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Significance

Phytochromes are light-sensing proteins found amtgl, fungi and bacteria. They are very primitive
equivalents to human eyes and essential for than@m to change their growth or development in
response to environmental light conditions. Limieperimental information about the dynamics and
signaling mechanism for phytochromes exist. In ghigly, we investigate the structural dynamics gisin
solution NMR spectroscopy. The pioneering experitmaeveal that a specific element important for
signaling, called the “PHY tongue”, transforms frarstructurally heterogenous dark state, with two o
more conformations present, to an ordered and henmg light state. We suggest that upon illumimatio
this transition locks the phytochrome in the adtidastate and that this explains how phytochromes

modulate their photoactivity.



Abstract

Phytochromes sense red/far-red light and contralynigological processes in plants, fungi, and bréete
Although crystal structures of dark and light adaptstates have been determined, the molecular
mechanisms underlying photoactivation remains etudilere we demonstrate that the conserved tongue
region of the PHY domain of a 57kDa photosensorylui® of Deinococcus radiodurans phytochrome,
changes from a structurally heterogeneous dark sbadn ordered light activated state. The resutie
obtained in solution by utilizing a laser-triggeractivation approach detected on the atomic leveéi w
high-resolution protein NMR spectroscopy. The datggest that photosignaling of phytochromes relies

on careful modulation of structural heterogeneftthe PHY tongue.
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Introduction

Phytochromes are light-sensing proteins which neonthe level, intensity, duration and color of
environmental light (1-3). They control numeroghtidependent processes in plants, fungi and bacter
(4-8). Phytochromes are promising targets in thmaeding field of optogenetics to allow precise tigh
control of various internal cellular processes (&hsorption of red light by the dark-adapted (Pgtest
leads to formation of the light activated (Pfr)tetalhe dark state can be recovered by far-red. ligh

Most phytochromes are homodimeric proteins with ¢dbexmon conserved domain architecture
PAS-GAF-PHY (Per/Arndt/Sim-cGMP phosphodiesteradaigl cyclase/Fh1A-phytochrome specific) as
the photosensory core module (10, JAxovalently linked bilin chromophore is attachdd & thioether
linkage to a conserved cysteine in either the PARain (bacteria) or GAF domain (cyanobacteria and
plants) (12). In cyanobacteria and bacteria, the output domdi@nofonsists of a C-terminal histidine
kinase, but in plants and fungi a so-called N-teahextension and C-terminal output domains, ctingis
of two PAS domains and a kinase-like domain, aesent.

Phytochromes with a PAS-GAF-PHY photosensory modhalee a characteristic hairpin loop,
called "the tongue” (residue 444-476), which exefrdm the PHY domain to the chromophore binding
pocket in the GAF domain (Fig. 2). Crystallographicalysis has indicated that this tongue changes
between two distinct structures frgiysheet configuration in dark tehelical in light state (13—15).his
refold has been connected to opening of the dimeryistallo and in solution, which most likely rétsa
modification of the output domain. The tongue Hesefore a key role in signal transduction (13).

The above-mentioned structural models were buiieathe assumption that the protein is a static
entity with well-defined states in dark and ligltiowever, proteins are not static entities in living
organisms, rather their structures are highly dymaifrhis is of functional relevance (16).

Nuclear Magnetic Resonance (NMR) spectroscopypeveerful tool for examining the structure
and dynamics of biological macromolecules, but NManalysis of large proteins, like
bacteriophytochromes, are difficult due to increlasgectral complexity and sensitivity losses (These

obstacles are probably the reason for why soluittate NMR has only been applied to phytochrome PAS



or PAS-GAF domains and not the complete photosgrmme (18—-22). The chromophore binding pocket
has previously been studied using both solution solitd-state NMR. With solid-state NMR, two
hydrogen bond and charge distribution configuratiblave been detected in the chromophore binding
pocket of a cyanobacterial phytochrome in the dat&pted state (23Recent solution NMR of a
chromophore binding fragment of a red/green cyacte@mchrome has confirmed this in agreement with
optical spectroscopy (18, 24resonance Raman and time-resolved infrared speopypave detected
two chromophore conformations in light state innaacterial and plant phytochromes (25).

The evolutionary conserved tongue region (residdd-4¥6) is in close contact with the
chromophore, and the prevailing hypothesis is tipain illumination, distinct conformational chandes
the chromophore binding pocket are transducedaadhgue region resulting in refolding (13, 26-28).
However, limited experimental information about tbgnamic contribution of the tongue region of
phytochromes exist. In this study, we aim to inigede the correlation of dynamics and photoactorati
with focus on the important tongue region in phjfitmenes. To do this, we used high-resolution protein
solution NMR spectroscopy of the complete PAS-GAF¥Rphotosensory module combined with a laser-

triggered approach to control the photochemicaésththe phytochrome.

