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With the overall goal of understanding the basis of Light—-Oxygen—
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research focused on characterizing the role of LOV domains in kinase signaling
and the mechanism of signal propagation from LOV domains to a diverse set of

downstream effectors. I started from the studies of the LOV domain regulated
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serine/threonine kinase activity from plant phototropins, later comparing this with
LOV domains light-regulated histidine kinases in marine bacteria. Though the
plant and bacterial kinases have diverse protein folds and functions, they both
share the common photosensing module. Using a combination of biophysical and
biochemical techniques, I examined the properties of these light mediated proteins
and provided molecular insights in which light signal is transmitted from the core
to the surface of the LOV domain. This work also presented detailed biochemical
and biophysical characterization of the full-length LOV domain—containing
histidine kinase, providing a solid foundation for studying the regulation of the
LOV domain in the context of full-length protein. Taken together, I hope to
address both the mechanisms that LOV domains use to regulate their effectors,
and further how histidine kinases are regulated by their sensory domains. These
are the central questions in both the LOV domain and the histidine kinase domain

fields, and are of central importance to signal transduction in general.
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Chapter 1 General introduction
1.1 Blue light sensing module: the LOV domain

From small prokaryotes to large complex organisms such as plants and
animals, cells rely on their abilities to sense and response to a variety of stimuli to
survive and adapt to the changes in the environments. Light is an example of
such essential stimuli. It governs many cellular processes, such as cell attachment
and virulence in bacteria (1, 2), phototropism in plants (3), and circadian rhythm
in fungi (4). Photodetection is dependent on specialized photoreceptors, which
can be classified into seven general families depending on the chromophore and
protein fold (5). The specific responses listed above, bacteria infectivity, plant
phototropism, and entrainment of the fungal circadian clock, are all controlled by
a common photoreceptor domain called the Light—-Oxygen—Voltage (LOV)
domain (3). LOV domains utilize a flavin cofactor (FAD or FMN) to specifically
sense blue light (A ~ 400—450 nm) and undergo a self—contained photocycle that
is dependent on a highly conserved cysteine residue located in the core of the
LOV domain (6). Although it was first identified in the higher plant phototropins,
LOV domains have also been found in bacteria and fungi, but have not been
confirmed in animals at this point (7). Although the LOV domain is known to act
as a biological light switch, the exact mechanism of how this small modular
domain regulates a very wide range of downstream effector domains remains

unclear. The focus of my research lies on the understanding of how a light signal



is propagated through the LOV domain, what is the role of light in the signaling
transduction, and the details of the interdomain interaction between the LOV

domains and their effectors.

1.1.1 The LOV domain is a subset of the environmental sensor PAS domain
superfamily

Per—ARNT-Sim (PAS) domains are important signaling modules found in
all kingdoms of life. They are capable of monitoring internal or environmental
stimuli such as oxygen, redox potential, light, small ligands, and overall energy
level of a cell via protein—protein interactions (8). Ligand binding or structural
changes control protein—protein interactions. The specificity in sensing is
determined by the cofactor that the PAS domains associated. PAS domains have
been found to associate with heme, FMN, FAD, or in some cases, orphan ligands
(Fig. 1.1B) (8). For example, the photoactive yellow protein (PYP) PAS domain
binds to a 4'-hydroxycinnamic acid in the core and uses it to sense blue light (9).
The PAS domain of an oxygen sensor, FixL, contains a heme cofactor (/0).
Another blue light sensing photoreceptor from plants, named phototropinl,
contains two tandem PAS domains that binds and use a single flavin
mononucleotide (FMN) to sense light (/7). The PAS domain in the redox sensor,
NifL, binds to flavin adenine dinucleotide (FAD) (/2). Last but not least, the

cardiac potassium ion channel, human—ether—a—go—go related gene (HERG), was



found with no ligand bound in the PAS domain. However, people speculate the
existence of an orphan ligand that is yet to be identified (/3).

The average sequence identity among PAS domains is less than 20%. but
all three—dimensional structures determined to date are similar (/4). The typical
PAS domain fold consists of a five stranded, antiparallel 3 sheet, flanked to one or
both sides with several o helices (15, 16). Interestingly, a similar combination of
low sequence homology and conserved structure has also been observed in other
protein modules such as the Pleckstrin homology (PH) domain superfamily (/7).
This suggests that it may be a preferred mechanism for evolution to structurally
fine tune a common protein module instead of creating new protein folds to
handle multiple cellular functions.

The LOV domain is defined as a subset of the PAS domain because the
core of the LOV domain resembles the PAS domain core structure (Fig. 1.1A)
(16). The major factor that distinguishes the LOV domain from other PAS
domains is the conserved cysteine in the sequence, NCRFL (6). Although
multiple repeats of PAS domains have been observed in many of the bacterial
histidine kinases, the only proteins that containing two tandem LOV domains are
the plant phototropins (7). Instead, most LOV—containing proteins have only a
single LOV domain, which can couple to other sensory domains such as

phytochrome or other type of PAS domains (7).



1.1.2 Diversity of the LOV domain

In addition to coupling to other sensory domains, LOV domains are also
found to associate with a wild variety of other effector domains (e.g. histidine and
serine/threonine kinase domains, STAS domain, GGDEF and EAL domains),
demonstrating their ability to regulate diverse sets of biological functions
(Fig. 1.2) (7). In general, the effector domains dictate the function of these
photoreceptors. For instance, coupling to a DNA binding domain usually
impliesthe protein is involved in the regulation of gene transcription, while
coupling to the GGDEF and EAL effector domains implies that the protein

regulates bacterial second messenger c—di-GMP levels (7).

1.1.3 LOV domain photocycle

UV-visible absorbance spectroscopy has been the standard method for
easy initial characterization of the flavin—containing proteins. The FMN or FAD
cofactor is non—covalently bound to the LOV domain in the dark state. Proteins
of this type have a characteristic absorption profile, where three maxima are
observed between 400 and 500 nm. The light reaction induces changes in the
electronic state of the flavin isoalloxazine ring generate a covalent adduct
between the flavin C4a carbon and the sulfur from the cysteine side chain on the
LOV domain (Fig. 1.3) (18). A significant loss of the three—maxima peaks

observed in the blue light region of the absorption spectrum is consistent with



flavin—cysteinyl covalent adduct formation (/9). Although the forward
photochemistry of the LOV photocycle remains controversial, recent EPR studies
proposed a radical—pair reaction mechanism, which may served as the primary

model for the LOV domains photoreaction (Fig. 1.3) (/8).

1.1.4 The role of LOV domains in plant phototropins.

LOV domains were first identified in the plant phototropins as a blue light
photoreceptor involved in the phototropism (3). Unlike other LOV domain
containing proteins, phototropins contain two tandem LOV domains (Fig. 1.4).
The importance of the role of each LOV domain have been tested with in vitro
and in plants studies of phototropins containing mutations at the cysteine of either
or both LOV domains. These studies have shown that the second LOV domain
(LOV2) is the primary photosensory domain that is predominantly responsible for
light—dependent control of kinase activity and subsequent phototropic function,
while the function of the LOV 1 domain remains unclear (20). Unlike the LOV2
domain, which functions as a monomeric entity, isolated LOV1 domains from
several phototropins have been found to be dimers. This has led to the proposal
that LOV1 domains mediate the dimerization of the plant photoreceptor

phototropin (21).



1.1.5 The LOV domain structure and signaling mechanism

The 3D structures of several LOV domains have been determined. In all
cases, they have a common PAS core consisting of an antiparallel 3 sheet with
five 3 strands (denoted AP, Bf3, GP3, HP, and IP3) flanking with several a. helices
(denoted Ca., Da, Ea, and Fa) (22) (Fig. 1.1A and Fig. 1.5). In general, the 3
sheet surface is identified to be an important site for protein—protein interaction or
homodimerization in the PAS domains (23).

In addition to the PAS core, there are N— or C—terminal structural
elements, which vary greatly in different LOV domains, outside of the PAS
domain core (Fig. 1.5). In fact, these structural elements have been proposed to
play an important role in the LOV domain regulation. As illustrated in
Figure 1.5A for the phototropinl LOV?2 domain of Avena sativa (24), the
canonical PAS core is followed immediately by a C—terminal amphipathic helix,
called Ja.. It associates with the 3 sheet surface in the dark state but unfolds and
dissociates from the [3 sheet upon light illumination (25). This light induced
conformational change has been shown to affect light enhanced phototropin
kinase activity and an in vivo Cys to Ala mutation in the ArPhotl LOV2 domain
that blocks the ability of the LOV domain to sense light also blocks phototropic
and other phototropic—-mediated responses (20) (Fig. 1.4). In the fungal LOV
protein (Vivid), shown in Figure 1.5B, the N—terminal helices fold around to

interact with the {3 sheet. It also undergoes conformational changes upon blue



light illumination, and these light activated conformational changes may be used
to regulate light—activated gene expression (26, 27). However, not all additional
structural elements interact with the 3 sheet surface. For example, in BsYtvA
LOV domain, the C—terminal Ja helix is pointed away from the protein, although
this may be a function of crystallization (Fig. 1.5C). Together with the [ sheet

surface, they are involved in the protein dimerization instead (28).



Figure 1.1 Typical PAS domain fold and various types of PAS domains.
Nomenclatures of the PAS domain showed in A. are adapted from Gong et. al. (22, 29).
The PAS domain can bind to a wide variety of ligands as shown in B. Stimuli recognized
by PAS domains include light, oxygen, redox potential, and small molecules. For
instance, 4-hydroxycinnamic acid in photoactive yellow protein (PYP)(9), FAD in NifLL
(12), and FMN in the plant Photl photoreceptor (30) are used to sense light. Some PAS
domains do not know their cofactor: the crystal structure of the PAS domain from the
HERG cardiac K* channel was found without a cofactor (13).

A. PAS fold

B. Various types of PAS domains

PYP FixL Phot1
Light/HC4 O,/Heme Light/FMN
- BN, &
. < i; :
3 N
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Figure 1.2 Diversity of the LOV domains adapted from Crosson et

.al. (7).
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Figure 1.3 The mechanism of the LOV domain photocycle proposed by Schleicher E.
et.al. (18). Upon light initiation, the noncovalently associated FMN undergoes some
radical transition, which ultimately leads to a covalent adduct in the kinetically stable
light state. The light state will spontaneously return to the dark state, ranging from

seconds to hours and even days depend on the proteins that the LOV domain is coupled
to.
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Figure 1.4 Important roles of LOV domains in the plant phototropinl. In vitro
kinase assays and in vivo phototropic growth experiments from A. thaliana demonstrate
that mutation of cysteine residue alone abolishes the LOV?2 domain light sensing ability
can affect both kinase phosphorylation and phototropism, data adapted from Christie er.
al. (20). Grey bars across each of the LOV domain indicate a Cys to Aln mutation that
abolishes the ability of the LOV to sense blue light.
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Figure 1.5 Structural comparisons of various LOV domains from A) AsLOV2 domain
(PDB: 2V0U), B) NcVivid LOV domain (PDB: 2PD7), and C) BsYtvA LOV domain
(2PR5). The N- and C—terminal structural elements outside of the canonical LOV core
(shown in grey) were colored as blue and red, respectively. The C—terminal helix (Ja., in
red) in the AsSLOV2 docks onto the [ sheet surface while it points away from the {3 sheet
surface in YtvA LOV domain. In NcVivid, although it is the N—terminal elements (helix
and loop, in blue) also associate with the 3 sheet surface, the exact location is different
from the other two proteins. The overall structures of the core are very similar except the
loop region between the Ea and Fo (shown in yellow). The AsLOV2 and YtvALOV
contain a shorter loop, while NcVivid contains a much longer loop that interacts with its
chromophore, FAD.

A. AsLOV2 B. NcVivid
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1.2 Two—component regulatory system in bacteria

Bacteria sense, respond, and adapt to a wide array of environmental
signals via a general mechanism called two—component regulatory systems
(TCSs) (31). TCSs fundamentally utilize two conserved protein superfamilies of
His—Asp phosphorelay systems: a sensory histidine kinase (HK) that contains a
highly conserved kinase (HK) domain and an output response regulator (RR) that
contains a highly conserved receiver (REC) domain. Environmental signals are
detected and transduced within the bacteria by these highly conserved domains
from both proteins through fine—tuned processes such as autophosphorylation,
phosphotransfer, and phosphatase activities (32). In these transduction pathways,
environmental signals are initially detected by HKs, which then
autophosphorylate and transfer this phosphoryl group to RRs. Protein
phosphorylation is an important mechanism in the regulation of enzymatic
activities in cells. Compared to protein phosphorylation on serine, threonine, or
tyrosine, the discovery of the protein phosphorylation on histidine residues in
proteins was delayed because most routine protein purification procedures called
for acidic conditions, and the phosphoramidate bond of phosphohistidines are
very prone to acid hydrolysis (33). Although they were originally discovered in
bacteria, TCSs have been found in all kingdoms of life except for animals (34).

TCSs are present in both Gram negative and Gram positive, pathogenic

and non—pathogenic bacteria. In pathogenic bacteria, they control expression of
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toxins and other proteins important for pathogenesis, in addition to regulating
other basic housekeeping functions (35). Two—component proteins typically
constitute ~1% of encoded proteins in most eubacteria, with some bacteria
containing up to as many as 200 two—component proteins, necessitating tight
regulation to prevent potentially undesirable crosstalk (36). In the marine bacteria
Erythrobacter litoralis HTCC2594, which is the focus of much work in Chapters
4 and 5, 50 two—component proteins can be found (out of a total of 3011 proteins)
(37, 38). These pathways are potentially involved in regulating a variety of
processes such as chemotaxis, osmoregulation, metabolism, or stress response
based on sequence prediction and/or structure homology of the output domain
(39).

The signaling mechanism in TSCs involves several distinct steps. First,
the histidine kinase (HK) binds and uses ATP as a phosphate donor, undergoing
autophosphorylation at a conserved histidine residue upon detection of an
incoming stimulus. Second, the histidyl phosphate group is transferred to a
conserved aspartate residue on a cognate response regulator (RR). Third, the
phosphorylated RR (RR~P) interacts with target genes or other protein targets to
generate the output response and activate corresponding cellular responses.
Lastly, the signal is terminated by dephosphorylation of the activated response

regulator, either by HK or by RR itself (32). The details of each component of
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TCSs will be discussed independently in the next few sections, followed by a

summary of a special type of light regulated histidine kinases.

1.2.1 First component: Histidine kinases (HKs)

A typical HK is composed of a diverse sensory domain and a conserved
histidine kinase domain that contains conserved sequence motifs called the H, N,
D, F, and G boxes (35, 40, 41). The H box contains a conserved histidine that is
phosphorylated by the HK itself (Fig. 1.6B and Fig. 1.7A). The N, D, F, and G
boxes are involved in ATP binding and constitute the catalytic and ATP-binding
(CA) domain in HKs (Fig. 1.6B and Fig. 1.7B). In the first step of the TCS
signaling cascade, most HKs form homodimer and undergo transphosphorylation,
where the CA domain of one subunit transfers the y—phosphate from the ATP to
the histidine residue in the H box of the other subunit (32). In more complex
cases, HKs may contain multiple repeats of the sensory domains or additional
accessory domains that are linked to other specific functions. Moreover, the
second component (RR) may be connected to the kinase in sequence, making it a
hybrid HK. HKSs recognize one or an explicit set of RRs through the DHp domain
(36). The specificity in the protein—protein interaction has been found to rely on a
subset of coevolving residues between the DHp domain in the HKs and RRs, and
mutagenesis studies have shown to successfully alter substrate specificity in some

HKSs (42).
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1.2.1.1 Classification of histidine kinases

Apart from the conserved CA domain, HKs vary substantially in design.
Essentially, they can be classified in three ways:

First, HKs are divided into three groups based on the localization of the
sensory domain in the cell (Fig. 1.6A) (43). The first and largest group is the
periplasmic—sensing HKs. It contains a signal peptide and transmembrane
region(s) that separate the protein into a periplasmic N—terminal sensing domain
and a cytoplasmic C—terminal kinase domain (Fig. 1.6A) (43). An example of
this group is EnvZ that plays a central role in osmoregulation in Escherichia coli
(44). The second group is called the intramembrane—sensing HKs, where
stimulus perception can occur either by a combination of the transmembrane
helices that is linked by short extracellular loops or just with the helices alone (see
Fig. 1.6A) (43). An example of this group is a quorum—sensing HK, QseC, which
is a bacterial adrenergic receptor found in the deadly pathogen enterohemorrhagic
E. coli (EHEC) that activates virulence genes in response to interkingdom cross—
signaling (45). Finally, the third and the second largest group, the cytoplasmic—
sensing HKs, has either a membrane—anchored or a cytosolic sensory domain that
responds to diffusible or internal stimuli, such as light, O, or H, (Fig. 1.6A) (43).
For example, the light sensing EL.346 from E. litoralis HTCC2594 (see Chapter

4) and the nitrogen regulatory kinase NtrB from Escherichia coli (32) are both
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members of cytoplasmic HKs. Since the class II HKs mentioned above interact
with another sensor protein intermolecularly, it can be considered either as a
cytoplasmic sensing HK since the kinase itself is in the cytoplasmic or as a
periplasmic sensing HK since its sensory counterpart is located in the periplasm.
Second, HKs are simply separated into two classes, class I and class II,
based on the spacing between the H box and the CA domain (Fig. 1.6B) (46). In
the class I HKs, which predominate among prokaryotes (47), the H box is located
in the so called dimerization and histidine—containing phosphotransfer (DHp)
domain that is immediately adjacent in sequence to the CA domain (Fig. 1.6B)
(32). In the class II HKs, which is represented by the chemotaxis regulatory
kinase CheA (46), the H box is located in the so called P1 domain, which is a N—
terminal domain that is separated from the CA domain in sequence (Fig. 1.6B).
In addition, there are substantial differences between the two classes. First,
although both classes contain a dimerization domain and a CA domain, the class
IT HK's do not contains a sensory domain. The typical domain architecture of
Class I HKs start with a N—terminal sensory domain that is followed by the DHp
and CA domains (i.e. sensor—-DHp—CA). The Class II HKs contain a P1, P2
domain followed by the dimerization domain, CA domain, and a P5 regulatory
domain (i.e. P1-P2—dimerization—-CA-P5) where the PS5 domain is the one that is
associated with the membrane—localized sensor module (Fig. 1.6B) (46). The

second difference lies in the recognition site for the response regulators. In class I
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HKSs, the DHp domain, contains specific residues that would recognize specific
RRs. In class II HKSs, this site is located in the P2 domain. For the remainder of
this dissertation, I will mostly focus on the discussion of the class I HKs.

The third way to classify HKs is based on the sequence identity in each
conserved homology boxes: H, N, D, F, and G boxes. Sequence alignments of
384 HKs performed by Grebe and Stock have revealed 11 distinct subgroups in
the histidine kinase superfamily (33). These homology boxes define subfamilies
based on the flanking sequences around the invariant H, N, D, F, and G residues
in each homology boxes. These flanking sequences are generally most conserved
in the largest of the HKs subfamily, subfamily 1 (HPK,), and are diverse in other
subfamilies when using HPK, as the model for comparison. In some cases, the
sequences may be so distorted that they can only be identified through detailed
sequence alignments (33). EL346 (see Chapter 4) is an example of such an HK
that I identified as the member of subfamily 11 (HPK,,) by manual alignment of

these homology boxes.

