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ABSTRACT. Cytochromebs (cyt bs) holds heme using two axial histidines, His63 and His39, that are located

in the centers of the two heme-binding loops. The previous NMR study on the apo formtaf(eyocyt

bs) revealed that the loop including His63 exhibits a larger fluctuation compared to the other loop including
His39 [Falzone, C. J., Mayer, M. R., Whiteman, E. L., Moore, C. D., and Lecomte, J. T. (Bf)emistry

35, 6519-6526]. To understand the significance of the fluctuation, the heme association and dissociation
rates of the two loops were compared using two mutants dbgiyt which one of the axial histidines was
replaced with leucine. It was demonstrated that the fluctuating loop possesses a significantly slower heme
dissociation rate and a faster heme association rate than the other loop. To further verify the importance
of the fluctuating loop, the heme association process of wild-type ajpgeyas investigated using optical
absorption and CD spectroscopies. It was indicated that the process proceeds through the two pathways,
and that the dominant pathway involves the initial coordination of His63 located in the fluctuating loop.
The urea concentration dependency of the rate constants revealed that the folding of the fluctuating loop
is associated with the coordination of His63. It was suggested that the fluctuation enables the loop to
have a larger hemdoop contact in the heme-bound conformation. The fluctuating heme-binding loops
might be useful for the artificial design of heme-binding proteins.

One of the current challenges to researchers in the field The stability of the heme protein association can be defined
of artificial design of proteins is to introduce heme-binding as the difference in the Gibbs free energies of the protein in
sites into a desired protein and to impart it with novel the heme-bound (holo) state and in the heme-free (apo) state.
properties and activities. Since natural heme proteins performAccordingly, the structural properties of heme proteins both
a wide variety of biological activities, including oxygen in the holo and apo forms are important for the understanding
binding and activation, electron transport, and signal trans- of the stability. Only three heme proteins (myoglobin,
duction (L—4), the artificial design of heme-binding sites cytochromebs, and cytochromeésg,) have been characterized
might lead to a strategy for constructing enzymes with structurally in both their holo and apo forms. It is clarified
various functions. DeGrado and his collaborators were the that all three proteins in their apo forms highly maintain the
first who designed de novo heme proteins by introducing holo-like structures except for some conformational fluctua-
axial histidines or methionines inside the artificial helix tions observed in the localized regions, including the axial
bundles $—14). They obtained proteins that can incorporate ligands of the hemel6—25). In the case of apomyoglobin,
six-coordinate hemes using the designed residues. Thea loop containing the proximal histidine experiences the
designed heme proteins, however, always possess a marginalonformational fluctuationl(5—18). The solution structures
stability that is barely maintained by the coordination of two of apocytochromels andbss, show the significant structural
axial ligands to heme. The design of five-coordinate heme fluctuations in one side of the heme-binding sit&8-21,
is currently impossible1(1). As observed for cytochrome 24, 25). The importance of the fluctuating regions for the
P450, natural heme proteins frequently use the open coor-stable heme binding has also been noticed through the efforts
dination site for the substrate binding and activation. The in the artificial design of heme proteins. Choma et &). (
five-coordinate heme adjacent to the open pocket is necessarpbserved that a relatively stable henindle complex was
to attain the chemical activities of heme enzymes. Further obtained when the bundle structure in the absence of heme
developments in the artificial design of heme proteins require was made intentionally destabilized rather than fixed, and
the investigation of the strategy taken by natural proteins to suggested that the fluctuation in the apo structure of the
stabilize the heme binding. designed protein might help to attain a stable conformation

in the holo form. While it is sometimes assumed that local
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As the target of investigating the functions of the fluctuat- was deleted was used as the wild-type protein. Wild-type
ing loops observed in the heme-binding proteins, we focusedcyt bs was expressed ikscherichia colistrain TB1 and
on cytochromebs (cyt bs).! The protein has ca. 90 amino purified as previously describedd). In brief, the cells grown
acid residues and serves to transport electrons in hepaticovernight were harvested and lysed. After removal of cell
endoplasmic reticulum and erythrocyt@8{32). The three- debris by centrifugation, the supernatant was purified using
dimensional structures of the soluble fragment of byt DEAE-Sephacel and Sephadex G-50 columns untilthé
determined by X-ray crystallographg3, 34) and*H NMR Aogo ratio (RZ value) exceeded 5.5 and a single band was
spectroscopy 35—39) revealed that the heme site is six- observed for the purified sample on SDS-containing gels.
coordinate and situated inside the four-helix bundle. The Since the two cybs mutants failed to incorporate heme
two axial histidines, His39 and His63, are located in the in vivo and were sensitive to protease digestions, they were
centers of the two helixturn—helix loops. While the two  transformed into the protease-deficient strain Eof coli,
loops in the holo form are stable and possess very similar BL21(DE3). Furthermore, all the buffer solutions used in
conformations, including the locations of the axial histidines the purification steps contained 10 mM PMSF and 5 mM
and nearby phenylalanines, they experience rather differentEDTA for inhibition of protease activities. The supernatant
environments in the apo forn24, 25). The extensive NMR  of lysed cells was applied to a DEAE-Sephacel column
studies on apocylis revealed that the region between Ala50 equilibrated with 50 mM Tris-acetate buffer at pH 8.0 and
and Glu69, which includes the axial His63, exhibits a large washed with the same buffer until the absorbance of the
fluctuation, while the region around the other histidine elution at 266-280 nm was diminished. The protein was
(His39) forms a relatively stable conformaticd2¥( 25). The eluted with a KCI gradient from 0 to 300 mM. Fractions
presence of the two loops having similar conformations in containing cytbs were collected and dialyzed against 100
the holo form but different fluctuations in the apo form makes mM sodium phosphate buffer at pH 7.5 and applied to a
the protein an ideal target for investigating the functions of DEAE-Sephacel column equilibrated with the same buffer.
the fluctuating loops. By comparing the properties of the The gradient of KCI from 0 to 300 mM was again used to
two loops, we expect to clarify the implication of the elute the purified protein. The apoprotein was concentrated
fluctuations. and passed through a Sephadex G-50 column equilibrated