Materials and Methods

The construct for theDeinococcus radiodurans monomeric phytochrome PAS-GAF-PHY
fragment has previously been cloned (pET21b) amasformed into BL21(DE3) cells (290he K177A,
K476A and K460A mutant constructs were made witle tQuikchange Lightning Site-Directed
Mutagenesis Kit (Agilent Technologies; Stevens €k/d, Santa Clara, CA). The clones were verified
by sequencing and transformed into competent BLEB|xells.

Small-scale overnight cultures of the phytochronezenprepared in Luria-Bertani (LB) media. 4
ml of the cultures were inoculated to 200 ml of mM@dia (NaHPQ,, KH,PQ,, NaCl, NH,CI, d-glucose,
thiamine, MgSQ@, CaC}, H,0). 0.02 g of all unlabeled amino acids, exceptlysne, were solubilized

with M9 media and added to the cultures. Methiordand cysteine were solubilized with DTT and M9



media. To tryptophane and tyrosine, HCl and KOHenedded respectively until the amino acids were
completely solubilized. The cultures were grow8&tC at 180 rpm. 15 minutes before induction, 0d? g
all unlabeled amino acids, except for lysine, wadeled again together with 20 mg'8€,*N-labeled
lysine. At OD 0.64, the temperature was decrease@2fC and 1mM IPTG was added. Induction
continued for 24 hours before the cells were haedesAn Emulsiflex C3 (Avestin; 2450 Don Reid Dir,
Ottawa, ON, Canada) was used to disrupt the a@lsaied by a 30 minutes centrifugation at 10 00@.rp

3 mg of biliverdin (BV) hydrochloride (Frontier Sitific; 195 South 700 West, Logan, UT) was
dissolved in 1 ml 30 mM Tris buffer pH 8.0 with 8NaOH titrated until BV was completely solubilized.
The cell lysates and the BV were incubated darkroght at 4°C. The samples were filtered and loaded
onto a 5 ml HisTrap HP column (GE Healthcare; 508stWMonroe Street, Chicago, IL). The proteins
were eluted with a linear gradient of imidazolehA®#0 mM Tris, 50 mM NaCl, 300 mM imidazole pH
8.0. The proteins were concentrated with 30 kDa MW\ivaspin (Sartorius; Otto-Brenner-Strasse 20,
Gottingen) to 3 ml and loaded to a HiLoad 16/60@e3dex 200 pg column (GE Healthcare; 500 West
Monroe Street, Chicago, IL) equilibrated with 30 niivis pH 8.0. Eluted fractions were concentrated as
described above. Buffer was exchanged by centtifig@o 25 mM NaPi, 50 mM NaCl pH 6.9. UV-Vis
was used to verify that the proteins could phottdwiand the purity was checked using SimplyBlue
Coomassie (Invitrogen; 168 Third Avenue, Walthan®)Mtaining of Mini-PROTEAN TGX Stain-Free
gel (Biorad; 1000 Alfred Nobel Drive, Hercules, CAageRuler Prestained Protein Ladder (Fermentas;
BWI Commerce Park 7520 Connelley Dr. Suite A, HarpMaryland) was used as a standard.

Cells were adapted to,D by streaking out on M9-agar plates containinggasing concentration
of D,O (25%, 50%, 75%, 100%). Colonies from the 100% plate were picked and 5 ml overnight
cultures of the phytochrome were prepared in M9imé¢NaHPO, KH,PO, NaCl, **"NH,CI, u**C-d-
glucose, thiamine, MgSQOCaC}, D,O). 1 ml of one of these cultures was inoculateé@oml of M9
media. This culture was further used to inoculat®d® ml of M9 media. At OD 0.6, the temperature was
decreased to 30°C and 1 mM IPTG was added. Inductmtinued for 22 hours before the cells were

harvested. Sample was purified according to theopob stated above.



