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ABSTRACT: In order to investigate the effects of an intramolecular disulfide bond on protein structure and
ligand binding dynamics in myoglobin, we prepared a mutant myoglobin having a disulfide bond at the
EF corner by introducing two cysteine at the position of lle 75 and Glu 85. On the basis of the spectral
features of the mutant, the formation of the disulfide bond only affected minor structural deviations of the
heme environmental structure in the carbonmonoxy form, whereas more substantial structural alterations
were induced in the deoxygenated form. Laser photolysis experiments for carbon monoxide rebinding
clearly showed that the artificial-SS bond accelerates the bimolecular rebinding rate from 1.0 to 1.8
uM™1 s71 and increases the geminate yield from 0.072 to 0.092. The ligand migration rate from the
solvent to the heme pocket and the bond formation rate from the heme pocket to the heme iron also
increased. The free energy diagram for the mutants indicates that the energy barrier for the bond formation
was raised as well as that for the ligand migration by introduction of the disulfide bond. However, the
effects of the disulfide linkage at the EF corner on the kinetic parameter is much smaller than those of the
amino acid substitutions located in the heme cavity. We can conclude that the perturbation of the protein
fluctuations by formation of the disulfide bond would be localized at the mutation site or the contributions
from other regions and motions might be more important for the ligand binding dynamics.

The protein fluctuation plays key roles not only in the and conventional model systems to examine dynamic
protein folding but also in the substrate binding dynamics properties of proteins. However, most of the previous studies
for many enzymes (Gurd & Rothgeb, 1979; Karplus & have focused on the regulation mechanism by single or some
McCammon, 1983). X-ray structures of hemoproteins have amino acid residues around the distal or proximal histidine,
shown that there are no ligand entry channels even for smalland little attention has been paid to the protein fluctuation
molecules such as the oxygen molecule or carbon monoxideincluding global motion of helices of myoglobin in the ligand
(Takano, 1977; Phillips, 1980). This observation implies that binding.

the ligand binding process requires protein structural fluctua-  The disulfide bond, which is formed by the oxidation of
tiqns. Although a number of the kinetic experiments over 4 pair of cysteines, has been considered to be one of the
wide ranges of time and temperature have enabled us tomaior structural factors for the protein fluctuation (Kidera
investigate the effects of the protein fluctuation on the ligand 4 al., 1992; Careaga & Falke, 1992; Daggett & Levitt, 1993;
binding dynamics of hemoproteins, molecular mechanisms Jeng & Dyson, 1995). Previous studies have shown that
for regulation of the ligand binding by the protein fluctuation iniroqyction of artificial disulfide bonds into a protein
are still unclear (Gibson et al., 1986; Austin et al., 1975, y,jecule enhanced protein stability by lowering the entropy
Henry et al., 1983; Olson et al., 1988; Frauenfelder et al., ot the ynfolding state and enthalpic stabilization of the folded
1991; Steinback et al., 1991; Lambright et al., 1991; Tian et ¢ :q (Perry & Wetzel, 1984; Pantoliano et al., 1987;
al., 1996)'_ ] _ ) Matsumura et al., 1989; Kanaya et al., 1991; Gusev et al.,
_To elucidate the effect of protein fluctuation on ligand 1991), indicating that a disulfide bond perturbs or restricts
binding, we introduced an artificial disulfide bond into  the protein fluctuations. Since the protein fluctuation should
myoglobin (Mb), which is a globular protein of about pe essential to protein function as well as to stabilize protein
molecular weight 18 000 and 153 amino acid residues andstrycture, introduction of disulfide bonds would be critical
contains one protoheme. Intensive studies on the ligandg the ligand binding dynamics in myoglobin.
binding kinetics of myoglobin (Springer et al., 1994, and On the basis of the temperature-dependent X-ray diffrac-
references therein) have revealed the detailed mechanism o{. E felder et al 19p79 int dp t] y i
the ligand binding process on the time scale from picosecond lon, Frauentelder et al. ( ) pointed out large mean-square

to second, which led myoglobin to be one of the most basic d|sp!acement n the EF corner, F-helix, and GH corner upon
the ligand binding. These regions are close to the heme and

: might be involved in a dynamic control mechanism in
T This work was supported by Grants 07309006 and 07558215 (to myog|0bin and hemog'obin as Suggested by Perutz (1965)

I.M.) for scientific research and Research Grant 06808058 (to K.l.) . .
from the Ministry of Education, Science, Culture, and Sports. Of these regions showing the largefactor, we focused on
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Ficure 1: Introduction site of the disulfide bond in human
myoglobin. The mutated residues, lle 75 and Glu 85, are circled.

