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Chapter 1: General introduction




1. Introduction
1.1 Multidomain proteins

Sophisticated protein functions are, in many cases, mediated through the cooperative
interplay between two or more domains [1]. Proteins with a modular architecture of multiple
domains connected by linkers often exhibit diversity in relative positions of the individual
domains organized through weak and even transient inter-domain interactions [1, 2]. Thus, the
plasticity in dynamical spatial arrangements of these domains is a key feature of multidomain
proteins endowed with sophisticated molecular mechanisms typified by allosteric regulation
[3]. Moreover, it is suggested that motion, orientation, and interaction of these domains could
be regulated and affected by various environmental factors in the cell, including pH,
temperature, oxidative stress, and molecular crowding. Therefore, in order to extend our
understanding of the working mechanisms of multidomain proteins in living system, the
quantitative characterization of their conformational interchanges in solution is necessary. In
this context, | have chosen Lys48-linked polyubiquitin chains as excellent models for structural

study.

1.2 Ubiquitin chains
Ubiquitin (Ub) is a small protein composed of 76 amino acid residues [4]. Polymeric

Ub chains, in which several Ub proteins are connected through specific isopeptide bonds, are
known to play regulatory roles in various cellular processes, including cell cycle progression,
DNA repair, transcriptional regulation, and apoptosis [4-6]. These regulatory functions of
polymeric Ub chain are expressed by its modification of target proteins through the formation
of isopeptide linkages at the C terminus. The C-terminal group of Ub can also be linked to
another Ub (termed the distal and proximal moieties, respectively) through all seven lysine

residues at positions 6, 11, 27, 29, 33, 48, and 63 as well as the N terminal amino group [4].



Ubiquitylation requires the sequential action of three enzymes; ubiquitin-activating enzyme
(E1s), ubiquitin-conjugating enzymes (E2s), and ubiquitin ligase enzymes (E3s) [7-9]. First,
an E1 uses ATP to link the C-terminal Gly of Ub through a thioester bond to a Cys in the E1
active site. The activated Ub intermediate is next transferred to the catalytic Cys of an E2. Ub
is finally linked by its C-terminus to g-amine of Lys residues of a substrate protein through an
isopeptide bond. Target specificity and independent regulation of different linkages in

ubiquitination are determined by the E2 and E3 enzymes (Figure 1.2.1).
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Figure 1.2.1 Ubiquitination system



The Ub chains conjugated by different linkages carry distinct biological information in
the form of a “Ub code” that is read out by specific Ub-interacting proteins [4, 10]. These
proteins generally recognize the hydrophobic surfaces displayed on the Ub chains. The Lys48-
linked Ub chain serves as a tag for protein degradation by the 26S proteasome [11] (Fig. 1.2.2).,
whereas the Lys63-linked Ub chain is involved in nonproteolytic functions, such as signaling

in DNA repair and transcriptional regulation [12, 13].
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Figure 1.2.2 Ubiquitin-proteasome system

The proteins that recognize the specific Ub chains interact with a hydrophobic surface,
which includes Leu8, 1le44, and Val70 of Lys48-linked Ub [10, 14] (Figure 1.2.3). The lle44
patch is recognized by the proteasome and most ubiquitin-binding domains (UBDs). Another
hydrophobic surface is centered on 11e36 and involves Leu71 and Leu73 of the ubiquitin tail
(Fig. 1.2.3). The Ile36 patch can mediate interactions between ubiquitin molecules in chains,

and it is recognized by UBDs and deubiquitinating enzymes (DUBS).
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Figure 1.2.3 Structural features of Ub. The Ub surface is shown with lle44 (blue) and
lle36 (magenta) highlighted (left). Structure of Ub, indicating the C-terminal tail and
residues of the lle44 hydrophobic surface (right). PDB code: 1UBQ.

1.3 Structural studies of polyUb chains

Since the first Lys48-linked diUb structure appeared in 1992 [15], several
crystallographic and NMR structures of polymeric Ub chains have been solved, revealing that
different linkages result in distinct conformations of the ubiquitin chains [10]. These
conformational varieties of Ub chains mediated by specific linkage types are thought to create
distinct molecular recognition mechanisms with different signals. The Lys63-linked diUb and
tetraUb chains exhibit extended conformations in which the hydrophobic surfaces are exposed
to a solvent, as revealed by crystallographic and NMR studies [16-18]. The crystal structure of
Lys29-linked diUb also adopts an extend conformation, distinct from the conformation

observed in Lys63-linked Ub chains [19].



In addition, the overall conformation of the Met1-linked chain is virtually equivalent to
the Lys63-linked chain and consists of structures in which individual Ub units are rotationally
unrestrained and highly flexible [17]. In contrast, the crystal structures of Lys48-linked Ub
chains often exhibit closed conformations, in which the hydrophobic patches are shielded due
to Ub-Ub interactions in the chains [15, 20]. In addition, their dynamic domain rearrangements
have been observed in solution using NMR spectroscopy [21-26] and molecular simulation
[27-29]. For example, our previous NMR study enabled the quantitative characterization of the
conformational interchange of the native form of Lys48-linked diUb (n-diUb) between the
open and closed conformations, based on conventional chemical shift data [25]. Furthermore,
Lys48-linked tetraUb chains form a pseudo-tetragonal structure in which pairs of hydrophobic
patches interact, suggesting that diUb is the minimal structural unit [22, 24]. As for diUb chains,
tetraUb chains are thought to visit closed and open conformations in fast equilibrium and use
this dynamical conformation state for partner recognition [26]. Similar to Lys48 linkages,
Lys6- and Lysll-linked diUb chains adopt asymmetric compact conformations [30, 31].
Lys33-linked diUb also adopts a compact structure where the two monomeric subunits interact
extensively through two hydrophobic surfaces, while the crystal structure of Lys33-linked

triub reveals an open conformation [19, 32].

1.4 Scope of this study

Previous NMR studies of structural dynamics of polymeric Ub chains in aqueous
solutions have focused exclusively on diUb, including our characterization of the
conformational interchange of the native form of Lys48-linked diUb between the open and
closed conformations, based on conventional chemical shift data [25]. | thus extended the
previous work by characterizing conformational interconversions of the native forms of Lys48-

linked triUb and tetraUb chains in solution in my Ph.D. study.



These conformational revelations could not only provide insights into the relationship between
domain motions and molecular functions mediated by Ub chains but also offer new strategies
for probing the conformational dynamics of multidomain proteins. I also attempted to expand
the structural features of Ub chains to unique design frameworks for creating allosterically

controllable multidomain proteins.
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Chapter 2: NMR characterization of conformational

interconversions of Lys48-linked ubiquitin chains
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2.1 Introduction

The Ub chains conjugated by different linkages carry distinct biological information in
the form of a “Ub code” that is read out by specific Ub-interacting proteins [4, 10]. The Lys48-
linked Ub chain serves as a tag for protein degradation by the 26S proteasome and interacts
with the related proteasomal proteins through a hydrophobic surface [11]. According to the
crystal structures, Lys48-linked Ub chains often exhibit closed conformations, in which the
hydrophobic patches are shielded due to Ub-Ub interactions in chains [15, 20]. On the other
hand, the previous NMR study in our group enabled the characterization of the conformational
interchange of the native form of Lys48-linked diUb (n-diUb) between the open and closed
conformations, based on conventional chemical shift data [25].

