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ABSTRACT: The solution 500-MHz 'H NMR spectral parameters for ferricytochrome bsg,, a soluble 12-kDa
electron carrier from Escherichia coli with axial His/Met coordination, are shown to be strongly influenced
by protein concentration and ionic strength at low pH and 25 °C in a manner consistent with significant
aggregation at low ionic strength. At high ionic strength a well-resolved !H NMR spectrum reveals over
40 hyperfine-shifted resonances which arise from two isomeric species in the ratio 2:1. 2D COSY and NOESY
maps at 25 °C for the hyperfine-shifted resonances allow the assignment of a number of axial His resonances
and all heme peripheral substituent peaks. The resulting asymmetric heme contact shift patterns, together
with the halving of the number of lines when reconstituting with 2-fold symmetric hemin, demonstrate the
molecular basis of the solution heterogeneity to be heme orientational disorder. The strongly upfield-shifted
axial Met-7 resonances, characteristic of low-spin ferricytochromes ¢ with His/Met ligation, appear upfield
only at very low temperatures. At elevated temperatures, all resonances, in particular those of the axial
Met, move strongly downfield. Detailed analysis of the deviation from Curie behavior for different functional
groups demonstrates the presence of a low spin = high spin equilibrium with an intact His—Fe—Met
coordination. The weaker axial field in ferricytochrome bsg,, relative to the purely low-spin ferricytochromes
¢, is attributed to a perturbed iron—-Met bond. The contact shifts for a coordinated Met in the high-spin
state are estimated. A link between equatorial hemin and axial ligand interactions is indicated by a differential

population of the high-spin form for the two hemin orientations.

Cytochrome bsg, is a small (12-kDa) soluble electron carrier
isolated from cell extracts from Escherichia coli (Hager &
Itagaki, 1967). Although it is a likely functional analogue to
cytochrome ¢ (Dickerson & Timkovitch, 1975), it exhibits little
sequence homology to the more common classes of cyto-
chromes ¢ and possesses a labile protohemin prosthetic group
(Itagaki & Hager, 1966). The oxidized form of the protein
has been proposed to be low spin (Bullock & Myer, 1978).
An X-ray crystal structure of ferricytochrome b4, revealed
an unusual folding pattern of a twisted barrel of four nearly
parallel helices with the partially exposed hemin inserted into
the bundle near the carboxy terminus and coordinated by
His-102 and Met-7 (Figure 1A) (Mathews et al., 1979;
Lederer et al., 1981). Thus cytochrome bss, has both sequence
(Meyer & Kamen, 1982) and structural (Weber et al., 1981)
homology with the five-coordinate high-spin cytochrome ¢”.
The remarkably simple four-helical folding pattern for both
cytochrome bgg, and cytochrome ¢/, together with their ability
to completely reversibly thermally denature (Myer & Bullock,
1978; M. T. Fisher, H. Nikkila, R. Gennis, and S. G. Sligar,
submitted for publication; L. B. Dugad, G. N. La Mar, and
R. G. Bartsch, unpublished results), makes these proteins ideal
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candidates for detailed studies of protein folding (Ghelis &
Yon, 1982).

The solution structure of cytochrome bsg;, however, has been
found to exhibit pronounced sensitivity to ionic strength and
to undergo multiple pH-modulated transitions, one of which
was initially proposed to involve a redox-linked ligation change
(Myer & Bullock, 1978). The solution properties of cyto-
chrome bg, have been probed by 'H NMR! both for the
reduced form, for which an axial Met was identified (Xavier
et al.,, 1978), as well as for the oxidized form, which led to the
proposal that the major acid — alkaline transition involved
deprotonation of the His for an intact His—-Fe—Met coordi-
nation geometry (Moore et al., 1985). More extensive
structural analysis by 'H NMR has not been practical because
of the strong tendency for autoxidation of the reduced protein,
the relatively poor spectral resolution provided by the oxidized
protein relative to that typical of ferricytochromes ¢ and b,
and the general scarcity of the protein. This latter obstacle
has really been overcome recently with the successful over-
expression of the protein in Escherichia coli based on a cloned
gene (Sligar et al., 1990), which affords not only sufficient
material for detailed studies, but also the opportunity for

! Abbreviations: NMR, nuclear magnetic resonance; DSS, 2,2-di-
methyl-2-silapentane-5-sulfonate; NOE, nuclear Overhauser effect;
NOESY, nuclear Overhauser effect spectroscopy; COSY, correlated
spectroscopy; M-COSY, magnitude COSY; CD, circular dichroism.
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FIGURE 1: Schematic representation of the coordination geometry of protohemin with axial His-102 and Met-7 (imidazole projection indicated
by a thick solid line) (large solid circles are bound sulfur and C,H;): (A) as found in the X-ray crystal structure of ferricytochrome bsq, for
which the axial Met has R chirality; (B) with the same Met-7 chirality as in the crystal structure, but with the hemin rotated 180° about the
a,v-meso axis; and (C) the X-ray orientation of the hemin, but with the S chirality of the axial Met-7.

manipulation of the structural and/or functional determinants
of this interesting protein.

High-resolution 'H NMR can be expected to provide a
wealth of data on both solution structure and dynamic prop-
erties of the holoprotein (Wiithrich, 1986), as well as details
of the pattern of unfolding of the native structure at elevated
temperatures (Ghelis & Yon, 1982). Moreover, the exquisite
sensitivity of the hyperfine interactions to even minor per-
turbations of the heme cavity molecular and/or electronic
structure should provide information on temperature-dependent
changes or structural constraints not readily detected in an
analogous diamagnetic derivative (La Mar, 1979; Senn &
Wiithrich, 1985; Satterlee, 1986). As a starting point for
characterizing the reversible thermal unfolding of cytochrome
bsy, wWe present herein a 'H NMR study of the influences of
solution conditions upon the electronic and molecular structure
of the stable oxidized protein in the acidic or low-pH form,
with emphasis on the resonances arising from the active site.
We demonstrate that the previously reported ionic strength
dependence of the CD spectral parameters (Myer & Bullock,
1978), as well as the inferior resolution of the previously re-
ported 'H NMR spectra (Moore et al., 1985), arises in large
part form extensive solution dimerization of the protein. At
high ionic strength, the 'H NMR spectrum is extremely well
resolved. As shown previously for the low-spin ferric hemo-
proteins cytochrome bs (McLachlan et al., 1988) and cyano-
metmyoglobin (Emerson & La Mar, 1990a), conventional 2D
bond correlation spectroscopy or COSY (Bax et al., 1981) and
nuclear Overhauser effect or NOESY (States et al., 1982) 'H
NMR methodology are directly applicable toward detailed
assignment of the hyperfine-shifted resonances (Yu et al.,
1990). The assignment of the heme resonances reveals ex-
tensive (2:1) heme orientational disorder and a thermal low-
spin = high-spin spin equilibrium for intact His-Fe-Met
bonding.