We investigated the kinetics of the heme association andwith 50 mM Tris-acetate buffer at pH 8.0 several times.
dissociation of cybs, and estimated the equilibrium constants Finally, a slight excess of hemin dissolved in a 0.1 N NaOH
of the heme association from comparison of the both rate solution was added to the apoprotein solution. The recon-
constants. To differentiate the functions of the two loops, stituted proteins were purified by using Sephadex G-25 and
we constructed two mutants of clgg in which one of the G-50 columns equilibrated with 50 mM Tris-acetate buffer
axial histidines was substituted for a leucine residue (H63L at pH 8.0. The typical yield of the purified mutants was about
and H39L). Since the substitutions abolish the heme binding 100 mg from 18 L of culture.
property of one of the loops, the heme association and Spectroscopic Measuremerithe static electronic absorp-
dissociation kinetics of the mutants would reflect the tion spectra of the purified proteins{5 uM) at 25°C in
properties of the remaining heme-binding loops. The process100 mM sodium phosphate buffer (pH 8.0) were recorded
of the heme incorporation of wild-type cyis was also on a UV—visible spectrophotometer (UV-2200, Shimadzu).
analyzed to confirm the functions of the two loops. The Extinction coefficients were calculated from the heme content
spectroscopic properties of the mutants allowed us to identify determined by the pyridinehemochromogen assa#1).
the first histidine that coordinates to the heme during the The static CD spectra of the purified proteins in the Soret
heme incorporation process of the wild-type protein. Our region were measured at 28 on a spectropolarimeter (J-
results clearly indicate that the fluctuating heme-binding loop 720, Jasco). The sample concentration waMin 100 mM
containing His63 has a higher affinity for heme than the other sodium phosphate buffer at pH 8.0. The path length of the

loop containing His39. cells used for the static measurements was 10 mm. The
spectra were the averages of 10 scans recorded at a speed
EXPERIMENTAL PROCEDURES of 100 nm/min with a resolution of 0.2 nm.

Site-Directed MutagenesesSite-directed mutageneses _ Kinetic Measurements of Heme Incorporatidine heme
were carried out by using the polymerase chain reaction INCOrporation reactions were |n|t|a_ted by r_apldly mixing the
technique. Two synthetic oligonucleotides;TFCGCCAC-  @poprotein and cyanohemin solutions using a stopped-flow
CTGGCAGCTCTTCGAGGA-3 and 5-CGTCGGTACT- mixer (Unisoku). The kinetic absorption spectra were
CAGGCCAACGTCT-3, were used as primers to multiply ~ oPtained at 25C using a rapid-scan monochromator (RSM-
the double-stranded DNA fragments and to introduce muta- 1000, Olis) that was connected to the mixer using optical
tions His39— Leu and His63— Leu, respectively. The fibers. The transient CD spectra were obtained at@by
mutated fragments were ligated into the pUC13 plasa@) ( manually mixing the protein and hem|_n sqlutlons in a cell
at the uniquePst and EcaRl restriction sites. The introduc- ~ Whose path length was 40 mm. The kinetic absorption and
tions of the mutations were verified by using a DNA CD spectra were analyzed using a least-squares f|_tt|ng
sequencer (model 373, Applied Biosystems). subroutine of Mathcad (Mathsoft). Igor-Pro (Wavemetrics)

Expression and Purification of Protein# rat hepatic ~ Was used for the data presentation.

0.1 M solution of NaOH and diluted with 100 mM phosphate

! Abbreviations: cytbs, cytochromebs; CD, circular dichroism; buffer containing NaCN (pH 8.0). All hemin solutions were

NMR, nuclear magnetic resonance; ASA, solvent accessible surfaceUsed Withn 5 h of preparation. Apocybs was prepared by
area. the method of Teale4Q). Typically, 100 nmol of cyts in
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Ficure 1: Electronic absorption spectra for H63t < —), H39L

(—), wild-type cytbs (--+), and dicyanohemin (- - -). The buffer
solutions of the mutants and dicyanohemin contained 15 mM NaCN.
The inset shows the expansion of the Soret region.

