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Abstract: The ferric forms of Met80X mutants of yeast iso-1-cytochrome ¢ (X = Ala, Ser, Asp, and Glu)
display EPR and optical spectra that are strongly pH dependent. At low pH values (pH ~ 5) the sixth
coordination sites are filled by H,O that, on elevating the pH, is replaced by OH~ in the cases of Met80Ala
and -Ser (pK ~ 5.6 and 5.9, respectively) and by a lysine amino group in the cases of Met80Asp and —Glu
(pPK ~ 9.3 and 11.6, respectively). The ligand sets and the pK values of the transitions are rationalized in
terms of the structure of the heme pocket, and a possible mechanism of the “trigger” in the alkaline transition
of the native protein is suggested.

Introduction native ferric protein, has been termed the alkaline transition in
which the ligand filling the sixth coordination site switches from
a methionine to a lysine residde!® This transition, although
apparently simple, is in fact rather complex involving first the

. . deprotonation of a “trigger” group, or groups, variously identi-
water-soluble protein that has been much studied both becaus ied as a heme propionate, the proximal histidine, or a buried

of its important function and because it is amenable to study water molecule, and second a conformational equilibiiuhs

_by a large range of structgral and spectroscopic techniques. ItSthe ligand switch has a dramatic effect on the redox potential
important role in apoptosis has recently greatly added to the

interest it has attractee® of the cytochrome an_d 'Fhe mqbility qf the p_rotein strucFure

’ o around the heme creviééjt remains an interesting speculation
_As part of a study of electron transfer initiated by photoac- 4 this transition (either in the free protein or when bound to
tivation, we have prepared a set of cytochrommutants in s requctase or oxidase) has functional importance in vivo.
which the intrinsic ligand to the central iron atom, methionine- - \;tants in which the methionine-80 ligand has been substituted
80, has been substituted by a num_ber of other residues (namely . pe considered as models for intermediates populated during
Ala, Ser, Glu, and Asp) that coordinate weakly, or notatall, 0 6 methionine-80 to lysine transition and throw light on the
the iron3~® In this paper we report the properties of the ferric mechanism of the triggéi:15
derivatives of these mutants and compare them to those of the 1,4 structures of native cytochrorn@nd of CN-Met80Ala

native molecule and of carboxymethyl cytochromgCm cyt yeast iso-1-cytochromehave been determined, and the solution
¢) in which the methionine residue has been chemically g,ctyre of the latter is given in Figure'dlin this figure, we
modified”® Our objective has been to understand the factors indicate the positions of Lys73 and Lys79 that have been

that control the nature of the iron ligand set in these mutants © wi T e revioan ot

A A . A . lson, A reenwood, . ytoc rome c: ulti ISCIplinary
fand hOV\( this is |qf|uenced by Cha“ges in pH. Of part'.CUIar Approach Scott, R. A., Mauk, A. G., Eds.; University Science Books:
interest is the pH-induced conformational change that, in the Sausalito, CA, 1996; pp 611634.

Eukaryotic cytochrome is located in the intermembrane
space of mitochondria where it functions to transfer electrons
from the bc; complex to cytochrome oxidase. It is a small

(10) Rosell, F. I.; Ferrer, J. C.; Mauk, A. @. Am. Chem. Socd998 120,
11234-11245.

(1) Fan, T.; Lu, H.; Hu, H.; Shi, L.; McLarty, G. A.; Nance, D. M.; Greenberg, (11) Ferrer, J. C.; Guillemette, J. G.; Bogumil, R.; Inglis, S. C.; Smith, M.;

A. H.; Zhong, G.J. Exp. Med.1998 187, 487—496. Mauk, A. G.J. Am. Chem. S0d.993 115 7507-7508.
(2) Liu, X.; Kim, C. N.; Yang, J.; Jemmerson, R.; Wang, Gell 1996 86, (12) Hong, X.; Dixon, D. W.FEBS Lett.1989 246, 105-108.

147-157. 13) Taler, G.; Schejter, A.; Navon, G.; Vig, |.; Margoliash, Biochemistry
(3) Bellelli, A.; Brunori, M.; Brzezinski, P.; Wilson, M. TMethods2001, 24, 1995 34, 14209-14212.

139-152. (14) Gadsbhy, P. M. A.; Peterson, J.; Foote, N.; Greenwood, C.; Thomson, A. J.
(4) Brzezinski, P.; Wilson, M. TProc. Natl. Acad. Sci. U.S.A997, 94, 6176~ Biochem. J1987 246, 43—54.

6179. (15) Assfalg, M.; Bertini, I.; Dolfi, A.; Turano, P.; Mauk, A. G.; Rosell, F. |.;
(5) Karpefors, M.; Wilson, M. T.; Brzezinski, Biochim. Biophys. Actd998 Gray, H. B.J. Am. Chem. So2003 125 2913-2922.

1364 385-3809. (16) Battistuzzi, G.; Borsari, M.; Loschi, L.; Martinelli, A.; Sola, Biochemistry
(6) Silkstone, G.; Stanway, G.; Brzezinski, P.; Wilson, MBiophys. Chem. 1999 38, 7900-7907.

