Dvrh are the axial and rhombic components of the Dv
tensor in units of 10-32 m3; b and j are the angles (in degrees) relating the Dv-tensor frame to the molecular coordinate system (Fig. 3b)

Dvax Dvrh b j Reference

3.17 ± 0.05 1.80 ± 0.09 15 ± 1 11 ± 2 This worka

3.06 ± 0.10 1.54 ± 0.17 14 ± 4 10 ± 3 This workb

3.01 ± 0.07 1.03 ± 0.12 11 ± 1 5 ± 3 (Worrall et al. 2001)a

3.33 ± 0.04 1.55 ± 0.04 6 20 (Sukits et al. 1997)a

2.22 ± 0.07 1.04 ± 0.07 17 9 (Banci et al. 1997a)c

3.06 ± 0.04 1.54 ± 0.05 9 6 (Gao et al. 1991)a

For details see Table S1 and the ‘‘Experimental section’’
a The X-ray structure of yCcred was used in the calculations; b The reported values are the averages of Dv parameters obtained from four yCc

structures (Table S1); the errors are standard deviations; c The NMR structure of yCcox was used in the Dv tensor determination
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are in good agreement with the parameters calculated for

tuna Cc (Dvax = 3.40, Dvrh = 1.48, b = 13.5, j = 9.5;

Feng et al. 1990). This finding suggests that the magnitude

and the orientation of the Dv tensors are conserved among

the eukaryotic cytochromes, a family of proteins with a

high degree of sequence and structure conservation (Banci

and Assfalg 2001).

The correlation plots of the experimental Ddobs versus

PCSs back-calculated from the determined Dv tensors

(dPCS
cal ) are shown in Fig. 4 (yCc) and Fig. S3 (hCc).

Backbone 1H, 13C, and 15N atoms exhibit good correla-

tions, with most of the points lying close to the diagonal.

As reported before (Boyd et al. 1999), the N nuclei show

the highest variance, due to their high sensitivity to small

changes in the chemical environment. For the residues not

in direct contact with the haem, the Ddobs is exactly equal

to (dPCS
cal ) (2), providing that the structures of the reduced

and oxidized protein are the same. However, the correla-

tions plots for yCc and hCc contain a number of outliers

(Figs. 4 and S3) indicating that both cytochromes undergo

redox-dependent structural changes.

Redox-dependent changes

As can be seen from Fig. 5a–e, where the difference

between Ddobs and (dPCS
cal ) for various nuclei is plotted

against the residue number, several contiguous stretches of

yCc exhibit large deviations (highlighted regions in Fig. 5).

In this work it is assumed that the unpaired electron is

centred on the iron atom, while in fact it is distributed over

the conjugated p-system of the haem, which can introduce

discrepancies between Ddobs and dPCS
cal values for protein

atoms in the vicinity of the prosthetic group. However,

|Ddobs - dPCS
cal | terms for yCc nuclei do not correlate with

Table 3 Comparison of the Dv tensors determined for hCc in this and earlier works. Dvax and Dvrh are the axial and rhombic components of the

Dv tensor in units of 10-32 m3; b and j are the angles (in degrees) relating the Dv-tensor frame to the molecular coordinate system (Fig. 3b)

Dvax Dvrh b j Reference

3.10 ± 0.05 1.50 ± 0.13 11 ± 1 9 ± 2 This worka

2.87 ± 0.45 1.11 ± 0.29 15 ± 5 6 ± 8 This workb

3.43 1.23 13 3 (Liu et al. 2003)a

3.35 1.36 13 3 (Liu et al. 2003)a,c

2.72 ± 0.26 1.44 ± 0.14 18 12 (Banci et al. 1997b)a

2.68 ± 0.1 1.25 ± 0.12 7 10 (Banci et al. 1997b)d

2.29 1.7 15 11 (Qi et al. 1996)e

3.01 1.34 15 8 (Turner and Williams 1993)a

3.43 1.1 13 3 (Feng et al. 1990)a

For details see Table S2 and the ‘‘Experimental section’’
a The X-ray structure of hCcox was used in the calculations; b The reported values are the averages of Dv parameters obtained from five hCc

structures (Table S2); the errors are standard deviations; c The values are for the H26 N/H33 N hCc; d The NMR structure of hCcox (PDB ID