1.2.1.2 Histidine kinase functions

The C—terminal kinase domain is responsible for ATP binding, the
autophosphorylation of the histidine with ATP, recognition of its cognate RR, and
the phosphotransfer from the kinase to an invariant aspartate in the receiver

domain of the RR. In addition to autokinase and phosphotransfer functions, some
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HKSs (e.g. the Escherichia coli osmosensor EnvZ (48)) also exhibit
autophosphatase activity toward their cognate response regulators. The N—
terminal sensory domain has no catalytic functions itself but is responsible for
detecting environmental stimuli. The diversity of the sensory domains used with
HKSs allows them to respond to a wide range of stimuli, including changes in
osmolarity, nutrients, light, cellular redox state, quorum signals, antibiotics, and
more (49). Additionally, the input stimuli can regulate either the kinase or

phosphatase activity of HKs (32).

1.2.1.3 Histidine kinases structures

Most HK's are known to form homodimers in solution via their DHp
domain (50). The DHp domain consists of two a—helical hairpin, and the dimeric
unit is held together by forming a four helical bundle, as first shown in the
solution structure of EnvZ dimerization domain (44). The H-box, located in the
DHp domain, contains the site of histidine phosphorylation. This histidine is
located at the solvent—exposed face of the first o—helix of the DHp domain (57).
An example of the kinase domain of HK853 (PDB ID: 3DGE (52)) containing
both DHp and CA domains is shown in Fig. 1.8.

Structures of CA domain core feature an unconventional Bergerat ATP—
binding fold: an o/f sandwich consisting of a four—stranded mixed [3 sheet and

three a helices (53). Since the Bergerat fold is shared among other members of
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the GHL (gyrase, Hsp90, MutL) ATPase superclass of proteins, together they
emerge and form a GHKL ATPase/kinase superfamily (50, 53). Structural
analysis of this superfamily reveals the important role of each homology box.

The conserved asparagine residue of the N box coordinates a bound Mg** ion,
which connects the ATP phosphates to the protein via solvent—-mediated hydrogen
bonds (50). The conserved aspartate residue of the D-box interacts directly with
ATP and forms a hydrogen bond with the N6 amino position of the adenine ring
(50). The conserved G-box interacts with the adenine nucleotide amine and plays
a critical role in phosphotransfer (50, 54, 55).

Although several sensory domains have been solved individually from
different types of HKs (56-58), the lack of structural information of full-length
histidine kinases containing both sensory and catalytic domains has prevented us
from understanding the molecular mechanism of how the sensory domain interact
and regulate the kinase domain. Since many structures of the HK domain
containing both the DHp and CA domain have been solved, a central goal in the
HK field is to obtain the full-length structure. The membrane—associated nature
of these HKs has made it difficult for studying full-length structures, and
structures of soluble cytosolic HKs are yet to be reported. Nevertheless, a recent
structural study has revealed structures of the Bacillus subtilis DesK HK domain
in various signaling states, providing us some molecular insight of how signal

may be transmitted from the sensory domain to the kinase domain (59).
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1.2.2 Second component: Response regulators (RRs)

HKSs activate RRs by phosphorylation. The phosphorylated RR (RR~P)
generates the output response by interacting with target genes or other protein
targets, which often regulate corresponding cellular responses.

The CheY-like phosphoacceptor domain has been served as the prototype
for the receiver (REC) domain (60). The REC domain (~120 a.a.) is the
minimum functional unit of RRs, and many RRs contain only the REC domain
alone (67). It is a highly conserved phospho—aspartyl receiver domain that
interacts with the kinase domain of the cognate HK. More often, RRs contain
various output domains that commonly act as transcription factors (62, 63) or as
enzymes that possess methylesterase (64) and phosphodiesterase (65) enzymatic
activities. The cognate RR of HKs can be easily identified if its DNA sequence is
located in adjacent to the HK sequence in the operon. In other cases, the RRs can
be identified through phosphotransfer profiling, and the details of this method will

be further discussed in Chapter 4 (66, 67).

1.2.2.1 Diversity of response regulators
Previous sequence analysis performed by Grebe and Stock with 298 REC
domain sequences with known cognate HKs has revealed 8 different REC domain

subfamilies (33). Although this classification does not take into account of the
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diversity of the output domain in the RRs, this study revealed a significant
correlation between HK and RR subfamilies, suggesting that different subclasses
of His—Asp phosphorelay systems have evolved independently of one another
(33).

Classification of RRs based on their output domains provided a more
complete picture in terms of predicting their potential functions (Fig. 1.9). In
2006, Galperin grouped 4,610 RRs encoded in complete genomes of 200 bacterial
and archaeal species and classified them using their domain architecture (39).
There are basically five types of RRs: i) RRs containing only the REC domain
(the standalone REC), ii) RRs with DNA-binding output domains, iii) RRs with
RNA-binding output domains, iv) RRs that exhibit enzymatic activity, and v)
RRs that interact with other proteins or ligands (65). Nearly 66% of the RRs
function as transcriptional regulators, including members of the OmpR, NarL,
NtrC, LytTR, Fis, and AraC families (Fig. 1.9) (65). The second largest group is
the standalone REC, which were found to comprise about 14% of RRs (Fig. 1.9)
(65). The remaining 20% of RRs represented by coupling to a wild range of
domains: RNA-binding domains (ANTAR and CsrA), enzymatic domains (i.e.
GGDEF, EAL, HisK, PP2C,), protein— or ligand—binding domains (i.e. PAS,
GAF, and HPt), and also domains with no known functions (Fig. 1.9) (65). The
diversity of domain combinations in the response regulators allows bacterial to

regulate transcription factors, enzyme activity, and protein—protein interactions in
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response to various environmental challenges and increase their chance for

survival.

1.2.2.2 The response regulator structure and function

Structures of the REC domain were solved prior to the structure of the HK
domain because the REC domain is more soluble and it forms a stable, compact
structural unit consists of 5 o helices and 5 central parallel 3 strands forming an
o/p/o sandwich Fig. 1.10) (68, 69). The active site is located on the top of the 3
sheet, which harbors the phosphate—receiving aspartate. RRs can also function in
three ways. Response regulators are activated upon phosphorylation and many
studies have shown that REC domains undergo distinct conformational changes
between phosphorylated and unphosphorylated states (70-72). The stability of the
phosphorylated state appears to be tailored to their function. For instance, the
phosphorylated RRs can last from seconds (e.g. CheY) to hours (e.g. SpoF) (73,
74). Many of these short-lived phosphorylated RRs are due to the fact that these
RRs exhibit autophosphatase activity (73, 74). A mutation of an asparagine
residue that surrounds and associates the conserved Asp to a Lys residue has been
found to attenuate the rate of dephosphorylation (74), and this residue may be
conserved in RRs exhibit the autophosphatase activity.

Although the structure of the histidine kinase including its sensory domain

has yet to be determined, lower resolution (3.8 A from crystallography and 4.2 A
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from SAXS) structural studies of histidine kinases complexed with their response
regulator have advanced our knowledge on how the kinase domain (DHp—CA)
interacts with the response regulators (57, 52, 59). Most recently, the high
resolution (3.8 A) crystal structure of the HK853cp—RR468 complex from T.
maritime revealed molecular details of how the REC domain binds to the HK
domain (Fig. 1.11) (52). Specifically, the structure shows the RR makes intimate
contacts to both the DHp domain and the CA domain, which provides additional
evidence that the DHp domain dictate the substrate specificity of the HKs as

suggested by Laub (36) and Skerker (42).
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Figure 1.6 Classification of histidine kinases. In A, the kinases are classified based on
the localization of their sensory domain (adapted from Mascher et. al. Microbio. & Mol.
Bio. Rev., 2006 (43)), and B. based on the location of the H-box. The sensory domains
that are responsible for receiving the external stimuli are labeled as S and colored in light
blue, green, orange, and yellow in A.
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Figure 1.7 Individual subdomain structures of the HK domain: A. the DHp domain
and B. the CA domain, taken from HK853 (PDB: 3DGE) (52). The N- and C—termini
are labeled. As shown in A., the DHp domain forms a homodimer via the coil-coiled
fashion. The conserved histidine residue (H260) is shown as a stick figure in magenta,
which is located in the first helix from the DHp domain and is exposed to solvent. The
conserved residues from the N, D, F, and G boxes are shown in stick figure (N380 in red,
D441 in yellow, F425 in green, G441 and G442 in magenta). The ADP ligand is shown
in sphere (carbon in green, nitrogen in blue, oxygen in red, and phosphor in orange). The
ATP lid motif is shown in light blue.
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Figure 1.8 An example of the whole HK domain represented here using part of the
crystal structure from the HK domain complex with its own response regulator (HK853—
RR468) (PDB: 3DGE) (52). The response regulators from the original structure are
removed for simplicity. The relative orientation of the CA domain to the HK domain is
shown.

Side view

Top view

Cis—phosphorylation
mechanism
(possible)

Trans—-phosphorylation
mechanism
(Too far) c



28

Figure 1.9 Different types of response regulators classified by their domain
architectures. Figure adapted from Galperin et. al. Journal of bacteriology, 2006 (39).
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Figure 1.10 An example of the response regulator structure, shown here using the
crystal structure of RR468 (PDB: 3DGF) (52). Alpha helices are colored in cyan and
labeled as ol to a5. Beta strands are colored in magenta and labeled as 31 to 5. The
conserved phosphate receiving aspartate residue is shown in stick figure and labeled as
Asp. This structure mimics the phosphorylated form of the RR with the presence of
BeF;™ in solution.
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Figure 1.11 An example of the response regulator complex with the histidine kinase
domain, shown here using the crystal structure from the HK853-RR468 complex (PDB:
3DGE) (52). The histidine kinase domain is shown the same way as in Figure 1.8. The
response regulators are shown in wheat and its conserved phosphate receiving aspartate
(Asp) residue is shown in stick figure in magenta. The DHp domain not only bears the
phosphoryl histidine residue, but also contains specific recognition site for the RR. Side
and top views are both shown.
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1.3 Light signaling in two—component regulatory systems

The presence of LOV domains in bacteria genomes suggests the ability of
bacteria to sense and utilize blue light may regulate many biological functions
(75). In many cases, these LOV domains are coupled to histidine kinases and are
expected to regulate the kinase activity by light. The function of these putative
photoreceptors remains mostly unclear with a few exceptions. The LOV—
histidine kinase (LovK) from the bacterium, Caulobacter crescentus, was found
to enhance cell to cell attachment when the cells were exposed to light (/). On
the other hand, the LOV-histidine kinase from a pathogenic bacteria, Brucella
abortus, was found to use light to regulate the bacteria virulence by enhancing
their ability to survive and multiple in the hostile intracellular environment of host
macrophages (76). Besides aquatic oligotrophs and pathogenic bacteria, genes
encoding LOV—containing histidine kinases have also been identified in other
species. These proteins include EL346 and EL368 from Erythrobacter litoralis (a
marine bacteria) and PS-LOV-HK from Pseudomonas syringae, all of which
have been identified to increase their autophosphorylation activity when exposed
to light (76).

Artificially, the oxygen sensing PAS domain from Bradyrhizobium
Japonicum histidine kinase, FixL, has been replaced by the blue light sensing
LOV domain from Bacillus subtilis YtvA and successfully turn FixL to sense

light instead of oxygen (77). This example suggests the potential of making LOV
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domains into a biological light switch and its application in the therapeutic

treatments.

1.4 Importance of TCSs: histidine kinases as new antimicrobial drug target

Bacterial resistance to antibiotics is an increasing concern worldwide.
This major threat to human health is driving scientists to search for alternative
mechanism and new antimicrobial drugs to treat bacterial infections. Advances in
molecular microbiology and genomics have led the researchers to prokaryotic
two—component systems (TCSs), which have a potential for therapeutic
treatments and/or prevention of numerous bacterial diseases in both plants and
animals.

Recently a membrane histidine kinase (QseC) in EHEC was discovered to
act as a bacterial adrenergic receptor that activates virulence genes in response to
host stress hormones such as epinephrine and norepinephrine (45). In fact, many
bacterial pathogens rely on this conserved membrane histidine sensor kinase to
respond to host adrenergic signaling molecules and bacterial signals in order to
promote the expression of virulence factors (78). The QseC signaling pathway
makes an attractive drug target system for many reasons. First, they are wildly
spread in many animal pathogens but are absent in human. Second, inhibition of

QseC may not exert a strong pressure for the development of resistance, since
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inhibition of this interkingdom signaling pathway does not directly affect bacterial
growth (78).

In general, there are two main approaches in the development of TCS
inhibitors: the inhibitors that inhibit histidine kinase functions or the inhibitors
that disrupt the response regulator functions. Examples of histidine kinase
inhibitors include nucleotides binding domain inhibitors that are design to
competing for the ATP binding site, and small peptide inhibitors or aromatic
compounds that would compete for the ATP binding site in the HK domain or the
ligand binding site in the sensory domain (79). For instance, a lead compound,
LED?209, has been identified to inhibit the binding of signals (i.e. stress
hormones) to QseC, which prevent its autophosphorylation and consequently
inhibiting QseC—mediated virulence gene expression without being toxic to the

host or inhibiting the bacterial growth (78).
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Chapter 2 Signal transduction mechanism in the AsLOV2 domain
(Published as: A conserved glutamine plays a central role in LOV domain signal
transmission and duration;

Abigail I. Nash*, Wen—Huang Ko*, Shannon M. Harper, Kevin H. Gardner
Biochemistry, 2008, 47: 13842—-13849.

> ALN. and W -H K. contributed equally to this manuscript)

Abstract

Light is a key stimulus for plant biological functions, several of which are
controlled by light—activated kinases known as phototropins, a group of kinases
that contain two light—sensing domains (LOV, Light-Oxygen—Voltage domains)
and a C—terminal serine/threonine kinase domain. The second sensory domain,
LOV2, plays a key role in regulating kinase enzymatic activity via the
photochemical formation of a covalent adduct between a LOV?2 cysteine residue
and an internally—bound flavin mononucleotide (FMN) chromophore.
Subsequent conformational changes in LOV?2 lead to the unfolding of a peripheral
Ja helix, and ultimately, phototropin kinase activation. To date, the mechanism
coupling bond formation and helix dissociation has remained unclear. Previous
studies found that a conserved glutamine residue (Q513 in the Avena sativa
phototropin 1 LOV2 (AsLOV?2) domain) switches its hydrogen—bonding pattern

with FMN upon light stimulation. Located in the immediate vicinity of the FMN
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binding site, this Gln residue is provided by the If strand that interacts with the Ja
helix, suggesting a route for signal propagation from the core of the LOV domain
to its peripheral Ja helix. To test whether Q513 plays a key role in tuning the
photochemical and transduction properties of AsSLOV2, we designed two point
mutations, Q513L and Q513N, and monitored the effects on the chromophore and
protein using a combination of UV-visible absorbance and circular dichroism
spectroscopy, limited proteolysis, and solution NMR. The results show that these
mutations significantly dampen the changes between the dark and lit state
AsLOV?2 structures, leaving the protein in a pseudo—dark state (Q513L) or a
pseudo-lit state (Q513N) conformation. Further, both mutations changed the
photochemical properties of this receptor, particularly the lifetime of the
photoexcited signaling states. Together, these data establish that this residue
plays a central role in both spectral tuning and signal propagation from the core of

the LOV domain through the If} strand to the peripheral Ja helix.

2.1 Introduction

Protein signaling cascades are central to organism growth, adaptation, and
communication; therefore, the regulation of these cascades is key to survival.
PAS (Per—ARNT-Sim) domain—containing proteins are well characterized as
vital members of many such regulatory paths, including adaptation to hypoxia

(80), circadian rhythm—dependent gene transcription (87), and phototropism and
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chloroplast organization in plants (82). A specific subset of PAS proteins, the
LOV (light-oxygen—voltage) domains (7), is capable of sensing blue light as an
environmental signal and converting it into a biochemical signal in a wide variety
of proteins.

LOV domains contain a series of highly conserved residues surrounding
an internally bound flavin mononucleotide (FMN) or flavin adenine dinucleotide
(FAD) chromophore (Fig. 2.1a, b) that converts blue light into protein structural
changes. Spectroscopic studies on LOV-FMN and LOV-FAD complexes
showed that blue light induces the formation of a covalent adduct between the
isoalloxazine C4a position and a conserved cysteine residue within the LOV
domain (Fig. 2.1c) (2, 83). The stability of this photoadduct is variable among
LOV domains and ranges from a few seconds to many hours before it
spontaneously relaxes back to the noncovalent dark state (84, 85).

The sensory role played by LOV domains is characterized in a variety of
proteins, including transcription factors, ubiquitin ligases and kinases. Previous
studies on phototropins, a group of plant photoreceptors that contain two LOV
domains and a C—terminal serine/threonine kinase, demonstrated that they form
the expected covalent cysteinyl adducts and exhibit a corresponding robust
increase in autophosphorylation activity upon illumination (/7). While the role of
the N—terminal LOV (LOV1) domain remains poorly understood, light-induced

changes in the C—terminal LOV (LOV2) domain structure are both necessary and
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sufficient for kinase activation (20). Despite our knowledge of LOV2 in the
context of the full-length protein, the molecular mechanism by which the blue
light signal is communicated to the kinase domain remains unclear. Harper et al.
(25) proposed a mechanism for signal transduction in the Avena sativa
phototropin 1 LOV2 domain (AsLOV?2) that involves light-induced unfolding of a
helix, termed Ja., that is C—terminal to the conserved LOV core domain. In the
dark state, the Ja helix interacts with the f—sheet of the LOV domain, particularly
the Gf3, HP and If} strands. Disruption of the Ja helix interaction with the If3
strand by site—directed mutagenesis was sufficient to induce a pseudo-lit state
structure of the LOV domain and constitutively activate kinase function in the
absence of illumination (Fig. 2.1a, b) (86). Recent crystallographic data on
AsLOV?2 containing the Ja helix also support a role for Ja helix in signal
transduction (87). While these studies clearly implicate the C—terminal Ja helix
in communicating photodetection events to a downstream effector domain, it
remains unclear how covalent adduct formation in the core leads to a—helical
unfolding on the surface of the domain.

Insight into this question was provided by X—ray crystallography and
molecular dynamics simulations that show a reorganization of the protein/FMN
hydrogen—bonding network upon covalent adduct formation (88, 89). In the dark
state, crystallography shows that the side chain amide of a conserved glutamine

residue (Q1029) in the A. capillus—veneris phytochrome3 LOV?2 domain donates
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a hydrogen bond to the O4 atom of FMN (Fig. 2.1¢) (6). Upon illumination the
glutamine side chain rotates, breaking this bond to O4 and instead allowing Q513
to accept a hydrogen bond from the newly—protonated N5 atom of FMN (88, 89).
Additionally, FTIR studies demonstrated that mutation of Q1029 to leucine alters
the electronic state of FMN and reduces the magnitude of light—induced protein
structural changes (90). As a result, Nozaki et al. proposed that these changes are
due to the absence of the glutamine carbonyl hydrogen bond to FMN in the lit
state. Subsequent studies of the Q1029L mutation in full-length phototropin
demonstrated attenuated autophosphorylation activity in the light versus wildtype
protein (97). In addition, studies of the corresponding glutamine residue in the
fungal receptor, VIVID, also show a leucine mutant diminishes light-induced
activity in vivo (26).