2002 98, 65—-77. (17) Assfalg, M.; Bertini, I.; Turano, P.; Mauk, A. G.; Winkler, J. R.; Gray, H.
(7) Schejter, A.; George, Biochemistryl964 3, 1045-1049. B. Biophys. J.2003 84, 3917-3923.
(8) Brunori, M.; Wilson, M. T.; Antonini, EJ. Biol. Chem1972 247, 6079- (18) Bren, K. L.; Gray, H. B.; Banci, L.; Bertini, I.; Turano, B. Am. Chem.

6081. Soc.1995 117, 8067-8073.
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Figure 1. Structures of the ferric form of Met80Ala yeast iso-1-cytochrome
¢ (CN~ not shown). (a) Clearly shown is the heme group (black) and the
central iron atom bound to four nitrogens of the pyrrole ring and His18 on

Some Met80 mutants of cytochrontehave been studied
previously and have proved useful for the investigation of ligand
binding to the heme. For example, the Met80Ala variant of
cytochromec has been produced by both semisynthetic (horse)
and site-directed mutagenesis (yeast) metfé#s! This mol-
ecule was shown to possess some unusual ligand binding
properties due to the vacancy of the heme iron’s sixth coordina-
tion site, and to the close packing of the protein moiety in the
distal pocket region.

We report here the properties of the ferric forms of a set of
Met80X mutants of yeast iso-1-cytochromand compare them
to those of Cm cyt. These include their optical and EPR (X-
band) spectra and the apparekt (pKapp values for their pH-
dependent spectral transitions. A major finding is that, at
elevated pH values, either an intrinsic or an extrinsigQHbr
OH") ligand can bind to the central iron atom depending on
both the pH and amino acid substituted at position 80. We
discuss these differences in the nature of the heme ligand set
and the effect of pH in controlling this set in terms of the relative
flexibility of the protein environment surrounding the distal
heme pocket, i.e., the “openness” of the heme crevice.

Materials and Methods

Site-directed mutagenesis, protein expression, and purification of
methionine-80 mutants of yeast iso-1-cytochroceere performed
as described previousfy.

The ferric proteins were prepared by addition of excess ferricyanide
followed by passage down a small (5 cm) Sephadex G25 column
preequilibrated with the required buffer. Cm @yvas prepared by the
methods of Schejter and George.

pH titrations were performed by additions of small amounts of either
base (NaOH, 1.0 M) or acid (HCI, 1.0 M) to the Met80X mutant
proteins contained in a quartz cuvette in a spectrophotometer. Protein
concentrations were typically between 2 and 8, and the buffer
for all samples was 20 mM each in ethanoic acid, sodium phosphate,
and sodium borate. A mini magnetic stirrer was used to mix the protein
solutions during titration with YOH~, and the pH electrode remained
partly immersed within the cuvette throughout. Absorbance changes
in the Soret and visible regions (namely, 20 nm band) of the
optical spectra as a function of pH were monitored, and fitted to the
Henderson-Hasselbalch equation. The absolute absorbance values in
the aforementioned regions were calculated by subtracting them from
the absorbance value found-a650 nm in the same spectra (i.e., where
there was very little contribution from the heme). Dilution of protein

the proximal side. Some important amino acid residues are shown including jn the cuvette was calculated to be not more thad®s following

lysines-73 and -79 that may bind to the central iron in the ferric forms of
some cytochrome molecules on increasing the pH, and Tyr67 suggested
as being a hydrogen-bonding partner to the side chains of the engineere:
acidic 80 mutants Glu and Asp. (b) Space-filling model showing the heme
group (black) and lysines-73 and -79 (dark gray). The structure partly shows
how inaccessible the central iron atom of the heme is to solve®¥%( in
yeast cytochrome), and therefore to the binding of intrinsic amino acid

ligands such as lysine groups unless there is some major unfolding and

repacking of the protein.

additions of either acid or base, and was therefore discarded in all

dcalculations. Wilmad SQ EPR tubes were used for EPR samples. Tubes

containing protein solutions, or water (blanks), were quickly frozen in

methanol kept on dry ice. Once frozen, samples were transferred to
liquid nitrogen where they were stored prior to measurements. The
spectra were measured on a Bruker EMX EPR spectrophotometer
equipped with an Oxford Instruments liquid helium system. A spherical

high-quality Bruker resonator SP9703 was used. Examination of the
distal heme pocket region of the Met80Asp and -Glu mutants was

strongly suggested to act as ligands (at elevated pH values) toperformed, utilizing the'H NMR structure of the ferric cyanide

the central iron atom of the hemg&!® and Tyr67 that may

derivative of the Met80Ala mutant of yeast iso-1-cytochrome

interact with residues substituted at position 80. Ness et al. havedetermined by Bren et &.These structures were produced after prior

shown, using computer modeling, that refolding the phyloge-
netically conserved protein sequence-B0 allows the Met80
axial ligand to be replaced by Lys72, Lys73, or Lys79 while
conserving the main structural features of the native molecule.

mutation of the alanine at position 80 to aspartate and glutamate
residues. A number of heme pocket structures of Met80Asp and -Glu
were generated from th#H NMR structure of CN-Met80Ala, by
rotation of theg andy carbon atoms (Asp80;CH,COO"), and thes,

The smallest structural change is required for replacement of (19) Ness, S. R; Lo, T. P.; Mauk, A. Gsr. J. Chem200Q 40, 21—25.

