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Table S1. 'H assignments and selected 'H 7} values for the
mesoheme in H46L and H46L/Q47L mesoGlbN*?

H46L H46L/Q47L
A 6 (ppm)  Ti(ms) & (ppm) T (ms)
1-CH3 12.71 85 11.43 85
3-CH;3 15.48 120 16.14 115
5-CH3 13.71 85 12.96 85
8-CHj3 1.28 1.92
2-CoHl1 12.48 90 11.12 80
2-CoH2 13.12 13.66
2-CBH3 -0.06 —-0.28
4-CoH1 -3.26 -3.01 110
4-CoH2 —-0.34 —-0.03
4-CBH3 -0.34 -0.27
6-CaH1 14.99 100 14.60 100
6-CaH2 10.10 9.94 90
6-CpHI1 -1.30 90 -1.44 100
6-CpH2 -0.89 -0.99
7 CaHl1 3.86 4.18
7-CaH2 7.53 7.93
7-CBH1 -1.96 110 -2.01 110
7-CBH2 -2.76 90 -2.78
o-meso -2.57 30 -2.81
[-meso 8.05 8.06
Y-meso -3.28 -3.50
d-meso 8.83 8.86 30

“Data at 25 °C, 99% *H,O, pH* 7.2 or 7.3. Standard errors in the
T, values determined by curve fitting do not exceed 5% (see Figure
S1).
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Table S2. 'H,

SN and *C chemical shifts for selected residues in H46L/Q47L mesoGlbN*?

# ID N C Cc* CP Cr C! 3 HY H* HP HP HY H! H®
4 Leu 1244 1771 585 407 N.D 229 265 921 390 1.66 190 101 081 052
8 Leuw 1160 1758 56.1 433 N.D. 242 267 808 382 1.6 162 158 058 028
46 Leu 120.8 1795 57.8 42.6 275 248 248 852 452 208 213 204 131 1.29
47 Leu 1221 1792 580 390 ND 234 265 946 452 217 236 162 089 0.71
73 Leu 1179 1782 567 46.8 N.D 264 249 9.03 537 199 366 251 115 143
79 Leu 1182 1758 545 425 ND. 240 255 583 330 -0.02 045 032 -0.56 0.04
91 Leu 1247 177.6 588 408 269 207 249 793 393 0.71 .71 1.17 0.08 041
95 Leu 1193 1786 57.6 41.0 N.D 275 221 7.33 4.1 1.15 197 N.D. 091 0.79
104 Leu 1209 1792 56.6 41.1 N.D. 26.1 236 730 423 1.15 1.77 162 078  0.69
122 Leu 124.0 1769 554 424 273 248 235 828 436 159 1.70  1.75 0.83 0.99
N C Ce CB el CSI/SZ Cs,l/r,Z CL HN He H[}Z HBS HSI/SZ HC1/82 Hg
21  Phe 1244 1769 598 385 N.D. 131.0 1306 127.6 891 423 287 297 598 630 577
34 Phe 1193 1752 60.5 373 ND. 1333 ND. ND. 698 394 206 234 689 6.64 6283
35 Phe 1140 1754 577 394 ND. ND. ND. 1284 728 410 235 350 674 689 6.68
50 Phe 1205 177.8 61.8 412 ND. 1322 130.7 1304 9.10 432 336 360 729 735 597
55 Phe 1120 1753 527 369 N.D. 1333 131.1 1287 812 493 326 347 681 690 6.80
84 Phe 1173 1745 628 389 ND. ND. ND. ND. 654 149 145 254 486 840 10.45
N C Ce CB Cr C61/62 C51/52 CC HN He H[}2 HB} H61/52 Hsl/aZ HI; H"
22 Tyr 1165 1779 634 37.1 N.D. 1323 118.0 N.D. 797 351 254 261 653 651 - 9.98
N C Ce CB Cyl CyZ CS] HN He H[} Hyl 1 HylZ HyZ HS]
31 lle 1034 177.0 60.8 429 243 18.2 148 689 457 1.82 062 N.D. 044 0.27
N C c* P c c? HN H* Hf H"! H"
18 Vval 1159 1772 674 310 234 237 821 341 219 149 0.95
25 val 1218 1775 665 313 209 215 83l 3.00 130 -0.19 -047
74 Vval 1193 177.6 650 341 214 207 985 420 574 022 -121
87 Vval 1139 1767 652 302 213 214 649 269 004 -1.03 -0.51
108  Val 1206 179.0 66.7 30.8 232 21.0 833 352 241 070 096
121 Val 119.1 1763 62.7 326 206 20.6 812 419 225 097 1.04
N C c* P Ccr Cc* HN H* HP HP H" H" H*
40 Met 127.8 1788 552 286 ND. 146 873 429 ND. 179 ND. 266 129
66 Met 1164 178.7 574 309 N.D. 1e.1 784 433 120 147 1.60 192 0.76
N C c* P HY H* HP
69 Ala 1238 1814 558 189 922 491 1.93
112 Ala 119.6 177.6 53.0 219 925 571 1.56
114 Ala 131.0 N.D. 59.6 17.0 1201 6.81 2.67
116 Ala 118.6 180.1 550 21.1 8.68 5.15 3.04
N C c* P Ccr HY H* HP HP H" H”
43 Gln 1165 1769 58.6 273 35.1 752  4.05 1.72 223 N.D. ND.
107 Glu  119.8 1795 602 299 367 746 521 220 224 260 N.D.

