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Resolving the Individual Components of a pH-Induced
Conformational Change
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ABSTRACT This communication introduces a simple method to determine the pKs of microscopic ionizations from complex
titration curves. We used this approach to study the alkaline transition (pH-dependent ligand exchange) of mitochondrial
cytochrome c. The linearization of titration curves permitted resolution of two to three limiting microscopic ionizations. By
combining these data with studies of the temperature dependence of ligand-exchange equilibria, we found evidence that the
alkaline transition comprises two chemically distinct processes: the deprotonation of the alternative ligands and the break of
the iron-methionine ligation bond. We also noted that, in the horse and untrimethylated S. cerevisiae iso-1 cytochromes c, the
permissible deprotonation of the e-amino group of Lys’? allows formation of an alkaline isomer at lower pH, with lesser
stability, which leads to hysteresis in the titration curves. The linearization of the titration curves for different cytochromes ¢
thus brings insight on the microscopic contributions to conformational stability.

INTRODUCTION

The monitoring by spectroscopy of pH-induced confor-consists of two possible conformations. Each has as
mational change often generates an irregular titratiodigand at the sixth position one of two possible deproto-
curve. This is due to the multiplicity of microscopic nated lysinee-NH, groups (Hong and Dixon, 1989).
components involved. The nature of these componentShese ligands were identified in the yeast cytochrome ¢
and the detail of their interactions define the structure angiso-1) as lysines 73 and 79 (Ferrer et al., 1993; Rosell et
the properties of a molecule. As a molecule passes froma|. 1998; Dpner et al., 1998). In the yeast variant, the
one conformation to another, some of these componentgpparent pK of the alkaline transition (pke 8.7) is an
become limiting to the transition. This study introducesjntermediate value between the pKs of two ionizations
the use of a linear regression of titration curves to ideny,k — g8.44 and 8.82) (Rosell et al., 1998). In the bacte-
tify the microscopic components of a ligand exchange inrially expressed yeast cytochrome c iso-1, the apparent

the protein cytochrome ¢. , pK of the alkaline transition is decreased by 0.6 pK units,
The ligation of the heme iron in ferricytochrome c by to ~8.1 (Pollock et al., 1998). This is hypothesized to be

th_(;.-hs]:_de chalnts of thg prlcl)te(:;_n tls atplgl-SeptTnSen_trEropelrl%ue to the absence of post-translational trimethylation at
with five spectroscopically distinct states (I-V) (Theore position 72 that makes this lysine side chain a plausible

and Akesson, 1941) The functional conformation is;. ;

: X ligand once deprotonated. Animal cells do not undertake
known as state Ill. The presence in this state of a band is trimethylation modification (Moore and Pettigrew
695 nm is diagnostic of a charge transfer between th y . ) grew,

1990). For that reason, the alternative ligands for these

ferric ion and thes-sulfur atom of Met°, the sixth ligand _ 7 5
of heme iron (Schejter and George, 1964; Harbury et al'\,/anants were proposed to be L'jsand Lys” (Pollock et

1965; Eaton and Hochstrasser, 1967). During the transidl-» 1998). Further observations showed that no major
tion from state 11l to IV, the 695-nm band disappears with conformapona_l rearrangement occurs in the protein other
an apparent pK value ranging from 8.5 to 9.5, dependindha” the iron ligand replacement (Rosell et al., 1998).
on the species of origin (9.35 in the horse variant) (Moore We show in this communication that the study of limiting
and Pettigrew, 1990) and titration conditions (Pearce efnicroscopic components reveals that, in cytochrome c, the
al., 1989). The replacement of M&tby another iron Mere absence of trimethylation at ['ysn the yeast cyto-
ligand is commonly referred to as the alkaline transitionchrome c alters the process of its alkaline transition by
of cytochrome c. generating a conformer at a lower pH. Moreover, this con-
The iron in state IV remains low spin due to coordi- former must, to account for the hysteresis observed in the
nation by strong field ligands. In yeast cytochrome ctitration, overcome a high-energy barrier to equilibrate with
(isoform 1), NMR spectroscopy showed that state IVthe other, more stable, alkaline conformers. We also show
that the loss of Mé&P iron ligation is not solely determined

. o o by the ionization of the lysine ligands but is likely to involve
Received for publication 17 January 2001 and in final form 5 June 2001.

