3 Results

Similar kinking of the helix was also observed in previously described MD simulation of
PpSB2-LOV in the light state (Figure 27).

Residue-resolved root-mean-square fluctuation (RMSF) of the core domain residues
17 — 119 of SBW25-LOV was calculated during its MD simulation in the light state and
compared to that of PpSB2-LOV and PpSB1-LOV MD simulations in the light states (Figure
42). The overall RMSF of main chain atoms (N, C, O, and Ca) for most of the structure
remained similar to the respective RMSF of PpSB2-LOV and PpSB1-LOV. However, lower
RMSF values were observed in some regions of SBW25-LOV in comparison to those in
PpSB2-LOV and PpSB1-LOV. The AB-BB loop in SBW25-LOV became more rigid,
probably due to the presence of the Pro29 residue, which reduced the conformational freedom
of the loop. Additionally, the presence of the above-mentioned interactions of the Lys28 and
Arg23 residues with the Glu74 residue also stabilized the AB-Bf loop.

P
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Figure 42. Residue-resolved RMSF of MD simulation of the SBW25-LOV, PpSB2-LOV and PpSB1-LOV in the
light states. The bars indicate the values of two monomers, whereas the points indicate their average. The
secondary structure elements of SBW25-LOV are show as arrows for strands and rectangles for helices. Secondary
structure assignment was done with the DSSP program for the SBW25-LOV crystal structure.

Similarly, the HPB-IP loop became even more rigid, which may be related to the
sequence divergence of this loop even among homologous short LOV proteins in this study,
see sequence alignment in Figure 5. The primary structure of the GB-Hp loop, on the

contrary, is more conserved, yet these residues showed higher dynamics of the main chain
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Most of the crystals were not equally well diffracting along the crystallographic axes,
where along one axis, ¢*, the resolution was lower (Figure 59A). For instance, in the dataset
with asymmetric-dimer the significant diffraction spots were only observed up to the
resolution along c¢* of 3.7 A, while along a* and b* up to 2.5 A. Moreover, the diffraction
spots often had a streaky form, which led to the errors in the estimation of total intensity of
the diffraction spot (Figure 59A). Both these facts led to the significant variation of the
electron-density maps quality and to the high B-factors. This was largely evident in the
extremely sparse electron-density maps of some parts of the CA domain, particularly the
B-strands. On the contrary, the structural elements that were close to the DHp domain have
well-defined electron-density maps. This can be attributed to the packing of the molecules
within the crystal lattice. The crystal packing was such that the CA domains were exposed to
the solvent channels of the crystal, what allowed them to be more flexible (Figure 59B).

Figure 59. A typical diffraction image and representation of the crystal packing of the SB2F1crystal structures.
(A) The diffraction image resulted from data collection by rotation with a A 3of 1° at ID30B beamline with
PILATUS3 6M detector. (B) The crystal packing of SB2F1 molecules, when viewed through the 3, screw axis
([ ). The LOV and DHp domains are shown as gray colored surfaces. The CA domains of symmetry-equivalent

dimer molecules are shown as a ribbons, which are colored in blue, green and gold.

To guide and facilitate the refinement of the CA domains of the SB2F1 structures, the
structure of the CA domain from the YF1 protein (PDB ID: 4GCZ, Diensthuber ez a/., 2013)
was used, which has an identical sequence. Additionally, the structure of the CA domain from
YF1 was used as a geometrical restraint during structure refinement. The 2mF,-DF. electron-
density map showed the presence of the bound nucleotide, however, the low quality of the
map of the CA domain did not enable it to be placed properly without prior knowledge.
Instead, the structure of the ATP/Mg ion complex was used from the structurally homologous
CA domain (PDB ID: 3SL2, Celikel ez /., 2012) to place it into the electron-density map. In
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3.4 SB2F1

asymmetric-dimer have bound ATP, while that of the YF1 and SB2F1 symmetric-dimer have
bound ADP. It was previously reported for the CA domain of other histidine kinases, that the
long loop, the so-called ATP-lid, changes conformation depending on the presence and type
of the bound nucleotide (Bhate ¢z 4/., 2015). In the structures of SB2F1, on the contrary, the
ATP-lid stays in the same conformation when bound to ADP or ATP.

