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ABSTRACT. The interaction of yeast iso-1-cytochroroavith its physiological redox partner cytochrome

¢ peroxidase has been investigated using heteronuclear NMR techniques. Chemical shift perturbations for
both >N and *H nuclei arising from the interaction of isotopically enrich&#M cytochromec with
cytochromec peroxidase have been observed. For the diamagnetic, ferrous cytoctyrdshamides are
affected by binding, corresponding to residues at the front face of the protein and in agreement with the
interface observed in the 1:1 crystal structure of the complex. In contrast, for the paramagnetic, ferric
protein, 56 amides are affected, corresponding to residues both at the front and toward the rear of the
protein. In addition, the chemical shift perturbations were larger for the ferric protein. Using experimentally
observed pseudocontact shifts the magnetic susceptibility tensor of yeast iso-1-cytochnoboth the

free and bound forms has been calculated withridclei as inputs. In contrast to an earlier study, the
results indicate that there is no change in the geometry of the magnetic axes for cytochupoe

binding to cytochrome peroxidase. This leads us to conclude that the additional effects observed for the
ferric protein arise either from a difference in binding mode or from the more flexible overall structure
causing a transmittance effect upon binding.

Protein—protein interactions are an important feature of a protein recognition site of cyt in solution upon complex
variety of biological processesl), In general, proteir formation with its physiological redox partner CcP using
protein complexes can range from static to transient. Static heteronuclear NMR spectroscopy.
complexes are characterized by a slow dissociation rate, and Both proteins are located in the intermembrane space of
the partners in the complex usually bind strongly in a single yeast mitochondria, where CcP (34 kDa) catalyzes the two-
well-defined orientation. In contrast, transient compllexes electron reduction of alkyl hydroperoxides, utilizing two
form when a high turnover is required such as in*ET mpolecules of ferrous cyt (12.5 kDa) as its specific electron
processes. In many cases the formation of ET protein soyrce g4). The active sites of both proteins consist of a
complexes is influenced by long-range electrostatic interac- heme moiety. For cyt the heme is covalently attached to
tions leading to the formation of an encounter complex. This the nolypeptide chain through a Cys-X-X-Cys binding motif.
encounter complex can then sample a number of orientationsthe iron in both the ferric and ferrous oxidation state is six
of approximately equal energy within the binding domain, coordinate low spin (Fé, S= %/,; Fe!, S= 0). Resting state
with the optimal orientation for efficient ET being achieved ccp (Fé') contains a noncovalent heme with a five-
by short-range forces such as hydrophobic contacts andeyordinate, high-spin irorS(= 5). Here, the sixth coordina-
H-bonds @, 3). These dynamic features of redox protéin oy position is vacant, allowing the peroxide substrate to
protein interactions make the task of structure determination yind. From the crystal structure of the 1:1 yeast c@cP
a difficult one, vylth six X-ray crystal structures of ET protein complex (Figure 1), the interaction consists predominately
pomplexes having so far_been chlarac':terlzgdgo. Advances _ of van der Waals forces and one hydrogen bofjgrather
in heteronuclear NMR in combination with paramagnetic han the predicted electrostatic interactions proposed in an
NMR_spectroscopy offer new possibilities for studying redoX a5lier model 16). The presence of a second binding site
protein complexesl(). With the use of heteronuclear NMR oy the surface of CcP for cyt has been confirmed at
detailed information concerning the nature of the recognition pvsislogical ionic strength using transient absorption spec-
sites in solution can be obtained, and along with paramag-rqscopy (7, 18). This second site is more efficient in ET
netic restraints elucidation of the complex structure is pt exhibits a lower binding affinity compared to the so-
possible £1-13). In this study we have investigated the  c4|jed high-affinity binding site proposed to be observed in

