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motion (~1%) of endogenous mRNA (Fig. 1F
and fig. S5) than previously reported (22%) (9),
possibly due to the differences between the en-
dogenous mRNA and the exogenous reporter,
or the cell types. Serum-induced localization of
B-actin mRNA in fibroblasts appears predom-
inantly mediated by rapid release of stationary
mRNA and redistribution into discrete cyto-
plasmic compartments (fig. S6, movies S2 to S5,
and supplementary text), although we cannot rule
out short movements driven by nonprocessive
motors.

Neuronal RNA transport granules may con-
tain multiple mRNAs (10, 11). To investigate the
stoichiometry of B-actin mRNA in hippocampal
neurons from MCPxMBS mice, we performed
single-molecule FISH (fig. S7). The intensity
histograms of diffraction-limited fluorescent spots
indicated mRNPs containing multiple copies of
B-actin mRNA in the soma and proximal dendrites
(fig. S7B), which decreased with distance from
the soma (fig. S7D). In live neurons (Fig. 1C and
movie S6), ~25% of mRNPs in proximal dendrites
contained more than one B-actin mRNA (Fig. 1E).
Diffusion of mRNPs in neurons was slower [dif-
fusion coefficient = 3.8 (+0.5) x 1073 un’s] than
in fibroblasts, but ~10% of mRNPs were actively
transported anterograde and retrograde (Fig.
1G and fig. S8A) with a mean speed of 1.3 pm/s
(fig. S8B). The ratio of anterograde to retrograde
transport was 1.1 to 1.5 throughout neuronal de-
velopment in culture (fig. S8C), which may me-
diate constitutive delivery into dendrites.

To investigate the activity-dependent dynam-
ics of B-actin mRNA, we imaged live neurons
before and after depolarization (60 mM KCl for 3
to 6 min). Pairwise comparisons in the same
dendritic regions revealed that there were signif-
icant increases in the density of the mRNP par-
ticles after KCl depolarization in both cultured

neurons (fig. S9) (8) and acute brain slices (fig.
S10). The diffusion coefficient decreased by a
factor of 3 (fig. S9D), and particles with directed
motion decreased in both directions (fig. SOE).
Therefore, the increase of diffraction-limited spots
in the dendrite was not due to transport of mRNA
from the soma. We hypothesized that the number
of detected spots increased because of the release
of mRNAs from mRNP complexes upon stimu-
lation. We quantified the number of B-actin mRNAs
contained in each neuronal mRNP by particle
intensity. After KCl depolarization, the number
of spots containing single B-actin mRNA increased
while the number of particles bearing multiple
mRNAs decreased (fig. S9B and S10B). We
observed merge and split events of particles
(Fig. 2, A and B, and movies S7 and S8). Both
the split and merge frequencies were reduced
after depolarization, but the ratio of split to merge
was increased (Fig. 2C). These results suggest that
mRNA molecules undergo continuous assembly
and disassembly of large mRNP complexes (/2)
but favor the released state upon depolarization,
possibly for local translation (13, 14).

We investigated endogenous B-actin gene ex-
pression in native tissue by imaging acute brain
slices (Fig. 2D). Transcriptional activity was mon-
itored in the hippocampus CA1 region at 20 to
60 um from the surface before and after KCl
depolarization (Fig. 2E). Nascent -actin mRNA
per transcription site increased 10 to 15 min after
depolarization (Fig. 2, F and G), likely because of
rapid initiation (/5). Rapid induction of B-actin
transcription was observed in various cell lines
(4, 16, 17) but B-actin was not recognized as an
immediate early gene in the nervous system,
probably because of high basal expression. In-
creased expression of B-actin may be implicated
in transducing synaptic activity into structural
plasticity.

The MCPxMBS mouse provides a distinctive
tool for monitoring the dynamics of single en-
dogenous mRNA in live mammalian cells and
tissues. Our results with the -actin gene suggest
that the technique could be generally applicable
to other genes to investigate the effect of the tissue
microenvironment on single-cell gene expression.
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The HydG Enzyme Generates an
Fe(CO),(CN) Synthon in Assembly
of the FeFe Hydrogenase H-Cluster

Jon M. Kuchenreuther,™ William K. Myers,** Daniel L. M. Suess,” Troy A. Stich,* Vladimir Pelmenschikov,?
Stacey A. Shiigi,? Stephen P. Cramer,™” James R. Swartz,>® R. David Britt,*t Simon J. George’t

Three iron-sulfur proteins—HydE, HydF, and HydG—play a key role in the synthesis of the [2Fely
component of the catalytic H-cluster of FeFe hydrogenase. The radical S-adenosyl-.-methionine
enzyme HydG lyses free tyrosine to produce p-cresol and the CO and CN™ ligands of the [2Fe]y
cluster. Here, we applied stopped-flow Fourier transform infrared and electron-nuclear double
resonance spectroscopies to probe the formation of HydG-bound Fe-containing species bearing CO
and CN~ ligands with spectroscopic signatures that evolve on the 1- to 1000-second time scale.
Through study of the *3C, *N, and >’Fe isotopologs of these intermediates and products, we
identify the final HydG-bound species as an organometallic Fe(CO),(CN) synthon that is
ultimately transferred to apohydrogenase to form the [2Fely component of the H-cluster.