. . _another microscopic trigger. We finally argue that the res-
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MATERIALS AND METHODS spectrophotometer (Hewlett-Packard, Mississauga, Canada) for pH values
typically ranging from 6.5 to 10.5 and at0.15-pH-unit intervals.
Mutant preparation

Site-directed mutagenesis was performed using a procedure based on tffa
QuickChange method by Stratagene (La Jolla, Ca). The entire gene for the
mutant R13K/R38K/M64L/C102T yeast iso-1-cytochrome c, and parts ofBefore treatment of the data using the linear regression, a nonlinear best fit
the upstream and downstream untranslated regions were cut from pINGéf the titration curve was made to evaluate the apparent pK)(pKthe
(Inglis et al., 1991) usingHindlll and subcloned into Bluescript KS titration and the offset in absorbance of the titration curve. This offset has
vector. to be deducted from the 695-nm peak height to fit to Eqg. 2. Equation 1, with
The resulting plasmid named pEWS8.1 was used as the template fop,,.  the absorbance of the 695-nm baAgk,,, the maximal band height
performing mutagenesis reactions to avoid problems originally encounat neutral pH:K,, the ionization constant, and [H, the concentration of
tered with the large 10.5-kbp pING4 phagemid when using this mutagenprotons, is based on the mathematical definition of an ionization. By

esis technique. For each mutagenic reaction, a set of complementapéarranging Eq. 1, we obtain a linear form as shown in Eq. 2.
forward and reverse nucleotide primers carrying the desired mutation were

ta processing

synthesized at the MOBIX facility, McMaster University, Canada. The Anax

complementary oligonucleotides K72RF-BACTTGACTAACCCGCG- Agos nm = 1+ (KJHT]) (1)
GAAATATATTCCTGGT-3' and K72RR 5-ACCAGGAATATATTTC-

CGCGGGTTAGTCAAGTA-3 were the respective forward and reverse

oligonucleotides used to introduce the K72R mutation as well Sad As95 nm _ Amax _ Ae9s nm

restriction site. The complementary oligonucleotides K79RF 5 [H*] K, K, (2)

TATATTCCTGGTACGCGTATGGCCTTTGGTGGG-3and K79RR 5

CCCACCAAAGGCCATACGCGTACCAGGAATATA-3 were used to  BY plotting Aggs nof[H "] versusAggs o, an ionization constant can be
introduce the K79R mutation as well asviul restriction site. TheSad| calculated from the slope of the linear function. Most samples assayed
andMlul restriction sites were introduced by silent mutations and used foryielded a function made up of two or three linear segments. A correspond-
screening purposes. For each mutagenesis reaction, 50 ng of plasmi@g ionization constant could be then calculated for each of these segments.
PEWS8.1 DNA, 50 pmol of each of the appropriate forward and reverseThe precision of measurements of pK was typically withi0.05 unit
primers, 5 ml of the 10X PWO buffer (Boehringer Mannheim, Laval, of pH.

Canada) and 2.5 mM of each dNTP were mixed together on ice and

brought to a final volume of 50 ml. The samples were heated to 85°C in an

Amplitron Il thermocycler (Thermolyne) before the addition of 2 units of Titration at equilibrium