5.0 mL of 100 mM sodium phosphate at pH 7.0 was brought
to pH 2.0 by slowly adding 2.0 N HCI at @C. An equal
volume of cooled 2-butanone was added to the protein
solution and mixed. The organic layer containing heme was
removed. The procedure was repeated several times until th
organic layer turned colorless. The aqueous solution contain-
ing apoprotein was dialyzed for 24 h against 20 mM sodium
phosphate buffer containing 0.2 mM EDTA (pH 8.0). The
concentrations of wild-type and mutant apody were
estimated by using agpgo of 10.5 mM™ (43).

Measurements of the Rate of Heme Dissociation from the
Cyt bs Mutants.The rates of heme dissociation from the cyt
bs mutants were analyzed using the method described by
Qian et al. 44). Heme extraction reactions from the mutant
cyt bss (1.5uM) to the excess amount of apomyoglobin (50
uM) were monitored at 427 nm in 0.1 M sodium phosphate
buffer (pH 8.0) at 15C. The sample solution contains 0.45
M sucrose to stabilize the apomyoglobi#5). Since the
apparent rate constants for heme extractigp)(observed
at 50 and 10xM apomyoglobin were the same, we consider
the observed rate constants,, identical with the rate
constants for the heme dissociatidn() from the mutants.

RESULTS

Spectroscopic Properties of Wild-Type and Mutant Gst b
We replaced one of the axial histidines with leucine to
construct two axial mutants of cy, H39L and HE3L. To
understand the structural properties of the constructed
mutants, we first investigated their spectroscopic properties.
As shown in Figure 1, the electronic absorption spectra of
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FiGure 2: CD spectra in the Soret region for H63L (- - -), H39L

(—), and wild-type cyts (--+). The buffer solutions of the mutants
contained 15 mM NaCN.

380

has a positive maximum at 420 nm (Figure 2). Since
dicyanohemin in solution and hemin attached on the surface
of proteins afford no optical ellipticity (data not shown), the
appearance of the optical ellipticity for both of the mutants
indicates that the heme is incorporated inside the heme
pocket. We conclude that the hemid39L complex pos-
sesses cyanide and His63 as the axial ligands, and that the
heme-H63L complex possesses cyanide and His39.

Heme Incorporation and Dissociation Rates of Mutant Cyt
bss. To evaluate the properties of each heme-binding loop,
the kinetic rates of the heme association with the mutant cyt
bss were estimated. Apo mutants at concentrations of 5, 10,
and 154M were mixed with 14uM dicyanohemin in the
presence of 25 mM cyanide at pH 8.0. The reactions of 5
M apo mutants and AM dicyanohemin were also carried
out in the presence of 15, 25, and 35 mM cyanide at pH
8.0. The resultant rapid-scan spectra for all the experiments
exhibit clear isosbestic points, and the absorption changes
measured at 419 nm exhibited single-exponential curves (data
not shown). These observations indicate that the process can
be described as a two-state reaction. The apparent rate
constants of the heme association are linearly dependent on
the apoprotein concentration and on the inverse of the
cyanide concentration. The association rate constants are 2.7
+ 0.2 and 1.5+ 0.06 mM* s! for H39L and H63L,
respectively. The cyanide concentration dependency suggests
that the first step of the heme incorporation process should
be the coordination of the axial histidine of apoprotein to

the mutants in the presence of cyanide are distinguished frommonocyanohemin which is in equilibrium with dicyanohe-

those of wild-type cytbs and dicyanohemin. The peak
positions of the both mutants are at 419 and 540 nm, which
are similar to those of cyanometmyoglobin at 422 and 540
nm, respectively, indicating that the coordination structures
of the mutants are the CN-His type. It should be noted that
the electronic absorption spectra for the cyanide-bound form
of H39L and H63L are slightly different from each other as
shown in the inset of Figure 1. The lower Soret intensity of
H63L suggests the existence of a small amount of free hemin.
Soret CD spectra of heme proteins reflect the distributions
of aromatic residues around the hemé)( The CD spectra
for wild-type cyt bs in the oxidized form and for the
cyanomet H39L mutant (CN-H39L) are presented in Figure
2, showing negative maxima at 418 and 423 nm, respectively.
On the other hand, the cyanomet H63L mutant (CN-H63L)

min.

The faster heme association with H39L might be explained
by the difference in the ionization constants of the axial
histidine residues. To examine the effect of the possible
difference in K, we conducted the heme association
reactions at the elevated pH (pH 9.0). The ratios of the
observed association rates for the two mutakitgo(/Kie3L)
are 1.8 and 1.6 at pH 8 and 9, respectively. The invariance
of the ratio indicates that both axial residues are fully
deprotonated at pH 8.0. We conclude that the faster associa-
tion of H39L is not due to the difference in the ionization
states of the axial histidines.