“Data at 25 °C, 5-10% 2H,0, pH* 7.1-7.3. Several stereospecific assignments were made arbitrarily by
comparison to the WT GIbN structure; N.D., not determined.
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Table S3A. Selected protein—mesoheme NOEs observed in H46L./Q47L mesoGIbN**

proton(s) 1 proton(s) 2° WT GIbN-CN?¢ WT GIbN?¢ Figure
1-CH3 L47 HY! + - S10A
1-CH3 F50 Hee2 + - S10B
1-CH3 L51 H® + - SI10A
1-CH3 L91 H® + S10A
1-CH3 A112 HF + - SI10A
2-CH3 V87 HY! + +
3-CH;3 V74 H"! - - S10A
3-CH;3 L79 H3! + + S10A
3-CH; L79 H¥ + + S10A
3-CH;3 F84 H* + + S10A
3-CH3 F84 ! + +
3-CH3 F84 H°!/%2 + +
3-CH;3 V87 HP + + SI10A
3-CH;3 V87 H"! + + SI10A
3-CH;3 V87 H*? + + S10A
4-CHj; N80 H* - -
5-CH;3 V121 H"! - - S10B
5-CH;3 Vi21 HP - - S10B
5-CH;3 L122 HY - - S10B
5-CH;3 L122 H® - - S10B
5-CH;3 L122 H* - - S10B
7-CBH, M66 H* + + S10B
7-CBH» M66 HP - - S10B
7-CBH» M66 HP? - - S10B
7-CBH» M66 H* + + S10B
8-CH3 Al12 H* - - S8B
8-CH3 F50 H° + - S8B

“Data at 25 °C, 10% or 99% 2H,O, pH* 7.1-7.3. Several stereospecific assignments were made
arbitrarily by comparison to the WT GIbN structure. ‘Comparison of the observed NOEs with
expectations based on the crystal structure of cyanomet WT GIbN (PDB ID: 1S69). An NOE is
predicted by the structure if the protons are within 6 A. 9Same prediction, using bis-histidine WT GIbN
(PDB ID: 1RTX). Both X-ray structures have the His117-heme PTM.
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Table S3B. Selected intraprotein NOEs observed in H46L./Q47L mesoGlbN*?

