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“Candidatus Pelagibacter ubique,” an abundant marine alphaproteobacterium, subsists in nature at low
ambient nutrient concentrations and may often be exposed to nutrient limitation, but its genome reveals no
evidence of global regulatory mechanisms for adaptation to stationary phase. High-resolution capillary liquid
chromatography coupled online to an LTQ mass spectrometer was used to build an accurate mass and time
(AMT) tag library that enabled quantitative examination of proteomic differences between exponential- and
stationary-phase “Ca. Pelagibacter ubique” cells cultivated in a seawater medium. The AMT tag library
represented 65% of the predicted protein-encoding genes. “Ca. Pelagibacter ubique” appears to respond
adaptively to stationary phase by increasing the abundance of a suite of proteins that contribute to homeostasis
rather than undergoing a major remodeling of its proteome. Stationary-phase abundances increased signifi-
cantly for OsmC and thioredoxin reductase, which may mitigate oxidative damage in “Ca. Pelagibacter,” as
well as for molecular chaperones, enzymes involved in methionine and cysteine biosynthesis, proteins involved
in p-dependent transcription termination, and the signal transduction enzyme CheY-FisH. We speculate that
this limited response may enable “Ca. Pelagibacter ubique” to cope with ambient conditions that deprive it of
nutrients for short periods and, furthermore, that the ability to resume growth overrides the need for a more

comprehensive global stationary-phase response to create a capacity for long-term survival.

“Candidatus Pelagibacter ubique” is a member of the alpha-
proteobacterial SAR11 clade, a ubiquitous group of marine
bacteria that can account for up to 35% of bacterioplankton
populations in the ocean surface (28). With a biovolume of
~0.01 wm?, this organism is among the smallest known free-
living bacteria (35). Malmstrom et al. showed that SAR11 cells
account for 50% of the amino acid and 30% of the 3-dimeth-
ylsulfoniopropionate (DMSP) uptakes in the North Atlantic
Ocean (27). Due to their activity and abundance, it is thought
that SAR11 organisms could have a large impact on the cycling
of carbon and other important nutrients in the oceans.

Most of the ocean surface is a highly oligotrophic environ-
ment where low levels of phosphorus, usable forms of nitrogen,
and iron limit plankton productivity. Because of this, marine
bacteria are thought to shift between periods of growth when
nutrients become available and periods of dormancy when they
experience nutrient deprivation. The phenomenon of cells be-
coming viable but not culturable upon entry into stationary
phase has been studied extensively with marine gammapro-
teobacteria of the genus Vibrio (6, 9); otherwise, there is rela-
tively little information available about the strategies used by
marine bacteria to respond to nutrient limitation.

Generally, there appears to be a range of mechanisms for
adaptation to stationary-phase survival in bacteria. Global re-
sponses conferring increased resistance to a multitude of
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stresses, such as the o®-mediated expression of stationary-
phase, survival-specific proteins in Escherichia coli (52) and
sporulation in Bacillus subtilis (33), are activated regardless of
the specific conditions causing entry into stationary phase.
Other organisms lack a global stationary-phase response and
instead have multiple stress-specific reactions, each of which
can cause a transition into stationary phase (2, 7, 8, 12, 13, 24,
29, 30, 47). One organism studied, Campylobacter jejuni, does
not appear to gain any survival advantage upon entry into
stationary phase (22).

Genomic analysis of “Ca. Pelagibacter ubique” revealed that
this organism has the vegetative sigma factor ¢’ and the heat
shock sigma factor ¢>% however, it is lacking the stationary-
phase sigma factor o° (15). After entering stationary phase,
“Ca. Pelagibacter ubique” cells undergo a change in cell shape
from vibroid to coccoid, with a corresponding decrease in cell
volume, and are able to return to both exponential growth and
a vibroid cell shape after being transferred to fresh medium
(unpublished data). These observations suggest that “Ca.
Pelagibacter ubique” has a stationary-phase response, whose
mechanistic basis is unknown, that leads to increased surviv-
ability.

This study had two primary purposes. The first, a practical
goal, was to create a comprehensive library of peptide accurate
mass and time (AMT) tags so as to increase the accuracy and
speed of subsequent proteomic analyses of “Ca. Pelagibacter
ubique” (51). The second was to identify specific proteins that
are differentially expressed between the exponential and sta-
tionary growth phases, in particular those proteins that may be
involved in a global stationary-phase response.
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TABLE 1. Cultures used for creation of “Ca. Pelagibacter ubique” AMT tag library

Vol Nutrient Fractionation No. of
Sample . No. of cells . Growth phase Light regimen Preparation o peptides
(liters) mix method d
etected
1 60 1.44 x 10! A Stationary Ambient Global, soluble, and None 5,787
insoluble

2 80 5.42 x 10 A Exponential Ambient Global SCX 6,823
3 20 2.94 x 1010 A Stationary Ambient Global SCX 4,338
4 20 1.10 x 10% A Stationary Ambient Global 1D SDS-PAGE 372
5 40 2.00 X 101° B Exponential Diel Global None 139
6 60 5.02 x 10 A Exponential Dark Global None 6,345

¢ Prior to reverse-phase HPLC. SCX, strong cation exchange; 1D SDS-PAGE, one-dimensional sodium dodecyl sulfate-polyacrylamide gel electrophoresis.