The E- and F-helices are described by the ribbon model, and the

other part is described by thecarbon backbone structure.

at the heme iron. Since the E- and F-helices would move
away to let the oxygen molecule migrate from the solvent
to the heme iron, restriction of the fluctuations of these two
helices by formation of the disulfide bond would affect ligand

binding properties of myoglobin and offer unique information

for dynamics of the ligand binding.

In order to perturb the motion of the E- and F-helices, we
mutated isoleucine-75 (lle 75) and glutamic acid-85 (Glu
85) to cysteine to form a disulfide bond in the EF corner
(Figure 1). lle 75 is located at the end of the E-helix, and
the position of Glu 85 is the beginning of the F-helix. The
distance between themethylene carbon of lle 75 and the
y-carbonyl carbon of Glu 85 is about 4.05 A in the
carbonmonoxy form (Cheng & Schoenborn, 1991), which
is not far from the length of a typical disulfide bond (2.0 A)
(Phillips, 1966), showing that lle 75 and Glu 85 are one of
the most appropriate amino acid pairs to form an intramol-

ecule disulfide bond between E- and F-helices. We exam-

ined the effects of the intramolecular disulfide bond on the
static structure of the liganded and unliganded forms by

various spectroscopies and the carbon monoxide binding

properties of the mutant myoglobin in the absence and
presence of the disulfide bond by laser photolysis under
various hydrostatic pressures.

MATERIALS AND METHODS

Reagents and Protein PreparatiorPotassium ferricya-
nide, DTT} and sodium dithionite were purchased from
Wako Pure Chemical Industries, Ltd.

The original expression vector of human myoglobin, pMb3
(pLclIFXMb), is a gift from Varadarajan and Boxer (Vara-
darajan et al.,, 1985). The procedures for site-directed

mutagenesis are described in previous papers (Kunkel, 1985

1 Abbreviations: DTT, dithiothreitol; SDSPAGE, sodium dodecyl
sulfate-polyacrylamide gel electrophoresis; FT-IR, Fourier transform
infrared; TMS, tetramethylsilane; ppm, parts per million; EDTA,

ethylenediaminetetraacetate; WEFT, water-eliminated Fourier transform;

FAB, fast atom bombardment.
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Varadarajan et al.,, 1989; Adachi et al., 1992). DNA
sequencing for the mutated myoglobin genes was performed
by the DyeDeoxy Terminator method by using an ABI 373A
DNA sequencer and was analyzed by a 373A DNA sequenc-
ing system. Protein preparation and purification were
followed by the method described previously (Varadarajan
et al., 1989; Adachi et al., 1992).

The spectroscopic and functional properties of the recom-
binant wild-type myoglobit were indistinguishable from
those of the native myoglobin (Varadarajan et al., 1989).
The buffer solutions were 0.1 M sodium phosphate buffer,
pH 7.0. The electronic absorption spectra of the deoxy, oxy,
and carbonmonoxy forms of the mutants are similar to those
of the wild-type protein. The peak maxima did not shift for
more than 1 nm by the mutation.

Oxidation and Reduction of the Disulfide Bondio form
the intramolecular disulfide bond in the mutant, the purified
protein was oxidized by 2 equiv of potassium ferricyanide
(K3[Fe(CN)]) at 37 °C for 12 h. An excess amount of
ferricyanide was removed by a gel filtration column (Sepha-
dex G-25) with 0.1 M sodium phosphate buffer at pH 7.0.
By addition of a small amount of solid sodium dithionite,
the heme iron was reduced to the ferrous state without
cleavage of the disulfide bond. To cleave the disulfide bond,
the purified protein was incubated with 100 mM DTT and 1
mM EDTA at 37°C for 12 h under CO atmosphere.

Laser Photolysis Experiment§ he methods for milli- and
microsecond laser photolysis measurements are followed by
the procedure previously reported (Adachi & Morishima,
1989; Adachi et al., 1992; Unno et al., 1994). A flashlamp-
pumped dye laser with a half-peak duration of 300 ns
(UNISOKU LA-501) was used. Rhodamine 6G (Kodak) in
methanol was used to produce an excitation pulse at a
wavelength maximum of 590 nm. The probe light at 436
nm was focused onto the slit of the monochromator
(UNISOKU USP-501) and detected by a photomultiplier. A
transient memory (GRAPHTEC TMR-80) was used to
digitize the signal (50 ns/point, 4096 points), and data were
transferred to a NEC PC-9801VX computer for further data
analysis. The sample concentration was aboutl20