LOV domain

The PpSB2-LOV protein (residues 1 — 120) was used in the construction of SB2F1 by
analogy to the YF1 protein (Moglich, Ayers and Moffat, 2009a). Comparison of the LOV
core domain from SB2F1 with that of PpSB2-LOV showed that their structure remained
almost identical. Most of the side chains rotamers, besides a few exceptions, also stayed the
same, which indicates that the fusion of the LOV domain did not alter its structure or

function.

Figure 67. Domain contacts in the SB2F1 asymmetric-dimer structure represented as a molecular surface.
Domains are colored as the following: LOV — blue, CA — gold, DHp — green, where chains A and B are colored
as dark and light shades.

The two globular domains, LOV and CA, in the previously determined structure of
YF1 are situated far from each other, which prevents their direct interaction (Diensthuber ez
al., 2013). The LOV and CA domains in the SB2F1 structures, on the contrary, are situated
such that the side chains of the CA domain residues can interact with the Fa helix of the LOV
domain. The displacement of one CA domain in the illuminated and light structures toward

one of the LOV domains increased this contact even more than it did in the symmetric-dimer

(Figure 67).

Dimer interface
A dimerization and histidine phosphotransfer (DHp) domain in histidine kinases is

responsible for the formation of a dimer and for the proper positioning of the phospho-
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the dinucleotide moiety of FAD. Altogether this might lead to a higher dynamics and
conformational exchange of FAD and interacting residues, which in turn increases the solvent

accessibility.

The less dramatic effect of the exchange of FMN to RBF or FAD in YtvA-LOV can be
related to the fact that it has only two conserved arginine residues and thus the absence of the
phosphate group would not have a strong influence on the dark recovery kinetics. Substitution
of one of the conserved arginine residues, Arg63 ahead of the conserved cysteine Cys62
(Cys53 and Arg54 in the W619_1-LOV) in YtvA (full-length protein containing YtvA-LOV)
to lysine residue accelerated the dark recovery eight-fold (Tang er 4/, 2010). However,
destabilization of the environment in the vicinity of the conserved cysteine residue can affect

the dark recovery more directly.

Lateral solvent access to the chromophore influences dark recovery kinetics

Aforementioned arginine residues cluster, however, cannot solely explain variations in
the adduct lifetimes. For instance, Pf5-LOV, a close homolog of SBW25-LOV, has three
arginine residues like its homolog does, but Pf5-LOV still has an adduct lifetime of only
3.6 min vs 1470 min at 37 °C of SBW25-LOV (Rani et al, 2013). The reason for such
discrepancy seems to be that the lateral stabilization in the chromophore pocket of SBW25-
LOV decreased the accessibility of solvent to it. Indeed, three arginine residues “close” the
pocket by interaction with the phosphate group of FMN only from the Ea helix, the Eo-Fa
loop and the Fa helix side, but not from the side of the C-terminal end of the Fa helix and the
AB-BB loop. On that side, SBW25-LOV, in comparison to other faster LOV protein of this
study, has a hydrogen bond network formed by the Glu74, Arg23 and Lys28 residues, as
depicted Figure 40. In the MD simulation of SBW25-LOV, these residues also showed
reduced dynamics, and the regions around them also became more rigid (Figure 42). Such
interactions are missing in Pf5-LOV, which has a similar arrangement of the residues on this
side like PpSB2-LOV, which also displays fast dark recovery. Therefore these residues are

likely responsible for the difference in adduct lifetimes between these proteins.

Another bacterial short LOV protein, RsLOV, also has three arginine residues Arg56,
Arg68 and Arg72 (equivalent to the Arg54, Arg66 and Arg70 of SBW25-LOV and Pf5-LOV),
which coordinate the phosphate group of FMN (Conrad, Bilwes and Crane, 2013). The
chromophore pocket from the side of the C-terminal end of the Fa helix and the AB-BP loop
in RsLOV, similarly to the Pf5-LOV, is not well “closed” from solvent. This can probably
explain why RsLOV, despite the tight coordination of the phosphate group, still has rather
short adduct lifetime of ~40 min (no temperature was mentioned in the publication, assuming

it was done at room temperature) (Conrad, Bilwes and Crane, 2013).
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the ATP-bound SB2F1 in the dark state. This envelope model is even able to describe such a

kinked structure of YF1 with asymmetric spatial positions of its CA domains.

