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The assignment of proton resonances in both redox states of a heme protein is necessary for the evaluation of pseudocontact shift data. Many

new assignments are presented here for cytochrome b,, particularly in the paramagnetic oxidised state, thereby allowing both the caiculation of

electronic g-tensor values with the magnetic axis orientation and a comparison of observed and calculated pseudocontact shifts utilising a computa-

tional procedure. The possible redox linked conformational changes are found to be minimal in contrast with cytochrome ¢ although the procedure

additionally highlights aspects of the mobility of certain residues in cytochrome b,. In this respect the residue Gly-42 appears mobile both by this
method and by the observation from NMR spectra of a major and minor conformation in this region.

Cytochrome b,; Pseudocontact shift; Protein conformation; Nuclear magnetic resonance; Cytochrome ¢

1. INTRODUCTION

The use of paramagnetic shift data derived from
NMR studies of heme proteins is a potentially powerful
method for comparative analysis of the structures of
the proteins in diamagnetic Fe(II) and paramagnetic
Fe(I1I) redox states. An ideal system for this method of
analysis is the electron transfer protein cytochrome bs
in the form of a heme binding fragment of 82 amino
acid residues released from the microsomal membrane
by tryptic solubilization [1,2]). However, proton res-
onance assignments made to date for the paramagnetic
oxidised state of cytochrome bs [3-6] are not sufficient
for detailed comparisons although an extensive set is
available for the diagmagnetic reduced state [7]. Here
the assignments for the oxidised state are significantly
extended to provide approximately 260 proton
resonances to facilitate the pseudocontact shift
analysis.

The paramagnetic contribution to the observed
chemical shift can be classified using the expression:

6para = 5con + 6pc

where dcon and J,c represent the contact (scalar) and
pseudocontact (dipolar) terms respectively [8]. While
the former influences the shifts of protons on groups
directly bonded to the iron atom, such as those of the
heme and axial ligands, the pseudocontact term dom-
inates shifts for amino acid residue protons of the
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polypeptide chain. For an iron (III) low spin heme such
as the oxidised state of cytochrome bs, the pseudo-
contact shift, expressed in terms of electronic g-tensor
values, is defined as:
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where gx.gy and g. are the principal values of the g-
tensor defining the magnetic axes in a polar coordinate
system (r,d,¢) which describes atomic positions with
respect to the central iron atom of the heme [9] and £ is
the Bohr magneton, S, the electron spin quantum
number, N, Avogadro’s number and T, absolute
temperature. Using a set of experimentally measured
redox state shifts dobs, Where dobs = dox — Srea and o5 and
Ored Tepresent the chemical shifts in oxidised and reduc-
ed states respectively, the theoretical pseudocontact
shifts can be calculated using a computational pro-
cedure and coordinates derived from an X-ray crystal
structure. Significant differences between observed and
calculated pseudocontact shifts can then be related to
either structural differences between crystal and solu-
tion states or to possible redox linked conformational
changes. The viability of such a procedure was original-
ly established with cytochrome ¢ using a limited number
of resonance assignments [10] and also illustrated in re-
cent analyses both of the heme pocket of cyanomet-
myoglobin [11] and again of cytochrome ¢ [12], taking
advantage in the latter case of the large number of pro-
ton assignments now available in both oxidised and
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Table 1

Proton resonance assignments for cytochrome bs with observed and
calculated pseudocontact shifts

Table I (continued)