EXPERIMENTAL PROCEDURES

Sample Preparation. Cytochrome bsqs, was prepared by
using the cloned gene in an overproducing strain of E. coli
(TB-1) carried in a pUC19 plasmic (Nikkila, 1987). Initial
samples of the protein were harvested, isolated, and purified
according to published procedures (Hager & Itagaki, 1967)
to a ratio Ay 5/ Ay ~ 5.6. Later samples of the protein (for
the 2D NMR studies) were harvested, treated with chloroform
to release periplasmic proteins (Ames et al., 1984), and then
purified as follows: to 100 g of packed cells were added 100
mL of 0.1 M Tris buffer (pH 8.0) and 250 mL of CHCI;. The
resulting slurry was stirred 15 min and then centrifuged at
6000 rpm for 20 min. The chloroform layer and cell paste

were extracted again as above with 100 mL of 0.1 M Tris
buffer at pH 8.0. The orange supernatants from the two
extractions were combined, and the pH was lowered to 5.0 with
0.5 M NaH,PO,. Unwanted denatured proteins were removed
by centrifugation at 11000 rpm for 25 min. The orange su-
pernatant was concentrated 3 times to ca. 50 mL with 50 mM
phosphate at pH 4.55. Then a 15-mL portion was loaded onto
a 2 X 25 cm CMS2 jon-exchange column which had been
equilibrated with 50 mM phosphate at pH 4.55. It was washed
with 150 mL of 50 mM phosphate, by 100 mL of 50 mM
NaCl/50 mM phosphate, and by 300 mL of a 50150 mM
NaCl/50 mM phosphate gradient solution, all at pH 4.55.
Additional portions were run through the CM52 column as
above, and fractions having (Ays/ A2g0)ox = 5.6 and above were
combined and concentrated to 7 mL with S0 mM phosphate
buffer at pH 7.0. At this point, the yield was 46 mg and the
ratio (A e/ A2) = 5.7, but SDS-PAGE gel analysis showed
the cytochrome bsg, to be contaminated with ca. 30% impurity
proteins of both higher and lower molecular weight. It was
further purified by passage through a P30 size exclusion
column with 50 mM phosphate buffer at pH 7.4 as column
equilibrant and eluent. The cytochrome bsg, fractions were
combined and concentrated to ca. 10 mL. Final yield was ca.
28 mg, (A416/ A2go)ox = 6.2. Protein samples for NMR were
prepared by solvent exchange with 2H,O and concentrated to
4 mM by ultrafiltration in an Amicon cell. The ionic strength
of the protein solution was adjusted by the addition of the
appropriate amount of either KH,PO, or NaCl, and the pH
was adjusted by adding small amounts of 0.2 M 2HCI or
NaO?H. The pH was measured on a Beckman Model 3550
pH meter equipped with an Ingold microcombination elec-
trode; cited pH values in 2H,O are not corrected for the isotope
effect.

The effect of protein concentration was determined on 1.0,
2.0, and 4.0 mM ferricytochrome bsg, solution in 2H,O at 25
°C at the constant buffer concentration of 100 mM phosphate
and constant pH 5.46. Ionic strength influences were inves-
tigated on a 1.0 mM ferricytochrome bsg, solution in 2H,0
at 25 °C by varying the NaCl concentration, 50, 100, and 500
mM, at a constant pH of 5.01; similar spectral changes were
observed upon changing phosphate concentration. The pH of
a 1.0 mM solution of ferricytochrome b5, in 0.5 M NaCl was
varied in the limited range from pH 4.5 to 5.6, and spectral
properties were found essentially pH independent. The tem-
perature variation on NMR spectral parameters was carried
out on a 4 mM protein solution, in 0.8 mM phosphate at pH
4.76. Apocytochrome bsq, was prepared and purified by the
procedure detailed by Warme and Hager (1970). Reconsti-
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FIGURE 2: Influences of protein concentration and ionic strength on the 500-MHz 'H NMR spectral parameters of ferricytochrome bs, in
2H,0 at 25 °C at a constant pH of 5.46. (A) 4.0 mM protein in 0.1 M phosphate; this trace closely resembles that reported earlier at lower
field (Moore et al., 1985); (B) 1.0 mM protein in 0.1 M phosphate; (C) 4.0 mM protein in 0.8 M phosphate. Note dramatic reduction in
line width and small chemical shift changes for peaks labeled m;, M;, upon either protein dilution or increased ionic strength.

tution of 5 mg of apoprotein with equimolar amounts of
protohemin XIII (Evans, 1977), a hemin with time 2-fold
symmetry about the a,y-meso axis, was monitored optically
for the first band, and formation of a folded holoprotein es-
sentially undistinguishable optically from the native protein
was confirmed.

NMR Spectroscopy. Ordinary 'H NMR spectra were re-
corded on Nicolet NT-500 spectrometers operating at 500
MHz, with spectra recorded in 5 °C intervals over the tem-
perature range 0-65 °C; all spectral changes were completely
reversible over this range. Typical spectra resulted from
collecting ~ 103 transients in double precision on 16 384 data
points over a 17.5-kHz bandwidth at a repetition rate of 1 57!,
To improve signal-to-noise ratio, the free induction decays were
apodized, which introduced 10-Hz line broadening. Chemical
shifts for all spectra are referenced to 2,2-dimethyl-2-sila-
pentane-5-sulfonate (DSS) via the residual solvent line.
Nonselective T, values were determined by the standard in-
version—recovery method using a composite 180° pulse; T}
values for resolved resonances were obtained from the initial
slopes of the standard semilogarithmic plots and are accurate
to £10%; for incompletely resolved lines, Ts were calculated
from the delay time which produced a null, 7, by the relation
T\ = 1o/In 2, with uncertainty £20%. The one-dimensional
nuclear Overhauser effect (NOE) measurements were per-
formed at 25 and 35 °C on a 4 mM ferricytochrome bsq,
sample, in 0.8 M phosphate at pH 4.76, by saturating the
desired resonance and subtracting from this trace the result
of the same experiment with the decoupler placed with an
empty spectral region, as described in detail previously
(McLachlan et al., 1988).