0.8 mM of *C,**N-lysine-labeled phytochrome samples (wt, K476A &tB0A) were mixed
with 10% DO, 1x Complete EDTA-free (Roche; Grenzacherstrds®e CH-4070, Basel) and 0.02%
azide. 3 mm shigemi tubes were used. To measurghichromes in the dark-adapted state, the
samples in the NMR tube were illuminated in darknesing a 780 nm LED (1.5mW) for 10 minutes. The
samples were injected into the magnet in darknBssonvert the samples to the light state, a 660 nm
LED (14.5mW) was used for illumination for 10 mieat

0.8 mM of ?H,°C,"*N-labeled phytochrome sample was mixed with 109 D1x Complete
EDTA-free (Roche; Grenzacherstrasse 124, CH-40@6¢eB and 0.02% azide. A 3 mm shigemi tube was
used. To measure the phytochrome in the dark-adigpaée, the sample in the NMR tube was illuminated
in darkness using a 780 nm LED for 10 minutes. §draple was injected into the magnet in darkness. To
convert the sample to the light state, a 660 nm&dar (400mW) was connected to an optical fibeh wi
a diffuser tip (Laser components; Werner-von-Siesagtr. 15, 82140 Olching) which was inserted into
the sample inside the 3 mm shigemi tube (30). Engpde was illuminated for 5 seconds every 20 mmute
during data acquisition to continuously keep thaa in the light state.

NMR experiments were performed at 15°C, 25°C, 4&8A@ 55°C on Bruker spectrometers with
Larmor frequencies of 800 MHz and 700 MHz equippéth 3mm triple resonance TCI cryoProbes.
[*H,"N]-TROSYs were recorded for both the dark-adaptedi lght state for the wt, K460A mutant and
the K476A mutant. Visualization and verification thfe assignment were performed using the CCPN
software package (31).

NMR experiments were performed at 45°C on a Brgkectrometer with a Larmor frequency of
800 MHz equipped with a 3mm triple resonance T@bErobe. The automated backbone assignment was
obtained using a previously reported assignmertfopfa (32), which uses non-uniformly sampled 3D
TROSY type experiments (HNCO, HNCA, HN(CO)CA, HNCBC HN(CO)CACB, HN(CA)CO)
combined with Targeted acquisition (TA) and stat#dtvalidation. The details of this TA platform Iiwi
not be discussed further in this papéH,°’N]-TROSYs were recorded before and after all 3Dcspe

and also between each TA cycle to verify that Hrae was identical throughout the entire measuneme



time. 3D [°N]- NOESY-TROSYs were also recorded for both staesl used during the manual
assignment process. Verification of the automdticatsigned residues and manual assignment were
performed using the CCPN software package (31).

The secondary chemical shiffisd =6 - §,. were obtained by subtracting the random coil vétue
each residuedf;) from the chemical shift for the same residég The random coil data was obtained
from Wishart and Sykes (33Jhe web server chemical shift index (CSI 3.0) wasduto identify the
location of secondary structure and random cdihendark-adapted and light state of the phytochrome

UV-Vis spectra were recorded at 45°C with the stamwavelengths of 280-850 nm. The sample
was illuminated with a 780 nm LED for 10 minutesighe spectrum was measured directly after (Oh).

After a 72h incubation in the dark, the UV-Vis sppem was measured again.

Results

Backbone chemical shift assignment of the dark anliight state

We report solution-state NMR data of the monom&@9 residues) photosensory module (PAS-
GAF-PHY) fragment of theéDrBphP. The experiments were performed as describedaterials and
methods.

['H™N]-TROSY spectra (Fig. 1) and a set of non-uniforrsampled 3D TROSY-type H-N-C
spectra were recorded for both states. This sehddrthe basis fotH,"*C,'®N backbone resonance
assignment using Targeted Acquisition (32, 3dljowed by manual inspection. In the dark spect&o
of all assignable residues were assigned for tHealdapted state (Fig. 2). In the light spectraaasigned
73% of all assignable residues (Fig. 2). Many assignts were transferred from the dark-adaptedeo th
light state spectra based on identical chemicétisstising our illumination conditions (660 nm)gthght
state is estimated to have an occupancy of 65% (B&cordingly, our NMR spectra showed residual
intensities of dark-adapted peaks in the “light” 2pectra (Fig. S1A in the Supporting Material).
However, in “light” 3D spectra, the intensities warelow detection limit for many of the dark-adajpte

signals. Therefore, the assignment of light stafeads was unambiguous for the majority of the ge#k



both states, unassigned residues cluster in tleeregion and the helical spine of the protein,ljikdue to
poor proton back-exchange. Attempts to favor exgbamas performed by switching the protein between

dark and light state multiple times and at elevagasperatures, without any success.

