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ABSTRACT. A general inability to elucidate extensive variations in the electronic characteristics of proximal
heme iron ligands in heme proteins has hampered efforts to obtain a clear understanding of the role of the
proximal heme iron ligand in the activation of oxygen and peroxide. The disadvantage of the frequently
applied site-directed mutagenesis technique is that it is limited by the range of natural ligands available
within the genetic code. The myoglobin cavity mutant H93G [Barrick, D. (18d¢hemistry 336546—

6554] has its proximal histidine ligand replaced with glycine, a mutation which leaves an open cavity
capable of accommodating a variety of unnatural potential proximal ligands. We have carried out
investigations of the effect of changing the electron donor characteristics of a variety of substituted imidazole
proximal ligands on the rate of formation of myoglobin compound Il and identified a correlation between
the substituted imidazole N-3Kg (which provides a measure of the electron donor ability of N-3) and
the apparent rate of formation of compound Il. A similar rate dependence correlation is not observed
upon binding of azide. This finding indicates that-O bond cleavage and not the preceding peroxide
binding step is being influenced by the electron donor characteristics of the substituted imidazole ligands.
The proximal ligand effects are clearly visible, but their overall magnitude is quite low (1.7-fold increase
in the O-0O bond cleavage rate peKpunit). This appears to provide support for recent commentaries
which concluded that the partial ionization of the proximal histidine ligand in typical heme peroxidases
may not be enough of an influence to provide a mechanistically critical push effect [Poulos, T. L. (1996)
JBIC, J. Biol. Inorg. Chem. ,1356—359]. Further attempts were made to define the mechanism of the
influence of N-3 K, on O—0O bond cleavage by using peracetic acid and cumene hydroperoxide as
mechanistic probes. The observation of heme destruction in these reactions indicates that displacement of
the proximal imidazole ligands by peracetic acid or cumene hydroperoxide has occurred. A combination
mutation (H64D/H93G) was prepared with the objective of observing compound | of H64D/H93G with
substituted imidazoles as proximal ligands upon reaction wi@,HThis double mutant was found to
simultaneously bind imidazole to both axial positions, an arrangement which prevents a reaction with
H202.

INTRODUCTION containing peroxidases, a partially ionized proximal histidine
ligand (formed through strong hydrogen bonding of the
histidine N-1 to a carboxylate) is a highly conserved
structural feature. This has been suggested to be an important
structural contribution to the general peroxidase function of
efficiently producing a highly oxidizing oxeferryl catalytic

For heme enzymes responsible for activation of oxygen
and HO,, the role of the proximal heme iron ligand in the
production of oxe-ferryl catalytic heme species remains
poorly understood. The “push effect” of the cysteine thiolate
ligand has long been proposed to be primarily responsible )
f(?r efficient hetgrolysis (F))f prt)aroxide boung trans t{) theﬁhiolate species (compound I) through an enhanced push efect (
ligand in the reaction cycle of the cytochrome P450 mo- % 6, 7). Some of the most important previous advances in
nooxygenases in the species directly preceding the proposegtudies of the push effect have come both from proximal
oxo—ferryl reactive intermediatel-6). In typical heme-  ligand substitution by site-directed mutagenesis of heme

proteins where the proximal histidine ligand of human
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% & cytochromec peroxidase H175Gl@, 17), heme oxygenase
H3C\(/N H25A (18), and horseradish peroxidase H170B9) The
HJ majority of studies involving cavity mutants and unnatural
"1 2-Melm proximal ligands have been carried out on H93G Mb by
pKa=792 Boxer and co-workers, who were the first researchers to
(/}CHS recognize the utility of the H93G cavity mutant system for
N studying the effects of unnatural proximal ligands on
4-Melm important properties of heme proteins such as binding of CO
pKa=757 . ..
N and NO Q0—24). The ferric aquo H93Gimidazole adduct
f j has been well characterized by X-ray crystallograph),(
a and cyanoferric H93G-substituted imidazole ligand adducts
pKa=7.01 have been characterized by NMR spectrosc@dy. (These
(/'N' imidazole adducts of ferric H93G have six-coordinate heme
,NJ iron coordination structures similar to those of the analogous
"% MeIm species of wild-type Mb.
pKa=7.02 . . . .
N The ability to conveniently alter the electronic properties
ﬁj of the proximal ligand of HO93G makes it an ideal system
ﬁl Vi with which to probe the influence of the proximal heme iron
-VinylIm . . . . .
pKa = 5.69 ligand on the activation of heme iron-bound peroxide. To
our knowledge, this work provides the first example of a