September 1990

6ox Jxede Jpc Jox Jn:de Jpc
obs. calc. obs. calc.
Val-4 HA 3.77 3.82 -0.05 -0.04 Asn-17  HN 8.00 8.06 -0.06 -0.05
HB 1.54 1.57 -0.03 -0.03 HA 5.01 4.96 0.05 0.01
HG1 0.29 034 -005 -0.05 HB1 2.74 2.72 0.02 0.05
HG2 0.61 0.65 —004 —0.03 HB2 3.11 3.09 0.02 0.01
Lys-5 HN 8.05 8.11 -0.06 -0.06 Lys-19 HN 7.87 7.82 0.05 0.05
HA 4.04 408 -0.04 —0.05 HA 4.24 4.14 0.10 0.06
Tyr-6 HN 8.11 8.17 -0.06 —0.06 Ser-20 HN 7.24 7.20 0.04 0.02
HA 5.63 571 -0.08 -0.08 HA 4.89 4.86 0.03 0.00
HB1 2.59 265 -0.06 —0.06 HBI 3.52 3.52 0.00 -0.06
HB2 2.77 2.85 -0.08 -0.07 HB2 3.82 3.82 0.00 —0.04
HD 6.81° 684 -0.03 —0.06
HE 6.52° 6.55 —0.03 -0.04 Thr-21 HN 8.94¢ 8.92 0.02 -0.02
HA 4.40° 447 -0.07 -0.13
Tyr-7 HN 8.64 8.75 -0.09 -0.10 HB 3.64 3.57 -0.07 -0.01
HA 5.09 517 -0.08 -0.10 HG 0.80 092 -012 -0.16
HBI 2.37 252 -0.15 -0.14
HB2 3.11 3.23 -0.12 -0.14 Trp-22 HN 8.76 895 -0.19 -0.24
HD 6.84° 694 -0.10 -0.12 HA 6.16 6.51 -0.35 -0.38
HE 6.48° 6.57 -0.09 —0.11 HB1 2.93 321 -028 -0.26
HB2 2.68 3.02 -034 -0.32
Thr-8 HN 9.15 923 -0.08 -0.10 HD1 6.80 694 -0.14 -0.18
HA 4.53 464 —0.11 -0.10 HE1 8.66 873 -0.07 -0.11
HB 4.82 48 -0.06 —0.08 HE3 6.52" 670 -0.18 —-020
HG 1.18 122 -0.04 -0.07 HH3 6.31° 638 -0.07 -0.10
HZ3 5.68° 580 -0.12 -0.14
Leu-9 HN 9.52 9.60 -0.08 -0.11 HZ2 6.62° 6.69 —-007 —0.10
HA 3.95 408 -013 -0.16
HBI 1.51 1.62 -0.11 -0.13 Leu-23 HN 8.38 898 -—0.60 —0.58
HB2 1.67 .77 -0.10 -0.12 HA 4.43 503 —-0.60 —0.63
HG 0.70 172 -1.02 -1.18
Glu-10 HN 8.38 8.46 -0.08 -0.10 HD1 —0.61° 1.03 —1.64 —1.65
HA 3.87 3.96 -0.09 -0.10 HD2 -0.75° 1.08 -1.83 -2.11
HB1 1.89 196 -007 -0.08
HB2 1.98 205 -0.07 -0.08 1le-24 HN 8.03 865 -0.62 —0.69
HA 4.98 552 —-0.54 —0.53
Glu-11 HN 7.62 771 —0.09 —0.10 HB 1.24 170 -0.46 —0.43
HA 4.03 410 -0.07 -0.09 HG2 0.59 0.90 -0.31 -0.32
HBI 2.26 232 -0.06 -0.08
HB2 2.39 2.46 -0.07 -0.10 Leu-25 HN 8.36 8.85 —0.49 045
HA 4.36 491 -0.55 —0.49
Ile-12 HN 8.42 857 -0.15 -0.14 HBI 1.26 1.88 -0.62 -0.50
HA 3.53 372 -0.19 -0.17 HB2 0.10 0.60 -0.50 —0.35
HB 1.78 198 -020 -0.20 HG -0.16 1.07 -123 -1.23
HG2 0.66 094 -028 —0.27 HD1 —0.84° 064 -148 —1.48
HD2 ~2.10° -048 —-1.62 -—1.52
Glu-13 HN 8.17 833 -0.16 —0.15
HA 4.27 442 -0.15 -0.19 His-26 HN 9.20 9.47 -027 -0.17
HA 3.75 3.83 -0.08 -0.06
Lys-14 HN 7.11 723 -012 -0.12 HD2 7.03° 7.02 0.01 0.26
HA 3.96 403 -0.07 -0.09 HE1 8.25b 8.34 -0.09 0.36
HB1 1.40 1.46 -0.06 —0.09
HB2 1.55 1.59 -0.04 -0.07 Tyr-27 HN 8.21 8.38 -0.17 -—0.16
HA 3.70 3.87 -0.17 -0.15
His-15 HN 1.74 7.89 —-0.15 -0.14 HD 7.01 7.10 -0.09 -0.07
HA 4.04 410 -006 —0.09 HE 6.93 6.9 006 —0.05
HD2 6.83° 6.96 —0.13 —-0.08
HE1 7.86° 7.95 -0.09 -0.09 Lys-28 HN 8.22 8.46 -—0.24 —0.18
HA 4.66 48 -022 -0.16
Asn-16  HN 7.26 7.34  -0.08 —0.08
(continued) (continued)
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Table I (continued)