H, at a 6-Fe catalytic site termed the

F eFe hydrogenase enzymes rapidly evolve
H-cluster (Fig. 1A) (/-3), which comprises

a traditional 4Fe-4S subcluster ([4Fe-4S]y),
produced by canonical Fe-S cluster biosynthesis
proteins, that is linked via a cysteine bridge to

a dinuclear Fe subcluster ([2Fe]y) that contains
unusual ligands. Specifically, the [2Fe]y sub-
cluster possesses two terminal CN  ligands, two
terminal CO ligands, and azadithiolate and CO
bridges, all of which are thought to be synthesized
and installed by a set of Fe-S proteins denoted
HydE, HydF, and HydG. In one recent model
for the [2Fe]y subcluster bioassembly pathway
(4, 5), the two radical S-adenosyl-L-methionine
(SAM) enzymes of the set, HydE and HydG, gen-
erate the dithiolate moiety and free CO and
CN', respectively, and these ligands are then trans-
ferred to a dinuclear Fe precursor bound to HydF,
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which acts as a scaffold protein for assembling
HydE, HydF, and HydG can be combined for

A

[4Fe-4S]y

C-terminal
Cluster

Fig. 1. Ligand synthesis by HydG. (A) The catalytic H-cluster of FeFe hy-
drogenases. Ball-and-stick representation (from Protein Data Bank entry 3C8Y)
was generated by using University of California San Francisco Chimera: Fe (brown),

successful in vitro synthesis of the [2Fe]y com-
the final [2Fe]y subunit. Individually expressed  ponent of the H-cluster and concurrent activation
of FeFe hydrogenase apoprotein (6, 7). Alter-

REPORTS I

natively, an abiotically synthesized dinuclear Fe
subcluster, constructed with an azadithiolate bridge
as well as one CN ~ and two CO ligands per Fe,

OH

S (yellow), C (gray), O (red), and N (blue). H was not shown for simplicity. (B)
Proposed HydG-catalyzed conversion of 4Fe-4S—bound DHG to an Fe(CO)(CN)
species concomitant with conversion of 40B° to p-cresol (17).
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Fig. 2. FTIR spectra. Reactions used 100 uM HydG"" and (°C)-Tyr, producing
30 and ™*CN ligands, unless indicated otherwise. (A) SF-FTIR spectra measured at 30
and 1200 s (solid lines) and at 10 s using 800 M HydG"" (dotted line, plotted at half
intensity). (B) Time dependence of formation and decay of the following spedies: 408"
determined by EPR spectroscopy, two experimental runs (¢, ) and corresponding
kinetic fit (dashed line) (17); FTIR data (no kinetic fit) of complex A (red) and complex B
(blue) determined by the peak heights of their respective v(CO) modes [see (A)]; and
free CO trapped by myoglobin (green) (fig. S3). Each data set is scaled to unity at its
maximum value. (C) Comparison of the time dependence of the peak heights of all
v(CO) and v(CN) bands for complex A and complex B. Complex A red symbols are as
follows: ©, v(**CN); », v(*3C0). Complex B blue symbols are as follows: o, v(**CN);

e, v(*3C0) 2010 am ™, +, v(C0) 1960 cm™. The data for complex A were taken from
measurements by using 800 M HydG"" in order to enhance the signaknoise ratio of
the v(CN) mode. (D) Table of frequencies for observed IR bands of complexes A and B
prepared by using Tyr (middle column) or (*Qs-Tyr (right-most column). (E) SF-FTIR
spectrum of complex B measured at 900 s and prepared by using a 1:1 mixture of Tyr
and COO-Tyr (top). Average of the *2C0O and 3CO product B spectra (bottom). The
arrows indicate new bands not present in either the *2CO or >CO spectra of complex B.
(F) SF-FTIR spectra of complex B measured at 1200 s and prepared by using (°0)g~N-Tyr
(top) and (BQ)sTyr (bottom). Expected CN and CO bands for **C*N-containing
complex B in the absence of v(CN)/v(CO) vibrational mixing (dotted line). Predicted
band shifts computed simply by the change in the reduced mass.
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can also be used to activate FeFe hydrogenase
8, 9).