In light of these findings, it can be argued that the SB2F1 structure, although obtained
by crystallization under dark conditions, stayed trapped in the conformation typical for the
light state structure, as it exists in solution. This also seems to be the reason for its high
similarity to the SB2F1 illuminated structure and the structure of SB2F1 IG6R in the light
state. Several hypotheses can be proposed. First of all, despite the fact that they were
crystallized under dark conditions, the protein samples were not handled in darkness prior to
crystallization due to its short adduct lifetime. The measurement of the dark recovery kinetics,
however, showed that the ATP-bound SB2F1 species has longer adduct lifetime (24 min vs
5 min) than the ADP-bound or nucleotide-free species. Moreover, the scission of the covalent
adduct between the chromophore and the cysteine residue first of all results in the “dark state”
of the chromophore, whereas the subsequent change of the protein conformation to the
thermodynamically favorable one for the dark state may happen on a slower time scale. Such
light state-like species might be then confined during the crystallization process by the crystal

lattice.

The second explanation can be that the SB2F1 in solution undergoes a conformation
exchange, where the light or dark states of the LOV domain thermodynamically favor one or
the other conformation of the SB2F1. This may be the reason for the moderate sensitivity of
SB2F1, which has the phosphorylation rates reduced approximately by half in the light state
compared to the rate in the dark state (Krauss, unpublished). This implies that the light state
of the LOV domain does not abolish the autophosphorylation but instead only reduces it.

Dark recovery kinetics of SB2F1 after incubation with ATP could be better fit by two
exponential functions with Tweci and T, where Tiea was similar to Twc of nucleotide-free state
but 7.2 was -3 times longer than that (Table 34). The LOV and CA domains in the SB2F1
structures are situated such that the side chains of the CA domain residues can interact with
the Fa helix of the LOV domain (Figure 67). The possibility that the observed dependence of
the adduct lifetime of the LOV domain on the CA domain activity upon ATP binding is
related to such interactions cannot be excluded. Especially keeping in mind that in the
previously discussed short LOV proteins, the Fa helix was found to be important for the

stabilization of the FMN binding pocket and thus mediates the dark recovery kinetics.

Spatial positions of the CA domains

The crystal structure of SB2F1 suggest that the CA domains are situated in the
cis-autophosphorylation configuration with respect to the DHp domains, which enables the
CA domain to autophosphorylate the histidine residue of the same monomer, such as in YF1,
VicK, HK853 and other histidine kinases (Marina, Waldburger and Hendrickson, 2005;
Wang et al., 2013; Bhate ez al., 2015). One of the CA domains in the YF1 structure has
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bound ADP, whereas the second one has no bound nucleotide. The phospho-accepting
His161 residue in YF1 (His154 in SB2F1) has approximate distance to the bound ADP of
23 A, while modeling of the ADP in the second CA domain, resulted in the distance of
approximate 12.8 A (Diensthuber ez 4/, 2013). The 12.8 A distance is shorter than ~20 A
observed in the SB2F1. Assuming that the structures of SB2F1 represent the true light state
structure as supported by the above-mentioned analysis, then the shorter distance in the YF1
structure might be related to its higher autophosphorylation rates. Whereas longer distance in
the SB2F1 structure suggests that the autophosphorylation rates might be reduced in the light
state. These hypotheses seem to agree with the SB2F1 preliminary data, which showed that
SB2F1 has a higher autophosphorylation rate in the dark state than in the light state (Krauss,

unpublished), however, still remain speculative.

Moreover, it can speculated that not only the longer distance to the conserved
phosphate-accepting His154 residue in SB2F1 structures could explain the difference in the
autophosphorylation rates, but this may also be due to the close proximity of His138 residue
to the bound ATP/ADP in the SB2F1 structures. The His138 has only a -6 A distance to the
ATP in the asymmetric-dimer, and indeed, such a short distance suggested that this residue
might also be phosphorylated. However, phosphorylation of His138 cannot participate in a
further relay of the phosphoryl group, as it would not be recognized by the conjugated
response regulator protein, which usually binds in the range beyond this residue (Bhate ez al.,
2015). Such unusual distortion of the phosphorelay signaling pathway can be the reason for

the lower activity of the SB2F1 in the light state.

