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ABSTRACT: Gly 34 and the adjacent Pro 35 Rhodobacter capsulatiustochromec, (or Gly 29 and Pro

30 in vertebrate cytochromg are highly conserved side chains among the clas$/pe cytochromes.

The mutation of Gly 34 to Ser ifRRb. capsulatusytochromec, has been characterized in terms of
physicochemical properties and NMR in both redox states. A comparison of the wild-type cytoaarome

the G34S mutation, and the P35A mutation is presented in the context of differences in chemical shifts,
the differences in NOE patterns, and structural changes resulting from oxidation of the reduced cytochrome.
G34S is substantially destabilized relative to wild-type (2.2 kcal/mol in the oxidized state) but similarly
destabilized relative to P35A. Nevertheless, differences in terms of the impact of the mutations on specific
structural regions are found when comparing G34S and P35A. Although available data indicates that the
overall secondary structure of G34S and wild-type cytochronaee similar, a number of both perturbations

of hydrogen bond networks and interactions with internal waters are found. Thus, the impact of the mutation
at position 35 is propagated throughout the cytochrome but with alterations at defined sites within the
molecule. Interestingly, we find that the substitution of serine at position 34 results in a perturbation of
the hemes meso and the methyl-5 protons. This suggests that the hydroxy$ aadoon are positioned

away from the solvent and toward the heme. This has the consequence of preferentially stabilizing the
oxidized state in G34S, thus, altering hydrogen bond networks which involve the heme propionate, internal
waters, and key amino acid side chains. The results presented provide important new insights into the
stability and solution structure of the cytochrontes

Site-directed mutagenesis offers a powerful means of proline at position 30 in eukaryotic cytochromerlhe proline
investigating the relationship of structure and function within at position 35 is of particular interest because there is a
families of redox proteinsl( 2). In general, the mutagenesis hydrogen bond between the ligated histidingHNand the
of redox proteins allows the contribution of individual amino Pro 35 carbonyl, which is important in orienting the protein
acids to redox properties, protein dynamics, electron-transferbackbone with respect to the heme group and which
kinetics, protein stability, and function to be investigat8d (  presumably modulates ligantinetal interactions ). Al-
Within the class Ic-type cytochromes, which include the though there is a loss of this conserved hydrogen bond in
mitochondrial cytochromes, the bacterial cytochromess, Drosophila melanogasteand rat P35A mutants 7), it is
and other subfamilies, there is considerable structural homol-still present inRb. capsulatug8), although it has been
ogy coupled with substantial diversity in amino acid sequence suggested that the hydrogen bond strength is reduced, which
and size 4, 5). In recent years, mutations at structurally would possibly affect the ligated irethistidine and iron-
equivalent positions have been investigated in clastype methionyl sulfur bonds. Figure 1 presents the three-
cytochromes, where the amino acid side chain has beendimensional structure of reduc&b. capsulatusytochrome
conserved throughout evolution (see Bfor a relatively ¢, with a number of key structural features identified.

recent review). Among the specific positions investigated  \ith both Rb. capsulatusytochromec, andD. melano-
has been the mutation of proline at position 35R#fodo-  gaster cytochromec, the proline to alanine mutation at
bacter capsulatusytochromec; or the structurally equivalent  position 35/30 destabilized the oxidized cytochrome, con-
sistent with changes in hydrophobicity proximal to the heme
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Ficure 1: Three-dimensional structure Bb. capsulatuserrocytochromee; (37). (A) Backbone and selected side chains. The side chains
shown are labeled except for Y75 (left) and W67 (lower left). The waters are shown as spheres and from left to right are 43H, 31H, 45H,
and 18H (in the rear in stereo). Dashed lines are backbone regier@3eft), 46-56 (bottom), and 2736 (right). (B) Expanded view

of key structural features. Features are identified as in part A.

However, in the case of theb. capsulatugytochromec; pseudocontact shift and the observed paramagnetic shift for
P35A mutant, the alkalineKags is unaltered €, 8). Thus, the wild-type and the mutants defines the regions where the
mutations at positions which are conserved in both the redox-dependent structural changes occur for wild-type and
chemistry of the amino acid side chain and the tertiary mutant; and finally, the differences in NOE patterns between
structure can have quite distinct effects in homologous the wild-type and the mutant G34S in the two redox states
cytochromes. reflect significant local adjustments in structure. The NOE

Given the foregoing, it is of interest to examine the effect and chemical shift evaluations do not necessarily give
of mutation at position 34Rb. capsulatusiumbering) or overlapping results since the NOE is a direct measure of the
29 (vertebrate cytochronenumbering). As with proline at  amount of interaction between two protons, whereas the
positions 35/30, glycine is highly conserved at position 34/ chemical shift is a measure of the change in the magnetic
29 and is adjacent to the proline. Moreover, the imidazole environment which would result from structural changes at,
of the ligated histidine is adjacent to Gly 34/29 in the folded or nearby, the proton.

