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ABSTRACT

The availability of the complete DNA sequence of the Chlamydomonas reinhardtii genome and advanced
computational biology tools has allowed elucidation and study of the small ubiquitin-like modifier (SUMO)
system in this unicellular photosynthetic alga and model eukaryotic cell system. SUMO is a member of a
ubiquitin-like protein superfamily that is covalently attached to target proteins as a post-translational
modification to alter the localization, stability, and/or function of the target protein in response to changes
in the cellular environment. Three SUMO homologs (CrSUMO96, CrSUMO97, and CrSUMO148) and
three novel SUMO-related proteins (CrSUMO-like89A, CrSUMO-like89B, and CrSUMO-like90) were found
by diverse gene predictions, hidden Markov models, and database search tools inferring from Homo sapiens,
Saccharomyces cerevisiae, and Arabidopsis thalianaSUMOs. Among them, CrSUMO96, which can be recognized
by the A. thaliana anti-SUMO]1 antibody, was studied in detail. Free CrSUMO96 was purified by immuno-
precipitation and identified by mass spectrometry analysis. A SUMO-conjugating enzyme (SCE) (E2, Ubc9)
in C. reinhardtiiwas shown to be functional in an Escherichia coli-based in vivo chimeric SUMOylation system.
Antibodies to CrSUMOY6 recognized free and conjugated forms of CrSUMO96 in Western blot analysis of
whole-cell extracts and nuclear localized SUMOylated proteins with in situ immunofluorescence. Western
blot analysis showed a marked increase in SUMO conjugated proteins when the cells were subjected to
environmental stresses, such as heat shock and osmotic stress. Related analyses revealed multiple potential

ubiquitin genes along with two Rubl genes and one UfmlI gene in the C. reinhardtii genome.

OST-TRANSLATIONAL modification can regulate
protein function and cellular processes in a rapid

and reversible manner. In addition to protein modifi-
cation by small molecules such as phosphate and carbo-
hydrates, peptides and small proteins also serve as
modifiers. The three most studied small polypeptides
that covalently modify other cellular proteins are
ubiquitin, small ubiquitin-like modifier (SUMO), and
neural precursor cell-expressed developmentally down-
regulated (Nedd)8 (JounsoN 2004; KERSCHER et al. 2006;
GEISS-FRIEDLANDER and MELCHIOR 2007; PALANCADE
and Doyr 2008). Ubiquitin amino acid sequence is highly
conserved and the conjugation of ubiquitin to target
proteins usually, but not always, results in their deg-
radation by the 26S proteasome (Prckart 2000, 2001,
2004). Nedd8 shares high similarity with ubiquitin (60%
identity and 80% similarity), and the primary substrates
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for Nedd8 in yeast and mammalian cells are Cullin pro-
teins that play an important role in ubiquitin-mediated
proteolysis (KAMITANT el al. 1997; YEH et al. 2000; PAN
et al. 2004).

The three-dimensional (3-D) structure of human
and yeast SUMO closely resembles that of ubiquitin
(MeLcHIOR 2000; Hay 2001; WEIssMAN 2001; SEELER
and DgJeEAN 2003; JounsoN 2004). A prominent struc-
tural feature of SUMO is a long and highly flexible N
terminus, which protrudes from the globular core of the
protein. Despite the similarities in overall conforma-
tion, SUMO functions quite differently from ubiquitin.
That is, SUMOylation often enables target proteins to
participate in new and diverse cellular processes, includ-
ing nuclear transportation, transcriptional regulation,
maintenance of genome integrity, and signal transduc-
tion (SEELER and DEJEAN 2003; COLBY et al. 2006).

