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ABSTRACT Ice-binding proteins (IBPs) have been identified in numerous polar
algae and bacteria, but so far not in any cyanobacteria, despite the abundance of
cyanobacteria in polar regions. We previously reported strong IBP activity associated
with an Antarctic Nostoc species. In this study, to identify the proteins responsible,
as well as elucidate their origin, we sequenced the DNA of an environmental sample
of this species, designated Nostoc sp. HG1, and its bacterial community and
attempted to identify IBPs by looking for known IBPs in the metagenome and by
looking for novel IBPs by tandem mass spectrometry (MS/MS) proteomics analyses
of ice affinity-purified proteins. The metagenome contained over 116 DUF3494-type
IBP genes, the most common type of IBP identified so far. One of the IBPs could be
confidently assigned to Nostoc, while the others could be attributed to diverse bac-
teria, which, surprisingly, accounted for the great majority of the metagenome. Re-
combinant Nostoc IBPs (nIBPs) had strong ice-structuring activities, and their circular
dichroism spectra were consistent with the secondary structure of a DUF3494-type
IBP. nIBP is unusual in that it is the only IBP identified so far to have a PEP (amino
acid motif) C-terminal signal, a signal that has been associated with anchoring to
the outer cell membrane. These results suggest that the observed IBP activity of
Nostoc sp. HG1 was due to a combination of endogenous and exogenous IBPs.
Amino acid and nucleotide sequence analyses of nIBP raise the possibility that it
was acquired from a planctomycete.

IMPORTANCE The horizontal transfer of genes encoding ice-binding proteins (IBPs),
proteins that confer freeze-thaw tolerance, has allowed many microorganisms to
expand their ranges into polar regions. One group of microorganisms for which
nothing is known about its IBPs is cyanobacteria. In this study, we identified a cya-

nobacterial IBP and showed that it was likely acquired from another bacterium, Citation Raymond JA, Janech MG, Mangiagall

probably a planctomycete. We also showed that a consortium of IBP-producing bac- M. 2021. Ice-binding proteins associated with

teria living with the Nostoc contribute to its IBP activity. an Antarctic cyanobacterium, Nostoc sp. HG1.
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preserve a liquid environment for organisms living in ice. In sea ice, they change the
structure of the ice in a way that hinders the drainage of trapped water (4, 5), and in
glacier ice, they preserve a thin layer of water between ice grains by preventing the ice
grains from recrystallizing (6). Finally, they also provide a means of attaching cells to an
ice substrate in a way that might enhance their access to sunlight or nutrients (7, 8).

In addition, most IBPs are secreted and act extracellularly, whereas AFPs act inter-
nally. The most common microorganismal IBPs have similar structures based on an
~200-amino-acid domain referred to as DUF3494; they are found in bacteria, archaea,
algae, and fungi (for examples, see references 9 and 10). Other, less common IBPs have
been identified in a chlorophyte alga (11-13) and a bacterium (7). A central question
concerns the origin of IBPs, as their phylogeny over a broad array of taxa appears
unrelated to the phylogeny of the host organisms. This strongly suggests that the IBP
genes were acquired by horizontal gene transfer (HGT) (14, 15). In the case of unicellular
algae, HGT probably enabled their spread into polar and alpine regions, as all ice-
associated algae that have been examined so far produce IBPs, while mesophilic algae
do not (for example, see reference 2). However, little is known about the donor
organisms or the mechanisms and timing of transfer. One approach to answering these
questions is to identify IBPs in previously unexplored taxa to make it easier to recognize
patterns in their distribution. One group of polar microorganisms for which no IBP had
been identified at the time this study began (in 2016) is the cyanobacteria. At that time,
the more than 200 cyanobacterial genomes in the databases contained no proteins
resembling known IBPs. However, strong IBP-like activity was found in a species of
Nostoc from a glacial melt stream in the McMurdo Dry Valleys of Antarctica (16), a
habitat in which the microbial community is dominated by Nostoc (17). To identify the
source of activity, we sequenced the genomic DNA of an IBP-active sample of Nostoc
and its associated microorganisms and attempted to identify IBPs by looking for known
IBPs in the metagenome and by tandem mass spectrometry (MS/MS) proteomics
analysis of ice-affinity purified proteins. Here, we show that the Dry Valley Nostoc has
a DUF3494-type IBP that appears to have been acquired by horizontal gene transfer.
Furthermore, many other DUF3494-type IBPs from a consortium of surface bacteria
appear to contribute to its IBP activity.