Light state contribution detected for the dark-adaged protein

Interestingly, the NMR data indicate that the dadeapted proteins contain a contribution from
the light state (Fig. S1B in the Supporting Mat@riBeaks assigned for the light state were préasethie
“dark” spectra, and the intensities increased tivee in darkness. Integration of multiple lighttstpeaks
in the dark detectedH**N]-TROSY spectrum showed that the light state pea@leshed an intensity
maximum of 10-15% of the equivalent dark-adaptedespeak. This is corroborated by UV-Vis spectra
which show an increase of far-red absorption wiednim dark, corresponding to also 10-15% lightg(Fi
S1, C and D in the Supporting Material). Our ddtaréby demonstrate directly that a light state

conformation exist even whérBphP is illuminated with far-red light and lefttine dark.

Structural heterogeneity in the PHY-tongue region

Next, we turned our attention to the PHY tongueaiegWe could fully assign the tongue arms
(residues 444-449 and 465-476) in the light stemgluding several highly conserved residues, bet th
tongue could not be resolved in the dark-adaptatg $Eig. 2). We attribute the absence of tongukpe
in the dark-adapted state to peak broadening dwtrtictural heterogeneity on a micro- to milliseton
time scale. This conclusion is rationalized by édasng that the chemical shift of a nucleus can be
altered when there is a conformational changeeémptiotein. If the exchange between two conformation
is slow, the different states of the nucleus wilpaar as two narrow peaks in the NMR spectrum fé&str
exchange, the peaks sharpen into a single pedle @veraged position. When the rate of interconmwers
is at an intermediate level, the peaks merge intlwroad low amplitude peak, beyond detectionhet t

population averaged position. This occurs on thetscale of micro- to milliseconds. The absence of



tongue peaks in the dark state are thus an indicafi structural heterogeneity with micro-to miieonds
exchange kinetics.

To strengthen this conclusion, we labeled all lgsiin the protein with*C and**N (Fig. 3A).
K476 in DrBphPR,,, is located in the upper part of the tongue. Ontheflight state peaks for the lysine-
labeled sample (Fig. 3B) disappeared upon mutatfdf476 into alanine (circled), which identifiedeth
position of the K476 resonance in the spectrum. (B@@). The same lysine signal also disappeared when
photoconverting the sample into the dark-adaptatestThis strongly supports our interpretation that
conformational heterogeneity exists in the PHY-te@ dark-adapted state.

To exclude rapid exchange with the bulk-water &sdause for the loss of NMR signals in the
PHY tongue in dark-adapted state, we performednaben of test experiments. Factors that affect #ite r
of this exchange are hydrogen bonding, temperatace pH.We therefore recorded NMR data for the
lysine-labelled sample in the temperature range5eb5°C, but were not able to retrieve the lysiigaa
for the dark-adapted state (Fig S2 in the Supppriitaterial). Furthermore, K476 is also modeled as
hydrogen bonded to the othgistrand in crystal structures, which should slowddhe exchange with
bulk water. Also fH*®N]-TROSYs were recorded at pH 6.9, 6.0 and 4.8pasring the pH should slow
down the rate of bulk-water exchange. None of &sted pH could retrieve the K476 lysine signahia t
tongue region (Figure S3 in the Supporting Matgridlhis excludes the alternative explanation,
strengthening our conclusion that structural hefeneity of the PHY tongue is present.

The other solvent-exposed lysine (K460) was als@aed using a K460A mutant (Fig S4 in the
Supporting Material). In the light state, this hysiappears as two separate peaks (arrows in FjgTBB
is due to the presence of two separate stateshwhit be in slow exchange, while in the dark statg
one of the peaks appear. This indicates that K#80Kal76 do not belong to the same structural elémen
and that they have different structural dynamicarélexperiments are needed to confirm this and to
investigate the dynamic properties of the lysine8(& ppm) that shows as a peak doubling in th& dar
state in the K476A mutant. A K177A mutant was atseated, which precipitated most likely due to a

destabilizing effect of the mutation.
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Secondary chemical shift analysis of the PHY-tonguein light state

Variations in chemical shifts from random coil vedu(33),so-called secondary chemical shifts,
provide insights into secondary structure prop@ssitositive values of o CO and negative values of
CB indicate a-helical structure, and the opposite indicftstrand structure (35). A comparison of the
secondary chemical shift calculated with TALOS-Nngsassigned chemical shifts(36) to the crystal
structure (Figure S5 in the Supporting Materiawhan overall good agreemei. the light state (Fig.
4A), the secondary chemical shifts for the tongegian strongly indicater-helical structure for the
second arm (residue 465-476), but also the preseihgestrand structure in the first arm (residue 444-
449). Prediction of the secondary structures usimgCSl (chemical shift index) 3.0 web server (37)
confirm this interpretation (see Fig. 4B). Two déabecondary structure elements for the tongueneigi

the light state are detected, which is in conti@sihe conformationally heterogeneous dark state.

