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Impact of Moderate Temperature Changes on Neisseria meningitidis
Adhesion Phenotypes and Proteome
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Neisseria meningitidis, the meningococcus, bears the potential to cause life-threatening invasive diseases, but it usually colo-
nizes the nasopharynx without causing any symptoms. Within the nasopharynx, Neisseria meningitidis must face temperature
changes depending on the ambient air temperature. Indeed, the nasopharyngeal temperature can be substantially lower than
37°C, the temperature commonly used in experimental settings. Here, we compared the levels of meningococcal biofilm forma-
tion, autoaggregation, and cellular adherence at 32°C and 37°C and found a clear increase in all these phenotypes at 32°C sugges-
tive of a stronger in vivo colonization capability at this temperature. A comparative proteome analysis approach revealed differ-
ential protein expression levels between 32°C and 37°C, predominantly affecting the bacterial envelope. A total of 375 proteins
were detected. Use of database annotation or the PSORTD algorithm predicted 49 of those proteins to be localized in the outer
membrane, 21 in either the inner or outer membrane, 35 in the periplasm, 56 in the inner membrane, and 208 in the cytosol; for
6 proteins, no annotation or prediction was available. Temperature-dependent regulation of protein expression was seen partic-
ularly in the periplasm as well as in the outer and inner membranes. Neisserial heparin binding antigen (NHBA), NMB1030, and
adhesin complex protein (ACP) showed the strongest upregulation at 32°C and were partially responsible for the observed tem-
perature-dependent phenotypes. Screening of different global regulators of Neisseria meningitidis suggested that the extracyto-

plasmic sigma factor ¢ might be involved in temperature-dependent biofilm formation. In conclusion, subtle temperature
changes trigger adaptation events promoting mucosal colonization by meningococci.

Microorganisms constantly adapt to changing environmental
conditions. These changes include oxygen and nutrient
availability, osmotic conditions, and temperature. The physiology
of bacterial adaptation, including the underlying regulatory
mechanisms that operate in response to radical temperature
changes such as classical heat shock or cold shock, has been stud-
ied intensely (1-3). The heat shock response occurs during a tran-
sient upshift of growth temperature from 37°C to approximately
50°C (4). The heat shock response is controlled by the alternative
sigma factor o, which regulates the expression of heat shock
proteins mainly involved in protein folding or processing (4). In
Escherichia coli, the cold shock response is triggered by a transient
downshift from 37°C to 10°C that leads to generally slower tran-
scriptional and translational responses except for about 26 up-
regulated proteins (5). The functions of these so-called cold shock
proteins are less well understood than those of heat shock pro-
teins, but they are likely involved in securing proper transcription,
translation, and protein folding (5). Surprisingly little is known
about the influence on bacterial physiology of slight temperature
differences within mammalian hosts such as temperature gradi-
ents between the core temperature and that of mucosal surfaces.
This, however, might be of particular importance for human-re-
stricted bacterial pathogens that colonize mucosal surfaces before
causing systemic disease.

Neisseria meningitidis (the meningococcus) is a commensal of
the human nasopharynx which in rare cases causes invasive dis-
eases such as sepsis or meningitis (6). Since N. meningitidis exclu-
sively colonizes humans, it needs efficient between-host transmis-
sion and host colonization strategies to avoid eradication from the
human population. As with other human-specific bacteria, the
biology of N. meningitidis and its interaction with the host are
commonly investigated in vitro, e.g., in tissue culture infection
models and biofilm assays (7-9). Traditionally, almost all aspects
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of the biology of N. meningitidis have been analyzed at 37°C on the
basis of the assumption of thermal homogeneity throughout the
body. This assumption is not entirely correct, particularly consid-
ering the primary niche of N. meningitidis in the upper respiratory
tract. A steep temperature gradient in the nasal airways was found
in a study by Keck et al. (10), with an actual nasopharyngeal tem-
perature of 33°C * 2°C at a controlled surrounding temperature
of 25°C * 0.5°C. Therefore, in order to understand the mecha-
nisms of meningococcal colonization, it is of interest to study
phenotypic changes due to adaptation to temperatures marginally
below 37°C.

To address the question how the slightly reduced growth tem-
perature (i.e., 32°C) observed in the human nasopharynx impacts
the physiology of N. meningitidis, we tested N. meningitidis for
early biofilm formation, autoaggregation, and adherence to hu-
man nasopharynx epithelial cells. Furthermore, we compared the
proteomes of N. meningitidis grown at the two temperatures by
state-of-the-art metabolic labeling with stable nitrogen isotopes
and mass spectrometry (MS) (11).
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MATERIALS AND METHODS

Strains and culture conditions. Meningococcal strains and mutants used
in this study are listed in Table S2 in the supplemental material. In addi-
tion to meningococci, the N. lactamica strains 020-06 (12) and Y92-1009
(13) as well as N. gonorrhoeae strain FA1090 (14) were used. All Neisseriae
strains were grown using Columbia blood agar plates or GC agar (Bec-
ton Dickinson) supplemented with PolyViteX (bioMérieux) at 37°C
and 5% CO, in a water-saturated atmosphere. For selection of trans-
formants, GC agar was appropriately supplemented with 7 pg/ml
chloramphenicol, 100 wg/ml kanamycin, 7 pg/ml erythromycin, or 100
pg/ml spectinomycin. For all comparisons of temperature-induced phe-
notypes, N. meningitidis strains were grown at 32°C versus 37°C in anaer-
obic jars fitted with a CO, generation sachet (Oxoid). For liquid growth
and growth curve analyses, strains were then resuspended in modified
Neisseria defined medium (MDM), consisting of Neisseria defined me-
dium (NDM) (7) supplemented with 5 mM NaHCO;, 10% proteose—
peptone medium (PPM), and PolyViteX. Preparatory cultures were
started at an optical density at 600 nm (ODy) 0f 0.25 in MDM and grown
for 2 h at 32°C or 37°C. Then, the OD,, was adjusted to 0.15 in 10 ml of
fresh prewarmed MDM and the cultures were grown with shaking at 200
rpm and 32°C or 37°C. The ODy,, was recorded every 30 min.

Deletion mutants of NMB1030, NMB2095 (adhesin complex pro-
tein [ACP]), NMB2132 (neisserial heparin binding antigen [NHBA]),
NMB1969 (NalP), NMB2091, NMB2144 (RpoE, *), NMB2145 (MseR),
NMB0018 (PilE), and NMB0052 (PilT). Deletion mutants in N. menin-
gitidis strain MC58 of NMB1030, NMB2095 (ACP), NMB2132 (NHBA),
NMB2091, NMB2144 (c*), and NMB2145 (anti-sigma factor E, MseR)
were processed following the same principle. First, approximately 500-bp
sequences upstream and downstream of the coding sequence of the tar-
geted genes were amplified by PCR. Then, these fragments were cloned
into pBluescript II SK(+) vector (Invitrogen). The resulting plasmid was
restricted between the upstream and downstream sequence followed by
the ligation of a restricted kanamycin or erythromycin resistance cassette.
The resulting plasmid containing the kanamycin or erythromycin cassette
flanked by the upstream and downstream regions of the target gene was
confirmed by PCR and sequencing. Wild-type MC58 and capsule-defi-
cient (Acsb) MC58 were transformed with the respective knockout plas-
mids. Resulting clones were verified by PCR and Southern blot hybridiza-
tion.