protein, and a hydrogen bond between the NH of Gly 34 For the analysis to be presented, data for both redox states
and the CO of Cys 16Rb. capsulatuscytochromec:  of the cytochrome, G34S mutant is reported. In this context,
numbering) is highly conserved among the cytochromes it s important to note that the solution structure of the
(11-14). In yeast cytochrome, the mutation of glycine o reducedRb. capsulatusytochromec, (16) has been shown
serine at this position results in & nonfunctional (in vivo) o pe essentially the same as the crystal structure. A number
cytochromec which is present at 70% of the level of wild-  of studies of bottRb. capsulatugytochromec, wild-type

type (L5). To date, Gly 29 mutants of eukaryotic cytochrome  and mutants have shown that there are no major structural
¢ have not been characterized, although the lack of in vivo changes from that of the wild-type for either oxidation state
function suggests alterations sufficient to inhibit the interac- (g g 16-19; Zhao, unpublished data). This is consistent
tion with the oxidase, reductase, or both. To explore the role yjth other observations that solution structures have only
of the conserved glycine at position 34 Rb. capsulatus  |ocalized structural differences between the two oxidation
cytochrome c; and more generally to obtain a better giates, for example, horse cytochrore(20—23) and
understanding of the structural region defined by Gly 34, saccharomyces cerisiae cytochromec (24, 25).

Pro 35, and the ligated histidine, we are reporting here on

the mutation oRb. capsulatusytochromec;, glycine 34 to MATERIALS AND METHODS

serine.

In this paper, three types of NMR data will be presented  Protein purification and sample preparation for mutants
for comparison of the G34S, P35A, and wild-type cyto- G34S and P35A were as previously descritig®).(TheRb.
chromesc;: first, chemical shift differences between the capsulatusG34S and P35A mutants were expressed on
wild-type and mutants in each redox state is used to identify plasmids in a cytochrom& minus strain oRb. sphaeroides
regions where the mutant structure differs from the wild- (Gadc2), which is unable to support photosynthesis in the
type structure; second, a comparison of the calculatedabsence of cytochron® (26). On the basis of colony size,
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Table 1: Properties dRb. capsulatu€ytochromec, Wild-Type and Mutants

AAGredox AAGGQS AAGud
cytochromec; Em7(mV)?2 (kcal/mol) Keos (kcal/mol) Cn(M)© (kcal/mol)
wild-type 367 8.90 154
P35A 358 +0.2 8.90 0.0 0.90 +2.0
G34S 330 +0.9 8.60 +0.7 0.86 +2.2

2 Midpoint oxidation-reduction potential at pH 7.0 (vs SHE 7 values are reproducible ta3 mV or +0.07 kcal/mol.” Determined from the
effect of pH on the 695 nm absorbance barilvplues aret0.2 pH units o-0.3 kcal/mol.¢ Conformational stability to guanidine-HCI denaturation
for the oxidized cytochrome, given as the concentration of Gdn-HCI (in 20 mM Tris, pH 7.5) required for 50% denaturatio ¥1). ¢ The
relative stability to denaturation (guanidine-HCI) in free energy ter27s. Measurements are reproducibles0.3 kcal/mol.

the Rb. capsulatusmerodiploids (for G34S and P35A) reduced wild-type protein3() as previously described §,
supported growth to almost the same extent as did wild- 34).

type cytochromec, from both Rb. sphaeroidesand Rb.

capsulatug26; this work). Moreover, cytochrome yields RESULTS AND DISCUSSION

were comparable in all cases. The methods for optical
spectroscopy, oxidatierreduction potential determination,
and the thermodynamics of guanidine hydrochloride (Gdn-
HCI) denaturation have been previously report&y).(
Determination of the alkaline transitiofKgys was performed

as in Caffrey and Cusanovic2g).

Basic Chemical Properties of G34Eable 1 compares the
oxidation—reduction potential, alkalineKass, and the con-
formational stability from Gdn-HCI denaturation studies for
wild-type and the P35A and G34S mutants. The data are
presented in terms of both the parameter measured and the
difference in free energyNAG) between the mutant and

NMR spectra for both cytochrome redox states were i tyne. ForAAG, the convention used is that a positive
acquired on a Bruker AM 500 spectrometer at pH 6.0 and | 5, [for example AAG, which is given asAGyuwr) —

30 °C. Conventional 2D experimental pulse sequences of AGy(muand indicates that the mutant is less stable than the
DQF-COSY 29), TOCSY GO, 31), and NOESY 32, 33) Wild-type (See refd for details).

were utilized for data collection. 2EH spectra were usually The [X of the 695 nm transition ess (10, 38)] for G34S
95 ]

acquired with a spectral width of 10 kHz, 96oints, 2048 . . .
o : : is 0.3 pH units lower than the wild-type and the P35A mutant
data points irtp, and 128 transients for eathpoint. NOESY (Table 1). Thus, it appears that the heme iramethionyl

spectra were recorded with mixing times of 50 and 100 ms, sulfur coordinate bond is affected to a small extent by the

and TOCSY spectra were recorded with a mixing time of . . L
60 ms. All 2D spectra were processed on a Silicon Graphics .G34S mutation but not the P35A mutation. Oxidized G34S