Table 1 (continued)

September 1990

6ox lsrede Jpc isox (snde ‘spc
obs. calc. obs. calc.
Val-29 HN 8.27 848 -0.21 -0.21 Val-45 HN 9.29¢ 8.22 1.07 1.29
HA 4.04 445 -0.41 -0.37 HA 4.061 4.04 0.02 -0.07
HB 1.00 1.20 -0.20 -0.22 HB 2.21 256 -0.35 0.63
HG1 0.01 0.29 -0.28 -0.27 HG1 1.47 0.77 0.70 2.24
HG2 0.54 0.77 -0.23 -0.21 HG2 1.58* 0.97 0.61 -0.97
Tyr-30 HN 8.81 9.34 -0.53 -0.51 Leu-46 HN 7.29 5.97 1.32 1.15
HA 4.38 479 -0.41 -0.36 HA 3.09 3.8 -0.76 -1.18
HD 6.56° 727 ~-071  —-0.58
HE 6.42° 6.88 -0.46 -0.36 Arg-47 HN 8.42 8.05 0.37 0.44
Asp-31 HN 8.11 837 -0.26 -0.28 Glu-48 HN 8.10 8.07 0.03 -0.10
HA 4.97 524 -0.27 -0.24 HA 3.96 406 -0.10 -0.16
Leu-32 HN 8.34 853 -0.19 -0.30 Gln-49 HN 6.58 7.08 -0.50 -0.61
HA 4.25 430 -0.05 -0.13 HA 4.13 4.57 -0.44 -0.59
HG 0.92 1.60 -0.68 -0.81
HD1 -0.59¢ 089 -1.48 -1.50 Ala-50 HN 6.84¢ 723 -0.39 —-0.42
HD2 -0.12¢ 0.58 -0.70 -0.72 HA 3.74¢ 4.17 -0.43 -0.52
Thr-33 HN 8.66 8.64 0.02 -0.03 Gly-51 HN 9.33 9.75 -0.42 -0.39
HA 3.70 3.49 0.21 0.16 HAl 3.89 409 -0.20 -0.25
HB 4.32 4.24 0.08 0.04 HA2 3.53 377 -0.24 -0.27
HG 1.38 1.24 0.14 0.11
Gly-52 HN 7.37 779 -0.42 -0.48
Lys-34 HN 8.83¢ 8.67 0.16 0.11 HAI 3.52 386 -0.34 —0.40
HA2 4.22 453 -0.31 -0.34
Phe-35 HN 8.11 7.68 0.43 0.32
HA 5.14 4.41 0.73 0.59 Asp-53 HN 8.22 8.50 -0.28 -0.38
HBI1 2.88 2.4 0.44 0.25
HB2 2.54 1.93 0.61 0.44 Ala-54 HN 8.16 9.03 -0.87 -0.74
HD 7.56 6.58 0.98 0.61 HA 4.39 5.20 -0.81 -1.04
HE 8.40 6.52 1.88 1.34 HB 0.11¢ 1.76 —1.65 -1.85
HZ 7.67 7.20 0.47 0.68
Thr-55 HN 8.04 8.61 —-0.57 —0.58
Leu-36 HN 7.82 7.05 0.77 0.66 HA 2.85 330 -045 -0.25
HA 4.82 2.93 1.89 1.57 HB 3.78 397 -0.19 -0.11
HBI1 2.38 1.54 0.84 0.65 HG 0.37 039 -0.02 0.10
HB2 2.10 1.02 1.08 0.88
HG 2.49 1.72 0.77 0.76 Glu-56 HN 8.43 8.69 -0.26 -0.22
HDI 1.22 0.46 0.76 0.67 HA 3.92 3.82 0.10 0.11
HD2 1.30 0.77 0.53 0.38
Asn-57 HN 7.62 797 -0.35 -0.54
Glu-37 HN 8.54 7.57 0.97 0.83 HA 4.26 446 -0.20 -0.46
HA 4.91 3.75 1.16 1.16
Phe-58 HN 7.98 8.69 -0.71 -0.70
Glu-38 HN 8.26 7.02 1.24 1.28
HA 4.86 3.97 0.89 0.81 Glu-59 HN 8.76 8.26 0.50 0.83
HA 5.41 3.76 1.65 2.16
His-39 HN 8.87 6.05 2.82 2.65
