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Abstract

The three-stranded B-helix is a highly regular and repeated structure and is
extremely stable against heat and denaturing agents. It is thus suitable for the template
in designing rod-shaped nanomaterial. In our laboratory, the artificial three-stranded
B-helices have been developed by stacking a certain region of the three-stranded B-helix
of gp5 from bacteriophage T4, which consists of 12 repeats of octapeptide
VXGXXXXX (X: any amino acid). However, the engineered three-stranded B-helices
tend to aggregate. To reduce the aggregation of the artificial three-stranded B-helices,
deeper understanding of structural foundation of the three-stranded B-helix is required.
In the past 10 years, a number of T4 gp5 homologs were found not only in
bacteriophages, but also in the Type 6 secretion systems (T6SS) of Gram-negative
bacteria. The putative three-stranded B-helical region of these proteins have distinctive
features in amino acid sequence, €.g. another conserved motif (gp5 of KVP40 phage),
different repeat sequence such as VGXXXXXX or no apparent repetitive sequence
(VgrG proteins of T6SS). In the present study, in order to elucidate the relationship
between folding and amino acid sequences of three-stranded B-helix, I examined the
structure and properties of six VgrG proteins from pathogenic E. coli O157 (VgrGl,
VegrG2 and VgrG3) and CFT073 (c3393, c1888 and c1883) and gp5 of bacteriophage
KVP40. T also tried to obtain artificial three-stranded B-helix in trimeric form by the
fusion of SlyD, and finally I was able to eliminate the partially unfolded artificial
three-stranded B-helix by limited proteolysis.

VgrG1™, VgrG2™, verG3™ from E. coli 0157 and ¢3393" ¢1888"™ and
¢1883" from E. coli CFT073 were over-expressed in E. coli cells. They tend to become
insoluble, but E. coli 0157 VgrG1™ and E. coli CFT073 ¢3393 were partially soluble,
which were enough to purify for further experiments. The sedimentation velocity
analysis and far-UV CD analysis indicated that E. coli 0157 VgrG1™ and E. coli CFT
¢3393™ are trimer in solution and rich in B-structure, which were in agreement with the
previously proposed structure of VgrG proteins, namely T4 gp27-gp5-analogous
structure without lysozyme domain.

The crystal structure of the C-terminal trypsin-resistant fragment of E. coli

0157 VgrGl (VgrGIC®®") was determined at 1.95A resolution by X-ray

viil



crystallography. It forms a prism-shaped antiparallel three-stranded B-helix. The

topology and structure of VgrG1C%**!

were similar to the three-stranded B-helix of
gp138 of phi92 phage, which indicates a possible evolutional relationship between them.
The B-helix of VgrG1C®' was stabilized by the hydrogen bonds and a salt bridge at
the sharp kinks and the hydrophobic interaction at the center of B-helix. The
intermolecular hydrogen bonds and hydrophobic interaction has been also observed in
gpl138 from phi92 phage thus they are considered to be conserved stabilization
mechanism of intertwined three-stranded p-helix. VgrG1C®*' has a long loop of 17
amino acid residues between Asp570 and Ala586. I surmised that some VgrG proteins
would have an enzymatic domain in this loop or a certain Type 6 secretion system
protein would bind to the loop.

I also tried to determine the crystal structure of E. coli CET ¢3393. The "¢3393
was successfully crystallized and the X-ray diffraction data was collected at 3.35A
resolution. The phase was determined by molecular replacement but the search model
needs to be improved for complete structure.

In order to identify the determinant of the topology of the three-stranded
B-helix whether it takes intertwined B-helix or antiparallel three-stranded [B-helices,
structure-based sequence alignment of these structures were performed. It revealed the
preferred and forbidden amino acid sequence for either antiparallel or intertwined
three-stranded B-helix.

Gp5 of bacteriophage KVP40 is expected to have the longest three-stranded
B-helix among the proteins with VXGXXXXX sequence. To examine its atomic
structure by X-ray crystallography, I performed crystallization of KVP40 gp5. It was
crystallized in two different forms, namely hexagonal-shape and rhombohedral-shape.
The full X-ray diffraction data was collected from rhombohedral-shaped crystals at
2.59A resolution, but the phase remains to be determined.

To obtain homogeneous artificial three-stranded B-helical polypeptides, I have
tried to prevent unfavorable associations of B-helix by fusing a SlyD protein and a
foldon domain of fibritin protein. It was found that the fused proteins has reduced
amount of large aggregation, but complete prevention of oligomerization of the B-helix
was not attained. Native PAGE indicated that the purified artificial three-stranded

B-helical polypeptides contain partially unfolded species. It was also found that the
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partially unfolded species could be eliminated by the limited trypsin digestion. Finally, I
have succeeded in the purification of artificial three-stranded [-helix to near
homogeneity, which was shown to be a dimer of B-helix by AUC. The purification
method established in this study is expected to be applicable to longer [B-helix

constructs.



Chapter 1

General Introduction

1-1 Background

Proteins are synthesized at the ribosome through the process of so-called
translation as a polypeptide chain based on the nucleotide sequence of the mRNA.
However, the synthesized polypeptide chain acquires its function only after it is folded
into a unique three-dimensional structure. The physical principle by which it is folded
into a unique structure has been a central key question in protein science. In 1963,
Anfinsen discovered that the protein folding is a spontaneous process which does not
require any external factors, but only depends on the amino acid sequence. This meant
that there must be a physical principle that governs the formulation of the
three-dimensional structure based on the sequence. As a result of efforts of many
investigations in this field, methods of predicting higher order structure based on the
sequence have been developed including theoretical approaches based on the first
principle and empirical methods based on the relationship between the determined
three-dimensional structure in Protein Data Bank (PDB) and the amino acid sequence,
or the combination of the two. Since the first structure determination of myoglobin by
Kendrew in 1958 (/) and hemoglobin by Perutz in 1960 (2), a great number of protein
structures have been determined and deposited in PDB. Today, the number of protein
structure registered in PDB exceeds 88,000 and it is still growing exponentially.
Although most of the newly determined structures have been attributed to known

structure family, completely new folds are still being discovered.



1-2 The hierarchical structure of proteins

In order to understand the protein structure, it is convenient to dissect the
structure into hierarchical order namely, primary (amino acid sequence), secondary
(local regular structure formed by hydrogen bond between main chain carbonyl oxygen
and amide nitrogen), tertiary (assembly of secondary structures) and quaternary
(association of subunit proteins) structure. Primary structure is a sequence of 20 kinds
of amino acids, and the number of the possible kinds of the primary structure of a
polypeptides chain is huge; the possible number for a polypeptide chain consisting of N
amino acids would be 20", assuming equal appearance of the 20 amino acids, which is
indeed astronomical. However, the number of secondary structure is limited due to
mainly the steric hindrance of the side chain B-carbon and the carbonyl oxygen in the
peptide bonds; representative secondary structures are a-helix, B-sheet, turn and the
remaining “random” structure.

a-helix is an abundant structure and can be found in many proteins either as a
single helix, or two-, three- or four-stranded coiled coil. There is some variation of
a-helix, namely, 3¢ helix and the n-helix, but they are only found at the terminus or at
some internal positions of a-helix and the appearance is limited. Another abundant
helical structure is a three-stranded collagen helix.

B-structure is basically constituted of either parallel or anti-parallel B-sheet, but
has been found to form a variety of higher order structure as described more in detail in
the next section. I only point out here that B-sheet itself has variation in the number of

B-strands, the length and the curvature of the sheet.



1-3 The variation in B-structure

As already mentioned, B-structure is either parallel or anti-parallel when
dissected into a small local region. However, it constitutes a whole a variety of higher
order structures, namely B-barrel, f-sandwich, B-spiral, B-propeller and B-helix.

B-barrel is a well-known B-structure, where a B-sheet twists and makes a closed
structure (Figure 1-1 (A)). It is frequently found in the membrane proteins of
mitochondria and the outer membrane of Gram-negative bacteria. It is also found in the
structure of bacteriophage proteins as an OB-fold
(oligonucleotide/oligosaccharide-binding fold) (Figure 1-4).

B-sandwich is formed by two stacked B-sheets (Figure 1-1 (B)). This fold is
found in the Fab region of immunoglobulin thus it is also called as immunoglobulin fold.
In addition to these classical B-structures, a number of new p-folds have been
discovered in the last two decades.

B-spiral was first found in the fiber protein of adenovirus in 1999 (3). It is one
of the most complex B-structure, which consists of repeated B-sheet structures
consisting of six B-strands (two antiparallel B-strands constituted from three polypeptide
strands) and the loops connecting between them (Figure 1-1 (C)).

B-propeller is found in the cytochrome cd;-nitrate reductase, whose structure
was determined in 1995 (4). B-propeller is assembled from 4 to 8 of slightly twisted
intertwined B-sheets. Each B-sheet is formed by four B-strands. This fold is often found
in the enzyme proteins and regulatory proteins (Figure 1-1 (D)).

The single stranded B-helix was first found in the pectate lyase from Erwinia
chrysanthemi (5) and the alkaline protease from the Pseudomonas aeruginosa (6)

almost at the same time in 1993. Single-stranded B-helices are formed by 2 to 4 parallel



B-sheets, which are formed by a single polypeptide chain folded into right-handed or
left-handed helical structure (Figure 1-1 (E)).

The three-stranded B-helix was first found in the short tail fiber gpl12 of T4
phage in 2001 (7) (Figure 1-1 (F)). It was subsequently found in the tail lysozyme, gp5,
of T4 phage. The three-stranded B-helices have a triangular prism shape, which is
formed by three antiparallel B-sheets (each PB-sheet is formed by each polypeptide
strand) or intertwined three parallel B-sheets (each B-sheet is formed by alternatively
arranged three polypeptides) or the mixture of them. In the next section, I will focus on

the three-stranded B-helix of T4 gp5.



Figure 1-1. The variation of B-structure. (A) The B-barrel (OmpA from Escherichia
coli: PDB 1QJP). (B) B-sandwich (Fab region of human antibody; residues 1-115 PDB
IDFB). (C) B-spiral (adenovirus fiber protein: residues 319-393, PDB 1QIU). (D)
B-propeller (cytochrome cdl-nitrate reductase from Paracoccus pantotrophus: PDB
1AOF). (E) single-stranded B-helix (PelC from Erwinia chrysanthemi: PDB 108F). (F)
three-stranded B-helix structure (gpl2, short tail fiber of T4 phage: residues 290-327;

PDB 1H6W).



1-4 The three-stranded p-helix of T4 phage gp5

Bacteriophage T4 is a virus which infects Escherichia coli. It injects the
genome DNA into the host cell by the supramolecular structure called “tail”. The tail of
bacteriophage T4 is composed of two parts, namely, the co-cylinder structure and the
baseplate at the distal end of it. The tail lysozyme gp5 (gene product 5) locates at the
central tip of the baseplate in trimer (Figure 1-2). During the infection, it penetrates the
outer membrane and locally degrades the peptidoglycan of the host cell (Figure 1-3).

The crystal structure of gp5 has been solved in complex with gp27 as a hetero
hexamer ((gp27);-(gp5);) by Kanamaru et al. in 2002. T4 gp5 contains three domains,
namely, the N-terminal OB-fold domain, the middle lysozyme domain and the
C-terminal B-helix domain (gp5C) (Figure 1-4). The N-terminal OB-fold domain has a
B-barrel fold consisting of five B-strands. The exact function of this domain is yet to be
elucidated. The lysozyme domain is made of only a-helix. This domain contributes to
the local degradation of the peptidoglycan. The C-terminal B-helix domain forms the
three-stranded B-helix. This domain is thought to function as a needle to puncture the
outer membrane.

The three-stranded B-helix of T4 gp5 can be divided into two parts, namely the
B-prism made of three antiparallel B-sheets each constituted by five p-strands and an
intertwined three-stranded B-helix which has a slightly twisted triangular prism-like
shape with the dimensions of 30A x 90A. The latter part consists of intertwined
three-stranded B-helix forming totally 18 steps. The intertwined region contains the 12
repeats of conserved eight amino acids VXGXXXXX where X indicates any amino
acids. This peptide with eight amino acid residues forms each step of the triangular

prism. The polypeptide sharply kinks at the conserved glycine residues and the side



chain of the other conserved valine residue fills the inner space at the kink. This
repeated structure makes the three-stranded B-helix of T4 gp5 highly regular. This
three-stranded B-helix is extraordinary stable and shows resistance to 10% SDS and 2M
guanidine hydrochloride (8). This stability is considered to be needed for its penetration
to the outer membrane of the host . coli upon infection.

In the next section, I will introduce the application of the three-stranded B-helix

of T4 phage to nanomaterials.



Figure 1-2. The location of gp5 in the tail of T4 phage. Red arrow indicates the position

of gp5. Courtesy of Professor Petr Leiman.



(B) (C)

Figure 1-3. The function of T4 (gp27)3-(gp5); complex during the infection. Three gp27
are drawn in yellow purple and gray and three gp5 are drawn in blue, red and green.

OM and PG indicate outer membrane and peptidoglycan, respectively.



