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1. General introduction

1.1. Sensor of plants for light condition

Acquiring information about the surrounding environment is crucial to the
survival and well-being of living organisms. Because plants are sessile, they are
particularly sensitive to environmental changes. Light is arguably the single most
important environmental parameter, as it provides the ultimate source of biological
energy. Therefore, plants have evolved a remarkable capacity to track and respond to
fluctuations in multiple parameters of the light environment in plants. They can monitor
the presence, absence, spectral quality (wavelength), fluence rate (intensity),
directionality and diurnal duration of the incident light signals, and can modulate their
growth and development appropriately towards optimal radiant energy capture, survival
and reproduction (Kendrick and Kronenberg, 1994). This process, termed
“photomorphogenesis”, is facilitated through several informational photoreceptors:
UV-B photoreceptors, as yet unidentified at the molecular level, the two blue/UV-A
photoreceptor classes, cryptochromes (Cashmore et al., 1999) and phototropines (Briggs
et al., 2001), and the red/far-red reversible photoreceptors, phytochromes (Neff et al.,

2000; Smith, 2000; Fankhauser, 2001).

1.2. The phytochromes

-10-



Phytochromes, which are by the far the most studied of all the plant
photoreceptors, were initially purified on the basis of being responsible for the
reversible control of night-break of short day flowering plants by red and far-red light.
Borthwick et al. (1952) showed that red light stimulates germination of lettuce seeds,
and that this induction can be inhibited by a subsequent exposure to far-red light
(Borthwick et al., 1952). In fact, the lettuce seeds can be sequentially exposed to red and
far-red light with the germination response being determined by the final light-treatment
(Kendrick and Kronenberg, 1994). This physiological response allowed the purification
of the photoreceptor responsible, later termed phytochrome. The phytochrome (PHY)
molecule is a soluble and dimeric chromoprotein, which consists of two ~125 kDa
polypeptide covalently attached to a linear tetrapyrrole chromopore (referred as

“phytochromobilin (P®B)” (Cherry et al., 1993; Smith, 2000).

The photosensory activity of PHYs results from its capacity to undergo
light-induced, reversible switching between two conformers: the red-light-absorbing
(Pr) form and the far-red-light-absorbing (Pfr) form (Smith, 2000). Pfr is generally
considered to be the biologically active form of PHY, and can be converted back to the
inactive Pr form by exposure to red light. The changes between Pr and Pfr is associated
with both a conformational change in structure as well as corresponding changes in the

absorption maxima from 666 nm (Pr) to 730 nm (Pfr) (Fankhauser and Chory, 1997).
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The absorbance spectra of Pr and Pfr show some overlap (Figure 1-1); consequently if a
tissue has been exposed to light, PHY is in the Pr form and far-red light is able to
transform a small proportion of these molecules into Pfr. Pure Pfr can not be established
even by red-light, because some Pfr molecules absorb red-light and are transformed to

Pr (Casal et al., 2003).

There are three phytochrome genes (PHYA - PHYC) in the model plant
species Oriza sativa, and five phytochrome genes (PHYA — PHYE) in Arabidopsis
thaliana (Mathews and Sharrock, 1997). Phylogenetic analysis indicates that a
duplication during the evolution of early seed plants gave origin to the PHYA/PHYC and
PHYB/PHYD/PHYE lineages, which in turn diverged into PHYA and PHYC, and PHYE
and PHYB/D, which finally resulted in PHYB and PHYD (Mathews and Sharrock, 1997).
Phytochromes can be classified into two groups based on their stability. PHYA is type I
(light-labile) PHY which degrades rapidly on exposure to red or white light, whereas
PHYB-PHYE are type II (light-stable) PHY which is stable under red or white light.
Type I PHY form a homodimer, whereas type II PHY seems to form a homo- and/or

hetero-dimer (Sharrock and Clack, 2004).

All phytochrome species of Pfr formation (signal perception) translocates
from the cytoplasm to the nucleus, whereas the accumulation in the nucleus shows

different kinetics; accumulation of PHYA in the nucleus occurred within minutes, and
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reached its maximum level after 10 min, which was followed by a rapid decline,
whereas accumulation of PHYB in the nucleus reached its maximum level after 6h
(Kircher et al., 2002). Translocated PHY's into the nucleus initiate altered expression of
selected genes that are responsible for directing the morphogenesis, whereas
reconversion to Pr can abolish this process. This control of plant growth and
development occurs throughout the life cycle from seedling de-etiolation to seed

germination (Figure 1-2) (Casal et al., 2003).

1.3. Physiological function of phytochrome

The modes of phytochrome function have been classified into four groups
complying with spectral quality and fluence rate: VLFR, LFR, red HIR and far-red HIR.
Very low fluence responses (VLFR) could be accounted for by an extraordinary
sensitivity to Pfr and a rapid completion of the signaling events downstream PHYA, and
are induced by any wavelength between 300 and 780 nm. Low fluence rate responses
(LFR) are the classical red/far-red reversible induction responses (i.e., responses that
can be induced by a red-light pulse and reverted by a subsequent far-red-light pulse),
and are mediated by PHYB. Two further high irradiance responses have also been
described, one to continuous red (red HIR), the other to continuous far-red-light (far-red
HIR). HIRs are characterized by a dependence on the intensity of light (fluence rate)

used in the experiment and by the observation that continuous irradiation can only be
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replaced by very frequent pulses of light.

1.4. Domain structure of phytochrome

PHY consists of two major structural domains, referred to as the N- and
C-terminal domains (Quail, 2002) (Figure 1-3). The N-terminal domain consists of four
subdomains consisting of a short N-terminal extension, a PAS domain, a GAF domain
and a phytochrome (PHY) domain (Montgomery and Lagarias, 2002). The GAF domain
possesses a covalently linked linear tetrapyrrole chromophore called phytochromobilin
(Fankhauser, 2001). The PHY domain is required for the spectral integrity of
phytochrome and stabilizes the Pfr form of PHYB (Oka et al., 2004). The C-terminal
domain consists of two subdomains referred to as the PAS repeat domain (PRD),
consisting of PAS1 and PAS2 domains, and the histidine kinase-like domain (HKLD)
(Montgomery and Lagarias, 2002). The PAS domain was first found in PER, ARNT and
SIM proteins, and is involved in protein dimerization with other proteins (Taylor and
Zhulin, 1999). Histidine kinase is a component of many two-component regulatory
systems, and contains the dimerization site (Stock et al., 2000). The N- and C-terminal
domains are connected by a proteolytically-sensitive hinge region (Grimm et al., 1988)
that includes a phosphorylatable serine in the Pfr (for far-red-light-absorbing)
conformation (Lapko et al., 1999; Kim et al., 2004). The C-terminal domain contains

the core region of loss-of-function missense mutations, and is important for
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dimerization and translocation into the nucleus (Edgerton and Jones, 1992; Cherry et al.,
1993; Edgerton and Jones, 1993; Quail et al., 1995; Wagner et al., 1996; Matsushita et

al., 2003).

1.5. Aim to this study

PAS domains have been identified in proteins from all three kingdoms of life,
and are important signaling modules that combined with a variety of regulatory modules
in multidomain proteins. Various cell responses to changes in the environmental and
intracellular conditions are controlled via PAS-containing receptors, transducers, and
regulators. For phytochromes, the PAS domains contain determinants necessary for
nuclear translocation, signal transduction and dimerization, however, the underlying
molecular mechanism of this activity remains unclear. The purpose of this study is to
understand the mechanisms of dimerization and the relation to the signal transduction in

terms of the three-dimensional structures and site-directed mutagenesis.

In this thesis, I describe the solution structure of rice PHYB PAS1 domain
and secondary structure of PAS1-PAS2 domain (Chapter 2: Structure determination of
rice PHYB PAS domains). In chapter 3, I describe homodimerization of the PAS1
domain with the hinge region, and consideration of homodimerization mechanism
(Chapter 3: Homodimerization of PHYB PAS1 domain with hinge-region). Some PAS

domains are known as ligand-binding domain. To investigate whether the rice PHYB

-15-



PAS1 domain has an ability to bind small molecule, I have developed high-throughput
screening method (Chapter 4: Gel-phase NMR: New methods for NMR-based screening

approach).
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Figure 1-1. Spectral properties of the phytochrome chromoprotein. Absorption spectra of oat

phytochrome A as Pr and Pfr (adapted from (Fankhauser and Chory, 1997).
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Figure 1-2. Simplified scheam of phytochrome signaling pathways. Upon absorption of red light, PHY

translocates from the cytoplasm to nucleus, and regulates gene expression through interaction with
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Figure 1-3. Domain structure of PHYB. The subdomains are depicted: BLD (billin lyase domain), PHY

(phytochrome domain), PASI,

PAS2 and HKLD (histidine kinase-like domain). The location of

loss-of-function missense mutation residues in Arabidopsis thaliana (At) PHYB (top) with the

corresponding location in Oriza sativa (Os) PHYB (bottom) are shown. Dimerization sites (DM) and core

region of loss-of-function missense mutations (Quail-box, QB) are represented as a thick bar.
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2. Structure determination of rice PHYB PAS domains

2.1 Introduction

2.1.1 PAS domains

PAS domains have been identified in proteins from all three kingdoms of life:
Bacteria, Archaea, and Eucarya. Theses include histidine and serine/threonine kinases,
chemoreceptors and photoreceptors for taxis and tropism, circadian clock proteins,
voltage-activated ion channels. Various cell responses to changes in the environmental
and intracellular conditions are controlled via PAS-containing receptors, transducers,

and regulators (Taylor and Zhulin, 1999).

PAS is an acronym formed from the names of the proteins in which imperfect
repeat sequences were first recognized: the Drosophila period clock protein (PER),
vertebrate aryl hydrocarbon receptor nuclear translocator (ARNT), and Drosophila
single-minded protein (SIM) (Nambu et al., 1991). PAS domain comprises a region of
approximately 100 to 120 amino residues. It is typical to find PAS domains in pairs in
eukaryotic transcriptional activators, such as SIM. Microbial proteins contain single,

dual, or multiple (up to six) PAS domains (Taylor and Zhulin, 1999).

Protein-protein interactions mediate signal transduction by some PAS proteins,

and the PAS domains may determine the specificity of the interactions (Huang et al.,
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1993). PAS domains in PER, FixL and DOS proteins form homodimers in vitro
(Miyatake et al., 2000; Kurokawa et al., 2004; Yildiz et al., 2005), but PAS domains are
usually involved in heterodimer formation. Where present in PAS proteins, such as the
aryl hydrocarbon receptor (AHR) and ARNT, the bHLH motif serves as an interface for
heterodimerization. However, PAS domains add increased stability and specificity to the
dimmers (Pongratz et al., 1998). The ARNT protein forms heterodimers with AHR and
mammalian hypoxia-inducible factor (HIFla) in addition to forming homodimers.
Heterodimers are also formed by CLOCK and CYCLE proteins and by PER and TIM
proteins in circadian circuits (Gekakis et al., 1998; Schibler, 1998). The specificity of
PAS transcriprional enhancers in binding to DNA response elements is determined by

the composition of the dimer (Rowlands and Gustafsson, 1997).

PAS domains are also known as a versatile sensor domain, as well as a
protein-protein interaction domain (Taylor and Zhulin, 1999). Of the PAS proteins that
sense light, PYP is a receptor in which blue light is captured by the 4-hydroxycinnamyl
chromophore in the PAS domain (Baca et al., 1994). FixL is an oxygen receptor, in
which oxygen binds directly to a heme that is coordinated to a histidine residue within a
PAS domain (Miyatake et al., 2000). Other PAS protein, Aer is a transducer that sense
oxygen receptor, in which oxygen binds indirectly by sensing redox changes as the

electron transport system responds to changes in oxygen concentration. The FAD
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cofactor is bound to the PAS domain, where oxidation and reduction of FAD generate
the on and off signals for aerotaxis (Taylor et al., 2001). Thus some PAS domains have

an ability to bind small molecule to sense environmental conditions.

