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ABSTRACT: The transient complex of bovine myoglobin and cytochrdmbas been investigated using a
combination of NMR chemical shift mappind3N relaxation data, and protein docking simulations.
Chemical shift perturbations observed for cytochrdmamide resonances upon complex formation with
either metmyoglobin (F&) or carbon monoxide-bound myoglobin (Feare more than 10-fold smaller

than in other transient redox protein complexes. FrSi relaxation experiments, an increase in the
overall correlation time of cytochron in the presence of myoglobin is observed, confirming that complex
formation is occurring. The chemical shift perturbations of proton and nitrogen amide nuclei as well as
heme protons of cytochrom® titrate with increasing myoglobin concentrations, also demonstrating the
formation of a weak complex with I&, in the inverse millimolar range. The perturbed residues map over

a wide surface area of cytochronig, with patches of residues located around the exposed heme
6-propionate as well as at the back of the protein. The nature of the affected residues is mostly negatively
charged contrary to perturbed residues in other transient complexes, which are mainly hydrophobic or
polar. Protein docking simulations using the NMR data as constraints show several docking geometries
both close to and far away from the exposed heme propionates of myoglobin. Overall, the data support
the emerging view that this complex consists of a dynamic ensemble of orientations in which each protein
constantly diffuses over the surface of the other. The characteristic NMR features may serve as a structural
tool for the identification of such dynamic complexes.

Transient protein complexes are formed when high both NMR 3—14) and kinetic (5—22) methodologies.
turnover is required, such as in redox processes occurringThese studies have yielded the solution structures of two such
in cellular metabolism. These protein complexes have a shorttransient complexe$(11) as well as information regarding
lifetime, on the order of milliseconds. Many redox proteins the molecular recognition sites for othe23(24).
show a clustering of like charged amino acids into patches a picture is emerging which supports the existence of two
on the surface. Long-range electrostatics arising from types of transient protein complexes. In the first type, the
complementary charged patches on the partner proteins argyotein partners bind in a specific orientation for a significant
perceived to assist in the formation of an initial preoriented fraction of the lifetime of the complex, utilizing both
complex. This then samples a number of orientations within glectrostatic and hydrophobic interactiofs10, 11, 14, 15),
the blndlng domain, with an Optlmal orientation for efficient whereas in the second type, there is no Specific orientation,
ET! being achieved by short-range forces such as hydro-pyt rather a dynamic ensemble of structures governed by
phobic contacts and possibly H-bondsZ2). Previously, we  glectrostaticsg, 17, 23). Mb and cytbs form a complex of
and others have studied a number of redox protein complexeshe second type 17, 23), and to further explore and
of either physiological or nonphysiological partners using ynderstand such transient protein complexes, we have
investigated the interactions between these two partners using
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cholesterol biosynthesis, and the oxidation of certain sub-

strates by cytochrome P45088( 29). Trypsin proteolysis
of membrane-bound cygs produces the soluble N-terminal

Worrall et al.

additional 15 mL of Bio-Express 1000 medium, CaCl
MgSQ,, ferric citrate, glycerol, and ampicillin. After over-
night incubation, cells were harvested by centrifugation at

fragment, consisting of 84 residues, of which an X-ray crystal 1000@ (Sorvall). The protocol described by Reid and Mauk

structure has been determine&3Dy,
It has been suggested that a further function forlkgyis

for isolating the native hepatic protein from microson#s (
was adapted to isolate protein from the bacterial cells. From

in a repair process, where a soluble form reduces met-Hb1 L of medium, 26-30 mg of cytbs was obtained.

and met-Mb, neither of which in the Fe(lll) state can bind
oxygen B1, 32). Transient absorption kinetic experiments

Preparation of NMR Sample€xidized cytbs and met-
Mb were prepared by addition of an excess-8fold) of

with cyt bs and Mb from sperm whale and horse species K3Fe(CN)] followed by dialysis under nitrogen against 10

indicated that both Mbs form weak complexes with byt
(17, 33). Kinetic, 'H NMR, and isothermal calorimetry
studies 84) recently revised an earlieH NMR study of
the Mb—cyt bs complex, which reported a large association
constant82). Kinetic studies of the complex with wild-type
(wt) Mb and with Mb in which the heme propionates had
been neutralized, in parallel with Brownian dynamics and

mM potassium phosphate (pH 6.0) by ultrafiltration methods
(Amicon, YM3 membrane). MbCO was prepared by reduc-
tion of met-Mb with a slight excess of sodium dithionite
followed by subsequent flushing of the sample with CO.
Protein concentrations for oxidized dy$ were determined
spectrophotometrically according to the absorbance peak at
414 nm € =117 mM* cm ) (42). For met-Mb and MbCO,

ET pathway calculations, led to the development of a new the absorbance maxima at 408 nen= 188 mM cm™?)

