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Background: Modular receptors like the photoreceptor YF1 detect signals and process them into biological responses.
Results: We identify numerous residues in the photosensor module of YF1 governing signal detection and processing.
Conclusion: Spatial clustering of these residues delineates structurally contiguous regions in the photosensor crucially involved

in signal transduction.

Significance: The underlying mechanistic principles are widely shared in signal receptors.

Modular signal receptors empower organisms to process
environmental stimuli into adequate physiological responses.
At the molecular level, a sensor module receives signals and pro-
cesses the inherent information into changes of biological activ-
ity of an effector module. To better understand the molecular
bases underpinning these processes, we analyzed signal recep-
tion and processing in the dimeric light-oxygen-voltage (LOV)
blue light receptor YF1 that serves as a paradigm for the
widespread Per-ARNT-Sim (PAS) signal receptors. Random
mutagenesis identifies numerous YF1 variants in which biolog-
ical activity is retained but where light regulation is abolished or
inverted. One group of variants carries mutations within the
LOV photosensor that disrupt proper coupling of the flavin-
nucleotide chromophore to the protein scaffold. Another larger
group bears mutations that cluster at the dyad interface and
disrupt signal transmission to two coaxial coiled-coils that con-
nect to the effector. Sequence covariation implies wide conser-
vation of structural and mechanistic motifs, as also borne out by
comparison to several PAS domains in which mutations leading
to disruption of signal transduction consistently map to con-
fined regions broadly equivalent to those identified in YF1. Not
only do these data provide insight into general mechanisms of
signal transduction, but also they establish concrete means for
customized reprogramming of signal receptors.

To ensure survival and eventual procreation, diverse organ-
isms constantly perceive changes in their environment and
respond appropriately. At the molecular level, these vital pro-
cesses are mediated by signal receptors, which at a minimum
comprise two functional modules, one denoted sensor being
responsible for perceiving signals (e.g. environmental changes),
and another denoted effector being responsible for triggering
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organismal responses (1). The modular composition of signal
receptors commonly extends from the functional level to the
structural level, in that sensor and effector modules are often
realized as distinct protein domains. Strikingly, combinations
of a rather limited set of sensor and effector domains give
rise to a much larger number of signal receptors (2, 3). To a
great extent, functional versatility and diversity in nature are
thus accomplished by variations of recurring underlying
themes, and certain structural motifs and signaling mecha-
nisms are apparently shared across signal receptors (4). Sen-
sor modules are specific for their signal, which can be of
chemical form, e.g. the concentration of a small molecule, or of
physical form, e.g. the absorption of a photon. Light sensation is
afforded by photoreceptors (5), which provide spatial and tem-
poral cues to be used for orientation in a habitat or for avoid-
ance of harmful radiation. In particular, blue light detection is
often mediated by light-oxygen-voltage photosensors (6, 7),
which form a flavin-nucleotide-binding subclass of the versatile
Per-ARNT-Sim family (4). Absorption of a photon in the blue
spectral range triggers formation of a metastable thioether
bond between the flavin isoalloxazine ring and a conserved cys-
teine residue in the LOV? photosensor (8). Subsequent struc-
tural and dynamic changes propagate within the photosensor
and transmit to the effector by a variety of molecular mecha-
nisms depending on LOV domain (9-12).

Anintensely studied paradigm for modular recombination of
sensors and effectors and for resultant functional diversity is
provided by two-component systems, which constitute the
prevalent means of prokaryotes for signal transduction (3, 13,
14). In the classical two-component system scenario, a sensor
histidine kinase (SHK) adjusts the phosphorylation status of a
cognate response regulator in signal-dependent fashion via
antagonistic kinase and phosphatase activities. The physiolog-
ical response is controlled by the amount of phosphorylated
response regulator, which in turn is governed by net kinase
activity, i.e. the balance between the opposing kinase and phos-

3 The abbreviations used are: LOV, light-oxygen-voltage; PAS, Per-ARNT-Sim;
SHK, sensor histidine kinase; DHp, dimerization/histidine phosphotransfer;
CA, catalytic/ATP-binding; MEGAWHOP, amplification of whole plasmids
using megaprimers; PSICOV, protein-sparse-inverse covariance.
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FIGURE 1. Structure of the LOV domain of YF1 (PDB entry 4GCZ (17)).
Secondary structure elements are indicated, and the FMN chromophores are
shown in stick representation. The C-terminal DHp and CA domains are not
shown.

phatase reactions (15). Known SHKs are obligate dimers and
typically consist of an N-terminal sensor module and a C-ter-
minal effector module, which comprises the dimerization/his-
tidine phosphotransfer (DHp) and catalytic/ ATP-binding (CA)
domains. The understanding how sensor and effector modules
are connected and how they might hence communicate has
long suffered from the lack of intact high-resolution SHK struc-
tures. Only recently, structures of two SHKs that comprise both
sensor and effector modules were reported. On the one hand,
Wang et al. (16) elucidated the structure of the cytoplasmic
portion of the Streptococcus mutans VicK SHK consisting of
HAMP, PAS, DHp, and CA domains; the molecular identity of
the signal that VicK responds to is unknown, but presumably
the PAS domain serves as the sensor. On the other hand, we
reported the full-length structure of the blue light-regulated
SHK YF1 (17), which derives from a fusion of the LOV photo-
sensor domain from Bacillus subtilis YtvA to the histidine
kinase effector module from Bradyrhizobium japonicum FixL
(11) (Fig. 1). Although the molecular details differ, both VicK
and YF1 adopt elongated dimeric structures in which an
extended helical interface, coincident with the dyad axis, is
formed by coaxial coiled-coils. Crucially, the PAS/LOV sensor
domains attach laterally to this central helical spine via antipa-
rallel B sheets (strands AB, BB, G, Hp3, IB) and are well sepa-
rated in space from the downstream histidine kinase effector.
Informed by the YF1 structure and a survey of PAS domain
signaling (4), we attributed a preeminent role in signal trans-
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duction and modulation to the interface formed by the LOV 8
sheet and an N-terminal coiled-coil denoted A’'«a (17). Muta-
tional analysis supported this notion in that single amino acid
exchanges in this region severely affected proper light regula-
tion of the two-component system. We proposed the rotary-
switch model for signal transduction (11, 17), which envisions
that signals trigger conformational rearrangements of the sen-
sor module that propagate as torque within coiled-coil linkers
to the effector module where they modulate activity.

In the present contribution we interrogate mechanisms of
signal reception and transduction in YF1, as a paradigm for
SHKSs and PAS receptors, in an unbiased manner complemen-
tary to our previous structure-guided, rational mutagenesis.
Facilitated by the availability of efficient functional assays (18)
and high-resolution structural information (17), we took a two-
pronged approach to identify residues that govern signal trans-
duction: random mutagenesis for in vivo identification and
large-scale sequence covariance analysis for in silico identifica-
tion. We thus find numerous mutations within the LOV
domain that abolish or invert the signal response to incident
blue light. These mutations spatially cluster in preferred
regions, especially at the A’ a/B-sheet interface, indicating cru-
cial involvement of these regions in signal transduction. As sim-
ilar clusters of mutations affecting signal transduction recur in
PAS domains, a general means is provided for rapid reprogram-
ming of the stimulus response in signal receptors.

EXPERIMENTAL PROCEDURES

Molecular Biology and Library Construction—Mutant librar-
ies of YF1 were generated in the background of the pDusk-
DsRed reporter plasmid (18) in a two-step process. First, the
DNA fragment encoding residues 2—146 of YF1 was amplified
by error-prone PCR using Taq polymerase (Fermentas, Schwer-
te, Germany). Following Cirino et al. (19), the error rate of Tag
was enhanced by adding 5 mm MgCl,, 50 um MnCl,, 0.8 mm
dCTP and dTTP nucleotides to the standard PCR mixture. A
total of 28 independent PCR were performed to yield mutant
libraries 1-28; for somewhat reduced mutation frequency, in
libraries 19-28 MnCl, was left out. Second, these amplified
and partly mutagenized DNA fragments served as so-called
megaprimers in the amplification of whole plasmids according
to the MEGAWHOP protocol (20, 21). PCR was conducted as
described except that 250 ng of megaprimer, 2 fmol of the tem-
plate pDusk-DsRed, and 2.5 units of Phusion High-Fidelity
DNA polymerase (Biozym Scientific GmbH, Hessisch Olden-
dorf, Germany) were used in a 25-ul reaction mixture. Parental
template DNA was digested by Dpnl according to the
QuikChange protocol (Invitrogen), and 4 ul of the resultant
reaction mixture was transformed into 50 ul of chemically
competent Escherichia coli DH10b cells.