Met80 by Lys79 (cf. Lys72 and Lys73 that are of similar
magnitude)-®

(20) Lu. Y.; Casimiro, D. R.; Bren, K. L.; Richards, J. H.; Gray, H.Boc.
Natl. Acad. Sci. U.S.AL1993 90, 11456-11459.
(21) Bren, K. L.; Gray, H. BJ. Am. Chem. Sod.993 115 10,382-10,383.
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y, ando carbon atoms (Glu80;CH,CH,COO") of the replacement
side chain carboxylate groups at position-80. Favorable hydrogen-
bonding interactions were formed between the negatively charged
carboxylates of Met80Asp and -Glu and the side chain hydroxyl of
Tyr67. For each acidic 80 mutant, one oxygen atom of the side
carboxylate was directed toward the Tyr67 hydroxyl group, the other
oxygen atom being directed toward where a water molecule would
occupy the sixth coordination site on the distal side. Swiss pdb viewer
was used to create the structures.

g, =6.14
! g,=3.59

_ _ /g, =5.63 | g,=2.05

EPR Properties. (a) pH Dependence of the Ferric Forms. st | / B T e R

The ferric forms of all the Met80X mutants, wild type, and Cm ! e

cyt ¢ exhibited well-resolved EPR spectra at liquid He temper- J \g 200

atures. The nature of these spectra is dependent on the amino g, =3.42 g =322 ‘

acid substituted at position 80 and on the pH of the sample. ,ﬁ

We illustrate this in Figure 2 where the EPR spectra of the =™ | ™ sl 07

Met80Asp mutant are given at a range of pH values. At pH 4 i

the heme iron is high-spimgf~ 6, g, &~ 2) and axially symmetric '

(Figure 2a). On increasing the pH the high-spin signal decreased g, =247

and low-spin formsdy ~ 3, gy &~ 2) appeared (Figure 2b). This \MW/‘
il

Results

2.05
e e c

o

figure also shows that at pH 7.4 the heme iron that remains L/g’;z'n
high-spin is rhombically distorted. All the mutants exhibited l M‘WMM vl
this property to differing extents. For the Met80Asp and -Glu " w\
mutants, wild-type, and Cm cygt increasing pH generated three
low-spin forms that were themselves in pH-dependent equilibria. (

g,=1.88

This is also illustrated in Figure 2 where comparison of the
spectra obtained at pH 10.65 (Figure 2c) and pH 13 (Figure
2d) shows that, although the heme iron remains low-spin, the
nature of the ligand set has changed (see below and Table 1).
The Ala mutant behaved somewhat differently in that only one
low-spin form was observed at high pH values (Figure 2e). The
spectra of two low-spin forms of Met80Ser at pH 11 are given
in Figure 3. In addition, a further non-heme iron signagat |

g = |2‘58

2.065 was observed in the Met80Ser mutant sample, but not in g, =185

any of the other Met80X derivatives. The signalgat 4.3 | | | I | | I | |
reports the presence of a small fraction of non-heme iron in 1000 2000 3000 4000
rhombic coordination. This signal increased at very high pH G

values (Figure 2d), probably indicating some heme degradation Fig(uge ’i 8EoF;3\R Sp(e%tfi gf) methiogglg-?& m(lét)athS féfox/'fast(isg-%-%ﬂochrome
" i c: (a) Met80Asp (pH 4.0), gain 3. ; et80Asp (pH 7.4), gain

under thesg COﬂdI'[I.OﬂS. Table 1 reportsghalues of the high 3.99x 10% (C) MetBOASp (pH 10.65), gain 3.99 10% (d) Met80ASP (pH

and low-spin species for all the mutants and compares them13 2) gain 1x 10% the inset is the high-field region of the spectra; (e)

with those seen for the wild-type protein and for Cm cyt Met80Ala (pH 8.0), gain 1 10% Theg values for the spectra are given in
. : : : ; Table 1. Conditions: [protein}= 10 uM (a—c), 50 uM (d, e); the

(®) _Optlcal Properties. _In keeping with the EPR studies . temperature for all samples was 10 K; the buffer for all samples was 20
described above, the optical absorbance spectra of the ferricnm each in ethanoic acid, sodium phosphate, and sodium borate; the
mutants and Cm cyt were pH dependent, and the spectral microwave frequency and power for were 9.47 GHz and 3.18 mW,
changes observed were consistent with high- to low-spin respectively.
transitions on increasing the pH. Figure 4a,b shows the titration mytant. The [ values for this transition are reported in the
of the Met80Asp mutant. At low pH values (pH 7) the inset to Figure 4c and Table 2.
spectrum displays a distinct band-a620 nm, characteristic of ] ]
high-spin ferric heme iron with water bound in the sixth Discussion
coordination position (see Figure 4&)On increasing the pH Assignment of Ligand Sets (Ligands in the Sixth Coor-
this band was bleached and the Soret band moved to longerdination Position). The EPR spectra for all Met80 mutants and
wavelengths and diminished in intensity. This transition con- for Cm cytc show that the ferric heme iron is high-spin at pH
formed to a simpler(= 1) deprotonation withI§ ~ 9.25 (see  values below thel§ of the first spin-state transition, calculated
the inset to Figure 4a and Table 2). Further elevation of pH led from the optical spectra. The optical spectra support this
to a second optical transition that also conformed to a simple conclusion, the 620 nm bands being diagnostic of a ferric high-
titration with pK ~ 12.75 (see the inset to Figure 4b and Table spin heme iron with a water molecule coordinated in the sixth
2). The Met80GIu mutant and Cm cgtbehaved in a similar  position2! We therefore assign the ligand set HigtHto all
fashion, and thelg values are also given in Table 2. the mutant proteins at low pH (see Table 1).

