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ABSTRACT. The functional interactions between the various components of the respiratory chain are relatively
short-lived, thus allowing high turnover numbers but at the same time complicating the structural analysis
of the complexes. Chemical shift mapping by NMR spectroscopy is a useful tool to investigate such tran-
sient contacts, since it can monitor changes in the electron-shielding properties of a protein as the result
of temporary contacts with a reaction partner. In this study, we investigated the molecular interaction be-
tween two components of the electron-transfer chain fRaracoccus denitrificansthe engineered, water-
soluble fragment of cytochrom®s, and the Cw domain from the cytochromeoxidase. Comparison of
[*®N,IH]-TROSY spectra of the'fN]-labeled cytochromess, fragment in the absence and in the presence

of the Cwy, fragment showed chemical shift changes for the backbone amide groups of several, mostly
uncharged residues located around the exposed heme edge in cytockypifiee detected contact areas

on the cytochromess; surface were comparable under both fully reduced and fully oxidized conditions,
suggesting that the respective chemical shift changes represent biologically relevant—maitgin
interactions.

In the soil bacteriunParacoccus denitrificanghe elec- transferred to the Gucenter, the first acceptor in the oxi-
tron transfer from complex Il (cytochrontes) to complex dase. This heme-to-copper electron transfer is mediated by
IV (heme aas-type cytochromec oxidase) is mediated by tryptophan 121 at the contact surface of the oxidase subunit
the 18-kDa membrane-bound cytochrome (1, 2). In the Il (4).
second half of this shuttle pathway, the reduced cyto- The study of transient electron-transfer complexes in
chromecss; interacts with the hydrophilic domain of sub-  atomic detail is not straightforward. In vivo, proteiprotein
unit Il of the oxidase. Positively charged lysine residues on interactions during electron transfer are optimized to support
the cytochromecss; surface, clustered around its exposed high turnover numbers, implying that only transient com-
heme edge, and patches of opposite charge above thelexes between the redox partners are formed. Moreover,
binuclear Cy center in subunit Il provide the basis for long-  due to fast redox equilibration in bimolecular complexes,
range electrostatic attractions that define the encounterthe redox state of the individual components (electron donor
complex @). This is thought to be followed by a phase of and acceptor) is likely to be inhomogeneous under physi-
molecular rearrangement that involves hydrophobic resi- ological conditions. For practical reasons, however, in vitro
dues on the surface of both molecules, enabling the extrastudies usually employ nonfunctional protein derivatives or
electron in the reduced heme of cytochromg, to be use an excess of redox reagent to produce a homogeneous

redox state.
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Several chemical shift mapping analyses of electron- two redox statesl(7, 18). To mimic the association with a
transfer protein complexes similar R denitrificanscyto- biologically relevant electron-transfer partnercgt cs,, the
chrome cssp—cytochrome ¢ oxidase have already been current study employed the fully functional water-soluble
reported. For instance, Ubbink and Bend@)ldpplied homo- fragment of the cytochrome oxidase subunit Il fronP.
nuclear NMR techniques to study the surface interactions denitrificansthat contained the copper A center (from here
between horse heart cytochromeand pea plastocyanin, on referred to as G). The presence of Gucaused small
where the copper ion was replaced by cadmium in order to chemical shift changes in the TROSY spectral@fi]-labeled
render the latter incapable of accepting electrons. Upon titra-cyt s, which were quantified and analyzed as variations
tion with one protein, the chemical shift changes of the back- in the electronic environment. The redox-state-independent
bone as well as side-chain amide protons of the other werechemical shift changes were attributed to direct contacts
monitored. Similarities in the results of the backbone and betweercyt Gs,and Cu. However, differences in chemical
the side-chain resonance shifts were interpreted as the resulshift behavior between the reduced and oxidized systems,
of direct proteir-protein contacts. For cytochroneethese as observed in the segment G54-G55-D56, are most likely
were located around its exposed heme edge. In both proteinsindirect effects, which we discuss in terms of possible redox-
certain residues showed backbone amide resonance shiftstate-dependent conformational changes and alterations in
without concomitant changes in the side chains, indicating electronic shielding upon protein docking.
that complex formation can also affect nonsurface atoms of
each reaction partner via transmittance of interaction effectsMATERIALS AND METHODS
to regions beneath the protein surface. In cytochrothese
residues were clustered within the positively charged region
K86—R91, and in plastocyanin they were located around the
cadmium ion 7).

