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ABSTRACT. The structural and functional consequences of the introduction of a negatively charged amino
acid into the active site of horse heart myoglobin have been investigated by replacement of the proximal
Ser92 residue (F7) with an aspartyl residue (Ser92Asp) —sible absorption maxima of various ferrous

and ferric derivatives and low-temperature EPR spectra of the metaquo (metMb) derivative indicate that
the active site coordination geometry has not been perturbed significantly in the validaNMR
spectroscopy provides direct evidence for the existence of a distal water molecule as the sixth ligand in
the oxidized form of the variant at pD 5.7. Spectrophotometric pH titration of the Ser92Asp variant is
consistent with this finding and with &g = 8.90+ 0.02 [25.0°C, u = 0.10 M (NaCl)] for titration of

the distal water molecule, identical to the value reported for the wild-type protein. X-ray crystallography
of the metMb derivative indicates that the heme substituents conserve their orientations in the variant
protein, except for a slight reorientation of the pyrrole A propionate group to which Ser92 normally
hydrogen bonds and reorientation of the carboxyl end of the pyrrole D propionate group. No change is
observed in conformation of the proximal (His93) or distal (Wat156) heme ligathti$MR spectroscopy

of the metMbCN form of the protein indicates that a slight rotation of the proximal His93 ligand has
occurred in this derivative. Resonance Raman experiments indicate increased conformational heterogeneity
in the proximal pocket of the variant. Failure to detect electron density for the Asp residue in the X-ray
diffraction map of the variant protein and high average thermal factors for the pyrrole A propionate
substituent are consistent with this observation. The variant exhibits novel pH-dependent behavior in the
metMb form, as shown byH-NMR spectroscopy, and provides evidence for a heme-linked titratable
group with a K, of 5.4 in this derivative. The metMbCN and deoxyMb derivatives also exhibit pH-
dependent behavior, withKgs of 5.60+ 0.07 and 6.6Gt 0.07, respectively, compared to the wild-type
values of 5.4+ 0.04 and 5.8t 0.1. The heme-linked ionizable group is proposed to be His97 in all three
derivatives. The reduction potential of the variant ist72 mV vs SHE [25.0°C, 4 = 0.10 M (phosphate),

pH 6.0], an increase of 8 mV over the wild-type value. The possible influence of a number of variables
on the magnitude of the reduction potential in myoglobin and other heme proteins is discussed.

Myoglobin is a small heme-containing proteiivi,( ~ binding properties of myoglobin variants, and in particular
17 800) that functions as a reversible oxygen carrier (Wit- on the influence of the distal His64 (E7) ligand (Bellelli et
tenberg, 1970; Wittenberg et al., 1975) and has long beenal., 1990; Rohlfs et al., 1990; Sato et al., 1990; Carver et
the subject of intense investigation (Antonini & Brunori, al., 1990; Saito et al., 1991, 1992, 1993; Sakan et al., 1993)

1971; Ho, 1982). With the advent of site-directed mutagen- and the distal Val68 (E11) (Egeberg et al., 1990; Smerdon
esis, the roles of individual amino acids can be addressed.et al., 1991; Cameron et al., 1993) residues.

and in this sense, much recent interest has focused on ligand . . .
One aspect of myoglobin that remains relatively unex-

plored is the effect of the introduction of potentially charged
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DeoxyMb was prepared by addition of a small excess of
solid sodium dithionite, and CO-bound samples were pre-
pared by bubbling of deoxyMb gently with CO. The anion-
bound adducts of the variant (metMpN metMbCN-, and
metMbF") were obtained by addition of excess NaKCN,

or KF to metMb.

Mass Spectrometry Electrospray mass spectrometry
(Feng et al., 1992) was performed as described previously
(Lloyd & Mauk, 1994).

Determination of Distal Water pX The electronic
spectrum of a sample of metMb in 0.10 M NaCl (p+6.0,
25.0 °C) was monitored as the pH of the solution was
adjusted by incremental additios 2 L) of 0.10 M NaOH.

. _ Electronic spectra were recorded with a Cary 219 spectro-
Ficure 1: Active site of horse heart myoglobin. Hydrogen bonds

(dotted lines) involving the NE1 of His97, the heme 7-propionate, phommet?r mter.faced .to a mlcrocomputer (OLIS, Bogart,
the ND1 H of His93, the carbony! group of Leu89, and the OG of GA) and fitted with a circulating thermostatted water bath.

Ser92 are indicated. The pH of the sample was recorded before and after
measurement of the spectrum. The nonlinear least squares

(Rodgers & Sligar, 1991; Northrup et al., 1993), and the fitting program Minsqg v.4.02 (MicroMath) was used to fit

effect of charge substitution close to an internal hydrophilic the data to the Hendersetasselbach equation (eq 1) for a

region containing the heme propionates of cytochraorhas one-proton process:

also been examined (Moore et al., 1984; Cutler et al., 1989;

Davies et al., 1993), the specific issueaattive sitecharge Z=[A+ B x 10PHPOy[1 4 10PHPK) 1)

substitutions in myoglobin has emphasized substitutions in

the distal heme pocket (Varadarajan et al., 1989a,b; Zewert

et al., 1994). whereZ is the absorbance adandB are the absorbancies

In horse heart myoglobin, Ser92 (F7) is located directly ©f the acidic and basic forms, respectively.
adjacent to the proximal His93 ligand (Figure 1) and is part EPR SpectroscopyEPR spectra were obtained with a
of an extensive hydrogen-bonding network that involves Bruker ESP 300E spectrometer equipped with an Oxford
Ser92, His93, His97, the heme pyrrole A propionate, and Instruments Model 900 liquid helium cryostat, an Oxford
Leu89 (Evans & Brayer, 1990). As part of a multidisci- Instruments Model ITC4 temperature controller, a Bruker
plinary series of structural, spectroscopic, and mechanisticModel ERO35M gauss meter, and a Hewlett-Packard Model
investigations into the effects of charged amino acid substitu- 5352B frequency counter. Samples of metMbl(mM)
tions at the active site of myoglobin, a variant has been were prepared by exchanging the protein into 0.10 M NaCl
constructed in which the proximal Ser92 residue has beenand adjusting the pH to 10.0 by addition of 0.10 M NaOH.
replaced with an aspartyl residue (Ser92Asp). Inthe present SpectroelectrochemistryReduction potentials (25.TC,
study, a variety of techniques has been used to characterizgoH 6.0, x = 0.10 M) were obtained using an optically
the structural, spectroscopic, and functional consequencedransparent thin-layer electrode (OTTLE) (Heineman et al.,
of this substitution. As discussed below, the effects of this 1975; Reid et al., 1982) with recrystallized [Ru(ikCls
proximal substitution differ significantly from those resulting (Alfa; Pladzewicz et al., 1973), as mediator. Spectra were
from the related modification of the distal heme binding collected with a Cary 219 spectrophotometer as described
pocket (Varadarajan et al., 1989a,b; Zewert et al., 1994). above. Potentiometric data were fitted (Minsq v.4.02;
MicroMath, Orem, UT) to the Nernst equation following
EXPERIMENTAL PROCEDURES conversion of measured potentials to the hydrogen scale
(Dutton, 1978).

