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0. ABSTRACT

Growing evidence suggests that horizontal gene transfer plays an integral role

in the evolution of bacterial genomes. Once of the debated examples of horizontal gene

transfer from animal to prokaryote is the fibronectin type 1 domain (EnllID). Certain

extracellular proteins of soil bacteria contain an unusual cluster of FnllIDs, which

cxhibits sequence similarity to those of animals. Tt has been proposed that the bacterial

FnllID had been acquired horizontally from animals. In this thesis, I report the solution

structure of the FnllID of chitinase A1 from Bacillus circulans W1-12. To the best of

my knowledge, this is the first tertiary structure to be reported for an FnllID from a

bacterial protein. Striking structural similarities to animal counterpart are found.

Sequence comparisons with other FnllIDs from bacterial proteins reveal that the

hydrophobic core-forming residues of bacterial FnllIDs are highly conserved, and thus

are under strong evolutionary pressure. The total lack of surface-exposed aromatic

residues displays that the role of this FnllID is different from those of other bacterial

B-sandwich domains which function as carbohydrate-binding modules. These results

may support the hypothesis that the evolution of the FnllID in bacterial carbohydrase

occurred horizontally. I also conducted NMR relaxation experiments to get the dynamic




information of this FnllID. The data indicate that the domain experiences anisotropic

tumbling and less restrictive internal motion than animal FnllIDs.
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1. INTRODUCTION

The fibronectin type I domain (FnllID) is one of the most common folds in

modular proteins. It was initially characterized in fibronectin, and since then has been

found in ~2% of all animal proteins. Although most of these are extracellular proteins.,

FnllIDs are also found in membrane receptor proteins as well as in intracellular proteins

(. X-ray crystallography (2-8) and nuclear magnetic resonance (NMR) spectroscopy

(9-12) have been used to elucidate the structures of several animal FnllIDs, all of which

adopt Greek key B-sandwich folds with three and four strands, consisting of 80-100

amino acid residues in total. The functions of many FnllIDs are still unclear. Each

EnllID  comprises domain-intrinsic and domain-specific regions (13). The former,

made-up of relatively conserved residues, are responsible for forming the FnllID

scaffold, which comprises a hydrogen-bond network and a hydrophobic core. The

scaffold is common to all FnllID structures, and endows the domain with its mechanical

extensibility against tension and its high refolding speed (14, 15). By contrast, the

domain-specific regions are formed by exposed residues that are not conserved across

the FnllID family. These residues often form the recognition site for the FnllID of an

interacting partner protein (4, 9).




FnllIDs have also been found in a restricted set of carbohydrases from soil

bacteria (16. 17). It is well known that, unlike eukaryotes, bacteria acquire a significant

proportion of their genetic diversity through foreign sequences from distantly related

organisms (18, 19). In particular, soil bacteria are noted for their mosaic genomes that

reflect extensive recombination (20). The domains occur in different locations and in

different number in the carbohydrases of bacteria: in addition, the bacteria that possess

FnllIDs appear to be broadly distributed among Gram-positive and Gram-negative

bacteria. As FnllIDs appear sporadically in bacterial phylogenetic trees and have a high

sequence similarity to those of animals, the presence of this domain in bacteria is

regarded as the most convincing example of horizontal gene transfer from animal to

prokaryote (17, 21).

The first bacterial FnllID to be reported was found in chitinase Al from

Bacillus circulans WL-12 (16), the structure of which is described in this thesis.

Bacillus circulans WL-12 1s a Gram-positive soil bacterium and was identified as

through its lysis of the cell walls of yeast and fungi. To hydrolyze chitin’s

B-1.4-glycosidic-linkages, this bacterium uses three enzymes, chitinase A1 (ChiAl), CI

(ChiCl), and DI (ChiDI) (22). All three chitinases adopt multidomain structures:

ChiATl consists of an N-terminal catalytic domain (CatDepiag), two FnllIDs, and a
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C-terminal chitin-binding domain (ChBDg¢piay) (Fig. -3 ChiDI1 is made up of an

N-terminal chitin binding domain, an FnllID, and a C-terminal catalytic domain: ChiCl

comprises a catalytic domain and a C-terminal portion with no apparent sequence

similarity to other known proteins. Among these, ChiA T is known as the key enzyme of

chitin degradation and exhibits the highest enzymatic activity for both insoluble and

soluble chitin (23).

Except for the FnllIDs, the tertiary structures of the domains of ChiAl have

been solved by X-ray crystallography and NMR. The crystal structure of the catalytic

domain reveals an (o/f)s-TIM-barrel fold that is common to class-18 glycosyl

hydrolases (24). Two exposed tryptophan residues (Trp-122 and Trp-134) of CatDepia;

play important roles in the hydrolysis of crystalline chitin (25). Recently the solution

structure of ChBD¢pia1 was reported, which can bind to chitin substrates in an insoluble

or crystalline state (26). Although the overall topology of ChBD¢pia is similar to that of

the cellulose-binding domain from a bacterial cellulase, the location of exposed

hydrophobic residues that are proposed to be important for substrate binding differs

between the chitin- and cellulose-binding domains, indicating a difference in the mode

of substrate binding.

The catalytic- and chitin-binding domains are tethered by two FnllIDs (each




comprising 86 residues). The N-terminal FnllID ('FnlllD(qm]: restdues Ala-464 to
Thr-549) and the other FnllID (anllchm,\;: residues Ala-559 to Thr-644) are linked by
a short sequence (9 residues) and share 74.4% sequence identity with cach other. The
highest sequence identity between 3FnIlID(~hi,\| and an animal EnllID i1s 34%. It has
been reported that the deletion of 2lﬂ'nllIth,M has no impact on the chitin-binding
activity of ChiAl. but causes a significant decrease in the colloidal chitin-hydrolyzing
activity ¢27). The natural function of these FnllIDs remains, however, unclear.

Although there has been a rapid increase in the amount of structural and
functional information on animal FnllIDs during the past several years, the complete
lack of 3D-structural information for bacterial FnllIDs has obscured the evolutionary
relationship of FnllIDs. The precise structural organization of the FnllID is crucial to
our understanding of how the domain functions, as well as to the identification of
evolutionary relationships.

Here I report the solution structure of 2Fnl[lDChim solved by multidimensional
NMR spectroscopy. To the best of my knowledge, this is the first report of an FnllID
structure from a bacterial protein. The structure of 'FnIIIDChi,\] was also calculated
using a homology modeling algorithm. I compare the structure of anlllD(‘hiM with

other known structures with evolutionary and functional views.




At present NMR spectroscopy is the only tool to monitor the dynamic features
of a protein at residue specific sites and on a broad range of timescales. There have been
cnormous NMR cexperiments and many techniques have been developed to investigate
dynamic process of protein (28-30). Besides determining the structure of “EnllDepiag. |
obtained the data of backbone dynamics using "N relaxation experiments. This result is

used to get insight into the feature of 3FnIlID(-hiA|‘
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Fig. 1-1. Domain structure of chitinase A1 from Bacillus cirulans WL-12.
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2. MATERIALS AND METHODS

2.1 Sample Preparation

Recombinant “FnllID¢yia; was obtained by expressing a His-tagged protein in
Escherichia coli BL21I(DE3) cells, followed by affinity purification on a Ni** chelating
column, cleavage with Factor Xa, and final purification by gel filtration. After clcavage
with Factor Xa, vector-derived His and Met residues remain in the N-terminus as
His-557/Met-558/"FnllID¢pia;. Uniform "N-labeling was achieved by growing the
bacteria in M9 minimal medium containing "NH,CI as the sole nitrogen source: for
uniform "N- and "'C-labeled samples, '*Cg-glucose was used as the sole carbon source.
Typical yields were 2 mg of pure protein per L of bacterial culture. Most NMR
experiments were performed with 1.0~1.5 mM an[lIDchiA] samples at 310 K and pH
6.5 (20 mM potassium phosphate, 50 mM KCI, 2mM Pefabloc®) using H.O/D-0O 9:1
(v/v) as the solvent. Homonuclear 2D NOESY and TOCSY, and 3D HCCH-TOCSY and

'H-""C NOESY-HSQC spectra were obtained with samples dissolved in D-O.

2.2 NMR Spectroscopy for Structure Calculation

NMR spectra were acquired with a Bruker DMX500, DRX500 or DRX800
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spectrometer equipped with a pulse-field-gradient triple resonance probe. Assignment of
the IH, N and "C resonances of :Fnllle“,\. was obtained using 2D TOCSY, NOESY.
'H-"N HSQC, 'H-"C HSQC. 3D 'H-"N TOCSY-HSQC. and a series of
triple-resonance experiments incorporating pulsed field gradients, water flip-back pulses,
and sensitivity enhancement when amide protons were detected in the F3 dimension:
CBCACOHN, CBCANH, HNCO, CCONH, HCCONH. and HCCH-TOCSY spectra
(31). The 2D NOESY (150 ms mixing time), 3D "H-""N NOESY-HSQC (100 ms and
150 ms mixing times), and 3D 'H-"*C NOESY-HSQC (150 ms mixing time) spectra
were also used to derive distance restraints for structure determination. To identfy the
hydrogen-bond pattern, a M inco HNCO experiment was performed (32). The data on
DMX 500 and DRX 500 machines were acquired with S12#(HN) x 22*(N) x 54*(C)
complex (*) points and 16 scans (CBCACONH); 512%(HN) x 22*(N) x 50*(C), 16
scans (CBCANH); 512%(HN) x 22*%(N) x 105%(C), 8 scans (HNCO); 512%(HN) x
22%(N) x 64%(C), 32 scans (CCONH); S512*(HN) x 22%(N) x 40*(H), 32 scans
(HCCONH); 512%(H) x 128*%(H) x 30*(C), 8 scans (HCCH-TOCSY); 512*(HN) x
30%(N) x 100%(H), and 8 scans (3D 'H-""N TOCSY-HSQC). The data at DRX 800 were
acquired with 1024*(HN) x 30*(N) x 35%(C), 32 scans (‘”’JHNC() HNCO); 1024*(HN)

x 32%(N) x 135%(H), 8 scans (3D 'H-""N NOESY-HSQC); 1024*%(H) x 50%(C) x
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128*%(H), and 8 scans (3D 'H-"cC NOESY-HSQC). All data were processed with the

program NMRPipe (33).