Ligand rebinding to the mutant and wild-type myoglobins
was analyzed by fitting to the equation:

AA = AA exXp(—kyyd) (1)
whereAA; is the absorbance change at any tinad AAg
is the total absorbance change (absorbande=ad minus
absorbance dt = o). kappis the observed first-order rate
constant, and thédg,, satisfies the equation (Antonini &
Brunori, 1971):

Kapp = Kon[CO]

wherek,, is the bimolecular ligand binding rate constant.
Over the narrow range of temperature (285 K) in

these measurements, the overall rate constants showed a

temperature dependence which obeys an Arrhenius law:

(2)

2Varadarajan et al. (1989) replaced cysteine-110 of human myo-
globin by alanine to prevent difficulties in protein purification. In this
study, we denote this mutant (Cys 119 Ala) of human myoglobin
as “wild type”.
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Ko = Aexp(—E/RT) 3 activation volume is given by the equation:
where E, is the activation energy anA is the prefactor a(In k/k,)
(Chatfield et al., 1990). AV' = -R 8—kF‘j/ (10)

For the nanosecond laser photolysis experiments, we used
6 ns FWHM pulses fronj a Q-switched Nd:YAG laser for |\ boreRis the gas constant=@.314 J K mol %), T is
the experiment. The incident energy was about 10 mJ. Thepqqyte temperature, akdandk, are observed first-order
absorption changes were monitored by a continuous, weak 4t constants at 0.1 amIMPa, respectively. The slopes
probe beam from a 150 W xenon arc lamp passed throughof the plot of In kyk, versus pressure for the mutant

a molnochromdator. (;I’he probe wavelength V\r/]as 44?,”Im' myoglobins at atmospheric pressure were calculated by the
Signals were detected in transmission using a photomultiplier ¢ imi-eq second-order polynomial function.

(Hamamatsu Photonics, R2949), and the transient signals Dissociation Constant of Carbon Monoxid&@he kinetic

were digitized using an Iwatsu DS-8621 oscilloscope. measurements of the CO dissociation rates were carried out

Signals were averaged 15040 times. The data were . L
with a UV—visible spectrometer (SHIMADZU UV-2200).
transferred to a NEC PC-9821Ae computer for further data kor was determined by analyzing the replacement reaction

e, I WHch ated CO was replaea by NO a3 descrd
9 YSIS. P detail by Lambright et al. (1989). The concentrated myo-

20 lf‘ al\t/:(.)n'.l'he time courses were analyzed by fitting to the globin stocks were converted to the carbonmonoxy form by
q ' stirring under CO followed by reduction with sodium
AAJAA. = ¢ exp(—kt) + (1 — &.) exp(=k 1) (4 dithionite. NO-saturated buffer (100 mM sodium phosphate
AR = Py XpEk) + (1= 9g) expCord) (4) for pH 7.0) was prepared by bubbling NO through 3 mL of
wherek, is the geminate rate constag, is the geminate  buffer in a sealed 1 cm path-length UV cell. About20
yield, andAA, is the total absorbance change (absorbance Of the concentrated MbCO solution was then injected into

att = 0 minus absorbance at= ). the cell at 20°C, and the reaction was followed by
In this study, we assumed the simple three-state sequentiaMonitoring the absorbance at 424 nm. The decay was fit to
scheme (Henry et al., 1983): a single exponential using a nonlinear least-squares fitting.

The free energy change for the ligand binding in the deoxy

v ks i i i ini
A (MbCO) % B (Mb---CO)?Z S (Mb+ CO) (5) gngr%irgrlinalt;slt;tes is calculated by the equations (Antonini

where the symbol A represents the liganded state in which AG = —RTInK 11
CO is bounded to the heme iron (carbonmonoxy form) and co (11)
S is unliganded form (deoxy form). B is a geminate state AAG = —RTIN{Kco(S—S)Kco(SH)} (12)

in which the iror-CO bond has been photolyzed but CO is
still trapped within the protein (Henry et al., 1983; Lambright
et al., 1989; Carver et al.,, 1990). The observakje
(geminate rate constantlp, (geminate yield), andkon kot)- _

(pseudo-first-order association rate constant) are related to ':I"R Spectra The infrared spectra were measured at 1
the rate constants for the three-state sequential schem&T ' resolution on a Bio-Rad FTS-30 spectrophotometer.

