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ABSTRACT. The heme propionate groups of both myoglobin (Mb) and cytochie@m hydrogen bonds

with nearby surface amino acids residues that are believed to stabilize the-pestain complex. To
evaluate the magnitude of this stabilization, the kinetics of heme dissociation from variants of horse heart
Mb and cytochromés in which these hydrogen bonding interactions have been systematically eliminated
were studied by the method of Hargrove and colleagues (1994), and their thermal stability was assessed.
Elimination of each hydrogen bond was found to decrease the thermal stability of the proteins and increase
the rate constant for heme dissociation in a progressive fashion. For the Mb derividiigR studies

indicate that the elimination of individual hydrogen bonds also affects the rate at which the heme
orientational equilibrium is achieved. In both types of kinetics experiment, the effects of decreasing the
number of potential hydrogen bonding interactions are found to be cumulative. Despite their kinetic
effects, elimination of these hydrogen bonding interactions had no influence on the initial distribution of
heme orientational isomers immediately following reconstitution or on the equilibrium constant of heme
orientational disorder. The interactions between the heme propionates and nearby protein residues play
a partial role in the stabilization of the hemprotein complex and are a major factor in the kinetic
“trapping” of the minor heme orientation. Comparisons of the various rate constants determined for the
mechanism of heme binding and reorientation suggests that the intramolecular reorientation mechanism
is slightly favored over the intermolecular mechanism.

Since the pioneering work of Hill and Holden (1926) in of heme binding in these two populations differs by a°180
which native apohemoglobin (Hb) was first reconstituted with rotation of the heme about the’y-mesoheme axis (Figure
ferriprotoporphyrin 1X, the kinetics and structural conse- 1A)(La Mar et al., 1978; Keller & Wthrich, 1980). For
guences of heme binding to apomyoglobin (apo-Mb) and sperm whale and horse heart metMb, 92% of the protein
apohemoglobin (apo-Hb) have been the subjects of continu-binds heme in the “major” orientation and 8% binds heme
ing investigations [e.g., Gibson and Antonini (1960, 1963), in the “minor” orientation (La Mar et al., 1983), and for beef
Gibson (1964), Breslow (1964), Waks et al. (1973), Adams liver cytochromebs, ~90% of the protein binds heme in the
(1976), Chu and Bucci (1979), Craik et al. (1980), Rose and “major” orientation and~10% of the protein binds heme in
Olson (1983), Kawamura-Konishi et al. (1988), Benesch and the “minor” orientation (Keller et al., 1976; La Mar et al.,
Kwong (1990), and Hargrove et al. (1994)]. One funda- 1981). Interestingly, upon initial addition of protoheme IX
mental feature of the interaction of heme with apo-Mb and to apo-Mb or apocytochromés, the two orientational
apocytochromés that was not appreciated until the applica- isomers are formed in equal abundance, and with time an
tion of 'tH-NMR spectroscopy to the characterization of these equilibrium is established in which one orientational isomer
proteins (La Mar et al., 1978; Keller et al., 1976) is that dominates (Jue et al., 1983; La Mar et al., 1981).
both proteins exhibit two populations that differ in the The present study evaluates the manner in which hydrogen
orientation of heme binding. Specifically, the orientation bonds formed by the heme propionate groups with both

apoproteins stabilizes heme binding to these proteins. The
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C

Ficure 1: (A) Structure of protoheme IX with the nomenclature used in this report indicated and the hydrogen bonds (dotted lines) formed
by the heme propionate groups with amino acid residues of (B) horse heart Mb and (C) bovine liver cytdshrome

the apoprotein. In addition, Lys45 forms a hydrogen bond as described by Teale (1959). Reconstitution of wild-type
with the 6-propionate group (Evans & Brayer, 1990). In Mb with dimethylester protoheme IX has been described
sperm whale Mb, residue 45 is an arginine, which forms a previously (Lim, 1990).

hydrogen bond with the distal His64 through a water  Tyypsin-solubilized (Reid & Mauk, 1982) and lipase-
molecule and a hydrogen bond with heme 6-propionate sojubilized (Funk et al., 1990) bovine liver cytochromge
(Takano, 1977). Consequently, variant forms of Mb with \ere prepared by the methods indicated. Trypsin-solubilized
substitutions at these positions have been included in thepgyine liver cytochromés was reconstituted with dimeth-
current study along with the wild-type protein. Mb recon- yjester protoheme IX by the method of Reid et al. (1984).

stituted with dimethylesterprotoheme IX (DME-heme) in . S . .
which both propionate groups have been esterified to reduce Analysis of Thermal StabilityCircular dichroism spectra

hydrogen bonding interactions with the propionates has aIsoWere recorded with a Jasco model J-720 spectropolarimeter
bZen gvaluate d 9 prop that was calibrated with ammoniudhicamphor-10-sulfonate

_ . (Aldrich) and that was equipped with a Neslab model RTE-
In the case of bovine liver cytochromia, the heme 110 cjrcylating water bath and a Neslab model RS-2 remote
7-propionate forms two hydrogen bonds, one with the side