. ) . . is substantially less stable as measured by Gdn-HCI dena-
work station with FELIX software (Molecular Simulations). turation than )\//vild-type (approximately 2.2y keal/mol less

For the two cytochrome; oxidation states, the observed  staple) but not significantly different from the P35A mutation
chemical shift difference for individual protons include the (Table 1). We assume that the denatured states for the wild-
Fermi contact and pseudocontact contributions, as a consetype cytochrome and mutants are the same or similar. Thus,
quence of the paramagnetic iron in the oxidized protein, as e conclude that oxidized G34S is significantly destabilized
well as any diamagnetic contrlputlon due to structural rgjative to wild-type (approximately 45% of the total free
changes 19, 34) and can be described by eq 1: energy for folding) but much less so in terms of the iron

sulfur coordination bond where it is destabilized by only 0.4

AODS= 4 — 0;eg= AC + ApC,X+ As 1) kcal/mol. In contrast, the redox potential of G34S is

substantially less (by 37 mV) than wild-type and also
wheredox anddreq are the measured chemical shifts for the significantly less (by 28 mV) than P35A. Given that the
two oxidation statesic is the Fermi contact contribution to  stability of oxidized G34S is essentially that of P35A (Table
the chemical shiftApc,x is the pseudocontact contribution, 1), the redox potential data suggest that the reduced state of
andAs is the diamagnetic chemical shift that is due to any G34S is significantly more destabilized by the mutation than
structural change resulting from a change in redox state. Thethe oxidized state. In the limit, if there is no difference in
Fermi contact paramagnetic shift is a “through bond” the redox potential between wild-type and the mutant, the
contribution and is due to the presence of unpaired spin difference in stability between the oxidized and reduced
density at each proton (or other nucleus) in the molecule forms of the mutant and the wild-type would be the same.
(35, 36). It is limited to protons on the heme and the ligated Similarly, if the redox potential is less positive in the mutant
methionine and histidine residues due to the rapid attenuation(assuming the oxidized stabilities are the same), the reduced
with an increase in the number of intervening bonds; the form must have been destabilized relative to the oxidized
pseudocontact shift is a “through space” dipolar effect and form by an amount equivalent to the change in redox
depends on the position of the nucleus with respect to the potential AAGreqox = —NFAEp) (3). Thus, in the case of
heme unpaired electron. Because of the decrease of the FerniP35A, with an B of 358 mV, the reduced form must have
contact contribution with the number of intervening bonds, been destabilized 2.2 kcal/mol compared to wild-type while
Ac is zero for all residues that are not directly attached to the oxidized form was destabilized 2.0 kcal/mol. Similarly,
the heme. The calculation of the optimizgdensor and the  in the case of G34S, the reduced form must have been
pseudocontact shifts for the G34S and P35A mutant proteinsdestabilized 3.1 kcal/mol relative to wild-type while the
were made using the hyperfine shift dafay — dreq, @and oxidized form was destabilized only by 2.2 kcal/mol. Given
the proton coordinates from the crystal structure of the the foregoing, the oxidized forms of P35A and G34S are
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destabilized to roughly the same extent relative to wild-type, o, 0 a7 = T T ]
while the reduced form of G34S is destabilized t0 & o6} reduced _
significantly greater extent (approximately 0.9 kcal/mol); 05 . .
however, the reduced form remains substantially more stableE 04 ° q
than the oxidized form, hence the relatively high redox g °3r . . ]
potential (330 mV). Alternatively, the changes in relative § %21 i ) . . ) ‘
stability of the two redox states could be viewed in the 7 2; PPN F, SR L I,
context of differential effects of the mutation on the % | o Tt : . e

association constant for the binding of the axial ligands in .
the two redox states. 03

Backbone Conformational Differences between Wild-Type -04 . - ]
0

and G34SThe complete assignments of thé NMR spectra o 20 30 4 S 60 70 8 0 100 o
of G34S cytochromec, for both redox states were ac-  °7[B = " = ‘ i
complished by a combination of TOCSY, DQF-COSY, and 06 oxidized . ]
NOESY experiments using the technique of sequential  °°f . 1
assignment 39). The assignment data are available as 4T 1

3 - |
Supporting Information. Overall, the short-range NOEs used % zz i oo . . |
to sequentially connect residues suggest that the secondang ,, | Yol * o, e
structure for reduced and oxidized forms Of G34S S © oo fwws ® 2 F¥° T wo o of e o S i S
essentially the same and similar to the respective oxidation * 011 ¢« . TTEAR e g FT
state of wild-type cytochrome;,, except near the site of 02F , : ) .
mutation. For example, a short-range NOE betweerutie 03 - . 1
of Cys 16 and the NH of His 17 was observed in the wild- -04 e T
type protein, but not in the G34S protein. In contrast, an 0 % 20 30 40 5 60 70 8 S0 00 110
NOE between thetH of Thr 15 and the NH of Cys 16 was Residue Number

observed in G34S but is absent in the wild-type protein, Ficure 2: Differences in chemical shifts for theeH (O) and NH

