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Abstract: The coupled oxidation of protoheme IX at the active sites of heme proteins exposed to ascorbate in the
presence of dioxygen has been known for over 65 years and is related to the catalytic conversion of protoheme IX
to biliverdin by the enzyme heme oxygenase. The present report demonstrates that replacement of two residues
present in the distal heme pocket of horse heart myoglobin (Mb), Val67 and Val68, with alanine and serine,
respectively, increases the efficiency of coupled oxidation in the active site of myoglobin. HPLC analysis of the
heme oxidation product demonstrates that the specificity of wild-type myoglobin for opening the heme ring at the
o-mesocarbon is retained by the variant. The infrared spectrum of the carbonyl derivative of the variant exhibits
vco bands of comparable intensity at 1948 and 1958%mwhich are consistent with the presence of the polar serine
residue in close proximity to the bound ligand. The high-resolution crystal structure of the Val67Ala/Val68Ser
metMb variant establishes that a hydrogen bond forms between the hydroxyl group of Ser68 and the coordinated
water molecule. The increased rate of coupled oxidation exhibited by the variant is attributed to the increased polarity
of the distal pocket created by the amino acid substitutions. These results are discussed in light of recent work
concerning the active site of heme oxygenase.

Oxidation of protoheme IX toa-biliverdin is catalyzed
metabolically by the hepatic membrane-bound enzyme heme
oxygenasé:? Although recent progress in the expression and
characterization of a soluble fragment of heme oxygenase has
resulted in considerable progress in our understanding of this
enzyme® many uncertainties concerning the catalytic mechanism
of heme oxygenase persist. One obvious factor that hinders
development of such a mechanism is the current lack of a three-
dimensional structure for this enzyme. One means of gaining
insight into possible mechanistic options that may be exercised
by heme oxygenase is to consider the process referred to as
coupled oxidation that occurs upon exposure of myoglobin and
other heme-containing proteins to ascorldate. +0, | —co

As is the case for the reaction catalyzed by heme oxygenase,
coupled oxidation results in the oxidative cleavage of protoheme
IX to produce Fe(lll)-biliverdin through the intermediate
formation ofa-hydroxyheme and verdoheme (Figure®1The
coupled oxidation of protoheme IX pyridine hemochromagen

HOOC COOH
MetMb «-hydroxylheme MetMb

in the absence of protein results in a random mixture of the 0,
four possible Fe(lll)-biliverdin isomers that result from oxidative
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268 22357-22362. (c) Yoshinaga, T.; Sudo, Y.; SanoB&chem. J199 .
273 659—664. © g - . cleavage at the foumeso(a, 3, y, andd) positions, whereas
(4) (a) Warburg, O.; Negelein, EChem. Ber.193Q 63, 1816. (b) the reaction of heme bound at the active site of Mb results in
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attack at the fourmeso positions; from the structure of analysis, a fraction of the product as well as the standards (biliverdin,
myoglobin, it is clear that thex-mesoposition is the least heme, and bilirubin (Sigma)) was dissolved in a minimum volume of
sterically hindered and most susceptible to atfack. DMSO (BDH).

: : : . Heme degradation products were analyzed chromatographically with
The action of he_me_oxyger_lase differs I.n three important ways a Beckman System Gold HPLC equipped with a diode array detector.
from coupled oxidation. First, catalytic turnover of heme

. Samples were loaded onto a C-18 reverse-phase column (Alltech, 4.6
oxygenase requires NADPH-cytochrome P-450 reductase as gnm x 25 cm, 10um). All solvents were HPLC grade. Solvent A

source of reducing equivalents. Second, the active site of hemeconsisted of 56 parts 0.1 M ammonium phosphate buffer (Fisher) and
oxygenase appears to bind heme with lower affinity and with 44 parts methanol (Fisher). Prior to mixing, the ammonium phosphate
greater exposure to solvent than is the case for myoglobin or buffer was adjusted to pH 3.5 by the addition of phosphoric acid (BDH).
other heme proteins known to undergo coupled oxidation. Solvent B was 100% methanol. Solvents were filtered and degassed
Finally, heme oxygenase converts heme directly to biliverdin prior tq use. .The DMSO solutions of reaction prodgcts and standards
rather than Fe(lll)-biliverdin. Interestingly, expulsion of iron ~ Were diluted into solvent A such that 24 could be injected onto the
from the linear tetrapyrrole in the reaction catalyzed by heme Column. For analysis;-150 pmol of the reaction produc, 150 pmol
oxygenase appears to be a function of the reductase becau58f b|||verd|_n,~50 pmol of hemin, and-100 pmol of b|||rub|r_1 standa_lrd