'H-NMR Spectroscopy*H-NMR spectra were recorded
at 20°C with a Bruker MSL-200 spectrometer operating in

His64

Leu89

Mutagenesis and Protein Expressio®ligonucleotide-
directed mutagenesis (Zoller & Smith, 1987) and the

expression of a synthetic gene for horse heart myoglobin quadrature mode at 200 MHz. For the high-spin

(Guillemette etal., 1991) h_ave beer_1 described. The 0”9.0' derivatives (metMb and deoxyMb), spectra were obtained
nucleotide sequence used in preparing the Ser92Asp varianjyy, ¢qjlecting 20 000 transients over a 62.5 kHz band width
was 3-GTGTTTAGTAGCATGGTCTTGCGCAAGCGG-3 with 8192 data points using a superWEFT sequence (Inu-

with the 3 end phosphorylated and with the bases underlined p .shi & Becker 1983) with a recycle delay of 70 ms.

indicating the mutation site;. After mutagenesis, the entjre Apodization of the free induction decays introduced 50 Hz
gene was sequenced (Guillemette et al., 1991) to confirm ine proadening. For the low-spin derivatives (metMbCN),
the fidelity of the Ser92Asp mutation. 10 000 transients were collected over a 38.5 kHz band width
Protein Purification Purification of the Ser92Asp variant ~ with 4096 data points and a recycle delay of 120 ms. The
devoid of contaminating sulfmyoglobin was performed as spectra were zero filled to 8192 points and apodized to
reported for the wild-type protein (Guillemette et al., 1991; introduce 0.5-5 Hz line broadening. Chemical shifts were
Lloyd & Mauk, 1994). Purified protein had aR value referenced to 2,2-dimethyl-2-silapentane-5-sulfonate (DSS)
(As0sdA2s0) of =5.3 (pH 6.0, 25.0°C) and migrated as a through the residual water resonance. Titrations were carried
single band on SDSPAGE. Absorption coefficients were  out in unbuffered 0.1 M NaCl. The pH of protein samples
determined using the pyridirdhemochromogen method was measured with a Radiometer Model 84 pH-meter and
(Antonini & Brunori, 1971; de Duve, 1948; Paul et al., 1953). an Aldrich (#Z-11,343-3) microcombination electrode. All
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readings in RO were uncorrected for the deuterium isotope Table 1: Absorption Maxima (nm) for the Ferrous and Ferric

effect and are reported as pD. Derivatives of Ser92Asp Horse Heart Myoglobin
Resonance Raman Spectroscopesonance Raman spec- derivative Soret visible
tra were collected using a half-meter single spectrograph metMb 408.5 (154) 504.5 (8.79)
equipped with a charge-coupled device detector and a 634 (3.37)
holographic super notch filter (Kim et al.993). Myoglobin deoxyMb 433.5 (107) 557.5 (11.3)
(~200 uL, A4z ~ 3, 50 mM phosphate buffer, pH 6.0, 1 MbCO 422.5 (171) 5?‘;1(1(135)
mM EDTA) was irradiated in a quartz cuvette at 413 nm y
with a Coherent Radiation 2000 K krypton laser (70 mW). metMbNy 420.5(104) 55712(9??)
Typically, data were collected for &% 20 s at a spectral slit metMbCN 422.5 (104) 542 (9.8)
width of 14 cnTl. Spectral calibration was performed in metMbF 407.5 (135) 496 (8.1)
the program SpectraCalc (Galactic Industries Corp.) using metMbOH 411 (99 ggig Eg:gg

the known spectrum of cyclohexanone as a standard. Peak

positions are accurate to less than or equatfocnt 2. “ Phosphate buffer (pH 6.0¢ = 0.10 M, and 25.0°C). Molar
absorption coefficients (mM cm-') are given in parenthesespH

Structure Determination Crystals of the Ser92Asp metMb  11.0.

variant were grown by the hanging drop vapor diffusion

method (21°C) using 5uL droplets containing 15 mg/mL RESULTS

protein, 59% saturated ammonium sulfate, 20 mM Tris-HCI,

and 1 mM EDTA and adjusted to pH 6.8. Reservoirs Mass SpectrometryMass spectrometry of the Ser92Asp

contained the same buffer except for the addition of 67% Mb variant revealed the presence of two components. The

saturated ammonium sulfate. Following droplet seeding with mass of the major component (17 11302) corresponds to

needle crystals grown earlier (Leung et al., 1989), new that expected for the Ser92Asp variant with the N-terminal

crystals appeared after 3 days and grew t0X0.2.3 x 0.6 methionine present (MW = 17 109.93), while the mass

mm over a period of 3 months. These crystals are of spaceof the minor component (16 972 2) corresponds to that

groupP2;, witha=64.4 A/lb=288 A c=36.0A and  of the Ser92Asp variant from which the N-terminal me-

B = 107.0, and are isomorphous to those of the wild-type thionine has been cleaved (MM¥ = 16 978.55). Similar

protein @ = 64.3 A,b =29.0 A,c = 36.0 A, ands = findings have been reported previously for recombinant wild-

107.27; Evans & Brayer, 1990). type horse heart myoglobin (Lloyd & Mauk, 1994).

Diffraction data were collected from a single crystal with ~ Electronic Absorption SpectraThe absorption maxima
a Rigaku R-AXIS 1IC area detector system. A total of 130 and corresponding absorption coefficients for the various
oscillation frames were collected with each exposed for 35 ferrous and ferric derivatives of the Ser92Asp variant (Table
min while being oscillated through & angle of 1.8. 1) are similar to those of the wild-type protein (Scheler et
Intensity data were processed to structure factor amplitudesal-, 1957; Antonini, 1965). Only small changes in absorption
using the R-AXIS data processing package (Higashi, 1990; maxima are observed, indicating that the electronic structure
Sato et al., 1992). TheRyere for 45864 independent and active site coordination geometry of the variant have
intensity measurements (11 927 unique) was 5.9%. not been seriously perturbed.

