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Figure S1. Portion of the 600 MHz 1H NMR spectrum of NmHO-DMDH-2H2O in 1H2O, 50 mM
phosphate, pH 7.0 at 25°C illustrating inter-residue contacts between the pairs (A) His141/Leu142,
His141/Tyr142; (B) sequential contacts from Ala139-Arg140 as well as intra-molecular contacts for the
two Trp110, 153; (C) sequential Ni-Ni+1 contacts for part of the proximal helix and intra-residue contacts
for the key members of the H-bond network, Glu49 and His53 side chains. (D) inter-residue contacts for
Gln49 NH2/Leu142 that determine the Gln49 side chain orientation,25, 26 as well as Leu142/Ala143,
Val22/Phe181 and Leu142/Phe45 contacts.  Protons are labeled by the residue number and position,
except for peptide NHs which are labeled only by number.
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Figure 2S.  Low-field portion of the 500 MHz TOCSY spectrum (mixing time 20 ms, repetition rate
2 s-1) of NmH O-DMDH-H2O in 1H2O, 50 mM phosphate at pH 7.0 at 25°C, illustrating scalar
connections for aromatic residues.
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Figure 3S.  High-field portion of the 500 MHz TOCSY spectrum of NmHO-2F4VDH-H2O in 1H2O, 50
mM phosphate, pH 6.8 at 25°C, illustrating scalar contacts for the strongly upfield dipolar shifted
residue Leu15, Thr20, Ala21, Val22, Asp24 and Leu142, as well as for a primarily aromatic ring-current
shifted Val81.
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Figure 4S.  Low-field portion of the 600 MHz "3:9:19" 1H NMR NOESY spectrum (mixing time 40
ms, repetition rate 3 s-1) of NmHO-2F4VDH-H2O in 1H2O, 50 mM phosphate, pH 6.8 at 25°C,
illustrating contacts involving members of the H-bond network (A-C) and interaction between the
Gln49 and Leu142 that establishes that the Gln49 side chain is rotated 180° about the Cβ-Cγ bond in
solution25, 26 relative to that in the crystal of NmHO-PH-H2O.14
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Table S1.  Substrate chemical shifts for NmHO-substrate-H2O complexes as a function of substrate

substituents.a

                                  Substrate                                                   

DMDHb 2M4VDHc PHd 2F4VDHe

Methyls 78.3 81.0 80.5 (M8)f 83.6

77.8 77.7 76.3(M5) 70.6

75.7 75.8 65.6 (M1) 67.4

70.1 64.0 64.8 (M3)

Propionate 53.8 56.0 55.1 56.1

And vinyl 51.6 51.2 50.3 54.7

CαHs 50.0 49.6 50.0 51.3

44.3 46.3 47.7 48.2

38.8 37.5 34.6

Vinyl CβHs -9.7 (H4β) -5.1(H2β) -6.1(H4β)

-15.9 (H4β) -11.3 (H2β) -13.2 (H4β)

-8.6 (H4β)

-15.0 (H4β)

a)  Chemical shifts, in ppm, from DSS, in 1H2O, 100 mM in phosphate, pH ~7.0 at 25°C.

b)  2,4-dimethyldeuterohemin (R2 = R4 = methyls) in Figure 2.

c)  2-methyl,4-vinyldeuterohemin (R2 = methyl, R4 = vinyl in Figure 2).

d)  Protohemin (R2 = R4 = vinyl); data taken from Ref. 26.

e)  2-Formyl, 4-vinyldeuterohemin or spirographis hemin (R = formyl, R4 = vinyl in Figure 2).

f)  Assignment given in parentheses, if determined.26
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Table S2.  Chemical shift data for NmHO-substrate-H2O complexes as a function of substrate

substituentsa

DMDHb           2M4VDHc              PHd               2F4VDHe       δdip(calc)f , PH
Phe11 NH 9.13 9.13 9.13 0.13

CαH 4.58 4.57 4.56 0.13
Cβ1H 3.46 3.47 3.45 3.40 0.17
Cβ2H 3.66 3.68 3.67 3.63 0.13
CδHs 7.37 7.35 7.34g 7.27 0.16
CεHs 7.27 7.27 7.30 0.18
CζH 7.13 7.09 7.14 0.20