Sample Preparationg'>N]-Labeledcyt s, was purified
as previously describedl§). Unlabeled Cwy was overex-
pressed inE. coli strain JM109 (O. Maneg, unpublished

Using a similar approach but a physiologically more results). Briefly, the region encoding the subunit Il residues
relevant donoracceptor combination, Worrall and co- 103252 (numbering according to ré) was amplified by

workers @) explained proton and nitrogen chemical shift PCR, simultaneously introducing a downstreldindlll and

changes of backbone amides as the result of the interactior?! UPStreamBarHl restriction site for insertion into the
between N]-labeled yeast iso-1-cytochromeand unla-  £XPression vector pQE-30 (Qiagen, Hilden, Germany). A

beled yeast cytochrome peroxidase. In both the fully TEV protease recognition site was included in BerH|

reduced and the fully oxidized states, the most pronouncedSite: léading to a cleavable Hitag upon protein production.
chemical shift changes were found for amino acids located 1S cloneé gave expression rates about 20-fold higher than
around the exposed heme edge of cytochromeThe the one described by Lappalainen anq _co—yvorkéﬁ). Bs .
mapping of the affected amide groups appeared to be in good"e Hi% t&g was not necessary for purification purposes, it
agreement with the contact surface that was indicated in the'V3S fe.mo‘{ed during OVerexpression by CQ'F“T"”S“O”T"”G the
crystal structure of the same system, and it showed the Pacteria with the plasmid pRK603, which initiates simulta-

involvement of hydrophobic rather than electrostatic interac- N€0US production of the TEV proteast). To optimize the
tions ©). cleavage by TEV protease, the bacteria were grown on

minimal medium (40 g/L glycerol, 7.5 g/L #1PQ,, 5.3 g/L
NaHPO,-H,0, 2 g/L NH,Cl, 1 g/L glucose, 1 mM MgS@Q

0.1 mM CacC}, 10 mL/L trace element solution 22), 0.2

uM thiamine, 10Qug/mL ampicillin, 25xg/mL kanamycin)
until mid-log phase and inducedrfd h byaddition of IPTG

to a final concentration of 0.2 mM. Protein refolding and
purification were established according to Lappalainen et al.
(23). Gel filtration was performed on a Sephacryl HR S200
column (Amersham Bioscience, Freiburg, Germany) in 20
mM Tris at pH 8.0. A final Ni-NTA affinity chromatog-

Even though the molecular structure of thedenitrificans
cytochromecss,—cytochromec oxidase complex has not
been determined experimentally to date, a computer simula-
tion of the proteir-protein interactions was performed in a
recent docking study1Q). On the basis of rigid-body
algorithms that include protein surface correlations, electro-
static fitting, and filtering with experimental data as well as
functional group distance restraints, mainly charged residues
were associated with the surface interactions between cyto-
chromecss, and oxidase. Remarkably, when using either the . . . .
two-subunit or the four-subunit structure of tRe denitri- raphy step (Qlagen) n ZQ mM Bis-Tris buffer at pH 7.0
ficans oxidase, both of which have been solved by X-ray removed any undesired Hitagged Cy.
crystallography 11, 12), the docking results showed a5 Four NMR samples were prepared, each containing 0.5
difference in the orientation of the cytochrorog.. mM cyt Gs2, 20 mM potassium phosphate buffer (pH 6.0),