. . were applied to the reverse-phase column, and the elution profile was
replacement of the reductase with ascorbate results in the

. - . . . monitored at 405 nm.
production of Fe(lll)-biliverdir’ On the basis of this informa- Analysis of Coupled Oxidation Products by Electrospray Mass

tion and recent spectroscopic studies with naturally occurring spectrometry. Samples of the Mb-coupled oxidation reaction mixture
and recombinant heme oxygenase that indicate that the activeyere analyzed by mass spectrometry to characterize the heme degrada-
site of this enzyme is similar in many regards to the active site tion products. The slow rate of Fe(lll)-biliverdin formation precluded

of myoglobing it seems apparent that detailed mechanistic such an analysis of wild-type Mb, so only the variant was studied in
understanding of the coupled oxidation of heme bound to the this fashion. An unbuffered solution (5 mL) containing the variant (5
active site of myoglobin can provide information that is likely ~#M) and ascorbate (1 mM) was shaken slowly at°& A sample

to be relevant to the initial stages of the reaction by which (200 L) of this reaction mixture was removed prior tocad h after

s : ascorbate addition. The ascorbate concentration used in this reaction
oxidation of protoheme IX is catalyzed by heme oxygenase. (1 mM) interfered with mass analysis, so the sample was diluted 10-

. fold and concentrated by centrifugal ultrafiltration (Centricon-10;
Experimental Procedures Amicon) such that the final ascorbate concentration was approximately

Protein Expression and Purification. Expression of a synthetic ~ 0-1 MM (protein concentration5 xM). Prior to injection into the
gene coding for horse heart Mb and preparation of variants by site- M2SS spectrometer, methanol was added to the sample to a final
directed mutagenesis has been describethe Val67Ala/ValggSer ~ concentration of 10% (v/v). _ _
variant was purified according to procedures described for preparation Mass analysis was performed with a triple-quadrupole mass spec-
of the wild-type proteirt® The resulting protein was reconstituted with trometezr equipped ‘_N'th a preumatically assisted electr_ospra}y lon
fresh protoheme IX (Porphyrin Products, Logan, UT) to remove any SCUTCE A voltage difference of 150 V between the sampling orifice
sulfMb formed during fermentatiol. Molar absorption coefficients and the skimmer was used to induce coII|S|or!aIIy activated dl_ssoua_tlon
were determined with the pyridindhemochromagen methdd. For of heme from the Mb samplé3. Mass analysis was accomplished in

the Val67Ala/Val68Ser variantses = 1.68 x 106 M~ cmt (pH 7.0 the first quadrupole (Q. Protein samples were infused continuously
25°C). ' into the sprayer needle at a flow rate of:lL/min.

Fourier Transform Infrared (FTIR) Spectroscopy. FTIR spectra
were recorded at 2 cm resolution with a Perkin-Elmer System 2000
spectrometer equipped with a liquid nitrogen cooled mercury cadmium
telluride detector. Mb samples were exchanged into sodium phosphate
buffer (pH 7.0, = 0.1) and concentrated to approximately 3 mM by
centrifugal ultrafiltration with an Amicon Centricon-10 unit. A few
grains of sodium dithionite (solid) were added to a solution 0«60
protein to reduce the sample, and a stream of CO gas was passed over
the solution for 1 min to convert the sample to the carbonyl form. The
sample (25L) was loaded into a cell with Cafvindows and a 0.05
mm Teflon spacer and placed into a water-jacketed cell holder (Specac,
Inc.) connected to a thermostated, circulating water bath. Carbonyl
Mb spectra were collected between 1900 and 2000 ¢26 °C) and
corrected for background absorbance by subtracting a metMb spectrum
of similar concentration. An average of 500 scans was used for each

Electronic Absorption Spectroscopy. Electronic spectra were
collected with a Cary Model 3E (kinetics and pH titration) or a Cary
Model 219 (spectroelectrochemistry) spectrophotometer that were
equipped with water-jacketed cell holders connected to thermostated
water baths and that were interfaced to microcomputers.

Coupled Oxidation Assays. The coupled oxidation of wild-type
horse heart metMb (8M) and the Val67Ala/Val68Ser variant (BV)
with ascorbate (1 mM) were monitored spectrophotometrically. The
assays were performed aerobically in sodium phosphate buffer (

0.1 M, pH 7.0) at 37C. Spectra were recorded (32800 nm) over

a 7 h period. Alternatively, the assaysu! protein, 1 mM ascorbate)
were performed while monitoring at a single wavelength (408 nm) for
10 h.