The HydG radical SAM enzyme was pre-
viously reported to use free L-tyrosine (Tyr) as
its substrate to generate p-cresol and free CO
and CN  as its products (6, 10—12). Although
HydG has yet to be crystallographically charac-
terized, sequence analysis and results from spec-
troscopic studies indicate that it has two 4Fe-4S
clusters, each with distinct functions (/3, 14).
The SAM-binding 4Fe-4S cluster, located near
the N terminus, reductively cleaves SAM, pro-
ducing methionine plus a strongly oxidizing
5'-deoxyadenosyl radical (5-dA") (15, 16). The
second Fe-S cluster, located near the C terminus,
was implicated as the site of Tyr binding in our
recent investigation of the HydG reaction mech-
anism using electron paramagnetic resonance
(EPR) spectroscopy (/7). Also on the basis of
EPR spectroscopic results, we proposed that the
initial 5’-dA" generates a neutral tyrosine radical
bound to this C-terminal 4Fe-4S cluster, which
then undergoes heterolytic cleavage at the C,-Cg
bond, forming a 4-oxidobenzyl radical (40B")
and cluster-bound dehydroglycine (DHG) (Fig.
1B) (17). Electron and proton transfer to 40B’
then yields the p-cresol product concomitant
with the scission of DHG to form Fe-bound CO
and CN and water (Fig. 1B). In this report, we

explored the subsequent time course of the HydG
reaction by using stopped-flow Fourier trans-
form infrared (SF-FTIR) and electron-nuclear dou-
ble resonance (ENDOR) spectroscopies to follow
the synthesis of Fe(CO),(CN),, species and track
them to the completion of the H-cluster bioassem-
bly pathway.

SF-FTIR is a useful time-resolved method
for studying the HydG reaction mechanism be-
cause CO and CN ligands give rise to strong
infrared absorption bands with energies and in-
tensities sensitive to the coordination and electronic
environment of the bound Fe center. Figure 2
summarizes SF-FTIR data after the reaction of
wild-type Shewanella oneidensis HydG (HydG™™)
with excess substrates SAM and '*C-labeled
Tyr [(13C)9-Tyr] in the presence of the reduc-
tant sodium dithionite (DTH). Observed bands
are assigned to stretch vibrations of CO and CN
ligands on the basis of their energy shifts upon
12C:13C and '""N:">N site-specific isotope sub-
stitution (fig. S2), which was achieved through
use of the appropriate Tyr isotopologs (6). The
time evolution of the resultant spectra (Fig. 2, A
to C) reveals a stepwise conversion of a discrete
intermediate, which we term complex A, to a
distinct new species, complex B. Complex A is
characterized by two bands at 1906 cm ' and
2048 cm ' [1949 cm ' and 2093 cm ! with 2C-Tyr

Fig. 3. Q-band (34.00 GHz, 1.155 T) T
Davies ENDOR spectra of FeFe hy-
drogenase HydA1 enriched with *’Fe.
(A) HydA1°7"; (B) HydA17" 9 [black,
experiment; red, simulation with AC"Fe) =
16.0 MHz]; (C) (A) — (B) difference spec-
trum [black, experiment; red, simulation
with AC’Fe) = 10.55 MHz]. ENDOR
simulations used line widths of 0.4 and
0.65 MHz for [2Fely and [4Fe-4S],; com-
ponents, respectively, with other values
taken directly from experiment param-
eters and CW EPR simulations. The ENDOR
spectrum of natural abundance Fe HydAl
in the H,, state was subtracted from both
spectra (A) and (B). a.u., arbitrary units.

A

ENDOR Amplitude (a.u.)

B /\ l \ HydA157Fe-Hde

HydA1%7Fe

Tyr, SAM,
reductant

®

p-cresol,
H,0

Complex A

4 6 8 10 12 14
Frequency (MHz)

Tyr, SAM,
reductant

AT'

p-cresol,
CN-;, H,0

Complex B

(Fig. 2D)], which we assign to stretching modes
arising from terminal Fe-'>CO and Fe-">CN
moieties, respectively. The kinetic profile (Fig.
2B) shows that complex A accumulates on the
same time scale as the decay of the previously
observed 40B" (/7). Hence, the FTIR spectrum
and formation kinetics of complex A are con-
sistent with the mechanistic model in Fig. 1B,
with the first turnover of HydG, SAM, and Tyr
forming bound CO and CN, presumably on the
unique Fe site of the C-terminal 4Fe-4S cluster.
Complex A does not form in the relatively con-
servative Cys*>*—Ser’™* (C394S), C397S HydG
double mutant (HydG>*%), which lacks the
C-terminal cluster (figs. S3 and S4).