“dynamic docking” model for highly dynamic protein
protein complexes23). This model postulates that cig

binds to a large area on the Mb surface, in a wide variety of

conformations. There is no specific or favored orientation

and 424 nmd = 207 mMt cm™1), respectively, were used
(39).

NMR samples of*N-labeled cytbs (0.5—5.4 mM) were
prepared in 10 mM potassium phosphate buffer (pH 6.0) and

for this unstable complex, but only a small subset of its many contained 6% BO for lock, as well as 10M TSP and

conformations are ET-active; these havelsytound in the

[**N]acetamide (CHICO'NH,) as internal references. For

vicinity of the heme edge. The subset of conformations that met-Mb and MbCO, NMR samples were prepared in an
dominates the ET rate constant is not the most favorable foridentical manner to give final protein concentrations ranging

binding and does not contribute significantly to the thermo-
dynamic binding constant. Such decoupling is clearly of
physiological relevance for the reduction of met-Mb in
muscle and of met-Hb in red cells, where tight binding of
cyt bs to the high concentration of ferrous-Mb/Hb would
prevent the cytochrome from finding and reducing the
oxidized proteins.

The possibility of isotopically labeling a cyis identical
to the trypsin-solubilized form of bovine liver cigt (residues
3—84), through the availability of an expression system in
Escherichia coli(35), allows the use of heteronuclear NMR
in testing this picture of the interaction of dy with bovine
Mb. Both met-Mb (F#) and MbCO (F&) were used to study

from 1.7 to 2.5 mM. The pH for all protein samples was
adjusted to pH 6.06- 0.05, and the solutions were degassed
with argon.

NMR Titration ExperimentsAll NMR experiments were
performed at 14.1 T on a Bruker DMX600 spectrometer
operating at 300 K equipped with a TXI-Z-GRABH, °C,
and®N) probe. For the titration experiments, spectra were
first recorded with freé®N-labeled ferric cytbs, followed
by titration of either met-Mb or MbCO into the initial sample.
For the titration with met-Mb, an initial ferric c\is concen-
tration of 0.75 mM was used with a final molar ratio of 1:2.5
(cyt bs:met-Mb), while for the MbCO titration, an initial
ferric cytbs concentration of 0.54 mM was used with a final

the interaction, as evidence from previous studies of transientmolar ratio of 1:2.0 (cybs:MbCO). A reverse titration was
complexes has indicated that the active site charge at one oalso performed with*N-labeled ferric cytbs titrated into
both of the partners can cause differences in complex either met-Mb or MbCO to give a final molar ratio in both

formation (L0, 36, 37). The combined use of NMR chemical
shift mapping,'®N relaxation experiments, and the protein
docking program BiGGER3g) provides structural evidence

cases of 1:1. Before and after each titration step, the pH of
the sample was verified. As a control experiment, a pH
titration was performed on ferric ¢y, in the pH range of

that the proteins indeed undergo dynamic docking whereby 6.2—5.8. This further confirmed that the cross-peaks affected

they form a weak affinity complex with a dynamic ensemble
of orientations.

MATERIALS AND METHODS

Protein Isolation. Oxymyoglobin was isolated from a
single bovine heart according to published procedud8s (
40). The gene for the trypsin-solubilized fragment of bovine
cytochromebs was overexpressed ii. coli using the
expression system of Funk et aB5j. A single colony

upon interaction with Mb were due to complex formation
and not to pH effects. All titration experiments were recorded
using one-dimensional (1D) proton and two-dimensional
(2D) 5N,*H-HSQC @3) spectra. Spectral widths in kilohertz
of 48 for proton 1D and 2.4¥N, F;) and 11 {H, F,) for 2D
I5N,'H-HSQC spectra were employed. Data processing of
the 1D proton spectra was performed in XWINNMR, and
the ®N,'H-HSQC spectra were processed in AZARA (avail-
able from ftp://ftp.bio.cam.ac.uk/pub/azara). Assignments of

obtained from a transformation plate was used to inoculate the >N and*H nuclei of ferric cytbs were aided by known

30 mL of Bio-Express 1000 medium-06%°N enrichment,

literature assignment9,(44). Amides which were unassigned

Cambridge Isotopes Laboratories). Protein expression wasin the current work were A3, S18, S20, F35, G41, G42, L70,
activated after 5 h, by adding IPTG, and the culture was and 176. Chemical shift perturbations BN andH nuclei

further incubated overnight. Next, a 10 mL aliquot of this
culture was used to inocukatl L of M9 minimal medium
containing *NH,4),SO, (Martek), supplemented with an

for cyt bs upon interaction with Mb were analyzed by
overlaying the spectra of bound dywith those of the free
protein in the assignment program ANSI@5( 46). The
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average amide chemical shift perturbationdfg was
calculated by using eq 1

Adqyyg

AON/5Y + AOH?
:\/( N5)2+AH 0
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in which