1AKK) was used as an input; e The NMR structure of hCcox (PDB ID 1OCD) was used in the calculations

Fig. 4 Comparison of the differences in chemical shifts between the

oxidized and reduced yCc (Ddobs) and calculated PCSs (dPCS
cal ). The

latter values were obtained for a CO (red triangles), Ca (green
circles), Cb (blue squares); b N; and c HN atoms from the X-ray

structure of yCcred and the corresponding Dv tensor determined in this

study. Dashed lines indicate cut-offs used in the Dv tensor fitting (see

‘‘Experimental section’’). The most prominent outliers are indicated

by the labels
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the distances to the haem iron, signifying that the detected

differences are not due to simplifications inherent to

the computational model. Moreover, multiple atoms of the

same residue exhibit |Ddobs - dPCS
cal | [0, reinforcing the

conclusion that the observed discrepancies are not caused

by random experimental errors, but rather report on the

redox-dependent Cc behaviour in solution. When

(Ddobs - dPCS
cal ) terms for various nuclei are combined into

single, per-residue values (Ddcomb, (7)), it appears that yCc

residues 28–31, 39–43, 52–60, and 79–82 show significant

differences between Ddobs and dPCS
cal (Fig. 5f), regardless of

the structure used for dPCS
cal calculation (different symbols in

Fig. 5a–e). Residues 41, 52, and 81 show the largest

Ddcomb values (Fig. 5f), while no effects are observed for

N- and C-terminal a-helices—the most stable secondary

structure elements of Cc.

The affected areas map out onto a single patch on yCc,

surrounding the haem propionate 7 (Pr7) and comprising

the loop harbouring the M80 ligand to the iron (Fig. 6). As

seen in Cc X-ray structures (Berghuis and Brayer 1992;

Louie and Brayer 1990), residues G41 and N52 are part of

a hydrogen-bond network involving Pr7. Moreover, studies

of yCc in solution by nuclear Overhauser enhancement

(NOE) spectroscopy reported a conformational change of

Pr7 group and a concomitant re-orientation of the N52

side-chain upon Cc reduction (Baistrocchi et al. 1996;

Banci et al. 1997a). These findings suggest that the redox-

dependent structural changes detected by paramagnetic

NMR in this work likely involve re-organization of the

H-bond network around Pr7 and the adjacent loop bearing

the M80 group. Despite this agreement, the areas with high

Ddcomb do not coincide with protein regions showing high

root-mean-square deviations (rmsd) between backbone

atoms in the reduced and oxidized structures determined by

X-ray crystallography or conventional, NOE-based NMR

spectroscopy (Fig. 5g). A possible explanation for this

finding is that chemical shifts, which form the basis of the

PCS analysis performed in this work, are sensitive to subtle

changes in the chemical environment of the observed

Fig. 5 Distribution of yCc residues involved in redox-dependent

changes as determined by paramagnetic NMR spectroscopy (this

work, a–f) and conventional structural analyses (previous studies, g).

(a–e) Distribution of (Ddobs - dPCS
cal ) terms for a CO, b Ca, c Cb, d N,

and e HN atoms as a function of yCc residue number. Dashed lines
denote the average plus one standard deviation calculated over all

atoms in a given category. dPCS
cal values were computed from the X-ray

(blue circles—yCcox; black squares—yCcred) and NMR (green
diamonds—yCcox; red triangles—yCcred) structures using the Dv
tensor determined in this work. f The combined, per-residue

difference between Ddobs and dPCS
cal , Ddcomb, as defined in (7). Dashed

lines denote the average and the average plus one standard deviation.

Stretches of residues exhibiting redox-dependent changes are high-

lighted. g Pairwise backbone root-mean-square deviations between

the structures of the reduced and oxidized yCc as determined by

X-ray (filled symbols) and NMR (open symbols)

b
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nuclei, rather than their absolute positions in the molecular

reference frame.

The distribution of (Ddobs - dPCS
cal ) terms in hCc

sequence (Fig. S4) is very similar to that of yCc, with

Ddcomb values peaking in the same regions. Given the large

differences among the reported crystallographic and NMR

structures of hCc, the numerical values of Ddcomb depend

on the structure used in the dPCS
cal calculations (different

symbols in Fig. S4a–e), yet qualitatively the affected

regions remain the same. As in the case of yCc, the areas

with high Ddcomb do not coincide with protein regions

showing high backbone rmsd between hCcox and hCcred

coordinates (Fig. S4g). These findings indicate that both

yCc and hCc undergo very similar redox-dependent

structural changes, the extent of which is likely conserved

in the protein family.

