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Photoregulation

The Rhodium Analogue of Coenzyme B12 as an Anti-Photoregulatory
Ligand Inhibiting Bacterial CarH Photoreceptors

Ricardo Pérez-Castaño+, Juan Aranda+, Florian J. Widner, Christoph Kieninger,
Evelyne Deery, Martin J. Warren, Modesto Orozco, Montserrat Elías-Arnanz,*
S. Padmanabhan,* and Bernhard Kräutler*

Dedicated to the memory of Albert Eschenmoser

Abstract: Coenzyme B12 (AdoCbl; 5’-deoxy-5’-adenosylcobalamin), the quintessential biological organometallic radical
catalyst, has a formerly unanticipated, yet extensive, role in photoregulation in bacteria. The light-responsive cobalt-
corrin AdoCbl performs this nonenzymatic role by facilitating the assembly of CarH photoreceptors into DNA-binding
tetramers in the dark, suppressing gene expression. Conversely, exposure to light triggers the decomposition of this
AdoCbl-bound complex by a still elusive photochemical mechanism, activating gene expression. Here, we have examined
AdoRhbl, the non-natural rhodium analogue of AdoCbl, as a photostable isostructural surrogate for AdoCbl. We show
that AdoRhbl closely emulates AdoCbl in its uptake by bacterial cells and structural functionality as a regulatory ligand
for CarH tetramerization, DNA binding, and repressor activity. Remarkably, we find AdoRhbl is photostable even when
bound “base-off/His-on” to CarH in vitro and in vivo. Thus, AdoRhbl, an antivitamin B12, also represents an
unprecedented anti-photoregulatory ligand, opening a pathway to precisely target biomimetic inhibition of AdoCbl-
based photoregulation, with new possibilities for selective antibacterial applications. Computational biomolecular
analysis of AdoRhbl binding to CarH yields detailed structural insights into this complex, which suggest that the
adenosyl group of photoexcited AdoCbl bound to CarH may specifically undergo a concerted non-radical syn-1,2-
elimination mechanism, an aspect not previously considered for this photoreceptor.

Introduction

The organometallic cobalt-corrin coenzyme B12 (AdoCbl; 5’-
deoxy-5’-adenosylcobalamin)[1] (Figure 1) is an intriguing
enzyme cofactor[2] thanks to its remarkable ability to serve
as a reversibly functioning source of an Ado radical.[3]

AdoCbl is also a highly light-sensitive source for the Ado
radical, which is photogenerated in solution from AdoCbl
on a picosecond time scale.[4] However, no physiological
function for this fundamental property of AdoCbl, its
photosensitivity, was envisioned. Unexpectedly, nature has
indeed exploited this inherent characteristic of AdoCbl. It is
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utilized as a light-sensing chromophore within the wide-
spread family of bacterial CarH photoreceptors,[5] thus
revealing a fundamental, nonenzymatic biological role of
AdoCbl in photoregulation.[5] Further investigations uncov-
ered B12-based photoregulation in AerR proteins within
photosynthetic bacteria,[6] and genome analyses have identi-
fied numerous uncharacterized proteins with CarH-like
AdoCbl-binding light sensor modules, either as stand-alone
entities or fused to other functional domains.[5b–d,6–7]

In AdoCbl, a CoIII center carries a 5’-deoxyadenosyl
group (Ado) as the ‘upper’ ligand, while a 5,6-dimeth-
ylbenzimidazole (DMB) nucleotide extends from the corrin
core beneath the molecule, coordinating to the ‘lower’ axial
position of CoIII in the stable ‘base-on’ form (Figure 1).[1a]

CarH photoreceptors, however, bind their AdoCbl ligand in
the alternative ‘base-off/His-on’ form, where the Co-coordi-
nated lower axial DMB ligand is replaced by a protein
histidine.[8] These photoreceptors respond to UV, blue and
green light, modulating CarH oligomerization, DNA binding

and light-induced disruption,[5] showcasing unique properties
that have inspired exciting applications in optogenetics,
synthetic biology, smart materials, and catalysis.[5c,d,9]

CarH homologs from Thermus thermophilus (CarHTt),
Bacillus megaterium (CarHBm), and Myxococcus xanthus
(CarHMx) have been extensively characterized in vitro and/
or in vivo.[5,8,10] In particular, crystal structures of CarHTt in
its free, DNA-bound, and light-exposed forms,[8,10a] together
with detailed studies of its oligomerization,[5a,8,10a,c,h] and
unprecedented photochemistry[10a,d–g,m,n] are available. These
have established that: (a) AdoCbl binds specifically to
CarHTt in a base-off/His-on form, and the upper axial Ado
group is clearly reoriented, compared to free
AdoCbl;[5a,8,10a,11] (b) AdoCbl binding drives CarHTt oligome-
rization, DNA binding and transcriptional repressor activity
in the dark; (c) light cleaves the Co� C bond of the bound
AdoCbl, inducing a large protein structural shift that
disrupts the CarHTt tetramer and its operator binding to
allow transcription (Figure 1B).[5a,b,8,9h,10a,c,h] Interestingly,

