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ABSTRACT: We have used transient absorption spectroscopy in
the UV—visible and X-ray regions to characterize the excited state
of CarH, a protein photoreceptor that uses a form of By,
adenosylcobalamin (AdoCbl), to sense light. With visible
excitation, a nanosecond-lifetime photoactive excited state is
formed with unit quantum yield. The time-resolved X-ray
absorption near edge structure difference spectrum of this state
demonstrates that the excited state of AdoCbl in CarH undergoes
only modest structural expansion around the central cobalt, a
behavior similar to that observed for methylcobalamin rather than
for AdoCbl free in solution. We propose a new mechanism for
CarH photoreactivity involving formation of a triplet excited state.
This allows the sensor to operate with high quantum efficiency and without formation of potentially dangerous side products. By
stabilizing the excited electronic state, CarH controls reactivity of AdoCbl and enables slow reactions that yield nonreactive products
and bypass bond homolysis and reactive radical species formation.

B INTRODUCTION destruction of a biosynthetically expensive cofactor. It is thus
paradoxical that a cell response meant to mitigate photo-
oxidative damage by highly reactive oxygen species (ROS)
would rely on a photoreceptor that uses AdoCbl to sense light
and generate another equally reactive radical species, which
itself can cause cellular damage or propagate the production of
ROS. Consequently, the biological use of CarH must rely on
some mechanism to countervail such damaging radical
reactions in vivo. Indeed, CarH alters the photolysis of its
bound AdoCbl to avoid the release of adenosyl radicals by
generating instead nonreactive 4’,5'-anhydroadenosine (Figure
1), a product never previously detected upon AdoCbl
photolysis.”'” The mechanistic basis for this photochemical
reaction remains elusive. Thus, how CarH channels light
energy in a productive direction and prevents damage that
could be caused by unfettered radical formation remains one of
the key questions for understanding this photosensor.'”~**
The UV—visible spectra for AdoCbl bound to CarH, for
AdoCbl bound to glutamate mutase (Glm), for protein-free

Light provides a versatile energy source capable of precise
manipulation of material systems on size scales ranging from
molecular to macroscopic. Natural biological systems use light
as an energy source in sensing and feedback. Examples of light-
responsive sensors used to produce action in biological systems
range broadly from the well-studied rhodopsins to the newly
discovered B,,-dependent CarH photoreceptor family that is
widespread in bacteria.'™” CarH functions as a transcription
factor, whose activity is modulated by changes of its oligomeric
state through the interaction with 5’-deoxyadenosylcobalamin
(AdoCbl, coenzyme Bj,) and light. In CarH (Thermus
thermophilus), photoexcitation of AdoCbl triggers dissociation
of its upper axial 5’-deoxyadenosyl group, which is replaced
with a histidine ligand to form a bis-His cobalamin (Figure 1,
see also Figure S1). This event initiates a structural change in
the protein-DNA complex that releases DNA for tran-
scription, ' thereby up-regulating the carotenoid biosynthesis
and protecting the organism from photooxidative damage.
The use of AdoCbl as the photosensor in CarH is surprising
and intriguing. Optical excitation of AdoCbl, whether free or Received:  October 18, 2020
protein-bound, normally results in the homolytic cleavage of Published: November 11, 2020
the Co—C bond, with rapid formation of cob(II)alamin and an
extremely reactive adenosyl radical.''™'® Such reactivity in
CarH would risk both the occurrence of unwanted side
reactions promoted by radical formation and the potential
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Figure 1. (top) Schematics of adenosylcobalamin (AdoCbl) bound to
CarH and the bis-His photoproduct and 4',5’-anhydroadenosine
product of CarH-bound AdoCbl photolysis. When AdoCbl binds
CarH, the lower axial ligand of the central cobalt (S,6-
dimethylbenzimidazole) is displaced by a conserved histidine (the
base-off/His-on mode). (bottom) UV—visible spectra of AdoCbl
bound to CarH, free in solution, and bound to glutamate mutase

(GIm) and the light stable photoproduct in CarH (HisCbl).

