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Mutation of Asparagine 52 to Glycine Promotes the Alkaline Form of
Iso-1-cytochromec and Causes Loss of Cooperativity in Acid Unfolding
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ABSTRACT. The kinetics and thermodynamics of the alkaline and acid conformational transitions of a Lys
79— Ala/Asn 52— Gly (A79G52) variant of iso-1-cytochronteare studied. The Lys 79~ Ala mutation

is designed to limit heme ligation in the alkaline conformer to Lys 73. The Ast~53ly mutation is
intended to shift the population of the alkaline conformer to physiological pH based on the hierarchical
nature of the cooperative substructures of this protein. The midpoint pH for formation of the alkaline
conformer is~7.45. The kinetics for the alkaline conformational transition of the A79G52 variant are
consistent with the ionization constankp for the trigger group controlling formation of the alkaline
conformer being~9.5. This K4 is low for alkaline conformers involving lysineheme ligation but is
consistent with the g, of the highest of three ionizable groups which modulate formation of the histidine
heme alkaline conformer of a His 73 variant of iso-1-cytochranfiglartinez, R. E., and Bowler, B. E.
(2004)J. Am. Chem. Soc. 126751-6758]. The acid transition of the A79G52 variant is split into two
phases. Both the Lys 79 Ala and Asn 52— Gly mutations are expected to affect the buried hydrogen
bond network of cytochrome suggesting that this network is an important modulator of the acid unfolding
of cytochromec.

Mitochondrial cytochromec has long been known to We have recently been interested in modulating the
undergo a series of pH-dependent conformational changegroperties of conformational gates that control electron
(2). In the oxidized form of the protein, five states have been transfer reactions8j. The alkaline conformer of cytochrome
recognized, with the native state of the protein (state Ill) cis well-known to act as a conformational gate that controls

being populated near neutral pH: the rate of electron transfer into oxidized cytochroom(&—
11). This conformational gating may have physiological
Ferricytochrome ¢ State: 1 > II 2> Il > IV > V significance for cytochrome function @, 12, 13). For the
pK (horse heart protein): 04 25 935 128 practical purpose of developing and manipulating the proper-

ties of conformational gates that can be used for regulating
The acid (state Il to 1) and the alkaline (state Ill to V) protein electron transfer reactions, the high pH necessary to
transitions of cytochrome have been of particular interest.  populate the alkaline conformer of cytochromés incon-
The acid transition typically occurs near pH 22 &nd is a venient. So, cytochrome variants with alkaline states that
multiproton process (two to three protons). The alkaline populate near neutral pH would be useful. Mutation of Phe
transition, on the other hand, is a one-proton process with a82 to smaller side chains has been successful at moving the
midpoint K that varies from 7 to 11 depending on the midpoint of the alkaline conformational transition to near
species from which the cytochronecewvas isolated ). For pH 7 (14).

yeast iso-1-cytochrome, site-directed mutagenesis studies  Recent thermodynamic analyses of the structural hierarchy
have identified lysines 73 and 79 as the heme ligands in theg¢ cytochromec suggest that mutations in the least stable
alkaline conformer 3, 4) However, the |dent|ty of the N_ye”OW substructure of Cytochronm(Figure 1), Compris_
ionizable group which triggers the alkaline conformational jng an Q loop that runs from residues 40 to 575( 16),
transition has been widely debatet] §). Recent studies on  \ould provide a reasonable strategy to make the alkaline
iso-1-cytochrome variants which replace Lys 73 with His  conformer accessible at lower pH. A number of studigs
have shown that ionization of His 73 triggers population of 21) show that the alkaline conformational transition involves
the His 73-heme alkaline conformer and that two other ynfolding of the red substructure, a surf&doop running
ionizable groups also affect the kinetics of this conforma- from residues 7685, of cytochrome (Figure 1). The red
tional change &, 7). substructure is next in stability to the N-yellow substructure
(15, 16). We have recently shown that stabilizing mutations
f This work was supported by NSF Grant CHE 0316378 (to B.E.B.). at position 52 in the N-yellow substructure of iso-1-
The Applied Photophysics*-180 spectrometer was purchased with  cytochromec lead to stabilization of the red substructure as

NIH Grant 1 S10 RR16632-01. The Bruker Daltonics Reflex IV ; ;
MALDI-TOF mass spectrometer was purchased with NSF Grant CRIF demonstrated by formation of the alkaline conformer at
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protein coat. The selection oligonucleotide S#cl (27) was
used to eliminate the unigugad restriction site upstream
from the iso-1-cytochrome gene CYCJ and restore the
Sadl restriction site. The mutagenic oligonucleotides, K73A
and K79A [B3-d(CCAGGAATATAAGCCTTTGGGTTAG)-