2.3 Resonance Assignments
Backbone sequential assignments (HN. N, Co, and CB) were done mainly

using CBCA(CO)NH and CBCANH spectra. First. according to ('HN. "N) chemical

CB(i-1) from CBCA(CO)NH) and intra-residue (Coui) and CB(i) from CBCANH) were
clustered. Then, in each cluster (i), based on the intra-residue chemical shifts (Coui) and
CPB(i)), another cluster (j) which had the same inter-residue chemical shifts (Cot(i-1) and
CB(i-1)) was searched. All the clusters could be connected into bi-cluster (i-j) sets and
thus be assembled entirely. Side-chain assignments (C and H) were acquired mainly
using 'H-""C HSQC, C(CO)NH, H(CCO)NH, and HCCH-TOCSY spectra. The
C(CO)NH and H(CCO)NH spectra gave the information of side-chain carbons and
protons chemical shifts from "HN and "°N signals of backbone which had already been
assigned. This information was combined with the spectra of 'H-""C HSQC and
HCCH-TOCSY for the identification of proton and carbon pair. All NMR spectra in this

study were analyzed with the program NMRView (34) and in-house programs written
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by Tcl/Tk were used to help assignments.

2.4 Structure Calculations

Initially, structure calculation and NOE peak assignment were performed in an
iterative and manual manner using the program DYANA (version 1.5) (35). NOE
cross-peak intensities were classified as strong, medium or weak, and assigned (o
restraints of 1.8-3.0. 1.8-4.0 or 1.8-5.0 A, respectively. On the base of " invco HNCO
spectrum, hydrogen-bonds restraints were applied as 2.5-3.3 A for N-O pairs and
1.8-2.5 A for HN-O pairs and used from the initial procedure. Backbone torsion angle
restraints were derived from '?JHNH(x of HMQC-J (31) and TALOS program (36). The
backbone ¢ angle restraints used were —65 + 25° for ’z‘lHNH(X < 4.7 Hz, —120 £+ 40° for
Tinmo > 8.5 Hz and < 9.9 Hz, and —120 £ 20° for “Jynne > 10.0 Hz. If the predicted
TALOS ¢ angle was within the range of Tt the TALOS derived ¢ angle was used
for restraints. The torsion angles x| of Tyr, Phe and Trp were estimated from }J("('y and
3JN(~Y coupling constants (37). Final refinement employing ambiguous NOE assignments
and floating chirality assignments was performed using the program ARIA (version 1.0)
and a CNS package as described (38). A total of 150 structures were refined in the last

(ninth) iteration, and the quality of 30 lowest energy structures was analyzed using
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AQUA and PROCHECK-NMR software (39).

2.5 Sequence Alignments, Homology Modeling, and Structure Comparison

Homologous bacterial sequences of anlIlD(-hm were obtained from SMART
(smart.embl-heidelberg.de) server (40).  In the SMART server, 135 bacterial FnllIDs
from 102 proteins were registered. Among these, I chose only FnllIDs from the proteins
whose functions are clearly identified as bacterial glycosyl hydrolases. Initially there
were 83 FnllIDs from 61 proteins. These sequences were filtered manually to get only
onc FnllID sequence in the case of a protein with multiple FnllIDs. Species
redundancies were also considered. For comparison, three FnllIDs from Bacillus
circulans were added. Finally 21 FnllID sequences from 20 carbohydrases from 18
bacterial genera were used in multiple sequence alignments using ClustalW with default
parameters (41). CHROMA software was used for analyzing and annotating the results
from sequence alignments (42).

The structure of IFnll[D(‘],,vM was modeled using the anlllD(\hi,\, structure as a
template. IFnIIlD(‘hiM shows 74.4 % amino acid sequence identity with zFnlllD(«hi,\. and
there are no gaps in the sequence alignment. The MODELLER program (43) was used

for modeling and the quality of the model was assessed using PROCHECK.
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Structure comparisons with other structures of FnllID-like domain were done

using DALI (4+4) and MOLMOL (45) software.

2.6 Theory of Relaxation Experiment

The magnetic relaxation of nuclei is stimulated by magnetic fields oscillating at
the relevant transition frequencies. The relaxation parameters. longitudinal relaxation
rate (R,), transverse relaxation rate (R»), and {]H}—HN NOE (NOFE), can be written on
the basis of the influences of the appropriate frequencies. For example, the relaxation of
a protonated "N nucleus (e.g., backbone amide in the case of protein) is influenced by
HN group motions at the resonant frequencies of the nitrogen (@y) and the proton ().
the sum and difference of these frequencies (wy+ @y, @y-wy), and a frequency of zero
(corresponding to loss of phase coherence). In the case of "N relaxation, the two
predominant relaxation mechanisms are dipolar-dipolar interaction (DD) between N
and 'H, and chemical shift anisotropy (CSA) of "N. As a consequence of molecular
motion, the DD and CSA create oscillating local magnetic fields, and which cause
relaxation. Thus relaxation parameters (R,, R,, and NOE) which are expressed using DD
and CSA termss are linear combinations of spectral density functions of appropriate

frequencies as follows (46):



5

/; hl
R, :(—4—[.1((0,, —w,)+3(w,)+6J(w, +w )]+ J(w,)
R, :%[4J(O)+J((u,, —w,)+3J(w,)+6J(w,)+6J(w, +w,)]
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: ‘ hy. Ao . . . .
in which (/:M<1j\,,‘;>,(':'\7,/1(, is the permeability of free space: /i is

&
s . . N 15 .
Planck’s constant: y; and py are the gyromagnetic ratios of "H and "N, respectively.

Here  the  spectral  density  function, J(@), is defined by the Fourier

transformation of auto-correlation function, G(1).
J(w) = fG(t)cxp(—a)r)d/

To solve these relaxation equations, besides five J(w) values, the values of CSA
(A0), ryy, and R, must be determined too. To reduce the number of unknowns. the N-H
bond length and "N CSA are usually assumed to be constant with ry,=1.02A and
Ao =-170 ppm.

The remaining unknowns could be further reduced using Lipari-Szabo
“model-free™ parameterization of J(w) (47, 48). In “model-free™, the spectral density
function, J(w), is defined in terms of (i) the global rotational diffusion of the
macromolecule (molecular correlation time, 7, typically a few nanoseconds, and

possibly the diffusion anisotropy); (ii) the time scale of internal motions faster than the
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global tumbling (effective internal correlation time, 7., picosecond- nanosecond time
scale): and (iii) the degrec of restriction (related to amplitude) of these fast internal
motions (the square of the order parameter, S°). These parameters. which can be
extracted from the analyses of NMR relaxation experiments. reflect the motional
property of each residuc.

The spectral density function of model-free treatment varies according (o the
overall diffusion model of the biomolecule. In the case of isotropic global tumbling.

J(w) is written as

.l(a)):SWT—‘,wt(l—Sz)—T,'T
[+(wt ) I+ (wT)

| 1 | . . . . L . .
where — =—+—_ 7. is the overall correlation time, 7. is the cffective correlation time
T T T

v

. . . 2. . . .
for the internal motion, and S~ is the generalized order parameter. For axially symmetric

anisotropic global motion, J(@) will be extended as (49-51)

’

5y A AWT‘Y AT‘ > T
Jawy=s|—20 A AL gy
I+(wr))” 1+(wr,) 1+(wr,) I+(wT)
3cos 01 1 : : 1
where A]:LLOS—H) LT = ;. A,=3sin"fcos 0 . T,=——
4 6D, ) T SD +D,
3. 1 I l I
A==sin"f: ,=————1 =6D+—: D==(2D+ D))
-4 2D +4D, T T, 3

With spectral density function mentioned above, five model-free models arc

considered. These included model 1 with S describing the amplitude of spatial

19




restriction for a backbone amide N-NH vector which can vary from 0 (no spatial
restriction) to | (complete spatial restriction). and 7. Model 2 is with §°. 7 . and a
correlation time for picosecond time-scale internal motions (7). Model | assumes that
r.— 0 and does not contribute to relaxation, whercas model 2 assumes that internal
motions are within the 107'~10" s time-scale (0 < 7. <t )and contribute to relaxation.
Model 3 is a modified version of mode | to include a parameter describing the
contribution of microsccond to millisecond time-scale internal motions o R> (R, in s").
Model 4 is a modification of model 2 to include the parameter R.,. Model 5 accounts for
internal motions occurring on two time-scales. This model consists of an order
parameter for fast picosecond internal motions ( S,z ), an order parameter for nanosecond
time-scale internal motions faster than 7 but slower than 7. (S7), a correlation time
for picosecond internal motions, assumed not to contribute to relaxation (7, = 0), and a

correlation time for nanosecond time-scale internal motions (7, ) (52).

Model 1 2 3 4 5
Residue
specific | 7| 87 Re | ST Ra | S 7 R YR
Parameters

The best fit model for the internal motion of residue i is determined by simulating the
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L RP=RM LR =RM . ONOE™ = NOE™ | ,
target function y; =( ) (2 NI ® by means o
T, T Ovor

Monte-Carlo simulations and F-statistical tests as described (52).

2.7 Measurement and Analysis of Relaxation Data

Relaxation experiments were measured using Bruker DMX 500 MHz of 'H
frequency with N labeled anllleh,,\] of 0.4 mM at 310 K. R, and R> mecasurements
were carried out using the pulse sequences reported by Kay et al (53). The R, data were
obtained with a series of delays: 11.865, 121.865, 251.865 (x2), 451.865, 701.865 (x2),
971.865, and 1301.865 ms. The R, data were acquired with a series of delays: 8 (x2). 24,
48,80 (x2). 128, 192, and 288 ms. All the data were gained with 1024% x 100* complex
matrix points and 32 scans. The CPMG sequence was applied with a pulse field strength
of 3.4 KHz for "N. For the {'H}-""N NOE measurement, two 2D spectra were acquired
in an interleaved manner. The two data sets of NOE experiment were acquired with
S512% x 60* complex points and 64 scans. All the data sets were processed with
45°-shifted sine-square apodization in both dimension using NMRPipe (33). Pcak
intensities for analysis were extracted using peak picking method of NMRPipe.
Uncertainties in peak intensity of R, and R, datasets were gained from the spectra with
duplicated R, and R, time intervals. Uncertainty in peak intensity of NOE was gained
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performing the same experiment twice. Relaxation rates were estimated by fitting the
measured peak intensities 1o a single exponential decay curve, ;" =1 exp(—t, R R.).
using a two-parameter fit of CURVEFIT software (52). For uncertainty in the fitting,
Monte-Carlo simulation was employed (54). The model-free analyses for main chain
mobility were done by the TENSOR software (55). The ModelFree4.0 software (52)
was used for the motional analysis of Trp-580"s Nel-Hel vector. In this case. —88.5 ppm

was used as the chemical shift anisotropy of Nel (56).
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3. RESULTS

