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The motile mechanism of Mycoplasma mobile remains
unknown but is believed to differ from any previously
identified mechanism in bacteria. Gli349 of M. mobile is
known to be responsible for both adhesion to glass sur-
faces and mobility. We therefore carried out sequence
analyses of Gli349 and its homolog MYPU2110 from M.
pulmonis to decipher their structures. We found that the
motif “YxxxxxGF” appears 11 times in Gli349 and 16
times in MYPU2110. Further analysis of the sequences
revealed that Gli349 contains 18 repeats of about 100
amino acid residues each, and MYPU2110 contains 22.
No sequence homologous to any of the repeats was found
in the NCBI RefSeq non-redundant sequence database,
and no compatible fold structure was found among
known protein structures, suggesting that the repeat
found in Gli349 and MYPU2110 is novel and takes a new
fold structure. Proteolysis of Gli349 using chymotrypsin
revealed that cleavage positions were often located
between the repeats, implying that regions connecting
repeats are unstructured, flexible and exposed to the
solvent. Assuming that each repeat folds into a struc-
tural domain, we constructed a model of Gli349 that fits
well the shape and size of images obtained with electron
microscopy.
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Mycoplasmas are gram-positive bacteria and some
species such as Mycoplasma mobile, M. pulmonis, M.
gallisepticum, M. pneumoniae and M. genitalium have an
ability to glide on solid surfaces'. The mechanism for such
gliding is thought to differ from other known mechanisms
of movement, such as the flagella motor in bacteria or actin-
myosin complexes in myocytes and other cell types, since
no protein homologous to flagellin, myosin, actin or any
other known motor protein has ever been found in myco-
plasmas>®.

M. mobile, which glides at an average velocity of about
2.0 to 4.5 um/s, or about ten times faster than the other four
species mentioned above’$, expresses two large proteins,
Gli349 and Gli521, that are known to be responsible for
the gliding: destructive mutation of either g/i349 or gli521
eliminates the ability to glide from the organisms®'2. G1i349
is required for M. mobile to adhere to glass, and it is
believed that it forms a spike that protrudes from the cell
surface and in some way transduces the energy needed for
motion®!11314 Beyond this, however, little is known about
the gliding mechanism of M. mobile.

In the present study, therefore, we carried out analyses of
Gli349 from M. mobile and its homologue MYPU2110 from
M. pulmonis to characterize their sequences and decipher
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the structures of these proteins, which we found not to be
homologous to any other known protein. Based on our find-
ings, we propose a structural model in which Gli349 is com-
posed mostly of tandem repeats of homologous domains.

Materials and methods

Hidden Markov model for repeat sequence searches

Comparison of the sequence of Gli349 with itself in a dot
matrix plot suggested that several weak repeats exist and
that each contains the motif YxxxxxGF (where x denotes
any amino acid residue, and hereafter referred to as the YGF
motif). To further analyze the structures, we then manually
extracted all the subsequences of 120 amino acid residues
containing the YGF motif from Gli349 (11 subsequences)
and MYPU2110 (16 subsequences) and examined the simi-
larity among the subsequences. Out of the 27 (=11+16)
subsequences, four subsequences (1 from Gli349 and 3
from MYPU2110) have no similarity to any of the 27
sequences with an E-value less than 10 using BLAST pair-
wise alignment'’. Note that we have used a relatively high
E-value threshold because we have noticed that the subse-
quences having the YGF motif were highly diverse but tried
to include potential repeats in the initial data set as much as
possible. In fact, no subsequences other than the 23 repeats
were detected by BLAST with an E-value less than 10.0 for
each of the 23 repeats as queries (the effective length of
database was set so that the size of the database could be the
same as the NCBI RefSeq non-redundant database, Release
9). Even using an E-value of 1,000, we have not found any
subsequences other than the 27 subsequences having the
YGF motif. We excluded four subsequences out of 27
which had an E-value larger than 10.0. We used the remain-
ing 23 subsequences to construct a hidden Markov model
(HMM)'*18 which was then used to search for new repeats
within Gli349 and MYPU2110 that were similar to the input
training data (i.e., repeat subsequences containing the YGF
motif).

We used the HMMER package (http://hmmer.wustl.edu/)"
to implement the HMM, which took as input a multiple
sequence alignment (MSA), which serves as training data,
together with the entire sequence of Gli349 or MYPU2110.
The output was comprised of subsequences that match the
profile obtained from the MSA. The HMM is composed of
one “begin state,” several “match states” (i.e., matches to
one of the amino acid residues), several “insert states,” sev-
eral “delete states” and one “end state.” The transition prob-
abilities between states are trained by the input MSA. Once
the model is trained, we can use it to detect new repeats that
match the profile within a given sequence, the best starting
and end points of each repeat, and the reliability of each
repeat (E-value).

