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conditions, indicating that high-salt and high-cold stress 
each affect PG metabolism. Two iron transport-binding 
proteins, associated with two different iron transport strate-
gies, were identified, indicating that P. halocryophilus uses 
a different iron acquisition strategy at very low tempera-
tures. Here we present the first set of data that describes 
bacterial adaptations at the cellular surface that occur as a 
cryophilic bacterium is transitioned from optimal to near-
inhibitory sub-zero culture conditions.

Keywords Surfaceomics · Proteomics · Cryophile · 
Psychrophile · Halophile

Introduction

Planococcus halocryophilus OR1 is a Gram-positive bac-
teria isolated from active-layer soil overlaying permafrost 
in the Canadian High Arctic near Eureka, NU (Mykytczuk 
et al. 2012). It is capable of growth and cellular division 
between +37 and −15 °C—which is the coldest cellular 
replication temperature reported to date (Mykytczuk et al. 
2013)—and metabolic activity continues to at least −25 °C 
(Mykytczuk et al. 2013). P. halocryophilus is also halo-
philic and able to grow in up to 18.5 % NaCl (Mykytczuk 
et al. 2012). The combination of low-temperature and high-
salt tolerance is likely an evolutionary requirement since 
in situ sub-zero growth of P. halocryophilus likely takes 
place in brine veins that form on soil particles as solutes 
are excluded from forming ice crystals (Gilichinsky et al. 
1993; Rivkina et al. 2000; Jakosky et al. 2003). P. halocry-
ophilus cells grown at optimal temperature (24 °C) have a 
smooth surface with occasional nodular surface features 
that occur along the division planes. However, cells grown 
at −15 °C are thickly encrusted in a nodular sheet-like 
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crust, which may result from peptidoglycan accumulating 
at division planes and precipitating nano-crystalline miner-
als from the growth media (Mykytczuk et al. 2013). These 
visible alterations on the cell surface of P. halocryophilus, 
in response to cryophilic growth, may be adaptive and pro-
vide some level of protection against freezing, although 
possible mechanisms are not understood. Defining the cell 
surface proteome (surfaceome) of P. halocryophilus both 
at optimal and sub-zero culture temperatures may provide 
insight into adaptive cell surface changes in response to 
cryophilic growth.

Cold growth has severe physiochemical consequences for 
bacteria. Cell integrity, water viscosity, diffusion rates, mem-
brane fluidity, and enzyme kinetics are all negatively affected 
and psychrophilic, psychrotrophic, and cryophilic bacte-
ria must have several adaptive strategies to maintain vital 
cell functions at low temperatures (De Maayer et al. 2014). 
To maintain protein function, cold-adapted proteins have 
increased flexibility, decreased thermostability, and increased 
specific activity (De Maayer et al. 2014). To satisfy these cri-
teria, proteins have cold-adapted amino acid substitutions that 
lead to decreased arginine:lysine ratios, proline, acidic and 
aliphatic residues, and hydrophobicity compared to meso-
philic equivalents (Ayala-del-Río et al. 2010; De Maayer et al. 
2014a). Most cold-adapted bacteria also contain isozymes, 
multiple forms of the same proteins with the same function 
but composed of different amino acids, of essential proteins 
(Mykytczuk et al. 2013). P. halocryophilus has a total of 302 
genes which have one or more (up to 15) isozymes encoded 
within its genome (Mykytczuk et al. 2013).

Bacterial surface-exposed proteins are at the frontline 
of interactions between the cell and its environment. For 
environmental isolates, surface-associated proteins are 
responsible for substrate attachment, cell-to-cell communi-
cation, quorum sensing, nutrient uptake, and waste secre-
tion making them critically important in the success of a 
bacterial strain in a specific environmental niche (Tjalsma 
et al. 2008; Cao and Bazemore-Walker 2014). However, the 
major focus of bacterial surfaceomics has been on medi-
cally relevant isolates since during infection these proteins 
interact with host cells and are the most promising vaccine 
candidates (Rodríguez-Ortega et al. 2006; Severin et al. 
2007; Tjalsma et al. 2008; Benachour et al. 2009; Bøhle 
et al. 2011; Berlec et al. 2011; Olaya-Abril et al. 2014). 
Using techniques recently pioneered to examine the bac-
terial surfaceome (Solis et al. 2010) the aim of this study 
was to define the surfaceome of P. halocryophilus OR1 
during growth at 24 °C in TSB, 24 °C in increased salt 
media (5 and 12 % NaCl), and sub-zero temperatures (−5 
and −10 °C) to provide insight into how the cell surface 
adjusts to sub-zero growth as well as the nature of the sur-
face-associated nodular features observed during cryophilic 
growth (Mykytczuk et al. 2013).

