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Figure S1. "H NMR spectra of the Ht series of variants and Hf WT in the Fe'" oxidation state.
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Figure S2. '"H NMR spectra of Pa WT and Pa F7A in both the Fe'" and Fe" oxidation states.
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Figure S3. Overlay of natural-abundance "H-">C HMQC spectra showing heme methyls of Ht

series of mutants in the Fe' oxidation state.
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Figure S4. Overlay of natural-abundance "H-">C HMQC spectra showing heme methyls of Pa
WT and Pa F7A in the Fe'" oxidation state.
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Figure S5. Overlay of '"H-""C HMQC spectra of 5-°C-ALA labeled Ht-series of mutants in the
Fe'" oxidation state.
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Figure S6. Overlay of "H-""C HMQC spectra of 5-°C-ALA-labeled Pa WT and Pa F7A in the
Fe' oxidation state.
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Figure S7. Overlay of "H-""C HMQC spectra of 5-°C-ALA labeled Pa WT and Pa F7A in the

Fe'! oxidation state.

Figure S8. 1-D °C NMR spectra of the Ht series of variants in the Fe'" oxidation state labeled
with 5-">C-ALA. Peaks are labeled according to their assignment as a meso (m) or a-pyrrole ()

carbon.
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Figure S9. 1-D °C NMR spectra of Pa and Pa F7A in the Fe'" oxidation state labeled with 5-
13
C-ALA.
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Figure $10. 1-D >C NMR spectra of the 4-°C-ALA labeled samples of the H series in the Fe''
oxidation state.
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Figure S11. 1-D ’C NMR spectra of the 4-°C-ALA labeled samples of Pa WT and Pa F7A in
the Fe'"" oxidation state.
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Figure S12. 1-D >C NMR spectra of Pa WT with both ALA labeling patterns in the Fe'"
oxidation state. The splittings observed in the spectrum of the 5-"°C-ALA labeled sample are a

result of adjacent °C isotopes with a 'Jcc value of ~ 67 Hz. The samples are also only partially
labeled, accounting for the complexity of the observed spectrum.
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Figure S13. EXSY NMR spectrum of Pa F7A showing crosspeaks of the heme methyl 'H
resonances between the oxidized and reduced states.
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Figure S14. (a) Temperature dependence of the three unambiguously assigned p-pyrrole °C
shifts of Pa F7A (black squares) compared to the two peaks with ambiguous assignments (blue
diamonds, red triangles). (b) Temperature dependence of the seven unambiguously assigned o.-
pyrrole °C shifts of Pa F7A (black circles) compared to the two peaks with ambiguous
assignments (blue diamonds, red triangles). (a and b) The blue diamonds represent the peak
tentatively assigned to a B-pyrrole carbon based on its lower shift and temperature dependence.
The red triangles represent the peak tentatively assigned to an a-pyrrole carbon. Individual shifts
are reported in Table S11. Data for Pa WT is shown in Figure 3 of the main article.
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Figure S15. Overlay of 'H-""N HSQC spectra of Fe'" Pa WT and Pa F7A at 25 °C. The axial
His 8;-NH peaks are the two with the "N shift > 160 ppm.
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Figure S16. Plot of calculated versus observed pseudocontact shifts used for the determination
of the magnetic axes of Ht WT at 40 °C.



Equations S1 and S2. Inclusion of a ligand-centered pseudocontact shift term in the porphyrin
spin density calculations.

Equation S1:
S(S+1) « (PESS+DY (¢ 4
O +058 ), = A5 +1) S 4305 +05)+D|pr +| === |05
( rc 1 Opc )p’ ( y 73k, T ( Oce +Qcc) Pg y 13k, T (QcchPq)
Equation S2:
pgS(S+1) ~ (PSS +1) . # .
(‘5pc +0pc )a = (W (S 4200 +05y)+ Dol + W (065 +0cc Py + Oye O3

Table S1. Euler rotation angles and magnetic anisotropies Pa cyt c¢ss; at 25 °C and Hf cyt css; at

40 °C.
a B v | Ayax (/1077 m?) Ay (/10 m?)
Pa WT* 90° | 5° | 258° 2.98 -1.13
Pa F7A? 90° | 5° | 258° 2.86 -1.26
Ht WT¢ 81° | -3.5° | 230° 2.81 -0.494
Ht K22M? 81° | -3.5° | 230° 2.66 -0.498
Ht M13V? 81° | -3.5° | 230° 2.52 -0.506
Ht M13V/K22M? | 81° | -3.5° | 230° 2.44 -0.514

“Values taken from ref. 1. "Values scaled from Pa or Ht WT' according to the variant's g values
determined from EPR.> “Values determined herein.
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Table S2. Selected chemical shifts of heme and axial Met of reduced (Fe") Pa WT, determined
herein. Shifts for the axial His of reduced Ht are provided (from ref. 3). These values were used

as diamagnetic reference shifts.

ddia (ppm)

'H methyl
PC methyl
"H meso
BC meso
PC a-pyrrole
BC B-pyrrole
Met61 &-C'H;
His16 8;-"N°
His 16 §;-N'H*

3.51
14.68
9.55
99.7
147.7
144.8
-2.9
120.4
6.73

“These values are assignments of reduced Ht cyt ¢ssy.”