3 and B-d(CAAAGGCCATAGCGGTACCAGG)-3 re-
spectively; mutation sites underlined], were purchased from
Biosynthesis, Inc. (Lewisville, TX). pRS/C7.8 double-
stranded DNA (dsDNA) isolated (Promega, Wizard-SV
miniprep kit) from TG-1E. coli cells containing DNA from

the mutagenesis reaction was first screened by carrying out
Sad and Sadl restriction enzyme digests and then sequenced
_ by PCR methods (Quick Start kit; Beckman Coulter, Inc.).
Ficure 1: Yeast iso-1-cytochrome in the oxidized state, with The sequencing reactions were then analyzed with a Beck-
the Asn 52— Gly and Lys 79— Ala mutations of the A79G52 man-Coulter CEQ XLS 8000 capillary electrophoresis au-

variant, is shown with the substructure classifications of horse toSequencer. _ .
cytochromec according to refsl5 and 16. The substructures are After large-scale preparations of pRS/C7.8 dsDNA (Qiagen

color coded in gray (N-yellow, residues487), red (residues 71 MidiPrep kit) carrying the desired mutations, the pRS/C7.8
85), yellow (residues 3739, 58-61), green (60's helix and 20°s dsDNA was transformed into the GM-3C-2 cell lin80(
30's loop), and blue (N- and C-terminal helices) in order of - . L
increasing stability. The heme (blue) and its ligands (magenta), His d€ficient in cytochrome) of Saccharomyces cerisiae by
18 and Met 80, are shown as stick models. Lys 73, which is the the LiCl method 81). The transformed yeast were character-
heme ligand in the alkaline conformer, Ala 79, and Gly 52 are ized by phenotypic screening, a curing procedure to ensure
fr:]ownl as S%pt?]ce-f”"rtl)gtmoge'&@}re;]fbc;_n and side chain aéom_?%igs phagemid-based expression, and phagemid recapture fol-
e color o elr supstructure. e figure was preparea wi H H e
ViewerPro software and the Protein Sata Bankpfilep2Y(Zl@)( Iowed. by DNA sequencing t.o be certain that no additional
mutations were introduced into tHeYC1gene under the
conditions of selective pressure used to express iso-1-
cytochromec in S. cereisiae as described previous!3?).
Protein was isolated and purified froi®. cereisiae as
previously described3@—35) with modifications to the final
HPLC purification procedure, as described below.
Purification by HPLC cation-exchange chromatography
(Waters ProteinPak SP 8 HR column) used a previously
described gradienB). After the preceding CM-Sepharose
chromatography step38), which is carried out in the

Thus, destabilizing mutations at position 52 should also
destabilize the red substructure and make formation of the
alkaline conformer possible at lower pH. Extensive studies
on the effects of mutations at position 52 of iso-1-cytochrome
cindicate that a glycine at this position is destabilizi@g)(
Therefore, in the present work, we have introduced the
Asn 52 to Gly mutation into wild-type (WT)iso-1-
cytochromec. To further simplify the properties of the

alkaline conformer, we have prepared the Gly 52 mutation presence of;-mercaptoethanol, both variant proteins were

g?%zt) * thﬁ“ only "’:hS‘”%Le I'.VS‘“e' ?3 or 7% s a‘l’a"f"‘b"ito ~80% oxidized. Thus, both proteins were fully oxidized with
Ind o the heme In the alkaline contormer by replacing Lys KsFe(CN) (4 mg addedd a 3 mL solution of ~6 mg of

73 with Ala (A73G52 variant) or Lys 79 with Ala (A79G52 — , 0ii in'50 mM sodium phosphate buffer) prior to HPLC

v_arlant; see I_:lgu_re 1)'. We find that the alkaline conforma- purification, rather than reduced with sodium dithionite, as
t|onal.transmon Is shifted near ne_u.tral pH. The Gly. 52 usual. Since the protein was largely oxidized in the presence
mutation also makes the acid transition less cooperative. of B-mercaptoethanol, air oxidation of the reduced form was
MATERIALS AND METHODS expected to be significant during HPLC purification, leading
to doubling of the peaks in the chromatogram. Multiple
Preparation of Iso-1-cytochrome ¢ Varianfhe A73G52 heme-containing peaks were observed in the chromatograms
and A79G52 variants were produced by the unique restriction Of both variants (see Results) requiring repurification of the
site elimination site-directed mutagenesis methd@),(as ~ Major peak to produce a homogeneous product. The con-
previously described?(?). Single-stranded pRS/C7.8 DNA centration of the final product was then measured as
(27) carrying the Asn 52— Gly mutation (Grover and described previoush3d). The protein was then concentrated
Bowler, unpublished results) was used as the template forin Centricon concentrators (Millipore), exchanged into 50
mutagenesis. All variants contain the mutation Cys 462 MM sodium phosphate, pH 7, and concentrated to a final
Ser to prevent intermolecular disulfide bond formation during volume of~500uL. Mass spectrometry was carried out with
physical studies. Single-stranded DNA was prepared from @ Bruker Daltonics Reflex IV MALDI-TOF mass spectrom-

TG-1Escherichia colicells with the R408 helper phageg), eter using a matrix containing 10 mg of sinapic acid (Fluka)
using phen0| extraction method@% to remove the phage in 1 mL of 30% acetonitrile Containing 0.1% trifluoroacetic
acid.

