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ABSTRACT. We have used microcalorimetry and analytical ultracentrifugation to test the model proposed
in Pettigrew et al. [(1999). Biol. Chem. 27411383-11389] for the binding of small cytochromes to the
cytochromec peroxidase oParacoccus denitrificansBoth methods reveal complexity in behavior due

to the presence of a monomer/dimer equilibrium in the peroxidase. In the presence of eftheorCa
higher ionic strength, this equilibrium is shifted to the dimer. Experiments to study complex formation
with redox partners were performed in the presence éf Gaorder to simplify the equilibria that had

to be considered. The results of isothermal titration calorimetry reveal that the enzyme can bind two
molecules of horse cytochroneenith Kq values of 0.&M and 2.5uM (at 25°C, pH 6.0,1 = 0.026) but

only one molecule oParacoccusytochromec-550 with aKy of 2.8 M, molar binding ratios confirmed

by ultracentrifugation. For both horse cytochromand Paracoccuscytochromec-550, the binding is
endothermic and driven by a large entropy change, a pattern consistent with the expulsion of water molecules
from the interface. For horse cytochrorogthe binding is weakened 3-fold &t= 0.046 M due to a
smaller entropy change, and this is associated with an increase in enzyme turnover. In contrast, neither
the binding of cytochrome-550 nor its oxidation rate is affected by raising the ionic strength in this
range. We propose that, at low ionic strength, horse cytochmim&apped in a nonproductive orientation

on a broad capture surface of the peroxidase.

Biological electron transfer remains a poorly understood conformational difference between the reduced and oxidized
phenomenon. The requirement for specificity leads to the forms. Thus not only must lateral diffusion on the surface
burial of potentially promiscuous redox centers within be an energetically accessible process but the association with
proteins. However, this compromises the speed of electronthe surface must be relatively weak to allow prompt
transfer since only small areas of the protein surface may dissociation once the electron transfer has occurred.
be redox active or represent entry points into rapid conduc-  Thjg relative instability of biological electron transfer
tion routes to the buried redox center [but not all agree that complexes limits, to some extent, the approaches that can
conduction pathways are a valid concep) (It has been g ysed to study them. The clearest indication of this is the
proposed that _el_ect_rostatlc preorientation prior to collision relatively few electron transfer complexes that have been
and lateral fluidity in the encounter complex are factors .qqrystallized, the best example being the yeast cytochrome
which allow enhanced electron transfer rat@s ). _ ¢ peroxidase/cytochromecomplex g). Many studies have

'Latergl fluidity implies that.there eX|sts.a range of relative implicated a single high-affinity site located in the region
orientations of the two proteins that are interlinked through ¢ Aja 193 and Ala 194 and leading to an electron transfer
a Iandscape of Iow-_energy_ barriers. A striking illustration pathway to Trp 191 which is in van der Waals contact with
of this is the analysis by Liang and co-worke® Of the 1o heme group (reviewed in réj. This high-affinity site
binding of cytochromds to mnglobln. B|_nd|ng isdescribed 4 pe occupied by either horse cytochromeor the
by a”fam|ly of con;orrr?atkl}ons in dy nqmlcl exchange, c;nlyz orthologous yeast cytochroneout with strikingly different
small proportion of which are active in electron transfer. A o qdynamic parameters (see Discussion). However, there
feature of redox proteins is that there is often very little has been a long-standing debate about the presence or
otherwise of a second site of low affinity (reviewed in ref
' G.W.P. acknowledges the support of BBSRC (project grant 15B/ 9) Sych a site was suggested by the dynamic docking studies

13005). The microcalorimetry facility (Glasgow) and the analytical -
ultracentrifugation facility (Nottingham) are funded jointly by the of Northrup et al. 4) and has been detected by both kinetic

BBSRC and EPSRC. and thermodynamic analysis. Particularly relevant to this
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650 6135. Fax: 0131 650 6576. E-mail: g.pettigrew@ed.ac.uk. isothermal calorimetry to demonstrate the presence of the
* University of Edinburgh. _ . . .
s University of Glasgow. low-affinity second site. They then manipulated the affinity
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increase in the binding affinity, consistent with the more chrome c). Protein solutions were equilibrated with the
negative surface on the peroxidase for binding the positively appropriate buffer by molecular exclusion chromatography
charged cytochromes. on Sephadex G-25 and were used at a concentration ranging
We have studied the cytochronteperoxidase ofPara- from 2 to 40uM. The Beckman Optima XL-A or XL-|
coccus denitrificanand its redox partners as a model system (Beckman, Palo Alto, CA) analytical ultracentrifuges, equipped
in which to investigate some of these aspects. At the end ofwith scanning absorption optics, were used in all investiga-
one catalytic turnover, the oxidized peroxidase requires two tions. The sedimentation velocity experiments were carried

electrons to restore it to its active form in which one of the

out at 45000 rpm, 28C, and the sedimentation equilibrium

two heme groups (called the electron transferring or E heme)experiments at 17000 rpm, 26. Sedimentation coefficients
is F&*+ and the other (called the peroxidatic or P heme) is (9)! and sedimentation equilibrium profiles were obtained

Fe'*. In previous studies 1, using molecular docking
simulation, we have shown that the physiological redox
partner,Paracoccusytochromec-550, preferentially binds
close to the E heme with only 16 A between heme irons.
On the other hand, horse cytochronee which is as
competent kinetically as the physiological redox partner,

prefers to bind at a position between the two heme groups.

Complex formation was also studied by the perturbation
in '"H NMR spectra of the heme methyl resonances of both
the peroxidase and the donor cytochronigsThese results
were again consistent with distinct binding sites for the horse
cytochromec and theParacoccuscytochromec-550. The
existence of two binding sites raises the possibility that the
two electrons required to restore the active form of the

by scanning at 410, 440, or 530 nm depending on the protein
concentration in the cell. The extinction coefficients of the
cytochromec peroxidase at these wavelengths are 250, 33,
and 20 mM?! cm™?, respectively. The DCDF program of
Philo (16) was used to analyze groups of boundaries to derive
sedimentation coefficients. This method is based on the time-
derivative method developed by Staffodd’( 18) which fits
Gaussian functions to the so-callg@*) distribution: for a
given component, the breadth of this distribution also
facilitates an estimate for the translational diffusion coef-
ficient D*. The “*" in s* and D* indicates the inability to
distinguish whether intensity on either side of a peak really
represents material sedimenting with thaalue or is merely
broadening due to diffusion of material sedimenting atthe

than sequentially.

