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Observation of Terahertz Vibrations in the Nitrogenase FeMo Cofactor
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Human reliance on synthetic nitrogen fertilizers produced in
the Haber—-Bosch ammonia synthesis process has a host of
undesirable consequences,' including dead zones from
eutrophication, contributions to acid rain and greenhouse
gases, and the consumption of large quantities of natural gas
and coal.”! Increased understanding of the alternative route,
biological nitrogen fixation, could lead to better options for
the delivery of fixed nitrogen to crop plants.*! In any case, it
would be instrumental in solving one of the longstanding
questions in catalysis: How does nature reduce dinitrogen to
ammonia at low temperatures and at atmospheric pressure ?

One of the best-studied biological nitrogen-fixation
systems is the Mo-dependent nitrogenase (N,ase) from
Azotobacter vinelandii” The active site of this enzyme
employs a MoFe,;S;X-homocitrate “FeMo-cofactor”, where
“X”is an unidentified interstitial light atom, and this cluster is
extractable into organic solvents as the small molecule
“FeMoco”."”! Dramatic progress has been made recently
using electron nuclear double resonance (ENDOR) of nitro-
genase mutants under special conditions to observe nitro-
genous intermediates at various states of reduction.!*¥
However, techniques are still needed to characterize nitro-
genase from other points of view, preferably on short time
scales and in solution. In this work, as a prelude to measure-
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ments on complex samples, we have investigated N-methyl-
formamide (NMF) solutions of isolated FeMoco using
impulsive coherent vibrational spectroscopy (ICVS). The
results are compared to those from nuclear resonance vibra-
tional spectroscopy (NRVS),[> 1% and the combination of data
from both of these techniques allows a more comprehensive
description of FeMoco vibrational activity.

In the ICVS experiment, an ultrashort pump laser pulse,
resonant with the sample absorption, promotes a small
fraction of the molecules to an electronic excited state. A
probe pulse delayed by time 7 measures the time-dependent
differential transmission (A7/T) signal. If the pump pulse
duration is significantly shorter than the periods of the
vibrations of interest, then a coherent vibrational wave packet
can be formed in the excited and/or in the ground electronic
states. Periodic motion of this packet along displaced bond
coordinates will modulate, by means of Franck—Condon
factors, the molecular absorption. Fourier transformation of
the oscillatory component of the time-dependent A7/T signal
yields vibrational frequencies coupled to the electronic
transition for the chromophore under study. To date, ICVS
has been applied to the study of several biochemical systems,
including heme proteins,'" ' green fluorescent protein,?”!
blue copper proteins such as azurin,”"! plastocyanin,®>
and umecyanin,® and the Fe(Cys), site in the electron-
transfer protein rubredoxin.””!

In our ICVS experiments, a benzenethiolate-treated
FeMoco solution was pumped by 15 fs pulses centered at
450 nm, and probed by sub-10 fs pulses with a broadband
spectrum spanning the 500-700 nm range.”*®! Figure 1a
shows the steady-state absorption spectrum for this FeMoco
solution, together with the spectra of the pump and probe
pulses. The relatively featureless FeMoco absorption spec-
trum is one indicator of sample integrity, because air-oxidized
FeMoco exhibits a variety of distinct features in its visible
spectrum.® No changes in the absorption spectrum were
observed during the ICVS experimental sessions. Over a
period of several weeks of storage, the sample bleached and a
distinct absorption band grew in at 470 nm (see the Support-
ing Information), indicating the presence of air-oxidized
FeMoco.’ These observations indicate that the integrity of
the sample was maintained during the period when the ICVS
measurements were conducted.

Figure 1b shows the 2D differential transmission map
AT/T(A,7) following excitation at 450 nm. A7/T spectra at two
different time delays are shown in Figure 1c, whereas a
typical dynamics together with an exponential fit is reported
in Figure 1d. The response is strongest around 540 nm, but
absorption changes are clear out to 700 nm. The raw pump—
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Figure 1. a) Absorption spectrum for benzenethiolate FeMoco (solid black line); pump spectrum at 450 nm
and the broadband probe used for ICVS experiments are also shown; b) 2D differential transmission
spectrum AT/T(A,7) spectrum following excitation at 450 nm; c) AT/T spectra recorded at =200 fs and

around 66 and 95 cm™' and

a very weak high-energy
feature at 670 cm™".

2 ps; d) AT/T dynamics at a probe wavelength of 570 nm together with an exponential fit (red curve).

probe data present a strong signal at zero time delay that lasts
for about 100 fs. This can be ascribed to a nonresonant
response of the solvent.'”-?? In order to remove the effects
of this artifact, we limited our analysis to time delays longer
than 200 fs. In all cases, the traces show an exponential decay
that is modulated by clearly visible oscillations. The negative
AT/T signal (photoinduced absorption) is most likely due to a
transition from the photoexcited level to a higher excited
state, with oscillator strength greater than the ground-state
transition. By fitting the AT/T data with an exponential decay
plus an offset, we found that the population of the electronic
excited state decays with a time constant of roughly 200 fs.
This time constant is similar to the 230-300 fs values recently
observed in rubredoxin®®”! and in a [2Fe-2S] ferredoxin,!!
suggesting that rapid nonradiative coupling between excited
and ground states is a general characteristic of Fe-S
chromophores.