. . (m) protons of wild-type and G34S for reduced (A) and oxidized
suggesting that the segment of backbone from Thr 15 to His (B) cytochromec, from NMR spectra recorded at 3@ and pH

17 is rotated in the mutant, leading to an increase in stability. 6.0. The accuracy of the chemical shift is 0.01 ppm. The chemical
The differences in the NH areH chemical shifts between ]?h'ftlf forgH ag‘fj NH of dW"ﬁ"type proé?'”ha&e dtakerf‘ frohm rés  ired
the G34S and wild-typedQ; Zhao, unpublished data) for or the reduced form and Zhao (unpublished data) for the oxidize

form.
the reduced and the oxidized forms (excluding residue 34) orm

are shown in Figure 2. Strikingly, there are four regions of  The difference in chemical shifts between oxidized G34S
significant chemical shift differences 0.05 ppm) between  gpg wild-type is similar to those observed with the reduced
wild-type and G34S for the reduced cytochromes (Figure protein, with the regions 1019, 27-30, 46-56, 72-80,
2A). These regions (1619, 27-38, 46-56, and 94-98,the  and 94-98 clearly affected by the mutation. However,
latter three regions are highlighted in Figure 1) do not several differences are evident. First, approximately 40
correlate with regions of defined secondary structure (i.e., additional protons have chemical shifts that are significantly
are not in helical regions) except for Ser 56. Studies with different (~0.05 ppm) from wild-type in the oxidized protein,
yeast cytochrome have identified three or four (depending  as compared to the reduced state. These additional significant
on how the structural regions are viewe@)loops which  chemical shifts presumably result from the substantially
encompass the sequence regions 780, 41-69 (or 41~ reduced stability of the oxidized protein relative to the
50 and 45-69 if divided into twoS2 loops), and 1737 using  reduced state as reflected in theterm in eq 1. The presence
cytochromec, numbering 40—42). Note that the cytochrome  of the paramagnetic iron affects the chemical shift of residues
C2 €2 loops are larger than with the yeast cytochrome becausenear the hemeApc,x in eq 1); further, the two heme axial
of insertions. Th&2 loops have been treated as cooperative |igands have contributions from the Fermi contact tefro, (
folding units @2) or subdomainsA3) based on H/D exchange  eq 1). Second, the majority of the additional significant
and NMR studies. In terms of stability to denaturation, with changes in chemical shift occur in two regions: (1)dlé
yeast cytochromee, the Q loops have the order (using and NH protons are significantly perturbed in the—1I®
cytochromec, numbering) 78-100 < 41—69 < 19—40 (41). region for the oxidized protein as compared to 5 for the
The cytochrome;, domains perturbed by the G34S mutation reduced; (2) 16uH and NH protons are perturbed in the
are inQ loop regions. Three of the perturbed regions{16  oxidized mutant in the region 7280, a region where no
19, 27-36, and 46-56) are proximal to the site of mutation  significant perturbations are observed in the reduced protein
in the folded protein, and these chemical shift differences (Figure 2). Clearly, some of these differences between the
must, in part, be due to the short-range effects of the oxidized and reduced states of the wild-type and G34S
replacement of glycine by serine. Interestingly, the region mutant proteins could result from changes in the pseudo-
94—98, which is located on the opposite side of the heme, contact chemical shifts which are due to the paramagnetic
is perturbed in the reduced G34S mutant, but not in the P35Airon in the ferricytochrome (see below).

mutant @). The effect of the mutation in this region Analysis of the Heme and Hemkigand Ernvironment.
apparently has been propagated through elements of theThe chemical shifts for the assigned resonances of the heme
secondary structureC loops), possibly as a result of the and proximal side chains for both the wild-ty[® &and G34S
perturbation of hydrogen bond networks, as discussed below.proteins in the reduced state are given in the Supporting
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Ficure 3: (A) Rb. capsulatusytochromec, heme and methionine 96 ligand (on the top) from the crystal coordind@gsThe distances

from thee-methyl of methionine to thei- andd-mesos of the heme are 3.76 and 4.06 A, respectively, in the crystal structure. (B) Heme
group andg-tensor system. The andy-axes of the heme-based coordinate system, viewed from Met-96, are indicated.afy-axes

of the g-tensor for G34S are rotated about the principal axis in the clockwise direction as compared to that of the wild-typetsince

= 343 for wild-type, whilea + y = 349 for G34S. Thes methyl of Met 96 is rotated in the counterclockwise direction.