Statistical significance of motif occurrences in one
sequence

The statistical significance of the number of YGF motif
occurrences in a sequence was evaluated as follows. Sup-
pose that the amino acid residues within a sequence were
shuffled to make any possible sequence under a fixed resi-
due composition. If the number of chance occurrences of
the motif in the shuffled sequence was sufficiently smaller
than N, times, then the number of the motif occurrences
in one sequence would be considered statistically signifi-
cant. For example, the probability of the occurrence of the
motif AxxBxC is written

P(motif)=f(A)f(B)AC) )

where A, B and C are particular amino acid residues that
characterize the motif, and f(A) is the frequency of the
amino acid residue A in the original sequence. When the
motif length is much smaller than the sequence length, the
probability that a shuffled sequence contains the motif N,
times is given by
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where L is the sequence length, / is the motif length and (Z)
is al/((a—b)! xb!). When a motif length is considered, the
probability becomes smaller than that given by equation
(2)%, so that the probability P that one shuffled sequence
has the motif more than N__.times is given by the equation
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Note that the use of a binominal distribution allows the
overlap of motifs and gives a larger probability than when
we use a scan static. When we say that the 11 occurrences of
the YGF motif are significant using the binomial distribu-
tion, this holds when using a scan static. In that sense, the
use of a binominal distribution is a rather rough approxima-
tion but we consider it good enough to show the signifi-
cance.

Results

Finding repeat sequences in Gli349 and MYPU2110
Through visual inspection, we found that the YGF motif
appears 11 times in Gli349 and 16 times in MYPU2110,
which are significantly greater numbers of occurrences than
one would expect from chance. BLAST pair-wise alignment
shows that 10 motifs for Gli349 and 13 for MYPU2110



were located in regions which were mutually similar. Using
the amino acid residue fractions for Y, G and F in Gli349
(1.8%, 5.0% and 5.6%, respectively), the approximate prob-
ability that the YGF motif would appear at least 10 times
within the 3,183 amino acid residues of Gli349 was calcu-
lated to be 2.8 x 10713 using equation (3):

9
1 —;)(0.018 % 0.05 x 0.056)’

x (1-0.018 % 0.05 x 0.056)!76" x (4)

3176

F179)
A similar analysis showed the probability of the YGF motif
occurring at least 13 times by chance within MYPU2110 to
be 1.1x1072°, To test the significance of these numbers, we
should consider two types of multiplicity. One is the multi-
plicity of the amino acid ordering. The order of Y, G, F and
X can be YGxxxxxF, YxGxxxxF and so on. The number of
the ordering is 6. The other is the multiplicity of amino acid
types, that is, Y, G and F can be one of the 20 amino acid
types. The number of patterns is 8,000 (=20x20x20).
Finally, the number of statistical tests required is 6x8,000.
By multiplying this number with the probability of the YGF
motif occurring at least 10 times within G1i349 and at least
13 times within MYPU2110, we obtained 1.3x107'° for
Gli349 and 5.3x107'¢ for MYPU2110. These sufficiently
low numbers show the frequency of the occurrence of the
YGF motif to be statistically significant.

Notably, the positions of the Y within the YGF motif in
Gli349 are 867, 979, 1087, 1588, 1694, 1801, 2009, 2123,
2322 and 2653; those in MYPU2110 are 138, 962, 1066,
1363, 1464, 1679, 1775, 1872, 1977, 2081, 2289, 2415 and
2640. Thus each YGF motif is separated by a multiple of
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Table 1 Positions of the repeats in repeat Sets #1 and #2
Set #1 Set #2

Gli349 MYPU2110 Gli349 MYPU2110

86-205 91-210 86-205

806-925 806-925 786-905
916-1035 911-1030 916-1035 911-1030
1026-1145 1011-1130 10261145 1011-1130
1311-1430 1321-1440 1311-1430

1411-1530 1421-1540 1411-1530

1526-1645 1526-1645 1531-1650
1631-1750 1631-1750 1631-1750 1631-1750
1741-1860 1731-1850 1741-1860 1731-1850
1829-1948 1841-1960 1829-1948

19462065 19312050 1946-2065 1931-2050
2061-2180 2031-2150 2061-2180 2031-2150
2261-2380 2231-2350 2261-2380 2231-2350
2371-2490 2371-2490 2371-2490

2591-2710 2591-2710 2591-2710 2591-2710

about 100 (100, 200, 300 ...) amino acid residues, which
implies the existence of a repeat whose length is a multiple
of 100. When we took the greatest common measure (i.e.,
100) as the repeat length, we found there to be 10 subse-
quences of about 100 residues in Gli349 and 13 subse-
quences in MYPU2110 that were well aligned and had sev-
eral conserved sites in addition to the YGF motif. E-values
of each pair-wise alignment of the sequences in Table 1
range from 1x 107 to 3.4. Figure 1 shows the MSA of the
10 subsequences in Gli349 generated using clustalW?'22,
Note that the region around the YGF motif is conserved
best.