Ala12 NH 9.51 9.53 9.51 9.40 0.26
CαH 4.03 4.06 4.04 3.93 0.43
CβH3 1.88 1.89 1.87 1.76 0.40

Leu15 CγH 0.98 0.99 1.07 1.05 0.29
Cδ1H3 0.13 0.14 0.15 0.08 0.43
Cδ2H3 0.73 0.75 0.77 0.87 0.36

Thr20 NH 5.97 6.00 6.02 g -0.83
CαH 0.29 0.33 g -2.37
CβH 2.52 2.61 2.69 g 2.60 -1.22
CγH3 -0.83 -0.75 -0.60 g -0.43 -2.04

Ala21 NH 6.50 6.60 -1.32
CαH 1.78 1.85 2.03 g 2.32 -1.57
CβH3 -0.04 0.04 0.15 g 0.32 -0.93

Val22 NH 6.20 6.21 6.36 6.68 -1.38
CαH 2.04 2.11 2.19 2.55 -1.25
CβH 0.50 0.57 0.65 0.87 -0.77
Cγ1H3 -0.75 -0.65 -0.63 -0.38 -0.91
Cγ2H3 -0.23 -0.17 -0.12 0.07 -0.62

His23 Cβ1H 27.6 28.6 27.8 26.9 -8.4

Asp24 Cβ1H -0.53 -0.50 -0.37 0.03 -2.20
Cβ2H -0.80 -0.75 -0.60 -0.22 -2.51

Met31 NH 9.51 9.45 9.32 9.23 0.84
CαH 5.47 5.41 5.30 5.16 0.63
Cβ1H 2.90 2.88 2.77 2.68 0.53
Cβ2H 3.01 2.95 2.90 2.78 0.54

Phe36 CαH 5.00 5.00 5.04 0.12
Cβ1H 2.82 2.82 2.82g 0.12
Cβ2H 3.48 3.48 3.41g 0.18
CδHs 7.17 7.17 7.20 0.24
CεHs 6.84 6.85 6.89 0.16

Tyr42 CδHs 6.83 6.87 6.87 6.85 0.03
CεHs 6.51 6.56 6.58 6.59 -0.07
OηH 8.69 8.77 8.75 8.79 -0.20
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Phe45 CδHs 7.35 7.38 7.43 7.35 0.20
CεHs 7.88 7.98 7.95 7.87 0.33
CζH 0.19

Gln49 Nε1H 8.95 8.99 9.18 9.27 -0.58
Nε2H 5.82 6.06 6.21 6.38 -0.83

Phe52 NH 8.42 8.44 8.38 0.24
CαH 4.92 4.84 4.86 4.79 0.32
Cβ1H 3.86 7.80 3.79 3.66 0.37
Cβ2H 3.53 3.49 3.48 3.46 0.50
CδHs 7.80 7.76 7.70 0.46
CεHs 8.25 8.15 8.07 0.70
CζH 8.68 8.55 8.46 1.02

His53 NH 9.06 9.06 9.02 9.09 0.11
CαH 4.42 4.57 4.48 0.06
Cβ1H 3.01 3.09 3.09 3.11 -0.09
Cβ2H 2.74 2.73 2.77 2.79 -0.06
Cδ1H 6.92 6.99 7.01 -0.11
Cε2H 6.86 6.99 7.06 -0.60
Nε1H 10.72 10.82 10.92 11.10 -0.56

Tyr60 CδHs 6.54 6.56 6.58 -0.02
CεHs 7.26 7.28 7.29 -0.04
OηH 9.95 9.96 9.96 -0.22

Ala80 NH 7.29 7.34 7.37 7.40 -0.23
CαH 3.70 3.72 3.75 3.82 -0.23
CβH3 0.69 0.69 0.72g 0.80 -0.35

Val81 CαH 3.26 3.28 3.32 3.36 -0.26
CβH 1.29 1.36 1.37 1.41 -0.23
Cγ1H3 0.48 0.51 0.52 0.55 -0.14
Cγ2H3 -0.05 -0.02 0.04 0.07 -0.27