Complex A reaches a maximum concentra-
tion and starts to decay after about 30 s, concom-
itant with the appearance and growth of complex
B. The three bands associated with complex B
have identical kinetics and may be assigned to
terminally bound ligands: two high-energy, pre-
dominately v(*CO) modes at 1960 cm ' and
2010 cm " and a v("*CN) mode at 2062 cm . We
assign the 2010 cm ' band to a predominantly
v('3CO) mode rather than a v(**CN) mode be-
cause its energy shifts upon ">C isotopic substi-
tution at the carboxyl position in Tyr [the moiety
that gives rise to the CO but not the CN ligands in
the mature H cluster (fig. S2)] (6). An additional
band at 1906 cm' and shoulder at 2048 cm '
likely arise from residual complex A.

A reasonable structure for complex B is a
cuboidal Fe(CO),(CN)-[3Fe-4S] species in
which the unique Fe site is coordinated by the
three Tyr-derived diatomic ligands. For CO and
CN' ligands that are bound to a single Fe center,
the v(CO) and v(CN) vibrational modes are ex-
pected to be strongly coupled. To test for vibrational
mixing between the two observed v(CO) frequen-
cies, we generated a 1:2:1 mixture of 2c0"Co-,
2C0"CO-, and CO"CO-labeled complex B
from a 1:1 mixture of natural abundance Tyr and
3COO-Tyr. If the two v(CO) modes in complex
B were not coupled, then the expected resulting
spectrum would be a simple 1:1 superposition
of the '2CO'"CO and *CO">CO spectra (Fig. 2E,
lower trace). Instead, the observed spectrum dis-
played additional, overlapping bands (Fig. 2E,
upper trace) that can be ascribed to the two
12C0O"3CO-labeled isotopomers with apparent
CO-stretching frequencies shifted relative to their

+

NH,
Cys I/
\
S

[4|=e-4S]H—3'E [CS i I

HydA1

HydE/F?

Fig. 4. Schematic for the bioassembly of the FeFe hydrogenase H-cluster via a HydG-synthesized Fe(CO),(CN) synthon. Pink indicates HydG;
cyan, the unique Fe site of HydG that is installed into apo HydA1; gray, HydAl.
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isotopically pure counterparts because of vibra-
tional mixing of the two fundamental v(CO) modes
(fig. S6). Similarly, a comparison of spectra gen-
erated by using (*C)o-Tyr and (**C)o' N-Tyr
(Fig. 2F) shows that >N substitution produces
both a smaller than expected energy shift in the
V(CN) mode as well as an energy shift in the
higher energy v(CO) mode, indicating that these
modes are also vibrationally mixed. Taken to-
gether, these coupling data suggest that all three
ligands (two CO and one CN ) in complex B
are bound to a single Fe-center.

The relatively high energies of the v(CO) modes
of complex B suggest that it may be appropriately
modeled as a cationic, low-spin [Fe(II(CO),(CN)]"
complex based on comparisons with related neu-
tral, low-spin Fe(I[)(CO),(CN) complexes (8, 19).
The density functional theory (DFT)—calculated
v(CO) and v(CN) frequencies and intensities of
[ fac-(H,S)3Fe(I1)(CO),(CN)]*, a simple model
for {Fe(I)(CO),(CN)-[3Fe-4S]}", show reason-
able agreement with the observed spectrum of
complex B (fig. S5 and table S2). Alternative
structures in which the CO and CN  ligands are
not cofacial or in which the sulfur donors are
replaced with oxygen donors were not found to
give rise to the expected intensity patterns. In
addition, the coupling pattern in the '2CO"*CO
isotope mixture (Fig. 2E, top) was only repro-
duced computationally when the two CO ligands
have different inherent v(CO) energies, which
could be explained by the electronic asymmetry
of the coordinating [3Fe-4S]° subcluster (20) or
by asymmetry in CO H-bonding interactions.