To better understand the role of this conserved glutamine residue in LOV
domain signaling, we used a variety of biochemical and biophysical techniques to
characterize how two mutations of this essential residue affect photochemistry
and structural perturbations upon blue light illumination. Specifically, we made
the corresponding glutamine to leucine (Q513L) mutation as well as a glutamine
to asparagine (Q513N) mutation in the AsSLOV?2 domain. These mutations
allowed us to probe how subtle perturbations of this side chain affect
photochemistry and signal transmission. We observed significant changes in the

electronic and structural properties of these mutants in comparison to wildtype
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AsLOV?2 using a combination of UV—visible spectroscopy, limited proteolysis,
circular dichroism, and NMR spectroscopy. While both mutant domains
maintained photocycling capabilities and demonstrated light—induced structural
changes, they appeared to lock the domain into a pseudo—dark state (Q513L) or
pseudo-lit state (Q513N) compared to wildtype AsSLOV2. These data underscore
the importance of hydrogen bond networks between FMN and the protein b—sheet
in tuning properties of the chromophore and communicating light-induced

structural changes throughout the domain.

2.2 Materials and methods
2.2.1 Cloning, Expression, and Purification of AsLOV?2

Plasmid DNA encoding the AsLOV2 domain plus the Jo helix (residues
404-560 (25)) was used to generate Q513N and Q513L mutants. Mutagenesis
was carried out according to the Quick Change II site—directed mutagenesis kit
(Stratagene) following manufacturer’s instructions and verified by DNA
sequencing. Proteins were expressed in E. coli BL21(DE3) cells grown in M9
minimal medium supplemented with "NH,CI (1 g/L) at 37°C to an A, of 0.6-0.8
and then induced with IPTG (0.12 g/L). After 16 hr induction at 20°C, cells were
centrifuged and pellets resuspended in 50 mM Tris, 100 mM NacCl, pH 8 buffer.
Cells were lysed using sonication and clarified with centrifugation at 10,000 g for

40 min. The soluble fraction was loaded onto a Ni**~NTA column, allowing for
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rapid affinity purification of His,—Gf1 tagged (25) LOV fusions by eluting with
250 mM imidazole. After exchanging the LOV—containing fractions into 50 mM
Tris, 100 mM NaCl pH 8.0 buffer, the His—Gp1 tag was cleaved by adding 1 mg
His,~TEV protease per 30 mg of fusion protein. Proteolysis reactions were
allowed to proceed overnight at 4°C and stopped using a Ni**~NTA column to
remove the Hisc—Gf1 and His,—TEV protease. Post—cleavage, the resulting
proteins contain only GEF (N—terminal) and G (C—terminal) residues as cloning

artifacts.

2.2.2 Protein:Flavin Stoichiometry Calculation

UV-visible absorbance spectra (from 250 to 550 nm) were recorded for
all three freshly purified proteins following buffer exchange into 50 mM sodium
phosphate and 100 mM NaCl (pH 6.0). During buffer exchange, the flow-through
fraction was monitored by UV—visible spectroscopy for the presence of free
FMN. Using the A,q/A,, ratio for the wild type (2.60) as a reference for 1:1
protein:FMN stoichiometry (30), this same ratio was calculated for each of the
mutant domains (2.62 for Q513N and 2.76 for Q513L), revealing an
approximately 1:1 protein:FMN stoichiometry for both Q513N and Q513L,

suggesting the mutations do not significantly affect flavin incorporation.

2.2.3 UV-visible Absorbance Spectroscopy and Photocycle Kinetics
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All proteins were concentrated to < 70 uM in buffer containing 50 mM
sodium phosphate, 100 mM NaCl (pH 6.0). UV—visible absorbance spectra were
measured on a Varian Cary Series 50 spectrophotometer from 250-500 nm. Dark
state spectra were obtained on samples exposed only to red light for the past
24 hr, while lit state spectra were obtained immediately after exposing sample to
illumination from a photographic flash. Kinetic experiments monitored the return
of the A, signal following illumination. Data points were fitted using a first

order rate equation to obtained the time constant ().

2.2.4 Limited Proteolysis

Proteins were buffer exchanged to 50 mM sodium phosphate, 100 mM
NaCl, pH 7.5 buffer. A 1:90 ratio (w/w) of chymotrypsin to protein was used in a
single volume with subsequent samples collected from this larger quantity.
Samples collected for each time point were stopped by the addition of SDS
loading buffer containing 25% glycerol and visualized on 20% SDS—-PAGE gel.
Dark state experiments were done under dim red light while lit state experiments
were performed under constant irradiation with 488 nm laser light at 50 mW

power.
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2.2.5 Circular Dichroism Spectroscopy

Proteins were buffer exchanged into buffer containing 50 mM sodium
phosphate and 100 mM NaCl at pH 6.0. A total of 500 ul of 15 uM sample was
used for each CD experiment. Dark state spectra were collected under dim red
light, while lit state spectra were recorded following exposure to photographic
flash. CD data were collected using a wavelength range from 195 to 260 nm at
21°C with 1.5 nm bandwidth and 3 s averaging time. Data for the Q513N mutant
was collected with a 1 s averaging time due to the faster rate of dark state

recovery. Final data were generated from an average of 3 repeats.

2.2.6 Nuclear Magnetic Resonance spectroscopy

Proteins were concentrated to 1 mM in pH 6.0 buffer containing 50 mM
sodium phosphate and 100 mM NacCl, with 10% (v/v) D,0O added to all samples
prior to all NMR experiments. NMR experiments were performed on Varian
Inova 500 and 600 MHz spectrometers at 25°C, using nmrPipe (92) for data
processing and NMRview (93) for analysis. Lit state HSQC spectra were
acquired with a 488 nm Coherent Sapphire laser. The output from this laser was
focused into a 10 m long, 0.6 mm diameter quartz fiber optic. The other end of
the fiber was placed into the bottom of a coaxial insert tube designed to hold
external chemical shift standards inside a 5 mm NMR sample tube. This allowed

the illuminated tip to be immersed in protein solution without contamination.
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Power level measurements were conducted prior to every experiment to establish
the efficiency of coupling the laser output to the fiber optic, and all power levels
reported here are those measured at the end of the fiber. Each "N/'H HSQC
spectrum was recorded by preceding each transient in the experiment with a

50 mW 200 ms laser pulse during the 1.06 sec delay between transients (25).

2.2.7 Sequence Alignment
A multiple sequence alignment of LOV domains was generated using
CLUSTAL W (94) and sequences were displayed using ESPript.cgi Version 3.06

(93).

2.2.8 Obtaining Absorption coefficients for wildtype AsLOV2, Q513N, and
0513L

To obtain absorption coefficients we employed trichloroacetic acid (TCA)
precipitation of our proteins to isolate FMN (30). Following addition of 10%
TCA, each protein sample was incubated in the dark at room temperature 5 min.,
then centrifuged at 20,000 x g, 4 °C for 10 min. to clarify supernatant. An FMN
standard curve was prepared using the A, measurements of FMN at
concentrations of 1 uM, 10 pM, 50 uM, 100 uM, and 250 pM in 50 mM sodium
phosphate, 100 mM NaCl, pH 6.0 with 10% TCA. The UV-visible spectrum of

each sample’s supernatant was recorded and the concentrations of FMN
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determined using the standard curve. Assuming a 1:1 protein/FMN stoichiometry,

we assume the concentration of FMN is equal to total concentration of protein and

calculate an absorption coefficient for each protein using the following formula:
€usrca= Ausrcal [Crea™1 nm]

Where ¢ is the absorption coefficient, A is the absorption, and C is the

concentration of total protein. To convert the €,41c, to the an €, under non—

acidic buffer conditions, we measured the ratio between the A,,, measured under

non—acidic versus acidic conditions (A /A u67c) and multiplied the €,461ca

446 nonacidic’

by this ratio. The resulting absorption coefficient (g,,,) for wildtype AsSLOV2,

Q513N, and Q513L are reported in Table 1.

2.3 Results
2.3.1 Effects of Q513 mutations on FMN spectral properties

The electronic state of FMN within the LOV protein core is easily
observed by UV-visible absorbance spectroscopy. As with wildtype, both the
Q513L and Q513N mutants demonstrate typical LOV domain spectra with three
characteristic absorbance peaks between 400 and 500 nm in the dark state and
three isosbestic points (Fig. 2.2). Both mutants also display similar loss of this
fine structure upon illumination with blue light, indicating the formation of
covalent adduct. However, the Q513L absorbance profile is blue—shifted 9 nm in

the dark state, as shown before (90, 917), indicating a change in the electronic
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environment surrounding the FMN. This contrasts with the Q513N absorbance
spectra that do not significantly deviate from wildtype spectra, indicating
comparatively little change in the electronic environment surrounding FMN in the
dark state. Similarly, we observed that Q513L caused greater changes in the
locations of the three isosbestic points compared to Q513N (Table 1).
Comparison of extinction coefficients calculated for the two mutants further
supports a perturbation of the electronic state in the Q513L mutant and relatively
little change in the Q513N mutant. Wildtype and Q513N proteins have similar
extinction coefficients of ~8000 M ¢m™ and ~6900 M™' cm™ at their 406 nm
isosbestic point, respectively (Table 1), while the extinction coefficient of Q513L
at its longest wavelength isosbestic point, 403 nm, is significantly lower

at ~3000 M cm™. Overall, these spectroscopic data indicate that the electronic
environment of the FMN exhibits a more dramatic change in the Q513L mutant
than the Q513N mutant, most likely due to loss of hydrogen bond contacts
between FMN and the altered side chain.

Given the alterations in the environment surrounding the FMN cofactor,
we sought to determine if these mutations would affect the photocycle of the LOV
domain. We found the dark recovery time constant of the Q513L mutant followed
by illumination is 1080 s, approximately 15—fold longer than wildtype (68 s,
Table 1). In contrast, the Q513N mutation has a shorter recovery time constant

(37 s, Table 1). These kinetic data indicate that the Q513L point mutation has a
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more significant effect on the relative energetics of AsLOV?2 lit state and
transition state it visits during the recovery process, complementing the steady

state absorbance data which show a similarly larger effect of this mutation.

2.3.2 Structural effects of Q513 mutations as determined by circular dichroism
Prior solution NMR studies of wildtype AsSLOV?2 show that the C—-
terminal Ja helix dissociates from the core LOV domain and unfolds upon
illumination, while the LOV domain itself remains intact and folded (25, 96).
Circular dichroism reflects total secondary structure so the spectra presented
represent the total mixed o/f} fold of the LOV domains. The double minima at
208 nm and 222 nm and maximum at 195 nm are features of helical secondary
structure (Fig. 2.3), which demonstrate a clear decrease in molar residue ellipticity
in wildtype AsLOV?2 following illumination with white light (97). The Q513L
mutant shows a less pronounced decrease in ellipticity in this helical region upon
illumination, reflecting less change in secondary structure between the dark state
and light-induced conformations. Both states have intermediate ellipticity values
compared to the two wildtype states, suggesting that Q513L retains a relatively
high degree of structure. Similarly to Q513L, Q513N displays little difference
between the dark and lit states (Fig. 2.3), but with much lower molar residue

ellipticity than either state of the wildtype AsLOV2. These data suggest that it
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contains less secondary structure overall, consistent with solution NMR results
(vide infra).

Despite the reduced amplitude of light-induced changes in the CD signals
of Q513L and Q513N, we were still able to monitor the kinetics of dark state
recovery via changes in the secondary structure during this process. As observed
with UV-visible absorbance spectroscopy, both mutants undergo a normal
photocycle with complete recovery to the dark state following illumination. Also
consistent with the UV—visible absorbance results, Q513L shows significantly
slower recovery kinetics while Q513N is slightly accelerated (Table 1). We
observed similar recovery kinetics regardless of whether we monitored the change
via protein (CD) or chromophore (UV-visible absorbance), suggesting that these

processes have a common rate—limiting step (84, 97).

2.3.3 Structural effects of Q513 mutations by limited proteolysis

To further document how the Q513 mutations affected the overall stability
of the LOV domain, we used limited proteolysis. Wildtype AsLOV2 becomes
more susceptible to proteolytic cleavage by chymotrypsin upon illumination,
specifically at Met530 located in the middle of the Ja helix (25). This is reflected
in the light-induced acceleration in the appearance of a lower molecular weight
species in SDS-PAGE (Fig. 2.4). Notably, neither mutant domain demonstrates

as dramatic an increase in proteolysis after covalent adduct formation. The
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Q513L mutant is less susceptible to proteolysis from chymotrypsin in the lit state
than wildtype AsLOV?2, while the dark state demonstrates resistance similar to
wildtype. In contrast, the Q513N mutant displays the opposite effect, with a
protease—susceptible dark state and a lit state that is as easily proteolyzed as
wildtype. The primary species formed upon cleavage of both mutants is
consistent with that formed by similar treatment of wildtype AsSLOV2, suggesting
that Met530 is the likely cleavage site. In addition, chymotrypsin treatment of
Q513N produces a lower molecular weight species that is formed very quickly
upon addition of protease to the lit state. This additional band suggests that
Q513N may adopt another domain conformation or have increased dynamics that

allow protease accessibility to an otherwise inaccessible residue.

2.3.4 Structural effects of Q513 mutations characterized using NMR
spectroscopy

The low-resolution structural information provided by CD spectroscopy
and limited proteolysis clearly show that both Q513L and Q513N mutants have
fewer conformational changes upon illumination compared to wildtype AsSLOV2.
To examine this in further detail, we used two—dimensional "N-"H HSQC spectra
to monitor the environments of the pairs of J—coupled "N-'H nuclei within the
domain in both the dark and lit state. The "N—"H HSQC spectrum of wildtype

AsLOV?2 in the dark state shows well-dispersed peaks consistent with our
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previous NMR results (Fig. 2.6a) (25). Upon illumination, we observe a general
loss of amide proton chemical shift dispersion and the appearance of several new
intense peaks in the center of the spectrum, indicative of increased dynamics in
the LOV domain and dissociation of the Ja helix.

Specific analysis of two tryptophan side chain indole (H,1-N,1)
crosspeaks highlights the light-induced structural changes surrounding residues
W491 and W556, located near the LOV-Ja helix hinge region and C—terminal to
the Ja helix respectively (25). In the dark state of wildtype AsLOV?2, these indole
crosspeaks are clearly separated (Fig. 2.5a). Upon illumination, they collapse
towards a central position that is near the average location for protein tryptophans
in general (Fig. 2.5b) (98), also consistent with the Ja helix unfolding and the
tryptophans adopting less distinctive chemical environments after the covalent
adduct is formed. Comparison with this same region in the Q513L spectrum
again shows two clearly resolved crosspeaks that overlay with the wildtype dark
state (Fig. 2.5a). After light induction, there is minimal chemical shift
perturbation of the Q513L crosspeaks (Fig. 2.5b), indicating that a significant
majority of the Q513L population still remains in a pseudo—dark conformation
after light induction. Conversely, the Q513N mutant displays very different NMR
spectra in the tryptophan indole region from Q513L or wildtype. Prior to light
irradiation, the tryptophan signals are more centralized as seen in the wildtype lit

state (Fig. 2.5a). Additionally, the crosspeaks do not collapse toward each other
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to the same extent as wildtype upon illumination (Fig. 2.5b), suggesting that the
Q513N mutant adopts a pseudo-lit structure that resembles the wildtype lit state
and hence undergoes relatively few light—-induced structural changes. While we
discuss Q513L and Q513N as pseudo—dark and —lit structures here, we suggest
that both are significantly more dynamic than wildtype given the increased
linebroadening present in both spectra (Fig. 2.5). Further, signs of peak doubling
can be observed in several of these spectra, suggestive of slow (t ~ ms or longer)
interconversion between states. Overall, these data support and extend both the
proteolysis and CD data, showing that both Q513L and Q513N undergo more
limited structural changes with illumination and appear to be poised more towards
either the dark— or lit—state structure of the wildtype.

An analysis of the full "N/'H HSQC spectra of wildtype, Q513L and
Q513N (Fig. 2.6) supports the assignment of Q513L as a pseudo—dark state
structure and Q513N as pseudo-lit state. The dark state spectrum of Q513L is
quite similar to wildtype, consistent with limited proteolysis and CD results. In
contrast, the Q513N dark state shows significant chemical shift changes and/or
linebroadening, and is reminiscent of the spectra of the wildtype lit state. These
data clearly indicate that the Q513N point mutation causes a greater structural
perturbation of the wildtype structure than Q513L. As with the wildtype protein,
illumination causes significant spectral changes for both the Q513L and Q513N

mutants. Unfortunately, these perturbations cannot be unambiguously interpreted
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to provide independent confirmation of the reduced conformational changes in the
two Q513 mutants as reported above by proteolysis and CD. This is due to the
fact that chemical shift changes originate from two interrelated sources: bona fide
protein conformational changes and the significant alteration in the electronic
structure of the FMN isoalloxazine ring upon adduct formation. Given that the
adduct forms successfully in all three AsLOV?2 variants tested here, we expect
significant chemical shift changes in these proteins regardless of their ability to
couple this photochemical event with protein conformational changes. Despite
this caveat, these NMR spectra support the assignment of Q513L and Q513N

domains adopting pseudo—dark and pseudo-lit state structures in the dark.

2.4 Discussion

While the connection between light-induced covalent adduct formation
and protein conformational changes in LOV domains is well established (25, 26,
84, 86, 87, 90, 99), the mechanism through which this occurs remains unclear. A
highly conserved glutamine residue (Q513 in AsLOV?2) in the core of the LOV
domain was previously suggested to be crucial for this signaling process(26, 90).
While FTIR studies show that illumination breaks a hydrogen bond between this
residue and the FMN O4 position upon adduct formation (90), formation of a
proposed new hydrogen bond between Q513 and the FMN NS5 position has been

more difficult to demonstrate. Some crystal structures show that the side chain of
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this glutamine rotates with illumination, consistent with formation of this new
hydrogen bond(26, 88, 89, 99), while other structures argue against it (87). In
light of this ambiguity, we targeted our point mutations to test the importance of
the Q513/FMN interaction for intradomain signal communication. Ground state
structures, light-induced structural changes and dark state recovery rates are all
altered by mutations at this position, demonstrating an important role for Q513 in

AsLOV?2 signaling.

2.4.1 Structural effects of Q513L and Q513N point mutations

Residue Q513 is located on the If} strand, on the opposite side as the Ja—
helix binding surface, thus suggesting a direct path from the internally bound
FMN to the Ja—helix on the surface (Fig. 2.1a). As such, it seemed reasonable
that changing hydrogen—bonding patterns between Q513 and FMN would alter
the structure of the anchoring If strand in such a way as to interfere with this
pathway. The Q513L mutation was designed to disrupt all hydrogen bonding
with FMN while only slightly increasing the volume of a glutamine residue. The
UV-visible absorbance profile of Q513L is blue—shifted in the dark state,
consistent with the loss of this hydrogen bond to the O4 carbonyl oxygen of
FMN. Without this hydrogen bonding capability, we anticipated that the Q513
side chain would not rotate in an organized fashion upon covalent adduct

formation. With loss of this rotation, the If} strand structure and dynamics would
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likely remain unchanged with illumination. Our data bear out these predictions,
as the Q513L mutant demonstrated similar structural properties to the wildtype
dark state and also had reduced light-induced conformational changes. Previous
findings of the analogous Q1029L mutation in phy3 LOV2 (90, 100) support this
view.