To create a deletion mutation in NMB0018 (pilE) and NMB0052
(pilT), the corresponding gene was amplified by PCR and cloned into the
pTL1 vector, a derivative of the pBluescript vector (Invitrogen) contain-
ing the Neisseria uptake sequence (15). An inverse PCR was conducted
with outward-facing primers introducing AvrlII restriction sites. A specti-
nomycin resistance cassette was inserted via the Avrll sites by replacing
~200 bp of the coding sequence. The resultant constructs were amplified
in E. coli TOP10 before transformation of the plasmid into N. meningiti-
dis. The resulting MC58ApilE and MC58ApilT mutant strains were con-
firmed by PCR, sequencing, and Western blot analysis.

For all mutants, the presence of Opa, Opc, and pili was verified by
Western blotting; all strains expressed the opaD allele, except for the
MC58AcsbANHBA mutant, which expressed the opaB allele as analyzed
by reverse transcription-PCR (RT-PCR) followed by sequencing.

All primers and restriction sites and positioning of the primers corre-
sponding to the MC58 genome are listed in Table S3 in the supplemental
material. All plasmids constructed for the knockouts are listed in Table S4.

Quantification of capsule or pilin expression by whole-cell ELISA.
N. meningitidis (MC58 and MC58Acsb) strains were grown at 32°C versus
37°C as outlined above, fixed for 30 min in phosphate-buffered saline
(PBS) containing 4% paraformaldehyde (PFA), and then thoroughly
washed. The suspensions were adjusted to an ODg, of 0.50 and then
diluted 1:5 (OD of 0.1) or 1:50 (OD of 0.01) or 1:500 (OD of 0.001).
Volumes of 50 pl per well of these dilutions, or of PBS as a blank control,
were dried on 96-well enzyme-linked immunosorbent assay (ELISA)
plates (Nunc) in duplicate for coating. After washing (PBS—0.05% Tween
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20) and blocking (PBS-1% bovine serum albumin [BSA]), wells were
probed with 8 pg/ml serogroup B capsule-specific monoclonal antibody
735 (mAb735) (16) or pilin-specific monoclonal antibody SM1 (17), fol-
lowed by incubation with goat anti-mouse horseradish peroxidase (HRP)
conjugate (Jackson ImmunoResearch) at 400 ng/ml in blocking buffer. To
ensure equal levels of N. meningitidis coating in the wells, duplicate ELISA
plates were probed with a 1:1,000 dilution of a polyclonal rabbit antiserum
against N. meningitidis MC58, followed by goat anti-rabbit HRP detec-
tion. TMB (3,3',5,5'-tetramethylbenzidine) substrate (Pierce) was used
for detection. The capsule-specific signal was normalized to the anti-
MCS58 signal by dividing values of blank-corrected OD reads of capsule-
specific staining by those of blank-corrected OD reads of the MC58-spe-
cific staining. To avoid saturation artifacts, only those N. meningitidis
coating dilutions that yielded final OD reads between 0.5 and 1.0 were
taken into account.

Quantification of capsule expression by flow cytometry. PFA-fixed
N. meningitidis (MC58, MC58Acsb mutant) suspensions were prepared as
described above after overnight growth at 32°C, 37°C, or 42°C. Suspen-
sions (50 pl) at an OD of 0.50 were blocked by addition of 1% BSA, and
the capsule was probed with mAb735 (80 pg/ml) for 1 h at room temper-
ature, followed by two wash steps and detection with goat anti-mouse
Alexa 488 (Jackson ImmunoResearch) (10 pg/ml). After two wash steps,
pellets were resuspended in 300 pl PBS, flow cytometry was performed
using a FACSCalibur analyzer, and data were analyzed with CellQuestPro
software.

Immunofluorescence microscopy for pilin expression. N. meningi-
tidis strains (MC58, MC58ApilE, and MC58ApilT) were grown at 32°C
versus 37°C as outlined above. Culture material was carefully taken up
with disposable inoculation loops, dispersed in 1 I PBS on glass slides,
and air dried. After heat fixation, samples were blocked with PBS-5% BSA
for 1 h at room temperature before addition of 30 pl of a 1:100 dilution of
anti-pilin antibody SM1 (17) along with a 1:1,000 dilution of rabbit anti-
serum against MC58 in PBS—5% BSA for 1 h. Samples were washed twice
in PBS-0.05% Tween 20 and once in plain PBS. Then, samples were
incubated with 30 .l goat anti-mouse Cy3 and goat anti-rabbit Alexa 488
(Jackson ImmunoResearch), each at 4 pg/ml, in PBS-5% BSA for 1 h.
After washing was performed, samples were mounted with Fluoroshield
(Sigma-Aldrich) and immunofluorescence microscopy was performed
using a Keyence BZ-9000 digital microscope (Keyence) at 100-fold mag-
nification.

Lipopolysaccharide (LPS) detection by silver staining following
polyacrylamide gel separation. Sample preparation was done using a
method similar to that described in reference 18. MC58 was grown at 32°C
versus 37°C as outlined above. A 1-ml suspension in PBS at an OD of 0.6
was pelleted at 13,000 X gfor 1 min, and pellets were taken up in 50 ! lysis
buffer (2% SDS, 4% B-mercaptoethanol, 10% glycerol, 1 M Tris [pH 6.8],
bromophenol blue). The samples were boiled for 10 min and then cooled
to 60°C. Then, 10 pl of proteinase K (Sigma-Aldrich) solution (2.5 mg/ml
in lysis buffer) was added and samples were incubated at 60°C for 1 h.
Equal volumes of sample and 2X Tricine sample solution (4% SDS, 12%
glycerol, 50 mM Tris [pH 6.8], 2% (-mercaptoethanol, 0.01% Serva Blue
G [Serva]) were mixed and boiled for 5 min, and then 3 pl per lane was
loaded onto a Tricine-buffered polyacrylamide gel (16.5% acrylamide,
6% bis-acrylamide) as outlined in reference 19. After electrophoresis, gels
were stained by silver staining following the protocol described in refer-
ence 20. Gels were photographed using a Bio-Rad ChemiDoc MP imaging
system.

Aggregation assay. To assess meningococcal autoaggregation, the
protocol described in reference 21 was used. Bacteria were grown over-
night at either 32°C or 37°C as outlined above and then thoroughly resus-
pended in 4 ml PBS at an ODy, of 2.0. Subsequently, the suspensions
were incubated at room temperature without shaking and suspensions
were sampled at 30-min intervals at the liquid-air interface to measure the
OD at 600 nm.
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Early biofilm formation. Early biofilm formation was assessed in
modified NDM (7) plus 10% PPM in 24-well cell culture dishes. A vol-
ume consisting of 1 ml containing 10® CFU of N. meningitidis was seeded
per well to initiate biofilm formation. After 1 h, all growth medium was
removed. To stain the adherent biomass, 1 ml 0f 0.05% crystal violet (CV)
(Difco) was added for 10 min. After two wash steps were performed with
2 ml of PBS each, bound CV was dissolved in 96% ethanol and quantified
by measuring optical density at 595 nm.

Infection of epithelial cells. Human pharyngeal cell lines Detroit 562
and FaDu were used for infection assays. FaDu cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS) and Detroit cells in DMEM supplemented with
10% FBS, 1% nonessential amino acids, 2 mM L-glutamine, and 1 mM
sodium pyruvate at 37°C and 5% CO, in a water-saturated atmosphere.
All cell culture reagents were purchased from Life Technologies.

