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Abstract: Problem statement: Exported polypeptides are usually synthesizedraprpteins which
are composed with mature domains and the signalidesp The foreign proteins are usually
inefficiently secreted by the aid of signal pepsidélthough we know that the mature protein played
an important role in the protein export processdweiot know what properties of the mature domains
are critical for protein export? This study expkothe influence of the property of the mature dormai
on protein export irBacillus subtilis. Approach: We analyzed the amino acid composition of 241
predicted exported proteins and 457 cytoplasmitepre ofBacillus subtilis that have been previously
reviewed using the program DAMBE, Codeprotein anddéprotein WinResults. Disorder-promoting
amino acids in the first 14 residues of the matlomains were overrepresented in comparison to the
residues in the Npterminal region of cytoplasmic proteins or theapfasmic proteins. Further, the
NH, terminus of the mature domain had more negativblgrged residues and fewer positively
charged residues than the Ntérminus of the signal peptid€onclusion/Recommendations:. The
presence of disordered domains in the Mg#tminal regions of mature domains may provide the
binding site and maintain the exported proteina gecretion-competent conformation and the contrary
charged residues distribution in the two ends adfrbghobic core may help form the hairpin-like
structure of the signal peptide. These findings imaye important implications for the understanding
of the contribution of mature domains to membraargeting and to translocation.

Key words: Protein export, disorder-promoting amino acid, matdomain, signal peptid®acillus
subtilis, hydrophobic core, charged residues, hairpingikecture, disordered domains

INTRODUCTION not sufficient for the export of any fused proteirhe
foreign proteins are usually inefficiently secretsdthe
Exported proteins are initially synthesized asaid of signal peptides (Scheahal., 1986; Tommassen
precursors with an amino-terminal signal peptideese  and Kroon, 1987)lespite the fact that many of them
precursors are subsequently processed by a leadare secretory proteins by nature (Simoeeal., 1992).
peptidase to yield the mature domains. The signaChenand Nagarajan (1993) have shown that the rate of
peptide can be divided into 3 distinct domains: asecretion of barnase was improved by replacement of
positively charged N-terminus, which has been pgedo the barnase signal peptide with a heterologousakign
to provide stable interactions with the negativdigrged peptide and the barnase signal peptide exported
inner membrane phospholipids; a central hydrophobid&scherichia coli alkaline phosphatase faster than
core, which plays an important role in binding ket mature barnase (Chen and Nagarajan, 1993). These
secretory components; and a cleavage site, which fcts suggested that some features of the matoteipr
processed by the respective signal peptidase (Belkk& played an important role in the protein export s
Driessen, 1999; Tjalsnet al., 2000). Indeed, some experimental work has shown that the
Although the importance and roles of the signalmembrane anchor sequences can block protein export
peptides are generally accepted, only a signaiget  (Davis and Model, 1985) and that the net charghef
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NH, terminus of the mature sequence affected protein (1)Cytoplasm |
translocation (Liet al., 1988; Kajavaet al., 2000). (3) N-terminal cytoplasm

However, the latter rule was restricted to gramatig

bacteria, with no effect on gram-posigve bacgteria u) I s i
(Kajava et al., 2000). Furthermore, Gouridis have I | |
demonstrated that mature domains contained prominen o ) o
targeting determinants and the targeting signajsired ~ Fig. 1: Derivation of protein sequences comprisiaga

for docking at the membrane were only presented on sets 1-5. The top bar depicts cytoplamic

‘non-native’ preproteins  (Gouridiset al., 2009). proteins and the bottom bar depicts exported
Nevertheless, neither of those experiments answhbeed proteins. The regions of sequence depicted are
following question: what properties of the mature not shown to scale

domains are critical for protein export? Currently,
sufficient amino acid sequences are available tolect
detailed statistical studies on the property of riegure
domains of exported proteinsBacillus subtilis.