Biliverdin Extraction and HPLC Analysis. For analysis of coupled
oxidation reaction products, Mb (10 mg metMb in 10 mL of sodium spectrum.

phospk;ate buffer (pH 7.0)) was reacted (& with ascorbate (2 mg) Electrochemistry. The reduction potential of the variant (sodium
for2h® The reaction was stopped by cooling the reaction mixture on phosphate buffer, pH 7.0, = 0.1 M, 25°C) was obtained with an

ice for 15 min, and the biliverdin product was then extracted as follows. optically transparent thin-layer electrode ([Mbj 300 xM; optical
Glacial acetic acid (3 mL) ah5 M hydrochloric acid (8 mL) were pathlength~0.02 cm)* A mixture of 2-hydroxy-1,4-napthaquinone
added to the cooled mixture. The solution was then placed in a 100 (45 uM) (Sigma #H-0508), recrystallized [Ru(NJICl3 5 (45 uM)

mL separatory funnel and extra_cted with diethyl etherx(25 mL) (Strem), and [Ru(N&)sim]Cls 16 (45 M) was used to mediate electron
(BDH). The ether layer contained any unreacted heme and was yansfer hetween the protein and the gold electrode. The reference
discarded. The aqueous layer was extracted with chloroform 6L gjectrode was standardized against the quinhydrone couple, and the

mL) to remove the biliverdin product, and the chloroform was removed oqiting potentials were converted to the hydrogen scale as described
subsequently by evaporation under a stream of argon gas. For HPLC

(12) Collings, B. A.; Douglas, D. J. Am. Chem. S04995 118 4488~

(7) Brown, S. B.Biochem. J.1976 159 23-27. (b) Brown, S. B 44809.
Chabot, A. A.; Enderby, E. A.; North, A. C. Nature1981, 289, 93—95. (13) Feng, R.; Konishi, Y. JBiochemistry1993 33, 9706-9711.

(8) Sun, J.; Wilks, A.; Ortiz de Montellano, P. R.; Loehr, T. M. (14) Reid, L. S.; Taniguchi, V. T.; Gray, H. B.; Mauk, A. G. Am.
Biochemistry1993 32, 14151-14157. Chem. Soc1982 104, 7516-7519.

(9) Guillemette, J. G.; Matsushima-Hibiya, Y.; Atkinson, T.; Smith, M. (15) Pladziewicz, J. R.; Meyer, T. J.; Broomhead, J. A.; Taubénétg.
Protein Eng.1991, 4, 585-592. Chem.1973 12, 639-643.

(10) Lloyd, E.; Mauk, A. GFEBS Lett.1994 340 281-286. (16) Sundberg, R. J.; Bryan, R. F.; Taylor, I. F.; TaubeJHAmM. Chem.

(11) de Duve, CActa Chem. Scand.948 2, 264—289. Soc.1974 96, 381-392.
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Table 1. Data Collection and Refinement Parameters Table 2. Stereochemistry of the Refined Val67Ala/Val68Ser
Variant of Horse Heart Myoglobin

|. Data Collection

space group P2, rms deviation from restraint
cell dimensions stereochemical parameter ideal values weight

‘g Eﬁg gggg distances (&)

A 5700 bond (3-2) 0.017 0.018

2( d) e bond (-3) 0.033 0.025
resol(ut(iag% range (A) ©0—2.0 bond (+-4) 0.053 0.050
total no. of refins obsd 19 524 planar restraints (A) 0.010 0.014
no. of uhi ue reflns colld 8607 chiral volumes (%) 0.139 0.100

' a nonbonded contacts (&)

data completeness (%)