Figure 1. Coenzyme B12 (AdoCbl), its rhodium homolog AdoRhbl, and CarH photoreceptor structures and mechanism of action. (A) Structural
formulae of base-on AdoCbl (left) and AdoRhbl (right). (B) Top: Structures of the AdoCbl-CarHTt protomer, the free and DNA-bound tetramer, and
the light-exposed monomer (PDB codes, 5C8D, 5C8E and 5C8F, respectively). DNA-binding domain (DBD) is in cyan, with recognition helix and
wing in dark blue; in the AdoCbl-binding module with bound AdoCbl (magenta), the four-helix bundle (4HB) is in golden and the Rossmann fold
(RF) in green. Arrows below the DNA-bound structure indicate the three 11-bp direct repeats of the CarHTt operator. Bottom: Schematic of the
CarHTt mode of action. AdoCbl (red diamond) binding to apo form CarH monomer produces AdoCbl-bound tetramers that bind to operator DNA
(overlapping the promoter) to repress transcription. Light disrupts tetramers to monomers via AdoCbl photolysis (photolyzed cobalamin: empty
diamonds; released photolysis product: red triangles) to abolish operator binding and activate transcription. (C) UV/Visible spectra of aqueous
solutions of AdoRhbl (top; α, β, γ bands indicated) and AdoCbl (bottom) in the dark and after exposure to white light.
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CarHTt plays a crucial role in the secure utilization of
AdoCbl in light-dependent gene regulation by releasing the
non-radical product, 4’,5’-anhydroadenosine, instead of the
highly reactive Ado radical.[10d] The precise process through
which CarHTt accomplishes this task remains elusive, despite
considerable efforts dedicated to understanding the under-
lying photochemical mechanism.[10a,d–g,m,n] These properties
observed with CarHTt are conserved in vivo by
CarHMx,

[5a,b,10b,l] and in vitro and in vivo by CarHBm, albeit
with variations suggesting plasticity within otherwise con-
served modes of AdoCbl binding, oligomerization, and
DNA binding (compare models in Figure 1B and S1).[10i,j]

Here, we describe the first study of CarH function in
vitro and in vivo using 5’-deoxy-5’-adenosylrhodibalamin
(AdoRhbl), the non-natural, light-stable, structural mimic of
AdoCbl, in which the essential CoIII-center of AdoCbl is
replaced by a RhIII ion (Figure 1A).[12] Our objective was to
uncover whether and how AdoRhbl binds to CarH and
affects its light-dependent oligomerization, DNA binding
and photoregulatory function. Additionally, we sought to
investigate whether CarH alters AdoRhbl photochemistry,
akin to its interactions with AdoCbl. Crystal structures of
AdoRhbl[12a,b] and of various other B12 analogues featuring
alternative metals in place of the natural cobalt-
center[1,2c,d,13,14] have been recently reported. These analogues
serve as antivitamins B12, proving useful for biological and
biomedical studies.[14c,15] Notably, AdoRhbl inhibits the
growth of Salmonella enterica and acts as a potent inhibitor
of propanediol-dehydratase,[12a] an enzyme reliant upon
AdoCbl bound base-on.[16] However, the binding interac-
tions of AdoRhbl with AdoCbl-dependent proteins has not
yet been reported. Significantly, unlike the photosensitive
AdoCbl with its characteristic “atypical” UV/Vis-
spectrum,[4a,b,17] AdoRhbl displays a “typical” corrin spec-
trum (Figure 1C) and is photostable.[12a] As reported here,
AdoRhbl closely mimics AdoCbl in adopting a ‘base-off/
His-on’ mode of binding to CarH, and in inducing CarH
tetramerization and DNA binding. Nevertheless, AdoRhbl
is observed to remain photoinactive even when in complex
with CarH. Thus, AdoRhbl acts as an unprecedented anti-
photoregulatory ligand. Our computational analysis indi-
cates that the structural integrity of AdoRhbl-bound CarH
is largely unperturbed relative to the natural AdoCbl-bound
form but allows the Ado moiety of the AdoRhbl to adopt
more conformational forms within the binding pocket.
These findings offer initial structural insights likely relevant
to the ongoing debate on the puzzling non-radical
mechanism[10n] underlying CarH-directed AdoCbl photo-
chemistry.

Results and Discussion

We first assessed if AdoRhbl binds to CarHTt (the most
extensively characterized CarH homolog), induces CarHTt

tetramerization in the dark, and responds to light, using size-
exclusion chromatography (SEC). The apo form of CarHTt

elutes as a monomer with an apparent molecular mass of
36 kDa, comparable to 33.1 kDa, estimated from sequence

or by mass spectrometry, but elutes as a tetramer
(~140 kDa) in the dark or in the light in the presence of
AdoRhbl, with the latter bound as indicated by the
absorbance at 522 and 280 nm of the eluted peak (Fig-
ure 2A). Thus, like AdoCbl, AdoRhbl binds to CarHTt and
drives its tetramer formation. However, light disrupts the
AdoCbl-CarHTt tetramers to monomers, but not the
AdoRhbl-CarHTt tetramers. We next tested the effects of
AdoRhbl on the homolog CarHBm, which varies from
CarHTt in the mode of oligomerization and DNA
binding.[10i,j] Previous studies showed that in the absence of
AdoCbl, CarHBm elutes as non-DNA binding oligomers
(established spectroscopically to have a loosely folded
molten globule structure), distinct from the AdoCbl-bound
tetramers that bind tightly and specifically to DNA in the
dark; and that light disrupted these to yield photolyzed, non-
DNA binding dimers (Figure S1).[10j] Here, we find that
AdoRhbl binds to apoCarHBm (109 kDa; calculated mono-