proton(s) 1° proton(s) 2° WT GIbN-CN?¢ WT GIbN?¢ Figure
L4 H?? F55 H* + + S8A
L4 H? F55 Ho»2 + + S8A
L4 H? L104 H* + - S8A
L4 H? E107 HF? + S8A
L4 H? V108 H* + - S8A
L8 H® F55 H3!/%2 + + S8B
L8 H® F55 HeVe2 + + S8B
L8 H® F55 H¢ + + S8B
V18 H* L47 H® + - S9
F21 HeVe2 Y22 H" + - S9
F21 Ho»2 V25 H! + + SS8A,B
F21 H¢ V87 H*? + + SSA,B
F21 Ho»2 L47 H? + + S9, S8B
F21 HeVe2 L47 H*? + + S9
F21 Ho»2 L91 H* + + S8B
F21 HeVe2 L91 H* + + S8B
Y22 Hele2 V25 H"! + - S8A,B
Y22 Hele2 V25 H”? + - S8B
Y22 H32 M40 H?! + S8B
Y22 HeV#? L47 H® + + S9
Y22 H" L47 H® + S9
Y22 H" L73 H® - S9
Y22 Hsl/ez L73 H52 _ _
V25 H"! V87 H"! + + S8A
F34 H5%2 L79 H* + + S8B
F35 H¢ L79 H® + - S8B
Q43 He L73 H® - —~ 8
147 H* L73 H¥! - - 8
147 H* L73 H® - - 8
F50 H3!/%2 A69 HP - - 8
F50 HeVe2 H70 HP - - S10B
F50 HeVe2 H70 HF? - - S10B
F50 H¥ L73 H¥! - - 8
F50 H3!/2 L73 H! - - 8
L51 H¥! F55 H¢ + + S8B
F55 Hele2 V108 H'! + +
M66 H* A69 HP + + 8
H70 H* L73 5! + + 8
H77 H® L79 H® - - S8B
F84 H¢ G113 H*® + + S10B
F84 H¢ All4 H* - - S10B
F84 HeVe2 All14 H* - - S10B
F84 H¢ H117 HP + + S10B
L92 H¥! A109 H* + +
L92 H¥! G113 H*® + -
Al14 H* H117 HP® + + S10B

“Data at 25 °C, 10% or 99% 2H,O, pH* 7.1-7.3. Several stereospecific assignments were made
arbitrarily by comparison to the WT GIbN structure. ‘Comparison of the observed NOEs with the
crystal structure of cyanomet WT GIbN (PDB ID: 1S69). An NOE is predicted by the structure if the
protons are within 6 A. Same prediction, using bis-histidine WT GIbN (PDB ID: IRTX). Both X-ray
structures have the His117-heme PTM.
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Figure S1. Inversion recovery spectra for 'H 7} determination. Data are shown
for H46L/Q47L GIbN* (top, 1.7 mM GIbN, 25 mM Na/K phosphate pH* 7.5,
99% “H,0), H46L/Q47L mesoGIbN* (middle, 2 mM GIbN, 30 mM Na/K
phosphate pH* 7.2, 99% *H,0) and H46L mesoGIbN* (bottom, 0.5 mM GIbN, 20
mM Na/K phosphate pH* 7.3, 99% 2H,0). Peak heights were measured and
curve fitting was used to extract 7 values. In some cases, partial overlap
rendered the fitted parameters approximate.
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Figure S2. The pH titrations of ferric H46L/Q47L GIbN* (A, 10 uM GIbN, 5 mM Na
phosphate) and ferric H46L/Q47L mesoGIbN* (B, 10 uM GIbN, 5 mM Na phosphate).
The low-spin forms present at neutral pH (blue) are converted to acid denatured states
(red). The broad Soret peak and charge transfer band of the acid form indicate a
dissociated heme. The insets show the change in Soret absorbance as a function of pH.
The solid lines represent fits to the Henderson-Hasselbalch equation. Both complexes
show the same apparent pK, for the acid transition (4.0 £ 0.1); the Hill coefficient for
the mesoheme complex (B, 0.8 + 0.1) is slightly lower than that of the » heme complex
(A, 1.0 £ 0.1) though within fitting error. Below pH 3 additional species contribute to
the optical spectra. The titration of H46L/Q47L GIbN* is practically identical to that
of H46L GIbN*.!
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Figure S3. The annotated "H-""N HSQC spectrum of H46L/Q47L mesoGIbN* (1.5 mM GIbN,
20 mM Na phosphate pH 7.1, 10% *H,0). The amide group Thr3 was not assigned. The signals