The Ser and Ala mutants exhibited only one optical transition ~ On increasing the pH low-spin forms grow-in at the expense
on increasing the pH, as shown in Figure 4c for the Met80Ser of the high-spin forms. The details of these processes depend,

94 J. AM. CHEM. SOC. = VOL. 127, NO. 1, 2005
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Table 12
Met80X Spin state proposed
mutant pH high-spin low-spin ligand set
Glu80 7.4 6.53,5.34,1.98 His/water
13.0 3.45/3.27, 2.05, nd His/Lys
2.53,2.14,1.85 His/OH
Asp80 40 5.96,5.77,1.99 His/water
7.40 6.14,5.63, 2.00 His/water
3.59,2.05, nd His/Lys
10.65 3.42/3.22,2.05, nd His/Lys
13.2 2.47,2.27,1.88 His/OH
Ala80 4.0 6.05,5.66,1.99 His/water
8.0 2.58,2.18,1.85 His/OH
Ser80 4.2 5.99,5.75,2.04 His/water
11.0 2.48,2.25,1.87 His/OH
2.74,2.22,1.75 *His/OH~
Cm cytc 4.2 5.99,5.79,2.00 His/water
(horse) 7.4 6.10,5.78,1.98 His/water
3.48/3.32, 2.06, nd His/Lys
13.0 6.15,5.87,1.97 His/wafer
3.44/3.27,2.05,nd His/Lys
2.94,2.24,1.53 *His/OH
cytc(yeast) 5.2 3.08,2.14,1.35 His/Met
10.0 3.31,2.04,nd His/Lys
12.7 2.59,2.16, 1.86 His/OH

and = signal not detected (note, the differgntalues in the His/watéy
wate?, and watetforms of Cm cytc are believed to be due to small protein
structural changes in the immediate environment of the ferric iron as a result
of changing the pH); *= deprotonated N1 of proximal histidine.

| | [ | |
1800 2400 3000 3600 4200

Gauss

Figure 3. High-field EPR spectra of the Met80Ser yeast cytochrame
mutant. Clearly shown are thg, gy, andg;, values for the two species that
are His/OH (2.48, 2.25, 1.87) and HigOH~ (2.74, 2.22, 1.75) coordinated
(see Tables 1 and 2). Indicated also in the spectrum ig #ignal atg =
2.065 (see the text for the assignment). Conditions: [proteirg0 uM;
temperature 10 K; the buffer was"CAPS (20 mM, pH 11.0); microwave
frequency 9.47 GHz; power 3.18 mW.

however, on the nature of the mutant under study. With

Met80Asp and Met80GIlu the pH-dependent spin-state transition

leads to species that have EPR signals witiwalues at~3.5
and~3.25 andy, values at~2.05. These values are very close
to those reported by others and are indicative of His/Lys
ligation10.11.14.22.23The two sets ofj values show that there is

a mixture of species (see Figure 2c and Tablé%1).This
mixture may comprise forms in which different lysine residues
are bound to the iron or a single lysine is bound in two distinct
conformations. Increasing the pH further led to changes in the
low-spin EPR spectra, indicating the loss of lysine ligation, a
conclusion that is consistent with the second optical transition
seen at high pH values (Figure 4b). Both the Asp and Glu
mutants yielded at high pH values (pH12.5) essentially the

(22) Ubbink, M.; Campos, A. P.; Teixeira, M.; Hunt, N. I.; Hill, H. A. O.;
Canters, G. WBiochemistry1994 33, 1005%-10059.

(23) Brautigan, D. L.; Feinberg, B. A.; Hoffman, B. M.; Margoliash, E.; Peisach,
J.; Blumberg, W. EJ. Biol. Chem.1997, 252, 574-582.

pK=9.2\5\\\x

—

A‘4(402 —650 nm)

absorbance

0 T T T T
525

wavelength (nm)

1.4 4

124
1 pK=12.70

AA(‘IOZ — 650 nm)

absorbance

wavelength (nm)

e
)

AA(417 — 650 nm)

absorbance

0 . . . ;
25 475 525 575 625

wavelength (nm)
Figure 4. pH titrations of the ferric forms of Met80Asp and Ser: (a)
Met80Asp (pH range 6:911.0); the inset shows theKpyp curve for the
high- to low-spin ligand switch; (b) Met80Asp (pH range 9183.5); the
inset shows the oapp curve for the low-spin ligand switch; (c) Met80Ser
(pH range 3.6-10.0); the inset shows the<g,, curve for the high- to low-
spin ligand switch. Conditions: [protein} 2-15 uM; temperature 20C;
the buffer was 20 mM each in ethanoic acid, sodium phosphate, and sodium
borate.

same homogeneous spectrum vgihgy, andg, values at~2.5,

~2.2, and~1.85, respectively (see Table 1 for exact values).
These values have been reported previously and are character-
istic of His/OH" ligation of the ferric heme iroA24-26 The
optical spectrum at high pH showing absorption maxima at
~406,~538, and~570 nm also indicates OHbinding to the
iron2! However, at these very alkaline pH values it was

(24) lkeda-Saito, M.; Hori, H.; Andersson, L. A.; Prince, R. C.; Pickering, I. J.;
George, G. N.; Sanders, C. R.; Lutz, R. S.; McKelvey, E. J.; Materd, R.
Biol. Chem.1992 267, 22843-22852.