MATERIALS AND METHODS

Cultures. Because bacterial protein expression often depends on growth con-
ditions, it is important to analyze cells that are grown under many different
conditions in order to acquire a comprehensive library of protein expression. To
create a library of peptide AMT tags, six individual batch cultures of “Ca.
Pelagibacter ubique” were grown in sterilized seawater medium amended either
with nutrient mix A (50 nM DMSP, 10 pM NH,CI, 1 uM K,HPO,, 0.3 mg/liter
FeCls, defined carbon mixture [35], and Va vitamins [10]) or with nutrient mix B
(10 M NH,CI and 1 pM K,HPO,). Samples were grown in either darkness,
ambient light, or direct light on a 14-h-on-10-h-off diel cycle, and cells were
harvested during either exponential- or stationary-phase growth as outlined in
Table 1. Cultures were equilibrated to 4°C to slow protein synthesis and degra-
dation during harvest; cells were harvested by tangential flow filtration at a rate
of ~2 min/liter, using a Millipore Pellicon system with a 30-kDa regenerated
cellulose filter. The concentrated cells were pelleted by centrifugation at
48,400 X g for 1 h at 4°C in a Beckman J2-21 centrifuge with a JA-20 rotor; the
resulting pellets were stored at —80°C until proteomic analysis was performed.

For the comparative analysis of stationary versus exponential growth phase,
four “Ca. Pelagibacter ubique” cultures were grown in sterile seawater medium
amended with nutrient mix A. All four cultures were inoculated from a single
stock and grown with aeration at 16°C under ambient light conditions. Two of the
cultures were randomly selected and harvested (as outlined in the preceding
paragraph) during exponential growth phase, i.e., when cell counts reached
~5.8 X 10° cells/ml (Fig. 1); the remaining two cultures were harvested after the
cells were in stationary phase for 2 to 3 days, i.e., when cell abundance plateaued,
at ~2.7 X 10° cells/ml (Fig. 1). In order to obtain sufficient and comparable
amounts of protein mass (~100 pg of protein by bicinchoninic acid protein
assay) from each of the four cultures, exponential-phase cells were harvested
from two 40-liter volumes of medium (~2.3 X 10! cells/sample), and the sta-
tionary-phase cells were harvested from two 10-liter volumes of medium (~2.7 X
10" cells/sample).
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FIG. 1. Growth curves for duplicate samples of “Ca. Pelagibacter
ubique” harvested at either mid-exponential or early stationary phase.
Approximately 100 pg of protein was produced from each of two
10-liter samples drawn from sterilized seawater medium at stationary
phase and each of two 40-liter samples drawn from the medium at
exponential phase.

Sample preparation. Proteins were prepared as outlined by Adkins et al. (1).
Due to low cell concentrations, all samples were prepared for global analysis; the
sole exception was AMT tag library sample 1 (Table 1), which had enough
biomass to permit global, soluble, and insoluble preparations. For global analysis,
cells were lysed by bead beating in 100 mM NH,HCO; buffer (pH, ~8). Proteins
were eluted and denatured with 7 M urea, 2 M thiourea, and 5 mM dithiothreitol
at 60°C for 30 min. For soluble and insoluble analyses, cell pellets were treated
as described above, and the lysate was centrifuged. The supernatant (soluble
preparation) was transferred to a fresh tube, and the remaining pellet was
resuspended in 7 M urea, 2 M thiourea, 1% 3-[(3-cholamidopropyl)-dimethyl-
ammonio|-1-propanesulfonate (CHAPS) in 50 mM NH,HCO;, and 5 mM di-
thiothreitol at 60°C for 30 min (insoluble preparation). For all analyses, the
denatured proteins were diluted with buffer to reduce the salt concentration and
digested with trypsin for 3 h at 37°C. Cleanup was performed by passing the
samples through a C;g3 SPE column (5). The sample solutions were then con-
centrated in a Speed-Vac machine to a volume of ~50 to 100 ul, quick-frozen in
liquid nitrogen, and stored at —80°C until needed for analysis.

Building a library of AMT tags by LC-MS/MS. Trypsinized proteins from “Ca.
Pelagibacter ubique” samples grown under a variety of conditions (Table 1) were
fractionated by strong cation-exchange chromatography following the method of
Adkins et al. (1). Approximately 25 fractions from each sample were collected;
each was dried under vacuum and dissolved in 30 pl of 25 mM NH,HCOs.
Aliquots containing 10 pg of protein were analyzed by capillary liquid chroma-
tography-tandem mass spectrometry (LC-MS/MS) (1) on a Thermo model LTQ
ion trap mass spectrometer (ThermoFisher Scientific Corp., San Jose, CA), using
data-dependent fragmentation on the top 10 ions per duty cycle and a 100-min
LC gradient. A total of 135 LC-MS/MS analyses were performed using “Ca.
Pelagibacter ubique” cultures. The resulting MS/MS spectra were matched using
the SEQUEST algorithm with predicted tryptic peptides from a protein file for
“Ca. Pelagibacter ubique” containing 1,398 protein entries compiled from an-
notation of the “Ca. Pelagibacter ubique” genome (15). A standard parameter
file allowing for a potential oxidation of the methionine residue and a mass error
window of 3 m/z units for precursor mass and 0 m/z units for fragmentation mass
was used. The searches also allowed for all possible peptide termini, i.e., they
were not limited to tryptic termini. Peptide identifications were considered ac-
ceptable if they passed the thresholds determined by Washburn et al. (48) and,
additionally, registered a discriminant score of at least 0.9 (42) and a Peptide
Prophet score of at least 0.9 (21). The discriminant score is representative of the
quality of the SEQUEST identification and is based on a combination of XCorr,
delCn, tryptic state, and the difference between the observed elution time and the
predicted LC normalized elution time (NET) for the peptide sequence (32, 42).
The Peptide Prophet score, which also considers XCorr and delCn SEQUEST
scores but does not discriminate between enzymatic states or take elution time
into account, incorporates a parameter that measures the probability of identi-
fication by random chance. Both scores are normalized to a scale of 0 to 1, with
1 corresponding to an uncertainty-free identification. Peptide identifications
were stored in an AMT tag database, along with the calculated monoisotopic
masses from the identified sequences and the LC NET determined from a neural
network algorithm (32).