Information (the assignment process for the oxidized G34S yH of Met 96 is found {-0.04 ppm), which is apparently
heme is still in progress). The majority of the heme proton sufficient to be reflected in a small change in the alkaline
chemical shift differences are less than experimental error pKegs. Arg 43 is hydrogen bonded to a bound water (18H in
(£0.01 ppm), indicating that the heme environments in G34S the crystal structure) as well as to propionate-7. Moreover,
and wild-type are generally similar. However, the chemical Trp 67 is hydrogen-bonded to the same water as well as to
shifts for the f-meso and methyl-5 of the heme are the Arg 43 carbonyl oxygen. Thus, it appears that the Ser
substantially perturbed in the G34S mutant relative to wild- 34 substitution also perturbs propionate-7 and the related
type (—0.13 and 0.06 ppm, respectively), a result which was hydrogen bond network.
not obtained with the P35A mutar8)( It appears likely that NOE Differences between Wild-Type and G34S in the
a structural rearrangement near ffieneso and methyl-5  Reduced Statén general, the NOE data for those protons,
protons has occurred as a result of the larger serine side chainvhich exhibit large differences in chemical shifts, should
protruding in the direction of the front edge of the heme indicate structural changes related to differences in the heme
(Figure 1). environment and stability between the wild-type and G34S.
Significant differences in the chemical shifts for the However, we find that a comparison of short-range and long-
protons of propionate-6 and to a lesser extent propionate-7range NOEs between the reduced wild-type and the G34S
are found between the reduced wild-type and G34S cyto- mutant does not indicate obvious differences in the NOE
chromes (0.1 and-0.1 ppm for the propionatec6protons patterns except for a few segments near the mutation site,
and 0.07 and-0.01 ppm for the propionate @ protons) for example, the segment of residues-15, as discussed
where propionate-6 is the front heme propionate and pro- above. This suggests that the secondary and tertiary structures
pionate-7 the rear heme propionate (Figure 1). These resultsare similar for both cytochromes and also indicates that, in
are similar to those found for the P35A muta®) @nd general, the chemical shifts are substantially more sensitive
suggest that changes occur in the environment of thesethan the NOE data in identifying structural changes in
propionates. The time-averaged ring current effects of Phesolution.
51 and Tyr 53, which are proximal to propionate-6 in the  The NOE connectivities can be used to indicate the
folded protein, differ since they have significantly increased orientation of thee methyl of Met 96 and the heme protons.
flip rates in G34S, increasing from intermediate to fast for For the wild-type cytochrome,, a NOE was observed from
Phe 51 and from a slow to intermediate rate for Tyr 53, thee methyl of Met 96 to the heme-meso proton, but not
compared to the wild-type proteid®). Changes in the ring  to the d-meso proton. This is consistent with the crystal
current effects of these aromatic substituents may, in part, structure of the wild-type proteir87) where thes methyl is
account for the chemical shift differences of propionate-6. closer to the heme:-meso proton than thé-meso proton
In addition, theeNH of Arg 43, the NH of His 17, and the (Figure 3A). For the G34S mutant, NOEs were observed
N(1)H of Trp 67 are significantly perturbed in the mutant from the e methyl of Met 96 to both thex- and 6-meso
relative to the wild-type cytochrome. The crystal structure protons. Thus, it appears that the time averaged orientation
of Rb. capsulatusytochromec, (37) has theeNH of Arg of the e methyl of methionine 96 is rotated away from the
43 and the N(1)H of Trp 67 hydrogen bonded to propionate-7 a-meso toward thé-meso in the G34S mutant as compared
and the NH of His 17 is located near the site of mutation. to the position in wild-type cytochrome crystal structure as
Thus, these shifts suggest that the micro-environmentbf N shown in Figure 3A.
of His 17,eNH of Arg 43, and N(1)H of Trp 67 are altered The C(2)H, C(5)H, and N (labeled CE1, CD2, and
in G34S due to the mutation. Moreover, perturbation of the ND1, respectively, in the crystal structure) of His 17 exhibit
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NH HIT
é 837
>

Table 2: g-Tensor Parameters for the Wild-Type and Mutants of
Rb. capsulatu€ytochromec;

g

NH HIT

@W sL37 o B y oty
Fo protein Aga’® Age® (degp (degp (degp (deg) %N
wt 480 —1.00 152 12 191 343 0.001
P35A 410 -0.90 156 12 192 348 0.001
G34S 440 -1.10 149 15 200 349 0.001

3 Agad, Aged are the axial and equatorial anisotropies ofgfensor,
AGe? = Q27 —112(@el + gy) andAged = Gu® — Gy’ ", B, andy
are the Euler angles that define the orientation ofgttensor principal
axis system relative to the heme coordinate sysjeéfit expresses the
F precision for the least-squares fitting whefe= Y (Aobs — Apc,xy
andN is the number of residued g).