Ficure 1: Active site of the ferric imidazole adduct of H93G Mb  systematic study of the effect of variations in the electron
[prepared using Insightll with the H93G structure from the donating capability of a proximal heme iron ligand on the
Brookhaven Protein Data Bank (entry 1IRC)]. Glycine 93, imida- rate of reaction of the heme complex with® within a

zole, and the oxygen of the distal water ligand are shown as ball- . . : .
and-stick representations. Also shown are the five Im-X species "€Me protein. The reaction of Mb with,&; yields Mb-II

used as proximal ligands for H93G and thei¢,values. (also known as oxeferryl Mb or compound Il) as a
relatively stable complex. There are two possible routes to

challenging. This strategy has been addressed by MorishimaMb-II following the binding of HO, to ferric Mb: (i)
Watanabe, and co-workers, who have shown that whenhomolysis of the @O bond and (ii) heterolysis of the-@D
substituted imidazoles are introduced to five-coordinate bond to yield an oxeferryl porphyrin cation radical species
acylperoxoiron(lll) porphyrins at low temperatures, the (such as the compound | species observed in the reaction
partitioning of the acylperoxo ©0 bond cleavage between cycle of heme peroxidases) followed by a one-electron
heterolysis and homolysis is directly influenced by the reduction of the porphyrin cation radical (Scheme 1). The
electron donor character of the substituted imidazaf). ( quenching of the porphyrin cation radical occurs much too
Studies of this effect under biologically relevant conditions, quickly for compound | to be observed; thus, the overall
i.e., within a protein environment near ambient temperature observed process is a decay of ferric Mb to Mb-Il. When
in an agueous medium, are of definite interest. However, athe imidazole adduct of ferric H93G reacts with®3, a
general inability to elucidate extensive variations in the compound Il [H93G(Im)-II] species is formed whose mag-
electronic characteristics of proximal heme iron ligands for netic circular dichroism and UVvisible spectra are es-
the purpose of peroxide reactivity studies in proteins has thussentially identical to those of wild-type myoglobig). This
far proven to be somewhat of a problem. The disadvantageindicates that the proximal ligand tether to the protein is not
of the frequently applied site-directed mutagenesis techniquerequired for the reaction with 4, to occur and for a stable
is that it is limited by the range of natural ligands available compound Il to be formed. The Mb cavity mutant H93G is
within the genetic code. thus a competent system with which to investigate the effects
Recently, a relatively new class of site-directed mutants of electronic variations in ligand donor characteristics on
has been produced for a number of heme proteins where thed—0 bond cleavage.
amino acid residue bearing the natural heme iron ligand is  1is work describes our investigations of the role of the
replaced with a smaller noncoordinating residue. The muta- ,6yimal heme iron ligand in the activation of peroxide. We
tion creates a cavity which can accommodate various paye prepared substituted imidazole (Im-X) adducts of ferric
exogenous molecules and is thus known as a “cavity mutant”. 193G and examined their effects on reactions Wit
This was first accomplished in the preparation of Sperm an other oxe-ferryl heme-generating oxidants. In addition
whale myoglobin (Mb) H93G (Figure 1) by Barrick ¥4, to the information that becomes available regarding the push
19 and has since been extended to the preparation Ofgffect, this work also represents a significant test of the
protein cavity complementation/catalytic rescue strategy
* Abbreviations: Mb, myoglobin; H93G, histidine 93 to glycine which has recently been investigated by Barrick, Boxer,

mutant; H64D/H93G, histidine 64 to aspartate and histidine 93 to : : : ; .
glycine double mutant; H25A, histidine 25 to alanine mutant; H170A, Goodin, Ortiz de Montellano, and their respective co-workers

histidine 170 to alanine mutant; H175G, histidine 175 to glycine mutant; (15_23)-

Mb-Il, oxo—ferryl myoglobin (or myoglobin compound II); Im-X,

substituted imidazoles, including 2-methylimidzole (2-Melm), 4-meth- EXPERIMENTAL PROCEDURES
ylimidzole (4-Melm), 1-methylimidazole (1-Melm), imidazole (Im),

and 1-vinylimidazole (1-Vinylim); H93G(Im-X)-Il, oxe-ferryl H93G ; ;
with Im-X as the proximal ligand [or H93G(Im-X) compound II]; Preparation of the Myoglobin Mutantdhe H93G and

HI3G(Im-X)-Ns, azide adduct of H93G(Im-X); PAA, peracetic acid; H64D/H93G sperm whale myoglobin mutants were con-
CHP, cumene hydroperoxide. structed from the DNA encoding the original wild-type sperm




