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Supplementary Text.

S.1 Materials and Methods.

S.1.1 Sample Preparation. Solutions of horse heart cyt ¢ was purchased from Sigma-Aldrich,
and solutions were prepared at 4 mM in 100 mM, pH 7.2 phosphate buffer. Cyt ¢ was purified
by FPLC on a cation exchange column using NaCl as elutant. Purified protein was then dialyzed
for ~24 hours and then concentrated to 4 mM, as determined by UV-Vis Spectroscopy.
Solutions were reduced using sodium dithionite immediately before the experiment; the UV-Vis
spectrum was collected after adding dithionite to confirm complete reduction (i.e. appearance
of 520 nm and 550 nm bands, disappearance of 695 nm band.)

S.1.2 Experimental Procedures. Ultrafast hard X-ray spectroscopy measurements were
performed at the X-ray Pump Probe (XPP) instrument(41) at the Linac Coherent Light Source
(LCLS). The sample was flowed using an HPLC pump through a 100 um inner diameter capillary
to form a 100 um diameter cylindrical liquid jet; the sample was probed shortly after exiting the
capillary in the region where laminar flow was achieved. The jet was held in a sealed
environment under helium atmosphere, preventing oxidation to ferric cyt ¢. The sample was
excited nearly collinearly with a 50 fs FWHM, 520 nm laser beam (~20 mJ/cm?) generated by
optical parametric amplification of the 800 nm output of a Ti:sapphire regenerative amplifier
laser system (Coherent, Legend). The 520 nm beam was at the peak of the B-band of the heme.
The pump laser fluence was determined by a power titration measurement at the beginning of
the experiment and chosen to maximize the excited-state fraction while minimizing multi-
photon absorption effects. The actual time delay between the laser and XFEL pulse was
determined via the timing tool installed at XPP. The 50 fs FWHM X-ray laser pulses were
focused using Be compound refractive lenses to a 50 um diameter spot size on the sample jet.
The KB-XES measurements utilized 8 keV self-amplified stimulated emission (SASE) X-ray pulses.
For the K-edge XAS, a channel-cut monochromator with Si(111) crystals (~1 eV resolution) was
used to scan over the energy range of 7.104 to 7.24 keV.

The incoming X-ray pulse was measured using non-invasive diagnostics before the sample. A
high-energy resolution energy dispersive X-ray emission spectrometer, based on the von Hamos
geometry, was used to capture the Fe 3p = 1s fluorescence(42). The spectrometer was
equipped with 4 cylindrically bent (0.5 m radius) Ge(620) crystal analyzers and set to cover the
Bragg angle range from 78.0° to 80.4°. The CSPAD 2D pixel array detector (388 x 370 pixels)
intersected the X-rays diffracted from the crystal in an energy range from 7.033 to 7.084 keV.
S.1.3 Processing and Normalization of K-edge XAS Data. K-edge XAS data were collected in
two portions: the first covered the pre-edge and edge regions, from 7.033 to 7.1355 keV, while
the second covered the shape resonance, from 7.122 to 7.24 keV. Full range scans were
constructed by splicing together these two portions, with each portion superimposed in the
overlapping region of 7.122-7.1335 keV. In order to avoid any abnormalities in the data from
this process, and to ensure proper normalization over the small energy range used, a steady-
state ferrous cyt ¢ Fe K-edge XAS spectrum was collected at beamline 7-3 of the Stanford
Synchrotron Radiation Lightsource (SSRL), which was normalized using the standard spline
fitting method in PySpline(43). The GS spectrum was then scaled up to the steady-state
spectrum by subtracting out a linear background and multiplying by a scaling factor to ensure a
good match to the steady-state spectrum (Figure S7). The laser on spectrum was spliced and
scaled using the same process, and we confirmed that the relative changes between the GS and