Asp-60 HN 8.84 8.08 0.76 0.76
Gly-42 HN 10.43 6.14 4.29 6.41 HA 4.83 4.19 0.64 0.67
HAl 6.05 3.92 2.13 2.43 HBI1 2.98 2.75 0.23 0.26
HA2 5.72 3.34 2.38 2.63 HB2 2.82 2.54 0.28 0.27
Glu-43 HN 9.97 8.13 1.84 1.76 Val-61 HN 8.12 6.63 1.49 1.83
HA 5.83 3.53 2.30 2.44 HA 4.40 3.18 1.22 0.83
Glu-44 HN 9.56 8.26 1.30 1.17 Gly-62 HN 8.93 6.49 2.44 1.66
HA 4.23 3.66 0.57 0.57 HAl 4.88 3.37 1.51 1.34
HA2 5.09 3.16 1.93 1.92
(continued) (continued)
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Table I (continued)
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60:& 51'&‘1e 6pc 6ox (srede ape
obs. calc. obs. calc.
His-63 HN 11.13 6.23 4.90 5.49 Glu-78 HN 8.96 9.09 -0.13 -0.10
HA 7.377 2.57 4.80 5.60 HA 5.17¢ 532 -0.15 -0.13
HBI 9.87* 0.37 9.50 8.57
HB2 10.07* 1.07 9.00 8.66 Leu-79 HN 8.84 899 -0.15 -0.13
HA 4.59 475 -0.16 -0.13
Ser-64 HN 11.67 9.74 1.93 1.37 HG 1.82 1.93 -0.11 -0.12
HA 4.95 4.03 0.92 1.06
His-80 HN 9.02 9.12 -0.10 -0.10
Thr-65 HN 9.26 8.73 0.53 0.46 HA 3.72 378 -0.06 -0.07
HA 4.47 .77 0.70 0.60 HBI1 2.52 260 -0.08 —-0.08
HB2 2.89 6.97 -0.08 -0.08
Asp-66 HN 8.27 8.01 0.26 0.14 HD2 6.90° 6.98 —0.08 -0.06
HEI1 7.52° 7.57 -0.05 -0.04
Ala-67 HN 8.83¢ 8.57 0.26 0.32
HA 4.10¢ 465 —0.55 -0.57 Pro-81 HA 3.61 364 -0.03 -0.05
HB 2.45 1.21 1.24 1.96
Asp-82 HN 11.06 11.12 -0.06 -0.05
Arg-68 HN 9.22 8.13 1.09 1.03 HA 4.43 4.46 -0.03 -0.05
HA 4.46 3.53 0.93 0.94 HBI 2.59 262 -0.03 -0.05
HB2 2.67 271 -0.04 -0.05
Glu-69 HN 9.02 8.67 0.35 0.28
HA 4.25 4.12 0.13 0.10 Asp-83 HN 8.16 826 -0.10 -0.07
HA 4.93¢ 500 -0.07 -0.08
Leu-70 HN 8.33 8.35 -0.02 -0.10 HB!1 2.58 2.66 -0.08 -0.09
HA 4.19 435 -0.16 -0.22 HB2 3.06 3.13  -0.07 -0.11
HBI1 1.73 205 -0.33 -0.49
HB2 2.06 266 —0.60 -0.55 Arg-84 HN 6.99 7.03 -0.04 -0.07
HG 1.41 1.84 -0.43 -0.51 HA 4.03 4.08 -0.05 -0.09
Ser-71 HN 8.42 8.75 -0.33 —0.10 Resonance assignments are for the bovine tryptic fragment of
HA 3.86 411 -0.25 —0.48 cytochrome bs at 30°C in 20 mM potassium phosphate, pH 7.0.
Chemical shift values are referred to 1,4-dioxan, with a resonance at
Lys-72 HN 7.19¢ 728 —0.09 —0.10 3.74 ppm relative to 2,2-trimethyl-2-silapentane-5-sulphonate and are