A starting refinement model of Ser92Asp metMb was The titration behavior Qf Ser92Asp rr_1etl\/!b is similar.to
constructed from the coordinates of the wild-type protein thatof the wild-type protein. As the pH is raised, formation
with residue 92 initially represented as an alanine. Structural ©f @ hydroxide-bound derivative is observed (not shown)
refinement used restrained parameter least squares techniqud&ntonini & Brunori, 1971) (eq 2):

(Hendrickson, 1985) and data in the range of-6l07 A

resolution. At two points during refinement, the entire course Fe(ll)-H,0=Fe(ll)—OH +H" (2)
of the polypeptide chain of this structure was inspected with
sequential fragment-deletel, — Fc, and F, — F, differ- For the Ser92Asp variant, a value of 8.99 0.02 was

ence electron density maps that resulted in the manualobtained [25.0°C, x = 0.10 M (NaCl)] compared to the
adjustment of several main chain and side chain groups.wild-type value of 8.8 4 = 0.10 M; Tsukahara, 1986).
These and additional electron density maps calculated during EPR Spectroscopy The low-temperature (4 K) EPR
refinement consistently indicated that the side chain of Asp92 spectra of wild-type and Ser92Asp myoglobin at pH 10.0
(beyond CB) was substantially disordered. The final refined (not shown) exhibit signals that are nearly identical to each
position for this side chain represents the best fit that could other characteristic of high-spin §8-bound) § = 5.92 and

be obtained, but it is likely to be only the most highly 1,99 for wild-type and Ser92Asp, respectively) and low-spin
populated of many conformations. Also identified, by an iron (OH -bound) (wild-type,g = 2.62, 2.16, and 1.83;
automated search method (Tong et al., 1994), were theSer92Aspg = 2.63, 2.15, and 1.82).

positions of well-defined water molecules. All water mol-  SpectroelectrochemistryA representative family of spec-
ecules identified were manually confirmed with omit dif- tra obtained for the Ser92Asp variant at various applied
ference electron density maps. potentials is shown in Figure 2 along with the corresponding

The final structure determined for Ser92Asp metMb Nernst plot (inset). The reduction potential of the variant
refined to a crystallographiR factor of 18.8% and displays determined from this measurement was#2 mV vs SHE
good stereochemistry with rms deviations from ideal values (25.0°C, pH 6.0,4 = 0.10 M), which compares with a value
for bond, angle, and planar distances of 0.015, 0.031, andof 64 + 0.1 mV determined for the wild-type protein (25.0
0.036 A, respectively. Overall coordinate error is estimated °C, pH 6.0,u = 0.10 M; Lim, 1989).
to be 0.12-0.16 A by two methods (Cruickshank, 1949, H-NMR Spectroscopy of the MetMb Deative. The
1954; Luzzati, 1952). downfield region of the 200 MHZH-NMR spectrum of (A)



11904 Biochemistry, Vol. 35, No. 36, 1996 Lloyd et al.

1.5 1HBB
| HAB
= cap” CMC
2HEBB \ / 2HBC—CBC—1HBC
C3B c2C
an— L Scw” R N /CA\C
g 10 CZB\ B // \ C 7'3 HAC
[
S cip — NB NC_ cic
% CHB FE CHD
0.5 \C4A\N N - CID
M /CSA// A C\A CZ D/CZD\CMD
-~ 1 .
\C2 FN aw N
0 . . . , / \
300 400 500 600 700 1HAA———CA<——2HAA 1HAD———/CAD—2HAD
Wavelength (nm) 2HBA—CBA——IHBA 2HBD CBD —1HBD
Ficure 2: Thin-layer spectra ([Ru(NgkCls] = 15 uM, sodium CGA CGD
phosphate at pH 6.@,= 0.10 M, 25.0°C) of Ser92Asp myoglobin VRN VRN
(150 uM) at various applied potential€&,,, (MV vs SCE): (a) 024 O1A o1 02D

—500.0 mV, (b)—248.8 mV, (¢)—229.8 mV, (d)—210.3 mV, (e)
—190.5 mV, (§—170.0 mV, (g)—150.0 mV, and (h}+196.7 mV.
The inset is a Nernst plot calculated from the spectra at 408.5 nm.

wild-type and (B) the Ser92Asp variant of horse heart metMb
at pD 5.7 is shown in Figure 3. The chemical shifts of the
heme methyl protons and most of the single proton reso-
nances are similar in both proteins. As the paramagnetically
induced shifts in these systems are largely contact in origin
(La Mar et al.,, 1993), this observation implies that the
unpaired spin distribution of the heme in the Ser92Asp
variant is similar to that of the wild-type protein and permits
tentative assignment of the hyperfine shifted resonances by
comparison with the assigned resonances of wild-type sperm
whale Mb (La Mar et al., 1980; Unger et al., 1985). The
Ser92Asp variant exhibits a mean heme methyl shift of 76.8
ppm, comparedtto tZat to; ;6.5 pp(m fOL vyi_ld-'ltg{pe, angd) ?hbr:)ﬁd 100 80 60 " 40 20
resonance centered ai ppm (peak i in Figure at has . .
been assigned previously to the heme meso protons in sperm Chemical Shift (ppm)
whale Mb (La Mar et al., 1980). Both observations are FiGure 3: Downfield region of the 200 MH2H-NMR spectrum
consistent with a six-coordinate heme iron in Ser92Asp Mb °f (A) wildt-tyfpetr?nd 'I((?)t Sergz';“s.p Torfwe het"’ml nlgtgf)?-UThe
(Rajerathnam et al, 1991) and provide evidence for the SE3ETENts r 18 i ype roter, (L e o, o nger
existence of a water molecule as the sixth axial ligand to pyrrole D methyl protons, e 1HAA or 2HAA, d = pyrrole C
the iron in this variant. methyl protons, e= 1HAD or 2HAD, f = pyrrole B methyl protons,
The assignments of the resonances of the pyrrole A 9= HAC, h=1HAD or 2HAD, i = meso, j= 1HAA or 2HAA,

propionate protons (peaks c, j, and |) are based on structurak = HAB, and | = 2HBA or 1HBA), and the corresponding
ssignments for the variant are also indicated using the same

pon5|derat|ons a’Fd_O” their responses to changes in pH. Serg%ttering scheme. The peaks assigned to the 3-methyl resonance of
is in close proximity and forms a hydrogen bond to the the minor heme orientation in the wild-type and Ser92Asp proteins
pyrrole A propionate in the wild-type protein (Figure 1; are labeled with an asterisk. Protein samples were exchanged into