! Abbreviations: WT, wild-type iso-1-cytochrongecontaining the Oxidation of Iso-1-cytochromes. dEven though the
mutation Cys 102~ Ser: A79G52, variant of WT iso-1-cytochrome /9GS2 variant appears to prefer the oxidized state, to ensure
carrying Lys 79— Ala and Asn 52— Gly mutations; A73G52, variant that the purified protein was fully oxidized, a few crystals
of WT iso-1-cytochrome carrying Lys 73— Ala and Asn 52— Gly of KsFe(CN) were added to the protein, and the solution

mutations; H73, variant of WT iso-1-cytochroroearrying Lys 73—~ was incubated at 4C for 30 min. The solution was then
His mutation; A79H73, variant of WT iso-1-cytochroneecarrying . . "
Lys 73— His and Lys 79— Ala mutations; CD, circular dichroism  'un through a G-25 size exclusion column preequilibrated

spectroscopy; GdnHCI, guanidine hydrochloride. with the appropriate buffer for the experiment. After the
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protein was collected, its concentration and degree of Scheme 1

oxidation were measured as previously descrit). ( Ky

Guanidine Hydrochloride Denaturation Monitored by Heyte =<=== cytc + H’
Circular Dichroism SpectroscopyGlobal stability of the
A79G52 variant was determined by guanidine hydrochloride Ky ﬂ kg

(GdnHCI) denaturation monitored by circular dichroism (CD)
spectroscopy using an Applied Photophysis180 spec- cyte*
tropolarimeter coupled to a Hamilton Microlab 500 titrator,
as described previousl2®). The experiments were done at
25°C in 20 mM Tris and 40 mM NaCl (CD buffer) at pH
7.5 with 4uM protein concentratiorA 6 M GdnHCI stock
solution was prepared using the same CD buffer, and its
concentration was determined using refractive index mea-
surements36). The ellipticity was measured at 222 nm; 250
nm was used as a baseline. The ellipticity observed at 222

*-180 spectropolarimeter with a stopped-flow unit operating
in kinetics mode as described previouddy 7). The kinetics
was monitored with absorption at 400 nm, the wavelength
of maximum change in absorbance for the conversion
between the native and the alkaline state. Each trial of the
upward pH jump data was fit using a single exponential rise
to maximum equation:

nm as a function of GdnHCI concentration was fit to eq 1 Auodt) = Aod0) + a(l — exp(—k,,d)) )
(32), which assumes a linear free energy relationship and
two-state unfolding 36, 37): whereAsdt) is the absorbance as a function of time at 400
nm, A400(0) is the absorbance at 400 nm at time zexds
0 ={6°y + [(6°5 + mp[GdnHCI]) exd (M[GdnHCI] — the amplitude, andtys is the observed rate constant. Each
AG° (H,0)RT}}H{ 1+ exp{ (MGdnHCI] — trial of thg downward pH_jump data was fit using a single
AG°(H,0)RTH (1) exponential decay equation:

) o _ oo Ayodt) = Agpd) + aexp(—kypd) 3)

where@ is the ellipticity of the sampl&9°y is the ellipticity
of native protein§°p is the ellipticity of denatured protein ~ whereAs () in the absorbance at 400 nm at infinite time
at 0 M GdnHCI,mp is the denaturant dependence of the and the other parameters are as defined in eq 2. The rate
denatured state ellipticityn is the GdnHCI concentration  constantskq,s for upward and downward pH jumps as a
dependence of the free energy of unfolding;,, andAG®,- function of pH, extracted from egs 2 and 3, were fit to the
(H20) is the free energy of unfolding extrapolated to 0 M mechanism in Scheme 1 using the equatig®):(
GdnHCI. A set of three titrations were done, and the
parameters were averaged. Kops = Ky + kK /(K +[H™]) 4)

pH Titration Experiments at 695 nrithe alkaline transi-
tion of the A79G52 variant was monitored by measuring the Wherekops is the observed rate constakt,andk, are the
absorbance at 695 nm as a function of pH, using previous|y forward and backward rate constants for the alkaline transi-
described methods). The experiments were done in 500 tion, respectively, an&y is the acid ionization constant for
mM NaCl at 25°C at 200uM protein concentration. The  the group which triggers the alkaline transition.
titrations were done at 0, 0.3, 0.6, and 0.8 M GdnHCI
concentrations. RESULTS

pH Titration Experiments at the Hem&oret Band pH HPLC Purification of the VariantsHPLC purification of
titration experiments were also done at 400 nm, the wave-the variant A73G52 by cation-exchange chromatography
length of maximum change in absorbance for the conversiongave four major heme-containing peaks (Figure S1; see
between native and the Lys 73-ligated alkaline state. The Supporting Information). The third peak was the largest and
experiments were done in 500 mM NaCl atZ5with about was assumed to be the native form of the A73G52 variant.
5 uM final protein concentration in the absence of GAnHCI, This peak was repurified across the same column; however,
over the pH range 4-511. Titrations were done as previously it still produced two overlapping peaks of almost equal
described 7) except that the absorbance at 400 nm was intensity (Figure S2). Given the poor prospects of obtaining
monitored and the spectrum was scanned from 350 to 700a homogeneous sample of the A73G52 variant, no further
nm. work was carried out with this protein.