It is difficult to determine the start and end of a repeat
when the amino acid residues are so weakly conserved
among the repeats®. Furthermore, most of the repeats in

806- 915 -IASLTQNDVDFEPFN--FGENEBFPSLS-BEEVS RI—— -------
916-1035 -PNTVSLESFETTTLSD-PSNP LRLIG -T-mm--
1026-1045 ———QLLPIDFNLRYPAN———STS PISD- SFNNSLN---F
1526-1645 ---NEVDILTVQTNINRYLTTNPEDGIFRP -S-----
1631-1750 ---TT LTINSFNIAQPNPNPSNIRLSETRII PEGIS -----
1741-1860 ———SlsélgLIFPNNQGSIATMQNNITIN— SIGS --s NPN -----
1946-2065 --STFEARNNNFTLINSPLAST LVITSMSPKT, LGDSLL T-----
2061-2180 --EFTIDSFVNVAPPAGIIPNDPMTLNLK-ELSVAPSQ--RINDGEFAEFDIEVSVEVFGQPD-------
2261-2380 DSDFKNKNSAPIIESDYRLANP PAEVSYLIQSMTS---L GES -------
2591-2710 ------ KGDYEFNESN- - IPTQIDGQFLK - ISLNT.II--NAS PSI SIYEGINVILE
O 10 cceeens 20 .00 e. 30........40........ 50.cceeens 60..ceeens 70
YGFlnonf
806- 915 NVQQVYIQ PGFA-PQEFIENREILKQ ENGNLSNTLISII LPTIVKNLTLPNT SLSSEE- - - -
916-1035 ---QEYIVTIEGFA-TPIG QTIANNE AN———IASRAVAS RDEAK - KTLSVSQ LPS LR--
1026-1045 GI- YTQK PGFl-NQDSGRIALGFRDL LN———ANDLIIFNGIKGDT GVD, IQSGKD TINSP
1526-1645 ———E YEVREEGFH- TATIQNQNAIFALN¥RNN - - - LANRR NDDIVRATT TINSENIA--
1631-1750 ---IKYTTSFAGFA-NLAREENNAALNENEK - - - - SPNRLI PTIEKNQVS NS VVSNLIFP- -
1741-1860 ---GEYSITEDGFA-NEA FREL QQLRQDPKPINPNIFLLNS - -ADSAAPEVRDLETIDS -
1946-2065 ---RSYTVEVVGFK TLQF KVSTTNY¥IN- - - -GSNLIRPTAIDPLIATLKSAFQ LSEE TID--
2061-2180 YFAQ YKVELGGF SNANFLENRFENSDPRP- - - - - TFLKMLNGLNSNNRNQFLPST; SEH SAPY-
2261-2380 ---KEYTKT SGF -TTQK LRTLDTFENTI - - DRNGFABTEQAGVNQKTAINFVTEWNSATPD- -
2591-2710 DI-Q YNFQ SGFR- KPQFQ EAERVQENENSEIVNGYFSQEQFNTKFDSPTDIATHTRIEE-----
0

Figure 1 Multiple sequence alignment of 10 subsequences of Gli349 containing a YGF motif is shown. The start and end positions of each
repeat are denoted in the first column. Colors on the sequences denote as follows: yellow, 100% conserved residues; cyan, >50% conserved
residues; orange, sites that are >70% conserved for D, N, S and T; green, sites that are >70% conserved for A, I, L and V.
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Figure 2 Procedure for detecting repeats using the hidden Markov
model.

Gli349 and MYPU2110 appear in tandem. Bearing this in
mind, supposed repeats composed of 100 amino acid resi-
dues were situated contiguously at positions 1 to 100, 101 to
200 and 201 to 300 and so on; or they could be shifted 50
residues and start at positions 51 to 150, 151 to 250, 251 to
350, and 351 to 450 and so on. In this way, any position can
be the starting point of a repeat if contiguous tandem repeats
exist. Here, we assumed the boundaries (the start and end)
of the repeats to be one of the residues in the least conserved
region. We named this repeat set as Set #1 (Table 1). To
exclude starting-point dependency in the alignment, we also
employed another alignment in which the starting points
were shifted by 50 residues. In this case, the YGF motif
was again best conserved, and the least conserved region
also agreed with the least conserved region in the prior
alignment, demonstrating that the least conserved region
is unaffected by the starting point of the alignments.

We then searched for subsequences of Gli349 and
MYPU2110 that are distantly homologous to the repeats in
Set #1. Using the knowledge that Gli349 is orthologous to
MYPU2110'*2*) we conjectured that there might be a
distantly homologous subsequence in Gli349 that could be
aligned to one of the repeats in Set #1 of MYPU2110 and
vice versa. In this way, we found an additional five repeats
within Gli349 and two within MYPU2110. Then using the
MSA of the 30 (23+7) subsequences prepared using clustal
W, which we call Set #2, we searched for additional repeat
subsequences, and a profile was built using the hidden