In my research, | have thus extended the previous work by characterizing
conformational interconversions of the native forms of Lys48-linked triUb (n-triUb) and
tetraUb (n-tetraUb) chains in solution. Using enzymatically synthesized Ub chains in cyclic
and native, non-cyclic forms, conformational equilibria of Ub chains in terms of the exposure

of the hydrophobic surfaces are quantitatively delineated based on the NMR spectroscopic data.

2.2 Materials and methods
2.2.1 Expression and purification of human Ub and derivative

Human Ub protein was expressed from pGEX6p-1 plasmid in BL21(DE3) CodonPlus
cells and the cells were grown in M9 minimal media containing [**NJNH4CI (1 g/1) to produce
the isotopically labeled protein. After sonication, the supernatant was purified using DEAE
column in buffer 50 mM Tris-HCI (pH 8.0). The pH of the collected flow-through was adjusted
to 4.5 by using 10% acetic acid. After centrifugation, the supernatant was purified by SP-
TOYOPERAL column (TOSOH) in 20 mM acetate pH 4.5 buffer. Finally, the buffer was

exchanged to 50 mM Tris-HCI (pH 8.0).
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C-terminally hexahistidine-tagged Ub (Ub-His) protein was expressed from the
PET15C plasmid in BL21(DE3) CodonPlus cells and purified using DEAE and Ni®* -
nitrilotriacetic acid (Ni?*-NTA) agarose (Qiagen). The cells were grown in M9 minimal media
containing [*°*NJNH.CI (1 g/l) to produce the isotopically labeled protein.

K48S and K48C Ub mutant were generated using site-directed mutagenesis techniques.
The mutants were expressed from pGEX6p-1 plasmid in Escherichia coli BL21(DE3)
CodonPlus cells, which were grown in M9 minimal media containing [**NJNH4CI (1 g/L) in
order to produce the isotopically labeled protein. After sonication, the supernatant was purified
using a DEAE column in a buffer of 50mMTris-HCI (pH8.0). The pH of the collected flow-
through was adjusted to 4.5 by using 10% acetic acid. After centrifugation, the supernatant was
purified in a 20 mM sodium acetate (pH 4.5) using a SP-TOYOPEARL column (TOSOH,

Japan). Finally, the buffer was exchanged with 50 mMTris-HCI (pH 8.0).

2.2.2 Expression and purification of Ub-related enzymes
2221E1

Hi5 insect cells were cultured in Grace’s medium at 27°C. The cells were infected with
baculovirus containing hexahistidine-tagged-E1 (Hiss-E1) cDNA for 60 h. The cells were
harvested and then suspended into buffer A (50 mM Tris-HCI (pH 8.0), 150 mM NacCl, 10%
glycerol, 1% triton-X100, 0.01 mM dithiothreitol (DTT), His-protease inhibitor cocktail)
incubated 30 min on ice. After centrifugation, Hise—E1 was purified by a Ni2*-NTA affinity
column (GE Healthcare). | also express His-E1 using Escherichia coli system. The plasmid
vector encoding E1 was constructed and cloned as a fusion protein with Hise-E1 using the
pF1KB4151 vector subsequently transformed into E. coli strain BL21-CodonPlus (Stratagene).

Transformed bacteria were grown at 37°C in LB media containing 50 pg/ml of ampicillin.
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Protein expression was induced by adding 0.5 mM isopropyl-B-D-thiogalactopyranoside
(IPTG) when the absorbance reached 0.8 at 600 nm and harvested the cells. Protein was

purified using the same protocol with His-E1 from insect cells.

2.2.2.2 Cdc-34

The plasmid vector encoding Cdc-34 was constructed and cloned as a fusion protein
with glutathione S-transferase-tagged Cdc-34 (GST-Cdc-34) using the pCold vector.
Subsequently, the vector was transformed into Escherichia coli strain BL21-CodonPlus
(Stratagene). The transformed bacteria were grown at 37°C in LB media containing 50 pg/mL
ampicillin, until the OD = 0.65 at 600 nm, and then the cultures were rapidly cooled in an ice
bath for 10-15 min. The GST-Cdc-34 protein was induced with 0.5 mM IPTG and the cultures
were incubated at 15°C overnight. The cell pellets were dissolved in 20 mM Tris-HCI (pH 8.0),
150 mM NaCl, and were disrupted by sonication.

GST-Cdc-34 was purified by a glutathione affinity column (GE Healthcare, Chicago,
IL, USA). The Cdc-34 protein was enzymatically cleaved from GST-Cdc-34 by incubation
with TEV protease. The cleaved Cdc-34 was purified by glutathione column, again, in order to
remove GST-tag, and was then concentrated up to 2 mg/mL in the presence of 0.5 mM

dithiothreitol (DTT), and stored at -80°C.

2.2.2.3 E2-25K

The plasmid vector encoding E2-25K was constructed and cloned as a fusion protein
with Hise-Ub using the pET28a(+) vector (Novagene), and subsequently transformed into
Escherichia coli strain BL21-CodonPlus (Stratagene). Transformed bacteria were grown at
37°C in LB media containing 50 pg/ml of ampicillin. Protein expression was induced by adding

0.5 mM IPTG when the absorbance reached 0.8 at 600 nm.
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After 3 h, cells were harvested and then suspended into buffer A (50 mM Tris-HCI (pH 8.0),
100 mM NaCl, 10% glycerol, 1% triton-X100, 1 mM DTT, protease inhibitor cocktail)
incubated 1 h on ice. After centrifugation, Hiss—E2-25K was purified by a Ni?* NTA affinity

column (GE Healthcare).

2.2.2.4YUH-1

Yeast ubiquitin hydrase 1 (YUH1) cDNA was inserted into the pGEX vector to encode
GST-YUH1. The GST-YUHL1 proteins were expressed in Escherichia coli BL21(DE3)
CodonPlus and purified using a glutathione-Sepharose column (GE Healthcare) in a buffer (50

mM Tris-HCI (pH 8.0) and 0.1 M NaCl).

2.2.3 Enzymatic synthesis of cyclic Lys48-linked polyUb chains

The cyclic Lys48-linked polyUb chains were prepared by in vitro enzymatic reaction
using E2-25K. [**N]Ub in 50 mM Tris-HCI (pH 8.0) was incubated at 37°C for 16 h in the
presence of 0.6 uM E1, 20 uM E2-25K, 1 mM DTT, 5 mM MgClz, 10 mM ATP, 0.6 units/ml
creatine phosphokinase, and 10 mM creatine phosphate. After the reaction, cyclic Ub chains
were separated from longer Ub chains using Mono S (GE Healthcare) cation exchange

chromatography (Figure 2.2.1). Protein purity was verified by SDS-PAGE.
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Figure 2.2.1 Schematic diagram of the preparation of cyclic Lys48-linked Ub chains