In yeast and invertebrates, a single SUMO gene has
been identified and has been shown to be essential for
viability in Caenorhabditis elegans and Saccharomyces cer-
evisiae, while in Schizosacchromyces pombe, mutants lacking
the single SUMO gene remain viable, but suffer severe
defects in genome maintenance (TANAKA el al. 1999; L1
and HOCHSTRASSER 2003; BRODAY el al. 2004). Organ-
isms have different numbers of SUMO isoforms and
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some SUMO isoforms appear to fulfill specialized
functions. In humans, four major SUMO family mem-
bers have been described, namely SUMO-1 to -4
(MELcHIOR 2000; Hay 2001; Guo et al. 2004). Human
SUMO-2 and -3 share 95% identity and their conjuga-
tion is strongly induced in response to various stresses
(HorLMsTROM et al. 2003). In Arabidopsis thaliana, eight
genes encoding SUMOs have been described (KUurepA
et al. 2003). Similarity analysis clustered these SUMO
proteins into five subfamilies: SUMO1/2, SUMOS3,
SUMOb5, SUMO4/6, and SUMO7/8. As A. thaliana
SUMOI amino acid sequence is equally related to
human SUMO-1, -2, and -3, it is difficult to group the
A. thaliana SUMO proteins with animal and yeast ho-
mologs. As SUMOs from more plant and algal species
are fully characterized, the relationship between SUMO
sequence and function in plant biology likely will be-
come clearer.

SUMOylation, the conjugation of SUMO peptide(s)
to the target protein, results in an isopeptide bond be-
tween the G-terminal carboxyl group of a double-glycine
(GG) motif in SUMO and the e-amino group of a lysine
residue in the target protein. A SUMO-specific protease
generates a mature SUMO by cleaving C-terminal
amino acids immediately following the double-glycine
motif in precursor SUMO molecules (BAYER et al. 1998;
TosHIAKI et al. 1999; Ni1sHIDA el al. 2001). The conju-
gating system is an ATP-dependent enzymatic cascade
that takes place in three steps (E1, E2, and E3). In the
first step, SUMO is activated to form a thiolester linkage
with the cysteine residue of the SUMO-activating en-
zyme (SAE) (EI). After activation, SUMO is transferred
to the active-site cysteine of the SUMO-conjugating en-
zyme (SCE), E2 (Ubc9), forming a SUMO-Ubc9 thio-
lester intermediate (DESTERRO e/ al. 1997; JounsoN and
BLOBEL 1997; SCHWARZ et al. 1999; SAMPSON et al. 2001).
For some target proteins, such as Ran GTPase-activating
protein 1 (RanGAPI), SUMO can be transferred di-
rectly from E2 to the substrate (MATUNIS et al. 1996).
However, in most cases, a specific SUMO ligase (E3) is
required for efficient and proper transfer of SUMO
from E2 to a target protein (HOCHSTRASSER 2001). In
mammalian cells, RWD-containing SUMOylation en-
hancer (RSUME) has been shown to interact with Ubc9
and enhances SUMO-1, -2, and -3 conjugation (CARBIA-
NacasHIMA et al. 2007). For deconjugation, a specific
protease/hydrolase/isopeptidase is required to cleave
the isopeptide bond between SUMO and its substrate
(MELCHIOR et al. 2003). In yeast, ubiquitin-like protease
1 (Ulpl) catalyzes both SUMO maturation and SUMO
deconjugation (L1 and HOCHSTRASSER 1999).

Numerous proteins have been identified as SUMO
target proteins since the discovery of SUMO in 1996,
including the important regulatory proteins c-Jun, p53,
PCNA, histone, and histone deacetylase (SEELER and
DejeaN 2003; KERSCHER et al. 2006). Target proteins
generally contain a consensus motif, YKXE, where s