Methods and materials

Bacterial strains and culture conditions

P. halocryophilus OR1 (Mykytczuk et al. 2013) stock 
cultures were maintained in tryptic soy broth (TSB) at 
24 °C. Cells used for surfaceomics were grown in each 
of five different culture conditions: at 24 °C in TSB (opti-
mal conditions), at 24 °C in low-salt media (LSM) (TSB 
supplemented with 5 % NaCl and 2 % glycerol), at 24 °C 
in medium-salt media (MSM) (TSB supplemented with 
12 % NaCl and 5 % glycerol), at −5 °C in LSM, and at 
−10 °C in MSM. Salts were added to the sub-zero media 
in these concentrations to prevent media from freezing 
solid at sub-zero temperatures. Cultures grown at 24 °C 
with additional salts were included in the study to allow 
meaningful comparisons to be made between proteomic 
changes occurring due to salt stress versus those occur-
ring due to temperature stress. All LSM cultures were 
inoculated with P. halocryophilus grown to mid-log phase 
(26 h) in TSB at 24 °C, at a 1:10 inoculum to LSM media 
ratio. MSM cultures were inoculated with 1:5 inoculum 
to media ratio. Cells grown for surfaceomic analysis were 
grown without agitation and harvested during mid-log 
phase; though, dependent on growth conditions mid-log 
was reached at different time points. Cells grown at 24 °C 
in TSB were harvested after 26 h, after 10 days in LSM, 
or after 33 days in MSM. Cells grown at −5 °C in LSM 
were harvested after 67 days of growth and cells grown at 
−10 °C in MSM were harvested after 123 days of growth. 
Cell density at mid-log phase also varied depending upon 
growth conditions and, therefore, different volumes were 
required to obtain the average of 1 × 1010 cells, used for 
each surface protein extraction. For cells grown at 24 °C 
in TSB, at 24 °C in LSM and at −5 °C in LSM 50 mL of 
culture was used for each surface protein extraction. The 
volume of culture used was increased to 150 mL for cells 
grown in MSM at −10 °C and to 300 mL for cells grown 
at 24 °C in MSM.

Cell surface peptide purification

Surface-associated peptides were purified using a modi-
fied version of the Solis et al. protocol (Solis et al. 2010). 
Briefly, mid-log cells were separated from media by cen-
trifugation at 3000×g for 15 min, washed three times in 
ice-cold wash solution (20 mM Tris–HCl, 150 mM NaCl, 
pH 7.6), and suspended in 2 mL re-suspension buffer 
(20 mM Tris–HCl, 150 mM NaCl, 10 mM CaCl2, 0.6 M 
sucrose, pH 7.6). Experiments were carried out in biologi-
cal triplicate. Each suspension was incubated at 37 ℃ with 
5 μg (2.5 μg mL−1) sequencing grade modified trypsin for 
15 min (Promega, Madison, WI, USA). Whole cells were 
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separated from peptides in solution by centrifugation at 
room temperature, for 1 min at 14,000×g, and the super-
natant was passed through a sterile 0.24-μm filter (Fisher, 
Rockford, IL, USA). Negative controls were washed and 
incubated using the same procedure but without the addi-
tion of enzyme then separated from intact cells by cen-
trifugation, and the supernatant was passed through a fil-
ter. Negative control supernatant was digested by 5 μg of 
trypsin at 37 °C for 15 min. All peptides were purified with 
Pierce C-18 Spin Columns (Fisher) as per the manufactur-
er’s instructions. Purified peptides were dried gently using 
a vacuum evaporator.

LC–MS/MS Sample preparations

Peptides were desalted and purified using C18 Ziptips 
(Millipore, Billerica, MA, USA) according to the manu-
facturer’s instructions. Samples were then evaporated to 
dryness in a vacuum centrifuge, resuspended in 20 μL of 
injection solvent (3 % acetonitrile, 0.2 % formic acid, and 
0.05 % trifluoroacetic acid [TFA] (v/v) in water) for LC–
MS/MS analysis.

