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NRYVS Data Collection Details.

Measurements conducted at SPring-8 BLI9LXU were performed operating in the C-mode bunch pattern
operating at 100 mA with a 145.5 ns interval between X-ray pulses.! The incident beam was
monochromatized utilizing a high heat load monochromator (HHLM) to obtain an initial ~1 eV bandwidth,
followed by a Ge(331)%2Si(975) high resolution monochromator (HRM) to obtain a ~0.8 meV linewidth
centred at the nuclear resonance energy (14.4 keV).? The monochromatized incident beam flux from
BL19LXU was 5.2x10° photons sec'! with a beam size of approximately 0.8 x 1.5 (v x h) mm in FWHM at
the time of the measurements. A 5x3 mm? silicon-based 2x2 avalanche photodiode (APD) array detector
with a 150 pm thick depletion layer® was used to detect the delayed 3"Fe nuclear resonance scattering and
Fe K fluorescence (from internal conversion) following the nuclear resonance excitation. The strong prompt
pulse (from X-ray scattering and fluorescence) was rejected using gating electronics synchronized with the
electron bunch clock. An observation time window of 20 to 142 ns after the last bunch in the train was
applied. Spectra were collected across an energy range from -30 meV (-241 cm!) to +80 meV (+644 cm!)
with respect to the elastic peak position using a step size of ~0.31 meV. A liquid He flow type cryostat was
used to provide a low-temperature environment for all measured samples. The Cu block sample holder of
the cryostat was held at a temperature of ~15 K for all measurements; however, true sample temperatures
ranged from 40-50 K as determined using the S2 detailed balance method available in PHOENIX v.2.1.4.

Measurements conducted at the Nuclear Resonance beamline* ID18 of ESRF were performed in the Hybrid
32x12 storage ring operation mode with a nominal ring current of 150 mA. The incident beam was
monochromatized with a high heat load 2xSi(111) monochromator (HHLM) to obtain an initial 2.0 eV
bandwidth, followed by a 2xSi(4 0 0)+2xSi(12 2 2) high resolution monochromator (HRM) to obtain a 0.63
meV linewidth centred around the nuclear resonance energy (14.4 keV). The monochromatized incident
beam flux from ID18 was approximately 8x10° photons sec’! at the time measurements were performed.
The beam size on the sample was approximately 0.48 x 0.56 (v x h) mm. An avalanche photodiode (APD)
detector with two APD sensors located one immediately after the other was used to detect the delayed >’Fe
nuclear fluorescence following the nuclear resonance excitation. The area and thickness of each sensor was
10x10 mm? and 110 pm, respectively. The energy transfer scale was calibrated with a standard
(NH4);Mg>"Fe(CN)y absorber using the narrow three-fold degenerate stretching mode’ located at room
temperature at 74.0(1) meV i.e., at 596.8(8) cm™! (as re-evaluated using an IR spectrometer). In order to
increase the statistical accuracy of spectra at high phonon energies, data were acquired using “multi-zone”
scans, where the energy transfer was scanned with 2 sec/point in the [-10 : 12] meV range, then with 5
sec/point in the [12 : 30] meV range, and finally with 10 sec/point in the [30 : 80] meV range, with 0.25
meV energy grid in all cases. Sample cells were loaded in a liquid He flow cryostat using a Cu block fixed
to a cold head maintained at a temperature of ~10 K. True sample temperatures as determined by detailed
balance ranged from 30-40 K.
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Figure S1. Comparison of the QM/MM-calculated numerical Hessian using a 1-point vs. 2-point
approximation. QM-region and partial Hessian size is 103 atoms.

Figure S2. Numbering conventions for relative Fe positions of FeMoco, FeVco, FeFeco, and the P-
cluster.
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Figure S3. A comparison of experimental >’Fe PVDOS of holo-MoFe protein between our result (black

line) vs previously reported (red line).> 7 The PVDOS of Xiao, et al. 2006 was adapted with permission
from Ref. 1. Copyright 2006 American Chemical Society.
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Figure S4. CW X-band EPR spectra of holo-VFe (top) and holo-FeFe (bottom) collected for measured
NRVS samples.
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Figure S5. An experimental >’Fe PVDOS overlay of our holo-MoFe (black solid line) and apo-MoFe (black
dashed line) protein vs the previously reported PVDOS of [(n-Bu)4N],[FesS4(SPh),] (green line).® The
PVDOS of [(n-Bu)4N],[Fe;S4(SPh),] was adapted from Ref. 3 with permission from the Royal Society of

Chemistry.
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Figure S6. An overlay plot of calculated >’Fe PVDOS of FeMoco using the QM/MM approach with a 54-
atom QM-region (blue line) vs. 54-atom CPCM continuum-cluster approach (green line) along with the
experimental >’Fe PVDOS of FeMoco (red line).
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Figure S7. An overlay of QM/MM calculated >’Fe PVDOS of FeMoco with different sizes of the quantum
region and partial Hessian. All calculations were performed using the BS7-235 broken-symmetry solution.
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Figure S8. A comparison of QM/MM-calculated ’Fe PVDOS of FeMoco with three different BS7
configurations with S = 3/, spin state using a 54 atom QM-region and partial Hessian.
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Figure S9. A comparison of QM/MM calculated *’Fe PVDOS of FeFeco in BS7-235 configuration with a
combination of different spin states and total charges (as indicated in the figure legend) along with the
experimental PYDOS. QM-region and partial Hessian size is 54 atoms.
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