_ the crystals 14, 17, 18). A recent report using site-directed
CTQEP:'IOSZX.V;. rk was supported by TMR Haemworks Contract FMRX mutagenesis on CcP has identified the location of this second
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cyt ¢ was prepared in an analogous way except sodium
ascorbate was used as reductant. Crystals of yeast CcP (stored
at —80 °C) were dissolved in 20 mM sodium phosphdte,
= 100 mM (NacCl), pH 6.0, and concentrated to a required
volume by ultrafiltration (Amicon; YM10 membrane).
Protein concentrations for cyt were determined spectro-
photometrically according to the absorbance peaks at 410
nm (€ = 106.1 mM?* cm™?) for oxidized and 550 nme(=
27.5 mM*t cm?) for reduced protein. Because of the
reported aging process of CcP the optical absorbance spectra
were carefully analyzed to confirm the presence of the resting
state enzyme34). The peak maximum at 408 nra € 98.0
mM~! cm™Y) was used for determination of concentration
and peak ratiOSNog/ggo (128), Auosizo8 (157), andA620/647
(0.76) at pH 6.0 were used as criteria for confirmation of
the high-spin five-coordinate specie34y.

NMR samples of >N cyt ¢ contained 1.8 mM protein

Ficure 1: Crystal structure of the yeast cgt(light):CcP (dark) ; ; —
complex taken from the PDB entry 2PCC and drawn with in 20 mM sodium phosphaté,= 100 mM (NaCl), pH 6.0,

MOLSCRIPT (5. Heme groups are shown in ball-and-stick ,6% D0, and 10Q:M [**N]acetamide (CIgC.Ol5NH2) a; an
representation along with the intermolecular H-bond between internal reference. For the reduced protein 100 sodium
Glu290 (CcP) and Asn70 (cyf) observed in the crystals. Some ascorbate was also present to maintain a reducing environ-
other relevant interface residues are also shown in ball-and-stick ment, NMR samples of CcP were prepared in an identical
representation. manner to give a final concentration of resting state enzyme
of 0.5 mM. The pH for both protein samples was adjusted
{0 6.00+ 0.05, and the solutions were degassed with argon.
U NMR ExperimentsMeasurements were performed on a
Bruker Avance DMX600 spectrometer operating at 313 K.
[**N,*H]-HSQC spectra were obtained with spectral widths
fof 40.5 ppm *N) and 17.9 ppm?H) for oxidized cytc and
45.6 ppm N) and 13.9 ppm?) for reduced cyt. Spectra

provides an intriguing insight into the nature of this ET
complex, theoretical and experimental evidence suggests tha
the 1:1 complex is more dynamic in solutio2023).
Moreover, the current picture postulates that the high-affinity
site consists of a single domain with a continuum of binding
sites and that the 1:1 crystal structure corresponds to one o

these sites within the binding domaib/ 23). were first recorded with free cytfollowed by a titration of
Ffof" an NMR perspective a nL_meer of homonuclegr cyt ¢ to resting state CcP, giving a final protein ratio of 1:3
experiments and hydrogen/deuterium exchange Iabellng(CCP:cth)_ Titrations were performed for cyt in both
studies have unveiled invaluable information concerning this ;. iqation states. with the pH checked before and after each
protein—protein interactionZ4—30). An interesting observa- iitration step. Data processing was performed in AZARA
tion from the two reported hydrogen/deuterium exchange (yyaijable from ftp://ftp.bio.cam.ac.uk/publ/azara). Assign-
studies is the spemgs—s_peqﬂc pre_ference by CcP f(_)r IS ments of the®N, H nuclei of free yeast cyt in both
partner @8, 29), thus highlighting the importance of studying  oyidized and reduced forms were aided by known literature

protein—protein interactions with the homologous physi- assignments35, 36). The amides which were unassigned
ological partners. However, the overall size of the protein i, this work were F-4. A3. H33. G83. and G84 in both the

complex (48 kDa) severely limits further study of the yiqized and reduced forms of the protein and, in addition,
complex by homonuclear NMR methods. In this study we 4 and K11 in the reduced form. Chemical shift perturba-

have used®N-labeled yeast cyt expressed ifEscherichia tions of 15N and'H nuclei for cytc upon interaction with

coli (31, 32) to map the interaction site on both oxidized ~.p \were analyzed by overlaying the spectra of bound cyt

and reduced cyt upon 1:1 complex form_ation to resting ¢ yith the free protein in the assignment program An8ig (
state CcP. Upon complex formation chemical shift perturba- 39).