Mass spectrometric (MS) analysis

The Q-TOF instrument (Waters Synapt HDMS QTOF) was 
calibrated by infusion prior to analysis with Glu-Fibrinope-
tide (100 fmol μL−1). For each sample, triplicate 2 μL ali-
quots were analyzed by loading onto a Waters Symmetry 
C18 trap column (180 μm × 20 mM with 5 μm particles) 
and washing with 0.1 % formic acid in water (solvent A) 
for 3 min at 5.0 μL min−1 before separating on a Waters 
nanoAcquity UPLC BEH130 C18 reverse-phase analyti-
cal column (100 μm × 100 mm with 1.7 μm particles). 
Chromatographic separation was achieved at a flow rate 
of 0.5 μL min−1 over 70 min in six linear steps as follows 
(solvent B was 0.1 % formic acid in acetonitrile): initial, 
3 % B; 2 min, 10 % B; 40 min, 30 % B; 50 min, 95 % B; 
55 min, 95 % B; 56 min, 3 % B; end, 3 % B. MS and LC–
MS/MS analyzed the eluted peptides in data directed analy-
sis (DDA) mode. MS survey scans were 1 s in duration, and 
LC–MS/MS data were collected on the top four most abun-
dant peaks until either the total ion count exceeded 4000 
or 3 s elapsed. All peaks selected for LC–MS/MS analysis 
during the first analysis of a particular sample were used to 
generate an exclusion list for the second analysis, and this 
was reiterated for the third analysis.

MS data processing

DDA data were processed using Mascot software (Matrix 
Science). The raw data were processed using Mascot Dis-
tiller (version 2.4.2.0) to create Mascot generic files (MGFs) 

which were submitted for database searching using Mascot 
Daemon (version 2.4.0), and database searches were per-
formed using Mascot (version 2.4), against the NCBI data-
base (downloaded April 16, 2014) specifying taxonomy P. 
halocryophilus OR1. A search against a decoy database was 
performed to obtain an estimation of false discovery rates. 
Peptide and LC–MS/MS mass tolerances were 100 ppm and 
0.1 Da, respectively, and tryptic peptides having charges 
from 2+ to 4+ and up to two missed cleavages were con-
sidered. Carbamidomethyl derivatization of cysteine was 
set as fixed modification, and oxidation of methionine and 
deamidation of asparagine and glutamine were specified as 
variable modifications. Mascot search result files (DATs) 
and PLGS results files were loaded into Scaffold (Proteome 
Science, version 4.3.2) for visualization.

Analysis of cold adaptation

The protein sequences that were identified by Mascot were 
analyzed for amino acid cold-adaptive features includ-
ing the number of proline residues, the arginine:lysine 
ratio, hydrophobicity, the aliphatic index, aromaticity, and 
the number of acidic residues. These cold adaptation fea-
tures were measured for each protein identified in each of 
the five conditions: 24 °C in LSM media, 24 °C in MSM 
media, −5 °C in LSM media, −10 °C in MSM media, 
and 24 °C in TSB media, then an average determined for 
each condition using the ProtParam (Wilkins et al. 1999) 
module of Biopython (Cock et al. 2009) and an in-house 
python script. The analysis was not limited to the proteins 
expressed exclusively at a given condition, but rather was 
conducted on the complete set of proteins detected in each 
of the conditions, regardless of whether they were present 
across multiple conditions or exclusive to a given condi-
tion. An unpaired t test was used to evaluate if there were 
statistically significant differences (p < 0.05) between each 
of the salt- and cold-stress growth conditions when com-
pared to the optimally grown culture (24 °C in TSB).

Bioinformatic sub‑cellular localization predictions

Proteins identified by Mascot were analyzed for sub-cel-
lular localization and signal peptide presence by PSORTb 
v.3.0.2 (Yu et al. 2010). Signal peptide presence was also 
examined with SignalP v.4.1 (Petersen et al. 2011) using 
default settings, except D-cutoff value, which was set to 
sensitive.

Results and discussion

Bacterial surface-associated proteins are difficult to study 
since they have low abundance relative to cytoplasmic 
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proteins, low solubility, and it is difficult to isolate pure 
surface fractions without cytoplasmic contamination 
(Solis and Cordwell 2011). First-generation, gel-based 
proteomics generally under-represents cell surface pro-
teins since low solubility causes them to precipitate dur-
ing electrophoresis (Olaya-Abril et al. 2014). Second-
generation, gel-free approaches use shaving technique, 
also used in this investigation, that selectively digests 
protein fragments present on the cell surface; then the 
resultant peptides can then be identified by LC–MS/
MS analysis. This is considered the “true surfaceomics 
approach” (Cordwell 2006). The surface shaving method 
used in this investigation yielded a semi-quantitative 
inventory of proteins that are present on the bacterial 
cell surface. Proteins that were not detected with Mascot 
scores >67 in at least two of three biological replicates, 
for each growth condition, were removed from further 
analysis. This resulted in a dataset containing 144 unique 
proteins, identified in at least one of the five investigated 
culture conditions. From this data set, 24 proteins were 
identified in all five conditions, 7 were uniquely identi-
fied in cultures grown at 24 °C in TSB, 19 were in all 
culture conditions except for 24 °C in TSB, 22 proteins 
were unique to −5 °C cultures, 1 was uniquely found in 
−10 °C cultures. Two proteins were found in both −5 °C 
and −10 °C cultures (Fig. 1a). Detailed results have been 
deposited into the ProteomeXchange database under the 
accession number PXD001083.