1448 Biochemistry, Vol. 39, No. 6, 2000 Roach et al.

Scheme 1

H0 | v
e = porphyrin cation radical

| quenched by amino acid
N residues
T
7
H02  HoO + H* OH H—/ X Mb-1l

/ .
?ll-l:z \ { ? heterolysis o
—— Fle- —-— Flem- i v

- —Fle-
N N homolysis N
¢ O N
N-"\X N~ X E}x

*OH

whale myoglobirEscherichia coliexpression system [which  Chemical Industries, Tokyo, Japan) (3020 mM) in the
was a gift from J. S. Olson (Rice University, Houston, TX)] same buffer. Spectra were recorded aC4using a Hi-Tech
by a PCR-based cassette mutagenesis technique. The mutai@F-43 stopped flow apparatus equipped with a MG 6000
myoglobins were purified by previously established methods diode array spectrophotometer (Hi Tech Ltd., Salisbury,
(14). The exogenous ligand free form of the mutant myo- U.K.). Data obtained from the decay of absorbance at 409
globins was prepared by 2-butanone heme extraction ac-nm in the reaction were fitted to a single-exponential equation
cording to the method of Teal@®) followed by reconsti- to obtainko,dH93G(Im-X)-I1], the observed first-order rates
tution of the apo-H93G by addition of 1 equiv of hemin of formation of H93G(Im-X)-ll. The apparent rates of
(Wako, Osaka, Japan) from a solution of hemin in 0.1 N reaction k,,JH93G(Im-X)-1]] for each Im-X in the series
NaOH. Sodium phosphate buffer (pH 7.0) was then added towere determined from the slope of a plotlgf{H93G(Im-

a concentration of 50 mM. The concentration of exogenous X)-11] versus HO, concentration.

ligand free ferric H93G at pH 7.0 was determined from the  Measurement of Association Rates of H93G(Im-X) with
Soret molar absorptivity value of 115 mMcm™ (27). NaNs. The 10uM samples of ferric H93G in 50 mM sodium
Preparation of H93G(Im-X) AdductsThe substituted  phosphate buffer containing Im-X at concentration levels that
imidazole (lm'X) adducts of ferric H93G studied in detail are 10-fold h|gher than thléd for each Im-X were mixed in
in this work have been prepared from the following: 3 1:1 ratio with various concentrations of Nad—15 mM)
2-methylimidazole (2-Melm), 4-methylimidazole (4-Melm), in the same buffer. Data collection was carried out with the
1-methylimidazole (1-Melm), imidazole (Im), and 1-vi- Hj-Tech stopped flow apparatus described above. The rates
nylimidazole (1-Vinylim). All Im-X compounds were pur-  of N5~ association were determined from the decay of the
chased from Aldrich (Milwaukee, WI), Wako, or Nacalai soret band at 409 nm. The data were fitted to a single-
Tesque (Kyoto, Japan) and used without further purification. exponential equation to obtaiky,,{H93G(Im-X)-Ng], the
Im-X adducts were prepared by addition of concentrated ohserved pseudo-first-order rates of associationofuith
solutions (01—10 M) of Im-X in either DMSO or 50 mM H93G(|m_x) The apparent rates of reactid@)HHgge.Om_
sodium phosphate buffer (oH 7.0) to exogenous ligand free x)-N,]] for each Im-X in the series were determined from

ferric H93G. Dissociation constant&d) for each ligand  the slope of a plot oko,{H93G(Im-X)-Ns] versus NaN
binding to ferric exogenous ligand free H93G were deter- concentration.

mined by U\+-visible spectroscopic titrations oftBM ferric
H93G in 50 mM sodium phosphate buffer (pH 7.0) with X)

concentr.ateﬁc hsolutionsff(().—]l.o 'r\l/l) of Im-X inf DMSO  peroxide. The 10uM samples of ferric H93G in 50 mM
(DMSO itself has no effect on the spectrum of ex0genous g i m phosphate buffer containing Im-X at concentration

ligand free ferric H93G, whereas etha_m_ol and methanol do levels that are 10-fold higher than tie for each Im-X were
caus%sgme spectral Chﬁf‘gez)- The-thsible spectrar\]/vere mixed in a 1:1 ratio with 1 mM peracetic acid (Aldrich) or
recorded at 25C on a Shimadzu UV 2400 spectrophotom- ., ;mene hydroperoxide (Aldrich) in the same buffer. Data

eter (Shimadzu, Ise, Japan). The data thus obtained Wergiection was carried out with the Hi-Tech stopped flow

subjected to Hill analyses for tft, determinations. apparatus described above. The rates of decay of the Soret

Determination of Im-X pKVaIues.The Ka valu_es for all band at 409 nm were fitted to a double-exponential equation
of th(’.} Im-X compounds were determmgd experimentally by 15 gptain ki, the rate of the first phase of Soret bleaching.
pH titrations of 5 mmol samples wit1 M HCI. All

substituted imidazole ligands were first dissolved in DMSO ResuLTS

prior to addition to aqueous solution. The final DMSO

concentration in all cases was 5%. The finkLpalue was Preparation of H93G(Im-X) AdductScreening of a very

calculated from the average of three determinations. wide range of N-heterocyles, including imidazoles and
Reactions of H93G(Im-X) with 4, To Form H93G(Im- pyridines (not shown), for the ability to form six-coordinate

X)-1l. The 5uM samples of ferric H93G in 50 mM sodium  high-spin aquo species led to the choice of five imidazoles

phosphate buffer containing Im-X at concentration levels that which are listed in Figure 1. The choice of these series of

are 10-fold higher than thi€; for each Im-X were mixed in  ligands was based on their ability to form the required

a 1:1 ratio with various concentrations of,® (Kanto imidazole-aquo complex with H93G at low concentrations.