2.2.4 Enzymatic synthesis of native Lys48-linked polyUb chains

The native Lys48-linked polyUb chains were prepared by in vitro enzymatic reaction
using Cdc-34. [**NJUb-His and [*°>N]Ub were mixed at a molar ratio of 2:1 in 50 mM Tris-HCI
(pH 8.0) and incubated at 37°C for 16 h in the presence of 0.6 uM E1, 20 uM Cdc-34, 1 mM
DTT, 5 mM MgClz, 10 mM ATP, 0.6 units/ml creatine phosphokinase, and 10 mM creatine
phosphate. After the reaction, native Ub chains with the hexahistidine tag were separated from
the reaction mixture including cyclic Ub chains by Mono S (GE Healthcare) cation exchange
chromatography. Finally, native di, tri, and tetra Lys48-linked Ub chains with the hexahistidine
tag were separated using Superdex 75 column (GE Healthcare) in buffer 50 mM Tris-HCI pH
8.0 (Figure 2.2.2). Protein purity was verified by SDS-PAGE. K48S and K48C mutant polyUb
chains were prepared using enzymatic reaction with [**N]Ub-His and [*°N]Ub mutant at a
molar ratio of 2:1. After the reaction, using the same protocol with native Lys48-linked polyUb

chains.
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Figure 2.2.2 Schematic diagram of the preparation of native Lys48-linked Ub chains

2.2.5 Preparation of K48C-triUb with carboxymethyl

K48C-triUb 1 mg/ml were incubated with 10 mM DTT in 100 mM Tris-HCI (pH 8.5)
and incubated at 25°C for 4 h. After that, adding 25 mM iodoacetic acid and incubate for 30
min in the dark. After the reaction, 20 mM DTT was added for quenching the iodoacetic acid
and K48C-triUb with carboxymethyl were purified by Mono S (GE Healthcare) cation

exchange chromatography.
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2.2.6 NMR measurements

All of the NMR samples were prepared in a 10mM sodium phosphate buffer at pH 7.0
with 95% H20/5% D20 (v/v). NMR spectra were recorded at 42°C using a Bruker AVANCE-
11 HD 500 and AVANCE 800US spectrometers equipped with a 5-mm cryogenic triple-
resonance probe. For temperature dependency experiment, NMR spectra were recorded at 42°C,
37°C, 30°C, 25°C, 20°C, 15°C and 10°C.The data were processed using NMR Topspin and

analyzed using Sparky [33].

2.2.7 H/D exchange measurement

The buffer of uniformly °N-labeled n-triUb was replaced with 10mM sodium
phosphate buffer at pH 7.0 with 99.9% (v/v) D20 by centrifugation using a spin desalting
column (Zeba spin desalting column, Thermo Fisher scientific, Waltham, MA). NMR spectra
were immediately recorded at 42°C using a Bruker AVANCE 800US spectrometer. The data

were processed using NMR Topspin and analyzed using Sparky [33].

2.2.8 Crystallization, X-ray data collection, and structure determination

For crystallization, purified c-triUb was dissolved in a protein concentration of 8.0
mg/mL in 20 mM Tris-HCI (pH 7.5) and 150 mM NaCl. Protein crystals were obtained in a
buffer containing 20% PEG3350 and 200 mM zinc acetate with incubation at 20°C, and
cryoprotected with a crystallization buffer supplemented with 20% glycerol. The diffraction
data were integrated and scaled using HKL2000 [34]. The crystals of c-triUb belonged to space
group C2 and were diffracted up to a resolution of 1.33 A. The crystal structure of c-triUb was
solved by molecular replacement method using the program MOLREP [35] with a human

ubiquitin (Protein Data Bank code 1UBQ) as a search model.
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Model fitting to the electron density maps and the subsequent refinement were conducted using
COOT [36] and REFMACS [37], respectively. The stereochemical quality of the final model
was validated using MolProbity [38]. The data collection and refinement statistics of c-triUb
are summarized in Table 1. The molecular graphics were prepared using PyMOL (Schrédinger,

New York, NY, USA).

Table 1. Data collection and refinements statistics for the crystal structure of c-triUb.

Crystallographic data

Space group C2

Unit cell a/b/c (A) 88.4/54.8/61.0
BC) 122.0

Data processing statistics

Beam line Photon Factory AR-NE3A
Wavelength (A) 1.0000
Resolution (A) 50-1.33(1.35-1.33)
Total/unique reflections 285,708/56,837
Completeness (%) 99.9 (100.0)
Rinerge (%0) 7.5(78.4)
o (D) 25.2(1.5)
Refinement statistics
Resolution (A) 20.0-1.33
R, o/ Rree (%0) 13.5/17.4
RMS deviations from ideal

Bond lengths (A) 0.014

Bond angles (* ) 1.74
Ramachandran plot (%)

Favored 100

Allowed 0

Outliers 0
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2.3 Results and discussion

2.3.1. Spectral comparison among cyclic forms of Lys48-linked diUb, triUb, and

tetraUb
| first compared the *H->N HSQC spectra of the cyclic forms of Lys48-linked diUb (c-

diub), triUb (c-triUb), and tetraUb (c-tetraUb) (Figure 2.3.1a—c and Figure 2.3.2a). In the
cyclic forms, the C-terminus of one Ub unit is conjugated to the Lys48 of its most distal Ub

unit. Each of these cyclic forms gave a single set of chemical shifts, indicating their

symmetrical structures.
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Figure 2.3.1 'H->N HSQC spectra of uniformly *°N-labeled (a) c-diUb, (b) c-triUb, and
(c) c-tetraUb. 3D structural models of (d) c-diUb [20], (e) c-triUb (solved in this study,
PDB: 7CAP), and (f) c-tetraUb (PDB: 3ALB) [27].
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The 'H-1>N HSQC spectra of the c-tetraUb and c-diUb were well-superimposed,
indicating their similarity with respect to the Ub—Ub interaction (Figure 2.3.2b). This is
consistent with our previously reported structures of c-diUb and c-tetraUb, which share almost
identical closed conformations [25, 39] (Figure 2.3.1d, f). In contrast, the spectrum of c-triUb
was significantly different from that of c-diUb in terms of the chemical shifts of the peaks

originating from the hydrophobic surface and the segment linking the Ub units (Figure 2.3.23,

c).
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Figure 2.3.2 Spectral comparison of the cyclic Ub chains. (a) Superposition of the *H-
15N HSQC spectra of c-diUb (black), c-triUb (red), and c-tetraUb (cyan). Chemical shift
differences (b) between c-tetraUb and c-diUb, and (c) between c-triUb and c-diUb.
Data are shown according to the equation (0.040n? + 3+%)Y2, where dn and OH
represent the difference in nitrogen and proton chemical shifts, respectively. The
proline residues and the residues whose 'H-1>N HSQC peak could not be used as a

probe because of broadening are shown by asterisks.
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We determined a crystal structure of c-triUb at a resolution of 1.33 A (Figure 2.3.1e
and Figure 2.3.3). As expected from the NMR spectra, c-triUb adopts a three-fold symmetric
structure in which the hydrophobic surfaces, including Leu8, 1le44, and Val70, are partially

exposed, distinct from the closed conformation observed for c-diUb and c-tetraUb.

Figure 2.3.3 Crystal structure of c-triUb (solved in this study; PDB: 7CAP) highlighting
Leu8, lle44, and Val70 on the hydrophobic surface.