: : : : ) sensor. Both the spectropolarimeter and water bath were
chain hydroxyl and one with the main chain amide of Ser64, operated under computer control. Protein samplesddp

while the heme 6-propionate forms no additional interactions ¢qqium phosphate buffer (10 mM, pH 7.0)] were placed into
(Durley & Mathews, 1996). Consequently, the Ser64Ala 3 ¢yijingrical, water-jacketed quartz cell (0.1 cm path length),
variant (Funk et al., 1990) and the DMteme-substituted ;. § ellipticity was recorded at 222 nm from 40 to 85

fo_rm of cytochromebs (Reid et al. 1984) were include_d N with a heating rate of 50C/h. The midpoint melting
this study to evaluate the importance of the propionate (gmperature ¥, was determined from the first derivative
interactions in th|§ cytochromg on hemgrotein stability. of the resulting ellipticityss temperature plot.

Two types of kinetics experiments have been employed Heme Reorientation Experiment&1-NMR spectra were

to evaluate the contributions of these interactions to the recorded with a Bruker model MSL-200 spectrometer at 20
stability of heme-apoprotein interaction. In the first type of °C in 50 mM deuterated sodium phos hat(g buffer (“pH” 7.0;
experiment, we have studied the effects of these modifica- H values of DO solutions were n%t co?rected for the?soto.e'
tions on the heme orientational equilibrium and the kinetics szect and are referred to as “pH” values). The measurengent
by which equilibration is achieved following reconstitution o . :
omythe apop?rotein with heme as describedgby La Mar et al of the rate constant for heme reorientation following
(1984). In the second type of experiment, we have studied reconstitution of apo-Mb derivatives with protoheme IX was
S . L ' . performed as described by La Mar et al. (1984). As these
tmhgtﬁggtgsﬁgrigvid;is dof:'g_t\'zgrfkrgg Eggzi)pirr?ts\miscﬁyﬂt']ze variants have significantly increased rates of heme reorienta-
9 tion, the KCN quench method was employed (La Mar et

Hﬁigifee:)gicgelrp?r%;:;{inesniz“r\;%rﬁ[g:gjnst;eStr,gﬂ;h\é?orﬁgtri\g;l?y al., 1984) to take advantage of the fact that heme reorientation
“occurs much more slowly in the metMbCN derivative.
EXPERIMENTAL PROCEDURES Hemin (0.9 equiv) dissolved in NaOH (0.2 M) was added
to apo-Mb (sodium phosphate buffer (50 mM), “pH” 7.0,
Wild-type horse heart Mb (Sigma, lot 112H7120) was 25 °C) to start the reaction; the reconstitution mixture was
purified as described by Tomoda et al., (1981). Variants of sampled periodically, quenched with 20 equiv of KCN, and
horse heart Mb were constructed from a synthetic genethe NMR spectrum was recorded. To determine the initial
(Guillemette et al., 1991) by oligonucleotide-directed mu- heme orientation ratio, the first sample was quenched within
tagenesis (Zoller & Smith, 1987) and were expressed andthe first minute after the hemin was added. The equilibrium
purified as described previously (Lloyd & Mauk, 1994). constant for heme disordep, can be defined ak/k, =
Extinction coefficients of the variant proteins were deter- [Mi]e/[mi]g, wherek: andk, are the rate constants for heme
mined by the pyridine hemochromogen method (De Duve, dissociation and heme association, respectively, andrid
1948; Antonini & Brunori, 1971), and apo-Mb was prepared m; are the intensities of the 5-methyl or 8-methyl resonance
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of the major and minor heme orientations, respectively (La
Mar et al., 1984). The methyl resonances, &md m, are
the resonances shifted furthest downfield in all the Mb
variants. As the resonances of the two orientations in some
Mb variants were not well resolved, the intensities of the
two peaks were determined using the curvefit function of
the program Grams/386 (Galactic Industries). A plot of In-
{ (A — Au)(Ao — As)} vstime has a slope equal tokgpsg
whereA; is Mi/(M; + m;) andA,; andA, are the initial and
equilibrium ratios of the two orientations, respectively. The
rate constants for the forwarll, and reversek,, reactions
can then be calculated from the relationskipq = ki + kb
Determination of Heme Dissociation Rate Constants.
Kinetic analysis of heme dissociation from wild-type and
modified forms of Mb and cytochrom® was performed as
described by Hargrove et al. (1994) except that the His64Tyr/
Val68Phe double variant of horse heart Mb was used rather
than the corresponding variant of sperm whale Mb. Rate
data were collected with a Cary model 3 spectrophotometer
that was equipped with a water-jacketed cell holder and a
Lauda model RC3 circulating, thermostated water bath and
interfaced to a microcomputer. For Mb derivatives, heme
dissociation was monitored at 410 nm, while heme dissocia-
tion from cytochromebs was monitored at 600 nm. Heme
dissociation was monitored under pseudo-first-order condi-
tions with a His64Tyr/Val68Phe variant apo-Mb (@0/)
to Mb or cytochromebs (3 «M) ratio of 30:1 so thakopsa=
k_n, wherek_y is the rate constant for hemin dissociation
(Hargrove et al., 1994). The resulting data were fitted to a
single exponential with the program Scientist (MicroMath,
Inc.). Sodium acetate buffer (0.15 M) was used at pH 5.0