In this paper we use microcalorimetry and analytical
ultracentrifugation as independent tests of these binding

studies and the hypotheses that derive from them. In both
methods, the aggregation state of the peroxidase itself is a

factor in the interpretation of the results. Previous studies
(10-13) had suggested that various factors (including
reduction to the mixed valence enzyme, higher ionic strength,
and the presence of €3 shifted a monomer/dimer equi-
librium of the peroxidase toward the dimer and that the dimer
was the active species. However, there is very little direct
evidence for this equilibrium. We have therefore investigated
conditions where the peroxidase is shifted completely to a
dimeric state, and we have used that simplifying condition
to study the binding of donor cytochromes. Our results
therefore contribute not only to an understanding of the
protein/protein association required for electron transfer but
also to an understanding of the monomer/dimer equilibrium
of the peroxidase itself.

MATERIALS AND METHODS

Source of ProteinsCytochromec peroxidase and cyto-
chromec-550 were purified fromP. denitrificans(ATCC
19367, NCIB 8944, LMD 52.44) [also calleldaracoccus
pantotrophug14)] as described by Goodhew et al5f and
used in the oxidized state. Horse cytochrom@ype VI)
was obtained from Sigma and used in the oxidized state.

Enzyme and cytochrome concentrations were determined

using extinction coefficients of 250 mM cm™ (cytochrome
¢ peroxidase, 409 nm), 108 mMcm™* (cytochromec-550,
410 nm), and 109 mM cm! (horse cytochrome, 408
nm).

Analytical UltracentrifugationPartial specific volumes of
the proteins were calculated from the amino acid composi-
tions and are 0.7318 mL/g (cytochrormperoxidase), 0.735
mL/g (cytochromec-550), and 0.744 mL/g (horse cyto-

were corrected to standard solvent conditions (the viscosity
and, for the sedimentation coefficient, the density of water
at 20°C) using the SEDNTERP program (based onlr@f
The derivation of a value oM, from the sedimentation
velocity experiments is based on tleD ratio and is
dependent on reliable estimates of both. In the case of
interacting systems such as those described here, a boundary
may contain more than one species in equilibrium, Ehd
values derived from such a boundary can only be regarded
as rough estimates. In such a case, the diffusion coefficient
is likely to be an overestimate and thg an underestimate.
Sedimentation equilibrium experiments were run until two
scans takentad h intervals could be perfectly overlaid,
indicating that equilibrium had been achieved. Sedimentation
equilibrium data were analyzed in terms of an association
constant reported in reciprocal absorbance units, using Origin
4.1 software from Beckman Instruments (Palo Alto, CA).
Molar dissociation constants were calculated by adjusting
for path length (1.2 cm) and using the appropriate extinction
coefficient. Nonideality effects were assumed to be negligible
at the dilute concentrations studied.

Microcalorimetry.Protein solutions were equilibrated with
the appropriate buffer by molecular exclusion chromatog-
raphy on Sephadex G-25. The titrant solution was then
concentrated by centrifugation above a Vivaspin membrane
(M, cutoff 5000). Protein concentrations were determined
using the extinction coefficients noted above.

For isothermal titration calorimetry, the protein solutions
were degassed and the target cytochramperoxidase was

1 Abbreviations: EGTA, ethylene glycol bj${aminoethyl ether)-
N,N,N',N'-tetraacetic acid; Mes, 24morpholino)ethanesulfonic acid,;
Hepes,N-(2-hydroxyethyl)piperazin®¥-2-ethanesulfonic acid; DSC,
differential scanning calorimetry; ITC, isothermal titration calorimetry;
D, diffusion coefficient;s, sedimentation coefficientAH®, standard
enthalpy changeAH,, van't Hoff standard enthalpy chang&H.,
calorimetric standard enthalpy changk(°, standard free energy
changeAS’, standard entropy change.
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placed in the sample chamber of the VP-ITC microcalorim-

eter (Microcal). The syringe was filled with a solution of 0.30
the probe protein, and successive injections oi«LOvere

delivered into the stirred chamber (310 rpm). The duration L
of the additions was 20 s, and they were 180 s apart. The

2.54 4.78 S

¢2.69 S

instrument records the heat evolved or absorbed in the sample 0.20

chamber by adjusting a heating circuit to maintain a constant gy |

temperature, and the data are analyzed within Microcal origin

software which fits on the basis of iteration within a 0.10 |

Marquandt routine. Data were fitted using models for one

set of sites and for two independent sets of sites. The value r

of K4 was used to calculate the standard Gibbs free energy 0.00

change AG°). It is conventional to assume (with little error) 0

that the experimentally determine®H is identical to the s* (20,w)

standard enthalpy changAHKl°). The standard free energy (svedbergs)

change and standard enthalpy change were used to CaICUIatEIGURE 1: Sedimentation velocity profiles for the monomeric and
a standard entropy changa¥). dimeric states of cytochromeperoxidase. Paired scans within a

The possibility that the observedH® values are a  set of 10 sequential scans were used to produce a distribution of
combination of the enthalpy change associated with the sedimentation coefficients using the DCBTnethod of Philo 16)
protein/protein interaction and an enthalpy change in the ggtrjofi?::erdi ﬂégr)ﬁﬁeﬂggggat&” s g(‘; r}tgm%tc()g;]rr??%rther
buffer due to protons released or taken up in the formation zqition (closed circles, 2.69 ’S)' (b) 1 mM EGTA (open circles,

of the complex was investigated by carrying out experiments 2,54 s), and (c) 5 mM Cag{open circles, 4.78 S). The vertical
in two buffers of differing enthalpy of ionization and solving axis is in absorbance units/Svedberg.