for Asn80 and Alal 14 are not visible at this contour level.
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Figure S4. (A) Downfield region of the '"H NMR spectrum of ferric H46L/H117A GIbN
(300 uM GIbN, 20 mM Na phosphate, pH 7.1, 10% *H,0). (B) The pH titration of ferric
H46L/H117A GIbN (10 uM GIbN, 5 mM Na phosphate) monitored by electronic
absorption spectroscopy. Spectra are colored from red (pH 6.4) to blue (pH 11.0) in a linear
gradient according to pH. The inset shows the change in absorbance at 395 nm and a fit to
the Henderson-Hasselbalch equation yielding a pK, of 8.6 = 0.1 and a Hill coefficient of 1.2
+0.1. Above pH ~9, base denaturation and release of the heme is observed, which
interfered with accurate determination of the pK,. The absorbance of 395 nm (apparent
isosbestic point for heme loss) was chosen to assess the aquomet to hydroxymet transition.
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Figure S5. The annotated "H-'’N HSQC spectrum H46L/Q47L GIbN* (2 mM GIbN, 25 mM Na
phosphate pH 7.2, 5% *H,0). The assignments for the major form, shown in black, are given. At
this contour level, peaks arising from Val74, Glu75, Gly81, Vallll, Gly113, Alal14 and His117
are not visible, while that of Thr3 could not be assigned. Correlations identified as arising from
the minor form, which accounts for about 20% of the sample, are colored in red.

S11



H46L/Q47L GIbN* major and minor isomers
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Figure S6. Comparison of 'H and N amide chemical shifts between different ferric GIbN

complexes. The chemical shift perturbation is CSP = %\/(H 5, 185" +0.1(N5,-N85)7,

where 18, and N34 represents the 'H and "N amide chemical shift of species A and "85 and Nog
those of species B. (A) The CSP between the major and minor heme rotational isomers of
H46L/Q47L GIbN* (pH 7.2, 25 °C), for the subset of amides (53) assigned in the minor form.
(B) The CSP between the major form of H46L/Q47L GIbN* (pH 7.2, 25 °C) and H46L/Q47L
mesoGIbN* (pH 7.1, 25 °C). (C) The CSP between WT GIbN (BMRB 5269, pH 7.5, 25 °C)
and the major form of H46L/Q47L GIbN* (pH 7.2, 25 °C). The largest CSPs in panels A and
B, resulting from heme isomerization and mesoheme substitution, respectively, are localized
around E75, F84 and A114. Saturation of the vinyl groups or heme isomerization is expected
to reposition F84 and cause structural rearrangement toward the end of the H helix. Strong
NOEs between F84 and the mesoheme 3-CHj3 (Figure S10A, Table S2) suggest high sensitivity
of the shifts to porphyrin ring current and paramagnetism, whereas NOEs between F84 and
A114 (Figure S10B) support a structural rearrangement (and sensitivity to paramagnetic
effects). In addition, in GIbN*, the main chain/side chain hydrogen bond between Asn80 and
His83 is perturbed. The extent of rearrangement, and the source of large changes in both 'H
and "N amide shifts of residues 112-116, is likely dependent on the nature and exact position
of the heme. The peptide bond linking A114 and P115 was confirmed to have trans
configuration in both heme isomers of H46L/Q47L GIbN. The large CSPs in panel C are
related to structural and paramagnetic differences.
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Figure S7. Medium range helical NOEs detected with a 'H-'*N NOESY-HSQC experiment
in H46L/Q47L mesoGIbN* (1.5 mM GIbN, 20 mM Na phosphate pH 7.1, 10% 2H,0). The
sequence from residues Leu4 to Gln124 is shown and the numbers are left-justified with the

corresponding residue. NOEs between H% and HYi#3 are shown in black; NOEs between H%

and HYi+4 are shown in blue. These NOEs, along with the HNi—HNi+1 and HNi—HNi#2 NOEs (not
shown) correspond well to the helices predicted by TALOS+ and the helices of WT GIbN.
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Figure S8A. Left: strips of the *CH;-edited NOESY spectrum of H46L/Q47L mesoGIbN*