2.3.2. Spectral comparison among native forms of Lys48-linked diUb, triUb, and tetraUb

In the following, | compared the *H->*N HSQC spectra of n-diUb, n-triUb, and n-
tetraUb (Figure 2.3.4a—c). As our group reported previously [25], n-diUb has a single set of
chemical shifts, except for the peaks originating from the Lys48-Gly76 linkage site, indicating
that the two Ub units in n-diUb are structurally equivalent. In contrast, n-triUb and n-tetraUb
exhibited multiple peaks for many residues, suggesting differences in the local environment
among the Ub units. The amino acid residues showing different chemical shifts among different
Ub units were located in the hydrophobic surfaces, as exemplified by Val70, in addition to

those located in the Lys48-Gly76 linkage site (Figure 2.3.4d).
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These observations suggest that the hydrophobic surface of the Ub units in the n-triUb and n-

tetraUb experience different environments in time average.
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Figure 2.3.4 *H->*N HSQC spectra of uniformly **N-labeled (a) n-diUb, (b) n-triUb, and
(c) n-tetraUb. Multiple peaks (boxed) are displayed. (d) Mapping of the 3D structure of
monomeric Ub (PDB: 1UBQ), with residues showing the multiple peaks. The proline
residues and the residues whose 'H-1>N HSQC peaks could not be observed as

probes because of broadening and/or overlapping are shown in gray.
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2.3.3. Conformational equilibrium of the native forms of Lys48-linked triUb and tetraUb

Our previous NMR study revealed that n-diUb undergoes a conformational transition
in the fast exchange regime between the open and closed states, which is mimicked by
monomeric Ub and c-diUb, respectively, in terms of the exposure of the hydrophobic surfaces
to the solvent [25]. Namely, c-diUb exhibits a closed conformation, in which two hydrophobic
surfaces are highly packed against each other, whereas the hydrophobic surface of the
monomeric Ub is exposed to the solvent. Under this circumstance, each amino acid residue
located on the hydrophobic surfaces of the Ub units gave an HSQC peak between the peaks
originating from the corresponding residues in monomeric Ub and c-diUb in the same straight
line, as exemplified by the Val70 of n-diUb (Figure 2.3.5a). This provided an opportunity to
estimate the population of each conformation based on the internal division ratios by the n-
diUb’s peak of the chemical shift difference between monomeric Ub and the c-diUb, with the
assumption that they represent fully open and closed states, respectively.

Intriguingly, this approach was applicable for estimating the conformer populations of
n-triUb and n-tetraUb, because the multiple peaks originating from the hydrophobic surfaces
of the Ub units in these Ub chains were also aligned in the same straight line between the
corresponding peaks from c-diUb and monomeric Ub, exhibiting varying degrees of line

broadening (Figure 2.3.5b—e).
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Figure 2.3.5 1H-®>N HSQC peaks originating from Val70 of (a) uniformly **N-labeled
n-diUb (red), (b) uniformly*>N-labeled n-triUb (red), (c) unit-selectively *°*N-labeled n-
triUb chains at the distal Ub1 (green), the middle Ub2 (magenta) and the proximal Ub3
(blue), (d) uniformly **N-labeled n-tetraUb (red), and (e) unit-selectively *°N-labeled n-
tetraUb at the distal Ub1 (green), the middle Ub2 (magenta), the middle Ub3 (blue),
and the proximal Ub4 (orange). The peaks from the monomeric Ub (open form) and
c-diUb (closed form) are plotted in cyan and black, respectively. The dividing ratios of
the chemical shift differences of n-diUb, n-triUb, and n-tetraUb are indicated between

monomeric Ub and c-diUb.
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It should be noted that c-triUb was not suitable as a model of the closed state, because
of its exposed hydrophobic surfaces (Figure 2.3.1€), which resulted in a significant chemical

shift deviation from the straight line, as exemplified by the Val70 peak (Figure 2.3.6).
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Figure 2.3.6 *H-1>N HSQC peaks originating from Val70 of monomeric Ub (cyan), c-
diUb (black), c-triUb (red), and unit-selectively **N-labeled n-triUb chains at the distal
Ub1 (green), the middle Ub2 (magenta) and the proximal Ub3 (blue).

These NMR data indicate that each Ub unit of n-triUb and n-tetraUb experienced a
dynamic transition in the moderately fast exchange between the open and closed states on the
relevant NMR timescale (approximately 100 Hz). Under this condition, the population of each
conformer can be estimated on the basis of dividing the ratios of the chemical shift differences,
using the monomeric Ub and c-diUb as references.

In n-triUb, the dividing ratio between the monomeric and cyclic forms in the Val70
peak indicated that the populations of open and closed conformers made up 76% and 24% of
the total conformers in the distal unit (Ub1), 33% and 67% in the middle unit (Ub2), and 47%
and 53% in the proximal unit (Ub3), respectively (Figure 2.3.5c and Figure 2.3.7).
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Figure 2.3.7 Conformer populations n-triUb estimated from the NMR spectral data. A
cartoon model of the possible conformers in each state is shown. A pair of Ub units

whose hydrophobic surfaces are shielded from each other are shown in black.

These data indicate that the hydrophobic surface of the distal unit (Ubl) is mostly
exposed to the solvent, while that of the middle unit (Ub2) is mostly shielded. To consider the
overall open—closed conformational equilibrium state of n-triUb, we formed a hypothetical
model with four different conformational states (Figure 2.3.8), and estimated their populations
based on the three different dividing ratios of the chemical shift differences of the Val70 peak,
according to the following equations:

Ub1 open : closed = Pa + Pg: Pc+ Po=0.76: 0.24 (1)

Ub2 open : closed = Pa+ Pp: Ps + Pc =0.33 : 0.67 (2)

Ub3 open : closed = Pa + Pc : Ps + Pp = 0.47 : 0.53 (3)
Pa+Pe+Pc+Pp=1(4)

where Px is the population of state x.
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Figure 2.3.8 Cartoon model of the conformational equilibrium of n-triUb. The
populations of states A, B, C, and D of n-triUb are denoted as Pa, Ps, Pc, and Pbp,

respectively.

According to the calculation results, the population of state A (fully open state) was
28% and those of state B, state C, and state D (three different closed states) were 48%, 19%,
and 5%, respectively (Figure 2.3.8). This indicates that the “end-to-end” Ub interaction leaving
the middle Ub2 unit open (state D) seldom occurs, presumably due to steric restriction,
rendering Ub2 mostly involved in the interaction with either Ubl or Ub3. It should be noted
that the population of state B is significantly higher than that of state C, suggesting that Ub2
has a higher affinity for Ub3 than for Ub1.

In order to compare solvent accessibility among Ub1, Ub2, and Ub3 units of n-triUb, |
performed a hydrogen/deuterated (H/D)-exchange NMR experiment using the V70 peak as a
probe. In H20 buffer, the relative intensity of the peak derived from Ubl was the highest,

followed by Ub3 and Ub2 (Figure 2.3.9a).
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When the solution conditions of n-triUb were changed from H20 to D20, the peak intensity
changes with time were observed. As a result, after a certain time, the intensity of the V70 peak
derived from Ub2 was the highest, while the intensities of the peaks derived from Ub1 and Ub3
were lower (Figure 2.3.9b).