HA 4.04 418 -0.14 —0.12 quoted to +0.02 ppm. AFuia=5.25, AFmombic=~2.31, &
(Bcale—Oobs)* = 5.9 (omitting sidechains of Phe and Tyr residues, H26
Thr-73 HN 7.63 1.87 —024 ~0.17 HD2 & HE1, G42 HN, V45 HB, HG1 & HG2). ? In agreement with
HA 3.95 401 -0.06 —0.10 [4].® In agreement with [5). ¢ In agreement with [6]. ¢ Corrected from
HB 3.68 377 —0.09 —0.16 (3). © In agreement with [7], given the temperature difference between
HG 0.99 .10  -0.11 —0.07 the two sets of assignments.
Phe-74 HN 7.24 7.60 -0.36 -0.22
S‘S ;:(7,(9):: igg _ gjié _ g:;ﬁ reduced protein states [13,14]. It is clear that subtle
HE 6.75° 6.85 —0.10 —0.09 structural differences can be detected and furthermore
HZ 7.12° 7.03 0.09 0.06 that the method is useful in resolving ambiguity in
lle-75 HN 6.80 698 —018  —0.18 assignments and giving stereospecific assignments.
HA 3.45 3.70 -0.25 -0.25
HB 1.42 1.5 -0.13 -0.17
HG2 072 0.86 —0.14 —on 2. MATERIALS AND METHODS
Protein preparation and NMR measurements were as previously
Ile-76 HN 8.59 885 —-0.26 -0.20 described [3].
HA 4.52 465 —0.13 ~0.12 .
HB 1.76 1.84 —0.08 ~0.12 2.1. Computational procedures
HGI1 0.16° 031 -0.15 ~0.21 Theoretical pseudocontact shifts were calculated using the FOR-
HGI12 —0.11° 0.09 —0.19 —~0.17 TRAN program DISMET in conjunction with the X-ray crystallo-
HG2 0.67 0.80 —0.13 —0.13 graphic coordinates to define proton positions. The program op-
HD —1.20° -1.06 —0.14 —0.16 timises g-tensor values in terms of axial and rhombic anisotropy fac-
tors defined as:
Gly-77 HN 7.29 7.48 -0.19 -0.15 gt Lo 4
HAL 399 412 -013  -0.l AFuin =g~ +£))
HA2 4.33 446 -0.13  -0.09 AFomombic = (g7 — £0)
(continued)
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in conjunction with the Eulerian rotation angles («,8,y) defining the
orientation of the magnetic axes [10]. The best fit of calculated and
observed shifts was assessed by a least squares analysis procedure.
Calculations were performed both with the complete data set given in
Table I and with a slightly smaller set with certain residues omitted for
reasons given below.