By mapping a typical PAS domain from the ARNT protein onto the
crystallographic structure of the entire PYP, Getzoff and collaborators developed an
argument for PYP as a prototypical PAS domain (Pellequer et al., 1998). This
generalization is supported by the subsequent determination of the structure of PAS
domains in the FixL protein from B. japonicum (Gong et al., 1998) and the human
HERG protein (Morais Cabral et al., 1998). Four segments have been delineated in the
overall PAS fold in PYP: (1) the N-terminal cap or lariat (residues 1-28), including the
al and a2 helices; (2) the PAS core with the first three B-strands of the central 3-sheet
(residues 26-69) and the a3 and a4 helices; (3) the helical connector (residues 70-86)
with the a5 helix, which diagonally crosses the [-sheet and connects two edge
B-strands; (4) the B-scaffold, composed of 34, a connecting loop, and the B5- 6 hairpin

that form the second three-stranded half of the central B-sheet (Pellequer et al., 1998).

Three PAS domains are contained in phytochrome protein; the N-terminal
domain contains one PAS domain, and the C-terminal domain contains two PAS
domains (PAS1 and PAS2 domains). Certain missense mutations within the two PAS

domains of the C-terminal domain reduce the biological activity of each phytochrome
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without affecting the spectral nature associated with dimerization competence. For
example, certain missense mutations within the PRD of PHYB result in inhibition of
nuclear translocation (G767R mutation in Arabidopsis, G776 in rice) (Matsushita et al.,
2003), inhibition of nuclear body formation (G674D, A719V and E812K mutations in
Arabidopsis, G683, A728 and E821 in rice) (Chen et al., 2003), reduced binding activity
for PIF3 (A750V, G767R and E812K mutation in Arabidopsis, A759, G776 and E821 in
rice) (Ni et al., 1998, 1999) and rapid dark reversion (E812K mutation in Arabidopsis,
E821 in rice) (Elich and Chory, 1997). A750V, G767R and E812K mutations induce
hypocotyl elongation under continuous red-light conditions, whereas G674D and
A719V mutations do not (Quail et al., 1995; Wagner and Quail, 1995; Chen et al., 2003;
Matsushita et al., 2003). Thus, these mutants suggest the two PAS domains in the

C-terminal domain play a crucial role in PHY signaling.

This chapter shows the rice PHYB PAS1 domain determined by solution NMR
spectroscopy, and relationship between the structure of PASI domain and

loss-of-function missense mutations within the PAS1 domain are discussed.

2.1.2 Determination of protein structure using multidimensional NMR

experiments

Introduction of stable isotopes into proteins
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Nuclear magnetic resonance (NMR) spectroscopy is unique among the
methods available for three-dimensional structure determination of proteins and nucleic
acids at atomic resolution, since the NMR data can be recorded in solution. In the NMR
experiments, solution conditions such as the temperature, pH and salt concentration can
be adjusted so as to closely mimic a given physiological fluid. In addition to protein
structure determination, NMR applications include investigations of dynamic features
of the molecular structures, thermodynamic and kinetic aspects of interaction between

proteins and other solution molecules.

Assignment of the spin systems in protein NMR spectra is an essential step in
solution structure determination. However, conventional proton NMR experiments are
ineffective for structure determinations of proteins with molecular masses greater than
approximately 10 kDa. As the size of the protein increases, signal overcrowding
because of increasing number of protons and broadening linewidths of peaks becomes
more and more severe, up to the point of making it impossible the spectral analysis even
by using homonuclear two-dimensional spectroscopy. The introduction of isotropically
(""N- and/or °C-) labeled proteins has enabled heteronuclear NMR spectroscopy which
effectively circumvents these problems. Such labeling has become available by the
device of high-yield expression systems for proteins in bacteria such as Eschelichia coli,

which can grow in minimal nutrient media composed of simple organic carbon and
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nitrogen sources. Spectral resolution is improved by an increase of the dimensionality of
the NMR spectrum. Moreover, the efficiency of coherence transfer is increased by
relatively large scalar coupling interactions rather than the small 'H homonuclear
three-bond scalar coupling interactions. Recently, even larger proteins consisting of
more than 300 amino acids have become accessible by introduction of fractional
deuteration. That is because the deuteration reduces the 'H relaxation rates which are
otherwise dominated by dipolar interactions with other protons, and the deuteration also
reduces the heteronuclear relaxation rates which are otherwise dominated by strong
dipolar interactions with directly bonded 'H nuclei (Cavanagh et al., 1996; Krishna and

Berliner, 1998; Sattler et al., 1999).

Resonance assignments

Assignment strategies for "N-, C-labelled proteins employ coherence
transfer via 'J (and in part “J) coupling only, which are largely independent of
conformation. Also, since the 'J (°J) couplings are generally larger than the linewidth (J
> Avi;) of nuclei under consideration, the transfer via these couplings remains efficient
for relatively large molecules with short transverse relaxation times 7> . Figure 2-1
shows the spin system of the peptide backbone and indicates the size of the coupling
constants used for magnetization transfer in doubly *C-, "N-labelled proteins. The

double- and triple-resonance experiments are summarized in Table 2-1 (Cavanagh et al.,
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1996, Krishna and Berliner, 1998; Sattler et al., 1999).

The nomenclature established for these experiments is systematic. For

example, HNCO experiment used the following coherence transfers:
Hy {i+1} 2 PN {i+1} () D PCo {i} () > PN {i+1} > 'Hy {i+1} (t3)

, where {i} represents the amino acid number, i. Magnetizaitons are detected in the ti, t»
and t; time domains, and transformed to the w;, ®, and s frequency domains by
Fourier transformations, respectively. Thus, the HNCO experiment provides a cross
peak at the cross point of the chemical shifts of the 'Hx/"°N spins of residue i+1, and the
BCo spin of residue i. On the other hand, HN(CA)CO experiment correlates the
chemical shifts of the 1HN/ BN spins of residue 1, and the 13Co spin of the same residue 1.
Therefore, if the *CO{i} shift is unique, the 'Hx/°N{i+1} and 'Hy/""N{i} shifts are
linked. In similar ways, almost all of the chemical shifts of 'H, BC and N nuclei in
proteins can be assigned (Cavanagh et al., 1996; Krishna and Berliner, 1998; Sattler et

al., 1999).

NMR parameters for structure determinations

The principal source of geometric information used in these structure
determinations reside in short (< 5 A) approximate interproton distance restraints

derived from the observation of nuclear Overhauser effects (NOE). This distance limit
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arises from the fact that the NOE (at short mixing times) is proportional to »°, where r
is the distance between the two protons. The second source of constraints obtained by
NMR is the information on ¢, y and y; torsion angles derived from scalar coupling
constants. This information can be supplemented and often supplanted by the
measurement of heteronuclear couplings by quantitative J correlation spectroscopy. A
summary of the heteronuclear quantitative J correlation experiments is showed in Table

2-2 (Cavanagh et al., 1996; Krishna and Berliner, 1998; Sattler et al., 1999).

Structure calculations

NMR based structure calculations essentially involve finding conformations
of a macromolecule that are consistent with defined structural constraints such as
interproton distance, dihedral angle, and hydrogen bonding constraints. There are
varieties of methods which utilize restrained molecular dynamics (rMD) and/or distance
geometry (DG) mehods. The DG uses the metric matrix algorithm or the variable target
function approach. The rMD uses the simulated annealing (SA) procedure in which
pseudoenergy potentials drive a structure toward a conformation that will reduce
violations of constraints during a forced heatup-cooldown annealing cycle. The result of
an NMR structure calculation is a group of conformers that represents the solution
structure of a protein. These structures are often evaluated with root mean square

deviation (R.M.S.D.) values which indicate differences between the structures, and
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distributions of dihedral angles (e.g., Ramachandran plot) (Cavanagh et al., 1996; Reid,

1997).

-28-



2.2. Materials and Methods

2.2.1. Protein expression and purification

The rice PHYB®®"® and PHYB®**** were cloned into the pET32¢ expression
vector (Novagen) and over-produced in E. coli BL21 (DE3) RIL (Novagen) as
thioredoxin and hexa-histidine fusion proteins. *C/'°N- or ""N-labeled protein was
induced by the presence of 1 mM IPTG at 25 °C in M9 minimal medium containing
NH,CI and [U-"C] glucose or unlabeled glucose, respectively. Cells obtained from
M9 cultures were lysed by sonication. The lysate was centrifuged and the supernatant
was loaded onto a Ni-NTA agarose resin (Qiagen). Proteins were eluted with imidazole
in a stepwise manner. The sample fraction was then passed through a Superdex 26/60
75pg gel filtration column (Amersham). Following removal of the fused tag by
enterokinase (Novagen) was performed, Hi-trap Q anion-exchange (Amersham) and
Superdex 26/60 75pg columns were used to further purify the samples. The identity and
integrity of the protein samples was confirmed by N-terminal sequencing, MALDI/TOF

MS and SDS-PAGE.

2.2.2. Site-directed mutagenesis of PHYB®¢¢7%2

Point mutations of G683R, A728V, A759V and G776R of PHYB®**"** were
introduced into the PHYB®®7®* expression vector using the QuikChange system

(Stratagene). All PCR steps were performed on an Applied Biosystems GeneAmp®
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thermal cycler and mutated sequences were verified by DNA sequencing. Protein

expression and purification was performed as described above.

2.2.3. NMR measurement

Purified PHYB®®" and PHYB®*** were dissolved in 50 mM potassium
phosphate buffer (pH 6.8) containing 20 mM KCI and 5 mM DTT in either 93% H,O,
7% D,0O or 99.8% D,0O. The final concentration of PHYB®®782 and PHYB®*®*%® was
adjusted to 0.8 mM and 0.2 mM, respectively. Each protein was placed in 5-mm

diameter micro-NMR cells (Shigemi, Inc.) for NMR measurements.

All NMR experiments were carried out on a Bruker AV500 spectrometer with a
cryogenic probe or a Bruker DRX800 spectrometer at 30°C. Chemical shifts were
referenced to 4, 4-dimethyl-4-silapentane 1-sulfonate. All multidimensional NMR
spectra were acquired in a phase-sensitive mode employing a States-TPPI manner. The
water flip-back method was employed in several experiments, starting from amide
proton magnetization. Mirror image or forward-backward linear prediction was used in
indirect time domains. All spectra were processed using the NMRPipe package

(Delaglio et al., 1995), and analyzed by Sparky (Goddard and Kneller, 1999).

Sequential assignments of 'H, °C and "N chemical shifts were achieved
mainly by through-bond heteronuclear correlations along the backbones and the

side-chains with the following 3D or 4D NMR experiments: HNCACB, HN(CO)CACB,
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HNCACO, HNCO, C(CO)NH, H(CCO)NH, HC(CO)NH, HCCH-TOCSY and
*N-edited TOCSY. Inter-proton NOEs were derived from 2D, 3D "*N-edited and 3D
BC-edited NOESY spectra recorded with a mixing time of 100 ms. Backbone ¢ and
torsion angle restraints were derived from an analysis of H,, Cq, Cg, C* and backbone
>N chemical shifts using TALOS (Cornilescu et al., 1999). Restraints were used only
for those residues that exhibited TALOS reliability scores = 10. The y ; angle restraints
of aliphatic residues were determined based on the 3JN,H[3 and 3Jc;HB coupling constants
measured in 3D HNHB and HN(CO)HB spectra (Archer et al., 1991; Grzesiek et al.,
1992). Aromatic y; angle restraints were determined based on the 3Jcs,cy and 3JN, cy
coupling constants measured in the *C’-{"? C,} spin-echo difference and the 15N-{13Cy}»
spin-echo difference "H-'"N HSQC spectra (Hu et al., 1997). Slowly exchanging amide
protons were identified from a series of 2D 'H-""N HSQC spectra recorded following
buffer exchange from H,O to D,O. Heteronuclear >N-"H NOE values were determined
from a pair of two-dimensional gradient sensitivity-enhanced correlation spectra

acquired with and without a 3-s proton saturation period (Farrow et al., 1995).