For the infection assay, 5 X 10° Detroit 562 cells or 4 X 10> FaDu cells
were seeded per 24-well plate at 24 h prior to infection, which yielded
~90% confluent monolayers. The N. meningitidis strains were incubated
overnight at 32°C or 37°C as outlined above. The resultant colonies were
harvested with a sterile cotton swab and resuspended in sterile PBS, and
the ODy,, was measured to adjust the inoculum to 5 X 10’ CFU/ml in
plain DMEM. Serial dilutions of the inocula were plated and colonies
enumerated to ascertain the correct bacterial density. The cell cultures
were washed thrice with warm PBS, and 200 .l per well of the inoculum
(i.e., 107 bacteria) was added and incubated at 37°C for 1 h. After three
washes with PBS, 1 ml per well of PBS-1% saponin was added and the
plates were incubated for 30 min at 37°C to lyse the cells. After thorough
resuspension, serial dilutions were plated onto Columbia blood agar
plates and colonies enumerated after overnight incubation.

Sample preparation for proteome analysis. Sample preparation for
proteome analysis was conducted using a method similar to that described
recently (22). Strain MC58 was grown in 1 liter of liquid culture at either
32°Cor 37°C for 6 h in MDM. The cultures were then immediately chilled
on ice, and cells were harvested by centrifugation. In order to obtain an
internal N standard (23), equal portions of reaction mixtures corre-
sponding to each set of conditions were mixed with equal amounts of
'N-labeled MC58 cells grown on minimal medium for meningococci
(MMM) with '>N'H,Cl as the sole source of nitrogen (22). Subsequently,
outer membrane (OM) preparations were prepared using the “shake-
and-bake” method (24) without further purification. We selected this
approach in order to enrich outer membrane proteins in relation to the
cytoplasmic proteins that were dominant (with respect to relative abun-
dance). Samples were analyzed by one-dimensional SDS-PAGE and un-
derwent in-gel tryptic digestion (25) for subsequent mass spectrometric
(MS) analysis.

Mass spectrometry measurement. The mass spectrometric (MS)
analysis was carried out as described in reference 26. In brief, peptide
samples were subjected to reversed-phase C,5 column chromatography
on an EASY nLC Proxeon system coupled to MS with an LTQ-Orbitrap
mass spectrometer (Thermo Fisher).

Data analysis and '*N/'°N quantification. Tandem MS (MS/MS)
data were processed as described in detail in references 11 and 22. Data-
base searches were conducted using Sorcerer-SEQUEST (SageN; version
v.28) against the N. meningitidis strain MC58 (27) target decoy protein
sequence databases (complete proteome set of N. meningitidis strain
MC58 with a set of common laboratory contaminants) compiled with
BioEdit. The searches were performed in two iterations, i.e., with search
parameters light (enzyme type, trypsin [KR]; peptide tolerance, 10 ppm;
tolerance for fragment ions, 1 amu; b- and y-ion series; variable modifi-
cation, methionine [15.99 Da]; a maximum of three modifications per
peptide allowed) and with search parameters heavy (parameters identical
to those used for '*N/light with the mass shift of all amino acids com-
pletely labeled with '°N taken into account). Resulting *.dta and *.out files
were assembled and filtered with DTASelect (revision 2.0.25) (parameters
-y 2 -c2-C 4 -here -decoy Rev_ -p 2 -t 2 -u-MC 2 -i 0.3 -fp 0.005). The
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resulting protein identification data were cured with an in-house written
java script to ensure a minimum of two different peptides for each protein
identified.

The cured search results were then used for parsing by the use of
Census software (28) to obtain the relative quantitative data of "*N peaks
(sample) versus '°N peaks (pooled reference). Quantification results were
exported (R? values of >0.7; only unique peptides were included; proteins
failing to be relatively quantified were checked manually in the graphical
user interface for on/off proteins). Proteins relatively quantified with at
least two peptides were taken into account in the subsequent analysis. The
MS proteomics data have been deposited in the ProteomeXchange Con-
sortium via the PRIDE partner repository (29) (see below for the data set
identifier number).

Prediction of subcellular protein localization. Subcellular localiza-
tion of proteins was allocated according to the annotation in the NeMeSys
database (30) and/or UniProt (31). For all proteins without database an-
notation of subcellular localization, the PSORTb algorithm was used for
prediction (32). The categories used were “outer membrane (OM),”
“periplasm (P),” “inner membrane (IM),” and “cytoplasm (C).” There
are no sorting rules established for lipoproteins in N. meningitidis. Thus,
for lipoproteins (and some other proteins) without a known function or
published evidence of their subcellular localization other than “mem-
brane,” the category of “inner or outer membrane (I/OM)” was used.
Proteins for which no subcellular localization was inferred by database or
PSORTD query and proteins for which divergent results were obtained
from all three sources were categorized as “no prediction (no).”

Total membrane vesicle preparation for Western blotting. The N.
meningitidis strains were grown overnight on Columbia blood agar at 5%
CO, and 37°C. For each tested strain, two liquid cultures (100 ml) were
adjusted to an ODy, of 0.1. The bacteria were grown with shaking at 200
rpm at 32°C or 37°C until the cultures reached an ODy,, between 1.0 and
2.0. Bacterial cultures were centrifuged for 10 min at 8,000 X g and 4°C,
and pellets were resuspended in 50 mM Tris-HCI-5 mM EDTA (pH 8.1).
Resuspended bacteria were stored overnight at —80°C. Then, bacteria
were exposed to ultrasonic disintegration three times for 45 s each time.
Cell debris was removed by 15 min of centrifugation at 8,000 X gand 4°C.
Cell envelopes were collected from the supernatant by ultracentrifugation
for 1 h at 200,000 X gand 4°C. Pellets were resuspended in distilled water
(dH,0). Using a Pierce bicinchoninic acid (BCA) protein assay kit, pro-
tein concentrations of the membrane samples were determined.

PorA detection by Western blotting (nonreducing SDS-PAGE).
Membrane samples were diluted with SDS-PAGE sample buffer without
B-mercaptoethanol containing 0.2% SDS. Dilutions were aimed at ad-
justing similar concentrations for all samples. Samples were loaded on
SDS-free polyacrylamide gels (12.5%). Electrophoresis was conducted at
4°C and at 50 V or 100 V for loading or separation, respectively. A Page
Ruler prestained protein marker (Thermo Scientific) was used as a mo-
lecular weight marker. After resolution on SDS-PAGE, proteins were
transferred onto a nitrocellulose membrane and PorA was visualized with
P1.7-specific typing antibody from NIBSC on a GS-800 calibrated densi-
tometer (Bio-Rad) and analyzed by the use of PDQuest Advanced soft-
ware (version 8.0; Bio-Rad).

qPCR analysis of bacterial gene expression. RNA was isolated from
N. meningitidis strains grown at 32°C versus 37°C in anaerobic jars fitted
with a CO, generation sachet (Oxoid) using a Qiagen RNeasy kit (Qiagen)
with inclusion of a DNase treatment step. RNase quality was assessed
using Agilent RNA nano chips run on a Bioanalyzer (Agilent). Reverse
transcription was carried out using 2 g of RNA with hexanucleotide mix
(Roche) and Superscript II reverse transcriptase (Invitrogen). Quantita-
tive PCR (qPCR) was performed with a StepOne Plus system, applying
comparative threshold cycle (AAC;) analysis. As an endogenous control
for normalization of gene expression, NMB1392 (zwf) encoding glucose-
6-phosphate dehydrogenase was included in the target assortment. The
reaction was carried out using 5 ng/pl ¢cDNA in Maxima SYBR green/
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of Tricine-buffered polyacrylamide gel electrophoresis. For panels A to C, ** and ns denote P < 0.01 and P > 0.05, respectively, for results from unpaired
Student’s f tests.