All two-dimensional '"H NMR experiments were carried out
on a General Electric 2-500 spectrometer operating at 500
MHz. The spectra were obtained at 25 °C on a 4.0 mM
protein solution in 0.8 M phosphate and pH 4.76. The
phase-sensitive NOESY spectra were collected with the me-
thod as described by States et al. (1982). The conventional
N-type COSY spectra were collected with magnitude display
(Bax et al., 1981) and are designated as M-COSY hereafter.
Solvent suppression, when required, was achieved by direct
saturation in the relaxation decay period. A total of 512 blocks
were collected with spectral width of 36363 Hz, and ~128
scans were accumulated for each block with free induction
decays of 1024 complex data points. Sixteen dummy scans

were used, and a recycle time of 1.6 s, including acquisition,
was employed. The 2D data were processed on a u-VAX 11
computer with a FORTRAN program FINMR written by Dr.
Dennis Hare. The time domain data were normally multiplied
in the 71 and r2 dimensions by a squared sine bell with phase
shifts of 30° for the NOESY spectra and 0° for the M-COSY
spectra and were zero-filled to obtain 2K X 2K real data points
with a digital resolution of 17.8 Hz/point.

RESULTS

Effect of Solution Conditions. The 500-MHz 'H NMR
spectra of 4 mM ferricytochrome bsq, in 0.10 M phosphate
at pH 5.5 is shown in Figure 2A; the spectral properties
compare closely to those reported previously (Moore et al.,
1985) except for the improved resolution at the present higher
field strength. The line widths of the optimally resolved peaks
previously attributed to methyls, labeled M;,, vary from 400
to 100 Hz. Upon simple dilution of the protein to 1 mM at
constant temperature, pH, and phosphate concentration, the
resulting NMR trace is illustrated in Figure 2B. All reso-
nances, but in particular the peaks marked M, and m,, sharpen
dramatically and detectably change resonance position. The
effect of protein concentration on line widths and shifts for
the six resolved methyl resonances (see below) (M;, m,) is
presented in panels A and B, respectively, of Figure 3. It is
clear that both shift and line width approach concentration
independence at low ionic strength only at low protein con-
centration. These changes in line widths and shifts can be
taken as direct evidence of aggregation or dimerization of the
protein at low ionic strength. Alternatively, the anomalously
broadened lines at low ionic strength and high protein con-
centration (Figure 2A) can be similarly suppressed by
markedly increasing the ionic strength, as illustrated by the
TH NMR trace in Figure 2C, where now fully 40 signals are
resolved outside the diamagnetic envelope. A plot of the
influence of NaCl concentration on the line width and shift
changes of the same six methyl peaks, M;, m;, for | mM
ferricytochrome bsg, at pH 5.46 and 25 °C is presented in
panels C and D, respectively, of Figure 3; both spectral pa-
rameters approach constant values only at high NaCl con-
centration; similar effects were observed for phosphate (not
shown). The chemical shifts of the resolved resonances varied
inconsequentially in the pH range 4.7-5.5, although all reso-
nances began to change shift and broaden dramatically as the
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FIGURE 3: Plots of changes in chemical shift, referenced to that
observed at 1 mM (A) and observed line width (B) of resolved heme
methyl peaks upon increasing the protein concentration from 1.0 to
4.0 mM at 25 °C at invariant pH 5.46 and 0.1 M phosphate con-
centration. Plots of changes in chemical shifts, referenced to that
observed at 0.5 M NaCl (C), and observed line width (D) for the same
resonances upon decreasing the ionic strength from 0.5 to 0.05 M
NaCl at 25 °C at constant pH 5.46 and 4 mM protein concentration.
Note the similar suppression of anomalous line broadening at both
low protein concentration and high ionic strength. Symbols: (@) mg;
(a) my; (O) Ms: (A) My: (O) My; (O) Mg,

pH is raised above 6, as discussed previously (Moore et al.,
1985). We focus further studies solely on the low-pH form
near pH 5. The optimally resolved !H NMR trace of a 4 mM
protein at 25 °C, pH 4.76, is illustrated in Figure 4, where
all resonances are labeled, and serves as the reference base for
the 2D NMR spectra; the chemical shifts are listed in Table
I. Direct determination of nonselective T values for resolved
resonances by the inversion—recovery technique yielded the
values included in Table I.

The spectrum in Figure 4 also provides direct evidence for
protein structural and/or conformational heterogeneity, in that
resonance intensities vary over a ratio of 6:3:2:1 (i.e., peaks
labeled M;, mg, Hg, and h; in Figure 4). This is further
supported by the fact that the number of well-resolved reso-
nances (~41) greatly exceeds that observed for any homo-
geneous low-spin ferric hemoprotein (Satterlee, 1985). Sys-
tematic analysis of peak areas as a function of solution con-
ditions allows us to factor all resonances as belonging to two
sets, M;, H; and m;, h;, with a constant M:H; and m;:h; ratio
of 3:1, reflecting likely methyls and single proton for each
species, and the ratio of M;m, or H;h, ~2:1 for the two
molecular entities. Reconstitution of apocytochrome by, with
the symmetric hemin, protohemin XIII, yielded a spectrum
very similar to that of the native protein, but with only about
half the number of resolved resonances (not shown); the low-
field heme methyl resonances appeared at 18.0, 18.3, 38.6, and
40.3 ppm; the low-field single proton signals, at 11.5, 12.4,
12.7, 13.7, 18.6, 19.7, 19.9, 22.1, and 25.1 ppm.