Table 2 Positions of the repeats in repeat Set #3

;g’eat Gli349  MYPU2110 ;g’eat Gli349 MYPU2110
A 118222 106216 L 14501546 1429-1534
B 297-400 M 1553-1657 1537—1641
C 403-492 N 1658-1762 1643-1740
D 501-594 O  1765-1872 1743-1836
E 616-727  598-698 P 1873-1972 1841-1944
F 699-800 Q 19742080 19452043
G 830-938  807-916 R 2084-2191 2045-2160
H  944-1047 927-1027 S 2286-2391 2254-2361
I 1048-1161 1031-1141 T  2396-2501 2375-2498
I 1248-1343 1226-1324 U 2515-2608 2501-2601
K 1344-1449 1327-1426 vV 2610-2720 26062718

Markov model with HMMER'®. When a repeat search using
this profile found new repeats, they and the repeats in Set #2
were aligned to build a new profile based on Set #2 (up-
dating the profile), and then the procedure returned to the
starting point in the cycle of iterations (see Fig. 2). The
cycle was repeated until the alignment at the i-th iteration
and the new alignment at the (i+ 1)-th iteration had the same
alignment score. After seven iterations, we finally obtained
additional repeats, three in Gli349 and four in MYPU2110,
whose positions are shown in Table 2. This last repeat set
containing 40 repeat sequences was called Set #3. The simi-
larities of all the repeats in Set #3 were statistically signifi-
cant (E-value of each repeat in Set #3 was smaller than
2.6 x 107" against the profile). And as shown in Fig. 3, the
peaks of the alignment scores correspond well to the posi-
tions of the repeats. The scores were calculated using a 120-
residue long window so that the window would contain the
entire repeat. Hereafter, “repeat” denotes repeat sequences
in Set #3.

Characteristics of the repeat

We calculated sequence identities among the repeats
using pairwise alignments generated with clustalW?'?? and
found them to fall in a range of 13.6~36.2% for Gli349 and
11.3~35.7% for MYPU2110. The degree of sequence con-
servation in each column of the MSA of the 40 repeats is
shown in the form of a sequence logo® in Fig. 4. The YGF
motif is the most conserved region within repeats, and there
are three regions having high information values: 1 to 8§,
21 to 36 and 54 to 63 (Fig. 4). These regions all contain a
binary pattern of hydrophobic and hydrophilic residues,
suggesting that the regions form amphipathic [ strands
and are located on the surface of the protein. Note that, in
addition to these regions, there are several conserved amino
acid residues: Gly at 38, Ser or Thr at 50, Asn at 76, Tyr at
83, Phe at 117 and Ile at 119.

The predicted secondary structure of each repeat, deter-
mined using the NPS server (http://npsa-pbil.ibcp.fr/cgi-bin/
npsa_automat.pl?page=/NPSA/npsa_seccons.html)®, was
found to be BPPa with the second B-strand being well con-
served among all repeats (Fig. 5). The locations of the pre-
dicted B-strands are particularly consistent with the binary
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Figure 3 Alignment scores of subsequences of 120 residues against the profile of repeat Set #3. Plotted are the scores at the center position
of the subsequences of Gli349 (a) and MYPU2110 (b). Scores were calculated using HMMER'. The unit on the vertical axis is the negative
logarithm of the E-value of the alignment. The bars above the line denote repeats detected by HMMER'’. Most of the repeats were found to be in
tandem form. For G1i349, experimentally determined chymotrypsin susceptible sites are shown by asterisks (a).

pattern, which suggests the existence of three 3-strands. The
most highly conserved residues in the YGF motif, Gly and
Phe, are found in the region extending from the middle of
the third B-strand to the beginning of the following a-helix.
Both the primary and secondary structures of the region are
well conserved, which may suggest that those regions are
important for determining the structure of Gli349. The

secondary structure near the C-terminus is less conserved
(Fig. 5), suggesting this region may be a linker between
domains. The characteristics of the predicted secondary
structures of the repeats in MYPU2110 are similar to those
of G1i349.

Gli349 is comprised of 3,183 amino acid residues; the
last repeat starts at position 2,607 and ends at 2,729. The
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Figure 4 The degree of residue conservation at each position in the repeat is shown as information content. The information content of amino
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acid residue “a” at position “i” is calculated by the equation, /(a, i)=—p(a, i)log, p(a,i), where p(a, i) is the fractional content comprised by an amino
20,

acid residue. Za:p(a, i)=1 at each position. As (log, 20—;1(@ i)) becomes larger, the position “i” is regarded as more conserved. The three black

bars indicate well conserved regions.

N-terminal 86% of Gli349 is mostly composed of repeats,
suggesting the C-terminal region takes a different structure
than the rest of the molecule. Repeats G to I, J to R and S to
V form three contiguous tandem repeats (Fig. 3). Interest-
ingly, the gap lengths between repeats I and J and between
repeats R and S are about 100 amino acid residues long (86
between repeats [ and J, and 94 between repeats R and S), or
about as long as one repeat. This suggests to us that the
gaps are also repeats, but have become too divergent for
detection of sequence similarity using currently available
methods.