Analysis of exponential- and stationary-phase “Ca. Pelagibacter ubique” sam-
ples by LC-MS. Each of the protein samples harvested from the four “Ca.
Pelagibacter ubique” cultures grown for the comparative analysis of stationary
(two samples) versus exponential (two samples) growth phase was digested with
trypsin as described in “Sample preparation,” and 10 pg of protein from each of
these preparations was analyzed in triplicate (12 analyses in total) on a custom-
built capillary high-performance liquid chromatography (HPLC) system coupled
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via electrospray ionization (ESI) to a ThermoFisher Scientific LTQ-Orbitrap
mass spectrometer. Reverse-phase capillary HPLC columns were manufactured
in-house by slurry packing a 3-pm Jupiter C,g stationary phase (Phenomenex,
Torrence, CA) into a 60-cm length of 360-wm-outer-diameter by 75-um-inner-
diameter fused silica capillary tubing (Polymicro Technologies Inc., Phoenix,
AZ). The mobile phases consisted of 0.2% acetic acid and 0.05% trifluoroacetic
acid in water (A) and of 0.1% trifluoroacetic acid in 90% acetonitrile-10% water
(B). The HPLC system was equilibrated at 10,000 Ib/in? with 100% mobile phase
A. A mobile-phase selection valve was switched 50 min after injection to create
a near-exponential gradient as mobile phase B displaced phase A in a 2.5-ml
active mixer in a manner similar to that described by Doneanu et al. (11). Split
flow controlled the gradient speed, operating under constant pressure (10,000
1b/in?). Flow through the capillary HPLC column equilibrated to 100% mobile
phase A was ~400 nl/min. The HPLC column was coupled to the mass spec-
trometer by use of an in-house-manufactured ESI interface with homemade
150-mm-outer-diameter by 20-mm-inner-diameter chemically etched electro-
spray emitters (23). The heated capillary temperature and spray voltage were
200°C and 2.2 kV, respectively. Data were acquired for 100 min, beginning 65
min after sample injection (15 min into the gradient). MS spectra (automatic
gain control, 1 X 10°) were recorded over the range of 400 to 2,000 m/z at a
resolving power of 100,000, followed by data-dependent ion trap MS/MS spectra
(automatic gain control, 1 X 10%) of the three most abundant ions, using a
collision energy of 35%. A dynamic exclusion time of 60 s was used to avoid
reexamining previously analyzed ions. Relative abundances were generated by
deconvoluting the peptide signal measurements from the Orbitrap instrument;
the area under each peptide peak with a signal-to-noise ratio of >5:1 was
integrated and recorded as the peptide’s signal strength. In a typical analysis
under the conditions just described, the peptides’ signals vary by 4 to 5 orders of
magnitude, with lower limits of detection ranging from 1 to 100 attomoles,
depending on the specific peptide, the capillary column used, and the sample
loaded on the column. Absolute abundances or concentrations of individual
peptides or proteins cannot readily be deduced from the strengths of their signals
due to protein-dependent variations in peptide production from the tryptic
digestion, as well as peptide-to-peptide variations in ionization efficiency.

Peptide features from the 12 LC-MS analyses, consisting of the monoisotopic
mass and the NET, were aligned and then matched to the same information for
peptides in the AMT tag database, using a tolerance of =6 ppm for mass and
0.025% for the LC NET. The mass deisotoping and alignment process was
performed using Decon2LS, and the matching process was performed using
VIPER (http://ncrr.pnl.gov/software/).

Differential expression analysis. Two measures of differential expression were
used in this study. The first measure was applied to proteins whose peptides were
detected in at least 10 of the 12 analyses of the four growth samples (i.e., three
replicates each of the two stationary-phase and two exponential-phase samples),
with the additional constraint that a peptide be detected in at least two of the
three replicate analyses of each sample. This conservative rule was adopted to
minimize the effect of missing signals on the normalization procedure to follow.
Each signal strength measured for a given peptide was mapped into M/A space
(4) as follows:

M;; = log, x; — log, baseline = log, (x;/baseline)

(log, x; + log, baseline)
_ Uog, x;; g

Ay = 2 = log, \/x; baseline

where x;; is the ith peptide’s signal strength measured in the jth analysis and
“baseline” is the ith peptide’s average signal strength across all 10 to 12 analyses.
Use of a common baseline for each peptide assumes that its 10 to 12 measured
signals are drawn from the same parent population; this global-scale assumption,
which has been made previously in proteomics (4), is commonly made in mRNA
expression analyses where arrays are designed to target a large or complete set
of open reading frames (34). The resulting M;; values were normalized to M’; ; by
linear regression (4) to correct for linear dependence on the magnitude of the
measured peptide signals and then converted back to log,-normalized signals by
means of the following formula:

. M+ 24;
log, xjj = ———
For each peptide, the log,-normalized signals from a given growth phase were
averaged arithmetically to give the base 2 logarithm of the geometric mean of the
normalized signal strengths for that peptide in that growth phase, as follows:
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where n = 4, 5, or 6. The log, relative signal strength of the peptide in the two
growth phases was calculated by subtracting the log, geometric mean of expo-
nential-phase signals from the log, geometric mean of stationary-phase signals to
give the base 2 logarithm of the ratio of the two means, i.e., log, (geometric
MEAN . ionary-phase signal/SEOMELIIC MEAN .y onential phase signal)- FOT @ protein with
only one qualifying peptide, the antilog, of this peptide’s log, ratio of geometric
means was taken as the protein’s relative abundance; for a protein with two or
more qualifying peptides, the antilog, of the arithmetic average of these pep-
tides’ log, ratios of geometric means was taken as the protein’s relative abun-
dance.