ROX qPCR master mix in the presence of a 20 mM concentration of each
primer.

Statistical analysis. Data plotting and statistical analyses were con-
ducted using GraphPad Prism 5.04. The statistical tests used are indicated
for each experiment in the figure legends.

Accession number(s). The MS proteomics data have been deposited
to the ProteomeXchange Consortium via the PRIDE partner repository
(29) with the data set identifier PXD003690.

RESULTS

Growth rate and major virulence factor expression in N. men-
ingitidis grown at 32°C versus 37°C. In order to compare general
phenotypic changes in N. meningitidis strains due to growth at
32°C versus 37°C, we determined the growth kinetics of the bac-
teria as well as the critical virulence determinants capsule, pilus,
and lipooligosaccharide (LOS). Growth kinetics of N. meningitidis
MC58 and its capsule-deficient derivative MC58 Acsb mutant were
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assayed in liquid culture at 32°C versus 37°C, with the results
showing only a slight reduction in the growth rate of both strains
at 32°C in the log phase (Fig. 1A). It has recently been demon-
strated that N. meningitidis virulence factors such as the capsule
can be upregulated at 42°C (33). We therefore compared the levels
of capsule expression of MC58 grown at 32°C versus 37°C by
ELISA as well as by flow cytometry (Fig. 1B) and did not detect a
difference in capsulation. As a control, we included MC58 grown
at 42°C, which displayed increased capsule expression (Fig. 1B). In
addition, we assayed the levels of piliation of MC58 grown at 32°C
versus 37°C, as the pilus governs several aspects of N. meningitidis
virulence such as natural competence, aggregation, biofilm for-
mation, and cellular adherence (34). Using whole-cell ELISA and
immunofluorescence microscopy, we found similar levels of pilin
expression in N. meningitidis grown at 32°C and 37°C, whereas
pilin expression was absent in a pilE mutant and was abundant in
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to four independent experiments are shown. (C) Early biofilm formation of capsulated and acapsulate N. meningitidis (strain MC58) in 24-well plates after 1 h
was tested by crystal violet staining. Data presented are means = standard deviations of results of three independent experiments. In panels A to C, ***, **, *, and
ns denote P < 0.001, P < 0.01, P < 0.05, and P > 0.05, respectively, for results from unpaired Student’s ¢ tests. (D) Early biofilm formation assessed as described
for panel C for a collection of meningococcal strains belonging to different sequence types (ST, as indicated on the right) as well as for other Neisseria species. All
meningococci were either capsule-deficient mutants [cps™ | or naturally acapsulate due to natural mutations in single capsule genes [(cps™)] or due to natural
replacement of the entire locus by the capsule null locus [(cnl)] (see Table S2 in the supplemental material). Data are presented as the mean ratios * standard

deviations of results of biofilm formation at 37°C and 32°C determined in three independent experiments.

a hyperpiliated pilT mutant (Fig. 1C and D). Furthermore, we did
not observe any molecular weight changes in LOS between 32°C
and 37°C, as analyzed by polyacrylamide gel electrophoresis and
subsequent silver staining (Fig. 1E). We therefore conclude that
the levels of capsule expression, pilus expression, and LOS com-
position are not different in N. meningitidis grown at either 32°C
or 37°C.

Increased aggregation, biofilm formation, and cellular ad-
herence in N. meningitidis grown at 32°C versus 37°C. We
sought to determine whether N. meningitidis displays differences
in its ability to form aggregates and biofilms as well as in cellular
adhesion at 32°C (representing a temperature encountered during
asymptomatic colonization) versus 37°C, which N. meningitidis
might rather face during invasion. Since the capsule can be a sig-
nificant negative modulator of outer membrane protein interac-
tions through steric hindrance, we examined capsulated as well as
acapsulate N. meningitidis of strain MC58 in these analyses.

Acapsulate N. meningitidis grown at 32°C showed significantly
stronger autoaggregation than N. meningitidis grown at 37°C (Fig.
2A). However, the temperature dependency of autoaggregation
was absent in capsulated N. meningitidis, which showed an overall
weak autoaggregation phenotype. This decrease in aggregation in
capsulated N. meningitidis would be consistent with steric hin-
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drance of interactions between outer membrane proteins other
than pili. Capsulated as well as acapsulate N. meningitidis grown at
32°C displayed significantly stronger adhesion to the Detroit 562
and FaDu pharyngeal cell lines than inocula grown at 37°C (Fig.
2B). As expected, acapsulate N. meningitidis displayed stronger
overall adherence; however, this did not have an impact on the
temperature dependency of the adhesion phenotype. Further-
more, early biofilm formation of capsulated as well as acapsulate
N. meningitidis was strongly increased in cells grown at 32°C (Fig.
2C). Since N. meningitidis is a genetically diverse species (35), the
temperature-dependent early biofilm formation of 16 different
meningococcal strains belonging to eight different multilocus se-
quence types was tested. With one exception, all tested meningo-
coccal strains exhibited increased early biofilm formation at the
lower temperature (Fig. 2D). Since capsule expression strongly
reduces N. meningitidis biofilm formation (7) (Fig. 2C), we as-
sayed only naturally acapsulate strains or capsule-deficient de-
rivatives in the experiments represented in Fig. 2D for better
interstrain comparability. Similar phenotypic changes at lower
temperature were observed in other Neisseria species such as
Neisseria lactamica and Neisseria gonorrhoeae (Fig. 1D). Thus, in-
creased biofilm formation at lower temperature is an inherent
property of pathogenic Neisseriae as well as in N. lactamica.

December 2016 Volume 84 Number 12


http://iai.asm.org

Temperature-Dependent Meningococcal Phenotype

"N —= —°N
e E E ——
) S
N N f o e g
5 1
_ §g807° 1 0 O oy
[ LiCl/Li acetate, 45°C | - -
,‘, ¥ ﬁ_‘g 60- == down
|¢' it 7 ] gg 43 17 28 51 203 5 unchanged
x 2
[ 1D SDS-PAGE, in-gel tryptic digestion | i!’, 40
<
v v s2
| ] 7 201
) v o2
[ LC-MS | £
v v 2 0 T T T T T
[ ] °\t~ S R O
50.0001 °
%) [] .
Q
o e ]
N~ 5 3
o = E >
S o 00017 ol o'MET0
B> = E
c E >
g % E NVB1969(NalP) .’1 s, :@ o .NMEZDSS(ACPD
2 3 0019 . 32l g
g a 4 %003 com® > o NMB2132(NHBA)
S — 1] b [ ]
% g 0.1 2 5 CE
o | 250 © e o 0
0.25 g- ] —
0.125 T T T T T T 1 T T T T 1
OMIOM P IM C no 4 3 2 1 0 1 2 3 4

fold change 32°C/37°C [Log2]