PWO polymerase (Boehringer Mannheim) per reaction. The polymerase ) ) )

chain reaction parameters used consisted of 16 cycles of sequential inc" @liquot of a master solution of commercial horse cytochrome ¢ (50 mM
bations of 30 s at 95°C, 30 s at 55°C, and 10 min at 68°C. Upon completiorﬁ\‘ar phos?phate, pH 7.0) was treatgd with potassm‘m ferricyanide to oxidize
of the amplification reaction, the samples were cooled to 37°C and 10 unitfe Protein and buffer exchanged into 50 mM sodium phosphate pH 9.2 or
of Dpnl endonuclease (Boehringer Mannheim) added and the sample$0-5 using a G-25 resin in a PD-10 desalting column. From there, the
incubated fo 2 h to selectively digest the methylated parental DNA titration was eltherlmmedlate!y perfo_rmedq*fﬂ.l—pH—umt|ncrements to‘
template. The nuclease-treated DNA was then used to transform XL1PH 7.4 or to pH 10.5 or after incubation at room temperature for 10 min.
Bluel cells and the resulting colonies screened for Sl or Miul Finally, the titration curve was sampled over a few.data points in the_pH
restriction site in K72R and K79R samples, respectively. We usually find2nge of 10.5-11 to determine the value of the_basellne of absorbanc_e |n_the
a greater than 80% rate of mutagenesis using this procedure. The muta@pSence of a 695-nm band. The corresponding fragments of the titration
DNA was then fully sequenced to verify the incorporation of the desiredCUrves were then mathematically processed as described.

modification and rule out the production of spontaneous mutations during

amplification. The mutant cytochrome ¢ genes were cut uSmg/HindlIl

from the respective plasmids and subcloned back into pING4 restricted?€termination of thermodynamic parameters

with the same enzymes. The plasmids carrying the mutant cytochrome B termination of thermodvnami rameter rformed using th
genes were used to transform yeast GM3C-2 cells for expression of the Stermination ot thermodynamic paramelers was periormed using the

protein as previously described (Inglis et al., 1991). graphical method of Van't Hoff. Maximal absorbance was evaluated at pH
' 6.5. Then the samples were titrated to a pH 8t70.02, corresponding to

the apparent transition midpoint in yeast cytochrome c and left to equili-

brate in a thermostated cuvette holder HP 89090A (Hewlett-Packard). The

Reductive alkylation of lysines 695-nm peak height was monitored over 20—-34°C using increments of

. . . 2°C. A final measurement was made at $HL0.5 to assess the baseline of
Alkylation was undertaken as previously described (Wallace and Gyrthe absorbance at 695 nm.

1987), using acetone to produce a fully alkylated isopropyl-lysine deriva-
tive. The protein was considered fully alkylated when additional reaction
cycles no longer affected its chromatographic properties. RESULTS

Linearization of a pseudosigmoid titration curve

Titration of the 695-nm band . . . :
The alkaline transition was monitored at high cytochrome ¢

Horse cytochrome c (Boehringer Mannheim) was fully oxidized using concentration to increase the clarity of the measurement of
excess potassium ferricyanide and then desalted on a Sephadex G-gﬁis faint signal. The irregularities of the pseudosigmoidal

PD-10 column (Pharmacia, Canada) and brought to a final concentration qt . .
~2.5-8 mg/ml in 50 mM potassium phosphate. The charge transfer bam(htratlon curve of the 695-nm band of femcytOChrome ¢

at 695 nm was evaluated by subtracting the absorbance at 710 nm (bade€vealed two or three Iir?ear'segments, forming a brOke'n line
line) from that at 695 nm measured using a HP 8452A diode arraywhen the spectroscopic signal over the concentration of
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0.04 calculated from the plot reproduce with accuracy the irreg-
0035 | *eee e o ular shape of the titration curve. From such linearity, it is
e ol “. clear that the non-ideal character of the titration curve is not
E ’ . . originating from the sum of multiple microscopic titration
8 09257 ” curves.
S 002 *
£ oo % dAHT 1 .
x it S
& 0.01 + . & dA Ka
*e
et Equation 3 shows the derivative of the described linear
0 y - - f plot, whereA represents the absorbance at 695 nmi-TH
oA R T 02 the concentration of protons in solution, aKg the ioniza
tion constant of a single ionizing group.
T.E+07
6.E+07 + A= Amaxl Amaxz
1+<K1) 1+<K2> (4)
__ 5.E+07 + = -
: [H* [H']
= 4.E+07 +
E
& 3E+07 dA[H"]] < [H"] + K, ) 5)
< 2Es07 ] dA [H'] + KiK;
i In the case where the signal of two ionizations would be
0.E+00 - - - - + additive, the observed titration curve would be determined
B8 ol E0E 0% REEY Nde by Eq. 4, wherek, andK, are the ionization constants of
Asonm two of these ionizing groups. If the titration curve of two
additive signals were plotted according to Eg. 2, no linear
0.04 | segments would be observed because the derivative as
0035 T shown in Eq. 5 depends on the concentration of protons and
s hence is pH dependent.
£ 0.03 +
=
S 00251
E 0.02 + . e
- Asymmetry of the alkaline transition in horse
I 0.015 +
x cytochrome ¢
5 0.01 +
5 The alkaline transition of the horse mitochondrial cyto-
S | chrome ¢ does not follow an identical path in both directions