Figure 2. Effect of AdoRhbl on CarHTt oligomerization and DNA bind-
ing. (A) SEC profiles (Superdex200 analytical column) of CarHTt in the
apo form and with AdoRhbl in the dark or after 5-min exposure to
green light (apparent molecular mass in kDa indicated on top). (B)
Representative EMSA for CarHTt binding to a 130-bp operator DNA
probe without and with 5-fold molar excess of AdoCbl or AdoRhbl in
the dark (“D”) or after 5-min exposure to blue (“LB”) or green (“LG”)
light. Uncropped gel is shown in Figure S14A. (C) Estimates of the
CarHTt DNA binding affinity (KD) and Hill coefficient n from fits of
EMSA data in the presence of AdoRhbl (Figure S3) to the Hill equation.
(D) Left: Close-up of the dark CarHTt tetramer AdoCbl-binding pocket
(PDB ID 5C8D) highlighting Trp131, Glu141, and His142 (gold) of the
Wx9EH motif capping the Ado group (cyan) of AdoCbl (gray with cobalt
as magenta sphere), and the lower axial cobalt ligand His177 (green).
Right: EMSA binding of the indicated CarHTt mutants to the 130-bp
DNA probe in the dark with 5-fold molar excess of AdoCbl or AdoRhbl.
Uncropped gel is shown in Figure S14B.
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mer molecular mass 36.3 kDa) and induces formation of
tetramers (156 kDa) that persist when exposed to light
(Figure S2), in marked contrast to the light-induced dissoci-
ation of AdoCbl-CarHBm tetramers to dimers.[10j]

AdoCbl-bound CarH tetramers bind specifically to
DNA in the dark and this is abolished by light (Figures 1B
and S1). In vitro, this can be readily monitored using
electrophoretic mobility shift assays (EMSA). In the dark,
using a specific 130-bp DNA probe containing the CarHTt-
binding site, EMSA revealed a well-defined retarded band
for the CarHTt-DNA complex formed in the presence of
AdoRhbl, as observed for AdoCbl, but the band with
AdoRhbl present (unlike with AdoCbl) persisted after
exposure to blue or green light (Figure 2B). The apparent
CarHTt-DNA binding affinity, KD, estimated from EMSA
data with AdoRhbl present was (60�2) nM, with a Hill
coefficient of (4.3�0.4) consistent with cooperative tetramer
binding (Figures 2C and S3), quantitatively matching the
observations with AdoCbl.[8] Analogous results were ob-
tained for the binding of CarHBm to its specific DNA probe
with AdoRhbl versus AdoCbl (Figure S4A). Thus, like
AdoCbl, AdoRhbl not only enables CarH tetramerization
but also its specific binding to DNA in vitro and yet, in
contrast to AdoCbl, the DNA-bound complex with
AdoRhbl is insensitive to light.

Crystal structures of CarHTt revealed AdoCbl sand-
wiched between a four-helix bundle containing a highly
conserved Wx9EH motif surrounding the upper axial Ado
and a Rossman fold subdomain (Figure 1B and 2D).
Furthermore, the His of the canonical ExHx2G/Px41SxTx22-

27GG B12-binding motif in CarH displaces DMB as the lower
axial Co3+ ligand in a base-off/His-on mode of binding.[8]

Single mutations of conserved residues in the two motifs
impair or abolish formation of active tetramer repressors
and thereby DNA binding.[5a,8,10j] We therefore tested using
EMSA how purified CarH bearing each mutation binds to
DNA in the presence of AdoRhbl versus AdoCbl. Variants
with single mutations to Ala of Trp, Glu or His of the
Wx9EH motif, and of the His required for B12 base-off/His-
on binding were tested (Figures 2D and S4B). DNA binding
in the dark by each CarHTt mutant, with AdoRhbl present,
matched that with AdoCbl: little or no DNA binding by the
two His mutants, weak binding by the Trp mutant, and
marginally affected binding by the Glu mutant (Figure 2D).
Similar results were obtained with AdoRhbl versus AdoCbl
for equivalent CarHBm variants:[10j] poor or no DNA binding
for the Trp, Glu and the lower axial His mutants; weak
binding for the upper His mutant (Figure S4B). The data are
thus consistent with AdoCbl-like base-off/His-on binding of
AdoRhbl to CarH photoreceptors. Mutating two Gly to the
larger Gln at the CarHTt dimer-dimer interface impairs
tetramer formation and yields dimers, instead.[8] For both
these CarHTt Gly mutants, DNA-binding with AdoRhbl
resembled that with AdoCbl: a lower (faster mobility) band
for the dimer and an upper band with mobility similar to the
single wild-type CarHTt tetramer band that would corre-
spond to the binding of two Gly mutant dimers to the DNA
site (Figure S5). Thus, these data indicate that the CarH
mode of ligand-binding, tetramerization and DNA binding

appear to be very similar in the presence of AdoRhbl or
AdoCbl.