FIG 3 N. meningitidis proteome comparison between growth levels at 32°C and 37°C using '°N-labeled N. meningitidis as an internal control. (A) Meningococci
grown at 32°C versus 37°C in liquid culture (samples) were mixed with equal amounts of meningococci grown on agar plates containing '>’NH,Cl as the sole
source of nitrogen (internal control to minimize sample preparation artifacts). OMs were extracted with lithium chloride/lithium acetate buffer at 45°C and
subjected to one-dimensional (1D) SDS gel electrophoresis. Separated proteins were subjected to in-gel digestion and then to reverse-phase liquid chromatog-
raphy (RPLC). LC-MS/MS was performed with high resolution and high mass accuracy. (B) Protein expression of N. meningitidis at 32°C versus 37°C was
quantified and referenced against an internal '°N-labeled standard. Quantified proteins were sorted according to the predicted subcellular localization (outer
membrane, OM; inner or outer membrane, I/OM; periplasm, P; inner membrane, IM; cytoplasm, C; subcellular localization unclear, no). The proportions of up-
or downregulated proteins (P < 0.01 in Student’s t tests of three independent experiments) as well as of nonregulated proteins are plotted, with numbers of
identified proteins indicated in the graph. (C) Fold change of protein expression between 32°C and 37°C by cellular localization. The mean regulation factor
between 32°C and 37°C calculated from three independent experiments is plotted. ****, ***, and ** refer to P < 0.0001, P < 0.001, and P < 0.01, respectively,
in one-way analysis of variance (ANOVA) applying Bonferroni’s post hoc test for comparing OM, I/OM, P, IM, and C (excluding “no”). (D) Proteome analysis
visualized as a volcano plot. Fold change of differential regulation is presented as log, ratio of 32°C/37°C on the x axis, and the P values of results of unpaired ¢
tests of differential expression between 32°C and 37°C are inversely plotted on the y axis. The genes of the proteins marked in red (highest expression at 32°C) or

green (NMB1969, NalP) were chosen for further analyses.

Taking the data together, N. meningitidis grown at 32°C display
enhanced aggregation, adhesion, and biofilm formation, and the
temperature dependency of these phenotypes does not appear to
be influenced by the capsule.

Differential N. meningitidis proteomes at 32°C versus 37°C.
Since the aggregation and adhesion properties of N. meningitidis
were significantly temperature dependent, we used global pro-
teome analysis to identify differences in protein expression at 32°C
and 37°C. This approach entails the use of '’N-labeled proteins as
an internal standard, which allows very precise and reliable pro-
teomic comparisons (11). By addition of equal amounts of the
internal '°N standard to the 32°C and 37°C samples compared,
any possible bias inferred during sample preparation was kept to a
minimum.

Since aggregation and adhesion properties of bacteria are gov-
erned by the protein composition of the outer membrane, we used
outer membrane protein-enriched samples for a differential pro-
teomics approach using highly accurate mass spectrometry (Fig.
3A). Using this method, a total of 375 distinct proteins were quan-
tified from both the 32°C and 37°C conditions (see Table S1 in the
supplemental material). All quantified proteins were classified ac-
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cording to their known or predicted subcellular localization using
the NeMeSys database, the UniProt database, and/or the PSORTb
algorithm (30-32). Among the 375 identified proteins, 49 were
predicted to be localized in the outer membrane (OM), 21 (pre-
dominantly lipoproteins) in either the inner or outer membrane
(I/OM), 35 in the periplasm (P), 56 in the inner membrane (IM),
and 208 in the cytosol (C), whereas the location of 6 proteins could
not be inferred (no) by either database annotation or computa-
tional prediction (Fig. 3B). Judged by the data corresponding to
the significance level (P = 0.01) of the 32°C/37°C ratio of the
regulated proteins in three independent experiments, about 7.5%
of all detected proteins showed temperature-dependent regula-
tion. The biggest relative proportion of regulated proteins was
found among I/OM proteins (4 0f 21, 19%), followed by P (6 of 34,
18%) and OM (7 of 49, 14%), while the smallest relative propor-
tion of regulated proteins was in C (5 of 209, 2.4%) (Fig. 3B).
These different cellular compartments showed significant differ-
ences in the proportion of temperature-regulated proteins (x> =
20.82; P = 0.0003). Judged by the averaged fold expression, the
modulation of temperature-guided proteome changes was most
pronounced in the periplasm, where almost all detected proteins
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FIG 4 Influence of NMB2132 (NHBA), NMB1030, NMB2095 (ACP), and NMB1969 (NalP) on temperature-dependent N. meningitidis phenotypes. Deletion
mutants of the indicated genes were generated in N. meningitidis MC58 or its capsule-deficient derivative MC58Acsb as indicated above each plot. (A)
Autoaggregation was determined as decreases in the ODy, of meniscal samples taken at 0 min and 30 min from nonagitated liquid cultures. (B) Early biofilm
formation of parental N. meningitidis MC58Acsb and corresponding mutants grown at either 32°C or 37°C as indicated below the x axis. (C) Adherence of N.
meningitidis MC58 and corresponding mutants to Detroit nasopharyngeal epithelial cells was tested by infecting 5 X 10° Detroit cells with 10’ CFU N.
meningitidis per well. Adherent bacteria were enumerated after 1 h of incubation by plating serial dilutions on Columbia blood agar. (A to C) Mean values =
standard deviations (SD) from at least three independent experiments are shown. ***, **, and * refer to P < 0.001, P < 0.01, and P < 0.05, respectively, in one-way
ANOVA applying Dunnett’s post hoc test for comparing all groups to the corresponding parental strain at 37°C at 30 min (A) or to the parental strain at 32°C (B

and C).

were upregulated (Fig. 3C). In conclusion, the moderate temper-
ature change of 5°C had the highest impact on protein regulation
of the bacterial envelope comprised of outer and inner membrane
plus periplasm, while little change was seen in the cytoplasm (Fig.
3B and C). A function was assigned to most of the regulated OM
proteins, while many of the regulated periplasmic proteins are of
as-yet-unknown function. The three most strongly upregulated
proteins were the neisserial heparin binding antigen (NHBA,
NMB2132) (36), the conserved hypothetical protein NMB1030
(37), and the adhesin complex protein ACP (NMB2095) (38). A
role in meningococcal biofilm formation has been described for
the NHBA outer membrane protein (39), and ACP is known to
facilitate N. meningitidis adherence to different human cell types
(38). NMB1030 was recently described as a periplasmic ubiqui-
none-8 binding protein, and yet its function(s) in oxidative stress
responses or electron chain transport was not apparent (40).
Role of NMB2132,NMB1030,and NMB2095 in temperature-
dependent N. meningitidis adhesion phenotypes. Since temper-
ature reduction increased the strength of the adhesion and aggre-
gation properties in N. meningitidis, we tested whether the three
proteins that were most strongly upregulated (as shown by the
data corresponding to the 32°C/37°C ratio) at 32°C, NMB2132
(NHBA, 9.47-fold upregulated, P = 0.0337), NMB1030 (4.759-
fold upregulated, P = 0.0014), and NMB2095 (ACP, 4.15-fold reg-
ulated, P = 0.0051), are involved in adhesion and autoaggregation.
Therefore, the respective deletion mutants were constructed; fur-
thermore, we included a deletion mutant of the downregulated
autotransporter protease NalP (NMB1969). Although NalP
downregulation (fold expression, 0.52; P = 0.0072) was not as
strong as for some other proteins, we pursued its influence, since
NalP has been shown to cleave several N. meningitidis outer mem-
brane proteins and thereby acts as a negative regulator of me-
ningococcal biofilm formation (39). Acapsulate meningococci
and their corresponding NMB2132, NMB1030, NMB2095, and
NMB1969 deletion mutants grown overnight at 32°C were as-
sayed for autoaggregation, early biofilm formation, and adherence
to nasopharyngeal epithelial cells (Fig. 4). Acapsulate N. meningi-
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tidis grown overnight at 37°C served as a control. NMB1030 and
NMB2095 deletion mutants showed aggregation similar to that
seen with the parental strain grown at 37°C, whereas the
NMB2132 (NHBA) and NMB1969 (NalP) mutants strongly ag-
gregated similarly to the parental strain grown at 32°C (Fig. 4A).
Thus, NMB1030 and NMB2095 (ACP) seem to be involved in
temperature-dependent regulation of autoaggregation. In agree-
ment with a previous report in which the roles of NMB2132 and
NMB1969 in biofilm formation (at 37°C) were analyzed (39), our
assays performed with the 32°C-grown NMB2132 (NHBA) mu-
tant revealed reduced biofilm formation, while the NMB1969
(NalP) mutant showed increased biofilm formation (Fig. 4B). In
alignment with the autoaggregation phenotype, the NMB1030
and NMB2095 (ACP) mutants, but also the NMB2132 (NHBA)
mutant, displayed reduced early biofilm formation (Fig. 4B).