laser on spectra were properly conserved following this process. The laser on spectrum was
treated as a linear combination of GS and ES spectra, and the ES spectrum was obtained by
subtracting out the GS component, as determined from the KB XES kinetic modeling below.
S.1.4 Computational Methods. Models for the six-coordinate, low-spin and five-coordinate,
high-spin cyt c were generated by DFT calculations. Ground state geometry optimizations were
performed using Gaussian 09(44), with the unrestricted functional BP86, modified to include
Hartree-Fock (HF) mixing of 20% with a triple-zeta (6-311G*) basis set on Fe, N and S, and a
double-zeta (6-31G*) basis set on all other atoms, as used in our previous study.(14) The
general model used is shown in Fig. 1b. This model includes the propionate and crosslinked
cysteine side chains on the heme, as well as Tyr(67) and Pro(30) fragments due to their H-
bonding interactions with the Met(80) and His(18), respectively. Because ground-state DFT
calculations overestimated the Fe-S(Met) bond distance, the Fe-S(Met) bond distance for the
six-coordinate model was fixed to its EXAFS bond distance of 2.29 A.(9) For photoexcited
species models, calculations were set to high-spin, and restrictions on the Fe-S(Met) distance
were released. Additional models were generated by fixing the Fe-N(His) and Fe-S(Met) at
various distances. Using the generated DFT models, the corresponding K-edge XAS spectra were
constructed using the multiple-scattering XANES simulation package MXAN(26, 27). The
geometry optimized DFT models were used without additional structural optimization in MXAN,
and the best simulation was chosen based on the ¥’ residual between the calculated and
experimental spectra; the best fit spectra are shown in Figure 1c,d, while the remaining
simulations are shown in figures S2-S8. For determination of the hydrogen-bonding network
enthalpy contribution, DFT calculations were performed as above, with the addition of Asn-52,
Thr-78, and H,0 (Fig. 3d and Fig. S11).

S.1.5 Extraction of X-ray emission spectra from the Cornell-SLAC Pixel Array Detector (CSPAD).
The region of interest (ROI) on the detector area was defined as a rectangular box centered on
an adequate ROI center along the nondispersive axis and comprising all 388 pixels along the
dispersive axis. The width was chosen to be five pixels to ensure highest spectral resolution. A
background ROI shifted by 19 pixels along the non-dispersive axis was defined with the same
width, and counts were subsequently summed along the non-dispersive direction in both ROI’s
and the difference was taken. The same ROl parameters were used at each time delay.

All spectra were area-normalized independently at each time delay. The GS spectrum was then
defined as the average spectrum before time zero and energy calibration was done by mapping
the off-spectrum onto a singlet reference spectrum(22).

S.1.6 Estimation of the time-dependent quintet state fraction. In the following, the quintet
state population is estimated without imposing any kinetic model. Generally, the excited state
populations at any given pump-probe delay can be estimated from fitting the transient
spectrum with a linear combination of differences constructed from reference spectra of
different spin multiplicities (Fig. S9). The scaling factors reflect the respective excited state
populations as a function of pump-probe delay.

After one picosecond, the transient spectra predominantly decay in amplitude without any
further apparent spectral evolution. This is confirmed by a singular value decomposition which
satisfactorily describes the data with a single component. Therefore, at each time delay the
transient was first fitted with a single scaled reference difference spectrum taking into account



the fact that the photolysis yield cannot exceed one. Only the quintet state is considered and
optimization was performed at every time delay At; by minimizing the following expression.

NE
D (XES (E; Atj)-a(At;)(Q(E;)-S(E;))?
i=1

Ng—m (1)

N; is the number of energy points E;. Q and S are the quintet and singlet spin states and m

= 1 is the number of fit parameters (scaling factor «.) XES represents the noise-filtered data
resulting from a singular value decomposition.

The resulting quintet (and singlet) state populations are shown in Fig. 3c inset.

S.1.7 Modeling of the Met recombination thermodynamics. Previous ultrafast measurements
of ferrous cyt c revealed that, following Fe-S(Met) bond photodissociation, recombination
occurs on a thermally hot five-coordinate ground state.(19) In this study, we correlate the
temperature decay of the hot ground state with Met rebinding to determine the enthalpy and
entropy of the Fe'-S(Met) bond. Both ferrous and ferric cyt ¢ exhibits a red-shift in the oxidation
state marker band v, following heme photoexcitation in TR®> measurements.(19) It was shown
that this band does not shift due to changes in spin state or loss of the Met ligand, and
therefore this shift in frequency is interpreted as local heating in the heme active site;(19) shifts
in Raman bands to lower frequency are consistent with an increase in sample temperature.
Asher and Murtaugh measured the frequency shift in the viy core marker band of Ni
octaethylporphyrin upon increased temperature(30). The temperature dependence of the vy
band was modeled by including anharmonic coupling to a thermally populated low-frequency
vibrational mode, as demonstrated by Harris et al.(45) Petrich et al demonstrated that this
method could be applied to time-resolved resonance Raman measurements by applying this
analysis to photoexcited carbonmonoxyhemoglobin.(46) They photoexcited
carbonmonoxhemoglobin using a 575 nm optical pulse, forming deoxyhemoglobin. They then
calculated the temperature of the heme using the following equation:
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where E; is the activation energy (which corresponds to the frequency of the low-frequency
vibrational mode), M reflects the strength of the anharmonic coupling between the low and
high-frequency vibrational modes, and Av; is the difference in frequency from the
photoproduct. The values of E; and M determined for the NiOEP v, band (528 cm™and -73 cm’
! respectively) were used for the hemoglobin v, and were shown to give reasonable results.
Therefore, we have used the same method here to determine the increase in temperature of
cyt c upon photoexcitation.

