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ABSTRACT 
the main external virulence factor of the bacterium Listeria monueytogenes- contains seven parallel 

strands at its concave face with a patches of five exposed aromatic amino acids as a hot spot for host receptor 
(Met) binding. For better understanding of energetic and physicochemical pmpendes, (u)folding transition, 
binding affinity and makmetic shielding censors of JAB-CRP-II-sheet ab hullo computer-aided methods have 
been performed at the Hartree-Fork level. These calculations are based on the influence of solvent polarity as 
well as hydrogen bond donor and acceptor strensth of it with respect to the self-consistent reaction field 
(SCRF) method using Onsager model. The optimized molecule with 6-316(4) basis yet in the as phase 
was used as initial input for subsequent liFiSCRT calculations implementing 6-310(d,p) atomic basis set CO 
simulate the solscnt effect. To gain further insight to solvent effects on aromatic amino acids IIN and 1.0 
atoms engaged in hydrogen bonding with receptor, NMR studies have been carried out on the basis of gauge-
including atomic orbital (GIAO) method at HF/6-3ICi (d,p) level of theory HE' calculations obtained with a 
good agreement by the presented experimental data and predict the most molecule instability in the solvents 
by low dielectric constants like THE and existence of a cooperaivi among 0-strands. physicochemically 
There are various potential of hydrogen bond donors and acceptors among this unique, packed and exposed 
linearly arrangement of aromatic amino acids that have made it an ideal part for drug design. 
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INTRODUCTION 
Internalins from Listeria monocytogenes represent a 
distinct class of proteins that have beim optimized for 
the specific interactions with different host cell receptors 
through the course of evolution. Invasiveness of this 
bactenum for mediating systemic infection is a trait 
that is acquired after the ability of attaching, 
internalizing and spreading in the several tissues and 
cell types of cukaryotic host cells expressing Met 
receptor such as epithelial. endothelial, hepatic cells 
and fibroblasts [1]. These characters are induced by 
Internalin B (TRIM, a Listeria surface-associated 
virulence protein. InIB is structurally well 
characterized. It has a modular architecture comprised 
of an N- terminal cap domain. a LRR domain of 22 
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amino acid repeats and an inter-repeat region 
OR) domain followed by a second repeat region 
that non-covalently anchors the protein to the 
bacterial cell wall [2,3]. 

The superfamily of lcueine-rich repeat (LRR) 
proteins are a prominent group of proteins 
containing tandem repeats [4]. InI13 LRR domain 
contains seven tandem 0-strands that form a 
continuous 0-sheet with neighboring strand in the 
concave side of the molecule. 

A patches of five exposed aromatic amino 
acids (libel 04. T1p124, Phe126, Tyyl 70, Tyr214) 
stretching over the entire concave face of the 
fl-sheet in close proximity, is considered as a 
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THEORETICAL METHODS 
The coordinates of the amino acids digmbuled in 
seven tandem 5-strands ( residues 4,6 in each 
repeat) in In113 Posheet was taken from t e X-ray 
coordinate file (Protein Data Bank ( PDB) entry 
code: 1DOB ) [7]. Hydrogen atoms ndt included 
in the PDB file were generated by the standard 
MM procedures in HYPERCHEM pagkage [12]. 
The cone m face of J3-sheet and I near 
arrangemen of aromatic rings is ishown in 
(Fig.1) and he atom timbering of five aromatic 
amino acids used throughout the text 	is 
included. 