RESULTS

Sample collection site. Nostoc samples were collected from rocky surfaces in the
Taylor Valley near the base of the Hughes Glacier (77°44’S, 162°28'E) (Fig. 1, top). The
samples were in the form of desiccated, black leafy clumps (Fig. 1, bottom).

16S and 18S analyses of the metagenome. A search of the Nostoc metagenome
for bacterial 16S rRNA sequences yielded 35,791 reads with E values of <1e—30 that
could be assigned to 359 genera representing 458 named bacterial species. The major
genera based on the frequency of the 16S reads were, in decreasing order, Nostoc,
Sphingomonas, Spirosoma, Hymenobacter, Flavobacterium, and the cyanobacterium
Calothrix (Fig. 2). The Nostoc reads could all be assigned to one 16S sequence (GenBank
accession no. MN081603). We designated our species Nostoc sp. HG1 after its location
near the Hughes Glacier. The closest match (99.9%) was the 16S sequence of
Antarctic Nostoc sp. ANT.L52B.8 (AY493593), which was collected in a small coastal
lake on the other side of the continent (Appendix 1 of reference 18). However, this
species appeared to differ from HG1 (see below).

The contigs assembled from the metagenome reads had a total length of about 616
million bp. Because the Nostoc genomes in GenBank have sizes of only 8 to 9 Mbp,
almost all of the contigs appeared to belong to the many bacteria identified in the 16S
analysis. This was surprising because the Nostoc tissue appeared to account for almost
all of the biomass of the sample.

The metagenome also contained a few eukaryotic 185 rRNA sequences. The most
prominent was an 18S sequence (contig 1236) nearly identical (99.3%) to that of the
cosmopolitan rotifer Adineta vaga (GenBank accession no. GQ398061). A. vaga has a
genome size of 289 Mb, but it appeared to account for only a small fraction of the
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FIG 1 Nostoc collection site in the Taylor Valley, Antarctica, in January 2000. (Top) A view of the region.
Kukri Hills are in the background, and the upper portion of the Hughes Glacier is visible on the left. A
team member (red coat) provides scale. (Bottom) Clumps of dried Nostoc in this region.

contig file: a tblastn search using the 731 A. vaga proteins in the NCBI database as
queries and an E value cutoff of 1e—100 yielded 152 contigs with a total length of only
981 kb. Another 18S sequence (contig 82900) was attributed to an ascomycete fungus,
the closest match (96.1%) being a leaf fungus, Guignardia alliacea (GenBank accession
no. NG_064827). A third 18S sequence (contig78065) was 98.2% identical to that of an
alveolate-related eukaryote from the periglacial environment at the top of Mt. Kiliman-
jaro (GenBank accession no. KX771895). Several reads identical to the 18S rRNA of the

(@)141¢
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Nostoc (80.7%)

B Sphingomonas (1.7%) [ Fiavobacterium (1.1%)
O Spirosoma (1.4%) [ Calothrix (1.0%)
O Hymenobacter (1.3%)

FIG 2 Major bacterial species in the Nostoc metagenome based on the frequency of 16S rRNAs in 35,791
reads with matches to named species and E values of <1e—30.
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Antarctic tardigrade Acutuncus antarcticus (GenBank accession no. AB753790) were also
found. (This was confirmed by observations of the revival of several tardigrades in the
Nostoc sample after 20 years at —25°C.) No 18S sequences matching those of nema-
todes, tardigrades, or mites that are known to inhabit the same region (McMurdo Dry
Valleys) were found in the metagenome. In many regions, including Antarctica (19),
Nostoc is a symbiont of the lichen Peltigera. However, no Peltigera 18S sequences were
found in the metagenome and the sample showed no signs of the presence of a lichen.

IBP genes. A tblastn search of the contig file for DUF3494-type IBP genes yielded
116 contigs encoding proteins that matched DUF3494 protein sequences in GenBank
with E values <1e—20. Among them, 25 complete or nearly complete genes could be
assembled, several of which had two DUF3494 domains (Table S2). All of them had
bacterial IBPs as their closest matches. Signal peptides were present in 23 of the
sequences and were ambiguous in the other 2, suggesting that the IBPs are secreted
from the cells. These results indicate that the Nostoc metagenome is rich in IBP-bearing
bacteria.

