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The UspA2 protein has been shown to be directly involved in the serum-resistant phenotype of Moraxella
catarrhalis. The predicted 5'-untranslated regions (UTR) of the uspA2 genes in several different M. catarrhalis
strains were shown to contain various numbers (i.e., 6 to 23) of a heteropolymeric tetranucleotide (AGAT)
repeat. Deletion of the AGAT repeats from the uspA2 genes in the serum-resistant M. catarrhalis strains O35E
and O12E resulted in a drastic reduction in UspA2 protein expression and serum resistance. PCR and
transformation were used to construct a series of M. catarrhalis O12E strains that differed only in the number
of AGAT repeats in their uspA2 genes. Expression of UspA2 was maximal in the presence of 18 AGAT repeats,
although serum resistance attained wild-type levels in the presence of as few as nine AGAT repeats. Increased
UspA2 expression was correlated with both increased binding of vitronectin and decreased binding of poly-
merized C9. Real-time reverse transcription-PCR analysis showed that changes in the number of AGAT
repeats affected the levels of uspA2 mRNA, with 15 to 18 AGAT repeats yielding maximal levels. Primer
extension analysis indicated that these AGAT repeats were contained in the 5'-UTR of the uspA2 gene. The
mRNA transcribed from a uspA2 gene containing 18 AGAT repeats was found to have a longer half-life than
that transcribed from a uspA2 gene lacking AGAT repeats. These data confirm that the presence of the AGAT
repeats in the 5'-UTR of the usp42 gene is necessary for both normal expression of the UspA2 protein and

serum resistance.

Among the bacteria that can colonize the human nasophar-
ynx, three different organisms (Streptococcus pneumoniae, non-
typeable Haemophilus influenzae, and Moraxella catarrhalis)
are noted for their ability to cause otitis media in infants and
very young children (15). M. catarrhalis, an unencapsulated,
gram-negative coccobacillus previously termed either Neisseria
catarrhalis or Branhamella catarrhalis (12), is the third most
common cause of otitis media in the pediatric population (17).
More recent clinical studies have reaffirmed the pathogenic
potential of this bacterium in adults, indicating that M. ca-
tarrhalis may cause as many as four million exacerbations of
chronic obstructive pulmonary disease annually in the United
States (45).

Although the ability of this organism to produce disease is
now well established, information about the M. catarrhalis gene
products essential for pathogenesis remains relatively limited.
Among the various putative virulence factors that have been
identified to date (reviewed in references 28, 42, and 53),
several proteinaceous antigens have been shown to protrude
from the outer membrane of M. catarrhalis. These include the
UspAl and UspA2 proteins (2, 25, 47), the Hag (MID) hem-
agglutinin (19, 47), and type IV pili (32). Interestingly, expres-
sion of both the UspAl protein and the Hag protein appear to
be subject to phase variation, although the relevant mecha-
nisms are different. A homopolymeric nucleotide repeat con-
taining 10 guanine residues [i.e., a poly(G) tract] occurs in the
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5’-untranslated region (UTR) of the uspA1 gene of most wild-
type isolates of M. catarrhalis (14). These relatively long ho-
mopolymeric tracts can undergo transitory base-pair misalign-
ment (i.e., slipped-strand mispairing) (23). Upon deletion of a
single G residue from this tract, presumably as the result of
slipped-strand mispairing, the level of transcription of the
uspAIl gene is reduced significantly with a consequent reduc-
tion in the level of expression of the UspAl protein (30). A
poly(G) tract is also present inside the sag open reading frame
(ORF), just downstream from the translation initiation codon
for this gene. When the number of G residues in this hag
poly(G) tract is divisible by three, the Hag protein is expressed.
If the number of G residues is changed to a number not
divisible by three, then a frameshift occurs, resulting in a pre-
mature translational termination codon downstream of the
poly(G) tract (40, 47).

Similarly, it has been reported that the region immediately
upstream from the translation initiation codon of the M. ca-
tarrhalis uspA2 gene contains a tetranucleotide (AGAT) repeat
(3, 14, 20). The UspA2 protein has been shown to be directly
involved in the expression of serum resistance by M. catarrhalis
strain O35E (4). In addition, it was recently demonstrated that
UspA2-mediated binding of vitronectin from normal human
serum (NHS) was responsible for the ability of three M. ca-
tarrhalis strains to resist serum killing (5). In a recent survey of
nasopharyngeal isolates from young children in Greece, a
uspA2 gene or the closely related usp42H gene was detected in
100% of the 108 strains tested (38). UspA2 appears to be a
target for antibodies that develop in patients with chronic
obstructive pulmonary disease (43, 44), and antibodies to this
protein can also be detected in very young children colonized
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TABLE 1. Bacterial strains used in this study

M. catarrhalis strain Genotype or description ?gfl:: rrcef;é)er

O35E Wild-type disease isolate; serum resistant 3

O12E Wild-type disease isolate; serum resistant 1

O35E-Sm* rpsL mutant of O35E; streptomycin resistant; serum resistant 4

O12E.2 uspA2 mutant of O12E; serum sensitive; spectinomycin resistant 5

O35E.2 uspA2 mutant of O35E; serum sensitive; kanamycin resistant 3

O12EAAGAT O12E construct that lacks AGAT nucleotide repeats in the 5'-UTR This study
of its uspA2 gene; serum sensitive; streptomycin resistant

O35EAAGAT O35E construct that lacks AGAT nucleotide repeats in the 5'-UTR This study
of its uspA2 gene; serum sensitive; streptomycin resistant

O12EAAGAT.2 uspA2 mutant of O12EAAGAT; spectinomycin resistant This study

O12E-Sm* rpsL mutant of O12E; streptomycin resistant; serum resistant; has 19 This study
AGAT repeats in the 5'-UTR of its usp42 gene

O12E-2rpts O12E construct with two AGAT repeats in the 5'-UTR of its uspA2 gene; This study
streptomycin resistant

O12E-6rpts O12E construct with six AGAT repeats in the 5'-UTR of its uspA2 gene; This study
streptomycin resistant

O12E-8rpts O12E construct with eight AGAT repeats in the 5'-UTR of its uspA2 gene; This study
streptomycin resistant

O12E-9rpts O12E construct with 9 AGAT repeats in the 5'-UTR of its uspA2 gene; This study
streptomycin resistant

O12E-10rpts O12E construct with 10 AGAT repeats in the 5'-UTR of its uspA42 gene; This study
streptomycin resistant

O12E-11rpts O12E construct with 11 AGAT repeats in the 5'-UTR of its uspA42 gene; This study
streptomycin resistant

O12E-12rpts O12E construct with 12 AGAT repeats in the 5'-UTR of its uspA42 gene; This study
streptomycin resistant

O12E-151pts O12E construct with 15 AGAT repeats in the 5'-UTR of its uspA42 gene; This study
streptomycin resistant

O12E-18rpts O12E construct with 18 AGAT repeats in the 5'-UTR of its uspA42 gene; This study
streptomycin resistant

O12E-23rpts O12E construct with 23 AGAT repeats in the 5'-UTR of its uspA42 gene; This study
streptomycin resistant

7169 Wild-type disease isolate; serum resistant 10

ATCC 25238 Wild-type isolate; serum resistant ATCC

ATCC 43617 Wild-type isolate; serum sensitive ATCC

ETSU-5 Wild-type isolate; serum resistant S. Berk

FIN2344 Wild-type isolate; serum resistant M. Helminen

V1118 Wild-type isolate; serum resistant F. Henderson

V1120 Wild-type isolate; serum resistant F. Henderson

V1145 Wild-type isolate; serum resistant F. Henderson

V1171 Wild-type isolate; serum resistant F. Henderson

with M. catarrhalis (37) and in serum and saliva from healthy
individuals (13, 51).