Site-specific mutants of YF1 (V27E, V27T, Y41A, Y41E,
Y41F, Y41L, N1241) were constructed in the background of the
pDusk-myc-DsRed reporter plasmid (17) via the QuikChange
protocol and confirmed by DNA sequencing (GATC Biotech,
Konstanz, Germany). Expression of these mutants at near wild-
type levels was confirmed by Western blot analysis (17).

Library Screening—The YF1 library was streaked out onto LB
agar plates containing 50 ug ml~' of kanamycin (denoted
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LB/Kan in the following), followed by incubation at 37 °C for
about 20 h under dark conditions. The spatial pattern of bacte-
rial colonies was copied to two fresh LB/Kan plates by replica
plating. Both plates where incubated for 20 h at 37 °C where one
plate was kept in the dark and the other plate was exposed to
constant blue light (100 uW cm™?470 nm). To monitor expres-
sion of the DsRed reporter protein (22), the replica plates
(parental, dark, and light) were illuminated with blue light (100
wW cm™? 470 nm) to excite DsRed fluorescence and photo-
graphed through a 590-nm high-pass filter (B+W filters 58 mm
(090); Canon EOS 1000D). Photographs from the different
plates were aligned and compared in the computer. Notably,
wild-type YF1 clones show high fluorescence signals under
dark conditions and low signals under light conditions (cf. Fig.
2, bottom, majority of colonies). Clones that express variants of
YF1 with impaired light regulation can thus be readily identi-
fied by their increased fluorescence under light conditions (cf.
Fig. 2, bottom, minority of colonies). Corresponding colonies
were isolated and used to inoculate 600 ul of LB/Kan medium
in deep 96-well plates (Axygen Scientific, Corning, Tewksbury,
MA), from which glycerol stocks for long-term storage at
—80 °C were prepared. The glycerol stocks were used to inoc-
ulate 96-well stab-agar plates containing 50 pg ml~" of kana-
mycin (GATC Biotech), which upon 20 h incubation at 37 °C
were submitted for DNA sequencing. The resulting sequencing
data were analyzed by a custom computer script written in the
programming language R.

Activity Assays—Activity measurements for individual YF1
mutants were conducted as described (17). For YF1 variants
from random mutagenesis we used a modified protocol in
96-well format; two deep-well plates containing 600 ul of
LB/Kan per well were inoculated from the glycerol stocks using
a Bel-Blotter tool (VWR, Darmstadt, Germany). Plates were
sealed with a gas-permeable film and incubated for 18 hat 37 °C
and 800 rpm. One plate was incubated in constant darkness; the
other plate was incubated under constant 25 wW cm ™ >470-nm
light, where the film attenuated the effective light intensity
impinging on the cultures to ~15 wW cm™ 2. After incubation,
cultures were diluted 20-fold in 10 mm Tris/HCI (pH 8.0), 10
mMm NaCl. Absorbance at 600 nm (A4, and DsRed fluores-
cence were measured using black-walled 96-well uClear plates
(Greiner BioOne, Frickenhausen, Germany) in a Tecan Infinite
M200 PRO plate reader (Tecan Group Ltd., Médnnedorf, Swit-
zerland). Fluorescence excitation and emission wavelengths
were set at 554 = 9 and 591 = 20 nm, respectively. Data were
normalized to the fluorescence per A, observed for YF1 under
dark conditions and represent the averages of 2 biological rep-
licates = S.D.

Sequence Alignment and Covariance Analysis—We identi-
fied PAS sequences homologous to the B. subtilis YtvA LOV
domain, which forms part of YF1 (PHOT_BACSU) using the
Pfam database (2). A total of 30,713 PAS sequences belonging to
the same Pfam family (PAS_9; PF13426) were retrieved from
NCBI (ncbi.nlm.nih.gov) and extended by 25 and 20 residues at
their N and C termini, respectively. Sequences were aligned
with HMMER 3.0 (23) using the PAS_9 profile from Pfam. For
analysis with PSICOV (24), all columns for which the target
sequence (PHOT_BACSU) contains a gap were deleted from
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FIGURE 2. Scheme for random mutagenesis. Residues 2-146 of YF1 within
the pDusk-DsRed reporter plasmid (18) were mutagenized using error-prone
PCR and the MEGAWHOP strategy (20, 21) (step 7). The resultant plasmid
library was transformed into E. coli and plated on agar (step 2). Replica copies
were incubated under dark and blue light conditions (100 uW cm 2470 nm)
(step 3). For wild-type YF1, expression of the fluorescence reporter DsRed is
repressed in the light compared with dark. Comparison of the dark and light
conditions readily identifies clones that show strong fluorescence under light
incubation and are hence impaired in their regulation (step 4). Photographs
show typical results from one mutant library (bottom).

the alignment. PSICOV was run with the command-line argu-
ments “-d 0.03 -j 3 -g 0.3,” which denotes that covariance values
were calculated for pairs of positions that contain fewer than
30% gaps in the alignment and are separated by at least three
residues; the lasso regularization parameter p was iteratively
adjusted to yield a target density of 3% in the final precision
matrix (24). Results from the PSICOV analysis were plotted
onto the three-dimensional structure of YF1 (17) using custom
Python scripts. Molecule graphics in Figs. 1 and 4 — 6 were pre-
pared with PyMOL (Schrodinger LLC).

For comparison of functional data (Fig. 7), selected PAS
domains were aligned based on sequence and three-dimen-
sional structure (where available). Constitutive OFF pheno-
types can be due to a number of reasons including failure of
certain mutants to correctly express. We hence only included
OFF mutants in our analysis for which near wild-type expres-
sion levels have been ascertained (17, 25).

RESULTS

Random Mutagenesis of the Light-Oxygen-Voltage Photore-
ceptor YFI—To identify and delineate structural regions of YF1
involved in signal transduction, we implemented a random
mutagenesis strategy as illustrated in Fig. 2. Random mutations
were introduced into the LOV photosensor of YF1 including a
C-terminal coiled-coil denoted Ja (amino acids 2-146) via
error-prone PCR (19-21). Mutagenesis was performed in the
background of the pDusk-DsRed reporter plasmid (18), which
encodes YF1 and its cognate response regulator Fix] that drives
expression of the fluorescent reporter DsRed, thus facilitating
rapid screening of photoreceptor variants. Upon transforma-
tion of the resultant plasmid library into E. coli, single clones
expressing individual YF1 variants were separated by plating on
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agar. We generated two replica copies of the clone library, one
was incubated in constant darkness, and one was incubated
under constant blue light (100 wW ¢cm ™2 470 nm). Under these
conditions, clones harboring wild-type YF1 express the
reporter DsRed to different levels depending upon light condi-
tions, with high levels when incubated in the dark and low levels
when incubated under blue light (18). DsRed expression levels
can conveniently be gauged on plate by fluorescence via visual
inspection through a 590-nm long-pass filter (Fig. 2). Most of
the ~300-800 clones per plate displayed wild-type behavior,
indicating that they carried either no mutation or only neutral
mutations. However, a number of colonies showed no or low
fluorescence under both dark and light conditions; most likely,
in these clones YF1 expression or catalytic activity is disrupted
by mutagenesis, and we did not analyze these colonies any fur-
ther. By contrast, on average 2—3% of the colonies showed a
clearly divergent phenotype with bright fluorescence signals
when incubated under blue light (Fig. 2); comparison to the
dark-incubated replica plate revealed that in the vast majority
of these clones, high fluorescence is also obtained in the
absence of light, with a few exceptions (see below). Apparently,
the YF1 variants expressed in these colonies retain catalytic
activity as evidenced by their ability to drive expression of the
DsRed reporter, but they have lost proper signal responsiveness
as evidenced by their inability to shut down DsRed expression
in the light. Hence, we reasoned that the mutations underpin-
ning this phenotype involve amino acids that contribute to the
processing of signals and their transmission from the sensor to
the effector module.