These data indicate that the Val70 peak on Ub2 unit is the most protected from the
solvent, supporting the fact that the hydrophobic surface of Ub2 unit is mostly shielded through

the interaction with either Ub1 or Ub3.
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Figure 2.3.9 'H-15N HSQC peaks originating from Val70 of n-triUb in 10mM sodium
phosphate buffer at pH 7.0 with (a) 95%(v/v) H20/5% D20 and (b) 6 h after
replacement with 99.9%(v/v) D20.
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In a similar way, | estimated the populations of the open and closed conformers of n-
tetraUb based on dividing ratios with respect to the Val70 peak. The populations of the open
state of Ub1, Ub2, Ub3, and Ub4 were estimated as 74%, 53%, 36%, and 60%, respectively
(Figure 2.3.5e and Figure 2.3.10). Namely, the distal Ubl unit has a more highly solvent-

exposed hydrophobic surface than the remaining Ub units, as in the case of n-triUb.
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Figure 2.3.10 Conformer populations of n-tetraUb estimated from the NMR spectral
data. A cartoon model of the possible conformers in each state is shown. A pair of Ub

units whose hydrophobic surfaces are shielded from each other are shown in black.
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2.3.4 Inter-subunit interactions of Lys48-linked triUb

To explain the higher open-state propensity of the distal Ub units in n-triUb and n-
tetraUb, | considered the possible end effects attributed to the distal and proximal end of the
Ub chain, i.e., the Lys48 amino group of the distal Ub and the C-terminal carboxyl group of
proximal Ub. The hydrophobic patch of Ub is surrounded by basic amino acid residues, i.e.,
Lys6, Arg42, Lys48, His68, and Arg72, which are likely to destabilize the closed conformation
due to electrostatic repulsion. Indeed, previous study in our group demonstrated that the
substitution of His68 with valine resulted in a significant increase in the population of the
closed state in n-diUb [25]. The previously reported simulation data also showed that
electrostatic interactions made a negative contribution to the formation of compact Lys48-
linked diUb [27].

Firstly, | attempted to examine a possible C-terminal effect by using an n-triUb analog
with a C-terminal extension with hexahistidine in the proximal Ub (n-triUb-Hiss), which was
also subjected to the NMR-based conformer population quantification. The multiple peaks
from the Val70 of n-triUb-Hiss were distributed in the same straight line (Figure 2.3.11a).
According to the calculated population, no significant difference was observed in each of the

conformer populations between n-triUb and n-triUb-Hiss (Figure 2.3.11f).
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Figure 2.3.11 *H->N HSQC peaks originating from Val70 of uniformly *N-labeled (a)
n-triUb-Hiss, (b) wild-type n-triUb, (c) K48S-triUb, (d) K48C-carboxymethyl-triUb, and
(e) K48C-triUb. The peaks from monomeric Ub and c-diUb are shown in cyan and
black, respectively. (f) Cartoon model of the conformational equilibrium of n-triUb. The
populations of states A, B, C, and D of triUb are denoted as Pa, Ps, Pc, and Pp,
respectively. The calculated Pa, Ps, Pc, and Pp values of n-triUb-Hiss, wild-type n-
triub, K48S-triUb, K48C-carboxymethyl -triUb, and K48C-triUb are indicated.
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Next, | examined the possible effect of the substitution of Lys48 with serine in the distal
Ub of n-triUb (K48S-triUb) on its conformational states. The multiple peaks from the Val70
of the K48S-triUb exhibited clearly different chemical shifts but were still aligned in the same
straight line (Figure 2.3.11c). The calculated populations of states A, B, C, and D were 33%,
37%, 26%, and 4%, respectively (Figure 2.3.11f). As compared to the wild-type n-triUb, the
population of state C of K48S-triUb was increased by the mutation (from 19% to 26%), with a
concomitant decrease of population B (from 48% to 37%), indicating that the positive charge
of Lys48 of the distal Ub negatively contributes to its closed state formation. These data
demonstrate that the positively charged Lys48 in the distal Ub affected the conformer
population distribution of n-triUb, while the proximal C-terminal group had little impact on it.

In order to further investigate the effect of negative charge on the K48 position, K48 in
the distal Ub of n-triUb was replaced with cysteine (K48C-triUb), and then C48 was
carboxymethylated (K48C-carboxymethyl-triUb). As compared to the K48S-triUb, the
population of state C of K48C-carboxymethyl-triUb was slightly increased (from 26% to 33%),
with a concomitant decrease of population B (from 37% to 30%), confirming that the negative
charge at Lys48 position of the distal Ub positively contributes to its closed state formation.
Intriguingly, | should note that the calculated population of state C of K48C-triUb was
dramatically increased (from 19% to 62%) as compared to the wild-type n-triUb. As cysteine
is a neutral residue, such a large increase of the State C population cannot be explained solely
by the charge effect at the K48 position. This result is probably due to the hydrophobic property

of cysteine residue [40].
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To further clarify the possible driving force behind the conformational interconversion
among the Ub units, | examined the temperature dependence of the conformational equilibrium
of n-triUb by conducting NMR measurements at various temperatures. The chemical shift of

Val70 shifted with temperature but was still aligned in the same straight line between c-diUb

and monomeric Ub (Figure 2.3.12).
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Figure 2.3.12 NMR characterization of conformational dynamics of Lys48-linked triUb
in solution. *H->N HSQC peaks originating from Val70 of monomeric Ub (cyan), unit-
selectively 1°N-labeled n-triub chains (red), and cyclic Lys48-linked diUb (black) at the
following different temperature conditions: 42°C, 37°C, 30°C, 25°C, 20°C, 15°C, and

10°C.
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This provided a quantitative estimate of the temperature-dependent populational shift
of each conformer of n-triUb. I have summarized the temperature dependence of the conformer
populations of wild-type n-triUb, as well as K48S-triUb, K48C-triUb, and K48C-

carboxymethyl-triUb (Figure 2.3.13).
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Figure 2.3.13 Temperature dependence of the open and closed conformational
population of (a) wild-type n-triUb, (b) K48S-triUb, (c) K48C-triUub and (d) K48C-
carboxymethyl triUb. Population of state A, B, C and D are shown in blue, green, red
and black respectively. Population of each temperature estimated on the basis of the

dividing ratio of chemical shift differences of Val70.
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In all triUb derivatives, the population of State A and State B showed a temperature
dependency, with the population of state B increasing and that of A concomitantly decreasing
at higher temperatures. Since the hydrophobic interaction is generally enhanced at high
temperatures, the formation of the closed structure between Ub2 and Ub3 in State B is mainly
induced through the hydrophobic interaction between Ub2 and Ub3 units. On the other hand,
the population of State C was found to be constant with temperature, although its initial
population varied among the mutants. This result suggests that the formation of State C, i.e.
the closed structure between Ubl and Ub2, is mainly determined by the property of the K48
position in Ubl. By inspection of all these data, it is considered the proportion of multi-
conformers corresponding to State A, State B, and State C is determined by the competition
between the "Ub1-UDb2 interaction defined by the property of the K48 position of Ub1 unit"
and the "Ub2-Ub3 interaction defined by the hydrophobic interaction™.