Fig. 9A of Ref. (19) displays the shift in frequency of the v, band as a function of time following
photoexcitation. The steady-state frequency of 1360 cm™ steadily red-shifts to 1345 cm™ after
~1-2 ps; at this time, IVR is considered to be complete, resulting in a heme with an equilibrated,
Boltzmann temperature; the frequency then shifts to higher energy in an approximately



exponential (i.e. unimolecular) process, eventually approaching the limit of 1353 cm™. The shift
from 1345-1353 cm™ is interpreted as an indicator of temperature decay, and the Av, values
are used to obtain the temperature using the relationship from Ref. (30). The temperature
values over the course of the Met rebinding vary from 456-320 K, which is within the range over
which Asher and Murtaugh demonstrated that this method can be applied.
Because the system reaches thermal equilibrium after ~2 ps, we treat the cyt c ligand rebinding
as an equilibrium process:
CytC + Met < CytC — Met (3)
where the relative ratios of five-coordinate and six-coordinate cyt ¢ heme sites are determined
by the relative amounts of singlet and quintet species, as measured by KB-XES (vide supra). The
excitation fraction was determined from the fits as 0.72. Because of the strong absorption of
the solution, we expect inhomogeneous excitation through the jet, with a larger excitation
fraction in front of the jet than in the back. The x-ray emission spectrum represents an
ensemble average of the sample that is photoexcited and the sample that is not photoexcited.
To remove the non-photoexcited sample from the thermodynamics analysis, the quintet
species was normalized by the excitation fraction, and the singlet species was 1 — [quintet] (no
intermediate is included at longer delay times.) Therefore,
_ [CytC —Met] _ [Singlet] 4)
“[CytC + Met] [Quuntet]
These values, with the temperature values, were used to generate the linear Van’t Hoff plot
shown in Fig. 3c. The slope of this plot equals AH/R, while the y-intercept equals -AS/R;
therefore the slope and y-intercept of 3410.2 and -8.558 equate to a AH and AS of ~6.5 + 1.2
kcal/mol and ~16.0 * 3.2 cal/(mol*K), respectively. The error bars on the x-axis in Fig. 3c were
determined using an error of £ 1 cm™ from the transient resonance Raman study, while the y-
axis error bars assume a + 5 % error in the singlet and quintet states from the XES analysis. The
linear fit was not weighted to these individual errors.

S.2 MXAN Simulations

The structure of ground and excited-state cyt c were extracted from our Fe K-edge XAS data by
generating DFT models with S=0 and S=2, respectively, and simulating the XAS spectrum using
MXAN(26, 27). The DFT model used for the ground-state was chosen because it adequately
reproduced the covalency values determined in the cyt ¢ RIXS measurement, as well as all of
the metal vibrational modes observed in nuclear resonance vibrational spectroscopy
(unpublished.) The best simulations for the ground and excited states are shown in Fig. 1c,d as
determined by the resulting x* value. x* is calculated according to the method of Benfatto and
Della-Longa (26):

X% = X[y = y7)e ) (5)
where m is the number of data points, n is the number of independent points, y* and y** are
the simulated and experimental absorption values, respectively, and € is the individual error in
the data set.

S.2.1 Alternative Ground-State MXAN Simulations.

The optimal simulation of the GS spectrum is shown in Fig. 1c. This simulation invoked a DFT
structure where the geometry was optimized with the Fe-S(Met) bond distance fixed to its



EXAFS value of 2.29 A.(9) DFT tends to overestimate this Fe-S distance, so an additional
simulation was performed where the Fe-S(Met) bond distance was allowed to vary from the
EXAFS distance in the DFT calculation (Fig. S2); the resulting structure was used to simulate the
GS spectrum. The )(2 value of 3.3 was much higher than that obtained when the Fe(ll)-S(Met)
distance was fixed (x° = 2.4), indicating that the EXAFS distance is a better match to our data
than the DFT distance in the GS spectrum. In particular, the simulation with the longer Fe-
S(Met) bond distance poorly replicates the spectral feature ~30 eV past the edge, while this
feature is reproduced adequately when the Fe-S(Met) distance is fixed to the EXAFS bond
distance of 2.29 A. In Fig. S3 this simulation is compared to the simulation from Fig. 1c.

S.2.2 Alternative Excited-State MXAN Simulations.