represents a large hydrophobic amino acid, X is any
residue, and E (glutamine) can be substituted by D
(aspartic acid) (STERNSDORF et al. 1999; BERNIER-VILLA-
MOR et al. 2002). This motif is sufficient for SUMOyla-
tion in vitro; however, for in vivo SUMOylation a nuclear
localization signal is often required and interactions
beyond those between the YKXE motif and Ubc9, a
SUMO conjugase, are likely to be critical for substrate
selection (KurRTzZMAN and SCHECHTER 2001). In addi-
tion to YKXE, several other sequence motifs have been
found to be sites for SUMO attachment. These include
TKXE, TKED, AKCP, VKYC, and VKFT (Jounson 2004).
The requirement of both the nuclear localization se-
quence and SUMO consensus sequences can be used to
search for putative target proteins in the Chlamydomonas
reinhardtic genome. However, we have found that those
short, unspecific motifs alone do not support in vivo
SUMOylation. Fusion of putative target sequences to
Ubc9 has been shown to aid in vivo detection of putative
SUMOylation target proteins (JAKOBS et al. 2007).

In plants, there is evidence that SUMOylation plays an
important role in responding to stress and pathogens
(M1ura et al. 2007). The tomato SUMO homolog,
LeSUMO, was shown in a yeast two-hybrid assay to
interact with ethylene-inducing xylanase from the fun-
gus Trichoderma viride, a strong elicitor of the rapid
defense response in tomato. Moreover, the expression
of LeSUMO in transgenic tobacco plants suppressed
the induction of the defense response by ethylene-
inducing xylanase, indicating that LeSUMO is likely to
be a repressor in the plant defense pathway (HANANIA
et al. 1999). In A. thaliana, Western blot analysis of
SUMO1/2 showed a significant increase of SUMO1/2
conjugates after exposure of seedlings to several stress
conditions, such as heat shock, HoO», ethanol, and the
amino acid analog canavanine (KUREPA et al. 2003). In
transgenic A. thaliana plants, overexpression of SUMO1 /2
caused increased global SUMOylation levels, attenuated
the abscisic acid-mediated growth inhibition, and in-
duced the expression of abscisic acid and stress-re-
sponsive genes, such as RD29A (Lois et al. 2003).
Dominant-negative A. thaliana mutants of the SUMO-
conjugating enzyme ESD4 yield plants that are smaller
and show delayed flowering (REEVES et al. 2002; MURTAS
et al. 2003). A mutation in a putative SUMOylation
attachment site of long after far red light 1 (LAFI), a
transcriptional activator for phytochrome A signaling,
alters LAF1 accumulation in the nucleus (BALLESTEROS
et al. 2001). A. thaliana SUMO E3 ligase (SIZ1) gene
mutants show altered innate immunity (LEE et al. 2007)
and an increased susceptibility to drought stress (MIURA
et al. 2007).

Although extensive proteomic analyses of SUMOylated
proteins have been conducted in S. cerevisiae and mam-
malian cells (DENISON et al. 2004; ROSAS-ACOSTA et al.
2005), the sumoylation systems of other unicellular
organisms, including C. reinhardtii, have not been in-
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vestigated in depth. Indeed, even in plants where
SUMOylation has been studied for some time (KUuREPA
et al. 2003), only three proteins have been verified as
modified by SUMO, all of which are regulators of
transcription (MIURA el al. 2007). Thus, the identity,
function, and regulation of plant SUMO target proteins
and the cellular processes they regulate are largely
unknown. In this work, we applied computational biol-
ogy paradigms to gain insight into the SUMOylation
system encoded in the genome of C. reinhardiii, a single-
cell alga and model plant cell system. This includes the
identification of three SUMO genes, three SUMO-like
genes, and several putative Ubc9-like E2 conjugases and
their characterization. Of the three SUMO genes,
CrSUMO96 and CrSUMO97 are the most similar to other
known SUMO proteins. CrSUMO148 represents a
unique SUMO-like protein with tandem repeats of C-
terminal domains each with a potential GG maturation
cleavage site. CrSUMO-likeS89A, CrSUMO-like89B, and
CrSUMO-1ike90 appear to encode proteins that may be
fusions of SUMO sequences with the C termini of
different proteins and, thus, represent a newly discov-
ered class of SUMO-containing molecules that are akin
to previously identified proteins containing ubiquitin-
associated (UBA) domains (SPIKES et al. 1994; KERSCHER
et al. 2006). Heat and osmotic pressure stress condi-
tions increase the appearance of proteins recognized by
CrSUMOY6 antibodies, indicating that SUMOylation
may be an important modification system for responses
to stress conditions and in the regulation of gene ex-
pression in C. reinhardtii.