Although disordered regions lack rigid 3-D
structures, they carry out various biological fuocs
(Dunkeret al., 2002; Patil and Nakamura, 2006; Salma
et al., 2009). Dunkeret al. (2002) identified twenty-
eight separate functions for 98 out of 115 disader
regions that included molecular recognition viading
to other proteinsPatil and Nakamura (2006) reported
that disordered domains and high surface chargegla

alsignificant rolg in the pinding ability of huugence ._disordered proteins and has enabled the classificat
disordered regions is important for protein-protein g in o acids into 3 classes: order-promoting amino

binding. It was not clear whether the binding sife  .iqg (Trp, Tyr, Phe, lle, Leu, Val, Cys and Asn)
mature proteins was related to the disordered dwnai gisorder-promoting amino acids (Ala, Arg, Gly, GIn,
during protein targeting. In this study, the ama@d  ger Glu, Lys and Pro) and uncertain amino acids, (H

composition of 241 predicted exported proteins 45l Asp, Met and ThrjUversky and Dunker, 2010).
cytoplasmic proteins oBacillus subtilis was explored

and revealed preference for disorder-promoting amin Analysis of data sets and statistical methods: For
acids in the Nkterminal regions of mature domains each data set, the mean percentage of amino aeisls w
that may help understand the contribution of maturecalculated using the program DAMBE (Xia and Xie,

The amino acid sequences from the exported and
cytoplasmic categories were obtained and usedrteede
5 data sets (Fig. 1). Data set 1 (cytoplasm) wasuthino
acid sequences of cytoplasmic proteins. Data set 2
(exported-mature) was the mature domains of exgorte
proteins. Data set 3 (N-terminal cytoplasm) wasveer
by copying an excerpt of the N-terminal end of dsgt
1. Data set 4 (N-terminal exported-mature) wasNhe
terminal end of data set 2. Data set 5 (signaligeptvas
the signal peptide of the exported proteins.

A more detailed analysis has provided information
on the difference in the composition of ordered and

domains to membrane targeting. 2001), Codeprotein and CodeproteinWin (writtenhia t
Python programming language). For analysis, tret fir
MATERIALSAND METHODS amino acid Met of all proteins (except proteinstlie

folded proteins data set) and the first amino &yd at
the mature proteins of lipoproteins has been rehave
the analysis process. The results were analyzethby
way ANOVA. R version 2.7.1 was used for all
2statistical analysis.

Generation of data sets: The sequence of every Open
Reading Frame (ORF) of the genomeBosubtilis 168
was obtained via the National Center for Biotecbgyl
Information (accession NC_000964). The exporte
proteins were taken from the previous survey of th
secretome (Tjalsmet al., 2000). To reduce the number RESULTS
of false-positives, PhoD and YwbN, that were exgabrt
via the Tat pathway, anomalous exported protein®roportion of disordered residues in mature
(those whose lengths of mature proteins were 18ss 6domains and cytoplasmic proteins: Table 1 shows the
residues) and proteins with membrane-spanninglifferences in the amino acid composition of the
domains annotated in the UniProtKB database wereoncatenated data sets. On average, the firstsidues
excluded. The proteins located in the cytoplasm anaf data set 4 had 32.05% more disorder-promoting
reviewed in the UniProtkKB database were considere@mino acids than the first 10 residues of data3set
as cytoplasmic proteins. This resulted in a tothl o (p<2.2e-16), with 22.66% more compared to datalset
241 exported proteins and 457 cytoplasmic proteingp<2.2e-16). But the proportion of disorder-promgti
in B. subtilis. The folded proteins data set wasamino acids in data set 2 and data set 1 wereallytu
compiled by Priluskyet al. (2005). the same (48.90 and 48.81%, respectively, P = 6)194
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Table 1: Amino acid composition in the data sets

. 7 (4): 172-178, 2011

Order-promoting

Disorder-promoting Uncertain amino

Data set acid (%) amino acids (%) aminos€id)
(1) Cytoplasri 35.10 48.81 16.06
(2) Exported-mature 33.84 48.90 17.23
(3) N-terminal cytoplasm 37.64 45.34 17.02
(the first ten}
(3) N-terminal cytoplasm 36.41 47.88 15.70
(the first twentyy
(4) N-terminal exported- 24.70 59.87 15.44
mature (the first ter)
(4) N-terminal exported- 27.11 55.62 17.27
mature (the first twent})
Genomic meah 37.66 46.95 15.38

3 The percent of order-promoting amino acids wetleuated using the the program DAMBE The percent of order-promoting amino acids

were calculated using the software Codeprotein
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The results indicated that the Mtérminal regions
of the mature domains had more disordered residues.