For enhanced sampling coverage and reduction of redundan-
cies, we generated 28 independent libraries of YF1 variants
from which we selected a total of 288 (3 times 96) single colo-
nies with increased DsRed fluorescence under light conditions.
Upon DNA sequencing and accounting for duplicate mutations
that occurred in several clones, we thus identified 42 single
mutants (Table 1) and 102 YF1 variants that bore more than
one mutation (supplemental Table S1). For all constructs, we
measured DsRed expression and optical density at 600 nm
(Agoo) following incubation under dark and blue light condi-
tions (25 wW c¢cm ™2 470 nm) in 96-well format, which affords
higher throughput than our previous setup (17, 18) (Fig. 34 and
supplemental Table S1). Fluorescence data per cell density were
normalized to the reading obtained for dark-adapted, wild-type
YF1. Thus, the normalized fluorescence value for wild-type YF1
in the dark by definition amounts to 1.00 = 0.06; incubation
under blue light results in a decreased fluorescence signal of
0.12 = 0.03. On average, the isolated YF1 variants show nor-
malized fluorescence values of 0.95 = 0.52 under dark condi-
tions, close to the value obtained for wild-type YF1. Under blue
light conditions, across the population slightly lower but overall
similar fluorescence values of 0.88 =+ 0.44 are observed, indicat-
ing that the random mutagenesis strategy indeed led to the
identification of variants that have lost proper light regulation.
To better compare and classify individual YF1 variants, we
introduced the quantity «; 1, as the ratio between fluorescence
obtained under blue light and dark conditions. Most of the iso-
lated variants had largely lost light responsiveness with o,
values ranging from 0.29 to 2.00; we denote them as ON vari-
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TABLE 1
Mutations identified by random mutagenesis - single mutations

Fluorescence / ODgy (a.u.) quotient

Variant Dark Light Light/Dark a;p
YF1 1.00 £ 0.06 0.12+0.03 0.12+0.03
VI5A 0.87+0.22 0.56+0.27 0.64+0.35
I16F 1.24+0.35 1.29+0.26 1.04 +0.36
AI19T 1.82+0.51 1.42+0.48 0.78 +£0.34
A19V 1.12+0.16 1.05+0.12 0.94+0.17
L20F 1.25+0.005 1.64 +0.10 1.32+0.08
L20R 0.47+0.01 0.39+0.02 0.84 £ 0.04
D21A 0.69 +0.10 0.57+0.19 0.83+0.30
D21G* 0.10 + 0.04 0.47+0.11 472+225
D21V 0.10 + 0.0004 0.92 +0.08 9.51+0.81
D21Y 0.43 +0.04 0.54+0.01 1.27+0.11
H22L 1.40+0.29 1.35+0.24 0.96+0.26
H22P 0.01 + 0.0006 0.57 + 0.08 4471 +6.53
H22Q 0.83+0.45 0.77+0.29 0.92 +0.61
H22R 0.96+0.10 0.95+0.20 1.00+0.24
V25D 1.63 +0.57 1.41+0.52 0.86 +0.44
V27A 0.36+0.02 0.35+0.03 0.98 £0.09
Q44P 0.23+0.02 0.18+0.01 0.80+0.08
C62W 0.44+0.13 0.45+0.16 1.04 +0.48
R63L 0.72 +0.03 0.66 = 0.02 0.92 +0.05
Q66L 1.28+0.28 1.27+0.21 1.00+0.27
K68N 0.97 +0.02 0.97 +0.01 1.00 + 0.02
D7IN 0.30+0.01 0.41+0.02 1.38+0.07
V75E 1.94+0.12 0.92+0.08 0.48 £0.05
D76V 0.88+0.09 0.82+0.07 0.93+0.12
N778 1.31+0.06 1.33+0.14 1.01+0.12
N94S 1.20 + 0.40 1.22+0.33 1.01+0.43
No4Y 0.83+0.41 0.44+0.12 0.53+0.29
N104Y 1.12+0.03 1.25+0.10 1.12+0.09
D109V 0.90+0.03 0.93+0.04 1.03 + 0.06
D109Y 0.93 +0.04 0.65+0.07 0.70 +0.08
M1111 1.65+0.02 1.38+0.01 0.84+0.01
E114D 0.43 +0.01 0.34+0.02 0.81+0.05
V1201 1.17+0.28 0.94+0.38 0.80+0.38
1122N 0.73+0.03 0.97 +0.04 1.33+0.08
1122T 1.23 +£0.06 1.42 4+ 0.06 1.16 +0.07
QI23H 0.49+0.01 0.40+0.11 0.82+0.23
QI23P 0.78 +£0.02 0.70 + 0.04 0.90 +0.05
QI33L 0.95+0.02 0.97 +0.04 1.03 +0.04
RI135L 1.40+0.47 1.21+0.46 0.86 + 0.44
E142V 1.39+0.27 1.45+0.16 1.04+0.23
L143p 0.34+0.07 0.28 +£0.02 0.82+0.18
L143R 1.50+0.05 1.58 +£0.01 1.05+0.03

* Mutations giving rise to INV phenotypes (o 1, > 2.00) are highlighted by blue
shading.

ants in the following. For example, the variant 1122T displayed
similar fluorescence values as wild-type YF1 in the dark but
utterly lost light responsiveness (o;, = 1.16 * 0.07) (Fig. 3).
Intriguingly, we also identified a handful of variants that we
denote INV variants in which the signal response to blue light is
inverted relative to wild-type YF1 (a; 5 > 2.00). For example, in
the INV mutant D21V the low fluorescence of 0.10 £ 0.01
observed in the dark is up-regulated to 0.92 = 0.08 in the pres-
ence of blue light (¢, , = 9.51 = 0.81) (Fig. 3). Strikingly, most
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of the ON and INV variants we had previously identified by
structure-guided rational mutagenesis (17) were also isolated
by random mutagenesis.

Notably, the ON and INV mutations are not uniformly dis-
tributed along the sequence of the YF1 SHK but cluster in dis-
tinct regions (Fig. 4A4). Particularly many such mutations were
identified within the N-terminal A’« coiled-coil and the loop
that connects it to the AB strand. In addition, an increased
number of such mutations occur in helices Eqa, Fa, and Jo, and
instrands G, HB, and I3 of the LOV domain. By contrast, such
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FIGURE 3. Activity measurements of YF1 variants in 96-well format with
the pDusk-DsRed reporter system (18). A, cultures of YF1 variants were
grown under dark and blue light conditions in 96-well plates. For measure-
ment of reporter fluorescence and cell density, aliquots of each culture were
diluted and transferred to a different multititer plate. B, activity measure-
ments for selected YF1 variants.
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mutations are largely absent from strand Bf, helices Ca and
Da, as well as the interconnecting loops. When mapped onto
the structure of YF1 (Fig. 4B), the ON and INV mutations can
be grouped into three classes: (i) mutations of residues that
directly interact with the flavin mononucleotide (FMN) chro-
mophore (Fig. 54); (ii) mutations of residues within or adjacent
to the A’ « coiled-coil (Fig. 5B); and (iii) mutations of residues
within the C-terminal Ja coiled-coil (Fig. 5C). Given the large
number of ON and INV mutations, we describe the most inci-
sive mutants of each class in turn and refer to Table 1 and
supplemental Table S1 for a complete list of all isolated
variants.