Heme dissociation rates from the holoproteins have been
used to evaluate the affinities between heme and apoproteins
(44, 45, 47—49). The Soret absorption maxima of the two
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mutants in the cyanide-bound form were observed at 419
nm (Figure 1), which are distinct from that of wild-type Mb

(422 nm). We can, therefore, monitor spectroscopically the
transfer of heme from the mutants to the excess amount of
apomyoglobin in the presence of cyanide. The time courses

were measured at 427 nm which corresponds to the maxima

of the difference spectra between the CN-bound mutants of
cyt bs and CN-bound myoglobin. In the case of CN-H39L,
the kinetic trace of the absorption change at 427 nm exhibited
a single-exponential curve (data not shown). The apparent
rate constant [(3.7 0.5) x 10°° s!] corresponds to the
heme dissociation rate from H39L. On the other hand, the
absorption change after mixing CN-H63L and apomyoglobin
is biphasic, having a fast phase with a rate of 0.620.004

s ! and a slow phase with a rate of (6401.1) x 104 s™?®
(data not shown). Hargrove et abQ) reported that dicy-
anohemin binding to apomyoglobin is a first-order process
with a rate constant of 0.019% which coincides with the
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Ficure 3: Rapid-scan optical absorption spectra during the heme
incorporation process of apocigs. Hemin dicyanide and apocyt
bs were rapidly mixed to final concentrations of 1 andu,
respectively, and the following process of heme incorporation was
observed from 0 to 500 s. The buffer solution contained 25 mM
NaCN. The inset shows the expansion of the Soret region.

rate of the fast phase in our observation. We conclude that

the fast phase observed in the reaction of CN-H63L corre- 1.0 -
sponds to the incorporation of free heme into apomyoglobin ©° O'O':AWWW%V"MWM‘““WW}
and the slow phase to the heme dissociation from H63L. *-1.0 1.0 r
This observation indicates that CN-H63L is actually in the 012 S0
mixture of free heme and the heme-bound protein. The 0.104 5
amplitude of the fast phase is ca. 10%, which is consistent §°‘6'
with the suggestion that the slightly reduced Soret absorption g 0087 2041 N
of CN-H63L (Figure 1) is due to the equilibrium between 2 .06 {CN-His S it
= [} bis-CN
the holo form and free heme. 2 C‘OO_
To summarize the results described above, the heme < 9947 70 100 200 300 400 500
association of the H39L mutant is 1.8 times faster than that 0.024 Time /s
of the H63L mutant, and the heme dissociation of H39L is il Moo, e ey
16 times slower than that of H63L. The equilibrium 000

450 500
Wavelength / nm

association constants of the heme with the mutants calculated 400 550

using the rates of the heme dissociation and association are
7.3 x 10 and 2.5x 10° mM~* for H39L and H63L, FiGURE 4. Typical example of the deconvolution of the rapid-scan
respectively. We conclude that the complex between the loopabsorption spectrum. The solid line in the main panel indicates the
containing His63 and heme is more stabilized than that transient t$pe<_3t:gf\7/1vi%btt;igeg ySOTShngtereg?rir:?wgg%ne g(:nt\r/]gluktlgdme
o H Incorporation In - .
between the loop Cpntalnlng His39 and heme: usingpthe standard spectr_;a of t?is-CN, pCN-His (CN-H39L), and bis-
Heme Incorporation of Wild-Type Cyt tMonitored by His, whose relative contributions are 27, 55, and 18%, respectively.
Electronic Absorption Spectroscopye have shown that  The dotted lines indicate the three standard spectra used for the
the loop containing His63 has a higher affinity for heme. deconvolution. The residuals of the deconvolution are shown on
To confim the propertes of he loops in the wi-ype (110 T el ows e deneren angee 1 0 popator
pr.oteln, the kinetic process of the. hemellncorporatlon mto data obtained from the deconvolution gf the rapid-scan s?pectra. The
wild-type cytbs was investigated using rapid-scan absorption soji fines are the simulated fits to the observed population changes
measurements. A typical example of the kinetic absorption using the simplified misfold model presented inside the broken box
spectra is presented in Figure 3, which was obtained afterin Scheme 3. The estimated valueskgfks, andka/k, are 0.038
mixing hemin dicyanide with wild-type apocys to final 7, 0.0040 s*, and 2.1, respectively.
concentrations of 1 and @M, respectively, in the presence Therefore, the observed rapid-scan spectra were deconvoluted
of 25 mM cyanide. The shift of the Soret absorption band using the three standard spectra of bis-CN, bis-His, and CN-
without isosbestic points was observed, which indicates theH39L. Since the H39L mutant forms a stoichiometric
existence of transient components that have absorptioncomplex with heme, its absorption spectrum is appropriate
spectra that are different from those of bis-cyanide- and bis- for CN-His. A representative example of the deconvolution
histidine-coordinated hemes. using the three spectra is shown in Figure 4, in which bis-
The coordination structure of the transient components canCN, bis-His, and CN-His are estimated to contribute 27, 18,
be assumed to be the CN-His form, since the absorptionand 55% of the total population, respectively. The residuals
spectrum &5 s possesses a Soret maximum at 418 nm of the fitting were within the experimental error for all the
(Figure 3) that is similar to those of the CN-H39L and CN- rapid-scan spectra obtained from 0 to 500 s. The time-
H63L mutants (419 nm) (Figure 1). If the assumption is dependent changes of the three populations during the heme
correct, all the rapid-scan spectra recorded during the association process are plotted in the inset of Figure 4. We
incorporation process should be the superposition of the threeconclude that the kinetic process of heme incorporation into
spectra of bis-cyanide-coordinated heme (bis-CN), wild-type wild-type cyt bs involves the transient components whose
holocyt bs (bis-His), and the CN-His form of the heme. coordination structure is the His-CN form.
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Heme Incorporation of Mutant and Wild-Type Cysb
Monitored by CD Spectroscop¥he rapid-scan absorption 0.0,
measurements revealed that the kinetic process of the heme :
incorporation into wild-type cybs involves the transient
components whose coordination structure is the His-CN 0.4
form. The axial histidine of the heme in the transient
components should be either His39, His63, or histidines on
the protein surface. Since the CD spectra in the Soret region
of H39L and H63L are distinct as shown in Figure 2, we
can identify the axial ligand by observing the kinetic CD
spectra for the heme incorporation process of apbgyt