However, the trend seen in the comparison of data
set 4 and data set 3 or data set 1 becomes wealee a
length of data set 4 and data set 3 becomes loRger.
example, the first 20 residues of data set 4 hag o
16.17% more disordered residues than data setBe(Ta
1, p<2.2e-16). To explore whether the significance
resulted from the difference in the early Ntérminus
of proteins and where these disordered residues are
located within the sequences examined, the small
software named CodeproteinWin was written in Python
to analysis of the first 100 residues of the seceeiné
secretory protein and cytoplasmic proteins, using a
window size of 5. The overall distributions of
disordered residues in the cytoplasmic and exported
groups of sequences are shown in Fig. 2A. The
proportion of disordered residues is relativelyhagat
the NH, terminus of the mature domains and the level
of disordered residues rapidly declines from left t
right. At a position number 11 (from residue 7 to
residue 11), the NpHterminus of the mature domains

Fig. 2: (A) Mean percentage of disorder-promotinghad a massive bias for disordered residues compared
amino acids found in cytoplasmic proteins andthe cytoplasmic protein (p = 1.356e-07). At numb2r

exported mature domains.
analysis of the first 50 amino acids of the

CodeproteinWinand number 13, disordered residues were also peefer

(p = 1.065e-05, p = 0.003945), as the length besome

sequences in the cytoplasmic proteins andonger, the probability of difference between matur
exported mature domains, using a window sizeproteins and cytoplasmic proteins is equal to oremo

of 5. The amino acid number (terminal of

than the significance level (at number 14, p = 0483

window) is indicated on the x-axis and the meanat number 15, p = 0.5772, at number 17, p = 0.7045)
percentage of disordered residues are plotted oAfter number 14, the mean percentage of disordered

the y-axis. (B) Order/the first 14 residues of
mature domains composition profile.

residues in the cytoplasmic proteins and secretory
proteins is virtually the same over the remaindethe

Comparisons of amino acid compositions ofplotted sequence (48.88 and 48.47%, respectively, p

ordered protein with the first 14 residues of

0.3483). Therefore, the first 14 residues of theéuma

mature domains. The ordinates are (% aminalomains were mainly composed of disordered residues

acid in the first 14 residues of mature domains-

The difference in the amino acid propensitieshef t

% amino acid in ordered dataset) /(% amino acidirst 14 residues of the mature domains and ordered

in ordered datasetY#Globular-3D

proteins is shown in Fig. 2B.
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Fig. 3: CodeproteinWin analysis of the first 50idegs of the mature sequences and cytoplasmicipsptesing a
window size of 5. The x-axis reports the amino auignber of the terminal of the window and the mean
percentage of the amino acid are plotted on theigi-dhe solid line and dashed line respectivepyresents
the charged amino acid’s percent composition inrtfaure domains and cytoplasmic proteins. A, mean
percentage of glutamic acid in the first 50 resgoé the mature sequences and cytoplasmic protBins;
mean percentage of arginine; C, mean percentalgsiné; D, mean percentage of aspartic acid

Except for Met, Arg and Pro, the others showed theaumber of Arg in data set 4 was markedly lower timan
same trends in the order/disorder composition lprofi data set 3 or data set 2 (for example, in the fist
(Uversky and Dunker, 2010). The first 14 residuethe  residues, 67.32 and 48.65% lower, p = 5.266e-10pand
mature domains had more charged and polar redsitees = 4.747e-07, respectively). Despite the abundarfce o
Glu, Ser, which were enriched in disordered preteiut  Lys residues in data set 3, especially in the fi¥st
had less residues which were commonly found inrectle residues, the number of Lys residues in data seast
proteins, such as Trp, Cys, Phe (Dunkerl., 2001). not significantly different from that in data set(fdr
These facts showed that the first 14 residueseofitature  example, in the first 10 residues, p = 0.1441). The
domains were difficult to fold into an ordered number of Asp residues in data set 4 was not
conformation and easily formed the disordered dosiai  significantly different from that in data set 3 &