The FMN cofactors are bound within the two YF1 LOV
domains in a mode largely conserved across LOV domains (Fig.
5A), where the apolar half of the flavin isoalloxazine ring is
embedded between aliphatic residues, and the more polar half
is precisely oriented by a hydrogen-bonding network to four
amide side chains (residues GIn®®, Asn®%, Asn'%, and GIn'?3).
Interestingly, there is a marked dichotomy in the occurrence of
ON mutations among the residues directly contacting the
isoalloxazine ring. Although for each of the four amide posi-
tions ON mutations could be isolated (Q66L, a;, = 1.00 =
0.27; N94S, o;, = 1.01 £ 0.43; N94Y, «o;, = 0.53 = 0.29;
N104Y, o, 1, = 1.12 = 0.09; Q123H, o, ;, = 0.82 = 0.23; Q123P,
o p = 0.90 = 0.05), hardly any ON mutations of hydrophobic
residues were found. Moreover, the sole exception, V75E (o j, =
0.48 + 0.05), is contacting the polar half of the FMN ring. Muta-
tions of several residues in helices Ea and Fa that contact the
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FIGURE 4. Overview of YF1 mutants with altered light regulation. A, sequence representation of mutations leading to disruption or inversion of light
regulation. Gold squares denote mutations that cause constitutive activity (ON variants); dark green squares denote mutations with inverted signal polarity, i.e.
mutations where activity in the presence of blue light is higher than in the dark (INV variants). Asterisks highlight mutations that cause inverted signal response
only when they occur in conjunction with another mutation (superscript numbers), whereas each mutation on its own displays a different phenotype with
hashmarks denoting constitutive low activity (17). White dots signify mutants not identified by random mutagenesis but known before. B, ON and INV
mutations are mapped onto the structure of YF1 where the color denotes how many different amino acid exchanges at a given position induce these

phenotypes (see scale bar).
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A

FIGURE 5. Detailed view of residues involved in light regulation. Residues for which certain mutations cause constitutive activity (ON variants) are shown
in gold; residues for which at least one mutation causes inversion of the signal response are shown in dark green (INV variants); residues for which mutations
induce inversion of signal response only when combined with another mutation are shown in bright green; other residues are shown in light blue; water
molecules are shown as red spheres. A, the chromophore-binding pocket. B, the interface between the N-terminal A’ « coiled-coil and the LOV B sheet. G, the
C-terminal Ja coiled-coil. D, structural context of residues Val?” and Tyr*' (turquoise), which were identified by covariance analysis.

ribityl chain of the FMN cofactor also give rise to ON pheno-
types (C62W, a,, = 1.02 = 0.48; R63L, o, , = 0.92 = 0.05;
D76V, a;, = 0.93 * 0.12). Based on in vivo activity measure-
ments, a molecular interpretation of these mutations is difficult
because the observed effect could be due to several reasons,
including failure to incorporate chromophore (presumably for
C62W), failure to undergo proper photochemistry (almost cer-
tainly for C62W, Q123H, and Q123P (26)), or impairment of
signal transduction.

In line with our previous identification of the N-terminal A’ «
coiled-coil interface as crucial for signal transduction (17), the
majority of the ON mutations and every single INV mutant
were identified in this region. The density of ON and INV
mutations is particularly high at the C terminus of A’ and the
loop connecting to AB, whereas the N-terminal part of A’ is
largely devoid of such mutations (Fig. 5B). In addition to previ-
ously known variants (V15A, D21G, H22L, H22P, V27A,
D109V) (17), we isolated several new ON variants in which
aliphatic residues within A’a and the LOV B sheet were
exchanged, either for other hydrophobic residues (I16F, a; , =
1.04 * 0.36; L20F, oy, = 1.32 = 0.08; M111L, &, ;, = 0.84 =+
0.01; V1201, o , = 0.80 = 0.38) or for hydrophilic and charged
residues (A19T, a, , = 0.78 * 0.34; L20R, o, ;, = 0.84 * 0.04;
V25D, a;, = 0.86 * 0.44; 1122N, a, , = 1.33 * 0.08; [122T,
a;p = 1.16 = 0.07). We found the absolute highest number of
ON and INV mutations for residues Asp>' and His** at the
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C-terminal end of A, which are involved in polar contacts to
Asp'®? in strand HB and to the amide hydrogen of GIn**in helix
Ca (D21V, oy, = 9.51 * 0.81; D21Y, o ;, = 1.27 = 0.11; H22Q,
a,p = 0.92 + 0.61; H22R, a; , = 1.00 * 0.24; Q44P, a, , =
0.80 = 0.08; D109Y, ¢; , = 0.70 = 0.08). Of particular note and
of practical utility (18), D21V displays a strong INV phenotype
with low dark and high light activity, more pronounced than the
previously identified D21G and en par with H22P. Notably,
replacement of GIn** by proline amounts to removal of the
amide hydrogen atom and concomitant loss of polar bonding to
Asp?!. Certain double mutants with ON and INV phenotypes
we isolated (supplemental Table S1) showed behavior that devi-
ates from the corresponding single mutants. For example,
1122N displayed an ON phenotype, and N124I largely abolished
activity; however, when both mutations are combined, an INV
phenotype results (o, = 6.64 = 0.30) (Fig. 3). Similarly, as
separate mutations, D109V and I122T induce ON phenotypes,
but in combination they show INV behavior.

Several ON mutations also occur for residues within the
C-terminal Ja coiled-coil (Fig. 5C). Mutation of glutamine 133
at the base of Ja to leucine results in ON activity (o; , = 1.03 =
0.04), as do certain mutations of residues Arg'>® and Glu'*?,
which are engaged in an i,i +7 salt bridge (R135L, o; , = 0.86 *
0.44; E142V, o, , = 1.04 * 0.23). Last, exchange of Leu'** at the
coiled-coil interface by either proline or arginine also caused
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FIGURE 6. Covariance analysis of the PAS_9 Pfam domain family. A, pairwise covariation PC between residues as determined with PSICOV (24) are mapped
onto the sequence of YF1 (residues 1-146) and are represented in color code (see scale bar). Notably, residues in the N-terminal A’ a helix show high covariation
with residues Val?” and Tyr*' within the PAS 8 sheet; by contrast, consistently low covariation is observed between residues in the C-terminal Ja helix and in the
PAS core with the exception of the N terminus of Ja around the conserved DIT motif (4). B, pairwise covariance data are mapped onto the three-dimensional
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structure of YF1 where the color code is the same as in panel A and the width of the lines is proportional to the value of a given covariation. Residues Va
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Tyr*! are indicated as turquoise spheres. Only covariance data with PSICOV scores PC exceeding 0.30 are plotted.

ON phenotypes (L143P, o;, = 0.82 = 0.18; L143R, oy, =
1.05 = 0.03).

Note that data from random mutagenesis should be inter-
preted with some caveats; in particular, the apparent absence of
a given mutation in the screen should not be taken as evidence
that this mutation would have no effect on the target process
but could merely reflect that this mutation was not included in
the initial library. For example, our library is biased by the use of
Taq polymerase, which preferentially mutates A/ T base pairs to
G/Cbase pairs (19), and by the intentionally chosen, overall low
mutation density; the chance of obtaining an amino acid sub-
stitution that requires two nucleotide exchanges within one
codon is correspondingly low.

Covariance Analysis of Per-ARNT-Sim Domains—To glean
additional insight into the architecture and signaling mecha-
nisms of SHKs, LOV receptors, and PAS receptors, we resorted
to large-scale sequence analysis. Beyond conservation of cer-
tain residues, e.g. the highly conserved NCRFLQ motif within
LOV domains, which harbors the essential cysteine (27), addi-
tional information is contained in the covariation of pairs of
residue positions within a multiple sequence alignment. The
basic premise is that during evolution mutations of one residue
with adverse effects may be compensated by suitable mutations
of a second residue that interacts with the first residue (28, 29).
Such interacting residue positions are thus expected not to vary
independently but to co-evolve. Observation of covariation
between a pair of residue positions within multiple sequence
alignment is hence taken as an indication that these residues
interact, but some caveats apply (30). First, covariation is com-
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monly interpreted in purely structural terms as evidence for
close spatial proximity; however, co-evolution of residue pairs
may also stem from interactions at the functional level, e.g. of
two residues contributing to the same signal transduction path-
way. Second, it can be challenging to untangle direct interac-
tions between residue pairs from indirect interactions medi-
ated by a third intermediary residue that directly interacts with
the first two residues. The latter aspect is efficiently addressed
by advanced covariance analysis methods (30) such as the
direct-coupling analysis (31, 32) and the protein-sparse-in-
verse-covariance (PSICOV) (24, 33) strategy.