2.2.4. Structure calculation

The solution structure was calculated based on the analysis of NOEs observed
in a "N-edited NOESY, "*C-edited NOESY and 2D-NOESY spectra. The 1205 NOE

cross-peaks were assigned manually using Sparky. A total of 66 ¢ and y dihedral angle
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restraints were derived with TALOS (Cornilescu et al., 1999), and a total of 8 y; angle
restraints derived from the 3JN7HB and 3JCO,HB coupling constants on the aliphatic residues
and the 3Jco,0y and 3JN’ cy coupling constants on the aromatic residues. A total of 60
hydrogen bond distance restraints (two restraints per bond) were derived from
hydrogen-deuterium exchange experiments and local secondary structure. Additionally,
ambiguous NOEs were collected with CANDID, a module of CYANA, using a standard
protocol consisting of seven cycles of iterative NOE assignments and structure
determination (Herrmann et al., 2002). During the iterative NOE assignments, 2819
NOEs were corrected, yielding a final count of 4024 assigned NOE cross-peaks. Finally,
the structure of PHYB®®’*? was calculated using a combined distance
geometry/simulated annealing approach using the CNS software package (Brunger et al.,
1998). Of the 100 calculated structures, 30 structures were accepted with no angle
violations greater than 5° and no NOE distance violations greater than 0.5 A. The
calculated structures were analyzed using PROCHECK-NMR (Laskowski et al., 1996)

and MOLMOL, and the graphics were created using MOLMOL (Koradi et al., 1996).
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2.3. Results
2.3.1. Structure determination of PHYB®¢ 732

Recombinant rice PHYB®®" was overexpressed in E. coli, isotopically
labeled, and purified by nickel-chelating, anion exchange and gel filtration columns.
The elution profile derived from gel filtration chromatography suggested that
PHYB®®7? existed as a monomer in solution. The 'H-"N HSQC spectrum of
PHYB®®" gave a highly dispersed pattern of cross-peaks, suggesting that the entire

protein molecule adopts a stable tertiary conformation in solution.

NMR resonance assignments were obtained by measuring the double and triple
resonance NMR spectra of '’N- and "N, *C-labeled protein samples. The main-chain
assignments were obtained from the HNCACB, HN(CO)CACB, HN(CA)CO, and
HNCO spectra. Side-chain assignments were obtained from C(CO)NH, H(CCO)NH,
HCCH-TOCSY and 4D-HC(CO)NH spectra. The structure of PHYB®®7® was
determined using 4023 distance constraints obtained from "“C-edited and '*N-edited
NOESY spectra, and 8 and 132 torsion angles derived from quantitative J experiments
and TALOS analyses, respectively. The final 20 structures derived from the NMR data
were well defined except for the N- and C-terminal residues (Figure 2-2A). The root
mean square deviation (r.m.s.d.) for the averaged structure of the well-defined region

was 0.19 A for the backbone and 0.59 A for all heavy atoms (residues 666-778). The
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statistics of the structures are shown in Table 2-3 online.

2.3.2. Solution structure of PHYB®**¢7%

PHYB®*7** adopted an o /p fold consisting of six a-helices and four B-strands
(Figure 2-2B). The helices were Helix I (residues 667-669), Ca (690- 695), Da (700-
703), Ea (708- 712), Fa (718- 728) and Helix II (746- 749). The B-strands were A}
(677- 680), HP (753- 763), GB (734- 741) and 1B (769- 774). Nine loops connected each
secondary structure element. The first strand, AP, was connected to helix Ca by a long
loop, L2, and was covered by helices Da and Ea,, which form the PAS core. The helical
connector, Fa, linked the PAS core and the B-scaffold consisted of three B-strands, Gf3,
Hp and IB (Figure 2-2B). This global structure of PHYB®®"® represented the typical
PAS fold (Taylor and Zhulin, 1999) except for the missing B} strand and the extra
helices. Thus residues 677-774 were assigned to the PAS1 domain for rice PHYB. The
closest matches derived from a DALI search (Holm and Sander, 1996) were the PAS
domains of HIF-2a (1P97), HERG (1BYW) and PYP (3PYP), with Z-scores 11.3, 9.7
and 9.4, respectively. The r.m.s.d. between the PHYB PAS1 domain and the PAS
domains of HIF-2a (1P97), HERG (1BYW) and PYP (3PYP) was 1.34, 1.96 and 1.90
A, respectively, with over 39 coordinates of C, atoms for residues in secondary
structure elements (PASI residues 677-680, 700-703, 718-728, 739-742, 753-763 and

769-774).
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2.3.3. Conformational analyses of P746 and P752 residues

Interestingly, three regions, region-1 (L695-T696 and L698), region-2 (V709,
1713-F714) and region-3 (K740-Q748 and K750-1756), showed minor peaks with
substantial chemical shift differences from major peaks in each spectrum, indicating that
conformation multiplicities exist in these regions. Notably, region-3 contains two
prolines, P746 and P752, while region-1 and region-2 were spatially close to region-3 in
the 3D structure, implying that the conformation multiplicity of these regions could
have originated from cis-trans isomerization of either one or two prolines. NOE cross
peaks of G745H,-P746H;s and G751H,-P752H;s were observed for major peaks on a 3D
PC-edited-NOESY spectrum, indicating that both P746 and P752 adopt a trans
conformation as the major form. In fact, in the 20 ensemble structures determined, the

omega angle for P746 and P752 was -178.40 £ 0.1 and -179.10 + 0.1, respectively.

Although the tertiary structure of the minor conformation was not determined,
use of POP software, a conformation prediction program for the Xaa-proline peptide
bond based on the chemical shifts and 3D structure database search (Schubert et al.,
2002), showed that P746 and P752 adopted a trans and cis conformation with 100% and
99.9% matches in the database, respectively, as deduced from the Cg and C, chemical
shifts of minor peaks. In fact, the chemical shifts of Cg and C, of P752 were differed

markedly in the major and minor peaks, (32.7 and 26.1 ppm) and (34.9 and 23.5 ppm),
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respectively, in contrast to those of P746, (32.1 and 27.0 ppm) and (32.0 and 27.0 ppm),
respectively. Thus, an equilibrium exists between trans and cis isomerization for the
major and minor conformation of P752, respectively, and this represents the origin of
the conformational multiplicity within the PAS1 domain. For example, the major
conformer contains Helix II within residues P746-S749 consisting of region-3, whereas
the secondary structure of the minor conformer is a random coil in this region. The trans

to cis conformational change of P752 could conceivably disrupt Helix II formation.

2.3.4. Structure of PHYB®***2

The C-terminal domain of the phytochromes contained the PRD. In order to

obtain structural information concerning the PRD, PHYB®****

containing the PAS1
domain and the following ~140 residues was expressed in FE.coli and purified.
Sequential backbone assignments of PHYB®**** have been reported (Kobayashi et al.,
2005). Both PHYB®®** and PHYB®“7*? showed minor peaks, indicating that

PHYB®®** had a similar minor conformation to PHYB®**"®, The secondary structure

of PHYB®*®** was estimated by TALOS analyses.

In Figure 2-3A, the sequential alignment between residues 666-782 and
783-923 in PHYB and other PAS domains is shown. The secondary structure of
residues 666-782 in PHYB®®* was identical to PHYB®®'®. The secondary structure

of residues 666-782 differed from other PAS domains in terms of an additional helix,
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Helix II, and the absence of Bp-strand (Figure 2-3A and B). Helix I, the N-terminal
helix, has been found in photoactive yellow protein (PYP) and the sensor domain of
Rhizobium meliloti FixL. (RmFixLH). Residues 810-917 showed secondary structure
that was characteristic of the PAS fold (AP (810-813), BB (819-823), Ca. (824- 828), Ea
(846-850), Fa (858- 869), GB (873-884), HP (891-898) and IB (909-917)) (Figure
2-3A). Thus, residues 810-917 were assigned to the PAS2 domain, and PHYB®%%
adopted the PRD containing the PAS1 and PAS2 domains, although this PAS2 domain
had one or two characteristic B-strand(s) instead of the Da-helix found in typical PAS

folds (Figure 2-3A).

2.3.5. No interaction between the PAS1 and PAS2 domains is observed

The 'H-""N HSQC spectra of PHYB®*®"® and PHYB®**** were compared in
an effort to assess the possibility of any interaction between the PAS1 and PAS2
domains (Figure 2-3C). No significant chemical shift differences were observed

666-923
. In heteronuclear

between PHYB®®7*? and the corresponding region of PHYB
"N-'"H NOE experiment, residues at the N-terminus (residues 666-670, 672),
C-terminus (residues 917-923) and a loop between PAS1-PAS2 domain (residues 779,
780,782-789,791-807) showed low N-'"H NOE values, indicating these regions are

highly flexible (Figure 2-4). Moreover, the elution profile of the analytical SEC for

PHYB®*** was independent of the protein concentration. These data indicated that the
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PAS1 domain did not interact with the PAS2 domain, either in an intra- nor

inter-molecular manner.
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2.4 Discussion

2.4.1. Conserved residues of the PRD

The C-terminal domain contains well conserved residues among all
phytochrome species (Clack et al., 1994). To determine the conserved residues in the
PAS1 domain, sequence alignments were generated (Figure 2-5A) between the rice
PHYB PASI1 domain and those of all other PHY As and PHYBs where sequence data is
available in the SWISS-PROT and TrEMBL (Bairoch and Apweiler, 2000) databases.
One cluster of conserved residues is found on the solvent-exposed face on the B-sheet
side (Figure 2-5B). This cluster contains the core region of loss-of-function missense
mutations (Figure 2-3B) (Quail et al., 1995), and thus, might play a critical role in
functions common to phytochromes. The other cluster is found on the N-flanking region
of the PAS1 domain, including Helix I (Figure 2-5A and B). This region is necessary to
maintain the dimer (see Chapter 3), thus dimer formation might play some important
role. On the other hand, the residues in Helix II are not conserved, suggesting Helix II
associated with the major-minor conformation change is probably not related to the

general functions of phytochromes.

One of the regions related to the conformational changes induced by
photoconversion between the Pr and Pfr forms has been mapped to the linker region

between the PAS1 and PAS2 domains by limited proteolysis. This suggests that the
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linker region is exposed to the environment in the Pfr form (Grimm et al., 1988). In this
study, I showed that no secondary structure element was found in the linker region
(Figure 2-3A), and that the PAS1 domain did not interact with the PAS2 domain (Figure
2-3C). In addition, the residues on the linker region showed low "N—"H NOE values
(Figure 2-4). These results indicate that the linker represents a flexible linker. On the
other hand, the sequence of the linker region is highly conserved among all PHY As and
PHYBs (Figure 2-5A). Thus the linker region might play an important role in terms of

conformational flexibility and solvent accessibility in the Pfr form.

2.4.2. Loss of function missense mutants

Four mutations, which reduce a phytochrome function, are found in
PHYB®*7? (G683D, A728V, A759V and G766R) (F igure 2-6A). These mutants were
overexpressed in E. coli and purified. The G683D mutant of PHYB®®"® was degraded
during the purification process. Unlike wild-type (WT) PHYB®®7*? the A728V,
A759V and G776R mutants failed to adsorb onto the anion exchange column under the
same buffer conditions, suggesting that the structure or surface charge of these mutants
differs from that of PHYB®®"®, The effect of the mutations on the structure was

determined by examining the 'H-">’N HSQC spectra of the PHYB®**”** mutants.

Figure 2-6B-E shows the 'H-""N HSQC spectra of the WT, and A728V,

A759V and G776R mutants of PHYB®®7®. Changes in tertiary structure were
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monitored by comparing backbone amide '°N and 'H shifts for each of the mutants with
WT values. For the A728V and A759V mutants, the HSQC spectra are similar to the
WT, whereas certain signals shifted markedly (Figure 2-7). Thus, it is likely that the
A728V and A759V mutants possess a similar overall structure to the WT in solution. It
should be noted that local conformational changes occur at predominantly the
N-terminal half of the PAS1 domain containing AP and two loops (L1 and L2) in the
A728V mutant, and predominantly on the -sheet in the A759V mutant. On the other
hand, many peaks in the HSQC spectra of the G776R mutant are broadened with
decreased peak intensity (Figure 2-6E), suggesting that the G776R mutation partially

666-782

disrupted the tertiary structure compared with PHYB . This disruption could

conceivably inhibit the nuclear translocation of PHYB.