whereKco is the equilibrium constant for CO binding.f/

i e The sample concentration was about 1 mM. A small amount
(Lambright et al., 1989) by the equations: of sodium dithionite was added to remove residual oxygen
Ky = kga T+ Kas (6) just prior to recording the infrared spectra. Approximately
40 uL of carbonmonoxymyoglobin solution was loaded into
by = kBA/kg = Kgpa/(Kga t Kgg) @ a Cak, cell with 0.1 mm path length. We used an equimolar
amount of wild-type aquometmyoglobin as a reference. Each
Ko = kss¢g = KsgKaa/(Kaa + Kgg) (8) spectrum was an average of 512 scans. To determine the
peak positions and line width, we fitted the experimental
Kot = Kag(1 = o) (9) data with a linear combination of three independent Gaussian

line shapes (Caughey et al., 1981).

Since we defined the activation energy as expressed by NMR SpectroscopyH NMR spectra were recorded using
eq 3, itis presumed that the preexponential fac&konf each a GE OMEGA 500 spectrometer equipped with a SUN 3
step was equal to each other, which is adequate in our casevorkstation. Hyperfine-shifted NMR spectra were obtained
(Carver et al., 1990). The absolute values of the preexpo-with an 8K data transform of 125 kHz and %6 9C pulse
nential factor do not affect the differences between the barrier by using a conventional WEFT pulse sequence (18690
height for the mutants (Carver et al., 1990). acquire) in order to minimize the strong solvent resonances

Laser Photolysis Measurement under Various Pressuresin H,O solution. A careful setting of thevalue (typically
and TemperaturesThe methods for milli- and microsecond 120—130 ms) can completely eliminate the®isignal under
laser photolysis measurements under various pressures havepid repetition of the sequence. We also used a PRESAT
been described in our previous papers (Adachi & Morishima, pulse sequence wita 1 spresaturation pulse to suppress
1889; Unno et al., 1990, 1991, 1994). All experiments under the residual water resonance. The probe temperature was
high pressure were performed in 0.1 M Tris-HCI buffer, pH 23+ 0.5°C. The concentration of the sample was about 1
7.8. The pH of Tris buffer has been shown to be independentmM in 100 mM sodium phosphate, pD 7.0, and the volume
of pressure up to 200 MPa (Newmann et al., 1973). The was about 50QuL. Proton shifts were referenced with
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FIGURE 2: SDS-PAGE analysis of the SS and SH mutants. Std. g [
is the molecular weight standard; WT is wild-type human myo- < oal
globin; Ox. is the S mutant (oxidized 75C/85C); Red. is the SH < %
mutant (reduced 75C/85C). Each lane containsu@ ®f protein. [
0.2
respect to the signal of the proton resonance of tetrameth- A
ylsilane (TMS). 0.0 il vl il it i
107 10° 10" 10" 10°
RESULTS time /s

Ficure 3: Time courses for CO rebinding to the-S (A) and SH

Formation and Cleaage of the Disulfide Bond Figure (B) Tﬁit.?miu:vhei d;;i j;?etgebexfheerige'ga%agaé ;%dl}ggssgig mgs
2 shows the SDSponacry!amlde ge! ?IeCtrOphoreSIS (SBS . ggﬁa,l ang the dashed lines arg fits tothb exponential functions.
PAGE) under nonreducing conditions. Since a protein
con_taining an i_ntramolec_ular disulfide linkage has a small_er The activation energy was not affected by the introduction
radius of gyration and migrates further down the gel (Pollitt of the disulfide bond.
& Zalkin, 1983; Perry & Wetzel, 1984), the formation and
cleavage of a disulfide bond were detected under these
conditions. As illustrated in Figure 2, the-S mutant (the
mutant having the disulfide bond between Cys 75 and Cys
85) migrated faster than wild-type and the SH mutant (the

mutant having reduced Cys 75 and Cys 85) myoglobins. We _ .
also measured whole molecular weight of theSSmutant obtained the rate constants for each elementary step. Since

by FAB mass spectroscopy. The molecular weight of the the geminate process could be fitted with a single exponential

apo S-S mutant was 16 985 0.2 (data not shown). This within our experimental error, the model is adequate to our
value is exactly 2 Da smaller than the calculated value of SXPeriments under the present conditidn$he parameters

the apo SH mutant, indicating that the two cysteine re:sidues‘l;o.r the Bgemidna;e kineltics are estimqte% f“’;“ ;lhe (iata dO;
lost two hydrogen atoms by forming the disulfide bond. igure 3, and the results are summarized in Tables 1 and 2.