Assignment of Hyperfine-Shifted Peaks. The 2D NMR
data were collected at 25 °C, pH 4.76, which provided the
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FIGURE 4: Opumally resolved 500-MHz lH NMR traces for the
low-field (A) and upfleld (B) hyperfine-shifted region of 4.0 mM
ferricytochrome bsg, in 2H,0, pH 4.75, 0.8 M phosphate. This trace
serves as the reference for the 2D map. The resonance labels are M,
m; for methyls and H,, h; for single protons with M;, H; and m,, h;
originating from the major and minor isomeric forms in solution. The
subscript reflect the assignments as listed in Table I.

Table I: Proton Chemical Shift and Ts of 4 mM Ferricytochrome
bse; in 2H,0 and 0.8 M Phosphate, pH 4.76 at 25 °C

minor isomer

major isomer

label shift T, x 10 shift T, X 10
x  assignment  (ppm)® (ms) (ppm)® (ms)
1 1-CH, 22.70 6.4 8.72
2 2-H, 22.35 5.1 14.21 8.2
2" 2-Hg -9.80 11 ~-1.95 13
27  2-Hg -8.99 10 -4.21 10
3 3-CH, 16.46 7.8 36.79 42
4 4-H, 8.56 8.7 17.55 43
4 4-Hg -0.36 14 -3.74 8.7
4" 4-H, -2.41 12 -3.87 11
5 5-CH, 35.42 44 14.21 5.9
6 6-H, 17.28 5.8 11.35 2.2
6 6-H, 20.44 5.1 9.88 6.5
6” 6-Hg 1.92 5.8 -1.27
6" 6-Hg -0.78 0.24 5.8
7 7-H, 11.50 6.1 18.23 49
7 T-H, 9.21 19.66
7"  7-Hg -1.50 6.5 2.00
7" 1-Hg 0.13 22 -0.36 3.2
8 8-CH, 13.55 9.4 38.29
a a-meso-H -1.12 1.6
8 é-meso-H 11.5 2.5
B8 B#-meso-H 11.50 2.5
9 His-102 CzH 24,75 2.7 24.89 2.7
9’ His-102 CzH’ 22.10 2.5 22.02
10 His-102 ring -21.2 <0.2

CH
11 Met-7CH 16.2 <0.4
11" Met-7 C.H’ -8.3 <0.2
12 Met-7 CH, 4.0°
13 d 12.8 0.9 12.2 0.7
14 d 10.77 1.4
15 d 9.96 2.2

2Subscripts in peak labels (M,;,m;) or H,h,). ®Referenced to DSS.
¢Shift interpolated via the Curie plot in Figure 8C. ZNot assigned.

optimal resolution; the reference trace is shown in Figure 4.
The split diagonal portions of magnitude COSY (A) and
NOESY (B and C) maps for the hyperfine-shifted peaks are
illustrated in Figure 5. An expanded region 2.5 to —4.5 ppm
is shown in Figure 6. For the major isomer (cross peaks
connected by solid lines), COSY peaks characteristically
identify two vinyl groups, peaks H,, H,,, H,» and Hy, Hy,, Hye,
as confirmed by parallel NOESY peaks. One propionate
group, peaks Hg, Hg, Hg, Hgn, is easily identified in the COSY
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FIGURE 5: Split diagonal section of the magnitude COSY (A) and
NOESY (B, C) maps at 500 MHz for 4 mM ferricytochrome bsg;,
in 2H,O and 0.8 mM phosphate at pH 4.75; only the regions relevant
to assigning the resolved heme resonances are shown. The spin
connectivities that allow all assignments are indicated in solid and
dotted lines for the major and minor isomers, respectively. The
assignmed resonances are indicated along the 12 dimensions at the
top of the figure. The small squares indicate weak cross peaks observed
only at lower contour levels.

map and confirmed by the expected NOESY peaks. Three
additional pairs of strongly coupled proton pairs, (H,, Hy),
(H;~, Hy), and (Hy, Hy), are located in the COSY map, and
the pairwise NOESY peaks between the sets identify the
former two pair as arising from the second propionate. Having
identified all spin-coupled protons for the heme, we conclude
that the pair Hg, Hy must arise from an amino acid side chain.
The NOESY peak between the apparent methyl peaks, M; and
the above-identified vinyl or propionate groups, allows indi-
vidual assignment of all groups (Keller & Wiithrich, 1981;
McLachlan et al., 1988). Thus NOESY peaks between the
vinyl peaks Hy, H,» and M, and between H,,, Hy», and M,
locate the methyls adjacent to vinyls, and the NOESY peaks
between M and Hg, Hy and between M, and H,, H,», locate
the methyls on the propionate-bearing pyrroles. Distinction
between the two methyls of each type is made on the basis of
the NOESY cross peak between M, and Mj, which identifies
them uniquely as 1-CH,; and 8-CH, and dictates that the
subscripts on the resonances correctly identify the position of
the substituent on the heme in each case, as shown in Figure
1. The assignments and chemical shifts are listed in Table
L.

Assignments for the minor isomer peaks proceed in a parallel
manner, although with a less complete set of cross peaks. The
characteristic COSY cross peaks uniquely locate the vinyls
again, hy, hy, hy» and hy, hy, hyr. Five sets of strongly coupled
proton pairs are seen in the COSY map, (hy, hy), (hg, hg),
(hﬁﬂ, hGW), (h7, h7/), and (h7//, h7m). Both COSY and NOESY
cross peaks identify (h,, hy) and (h;», hy») from one propionate
group and (hg, he) and (hgr, her) from the other propionate.
The proton set (hy, hg) does not arise from a propionate and
hence must originate from an amino acid side chain. The
NOESY map again identifies methyl peaks ms and mg as
located adjacent to propionates and m; as adjacent to a vinyl
group (Figure 5). The fourth methyl, m,;, incompletely re-
solved on the shoulder of the aromatic region, also yields a
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FIGURE 6: Expanded upfield split diagonal section of the same
magnitude COSY (A) and NOESY (B) maps shown in Figure §,
which provide the needed spin connectivity for identifying the vinyl
and propionate $-protons. Major and minor isomer connectivities
are marked by solid and dotted lines, respectively.

NOESY peak to a vinyl proton h,.. Unlike the case of the
major isomer, the NOESY map had insufficient sensitivity
to detect the inter-methyl NOE to uniquely identify all sub-
stituents. However, the improved sensitivity of ordinary 1D
NOE indicated a weak NOE between mg and m, (not shown),
leading to the assignments listed in Table I, with the peak
subscript i = 1-8 reflecting the substituent position on the
heme in the Fischer notation.