Four target residues (G683, A728, A759 and G776) participate in the formation
of a hydrophobic core within the PAS1 domain, and are conserved among all PHY As
and PHYBs (Figure 2-5A). Two residues found in the core region of loss-of-function
missense mutations (A759 and G776) are located on the 3-sheet, whereas the other two
residues (G683 and A728) are absent (Figure 3-5A). The A750V and G767R mutations
in Arabidopsis (A759 and G776 in rice) induce hypocotyl elongation under continuous
red-light conditions, whereas the G674D and A719V mutations in Arabidopsis (G683

and A728 in rice) do not (Quail et al., 1995; Wagner and Quail, 1995; Chen et al., 2003;
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Matsushita et al., 2003). These differences in photomorphogenesis might be due to
perturbation of the conserved molecular surface on the B-sheet side caused by the
A759V and G776R mutations (Figure 2-7). Thus, structural perturbation on the surface
derived from core region of loss-of-function missense mutations in the PAS1 domain

perturbs phytochrome function.
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Table 2-1. Summary of Correlations observed in the 3D double- and triple-resonance experiments

used for sequential and side-chain assignments.

Experiment Correlation J Coupling

"N-edited HOHAHA  C*H(i)-'*N(;)-NH(i) 3 N
CPH(i)-""N(i)-NH()) > Jine and *J,p

HNHA C*H(i)-">N(i)-NH() 3 JiNa

H(CA)NH C*H(i)-""N(i)-NH(i) L iNe
C*H(i-1)-""N(i)-NH() 2JiCa

HNCA BC(i)-""N(i)-NH() ! Jhico
1BC%(i-1)-"*N(i)-NH(i) *Jiica

HN(CO)CA BCo(-1)-""N(i)-NH()) 'nco and 'Jeaco

HNCO BCOo(i-1)-""N(i)-NH()) L nco

HCACO C*H(i)-"C*(i)-CO(i) 'Jcaco

HCA(CO)N C*H(i)-"C*(i)-"N(i+1) Jeaco and 'nco

HN(CO)CACB NH(i)-""N(i)- PC%i-1)/"CPi-1) Jeaco, "Inco and 'Jec

HNCACB NH(i)-""N(i)- PC@)/CPi) "Inea and 'Jee
NH(i)-""N(i)- *C%i-1)/"CPi-1) 2Ince and 'Jee

HBHA(CO)NH CPH(i-1)/ C*H(i-1)-""N(i)-NH(i) 'Jeaco, Unco and 'Jee

HBHA(CBCANH  CPH(i)/ C*H(i)-"*N(i)-NH(7) 'Unce and 'Jce
CPH(i-1)/ C*H(i-1)-""N(i)-NH(i) *Ince and 'Jee

C(CO)NH B(i-1)-""N(i)-NH()) 'Jeaco, Unco and Jee

H(CCO)NH H(i-1)-"N(i)-NH() Jeaco, Inco and e

HCCH-COSY H(i-D-"C60)-"* i) HG) ™! ee

HCCH-TOCSY H(i-1)-"C@G) - BT (1)- H(G) ™" Jee
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Table 2-2. Experiments for Determining three-bond coupling constats by quantitative J correlation

spectroscopy.

Experiment Three-bond coupling Torsion angle

3D HNHA 3 N o

3D (HN)CO(CO)NH *Jcoco ¢

2D C-{'"N} spin-echo difference CT 3JCYN y1 of Thr and Val
HSQC

2D “C-{CO0} spin-echo difference CT “Je,co y1 of Thr and Val
HSQC

2D B C-{13Cy(ar0)} spin-echo difference 3JCy(aromatic)CO y1 of aromatics
'H-""N HSQC

2D 15N-«{BCy(aro)} spin-echo difference 3JCy(ar0matiC)N y1 of aromatics

'H-"N HSQC

2D C-{"*Cy} spin-echo difference 'H-""N
HSQC

3
JCy(aliphatic)CO

1 of aliphatics

3D HN(CO)C 3JCy(a]iphatiC)N 1 of aliphatics

3D HN(CO)HB *Jconp e

3D HNHB 3 i A1

3D HACAHB Jop %1

2D or 3D !'H-detected long-range C-C 3 Jcc %2 of Leu and Ile

COSY 13 of Met

3D 'H-detected ['°C-"H] long-range COSY  *Jen %2 of Leu and Ile
13 of Met

-44-



Table 2.3. Structural statistics for PHYB®¢7322

Total number of distance constraints

Long range

Middle range

Short range

Intraresidue

Hydrogen bond constraints
Dihedral constraints”

o, v

X1
R.m.s. deviation from experimental constraints

Distance (A)
Angle (°)
R.m.s. deviation from idealized covalent geometry
Distance (A)
Angle (°)
CNS energy terms (kcal/mol)*
Ebond
Eangle
Eimp
Evaw
PROCHECK Ramanchandran plot (666-778)

Residues in most favored regions (%)
Residues in additional allowed regions (%)
Residues in generously allowed regions (%)
Residues in disallowed regions (%)
R.m.s. deviations to mean structure of the calculated 20 structures
Backbone (666- 778) (A)
All heavy (666- 778) (A)

4023

1390
591
820
1222
30 x 2

66, 66

0.0282 £ 0.0006
0.74 £0.02

0.0032 £ 0.0001
0.44 £ 0.01

19.5£0.6
102.7+3.3
143+£0.3
211+ 10

80.1
16.8
3.2
0.0

0.191
0.588

* These statistics comprise the ensemble of the 20 lowest energy structures obtained
from 100 starting structures. Structure calculations were performed using CNS version

1.1.

® None of these structures exhibited distance violations > 0.5 A or dihedral angle

violations > 5°.
¢ Evqw is the Lennerd-Jones energy of CNS energy terms
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Figure 2-1. Summary of the one-bond heteronuclear coupling along the polypeptide chain utilized
in 3D and 4D NMR experiments.
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Figure 2-2. The solution structure of rice PHYB*%7®, (A) Stereo view of backbone superpositions of
the 20 structures of PHYB®®"®, (B) Schematic ribbon drawing of PHYB®*7®. Helices are shown in
green and strands in blue. Six helices (HelixI, Ca, Da, Ea, Fo and Helix II), four strands (A, G, H3
and IP) and nine loops (L1- L9) are depicted.

-47-



Helix | AB (Bp) Ca Do Ea
651 661 @ 671 681 691 701 7
OsPHYB PAS1 647 LGEL ELRGIDELSS VAREME TATVPIFAVD TDGC----INGWNA KVAELTGLSV EEAMGKS----LVN DLIF- 714
! s e —
OsPHYB PAS2 783 --KV VMDKFINIQG DYKAIVHNPN PLIPPIFASD ENTC----CSEWNT AMEKLTGWSR VGKZJLVGEVFG NCCRL 853
C N i\ i
= =
PYP 1 MEHV AFGSEDIENT LAKMDDGQLD GLAFGAIQLD GDGN----ILQYNA AEGDITGRDP KQVIGKN----FFK DVAP- 70
— e e N —
RmFixL 128 -——— -—- TEDVVRA RDAHLRSILD TVPDATVVSA TDGT----IVSFNA AAVRQFGYAE EEVIGQN----LR- ILMP- 187
Phy3 929 ——-= ——-mm————— —mm—————— oo KSFVITD PRLPDN-PIIFASD RFLELTEYTR EEVLGN----NCR- FLQGR 969
HERG 26 —--— —————————— —————————— - SRKFIIAN ARVENCA-VIYCND GFCELCGYSR AEVMQRPCT--CD- FLHGP 69
hPASK 131 —=== ——mmmmmmm e oo NKAIFTVD AKTTE---ILVAND KACGLLGYSS QDLIGQ----KLT- QFFLR 173
HIF2-o 240 —--= —mmm—mm——— oo o DSKTFLSR HSMDMKFT--YCDD RITELIGYHP EELLGR----SAY- EFYHA 283
Fo Gp Helix Il Hp 1B
721 731 741 (b) 751 (c) 761 7 781
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0\
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Figure 2-3. Sequence alignment and secondary structure of the PAS domains. (A) Sequence
alignment of the rice PHYB PAS1 and PAS2 domains with known PAS domain structures. a-helices and
B-strands are drawn in green and blue, respectively. The alignment was initially generated using ClustalW
(Pearson and Lipman, 1988) and manually adjusted to match the secondary structure elements. The
hatched box indicates the predicted helix estimated using PSIPRED (Jones, 1999). The unique secondary
structures found in PHYB are shown in black boxes (a and b). The core region of loss-of-function
missense mutations is shown in a red box (c). (B) The unique secondary structures and the core region of

loss-of-function missense mutations are represented as yellow and red, respectively, on the ribbon picture
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of PHYB®*7®_(C) Superposition of the 'H-">N HSQC spectra of PHYB®**"** (black) and PHYB®*****
(red). The PHYB®**** contains both PAS1 and PAS2 domains.
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Figure 2-4. The PAS1 domain was linked to the PAS2 domain by a flexible linker. {'H}-"°N

heteronuclear NOE values measured for PHYB®%%. Secondary structure elements are indicated. Smaller

NOE values implied faster motion of the protein backbone.
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Figure 2-5. Conserved residues of the PHYA and PHYB PAS1 domains. (A) Sequence alignment of
region 647-820 in rice PHYB with all other PHY As and PHYBs. The alignment was generated using
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ClustalW (Pearson and Lipman, 1988). Completely, highly and moderately conserved residues are
denoted “*”, “:” and “.”, respectively. The charged residues within the hinge-region are drawn in white
letters on red (negative) and blue (positive) backgrounds (see Section 3.2.2.). The core region of
loss-of-function missense mutations is shown in a red box. (B) Mapping of conserved residues on the
surface of the rice PAS1 domain. Completely, highly and moderately conserved residues are in red, deep

pink and light pink, respectively. The molecular orientation is essentially the same as in Figure 2-2B.
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Figure 2-6. NMR analyses of missense mutations of the rice PHYB PAS1 domain. (A) Missense
mutations are mapped on the structure of the rice PAS1 domain. (B- E) 'H-""N HSQC spectra of
wild-type PAS1 (B), A728V (C), A759V (D) and G776R (E).
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Figure 2-7. Chemical shift differences between WT and mutants of PHYB®®"*, The bars represent
combined 'H and "*N chemical shift differences (A8 = [AS('H)* + {AS('°N) / 5}%]"?) for A728V (A) and
A759V (B). Residues with significant chemical shift differences are mapped on the PHYB®*7* structure:
deep pink spheres (Ad > 0.150 ppm), light pink spheres (0.075 < Ad < 0.150 ppm). Asterisks indicate
residues not assigned due to signal overlap or broadening.
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3. Homodimerization of PHYB PAS1 domain with the

hinge-region

3.1. Introduction

Phytochrome dimerization is necessary for full activity as it relates to hypocotyl
elongation (Matsushita et al., 2003), despite the details of dimerization sites and
dimerization mechanisms remain unclear. From modeling studies of phytochrome
sequences, the dimerization sites have been proposed to be between residues 730 and
821 (Romanowski and Song, 1992). On the other hand, from experimental studies,
Edgerton and Jones reported that the hinge-PAS1 segment [residues 599-683 in oat
PHYA (642-727 in rice PHYB)] and a portion of the HKLD [residues 1069-1129 in oat
PHYA (1110-1171 in rice PHYB)] are capable of mediating dimerization using
analytical size-exclusion chromatography experiments and A repressor-based in vivo
assays (Edgerton and Jones, 1993), whereas Cherry and co-workers reported that a
portion of the HKLD (residues 919-1093 in oat PHYA (960-1135 in rice PHYB)) was
essential for phytochrome dimerization, using analytical size-exclusion chromatography
(SEC) experiments (Cherry et al., 1993). These data of two analyses suggest that a
portion of HKLD is necessary for phytochrome dimerization, and that the hinge-PAS1
segment is secondary dimerization site. However, mechanisms and physiological

functions of these dimerization sites remain unclear. In this chapter, homodimerization
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of the PHYB PASI domain with the hinge-region is described, and the
homodimerization mechanism and a possible role for homodimerization of this region

in phytochrome function are discussed.
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3.2. Materials and Methods

