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ABSTRACT. Direct protein electrochemistry was used to obtain the thermodynamic parameters of transition
from the native (state Ill) to the alkaline (state 1V) conformer for untrimethyl8@ctharomyces cearisiae
iso-1-cytochromec expressed irE. coli and its single and multiple lysine-depleted variants. In these
variants, one or more of the lysine residues involved in axial Met substitution (Lys72, Lys73, and Lys79)
was mutated to alanine. The aim of this work is to determine the thermodynamic affinity of each of the
substituting lysines for the heme iron and evaluate the interplay of enthalpic and entropic factors. The
equilibrium constants for the deprotonation reaction of Lys72, 73, and 79 were computed for the minimized
MD average structures of the wild-type and mutated proteins, applying a modified Taifiokavood
calculation. Solvent accessibility calculations for the substituting lysines in all variants were also performed.
The transition enthalpy and entropy values within the protein series show a compensatory behavior, typical
of a process involving extensive solvent reorganization effects. The experimental and theoretical data
indicate that Lys72 most readily deprotonates and replaces M80 as the axial heme iron ligand, whereas
Lys73 and Lys79 show comparably highétvalues and larger transition free energies. A good correlation

is found within the series between the lowest calculated Kgs/plue and the corresponding experimental

pKa value, which can be interpreted as indicative of the deprotonating lysine itself acting as the triggering
group for the conformational transition. The triple Lys to Ala mutant, in which no lysine residues are
available for heme iron binding, features transition thermodynamics consistent with a hydroxide ion
replacing the axial methionine ligand.

Ferricytochrome (cytc!) undergoes at least two reversible conformer of cytochrome has been claimed to be involved
conformational transitions in the pH range ¥2, involving in apoptosis, which is programmed cellular deditB23).
the replacement of the methionine residue axially bound to Even though alkaline transition has attracted considerable
the heme iron (Met80) by a stronger ligant], @). This interest in the last three decades, the identity of the
process, occurring at pH values above 8, is known as thesubstituting ligand has been unequivocally determined only
“alkaline transition” and involves a lysine residue as a recently @), and the detailed mechanism has as yet escaped
substituting ligand3—17). Such a transition, due to the large clear definition. At present, the generally accepted minimal
decrease in reduction potential associated with the ligandscheme is that of a two-step mechanism in which a fast
exchange, may be implicated in the control of the electron residue deprotonation triggers a slow and thermodynamically
transfer rate between cytochronwe and cytochromec favored conformational change involving axial ligand sub-
oxidase, thus playing a fundamental role in energy trans- stitution (15, 16, 24—27). The overall reaction features a
duction, at least in eukaryotic celld)( Moreover, the alkaline ~ species-dependent appareita{pKapy Of approximately

8-9 (1, 2).
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Determining the contribution of each conformer to transition flasks. The overexpression of the protein was induced with
thermodynamics would allow the identification of the 0.5 mM IPTG fa 5 h (35). The protein was isolated through
substituting Lys residue with the strongest metal binding complete disruption of the cells by sonication and purified
affinity and the assessment of the interplay between enthalpicfollowing the procedure reported by Pollock et al. (32). UV
and entropic effects. To this end, exploiting the same visible absorption spectra were recorded with a Varian Cary
electrochemical approach, here we have measured the50 BIO spectrophotometer at 2&. Native and mutated
transition thermodynamics for mutants of yeast iso-1 cyto- proteins showe&, values R, = As1dAz50) in agreement with
chromec expressed irkE. coli in which the lysine residues the literature value for the pure proteiR,(> 4.5) (16, 39).
involved in the alkaline transition have been replaced by Electrochemical MeasuremeniSyclic voltammetry ex-
alanine residues. In particular, we have investigated all of periments were carried out with a Potentiostat/Galvanostat
the single (K72A, K73A, and K79A) and double (K72A/ PAR mod. 273A at different scan rates (0-QRV s™%) using
K73A, K72A/K79A, and K73A/K79A) mutants and also the a cell for small volume samples (0.5 mL) under argon. A
triple mutant (K72A/K73A/K79A), which possesses no gold wire was used as the working electrode, and a Pt sheet
lysine with the ability to bind to the heme iron. Moreover, and a saturated calomel electrode (SCE) as the counter and
molecular dynamics (MD) simulations of the structures of reference electrode, respectively. The electric contact between
the cytc mutants were performed to investigate the environ- the SCE and the working solution was obtained with a Vycor
ment of the heme and of the remaining Lys residues, with set. Potentials were calibrated against the?MV * couple
particular focus on solvent accessibility. On the basis of this, (MV = methyl viologen) 40, 41). The working electrode