pH Jump Experiments with the Stopped-Flow Technique HPLC purification of the A79G52 variant by cation-
The experiments were done at AW protein concentration  exchange chromatography produced six different peaks
in 500 mM NacCl and at 28C. For the upward jumps, the (Figure S3). The peak with the highest intensity (peak 5)
initial pH of the protein was adjusted to pH 6.0 and then was inferred to be the native form of the protein, and it was
jumped from pH 6.0 to a final pH range of-2.0. The buffers repurified on the same column, producing a homogeneous
used to achieve the final pH were all 20 mM (N&tD,- sample of the A79G52 variant (Figure S4). MALDI-TOF
H>O, pH 7.0-7.6; Tris, pH 7.8-8.8; HBOs, pH 9.0-10.0) mass spectrometry for this purified material gave a molecular
made in 500 mM NacCl solution. For the downward jumps, weight of 12577.09, consistent with the expected molecular
the initial pH of the protein solution was adjusted to 8.5 and weight of the A79G52 variant (12580.18). All experiments
then jumped to a final range of 6-0.0. The buffers used  were done with this material.
to achieve the final pH were all 20 mM (MES, pH 6:6.6; Thermodynamic Studies by GdnHCI Denaturatidine
NaH,PO,-H.0, pH 6.8-7.0) made in 500 mM NacCl solution.  global stability of the A79G52 variant was determined using
The experiments were done using the Applied PhotophysicsGdnHCI denaturation monitored by CD spectroscopy. The
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Ficure 2: Plot of ellipticity at 222 nm versus GdnHCI concentra-
tion for the A79G52 variant. GdnHCI denaturation was done in
the presence of 20 mM Tris, pH 7.5, and 40 mM NacCl at’25

The curve represents a nonlinear least-squares fit of the data to eq
1 in Materials and Methods.

0.0 0.5 1.0

A400

ellipticity measured at 222 nm plotted against the [GdnHCI]
is shown in Figure 2. The thermodynamic parameters
obtained from fitting the data to eq 1 (Materials and Methods)
are AG°y(H,0) = 4.00 + 0.10 kcal/mol andn = 4.10 +
0.11 kcal/(moiM), yielding a denaturation midpoint con-
centration,C,, = 0.97. Thus, both the stability and the ; ; . ; ;
m-value are decreased significantly relative to WT iso-1- 4 5 6 7 8 9
cytochromec [AG°y(H20) = 5.77 £ 0.40 kcal/mol,m = pH

5'11:|l: 0.36 kcal/(rr:joiM), Em TN]'-I:B; S(lade EEBQL' The lower Ficure 3: (A) Plots of absorbance data at 695 rm0iM (O), 0.3
mvajue compa_re to the . cou e qe to gregter M (a), 0.6 M (@), and 0.8 M A) GdnHCI versus pH for the
exposure of buried hydrophobic surface area in the “native” A79G52 variant in 0.5 M NaCl at 25C. The curve for the 0 M
state due to initial partial unfolding of the protein to a Lys GdnHCI (solid line) is a fit to eq 8 in the Discussion. The curves
73 alkaline form. Themrvalue is somewhat larger than (dashed lines) for the 0.3, 0.6, and 0.8 M GdnHClI data are fits to
observed for global unfolding of variants with a His 73 eg 9 in the Discussion. (B) Plot of absorbance at 400 nm versus

) . H for the A79G52 vari ith &M in i M
mutation [A79H73 and H73 given ~ 3.6 kcal/(moiM); see pi for the A79GS2 variant done with BM protein in 500 m
refs 7 and17] which unfold from a partially unfolded form
with His 73—heme ligation.

Partial Unfolding Monitored at 695 nm by pH Titration

ExperimentsThe absorbance at 695 nm was monitored as a

function of pH at various GdnHCI concentrations (Figure
3A). Data for the alkaline transition of the A79H73 variant

NaCl and no GdnHCI at 2%C. The solid curve is a fit of the data
from pH 6.0 to pH 11.0 to the HenderseHasselbalch equa-
tion.

Partial Unfolding Monitored at 400 nm by pH Titration
ExperimentspH titration experiments done at 400 nm and
5 uM final protein concentration (Figure 3B) produced data
similar to that at 695 nm (Figure 3A), indicating that the

(7) showed that the Lys 79> Ala mutation causes the bsorb band itor th h ;
alkaline transition to depend on NaCl concentration. This WO absorbance bands monitor the same process. The variant

salt dependence saturated at 500 mM NaCl, so all thermo-€Xists in the native form at about pH 6, as in'dicated by data
dynamic and kinetic alkaline transition data were acquired fFom both 695 and 400 nm bands; then at higher pH values

in the presence of 500 mM NaCl for the A79G52 variant. Met 80 is replaced by Lys 73. The data from pH 6.0 to pH
The data show that the variant exists in the native state (statet1:0_Wwere fit to the HenderserHasselbalch equation,
IIl) at about pH 6, and as the pH increases, Lys 73 starts Yi€lding an apparentky of 7.44 + 0.03 for the alkaline
replacing the Met 80 bound to the heme (since Lys 79 is transition of the G52A79 variant.