The second measure of differential expression used in this study was applied to
four proteins where all identified peptides were found almost exclusively in the
stationary phase (see Table 4). Since the absence of peptides identified in the
exponential growth phase precluded calculation of relative abundances in this
small number of cases, the number of unique peptides detected for a given
protein in at least four of the six analyses of the two stationary-phase growth
samples, with the additional constraints that a peptide be detected in at least two
of the three replicate analyses of each sample and that there be at least five such
peptides per protein, is reported as a measure of the degree of differential
expression.

RESULTS

In the text to follow, a protein whose abundance in the
stationary growth phase is found to be higher or lower than its
abundance in the exponential growth phase is referred to as
up- or down-regulated, respectively.

AMT tag library. The AMT tag library includes peptide
sequences identified using the algorithm SEQUEST, accurate
peptide masses determined from the identified peptide se-
quences, and the observed capillary HPLC elution times. Six
“Ca. Pelagibacter ubique” batch cultures were harvested at
various stages of growth under a variety of conditions (Table
1). Proteins from these cultures were extracted, digested with
trypsin, fractionated by strong cation-exchange chromatogra-
phy, separated by capillary HPLC, and detected by electro-
spray MS. The AMT tag library created from these analyses
comprises 10,957 unique peptides identified from 64,424 tan-
dem mass spectra. The number of tandem mass spectra for a
specific peptide can be quite large because (i) replicate anal-
yses of a large number of samples have been performed; (ii)
the peptide in question can be present in more than one cat-
ion-exchange fraction of each sample; (iii) in any given
HPLC-MS analysis, spectra corresponding to each of several
charge states of the peptide can be generated; and (iv) if the
peptide elutes from the chromatographic column into the ion
source over a long time relative to the mass spectrometer’s
duty cycle, multiples of each of these different charge-state
spectra can be produced. The AMT tags assigned to the pep-
tides in this database make it possible, without labeling, to
identify peptides in high-sensitivity, capillary LC-Orbitrap MS
analyses of protein digests and to quantify relative peptide
abundances. Collectively, the peptides in the “Ca. Pelagibacter
ubique” AMT tag library account for 889 proteins (more than
two peptides or three spectra per protein), or 65% of the
organism’s annotated protein-encoding genes; they cover 25%
or more of the amino acid sequence in nearly two-thirds of the
889 proteins and no less than 2% in the remaining one-third.
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TABLE 2. Proteins most frequently detected (as measured by spectral counts) in the exponential and stationary phases
by capillary LC-Orbitrap MS/MS

GenBank

Spectral count

accession no. Gene Protein description Exponential Stationary Function

phase phase
YP_266366 yhdW ABC transporter 1,478 2,162 Transport
YP_265784 Putative porin 1,127 1,360 Channels/pores
YP_266744 potD Spermidine/putrescine-binding protein 1,025 1,079 Transport
YP_266283 smoM Mannitol-binding protein 959 1,069 Transport
YP_265655 atpD F1-ATP synthase beta chain 514 643 Oxidative phosphorylation
YP_266190 Probable ABC sugar transporter 471 524 Transport
YP_266537 tufB Translation elongation factor EF-Tu 360 761 Translation
YP_266228 tauA Taurine transport system 318 564 Transport
YP_265690 dctP TRAP dicarboxylate transporter 254 540 Transport
YP_266501 rpoA DNA-directed RNA polymerase 253 457 Transcription
YP_266530 rpoB DNA-directed RNA polymerase 213 283 Transcription
YP_265587 groEL 60-kDa chaperonin 196 551 Protein folding and processing
YP_266237 hupA/hupB DNA-binding protein Hbsu 187 360 Cell structure and organization
YP_266529 rpoC DNA-directed RNA polymerase 169 264 Transcription
YP_265793 dnaK Chaperone protein 145 277 Protein folding and processing
YP_266552 rpsD Ribosomal protein S4 135 138 Ribosomal proteins
YP_265656 atpA H " -transporting two-sector ATPase 127 163 Oxidative phosphorylation
YP_265812 nusA Transcription termination factor 120 224 Transcription regulation
YP_265733 hfIK Probable integral membrane proteinase 115 254 Protein folding and processing
YP_265816 pnp Polyribonucleotide nucleotidyltransferase 109 186 Nucleotide metabolism
YP_266531 rplL Ribosomal protein L7/L12 (L8) 96 261 Ribosomal proteins
YP_266440 metY o-Acetylhomoserine (thiol)-lyase 94 749 Amino acid biosynthesis
YP_265773 rho Transcription termination factor Rho 80 189 Transcription regulation

Exponential- and stationary-phase proteomes. The AMT
tag library enabled quantitative comparisons of protein expres-
sion in cells harvested during the exponential and stationary
growth phases (Fig. 1). Peptides were identified by matching
their masses and NET to the entries in the AMT tag library; a
protein was considered identified when one of its peptides was
detected at a signal-to-noise ratio of >~5:1 in 3 or more of the
12 analyses of samples prepared from the exponential- and
stationary-phase growth cultures or when two or more of its
peptides were detected in at least 1 of the 12 analyses. Apply-
ing these rules, the cells grown to mid-exponential phase
yielded 2,617 peptides corresponding to 458 proteins, or 33%
of the “Ca. Pelagibacter ubique” predicted protein-encoding
genes, whereas cells grown to early stationary phase yielded
3,536 peptides corresponding to 605 proteins, or 44% of the
predicted protein-encoding genes. Taken together, cells from
the two growth phases yielded a total of 3,895 unique peptides
corresponding to 616 proteins, or 45% of the predicted pro-
tein-encoding genes.