-0.8

-0.4
D2 (ppm)

o w37 07L37
oM
8™ v
- ¢

T
I
W
0.0

v ¢
0——scam mr o%guzm HIT

Al B 100 ms for the reduced wild-type cytochrome (Figure 4C).
J However, for the G34S mutant, there were strong peaks
between thes protons of Ser 34 to the M of His 17 and
Y st X% © the f-meso proton of the heme in the NOESY spectrum
o634 | 0 0 Fs under the same experimental conditions (Figure 4D). These
’ observations suggest that serine 34 extends its side chain
- toward thef-meso proton of the heme (Figure 1), so that
<5 the front edge of the heme ring is influenced by the intrusion
L of the side chain of the mutant. In addition, G34S has a strong
jm N ﬂmgvm » ~ NOE between a Ser 34 proton (data not shown) and the
v Y cesm ¥ o methyl-5 protons. However, no NOE between the Sex.34
CISIS;H%O HIT %e
b

e 0

NH HI7
% ™

NH HIT
v 4L37 v ™ M

g

Feas | < proton and the heme was observed. These results are
consistent with the chemical shift data where fheneso
and methyl-5 protons are affected by the mutation. The
e T Q—HOcamnr substitution of Ser and the resulting interaction with the
(o] D B-meso proton may alter the hydrophobicity in the heme
9 5 9.5 environment, stabilizing the oxidized state relative to the
DI (ppm) D! (ppm) reduced and thus contributing to the lower redox potential.
FiGure 4: Sections of NOESY spectra of (A) wild-type and (B) Re_dox Conformatlon.al .Dlﬁerences bet.ween Reduced and
G345 with a mixing-time of 50 ms and (C) wild-type and (D) G34s Oxidized G34SThe optimizedy-tensor anisotropies for the
with a mixing time of 100 ms for ferrocytochroneg recorded at oxidized form of G34S and P35A were obtained from a set
30°C and pH 6.0. In the spectra of G34S (B and D), long-range of selected NH proton chemical shifts using a least-squares
NOEs from the3 proton of Ser 34 to the M of His17 and3-meso fitting procedure, as previously describeti9( 34). The

rotons are shown. In addition the long-range NOE between the . .
groton of Gly 34 and the M of His 17gis ot?served in the wild-  calculation of theg-tensors for both the wild-type and G34S

type spectrum with a mixing-time of 100 ms (C). The long-range Proteins is based on the reduced crystal structirpgince,
NOE between the C(2)H of His 17 and themeso proton of the  as previously discussed, the solution structure for both

heme in G34S (B) is stronger than that in the wild-type (A). cytochromes (and both redox states) appear to be the same
and are essentially the same as the crystal structure with only

large differences in chemical shifts between the reduced wild- small localized structural changes. These optimg:ehsor
type and the reduced G34S mutant (0.07, 0.11, and 0.10 ppmanisotropies along with those of the wild-tyid) are given
respectively), likely a result of a direct effect of the mutation, in Table 2 The observed paramagnetic shifts were obtained
since the imidazole ring of His 17 is adjacent to residue 34 from the assignment data for the oxidized and reduced
in the folded protein and there are hydrogen bonds betweencytochromes. The calculated pseudocontact shiffsc(x)
the NH of Gly 34 to the CO of Cys16 and theM of His were obtained from eq 1 using the optimizegtensor
17 to the CO of Pro 35 (Figure 1). The NOE peak assigned anisotropies (Table 2) and the coordinates of the reduced
to the connectivity of C(2)H of His 17 and themeso of ~ Wild-type protein 87).
heme is weak for the wild-type protein in the NOESY In Table 2, the orientation of thg-tensors for the wild-
spectrum with a mixing time of 50 ms (Figure 4A), while type and G34S is given in terms of the Euler angle$,
the equivalent peak for G34S (Figure 4B) is significantly andy that define the principal axegy gy, andg,) relative
stronger in the NOESY spectrum under the same experi-to the heme coordinate syste9(34). For the orientation
mental conditions. These differences in NOE intensities of the g-tensors for the wild-type and G34S proteins, a
between wild-type and G34S suggest that the C(2)H of His comparison can be made between the values-bfy [which
17 is closer to the--meso proton in G34S than in wild-type s representative of the rotation of the orthogogahndg,
due to a perturbation by the larger side chain of Ser 34. This axes relative to the hemeandy axes 84) when is small
could result from either rotation about the-FHd bond or a as observed here]. For the G34S mutant; y = 349, and
tipping of the imidazole off-axis toward themeso proton.  for the wild-type proteino. + v = 343, which represents

A weak peak from thexH of Gly 34 to N,H of His 17 a clockwise rotation of about the heme center (Figure
was found in the NOESY spectrum with a mixing time of 3B) when comparing the change of tlgetensor upon
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Aobs - Ape,x (ppm)

Aobs - Ape,x (ppm)

Aobs - Ape,x (ppm)