To obtain experimental data regarding fhedenitrificans 5% (v/v) D:O, and 0.15 mM 3-(trimethylsilyl)-1-propane-
Cytochrom&552_cytochroma: oxidase interaction surface, sulfonic acid (DSS) as an internal chemical shift reference.
we used a 10.5-kDa water-soluble fragmenPofdenitrifi- Two of the samples additionally contained 2.2 mM,COne
Canscytochromec552 (from here on referred to awt 0552) Sample with and one Samp|e WithOUt,ONel’e reduced by
that lacks the helical 30-residue membrane anchor as welladdition of 4 mM sodium ascorbate and repetitive cycles of
as the acidic 40-residue linker segme®) (This fragment ~ degassing followed by gassing with argon. The two other

had been expressed heterologousl¥atherichia coli(13) samples were oxidized by addition of 5 mM potassium
and was shown to be fully functional in transferring electrons hexacyanoferrate(lll).

to the native oxidaseld). The 'H, *N, and3C chemical NMR Experiments and Analysiall NMR measurements
shifts have been reported for reduced and oxidizgdc;s, were carried out on a Bruker DRX500 spectrometer equipped

(15, 16), and it was shown that, despite significant spectral with a 5-mm triple-resonance gradient probe, operating at
differences, the NMR structures were nearly identical in the 27 or 7°C for the reduced and at 27 or 1€ for the oxidized
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samples. 2D sensitivity-enhanceédN,'H]-TROSY experi- states of freeyt G52 (15, 16). This confirmed the redox states
ments R4, 25) were recorded with 768 and 384 complex of the respective systems and allowed the straightforward
data points in théH and*®N dimensions, respectively. The identification of the amide signals in the TROSY spectra.
spectral widths were set to 77184) and 5050 Hz tN). In addition, TROSY experiments were performed for each
After squared-cosine multiplication and linear prediction up redox state at lower temperature, to amplify observed
to twice the original size, FIDs were zero-filled and subjected chemical shift changes by forcing the complex into a more
to Fourier transformation to give final datasets of 2K2K long-lived form, and possibly to resolve spectral overlap
data points. Protons were referenced to internal DSS, andfound at 27°C. Spectra obtained for framt 65, and forcyt
the N dimension was calibrated indirectly with respect to css; in the presence of Guare displayed in Figure 1.
the proton chemical shift2@). Chemical shift changes were observed for backbone as
After identification of the amide signals on the basis of well as side-chain amides @it Gs. The latter, however,
previous resonance assignmeri$, (16) and peak fitting were not included in the data analysis, because of the
using FELIX (Accelrys Inc., San Diego, U.S.A.), &in- relatively small magnitude of the chemical shift changes, a
duced changes in the backbone amide protdr{y) and reduced reproducibility of the results, and complications in
nitrogen (AJd1sy) chemical shifts otyt G5, were determined  the quantification method due to extra splittings that cause
and combined according to Mulder et aR7, using the additional peaks in the TROSY spectra. In both redox states,
expression the unlabeled Cucomponent produced only small changes
in the chemical shift values and line widths of tbg G52
[(AS, )+ (Ady 16.5F]Y2 (1) amide peaks (Figure 1). This indicates thgt 65, basically
FN N remained structurally unaltered and predominantly in an
uncomplexed state, despite the 4-fold excess qaf Eence,

These combined chemical shift changes were normalized t0iq interactions betweenyt Gs,and Cu appear to be rather
a maximum of 100%. Individual values from measurements gt jived protein-protein contacts, which is in agreement

performed at two different temperatures were averaged, andith the results of the kinetic assayd4( O. Maneg
residues were color-coded accordingly in thy& s, Structure unpublished results). ’