(25) Blumberg, W. E.; Peisach, J. Probes of Structure and Function of
Macromolecules and MembraneShance, B., Yonetani, T., Mildvan, A.
S., Eds.; Academic Press: New York, 1971; Vol. 2, pp2239.

(26) Antonini, E.; Brunori, M.Hemoglobin and Myoglobin in their Reactions
with Ligands North-Holland: Amsterdam, 1971.
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Table 2 @ Scheme 1. Ligand Sets for Met80X Mutants and the pK Values
- - for Ligand Set Changes?
PKapp(Soret) £sd  pKapp(~620 nm) + sd assigned ligand
oyte (n=3) (n=3) exchange Mutant pK pK:
Met80GIu  11.55+0.11  11.70£0.08  His/HO — His/Lys Glu 11.55 12.88
12.88+ 0.05 - His/Lys — His/OH~ Asp 9.25 12.75
Met80Asp 9.25+ 0.08 9.33+ 0.10 His/HO — His/Lys
12.754+ 0.07 - His/Lys — His/OH~ Cmoeyt.c 6.08 12.10
Met80Ala 5.55+ 0.13 5.62+ 0.17 His/HO — His/OH~ ) . ) ) ~
Met80Ser  5.90:0.15 593019  His/HO — His/OH Ligand set His/H0 44— His/Lys «————»His/OH
Cm cytc 6.08+ 0.05 6.05+0.12 His/HO— His/Lys (hs) (~3.4, ~2.05, nd) (~2.5, ~2.2, ~1.85)
12.10+ 0.07 - His/Lys — His/OH~
native yeast  8.45 0.06 *8.514+ 0.08  His/Met— His/Lys Ala 5.60
11.7+0.05 - His/Lys— His/OH~ Ligand set His/H;0«—» His/OH-
asd = standard deviation;- = no ligand exchange process that gives (hs) (2.58, 2.18, 1.85)

optical data in this region; *= the given Kapp for native yeast cyc

calculated at 695 nm. The assignments of the ligand sets are made by Ser 590 >10

reference to the EPR studies. Ligand set His/H,0¢«——— His/OH<————»His/OH"
observed for the Asp and Glu mutants that the intensity of the ) the) (2.48,2.25,1.87) (2.74,2.22,1.75)
EPR signals assigned to the His/Okgyand set was diminished yeast (wid-type) 85 "

(see Figure 2d). Integration of the EPR spectra of the Met80Asp Ligand set His/Mete———— His/Lys «————His/OH"
mutant showed that60% of the His/OH-coordinated heme (3.08, 2.14, 1.35) (3.31, 2.04, nd) (2.59, 2.16, 1.86)

iron was lost on increasing the pH from 10.65 to 13.2 despite  ayajues in parentheses refer ¢g, gy, andg; values of the low-spin

the concentration of protein in both samples being the same. Itforms; hs= high-spin.

is suggested this was due to unwinding of the protein and loss

of the histidine ligand at high pH values 13). for the alkaline transition. This term refers to the group, or
The Ser and Ala mutants behaved in a comparable fashion.groups, that on loss of a proton initiates the ligand set change.

On increasing the pH the high-spin signals decreased and werel he proximal histidine, a propionate carboxylate, or a buried

replaced by spectra witty, gy, andg; values at 2.58, 2.18, and ~ Wwater molecule (among others) have all been suggested to act

1.85, respectively, for the Met80Ala mutant or wigh gy, and as the triggeP.Coupled to this deprotonation is a conformational
g, values at 2.48, 2.25, and 1.87 for the Met80Ser mutant. Again equilibrium in which the protein on the distal side of the heme
these values are the signature for the HisQigjand sel.24-26 refolds to bring a lysine residue close to the heme iron. During

Optically we observe a single transition for these mutants (see these processes the methionine dissociates and is subsequently
Figure 4c) and a final spectrum consistent with the assigned replaced by the lysine.
His/OH- ligation2! For the serine mutant a second transition ~ For all the mutants studied here, and for Cmathe native
was observed by EPR spectroscopy (but not by optical methods)Methionine-80 residue is either substituted or chemically altered
on increasing the pH above10. This transition led to the ~ such that the replacement or modified residue does not
formation of a species witl,, gy, andg, values at 2.74, 2.22, ~ coordinate the heme iron (Ala, Ser, and Cm cytor may
and 1.75 (see Figure 3). By reference to the work of Gadsby et coordinate only weakly (Glu and Asp). If the mechanism that
al. we have assigned this to the Hi®H" ligand set, the His18  €Xplains the alkaline transition holds for the mutants, and for
deprotonated on the N1 atoth. Cm cytc, it would be expected that on increasing the pH a
Taking the assignments discussed above, and reported ifysine would more easily bind to the cent_ral iron. Thi_s should
Table 1, together with thekpvalues determined optically and therefore lead to a lowerkpfor the formation of the His/Lys

reported in Table 2, we summarize the pH-dependent spin-statdi9and set. Indeed, for Cm cytthis expectation is met as the
and ligation-state transitions in Scheme 1. PKapp for the alkaline transition is~6, ~3.5 pH units lower

than the same ligand switch for the wild-type protein (horse
PKapp~ 9.5)2829The large difference in the value of thi&g,
could be explained in terms of the relative “openness” of the
distal heme cavity. In the synthesis of Cm cythe methionine-
80 residue is displaced from the ferric heme iron atom, and