Figure 1-4. The crystal structure of T4 gp27-gp5 complex (8). The same colors are used

as Figure 1-3.
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(A) (B) (C)
amino acid sequence side view bottom view

434 | TVDNLYDI
442 '« TNADGNFL
450 | VAGDKKTN
458 | VGGSEIYY
466 =~ NMDNRLHQ
474 | IDGSNTIF
482 '« VRGDETKT
490 | VEGNGTIL
498 | VKGNVTII
506 ' VEGNADIT
514 | VKGDATTL
522  VEGNQTNT
530 ' VNGNLSWK
538  VAGTVDWD
546 VGGDWTEK
554  MASMSSIS
562  SGQYTIDG
570 ' SRIDIG

90A

Figure 1-5. The octapeptide (VXGXXXXX) repeat of T4 gp5. (A) The amino acid
sequence of the intertwined three-stranded B-helix of T4 gp5. (B-C) The side view and

the bottom view of the intertwined three-stranded B-helix of T4 gp5.
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1-5 The three-stranded f-helix as a nanomaterial

The three-stranded B-helix is extremely stable against heat and denaturing
agent thus it is suitable for nanomaterial. As I mentioned in the previous section, T4 gp5
has a particularly regular and repetitive three-stranded B-helix thus some nanomaterials
have been designed using it. For example, ball-and-spike structure was constructed by
fusing the three-stranded B-helix of T4 gp5 to ferritin-like protein LisDps (Figure 1-6)
(9) and tetrapod structure was constructed by assembling four T4 gp5 molecules with
C-terminal hexa-histidine tag via a gold particle (/0) (Figure 1-7). In 2010, the scaffold
of a chemical reaction was also constructed by chemically conjugating the derivative of
flavin to the three-dimensionally ordered lysine residues of the three-stranded B-helix of
T4 gp5 (Figure 1-8) (11).

In our laboratory, we have been trying to produce protein nanotube using the
three-stranded PB-helix of T4 phage gp5 as a template structure. The results in this
direction will be described in the introduction of Chapter 4.

In the following sections, I will review the variations of the C-terminal region
of T4 gp5 in bacteriophages and recently discovered VgrG proteins of bacterial type 6

secretion systems.
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(C)

Figure 1-6. The application of T4 gp5 (ball and spike structure) (Sugimoto et al., 2006,
partly modified) (9). (A) The structure of LisDps. (B) The structure of three-stranded

intertwined B-helix of T4 gp5. (C) The ball and spike structure.

Figure 1-7. The application of T4 gp5 (tetrapod structure) (Ueno et al., 2006) (/0). Four

T4 gp5 molecules with C-terminal hexa-histidine tag are associated via a gold particle.

13



Chemical
Modification
of lysines

Figure 1-8. The application of T4 gp5 (scaffold for a chemical reaction) (Yokoi et al,
2010 (11)). The green prism indicates a part of T4 gp5C and the red cylinder indicates

the foldon of T4 wac. The orange rod indicates the derivative of flavin.
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1-6 The variation of T4 gp5 homologs in bacteriophages

From the viewpoint of the evolutionary tree, T4 and T4-related phages
constitute a subfamily of Myoviridae (the bacteriophage with contractile tail).
T4-related phages are classified into four groups based on the amino acid sequence
identity of the head forming protein to that of T4 phage, namely, T-even (>90% identity),
pseudo T-even (80-90% identity), schizo T-even (50-80% identity) and exo T-even
(<50% 1identity) (Figure 1-9) (/2, 13). The homolog of T4 gp5 is found in the
bacteriophages of all these four groups but their amino acids sequence identities against
T4 gp5 are 40-50% in pseudo T-even, 30-50% in schizo T-even and <15% in
exo-T-even. The lysozyme domain of T4 gp5 is not found in KVP40 gp5 (74).
Comparing the amino acid sequence of the C-terminal domain of T4 gp5 with gp5
homologs, the T-even gp5 is almost the same as that of T4 gp5, but that of pseudo
T-even and shizo T-even has less than 40 % of identity with that of T4 gp5 and some
insertions of eight residues or so are observed. Among them, gp5 of KVP40 phage has a
lower identity of about 35 % and four insertions of 7-8 residues are present (Figure
1-10). Thus gp5 of KVP40 was chosen as a target of this study as described later.

In addition to T4-related phages, the bacteriophages belonging to other
subfamilies of Myoviridae have been shown to contain the homolog of gp5 in the past
two years. In 2012, the crystal structure of gp138 from phi92 phage (rv5-like group) and
the gpV from P2 phage (P2-like group) were determined (/5, /6) and, in 2013, the
crystal structure of gp45 from Mu phage (Mu-like group) was determined (/7) (Figure
1-11). The detailed comparison will be described in Chapter 2. In the next section, I will

focus on the recently discovered VgrG protein of bacterial type 6 secretion system.
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S-PWM3

S-PM2

Exo T-even T-even

Pseudo T-even /

0.1
Aeh1
Schizo T-even RB49

Figure 1-9. The four subgroups of T4-related phages (Emma Hambly et al., 2001, partly

modified) (13).
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OB-fold domain

T—even’ T4 MEMISNNLNWFVGVVEDRM-DPLKLGRVRVRVVGLHPPQRAQGDVMGI PTEKLPWMSV QP TSAAMSGIGGSVTGPVEGTRVYGHFLDKWKTNGI VLGTYGGIVREKPNRLEGFSDPTG 119
119

1
1 MEMISNNLNWFVGVVEDRM-DPLKLGRVRVRVVGLHPPQRAQGDVMGIPTOKLPWMSVIQP1TSAAMSG I GGSVTGPVEGTRVYGHFLDKWKTNGIVLGTYGGIVREKPNRLEGFSDPTG
pseudo T-even RB49 1 MLMFNNSVKIWETGIVENRE-DPLMLGRYQVR ! H& I HPSL SAHGD 1 QBLPTEDLLWI TPVGDITSAA | SGIGGSPTA! VEGSMYFGLALDERYLNCY 1LGT 1 AGOY TEKPLTTEGECDPSG 119
1
1
1

44RR2. 8t ~-MLNGVDRFETGYVEDRF-DPFMEGRVRVRVHG | HREQKVKAENYGMATDDILWNT 1 GTSTTSAS 1 SGVGQSPIG | VEGTHVYGF YEDDF YQSGL IMGTYPGIYPEMPNFNKGETDRNR 117
Aeht ~MFYGLSYKWREGVVEDRF -DPEDEGRVRVRYMG 1 HSNGKAKNDKNGIPTEELL WiHPMLPITSAAVSGIGQSPTGLLEGSHYVGYERDKF CQDGY 1VGSLPGI YKNKRDSSKGEADPNG 118
KvP40 MFMGLDGFEWWTGYVEDRT TDPLKIEGR 1 KVRM 1 GEHRDKKS——SEQGIRTEELLWVHPMASLDNAAMNGIGNAP | GVVEGTWVF GFERDKLRODAVAMGVLPGIPEDLPNGSVGENDRNE 118

Lysozyme domain

schizo T-even

T4 120 QYPRRLGNDTNVLNQGG--—-—--——- EVGYDSS—SNVIQDS- FSIAENERRDEGLREKV VD TEG P TGIGHETHOPVRDNAGTNKVESKG 224
16 120 QYPRRLGNDTNVLNAGG--——---———- EVGYDSS _—T 2t
Rty 120 ANEVIEEMRIDVE APETAOTTHPORVIRDE—NTCYANEDDCPEDOIRVDDIFDF T 1EXULRCDEGVREAVYLDSEGHPTTGIGHLE KKTSDLG IANELSKL 775

44RR2.8t 118  Q@FPRYVBSDVNIEARGGKE-——IKIAPGQIAQTEEIVPATVEDQDLNRDWAAERNRTRNDEIKPNPNRDVT I EDMERYDEG I RVVVYWDSEGYPTVGIGHIEN HEKTKNMSRINSLESOR 234
Aeht 119 @YPRYVGNDVNVEAGGGQAGSGSSGSGAMYGPGGEP 1DVYTANE--NTG I AIKPDDTPAGEY I PDDDPNF T1EKMEVQDEGVRTKWYLDSEGYPTIGIGHIE IRERTSNLVTINS I ESAQ 236

KVP40 119 KYP——HADKLN EPDTNREARNDVDPD——————- VYDESQSQTAFDNGE-ARYVYRPHPI [ ASK———-——-—-— 1
T4 225  VGREITGNPGSITMEEATTLFERDLADMQRDIKSHSKVGPVWQAVNRSRMALENMAFQMGYGGVAKFNTMLTAMLAGDWEKAYKAGRDSLWYQQTKGRASRVIMIILTGNLESYGVEVK 344
16 225  NGREITGNPGSITMEEAVALFERDLADMQRDIKSHSKVGPVHQAVNRSRAMALENMAFQMGVGGVAKFNTMLTAMLAGDWEKAYKAGRDSLWYQQTKGRASRVTMI ILTGNLESYGVEVK 344

RB49 230  VGREVIN-—GRLTAEEVSKVEADD I EKTRRDMRKHPR I APYYNKCNASRRMALENMAFGMGYGEL GKEKNSEARMEAE ENK OAYDGLROSVIWANGTPGRSSRYSK IIITGNEESYGY 1 AP 347
44RR2.8t 235 WGRQVQE---RITEEDCSTEFARDENGYVYSDISRSATVGPVYSMLDDTRKMAT I NMTFQNG I GGVANEQKMEAYLALGGYDKAADEAL DSEWARQTPNRARRVIDVIRNGNEVAYGGSQG 351
Aehl 237  LGRVVIG—GVIFTSEEVSKERSODENKVRADIMRF TSI SQYYMKANRSRGNA | ENMCFGMGAGGL AKEKNTLEARMAREDNT ARYNGLRDSEWARGTPGRSARVSK NIETGNEESYGVMTP 354

KVP40 182 RAAEEKEIPEAG-——-NNAEGP 189
B helix domain
T4 345 _———-——-—-———— 451
16 345 TPARSLS-————-——————AMAATVAKSSDPADPP IPNDSRILFKEPVSSYKGEYPYVHTMETESGH] QEFDDTPGQERYRLVHPTGTYEEVSPSGRRTRKTVDNLYDITNADGNFLVA 451
RB49 348  KKEESISDDPRARLRNARIAKYKTQRAEEEDPEABF TRQDTRIMEKERKSSYSARYPYNHYYESESGHI 1E 1 DDTPSHERYHRKHPSGTFEETRPDGTRVEKIEGDDYLIVKQGRKVNYK 467
44RR2.8t 352  SVVRSITR--------——- AVAMPL IATRS I TRKAKTATAQTVSFKEPASAYSAVYPYNKVFESESGHIQEFDDTPGHER I HTRHKAGTFEE | HEDGTKVOKI 1 GDDF YIVKNNGNVHYG 460
Aeht 355  ETAPKLKRMNNE——DP1GTVASNDWIEDSDDRENPRAEAKSRIMEEERKSSYAAQYPYNHYYESESGHIQERDDTPGKERYHRKHPTGTFEE I RRDGSRL VKIVGDDYLIVKNGRNLNUK 472
KVP40 190 K YDEKGTPYAAQYPYNHVRESESGHIHE 1 DDTEGAERLHTYHRTGTFEE | HRDGSRVTKI 1 GDDFEVHKNGNVY IK 266
* * %k * %k * 3k * * * 3k * k. * %k * * * 3k * k. *
T4 452 GDKKTNVGGSETYYNMDNRLHQIDGSNT IFVRGDETKTVE -~~~ GNGTILVKGNVTTTVEG-—————— ~NADITVKGDATTLVE--—-—-—- —GNQTNTVNGNLSWKVAGTVDWDVG 547
16 452 GDKKTNVGGSEIYYNMDNRLHQIDGSNTIFVRGDETKTVE——————— GNGTILVKGNVTIVVEG-—---— ~NADITVKGDATTLVE------- —GNQTNTVNGNLSWKVAGTVDWDVG 547
RB49 468  GNLQVVVEGDAQVNYMGNVMQTVDENVITEE [ RENVNOTVEGT ANMHVVEDVITAGLDANL TANVKG———— —NAELMIEGNTTET [K————-— —GNYDLTVEGNFNMTYNGTKSDQUN 571
44RR2.8t 461 GNLKFIVDGNAVVFVQGDAETTIISGNANQE IRGDS I ERVEGNVNQHVTESYNQYVKGNYDSQ 1 DENMAATVNQNANIKUVEDCFNT 1D-————— —GNYVLKNGENFSTEVGGTRNDGVE 572
Aeht 473 GNLKVVIEGNAELYYMGNYTQTIDGNMIQMYRGNYQETVEGSVNQHVVENYDQF 1 EGNYGQV I SG-—————— ~NVNQK IDBNVIQGIK-—-———- —GNQTSSUDENYKL TWKESYDVEAT 576

KVP40 267 GNLNITNVGDATFYCQQNYTQAIDGDLKQHYKGNVDQHYEMNY TQTVDKDVIQVMHONVTQTYDMNY TQTVHANY TQTYDGDVNQTVGGNVASNVTGDYTQN I SGNY T I TUGGSMSESUS 386

*

T4 548  GDHTEKWAS-——-———HSSISSGAYTIDGSRIDIG- 575
6 548 GDWTEKNAS—-—--MSSISSGAYTIDGSRIDVGL 576

RB49 572 GDWSRNCGAS—————VKDIASGTVKIDGSRIDLG- 600
44RR2.8t 573 GNWDRSAST-—-----VNDIAQGTFSINGSRINEG- 600
Aehl 577  GN-AKMKGAN-————-ATMEAQGTAQISGATINMN- 604

KVP40 387  SSYNRSAASISDDGGGATLNLAGSAALDGTTVSEG- 421

Figure 1-10. The multiple sequence alignment of gp5 homologs of T4-related phages. The sequences alignment was carried out by
clustalW2 (/8). The amino acids identical to T4 gp5 are colored in green. Asterisk indicates the conserved valine and glycine residues of

T4 gp5 B-helix domain.
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B-helix

Figure 1-11. The crystal structures of T4 gp5 homologs of distantly related Myophages.
(A) gpV of P2 phage (P2 group) (PDB code 3QRS8 and 3QR7). (B) gp45 of Mu phage
(Mu group) (PDB code 3VTO). (C) gp138 of phi92 phage (rv5-like) (PDB code 3PQI).
In T4 phage, the apex domain is present as a separated protein (gp5.4 (19)).
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1-7 VgrG proteins, the homolog of T4 gp27-gp5 complex in bacterial Type 6
secretion systems

Bacterial type 6 secretion system was first discovered in Pseudomonas
aeruginosa (20) and Vibrio cholerae (21) at the almost same time in 2006. The
following studies have revealed that the type 6 secretion system is widely distributed in
Gram-negative bacteria; it is found in more than 25% of Gram-negative bacteria with
known genome sequence (22). The overall structure of type 6 secretion systems and
their various biological functions are described in the Introduction of Chapter 2.