A series of MXAN simulations from DFT spectra were utilized to determine the cyt ¢ heme ES
structure. As a control, an MXAN simulation was performed using the GS structure to model the
ES spectrum to demonstrate the sensitivity of MXAN to the structural changes between GS and
ES (Fig. S4.) The optimal ES fit (Fig. 1d) allowed both the Fe-S(Met) and Fe-N(His) bond
distances to vary in the DFT calculation, resulting in final bond distances of 3.04 and 2.15 A,
respectively. Subsequent DFT calculations and MXAN simulations were performed where the
Fe-N(His) bond distance was fixed at various bond lengths to imitate Fe-N(His) bond photolysis
in the excited state (Fig. S5,56). The fixed bond distances are indicated in the figure captions.
The x* values obtained from these simulations are worse than the x> of 1.9 obtained for the
high-spin DFT model shown in Fig 1d. The residuals in Fig. S5 and S6 demonstrate that these
simulations poorly reproduce the peak on the rising edge, as well as the two peaks at the top of
the edge, and as such these structural models can be disregarded as proper models of the cyt ¢
excited state.

S.2.3 Met Distance Simulations

Fig. S5 and S6 demonstrate that photoexcited cyt ¢ does not exhibit N(His) bond photolysis.
While the MXAN simulation of the high-spin DFT model shown in Fig. 1d does reproduce the
XAS quite well, this does not reveal the sensitivity of the XAS to the Fe-S(Met) bond distance. A
series of MXAN simulations were performed where the Fe-S(Met) distance of this model was
varied to determine the sensitivity of these simulations to this scattering distance. The plot of
the MXAN simulation x? as a function of the Fe-S(Met) distance in Fig. S7 indicates that the x>
decreases with increasing Fe-S(Met) distance from 2.29 to ~3.04 A, and then remains fairly
consistent at larger distances. Therefore, our MXAN simulations indicate that the Fe-S(Met)
distance is > 3.04 A.

S.2.4 Individual Met Distance Simulations

The MXAN simulations for Fe-S(Met) distances of 2.29, 2.44, 3.04, and 3.49 A are shown in Fig.
S8, along with overlaid plots of the experiment — simulation residual for these simulations. It
should be noted that in the shape resonance region at higher energies the residuals for each of
these simulations is quite similar, indicating that the shape resonance region rather insensitive
to the Fe-S(Met) bond distance. Instead, this region is likely more sensitive to the other cyt ¢
active site conformational changes, such as heme doming and core expansion. The residuals
indicate significant differences in the rising edge and edge region; in particular, the simulations
with shorter Fe-S(Met) distances exhibit larger residuals in the -2 to 0 eV range, indicating a
poor match to the edge peak in these simulations. The XANES sensitivity to the Fe-S(Met)



distance in photoexcited cyt c is exhibited most in the edge region, and we confirm a Fe-S(Met)
distance > 3 A due to the better match (lower residuals) in the first ~ 20 eV of the XANES.

S.3 Laser Power Controls

S.3.1 Laser Power Titration

A high laser fluence, such as that utilized in this study (20 ml/cm?, ~3 photons/heme), can result
in multi-photon absorption effects and distortion of the excited-state dynamics. In order to
avoid multi-photon absorption, a power titration scan was performed where the change in the
KB-XES was measured as a function of the laser fluence. This measurement was performed at
600 fs time delay to ensure that a large excited-state change in the spectrum was observed. The
power titration scan is shown in Fig. S12, where the integrated emission signal over the energy
range of 7049-7059 eV is plotted as a function of laser fluence. The plot is expected to be linear
so long as each individual molecule absorbs only one photon. The power titration is linear from
1 - 20 ml/cm?%; exciting with a laser fluence in this range will yield a high excitation fraction
while minimizing multi-photon absorption effects.