Initially, none of the IBP genes in the Nostoc metagenome could be unambiguously
attributed to Nostoc. Searches for other types of IBP, including plant antifreeze proteins
and bacterial ice-nucleating proteins, were unsuccessful. We then tried a proteomics
approach, attempting to identify peptides of digested ice-affinity-purified proteins by
mass spectrometry and matching them to sequences in the metagenome. None of the
proteins identified matched known IBPs. Two proteins that were prominent in the MS
results and that were confirmed to be Nostoc proteins by their sequences were
phycocyanin, a cyanobacterial pigment, and fasciclin, a protein involved in cell adhe-
sion. Both are highly water soluble. However, solutions of Spirulina C-phycocyanin
(Sigma) and recombinant Nostoc fasciclin (GenScript; otherwise not described) showed
no activity.

Subsequently, the genomes of three Nostoc species, from Iceland, Canada, and
Japan, with very similar (98% identical) 16S sequences were submitted to GenBank
(Table S3). Each was identified as a symbiont of the lichen Peltigera, a foliose lichen
whose lobes are underlaid by a layer of Nostoc. Furthermore, each had a single gene
encoding a DUF3494-type protein. The reason for sequencing two of the genomes was
to better understand whether specific sets of genes are associated with a stable
symbiosis (20), although IBP genes were not mentioned in that study. The accessions
(Table S3), which appeared to have been annotated automatically, were not identified
as ice-binding proteins. Two were identified as DUF3494-containing proteins and one
was identified as a hypothetical protein. A gene very similar to the lichen symbiont IBPs
was found in a contig from the Nostoc metagenome, and it could be unambiguously
attributed to Nostoc sp. HG1 because it closely matched the IBP genes and downstream
intergenic spaces and flanking genes in each of the three symbiont species. We thus
designated this gene nIBP (GenBank accession no. MN082380). The three Nostoc
symbiont IBPs are also by far the closest matches to nIBP in the databases. As
mentioned above, we found no evidence that Nostoc sp. HG1 was associated with a
lichen. Furthermore, Nostoc ANT.L52B.8 (the Antarctic Nostoc species identified above
as having an 16S rRNA sequence nearly identical to that of HG1) appears to be a
different species, as several PCR primer pairs that worked on HG1 IBP did not yield
products from ANT.L52B.8 DNA. (The integrity of the latter DNA was confirmed by its
production of a PCR product of the expected size from HG1 16S primers.)

The sequence of nIBP (Fig. 3A) is typical of other algal and bacterial IBPs in having
an N-terminal signal peptide (green letters) followed by a DUF3494 ice-binding domain
(blue letters). The signal peptide usually means that the protein is secreted from the
cell, after cleavage of the signal peptide. The DUF3494 domain has been arranged to
reflect the repeating units in the predicted three-dimensional (3D) structure (Fig. 3B). It
includes seven beta sheets (red) that are rich in serine and threonine residues (boxed)
and an alpha helical region (blue).
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FIG 3 Nostoc IBP sequence and structure. (A) IBP sequence. The sequence consists of an N-terminal signal peptide
(green), a DUF3494 domain (blue), and a C-terminal PEP C-term signal (red). The underlined region from S18 to
A229 is the portion of the molecule modeled in panel B. Blue highlight, alpha helix; red highlight, beta strands on
predicted ice-binding site. The red box shows alignment of Thr and Ser residues (bold) that are predicted to interact
with ice. (B) Stereoviews of the predicted structure, in which the ice-binding site is on top.

Interestingly, nIBPs (as well as its three Peltigera symbiont homologs) differ from
other reported DUF3494 IBPs in that they also have a C-terminal sorting signal called
PEP-Cterm (red letters in Fig. 3A), where the amino acid motif PEP is followed by a
hydrophobic membrane-spanning domain and a highly basic region just before the C
terminus. The function of this domain is discussed below.

3D structure of nIBP. The structure of nIBP, predicted from the structure of an IBP
from a bacterial consortium of the ciliate Euplotes focardii (EfcIBP), is a beta solenoid in
the form of a triangular prism formed by three different sides (a, b, and c) (Fig. 3B and
Fig. S2A), similar to the structures of other DUF3494 proteins determined by X-ray
crystallography (see Discussion). nIBP shares high sequence identity (>43%) with EfcIBP
and an IBP from the Antarctic fungus Antarctomyces psychrotrophicus (AnplBP), which
are characterized by the absence of capping head region at the top of the solenoid (21,
22). In most other DUF3494 proteins whose structures have been determined, the b
side was identified as the ice-binding site because of the presence of an orderly array
of outward-pointing hydrophilic side chains and because amino acid substitutions on
this side decreased activity (9, 10). The b side of nIBP, like that of its template EfcIBP and
its homologous AnpIBP, has two prominent rows of hydrophilic side chains (mostly
threonine and serine) (Fig. S2B). The average distance between the side chains on
adjacent coils ranges from 4.3 to 4.9 A (Table S4), depending on which atoms on the
side chains are selected. These distances are close to the repeat distance along the ice
a axis (4.52 A).