The T4 gp5 homolog in Type 6 secretion system is called VgrG protein (valine
glycine repeat protein G). VgrG proteins commonly contain a homologous region of T4
gp27, which sits on gp5 trimer (Figure 1-4) in T4 phage, as a domain of the polypeptide
in addition to the OB-fold domain and the three-stranded B-helix domain of T4 gp5.
However, it does not possess the lysozyme domain, which is present in T4 gp5. The
number of predicted B-strands and their amino acids sequences, which presumably form
three-stranded B-helix, are highly diverse among VgrG proteins even in the same strain
of bacterium. I focus on the VgrG proteins of E. coli, but even limited to VgrG protein
in E. coli, there are three types of VgrG proteins, namely, one type containing
VXGXXXXX repeat like T4 gp5, another type containing VGXXXXXX and the last
type containing no apparent repeat sequence.

The homology of the phage protein, gp27-gp5 and VgrG protein suggests some
evolutional and structural relationship of this highly specified protein. I am interested in
the relationship between the variation of the amino acid sequence and the

three-dimensional structure.
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1-8 The purpose of this study

The three-stranded B-helix of T4 gp5 has a highly regular and repeat structure
and is extremely stable against heat and denaturing agent. It is thus suitable for the
template in designing rod-shaped nanomaterial.

In the last 10 years, a huge number of T4 gp5 homologs were found in the
bacteriophages and the bacterial type 6 secretion systems (in the latter, they are called
VgrG proteins). Some of them contain an octapeptide repeat of VXGXXXXX like T4
gp5, but others contain the repeat of VGXXXXXX and the remaining have no apparent
repeat sequence.

In the present study, I over-expressed, purified and characterized the VgrG
proteins from pathogenic E. coli O157 and CFT073 strains and gp5 from KVP40 phage.
The crystal structure of the C-terminal region of E. coli O157 VgrGl, which has no
apparent repeat, was determined at 1.95A resolution and the relationship between the
amino acid sequence and the three-stranded B-helix fold were analyzed.

GpS5 from T4 and schizo T-even phage KVP40 have the same VXGXXXXX
repeats, but have some distinct feature as will be described in Chapter 3. This system
gives us a unique and intriguing opportunity to investigate how this distinct feature of
the octa amino acids repeat is reflected in the three-dimensional structure of the B-helix.

I have also constructed and over-expressed the artificial three-stranded
B-helical polypeptides by duplicating the 48 amino acids (six B-strands) of T4 phage
gp5 and fusing the SlyD and foldon at N-terminus and C-terminus, respectively. It was
characterized in detail, and, finally, the artificial three-stranded B-helical polypeptide
was purified to near homogeneity in dimer of trimer state by the use of limited

proteolysis.
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Chapter 2
Structure and properties of VgrG proteins from

Escherichia coli O157 and CFT073

Bacterial Type 6 secretion system (T6SS) is a highly complex organelle
localized in the cell membrane (23). The T6SS genes often cluster together, and this
cluster consists of highly conserved 13 core genes and several strain-specific genes (24).
The structural proteins of T6SS assemble into a contractile supramolecular structure
with the length of ~0.7 um (23). Upon contraction of the sheath structure, it shortens
down to ~0.4 um and drives the secretion of protein toxins or effector molecules into
target cells (23). The physiological functions played by T6SS significantly vary; e.g.
cytotoxicity against eukaryotic cells by actin crosslinking (Vibrio cholerae (25, 26)) or
actin ribosylation (4deromonas  hydrophila (27)), interbacterial competition
(Pseudomonas aeruginosa (28, 29) and V. cholera (30)), biofilm formation
(enteroaggregative Escherichia coli (EAEC) (31)) and virulence (Burkholderia mallei
(32, 33) and P. aeruginosa (20, 34)).

The Type 6 secretion apparatus consists of two parts, namely the
membrane-associated protein complex and a syringe-like structure extending from it to
the cytosol. The syringe-like structure is structurally analogous to the tail of contractile
bacteriophage though it is much longer than the contractile tail (the tail of T4 phage is
0.1 um). The syringe-like structure is assumed to consist of the following proteins —
VerG, Hep, and VipA/VipB — which are the homologs of the gp27-gp5 complex, gp19
(tail tube protein) and gp18 (tail sheath protein) of T4 phage, respectively (23). On the
other hand, most of the membrane-associated proteins are not homologous to phage
proteins. Interestingly, a homolog of a small protein from the T4 tail baseplate called
gp25, is found in T6SS. Therefore, membrane-associated proteins may function as the
baseplate of Type 6 secretion system (335).

In T6SS, VgrG protein is thought to function similar to the gp27-gp5 complex
in T4 tail; it may penetrate the outer membrane of the host cell and the membrane of
target cell from inside and outside, respectively. VgrG is an essential component of

T6SS and found in the culture supernatants of the T6SS expressing cells (25, 30, 36).

21



Multiple vgrG genes are often found in many bacterial genomes. In the case of
pathogenic E. coli O157 and CFT073 strains, three vgrG genes are identified in each
strains, namely vgrGl, vgrG2 and vgrG3 of E. coli O157 and ¢3393, c1888 and c1883
of E. coli CFT073 (Figure 2-2). The vgrG genes of some bacteria contain a variable 3’
part, which encodes various enzymatic domains called “effectors” (e.g.
actin-crosslinking domain and peptidoglycan-binding domain found in V. cholerae V52)
(25), but vgrG genes of E. coli 0157 and CFT(073 strains does not contain them.

VerG protein is predicted to contain triple-stranded B-helix as in gp5 of T4
phage (25), but the number of predicted B-strands and their amino acid sequences are
highly diverse among VgrG proteins. The VgrG proteins of E. coli are classified to three
groups, namely the first group containing a VXGXXXXX repeat (X, any amino acid),
the second group containing VGXXXXXX repeat and the third group which does not
contain apparent repeat sequence. The ¢1888 and c1883 of E. coli CFT073 belong to the
first group (VXGXXXXX type) and The VgrG2 and VgrG3 of E. coli O157 belong to
the second group (VGXXXXXX type) while the VgrG1 and ¢3393 belongs to the third
group (Figure 2-3). How these sequence variations are reflected in the three dimensional
structure is of great interest.

In this chapter, the characterization of six VgrG proteins from E. coli O157 and
CFTO073 strains and the structure determination of the C-terminal fragment of E. coli
0157 VgrG1 at 1.95 A resolution are reported. It is also reported the crystallization and
the preliminary X-ray crystallographic analysis of E. coli CFT073 ¢3393. Finally, based
on the correlation between amino acid sequences and three-dimensional structures of
three-stranded B-helical proteins, a method for the prediction of B-helix topology is

proposed.
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(A)

E. coli 0157 EDL933

rhs vgrG3 hcp vipA vipB dotU clpVv icmF

protein T4 gp25
homolog
i ’ ! ! hs ’
h vgrGl rhs protein rhs rhs r
P protein verG2 protein rhs protein

protein

(B)

E. coli CFTQ73

VipA vipB dotU hcp  clpV verG putative ! icmF

(c3393) hydolase PAAR motif
protein

vgrG vgrG
(c1883) (c1888)
T4 gp25 PAAR PAAR M35 peptidase
homolog motif motif  (Zn dependent)
protein protein

Figure 2-2. Gene origination of the T6SS loci of E. coli O157 (A) and CFT073 strains
(B). The homologs of bacteriophage proteins are drawn in red (VgrG protein), yellow
(hep protein), green (vipA/vipB) and blue (T4 gp25 homolog).
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VXGXXXXX type |g}ggg

VGXXXXXX type | (&%

No apparent repeat |Vggg;

c1888
c1883
VerG3
VgrG2
VerGi
¢3393

c1888
c1883
VgrG3
VgrG2
VerG1
¢3393

c1888
c1883
VerG3
VerG2
VgrGl
¢3393

c1888
¢1883
VerG3
VerG2
VerGl
¢3393

c1888
¢1883
VgrG3
VgrG2
VerGl
¢3393

c1888
c1883
VerG3
VgrG2
VerG1
¢3393

——————————— MSLKGLRFTLEVDGQEPDTFAVVNFRL | GNQSYPFVMSVDVASDSFM-QTAEMLLEKNATLT IWQGV | —————-PQRYVTGVVAGFGMQENNGWQMRYHLR | EPPLWRCGLRRNFR | F
——MSLKGLRFTLEVDGOEPDTFAVLSFRLIONOSYPFVMSVDVASDSFM QTAEMLLEKKATLT IWQGV | ——- PORYVTGVVAGFGMQENNGWOMRYHLCIEPPLWRCGLRONFRIF
F

———————————— MSTGLRFTLEVDGLPPDAFAVVSFHLNQSLSSLFSLALSLVSQQFLSLEFQQ | LDKMAYLT IWQGDD————-VQRRVKGVVTWFELGENDKNQKLYSMKVCPPLWRTGLRANFRI
MCGLLF IFTEVAMSTGLRFTLEVDGLPPDAFAVVSFHLNQSLSSLFSLDLSLVSQQFLSLEFAQVLDKMAYLTVWQGDD———- VQRRVKGVVTWFELGENDKNQMLYSMKVCPPLWRTGLRQNFR |
———————————— MSTGLRFTLEVDGLPPDAFAVVSFHLTQSLSSLFSLDLSLVSQQFLSLEFAQVLDKMAYLT IWQGDD—-——-VQRRVKGVVTWFELGENDKNQMLYSMKVHPPLWRAGLRANFRIF
~———MEALMNVQFFDHAHHKLK | RGLQS~PVDVLTFEGREQLSTPFRYD | QF TSSDKA I APESVLMQDGAF SLTAPPVQGMPVQTALRTLHGV | TGFKHLSSSQDEARYEVRLEPRMALL TRSRQNATY
LoD R kIR Dok ok L% DUk * Dokl ok L %k D1k RS

Q112
Q112
Q112
0124
Q112
Q125
*

QQDIRT | SAMLLNENGVTEWTPLFY--—EDHPAREF CVQYGESDLAFLARLWAEEG | FFFERFAADSPEQKL TLCDDVAGL SQAGELPFN-PDTSAGAETECVSMFRYEAHVRPSSVQSQDYTFKVPDWP 238
QQOD [RT [ SATLLNENGVTEWTPLFY--—EDHPAREF CVQYGESDLAFLARLWAEEG | FFFERFAADSPEQKL TLGDDVAGL SQAGEFPFN-PDASTGAETEGVSMFRYEAHVRPSSVQSQDYTFKVPDWP 238
NEDIASILGT ILQENGVTEWSPLFS-——EPHPSREFCVQYGETDYDFLCRMAAEEG | FFYEEHAQKSTDQSLVLCDTVLYLPESFE | PAN-PNTRTEVSTLC | SQFRYSAQ IRPSSVVTKDYTFKRPGWA 238
NEDIESILAT ILKENGVTEWSPLFS-—EPHPSREF CVQYGETDYDFLCRMAAEEG | FFYEEHAQKS | DQSLVLCDTVRYLPESFE | PWN-PNTRTEVSTLC | SQFRYSAQ | RPSSVVTKDYTFKRPGWA 250
NEDIKSILGT ILQENGVTEWSPLFS-——-EPHPSREFGVQYGETDYDFLCRMAAEEG | FFYEEHAYKSTDQSLVLCDTVRHLPESFE | PWN-PNTRTEVSTLC | SQFRYSAQ | RPSSVVTKDYTFKRPGWA 238
NOTVPOIVEKILRERHOMRGODFVFNLKSEYPAREOVMOYGEDDLTFVSRLLSEVGIWFRFATDARLKIEVIEFYDDOSGYERGLTLPLRHPSGLFDGETEAVWGLNTAYSVVEKSVSTRDYNYREATAE 255
i * Kok L ODRDRR Dkkrk ko kD kD Dk kKX Dok Lk K S B N

GMYEQQGESLNGQLEQYE | FDYPGRYKDE~
GMYEQQGESLNGQLEQYE | FDYPGRFKDE:
GRFDQEGQHQDYQRTQYEVYDYPGRFKG—
GRFDQEGQYQDYQRTQYEVYDYPGRFKG—

—QHGKDFTLYRMESLRSDAEKATGQSNSPKLWPGTRFTLTGHPQKMLNREWQVVQS | LSGDAPQALHGSQGRGTTLGNQLEV | PADRTWRPRQQSK 362
QHGKDFTLYQMESLRSDAEKATGQSNSPKLWPGTRF TLTGHPQKMLNREWQVVQS | LSGDAPQALHGSQGRGTTLGNQLEV | PADRTWRPRVASK 362
AHGQNFARWQMDGWRNNAEVARGTSRSPE IWPGRR | VLTGHPQANLNREWQVVASELHGEQPQAVPGRRGSGT TLDNHFAV IPADRTWRPQPLLK 361
AHGQNFARWQMDGWRNNAEVARGTSRSPE I WPGRR | VL TGHPQANLNREWQVVASELHGEQPQAVPGRRGSGT TLXNHFAV | PADRTWRPQPLLK 373