(2.5 mM GIbN, 20 mM Na phosphate, pH* 7.2, 99% *H0). Interresidue NOEs for methyl
groups of L4, V25 and V87 are labeled. The mesoheme 3-CHj is aliased from the true 'H shift of
16.1 ppm. Some of the annotated peaks are weak but real as can be ascertained with a lower
contour level. Stereospecific assignments are arbitrarily based on the structure of the cyanomet
protein. Right: portions of the cyanomet GIbN crystal structure (PDB: 1S69) showing the
relevant residues. In this structure, the heme lies between F21 and F84 and is not shown for
clarity.
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Figure S8B. Portions of the NOESY data (top, relaxation time 1.1 s, mixing time 80 ms) and
WEFT-NOESY data (middle, relaxation time 30 ms, recovery time 125 ms, mixing time 40 ms)
collected on H46L/Q47L mesoGIbN* (2.5 mM GIbN, 20 mM Na phosphate, pH* 7.2, 99%
2H,0). Some of the NOEs are labeled: F21 Héto V87 H'! (a); F21 H®"*2 to L47 H*? (b) and L91
H?! (c); F21 HeY2 to L91 H®' (d); V25 H" (e) and V87 H"! (f); Y22 H?/%2 to M40 HE (g), V25 H"!
(h), and V25 H"* (i); F35 H¢ to L79 H* (j); F55 H?%2 and F55 H#""*? to L8 H* (k); F55 He"*2 to
L51 H? (1); F34 H*2to L79 H* (m); F55 H® to L8 H* (n) and L51 H*? (0); H77 H* to L79 H*
(p); A112 H* to A112 H(q) and 8-CHj (r); F50 HE to 8-CHj3 (s). All protein methyl NOEs are
confirmed in the *CHs-edited NOESY spectrum. The bottom panel shows some of these
residues in the cyanomet GIbN structure (PDB ID 1S69). Other residues appear in Figures SS8A,
S9, and S10.
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Figure S9. The environment of Tyr22 in H46L/Q47L mesoGIbN* illustrated with NOEs. A portion of
the *CH;-edited NOESY spectrum (left, 2.5 mM GIbN, 20 mM Na phosphate, pH* 7.2, 99% *H>0)
shows interresidue NOEs involving L47 and V18, F21 and Y22. NOEs to Y22 H" were detected with a
"H-'H NOESY spectrum (right, 2.0 mM GIbN, 30 mM Na phosphate, pH* 7.2, 10% *H,0O) and are
colored in red. Contacts to F21, L47 and L73, as well as a strong intraresidue NOE are labeled. A
portion of the cyanomet GIbN crystal structure (PDB: 1S69) is shown in the center (axial ligands
omitted). The Q47L replacement was generated in Chimera.? Stereospecific assignments are
arbitrarily based on the structure of the cyanomet protein. A weak NOE between L73 H*? and Y22
H?®"?2 is also observed in the '*CH;-edited NOESY spectrum, but is not visible in Figure 9.
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GIbN, 30 mM Na phosphate, pH* 7.2, 99% 2H,0) shows NOEs to the mesohe
Bottom: two views of the crystal structure of cyanomet GIbN (PDB ID: 1S69,

me 1- and 3-CH;.
axial ligands

omitted). The residues contacting the 3-CHs (magenta ball, bottom left) and the 1-CH3 (magenta
ball, bottom right) are labeled. The Q47L replacement was generated with Chimera.?
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'"H-'"H WEFT-NOESY data acquired on H46L/Q47L mesoGIbN* (2 mM GIbN, 30 mM Na phosphate,
pH* 7.2, 99% *H,0, parameters as in Figure S8B). The WEFT delays were chosen to enhance 'H with
short 77 values; negative contours are colored red. Two regions of the NOESY spectrum in Figure
S10A are shown at top right with a 5-fold lower contour level. NOEs between the A and D pyrroles of
mesoheme and M66, V121 and L122 side chains are labeled. The crystal structure of cyanomet GIbN
(PDB ID: 1S69) is shown below (axial ligands omitted). The covalent bond between b heme and