0.5134). These observations may implicate that the
Analysis of distribution of charged residues in the  charged residues in the Mierminal regions of the
NH,-terminal regions of mature domains: As shown mature domains are factors affecting protein export
in Fig. 3, the percentage of Glu in data set 4 nighker Moreover, as shown in Fig. 4, we compared the
than that in data set 3 or data set 2 (for exaniplthe  charged N-terminus of the signal peptide (with an
first 10 residues, 21.33 and 35.19% higher, p =average of 5 residues (Tjalsretial., 2004) with the
0.002044 and p = 0.02495, respectively) and thdirst 5 residues of the mature domains.
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these regions as in the disordered proteins. The
depletion of Met may be caused by the analyzed matu
proteins that did not contain the first Met (théd&m
proteins data set contained the first Met) andrties
of the N-terminus of mature domains may be relébed
the depletion of Arg and Pro.

It has been proved that the mature domain was the
primary binding determinant in the targeting event

MW First 5 residues of mature domains

o
P
o

O First 5 residues of signal peptides

@ Mature domains

=3 o
0y %)
=1 o

amino acids

=3
o

Fraction of

0.10 1 (Gouridis et al., 2009). The presence of disordered
domains in the NKterminal regions of mature
9:08 = domains can provide the binding site and some
- advantages for binding, such as fast speed ofactien
E D K (Shoemakeret al., 2000) or interaction with multiple

proteins (Patil and Nakamura, 2006). Because Py ma
Fig. 4: Mean percentage of glutamic acid (E), aspar hinder the diorder-to-order transition that mangtein-
acid (D), lysine (K) and arginine (R) found in protein binding arose from (Patil and Nakamura,&200
the first 5 residues of mature domains (black),Uversky and Dunker, 2010), the binding function of
the first 5 residues of signal peptides (white)mature domains may result in the depletion of Fre
and mature domains (gray) other role of the disordered domains in the ,NH
terminal regions of the mature domains may be the
As confirmed by Heijne and Abrahmsen (1989  maintenance of exported proteins in a secretion-
NH.-terminus of the signal peptide contains morecompetent conformation for a long time to faciktdhe
positively charged residues, especially Lys, bulyon interaction with the secretary components and prote
few negatively charged residues. export. Comparison to the NHerminal regions of the
However, the first 5 residues of the maturemature domains revealed that the Nerminal regions
domains contained 18.1 times more negatively clthrgeof the cytoplasm proteins have more order-promoting
residues and 4.3 times less positively chargediuesi amino acids, so they can fold to the ordered glarbul
than the positively charged N-domain. In addition,structure quickly and then will not be recognized b
compared with the mature domains, the ,Métminal  protein export pathways. This feature may underht t
regions of the mature domains had a tendency tbesides the signal hypothesis (Manson, 19hé)e is
contain more Glu and less Arg (Fig. 4), which méan  another mechanism that ensures that the cell exffii
two ends of hydrophobic core had contrary chargedecognizes the secretary proteins and cytoplasm

residues distribution. proteins, which is the Njterminal regions of the
mature domains enriching disorder-promoting amino
DISCUSSION acids while the Nktterminal regions of the cytoplasm

proteins containing a large number of order-prongpti

Although several experiments have suggested th&mino acids.
the mature proteins are critical for protein export  Apart from the disordered domains, we have
(Tommassen and Kroon, 1987; Simoretral., 1992; shown that the Npterminal regions of the mature
Chen and Nagarajan, 1993; Davis and Model, 1985; Lilomains had more Glue and less Arg. Several diifere
et al., 1988; Kajavaet al., 2000; Gouridist al., 2009), experiments have shown that the net charge of the
the precise roles and the property of mature dosnainamino terminus of the mature domains had either a
are unknown. In this study, we identified the amaroid ~ neutral or negative net charge @tial., 1988; Kajavat
composition of the mature domains B subtilis to  al., 2000; Heijne, 1986), which only applied to gram-
study the property of the mature domains thatifatds  negative bacteria; neither eukaryotic nor grampasi
their export. bacteria had this charge bias (Kajastaal., 2000).