T,

1+ (a)rr)zl (£

o) = %sz

wherert, is the correlation time for the overall tumbling of

in which AdN represents the change in the amide nitrogen’s the molecule ands? is the generalized order parameter
chemical shift and\oH represents the change in the amide characterizing the amplitude of internal motions (note that the

proton’s chemical shift47).
NMR Relaxation Experiment®N longitudinal {T;) and

factor?sS drops out of eq 2). In eq 2&,= ushynyu(rne3)/
(87)? andd = wAol~/3, whereu, is the permeability of free

transverseTy) relaxation rates at 300 K were measured at spacehis Planck’s constany;y andyy are the gyromagnetic

14.1 T, corresponding to ¥N Larmor frequency of 60.8
MHz. Experiments were performed first on free ferdigN]-

ratios of the'H and the'®N spin, respectivelyryy is the
N—H bond length (1.04 A)wy and wy are the Larmor

cyt bs (56 mg/mL, pH 6.0) followed by cybs in @ 1:1  frequencies ofH and?®N spins, respectively, in radians per
stoichiometry with met-Mb (total protein concentration of second, ando is the chemical shift anisotropy-(L60 ppm)
56 mg/mL, pH 6.0). Three-dimensional (3D) versions of of the15N spin (60). Equation 2 only holds for residues that
N,'H-HSQC experiments were implemented using the pulse experience very fast internal motiorl(52). Residues that
sequences described by Kay et a8)( in an interleaved  experience slower motions or exchange will demonstrate
fashion with a'H(t) —VD —**N(t,) acquisition order, where  deviatingTy/T ratios. Therefore, all residues wit/' T, ratios
VD is the variable delay time for the relaxation delay. For that differed by more than 10% from the mean were excluded
both™*N T, and T, experiments, 204 compléxincrements  from the calculations of the overall correlation time.
and 2Kt, points with 16 scans pef point were employed, Protein Docking The coordinates for horse met-M63)
with spectral widths of 1.9 kHZ{N F) and 9 kHz {H F). and cytbs (30) were taken from the Protein Data Bank
In the T, experiment for free ferric cybs, 10 different  (entries 1HMB and 1EHB, respectively). Using the docking
variable delay times (10, 18, 32, 60, 110, 180*, 320, 500, program BiGGER (available from http://www.dq.fct.unl.pt/
640, and 900 ms) were used to obtain the T, relaxation  pjoin/chemera/), docking simulations between horse met-Mb
times. For cytbs in complex with met-Mb, values for the  and cytbs were performed. The program consists of two
longitudinal relaxation period of 10, 100, 180%, 260, 350, modules 88), with the first generating a population of docked
440, 550, 640, 900, and 1200 ms were employed. Asterisksgeometries with maximal surface matching and favorable
indicate points acquired in duplicate. The relaxation delay intermolecular amino acid contacts. This is achieved by
between scans was 2.5 s. In fiigexperiments, for both the  representing the shape of each molecule with a 3D matrix
free and bound cyis, 10 different variable delay times for  of 1 A3 cells and then using this matrix for an exhaustive
the duration of the CPMG sequence (0, 18, 36%, 54, 72, 108, grid search in which the matrix defining one molecule
144, 180, 216, and 252 ms) were employed to obtain the systematically explores the matrix representing the partner
N T, relaxation rates. The delay between 1gfilses in  molecule. In the second module, the docking results were
the CPMG sequence was set to 1 ms, and a recycle delay otanked either according to a global scoring function, com-
2.5 s was used between scans. All data processing wasgosed of four terms, surface matching, side chain contacts,
performed in AZARA to yield a final*N, 'H point matrix  electrostatics, and solvation energy or according to NMR
of 256 x 2048 real data points in Fourier-transformed data. In the latter case, clg¢ amides which experienced an
spectra. Adayg0f =20.005 ppm were translated into distance constraints
Analysis of°N Relaxation Rates and Estimation of the on the assumption that they must be withi A of anyatom
Global Correlation Time!*N T, andT, relaxation rates were (atom surfaceatom surface distance) on met-Mb. The
obtained by fitting the peak intensities as a function of the scoring is based on the number of satisfied constraints in
relaxation delay to a single-exponential decay by using the each of the docked geometries.
Levenberg-Marquardt algorithm49). The standard errors
in the fitted parameters were determined from the scatter of RESULTS

the data points around the exponential curve, and from the 1D NMR Titrations of Met-Mb and MbCO to Ferric Cyt

duplicate relaxation delays in the variable delay lists. They . , . .
ranged from 0.2 to 8% foF, and were between 0.1 and 7% bs. Becaus_e olf the paramagnetic properties of onv spin ferric
for the T, fitting of the free protein. For a 1:1 stoichiometr cyt bs (S = /), a number of well-resolved signals are
with mei—Mb gt]he ran edﬁzrom 0'1 o 5%' % and from Y observed downfield (2230 ppm) in the 1D proton NMR