In the present study, we show that the presence of the
AGAT nucleotide repeat in the 5'-UTR of the uspA2 gene is
essential for wild-type expression of the UspA2 protein. Elim-
ination of the AGAT repeat resulted in very low levels of
synthesis of UspA2 and converted the serum-resistant M. ca-
tarrhalis O12E wild-type strain to a serum-sensitive phenotype.
Increasing the number of AGAT repeats resulted in wild-type
levels of synthesis of the UspA2 protein, and this could be
correlated with an increase in the level of usp42 mRNA, in-
creased binding of vitronectin, and restoration of the serum-
resistant phenotype. Finally, the usp42 mRNA transcribed
from a uspA2 gene lacking AGAT repeats was shown to have
a shorter half-life than that transcribed from a uspA2 gene
containing these repeats.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The M. catarrhalis strains used in the
present study are listed in Table 1 and were grown in brain heart infusion (BHI)

broth (Difco/Becton Dickinson, Sparks, MD) at 37°C or on BHI plates solidified
with 1.5% (wt/vol) agar in an atmosphere containing 95% air-5% CO, at 37°C.
When needed, BHI was supplemented with kanamycin (15 pg/ml), spectinomy-
cin (15 pg/ml), or dihydrostreptomycin sulfate (750 pg/ml).

Recombinant DNA techniques. Standard molecular biology and recombinant
DNA techniques were performed as described previously (48). PCR-based am-
plification of DNA fragments was carried out with either ExTaqg DNA polymer-
ase (PanVera, Madison, WI) or Pfu DNA polymerase (Stratagene, La Jolla, CA).
The oligonucleotide primers used here are listed in Table 2. Isolation of chro-
mosomal DNA from M. catarrhalis was carried out by using the Easy-DNA kit
(Invitrogen, Carlsbad, CA), and plasmid DNA was isolated by using the Qiaprep
Spin Miniprep kit (QIAGEN, Valencia, CA). Gel purification of DNA fragments
was done by using the Geneclean Turbo kit (Q.Biogene, Vista, CA).

MAbs and Western blot analysis. M. catarrhalis whole-cell lysates were pre-
pared as described previously (4), and the proteins present in these lysates were
resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) using 7.5% (wt/vol) polyacrylamide gels. These proteins were electro-
phoretically transferred to nitrocellulose membranes (Schleicher & Schuell Bio-
Science, Keene, NH) and probed with the appropriate primary antibody,
followed by goat anti-mouse immunoglobulin G conjugated to horseradish per-
oxidase (Jackson Immunoresearch, West Grove, PA). The antigen-antibody
complexes were detected by using the Western Lightning Chemiluminescence
Reagent Plus (New England Nuclear, Boston, MA). Monoclonal antibody
(MADb) 17C7, which binds an epitope present in both the M. catarrhalis UspAl
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TABLE 2. Oligonucleotide primers used in this study

Primer Sequence (5'-3")
AA26-Rev .........GCACCCAAGCCAACAATCATGGCA
AA52-Rey .........GGGAGAAGTTTCATGGTTTTC

TGCCTAGGAAAGCTTTTATCCATCACTCAC
TAAGATCTCATAGATAGCCACATCAATC
CTCTCATCAAAGACACACCAA
GAGATTTTTCCATTTATGCCAGCAAAAG
CTTTTGCTGGCATAAATGGAAAAATCTC
AAAACTCTGTCTTTTATCTGTCC
.GGACAGATAAAAGACAGAGTTTT
ATGCCAGCAAAAGAAAACTCTGTCTTTTAT
CTGTCCGCTGATG
AGATAGATAAAACTCTGTCTTTTATCTGTCC

AAT5-Rev ... ATCTATCTCTTTTGCTGGCATAAATGGAAA
AATCTC
AA9-Rey ............. TCGCAGTAGATGCCATACCC

CopB-807F .......... CAATCGTGCCTTGACGCTAGA
CopB-915R ......... GCCAAGTTTGTAACCCTTGCCT

Rps-3' ... ACGCCACCAACAGCACAATAAACC
Rps-5' ... .TGGCGAACTCAAGCAAACAGC
U2-1886F.. .GTAAGTTTAATGCGACCGCTGC
U2-1987R ...

protein and the UspA2 protein, has been described elsewhere (3). The M.
catarrhalis CopB protein-reactive MAb 10F3 (21) was used to standardize anti-
gen loads when whole-cell lysates were used.

Serum bactericidal assay. Killing of M. catarrhalis strains by NHS was mea-
sured as described previously (4) using either 10% (vol/vol) or 30% (vol/vol)
NHS. NHS was prepared from blood drawn from adult human volunteers as
described previously (4).

Detection of NHS components bound to M. catarrhalis. The analysis of the
binding of NHS components to M. catarrhalis cells was carried out as described
previously (5) with slight modifications. Briefly, M. catarrhalis strains grown into
mid-logarithmic phase were resuspended in Veronal-buffered saline (VBS) con-
taining 5 mM MgCl, and 1.5 mM CaCl, (VBS™* ™) to a final optical density at 600
nm of 0.6. Portions (500 wl) of these bacterial suspensions were incubated with
10% (vol/vol) NHS in a final volume of 1 ml for 30 min at 37°C. Complement
activation was stopped by incubating the reaction tubes on ice for 5 min. The
bacterial pellets were washed three times with ice-cold VBS containing 0.1%
(wt/vol) gelatin, lysed, and analyzed by Western blotting to detect polymerized
C9 and vitronectin as described previously (5).

Identification of a streptomycin-resistant mutant of M. catarrhalis strain
O12E. A spontaneous streptomycin-resistant mutant of M. catarrhalis strain
O12E (O12E-Sm") was obtained by using a method described previously (4).
Nucleotide sequence analysis showed that this streptomycin-resistant mutant has
a single nucleotide change (A—G) in the rpsL gene at residue 128 that resulted
in a single amino acid change (i.e., K43R). The mutated rpsL gene, together
with flanking sequences was PCR amplified using the oligonucleotide primers
Rps-5" and Rps-3’ to generate a 3-kb amplicon that was used in congression
experiments (4).