3.1 Resonance Assignment, Restraints for Structure Calculation, and Structure

Determination

Except for the signals from the vector-derived N-terminal His and Met residues.

which were not observed in "H-""N HSQC. all the backbone signals were assigned using
CBCA(CO)NH and CBCANH (iips. 3+ 1o 33 Side-chain assignment was achicved
using mainly CCONH, HCCONH, and HCCH-TOCSY spectra. Aromatic side-chain
chemical shifts of tyrosine, phenylalanine, and tryptophan were assigned from 2D
NOESY and TOCSY spectra. A necarly complete assignment of anlllD(q,iAl was
achieved (table 3-13 This result has been deposited in the BioMagResBank under
accession number 5178. To extract distance restraints, NOESY spectra with 100 and 150
ms mixing times were used. No severe spin diffusion effects were found in the spectrum
with a 150 ms mixing time. I measured ""Jy;neo HNCO spectrum to get hydrogen-bond
information directly. By comparing HNCO and "Jynco HNCO spectra, 23
inter-hydrogen bonds between the B-strands (Figs. 3-4 and 3.5

I'17 torsion angle restraints, these hydrogen-bond restraints (23*2) were applied from

the initial step of structure calculation. Structure calculation with DYANA was repeated
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by adding distance information derived from NOE cross-peaks identified manually,
until an ensemble of the calculated structures gave the global fold. When the calculated
structure converged enough to identify the global fold, the ARIA procedure was
employed for further refinement using ambiguous NOE cross-peaks. This procedure is
essentially the same as that described previously (38).

The structure of the 2FnlllD(q,m was determined from the distance and
torsional angle restraints listed in Table 320 An overlay of the final 30 structures shows
that the backbone and hydrophobic side chains have been well defined (Figs. 30 and
37y, The average root mean square deviation (RMSD) of these structures (Ala-559 to
Thr-644) is 0.431 and 0.714 A for the backbone and all the heavy-atoms, respectively.
There is no distance restraint violation of > 0.3 /&, and no dihedral angle restraint
violation of > 5 A. The detailed statistics for the structures are shown in Table 3-2. The

Ramachandran plot of backbone torsion angles are also drawn (Fig. 3-8}

3.2 Sequence Alignments of Bacterial FnllIDs
Of the 61 FnllID-containing bacterial carbohydrases which were initially
retrieved from SMART database, 21 are from Streptomyces, and 16 are from Bacillus

genera. For a comparison of FnllIDs across genera, 1 selected only one FnlIID from
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each genus. As the sequences of FnllIDs from the same enzyme tend to be more similar
to each other than to FnllIDs from other proteins, only one FnllID sequence per enzyme
was selected. If all the bacterial FnllID sequences were used for alignment, then the
apparent similarity in alignment and the proportion of FnllIDs from Gram-positive
bacteria incrcased. All the information concerning acronyms, cnzymatic function,
organism name, Gram-sensitivity and order / total number are written in Fio. 3.4 and
Jable 323,

FnllID from Yersinia enterocolitica (068975) cxhibited the lowest sequence
identity (32.6%) to 3l*‘nllch,n,\.. The lengths of aligned sequences are nearly the same
except for those of Erwinia chryvsanthemi (PEHX_ERWCH) and 068975, which
contain ~20 more amino acids in their C’E loops in comparison with the others. A
comparison of bacterial FnllID sequences with animal FnllID sequences indicates that

the C-terminal 20 residues are more conserved in the bacterial sequences.

3.3 Structure Description
The structure of 2FnIIIDChiA] is a canonical B-sandwich structure containing
two antiparallel B-sheets that are packed face to face (Fig. 3-6 By One sheet is

composed of three B-strands (A, B and E), whereas the other is composed of four
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B-strands (C, C’, F and G). Strand G is divided into two sections, G1 and G2, as in
animal FnllIDs. Three loops in the direction of N-terminus (loops BC, C’E and FG) and
three in the direction of the C-terminus (loops AB, CC” and EF) connect the seven
B-strands, respectively ¢Fia. 3.6 B

The B-sandwich scaffold of “FnlllDcyiar is stabilized by an extensive
hydrogen-bond network between the B-strands, and by a hydrophobic core formed by
inward-facing residues from the B-sheets. It is well known that animal FnllIDs contain
several B-bulge structures on the edge strands A, C” and G. In 2FnlllD(«hiM. three
B-bulge structures at residues, Asn-565/Leu-566 at the beginning of strand A,
Thr-569/A1a-570 at middle of strand A, and Ala-601/Thr-602 within strand C’ could be
unambiguously identified by the direct detection of hydrogen bonds through scalar
couplings. This method naturally revealed the hydrogen-bond network that defines the
strand topology, as shown in Fig. 3-5, demonstrating its utility.

The residues that are conserved in bacterial FnllIDs and form the hydrophobic
core are well defined in the final structures ¢iig. 3-73. The following residues are totally
buried in the core, with an solvent-accessible surface arca of less than 7%: Pro-563,
lle-576, Leu-578, Trp-580, Ser-583, Tyr-592, Val-594, Ala-609, lle-611, Phe-622,

Val-624, Ala-626, Ser-637 and Val-642. The hydrophobic core is made up of two
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clusters in which three aromatic residues play a central role. One of the clusters contains

Trp-580 and Tyr-592 surrounded by Pro-563, Ser-583, Val-594. Val-624 and Ala-626.

These aromatic residues are nearly completely conserved, even in animal FnllIDs,

suggesting that this cluster is integral for maintaining the FnllID fold ¢Fivs. 37 and

A-f43. The other cluster is made up of Phe-662 surrounded by lle-576. Leu-578.

lle-611 and Val-642. The hydrophobic properties of these residues are highly conserved

across bacterial and animal FnllIDs (Fios. 327 and 395,

For animal proteins, some FnllIDs display a varicty of binding modes with

other proteins using combinations of the loop regions. For example, human fibronectin

binds to integrin through the RGD site on the FG loop and the PXSRN site on the C'E

loop, which form interfacial surfaces (4, 9). The importance of the loop sequence for

molecular recognition is demonstrated by an artificially engineered FnllID with altered

sequences on the BC and FG loops that binds ubiquitin with high affinity (57). In

bacterial FnllIDs, the AB, EF and FG loops are relatively well conserved in length and

sequence. In contrast, the BC, CC” and C’E loops are variable (FFig. 3-9). The BC loop is

stabilized by a hydrogen bond between the main-chain HN group of Ser-583 on the loop

and On of Tyr-592. In 28 out of 30 final structures, this HN group and the On are

located within 2.35 A. This bond is also found in some animal FnllIDs.




In addition to the loop regions, some exposed residues in the B-sheets play a
role in molecular recognition in some proteins. In human growth factor and human
tissue factor receptor, the association of successive domains in the FnllID-FnllID
segment creates charged surfaces around the domain boundaries. which serve as binding
sites for their ligands (2. °5). In contrast, the surface of 2FnIlID('hi,\] is mostly surrounded
by non-charged residues as shown in Fig. 3-10. "FnlllDcyiag has only four negatively
charged (Asp-585, Asp-593, Asp-617, and Asp-628) and three positively charged
(Lys-625, Lys-627 and Lys-643) residues on the surface, which are sparscly located on
the protein surface and do not form a noticeable charged patch.

To analyze the charge status of the 'FnlIIDChi,\IJFnl[lD(-mM module, the
structure of 'FnIIlDChiM was modeled (Fig. 3-113. As there are no gaps in the sequence
alignment and a high sequence identity (74.4%) between anIlID(‘hiA, and 'FnlllD(‘hiAl.
homology modeling of the 'FnlllD(‘h.A] structure was quite straightforward. The RMSD
between the modeled 'FnIIIDChiA, and anlIchhi,\] is 1.173 A over the Ca coordinates
of Ala-559 to Thr-644 in anllIDChiM. Contacts between the hydrophobic core-forming
residues are nearly identical between the two FnllIDs ¢¥ig. 3-1{B). All the backbone
angles of the modeled structure, except for those of glycines, are in the allowed regions

of Ramachandran plot.

28




The electrostatic potential map on the surface is drawn in Fig. 311 The
| . .
modeled structure of "FnllID¢ya  reveals that charged groups are sparsely distributed on
. . . . ~ D
the protein surface with no noticeable charged patches. as scen for "FnHIDcyia.
- - | 2 . - <
Modeling of the "FnllID¢pin = FnllIDeyia; module using the coordinates of "FnlllD ¢y
and “"FnllIDepiag at a variety of inter-domain orientations suggests that, unlike human

tissue factor and human growth factor receptor, the two domains are unlikely to produce

a cluster of charged side chains at the domain boundary (data not shown).

3.4 Low Sequence Complexity

The noteworthy feature of anIIID(«hiAI 1s its unusual amino acid composition.
The sequence of this domain is rich in amino acids with short side chains. It has 20
threonine, 16 alanine and 10 serine residues, and these three types of amino acid make
up over 50% of the residues of this domain. Owing to the biased amino acid
composition, if using a BLAST sequence homology search without a filtering option,
then proteins with low complexity such as antifreeze proteins (threonine- and
alanine-rich) or mucin (threonine- and serine-rich) are retrieved with high probability.
Although proteins with low sequence complexity are more likely to generate relatively

extended structures (58), anlIIDChiAI adopts a globular and compact fold. The




molecular weight of anlllD(hi,\ (Ala-559 to Thr-644) is 8423.1 Daltons, giving an
average mass per residue of 97.9 Daltons, which is lower than 99% of the protein
sequences contained in SWISS-PROT (59). This high content of small side chains
probably caused the relatively small difference between backbone and heavy atom
RMSDs i the final 30 NMR structures. A high content of small side chains is generally
found in bacterial FnllIDs, but not in animal FnllIDs.

Most of the threonine residues arc located on the surface of ZFI]”ID(']“,\ e,
=12y, and thus have little effect on its global fold. Most threonines are not highly
conserved in bacterial FnllIDs; instead, small residues (A, C, S, T, D, N, V, G, and P)
occur with a probability greater than 80% at the positions corresponding to threonines in
"FnllIDcpia (Fig. 3-9). These residues presumably contribute to the solvent-accessible

surface of each molecule, and thus may be important functionally.