absent in this variant, only Lys 73 remains as a ligand to The Alkaline Transition Monitored Using pH Jump
replace Met 80 during the alkaline transition; see Génd Stopped-Flow Method3 hermodynamic data for the A79G52
4) near pH 7 and becomes the sole ligand at higher pH. As variant (Figure 3) indicate that Lys 73 starts replacing Met
the GdnHCI concentration increases, the protein no longer80 at about pH 7.0. For upward pH jumps, the initial pH of
becomes fully native between the acid and alkaline states.the protein was set to 6.0, where equilibrium data indicate
We note that, in the presence of [GdnHCI], precipitation thatthe A79G52 variant is completely native (Figure 3). Data
problems were encountered below pH 4, so data were notwere collected at final pH values from 7.0 to 10.0. For
collected below this pH. Similar problems were encountered downward pH jumps, the initial pH was 8.5, since equilib-
for an A79H73 variant¥). A fit of the data from pH 6 to rium data (Figure 3) indicate that the A79G52 variant is
pH 9 (0 M GdnHCI) in Figure 3A to the Hendersen essentially completely alkaline at this pH. Data were collected
Hasselbalch equation, assumgiia 1 proton process, yields for final pH values from 6 to 7. Data were not collected
an apparent g, of 7.46 + 0.02 for the alkaline transi-  below pH 6 because of the onset of acid denaturation (Figure
tion. 3). All data were collected in the presence of 500 mM NaCl
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FIGURE 5: Plot ofkyys vVersus pH for the A79G52 variant for both
1.08 upward and downward pH jump data in 0.5 M NaCl at’25with
B the protein concentration around &®. The curve is a fit of the
1.06 1 data to eq 4 (Materials and Methods). Parameters from the fit are
1.04 given in the text.
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FIGURE 4: Plot of A4 versus time (logarithmic scale) for the 0.02 T T T T T T T
A79G52 iso-1-cytochrome variant from pH jump stopped-flow 65 70 75 80 85 9.0 95 100 105
measurements. (A) Upward jump from pH 6 to pH 8 in 0.5 M pH

NaCl at 25°C with the protein concentration around AM. The

gray dots are the data at 400 nm, and the solid black curve is theFicure 6: Plot of change in amplitud& A4, versus pH for upward
fit of the data to a single exponential rise to maximum equation pH jump data for the alkaline transition of the A79G52 variant.
(eq 2 in Materials and Methods). (B) Downward jump from pH Data were collected in 0.5 M NaCl at 2%C with protein
8.5to pH 6 in 0.5 M NaCl at 28C with the protein concentration  concentration around 10M. The amplitude data from pH 8.4 to
around 1QuM. The gray dots are the data at 400 nm, and the solid pH 10.0 when fit to the Henderseitlasselbalch equation yield an
black curve is the fit of the data to a single exponential decay apparent K, of 9.204 0.08.

equation (eq 3 in Materials and Methods).

Hendersor-Hasselbalch equation gave an apparéqtyalue

for the reasons described above. Typical data for upward of ~9.2, similar to the Ky obtained from the plot oKops
and downward pH jumps are shown in Figure 4. The data yersus pH (Figure 5). A faster procesdgy{ ~ 40-50 s°%;
are consistent with a single kinetic phase with rate constantssee Table S5) is observable above pH 9, but it is low
between 0.03 and 1.8°5(Tables S1 and S3). Figure 5 shows  amplitude. Thus, the loss in amplitude is likely primarily
the pH dependence of the observed rate conskast,for due to a fast process that is within the dead time of our
both upward and downward pH jump data. Tegremains  siopped-flow experiments.
constant from about pH 6 to pH 7, then slowly starts
increasing from pH 7.0 to pH 8.0, and then increases fasterpiscussioN
from pH 8.0 to pH 10.0. Thé&g,s versus pH data were fit to
eqg 4 in Materials and Methods yielding = 0.05+ 0.01 Global Stability of the A79G52 Variant at pH 7.%he
s1, k= 2214 0.08 st, and Ky = 9.48 &+ 0.04. The m-value for unfolding of the A79G52 variant at pH 7.5 is
conformational equilibrium constanKc, for the alkaline much lower than observed for the WT proteirq.1 versus
transition determined frork/ky is 44 £ 9, which is within ~5.1 kcal/(molM)]. This behavior is reminiscent of variants
a factor of 2 of the value determined thermodynamically (117 containing mutations of Lys 73 to Hig,(17—19), although
+ 8; see Discussion). Fitting thieps versus pH data to a  them-value is somewhat larger for the A79G52 variant. The
linearized form of eq 4X4) gave Ky ~ 9.2 andki/k, ~ 42. similarity in behavior is not surprising since the A79G52

The amplitude data for the alkaline transition for the variant and the His 73 variants (H73 and A79H73) are all
upward jumps are shown in Figure 6 (see also Table S2).partially unfolded by a hemseligand exchange reaction
The amplitude increases from pH 7.0 to pH 8.5 and then involving a ligand at sequence position 73. The GdnHCI
decreases at higher pH values. The increase in the amplitudeinfolding midpoint for the His 73 variants is higheZ( ~
is consistent with Lys 73 replacing the Met 80 heme ligand. 1.15 M), and the onset of CD-monitored unfolding is
The amplitude data from pH 8.4 to pH 10.0 when fit to the somewhat higher<0.8—0.9 M), where partial unfolding to
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the His 73 alkaline conformer is nearly complei® 19). <
Due to the lowelC, for the A79G52 variant, the onset of
CD-monitored unfolding at pH 7.5 is 0:9.6 M GdnHCI
(Figure 2). From Figure 3, it is evident that partial unfolding

is only about two-thirds complete at this GAnHCI concentra-
tion at pH 7.5. Thus, the somewhat higinewalue for global
unfolding for the A79G52 variant relative to the His 73
variants may reflect the lesser degree of partial unfolding at pH

the onset of CD-monitored GdnHCI denaturation. However, Ficure 7: Acid transition monitored at isosbestic points, 596 nm
as with the His 73 variants, the decreased stability and (O) and 644 nm®). The low pH isosbestic point (596 nm) monitors

m-value of the A79G52 variant relative to the WT protein the higher pH phase (A~ N), and the high pH isosbestic point

: “ " ; ; (644) monitors the lower pH phase (A A,) of the acid transition.
are .attrlbutable to “global unfoldlr]g proceeding from a For data at 596 nm, thekp in eq 6 was set to 6, and for the data
partially unfolded state of the protein.