tions of N and *H nuclei of cytc are observed in both
oxidation states, allowing a direct comparison to be made
of the binding site of cyt in solution with the interface in
the crystals. Interestingly, differences are noted in both the § (free)= o,,{oxidized free}- d,,{reduced free) (1)
size of the chemical shift perturbations induced by binding

and the surface areas affected in the two oxidation states ofand for the bound protein from

tc.
ovre 8,{bound)= 6, {oxidized bound)-
MATERIALS AND METHODS dopdreduced bound) (2)

Magnetic Axes Calculation&xperimental pseudocontact
shifts (ps) were obtained for the free protein from

Protein Preparationlsotopically enriched®N yeast cyt
¢ (C102T) and wild-type yeast CcP were expressed.in
coli and purified as previougl_y describesll-33). Oxidized (Sps: /(27N [AY G o T 1.54%4,G (I T(0, B, 7)) (3)
cyt ¢ was prepared by addition of an excess-82fold) of
Ks[Fe(CN)] followed by dialysis under nitrogen against 20 The axial and rhombic anisotropieSya.x and Ay, respec-
mM sodium phosphatd, = 100 mM (NaCl), pH 6.0, by tively, are given af\yax = 2z — 0.5(xx + yxyy) andAym =
ultrafiltration methods (Amicon; YM3 membrane). Reduced yx — xyy, Whereyx, xyy xzzare the principal components of

with the d,s described by the general equatid®9,(40)
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RESULTS

Chemical Shift Mapping of the Interaction Site on Ferrous
and Ferric Cyt c.To analyze the interactions in solution of
the complex formed between ayaind CcP, IPN,*H]-HSQC
spectra of free cyt were recorded first, followed by a
titration of 15N cyt ¢ to an initial 0.5 mM sample of resting
state CcP at various cyt concentrations (0-33 molar
equiv). Experiments with both ferrous and fertftN cyt ¢
titrated to CcP were carried out. In both cases a general
broadening of the resonances (Figure 3A) and significant
chemical shift changeA@uindging for the 1N, *H nuclei of
cyt c were observed, as illustrated in an overlay for a region
of the [*°N,!H]-HSQC spectra for free and bound ferrous
cyt ¢ in Figure 3B. The observed line broadening of the
shifted peaks (815 Hz) is no larger than that of the
unaffected peaks in the bound form. This behavior is
FiGURE 2: Schematic definition of the magnetic axasy, z, in characteristic of a fast exchange process on the NMR time

cyt ¢ based on a pseudosymmetric iron-centered reference frame, s .
X, Y. 7, wherez corresponds to the heme normal oriented toward scale, yielding a single averaged resonance for the perturbed

the axial ligand His18 andpis the projection of the axis on the ~ Cross-peak of cyt upon complex formation to CcP. A lower
X1y plane with respect t&'. The letters M, V, and P represent the  limit for the rate of cytc dissociation from the complex of
vinyl, methyl, and propionate heme substituents, respectively. 1200 s* is calculated and can be compared to a previous
literature value of 113378 (24). However, as is pointed out
the magnetic susceptibility tensor. The axi&'4) and by Satterlee and co-worker&5, 27), these values must be

rhombic G'm) geometric factors are described as interpreted with caution as the exchange kinetics in such a
process are dependent on the complex concentration. Addi-
G =(3cogf — 1R and tion of excess cyt caused the perturbed cross-peaks to move

back toward the positions of the free form. This allowed
titration curves to be plotted (Figure 3C) for individual
_ ) perturbed resonancedd), and the derived lower limit for
whereR, ', ¢’ (X, Y, Z) are the polar (Cartesian) coordinates the binding constantk() of 2 x 10° M~! compares well
of a nucleus in an arbitrary iron-centered coordinate systemyith the reported value of 78 x 10° M1 (19), indicating

andI'(a, 3, y) is the Euler rotation matrix that converts the  that >95% of cytc is bound to CcP for a 1:1 stoichiometry
arbitrary iron-centered coordinate system into the magnetic yith the protein concentrations used.

coordinate systerR, 0, ¢ (x, y, 2 (Figure 2). Thes angle
measures the deviation a@f (y,) from the heme normal
defined by the FeN(His18) bond %), anda is defined as
the angle between the projection of thaxis onto the<'/y’
plane with respect to theé axis (Figure 2). Whep is small,

G, = (sif @' cos )R 2 (4)