NOESY peaks locating meso-H resonances could not be
identified, likely due to the much weaker NOEs expected for
the much faster relaxing meso-H resonances. Previous 'H
NMR titrations of ferrocytochrome b4, with ferricytochrome
bsg, had indicated that one meso-H of the former is shifted
a few ppm to low field upon oxidation (Moore et al., 1985).
Partial saturation of the remaining unassigned resolved sin-
gle-proton resonances failed to yield detectable resonances
except for the broad peak under H-, hg (not shown). However,
1D NOE studies at 35 °C, where the resonances H; and hg
are resolved (Figure 7D), reveal dipolar connectivity between
H; and M, (1-CH,) and M; (8-CH3;), and between hg and m;
(5-CH,) and h, (4-H,), establishing that they are meso-H
resonances for the - and §-position of the major and minor
isomers, respectively. Similarly, the upfield rapidly relaxing
peak H,, yields NOEs to H, (2-H,) and M, (3-CH,), indi-
cating it arises from the a-meso-H of the major isomer (not
shown; see supplementary material).

The geminal nature of peak Hy, Hy (and hy, hg), as evi-
denced by intense COSY and NOESY cross peaks, together
with their hyperfine shifts and 7, values, strongly supports their
origin as the axial His-102 C4Hs: ferricytochrome c and b
exhibit similar shifts and Ts for peaks assigned to the axial
His CsHs (Moore & Williams, 1984; McLachlan et al., 1988).
One of the two upfield broad single proton peaks, likely H;q,
must also originate from one of the His-102 ring CHs, as found
in both ferricytochrome ¢ and 45, The usual strongly up-
field-shifted C,Hs and C.H, characteristic of coordinated Met
in low-spin ferricytochromes ¢ (Satterlee, 1985) are not ob-
served at 25 °C. However, evidence for such peaks is found
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FIGURE 7: Resolved portion of the 500-MHz 'H NMR spectra of
4.0 mM ferricytochrome bsg;, in 2H,0 and 0.8 mM phosphate over
the temperature range 0-60 °C: (A) 0 °C, (B) 10 °C, (C) 25 °C,
(D) 35 °C, (E) 45 °C, and (F) 60 °C. The dotted lines follow the
temperature profiles of peaks particularly relevant to determining the
molecular nature of the high-spin species populated at elevated tem-
perature. The labeling of resonances is the same as that given in Table
I and Figure 4.

at other temperatures (see below).

Temperature Dependence. The hyperfine shifts and line
widths displayed rather remarkable behavior when compared
to the well-characterized ferricytochromes ¢ and bs, as shown
in a set of variable-temperature traces in Figure 7 and the
Curie plots for the individual resonances in Figure 8. Instead
of hyperfine shifts decreasing at elevated temperatures, as
expected by the Curie law (Jesson, 1973), the majority of the
resonances displayed increased shifts at higher temperatures.
The temperature profiles of the various resonances in Figure
8 can be placed into three broad categories: Curie-like, with
the shifts decreasing with increasing temperature in a manner
generally found for ferricytochromes ¢ [the His 102 C4H peaks
(Hq, Hy) and (hy, hy), peaks H,;-H,s; Figure 8A,B); anti-
Curie, where the shifts increase rather than decrease with
increasing temperature (all heme methyls, propionate H,gs,
vinyl H,s, and most Hgs for both substituents; Figure 8A,B);
and peaks with such dramatic deviations that the hyperfine
shift either changes sign or extrapolates to such a change of
sign over the detected temperature range (note in particular
the peaks H“, H“I, MIZ; Figure 8C).

The prominent three-proton broad resonance M,, appears
on the upfield site of the diamagnetic envelope only at the
lowest temperature (0-10 °C; i.e., Figure 7A,B) and must arise
from a rapidly relaxing methyl in addition to those from the
heme, i.e., the likely Met-7 C H; (Wiithrich, 1970). A sim-
ilarly strongly relaxed apparent methyl peak is resolved from
the diamagnetic envelope on the low-field side above 50 °C
(Figure 7D,E). The Curie plots for the two peaks fall on the
same line (M, in Figure 8C) and hence can be concluded to
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originate from the same methyl group, Met-7 C.H;. Hence
the Met-7 methyl approaches its upfield shifts characteristic
of low-spin ferricytochromes only at very low temperature.

It is noted that the only resolved peaks attributed to
meso-Hs, H,, H;, and hg, move sharply downfield with in-
creasing temperature, while the remainder of the unassigned
low-field peaks, H,3, h;s, Hy4, and H,s, show Curie-like be-
havior (Figure 8A). Moreover, numerous other single-proton
resonances exhibit anti-Curie behavior and move downfield
out of the diamagnetic only at elevated temperature (Figure
7D,E); degraded resolution due to heme disorder and increased
line width at the elevated temperatures precluded identifying
these peaks at this time.

DiscussioN

Protein Aggregation. The influence of protein concentration
on NMR spectral parameters, as reflected in the two traces
in Figure 2A,B and the plots in Figures 3A,B, gives direct
evidence for aggregation at low ionic strength. A very similar
change in spectral parameters is induced at fixed protein
concentration upon dramatically increasing ionic strength, as
shown in Figure 3C,D. It is noted, however, that the effects
of protein concentration and ionic strength are not uniform
on the various resonances and are, in fact, highly selective.
Thus, the most dramatic changes in shifts and line widths that
accompany aggregation occur for 5-CH, and 8-CHj, in both
isomer forms in solution, and for the 6-H,s of the major iso-
mer. These are the methyls on the two pyrroles exposed to
solvent (Mathews et al., 1979), and hence this argues that the
interprotein interaction is likely very stereospecific, since the
selective influence on the heme must represent localized
perturbations, probably involving changes in the rotational
positions of the heme propionates.