the equation

_ rofiles of cytochromec peroxidase centrifuged at pH 7.5
AHobsd_ AHbinding+ nAHbuﬁer protonation b 4 P d P

in the presence of Cg, in the presence of EGTA, and with
The enthalpies of ionization of the Mes and cacodylate no addition were analyzed by the DCBTmethod (6), and

buffers weret+16.72 and-2.34 kJ mot?, respectively 23). the distribution of sedimentation coefficients is shown in
(Note cacodylate is toxic by inhalation of the dust or Figure 1. It is clear that marked changes in aggregation of
ingestion. Care is required in handling.) the protein are occurring. In the presence of'Can Sy

For differential scanning calorimetry (DSC), a degassed value of 4.78 S was obtained, which, together with the
protein solution was placed in the sample chamber of the estimate oD, yieldedM, 73000, a value proposed to reflect
VP-DSC (Microcal) and the temperature raised from 15 to the dimer (theoretical value based on sequence, 75026). With
100 °C at a scan rate of 66C h L. The thermogram is  no addition of C&f, the monomer/dimer equlibrium is shifted
analyzed using Microcal Origin software using a standard toward the monomeric form and &, value of 2.69 S. In
non-two-state model which yields independent estimates ofthe presence of EGTA, the protein shifts further to the
the calorimetric AH.) and van't Hoff AH,) enthalpies. monomer and asy value of 2.54 S. This value, together

Molecular Docking SimulationDocking was performed  with the estimate oD, yields M, 32000, a value proposed
as described in ref using the algorithm BiGGER developed to reflect the monomer (theoretical value based on sequence,
by Palma et al. Z0). This algorithm performs a complete 37513).
and sytematic search of the rotational space of one protein In addition to C&", elevated ionic strength and the
relative to the other, generating a large number of candidatereduction of the high-potential heme group also shift the
docking geometries based solely on the complementarity of enzyme toward the dimeric state (results not shown). For
the molecular surfaces. This initial prefilter of solutions is example, thes, . value obtained under the conditions of
required to make the computation of a more complete set of Figure 1a but with the addition of 50 mM NaCl was 4.67 S,
energies of interaction manageable. The 1000 best solutionsvery close to the value in the presence of 5 MM Q478
thus generated were finally evaluated and ranked accordingS).
to a combination of additional interaction criteria that include  Sedimentation equilibrium experiments were conducted at
electrostatic energy of interaction, relative solvation energy, pH 6.0, a pH at which previous studies have proposed a
and the relative propensity of adjacent side chains to interact.greater proportion of dimer than at pH 7.5. When the final

A cytochrome ¢ peroxidase monomer with a horse protein distribution at equilibrium was analyzed as a single
cytochromec already bound at the “between-hemes” site (the homogeneous species, satisfactory fits were obtained for the
highest ranking solution of reff) was used as the target for M, values shown in Table 1. In the absence of‘Céhese
the binding of a second horse cytochrommolecule. The apparentV, values rose with rising protein concentration,
target and the probe proteins were each broken down into aconsistent with a monomer/dimer equilibrium. The data also
grid of 1.2 A cubes, and P5otations of the probe against  satisfactorily fitted a monomer/dimer equilibrium in which
the target were performed along with systematic translationsthe monomer was set at 37500. Using this form of analysis,
to generate the candidate group of 1000 solutions. in the absence of G4, a value of 12¢M was obtained for

the Kag.
RESULTS In the presence of Ca, M, values of 6870872500 were

The Monomer/Dimer Equilibrium of the Peroxidase. (i) obtained. Extrapolation to zero protein concentration gave
Analytical Ultracentrifugation.The sedimentation velocity = an M, close to the expected value for a dimer (75026).
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Table 1: Sedimentation Equilibrium Analysis Bracoccus
Cytochromec Peroxidas®

protein apparent K
concn (M) cat M,P (uM)
2 - 48000
10 - 54000 12
40 - 59100
2 + 72500
10 + 69100
40 + 68700

a Sedimentation equilibrium was carried out in 10 mM Mes and 10
mM NaCl, pH 6.0, in the absence or presence of 2 mM'Ca
b Analyzed as a single homogeneous speéiésalyzed as a monomer/
dimer equilibrium with the monomer set at 37500.
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Ficure 2: Differential scanning calorimetry d?aracoccuscyto-
chromec peroxidaseParacoccusytochromec peroxidase (1xM)
equilibrated with the appropriate buffer was placed in the sample
chamber of the instrument at 26 and the sample solution warmed
to 100°C. Buffer controls were subtracted from the experimental
data. Conditions: (a) 10 mM Mes, 10 mM NacCl, pH 6.0; (b) 10
mM Hepes, pH 7.5; (c) 10 mM Hepes, 50 mM NaCl, pH 7.5; (d)
10 mM Hepes, pH 7.5, 2 mM CagLlIThe broken lines indicate the
curve fitting of two components in (a) and a single component in
(b)—(d) using a standard non-two-state model.

(ii) Differential Scanning CalorimetryThe cytochrome
peroxidase showed a complex thermal unfolding at pH 6.0
in the absence of Cawhich was fitted by two endothermic
components with transition temperatures of 43% (AH.
= 589 kJ mot?, AH, = 460 kJ mot?) and 52.1°C (AH. =
175 kJ mot?, AH, = 259 kJ mot?) (Figure 2a). At pH 7.5
in the absence of G4, a single transition of 42.7C (AH,
= 602 kJ mot?, AH, = 390 kJ mot?) was sufficient to fit
the data (Figure 2b), and this shifted to 46® in the
presence of 50 mM NaCIAH. = 652 kJ motl?, AH,
514 kJ mot?) (Figure 2¢) and 52.1C (AH, = 777 kJ mot?,

AH, = 644 kJ mot?) in the presence of 2 mM CGa(Figure
2d). In each case, th&H, is somewhat smaller thafiH,,
probably reflecting a broader transition and a breakdown of

Biochemistry, Vol. 42, No. 7, 2002049

both pH values, but especially pronounced at pH 7.5 (Figure
3a), the titration results showed complexity (in the form of
an initially rising heat change as the titration progressed)
which probably indicates a ligand-induced change in oligo-
merization leading to a cooperative binding effect. The
presence of Ca simplified the titration (Figure 3b) (see next
section).