In comparison, the Q513N mutant also had reduced amplitude of light—
induced structural changes but appeared to adopt a pseudo-lit state structure in the
dark. The Q513N mutation was designed to maintain hydrogen—bonding
contacts, and the similarity of the Q513N and wildtype UV-visible absorbance
spectra is consistent with hydrogen bonds being maintained between this residue
and the FMN O4 and N5 atoms (if we assume this interaction occurs in the lit
state). To maintain these bonds, the If strand may be distorted to allow for FMN
interaction with the shorter asparagine side chain. This type of stress may
somehow be similar to the type of movement or changes that normally induce Ja
release, giving rise to a pseudo-lit state type structure. Given that Q513N is
already in this pseudo-lit state in the dark, we suggest that illumination and
cysteinyl/C4a adduct formation cannot induce further conformational changes,

consistent with our results.

2.4.2 Dark state recovery kinetic effects of Q513L and Q513N point mutations



54

While the Q513L and Q513N mutants were created to study their roles in
the structural changes accompanying signal transduction, we found that both also
affected dark state recovery rates. Other work has identified several solution
parameters that perturb these rates, including the presence of basic compounds
(e.g. imidazole) (101), alkaline pH (102, 103) and ionic strength (102, 103);
however, the most relevant factors for our results are related to the conformations
of the lit state and the transition state between the dark and lit structures.
Chemical transition state theory establishes that the energetics of these two states
influence the kinetics of the return rate. In AsLOV?2, the difference between these
two states is approximately AG*~14.5 kcal mol ™ based on the temperature
dependence of dark state recovery (84). In parallel, the spontaneous relaxation of
the lit state establishes that it is energetically less favorable than the dark state,
leading to the suggestion that the lit state is somehow conformationally strained
(104), which is experimentally supported by a light—-dependent increase in *H
exchange rates (84). As such, changes that lower AG* by either destabilizing the
lit state or stabilizing the transition state are predicted to accelerate dark state
recovery, and vice—versa. This is supported by the accelerated recovery rates of
an AsLOV?2 1427V point mutant, which removes a methyl group that is predicted
to stabilize the lit state Cys—C4a adduct (105).

Our data on the recovery rates of Q513L and Q513N are consistent with

this model. Q513L exhibits a fifteen—fold slowing of the dark state return rate, as



55

well as data indicating that this protein undergoes much smaller light-induced
structural changes than the wildtype domain. These data are consistent with
stabilization of the lit state and a corresponding increase in AG*, possibly by
relieving tension that would otherwise be maintained by the Q513:FMN hydrogen
bonds in the lit state. In agreement with this, an analogous Q1029L point
mutation in A. capillus—veneris phy3 LOV?2 slowed dark state recovery
significantly (7—fold, (100)), as does a FI010L mutation at an adjacent position on
the neighboring Hf} strand (10—fold, (/06)). In contrast, we find that the Q513N
point mutant accelerates dark state recovery two—fold. We suggest that this
protein retains dark state hydrogen bonding between the Q513 amide and the O4
carbonyl oxygen based on visible absorbance spectroscopy, and may retain
similar interactions with the flavin cofactor in the light. The maintenance of these
interactions despite the loss of a methylene group would likely lead to a more
destabilized lit state, consistent with the rate acceleration we observe. While a
detailed understanding of this process remains to be established, we suggest that
these and other rate—perturbing mutations are providing useful evidence for the

features of AsSLOV?2 that establish the lifetime of the signaling state.

2.4.3 Models of light-induced movement in Q513
The combination of molecular dynamics simulations and x-ray

crystallography has led to models for light-induced Q513 movement with
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somewhat opposing conclusions. Simulations of AsSLOV2 minus the Ja helix
identified breakage of the dark state hydrogen bond between Q513 and FMN and
further demonstrated light—induced hydrogen bond formation at the FMN N5
position (89). In addition, these simulations also suggested a second
conformation in which Q513 interacted with neighboring residues on the If3
strand, thereby increasing dynamics in this region. Such an alteration at the
LOV-Ja interface may contribute towards Ja release and signal transduction. In
contrast, recent crystal structures of AsSLOV?2 containing the Ja (87) demonstrate
neither any rotation of the Q513 side chain upon illumination nor a bent
conformation. Consistently, crystal structures that fail to demonstrate side chain
rotation also fail to demonstrate the previously described loss of hydrogen
bonding to FMN O4. These inconsistencies among computational models,
solution studies, and crystallographic structural methods suggest the role of Q513

side chain rotation in signal transduction merits further investigation.

244 Role of Q513 in full-length LOV—containing proteins

Studies on a single isolated domain, such as those discussed here, provide
interesting results from which we can postulate the role of Q513 in signal
transduction, but the behavior in full-length proteins requires further
investigation. Limited proteolysis, circular dichroism and NMR data all

demonstrate fewer light/dark conformational changes for the mutant domains.
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Specifically, Q513L appears locked into a dark state—like conformation and
Q513N retains lit state—like characteristics regardless of FMN electronic state. In
vitro biochemical experiments with full-length phototropin containing a mutation
analogous to Q513L support our findings, showing that this mutation attenuates
light—activated autophosphorylation activity (97). These data are consistent with
the Q513L mutant AsLOV2 domain maintaining a dark state—like, inactive
conformation, as we have found. This residue also plays a central role in the
FAD-bound LOV domain photoreceptor, VIVID (26). A comparison of dark and
lit state crystal structures of this protein shows a network of light-induced
rearrangements in hydrogen bond contacts between the protein and FAD. In the
wildtype protein, these lead to a series of side chain reorientations that ultimately
alter the protein surface. Introduction of a leucine mutation at the equivalent
glutamine position in VIVID (Q182 in VIVID) disrupts these changes, as shown
by differential elution times in size exclusion chromatography. While this work
further extends the results of the domain studies to full-length proteins, it also
suggests that this conserved glutamine is important for signal communication in
non—phototropin related LOV domains.

A large—scale sequence alignment of LOV domain sequences suggests that
Q513 is highly, but not absolutely, conserved (Fig. 2.8). In particular, we see that
several proteins contain naturally occurring leucine substitutions at this critical

site. While most of the LOV domains with leucine substitutions have not been
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studied to the extent of determining structural information or dark state recovery
time constants, a small cohort of A. thaliana proteins are of particular interest.
These three proteins, FKF1, LKP2 and ZTL have extremely stable cysteinyl—
flavin adducts: FKF1 demonstrates a dark—state recovery half-life of 62.5 hr
(107), while the other two have been described as effectively irreversible (817).
Intriguingly, LKP2 contains a leucine at the position equivalent to Q513 in
AsLOV2, suggesting it may play a role in extending the dark state recovery of this
protein. While this is an enticing hypothesis, neither FKF1 nor ZTL have a
leucine at this position, indicating there must be other factors influencing dark
state recovery rates. Mutational studies have determined several other positions
that contribute to dark state recovery kinetics(83, 105, 106, 108, 109). Of these, a
phenylalanine to leucine mutation at the position equivalent to AsSLOV2 F494 led
to a 10—fold increase in half-life of the excited state (/06). FKF1,ZTL and LKP2
all contain this naturally occurring leucine substitution, which occurs on the Hf3
strand immediately adjacent to Q513, positing an important role for this residue in
tuning photocycle kinetics. These data, combined with the studies on Q513
presented here, indicate that several residues of the chromophore-binding pocket
of LOV domains collectively play roles in critical aspects of signaling, including
signal transmission and regulation of signaling state lifetimes. A combination of

further biochemical and biophysical measurements are needed to characterize the
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detailed basis of this control, perhaps allowing artificial control of these features

(96).
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Table 1. Comparisons of the Kinetic time constants (t) and the extinction
coefficients (¢) at the isosbestic points for wildtype and Q513 mutants in the
dark state. The kinetics experiments are recorded at room temperature (22°C)
for 200 s and the data points were fitted using a first order rate equation to obtain
the time constant (t). The dark recovery time constant at A,,, is measured by
UV-visible spectroscopy while the dark recovery time constant at 0,,, is
measured via CD spectroscopy. Extinction coefficients were measured at the
longest wavelength isosbestic point for each protein as noted in the table.

Isosbestic points

ConStrUCt .cdark recovery[A446] (S) Tdark recovery[6222] (S) 8iso (MEI CmEI) (nm)
WT 68.3 724 7982 327,388, and 406
Q513N 373 40.6 6921 330, 388, and 406
Q513L 1080 >1000 3038 330, 380, and 403
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Figure 2.1 Proposed signal transduction pathway in the AsLOV2 domain (90). Front
(a) and side view (b) of AsSLOV2 domain structure including Jo helix is shown in grey.
FMN, Q513 and C450 residues are shown as stick figures with carbon (green), oxygen
(red), nitrogen (blue), sulfur (yellow), and phosphorous (orange). (a) The hydrogen bond
between Q513 side chain amide proton and FMN C4 carbonyl in the dark state are shown
with a yellow dashed line. The side view (b) shows the relative orientations between
C450, FMN, Q513, and the Jo helix. Bond formation between C450 and FMN leads to
signal propagation through Q513 and ultimately to the dissociation of Jo helix from the
IB strand. (c) Proposed side chain rotation and hydrogen bond switch by Q513 residue.
Light-induced rotation of the Q513 side chain leads to breakage of a hydrogen bond
between the Q513 amide and the C4 carbonyl of FMN and possibly formation of a new
hydrogen bond between the Q513 carboxyl group and N5 of FMN.

a.
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Figure 2.2 UV-visible absorbance profiles of AsLOV2 wildtype protein and Q513
mutants. Black solid traces represent the dark state spectra and red dashed traces
represent the lit state spectra. The mutants all display the same characteristic dark state
absorbance profile for typical LOV domains, with three distinctive maxima between 400
nm to 500 nm. These maxima diminish in the lit state in all three cases. The vertical
dashed line is aligned with the largest wavelength isosbestic points of the LOV domains
(406 nm for AsLOV?2 and Q513N; 403 nm for Q513L).
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Figure 2.3 Structural effects of Q513 mutations in the dark and lit states monitored
by circular dichroism. The room-temperature far UV region (190 nm to 250 nm) CD
spectra of the wildtype dark (black) and lit (grey) states, Q513L dark (orange) and lit
(yellow) states, and the Q513N dark (dark blue) and lit (light blue) states are overlaid
here for comparison. The differences between the dark and lit states are more
pronounced in the wildtype compared to the Q513 mutants.
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Figure 2.4 Structural effects of Q513 mutations in the dark and lit states monitored
by limited proteolysis. Limited proteolysis by chymotrypsin digestion was performed at
room temperature for the wildtype protein and Q513 mutants in both the dark (left panel)
and lit states (right panel). Time points ranging from O to 60 min are shown above the
gels. The molecular weight marker indicating 14 kDa and 20 kDa are also shown on the
left side of the gels. Black filled circles represent the full-length undigested domain and
open circles represent the largest stable digested product.
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Figure 2.5 “"N/'"H HSQC spectra of the tryptophan H,1-N.1 region. The overlaid
spectra of the dark (a) and lit (b) states of the wildtype AsLOV2 (black), Q513L (blue),
and Q513N (red) are shown. The tryptophan indole assignments are indicated in both the
dark and lit state panels with subscript D or L respectively. In the lit state, there is a
significant shift in this region in wildtype protein (b).
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Figure 2.6 Overlay of dark (black) and lit (red) state 15SN/1H HSQC correlation
spectra for (a) wildtype AsLLOV2 domain, (b) Q513L, and (c) Q513N. Spectra were
recorded at 25°C at 500 MHz. Black spectra represent the dark state and red spectra
represent the lit state. See materials and methods for more details. Mutations lead to
chemical shift changes as well as differential broadening across each spectrum.
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Figure 2.7 UV-visible absorbance spectra of wildtype (AsLOV2), Q513L and Q513N
mutants. UV-visible absorbance spectra shown here were recorded from 250nm to
550nm for each protein at concentrations between 50 pM and 70 uM in buffer containing
50 mM sodium phosphate (pH 6.0) and 100 mM NaCl. Calculated A,g/A,4 ratios are
2.60 for wildtype, 2.63 for Q513N and 2.76 for Q513L (Q513L ratio taken at A,;3 due to
blue shift).
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Figure 2.8 Sequence alignments of known LOV domains. Sequence alignments of 128
known LOV domains are shown with the predicted secondary structure indicated on the
top of the sequences. Residues Q513 and F494 are indicated on the bottom. Red boxes
with white characters indicate strict identity. Red characters or bold black characters
indicate similarity within a group, while yellow boxes indicate similarity across groups
(see next two pages).
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Chapter 3 Roles of the LOV2 domain in regulating the Serine/threonine

kinase activity

3.1 Introduction

It has been shown that LOV?2 domains of plant phototropins are primarily
responsible for activating the serine/threonine kinase activity of these proteins and
subsequently promoting phototropism and other blue light-regulated responses
(20). Previously, Harper et. al. found that light causes an unfolding event in the
Jo helix motif and results in the dissociation of Ja from the 3 sheet surface of the
LOV domain core (25). However, the exact mechanism of how light activated
LOV?2 domain activates the kinase domain is unknown. Based on general
principles of protein regulation, two major models have been proposed (Fig. 3.1)
(86). The first model for the kinase activation would be for the LOV2 domain to
act as a dark state inhibitor, reminiscent of the type I transforming growth factor 3
receptor kinase (TPR~1) (/10). In this case, the Jo. somehow interacts with the
kinase domain and keeps it in the inactive conformation in the dark state. Upon
light illumination, the unfolding of Ja leads to the release of the kinase inhibition,
activating the kinase. The second model suggests that the LOV2 domain acts as a
lit state activator. In this case, only the light activated LOV?2 domain will interact
with the kinase domain and trigger the kinase activity, either through the

interaction with the exposed [3 sheet surface of the LOV core or the unfolded Ja.
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To deduce the mechanistic role of the disrupted LOV2-Ja plays in activating
serine/threonine kinase activity, in cis and in trans LOV?2 kinase constructs will
be needed for testing these proposed models. In this chapter, I summarize the

constructs I have generated.

3.2 Materials and methods
3.2.1 Cloning, expression, and purification

DNA encoding different fragment of LOV2Kinase and kinase constructs
from A. sativa phototropinl and A. thaliana phototropinl and phototropin2 were
subcloned into the expression vectors pHis—parallell, pHis—Gb1—parallell, GST,
and/or MBP vectors (see Fig. 3.2 for details). All constructs were overexpressed
in E. coli BL21 (DE3) cells (Novagen) cells in LB media. Cultures were grown at
37°C, induced at an A, of 0.7-1.0 with 0.12 g/L isopropyl b—D—thiogalactoside
(IPTG), and allowed to grow in the dark at 20°C for an additional 16 h.

For solubility test (see Fig. 3.3 and 3.4), I used the following freeze/thaw
protocol: I prepared the desired buffer with 0.2% Triton X100 (for 5 mL buffer,
add 10 uL. 100% Triton, vortex to dissolve). I resuspend 50 mL culture pellet in
2 mL prepared buffer, add 5 L of lysozyme (25 mg/mL), and let it sit in R.T. for
10 minutes. I then froze the cell using liquid nitrogen and thaw it in room temp
and repeated this step twice. Next, [ add 2 uL of Dnase (1 mg/ml) and let it sit in

R.T. for additional 30 to 50 minutes. The supernatant is separated from the pellet
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by centrifugation at 4°C for 1 h and proteins from the supernatant and pellet
fractions were verified by 20% homogenous PhastGel gels (Amersham
Biosciences).

For purifying MBP-tagged proteins, cells were harvested and resuspended
into 50 mM sodium phosphate (pH 7.0), 500 mM NacCl buffer and 1 mM EDTA,
lysed by extrusion, and clarified by centrifugation. The supernatant was filtered
(0.45 pm) and loaded into an affinity column packed with 7 mL of Amylose resin
(New England BioLabs). Proteins were eluted with a 100% 50 mM sodium
phosphate (pH 7.0), 500 mM NaCl, 1 mM EDTA, and 50 mM Maltose. The
desired protein fractions were buffer exchange into 50 mM sodium phosphate
(pH 7.0), 100 mM NacCl, and 1 mM EDTA buffer, and pass through the MonoQ
column as an additional purification step. The results for MBP-Asphot1 KD(592—-
923) and MBP-Asphot1L.2K(387-923) were shown in Fig. 3.5.

Alternatively, for MBP-His6—tagged proteins, they were first purified
using the Ni** column packed with 10 mL of High Performance Ni Sepharose
resin (GE Healthcare). Protein was eluted with a 20 C.V. gradient set from
15-500 mM imidazole using buffer containing 50 mM sodium phosphate
(pH 7.8), 500 mM NaCl, and 500 mM imidazole, and were further purified by an
affinity column packed with 7 mL of Amylose resin (New England BioLabs) and
MonoQ column. The MBP and His6 tag were then cleaved by addition of TEV

protease and separated by passing through another Ni** column. Size—exclusion
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chromatography (SEC200) was used as the final step of purification to access
protein oligomeric state using 50 mM sodium phosphate (pH 7.5) and 100 mM
NaCl buffer. For LOV2-containing proteins, concentrations were determined
using the absorption coefficient () (€45 = 1,1800 M' cm™) for flavin—containing
proteins. For Kinase domain only protein, €,5, = 56,840 M"' cm™, which is

predicted from the ProtParam tool from ExPASy website were used (/11).

3.3 Summary and perspective on phototropin project

From most of the constructs I tested, I did not get any soluble proteins that
can be detected by the coomassie blue stained SDS—PAGE gel. During the time
when I was trying to generate soluble kinase alone and LOV2Kinase constructs
from various source, a paper from Matsuoka et. al. came and showed the
phototropin kinase activity using a GST—-tagged LOV2, GST-tagged Kinase, and
GST-tagged LOV2Kinase proteins from ArPhot2 (/12). Although I tried to
regenerate the same exact constructs as indicated from the paper (see fig. 3.2 for
details), I was not able to generate sufficient amount of protein to do any
biophysical or biochemical characterization (no visible protein band in the gel can
be detected by eyes, data not shown). Therefore, I was not able to repeat their
result and verify them in other system like AsPhotl or A7Photl. Since then I have
focused my attention to generate various LOV2Kinase and kinase constructs

using only AsPhotl with His,, MBP or MBP-His, affinity tags (see Fig. 3.2).
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Although among all constructs tested, I was able to obtain some soluble MBP— or
MBP-His, tagged LOV2Kinase and kinase, they either degraded (in the kinase
case) or was confirmed to be in the form of soluble aggregate by gel filtration (in
the LOV2Kinase case) and, therefore, could not be used for future biochemical
and biophysical characterization, or structural determination.

Very recently, functional studies from Kaiserli et. al., have also
demonstrated that the role of the LOV2 domain as a dark state repressor of the
phototropinl activity both in vitro and in the plant Arabidopsis thaliana (/13).
The role of the LOV1 domain, however, has been consistently shown not to act as
the dark—state inhibitor, although it has been shown to be involved in the
chloroplast accumulation at high light intensities (1712, 113).

Since no structure of the LOV domain coupled to its downstream effector
domain has been unpublished, the question of how the LOV2 domain interacts
with its kinase domain remains. Since the full-length protein have been shown to
be successfully expressed in Sf9 (Spodoptera frugiperda) insect cells (91), it is
likely that the LOV2Kinae and the kinase domain can be expressed using the

insect cells instead.
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Figure 3.1 Models for AsPhotl1 kinase regulation. First model suggests a dark state
autoinhibition mechanism of the LOV?2 domain. The second model suggests that the
LOV?2 domain acts as a lit state activator. Models adapted from Harper ez. al. (86).