. ) The rate constankg) for the S-S mutant was virtually the
Laser Photolysis of Carbonmonoxy Mutant set of time

T same as that for the SH mutant. On the other hand, the
courses for CO recombination to the-S and SH mutant geminate yield for the SS mutant (0.092+ 0.001) is

myoglobins at 10 deg intervals (283, 293, and 303 K) are gjqnificantly larger than that for the SH mutant (0.022

shown in Figure 3. The t_ime_axis is p'oue.d ona Iogarithmic 0.001). In the rate constants for the elementary steps, the
scale. A_‘S .clearly shown in Figure 3, the tlme course CONSIStSiraduction of the disulfide bond into myoglobin accelerated
of two distinct phases. The fast phase which is independenty . ‘+he rate for the bond formation from the heme environ-
of the ligand concentration is the geminate rebinding process,  ant to the heme iron (0.290.35 s7), andkss, the rate for

and the second one being dependent on itis the bimoleculatye migration from solvent to the heme environment-(14
rebinding process. 19 sb).

The bimolecular rebinding rate constanten( were Measurement of Dissociation Rat&he time courses of
obtained by millisecond kinetic setup, and the results are yno cO dissociation reaction for the-S and SH mutants
listed in Table 1. As shown in Table 1, the, value forthe \yare measured by the conventional NO replacement method
SH mutant is almost the same as that for wild-type myo-
globin, indicating that the effects of replacement of lle 75
and Glu 85 by cysteine ok, are rather small. However, 8 The geminate rebinding for MbCO is distinctly nonexponential and

L 1 1 can be fitted more adequately with either a stretched exponential or a
the rate of CO binding to the-SS mutant (1.&M™ s™) biexponential form (Tian et al., 1992). Steinbach (1991) also described

was significantly larger than that of the SH mutant (0.98 this reaction by a time-dependent barrier model, which postured that
uM™t s71), Temperature dependence of CO bimolecular the barrier to rebinding increases a function of a time as the protein

rebinding for the mutants was measured from 275 to 315 K relaxes toward the equilibrium. However, the CO geminate process of
" human wild-type myoglobin and most mutants under aqueous solution

The activation energy&,, for the bimolecular CO rebinding 5t room temperature can be simulated by a single exponential well
was estimated by eq 3 as described in Materials and Methods(Lambright et al., 1994).

To gain further insight into this acceleration of bimolecular
rebinding rate, we analyzed the rebinding process in more
detail. In this work, we adopted the three-state sequential
scheme (Alberding et al., 1976; Henry et al., 1983) to the
time course of carbon monoxide rebinding (eq 5) and
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Table 1: Kinetic Parameters for CO Rebinding to Human Myoglobins in 0.1 M Sodium Phosphate Buffer, pH 7.%Cat 20

kon KCO
WM™ts Korr (79 WM kg (us™) Py
S-S 1.8+ 0.2 0.012+ 0.001 147+ 14 3.8+0.1 0.092+ 0.001
SH SH 0.98+ 0.01 0.016+ 0.001 61+ 4 3.8+0.1 0.072+ 0.001
wild type 1.1+ 0. 0.018+ 0.001 61+ 5 3.3+0.1 0.068+ 0.001
aError is less than 0.03.
Table 2: Kinetic Parameters for CO Rebinding to Human Table 3: Activated Parameters for CO Rebinding to Human
Myoglobins in 0.1 M Sodium Phosphate Buffer, pH 7.0 at°20 Myoglobins in 0.1 M Sodium Phosphate, pH 7.0 at°ZD
kag (s7%) Kea (us™)  kss(us™) ksg(Mtus™) Ea (kJ mol?) AVF (cm? mol=1)
S-S 0.013+ 0.001 0.35-0.01 3.4+0.1 19+ 02 S-S 32+1 —194+0.9
SH SH 0.01A4 0.001 0.274+0.01 3.5+0.1 14+ @2 SH SH 33+ 1 —20+1.2
wild type 0.019+ 0.001 0.22+0.01 3.1+0.1 16+ 1 wild type 36+ 1 —20+04
aError is less than 0.5.
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Ficure 4: Logarithmic plots of the rate constants for the bimo- s-s 1970
lecular CO rebinding reaction vs hydrostatic pressure for th&€ S N N y
(A) and SH (B) mutants. T T T T
2000 1980 1960 1940 1920 1900
(Lambright et al., 1989; Rohlfs et al., 1990), and the values Wavenumber / cm”