The 20 most highly detected proteins from the two growth
states, as determined by the number of tandem spectra in
which they were identified (50), are listed in Table 2. Most of
these proteins have housekeeping functions, such as oxidative
phosphorylation, transcription, translation, or protein folding.
The ABC-type amino acid transporter YhdW and a second
putative ABC transporter for sugars, YP_266190, combined to
register the greatest number of peptides from both growth
phases. Other transporters, e.g., PotD, TauA, and Liv], for
amino acids, sugars, and other small molecules, were also
among the more frequently detected proteins. The second
most frequently detected protein in both growth states was a
putative porin. An o-acetylhomoserine (thiol)-lyase, MetY,
which is involved in cysteine and methionine metabolism, and

the transcription termination factor Rho were two of the most
frequently detected proteins in stationary phase while being
among the least frequently detected proteins in exponential
phase.

Differential expression. For proteins whose peptides were
detected at least four times in both the exponential and sta-
tionary growth phases, an average relative abundance (see
“Differential expression analysis” in Materials and Methods)
of =2 was taken as significant evidence of differential expres-
sion. Alternatively, for four proteins, detection of five or more
peptides exclusively in the two samples from the stationary
growth phase was taken as significant evidence of differential
expression. Based on these two rules, the degrees to which
“Ca. Pelagibacter ubique” expressed at least 52 of the 616
proteins detected in this experiment were significantly different
between the exponential and stationary growth phases (Tables
3 and 4).

Twenty-one proteins were found to be down-regulated dur-
ing stationary growth, i.e., expressed at lower levels in the
stationary phase than in the exponential phase (Table 3).
These proteins are involved in a variety of functions, including
carbon metabolism, translational control, and amino acid bio-
synthesis. Thirty-one proteins were found to be up-regulated in
the stationary growth phase, i.e., expressed at higher levels in
the stationary phase than in the exponential phase (Table 4).
Roles for these proteins include amino acid biosynthesis, signal
transduction, transcriptional regulation, stress responses, and
protein folding.

DISCUSSION

Application of label-free quantification. For marine bacteria
such as “Ca. Pelagibacter ubique” that are difficult to grow in
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TABLE 3. Proteins down-regulated in stationary phase (i.e., stationary phase abundance is less than exponential-phase abundance)
GenBank Product Gene Ratio” SE NOZ of b
accession no. peptides
YP 266101 Formate dehydrogenase alpha subunit fdhF 0.20 0.10 1
YP_266102 NAD-dependent formate dehydrogenase beta subunit fdsB 0.22 0.09 2
YP_266682 Cold shock DNA-binding domain protein cspL 0.28 0.25 3
YP_266492 Unknown protein 0.29 0.07 1
YP_266570 Unknown protein 0.30 0.10 1
YP_265460 Cell division protein ftsZ 0.31 0.13 1
YP_265469 Carbamoyl-phosphate synthase large chain carB 0.33 0.25 5
YP_266197 2-Hydroxyhepta-2,4-diene-1,7-dioate isomerase hpcE 0.34 0.10 1
YP_266589 Phosphate ABC transporter, periplasmic phosphate-binding protein pstS 0.35 0.11 2
YP_265911 Acetyl-coenzyme A carboxylase carboxyl transferase subunit beta accD 0.36 0.06 1
YP_266419 Probable ABC transporter inner membrane protein sbmA 0.37 0.19 1
YP_266373 Dihydroxy-acid dehydratase ilvD 0.39 0.22 4
YP_266499 Ribosomal large subunit pseudouridine synthase C rluC 0.39 0.07 1
YP_265631 Arginase speB1 0.41 0.07 1
YP_266255 Adenylylsulfate reductase membrane anchor aprM 0.41 0.16 2
YP_266502 Ribosomal protein S11 psK 0.44 0.16 2
YP_266473 Sarcosine oxidase soxB 0.47 0.08 1
YP_266397 DNA gyrase subunit A grA 0.47 0.23 2
YP_266506 50S ribosomal protein L15 plO 0.47 0.14 2
YP 266121 Amidophosphoribosyltransferase purF 0.48 0.26 1
YP_266355 Enolase eno 0.49 0.05 1

“ Mean (average peptide abundance in stationary phase/average peptide abundance in exponential phase).

® Number of peptides meeting the criteria for quantification.

culture, acquiring sufficient protein for qualitative analysis is
laborious, and this is even more so for accurate quantitative
analyses. In working with such organisms, an AMT tag library
provides increased sensitivity for identification and label-free
quantification of low-abundance peptides. While building an
AMT tag library is initially time- and sample-intensive, it ulti-
mately allows for quantitative comparisons without the need
for MS/MS, thus alleviating the need for large amounts of
protein in subsequent experiments.

In addition to increasing sensitivity, a high-resolution AMT
tag library provides accurate peptide identifications over a
broad range of conditions (40, 51). Six cultures were grown
under a variety of conditions to build the AMT tag library used
in this study; this library comprised 10,957 unique peptides
corresponding to 889 proteins, or 65% of the protein-encoding
genes. Of these proteins, 45 were identified as hypothetical or
conserved hypothetical proteins, supporting the annotation of
their genes as protein-encoding genes. An AMT tag library is
considered mature when the analysis of new samples fails to
identify new proteins. Given the size of the “Ca. Pelagibacter
ubique” genome and the fact that sample 6, which came from
cells grown in the dark, produced only a slight increase in
newly identified peptides (Fig. 2), the AMT tag library gener-
ated for this study was taken to be close to maturity; however,
as new conditions that lead to the expression of more genes are
discovered, newly identified peptides from “Ca. Pelagibacter
ubique” will be added to the AMT tag library.