Table S3. Values used for the proportionality constants between spin density and the hyperfine
coupling constant, A". These are used in Equations 6-10 in the main text.

O -63 MHz
Ofc -39 MHz
S¢ -35.5 MHz
O 40.3 MHz
oS, 54.6 MHz
O& 40.3 MHz
Ore -39 MHz
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Table S4. 'H resonance assignments for Ht WT determined at 40 °C at pH 7.0. Assignments
were performed in both the ferric (ox) and ferrous (red) states. The pseudocontact shifts (8pc)
were calculated by subtracting 6.4 from 8., and were used to determine the magnetic axes and
anisotropy. QB designates methyl groups for which rotationally averaged coordinates were used
in the magnetic axes fitting procedure.

Residue | Atom | 94 Ored Ope Residue | Atom | 94 Ored Ope
A7 HN | 748 | 7.85 | -0.36 A45 HN | 8.57 | 8.71 | -0.14
K8 HN | 7.95 | 8.08 | -0.13 A45 HN | 3.50 | 3.85 | -0.35
Q9 HN | 835 | 844 | -0.10 A45 QB 1.23 | 1.37 | -0.15
K10 HN | 7.89 | 841 | -0.52 148 HN | 851 | 790 | 0.62
Cl12 HN | 8.10 | 8.85 | -0.76 K50 HN | 932 | 7.84 | 1.48
Cl12 HA | 334 | 5.04 | -1.70 K50 HA | 5.09 | 391 | 1.19
M13 HN | 836 | 7.89 | 047 G5l HN 1031 ] 7.12 | 3.19
M13 HN | 6.25 | 4.65 | 1.60 G52 HN |10.12 | 7.50 | 2.62
D17 HN |10.20 | 7.56 | 2.64 V55 HN | 9.83 |10.28 | -0.45
D17 HA | 587 | 439 | 148 V55 HA | 3.73 | 3.94 | -0.21
L18 HN | 9.13 | 824 | 0.89 V55 HB | 2.06 | 2.59 | -0.53
V23 HN | 7.70 | 7.08 | 0.61 W56 HN | 9.58 11045 ]| -0.87
V23 HA | 3.65 | 399 | -0.35 W56 HA | 428 | 4.70 | -0.42
A26 HN | 947 | 830 | 1.18 W56 HD1 | 640 | 7.76 | -1.37
A26 HA | 581 | 3.82 | 1.99 W56 HEl | 10.94 | 12.12 | -1.18
A26 QB 1.51 | 0.65 | 0.86 V59 HN | 7.00 | 7.72 | -0.72
Y27 HN | 945 | 7.77 | 1.68 V59 HA | 393 | 456 | -0.64
Y27 HA | 441 | 4.01 | 040 V59 HB 1.03 | 2.28 | -1.25
D29 HN | 7.07 | 6.76 | 0.31 L74 HN | 8.29 | 8.88 | -0.59
V30 HN | 7.76 | 7.59 | 0.17 L74 HA | 3.63 | 433 | -0.70
V30 HA | 3.79 | 4.06 | -0.27 178 HN | 8.00 | 8.71 | -0.71
V30 HB | 2.17 | 2.37 | -0.20 178 HA | 224 | 248 | -0.24
K32 HN | 7.36 | 7.33 | 0.03 181 HN | 7.08 | 7.18 | -0.10
K32 HA | 4.07 | 413 | -0.06 181 HA | 3.68 | 3.65 | 0.03
L44 HN | 8.54 | 8.77 | -0.23 181 HB 1.67 | 1.63 | 0.04
L44 HA | 329 | 3.57 | -0.28
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Table S5. Contributions to the paramagnetic chemical shifts (ppm) of the heme and axial ligands
of Ht WT and Ht K22M at 40 °C.

Ht WT Ht K22M
Opara OpS Oy +05S Opara O Ope +05C
'H methyl 18.15  —2.61 20.76 18.02 —2.48 20.50
C methyl 514 43 471 514 41 473
'"H meso 592 771 1.79 597 729 132
PC meso 640 -17.9 —46.0 642 -17.0 472
BC a-pyrrole 939  -23.6 -70.2 936 223 712
PC B-pyrrole  14.1 9.2 233 126 87 213

Table S6. Contributions to the paramagnetic chemical shifts (ppm) of the heme and axial ligands
of Ht M13V and Ht M13V/K22M at 40 °C.