Measurements of the Soret Bleaching Rates of H93G(Im-
upon Reaction with Peracetic Acid and Cumene Hydro-
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0 4Meim e Reactions of H93G(Im-X) with 4@,. Rapid scan stopped
= -Ff_ flow spectra obtained during the course of the reaction of
1O PANET H93G(Im) with 100 mM HO, are displayed in Figure 3.

”] The shift of the Soret band from 409 nm to about 419 nm

N P B S R 020 and the rise of visible bands at about 540 and 580 nm as

N L well as a good fit to a single exponential equation indicate
. 4= ,3V L

that a relatively stable oxo-ferryl complex is formed in the

0.2

L reaction. The observed rate of formatiokyf) of HI3G-
o018 (Im)-Il in this case is 3.9278. Similarly, H93G-Il ky,s Were
/ - determined for the other four H93G(Im-X) adducts at a range
— of concentrations of kD, between 30 and 120 mM.
02 s " F 00 In Figure 4, a plot okyys vs H,O, concentration for each
i l [ H93G(Im-X) is shown. For each H93G(Im-X) the plot yields
- - a straight line whose slopes are equivalent to H93G(Im-X)-
0.2 ¢ [ oos Il kapp the apparent rate of formation of each H93G(Im-X)-
. ll. HO3G(Im-X)-1I kappis clearly dependent on the identity
of each Im-X. H93G(Im-X)-Ilkspp values are listed in Table
1 - 1 and show a strong correlation with the N-Bjpof each
e ~3(;0' o I4(;ol o (I>ol - ’sciol o 0 o Im-X (Table 1).
Wavebngtﬁ (nm) 70 Measurement of Association Rates of H93G(Im-X) with
FIGURE 2: UV—visible spectra of the titration of BM exogenous NaNg._Because the formation of Mb-II upon reactlor_1 with
ligand free ferric H93G in 50 mM phosphate buffer (pH 7.0) with H20z involves several steps (Scheme 1), it was of interest
4-Melm (in DMSO) at 25°C. The Hill plot used to calculate the  to investigate whether the Im-X ligands have an influence
dissociation constant is shown in the inset. on the simple binding of a sixth ligand trans to the Im-X. If
o o an associative trans effect existed, it would indicate that the
Though pyridine and 3-fluoropyridine adducts of feyreus dependence of HI3G(IM-X)-Kap, 0N IM-X N-3 K, is not
CO H93G have been reporte@?, under the conditions  necessarily a manifestation of a push effect but possibly due
employed here these ligands were found to form less well- tg 3 simple binding effect. On the other hand, if a repulsive
defined complexes with exogenous ligand free ferric H93G trans effect existed, it might lead to some precatalytic
as judged from UW-visible spectra (not shown). Other masking of the @O bond cleavage step so that the actual
examples of substituted imidazoles and pyridines either jnfluence of N-3 K, is actually greater than it appears. To
bound poorly, formed unusual low-spin species, or had jnyestigate this premise, azide was chosen as a sixth ligand
significant contaminating absorbance in the spectral region probe because its binding mode (primaritybonding
of interest (e.g., nitro-substituted imidazoles) (data not jnteractions with negligibler-back-bonding) should be a
shown). close approximation of that of HO (singly deprotonated
A representative example of an Im-X titration anKa H,0,). In addition, no N-N bond cleavage is involved. Rapid
determination are displayed in Figure 2. As 4-Melm is added scan stopped flow spectra obtained during the course of the
to a solution of 5uM exogenous ligand free ferric H93G, reaction of H93G(Im) with 10 mM NafNare displayed in
the Soret band experiences an intensity increase and shift§rigure 5. The shift of the Soret band from 4094420 nm
from 405 to 409 nm. Further changes are evident in the and the rise of visible bands a536 and~575 nm as well
visible region of the spectrum where the broad charge- as a good fit to a single-exponential equation indicate that a
transfer band at 602 nm experiences an intensity decreasestable azide adduct is formed. The observed rate of formation
and shifts to 630 nm. In addition, the maximum at 476 nm (ko9 of H93G(Im)-Ns~ in this case is 6.7773. Similarly,
decreases and undergoes a red shift to 500 nm. The similarityH93G-Ns~ kqps Values were determined for the other four
of the final spectrum with that of wild-type ferric myoglobin  H93G(Im-X) adducts at a range of concentrations of BlaN
(not shown) is evidence that a six-coordinate high-spin between 1 and 15 mM.
aquo-imidazole coordination structure has been attained. In Figure 6, a plot okg,s versus NaN concentration for
Hill analysis of these data (Figure 2 inset) indicates that the each H93G(Im-X) is shown. As in Figure 4, each plot yields
Kq of 4-Melm is 4.3uM (average). The tight binding of  a straight line whose slopes are equivalent to H93G(Im-X)-
4-Melm and the spectral similarity of ferric H93G(4-Melm) N3~ kapp the apparent rate of formation of each H93G(Im-
to ferric wild-type myoglobin indicate that the H93G(4- X)-N3~. The data show significant variation depending on
Melm) complex is suitable for further investigations of the identity of Im-X. However, unlike the data obtained for
reactions with peroxides. Likewise, 2-Melm, 1-Melm, Im, H93G(Im-X)-II kypp there appears to be no direct dependence
and 1-Vinylim adducts of H93G were deemed suitable for of H93G(Im-X)-Ns~ kapp On the Im-X N-3 (X, (Table 1).
further study (data not shown). Th& values of the five The HI3G(Im-X)-1l kapp data and the HI3G(Im-X)-N
Im-X compounds are listed in Table 1. Of these five Im-X  kappdata are compared more directly in Figure 7. Since there
compounds, four hav&y values on the same order of is an~1 order of magnitude separation between the two
magnitude. The fifth, 2-Melm, has l§4 that is 1 order of different sets ofkap, data, they have been plotted on two
magnitude higher than the others. The variable ligand binding separate log axes on the same scale versus the i-Bp
characteristics have been normalized for each H93G(Im-X) each Im-X. It is readily apparent that a strong correlation
adduct by preparing ligand concentrations that are 10-fold exists between H93G(Im-X)-Ka.ppand the K, of each Im-X
higher than they in each different H93G(Im-X) solution.  proximal ligand. Essentially no such correlation exists for