Providing that the experimental conditions of the

reduced and oxidized protein samples closely match, the

(Ddobs - dPCS
cal ) term is a measure of the diamagnetic

chemical shift differences arising from redox-dependent

structural changes, i.e. (Ddobs - dPCS
cal ) & Ddstruct [from

(2)]. In order to assess whether the differences between the

experimental structures of the oxidized and reduced yCc

could give rise to the observed (Ddobs - dPCS
cal ) terms, we

have predicted diamagnetic chemical shifts of yCcox and

yCcred (Fig. S5). For yCc in both redox states, there is a

good correlation between the experimentally measured

(dobs) and calculated (dcal) diamagnetic chemical shifts for

Ca and Cb atoms. For CO, N, and HN nuclei, the predic-

tions are highly imprecise and, thus, were excluded from

further analysis. For all atoms, the dcal values derived from

the X-ray coordinates correlate better with dobs than those

obtained from the NMR structures (Fig. S5). The average

deviations between dobs and dcal, determined for Ca and

Cb atoms in the X-ray structures, are |dobs - dcal| =

0.89 ± 0.67 ppm and 0.83 ± 0.64 ppm for yCcox and

yCcred, respectively. The difference between the dcal values

in the oxidized and reduced forms provides an estimate of

the diamagnetic chemical shift changes in a given pair of

Fig. 7 Simulated mobility of the yCc regions involved in redox-

dependent structural changes. a–b X-ray structures of a yCcred and

b yCcox with 10 best solutions for the randomized regions (red
cartoons). c–d Differences between the chemical shifts for c Ca and

d Cb nuclei in the reduced and oxidized proteins calculated from: the

corresponding X-ray structures (open circles); the simulated ensemble

of yCcred and the X-ray structure of yCcox (filled stars); and the X-ray

structure of yCcred and the simulated ensemble of yCcox (filled
circles). Highlighted regions are the same as in Fig. 5

Fig. 6 Location of yCc residues experiencing redox-dependent

structural changes. The residues with large discrepancies between

Ddobs and dPCS
cal are coloured red. The front and back views of yCc are

shown. The protein orientation in the upper panel is the same as in

Fig. 3a. See the legend to Fig. 3a for more details
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yCcox and yCcred structures (Ddcal
struct = dcal

ox - dcal
red). For the

crystallographic coordinates, the plots of Ddcal
struct versus

residue number exhibit nearly flat profiles (open circles in

Fig. 7c–d), with no extra features in the regions showing

large deviations in Fig. 5b–c. A similar picture is obtained

for the Ddcal
struct calculated from the NMR structures (data

not shown). Notwithstanding large errors on the predicted

dcal values, these findings indicate that the differences

between the experimental structures of the oxidized and

reduced yCc cannot account for the observed discrepancies

between Ddobs and dPCS
cal .

Although detailed analysis of possible redox-dependent

structural changes is outside the scope of this work, we

have attempted to simulate the mobility of the affected Cc

regions and assess whether protein dynamics could account

for the profiles in Fig. 5b–c. Starting from the X-ray

coordinates of yCc, we generated ensembles of protein

structures, where residues 39–41 and 52–60 were given

torsional freedom, while the rest of the protein was fixed

(see Experimental section). Note that we did not model the

mobility of Cc residues 79–82 (lying in one the regions

showing deviations in Fig. 5a–f and bearing the M80

ligand to the haem group) in order to preserve the haem

ligation geometry. The resulting ensembles of 10 best

solutions for yCc in both oxidation states are shown in

Fig. 7a–b. The atoms in the modelled regions experience

only small changes in PCSs relative to those in the X-ray

structures, with the deviations ranging from -0.15 to

0.19 ppm for C, Ca, Cb, N, and HN nuclei. However, the

ensemble-averaged diamagnetic chemical shifts, obtained

from the dcalc values calculated for Ca and Cb atoms in

each of the 10 solutions, exhibit large differences with

those derived from the X-ray structures (Fig. 7c–d). The

values of Ddcal
struct calculated from the yCcred simulated

ensemble and the yCcox X-ray structure (stars, Fig. 7c–d)

are of opposite sign to those derived from the yCcox

ensemble and the yCcred crystallographic coordinates (fil-

led circles, Fig. 7c–d), yet the two patterns are very similar.