Hunter et al.
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Ficure 2: H-NMR spectra (200 MHz) of the Lys45Glu variant
of horse heart metMbCN (0.5 mM) in deuterated sodium phosphate
buffer (« = 0.1 M, “pH" 7.0, 20°C). The metMb was reconstituted
with heme (0.9 equiv) at 28C, samples were removed, and the
reaction was stopped with KCN at (A) 1.5 min, (B) 31.5 min, (C)
81.5 min and (D) 21 h. Peaks corresponding to the two heme
orientational isomers are labeled as follows:; Menotes the
5-methyl heme resonance of the major orientation (28.0 ppm), and
m; denotes the 8-methyl heme resonance of the minor orientation

and 5.5, and sodium phosphate buffer (0.15 M) was used at(28-4 Ppm).

pH 7.0. All assay solutions also contained 0.45 M sucrose
to stabilize the His64Tyr/Val68Phe apo-Mb variant (Har-
grove et al., 1994).

RESULTS

The electronic absorption spectrum of the His64Tyr/
Val68Phe double variant of horse heart metMb is essentially
identical to that of the corresponding variant of sperm whale
Mb (Hargrove et al., 1994) and is consistent with coordina-
tion of Tyr64 as the sixth ligand to the heme iron. The
electronic absorption spectra of the other Mb variants were
also identical to that of the wild-type protein apart from small
decreases in the molar absorptivities of the Soret band. Wild-
type apo-Mb was found to exhibit a melting temperatg) (
of 63.2°C while the corresponding value for the His64Tyr/
Val68Phe variant was found to be 630.

Kinetics of Heme Reorientation Following Reconstitution
of Mb with Protoheme IX.The rate constant for heme
reorientation in sperm whale Mb is known to be highly
dependent on pH and to exhibit a minimum at neutral pH
(La Mar et al., 1984). For this reason, kinetic studies are
most conveniently performed at “pH” 7.0. THEI-NMR
spectrum of the metMbCN derivative of the Lys45GIu horse
heart Mb variant was monitored as a function of time
immediately following reconstitution with heme as described
above (Figures 2 and 3). The resonances labeledhd

240

Time (min)

Ficure 3: Kinetics of equilibration of the Lys45Glu variant of horse
heart Mb with native heme at 28, “pH” 7.0 as monitored by
IH-NMR spectroscopy.

minor forms is~1:1 immediately after reconstitution (Figure
2A). With time, the intensity of M, the 5-methyl heme
resonance of the major heme orientation, increases at the
expense of m the 8-methyl heme resonance of the minor
heme orientation, as the minor form converts into the major
form. Equilibrium is achieved in-21 h (Figure 2D). The
other resonances that change in intensity with heme reori-
entation are also indicated in Figure 2.

Comparison of théH-NMR spectra obtained at equilib-
rium (“pH” 7) for the metMbCN derivatives of all the

m; correspond to the heme methyl peaks previously assignedvariants indicates that the ratios of the major and minor heme

in the spectrum of sperm whale metMbCN to the major and
minor heme orientation, respectively (La Mar et al., 1984),
and are identified here by analogy. The ratio of major to

orientational isomers, estimated from the intensity of the
methyl resonances, Mind m, are similar to that previously
observed for sperm whale Mb (La Mar et al., 1984). The
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Table 1: Rate Constants for Heme Reorientation in Wild-Type and § 1
Variant Forms of metMb s
protein ke (x 12 hY) ko (x 102 h 1) E
sperm whale Mb <
wild-type 1.9+ 0.2 T
horse heart Mb ;:;
wild-type 3.7 0.4 0.31£0.02 =
Lys45Glu 514 2 42401 S ol
Lys45Glu/Lys63Glu 66+ 6 6.0+ 0.6 Z . s s . s
His97Leu 42+ 6 34+ 04 0 20 40 60
Ser92Asp 15e 10 12.6+ 0.6 - :
Lys45GIu/His97Leu 45@ 30 37+2 Time (min)
Lys45Glu/Ser92Asp 1444 120 120+ 6 Ficure 4: Absorbance changes (normalized) at 410 nm observed
Lys45Glu/Lys63Glu/ 4200+ 600 350+ 40 upon mixing Mb variants (M) with the His64Tyr/Val68Phe
His97Leu/Ser92Asp variant apoprotein (92M) [sodium acetate buffer (0.15 M), 0.45
His64Tyr/Val68Phe 9.6 0.6 0.78+ 0.06 M sucrose, pH 5.0, 37C]: (a) wild-type; (b) Lys45Glu; (c)

His97Leu; (d) Lys45Glu/His97Leu; () DMBEMDb; (f) Lys45Glu/

i, ” [} b o
a“pH” 7.0, 25 °C.  pH 6.4, 25°C (La Mar et al., 1984). Lys63GILHiS97Leu/Sera2Ala.