Binding of Paracoccus Cytochrome c Peroxidase to Horse
Cytochrome ¢ and Paracoccus Cytochrome c¢-550. (i)
Isothermal Titration CalorimetryThe endothermic associa-
tion of cytochromec peroxidase and horse cytochroma
the presence of Cais shown in Figure 3b for pH 7.5, and
the thermodynamic parameters for titrations at both pH 6.0
and pH 7.5 are shown in Table 2. For the results of Figure
3b at pH 7.5, a simple fitting of a single-set-of-sites yields
anN value of 1.64. However, the data can also be fitted at
least as well by a two-sets-of-sites model which yields two
separatéKy values (Table 2). A similar pattern is observed
at pH 6.0 (Table 2). The titration of cytochroro@eroxidase
with Paracoccuscytochromec-550 fitted a single-set-of-
sites model with a molar binding ratio of 1.04 (Figure 3c,
Table 2).

The observed heat changes for both proteins were buffer
dependent, indicating that binding was accompanied by loss
of a fractional proton from the proteins and its uptake by
the buffer (Table 2). There is 0.3 proton released on binding
the Paracoccuscytochromec-550 to the cytochromes
peroxidase and 0.46 proton released for the corresponding
binding of horse cytochrome at this pH. The thermody-
namic parameters corrected for this proton release are
included in Table 2.

An increase in ionic strength from 0.026 to 0.046 M
weakens the binding of horse cytochromly a factor of 3
on the basis of the one-set-of-sit€gvalue (Table 2). This
is associated with a diminished entropic driving force,
although the enthalpy change actually becomes somewhat
less unfavorable. In the case of the cytochrardsb0, the
increase in ionic strength has little effect &g, and what
effect there is, is again entropic in origin.

(i) Sedimentation Velocity Ultracentrifugationin the
presence of horse cytochromseor cytochromec-550, the
sedimentation coefficient of the boundary containing cyto-
chromec peroxidase increased, indicating binding (Figure
4). Analysis of the absorbances associated with the leading
boundary and any trailing boundary allowed the calculation
of the bound cytochrome in relation to the added total
cytochrome (Figure 5). The fitted solid lines of Figure 5 show
that these results are consistent with a molar binding ratio
of 2:1 for horse cytochromeand 1:1 for cytochrome-550.

The leading boundary at 4:1 horse cytochroméad a
sedimentation coefficient of 6.18 S (Figure 6a) which,
together with an estimate &f, yieldsM, 108000. The leading
boundary at 4:1 cytochrome-550 had a sedimentation
coefficient of 5.55 S (Figure 6b) which, together with an
estimate oD, yieldsM; 94000. The sedimentation coefficient

the simple two-state model assumption due to a significantly of the cytochromec peroxidase alone, together with an

populated intermediate in the unfolding process.
(i) Isothermal Titration Calorimetry.The titration of
cytochromec peroxidase with horse cytochrone was

estimate oD, yields anM; value close to that of the dimer
of 75026. The trailing boundaries are the free cytochrame
in each case.

studied at both pH 6.0 and pH 7.5, the two pH values used Molecular Docking of Two Molecules of Horse Cyto-
in previous kinetic and spectroscopic analyses and also usedcchrome c to the Surface of the Paracoccus Cytochrome ¢

above in the ultracentrifugation and DSC experiments. At

PeroxidaselUsing the highest ranking docking solutio) (
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FIGURE 3: Isothermal titration calorimetry of the binding of horse cytochremadParacoccusytochromec-550 toParacoccusytochrome

¢ peroxidase. Horse cytochrorogParacoccusytochromec-550, andParacoccusytochromec peroxidase were equilibrated in the appropriate

buffer by passage down a Sephadex G-25 molecular exclusion column. The microcalorimetry chamber contained degassed cytochrome
peroxidase at a known concentration between 25 angM0The syringe contained degassed horse ferricytochroroe Paracoccus
ferricytochromec-550 in the same buffer at a known concentration between 450 angMO&ach delivery of titrant was set to take 20

s with 180 s between additions. Conditions: (a) 10 mM Hepes, pH 7.8C2Borse cytochrome as titrant; (b) 10 mM Hepes, pH 7.5,

2 mM CacCl}, 25°C, horse cytochromeas titrant; (c) 10 mM cacodylate, pH 6.0, 10 mM NacCl, 2 mM Ga€5b °C, Paracoccusytochrome

¢-550 as titrant. (d) Heat changes for results obtained in (a), unfitted. (e) Best fit of results obtained in (b) using a single set-of-sites site
model. (f) Best fit of results obtained in (b) using a two independent sets-of-sites model. (g) Best fit of results in (c) for a single set-of-sites
model.

of horse cytochrome to the Paracoccusperoxidase as a  chromatography in the presence offCwas consistent with
target (in which the horse cytochroneis bound in a the stabilization of the dimer by €a(unpublished results),
between-hemes position), the docking of a second moleculebut because of the nonspherical nature of both monomer and
of horse cytochrome was carried out in view of the molar  dimer, these results could not be used to derive molecular
binding ratio of 2:1 observed in both microcalorimetry and weights. As judged by spectroscopic and kinetic criteria, the
ultracentrifugation experiments. The top-ranked result for this formation of dimer was also promoted by lower pH and
ternary complex is shown in Figure 7. The second horse higher ionic strengthl(0—12).

cytochromec binds at the E heme and has a ranking score  Thys we had proposed that the activity and the binding of
of —68 compared to the value 6f72 for the binary complex ¢+ go hand-in-hand and are associated with the dimeric
that was used as a target (the ranking scale is a composit&ate - However, much of the evidence for this (outlined
of different energies of interac_tion, and more negative is more above) is indirect. Consequently, we have used differential
favorable). The top 20 solutions of this ternary dock had gcanning calorimetry and, in particular, ultracentrifugation

ranking scores betweer55 and —68 and contained 12, gdy the factors influencing the monomer/dimer equi-
solutions clustered at the E heme in the position of the top- |irium of the cytochrome peroxidase.

ranking dock shown in Figure 7.