0 = = = — as shown in Fig. 2. Direct observation of this hysteresis is
85 s = 95 105 almost impossible, but the sensitivity provided by the lin-
PH earization of the data makes the phenomenon evident.
FIGURE 1 Deconvolution of the transition R¢IIl in horse heart cyto- The h.ystere5|s IS assl_Jmed to arise from a dlff_eren,ce in
chrome c. &) The 695-nm peak height titrationBY Linear regression of ~Mechanism of the transition that depends on the direction of
the transition and least-squares best fit of its two linear segme@s; ( the titration. The linear regression treatment was used to
Titration curve reconstituted frork, measured irB superimposed with  determine which of these mechanisms the protein would
data shown i, adopt when protein was allowed to equilibrate at mid-
transition.

Table 1 shows the observed pK under different titration
protons was plotted against the signal itself (as per Eq. 2 ilmonditions. The forward mechanism (state 11l to IV) has two
Materials and Methods). The linearized plots show a sharfimiting ionizations with pk; = 8.9 = 0.1 and pk, =
change in slope over the course of the titration. From sucl®.25 = 0.02. The reverse mechanism also reveals two
a biphasic plot, it is possible to reconstitute a series ofimiting ionizations with pkg; = 9.08 = 0.03 and plkg, =
overlapping sigmoidal components from the discrete pK9.38 = 0.05. According to Table 1, if the protein is left to
values and pH window to which they are limited. Fig. 1 equilibrate at the midpoint of the transition, the reverse
displays the processing of the data for the state IV to llipathway is observed regardless of the direction of the
transition in the horse protein as an example. Parametetgration.
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FIGURE 2 Hysteresis in the alkaline transition of horse cytochrome c. Linearized titration plot of the 695-nm band from functional state H)to IV (
and state IV to Il (J).

alkaline transition of this cytochrome c derivative has three
limiting effective pKs and shows no hysteresis.

Alkylamine derivative of mitochondrial horse
cytochrome ¢

A total lysine alkylation was performed and the effective

pKs of the alkaline transition were evaluated in an attempilkaline transition of yeast cytochrome ¢
to determine whether the visible ionizations were due t
ionization of lysinee-NH, groups. Alkylation of amino

gac;l:]psintothsgfzgiirytoagg:ieV(\;'r"ailé(ér ttr;erl]r 5:; \(/avrl]thboou; &ransition is determined by two effective pKs of 8.590.01
ging Y b ydrog and 8.9+ 0.1. A large number ofS. cerevisiaemutant

as well as coordinate the heme iron. In the isopropyl-lysine : Co . Lo
. L roteins were screened for significant irregularity in the
secondary amine, we observe that the limiting |on|zat|onsD

are shifted by~+0.6 unit of pH with pKs of 9.65+ 0.01,
10.02+ 0.05, and 10.43+ 0.07. It is noteworthy that the

oThe alkaline transition of th&. cerevisiaéso-1 cytochrome
¢ does not show any hysteresis. As shown in Fig. 3, its

<]