14 x < T 1 differences between the observed and calculated shifts
1;3: ] presumably result from structural changes on oxidation (or
gg i 1 changes in dynamics which result in different time averaged
04l . i position), since both the NH ana@H protons, even of His
92 PRSP ﬁs;g.g-fgo;aawﬁggu 'ﬁmz;f*":}ru;; - 17 and Met 96, are too many bonds away from the
02 w : . ’ °e " paramagnetic iron for any contact shift. As previously
Sel ) . ] discussed, the overall solution structures are the same for
o8y 1 the two oxidation states of wild-type cytochrome, and for
Azt ] the mutants which have been studied, it has been shown that
T4 TTT0 20 30 20 80 e 70 80 9 100 110 there are no major structural changes as compared to wild-
L A type 6, 8, 16—19, Zhao, unpublished data). The relatively
10 small localized changes which are observed with a change
3;2: in oxidation state must be significant in poising the redox
g; [ . . . potential through modulation of the relative stability of the
0.0 s, oo, s R et o;"ssus.:aag:so«- two redox states and/or the affinity of the axial ligands.
52T T . 1 In the case of G34S (Figure 5A), main-chain protosis
oer 1 NH) from residues 11, 12, 16, 24, 383, 42, 45-48, 51,
a0l ] 53-55, 57, 64-68, 74, 77, 80, 9396, 99, 101, and 103
]i LT appear to exhibit significant conformational changes resulting
40010 20 30 40 S0 60 70 80 90 100 110 from oxidation. Many of the residues which appear to exhibit
12| significant structural changes in G34S (Figure 5A) are the
ol same as those altered by oxidation of the wild-type protein
06 |- [Figure 5C (9)]. However, residues 3133, 4748, 51, and
o2l e e 53, which are proximal to the site of the G34S mutation in
00 iy o SRS P S S e, e the tertiary structure, as well as residues 77, 80, and 94,
04| - which are on the opposite side of the heme, exhibit significant
Pyl redox conformational differences which are not observed in
A0 the wild-type protein. As a consequence, it appears that the
e backbone for residues 3B3, adjacent to 34, is altered due

6 10 20 30 40 S0 60 70 8 90 100 110 to the effects of the mutation and the-493 region, which
Residue Number is spatially close to the mutation position in the folded protein

Ficure 5: Differences between the observed paramagnetic shift (37), is also apparently perturbed. However, it is possible

grn‘fi' d‘;ak::lolfgﬁg ‘(j(')pc:ﬁrssmgrg)sk;s;‘&??&gfg'?éecé)nf?;rlglae‘gbggz that changes in ring current effects of Phe 51 and Tyr 53

functior?of the res[i)due nqumber for G34S (A), Pp35A (B), and wild- may al_so contribute to the observed differences in the 47

type (C) proteins. Protons selected by eq 8 fromli@éare labeled 53 region @).

for amide protons (filled squares) and foprotons (filled circles) Some of the redox-coupled structural changes are un-

and appear to have undergone significant redox-related conforma-doubtedly the result of a change in the hydrogen bond

tional changes with the change in oxidation state. network that involves the internal water molecules (labeled
31H, 43H, 18H, and 45H)3({7). Propionate-7 is hydrogen
mutation. For the G34S and wild-type proteins, the change bonded to an internal water molecule (18H), which, in turn,

in the orientation of the ligated methioniremethyl side is within H-bond distance with Thr 47, Tyr 48, and Tyr 53

chain and th@-tensor occurs in the opposite direction about (37). Changes at the heme propionate-7 could affect the 47

the center of the heme (Figure 3B). These changes are53 region, or conversely, changes in the-%3 region could

consistent with the observation that tipensor (that is, the  contribute to a change in propionate-7. The changes which
magnetic axes) and the axial ligand plane or the methionineoccur on the opposite side of the heme from the mutation

p- rotate in the opposite direction for low-spin ferriheme could result from the perturbations which occur in the heme

proteins when there is a change in the orientation of an axialand the propionates (Table 2) due to the intrusion of the

ligand due to a mutatiordd, 45). serine 34 side chain. Any change which occurs in propi-
To assess the redox-coupled conformational changes, aonate-6 could affect Thr 94 because of the hydrogen-bonding
comparison was made between the observed paramagnetioetwork with propionate-6, an internal water molecule (43H),
shifts and the calculated pseudocontact shifts (from the and Thr 94 87). Propionate-6 is also involved in internal
optimizedg-tensor and the crystal structure of the reduced water hydrogen bonds with Lys 54 (internal water 45H) and
protein) for oxidized G34S for both the backbone NH and lle 57 (internal water 43H), a region which exhibits a larger
oH protons as a function of residue number, as shown in overall redox effect for the G34S mutant than for the wild-

Figure 5A. For comparison, the results for P35A and wild- type protein.

type proteins 19) are shown in Figure 5, panels B and C, However, it appears that a localized increase in stability

respectively. Residues which show a significant difference on oxidation can occur in some structural regions, even

between the observed and calculated pseudocontact shift weréhough there is an overall decrease in stability. For example,
selected, as previously describd@)(and are shown as solid  the backbone of residues-147 has different NOE connec-
symbols in Figure 5. The coordinates of ferrocytochrame tivities in G34S with respect to wild-type, and tlogd of