Evans & Brayer, 1990). Replacement of this residue and deuterated sodium phosphate buffer at pD 5.7 an@Q@rior to
the resulting elimination of this hydrogen bond might, data collection. The Brookhaven nomenclature for heme atoms used
. throughout this manuscript is also indicated.
therefore, be expected to affect the resonances of this heme
substituent. The more downfield-shifted CAA proton (at shifts of the other heme resonances, such variations of
75.8 ppm; peak c¢) and one of the CBA protons (at 19.8 ppm; specific resonances assigned to the pyrrole A propionate
peak ) in the spectrum of the wild-type protein have moved protons indicate that this side chain adopts a different
15.1 and 6.5 ppm upfield, respectively, in the spectrum of conformation in the variant than in the wild-type protein
the Ser92Asp variant, while the other CAA propionate proton (Rajarathnam et al., 1991; Pande et al., 1986). In contrast,
(at 31.8 ppm; peak j) shifts 14.5 ppm downfield to overlap the two CAD propionate protons (peaks e and h) and the
with one of the CAD propionate protons and with the CAC HAB and HAC vinyl protons (peaks g and k) exhibit very
vinyl proton resonances (peaks h and g). The presence ofsimilar shifts in the variant and in the wild-type protein,
three overlapping resonances at 46.3 ppm (peaks g, h, andndicating that these heme substituents apparently conserve
j) in the spectrum of the variant was confirmed by variable- their respective conformations in the metaquo derivative of
temperature experiments; at 48, this signal resolved as the variant.
three distinct one-proton resonances (not shown). As the In addition to these significant changes in chemical shift,
heme unpaired spin distribution is not substantially changedthe resonances of the pyrrole A propionate protons in
in the variant, as indicated by the nearly identical chemical Ser92Asp metMb are also sensitive to changes in pH. Many
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FIGURE 4: Plot of the variation of chemical shifts with pD of the EI(SI%RZI;SSID i%?sl\élize a|_r|t Tn'\g?Msb%lsltrl‘f'rr?eogé':i)g\;\vg?emgef;ng]Q(eB\zvi| d-
(A) 1HAD or 2HAD resonance and (B) py(role_ D methyl type protein (Emerson & La Mar, 1990a) are labeled & =
resonances (labeled as c and b, respectively, in Figure 3) of thep rrole D methyl protons, b= HisGA’, NE H. c= His93 ND1 H. d
metMb derivative of Ser92Asp myoglobin. The solid lines represent =yHis93 CEL H. e= pyrr’ole B methyl prlotons £ HAB, g L

nonlinear fits to the HenderserHasselbach equation (eq 1) for a Phe43 CZ H, h= His93 CD2 H, and i= 11le99 CG H), and the
single-proton process WMKQS. 0f 5.6+ 0.1 and 5.3+ 0.3 for the corresponding assignments for the variant are indicated using the
a-proton of the pyrrole A propionate and pyrrole D methyl protons, same terminology. Samples were run in sodium phosphate buffer

respectively. (90% H,0/10% D,0) at pH 7.0 and 20C. The insets are plots of
) ) ) ) the variation of chemical shift of the CMD methyl resonance
of the heme resonances shift slightly with changes in pD (indicated) with pD. The solid lines represent nonlinear fits to the

upon titration of the variant between pD 5.25 and 7.20 (not HendersorHasselbach equation (eq 1) for a single-proton process
shown), but those most affected arise from the 1HAA and ‘é‘”thggzas of 5-4ti 0.04 a:.ndIS.GSi 0'?7 for the W”.d'toyrig l?/lnl(\jl cl
2HAA hydrogens and the hydrogens of the CMD methyl (1eorO% apoxgénan » Tespectively. samples were run in o. a
group. Severe overlap of the resonance at 46.3 ppm (peak
j) with two other heme resonances (Figure 3) prevents tentative partial assignments of this variant are indicated
acquisition of accurate titration data for this resonance in (Figure 5). These assignments are based on similarities with
the pD range studied. However, the change in the chemicalthe spectrum of the wild-type protein, on the fact that the
shift of the other C2A propionate-carbon hydrogen and  two exchangeable resonances assigned to NE2 H of His64
the CMD methyl hydrogens (peaks ¢ and b, respectively) and ND1 H of His93 (peaks b and c) are not observed in
with pD can be fitted to the HenderseHRlasselbach equation  100% DO (not shown), and on the qualitative relaxation
for a single-proton process (eq 1) to givié,p of 5.6+ 0.1 properties of these signals as deduced from their line widths.
and 5.3+ 0.3, respectively (Figure 4). The fact that the The NE2 H of His64 [which forms a hydrogen bond to the
two calculated fzs are within error of each other indicates bound cyanide (Lecomte & La Mar, 1987)] and the CE1 H
that a single titrating group is responsible for the pH- and CD2 H of His93 are adjacent to the heme iBa(4 <
dependent behavior of both of these resonances, and ar8.8 A) and are expected to have very short relaxation times
averaged K, (calculated from theIg.s for each resonance) and correspondingly broad resonances.
of 5.6 £ 0.1 is obtained. Similar titration of the wild-type The resonance assigned to the CG H of 11e99 (peak i),
protein results in chemical shifts at pH 5 and 7 that are the hyperfine shift of which is purely dipolar in origin,
equivalent within=0.1 ppm (not shown). exhibits a significantly different chemical shift-8.0 ppm)
Although an accurate estimation of the equilibrium ratio in the variant compared to that of the wild-type proteir9(9
of the heme orientational isomers (La Mar et al., 1983) is ppm). This fact alone indicates that the magnetic suscep-
difficult owing to the small amounts of the minor isomer tibility axes are slightly rotated from those of wild-type Mb.
present, examination of tH&l-NMR spectra of the variant  However, the His93 nonexchangeable protons (peaks d and
indicates that this ratio has not been substantially altered inh), the hyperfine shifts of which are extremely sensitive to
the metMb form of the variant. The spectra of both proteins the degree of the axis tilt (Emerson & La Mar, 1990b;
possess a signal of comparable intensity [65.1 ppm (wild- Rajarathnam et al., 1992, 1993, 1994), exhibit similar shifts
type) and 64.2 ppm (variant); labeled * in Figure 3] that has in both proteins (Figure 5), suggesting that the relative
been assigned to the 3-methyl group of the minor isomer of orientation of this axis has not been perturbed significantly.
the corresponding spectrum of sperm whale Mb (La Mar et As the z axis tilt is controlled primarily by the tilt of the
al., 1993). bound cyanide with respect to the heme normal, which itself
H-NMR Spectroscopy of the MetMbCN Deilive. The is imposed by steric interactions with the distal residues
'H-NMR spectrum (200 MHz) of (A) wild-type and (B) (Emerson & La Mar, 1990b; Rajarathnam et al., 1992, 1993,
Ser92Asp metMbCN in 90% 0/10% D,O at pH 7.0 is 1994), mutation of a proximal residue is not expected to
shown in Figure 5. The hyperfine shifted resonances of affect these interactions and would, therefore, account for
sperm whale metMbCN have been fully assigned (Emersonthe similar shifts of the His93 nonexchangeable protons. On
& La Mar, 1990a), and those of horse heart Mb have been the other hand, the rhombic magnetic axes align closely with
partially assigned by comparison (Lecomte & La Mar, 1985). the projection of the proximal His imidazole plane onto the
The spectrum of the Ser92Asp variant exhibits features thatheme (Emerson & La Mar, 1990b). All this taken together
are similar but not identical to those of horse Mb, and the indicates that the rhombic magnetic axes have been perturbed
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FIGURE6: 200 MHz'H-NMR spectrum of the deoxyMb derivatives <
of (A) wild-type and (B) Ser92Asp horse heart myoglobins. Samples U ol i
were run in sodium phosphate buffer (90%Q110% D,0) at pH 5 6 7 8
7.0 and 20°C. The insets are the low field region showing the pH
H'DéSH (~80 ppm), CD2 H, and CE1 H44 ppm) resonances of £ ,0c 7: variation of the chemical shift of the His93 ND1
IS93. resonance of (A) wild-type and (B) Ser92Asp deoxymyoglobins