the K, values for Lys72, 73, and 79 were computed by was cleaned by heating it in KOH solution for 10 min and
applying a modified TanforeKirkwood calculation. The rinsing in water and then in concentrated sulfuric acid for
thermodynamic experiments and the MD simulations indicate 15 min. To minimize residual adsorbed impurities, the
that Lys72 is the axial ligand originating the most stable electrode was first set at1 V (vs SCE) for 180 s and then
alkaline conformer in the bacterially expressed yeast iso-1- subjected to 10 voltammetric cycles betwee®.7 and—0.6

cytc and that in each alkaline conformer, the binding lysine V at 0.1 V s The Vycor (PAR) set was treated in an
itself acts as the deprotonating group triggering the transition. ultrasonic pool for about 5 min. Modification of the electrode
surface was performed by dipping the polished electrode into
a 1 mM solution of 4-mercaptopyridine for 120 s and then
rinsing it with MILLIQ water. Sodium chloride (0.1 M) was
used as the base electrolyte. Protein solutions were freshly
prepared before use in 10 mM phosphate buffer at pH 7 and
0.1 M NacCl, and their concentration, varying over 0.1 to
0.3 mM, was checked spectrophotometrically. The pH
titrations at different temperatures were carried out with a
“nonisothermal” cell 28, 29) in which the reference electrode

EXPERIMENTAL PROCEDURES

Protein Production and Isolatiori¥east iso-1 cytochrome
c variants (K72A, K73A, K79A, K72A/K73A, K72A/79A,
K73A/K79A, and K72A/K73A/K79A) were produced and
purified following the procedure described elsewhere3(,
32). Thr replaces Cys102 in all variants. This substitution
prevents dimerization and minimizes autoreduction while
resulting in retention of the spectral and functional properties

of the protein 83, 34). The QuikChange XL site-directed was kept at cons'ta'nt temperatyre (210.1 °C), whereas
mutagenesis kit (Stratagene) was used for the Lys to Ala,the hglf-cell containing the working electrode and the Vycor_
substitution starting from two synthetic oligonucleotide junction to the reference electrode was under thermostatic

primers carrying the desired mutation and the plasmid control with a water bath. The temperature was varied from

pMSV1 that expresses the protein from the pTrc promotor
and confers ampicillin resistance to the ceB$)(

K72A F: 5’ -CAGAGTACTTGACTAACCCAGCGAAATATATTCCTGGCACC-3";

K72A R: 5’ -GGTGCCAGGAATATATTTCGCTGGGTTAGTCAAGTACTCTG-3 ' ;

K73A F: 5' -GAGTACTTGACTAACCCAAAGGCCTATATTCCTGGTACCAAGATG-3 !

K73A R: 5'-CATCTTGGTACCAGGAATATAGGCCTTTGGGTTAGTCAAGTACTC-3'

K79A F2: 5' -GAAATATATTCCTGGTACCGCTATGGCCTTTGGTGGGTTG-3 !

K79A R2: 5' -CAACCCACCAAAGGCCATAGCGGTACCAGGAATATATTTC-3"'

K7273A F: 5' -GAGTACTTGACTAACCCAGCGGCCTATATTCCTGGTACCAAGATG-3 '

K7273A R: 5' -CATCTTGGTACCAGGAATATAGGCCGCTGGGTTAGTCAAGTACTC-3 "

The holoprotein was obtained by co-transformation of the

10 to 35°C. The pH was changed by adding small amounts
of concentrated NaOH.