Gly109 NH 7.92 7.92 7.93 7.83 0.24
Cα1H 5.26 5.30 5.36 5.29 0.31
Cα2H 4.43 4.29 0.39

Trp110 NH 8.08 8.08 8.07 0.32
Cδ1H 7.72 7.70 7.69 0.26
Nε1H 11.92 11.91 11.91 11.84 0.22
Cε2H 7.21 7.20 7.18 0.38
Cζ2H 7.70 7.68 7.67 0.22
Cζ2H 7.72 7.71 7.70 0.34
Cη2H 6.91 6.90 6.88 0.26

Tyr112 NH 9.18 9.18 9.18 9.11 0.50
CαH 5.31 5.29 5.30 5.20 0.71
Cβ1H 4.40 4.39 4.38 4.28 0.66
Cβ2H 3.98 3.99 4.00 3.88 0.58
CδHs 8.35 8.34 8.30 8.20 0.87
CεHs 8.90 8.82 1.06
OηH 14.6 14.7 14.8 14.0 1.56
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Cys113 NH 9.38 9.33 9.30 9.08 0.95

Ala114 NH 9.88 9.90 9.90 9.72 0.86
CαH 4.92 4.98 5.04 4.90 0.69
CβH3 1.96 2.09 2.10 2.19 0.28

Glu115 NH 9.85 9.94 10.01 10.12 0.51
CαH 3.23 3.29 3.32 3.47 -0.36

Gly116 NH 9.7 9.5 1.16

Asn118 Cβ1H 0.33 -0.36 -0.41 -1.98
Cβ2H 0.15 -0.18 -0.26 -1.86

Ala121 CβH3 -3.74 -3.41 -3.14 -2.35 -4.50

Phe125 CαH 3.16 3.18 3.25 3.35 -0.53
Cβ1H 1.85 1.86 1.92 2.09 -0.66
Cβ2H 1.90 1.92 2.03 2.20 -1.00
CδHs 6.28 6.28 6.37 6.46 -0.54
CεHs 6.55 6.56 6.63 6.67 -0.39
CζH 6.72 6.71 6.78 -0.35

Tyr133 CαH 5.05 5.10 5.16 5.10 -0.11
Cβ1H 3.15 3.15 3.20 3.20 -0.14
Cβ2H 2.01 2.05 2.10 2.10 -0.11
CδHs 6.40 6.43 6.50 6.47 -0.06
CεHs 6.45 6.48 6.53 6.50 -0.02

His137 CδH 7.02 7.02 -0.08
CεH 8.01 8.00 -0.07

Gly138 NH 10.10 10.12 10.15 10.19 -0.11
Cα1H 3.56 3.60 3.62 3.66 -0.0
Cα2H 3.21 3.26 3.26 3.31 -0.10

Ala139 NH 7.30 7.32 7.36 7.40 -0.22
CαH 4.07 4.13 4.17 4.24 -0.34
CβH3 0.60 0.62 0.68 0.73 -0.32

Arg140 NH 11.71 11.73 11.77 11.80 -0.28
CαH 3.36 3.41 3.46 3.54 -0.36
Cβ1H 1.32 1.36 1.40 1.40 -0.31
Cβ2H 1.20 1.21 1.22 1.30 -0.25
NεH 9.67 9.61 9.72 9.68 -0.18

His141 NH 10.30 10.32 10.37 10.45 -0.42
CαH 3.19 3.27 3.30 3.40 -0.60
Cβ1H 1.85 1.89 1.92 2.00 -0.42
Cβ2H 2.13 2.19 2.24 2.34 -0.58
Cδ2H 5.13 5.19 5.31 5.45 -0.86
Cε1H 7.00 7.09 7.14 7.20 -0.29
Nδ1H 12.76 12.80 12.88 12.94 -0.36

Leu142 NH 5.87 5.93 6.03 6.11 -0.69
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CαH 2.04 2.19 2.32 2.60 -1.51
Cβ1H -0.15 -0.06 0.10 0.25 -1.16
Cβ2H 0.55 0.61 0.70 0.83 -0.76
CγH -1.03 -0.91 -0.77 -0.63 -0.77
Cδ1H3 0.11 0.18 0.33 0.36 -0.53
Cδ2H3 -1.31 -1.13 -0.85 -0.70 -1.45