For the generation of a multiple sequence alignment, we
retrieved a total of 30,713 protein sequences that according to
the Pfam database (2) are annotated as belonging to the same
family as the LOV domain of YF1. Notably, the Pfam annota-
tion only encompasses the PAS core domain from strand Af
through strand I8 but lacks flanking regions A’ « and Ja N- and
C-terminal to the core domain. To also obtain covariance infor-
mation on these regions, we extended each sequence by several
residues at their N and C termini, aligned them using HMMER
(23), and analyzed the resultant multiple sequence alignment
with PSICOV. Each pair of residue positions in the multiple
sequence alignment is assigned a PC score ranging from 0 to 1
that reflects how strongly these positions covary (Fig. 6A).
Using a PC cutoff of 0.3, strong covariation is observed for 124
residue pairs separated by at least 4 residues (An = 4) (supple-
mental Table S2); of those, 69 pairs are short to medium range
in primary structure (4 = An < 10), and 55 are longer range in
primary structure (Az = 10). We next mapped the covariance
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data onto the three-dimensional structure of YF1 (Fig. 6B); note
that we cannot discriminate between intramolecular covaria-
tion within one LOV monomer and intermolecular covariation
across the LOV dimer interface. In our subsequent analysis we
thus assigned pairwise covariation as intramolecular or inter-
molecular based on whether the intramolecular or intermolec-
ular copy of the covarying residue is closer (Fig. 6B). In marked
contrast to the primary structural level, at the tertiary structural
level virtually all covariation occurs between pairs of residues
that are separated by short or at most medium distances in
space (supplemental Table S2). On average, the distance
between the Ca atoms of covarying residues amounts to 7.8 =
2.6 A, which strikingly confirms the validity and robustness of
the PSICOV approach, and which indicates that the underlying
interactions in our dataset are not spurious but genuine.
Overall, the PSICOV-derived covariance data are distributed
non-uniformly across the YF1 structure with covariation being
the more frequent and stronger the closer to the dyad interface
(Fig. 6B). Particularly strong covariation is detected in the A’ «
coiled-coil and the adjacent PAS B sheet where also particularly
many ON and INV mutations reside (cf. Fig. 4). At the periph-
ery, formed by helices Do, Ee, Fe, and intervening loops, cova-
riation is less frequent and on average weaker, in line with the
more diverse sequence and structure of PAS domains in this
region (4). A notable exception is provided by Cys® in helix Eq,
which displays strong covariation with several residues situated
at the inner face of the PAS f sheet and within helix Fe, thus
spanning the cofactor-binding cavity. Within the PAS 8 sheet
the strongest covariation is found in its lower portion (in the
orientation shown in Fig. 6B) that forms the interface to the
coaxial A’ and Ja coiled-coils. Both the A’ a and Ja regions N-
and C-terminal to the PAS domain core display helical signa-
tures with numerous short-range sequential covarying pairs, in
agreement with previous evidence for helical confirmation at
both the sequence and structural levels (4, 11, 17, 34). As our
structural and functional data implicate the A’a and Ja coiled-
coils in signal transduction and modulation (see above and Ref.
17), we focused on covariance between these structural ele-
ments and the PAS core domains. Strikingly, the only two res-
idues in the PAS core that showed strong covariation with res-
idues in the A’ « helices were Val*” and Tyr*!. Both residues are
situated in the PAS f3 sheet and display intra- and intermolec-
ular covariation with residues Val*®, Ala'®, Leu®, Asp**, His*?,
and Val??, all within the C-terminal half of A’ . The covariation
detected by PSICOV is largely in line with structural contacts
formed by Val*” and Tyr*' (Fig. 5D). Val*” and Tyr*! are in
direct contact and protrude into a hydrophobic cavity lined by
Tle'®, Ala'®, Val??, Val*®, Ile*®, and Ile'*?. Notably, mutations of
several of these residues have profound effects on catalytic
activity and regulation by light of YF1 (see above and Ref. 17).
At the C-terminal junction between the PAS core and the Ja
coiled-coil, strong covariation is confined to a rather small
structural region. Residues GIn®', Trp'%?, and Glu'®® within the
Gp-Hp hairpin show covariation with residues Ile'*®, Thr'*’,
His'?°, and GIn'3° at the outer face of the Ja helix. These data
correlate with intramolecular contacts seen at the structural
level; residue Glu®* forms a bond to Glu'%, and Trp'® is in
close contact with GIn®?, Ile'*®, and Thr'*”. Note that residues
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Ile’*® and Thr'?” belong to the conserved DIT motif at the
interface between PAS domains and Ja coiled-coil, which is
pivotal to signal transduction (4, 11, 18). By contrast, no signif-
icant covariation occurs between residues in the PAS core and
in the C-terminal half of Ja.

As pointed out above, covariation between pairs of residues
can be due to interactions at several levels (30), including levels
of structure, dynamics, folding, and signal transduction. Fur-
thermore, the PSICOV analysis by necessity amounts to aver-
aging over many thousands of proteins, and interactions thus
identified may not be equally important for each individual pro-
tein. We therefore interrogated the importance of Val*” and
Tyr*' for activity and light regulation by mutagenesis. Previous
analysis had shown that mutation of Val*” to other hydrophobic
amino acids abolishes proper light regulation and results in
variants with either constitutively low (V27L) or constitutively
high activity (V27A) (17). We now exchanged Val*” for gluta-
mate, which abolishes activity and for threonine, which atten-
uates the response to blue light illumination (Fig. 3B). Removal
of the bulky side chain of Tyr*! via mutation to alanine or glu-
tamic acid abolishes activity. By contrast, if a similarly large
leucine residue is introduced at position 41, constitutively high
activity is obtained. Removal of the hydroxyl group of Tyr*! via
mutation to phenylalanine had essentially no effect, which con-
curs with the observation that in the YF1 structure this side
chain does not engage in hydrogen bonding.

DISCUSSION

Signal Transduction in the Light-Oxygen-Voltage Photore-
ceptor YF1—The ON and INV mutations discovered by ran-
dom mutagenesis preferentially occur in specific parts of the
YF1 LOV photosensor, with the highest density in a small struc-
tural region comprising the C-terminal half of A’« and strands
Hp and IB (cf. Fig. 4). Crucially, every single INV phenotype
maps to this region (V15E, D21G, D21V, H22P, V23L/N124Y,
D109V/1122T, 1122N/N1241). INV variants are apparently still
capable of responding to light, but they misinterpret, or rather,
reinterpret, how input (light signals) shall be converted into
changes of output (effector activity). Put another way, these
variants still undergo the initial events of light absorption but
display altered transmission of signal to the effector. Evidently,
the cluster of amino acids affected by INV mutations plays a key
role in signal modulation and transduction. In immediate vicin-
ity of this cluster, the strictly conserved residue GIn'** provides
a direct link to the site of photoreception, i.e. the flavin chro-
mophore. In the dark-adapted state of the LOV domain, GIn'*?
hydrogen bonds to atom O4 of FMN; upon light absorption and
subsequent formation of a covalent bond between Cys®* and
atom C4a of FMN, the side chain of GIn'?? is assumed to flip by
180° to form a hydrogen bond to the newly protonated N5 atom
of FMN (35). As a consequence, the structure and dynamics of
the B sheet, especially within strands H and I8, are perturbed
and its affinity to the A'«a coiled-coil is modulated. In the rotary-
switch model we propose (11, 17), quaternary structural rear-
rangements of the LOV photosensors ensue that induce torque
in the Ja coiled-coil, which propagates to the histidine kinase
effector. In support of this model, we find that transmission of
signals from photosensor to effector relies on the structural
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FIGURE 7. Multiple sequence alignment of selected PAS domains. Amino acid positions for which mutations causing ON phenotypes exist are indicated in
gold; positions for which INV mutations exist are indicated in green; gray color denotes positions for which mutants with constitutive low output exist (OFF
variants (17,25, 44,45)).For all listed OFF variants near wild-type expression levels have been confirmed. Secondary structure elements and sequence numbers
above the alignment refer to YF1. High-resolution structures are available for the underlined proteins (YF1 (PDB entry 4GCZ (17)), B. japonicum FixL PAS B (2VV6
(52)), A. vinelandii NifL PAS A (2GJ3 (34)), E. coli DcuS PAS B (2WON (48)), and B. subtilis KinA PAS A (2VLG (49))).

integrity of the intervening a-helical connector; mutations of
Arg'®® and Glu'*? engaged in a salt bridge, or Leu'*® (e.g. to
proline) at the coiled-coil interface suspend proper signal trans-
duction and yield ON behavior. Interestingly, mutations of
Leu'?® and Leu'?’, two and one a-helical turns down relative to
Leu'*? (Fig. 5C), to proline resulted in constitutively low net
kinase activity (17).