3.2.1. Protein expression and purification

DNA fragments encoding rice PHYB (residues 621-782, 633-782 and 633-672
designated as PHYB®'”7*2, PHYB®*7*2 and PHYB®***"* respectively) were amplified
by PCR and inserted into a pET32c¢ expression vector (Novagen). A DNA fragment
encoding rice PHYB (residues 647-782 designated as PHYB®7*?) was amplified by
PCR and inserted into a pDEST32 expression vector, modified pET32c¢c vector
(Novagen). Each PHYB fragment was expressed in Eschelichia coli BL21(DE3)RIL
with a thioredoxin (TRX)- and hexa-histidine (Hise)-tag at the N-terminus. Transformed
cells were grown at 37°C in M9 media containing "NH4Cl (1 g/I) and unlabeled glucose
for '"N-labeled proteins, respectively. Protein expression was induced using 1 mM
isopropyl-f-D-thiogalactopyranoside (IPTG) at 25°C when Agp was ~0.6, and cells
were harvested for 8 hrs thereafter. Cell pellets were suspended in 50 mM HEPES (pH
7.4), 300 mM KCIl, 5 mM imidazole, 0.1 mM EDTA, 0.1 mM dithiothreitol (DTT), 1
mM Pefabloc SC® (Roche) and 10% glycerol and then sonicated. Following
centrifugation, the supernatant was loaded onto a Ni-NTA agarose column (Qiagen).
Bound proteins were eluted using 50 mM HEPES (pH 7.4), 300 mM KCI, 350 mM
imidazole, 0.1 mM EDTA, 0.1 mM DTT, 1 mM Pefabloc SC and 10% glycerol. TRX-

and Hise-tagged proteins were loaded onto a Superdex 26/60 75pg (Amersham) gel
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filtration column equilibrated with 50 mM Tris-HCI, 100 mM NaCl and 5 mM CaCl,.
TRX- and Hise tags were then digested using Factor Xa (Novagen) for PHYB®*"7*? or
Enterokinase (Novagen) for PHYB®'7® and PHYB®’7"™. Hi-trap Q and Superdex
26/60 75pg columns (Amersham) were used for further purification of the proteins.
Protein identity and integrity was confirmed by N-terminal sequencing, MALDI/TOF

MS and SDS-PAGE.

3.2.2. Site-directed mutagenesis of PHYB®""%

Point mutations of R651K, R653D, D656R, R663D and R653D/R663D of
PHYB®’7? were introduced into the PHYB®'7® expression vector using the
QuikChange system (Stratagene). All PCR steps were performed on an Applied
Biosystems GeneAmp® thermal cycler and mutated sequences were verified by DNA

sequencing. Protein expression and purification was performed as described above.

3.2.3. NMR measurement

Purified PHYB®®"? and PHYB®*** were dissolved in 50 mM potassium
phosphate buffer (pH 6.8) containing 20 mM KCI and 5 mM DTT in either 93% H,O,
7% D,0O or 99.8% D,0. The final concentration of PHYB®%"%2 and PHYB®** was
adjusted to 0.8 mM and 0.2 mM, respectively. Each protein was placed in 5-mm

diameter micro-NMR cells (Shigemi, Inc.) for NMR measurements.
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All NMR experiments were carried out on a Bruker AV500 spectrometer with a
cryogenic probe or a Bruker DRX800 spectrometer at 30°C. Chemical shifts were
referenced to 4, 4-dimethyl-4-silapentane 1-sulfonate. All multidimensional NMR
spectra were acquired in a phase-sensitive mode employing a States-TPPI manner. The
water flip-back method was employed in several experiments, starting from amide
proton magnetization. All spectra were processed using the NMRPipe package

(Delaglio et al., 1995), and analyzed by Sparky (Goddard and Kneller, 1999).

3.2.4. Analytical size exclusion chromatography (SEC)

Purified PHYB®!'7%, pHYB®*%"2, PHYB®*"7*?, PHYB®**"*? and TRX-Hiss-
PHYB®**"* (0.025 mM to 1.7 mM) were loaded onto a 10/30 HR Superdex-75
analytical gel-filtration column (Amersham) equilibrated with running buffer (50 mM
potassium phosphate buffer (pH 6.8) containing 20 mM KCl and 5 mM DTT). The
column was eluted at a flow rate of 0.7 ml/min and the absorbance of eluted fractions
was monitored at 280 nm. The loading loop volume was 100 pl, and each fraction
volume was set to 300 pl. A gel-filtration standard kit (Bio-Rad) was used for
calibration (Thyroglobulin: 670 kDa, Bovine gamma globulin: 158 kDa, Chicken

ovalbumin: 44.0 kDa, Equine myoglobin: 17.0 kDa and Vitamin B-12: 1.35 kDa).

3.2.5. Homology modeling
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The model structure of the PAS2 domain (residues 806-923), a homodimeric
core region (residues 926-993) and the ATP-binding domain (residues 1002-1171) of
the HKLD were generated using the program MODELLER (Sali and Blundell, 1993)
based on the Protein Data Bank (PDB) entries **** 1JOY and 1R62 as templates,

respectively. Sequences were aligned using Clustal W (Pearson and Lipman, 1988).
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3.3. Results

3.3.1. PHYB*"7® forms homodimer in a concentration-dependent manner

Recombinant rice PHYB®7-78?

, containing a portion of the hinge region and the
PAS1 domain, was overexpressed in E. coli and purified. The self-associative property
of PHYB®"7* was analyzed by analytical size-exclusion chromatography (SEC).
Figure 3-1A shows the apparent molecular weight calculated from the elution volume at
different PHYB®7* concentrations ranging from 5 uM to 2.1 mM by reference to a
standard plot (gel-filtration molecular mass calibration kit, Bio-Rad). The apparent
molecular weights were ca. 25 and 35 kDa at 5 uM and 2.1 mM, respectively. The
apparent molecular weight at 2.1 mM (35 kDa) was comparable to the calculated
molecular weight of the PHYB®*'"® dimer (30.2 kDa), indicating that PHYB®**" 7%
formed a homodimer. On the other hand, the apparent molecular weight at 5 uM (25
kDa) was larger than the calculated molecular weight of the PHYB®*'7*? monomer
(15.1 kDa). This might reflect the non-spherical molecular shape of the PHYB®'"®
monomer. Thus, PHYB®7* exists in dynamic equilibrium between a monomer and

homodimer with dissociation constant of ~200 uM, where the homodimer predominates

at higher concentrations.

The 'H-""N HSQC spectra of PHYB®7** were measured with changes in

protein concentration from 0.025 to 1.7 mM (Figure 3-1B). Depending on the protein
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concentration, certain signals were broadened, and 5 residues showed significant
chemical-shift changes on the slow exchange time scale: W688, A693, S761, K767 and
F774 (Figure 3-1B and 3-2). In particular, the A693 signal was well separated in the
'"H-""N HSQC spectra in a wide concentration range, and so the A693 signal was used

as an indicator of the proportion between PHYB®**”?

monomer and dimer (Figure 3-1).
Both peak sets were observed in the protein concentration range of 0.1-0.5 mM. These
results were consistent with the analytical SEC experiment. The "H-""N HSQC spectrum
of PHYB®*'"® at the monomer-predominant concentration (0.025 mM) was similar to
that of PHYB®®7® (Figure 3-3), indicating that the N-terminal region of PHYB®**"”7* is
related to its ability to form a homodimer and does not affect region 666-782 at low
concentration. The results derived from analytical SEC and the "H-""N HSQC spectra

indicated that PHYB®"-"*, consisting of the PAS1 domain and a portion of the hinge

region, could form a stable homodimer.

3.3.2. Charged residues within the hinge-region provide a critical role for

PHYB®*"7® dimerizaition

PHYB®'7®, PHYB®*"® and TRX-Hiss-PHYB®*? were expressed and
purified in an effort to identify the dimerization site. The self-associative property of
each PHYB fragment was analyzed by analytical SEC (Fig. 3-4). The elution profiles of

PHYB®'7* and PHYB®**"* showed concentration-dependent self-dimerization as well
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as PHYB*"7% TRX- Hisf,—PHYBm'672 tended to self-associate at high concentration
but the dimer form could not be detected due to aggregation. The apparent molecular
weight of PHYB®®7* was ca. 17 kDa, suggesting that PHYB®*7*? (molecular weight
13.6 kDa) adopts the monomeric form. The 'H-""N HSQC spectrum of PHYB®**"** was
much sharper than PHYB®"® indicating that PHYB®**"® is much smaller and highly
mobile. These two results were consistent with each other. These data strongly suggest

that region 647-665 is crucial for dimer formation.

As I have shown here rice PHYB®*'”® forms dimer, however, rice PHYA®'7%

B®7782 is monomer. Comparing to the hinge-region of

which corresponding to rice PHY
PHYB®'7* with that of PHYA®'"*, the hydrophobic residues were well conserved,
whereas the charged residues were not (Figure 2-5). To assess the elements necessary
for the dimerization of PHYB®"7*?, we characterized dimerization property of several
proteins containing from-PHYB-to-PHY A or charge-inversion type point-mutations at
the hinge-region using the analytical SEC and the A693 signal on the 'H-""N HSQC
spectra (Figure 3-5 and 3-6). From-PHYB-to-PHYA type mutants for two arginine
residues (R653D and R663S) gave rise to dimerization with lower binding affinity than
WT, and R663S showed much weaker than R653D. Charge-inversion type mutant,
R663D leaded to lower affinity than from-PHYB-to-PHYA type mutant, R663S.

Furthermore, double mutant (R653D/R663D) could not dimerize in a concentration of

1.7 mM. On the other hand, no significant changes in E651K and D656R mutants were
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observed upon the dimerization. These mutations have indicated that the arginine

647-782
B

residues within the hinge-region of PHY provide a critical role for dimerization.
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3.4. Discussion
3.4.1. Dimerization mechanism of the PHYB®*"7%

It has been reported that two regions of the Avena sativa PHYA C-terminal
domain, residues 599-683 and 919-1129 (residues 642-727 and 960-1171 in rice PHYB,
respectively), are capable of mediating dimerization (Cherry et al., 1993; Edgerton and
Jones, 1993). One dimerization region (residues 598-683) is composed of the hinge
region with the N-terminal half of the PAS1 domain. The other region (residues
919-1029) contains a large portion of the HKLD. However, neither the modeled
structures nor the dissociation constants have been reported for these two dimerization

regions.

The PAS domain is associated with the protein-protein interaction, and two
types of homodimer structures of PAS domains have been reported. One is RmFixL,
where two extended helices located upstream of the PAS domain is required for
homodimerization (Miyatake et al., 2000). Each extended helix forms a specific
interaction site, and the homodimer interface is on the B-sheet side of the PAS domain.
A similar structure was reported for the PAS domain of EcDOS (Kurokawa et al., 2004).
The other type of structure is dPER, containing two tandemly repeated PAS domains
(Yildiz et al., 2005). Both the loop linking the Ho and Ia helices within the first PAS
domain and an extended C-terminal helix within the second PAS domain are required

for dPER homodimerization. myresults have clearly shown that the N-terminal region
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of PHYB®7* upstream of the PASI domain, is required for homodimerization
(Figure 3-5), and the two tandemly repeated PAS domains, PAS1 and PAS2, do not
interact with each other (Figure 2-3C). These data are consistent with the RmFixLH-like

dimer model, but not with the dPER-like model.