Signaling through change of the dimer interface

Following the assumption that the structures of SB2F1 represent the true light state
structure, which was supported by the above-mentioned analysis, then the comparison of the
YF1 (Diensthuber et al., 2013) and SB2F1 structures may provide a model for the global
structural changes induced by light. The rotation of the dimer interface observed between the
dark and light states in the short LOV proteins, is similar to the differences in the orientation
between the LOV domains in the YF1 and SB2F1 structures. Furthermore, the rotation of the
dimer interface induced the displacement of the al helix of the DHp domain, which is
connected to the LOV domain similarly as the Jo helix is connected in the short LOV
proteins. The displacement of the al helix might cause the kinking of the DHp domain and

results in reorientation of the CA domain.

It can be argued that although the details are not precise, such a model can generally
explain the light-dependent phosphorylation rates in the YF1 and SB2F1 proteins. The model
suggested here, however, is somewhat different in the details to the proposed one for YF1
(Moglich, Ayers and Moffat, 2009a; Diensthuber ez al., 2013). They proposed that the signal
transduction from the LOV domain instead mainly propagates through torque motions of the

helices and results in the super-twisting of the DHp domain helices. This model was
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established by a comparison of the LOV domain dimer from the YF1 structure to the
homology model of it in the light state, which was based on the structure of PpSB1-LOV in
the light state (Circolone ez al., 2012). Nevertheless, their model also contains similar dimer
interface rotation as seen in this study and could be the primary mechanism of the signal

transduction.

Nucleotide-free state

The crystal structure of SB1F1 in the nucleotide-free state could not be solved yet, due
to the insufficient experimental phasing. However, the SAXS data of the nucleotide-free
SB2F1 and SB1F1 in the dark and light states was obtained. The scattering curves of SB2F1
and SB1F1 in the nucleotide-free states were virtually identical, suggesting a high structural

similarity.

A comparison of the SAXS scattering curves of SB1F1 to the theoretical scattering of
the YF1 and SB2F1 structures showed that they fitted worse to them than the SAXS scattering
curves of the ATP-bound SB2F1 did. The calculated ab initio envelope models from the
scattering curves of nucleotide-free SB1F1 showed consistently lower matching to the crystals
structures of YF1 and SB2F1. Such different conformation of SB1F1 in the nucleotide-free
state might explain the failure of the molecular replacement procedure to solve the SB1F1

structure by using the YF1 and SB2F1 structures as search templates.

4.6 Concluding remarks

The results presented in this thesis have contributed to understanding of several
aspects of short LOV proteins as well as of engineered LOV histidine kinases. Determined
crystal structure of short LOV proteins in the light and dark states enabled to identify the
primary light induced changes, which propagate the signal from the chromophore to the
periphery. These changes are likely to be the reason of observed dimer interface rotation
between the dark and light states. Moreover, this rotation seems to be common for all studied

short LOV protein from P. putida and P. fluorescens.

Analysis of the chromophore binding pockets together with the molecular dynamics
simulations of short LOV proteins in the different states helped in the explanation of the
strong variation of the adduct lifetimes among them. It was shown that the regions
surrounding the chromophore are more flexible in the LOV proteins with short adduct
lifetimes by enabling better solvent access to the chromophore, whereas LOV proteins with

long adduct lifetimes showed reduced dynamics of these regions.

The first apo structure of the W619_1-LOV protein opened opportunities for a better
understanding of the chromophore-to-protein interactions. Additionally, the apo form of
W619_1-LOV could be successfully loaded with natural and modified flavin chromophores in

solution, which showed remarkably different biophysical and biochemical properties. Among
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them, two flavins showed the most intriguing properties: lumichrome, which absorption
maximum became shifted by 26 nm in comparison to the FMN-bound one, together with
fluorescence quantum yield of 0.4 and 8-chloro-riboflavin, which can auto-catalytically form a

covalent bond to LOV protein.