We con tructed three fragments if ti-sheets 
that is introduced by partl (2 first 0-strands), parrs 
(2 second P-strands) and part) (three third 0-
strands) (Fig. I). After preparing appropriate 
models, all ragments were optimized iwith STO. 
36. 3-2I6 and 6-3I6 (d.p) basis sets in the ism 
phase at th Hartree-Fock (HF) level of theory to 
determine he molecular geometry with the 
GAUSSIAN 98 suite of programs1134 ] 

The HF optimized parameters wet used as 
initial input for subsequent HF/SCRF caldulations 
at HF/6-3I6 (d,p) level of theory in Mc different 
solvents including water, DMSO, *allot, acetone 
and tetrahydrofuran Cl lit). The simplest SCRF 
model is based on the Onsager's reaction field 
theory of electrostatic salvation. In thin model the 
solvent is considered as a uniform dielectric with 
a given dielectric constant (o).' The solute is 
assumed to occupy a spherical cavity of radius g, 
inside the solvent. The permanent dip* moment 
of the solute will induce a ruultipfle in the 
surrounding medium, which will interact with the 
permanent molecular dipole, culminating to net 
stabilization [14]. The cavity radii foe the SCRF 
calculations were determined from the estimated 
molecular volume of the • three parts. 
Consequently, for estimating solvent effects on 
the nitrogen and oxygen atoms of aromatic LRR. 
residues shieldings and magnetic sus6 ptibilifies, 
HEUMR calculations based on CIA) method 
with 6-31G(dsp) basis set, were pedfonh d [11]. 

RESULTS AND DISCUS-LON 
p-Shect Conformation in Different M14 in 
Table I, provides results for total energies and dipole 
moments of [3-sheet pails in gaseous hase and 
noir* media. As it appeared. the dipOle moment 
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hot spot for host receptor binding [5]. Regarding 
the simple stability. folding and topology of 
repetitive proteins, they should more readily 
accessible to experiment and theory than other 
less regularly structured proteins of similar size 
[6]. The kinetics and thermodynamics of In1B and 
ti-sheet folding have traditionally been studied by 
optical speetroscopies, calorimetry and scattering 
techniques [7.8]. Although these techniques 
provide crucial information about global structural 
transitions, but provide relatively little direct 
information about site-specific structural features 
particularly at the atomic levels. 

With molecular models and statistical 
mechanics, it is promising to provide a microscopic 
view of the living system mechanisms. So we 
investigated the characteristic and (*folding 
properties of in1B 13-sheet and its aligned aromatic 
an amino acids as the example to illustrate the 
microscopic 	analysis 	of 	macroscopic 
thermodynamics data that have performed up to 
now. On one hand, while the salvation Free energy 
is more difficult to model, useful results can be 
obtained with simple approximations like ab initio 
Self-Consistent Reaction Field (SCRF) model. This 
method provides a powerful tool to investioile the 
extent of hydrogen-bonding and polarity/ 
polarisability properties of the solvent and its 
influence on the physicochemical quantities [9]. On 
the other hand, ab initio multi-nuclear NMR 
calculations is taking an important position in 
understanding the functions of biomolecules and 
the role of their stmeture in thug design[10]. Atoms 
in different environm.ents experience different 
amount of shieldings. So, the lack of experimental 
NMR data motivated us to calculate MAR 
shielding tensors of nitrogen and oxygen atoms of 
aromatic 5-sheet residues and in a wide range of 
solvents encompassing a broad spectrum of 
polarity and hydrogen-bonding properties in the 
basis of gauge-including atomic orbital (GIAO) 
method [II]. These findings help to deeper 
understanding of InEll 0-sheet stability and 
(im)folding pathways and comparing chemical 
sllft 	ti 	und some conditions such as 
different dielectric censers!. values. Changes in 
solvent polarity may influence intermolecular 
shielding of IMB 3-sheet. Thereby, these computer 
simulations complement the macroscopic views of 
the experimental processes and open up practical 
strategies to discover novel therapeutics and 
protein-based drug design to combat this insidious 
bactenum. 



E. Shidchtnthe et al. 9.Phys. Theorthem.lAll Iran, 6(4y 247-252. Winter 2010 

values are mcreased on going from the solvent of 
high c to lower a. Also, the total energies have been 
obtained more negative. It means that the physical 
properties of three thsheet pails in low-polar 
solvents on essentially similar scaffold ate dinupted 
and there is direct correlation between dipole 
moment and the order of instability under &CRT 
conditions. IT sheets need_ to charge distribution 
alongside the whole molecule for conserving of their 
folding and activity, so increasing tend of dipole 
moment is indicative of hammed electron clouds and 
somehow denaturation [15]. 