(37) were used in the calculation of the pseudocontact shifts Thr 15 undergoes a significant conformational change on

for the wild-type and mutant proteins. Thus, the significant oxidation in the wild-type protein (Figure 5C), that is not



4060 Biochemistry, Vol. 39, No. 14, 2000 Zhao et al.

observed in the G34S (Figure 5A), consistent with a regions. The structural regions affected;-1®, 2738, 46—
stabilization in the region of residues 157 for G34S. 56, and 94-98 in the reduced mutant, and with the addition
Moreover, coupled structural changes occur in the wild-type of the region 72-80 in the oxidized protein, have a number
protein on oxidation that are not observed in the G34S of features which logically couple the mutation with the
mutant. For example, theH of Gly 34 and NH of Asn 36 observed perturbations. Thus, the ligated histidine at position
undergo significant conformational changes on oxidation of 17 and adjacent amino acids interact strongly with Gly 30,
the wild-type, but the G34S mutation disrupts this region in Ala 31, Lys 32, Thr 33, Gly 34, Pro 35, and Leu 37, clearly
the reduced state (destabilizes G34S) so that on oxidationa set of interactions which would be altered by the mutation
of G34S there are no observed changes in this region. at position 34, discussed here, or at Pro 35, analyzed in earlier

Comparison of Mutants G34S and P35fhe G34S and  Studies §). In addition, the rear heme propionate (propionate-
P35A mutations, given their proximity in the structure, should 7) is involved in a network of interactions involving the
have some features in common that bear on the importancePound water 18H and amino acids, including Gly 42, Arg
of their structural domain in ligation and overall stability. 43, Thr 44, Gly 46, Thr 47, Tyr 48, Tyr 53, and Trp 67, and
However, because of the differences in both size and Which is coupled to the 30's region through hydrogen bonds
hydrophobicity, as well as their structural roles, the effects Petween Asn 36 and Arg 43. Finally, hydrogen bonds
of the mutations studied should also have distinguishing involving the front heme propionate (propionate-6), three
features. The significant redox conformation changes for bound waters (31H, 43H, and 45H), and the amino acids in
P35A (Figure 5B) are generally similar to those found with Positions 54, 56, 57, 75, and 946 define a third general
G34S (Figure 5A) with protons from residues-113, 15, area, which is perturbed and which couples the 86 region
16, 24, 27, 29, 31, 42, 45, 46, 48, 50, 5457, 61, 64 to the 94-98 region, as well as involving Tyr 75. The effect
66, 74, 93-96, 99, 101, 103, and 104 having significant ©Of the mutation at position 34, discussed here, is generally
conformational changes on oxidation. Residues 27, 29, 31similar to those found for the P35A mutation, with the
and 48, and 50, which are close to the site of the P35A exception of the 9498 region, which is not affected in
mutation, exhibit significant redox conformational changes reduced P35A. Presumably, the P35A mutation does not
which are not observed in the wild-type cytochrome. Both Sufficiently alter the front heme propionate hydrogen bond
of these regions for P35A, 281 and 48-50, are coincident ~ Network to propagate the destabilization to the-98 region.
with regions 28-36 and 46-54, which have been shown to It is notable that the regions perturbed by the G34S mutation
have substantive chemical shift differences between thein the reduced protein are the same general areas that are
reduced wild-type and reduced P35A cytochrotpé8) as affected by oxidation of the wild-type cytochrome. Taken
well as between G34S and wild-type as discussed above. together, the results presented here clearly demonstrate the

Residues 13 and 15 exhibit significant redox conforma- importance_ of the bourjd watgrs, the interactions media}ted
tional changes in the P35A mutant, which are not observed by the propionates, the interactions proximal to and_mvolvmg
in the G34S mutant; for this region in wild-type, a change the I|_gat_ed h|_st|d|n_e, and_ the _apparerft ¢hange in the_
is observed at residue 15, but not 13. This is consistent with methlomne_orlentatlon. It IS _ant|C|pated that further studies
an increase in the stability of segment1% in G34S (while sho.uld equdate the most critical components o_f thg structu.ral
the overall stability is decreased in other regions), based on'€glons, discussed here, anq assist in defmmg'm specific
the NOE connectivities, as discussed above, but the mutation ™S the features responsible for the stability of _the
in P35A appears to decrease the stability for segment 13 cytochromess, as well as the cqntrol of _the redox potential,
15 as reflected by the chemical shift agdensor calcula- as modulated through the relative stability of the two redox
tions. The NH proton of Lys 14 has a chemical shift states.
difference (reduced cytochrome) of more than 0.5 ppm
between the wild-type and P35A cytochrom8y (vhich is SUPPORTING INFORMATION AVAILABLE
consistent with the redox conformational changes in the Two tables giving the chemical shifts for ferri and ferro
segment 1315 for P35A but which is not observed in G34S. G34S. This material is available free of charge via the

Internet at http://pubs.acs.org.
CONCLUSIONS
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