Comparison of exponential- and stationary-phase pro-
teomes. The majority of the detected proteome (92%) showed
no measurable differences in expression between the two
growth conditions. This observation suggests that despite a
lowering of its growth rate, most of the cell’s metabolic pro-
cesses remained active in early stationary phase. Specifically,
proteins involved in glycolysis and gluconeogenesis, protein
synthesis, purine metabolism, ribosome structure, and transla-

tion showed no measurable changes in their levels. Of the
proteins that exhibited differential expression, few of them
clustered into clear-cut pathways that were turned on or off
upon entry into stationary phase. Figure 3A shows the number
of proteins detected in each functional group for either the
predicted proteome or the expressed proteome in exponential
or stationary phase; Fig. 3B shows the same data as percent-
ages of the total number of proteins predicted or detected in
each growth phase. Of the 116 genes annotated as encoding
hypothetical or conserved hypothetical proteins, only 39%
were detected in this experiment, suggesting that a portion of
these are either misannotated or nonfunctional or that they
code for functionally specific proteins that were not expressed
under the culture conditions used in this experiment. It was
observed that proteins involved in the metabolism of ribo-
nucleotides, ribosomes, carbon compounds, and carbohydrates
and in the biosynthesis of amino acids were observed more
frequently than expected from their percentage of the pre-
dicted protein coding sequences; this observation seems rea-
sonable since the roles these proteins play in housekeeping
functions would dictate their presence at higher copy numbers
in the cell.

Proteins of interest. (i) Stress response proteins. OsmC and
thioredoxin reductase (TrxB) were observed to be up-regu-
lated in stationary phase in “Ca. Pelagibacter ubique.” The
up-regulation of OsmC coincides with stationary-phase in-
creases in OsmC that have been observed in E. coli and
Pseudomonas aeruginosa (3, 17). Genomic annotation indicates
that “Ca. Pelagibacter ubique” contains neither a catalase nor
a superoxide dismutase (commonly involved in defense against
free radicals); however, osmotically inducible OsmC has been
shown to defend against oxidative stress by using its highly
reactive cysteine thiols to mediate the reduction of organic
hydroperoxides (26). Alignment of the “Ca. Pelagibacter
ubique” and E. coli osmC genes reveals that their reactive
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TABLE 4. Proteins up-regulated upon entry into stationary phase (i.e., stationary-phase abundance is more than exponential-phase
abundance) or detected exclusively in stationary-phase samples

GenBank accession no. Protein description Gene Ratio* SE NOI of b
peptides'
Proteins up-regulated in
stationary phase
YP_266440 o-Acetylhomoserine (thiol)-lyase metY 10.95 8.85 3
YP_265628 Response regulator consisting of a CheY-like 4.46 0.97 1
receiver domain and a Fis-type HTH domain
YP_266172 Homocysteine S-methyltransferase mmuM 4.34 1.18 1
YP_266188 Short-chain dehydrogenase, unknown specificity 3.62 1.64 1
YP_266457 Transcriptional repressor nrdR 3.52 3.26 1
YP_265758 Imidazoleglycerol-phosphate dehydratase hisB 3.38 1.22 1
YP_265661 2-Oxoglutarate dehydrogenase E1 component sucA 3.29 1.07 1
YP_266342 SurA surA 3.28 2.66 1
YP_265764 Bacterial protein export chaperone secB 2.82 0.46 1
YP_265433 Probable periplasmic serine protease DO-like htrA 2.80 0.85 2
precursor
YP_266237 Nonspecific DNA-binding protein Hbsu hupA/hupB 2.71 1.34 3
YP_265545 H*-transporting two-sector ATPase (subunit b’) atpB 2.71 2.30 1
YP_266396 Single-strand binding protein ssb 2.55 2.18 3
YP_265773 Transcription termination factor rho 2.52 243 8
YP_265670 Aspartate-semialdehyde dehydrogenase asd 2.50 0.46 1
YP_265825 Conserved hypothetical protein 2.33 0.24 1
YP_265586 10-kDa chaperonin groES 227 1.11 3
YP_266222 Histidinol dehydrogenase hisD2 2.26 0.24 1
YP_266186 Unknown protein 2.26 0.94 1
YP_266219 Glycine betaine/L-proline transport ATP-binding proV 2.25 1.72 1
protein
YP_265562 Probable cytochrome ¢ oxidase polypeptide 11 coxB 2.18 0.92 3
YP_266735 Acetylornithine deacetylase argE 2.15 0.36 1
YP_265504 Thioredoxin reductase trxB 2.10 1.51 3
YP_266299 ATP-dependent Clp proteinase regulatory chain X clpX 2.10 0.38 1
YP_266354 2-Dehydro-3-deoxy-phosphooctonate aldolase kdsA 2.10 1.71 2
YP_265501 Type 1II secretion, type IV pilus retraction ATPase pilT 2.07 2.15 5
YP_266520 30S ribosomal protein S19 psS 2.02 1.40 4
Proteins detected
exclusively in
stationary phase
YP_266580 OsmC-like protein osmC 9
YP_266023 Uncharacterized protein conserved in bacteria 7
YP_266581 Betaine-homocysteine methyltransferase bhmT 5
YP_265760 ATP-dependent protease, heat shock hslU 5

“ Mean (average peptide abundance in stationary phase/average peptide abundance in exponential phase).