of PDB entry 1QL3 £8) using MOLMOL (29). For eachcyt 65, amide group, the chemical shift changes
in the 'H and*®N dimensions were combined according to
RESULTS AND DISCUSSION eq 1 7). The results thus obtained for each redox state at
The cytochromesss; of P. denitrificansshuttles electrons  two different temperatures are displayed in Figure 2. Gener-
from the cytochromebc; complex toward cytochrome ally, the occurrence of peak shifts is independent of the
oxidase. Kinetic studies (data not shown) have pointed outtemperature, implying that these are not random shifts but
that (i) electrons can be transferred from the water-soluble signify chemical shielding effects due to the presence af Cu
cyt Gs2 fragment (electron donor) to the soluble Zlomain Moreover, mainly visible for the reduced system, the overall
(the first electron acceptor of the oxidase) and (i) the electron magnitude of the peak shifts increased with lower temper-
transfer between these two isolated fragments is very fast,ature, suggesting that the association equilibrium was shifted
as was previously also reported foyt s, and the full-size to a certain degree toward the bound state by cooling the
oxidase with turnover numbers reaching 1000 §£14). system.
However, since the protein contacts are only transient, we Upon comparing the relative magnitudes of the,Cu
have not yet been able to demonstrate a 1:1 complex by gelinduced chemical shift differences for the reduced and
filtration or microcalorimetry experiments. oxidized states, much bigger effects were found in the
To obtain structural data regarding the surface contactsoxidized system (a maximum weighted shift of 0.029 ppm
between cytochromess; and the oxidase, we performed a in the reduced system vs 0.138 ppm in the oxidized system,
series of 1°N,'H]-TROSY experiments with'pN]-labeled both at 27°C). However, since the largest effects in the
cyt G2 in the absence and in the presence of unlabeled Cu oxidized state appear to be temperature independent, this may
With this approach, every amide group @yt Gs, that not necessarily indicate tighter binding. Alternatively, protein
displays a chemical shift change upon addition of €ields protein contacts in the oxidized system could influence
information about the protein interactions in the short-lived paramagnetic as well as diamagnetic components contribut-
complex formed between the two redox partners. Since ing to the chemical shift values observedyi G5, whereas
electron-transfer rates in biological systems are generally highin the reduced form the chemical shift changes are deter-
(30), the proteir-protein interactions should yield merely mined solely by diamagnetic componerifs Eor each redox
subtle changes of the amide resonances when compared tetate, the chemical shift changes were normalized with
those of freecyt Gso. Therefore, an excess of was used respect to the maximal shift and, wherever possible, the
in an attempt to push the association equilibrium toward the values were averaged over both temperatures. To graphically
bound state of the complex. visualize thecyt Gs; residues that were influenced by the
Chemical Shift Changes in cyfsg upon Interaction with presence of Gy these averages were used in Figure 3 to
Cua. At first, TROSY experiments were performed with color-code thecyt s, structure 28). As anticipated, the

either fully reduced or fully oxidized samples at 2C. residues that are most strongly influenced are all located on
Because of the paramagnetic state of the heme iron in thethe cyt 65, surface.
oxidized protein, the spectra oft s, at the two redox states Contact Area on the cytsg Surface Strong similarities

are quite different. As expected, the recorded TROSY spectrawere found between the reduced and oxidized systems
at 27 °C are essentially identical to the HSQC spectra (Figure 3), implying that the contact site between the two
measured at 28C for both the reduced and the oxidized redox partners is not dependent on the redox state. In both
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FicUrRE 1: 2D [**N,'H]-TROSY spectra were recorded witfPi]-labeledcyt Gs; in the absence (green) and in the presence (red) of
unlabeled Cn. Spectra of (A) fully reduced samples at°C and (B) fully oxidized samples at 1ZC are shown. The backbone and
side-chain assignments are indicaté8, (16).

oxidation states, residues A16, K70, G75, and A81 display ments (see Figure 2) reveals that residues D24, V26, A79,
pronounced amide shifts in the presence of.CA more and F80, and possibly also G25, G27, and G82, are involved
detailed analysis of the results from the individual experi- in direct contacts with Cuas well. This gives rise to a more
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006 - center of the oxidase. Formation of this encounter complex
A re is followed by a step of molecular rearrangement that
involves mostly uncharged residues on the interaction
surfaces of both redox partners, yielding close intermolecular
contacts around the heme group for optimal electron transfer
(4). Thus, most of thecyt Gs; lysine residues which the
docking study indicated to be involved in the protein
association 10) apparently contribute to the encounter
complex, but are not necessarily part of the final protein