Recombinant Nostoc IBPs. The recombinant IBPs, one with the PEP domain (rnIBP)
and one without the PEP domain (rnIBPAPEP), were produced in Escherichia coli
BL21(DE3) as detailed in the supplemental material. The molecular weights of rnIBP and
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FIG 4 Molecular masses and circular dichroism properties of recombinant IBPs rnIBP and rnIBPAPEP. (A)
SDS-PAGE of purified mIBP (with PEP-Cterm signal) and rnIBPAPEP (after removing SUMO tag). M,
molecular mass markers. Each lane contains ~5 ug of purified protein. (B) UV CD spectra at concentra-
tions of 5 uM in phosphate buffer. (C) Thermal stability as shown by the effect of temperature on the
ellipticity at 204 nm. The initial CD signals were normalized to 1. Error bars indicate standard deviations
from three independent experiments.

rnIBPAPEP as shown by SDS-PAGE analyses were ~25 kDa and ~23 kDa, respectively
(Fig. 4A), which are in agreement with their predicted molecular weights of 25,640 and
21,402 Da, respectively.

The circular dichroism (CD) spectra of rnIBP and rnIBPAPEP (Fig. 4A) present typical
profiles of a protein rich in beta sheet structures, with negative bands at ~212 nm and
positive ellipticity at ~195 nm, in agreement with the predicted secondary structure in
Fig. 3. Above 40°C, the ellipticity signal was rapidly and irreversibly lost, with a transition
midpoint at 47.9 = 0.7°C (Fig. 4B), similar to that for the recombinant IBP from the ice
bacterium Flavobacterium frigoris (23).

Ice-binding activity. A 1998 sample of Nostoc from the base of the Hughes Glacier
was previously reported to have strong ice-binding activity (Fig. 1b in reference 16),
although the ice-binding molecules were not identified and the possibility that they
came from other organisms associated with the Nostoc could not be ruled out. Figure
5 shows additional examples of the activity assayed recently with the 2000 sample. A
solution of water-soluble material rinsed from the surface of a clump of Nostoc cells and
then concentrated by freeze-drying was very active, as shown by the highly distorted
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FIG 5 Ice-binding activities of nonaxenic and recombinant Nostoc sp. HG1 samples. Highly distorted
surfaces of a growing seed crystal are indications of the presence of ice-binding proteins. (A) Concen-
trated rinse water, indicating that at least some of the activity resides on the surface of the cells. (B and
C) Supernatants of homogenized rinsed (B) and unrinsed (C) Nostoc tissue. The activities in panels A to
C are probably mostly due to IBPs produced by Nostoc’s microbial community. (D and E) Recombinant
nIBP samples (mIBP), including one that failed to solubilize (D) and one that was partially solubilized by
detergent and shaking (E). (F and G) Recombinant rnIBPAPEP samples showing shallow pitting (F) and
highly faceted edges that formed after another 30 min of growth (G). Scale bar, 1 mm. The scales in all
panels are approximately the same.

growth (Fig. 5A). Supernatants of homogenates of rinsed cells (Fig. 5B) and unrinsed
cells (Fig. 5C) were also active, as shown by pitting on the basal plane of ice and highly
faceted dendrites growing from the prism faces of the ice. These results demonstrate
the presence of IBP activity in both the environmental sample as a whole and on its
surface. Because the nIBP gene represents only a tiny fraction of the IBP genes in the
sample and because the rinse water is highly active, it is likely that most of the activity
is due to noncyanobacterial bacteria (see also Discussion below).

The recombinant Nostoc IBP samples (rnIBP and rnIBPAPEP), which had the appear-
ance of a glass after freeze-drying for shipment, were poorly soluble. Initially, the rnIBP
samples showed no activity (Fig. 5D). However, one of them showed strong ice-
structuring activity (development of facets on the prism faces of ice and pitting on the
edge of the basal plane) after being treated with detergent and shaking (see Materials
and Methods) (Fig. 5E). The other recombinant, rnIBPAPEP, caused the formation of
shallow circular pits (Fig. 5F) and highly structured facets (Fig. 5G).