\
[}
TABLE 1 Profile of effective pKs of horse cytochrome ¢ —_ Pl \\
alkaline transition following rapid pH change by 2 N
buffer exchange = x \!
Initial  Delay Limiting ionization E . \.\
Titration ~ pH  (min)  pKg, PKg1 PKe, PKgo x ® \\\ .
— \
Ree N
Forward* 7.0 167 8.9(1) 9.25 (2) = 0 ~ H_\}\
9.20F 0 9.24 (4) : B
9.20 10 9.33(4) < N T
\ =
Reverse 10.5 0 9.08 (3) 9.38 (5) 5 N k.
9.20 0 895(6) 9.14(5) \ l*\..‘
9.20 10 8.82(6) 9.13(5) 0 ’ . \ :
All sample stocks were at pH 7.0 and then taken to the initial pH by buffer 0006 00085 oon 00135 0016
exchange. The numbers in parentheses indicate the precision of the last
significant number. Absorbance

*Titration to alkaline pH.
"No buffer exchange was performed.
*Arbitrarily chosen pH, near the midpoint of the transition.

FIGURE 3 Linear regression of the alkaline transitionSfcerevisiae
cytochrome ¢ (iso-1 C102T).
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effective pK profile of their alkaline transition. In all cases Cytcy->Cytcy

except one, which will be presented later, no hysteresis was

observed. The effective pK measured in 14 of these mutants <

group into three ionizations with pK values of 8.810.06, 'i

8.53 = 0.06, and 8.85+ 0.09 (C. Blouin and C. J. A. 25 |

Wallace, unpublished). These suggest that there are three '3 \
5 -
2

4

limiting ionizations contributing to the relative distribution 5

of state Il and state IV in the yeast cytochrome c, although | O
most mutants were limited by only two of the possible 15 - .\'\'\
ionizations. - . SO -
g HRE\.&'&
'—_—--. 0 T T T
Position 72 and hysteresis in the yeast § g a.005 B 0015 002
cytochrome ¢ =
" . . o o) Cytcy->Cytcy
The Escherichia-coliexpressed. cerevisiagsoform-1 cy- — .
tochrome c is identical in every way to the endogenously i 51 | %
expressed mitochondrial cytochrome c, except for the ab- 3: 45| '?%
sence of a post-translational trimethylation at position 72. = 4 \\ 0
However, the nature of the alkaline transition of this protein ~ <C ., g 1 =
differs in a significant fashion. s \m ol H'g‘%\ﬂ_hﬂ
First, similar to the horse protein, the alkaline transition s | \E\ )
of TmI72K shows hysteresis with regard to the direction of =,
the titration. The two effective pKs of 8.5& 0.01 and ? “‘*--\\ %\S
8.9 = 0.1 in the wild type are replaced by a different set of g M\
pKs 7.8*+ 0.1 and 8.49+ 0.06 in the forward direction and 1
8.0 = 0.1, 8.35* 0.07, and 8.56t 0.05 in the reverse 05
direction (Fig. 4). 0

0 0.005 0.01 0.015 0.02 0025 003

Absorbance
Resolving two independent equilibria in TmI72R
o . . . FIGURE 4 Hysteresis of the alkaline transition®fcerevisiad ml72K
The substitution of the trimethyl-lysine at position 72 by an cytochrome ¢ (iso-1 C102T), resolved using a linear regression relation-
arginine yielded some surprising results. Fig. 5 shows thaghip. Upper part of the transition from state IV to Il is magnified in upper
the bleaching of the 695-nm charge transfer band is con°™e"
comitant with the appearance of a shoulder with its center at
602 nm. DISCUSSION
These two spectroscopic characteristics are, howeveMicroscopic and macroscopic ionizations
not the consequence of a single chemical process. ThIe this study. effecti K determined i ety of
linearization of these two spectroscopic events yields twoCn to::ShrSoLrjney,ce rﬁﬁtgr?ts irS1 V:\?]reattSrﬁrTToe alsr;iar\l/iﬁ% Oto
different sets of effective pKs; also, the thermodynamics Y P g

f h librium differ (Fid. 6 ting the or “lonizing residues in the protein. The two measured pK
or each equiibniu © .( 9. ).,'su.gges g the Pres-y alues ins. cerevisiag8.60 and 8.9) are related to the
ence of two distinct chemical equilibria for each spectro-