A3(1,15N) (PPM)
o o o
8 o 8 8

o
(=]
r

7c protein contact surface.
e T R R T T N n T n Hence, we propose the following interaction scenario
Amino acid number betweencyt Gs, and Cu. On the cyt Gs, surface, the
0.15 positively charged lysines surrounding the heme cleft can
B 2r'c be roughly divided into an inner ring (K13, K15, K70, and

o
N
o

K77) and an outer ring (K9, K19, K51, K74, and K85). The
outer ring of lysines lines the periphery of this surface area
(see Figure 4), with intramolecular salt bridges present
between K19 and D21 (4.4 A), K51 and D48 (3.6 A), and
K85 and D88 (4.6 A). While these lysines add to the
polarization of the general surface potential that represents
the basis for the encounter complex formed withy Cilne

o
=)
o

A3(1,15N) (PPM)
o
=)
(3] o

0.10 . N A .
12°C inner ring lysines probably contribute the most to these
0.15 electrostatic interactions that involve-3 charges on each
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 . .
Amino acid number protein surface (O. Maneg, unpublished results). In a second

FIGURE 2: Overview of the combined backbone amitieand**N step, van der Waals-imeraCtions between the two redox

chemical shift changes which were observed t&N]-labeledcyt partners, involving residues A16, D24, G25, V26, G27, K70,

css2 Upon addition of excess GuPanel A represents the reduced CG75, A79, F80, A81, and G82 on tlogt css; surface, cause

system at 27 (top) and C (bottom), and panel B represents the an intermolecular rearrangement. At this point, the redox

oxidized system at 27 (top) and 22 (bottom). partners are positioned in such a way that an electron can
be transferred from the heme moietyat Gs, through the

or less contiguous interaction surface that is centered aroundy/121 indole ring on the Gusurface to the binuclear copper

the heme cleft (which is likely to mediate the electron A center.

transfer) and surrounded by several positively charged lysine  The influence of charged residues on the complex forma-

residues (Figure 4). tion and electron-transfer efficiency has been established

By using approaches and complexes similar to those previously also for various other electron-transfer proteins.
presented here, NMR chemical shift mapping has also beenFor instance, the importance of the general surface potential
performed on the horse cytochronwe-pea plastocyanin  was demonstrated for long-range interactions between the
complex {) and on yeast cytochromein the presence of  reaction center ofRhodobacter sphaeroideand soluble
its peroxidase§). Comparable to our results, it was shown c-type cytochromes32). Moreover, single mutation studies
that residues surrounding the exposed edge of the cytochromeyn the nine lysine residues in tlogt s, fragment fromP.
¢ heme moiety were most strongly affected, indicative of denitrificans(14) generally led, in an assay with oxidase, to
the observation of biologically relevant protein contacts. a 3—5-fold loss of affinity Ky values increased from 3.2 to
Furthermore, crystallographic data obtained for the yeast14.8 uM for K70I) and a concomitant decrease R
complexes cytochrome—cytochromebc; (31) and cyto- However, no outstanding role of K70 could be shown under
chromec—cytochromec peroxidase § produced similar  steady-state conditions that monitor the complete electron-
results, implying that not only NMR spectroscopy but, in transfer process, including long-range attraction, fine-tuning,
certain cases, also X-ray crystallography (which usually electron transfer, and dissociation.
requires conditions that provide a stable complex) may be To date, no mutational studies have focused on the
used to study transient protetiprotein interactions. hydrophobic residues that are clustered aroundcthiess,

In contrast to the docking results that suggest a complex heme crevice, but the data presented here strongly support
formation based on multiple electrostatic contacts betweenthe existence of a second reaction step with a protein
P. denitrificanscytochromecss, and cytochrome oxidase reorientation involving hydrophobic interactions as part of
(10), only one positively chargeadyt Gs, residue (K70) the electron-transfer process. Previously, Witt et 4). (
displays a backbone amide shift due to the presence gf Cu demonstrated that hydrophobic residues surrounding the
whereas the rest of the affected residues are unchargedelectron entry-site (W121) of thB. denitrificansoxidase
However, our results are in good agreement with a previously did not affect the binding of horse heart cytochrombut
proposed model for the complex formation betweRn did influencekgs under turnover conditions. Furthermore,
denitrificans cytochromec and cytochromes oxidase 4). on the surface of the plastocyanin frddmormidium lami-