3.5 Structural Comparison

The program DALI was used to search protein databascs for structures similar
to that of anIlIDChm (44). It retrieved 131 structures with Z scores greater than 2.0
from the Protein Data Bank. All of the structures with Z scores larger than 9.0 arc

FnllIDs.  Other families of B-sheet sandwich structures, including the immunoglobulin




fold, were retrieved with Z scores of 2.0~8.0. The following structures were found to be
the most similar to that of 2FnIIlD(‘hi,\, with Z scores larger than 10.0 and a Co atom
RMSD smaller than 2.0 A: integrin B-4 subunit fragment (PDB code: 1QG3. Z score:
I'1.9, RMSD: 1.8 (over 83 residues)) (8), tenascin fragment (1QR4., 11.4, 1.6 (81)) (6).
fibronectin fragment (1ENH, 11.3, 1.7 (81)) (7), fibronectin (IENF, 11.0. 1.8 (81)) ().
Drosophila neuroglian (1CFB, 10.7. 1.9 (81)) (3) and titin fragment (IBPV, 10.6, 1.9
(84)) (10) thg. 3- 133 Despite the high similarity of global fold, the surface clectrostatic
potentials and loop conformations of these proteins are different from those of
3FnlllD<~m,\|, and also differ between one another. In particular, the loop structures of
anlllD(‘hi,\ are unique. The 2FnlIID(‘him loops, except for the BC loop, are very short in
comparison with those of other FnllIDs. The conformation of the BC loop seems to be
unique, as no other FnllID derived by DALI exhibits a similar conformation (Fig. 3-i4),
Under “Discussion”, I compare these structures with 3FnlIlD(‘him from an evolutionary

point of view.

3.6 Relaxation Data of “FnlIID¢yia
Except overlapped (Ala-582, Asn-586, Val-587, Val-594, Leu-614, Lys-627,

Ser-641, and Lys-643) and proline (Pro-560 and Pro-563) residues, R;, R>, and NOE
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values of 76 residues were acquired. Estimated R;, R>, and NOE values are drawn in
Figs. 3-15 und 3-16. The mean values (10% trimmed) are 2.43 (£ 0.11) s (R)). 5.50 (£
0.32) s (R5), and 0.65 (£0.04) ({ 'H}-"N NOE) ¢ Tabic 34, Figs, 315 and 3101,

To get appropriatc motional model (isotropic, axially symmetric, or
anisostropic diffusion), the structure which was determined in this study and R./R,
relaxation parameters were used. The residues for which R»/R ratios may be affected
by fast internal motion or R,, contribution were excluded (50, 51). The excluded
residues were those with:

(1) {'"H}-"N NOE < 0.6, residues with fast internal mobility

<R,>-R, <R>-R

1> 1.5% 8D, residues with significant R,
<R, > <R >

an

As a result, among the initial 76 datasets, 59 datasets were selected. The 500 cycles
Monte-Carlo simulation of y° and F-test selected axially symmetric diffusion of

prolate as appropriate rotational model. Isotropic diffusion was rejected for its larger

value of . =78.2 than that of simulation ( ¥, = 76) and an anisotropic diffusion was

xXp
not selected as there was no statistically significant improvement in F-test (Fo,=0.62 <
Fy1=4.0). In the case of axially symmetric diffusion, two models of prolate and oblate

which have two orthogonal minima, can be exist. Oblate diffusion was also rejected for

its larger x* value (. =72.4> y;,=71.2) (Fig. 3-17A).

exp
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The asymmetric rotational diffusion ratio (Dy/Dy) of the prolate tensor is 1.33 +
0.05. The relative ratio of the principle components of the inertia tensor which is
calculated from the structure is 1.00:0.98:0.36. The D,, (Dy) component of the prolate

~ 2 ~ ~ . ~ . .
tensor of "FnllIDepiar makes an angle of 10° with 7,, component of the inertia tensors

I 2

6D D +2D,

thig. 3-17B) The overall rotational correlation time (7 )is 4.1 ns
and 1t is very similar to 4.12 ns of ubiquitin at 300 K (50). The molecular weights of
2FnlIlehm (including His-557 and Met-558) and ubiquitin are 8.8 and 8.5 kDa
respectively and thus similar each other. It can imply that the 2FnlllD(-hm has larger
hydrodynamic radius than ubiquitin, considering the difference of the temperatures at
which the data were gained. The relative moment of the inertia tensor in ubiquitin is
1:0.90:0.64.

Next, assuming asymmetric rotational diffusion tensor, model-frec analyses of
residue-specific internal mobility was done {fable 3-5 and Fig. 3185 Of the 76
residue-specific datasets subjected to the analysis, 57 were best fit by model 1, 4 by
model 2, 6 by model 3, 8 by model 4, and | by model 1.

The mean value of the generalized order parameters is 0.80 (£ 0.06). Regions
of secondary structure show higher order parameters than those of loop regions (Fig.

3-18A) and 1-S* are in general agreement with the residue specific RMSD of the final
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30 ensemble structures (Fig. 3-193. As the value of 1-§7 represents the degree to which
orientational information about the bond vector is lost due to local internal motion,
rather than due to the roational diffusion of the whole molecule (60), it can mean that
the relative disorder of the overlaid structures in the BC and FG loops is the result of
their flexibility.

Several residues that required 7. or R., terms to describe their relaxation
parameters were found. However, there was no residues which revealed statistically
mecaningful values of 7. (greater than 100 ps) or R. (greater than | Hz) except

N-terminal residue Ala-559 i¥i¢. 318,
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Table 3-2. Structural statistics® for 2FnIIID .,

Restraints for structure calculation
NOE distance restraints
Unambiguous
Ambiguous
Hydrogen-bond restraints
Angle restraints
HMQC-J(¢)/TALOS(¢)/y 1

Mean energies (kcal/mol)
b

3
Lennard-Jones

clee

Deviation from restraints®
NOE
Dihedral angle
Hydrogen bond

Deviation from ideal geometry
Bonds
Angles
Improper

1382
239

23x2

S8/55/4

-131.215 4+ 27.2
-271.614£6.5

0.017+57x10%A
0.19+39x 102°
0.099+3.0x 10+ A

0.0011 £57x 105 A
0.25+3.9x 102°
0.16 +3.0x 102 A

Ramachandran analysis by PROCHECK (residues Ala-559 to Thr-644) (Fig. 6)

Residues in most favored regions
Residues in additional allowed regions
Residues in generously allowed regions
Residues in disallowed regions

Coordinate precision (residues Ala-559-Thr-644)
RMSD of backbone atoms
RMSD of heavy atoms

74.0 %
23.6 %
2.4 %
0.0 %

0.431 A
0.743 A

“These statistics comprise the ensemble of the final 30 structures calculated with

ARIA1.0.

"The Lennard-Jones van der Waals energy was calculated using CHARMM parameters and

was not included in the target function employed in the structure calculations.

‘None of these structures exhibited distance violations >0.3 A or dihedral angle violations

>5°,
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Table 3-4. R,, R,, {{H}-5N NOE, R,/R, data of 2FnIIID,.,,

Name No R1(s!) dR1 R2(s") dR2 NOE dNOE R2/R1  dR2/R1

ALA 559 1.554 0.051 4.159 0.165 -0.099 0.127 2.677 0.106
PRO 560 N/A

THR 561 2.384 0.072 6.169 0.203 0.572 0.062 2.588 0.085
ALA 562 2.511 0.049 5.579 0.125 0.626 0.043 2.221 0.050
PRO 563 N/A

THR 564 2.487 0.101 5.201 0.242 0.707 0.059 2.091 0.097
ASN 565 2.544 0.071 5.520 0.176 0.647 0.050 2.170 0.069
LEU 566 2.557 0.056 5.738 0.141 0.680 0.042 2.244 0.055
ALA 567 2.612 0.077 5.768 0.196 0.678 0.055 2.208 0.075
SER 568 2.429 0.053 4.849 0.131 0.713 0.042 1.996 0.054
THR 569 2.520 0.082 5.590 0.215 0.662 0.05%2 2.219 0.085
ALA 570 2.347 0.051 6.117 0.155 0.581 0.040 2.607 0.066
GLN 571 2.317 0.054 5.949 0.268 0.794 0.048 2.568 0.116
THR 572 2.426 0.065 5.924 0.202 0.689 0.050 2.442 0.083
THR 573 2.13% Q0.111  4.709 0.282 0.671 0.109 2.206 0.132
SER 574 2.378 0.184 4.749 0.439 0.637 0.118 1.997 0.184
SER 575 2.505 0.065 6.052 0.179 0.769 0.041 2.416 0.071
ILE 576 2.522 0.069 5.897 0.184 0.666 0.044 2.338 0.073
THR 577 2.473 0.076 6.454 0.228 0.716 0.045 2.610 0.092
LEU 578 2.463 0.081 5.578 0.222 0.613 0.059 2.265 0.090
SER 579 2.548 0.063 5.620 0.169 0.612 0.045 2.206 0.066
TRP 580 2.628 0.062 5.947 0.177 0.647 0.040 2.263 0.067
THR 581 2.562 0.079 5.840 0.226 0.712 0.05%4 2.279 0.088
ALA 582  N/A

SER 583 2.339 0.068 5.499 0.468 0.706 0.063 2.351 0.200
THR 584 2.288 0.099 5.397 0.297 0.626 0.092 2.359 0.130
ASP 585 2.244 0.061 5.301 0.191 0.550 0.053 2.362 0.085
ASN 586 N/A

VAL 587 N/A

GLY 588 2.171 0.075 4.609 0.196 0.548 0.089 2.123 0.090
VAL 589 2.240 0.069 5.801 0.192 0.570 0.064 2.590 0.086
THR 590 2.518 0.078 5.882 0.199 0.594 0.049 2.336 0.079
GLY 591 2.410 0.045 5.755 0.125 0.641 0.040 2.388 0.052
TYR 592 2.484 0.075 5.546 0.205 0.684 0.048 2.233 0.082
ASP 593 2.502 0.083 5.711 0.234 0.641 0.051 2.283 0.093
VAL 594 N/A

TYR 595 2.533 (0.085 5.593 0.220 0.660 0.050 2.208 0.087
ASN 596 2.418 0.082 5.777 0.242 0.667 0.050 2.389 0.100
GLY 597 2.521 0.056 5.296 0.148 0.644 0.042 2.101 0.059
THR 598 2.152 0.218 5.936 0.668 0.655 0.178 2.758 0.310
ALA 599 2.495 0.058 5.803 0.176 0.729 0.042 2.326 0.070
LEU 600 2.302 0.037 5.029 0.102 0.652 0.035 2.185 0.044
ALA 601 2.380 0.069 5.614 0.205 0.681 0.048 2.358 0.086
THR 602 2.388 0.035 5.239 0.100 0.699 0.032 2.194 0.042
THR 603 2.276 0.05 5.500 0.169 0.666 0.039 2.417 0.074
VAL 604 2.508 0.064 5.845 0.181 0.668 0.042 2.331 0.072
THR 605 2.374 0.104 5.705 0.292 0.761 0.064 2.403 0.123