Fig, 'The concave race of it-sheet including five 
exposed aromatic amino acids and atom numherine 

were used for the analysis 

On the other hand, the salvation energy 
calculated by the SERF method corresponds to the 
electrostatic contlibution to the free energy of  

salvation. This method evaluates only the 
electrostatic component of solvation [16]. 
T.I awaridis and M.Kafflus reported that the 
electrostatic solvation energies in unfolded state are 
more negative primarily because back-bone 
hydrophobic hydrogen bonding groups buried in 
the native state become more exposed to the 
solvent [171. Most of the 13-sheets fold with an 
identifiable core of hydrophobic residues which in 
the case of InIB 3-sheet it is more significant and 
this butied hydrophobic group become accessible 
in low-polar solvents culminating to protein 
unfolding [17] So the negative trend seen in total 
energies from water to THE is representative of 
unfolding of the molecule. too. The molecule has 
the most stabilities in water and the shins obtained 
in dipole moment for polar solvents are relatively 
closed to each other and gradually towards the low-
polar solvents the deviations will be more 
pronounced in which in THE there is the least 
stabilities. As it appeared all of the conclusions are 
in a good agreement with each other. it is worth 
noting that all three paths in performed calculations 
react in a similar fashion. So, it seems that there is a 
cooperativity among the f3-strands in which taken 
together determine the whole Pr-sheet character. 

Multi-nuclear NNIR Studies In Vacuum 
and Solvent Media 
It is valuable to calculate quantum mechanical 
properties of nuclei in the basis of NMR 
assignments in order to probe liganchreccoor 
binding via determinkff of chemical shill 
mapping and dynamics. Different solvents and 
changes in solvent polarity may influence 
intermolecular shielding of IME J3, sheet. 
Typically three principal eignvalues ( i i , 	 ay, ) 
and the isotropic Yalue (au ), the anisotropy of the 
tensor (a,„,)) can be predicted by suitable 
quantum mechanical computations [1ST It is 
useful to express shielding tensor data using three 
other parameters as well as the pnncipal 
components including Ao (shielding anisotropy 
tensor), S (chemical shift) and n (shielding 
asyrrunctry) [IS]. 

As it appeared from Table 2, there is only a 
small dependence of the nuclear shieldings on the 
various environments and the solvents employed 
is likely to enter into rather weak molecular 
interactions with the solutes in which a small 
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change in ch mical shift values is seen while configuration of indole and then amino acid. As 
going from gaseous to liquid phase environment. discussed above, the most instability represents in 
This apparent insensitivity of uN and "0 atoms the THF. Furthermore, the doventleld movement 
shieldings to solvent effects seems to stem from in chemical shift seems to arise from increasing - 
the rigidity of this molecule. As a result, this delocalizadon of the nitrogen lone pair b the '-
repetitive unite can easily accommodate a large electron system . which results in in reased 
range of repeats in which there are between six =isotropic deshielding with the decreasing 
LER  in In1C to 15 LIZIts in InIA [19]. Also, these polarity of the medium and the most cnsity 
theoretical values of the nuclear shieldings can be changes is resulted from the interaction with THE 
compared with the experimental data, because of a The extension of it resonance system in indole 
small solute-to-solvent interactions. Nevertheless, ring can play a considerable role in this b havior, 
gas to solution shifts of the NI20 in Phe126 too. The only exception is DMSO that ind ces the 
amino group and 0101 in Trp124 carboxyl group least chemical shift in Trp-indoledg atom ] 
shieldings are relatively more pronounced. 	 In Tyr-phenol-0 atoms, this trend is identical 