. apparent pK of the alkaline transition of mutant K79A
scopic change. (PKyrs = 8.44) and K73A (pee = 8.82) (Rosell et al.,
The appearance of a shoulder around 600 nm was alsfygg) These investigators concluded that the apparent pK
observed in the mutant K79R. Effect|ve.sz for these twogs the wild-type protein was an average of the microscopic
mutants are tabulated and presented in Table 2. Mutariks for these two alternative ligands. The values extracted
K79R was targeted because of the possible implication ofrom Fig. 3 show that these two ionizations determine the
Lys"® in the alkaline transition. In this case, both spectro course of the alkaline transition in the wild-type cytochrome
scopic events occur with an identical effective pK of &2  ¢. However, the titration curve is not a sum of these ion-
0.02. However, the temperature dependence of its equilibizations but rather an overlay of them.
rium suggests that the two spectroscopic features are diag- We have shown that each ionizing component consecu-
nostic of two distinct processes. tively limits the transition over a small domain of pH. Each

Biophysical Journal 81(4) 2331-2338
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Absorbance
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FIGURE 5 Spectra of cytochromes c in the spectroscopic states Il and IV. The spectra of the various states were measured at pH 6.96 for state Il
(— — —) of samples and state IV (——) were measured at pH 10.11 (C102T), 10.23 (TmI72R), and 9.78 (K79R).

of them is thus stabilizing either one of the two conforma-fashion. The transition between the states is likely to have a

tions associated with either spectroscopic state in a binargooperative nature. Although the conformations at alkaline
pH are yet unknown, it was demonstrated that stateg IV
and 1,4 of cytochrome c are near native, stable, and

it ordered conformers (Rosell et al., 1998; er et al.,
1998). Also, thermodynamics extrapolated to a null ionic
021 strength in fact shows that the transition is mostly enthalpic,
having small positive or even slightly negative entropy
- - - - - ; (Battistuzzi et al., 1999). For this reason, we conclude that
0.004326 0.00328 0.0033 00332 000334 000336 000332 00034 000342 . . . . . .
linearization of a titration curve allows resolution of coop-
-0.2
-0.4 TABLE 2 Thermodynamic parameters calculated from Van’t
Hoff plots for some alkaline transition-associated equilibria
X 06 Microscopic AH
E Sample Equilibrium* pK(s) (Kj/mole)
-0.8 wild type 695 nm 8.59+ 0.01 59.6+ 0.8
Yeast iso-1 8.8: 0.1
| Wild type Horsé 695 nm 54
Is0-1-Tm172K 695 nm 421
Iso-1-TmI72R 695 nm 8.42 0.02 76x 4
-1.2 4 602 nn? 8.59+ 0.07 56+ 3
9.25+ 0.08
14 . Iso-1-K79R 695 nm 8.2& 0.02 80.3+ 0.8
’ 595 nnf 8.20+ 0.02 93+ 2
16 *Temperature dependence of the conformational equilibrium detectable by
’ the spectroscopic band of noted wavelength relative to its maximum height.
1 TA sulfur-iron charge transfer band. Characteristic of state Il ferricyto
] /T (K ) chromec.

*As presented in Daviest al., 1993.
FIGURE 6 Van't Hoff plot of the spectroscopic changes observed at 695°Characteristic of a weak-field iron ligand replacing Met 80 as sixth iron
nm (@) and 602 nmQ) at pH 8.35 in mutant TmI72R. ligand.