equilibrium constant for the heme disorder equilibriuka) Table 2: Rate Constants for Heme Dissociation from Wild-Type,
was found to be~12 for all of the Mb variants included in ~ Variant, and Heme-Substituted Forms of metMb

this study. Furthermore, addition of KCN to each of the kew (h7D)
freshly reconstituted protoheme IX/apo-Mb mixtures estab- protein pH 5.0 pH 5.5 pH 7.0
lishes, in each case, that equal amounts of the two orienta-
. ! . . o sperm whale Mb
tional isomers are presentimmediately after addition of heme, ™ yjig.type> 0.7 0.01
as was also found for the wild-type sperm whale protein (La  Arg45GIw 55 0.2
Mar et al., 1984). horse heart

The rate constants for heme reorientation determined from m:g:gggp 55& 01 037008 0.06+0.01
these experiments are shown in Table 1. Wild-type recom- | ys45GIu 6.24-0.2 048+ 001 0.22+0.03
binant horse Mb exhibits a value firthat is slightly greater Lys45Glu/Lys63Glu 6.8-0.3 0.44+0.01 0.14+0.02
than that reported previously following reconstitution of ~ His97Leu 6.6-0.2 0.75£0.04 0.32+0.07

Ser92Asp 14503 0.75+0.04 0.18+0.01

sperm whale Mb with protoheme IX at pH 6.4 (La Mar et V0 criiico7i ey 21.78:0.05 3.60+ 003 1.64+0.01
al., 1984). For those variants in which amino acid substitu- Lys45GIlu/Ser92Asp 45203 47401 15+02
tion was expected to eliminate one of the hydrogen bonds  Lys45GIu/Lys63Glu/  146+3  22.7+£0.5 17.0+0.5
formed by the heme propionate groups (Lys45Glu, Lys45GIu/ His97Leu/Ser92Ala
Lys63Glu, and His97Leu), botk andk, increased 1+17- DME—heme Mb 9at10 71401 11401
fold. The fact that the Lys63Glu substitution does not exhibit 237 °C. ® Hargrove et al., 1994.Hargrove et al., 1996b.
any significant influence on the kinetics of heme reorientation
indicates that nonspecific electrostatic effects are not a factorreorientation rate constant for the His64Tyr/Val68Phe double
in this process; Lys63 is not involved in hydrogen bonding variant used to monitor heme dissociation kineticilé
interactions with the heme, so substitutions at this position infra) is just~2-fold faster than that of the wild-type protein.
are not expected to influence this process. On the other handSimilar measurements were not attempted with the cyto-
the single variant Ser92Asp exhibits a rate constant for hemechrome bs derivatives owing to the faster rate of heme
reorientation that is 34 fold greater than that of the other reorientation (Singh & Wilson, 1990) in this protein and to
single variants. The somewhat greater influence of this limited amounts of material.
substitution may result from the additional effect of disrupt- Kinetics of Heme Dissociation from Horse Heart Mbhe
ing the hydrogen bond normally formed by Ser92 with the molar absorptivities of the Mb variants and derivatives
proximal His93 ligand. studied in this work were greater than that of the His64Tyr/
Elimination of two of the hydrogen bonds in the Lys45GIu/ Val68Phe variant, which made it possible for heme dissocia-
His97Leu double variant increases the rate constant for hemetion to be monitored at the Soret maximum of the variant or
reorientationr~120-fold over that observed for the wild-type derivative considered. The absorbance changes observed (pH
protein, while the elimination of two hydrogen bonds in the 5.0) for the dissociation of heme from some of the Mb
Lys45GIlu/Ser92Asp double variant results in corresponding variants studied in this work are shown in Figure 4. In each
increases 0f~390-fold. The greater kinetic effect exhibited case, the data were adequately described by a single
by the Lys45Glu/Ser92Asp again reflects the additional exponential function. The rate constants for heme dissocia-
structural consequences of replacing Ser92 discussed abovdion determined in this manner at pH 5.0, 5.5, and 7.0 are
For the quadruple variant, where all hydrogen bonding set out in Table 2.
interactions between the heme propionate groups and the At all values of pH, the rate constants for heme dissocia-
apoprotein are eliminated, the reorientation rate-1s100- tion from the variant Mbs are greater than that observed for
fold greater than that of the wild-type protein. To a first the wild-type protein though the differences are more
approximation, therefore, it appears that the effects of apparent at pH 5 than at pH 7 (Table 2). The rate constants
individual hydrogen bonds on these rate constants arefor heme dissociation increase at low pH as the result of
multiplicative. In other words, for each hydrogen bond that protonation of the proximal histidine and disruption of the
is eliminated, the rate constant for heme reorientation Fe—histidine bond (Giacometti et al., 1977; Coletta et al.,
increases approximately 10-fold. Finally, we note that the 1985). The uncertainty in determining rate constants for
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Table 3: Rate Constants for Heme Dissociation from Wild-Type, 82 ' ' ' -
Variant, and Heme-Substituted Forms of Cytochrdufe /t/ 1
[
kw (hY) o’ § 1
protein pH 5.0 pH5.5 pH 7.0 = ]
bovine liver = 0 il
lipase-solubilized, wild-tyge 4.2+ 0.5 1.44+0.2 0.3+0.1 ) §
lipase-solubilized, Ser64MAla 43+ 3 28.6+0.3 13+1 /j ‘ ‘ ,
trypsin-solubilized, native 6.8+ 0.5 1.9+ 0.1 0.23+ 0.02 o, ; 5 3
trypsin-solubilized, 37+1 104+03 19+0.1
DME—hemé Number of Hydrogen Bonds

a37 °C. P Recombinant (Funk et al., 1990)Native cytochrome FicURe 5. Dependence of melting temperatufg) on the number

isolated from bovine liverd Native cytochrome reconstituted with ~ Of potential hydrogen bonding interactions between the apoprotein
DME—protoheme IX. and the heme propionate groups®)(wild-type Mb; (@) the