IBP closest matches. The closest matches to nIBP in GenBank were bacterial IBPs,
while matches to fungal and plant IBPs had much lower E values. The closest match to
nIBP (other than the IBPs of the Peltigera symbionts) was a DUF3494 protein from the
planctomycete Singulisphaera acidiphila DSM 18658, which was isolated from a peat
bog in northern Russia. The identities over the DUF3494 domain at the amino acid and
nucleotide sequence levels (69% and 72%, respectively) are high compared to the
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identities reported for other IBP pairs. nIBP also appears to differ in nucleotide com-
position from other Nostoc genes: the GC content of its DUF3494 domain (52.9%) is 7
standard deviations (SDs) above the GC content of 20 randomly selected Nostoc-
specific contigs (41.4% = 1.6% [mean = SD]) and closer to the GC contents of S.
acidiphila 1BP (61.1%) and the S. acidiphila genome (62.16%) (24). Interestingly, the
bacterial IBP gene in the contig file that was closest to nIBP (contig 740803; 62.6%
amino acid identity) also appeared to be a planctomycete gene based on its closest
match and high GC content (59.8%). On the other hand, nIBP has low similarities
(<35%) to DUF3494 genes (NCBI accession no. PKL76429, PKL75809, and PKL75521)
from a bacterium that is considered a close relative of the cyanobacteria (“Candidatus
Melainabacterium”) (25).

DISCUSSION

Here, we have described the first ice-binding protein in a cyanobacterium. Of more
than 400 cyanobacterial genomes that have been sequenced so far, the Antarctic
Nostoc sp. HG1 is the only one in which an active IBP (nIBP) has been confirmed. Similar
genes have been found in the recently reported genomes of closely related Nostoc
species in the Northern Hemisphere, although these species, unlike HG1, are all
endosymbionts of the lichen Peltigera. These genes all encode DUF3494-type IBPs
similar to those in many bacteria, fungi, and unicellular algae (1) that protect cells in
various ways, including inhibiting the recrystallization of ice, preserving a liquid envi-
ronment, and anchoring cells to a substrate (see the introduction). In the case of HG1,
the IBPs appear to be anchored to the outer cell wall through their PEP-Cterm signal.
Such proteins might have a greater effect at preventing ice recrystallization at the cell
surface than would more distant secreted proteins. It seems less likely that nIBP has a
role in anchoring HG1 to an icy substrate, as it appears to grow in shallow puddles and
pools fed by melting glaciers where sunlight is plentiful.

However, Nostoc sp. HG1 does not appear to depend on nIBP alone, as it is covered
with bacteria, 25 species of which have complete or nearly complete IBP genes and
about 90 others whose genes could be partially assembled. Almost all of the complete
IBP genes encode signal peptides, which indicates that the proteins are probably
secreted, as is indicated by the high activity of rinse water (Fig. 5A). Additional evidence
for strong bacterial IBP activity comes from a moss from the same region of Antarctica
(26). The moss, like Nostoc HG1, has many species of bacteria on its surface that have
DUF3494-type IBP genes. Also like HG1, the moss had very high IBP activity despite not
having any identifiable IBP genes of its own, thus demonstrating that the surface
bacteria have high IBP activity. In fact, IBP-bearing bacteria appear to be enriched in
polar regions, as the frequency of their occurrence was found to be 1 or 2 orders of
magnitude higher in the moss metagenome and in a sea ice metagenome than in
mesophilic metagenomes (26).

DUF3494-type proteins are found in habitats worldwide, including the tropics and
hot springs, which suggests that these proteins are designed to bind to a variety of
substrates. A consensus IBP made up of 172 IBPs has a similar array of hydrophilic
residues on one side of the protein (27), which suggests that, in general, these proteins
are designed to bind to a substrate with a repeating unit, such as a mineral. A slight
modification of the array could thus result in an affinity for ice and an ability to affect
its growth, properties that would have aided the spread of microorganisms into regions
exposed to freezing conditions.

nIBP and its Peltigera symbiont homologs are unusual in that they are the only IBPs
so far reported to have PEP-Cterm signals. However, a search of GenBank for bacterial
proteins with the annotations DUF3494 and PEP-Cterm yielded at least 23 such
proteins. PEP-Cterm signals are found only in bacteria, and in the bacteria in which they
are found, the genome usually contains 10 to 20 such proteins (28). Accordingly, a
search of the Nostoc contig file yielded 20 additional proteins with PEP-Cterm sorting
signals that could be attributed to Nostoc sp. HG1 (and not other bacteria in the
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FIG 6 Logo diagram of 20 PEP-Cterm proteins found in the Nostoc HG1 genome.

metagenome). A logo diagram of the PEP-Cterm signals of these proteins clearly shows
the three conserved parts of the signal (Fig. 6).