Biophysical Journal 81(4) 2331-2338
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erative microscopic ionizing components that could not bealkaline conformation of K79R, known to be critical to the
individually resolved using other methods. stability of the heme crevice (Osheroff et al., 1980), may
forbid the backbone displacement necessary for the intro-
duction of thee-amine of Ly<® and may instead force the
Insight into the mechanism of the introduction of a high-field ligand, such as a water mole-
alkaline transition cule, into the iron coordination sphere. In both cases, if the

Eviden resented in this stud rees with brevious| second ligand cannot properly ligate the iron, another factor
-vidence presented In this study agrees PTEVIOUSIY PUDs, st therefore prevent M&from keeping its place as a

lished data that the microscopic course in events of the alkaling and

;[:ags"ltlo:(;s dgtermlnec:hby tr;“e d;frr(;tonnatlgn t\?\f thﬁ ?rllteTartilvet The identity of this weak-field ligand that provokes the
on igands. because the only driierence between he va arhigh-spin species in the alkaline conformation is unknown.

TmlI72K and the yeast wild type is the absence of trimethyla-

. . In TmI72R, it appears that the formation of the high-spin
tion (Pollock et al., 1998) and because Tmi72K is the Onlys'apecies coincides with ionizations found in the wild-type

yeast Cytochrome c,_t_o our knowledge, that .ShOWS hystere_3| rotein (Table 2), hypothesized to be those of lysines 73 and
for the alkaline transition, we propose that this asymmetry u‘?9 This leaves the displacement of #KS of Mef® to be
mechz;tznism s prqvoked _by _the lonization of txamino group \}riggered by a third microscopic ionization at 8.420.02,

.Of Lys™. NMR evidence |_nd|cate_s th_at a spectroscopic sta_te : also visible in the transition Il to IV of the unrelated variant
is observed at lower pH in the titration of the TmlI72K variant Tmi72K

(Pollock et al., 1998), which is also observed in this study with The identity of this microscopic ionization (termed the

apK of 7.80* 0.1. . . ._trigger by several workers) also remains open. Some can-
We propose that the structural basis for hysteresis arise idates have been proposed in the past, including the ion-

from the formation at a lower pH of a conformer of the ization of Tyf” (Davies et al., 1993; Luntz et al., 1989), a

spectroscgplc state M. Pollock ar!d co-wquers (1998) buried water molecule (Takano and Dickerson, 1981) that
also mentioned that the conformation of this low-pH state

. . has been the topic of previous investigations (Lett et al.,
I\I/klsl,i:owe\r/;zr,r:qotras_trhermody:f\][nlrcallyls;[;liletas ;Ehe Otirlliei996; Berghuis et al., 1994). Also, an intriguing heme
Er ?i ne t(;]? 0 nferrsr; r?nacf(t)rl: N r:) va tso v ?en? eqﬁi hpropionate with an apparent pK similar to the apparent pK

ation, this contormer must then have to overcome a Mgy o 5 kaline transition in the horse protein (Hartshorn and

enelrg/y bargT\r/to Iec&wlltérate W'thttge m<()jre| sta]lcble ionform'Moore, 1989) is hypothesized to influence the apparent pK
€IS IV7s and 1Vzo. INdeed, computed MOaels ot CONTOTMETS ¢ o o1k aline transition in tuna (Tonge et al., 1989).

of spectroscopic state IV indicate that the local rearrange- In TmI72R, the difference in pK between the displace-

. 7 79 - .
ments necessary to bring L)?g)r Lys™®to the iron coordi ment of the Met® side chain from the iron coordination

natlgzn sphere are minimal compa_lred with t_hose required foéphere and the ionization of the alternative ligands suggests
Lys’ to ligate the heme metal ion (Blouin and Wallace