His117 has been removed for this depiction.
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Figure S11. High pressure NMR spectra of H46L/Q46L GlIbN* (0.7 mM GIbN, 14.1 mM Tris,
5.9 mM phosphate, pH 7.5 at 1 bar). The buffer was chosen to maintain constant sample pH at
increasing pressures.® (A) 'H-'"N HSQC spectra collected at 1 bar (blue), 1000 bar (red) and
2000 bar (purple) show denaturation of the protein. Paramagnetic effects are likely relevant to
the appearance of the spectra at high pressures. Note that the behavior of GIn124 is consistent

with an unstructured C-terminus at 1 bar. (B) The 'H 1D spectra collected concurrently with the

'H-5N spectra. No hyperfine shifted peaks are apparent in the spectrum at 2000 bar.
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Figure S12. (A) Structure of the covalent heme—protein linkage observed in GIbN. The heme
modification is formed efficiently in the WT protein by anaerobic reduction. (B) The 'H NMR
spectrum of a sample of H46L./Q47L GIbN* that was incubated with DT overnight, then reoxidized
with ferricyanide and thoroughly buffer exchanged. Conditions are ~0.7 mM GIbN, 10% *H>O 20 mM
phosphate, pH 7.2. The spectrum shows the original low-spin ferric complex, denoted with black

arrows, and a high-spin species with signals downfield of 40 ppm. The high-spin complex is ascribable
to a portion of covalently modified H46L/Q47L GIbN.
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Figure S13. (A) Portions of '"H-'>N HSQC spectra of various GIbN complexes showing the amide
group of Asn80. All data collected at neutral pH and 25 °C unless otherwise noted. In ferric (A),
ferrous (B, diamagnetic with His117-heme covalent linkage) and cyanomet (C, 35 °C) WT GIbN the
Asn80 amide signal is downfield shifted in both "H and >N owing to a conserved helix-capping
hydrogen bond to His83.* In ferric H46L/Q47L GIbN* (D) and mesoGIbN* (E) the upfield shift of
Asn80 reflects disruption of this hydrogen bond (see Results). This signal serves as a marker for the
GIbN* conformation. Upon binding cyanide to H46L/Q47L mesoGIbN* (F), or upon binding cyanide
(G), imidazole (H, 100 mM imidazole pH 7.8) or azide (I, 250 mM NaN3) to H46L/Q47L GIbN*, the
downfield shift of Asn80 is restored. Exogenous ligands displace His117 and allow the heme to
migrate to the canonical binding site, restoring the normal structure of the F-G turn. (B)
Demonstration of the reversibility of ligand binding to GIbN*. H46L/Q47L GIbN* was converted to
the imidazole-bound (100 mM imidazole) or azide-bound (250 mM NaN3) forms. Subsequent buffer
exchange completely displaced imidazole (purple spectrum) or azide (blue spectrum) to yield a
complex identical to the original ferric H46L/Q47L GIbN* species (red spectrum, reproduced from
Figure S5).
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Figure S14. 'H-'>N HSQC spectra of apoGIbNs. The spectrum of WT apoGIbN (blue, pH 7.5)
displays fewer than the expected number of signals and provides evidence for conformational exchange
on the chemical shift time scale. Isotopically labeled H46L/Q47L GIbN* was converted to the
apoprotein (red, final conditions 0.2 mM GIbN, 0.5 mM Mb, 25 mM Na phosphate, 100 mM Tris, 2
mM EDTA, pH 7.5) by incubation for 2 h with excess unlabeled apomyoglobin. The HSQC spectrum
of the variant apoGIbN (red) is broadly similar to that of the WT protein (blue). Both spectra show
evidence for intermediate conformational exchange. Chemical shift differences between the WT and
variant apoproteins are observed and difficult to interpret given the exchange regime. The spectra
demonstrate that the apoproteins do not possess stable tertiary structure. No extensive refolding is
caused by the H46L/Q47L replacements in the absence of a cofactor.
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