I 82.2 single torsion 0.191 0.160
_(?]vnerra hell fo—2.5 A 88.0 multiple torsion 0.144 0.160
! te she” é°2 5'2 0')& 75'9 possible hydrogen bond 0.146 0.160
outer shell (2. o ) : torsion angles (deg)
mergingR factor (%} 9.7 planar (0 or 180°) 17 30
Il. Refinement staggered+£60°, 18C°) 20.7 20.0
no. of refins usedA 8224 orthonormal £90°) 39.6 15.0
resolution range 8:02.0
no. of protein egltogng 1239 aThe rms deviation from ideality for this class of restraint incor-
no. of solvent molecules 120 porates a reduction of 0.18 A from the radius of each atom involved in
average thermal factors ¢ a contact.
rotein atoms 19.6 . . . .
golvent atoms 381 acids were sequentially removed over the entire course of all 153 amino
final refinementR factor (%) 17.9 acids in the polypeptide chain were fa\ls_o examined for any structu_ral
— changes. After manual changes, principally to exposed side chains,
2 Rnerge = (TniXieqllink = T/ (Traqline)- © Reryst = ShlFo — further positional and thermal factor refinements were carried out on
Fel/ 3 il Fol- the modified model. This refinement was followed by a round of

simulated annealing refineméhemploying a slow cooling protocol

by Dutton!” Trace amounts oRhusverniciferalaccase and catalase  that started at 4500 K and used structure factor data to 2.0 A resolution.
(Sigma #C100) were added to maintain anaerobic conditions and to The R factor at this point was 21.9%.
avoid possible complications resulting from peroxide formation. The Final structural refinement was carried out using a restrained
resulting data were analyzed by fitting to the Nernst equation. parameter least-squares approach with the program PRGLIQis

Structural Analysis. Crystals of the Val67Ala/Val68Ser variant  refinement involved additional alternating cycles of refinement and
of horse heart metMb were grown at room temperature using the manual adjustments based on electron density maps. As part of this
hanging drop vapor diffusion technique. Each hanging drop contained process, an extensive search for bound water molecules was conducted
20 mg/mL protein, 20 mM Tris-HCI, 1 mM EDTA, and 60% saturated using the ASIR metho#f with subsequent manual verification of the
ammonium sulfate and was adjusted to pH 7.8. Droplets were positions identified. All water molecules were refined as neutral oxygen
suspended over crystallization wells having the same components excepaitoms having full occupancy, and only those refining to thermal factors
for the absence of protein and the presence of 68% saturated ammoniun®f less than 70 Awere retained in subsequent refinements. A total of

sulfate. The crystals obtained were of the space gR®ipwith cell 120 water molecules was identified in this way.
dimensions ofa = 43.00 A,b = 30.34 A ¢ = 57.00 A, andp = At the end of the refinement, the final crystallograpfcactor
97.6°, and had one molecule per asymmetric unit. obtained was 17.9%, and a summary of other refinement results is

Diffraction data were collected with a Rigaku R-Axis IIC imaging presented in Table 1. Table 2 provides an analysis of the stereochem-
plate area detector system. The incident radiation consisted ofoCu K istry of the refined Val67Ala/Val68Ser variant Mb structure and the
X-rays generated by a Rigaku RU-300 rotating anode X-ray generator restraint weights used. An estimate of 0.21 A can be made for the
fitted with a graphite monochromator and operated at 59 kV and 90 overall rms coordinate error of the current structure based on a Luzzati
mA. The oscillation angle used was 1.&nd each data frame was  plot
exposed for 35 min. A total of 70 data frames were collected and
processed using the R-AXIS system softwreDetails related to Results

diffraction data collection and processing are summarized in Table 1. Kinetics. The oxidation of heme to Fe(lll)-biliverdin fol-

1
A molecular replacement approach (XPLOR *§iwas used to lowing aerobic addition of ascorbate was monitored spectro-

position a preliminary model of the variant Mb within its unit cell. . .
This starting model consisted of the structure of the wild-type prétein photometrically (325700 nm) for wild-type metMb and the

in which valines 67 and 68 were both truncated to alanines. Following Variant (Figure 2). Addition of excess ascorbate to wild-type

initial rotational and translational placement, téactor for this model Mb results in complex time-dependent changes in the electronic
was 36.7% using data from 8.0 to 3.0 A resolution. Further individual absorption spectrum that involve a slow conversion of metMb
atomic positional and thermal factor refinement decreaseR taetor to oxygenated MbAmax (nm) = 418, 542, 580) with subsequent

to 23.2%, with the data included extended to 2.5 A resolution. slow decay to the Mbbiliverdin complex. The kinetics of this

Following this preliminary refinemenk, — Fc and omit difference  reaction can be described as the sum of two single-exponential
electron density maps were calculated in the region around residuesprocesses (Figure 2A, inset) with= 1.6 x 10 2andk, = 1.7

67 and 68. These maps were used to confirm the amino acid . 10-3 min=L, On the other hand, addition of excess ascorbate

zlf"bssé':ggonzT;?ﬁe?ngoarﬂo;’:: ;Zipg?%eﬂfng the S'dﬁ. CEal'r(‘) hydroxyl 4, the Val67Ala/Val68Ser variant results in a rapid decrease in