These present data demonstrate that the amino acid substitutions at position 48 in the
distal Ub of the Ub chain remotely affected the solvent exposure of the hydrophobic surfaces
of the other Ub units through the competitive sharing of the hydrophobic surfaces among the
Ub units. Namely, the modification of Ub1 unit can remotely modulate the solvent exposure
of Ub3 unit. This allostery depends on the competitive sharing of Ub2 between Ub1 and Ub3
in the formation of closed states. Thus, the mutational effect at the most distal Ub is

allosterically transmitted to the remaining Ub units in a chain-reaction manner.
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Chapter 3: Exploration of Ub-based protein

engineering
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3.1 Introduction

In Chapter 2, | found that the amino acid substitutions at position 48 in the distal Ub of
the Ub chains remotely affected the solvent exposure of the hydrophobic surfaces of the other
Ub units through the competitive sharing of the hydrophobic surfaces among the Ub units.
Thus, the mutational effect at the most distal Ub is allosterically transmitted to the remaining
Ub units in a chain-reaction manner. These results suggested that the Lys48-linked Ub chains
may offer unique design frameworks for Ub-based protein engineering including the creation
of biosensing probes and allosterically controllable multidomain proteins. For proof of this
concept, | attempted to design artificial multidomain proteins based on the Lys48-linked diUb.

Forster resonance energy transfer (FRET) can be used to study molecular events such
as conformational changes, molecular interactions, and protein cleavages in an effective
manner thus can provide a platform for designing sensor molecules to detect changes in the
solution environments including pH, temperature, oxidative stress, and molecular crowding. |
could construct environmentally responsive biosensing probes, in which FRET is enhanced in
the closed state of Lys48-linked diUb.

Furthermore, | designed artificial hetero-multidomain proteins in which Ub is
conjugated with another multidomain protein for controlling their domain rearrangements in
environment-responsive manners. Protein disulfide isomerase (PDI) is a multidomain protein
that consists of four tandem thioredoxin domains, a, b, b°, and a’, plus C-terminal extension.
One unique property of PDI is that it undergoes conformational rearrangement of the 5’-a’
domains depending on the redox states of the a’ active site [41, 42]. These two domains exhibit
a closed conformation in the reduced form and are converted into an open conformation with
the exposure of the hydrophobic surface upon oxidation of the «’ domain. This conformational

transition is supposed to be associated with the redox-dependent substrate binding of PDI.
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In this study, | attempted to create an artificial hetero-multidomain protein by linking
diUb and PDI5»-.. | expect that this would lead to the creation of a novel multidomain protein
that exhibits the temperature/pH dependency of diUb and the sensitivity to redox states of PDI

as well as regulates both properties in an allosteric manner.

3.2 Materials and methods
3.2.1 FRET biosensing probe
3.2.1.1 Preparation of diUb with fluorescent probes

Alexa647-maleimide (Cy5) and Cy3 Bis NTA-Ni were purchased from Thermo Fisher
scientific (Waltham, USA) and AAT Bioquest (Sunnyvale, USA), respectively. K48C-diUb
with a hexahistidine tag (K48C-diUb-His, 80 uM) in 50 mM Tris-HCI, pH 7.2, was prepared
as described in 2.2.4 in chapter 2. Labeling reactions were carried out overnight at 4°C a Cy5
dye: protein of 10:1 molar ratio in the presence of 10 mM TCEP. The Excess amounts of
unincorporated dyes and unconjugated proteins were removed by a MonoS (GE Healthcare)
cation exchange chromatography. Protein purity was verified by SDS-PAGE. The Cy3 NTA-
Ni dye was incubated with Cy5-conjugated K48C-diUb-His at 1:1 molar ratio in 210mM sodium

phosphate buffer at pH 7.0 (Cy5-diUb-Cy3).

3.2.1.2 Cy5-diUb-Cy3 with E2-25K binding
E2-25K was prepared as described in 2.2.2.3 in chapter 2. E2-25K solution was
exchanged into 10mM sodium phosphate buffer at pH 7.0. The Cy5-diUb-Cy3 was incubated

with E2-25K at 1:1, 1:2, and 1:5 molar ratio at 25°C for 30 min.

3.2.1.3 Cy5-diUb-Cy3 with DUB

OTUBL1, a K48-linkage specific DUB, was purchased from Life sensors. For cleavage
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reaction, 100 uM of Cy5-K48C-diUb-His was incubated at a DUB: protein of 1:5 molar ratio
at 37°C for 1 h in the presence of 2 mM DTT. After the reaction, the sample was diluted to 0.8
MM for decreasing DTT concentration and then Cy3 NTA-Ni dye was added at a molar ratio

of 1:1 in 10mM sodium phosphate buffer at pH 7.0.

3.2.1.4 Cy5-diUb-Cy3 with cytoplasmic extracts
The cytoplasmic extracts were collected from HEK293 cells. 0.8 uM Cy5-K48C-diUb-
His was incubated with 0.25 mg/ml of cytoplasmic extracts at 25°C, then Cy3 NTA-Ni dye

was added at a molar ratio of 1:1.

3.2.1.5 Cy5-diUb (ethylamine linker)-Cy3

Synthesized ethylamine was provided by Dr. Momiyama and Dr. Ohtsuka. K48C Ub
mutants with and without hexahistidine tag (K48C-Ub/ K48C-Ub-His) were prepared as
described in 2.2.1 in chapter 2. Cy5-conjugated K48C-Ub was prepared as described in 3.2.1.1
in chapter 3. Firstly, K48C-Ub-His was incubated with ethylamine at 37°C for 4 h for the
creation of K48C-Ub-His conjugated with ethylamine as a linker. Cy5-K48C-Ub and
monomeric K48C-Ub-His conjugated with ethylamine were mixed at molar ratio of 2:1 in 50
mM Tris-HCI (pH 8.0), and then subjected to in vitro enzymatic reaction using Cdc-34 as
described in 2.2.4 in chapter 2 for creation of Cy5-diUb (ethylamine linker)-His. After the
reaction, artificially-linked diUb, Cy5-diUb (ethylamine linker)-His, were separated from the
reaction mixture by MonoS (GE Healthcare) cation exchange chromatography. Cy3 NTA-Ni
dye was added at a molar ratio of 1:1 with Cy5-diUb (ethylamine linker)-His to create Cy5-

diUb (ethylamine linker)-Cya3.
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3.2.1.6 FRET measurement and analyses

Fluorescence emission spectra were recorded with Cy5-diUb-Cy3 (0.8 uM) in 10mM
sodium phosphate buffer at pH 7.0 using a fluorescence spectrometer (Hitachi F2700) at 25°C
in the presence and absence of E2-25K. Emission spectra were recorded at 400-800 nm with
excitation wavelengths of 550 nm. FRET peak was observed at 670 nm with excitation
wavelengths of 550 nm. Percent of FRET efficiency was calculated using Percent of FRET
efficiency = (Total FRET spectral - spectral bleed-through - cross-excitation) / emission of
donor (Cy3). Monomeric Ub-His-Cy3 and monomeric K48C-Cy5 were used for measuring
spectral bleed-through (Ex: 550 nm, Em: 570 nm) and for cross-excitation (Ex: 650 nm, Em:
670 nm), respectively. Fluorescence emission spectra of Cy5-diUb-Cy3 and Cy5-diUb
(ethylamine linker)-Cy3 with cytoplasmic extracts or OTUB1 were recorded using the same

protocol.