His97Leu variant; ©) the Lys45Glu variant; W) the His97Leu/
Lys45Glu variant; &) the Ser92Asp/Lys45Glu variant; and)(
heme dissociation at the higher values of pH, however, is the Lys45Glu/Lys63GIu/His97Leu/Ser92Ala variant.
greater owing to the difficulty in precise measurements of
such slow processes. In particular, the extended exposurdncrease in rate constant) and the Ser92Ala substitutions (6.6-
of the apoprotein to elevated temperature {8 during the ~ fold increase) into a single protein.
long assay times required for such measurements could result Although the esterification of the heme propionate groups
in partial denaturation of the apoprotein. The effect of pH in the DME-Mb derivative perturbs the electrostatics of the
on the behavior of the variants is difficult to interpret in detail solvent-exposed heme edge significantly, esterification does
owing to the electrostatic nature of the substitutions involved not rule out the possible formation of a hydrogen bond with
and the potentially complex electrostatic consequences thatan adjacent amino acid residue. In the absence of structural
each of these substitutions could exhibit. As a result, our information, therefore, it is difficult to predict what hydrogen
discussion of these rate constants is restricted to thosebonding interactions may occur in this derivative. From the
obtained at pH 5 where the differences in rate constants areapparent quantitative relationship between heme propionate
most apparent. hydrogen bonding interactions and heme dissociation rate
At pH 5.0, wild-type horse heart Mb exhibits a 3-fold constants outlined above, however, it seems reasonable to
greater rate constant for heme dissociation than reported forinfer that the~41-fold greater rate constant observed for
sperm whale Mb under the same conditions (Hargrove et DME—Mb relative to the native protein results from
al., 1994). For the horse heart protein, elimination of a single destabilization of heme binding by the loss of an equivalent
hydrogen bond formed by heme propionate groups resultsof three hydrogen bonds.
in ~3-fold increase in the rate constant for heme dissociation ~Kinetics of Heme Dissociation from Cytochrome The
as demonstrated by the results obtained for the Lys45Glu, molar absorptivity of cytochrombs in the Soret region is
Lys45Glu/Lys63Glu, and His97Leu variants. As observed relatively low compared to that of the His64Tyr/Val68Phe
above for the heme reorientation kinetics, these effects aredouble variant with heme bound, so the dissociation of heme
specific for hydrogen bonding interactions insofar as the from cytochromebs was more conveniently determined by
additional replacement of Lys63Glu in the Lys45Glu/ monitoring the change in absorbance at 600 nm. The rate
Lys63Glu double variant does not produce any kinetic constants for heme dissociation from various forms of
consequences. The Ser92Asp variant exhibits a rate constantytochromebs are uniformly greater than those observed for
for heme dissociation that is 7-fold greater than that of the metMb. For example, the rate constant for heme dissociation
wild-type protein and that is, therefore, twice as great as thatfrom lipase-solubilized cytochrome was ~2-fold greater
of the other single variants. Again, the greater perturbation than that of wild-type horse heart Mb at pH 5 and 6-fold
introduced by replacement of this residue may be related togreater at pH 7. Replacement of Ser64 with an alanine
the elimination of the hydrogen bond formed by Ser92 with residue increases the rate constant of heme dissociafion
the proximal His93 ligand to the heme iron. fold over wild-type lipase-solubilized cytochroniig. On
As observed for the heme reorientation kinetics, the effects the basis of the observations made for the Mb variants, the
of removing individual heme propionat@apoprotein hydro-  magnitude of this increase suggests that neither of the
gen bonds on the rate constant for heme dissociation appeahydrogen bonds normally formed by the propionate are
to be multiplicative. This relationship is most clearly formed in the variant. The rate constant for heme dissocia-
illustrated by the observation that the rate constant for hemetion from DME—heme [X-substituted trypsin-solubilized
dissociation from the Lys45Glu/His97Leu double variant is cytochromebs was increasee-6-fold over that of wild-type
~3-fold greater than that of the single variants, Lys45Glu trypsin-solubilized cytochromies. In this case, the increase
and His97Leu, the rate constants for which are both, in turn, in rate constant is intermediate between the increase expected
~3-fold greater than that of the wild-type protein. Similarly, from the elimination of one or two hydrogen bonds, based
the Lys45Glu/Ser92Asp variant exhibits a heme dissociation on the increases observed for Mb.
rate constant that is3-fold greater than that of the Ser92Asp Thermal Stability. Of the Mb derivatives included in the
variant, the rate constant for which is, in turn, 6.6-fold greater present study, wild-type Mb exhibited the greatest thermal
than that of wild-type Mb. The quadruple variant exhibits stability. Upon successive elimination of potential hydrogen
a 66-fold increase in heme dissociation rate constant relativebonding interactions with the heme propionates, an incre-
to the wild-type protein, which is consistent with the 3-fold mental decrease in thermal stability was observed (Figure
rate enhancement expected to result from incorporation of5). TheT,, values observed for bovine cytochromgealso
the Lys45Glu and His97Leu substitutions (for a total 9-fold decreased from the values observed for the lipase-solubilized
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(66 £+ 1 °C) and trypsin-solubilized (63 2 °C) solubilized
proteins by slightly more than 1%C upon replacement of
Ser64 with Ala (524 1 °C) or upon esterification of the
heme propionate groups in the trypsin-solubilized cytochrome
(54 £ 1°C).