» Iy rang ' spectra. These signals arise from proton nuclei of the heme

0,
0'3#12 g\ﬁe:glrl?c;tational correlation time; was estimated which experience a Fermi contact interaction with the
' unpaired electron residing on the iron atofw,(55). In

fsrglr\?ina E[rr:renrgeltjja;r:;%(%)value of the/T> (R/Ry) ratio by addition, a number of less intense signals are observed in
9 q the same region due to a minor form of d&f in which the
R heme is inserted into the protein rotated by 18fund the
EZ ={4J(0) + Jwy — o) + 3)(wy) + 6wy + o) + o—y meso carbon axis relative to the major fore6,(57).
1 Assignments of these signals for both major and minor
(C%/3d%)[43(0) + 3wy )]} [2I(wy — w,,) + 6)(w,) + isoforms have previously been reporteiB)
2 On addition of microliter aliquots of met-Mb or MbCO
12)(wy + wy) + 2(c73d)I(wy)] (28) to ferric cytbs, a number of these downfield-shifted signals
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Ficure 1: 1D 'H NMR data for the titration of Mb into ferric cyt

bs (10 mM potassium phosphate, pH 6.0, 300 K). (A) Downfield
hyperfine-shifted signals of ferric cyk in the absence (Free) and
with an increasing ratio of met-Mb. Peaks A and B are assigned to
the 6a-propionate methylene protons for the major form, and peaks
d and e correspond to theoZpropionate methylene protons of the
minor form. The dashed lines guide the eye for the titrating peaks.
Peak C is 7a-propionate methylene of the major form and peak f
the 4-a-vinyl of the minor form which do not titrate with increasing
amounts of Mb. (B) Titration curves for peak B of ferric dy
with increasing amounts of met-Mf and MbCO ). Chemical
shift changes Adwinging are plotted as a function of the Mb over
the cytbs ratio and fit assuming a 1:1 complex, withs of 5 and

20 mM for the met-Mb (---) and MbCO ) titrations,
respectively.

Worrall et al.

protein. These observations strongly suggest that the chemical
shift perturbations observed in both the major and minor
isoforms for the propionate methylene protons on addition
of Mb arise due to a change in the chemical environment
caused by binding configurations with close contact between
the Mb surface and the heme region of byt

2D NMR Titrations of Met-Mb and MbCO to Cyt.bro
further analyze this proteinprotein interaction by NMR, a
series of 2D'*N,'H-HSQC spectra of*N-labeled ferric cyt
bs were recorded in the presence of increasing amounts of
either met-Mb or MbCO. In both titrations, smalldpinding
values for a number of®™N and'H nuclei of ferric cytbs
were observed X0.01 for '"H and >=0.05 ppm for!N),
suggesting that these residues are affected during interaction
with Mb. The appearance of a single averaged resonance
for the perturbed cross-peak is again consistent with a fast
exchange process on the NMR time scale (Figure 2A,B).

For the significantly perturbed cross-peaks, titration curves
were plotted, and fit to a 1:1 binding model (Figure 2C).
The fits are consistent with the 1D data withs of 5(3)
and 20(5) mM* being obtained for the met-Mb and MbCO
titrations, respectively. It would thus appear that thelgyt
MbCO interaction is slightly stronger.

This difference is surprising when it is considered that the
loss of at1 charge at the Mb heme should conceivably lead
to a weaker binding interaction, and it should be noted that
a determination oK, by NMR methodology is not the most
accurate, especially when tpinging is small (<0.03 ppm
for HN). However, for all significantly perturbed resonances
in the 2D spectra, titration curves can be plotted and fitted
to give an acceptabl, in agreement with reported values
(33, 34). To exclude the possibility that the small shifts were
caused by changes in pH, a pH titration was performed in
the pH range of 6.25.8 for ferric cytbs. It demonstrated
that none of the resonances that are perturbed by addition
of Mb are significantly affected by pH. Additionally, in a
reverse titration, of ferric cylbs to met-Mb and MbCO, the
same resonances were affected as in the normal titration. It
is therefore concluded from the 1D and 2D titration experi-
ments that the perturbed resonances forlgybn addition
of Mb are caused by complex formation. This is further
supported by thé>N relaxation data (vide infra).

Chemical Shift Mapping of the Interaction Domain on
Ferric Cyt bs. In Figure 3, theAda,q amide chemical shifts

are perturbed. These signals are assigned to the 5-methyare plotted as a function of cyis residue number in the

and 6e.-propionate methylene protons in the major from and
the 8-methyl and #-propionate methylene protons in the
minor from (Figure 1A). The gradual change in chemical
shift of these signals during the titration is indicative of a
fast exchange process on the NMR time scélg % 500

s 1), resulting in a single averaged resonance for the
perturbed peak of cybs upon interaction with Mb. The
chemical shift changesAQuinging can be fitted to a 1:1
binding model §), yielding binding constantd(,, of 5(3)
and 20(5) mM? for the met-Mb and MbCO titrations,
respectively (Figure 1B). The former is in satisfactory
agreement with receAH NMR and isothermal calorimetry
measurements3g).