) ) with pH. The solid lines represent nonlinear fits to the Henderson
in the metMbCN form of the variant as a consequence of a Hasselbach equation (eq 1) for a single-proton process Wits p
rotation of the proximal His93 ligand. of 5.8+ 0.1 and 6.6+ 0.07 for the wild-type and Ser92Asp variant,

Further evidence for rotation of the proximal ligand is respectively.

provided by examination of the chemical shift values. The
relative orientation of His93 has a large influence on the
unpaired spin density pattern on the heme, which in turn

a_ffez_:]:[_s tht? contalllct sr;]ifts _ofIthﬁ_ﬁhen}ethsubstitulenté. T(;'especies of protein exhibit a downfield-shifted resonance at
signiticantly smafler cheémical Shifts of the pyrrole U and g, g ppm and a broad resonance centered at 44 ppm that
pyrrolg B meth_yl protons (peaks: a and e) are consistent \.N'th have been assigned to the ND1 H and the CD2 H and CE1
a rot%tloré C.)f Hr'1393 af‘d’ ass_ur:nln%a conserv?dhpo.rpmqrm H atoms of the proximal His93 ligand, respectively (La Mar
iron bond In the variant, with a decrease of the In-plane al., 1993). The spectrum of the deoxyMb variant clearly

rhombic anisotropy. In this sense, for myoglobins of various demonstrates that the reduced form of the protein contains

species, a clear correlation has been established between th : ) i : ;
heme methyl hyperfine shifts and the angf® formed by glarge proportion of the so-called “minor” heme orientational

C S . ) . isomer. The presence of signals of significant intensity in
the projection of the imidazole ring of the proximal His onto b g 9 y

the heme plane and the line defined by the nitrogen atomsthe 18 ppm region and a broad resonance at approximately

. ~—9 ppm that have been assigned to the reverse isomer in
of the heme pyrroles A and C (Yamamoto et el., 1990; Soltis
& Strouse, 1988). The value df for shark Galeorhinus sperm whale deoxyMb (La Mar et al., 1993) are a clear

) ; Mb determined in thi v o ot el indication of this fact. The identity of these resonances was
Jlagigglr_:uq ¢ egrpm; tm |strr]natmfner( aman;]o Io %ls confirmed by a reconstitution experiment (not shown). Ina
- 19°))I?Plrr1]il(lei;r)2e1£|)a8§) aig%?;siaﬁmggiiﬁg](év:aze?) ( freshly reconstituted and immediately reduced (deoxygen-
(Peyton et al., 1989). The chemical shifts of the assigned ated) sample of Ser92Asp Mb, the intensity of these signals

h thyl in Sera2A tMbCN il is much greater and decreases with time until the equilibrium

tetrEe mefcg/ _reson_an;aim der ”sp trrr]le h a:ce s_;(rjm arspectrum shown in Figure 6 is obtained. The influence of

tgpeohsc()ars?e h é:Fr)togrlg?ein ?ﬂiss%mgir?gr sue:)npor?;(tahz c\;\gnc_lu oxidation state on the heme disorder equilibrium constant
4 ) o ; ; ~ will be addressed in a separate report.

sion that the His93 ligand has rotated in the variant to P b

) . o ; The pH-dependent behavior of this variant is of interest
increasd slightly and to produce a derivative with reduced in the context of the present work (Figure 7). For wild-

in-plane anisotropy. type horse heart Mb, the chemical shift of the ND1 proton
The paramagnetically shifted proton resonances of the of His93 changes with pH in a manner consistent with a
cyanide derivative of sperm whale Mb exhibit a pH pk, of 5.8+ 0.1 (Figure 7A), which compares to a value of
dependence that can be assigned to the existence of a singlg 6 reported for the corresponding group in wild-type sperm
titratable group with a K, of 5.3 (La Mar et al., 1978;  \hale myoglobin (Krisnamoorthi & La Mar, 1984). The
Krisnamoorthi & La Mar, 1984). As for sperm whale Mb, pKa of this group in the Ser92Asp variant is 66 0.1
the resonance assigned to the pyrrole D methyl group (peak(Figure 7B). The limiting acid and alkaline values of the
a) of the wild-type and variant protein was most affected by Hjs93 ND1 H chemical shifts for wild-type deoxyMb are
change in pH (Figure 5, inset). Th&pcalculated from 8190+ 0.02 and 78.9+ 0.1 ppm, and the corresponding
the pH dependence of the chemical shift of this resonanceyg|yes for the variant are 834 0.1 and 80.4- 0.1 ppm,
for the wild-type horse heart protein was 5.400.04, and respectively.
the Corresponding value for the variant was 546@.07. Resonance Raman Spectroscoﬂ&he resonance Raman
IH-NMR Spectroscopy of the Deoxygenated Datiie. spectra of wild-type and Ser92Asp metMb are shown in
The!H-NMR (200 MHz) spectra of deoxygenated wild-type Figure 8. Between 400 and 1700 tinthe spectra of these
and Ser92Asp myoglobins in 90%6/10% DO at pH 7.0 two proteins are essentially indistinguishable from each other
are shown in Figure 6. The assignments for tHeNMR (Figure 8A). The presence of the intensemode at 1370

spectrum of sperm whale deoxyMb have been reported
recently (La Mar et al., 1993), and the overall features for
the variant are similar. In particular, the spectra of both
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lower wavenumber in the Ser92Asp variant and broadens at
half-height by 11% (from 18.7 to 20.8 ct). Peak
broadening of resonance Raman profiles has been long

/w /kw adduced as evidence for conformational heterogeneity (Carey
et al., 1973).

Relative Intensity

The resonance Raman spectra of wild-type metMb at pH
5.0 and 8.0 are indistinguishable (data not shown). The Fe
imidazole stretch region of the spectrum of the Ser92Asp
variant exhibits a small variation between pH 5.0 and 8.0
(data not shown), but the two major bands at 247 and 265

cmt are present throughout this pH range and, therefore,
cannot be attributed to two interconverting, pH-dependent
g forms of the protein.
“vc Structure Determination The three-dimensional atomic

structures of the Ser92Asp and wild-type metMbs determined
// by X-ray diffraction techniques are superimposed in Figure
9A. These results, together with the matrix depicted in
Figure 10, show that substitution of an aspartic acid residue
at position 92 has a minimal impact on the global folding of

1000 1500
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Ficure 8: Resonance Raman spectrum of wild-type and Ser92Asp ; i
metMb (50 mM phosphate at pH 6.0). Top: ES0700 e region horse heart myoglobin. The overall average positional

of (A) wild-type and (B) Ser92Asp myoglobins. Bottom: expansion deviation between main chain atoms in these structures is
of the 156-500 cnr region of (C) wild-type and (D) Ser92Asp ~ 0.21 A, with larger shifts localized to the N- and C-termini
myoglobins. [residue 1 (0.63 A), residues 152 and 153 (2.3 A)], Pro88