(Table 3-4. continued)

Name No R1(s") dR1 R2(s™') dR2 NOE dNOE R2/R1  dR2/R1
GLY 606 1.917 0.036 4.804 0.113 0.564 0.033 2.506 0.059
THR 607 2.218 0.057 5.146 0.168 0.662 0.043 2.320 0.076
THR 608 2.467 0.051 5.607 0.138 0.702 0.037 2.273 0.056
ALA 609 2.523 0.058 5.605 0.153 0.620 0.040 2.221 0.061
THR 610 2.282 0.061 5.363 0.171 0.682 0.046 2.350 0.075
ILE 611 2.520 0.069 5.071 0.183 0.690 0.050 2.012 0.073
SER 612 2.268 0.057 5.892 0.179 0.682 0.041 2.598 0.079
GLY 613 2.313 0.056 4.857 0.151 0.700 0.048 2.100 0.065
LEU 614 N/A

ALA 615 2.333 0.052 5.537 0.161 0.689 0.045 2.373 0.069
ALA 616 2.305 0.035 5.334 0.099 0.721 0.036 2.315 0.043
ASP 617 2.373 0.045 5.158 0.121 0.664 0.039 2.174 0.051
THR 618 2.383 0.061 5.280 0.166 0.617 0.045 2.216 0.070
SER 619 2.331 0.051 5.160 0.129 0.629 0.042 2.214 0.055
TYR 620 2.400 0.072 5.004 0.183 0.621 0.050 2.085 0.076
THR 621 2.345 0.066 5.322 0.176 0.614 0.043 2.270 0.075
PHE 622 2.412 0.078 5.261 0.209 0.638 0.053 2.181 0.087
THR 623 2.601 0.072 5.444 0.190 0.692 0.046 2.093 0.073
VAL 624 2.676 0.087 5.550 0.538 0.649 0.054 2.074 0.201
LYS 625 2.619 0.091 5.690 0.246 0.645 0.057 2.172 0.094
ALA 626 2.565 0.088 5.648 0.245 0.654 0.055 2.202 0.09
LYS 627 N/A

ASP 628 2.482 0.084 6.102 0.244 0.626 0.059 2.458 0.098
ALA 629 2.396 0.055 5.348 0.150 0.705 0.053 2.232 0.063
ALA 630 2.194 0.044 4.944 0.133 0.606 0.038 2.253 0.061
GLY 631 2.280 0.056 4.981 0.162 0.657 0.045 2.184 0.071
ASN 632 2.464 0.066 5.773 0.178 0.621 0.047 2.343 0.072
VAL 633 2.386 0.085 5.771 0.237 0.554 0.066 2.418 0.099
SER 634 2.579 0.078 5.836 0.202 0.667 0.059 2.263 0.078
ALA 635 2.518 0.057 6.417 0.166 0.721 0.044 2.548 0.066
ALA 636 2.550 0.049 5.333 0.132 0.655 0.042 2.091 0.052
SER 637 2.608 0.054 5.380 0.148 0.661 0.043 2.063 0.057
ASN 638 2.544 0.047 5.295 0.134 0.658 0.042 2.082 0.053
ALA 639 2.542 0.055 5.404 0.155 0.629 0.052 2.125 0.061
VAL 640 2.543 0.068 5.354 0.173 0.630 0.046 2.106 0.068
SER 641 N/A

VAL 642 2.454 0.065 5.000 0.168 0.641 0.044 2.038 0.068
LYS 643 N/A

THR 644 2.487 0.061 5.359 0.154 0.613 0.041 2.155 0.062
NET 580 2.175 0.034 5.827 0.116 0.673 0.032 2.679 0.053
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Table 3-5. Model free data of 2FnIIID;,,

Name No. Model S2 dS$? Te(s) dte Rex (Hz) dRex Sf?  dSf?
ALA 559 4 0.419 0.019 9.927e-11 1.628e-11 1.046 0.216
PRO 560 N/A

THR 561 3 0.789 0.024 0.984 0.246
ALA 562 1 0.834 0.012

PRO 563 N/A

THR 564 1 0.807 0.024

ASN 565 1 0.840 0.018

LEU 566 1 0.856 0.014

ALA 567 1 0.870 0.021

SER 568 1 0.776 0.014

THR 569 1 0.838 0.019

ALA 570 4 0.771 0.017 6.772e~-11 1.863e-11 0.593 0.202
GLN 571 3 0.777 0.019 0.646 0.304
THR 572 1 0.832 0.017

THR 573 1 0.709 0.026

SER 574 1 0.755 0.044

SER 575 1 0.857 0.017

ILE 576 1 0.856 0.019

THR 577 3 0.827 0.023 0.847 0.288
LEU 578 1 0.828 0.020

SER 579 1 0.846 0.015

TRP 580 1 0.882 0.018

THR 581 1 0.863 0.024

ALA 582 N/A

SER 583 1 0.779 0.022

THR 584 1 0.779 0.027

ASP 585 2 (0.737 0.018 6.266e-11 1.987e-11

ASN 586 N/A

VAL 587 N/A

GLY 588 1 0.707 0.018

VAL 589 4 0.718 0.024 4.931e-11 2.37%-11 0.975 0.252
THR 590 4 0.812 0.026 7.020e-11 2.988e-11 0.438 0.236
GLY 591 4 0.790 0.015 3.847e-11 1.661e-11 0.383 0.165
TYR 592 1 0.824 0.021

ASP 593 1 0.842 0.020

VAL 594 N/A

TYR 595 1 0.844 0.021

ASN 596 1 0.828 0.022

GLY 597 1 0.822 0.015

THR 598 1 0.775 0.056

ALA 599 1 0.841 0.013

LEU 600 1 0.760 0.010

ALA 601 1 0.808 0.019

THR 602 1 0.793 0.009

THR 603 1 0.778 0.015

VAL 604 1 0.847 0.017

THR 605 1 0.810 0.024
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(Table 3-5. continued)

Name No. Model $§? dS?

Te(s) dte

Rex (HZ} dRex

Sf2  dSf?

GLY 606 4 0.626 0.013
THR 607 1 0.749 0.015
THR 608 1 0.829 0.012
ALA 609 2 0.819 0.017
THR 610 1 0.773 0.015
ILE 611 1 0.807 0.016
SER 612 3 0.765 0.020
GLY 613 1 0.751 0.014
LEU 614 N/A

ALA 615 1 0.793 0.013
ALA 616 1 0.777 0.010
ASP 617 1 0.785 0.012
THR 618 1 0.793 0.016
SER 619 1 0.776 0.013
TYR 620 1 0.782 0.019
THR 621 4 0.756 0.022
PHE 622 1 0.799 0.021
THR 623 1 0.849 0.017
VAL 624 1 0.882 0.024
LYS 625 1 0.863 0.024
ALA 626 1 0.853 0.022
LYS 627 N/A

ASP 628 3 0.821 0.028
ALA 629 1 0.801 0.015
ALA 630 2 0.714 0.0M
GLY 631 1 0.751 0.014
ASN 632 1 0.838 0.019
VAL 633 4 0.764 0.031
SER 634 1 0.862 0.020
ALA 635 3 0.836 0.017
ALA 636 1 0.830 0.011
SER 637 1 0.845 0.014
ASN 638 1 0.828 0.014
ALA 639 1 0.833 0.015
VAL 640 1 0.830 0.015
SER 641 N/A

VAL 642 5 0.784 0.089
LYS 643 N/A

THR 644 2 0.803 0.016
NET 580 3 0.842 0.013

3.610e-11 7.35%-12

6.555e-11 2.740e-11

3.937e-11 1.917e-11

4.017e-11 1.192e-11

7.211e-11 2.982e-11

3.173e-09 1.335e-09

5.55%-11 2.331e-11

0.337 0.133

0.600 0.228

0.336 0.187

0.724 0.303

0.583 0.290

0.863 0.193

0.673 0.140

8.277e-01 2.420e-02
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Fig. 3-1. Strip plots from Leu-600 to Gly-606
Corresponding regions of 'H-'>'N HSQC, CBCA(CO)NH, and CBCANH are selected. Inter-

residue connectivities are drawn with blue arrows.
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Fig. 3-3. Backbone secondary chemical shift

Based on assigned chemical shifts, secondary chemical shifts, (Cot.,~COl o) (CB
CB,.dom)» Were calculated and plotted. The negative values of this plot mean the B-strand
structures (79) Using this plot, after finishing assignment, the secondary structures can be
predicted readily.
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Fig. 3-4. Direct observed hydrogen bonds between f-strands A and B.
Directed detected hydrogen bonds between P strands A and B were drawn using HNCO,
3], nco HNCO strip plots. The left one exhibits the strip plot of hydrogen bond donor from
HNCO, center strip plot was extracted from 3"J;\ .o HNCO, and right strip plot comes from
HNCO for hydrogen bond acceptor. Hydrogen bond connectivity was drawn by dotted blue
line.
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Fig. 3-5. Schematic diagram of the 2FnlIID ..., B-sheets.

The hydrogen bonds identified through scalar couplings across hydrogen bonds ("1, .)) are
displayed as broad, open arrows. The observed NOEs are indicated as double-headed thin
arrows. The B-strands are labeled on the left. In total, 23 hydrogen bonds were detected. The
B-bulge structures on the A (Asn-565/Leu-566 and Thr-569/Ala-570) and C” (Ala-601/Thr-

602) strands are indicated.
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Fig. 3-6. Solution structure of 2FnlIlID_,.,,.

(A) Stereo view of the superposition of the final 30 lowest energy structures (residues Ala-
559 to Thr-644) calculated by ARIA. Regular secondary structure regions are shown in dark
colors. (B) Ribbon diagram of the lowest energy structure. The B-strands (A, B, C, C’, E, F
and G (G1 and G2)) are labeled. All structure figures were prepared using the program
MOLMOL (45).
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Fig. 3-7. Conserved or hydrophobic-core-forming residues.