Dark state inhibitor




77

Figure 3.2 Total constructs generated for in trans and in cis LOV2-Kinase domains.

Here AsPhotl is used to represent the general phototropin domain architecture. Three
different sources of phototropins were used: Avena sativa phototropinl (AsPhotl) and

Arabidopsis thaliana phototropinl and 2 (ArPhotl and AfPhot2). The N— and C—terminal
amino acid numbers in each kinase and LOV2kinase constructs are listed in the figure.
These constructs were cloned into different expression tags (labeled with boxes) to see
which condition yields soluble proteins. Proteins that were insoluble (in the pellet) are
indicated in black numbers. The constructs that show some soluble protein in the
supernatant fraction were indicated in blue numbers.

Avena sativa Phot1

1 387 560 592 923
LOV1 LOV2Jo Ser/Thr Kinase
MBP 387-923 His.Gp1 | 387-923 MBP-His. | 387-923
400-923 8 400-923 €1 518-923
404-923 404-923 592-923
518-923 518-923
556-923 556-923 ST 387-923
567-923 567-923 £92.923
581-923 581-923
592-923 592-923
AtPhot1
. 661-996 - 658-996 661-996
His.GB1 GST
HiSe | 440-006 'SCPT | 661-096 449-996
449-996
AtPhot2
. 575-915 , 575-915 575-915
His.GR1 GST
Hiss | 363915 5eSP1 | 363.915 363-915
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Figure 3.3 Sample solubility test from various MBP tagged constructs in AsPhotl.
A: MBP-JaKinase (518-923), B: MBP—Kinase (556-923), C: MBP—Kinase (567-923),
D: MBP—Kinase (581-923), and E: MBP-LOV2kinase (400-923). Various buffer
conditions were tested for each constructs to see which condition yield the most soluble
proteins. Pi indicates 50 mM phosphate buffer was used, and Tris indicates 50 mM Tris
buffer was used. 100, 300, and 500 indicate the concentration of NaCl in mM added in
each buffer. Here only the sup fractions from the lysate were shown in the gel. While
most fractions were insoluble, MBP-Kinase (518-923) and MBP—Kinase (581-923)
seemed to be soluble in some conditions shown in A and D.
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Figure 3.4 Solubility test for MBP tagged AsPhotl kinase domain (Asphotl KD,
residue 592 to 923) and LOV2Kinase domain (Asphot1L2K, residue 387 to 923).
Various buffer conditions were tested for both constructs to see which condition yield the
most soluble proteins. A: pH6.0 buffer containing 50 mM sodium phosphate with 100,
300, and 500 mM NaCl. B: pH7.6 buffer containing 50 mM Tris with 100, 300, or

500 mM NaCl. C: pH8.1 buffer containing 50 mM sodium phosphate with 100, 300, and
500 mM NaCl. D: pH7.0 buffer containing 50 mM sodium phosphate with 100, 300, and
500 mM NaCl. Pellet and sup fractions were shown in the gel. While there were no
dramatic differences between different conditions for L2K, the best condition for KD is
shown in C (in red box).
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Figure 3.5 Initial characterization of LOV2-Kinase domains. Domain architectures
of MBP tagged AsPhotl kinase domain (Asphotl KD) and LOV2Kinase domain
(Asphot1L2K) were shown. The N— and C—terminal amino acid numbers in the kinase
and LOV2kinase constructs are listed and the expected molecular weight were indicated.
Proteins were purified by amylose affinity column followed by MonoQ column. At the
end, the protein is in pH7.5 buffer containing 50 mM Tris, 200 mM NaCl, and 1 mM
EDTA. Protein purity was verified by Phast gel. The UV-visible spectra of Asphotl L2K
protein are collected at 10°C to slow down the dark state recovery. The dark state
spectrum is shown in black (with three maximum between 410-500 nm, indicating the
protein is bound to FMN), and lit state spectrum is shown in red. The recovery of the
protein from the lit state to the dark state is monitored at every 50s as shown in purple,
orange, green, and blue spectra.

~42kDa ~38kDa
MBP-Asphot1 KD (592-923) MBP | S/T Kinase
MBP-Asphot1 L2K (387-923) MBP LT lov2 [ Ja SIT Kinase

~63kDa

0.15} i
Asphot1L2K

97kDa - 10°C
66kDa s ” 0.10f -
Qo
45kDa <
- 0.05} .

recovery post-illumination
(~50s between spectra)

350 400 450 500
Wavelength (nm)

MBP-Asphot1KD
MBP-Asphot1L2K
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Figure 3.5 Summary of AsPhotl constructs tested. The complete list of the proteins
that were cloned is shown in page 77.

MBP

MBP-His

518-923 : Protein starts to degrade during 1st affinity
purification. Completely gone after 2nd step purification
(MonoQ)

387-923 : protein degrades during purification, but was
able to isolated partial truncated fragments. Mass Spec.
result shows 2 fragments at M.W. of 64.2kDa and 63.6kDa
(the original uncleaved is 106.7kDa, tag included)

518-923 : protein degrades during purification, at the end
all got chew up.

592-923 : Protein also degraded. But was still able to get
full length protein. However, gel filtration determine they
are all soluble aggregate.
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Chapter 4 Biochemical and biophysical characterization of EL.346

Abstract

Light governs and regulates a wide variety of biological functions in
plants. Recently, different photoreceptor domains such as BLUF, LOV, PYP,
phytochrome, and sensory rhodopsin have been identified in bacteria. Here I
present a detailed biophysical and biochemical characterization on a photosensory
histidine kinase named EL.346, a 346 residue bacterial photoreceptor from
Erythrobacter litoralis HTCC2594 that contains a LOV (Light—-Oxygen—Voltage)
domain as its sensory domain. Nucleotides such as ATP or AMPPNP have two
important effects in EL346: first, they significantly enhanced EL346 structural
stability as shown by NMR and limited proteolysis studies. Second, the addition
of either ATP or AMPPNP accelerates the decay of the photogenerated protein—
FMN bound within the LOV domains by nearly two—fold. These data
demonstrate that elements external to the LOV core domain affect the photocycle.
Another molecule, TCEP, was found to have an even more profound effect than
imidazole in facilitating dark—state recovery rate in the EL346 LOV domain.
Blue light regulates EL.346 autokinase activity by modulating the affinity for
ATP, and this light signaling effect is directly propagated into two of the twenty—

three Erythrobacter litoralis response regulators. Finally, our data show that



83

EL346 is a monomeric histidine kinase that undergoes self—phosphorylation, and

the LOV domain acts as a weak inhibitor for the autokinase activity.

4.1 Introduction

Two—component signaling systems (TCS) allow bacteria to sense and
adapt to changes in their environment to increase their chances for survival (/74).
Classically, these systems are composed of two components. The first
component, a histidine kinase, detects specific environmental stimuli and
undergoes autophosphorylation at one of its own histidine residues. This
phosphate group is later transferred to an aspartic acid residue on the second
response regulator (RR) component. These proteins are typically composed of a
conserved N—terminal receiver domain and a diverse C—terminal effector domain
that is involved in transcriptional regulations (reviewed in (39, 114)).

Of particular interest is the mechanism by which the sensory domains
convert changes in environmental stimuli into altered activity of the kinases.
Most histidine kinases are dimeric, in which the autophosphorylation occurs in a
trans—phosphorylation manner between the two subunits. A typical histidine
kinase contain two functionally and structurally distinct parts: a variable N—
terminal input sensory domain and a conserved C—terminal histidine kinase (HK)
domain that in turn is composed of two subdomains, the dimerization and

histidine phosphotransfer (DHp) domain and the catalytic and ATP-binding (CA)
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domain. While the sensory domains differ based on the type of signals they can
detect, the output histidine kinase domain contains several conserved motifs that
are located near the ATP binding pocket (74). Additionally, the CA domain
shares a common structural motif with the ATPase family (50).

As an important environmental cue that regulates HK, light is involved in
many biological functions in living organisms particularly in plants, which can
sense and response to changes in light using a variety of photoreceptors (/15)
(116). Photosensitive proteins provide a number of favorable characteristics for
biophysical and biochemical studies of conformational changes and signaling,
making them well—suited for studies of TCS. Here, we focused on a light sensing
histidine kinase (EL346) from the marine bacteria Erythrobacter litoralis
HTCC2594. A previous study has shown that EL346 contains a N—terminal light
sensing LOV (Light-Oxygen—Voltage) domain and a C—terminal histidine kinase
domain, which can undergo autophosphorylation in a light regulated manner (76).
LOV domains belong to a subset of the family of PAS (Per—ARNT-Sim) sensory
domains, a group of small (~120 aa) protein domain senses a wide array of
environmental stimuli such as light, redox potential, oxygen, and small ligands
and transmitting this information downstream through altered protein—protein
interactions (8, 23). The LOV domain utilizes a flavin cofactor (FMN in EL346)
to sense blue light, and can exist as a single domain protein or coupled to a wide

variety of domains to regulate many different type of biological functions (7).
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Upon light stimulation, photochemistry converts a non—covalent LOV:FMN
complex into a covalent one by forming a reversible covalent linkage between a
conserved Cys in the LOV domain and the C4a from the FMN isoalloxazine ring
(2, 6, 83). This process induces conformational changes that propagated from the
flavin—bound LOV core to external elements that are N— or C—terminal to the
LOV core, resulting in the activation of effector domains or downstream signaling
partners (25, 26). Previous studies in the A. sativa Photl LOV2 (AsLOV2)
domain have shown that light induced conformational change in the LOV domain
by unfolding a C—terminal a helix (Jo), which docks onto the 3 sheet surface in
the dark state of AsSLOV?2 (25). Subsequent mutagenesis studies showed that light
signal is propagated from the core of the LOV domain through the 3 sheet to the
Jo helix in the full-length protein and that these are essential to photl regulation
(118). Currently, the mechanism of how light-induced conformational changes
are propagated from the LOV domains to their effectors or downstream targets is
not well defined.

A common problem in studying full-length histidine kinase structures is
that the majority of histidine kinases are membrane—bound or membrane—
associated, making it challenging to obtain soluble and homogenous full-length
proteins that are most amenable to biophysical study. Several soluble heme—
based sensor histidine kinases that contain both the sensory and histidine kinase

have been well characterized, including DosT, DevS, and FixL (119-123).
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However, structural information is only available for the sensory domains of these
proteins (10, 24, 29, 124-128). On the other hand, there are many high resolution
structures of the CA domains without their sensory counterparts (46, 51, 129-
133). Structural modeling and small-angle X-ray scattering (SAXS) are the main
tools used to elucidate multidomain interaction of these histidine kinases and to
provide insights into how the sensory and kinase domains could interact. In
addition, limited structural information is available on how activated kinases
interact with response regulator as an intact two—component complex (134, 135).
Overall, the molecular detail of how sensory domains regulate kinase activity
remains unclear.

Taking advantage of the stability and solubility of the EL.346 histidine
kinase, we have performed a detailed biophysical and biochemical study of the
full-length EL346 in an effort to understand how the LOV domain regulates the
histidine kinase activity via light. Here, we describe experiments that
demonstrate the importance of nucleotides in ordering and stabilizing EL346
structure and show light induces conformational changes in EL.346, making it
more susceptible to proteolytic cleavages in the light state. Our kinetic data
suggest a close interdomain interaction between the LOV and the HK domains,
showing the first evidence that an accessory domain can affect the LOV domain
photocycle. Chromatography and light scattering results confirm EL346 is a

monomer in both the dark and light states, revealing a novel cis—
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autophosphorylation mechanism in histidine kinases. Our functional data show
that light plays an important role in regulating EL346 autophosphorylation by
changing K, for ATP under limiting ATP conditions, an effect that is propagated
through phosphotransfer to two response regulators we identified. Finally, the
HK domain alone autophosphorylates better than the full-length protein and is
capable of transferring the phosphate group to either response regulators. The

proposed roles of the LOV domain are discussed in the end.

4.2 Materials and methods
4.2.1 Cloning

DNA encoding the full-length Erythrobacter litoralis EL346 histidine
kinase (76) and fragments of the EL.346 (residue 1-134 and 121-346; designated
EL134 and HK) were subcloned into the pHis—Gb1—Parallell (25) expression
vector between the Stul and Xhol restriction enzyme sites. There is a N-terminal
TEV protease cleavage site designed to remove the affinity tag, and 6 additional
N—terminal residues (GEFKEL) are left as cloning artifact after the His—Gb1 tag
is cleaved. A H142Q mutation of EL.346 was generated from wildtype DNA
using QuickChange II XL site-Directed Mutagenesis Kit (Stratagene) followed
by the manufacturer’s instructions. Response regulators ELI07655 (GenelD:
3871024, designated RR1) and ELI10215 (GenelD: 3869106, designated RRS)

were amplified by PCR from Erythrobacter litoralis strain HTCC2594 using
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genomic DNA as a template and pairs of primers including 5’ Ncol and 3° Kpnl
restriction endonuclease sites (5’-TTTTTTCCATGGGTATGCCCAAAGTTCTC
GTGCTCGAGAC-3’ and 5’-TTTTTTGGTACCTCAGGCCGGTTCCTTGTCC
CC-3’ for ELI07655 (RR1), and 5’~AAAATTCCATGGGTATGTCTGCTTCAC
AAAAAATCGCTGCC-3" and 5’-AAAAAAGGTACCTCAAACGGCCGTAG
GGCTGTT-3’ for EL110215 (RRS)). These purified PCR products were
subcloned into pHis—parallell expression vector (/36). All constructs were

verified by DNA sequencing.

4.2.2 Protein expression and purification

All constructs were overexpressed in E. coli BL21 (DE3) cells (Novagen)
in either LB or M9 minimal media containing 1 g/L. "NH,CI for U-"N samples
and supplemented with 3 g/L. “Cs—glucose for U-""N/"C labeled samples.
Cultures were grown at 37°C, induced at an A, of 0.7-1.0 with 0.12 g/L
isopropyl b—D—thiogalactoside (IPTG), and allowed to grow for an additional
16 h in the dark at 20°C. Cells were harvested, resuspended into 50 mM sodium
phosphate (pH 8.0) and 100 mM NaCl buffer, lysed by extrusion, and clarified by
centrifugation at 10,000 g for 45 min. The supernatant was filtered (0.45 ¢m) and
loaded into an affinity column packed with 7 mL of High Performance Ni
Sepharose resin (GE Healthcare). Protein was eluted with a 20 C.V. gradient set

from 15-500 mM imidazole using buffer containing 50 mM sodium phosphate
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(pH 8.0), 100 mM NacCl, and 500 mM imidazole. The desired protein fractions
were buffer exchange into 50 mM sodium phosphate (pH 8.0) and 17 mM NaCl
buffer, and the fusion tag was cleaved by increasing 1 mg Hisc—TEV protease per
15 mg of protein for 2 h at room temperature. The tagless protein was separated
from its affinity tag and His,—TEV protease by the Ni** column, and was further
purified by size—exclusion chromatography with 50 mM Tris (pH 8.2) and

100 mM NaCl buffer. The final product was concentrated and stored at —20°C
with 50% (v/v) glycerol. For NMR samples, however, we stored the protein at
4°C without glycerol. Sample purity was accessed by SDS—PAGE analyses using
20% homogenous PhastGel gels (Amersham Biosciences) and concentrations are
determined from the predicted absorption coefficient (g) (g,,,= 1,1800 M"' cm™ for
flavin—containing proteins, €,,= 1,615 M cm™ for RR1, and £,,,= 14,440 M cm’
' for RR5) using the ProtParam tool from ExPASy website (/71). All these steps
were performed under dim red light condition for all flavin—containing proteins,
and purifications of EL346 in particularly were finished in one day to minimize
oxidation/aging of this protein. We observed that EL.346 lost its activity as it
aged; therefore, any kinase assays involving EL346 that was more than 2 days old

were avoided.
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4.2.3 NMR Spectroscopy

Proteins were prepared in buffer containing 50 mM Tris (pH 7.5),
100 mM NacCl, and 10% (v/v) D,O unless mentioned otherwise. Additional
factors such as MgCl,, DTT, ATP or AMPPNP were added later depending on the
experiments. All NMR experiments were performed at 25°C on a Cryoprobe—
equipped Varian Inova 800 MHz spectrometer. Data were processed by nmrPipe
(92) and analyzed with NMRview (93). The photoexcited state of EL346 for the
NMR experiment was achieved by blue light illumination through a quartz fiber
optic (10 m long, 0.6 mm in diameter) (25). Blue light was generated from a
Coherent Sapphire laser running in a single wavelength mode at 488 nm with
power levels set at 50 mW. The output end of the optic was inserted into a
coaxial insert tube to prevent direct contact with the protein sample, and this
coaxial insert tube was then placed inside of a 5 mm NMR tube and merged onto
the top of the protein sample. "N/'H TROSY and constant time *C/'H HSQC
spectra of light state of EL346 were recorded by preceding each transient in the

NMR experiment with a 50 ms laser pulse during the 1.06 s recycle delay.

4.2.4 UV-visible Absorbance Spectroscopy and Photocycle Kinetics
UV-visible absorbance profiles were collected using a Cary50 (Varian)
spectrophotometer. The dark and light states of all flavin—containing proteins

were verified from the 250-550 nm absorption spectra. Dark state samples were
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collected in the dim red light, and light state samples were generated via a
photographic flash illumination. The dark state recovery profile of EL346 was
monitored immediately after illumination by recording scans from 250-550 nm
every 15 min for a total of 2.5 h.

To obtain time constants for the dark state recovery of flavin—protein
adducts, we monitored changes in the absorbance at 446 nm after illumination.
A, was recorded every 30 s with an integration time of 0.1125 s for a period of
time that was at least 5 times greater than T. Time constants were determined by
fitting measurements to monoexponential decays (GraphPad Software, San Diego,
CA). All proteins tested were prepared in the pH 8.0 buffer containing 50 mM
Tris, 100 mM NaCl, and 10% glycerol. Additional compounds such as
nucleotides (ATP or AMPPNP), MnCl,, and tris (2—carboxyethyl) phosphine
(TCEP, Thermo Scientific) were added later to the protein solution prior to the

kinetic measurements.

4.2.5 Limited Proteolysis

Limited proteolysis experiments were conducted on EL346 (11 mg) in
buffer containing 50 mM Tris (pH 8.0) and 100 mM NaCl at room temperature.
For nucleotide—containing samples, 5 mM AMPPNP was used. Trypsin was
added to a final concentration of 11 yg/ml in a total reaction volume of 300 pL.

Dark state experiments were done under dim red light while light state
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experiments were performed under constant irradiation via a mercury arc lamp
supplied with 200 W power and a blue glass filter (ThermoOriel instruments).

10 L aliquots of reaction mixture were removed at various timepoints over the
next 2 h and reactions were stopped by addition of 10 uL 2x SDS gel-loading
buffer (100 mM Tris (pH 6.8), 0.2% Bromophenol Blue, 4% (v/v) SDS, 40 mM
DTT and 20% (w/w) glycerol). SDS samples were heated at 90°C for 5 min prior
to loading (5 uL) to a 15% homogenous Bis—Tris SDS-PAGE gel. Electrospray
ionization mass spectrometry (ESI-MS) analysis were performed on selected
proteolytic fragments treated with 1% TFA solution instead of 2x SDS gel-
loading buffer, and the resulting fragment masses to the full-length protein
sequence were analyzed using ProteinProspector v 5.2.2 proteomics tools

(UCSF).