Although the absolute values of the ensemble-based Ddcal
struct

(Fig. 7c–d) and experimentally-determined Ddstruct &
(Ddobs - dPCS

cal ) (Fig. 5b–c) for the residues in the modelled

regions do not match, the sign of Ddcal
struct derived from

the latter dataset agrees with that of Ddstruct. This find-

ing suggests that elevated mobility of Cc loop regions

in the oxidized state could give rise to the observed

(Ddobs - dPCS
cal ) profiles (Fig. 5a–f). It should be noted that

the modelling procedure used in this work provides only a

rough picture of the extent of motional freedom available

to the Cc regions in question, which—together with high

errors on the predicted diamagnetic chemical shifts—could

explain the large discrepancies between Ddcal
struct and Ddstruct

values. Further efforts will definitely be required to obtain

a more accurate description of the redox-dependent chan-

ges in Cc dynamics in solution.

Comparison with previous studies

The approach to assess redox-dependent changes in Cc

structure from paramagnetic shifts was pioneered by Wil-

liams et al. (1985) and later used for the cytochromes from

tuna (Williams et al. 1985), horse (Feng et al. 1990; Turner

and Williams 1993), yeast (Boyd et al. 1999; Gao et al.

1991), and Cc-551 from Pseudomonas aeruginosa (Tim-

kovich and Cai 1993). In most cases, a set of assigned

proton resonances and an X-ray structure of Cc available at

a time served as a basis for the Dv tensor determination and

subsequent comparison of the back-calculated and mea-

sured PCS values. The general consensus from the previous

studies is that the structure of Cc is largely the same in both

oxidation states. However, except for the work on Cc-551

from P. aeruginosa, which found no discrepancies between

Ddobs and dPCS
cal values (Timkovich and Cai 1993), all

studies reported significant (Ddobs - dPCS
cal ) terms for a

number of residues. The presence of large deviations in

39–42 and 48–59 regions of hCc (Feng et al. 1990), later

confirmed by 1H and 13C PCSs analysis (Turner and Wil-

liams 1993), allowed the authors to postulate that ‘‘[the

Table 4 Cc structures used in

this study
Cc Method State PDB ID Reference

yCc Xray ox 2YCC (Berghuis and Brayer 1992)

red 1YCC (Louie and Brayer 1990)

NMR ox 1YIC (Banci et al. 1997a)

red 1YFC (Baistrocchi et al. 1996)

hCc Xray ox 1HRC (Bushnell et al. 1990)

NMR, Banci et al. ox 1AKK (Banci et al. 1997b)

red 1GIW (Banci et al. 1999a)

NMR, Wand and co-workers ox 1OCD (Qi et al. 1996)

red 2FRC (Qi et al. 1996)
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redox-dependent] change runs on M80 side of the haem

and involves hydrogen-bond network including Trp59, the

haem propionates, Gly41 and at least two water molecules’’

(Williams et al. 1985). Similarly, large discrepancies for

the yCc residues 38–43, 51–52, and 60–71 (Gao et al.

1991), most of which were later corroborated by PCS

analysis of 15N backbone amide atoms (Boyd et al. 1999),

were interpreted as an evidence for redox-dependent

structural changes. Our findings agree best with those of

Feng et al. (Feng et al. 1990), whose outline of the protein

region experiencing differences in the oxidized and

reduced states closely matches the one determined here.

The differences between the oxidized and reduced Cc

were further investigated by HD exchange spectroscopy

(Banci et al. 1997a; Baxter and Fetrow 1999). In the work

of Banci et al. most of the differences in the HD behavior

were found to involve residues 14–26 and 75–82 (Banci

et al. 1997a), while Baxter and Fetrow reported that the

observed differences are interspersed around all structural

elements of the protein (Baxter and Fetrow 1999). Despite

this disagreement, both studies have concurred that Ccox

appears to be more flexible than Ccred, a conclusion which

was later confirmed by an NMR relaxation analysis (Fe-

trow and Baxter 1999).