GRFDQEGQHQDYQRTQYEVYDYPGRFKG——-——AHGONFARWQMEGWRNNAETARGMSRSPE | WPGRR | VL TGHPQANLNREWQVVASELHGEQPQAVPGRRGAGTALENHFAV | PADRTWRPQPRLK 361
MTTGOHDATGGDNTTYGEAYHYADNFLOQGDKEAAESGAFYARIRHERYLNEOAILKGOSTSSLLMPGLEIKVQGDDAPAVFRKGVLITGVTTS———————AARDRSYELTFTAIPYSERYGYRPALIPR 378
*. . - EIE I T = S 3 I T oL % . Tk

PKVDGPQSA | VTGPAGEE | FC—DEHGRVRVKFHWDRYHGMTEESSCWVRVSQAWAGPGFGNLA | PRVGQEV | VDFLNGDPDQPLVMGRTYHEDNRSPGDLPGTKTQMT RSKTYKGSGFNELRFEDATD 490
PKVDGPQSA | VTGPAGEE | FC—DEHGRVRVKFHWDRYHGMTEESSCWVRVSQAWAGPGF GNLA | PRVGQEV | VDFLNGDPDQP | IMGRTYHEDNRSPGSLPGTKTQMT IRSKTYKGSGFNELRFEDATD 490
PLVDGPQSAVVTGPAGEE | FG——DEHGRVRVKFNWDRYNPSNQDSSCW | RVAQAWAGT GF GNLA | PRVGQEV | VDFLNGDPDQP | IMGRTYHQENRTPGSLPGTKTQMT IRSKTYKGSGFNELKFDDATG 489
PLVDGPQSAVVTGPAGEE | FC——DEHGRVRVKFNWDRYNPSNQDSSCW | RVAQAWAGTGFGNLA | PRVGQXV 1 VDFLNGDPDQP | IMGRTYHQENRTPGSLPGTKTQMT | RSKNYKGSGFNELKFDDATG 501
PLVDGPQSAVVTGPEGEE | FC—DEHGRVRVKFNWDRYNPADGDSSCW IRVAQGAWAGTGFGNLA | PRVGQEV | VDFLNGDPDQP | IMGRTYHQENRTPGSLPGTKTGMT IRSKTYMGSGFNELKFDDATG 489
PVMAGTLPARVTSTVKNDIYAHIDKDGRYRVNLDFDRDTWKPGYESLWVRQSRPYAGDTYGLHLPLLAGTEVSIAFEEGNPDRPYIAGVKHDSAHTDHVTION ————— YKRNVLRTPANNK | RLDDERG 502
Dok ok okk . TDEDL kD omk ekl DRk kokIk DD DRk Ik kR Dok DRDRRDE Dok 1 D *II1IIx

KEQVY |HAQGKNMDTEVLNDRT TDVKHDHTET IGNDQK I TVVKGQ-—TVQVGTRKEGGHDQS | TVANDRR | TVRNDQTLKVTNDRTVSVSHDDGL YVRNDRRVTVKGKQEHKTTGNHVSLYEGKHS——— 613

KEE I YLHAQKNMQVVVLNSKDK RVNYDRAVS || GHDEFLVVANDRKVTVEGKQDHKTTKDHVSL TEGNQG——— 568
KEQVY I HAQKNMNTEVLNNRT TDV INNHAEKIGNNQA I TVTNNQ | LNIGVNQ [ QTVGVNQVETVGSNQ | IKVGSNQVEKVG | IRALTVGVAYQTTVGG | MNTSVALLQSSQVGLHKSLMVGMGYS——— 614
KEQVY | HAQKNMNTEVLNNRTTDV INNHAE TIGNNQM | AVTN————-—— NQIOTVGVNQIETVGSNQIINVGSVQVETIGLVRALTVGVAYQTTVGGIMNTSVALMQSSQIGLHKSLRVGLGYD————— 618
REQVY |HAGKNMDTEVLNDRT TTVKHDHRETVKNDQTVT | QE GN RLLTVEKGHK | TG—————- KGS—-LSEDVFQDRG———- 561

KEHIKVSTEYGGKSQLNLGHLVDAGKEORGEGFELRTDLWGAVR———AKKGIFISADAQDKAQGQVLEMOPALARLSAALVTMESLAASAOQADALAADVSROOTLLQQKIEQLOOEVLLGSAPKGVALV 629

—————— L VVKGDLARKVSGALG I KVDGE | VLESSSR I SLKVGGSF VV | HSGG-VDJIVGPK INLNSGGSPGTPVPTLQPTVLKTP——-———————-GGEKSGDGSDSGEENEDPGGSGLAGSGGGDRGD 723
—————— LEVKGDLAQKISGALG 1 SVQGD I VLASDSK | SLRVGGSFVV I HSGG-VDIKGAK INLNGGGSPGDV | LPMRPV | LKAA——————————AGSGSMFVAH| U ———

—————— VNVGNNVTF SVGKTMKENTGQTAVYSAGEHLELCCGKARLVLTKDGS | FLNGTH I HLEGESDVNGDAPV | NWNCGATQ—-————————PVPDAPVPKDLPPGMPDMRQF ———————- 713
—————— VKVGNNVTFTVGKTKKDDTGQTAIYSAGEHLELCCGKARLVLTKDGQIFLNGTKIHLOGKEOVNGDSLLINWNCAASK—————————————SPPKTPDEK———QDTPDMREY———————————— 4

10LQ IRLSKDGI T IVGGSVFIN 633
SGEDMQLSASDNLTLTAGKOLDIGVOKDFTLAAGKQLSLYSRAGAKLFSSHND|DIOAQGGNLTTWSTODTYISSGKKLVVTAQDELTLICGGGY|KIKSGNVEIGGPGKLLVKNAGIKKAGSGSMOGVM 759

DEDEPEKYTLQFHFT-DDDGIPYSE IRY | AFFEDGAQ IRGETDKDGYTEVF SRTNDANVE IKLLTNDYY | FEVNCNEHQ 801

KSFEPESFDENF | | SNPASGKP | ANGKYE | HMPDGSV | AG I TDAMGYSSLVASKASDDLK | ILKK-—-——-————- 824

Figure 2-3. Multiple sequence alignment of the VgrG proteins from E. coli O157 and CFT073 strains. The yellow region is homologous
to T4 gp27 and purple region is OB-fold (based on ¢3393 (35)). The conserved valine and glycine residues are colored in blue and red,
respectively. The alignment was performed by clustalW2 (78).
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Chapter 3

Crystallization and X-ray diffraction analysis of gp5
from bacteriophage KVP4(0

3-1 Introduction

Bacteriophage KVP40 was isolated from the sea water in Japan using Vibrio
parahaemolyticus as a host cell (59). KVP40 belongs to the Myoviridae family like T4
phage and is classified to shizo T-even group for its more elongated head than T4 (72).
Many structural proteins of KVP40 phage are homologous to that of T4 phage including
gp5 (60). When the amino acids sequence of KVP40 gp5 is aligned with that of T4, the
N-terminal OB fold domain and C-terminal putative B-helix domain show high
sequence similarities (46% and 35% respectively) but the lysozyme domain is absent in
KVP40 gp5 (14, 61). The C-terminal domain of KVP40 gp5 contains conserved
asparagine/aspartic acid, valine and glycine residues like T4 gp5, but it also contains
conserved valine, glutamine residues which are not seen in T4 gp5 and other B-helical
proteins with known structure (Figure 3-1). The putative f-helix domain of KVP40 gp5
is considered to contain 22 B-strands (aside from antiparallel B-helix region), which is
the longest among the T4 gp5 homologs that contain VXGXXXXX repeats (blastp
search, identity below 85% and E-value cut off of 1x10"°). In the previous analysis in
our laboratory, KVP40 gp5 was shown to be trimer in solution and rich in B-structure
(61), however its atomic structure remains to be determined. In this chapter, I report the

crystallization of KVP40 gp5 and the collection of the full X-ray diffraction dataset.
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252 DDFEIVHK B) 437 NLYDITNA
(la\) ( ) 445

260 NONVYIKG DGNFLVAG
268 NLNITVVG 453 DKKTNVGG
276 DATFYCQQ 461 SEIYYNMD
284 NVTQQIDG 469 NRLHQIDG
292 DLKQHVKG 477 SNTIFVRG
300 NVDQHVEM 485 DETKTVEG
308 NVTQTVDK 493 NGTILVKG
316 DVTQVVHQ 501 NVTIIVEG
324 NVTQTVDM 509 NADITVKG
332 NVTQTVHQ 517 DATTLVEG
340 NVTQTVDG 525 NQTNTVNG
348 DVNQTVGG 533 NLSWKVAG
356 NVQSNVTG 541 TVDWDVGG
364 DYTQNISG 549 DWTEKMA
372 NYTITVGG 556 SMSSISSG
380 SMSESVSS 964 QYTIDGS
388 SYTRSAA 571 RIDIG

395 SISDDGG
402 GATLNLAG
410 SAALDGT
417 TVSLG

Figure 3-1. The VXGXXXXX repeats of KVP40 gp5 (A) and T4 gp5 (B). The
conserved asparagine/aspartic acid, valine and glycine residues are colored in blue, red
and green. The conserved valine-x-glutamine sequences in KVP40 gp5 are colored in

yellow.
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3-2 Materials and Methods
Media
LB media was used for all E. coli cultivations. The composition is described in

Materials and Methods section of Chapter 2.

Expression and purification

The over-expression vector of KVP40 gp5™ was constructed by cutting
KVP40 gene 5 from pMNK (6/) using BamHI and Sall restriction enzymes and
inserting it to pET29a vector (Novagen), which has been digested by the same
restriction enzymes (Nemoto, unpublished data). The resulting plasmid was designated
as pMNK3. The expression and purification procedures of KVP40 gp5 with C-terminal
hexa-histidine tag (gpShiS) were referred to the method by Nemoto et al. (67) with slight
modification. For the expression of KVP40 gp5™, BL21(DE3) was transformed by
pMNK3, and cultivated in LB medium supplemented with 60 pg/ml kanamycin at 37°C.
When ODggy was about 0.5-0.6, the expression was induced by IPTG at a final
concentration of 1 mM and further cultivated at 30°C for 6 h. Cells were pelleted by the
centrifugation at 2,500 xg for 10 min using Himac CR22G centrifuge with ROAF rotor
(Hitachi Koki). The molecular weight of KVP40 gp5™ is 47,900 Da in monomer

including the purification tag. The purification procedure is same as full-length E. coli

0157 VgrG1 (see Materials and Methods section of Chapter 2).

Crystallization Screening and the optimization of the crystallization condition

For the crystallization screening, purified KVP40 gp5his was dialyzed against
10 mM Tris pH 8.0 and concentrated to 9.8 mg/ml or 18.0 mg/ml by Amicon Ultra 50K
(Millipore). Crystallization screening was performed by hanging drop vapor diffusion
method at 20 °C using the 96-well PS microplate (Greiner Bio-one) and the 96 holed
hanging drop seal (Asone) with the crystallization screening kits of JBScreen
Pentaerythritol (Jena Bioscience), JBScreen PEG/Salt (Jena Bioscience), JBScreen
JCSG++ (Jena Bioscience), JBScreen Nuc-Pro (Jena Bioscience), JBScreen PACT++
(Jena Bioscience), JBScreen Basic (Jena Bioscience), JBScreen Classic 1 (Jena

Bioscience), JBScreen Classic II (Jena Bioscience), JBScreen Cryo (Jena Bioscience),
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Pro Plex (Molecular Dimensions), Morpheus (Molecular Dimensions), MIDAS
(Molecular Dimensions), Structure Screen 1 (Molecular Dimensions), Structure Screen
2 (Molecular Dimensions), MembFac (HAMPTON), Crystal Screen Cryo (HAMPTON)
and Cryo (Emerald BioSystems). The drops were prepared by mixing 350 nl or 500 nl
protein solution and equal volume of well solution and equilibrated against 30 ul of the
same well solution.

Initial crystal was obtained in F5 of JBScreen Pentaerythritol which contains
35 % w/v Pentaerythritol ethoxylate (average M.W. ~270), 100 mM MES pH6.5 and
200 mM (NH4),SO4. The crystallization condition was subsequently optimized in
24-well VDX plate (HAMPTON) by changing the concentration of the protein, pH, the
buffers, the type and the concentration of precipitants, and the concentration of
(NH4),SO4. The supplementation of the additives was also examined. After the
optimization of the crystallization condition, the crystals of KVP40 gp5his were obtained
in two different forms namely, rhombohedral shape crystal and hexagonal shaped
crystals. The best hexagonal shaped crystals were obtained by mixing 1 ul of 20.0
mg/ml protein and lul of the solution containing 300 mM (NH4), SO4, 100 mM Tris
pH7.9 and 10% PEG2000MME and equilibrated against the 1ml of the same well
solution. The best rhombohedral shaped crystals were obtained by hanging drop vapor
diffusion method using the well solution containing 300 mM (NH4),SO4, 100 mM Tris
pH7.9 and 100 mM NH4CI or 100 mM KCI. Occasionally, the hexagonal shaped

crystals and rhombohedral shaped crystals were obtained in the same drop.