® Number of peptides meeting the criteria for quantification.

cysteines are conserved. Although OsmC was detected in both
growth phases, its relative abundance was higher in stationary
phase than in exponential phase. In addition to the three pep-
tides that satisfied the first rule for quantification, detection of
21 of the protein’s other peptides exclusively in stationary

o a
o N

o N B~ O

o

Newly Identified Peptides ( X 103)

1 2 3 4 5 6
Sample

FIG. 2. Growth in coverage of the AMT tag library with additional
culture conditions/samples.

phase provided additional support for up-regulation of this
protein in the stationary phase. This observation suggests that
while OsmC may be necessary in both growth phases for de-
fense against oxidative damage (e.g., from exposure to high
visible and UV light irradiance in oxic surface waters), greater
amounts of this protein are required to protect a cell as its
growth rate slows and it enters stationary phase.

Thioredoxin (TrxA) and thioredoxin reductase (TrxB) were
detected in both stationary and exponential phases in this
study, but TrxB was up-regulated in stationary-phase samples.
Studies involving #zxB mutants in E. coli have shown that the
reduction of TrxA by TrxB is required for defense against
H,O, damage and possibly to repair damaged proteins in sta-
tionary phase (44). The up-regulation of TrxB in stationary
phase in “Ca. Pelagibacter ubique” may be necessary for im-
proved recycling of TrxA to its reduced form in order to en-
hance protection of the cell as the growth rate lowers and
oxidative damage accumulates.
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FIG. 3. Total predicted proteome (blue), detected exponential-phase proteome (red), and detected stationary-phase proteome (yellow) of “Ca.
Pelagibacter ubique,” grouped by functional category. Bar heights represent the numbers of proteins or percentages of total proteins (the number
of proteins in each functional category divided by the total number of proteins detected for that proteome) for this experiment.

(ii) Amino acid biosynthesis proteins. Higher levels of ex-
pression were observed in exponential phase for several en-
zymes involved in the biosynthesis of amino acids. Specifically,
the relative levels of proteins involved in the biosynthesis of
branched-chain amino acids, glycine, and arginine were ob-
served to be higher in exponential phase, whereas the relative
abundances of proteins that participate in the biosynthesis of
cysteine, methionine, and histidine were found to be greater in
stationary phase.

The following three enzymes included in cysteine and
methionine biogenesis from organic sulfur sources were
found to be more abundant in stationary-phase cells: o-
acetylhomoserine (thiol)-lyase (MetY), homocysteine S-
methyltransferase (MmuM), and betaine-homocysteine
methyltransferase (BhmT). An analysis of upstream regula-
tory regions in the “Ca. Pelagibacter ubique” genome re-
vealed two conserved motifs (AKTTGAACnnTATTGT and
AAGyACTAAAAA) upstream of each of the genes metY,
mmuM, and bhmT (Daniel Smith, unpublished data). The
presence of these motifs suggests that these genes share a
common regulatory mechanism. Genomic annotation indi-
cates that genes required for assimilatory sulfate reduction

(cysDNHIJ) are missing from “Ca. Pelagibacter ubique”
(46a), suggesting that this organism is unable to utilize in-
organic sulfate for the synthesis of sulfur-containing amino
acids and, instead, must rely on reduced sulfur compounds
from the environment. On the basis of this inference, the
culture medium in which the cells for this study were grown
included DMSP as a source of reduced sulfur compounds.
As of yet, the reason for the up-regulation of these genes in
stationary phase is unclear. We speculate that it could be
that higher production of these proteins during stationary
phase is necessary to support the expression of other sta-
tionary-phase-specific proteins, such as the stress response
protein OsmC mentioned earlier, that have specific require-
ments for cysteine or methionine. In addition to the con-
served regulatory motifs mentioned earlier, the discovery
that an additional, albeit weaker, upstream motif was shared
with these genes (metY, mmubM, and bhmT), the metX-
metW-gloB operon (also involved in cysteine and methionine
biosynthesis), and osmC bolsters the hypothesis that pro-
teins involved in the production of methionine and cysteine
support the stationary-phase expression of OsmC.
Dihydroxy-acid dehydratase, which is involved in the synthe-
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sis of valine, leucine, and isoleucine, and carbamoyl-phosphate
synthase, which catalyzes the conversion of glutamine to car-
bamoyl-phosphate, a precursor in the biosynthetic pathways of
arginine and pyrimidine, were detected at higher levels in the
exponential phase than in the stationary phase. In the latter
case, only the enzyme’s larger subunit, CarB, was measured at
a higher relative abundance during exponential growth; the
smaller subunit, CarA, was detected, but not with sufficient
signal strength to permit quantitative comparison between the
two growth phases.

Sarcosine oxidase, which catalyzes the reaction of sarcosine
with water and oxygen to produce glycine, was also found in
greater relative abundance in exponential phase. A toxic by-
product of this reaction is formaldehyde, which spontaneously
degrades to formate. Formate is removed from the cell as CO,
with the production of the reduced cofactor NADH by formate
dehydrogenase, two subunits of which were also detected in
greater abundance in exponential phase.

The multifunctional enzyme 2-hydroxyhepta-2,4-diene-1,7-
dioate isomerase, which is responsible for the addition or re-
moval of a CO, molecule from a variety of substrates involved
in the metabolism of amino acids, nucleotides, and vitamins,
was also detected at higher levels in the exponential phase than
in the stationary phase.

(iii) Chaperones and proteases. As in many other bacteria,
molecular chaperones were up-regulated in stationary phase in
“Ca. Pelagibacter ubique,” probably reflecting the survival
value of functions that maintain protein stability and activity
during prolonged periods where new protein synthesis is sus-
pended or very limited. SurA is essential for stationary-phase
survival in E. coli (45) and is necessary for correctly folding
certain outer membrane and periplasmic proteins (25). It fol-
lows that SurA could play a similar role in “Ca. Pelagibacter
ubique.” The DO-like periplasmic serine protease HtrA has
been shown to provide thermal and oxidative stress resistance
to heat, ethanol, puromycin, and NaCl in Lactococcus lactis
and Porphyromonas gingivalis (14, 37). Spiess et al. (41) also
showed that HtrA is involved in protein folding and the deg-
radation of misfolded proteins at low temperatures. By exten-
sion, therefore, it seems likely that HtrA would be up-regu-
lated upon entry of “Ca. Pelagibacter ubique” into stationary
phase in order to function as a chaperone in the periplasmic
space.