S.3.2 Thermodynamics Analysis Using Ultrafast Optical Transient Absorption

Optical transient absorption measurements utilized much lower laser fluences in the excitation
pulse. As an additional control, we determine the K4 values from optical transient absorption
(TA) measurements and perform the same thermodynamics analysis shown in Fig. 3c. The
determination of the quintet and singlet populations, as well as the corresponding Van’t Hoff
plot, are shown in Fig. S13. The transient absorption spectrum is shown in Fig. S13a, following
noise reduction by singular value decomposition, as well as removal of laser pump scatter. At
each time delay, the absolute value of the signal was summed along the wavelength axis and
the resulting decay curve was assumed to be proportional to the quintet population after ~600
fs. The excitation fraction could not be determined from the TA data and instead was
determined by solving the rate equation using both the laser (temporal width, fluence, etc.) and
sample (concentration, path length) parameters, yielding an excitation fraction of ~10 %.
Because the maximum difference signal is observed at 600 fs in the TA, this time point of the
summed TA signal was scaled to 10 % quintet state. The resulting time evolution of the quintet
population is shown in Fig. S13b; also shown are the calculated values from the rate equation,
determined using the excitation fraction and assuming exponential decay. The quintet and
singlet values for the thermodynamic analysis were then determined using the same method
employed in the XES, by taking the quintet values at times matching the time-resolved
resonance Raman data and scaling by the excitation fraction. The resulting Van’t Hoff plot is
shown in Fig. S13c. The AH and AS values determined in this way are consistent with those
determined by the XES analysis. Because the pump laser fluence in the TA measurement is
much lower than the XES (~0.85 vs. 20 mJ/cmZ), we conclude that the AH and AS values are not
affected by multi-photon absorption. For the TA analysis, it is unclear how much error is
present in the Keq values.

S.4 X-ray Absorption Time Dependence

Due to the large data acquisition time required for collecting the ultrafast XAS, the full
spectrum was only collected at a single time delay (600 fs). In order to observe time-dependent
structural dynamics, we instead performed time scans at several energies where the difference



between the ground and photoexcited spectra was largest. The energies collected were 7128,
7136, 7147, and 7203 eV, shown in Fig. S14. Each of these time scans can be fit with a single
exponential with a 5 to 8 ps time constant, consistent with the monoexponential kinetics
exhibited in the XES. In order to improve the quality of the XAS time scans, the scans from each
energy were rescaled such that all the time scans from all energies was overlaid and averaged.
This new time scan is plotted with the XES in Fig. S15. We observe that the XAS kinetics match
the XES quite well, indicating that there is not significant structural evolution in this system; the
change in the spectrum over time instead reflects a conversion from five-coordinate, Met-off to
six-coordinate, Met-bound.
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Fig. S1 — Ground-State XAS Reference Spectra. Fe K-edge XAS reference spectra of six-
coordinate, low-spin (blue) and five-coordinate, high-spin (red) hemes; a) ferrous heme model
complexes, where pfp = picket-fence porphyrin and ImH = imidazole; b) ferrous heme proteins,
where deoxyHb = deoxyhemoglobin
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replicated well when the EXAFS distance is used, but is poorly replicated when using the DFT
distance.
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generally minor effects on the shape resonance at energies > ~20 eV. The primary differences
are observed in the rising edge and edge peak regions encompassing the first ~ 20 eV of the
XAS. The simulations at smaller Fe-S(Met) distances, i.e. the 2.29 (green) and 2.44 (black) A
simulations have a particularly poor match to the edge peak, resulting in large residuals from -2
to 0 eV, while the longer time distances of 3.04 (blue) and 3.49 (purple) A show smaller
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Fig. S9 — Modeling of KB XES Difference Spectra. Fit of the noise-filtered transients at pump-
probe delays of a) 1.05 ps and b) 5.25 ps using the quintet-singlet difference spectrum. The
difference spectrum was broadened to account for misalignment in the XES spectrometer.
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point via a 3T1 state.
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Fig. S11 — Calculated Hydrogen Bonding Stabilization. DFT calculation of Tyr-OH---S(Met)
hydrogen bond strength; AH determined from frequency calculations; DFT calculations
performed as described in Materials and Methods section.
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Fig. S13 — Thermodynamics from Optical Transient Absorption. The Fe-S(Met) AH and AS were
determined from TA for comparison with the values from XES analysis. a) TA spectrum plotted
as a function of time and wavelength; note that the portion of the spectrum affected by laser
pump scatter was removed from the analysis, and noise was filtered by SVD analysis. b) Plot of
quintet fraction over time; the excitation fraction was estimated by solving the rate equation
using laser and sample parameters; the integrated TA signal (blue) was scaled by the excitation
fraction, with 600 fs set to 10% quintet population, as this was when the maximum TA signal
was observed; the simulated quintet population (red) is from the results of the rate equation,
assuming a 6.1 ps decay. c) Van’t Hoff plot using TA quintet and singlet populations. The AH and
AS from the fit are consistent with those from the XES analysis; because the optical TA is
performed with low laser fluence (~ 0.8 mJ/cm?), the XES analysis is shown to exhibit no
measurable effects from multi-photon absorption.
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Fig. S14 — XAS Time Scans. XAS time delay scans at a) 7128 eV, b) 7136 eV, c) 7147 eV, and d)
7203 eV. All of these time scans exhibit exponential decay with T =5 to 8 ps, consistent with
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rescaled to allow for proper averaging. The average time scan also exhibits an exponential
decay consistent with optical transient absorption and XES measurements.
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