Construction of M. catarrhalis strains with uspA2 genes that lack AGAT
repeats. A method similar to overlapping extension PCR (26) was used to delete
the AGAT repeats from the uspA2 gene. Chromosomal DNA from either M.
catarrhalis strain O12E or M. catarrhalis strain O35E was used as the template for
two PCRs (Fig. 1B). For the first reaction, the oligonucleotide primers AA68-Fw
and AA69-Rev were used to amplify a ~0.5-kb region directly upstream of the
AGAT repeat region. For the second PCR, the region immediately downstream
of the AGAT repeats was PCR amplified using the oligonucleotide primers
AAT70-Fw and AA54-Rev. This fragment contained the remaining putative 5'-
UTR, the entire uspA2 open reading frame (ORF), and 100 nucleotides (nt)
downstream of this ORF. After gel purification, the latter fragment was used as
a template for another PCR with the oligonucleotide primers AA71-Fw and
AAS54-Rev. AA71-Fw binds to the same region as AA70-Fw except that it has an
additional 13 nt in its 5’ end that are complementary to the first 13 nt of the 5’
end of AA69-Rev. The AA68-Fw—AA69-Rev and AA71-Fw-AA54-Rev frag-
ments were used together as the template for another PCR with AA68-Fw and
AAS54-Rev as the primers. The final PCR product was gel purified, its nucleotide
sequence was verified, and then it was used in a plate transformation-based
congression experiment (4), together with the 3-kb amplicon containing the
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mutated rpsL gene described above. Two different strains were transformed in
these experiments; the spectinomycin-resistant uspA2 mutant strain O12E.2
(Spec) and the kanamycin-resistant uspA42 mutant O35E.2. Streptomycin-resis-
tant, spectinomycin-sensitive O12E.2 transformants and streptomycin-resistant,
kanamycin-sensitive O35E.2 transformants were identified, and nucleotide se-
quence analysis was used to verify that the AGAT repeat region had been
deleted and that the usp42 ORF was intact. One transformant was selected from
each strain, and these were designated O12EAAGAT and O35EAAGAT, re-
spectively.

Construction of M. catarrhalis O12E strains with various numbers of AGAT
repeats in their usp42 genes. The wild-type O12E strain has 19 AGAT repeats
upstream of its uspA42 gene, and we were able to isolate two naturally occurring
variants of this strain that have either 18 or 23 AGAT repeats. These three
strains were transformed with the 3-kb amplicon containing the mutated rpsL
gene to obtain streptomycin-resistant strains. These transformants were con-
firmed as having the original number of AGAT repeats (i.e., 18, 19, or 23) in
their uspA2 genes. For the construction of an O12E strain with two AGAT
repeats, the same procedures described above for the construction of the
AAGAT deletion constructs were used except the oligonucleotide primer AA75-
Rev was used instead of AA69-Rev and the oligonucleotide primer AA74-Fw
was used instead of AA70-Fw (Fig. 1C). AA75-Rev and AA74-Fw have the same
sequences as AA69-Rev and AA70-Fw, respectively, except AA75-Rev and
AAT74-Fw have an additional two AGAT repeats at their 5’ ends. For the
construction of the rest of the OI12E strains with different numbers of AGAT
repeats (Fig. 1D), oligonucleotide primers AA69-Fw and AA70-Rev were used
to amplify the AGAT repeat regions from both different M. catarrhalis isolates
that had various numbers of AGAT repeats in the 5'-UTR of their uspA2 genes
and from a cloned DNA fragment containing the uspA2 5'-UTR from O12E.
These PCR-amplified fragments containing different numbers of AGAT repeats
were used in two-step PCRs. The first involved the PCR fragment obtained by
using the AA63-Fw/AA69-Rev primer pair with O12E chromosomal DNA as a
template. The resultant amplicon was then used in a PCR with the PCR fragment
obtained by using the AA70-Fw/AA54-Rev primer pair with O12E chromo-
somal DNA as a template. The final PCR products were sequence verified
and then transformed by congression into the spectinomycin-resistant strain
O12EAAGAT.2. Streptomycin-resistant, spectinomycin-sensitive transformants
were screened first by using a colony-PCR system with the oligonucleotide
primers AA63-Fw and AA52-Rev to identify transformants whose PCR products
exhibited a size shift relative to that obtained from strain O12EAAGAT. Each
selected transformant was sequence verified to ensure that it possessed the
desired number of AGAT repeats and that the uspA42 ORF was intact.

Measurement of UspA2 protein levels by using flow cytometry. The amount of
UspA2 protein expressed by the O12E constructs with different numbers of
AGAT repeats was measured by using flow cytometry with MAb 17C7 as the
primary antibody. To avoid interference from the UspAl protein, which is also
reactive with MAb 17C7 (3), isogenic uspA1 mutants were generated by trans-
forming each of these O12E constructs with the plasmid pUSPA1KAN as de-
scribed previously (2). The 5'-UTR of the uspA2 gene of each of these uspAI
mutants was sequenced to confirm that no change had occurred in the number
of the AGAT repeats during the transformation process. These constructs were
then subjected to flow cytometric analysis to compare the levels of the UspA2
protein. Briefly, bacterial cells grown overnight on BHI agar plates were sus-
pended in phosphate-buffered saline (PBS) to an optical density at 600 nm of
0.35. Portions (100 wl) of these suspensions were spun down and resuspended in
100 wl of PBS containing 1% (wt/vol) bovine serum albumin (PBS-BSA) in which
purified MAb 17C7 (3 pg/pl) had been diluted 1:100. These tubes were incu-
bated at room temperature for 20 min and then washed three times with 500 .l
of PBS-BSA. The bacteria were then incubated with 1 g of fluorescein isothio-
cyanate-conjugated goat anti-mouse antibody (Abcam, Cambridge, MA) for 20
min at room temperature, followed by three washes with 500 pl of PBS-BSA. The
final pellet was suspended in 1 ml of PBS and analyzed by flow cytometry using
a FACScan flow cytometer (Becton Dickinson).