At equimolar concentrations th®duinging fOr ferrous cytc
varies from—0.10 to 0.41 ppm for protons and fror0.60
to 0.74 ppm for nitrogens, with a total of 34 amides affected
upon complex formation (Figure 4A and Table S1). For the
x = a.+ y, which represents the orientation of thg and Lepr:rl]c f%20§:2t52§A22'&d'”8e\ﬁvr;iEi\éveae:& ijsaggn? .?c?r
Xyy reIanvg to thex' and y a?<es (Figure 2). . nitrogens, with a total of 56 amides affected upon complex

The arbitrary polar coordinatds ¢', ¢' were determined  formation (Figure 4B and Table S2). From the NMR study
using the X-ray crystal structures of free yeast cyPDB of the nonphysiological complex between cyand plasto-
entry 1YCC) @1) and yeast cyt complexed to CcP (2PCC)  cyanin @3) the size of the chemical shift changes observed
(4). For this analysis the program MOLMOUZ) was used  for amide protons was relatively small, and it was concluded
to add proton coqrdmates. The reference frame was definediat this complex existed in a dynamic ensemble of struc-
as having the origin at the Fe, tieaxis perpendicular to  yyres. Here, the relatively large chemical shift changes
the plane defined by the pyrrolic nitrogens, thexis lying suggest that cytc occupies a single orientation for a
along the N—N,, direction, and the/ axis lying along the  gjgnificant fraction of the complex lifetime.

Na—N. direction (Figure 2). All calculations were performed In Figure 5, the chemical shift changes for both oxidation

on both the free and bound crystal structure coordinates usingStates of cyt have been mapped onto surface representations
the NMR data for free and bound cypbtained from eqs 1 of the protein, with each residue colored according to

and 2. Th? Magnetic anisotropiesya: gnd Ay, and the increasingAdyinging for their amides using the color coding
E‘.“‘?r rqtaﬂon anglesg(, B. v) were o.bta.lned from eq 3 by in Table 1. For ?errous cyt the 34 affected amides are
minimizing the following error function: located solely on the front face of the protein, with the amides
of Thrl2, GIn16, and Phe82 demonstrating the greatest
F =" (6,dobs)— dpdcal)y (5) Adbinding For the ferric protein the majority of the 56 affected
amides map onto the front face of aytwith the remaining
where dp{0bs) is the difference of the chemical shifts affected ones located more toward the side and rear of the
between oxidized and reduced cyanddpgcal) is calculated protein. The amides of Thr8, Thrl2, GIn16, Val28, Asn70,
from eq 3. The residuals for the overall fits were defined as and Asp90 have the greate@sbuinging, and all lie on the front
F/(n — 5), wheren is the number of residues. face of the protein. Except for the additional effects observed



7072 Biochemistry, Vol. 40, No. 24, 2001 Worrall et al.

"N(ppm)

155F o6 B ]

Ml p \ A Nl n E G34 0 E
[OVWNA T eop @ Pad s
PO 0 |

820 9.10 la.uu 880 880 B70 ppm [ e ]
1165F Q A ]

C R13 ]
0.151 C 17.0p W®

1175F ]

€% ; ]
=3 118.0F .
3 : Q ]
0.054 - 4
185} N92 ]
r K54 ]

M | |

y e Dy gy sl y e lyy
0.00 T - T 92 91 90 89 88 87 86 85
0 1 2 3 4

oyt ¢: CeP 1H(ppm)

Ficure 3: (A) 1D slice of the °N,H]-HSQC spectra of ferrous cyt Black trace: the Mresonance of Q16 in the free formy8.7 ppm).

Red trace: Q16 in 1:1 complex with resting state CeP.L ppm). The solid line represents a Lorentzian fit of the resonance in the bound
state. The line width (Hz) at half-height for the respective forms is denoted. (B) Overlay of part dPNyH[-HSQC spectra of yeast
ferrous cytc in the free form (black) and bound to resting state CcP (red). The:©gP ratio was 1:1 with protein concentrations of 0.5
mM in 20 mM sodium phosphate, pH 6.0= 100 mM (NaCl), 313 K. (C) Example of a titration curve for the titration'® ferrous cyt

c to resting state CcP. The chemical shift changes) for the H of F82 are plotted as a function of the @yto CcP ratio and fitted43)

with a binding constant of 5 1P M.