In contrast, in the original docking of the single horse
cytochromec to the cytochrome peroxidase, the highest
ranking solution at the E heme position was ranked 12t
with a ranking score of-62.

The results presented here all confirm the strong influence
of Ca&* on the aggregation state of the cytochrome
h peroxidase. Ultracentrifugation gives a direct insight into the
monomer/dimer equilibrium. The sedimentation velocity
experiment, conducted at pH 7.5, was consistent with a
monomeric species in the presence of EGTA and a dimer in
DISCUSSION the presence of Ca With neither added, the enzyme at 10
MonomefDimer Equilibrium and Role of Cd. We had uM is mostly monomeric at pH 7.5, a result consistent with
previously shown that G4 binding to a vacant site on the previous work 10) which showed neither activity nor high-
oxidized cytochrome peroxidase (called site Il) is required  spin formation in the mixed valence state at this pH until
for the spin state transition to the active mixed valence form Cat was added. In the presence of EGTA, #g, value
to take place12). Investigation of the kinetics of oxidation of 2.54 S, together with an estimate Bf yields M, 32000,
of donor cytochromes indicated that dilute solutions of the a value not particularly close to the figure of 37513 based
enzyme had low activity, and this was interpreted as due to on the known sequence. This is not too surprising as the
a shift toward an inactive monomer from an active dimer diffusion coefficient is obtained from the boundary broaden-
(13). It was proposed that €abound to the interface of the ing of the velocity scans, a broadening which can be
dimer and promoted dimerizatiod@ 11). A shift in the influenced by factors other than diffusion. However, the
elution position of the enzyme on molecular exclusion sedimentation equilibrium results are conclusive with regard
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Table 2: Thermodynamic Parameters of the Binding of Cytochromes to Cytoclrétaeoxidas®

(a) Binding of Cytochromes tBaracoccuCytochromec Peroxidase
|

Ka (x1075) Kqg AH° AS —-TAS
buffer pH (°C) (M) analysis N (M1 w™M)  (kIJmofl) (@ K'mol?) (kJmol?)

horse cytt Mes 6.0 25 0.026 onesite 1.340.02 1.3+ 0.09 7.5 12.4£ 0.2 140 —41.6
two sites (1) 12.5: 5.6 0.8 14.2+ 2.8 164 —48.9

1) 40+ 1.3 25 -—-15+28 102 —-30.4

cacodylate 6.0 25 0.026 onesite 15%9.01 1.9+ 0.06 5.4 21.2+ 0.2 172 —51.3

two sites (1) 11.4£0.24 0.9 19.8: 0.7 182 —54.2

1 1.7£0.14 5.9 10.4£ 0.8 135 —40.2

cacodylate 6.0 25 0.046 onesite 183.04 0.64-0.04 15.7 19.5: 0.7 157 —46.8

two sites (1) 0.86:0.29 11.6 25.9:9.9 181 —53.9

1) 0.39+0.08 259 -—-0.8+10.3 85 —25.3

Hepes 75 25 0.016 onesite 1640.01 45+0.3 2.2 9.4+ 0.07 140 —41.7

two sites (1) 52+ 21 0.19 9.6+ 0.3 161 —48.0

1 4.4+ 0.6 2.3 5.4+ 0.32 126 —37.6

cytc-550 Mes 6.0 25 0.026 onesite (0t90.03 3.5+ 0.8 2.8 4.6+ 0.22 121 —36.1
cacodylate 6.0 25 0.026 onesite 18£€.01 2.7+0.16 3.7 10.4-0.17 139 —41.4

cacodylate 6.0 25 0.046 onesite 109.03 2.3+03 4.3 9.6+ 0.35 135 —40.2

(b) Thermodynamic Parameters Corrected for Buffer Protonation Enthalpies
T I Ka AG® AH?° AS —TAS
pH (°C) (M) N (uM) (kJ molt) (kJ molt) (J K tmol™?) (kJ molt) H* release
horse cytc 6.0 25 0.026 one site 6.5 —29.6 20.0 166 —49.6 0.46
cytc-550 6.0 25 0.026 one site 3.3 -31.3 9.6 137 —40.9 0.30
(c) Binding of Cytochromes to Yeast CytochromPeroxidase (from Ref22 and23)

T | Kq AG® AH° AS —TAS
buffer pH (°C) (M) N M) (kI moi?) (kJ mol?) (@ K*mol™)  (kJmol?)

horsec P 6.0 26 0.02 1) 0.67 —35.3 8.6+ 0.21 147 —43.9

0.05 1) 8.3 —29.0 9.7+ 0.96 130 —38.7

yeast iso-1 cyt DPG 6.0 25 0.014  0.820.05 0.06 —41.4 —27.6+29 46 —13.8

0.044  1.02+0.02 0.15 —38.9 —-19.6+0.4 65 —19.3

@ The binding of horse cytochronteor Paracoccuscytochromec-550 to Paracoccuscytochromec peroxidase was studied in 10 mM Mes, 10
mM NacCl, and 2 mM CaGJ pH 6 ( = 0.026), 10 mM Hepes and 2 mM CaCpH 7.5 ( = 0.016), 10 mM cacodylate, 10 mM NacCl, and 2 mM
CaCl, pH 6 ( = 0.026), or 10 mM cacodylate, 30 mM NacCl, and 2 mM Ga@H 6 ( = 0.046). The binding of horse cytochrorogo yeast
cytochromec peroxidase Z3) was studied in 10 mM potassium phosphate, pH 6.0, with Khdled to givd = 0.02. The binding of yeast iso-1
cytochromec to yeast cytochrome peroxidase Z4) was studied in 10 mM dimethylglutaric acid buffer, pH 6.0, with NaCl added to bring to the
ionic strength required. In the two-sets-of-independent-sites analysis the curve fitting was done using the association constant and egthalpy cha
as variables, and the goodness of fit was indicated by the standard deviations. The molar binding ratio is set at one per site. In the one-set-of-sites
analysis,N is a variable in the fitting procedure.