Our data also include several ON mutants near the flavin-
nucleotide cofactor. Not least spurred by the emerging use of
LOV-based photoreceptors in optogenetics (36), a number of
residue mutations in the vicinity of the flavin chromophore
have been discovered that modulate LOV photocycle kinetics,
in particular accelerate dark recovery after photoexcitation (37,
38). Usually, such mutations are studied photochemically at the
level of the isolated photosensor domain, and hence a potential
impact on effector activity is not addressed. Our data now
clearly show that mutations of residues engaged in polar con-
tacts with the flavin cofactor (e.g. R63L, Q66L, N94S, N94Y,
N104Y, Q123H, and Q123P) can disrupt proper signal trans-
duction and render the photoreceptor dysfunctional and effec-
tively insensitive to light. Photon absorption induces formation
of a thioether bond to the nearby conserved cysteine and con-
comitant tilting of the isoalloxazine ring by 6 -7° (35, 39). Cru-
cially, the coordinating amide side chains of the above residues
track the rearrangement of the ring, which is instrumental in
coupling light-induced movements of the chromophore to the
B-sheet scaffold. This matters as at least some of these positions
have been suggested as suitable candidates for adjusting photo-
cycle kinetics, e.g. Asn®* and Asn'®* (40), or GIn®® (41). By con-
trast, our screen for signaling-impaired variants did not turn up
any mutations of residues in contact with the apolar part of the
isoalloxazine ring, which have also been used for modulation of
LOV photocycle kinetics. We thus supply two provisions for
future efforts toward altering photocycle kinetics in LOV pro-
teins. First, the effect of each mutation should not only be
checked at the photochemical level but also at the functional
level in a suitable photosensor-effector construct. Second, we
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advise to focus such efforts on aliphatic residues (37, 38) as their
substitution appears to have less adverse effects on signal
transduction.

In the absence of pertinent high-resolution information, it is
challenging to confidently assign precise roles in signaling to
individual amino acids and to recapitulate the effects of their
exchanges. However, a couple of observations can be made.
First, even conservative mutations within the sensor module,
especially near the dyad interface, suffice to drastically affect
catalytic activity and light regulation of the remote effector
module. Second, quite different mutations in different loca-
tions can induce surprisingly similar net effects. Third, as
exemplified by the INV variants D109V/I122T and 1122N/
N1241, the combination of two mutations can elicit effects quite
different from those of each mutation separately. Random
mutagenesis can clearly identify such variants that would be
hard to find by conventional, rational mutagenesis. Fourth,
directed interactions mediated by polar residues appear more
important for correct signal transduction than non-directed
interactions mediated by apolar residues. For instance, muta-
tions of polar residues, e.g. Asp>' and His** in A’@, GIn**in Cq,
or Asn®* and Asn'®* near the chromophore, have more severe
effects than mutations of apolar residues nearby.

Signal Transduction in Per-ARNT-Sim Receptors—Several
lines of evidence argue that our present findings more widely
apply to signal transduction. The PSICOV covariance data are
broadly consistent with the structure of the YF1 LOV domain
(cf. Fig. 6B), despite recapitulating information from more than
30,000 PAS sequences. Although reflecting the high degree of
structural conservation in the PAS core domain these data also
shed light on conserved structural and functional roles of the
flanking regions A’ and Jo, N- and C-terminal to the PAS core.
The large number of short-range sequential covariations clearly
indicate that A’ and Jo generally adopt a-helical conforma-
tion, in line with structural evidence for specific PAS domains
(4). Moreover, strong covariation is observed between certain
residues in the PAS 3 sheet and the flanking helices A’a and Ja,
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hinting at important roles for structure and signal transduction
of the underlying interactions. Notably, this region largely coin-
cides with the region in which we found most ON and INV
mutants (¢f. Fig. 4B). In agreement with these observations, a
survey of PAS structures revealed numerous interactions of the
B sheet with N- and C-terminal flanking helices (4). However,
not every single PAS domain conforms to this architecture. In
marked contrast to YF1, the well studied LOV2 domain of plant
phototropins possesses a C-terminal Ja helix that folds back
onto the PAS B sheet (9, 42, 43). Absence of covariation
between residues could merely reflect low conservation, and
hence should not be taken as proof that the corresponding res-
idues do not interact at the structural and functional levels.

As experimental validation is clearly mandatory, we scoured
the literature for functional data on PAS domains and aligned
their sequences to that of YF1 (Fig. 7). In the arguably best-
studied system, the aerotaxis receptor Aer from E. coli, numer-
ous mutations give rise to constitutive activity (ON variants), to
loss of activity (OFF variants), or to inverted response to signal
(INV variants) (25, 44, 45). Interestingly, the ON and INV
mutations largely occur in regions of the Aer PAS domain
equivalent to those in which most such mutations are located in
YF1 (cf. Fig. 4), in particular at the A’/ sheet interface and in
helices Ea and Fa. Strikingly, all INV variants in Aer (D17G,
T19K, T19P, T19R, L20T, and Y111C) map to the A’ /3 sheet
interface as also the case for YF1 although the precise location
of the involved residues slightly differs. In another example, the
PAS B domain of the Azotobacter vinelandii sensor histidine
kinase NifL, several ON and OFF variants involve residues in
A’a and the B sheet (46). The importance of A'« is further
illustrated by a deletion series; successive removal of residues
from A’ yielded variants with ON, OFF, or INV phenotype
(47). In the C,-dicarboxylate sensor DcuS from E. coli two ON
mutations were identified in strand HB and in the loop between
BB and Ca (48). Last, for the widely studied PAS A domain of
the B. subtilis sporulation kinase KinA certain mutations of
residues within the 8 sheet affect kinase activity (49); however,
as these mutations were only studied in one signal state, their
effect on regulation by signal is unknown.

In summary, PAS variants with altered signal response con-
sistently cluster at the A’a/P sheet interface, which taken
together with PSICOV covariance analysis indicates widely
shared mechanistic principles. Structural perturbations in con-
served, narrowly circumscribed regions of the sensor or within
the a-helical connector to the effector (see above and Refs. 11
and 50) can elicit profound changes in the activity and stimulus
response of signal receptors. The strong impact of even single,
seemingly mild mutations strikingly illustrates that compara-
tively small free energy perturbations suffice to utterly shift the
equilibrium between states of the signal receptor of low and
high activity (4, 51). Evidently, signal receptors are delicately
poised so as to be maximally sensitive toward signal (36). By the
same token, a new layer of control over signal transduction is
afforded, e.g. for applications in synthetic biology. One can spe-
cifically home in on regions critically governing signal trans-
duction and subject them to site-specific or random mutagen-
esis to rapidly achieve reprogramming of the stimulus-response
function of signal receptors (17).

29354 JOURNAL OF BIOLOGICAL CHEMISTRY

Acknowledgment—We thank members of the Moglich laboratory for
discussion.