We first observed the heme incorporation processes of 1.2
mutant cytbss. The time-dependent changes in the Soret
ellipticities were obtained after mixing mutant apodys A4 W
and hemin dicyanide to final concentrations of 5 aneM, CN-H39L
respectively, in the presence of 25 mM cyanide (data not 77—
shown). The observed CD changes in the Soret region were 412 416 420 424 428
well-correlated with the absorbance changes. The CD value Wavelength / nm
of H39L decreased single-exponentially with the rate constant 1.0
of 0.017+ 0.003 s? (0.015+ 0.001 s? from the optical
data). The CD value of H63L increased single-exponentially
with the rate constant of 0.0074 0.002 s (0.0090 +
0.0005 s* from the optical data). These results indicate that
the complex formations simultaneously induce the changes
in the optical absorption and the optical ellipticity of the
heme. Since a heme randomly attached on the protein surface ;
affords no ellipticity, the coordination of surface histidines

0.0
i i i 19t T T T T T T T T
is unlikely to occur in the heme association processes of 0 100 200 300 400 500 600 700
mutant cytbss. Time /s
The CD spectral changes during the heme incorporation Ficure 5: (A) Time-dependent CD spectra during the heme
process of wild-type cybs were followed by monitoring the  incorporation process of apoct. Hemin dicyanide and apocyt
time courses of the optical ellipticities at every 1 nm between s were mixed to final concentrations of 1 angi§l, respectively,

: ; the presence of 25 mM NaCN, and the following heme
412 and 428 nm. The obtained data set is presented as th#:corporation was monitored at fixed wavelengths. The points

time-resolved spectra at several duration times (Figure 5A). indicate the observed CD values at 30, 42, 59, 89, 147, 324, 471,
The CD spectra obtained from 30 to 706 s show that the and 706 s after initiation of the reaction. The broken lines represent

initial negative peaks around 422 nm shift to 418 nm as the the standard CD spectra of the wild type and CN-H39L. The solid

reaction proceeds. Assuming that the CN-His39- and CN- lines are the re.sults of the fitting to the data using the star)dard
. . . P spectra of the wild type, CN-H39L, and CN-H63L. The populations
His63-coordinated states of wild-type ci¢ exhibit CD of bis-CN were fixed to the values estimated from the optical data.

SpeCtra that are similar to those of the Corresponding mUtantS(B) Time_dependent Changes in the popu|ations of b|s_ON [Qis_
of cyt bs, we deconvoluted the observed CD spectra using His (a), CN-His39 @), and CN-His63[() determined by the fitting

the standard CD spectra of wild-type dyf CN-H39L and  to the transient CD spectra.

CN-H63L2 As shown in Figure 5B, the time courses of the

populations of CN-His39, CN-His63, and bis-His coincide and his collaborators reported that the substitution of His63
well with those obtained from the optical absorption data With alanine (H63A) disintegrates the heme pocket due to
(Figure 4, inset). Both CN-His39 and CN-His63 are present the small volume of the alanine side chain that allows the
at a ratio of 1:5 to 1:6, and the levels decrease with almost Penetration of water molecule4(). In contrast, both of the
the same rate. These results demonstrate that the transierffurrent mutants are stable in the cyanide-bound form,
components observed in the heme incorporation into wild- Probably because of the similarity in the side chain volumes
type cytbs are the mixture of the two coordination states, Of leucine and histidine. The hydrophobic property of leucine
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but the major component is CN-His63. might also help the mutants exclude water molecules from
the pockets. We, therefore, consider that the current mutants
DISCUSSION possess the heme pockets whose structures are similar to that

of wild-type cytbs. We can expect that the spectroscopic
properties of the mutants would mimic those of the transient
components observed in the heme incorporation process of
wild-type cytbs, and that the kinetic properties of the mutants
would reflect the heme binding properties of the remaining
loops.