to molecular weight and show a dimeric enzyme in the by Ca&" binding to a single polypeptide chain. However, the
presence of G4 and a protein concentration-dependent elevation of the unfolding temperature is also consistent with
monomer/dimer equilibrium in its absence. This experiment a stabilization by C# due to the promotion of the dimeric
was done at pH 6 rather than pH 7.5 and, in contrast to thestate. A smaller elevation in the unfolding temperature is
results of Figure 1, shows substantial presence of dimer inseen in the presence of 50 mM NacCl.

the absence of added €4Table 1). Again, this is consistent The degree of elevation of the unfolding temperature is a
with previous kinetic and spectroscopic wofld). The same function of the affinity of the ligand for the native state and
work had also found that 50 mM NaCl promoted the the concentration of ligand2()

formation of the high-spin state in the absence of addéd,Ca o

and again this was proposed to reflect a dimerization. In this In(1 + [LI/ Ky = ATAH /nRTm(L)Tm(NL)
study, the sedimentation coefficient in the presence of 50
mM NaCl (4.67 S) was very close to that obtained in the
presence of 2 mM G4 (4.78 S), confirming the promotion

of dimerization by the higher ionic strength.

where [L] is ligand concentratiorKy is the dissociation

constant of the ligand from the native stad; is the shift

in transition temperature of the protein brought about by the

binding, AH® is the enthalpy of the transitioy,) is the
Isothermal titration calorimetry of the binding of horse protein transition temperature in the presence of lig@ngl,

cytochromec to the peroxidase is complex in the absence is the protein transition temperature in the absence of ligand,

of Ca&* (Figure 3a). We propose that this complexity is a andn is the number of sites.

reflection of the horse cytochronesinding to the peroxidase At pH 7.5, in the case of 50 mM NaCl, th€T,, of 3.9°C

monomer and promoting a dimerization which is expressed corresponds to K of approximately 10 mM, while thAT,

as a cooperativity. In the presence of?Cdhe titration of 9.4 °C in the case of 2 mM Caglcorresponds to a

simplifies (Figure 3b). The stabilization of the enzyme by submillimolar Kq, consistent with that observed for €a

Cat is also evident in differential scanning calorimetry binding to the enzyme (0.52 mM) in rd0.

where the unfolding temperature is raised from 43.5t0 52.1 At pH 6 the thermogram shows the presence of both the

°C. In principle, this may simply be due to the stabilization 43° and 52 transitions in the absence of added*Cérigure
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ﬁ Ficure 5: Binding of cytochromes t&aracoccuscytochromec

peroxidase based on analysis of sedimentation velocity profiles:
open circles, binding of horse cytochromeslosed circles, binding

of Paracoccuscytochromec-550. For a given total added cyto-
chromec, the proportion bound to the cytochroraeperoxidase
could be calculated from the increment in the absorbance of the
leading boundary over that due to the peroxidase itself. The
proportion of free cytochrome could be calculated from the
absorbance at the trailing boundary. When the leading and trailing
boundaries were difficult to resolve, the absorbance of the trailing
boundary was obtained from a later scan in which the leading
N N boundary had already sedimented. The absorbance values of
6 6.5 7 boundaries were corrected for the radial dilution effect of the
sectored cell. The lines are theoretical lines for two sites wily a

0.60

Radius (cm) of 5 uM (horse cytochrome) and one site with &4 of 2 uM for
Ficure 4: Sedimentation velocity boundaries &aracoccus Paracoccuscytochromec-550. (For the former, a fit of two
cytochromec peroxidase in the presence of horse cytochrame independent sites with differei values is also possible, but the
and cytochromec-550. (a) Binding of horse cytochrome and data were not sufficient to justify this more complex fitting.)

Paracoccuscytochromec peroxidase. Solutions of cytochronge
peroxidase (1@&M) in the presence of (i) no horse cytochrome peroxidase dimerM, 75026) should yield a particle o,

(i) 10 uM horse ferricytochrome, (iii) 20 M horse ferricyto- . . . . .
chromec, and (iv) 40uM horse cytochrome were centrifuged at ~ +04696, the sedimentation result is consistent with a molar

45000 rpm in 10’ mM Mes, 10 mM NaCl, and 2 mM CaGiH 6 binding ratip of 1:; byt with incomplete occupancy. Su_ch a
at 25°C. Absorbance scans of the centrifuge cells were done at molar binding ratio is also suggested by the analysis of
440 nm. The scans shown here are taken at equivalent time pointsrelative absorbance contributions to the sedimentation bound-
for the four experiments. The arrows indicate the midpoints of the aries (Figure 5), and the same ratio is found in the isothermal

leadi . (b) Bindi f h . .
gﬁg'cnh%gr%légdsgo)((?&aslgé'g%ﬁti?ggCofr%r;tfgﬁrgﬁiﬁi?gggz titration calorimetry. Thus these results corroborate the molar

(10 uM) in the presence of (i) no cytochronme550, (i) 10 uM binding ratio of 1:1 observed itH NMR titrations (1). An
cytochromec-550, (iii) 20 «M cytochromec-550, and (iv) 4QuM accurate value dfq could not be obtained from tHel NMR

CytOChroma:-550 were Centrifuged at 45000 mm in 10 mM Mes, experlmentS, but |t was Clear that |t was |eSS than%