Stereo view showing the superposition of conserved residues in bacterial FnllIDs or
hydrophobic-core-forming residues with the backbone trace of the lowest energy
structure. The residues which are conserved in sequences alignment and hydrophobic-
core-forming (solvent accessibility below 7%) are colored black (Pro-563, Leu-578. Trp-
580, Tyr-592, Val-594, Phe-622, Val-624, Ala-626 and Ser-637). The other residues
which play roles in hydrophobic-core-forming are colored gray (He-576, Ser-583, Ala-
609, lle-611 and Val-642). The other conserved residues are drawn in light gray (Leu-
566, Gly-613, Leu-614, Thr-618, Tyr-620, Asp-628, Gly-631, Ser-634 and Thr-644).
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PROCHECK-NWR

Ramachandran Plot
2FnIIID (30 models)

L | .-bﬂg

Psi (degrees)

Phi (degrees)

PleA statistics
Residues in most favoured regions [AB.L] 1687 M A
Residupes in addftional allowed regions [ab.Lp] 5318 23 4%
Residves in generonzly allowed regiors [~a,-b.~l.~p] 54 4%
Residoes in duallowed regioms 1 Q.0%
Nomber of non-glycine and nonproline residoes 2280 100 0%
Muomber of end resides (excl. Glyand Pro) a0
Number of glycine residues (shown as irangles) 150
Nomber of proline residues &0
Total number of residnes 2580

‘Boeed on onorolysk ot | X enxroes of eeokxion otoc ko 20 Angsuoms
ond R-mceee no grenoer thon Y%, 0 good g Iy medel would be expecead
w have over S04 I the mea trvourad ceglors.
hiodel nupbes shomn Ieide ench dom poire
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Fig. 3-8. Ramachandran Plot of 30 overlay structures.
All the residues of 2FnIlID,,,, (Ala-559 to Thr-644) were considered. This plot was
prepared by PROCHECK-NMR software (39).

50



(7)) VINOMHD 3ursn pajejouue pue ( | +) A[eISN[) Aq
N0 paLued sem JuowuSi[e 2dusnbag ‘sjuswuSife ayy aa0qe pajedrpur axe VP IIIu, Jo sjuawala amjonns K1epuosag “A[oAnoadsar
€UJ] pue ¢ujg se pajeiadiqqe axe 'V Oqquyg, pue V'
a1} uo sasajuated UT IR SOWAZUD UT SCJ[[[U.] JO SIOQUINU [B10] PUB SIAPIO Y} PUB Y3 3y} uo sasayjualed ur udAid a1e saouanbas

drIu, "paIesIpul e spqunu douanbas jse| pue Isiy YL WYSU

PaI3pISU0d Ay} JO SYISUI[ Y, SPIOB OUIWE SNSUISUOD I0J S19)39] ased 1oddn pue (§ pue 0 ‘y) senpisal Aur 10J J ‘(d pue D ‘A ‘N
‘d ‘LS D V) senpisar [ews 103 s (I pue § Y ‘O ‘N M ‘H ‘g ‘@) senpisar tejod 10j d (L pue §) sanpisal [0Yoo[e 10] (A Pue
‘1) senpisal oneydife 10§ [ ‘(X pue M ‘A ‘I 71T H ‘4 *D V) sanpisa1 a1qoydoipAy 10y 4 ‘(X pue M ‘H ‘) sonpisal onewoie 10j (g
pue () sonpisal padieyd Ajpanedau 10 - ‘(3 pue ¥ ‘H) senpisal pagieyds Ajaanisod 1oj parjdde st + :smof[o} se VINOYH) weidord
ur pasn jey} o} 3uIplodde s1 adA) PIOR OUIWE SNSUISUOD Y] JO UOIBIIJISSB[)) "PIIO[0I 318 SNSUISUOI 94()§ B )M SINPISAI PIOE Uty

‘SATITU [e119)9kq Jo Judwudije sdduanbas apdpny *6-¢€ 314

1dssyssgs S *s9ssq - "ydadedas]|ss “OS Sysyss """ §885 """ s)sd-e|dASS """ " "SSSSSMS| "Y 4SS " "SS|SYJSss " %08,/snsuesuo)
(/1) 0§l LI VA 1S QVAD— 5414045 3T TALANONAT (E2) ONNOSYNOTDIOVS— | OAGAII—HLA3dVAUA TAL= - 30AVLIADTOOAVA 9 (S11) §/6890
(L/1) Syl LLIAIN ON LL QVAA=LHALH0AQ 9 1 GAIVNDTAL (E2) GNNDSYIO 1 TOONO=A | OAQLIN—SLO34LANA TNA— HOGAS LA IDDIDAVD  LE  (GLL) HOMY3 XH3d
(2/2) 8¥Z1 G LAANSALHNAS A A/ AN LAON TASLATANAASN—SALY IDNALO 0SHA | 1/ 0AIOA—NILSdNI L ISA—H SALOON A=V 8SLL (16) NLIHL NV
(L/1) vy TIMELYHYIA HN SATA= ALANT DS | ——LAG——010SLSIFSOL9 I L/ HOTHA—NALSNI0/ LV- VIANSIS|L1=1ldd 6SE (€8) 663060
(/1) S1G  AAAANCTYVLLOMIONAY VIVA4 SNOAL | MdILASI9—S INSTOAHMI Y T=AAY 1 OANAY——NAYO L LDINONADSNAIID NS ANYN - G2v  (L6) varveo
(2/2) €611 TWITIAN MV 1= SYNV= HAHHAY TLO0Nd IMNTAALL—5 19 LLIMOLVVIATOAIASIY———LVAILHSVAL—D SAAISNO INLAINTL LOLL (£8) 8rE9rD
(L/1) €ve VIVYY WY AN WYOL= HALA L B3 LASAALSO——A0SAAS99L 9 HLADIVADLG—01S430 L 1M~ AQOV-HYS/\OV-ALdY  GSZ  (68) 9€07160
(1/1) 99  Id4SAL— HD AN YNOH= A'WWIL a3 [I4SIHL 1 SOANOF0IL ¥ HALLOVAISIOL-USSYS L IAV—  SIAQHAYDSO-vSdd G/9  (Z6) N43HL ¥NN9
(6/8) 186  IASTVV WV AN WNOL—'HALADAY VW11 LALASYLI——1SOAd——LVO4=AACAONTIOSOOL-QLSYNML TVA- TLALNVY 1OVJASIY 68  (88) 1473078Xn9
(1/1) 882  LASIS9 DV VN WNOH—HALALAY SYL109ALADLYS dSOAT——SONE—AAUAOVADSOISNOLYYSHA INA-  VINSDSY 199JASdd 002  (68) 8/90€0
(1/1) £2F¢  SATIT 41 ONCOLOL—1AASAH VL1 SALSITVY——SDOAN——VO0U=A 1SAAQ I d——HOOSSYNWY AT . OHT TH 1904vVdd  ZvE  (98) SHL160D
(1/1) 22  AAVIVS d1 IN-OSOL-1AdASAD Vdl 1SS0V 109 | d—NONH=AALASY | &—TVOLVYYIS I . VOTAVAL IWLAWNJN  LEE  (98) £AXM0
(1/1) 62F  AVSAVS OV JOVLAOI-TLALASAL 9VI10LALALLISL SSOAN——SONU=AANASL——WNLAVNKS 1SA— . LLIOIAL9LAIOVS LbE (€8) 651250
(1/1) G2¢  1VSAVY dD JOVLJOA—YLALASAL 9V110SALAVLYL YSOAN—SINH=AADASS——VNVAVNMS ISA—  SLIVIAV 19L4VSOVY  £vE  (£8) V40TV aHd
(1/1) 8bF  SYSAVY OV 3 NOCA— HALMSAS VdN IVWAAASLYAA——LTVNY—NONI—AANADY——NSIAJVHO TON= | SIYVSVO 1OLIVYTY +9E  (G8) 61/¥20
(1/1) 0t  19SVWY dA IV DO0A= LAIMDAL Vdl 101QLASLIOIA——d L LID¥——VONH—AAHAOYV—VODASYMNS INN—  QLVOSISAOLAVAIL 9ve  (S8) 9Ng160
(1/1) G2ZF  19SYVY AVOAV NOOYV— HAIMSAL SYV 10LALINLYIA——dTVNL—NINH=AANASd—90SAVNKO | I VIVOSDINOLAVAID  LYE  (G8) 8HNZ60
(2/2) b9 AALTVN VA SNOWVDEFAALDLAS QYW 1OSTLYLIOL ASLY TV LON-AATAOLAOAN—LSYVAS ILI—  LLOVISY INLSVIdY 655 (S8) r6¥8¥0
(I/1) £L1  IASTSL WY INOWVOEIALSAAL OVLTOLAAYLLLS INVAT—LONH=AATAOLADAN—CLSVNIL NA= : QLATSSL1OVdALdd 26  (98) 120vE QIHD
(/1) 6¥S ALAVN WY INOVYODE | i. S 9YL1SILVLLOL ASLY T—NVOU=AN O LADAN—CLLSYNIY ILA— NV LADLSHYND ASIY  vOF  (98) gud4l
(2/2) H¥9  AASAVN WV AN VYO S QYY1 SILYLLOL ALLY Y LON=AAIADLADAN—COLSYINS TLI— - LIOVISY INL4V1dY 655 (98) gu4z

N S e

. v

—
Us)




"s1xe-A

3uoe ,0z1 Aq parejol azom safew ‘(a8reyo aanisod) anjq 03 (981eyd 2ANEZSU) Pal WOL) PAIO[0D
are spenuajod ayy 'VYqrIug, Jo soeyns 9qIsseooe JUIA[OS Ay UO S[enuajod ONRISONod[T
‘weIdeIp delng *(0[-¢ 814

-0CL -0Ch

52




180°

Fig. 3-11. Modeled Structure of '"FnIlID,.,,.

A, Ribbon diagram of 1FnIIIDChiAl. B, Overlayed structures of *FnllIDy;,, (yellow) and
'FnIlIDy; 4, (green). Backbones and hydrophobic core forming residues were drawn two. C,
Electrostatic potentials on the solvent accessible surface of 'FnllID,.,, The potentials are
colored from red (negative charge) to blue (positive charge). The right-hand image was

generated by 180° rotation along y-axis of the left-hand molecule.
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1QG3 1QR4

1FNH 1FNF

1CFB ( ' 1BPV

Fig. 3-13. Animal FnIIID structures with high similarity to 2FnlIID,,,,.