COMPUTATIONAL PROCEDURES

Refinement of the Protein 3D StructureBhe crystal
structure ofSaccharomyces cerisiae iso-1 cytochromee
used in the calculations was retrieved from the Protein Data
Bank (pdb code: 1lycc) (http://www.rcsb.org/pdBIp). To
simulate the protein expressed frdascherichia coli the
three-methylated Lys72 was changed to Lys and Cys102 to
Thr. Moreover, the structures of the Lys to Ala mutants were
produced through residue substitution carried out with the
software package QUANTA 2000 (Molecular Simulation,
Inc., Waltham, MA). Energy minimization and molecul-
ar dynamics (MD) calculations were performed with
the program CHARMM (Harvard University) (43). The

plasmids containing the mutation and the pEC86 plasmid CHARMM24 united-atom force field and all-atom param-

(kind gift of L. Thony-Meyer, ETH Zurich, Switzerland) with
the chloramphenicol marker, which expressesctragenes
under the control of the tet promot&5%—38). Transformants
were grown overnight in 30 mL of 2 YT medium
containing 100ug/mL ampicillin and 40ug/mL chloram-

eters were used for the proteins and the heme, respectively,
together with a 15 A nonbonded cutoff distance and a water
dielectric constant of 80. The oxidized heme iron (with a
formal charge oft-3) was assigned a partial chargeifef.4

e (in agreement with previous calculations), and excess

phenicol. The overnight precultures were used to inoculate charge was distributed over the Fe-coordinating atoms, that

2 x 1.3 L of liquid 2x YT/Amp/Cam medium, into 2-L

is, the S atom of Met80, thed\bf His18, and the Ns of the
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porphyrin. Energy minimization and MD procedures were
performed as described by Manfredini et d4); Structure
sampling was performed every 0.5 ps during the final 90 ps
of each MD simulation. The average structures resulting from
MD simulations were then minimized44) and used for
structural analysis, K, and solvent accessibility (SA)
calculations, and evaluation of the interaction energies.
pK, Calculations. The equilibrium constants for the
deprotonation reaction of K72, K73, and K79 were computed
for the minimized MD average structures of wild-type (wt)
cytc and its mutants using the software MacroDox version
3.2.1 (http://pirn.chem.tntech.edu#5). This program com-
putes the effective proton dissociation constankg)pf the
titratable residues by performing a surface-accessibility-
modified Tanford-Kirkwood calculation, as described by
Matthew and Gurd 46). In particular, intrinsic proton
dissociation constants (based df,walues determined for
model compounds) are first assigned to each titratable site
in the protein. Then, the free energy of electrostatic interac-
tion is calculated for each pair of charged sites on the protein
surface, taking into account the burial depth of the titratable
residues within the low-dielectric interior of the protein. This
is done by calculating the surface accessibility (SA) of each
formally charged atom of a titratable residue using Richard’s
surface algorithm with a solvent probe radius of 1.44%)(
The effective K, of each titratable residue is estimated
iteratively, assuming that each protein charge distribution
modifies the intrinsic K, assigned. The extent of this
variation depends on the environmental conditions (pH, ionic
strength, dielectric constant, afyl In our calculations, the
experimental medium environment was simulated by setting
the pH value to 7, the ionic strength to 0.1 M, the temperature
to 298 K, and the solvent dielectric constant to 78.3. For the
protein matrix, a mean dielectric constant of 20 was used
(48). Standard MacroDox charges were used for the protein,
whereas the heme iron was given a partial charge-»f
redistributing the remaining-1 charge on the Fe-coordinat-
ing atoms. To evaluate the error affecting the calculated
effective [, values, the 180 structures sampled for the wild-
type cytc during the MD run were clustered upon their rmsd
values. A rmsd threshold cutoff of 0.95 was chosen, which
corresponds to the maximum value of the rmsd Gaussian
distribution. This clusterization procedure produced seven
clusters. The lowest energy structure of each cluster was
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Ficure 1: (a) pH dependence of the cathodic current intensity of
the voltammetric signal for the native (state 11#)(and alkaline
(state 1V) ©) conformers of the K72AK73A variant dbaccha-
romyces cereasiaeiso-1 cytochrome in 0.1 M sodium chloride,
atT = 20°C, and sweep rate 0.05 V s'L. (b) pH dependence of
the cathodic current intensity for the native conformer (state III)
of the K72A variant of Saccharomyces cerisiae iso-1 K72A
cytochromec at different temperatures in 0.1 M sodium chloride:
T=10 (@), 20 (v), 25 @), 30 (1) °C; sweep rate= 0.05 V s'..

selected as representative of that group and was minimized

with the same protocol used for the MD average structure.
The minimized structures were then used to computekkhe p
values of the three studied lysines, following the same
protocol described above. The averagé pras computed
for each of the three Lys residues. The variation of the
calculated K, value of each Lys residue in the MD run
turned out to be in the range &f0.2 pH units, which was
taken as the estimated error.