10 mM NaCl, and 2 mM CagG| pH 6 at 25°C. Absorbance scans s . . _ .
of the centrifuge cells were done at 440 nm. The scans shown hereThls is consistent with the&(y of 3—4 M obtained by

are taken at equivalent time points for the four experiments. The Microcalorimetry (Table 2).
arrows indicate the midpoints of the leading boundary. The leading boundary at high horse cytochroomsyto-
chromec peroxidase ratios has &D value that yieldsv,
3a). This is the pH at which other _methods have shown the 10g000. Binding of four horse cytochromegV, 12361) to
presence of both monomer and dimer. a peroxidase dimer would yield a particle of predicidd
We can conclude that €apromotes the dimeric state. 124470. The plot of Figure 5 indicates that saturation of the
The presence of Ca therefore leads to an important two sites per monomer has not been achieved at the solution
simplification of solution states, which is necessary if the proportions of 4:1 cytochrome:peroxidase but curve fitting
results of binding with redox partners are to be interpretable. is consistent with a limiting molar binding ratio of 2:1.
Subsequent binding studies with redox partners were there-Simple single-set-of-sites analysis of the isothermal calori-
fore conducted in the presence ofCaVNe chose to do these  metric titrations of the binding yieldd values substantially
experiments at pH 6.0 in the presence of 2 mM‘daorder  greater than 1 (for example, the 1.64 at pH 7.5 in Table 2).
to be confident that dimerization of the peroxidase is This is suggestive of more than one binding site per
essentially complete (which would not be the case at pH monomer, but two identical binding sites are not structurally
7.5). Under these conditions, the sedimentation equilibrium possible. Thus a more reasonable analysis is that shown in
results are consistent with a fully dimeric protein. Figure 3d of two independent sites per monomer with
Molar Ratio for Binding of Peroxidase to Horse Cyto- different K4 values. These results corroborate the molar
chrome ¢ and Cytochrome c-55Dhe leading boundary at  binding ratio of 2:1 observed iAH NMR titrations ().
high cytochromee-550:cytochrome peroxidase ratios has  Again, the value oKy could not be reliably obtained from
a ¢/D consistent with a molecular weight of 94000. Since the previoustH NMR work, but it was clearly less than 5
the binding of two cytochromes-550 (M, 14815) to a uM. This is consistent with the one-site value of Rl
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of “noise” in others. In our particular case the original “hard”

0.5
?";195 () docking has always led to efficient capture of complexes
04t @@o o which were seen as likely candidates on the basis of other

criteria such as FeFe distances antH NMR perturbations.
Typically, in the top 10 or 20 solutions of the ranked set, a
majority formed a cluster at a particular position and
orientation of one protein relative to the oth&}.(It may be
that the success of the original hard-docking version of
BiGGER when applied to these electron transfer proteins is
a true reflection of the distinct nature of the complexes where
side chains may not form particularly intimate contacts due
5% (20,w) to the presence of interface water, and global electrostatic
(svedbergs) effects become the major determinant.

The results shown in Figure 7 indicate that the most
favored secondary site for the horse cytochrarma this
instance is the E heme site. The top-ranking solution has a
global score not too different {68 vs —72) from the top
between-hemes solution that was used as the tatgeifice
E solutions were rare and poorly ranked in the original dock,
this may imply cooperativity and a sequential binding
process. The FeFe distance for the horse cytochroroe

0.3
g(s*)
0.2

0.17

2.5

o(s%) o L
Lok bound at the E position is 17 A, very similar to the 16 A
' obtained for the E complex of cytochronees50 and the
o5k cytochrome c peroxidase 1) and similar to iron-iron

distances observed in other heme/heme electron transfer
complexes [most recently the cytochroaieytochromebc;
complex @2)].
s* EizbO,W) Thermodynamic Parameters of Binding and the Nature
(svedbergs) of the InterfaceThe analysis of the heat changes associated
FIGURE 6: Effect of cytochromes binding on the sedimentation ~ with the binding of the proteins in Mes and cacodylate
coefficient of theParacoccusytochromec peroxidase. Sedimenta-  buffers allows an estimate of the trueH° for binding and
tion velocity experiments were performed in 10 mM Mes, 10 mM i
NaCl, and 2 mM CaGl pH 6.0, 25°C, at 45000 rpm. Paired scans thebca,lﬁmztl?fn of the numlberfOf pr?ﬁons.rrﬁlease?t @nql_tablien
within a set of 10 sequential scans were used to produce auD_ y e buffer) _on comp ?X ormao lon. The resulis in Table
distribution of sedimentation coefficients using the DCPethod 2 indicate that this correction taH® enhances the already
of Philo (16) and Stafford 17, 18). For experiments in which two  striking pattern of a strongly unfavorable enthalpy change
boundaries were evident, both were analyzed. (a) Cytochmme countered by an even more strongly favorable entropy
peroxidase (closed circles) and cytochromeeroxidase in the  change We cannot say whether the fractional proton release
presence of 4 mol/mol horse cytochrome(open circles). (b) . h . is d inale ionizabl h
Cytochrome ¢ peroxidase (closed circles) and cytochrome N €aCh experimentis due to a single ionizable group or the
peroxidase in the presence of 4 mol/mol cytochrans0 (open ~ combination of several, nor do we know whether the
circles). In both (a) and (b), the slow boundary represents the free fractional proton originates on the donor cytochromes or on
cytochromec. The vertical axis is in absorbance units/Svedberg. the peroxidase.

) ) ] -~ The thermodynamic parameters governing the association
obtained by microcalorimetry under the same conditions of o proteins are the result of a number of complex
(Table 2). contributions. The enthalpy change will have contributions

Docking simulations 1) indicated that the first horse  from both bond formation (due to formation of electrostatic
cytochromec bound preferentially at a between-hemes site links, for example) and bond breakage (due to loss of water
which we would now equate with the high-affinity site seen from these groups). The entropy change will have contribu-
in isothermal calorimetry. It seems likely that the low-affinity  tions from the loss of protein mobility and the increased
binding site for horse cytochrome might be the E site  disorder of the water molecules as they are lost from the
favored by cytochrome-550. As a test of this hypothesis, interface.
we have simulated the docking of horse cytochranie a The binding of cytochromes to cytochrormgeroxidase
cytochromec peroxidase molecule with a horse cytochrome s endothermic (positive\H°) and, consequently, entropy
¢ molecule already bound to it at the between-hemes site.driven (positiveAS’) under all conditions examined here.