PEP-Cterm proteins are thought to be anchored to the outer membrane through a
middle transmembrane domain, and they are typically found in species that secrete
extracellular polymeric substances (EPSs). Nostoc species are well known for this
characteristic, which may contribute to their noted ability to tolerate desiccation (29).
PEP-Cterm proteins are suspected of being glycosylated and thus contributing to the
EPSs (28). nIBP has several potential N- and O-linked glycosylation sites according to
GlycoPP, but it is unknown whether it is glycosylated. Bacteria with a cohort of
PEP-Cterm proteins have a membrane protein called exopolysaccharide locus H (EpsH)
that along with a PEP-Cterm protein forms a protein export sorting system (28). The
EpsH homolog gene is usually found among extracellular polysaccharide biosynthesis
genes, including that for a histidine kinase (28). This is also the case in Nostoc sp. HG1,
in which all of these genes are present in a contiguous 13.7-kb sequence (Table S5).
Little is known about the functions of PEP-Cterm proteins, and BLAST searches of the
20 other Nostoc PEP-Cterm proteins did not reveal any specific functions. In fact, nIBP
appears to be one of the first PEP-Cterm proteins to have a known function.

The PEP-Cterm signal on nIBP might help to explain our failure to observe nIBP in
the mass spectrometry analyses. We assumed that the protein was secreted from the
cells because of its N-terminal signal peptide, but because of the PEP-Cterm signal it
may have been anchored to the outer membrane of the cells and removed by
centrifugation of cell debris.

The predicted model of nIBP appears reasonable, as it positions multiple serine and
threonine residues with outward-directed side chains in orderly rows on the b side of
the molecule that is considered the ice-binding site in numerous other IBPs whose
structures have been determined by X-ray diffraction (8, 9, 21-23, 30-33). In addition,
the spacing between the coils (~4.7 A) is close to the repeat distance along the ice a
axis (4.51A) and similar to the repeat distance of 4.75 A measured in a crystallized
fungal DUF3494-type IBP (9).

The identity of nIBP and S. acidiphila IBP (69%) is substantially higher than identities
previously found for IBPs from different phyla (47 to 60%) (15, 27), as well as higher
than Doolittle’s 60% identity criterion for HGT (34). The closeness of nIBP to plancto-
mycete IBPs and its distance from IBPs of a cyanobacterial relative as well as its
“planctomycete-like” GC content raise the possibility that nIBP was acquired from a
planctomycete donor. In fact, the McMurdo Dry Valleys is a possible site of gene
transfer, as planctomycetes were reported to comprise about 2% of the microbial
community in the black Nostoc mats (17). However, it should be pointed out that other
gene donors with higher identities might be found in the future.

While IBP genes appear to be relatively rare in cyanobacteria, IBP activity has also
been observed in Phormidium-like (16) and Oscillatoria-like (J. A. Raymond, unpublished
data) cyanobacteria from the McMurdo Dry Valleys. If these activities can be attributed
to cyanobacterial genes (rather than epiphytic bacterial genes), these genes could
provide valuable clues to the origin of cyanobacterial IBPs and whether they form a
mono- or polyphyletic family. Furthermore, nIBP is one of the first PEP-Cterm proteins
to have a known function and thus could be useful as a model for understanding the
roles of these proteins. Finally, for nIBP, further studies are needed to determine
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whether it is in fact attached to the outer membrane and whether it is glycosylated, as
is suspected to be the case for other PEP-Cterm proteins (28). As a glycosylated protein,
it may contribute to an exopolysaccharide matrix that is thought to protect the cells
from desiccation and other stresses.

MATERIALS AND METHODS

Samples. Nostoc samples were collected on 28 January 2000. The collection site is described in
Results. The samples were shipped to the University of Nevada Las Vegas (UNLV) and stored at —25°C.
Nostoc ANT.L52B.8 was obtained from the BCCM Cyanobacteria Collection in Liege, Belgium.