AdoCbl in water, and for the HisCbl photoproduct of CarH
are plotted in Figure 1. This comparison clearly shows that
CarH perturbs the low-lying valence electronic states of
AdoCbl. The spectra of AdoCbl in water and in Glm are
similar, while the af-band of AdoCbl in CarH is strongly
redshifted. The protein also perturbs the orientation of the §'-
deoxyadenosyl group of AdoCbl in CarH from that observed in
crystals of free AdoCbl (see Figure S1).>*® The available
crystal structure of Glm with AdoCbl bound does not have an
intact Co—C bond, preventing direct comparlson of the §'-
deoxyadenosyl orientation in this protein.”* Although the
redshift of the spectrum in CarH is significant, the influence of
the protein on the regions of the potential surface away from
the vertical Franck—Condon region is of more importance for
the photochemistry of AdoCbl; transient spectroscopies permit
us to probe these regions of the excited electronic state. A
visible transient absorption measurement by Kutta et al. used
near UV excitation at 370 nm to investigate the initial excited-
state dynamics, suggesting a low quantum yield for the
photochemical activity of AdoCbl bound to CarH and a novel
mechanism.'® However, the photochemistry of cobalamins is
known to be wavelength-dependent in some cases.”””>* Here,
we use ultrafast UV—visible spectroscopy to characterize the
excited electronic state of AdoCbl bound to Thermus
thermophilus CarH following 520 to 565 nm excitation (in
the visible a3-band region of the spectrum) and combine these
measurements with transient X-ray absorption near edge
structure (XANES) spectra to probe the changes in excited-
state structure more directly.

B EXPERIMENTAL METHODS

CarH was expressed, purified, and concentrated using
previously published procedures.'”*® CarH samples were
filtered with 0.22 um syringe filters to remove aggregates.
The concentration and sample integrity were confirmed by
steady-state UV—visible spectroscopy to ensure that all the
coenzyme was bound. The coenzyme concentration was ~250

UM for the UV experiment and ~200 puM for the visible
experiment. For XANES measurements, the coenzyme
concentration was ~200 yM, and a small amount of glycerol
was added to the solution to stabilize droplet formation. After
UV-—visible transient absorption experiments, the irradiated
CarH samples were filtered with a 0.22 pm syringe filter, and
their spectra were collected. This filtered solution of the CarH
photoproduct was then used for the photoproduct transient
absorption (see Figure S2).

Transient absorption measurements were performed using
the LUMOS pump-probe instrument. The first experiment
used 500 nJ, 550 nm excitation pulses with a 10 nJ
supercontinuum generated by focusing the second harmonic
400 nm into a translating CaF, window. The continuum
covered the range from 280 to 350 nm and 440 to 515 nm.
The region from 350 to 440 nm was blocked with a filter to
eliminate a strong 400 nm residual. The second experiment
used 250 nJ, 565 nm excitation pulses with a 10 nJ
supercontinuum probe generated by focusing the 800 nm
fundamental into a translating CaF, window. In this case, the
continuum spanned the region from 330 to 725 nm. For both
experiments, foci of excitation and detection beams were
nominally 100 ym full width at half maximum (FWHM), and
the relative polarization was set at magic angle. The extinction
coefficient difference between CarH and the photoproduct
reaches a maximum at 565 nm. This excitation wavelength was
used for the second measurement to minimize the contribution
of the photoproduct to transient absorbance measurements.