DISCUSSION

The present study has evaluated the influence of hydrogen
bonding interactions involving the heme propionate groups
and surface amino acid residues on the dynamics of heme
protein interaction for horse heart Mb and cytochrobge
Although our work provides detailed insight into the
contribution of heme propionates to the mechanism of
heme-protein interaction, a comprehensive and detailed
structural and mechanistic rationale for the dynamics of heme
association, dissociation, and reorientation requires similarly
detailed studies of the other stabilizing interactions noted
previously. In comparing the results from the two types of
experiment used in this work our most general observation
is that the kinetics of heme reorientation are affected to a
greater extent by the hydrogen bonding interactions of the
heme propionate groups than are the kinetics of heme
dissociation. For each variant at pH 7.0, the increase in
reorientation rate constant that results from elimination of a
hydrogen bond is-5—10-fold greater than the corresponding
increase in rate constant for heme dissociation.

We also note that some risk is involved in interpretation
of relatively small changes in rate constants as observed in
effects of single amino acid substitutions on the kinetics of
heme dissociation owing to the possibility that the experi-
ments were fortuitously conducted at or near the isokinetic
temperature for this series of proteins. However, further
studies concerning correlation of the number of possible
heme propionateprotein hydrogen bonds with the activation

energies for heme dissociation from these proteins and the

energies required to dissociate these heamoprotein

complexes during electrospray ionization (Hunter et al.,
1997) provide additional evidence in support of the inter-
pretation of the results provided in this report. Furthermore,
the dependence of the stability of these proteins to thermal
denaturation on the number of hydrogen bonds formed by
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FIGURE 6: Schematic representation of the reaction of apo-Mb with
heme. The major and minor orientations are represented by the
unshaded and shaded circles, respectively, and differ by 180
rotation about thel/y-mesoheme axis.

to the apoprotein in one of two orientations that differ in
rotation of the heme about thegy-mesocarbon axis. For
both Mb and cytochrombs, these two orientational isomers
are formed in equal amounts initially, and the relative
amounts of these two forms subsequently equilibrate (La Mar
etal., 1981; Jue et al., 1983). In the present study, we have
investigated the kinetics of heme dissociation from several
forms of Mb and cytochrombs after their equilibration as

a means of characterizing the first of these two processes,
and we have investigated the heme reorientation kinetics of
the Mb variants as a means of characterizing the second
process. The much greater rate of heme reorientation
following reconstitution of apocytochromies with heme
combined with limited quantities of these proteins prevented
us from studying this process for the cytochrome.

Kinetics of Heme Reorientatiorfzor all of the Mb variants
studied here, th&H-NMR spectra obtained following addi-
tion of cyanide immediately after reconstitution with heme
indicate formation of equal amounts of the two heme
orientational isomers [i.e., the initial ratio of major (M) to

the heme propionates provides additional evidence concern-minor (m) orientational forms was1:1]. The rate constants

ing the legitimacy of this correlation.
As indicated above, our studies complement and extend

for the binding of heme in both orientatiorlg™ and k,™,
must, therefore, be equal for each of the Mb variants

previous reports concerning the influence of heme substituentinvestigated. La Mar and co-workers (1984) also found these

groups on the interaction of heme with apo-Mb and apocy-
tochromebs that employed structural analogues of protoheme
IX. Through use of modified heme derivatives reconstituted
into apo-Mb and apocytochronig, the heme vinyl groups
(La Mar et al., 1981, 1984, 1986; Keller et al., 1976), the
heme propionate groups (La Mar et al., 1985, 1986, 1989;
Hauksson et al., 1990; Santucci et al.,, 1993), and axial
ligands (La Mar et al., 1989; Yee & Peyton, 1991) have been
suggested to be of particular importance to the dynamics of
heme binding to both apo-Mb and apocytochroge

The mechanism for the dynamics of heme association with
apo-Mb proposed by La Mar and colleagues is depicted in
Figure 6 [adapted from La Mar et al. (1984)]. This mecha-
nism is presumably applicable to cytochrolmeand many

rate constants to be independent of the nature of the heme
substituents at positions 2 and 4. In addition, tHeNMR
spectra of the metMbCN derivative for each of the Mb
variants at equilibrium showed the equilibrium ratiG] of
major to minor orientation to be unchanged from that of wild-
type horse and sperm whale Mb (La Mar et al., 1983). As
pyrroles Il and IV are symmetrical about they-mesaaxis,

the binding of heme in these two orientations does not change
the positions of the two heme propionates relative to the
surface residues of the protein with which they normally
interact. As a result, the initial and equilibrium heme
disorder ratios are unchanged.