X ) ) at 644 nm, it was set to 4. Experimental conditions are as for the
The population of partially unfolded “alkaline” conformers 0 M GdnHCI data in Figure 3.

during denaturant unfolding of iso-1-cytochromis clearly
enhanced in the A79G52 variant and His 73 variants of iso- Table 1: Thermodynamic Parameters for the Acid Transition of the
1-cytochromec relative to the WT protein. However, NMR ~ A79G52 Variant in 500 mM NaCl and at Z& from Fits of Data
studies of horse ferricytochronueat pH 7 also demonstrate &t Different Wavelengths

F 038

0.25 -
r 0.37

0.20

the population of these intermediates during denaturant low pH phase high pH phasg
unfolding @0, 41). Thus, even when not specifically  wavelength, nm Kc1 m pKca ny
stabilized, alkaline conformers of cytochrormeappear to 596 —25+02 13+01
be important equilibrium unfolding intermediates for this 64L —2.15+0.05 1.7+0.1

protein. It is also interesting to note that the CD-monitored 570 —-19+£03 17£02 -15+02 0.8+0.2
stabilities of the H73, A79H73, and A79G52 variants are oo TIiEos Ted Aot ed 1hod

all similar, suggesting that neither the Ala 79 mutation nor
the Gly 52 mutation significantly affects CD-monitored
global stability. This observation is consistent with hydrogen

a2The K, value for the ionizable groups involved in the low pH
phase of fits using eq 5 or 7 was taken as 4 assuming ionization of the
carboxylate group of an Asp or Glu. Therefore, the magnitudekef p

exchangeZ1) and NMR @2) data which suggest that both
the red (residues 7#8B5) and N-yellow (residues 4b57)
substructures 16) are disrupted in the alkaline state of
cytochromec (see Figure 1).

is not absolute® The K, value for the ionizable groups involved in
the high pH phase of fits using eq 5 or 7 was taken as 6 assuming
ionization of the imidazole group of a His or the carboxylate of a heme
propionate. Therefore, the magnitude &g is not absolute¢ Only

one phase is observed since these are isosbestic points.

Acid Transition of the A79G52 Varianthe pH depen-
dence of the 695 nm absorption in 500 mM NaCl at 0 M
GdnHCI (Figure 2) shows that the A79G52 variant exists in

Scheme 3

the native state at pH 6.0. The acid transition occurs from “‘H; “2Hl

pH 6.0 to pH 2.0 and the alkaline transition from pH 6.0 to AL T A N
pH 9.0 (Lys 73 replacing Met 80 ligated to the heme). _ Kt Kt
Attempts to fit the data to the simple three-state equilibrium 1N the equation:

(Scheme 2) used in our work on the A79H73 variant ( Ke 107 PKe

proved unsuccessful. = = — (6)

Closer scrutiny of the spectra between 570 and 750 nm 1+ ([H+]/Ka)n 1+ 10709
demonstrated that the acid transition between pH 2 and |, gq 6,K. is the conformational equilibrium constantjs
pH 6 can be broken up into two processes with distinct the number of protons involved in the transition, agis
isosbestic points (Figures S5 and S6). Over the pH rangethe jonization constant of the group(s) responsible for the
2—4 the isosbestic point is at 596 nm, and for the pH range conformational transition. The fits of the acid transition (pH
4—6 it is at 644 nm, indicating that the acid transition is a 2—6) data at 596 and 644 nm to eq 5 are shown in Figure 7.
three-state process. The absorbance values at these tW§he parameters obtained from these fits are given in the
wavelengths were plotted as a function of pH and were Tapjle 1. The data indicate that there are two separate
separ_ately fit to anri” proton, two-state process using the processes, one at low pH involvingl.7 protons and the
equation: other at higher pH involving~1.3 protons.

On the basis of the results from the plots at 596 and 644
nm, the three-state equilibrium mechanism shown in Scheme
3 is consistent with the properties of the acid transition of
the A79G52 variant. In Scheme 3, As the low pH acid
state which is in equilibrium with the higher pH acid state,
A, which in turn is in equilibrium with the native state, N,

obs

A=A+ A'K,L L+ Ky (5)
whereA is the absorbance at either 596 or 644 #nis the
absorbance of the low pH stat#®, is the absorbance of the
high pH state, and Ko,s has the form given
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Scheme 4 Table 2: Thermodynamic Parameters from Fits of the Acid and
nH n,H" H' Alkaline Transition Data of the A79G52 Variant in 500 mM NacCl
A = >~ = ~ = ™k and at 25°C as a Function of GdnHCI Concentration
1 2
Kobs1 Kobs.2 Kobs3 pKc2 for no. of protons in pKcs for
[GdnHCI], M acid transition acid transition alkaline transition
with equilibrium constantsKops 1 and Kops 3 respectively. * 507+ 003
From this mechanism, eq 7 can be derived: 0.2 1954019 0093+0.11 —2.174+0.04
0.6° —0.98+ 0.03 0.62+ 0.02 —2.53+0.02
(Anr — AY) + Kops 1A — AV 0.8 0.09+0.03  0.26+0.08  —3.18+0.08
A=Ayt 1+ Kyps {1 + Kobs:) (7) aThe Kcz parameter is from a fit of the data to eq°®@arameters

are from a fit of the data to eq 9.