RESULTS

Transition ThermodynamicsAs shown elsewherelg,
28-30), the intensity of the cathodic peak current of the
voltammetric wave for the HisMet-ligated form (state III)
of cytochromec (E* = +0.283 vs SHE at pH 7T = 25
°C) remarkably decreases above pH 7 with a sigmoidal
titration pattern due to the transition of native cytc to the
alkaline conformer (state IV). The latter conformers originate

a single voltammetric signal at more negative potentials (
—0.205 vs SHE at pH above 7.5, = 25 °C), whose
intensity increases with increasing pH to the detriment of
that of the native form, again featuring a sigmoidal behavior
(an example is shown in Figure 1a). At each pH value and
throughout the temperature range investigated, the cathodic
currents of the voltammetric signals of the two conformers
are independent of the scan rate in the range-010¢ s?,
indicating that the rate of heterogeneous electron transfer
between the protein and the electrode is fast and that the
current intensities are those determined by the chemical
equilibrium between the two pH-dependent conformational
states 28). Therefore, the apparent equilibrium constant
(Kapp can be determined by fitting the current intensity values
measured in the pH range-10 to a conventional one-proton
equilibrium equation. The Ky, values obtained from the
cathodic currents for the native and alkaline conformers are
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FIGURE 2: pKappVvalues for the alkaline transition &accharomyces
cerevisiaeiso-1 cytochrome as a function of I¥ in 0.1 M sodium
chloride. K73A ¢7), wt C102T @), K73A/K79A (O), K79A (@),
K72A/K73A (v), K72A/K79A (), K72A (2); K72A/K73A/K79A
(d). The solid lines are least-square fits to the data points.

fully comparable and in good agreement with previous
reports 4, 26, 32). In particular, the Kapp values for the
three double mutants compare well with the microscopig p
values (8.0+ 0.1, 8.35+ 0.1, and 8.56t 0.05) determined
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Table 1: Thermodynamic Parameters for the Alkaline Transition
(AT) of Native and Wild-Type Recombinant Untrimethylated
Saccharomyces cersiae Iso-1-ferricytochromes Expressed irkE.
coli and Its Lys to Ala Mutants

AH® At AS'ar AG®' arP

species (kJmolY) (ImoltK™) (kJmol?) pKe
wild type (C102T) +20 -85 +45 7.9
K72A +28 —69 +49 8.5
K73A +18 —90 +45 7.8
K79A +22 —80 +46 8.0
K72A/K73A +26 —76 +48 8.5
K72A/K79A +50 +7 +48 8.4
K73A/K79A +20 —82 +45 8.0
K72A/K73A/K79A +23 —118 +59 10.4
K73Ad +27 —-79 +50 8.8
K79Ad +56 +24 +48 8.4
native® +27 -72 +48 8.5

2 The values were obtained in 10 mM phosphate buffer and 100 mM
sodium chloride. The average errors AR® st and AS” a7 values are
+2 kJ molt and+6 Jmol K1, respectively? Corresponding to the
enthalpy change arising from transition-induced protein changes,
AH® atint (See text); estimated errer 0.3 kJ mot? (determined from
the error affecting thelf, values).c At 20 °C; estimated erro+= +0.1
(upper value, determined from the standard deviation of the data set
obtained from repeated<p measurementsy.Recalculated from ref 4
(4). ® Trimethylated nativeSaccharomyces cernsiae iso-1-ferricyto-
chromec (from ref 29).

two units from the experimentalap, values because of the

different meanings of the two parameters. In fact, the former
are the proton dissociation constants for the single Lys
residues, whereas the latter are the apparent equilibrium

for the untrimethylated bacterially expressed wt protein from constants of the overall reaction.

pH titrations of the 695 nm charge-transfer band, although

these titrations show hysteresis with regard to the direction DISCUSSION

of the titration @6). Transition thermodynamica\{H® ar and

Transition Thermodynamics and Enthatggntropy Com-

AS’ar, where AT stands for alkaline transition) was evalu- pensation Phenomendhe alkaline transition in cytochrome
ated by measuring the apparent equilibrium constants atc tyrns out to be disfavored both enthalpically (the reaction

varying temperature (from 10 to 3&) atl = 0.1 M (NaCl)

is endothermic) and entropically (in most casAS at is

(Figure 1b), using the integrated van't Hoff equation (under negative) (Table 1). Thus, the reaction free enery@{ )

the hypothesis thafAH* a7 is constant over the limited

temperature range investigated), namely, from the plot of

pKapp Versus 1T (eq 1) (28).