I have demonstrated that the two positive-charged residues (R653, R663) within

B®*77%2 are required for its dimerization, and the mutations of

the hinge-region of PHY
R663 have distinct effects on the dimerization (Figure 3-5 and 3-6). Although the R653
is conserved only in rice PHYB and Sorghum bicolor PHYB, R663 is conserved in all
PHYBs (Figure 2-5). In addition, the residue of R663 is not conserved in all PHY As
(Figure 2-5). These experimental data and sequential analyses suggest that R663 is

mainly involved in the dimerization, and play a critical role in a difference between

PHY A and PHYB in the dimerization ability.

Secondary structure prediction of the hinge-region using PSIPRED (Jones,
1999) displayed that the hinge-region adopted a helical conformation (Figure 2-3A).
When arrayed on a helical wheel diagram, two arginine residues (R653 and R663)
which alter the dimerization property of PHYB®’"® are located on a same face (Figure
3-7). These data indicate that PHYB®’7®* dimerization occur between the
positively-charged residues on the hinge-region of one monomer and negative-charge

cluster(s) on the PAS1 domain of the other chain, but not via the hydrophilic face of
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their hinge regions. PHYB PAS1 domain contains three negative-charge clusters
(Figure 3-8; cluster-1, -2 and -3). Each cluster is comprised of five residues; the
cluster-1 is comprised of D680, D682, D711, E718 and E719, the cluster-2 is comprised
of E670, E694, E701, E702 and E747, and the cluster-3 is comprised of E716, D732,
E733, D734 and E738. Experimentally, depending on the PHYB®*'7** concentration,
significant peak shifts in the 'H-""N HSQC spectra are observed for A672, W688, A693,
L695, D732, V757, S761, K767 and F774 (Figure 3-1B and 3-2). Three of these
residues (W688, A693 and A695) are located adjacent to cluster-2, and five residues
(D732, V757, 8761, K767 and F774) are located adjacent to or in cluster-3, whereas no
observed significant peak shifts in the 'H-""N HSQC spectra occur in residues which are
spatially close to cluster-1. This result supports the positive-charged residues on the
hinge-region of one monomer interact with the negative-charge cluster, either cluster-2
or -3, of the other chain (Figure 3-8).
3.4.2. Dimerization and phytochrome function

Solvent-exposed B-sheet surface of the PAS domain is crucial for biological
signaling pathways through intra- and intermolecular protein-protein interaction
(Cusanovich and Meyer, 2003; Card et al., 2005). My data clearly showed the core
region of loss-of-function missense mutations known as the Quail-box is mapped on the
B-sheet (If and HP) of the PAS1 domain. For PHYB, 2 mutants are known in the

Quail-box, and these mutations induce hypocotyl elongation under continuous red-light
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conditions. One of these, the G776R mutant (G767R in Arabidopsis), disrupts nuclear
translocation (Matsushita et al., 2003), where the ternary structure of the PAS1 domain
is partially disrupted, as revealed by NMR (Figure 2-6). These results strongly suggest
that the B-sheet surface of PAS1 domain is crucial for phytochrome signaling pathways
including phytochrome nuclear-translocation, and structural perturbation on the -sheet
side directly affects photomorphogenesis. On the other hand, in PHYB®/7*
homodimerization, residues on the solvent-exposed B-sheet surface of one molecule of
PAS1 domain are not involved in the interaction with other molecule, although the
dimerization interface is mapped on the B-sheet side of the PAS1 domain including
Helix I by NMR perturbation experiments (Figure 3-1 and 3-2). These findings raise
two possibilities which (1) the homodimerization of PHYB®*'7** provides a large
accessible surface area of a pair of the B-sheets, or (2) a pair of the -sheets masks each
other. Interestingly, accumulation of PHYA in the nucleus occurred within minutes, and
reached its maximum level after 10 min, whereas accumulation of PHYB in the nucleus
reached its maximum level after 6h (Kircher et al., 2002). I showed PHYB®*""® can
form homodimerization, whereas PHYA®'"* can not. The difference between PHY A
and PHYB in the homodimerization ability on the PAS1 domain may participate in
kinetics of nuclear translocation via accessibility of phytochrome nuclear translocator to

the solvent-exposed [-sheet surface of the PAS1 domain.
The other dimerization site within the HKLD is similar to histidine kinase
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transmitter modules found on bacterial sensor proteins (Schneider-Poetsch et al., 1991;
Quail, 1997). The histidine kinase transmitter module is well-known as a dimerization
domain (Wadhams and Armitage, 2004). For example, E. coli osmosensor EnvZ
dimerizes through the homodimeric core region (Tomomori et al., 1999). This region
includes one conserved histidine, which is the site of autophosphorylation and a
phosphate transfer reaction (Cai and Inouye, 2003), and certain hydrophobic residues
required to form a stable dimer with dissociation constant of ~10 uM (Hidaka et al.,
1997; Tomomori et al., 1999). In the case of the HKLD, the hydorophobic residues are
highly conserved, although the histidine residue is missing. Based on the structure of the
EnvZ homodimeric core region, the modeled structure was generated using the
homology modeling software MODELLER (Figure 3-9). The nicely packed dimer
interface in the modeled structure strongly suggests that the homodimeric core region of

the HKLD is associated with homodimerization.
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Figure 3-1. Homodimerization of rice PHYB PAS domain. (A) Plot of the protein concentration
against the apparent molecular weight estimated from the elution volume in analytical SEC. (B) The

'"H-""N HSQC spectra of rice PHYB®’7*2. Protein concentrations are 0.025 (black), 0.2 (red) and 1.7 mM
(blue).
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Figure 3-2. Chemical shift differences between the monomer and dimer of PHYB*"7®, (A) The bars
represent combined 'H and "°N chemical shift differences (A8 = [AS('H)* + {AS("°N) / 5}2]1/2) between
0.025 and 1.7 mM samples where the monomer and dimer are dominant, respectively. Asterisks indicate
residues not assigned due to signal overlap or broadening. (B) The residues with significant chemical shift
changes following dimer formation are mapped on the structure of PHYB®®7*?; deep pink spheres, AS >
0.150 ppm; light pink spheres, 0.075 < Ad < 0.150 ppm. Chemical shift changes are calculated by Ad =
[AS('H)* + {AS("°N) / 534"
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Figure 3-3. Superposition of the "H-">N HSQC spectra of PHYB***’* (black) and PHYB*"™ at
0.025 mM (red).
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Figure 3-4. Identification of homodimerization sites within the rice PHYB PAS1 domain.
PHYB®'”7®2 PHYB®*7%? and PHYB*’"*? form homodimers in a concentration-dependent manner,
whereas PHYB®*"® is a monomer, as suggested by analytical SEC and NMR spectroscopy. PHYB®*¢"2

tends to aggregate.
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Figure 3-5. Homodimerization property of wild-type and missense mutants of PHYB®*""*2, Plot of
the protein concentration against the apparent molecular weight estimated from the elution volume in
analytical SEC. Closed circle, closed triangle, closed square, open circle, open triangle, open square and

open diamond indicated WT, E651K, R663S, R653D, R663D, R653D/R663D and D656R, respectively.
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Figure 3-6. A693 signal on the 'H/">N HSQC spectra of PHYB®*"7%2,

(A) The "H-""N HSQC spectra of rice PHYB®*’7*? at protein concentration of 0.5 mM. Expanded region
of A693 signal on the 'H-"’N HSQC and one-dimensional slice at 129.6 ppm (*°N) are displayed. (B)
One-dimensional slices at 129.6 ppm (*’N) of WT and missense mutants of PHYB®7* are displayed.
Left (~ 7.7 ppm) and right (~ 7.5 ppm) indicated monomer and dimer of PHYB®""®, respectively.
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Figure 3-7. Helical wheel alighnment of (A) PHYB®*"** and (B) PHYA®*%*,
Blue, red, green and black characters indicated positive-charged, negative-charged, non-polar and
hydrophilic, and hydrophobic residues, respectively.
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Figure 3.8. Electrostatic potential surfaces of PHYB®*®"®, Positively and negatively charged residues
are in blue and red, respectively. Circles in the figure display two negative charge clusters (L2 and L5
loops, and Ca and Da helices, respectively) and one small positive charge cluster (Fa helix). Large acidic
surfaces are characteristic. Comparing to PHYA, PHYB PAS1 domain contained three oppositely
charged residues, K715, K740 and E747. Since rice PHYB PAS1 domain shares as high as 29.9%
sequence identity among all PHY As and PHYBs, these charge inversions may specify the intra- and

inter-molecular interaction partners.
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Figure 3-9. Model structure of the rice PHYB C-terminal domain. The structure of the PAS1 domain
is determined by solution NMR. The structure of PAS2 and the HKLD are modeled by MODELLER
(Sali and Blundell, 1993). Each subdomain is linked by a dotted line.
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4. Gel-phase NMR: New methods for NMR-based screening
approach

4.1. Introduction

NMR has been used for the structural biology, and structural genomics
proteomics (SG) projects of small proteins (Adams et al., 2003; Yee et al., 2003), and
has made significant contributions (Christendat et al., 2000; Yee et al., 2002; Savchenko
et al., 2003). For example, in the SG project of Methanobacterium
thermoautotrophicum, 17 structures out of 33 are determined by NMR (Yee et al., 2003).
The most SG projects are targeting the microorganism, and thus the protein expression
is highly successful (~ 95 %) (Lesley et al., 2002; Adams et al., 2003; Yee et al., 2003).
However, the preparation of the soluble purified proteins is less efficient (40 % or less
of expressed proteins), and this feature seems independent from the amino acid
composition and species (Lesley et al., 2002; Yee et al., 2002; Adams et al., 2003).
Developing the efficient technique to obtain soluble purified proteins, which is easily
applied for the NMR measurement and the crystallization, is crucial for structural

studies.

There are many approaches to obtain soluble and correctly folded proteins
(Waldo, 2003; Yokoyama, 2003). For example, chemical refolding (Middelberg, 2002),
low-temperature expression, different promoters, modified growth media (Makrides,
1996), directed evolution (Pedelacq et al., 2002), solubility enhancing tag (Kapust and
Waugh, 1999), and so on. Among them, the solubility enhancing tag (SET) technique
has recently applied for NMR study, and at least two solution structures are successfully

determined (Zhou et al., 2001b; Vinogradova et al., 2002). They use maltose-binding
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protein (MBP) (Vinogradova et al., 2002) and protein G B1 domain (GB1) (Zhou et al.,
2001a), though there are many tags which can be used for this SET approach.
Glutathione-S-transferase (GST) is one of the most popular tags, since the GST-fusion
technique enhances the protein expression, solubility, stability, and used for the efficient
protein purification and the binding assay on the glutathione sepharose column resin.

However, the SET technique of GST in solution is not established so far.

Protein immobilization to the solid supports is another approach to obtain
soluble and correctly folded proteins, and it is a well established technique (Bickerstaff,
1997). Immobilized protein is known to be stabilized (Stempfer et al., 1996b; Lei et al.,
2002), and has been used for the refolding of itself since it seems not to be perturbed by
aggregation (Stempfer et al., 1996a; Zahn et al., 1997; Rogl et al., 1998; Berdichevsky
et al., 1999). NMR method to measure immobilized materials is known as “gel-phase”
NMR (Keifer, 1997; Lippens et al., 1999; Shapiro and Gounarides, 1999), and well
established for small chemicals and peptides. Most applications are focused on to
monitor the chemical reaction process for the solid-phase organic synthesis and the
combinatorial chemistry. To the best of myknowledge, the immobilized protein in

aqueous solution is not studied by “gel-phase” NMR.