It has been noted that ferricytochrome b, in the crystal
forms tight intermolecular contacts between the two molecules
of the unit cell and that these contacts are across the heme
binding site near the axial His-102, involving a pair of sym-
metrical interactions of Arg-98 and His-102 of one molecule
interacting with GIn-103 of the other molecule (Mathews et
al., 1979; Moore et al., 1985). It is therefore likely that the
same “dimer” interaction occurs in solution and accounts for
the concentration/ionic strength effects observed. Strong ionic
strength effects on the CD spectra of both ferri- and ferro-
cytochrome bsg, have been reported by Meyer and Bullock
(1978) and were attributed to ionic strength perturbations of
surface side-chain orientations; protein concentration influences
were not investigated in that study. The present 'H NMR
data confirm the importance of high ionic strength to give
spectral parameters independent of solution conditions but
show that the ionic strength influence involves both the
breakup of aggregates and a likely reorientation of surface side
chains. The earlier observation of strong ionic strength effects
on the reduced protein as well (Myer & Bullock, 1978) sug-
gests that both forms of the protein may aggregate in a similar
fashion. Such interaction across the heme surface between
oxidized and reduced proteins may account for the unusually
rapid electron self-exchange reported previously (Moore et al.,
1985). For the present purposes, we restrict all further in-
terpretation of 'H NMR spectral parameters to conditions
where the protein appears monodisperse, i.e., at ~0.8 M
phosphate, which affords the optimally resolved 'H NMR
spectrum.

Structural Basis of Heterogeneity. The above resonance
assignments at 25 °C establish the presence of two isomers
in solution in the ratio ~2:1. The pattern of hemin hyperfine
shifts at 25 °C for the two isomers is very similar, typical of
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FIGURE 8: Plots of observed chemical shifts relative to DSS versus reciprocal absolute temperature (Curie plot) of 4.0 mM ferricytochrome
bsg, in 2H,0 and 0.8 mM phosphate, pH 4.75, for the resolved low field (A) and upfield (B). Section C is the Curie plot for the strongly relaxed
signals. M, appears only at low and high temperature. The Curie plot (C) finds M, on the same line, and hence the upfield signal at 0
°C must be the same as the low-field signal at 60 °C, i.e., the Met-7 C,H; note the considerably compressed chemical shift scale in (C) relative
to (A) and (B). The two broad lines H;;, H,)- exhibit similarly dramatic temperature profiles which, like M5, extrapolate to upfield contact
shifts at low temperature and low-field contact shifts at high temperature and are assigned to Met-7 C Hs.

a primarily low-spin ferric hemoprotein, with many lines for
the two isomers appearing as pairs with similar shifts. The
hyperfine shift pattern for the two isomers, however, differs
in the pattern of unpaired spin density, where the largest =
spin density is on pyrrole I (1-CH,, 2-H,) and III (5-CH,,
6-H,s) in the major form, but on pyrrole II (3-CH,, 4-H,)
and pyrrole IV (8-CH,, 7-H,s) in the minor isomer. Moreover,
the single downfield meso-H is 8-meso-H for the major and
B-meso-H for the minor isomer. This is the same difference
in hyperfine shift patterns for the two isomers found in, for
example, ferricytochrome b5 (McLachlan et al., 1988) and
certain cyano complexes of ferric myoglobin and hemoglobin
(Lecomte et al., 1985; La Mar et al., 1985), which could be
uniquely traced to heme orientations differing by a 180° ro-
tation about the hemin «,y-meso axis (Figure 1A,B). It has
been demonstrated in ferricytochromes ¢, however, where the
heme is covalently bound to the protein matrix, that a similar
two sets of hyperfine-shifted hemin resonances reflecting 90°
rotation of the orbital hole can occur solely due to the alternate
chiralities that can be adopted by the axial Met (Figure 1A,C)
(Senn et al.,, 1980; Senn & Wiithrich, 1983b, 1985). Hence
the presently observed heterogeneity could arise from either
heme orientational disorder or disorder in the chirality of the
axial iron-Met-7 bond.

The detailed hyperfine shift patterns for the individual
isomers indicate similar contact shifts for 5-CH; and 8-CH,
(because of pseudo-2-fold symmetry) and a difference in 1-

CHj; and 3-CHj; shifts (nonsymmetrically paired) which is
essentially the same as for ferricytochrome b5 (La Mar et al.,
1981), where heme orientational disorder could be unequiv-
ocally established. With the limited hemin available, a single
reconstitution with a 2-fold symmetric hemin (protohemin
XIII) afforded a homogeneous sample with only half the re-
solved 'H NMR resonances of the native protein (not shown),
directly supporting heme orientational disorder as the sole
origin of the heterogeneity. An insufficient number of non-
coordinated amino acid signals have been assigned to date to
unequivocally establish whether the two sets of peaks do or
do not exhibit the same dipolar contacts with the protein
matrix. Preliminary data suggest that substituents of pyrrole
IT of the major isomer yield NOEs to peaks in the aromatic
envelope (not shown), as expected on the basis of the crystal
structure. However, a definitive determination must await
futher amino acid signal assignments.

Axial Ligands. The geminal nature of the proton sets Hy,
Hgy or hy, hy is established by the COSY cross peaks and
intense NOESY peaks for their relatively short Ts (Table I).
They likely constitute the CzHs of axial His-102 for each
isomer, since the shifts and relaxation properties are very
similar to those found for known His CgHs in other low-spin
ferric hemoproteins (Moore & Williams, 1984; McLachlan
et al.,, 1988; Thanabal et al., 1988; Emerson & La Mar,
1990a). The larger downfield bias for the mean CzH, hy-
perfine shift in ferricytochrome b, is consistent with sig-
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nificant hydrogen-bond donor character of the His-102 ring
(Thanabal et al., 1988). The conversion of the acidic to the
alkaline form has been proposed to involve primarily the ab-
straction of the His-102 ring proton to yield an axial imida-
zolate (Moore et al., 1985), as also observed for the structurally
related ferricytochromes ¢’ (Weber, 1982; Jackson et al., 1983).
The strong upfield bias of peak H g, the likely His-102 C H,
as compared to other ferricytochromes ¢ and bs, also supports
H-bond donation by the His-102 ring NH (Chacko & La Mar,
1982; Thanabal et al., 1988).