The study has showed that the first 14 residues dflowever, some experiments proved that a negatively
the mature domains contained more disordered residucharged N-terminus in the mature protein incredhed
than the corresponding residues in the cytoplasmieecretion efficiency irLactococcus lactis (Loir et al.,
proteins and mature domains. This was furthe”001; Dieyeet al., 2001). In our study, the NH
corroborated in the comparison to the order/disordeterminal regions of the mature domains had more Glu
composition profile (Uversky and Dunker, 2010). thus, the presence of charged residues appearbgd to
Surprisingly, Met, Arg and Pro were not as prevelen more crucial than the net charge.
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unloppmg of th|s.ha|rp|'n can create a completlenahg peptide and mature protein in RNase (barnase)

peptide that can insert into the membrane (\&jel., export from Bacillus subtilis. Mol. Gen. Genet.,

1990). Our study suggested that the interaction  239: 409-415. DOI: 10.1007/BF00276939

between the Nkiterminal of the signal peptide and Chen, M. and V. Nagarajan, 1994. Effect of alteratf

the NH; terminal of the mature domains may help  charged residues at the N termini of signal peptide

form the hairpin-like structure of the signal peiati on protein export irBacillus subtilis. J. Bacteriol.,

However, because the charged residues were not 176: 5796-5801.

necessary for protein export in some secretoryDavis, N.G. and P. Model, 1985. An artificial ancho

proteins (Chen and Nagarajan, 1994), it may be domain: Hydrophobicity suffices to stop transfer.

complementary to the role of the central hydrophobi Cell, 41: 607-614. DOI: 10.1016/S0092-

core. The effect of the central hydrophobic core is  8674(85)80033-7

the dominant factor in the formation of the hairpin Dieye, Y., S. Usai, F. Clier, A. Gruss and J.Crdia001.

like structure. Design of a protein-targeting system for lacticdaci
By the help of the negatively charged residues in bacteria. J. Bacteriol., 183: 4157-4166. DOI: 12811

the NH-terminal regions of the mature domains, the JB.183.14.4157-4166.2001 .
signal peptides form the hairpin-like structurettban ~ Punker, A.K., J.D. Lawson, C.J. Brown, R.M. William
insert into the membrane. The disordered domains of 2nd P- Romeret al., 2001. Intnnsmal!y dlsordered.
the mature domains may provide the primary binding protein. J. Mol. Graph. Model., 19: 26-59. DOI:
site in targeting and docking events and can miainta 10.1016/51093-3263(00)00138-8
the secretory proteins in a secretion-competenPunker’ AK., CJ. Brown, ‘]D Lawson, L.'M:
conformation for a long time that facilitates pref@ins Ia_lkoucheva and Z Obra_dowc, : 2002'. Intrinsic
. . disorder and protein function. Biochemistry, 41:
to interact with the_ secretgry components. .These 6573-6582. PMID: 12022860
features ensure efficient sorting of secretory @ peyies P, and A.J. Driessen, 1999. Protein taggétithe
from cytoplasmic residents in the cells. bacterial cytoplasmic membrane. Microbiol. Mol.
Biol. Rev., 63: 161-173. PMID: 10066835
CONCLUSION Gouridis, G., S. Karamanou, I. Gelis, C.G. Kalodémo
and A. Economou, 2009. Signal peptides are
The amino acid composition of 241 predicted allosteric activators of the protein translocase.
exported proteins and 457 cytoplasmic proteins of Nature, 462: 363-367. DOI: 10.1038/nature08559
Bacillus subtilis was explored and we found that Heijne, G.V. and L. Abrahmsen, 1989. Species-sjecif
disorder-promoting amino acids in the first 14 desis variation in signal peptide design Implications for
of the mature domains were overrepresented in protein secretion in foreign hosts. FEBS Lett.,:244
comparison to the amino acids in the cytoplasmic  439-446. DOI: 10.1016/0014-5793(89)80579-4
proteins or the NH2-terminal region. The findingyma Heijne, G.V., 1986. Net N-C charge imbalance may be
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