How May We Account for the pK Values and Ligand Sets
of the Met80 Mutants and for Cm cyt c? To interpret the
data given in Tables 1 and 2 in terms of protein structure, it is
useful first to consider the native protein in which the ferric
iron is coordinated to the sulfur of methionine-80 and the N1~ - . .
this results in a conformational change as residues8b/

of histidine-18. These ligands coordinate at pH7, but on o » widenina the distal h % The bindi f
increasing the pH the protein undergoes what has been termed>WVINY out’, widening the distal heme cavi#yThe binding o

the “alkaline transition” in which the methionine dissociates and the incoming lysine residue (probably Lys73 or -79) to the ferric

is replaced by a lysin&.16 The alkaline form is heterogeneous |Lon '? Cm cyte "T n.owhmuc_h kr]nore fg_vorgble. .tFor Srﬁ 0@: h
in that one of several lysine residues may fill the sixth therefore, not only Is the sixth coordination site of the high-

coordination sité%11The K of the alkaline transition for yeast spin ferric.iro.n egsentially vacant (eX.C ept fo,g@) but the distal
iso-1-cytochromec is (depending on the solvent conditions) heme cavity is widened, allowing lysine binding to be favorable.
~8.5 (see Table 2 This K results from the combination of However, for the mutant proteins examination of Tables 1 and

(at least) two separate equilibria. One equilibrium is that (28) Pettigrew, G. W.; Moore, G. RCytochromes ¢; Biological Aspects

governing the deprotonation of what has been termed the trigger __ Springer-Verlag: Berlin, 1987. _
(29) Moore, G. R.; Pettigrew, G. WCytochromes c; Eolutionary, Structural
and Physicochemical AsperSpringer-Verlag: Berlin, 1990.
(27) Pearce, L. L.; Gartner, A. L.; Smith, M.; Mauk, Biochemistry1l989 28, (30) Yao, Y.; Qian, C.; Ye, K.; Wang, J.; Bai, Z.; Tang, \W. Biol. Inorg.
3152-3156. Chem.2002 7, 539-547.
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CH, charged carboxylate groups of Met80Asp and -Glu stabilizing

H, | the positive {+1) charge delocalized on the heme, the system

—cC _C ~c— S —_ Fe¥*—N a would resist the dissociation of a proton from the water molecule
H, H \ to leave a hydroxyl anion coordinated to the central iron atom.

H molecule, leaving a coordinated Okbn. With the negatively

N

This resistance to deprotonation explains the elevatedgtues
for the first transition for Met80Asp and -Glu. However, with
H—0O Tyr67 further increases in pH it seems a lysine does eventually bind
\ H, O to the central iron atom, driving it to low-spin with the
2 consequent displacement of the,(H molecule (see later
0 - discussion). This results in the formation of the His/Lys species,
H, \l‘o ] H the heme gaining stability from the lone pair of electrons that
H reside on the-nitrogen (-NHy) of the lysine residue. The{ay,
N for the His/HO to His/Lys ligand transition (the alkaline
9_F93+—N b transition) for Met80GIu is 11.55 compared to 9.25 for
H \ Met80Asp. This reflects the closer proximity-{ A) the side
chain carboxylate of Glu80 can attain to the iron-coordinated
H,0 and Tyr67 residue in the heme pocket, because it contains
72 H—O Tyr67 an extra methylene{CH,—) group in its side chain (see Figure
\ /,O 5). Examination of the Met80GIu and -Asp structures generated
" reveals that one of the carboxylate oxygen atoms of Glu80 can
/ \‘O form a hydrogen bond to the hydroxyl of Tyr67 with a bond
H n H length of ~2 A, whereas in the Asp80 mutant the same
“H N / interaction is~3 A. It is possible that the carboxylate group of
O—Fe¥*—N c Met80GIu can share its hydrogen-bonding between the iron-
H H AN bound water molecule and the hydroxyl of Tyr67, whereas for

Met80Asp its carboxylate may only be hydrogen-bonded to one
) ) ] _or the other. For Cm cyt, it would seem that the carboxylate
Figure 5. Schematic representations of the possible hydrogen-bonding added to the sulfur atom of methionine-80 on chemical
interactions among the negatively charged side chain carboxylates of T . .
Met80GIu (b) and Asp (c), the water molecule bound to the central ferric Modification does not stabilize thel charge delocalized on
iron atom, and the hydroxyl group of Tyr67. Also shown is wild-type the heme via hydrogen-bonding interactions to the iron-
cytochromec (a). coordinated HO molecule. This is likely to be due to steric

2 and Scheme 1 shows that this explanation requires modiﬁca_constralnts placed upon carboxylated Met80, rendering it unable

tion. For example, although the Met80Asp and -Glu mutants to enter the distal heme pock®t. )

both bind a lysine, the ko for this (alkaline) transition is For the Glu and Asp mutants, Cm ogtand the wild-type
unexpectedly elevated, whereas for Met80Ala and Metg0Ser Molecule, the high pH transitions that lead to the replacement
the (K of the first pH transition is lowered but a lysine does ©f lysine by OH" have i values all in the region of12.5,

not bind. To explain these behaviors, we consider a simplified €flecting the gross disruption of the protein unwinding on the
model of the heme pocket. distal side (see Table 2).