PSORTb analysis predicted that signal peptides were 
present in 12 (8 %) of the identified proteins and SignalP 
predicted signal peptides in 13 proteins; each signal pep-
tide predicted by PSORTb was also predicted by SignalP 
(Table 1). PSORTb was also used to divide identified pro-
teins into five groups based on predicted cellular localiza-
tion: 109 (75.7 %) proteins were cytoplasmic, 21 (14.5 %) 
had unknown localization, 10 (6.9 %) were bound to the 
cytoplasmic membrane, 3 (2.0 %) were anchored in the 
cell wall, and 1 (0.7 %) was secreted into the extracellular 
milieu (Table 1).

Protein adaptations to sub‑zero growth

To retain functional activity at low temperature, cold-
adapted proteins generally exhibit greater flexibility than 
mesophilic equivalents due to changes in amino acid 
usage (Bakermans et al. 2009). Cold-adapted modifica-
tions reduce the number of residues involved in hydrogen 
bonding and salt bridges, lower core hydrophobicity, and 
decrease residues that cause protein rigidity. The total set 
of proteins identified in each of the salt- and cold-stress 
culture conditions was compared to the set of proteins 
identified from cells grown at 24 °C in TSB to determine 
any possible changes in proline content, hydrophobicity, 

aromaticity, arginine/lysine ratio, acidic residues and ali-
phatic index. Average values were determined for the 
presence of each of these traits in the proteins at a given 
condition (Table 2). Proteins identified in the −5 °C LSM 
cultures, as well as the two 24 °C salt-stressed cultures, had 
significantly lower (p < 0.05) hydrophobicity (Table 2). 
Aromaticity was found to be significantly lower in the 

Fig. 1  Venn diagram showing proteins identified as overlapping 
between various culture conditions. Each of the five culture condi-
tions investigated here had proteins that were unique to that culture 
condition, though, more frequently proteins overlapped with at least 
one other condition. The numbers of proteins identified in each of 
the five culture conditions as well as all overlapping combinations 
are displayed for a all proteins identified in this investigation and b 
proteins that were not predicted to be primarily localized in the cyto-
plasm
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Table 1  Identification of surface-associated proteins from P. halocryophilus by cell surface shaving

Protein GI  
accession

Protein  
description

Molecular  
mass (Da)

Predicted signal 
sequencea

Significant sequences (Mascot scoreb)