) P ps In whic amiNo " the absorbance at the Soret maximum (408 nm) (Figure 2) that

(17) Dutton, P. LMethods Enzymoll978§ 54, 411—418. can also be analyzed in terms of two exponential processes; in

(18) (a) Higashi, TJ. Appl. Crystallogr.199Q 23, 253—257.‘(b) Sato, this casek; = 1.1 x 10t andk, = 5.3 x 1073 min? (Figure
M.; Yamamoto, M.; Imada, K.; Katsube, Y.; Tanaka, N.; HigashiJT. 2B, inset)

Appl. Crystallogr.1992 25, 348-357.

(19) Brunger, A. T. X-PLOR:A system for X-ray Crystallography and This experiment was repeated with a more concentrated
NMR Yale University Press: New Haven, CT, 1992. sample of the variant to assess better the spectroscopic changes
(20) (a) Evans, S. V.; Brayer, G. . Biol. Chem.1988 263 4263—
4268. (b) Evans, S. V.; Brayer, G. D. Mol. Biol. 199Q 213 885-897. (23) Tong, H.; Berghuis, A. M.; Chen, J.; Luo, Y.; Guss, J. M.; Freeman,
(21) Brunger, A. T.Acta Crystallogr.1990 A46, 585-593. H. C.; Brayer, G. DJ. Appl. Crystallogr.1994 27, 421-426.

(22) Hendrickson, W. AMethods Enzymoll985 1158 252-270. (24) Luzzati, V.Acta Crystallogr.1952 5, 802—-810.
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Figure 2. Changes in the electronic absorption spectra {328 nm)

of wild-type and variant Mbs during coupled oxidation of horse heart
Mb (sodium phosphate buffesr,= 0.1 M, pH 7.0, 37°C) containing

1.0 mM ascorbate: (A) wild-type Mb (@M); (B) Val67Ala/Val68Ser

Mb (5 uM). The time after initiation of reaction at which spectra were
recorded were as follows: (a) 0 h, (b) 1 h, (c) 2 h, (d) 3 h, (e) 4 h, (f)
5h, (g) 6 h, (h) 7 h. Inset: change in absorbance monitored at the
Soret maximum (408 nm) for (A) wild-type and (B) Val67Ala/Val68Ser
Mb during the coupled oxidation reaction with ascorbate; the lines
through the data points represent the nonlinear least-squares fits to th
data described in the text.
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Figure 3. Changes in the electronic absorption spectrum {450
nm) of Val67Ala/Val68Ser Mb (5Q:M) during coupled oxidation
(sodium phosphate buffer,= 0.1 M, pH 7.0, 37°C) in the presence
of 10 mM ascorbate.

in the visible region (456800 nm) (Figure 3). In this
experiment, the increase in absorbance at 705 nm that is
consistent with Fe(lll)-biliverdin formation is notable.The
maximum at 705 nm, as well as the broad feature @50 nm

that persists throughout the reaction, may also be attributable
to one of the intermediates (verdoheme) that is known to form
during this reactiod. Similar changes are observed in the
electronic spectrum of wild-type myoglobin under the same
conditions; however, the magnitude of these changes is much
smaller, indicating that the amount of verdoheme or Fe(lll)-

Hildebrand et al.
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Figure 4. HPLC analysis of product isolated from the coupled
oxidation reaction of horse heart Mb with ascorbate: (A) standard
mixture of authentic (i) biliverdin, (i) heme, and (iii) bilirubin; (B)
product extracted from wild-type Mb; and (C) the Val67Ala/Val68Ser
variant.

the presence of a small amount of oxygenated species (Figure
4). Independent attempts to obtain the electronic spectrum of
the oxygenated form of this variant were precluded by rapid
autoxidation of the oxyferrous derivative. Alternatively, these
visible maxima could result from a small amount of carbonyl-
Mb formed during the reaction as a result of CO liberated
(Figure 1) by heme degradation.