Sequencing. An environmental sample of desiccated Nostoc, after storage at —25°C for 16 years, was
ground in liquid nitrogen. DNA was extracted with a Nucleospin kit (Macherey-Nagel) using lysis buffer
PL2 and sent to the Nevada Genomics Center (NGC) at the University of Nevada Reno for sequencing. A
library was prepared using the lon Xpress Plus fragment library kit (Life Technologies) and sequenced on
an lon Torrent Proton platform using Hi-Q chemistry and a P1 chip (Life Technologies), yielding about
86.1 million reads with an average length of 181 bp. The reads were assembled into 877,292 contigs
(average length, 702 bp) with CLC Genomics Workbench, with a total length of about 616 million bp.

16S analysis of the metagenome. Nostoc-like 16S rRNA sequences were abundant in the meta-
genome. They were overwhelmingly of a single type, allowing the complete sequence to be assembled
(GenBank accession no. MN081603). The species was designated Nostoc sp. HG1, after its location near
the Hughes Glacier. To identify the most prominent organisms in the sample, we first searched the 86.1
million reads for matches to HG1 16S rRNA with E values of <1e—30 and identities of >97%, obtaining
28,869 hits. These hits were classified as HG1 16S reads. We then searched the files for reads that
matched universal bacterial 16S rRNA primers 8F (5'-AGAGTTTGATCCTGGCTCAG-3’, 518R (5'-GTATTAC
CGCGGCTGCTGG-3'), and 1492R (5'-CGGTTACCTTGTTACGACTT-3’) that matched at least 18 of the 19 or
20 nucleotides in the primers, using a word size of 7. From these hits, we subtracted reads that had been
classified as HG1 reads, yielding 11,502 unique non-HG1 reads. These reads were BLAST searched against
NCBI's rRNA_typestrains/prokaryotic_16S_ribosomal_RNA database for matches with E values of
<1e—30, yielding 6,922 hits. The hits were downloaded into an XML file and sorted by species using the
blastn output “hit_def.” The total hits (28,869 + 6922 = 35,791 reads) were analyzed by species using a
pivot table in Excel and displayed in a pie chart, also in Excel.

IBP gene search. The 616-Mb contig file was searched with tblastn using 270 DUF3494 domains
from representative IBP sequences from bacteria, fungi, and algae as queries, using an E value cutoff of
1e—10. The contig file was also searched for other known IBPs, including ice-nucleating proteins and
plant antifreeze proteins.

Identification of PEP-Cterm proteins. The proteomes of selected Nostoc species, including the
closely related Nostoc sp. “Peltigera membranacea cyanobiont” N6, were screened for the annotation
“PEP-Cterm.” These proteins were used as queries for tblastn searches of the Nostoc sp. HG1 contig file.
Hits that did not have a PEP-Cterm signal and that did not have a closest match that belonged to the
genus Nostoc were discarded. The remaining proteins were regarded as Nostoc sp. HG1 proteins. A logo
diagram of the aligned C-terminal sequences was generated by WebLogo (https://weblogo.berkeley
.edu/logo.cgi). Gaps in the logo diagram, which were due to weak signals, were deleted. One of the
proteins with an unusually long PEP-Cterm signal was discarded from the analysis.

Production of recombinant IBPs. The detailed methods are given in the supplemental material.
Briefly, the Nostoc IBP (nIBP) sequence minus its N-terminal signal peptide and containing its PEP-Cterm
signal (rnIBP [Fig. S1A]) was optimized for expression in E. coli, chemically synthetized, and cloned
(GenScript, Piscataway, NJ) in frame with a C-terminal His tag into a pET30a vector (Novagen-Merck,
Darmstadt, Germany). Production assays of rnIBP were performed under different conditions (see Table
S1). The sequence of nIBP lacking the PEP-Cterm domain (rnIBPAPEP) was cloned into a pET-21 [SUMOQ]
vector (Fig. S1B). The fusion protein SUMO-nIBPAPEP was produced as described previously (35). SUMO
protein is intended to improve the solubility of the recombinant protein during expression and is then
removed during purification before the activity assays are performed. Recombinant His-tagged proteins
were extracted and purified by immobilized-metal affinity chromatography (IMAC) on a nickel/nitrilotri-
acetic acid (Ni/NTA) agarose column (Jena Bioscience, Jena, Germany) from the soluble fraction of E. coli
cells as previously described (36). Samples were desalted, lyophilized, and stored at —20°C. Lyophilized
samples of rnIBP and rnIBPAPEP were sent to UNLV. At UNLV, the samples, which had the appearance
of a glass, were suspended in 400 ul of deionized (DI) water or 25 mM phosphate buffer but were poorly
soluble. One of the rnIBP samples showed IBP activity after it was treated with 0.1% Triton-X and shaken
for 30 min at 37°C in an Eppendorf Thermomixer operating at 700 rpm.