24 °C TSB 24 °C LSM 24 °C MSM −5 °C LSM −10 °C MSM

Cell wallc

 495772060 Glycine betaine 
ABC transport 
system, glycine 
betaine-binding 
protein OpuAC

33623 AA 1–22 – – – 1 (125) –

 495772357 N-acetyl-
muramoyl-l-ala-
nine amidase

49884 AA 1–29 5 (208) – – – –

 495773559 Oligopeptide ABC 
transporter, 
periplasmic 
oligopeptide-
binding protein 
OppA

61698 AA 1–21 3 (270) – – – 2 (120)

Cytoplasmic membranec

 495771433 Foldase protein 
PrsA precursor

32756 AA 1–21 7 (688) 7 (615) 7 (608) 8 (659) 11 (939)

 495772323 ATP synthase B 
chain

19320 No – – – – 10 (640)

 495772326 ATP synthase B 
chain

51114 No – 6 (236) 1 (136) 5 (185) 11 (590)

 495773182 Multimodular 
transpeptidase-
transglycosylase

93241 No 2 (97) – – – –

 495773223 GTP-binding 
protein EngA

49426 No – – – 2 (98) –

 495773432 Cell division 
protein FtsZ

42328 No 8 (413) 12 (642) 6 (318) 11 (625) 12 (626)

 495773484 Pyruvate dehy-
drogenase E1 
component beta 
subunit

35470 No 10 (302) – 9 (556) 7 (203) –

 495773979 Cell division 
protein FtsH

68948 No – 3 (140) 4 (457) 3 (262) 12 (647)

 495774159 Fatty-acid desatu-
rase

38925 No – – – 1 (123) –

 495774171 Putative iron 
compound ABC 
uptake trans-
porter, substrate-
binding protein

34768 AA 1–24 4 (320) – – – –

Secretedc

 495707080 Superoxide  
dismutase

22548 No – – 1 (82) 2 (118) –

Unknownc

 495705273 Hypothetical 
protein

8530 No – 1 (81) 1 (99) 3 (127) –

 495707700 Cell division 
protein ZapA

9663 No – – 2 (112) 2 (121) –

 495707927 50S ribosomal 
protein L4

22361 No 4 (160) 10 (297) 32 (1246) 5 (168) 10 (358)

 495707944 50S ribosomal 
protein L15

15455 No – 9 (300) 11 (491) 11 (546) 6 (258)
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a Signal sequences were predicted using PSORTb and SignalP analysis. SignalP provides an estimation of where the signal sequence is cleaved 
PSORTb does not, therefore, the signal sequence cleavage site for SignalP is indicated
b The Mascot score and the number of significant peptides reported in this table are reported for the replicate within each sample group (tripli-
cate) with the highest Mascot score. The Mascot score represents the probability that a certain protein sequence could occur at random. A Mas-
cot score of >67 indicates a p value <0.05 and that the sequence would occur randomly <5 % of the time
c Cellular localization is reported based on that predicted by PSORTb

Table 1  continued

Protein GI  
accession

Protein  
description

Molecular  
mass (Da)

Predicted signal 
sequencea

Significant sequences (Mascot scoreb)

24 °C TSB 24 °C LSM 24 °C MSM −5 °C LSM −10 °C MSM

 495771448 Hypothetical 
protein

16832 AA 1–21 3 (163) 2 (118) – – –

 495771856 Vitamin B12 ABC 
transporter, 
B12-binding 
component BtuF

34882 AA 1–27 5 (393) – – 5 (273) –

 495772114 ABC-type prob-
able sulfate 
transporter, peri-
plasmic binding 
protein

35004 AA 1–25 3 (174) – – – –

 495772257 l-cystine ABC 
transporter, 
periplasmic 
cystine-binding 
protein TcyA

29125 AA 1–25 7 (369) 4 (193) – – 5 (545)

 495772176 Hypothetical 
protein

41697 No – – 4 (301) – –

 495772567 YfkI 16882 No – 5 (135) 5 (322) 2 (160) 3 (267)

 495772608 Thiol peroxidase, 
Tpx-type

18514 No – – 4 (209) 3 (104) –

 495772629 General stress 
protein

27954 No 2 (165) 4 (463) 5 (842) 4 (441) 7 (953)

 495772737 Hypothetical 
protein

6891 No – – – 1 (108) –

 495772872 50S ribosomal 
protein L13

16571 No – 4 (226) 6 (194) 4 (207) –

 495773537 TRAP transporter 
solute recep-
tor, unknown 
substrate 1

33716 AA 1–27 3 (142) 3 (361) – – –

 495773646 Ferric iron ABC 
transporter, iron-
binding protein

38788 AA 1–24 9 (801) 3 (278) 11 (1170) 2 (108) 9 (783)

 495773865 Ribose ABC 
transport system, 
periplasmic 
ribose-binding 
protein RbsB

31484 AA 1–28 – 2 (84) – – –

 495774071 Hypothetical 
protein

26172 No – – 4 (436) 3 (318) –

 495774099 Hypothetical 
protein

10585 No – – 4 (436) 3 (318) –

 495774349 LSU ribosomal 
protein L21p

11197 No 4 (167) – 5 (178) 5 (284) –

 495774689 Amino acid ABC 
transporter, peri-
plasmic amino 
acid-binding 
protein

31215 AA 1–30 2 (227) – – – –
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24 °C LSM and −10 °C MSM cultures, and marginally 
lower (p < 1) in the 24 °C MSM culture. Less acidic and 
proline residues were found in the 24 °C LSM and −10 °C 
MSM culture conditions; however, these changes were 
not observed in the 24 °C MSM or −5 °C LSM cultures. 
Interestingly, a significantly higher arginine/lysine ratio 
was found in every non-optimal condition. Proteins with a 
significantly different aliphatic index were not identified in 
any of the culture conditions.