3. RESULTS

3.1.. Proton resonance assignments

The assignments presented for ferricytochrome bs
were obtained using sequential assignment techniques
[15] and were made with reference to previously
published data on this redox state [3-6], as summarised
in Table I. However, although the data on ferricy-
tochrome bs are considerably extended, sequential
assignment procedures were limited by difficulties en-
countered when working in HO solutions through the
presence of a broad labile proton resonance downfield
of the solvent resonance, a feature absent from DO
solutions. This feature, whose origin remains unclear,

FEBS LETTERS
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may arise from water molecules in the vicinity of the
heme iron which cannot exchange rapidly with bulk sol-
vent molecules and thus experience paramagnetic
broadening. Sequential assignments as shown in Fig. 1
were in agreement with the pattern of backbone proton
connectivities observed in the complete sequence
specific assignment of ferrocytochrome bs [7]. These
data were collected at 40°C whereas the data on this
redox state presented in Table I were obtained in-
dependently at 30°C.

In the amide region of NOESY spectra of ferricy-
tochrome bs it was further noted that two separate sets
of NOE connectivities involving the residue Gly-42 ex-
isted, as shown in Fig. 2. The second set, of weaker in-
tensity and with proton chemical shifts to slightly lower
field can be followed from Gly-42 through to Glu-44.
The Gly-42 HA1-HA2 crosspeaks are again seen in
COSY spectra with differing intensity. The two sets of
signals observed indicate an additional minor confor-
mation in this region principally involving the residue
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Fig. 1. Phase-sensitive 500 MHz NOESY spectrum of ferricytochrome bs illustrating NOE connectivities between sequential backbone amide pro-
tons (below diagonal) and between amide and aromatic protons (above diagonal). The spectrum was recorded in 90% H>0:10% D;O with 20 mM
potassium phosphate at pH 7.0, 30°C and with a protein concentration of S mM. The mixing time employed was 135 ms.
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Fig. 2. Sequential backbone NOE connectivities from Gly-42 to Glu-44 in the o and amide proton regions from the phase sensitive 500 MHz

NOESY spectrum of ferricytochrome bs. Cross peaks arising from a minor conformation for these residues are indicated by an assignment marked

with a dash. The spectrum was recorded in 90% H;0:10% DO with 20 mM potassium phosphate at pH 7.0, 30°C and a protein concentration
of 5 mM. The mixing time employed was 135 ms.

Gly-42. It was not possible to assess whether the same
feature occurred in ferrocytochrome bs as the dis-
persion of the amide signals was not sufficient to iden-
tify possible major and minor forms.

Stereospecific assignments were made for valine and
leucine methyl protons from NOE connectivities in
NOESY spectra and correlation with expected near
neighbour distances derived from the crystal structure.
One of the methyl groups typically shows a strong in-
traresidue NOE to its HA proton.

3.2. Calculation of g-values and Eulerian angles
The overall correlation between calculated and

observed pseudocontact shifts was found to be excellent .

302

following optimisation of g-values and Eulerian angles
and is reflected in a total for the summed squares of dif-
ferences of only 5.90 when clearly understood ano-
malous values (see Discussion) are omitted from the
data set. Values obtained for the axial and rhombic
anisotropy factors were close to those calculated from
the g-values g, = 1.43, g,=2.23, g,=3.03 measured by
ESR in a frozen solution at 77K [16]. The fit between
calculated and observed pseudocontact shifts did not
vary greatly with the magnitude of the anisotropy fac-
tors but was heavily dependent on the orientation of the
magnetic axes expressed by the Eulerian angles, in
parallel with the situation found for cytochrome ¢
[10,12]. The optimised Eulerian angles were o= —15°,



Volume 269, number 2

B= —7° and y = 83° which are similar to the proposals
of an earlier study based on a small number of redox
state shifts [17].

Several stereospecific assignments were confirmed by
the excellent fit between calculated and observed
pseudocontact shifts for the pairs of methyl groups.
Although a small number of HB protons were assigned
in a similar manner to methyl groups, the remainder
together with the HA protons of Gly residues were
assigned on the basis of the best fit to the pseudocontact
shift data.

4. DISCUSSION

Comparison of the individual calculated and observ-
ed pseudocontact shifts indicates that there are effec-
tively no significant differences for the backbone pro-
tons and that only a small number of sidechains from
the complete data set presented in Table I exhibit a poor
fit. The immediate conclusions are that structural dif-
ferences between (i) the solution and the crystal states
and (ii) the oxidised and reduced forms of the protein
are few.