The αβ band of the AdoCbl UV/Visible spectrum red-
shifts upon titration with CarHTt (Figure S6), which enabled
an estimate of its binding affinity (KD) to AdoCbl as
~250 nM (~210 nM for CarHBm).[10e,j] The AdoRhbl αβ band
also redshifts upon titration with CarHTt, from which a KD

of around 6 μM was obtained (see Figure 3), reflecting a
roughly 25-fold weaker CarH binding to AdoRhbl than to
AdoCbl. In the in vitro tetramerization and DNA binding
assays above (Figure 2), excess AdoCbl or AdoRhbl may
have masked the lower affinity of CarHTt for AdoRhbl.

Next, we investigated how the in vitro binding of
AdoRhbl, which induces both CarH tetramerization and
binding to DNA without any response to light, translates
into in vivo effects (Figure 4). Light and B12-dependent
CarH oligomerization can be readily assessed in vivo using a
bacterial two-hybrid (BACTH) system in Escherichia coli,
which does not synthesize corrinoids but can acquire them
from its growth medium.[5a] In this assay, based on the
interaction-mediated reconstitution of adenylate cyclase
enzymatic activity in E. coli, a blue color on X-Gal plates
indicates physical interaction between the proteins tested
(see Experimental Procedures in the Supporting Informa-
tion for details). Accordingly, cells expressing two-hybrid
fusions of CarHMx or CarHTt self-interact only in the dark
and with AdoCbl present, whereas cells expressing fusions
to a B12-independent CarHMx paralog, CarAMx, self-interact
in the dark or in the light with or without AdoCbl present,
and serve as a positive control (Figure 4A). Compared to
cells grown with AdoCbl, those grown with AdoRhbl
acquired a lighter blue color in the dark that persisted in the

Figure 3. Spectral evolution of AdoRhbl titrated with CarHTt and
determination of binding affinity. (A) UV/Visible spectra of AdoRhbl
(4 μM fixed concentration) titrated with 0 to 23 μM CarHTt (left), and
traces for the first and last titration points (right). (B) CarHTt-AdoRhbl
binding affinity (KD) estimated from titrations as in (A) by fitting
absorbance change at 531 nm, ΔA531 (left) or wavelength shift at fixed
intensity, Δλ0.04 (right).
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light when two-hybrid fusions of CarHTt were expressed,
while a blue color was not seen when CarHMx fusions were
expressed (Figure 4A). Thus, AdoRhbl is not as effective as
AdoCbl in driving CarH self-interaction in vivo, and any
induced CarH tetramerization is not abrogated by light.

To assess the impact of AdoRhbl on the light-dependent
CarH repressor function in vivo, experiments were con-
ducted using the M. xanthus strain MR2648, which lacks the
native genes for CarHMx, CarAMx and PduO (Table S1).
Elimination of the PduO adenosyltransferase that generates
AdoCbl, enables control of intracellular AdoCbl.[10j] Wild-
type M. xanthus is yellow in the dark but becomes orange
red in the light due to carotenoid pigments. In MR2648,
genes for carotenoid biosynthesis are derepressed because
CarH and CarA are absent, and these cells are therefore
orange under both dark and light conditions (Figure 4B).[10j]

By conditionally expressing the CarH variants in the
MR2648 genetic background, it becomes possible to explore
their repressor activity in vivo. Only a functional CarH can
restore the yellow colony color in the dark when AdoCbl is
present. Consequently, in the MR2648 strain, we proceeded
to conditionally express CarHMx or the CarHTt surrogate
CTt2,[5a] both tagged with an N-terminal FLAG epitope to
verify their stable expression using western blots (Fig-
ure 4B). CTt2 is an established variant comprising the fusion
of CarHMx’s C-terminal DNA-binding domain with CarHTt’s
N-terminal AdoCbl-binding domain.[5a] With AdoCbl
present, MR2648 expressing CarHMx or CTt2 was yellow in
the dark, consistent with repression of carotenoid synthesis,
and turned orange red in the light due to derepression. By
contrast, the cells remained orange red in the dark or in the
light with AdoRhbl present despite stable expression of
CarHMx and CTt2 as verified in western blots (Figure 4B),
indicating negligible repressor activity. Thus, CarH repressor
activity in M. xanthus, observed with AdoCbl, was barely
detectable with AdoRhbl.

As the observed reduction in the in vivo CarH activity
with AdoRhbl may result from insufficient cellular uptake,
we compared the uptake of AdoRhbl and AdoCbl in E. coli
and M. xanthus strains. Each strain was grown in media in
the presence or absence of 1 μg/ml (~0.6 μM) AdoCbl or
AdoRhbl under identical conditions, and the cells were
harvested and analyzed. As acid-sensitivity of the organo-
metallic bonds of AdoCbl[18] and AdoRhbl made an LC-MS/
MS approach for estimating cellular AdoCbl contents[19]

unsuitable under our conditions, we employed ICP-MS as a
method to simultaneously measure Co and Rh. ICP-MS
detected negligible Co or Rh in E. coli BTH101 or M.
xanthus MR2648 cells grown without exogenous AdoCbl or
AdoRhbl and detected Co but no Rh in cells grown with
exogenous AdoCbl and, at a similar level, Rh but no Co in
cells grown with exogenous AdoRhbl (Figure 4C and Fig-
ure S7). Our data thus indicate ICP-MS as a valid approach
to determine intracellular levels of AdoCbl or AdoRhbl.