Ht M13V Ht M13V/K22M
5para 5}/&/ICC (SFC + 5;5 5para 5}/&/ICC (SFC + (Slfg
'"H methyl 1739 236 19.76 17.07 230 19.37
C methyl 51,1 -39 472 512 3.8 474
'"H meso 628  —6.90 0.62 637  —6.67 0.30
PC meso —62.8  —16.1 —46.7 —62.8 -155 473
BC a-pyrrole  —-102.9 -21.1 -81.8 ~105.8 204 -85.4
PC B-pyrrole 6.2 82 144 1.9 79 98

Table S7. Contributions to the sum of the average contact and ligand-centered pseudocontact
shifts (in ppm) for selected heme nuclei. The contributions from the spin density on each of the
nuclei are shown independently. The data shown are for Ht WT at 40 °C.

Preso Phopyrote Pracpyrrole P-pyrrole
"H meso 1.8 - - -
C methyl - —47.1 - -
PC meso 9.9 - —36.2 -
C B-pyrrole - 41.4 -18.1 -
BC a-pyrrole 4.4 —47.1 34.0 —61.4
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Table S8. Contributions to the change in the average contact and ligand-centered pseudocontact
shifts (in ppm) for selected heme nuclei. The contributions from the spin density on each of the
nuclei are shown independently. The data shown are for Ht K22M-WT at 40 °C.

Prmeso P /J; _pyrrole Oa- pyrrole O pyrrole
"H meso —0.55 - - -
C methyl - —0.16 - -
BC meso 3.04 - -4.24 -
BC B-pyrrole - 0.14 —2.12 -
BC a-pyrrole  —1.35 —0.16 3.98 ~3.48

Table S9. Contributions to the change in the average contact and ligand-centered pseudocontact
shifts (in ppm) for selected heme nuclei. The contributions from the spin density on each of the
nuclei are shown independently. The data shown are for Ht M13V-WT at 40 °C.

Oreso /Y Z —pyrrole pZ- pyrrole P ;- pyrrole
"H meso —2.73 - - -
BC methyl - 0.40 - -
C meso 15.1 - —16.1 -
C B-pyrrole - —0.35 —-8.03 -
C a-pyrrole -6.73  0.40 15.1 —20.3

Table S10. Contributions to the change in the average contact and ligand-centered pseudocontact
shifts (in ppm) for selected heme nuclei. The contributions from the spin density on each of the
nuclei are shown independently. The data shown are for Ht M13V/K22M-WT at 40 °C.

Prmeso Y Z _pyrrole Oa- prrole 9 - pyrrole
"H meso —4.07 - - -
C methyl - 0.53 - -
BC meso 22.5 - -24.3 -
C B-pyrrole - —0.46 ~12.1 -
BC a-pyrrole ~10.0  0.53 22.8 —28.5
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Table S11. Temperature dependent shifts of meso, a-pyrrole, and p-pyrrole core heme "°C shifts
in ppm collected for Fe'" Pa WT at 25 °C.

13 .
Clabeling  \yclews 283K 290.5K 298K 3055K 313K
pattern
meso 19.5 22.9 26.1 29.4 32.0
13 meso 22.7 25.2 27.3 29.4 32.0
SCALA T eso 306 326 345 366 38.5
meso 56.3 56.8 59.0 60.3 61.5
o-pyrrole  -5.7 -0.7 4.0 9.2 14.3
13 o-pyrrole  37.9 40.6 43.5 46.8 50.3
5-"C-ALA o-pyrrole  54.7 57.7 59.0 61.6 64.3
o-pyrrole  62.8 65.0 67.4 69.9 72.8
a-pyrrole  -27.8 -21.8 -16.0 -9.9 -3.6
13 o-pyrrole  -4.2 0.5 5.0 9.8 14.7
4-TCALA a-pyrrole  -0.1 4.2 8.4 12.9 17.7
o-pyrrole  61.7 62.7 63.9 65.5 67.4
B-pyrrole  84.1 87.5 90.9 94.5 98.3
B3 B-pyrrole  117.3 119.3 121.5  123.8 126.5
4-TCALA B-pyrrole  155.8 156.1 156.4  156.9 157.6
B-pyrrole  201.1 199.3 1979  196.8 196.0

Table S12. Temperature dependent shifts of meso, a-pyrrole, and p-pyrrole core heme "°C shifts
in ppm collected for Fe'" Pa F7A at 25 °C.