Nevertheless, substitution of the horse heart Mb residues
45, 92, and 97, all of which form hydrogen bonds with the

other proteins that possess non-covalently bound hemeheme propionates does have a significant effect on the heme
prosthetic groups. This mechanism consists of two pro- reorientation rate. As each hydrogen bond is removed, the
cesses. The first process involves the initial binding of heme heme is able to equilibrate much more rapidly within the
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heme binding pocket, and significant increases in the rateimidazolate character of the proximal histidine and a weaker
constants of heme reorientatiok @nd k,) are observed. iron—histidine bond (Goodin & McRee, 1993) or to increased
Interaction of the heme propionates with these residues,solvent accessibility of the proximal pocket (Smerdon et al.,
therefore, appears to be critical in the kinetic “trapping” of 1993).
the minor orientation. The Mechanism of Heme Reorientatiofihe manner in
The contributions of hydrogen bonding by heme propi- which the heme prosthetic group bound to apo-Mb undergoes
onate groups in the dynamics of heme binding to Mb have the rotation required for interconversion of heme orientational
been studied previously through the use of synthetic hemesisomers is a matter of some speculation. Conversion from
with modified substituent groups. For example, sperm whale the minor (m) form to the major (M) form could occur
Mb reconstituted with hemins lacking the 6- or 7-propionate through one of two limiting mechanisms: an intramolecular
(6-methyl-6-despropionate hemin and 7-methyl-7-despropi- rearrangement (= M) or an intermolecular pathway (m
onate hemin) exhibited the same heme orientational equi-= A == M) (Figure 6). An intramolecular mechanism must
librium as Mb possessing protoheme IX (Takano, 1977; La involve a considerable degree of unfolding of the protein to
Mar et al., 1986, 1989). However, the initial complex formed allow the large, planar heme group to rotate 1 &(thin the
upon reconstitution with either propionate-deficient heme in heme binding pocket. An intermolecular mechanism requires
excess CN resulted in preferential placement of the remain- complete dissociation of the heme prosthetic group from the
ing propionate near Arg45 (La Mar et al., 1989). Similar heme pocket. One means of evaluating the likelihood of
results were subsequently reported for interaction of the samethese two mechanisms is through examination of the rate
heme derivatives with horse heart Mb as monitored by constants for the two opposing mechanisms.
circular dichroism spectroscopy (Santucci et al., 1993). The rate constants for heme dissociatikn,(or k™) from
These results indicate that removal of individual heme two Mb variants (0.3 h for Lys45Glu/His97Leu and 0.12
propionate groups does not affect the heme orientationalh~* for Lys45Glu/Ser92Asp) were determined atZ5and
equilibrium but does influence the relative amounts of the pH 7.0 for comparison with the reorientation rate constants.
two orientational isomers formed immediately following These variants were chosen for this purpose because they
reconstitution of the apoprotein. exhibit relatively large values fae and are, therefore, more
Kinetics of Heme DissociationThe interactions between amenable to accurate kinetic measurements under these
the propionates and the protein surface residues were alsasolution conditions. Because the heme disorder equilibrium
found to have an effect on the rate constant for heme constants Kp = ky/k;) exhibited by these variants are the
dissociation K-y) [k-y is dominated by (Figure 6) as same as that of the wild-type protein and because the heme
only 8% of the protein binds heme in the minor orientation association rate constants for both orientations are the same
at equilibrium]. Inspection of the results in Table 2 reveals for all the variantsioM = k™), the ratios of the rate constants
that as individual hydrogen bonding interactions involving for heme dissociation from both orientational isomers must
the heme propionates are eliminated, the resulting increaseslso remain the same. Therefore, the rate constants for heme
in k-, are multiplicative (Table 2). Similar increases in heme dissociation from the minor orientatiok;{") can be calcu-
dissociation rate constant were also observed in related formdated to be 3.6 and 1.47h for Lys45Glu/His97Leu and
of cytochromebs in which the hydrogen bonds involving Lys45Glu/Ser92Asp, respectively. Comparison of these
the propionates were eliminated and suggest that thisvalues to those of the forward reorientation rate constants
functional role of heme propionate groups is not restricted (ki) displayed in Table 1 reveals that the dissociation of heme
to Mb. from the heme cavity is slightly slower than the forward
For both Mb and cytochromig, the stability of the heme reorientation rate constant. These rate constants of the
protein complex is dependent on the characteristics of thevariants can be compared to corresponding values reported
histidine residues that coordinate to the heme iron atom. In for wild-type Mb. The value ok, determined for sperm
Fet—Mb, the Fé"—His93 bond is effectively covalent in  whale Mb (Smith et al., 1982) yieldsla™ = 7.8 x 102
nature, consistent with slow heme dissociation (Hargrove eth™%, which is also only slightly lower than the forward
al., 1994) and heme reorientation (Jue et al., 1983). fh-Fe  reorientation rate constant (19 1072 h™%; La Mar et al.,
Mb, the proximal histidine protonates as the pH is decreased1984). Previous experiments by La Mar et al. (1984)
below pH 5.0, the F& —histidine bond is disrupted, and the indicate that heme reorientation occurs more rapidly than
rate constant for heme dissociation increases. Cytochromeheme displacement which suggests that heme reorientation
bs exhibits a pH dependence of heme dissociation kinetics does not involve exchange of heme with the bulk solvent
that is similar to and has the same origin as that of Mb. and implies that it occurs through an intramolecular mech-
Substitution of Ser92 in Mb removes one of the hydrogen anism. This observation is apparently in conflict with the
bonds to the proximal histidine as well removing the one to observation in the present study of a small increase in the
the heme propionate group. For this reason, the effect ofrate constant of heme reorientatida, relative to that for
this substitution on both heme reorientation and dissociation heme dissociatiork;™. However, preliminary kinetic simu-
is somewhat greater than might be expected otherwise. Thdations show that althoughks is only slightly greater than
inability to observe electron density for the Asp92 in the ki™, the intramolecular mechanism is the dominant pathway.
electron density map of Ser92Asp Mb crystals (Lloyd et al., In other words, the reaction mechanism for this process is
1996) is consistent with mobility of this residue that would sufficiently complex that simply comparing the magnitudes
prevent or at least compromise the hydrogen bonding of the rate constants does not provide an accurate picture of
interaction of this residue with the proximal histidine residue the reorientation process. Therefore, our results are not in
of Mb. Therefore, the additional destabilization of the disagreement with previous results of La Mar et al. (1984).
heme-protein complex resulting from the Ser92Asp or  While this manuscript was under review, Olson and
Ser92Ala substitutions in Mb could be attributed to decreased colleagues reported studies of heme binding to a wide range
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of myoglobin variants that complement two aspects of the Hargrove, M. S., Barrick, D., & Olson, J. S. (199@ipchemistry