0.6

0.0

o
®

10g[H93G(4-Melm)}[HI3G]
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=
1
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Table 1: Substituted Imidazole N-3Kp Values, Dissociation Constants for Binding to H93G, and Rate Data for H93G(Im-X) Reactions with
H,0,, NaNs, Peracetic Acid, and Cumene Hydroperoxide

ligand (Im-X) N-3 [Ka Kq? HI3G(IM-X)-I1 Kapg HI3G-N; Kap® PAA Kiopd CHPKyop®
2-Melm 7.92 680 5.1 0.3 41+0.1 0.93+ 0.01 0.19+ 0.01
4-Melm 7.57 43 47£0.3 6.5+ 0.1 0.33+ 0.01 0.14+ 0.01
1-Melm 7.02 48 3.1 0.2 8.3+ 0.4 1.10+ 0.04 0.14+ 0.02
Im 7.01 10 3.8£0.3 44402 0.74+ 0.01 0.09+ 0.01
1-Vinylim 5.69 16 1.3£0.1 5.9+ 0.2 1.38+ 0.05 0.11+ 0.00
His93 (wild-type Mb) - - 47+0.3 5.5+ 0.1 ND ND'

a Dissociation constant for Im-X binding to exogenous ligand free ferric H93G (mMMjpparent rate of formation of H93G(Im-X)-II (compound
I) upon reaction with HO, (x1072 mM~1 s71). ¢ Apparent rate of formation of the azide adduct of H93G(Im-X) upon reaction withNalio—*
mM~1 s71). 4 Observed rate of the first phase of bleaching of the Soret band at 409 nm of H93G(Im-X) upon reaction with 1 mM~BAA (s
¢ Observed rate of the first phase of bleaching of the Soret band at 409 nm of H93G(Im-X) upon reaction with 1 mM {:HRI¢s determined.

OH, o] | | ! | | { 1
I H20; Iy
— c — - — | -
[ 6 A H93G(2-Melm)
N N X H93G(4-Melm)
¢ ¢y — B H93G(Im)
N N ", 57 O HI3G(1-Meim) -
) | ! L % ¢ HI3G(1-Vinylim)
0.3 =
] B 2 4 L
g nas Kops = 3.92 xo
@ =
J T oz A
< >< 34 e
o 0.2 -~ '
8 0.15 L g
s @ 27 o
2 - g
0.1
-4 1 —_ —
00—t = o | T l r | —
400 500 600 700 0 20 40 60 80 100 120
Wavelength (nm) [H05] (mM)

FiGURE 3. UV—visible rapid scan stopped flow reaction profile FiGUre 4: Plot of H93G(Im-X)-II kops VS H:O, concentration for
for the reaction of ferric H93G(Im) with $D,. H93G (5uM) and the five H93G(Im-X) adducts: &) H93G(2-Melm), (double
100u4M imidazole in 50 mM potassium phosphate and 2% DMSO triangle) H93G(4-Melm), M) H93G(Im), ©) H93G(1-Melm), and
(pH 7.0) were mixed in a 1:1 ratio with 100 mM,8, in 50 mM (®) H93G(1-Vinyllm).

