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Part A. Experimental Methods. MCR was purified in the MCRyegnc form with 10 mM
coenzyme M present in all the buffers. For this experiment, the coenzyme M was removed
from the sample by extensive washing with 50 mM Tris/HCI pH 9.0 by ultrafiltration with
Amicon Ultra Centrifugal Filter Devices with a 100 kDa cut off (Millipore). Complete
conversion of the MCRye; Signa into the MCRg e Signal was achieved by incubation of
0.8 MM MCR in 50 mM Tris/HCI pH 9.0 with an approximately 50 fold excess of BrMe
(saturated solution of 14 mg/ml at 25°C in 50 mM Tris/HCI pH 9.0).

Part B. EPR Spectroscopy. The continuous wave EPR experiments at Auburn were
carried out at X-band (9.38 GHz) on a Bruker EM X spectrometer equipped with either a
liquid nitrogen finger dewar or a Helium gas-flow cryostat from Oxford Inc. The pulse EPR

experiments were carried out at X-band (9.73 GHz) and W-band (94.234 GHz) on a Bruker
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E680 spectrometer equipped with a Helium gas-flow cryostat from Oxford Inc. The W-band
(94.234 GHz) echo-detected EPR spectra were measured at 25 K by integrating over the
echoes created with the mw pulse sequence nt/2- z-rt- -echo, with mw pulse lengths t, = 32
ns, t; = 64 ns, and an inter-pulse delay of T = 300 ns, 400 ns, and 500 ns. Thefirst derivative
of this spectrum was calculated numerically. The field was calibrated using the two central
lines from a CaO sample containing manganese ions. The X-band Davies-ENDOR spectra
were measured at 25 K with the mw pulse sequence nt-T-nt/2- 7-nt- -echo, with mw pulses of
length ty, = 28 ns and t, = 56 ns, and at = 142 ns. A radio-frequency pulse of length 4 us
and variable frequency venoor Was applied during time T. The Q-band (34.76 GHz )Davies-
ENDOR spectra were measured on a home-built spectrometer at 20 K with the mw pulse
sequence wt- T-1t/2- 7-t- 7-echo, with mw pulses of length t,, =32 nsandt, =64 ns,andat =
200 ns. A radio-frequency pulse of length 9 us and variable frequency venoor Was applied
during time T. Hyperfine correlated ENDOR (HY END) ' experiments were carried out by
using the pulse sequence nt-m/2+-m-T-nt-1/ 21t/ 2-11/2-1-m-echo, with mw pulse lengths of t,
= 40 ns for the preparation pulses, and t, = 16 ns for the coherence transfer pulses. A
selective radio frequency pulse (m/2+) of length 2 us and variable frequency was applied
with a four-step phase cycle of the radio frequency pulse [(X,X)-(-X,X)-(X,-X)-(-X,-X)]. Time
T was varied with a starting time To = 100 ns and an increment of AT = 12 ns. Fourier
transformation along this dimension gives the hyperfine axis Viweee. HY SCORE
experiments employed the pulse sequence 72— 7 2—t,— 7t~ 12— —echo. Measurements
were made at 25 K using the following parameters: mw pulses of lengths t,, =t,= 16 ns,
starting times 96 ns for t; and t,, and time increments At = 16 ns (data matrix 256 x 256),
and a 7 = 132 ns. An eight-step phase cycle was used to remove unwanted echoes. The
HY SCORE data were processed with MATLAB 7.0 (The MathWorks, Inc.). The time

traces were baseline corrected with an exponential, apodized with a Gaussian window and
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zero filled. After a two-dimensional Fourier transformation absolute-value spectra were
calculated. The EPR and DaviessENDOR spectra were simulated with the program
EasySpin = and the HY SCORE spectrawith a program written in-house . The orientation
selection of al the X-band spectra, needed to simulated the ENDOR and HY SCORE
spectra, was calculated with the g-values given and a Gaussian linewidth of 150 MHz (this
simplified spin Hamiltonian accurately describes the shape of the X-band CW EPR
spectrum).