toward the rear of the ferric protein, all chemical shift ~ The magnetic axes for both free and bound ferric @yt
changes map onto the 10’s, 20's, 70’s, and 80’s helices. were determined by performing a five-parameter least squares
Furthermore, the large®tdpinging for both oxidation states  search forAyay, Aym, andI’(a, 3, y) that minimizes the error
of cyt ¢ occurs for residues surrounding the exposed hemefunction described in eq 5. From the NMR data sets of ferric
edge. Therefore, for both ferrous and ferric cythe chemical and ferrous cyt the following residues were removed: 4
shift mapping of the affected amides is in good agreement prolines (25, 30, 71, 76); 8 residues with possible contact
with the interface observed in the crystal structure. However, contribution to the observed paramagnetic shift (13, 14, 15,
for ferric cyt c there is a noticeable increase in the number 16, 17, 18, 19, 80); 8 with reported structural changes upon
of amides affected, and also the magnitude of Adginging oxidation/reduction (29, 39, 41, 43, 51, 60, 79, 849)( and
has increased (see Figure 4B). An important difference 11 residues for which assignments are missing in either the
between oxidized and reduced cys the fact that the former  free or the 1:1 bound form<5, —4, 3, 4, 9, 11, 26, 33, 83,
is paramagnetic. Therefore, we investigated the possibility 84, 85). From the resulting set of 77 amides, which are all
that the more extensive chemical shift perturbations in the peyord 7 A from the iron, four sets of inputs were derived.
oxidized protein arise from a change in orientation of the Set A contained the full set of 7Mand 77N values and set
magnetic susceptibility tensor between free and bound forms.B solely the 77N values. In set C the N data were omitted,
Magnetic Susceptibility Tensor Determination of Free and and for set D the N data along with protons not within a 14
Bound Cyt cln paramagnetic proteins such as ferric cyt A distance range from the Fe were left out. For both data

(S= 1) the observed chemical shift is described by sets (bound and free cwt) fitting was performed on
coordinates of two crystal structures of aytthe crystal
Oobs = Ogm T Opm structure of the free protein (1YCC), and the crystal structure

of the complex of CcP and cyt(2PCC). Fitting with either

wheredons dam andd,m are the observed, diamagnetic, and the complete set of 77Hand 77N inputs (set A) or the 77N
paramagnetic shifts, respectively. The paramagnetic shiftvalues (set B) resulted in a poor quality of fit judging from
arises from two contributions: (1) the Fermi contact shift the error functionF/(n — 5) obtained (Table 2 and Figure
associated with spin density delocalization along chemical 6A). The inadequacy of N nuclei as inputs for calculations
bonds and (2) the pseudocontact effect which arises fromof the magnetic tensor in an analogous way to protons has
the dipole-dipole interaction between a nucleus in space been previously notedig, 47). For this reason the N inputs
and the unpaired electron at the metal center. For nuclei thatwere omitted in sets C and D. Both sets give identical results,
are not scalar coupled to the paramagnetic cedggreduces  with similar F/(n — 5) values (Table 2) indicating that all
to the pseudocontact effect and is described by eq 3. Thus &HN beyord 7 A from the Fe can be used reliably for the
change in the orientation of the magnetic susceptibility tensor calculation of the magnetic susceptibility tensor. In Figure
of cyt c arising from perturbation of the surface upon binding 6, calculated vs observed shifts are plotted to illustrate the
to CcP may explain both the increase in the SizA&#inging quality of the fits for different data sets. Comparison of the
and the additional residues affected. x-tensor components from the fitting procedures for the free
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-021 ! 10 Table 1: Classification of*N, 'H Chemical Shift Changes for
1 B - 15 Ferrous and Ferric Cyt upon Complex Formation with Resting
034 ————— State CcPI(= 100 mM, pH 6.0, 313 K)
0 20 40 60 80 100

no. of residues

Cyt ¢ residue number 1H size 15N size  residue color ferrous ferric

FIGURE 4: Adpinding (PPM) for 15N and *H nuclei for (A) ferrous category  (ppm) (ppm) inFigure5 cytc cyte

and (B) ferric yeast cyt upon interaction with resting state CcP at A prolines/ prolines/ gray 4 4
equimolar concentrations. The horizontal linestit= 0.03 ppm unassigned  unassigned 5 6

indicate significance levels for protons. The levels Tt are at B <0.03 <0.1 blue 65 42