_ AH 57 1 AS pr
ap - 23R T 23R

pK (1)

The van't Hoff plots for all of the species investigated are
reported in Figure 2. Thelyp, and theAS” ar and AH® ar

is positive for all of the species investigated. Because of the
greater affinity of the lysine amino nitrogen for the ferric
ion as compared to the methionine thioether sulfur, ligand
substitution should not be responsible for the endothermicity
of the process. Instead, this is likely to be determined by
the deprotonation process and the transition-induced changes
in the hydrogen-bonding network and the electrostatic
interactions between the heme and the protein ma2& (
29). Changes in the conformational degrees of freedom of

values are listed in Table 1. Also listed are the values the polypeptide chain and, mostly, the solvent reorganization
obtained by Mauk et al. using NMR for a few variants of effects are the main contributors to reaction entropy, as
yeast iso-1 cytochrome(4), to facilitate discussion. Previous discussed in more detail below.

enthalpy values determined spectrophotometrically from the Regarding the effects of charge changes upon mutation,
695 nm absorption band for the native (trimethylated) and pure electrostatic considerations suggest that the substitution
bacterially expressed (untrimethylated) protein differ from of a positively charged lysine with a neutral alanine should

the present values by a factor of 26. These differences
could well arise from the different solution conditions

disfavor deprotonation of the residue involved in the transi-
tion, with a consequent increase in the reaction enthalpy and

because transition thermodynamics has been found to be veryree energy. This is the case for all mutants except K73A

sensitive to ionic strength and solution compositiés)(
Calculated pK Values.The effective K, values computed
for the MD average structure of wt cytc and its Lys to Ala
mutants are listed in Table 2. K72 shows the lowdst p
value in wt cytc and mutants K73A and K79A, whereas K73
is the most readily deprotonating Lys in K72A. The lowest
calculated [, for each mutant differs in general by about

and K73A/K79A, whose parameters are comparable to those
of wt cytc. However, we note that the increase\IA® at

and AG®' a7t correlate neither with the number of charge
substitutions (i.e. AAH® a1 and AAG® a7t do not increase
with increasing numbers of depleted lysines on passing from
single to double mutants) nor with the distance of the
substituted lysine residue(s) from the heme. This is not
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entropy, AG® ar can be entirely assigned to enthalpy changes
arising from intrinsic protein molecular changes, namely,
AG® a1 = AH atint (49-51). In other words, the enthalpy
change capturing the effects of transition-induced bonding
formation/disruption within the protein is not the measured
AH* a1 value, but it approximately corresponds to the
reaction free energy chang@&G®'ar. The protein-based
molecular factors involved include the deprotonation reaction,
ligand substitution, and changes in the electrostatics at the
interface among the heme, the protein, and the solvent (the
latter as a bulk effect). Thus, any deviation from the perfect
H—S compensation (which would imply a species-indepen-
dent constanAG® a7 value), namely, any mutational change
in AG® a1, must arise form the factors above. The assumption ) ) )
that protein-based entropic factors play a modest role in thegﬁ;’gﬁ r4e: Ong’:Cec'ﬁ;TOerg;'C%”sa'C;egi:Zeiggagoé‘ygg;‘%%‘gragﬁg MD
reaction free energy IS supported by the solution NMR ribbons describer-helices and the arrows-sheets. The Heme is
structure of the alkaline conformer of the K72A/K79A in sticks and the Fe in cpk. The mutated residues K72, K73, and
variant @), which shows the presence of a localized K79, together with M80 and E66, are also shown in sticks.
transition-induced protein conformational rearrangement oc-
curring in close proximity of the heme. This structural
modification occurs on the protein surface, thus most of the
changes in the conformational degrees of freedom should
be experienced by the network of H-bonded water molecules
nearby.