Together, these results point to a significant level of cold 
adaptation present in proteins identified from P. halocryo-
philus when grown in salt- or cold-stress conditions, which 
are generally consistent with modifications observed in 
other cryophiles (Arpigny et al. 1997; Methé et al. 2005; 
Riley et al. 2008; Ayala-del-Río et al. 2010) and from the 
genomic analysis of P. halocryophilus (Mykytczuk et al. 
2013). Changes in the abundance of acidic and proline 
residues are only statistically significant at −10 °C but 
not −5 °C, therefore, it is possible that these adaptations 
(abundance of acidic and proline residues) become more 
important at lower temperatures. Higher arginine/lysine 
ratios observed in all non-optimal conditions are surpris-
ing and inconsistent with findings in other cold adaptive 
studies, which have often found a reduced arginine con-
tent in cold-adapted proteins (De Maayer et al. 2014). One 
possible explanation for this observation is that in addition 
to being cold adapted, Planococcus halocryophilus shows 
evidence of being ‘hot adapted’ (Mykytczuk et al. 2013). 
In addition, Mykytczuk et al. (2013) did not find a lower 
arginine/lysine ratio to be a significant indicator of cold 
adaptation at the genome-wide level. However, this does 
not address why the ratio would be higher in the sub-zero 
and salt-stressed culture conditions when compared to 
optimal. It is possible that the higher ratio observed in this 
study points to a hitherto unknown role of arginine in cold 
and/or salt adaptation which would be, to date, unique to 
P. halocryophilus.

Predicted cytoplasmic proteins

Although this study employed the false-positive strat-
egy to reduce the number of cytoplasmic proteins (Solis 
et al. 2010), a high-percentage of predicted cytoplasmic 
proteins (75.7 %) were still identified. This percentage is 
high, although, comparable to additional studies that used 
a similar surface shaving technique, where 6–70 % of the 
observed surfaceome is bioinformatically predicted to be 
primarily cytoplasmic localized (Tjalsma et al. 2008; Solis 
et al. 2010; Bøhle et al. 2011; Zhang et al. 2013; Olaya-
Abril et al. 2014). There are several explanations for the 
high number of predicted cytoplasmic proteins that remain 
in the final surfaceome dataset including bioinformatic 
misidentification of cellular localization, the presence of 
moonlighting proteins, and cellular lysis (Jeffery 2005; 
Solis and Cordwell 2011).

Bioinformatic techniques can be used to predict surface-
exposed proteins from whole cell proteomic experiments or 
to verify the results of gel-free surface shaving. Although, 
different algorithms employ various methods to search for 
certain protein features, in general, surface-associated pro-
teins are identified by calculating hydrophobicity in heli-
cal stretches, identifying surface anchoring domains, and 
searching for the presence of secretion or signal sequences 
(Solis and Cordwell 2011). Therefore, cell surface proteins 
that are anchorless and have no signal mechanism present 
a problem for algorithms and are generally identified as 
being cytoplasmic (Chhatwal 2002; Glowalla et al. 2009; 
Solis and Cordwell 2011). Some true surface-associated 
proteins identified in this investigation were likely bioin-
formatically identified as cytoplasmic proteins for some of 
these reasons.

Moonlighting refers to multifunctional proteins where 
two or more discrete functions are performed by the same 
unmodified peptide chain and appears to be common (Jef-
fery 2005). Several cytoplasmic proteins have been shown 

Table 2  Cold-adaptive amino acid traits found in P. halocryophilus surfaceome

Values indicate the average number of each trait present in the proteins at the particular condition. Traits were first measured independently for 
each protein expressed in each of the five conditions and then an average calculated for the total set of proteins present in that condition. Bold 
starred values represent traits that were found to be significantly different at p < 0.05 from the 24 °C in TSB (optimal growth condition) value, 
while starred values were found to be marginally different at p < 0.1, as determined by an unpaired t test

24 °C in TSB media 24 °C in LSM media 24 °C in MSM media −5 °C in LSM media −10 °C in MSM media