The crystal structures of engineered LOV histidine kinases, SB2F1 and SB2F1 I66R,
were determined in the dark and light states and with different nucleotides (ATP, ADP, AMP-
PNP, ATP-y-S). Additionally, small-angle X-ray scattering data provided structural
information on the quaternary structure of the respective proteins in solution, in both the light
and dark states. Analysis of all structural information led to the model of their light activation
to be drawn. The proposed model is based on the observed structural changes induced by light
in the short LOV proteins. This model can enrich understanding of light regulation of
engineered LOV histidine kinases as well as be helpful in understanding of naturally-occurring
sensory histidine kinases. However, analysis of the SB2F1 data presented here requires further
support from additional experiments and deeper structural analysis. Furthermore, molecular
dynamics simulations might provide valuable information on the possible tertiary structures

which protein samples in the dark and light states.
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7.3 Protein sequences
PpSB2-LOV

MGSSHHHHHHSSGLVPRGSHMINAKLLOLMVEHSNDGIVVAEQEGNESILIYVNPAFE
RLTGYCADDILYQDCRFLOGEDHDQPGIAIIREATIREGRPCCQVLRNYRKDGSLEWNE
LSITPVHNEADQLTYYIGIQRDVTAQVFAEERVRELEAEVAELRROQOGQAKH

Pf5-LOV

MGSSHHHHHHSSGLVPRGSHMINAHLLORMINASNDGIVVAEQEGEDNIVIYVNPAFE
RLTGYSADEVLYQDCRFLOSGDRDOPGLEVIRQALRQGRPCREVLRNYRKDGSHEWNE
LSITPVENDSDQLTYFIGVQKDVSVQOQVKAQORLLOLEQOLAEVOAELAALKATSGH

SB2F1

MGSSHHHHHHSSGLVPRGSHMINAKLLOQLMVEHSNDGIVVAEQEGNESILIYVNPAFE
RLTGYCADDILYQDCRFLOGEDHDQPGIAIIREATIREGRPCCQVLRNYRKDGSLEWNE
LSITPVHNEADQLTYYIGIQRDVTEHQQOTQARLOELQSELVHVSRLSAMGEMASALAH
ELNQPLAAISNYMKGSRRLLAGSSDPNTPKVESALDRAAEQALRAGQIIRRLRDFEVAR
GESEKRVESLSKLIEEAGALGLAGAREQNVQLRESLDPGADLVLADRVQIQQVLVNLF
RNALEAMAQSQRRELVVTINTPAADDMIEVEVSDTGSGFQDDVIPNLFQTFFTTKDTGM
GVGLSISRSITIEAHGGRMWAESNASGGATFRFTLPAADEN

SB1F1

MGSSHHHHHHSSGLVPRGSHMINAQLLQOSMVDASNDGIVVAEKEGDDTILIYVNAAFE
YLTGYSRDEILYQDCRFLOGDDRDOLGRARIRKAMAEGRPCREVLRNYRKDGSAFWNE
LSITPVKSDEFDORTYFIGIQKDVSEHQOTQARLOELQSELVHVSRLSAMGEMASATLAH
ELNQPLAATSNYMKGSRRLLAGSSDPNTPKVESALDRAAEQALRAGQITRRLRDEFVAR
GESEKRVESLSKLIEEAGALGLAGAREQNVQLRESLDPGADLVLADRVQIQQVLVNLF
RNALEAMAQSQRRELVVTNTPAADDMIEVEVSDTGSGFQDDVIPNLFQTFFTTKDTGM
GVGLSISRSIIEAHGGRMWAESNASGGATFRFTLPAADEN

SBW25-LOV

MGSSHHHHHHSSGLVPRGSHMINAKLMOQLVINASNDGIVVAEREGKDKPLIYVNPAFE
RLTGYTLDEILYQDCRFLOSGDRDOQPALMAIRETLESGGACREILRNYRKDGSHEWNE
LSLSTVYNEADKQTYFVGVQKDVTLQVKAQQRVGOQLEAELNQVKAELAALKATSGENK
I

W619_1-LOV

MGSSHHHHHHSSGLVPRGSHMINAQLLOSMVDASNDGIVVAEQEGDDTILIYVNPAFE
RLTGYSRDEILYQDCRFLOGDDRDQLARARIRKALAEGRPCREVLRNYRKDGSAFWNE
LSITPVKCDADHRTYFIGIQKDVSROQVELERELAEMHVRRNEFDKRPEPSA

* the His-tag residues are underlined.
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