current study (Hargrove et al., 1996a,b; Hargrove & Olson,

1996). First, the rate constant for association of-&@me
with apo-Mb was found to be relatively insensitive to
substitutions in the heme binding pocket.

This finding

35, 11293-11299.

Hargrove, M. S., Wilkinson, A. J., & Olson, J. S. (1996b)
Biochemistry 3511300-11309.

Hauksson, J. B., La Mar, G. N., Pandey, R. K., Rezzano, I. N., &
Smith, K. M. (1990)J. Am. Chem. Soc. 118198-6205.

indicates that the equilibrium constant for heme binding is Wi, R., & Holden, H. F. (1926)Biochem. J. 201326-1339.
determined primarily by the rate constant for heme dissocia- Hunter, C. L., Mauk, A. G., & Douglas, D. J. (199Bjochemistry

tion (Hargrove et al., 1996a). Second, Hargrove and Olson

36, 1018-1025 (accompanying paper).

(1996) observed that the resistance of sperm whale Mb toJue, T., Krishnamoorthi, R., & La Mar, G. N. (198R)Am. Chem.

denaturation is a function of heme binding affinity. This
observation is consistent with the correlation observed here

Soc. 1055701-5703.
Kawamura-Konishi, Y., Kihara, H., & Suzuki, H. (198&ur. J.
Biochem. 170589-595.

between the number of hydrogen bonding interactions of the yqjier R Groudinsky, O., & Wthrich, K. (1976) Biochim.

heme with the apoprotein and the thermal stability of the

Biophys. Acta 427497-511.

variant. Finally, we note that our previous observation that Keller, R., & Withrich, K. (1980)Biochim. Biophys. Acta 621

~30% of the total activation energy required for heme

204-217.

dissociation from horse heart myoglobin (Hunter et al., 1997) La Mar, G. N., Budd, D. L., Viscio, D. B., Smith, K. M., & Langry,

correlates with the conclusion by Hargrove et al. (1996a)

that ~25% of the the affinity of sperm whale apo-Mb for

K. C. (1978)Proc. Natl. Acad. U.S.A. 7%755-5759.
La Mar, G. N., Burns, P. D., Jackson, J. T., Smith, K. M., Langry,
K. C., & Strittmatter, P. (1981). Biol. Chem. 2566075-6079.

heme results from specific interactions of the protein and | 5 mar G. N.. Davis. N. L.. Parish. D. W.. & Smith. K. M. (1983)
the heme (e.g., hydrogen bonding interactions) and that the J. Mol. Biol. 168 887—896.

remaining stabilization is provided by hydrophobic interac-

tions of the apolar heme pocket and the hem8&Q%) and

La Mar, G. N., Toi, H., & Krishamoorthi, R. (1984). Am. Chem.
Soc. 106 6395-6401.

by coordination of the heme iron by the proximal His93 LaMar, G. N., Yamamoto, Y., Jue, T., Smith, K. M., & Pandey,

ligand (~25%).
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