potassium phosphate buffer (pH 7.0) at@: (— — —) the first » ) .
spectrum immediately after mixing and (- - -) the spectrum 1.96 s 9. In addition, a list of PAA-dependent bleaching rates (PAA

after mixing. The decrease in absorbance at 409 nm is shown ink;q,9 is given in Table 1. There appears to be no direct
the inset. dependence of the PARsps 0n Im-X N-3 K however,
L the two smallest PAAGqps Values are observed for H93G-
the HI3G(IM-X)-N~ ks, data set. This indicates that (4-Melm) and H93G(Im). These are the H93G adducts of
significant trans effects are not responsible for the H93G- {he two Im-X species with the strongest binding constants
(Im-X)-1I kapp correlation with N-3 K. (Table 1). Because of the complicated nature of the reactions
As shown in Scheme 1, the reaction of Mb with®4 of PAA with H93G(Im-X) and the failure to observe stable
leads to partitioning into heterolysis and homolysis after H93G-II species, we have not pursued further investigations
formation of the highly unstable ferrigperoxy intermediate.  of PAA reactions.
To simplify this reaction and make it a better model for  Stopped flow reactions of H93G(Im-X) with 1 mM
peroxidase chemistry, it is desirable to channel the reactioncumene hydroperoxide (CHP) have been carried out in a
exclusively to heterolytic cleavage. This can be done by manner similar to that of the PAA reaction set. Again, Soret
employing peracids in place of.B. A rapid scan stopped  pleaching was observed but without evidence of H93G-II
flow spectrum of the reaction of H93G(2-Melm) with 1 mM  formation and at slower rates (Table 1). As observed for PAA
peracetic acid (PAA) from 0 to 2.8 s is displayed in Figure ks there is no direct dependence of the CKRson the
8 as a representative example. It is readily obvious from the |m-X N-3 pKa.
large decrease in absorbance of the Soret band that a Recently, compound | of myoglobin (Mb-l) has been
significant amount of heme degradation (bleaching) has observed for the first time in mutants of myoglobin whose
occurred. In addition to Soret bleaching, a red-shifted Soret distal histidine has been either relocated or elimina@d-(
band and the appearance of visible bands%t0 and~580  31). Among these myoglobin mutants, H64D is able to react
nm provide evidence of formation of a small fraction of directly with H,O, to form a Mb-I species which can be
compound II. detected by rapid scan stopped flow spectrosc@gdy. (Ve
The decreases in absorbance at 409 nm have been fitteghrepared the double mutant H64D/H93G so we could directly
to a two-exponential equation (indicating a two-phase observe H93G(Im-X) compound | species resulting from
reaction in all cases) whose decay curves are shown in Figurereactions with HO,. The titration of exogenous ligand free
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Ficure 8: UV-—visible rapid scan stopped flow reaction profile

0"1] , T | | T T T " for the reaction of ferric H93G(2-Melm) with 1 mM PAA. H93G
0 2 4 6 8 10 12 14 (10uM) and 6.8 mM 2-Melm in 50 mM potassium phosphate (pH
[NaNg] 7.0) were mixed in a 1:1 ratio with 1 mM PAA in 50 mM potassium

phosphate buffer (pH 7.0) at 4C: (---) the first spectrum
immediately after mixing and- — —) the spectrum 2.8 s after
mixing.

Ficure 6: Plot of H93G(Im-X)-N; kops VS NaN; concentration for
the five H93G(Im-X) adducts: &) H93G(2-Melm), (double
triangle) H93G(4-Melm), M) H93G(Im), ©) H93G(1-Melm), and
(®) H93G(1-Vinylim). )
of having an Im-X N-3 Kz range of 5.69-7.92, a total range

ferric H64D/H93G with Im is shown in Figure 10. The of 2.23 K, units. The N-3 K, value is an indicator of the
isosbestic shift of the Soret band from 403 to 415 nm and localization of electron density in the N-3 nonbonding
the rise of visible bands at 536 and 565 nm indicate a direct g-orbital and thus provides a means of directly comparing
transition from the exogenous ligand free state to a six- the electron donor ability of N-3 for this series of Im-X
coordinate low-spin bis-Im complex whos€ (for both species. All of the ferric H93G(Im-X) complexes prepared
ligands) is 12uM. This is similar to theKq for binding of a with these ligands have six-coordinate agmidazole

single Im to the single mutant H93G (LOV). In addition, coordination structures similar to that of wild-type Mb.
this complex was found to be resistant to reaction wit®H These Im-X species exhibit a range of binding affinities
(data not shown). as well but all within the same order of magnitude except

for that of 2-Melm which is approximately 1 order of
DISCUSSION magnitude higher, indicating much weaker binding. These

The ligands chosen for the H93G modular peroxide@ binding affinities follow the same qualitative trends observed
bond cleavage model system include 2-Melm, 4-Melm, for binding of imidazoles to H93G ferriecyanide complexes
1-Melm, Im, and 1-Vinylim. This series has the advantage (21) and ferrous-nitric oxide complexes23).
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I ! ! I L L blocking these hydrogen bonding interactions by using the
1-methylimidazole ligand were to disrupt the hydrogen bonds