Conspicuous by their absence in the 25 °C 'H NMR trace
for ferricytochrome bsg, are the strongly relaxed and up-
field-shifted methyl and single-proton peaks characteristic of
axial Met bonding, as found in the overwhelming majority of
low-spin ferricytochromes ¢ (Satterlee, 1985; Senn &
Wiithrich, 1983a—c, 1988; Senn et al., 1980, 1983, 1984b;
Moore & Williams, 1977). The prominent Met methyl res-
onance is found with variable upfield bias in numerous fer-
ricytochromes ¢ and has been proposed to reflect the strength
of the axial iron—-Met bond, which in turn may contribute to
modulating redox potential (Moore & Williams, 1977). In
the present ferricytochrome by, such an upfield-shifted methyl
peak (M,,) appears only at very low temperature (Figure
7A,B), and the efficient relaxation clearly dictates that it must
arise from the axial Met-7. The unusual shift of the proposed
Met-7 C H, resonance position is suggestive of a perturbed
bond, and evidence for such a perturbation is found in the
temperature dependence of the hyperfine-shifted resonances
(see below),

Heme Electronic Structure. At the lowest accessible tem-
perature, the hyperfine shift pattern for both hemin and the
axial His and Met are typical of low-spin ferric hemins (La
Mar, 1979; Satterlee, 1985), as found in the mitochondrial
or bacterial ferricytochromes ¢ with the same ligation (Senn
& Wiithrich, 1985). The hyperfine shift pattern for the hemin,
as reflected characteristically by the four methyls, is highly
asymmetric and is determined primarily by the contact in-
teraction. The unpaired spin density pattern, which reflects
the orbital hole in low-spin ferric hemins, has been demon-
strated to be controlled either by the orientation of the axial
His imidazole plane (Shulman et al., 1971; Emerson & La
Mar, 1990b) or by the axial Met chirality (Senn et al., 1980,
Senn & Wiithrich, 1983b,c). In ferricytochromes c, the axial
His is generally oriented parallel to a meso—iron—meso axis,
so that the orbital hole is controlled by the Met chirality (Senn
& Wiithrich, 1985). The contact shift pattern or asymmetric
spin delocalization in ferricytochrome bsg, has the lone spin
largely restricted to the trans pyrroles I and III in the major
isomer. Inspection of the crystal coordinates (Mathews et al.,
1979) reveals that both the His orientation and Met bonding
are so as to predict the same unpaired spin asymmetry (Figure
1A), namely, that observed experimentally. Therefore, the
contact shift pattern does not allow us to ascertain the relative
importance of the two axial bonds in controlling the orbital
ground state in ferricytochrome bsg,.

In contrast to observations on numerous ferricytochromes
¢ and bs, as well as other low-spin ferric hemoproteins, where
the majority of the hyperfine-shifted resonances essentially
follow the Curie law, i.e., hyperfine shifts decrease as the
temperature is raised, the majority of the peaks for ferric-
ytochrome b, exhibit anti-Curie behavior (Figures 7 and 8).
In fact, all resonances assigned to heme pyrrole a-substituents
exhibit anti-Curie behavior. For the proposed axial His-102
peaks, the CgHs [(H,, Hy), (hg, hy)] exhibit more normal
Curie behavior, while the proposed ring CH (H,,) actually
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decreases in shift with increasing temperature faster than 71,
The methyl peak M,, assigned to the axial Met-7 C.,H;, as
well as the two single-proton peaks, H,; and H,;  (and hy,),
on the other hand, exhibits not only extraordinary strong
downfield shifts on increasing temperature, but the contact
shift direction changes sign, i.e., all three will directly exhibit
either upfield (low T) or downfield (high T) contact shifts
(peak M,,) or have temperature dependence that extrapolates
to such changes in the sign of the shift (H,,, H,,)) (Figure 8C).

Ferric hemoproteins in a given spin ground state invariably
exhibit Curie-like behavior for the majority of hyperfine-shifted
resonances (Jesson, 1973; Satterlee, 1985), and strong and
systematic deviations from Curie behavior are generally taken
as direct evidence for a spin-state equilibrium (lizuka &
Morishima, 1974). The present observation of anti-Curie
behavior for the hemin methyls, together with their low-tem-
perature shifts, clearly dictates the presence of a low-spin (S
= 1/,) ground state in rapid equilibrium with a thermally
accessible high-spin (S = */,) state. The nature of the de-
viations from Curie behavior for different resonances in such
an equilibrium depends on their relative shift differences in
the low-spin, S = !/,, and high-spin, § = 3/,, states. Thus
functional groups that exhibit the same direction and similar
shift magnitude in high-spin and low-spin states should exhibit
near-Curie behavior in spite of the spin equilibrium. Protons
with larger shifts of the same direction in high-spin than in
low-spin form would exhibit anti-Curie behavior because of
the larger effect of populating the high-spin state than the 7!
change of the low-spin state. On the other hand, protons with
hyperfine shifts in different directions in the low-spin and
high-spin states would, on the same basis as above, necessarily
show Curie-like behavior, but with a much steeper slope than
T! and a strong possibility that the observed contact shift
actually changes sign over the accessible temperature range.

Two possibilities for the high-spin state must be considered,
a six-coordinate state where the spin equilibrium is within an
invariant ligation state [such as for an intermediate ligand field
observed for methydroxy- or metazidomyoglobin (Antonini
& Brunori, 1971)] or a five-coordinate state where one lig-
and—iron bond ruptured. The largely contact shift patterns
for both hemin and axial His in high-spin ferric hemoproteins
are highly characteristic of the ligation state, differing pri-
marily in the meso-H shift direction (La Mar & Walker, 1978;
La Mar, 1979). Representative shift values for the different
resonance, taken from Aplysia metmyoglobin or Rhodo-
pseudomonas palustris ferricytochrome ¢’ (Jackson et al.,
1983; Pande et al., 1986) for five-coordinate, and sperm whale
metaquomyoglobin (La Mar et al., 1980) for six-coordinate
species, are listed in Table II, where they are compared to the
shifts of low-spin ferricytochrome with His/Met ligation. It
is clear from inspection of Table II that increased population
of either a five- or six-coordinate high-spin form at elevated
temperatures would result in anti-Curie behavior for heme
methyls, propionate H, and vinyl H, resonances. Similarly,
the shift for His in Table II predicts Curie-like behavior for
CgHs. Thus the observed deviations (or lack thereof) from
the Curie law for pyrrole substituents and the axial His res-
onances are completely consistent with the proposed spin
equilibrium without discriminating between the alternate li-
gation states of the high-spin species. The meso-H shifts,
however, allow a distinction to be made, since, for a six-co-
ordinate high-spin form, the observed shifts in the presence
of the spin equilibrium should be anti-Curie (like heme me-
thyls?), while a five-coordinate high-spin state would predict
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Table I1I: Characteristic Hemin and Axial His Hyperfine Shifts in
Low-Spin and High-Spin Ferric Hemoproteins®

high spin
five six
low spin®  coordinate’  coordinate?
heme
methyls ~20 ~70 ~75
vinyl H, ~15 ~40 ~40
vinyl Hg ~=5 ~=5 ~=5
propionate H, ~15
meso-Hs ~5 ~—40 ~+40
His
CgHs 15 15 15
ring CH -5 t0~10 low field low field
ring C;H 15-20 low field low field