Search for homologous proteins using repeat profiles

Using HMMER with a profile based on the MSA of
repeat Set #3, we searched for sequences homologous to
both Gli349 and MYPU2110 repeats in the NCBI reference
sequence (RefSeq) database (Release 9)*"2% (http:/www.
ncbi.nlm.nih.gov/RefSeq/), which is a non-redundant pro-
tein sequence dataset, but no homologous sequences with
E-values less than 0.1 were found. We also checked whether
either G1i349 or MYPU2110 matches any profile of known
repeat sequences compiled in the REP database®. Neither
Gli349 nor MYPU2110 matched any profile in the REP data-
base, suggesting that the repeat in Gli349 and MYPU2110
is novel.
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Table 3 Positions cleaved by chymotrypsin

molecular .. molecular ..
weight position weight position
32.0 292 69.4 631
34.7 316 73.4 667
35.8 326 98.5 893
37.1 337 115.0 1052
434 392 131.6 1206
44.7 405 181.4 1665
48.5 438 197.1 1816
49.8 450 215.6 1982
65.5 594 241.3 2219
67.5 613 245.0 2253

The positions were calculated based on the molecular weight (kDa)
and the known target sites of chymotrypsin.

Chymotrypsin treatment

Chymotrypsin breaks the C-terminal peptide bonds of
aromatic residues that are exposed to solvent and are flex-
ible and could, therefore, be used to discover exposed flex-
ible regions in Gli349. A knowledge about such regions
would provide a hint as to the structure of the entire protein,
as well as to the structure of each repeat. Based on the
experimentally obtained molecular weights of the fragments
of Gli349 (unpublished data) and our understanding of the
peptide bonds targeted by chymotrypsin, we estimated the
positions of 20 cleavage sites (shown in Fig. 3a and Table 3).
Of those, 17 fell within either the non-repeat region or the
boundary region of the repeats (Fig. 3a), suggesting that
these areas are exposed to solvent and are flexible. We
suggest that these regions might be the linkers between
domains, which is consistent with our assumption that
each repeat sequence folds into a structural domain. The
remaining three sites fell within the repeats: one was on
the second B-strand and two were on the a-helix. We ex-
pect that these areas are exposed to the solvent, as their se-
quences appear to form an amphipathic -strand or a-helix.

Discussion

Proteins with tandem repeat sequences

We have found that Gli349 is a protein comprised of
tandem repeats, most of which are marked by a YGF motif.
Structures with tandem repeats are known to occur either in
linear arrays or superhelical structures with repeats arranged
around a common axis, as is seen in the B-propeller struc-
ture?. Either of the structures presents an extensive surface
that is well suited for interaction with other molecules.
Indeed, so far the best-known function of the proteins with
known repeats is the binding of other proteins®. We suggest
that Gli349 also provides an extensive surface with which it
interacts with other molecules.

This is the first description of the YGF motif, which was
situated within each repeat. When we searched the SWISS-
PROT database® for proteins containing repeat sequences
with the YGF motif, we only found kelch-like protein 10
from Homo sapiens®'. The kelch repeat has the superhelical

structure of a six-bladed B-propeller in which the repeats
each consist of about 40 amino acid residues and are
arranged around a common axis®*’. Gli349 is unlikely to
assume a structure similar to kelch, because 1) the YGF
motif is not conserved in any kelch repeats, 2) the length
of repeats differs from the kelch repeat, and 3) electron
microscopy (EM) of Gli349 (discussed later) shows an
overall rod-shaped structure. We also note that a search of
the Pfam database®3* using Gli349 as a query provided six
trusted matches against Pfam-A and three matches against
Pfam-B. None of them, however, corresponds to the repeat
and has a YGF motif.

Proteins with an Ig-fold repeat are often found on cell
surfaces and mediate interactions with other cells, as is the
case with a filamin, which contains six Ig-folds in a chain
and functions to cross-link pairs of F-actin chains®. The
size of the Ig-fold is about 100 residues, which resembles
the size of the YGF-containing repeat in Gli349, and is
also an all-B structure. We therefore used PSIPRED* and
FORTE? to thread the repeat sequences of Gli349 and
MYPU2110 in the known Ig-fold structures to test whether
the repeat sequences are compatible with the Ig-fold. No
repeat in Gli349 or MYPU2110 fits into any known Ig-fold
structure, however. Apparently, the YGF-containing repeat
does not assume an Ig-fold structure, but we will need fur-
ther structural determination to confirm this speculation.

Implications for richness of Asparagine

One of the characteristics of the Gli349 sequence is that it
is rich in Asn residues, which accounts for 12.0% of the
residues making up Gli349, or about three times more than
the average fraction (4.3%) of Asn residues in all the protein
sequences in SWISS-PROT?. There are also Asn-rich pro-
teins in Plasmodium falciparum, which is responsible for
malaria in humans. It has been suggested that the Asn-rich
proteins in P. falciparum may be useful for avoiding host
immunogenic responses®®. G1i349 may have similar features.
M. mobile lives as a parasite in the gill organ of freshwater
fish, which are exposed to water. Almost all of Gli349 is
predicted by TMHMM to be outside the cell membrane®. In
addition, P1 adhesin from M. pneumoniae, known to be re-
sponsible for binding to animal cells and glass surfaces***
and to be related with avoiding immunogenic responses,
was recently suggested to directly participate in the gliding*.
Taken together, these results suggest that Gli349 may also
play a role in enabling M. mobile to escape host immuno-
genic responses.