In this model, the positively charged lysine residues that are nosum a hydrophobic patch was identified to be responsible
arranged on the cytochrommgs, surface around the heme for the interaction with its physiological redox partner
cleft (Figure 4) provide the basis for long-range electrostatic cytochromef (33). In other studies, binding of either
attractions with patches of opposite charge above the Cu Anabaenasp. PCC 7119 cytochrone (34) or Prochloro-



6010 Biochemistry, Vol. 42, No. 20, 2003 Wienk et al.

K70
A A79 F80

~ D56
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FIGUurRe 3: Thecyt G5, structure (PDB entry 1QL38) is color-coded according to the averages of the weighted backbone amide chemical
shift changes as depicted in Figure 2. Panels A and B show the residues affected in the reduced (red) and the oxidized (blue) systems,
respectively. For clarity, not only the affected backbone amides are highlighted, but the respective amino acids have been colored entirely.
The heme moiety is shown in green; the molecule on the right is rotated Byab®@it the vertical axis.

Ficure 4: Graphic representation of thoyt G5, backbone fold (PDB entry 1QL28) from the front (A) and rotated by 9Cabout the

vertical axis (B). Highlighted are all lysine side chains (yellow) as well as negatively charged surface residues (white) that are visible from
the front. Residues that display chemical shift changes due to direct contacts wiineCuA16, D24, G25, V26, G27, K70, G75, A79,

F80, A81, and G82) are indicated by a red backbone color.

thrix hollandicaplastocyanin 35) to cytochrome from P. transient complex formation apparently still took place.
laminosumrevealed a clear ionic strength dependency, Consequently, the proposed electrostatic interaction and
showing that the complex formation is mediated by charged intermolecular rearrangement steps leading to hydrophobic
surface residues, even though mainly hydrophobic residuesprotein contacts do not depend on the oxidation states of
were identified as direct interaction sites. the individual components. This implies that, in the native
It is interesting to note that, although no electron transfer system, transient contacts between the membrane-bound
is possible under the experimental conditions applied here,electron donor and acceptor occur which are not necessarily
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productive but do allow electron transfer whenever a suitable conformational rearrangements: (i) the structure and position
driving force is present. Hence, the hydrophobic contacts of the heme group odyt Gs, from P. denitrificansremains
between the electron-transfer partners could be a prerequisiteinaltered in both redox statel3({ 28) and (ii) no additional
for the electron-transfer reaction to take place. chemical shift changes have been observed for other amide
Indirect Effects in cyt 4, upon Association with Gu protons in the vicinity of the heme group, such as V38 or
Although the results obtained for both redox states are very S47.
similar, there is one remarkable difference: as can be seen Since no significant conformational changes were detected
in Figures 2 and 3, the influence of Lwn the backbone inthe NMR spectra ofyt a5, upon Cu binding (Figure 1),
amide resonances of the segment G54-G55-D56 is pro-the occurrence of the observed effects on the opposite side
nounced in the reduced state yet completely absent in theof the protein could also relate to the difference in the number
oxidized state otyt Gsz G54-G55-D56 is part of the loop  of electrons in the redox system. Compared to the oxidized
G54-T58 connecting the helices Il (residues-4%3) and I system, the fully reduced system accommodates one ad-
(residues 59-67). This loop extends nearly parallel to the ditional electron in each redox partner. Hence, an extra
plane of the porphyrin ring, but on the opposite faceyf negative charge is dispersed over the entire heme moiety of
Css2 relative to the exposed heme edge. Since it is highly cyt s, possibly including the propionate group38y.
unlikely that the binding of Cuinvolves direct contacts with  Assuming that theyt as;—Cua surface contacts initiate a
residues on opposite sides oft s, the chemical shift reorganization of the electron density within the protein
changes found in this region of the protein probably reflect interior whenever electron transfer is in principle allowed,
indirect effects due to the interaction between the two this could result in a shift of the electron density in the
proteins. Although our data do not provide an immediate reduced state toward the back of the heme cleft, possibly
explanation, structural and electronic arguments may be exerting an indirect influence on the amide groups of residues
considered. G54, G55, and D56. The fact that the fluorescence spectra
Many eukaryotic cytochromes exhibit common redox-  of reduced and oxidizett Gs,, despite the two forms having
state-specific conformational distinction36f. These may identical conformations, previously revealed a significant
be related to redox-state-dependent differences upon associadifference in the electronic environment of the adjacent W57
tion with their respective oxidases. Similarly, a conforma- indole ring (L8) supports a possible influence of the electronic
tional rearrangement or differential dynamics in the region state of the heme moiety on this part of ty s, molecule.
G54-G55-D56 could be the cause for the chemical shift
changes observed in the presence of.Q\lthough differ- CONCLUSIONS
ences in backbone accessibility have been reported for
reduced and oxidizedyt Gs, from P. denitrificans the
backbone structure as well as dynamics (as studied by
relaxation measurements) showed no major variatid8ps (
Nevertheless, careful comparison of the NMR structure
ensembles of reduced and oxidizegt G5, (PDB entries
116D and 1I6E) indicates a minor displacement of the
backbone segment G54-G55-D56 upon oxidation, as well
as distinct orientations of the adjacent H53 imidazole ring.