We first investigated the heme incorporation and dissocia-
2 Since the solution that gave the CD spectrum of CN-H63L (Figure tion kinetics of the mutants. It was demonstrated that the

2) actually included~10% free heme, we multiplied the CD spectrum hem_e asso_ciation rate of H39L at pH 8.0 (0.2 mM™
by 1.1 and used it as the standard CD spectrum of CN-His39. s 1) is 1.8 times larger than that of H63L (1450.1 mM?*

Stability of the HemeMutant AssociationsWe con-
structed two mutants of cyis to differentiate the roles of
the two heme-binding loops. The spectroscopic properties
of the constructed mutants, H39L and H63L, in the presence
of cyanide indicate that heme is incorporated inside the
pockets with histidine and cyanide as the axial ligands. Sligar
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Scheme 1 Scheme 3
His39 CN
ki CN kss His39
CN HI;39 1 l
CN His63 ik
bisCN T, bisHis // Higgd
His63 P i
IS i IS
Scheme 2 i Step 1 Step 4 HIS63
! bis-CN i oN f bis-His
[ i H
AR | B i ; i
N His fast | Higes ; Hise3
bis-His Intermediate "I
k' 5
ks' ! Step 3| | Step2
i k3 ky
CN '
His . CN
"dead-end" state His63

"misfolded state"

........................................................................

s™1). The faster association of H39L is also observed at pH
9.0, which is much larger than the normakpvalue of
histidine (6.3-6.6). Thus, the possible difference in the
ionization state of the axial histidines at pH 8.0 is not
responsible for the difference in the association constants.
We next observed that the heme dissociation rate from H63L
[(6.0 £ 1.1) x 10* s 1] is 16 times larger than that from

Scheme 1. If the sequential model is correct, the rise of the
intermediate should precede the increase in the level of the
product. The simultaneous increases in CN-His39, CN-His63,
and bis-His levels in the first phase (Figure 5B) contradict

the model. Furthermore, we cannot reproduce the time
H39L [(3.7 £ 0.5) x 10 s-1. The overall equilibrium courses of either CN-His39 or CN-His63 using the sequential

association constant for association of heme with H39L is model with any combination of the kinetic rate constants
29 times larger than that with H63L. Since the region around (kis ~ ks in Scheme 1). We conclude that both of the CN-

His63 of apocyths shows a larger fluctuation compared to His components are not obligatory.
the region around His3926, 25), we conclude that the We next discuss the possibility of the “dead-end model

: L . L shown in Scheme 2. The model considers that the observed
fluctuating loop possesses a significantly higher affinity for . o
heme. It should be noted that the difference in the two loops CN-His components represent the trapped states with His63,

. . . . I His39, or surface histidines as the axial ligand. We can rule
is more prominently reflected in the dissociation constants out the heme trappina at the surface histidines. since no
than in the association constants. bpIng '

o . trapping effect was observed in the heme incorporation
Pathway_of Heme Incorporation into _Wlld-Type_Cyt b processes of the mutants. The heme trapping at His63 can
To ascertain the importance of the His63 loop in heme

bindi . : d the f ) t th | .~ also be neglected, since the rate of hemin dissociation from
inding, we Investigated the functions of the two 100pS I yhe H39) mutant (3.7 1075 %) is much slower than the

the heme association process of wild-typelgytVe clarified observed slow phase of the wild-type proteinl0-3 s ).

that the process involves the transient components Whoseér iharmore, the examination of the cyanide concentration

coordination structure is the CN-His form. The kinetic CD dependency of the rate constaritg (- k) estimated using
spectroscopy indicated that the dominant part ofthetransientthe model contradict the predictions of the motaNe

components.pc.)sse_sses His63 as the_ axial Iigar_1d. |'|OV"evertherefore consider that the major intermediate, CN-His63,
we cannot distinguish whether the His63-coordinated com- i |+ the “dead-end state”

ponent is the obligate intermediate for the heme incorporation We propose the “misfold. model” shown in Scheme 3 to

as shown in Scheme 1 or the dead-end state that traps th%xplain the observed kinetics. The model considers the

Incorporation as shown in S_cheme 2. If the_latter mechanism transient CN-His components as the misfolded states, which
is correct, we should consider that the His63 loop retards

the h iati Itis | cant & tablish thepossess either His39 or His63 as the axial ligand and are in
€ neme association process. Itis important o establis equilibrium with the obligate intermediates. The misfolded
mechanism of the heme incorporation in an effort to

nderstand the functions of the | state and the obligate intermediate that are in equilibrium
understa € functions of the 1oops. possess the same heme coordination structure but different

We presented the time courses of bis-His, bis-CN, CN- 1 q16in conformations. The misfolded states and the product
His39, and CN-His63 in the inset of Figure 4 and in panel

B of Figure 5, which indicate the presence of two kinetic — .