The trace in Figure 1d shows that the AT/T signal is
modulated by a complex oscillatory signal, assigned to
vibrational coherence created by the very short pump
pulses. The oscillations occur at frequencies that corre-
spond to the vibrational modes coupled to the electronic
transition for the chromophore under study, and the Fourier
transform of these oscillations is similar to the resonance
Raman spectrum.’? Figure 2a (upper trace) shows as a
representative example the oscillatory component of the
FeMoco signal at a probe wavelength of 570 nm, as obtained
after subtraction of the exponential decay component. These
oscillations are exponentially damped with a time constant of
approximately 1 ps. The corresponding Fourier spectrum of
the data is shown in Figure 2b (upper trace). In order to
distinguish between FeMoco and solvent features, we
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Figure 2. a) Oscillatory components of the pump—probe response

probed at 570 nm after excitation at 450 nm. b) Corresponding Fourier

transforms for FeMoco solution in NMF (top) and NMF solvent blank

(bottom).

Although definitive assignment of the strong band at
420 cm ! must await expensive isotopic labeling experiments,
we note that many [2Fe-2S] clusters in model compounds and
ferredoxins have asymmetric (b,,) Fe-S stretching modes in
this region.”*3! Similarly, many [4Fe—4S] clusters in models
and ferredoxins have Fe-S stretching modes in the 265-
381 cm™! range where we see the weaker FeMoco bands.[*%!
Thus, all of the features from 265 to 420 cm ™! are consistent
with Fe-S stretching modes similar to those seen in other
Fe-S clusters.

We now discuss the dominant band at 215 cm™!, which
turns out to be the unique feature in the spectrum. We know
from previous NRVS simulations, as well as the large body of
resonance Raman studies on Fe-S clusters, that the 200 cm™
region derives from normal modes that are primarily breath-
ing and bending in character.!! To assign this mode, we
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compare the ICVS data with previous measurements on
various *’FeMoco samples using NRVSI>!9 (Figure 3). In
making this comparison, of course we cannot expect the same
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Figure 3. Upper panel: NRVS for three different forms of FeMoco,
compared with an empirical simulation with lines corresponding to
individual normal modes. C;, NMA: normal mode analysis for a
simplified C;, model. The three FeMoco forms are: NafY: FeMoco
bound to the small protein NafY; NMF: isolated FeMoco in NMF
solution; M center: FeMo cofactor in intact nitrogenase.™'® Lower
panel: Comparison of ICVS and NRVS spectra for FeMoco in NMF.
Arrows denote the positions of the main modes identified by ICVS.

intensities, because ICVS and NRVS have very different
selection rules—the latter technique being sensitive only to
Fe motion. Mismatches between NRVS and resonance
Raman intensities have been observed and discussed for the
FeS, breathing mode in rubredoxin,*” the out-of-phase Fe,S;
breathing mode in 2Fe ferredoxins,® and the symmetric
breathing mode at ~338 cm™ in 4Fe ferredoxins.” Further-
more, the ICVS measurements were performed on a natural-
abundance FeMoco sample at room temperature in NMF,
whereas the NRVS data were obtained for frozen “FeMoco
samples at about 100 K either in a protein matrix or NMF.
Despite these caveats, there are some correspondences
between the spectra obtained with the two different tech-
niques.

In the NRVS data sets, the overall maximum is at
approximately 190 cm™', but in each case there is also a
peak or clear shoulder on the high-energy side between
roughly 210 and 230 cm™". Using the force field developed to
fit the NRVS data,'>' a normal mode analysis with a
simplified C;, model predicts a totally symmetric breathing
mode at 222cm™', and a pair of E symmetry modes at
211 cm™'. The motion in these modes is shown in Figure 4,
along with the other symmetric breathing mode at 190 cm™'
and an E symmetry Fe-S stretching mode predicted at
approximately 417 cm™.

In summary, using the ICVS technique, we have identified
two key vibrational frequencies for FeMoco, at approximately
215 and 430 cm™'. The 215cm™ band is in a region less
commonly probed in resonance Raman studies of Fe-S
clusters and above the strongest NRVS features. By compar-
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Figure 4. Calculated modes for a FeMoco model with C;, symmetry.

a) totally symmetric A, breathing mode at 190 cm ™, b) totally symmet-
ric A, breathing mode at 225 cm™, ¢) E symmetry breathing mode at
213 cm™', d) E symmetry Fe-S stretching mode at 417 cm™".

ing the ICVS spectra to NRVS data and normal mode
analyses, we assign the low-frequency mode to A and/or E
symmetry cluster breathing modes. Such breathing modes
should be useful diagnostics for nitrogenase chemistry,
because they are expected to be sensitive to the binding of
substrates and inhibitors to any of the iron centers in the
central prism. In contrast, the high-frequency Fe-S stretching
mode at 417 cm ™! should be sensitive to the redox state of
FeMoco. Because the ICVS experiment is sensitive to both
the pump and probe wavelengths, additional experiments
should find conditions that enhance other FeMoco normal
modes. Using ICVS it should be possible to observe chemical
changes in the protein-bound FeMo cofactor, thus shedding
light on the nitrogenase catalytic mechanism. There is
obviously great potential for application of this technique to
studies of other Fe-S enzymes on very short time scales.
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