3.2.2 Artificial hetero-multidomain proteins
3.2.2.1 Protein expression and purification of linear Ub- PDls>-«-Ub and Ub- PDls>s’
Ub-PDI»-.-Ub and Ub- PDI»-. protein was constructed from pET21-a plasmid and
subsequently transformed into E.coli strain BL21-CodonPlus (Stratagene). Transformed
bacteria were grown at 37°C in M9 minimal media containing 50 pg/ml of ampicillin
with[*>N]NH4CI (1 g/l) to produce the isotopically labeled protein. Protein expression was
induced by adding 0.5 mM IPTG when the absorbance reached 0.8 at 600 nm. After 3 h, cells
were harvested and then suspended into 50 mM Tris-HCI (pH 8.0). After sonication, the
supernatant was applied onto a Superdex 75 column in a buffer of 50 mM Tris-HCI (pH 8.0)

for purification.
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3.2.2.2 Protein expression and purification of PDI1s>-.-Ub

PDIs-.-Ub protein was expressed from pET28-a plasmid in BL21-CodonPlus
(Stratagene) cells and the cells were grown in M9 minimal media containing 50 pg/ml of
kanamycin with[*>N]NH4CI (1 g/1) to produce the isotopically labeled protein. After sonication,
the supernatant was purified using Ni?*-nitrilotriacetic acid (Ni°*-NTA) agarose (Qiagen) in a
buffer of 50 mM Tris-HCI (pH8.0). The N-terminus hexahistidine-tag of PDI~-.-Ub protein
was enzymatically cleaved by incubation with Thrombin. Then, PDI»-.-Ub was applied onto

a Superdex 75 column in a buffer of 50 mM Tris-HCI (pH 8.0).

3.2.2.3 Preparation of cyclic diUb-PDl -’

The cyclic diUb-PDlIy - protein was prepared by in vitro enzymatic reaction using E2-
25K. [*®N] linear Ub-PDly-2-Ub in 50 mM Tris-HCI (pH 8.0) was incubated at 37°C for 16 h
in the presence of 0.6 uM E1, 20 uM E2-25K, 1 mM DTT, 5 mM MgClz, 10 mM ATP, 0.6
units/ml creatine phosphokinase, and 10 mM creatine phosphate. After the reaction, cyclic
diUb-PDly-2> were separated using Superdex 75 column in a buffer of 50 mM Tris-HCI (pH

8.0). Protein purity was verified by SDS-PAGE.

3.2.2.4 Mass spectrometry

The sample solutions were buffer-exchanged into 150 mM ammonium acetate at pH
6.8 using centrifugal spin columns (Micro BioSpin-6 column, Bio-Rad, Hercules, California,
USA) at 4°C. In order to prepare the denatured samples, formic acid was added to the buffer-
exchanged samples at a volume fraction of 30%. The samples were loaded into gold-coated
glass capillaries made in house (approximately 2-5 ul sample loaded per analysis) and analyzed
by nanoflow electrospray ionization mass spectrometry. Spectra were recorded on a SYNAPT

G2-Si HDMS mass spectrometer (Waters, Massachusetts, Milford, USA) in positive ionization
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mode at 1.33 kV capillary voltage with 37°C source temperature, 150 V sampling cone, and
source offset voltages, 0 V trap and transfer collision energies, and 2 ml/min trap gas flow.
The spectra were calibrated using 2 mg/ml cesium iodide and analyzed with MassLynx

software 4.1 (Waters).

3.2.2.5 NMR measurements

All of the NMR samples were prepared in 10 mM sodium phosphate buffer at pH 7.0
with 95% H20/5% D20 (v/v). NMR spectra were recorded at 30°C using a Bruker AVANCE
800US spectrometers equipped with a 5-mm cryogenic triple-resonance probe with three-axis

gradient coils. The data were processed using NMR Topspin and analyzed using Sparky.

3.3 Result and discussion
3.3.1 FRET biosensing probe

It has been found that the spatial arrangement of the Lys48 residue on the distal Ub unit
and the C-terminus on the proximal Ub unit are close to each other in the closed form of n-
diUb. I already confirmed that K48C-mutated diUb (K48C-diUb) was also under the open-
closed equilibrium in solution. Therefore, the open-closed conformational changes of diUb can
provide a platform for designing sensor molecules to detect changes in the solution
environments. | used the K48C-diUb with a hexahistidine tag to introduce fluorescent dyes. A
donor (Cy3 Bis NTA-Ni complex) was attached to the hexahistidine tag via a coordination
bond, and an acceptor (Alexa Fluor 647 maleimide, or Cy5) was attached to the cysteine residue
via a disulfide bond (Figure 3.3.1).

As aresult of fluorescence measurement, FRET was observed in this K48C-diUb-based
probe, Cy5-diUb-Cy3 (Figure 3.3.2a). Upon addition of E2-25K as a binding protein, it was

expected that the open structure of diUb would increase due to the binding of E2-25K to the
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hydrophobic surface of Ub. Indeed, the FRET peak showed intensity decrease upon addition

of E2-25K to diUb, demonstrating a successful construction of FRET biosensor based on the

conformational interconversion of diUb chain (Figure 3.3.2b).
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Figure 3.3.1 Strategy of FRET measurement of K48C-diUb-His conjugated with Cy3
and Cy5.
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Figure 3.3.2 (a) The emission spectra corresponding to FRET of Cy5-diUb-Cy3
without E2-25K (blue), with E2-25K at a molar ration of 1:1 (red), 1:2 (green) and 1.5
(black). (b) Percent of FRET efficiency of Cy5-diUb-Cy3 calculated from the

corresponding FRET intensities. The colors correspond to (a).
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In order to consider the use of this diUb-based FRET biosensor probing cellular
environments, | performed the FRET experiment using cytoplasmic extracts. The result
showed that FRET efficiency was dramatically decreased in the cytoplasmic condition (Figure
3.3.3c). This decrease may suggest the existing of Ub binding proteins in cytoplasmic extracts.
Moreover, there is another possibility that the isopeptide linker between Ub units was cleaved
by deubiquitinating enzyme (DUB) in the cytosol. To access these possibilities, the diUb probe
was incubated with DUB. The FRET efficiency was decreased upon addition of DUB (Figure
3.3.3c). These data suggested that the linker of Ub units was cleaved by DUB and the Cy5 and
Cy3 were isolated from each other, resulting in a decrease in the FRET efficiency.

Therefore, further improvement is necessary, such as linking Ub units with an
ethylamine that is expected to be non-cleavable by cytosolic DUBs in order to use this FRET
biosensor in the cellular environments. The FRET results clearly indicated that the artificial
ethylamine linker was not cleaved by DUBSs in the cytosol in comparison with the native linker.
However, in the case of Cy5-diUb (ethylamine linker)-Cy3, | found that the small but
significant differences of FRET efficiency between the control and the samples with
cytoplasmic extracts as well as DUB, which may be ascribed to binding to some cytosolic

proteins (Figure 3.3.3d).
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Figure 3.3.3 (a) cartoon model of natively linked Cy5-diUb-Cy3 (b) cartoon model of
artificially linked Cy5-diUb (ethylamine linker)-Cy3. (c) Percent of FRET efficiency of
natively linked Cy5-diUb-Cy3 calculated from the corresponding FRET intensities.
FRET efficiency of Cy5-diUb-Cy3 in buffer (blue), in cytoplasmic extracts (red) and
buffer with DUB (green). (d) Percent of FRET efficiency of artificially linked Cy5-diUb

(ethylamine linker)-Cy3.