4.2.6 Kinase Assays

Autophosphorylation reactions were carried out at room temperature in
100 uL of reaction buffer (50 mM Tris (pH 8.2), 100 mM NaCl, 5 mM MnCl,,
and 10% (v/v) glycerol) containing 10 M EL346 and 10 or 50 uCi (y—""P) ATP
(6,000 Ci/mmol; PerkinElmer) mixed with unlabeled ATP (Sigma) to give a final
ATP concentration of 1.8 or 500 yM, respectively. Reactions were initiated by
addition of hot/cold ATP mixture and stopped by adding 3.3 uL of 4x SDS

gel-loading buffer (500 mM Tris (pH 6.8), 200 mM NaCl, 40 mM EDTA, 0.2%
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Bromophenol Blue, 10% (v/v) p—Mercaptoethanol, 4% (w/w) SDS, and 20%
(v/v) glycerol) to 10 L aliquot of the reaction mixture at desired time points.
Phosphotransfer reactions with RR1 and RRS5 (25 uM each) were carried out in
the same manner as the autophosphorylation. Experiments that did not require
time point collection were scaled down to 10 or 20 L sample volumes instead of
100 uL.

Dark state experiments were performed under dim red light, while light
state experiments were performed under constant illumination via a 200 W
mercury arc lamp supplied and a blue glass filter (ThermoOriel instruments).
Samples were kept on ice before loading onto SDS—PAGE gels. Unincorporated
cold/hot ATP was separated using 15% SDS—PAGE gels running under constant
voltage at 220 V for 40 to 50 min until the dye front reached to the end of the gel.
The lower portions of these gels containing the dye front with unincorporated
*P—ATP were removed, dried under vacuum at 80°C for 45 min and exposed to
Fujifilm phosphorimager screens for 0.5 to 3 h at room temperature. Bands
containing **P—phosphorylated proteins were visualized using a Fujifilm
FLA-5100 phosphorimager and the intensity of these bands were quantified using
the ImageQuant software included from the phosphorimager. To visualize protein
bands, the gels were treated with Coomassie Brilliant Blue stain instead without

drying.
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4.3 Results
4.3.1 EL346 is a blue light sensing histidine kinase that belongs to HPK ,,
subfamily

EL346 is a cytosolic histidine kinase that contains a N—terminal light
sensory LOV domain and a C—terminal HK domain that is in turn composed of
DHp and CA subdomains (Fig. 4.1a). The domain architecture shows that EL.346
belongs to class I histidine kinase. Sequence alignment (Fig. 4.2) revealed that
EL346 belongs to the subfamily 11 (HPK,,) based on Grebe and Stock’s
classification (33).

It has been previously shown that EL.346 displays the signature LOV
domain UV-visible absorbance profile and undergoes light-regulated changes in
autophosphorylation activity(76). Single LOV and HK domain constructs were
also made from EL346, allowing us to study the features of the individual
domains. The domain boundaries between the LOV and HK domains in EL346
are unclear due to lack of structural information. We therefore relied on
secondary structure predictions via Jpred (/37) and sequence/structural
comparisons using the LOV domain structure from AsLOV?2 (25) and kinase
domain structure from HK853 (57). Jpred prediction suggested that there was
approximately a ten—residue linker between the core of LOV domain and the
beginning of the HK domain, suggesting that the o helix from the DHp domain

might serve analogously to the AsSLOV2-like Ja helix and could potentially
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interact with the LOV domain in EL.346. After screening different constructs for
expression and solubility, we obtained a soluble LOV-domain only construct
(EL134, residue 1 to 134) and the histidine kinase domain construct (HK, residue

121 to 346) (Fig. 4.1).

4.3.2 Photocycle of EL346: Effects of nucleotide and other small molecules

Like other LOV—containing proteins, the dark state UV—visible absorption
profile of EL346 has been previously demonstrated to possess three absorbance
maxima between 400—500 nm (76). These three maxima diminished upon
illumination, and three isosbestic points (at 336, 393 and 410 nm) were observed
in the dark and light state spectral overlay (Fig. 4.3a). Our kinetic data (Fig. 4.3c
and Table 2) showed that the dark recovery of the full-length EL.346 alone is
quite slow (Tt = 54.6 + 1.2 min) as measured at pH 8.2. Surprisingly, addition of
nucleotide, ATP or AMPPNP (a derivative of ATP that contains a
non-hydrolysable BP—yN bond), supplemented with 5 mM MnCl, as the divalent
cation slightly accelerated recovery (t =41.5 = 1.0 min for ATP and
T =32.2 + 0.4 min for AMPPNP, Table 2). Adding MnCl, to EL346 without
nucleotide did not change t,,, (data not shown), confirming that the accelerating
effect of rates is solely due to the addition of nucleotide.

Giving that nucleotide binding is mediated by the CA domain of the

histidine kinase, we assumed that nucleotide—dependent changes in the LOV
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domain photocycle would result from an interdomain interaction between the
sensory and catalytic domains. To test this hypothesis, we performed the same
kinetic experiments on the LOV-only protein, EL134. We observed a similar
dark state recovery in EL.134 (t =70.8 = 1.1 min, Table 2) in the same buffer
condition without nucleotide, and addition of nucleotide such as AMPPNP did not
have any effect on the photocycle (data not shown).

Of a practical note, our initial characterization revealed that TCEP, a
stable and powerful reducing agent used to eliminate disulfide linkage of proteins,
significantly accelerated the recovery with increasing TCEP concentration
(T =4 min at 45 mM of TCEP, Fig. 4.4a). Kinetic experiments performed using
various concentrations of TCEP with fixed concentration of EL346 showed that
TCEP bound to EL.346 specifically with an estimated K of 26.2 + 4.5 mM
(Fig. 4.4a). This contrasts with imidazole, which is commonly used to accelerate
LOV domain dark state recovery kinetics to facilitate biophysical studies (/01).
Similar experiments done with various imidazole concentrations showed a much
weaker effect on the photocycle time constant, apparently is non—specific in the
range of concentration we measured (Fig. 4.4b). To see whether the kinase
domain is involved in the changes in photocycle by TCEP, we repeated the same
kinetic experiment using EL.134. We found that the dark state recovery in this
LOV domain alone protein was accelerated in a very similar manner as the full-

length protein (T = 6.2 min at 35 mM TCEP, data not shown). Therefore, we
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concluded that TCEP affects the EL346 photocycle by binding specifically to the

EL346 LOV domain.

4.3.3 EL346 is monomeric both in the dark and light states
Trans—phosphorylation is a well-accepted autophosphorylation
mechanisms among histidine kinases since the histidine kinase domains studied to
date undergo dimerization using the DHp domain. Under this assumption, we
expected EL346 to dimerize upon kinase activation via its DHp domain. EL.346
slow photocycle allows for characterization of oligomeric state using gel
filtration. Analytical size exclusion chromatography (SEC) showed that dark
state EL346 is monomeric at 100 M concentration (Fig. 4.5a). A small dimer
peak was observed in the elusion profile but it was eliminated by addition of
reducing agents using DTT or TCEP. Repeating SEC with addition of 5 mM
ATP in the sample and the buffer were analogous to experiments without ATP
(Fig. 4.5a). To confirm the molecular weight of the monomeric species we
observed in all these conditions, we coupled the size exclusion chromatography to
multiangle light scattering (MALS) (Fig. 4.5b). MALS analysis showed that the
weight-average molar mass (Mw) for EL346 in the ATP free condition is
39.1 kDa in the dark state, and 37.9 kDa in the light state, and it is 39.3 kDa for
the dark state and 36.4 kDa for the light state when ATP is present. In all cases,

the molecular weights we obtained agreed well with the theoretical monomeric
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molecular weight of 38.6 kDa, supporting the monomeric results we obtained

from the size exclusion chromatography.

4.3.4 Nucleotide binding confers additional structural stability and improves
light-induced structural changes of EL346

Initial dark and light state "N/'H TROSY spectra of nucleotide—free
EL346 acquired at 800 MHz were reminiscent of a poorly—behaved protein
(Fig. 4.6a). Notably, these spectra demonstrated significant peak overlap between
7.8 and 8.8 ppm (‘H) with widely variable linewidths, consistent with protein of
marginal stability and possible aggregation. Few peaks were observed outside the
crowded regions (Fig. 4.6a), presumably due to protein dynamics or size
(EL346 = 38.6 kDa). Although we could observe few changes in peak location or
linewidth between the dark and the light state spectra (Fig. 4.6a), it was obvious
that more detailed information could not be obtained without improvement in the
spectral quality.

We observed spectral improvement by including 5 mM ATP into our
EL346 samples without changing buffer, salt, or pH conditions (Fig. 4.6b). The
resulting spectra have significantly more peaks of uniform linewidth as mentioned
above. Importantly, these spectra are still missing about 30% of peaks,
presumably due to the larger size of EL346 or slightly basic pH buffer (pH 7.5).

Notably, we can still observe light-induced structural changes between the dark
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(black spectrum in Fig. 4.6b) and the light state spectra (red spectrum in

Fig. 4.6b). This improvement by nucleotide addition can also be observed in the
CT-"C/'H HSQC spectra in the methyl region (Fig. 4.7a,b). Addition of
AMPPNP also improves the overall numbers, distribution, and intensity of the
peaks, as similarly observed with ATP. Notably, light induced peak changes
occurred in the 8 methionine residues in EL.346 (represented in the grey boxed
region in Fig. 4.7a, b) are more pronounced in the AMPPNP spectra versus the
AMPPNP-free spectra.

Limited proteolysis provides another way to evaluate the structural
changes between the dark and light states in EL346. Light clearly caused some
changes in the EL.346 structure that made it more susceptible to trypsin cleavage.
We observed a two—fold increase in the light state cleavage rate on the first four
proteolytic fragments in nucleotide—free samples (white and black circles,

Fig. 4.8a,b). At this condition, full-length EL346 completely disappeared within
20 min in the dark state (Fig. 4.8a) and 10 min in the light state (Fig. 4.8b). There
were no obvious differences in the cleavage rate observed on the subsequent
proteolytic fragments (triangles) between the dark and light state (Fig. 4.8a, b).
Light also induced structural changes that facilitate the cleavage of light state
EL346 in the present of 5 mM AMPPNP, however, with a difference of having a
more sustained intermediate (black circle and triangle, and grey triangle) than in

the nucleotide—free sample. In this case, the first three proteolytic fragments
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(white circles) generated were digested in a very similar time manner in the dark
or in the light states (both disappeared around 15 min, Fig. 4.8c, d). The main
light-induced differences lied on the subsequent proteolytic fragments (black
circle and triangle, and grey triangle), which again showed a two—fold accelerated
cleavage between the dark and the light state but in the present of AMPPNP.
Notably, these fragments appeared to be significantly stabilized for a longer
period of time compared to the nucleotide free condition. These newly stabilized
fragments most likely arised from the kinase domain, since binding of AMPPNP
would help ordering and stabilizing the kinase domain as we observed from our
NMR data. These results showed light induced conformational changes that led
to a less stable lit state structures with or without AMPPNP. As a result, the light
state is cleaved two—fold faster than the dark state with or without AMPPNP. On
the other hand, nucleotide plays an essential role for stabilizing EL346 structure,
most likely by stabilizing the kinase domain. In all condition, the dark and light
species is digested into a single proteolytic fragment after 6 h, with the molecular
weight around 15 kDa. Analyzing the ESI-MS results showed this final fragment

is the LOV domain.

4.3.5 Autophosphorylation and phosphotransfer of EL346 is light regulated in

an ATP dependent manner
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To complement these analyses of light—induced structural changes in
EL346, we optimized an EL.346 autophosphorylation assay under varying pH and
divalent cation concentration and species. Our studies demonstrated EL346 is
most efficient under basic (pH 8.0 to pH 9) conditions in the presence of 5 mM
MnCl,, yielding a maximum **P incorporation of 15-20%. Notably. EL.346 was
2—fold less efficient in the presence of 5 mM MgCl,. Unexpectedly, we initially
found that EL346 was equally effective at autophosphorylation under dark and
light conditions (with nearly identical initial rate) under 500 uM ATP condition
(Fig. 4.9a). To verify that the small light/dark difference was not an artifact of
using excess of cold ATP (500 uM, 50—fold more concentrated than EL.346 and
expected to be greater than Km for ATP) we performed analogous experiments
using cold ATP concentration from 500 to 1.8 uM (Fig. 4.9b). At limiting ATP
concentrations (1.8 pM), the light state initial rate of autophosphorylation is three
fold faster than the dark state initial rate. The difference between the dark and
light state autophosphorylation diminished as we increased the ATP concentration
(data not shown). Together, these results consistent with the effect originating
from photo—induced alterations in the K, .

To see if these light-induced differences at 1.8 pM are relevant to
subsequent steps in EL.346 function, we performed phosphotransfer assays. To
identify a cognate response regulator for EL346, we cloned and tested the 23

predicted response regulators in Erythrobacter litoralis (60) by performing
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phosphotransfer profiling (67). Our initial screen found two response regulators,
RR1 and RRS, which were phosphorylated by EL346. Both proteins are soluble,
stable and expressed with good yield (> 20 mg/mL) in E. coli (Fig. 4.1b).
Phosphotransfer of RR1 and RRS in the dark and in the light states, when
performed with 500 uM ATP, followed the same trend as the EL346
autophosphorylation and did not show any sign of light regulation (data not
shown). However, light induced differences are observed in both response
regulators when we switch to 1.8 puM ATP condition (Fig. 4.9¢c, d). In this case,
light resulted in a 5.6 fold increase in the initial rate in the light state
phosphotransfer for RR1 and a 1.6 fold increase in the initial rate in the light state
phosphotransfer for RRS. Interestingly, RR1 exhibited additional phosphatase
activity in the light state that is not observed in RR5. These data show that light
indeed has an effect on EL346 autophosphorylation and this effect is transmitted
directly to the subsequence phosphotransfer of the response regulators. To
complement our previously mentioned biophysical studies where we showed
EL346 is a monomer at all states, we performed an autophosphorylation assay
over a wide range of EL.346 concentration. The result demonstrated a linear
dependence of signal intensity on protein concentration over the range of 0.5—
50 uM (Fig. 4.10). Together, these data indicated that EL.346 did not undergo a
monomer—dimer transition like other histidine kinases and remained monomeric

even when the kinase is active. Together, our results indicated that EL.346 must
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undergo cis—autophosphorylation. The fact that EL.346 undergoes cis—
autophosphorylation may explain the phenomenon why EL346 is not totally

inactive in the dark state.

4.3.6 The Role of the LOV domain in EL346 activity

The results from the kinase assays shown that EL.346 is active even in the
dark state. Mutagenesis result confirms that residue H142 is phosphorylated
(Fig.4.11a). To see whether the LOV domain is required for the EL.346
autokinase activity, we performed autophosphorylation and phosphotransfer
assays on the HK domain alone (residues 121 to 346). The kinase assay shows
that HK alone is capable of undergoing both autophosphorylation (Fig. 4.11a) and
phosphotransfer (for both RR1 and RRS, Fig. 4.11b), indicating that the LOV
domain is not required for these two functions. Notably, autophosphorylation was
slightly more efficient in HK alone compared to the full-length protein when
equal concentrations of these two proteins are used (signal intensity is about 25%
less in the full-length) (Fig. 4.11b). These finding, combined with the
biophysical studies from NMR, limited proteolysis, gel filtration, and MALS
showed that although the LOV domain is interacting with the HK domain, its
interaction with the HK domain is not an absolute requirement for EL346 kinase
activity. Rather, the LOV domain acts as a weak inhibitor of the kinase activity,

in addition to attenuating the K , between the dark and light state.
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4.4 Discussion

To understand the molecular basis of how light signal is detected and
transmitted inside the bacteria cells to regulate essential biological functions,
besides knowing the structure, one must understand the physical and biochemical
properties of bacterial photoreceptors. We are in particularly interested in EL346
because of its blue light sensing property and the potential it has to reveal how the
sensory domain regulates the HK domain. Here we report a detailed
characterization of this LOV—containing histidine kinase. With these biophysical
and biochemical evidence, we show that light plays a regulatory role to affect the
signaling transduction in the EL346 initiated two—component system in E.

litoralis.

4 4.1 Variations in the LOV domain photorecovery: intrinsic vs. small
molecules

Depending on the organisms and/or functions that the LOV domains are
involved, LOV domains have been shown to have very different photocycle
kinetics, ranging from seconds (i.e. AsSLOV2,t = 68.3 s (/18)) to hours (i.e.
BsYtvA_LOV,t =65 min (/38) and VIVID, T =5 h (/39) or days (i.e. FKF1,
T =89.5h (107)), and in some cases it is considered effectively irreversible (i.e.
ZTL and LKP2 (87) and BM_LOV (76)). In the isolated EL346 LOV domain,

the dark state recovery rate is comparable to BsYtvA LOV domain (t = 70.8 min
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for EL134 and T = 65 min in BsYtvA_LOV (/38)). Sequence alignment between
these two LOV domains showed that they are 43% identical.

Interestingly, full-length EL.346 photocycle (t = 54.6 min in the
nucleotide free condition) is a bit faster than the LOV domain alone
(T =70.8 min), a similar observation that has also been reported in BsYtvA, where
T for the full-length and isolated LOV domains are 43 and 65 min, respectively
(138). A possible explanation of the slower ground state return rate in the isolated
LOV domains could be a result of increased protein stability when accessory
domains or additional factors are present. In fact, when full-length EL.346 is
structurally stabilized by addition of nucleotides as shown by NMR and limited
proteolysis studies, the photocycle becomes faster for almost two fold when
compared to the nucleotide free condition, in these cases T is 32.2 min when
AMPPNP is added and T is 41.5 min when ATP is added.

As expected, additional factor such as high concentration of imidazole can
accelerate the ground state recovery rate in EL.346 and EL.134 as reported in other
flavin proteins such as LOV domain and BLUF domain. The above results
demonstrated the first time that there are factors (i.e. protein domains other than
imidazole) outside of the LOV domain that can have an accelerated effect on the
dark state recovery rate. Additionally, a reducing agent TCEP was found to
accelerate the ground state recovery rate in both EL134 and EL346 even more

significantly and efficiently than imidazole. Unlike imidazole, which has been
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previously shown to facilitate recovery rate by acting like a base catalyst in the
LOV domain core (/40), the mechanism of TCEP acceleration of dark state
recovery is unclear. More tests need to be done to other LOV domains to

ascertain whether the acceleration of the dark state recovery by TCEP is general.

4.4.2 Diversity of the histidine kinase domains

Grebe and Stock classified histidine protein kinases (HPKs) into 11
subfamilies based on the conserved sequence in the homology boxes located in
the DHp and CA domains, with the majority of HPKs belong to HPK, and HPK,
(33). Although the structures of these domains remained similar, the sequence
identity of these conserved boxes varies among different subfamilies. Amino
sequence reveals that EL.346 belongs to HPK,,(33). The H-box bears the
phospho—accepting histidine (H142 in EL.346) that is located in the first a helix in
the DHp domain like all other HPKSs, but with very low similarity to all other
subfamily of HPK in the distribution of charged and hydrophobic residues around
this histidine, particularly not having the conserved H-box proline. EL346 also
contains the X—, N—, D—, G—boxes but no F-box, a homology box that is not
definitely conserved in HPK,, based on the sequence alignment. Some of the
bacterial strains have most of their HPKs belong to a single subfamily (i.e. most

HPKSs in Methanobacterium thermoautotrophicum belong to HPK,,) but it does
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not seem to be the case in Erythrobacter litoralis HTCC2594 after close

examination.