. "that the alkaline transition proceeds via an intermediate
unpublished results). conformation that does not involve lysine ligation. An in-
termediate of the alkaline transition was earlier postulated
by research groups who studied the phenomenon using
stop-flow kinetics (Pearce et al., 1989; Davies et al., 1993)
and was characterized in mutant Phe82Trp (Rosell et al.,
A band at around 600 nm is acknowledged to be diagnosti2000). From this later work, the iron ligand in this interme-
of a high-spin heme iron, which is not present in wild-type diate is more likely to be Tyf or a hydroxide ion rather
state IV and therefore excludes Lys73 and 79 as alkalinghan a loosely bound M&t
ligands in these mutants. Linearization of the concomitant From structural comparison of the horse and yeast pro-
appearance of a shoulder in mutant TmI72R indicates thagins, one cannot explain the large differene®(7 units) in
the presence of this high-spin species is not determined bgpparent pK of their respective alkaline transitions. How-
the same microscopic ionization that bleached the 695-nraver, the stability of this third ionization in both states is
band. The thermodynamics of their equilibria also indicatdikely to account for the large interspecies variation. The
that these two events are chemically distinct. Similarly, theabnormally high pK of one of the buried heme propionate
formation of a high-spin species in mutant K79R is part ofappears to us likely to be sensitive to the minute interspecies
a different equilibrium but appears to be triggered by thevariations in the stabilization of this protonated group at
same microscopic ionizing group (Table 2). neutral pH.

The failure to replace the M&side chain by one of the
!ysmes in these mutantg may arise fro'm thg naturg of th%ONCLUSION
interaction of these arginine side chains with their local
environment. The failure to break the hydrogen bond beThis paper introduced a method of data treatment that
tween Set’ and position 79 (Louie and Brayer, 1990) in the allows the microscopic ionizations that limit a spectroscopic

Evidence of multiple equilibria in
a single transition
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transition to be resolved. We have shown that a complesnglis, S. C., J. G. Guillemette, J. A. Johnson, and M. Smith. 1991.

titration curve can be deconvoluted into simple ionization Analysis of the invariant Phe82 residue of yeast iso-1-cytochrome ¢ by
. . site-directed mutagenesis using a phagemid yeast shuttle vieoboein
events using a graphical method. Another method of decon- gng. 4:569-574.

volution presented by Onufrief and co-workers appears tQett, C. M., A. M. Berghuis, H. E. Frey, J. R. Lepock, and J. G. Guil-
be more robust in cases of additive signals but requires a lemette. 1996. The role of a conserved water molecule in the redox-
different and much more involved mathematical treatment dependent thermal stability of iso-1 cytochromelcBiol. Chem271:

Onufrief et al.. 2001 29088-29093.
(Onufrief et al., )- Louie, G. V., and G. D. Brayers. 1990. High-resolution refinement of yeast

In the system presented in this study, the alkaline transi- jso-1-cytochrome ¢ and comparisons with other eukaryotic cytochromes
tion of mitochondrial cytochrome ¢ successfully resolved c¢.J. Mol. Biol. 214:527-555.

concomitant pH-induced conformational changes and protuntz, T. L., A. Schejter, E. A. Garber, and E. Margoliash. 1989. Structural

. . . : : : significance of an internal water molecule studied by site- directed
vided insight into the mechanism by which the protonation mutagenesis of tyrosine-67 in rat cytochromeéProc. Natl. Acad. Sci.

state of a few key groups impact on structure and function y.s.A.86:3524-3528.

of this electron transport protein. Moore, G. R., and G. W. Pettigrew. 1990. Cytochrome c: Evolutionary,
Structural and Physicochemical Aspect. Springer-Verlag, New York.

Onufrief, A., D. A. Case, and G. M. Ullmann. 2001. A novel view of pH
We thank A. Brigley and J. Hankins for technical assistance, K. Black for tjtration in biomoleculesBiochemistry 40:3413-3419

proofreading this manuscript, Dr. S. Bearne for helpful discussion, and Drosheroff. N. D.. D. Borden. W. H. Koppenol, and E. Margoliash. 1980.

A. G. Mauk for his gift of the pBPCY3 plasmid. Electrostatic interactions in cytochrome c. The role of interactions be-
tween residues 13 and 90 and residues 79 and 47 in stabilizing the heme
crevice structurel. Biol. Chem255:1689-1697.
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induced perturbation of the cytochrome ¢ alkaline transitBiochem-
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