In this study, small yet reproducible chemical shift changes
have been observed fayt Gs, upon interaction with the
soluble Cy domain. Comparable effects were found for both
the completely reduced and oxidized systems, indicating that
the protein interaction does not depend on the redox states
of the electron-transfer partners. This suggests a dynamic
mode of action, whereby the two proteins encounter each
other frequently and allow electron transfer whenever a
dsuitable driving force is present. Furthermore, the NMR

In _pr_mC|pIe, these small d|ﬁer§_nces betvyeen th? redL.JCEd anGesults indicate the presence of a hydrophobic contact patch
oxidized states could be amplified upon interaction with Cu on the cvt surface. surrounded by several positivel
thus leading to the observed effects. The crystallography data e G2 ’ y P Y

.- ’ charged lysine side chains, which agrees with the two-step
of reduced and oxidizedyt PDB entries 1QL3 and . .
10L4: 28) support a myodC;Tz \Svhere small reQdox-state- model for complex formation proposed by Witt et ad).(

dependent structural distinctions mav be enhanced u OnAccording to this model, the two proteins initially attract
epe Y o PONand orient each other via electrostatic forces, as was
binding to an electron-transfer partner, as they indicated a ' ; X
confirmed previously 14). Once the redox partners are in

higher conformational disorder from G40 to D56 in the | L der Waal b hvdroph

oxidized protein form. However, the crystallography and close proximity, van der Waals contacts between nydropho-

NMR data also show éome discr,e ancies, as (i) the confor-blc side chains cause an orientational fine-tuning that allows
P ' electron transfer to take place.

mation of the G54-G55-D56 segment is not redox-state- Aside f le f th Im of bacteri
dependent in the X-ray structures and (ii) the NMR experi- 33 Slth(? romli)ne etxamptﬁ rorr|1 de rea}ntj 0 c¥an§) ac.eruta
ments did not reveal an oxidation-state-dependent backbone( ), this work contains the only description ot a transien
flexibility. complex between twp physiological resplr'atory electron-
Alternatively, the observed redox-state-specific effects transfer partners studied by NMR. In the hative system, both
proteins are membrane-embedded and organized in a super-

could be explained by small changes in the heme moiety complex; these additional structural determinants allow for
due to oxidation of the system. For instance, the propionate Piex, : : ) .
very high reaction rates despite very weak interactions.

group of the heme pyrrole ring A in yeast iso-1-cytochrome
¢ moves slightly upon oxidation, causing a reorganization ACKNOWLEDGMENT
of hydrogen bonds and bound water molecules in its

immediate vicinity 87). Similarly, the heme group afyt D. Waugh is acknowledged for making the pRK603
Css2 Might be structurally altered or slightly shifted as a whole plasmid available to us. The authors thank B. Reincke for
inside the protein pocket upon interaction with Ctdow- providing the purified °N]-labeledcyt sy, P. Schmitt for

ever, there are arguments that seem to preclude suchechnical assistance, and G. Yalloway for help with the
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