Conclusions

In this work, we have re-assessed the differences between

reduced and oxidized Cc in solution using an extensive

experimental dataset comprising over 450 measured PCSs

and high-resolution X-ray and solution NMR structures of

yCc and hCc. We find that, in both proteins, the region

clustered around G41, N52, and A81 residues consistently

exhibits significant differences between the observed and

calculated PCSs, indicative of redox-dependent structural

changes. It is not clear whether these rearrangements play a

role in the modulation of the electron transfer between Cc

and its binding partners, a question that has prompted a

lasting debate (Banci et al. 2000). We suggest that the

observed discrepancies arise from redox-dependent chan-

ges in protein dynamics, possibly mediated by re-organi-

zation of H-bond network involving Pr7 and the

M80-bearing loop, rather than gross structural perturba-

tions. The higher flexibility of Cc in the oxidized than

reduced form might have clear functional implications,

such as enhancing dissociation from the protein complex

once the electron transfer is complete. Such modulation of

protein function by change in dynamics, observed by

paramagnetic NMR spectroscopy in solution, could repre-

sent a case of ‘‘subtle allostery’’ in a small, single-domain

protein, with little room for large conformational changes

conventionally associated with the allosteric regulation.

Experimental section

Sample preparation

The pUCcc plasmid carrying the gene coding for the T-5A/

C102T yCc variant studied in this work was provided by

Dr. Jonathan Worrall (University of Essex, United King-

dom). The expression vector for the wt hCc was derived

from the pJRhrsN2 construct (Rumbley et al. 2002) coding

for the H26N/H33N hCc (provided by Dr. Marcellus

Ubbink of Leiden University, the Netherlands). The H26N

and H33N mutations were reverted in two sequential site-

directed mutagenesis steps using whole plasmid synthesis

polymerase chain reaction protocol (Weiner et al. 1994).

The proteins were expressed in Escherichia coli using a

published procedure (Pollock et al. 1998), employing

co-expression of the genes encoding for the Cc and the Cc

haem lyase, the protein required for the haem insertion.

Uniformly-labelled 15N and [13C, 15N] cytochromes were

produced in the M9 minimal medium (Morar et al. 1999)

containing 15NH4Cl and 13C6-glucose as the sole nitrogen

and carbon sources, respectively, and supplemented with d-

aminolevulinic acid, the first committed precursor of the

haem biosynthesis. Both yCc and hCc were purified as

described elsewhere (Morar et al. 1999; Pollock et al.

1998), with size-exclusion chromatography as an addi-

tional purification step. Once purified, the proteins were

oxidized with an excess of K3[Fe(CN)6], exchanged into an

NMR buffer, concentrated to 1–2 mM, and stored at -20�
C until required. The protein concentrations and purity

were estimated from UV–vis spectra using, respectively,

the extinction coefficient e410 = 106.1 mM-1 cm-1 and

the absorbance peak ratio of A410/A280 C 4.0. Ccred was

prepared by the addition of a twofold molar excess of

sodium ascorbate to the Ccox samples. All NMR samples

contained 1 mM Cc in 20 mM sodium phosphate pH 6.0

(containing 0.1 M NaCl for the high-salt datasets) and 6%

D2O for the lock.

NMR spectroscopy

All experiments were performed at 303 K on Varian NMR

Direct-Drive Systems 600 and 800 MHz spectrometers, the

latter equipped with a salt tolerance triple-resonance

PFG-Z cold probe. For the high-salt samples, a set of 2D

[1H, 15N] HSQC and 3D HNCACB, CBCA(CO)NH, and

HNCO spectra was acquired on U-[13C, 15N] proteins. For

the U–15N proteins at low salt, 2D [1H, 15N] HSQC and 3D
15N-edited NOESY-HSQC (100 ms mixing time) spectra

were recorded. All NMR data were processed in NMRPipe

(Delaglio et al. 1995) and analysed in CCPN (Vranken

et al. 2005). For the high-salt samples, sequential backbone

assignments were obtained by connecting 13Ca and 13Cb
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frequencies from the HNCACB and CBCA(CO)NH spec-

tra at the 1H, 15N frequencies of every peak in the [1H, 15N]

HSQC spectrum. Subsequently, 13CO resonances were

assigned from the HNCO spectrum at the assigned 1H, 15N

frequencies. Finally, the heavy-atom side-chain resonances

of Asn and Gln residues were assigned from CBCA(-

CO)NH and HNCO spectra by connecting the 1H, 15N side-

chain amide resonances to the corresponding Ca and Cb

frequencies. The assignments of 2D [1H, 15N] HSQC res-

onances obtained at 0.1 M NaCl were transferred to the

low-salt datasets and verified by 3D 15N-edited NOESY-

HSQC experiments. The assignments determined in this

work were deposited in the BMRB data bank under

accession numbers 17,845 (yCcox), 17,846 (yCcred), 17,847

(hCcox), and 17,848 (hCcred).