On the other side. according to the Table 2, and inversed and the delocalization of kctron 
there are some differences between the aro/Inge lone pairs and shielding variations foil w the 
rings and backbone carboxyl and amino groups polarity of the solvent in the sense of enhanced 
nitrogen and oxygen atoms chemical shifts in dcshielding with the increasing polarity (Fig. 2a). 
solvent media. It can be hypothesized that the This character likely is more stressed by orming 
solvent effect is the major differences between the partial double bond of the C-0 bond on a emetic 
core and more exposed atoms. Also, on one hand, nng inducing by it-resonance system.. It s to be 
well-known ring current effects on N and 0 atoms noted that regarding to the j,TyrIEOLO nng, 
attached to the aromatic rings can influence these Tyr2I4-0 ring has the maximum chemical shill 
atoms chemical shift vanations and on the other values in all the environments (Table 2). 
hand, intramolecular H-bonds between internal 	The anisotropic values of amino groups 

nitrogen atoms predict the order of des ielding 
as N204>N284>NI20>N98 in different media. 
So. Tyr-170-N and Trp-I24-N amino groups 
have the most and the least chemical shift values 
in above-mentioned environment, resp ctively 
(Fig.2b). The same deshielding trend is een for 
carboxyl groups oxygen atoms in whi h Tyr-
170-0 and Trp-124-0 carboxyl groups undergo 
the most and least chemical shifts in different 
media (Fig. 2b). 

Table I. Calculated total energits E (in kcal/mol), dipole moments p, (in Debye) of p-sheet pans versus 
the HF/6 tG(d,P1 level of theory 	• 

E(keaknol) 
p (Debve) I.  

Vacuum 
I 

Water 
75.39 

DMS0 
461 

Ethanol 
24.55 

Acetone 	THE 
202 	758 

Part I 

Part 2 

Part 3  

5373.916-1 8672 

1531319 36  4.3 

-229:462519  416 

-1920371917 
8670 

'153079361 
41045 

-229S426272 
8.96 

-[520373.921 
&61n 

-1531379.361 
4.3049 

-22'0426976 
997 

4599”1991 
5714 

-1531379 361) 
4.3364 

-2298426.908 
906 

-1510313773 	.1520375. 51 
8.759 	10.657 

-1531379375 	-1531379 	E5 
43591 	5.601 

-229842(5931 j 	-2298429461 
911 	1399 

atoms forming this secondary structure (P-sheet) 
impede the formation of intermolecular fl-bonds 
to solvent. So, it seems that the saturated 
interfaces between 3-strands by hydrogen bonds, 
can influence the physicochemical behavior of the 
molecule. 

According to the (Fig. 2a) the hydrogen 
bonding of THF with NH of the Trp indole ring 
has more effect on the 'iN chemical shills 
consequently significant effect on the electronic 
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ha 	 (b) 
Fig. 2. The brtaphs of a) shielding anisotropy tensors fTrp-inclole-L5N and two-Cyr-phenol-170 atoms, h) 

anisotropy shieldings of amino groups- 15N and shieldmg anisotropy tensors of carboxyl groups- ' ?() in atom tic 
amino acids (in ppm) for different values of the dielectr c constant ilitncil a the 6-3 IClevel of theory in the 

basis of LIAO method. 
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Tale 2. NMR shielding values of 15N and r0 (in ppm) calculated for aromatic amino acids at H.F/6-3 I G. level of theory 

Gas Phase 

P11e126 Trp1.24 Ter170 Da214 Atom N120 0123 4106 0101 N98 02IS N2.114 0207 0295 N284 0287 -117.101 .4080607 2221177 .3904935 -115347 .154.509 -144.3503 472.3974 -3495922 -J146704 -391520 
u 560.9413 1222095 907124 1179 43tM 565.6336 1001.5224 09)4745 1155.1574 69711162 573 lS7 1151000 
Ao '006591 1222.095 9591235 11794304 401030 100132235 450.7795 1250.7634 16934062 47(17101 1200.109 n057557 0.61376 0123016 0617310 0 97875 0674112 (1704079 061176 0112466 0 77054 0 621119 
b -100945 04139 65.9416 786 297 .401 425 061.6006 .457.933 131.1155 712 9775 '4412060 900.126 
f water 

oiso -117097 '407.7055 22217J5 -3799448 .115.9(0 '2045395 -1463499 '415.4175 .337.5759 "446019 .390363! 
067.502 JIll 	996 989149 11702672 565.5044 100.6415 5 4999 0255 7944 0099 3579 593867 0200 2698 