Screening of cryoprotectant

The cryosolutions were prepared by  supplementing  glycerol,
2-Methyl-2,4-pentanediol (MPD), PEG400 or Li,SO4 to the well solution till it becomes
cryogenic and increasing the concentration of (NH4),SO4 till the crystal dose not
dissolve. The crystals were dipped in the cryo solution directly or in two steps, e.g. 5%
glycerol for the first and 25% glycerol for final. The crystals were flash frozen in the
liquid nitrogen or under cryo stream and their X-ray diffraction patterns were analyzed

at BL-1A or BL-17A beamline of Photon Factory at KEK (Tsukuba, Japan).
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Collection of X-ray diffraction data and data processing

The rhombohedral shaped crystal was cryoprotected by soaking in the
cryosolution containing 400 mM (NH4),SO4, 100 mM Tris pH7.9, 100 mM KCl and 1.6
M Li,SO; for a few seconds and flash frozen by the N, cryostream (100K). The X-ray
diffraction experiment was performed at BL-1A beamline of Photon Factory at KEK
(Tsukuba, Japan). The X-ray diffraction data was collected by fine phi slice strategy (62,
63) with the oscillation angle of 0.1° and the exposure time of 0.1 sec using Pilatus
2M-F single photon-counting detector at 100K. Helical mode, i.e. changing the
diffracting position from one edge to another edge in many steps, was used to minimize
the damage of the crystal by the X-ray exposure.

The indexing of the diffraction data was performed with XDS (47). The
conversion of HKL file to MTZ file and the determination of the space group were
carried out by Pointless (48). The combination of the separately indexed data were
carried out using Pointless and scaling was performed by SCALA (49). The statistics of

X-ray diffraction data collection are summarized in Table 3-1.
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3-3 Results

Crystallization
KVP40 gp5"* was over-expressed and purified by the methods reported by M.

Nemoto (6/) with slight modification (see Materials and Methods 3-2). The
crystallization screening of ~1050 conditions gave a micro crystal under the condition
F5 of JBScreen Pentaerythritol (Figure 3-2 (A)). To obtain larger crystals, the
crystallization condition was optimized as described in Materials and Methods. After
the optimization of the crystallization condition, the hexagonal shape crystals and
rhombohedral shape crystals were obtained under the similar and identical conditions
(Figure 3-2 (B-C)). The hexagonal shaped crystals grew to 0.2-0.4 mm within 2-3
weeks. On the other hand, the thombohedral shaped crystals grew very slowly and it

took at least 3 months to obtain big crystals enough for X-ray diffraction experiments.

Screening of the cryogenic condition

The crystallization condition was not cryogenic thus the screening of
cryoprotectant was carried out for both hexagonal shaped crystals and rhombohedral
shaped crystals. For cryoprotection of the hexagonal shaped crystals, 25% w/v glycerol
and 30% w/v MPD were tested. However, no X-ray diffraction was observed in either
cryoprotectant though the crystal under only one condition diffracted to ~44A when it
was cryoprotected by glycerol in two steps (5% for the first and 25% for the second)
(data not shown). To examine if the cryoprotection process damaged the crystal, I
analyzed the X-ray diffraction of the crystal using capillary at room temperature. The
result indicated that the crystal itself is unable to diffract the X-ray. For the
cryoprotection of rhombohedral shaped crystals, 1.6M Li,SO4, 25% w/v glycerol, 30%
w/v PEG400 and 30% w/v MPD were tested. When the crystals were cryoprotected by
1.6M Li,SOy, the crystals diffracted to 4A reproducibly. On the other hand, the crystals,
which were cryoprotected by 25% glycerol or 25% PEG400, diffracted X-ray to ~3.6A
and ~3.0A at the best, respectively but if the crystal diffracts the X-ray depended on the
batch (data not shown). The crystals, which were cryoprotected by 30% w/v MPD, did
not diffract X-ray at all (data not shown).

1.6 M LixSO4 cryoprotected the rhombohedral shaped crystals most
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reproducibly but the salt tends to precipitate during the freezing process in liquid
nitrogen. To avoid the precipitation of the Li,SOy4, I examined the freezing of the crystal
under the nitrogen cryostream (100K), which enables more rapid freezing than liquid
nitrogen. The crystals which were flash frozen in cryostream showed no deposition of

the salt and diffracted to 2.5-2.6A reproducibly.

X-ray crystallographic analysis

The rhombohedral shaped crystal was cryoprotected by 1.6 M Li,SO4 and
subjected to X-ray diffraction data collection. The full dataset was collected at a
resolution of 2.6A by helical mode. The crystal showed strong smear diffraction around
4.7A (Figure 3-3). The spots were very clear and the mosaicity was estimated to be
0.091 by XDS, which indicated that the KVP40 gp5™ is ordered very well in the crystal.
Phenix.xtriage (50) indicated that the crystal is twin, but the indexing in space group P1
could identify that the crystal switches at the center of the crystal (two crystals
associated in head to head manner). The indexing by XDS and the Laue group
determination by Pointless indicated that the crystal belonged to space group H3, with
cell unit size a=b=72.16A and c=817.72A. The statistics of the X-ray diffraction data

collection are summarized in Table 3-1.
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(A) (B)

(C)

Figure 3-2. The crystals of KVP40 gp5™. (A) The initial crystals of KVP40 gp5™. The
bar indicates 0.1 mm. (B) The hexagonal shaped crystals of KVP40 gp5™. The bar
indicates 0.2 mm. The crystal did not polarize. (C) The rhombohedral shaped crystal of
KVP40 gp5" (polarized crystals). The bar indicates 0.3 mm. The rhombohedral shaped

crystals and the hexagonal shaped crystals were occasionally obtained in the same drop.
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Figure 3-3. The typical X-ray diffraction pattern of KVP40 gp5

hi ..
® The arrows indicate

the smear diffractions at ~4.7A, which are characteristic in p-helical proteins. The black

circles indicate the resolution at 5.0A, 4.0A and 2.5A.

Table 3-1 The statistics of the X-ray diffraction data collection.

Native

Data Collection
Beam line
Wavelength (A)
Space group

Unit cell (A)

Resolution range (A)

No. of observations *

No. of unique observations *
Multiplicity *

Completeness (%) *

Mean [(I)/sd(I)] *

Runerge (%) @

BL-1A, Photon Factory
1.100000

H3

72.16, 72.16, 817.72
90°, 90°, 120°
47.84-2.59 (2.74-2.59)
411507 (34875)
49040 (7058)

8.4

99.7 (98.5)

152 (3.4)

11.2 (47.6)

* The number in the parenthesis shows the statistics for the highest resolution bin (2.74-2.59A)
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3-4 Discussion

KVP40 phage belongs to the schizo T-even group while T4 phage belongs to
the T-even group (/2). The VXGXXXXX repeat, which forms intertwined
three-stranded B-helix in T4 gp5, is also found in KVP40 gp5, whereas KVP40 gp5
contains four more repeats than T4 gp5 (Figure 3-1). In addition, KVP40 gp5 contains
the conserved valine-x-glutamine motif, which is not found in T4 gp5. How these
differences of the amino acid sequence affect the structure of KVP40 gp5, namely
whether it is different from that of T4 gp5, is of great interest.

The crystal of KVP40 gpShiS was successfully produced, but it was twinned,
two crystals associated at the center of the crystal. The analysis of the crystal
orientations indicated that two crystals have the opposite directions of c-axis and the a-
and b- axes of one crystal are parallel with the b- and a- axes of the other crystal. This
crystal orientation suggests that two crystals have grown from the same position to the
opposite directions.

When the crystal of KVP40 gp5™ was subjected to X-ray diffraction analysis,
two strong smear diffractions were observed at ~4.7A. They are often observed with the

B-helical proteins such as VgrG1C%®!

(Figure 2-21) and T4 gp27-gp5 complex and
thought to be the diffraction from the three-dimensionally ordered B-structure. Hence it
is most probable that KVP40 gp5™ contains the three-stranded B-helix. In Chapter 2, I
described a prediction method of the topology of three-stranded B-helix (Figure 2-26).
Based on the prediction method, I predict that the putative three-stranded B-helix of
KVP40 gp5 would be the intertwined type (Figure 3-4).

To determine the phase, molecular replacement was tried by Phaser (58) using
the T4 gp5 without lysozyme domain and loops as a search model. The molecular
replacement found two molecules with the reasonable packing; each molecule seems to
interact side by side and tail to tail if hypothesizing four more B-strands at the end of
putative B-helix. However the final R-factor of 0.596 in molecular replacement was
inconclusive whether the solution is true or not. I am currently improving the initial
model and also trying to crystallize the SeMet derivative to determine the phase

unambiguously.
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Figure 3-4. The prediction of the -helix topology of KVP40 gp5. The topology of the
putative B-helix region of KVP40 gp5 was predicted by the method described in
Chapter 2. The red arrows indicate the intertwined B-helix and the pink arrows indicate
the possible intertwined B-helix (weakly match intertwined B-helix, but not match
antiparallel B-helix). The gray regions are the insertion sequences (compared with T4
gpd).
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Chapter 4

Approaches to obtain homogeneous artificial

thee-stranded f-helical polypeptides

4-1 Introduction

The C-terminal domain of T4 gp5 has a highly regular three-stranded B-helix,
which contains 12 repeats of octapeptide VXGXXXXX. It shows extraordinary stability
against heat and denaturing agents; the melting temperature is around 105°C (//) and
the structure is resistant to 10% SDS or 2 M guanidine HCI (§). In addition, it is stable
against chemical and pH stress; the secondary structure is maintained in the presence of
t-butyl alcohol up to 50%, methanol up to 70% or acetonitrile up to 60% or in the pH
range of 2.0 - 10.0 (/7). Thus the three-stranded B-helix of T4 gp5 is suitable for the
template of nanomaterial design. In fact, several nanostructures have been developed
using wild type T4 gp5 as described in Chapter 1.

In our laboratory, it has been challenged to produce protein nanotube with
desired lengths by stacking the three-stranded [B-helix of T4 gp5 (Figure 4-1). The
control of the length of three-stranded B-helix is important, because it provides not only
new, homogeneous nanomaterial, but also gives rise to the variation of established
nanostructures. In the system which was developed in our laboratory, the length of the
three-stranded B-helix is controlled by the tandem connection of a DNA fragment
coding a certain region of T4 gp5, the “building block” (Figure 4-1 (C) left), which
theoretically enables to regulate the length of three-stranded B-helix by 4.7A unit
(corresponding to one B-strand).

The first artificial three stranded B-helix was expressed in E. coli using the
building block of four VXGXXXXX repeats ((VXG)4) (Figure 4-2 (A) pink box and
Figure 4-3 (A) left). The expressed polypeptide chain, however, did not form trimer
(Ryuto, unpublished data). Since then, a number of artificial three-stranded B-helices
have been designed using 12 repeats of VXGXXXXX sequence as a model system in
order to obtain trimeric artificial three-stranded B-helix. A partial success has been

achieved by the fusion of the hydrophobic core of T4 gp5C (Figure 4-2(A) blue box,
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hereafter called “Cgp5C” or “C”) and foldon (Figure 4-2 (B) red box, hereafter called
foldon or “f”) to the C-terminus (Figure 4-3 middle); Cgp5C is important for the folding
of T4 gp5 (Boudko, unpublished data) and the foldon is known to promote the
trimerization of fused proteins (64). The yield of trimeric (VXG)43Cf has been
increased up to 10-15%, however, the remaining polypeptides formed a dimer of trimer
and large aggregates (bigger than dimer of trimer) (65). The decrease of large
aggregates has been achieved by changing the building block from four repeat ((VXG)s)
to six repeat ((VXG)e) (Figure 4-2 (A) red box) (66). (VXG)ex:C has formed large
aggregates for ~26% of total polypeptides (Figure 4-3), which was dramatically smaller
than for that of (VXG)43Cf (~50%). However, the main product has been dimer of
trimer and the formation of large aggregates could not be completely abolished. In the
following two years, the crystal structures of (VXG)4x; (Figure 4-4) as well as several
natural three-stranded B-helical proteins have been determined and the natural B-helical
proteins are shown to contain a “capping structure” at the N terminal end of B-helix (76).
The artificial B-helical polypeptides do not contain the “capping structure”, hence they
are considered to dimerize via the N-terminus like (VXG)ax;. Thus, a certain “capping
structure”, which prevents the B-helix - B-helix interaction, seems to be required for
further decrease of associations.