To do this, we have used the original BIGGER algorithm This is consistent with the displacement of interfacial water
that we had used in réf. The original algorithm dealt with  as the major driving force for protein/protein association in
the probe and target proteins as rigid bodies and appliedthis system, as has been suggested for the related (but
stringent geometric filtering to generate the group of 1000 structurally rather different) yeast cytochromeeroxidase
candidate solutions. This algorithm has evolved through when binding horse cytochronwe(Table 2;23). However,
several optimizing stages (see http://www.dq.fct.unl.pt/bioin/ we should note that the binding of the yeast peroxidase to
chemera/) to allow “softer” docking in which surface side its own yeast iso-1-cytochrome is characterized by a
chains are truncated. This allows better capture of correctstrongly favorable enthalpy change and a correspondingly
solutions in some model cases but introduces a higher levelmuch smaller entropy contribution (Table 24).
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(a)

molecule 1 "
(i’

molecule 2, 4

Ficure 7: Docking simulation for a second molecule of horse cytochrotmieding toParacoccusgperoxidase. The highest ranking solution
obtained from the docking of horse cytochromi Paracoccuscytochromec peroxidase in rel [shown here in (b)] was used as a target

for the docking of a second molecule of horse cytochramBocking was performed using the algorithm BIGGER developed by Palma

et al. 0). The highest ranking solution is shown in (a). The global score for this solution (which is a composite of the individual evaluations
of electrostatics, surface complementarity, solvation energies, and side chain interactionrg)8xascomparison to the global score for

the formation of the target shown in (b) 6f72 (more negative is more favored). The top 20 solutions had global scores in the+85ge

to —68 and contained 12 solutions docked at the E heme. In the original dock of horse cytochimthe cytochrome peroxidase, the
highest ranking solution at the E position was ranked 12th with a global scerézf(c) is the highest ranking solution from the docking

of Paracoccuscytochromec-550 to theParacoccuscytochromec peroxidase and shows the binding of the cytochrasd&0 close to the

E heme of the cytochrome peroxidase.

What is less clear is whether the displaced waters comehorse cytochrome are increased by raising the ionic strength
from specific electrostatic interactions (salt bridge formation) between 0.008 and 0.03 M.

at the protein/protein interface or from more general solvation  gpe interpretation of this is that, at very low ionic strength,

effects. Kauzmann2g) showed how, in addition to the  he complex with horse cytochronaes locked in a relatively

classic hydrophobic effect and contrary to intuition, attractive 54y ctive orientation by strong specific electrostatic bonds
electrostatic interactions between oppositely charged groups,

) iaht b dto b dothermic. b fand that raising the ionic strength loosens the association
It?] watler mig ft el eﬁpzcte tto elen IOt e”?:'rf’th e(iﬂuse O%and allows lateral search for a productive orientation.

€ release of solvated waler molecules, wi € thermo- According to this model, the cytochronges50 may be able
dynamic driving force arising from the entropy gained by

) : to find the correct orientation for electron transfer even at
the liberated waters. Consequently, both hydrophobic and S I : L
C ; . - low ionic strength. This interpretation has implications for
electrostatic interactions are likely to have similar thermo-

dynamic signatures, and it is difficult to disentangle the whether the distinct between-hemes binding site observed

effects of different kinds of interactions from thermodynamic for horse cytochrome in molecular docking simulation and

1 )
data alone. This conclusion has been supported by work in H NMR spegtrosc.opyl() IS actgally an eleptron tra_nsfer
several other system&G—30). site. A model in which the peroxidase contains two sites for

i oo o binding two electron donor proteins simultaneously has some
Effect of lonic Strength on Binding and Kinetics and

Nature of the High-Affinity Binding Site for Horse Cyto attraction since it allows a coordinated reduction of the
- ) idized duced by hyd id d
chrome c. The reduction in binding affinity for horse oxidlzed enzyme produced by nycrogen peroxide an

. : containing two oxidizing equivalents. However, our present
cytochromec (3-fold) that we see here with doubling of the g geq b

T i ) X ) - _results indicate that horse cytochrome&aptured on the side
ionic strength (Table 2) is associated with a sizable reduction : -
in AS®, partly countered by a small fall inH®. The same of the peroxidase, may become trapped at low ionic strength

sizable reduction iAS’ is observed for the horse cytochrome m. a nonp.ro.ductive orientation. \.Ne. propose that this Is the
¢ binding to the yeast cytochroneperoxidase (Table 2). higher affinity between-hemes bmdmg detegtedlﬂy\lMR
These results may be due to a general ion screening eﬁectspectroscopy.and mol.ecular docking and, in this paper, by
reflecting changes in the thermodynamics of transfer of 1so_th_erm_a| mlcrocalorlm_etry. We propose thgt the _Iower
interfacial water molecules to the bulk solvent. They might affinity site detected by isothermal microcalorimetry is the
also be a consequence of less rigid complex formation atactual electron transfer site at the E heme. One could regard
higher ionic strength, allowing retention of more waters at e high-affinity nonproductive binding of horse cytochrome
the protein/protein interface. It is interesting that such a rise € &S an artifact resulting from the use of a nonphysiological
in ionic strength has very litle effect on the binding of €lectron donor which has not evolved to optimize its
cytochromec-550 to the peroxidase (Table 2), and it is interaction with the peroxidase. However, it is quite a useful
revealing to relate these results to the ionic strength artifact because it has allowed detection of the process of
dependence of steady-state kinetics. In the case of horse&s@pture at a broad electrostatic surface followed by a process
cytochrome ¢ binding to both the yeast3() and the of lateral translation. In the case of the physiological
Paracoccug(13) enzymes, increasing ionic strength in this Ccytochromec-550, that lateral translation proceeds to the
region of low ionic strength is associated with an increase €nergy minimum of the electron transfer site without trapping
in enzymic activity (and this then falls away at higher ionic €n route even at low ionic strength.

strengths in a fashion predicted for electrostatic complexes). An interface populated by water molecules and stabilized

In contrast, the kinetics of oxidation of cytochrora&50 by global electrostatic effects rather than specific electrostatic
by theParacoccusenzyme is independent of ionic strength  |inkages may be a common feature of electron transfer
in this range 13). complexes. These relatively low affinity complexes will

A related finding with the yeast peroxidase) (s that facilitate mobility and the capacity to search during an
intramolecular electron transfer rates within the complex with encounter and then permit dissociation of the enzyme/product
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complex. The retention of key water molecules may also be
required to mediate the electron transfer proc& 33).
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