4.4.3 Factors driven conformational changes

Conformational changes are a common mechanism for protein—protein or
protein—ligand interactions. There are two important factors that drive
conformational changes inside EL346: nucleotide and light. ATP not only is
required for the kinase activity but also necessary for ordering and stabilizing
histidine protein kinases, primarily in the CA domain where the ATP is bound.
This is demonstrated by NMR and limited proteolysis studies for EL346, where
ATP significantly improved the spectral quality and became more resistance to
proteolysis. This importance has also been demonstrated previously by a NMR
structure of EnvZ catalytic domain, in which the structure was solved in the
present of the ATP analogue, AMPPNP (/29). Overall, increased stability will
facilitate future histidine kinase structural studies. Light is another factor that
causes conformational changes, however, in the opposite direction than ATP.
Limited proteolysis has demonstrated that EL346 is susceptible to proteolysis in
the light state, suggesting a less rigid or stable structure in the light than in the
dark states. NMR data supports the idea that EL346 is less order or stable and
more dynamic, as evidently by decreasing in peak intensity due to linewidth

broadening. However, light induce structural changes are reversible, suggesting
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the changes is non—destructive. Ultimately, light causes conformational changes
that activate the proteins. In our case, the changes may lead to the release of
kinase inhibition or it may lead to a higher affinity binding for the ATP, which

achieved a higher level of autophosphorylation.

4.4.4 Bifunctional EL346 histidine kinase and its light dependent two—
component signaling cascade

Light induced structural changes in EL346 is linked to the light induced
functional changes, as we have observed with EL346 where light affects the
kinase autophosphorylation by changing K, for ATP and this effect is propagated
to the phosphotransfer of response regulators. The decrease in the
phosphorylation signal observed in phosphotransfer of EL346 to RR1 led us to
suspect that EL346 possesses autophosphatase activity, since HPKs are
multifunctional enzymes that can have autophosphorylation, phosphotransferase
and phosphatase activities (reviewed in (32)). However, it is unlikely that EL346
would selectively dephosphorylate only one of its response regulators, RR1, and
not RR5 (Fig. 5¢ and 5d). On the other hand, some response regulators (i.e. CheY
and SpoOF) have intrinsic autophosphatase activity (73, 74). Indeed, sequence
alignment has revealed that RR1 contains an asparagine residue (N53, equivalent
to N56 in CheY), analogous to one that has been identified to play a critical role

in determining autophosphatase activity in other response regulators (74).
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Substitution of non—Asn residue to Asn (Lys56 to Asn) has resulted in
further increases in autophosphatase activity in SpoOF (74). However,
substitution of Asn53 to Lys in RR1 abolished the autophosphatase activity in
another HPK also found in Erythrobacter litoralis (unpublished data), suggesting
that the diminishing phosphorylation signal observed in phosphotransfer reaction
to RR1 is most likely due to autophosphatase activity by RR1, and EL346 does

not contribute in autophosphatase activity and is a bifunctional histidine kinase.

4 4.5 Trans- or Cis—autophosphorylation: dimer vs. monomer

Biochemical assay confirms that EL346 is a bifunctional histidine kinase.
However, it does not tell us exclusively how autophosphorylation is achieved.
Biophysical characterization using gel filtration chromatography and MALS
showed that E1.346 is a monomer both in the dark (ground) and the light
(signaling) states, indicating EL.346 undergoes cis—autophosphorylation. This
hypothesis is supported by our functional assays showing EL.346 did not undergo
monomer—dimer transition upon light stimulation, as seen in the case of the O,—
sensitive FixL histidine kinase from Rhizobium meliloti (RmFixL)(/22). This
result contrasts with the vast majority of other histidine kinases studied to date,
which have been shown to dimerize in solution and undergo trans—
phosphorylation (74, 141). An exception came from EnvZ mutant, which was

engineered to contain an additional DHp domain N—terminal to the DHp—CA
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domain to form an DHp—DHp—CA mutant and showed that this protein was
monomeric and underwent cis—phosphorylation (/42). However, this mutant
kinase only phosphorylates the histidine in the first DHp domain but not the
second DHp domain that is adjacent to the CA domain. Notably, most
phosphorylation studies are done with the histidine kinase domains (CA or DHp—
CA domains) alone without their sensory domains. Some full-length histidine
kinases are monomeric in the ground state and dimeric in the signaling state (i.e.
RmFixL (122)). Others, particularly members of LOV—containing histidine
kinase from Caulobacter crescentus (LovK) (/) and EL368 from Erythrobacter
litoralis (unpublished data), are dimeric in both dark and light states.

To examine why EL.346 does not dimerize, we took a closer look at the
sequence in the DHp domain. This domain has been shown to dimerize by
forming coiled—coil interaction between the two helices from each histidine
kinase monomer. Using the LearnCoil program (/43), we found that there is no
predicted coiled—coil-like motif anywhere in EL.346, which may be a possible
reason why we do not observe dimerization in this protein. To see if this is just an
isolated case in EL346, we used this program to analyze all members of HPK,,
full-length proteins that are listed from Grebe et. al. (33). Of the 20 proteins that
we analyzed, we found that only 40% of the HPK, analyzed has a clear predicted
coiled—coil-like motif in their DHp domain, another 40% (including EL.346) does

not have any coiled—coil-like motif predicted in the DHp domain, and the other
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20% shows a predicted coiled—coil-like motif but with very low probability and
very short coiled—coil sequence (results not shown). These numbers could vary
since it is likely that more HPK,, members will be identified in the future (EL346
was not included in the HPK, listed in Grebe et. al., and possibly other HPK
members (HPK, ,,) that we did not examine could also have monomeric HPKs.
Nevertheless, this result suggests that there are potentially more monomeric
histidine kinases, and that cis—autophosphorylation is another activation

mechanism for histidine kinases like EL.346.

4.4.6 Molecular Models

Our biochemical data showed that the autophosphorylation signal is 25%
weaker when the LOV domain is intact, indicating that the LOV domain acts as a
weak inhibitor for kinase autophosphorylation. Conformational changes upon
photoactivation in EL346 subsequently could lead to the relief of kinase
inhibition. On the other hand, we have also shown that photoactivation of EL346
result in difference affinity for ATP, which potentially coupled with the light—
driven conformational changes. Together, we propose that the LOV domain plays
a duel role in regulating EL.346 kinase activity. First, it acts a photoregulator by
inhibiting the autokinase activity in the dark state. Second, light-induced
conformational changes that originated from the LOV domain subsequently lead

to enhanced activities by increasing affinity for ATP in the light state at limiting
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ATP conditions. Future structural information of the full-length EL.346 in the
dark or lit states should elucidate the molecular details for the inhibition and the
cis—autophosphorylation mechanism, and future in vivo studies in the organism of

Erythrobacter litoralis should reveal the physiological function of EL.346.

4.5 Acknowledgements

We thank Dr. Tong—Seung Tseng (Carnegie Institution of Washington,
Stanford) for providing us with initial guideline. We are grateful to Dr. Carlos
Amezcua (Baxter Healthcare) for countless NMR technical support and
maintenance, and Drs. Gaya Amarasinghe and Michael Rosen for assistance and
sharing of the equipment/space. We thank Dr. Xiaolan Yao and people from the
Gardner lab for discussions. Many thanks go to Jason Tuckerman and Dr. Marie—
Alda Gilles—Gonzalez for the encouragement and guidance throughout the kinase
assay optimizations. This work was supported by grants from the US National
Institutes of Health (RO1-GM81875) and the Robert A. Welch Foundation (I-
1424). The E. litoralis genome sequence data was provided by Stephen
Giovannoni’s laboratory (Oregon State University) and the J. Craig Venter
Institute with grant support from the Gordon and Betty Moore Foundation

Microbial Genome Sequencing Project.



113

Table 2. Dark state recovery time constants and rates for EL.346 and EL.134.

Sample® T[A,l (min)®
EL346 54612
EL346 + AMPPNP 322+04
EL346 + ATP 41510
EL134 708 1.1

a: Dark state return of all samples were monitored at 446 nm at room temperature
via UV-vis spectrophotometer in the buffer containing 50 mM Tris (pH 8.2),

100 mM NaCl, 5 mM MnCl, (only in the nucleotide included samples), and 10%
glycerol. Protein concentration: ~50 uM EL346, 5 mM nucleotide (either
AMPPNP or ATP), and ~25 uM EL134.

b: Rates (t) were determined by fitting measurements (Fig. 2¢) to a single
exponential decay function via Prism (GraphPad Software, San Diego, CA). All

data represented here are the average of three separate measurements.
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Figure 4.1 Overviews of EL346 and RR constructs used in this work. a. Domain
architecture of full length EL346, truncated EL346 constructs, and two EL346 response
regulators. EL346 is the full-length protein, which is composed of one LOV domain (in
yellow) followed by the histidine kinase domain that contains two subdomains named the
DHp domain (in black) and the CA domain (in red). RR1 contains only the receiver
domain (in orange) while RR5 contains a C-terminal receiver domain (in orange) and a
N-terminal output domain called 670 (in blue). b. Protein expression and purity accessed
by homogenous 20% SDS-PAGE gel. All proteins shown here are free of fusion tags.
LMW indicates low molecular weight marker.
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Figure 4.2 Sequence alignment of the HK domain for EL.346 and other members of
the HPK; class of histidine kinase. Sequence alignment of HK domain alone between
EL346 and 16 other known members of HPK,; histidine protein kinases is shown in the
next page (33). Red shaded characters indicate identical residues, while red characters
indicate conserved (>70%) residues. Beginning and ending points of each sequence
within its own native sequences are indicated after each protein names.
MTH902_mth_261-462: residue 261 to 462 from M. thermoautotrophicum MTH902;
MTH1124_mth_176-348: residue 176 to 348 from M. thermoautotrophicum MTH1124;
MTH901_mth_144-352: residue 144 to 352 from M. thermoautotrophicum MTH901;
MTH446_mth_377-583: residue 377 to 583 from M. thermoautotrophicum MTH446;
MTH174_mth_583-785: residue 583 to 785 from M. thermoautotrophicum MTH174;
MTH468_mth_356-554: residue 356 to 554 from M. thermoautotrophicum MTHA468;
MTH360_mth_492-700: residue 492 to 700 from M. thermoautotrophicum MTH360;
MTH459_mth_293-495: residue 293 to 495 from M. thermoautotrophicum MTH459;
MTH292_mth_362-564: residue 362 to 564 from M. thermoautotrophicum MTH292;
MTH356_mth_368-567: residue 368 to 567 from M. thermoautotrophicum MTH356;
MTH619_mth_545-749: residue 545 to 749 from M. thermoautotrophicum MTH619;
MTH985_mth_156-365: residue 156 to 365 from M. thermoautotrophicum MTH985;
MTH823_mth_500-677: residue 500 to 677 from M. thermoautotrophicum MTH823;
MTHI123_mth_151-356: residue 151 to 356 from M. thermoautotrophicum MTH123;
G2072665_mtu_289-501; residue 289 to 501 from M. tuberculosis G2072665;
EL346_eli_128-346: residue 128 to 346 from E. lightoralis EL346; ExsG_sme_706—
907: residue 706 to 907 from S. meliloti ExsG. Predicted secondary structures shown on
top of the sequence are based on Jpred and structural/sequence comparison of HK853
crystal structure (RCSB accession: 2C2A) and the order of a helices and 3 strands are
listed the same as in HK853 (57). Black helices represent the DHp domain while red
helices and P strands represent the CA domain. The ATP-binding Bergerat fold that is
shared among GHKL superfamily is started from a4 and ended at G (50). This analysis
suggested that residue H142 is the conserved phosphoaccepting histidine in EL346,
which we subsequently validated (see Fig. 4.11a).
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Figure 4.3 Photocycle and dark state recovery Kkinetics of EL346. a. UV-visible
absorbance spectra for EL346 in the dark (black) and light states (red) are shown here
between 290-520 nm. Three isosbestic points at 336, 393 and 410 nm are observed on
the overlaid dark and the light state spectra. The recovery of the light state to the dark
state was monitored via scans with 15 min interval and shown here by traces between the
dark (black) and the light (red) state traces. b. Demonstration of the interaction between
FMN and the LOV domain in the dark (top panel) and in the light (bottom panel) states
using AsLOV2 X-ray structures (dark state PDB ID: 2V1A and light state PDB ID:
2V1B) as our model (87). In the LOV domain, FMN is non-covalently associated with
the LOV core in the dark state. In its photoactivated state, FMN forms a covalent linkage
with a conserved Cys residue (C450 in the AsLOV2) from the LOV domain and this
covalent adduct is reversible in most LOV domains. c¢. Comparisons of dark state
recovery kinetics of EL346 alone (black), EL346 with AMPPNP (blue), EL346 with ATP
(purple), and EL134 LOV domain alone (red). Each dark state recovery kinetic trace was
monitored at 446 nm at room temperature for a period of time that was at least five times
longer than t for each case. The plots shown here are means of three averaged data
points, and these data were fitted into single exponential decay function (shown in red)
using Prism (GraphPad Software, San Diego, CA) and the resulting rates are listed in
Table 2.
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Figure 4.4 TCEP and Imidazole affect the dark state recovery rate of EL.346.

a. The kinetic of the dark state recovery at different TCEP concentrations is plotted
against TCEP concentrations from 0 to 200 mM. Each dark state recovery kinetic is
monitored at 446 nm at room temperature. Data were fitted using single site specific
binding via Prism (GraphPad Software, San Diego, CA). b. The kinetic of the dark state
recovery at different imidazole concentrations is plotted against imidazole concentrations
from 0 to 400 mM. Again, each dark state recovery kinetic is monitored at 446 nm at
room temperature. Data were fitted using single site total binding via Prism (GraphPad
Software, San Diego, CA).
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Figure 4.5 EL346 oligomeric states accessed by gel filtration and MALS. a. Gel
filtration elution profile of EL346 in the dark and light states with and without ATP. The
A, signal intensity was plotted against the elution volume. EL346 eluted around

10.5 mL (Ve) in the dark and light states either with or without ATP. Calculation using
this Ve yields a molecular weight that represents monomeric EL346. b. For the MALS
results, the differential refractive index (dRI) on the left y—axis and the measured
molecular weight (MW) on the right y—axis, both plotted against the elution volume. A
small peak eluted around 9.5 mL is a dimeric fraction that is caused by disulfide linkages
and can be break down to monomer by reducing agents. The majority of protein is eluted
around 10.8 mL and is determined to be monomeric. In both a and b figures, black
represents dark state EL346 in the dark state without ATP, red represents light state
EL346 without ATP, grey represents dark state EL.346 with 5 mM ATP, and orange
represents light state EL.346 with 5 mM ATP. The slightly higher elution volume in the
MALS data was due to the inclusion of additional tubing in the MALLS system. Both
methods show that EL346 is monomeric in both the dark and light states, either with or
without the presence of ATP.

da.
100- Monomer —— EL346 Dark
g —=— EL346 Lit
b »
EL346 + ATP Dark
EL346 + ATP Lit
10.5 11.0 11.5
Elution Volume (mL)
b.
Monomer
1.0 { | — EL346 Dark 60
- — EL346 Lit
2 0.8 EL346 + ATP Dark L 50
S v EL346 + ATP Lit
)
2 06 g =
£o E
% - 30 6
< 04 -
[ - 20
o
0.2
Dimer 10

9.0 95 100 105 11.0 115 12.0
Elution Volume (mL)



120

Figure 4.6 Comparisons of *N/'"H TROSY spectra of EL346 with and without ATP

in the dark and light states. Overlay of dark (black) and light (red) state "N/'H

TROSY spectra of EL346 a. without ATP, and b. with 5 mM ATP.
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Figure 4.7 Comparisons of CT “C/'"H HSQC dark and light states spectra of the
methyl region for EL346. Dark and light states spectral overlays at the methyl region
for EL346 are shown here a. without AMPPNP, and b. with AMPPNP. Red and black
peaks indicate the positive peaks while the purple and blue peaks indicate the negative
peaks. Enlarged regions (show as a large grey box on the right side of each spectrum)
indicate the methyl region where the methionine residues (there are a total of 8 Met in
EL346) localized, and they are shown as negative peaks in blue (dark state) and magenta
(light state). Brown dashed areas and three arrows in the large grey box in b. emphasize
the nucleotide—enhanced changes between the dark and light states.
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Figure 4.8 Comparisons of trypsin digestion of EL346 with and without AMPPNP in
the dark and light states. Various limited proteolysis experiments performed by trypsin

on EL346 (1:100 w/w ratio, respectively) are shown a. in the dark state without
AMPPNP, b. in the light state without AMPPNP, c. in the dark state with 5 mM
AMPPNP, and d. in the light state with 5 mM AMPPNP. Major proteolytic fragments
are labeled with white and black circles, and white, grey, and black triangles. The stars
shown on the right side of the gels came from the dimerized final proteolytic fragment
that formed due to insufficient reducing agent. The final proteolytic fragment (white
triangle) was not further cleaved and remained stable for more than 6 h in all conditions,
and ESI-MS analysis on this final proteolytic fragment (cleaved overnight) for both the
dark and light state in EL.346 sample supplemented with ATP indicating that it is the
LOV domain from residue G4 to R134 (data not shown).
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Figure 4.9 Light-dependent autophosphorylation and phosphotransfer of EL.346.
Dark (black circle) vs. light (open triangle) autophosphorylation of EL.346 using a.

500 uM cold ATP and b. 1.8 uM cold ATP. Dark (black circle) and light (open triangle)
phosphotransfer of EL346 to ¢. RR1 and d. RRS5 under 1.8 #M cold ATP condition. In
each figures, *’P phosphorylation gels are shown on the top and the plot of the
phosphorylation signal versus time are shown on the bottom.
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Figure 4.10 Oligomeric state of ELL346. Autophosphorylation of EL.346 is
shown here with various concentrations from 0.5 to 50 uM. The resulting signal
intensity is plotted against EL.346 concentrations. The linear dependency of
signal intensity (see also insert) to the concentration suggesting the
autophosphorylation is independent of EL.346 concentration and thus dimerization
is not required for EL.346 kinase activity.
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Figure 4.11 The HK domain alone is capable of undergoing autophosphorylation
and phosphotransfer. a.*’P phosphorylation and Coomassie Brilliant Blue stained gels
are both shown for autophosphorylation of WT, H142Q, and HK, and b.
phosphotransfers of HK to RR1 and RR5. LMW indicates the low molecular weight
marker.
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Figure 4.12 Overlay HSQC spectra of HK domain alone with full-length EL.346

dark and light states.
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Chapter 5 Summary and perspectives of studies on EL346

It has been over two decades since TCSs were first described; however,
the regulation mechanism of these proteins remains largely undefined. The
molecular mechanism of how the activities of the HKs are regulated by their own
sensory domain remains unclear, and structures of the full-length HKs are still
missing. Central questions concerning LOV domain signaling mechanisms in
general are also remained unclear. Solving the structure of the LOV domain
coupled to its downstream effector domain will shed light into the molecular
insight of how LOV domains regulate their effector domains. Light regulated
bacterial TCSs protein, EL.346, serves as an ideal model to study how the LOV
and HK domains interact, and how autokinase activity is regulated by light.
Determining the structures of the full-length EL.346 in various signaling states
(i.e. dark or lit, ATP bound or ADP bound, and phosphorylated or non—
phosphorylated) would shed new light on how these systems are regulated.