REFERENCES

1. Pawson, T., and Nash, P. (2003) Assembly of cell regulatory systems
through protein interaction domains. Science 300, 445—452
2. Finn, R.D., Mistry, J., Schuster-Béckler, B., Griffiths-Jones, S., Hollich, V.,
Lassmann, T., Moxon, S., Marshall, M., Khanna, A., Durbin, R, Eddy, S. R,
Sonnhammer, E. L., and Bateman, A. (2006) Pfam. Clans, web tools and
services. Nucleic Acids Res. 34, D247-D251
3. Aravind, L, Iyer, L. M., and Anantharaman, V. (2010) Natural history of
sensor domains in bacterial signaling systems. In Sensory Mechanisms in
Bacteria. Molecular Aspects of Signal Recognition (Spiro, S., and Dixon, R.,
eds) Horizon Scientific Press, Norwich, UK
4. Moglich, A., Ayers, R. A, and Moffat, K. (2009) Structure and signaling
mechanism of Per-ARNT-Sim domains. Structure 17, 1282-1294
5. Moglich, A, Yang, X., Ayers, R. A., and Moffat, K. (2010) Structure and
function of plant photoreceptors. Annu. Rev. Plant Biol. 61, 21-47
6. Christie, J. M., Reymond, P., Powell, G. K., Bernasconi, P., Raibekas, A. A.,
Liscum, E., and Briggs, W. R. (1998) Arabidopsis NPH1. A flavoprotein
with the properties of a photoreceptor for phototropism. Science 282,
1698 -1701
7. Herrou, J., and Crosson, S. (2011) Function, structure and mechanism of
bacterial photosensory LOV proteins. Nat. Rev. Microbiol. 9, 713-723
8. Salomon, M,, Eisenreich, W., Diirr, H., Schleicher, E., Knieb, E., Massey,
V., Rudiger, W., Miller, F., Bacher, A., and Richter, G. (2001) An optome-
chanical transducer in the blue light receptor phototropin from Avena
sativa. Proc. Natl. Acad. Sci. U.S.A. 98, 12357-12361
9. Harper, S. M., Neil, L. C., and Gardner, K. H. (2003) Structural basis of a
phototropin light switch. Science 301, 1541-1544
10. Zoltowski, B. D., Schwerdtfeger, C., Widom, J., Loros, J. J., Bilwes, A. M.,
Dunlap, J. C., and Crane, B. R. (2007) Conformational switching in the
fungal light sensor Vivid. Science 316, 1054 —-1057
11. Moglich, A., Ayers, R. A., and Moffat, K. (2009) Design and signaling
mechanism of light-regulated histidine kinases. J. Mol. Biol. 385,
1433-1444
12. Nash, A. I, McNulty, R,, Shillito, M. E., Swartz, T. E., Bogomolni, R. A.,
Luecke, H., and Gardner, K. H. (2011) Structural basis of photosensitivity
in a bacterial light-oxygen-voltage/helix-turn-helix (LOV-HTH) DNA-
binding protein. Proc. Natl. Acad. Sci. U.S.A. 108, 9449 —9454
13. Capra, E. J., and Laub, M. T. (2012) Evolution of two-component signal
transduction systems. Annu. Rev. Microbiol. 66, 325—347
14. Mascher, T., Helmann, J. D., and Unden, G. (2006) Stimulus perception in
bacterial signal-transducing histidine kinases. Microbiol. Mol. Biol. Rev.
70,910-938
15. Russo, F. D., and Silhavy, T. J. (1993) The essential tension. Opposed
reactions in bacterial two-component regulatory systems. Trends Micro-
biol. 1, 306 -310
16. Wang, C,, Sang, J., Wang, ]., Su, M., Downey, ]. S., Wu, Q., Wang, S., Cai,
Y., Xu, X., Wu, J., Senadheera, D. B., Cvitkovitch, D. G., Chen, L., Good-
man, S. D, and Han, A. (2013) Mechanistic insights revealed by the crystal
structure of a histidine kinase with signal transducer and sensor domains.
PLoS Biol. 11, €1001493
17. Diensthuber, R. P., Bommer, M., Gleichmann, T., and Méglich, A. (2013)
Full-length structure of a sensor histidine kinase pinpoints coaxial coiled
coils as signal transducers and modulators. Structure 21, 1127-1136
18. Ohlendorf, R, Vidavski, R. R., Eldar, A., Moffat, K., and Méglich, A. (2012)
From dusk till dawn. One-plasmid systems for light-regulated gene ex-
pression. J. Mol. Biol. 416, 534 —542
19. Cirino, P. C,, Mayer, K. M., and Umeno, D. (2003) Directed evolution in
library creation. Methods Mol. Biol. 231, 3—-9
20. Miyazaki, K., and Takenouchi, M. (2002) Creating random mutagenesis
libraries using megaprimer PCR of whole plasmid. BioTechniques 33,
1033-1034, 10361038
21. Miyazaki, K. (2011) MEGAWHOP cloning. A method of creating random
mutagenesis libraries via megaprimer PCR of whole plasmids. Methods

VOLUME 288-NUMBER 41-OCTOBER 11,2013



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

OCTOBER 11,2013 +VOLUME 288+-NUMBER 41

Signal Trajectory in a Light-Oxygen-Voltage Receptor

Enzymol. 498, 399 —406

Strack, R. L., Strongin, D. E., Bhattacharyya, D., Tao, W., Berman, A,
Broxmeyer, H. E., Keenan, R. J., and Glick, B. S. (2008) A noncytotoxic
DsRed variant for whole-cell labeling. Nat. Methods 5, 955—-957

Eddy, S. R. (1998) Profile hidden Markov models. Bioinformatics 14,
755-763

Jones, D. T., Buchan, D. W., Cozzetto, D., and Pontil, M. (2012) PSICOV.
Precise structural contact prediction using sparse inverse covariance esti-
mation on large multiple sequence alignments. Bioinformatics 28,
184-190

Campbell, A. J., Watts, K. J., Johnson, M. S., and Taylor, B. L. (2010)
Gain-of-function mutations cluster in distinct regions associated with the
signalling pathway in the PAS domain of the aerotaxis receptor, Aer. Mol.
Microbiol. 77, 575-586

Nash, A. I, Ko, W.-H., Harper, S. M., and Gardner, K. H. (2008) A con-
served glutamine plays a central role in LOV domain signal transmission
and its duration. Biochemistry 47, 13842—13849

Crosson, S., Rajagopal, S., and Moffat, K. (2003) The LOV domain family.
Photoresponsive signaling modules coupled to diverse output domains.
Biochemistry 42, 2—10

Neher, E. (1994) How frequent are correlated changes in families of pro-
tein sequences? Proc. Natl. Acad. Sci. U.S.A. 91, 98102

Gobel, U., Sander, C., Schneider, R., and Valencia, A. (1994) Correlated
mutations and residue contacts in proteins. Proteins 18, 309 -317

de Juan, D., Pazos, F., and Valencia, A. (2013) Emerging methods in pro-
tein co-evolution. Nat. Rev. Genet. 14, 249 —261

Dago, A. E.,, Schug, A., Procaccini, A., Hoch, J. A., Weigt, M., and Szur-
mant, H. (2012) Structural basis of histidine kinase autophosphorylation
deduced by integrating genomics, molecular dynamics, and mutagenesis.
Proc. Natl. Acad. Sci. U.S.A. 109, E1733-1742

Szurmant, H., and Hoch, J. A. (2013) Statistical analyses of protein se-
quence alignments identify structures and mechanisms in signal activa-
tion of sensor histidine kinases. Mol. Microbiol. 87, 707-712

Nugent, T., and Jones, D. T. (2012) Accurate de novo structure prediction
of large transmembrane protein domains using fragment-assembly and
correlated mutation analysis. Proc. Natl. Acad. Sci. U.S.A. 109, E1540 —
E1547

Key, J., Hefti, M., Purcell, E. B., and Moffat, K. (2007) Structure of the redox
sensor domain of Azotobacter vinelandii NifL at atomic resolution. Sig-
naling, dimerization, and mechanism. Biochemistry 46, 3614 —-3623
Crosson, S., and Moffat, K. (2002) Photoexcited structure of a plant pho-
toreceptor domain reveals a light-driven molecular switch. Plant Cell 14,
1067-1075

Moglich, A., and Moffat, K. (2010) Engineered photoreceptors as novel
optogenetic tools. Photochem. Photobiol. Sci. 9, 1286 1300

Christie, J. M., Corchnoy, S. B., Swartz, T. E., Hokenson, M., Han, 1. S,,
Briggs, W. R., and Bogomolni, R. A. (2007) Steric interactions stabilize the
signaling state of the LOV2 domain of phototropin 1. Biochemistry 46,
9310-9319

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Zoltowski, B. D., Vaccaro, B., and Crane, B. R. (2009) Mechanism-based
tuning of a LOV domain photoreceptor. Nat. Chem. Biol. 5, 827—834
Moglich, A., and Moffat, K. (2007) Structural basis for light-dependent
signaling in the dimeric LOV domain of the photosensor YtvA. J. Mol.
Biol. 373, 112-126

Raffelberg, S., Mansurova, M., Gértner, W., and Losi, A. (2011) Modula-
tion of the photocycle of a LOV domain photoreceptor by the hydrogen-
bonding network. J. Am. Chem. Soc. 133, 5346 —5356