Part C: HYEND Spectroscopy
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Scheme S1: HYEND experiment. (a) Pulse sequence. (b) Four level energy diagrams for an
S=1%, | =% spin system illugtrating the different states obtained during the experiment.

The HY END experiment correlates ENDOR frequencies with their corresponding hyperfine
couplings. The pulse sequence is show in Scheme S1. The nuclear frequency dimension is
obtained by varying the frequency of the two selective n/2 r.f. pulses, and the hyperfine
dimension by the FT of the echo modulations recorded as a function of the time T. The
states attained during the experiment for an S= %, | = %2 spin system are shown in Scheme
S1. The experiment is easily understood qualitatively. We assume that the first m.w. pulseis
on resonance with the allowed EPR transition (1,3) and the r.f. pulse has the frequency @,
and is thus resonant with the nuclear transition (1,2). The first m.w. pulse inverts the
polarization of transition (1,3), and the selective r.f. pulse transfers the polarization of
transition (1,2) to nuclear coherence (wavy line). This coherence is immediately transferred

by a non-selective m.w. ©t pulse to the p electron spin manifold, where it evolves with the
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nuclear frequency @y for a time T. The second non-selective m.w. m pulse transfers the
nuclear coherence back to the a manifold, where the second r.f. pulse transfers the nuclear
coherence back to electron polarization, which is detected with the m.w. primary echo
sequence. The two r.f. pulses must remain coherent during the sequence, and then the
polarization created by the second r.f. pulse is dependent upon the phase accumulated by the
nuclear coherence during the time T in the B manifold with respect to the phase of the r.f
field. This phase is given by (@, + a3)T (weak coupling) or (@, - ax)T (strong coupling).
The HYEND signal as a function of T, for an isotropic hyperfine interaction with the r.f.

pulses resonant with a nuclear transition, is given by

V,,5(T) =1sign(2m, + A)cos(w.T) with @ = o, —w,; = A;.

Part D: Density Functional Theory Calculations. Structure optimizations have been
carried out with the Turbomole program package %* employing two different density
functionals, namely the pure functional BP86 = (in combination with the resolution-of-the-
identity density fitting technique with Karlsruhe auxiliary basis sets =) and the hybrid
functional B3LYP (i.e., Becke's 3-parameter functional in combination with the LYP
correlation functional %" as implemented in Turbomole). For al calculation, the valence-
triple-zeta plus polarization basis set TZVP by Schéfer et al. = was applied. While
coordination energies are given below for structures optimized with both functionals, ESR
spectroscopic parameters have been obtained in ADF calculations only for the BP86/TZV P
structures. It is well-known that BP86 structures of transition metal complexes are in
general more reliable than B3LY P structures when compared to X-ray structural data. The
coordination energies have not been corrected for the basis set superposition error as the
counterpoise correction turned out to be only 4 to 5 kJ/mol in test calculations on the
complexes under study. The (exothermic) coordination energy of a methyl radical at O
Kelvin amounts to -50 to -70 kJ/mol depending on the functional chosen: -68.2 kJ/mol with
BP86/TZVP and to -51.9 kJ/mol with B3LY P/TZVP. These energies have been obtained for

relaxed isolated fragments, i.e. for methyl radical and metal fragment cation, respectively. If
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the structural relaxation is not permitted, the (intrinsic) bond energy calculated from
structurally frozen, isolated fragments amounts to -170.6 kJ/mol for BP86/TZVP and to -
152.8 kJ/mol for B3LYP/TZVP.