Measurement of uspA2 transcription by real-time RT-PCR. RNA was isolated
from bacterial strains grown to mid-logarithmic phase and then treated with
DNase I (MessageClean Kit, GenHunter Corp, Nashville, TN) to remove any
DNA contamination. The RNA was then washed by ethanol precipitation. For
real-time reverse transcription-PCR (RT-PCR) analysis, the copB gene was used
as an endogenous control to normalize the results obtained with the uspA42 gene.
Primers were designed by using Primer Express software (Applied Biosystems,
Foster City, CA). Primers CopB-807F and CopB-915R were used to amplify a
109-bp fragment of the copB gene, and the primers U2-1886F and U2-1987R
were used to amplify a 102-bp fragment of the usp42 gene. A master mix for each
gene was prepared so that each well would contain 12.5 pl of 2X SYBR Green
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FIG. 1. PCR and transformation strategies used to construct M. catarrhalis O12E strains with various numbers of AGAT repeats. (A) Chro-
mosomal locus containing the uspA2 gene and flanking DNA. The locations of oligonucleotide primers used for PCRs are shown. (B to D) The
different PCR strategies used to construct the strains containing no AGAT repeats (B), 2 AGAT repeats (C), and 6 to 15 AGAT repeats (D) are

illustrated.

Master Mix (Applied Biosystems), 1 wl of a 2.5 uM stock solution of each primer
(forward and reverse), 0.1 wl of MultiScribe reverse transcriptase (50 U/pl;
Applied Biosystems), and RNase-free water (QIAGEN) in a final volume of 20
wl. Portions (5 pl) of the RNA samples (20 ng/ul) were added to the wells in
triplicate. As a negative control, wells that had the master mix but lacked the
reverse transcriptase enzyme were used to detect any DNA contamination. The
data analysis was carried out by using the 7500 System SDS software v.13
(Applied Biosystems) applying the relative quantification AAC; method. The
amount of the uspA2 message was normalized according to the amount of the
copB message, and the data are presented as the fold increase using the nor-
malized level of the uspA2 gene of M. catarrhalis O12EAAGAT as the calibrator.

Primer extension analysis. A 10-ng quantity of RNA freshly isolated from
either strain O12E-9rpts or O12E-18rpts was subjected to RT using SuperScript
II reverse transcriptase (Invitrogen) and the primer AA52-Rev, AA26-Rev, or
AA9-Rev in the presence of [a->?P]dCTP (Perkin-Elmer, Boston, MA) for 1 h at
42°C. The labeled RT product was then subjected to electrophoresis in a 6%
(wt/vol) polyacrylamide-urea sequencing gel together with a sequencing ladder
that had been generated by using the same primers with the AmpliCycle se-
quencing kit (Perkin-Elmer) according to the manufacturer’s instructions. The
gel was fixed by using a solution containing 5% (vol/vol) acetic acid and 5%
(vol/vol) methanol, exposed to a storage phosphor intensifying screen (GE
Healthcare, Piscataway, NJ) for a few hours, and then scanned using a STORM

820 scanner (GE Healthcare). The image was analyzed by using ImageQuant
v.5.2 software (Molecular Dynamics, Sunnyvale, CA).

Assessment of mRNA stability. M. catarrhalis strains O12-Orpts and O12E-
18rpts were grown to mid-logarithmic phase in 40-ml culture volumes. Portions
(5 ml) were then removed and mixed with an equal volume of 50 mM sodium
azide and kept on ice. Rifampin was added to the rest of the bacterial cultures
to a final concentration of 150 pg/ml. Additional 5-ml portions of the broth
cultures were then removed after 1, 2, 3, 5, and 10 min; mixed with equal portions
of 50 mM sodium azide; and kept on ice. RNA was then isolated from these
samples and used for real-time RT-PCR analysis as described above except that
the data analysis was carried out by using the absolute quantitation method. The
amount of both uspA42 and copB mRNA transcripts was determined for each
strain at the six time points. This experiment was carried out three times inde-
pendently, and each RNA sample was analyzed at least in duplicate. Half-life
determination was done by plotting the percentage of mRNA left (ie., the
amount of mRNA at ¢ = 0 was considered 100%) versus the time elapsed after
rifampin addition. Microsoft Excel 2003 software (Microsoft Corp., Redmond,
WA) was used to determine the best-fitting line. The equation describing this line
was then used to determine the time at which 50% of the original mRNA had
been degraded.

Nucleotide sequence analysis. Nucleotide sequence analysis was accomplished
by using a 3730xI DNA analyzer (Applied Biosystems). Analysis of DNA se-
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quences involved the use of SeqEd (Applied Biosystems) and MacVector (ver-
sion 6.5.3; Oxford Molecular Group, Campbell, CA) software.

RNA structure prediction. The Mfold program (version 3.2 [www.bioinfo.rpi
.edu/applications/mfold/rna/form1.cgi]) of Zuker and Turner (36, 56) was used to
predict RNA secondary structure and to calculate free energies.

Statistical analysis. Statistical analysis was carried out by applying the Student
t test using Microsoft Excel 2003 software. P values of <0.05 were considered
significant.

RESULTS

M. catarrhalis strains vary in the number of AGAT repeats
in the putative 5'-UTR of their usp42 genes. The nucleotide
sequences of the putative 5'-UTR of the uspA2 gene from 11
different M. catarrhalis strains were compared. Nucleotide se-
quence analysis showed that this region was very highly con-
served among the tested strains. However, there was consid-
erable variation in the number of the AGAT nucleotide
repeats (Fig. 2). This AGAT repeat region was located approx-
imately 130 nt upstream of the translation initiation codon of
the uspA2 gene. In the case of the wild-type strain O12E, the
number of the AGAT repeats was 19; however, two other
naturally occurring variants were isolated that contained either
18 or 23 repeats. No morphological differences were observed
among colonies of these three strains. The smallest number of
AGAT repeats that was observed among the tested M. ca-
tarrhalis isolates was six, and this occurred in strain ATCC
43617. It is worth mentioning that the latter strain is serum
sensitive because it does not express a UspA2 protein due to
the presence of a premature translation termination codon
within its usp42 ORF (data not shown).

Deletion of the AGAT repeats affects both UspA2 protein
expression and serum resistance. The presence of AGAT re-
peats upstream from the translation initiation codon in every
uspA2 gene examined in this laboratory and by others (20)
suggested that these repeats might be involved in the expres-
sion of the uspA2 gene. To address this possibility, a combina-
tion of PCR and transformation was used to delete the entire
AGAT repeat region from the putative 5’-UTR in the uspA2
genes of M. catarrhalis strains O35E and O12E (Fig. 1B); the
resultant transformants were designated O35EAAGAT and
O12EAAGAT, respectively. No morphological differences
were observed between colonies of these mutants and those of
their respective wild-type parent strains. Western blot analysis
revealed that these two transformants expressed much lower
levels of UspA2 than did the streptomycin-resistant transfor-
mants of their respective parent strains (Fig. 3A).