Proline residues 12.4107 8.9839* 10.4021 11.4436 9.2581*

Arg/Lys ratio 0.6443 0.8582* 0.8358* 0.7817* 0.8182*

Acidic residues 49.1786 37.0161* 43.8866 47.5038 38.5161*

Hydrophobicity −0.2845 −0.3913* −0.3850* −0.3707* −0.3406

Aromaticity 0.0655 0.0568* 0.0583* 0.0621 0.0553*

Aliphatic index 87.3956 86.8459 88.0474 87.7566 89.5192
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to have alternate roles at the cell surface (Jeffery 2005). 
For example, in Streptococcus pyogenes, proteins from 
the glycolytic pathway moonlight on the bacterial sur-
face where they have adhesive properties (Henderson and 
Martin 2013). Ribosomal proteins are consistently found 
on the cell surface after the shaving approach and could 
have alternative moonlighting roles (Severin et al. 2007; 
Tjalsma et al. 2008); however, alternate explanations could 
also contribute. Pyruvate dehydrogenase (PDH) E1 (gi| 
495773484), a heterodimer (alpha- and beta- units), is part 
of a complex that catalyzes the conversion of pyruvate to 
acetyl-CoA and CO2, and is essential in cellular metabo-
lism was also identified. There have been previous observa-
tions of PDH in complex with membrane-bound ribosomal 
protein (MBRP) at the cellular membrane (Hemilä et al. 
1990). The abundance of ribosomal protein detected on the 
cell surface in this study, may be explained by ribosomal 
proteins closely associated with PDH at the cell membrane 
during trypsin digestion; the digestion of PDH could result 
in a hole in the membrane allowing trypsin to digest PDH-
associated ribosomal proteins in large enough abundances 
to be detected during analysis. Though this is speculation, 
it would provide an explanation of these results; however, 
we did not provide direct evidence for this.

Alternatively, these cytoplasmic proteins may have been 
identified due to contamination from cell lysis or were pro-
teins released by shedding the membrane–vesicle struc-
tures in which they were trapped during trypsin digestion 
(Olaya-Abril et al. 2014). Since protein moonlighting roles 
at the cell surface are not clearly defined, and the primary 
objective of this work was to identify the functional sub-
zero surfaceome, proteins predicted by PSORTb to be pri-
marily cytoplasmic were not included in our analysis of the 
bacterial surface activity (Figs. 1b, 2).

Cell growth and division

Bacterial cell division is directed by the divisome, a multi-
protein complex, which includes essential and non-essen-
tial proteins—FtsZ is foremost among the essential proteins 
(de Boer et al. 1992; Meier and Goley 2014). The presence 
of FtsZ has been detected on the cell surface in other sur-
face shaving studies where cells were taken from mid-log 
phase (Zhang et al. 2013). Here we demonstrate the pres-
ence of FtsZ (gi| 495773432) in each of the tested growth 
conditions, indicating cells are undergoing active cellu-
lar division at the time of protein shaving (Garrido et al. 
1993) (Fig. 2). FtsH is a cytoplasmic membrane protease 
with roles in cell division in several Gram-positive bacte-
ria including Bacillus subtilis and Staphylococcus aureus 
(Lin et al. 2014). Our detection of FtsH in all growth con-
ditions—excluding optimal growth conditions—corre-
sponds nicely with its previously documented role in stress 

response, most notably to high-salt conditions (Fischer 
et al. 2002; Lithgow et al. 2004).

As cells grow and divide the peptidoglycan sac-
culi undergoes constant remodeling to allow for cellular 
expansion and in the final stages of cellular division pep-
tidoglycan must be hydrolyzed to allow for daughter cell 
separation. Only two proteins with dedicated roles in pep-
tidoglycan metabolism [N-acetylmuramoyl-l-alanine ami-
dase (gi| 495772357) and multimodular transpeptidase-
transglycosylase (gi| 495773182)] were detected in this 
study, and these were only detected in optimally grown 
cells. Peptidoglycan is composed of alternating N-acetyl-
glucosamine and N-acetylmuramic acid residues, cross-
linked by short peptide bridges. In the final stages of pep-
tidoglycan synthesis, disaccharide units are polymerized 
by transglycosylase and peptide chains are cross-linked by 
transpeptidase (Ramachandran et al. 2006). The absence of 
the multimodular transpeptidase–transglycosylase in salt- 
and cold-stressed cells may indicate lower levels of active 
peptidoglycan synthesis in these conditions. N-acetyl-
muramoyl-l-alanine amidase is a peptidoglycan hydrolase 
responsible for hydrolyzing peptidoglycan at the glycan–
peptide interface. In the absence of a functioning hydrolase, 
peptidoglycan may accumulate at the cells surface during 
remodeling, sacculi expansion, and cell division resulting 
in the nodular surface structures observed in previous work 
(Mykytczuk et al. 2013).

Cell membrane structure

Preservation of cell membrane fluidity during cold tem-
perature growth is necessary for continued viability. In 
response to cold temperatures membrane fluidity is gen-
erally maintained by changing lipid composition favoring 
shorter chains and decreased lipid saturation (De Maayer 
et al. 2014). Our observed presence, of fatty-acid desatu-
rase (gi| 495774159) in cold stressed but not in optimally 
grown cells, therefore, was expected. However, P. halocry-
ophilus cells at sub-zero temperatures have been previously 
assessed for fatty-acid saturation and it was shown that, 
surprisingly, saturation increases with decreasing tempera-
ture (Mykytczuk et al. 2013). This indicates that P. halocry-
ophilus employs an alternate mechanism for preserving 
membrane fluidity. Combined these results may indicate 
that the fatty-acid desaturases are present but inactive at 
these temperatures.