The EPR parameters, the hyperfine interactions and the g matrix, were calculated with the
Amsterdam Density Functional package (ADF 2005.01). The functional RPBE with the
relativistic scalar zeroth-order regular approximation (ZORA) was employed. The
calculation was spin-unrestricted with a Slater-type basis set of triple-{ quality with two
polarization functions (TZ2P) with no frozen cores. For the g matrix the RPBE functional
with the relativistic spin-orbit ZORA was used. In this approach spin-restricted
wavefunctions are required. The basis set TZ2P was used. The coordinates for the models

MCRgps and MCRgve @re given in Table $4.
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Part E: Figures S1to S8

Figure S1: X-band (9.726 GHz) Davies ENDOR spectra measured at 25 K with a short ©
pulse of length 56 nsto attenuate signals from protons with small couplings. Field positions
from bottom to top are 312.1, 316.6, 321.1, 325.6, 330.1, 333.6, 335.6 mT. Simulations:
green - methyl *H, red line— methyl *3C, and blue line — pyrrole *N.
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Figure S2: Q-band (34.76 GHz) Davies ENDOR spectra measured at 20 K. Experimental —
solid black line, Smulation — red dotted line. Field positions from bottom to top are 1126
mT, 1140.3 mT, 1154 mT, 1169 mT, 1183 mT. Simulations include the three methyl
protons with the EPR parameters given in Table S1.
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Figure S3: X-band (9.725 GHz) HY SCORE spectra of °C-M CRgye measured at 25 K at
observer position (A) 325.8 mT, (B) 330.3 mT. Right — experimental, left — simulation. In
the strong coupling case ( |Al > 2| visc] ) the carbon nuclear frequencies along the principal
values of the hyperfine interaction are given by v = A/2 + vi3c (peaks centred at A/2 and
split by 2v13c). Away from these orientations the splitting is less that 2vi13c and depends on
the anisotropy of the hyperfine interaction, allowing it to be determined accurately. The low
frequency features are discussed in Fig. S5.
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Figure S4: X-band (9.725 GHz) HYSCORE data showing the proton region of the
spectrum, left — experimental, right — simulation for the three methyl nuclei using the EPR
parameters given in Table S1. Field positions from top to bottom are 312.3 mT, 321.3 mT,
325.8 mT, and 330.3 mT.



Page SO of SO

MCRgmve: Bo=316.8 mT MCRgps: Bg = 315.0 mT
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Figure S5: X-band (9.7 GHz) HY SCORE spectra showing the low frequency region. (Left)
MCRgve Spectra, signals in the left-quadrant up to 7 MHz are completely absent in the
corresponding MCRgps HY SCORE spectra (Right). These signals could be assigned to
either the "®'Br anion (1 = 3/2) or N (I = 1/2) (with hyperfine couplings ranging from c.a
2-8 MHz). If these low-frequency signals are indeed from N, then this would be evidence
for achangein the distal axial ligand from GIn™ **’, from O to N. Note that these signals are
not from the pyrrole nitrogens of cofactor F430. In the M CRgps Spectra the two intense cross-
peaksat c.a, (+3.5,+2.5) MHz and (+2.5,+3.5) MHz, are double-quantum peaks from avery

* 147 or the lactam nitrogen of Fu. We aso observed

weakly coupled nitrogen, either GIn
these peaks in MCR,eq14 preparations (MCR in the absence of substrates). These are absent
in the MCRgve Spectra. DFT calculations for MCRgps show that the GIn® **” (coordinated
via the oxygen to nickel) and the lactam nitrogen have very small hyperfine interactions
(<1 MHz), consistent with the experimental data. However, it is aso reasonable to assume
that the Br anion is still close to the paramagnetic centre and it may therefore produce
signals in the HY SCORE spectra. Without specific labeling we therefore reframe from
making an assignment. Both MCRg;ve and MCRgps Spectra contain Bc signals, from

carbon in natural abundance, along the *3C anti-diagonal line in the right-quadrant.




Page S10 of S10

Fig S7: Spin density (level 0.003) and SOMO (level 0.03) for the M CRgpve model
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Fig S8: Orientation of the hyperfine axes of the methyl carbon and one methyl proton in the

g-matrix reference frame: axis A1 — blue, axis A, —cyan, axis Az — red.