Structural model based on sequence analysis and EM
imaging

Under the assumption that each repeat sequence folds
into a structural domain, we speculated on the tertiary struc-
ture of Gli349. By predicting the repeat structure using
the ROBETTA server (http://robetta.bakerlab.org) and the
ROSETTA algorithm*®4, we estimated the size of the
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Figure 6 Model of Gli349. Low resolution image of Gli349 ob-
tained with electron microscopy (EM) is shown in gray shade. Repeat
regions shown in ovals connected by lines are assigned into the EM
image of Gli349. The N-terminus is placed at the far right side in (a),
and at the far left side in (b). The length of each rod and angles be-
tween two rods are the average values over EM images (unpublished
data).

domain. ROSETTA is one of the most successful methods
for predicting ab initio tertiary structures. We predicted the
structures of repeats K and N because they had the highest
scores in the alignment used for the HMM profile. Ten pre-
dicted tertiary structures per input sequence were obtained
with ROBETTA. The sizes of the predicted structures were
similar (the average size was 4.240.5 nm, where the length
is defined as the farthest distance between two Cao atoms),
though they exhibited a large variety of folds.

A preliminary EM image of Gli349 shows the shape of
Gli349 to have an inverted Z-like structure and to be com-
posed of at least four parts (Fig. 6). It also showed that the
joint between rods 1 and 2 is very flexible, whereas the joint
between rods 2 and 3 is very rigid (Fig. 6). We then tried to
place the predicted structure of the repeat sequences on the
image of Gli349, taking into account the rough estimation
of the length of Gli349, and assuming that the lengths of the
three rods are proportional to the number of residues and
that the entire structure is a string-like filament. We found
that there are two ways to place the repeats on the image:
the N-terminus of Gli349 can be assigned to either the tip
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(model 1, Fig. 6a) or the base of the body of M. mobile
(model 2, Fig. 6b). In both assignments, there are nine
repeats and two non-repeat regions within the 43-nm rod 1
(Fig. 6). We can estimate that the length of one repeat is
shorter than 4.8 nm (=43/9), which agrees well with the
average size of the predicted repeat structures. Because
Gli349 is predicted to have a transmembrane region near the
N-terminus'' and with the mutation of Ser to Leu at 2770
(Uenoyama, A., Seto, S. and Miyata, M., unpublished data),
where the mutation is to be located in the oval region in
model 1, G1i349 cannot adhere to glass'?>, we propose that
model 1 more accurately depicts the true structure of
Gli349, though in both models the non-repeat regions
correspond well to the flexible joints.

Acknowledgments

S.M. warmly thanks Professors Shin Ishii, Takeshi
Kawabata and Gautam Basu at NAIST for their support.
S.M. was supported in part and trained at Japan Atomic
Energy Research Institute. We thank Dr. Kentaro Tomii at
AIST for helping us with FORTE. Computations reported in
this work were carried out at JAERI using an ITBL com-
puter. This work was supported in part by Special Coordina-
tion Funds Promoting Science and Technology from MEXT
(Ministry of Education, Culture, Sports, Science and Tech-
nology, Japan) and was also supported by grants-in-aid for
Scientific Research on a Priority Area (‘Genome biology’
and ‘Infection and host response’) from MEXT.

References

1. Miyata, M. Gliding motility of mycoplasmas — the mecha-
nism cannot be explained by current biology. in Mjyco-
plasmas: Pathogenesis, Molecular Biology, and Emerging
Strategies for Control. (Blanchard, A. and Browning, G. ed.)
pp- 137-163 (Horizon Scientific Press, 2005).

2. Fraser, C.M., Gocayne, J.D., White, O., Adams, M.D.,
Clayton, R. A., Fleischmann, R.D., Bult, C.J., Kerlavage,
A.R., Sutton, G, Kelley, J., Fritchman, R. D., Weidman, J. F.,
Small, K.V., Sandusky, M., Fuhrmann, J., Nguyen, D.,
Utterback, T.R., Saudek, D.M., Phillips, C.A., Merrick,
J.M., Tomb, J.-F., Dougherty, B. A., Bott, K. F., Hu, P.-C. &
Lucier, T. S. The minimal gene complement of Mycoplasma
genitalium. Science 270, 397-403 (1995).

3. Chambaud, I., Heilig, R., Ferris, S., Barbe, V., Samson, D.,
Galisson, F., Moszer, 1., Dybvig, K., Wroblewski, H., Viari,
A., Rocha, E.P. & Blanchard, A. The complete genome
sequence of the murine respiratory pathogen Mycoplasma
pulmonis. Nucleic Acids Res. 29, 2145-2153 (2001).