(0.45 A), and Ala125 (0.42 A). It should be noted that the
cmtis characteristic of metMb in its nonphotoreduced form N- and C-terminal residues indicated are substantially
(Sage et al., 1989). The intense band at 1618'dmthe disordered, and, therefore, the differences observed are most
spectrum of the variant indicates that there is no substantiallikely a consequence of positional mobility rather than a
change in vinyl group orientations relative to their positions result of the mutation. It is apparent from Figure 9 that for
in the wild-type protein (Sage et al., 1989). However, the most part the average main chain thermal factors of the
marked differences occur in the 26800 cn?! region Ser92Asp and wild-type metMbs follow similar trends.
(Figure 8B). The wild-type protein exhibits a principal Residues 7885 (part of the EF loop and F helix regions)
feature at 247 cmt with a small shoulder at a higher energy, are notable exceptions in that they exhibit increased mobility
whereas the variant has at least two features (at 247 and 265n the structure of the variann@ = 5.3 A?).
cm™?!) contributing to the intensity in this region. The A detailed comparison of the Ser92Asp variant and wild-
assignment of the 247 crhband is uncertain. Teraoka and type structures in the immediate vicinity of the mutation site
Kitagawa (1981) attributed this feature to an-@idazole is illustrated in Figure 9B. As discussed earlier, the side
stretch, but more recently, Wells et al. (1991) concluded that chain of Asp92 beyond the CB atom is poorly defined in
this band arises from a structurally sensitive out-of-plane electron density maps, suggesting that it adopts a number of
heme mode that is intensity enhanced by hefrgand conformations. In the orientation found to fit the available
interactions. Whatever the correct assignment, the 247 cm  electron density best, the angle of Asp92 is rotated by
band is incontrovertibly sensitive to minor conformational 13¢° from that of the normal resident Ser92. In this
changes in the heme irerhistidine core. conformation, Asp92 cannot form the hydrogen bonds

Conformational heterogeneity of the irohistidine bond normally formed by Ser92 with the pyrrole A propionate
in a number of Hb and Mb derivatives (but not metMb) has and ND1 of the proximal His93 heme ligand. Despite this
been proposed recently on the basis of band profiles of thealtered hydrogen-bonding network, His93 retains almost the
Fe—NE2 (His93) modes and their variation with temperature same positioningAd = 0.16 A) in both the Ser92Asp variant
(Gilch et al.,, 1993). These results combined with the and the wild-type metMb structures, along with a comparable
presence of at least two features near 245 cin the bonding distance to the heme iron atom (2.12 A, wild-type;
spectrum of the Ser92Asp protein provide convincing 2.11 A, Ser92Asp variant) and thermal parameters (6,9 A
evidence for greater conformational heterogeneity in the wild-type; 8.3 &, Ser92Asp variant). One feature that may
heme iron-histidine core than occurs in the wild-type help preserve the wild-type conformation of the imidazole
protein. In addition, variable-temperature resonance Ramanring of His93 is the additional hydrogen bond from the
experiments (P. R. Carey and J. Doran, unpublished) with carbonyl of Leu89 ¢ = 3.0 A) that is preserved in the
the Ser92Asp variant show marked variation in the intensity Ser92Asp variantd = 3.1 A).
profile in the 245 cm? region between 37 and10 °C, also The largest heme group conformational shift in the
consistent with the presence of multiple conformers with Ser92Asp variant occurs in the pyrrole A propionate, which
similar energies. Supporting evidence for the existence of moves away from the proximal face of the heme pocket (
conformational heterogeneity comes from close examination= 0.63 A). This change probably occurs in response to the
of the 377 cm* band (Figure 8), which has been assigned combined loss of a former hydrogen bond to Ser92 and the
to one component of a Fermi doublet (Choi & Spiro, 1983) proximity of the negatively charged side chain of Asp92.
(the other component being the band near 345%rand Along with this change is a substantial increase in the average
has been shown (Sage et al.,, 1989) to be sensitive tothermal factors for the atoms of the pyrrole A propionate
porphyrin conformational changes in metMb. The key from an average of 1021 A2in the Ser92Asp variant. One
observation in Figure 8 is that this peak shifts to a slightly feature that probably moderates the increase in these values
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FiIGURe 9: (A) Stereodrawing of ther-carbon backbones of the wild-type (thin lines) and the Ser92Asp variant (thick lines) myoglobin
structures superimposed using a least squares best fit of main chain atoms. Also drawn are the side chains of the proximal ligand (His93),
the distal ligand (Wat156), His64, residue 92, and both heme groups. Every tenth residue has been labeled with its one-letter amino acid
designation and its sequence number. (B) Detailed stereodiagram showing the immediate environment of the Ser92Asp (thick lines) and
superimposed wild-type (thin lines) structures. The disordered CB, OD1, and OD2 atoms of the Asp92 side chain and hydrogen bonds are
represented with dashed lines.

in the Ser92Asp protein is the retention of the hydrogen bond been able to undertake a more extensive functional, structural,
from this group to His97 NE2 (2.96 A, wild-type; 3.07 A, and spectroscopic characterization of the effects of the variant
Ser92Asp variant). The side chain of His97 also shows an devoid of any fusion sequence.
increase in thermal parameters from an average of B476 The amino acid sequences of human and horse heart
AZin the Ser92Asp variant. A smaller positional shift is myoglobin differ at 17 positions, and of these, only residue
observed in the pyrrole D heme propionate (Figure 9B) and 142 (methionine in human myoglobin and isoleucine in horse
is restricted to the rotation of its terminal carboxyl group heart Mb) is located near the proximal heme binding site.
(16°). This shift appears to coincide with a related movement we have suggested that the shorter distance between the
of the side chain of Lys45 toward the heme planel & Met142 side chain and the proximal heme ligand in the
0.5 A) and leads to an increase in the average thermal factorHis93Tyr human variant is responsible for the observation
of the atoms of the pyrrole D propionate from 16.2 to 20.9 that the side chain of Tyr93 does not flip rapidly in the human
A2 in the Ser92Asp structure. variant while it does in the corresponding horse heart variant
(Hildebrand et al., 1995). Itis also possible that the shorter
DISCUSSION lle142 side chain in the horse heart protein permits greater
Although charged amino acids have been introduced conformational tolerance of the Asp92 residue than can be
previously into the distal heme binding pocket of human Mb accommodated by placement of an aspartyl residue at
(Varadarajan et al., 1989a,b; Zewert et al., 1994), and theposition 92 in the human protein. This structural feature
consequences of neutral amino acid substitutions (Smerdorimay be the basis for the greater stability of the Ser92Asp
et al., 1993; Biram et al., 1993) and axial ligand alterations Vvariant of the horse heart protein relative to the corresponding
on the proximal side (Adachi et al., 1991, 1993; Hildebrand Vvariant of human Mb.
et al., 1995) have been addressed, the effect of introducing Heme Electronic/Molecular StructureThe similarity of
electrostatically charged residues into the proximal heme the electronic absorption spectra of various ferrous and ferric
binding pocket has only recently begun to attract attention. derivatives of Ser92Asp Mb with those of the wild-type
While the current work was in progress, Shiro et al. (1994) protein shows that the heme electronic structure has not been
provided initial information concerning the Ser92Asp variant altered. It has been proposed that buried point charges
of a human myoglobin fusion protein, but detailed charac- located in the interior of a protein molecule are able to induce
terization was limited by poor expression and protein large red shifts in the absorption maxima of proteire
instability. As the Ser92Asp variant of horse heart Mb electrostatic interactions between the chromophore and the
studied here exhibited no evidence of instability, we have ionized amino acid (Eccles & Honig, 1983). However, such