Page S12 of S12

Part F: Tables S1 to $4

Table S1: EPR parameters for the complexes M CRgps and M CRgve. Values calculated by
DFT are given in parentheses. The sign of the experimental values are given to best match
the DFT result. Euler angles, from the DFT calculation, are given in the molecular frame
defined by the coordinates in Table $4 (MCRgps model and M CRgve model) and explain

the experimental data without optimization.

Parameters for MCRgps and the DFT model complex

01 92 9 Jiso B,y [°]

21081 |21116 |22193 |2.1463

(2.021) |(2.062) |(2.158) | (2.082) (-136,9,-179)

A [MHZ] | A2 [MHZ] | As[MHZ] | Aig [MHZ] @ | Ty, T2, Ts [MHZ] °
BCy | -17.6£05|-18.3t0.5 | -45.0+1 | -27.0 (9.4,8.7,-18.0)

(-21.9) | (-21.6) |(-43.1) |(-28.9) (7.2,7.0,-14.2) | (-38,6,67)
Hyl |-8.0 -15 13.3 1.3 -9.3,-2.8,12.0

(-8.0) (-0.7) (9.3) (0.2) (-8.2-099.1) | (-135,12,-98)
Hy2 |-10.0 1.0 13.8 1.6 -11.6,-0.6,12.2

(-9.0) (-1.2) (7.7) (-0.9) (-8.2-0.48.6) | (-38,19,105)
HB1 | -8.0 -16.3 -20.7 -15 7.0,-1.3,-5.7

(-2.7) (-9.5) (-11) (-7.8) (5.0,-1.8-3.2) | (-5,135,12)
HB2 | (-1.9) (-1.4) (3.5) (0.2) (-2.0-1.43.4) | (-157,32,-159)
Parameters for MCRgve and the DFT model complex

O 92 Os Oiso B,y [°]

2.093 2.093 2.216 2.134

(2.022) |(2.062) |(2.159) | (2.081) (-136,9,-179)

A [MHZ] | A2 [MHZ] | As[MHZ] | Aw [MHZ] 2| T1, T2, Ts [MHZ] ®
BCuye | -18.0+2 | -18%2 44,042 | -2622 8.7,8.7,-17.3
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(-237) | (-235) | (424) |(-29.9) (6.3.6.2-125) | (109,32,-88)
Hye | -4.0 3.0 125 3.8 -7.8-0.887

(-74) | (02 |(80) (0.1) (-75-037.8) | (-146,15-113)

6.0 1.0 105 1.8 -7.8-0.8,8.7

(-7.4) | (09 |(7.8) (-0.2) (73-07,80) | (-39, 9, 77)

6.0 1.0 10.0 1.7 7.7,-0.7,8.3

720 | (01 | (7.9 0.2) (-7.4-037.7) | ( -7,23,166)

* A = (Ar+As+Ag)/3

® (T1,T2,Ta) = (Ar-AsoAr-Aiso,As-Aiso)
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Table S2: Mulliken populations, the net spin polarization (number of electrons spin-A
minus spin-B), and for each spin the atomic electron valence density (integrated) per L-
value (S, P, D).

BPS Nl NA NB NC ND C’Y O

Total | 0.833 | 0.064 | 0.047 | 0.084 | 0.051 | -0.104 | 0.01

S -0.003 | 0.0172 | 0.012 | 0.022 | 0.012 | -0.011 | O
P -0.009 | 0.0459 | 0.035 | 0.062 | 0.039 | -0.092 | 0.01
D 0845 |0 0 0 0 0 0
BrMe | Ni Na Ng Nc Np Cue O

Total | 0.8138 | 0.068 | 0.048 | 0.079 | 0.055 | -0.095 | 0.060

S -0.00 | 0.018 | 0.012 | 0.020 | 0.013 | -0.010 | O
P -0.010 | 0.049 | 0.036 | 0.058 | 0.041 | -0.084 | 0.060
D 0827 |0 0 0 0 0 0

Table S3: Selected bond lengths and angles from the DFT structures.