- - - - The dead-end model predicts that the valuessofand k' are
phases. In the first phase, the levels of bis-His, CN-His63, ;ersely proportional to the cyanide concentration, since these
and CN-His39 build up rapidly with the depletion of the bis- processes contain the competition between cyanide and axial histidines.
CN level. In the second phase, the level of bis-His slowly However, the values of &/ and 1k;" estimated using the model and
increases, accompanied by decreases in the levels of CN_expepmentaI data presented in Figure 6 are not proportional to the

. . . cyanide concentration (data not shown). Thus, the dead-end model
His39 and CN-His63. These features are different from those cannot consistently describe the kinetic results of the major CN-His63
expected from the “parallel sequential model” depicted in component in the observed concentration range of cyanide.
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Ficure 6: Time-dependent changes in the populations of bis-CN (A), CN-His (B), and bis-His (C) during the heme incorporation into
apocytbs conducted under different CN concentrations. Concentrations of apoprotein and dicyanohemin after the mixing werehs, and 1
respectively. Three cyanide concentrations, @} 5 @), and 35 mM 4), were investigated. The solid lines are the best-fit simulation

to the data using the simplified misfold model presented inside the broken box in Scheme 3.

are formed competitively from the obligate intermediates. spectra, and were plotted in the panels@ of Figure 6,
While we consider that the model is necessary to explain respectively. The best-fit rate constarks ks, andkz/ks) were
the time dependencies of both CN-His39 and CN-His63, it evaluated by fitting the obtained time courses using the
possesses too many rate constants to be determined uniquelgimplified misfold model. As shown in panel A of Figure 7,
We therefore ignored the contribution of the minor inter- while 1k; andky/k, are proportional to the cyanide concen-
mediate, CN-His39, in establishing the major pathway of tration, ks is independent of the cyanide concentration. We
heme incorporation. The simplified misfold model is depicted next examined the apoprotein concentration dependencies
inside the broken box in Scheme 3. The rate constantsof k;—k,. Apoprotein solutions at concentrations of 3, 5, 10,
estimated using the simplified model appear to exhibit minor and 15«M were allowed to react with &M dicyanohemin
deviations caused by neglecting CN-His39. However, the in the presence of 25 mM cyanide (data not shown). Rate
guantitative analysis using the simplified model should reveal constants were analyzed and presented in panel B of Figure
the roles of CN-His63 that amounts to more than 80% of 7, which indicates thalk; is proportional to the apoprotein
the transient components. concentration and th&k/k, andks show no change. All these
The simplified misfold model has two kinds of transient observations are consistent with the predictions from the
components, | and misfolded state, and four rate constantssimplified model. We conclude that the simplified misfold
ki—ks. We ignored the back reaction from | to bis-CN due model can consistently describe the major pathway of heme
to the slow rate of dissociation of heme from CN-H39L (3.7 incorporation of cytbs.
x 1075 s71) compared to the rate of the heme incorporation  The simplified misfold model ignores the minor contribu-
into the wild-type protein (1*—10"2 s™%). As shown in the tion of CN-His39. Since the observed CN-His39 component
inset of Figure 4, the model can reproduce the observedcannot be the on-pathway intermediate as judged from its
kinetic trace of each component and gives rate constants time dependency, we propose that CN-His39 might be either
andks; and a ratio of the rate constankg/k,. To verify the the misfolded state or the trapped state. Scheme 3 can express
simplified misfold model, we will demonstrate that the model both of the cases by a proper choice of rate constants.
consistently describes the cyanide and apoprotein concentralnfortunately, it is impractical to establish the pathway
tion dependencies of the estimated rate constants. Step 1 onvolving CN-His39 due to the uncertainty in the estimated
the model includes the dissociation of cyanide from dicy- amount of the minor CN-His39 component. We conclude,
anohemin followed by the coordination of the axial histidine however, that the heme incorporation process of lgyt
to the open coordination site of monocyanohemin. Since proceeds through the two pathways, and that the dominant
monocyanohemin can bind both cyanide and apoprokegin, pathway involves the initial coordination of His63. We
is expected to increase linearly with the apoprotein concen-confirmed that the loop containing His63 captures heme
tration and with the inverse of the cyanide concentration. faster than the other loop in both wild-type and mutant cyt
Steps 2 and 3 involve only the conformational transitions of bss.
the protein, and should be independent of the apoprotein and Identification of the Step That #olves the Folding of the
cyanide concentrations. Step 4 involves the dissociation of Fluctuating Loop.We revealed that the fluctuating loop
cyanide, and should be dependent on the cyanide concentracontaining His63 can form the stabilized henteop com-
tion, but independent of the apoprotein concentration. Theseplex. To characterize the mechanism of stabilization, we
predictions from the simplified misfold model can be investigated the urea concentration dependency of the heme
experimentally verified. incorporation process. Since urea is known to disturb
We first examined the cyanide concentration dependencieshydrophobic interaction of proteingl, 52), the processes
of ki—ks. Apoprotein and dicyanohemin solutions were that involve the folding of protein backbones should be
mixed to final concentrations of 5 andudM, respectively, decelerated by increasing the urea concentration.
under three cyanide concentrations (15, 25, and 35 mM). The heme incorporation experiments under various urea
The time courses of bis-CN, bis-His, and CN-His were concentrations from 0 to 1.5 M were conducted. The rapid-
determined by the deconvolution of the rapid-scan absorptionscan absorption spectra were deconvoluted using the spectra
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Ficure 7: Dependence df;, ks, andky/k, on the cyanide (A), apoprotein (B), and urea (C) concentrations. Black triangles, white squares,
and black circles denote the valueskafks, andka/k,, respectively, that were obtained by fitting the experimental data using the simplified
misfold model presented inside the broken box in Scheme 3.