The NMB2132 (NHBA), NMB1030, and NMB2095 (ACP)
mutants showed decreased adherence to pharyngeal epithelial
cells (Fig. 4C). In particular, the reduction of cellular adhesion of
the NMB2095 is in good agreement with its description as an
adhesin (38). The NMB1969 (NalP) mutant did not show a sig-
nificant change in the level of cell adhesion. Taking the data to-
gether, the three most strongly upregulated proteins at 32°C con-
vincingly contribute to the elevated adhesion and aggregation
properties of N. meningitidis seen at 32°C.

Regulation of phenotypic changes induced by temperature
reduction. In order to elucidate the underlying regulatory mech-
anisms for the altered proteome and phenotypes at lower temper-
ature, we tested the influence of known global regulators of bac-
terial gene expression. We took advantage of a collection of global
regulator mutants that were available in two different N. menin-
gitidis genetic backgrounds (WUE4294 and MC58), which were
screened for early biofilm formation. Overexpression of the RNA
chaperone Hfq (41), the oxygen-responsive transcriptional regu-
lator FNR (42), or the heat shock-associated sigma factor RpoH
(43) in strain WUE4294 did not change the phenotype of in-
creased N. meningitidis biofilm production at 32°C. And yet, the
overall biofilm production appeared to be increased in the Hfg-

December 2016 Volume 84 Number 12


http://iai.asm.org

Temperature-Dependent Meningococcal Phenotype

B MC58Acsb 32°C 37°C

WUE4294 61 MC58Acsb Il 32°C
§4' g ns e Kb <— trimer
€S 5o 170 —
B2 g siq] | v 10—
g9 ns gEQ 100 —
= ns 5 8
Lo | bl - <«— dimer
e2? E2,
= = -1
52 * 82 sk "k 70—
A % Hkk
° ©
E =] 40— o <— monomer
parent Hfgq* FNR* RpoH* parent AmisR Ahfq ArelA ArpoE
35—
periplasmic protein folding i fold change 25— blot: a-PorA
R protein T-test
or processing (32°C/37°C)
putative BAM complex NMB2091 1.63 . D MC58Acsb
accessory protein = 37 B 32°C
DsbA1 (NMB0278) 0.87 ns n% 37°C
DsbA2 (NMB0294) 1.33 ns )
disulfide bond DsbA3 (NMB0407) 2.4 * ‘E' 2
oxidoreductases (Dsbs) DsbB (NMB1649) not identified K]
DsbC (NMB0550) 2.9 o ®
DsbD (NMB1519) 1.37 * §
O 14
peptidyl-prolyl-isomerases SurA (NMB0281) 0.98 ns S 1
LolA (NMB0622) not applicable * l._E
ch LolB (NMB0873) 1.03 ns k]
aperones skp (NMB0181) 1.13 ns Qo o
DegQ (NMB0532) 1.04 ns
* < < N
*LolA was identified at 32°C, but not at 37°C; i.e. no fold change calculated and not presented in table S1 ,b\e’o &O ‘)0 (‘9%
Q > & Q
> e@
>
MC58Acsb MC58Acsb
ns ns
37 o 2.57 1 1 1
ok 32°C s
c c
2 N 37°C 2 2.0-
@ o = Il 37°C (parent)
§ 2] s § 5 . 37°C (ArpoE)
o o B 32°C (parent)
2 ns 2 ons ns. .
g ns g 1.0- 32°C (ArpoE)
=) 14 * =)
[ [
2 2
® ® 0.57
2 e
0- 0.0- T T
v N ] 9 <& v N \2J S
q:{b \Q‘b 119% \g‘b ‘QO m\".} 's": ‘_190.' \qb
IR ¥ & & ¢
S &S S S S S

FIG 5 Possible involvement of o* in temperature-dependent early biofilm formation. (A) Influence of global regulator knockout mutants on early biofilm
formation. (Left panel) hfg, fur, or rpoH overexpression mutants in comparison to the corresponding parental strain (“parent”) WUE4294. (Right panel) AmisR,
Ahfg, ArelA, and ArpoE (encoding o) deletion mutants in comparison to the corresponding parental MC58Acsb strain. In both panels, N. meningitidis was
grown overnight at 32°C or 37°C, and early biofilm formation was assayed after 1 h. Means of results of at least three independent experiments in which the values
were normalized to the corresponding parent strain at 37°C were plotted. ***, **, and * refer to P < 0.001, P < 0.01, and P < 0.05, respectively, in one-way
ANOVA applying Dunnett’s post hoc test for comparing all groups to the corresponding parental strain at 32°C. (B) Outer membrane preparations of planktonic
N. meningitidis cultures grown at 32°C or 37°C were analyzed on nonreducing SDS-PAGE and immunoblotted using a PorA-specific monoclonal antibody. Positions
of monomeric, dimeric, and trimeric PorA complexes are indicated. (C) List of all identified proteins in the proteomic comparison between 32°C and 37°C resembling
proteins involved in periplasmic protein folding or processing (proven in N. meningitidis or homologs to E. coli proteins). Significantly regulated proteins are indicated
in bold. (D) Parental strain MC58Acsb and corresponding mutants of o (ArpoE), anti-o™ factor (AmseR), and the periplasmic protein NMB2091 (ANMB2091 ), which
is involved in OM protein folding, were assayed for early biofilm formation after growth at 32°C or 37°C. (E) qPCR analysis of expression of target genes (indicated on
the x axis) in the MC58Acsb mutant at 32°C versus 37°C. The relative abundance of each transcript normalized to 37°C is plotted as the mean = standard error of the
mean (SEM) of results of 8 to 11 independent experiments carried out in triplicate. ***, *, and ns denote P < 0.001, P < 0.05, and P > 0.05, respectively, in two-tailed
paired Student’s ¢ tests. (F) qPCR analysis of expression of target genes (indicated on the x axis) in the MC58Acsb mutant versus the MC58AcsbArpoE mutant at 32°C
versus 37°C. The relative abundance of each transcript normalized to 37°C is plotted as the mean * SEM of results of 4 independent experiments carried out in triplicate.
**and ns denote P < 0.01 and P > 0.05, respectively, in repeated-measure ANOVA applying Bonferroni’s post hoc test.