These structures reveal DALI Z scores of above 10.0 against *FnIlID,, . Each structure
was labeled with its PDB code: 1QG3 (FnlIlID from intergrin B4 subunit), 1QR4 (from
tenascin), 1FNH (from Fibronectin), 1FNF (from Fibronectin), 1CFB (from neuroglian),
and 1BPV (from titin). For clarity, each of the structures was oriented using the structure
alignment with a structure of “FnIlID,,,,. All these structures can be superposed into that

of 2FnIlID, ,, within Cat RMSD 2.0.
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A B C C E F G1 G2
— 1) :>—|:>—E>—l:>—|:>—l:>
A
* * % Xk E 3 k %k E S 3 *k %k %k * *
2FN3: APTAPTNLASTAQTTSS|TLSWTASTDNVGVTGYDVYNGTALATTVTGTTAT | SGLAADTSYTFTVKAKDAAGNVSAASNAVSVKT
10G3: DLGAPONPNAKAAGSRK | HFNWLPPSGK. . PMGYRVKYWEAHLLDSKVPSVELTNLYPYCDYEMKVCAYGA. QGEGPYSSLVSCR.
10R4: VVGSPKGISFSD I TENSATVSWTPPRSR. . VDSYRVSYVTPNVVTVDKTRTKLVKLVPGVDYNVNI | SVKG. FEESEP| . SGI LK.
1FNH:  AIDAPSNLRFLATTPNSLLVSWQPPRAR. . I TGY | IKYEPPREVRPRPTEAT I TGLEPGTEYT I YV IALKN. NOKSEPL . |GRKK.
1FNF: AVPPPTDLRFTNI|GPDTMRVTWAPPPS| . DLTNFLVRYS. VAELS | SDNAVVLTNLLPGTEYVVSVSSVYE. QHESTPL . RGROK.
1CFB: VPNAPKLTGI. TCQADKAE | HNEQQGD. SPILHYT | QFNWDAAYEKVDSSFVVQ. MSPWANYTFRY | AFNK. | GASPPSAHSDSC.
1BPV: |D.PPGKPVPLNITRHTVTLKWAKPEYTFKITSY | VEKRWLKANN | LENEFTVSGLTEDAAYEFRY | AKNAAGA | SPPSEPSDALI .
B | : | 8 | L T g | : | . J | T [
— NG5S
[ — 1QR4 7
- IFNH . |
—— 1FNF 1
ICFB | ] |
IBPV | | i

Distances between Ca atoms

560 570 580 590 600 610 620 630 640
residues

Fig. 3-14. Comparison of 2FnllIID,,,, structure with those of animal

FnlIIDs.
A, structure based sequence alignment of animal FnllIDs.Using DALI program, the

sequences of animal FnllIDs showing high structure similarity (Z > 10) to that of

2FnllID,; ., Were aligned. Conserved amino acids beyond 4 sequences were drawn in red
and underlined. The hydrophobic core forming residues of 2FnllID;,, are labeled with *.

The sequence of 2FnllID;;,, was abbreviated as 2FN3 and other sequences were named

after their PDB codes. B, distance diagram of aligned structures. The distances between Co
atoms of ?FnIIIDy,,, and animal FnIIIDs in each aligned residue were plotted for structure

comparison. For clarity, secondary structure were indicated at the top.
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Fig. 3-15. Plots of R, and R,

All the data were measured at "N frequency of 50.7 MHz. Among the 86 residues (Ala-559
to Thr-644), except prolines (Pro-560 and Pro—563) and overlapping residues in HSQC (Ala-
582, Asn-586, Val-587, Val-594, Leu-614, Lys-627, Ser-641, and Lys-643), the data from
76 residues were acquired. The error bar represent standard deviations in the estimated

parameters.

57




0.8

| L | I )| PR | L L | I 1 L 1 _
Staf} S SuL S [0 GO 20 a3 O3
W T T I T I T l T | T l T -
? —
g _ i f ? #*E
i + i:-@?r Eﬂf L }ﬁ{ wle
B T ¥
o L
L}
s
1= —
(A3
ol | 1 P U S I ] 1 | | | i 1 1 |
S60 8740 S 84903 R [$3 28 62 €30 G4

Fig. 3-16. Plots of {H}-'SN NOE and R,/R,.

All the data were measured at "N frequency of 50.7 MHz. Among the 86 residues, the data
from 76 residues were acquired. A schematic diagram of secondary structure of *FnllID, |,
was drawn at the top. To acquire overall diffusion tensor, these data were used initially.
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Fig. 3-17. Overall diffusion model of 2FnlIID,,,,. |
A, Statistical analysis of x> and F-test. B, The axes of diffusion tensor. (A) The 500 cycles of Monte-
Carlo simulation of x” were done in isotropic (a), axial symetric prolate (b) and oblate (c), and
anisotropic model (d) respectively. The experimental y> values were written in orange color and
compared with 2 s values. When %2, was greater X% s, the model was rejected. Axial symmetric
prolate and anisotropic model could be selected. However, as F-test indicate there was no significant
improvement in anisotropic model (e), finally axial symmetric prolate model was select as diffusion
tensor. (B) The upper left panel is the ellipse form of rotational diffusion tensor. The Iz component of
inertia tensor makes a angle of 10° with Dz component of diffusion tensor. The two panels of the upper
right show axially symmetric tensor. The three lower panels were taken from fully asymmetric tensor’s
x (Dx), y (Dy), and z (Dz) axes. The prolate (D//1) tensor shows similar orientation to full symmetric
tensor (Dz). These figures were captured from the program Tensor.
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Fig. 3-18. Internal dynamics from model free analysis of relaxation data.
The S2, 1., and R from model free analysis were plotted against primary sequence. Of the
76 residues subjected to the analysis, 57 were best fit to modell, 4 by model 2, 6 by modecl

3, 8 by model, and | by model. The Nel of Trp-580 which is not shown here is included into
model 3 (see Table 3-5).
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Fig. 3-19. Plots of backbone RMSD difference and 1-S.

The RMSDs of backbone Ca atoms in final 30 overlaid were plotted in (A) and drawn as
ribbon in (B). The width of ribbon is proportional to RMSD. The values of 1-S* from model
free analysis were plotted in (C) and drawn as ribbon in (D). The width and color of ribbon
get wider and darker according to the value of 1-5? from 0.1 to 0.6. These figures indicate the
correlation between RMSD and 1-5%.
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4. DISCUSSION

4.1 The residues under evolutional constraints are similar between the bacterial
and animal FnllIDs.

The NMR solution structure of 2FnlIlD(-hiM and multiple sequences alignment
of bacterial FnllIDs shows that these domains arc surprisingly similar each other in
spite of the broad and sporadic distribution of the bacteria containing them. Residues
that play important roles for the scaffold formation are totally conserved. Interestingly,
the properties of amino acids that are presumably under weak evolutional pressure, such
as residues on loops or exposed on B-sheets, are also preserved, as shown in Figs. 3.7
and 3-9. Although the possibility that the threonines on the surface of “FnllID¢niay have
specialized functions such as those of antifreeze proteins (61, 62) cannot be excluded. it
seems more reasonable to think that these domains evolved recently from a domain that
was rich in amino acids with small side chains and that these amino acids have not been
substituted much, considering the relatively high content of light amino acids in
2FnIIIDChiA compared with in other bacterial FnllIDs.

So where did the bacterium acquire FnIIID from initially? Owing to the high

sequence similarity between FnlIIDs of bacteria and animals, it was suggested that the

62




bacterial FnllID was transferred across phyla horizontally, and this hypothesis has been
widely accepted through phylogenetic analysis (17. 21). My structural information for
anIIID(‘hi,\, may increase the evidence in support of this concept. There is good
correlation in hydrophobic-core-forming residues between bacterial and animal FnllIDs
and structural details such as B-bulges at the edge strands are also common in both
bacterial and animal domains. To the best of my knowledge. it is very rare to find
bacterial and vertebrate proteins that share such common features.

The principle that protein evolution is determined mainly by constraints on
acuivity, specificity, folding and stability is generally accepted (63, 64). The key residues
that play roles in preserving the nature of the protein (packing, hydrogen bonding or
unusual dihedral angles) are inclined to be strongly conserved in property, if not in
identity, and can be used to measure evolutionary distance. From this point of view, if
bacterial FnllIDs correlate with animal FnllIDs because of horizontal DNA acquisition,
the residues under strong evolutionary pressure will be more highly conserved between
closer relatives.

As a BLAST search indicates that the sequence of the FnllID from titin
proteins, which are intracellular members of the FnllID-containing family, is most

similar to that of 2FnIIIDChiA, with an amino acid identity of 34%, the titin FnllID is
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used as an example. Fortunately, the tertiary structure of a titin module from human
cardiac muscle (FnlIIDlBPV: PDB code, 1BPV) has becn reported (10). EnllID"®"Y,
which shares a sequence identity of 32 % with anllIDChi,\, and shows the Co RMSD of
1.9 A over corresponding 81 residues, reveals a very similar hydrophobic-core packing.
Of the 14 residues of anlIID(‘hm with a solvent-accessible surface area of less than 7%,
[ residues from FnllID™" (including 8 identical residues: Pro-563. Leu-578. Trp-580.
Tyr-592, Val-594, Phe-622, Ala-626 and Ser-637 after anlIl[)(q,i,\. numbering) have
the same hydrophobic feature ¢Fip. 41},

My argument for a close relationship between FnllIDs from bacteria and
animals is reinforced by the discovery of FnllIDs in other kingdoms. Powerful
searching tools, such as the hidden Markov model (HHM) approach, have recently
revealed new FnllIDs from yeast and plant (65, 66), despite low sequence similarities
with bacterial FnllIDs (~15% identities with the sequence of anIIID(‘hi/\l). Of these, the
crystal structure of the FnllID in purple acid phosphatase from kidney bean has been
reported (FnllID**""; PDB code, 4KBP) (67). FnllID**®" shares 12% sequence identity
with anIIIDChiA] and the Cot RMSD over 73 corresponding residues between the two
domains is 2.3 A with a Z score of 5.5. Among the FnIIID**"" residues corresponding to

the 14 residues that form the hydrophobic core of anIIIDChiA,, 8 residues (including 5
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identical ones: Pro-563, Trp-580, Val-5394, lle-611 and Val-624 after anlllehi,\,
numbering) reveal the same feature (¥ig. 41},

Besides apparent similarity in their overall structure, NMR parameters indicate
that there is striking similarity in the arrangement of the core-forming residues of
“FnllIDepia; and FnllID™™. The chemical shift of FnllID'™Y is a eood indicator for
this structural resemblance. Whereas carbon chemical shifts reflect secondary structure,
proton chemical shifts are sensitive to tertiary environments. Trp-580 and Tyr-592.
which are the central residues of the FnllID scaffold and highly conserved, make unique
side-chain interactions with each other. The indole nitrogen of Trp-580 forms a stacking
interaction with the aromatic ring of Tyr-592. This interaction causes an unusual upfield
shift of the chemical shift of Trp-580 Hel: the chemical shift is 5.80 ppm, which is the
most upfield-shifted value for a tryptophan Hel in the BMRB database (Iigs. 3-2 und
4-23. The values of mean and standard deviation of Trp’s Hel in the database is 10.09 +
0.75 ppm. Therefore 5.80 ppm is the extremely rare value to occur. Intriguingly, the

same proton of FnIlID'"*"Y

exhibits a very similar value of 5.81 ppm (BMRB No. 4295)
(10. 68), although the chemical shift is highly sensitive to the relative orientation of the

tryptophan and tyrosine residues. This result indicates that the electromagnetic

environments, and thus the relative orientation, of the residues in the central
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hydrophobic core of anlllDChiM and FnllIID"™®"Y are highly similar.