of ko are also summarized in Table 1. Although the FIGURE5: FT-IR spectra of the €O stretching region of the-SS
value for the wild-type myoglobin (0.018 5 was a little and SH mutant myoglobins. Samples contain 1 mM protein in 0.1
smaller than that obtained by Dou et al. (0.022) $1995), M sodium phosphate buffer at pH 7.0.
the rate constant for the SH mutant (0.016)svas almost that in the SH mutant. In the pressure dependence of the
identical to that for wild-type myoglobin. As listed in Table rebinding rate for the SS mutants, however, some devia-
1, the formation of the disulfide bond decelerated the tions from that for the SH mutant were observed at the
dissociation rate from 0.016 to 0.012''s From the elevated pressure.
bimolecular rebinding k,r) and dissociation ratekgsx) Infrared Spectra of Carbonmonoxy Mutant and Wild-Type
constants, the apparent CO affiniti{co = kon/kot, Was Myoglobins The infrared spectra for carbonmonoxy-S
estimated as given in Table 1. The-S mutant shows and SH mutant myoglobins in the region from 2000 to 1900
higher affinity to carbon monoxide (14 1) than the SH cmtat pH 7.0 are shown in Figure 5. All spectra could be
mutant (61uM~%) and wild-type myoglobin (6M™2). decomposed by the sum of three Gaussian functions. The
Pressure Effect on Bimolecular Ligand Bindingressure  positions of the IR stretching band and population of
dependence of the CO bimolecular rebinding kinetics of the conformers for wild-type and mutant myoglobins are sum-
S-S and SH mutants is given in Figure 4, and their activation marized in the Table 4. In myoglobin, at least three different
volumes,AV#, are listed in Table 3. The time courses at CO conformers can be identified in IR spectra under various
the elevated pressure we applied here were fitted by a simpleconditions and designated as listed in Table 4 (Caughey et
single exponential within experimental error (results not al., 1969,1981; Makinen et al., 1979; Ansari et al., 1987;
shown). The rates of CO rebinding for both mutant Frauenfelder et al., 1988). For human wild type myoglobin,
myoglobins were accelerated, and the apparent quantumthe main G-O stretch mode (8 was observed at 1945 ¢y
yields were decreased by pressurization as found for nativeand one minor band appeared at 19673)(@m* at room
myoglobin (Adachi & Morishima, 1989). The activation temperature. On the other hand, both of the mutants
volume of CO rebinding in the-SS mutant was identical to  exhibited three €O stretching bands: one major band at
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Table 5: Proton NMR Chemical Shifts of Mutant
Carbomonoxymyoglobins in Sodium Phosphate, pD 7.0 &t®@3
(ppm from TMS)

Vall7 Leu29 Vall7 Val68 Leu29 Val68

Table 4: IR Stretching Band and Population of Conformers for
Wild-Type and Mutant Myoglobins

Ao, et (%) A, cnrlt (%)
1967 (3) 1945 (97) —a

As, cnrt (%)

wild type

s-s 1970 (2) 1945 (86) 1938 (12) C/Hs cang C/Hs cdes Cohs Cer3

SH 1970 (3) 1945 (95) 1938 (2) a c €
" S-S —0.36 -046 -056 -068 -0.78 —-25
Not detected. SHSH -035 -043 -053 -068 -077 -25
wildtype -0.35 —-043 -056 -0.60 -079 —25

BC e ‘ Table 6: Proton NMR Chemical Shifts of Mutant
2 Deoxymyoglobins in Sodium Phosphate, pH 7.0 at’@3(ppm
from TMS)
SH His lle
93 heme 107 Val 68
N()H 5-CH3 6-Ha 4-Ha 3-CH3 C}/Hs CyH3 CVH3
g h i j k | m n
s-s S-S 83.2 151 145 134 112 11.8-53 —-64
SH SH 832 149 137 126 112 12647 —6.0
wild type# 785 14.8 14.1 13.0 108 13.0-45 —-7.3
L 1 T 1 1 1
0 -1 2 3 -4 -5

@ Assignments of wild-type horse myoglobin are given in Busse and
Jue (1994).