Co and Rh contents determined by ICP-MS in M.
xanthus MR2648 yielded an approximate intracellular con-
centration of (4.9�0.1) μM for AdoCbl and (4.5�0.2) μM
for AdoRhbl, reasonably close to the independently esti-
mated total intracellular cobalamin (3.8�0.5 μM) (Ta-

Figure 4. Effect of AdoRhbl on CarH oligomerization and function in
vivo. (A) Two-hybrid analysis in E. coli BTH101 cells expressing T25 and
T18 fusions of CarHMx (“HMx”), CarHTt (“HTt”) or, as positive control
under all tested conditions, CarAMx (“AMx”). Streaks of cells on LB-Kan-
Amp agar plates containing X-Gal and IPTG without or with AdoCbl or
AdoRhbl grown in the dark or in white light. Blue streak indicates self-
interaction. (B) Color phenotype of M. xanthus strains MR2648
(recipient, negative control, “-”), and MR2998 (“HMx”) or MR2903
(“HTt”), with vanillate-inducible expression of FLAG-tagged CarHMx and
CTt2, respectively, grown on CTT-agar-vanillate plates, without or with
AdoCbl or AdoRhbl in the dark or in white light. Below: western blots of
cell extracts using anti-FLAG (top), or anti-RNA polymerase β subunit
antibodies as loading control (bottom). Uncropped blots are shown in
Figure S15. (C) ICP-MS analysis of intracellular cobalt (unfilled bars)
and rhodium (black bars). Left: E. coli BTH101 grown in LB, or LB-Spt-
arabinose medium with B12 transporter proteins overexpressed from
plasmid pBAD42-btuCEDFB, without and with AdoCbl or AdoRhbl.
Right: M. xanthus MR2648 grown in CTT, or in CTT-Tet medium with
1 mM IPTG-induced btuCEDFB expression, without and with AdoCbl or
AdoRhbl. (D) Two-hybrid analysis (as in A) with pBAD42-btuCEDFB
expressed and streaked on LB-Kan-Amp-Spt agar plates with X-Gal,
IPTG, and arabinose, without and with AdoCbl or AdoRhbl, and grown
in the dark or light. (E) Color phenotype of M. xanthus strains MR3694
(negative control, “� ”), MR3695 (“HMx”) and MR3696 (“HTt”), with
vanillate-induced expression of N-terminal FLAG-tagged CarHMx and
CTt2, respectively, and grown on CTT-agar plates with IPTG and
without and with AdoCbl or AdoRhbl in the dark or light.
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ble S2). The intracellular AdoRhbl concentration in M.
xanthus is, thus, comparable to the KD (~6 μM) determined
for CarHT-AdoRhbl binding in vitro that, combined with
competition from other B12-binding proteins, may render
AdoRhbl levels insufficient for detectable CarH binding,
tetramerization, and function in vivo. Limited AdoRhbl
content also likely accounts for the results of two-hybrid
analysis in E. coli (Figure 4A), in which ICP-MS detected
Co and Rh at levels comparable to those in M. xanthus
(Figures 4C and S7B). This could conceivably be offset by
augmenting intracellular AdoRhbl levels, as was tested next.

Bacterial uptake of exogenous B12 is controlled tightly
by mechanisms such as those involving RNA-based B12

riboswitches, which typically downregulate genes encoding
proteins for cobalamin biosynthesis and transport.[13b,20]

These riboswitch controls have been bypassed to enhance
intracellular cobalamin levels in E. coli by overexpressing its
genes for B12 transport and utilization (btu), including btuC,
btuE, btuD, btuF, and btuB (hereafter, btuCEDFB) from an
arabinose-inducible PBAD promoter (Figure S7A).[19] Using
ICP-MS, we determined that arabinose-induced overexpres-
sion of btuCEDFB in E. coli strains used in two-hybrid
analysis (BTH101) and in protein overexpression (BL21-
DE3) increased Co concentration ~25–30 fold in cells grown
with AdoCbl present relative to cells grown under identical
conditions, but without btuCEDFB overexpressed (Figur-
es 4C and S7). Interestingly, growing these E. coli strains
with AdoRhbl present produced similar enhancements in
intracellular Rh levels. Moreover, overexpressing the same
E. coli btuCDEFB genes from an IPTG-inducible promoter
in M. xanthus strain MR2648 grown in the presence of
AdoCbl or AdoRhbl enhanced intracellular Co or Rh levels
nearly six-fold (Figure 4C).