Analysis of Heme Degradation Products. To assess the
identities of the final heme degradation products formed during
coupled oxidation of Mb, the reaction mixtures of the wild-
type and variant myoglobins were allowed to incubate for 2 h,
after which the heme prosthetic groups were then extracted and
subjected to analysis by HPL%. Although most of the heme

Jresent in the wild-type protein was unreacted under these

conditions, sufficient product was formed to permit HPLC
analysis. Both the wild-type protein and the variant exhibited
a product with a retention time (17 min) that is identical to that
exhibited by authentic biliverdin under identical conditions
(Figure 4). Conversion of the modified heme products to the
corresponding dimethyl ester (DME) followed by HPLC analysis
of the DME derivatives demonstrated a single chromatographic
component (data not shown) and suggests that the ring opening
reaction occurs exclusively at tltemesopositiorf® as previ-
ously observed for the wild-type protéin. Notably, this
specificity toward oxidation at the-mesocarbon is the same
as that exhibited by heme oxygen&se.

Electrospray mass spectrometry was employed to provide
further information concerning the identity of heme degradation
products produced during coupled oxidation of the Val67Ala/
Val68Ser variant (Figure 5). Analysis of the variant prior to
ascorbate addition resulted in observation of the spectrum of
unmodified heme Yz = 616) with the expected isotopic
distribution (Figure 5A). An identical spectrum was observed
for wild-type Mb under these conditions (data not shown).
Following addition of ascorbate, similar analysis of the reaction
mixture is complicated by a considerable degree of chemical

(25) (a)Bonkovsky, H. L.; Wood, S. G.; Howell, S. K.; Sinclair, P. R.;
Lincoln, B.; Healey, J. F.; Sinclair, J. Anal. Biochem1986 155 56—
64. (b) The reaction conditions were scaled-up such- mg of wild-
type and Val67Ala/Val68Ser Mb were used to ensure enough product for
analysis. For wild-type Mb under these conditions, the majority of the heme
prosthetic group is unreacted. The conditions and extraction procedures were
otherwise the same as those described in the Experimental Procedures.
(26) (a) Four isomeric products are theoretically possible depending on

biliverdin formed by this protein is much smaller. Although  whichmesccarbon is oxidizedd, 8, y, or 6). (b) Products were converted

the Soret region of the variant exhibited no evidence for
accumulation of Mb®@during coupled oxidation (Figure 2) to

the extent observed for the wild-type protein, two maxima
present in the visible region (539 and 575 nm) may indicate

to the DME derivative by the addition of 5% methanolig3®, (16 h, 4
°C). The four DME-biliverdin isomers can be separated by HPLC: Noguchi,
M.; Yoshida, T.; Kikuchi, G.J. Biochem1982 91, 1479-1483.

(27) Gray, C. H.; Nicholson, D. C.; Nicolaus, R. Nature 1958 181,
183-185.
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Figure 6. Fourier transform infrared spectra of the carbonyl derivatives
of (A) wild-type Mb and (B) the Val67Ala/Val68Ser variant (sodium
phosphate buffer, pH 7.4, = 0.1, 25°C).

o ‘g 024} ;
1.2 ¢ s
560 600 640 6380 | press , B 020]
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Figure 5. Electrospray mass spectrometry. Only the heme-containing o 0.8 '2
region of the spectrum is shown for the Val67Ala/Val68Ser variant '_g 0.12 9 1'0
(A) prior to and (B 4 h after ascorbate addition. B pH
. . . . . L 041
noise resulting from relatively high ascorbate concentration; f:’
nevertheless, molecular ions with masses expected for ver-
doheme vz = 619) and Fe(lll)-bilverdin if¥z = 635) were pH 696
observed as coupled oxidation proceeded. Unexpectedly, a 0 —
molecular ion was also observed that possessed the mass 300 400 500 600 700
expected for biliverdinrfyz = 583). This positively charged Wavelength (nm)

form was also observed when a biliverdin standard was analyzed
(data not shown) and may be attributable to a protonated speciefigure 7. Electronic absorption spectra of Val67Ala/Val68Ser metMb
in solution. The formation of biliverdin may have been as a function of _pH (O.l_ M NacCl, 2%C). T_he titration was monitored
facilitated under these conditions because the reaction wasat 280 nm and fit to a single deprotonation process (inset). Above pH
performed while shaking in an unbuffered solutfn. 10.5 the variant appears to be unstable.