0.1 ppm significance. C <0.06 <0.3 cream 15 30

D <0.10 <0.6 orange 16 20

and bound data input sets for 1YCC shows that the E  <1.00 <2.0 red 3 6

orientation of the tensor is the same within error. The same

is observed for the fitting on 2PCC. From these data it is ¢yt ¢ are observed in the size of the affected surface area
concluded that no changejrtensor is observed within error — (gigyre 5). Although no side chain information is obtained
for cyt ¢ upon interaction with CcP. It should be noted that fom this technique, a recent homonuclear NMR study
the size Qya) and orientation f, «) differ significantly between the complex of cytochrorhand plastocyanin4g)
between the fittings using 1YCC and those using 2PCC aspa5 shown the binding interface on plastocyanin to be in
crystal structure input, independent of which NMR data set good agreement with the one previously determined using
is used (free or bound cy). This indicates that thprecision the 15N labeling method 13).
of the tensor calculations is high and that the crystal structure | the crystal structure of the complex the only structural
is the limiting factor in theaccuracyof the calculatedy change observed for cytis the reorientation of the GIn16
tensor. side chain to form a H-bond with its backbone amid (
This structural change was interpreted not to be due to
DISCUSSION complex formation but to the conditions under which the
Previous homonuclear NMR experiments on the transient crystals were grown4|. For both ferrous and ferric cyg,
complex formed between cytand CcP have identified a  GIn16 exhibits the largesH Adpinging With the cross-peak
number of protons belonging to cgtamino acid residues  in the spectra moving to a lower field by 0.41 ppm for the
which are affected upon complex formatio25( 30). reduced (Figure 3) and 0.8 ppm for the oxidized protein.
Additionally, hyperfine-shifted signals of cgtheme protons ~ Wagner et al. report the observation that chemical shifts for
also demonstrate sizable chemical shift changes uponamide protons move to a lower field with decreasing H-bond
interaction 24—26). In this work, by labeling yeast cyt lengths 49). This suggests that the reorientation of the GIn16
with 1N, a qualitative picture of the binding site on ayt side chain in the crystal structure is not an artifact arising
has been obtained, indicating that the interaction site in from the conditions used to grow the crystals but is indeed
solution is similar to the one in the crystals. Furthermore, a structural change upon complex formation in both oxidation
distinct differences between the ferrous and ferric forms of states of cyt.
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Table 2: Calculated Angles and Components of the Magnetic Susceptibility Tensor of FerddrCyte Free Form and Bound to Resting
State CcP, with the Numbers in Parentheses Indicating the Error from the Five-Parameter Fitting Procedure