The observed similar enhancement of the intracellular
accumulation of AdoRhbl and AdoCbl upon overexpression
of btuCEDFB in E. coli or in M. xanthus indicates that these
transporter proteins bind and transport AdoRhbl in a very
similar fashion to AdoCbl. This accords with the ability of
these transporters to bind to diverse B12 forms base-on and
with high affinities.[21] In BACTH analysis using E. coli
BTH101 with this enhanced intracellular AdoRhbl, self-
interaction in the dark, which persisted in the light, was now
detected for CarHMx, as well as for CarHTt (compare
Figure 4A with 4D). Furthermore, in M. xanthus MR2648
with enhanced intracellular AdoRhbl, CarHMx or CarHTt

repressor activity was now observed in the dark, and this
was not relieved by light (yellow colony colour under both
conditions; compare Figure 4E with 4B). Thus, at adequate
cellular levels, AdoRhbl blocks photoregulation, while imi-
tating AdoCbl in driving CarH self-interaction and repres-
sion of carotenoid synthesis in the dark.

To gain further structural insights, we performed in silico
modelling together with classical molecular dynamics (MD)
calculations for the AdoRhbl-CarHTt-DNA complex based
on the crystal structure with the AdoCbl ligand[8] (Figure 5),
and then compared them with equivalent simulations for
AdoCbl.[10j] We also performed QM/MM–MD calculations
for AdoRhbl in the CarHTt-DNA complex at the level of

DFT (density functional theory) to validate the classical
simulations.

First, we analyzed metal coordination spheres in AdoCbl
and AdoRhbl in the CarHTt-DNA complex, finding a well-
defined RhIII coordination sphere in AdoRhbl-CarHTt. QM
calculations indicate that, compared to CoIII, the RhIII-center
displays about 0.1 Å longer bonds with Ado-C5’ and the
four corrin ring nitrogens, qualitatively consistent with the
crystal structures of the two cofactors,[12a] while the bond-

Figure 5. Model of the calculated AdoRhbl-CarHTt-DNA complex. (A)
The AdoRhbl-CarHTt-DNA model starting from the AdoCbl-CarHTt-DNA
crystal structure (PDB ID: 5C8E). Each protomer (light/dark blue and
light/dark green ribbon representation) is bound to one AdoRhbl
molecule in liquorice representation with C atoms in magenta (corrin
ring), yellow (lower axial H177), and orange (Ado), with RhIII as grey
sphere and DNA double-helix in yellow. (B) The simulated AdoRhbl-
CarHTt-DNA system protomer B12-binding domain with bound AdoRhbl.
(C) Superposition of representative average MD B12-binding domain
protomer structures in the AdoCbl-CarHTt and AdoRhbl-CarHTt DNA
complexes (protein backbone in lime-green and magenta, respectively).
In liquorice representation are bound AdoCbl (carbon skeleton, lime-
green, Co, blue sphere) and bound AdoRhbl (carbon skeleton,
magenta; Rh, gray sphere).
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length to the DMB-nitrogen remained unaltered (see
Table S3).

We then performed classic MD simulations gathering
2 μs of cumulative sampling for the AdoRhbl-CarHTt-DNA
complex (Figure S8). These did not reveal notable differ-
ences in the geometries of the corrin ring and DMB moiety
in the AdoRhbl-CarHTt from the earlier simulated AdoCbl-
CarHTt-DNA models.[10j] Classical MD and hybrid QM/MM–

MD simulations indicated similar interactions between the
protein and AdoCbl or AdoRhbl. However, whereas the
main interactions between AdoRhbl and CarHTt residues in
the Ado-binding pocket mirrored those of AdoCbl, most of
the residues involved in the AdoRhbl-CarHTt-DNA complex
displayed higher RMSD values (Figure S9). Indeed, the
occupancies of key CarHTt residues in the Ado-binding site
were, on average, lower for AdoRhbl than for AdoCbl, and

Figure 6. AdoRhbl mimics AdoCbl in binding to CarH but displays a broader conformational landscape in classic MD simulations. Left: Panels
indicating relative populations of the four main conformational parameters of the Ado moiety in CarHTt-bound AdoCbl (red traces) and AdoRhbl
(black traces). (A) Torsion angle 1 describing the orientation of the C4’� C5’ bond of the Ado ligand with respect to the corrin core. (B) Torsion
angle t describing orientation of the Ado ribose unit around the C4� C5’ bond (note that at t=240° HC4’ and the central metal are syn-planar; see
also Figure S13). Inset: Magnified t distribution around 260°. (C) Dihedral torsion angle c describing relative orientations of the adenine versus
ribose units.[27] (D) Polar plot for ribose sugar pucker pseudo-dihedral angle[27] distributions (scaled to the same maximum y-value to highlight
differences in populations) for CarHTt-bound AdoCbl (red) and AdoRhbl (grey). Red dashed lines in panels A–D represent values in the AdoCbl-
CarHTt-DNA X-ray structure.[8c] Center and right panels E–J: Close-ups of the CarHTt binding site pocket with Ado of bound AdoCbl or AdoRhbl.
Protein backbone: lime green; C atoms of binding residues in yellow, of corrin ring in magenta and upper axial Ado in orange; Co(III)-center: blue
ball; Rh(III)-center: grey ball. Major calculated structures for CarHTt-bound AdoCbl sampled for 1=321° (E) and 75° (F) and of AdoRhbl sampled
near 1=320° and t=207° (G) or 260° (H); with adenine moiety in 1

2T (c=300°) conformation (I), and with 3E Ado ribose pucker (~25°) (J). In
panels E–J, values for the four main Ado conformational parameters are indicated.
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not all interactions observed with AdoRhbl were present
with AdoCbl (Figure 6 and Figure S10, Tables S4 to S7).