Inspection of the crystal structure of dy (30) indicates
that the 6-propionate in the major form extends out of the
heme pocket and into the solvent. Similarly, it is most likely
that in the minor form the 7-propionate extrudes from the

presence of 2.5 molar equiv of met-Mb and 2.0 molar equiv
of MbCO. For both titrations, a total of 15 significafiayg
amide chemical shifts are observed for &gt With the
exceptions of R84 in the met-Mb titration and A54 in the
MbCO titration, the same amides are affected for both
titrations (Table S1). In Figure 4, th®d..q amide chemical
shifts for ferric cytbs upon interaction with met-Mb and
MbCO have been color-coded according to the size of their
Adavg and mapped onto the surface of the protein. The
majority of the affected residues map onto the front face
surrounding the highly exposed heme 6-propionate, for which
a Adpinding Was observed in the 1D experiments. Two
negatively charged patches (E43, E44, and E48 and E56,
E59, and D60) on either side of the heme would appear to
be primarily involved in complex formation, with additional
effects seen for one of the coordinating histidines (H63) and
residues in the proximity (V61, G62, and S64). From
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Ficure 2: 2D NMR data for the titration of Mb into ferric cyis

(20 mM potassium phosphate, pH 6.0, 300 K). Overlay of part of
the 15N ,H-HSQC spectra of ferric cybs in the free form (black)
and with 2.5 equiv of met-Mb (red) (A) and 2.0 equiv of MbCO
(red) (B). (C) Titration curves for thAdpinding for the HY of E43

and D60 of ferric cytbs with

and MbCO ®). Curves are fitted assuming a 1:1 complex, with

increasing amounts of met-MI®J

Kss of 5 and 20 mMm? for the met-Mb (- - -) and MbCO )

titrations, respectively. Triangles indicate the changeNrchemical

shift for a nonaffected residue (T33) in the complex.

structural studies on a V61H cigt mutant, it is shown that
the loop containing Phe585ly62 is sensitive to structural

perturbations in this region of the proteiB0j. It would
appear that this is also the case when a redox partner bindsbinding model.

In addition, surface residues located away from this recogni-

Biochemistry, Vol. 41, No. 39, 200241725

Table 1: Averagel: and T, Values (seconds)1/T, Ratios, and
Trimmed *T,/T, Ratios for Backbone AmidéN Nuclei of Free
Ferric Cytbs and for Cytbs in a 1:1 Stoichiometry with Met-Mb at
600 MHz (10 mM potassium phosphate, pH 6.0, 308 K)

free ferric cytbs

cytbsina 1:1

stoichiometry with MetMb

0.67 (0.03)
0.077 (0.006)
8.7 (1.1)

8.6 (0.5)

0.786+ 0.01
0.10+ 0.001

T 0.59 (0.03)
T, 0.10 (0.01)
TJT, 5.9 (0.9)
*TyT, 5.8 (0.3)

T, for Trp22 Nt 0.45+0.04
T, for Trp22 Nt 0.144 0.003

2The numbers in parentheses indicate the standard deviation.
Relaxation parameters (seconds) for Trp22 &te also included.
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Ficure 3: Changes in the chemical shifts of dy residues on
titration with met-Mb and MbCO. The changes in average amide
chemical shift Adayg Of cyt bs upon (A) titration with met-Mb
(1:2.5 molar ratio) and (B) titration with MbCO (1:2.0 molar ratio)
are plotted as a function of cyfs residue number. The vertical
color strips categorize the changes\idl,ginto high (red), medium
(orange), low (yellow), and not significant (blue) for mapping onto
the three-dimensional structure of dyin Figure 4.

secondary chemical shift changes as previously seen for other
transient complexe$(10), and thus must be involved in a
different binding orientation in keeping with the dynamic

15N Relaxation Data for Free Ferric Cygtand in Complex

tion site are also perturbed upon interaction with both forms with Met-Mb. To further characterize formation of the
of Mb. These residues consist of L9, H80, D82, and R84 complex between Mb and cigt, 1°N T, andT, measurements
(met-Mb only) and are located in the N- and C-terminal were performed on cylis, both free and in a 1:1 stoichiom-
regions of the protein (Figure 4). These residues are too faretry with met-Mb. TheT./T, ratio allows an estimate of the
away from the “front” face of the protein to be affected by overall correlation timez() to be determined, which should
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Ficure 4: Surface representations of dytthat experience amide
chemical shift changes on binding (A) met-Mb and (B) MbCO
[drawn using GRASP version 1.59)]. Size categories 0Adayg

for amides are indicated by the vertical color strips in Figure 3
(red> orange> yellow), with blue representing unaffected residues,
gray unassigned or proline residues, and green the exposed heme.
Residues are identified with the single-letter amino acid code, and
6P represents the heme 6-propionate. The surfaces on the right have
been rotated 120around the vertical axis, with respect to those on
the left.
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be substantially increased when the 9 kDa loyforms a Residue number
complex with the 18 kDa Mb. 18
Of the 73 assigned backbone amides forleyt70 were ] C °
sufficiently resolved to obtaitPN T, andT, values. The fact
that the ferric form of cyts is paramagnetic must also be 141
considered. For a low-spin Hespecies, the effect of 12
paramagnetism on proton relaxation is expected to be non-