We previously used mutant analysis to establish that expres-
sion of the UspA2 protein is necessary for serum resistance of
both strains O35E and O12E (4, 5). Therefore, it was likely
that a reduced level of expression of the UspA2 protein by
these strains would be accompanied by a decrease in the level
of serum resistance. To test this hypothesis, the two strepto-
mycin-resistant parent strains (O35E-Sm" and OI12E-Sm")
were tested together with the two mutants lacking AGAT
repeats (O35EAAGAT and O12EAAGAT) in serum bacteri-
cidal assays with 10% (vol/vol) NHS. The two mutants lacking
the AGAT repeats were found to be exquisitely serum sensi-
tive (Fig. 3B). It was also observed that the O12E-Sm" strain
showed reduced expression of the UspAl protein; this was
found to be the result of phase variation [from 10(G) to 9(G)
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residues] in the poly(G) tract located upstream of the uspAI
ORF. However, comparison of the O12E-Sm" strain with the
wild-type O12E parent strain showed no significant difference
between these two strains in the level of serum resistance (data
not shown).

Increasing the number of AGAT repeats results in increased
levels of UspA2 protein. The dramatic decrease in UspA2
protein expression that accompanied the deletion of the
AGAT repeats (Fig. 3A) raised a question as to how many
AGAT repeats were necessary for wild-type levels of synthesis
of UspA2. To address this issue, PCR and transformation were
used to construct a series of M. catarrhalis O12E constructs
that had various numbers of AGAT repeats in the putative
5'-UTR of their uspA2 genes (Fig. 1C and D). These different
constructs contained from 2 to 15 AGAT repeats and were
analyzed together with the O12ZEAAGAT construct and strep-
tomycin-resistant transformants of the wild-type O12E parent
strain with 19 repeats and the two naturally occurring variants
of strain O12E possessing 18 and 23 repeats. No morphological
differences were apparent among colonies of these 12 strains
(data not shown). Western blot analysis of these 12 strains
(Fig. 4A) showed that there was an apparent increase in the
level of expression of UspA2 with the gradual increase in the
number of the AGAT repeats. The two constructs with 15 and
18 AGAT repeats appeared to have the highest level of ex-
pression of UspA2 among the tested strains (Fig. 4A). Next, a
more quantitative analysis was performed to confirm this ob-
servation. Flow cytometry was used to compare the levels of
UspA2 protein expressed by uspA1 mutants of these 12 strains
with various numbers of AGAT repeats (Fig. 4B). Inactivation
of the uspAI gene was necessary because the UspAl protein
binds the MAb (17C7) used to detect UspA2 (3). There was
about a fourfold increase in the geometric mean fluorescence
(gmf) value obtained when the number of AGAT repeats was
increased from zero to two. There was a slight and gradual
increase in gmf values with the gradual increase in AGAT
repeat number, with the maximum gmf value being obtained
with the construct containing 18 repeats. This was followed by
a very slight decrease in the gmf values obtained with the two
constructs with 19 and 23 repeats (Fig. 4B).

Increasing the number of AGAT repeats also results in
increased serum resistance. The observed increase in expres-
sion of the UspA2 protein with the increase in the number of
AGAT repeats (Fig. 4) and the demonstrated serum sensitivity
of the O12EAAGAT strain (Fig. 3B) allowed us to determine
whether there was a minimal or threshold level of UspA2
expression necessary for serum resistance. To accomplish this,
the 12 O12E constructs with various numbers of AGAT re-
peats in their uspA2 genes were tested in a series of serum
bactericidal assays. When NHS was used at a concentration of
10% (Fig. 5), the construct with no AGAT repeats was again
exquisitely serum sensitive. When the number of AGAT re-
peats was increased to either two or six, there was a moderate
increase in serum resistance, with ca. 30% of the initial inoc-
ulum of these two constructs surviving for 30 min under the
conditions of this assay. However, when the number of AGAT
repeats was increased to eight, there was a striking increase in
serum resistance, with essentially 100% of the initial inoculum
surviving. Further increases in the number of AGAT repeats
did not cause any substantial increases in the level of serum
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FIG. 2. Alignment of the nucleotide sequences of the putative 5'-UTR of the usp42 genes from 11 different M. catarrhalis strains. Identical
nucleotides are shaded in dark gray. This figure was generated by using the CLUSTAL W Alignment program in MacVector (v6.5). The dotted
line encloses the AGAT repeats. The small box at the end of these sequences enclosed the ATG translation start codon of the uspA2 gene. The
nucleotide sequences of the 5'-UTR from strains O35E, ATCC 25238, and V1171 were derived from a previous study (14).

resistance. To test whether increasing the concentration of
NHS used in this assay would cause a shift in the minimum
number of AGAT repeats required to obtain full serum resis-
tance, the 12 constructs were also tested with 30% NHS (Fig.

5). Again, the deletion construct with no AGAT repeats was
exquisitely serum sensitive, whereas the two constructs with
either two or six AGAT repeats showed a very slight increase
in serum resistance. For the construct with eight AGAT re-
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FIG. 3. Deletion of the AGAT repeats from the uspA2 gene causes
a decrease in both UspA2 protein expression and serum resistance.
(A) Western blot analysis of whole-cell lysates of M. catarrhalis strains
O35E-Sm’, O35EAAGAT, O12E-Sm', and O12EAAGAT. The nitro-
cellulose membrane was probed with MAb 17C7, which recognizes
both UspA2 (bracket) and UspAl (white arrow) (3). The amount of
CopB outer membrane protein, as determined by binding of the CopB-
reactive MAb 10F3 (21), was used for loading standardization. Protein
molecular mass markers (in kilodaltons) are present on the left side of
the panel. (B) Serum bactericidal assay with the four strains described
in panel A. Bacterial cells were incubated in 10% NHS at 37°C for 30
min. Bacterial aliquots were plated at both = 0 and # = 30 min. The
percent survival was calculated with respect to the original inoculum.
These results represent the mean of three independent experiments
and the error bars represent the standard deviation.

peats, only a moderate increase in serum resistance was ob-
served, and wild-type serum resistance was achieved in the
presence of nine AGAT repeats. Further increases in the num-
ber of AGAT repeats did not appear to result in substantial
increases in serum resistance in this assay.