Clearly, CarHTt does not adapt to AdoRhbl as well as to
its natural cofactor AdoCbl in its electronic ground state.
However, in the dominant conformers of both the calculated
AdoRhbl-CarHTt-DNA and AdoCbl-CarHTt-DNA com-
plexes, the Ado group is similarly reoriented (ρ ca. 320°).
The calculations also suggest that AdoRhbl explores a
broader conformational landscape (Figure 6). Interestingly,
in the CarHTt-DNA complex, Ado undergoes more exten-
sive reorientation around the C5’� C4’-bond in AdoRhbl
than in AdoCbl. Furthermore, while the dominant ribose
puckering in AdoCbl-CarHTt-DNA crystal structure[8] is
close to 3E observed in unbound AdoCbl,[1] MD and QM/
MM–MD calculations (Figures S10 to S12) suggest a 1

2T-
twist in the AdoCbl-CarH complex, and a minor structure
with 3E puckering (Figures 6 and S11). These structures
enable H-bonding with the ribose 2’ and 3’-OH groups,
while also preserving strong stacking interactions. In the
AdoRhbl-CarHTt-DNA complex, the ribose is again primar-
ily in the 1

2T-twist and 3E conformations but it also samples
3E. The Chi (χ) dihedral torsion angle between the Ado-
group ribose and adenine moieties also suggests broader
conformational range for AdoRhbl in CarHTt, compared to
a more narrowly confined distribution for AdoCbl in CarHTt

(Figure 6C).
The well-structured ligand-binding site in CarHTt, pro-

vides a precise fit for AdoCbl binding in its ground state.
This is crucial for the proper control of the photochemical
reaction and its dynamics.[10a,f,g] Note that in the AdoCbl-
dependent radical enzymes, the substrate-loaded protein not
only strains the Ado group, activating AdoCbl for Co� C
bond homolysis, but also strictly controls the reaction
trajectories,[2,22] for which specific Ado-group conformational
adaptations are considered relevant.[2a,23] We suggest that
perturbations in the intrinsic dynamics of CarHTt from the
binding of AdoRhbl, a ‘dummy’ ligand for AdoCbl with a
roughly 0.1 Å longer metal-C bond, help explore the Ado-
binding site when harboring photoexcited AdoCbl, which
was deduced to display a slightly elongated metal-C bond.[10f]

A proposed mechanism for the unique CarH photocleavage
of AdoCbl is H-transfer from C4’ accompanying Co� C bond
cleavage yielding a presumably six-coordinate cob-
(III)alamin hydride (equivalent, formally, to a Co-proto-
nated cob(I)alamin),[10d,11] which also behaves as a very
acidic Co-protonated cob(I)alamin.[24] In fact, the formation
of a CoI-corrin species in the photoexcited AdoCbl-CarHTt

complex within milliseconds was very recently reported.[10a]

Hence, the positioning of HC4' relative to the cobalt ion in
(photoexcited) CarH-bound AdoCbl would be critical.[10d,f,g]

Our calculated structural insights concerning the position
and distance of HC4’ with respect to the metal centers in the
CarH-bound corrins are, therefore, particularly relevant
(Figures 6 and S13). The calculated structures specifically
suggest the feasibility of a 60° rotation around the C5’� C4’
bond of the Ado group (Figure 6B) that would move HC4’
from one syn-clinal position relative to the metal to another
one only about 20° beyond the syn-planar arrangement.
Such a range of transient conformations would be suited for

a concerted syn-1,2-elimination[25] across the Ado C5’� C4’
bond of AdoCbl to generate the observed nonreactive 4’,5’-
anhydroadenosine AdoCbl-CarH photochemical product[10d]

in a single elimination step.

Conclusion

The amazing photoregulatory activity of CarH photorecep-
tors relies on their AdoCbl ligand to photomodulate
tetramerization and sequence specific DNA binding, com-
bined with specific light-induced decomposition of the
bound AdoCbl, activating gene expression.[5b–d] Here, the
antivitamin B12 AdoRhbl[12a] was examined for its possible
role as an unprecedented anti-photoregulatory ligand. The
work reported here shows that AdoRhbl inhibits CarH
photoregulatory function and that its uptake into bacterial
cells mediated by the B12 transporter proteins BtuBCDF is
comparable to that of AdoCbl. In fact, AdoRhbl acts as a
highly effective anti-photoregulatory ligand that inhibits
photoreceptor function by imitating the specific mode of
AdoCbl binding to the CarH photoreceptor to drive
tetramerization and DNA binding. Yet, AdoRhbl remains
photostable, despite the basic structural changes that it
undergoes upon binding to CarH. However, AdoRhbl is
required at higher concentrations than AdoCbl in represen-
tative bacteria for CarH oligomerization and repressor
activity in vivo. This is consistent with the ~25-fold lower in
vitro affinity of AdoRhbl for CarH. The lower affinity of
AdoRhbl may be due to the substantial coordinative
restructuring required for base-off/His-on binding as well as
to the more extensive conformational sampling of the Ado
moiety in AdoRhbl than in AdoCbl, as deduced from the
computational analysis.