Shifts in ppm from DSS, in 2H,0 at 25 °C. ®Mean shifts at 25 °C
for cytochrome bsgy, although essentially the same as for ferri-
cytochrome b5 or ferricytochrome ¢. ¢Shifts taken from Pande et al.
(1986) and Jackson et al. (1983). 9Data taken from La Mar et al.
(1980).

steeper temperature slope than T-!. The assigned meso-Hs
for each isomer (H,, Hj, hy) clearly move strongly downfield
at higher temperature (Figure 8A,B), dictating that the
high-spin species is six-coordinate, i.e., the His/Met ligation
remains intact. The other unassigned single proton resonances
that become resolved in the low-field region at >45° are likely
the remaining meso-Hs which resonate under the diamagnetic
envelope in the low-spin state. The unassigned resonances
which exhibit Curie-like behavior, H,3, H4, and Hys, likely
arise from noncoordinate heme pocket residues which exhibit
dipolar shifts characteristic solely from the low-spin state (La
Mar, 1979; Satterlee, 1985; Emerson & La Mar, 1990a).

The nature of the temperature profile of the Met-7 C,H,
peak (M,,) directly supports the maintenance of the iron-Met
bond in the high-spin state and provides indirect information
on the nature of the contact shifts pattern for an axial Met
in a high-spin system. Thus the change in sign from upfield
to low field for the C,H; (M,,) signal demands that Met-7
experiences large contact shifts in both spin states, upfield in
the low-spin (as in ferricytochromes ¢) and large downfield
contact shifts in the high-spin form at elevated temperatures.
Moreover, the two major isomer single-proton peaks, H;,, Hyy,
display temperature profiles very similar to that of Met-7 C.H,
signal M,,, in that they extrapolate to changes in sign from
upfield at low temperature to strongly downfield at high
temperature (Figure 8C). This is precisely what would be
expected for the two Met-7 C,Hs, which sould experience
contact shifts similar to the C,H, in both states (Wiithrich,
1969). Hence we assign H,|, H,;. to the two Met-7 C, Hs.
From these latter results we further draw the conclusion that
the contact shift pattern for a high-spin iron(III) bound Met
has large low-field C,H; and C,H contact shifts, consistent
with the expected dominant & spin delocalization (La Mar &
Walker, 1978; La Mar, 1979). On the basis of the fractional
high-spin population of ~12% at 45 °C which is derived from
the mean heme methyl shifts,> we estimate that the pure

2 The dramatic difference in the deviations from the Curie law for the
four methyls is due to the fact that they possess very similar contact shifts
in the high-spin form but very different contact shifts in the low-spin
species. Thus the degree of deviation increases My < M; M; < M,,
which parallels the decrease in contact shifts for the low-spin form.

3 Using the mean methyl shift ~28 ppm observed at 45 °C, as com-
pared to that expected for pure low spin (22 ppm) or pure high spin (72
ppm) at the same temperature, we estimate 12% high-spin character.
Taking the pure low-spin Met C,H; and C,H shift at =25 and 30 ppm,
the observed shifts of 10 and 30 ppm translate to 270 and 470 ppm shifts
for those groups for a pure high-spin state.
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high-spin contact shifts for a bound Met CH; (M,,) is ~270
ppm and C,H (H,;) ~470 ppm. _

Low-spin = high-spin equilibria for ferric hemoproteins are
not uncommon (Antonini & Brunori, 1971), although only
infrequently observed among other cytochromes with axial
His/Met ligation. Previously reported NMR spectra of
structurally characterized ferricytochromes with His/Met
ligation exhibit temperature-dependent shifts indicative of a
low-spin ferric state (Wiithrich, 1970). There are several
examples of structurally less characterized ferricytochromes
¢ which exhibit similar spin equilibria (Hon-Nami et al., 1980;
Timkovich & Cork, 1984; Timkovich et al., 1984; Saraiva et
al., 1990). The thermally accessible six-coordinate high-spin
state in ferricytochrome bsg, is in contrast to the behavior
observed for the majority of ferricytochromes ¢ and demands
that the effective axial field (i.e., either the His—Fe and/or
Fe-Met bond) is weakened in the present protein. The 'H
NMR data only dictate that both His and Met are ligated and
hence do not indicate which is perturbed relative to that in
the ferricytochromes c. It has been noted, however, that the
characteristic “695”-nm band of ferricytochromes ¢, assigned
to a Met — Fe charge-transfer band (Dickerson & Timkovich,
1975), is found at 720 nm in ferricytochrome bs¢, (Myer &
Bullock, 1978; Moore et al., 1985), indicating that the iron—
Met bond must be perturbed.

The mean heme methyl chemical shifts at 45 °C for the
major and minor isomer are 25.6 and 28.2 ppm, respectively;
this suggests that the minor isomer exhibits a larger high-spin
population (La Mar et al., 1983). The proposed Met-7 C,H
peak similarly exhibits a larger shift at 45 °C for the minor
(hy; ~ 32.6 ppm) than major (H,;; ~ 30.7 ppm) isomer. This
suggests coupling of the equatorial heme—protein contacts to
the axial position so that the minor component hemin orien-
tation results in a slightly weaker axial field than in the major
isomer. Current efforts are centered on detailed 2D NMR
analysis of the heme pocket structure of ferricytochrome bsg,
reconstituted with symmetric hemins that yield both signifi-
cantly improved resolution and sensitivity for the homogeneous
protein and should allow assignment for all Met-7 signals and
identification for the titrating groups modulating the redox
potential (Moore et al., 1985).
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