SET technique of GST is expected to have many strong advantages as
described, however, some difficulties have been expected, such as signal broadenings
due to higher molecular weight, and signal overlapping with GST peaks. I demonstrate
here these problems are not crucial when the target protein is small, such as ubiquitin.
The GST portion of the GST-tagged protein was not detected in 'H-""N HSQC and the

target protein portion was easily assigned by a conventional triple-resonance procedure.
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This approach enables the solution NMR measurement of the immobilized GST-fusion
protein on the glutathione sepharose resin. The role of these new techniques in structural

and biochemical studies has been discussed.
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4.2. Materials and Methods

4.2.1. Sample preparation.

The human ubiquitin DNA was chemically synthesized, and inserted to pKT7
plasmid vectors containing Glutathione S-transferase (GST) and PreScission protease
recognition site. The expressed protein had an artificial linker between GST and
ubiquitin, SDLEVLFQGP-(GGGGS),, where n is 0, 1, 2, 3, and 4 for the linker length
10, 15, 20, 25, and 30 a. a., respectively. GST-ubiquitin was digested with PreScission
protease, and resulted ubiquitin had extra amino acids, GP-(GGGGS),, at its N-terminus.
Yeast ubiquitin hydrolase 1 (YUH1) was prepared as described previously (Sakamoto et
al., 1999). The detail of the preparation for GST-ubiquitin and ubiquitin is described

below.

Recombinant human ubiquitin was expressed in Escherichia coli BL21(DE3)
as a GST-fusion protein. Following the addition of isopropyl B-D-thiogalactoside,
protein expression was induced for 8 h at 30°C in minimal medium containing "N
ammonium chloride and [u-">C]-glucose. Cells were dispersed in 50 mM Tris HCI
(pHS8.0), 100 mM KCI and 1 mM Pefabloc SC (Roche) and then sonicated. Following
centrifugation, the supernatant was loaded onto a glutathione sepharose 4B column
(Amersham) and eluted with 50 mM Tris-HCI (pH 8.0), 100 mM KCl and 30 mM
glutathione. The GST-ubiquitin fraction was loaded onto Superdex 26/60 75pg
(Amersham) gel filtration column, equilibrated with 50 mM phosphate (pH 6.5), 50 mM
KCl and 1 mM Pefabloc SC. For the preparation of ubiquitin, the GST-ubiquitin fraction

was digested with PreScission protease (Amersham) and loaded onto the gel filtration
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column. Purity was checked by SDS-PAGE (15 %). The final NMR buffer consisted of

50 mM phosphate (pH 6.7) and 200 mM KCI.

4.2.2. Immobilization of the GST-ubiquitin.

For NMR measurement of resin immobilized protein, the purified
GST-ubiquitin were admixed to Glutathione Sepharose 4 Fast Flow resin (Amersham)
equilibrated buffer C. The sample containing resin and GST-ubiquitin were transposed
at 4 °C for 30 min, and then the supernatant was transferred to another tube. To remove

free GST-ubiquitin, buffer C washed the resin tenth times.

The 0.07 mM GST-ubiquitin or ubiquitin in the resin were gently suspended by
ImL of buffer C with 10 % D,O. The suspended solutions were transferred in NMR
tube (Shigemi). After the resins settled out, the supernatant was removed, and inner tube
was inserted. The resins with GST-ubiquitin or ubiquitin were add to 1 ml the buffer C
containing 10 % D,O. The solutions containing the resins were gently suspended, and
transferred in NMR tube (Shigemi). After the resins settled out, the supernatant was

removed, and inner tube was inserted.

4.2.3. NMR spectroscopy.

NMR measurements of ubiquitin in solution condition (1.3 mM),
GST-ubiquitin in solution condition (1.3 mM), and on resin condition (approximately
0.5 mM) were performed at 313 K with Bruker DRX800. Two-dimensional 'H-"’N
HSQC spectra were acquired with 1024(t1)x80(t2) complex points. The acquisition

time is 8 min for ubiquitin and GST-ubiquitin in solution and 8 hr for GST-ubiquitin on
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resin condition. All data were processed with the program NMRPipe (Delaglio et al.,

1995) and analyzed with the program NMRView .

Spectra for ’N T, and T, were acquired at 300 K and a "N frequency of
80.1MHz. Enhanced-sensitivity pulse sequences were used. The T, relaxation delays
were 19, 94, 184, 289, 414, 574, 779 and 1099 ms and the T, relaxation delays were
14.4, 28.8, 43.2, 57.6, 72.0, 86.4, 144.0 and 187.2 ms. The delay between SN 180°
pulses in the CPMG sequence for the T, measurements was 900 us. Each T, and T, was
determined by fitting the measured intensities by a two-parameter single-exponential
function using the program CURVEFIT. The uncertainties in the measured peak heights
for the T, and T, measurements were estimated by repeating the experiments [T = 19 ms
for the Tl measurements, and T = 14.4 ms for the T, measurements]. Rotating

correlation time was calculated by TENSOR?2 software. The apparent molecular weight,

4rn,

. WM
M, was evaluated from the relation, 7, = [3 .

4N ,

3
+r, | ,where 7., 1,,
3k,T

ky, T, %4 , N,, and r, are the rotational correlation time, the solvent water

viscosity 0.8565%10~ cP at 300 K, Boltzmann constant, temperature, the specific
volume of protein 0.73 cm’/g, Avogadro’s number, and a hydration layer 3.2*107° m,

respectively.
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4.3. Results

4.3.1. "H-""N HSQC of ubiquitin and GST-ubiquitin

PN or *C/"N enriched GST-fusion ubiquitin was expressed and purified by a

conventional procedure. A 10 amino acids linker between GST and ubiquitin,
SDLEVLFQGP, was introduced as a PreScission protease (Amersham Biosciences)
recognition site. The protease digested ubiquitin had two additional amino acids, GP. In
this report, GST-fusion ubiquitin including the 10 amino acids linker was designated as

GST-ubiquitin, and the digested product, GP-ubiquitin, as ubiquitin.

'H-""N HSQC spectra of ubiquitin and GST-ubiquitin are shown in Figure 4-1A
and 1B, respectively. Based on the conventional triple resonance procedure (Cavanagh
et al., 1996), observed peaks were completely assigned for ubiquitin, and mostly for
GST-ubiquitin. Though myengineered ubiquitin had two extra residues on its N-terminal,
the assignments were similar to those reported previously (Stockman et al., 1993). The
spectral differences between ubiquitin and GST-ubiquitin were quite small, where
several new peaks were appeared on the GST-ubiquitin spectrum and a few peaks were
missing. The new peaks observed in GST-ubiquitin were also observed for GST protein,
and thus, assigned for the GST portion of GST-ubiquitin (shown by asterisk in Figure
4-1B). Other GST peaks were much broader, and the conventional assignment
procedure did not work for GST at all. The missing peaks were T9, T12, A46, and G47
of ubiquitin, which were found in the loop region. Jeon et al. reported similar situation
that the flexible C-terminal domain of E. coli RNA polymerase alpha subunit exhibited

almost the same "H-""N HSQC spectrum as the isolated C-terminal fragment, though the
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other domain was dimmer and not detected such as GST (Jeon et al., 1997). These
results indicated that the ubiquitin portion of GST-ubiquitin retained the same
conformation as the isolated ubiquitin, and that its motion was independent of that of

GST.

The apparent overall correlation times (tc) of ubiquitin and the ubiquitin
portion of GST-ubiquitin were determined by "’N T, / T, ratio method assuming the
isotropic overall tumbling using 37 independent signals (Table 4-1). Ub and
GST-L¢-Ub in Table 4-1 are ubiquitin and GST-ubiquitin, respectively. The determined
correlation time of GST-ubiquitin was about 2 times of ubiquitin, though that of
molecular weight was nearly 8 times. As shown in Table 4-1, the apparent molecular
weight (Mr"") could be calculated from the correlation time. Theoretically the
correlation time of the globular protein was expected to be linearly correlated with the
molecular weight. The observed big difference (~ 3 times) between molecular weight
and the apparent molecular weight indicated that the ubiquitin portion of GST-ubiquitin
had an additional faster motion which could be caused by the amino acids linker
between GST and ubiquitin. In fact, it qualitatively agreed with the observed 'H-""N

HSQC spectra, where most signals were from the ubiquitin portion.

The linker length between GST and ubiquitin could be a parameter to obtain
the high quality NMR spectrum. Three GST-fusion ubiquitin proteins, GST-L,o-Ub,
GST-L;9-Ub, and GST-L3¢-Ub, with different linker lengths, 10, 20, and 30 amino acids,
respectively, were prepared and used for the N T, and T, measurements. The
determined correlation times, given in Table 4-1, did not depend on the linker length.

No significant difference was found between the observed spectra of three samples,
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except for some new peaks assigned to the linker glycines and serines of GST-L,y-Ub
and GST-L;3o-Ub. Thus, it was reasonable to assume that the shortest linker,

SDLEVLFQGP, gave the enough flexibility for ubiquitin part of GST-ubiquitin.

4.3.2. "H-""N HSQC of immobilized GST-ubiquitin

If the motion of the ubiquitin portion of GST-ubiquitin is independent from that
of GST, 'H-"N HSQC spectrum of the ubiquitin portion of the immobilized
GST-ubiquitin on resin can be measured by solution NMR technique. The sample used
for solution NMR is necessary to be highly homogenous in terms of the magnetic
susceptibility. Solution-resin mixture sample, the immobilized GST-ubiquitin on resin,
is not homogenous definitely, and such NMR measurement causes significant line
broadenings without special treatments. In fact the conventional adjustment of the
magnetic field homogeneity by shimming did not work well in mysolution-resin

mixture system.

The magnetic field inhomogeneity of the solution-resin mixture sample was
eliminated using a reference water sample as shown in Figure 4-2A. To evaluate the
magnetic homogeneity, the 'H-'"N HSQC spectra of ubiquitin was measured in solution
condition as well as in solution-resin mixture condition where ubiquitin was not
immobilized. The averaged 'H linewidths of 37 well separated peaks were 21.1 + 2.0
Hz and 27.3 + 1.1 Hz for solution and solution-resin mixture, respectively. Though
about 6 Hz broadening induced by the magnetic field inhomogeneity was observed, the
obtained magnetic field was enough homogenous to measure the 'H-"N HSQC

spectrum.
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The 'H-"N HSQC spectrum of the immobilized GST-ubiquitin was
successfully measured under the adjusted homogenous magnetic field (Figure 4-2B).
The observed peaks were well distinguished but much broader than those in solution.
All peaks from solution GST-ubiquitin (Figure 4-1B) were easily identified in the
immobilized GST-ubiquitin spectrum without shifts. These signals were from neither
the released solution samples nor the degradation products, revealed by the overloaded
SDS-PAGE. The linker length did not change the overall S/N ratio and the apparent
linewidth. It is noted that, two missing peaks in solution were observed in the
immobilized samples having longer linkers, that is, G47 were observed for GST-L,y-Ub

and GST-L3o-Ub, and A46 for GST-L3,-Ub.

4.3.3. Specific protein-protein interaction monitored in solution and on resin

Yeast ubiquitin hydrolase 1 (YUHI1) is a cystein protease that catalyzes the
removal of ubiquitin C-terminal adducts, and has an important roll for the generation of
monomeric ubiquitin. YUH1 interacts with yeast ubiquitin specifically (K4 ~ 19 puM),
and significant peak shifts for yeast ubiquitin are observed in the presence of YUHI,
-0.4 to +0.2, and -2 to 3 ppm for 'H and "N, respectively (Sakamoto et al., 1999). The
differences between yeast and human ubiquitin are only three residues, Ser19 to Prol9,
Asp24 to Glu24, and Ser28 to Ala28, respectively. These residues are located at the
opposite site of the YUH1 interaction surface, and thus, it is reasonable to assume that
YUHI1 specifically binds human ubiquitin as well. Figure 4-3A shows the overlaid
'H-""N HSQC spectra of human GST-ubiquitin with (red) and without (black) YUH]
recorded in solution. YUHI was not '“N-enriched and not observed. Though the

molecular ratio of GST-ubiquitin to YUH1 was 10 to 1, significant line broadenings
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were observed for Thr7, Leus, Ilel13, Glu34, Gly47, Lys48, His68, Leu69, and Leu71,
large peak shifts for Val5, Lys11, Thr14, GIn41, Arg4?2, Ile44, GIn49, Val70, and Arg74,
and small peak shifts for Val26, 1le30, Asp32, Leu50, Asp52, and Leu73. The broadened
and shifted residues were similar to those for yeast ubiquitin interacting with YUH1
(Sakamoto et al., 1999). These results indicated that the interaction between human

ubiquitin and YUH1 was specific and similar to that of yeast ubiquitin.