Au -604.545 11111995 90.97945 117576715 -001.93' 109)1.4116 400195 17551919 10993739 4707473 010912697 
11 (101944 063333 121310 0.617512 0.97913 0.674746 0,761019 0.631157 0722077 0.170594 0621103 
6.407 030 4.133 65.7063 795.9447 .001.293 941.161 '453 591 337 1966 731 9226 .147.1649 040.1759 
E OMSO 

"105th .43)7.719 222,1349 -100.0209 .115.940 '2045571 '1463012 .4254295 '7395159 .1445114 '191.0550 
5592067 111047 959094 10790165 565.7315 1941636 00)4509 1205.5092 16937013 59383)09 1200.2015 

A], .6)25 17! 1221.456 995154 10790165 '602251 IDOl 6360 .600.7554 1203.5093 J0693012 410.752 ]2002300 
1-1 057177 062)24 0.022315 0.6J144 0019J1 06147353 0.75399 06307935 0'22069 0170517 06110J1 
6403.459 704.1266 65935 786 011 '401 505 441 7574 t53 5635 777.1067 7129105 -441 165 500 '011 
c Ethanol 

um l]0]55 .4016]07 2221531 -3799633 -105.934 -2034939 .]16.354H -4255]42 '3192505 '0446Th9 '1919049 
97m2,4]  567 5074 12.11 236 344 1120.7503 565.9116 999 0115 00)4256 '2993334 

 12559227 0090 61' 573.7565 
Au 404670 1121 246 99 134] 115.1053 -(691.130 9935216 .580.5251 '255 9719 0090 62105 .6701384 12(093134 
4 0015315 0633337 020425 06075 0.029602 0.61] 7 0,763526 063' 921 (1709920 0.770546 09521 056 
6-401.111 5141574 002451 7039569 .401.439 666015] 4535031 0772555 7724041 .447,0509 5062:22 

THE 
-009.0449 4515113 222.4021 '370.2173 -1065(6 .271.1324 -'462762 '427 9760 '139 1011 '044 4749 '393 3019 570795] 12217141 995012 10193267 5007067 001.5630 599.6310 12591461 093'717 573.0569 12430302 

Au '600,024 1111 71415 99.0012 01194251 '603110 597.569 .631990 1259176? 1097.731] -621391 1707434], 051104 0770306 56656!] 0730535 06937905 010112 0164497 106224J2 
.405.75 5144052 041661 7160110 402273 465.234 .4(4 654) 539461 131 3430 .447.5311 097,9200 
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So we can hypothesize, Y170 which is 
centrally located at this exposed formed string on 
the concave face of the In113, likely play an 
important role in receptor binding. In spite of 
FI04, FI26, YI 70 and Y2I4 which occupies third 
residues of the 0-strands of repeats 2,3,5 and 7 of 
the LRR domain respectively, WI24 is located at 
position I of the third repeat. So it is arranged 
alongside the central aromatic string and is at a 
lesser extent involved in solvent interactions [9]. 
Because the solvent effect is the major difference 
between the internal and surface residues [20]. 

CONCLUSION 
One area where ab initio calculations can be useful, 
is the process of protein (un)folding and binding 
between a macromolecule and a ligancl Since high-
affinity binding events between InIB LRR and Met 
is necessary for internalization of bacterium 
Listena monocytogenes into the host cells, it is 
desired to understand the energetic and strwtural 
details of such interactions via calculations carried 
out in the gas phase incorporating with 
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