~ 10 A
negligible, whereas the effect is much less pronounced for E- ﬁo&%gg &%‘3@’0@@@%&:

the >N nucleus, due to its lower gyromagnetic ratio with .
respect to théH nucleus 60). On the basis of previou$SN .'qﬂa: MY

8
6
relaxation studies with paramagnetic proteitfy nuclei 4
2
0

within 7 A of the paramagnetic center should be omitted
(61, 62). For cyths, the backbone amides of Gly42 (5.1 A)
and His63 (7 A) were thus removed, to yield a final data set
of 68 backbone amides for which andT; relaxation rates
could be obtained for both free clgt and in complex with
met-Mb. Values for individual amid&; and T, times and ~ FIGURE5: N relaxation data for free cyds (®) and for cytbs in

; ; ; a 1:1 stoichiometry with met-MbQ) at 600 MHz (10 mM
Epaeb'll'é/'gzzratlo for both free and bound cy, are given in potassium phosphate, pH 6.0, 300 K). The observed relaxation data

. for the individual amides are plotted vs residue number for (A)
The averagd; and T, times for free cyts and theT/T. 3N Ty, (B) N T, and (C) theTy/T; ratio.

ratio are given in Table 1, with individual amide values

plotted versus residue number in Figure 5. These are inTrp22. The relaxation data for theeNare also summarized
agreement with previously published values on a non-trypsin-in Table 1.

solubilized form of bovine cyths (104 amino acids), if Maintaining conditions similar to those of the free protein
different conditions and field strengths are taken into accountis important if a comparison between the bound and free
(63). It is noted from Figure 5 that Tyr27 has a significantly protein is to be made, as the relaxation rates can be
higher T,/T, ratio, resulting from a shortef, rate. This influenced by different sample conditions such as viscosity.
suggests that the amide group of Tyr27 experiences aTherefore, relaxation rates were measured forhbgyin a
chemical exchange process or a conformational equilibrium 1:1 stoichiometry with met-Mb in a solution with the same
on the micro- to millisecond time scal®&4). In general, total protein weight per volume (56 mg/mL) in the sample.
however, from the uniform relaxation rates it would appear The averagd; andT, times increase and decrease, respec-
that on the sub-nanosecond time scale the backbone of cytively; thus, theT:/T, ratio increases (Table 1 and Figure 5).
bs is relatively rigid. Apart from the backbone nitrogens, cyt This is as expected when complex formation increases the
bs harbors a side chain nitrogen on a tryptophan residue, molecular mass of the sample, leading to an increase in the

20 40 60 80
Residue number
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A B ® ® From the NMR titration experiments, it was noted that
residues at the rear (in the N- and C-terminal regions) of
cyt bs experienced Adpinging (Figure 4). Analysis of the top
100 docking geometries using both the ab initio and NMR
filter approaches revealed approximately 25% of the docked
geometries were oriented in such a way that the N- and
C-terminal regions of cybs were in close contact with Mb.
This was true for docked geometries at the front face of Mb
and for other Mb regions, further highlighting the possibility
of numerous binding conformations for this complex.

@

Ficure 6: Comparison of the ab initio docking (A) and the docking
with 15 NMR constraints (B), using BiIGGER®) for horse heart DISCUSSION

met-Mb and cybs. The Mb is represented as & €ace (blue) and ; ; ; ; ; ;
cyt bs as its center of mass for the top 100 docked geometries. The Previous biochemical and biophysical studit# @3, 33,

coloring of the spheres ranges from green to yellow to red and 34 Of the complex formed between Mb and dy show

represents the scoring of the docked geometries from low to high. that this particular complex is highly dynamic. Results of
. i the current study using a combination of NMR chemical shift

overall correlation timet). Thez, of free cytbs and in the mapping, 1N relaxation analysis, and protein docking

1:1 complex with met-Mb was estimated according to eq 2. gimylations support the view that this complex exists in a
From a trimmed averageT¥/T, ratio excluding those values dynamic ensemble of structures.

that differed by more than 10% from the means= 6.7 ns

for free cytbs and 8.6 ns in a 1:1 mixture with met-Mb.
From the titration curves, it is apparent that not all loyts
bound at a 1:1 stoichiometry, but approximately 74%. Due
to the fast exchange regime on the NMR time scale,Tthe
and T, times are thus an average between the bound and
free cyths. The averagél; and T, in the bound form are
estimated with eq 3

The dynamic nature is first apparent from the small size
of the Adpinding With many of the affected residues being
acidic in nature. A comparison can be drawn from the NMR
study of the transient physiological complex between yeast
cytochromec peroxidase anéPN-labeled cytochrome (10).