Analysis of the levels of vitronectin and polymerized C9
bound to O12E strains with different numbers of AGAT re-
peats. It has been shown that M. catarrhalis strain O12E resists
killing by NHS partially through its ability to bind the comple-
ment regulator vitronectin via its UspA2 protein (5). Also, it
has been shown that this vitronectin binding was associated
with the ability of wild-type O12E to interfere with the late
stages of complement activation involving C9 polymerization
(5). We next examined whether the changes in the level of
UspA2 protein expression that accompanied changes in the
number of AGAT repeats could be correlated with vitronectin

J. BACTERIOL.

A
Numberof o 2 ¢ 8§ 9 10 11 12 15 18 19 23

AGAT rpts
e - . - - e
UspA2 " "

CopBm W

B

450 =
400 4 I
T a] L
350 - S 3|8
300 ~ e g g @ |8
w ™ - L
= 250 4 E ]
o
o 21 |3
150 4 ™
100 4
5
0 T T T T T T T T T T T 1
0 2 6 8 9 10 11 12 15 18 19 23

Number of AGAT rpts

FIG. 4. Effect of increasing numbers of AGAT repeats on expres-
sion of the UspA2 protein. (A) Western blot analysis of O12E-derived
constructs with various numbers of AGAT repeats in their uspA2
genes. Proteins present in whole-cell lysates of these strains were
resolved by SDS-PAGE under nonreducing conditions and transferred
to nitrocellulose membranes. The membranes were probed with MAb
17C7, which binds the M. catarrhalis UspA1l and UspA2 proteins (3).
The region of the gel containing the UspAl protein is not present in
this image. As a loading control, membranes were probed with the
CopB-reactive MAb 10F3 (21). (B) Flow cytometric analysis of the
reactivity of MAb 17C7 with O12E constructs with various numbers of
AGAT repeats in the 5-UTR of their usp42 genes. Whole cells of
uspA1 mutants of these O12E constructs were probed with MAb 17C7,
followed by washing and incubation with a fluorescein isothiocyanate-
conjugated antiserum to mouse immunoglobulin G. After a washing
step, the cells were analyzed by flow cytometry, and the gmf values
were recorded. These results represent the mean of three independent
experiments, and the error bars represent the standard deviation.
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FIG. 5. Serum bactericidal assay performed with O12E constructs
with various numbers of AGAT repeats in their uspA42 genes. Bacterial
cells were incubated in 10% NHS (O) and 30% NHS (m) at 37°C for
30 min. Bacterial aliquots were plated at both ¢+ = 0 and ¢ = 30 min.
The percent survival was calculated with respect to the original inoc-
ulum. These results represent the mean of three independent experi-
ments, and the error bars represent the standard deviation.
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FIG. 6. Binding of serum components from NHS to O12E constructs with various numbers of AGAT repeats in their usp42 genes. Bacterial
cells were incubated in 10% NHS at 37°C for 30 min. The cells were then washed and whole-cell lysates were prepared and analyzed by Western
blotting. (A) Vitronectin bound to M. catarrhalis cells. Proteins present in the samples were resolved by SDS-PAGE under reducing conditions,
transferred to nitrocellulose membranes, and probed with an MADb against human vitronectin. The last lane contains a sample of NHS diluted
1:200. (B) Polymerized C9 bound to M. catarrhalis cells. Proteins present in the samples were resolved by SDS-PAGE under nonreducing
conditions, transferred to polyvinylidene difluoride membranes, and probed with an MAb to SC5b-9 that recognizes a neoepitope in polymerized
C9 in the membrane attack complex. The last lane of panel A contains a control sample of zymosan-activated NHS (ZAS) that was probed with
the same MADb to detect polymerized C9 (5). As a loading control, membranes were probed with M. catarrhalis CopB-reactive MAb 10F3 (21).
Protein molecular mass markers (in kilodaltons) are presented on the left side of each panel.

binding and inhibition of polymerized C9 binding. The 12
O12E strains with different numbers of AGAT repeats were
incubated with 10% NHS, and whole-cell lysates were analyzed
by Western blotting to assess the levels of vitronectin and
polymerized C9 bound to each strain. When vitronectin bind-
ing was examined, there was a gradual increase in the level of
vitronectin binding to O12E constructs with the increase in the
number of the AGAT repeats, reaching a maximum level with
15 and 18 repeats, and then there was a slight reduction in the
amount of bound vitronectin with further increases in the num-
ber of AGAT repeats (Fig. 6A). The pattern of the vitronectin
binding correlated very well with the pattern of UspA2 protein
expression seen before in Fig. 4. The largest amount of poly-
merized C9 was associated with the serum-sensitive construct
O12EAAGAT (Fig. 6B). A gradual decrease in the amount of
polymerized C9 was observed bound to the strains with two,
six, and eight repeats, and very low and similar amounts of
polymerized C9 were observed bound to the constructs that
had nine or more AGAT repeats (Fig. 6B). This pattern of
binding of polymerized C9 correlated very well with the serum
resistance pattern that was observed with the same constructs
(Fig. 5).

Changes in the number of AGAT repeats affect the level of
uspA2 mRNA. The previous experiments established that the
number of the AGAT repeats in the putative 5'-UTR of the
uspA2 gene affected the level of the expression of the UspA2
protein. Since these repeats are located upstream of the
uspA2 OREF, it was likely that they affected expression of the
uspA2 gene at the level of transcription. To test this hypoth-
esis, total RNA extracted from the 12 O12E strains de-

scribed above was analyzed by using real-time RT-PCR. The
level of the transcripts of the copB gene (21) was used to
normalize the level of the uspA2 message among the 12
tested strains. Analysis of the data obtained from the real-
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FIG. 7. Real-time RT-PCR analysis of uspA2 gene expression by
O12E constructs with various numbers of AGAT repeats in their uspA2
genes. Total RNA isolated from O12E constructs with various numbers of
AGAT repeats in their uspA2 genes was used for real-time RT-PCR with
primers specific for the uspA2 and copB genes. The data analysis was
carried out by using the 7500 System SDS software v.13, applying the
relative quantification AAC- method. The level of the uspA2 message was
normalized according to the level of the copB message, and the data are
presented as a fold increase using the normalized level of the uspA2 gene
of O12EAAGAT as the calibrator. These data represent the mean of
three independent experiments (each performed with samples in tripli-
cate), and the error bars represent the standard deviations.
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FIG. 8. Determination of the uspA2 transcriptional start point by using primer extension analysis. (A) Primer extension results obtained with
RNA isolated from M. catarrhalis O12E-9rpts and AA52-Rev. The arrow indicates the position of the RT product, and the repeat region is
indicated with the bracket. The asterisk marks the position from which transcription starts. (B) Nucleotide sequence of the 5’ end of the M.
catarrhalis O12E uspA2 gene. The C nucleotide marked with “+1” shows the predicted transcriptional start point determined from the data in
panel A. Sequences similar to the —10 and —35 consensus sequences seen in bacterial gene promoters are marked with black bars. The start of
the uspA2 ORF is marked with the black arrow, and the AGAT repeat region is contained within the dotted box. The locations of binding sites
for the oligonucleotide primers AA52-Rev, AA26-Rev, and AA9-Rev are underlined and labeled as a, b, and c, respectively.

time RT-PCR experiments by using the AAC, method (Fig.
7) showed that the increase in the number of AGAT repeats
from zero to eight had a very little if any effect on the
detectable level of the uspA2 transcript. However, an obvi-
ous increase (i.e., 2.5-fold) was observed upon increasing
the number of the AGAT repeats to nine (Fig. 7). Further
increases in the number of AGAT repeats were associated with a
gradual increase in the detectable level of the uspA2 transcript,
reaching a maximum with the strains possessing 15 and 18 AGAT
repeats (Fig. 7). This was followed by a slight decrease in the level
of the uspA2 transcript obtained with the two constructs that had
19 and 23 AGAT repeats (Fig. 7). These data indicate that the
number of AGAT repeats does affect the level of detectable
uspA2 gene mRNA.