whereA is the absorbance at the wavelength monitofed,
is the absorbance of the native staig; is the absorbance

of the low pH acid statef\; is the absorbance of the higher  ¢,nsant for the alkaline transition and has the form given
pH acid state, andKops1 and Koso are the observed i, eq 6 withn = 1.

equilibrium constants for the transitionsy A~ A, and A The absorbance data at 695 ntr0avl GdnHCI (Figure
— N, respectively, and have the same form as eq 6. 2A) can now be fit to the equation:

This mechanism was used to fit the acid transition data
(pH 2—6) at 695 nm in the absence of GdnHCI (Figure 3) A=Ay +
as well as data at two other wavelengths (570 and 630 nm) (Aar — Aud) F Kops 1A% — Ag) + Kops 4Ay — Agd]
where there is maximal change in the absorbance values 11K ’{1 K {1+ K ’:)]
during the acid transition (see Figures S7 and S8). The obs, obs, obs,
parameters obtained by fitting the absorbance data at these (8)

wavelengths to eq 7 are given in Table 1. From the above \yhich is derived from Scheme 4, whelkg is the absorbance
data, it can be seen that the low pH@) transition involves 5t 695 nm of the alkaline state and the other parameters are
~1.6 protons and the higher pH-<#) transition~1.0 proton. as in eq 7. The curve obtained by fitting the data at 0 M
The midpoint pH values for these transitions obtained from gqnHCI to this equation is shown in Figure 3A. In fitting
eq 6 with the parameters in Table 1 a¥8.9 and~4.1. The the data, B and K. were taken as 4 (assuming a

midpoint pH values and the number of protons involved in c5rhoxylate side chain) and 6 (assuming a histidine or heme

each phase are similar to data for the acid transition of the propionate), respectively, and the value ¢f.pwas set to
A79H73 variant 7). We attributed the loss of cooperativity 9.5, the value of this parameter from the pH jump kinetic

for the acid transition of the A79H73 variant to perturbation gata for the alkaline transition. The parameters for the acid
of the buried hydrogen bond network of iso-1-cytochrame  ransition are within error of the values obtained from fitting
in which Lys 79 participates and the concomitant effect on e acid transition separately, although the errors are larger,
the I(_)ng-range His 26/Glu 44 hy_d_rogen bo_nd. However, the large part due to the uncertainty Aa,. The [Kcs for the
details of the loss of cooperativity are different. For the gkajine transition was also obtained by fitting the data from
A79H73 variant, the heme stays low spin in the high pH pH 6 to pH 9 to eq 5 with the I, of the ionizable trigger
phase of the acid transition, and Met 80 ligation is completely group set to 9.5. The value oKp; obtained from this fit
lost (loss of absorbance at 695 nm). In the case of the as—2.03 + 0.02, within error of the value obtained for
A79GS2 variant, loss of Met 80 ligation is spread out OVer e glkaline transition by fitting the data in Figure 3A to eq
both phases of the acid transition as is formation of a high- g (Table 2).

spin state (growth in absorbance at 630 nm). Presumably The gata at 0.3, 0.6, and 0.8 M GdnHCl were fit to a three-

the latter difference is caused by the Gly 52 mutation giate equilibrium (Scheme 2, eq 9), because low pH data
although the Lys 73~ His mutation in the A79H73 variant  ¢oyid not be recorded in the presence of GdnHCI due to
may have an effect as well. The structural details of the effect yecipitation problems:

of the Gly 52 mutation on the acid transition are unclear at
this point. _ (An = Agid + Kops 4Av — Aaid

Alkaline Transition of the A79G52 VarianAn important A=At 1+ Kype 1+ Kype ) ©)

. K . obs, obs,

goal of this work was to make the alkaline state of iso-1-
cytochromec more accessible by destabilizing the N-yellow In these fits,Kqps 2 and Kops 3 have the form of eq 6, K
substructure (see Figure 1). Fits of data at either 695 or 400was assumed to be 6, and thipvalue for the alkaline
nm show that the apparenpfor this transition has dropped transition was set to 9.5, as described above. Skceas
to ~7.45, about 1.2 units lower than for the WT protedp ( not available from the data, it was assumed to be equal to
17) and about 1 unit lower than for a Lys 79 Ala (A79) Auk. For data where the fully native state was not achieved
variant @). The decrease in the appareit,is comparable near pH 6, Ay — Aak) Was set to the value obtained at 0 M
to the effects of mutations at position 82 in the red GdnHCI. The fits for the data at 0.3, 0.6, and 0.8 M GdnHCI
substructure 14). are shown in the Figure 3. The parameters obtained from

From the previous section, it is clear that the acid transition these fits are given in Table 2.
in the A79G52 variant is not monophasic but is a three-  Fits to the data at 0.3, 0.6, and 0.8 M GdnHCI were also
state process. To fit the entire data set in Figure 2A from attempted where the parameter for the number of protons
pH 2 to pH 9 (at 0 M GdnHCI in 500 mM NacCl), a four- involved in the acid transition was fixed to 0.9, as observed
state process which includes both acid and alkaline transitionsat 0.3 M GdnHCI (and similar to the value for the fo N

is necessary, as outlined in Scheme 4. In Scheme 4, Alk is
the alkaline state andopss is the observed equilibrium
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transition @ 0 M GdnHCI). However, much poorer fits to
the data were obtained. So the parameten eq 9 was
allowed to float. As the GdnHCI concentration increased,

Baddam and Bowler

results on the alkaline form of the A79H73 varia) (
suggest that this intermediate is high spin, in accord with
observations for a Trp 82> Phe iso-1-cytochromevariant

was observed to decrease (Table 2). The decrease may ng#3). As previously suggested,(43), this high-spin inter-

be realistic and may contribute to uncertainty in the
parameters obtained from these data fits.