We will discuss the mutants in turn starting with the For the Met80Ala mutant the situation is very different, and
Met80Asp and -Glu derivatives. For these mutants the ligand a number of factors account for this. First, the absence of a
set at pHx 7 is assigned as Hisf@®, an assignment consistent negatively charged carboxylate group at position 80 means that
with both EPR spectroscopy and the well-pronounced 620 nm this residue cannot stabilize the positivel) charge on the
band in the optical spectra. This latter band is bleached in a heme group. Titration of the water molecule bound to the ferric
process conforming to a simpte= 1 deprotonation as the pH iron leaves a coordinated hydroxyl anion, and this is favored
is raised, yielding eventually a species with a His/Lys ligand by the interaction with the positively charged heme group. Thus,
set. The K values for this transition are 9.25 and 11.55 for the the titration of HO to OH™ occurs with a relatively low I
Asp and Glu mutants, respectively. These values are higher thar(see Table 25%21 In addition, protein packing in the alanine
that of the wild-type molecule, ¥ ~ 8.5. We interpret this mutant in the region of the heme is very tight, making rotation
behavior by proposing that the negatively charged side chain of the peptide backbone and approach of the incoming lysine
carboxylate groups of Met80Asp and -Glu interact to stabilize so difficult that this ligand never coordinates to the central iron
the net positive{1) charge that is delocalized over the heme atom. Tight packing in the ferrous derivative of Met80Ala has
group and its iron-coordinated,® molecule. In addition, it is been previously demonstrateédt A similar argument can be
possible the carboxylate groups hydrogen bond to the coordi- advanced to explain the behavior of the Met80Ser mutant, which

nated water molecule and the side chain hydroxyDH) of has a K ~ 5.9 for the water to hydroxyl ligand switch. In
Tyr67 located nearby in the distal heme pocket (see Figure 5).addition, a second transition was observed by EPR for the
These proposals are based on examination of!theNMR Met80Ser mutant that was not present for the other mutant
structure of CN-Met80Ala yeast iso-1-cytochrontgfollowing proteins. This transition, with akp > 10, we assign to the

mutation of the alanine-80 to glutamate and aspartate residuesdeprotonation of the N1 atom of the proximal His18 to give
Increasing the pH leads to deprotonation of the iron-boug@ H  the His/OH~ ligand setf*
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Alkaline Transition . Although having been studied for over
40 years, the alkaline transition in cytochroroeemains a
subject of considerable interest. This stems from the fact that it
represents what has been termed a “binary molecular switch”,
in which the redox potential of the protein is dramatically and
reversibly altered by undergoing a transition between two
conformational state®; 33 triggered by the protonation/depro-
tonation of a group, or groups (see below). Interest is enhanced
because this transition takes place in a well-studied protein for
which there exists a wealth of structural and spectroscopic
information, and because of the possible functional role it plays
in vivo.

The alkaline transition involves the replacement of the
intrinsic ligand to the ferric iron, methionine-80, with a lysine
residue, both Lys73 and Lys79 being likely candidat€8From
an examination of the structure of cytochromi is apparent
that this requires repacking of the protein loop on one side of
the heme crevice. It also seems clear from the location of the
residues that there must exist an intermediate in which the
methionine has dissociated and the lysine has yet to¥inte
Met80X mutants that we have studied may provide useful
models of this intermediate. In the first place it is worth noting

l
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Figure 6. Structure of the heme pocket in tuna ferricytochramn€learly
shown are the Wat166 molecule and the distances between it and some of
its neighboring atoms. Hydrogen bonds are formed to Asn52, Tyr67, and
Thr78 as well as electrostatic interactions to the sulfur atom of methionine-
80 and the iron atom of the heme group. Adapted from Takano, T.;
Dickerson, R. EJ. Mol. Biol. 1981, 153 95-115.

that in the mutants discussed above (and others we have madeﬁjave been suggested, among which are the heme propionates,

there is no instance of a pentacoordinate ferric heme cytochromeineegliz)r(mgglc Z'S:é(]gﬁrec;rg;;n_}?]t:rlgzg‘:vﬁstj r:]?orl\?czfng\gvr?/t:se
c. If a protein ligand is not available, then the sixth site is filled y y : gnly

with either HO or OH-, and we suggest that these are the likely buried water positioned within the distal heme pocket, associated

candidates for ligands to the intermediate in the alkaline
transition. This being so, the intermediate may have features in
common with the Met80Ala and Met80Ser mutants and
coordinate a water molecule/hydroxyl ion (see Scheme 1). At
pH values around neutrality and above there would therefore
be a hydroxyl anion bound to the iron. The structure of wild-
type ferricytochrome with a cyanide anion bound (also a low-
spin complex) shows that in this derivative the heme pocket is
significantly disrupted and the methionine residue is displaced
from the pocket into the bulk phad&We speculate that a
similar situation pertains in the intermediate where an~Qgd
bound and the methionine displaced from the pocket. This
displacement leads to a rearrangement of the protein backbon
that brings the amino group of a lysine close to the heme where
it displaces the OH and binds. The process is favored by the
stability conferred on the structure by the reorganization of the
protein and the binding of lysine, a process that contributes to
what has been termed the conformational equilibrium constant.
A similar process is encountered with the Met80Asp and -Glu
mutants where the titration of the bound water molecule, leaving
an OH-, dispels the acidic side chains from the distal pocket,
initiating refolding of the protein and rebinding of a lysine to
the iron. Where there is no bulky or charged group at position
80 that must be displaced from the pocket, as in Met80Ala or
Met80Ser, then the rearrangement is not initiated and OH
remains bound to the iron.