In the present study, I constructed the over-expression system of N-terminally
SlyD fused artificial three-stranded B-helix (Figure 4-5) to examine if it could inhibit the
association of the B-helix via the N-terminus. I also succeeded in detecting partially
unfolded species by native PAGE and discriminating the fully folded homogeneous
three-stranded B-helix from partially unfolded species by trypsin digestion.
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(A) (B) (C)

434  TVDNLYDI

442  TNADGNFL éggggg
450 VAGDKKTN VEGNGTIL
458 VGGSEIYY VKGNVTII
466 NMDNRLHQ VEGNADIT
474 | IDGSNTIF IDGSNTIF VKGDATTL
482 | VRGDETKT VRGDETKT IDGSNTIF
490 | VEGNGTIL [> VEGNGTIL @ VRGDETKT
498 | VKGNVTII VKGNVTII VEGNGTIL
506 | VEGNADIT VEGNADIT VKGNVTI I
514 |_VKGDATTL VKGDATTL. VEGNADIT
522  VEGNQTNT VKGDATTL
530 VNGNLSWK

538 VAGTVDWD building block building block x2

546 VGGDWTEK
554  MASMSSIS

562 SGOYTIDG meery bl  oem

570 SRIDIG Xhol Sall Xhol Sall

Figure 4-1. The strategy of the construction of artificial three-stranded B-helix. (A) The
crystal structure of the three-stranded B-helix of T4 gp5 (PDB 1k28). (B) The amino
acid sequence of the three-stranded B-helix of T4 gp5. (C) The concept of the length
control of three-stranded B-helix. The DNA fragment with the sticky end of Xhol and
Sall can be ligated so that the resulting DNA (5’-GTCGAG-3’) is not digested by

neither Xhol nor Sall, which enables the increment of the building block one by one.
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(A)

434
442
450
458
466
474
482
490
498
506
514
522
530
538
546
554
562
570

(C)

TVDNLYDI
TNADGNFL
VAGDKKTN
VGGSEIYY
NMDNRLHQ
IDGSNTIF
VRGDETKT
VEGNGTIL
VKGNVTII
VEGNADIT
VKGDATTL
VEGNQTNT
VNGNLSWK
VAGTVDWD
VGGDWTEK
MASMSSIS
SGQYTIDG
SRIDIG C

(VXG)s

residues 474-521

(VXG),

residues 490-521

SiyD

Cgp5C
residues 522-575

Three-stranded foldon
B-helix of T4 gp5 residues 458484
(intertwined region) of T4 fibritin

Figure 4-2. The building blocks and the protein fragments used for the construction of
artificial three-stranded [-helical polypeptides. (A) The crystal structure of
three-stranded B-helix of T4 gp5 (PDB 1k28) and its amino acid sequence. The building
blocks of six repeats ((VXG)e) and four repeats ((VXG),4) are indicated with the red box
and the pink box, respectively. The C-terminal hydrophobic core (Cgp5C or “C”) is
indicated with the blue box. (B) The crystal structure of the C-terminal region of T4
fibritin (PDB 1AAO0). The red circle indicates the C-terminal foldon domain (27 amino
acids). (C) The solution structure E. coli SlyD protein (PDB 2KFW, model 1). The

C-terminus and N-terminus are indicated with C and N, respectively (A-C).
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(A)
1 0 g

(B)

1600

Trimer was not
observed.

10-15 % forms
trimer.

Large aggregates
significantly decreased.

(3mer),

putative 3mer

\

aggregates

\

Size exclusion chromatogram of (VXG)gx,Cl™

50 70 90
Elution volume (ml)

Figure 4-3. The previously synthesized artificial three-stranded B-helices. (VXG) in the
figure represents (VXGXXXXX). (A) The cartoon of the artificial three-stranded

B-helices synthesized in our laboratory. The specifications of each construct are

indicated in the box below the figure. (VXG)4, (VXG)g, C and f stand for the building

block of four repeat, the building block of six repeat, the C-terminal hydrophobic core

of T4 gp5 and foldon, respectively (see Figure 4-2). (B) The size exclusion

chromatogram of (VXG)GXzChiS (66). The peak of aggregates, dimer of trimer and

putative trimer are indicated.
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a part of gp5C (residue
number 490-575)

a part of gp5C (residue
number 490-575)

foldon

Figure 4-4. Crystal structure of a part of T4 gp5C fused with foldon in dimer of trimer
state (PDB 3A1M) (/7). The two trimers of a part of gp5C—foldon are associating in
head to head manner via the N-terminus. One trimeric gp5C—foldon molecule is drawn
in red, green, blue and the other gp5C—foldon molecule is drawn in light blue, purple
and dark yellow. The foldon of one molecule is not displayed because it was disordered

in the crystal.

SlyD

(VXG)gxnC

foldon

Figure 4-5. The schematic representation of the newly constructed "*SlyD-(VXG)gx,Cf.
SlyD (orange ellipse) was added to N-terminus in order to inhibit the association
mediated via the N-terminus. The foldon was added to the C-terminus as it decreased
the aggregation to some extent in (VXG)43Cf presumably by promoting the
trimerization and capping the B-helix (635).
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4-2 Materials and Methods
Media
LB media was used for all E. coli cultivation. The composition is described in

Materials and Methods section of Chapter 2.

Plasmid construction

The over-expression vector of hisSlyD-(VXG)GXle was constructed as follows.
First, the foldon (residues 457-483 of T4 gp wac, Figure 4-2) with a stop codon was
made by inverse PCR using PCR KOD -Plus- Mutagenesis Kit (YOYOBO CO, LTD)
and the primer pairs of foldon-STP(+)iPCR and foldon-STP(-)iPCR (Table 4-1). pMTpf
3-5 which is the derivative of pUC19 containing foldon (65) was used as a template
DNA. The DNA fragment of foldon with stop codon was cut out by EcoRI - Sall and
inserted to the EcoRI and Xhol sites of pSL(b) vector. pSL(b) vector was made from
pSL vector (see Chapter 2) by changing the reading frame just before the multiple
cloning site. The resulting vector was digested by EcoRI - Xhol and the DNA fragment
of T4 gp5 residues 522-575 (Cgp5C, Figure 4-2), which was cut out from pMTpC (65)
by EcoRI - Sall, was inserted. Then the resulting vector was digested by EcoRI - Xhol
and the fragment of T4 gp5 residues Val474-Leu521 ((VXG)sx1, Figure 4-2), which was
cut out from pKA150 (66) by EcoRI - Sall, was inserted. The resulting over-expression
vector of hiSSIyD-(VXG)me was designated as pKN8-1. The over-expression vector of
hiSSIYD—(VXG)6><2Cf was constructed by inserting one more (VXG)sx; coding DNA
fragment into pKN8-1 vector in the same way. The resulting vector was named pKN9-1.

The DNA sequence of foldon with stop codon was confirmed by DNA
sequencing. Due to the block-by-block vector construction strategy, [le474 and 475Asp
of the first (VXG)g block are changed to Leu-Glu and those of second (VXG)s block are
changed to Val-Glu.

Protein expression
For the expression of ™SlyD-(VXG)siCf and "SlyD-(VXG)eCH,
BL21(DE3) was transformed by pKN8-1 or pKN9-1 and cultivated at 37°C in LB

medium supplemented with 60 ug/ml kanamycin. When ODgg was 0.5-0.6, the
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expression was induced by the addition of isopropyl-B-D-thiogalactopyranoside (IPTG)
at a final concentration of 1 mM and further cultivated at 30°C for 10 h. Cells were
harvested by centrifugation at 2,500 xg for 10 min using Himac CR22G centrifuge with
RIAF rotor (Hitachi Koki).

Protein Purification

The purification procedure of "SlyD-(VXG)ex; Cf and "SlyD-(VXG)goCf was
same as that of VgrG1 (see Materials and Methods section of Chapter 2) but the buffer
D (50 mM Tris pH 8.0, 100 mM NacCl, 25 mM imidazole) was used instead of buffer A
(50 mM Tris pHS8.0, 100 mM NacCl, 20 mM imidazole ).

*(VXG)e Cf and *(VXG)ex2CE, which are the products of "SlyD-(VXG)g. Cf
and "SlyD-(VXG)ex,Cf after ™SlyD removal, were purified as follows. The cell
expressing "*SlyD-(VXG)sx Cf or "SlyD-(VXG)g«:Cf was suspended in 10x volume of

buffer D and lysed by sonication in the presence of 1 mM phenylmethylsulfonyl
fluoride (PMSF). The cell lysate was centrifuged at 20,000 xg (R18A rotor with Himac
CR22G centrifuge, Hitachi Koki) for 20 min and the supernatant was loaded to HisTrap
FF column (GE Healthcare) which was equilibrated with buffer D. hiSSIyD—(VXG)(me
and "SlyD-(VXG)e-Cf were eluted by the imidazole gradient of 25 to 500 mM and
EDTA was added to the eluted fractions to a final concentration of 5 mM. The fractions
containing the desired protein were collected and applied to HiTrap Q HP column (GE
Healthcare) which was equilibrated with buffer B. The proteins were eluted with NaCl
gradient of 0 to 1 M. Then the fractions containing the desired protein were collected
and TEV protease was added on the weight ratio of 10 to 1 (hiSSIyD-(VXG)6x1Cf or
MsSlyD-(VXG)exaCf to TEV protease). After the incubation at 30°C for 4 h, the solution
was applied to Histrap FF column in order to remove hisSlyD and TEV protease which
has a hexa-histidine tag. The flow through fractions which contain *(VXG)exCf or
*(VXG)ex2Ctf were mixed and further purified by Hitrap Q HP column (GE Healthcare)
and Hiload 16/60 Superdex200 prep grade column (GE Healthcare). The purification

was performed either room temperature or 4°C.
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Analytical size exclusion chromatography (SEC) of "SlyD-cleaved *( VXG)sx2Cf

For the analytical SEC of *(VXG)e2Cf, 160 pl of the SEC fractions of
MSSlyD-(VXG)sxoCf (ranging from 0.6 - 1.2 mg/ml) were mixed with TEV protease on
the weight ratio of 10:1 (hiSSIyD-(VXG)6x2Cf to TEV protease) and incubated at 30°C
for 4h. The 150 ul of the reaction solutions were analyzed by Superdex200 HR 10/30
(GE Healthcare).

Limited proteolysis of partially unfolded species by trypsin

For the limited proteolysis of partially unfolded species of *(VXG)sx2Cf, 40 ul
of purified *(VXG)ex2Cf (0.1 - 0.2 mg/ml) was mixed with trypsin on the weight ratio
of 100:1 (*(VXGQ)ex2Cf to trypsin). After the incubation at 37°C for 6 h, the proteolysis
was quenched by the addition of Tosyl-Lys-chloromethyl ketone (TLCK) at a final
concentration of 0. 1 mM and the products were analyzed by 10% native PAGE.

Purification of trypsin treated *(VXG)s2Cf
For the purification of trypsin treated *(VXG)gx2Ct, *(VXG)6x2Cf was purified

as described above and the size exclusion chromatography fractions containing
*(VXG)ex2Ctf were collected and trypsin was added on the weight ratio of 100 to 1
(*(VXG)ex2Cf to trypsin). After the incubation at 37°C for 6 h, the proteolysis was
stopped by the addition of Tosyl-Lys-chloromethyl ketone (TLCK) at a final
concentration of 0.1 mM and the trypsin-resistant *(VXG)ex2Cf was further purified by
Hitrap Q HP column (GE Healthcare) and Superdex200 HR 10/30 column (GE
Healthcare).

SDS-PAGE
SDS-PAGE was carried out in the same protocol as Chapter 2 but the samples

were not heat denatured.

Native PAGE
For the Native PAGE of *(VXG)exoCf, the samples and 10% polyacrylamide
gel were prepared without SDS and DTT (67). The electrophoresis was carried out at 10

mM constant current at 4°C. The polyacrylamide gel was stained with 0.1% Coomassie
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Brilliant Blue G-250 in 10% acetic acid.

Analytical Ultracentrifugation

Sedimentation velocity analysis was carried out in the same protocol as
Chapter 2 except for following things. The sedimentation velocity data of
MSSlyD-(VXG)ex1Cf and "SlyD-(VXG)sx.Cf were collected with the rotor speed of
45,000 rpm, those of *(VXG)sxCf and *(VXG)ex2Cf were collected at 40,000 rpm and
those of trypsin treated *(VXG)e2Cf were collected at 45,000 rpm. Moving boundaries
were recorded at the wave length of 280 nm for hisSlyD-(VXG)GXle,
hisSlyD—(VXG)(,Xsz, *(VXG)ex1Cf and *(VXG)ex2Cf and at the wavelength of 230 nm
for trypsin treated *(VXG)gxoCHf.
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Table 4-1 Primers for the construction of foldon with a stop codon.

Name

Nucleotide Sequence (5'-3') *

Description

foldon-STP(+)iPCR
foldon-STP(-)iPCR

TAAGTCGACCTGCAGGCATGCAAGC
TAAAAAGGTAGAAAGCAATACCC

Inverse primer for the construction of foldon with a stop codon.
Inverse primer for the construction of foldon with a stop codon.

* Stop codon is underlined.
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4-3 Results

Plasmid construction

In order to prevent the interactions between exposed N terminus of the
three-stranded B-helix and promote the trimerization, the over-expression vectors of
SlyD and foldon fused artificial three-stranded B-helix, namely, "SlyD-(VXG)ex;Cf
(pKN8-1) and ™SlyD-(VXG)s2Cf (pKN9-1), were constructed. The foldon is a
polypeptide consisting of residues 457-483 of gp wac, which is essential for folding of
T4 fibritin (68) and has also shown to promote the trimerization of artificial
three-stranded B-helices (65). SlyD is known to facilitate solubilisation of fusion
proteins as described in Chapter 2. The plasmid map of pKN8-1 and pKNO-1 is shown
in Figure 4-6.

TEV protease site
SlyD

his-tag

T7 promoter .
pBR322 ori

TEV protease site
SlyD

his-tag
T7 promoter

pBR322 ori

lacl

Figure 4-6. The plasmid map of the over-expression vector of "SlyD-(VXG)e. Cf
(pKN8-1) and "SIyD-(VXG)g2Cf (pKN9-1).
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Expression, purification and sedimentation velocity analysis of "™ SlyD-( VXG)sx1Cf
MSSlyD-(VXG)sx 1 Cf was expressed in BL21(DE3) and purified by Ni affinity

chromatography, anion exchange chromatography and size exclusion chromatography
(see Materials and Methods). ™SlyD-(VXG)e. Cf eluted from the size exclusion
chromatography with a major peak about 52 ml and several minor peaks before and
after it (Figure 4-7 (A)). The SDS-PAGE of the peak fraction of the size exclusion
chromatography (SEC) showed multiple bands with higher molecular weight than
monomers (monomer is 35.4 kDa) (Figure 4-7 (B)). The three-stranded B-helix of T4 is
SDS-resistant, thus they are presumably SDS-resistant hisSlyD-(VXG)me. The
sedimentation velocity analysis indicated that the major peak contains the major species
with the sedimentation coefficient of 7.24 and minor species of the sedimentation
coefficient of 5.03 (Figure 4-8). The molecular weights of 7.24 S species and 5.03 S
species were estimated to be 190,000 and 110,000, respectively thus they are considered

to be dimer of trimer and trimer (calculated molecular mass of monomer is 35,400).