The AGAT repeat region is part of the uspA2 transcript.
Primer extension analysis was performed with two constructs
(i.e., O12E-9rpts and O12E-18rpts). The oligonucleotide prim-

ers used in these experiments included AA52-Rev, AA26-Rev,
and AA9-Rev, which bind to three different locations within
the 5'-end of the uspA2 ORF (the locations of these primer
binding sites are labeled a, b, and c, respectively, in Fig. 8B).
The results of experiments using O12E-9rpts RNA with primer
AAS2-Rev showed that the uspA2 transcript starts at a C res-
idue located 43 nt upstream of the AGAT repeat region (Fig.
8A). The same results were obtained using RNA from O12E-
18rpts with the primers AA26-Rev, AA52-Rev, and AA9-Rev
(data not shown). Analysis of the nucleotide sequences up-
stream of this transcriptional start point showed the presence
of sequences that are similar to other prokaryotic —10 and —35
sequences (Fig. 8B). These results confirmed that the AGAT
repeats are included in the uspA2 transcript and that changes
in the number of AGAT repeats do not affect the location of
the transcriptional start point, at least for the constructs tested
here.



VoL. 188, 2006

uspA2

120 -
A ] OI12EAAGAT
100 - i
5 pR0N B OI12E-18rpts
E 80
=4 * p=0.046
= 60 -
x
E % p=0.036
32 40
20 -

0 1 2 3 5 10
Time (min)

UspA2 PROTEIN EXPRESSION 7849

copB
[] OI12EAAGAT
Bl OI12E-18rpts

% mRNA left

0 1 2 3 5 10
Time (min)

FIG. 9. Stability of the uspA2 and copB transcripts from strains O12EAAGAT and O12E-18rpts. RNA isolated from M. catarrhalis strains
O12E-Orpts and O12E-18rpts at different time points after the addition of rifampin was analyzed by using quantitative real-time RT-PCR to
determine the amount of both uspA2 (A) and copB (B) transcripts. The percentage of mRNA left at each time point was determined and plotted.
These results are the mean of three experiments, and the error bars indicate the standard deviation. The asterisk indicates that the difference
between the two tested strains in the percentage of remaining uspA2 mRNA was statistically significant, with the indicated P value.

The presence of the AGAT repeats increases the stability of
the uspA2 transcript. One possible explanation for the ability
of the AGAT repeats to affect the level of detectable uspA2
mRNA (Fig. 7) would involve the stability of the uspA2 tran-
script. To address this, mRNA stability assays were performed
on RNA isolated from M. catarrhalis strains O12EAAGAT and
O12E-18rpts at different time points after the addition of ri-
fampin to stop de novo transcription. Quantitative real-time
RT-PCR showed that there was a significant difference be-
tween these two strains with respect to the relative amount of
uspA2 mRNA remaining 1, 2, and 3 min after the addition of
rifampin, with P values of 0.006, 0.0046, and 0.036, respectively
(Fig. 9A). At the same time, there were no significant differ-
ences in the percentage of copB mRNA left after the addition
of rifampin at all of the time points analyzed (Fig. 9B). There
was a significant difference in the half-life of the uspA2 tran-
scripts between the two tested strains. The half-life of the
uspA2 transcript from O12EAAGAT was 1.07 £ 0.36 min,
whereas that for the uspA2 transcript from O12E-18rpts was
2.23 = 0.27 min (P = 0.01). In contrast, the half-life of the
copB mRNA from O12EAAGAT was not significantly differ-
ent from that obtained from O12E-18rpts; 3.31 = 0.92 min for
O12EAAGAT and 3.60 = 1.6 min for O12E-18rpts. These
results indicated that the presence of the AGAT repeats does
affect, in a positive manner, the stability of the uspA2 tran-
script.

AGAT repeats may affect RNA secondary structure. In a
preliminary effort to determine how the AGAT repeats could
affect mRNA stability, the Mfold program was used to predict
the secondary structure of the 5'-UTR of mRNA from uspA2
genes containing increasing numbers of these repeats. In the
presence of zero to eight repeats (Fig. 10A to D), the predicted
ribosome-binding site was predicted to exist in a helical ele-
ment. In contrast, in the presence of 9 to 18 repeats (Fig. 10E
to I), the predicted ribosome-binding site could be located in
an open region of a three-helical junction. Whereas alternative
predicted secondary structures were obtained for each 5'-UTR

(data not shown), the presence of the predicted ribosome bind-
ing site in a helical element occurred predominantly with the
smaller numbers of repeats (i.e., 0 to 12).

DISCUSSION

Alteration of the length of a nucleotide repeat motif to effect
gene regulation has been described for numerous prokaryotes
(6, 23). Whether the nucleotide repeat is homopolymeric [e.g.,
a poly(G) tract] or heteropolymeric (e.g., AGAT) in composi-
tion, there are both cis- and trans-acting factors that can cause
an increase or decrease in the numbers of the repeat unit (6).
The mechanism whereby these changes consequently affect
expression of the encoded product is dependent primarily on
the location of the nucleotide repeat. If the nucleotide repeat
is located within an ORF, then phase variation occurs because
of the presence of a premature translation termination codon.
Examples of this phenomenon include the IgtABE locus of N.
meningitidis in which the /gtA ORF has a poly(G) tract con-
taining 14 G residues and which readily gives rise to phase
variants with fewer G residues that cannot express LOS con-
taining lacto-N-neotetraose (27). Examples of genes that are
regulated on the translational level by variation in the number of
heteropolymeric nucleotide repeats include the well-studied lic
loci in H. influenzae which contain genes involved in the expres-
sion of LOS epitopes (24, 54, 55). Tandem repeats of the tetramer
CAAT occur at the 5" end of some of the genes in the /ic loci, and
these can readily be lost, resulting in frameshifts (54). Similarly,
the region of the N. gonorrhoeae gene that encodes the signal
peptide for outer membrane P.II has a pentanucleotide repeat
that allows phase-variable expression of this gonococcal surface
protein (41).