ppm from TMS

region (A), one exchangeable proton peak was observed (g).
This resonance was assigned to thgHNproton of the
proximal histidine (Goff & La Mar, 1977; La Mar et al.,
1977, 1993). The signal for wild-type myoglobin is observed
at 78.5 ppm from TMS, whereas the-S mutant bears the
signal at 83.2 ppm, which is identical to that for the SH
mutant. The resonance of the 5-methyl group at the heme
(h) appeared at 15.1 ppm for the-S mutant and 14.9 ppm
for the SH mutant as shown in (B). The peak at 11.2 ppm
in the S-S mutant (k) is assignable to the 3-methyl group,
which was also observed at the same position for the SH
mutant. However, in the region (B), the resonances i and j,

ppm from TMS which were assigned to 6z4#4-H, of the heme, respectively,
FIURE 6: H NMR spectra of the SS and SH mutants. The  Shifted to downfield, and significant spectral changes in the
samples contain 1 mM protein in 0.1 M sodium phosphate buffer upfield (C) were detected. The SH mutant exhibited the
at pD 7.0: (A) carbonmonoxy form; (B) deoxy form. resonances from-methyl groups of Val 68 at-4.7 (m) and
—6.0 ppm (n), whereas the corresponding signals for th€ S
mutant were—5.3 (m) and—6.4 ppm (n). These NMR
spectral changes indicate that some conformational changes
are induced by the formation of the disulfide bond at the EF
corner in the unliganded form. The prominent NMR
resonances are listed in Table 6.

Near-Infrared Absorption Spectra of Deoxymyoglobins
The near-infrared absorption spectra (band Il1) for thesSS
and SH mutant myoglobins in the deoxy form are illustrated

myoglobins are illustrated. The ring-current-shifted proton 1N Figure 7. These spectra can be well described by a
peak at-2.5 ppm (f) in Figure 6A, which has been assigned Gaussian function on top of a cubic polynomial background
to a methyl group of Val 68, serves as a marker for the and the center frequency for the SH mutant was 762.4 nm,
structure of the heme vicinity in carbonmonoxymyoglobin corresponding to that for wild-type myoglobin. The wave-
(Shulman et al., 1970). The resonance position of this methyl Iength of the S-S mutant was 763.8 nm, which showed a
group in the mutants was identical with that of wild-type 1.4 nm red shift from that of the SH mutant. Since this band
myoglobin. The signals observed in the upfield region (a  arises from electron transfer from the, arbital of the

e), which are assignable to a methyl group of Val 17, Leu porphyrin to the ¢ orbital of heme iron (Eaton & Hofrichter,
29, and Val 68 (Shulman et al., 1970; Dalvit & Wright, 1987) 1981), the red shift in the -SS mutant is interpreted as a
as listed in Table 5, were also insensitive to the formation decrease in the transition energy between the two orbitals
of the disulfide bond, although slight shifts were detected in (Sassaroli & Rousseau, 1987; Campbell et al., 1987), and it

1945 (A) cm™* and two minor bands at 1970 gfand 1938
(As) cm L. Although the peak positions of both mutants were
identical, the population of theAconformer increased from
2% to 12% by the disulfide bond formation. The bandwidth
of the main conformer for the-SS mutant was 8.5 cm,
which is also almost identical to that for the SH mutant (8.8
cm™Y) and wild-type myoglobin (9.0 cri).

NMR Spectra of Mutant and Wild-Type Myoglobins
Figure 6, thelH NMR spectra of carbonmonoxy mutant

their signal positions.
The NMR spectra of the deoxygenated form of theSS

can be concluded that displacement of the heme iron from
the heme plane in the-S5 mutant was smaller than that of

and SH mutants are shown in Figure 6B. In a far-downfield the SH mutant.
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Bond Formation
T Ligand Migration

2.1£0.4
kJ/mol

Mb + CO

Free Energy

MbCO

Absorbance

Reaction Coordination
............ Ficure 8: Relative free energy schematically plotted vs the reaction
.......................... coordinate. The solid and dashed curves represent the free energies
"""""" for the SH and S$S myoglobins, respectively.

1
700 720 740 760 780 800 porphyrin ring (Shulman et al., 1970), the structural changes
Wavelength / nm induced by the SS bond formation would be small in the