4 HI3G(2-Melm)

06 £ HO3G(4-Melm) B that lead to increased imidazolate character, evidence of a
' ﬁ :gggf;;}“)”em) greatly decreased push effect should be observed relative to

the imidazole ligand. The very modest difference observed
= between the push effect of H93G(Im) and H93G(1-Melm)
supports our current understanding whereby the His93
proximal ligand in Mb is predominately neutr&2) and the
hydrogen bonding interactions observed at N-1 of His93 are
primarily for structure stabilization and not for producing a
= partially ionized proximal ligand with an enhanced push
effect 33). The preceding discussion indicates that the model
system can provide a comparative assessment of the proper-

<+ H93G(1-Vinylim)

0.5 -

Absorbance at 409 nm
o
S
J

0.3 1

0.2 — - . . . . . . .
ties of a natural proximal ligand and its interactions with
T T T T T T the surrounding protein environment through comparison
0 2 4 6 8 10 with a series of unnatural ligands.

Time (sec)

We have found that as theKp of the imidazole N-3 is
FiIGURe 9: Plot of the Soret decay at 409 nm vs time for the reaction jhcreased, the reactivity with 40, as indicated by the

of ferric H93G(Im-X) with 1 mM PAA. H93G (1Q«M) and Im-X . Y
(each at 18) in 50 mM potassium phosphate (pH 7.0) were mixed apparent rate of formation of compound Il [H93G(Im-X)-Ii

in al:1 ratio with 1 mM PAA in 50 mM potassium phosphate buffer Kepd i @lso increased (Figure 7). Over the entire range of
(pH 7.0) at 4°C: (a) H93G(2-Melm), (double triangle) H93G(4- 2.23 K4 units from 1-vinylimidazole (K. = 5.69) to
Melm), (@) H93G(Im), ©) HI3G(1-Melm), and €) HI3G(1- 2-methylimidazole (K. = 7.92), the reactivity of the
Vinylim). complex increases by a factor of 3.7. However, since the
NH reaction of Mb with HO, to produce Mb-II is known to be
@ quite complex (Scheme 1), it was necessary to investigate
I im [ whether the Im-X series is able to influence the simple
| | binding of a sixth ligand through either associative or
) (”NJ repulsive trans effects. ;N was chosen as a sixth ligand
N probe. Figure 7 indicates that while there is a significant
e B variation in the H93G(Im-X)-N kyppdata, there is essentially
N [ no dependence of the data on Im-X N&,pThe reason for
a1 € i the variation in the H93G(Im-X)-§ ksppdata is not known
A Ke=12uM - at this time. However, there is no evidence for significant
I Im-X N-3 pK, trans effects. Therefore, the correlation of the
HI93G(Im-X)-I1 kapp data with Im-X N-3 K, may be taken
as a direct effect of the electron donor characteristics of the
proximal ligand on the cleavage of the-@ bond of heme
iron-bound peroxide, an increase in the H93G(Im-Xk},
of 1.7-fold per K, unit.
In light of recent Mb mutagenesis studies which have
indicated that changing the identity and/or position of distal
- T L T basic residues in sperm whale Mb can cause dramatic
30 O e e increases in its reactivity with 40, (28, 29, 31, 34), this
Ficure 10: UV—visible spectra of the titration of approximately relatively modest effect seems to Ir_1d|_cate that, Wh"e varying
3 uM exogenous ligand free ferric H64D/H93G in 50 mM the electron d_onor capabllltyfor an imidazole p_rOX|maI Ilga_nd_
phosphate buffer (pH 7.0) with 4-Melm (in DMSO) at 26. produces a visible change in the push effect, its mechanistic
influence in the activation of peroxide is almost certainly
In reactions of ferric H93G(Im-X) with kD, the variable not as strong as the pull effect from properly positioned distal
ligand binding characteristics were normalized by keeping catalytic residues. These combined observations may indicate
a constant concentration of each Im-X that was 10-fold higher that the primary role of the partial imidazolate proximal
than itsKq. When the data are compared with the reactivity ligand of peroxidases is not to produce a mechanistically
of wild-type Mb with H,O, (Table 1), it becomes evident critical push effect. On the other hand, a hypothesis which
that 4-Melm is the exogenous ligand best suited to mimic has received some support lately is one in which the partial
the natural histidine 93 ligand of wild-type Mb. The imidazolate ligand serves to stabilize compound | by
functional similarity of histidine and 4-Melm has already modulating the redox potential of the heme compl&x4(
been predicted by Goodim3). In addition, comparisons  35). Unfortunately, the effect of compound | stability cannot
between the imidazole and 1-methylimidazole H93G com- be tested in H93G because of an inability to observe
plexes allow an assessment of the importance of the His93compound | directly (Scheme 1).
N-1 hydrogen bond interactions in producing a partially  The results obtained to this point indicate that the Im-X
ionized imidazolate ligand. The N-3 of imidazole and N-3 pKjdirectly affects the rate of H93G(Im-X)-1I formation
1-methylimidazole have similar Kas, and their H93G  but do not give us specific information about the distribution
complexes have similar rates of reaction withCA If of partitioning of the G-O bond cleavage step. In the next
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reaction series, PAA was chosen as the oxidant because oheme cavity to an extent that imidazole is able to enter and
its small size, its solubility in aqueous buffers, and its ability bind to the heme iron even at very low concentrations. At
to channel the ©0 bond cleavage mechanism to heterolysis. the same time, this result has underscored an important
As an example, the rapid scan stopped flow reaction of feature of the H93G system; the presence of His64 prevents
H93G(2-Melm) is shown in Figure 8. Unfortunately, a clean binding of imidazole at low concentrations so that the mixed
first-order transition to H93G(Im-X)-Il was not observed. ligand ferric aquo/Im-X coordination state analogous to the
Instead, Soret bleaching, an indicator of heme destruction,coordination structure of ferric wild-type Mb can be modeled
was observed along with evidence of compound Il formation. accurately and that other mixed ligand adducts can also be
Although it is not observed, an unusually reactive compound formed @5).