Transient absorption measurements were performed using a
small volume flow system requiring about 3 mL of solution
recirculated through a 2 mm path length flow cell. Transient
absorption measurements of coenzyme B, (AdoCbl) in buffer
solution were performed before and after the CarH transient
absorption experiments to ensure that laser alignment and/or
drift did not affect the results. These measurements agreed
with extensive prior measurements on AdoCbl. To ensure the
integrity of the data, 70 time delays were chosen to limit each
scan to 2 min. Difference spectra were computed from 500
pump-on and 500 pump-off shots. Sequential scans were
compared to ensure that photoproduct buildup was not
distorting the signal. Two data sets were combined for analysis
and plotting using the regions of overlap from 330 to 350 nm
and 440 to 515 nm. The difference spectra obtained for the
light stable CarH photoproduct (Figure S2) in the UV region
demonstrate that photoproduct buildup is minimal and makes
no significant contribution to the CarH difference spectrum in
Figure 2. A transient absorption spectrum of MeCbl was also
obtained for comparison with the CarH excited-state spectrum.
These data are consistent with previous measurements.

The transient XANES spectrum of AdoCbl bound to CarH
was measured using the XPP instrument at LCLS (Linac
Coherent Light Source).”” The time delay was set at ~40 ps
between optical excitation and X-ray probe pulses. The
excitation wavelength was 520 nm, chosen to optimize overlap
with the UV—visible spectra of a range of cobalamins during
the LCLS run. The relative polarization was set to
perpendicular to maximize the magnitude of the signal. The
drop delivery system used for the CarH measurements and the
method for analyzing the data to correct for variable drop size
have been described previously.”® The CarH sample was ca.
0.2 mM with 5% glycerol added to the buffer solution to
stabilize the droplet formation. The droplet size was ~55 ym
in diameter. The average hit rate, where the X-ray laser pulse
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Figure 2. UV—visible transient difference spectra following excitation
of AdoCbl bound to CarH. (a) Log plot of the transient difference
spectrum from 400 fs to 850 ps. The region from 540 to 597 nm,
which is dominated by scatter from the pump pulse, is omitted.
Kinetic traces at selected wavelengths are included in Figure S3.
Spectra at selected time delays are included in Figure S4. (b) Species-
associated difference spectra determined from the fit to the data. (c)
Ground-state (GS) and estimated excited-state (ES) spectra of
MeCbI*’*** in solution and AdoCbl bound to CarH. The inset
compares the ground- and excited-state spectra of AdoCbl bound to
CarH with AdoCbl bound to Glm."""? See Figure S5 for excited-state
spectra of AdoCbl free in solution and for a comparison of the
estimated excited-state spectra of both components plotted in (b).

and droplet overlapped in time and space, was 44 to 48%. See
ref” for more details.

The asterisks in Figure 3 and the open circles in Figure S6
indicate regions where artifacts are observed in the CarH
XANES spectra. These were observed in all measurements on
all samples during the run at LCLS, with a relative intensity
that depends on the magnitude of solute fluorescence. These
are independent of the optical laser and cancel out in the
difference spectrum.

Comparison measurements of MeCbl in aqueous solution at
100 ps”' and AdoCbl in water and in ethylene glycol at 1 to 2
ps’” were performed using a liquid jet sample delivery system
and sample concentrations of ca. 5 mM. All plots compare the
difference spectra obtained with perpendicular polarization of
the X-ray and optical pulses to the results obtained for CarH
with the same polarization geometry.

B RESULTS

The transient UV—visible absorption spectra of AdoCbl bound
to CarH following excitation at 565 nm are plotted in Figure
2a. Photoproduct buildup is a potential complication in CarH

studies. A separate transient absorption measurement of the
light stable bis-His CarH photoproduct probing the UV region
(Figure S2) confirms the result of Kutta et al.'® that this
species undergoes internal conversion to the ground state on a
ca. 3.7 ps timescale without formation of a photoproduct.
Photoproduct buildup is minimal in our measurements using
rapid scans and a flow cell, and the product makes no
significant contribution to the difference spectrum of AdoCbl
bound to CarH in Figure 2.