The transition thermodynamics for the single mutants
K72A, K73A, and K79A are the weighted averages of the
parameters corresponding to the two alkaline conformers
originated by the remaining lysine residues, the weighting
factor being the molar fraction of each conformer. These
mutants also provide information on how the removal of each
individual lysine perturbs the system. In the double mutants,
however, there is only one coordinating Lys residue, hence 76 - ' ‘ , :
the transition thermodynamics is that of a single alkaline 100102 104 06 108 M0 12
conformer (again perturbed with respect to the native protein calc. pK,
by the removal of the other two lysines). We note that the Ficure 5: Plot of the lowest calculated<g value for each Lys to
thermodynamic parameters for the K72A variant are identical Ala variant of Saccharomyces cerisiae iso-1 cytochrome and
(within experimental error) to those for the native species the corresponding experimenteg, value. The solid line repre-
in which Lys72 is trimethylated?©) (Table 1). This supports sents the least-square fit o the data poilRs<0.966).
the reliability of the present data. In fact, in both cases, Lys72 j, agreement with the evidence obtained by Mauk through
is unavailable for Fe coordination. This result also suggests iy NMR (32).
that the effect of lysine trimethylation is comparable to that | the triple mutant (K72A/K73A/K79A), there are no

of residue replacement with an alanine. In the same vein, jysines available for heme iron binding. The observig,p
the thermodynamics for the double mutants K72A/K73A and of 10 4 is higher by approximately two units than those for

K72A/K79A is very similar to those for the K73A and K79A e other mutants. In this case, the protein most probably
variants expressed in yeast (i.e., containing a trimethylatedndergoes a transition from the native state Il to state V, in
Lys72), obtained by Mauk et al. through NMR)((Table  hich the axial Met80 residue is displaced by a hydroxide
1). The data for the single mutants indicate that the jon (4). Accordingly, the data point for this mutant falls off
substitution of Lys72 is the one that perturbs the system the compensation plot (Figure 3), indicating that the chemical
more, rendering the transition enthalpically more disfavored gyent differs from that occurring within the series.

(AG® At (= AH'atiny) increases from-45 to+49 kJ mof™). Calculated pKa Values for the Lys ResiduEsr all of
This finding indicates that the substitution of the axial ligand the cytc variants under investigation, the calculatéghlue

is more favored when Lys72 is available. This result is for K72 is significantly lower than those for K73 and K79,
unequivocally supported by the data for the mutant K73A/ \yhich are almost identical (Table 2). Interestingly, the lowest
K79A, in which K72 is the only binding lysine, which  caicylated [, value and the corresponding experimentél p

features the least positiv®G®' ar (= AH atini) Value. The  yajye for each mutant are linearly correlated within the series
other two double mutants show comparably higher transition (Figure 5), according to the relationship

free energies (Table 1). Thus, under the assumption that the

lysine residues under consideration are electrostatically exp K,,,= 0.8698 calc g, — 0.9119 (2
noninteracting (which is reasonable, considering that these

are surface residues exposed to the solvent), we could(with R = 0.966 andn = 7). The K, values predicted
conclude that Lys72 originates a more stable alkaline with this equation (calc i8.py), also listed in Table 2, are
conformer with respect to Lys73 and Lys79. This result is good estimates of the experimental data, considering experi-

K73

8.8

exp.pKalIDp
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mental error. This correlation indicates that the differences kcal/mol. This interaction network obstructs the ionization
between the deprotonation constant of the most acidic lysineof the cationic head of K79 and consequently raiseskis p
within the series closely parallel the differences in the by about one unit from its intrinsic reference value (10.4).
experimental Bapp Values. This observation has to do with The side-chain amino group of K73 featurefEgsond from

the nature of the deprotonating group triggering ligand —5.8 to —7.2 kcal/mol, of which more than 50% is due to
substitution. In fact, if we refer to the minimal two-step the interaction with E66. Although this value is lower than
scheme for the transition, the most obvious explanation for that for the amino group of K79, it might prevent K73 from
this effect would be that the triggering group is the most being deprotonated at a pH lower than 10.6. Finally, K72
acidic lysine itself (the deviation from unit slope might be makes a few H-bonding interactions with nearby carbonyl
related to the fact that the experimentdd.p, values are groups, resulting in aEnpong between—6 and —6.7 kcal/
weighted averages over the population of the various alkaline mol. The interaction network involving K72 is less persistent
conformers) 4). This would imply that the subsequent step during MD than those observed for K73 and K79 and allows
involving ligand exchange has the same equilibrium constant greater mobility to K72. As a result, K72 appears to be the
in all variants, simply determined by the balance between residue that can deprotonate more easily, in agreement with
the two bond enthalpies (i.e., Lys(NHFe vs Met(SCh)- the above K, calculations. Moreover, the detailed analysis
Fe). This is in apparent conflict with the different extent of of the MD runs performed reveals that K72 points its side
conformational change, involving the modification of hy-  chain toward the interior of the protein, in the direction of
drogen-bonding networks and other weak interactions, the heme plane, whereas those of the other two residues
needed to bring each of the three different lysines at a protrude from the surface toward the solvent, maintaining
bonding distance to the heme, which should affect the their orientation thanks to the persistent H-bonds formed with
transition thermodynamicgl(31). However, the two views  the nearby residues (as discussed above). Thus, the confor-
can be reconciled if we hypothesize that the conformational mational energy barrier for K72 coordination to the heme
changes of the deprotonated surface lysines (i.e., bearing aron is likely to be the lowest among the three lysines.
neutral amino group), which must involve water molecules \whether this constitutes a factor that influences the thermo-
at the protein surface, contribute to the transition-induced dynamics of transition4) or the kinetic barriers (the rate
enthalpy changes due to H-bonding reorganization within constant for the alkaline transition differs for the various Lys
the hydration sphere of the molecule, which, as such, implies“g‘—;mdS @) cannot be said at the moment, although the