Transport systems

Compatible solutes can be important cryo/osmoprotect-
ants in cryophilic and halophilic organisms. Glycine 
betaine ABC transport system-binding protein (OpuAC) 
(gi| 495772060) was uniquely identified in this study in 
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−5 °C cultures. However, only one significant sequence 
(Table 1) was used to identify OpuAC, indicating relatively 
low abundance. This agrees with previous work, which 
has indicated that the Opu system is not up-regulated dur-
ing mid-log phase in response to cold or salt stress, since 
osmotic balance is reached quickly at early log phase and 
these systems are no longer required beyond a short up-
regulation during initial osmotic upshift (Mykytczuk et al. 
2013). In a related microorganism, Bacillus subtilis, the 
glycine betaine transport system was responsible for the 
accumulation of several compatible solutes including: 
l-carnitine, crotonobetaine, butyrobetaine, homobetaine, 
dimethylsulfonioactetate, and proline betaine (Hoffmann 
and Bremer 2011). Our group is currently working on elu-
cidating which solutes are imported via this pathway, dur-
ing sub-zero growth.

Iron is essential for nearly all life. Two different ferric 
iron ABC transport-binding proteins were identified on the 
cell surface of P. halocryophilus. The first (gi| 495774171) 
was only present in optimal conditions, and has been 
shown to be associated with siderophore-mediated iron 
uptake in some species (Marchler-Bauer et al. 2013), while 
the second: ferric iron ABC transporter (gi|495773646) was 
identified in each culture condition. This may suggest that 
although P. halocryophilus is capable of both siderophore-
mediated and ABC-type iron acquisition, siderophore-
mediated iron uptake is not used during times of salt- or 

cold stress. This finding corroborates other work, on Ant-
arctic bacteria, that has shown that siderophore-mediated 
iron uptake may not be the optimal mechanism during 
growth in stressful conditions (Pakchung et al. 2008).

Energetics

Two isoforms of the ATP synthase beta chain, involved 
in coupling ATP synthesis with the transport of protons 
across the cell membrane (essential for energetics), gi| 
495772323 and gi| 495772326, were identified as part of 
the surfaceome in this investigation. The former was only 
identified in −10 °C cultures, while the latter was identi-
fied in all conditions excluding optimal, though, peptides 
matching gi| 495772326 were identified twofold more often 
in −10 °C grown cells relative to other conditions. This 
implies greater ATP synthesis is correlated with cryophilic 
conditions, which is consistent with previous proteomic 
work since a greater amount of energy is required per unit 
of biomass during low-temperature growth (Bakermans and 
Nealson 2004; Mykytczuk et al. 2013).

Concluding remarks

This study is the first to examine how the surfaceome of an 
environmental isolate shifts as the bacterium is transitioned 

Fig. 2  Summary of cell surfaceomics. Model outlining different surface proteins and their associated pathways identified during optimal, salt-
stress, and salt/cryophilic-stress growth
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from optimal to sub-zero growth temperatures. The results 
presented here, combined with earlier studies (Mykytczuk 
et al. 2013), indicate that halophilic and cryophilic adapta-
tions in P. halocryophilus are intimately linked at the prot-
eomic level and cold-adapted proteins tend to be identified 
during both sub-zero and optimal-temperature salt-stressed 
culture conditions. Given the environmental context, in 
which P. halocryophilus likely lives in brine veins during 
periods of freezing (Gilichinsky et al. 1993; Rivkina et al. 
2000; Jakosky et al. 2003), this finding is reasonable from 
an environmental perspective.

Beyond the implications of this study in basic science 
to determine how the bacterial surface adapts to cryophilic 
conditions, further investigation of the surfaceomics of cry-
ophilic bacteria may have broader implications in vaccine 
development (Duplantis et al. 2010) and geomicrobiology 
(Ronholm et al. 2014). The surfaceomics approach outlined 
in the current study has helped to identify deficiencies in 
peptidoglycan metabolism that occur in high-salt and low-
temperature conditions and may be at least partially respon-
sible for the unique nodular features previously observed 
on P. halocryophilus cells cultured in sub-zero conditions, 
other causes of these features and any adaptive roles they 
may play must be further investigated.
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