overexpressing mutant (Fig. 5A, left panel). Analyzing global reg-  nent regulatory system (MisR/MisS) (44), or in a deletion mutant
ulators in acapsulate MC58 (Fig. 5A, right panel), no altered phe-  of hfg. In contrast, there was a significant loss of biofilm formation
notype of the temperature dependence of biofilm formation was  in a relA mutant and a rpoE mutant at both temperatures. While
seen in deletion mutants of misR, which is part of a two-compo-  relA as a regulator in the stringent response appears to be essential
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in overall biofilm formation across different species (45-47), we
were surprised to find an even stronger phenotype in the rpoE
mutant lacking oF. In E. coli, the classical & response is activated
by outer membrane stress or misfolded proteins in the periplasm
(48), leading to the decay of the anti-o* factor and subsequently to
the release of functional o into the cytosol. o™ then stimulates the
expression of—among others—proteins involved in periplasmic
protein folding or processing (48). In contrast to E. coli, previous
studies did not suggest a " response to periplasmic stress in N.
meningitidis (49, 50). Since those studies were conducted using
log-phase bacteria, we speculated that a o response to outer
membrane stress may still occur in mature N. meningitidis cul-
tures such as those used in our system. In order to test whether
misfolded proteins might accumulate in the periplasm, which in
turn might trigger expression of o, we analyzed the major outer
membrane porin PorA as an indicator for membrane stress. PorA
porins are inserted into the OM as functional trimers, whereas
monomers and dimers in outer membrane preparations indicate
dysfunctional assembly of integral outer membrane proteins,
thereby indicating conditions of membrane stress (51). In agree-
ment with our hypothesis, immunoblotting after semi-native
SDS-PAGE revealed a higher proportion of monomeric/dimeric
PorA porins in membrane preparations at 32°C than at 37°C (Fig.
5B). Further evidence for the presence of periplasmic protein fold-
ing or processing stress at lower temperature came from our pro-
teome analysis: Among all 12 quantified meningococcal proteins
likely to be involved in periplasmic protein folding or processing,
the four proteins NMB2091, DsbA3, DsbC, and DsbD were up-
regulated at 32°C whereas none of the proteins was downregulated
(Fig. 5C). Furthermore, the chaperone LolA was detected in our
proteome analysis only at 32°C and not at 37°C (and the corre-
sponding data are therefore not shown in table S1 in the supple-
mental material), likely indicating increased expression at 32°C.
In agreement with a functional role of ¢ in the temperature de-
pendence of biofilm formation, a knockout mutant of the MseR
anti-o® factor exhibited elevated levels of biofilm formation at
32°Caswell as 37°C (Fig. 5D). Similarly, deletion of NMB2091, an
important factor for the assembly of outer membrane proteins
(52) which was also upregulated at 32°C (see Fig. 5C), yielded the
same temperature-independent biofilm phenotype as that seen
with the anti-o® factor mutant (Fig. 5D). Thus, we conclude that
the o*/anti-o* factor system might be a potent switch for the reg-
ulation of early biofilm formation in N. meningitidis, apparently in
response to outer membrane stress that occurs at temperatures
found in the nasopharynx.

In order to elucidate whether de novo gene transcription is
involved in the temperature-dependent proteomic changes, we
conducted qPCR analysis of our target genes NMB2132 (NHBA),
NMB1030, NMB2095 (ACP), and NMB1969 (NalP) as well as of
rpoE. NMB2132 displayed robust and significant transcriptional
upregulation at 32°C, whereas NMB1969 was downregulated (Fig.
5E). The results seen with the other genes were mostly unchanged,
with NMB2095 (ACP) and rpoE showing a slight trend toward
higher expression at 32°C. Hence, transcriptional control is in-
deed one mechanism—but not the only mechanism— by which
temperature-dependent proteomic changes are invoked. To elu-
cidate whether o might be a transcriptional regulator of
NMB2132 (NHBA) transcription, we compared its levels of tran-
scription at 32°C versus 37°C in the MC58 and MC58ArpoE
strains (Fig. 5F). NMB2132 transcription was not at all affected by
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o*, indicating that the link with the role in o®-dependent temper-
ature-affected biofilm formation is not a direct one or does not
depend on NHBA. The power of our analysis was not sufficient to
allow us to state that the—admittedly marginal—differences in
transcription of NMB1030 and NMB2095 between the parental
strain and the rpoE mutant shown in Fig. 5F were in fact due to the
mutation in rpoE.

DISCUSSION

In vitro experiments to investigate pathogen-host interactions are
commonly conducted at 37°C, as this is the approximate temper-
ature which the bacteria encounter upon invasion of the human
host. However, despite strict thermal regulation, the human body
temperature is neither spatially nor temporally perfectly constant.
In fact, the nasopharynx temperature is coupled to that of the
inhaled air (10). Therefore, bacteria such as N. meningitidis are
subjected to temperature changes within this niche. Here, we have
demonstrated that even slight temperature differences—and not
only the stark changes encountered during classical heat shock or
cold shock— have a significant impact on the phenotype and pro-
teome of N. meningitidis, a strictly human-adapted bacterium.

From a technical perspective, our work suggests that 32°C ap-
pears to be a physiologically more meaningful temperature at
which to monitor the interactions of N. meningitidis with the
host’s mucosal epithelium in in vitro settings: the adhesion prop-
erties of N. meningitidis appeared to be stronger at 32°C than at
37°C (Fig. 2). Likely, N. meningitidis is subjected to a temperature
of 37°C only upon initial invasion into the bloodstream. However,
systemic dissemination of N. meningitidis induces pyrexia and it
has recently been shown that at 42°C, a N. meningitidis transcrip-
tional response is triggered by a temperature-sensing noncoding
RNA, which results in the upregulation of virulence factors (33).
Biologically, this can be interpreted as the bacterium sensing the
host’s immune response; however, the overcoming of the host
immune system by N. meningitidis is fatal for the host and poses a
dead end for N. meningitidis itself. In contrast, increased expres-
sion of N. meningitidis factors that allow initial host colonization
at the site of the nasopharyngeal mucosa at a temperature that is
indicative of a steady-state host (i.e., 32°C) fit well into our view of
the biology of N. meningitidis as a commensal. This is further
substantiated by the fact that the major determinants of N. men-
ingitidis virulence, namely, capsule, type IV pilus, and LOS, are
not affected by the slight temperature difference. N. meningitidis
capsule expression must be considered in context, since virtually
all isolates from invasive disease are capsulated, whereas very few
carriage isolates possess a capsule (53). During the colder seasons,
the nasopharyngeal temperature is likely even lower than 33°C, as
observed by Keck et al. at 25°C ambient temperature, possibly
enhancing the effects on N. meningitidis adhesion phenotypes. In
winter months, the rate of meningococcal disease cases rises
quickly, and this has been linked to the pattern of seasonal flu (54).
In light of our findings, it seems plausible that acquisition of N.
meningitidis during winter, when ambient and nasopharyngeal
temperatures are low and when N. meningitidis is therefore best
equipped for host colonization based on its expressional profile,
might be more efficient.