4. Himmelreich, R., Hilbert, H., Plagens, H., Pirkl, E., Li, B. C.
& Herrmann, R. Complete sequence analysis of the genome
of the bacterium Mycoplasma pneumoniae. Nucleic Acids Res.
24, 4420-4449 (1996).

5. Jaffe, J.D., Stange-Thomann, N., Smith, C., DeCaprio, D.,
Fisher, S., Butler, J., Calvo, S., Elkins, T., FitzGerald, M. G.,
Hafez, N., Kodira, C.D., Major, J., Wang, S., Wilkinson, J.,
Nicol, R., Nusbaum, C., Birren, B., Berg, H. C. & Church,



42

11.

12.

14.

15.

16.

20.

21.

22.

23.

BIOPHYSICS Vol. 1

G.M. The complete genome and proteome of Mycoplasma
mobile. Genome Res. 14, 1447-1461 (2004).

Papazisi, L., Gorton, T.S., Kutish, G, Markham, P.F,
Browning, G.F., Nguyen, D.K., Swartzell, S., Madan, A.,
Mabhairas, G. & Geary, S.J. The complete genome sequence
of the avian pathogen Mycoplasma gallisepticum strain R,
Microbiology 149, 2307-2316 (2003).

Miyata, M., Ryu, W. S. & Berg, H. C. Force and velocity of
Mycoplasma mobile gliding. J. Bacteriol. 184, 1827-1831
(2002).

Rosengarten, R. & Kirchhoff, H. Gliding motility of Myco-
plasma sp. nov. strain 163K. J. Bacteriol. 169, 1891-1898
(1987).

Kusumoto, A., Seto, S., Jaffe, J. D. & Miyata, M. Cell surface
differentiation of Mycoplasma mobile visualized by surface
protein localization. Microbiology 150, 4001-4008 (2004).
Seto, S., Uenoyama, A. & Miyata, M. Identification of 521-
kilodalton protein (Gli521) involved in force generation or
force transmission for Mycoplasma mobile gliding. J. Bacte-
riol. 187, 3502-3510 (2005).

Uenoyama, A., Kusumoto, A. & Miyata, M. Identification of
a 349-kilodalton protein (Gli349) responsible for cytadher-
ence and glass binding during gliding of Mycoplasma mobile.
J. Bacteriol. 186, 1537—1545 (2004).

Miyata, M., Yamamoto, H., Shimizu, T., Uenoyama, A., Citti,
C. & Rosengarten, R. Gliding mutants of Mycoplasma mobile:
relationships between motility and cell morphology, cell ad-
hesion and microcolony formation. Microbiology 146, 1311—
1320 (2000).

Miyata, M. & Petersen, J. D. Spike structure at the interface
between gliding Mycoplasma mobile cells and glass surfaces
visualized by rapid-freeze-and-fracture electron microscopy.
J. Bacteriol. 186, 4382-4386 (2004).

Jaffe, J. D., Miyata, M. & Berg, H. C. Energetics of gliding
motility in Mycoplasma mobile. J. Bacteriol. 186, 4254-4261
(2004).

Altschul, S. F., Gish, W., Miller, W., Myers, E. W. & Lipman,
D.J. Basic local alignment search tool. J Mol. Biol. 215,
403-410 (1990).

Krogh, A., Brown, M., Mian, 1. S., Sjolander, K. & Haussler,
D. Hidden Markov models in computational biology. Appli-
cations to protein modeling. J. Mol. Biol. 235, 1501-1531
(1994).

Eddy, S. R. Hidden Markov models. Curr. Opin. Struct. Biol.
6, 361-365 (1996).

Eddy, S. R. Multiple alignment using hidden Markov models.
Proc. Int. Conf. Intell. Syst. Mol. Biol. 3, 114—120 (1995).
Eddy, S.R. Profile hidden Markov models. Bioinformatics
14, 755-763 (1998).

Ewens, W.J. & Grant, G.R. Statistical Methods in Bioinfor-
matics (Springer, New York, 2002).

Thompson, J. D., Higgins, D. G. & Gibson, T.J. CLUSTAL
W: improving the sensitivity of progressive multiple sequence
alignment through sequence weighting, position-specific gap
penalties and weight matrix choice. Nucleic Acids Res. 22,
46734680 (1994).

Higgins, D.G., Thompson, J.D. & Gibson, T.J. Using
CLUSTAL for multiple sequence alignments. Methods
Enzymol. 266, 383—402 (1996).

Andrade, M. A., Ponting, C., Gibson, T. & Bork, P. Identifica-
tion of protein repeats and statistical significance of sequence
comparisons. J. Mol. Biol. 298, 521-537 (2000).

low"

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Miyata, M. Gliding motility of mycoplasma — a mechanism
cannot be explained by today’s biology. Nippon Saikingaku
Zasshi 57, 581-595 (2002).