The Ser92Asp Variant of Horse Heart Myoglobin Biochemistry, Vol. 35, No. 36, 1996.1909

150 . the normal to ther system and the plane containing the
140 Fostona! o carbon atom of ther system to which the substituent is
attached, ther-carbon atom of the substituent and the proton.
190 -- - 9 From this relationship and from the observation that the
120 difference in the shift between the two CAA propionate
110 protons (peaks ¢ and j) is smaller in the Ser92Asp variant
100 - (14.4 ppm) than in the wild-type protein (43.8 ppm), with
% ‘ e 9 the same mean shift (53.5 and 53.1 ppm, respectively), we

' can conclude that the C2ACAA bond has rotated in the
b oisdod o ¢ variant to produce a more symmetrical disposition of the two
70 g geminal CAA protons with respect to the normal to the heme
60 ' J plane. According to the crystal structure of wild-type horse
@ - ¢ heart Mb (Evans & Brayer, 1990), the projection of the

“ & ; CAA—CBA bond is tilted toward the CMA methyl, with
% the CAA propionate proton closer to this methyl group

80

Residue Number

50

% experiencing the largest downfield shift (Unger et al., 1985).
ccwo e = o Therefore, the rotation of the C2ACAA bond in the variant
e ° Mb must be in the direction of moving the CBA carbon away

Thermal Factor
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from the CMA methyl group.
Conformational HeterogeneityExamination of the struc-
Residue Number ture of the Ser92Asp variant (Figure 9) shows that, apart
FiGURE 10: Positional and thermal factor difference matrix compar- from the substituted residue, the main difference on the
ing the Ser92Asp variant and wild-type myoglobin structures. The proximal side is a change in orientation of the pyrrole A
upper left half of the matrix contains the-carbon distance  propionate group. Although the terminal carboxylate group

differences, and the lower right half of the same matrix contains . . .
the average main chain thermal factor differences. Since both of the pyrrole A propionate retains a hydrogen-bonding

matrices are symmetrical about the diagonal, both may be combinedintéraction with the NE2 atom of His97, it has moved away
in this way to eliminate redundancy. The value at a given point in from the proximal face of the heme, probably owing to the
the thermal factor difference matriRyy, represents an amino acid  |oss of the hydrogen bond with the OH group of Ser92 and
pairing &) and was calculated with the equatigqy, = |(Bx — electrostatic repulsion from the carboxylate group of the new

51y<)e\¢/rTr]za_l f(chxto_r cl?fy)zergziose&’r'] V;ﬁ;%Bagdthés?gSéa%ﬁ %iigrggﬁm aspartate residue at position 92. The average thermal factors

distance difference section, the value at a p&igtis calculated of the pyrrole A propionate group have increased consider-
from Pyy = [(Cx — C)wr — (Cx — C)serozasp, WhereC is the ably in the variant protein (from 10.4 to 21.2)Asuggesting
a-carbon coordinate of a given residue. To identify significant greater conformational flexibility.

differences, only those 1.7 standard deviations above the mean g nresence of multiple conformational substates on the
difference are contoured for both positional and thermal factor imal sid f the Serg2A . . fi d b
differences. Additional 1 standard deviation intervals are also ProXimal side of the Ser92Asp variant is confirmed by
contoured. Streaks in the matrix indicate sections of polypeptide resonance Raman experiments. At least two features near
chain with significant differences in either-carbon positioning 247 and 265 cmt in the resonance Raman spectrum (Figure
or average main chain tft‘)efmgl_' faCtOf-d'_:h?f examplcra],_lresm%e 1258) demonstrate that the substitution produces a more complex
exhibits a significant-carbon distance difierence, while residues .\t mational landscape with the coexistence of more than

78—85 show significant average main chain thermal factor differ- . . .
ences. An advantage of the difference matrix method of structural ©N€ heavily populated conformational state in the Asp92

comparison is that it avoids potential bias from structural superposi- heme core region. The identification of multiple conformers
tion and differences in overall thermal factor between the structures. at pH 5.0 and 8.0 eliminates a heme-linked titratable residue

) ) _ (see below) as the possible cause of the heterogeneity. The
effects have not been observed here or in previous studiegime scale of the resonance Raman effect permits detection
of relevant Mb variants (Varadarajan et al., 1989a,b; Zewert of rapidly interconverting conformers that would lead to
et al.,, 1994). poorly defined electron density in crystallographic experi-

The unpaired spin density pattern of the heme of Ser92Aspments and a single averaged species in NMR experiments.
metaquoMb is similar to that of the wild-type protein as Thijs result also fits well with the observed positional disorder
shown by the similarity of chemical shifts exhibited by most ghserved for the Asp92 side chain in structural studies
of the heme substituent groups (Figure 5). However, the (Figure 9B). Conformational heterogeneity has also been
pyrrole A propionate protons do exhibit significantly different  reported for the Ser92Leu variant of porcine Mb, for neither
hyperfine shifts in the variant that can be interpreted in terms the carboxylate group of the pyrrole A propionate nor the
of a reorientation of this side chain. This reorientation is CB substituents of Leu92 could be defined in electron density
confirmed by X-ray diffraction analysis of the structure of maps (Smerdon et al., 1993). Therefore, it appears that
the Ser92Asp variant (Figure 9). The predominantly contact syhstitution of Ser92 bgitherchargecbr hydrophobic amino
origin of the heme substituent hyperfine shifts in the ferric acids increases the structural mobility within this area of the
high-spin (metMb) form allows some qualitative interpreta- proximal heme binding pocket.
tion of these shifts. The magnitude of the contact shift for = Heme-Linked pH Titration The existence of an NMR-
an a-CH proton attached to a system is given by eq 3 getectable titratable residue near the heme in sperm whale