Discussion

For a long time it was believed that the specifindtion of a protein is predetermined by its
unique three-dimensional structure. Proteins aveelrer, not solid rigid bodies and the role of dyies
in the molecular mechanisms of these macromoletides become increasingly clear.

We propose that the modulation of structural hegieneity of the tongue region BrBphPyonis
of functional relevance (Fig. 5). Structural heggoeity in phytochromes has been reported for vesid
surrounding the chromophore in smaller constrwetsch excluded the PHY domain (18, 23, 24, 38). The
B-strand structure of the PHY tongue in the darkestas detected by crystallography, should be
considered as one of the conformations presentliriien that is selected from a two or more stressu
that preferentially crystallizes. This conformatibmeterogeneity in the dark-adapted state canaexpl

why DrBphP can adopt light state-like crystals in darkn@9).
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As such, the signaling mechanism does not simplgli® a change of fold in the PHY tongue, as
previously described (13, 26-28), but instead wggest that the activity ilDrBphP is triggered by
altering the equilibrium between the structurakehegenous dark state towards the ordered staighin |
We suggest that the decreased conformational fliyilin the light state "locks” the phytochrome,
altering the activity of the protein. This modutetiof heterogeneity could be transferred to théchlel
spine, and thereby further to the output domaifs. (4

We have performed a solution NMR analysis of thigdasystem oDrBphP,,, gaining insight of
the important signaling tongue region using a kusggered approach, exciting the protein inside th
NMR magnet in a non-continuous way during acquisitiOur study demonstrates that it is critical to
study phytochromes in solution to reveal both ttrecsure and the dynamic behavior of the protein in
different functional states. The reported backbcmemical shift assignment is the basis for furthistR
investigations, and with the first partial assigmief a complete photosensory moduleDoBphP.,, we
have opened up for studying the protein with atopmcision in solution, giving important informatio

about the dynamic personalities of the phytochrome.

Conclusion

We conclude that the PHY-tongue region undergotareition from a structural heterogenous
state to an ordered state upon light-activatiomc&ithe dynamics of the PHY tongue are directly
controlled by the light conditions, we suggest tttet alteration of the structure equilibrium towsatte

ordered light state is of biological significance the photomodulation of phytochromes.
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Figure legends

Figure 1. 2D [*H®N]-TROSYs for the dark and light state. (A) 2BH{°N]-TROSY of the dark-adapted
state. The assignments are annotated with one-kttéino acid code and the sequence number. The
crowded mid-region is shown as an insert. BMRB ¥8#783 (B) Annotated 2D{H™N]- TROSY of the
light state. The crowded mid-region is shown agaart. BMRB Entry 27784.

Figure 2. Backbone chemical shift assignment of the dark)(kfd light (right) state of thEAS-GAF-
PHY photosensory module. Assigned residues (greeny mapped on structures with PDB codes: 4Q0J
and 4001, respectively. The biliverdin chromophigreolored in orange and the helical spine is narke
in the light state. The PHY-tongue and its refaipiretween the dark and the light state is highéighwith
aring.

Figure 3. Lysine labeling ofDrBphP.. (A) Structure with lysines marked in red (PDB IDQ@J). (B)
[*H®N]-TROSY of lysines, where the tongue lysine diszgp in the dark state due to structural dynamics
on micro- to millisecond timescale. K460 that destomies two different conformations in light andeon
conformation in dark is marked with arrows. (E'’N]-TROSY of K476A mutant identifies the lysine
located in the tongue, circled in red in both B &nd

Figure 4. Secondary structure elements in the light statettertwo tongue arms iDrBphR.. (A)
Calculated secondary chemical shifts in light fowhjch corresponds well withf&strand structure in the
first arm of the tongue, while the second arm iamd-helical nature. Conserved residues are marked with
an asterix. (B) The predicted secondary structmeability from H, NH, @&, Cp and CO chemical shifts
calculated by CSI 3.0 (37).

Figure 5. Transition from thestructurally heterogeneous dark state to theordered light state.
Conformational fluctuation of the chromophore bimgdpocket has previously been described for thie dar
state around the chromophore (18, Z3)r data reveal that this structural heterogereitgnds far into
the PHY-tongue irBphP. Further we could show that the tongue adaprderedi-helix andp-strand
structure in light state. We suggest that thisditaon locks theDrBphP in its photoactivated state. PDB
codes: 400P (dark-adapted state) and 5C5K (liglé)st
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