Two two-component ATP-dependent chaperones/proteases
were found to be up-regulated in stationary-phase samples.
HslU and CIpX are both members of the AAA™ superfamily
of Clp ATPases and have been shown to act both as chaper-
ones and as proteolytic molecules (39, 49). In E. coli, HslU is
known to act in concert with HslV (detected in stationary-
phase samples, but not at a level that met the criteria used in
this study for significance) to prevent the aggregation of SulA,
thereby increasing SulA’s ability to inhibit the cell division
protein FtsZ (38). “Ca. Pelagibacter ubique” does not have a
sulA homologue, but FtsZ did show down-regulation in sta-
tionary phase (Table 3). While a direct link between HsIVU
and the decreased expression of FtsZ cannot be made at this
time, the expression of members of the Clp family of chaper-
ones/proteases in stationary phase suggests that they are in-
volved in posttranslational regulation of cell function, either by
increasing the efficiency of stationary-phase-specific proteins
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or by degradation of exponential-phase proteins, such as FtsZ,
that are no longer necessary for cell processes.

Cytoplasmic proteins involved in protein folding and stabi-
lization that were also observed to be up-regulated in station-
ary phase included the bacterial export chaperone SecB and
the chaperone GroES.

(iv) Proteins involved in transcriptional repression. Regu-
latory molecules generally have low copy numbers, making
them more difficult to detect than high-copy-number enzy-
matic proteins. Despite this, we were able to quantify the
differential expression of the following two regulatory proteins
that are likely involved in repression of transcription upon
entry into stationary phase: the transcription termination fac-
tor Rho and the transcriptional repressor NrdR. Rho-depen-
dent transcription termination is important for cell survival
when translation becomes uncoupled from transcription, for
example, when cells experience amino acid limitation or envi-
ronmental stress. Harinarayanan and Gowrishankar (19)
showed that this uncoupling results in the formation of loop
structures when the naked RNA transcript binds with a single
strand of DNA and displaces the other DNA strand. These
loop structures are detrimental and can lead to cell death.
Transcriptional termination by Rho prevents the synthesis of
unused RNA transcripts and thus the formation of the harmful
loop structures, thereby prolonging the life of the cell. Scenar-
ios involving either amino acid limitation or environmental
stress are likely for “Ca. Pelagibacter ubique” upon entry into
stationary phase in a nutrient-limited environment and are
supported by the observation of proteins involved in these
processes being up-regulated in stationary phase. It is probable
that Rho plays a role in cell survival upon entry into stationary
phase of “Ca. Pelagibacter ubique,” but further study into the
operons affected by p-dependent termination will be needed to
confirm this.

Another protein involved in transcriptional repression,
NrdR, was also found to be up-regulated during stationary
phase. This protein is involved in the repression of ribonucle-
otide reductase genes that are responsible for the reduction of
ribonucleotides to deoxyribonucleotides (18), and the gene is
located in a gene cluster that is conserved in proteobacteria
(36). It has been suggested that NrdR acts on ribonucleotide
reductase genes in response to many factors, including oxida-
tive stress, stress to the replication machinery, or the cell cycle
(16, 43). In E. coli and P. aeruginosa, NrdR represses the
nrdAB operon in stationary phase or when the deoxynucleoside
triphosphate pool is low (20, 31, 46). The “Ca. Pelagibacter
ubique” genome also contains a nrdAB operon, but neither
protein was detected at a significant level in this experiment.
While it cannot be said with certainty that NrdR acts on the
nrdAB operon in “Ca. Pelagibacter ubique,” it makes sense
that this protein would be involved in the repression of tran-
scription and cell cycle upon entry into stationary phase.

Conclusions. A key goal of this study was to identify adap-
tive mechanisms used by “Ca. Pelagibacter ubique” to survive
stationary phase. The advantage of an AMT tag library is that
once it is constructed, subsequent quantitative comparisons of
proteomic variation require relatively little protein. The AMT
tag library built in this study covers 65% of the possible pro-
teome, a level that is quite comprehensive based on our expe-
rience but where we can predict that coverage of the coding
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sequences will increase as additional studies are conducted
under different cultivation conditions.

Planktonic marine bacteria subsist at very low nutrient con-
centrations and, as a result, may often suffer restricted growth
in their natural environment; consequently, their adaptations
to nutrient limitation are a matter of significance to marine
microbiologists. It was found in this study that while the ex-
pression of most “Ca. Pelagibacter ubique” proteins changed
immeasurably upon entry into stationary phase, a small suite of
proteins did up-regulate appreciably. Many of the 31 proteins
detected in greater abundance in stationary phase than in
exponential phase are known stress response proteins or reg-
ulatory molecules. In particular, proteins associated with pro-
tein refolding, transcription termination factors, and proteins
involved in mitigating oxidative damage appear to be impor-
tant to the ability of “Ca. Pelagibacter ubique” to survive in
stationary phase. These findings suggest that “Ca. Pelagibacter
ubique” employs a relatively simple program of proteome re-
modeling to endure periods of growth limitation and, further-
more, that by its simple nature this adaptive response enables
“Ca. Pelagibacter ubique” to adjust quickly to fluctuations in
the availability of nutrients.
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