| species formed as a result of Im-X displacement may be

at least partially responsible for heme destruction. In reactions CONCLUSIONS

of PAA with all H93G(Im-X) species, the first phase of the ¢ moqular peroxide ©0 bond cleavage model system
reaction (P'A.‘Akl"bs) show_ed some variation with Im-X N-3 consisting of substituted imidazole adducts of the myoglobin
PKa but no direct correlation (Figure 9 and Table 1). Instead, i mutant H93G is capable of altering the apparent rates
4-Melm ar?d' Im, the two Im-X species with the strongest ¢ trmation of compound Il upon reaction with,&, in a
binding affinities (4.3 and 1@M, respectively), were found 50 ner directly dependent on the identity of the substituted

to exhibit the smallest PAAops (Figure 9 and Table 1).  jnigaz0le ligand. Substituted imidazoles with higkupalues
The reaction of exogenous ligand free ferric H93G has also and electron rich nonbonding N-3 orbitals accelerate the

been observed to yigld rapid hem_e degra(_jation (data not5e of formation of compound Il. The binding of azide is
shown). Exogenous ligand free ferric H93G is composed of 1t influenced by the identity of the substituted imidazole
a mixture of bis-aquo and five-coordinate hydroxo Structures |is g jn a similar manner, indicating that the increases in
(27, 36). These observations of heme degradation Upon yhe rate of compound 11 formation are most likely not due
reaction of H93G(Im-X) with PAA may indicate that Im-X 4, 5 gimple binding effect but to the subsequert@bond
dlssoglates n early _stages of the reacyon qnd that thecleavage steps. While the effects of altering the electron
resulting species Iack.mg Im-X reacts_ ra.p|dly with PAA to donor properties at N-3 of the substituted imidazoles are
cause heme destruction. The tight binding of 4-Melm and ¢, iqys, their overall influence on the apparent rates of
Im would be expected to reduce their rate of dissociation ¢y ~vion of compound Il are quite modest (a 1.7-fold
from H93G and lead to the slower rates of heme degradation.increase per N-3 K, unit increase). This could b'e an
Pk reqctwny of exogenous ligand free indicator that the partially ionized proximal imidazolate
HI3G are now underway in our laboratory. _ . ligand of peroxidases does not contribute significantly to the
Cumene hydroperoxide (CHP) is often used in peroxide fagt rates of selective ©0 bond heterolysis. The inability
activation studies of heme complexes as a probe of the, gpserve a stable compound Il upon reactions of the model
partitioning of O-O bond cleavage between heterolysis and gystem with peracetic acid and cumene hydroperoxide has
homolysis @). Preliminary data obtained from an HPLC-  yrevented us from drawing conclusions regarding the manner
based assay of CHP reactions with H93G(Im-X) did not 5 \hich the substituted imidazoles influence the relative
indicate a dependence of preferential heterolytic cleavc_';\geamounts of G-0 bond heterolysis and homolysis. The latter
on Im-X N-3 K, (data not shown). Stopped flow experi- j,yestigations have indicated that the advantage of being able
ments have been carried out in a manner similar to that of 1 ¢arry out convenient exchanges of ligands in the proximal
the PAA reaction set. Again, Soret bleaching was observed pocket of H93G can turn into a disadvantage when the
but at slower rates than those observed for the PAA reactionsyyiqants employed to generate high-valent intermediates are

(Table 1) and without evidence of H93G-II formation. As  hemselves capable of displacing the original ligand. Finally,
observed for PAAqos there is no direct dependence of the isga appears to provide a crucial steric effect which
CHP kiopsOn the Im-X N-3 {Ka. prevents access of exogenous ligands to the distal binding

The preceding results indicate that peracids and alkyl gjte at Jow concentrations and thus allows mixed ligand
hydroperoxides are not suitable oxidants for use with the 4qqycts of H93G(Im) to be preparezs.

H93G O-0 bond cleavage model system,(®4 alone may
be used as a H93G(Im-X)-1I generating oxidant, and stil ACKNOWLEDGMENT
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