Spectroscopic Analysis.To elucidate the possible influences
of the Val67Ala/Val68Ser substitutions on the manner in which
exogenous ligands bind to the heme iron of the variant, the FTIR o
spectrum of the carbonyl derivative was examined, and the CO 0.8 |
stretching frequency;co, was compared with that of the wild-
type protein. As previously observed, the predominggtband
of wild-type protein occurs at 1945 crh?® In contrast, the
corresponding spectrum of the Val67Ala/Val68Ser variant
exhibits two equally intenseco bands at 1948 and 1962 cin
(Figure 6). Thevco band at 1962 cmt differs from that
observed for other Mb variants with a Ser residue at position
68 and is reminiscent of the spectra of variants possessing a
threonyl residue at this positiGfl. 0 ' ) '

Similar to the wild-type proteif! the electronic absorption 350 450 550 650
spectrum of the variant is highly pH-dependent (Figure 7). Wavelength (nm)

Increasing the pH Convgrts the metaquo foiima (nm) = 408, Figure 8. Spectroelectrochemical titration and the corresponding Nernst
501, 631) to the hydroxide-bound foru{ax (Nm) = 410, 540, ot of the Val67Ala/Val68Ser variant (sodium phosphate, pH .0,
679) with a (K, for this transition of 9.3.  The formation of the = 0.1, 25°C). Spectra of the completely oxidized (O) and completely
hydroxide form of the wild-type protein occurs with &pof reduced (R) species are labeled. The Nernst plot was derived from the
8.931 dependence of the absorbance at 408 nm on the solution potential.

Spectroelectrochemistry. A family of spectra collected
during a spectroelectrochemical titration of the variant is shown
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in Figure 8 along with a Nernst plot derived from these data
(insert). The spectrum of the reduced form of the variapt,(
(28) Van Berkel, J. G.; Zhou, F.; Aronson, J.Imt. J. Mass Spectrom. (nm) = 432, 558) is similar to that of the wild-type proteih.

Ion(ng)oézsusgehs'e?,p\ﬁsss'.Alben J. 0.: McCoy, S.; Boyer, S. H.; Carache The reduction potential of the variant is23 mV vs SHE
S.: Hathaway, PBiochemistryl969 8, 59-62. ' ' ' (Nernst slope= 62 mV), which is considerably lower than the

(30) An extensive infrared analysis of CO binding to 41 variants of Mb  corresponding value of 61 mV determined for the wild-type
has been reported: Li, T.; Quillin, M. L. Phillips, G. N.; Olson, J. . pyrotein under identical conditions (data not shown).
Biochemistry1994 33, 1433-1446. . . .

(31) Antonini, E.; Brunori, M.Hemoglobin and Myoglobin and Their X-ray CrySta"C’gra.ph'.C Analysis. S.trUCtU"a| ana'}/3|3 dem-
Reactions with LigandsNorth-Holland: Amsterdam, 1971. onstrates that substitution of an alanine and a serine for Val67
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His 64 His 64

Figure 9. (A) Stereodiagram of the active site of wild-type horse heart myoglobin that indicates the location of Val67 and Val68. (B) Stereodiagram
of the active site of the Val67Ala/Val68Ser variant of horse heart myoglobin. Hydrogen bonds are indicated with dashed lines. The presence of
Ser68 results in formation of two new hydrogen bonds, one to the water molecule coordinated by the heme iron atom and the other to the carbonyl
oxygen atom of His64. Hydrogen bond and ligand coordination distances are provided in Table 3.

Table 3. Hydrogen Bonding and Heme Ligation in the Val67Ala/ Discussion
Val68Ser Variant of Horse Heart Myoglobin

distance (A) Under the conditions employed in the current study, the
coupled oxidation of wild-type Mb can be described as a

ild- M Val67Al | . . o L
bor.lded groups wild-type Mb al67Ala/Val6sSer biphasic process although it is clear that the reaction is more
E:wz?s NE2 2212$ 222256 complex than is assumed by such a kinetic analysis (Figure 1).
His64 NE2-Wat 279 252 The spectrospopic change§ that accompany the coupled oxida-
Ser68 OG-Wat 3.01 tion of the wild-type protein provide direct evidence for the
Ser68 OG-His64 O 2.78 formation of oxyMb as the product of the first exponential

process. The decay of oxyMb to Fe(lll)-biliverdin is also
. . . described well as a single-exponential process. HPLC analysis
and Val68, respectively, has minimal impact on the global .,hirms that biliverdin is the final reaction product, but in the
polypeptide chain fold of horse heart Mb. The largest shifts c55e of wild-type Mb, there is no spectroscopic evidence for