Ala143 NH 5.86 5.87 5.94 6.08 -0.73
CαH 2.05 2.00 2.09 -0.70
CβH3 0.55 0.57 0.67 -0.51

His145 CδH 5.97 5.98 -0.25
Cε1H 7.28 7.35 -0.16

Asp147 NH 10.40 10.38 10.33 10.35 -0.27
CαH 4.48 4.47 4.48 4.50 -0.17
Cβ1H 2.63 2.63 2.63 2.65 -0.14
Cβ2H 2.59 2.59 2.59 -0.20

His152 CδH 6.56 6.55 6.51 -0.19
CεH 7.89 7.90 8.01 -0.27

Trp153 Cδ1H 7.88 7.84 7.82 7.62 0.50
Nε1H 11.49 11.49 11.43 11.10 0.89
Cε3H 7.12 7.11 7.00 0.11
Cζ2H 9.77 9.77 9.76 1.25
Cζ3H 7.12 7.10 7.04 0.62
Cη2H 8.97 8.97 8.85 1.27

Phe156 CδHs 7.00 6.99 6.99 7.01 0.17
CεHs 7.43 7.43 7.45 7.41 0.23
CζH 7.25 7.25 7.25 7.21 0.22

Asn161 Nδ1H 7.64 7.64 7.63 0.18
Nδ2H 6.68 6.68 6.68 0.22

Ala180 NH 8.80 8.78 8.75 8.70 0.37
CαH 3.19 3.12 3.08 3.03 0.44
CβH3 1.35 1.33 1.33 1.18? 0.63

Phe181 NH 8.48 8.48 8.48 8.44 0.45
Cβ1H 2.89 2.93 2.95 2.90 -0.06
Cβ2H 2.48 2.48 2.52 2.51 -0.04
CδHs 7.63 0.66

Ala182 NH 8.11 8.12 8.15 0.18
CαH 4.08 4.08 4.05 0.08
CβH3 1.65 1.65 1.64 0.06

Phe183 NH 8.92 8.89 0.27
CαH 4.83 4.80 4.78 4.75 0.23
Cβ1H 3.90 3.85 3.82 3.75 0.36
Cβ2H 4.02 4.00 3.98 3.91 0.24
CδHs 8.03 7.98 7.96 7.92 0.29
CεHs 7.70 7.65 7.64 7.61 0.22
CζH 7.27 7.23 7.22 7.20 0.19
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Tyr184 NH 9.14 9.05 8.97 0.54
CαH 4.86 0.61
Cβ1H 4.60 4.40 4.28 0.93
Cβ2H 4.23 4.18 4.07 1.02
CδH 7.60 7.44 1.06
CεHs 8.1 7.95 1.16

Val186 NH 8.19 8.19 8.20 8.17 0.23
CαH 3.80 3.80 3.78 3.76 0.15
CβH 2.63 2.61 2.60 2.60 0.19
Cγ1H3 1.18 1.17 1.12 1.16 0.14
Cγ2H3 1.35 1.35 1.36g 1.35 0.12

Val187 NH 8.40 8.38 8.41 8.37 0.28
CαH 3.70 3.70 3.70 3.65 0.21
CβH 1.90 1.90 1.93 1.83 0.35
CγH3 0.99 0.99 1.02 0.95 0.25
CγH3 0.42 0.42 0.42 0.36 0.25

a)  Observed chemical shift, δDSS(obs), in ppm, referenced to DSS, in 1H2O solution, 100 mM in

phosphate, pH ~7.0 at 25°C.

b)  2,4-dimethyldeuterohmin (R2 = R4 = methyl) in Figure 2.

c)  2-methyl, 4-vinyldeuterohemin (R2 = methyl, R4 = vinyl) in Figure 2.

d)  Protohemin (R2 = R4 = vinyl) in Figure 2.

e)  2-formyl, 4-vinyldeuterohemin (spirographis heme) (R2 = formyl, R4 = vinyl) in Figure 2.

f)  Dipolar shift, in ppm, calculated for the NmHO-PH-H2O complex with Eq. (1) and the reported

magnetic axes.26

g)  Corrections to values reported in Ref. 26.