Species | Ni-C[A] | Ni-O[A] | Ni-N [A] | £ZNi-C-H,[°]/

éNi'CMe'HMe [O]

BPS |201 |219 2.23(A) |102.1
2.03(B) |100.1
2.09(C)

2.03(D)

BrMe |197 |216 2.19(A) | 106.9
2.04(B) | 106.8
2.11(C) | 106.0

2.02(D)
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Table S4: DFT Geometry optimized Coordinates for the MCRgps (left) and M CRg e model

complexes.

Model MCRgps Model MCRgme

C -0.289221 0.525592 -4.804659 C 0.335740 -4.193400 0.629689
C -0.062904 0.018301 -3.399096 C 0.348662 -2.765798 0.185346
O -0.148449 0.803443 -2.429484 C -0.912033 -2.102578 -0.027535

N 0.227401 -1.292552 -3.257508 -2.184589 -2.931766 -0.148395

NI 0.296701 0.675068 -0.291386 -2.221499 -4.072522 0.865943
-3.076355 0.644015 0.491255 -3.285071 -1.877426 -0.035936

-2.568033 1.963055 0.009931

C
C

-1.312179 2.210249 -0.144553 C -0.989161 -4.951676 0.675500
C
C -2.577143 -0.565179 -0.418140
N

-3.478011 3.128310 -0.313546 -1.124500 -0.812323 -0.185323
-2.524351 4.062274 -1.075057 NI 0.243813 0.669447 -0.347169
-1.162173 3.660787 -0.484099 0.552150 0.674380 1.595482
1.646703 2.139183 -0.658545 1.569939 1.041130 1.755288
0.068734 3.956012 -1.314626 1.583728 -2.135118 -0.050901
1.379481 3.608004 -0.591500 1.714847 -0.836615 -0.455455
3.042159 -0.565841 -0.720032
3.693607 3.203404 -1.202488 3.876820 -1.819737 -0.643042
2.902289 1.932180 -0.999342 2.932574 -2.820653 0.029543
1427115 4.096914 0.780665 3.565075 0.664814 -1.015056
2.234333 5.201493 1.010329 2.897150 1.914888 -0.968126
2.322685 5.795203 2.069929 1.634001 2.128015 -0.659330
2.933950 5.515044 -0.315363 1.386073 3.597040 -0.592244
1.737825 -0.828447 -0.483328 2.613553 4.282235 -1.282365

3.561012 0.679227 -1.108188

N

C

C

C

C

C

N

C

C

C 2.634761 4.311045 -1.220182
C

C

N

C

O

C

N

C 3.681493 3.183549 -1.223505
C

o o o o 2 o o o o o zZ2 o T O

3.047668 -0.558524 -0.824777 2.922362 5.517173 -0.427448
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3.878206 -1.817789 -0.823755
2.961507 -2.836132 -0.137727
1.617221 -2.137002 -0.116548
-1.085240 -0.796824 -0.105441
0.389729 -2.765927 0.166749
-0.873608 -2.091916 0.022173
-2.154337 -2.913253 -0.063218
-3.241058 -1.855120 0.115806
-2.545043 -0.549781 -0.302903
-2.155764 -4.078330 0.923504
-0.937506 -4.958419 0.657892
0.387667 -4.202968 0.579618
1.427191 -4.806538 0.847181
2.056512 0.658867 2.145962
2.243931 1.289590 3.532992
0.614305 0.759940 1.690836
4.028193 1.457826 3.951778
4.455916 -0.173837 4.023579
4.723744 2.042908 2.785422
4.174294 2.012215 5.317111
2.908963 -3.813589 -0.629207
3.274292 -3.057701 0.893549
-1.199300 1.137094 -4.828114
-0.374266 -0.278074 -5.546695
0.552413 1.175143 -5.084566
0.339249 -1.897733 -4.063167