The data in Figure 2a were fit to a biexponential decay
yielding a fast 1.6 ps relaxation component and an extremely
slow decay of ca. 3.8 ns. The protein active site thus stabilizes
an electronic excited state that is formed with near unit
quantum yield and that persists for nanoseconds. The species-
associated difference spectra of the initial state and the
metastable excited state of AdoCbl bound to CarH are plotted
in Figure 2b. The comparison of the 1.6 ps and 3.8 ns
components demonstrates that there is only a slight redshift of
the transient spectrum over time. These difference spectra
match neither the cob(II)alamin-CarH nor the photoproduct-
CarH difference spectra.'® This sug%ests that in contrast with
AdoCbl in other environments' —'”** and with other
alkylcobalamins,””****7*° there is no evidence for bond
cleavage in CarH during at least the first few nanoseconds
following visible light excitation.

The excited electronic states of the two biologically relevant
forms of B;,, AdoCbl and methylcobalamin (MeCbl, which has
a methyl group as the upper axial ligand) have been extensively
investigated using UV—visible,>" ' ~'#!%272%343537 trapsient
absorption spectroscopy. Kutta et al. used femtosecond
transient absorption spectroscopy with excitation at 370 nm
to show that the AdoCbl in CarH branches between several
distinct processes including fast internal conversion to the
ground state (@ ~ 0.9), homolysis of the Co—C bond (@yom
~ 0.02), and formation of a metastable cob(III)alamin-like
metal-to-ligand charge transfer (MLCT) excited state (@gg ~
0.08)."® They suggested that the low yield of the photoactive
state provided a strategy for limiting response to light and
avoiding the overproduction of carotenoids.'® In contrast, our
results demonstrate that excitation in the visible region of the
spectrum, which better matches the intensity of solar radiation
reaching the earth’s surface, avoids prompt dissociation and
internal conversion and instead produces the metastable
cob(IlI)alamin-like excited state identified by Kutta et al. in
high yield.

Interpretation of the optical difference spectrum is not
intuitive because it depends on both the ground- and excited-
state absorption spectra. The excited-state spectrum may be
estimated by adding a scaled amount of the ground-state
spectrum to the difference spectrum, providing a more intuitive
comparison between compounds. In Figure 2¢, we compare
the estimated excited-state spectra of MeCbI*”*** and CarH.
The excited-state spectra are similar in both the appearance of
a strong y-band at 338 nm and in the shape of the visible af-
band around 500 nm, although the af-band of CarH shows a
small redshift relative to MeCbl. This shift is smaller than the
ground-state shift but still detectable. As noted by Kutta et al,,
both of these excited-state spectra are similar in the visible
region to the spectrum of the 100 ps intermediate observed in
glutamate mutase that precedes bond homolysis.'"'* The
similarity of the UV-—visible transient absorption spectra
suggests that the protein environment in CarH stabilizes for
several nanoseconds an excited-state structure for the bound
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AdoCbl that is similar to the excited state of free MeCbl and of
AdoCbl bound to Glm, albeit with a much longer lifetime.

In order to explore the structure of this electronic excited
state more directly, the transient XANES difference spectrum
was measured at the cobalt K-edge for a time delay of 40 ps
following excitation and compared with XANES measurements
on other cobalamins.’”***® The sample was delivered as 55
um droplets synchronized with the X-ray and optical lasers,
allowing measurement on samples only available in small
volumes.” The sample concentration (0.2 mM) was more
than an order of magnitude lower than previous ultrafast XAS
measurements on proteins”_41 or on liquid solu-
tions.”">»**~* The ground-state XANES spectrum and
excited-state transient difference spectrum of AdoCbl bound
to CarH are compared with measurements on AdoCbl and of
MeCbl in solution in Figure 3.