The kinetics in Fig. 2B suggest sequential
conversion of complex A to complex B, which
we associate with another turnover of HydG act-
ing on a second substrate Tyr to form an addi-
tional CO to coordinate the unique Fe center of
the C-terminal cluster (27). Unlike the first turn-
over (/7), we have no experimental information
at this time about how Tyr binds and what in-
termediates may be involved in this second re-
action, although we note that our model for
complex A is coordinatively unsaturated and
could bind Tyr or a Tyr-derived fragment during
the second tumover. Only at much longer times
was free CO detected in solution through its bind-
ing to exogenous myoglobin (see green trace in
Fig. 2B and fig. S3), which rules out the binding
of externally derived CO as part of the mecha-
nism. The release of free CO is correlated with the
rise of complex A (Fig. 2B) at a late time (>300 s),
suggesting that complex B may degrade to com-
plex A by loss of CO when other H-cluster matu-
ration components are not available to facilitate its
incorporation into the proper downstream as-
sembly products (vide infra). Reports of no lag
phase in free CO production (/2) may arise from
alternative chemistry resulting from differences
in experimental protocols.

To determine the fate of the Fe-containing
complex B, we measured the continuous-wave
(CW) EPR and pulse ENDOR spectra of HydAl
hydrogenase from Chlamydomonas reinhardtii

that had been either uniformly or selectively la-
beled with *’Fe (nuclear spin, 7 = 1/2). Uniformly
Fe-labeled HydA1 (HydA1°7") was generated
by introducing >’Fe into the growth media for
HydAl. The Q-band Davies pulse ENDOR (22)
spectrum of the purified HydA1"™ poised in the
H, state is shown in Fig. 3A. This spectrum was
obtained at the highest electron g value, g; =
2.10, where there is no overlap with the EPR signal
from the CO-inhibited H,,-CO form (fig. S7), and it
shows several peaks in the 3- to 10-MHz range.

In order to determine whether Fe from the
HydG cluster is transferred to the HydA1 hydro-
genase, we evaluated a sample of HydA1 (that
we term HydA 177 HY9S) in which the [2Fely
subcluster was assembled in vitro (6, 7) by using
HydE and HydF expressed in natural abundance
media and HydG expressed in >’ Fe-enriched media
(fig. S1). The corresponding ENDOR spectrum (Fig.
3B) was well simulated by a single doublet, with
frequencies v. = AC"Fe)2 + vi, where ACFe) =
16.0 MHz is the effective hyperfine tensor com-
ponent at this g; = 2.10 value and vy is the *'Fe
nuclear Zeeman frequency at this magnetic field.
We assigned this doublet to the [2Fe]y subcluster,
because the [4Fe-4S]y subcluster is not labeled
with 37Fe for this sample. Subtraction of the >’Fe
ENDOR spectrum of the [2Fe]y; subcluster—labeled
sample from that of the HydA1°™ sample iso-
lated the >’Fe ENDOR signal that arose from the
[4Fe-4S]y cluster (Fig. 3C). This difference spec-
trum was well simulated as an ENDOR doublet
with AC7Fe) = 10.55 MHz. Both A(>’Fe) values
for HydA1 are consistent with previous ENDOR
and Mossbauer spectroscopic studies of the H,
state of Desulfovibrio vulgaris and Clostridium
pasteurianum hydrogenases (<16 to 18 MHz for
the [2Fe]y subcluster and ~8 to 10 MHz for the
[4Fe-4S]y cluster) (23-26), although they differ
somewhat from those derived from ENDOR data
for the Desulfovibrio desulfuricans hydrogenase
(124 and 11.1 MHz, respectively) (27). Compar-
ing the magnitudes of the two A(°"Fe) values de-
termined above confirms that the greatest spin
density of the H-cluster in the H,, state lies on the
[2Fe]y subcluster. More importantly, these ENDOR
data show that Fe in the [2Fe]y subcluster of
the mature H-cluster originates from the HydG
radical SAM maturase.

The SE-FTIR and *’Fe ENDOR spectroscopic
results presented in this report provide further
insight into the assembly of the [2Fe]y; subclus-
ter of FeFe hydrogenase, illustrated in Fig. 4.
Prior work demonstrated that the CO and CN
ligands of the [2Fe]y; subcluster are generated from
Tyr via HydG. Results from SF-FTIR spectro-
scopic studies provide evidence for the formation
of two distinct Fe-bound CO- and CN-containing
species, complexes A and B, during the HydG
reaction. Analysis of the vibrational mode cou-
pling, buttressed by DFT studies on model com-
plexes, lead us to postulate that complex B is a
3Fe-4S-bound Fe(CO)(CN) species. The *’Fe-
labeling experiments prove that Fe in the [2Fe]y
subcluster is provided by HydG. It is therefore

REPORTS

straightforward to envisage a mechanism wherein
two complex B units assemble together with a
dithiolate bridge to form the [2Fe];; subcluster.
Our proposal for the structure of this deliverable
species is consistent with all of the available data
and points to the biologically relevant product of
the HydG reaction as being an organometallic
Fe(CO),(CN) synthon.
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