When the nucleotide repeat is located upstream of the ORF,
then changes in repeat numbers affect expression at the level of
transcription. Control at this level is usually not an ON-OFF
switch but instead functions like a rheostat, typically affecting
promoter activity (23). One example of this type of phase
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FIG. 10. Predicted secondary structure of the RNA transcribed from the 5'-UTR of uspA2 genes with various numbers of AGAT repeats. The
Mfold program (36, 56) was used to predict these structures. The arrows indicate the position of the predicted ribosome-binding site in each

structure. The AG of each secondary structure is listed in kcal/mol.

variation involves a homopolymeric repeat associated with the
N. gonorrhoeae fetA gene that encodes the gonococcal ferric
enterobactin receptor. Phase variation between high- and low-
level expression of FetA was shown to be controlled by the
number of C residues in a poly(C) tract located between the
predicted —10 and —35 consensus sequences (11). Variation in
the level of expression of the meningococcal NadA protein was
caused by changes in the number of TAAA repeats located in
front of the nadA promoter; this affected the interaction of this
promoter with the transcriptional regulator factor IHF (33). In
an exception to the usual “up-or-down” effect on transcription,
changes in the number of GAA trinucleotide repeats upstream
from the transcriptional start site for the Mycoplasma gallisep-
ticum pMGA genes can ablate expression of these genes (31).

Nucleotide repeats and their potential role in contingency
loci have probably been most thoroughly examined in Neisseria
meningitidis and Haemophilus influenzae (7, 33-35, 49). The
availability of completely sequenced genomes for both patho-
gens (18, 46, 52) has greatly facilitated these types of analyses.
The MCSS8 strain of N. meningitidis has been reported to pos-
sess at least 65 genes which have or are associated with nucle-
otide repeats (35). Other bacterial genes that affect phase
variation frequencies of homopolymeric nucleotide repeats in
N. meningitidis (34) and those of heteropolymeric nucleotide
repeats in H. influenzae (8) have been identified.

There are four previous examples of nucleotide repeats that
affect gene expression in M. catarrhalis. Three of these nucle-
otide repeats are located within the ORF of the affected gene
and have the potential to cause frameshift mutations when
they undergo slipped-strand mispairing. The first of these is a
CAAC tetranucleotide repeat found near the 5’ end of two
very similar ORFs encoding predicted methylases in M. ca-
tarrhalis ATCC 23246 (50). The second is a poly(G) tract
positioned at the 5" end of the ORF encoding the Hag (MID)
hemagglutinin protein (40, 47). The third is a poly(A) tract
located near the 5’ end of the ORF encoding the UspA2H
protein (W. Wang, M. M. Pearson, A. S. Attia, R. J. Blick, and
E. J. Hansen, submitted for publication) expressed by some M.
catarrhalis strains in place of a UspA2 protein (29). To date,
there is only one report of a nucleotide repeat that affects
transcription of a M. catarrhalis gene. This involves the uspAI
gene in which a poly(G) tract located in the 5’-UTR has been
shown to undergo presumed slipped-strand mispairing that
results in reduced expression of the UspAl adhesin protein in
M. catarrhalis strain O35E (30).

The UspA2 protein has been predicted to be an autotrans-
porter (22) and forms a dense layer of relatively short, fila-
mentous projections on the surface of M. catarrhalis (25, 47).
Most M. catarrhalis strains express a UspA2 protein (29, 38) or
possess a uspA2 gene (9), although a minority of M. catarrhalis
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strains express the very similar UspA2H protein (29). Both
UspA2 and UspA2H can confer serum resistance on M. ca-
tarrhalis, and it was recently shown that several M. catarrhalis
strains use UspA2 to bind vitronectin in NHS and thereby
inhibit complement-mediated killing (5).

The data contained in the present study indicate that the
presence of the multiple AGAT tetranucleotide repeats lo-
cated between the transcriptional start of the uspA2 gene and
the uspA2 OREF is necessary for normal or wild-type expression
of the UspA2 protein. Elimination of the AGAT repeats re-
sulted in very low levels of both usp42 mRNA (Fig. 7) and
UspA2 protein (Fig. 3). Reintroduction of the AGAT repeats
resulted in increased levels of detectable uspA2 mRNA (Fig. 7)
and UspA2 protein (Fig. 4), achieving maximal levels when 15
or 18 repeats were present. This ability to regulate the level of
expression of UspA2 protein also allowed, for the first time,
determination of the relative level of expression of this protein
necessary to achieve resistance to killing by NHS (Fig. 5).
These levels of UspA2 protein that afforded serum resistance
in the bactericidal activity assay used in the present study were
shown to correlate with both increased binding of vitronectin
and reduced binding of polymerized C9 (Fig. 6).

It is interesting that, among the 11 wild-type strains included
in the strain survey (Fig. 2), all of these strains except ATCC
43617 had at least 12 AGAT repeats in their uspA2 genes.
Strain ATCC 43617 is serum sensitive because it does not
express a UspA2 protein; this is a direct result of the presence
of a premature translational termination codon in its uspA2
gene (data not shown). The other 10 strains all had sufficient
numbers of AGAT repeats (i.e., ranging from 12 to 23) to
express resistance to killing by NHS in a bactericidal activity
assay. It can be inferred from these findings that, in vivo,
serum-resistant M. catarrhalis strains may need to maintain a
certain number of the AGAT repeats in their usp42 genes to
maintain the threshold level of UspA2 protein necessary to
evade host defenses. The lack of a relevant animal model for
disease caused by M. catarrhalis (28) precludes direct testing of
this hypothesis at the experimental level.

Exactly how these AGAT repeats control the levels of uspA2
mRNA remains to be established definitively. However, exam-
ination of mRNA stability in the present study revealed that
transcripts from a uspA2 gene with no AGAT repeats had a
significantly shorter half-life than did those that were tran-
scribed from a uspA2 gene with 18 AGAT repeats (Fig. 9). The
predicted secondary structure of the 5'-UTR of mRNA from
uspA2 genes with smaller numbers of repeats appeared to be
different from that with larger numbers of repeats (Fig. 10).
This predicted structural difference affected the relative con-
formation of the RNA region containing the predicted ribo-
some-binding site (Fig. 10), which could consequently affect
the efficiency of binding of ribosomes and therefore mRNA
susceptibility to endonucleolytic activity (16). It is also possible
that a change in the secondary structure unrelated to potential
masking of the ribosome-binding site is responsible for the
difference in mRNA stability. For example, we cannot exclude
the possibility that another M. catarrhalis gene product might
interact with the 5'-UTR of the uspA2 mRNA and thereby
affect the stability of this message.

The identification in the present study of naturally occurring
variants of M. catarrhalis strain O12E with different numbers of
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AGAT repeats (i.e., 18, 19, and 23) in their uspA2 genes
provides ample evidence that this repeat motif can undergo
spontaneous loss and gain of these tetranucleotide units. How-
ever, in screening many different strains of M. catarrhalis with
UspA2-reactive antibodies, we and others (39) have only rarely
encountered M. catarrhalis strains that either do not express
UspA2 or express a reduced amount of this protein. Even after
many passages in vitro over a 15-year period, M. catarrhalis
strain O35E still expresses its UspA2 protein, suggesting that
there may exist some selective advantage to UspA2 protein
expression even outside of the nasopharynx.
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