There remains the question regarding the nature of the trigger
group, or groups, that on deprotonation initiates the conforma-
tional change in the native molecule. A number of candidates

e

through a network of hydrogen bonds to Tyr67, Asn52, and

Thr78, and can also interact electrostatically with the sulfur atom
of Met80 and the iron atom of the heme (see Figure 6). In
agreement with others we believe that Wat166 plays a central
role in mediating the mobility of certain regions of protein

structure, certainly those segments of polypeptide involved in

the alkaline transition, due to its association in the hydrogen-

bonding and electrostatic interactions netwdrké’ Indeed, it

has been suggested that Wat166 appears to mediate increases

in the mobility of three nearby segments of polypeptide chain

when cytochrome is in its oxidized state, and that this may

be related to oxidation-state-dependent interactions between
cytochromec and its redox partne@:33 Furthermore, mutagen-
esis studies have shown that, by eliminating Wat166 in the

Asn52lle and Asn52lle/Tyr67Phe variants, such mobility in
these polypeptide regions is diminish&d® If this water is

indeed the trigger, an attractive possibility is that once depro-

tonated (i ~ 11) the resulting OH formed in the vicinity of
the heme migrates to the iron, displacing the methionine out of
the pocket (cf. cyano ferricytochrontg and thus initiating the

conformational transition. Some support for the idea that the

titration of an internal water followed by transient binding of

hydroxyl is afforded by the fact that where no internal water is

found in the location in the heme pocket, e gseudomonas

cytochromecss;, then the alkaline transition does not occur until

the protein is beginning to unwind through denaturation, i.e.,

pH~ 11°

Support for the view that a water molecule plays an important
role may also be provided by the recent work of Martinez and
Bowler, who have reported the results of stopped-flow experi-

(31) Barker, P. B.; Mauk, A. GJ. Am. Chem. S0d.992 114, 3619-3624.

(32) Dopner, S.; Hildebrandt, P.; Rosell, F. I.; Mauk, A. G.; Soulimane, T.;
Bouse, G.Eur. J. Biochem1999 261, 379-391.

(33) Weber, C.; Michel, B.; Bosshard, H. Rroc. Natl. Acad. Sci. U.S.A987,
84, 6687-6691.

(34) Rosell, F. I.; Harris, T. R.; Hildebrand, D. P.; Dopner, S.; Hildebrandt, P.;
Mauk, A. G.Biochemistry2000Q 39, 9047-9054.
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(35) Berghuis, A. M.; Guillemette, J. G.; Smith, M.; Brayer, G.DMol. Biol.
1994 235 1326-1341.

(36) Berghuis, A. M.; Guillemette, J. G.; McLendon, G.; Sherman, F.; Smith,
M.; Brayer, G. DJ. Mol. Biol. 1994 236, 786—799.

(37) Lett, C. M.; Berghuis, A. M.; Frey, H. E.; Lepock, J. R.; Guillemette, J. G.
J. Biol. Chem.1996 271, 29088-29093.
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ments in which the pH of solutions of the ferric form of academic and, potentially, commercial interest. This task is
Lys73His yeast iso-1-cytochrontewas rapidly change#f On difficult, however, as is well exemplified by our studies of the
increasing the pH this protein undergoes an alkaline transition mutants of cytochrome. The native protein from which the

in which the intrinsic Met80 ligand is replaced. Up to pH 8 the mutants are constructed is small and relatively rigid. This latter
replacement ligand is His73 and at higher pH values Lys79. property is illustrated by the low apparent quantum yields for
Analysis of the pH dependencies of the observed rate constantsCO photodissociation from the ferrous form, indicating that even
and amplitudes for the initial event has revealed that this is small neutral gaseous molecules find difficulty in escaping the
influenced by three ionizable groups, one with 4 & 6.4, interior of the protein. This rigidity is advantageous for electron
identified as His73, and two others witkp= 5.6 and 8.7. Thus,  transfer, the native function, as it limits conformational change
the authors conclude that the alkaline conformational transition during redox reactions and hence the reorganization energy.
appears to involve more than a single trigger group. Furthermore, Despite this, the mutant proteins, albeit very similar in overall
and of particular interest in the context of the work presented sequence, display a wide range of behaviors and respond quite
in this paper, deprotonation of the group witk 8.7 is shown  gitferently to the same environmental stimulus, i.e., pH change.
to influence the kinetics of the alkaline transition by stabilizing The ligand sets to the iron differ, and the pH-induced changes
the transition state, i.e., that form of the ferric protein that does gecur with very different | values. Although it has been
not have an amino acid residue occupying the sixth coordination possible to rationalize these differences, given knowledge of
site. The nature of this group was not identified, but tl_1e role it the structure, they could not easily have been predicted in
plays is the same as that we propose for the buried water;qyance of the experiments being performed. This is another
molecule (Wat166), namely, that the transition state is stabilized example of small changes in critical positions in proteins having
by binding of an OH ion to the ferric iron. We suggest, unexpected and far reaching consequences.

therefore, that the group identified by Martinez and Bowler as

important in controlling the alkaline transition is in fact this Acknowledgment. This work was supported by grants from
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