3.3.2 Artificial hetero-multidomain proteins
To realize my concept, | created novel hetero-multidomain protein that contains
PDl»~. flanked by Ub units. In other words, One Ub was connected to the N-terminus or C-

terminus of PDI»~-, and two Ubs were attached to the N-terminus and C-terminus of PDIlp-4. |
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expected that these Ub conjugations may affect the active site or the domain-domain interface
of PDI5«". Furthermore, one of the most sensitive spectroscopic probes was the indole *H->N
HSQC peak of Trp364 which is located in the vicinity of the active site of «’ domain as well
as on the domain-domain interface of PDIs-.> (Figure 3.3.4a). The result showed that
conjugation of Ub to the N-terminus of PDI~-.’ altered the chemical shift of the Trp peak of
PDI»-o" (Figure 3.3.4b). The chemical shift of Trp peak was also observed when conjugation
of Ub to the C-terminus of PDIy-." (Figure 3.3.4c). Moreover, when two Ubs were conjugated
to the N-terminus and C-terminus of PDIs-.’, the Trp peak was further shifted (Figure 3.3.4d
and 3.3.5a). These data suggest that the conjugation of Ub unit to PDIs-,’ can cause micro-
environmental change of active site as well as domain interface. | then performed an enzymatic
reaction to link Lys48 on the N-terminal Ub to Gly76 of the C-terminal Ub via the isopeptide
bond, resulting in the creation of a cyclized Ub- PDI5~. protein consisting of diUb and PDlI 5~
o’ (cyclic diUb-PDlI»-s). The chemical shift of the Trp peak was further changed couple with
cyclization of Ub- PDI»-.’ protein (Figure 3.3.4e and 3.3.5b). All these results demonstrated

the possibility that Ub can regulate the dynamic structure of PDIs 4.
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Figure 3.3.4 *H-N HSQC peaks originating from Trp364 on a’ domain of PDIs-a’ with
cartoon model. (a) PDIy-a’ (black) (b) Ub-PDls-a’ (blue) (c) PDIlv-a-Ub (Magenta) (d)
linear Ub-PDI»-2-Ub (green) and (e) cyclic diUb-PDlIs-2’ (red).
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Figure 3.3.5 Structure of artificial hetero-multidomain protein. (a) linear Ub-PDly-a-Ub
and (b) cyclic diUb-PDlp-a’ highlighting V70 on Ub and W364 on a’domain of PDI.

To confirm the formation of the isopeptide bond between Ub units, | performed native
MS analysis. Native MS data indicated that the molecular mass determined for the linear Ub-
PDls--Ub and the cyclic diUb-PDls~-.c was 44093.62+2.39 Da and 44076.52+9.77 Da,
respectively, with a difference of about 18 (Figure 3.3.6). Thus, | confirmed that the cyclic

diUb-PDlI5 . was successfully formed.
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Figure 3.3.6 Native mass spectra of (a) cyclic diUb-PDl»-a’ showing the molecular
weight was 44076.53 and (b) linear Ub-PDlIy-a-Ub showing the molecular weight was
44093.62.

It is intriguing to examine whether the redox-dependent domain interaction of PDlsa
affects the open-closed equilibria of diUb. Using the NMR peaks as spectroscopic probes, |
firstly investigated the difference of the linear Ub-PDI»-.* and the cyclic diUb-PDls.". One of
the most sensitive spectroscopic probes was the indole *H-°>N HSQC peak of Trp364 located
in the vicinity of the active site of «” domain, which exhibited virtually no perturbation under
reducing condition but showed a significant chemical shift change in oxidized condition upon
cyclization. These results suggest that the conformation of the oxidized form of PDI4 is more
affected by cyclization than that of the reduced form (Figure 3.3.7). On the other hand, using

the VVal70 peak of diUb as a probe, | examined whether the redox-dependent domain interaction
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of PDI affects the open-closed equilibrium of linear Ub-PDlI»-.’ and cyclic diUb-PDlsa. In the

linear form, the two Val70 peaks of Ub units were observed in the reduced state of PDI a’

domain, whereas only one peak was in the oxidized state. In contrast, in the cyclic form, the

chemical shifts of VVal70 peaks of Ub units were quite different between in the reduced and in

the oxidized states of PDI, although the two Val70 peaks of Ub units were observed in both

the reduced and oxidized states of PDI (Figure 3.3.8). These results successfully demonstrated

that the domain rearrangement of diUb was allosterically regulated according to the redox state

of PDI a’ domain. This proof of concept would be expected to lead to the creation of novel

multidomain proteins for controlling their domain rearrangements in environment-responsive

manners.
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Figure 3.3.7 The indole *H-1>N HSQC peaks originating from W364 in PDI of the linear
Ub-PDIs-a-Ub (blue) and the cyclic diUb-PDls-a’ (red) in (a) reduced and (b) oxidized

state.
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Figure 3.3.8 'H-1>N HSQC peaks originating from V70 of (a) the linear Ub-PDlp-a-Ub
and (b) the cyclic diUb-PDlIs-a'in reduced (blue) and oxidized state (red).
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Chapter 4: Summary and perspective
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Summary and perspective

In this study, | performed NMR analyses for characterizing conformational
interconversions of the native forms of Lys48-linked triUb and tetraUb chains in solution. |
successfully optimized the protocol of ubiquitylation reaction in vitro and prepared a series of
Lys48-linked Ub chains with uniform isotope labeling in native and cyclic forms, carried out
NMR studies, and found that the Lys48-linked triUb and tetraUb chains exhibited multiple
peaks from the residues located on the hydrophobic surfaces, suggesting differences in the local
environment among the Ub units. My NMR data indicated that the most distal Ub unit in the
Ub chains is the most apt to expose its hydrophobic surface, suggesting its preferential
involvement in interactions with the Ub-recognizing proteins. Furthermore, | found that the
amino acid substitutions at position 48 in the distal Ub of the Ub chain remotely affected the
solvent exposure of the hydrophobic surfaces of the other Ub units through the competitive
sharing of the hydrophobic surfaces among the Ub units. This study underscores that the
mutational effect at the most distal Ub is allosterically transmitted to the remaining Ub units in
a chain-reaction manner.

Based on these results, I hypothesized that the Lys48-linked Ub chains may offer
unique design frameworks for creating biosensing probes as well as allosterically controllable
multidomain proteins. For proof of this concept, | attempted to design artificial multidomain
proteins based on the Lys48-linked diUb. | constructed FRET biosensing probes, in which
FRET is enhanced in the closed state of Lys48-linked diUb. Furthermore, as a prototype of
artificial hetero-multidomain proteins for controlling their domain rearrangements in
environment-responsive manners, | designed a chimeric protein in which diUb is cyclically
conjugated with another multidomain protein, PDI».’, and successfully demonstrated that the
domain rearrangement of diUb was allosterically regulated according to the redox state of this

enzyme.
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In summary, this study provided a quantitative view of conformational interconversions
of the Lys48-linked Ub chains in solution, offering new strategies for probing and manipulating

the conformational dynamics of multidomain proteins.
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