By comparing the proteomes of N. meningitidis strains grown
at 32°C and 37°C (Fig. 2), we gained insight into the adaptation of
N. meningitidis as a commensal of the human nasopharynx to the
slightly differing temperatures which can be observed in this eco-
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logical niche. To our knowledge, this is the first comprehensive
proteomic comparison of the effects of a temperature shift as small
as 5°C on the physiology of a bacterial commensal. Although there
have already been a few other studies addressing the impact of
bigger temperature alterations on bacterial transcriptomes (55—
57), our study was unique in that it focused on the global im-
pact of a small temperature variation, such as is frequently seen
within a mammalian host, on the proteome and thereon cou-
pled phenotypes that impact the colonization capabilities of a
human-adapted bacterium.

In E. coli, 4 to 5°C temperature downshifts from 37°C to 33°C
and from 33°C to 28°C altered the expression of genes over a wide
range of functional classes, with energy metabolism genes being
particularly affected (55). For instance, genes involved in glycoly-
sis, the tricarboxylic acid (TCA) cycle, and amino acid synthesis
and transport were regulated, but so were high percentages of
hypothetical and unclassified genes. In that study, a marked
growth speed reduction of about 40% accompanied the 4°C-to-
5°C temperature shifts (55). In our study, the 5°C temperature
downshift caused only a 10% reduction of growth speed in N.
meningitidis, based on the mean doubling time. Based on our pro-
teome data, significant alterations occurred predominantly in the
meningococcal envelope, while cytoplasmic proteins (including
those involved in energy metabolism) showed very little change.
This finding must be interpreted carefully, since the samples in
our analysis were enriched for outer membrane proteins.

NMB2132 (NHBA), NMB1030, and NMB2095 (ACP) showed
the greatest degree of temperature-dependent regulation and were
identified as factors contributing to the temperature dependence
of autoaggregation, biofilm formation, and cellular adherence
(Fig. 4). N. meningitidis adhesion properties are usually governed
by outer membrane proteins. Indeed, NMB2132 (NHBA) is a li-
poprotein of the outer membrane and is known to contribute to
biofilm formation (39). NMB2095 (ACP) is described as outer
membrane adhesin (38) and was thus categorized as an outer
membrane protein in our analysis. Outer membrane proteins in
Gram-negative bacteria either are lipoproteins or form beta-bar-
rels (58, 59). NMB2095 (ACP) is not a lipoprotein, and, with
~100 amino acids after signal peptide cleavage (deduced from
reference 27), it is too small to form a minimal beta-barrel of 142
amino acids (60). Therefore, its nature as a true outer membrane
protein is not certain. Our data also demonstrate a contribution of
NMB1030 to aggregation, biofilm formation, and cellular adher-
ence. This function, whether exerted in a direct or an indirect
fashion, appears distinct from its postulated role as a ubiqui-
none-8 binding protein (40), which would also imply a periplas-
mic instead of an outer membrane localization, but its distinct
subcellular localization has not been directly shown. Further stud-
ies are required in order to gain better insight into the true sub-
cellular location as well as the function and possible interaction
partners of NMB1030 and might aid in revealing its mechanisti-
cally unclear contribution to biofilm formation and adhesion. In
our study, we focused on the three proteins with the strongest
degree of regulation, but it stands to reason that other regulated
proteins may have an impact on the observed temperature-depen-
dent adhesion properties as well. Of note, we have dissected the
effect of NMB2132 (NHBA), NMB1030, and NMB2095 (ACP)
using deletion mutants but we have not investigated overexpres-
sion or complementation mutants to further underscore the ob-
tained results.

December 2016 Volume 84 Number 12

Infection and Immunity

Temperature-Dependent Meningococcal Phenotype

By qPCR, we found that the temperature-dependent abun-
dance of NMB2132 (NHBA) and NMB1969 (NalP) is controlled
at least in part at the transcript level (Fig. 5E and F), i.e., through
transcription or mRNA stability; on the other hand, NMB1030
and NMB2095 (ACP) appear to be regulated by other mecha-
nisms, since we did not observe changes in their transcript profiles
with temperature. Others have investigated the temperature-de-
pendent expression of NMB2132 (NHBA) and came to the con-
clusion that a posttranslational regulatory switch in the regulatory
upstream region is responsible for enhanced expression at 30°C
(61). We do not think that our findings are in conflict with that
report, since transcriptional control does not exclude additional
levels of protein expression control. We conclude that both tran-
scriptional regulation and translational and/or posttranslational
regulation occur to regulate the envelope proteome content at
different temperatures.

In our experiments, we determined a significant contribution
of the extracytoplasmic sigma factor o to the temperature depen-
dence of N. meningitidis biofilm formation (Fig. 5). It appears that
o" triggers biofilm formation at 32°C, since in a mutant with a
deletion of its coding gene, rpoE, biofilm formation was basically
abrogated, whereas a mutant with a deletion of the gene encoding
the corresponding anti-sigma factor MseR displayed intense bio-
film formation at both temperatures (Fig. 5A and D). o activa-
tion is possibly due to the relative abundance of outer membrane
proteins that have not fully adopted their functional tertiary struc-
ture upon slight temperature reduction, as monitored with PorA
in an exemplary manner in our study (Fig. 5B). Outer membrane
proteins require the assistance of the beta-barrel assembly ma-
chinery (BAM) for their proper folding and membrane insertion.
According to our proteomics data, the BAM components BamA,
BamC, BamD, and BamE display lower expression at 32°C (see
Table S1 in the supplemental material), which may be the under-
lying cause of the accumulation of misfolded proteins. Therefore,
periplasmic proteins involved in proper protein folding appear
upregulated (Fig. 5C), possibly to counteract this accumulation of
misfolded proteins. A possible link between o* and misfolded en-
velope proteins was found by use of a NMB2091 mutant, which is
known to have an impact on the BAM (52) and the gene homolog
of which in E. coli (yraP) is part of the ¢ regulon (62). And yet,
our finding that N. meningitidis seems to possess a functional o*
response to membrane stress is in conflict with reports that sug-
gested a function of this sigma factor/anti-sigma factor system
outside the periplasm (49, 50). The o* response in N. gonorrhoeae
was suggested to be triggered by oxidative stress (63), and the
levels of expression of the proteins MsrAB, AniA, and NspA,
which are known to be regulated by o® (49, 63), were unchanged
in our proteomic analysis. However, the latter studies (49, 50, 63)
were all conducted using N. meningitidis grown to log phase,
whereas we used mature overnight cultures for our analyses here,
which might explain potential differences in the outcomes with
respect to apparent o"-dependent effects during distinct stages of
N. meningitidis growth. Although we could show NMB2132
(NHBA) and NMB1969 (NalP) to be regulated on the transcript
level, there was no effect of ¢ in their regulation (Fig. 5E and F).
Hence, the possible contribution of ™ to temperature-dependent
phenotypes does not involve the direct upregulation of the target
genes in our analyses but appears to be rather obscure and indi-
rect.

Overall, our study showed that N. meningitidis displays an op-
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timal phenotype for mucosal colonization at 32°C and that a tem-
perature upshift of only 5°C already leads to significant proteomic
changes. At 32°C, outer membrane proteins such as NMB2132
(NHBA), NMB1030, and NMB2095 (ACP) seem to govern auto-
aggregation, biofilm formation, and cellular adherence. First data
presented here suggest that the ot response to outer membrane
stress at this temperature seems to play a crucial role in tempera-
ture-dependent biofilm formation. Future studies are needed to
further unravel the signaling events driving the o* response and
how this contributes to biofilm formation, aggregation, and cel-
lular adherence.
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