The GST-fusion proteins are frequently used for biochemical binding assay,
such as GST pull-down experiment, where the GST-fusion protein immobilized on resin
was used for the binding experiments. However, it is not clear that the immobilized
GST-fusion protein interacts with the target protein on resin with the same
intermolecular surface as in solution. In Figure 4-3B, the overlaid 'H-'""N HSQC spectra
of immobilized GST-ubiquitin with (red) and without (black) YUHI were shown.
Though the apparent linewidth was different, the broadened and shifted residues were
quite similar to those in solution (Figure 4-3A). Thus the intermolecular interaction of

the immobilized protein on resin is similar to that in solution.
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4.4. Discussion

4.4.1. Solubility enhancing tag (SET) selection for structural and functional studies

For the proteome-scale protein production, affinity tag is widely used and the
solubility of all tagged proteins is quantitatively evaluated (Braun et al., 2002;
Hammarstrom et al., 2002; Shih et al., 2002). 60 ~ 90 % of expressed fusion proteins
are soluble for MBP-tag, 40 ~ 50 % for GST-tag, and 50 ~ 60 % for transcription
termination anti-termination factor (NusA) tag. Other tags are much less effective.
Hammarstrom et al. have reported that GB1 tag, thioredoxin (TRX) tag, and protein A Z
domain (ZZ) tag give high solubility, 68, 74, and 55 %, respectively, for small proteins
(6-19 kDa) (Hammarstrom et al., 2002). At least MBP, GST, NusA, GB1, TRX, and ZZ
are solubility enhancing tags and applicable for NMR study. As demonstrated here, GST
tag has strong advantage over other tags, including MBP and GB1. That is, GST tag is
not observable in 'H-""N HSQC spectrum. In fact MBP and GB1 tags give NMR signals
(Zhou et al., 2001a; Vinogradova et al., 2002), and both TRX and ZZ tags are small and

assumed to give NMR signals.

Application of the SET technique is not limited for NMR, but used for X-ray
crystal studies (Zhan et al., 2001; Smyth et al., 2003). The major difference is the length
of the linker between tag and target protein. In X-ray studies, rigidly fused protein with
3 to 5 amino acids short linker is preferred for crystal packing. In NMR studies, loosely
fused protein with more than 10 amino acids long linker is preferred for flexibility.

Protein NMR measurement on resin demonstrated here is a quite unique approach using
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SET technique. Roughly 30 % of soluble proteins are classified as ‘aggregated’ by
NMR spectroscopy (Christendat et al., 2000). Protein NMR measurement on resin
potentially suppresses such nonspecific aggregation, and thus it may become one of the

major NMR techniques.

4.4.2. “Gel-phase” NMR by HR-MAS method

“Gel-phase” samples often give the very broad signals, 100-300 Hz or more for
'H (Mazure et al., 1986; Keifer et al., 1996). This linebroadening can arise from either
limited motional freedom (strong dipole interaction with resin), chemical shift
heterogeneity, and magnetic susceptibility variations within the sample. To overcome
these problems, high-resolution magic-angle-spinning (HR-MAS) probe is developed
and successfully applied for small molecules in “gel-phase” (Keifer, 1997; Lippens et
al., 1999; Shapiro and Gounarides, 1999). That indicates the chemical shift
heterogeneity is not serious for “gel-phase” samples, since HR-MAS method can not
eliminate it. In view of protein NMR application, the limitation of HR-MAS method is
the sensitivity. Typical S/N ratio for HR-MAS probe is about 50, which is one-thirtieth

of conventional 5 mm triple resonance probe used in this study.

Here HR-MAS probe is not used, but the NMR measurement of “gel-phase”
protein sample is successful. In myapplication, the magnetic susceptibility difference is
eliminated using the reference water sample. The dipolar interaction is thought to be
eliminated by the fast molecular motion. That is, the ubiquitin protion of GST-ubiquitin

is flexible, and the dipolar interaction is averaged out. Additionally the GST portion
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gives space between the ubiquitin portion and resin, and it attenuates the magnetic
susceptibility differences and the dipolar interaction with resin which is a strong
relaxation source. Such contribution of the GST portion could be crucial, since several
trials of “gel-phase” NMR measurement using poly histidine tagged proteins did not

work well (Kobayashi ef al., unpublished results).

4.4.3. Protein-protein interaction in functional studies

Weak protein-protein interactions on the scaffold proteins and membranes seem
to be crucial for many signal transduction systems. NMR is one of the most powerful
tools to monitor such weak interactions since it can distinguish the significant specific
interactions from the non-specific interactions by the structure-based perturbation
experiments. Thus, biochemical binding assay of GST-fusion proteins using 'H-"’N
HSQC spectra in solution and on resin, will be useful for such biologically significant
system, and applicable for the large scale systematic studies, such as functional

genomics and drug screening.

What is the limitation of GST-fusion protein NMR approach to monitor
protein-protein interactions? Molecular weight of the interacting target molecule will
not be the limitation. For example, Shimada and co-workers have developed the
saturation transfer experiments to be applicable for the larger complex system
(Takahashi et al., 2000; Nakanishi et al., 2002; Nishida et al., 2003), and this technique
is applicable in GST-fusion protein NMR approach. In solution condition GST-fusion

protein should be small (~10 kDa ubiquitin in mysystem) since the signals from the
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GST portion of GST-fusion protein are preferred to be negligible. On resin condition,
however, the target protein is not limited to be small. Apparent pore size of Sepharose 4
FF resin (Amersham) used for HSQC measurements, is about 45 nm determined by
hydrodynamic elution data analyses (Hagel et al., 1996). Molecular diameters of
ubiquitin and ubiquitin-YUH1 complex are expected to be less than 3 and 6 nm,
respectively, thus this resin has enough space for larger molecules and does not perturb

the intermolecular interactions.

4.4.4. High-throughput drug screening using the gel-phase NMR method

NMR has known as a valuable drug screening tool, as well as a
protein-structure determination tool. Methods for detection of interaction between
protein and ligand are classified into two main categories: monitoring NMR signals
from the protein, and the ligand (Pellecchia et al., 2002a). For monitoring NMR signals
from protein, a common approach is a chemical-shift mapping. Binding of a ligand
alters the chemical environment around the binding site of the protein, and so will
perturb the chemical shift of magnetic nuclei at this site. These changes occur mainly by
nuclear-spin relaxation and/or chemical exchange, and can be observed using 'H/"°N
and/or 'H/C correlation spectra. Other approach is measurement of nuclear
Overhauser effects (NOEs). The magnitude of the effects depends strongly on the
distance that separates the two dipolar-coupled spins, and so NOEs are sensitive probes

of short-range through-space intramolecular and intermolecular interactions.
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Recent reports provided some strategies of NMR-based high-throughput
screening such as SAR by NMR and competition binding experiments, using the
aforementioned approaches (Shuker et al., 1996; Fejzo et al., 1999; Dalvit et al., 2000;
Dalvit et al., 2002; Pellecchia et al., 2002b; Pellecchia et al., 2002a). However, large
amount of the protein are required for these NMR-based screening methods, because it
changes the sample for each compound mixtures. Gel-phase NMR method provides a
good solution to this problem since the protein immobilize on resin, and the compounds

which are not bound to the protein are easily able to be washed away.

Some PAS domains have an ability to bind small molecule to sense
environmental conditions. Thus the rice PHYB PAS1 domain may have the ability to
bind small molecule. If PHYB PAS1 domain binding ligands are discovered by

gel-phase NMR method, phytochrome function may controlled by ligands artificially.
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Table 4-1. Linker length dependence of rotational correlation times and apparent molecular weights

in solution

Mw Tc (ns) Mr*P (kDa)
Ub 9028 5.6+0.1 12.7
GST-L;o-Ub 70218 9.6+0.3 24.1
GST-Ly-Ub 71478 9.9+04 24.9
GST-L3p-Ub 72738 9.6+0.5 24.1
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Figure 4-1. 'H-'SN HSQC spectra of ubiquitin (A) and GST-ubiquitin (B) in solution.
Most NMR peaks of GST portion of GST-ubiquitin were not observed though the sample was enriched uniformly.

The schematic diagrams of the sample condition are shown at the bottom of each spectrum.
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Figure 4-2. (A) NMR sample tubes filled with the glutathione-sepharose column resin (left) and the water (right).
Magnetic field inhomogeneity of the resin sample was eliminated using the water sample as a reference. (B) 'H-""N
HSQC spectrum of the immobilized GST-ubiquitin on the resin. The schematic diagram of the sample condition is

shown at the bottom.
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Figure 4-3. 'H-""N HSQC spectra of GST-ubiquitin in the presence of YUH1 in solution.

(A) and on the resin (B). Selected spectral region is expanded and their peak assignments are given. Based on the
ubiquitin-TUH1 complex structure, the schematic diagrams of the sample condition are shown at the bottom. Amino
acid residues with broadened or largely shifted peaks are drawn by the space filling representation with residue
names.
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5. General conclusion

Plants employ PHY proteins to survive and to respond to fluctuations in the
red/far-red light environment. The PHYs are dimeric chromoproteins that regulate the
expression of a large number of light-responsive genes and thus influence many
photomorphogenic events. Although many efforts to obtain crystal structures of PHY's

have been made, no atomic-resolution structure has been reported.

In this thesis, a solution structure of a fragment of PHY, the PAS1 domain of
rice PHYB was determined (Chapter 2; Figure 2-2). The PAS1 domain (residue
677-774) had a typical PAS-fold structure where 4 a-helices and several loops were
wrapped around with one large (-sheet. The core region of loss-of-function missense
mutations known as the Quail-box was mapped on the 3-sheet (If and Hf3) of the PAS1
domain (Figure 2-6). For phyB, 2 mutants (A759V and G776R) were known in this
region that induce hypocotyl elongation under continuous red-light conditions and these
mutation sites were locating on the B-sheet, which are consisted of conserved residues
among all PHYAs and PHYBs. One of these, the G776R mutant (G767R in
Arabidopsis), disrupted nuclear translocation, where the ternary structure of the PAS1
domain was partially disrupted, as revealed by NMR (Figure 2-6). These results
strongly suggest that structural perturbation on the P-sheet side directly affects

photomorphogenesis.
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One of the dimerization sites of phyB was found in the N-flanking region of
the PAS1 domain (Chapter 3). Two positively charged residues, R653 and R663, in this
hinge-region were crucial for dimerization (Figure 3-5 and 3-6). The hinge-region could
not form homodimer by itself, and the PAS1 domain was required for stable dimer
formation (Figure 3-4). These results suggest the positively charged residues on the
hinge-region interact with negatively charged residues on the PAS1 domain. Based on
NMR perturbation experiments, the dimerization interface was mapped on the -sheet
side of the PAS1 domain including Helix I, where negatively charged residues were
found (Figure 3-2). The location of these residues was consistent with the conserved
residues mapped on the PASI structure. Stable dimer formation of the B-sheet side of

two PAS1 domains may be linked to PHYB function.

Gel-phase NMR method was developed and applied to structural and
biochemical studies of proteins (Chapter 4). In the case of GST-tagged ubiquitin, the
GST portion was not detected in "H-""N HSQC and the target protein portion was easily
assigned by a conventional triple-resonance procedure (Figure 4-1). This approach
enabled the solution NMR measurement of the immobilized GST-fusion protein on the
glutathione sepharose resin (Figure 4-2). Furthermore, specific protein-protein
interaction was monitored by gel-phase NMR method (Figure 4-3). Thus, biochemical

binding assay of GST-fusion proteins using 'H-""N HSQC spectra in solution and on
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resin, will be useful for biologically significant systems, and applicable for the large
scale systematic studies based on the structural information, such as functional

genomics and drug screening.
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