CD spectroscopy. Circular dichroism (CD) analyses were carried out on rnIBP and rnIBPAPEP
dissolved in 25 mM sodium phosphate buffer, pH 7, at concentrations of 5 uM. Spectra were recorded
with a J-815 spectropolarimeter (Jasco Corp., Easton, MD), using a 0.1-cm-path-length quartz cuvette.
Spectra were measured in the range of 190 to 260 nm with 0.2-nm data pitch and 20-nm/min scanning
speed. All spectra were corrected for buffer contribution, averaged from two independent acquisitions,
and smoothed by using a third-order least square polynomial fit. Thermal denaturation spectra were
obtained by measuring the CD signal at 204 nm while progressively heating the sample from 25 to 90°C.
Measurements were performed in triplicate with a data pitch of 1°C and a temperature slope of
0.5°C/min.

Purification and activity of IBPs from environmental samples. Aliquots of the Nostoc sample
collected in January 2000 were assayed for IBP activity. To determine whether IBPs were present on the
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Nostoc surface, an ~100-mg clump of Nostoc was rinsed with about 100 ml of DI water. The rinse water
was clarified by centrifugation, freeze-dried, and resuspended in about 1 ml of water. Other samples
(typically 3 g) were ground with a mortar and pestle with ~20 ml of DI water and centrifuged at
10,000 rpm for 10 min at 2°C. The pellets were subjected to two more cycles of grinding and centrifu-
gation, yielding a pooled supernatant of about 60 ml. IBPs were semipurified by three cycles of
ice-affinity purification, using two methods: salting, freezing, and centrifugation (37) and ice shell
formation (38). Ice-binding activity was estimated by observing irregularities in the surface of a growing
ice seed crystal submerged in the supernatant (37).

Mass spectrometry analyses. Freeze-dried, ice-affinity purified material was sent to the Medical
University of South Carolina (MUSC) and later to the College of Charleston (Charleston, SC), for liquid
chromatography/mass spectrometry (LC/MS) analysis of tryptic peptides. Approximately 20 ug of total
protein (as estimated from gel electrophoresis) was digested overnight at 37°C with trypsin gold (1:20;
Promega) or GIuC (1:10; Promega). Peptides were separated using two LC/MS platforms, an Eksigent
nano-LC coupled to a SCIEX 5600 with a nanospray source and a Dionex Ultimate 3000 nano-LC coupled
to an Orbitrap Fusion Lumos with a nanospray source at Hollings Marine Laboratory (Charleston, SC).
Data were acquired from the Eksigent platform as described previously (39) and from the Dionex
platform as described previously (40). Masses of the tryptic peptides were compared with predicted
tryptic peptides in the Nostoc contig file translated in all six frames using MASCOT and MS-GF+ search
engines. Searches included standard variable modifications and carbamidomethyl-fixed modifications.
The search parameter Enzyme was set to trypsin or semitrypsin for data from trypsin digests or GluC(DE)
for GluC endopeptidase digests. Error-tolerant searches were conducted to look for modified peptides
not otherwise included.

3D structure prediction. The 3D structure of the DUF3494 domain of nIBP was predicted with Swiss
Model (44) (http://swissmodel.expasy.org) using the structure of EfcIBP (PDB code 6EIO; sequence
identity, 52% [21]) as the template. The free energy of the model was then minimized (from —65,568 kJ/
mol to —93392 kJ/mol) by the Yasara minimization server (http://www.yasara.org/minimizationserver
.htm) (41) and viewed with Yasara v. 19.7.20. Stereoviews of the molecule were obtained by rotating it
around the y axis by 3°. Distance measurements were made with the Yasara distance tool.

Signal peptides were predicted with SignalP http://www.cbs.dtu.dk/services/SignalP-3.0/(42).
DUF3494 domains were identified with NCBI's conserved domain database https://www.ncbi.nlm.nih
.gov/Structure/cdd/wrpsb.cgi. Potential N- and O-glycosylation sites were predicted with GlycoPP (http://
crdd.osdd.net/raghava/glycopp/) (43).

Data availability. The whole-genome shotgun project has been deposited at DDBJ/ENA/GenBank
under the accession no. VJOX00000000.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.5 MB.
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