In this study, the effects are much larger with the maximum
Adayg for an amide of cytochrome being 0.308 ppm. This
is some 16 times larger (0.019 ppm for D82) than observed
T T 4fT.7L 3) here for cytbs (Figure 7). Furthermore, the largesd g of

iobs blib it perturbed cytochrome resonances (0.101 ppm for T12,
wherei equals 1 or 2T, is the observed relaxation rate, 0-308 ppm for Q16, 0.075 ppm for V28, and 0.110 ppm for
Tin and T are the relaxation rates for bound and freetgyt ~ F82) consist of hydrophobic and uncharged polar residues
respectively, and, andf; are the fractions of bound (0.74) (10), buried in the complex interface according to the
and free (0.26) cybs, respectively, yieldingTy, and Tap complex crystal structurés§). These findings suggested that
values of 0.70 and 0.071 s, respectively. This gives a ratio, Cytochromec occupied a single orientation for a significant
TJ/T,, of 9.9, with an estimate far, of 9.2 ns for fully bound fraction of the complex lifetime in solution, with water being
cyt bs, an increase of 73% compared to that for freelmyt stripped from the interface, allowing for hydrophobic interac-

Protein Docking.To visualize the binding site(s) on both  tions to anchor the complex in a single orientatid@)( In
proteins, protein docking simulations were performed with contrast, for the cybs—Mb complex, the acidic residues and
the program BiGGER38). As no crystal structure of bovine ~ the 6-propionate group of the heme appear to steer the cyt
Mb is known’ the coordinates for horse Mw were used b5 toward the Mb and Sample a number of electrostatic
instead. For the docking of Mb and cigt, 5000 putative  Orientations on the Mb surface. In these orientations, the
geometries generated by the program were independenﬂyrESidueS in the interface may not be Completely desolvated
assessed and ranked in terms of either the ab initio scoringand at least a single layer of water molecules may remain.

function or the experimentally obtained data. The results of Furthermore, the chemical shift perturbations are averaged
each ranking procedure are presented in Figure 6. over all orientations. In Comb|nat|0n, these effects may be

Using the ab initio approach (Figure 6A), the docked the reason for the small chemical shift perturbations observed

geometries for cybs form a broad hemisphere around the in the cytbs—Mb complex.

exposed heme edge of Mb. Using the 15 experimental With a K, ranging between 5(3) and 20(5) m#) the
constraints for cybs obtained from the NMR data, a slightly  interaction between bovine Mb and dy is weak. This is
different picture of ranked docking geometries emerges in contrast to a previous 1EH NMR study of a complex
(Figure 6B). Now, a more localized region of docked between bovine heart met-Mb and bovine liver bytwhere
geometries is formed around the Mb heme, along with a a much stronger interaction for a 1:1 complex was obtained
number of additional docking sites scattered around the Mb. (K, > 100 mM%, 30 mM sodium phosphate, pH 5.6, 298
Of the 15 NMR constraints that were used, on average, four K) (32). In the work presented here, tKg values are closer
were violated. In both the ab initio and experimental to those previously reported for horse heart and sperm whale
approaches, the top-ranked solution is oriented at the exposed/b upon interaction with bovine liver cyibs. For horse,
heme edge of the Mb, with the front face (acidic patches) of values of 0.75 (ZnMb) and 1 mM (met-Mb) have been
cyt bs and the heme 6-propionate involved in the binding determined (10 mM potassium phosphate, pH 6.0, 293 K)
interface. Fe-Fe distances of 13.3 and 11.6 A for ab initio  (34), while for sperm whale, &, of 3 mM~! (ZnMb) is

and experimental approaches, respectively, were obtainedeported (10 mM potassium phosphate, pH 6.0, 2933R). (
from the top-ranked solutions. The magnitude ofK, values appears to be unrelated to
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Ficure 7: Comparison of the changes in average amide chemical shiftsg for (A) yeast cytochrome upon interacting with cytochrome
¢ peroxidase ¥ 95% bound) 10) and (B) cytbs upon interacting with met-Mb (extrapolated from Figure 3 to 100% bound) drawn to the
same scale. Note the differenceAd.,q between a single orientation transient complex (A) and a dynamic ensemble of structures (B).