the presence of an exactly compensative entropic effect, thuspresent results would support the latter hypothesis.
not affecting the measureiG®' at (= AH® atint) Value. The

latter would, therefore, be ultimately determined mostly by conCLUSIONS
residue deprotonation and heme-figand bond breaking/

formation processes. The experimental and theoretical data presented here
Structural AnalysisThe minimized average MD structure indicate that (i) K72 is the lysine residue that most readily
of Saccharomyces cerisiae iso-1-cytochromec, with deprotonates and replaces M80 as the axial heme iron ligand

residues K72, K73, and K79 highlighted, is shown in Figure at alkaline pH values in recombinant yeast iso-1 cytochrome
4. The average distances between the amino nitrogesf N ¢ expressed irE. coli; thus, the corresponding alkaline
the Lys side chain and the heme Fe observed during the MDconformer prevails over the other two featuring K73 and K79
runs are summarized in Table 2. In all variants, K73 features as the axial heme ligand; the population of the latter
the largest N—Fe distance (from 15.5 to 16.1 A) and K79 conformers may increase to some extent at higher pH values.
the lowest (from 9.8 to 10.3 A), whereas that for K72 is (ii) When K72 is not available (i.e., deleted by mutation or
intermediate and covers a much wider range (from 10.0 to trimethylated), K73 and K79 show comparable adidhse
11.6 A). Interestingly, K72 also show rms fluctuations about and coordinating abilities, although K73 from the theoretical
the d(N—Fe) average value (reported in italics in Table 2), analysis seems to be slightly favored. Thus, the capability
which are larger than K79 and comparable to K73. Thus, it of the three lysines to replace the axial methionine ligand to
seems that the Lys residue originating the most thermody-the heme iron follows the order K72 K73 > K79. This
namically favored transition is not the one closest to the hemeresult is consistent with the conclusions drawn by Mauk on
iron but that showing the most pronounced positional the basis of NMR datad( 32). From the relationship between
variability. Similarly, in the minimized MD average protein  the experimental and calculatel pvalues and from the MD
structures, K73 shows the largest solvent accessibility (SA) and structural investigations, it is hypothesized that the
among the three studied lysines, followed by K72, which conformational change subsequent to residue deprotonation
has a variable SA, and K79, which is the most buried (Table and involving Lys for Met substitution does not contribute
2). In particular, the SA of K73 ranges between 76 and 96 tg the differences in the transition thermodynamics for the
A2 (15—-20% of which is due to the side chain cationic head different substituting lysines, which instead appear to be
-NHs*), that of K72 varies between 63.7 and 83.4 And  controlled by the deprotonating ability of the lysine residue
that of K79 is between 61 and 7% £involving only a minor itself.

contribution from the NH" group, with an upper figure of

5%). The limited solvent exposure and positional variability ACKNOWLEDGMENT

of the amino group of K79 are likely due to its involvement

in a persistent extended H-bond network, which mainly = The plasmid pMSV used to obtain the mutated proteins
involves a heme propionate, a nearby Thr residue (T49) andwas kindly donated by Professor Maria Silvia Viezzoli of
a few backbone carbonyl groups, with a resulting H-bond the CERM and the Department of Chemistry of the Univer-
interaction energylEnpong ranging between-5.5 and—9.5 sity of Florence.
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