I have initiated the work in characterizing the dark state EL346 structure
using both NMR and X-ray crystallography. Structure determination using NMR
was only partially successful due to poor protein stability during the lengthy
acquisition times required for 3D datasets. As a result, I was only able to assign a
portion of the peaks in thee spectra due to poor data quality. On the other hand, I
obtained crystals of EL346, and had one crystal diffracted to less than 3 A

(Fig. A.14, 15). However, this condition (D10, Fig. A.14) could not be
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reproduced by hand and most of the other EL346 crystals only diffracted to 8A.
The use of an additive screen may improve crystal quality and yield better
diffraction pattern but are yet to be tested. Additionally, EL.346 mutants such as
dark state mimic C55A, lit state mimic C55M, or kinase inactive mutants H142A
or H142Q may be used for crystallization and to solve the structure.

Although the work done here has provided extensive in vitro biophysical
and biochemical characterization of EL346, we do not yet know what is the
physiological role of EL346 in E. litoralis. Much of this awaits results of ongoing
studies in the lab of the response regulators actuvated by EL.346. Some hits to
this including RR1 and RRS, which I discussed in Chapter 4. A recent study from
Francez—Charlot A et al. provided us clues on one of the EL.346 cognate response
regulator, RRS, suggesting it could be involved in the general stress response in
the bacteria (/44). This study showed that although these PhyR—type of response
regulators (RRS in our case) contain a sigma—70-like DNA binding domain, they
do not actually bind DNA (/44). Instead, upon phosphorylation, this PhyR type
protein disrupts the interaction between the sigma factor (0) and its anti-sigma
factor (anti 0) by binding to the anti 0, allowing o to associate with RNA
polymerase to transcribe stress genes (/44). Testing this hypothesis will identify
the EL346/RRS5 signaling pathway and the consensus DNA binding sequence can
be confirm by performing DNA gel shift assays. Lastly, one could also knock out

the gene of EL.346 or its response regulators, RR1 and RRSY, to see how they
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affect the bacteria growth or behavior, once we master the growth and handling of

E. litoralis.
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Appendix I

A. Additional characterization of EL346
Al. Domain architecture of the full-length EL346 and generation of various
constructs and mutations in EL346.

Secondary structural predictions are based on Jpred (/37) and
sequence/structural comparison of known HK domain from HK853 (57) and
AsLOV2 domain (Fig A.1, and A.2) (25). EL346 exhibits characteristic
homologous boxes belong to the member of HPK, (33), and the conserved boxes
in the kinase domain were mapped as indicated in green (H box), grey (X box),
cyan (N box), purple (D box), and brown (G boxes) (Fig. A.2). Unlike other HK
subfamilies, HPK, does not contain an F box.

Various constructs were made to acquire stable isolated LOV, DHp, and
CA domains as well as the LOV-DHp and DHp—CA domain constructs
(Fig. A.3). These proteins were purified in the general buffer of 50 mM Tris or
sodium phosphate with 100 mM NaCl in pH7.0 to 8.0. At the end, both the LOV
domain and the kinase domain are stable in pH 7.5 50mM Tris, 100mM NaCl,
and/or 5 mM MgCl, (for kinase only) buffer, while the full-length protein is
usually purified in pH8.0 buffer instead. The results of the construct expression,
their solution properties (oligomeric state), and kinetics were summarized in Fig

A.3. Constructs for the LOV domain (residue 1 to 134) and the DHp—CA domain
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(residue 121 to 346) were consequently used in the studies to identify the role of
the LOV domain as described (see Chapter 4.3.6).

Additionally, I generated several mutations in the LOV domain (C55A,
C55S, C55M) of the full-length EL.346 construct to study the role of the LOV
domain, and potentially to be used for crystallography. The lit state mimic C55S
mutation did not generate a stable soluble full-length protein (data not shown);
however, another lit state mimic (C55M) and the dark state mimic (C55A) can be
expressed. The UV-visible absorbance profile of C55M shows that it can be
excited to the lit state (Fig. A.4). Once it is photoexcited to the lit state, the
protein is irreversibly converted to a red absorbing species by the new absorption
maxima between 600 to 700 nm (Fig. A.4a). A similar phenomenon has been
reported in Phot1-LOV1 domain from C. reinhardtii C57M mutation (/08).
Compared to the wild type protein, the "N/'H HSQC TROSY spectrum of lit state
C55M closely resembles the wild type lit state spectrum (Fig. A.5). However,
some cross peaks in the WT lit state spectra were missing in the C55M spectra,
suggesting that the overall conformation between the C55M mutant and WT lit
state may be similar, but specific residues may experience different electronic
environments. On the other hand, the dark state mimic mutant, C55A, has an
absorbance profile identical to the wild type as expected, and it does not convert
to the lit state specie upon illumination (Fig. A.4b). Again, the "N/'H HSQC

TROSY spectrum of C55A in the dark state (green) agreed fairly well to the wild
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type dark state (black) spectrum (Fig. A.6). While minor differences were
between the dark (green) and lit (magenta) state C55A spectra, their overall
correspondence was quite good (Fig A.6).

I also generated several mutations in the DHp domain (H142A and
H142Q) of the full-length EL346 to determine if H142 is really the phosphate—
receiving residue. "N/'H HSQC TROSY spectra of both mutants were also
collected to verify the protein folding, and spectral quality were compared to the
wild type protein. Overall they are similar to the WT protein (Fig A.7 and A.8).
Autophosphorylation of these mutants were also tested and compared to the wild
type protein. Both of these predicted kinase dead mutation, where the conserved
histidine residue was mutated to Ala or Glu, lost their phosphorylation activity
(data not shown), providing reasonable evidence that H142 is the phosphate—
receiving histidine in the EL.346 protein histidine kinase as discussed in
Chapter 4. However, the C55A mutant has a similar level of autophosphorylation
as the wild type protein (Fig A.9). Notable, these assays were performed at
500 M of cold ATP, at which level the phosphorylation between the dark and lit
state is likely similar. The fact that the dark state is a bit more active than the lit

state might be due to errors during handling.

A.2 Optimization for EL346 kinase assay
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The original kinase activity for EL346 reported in Swartz et. al. waw very
low (76) and is not ideal for further characterization for both the autokinase and
phosphotransfer activities that is proposed to be mediated by light. I, therefore,
went through a series of optimizations to obtain higher activity from EL346. pH
optimization results showed that the enzyme activity is dramatically improved by
increasing the pH from 7.5 (as reported in (76)) to 8.0 or higher (Fig. A.10).
Additionally, EL346 has a bit slight preference for Mn** as its divalent source
than Mg** (Fig. A.11). EL346 also loses its activity dramatically when stored in
the —80 °C when compared to the —20 °C, complicating long term storage of this
protein under these conditions (Fig. A.12). In fact, EL346 loses most of its
activity two days after being purified. Therefore, fresh proteins were prepared for
all kinase assays by purifying EL.346 on the first day and performing kinase

assays on the following day.

A.3 EL346 phosphotransfer profiling

Phosphotransfer profiling (36) of EL.346 were performed in pH 8.0 buffer
containing 50 mM Tris, 100 mM NaCl, 2 mM TCEP, 0.2 mM MgCl,, and SmM
MnCl,. A total of 21 out of the total of 23 known RRs in the Erythrobacter
litoralis HTCC 2594 were tested against EL346 for 30 second and 10 min time
points. The result from the 30—second phosphotransfer experiment indicated that

RR1 and RRS are both the cognate response regulators for EL346, with RR1 to be
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a bit more potent than RRS5 (Fig. A.13). Additionally, RR7 can also be
phosphorylated by EL.346 (as seen in the 10 min result) but with a much lower

phosphorylation signal, suggesting it may not be the cognate RR for EL.346 (Fig.

A.13).

A A4 Initial results for EL346 crystallization

EL346 was purified in one day following the same purification protocol as
described in Chap 4.2.2 with the exception that EL346 was stored in the dark at
4 °C without any glycerol. The trays were set up the following day under ambient
light condition using Phoenix robot and kept at 20 °C in the dark afterward.
Protein samples (10 mg/ml, ~260 yM) were buffer exchanged and prepared into
two different buffer conditions: i) pH 8.0 10 mM Tris, 100 mM NaCl, 5 mM
MgCl,, 2 mM TCEP, and 5 mM AMPPNP, and ii) pH 8.0 10 mM Tris, 100 mM
NaCl, 5 mM MgCl,, 2 mM TCEP, 5 mM AMPPNP, and 50 mM L-Arg/L—Glu.
Out of 960 conditions, I got three hits from the Hampton index screen: D10, F6
and F7. D10 contains 20% PEG MME 5000 and 0.1 M BIS-Tris buffer in pH 6.5,
F6 contains 20% PEG 3350, 0.2 M ammonium sulfate (AMS), and 0.1 M BIS—-
Tris buffer in pH 5.5, and F7 contains the same condition as F6 but at pH 6.5
instead. Single and/or multiple crystals were observed. Diana and I have
collected the diffraction data for the D10 crystal here at UTSW and it diffracted to

an estimation of 3 A or less (Fig. A.14). However, this condition was not
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reproducible by hand and the original crystal that diffract to ~3 A was used in the
seeding procedure.

Optimizations of these three crystallization conditions were carried by
hand. Variations of buffer conditions were done by altering the pH (from 5.0 to
7.0), the percentage of PEG3350 (from 16 to 30%), the percentage of PEGMME
5000 (from 16 to 24 %), inclusion and/or deletion of 0.2 M AMS, and testing
different incubation temperature (4, 16, and 20 °C). Trays are set both under
ambient light or dim red light in room temperature. Surprisingly, no crystals were
formed from the trays that were set under dim red light. Additionally, I was only
able to reproduce crystal in condition similar to F6 and F7 but not D10, which
originally gave the best diffraction data (3A from D10 crystal compared to 5 to
8A from the F6/F7 conditions). The diffraction data collected for D10 crystal is
shown in Fig A.15. The conditions that can reproduce crystals by hand were

listed as the following with the two most reproducible conditions labeled in bold:

1) 25% PEG3350,0.2 M AMS, and 0.1 M BIS-Tris at pH 5.5,6.0,and 6.5.

2) 26%,28%,and 30% PEG3350,0.2 M AMS, and 0.1 M BIS-Tris at
pH 6.5.

3) 26% and 28% PEG3350,0.2 M AMS, 0.1M BIS-Tris, and 1% glycerol at

pH6.5.
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4) 26% PEG3350,0.2 M AMS, 0.1 M Bis-Tris, 3% glycerol or 3% ethylene
glycol at pH6.5.

5) 24% PEG3350,0.2 M AMS, 0.1 M Bis-Tris at pH 5.5.

General problems in these reproducible conditions are that although these
crystals are initially observed as small single crystal after a week and a half of
incubation in the 20 °C, it tends to grow as multiple crystals instead of forming
bigger singular crystals as the incubation time increase. Additional optimization
(i.e. additive screen or changing constructs) will be needed to acquire better

EL346 crystals.
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Figure A.1 Sequence alignment of various LOV domains: AsLOV2 domain from
Avena sativa phototropinl, the LOV domains from EL346, EL.368, and EL.222 from
marine bacteria Erythrobacter litoralis, and BMLOV domain from human/animal
pathogen Brucella melitensis (2). The red letters represent the invariant residues while
the blue letters represent the highly conserved residues. The secondary structure (in green
and light green) shown here are based on the AsLOV?2 structure (PDB: 2V1A) (87).
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Figure A.2 Domain architecture and secondary structural prediction of EL346.
Structural predictions are based on Jpred and sequence/structural comparison of known
HK domain from HK853 (57). Based on Grebe’s classification (33), EL346 belongs to
member of HPK 11 and the conserved boxes in the kinase domain were mapped as
indicated in green (H box), grey (X box), cyan (N box), purple (D box), and brown (G
boxes).
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Figure A.3 Various lengths of constructs tested for EL346 isolated domains
generated to final soluble and stable constructs of the LOV, DHp, CA, LOV-DHp, and

DHp—CA domains. Successful candidates were further tested for their solution properties
in terms of the oligomeric state and dark state recovery kinetics (t). Preferred

purification conditions for these proteins see Al in the Appendix I.
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Figure A .4 A picture of EL346 lit state mimic C55M mutant (green, in its oxidized
state) vs. dark state mimic C55A mutant (yellow, in its lit state) in solution, and the
UV-visible absorption profile for C55M (a) and C55A (b).
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Figure A.5 Overlay “"N/'H TROSY HSQC spectra of the EL346 lit state C55M
(green spectra) with the wild type EL.346 in the dark (black spectra) and lit (red
spectra) states. Data were collected at 800MHz using 250uM of WT EL346 and
265 uM of C55M in pH 7.5 buffer containing 50 mM Tris, 100 mM NaCl, 10 mM
MgCl,, 5 mM AMPPNP, 5m M DTT, 10% D,0, and 0.05% NaNj.
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Figure A.6 Overlay "N/'H TROSY HSQC spectra of the EL346 C55A in the dark
state (red spectra) and in the lit state (blue spectra) with the wild type EL346 in the
dark state (black spectra). The spectrum of the C55A dark state and lit state are almost
identical, as shown here the blue (lit state) peaks overlay so well with the red (dark state)
peaks that they cover the red peaks almost completely in some cases. There is minor
variation of some peaks location between C55A and the WT, but overall they are very
similar. Data were collected at S00MHz. 250uM of WT EL346 and 540 uM of C55A
samples were prepared in pH 7.5 buffer containing 50 mM Tris, 100 mM NacCl, 10 mM
MgCl,, 5 mM AMPPNP, 5 mM DTT, 10% D,0, and 0.05% NaNj.
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Figure A.7 Overlay “"N/'H TROSY HSQC spectra of the EL346 H142A in the dark
and with the wild type EL346 in the dark state. Data were collected at S00MHz.
250uM of WT EL346 and 545 uM of H142A samples were prepared in pH 7.5 buffer
containing 50 mM Tris, 100 mM NaCl, 10 mM MgCl,, 5 mM AMPPNP, 5 mM DTT,
10% D,0, and 0.05% NaN.
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Figure A.8 Overlay "N/'H TROSY HSQC spectra of the EL346 H142Q in the dark
and with the wild type EL346 in the dark state. Data were collected at S00MHz.
250uM of WT EL346 and 356 uM of H142A samples were prepared in pH 7.5 buffer
containing 50 mM Tris, 100 mM NaCl, 10 mM MgCl,, 5 mM AMPPNP, 5 mM DTT,
10% D,0, and 0.05% NaNj. The area crowded with many inhomogeneous cross peaks
(located at the lower region in between the brown dashed lines) is an indication of protein
degradation. The SDS—-PAGE gel of the post-NMR sample showed that H142Q is
indeed partially depredated (data not shown). The protein degradation was later found to
result from the dirty filter in the FPLC system and was not due to an inherent instability
of H142Q.
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Figure A.9 Autophosphorylation comparison of the WT EL346 with the dark state
mutant CS5A. Reaction mixtures: 10 uM of either EL346 WT or C55A mutant in pH8.2
buffer containing S0mM Tris, 100mM NaCl, 5 mM DTT, and 5 mM MnClL,. 5 uCi of hot
ATP and 500 uM of cold ATP were used to initiate the phosphorylation and reactions
were stopped at 16 min by addition of 4X SDS stopping buffer.
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Figure A.10 pH optimization for EL.346 kinase assay. Samples (10xM protein with
11 Ci hot ATP) were incubated in various pH of buffers containing 50 mM Tris, 5 mM
MgCl,, and 100 mM NacCl for 4 min. at room temperature and stopped by adding 2X
SDS loading buffer. These were then fractionated with SDS—polyacrylamide gel
electrophoresis, and the gels were exposed to imaging plate for 10 h.
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Figure A.11 Divalent preference for EL346 kinase assay. Dark and lit states kinase
assays were performed using 10 M of proteins in pH 8.2 buffer with 50 mM Tris,

100 mM NacCl, 10 mM MgCl,, and 10% glycerol. 5 uCi of hot ATP were used per 10 uLL
of reaction mixture with final cold ATP concentration of 500 M. Divalent preference
was tested using 5 mM of MgCl,, MnCl,, or CaCl,. Total reaction proceeded for 8§ min
before the addition of 2X SDS stop buffer.
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Figure A.12 Temperature optimization for EL.346 stability. Tagged and untagged
proteins were stored in two different conditions, in -20 °C (with 50% glycerol) and in -
80 °C (fast freeze with liquid nitrogen without glycerol) overnight prior to the autokinase
assay. Kinase assays were performed using 10 M of proteins in pH 8.5 buffer with

50 mM Tris, 100 mM NacCl, 10 mM MgCl,, and 10% glycerol. 5 uCi of hot ATP were
used per 10 uL of reaction mixture with final cold ATP concentration of 300 M. Total
reaction proceeded for 8 min before the addition of 2X SDS stop buffer. Proteins stored
at the 4 °C were also tested and the activity in 4 °C was weaker than proteins stored at -
20 °C but a bit better than protein stored at -80 °C (data not shown).
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Figure A.13 Phosphotransfer profiling of EL.346 tested against 21 out of the total of
23 known RRs in the Erythrobacter litoralis. Individual response regulator was
randomly assigned to a number as the following: RR1: ELI07655, RR2: ELI04852, RR3:
ELI11255, RR4: ELI14085, RR5: ELI10215, RR6: ELI07690, RR7: ELI09195, RRS:
ELI02135, RR9: ELI02515, RR10: ELI03645, RR11: ELI05400, RR12: ELI11920,
RR13: ELI14230, RR14: ELI09055, RR15: ELI09265, RR16: EL102325, RR17:
ELI05325, RR18: ELI06265, RR19: ELI06275, RR20: ELI12660, RR21: ELI12895,
RR22: ELI11250, and RR23: ELI01510. The autophosphorylation and phosphotransfer
were conducted in the light state. Autophosphorylation of EL346 was conducted for 10
minutes prior to the addition of equal molar ratio of various RRs. The phosphotransfer
reaction was performed at two different lengths of time (30 second and 10 minuets) for
comparison. The result from the 30—second phosphotransfer experiment showed that
RR1 and RRS are the cognate response regulators for EL346 and RR1 is a bit more
potent than RR5. Additionally, RR7 can also be phosphorylated by EL346 (as seen in the
10 min. result) but with a lesser degree of phosphotransfer. Fernando Corréa generated
profiling results shown here.
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Figure A.14 Initial hit of EL346 crystallization. EL346 was purified in one day and
the trays were set up the following day under ambient light condition using Phoenix
robot. Proteins (10 mg/ml, ~260 xM) were prepared in pH 8.0 10 mM Tris, 100 mM
NaCl, 5 mM MgCl,,2 mM TCEP, and 5 mM AMPPNP two different conditions: i) with
additional 50 mM L-Arg/L—Glu and ii) without. Sample drop size is 300 nl of protein
plus 300 nl of reservoir buffer. I did a total of 5 screens: the classic suite, the PACT
suite, and the protein complex suite, the JCSG plus suite, and the Hampton index screen,
each screen contains a total of 96 conditions. Four hits were obtained from the Hampton
index screen in the following three wells: D10, F6 and F7 (buffer conditions see main
text). Both F6 and F7 contain many single and multiple hexagonal plate shape crystals,
while D10 contains a single log rod shape crystal coupled to other plate shape crystals.
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Figure A.15 Diffraction pattern of the EL346 (well: D10) crystal. It diffracts to less
than 3 A. Data collected by Diana Tomchick.
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