observed in comparison to the wild-type protein occur at the the presence of any heme degradation intermediates.
two termini of the polypeptide chain (residues2 and 148- The more pronounced and more rapid spectroscopic changes
153) and at the end of an extended surface loop (residues 118 ya+ 4ccompany coupled oxidation kinetics of the Val67Ala/
123). ‘These regions are well removed from the site of y/5i685er variant can also be described as a biphasic process.
mod|f|c§1t|op, and thelr glternatlvg placemgnt likely arises from |t seems unlikely, however, that the rate constants derived from
a combination of positional flexibility, which has been noted nymerical analysis of the kinetics for the wild-type and variant
earlier in the wild-type protein structu?&3?and new lattice  proteins represent the same chemical processes. The accumula-
packing interactions formed in the different crystal form of the tjon of MbO, is less pronounced because the oxygenated
variant protein. derivative of the variant is less stable to autoxidation. The initial
A detailed comparison of the Val67Ala/Val68Ser variant and kinetically detectable process of this reaction of the variant may
wild-type structures in the immediate vicinity of the mutation arise from the formation of verdoheme, the presence of which
site is illustrated in Figure 9. The two substituted amino acids Was confirmed by electrospray mass spectrometry. Our failure
retain comparable main chain atom orientations to those of the 10 Observe the-hydroxylheme intermediate by mass spectrom-
wild-type protein, as do thg-carbons of their side chains. The ~€try may simply result from the instability of this species in
Ser68 hydroxyl group has a position corresponding to one of the presence of oxygen. The second k!net|cally detectable
the original wild-type VVal68 CG methyl groups. This hydroxyl Process probably represents the conversion of verdoheme to
group forms two new hydrogen bonds, one to the carbonyl group Fe(_III)-b|I|verd|n. Itis po_ssu?le th{:\t the proximity of th_e serine
of His64 and the other to the water molecule forming a ligand residue to the oxygen binding site prevents stable interaction

to the heme iron atom. Table 3 lists the observed hydrogen be_twegn this ligand and ferrous heme and instead directs
. . S . oxidative attack at thenesocarbon to produce enhancement of
bond and heme ligand distances in this region.

the coupled oxidation reaction of the variant over wild-type Mb.

(32) Maurus, R.; Overall, C. M.; Bogumil, R.; Luo, Y.; Mauk, A. G.: Although there is no direct evidence for interaction between
Smith, M.; Brayer, G. DBiochim. Biophys. Actasubmitted. the serine residue and a bound dioxygen ligand, studies of the
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carbonyl derivative may reflect mutation-induced changes at by resonance Raman spectroscopy indicates that the proximal
the active site of Mb that are related to the enhanced coupledligand has only a weak (or no) H bond, similar to Mb.A
oxidation observed for the variant. Despite the complex nature neutral proximal ligand may be an essential determinant of the
of the FTIR spectrum of the variant, the presence of a band atmechanism of biliverdin formation in heme oxygenase and
1962 cntl is consistent with an increase in the polarity of the distinguishes it from the peroxidases and cytochromes P-450
active site, such that the #&—C=0°") form is partially that activate oxygen via heterolytic cleavage of the ligand and
stabilized by the presence of the electronegative hydroxyl group ferryl intermediate formation.

of Ser68. In terms of active site structure, the increase in Interestingly, the carbonyl derivative of heme oxygenase
polarity could imply that the polar serine residue is positioned observed by resonance Raman spectroscopy exhiigs laand
close to the iron. at 1958 cm! 34that is similar to the band/éo = 1962 cn1?)

The increase in thelf, for the heme-bound water ligand as observed in the FTIR spectrum of Val67Ala/Val68Ser Mb. For
well as the decrease in the midpoint reduction potential suggestthis reason, it is possible that an electronegative group in the
that the active site of the variant is more polar than that of the active site of heme oxygenase (e.g., serine or threonine)
wild-type protein. Definition of the structural basis for the participates in oxygen transfer from the heme iron tortfeso
increased polarity of the active site and the effect of the position during heme conversion to biliverdin. Recent resonance
Val68Ser substitution on hydrogen bonding interactions in the Raman data suggest that dioxygen coordinates to the heme iron
distal pocket were sought through determination of the three- of heme oxygenase in a highly bent, metastable configuration
dimensional structure of the variant. The structure of this that may facilitate the hydroxylation of the-mesocarbon3®
metMb variant confirms that the serine residue at position 68 Finally, the present results indicate that similar studies of other
is within hydrogen bonding distance of the coordinated water myoglobin variants that exhibit enhanced susceptibility to
molecule. Interaction between this residue and a coordinatedautoxidatio® might provide important new insights into the
dioxygen presumably explains the increased rate of autooxida-mechanism of coupled oxidation.
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