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KEYWORDS Summary

Secondary structure; The cell wall of mycobacteria includes an unusual outer membrane of extremely low permeabil-
Prediction; ity. While Escherichia coli uses more than 60 proteins to functionalize its outer membrane, only
Amphiphilicity; two mycobacterial outer membrane proteins (OMPs) are known. The porin MspA of Mycobacte-
Beta-strand; rium smegmatis provided the proof of principle that integral mycobacterial OMPs share the B-
Exported; barrel structure, the absence of hydrophobic a-helices and the presence of a signal peptide with
Inner membrane; OMPs of gram-negative bacteria. These properties were exploited in a multi-step bioinformatic
Periplasmic; approach to predict OMPs of M. tuberculosis. A secondary structure analysis was performed for
Secreted proteins 587 proteins of M. tuberculosis predicted to be exported. Scores were calculated for the B-

strand content and the amphiphilicity of the B-strands. Reference OMPs of gram-negative bac-
teria defined threshold values for these parameters that were met by 144 proteins of unknown
function of M. tuberculosis. Two of them were verified as OMPs by a novel two-step experimental
approach. Rv1698 and Rv1973 were detected only in the total membrane fraction of M. bovis
BCG in Western blot experiments, while proteinase K digestion of whole cells showed the surface
accessibility of these proteins. These findings established that Rv1698 and Rv1973 are indeed lo-
calized in the outer membrane and tripled the number of known OMPs of M. tuberculosis. Sig-
nificantly, these results provide evidence for the usefulness of the bioinformatic approach to
predict mycobacterial OMPs and indicate that M. tuberculosis likely has many OMPs with B-bar-
rel structure. Our findings pave the way to identify the set of proteins which functionalize the
outer membrane of M. tuberculosis.
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Introduction

The cell wall of mycobacteria is an intriguingly complex
structure consisting of a great variety and a large amount
of lipids."2 Very long-chain fatty acids, the mycolic acids,
are covalently bound to the arabinogalactan-peptidoglycan
co-polymer and were proposed to form the inner layer of
an asymmetric outer membrane while other lipids consti-
tute the outer leaflet.® X-ray diffraction studies showed
that the mycolic acids are indeed oriented in parallel
and perpendicular to the plane of the cell envelope.*
The presence of a second lipid bilayer outside of the
cytoplasmic membrane in mycobacterial species has
recently been visualized for the first time in a near native
state by cryo-electron microscopy.® The discovery and the
analysis of the porin MspA of Mycobacterium smegmatis
provided the first conclusive evidence that functionally
similar, but structurally completely different outer
membrane proteins (OMPs) exist also in mycobacteria.®™®
Despite the well-documented importance of OMPs for the
import of nutrients, secretion processes and host—
pathogen interactions in gram-negative bacteria,'® surpris-
ingly few OMPs of mycobacteria are known. The only two
well-characterized examples of integral OMPs are the
porin MspA of M. smegmatis and the channel-forming
protein OmpA of M. tuberculosis.""™'* By contrast, E.
coli uses more than 60 proteins to functionalize its outer
membrane,’® none of which has significant sequence
similarity to any M. tuberculosis protein.