Zoltowski, B. D., Nash, A. I, and Gardner, K. H. (2011) Variations in
protein-flavin hydrogen bonding in a light, oxygen, voltage domain pro-
duce non-Arrhenius kinetics of adduct decay. Biochemistry 50,
8771-8779

Harper, S. M., Christie, J. M., and Gardner, K. H. (2004) Disruption of the
LOV-Ja helix interaction activates phototropin kinase activity. Biochem-
istry 43, 1618416192

Halavaty, A. S., and Moffat, K. (2007) N- and C-terminal flanking regions
modulate light-induced signal transduction in the LOV2 domain of the
blue light sensor phototropin 1 from Avena sativa. Biochemistry 46,
14001-14009

Repik, A., Rebbapragada, A., Johnson, M. S, Haznedar, J. O., Zhulin, 1. B,
and Taylor, B. L. (2000) PAS domain residues involved in signal transduc-
tion by the Aer redox sensor of Escherichia coli. Mol. Microbiol. 36,
806-816

Watts, K. J., Sommer, K,, Fry, S. L., Johnson, M. S., and Taylor, B. L. (2006)
Function of the N-terminal cap of the PAS domain in signaling by the
aerotaxis receptor Aer. J. Bacteriol. 188, 2154 —2162

Slavny, P., Little, R,, Salinas, P., Clarke, T. A., and Dixon, R. (2010) Qua-
ternary structure changes in a second Per-Arnt-Sim domain mediate in-
tramolecular redox signal relay in the NifL regulatory protein. Mol. Mi-
crobiol. 75, 61-75

Little, R, Slavny, P., and Dixon, R. (2012) Influence of PAS domain flank-
ing regions on oligomerisation and redox signalling by NifL. PLoS One 7,
e46651

Etzkorn, M., Kneuper, H., Dinnwald, P., Vijayan, V., Krdmer, J.,
Griesinger, C., Becker, S., Unden, G., and Baldus, M. (2008) Plasticity of
the PAS domain and a potential role for signal transduction in the histi-
dine kinase DcuS. Nat. Struct. Mol. Biol. 15, 1031-1039

Lee, J., Tomchick, D. R., Brautigam, C. A., Machius, M., Kort, R., Hellin-
gwerf, K. J., and Gardner, K. H. (2008) Changes at the KinA PAS-A
dimerization interface influence histidine kinase function. Biochemistry
47, 4051-4064

Winkler, K., Schultz, A., and Schultz, J. E. (2012) The S-helix determines
the signal in a T'sr receptor/adenylyl cyclase reporter. /. Biol. Chem. 287,
15479 -15488

Monod, J., Wyman, J., and Changeux, J. P. (1965) On the nature of allo-
steric transitions. A plausible model. J. Mol. Biol. 12, 88118

Ayers, R. A., and Moffat, K. (2008) Changes in quaternary structure in the
signaling mechanisms of PAS domains. Biochemistry 47, 12078 -12086

JOURNAL OF BIOLOGICAL CHEMISTRY 29355



/) SO
= B
= /53 @?@‘ N
- NS

Iy —RRRr

3 2 ’
N\D AV, m\\\\m EARVARVARARS RS

- [ =
9% T
- AN A -

to DHp/CA domainsl



®

. —>
epPCR
' MEGAWHOP

library

blue light




A Dark Light

D21V

122N

1122T

N124l

1122N/
N124i

w

Fluorescence (a.u.)

1.5

1.0

0.51

R A DD
SR SO AR AN PN



1|0 2|O 3|0 4|0 5|0 6|0 7|0
u] = || o]
Ll
LA o .
N |
||
n o]

Hn
MASFQSFGIPGQLEVIKKALDHVRVGVVITDPALEDNPIVYVNQGFVQMTGYETEEILGKNCRFLQGKHTDPA

N——— Ad AR ——{BBH Ca H Do} Ea }—{Fd

TORMOOZ<O—NTU=TIE=<>0 >
|
|

8|0 9|0 1(|)0 12!.0 1|20 1?0 1£|10
G
i, X SN
! o “HEN ol
\ZV i o o
s » o o
o "l
Y o o o N
N N
B -
El m ] .
K
R o

Il
EVDNIRTALQNKEPVTVQIQNYKKDGTMFWNELNIDPME IEDKTYFVGIQND I TEHQQTQARLQELQSELVHV

( Fo }— GB F— HB H 1B H Ja C




y

“Asn

\ U
8

““ ‘! Xal“’ \é |1Je16<./A
uyf ‘,1:“ o1 sp™

{ . Met
“\‘ B \ \illzo

.

| _Asp

Q
)

.\Va
09

P val® Ala & y |
/ \'\ N [ \ \
D Q y \ \

'z\l.‘\f'
et < em
X )

e

/(@ et ""'”

Y
| —

o
G|n44

21

Asp



—
111111111

Ja

H
<
AT
[sa]
I
(=]
LL|
|
(=]
i
I
ki
j=]
3
Jﬁ
<
I
O
m

0.8

0.6

0.4

0.2

o
I

120

100

80

60

40
20

o
T

40 60 80 100 120 140
residue number

20




10 20 30 40 50 60 70

N——{ Aa  }{AB}+—{BBH Ca HDa}l— Ea — -Fd

YFE1 1 MASFQSFGIPGQLEVIKKAEBHVRVGVVITDPALEDNPIVNMVNQGFVQMTGYETEEILGKNEGRFLQGKH-TRPA
EHEL&L 130 EEKQVEGALRTRETHLRSILHTIPDAMIVIDG---HGIIQLFSTAAERLFGWSELEAIGQNVNILMPEP-DRSR
EcAer 1 ------ MSSHPYVIQQONTPEADRTTEMS THRL---QS YN THANDTFVQVSGYTLQEEQGQPHNMVRHPD-MPKA
AvVNIfL 12 PQAPHAESDELLPEIFRQTVEHAPIAISITDL---KANILYANRAFRTITGYGSEEVLGKNESILSNGT-TPRL
AvVNiIfL 138 ELHELEQRVNNQRLMEEAVVNAAPAAMVVLDR---QHRVMESNPSFCRLARDLVEDGSSESLVAELRENLAAPF
EcDcuS 209 LFGLEPYEISTLFEQRQAMLQSIKEGVVAVDD---RGEVTLINDAAQELLNYRKSQDD-EKLSTLSHSW-SQVV
BsKinA 1 --—-—----- MEQDTQHVKPLQTKTD IHAVLAS---NGRI 1Y I SANSKLHLGYLQGEMIGSFLKTFLHE--EDQF

8|O 9|0 1(|)0 1}0 1|20 1(;’;0 1£|10

[ _Fa } 4 GB HB F {18 H Ja FC

YFE1 74 ENDNIRTALQNKE----PVTVQIQNYKKDGTMFWNELN IBPME IE---DKTNFVGEQND I TEHQQ TQAREQEEQSEEVHV
EHEDQ_ 200 HDSYISRYRTTSDPHIIGIGRIVTGKRRDGTTFPMHLSIGEMQSG---GEPYFTGFVRDLTEHQQTQARLQELQSELVHV
EcAer 65 AFADMWHTLKKGE----PWSE I VKNRRKNGDHYWVRANAVRMVREG--K1SGNMS IRTRATDEEIAAVEPLYKALNAGRT
AvVNIfL 82 VYQALWGRLAQKK----PWSGVLVNRRKDKTLYLAELTVAPVLNEA-GETIYYLGMHRDTSELHELEQRVNNQRLMEEAV
AvVNIfL 209 ETLENQGSAFSGKEISFDLGGRSPRWLSCHGRAIHIENEQAHVFEAPTEERYLELTINDISELRQKQQDSRLNALKALMA
EcDcuS 278 DVSEVLRDGT------- PRRDEEITIKD----RLLLINTVPVRSNG--VIIGAISTFRDKTEVRKLMQRLDGLVNYADAL

BsKinA 61 LVESYFYNEHH------ LMPCTFRFIKKDHT IVWVEAAVEIVTTRAERTERE I ILKMKVLEEETGHQSLNCEKHE IEPAS



	Page 1
	Page 1
	Page 1
	Page 1
	Page 1
	Page 1