1 MeCbl 100 ps //»\/*dOCb' EG 2ps
CarH 40 ps ‘ /T1ps 0.04
1 A "‘
A A 0.02
W, 7l ‘ 0 =
1 ! <
4
i * *
16 L -0.04
=) AdoCbl WT
812 |
g —AdoCbl EG
> 0.8 { —MeCbl
‘@
S —CarH
£ 04 -
0 . . ;
77 7.71 7.72 7.73 7.74

X-ray Energy (keV)

Figure 3. Ground-state XANES (below) and transient difference
spectra (above) observed following excitation of AdoCbl in water
(WT), in ethylene glycol (EG), and bound to CarH and of MeCbl in
water. The time delays for the difference spectra are as indicated in
the legend. The asterisks indicate regions where artifacts are observed
in the CarH XANES spectra. These are independent of the optical
laser and cancel out in the difference spectrum. The same scale factor
is used for both the ground-state spectra and the difference spectra.
Thus, the magnitude of the difference is consistent across all samples.

The ground-state spectra are all quite similar, consistent with
the presence of similar alkyl ligation and similar bond lengths
in each case.”””’ The slightly higher energy of the CarH edge
compared to the other three suggests that the average Co-
ligand distance may be slightly shorter in CarH. Note,
however, that the blueshift is much smaller than for
cyanocobalamin (CNCb], with a cyanide upper axial ligand),
where the average axial bond length is significantly shorter
(~1.95 A rather than ~2.1 A, see Figure S6). The magnitudes
of the difference spectra between the ground and excited states
are similarly consistent for all four measurements. The right y-
axis is expanded by a factor of ~17 compared with the scale for
the ground-state spectra (left y-axis). Although the low signal-
to-noise ratio of the CarH data precludes detailed analysis, it is
clear that the excited state does not involve extensive
expansion of the axial bonds. If there was significant axial
elongation, then the XANES difference signal would be much
larger, as seen for example in CNCbl (Figure $6).”%**** The
difference spectra that are observed for the MeCbl excited state
free in solution and the AdoCbl excited state in CarH are
similar in both shape and magnitude, suggesting that the

structural changes around the cobalt are similar for both
molecules, consistent with the UV-—visible excited-state
spectra.

In contrast to MeCbl and AdoCbl bound to CarH, the
difference spectra for AdoCbl free in solution exhibit a larger
redshift, as evidenced by the larger difference amplitude at
~7.720 keV. Polarization-resolved data for free AdoCbl in
solution®” and for MeCbI*' have shown that the dominant
contribution to the edge-shift is polarized out of the plane of
the corrin ring, indicating changes in the axial bonds to the
cobalt. The dominant contribution around 7.729 keV is
polarized in the corrin ring reflecting changes in the equatorial
bonds to the cobalt.>** The differences between AdoCbl
bound to CarH and free in solution suggest that the CarH
protein inhibits bond elongation, while the overall similarity
with MeCbl and with a higher energy region for AdoCbl in
solution suggests that the dominant structural changes between
the ground and excited state of AdoCbl bound to CarH are in
the corrin ring.

B DISCUSSION

Taken together, the UV—visible and XANES difference spectra
demonstrate that the excited state of AdoCbl bound to CarH
resembles the excited state of MeCbl rather than that of
AdoCbl free in solution. While the spectral signatures of the
excited state of MeCbl in solution and of the excited states of
AdoCbl bound to CarH or Glm are similar, the fate of the
electronically excited molecule differs (see Figure S7). In
MeCbl, this state decays on a 1 ns timescale, branching
between bond homolzfsis_ (15%) and internal conversion to the
ground state (85%). 73936 Eor AdoCbl bound to Glm, this
state decays via bond homolysis on a timescale of 105 + 10 ps
followed by 1geminate recombination accounting for 95% of the
population.' "> The remaining 5% produces long-lived
radicals. In contrast, the spectroscopically similar excited
state of AdoCbl bound to CarH persists for nanoseconds, and
its lifetime increases more than tenfold compared to that of
Glm, with no evidence of internal conversion or ground-state
recovery.