Ficure 7: Near-infrared absorption spectra of the deoxy mutant heme environment of the carbonmonoxy form. R
myoglobins. The data were modeled with a Gaussian function plus N the deoxygenated state, however, some significant
a cubic polynomial function. The dashed lines represent the structural differences between the S and SH mutants were
background. Samples contain 1 mM protein in 0.1 M sodium gbserved. In Figure 6B, the signal patterns in (B) and (C)
phosphate buffer at pH 7.0. for the S-S mutant are significantly different from those of
the SH mutant, although the signal position ogfHNin the
DISCUSSION proximal histidine (g) is identical. Since the resonances m
Effects of the Disulfide Bond on the HemevEanmental ~ and n have been assigned jtemethyl groups of Val 68,
Structure. The IR spectra of carbonmonoxy complexes of Which is located in the distal side, formation of the disulfide
heme proteins have provided unique information on the local bond induced some structural changes in the distal side. The
environment of the distal side of the heme pocket (Bala- peak position of the charge transfer band (band Ill) in the
subramanian et al., 1993; Li et al., 1994; Decature & Boxer, near-IR region (Figure 7) also shows the red shift for the
1995). Recently, the electrostatic potential around the iron- S—S mutant. The red shift suggests that displacement of
bound carbon monoxide is considered to be one of the majorthe heme iron is decreased in the deoxygenatesl Biutant.
factors for the G-O stretching frequencies (Li & Spiro, 1988; These preferential structural changes in the deoxygenated
Park et al., 1991; Ray et al., 1994; Li et al., 1994). It has form of the S-S mutant can be deduced from the structural
been revealed that the downshift of the Q stretching mode  differences around the EF corner between the deoxy and
is induced by the presence of positive charges, whereas thecarbonmonoxy forms. The crystallographic structure of
presence of negative charges causes the upshift of the mod@ative myoglobin has revealed that the distance from the
(Li & Spiro, 1988; Oldfield et al., 1991; Park et al., 1991; y-methylene carbon of lle 75 to the-carbonyl carbon of
Ray et al., 1994; Li et al., 1994). As shown in Figure 5 and Glu 85 is 4.05 A in the carbonmonoxy form (Cheng &
Table 4, the peak positions for the-S mutant are identical ~ Schoenborn, 1991), whereas, in the deoxygenated form, the
to those for the SH mutant. With formation of the disulfide distance becomes longer (4.78 A) (Takano, 1977). Since
bond, however, the Aconformer increased from 2% to 12%. the typical bond length of a disulfide bond is about 2 A, the
The Ag conformer was observed for sperm whale myoglobin conformational strains in the EF corner should be enhanced
with 30% content, while this conformer was not detected in the deoxygenated-SS mutant than those in the carbon-
for the human wild-type myoglobin (Adachi et al., 1992; monoxy form.
Balasubramanian et al., 1993), even though the two myo- Ligand Binding Properties On the basis of the present
globins have similar heme environmental structures. Increasekinetic results, the free energy diagrams for the binding of
in A; conformer by the disulfide bond formation may suggest CO to the S-S and SH mutants are schematically shown in
the induction of some structural changes of heme pocket Figure 8, where the free energy of the system is depicted as
residues. However, since the IR-detected population changea function of the reaction coordinate. The increased affinity
is very sensitive to the environment around ligated carbon of carbon monoxideKco) for the S-S mutant corresponds
monoxide, this disulfide bond-induced change would be to the increased free energy difference between the states
much smaller than those observed for the distal pocket“MbCO” and “Mb + CO” in Figure 8. More prominent
mutants (Adachi et al., 1992; Balasubramanian et al., 1993; conformational changes in the deoxygenated form imply that
Li et al., 1994). the difference of the free energy can be localized in the
In 'H NMR spectra of the carbonmonoxy form of the deoxygenated form, which is represented as MICO in
mutants, the peaks gfmethyl groups of Val 68 in the-SS the figure. The energy level of the state MbCO for theSs
form appeared at-0.68 (d) and—2.5 ppm (f) from TMS, mutant would be the same as that for the SH mutant. Taking
which are almost identical with those of the SH form. The into account that the dissociation rakgg) was slowed down
peak positions od-methyl groups of Leu 29 ang-methyl and the bond formationkg,) was accelerated, the energy
groups of Val 17 in the SS form were also in good level of the state “Mk-CQO” and the energy barrier for the
agreement with those of the SH form. Since the ring current bond formation would be raised as shown in the figure. Since
shifts are sensitive to conformational alteration near the previous studies (Carver et al., 1990; Gibson et al., 1992)
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reported that the bond formation process is affected by theand the disulfide linkage cannot seriously affect the dynamic
local fluctuations immediate near the ligand of the heme, properties of the E- and F-helices nor the ligand binding
which would be determined by the motions of the side chains process. Our preliminary results from the SDS denaturation
of the amino acid residues in the distal side, the elevated studies also showed that the free energy for the denaturation
energy barrier for the bond formation process can be inducedwas almost insensitive to the disulfide bond formation. The
by the restricted motion at the EF corner. other regions and motions would be crucial for regulating

On the other hand, the ligand migration rate was acceler- the fluctuation in the ligand binding. Some mutants having
ated Kksg), while the rate of ligand diffusion from the interior othe_r_ disulfide bond_s or cross Imkgges at the various
of protein to solventkzs) was not changed. These alterations POSitions are now being investigated in our group.
in the migration process indicate that the energy barrier for
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