whether a transient complex exists in a single orientation or interaction site includes the heme 6-propionate and acidic
in a dynamic ensemble. For example, the complex of residues on the front face of clgt. However, from Figures
cytochromec and plastocyanin haskg, of 1 M2 (similar 3 and 4, it is evident that significant amide chemical shifts
to that of the cytochrome peroxidase-cytochromec are also observed elsewhere on lytin certain cases, the
complex) yet was suggested to exist in a dynamic ensembleeffects of binding a partner can be transmitted via H-bond
of structures, dominated by electrostati8s {This is further networks to residues away from the binding sBeX0). In
illustrated by the studies with cytochrorhand plastocyanin  this case, the amides located toward the rear ofogyin
from plant and cyanobacterial sources. For these complexesparticular, L9, H80, and D82) are too far away, and are not
the K, ranges between M ! (cyanobacteriaf)and 10 involved in H-bond networks with the affected residues at
M~ (plant) at low ionic strengths. In both cases, a single the front, to arise from secondary shifts. The shifts at the
orientation was observed, and intermolecular pseudocontactback side most likely arise due to an alternative binding
shifts could be detecteds,(11). While the plant complex  orientation and are thus in agreement with a multiconfigu-
depends on both charged and hydrophobic interacti®fs (  ration, dynamic docking model of the compleg3). Quali-
the cyanobacterial complex is predominantly hydrophobic tatively, the binding maps for cy are the same for complex
(1D). formation with either redox state of Mb, although it is noted
N relaxation data were obtained for dy4 in the free that Arg84 is affected by titration only with met-Mb, and
state and in a mixture with Mb. From previot®l relaxation Ala54 is affected by titration only with MbCO. However,
studies on bovine and rat clg speciesr;s ranging between  the chemical shift changes in these two cases are small
4.6 and 5.0 ns have been report&d,(66). We note here  (Figure 3), and the differences may thus be insignificant.
that ourt, for the free protein of 6.7 ns is relatively high. Also, the difference irk, between met-Mb and MbCO is
This may be ascribed to the high protein concentration usedsmall, suggesting that the redox state of Mb has little effect
for the measurements causing a more viscous sample anan the dynamic ensemble. With this study being limited to
thus a longer correlation time. Aggregation is also possible the ferric form of cytbs, the possibility of the ferrous form
at high concentrations, but no increase in line width was yielding differences in complex formation cannot be ruled
observed on comparing it with less concentrated samples ofout.

cyt b5._ From th_e StokesEinstein eqL_Jati(_)n, an _estimated From the protein docking program BiGGEBS, a picture
3-fold increase in; for complex formation is predicte®{). of possible binding sites on Mb has been obtained. The
The experimental value obtained here forof 9.2 ns for  nictyre from the ab initio approach is consistent with
the bound form is therefore on the low side. However, it grownian dynamic simulationsL7, 33, 34) where a broad
should be noted that the StokeSinstein relationship ap-  pemisphere of docked geometries is located around the
proximates the isotropic rotational correlation time for exposed Mb heme. Interestingly, when NMR constraints are
spherical molecules. Thus, the shape of the complex may\,seq, the docked geometries are more tightly clustered around
play a role in determining the:. Alternatively, the lowz: e heme area on the Mb. This could indicate that the NMR
for the complex could arise as a consequence of its highly g5t5 represent a certain subset of the possible docking
dynamic nature, which would indicate that &ytpossesses o nfiqrations. The location of the dominant interaction site
partial rotational freedom within the complex on the nano- o i, agreement with a receAtN,"H-HSQC study of Mb
second time scale. _ _ reconstituted with heme propionamidéN) which showed

~ The NMR data indicate which residues of dys are  hat cyths interacts with the heme edge of MB3). The
involved in complex formation. Clearly, the dominant gocking study also predicts that other satisfied docked
geometries on the Mb surface exist (Figure 6B). Consistent
2p. B. Crowley, unpublished results. with the dynamic docking modeP8) and kinetics studies
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(17), the cytbs appears to bind to a large area of the Mb
surface in a wide variety of docked conformations, of which

only a small subset of conformations around the heme of

Mb

can be ET-active. This is further emphasized from a

recent cross-linking study of the cdgg—Mb complex, where

it was found that cross-linking resulted in the entrapment of

various protein orientations presumably formed in the
encounter of the two protein§§).
In conclusion, the results of this study further highlight

the dynamic nature of the complex formed between Mb and

cyt bs. Characteristic features of the complex observed with
NMR comprise the very small size of the chemical shift

perturbations, the extensive surface area affected by complex
formation, and the dominance of charged rather than 5
hydrophobic and polar residues for the perturbed resonances. 26.
Future NMR studies on transient complexes may demonstrate
whether these features can serve as general tools in distin-
guishing between a complex consisting of a single orientation 29,
and one that exists in a dynamic ensemble of orientations.

ACKNOWLEDGMENT

J.A.R.W. is indebted to Dr. M. C. Machczynski and Prof.
G. W. Canters for many useful discussions.

SUPPORTING INFORMATION AVAILABLE

Two tables listing significant amide chemical shift changes
for ferric cyt bs upon interaction with met-Mb and MbCO
and *N relaxation times for cytbs free and in a 1:1
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of charge via the Internet at http://pubs.acs.org.
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