The K¢ values for the alkaline transition as a function of
[GdnHCI] were converted to free energies usikG = 2.3
RTpK¢ and fit to a linear free energy relationship giving an
m-value of 1.8+ 0.5 kcal/(moiM) and AG,(H,O) for
formation of the alkaline state in the limit of high pH of
—2.6 + 0.3 kcal/mol. Themvalue is consistent with the
m-values obtained for formation of the His 73 iso-1-
cytochromec alkaline state 17, 19, 22). So, it appears that
from a thermodynamic standpoint the degree of unfolding
in the alkaline state of this variant is similar to previously
characterized alkaline states involving ligation from ligands
at position 73.

Kinetics of Formation of the Alkaline State of the A79G52
Variant The pH jump experiments done on the A79G52
variant indicate one kinetic phase up to p#9.0. A fit of
kons VErsus pH data to eq 4 (Figure 5) yielks~0.05 s?,
which is within error of the value reported previously for an
A79 variant @) which also has Lys 73 heme ligation in the
alkaline statek,psgrows considerably faster for the A79G52
variant than for the A79 variant above pH 8, yieldikgnd
pKy considerably smaller than for the A79 variakitdf ~2.2
versus~160 s ! and Ky of ~9.5 versus 12; see rdj. The
kinetic data for the A79 variant were collected at 100 mM
NacCl rather than the 500 mM NaCl used here. Equilibrium
data on the alkaline transition of the A79 variant show a
salt dependencet). However, this salt dependence would
only account for a factor of~2 in k. Thus, the Gly 52
mutation appears to be primarily responsible for the differ-
ences in the kinetics of the alkaline conformational transition.

pKy values for the alkaline conformational transition

mediate could be due to ionization and binding of Tyr 67 to
the heme, although other scenarios are possite (

CONCLUSIONS

The destabilizing Asn 52 to Gly mutation in the least stable
substructure of cytochrome allows population of the
alkaline state near physiological pH. This effect on the
stability of the alkaline state demonstrates that the substruc-
ture hierarchy of cytochrome(15, 16) is a useful predictive
tool for manipulating the conformational properties of this
protein. The shift in the I8y for the ionizable group which
triggers the alkaline conformational transition of the A79G52
variant to~9.5 provides additional evidence that an ionizable
group with a (K, between 9 and 9.5 modulates this
conformational transition. The combination of the Gly 52
and Ala 79 mutations splits the acid transition into two
distinct phases. Since the mutations at both positions 52 and
79 are expected to impact the buried hydrogen bond network
of cytochrome, this result suggests that the buried hydrogen
bond network of this protein is a key modulator of the acid
transition.

SUPPORTING INFORMATION AVAILABLE

Figures St+S4 showing HPLC data for the A73G52 and
A79G52 variants, Figures S5 and S6 showing visible spectra
as a function of pH for the A79G52 variant, Figures S7 and
S8 showing plots of absorbance as a function of pH at 570
and 630 nm for the A79G52 variant fitted to eq 7, and Tables
S1-S5 summarizing rate constants and amplitudes for the
alkaline conformational transition of the A79G52 variant.
This material is available free of charge via the Internet at

between 9.0 and 9.5 have previously been observed whernttp://pubs.acs.org.

Phe 82 is mutated to Leu, lle, Gly, and S&d)( Interestingly,

the amplitude for the Lys 73 ligation kinetic phase decreases
with an apparentig, of ~9.2 (Figure 6), similar to theky

for the growth ofky,s The absorbance values in the Soret
band pH titrations (Figure 3B) increase to pH8.5 and then
level off, suggesting that an unstable intermediate forms in
advance of Lys 73heme ligation causing apparent loss in
amplitude of the Lys 73heme binding phase. This transient
intermediate also appears to facilitate Lys-f#&me binding
since kops for Lys 73—heme binding increases as this
intermediate populates. In our kinetic studies on the H73
(6) and the A79H737) variants, we observed three ioniza-
tions with [Kjy's near 5.5, 6.5 (due to His 73), and 9 which
affect the kinetics of formation of the His #heme alkaline
conformer. The Ky of 9.0—-9.5 observed here and for the
variants at position 821¢) coincides with the high pH
ionization which affects the kinetics of formation of the His
73—heme alkaline conformer. Thus, an ionization near pH
9 appears to affect the kinetics of formation of the alkaline
state irrespective of whether the incoming ligand is histidine
or lysine. However, for lysine ligation this ionization is
difficult to observe if the alkaline conformer is not signifi-
cantly populated near physiological pH. So, what is the nature
of this transient intermediate that enhances the rate of
formation of alkaline cytochrome with a pK; near 9? Our
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