His-tag TEV protease site
(A) (B)
2800 - AUC kDa
v
2100 + aggregates
200 due to SDS

® -~ putative 3mer

Azgo (MAU)
w 3
o o
o o

1165
T T T T 1 971

30 40 50 60 70 80
Elution volume (ml)

o

66

Figure 4-7. Purification of "*SlyD-(VXG)e« Cf. (A) Size exclusion chromatogram. The
chromatography was performed with Hiload 16/60 Superdex200 prep grade column
(GE Healthcare). (B) 6% SDS-PAGE of the peak fraction of size exclusion
chromatography. Lane M, marker; lane 1, the peak fraction of size exclusion
chromatography. The SDS-PAGE samples were prepared only by adding the sample
loading buffer (the proteins were not denatured by heat). The polyacrylamide gels were

stained with Coomassie brilliant blue.

93



f/f0:1.61
724 S

_ (190kDa)

205

= 5.03S

(110kDa)
0 T T T
0 < 10 15 20
Sed coefficient [S]

Figure 4-8. Sedimentation velocity analysis of hisSlyD-(VXG)6X |Cf. The sedimentation
velocity data was analyzed by SEDFIT. The moving boundaries were measured at 280
nm at 20°C. The rotor speed was 45,000 rpm. The molecular weights were obtained by
converting c¢(s) to ¢(M) as implemented in SEDFIT.
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Purification and sedimentation velocity analysis of *(VXG)sxCf

MSSlyD-(VXG)sx1Cf, which had been purified by Ni affinity chromatography
and anion exchange chromatography, was digested by TEV protease (cleavage of
MsSlyD) then the *(VXG)s Cf was further purified by Ni affinity chromatography
(removal of hisSlyD and TEV protease), anion exchange chromatography and SEC.
*(VXG)ex1Cf eluted from SEC column as an almost single peak (Figure 4-9 (A)).
SDS-PAGE shows two bands with higher molecular weight than monomers but they are
considered to be SDS-resistant *(VXG)gx Ct (Figure 4-9 (B)).

The sedimentation velocity analysis of the peak fraction indicated that it
contains only a single species with the sedimentation coefficient of 4.48 S (Figure 4-10).
The molecular weight of 4.48 S was estimated to be 91,700 thus it is considered to be

the dimer of trimer (calculated molecular mass of monomer is 15,100).

(A) B) oa o

200 —
1500 1 AUC 106 —
v 97 —
2 1000 -
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g 500 -
~N
<
o L] L] L] L] 31 -
30 40 50 60 70 80 90
Elution volume (ml) 21—
14 —

Figure 4-9. Purification of (VXG)exCf. (A) Size exclusion chromatogram. The
chromatography was performed with Hiload 16/60 Superdex200 prep grade column
(GE Healthcare). (B) 12% SDS-PAGE of the peak fraction of size exclusion
chromatography. The SDS-PAGE samples were prepared only by adding the sample
loading buffer (the proteins were not denatured by heat). The polyacrylamide gels were

stained with Coomassie brilliant blue.
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Figure 4-10. Sedimentation velocity analysis of *(VXG)exCf. The sedimentation
velocity data was analyzed by SEDFIT. The moving boundaries were measured at 280
nm at 20°C. The rotor speed was 40,000 rpm. The molecular weights were obtained by
converting c¢(s) to ¢(M) as implemented in SEDFIT.

96



Expression and purification of "™ SlyD-( VXG)sx2Cf
MSSlyD-(VXG)sxoCf was expressed in BL21(DE3) and purified by Ni affinity

chromatography, anion exchange chromatography and size exclusion chromatography
(see Materials and Methods) (Figure 4-11 A-D). "SlyD-(VXG)eoCf eluted from the
size exclusion chromatography column as two peaks and a shoulder at ~52ml (Figure
4-11 (C)). The SDS-PAGE of the fractions from the SEC showed multiple bands with
higher molecular weight than monomers (Figure 4-10 (D)). They are presumably
SDS-resistant hisSlyD-(VXG)észf as observed in hisSlyD-(VXG)me. The fractionated

samples were analyzed by AUC as described in the next section.
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Figure 4-11. Purification of hiSSlyD-(VXG)6x2Cf (A) Anion exchange chromatogram.

The thick black line indicates the absorbance at 280 nm and the thin gray line indicates
the concentration of NaCl (from 0 M to 1 M). (B) 8% SDS-PAGE of the peak top

fraction of anion exchange chromatography. Lane M, Marker; lanel, the peak top

fraction. (C) Size exclusion chromatogram. The chromatography was performed with

Hiload 16/60 Superdex200 prep grade column (GE Healthcare). The fractions indicated
1-4 were subjected to AUC-SV analysis. (D) 5% SDS-PAGE of the fractions of size

exclusion chromatography. Lane M, marker; lane 1-4, the fractions of size exclusion

chromatography in (C). The SDS-PAGE samples were prepared only by adding the

sample loading buffer (the proteins were not denatured by heat). The polyacrylamide

gels were stained with Coomassie brilliant blue.
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Sedimentation velocity analysis of "SlyD-( VXG)ox2Cf
In order to examine the oligomerization state of "*SIyD-(VXG)gx,Cf, AUC-SV

was carried out with the fractions from the SEC (Figure 4-11 (C)). The fractions of the
shoulder of the first peak (fraction 1), the peak top fraction of the first peak (fraction 2),
a fraction between the first and the second peak (fraction 3) and the peak top fraction of
the second peak (fraction 4) were examined. The result showed that fraction 1 contained
large aggregates with the sedimentation coefficient above 8.71 and fraction 2 contained
the 7.13 S species and the small amount of 4.74 S species (Figure 4-12). The fraction 3
contained two molecular species with the sedimentation coefficient of 5.16 and 7.25 and
fraction 4 contained the species with the sedimentation coefficient of 4.75 (Figure 4-12).
The molecular weights of 7.13 S species in the first peak and the 4.75 S species in the
second peak were estimated to be 206,000 and 111,000, respectively thus they are
considered to be dimer of trimer and trimer (calculated molecular mass of monomer is
40,400). The molecular weight estimation from AUC-SV generally contains ~10% of
error and the molecular weight of 206,000, which is 15% lower than the calculated

molecular weight of a dimer of trimer (242,400), is likely within the error.
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Figure 4-12. Sedimentation velocity analysis of "*SlyD-(VXG)ex2Cf. The sedimentation
velocity data of fractions 1-4 of SEC in Figure 4-11 (C) were analyzed by SEDFIT. The
moving boundaries were measured at 280nm at 20°C. The rotor speed was 45,000 rpm.
The molecular weights were obtained by converting c(s) to ¢(M) or analyzing in c(s,

f/fy) mode as implemented in SEDFIT.

100



s SIyD-( VXG)sx:Cf contains partially unfolded species.
In order to examine the property of "*SlyD-(VXG)g«,Cf in more detail, "SlyD
was cleaved off by TEV protease (Figure 4-13 (A)) and the resulting *(VXG)g2Ct was

analyzed by analytical size exclusion chromatography (superdex200 HR 10/30 (GE
Healthcare)) (Figure 4-13 (B)). The fractions containing large aggregates (fraction 1),
dimer of trimer (fraction 2), mixture of dimer of trimer and trimer (fraction 3) and
trimer (fraction 4) in Figure 4-11 (C) were used after the depletion of "SlyD. The result
indicated that fraction 1 gave the molecular species which eluted at 10.3 ml and fraction
2 gave the molecular species which eluted at 11.4 ml (major) and 11.3 ml (minor)
(Figure 4-13 (B)). Notably, fraction 3 gave the molecular species, which eluted at 11.4
ml and 13.0 ml, 0.3 ml earlier compared with fraction 2, while fraction 4 gave the
molecular species, which eluted at 11.4 ml and 13.3 ml again (Figure 4-13 (B)). The
molecular species eluted at 13.0 ml has a slightly bigger stokes radius than those of the
species eluted at 13.3 ml. It is also notable that the fraction 4 gave only a single peak if
it was not treated with TEV protease (Figure 4-13 (C)) thus the molecular species which
eluted at 11.4 ml, came from the trimeric "*SlyD-(VXG)gx,Cf.
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Figure 4-13. Analytical size exclusion chromatography of "*SlyD-(VXG)sx,Cf after the
cleavage of "SlyD. (A) Cleavage of "SlyD from "SlyD-(VXG)e2Cf by TEV protease.
Lane 1 and 2, before and after the removal of hisSlyD of fraction 1; lane 3 and 4, before
and after the removal of hiSSlyD of fraction 2; lane 5 and 6, before and after the removal
of hisSlyD of fraction 3; lane 7 and 8, before and after the removal of hisSlyD of fraction
4; M, marker. The bands of TEV protease and "*SlyD are indicated. (B) The analytical
size exclusion chromatography of the TEV protease treated hiSSlyD-(VXG)()XZCf. The
oligomerization states of *(VXG)sx,Cf are indicated for each peak. "SlyD and TEV
protease were eluted at ~16 ml (not displayed in the figure). Note that the second peak
from fraction 3 (pink) is ~0.3 ml earlier than that of fraction 2 (red) and fraction 4
(green). (C) The analytical size exclusion chromatography of fraction 4 without hisSlyD

removal. Note that fraction 4 gave only single peak if "SlyD was present.
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Sedimentation velocity analysis and native PAGE of *(VXG)sx2Cf

In order to examine the oligomerization state and structural homogeneity of
*(VXG)ex2Ct, it was purified from anion exchange chromatography sample (Figure
4-11 (A-B)) by TEV protease digestion, Ni affinity chromatography (removal of "*SlyD
and TEV protease), anion exchange chromatography and size exclusion
chromatography (Figure 4-14). The size exclusion chromatogram of *(VXG)ex2Cf was
similar to that of "SlyD-(VXG)sCf but the shoulder of the first peak of
hisSlyD-(VXG)6x2Cf was separated as an another peak in *(VXG)eCf (Figure 4-14
(A)).

The sedimentation velocity analysis indicated that the first peak of the size
exclusion chromatography contains the molecular species with the sedimentation
coefficient above 7.1 (Figure 4-15 (A)) and the second peak of the size exclusion
chromatography contains the major molecular species of 5.08 S and minor molecular
species of 3.41 S and 7.77 S (Figure 4-15 (B)). The third peak of the size exclusion
chromatography mainly contains the molecular species with the sedimentation
coefficient with 3.50 (Figure 4-15 (C)). The conversion of ¢(s) to ¢(M) indicated that the
7.1 S species in the first peak, the 5.08 S species in the second peak and the 3.50 S
species in the third peak are 199,000, 118,000 and 60,600, respectively thus they are
considered to be the aggregates above the trimer of trimer, the dimer of trimer and
trimer, respectively (calculated molecular mass of monomer is 20,000).

The native PAGE was carried out for the same fractions as AUC-SV. The
*(VXG)ex1Cf in dimer of trimer was also analyzed in the same polyacrylamide gel for
comparison. The result indicated that the fraction containing the dimer of trimer of
*(VXG)ex2Ct gave both a clear band and smear bands but the fractions containing large
aggregates or trimer gave only smear bands (Figure 4-15). The molecular species which
appears as smear bands on native PAGE would have many conformations. The clear
band of *(VXG)ex2 was slightly upper than that of (VXG)ex; presumably due to the

increased molar mass of one building block.
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Figure 4-14. The purification of *(VXG)eCf. (A) Size exclusion chromatogram. The
chromatography was performed with Hiload 16/60 Superdex200 prep grade column
(GE Healthcare). The fractions indicated 1-3 were subjected to AUC-SV analysis. (B)
12% SDS-PAGE of purified *(VXG)sx2Cf. Lane M, molecular weight marker; lane 1,
the peak top of the first peak; lane 2, the peak top of the second peak; lane 3, the peak
top of the third peak. The polyacrylamide gel was stained with Coomassie brilliant blue.
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Figure 4-15. Sedimentation velocity analysis of *(VXG)ex2Cf. The sedimentation
velocity data of fractions 1-3 in Figure 4-14 (A) were analyzed by SEDFIT. The moving
boundaries were measured at 280 nm at 20°C. The rotor speed was 40,000 rpm. The

molecular weight was obtained by converting c(s) to c¢(M).
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Figure 4-16. Native PAGE of *(VXG)eCf and *(VXG)exCf. Lane 1, the peak top of
the first peak of size exclusion chromatography; lane 2, the peak top of the second peak;
lane 3, the peak top of the third peak; lane 4, *(VXG)exCf in dimer of trimer (for
comparison). The 10% polyacrylamide gel was stained with Coomassie brilliant blue.
“###” indicates aggregates of partially unfolded *(VXG)e,Cf, “##” indicates dimer of
trimer of partially unfolded *(VXGQG)ex2Cf and “#” indicates trimer of partially unfolded
*(VXG)exaCt.