of bis-CN, bis-His, and CN-H39L measured at respective (miRT = 650 cal mot! M~1)¢ corresponds to AASA of
urea concentrations (data not shown). The resultant timeca. 25004+ 1000 2. The theoreticaAASA between the
courses of the three components were fitted using the holo and apo forms of cyis is ca. 1900 A, estimated using
simplified misfold model to estimate the rate constants. Itis the program ACCESS5@) and coordinate data of cyds
apparent that while the observéd and kx/k, values are (33) and heme. Considering the large uncertainty in the
constant, the Ir) value decreases linearly with the urea empirical relationship by Myers et ab38),” we consider that
concentration (panel C of Figure 7). The urea dependencythe two values are comparable. We conclude that a large
of k; demonstrates that the transition state for step 1 possessegart of the fluctuating loop in apocys is already folded at
the folded backbone structure. The constant behaviég of the transition state of step 1. The result demonstrates that
and ko/ks suggests that forward and backward transitions the first step of the heme incorporation is associated with
between | and the misfolded state (steps 2 and 3) and thethe folding of the loop containing His63.
transition from | to the native state (step 4) are associated Roles of the Fluctuating Loops in Heme-Binding Proteins.
with only a small amount of the backbone foldifid/e note  We revealed that the fluctuating loop containing His63
that the experiments were conducted at relatively low urea exhibits a faster heme association and a slower heme
concentrations<1.5 M). Since the midpoint urea concentra-  dissociation compared to those of the other loop containing
tion for the equilibrium unfolding of apocys is ca. 2 M His39. The difference is more pronounced in the dissociation
(M. lhara et al., unpublished), the amount of the unfolded process. The previous calorimetric study on apobyt
state of apocybs is small. The liner concentration depen- indicated that apocyss is entropically unfavorable compared
dency of the estimated kinetic constants also supports theto holocytbs, indicating that parts of nonpolar residues, being
kinetic scheme without the unfolded state of apamyt buried in holocyths, are exposed to the solvent in apobyt

We can roughly estimate the amount of backbone folding (55, 56). The urea concentration dependency kefalso
in step 1 from its urea concentration dependency. The valuessuggests that a considerable amount of hydrophobic interac-

of In(ky) conform to eq 1: tion is established in step 1. We infer that the affinity of the
His63 loop for heme might be ascribed to extensive
In(k,) = In(k,"°) + mJurea] (1)  hydrophobic contacts between the loop and heme.

A careful inspection of the X-ray structure of dytallows
wherek;"C is the rate constant in the absence of urea and us to notice that the backbone structures of the two loops
mys is the slope of the plot. Then value is known to be  differ in the extent of packing between the heme and loops.
proportional to the difference in the solvent accessible surfaceAs shown in Figure 837), the His39 loop in the holo form
area AASA) between the initial and transition statésS) possesses a hydrophobic cluster tightly packed by three
According to the empirical relationship betweam and leucines, Leu32, -36, and -46, which is also present in the
AASA derived by Myers et al.53), the observedn; value apo structureZ4, 25). On the contrary, the two terminals of
the His63 loop are separated from each other. The two helices

4The small difference in the amount of backbone folding between Of the His63 loop possess no direct interaction except for
the misfolded state and | suggests that the two states possess similaone hydrogen bond between Arg68 and Glu59. The weak
conformations. We propose that His39 might form a hydrogen bond
with the axial cyanide in the misfolded state but not in I.

5 Urea might also modulate the structure of the transition state for ¢ Myers et al. 63) defined them (cal mof* M~?) values from the
step 1 that could complicate our analysis. We presume the effect canequilibrium experiments. The: (M) values obtained in our kinetic
be ignored due to the relatively low urea concentrations.b M) used experiments must be multiplied BT to match the units.

in our experiments and the observed linearity of thi)nfersus [urea] ’The correlation coefficient betweem and AASA estimated by
plot (panel C of Figure 7). Myers et al. §3) is rather small R = 0.84).
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% , pathways and that the dominant pathway involves the initial

A “ﬁ"f ( ' coordination of His63. The fluctuating loop containing His63
- captures heme faster than the other loop containing His39,
IF e and makes the more stabilized complex. Since the His63 loop

possesses a larger herleop contact in the holo form
compared to the other loop, we suggest that the fluctuation
might be important in attaining the larger hydrophobic
interaction between heme and the loop. The finding would
be important for the artificial designs of proteins that can
bind heme and other substrates.
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