Despite the availability of detailed crystallographic
structures of dark-state CarH, free and in complex with
DNA, and its light-exposed form,[5b,8,10a] the reactivity of its
photoexcited state has remained an obstinate
puzzle.[5d,10a,d–f,n] CarH binding strongly extends the light-
excited state lifetime of AdoCbl,[10f] and also ensures the
quantitative Co� C bond cleavage in a remarkable formal
photoelimination reaction.[5b,10d] Interestingly, a Co(II)corrin
intermediate is not detected, the characteristic direct prod-
uct from photoinduced homolysis of the AdoCbl Co� C
bond in solution,[4c] and in the AdoCbl-dependent radical
enzyme glutamate mutase.[26] This suggests a precise struc-
tural reorganization of the photoexcited AdoCbl-CarHTt

complex in the active site of CarH.[10e–g] Clearly, the active
site is instrumental in constraining the hypothetical Co� C
bond cleavage of the remarkably long-lived photoexcited
AdoCbl trajectory to the formal elimination reaction.

Consistent with the experimental data for AdoRhbl
reported here, MD simulations based on the AdoCbl-
CarHTt-DNA crystal structure suggest that in the interac-
tions with CarH, AdoRhbl largely imitates the restructuring
observed with the natural analogue AdoCbl, which binds
base-off/His-on with its ‘upper’ Ado-ligand reoriented via
rotation around its organometallic bond (Figure 6).[8,11] In
the predominant structures, key residues of the CarH-
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AdoRhbl interface are presented in orientations closely
matching those for CarH-AdoCbl.[8] Furthermore, our
calculated structures suggest a specifically limited comple-
mentary plasticity of the protein interface, providing key
binding interactions to the Ado group of AdoCbl or of
AdoRhbl. A significant conformational flexibility of the
ribose moiety is a key factor enabling the critical reorienta-
tion of the Ado group. However, Ado and active site
residues in CarH-bound AdoRhbl explore a wider confor-
mational space than with AdoCbl (Figures 6 and S8 to S13).

Replacing the AdoCbl ligand in the CarH-complex by its
light stable Rh-analogue AdoRhbl, with a 0.1 Å longer
metal-C bond, may thus help explore the capacity of CarH
to accommodate relevant transient photoexcited state(s) of
bound AdoCbl, deduced to display a minor elongation of
the Co� C bond.[10f] Enhanced modes of conformational
restructuring from replacing AdoCbl in CarHTt by AdoRhbl
are revealed in the calculations, providing structural models
for the hypothetical transient excited state structures of the
AdoCbl-CarH complex crucial for the intricate control of
the non-radical photocleavage by its active site. The deduced
dynamics support the feasibility of a rotation around the
Ado C5’� C4’ bond in the photoexcited AdoCbl-CarHTt-
DNA complex, a critical motion for the hypothetical CarH-
orchestrated photoinduced syn-1,2-elimination, as a non-
radical mechanism to the observed intermediate CoI-corrin
and to 4’,5’- anhydroadenosine.[10a,d] Clearly, CarH may have
evolved not merely to bind the natural AdoCbl cofactor but
also to guide the trajectory of its transient light-activated
states via a specific selective binding complement along the
crucial path to stable photoproducts.

In conclusion, our research characterizes AdoRhbl, an
engineered antivitamin B12, as an unprecedented and highly
efficient anti-photoregulatory ligand.[12a,14c,15d] Serving as a
stable structural AdoCbl mimic, even in the presence of
CarH, AdoRhbl proves to be a potent inhibitor not only for
prevalent bacterial photoreceptors, but also potentially for
numerous AdoCbl-dependent photoresponsive proteins of
unknown function, identified through genome data.[5b–d,6–7]

This positions AdoRhbl within a new category of selective
and broadly effective potential antibiotics. Furthermore, our
computational analysis provides a structural model of the
AdoRhbl-CarH-DNA complex. According to this model,
the photoexcited CarH-bound AdoCbl can dynamically
adopt structures compatible with a specific syn-1,2-elimina-
tion mechanism for the proposed concerted photochemical
decomposition of the AdoCbl-CarH complex,[10n] averting
radical products.
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The Rhodium Analogue of Coenzyme B12 as
an Anti-Photoregulatory Ligand Inhibiting
Bacterial CarH Photoreceptors

CarH photoreceptors bound to photo-
labile cobalt corrin coenzyme B12

(AdoCbl) are DNA-binding tetramers
that repress genes for carotenoid syn-
thesis in the dark. Light triggers AdoCbl
photolysis and CarH tetramer disassem-

bly to activate gene expression. AdoRhbl,
a synthetic photostable isostructural
rhodium surrogate of AdoCbl, emulates
AdoCbl in CarH binding, tetramerization
and DNA binding yet blocks photoregu-
lation by CarH in vitro and in vivo.
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