These observations indicate that in terms of sequence and tertiary structure
2FnIlIDghi,\, are less similar to plant FollID*™®Y than animal FallID'®"Y. This finding
may imply that bacterial 2FnIlID(-hi,\, shares a relationship with animal FnllIDs that is
closer than would be expected from the evolutionary distance between animals and

bacteria.

4.2 The structure of 2Fnllll)(fhiA. shows different features from other B-sandwich
domains of bacterial carbohydrases.

It has been reported that the FnllIDs of chitinase Al from Bacillus circulans
WL-12 are not directly involved in chitin binding. The truncated form of chitinase Al
from Bacillus circulans WIL-12, lacking either 2Fnll]DChiAl, or both 'FnlllDChiM and
EnllIDcpia;. showed nearly the same binding affinity for chitin as the full-length
enzyme. By contrast, a significant decrease in chitin-hydrolyzing activity was observed
for the truncated forms, in proportion to the number of FnllIDs missing (27).

A structure resembling that of FnllID has been found in another bacterial
carbohydrase, chitinase A from Serratia marcescens (69). This enzyme consists of three

domains: an N-terminal domain (ChiN), a catalytic domain, and a small (a+f) domain.
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The sequence of the catalytic domain is conserved between this enzyme and chitinase
Al from Bacillus circulans, and their tertiary structures are similar (RMSD between
corresponding Cor atoms. 1.25 A), suggesting that they share an identical catalytic
mechanism. ChiN adopts a global fold similar to 2FnIlIDc,,m but with an additional
B-0-B element between the A and B strands that interacts with the other domain ¢fig.
431 Although a structure-based sequence alignment shows that ChiN has a sequence
identity of 19.8 %, the arrangement of hydrophobic-core-forming residues in ChiN s
different from those in anlIlDu,m and other FnllIDs. Moreover, important differences
are found in the surface residues of these two domains. ChiN has adjacently arranged
tryptophans (Trp-33 and Trp-69) exposed on a continuous surface with the conserved
aromatic residues of catalytic domain (Trp-245 and Phe-232). These residues play
important roles in guiding a chitin chain into the catalytic site (70). In contrast,
2FnIIIDcmA, has no exposed tryptophans. The only aromatic residue with a
solvent-accessible surface area of more than 10 % is Tyr-620 (13.3%), a residue that is
highly conserved throughout animal proteins ¢Figs. 3- T4A and 4-3C).

Unlike the bacterial FnllIDs, which are broadly distributed across both
Gram-positive and Gram-negative bacteria, the ChiN domain has been found only in the

chitinase of Gram-negative bacteria. Interestingly, all the ChiN domains are located at




the N-termini of these enzymes. In contrast, the FnllIDs of bacteria, like animal FnllIDs,
are located at a variety of positions within the proteins. This observation suggests that
the FnllID-containing proteins have arisen through domain shuffling. Recently, another
chitinase (ChiC) was identified from Serratia marcescens that has three domains
including an FnllID (71). Although its FnllID exhibits a high sequence similarity to
'Fn[lnghi,,u and anlIchm,\.. the sequence of the catalytic domain is different from that
of chitinase Al from Bacillus circulans. As above, this observation implies that these
EnllIDs have been inserted into the polypeptides by domain shuffling.

Several other B-sandwich architectures besides ChiN and FnllID have been
found in bacterial carbohydrases, such as Domain N of a-amylase II (72), C-terminal
starch-binding domain of B-amylase (73), cellulose-binding domain (74) and
xylan-binding domain (75). The secondary structure topologies of these modules are
different from that of FnllID, although their tertiary structures show limited similarity to
that of 2FnlIIDChiA] with DALI Z scores ranging from 2.6 to 5.4. These domains are
capable of binding to carbohydrates, and commonly possess surface-exposed aromatic
residues that are thought to make contacts with substrate sugar chains t¥ig. 4-43. Only
the structure of anIlIDChiA, does not exhibit such features.

The high-degree of conservation of the global structures among the bacterial
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FnllID-containing carbohydrases and the lack of known function of the domain and of
surface features tempt us to postulate that FnllID has the role of a spacer in bacterial
carbohydrases. To degrade insoluble substrate efficiently, catalytic and binding domains
must adopt various relative positions. The fact that most FnllIDs are located between
the catalytic and binding domains may support this hypothesis. Morcover, mechanical
clasticity, which is an intrinsic property of FnllID, may make the FnllID the best

candidate for this type of role.

4.3 The 2FnllID(fhm shows less restricted internal motion than other FnllIDs.

As the generalized order parameters (%) are gained in cach HN-N vector,
regardless of the diffusion tensor selected as overall tumbling motion, it can be used as
good criteria for dynamics comparison of homologous proteins.

To data, the relaxation data of two FnllIDs, the tenth FnllID from fibronection
(FNin10, PDB code: 1FNA) and the third FnIlID from tenascin (TNfn3, PDB code:
ITEN), were reported (56). The FNfnl10 reveals Co RMSD of 1.7 over corresponding
76 residues of anIIlDChiA] with the Dali Z score of 10.4. Also TNfn3 show high
similarity (Z score: 10.9, RMSD: 2.1 over 80 residues). These proteins have longer

loops than anIIIDCh-.Al. Among the loops, the RGD motif in FG loop has the affinity
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with integrin and thus mediates contacts between extracellular matrix and cell-surface
receptors (76).

The values of §7 in anIllem are smaller than those of FNIn10 and TNin3.
The average $% in secondary structures of an[lIng,\] i1s 0.82 £ 0.03, while those of
FNfn10 and TNfn3 are ~ 0.85. In spite of the difference in S~ at regular structures, the
dynamic featurcs of the tryptophan side-chains (Nel of Trp) which are completely
conserved in tertiary structure (Trp-580 of anIlleh,M. Trp-22 of FNIm10, and Trp-22
of TNfn3) are nearly same. All the three side-chains can be classified into model 3.
Their $* and Re, values are 0.84 + 0.01 and 0.7 £ 0.01 Hz for “FnlllDeyia; ( fuble 3-5),
0.83£0.01 and 1.5% 0.2 Hz for ENfn10, and 0.83 = 0.02 and 0.8 = 0.01 Hz for TNfn3.
Therefore, these side-chains of the three domains experience the same degree of
motional restriction. This similarity emphasizes the difference of §° in these proteins in
regular structures. The smallness of the $% in 2FnIIIDChMI can be identified when
comparing with other proteins. The average value of §7 from Indiana Dynamics
Database (IDD, pooh.chem.indiana.edu/IDD.html) is 0.839 + 0.106 for all the data and
0.85 £ 0.07 for B structures (77) (cf. 0.80 £ 0.06 and 0.82 + 0.03 respectively in
3FnIIIDChiAl). The simplest explanation for the phenomena may be the high content of

amino acids of small side-chains in anIIIDChiAl‘ Stone et al. performed statistical




analysis of the IDD and indicated that the amino acids of small side-chains have greater
flexibility and lower §7 (77). This interpretation can be hold in this case, even though
whether it has a special role is not known at all. It is notable that FNfn10 has a
remarkable core plasticity and mutation to amino acids of small side-chain don’t change
the free energy much (78). Tam trying experiments to know the thermodynamic feature
of 2FnlIlD(hi,\. and to evoke the correlation between high content of light amino acids
and the feature, assuming 2FnlIlD(«hi,\l as higshly mutated form into amino acids of
small side-chain. The dynamic data of 2Fnllnghi,\, which has been reported in this

thesis will contribute to further experiment as basal one.
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Fig. 4-1. Hydrophobic cores of 2FnllID_,.,,, FnlIID'B?Y and FnlIID*KBP,

The sequences of 2FnIIID,,., , FnllID'B?Y and FnIIID*B? were aligned on the base of their
structures using DALI program (52). The core-forming residues of *FnIIID,.,, (Pro-563, Ile-
576, Leu-578, Trp-580, Ser-583, Tyr-592, Val-594, Ala-609, Ile-611, Phe-622, Val-624, Ala-
626, Ser-637 and Val-642) and their counterpart residues of FnIlID!B?Y and FnIIID*¥BP are
drawn. Among the counterparts, the residues showing similar hydrophobic properties are
colored violet (FnIIID'®*Y) and green (FnIIID**BF). The core-forming residues of 2FnllID, ,
which are identical in FnIIID'BPY and in FnIIID*KBP are labeled with * and * respectively.
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Fig. 4-2. Structure and NMR spectra of Trp-580’s Hel

A, Orientation of Trp-580’s Hel. Side chains of Trp-80 and Tyr-592 are colored green. The Hel
atom of Trp-580 is drawn with ball and labeled red. B, 'H-'"N HSQC spectrum of Trp-580’s
Hel. C, 3D N TOCSY-HSQC strip plot of Trp-580’s Hel. The Hel and H81 peaks from Trp-
580 are labeled red and black respectively. The observation of the Hd1 peak through TOCSY
correlation from Hel atom supports the assignment of Hel.
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Fig. 4-3. Structural comparison of ChiN and *FnllID,,,,-

(A) Ribbon diagram of chitinase A from Serratia marcescens. Tryptophan side chains are
displayed in blue. (B, C) Ca. traces of the N-terminal domain of chitinase A from Serratia
marcescens (ChiN) (B) and 2FnIIIDChi a1 (C). Aromatic side chains are also shown.
Tryptophan residues of ChiN, which are involved in the chitin interaction, are labeled in
red.
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Fig. 4-4. Other bacterial -sandwich domains.
Ribbon diagrams of Domain N of a-amylase II (A), C-terminal starch binding domain
(B), cellulose-binding domain (C), and xylan-binding domain (D). For clarity, only

surface-exposed aromatic residues are drawn and colored blue.
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