The behaviour of the exceptional resonances showing
poor agreement can, however, be interpreted in terms
of the mobility of residues as compared with the static
picture provided from the X-ray coordinates [18,19].
The distribution of these residues is indicated on a
schematic representation of the cytochrome bs fold
shown in Fig. 3 [20]. An illustration of mobility is seen
with the aromatic sidechains of phenylalanine and
tyrosine residues which from NMR data are known to
be rapidly flipping. The pseudocontact shift calculation
based on fixed proton positions cannot match those
observed although it is noted that the average of the
calculated shift for the pairs of protons HD1/HD2 and
HE1/HE?2 falls close to the experimental value with the
exception of Phe-35. This sidechain is close to the heme
group and a relatively minor orientational change
would significantly affect the pseudocontact term.
Other sidechains close to the heme, such as that of
Ala-67, also fall into this category. In general the
calculated and observed pseudocontact shifts for all of
the valine and leucine sidechains correlate well, with the
notable exception of Val-45. While the HN and HA
protons of this residue show an excellent fit, the correla-
tion for HB and methyl protons is poor. This is
postulated to arise by virtue of the mobility of this
sidechain which must be rapidly reorienting about the
CA-CB bond. In support of this, it is seen that the HG1
and HG2 chemical shifts are very similar in both oxida-
tion states. A calculated average chemical shift for the
oxidised HG1 and HG2 methyl resonances was found
to be close to 1.5 ppm. The behaviour of this valine
sidechain appears to be unique in cytochrome bs but is
parallel by the residue Val E11 in metmyoglobin [11].
Another significant difference in this region of the fold
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Fig. 3. Schematic ribbon diagram of the cytochrome bs heme binding

fragment after Mathews [20], illustrating the location of amino acid

residues with protons that show a relatively poor fit between observed

and calculated pseudocontact shifts. The two heme ligating histidine
residues, His-39 and His-63, are also indicated.

occurs with the HN shift of Gly-42 although the HA
protons of this residue fit well. The sequence in this
region from the axial heme ligand His-39 runs His-Pro-
Gly-Gly-Glu-Glu-Val and has been classified as a &-
bend leading into a-helix III beginning at Glu-43 [18].
The second Gly residue appears to be conformationally
mobile as is also confirmed by the observation of two
sets of proton resonances indicating a major and minor
form of Gly-42 in solution. This local feature does not
appear to be related to the two forms of cytochrome bs
noted previously which differ in the orientation of the
heme group [6,21]. These isomers, occurring in an 8:1
equilibrium ratio, were found to result from a 180°
rotation of the heme about the a,y-meso proton axis.
Some small differences in amino acid side chain orien-
tation were suggested between the two forms for
residues in the heme pocket [21]. It seems unlikely that
this heme disorder could account for the distinct dif-
ferences seen in the Gly-42 region as this is more distant
from the immediate heme environment and also cor-
responding effects which might be expected for other
similarly located residues have not been noted. Mobility
of a Gly-Gly sequence has been suggested before in
analyses of NMR spectra of yeast iso-1-cytochrome ¢
where it has proved impossible to assign the sequence of
two glycines at positions 83 and 84 [22].

An unusual discrepancy is noted for the aromatic
protons of His-26, a residue lying on the surface of the
protein [18]. Although the observed pseudocontact
shifts are close to zero, those calculated have a signifi-
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cant value and in the case of the HE1 proton are of op-
posite sign. Diffraction studies show that His-26 is not
involved in hydrogen bonding but is instead associated
with the carboxyl protons of Glu-59 in an electrostatic
interaction [18]. In the NOESY spectra of both oxidised
and reduced forms, strong NOE connectivities are seen
from His-26 HE1 to Glu-59 HG1, HG2 (at 3.02 and
3.13 ppm) and Thr-55 HG as expected from the crystal
structure. Thus there is no apparent difference between
solution and crystal states which might explain this
anomaly. In view of the above discrepancy and the
observation that His-26, with a pK, of 6.9 [23], must ex-
ist in both protonated and deprotonated forms at the
pH of our study, it is likely therefore that the NMR
paramagnetic shift for this residue is some average of
different structures which cannot be reconciled easily
with the crystal structure data. There is always a danger
in NOE data in that certain states are over-represented.

In conclusion, this study has demonstrated the use of
the pseudocontact shift for a comparative study of the
solution structure of cytochrome bs in both oxidised
and reduced states. The shift data extend to 29 A from
the heme iron atom with subsequent analysis showing
that the redox switch between oxidised and reduced
cytochrome bs generates no noticeable conformational
change in solution, a feature which contrasts with the
case for cytochrome ¢ [12]. This observation agrees
with crystal studies showing that cytochrome bs but not
cytochrome ¢ can be reduced in the crystal without
break-up [18,24,25]. Furthermore, the method allows
details of local mobility to be characterised which are
not observed from diffraction studies.
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