Schneider, T.D. & Stephens, R. M. Sequence logos: a new
way to display consensus sequences. Nucleic Acids Res. 18,
6097-6100 (1990).

Perriere, G., Combet, C., Penel, S., Blanchet, C., Thioulouse,
J., Geourjon, C., Grassot, J., Charavay, C., Gouy, M.,
Duret, L. & Deleage, G. Integrated databanks access and
sequence/structure analysis services at the PBIL. Nucleic
Acids Res. 31, 3393-3399 (2003).

Pruitt, K. D., Katz, K. S., Sicotte, H. & Maglott, D. R. Intro-
ducing RefSeq and LocusLink: curated human genome
resources at the NCBI. Trends Genet. 16, 44—47 (2000).
Pruitt, K. D. & Maglott, D. R. RefSeq and LocusLink: NCBI
gene-centered resources. Nucleic Acids Res. 29, 137-140
(2001).

Andrade, M. A., Perez-Iratxeta, C. & Ponting, C.P. Protein
repeats: structures, functions, and evolution. J. Struct. Biol.
134, 117-131 (2001).

Boeckmann, B., Bairoch, A., Apweiler, R., Blatter, M.-C.,
Estreicher, A., Gasteiger, E., Martin, M. J., Michoud, K.,
O’Donovan, C., Phan, 1., Pilbout, S. & Schneider, M. The
SWISS-PROT protein knowledgebase and its supplement
TrEMBL in 2003. Nucleic Acids Res. 31, 365-370 (2003).
Yan, W., Ma, L., Burns, K. H. & Matzuk, M. M. Haploinsuffi-
ciency of kelch-like protein homolog 10 causes infertility in
male mice. Proc. Natl. Acad. Sci. USA 101, 7793-7798 (2004).
Li, X., Zhang, D., Hannink, M. & Beamer, L. J. Crystal struc-
ture of the Kelch domain of human Keapl. J. Biol. Chem.
279, 54750-54758 (2004).

Sonnhammer, E. L., Eddy, S.R., Birney, E., Bateman, A. &
Durbin, R. Pfam: multiple sequence alignments and HMM-
profiles of protein domains. Nucleic Acids Res. 26, 320-322
(1998).

Sonnhammer, E. L., Eddy, S.R. & Durbin, R. Pfam: a com-
prehensive database of protein domain families based on seed
alignments. Proteins 28, 405-420 (1997).

Popowicz, G. M., Muller, R., Noegel, A. A., Schleicher, M.,
Huber, R. & Holak, T.A. Molecular structure of the rod
domain of dictyostelium filamin. J. Mol. Biol. 342, 1637-1646
(2004).

McGuffin, L., Bryson, K. & Jones, D. The PSIPRED protein
structure prediction server. Bioinformatics 16, 404—405 (2000).
Tomii, K. & Akiyama, Y. FORTE: a profile-profile compari-
son tool for protein fold recognition. Bioinformatics 20, 594—
595 (2004).

Brocchieri, L. Low-complexity regions in Plasmodium
proteins: in search of a function. Genome Res. 11, 195-197
(2001).

Sonnhammer, E. L., von Heijne, G. & Krogh, A. A hidden
Markov model for predicting transmembrane helices in pro-
tein sequences. Proc. Int. Conf. Intell. Syst. Mol. Biol. 6, 175—
182 (1998).

Feldner, J., Gobel, U. & Bredt, W. Mycoplasma pneumoniae
adhesin localized to tip structure by monoclonal antiboy.
Nature 298, 765-767 (1982).

Hu, P.C., Cole, R. M., Huang, Y. S., Graham, J. A., Gardner,
D.E., Collier, A. M. & Clyde, J. W. A. Mycoplasma pneumo-
niae infection: role of a surface protein in the attachment
organelle. Science 216, 313-315 (1982).

Baseman, J.B., Cole, R. M., Krause, D.C. & Leith, D.K.



43.

44,

Molecular basis for cytadsorption of Mycoplasma pneumo-
niae. J. Bacteriol. 151, 15141522 (1982).

Razin, S. & Jacobs, E. Mycoplasma adhesion. J Gen.
Microbiol. 138, 407-422 (1992).

Seto, S., Kenri, T., Tomiyama, T. & Miyata, M. Involvement
of P1 adhesin in gliding motility of Mycoplasma pneumoniae
as revealed by the inhibitory effects of antibody under opti-
mized gliding conditions. J. Bacteriol. 187, 1875-1877 (2005).

45.

46.

Metsugi et al.: Repeats in Gli349 protein 43

Simons, K. T., Bonneau, R., Ruczinski, I. & Baker, D. 4b
initio protein structure prediction of CASP III targets using
ROSETTA. Proteins Suppl. 3, 171-176 (1999).

Simons, K. T., Kooperberg, C., Huang, E. & Baker, D. As-
sembly of protein tertiary structures from fragments with sim-
ilar local sequences using simulated annealing and Bayesian
scoring functions. J. Mol. Biol. 268, 209-225 (1997).