106



Purification and characterization of trypsin-resistant *(VXG)sx:Cf

In Chapter 2, it was revealed that the disordered region is sensitive to trypsin
but the three-stranded B-helix region is resistant to trypsin. Therefore I hypothesized
that the fully folded artificial three-stranded B-helix would be resistant to trypsin, but
partially unfolded species are not. To examine this hypothesis, *(VXG)exCf was
subjected to proteolysis by trypsin and the product was analyzed by native PAGE. The
result indicated that the molecular species which gave smear bands were digested by
trypsin but the molecular species which gave a clear band was trypsin-resistant (Figure
4-17).

The trypsin resistant species were purified by anion exchange chromatography
and size exclusion chromatography as described in Materials and Methods 4-2 (Figure
4-18). The native PAGE of purified sample showed an almost single band, which
indicates that *(VXG)e«Cf was purified to near homogeneous (Figure 4-18 (B)). The
AUC-SV of the same sample indicated that it contains 5.02 S species like those before
trypsin treatment but ~3.3 S and ~7.3 S species significantly decreased (Figure 4-19),

which also confirmed that trypsin treatment made *(VXG)ex,Cf more homogeneous.
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Figure 4-17. Native PAGE of trypsin treated *(VXG)s«.Cf. The peak fractions of the
size exclusion chromatography were subjected to proteolysis by trypsin (37 °C for 6 h)
and the products were analyzed by 10% native PAGE. Lane 1 and 2, before and after the
trypsin digestion of the peak top of the first peak; lane 3 and 4, before and after the
trypsin digestion of the peak top of the second peak; lane 5 and 6, before and after the
trypsin digestion of the peak top of the third peak. The polyacrylamide gel was stained
with Coomassie brilliant blue. “###” indicates aggregates of partially unfolded
*(VXG)exaCt, “##” indicates dimer of trimer of partially unfolded *(VXG)s-.Cf and “#”
indicates trimer of partially unfolded *(VXG)gx2Cf.
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Figure 4-18. Purification of the trypsin-resistant *(VXG)sx2Cf. (A) Size exclusion
chromatogram of trypsin treated *(VXG)g«2Cf. The chromatography was performed
with Superdex200 HR 10/30 (GE Healthcare). The peak top fraction indicated with an
arrowhead was subjected to AUC-SV analysis. (B) 10% native PAGE of the peak

fraction. The polyacrylamide gel was stained with Coomassie brilliant blue.
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Figure 4-19. Sedimentation velocity analysis of trypsin-treated *(VXG)gx2Cf. The peak
fraction indicated with “AUC” in Figure 4-18 was used for analysis. The moving
boundaries were measured at 230nm at 20°C. The rotor speed was 45,000 rpm. The

molecular weight was obtained by converting c(s) to c¢(M).
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4-4 Discussion

The three-stranded B-helix is a promising biomolecular nanomaterial for its
high regularity and extraordinary stability. For the application of this remarkable
structure, a protein nanotube has been developed in our laboratory, however the
aggregation prone nature of engineered three-stranded B-helix prevented its practical
use. To reduce the aggregation, I constructed the artificial three-stranded B-helix fused
with SlyD and foldon, namely "SlyD-(VXG)sx;Cf and "SlyD-(VXG)ex,Cf.

The size exclusion chromatogram and the AUC-SV analysis indicated that
*(VXG)ex1Cf mainly forms a dimer of trimer both in the presence and absence of SlyD.
The dimerization of trimer is also reported in (VXG)exC (66) thus the fusion of SlyD
does not seem to prevent the folding of the three-stranded p-helix.

The size exclusion chromatogram and the AUC-SV analysis of
hisSlyD-(VXG)6x2Cf indicated that they form a trimer and a dimer of trimer for main
species. The analytical size exclusion chromatography of "SlyD-(VXG)s,Cf after
"sSlyD removal revealed that a part of trimeric "*SlyD-(VXG)s«.Cf gave the dimer of
trimer of *(VXG)exCf but the dimer of trimer of hiSSIYD-(VXG)@QCf did not give the
trimeric *(VXG)eCf. It indicates that (VXG)e«2Ct tends to dimerize and, once the
dimer of trimer is formed, it doesn’t dissociate. This dimerization was apparently
mediated via the N-terminus, because they dimerized by removal of SlyD at the
N-terminus. Several three-stranded B-helical proteins such as a part of phi92 gp138
(PDB 3PQH) (/6), a part of T4 gp5C (PDB 3A1M) (/7) and the E. coli O157
VnglCGS61 (Chapter 2) (PDB 3WIT) associated in head to head manner via the
exposed three-stranded B-helix in the crystal. Thus, (VXG)s.oCf would associate in the
similar way.

In both of "™SlyD-(VXG)exCf and "SlyD-(VXG)sx:Cf, the fusion of ™SlyD
could not completely prevent the dimerization of artificial three-stranded B-helical
polypeptides. They contain a linker of 21 amino acids between SlyD and the
three-stranded B-helix (including TEV protease site), hence it is possible that the linker
was too long to keep the SlyD for the appropriate position to block the N-terminus of
the three-stranded P-helix. Meanwhile, the size exclusion chromatogram and the

AUC-SV analysis indicates that *(VXG)ex,Cf contains slightly less large aggregate
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(larger than dimer of trimer) than (VXG)6x2ChiS, which indicates that the fusion of SlyD
and foldon would be effective to reduce the large aggregation.

The native PAGE of *(VXG)sx2Cf indicated that the SEC fraction containing
dimer of trimer gave a clear band and smear band but all the other fractions gave only
smear bands, which appears from top to bottom of the gel depending on the elution
volume. This is the first time to succeed in the visualization of the molecular species
except for analytical ultracentrifugation. The molecular species, which gives a clear
band, was trypsin-resistant but the molecular species, which gave smear bands, were
digested by trypsin. It strongly suggests that the trypsin-resistant species is the fully
folded dimer of trimer, which has a highly stable structure and the others are the
oligomers of partially unfolded trimer, which has less stable structure. It is not
conclusive whether the trimer of *(VXG)x,Cf, which gave smear bands in native PAGE,
is partially folded species, because it is possible that they are the “intermediate species”
which would eventually assemble into dimer of trimer. However, the fact that
SlyD-removed "SlyD-(VXG)sx, gave two molecular species in analytical SEC (one
elutes at 13.3ml and the other elutes at 13.0ml) supports the idea that they are partially
unfolded species. The frictional ratio (f/fp) of purified *(VXG)exCf was estimated to be
1.76 by SEDFIT, which is slightly but certainly bigger than that of *(VXG)ex; (1.65).
The frictional ratio becomes larger if the molecule has more prolonged shape. Thus
*(VXG)gx2 would have more prolonged shape than *(VXG)ex;, which also supports that
trypsin-resistant *(VXG)exz fully folds including the artificially introduced building
block. The model of oligomerization and folding states of hiSSlyD-(VXG)éxz is shown in
Figure 4-20.

The AUC-SV analysis of trypsin treated *(VXG)ex, indicated that they contain
5.02 S species for ~90% of total c(s). The high percentage of c(s) as well as the almost
clear single band in native PAGE demonstrate that *(VXG)exa was purified to near
homogeneity. It is expected that the purification procedure of "*SlyD-(VXG)gy2oCf

would be applicative to longer artificial three-stranded B-helical polypeptides.
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Figure 4-20. Schematic representation of the oligomerization state and folding state of
MSSlyD-(VXG)ex2CF and “(VXG)exCH.
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Chapter 5

Concluding Remarks and Future Perspectives

5-1 Concluding Remarks

In order to elucidate the evolutionary relationship between VgrG proteins,
which are a part of the type VI secretion system of bacteria, and T4 phage gp27-gp5
complex, which constitutes the cell-puncturing device of the phage, I have utilized the
approach of structure biology and bioinformatics. As mentioned in Introduction, they
are structurally highly similar in spite of the fact that they have quite distinct functions.
For this purpose, I have focused on the structure of VgrG proteins from E. coli O157
and CFTO073 strains and gp5 of bacteriophage KVP40, which is similar to T4 gp5, but
does not have lysozyme domain. The results of these proteins towards structural
determinations are summarized in Table 5-1. I have also tried to create artificial
three-stranded B-helix in trimeric form, where we could precisely regulate the length.
Finally, I attempted to purify the artificial three-stranded B-helix to near homogeneity by

limited proteolysis.

1. E. coli 0157 VgrG1™ and E. coli 0157 ¢3393™ were purified to near homogeneity
and were shown to be trimer in solution and rich in B-structure by analytical
ultracentrifugation and far-UV CD analysis (Figure 2-9, 2-10 and Table 2-3). The
characterization of the putative B-helix region of E. coli O157 VgrG2 and VgrG3
and E. coli CFT073 c1888 and c1883 indicated that the three-stranded f-helix of
VgrG proteins is prone to aggregate.

2. The crystal structure of the C-terminal trypsin-resistant fragment of VgrGl
(VarG1C%*") was determined at 1.95A. It forms a prism-shaped antiparallel
three-stranded P-helix (Figure 2-22). The topology and structure of VgrG1C%*®!

were similar to the three-stranded B-helix domain of gp138 of phi92 phage, which

indicates a possible evolutional relationship between them. VgrG1C“® has a long

loop of 17 amino acid residues between Asp570 and Ala586. I surmised that some

VgrG proteins would have an enzymatic domain in this loop or a certain Type 6
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secretion system protein would bind to the loop. VgrG1C%®!

is stabilized by the
hydrogen bonds and a salt bridge at the sharp kinks in addition to the hydrophobic
core at the center of the B-helix (Figure 2-23 and 2-24).

. In order to reveal the determinant of the topology of the three-stranded B-helix,
structure-based sequence alignment of intertwined three-stranded [-helices and
antiparallel three-stranded B-helices were performed. It indicated the different
preference and restriction of the amino acids due to their structural difference, which
makes it possible to predict the topology of three-stranded B-helix to some extent
(Figure 2-28 and 2-29).

. I concentrated on the crystal structural analysis of E. coli CFT073 ¢3393, which was
predicted to contain both intertwined and parallel three-stranded B-helix (Figure
2-29). "™¢3393 was successfully crystallized and the X-ray diffraction data was
collected at 3.35A resolution (Figure 2-26, 2-27 and Table 2-5). The phase was
probably determined by molecular replacement using the crystals structure of the
N-terminal region of ¢3393 (PDB 2p5z) as a search model but the search model
needs to be improved for complete structure.

. I have attempted to determine the crystal structure of KVP40 gp5. It was
crystallized in two different forms (hexagonal-shape and rhombohedral-shape
(Figure 3-2)), and the full X-ray diffraction data was collected from
rhombohedral-shaped crystals at the resolution of 2.59A (Table 3-1).

. In parallel with the structural analysis of three-stranded B-helical proteins, I also
attempted to obtain the artificial three-strained B-helix in more homogenous form. It
was found that the fusion of SlyD could not completely prevent the association of
artificial three-stranded PB-helix in my constructs, but reduced the large aggregates.
Native PAGE made it possible to distinguish the oligomerization state and, more
importantly, detect partially unfolded species (Figure 4-16). It was also found that
partially unfolded species could be eliminated by the limited proteolysis by trypsin
(Figure 4-17).

. Finally, I succeeded in purifying the artificial three-stranded B-helix to near
homogeneity in dimer of trimer form by using trypsin treatment (Figure 4-18 and
4-19). I expect the purification method established in this study would be applicative

to longer construct.
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5-2
l.

Future Perspectives

The X-ray diffraction data of ™¢3393 and KVP40 gp5™ were obtained in the
present study. In the case of KVP40 gp5"™, the expression and purification
procedure of the SeMet derivative is already established and its crystallization trials
are ongoing. The T4 gp5 has the longest three-stranded B-helix with known
three-dimensional structure but KVP40 gp5 is expected to have even longer
three-stranded B-helix. Hence, I hope that the crystal structure of KVP40 gp5 will
promote the understanding of three-stranded B-helical structure and also give us a
clue to design new artificial three-stranded B-helices.

Another experiment to be performed is the examination if the RHS (rearrangement
hot spot, Chapter2 2-4) protein could facilitate the folding of VgrG proteins. The
experiment has been already started in our laboratory.

In the present work, the presence of partially unfolded artificial three-stranded
B-helix was detected. One possible method to facilitate the folding of artificial
three-stranded B-helix and eliminate these species would be the introduction of the
hydrophobic core of gp5C (called C or Cgp5C in this study) to before or after the
building block. Cgp5C is expected to fold very rigidly thus I expect it would

stabilize three-stranded B-helix.
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Table 5-1 Summary of the results towards structural determination

Protein constructs Expression Purification Crystallization C(leilfé thliloif(ﬁ;ay detsétrr;liglg[eion
E. coli 0157 VgrG1"s o o
E. coli 0157 VgrG1cMio7his o o
E. coli 0157 VgrG1Cesoihis o o o o (1.954) o
E. coli 0157 VgrG2" o
E. coli 0157  "™SlyD-VegrG2C™ o o?
E. coli 0157 VerG3"® o
E. coli 0157  "™SlyD-VgrG3C9+® o o
E. coli CFT073 3393 o o
E. coli CFT073 hs¢3393 o o o o0 (3.354)
E. coli CFT073 c1888"* o
E. coli CFT073 "SlyD-c1888C™*" o o?
E. coli CFT073 c1883" o
E. coli CFT073 "SlyD-c1883C%* o o
K VP40 phage gp3™s o® o® o o0 (2.594)

o has been achieved.
* The proteins form aggregation.
® The expression and purification of KVP40 gp5 were reported by Nemoto et al. (67)
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