13 -
Clabeling  \jujeus 283K 2905K 208K 3055K 313K
pattern
meso 19.2 223 254 28.8 31.8
13 meso 23.9 26.4 28.8 31.3 33.8
SCALA T eso 37.5 399 419 439 45.8
meso 52.8 54.2 58.3 56.9 58.1
o-pyrrole  -13.3 -8.8 -4.4 0.5 53
13 o-pyrrole  40.9 43.8 46.7 49.9 53.2
5-"C-ALA o-pyrrole  54.2 56.3 55.6 60.7 63.2
o-pyrrole  61.6 63.8 66.0 68.4 71.0
a-pyrrole  -23.1 -17.1 -11.4 -5.3 0.7
13 a-pyrrole  -11.9 -7.5 -3.2 1.6 6.4
4-TCALA a-pyrrole 5.7 10.0 14.1 18.5 22.8
o-pyrrole  68.9 69.8 70.7 72.0 73.3
B-pyrrole  83.7 86.9 90.2 93.6 97.3
13 B-pyrrole  121.5 123.1 124.8  126.7 128.8
4-TCALA B-pyrrole  146.4 146.2 146.1 1464 146.9
B-pyrrole  203.7 202.2 201.0  200.0 199.2
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Table S13. List of heme 'H and "°C shifts in ppm used in this study. Data for the Fe

I forms of

Pa cyt css1 and Ht cyt cssp variants were collected at 25 °C and 40 °C, respectively. Specific

assignments were not made.

Ht M13V
Nucleus PaWT  PaFIA  HtWT HtK22M HIMI3V oo

PC meso® 26.3 25.8 23.8 23.2 23.3 22.8
PC meso® 27.7 29.1 34.1 32.9 35.5 34.5
BC meso® 34.8 42.2 34.7 35.2 38.9 39.3
C meso® 59.2 55.7 50.3 50.7 49.9 50.9
"H meso® 8.73 899  0.14 -0.14 -0.12 -0.45
'H meso® 6.20 6.54  0.83 0.57 -0.03 -0.32
'H meso® -1.36 -2.23 6.44 6.58 5.88 6.00
'H meso® -3.03 297  7.10 7.31 7.33 7.48
BC a-pyrrole® 4.0 -4.4 38.9 38.2 27.3 24.1
BC a-pyrrole® 43.5 46.7 74.9 76.6 64.4 63.3
BC a-pyrrole® 59.0 55.6 74.9 76.6 66.0 65.6
C a-pyrrole® 67.4 66.0  80.6 81.6 73.9 72.4
BC a-pyrrole” -16.0 -11.4 255 24.5 16.4 11.3
BC a-pyrrole” 5.0 3.2 34.9 33.2 26.0 20.3
BC a-pyrrole” 8.4 14.1 42.1 40.1 32.2 26.6
BC a-pyrrole” 63.9 70.7  59.1 62.3 523 51.7
13C B-pyrrole® 90.9 90.2  134.9 131.3 126.9 120.1
3C B-pyrrole® 121.5 1248  137.2 134.8 131.0 127.0
B¢ B-pyrrole” 156.4 146.1 1437 141.6 132.2 127.0
3C B-pyrrole® 197.9 201.0 219.9 222.0 213.8 212.7
C methyl -21.5 -17.0 427 -42.4 -43.0 -42.9
BC methyl -38.2 363 -38.8 -39.4 -39.6 -40.5
C methyl -47.5 493 -333 -32.2 31.2 -30.1
C methyl -56.7 -56.7  -32.1 -32.9 -31.9 -32.6
'"H methyl 13.21 10.89  23.95 23.66 23.33 22.83
'H methyl 17.95 16.98 2241 22.73 22.15 22.36
'"H methyl 24.88 2547 2246 21.63 20.76 19.67
'H methyl 32.21 3216 17.83 18.11 17.38 17.48

“Chemical shifts obtained from samples isotopically labeled with 5-"°C-ALA. “Chemical

shifts obtained from samples isotopically labeled with 4-">C-ALA.
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Table S14. Individual Fe'' Pa WT shifts used as the 8y;, reference shifts.

13C lH . 13C - 13C O- 13C B' 13C lH
meso” feso pyrrole®  pyrrole®  pyrrole”  methyl  methyl
98.3 9.33 146.3 146.3 144.0 15.2 3.35
99.7 9.45 147.5 146.6 144.4 13.1 3.46
99.9 9.48 147.5 149.2 145.3 15.4 3.51
100.8 9.93 149.1 149.3 145.5 15.0 3.73

“Chemical shifts obtained from samples isotopically labeled with 5-">C-ALA. “Chemical
shifts obtained from samples isotopically labeled with 4-">C-ALA.
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