Paramagnetic NMR analysis

The dipolar pseudocontact shift (dPCS) is given by (3)

(Ubbink et al. 2002):

dPCS ¼
1

12p
r�3 Dvaxð3 cos2 h� 1Þ þ 3=2Dvrh sin2 h cos2 /
� �

ð3Þ

where r, h, and / are the polar coordinates of the nuclear spin

with respect to the principal axes of the magnetic

susceptibility tensor (Dv), and Dvax and Dvrh are,

respectively, the axial and rhombic components of the Dv
tensor defined as:

Dvax ¼ vzz � 1=2ðvxx � vyyÞ ð4Þ

Dvrk ¼ vxx � vyy; ð5Þ

where vxx, vyy, and vzz are the principal components of the v
tensor. In the absence of the zero-field splitting, the

relationship between v- and g-tensors is given by (6)

(Bertini et al. 2002):

vkk ¼ l0l
2
Bg2

kk

SðSþ 1Þ
3kT

ð6Þ

where k = (x, y, or z), l0 is the permeability of vacuum, lB is

the electron Bohr magneton, S is the electron spin number,

k is the Boltzmann constant, and T is the temperature. We

used (6) to convert the g-tensors, sometimes reported in the

literature, to the v tensors used here. Throughout this work,

we report the Dv values in 10-32 m3 units and follow the

‘‘ZYZ’’ convention for the Euler angles as implemented in

Numbat software (Schmitz et al. 2008).

The Dv tensors were calculated with Numbat (Schmitz

et al. 2008), starting from a set of measured Ddobs values

(Tables S1 and S2) and protein structures (Table 4). The

residues in direct contact with the haem group (C14, C17,

H18, and M80) and, thus, with a non-negligible contact

shift contribution to Ddobs, were excluded from the analysis

throughout this work. Atoms with |Ddobs - dPCS
cal |[ 1 ppm

(for 13C and 15N nuclei) or [0.2 ppm (for protons) were

excluded from the dataset during iterative refinement of the

Dv tensors. The calculated tensors were corrected for the

residual anisotropic chemical shifts (RACS; John et al.

2005) using RACS correction term implemented in Num-

bat (Schmitz et al. 2008). The errors on the Dv parameters

were estimated with a Monte-Carlo protocol (Schmitz et al.

2008) by adding 10% of Gaussian noise to the atomic

coordinates and experimental Ddobs values and randomly

excluding 10% of the working PCS dataset.

The combined, per-residue difference between Ddobs

and dPCS
cal is given by (7):

Ddcomb ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

i

Dd2
i

n

vuut
ð7Þ

where Ddi = (Ddobs,i - dPCS
cal )/m, with m = 1, 3, 5 for 1H,

13C, and 15N nuclei, respectively; summation is carried

over all atoms with the measured (Ddobs - dPCS
cal ) term; n is

the number of such atoms.

Diamagnetic chemical shift calculations and Cc

modelling

Chemical shifts at pH 6.0 and 303 K were predicted from

yCc structures with ShiftX2 (Han et al. 2011). The yCc

conformational ensembles were generated in Xplor-NIH

(Schwieters et al. 2003) by simulated annealing in torsion

angle space with standard protein geometry and vdW

parameters and knowledge-based dihedral angle potentials

(Iwahara et al. 2004). The coordinates of yCcox and yCcred

were taken from the respective crystal structures (Table 4).

Residues 39–41 and 52–60 were given full torsional free-

dom, protein sidechains within 5 Å of the modelled regions

were allowed to move, while the rest of the protein

(including the haem group and its ligands C14, C17, H18,

and M80) was kept fixed. In a typical run, 100 structures

were output, ranked by the total energy, and 10 best

selected for further analysis.
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