0.476258 -1.652102 -2.337582

C

N

C

Ir T T T T T O Z2 O O O O O o o o zZz 0O

I T T IT I T

2.369309

1.516205

0.048050

-1.146555

-1.334019

-2.591195

-3.475811

-2.517552

-3.128813

2.599127

1.365532

-0.164515

-0.047958

0.338850

-0.339817

2.916132

3.188193

-1.268981

-0.421868

0.470767

0.468054

0.641251

-2.915777

-4.224036

-4.385765

-3.808242

-2.586091

5.166151

4.089169

3.971783

3.644120

2.175008

1.945311

3.160251

4.144561

0.607949

5.714597

-4.788994

0.825648

0.040840

-1.243161

0.521085

-3.816559

-2.997549

1.103236

-0.296713

1.192137

-1.849586

-1.566822

0.434583

0.611573

2.927052

3.520623

4.044299

0.959535

0.778391

-1.240734

-0.371562

-0.164967

0.004231

-0.172883

-0.860676

0.391227

2.022728

0.948149

-2.462354

-3.430278

-3.285433

-4.832477

-0.425327

1.084961

-4.833541

-5.559350

-5.151365

-4.087537

-2.367398

1.460821

0.288719

-0.743936

0.817568

-1.954802
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r r rr I T T T I T I I I I I =T I T T T I T
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-2.812083

-4.174664

-4.367015

-3.844989

-2.549009

-2.745603

-1.050073

0.031149

0.078405

2.409088

4.305035

0.783070

4.003704

2.513205

4.619473

4.110745

4.836768

-2.194986

-4.146626

-3.532612

-2.696669

-2.127328

-3.085258

-0.813220

-1.057138

2.728252

2.380996

0.515464 1.554806

0.632442 0.436266

2.814129 -0.878731

3.580507 0.625976

3.839700 -2.152989

5.127585 -0.936589

4.185139 0.483590

3.409076 -2.267386

5.034733 -1.538007

4.608981 -2.252630

3.162513 -2.114776

3.793169 1.504609

5.690322 -0.144781

6.452987 -0.706823

0.721123 -1.366432

-2.114699 -1.859493

-1.670485 -0.310059

-3.328964 -1.089284

-2.055103 -0.471029

-1.796395 1.176985

-0.352531 -1.379161

-3.684070 1.953279

-4.658945 0.828777

-5.745637 1.413062

-5.477371 -0.310992

1.187455 1.459837

-0.388588 2.180337

H

H

H

r r rr I T T T T T I I I I I =T I T =<

I

-2.698334

-0.963150

-0.034581

0.052302

2.367579

4.287344

1.029975

3.989307

2.404570

4.632118

4.154173

4.812673

-2.179337

-4.154862

-3.636769

-2.703039

-2.238310

-3.143117

-0.892478

-1.064981

4.385111

0.428805

-0.208348

5.194227 -0.598794

4.069509 0.632837

3.465458 -2.213626

5.058699 -1.420297

4.531663 -2.323136

3.107038 -2.137355

3.681859 1.572124

5.762813 -0.362002

6.418937 -0.788702

0.702699 -1.237198

-2.145782 -1.658975

-1.654947 -0.094014

-3.371824 -1.164641

-2.085543 -0.671570

-1.818757 1.006639

-0.343872 -1.492741

-3.652480 1.885525

-4.661383 0.747404

-5.714741 1.458821

-5.500065 -0.281432

3.341735 -0.388617

-0.357002 1.937796

1.337131 2.020843
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H 1.889702 2.330213 3.574140
H 1.792284 0.720640 4.355621
H 4.860365 -0.299483 4.907654
H 4.390152 3.313958 -0.353833
H -0.019117 -0.054320 2.059700

H 0.153335 1.728922 1.918537
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