Traditionally, OMPs have been discovered by isolating
the cell envelope and then separating the inner from the
outer membrane in sucrose gradients.'®~'® Due to the
covalent linkages between the peptidoglycan, the arabi-
nogalactan and the mycolic acid layer,’ it is difficult to
mechanically lyse mycobacterial cells."® This is usually
achieved only by harsh conditions, which inadvertently
leads to mixing of components of both membranes. This
has hampered localization experiments and identification
of M. tuberculosis OMPs so far.2® Bioinformatic analysis of
the genome of M. tuberculosis provides an alternative
strategy, but OMPs are more difficult to identify by the
amino acid sequence than inner membrane proteins,
whose hydrophobic a-helices are predicted with accura-
cies exceeding 99%.%" So far, all known OMPs are B-barrel
proteins, which are characterized by a pattern of alter-
nating hydrophobic and hydrophilic amino acids in the
B-strands forming the B-barrel.?? Such a pattern is recog-
nizable in the protein sequences and has been exploited
in recent years to develop programs for prediction of
B-barrel proteins. For example, more than 10 previously
unknown OMPs were predicted for E. coli.?> Notably,
a consensus method performed better than each individ-
ual prediction method for a set of 20 B-barrel OMPs whose
structures are known at atomic resolution.?* The success
of these approaches motivated the application of one of
these algorithms to predict OMPs of M. tuberculosis.?
However, the usefulness of this analysis is limited for
several reasons: (i) Pajon et al. did not exclude proteins
with hydrophobic a-helices and therefore the list of pre-
dicted OMPs contains a large number of inner membrane
proteins (IMPs). (ii) One of the two variables chosen as

predictors of putative B-barrel structures was based on
the prevalence of a C-terminal phenylalanine,?® which is
typical for OMPs of gram-negative bacteria but is not
present in the two known mycobacterial OMPs MspA and
OmpA.>7"" (iii) Proteins with sequence homology to
known cytoplasmic and periplasmic proteins or lipopro-
teins, which are anchored in membranes by their lipid
moieties and not by a transmembrane B-barrel,?” were
not excluded from the list.

In this study, we have employed an algorithm entirely
based on physical principles to predict OMPs of M. tubercu-
losis. In contrast to all other prediction methods so far, we
provide a scoring system for the number and amphiphilicity
of B-strands of a particular protein. By combining both
parameters with biological knowledge we predicted 144
proteins as OMPs of Mtb. The subcellular localization of
two of these proteins was determined by demonstrating
their association with membranes and their surface acces-
sibility to proteases. This alternative approach identified
Rv1698 and Rv1973 as OMPs of M. tuberculosis and provided
experimental evidence for the usefulness of the bioinfor-
matic predictions.

Materials and methods

Genome-wide analysis to identify putative
OMPs of M. tuberculosis

A FASTA file with 3991 protein sequences for the Mycobacte-
rium tuberculosis H37Rv genome was obtained from ftp://
ftp.ncbi.nih.gov/genbank/genomes/Bacteria/Mycobacter
ium_tuberculosis_H37Rv/ [version: AL123456.2 date: 04/
18/2006].%8 All sequences were scanned for sequence simi-
larity matches against the Pfam database of protein motifs
(version 20.0%%) using hmmpfam.3%3! To identify exported
proteins of M. tuberculosis we predicted the presence of
an N-terminal signal peptide using SignalP 3.0.3233 All pro-
teins that had a Ygax score >0.51 were considered as
exported proteins. These proteins were selected and the
sequences corresponding to the signal peptide predicted
by SignalP were removed. These shortened sequences
should represent the mature proteins and were used for all
further analyses. Next, the sequences were examined by
TMHMM to predict transmembrane a-helices.>*3 For all
proteins that did not have a hydrophobic a-helix the second-
ary structure was predicted from the sequence using the
Jnet algorithm3® which gives the best performance among
secondary structure prediction algorithms and achieves
a 76.4% average accuracy on a large test set of proteins.3’
Predicted B-strands of a minimum of five consecutive resi-
dues were registered. Next, we computed the amphiphilicity
of these B-strands. To this end, the mean hydrophobicity of
one side of a B-strand Hg(i) was calculated at position i in
a sequence following Vogel and Jihnig®® as Hg(i) = 1/5 x
(h(i—4)+h(i—2)+ h(i)+h(i+2)+ h(i +4)), where h(i)
is the hydrophobicity of the amino acid at position i. Note
that in a sequence of amino acids from 1 to N, these values
can only be computed for i =5, ..., N— 4. The values of
hydrophobicity for the amino acids were taken from Sweet
and Eisenberg.>® Given the average value of hydrophobicity
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