The challenge for the CarH protein is how to direct the
photoreactivity of the AdoCbl cofactor so that the adenosyl
ligand can dissociate and form 4',5'-anhydroadenosine.'” The
former allows coordination by an upper axial His132 and the
consequent conformational chan%e leading to its release from
DNA to initiate transcription,® while the latter avoids
formation of highly reactive adenosyl radicals.” The nature of
the excited-state potential energy surface controls this
reactivity. The protein environment in CarH and to a lesser
extent in Glm stabilizes an excited-state structure with modest
changes in the axial bonds. It is likely that the differing
placement of the adenosyl group in CarH and the electrostatic
environment provided by the protein serve to control the
reactivity of the excited state (Figure 4 and Figure S8).*>*’

Transient measurements by Kutta et al. demonstrated
formation of a second intermediate on the nanosecond
timescale with a spectrum qualitatively similar to that of the
initial excited state."® It was suggested that CarH altered the
established photochemistry of bound AdoCbl by favoring
heterolytic Co—C bond cleavage, thus bypassing the formation
of an adenosyl radical and preventing the release of any radical
generated by Co—C homolytic cleavage. We suggest instead
that the long-lived state, designated D* by Kutta et al. (Figure
5), results from an intersystem crossing to a six-coordinate
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CarH (5C8A)

Figure 4. Electrostatic potential distribution at the substrate binding
site of CarH (PDB ID, SC8A) and glutamate mutase (PDB ID,
1I9C), computed by the Delphi web server.**"” (a) CarH and (b)
glutamate mutase bound to AdoCbl. Proteins are displayed with
surface representations indicating the electrostatic distribution, while
AdoCbl is represented as sticks. An expanded view of the binding
pocket is shown in Figure S8. The electrostatic potential value ranges

from —5kT/e (red) to SkT/e (blue).

k,=6.2x10""
—3 c ky=~3x108
'MLCT D* ky=1.6x10°
SMLCT D Knr=~1x102
N\, E5LS
HisCbl
OH
OH Hoﬁ//&do
HO. Ado
SMLCT N
o MY L M.

His
4 —Co"—
His

Figure S. Proposed scheme for CarH photoreactivity. k; and k, are
from this work; k; and k, are from Kutta et al.'® In this scheme, the
initial "MLCT state decays on the ns timescale to a *MLCT state (see
text). We propose that this undergoes homolytic cleavage, either O,
promoted (lower pathway in the inset) or spontaneously (upper
pathway, giving a cobalt hydride that would then react rapidly with
0,). Either pathway would give a Co(III) cobalamin species on the
microsecond timescale as observed by Kutta et al.'® and the 4',5'-
anhydroadenosine product identified by Jost et al.'” Such a species,
whose axial ligation is at present not well-defined, would subsequently
form the His-ligated CarH on a ms timescale. Intermediates are
identified in purple with the corresponding letter labels from Kutta et
al. also shown for each state (LS: light stable state).

triplet state since heterolysis would be expected to give larger
differences in the UV—visible spectrum. A triplet excited state
formed in this way could then persist for microseconds,
providing time for excited-state reactions to form the stable
4’,5'-anhydroadenosine product17 together with formation of
the biologically relevant HisCbl photoproduct. Formation of a
radical pair from the triplet state may also inhibit geminate
recombination to the ground state and increase the quantum
efficiency of the photoreceptor. We propose that the long
lifetime of the initial '"MLCT state allows CarH to form a
triplet state that ultimately reacts to give stable products rather
than geminate recombination or reactive radicals.

10736

Bl CONCLUSION

The transient optical and X-ray measurements reported here
demonstrate that the protein (CarH) controls reactivity of
AdoCbl by stabilizing the excited electronic state and
preventing the expansion of the axial bonds. This harnesses
photon energy in the AdoCbl excited state to enable slow
reactions including triplet formation and a reaction to form the
stable 4’,5'anhydroadenosine product rather than bond
homolysis and the reactive 5’-deoxyadenosyl radical.
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