X-ray F/(n—5)
coordinates NMR data atom 3et o (deg) B (deg) « (deg) Aya Ayl (ppr?)
1Ycc free cytc 7TTHN+ 77N (A) 28 (36) 5 (4) 166 (19) 2.00(0.19) —0.45(0.35) 0.314
2PCC free cyt 7T7THV+ 77N (A) 36 (13) 13 (4) 161 (16) 2.05(0.20) —0.51(0.34) 0.317
1Ycc free cytc 77N (B) 358 (360) 0 (6) 334 (40) 2.24(0.35) —0.40(0.67) 0.57
1Ycc free cytc 77THV(C) 28 (4) 11 (1) -5(3) 1.81(0.04) —0.62(0.07) 0.007
1Ycc boundcyt  77HN(C) 29 (4) 11 (1) -5(3) 1.77 (0.04)  —0.64 (0.06) 0.006
2PCC free cyt 77HV(C) 31(3) 17(1) —-12(3) 1.90 (0.05)  —0.65 (0.08) 0.009
2PCC boundcyt  77HN(C) 31(3) 17(1)  —-12(3) 1.85(0.04) —0.66(0.07) 0.007
1Ycc free cytc 37HY(D) 31 (5) 11 (1) -7(4) 1.84(0.05) —0.67 (0.10) 0.009
1YCcC boundcyt  37HY(D) 32(5) 11 (1) -7 (3) 1.78 (0.04)  —0.68 (0.08) 0.007
2PCC free cyt 39HY (D) 32(3) 17 (1) —13 (4) 1.93(0.06) —0.70(0.11) 0.012
2PCC boundcyt  39HY(D) 32(3) 17 (1) —13(3) 1.89(0.05) —0.70(0.10) 0.009
3"‘ (A), (B), and (C)=7 A distance from the Fe center. (DY-14 A from the Fe centef Axial and rhombic anisotropies have the units40
m3/mol.
As with GIn16, Phe82 has been implicated to undergo a
4 | (A)Free cytc 15N structural change upon complex formati@); although not
£ observed in the crystal structure. Thrl2 has not been cited
a o o in structural studies before, but the side chain is within 3 A
5 o and the amidesi 5 A from the surface of CcP in the crystal
8 '.. . structure. All three residues sit around the exposed heme
2 01e g * edge, with Thr12 and GIn16 above and Phe82 below (Figure
© 5). The largeAdyinging implies a change of the chemical
2 environment most likely caused by prominent interactions
' ' ' ' of this triad with the surface of CcP or as a possible
-2 0 2 4 consequence of subtle structural rearrangements. The latter
Sps(obs), ppm is attractive in terms of an ET mechanism and has been
3 discussed previously in terms of increasing exposure of
(B) Free cyt ¢, TH pyrrole ring B to the solvent by side chain movement of
£ 2] nearby residued( 30). The aforementioned residues are all
a within the vicinity of pyrrole ring B.
T 4. § For ferric cytc the largestAdypinding IS @gain for residues
g . surrounding the exposed heme edge, with hydrophobic
7 ) residues such as Phel0, Val28, Phe82, and Ala81 seemingly
© 07 * playing a significant role in binding (Table S2). Overall, the
affected residues on the front face of the protein are the same
-1 ‘ ' in both oxidized and reduced forms. However, differences
40 1 2 in data compared to the ferrous form are apparent. First, the
dps(obs), ppm size of theAdyinding has increased (Figure 4B), and, second,
3 the number of amides affected has increased to 56. The latter

Sps(calc), ppm

(C)Bound cyt ¢, TH

-1 0 1 2

FIGURE 6: Plot of p{0bs) vsd,{calc) at 313 K for the optimized

Sps(obs), ppm

is appreciated in Figure 5, where the major affects are
assigned to the front face, but in addition chemical shift
changes for amides are now observed for residues toward
the side and rear of the protein. An interesting structural
difference between the two oxidation states of cys$ the
rearrangement of the propionate-7 substituent in the oxidized
protein 60), which results in the formation of a new H-bond
to the amide of Gly41l. Homonuclear experiments on the
complex indicate that the side chain protons of propionate-7
experience a chemical shift change upon bind@g.(This
explains the observation that Gly41l exhibits a significant
chemical shift change in the complex of oxidized cytH

magnetic axes obtained from a five-parameter least squares searchr0.05 and™®N 0.1 ppm) but not for the reduced protein.

for T'(a, 3, v) andAys using eq 3 for (A}°N nuclei with 77 N (set
B) inputs for free cyt, (B) *H nuclei with 77H inputs (set C) for
free cytc, and (C)H nuclei with 77H' inputs (set D) for bound

To establish whether a change in the cyt tensor upon
complex formation could be the cause of the additional

cyt c, all fitted on 1YCC. The solid lines correspond to a perfect changes observed in the oxidized form, the size and

fit.

orientation of they tensor were determined in both the bound
and free form. An earlier study3Q) had reported such a

In addition to GIn16, Thr12 and Phe82 (Figure 1) are also change in tensor on the basis of magnetic axes calculations
categorized in group E of Table 1 for the ferrous protein. with small sets of pseudocontact shifts. In this stugi§),(a
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different crystal structure was used to calculate the tensorhigh amide protection factors were observed for residues 59
in the bound (2PCC) than in the free form (1YCC). Our and 60 and the 90’s helix, to the rear of the protein. Both
results, based on much larger input sets, indicate that theexplanations are not mutually exclusive, and further research
tensor is not affected significantly by complex formation. It aimed at determining the structure of the complex in solution
also shows that the use of the two crystal structures resultsmay be able to elucidate this problem.

in differences in thes and « angles of the calculated

tensors, similar to those found in 188. A number ofy-tensor ~ ACKNOWLEDGMENT
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