(Pande et al., 1986; La Mar, 1973): metMbCN and deoxyMb derivatives has been known for
some time (La Mar et al., 1978; Krishnamoorthi & La Mar,
(AH/H) = Acos @ 3) 1984; Carver & Bradbury, 1984). In the metMbCN deriva-

tive, the resonance most affected by the titration of this group
whereA is a constant an@ is the dihedral angle between is that of the pyrrole D methyl group. The close proximity
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of the imidazole ring of His97 to pyrrole D of the heme and the ND1 nitrogen of the proximal His93 ligand. Replace-
its methyl substituent led to the proposal that this residue is ment of Ser92 with Asp could potentially lead to hydrogen
the heme-linked titrating group (Krishnamoorthi & La Mar, bond formation between the carboxyl group of the new
1984; Carver & Bradbury, 1984). Nevertheless, a more residue and His93, but the positional disorder of Asp92
recent report reinterprets these previous data and assigns thisuggests that this hydrogen bond is wealk, if it forms at all.
behavior to the titration of the pyrrole A propionate (La Mar Indeed, as shown in Figure 9B, the most populated conformer
et al., 1993), which forms a hydrogen bond to the NE2 of of Asp92 has the side chain of this residue projected away
His97 (Figure 1). In view of the difficulty of differentiating  from His93 toward the surface of the protein. Hydrogen-
between these two alternatives, the strategy of treating thebonding interactions of axial heme iron ligands such as this
propionate-His97 pair as a titrating unit as suggested by have been proposed to contribute to determination of
Bashford et al. (1993) is perhaps a more realistic approachreduction potentials of heme-containing proteins (Valentine
at this time. et al., 1979), and this effect was subsequently demonstrated
The titration of the metMbCN and deoxyMb forms of the with model heme compounds (Doeff et al., 1983; O’Brien
wild-type horse heart protein exhibits behavior similar to that & Sweigart, 1985; Mincey & Traylor, 1979; Quinn et al.,
of the sperm whale protein and yielde#pvalues of 5.4 1982). To investigate these effects in the variant, NMR
and 5.8, respectively. The correspondifg palues obtained  spectroscopy of the deoxygenated derivative form was
for the cyanomet and deoxygenated forms of the variant wereexamined because the exchangeable ND1 proton of His93
5.6 and 6.6, respectively. The variant also exhibited this resonates at a characteristically low field in this form of the
titration behavior in the aquomet form. Regardless of the protein (La Mar et al., 1993). In the variant, the ND1 proton
identity of the titrating group involved, we assign this pH- resonance occurs with a downfield shift-oflL.2—1.5 ppm
dependent behavior of Ser92Asp metMb to the titratid,(p  relative to that of wild-type myoglobin at the acidic and basic
~ 5.4) of the same residue as in the metMbCN and deoxyMb extremes (direct comparison of the chemical shifts at neutral
derivatives of the variant. This conclusion is consistent with pH is not possible owing to the pH-dependent behavior of
the observation that, apart from the pyrrole A propionate this resonance and the differenkgs in the two proteins;
protons, the resonance that experiences the greatest shift isee Results). There are two possible mechanisms through
both aquomet- and metMbCN derivatives of the variant is which this proton could move downfield: (i) shortening of
that assigned to the methyl group of pyrrole D. Because the Fe-NE2 (His93) o bond or (ii) weakening of the
the variant protein exhibits an elevate&pvalue in the hydrogen bond involving ND1 hydrogen and Ser92 (La Mar
deoxygenated form relative to that exhibited by wild-type & de Ropp, 1982). From structural studies, it is clear that
Mb, the failure of the wild-type horse heart aquomet protein the Fe-His bond is unchanged in the variant, so we conclude
to exhibit similar behavior probably results from the fact that that the downfield shift of the ND1 proton of His93 in the
the K, of this heme-linked ionizable group occurs at a pH Ser92Asp horse heart variant originates from weakened or
where the wild-type protein is unstable. The increase in this absent hydrogen-bonding interaction of the ND1 proton. In
pKa value in the Ser92Asp variant may result from partial the absence of other factors, compromised hydrogen bonding
deprotonation of Asp92. A negative charge adjacent to the to His93 decreases the “imidazolate” character of this residue
titrating group, either the pyrrole A propionate or His97, and thereby stabilizes the reduced form of the protein.
would decrease the acidity of both the carboxylate group Several other factors that may affect the reduction potential
and the imidazole group by electrostatic stabilization of the merit comment.
protonated form in either case. However, this explanation (i) Dielectric of the Heme Binding Pockefrhe observa-
does not account for the similarity oKgs exhibited by the  tion that the Asp92 side chain is disordered in the crystal
wild-type and variant cyanmet derivatives. At present, we indicates that the structural dynamics of the proximal heme
are unable to rationalize this observation satisfactorily. pocket differ from those of the wild-type protein. This
Nonetheless, the simplest assignment for the identity of the difference could decrease hydrophabicity of the heme pocket
titrating residue at present would be His97 in all three through greater time-averaged access of solvent molecules
derivatives (metMb, metMbCN, and deoxyMb). to the interior which in turn would decrease the reduction
Electrochemical, Spectroscopic, and Structural Correla- potential through stabilization of the oxidized protein (Kass-
tions The increase in the reduction potential of the ner, 1972). Increased hydrophilic character of the heme
Ser92Asp variant by 8 mV relative to that of the wild-type pocket in the variant is consistent with the increased solvent
protein under comparable conditions (26, pH 6.0) is accessibility of the heme reported for the Ser92Leu variant
surprising in view of the expectation that introduction of a of porcine myoglobin (Smerdon et al., 1993).
negatively charged residue near the heme iron should (ii) Heme Orientation Equilibrium Walker and colleagues
decrease the reduction potential of the protein significantly. (1988) have shown that the heme orientational isomers (La
As reported by Varadarajan et al. (1989a,b), variants of Mar et al., 1983, 1984) of cytochrom differ in their
human myoglobin possessing Asp or Glu residues at positionreduction potentials by 27 mV, with the minor isomer having
68 in the distal heme pocket exhibit reduction potentials that the lower potential. Although the equilibrium constaii{
are nearly 200 mV lower than that of wild-type myoglobin. = [major]/[minor]) is similar for the metMb form of
Clearly, simple electrostatic considerations alone are not Ser92Asp and the wild-type protein, the minor form is more
sufficient to explain the behavior of the Ser92Asp variant. abundant in the deoxyMb form of the variant (data not
In an attempt to rationalize this observation, we have shown). Because the time required for equilibration of the
considered several factors that may contribute to this behaviortwo isomers (data not shown) is similar to that required to
and discuss their possible involvement as revealed by thecomplete the spectroelectrochemical experiment, the minor
available spectroscopic information. isomer present in the reduced protein may influence the
Substitution of the seryl residue at position 92 eliminates observed midpoint potential. Nevertheless, the results previ-
the hydrogen bond formed by the OG oxygen of Ser92 and ously reported for cytochromés (Walker et al., 1988)
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suggest that the magnitude of this effect is unlikely to be influence of the doubly protonated His97 will be transmitted

greater than~30 mV. to the iron by the same mechanism and thereby increase the
(iif) Heme Vinyl Group Orientation Previously, we (Reid  reduction potential through electrostatic stabilization of the

et al., 1986) and others (Lee et al., 1991) have discussed theeduced state.

evidence available concerning the variation in heme vinyl
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