MATERIALS AND METHODS

Computational biology methods: Releases 3.1 (R3.1) and
4.0 of the C. reinhardtii genome, a collection of 40,294
expressed sequence tags (ESTs), and R3.1 annotations were
obtained from the Department of Energy Joint Genome
Institute, Walnut Creek, California (http:/genome.jgi-psf.
org/Chlre3/Chlre3.home.html). We performed diverse searches
(see below) on the genomes directly and on the annotated
R3.1 proteome, as well as on our own gene prediction results.
Because R4 has no publicly available gene or protein annota-
tions, we also assembled the ESTs over the R4 genome as a
reference by using the GMAP tool (Wu and WATANABE 2005).
GMAP creates the optimal projection of the ESTs to the
genome and identifies small exons, allowing mismatches and
insertion/deletion events, using a minimal sampling strategy
for genomic mapping, oligomer chaining for approximate
alignment, and sandwich dynamic programming.

GMAP EST assemblies and de novo gene predictions by the
augustusalgorithm (STANKE and WAAcCk 2003) were integrated
via the program to assemble spliced alignments (PASA)
pipeline (Haas et al. 2003) that generates maximal alignment
assemblies, comprehensively incorporating all available tran-
script data.

SUMO genes in the C. reinhardtii genome were inferred
from a reference set of known SUMO proteins. This reference
set was seeded by all well-characterized SUMO proteins in A.
thaliana, Homo sapiens, and S. cerevisiae (supplemental Table I).
Potential homologs of the seed sequences were retrieved from
the Nonredundant Protein Database at the National Center

for Biotechnology Information using BLAST searches (ALT-
SCHUL el al. 1997). We retained database sequences annotated
as SUMO proteins with significant similarity (¢ = 107*°) to the
query. The final reference set included SUMO proteins from
tomato, S. cerevisiae, S. pombe, Schistosoma mansoni (CABRAL et al.
2008), and other species.

Direct TBLASTN (ALTSCHUL ef al. 1997) searches against
genomes produced a high number, but only marginally
significant, of hits due to missing certain short, primarily 5’
end exons. Accuracy was improved by selecting the 200,000-bp
neighborhoods centered around each of the TBLASTN hits
and performing genewiseDB searches (BIRNEY et al. 2004)
against these neighborhoods. GenewiseDB applies hidden
Markov models (HMMs) for the exon/intron boundary
predictions and for the assessment of the similarity to the
query sequence. Narrowing the search space not only de-
creased the heavy computational load of the brute-force
genewiseDB searches against the whole R4 genome but also
resulted in more realistic gene predictions. In whole-genome
searches, genewiseDB merged exons >0.5 million bp apart, an
approach necessary for sizeable mammalian introns but not
for the considerably shorter introns of the compact C.
reinhardtic genome. We also performed estwiseDB searches
(BIRNEY et al. 2004) against the compact EST assemblies,
where no such measures were necessary.

It is remarkable that the only apparent extensive modular
feature of the SUMO architecture is moderately similar to the
ubiquitin domain as indicated by HMMs from the PFAM (FInN
et al. 2008) and the SMART (ScHULTZ et al. 1998) protein
domain databases. Unfortunately, the ubiquitin domain also is
shared with a number of SUMO proteases, SUMO-activating
enzymes, and other ubiquitin-related proteins that are not
SUMOs. Also, the ubiquitin model missed some bona fide C.
reinhardtii SUMOs. This may explain why searches querying
either the ubiquitin domain HMM or individual reference
sequences produced a considerable number of hits, many of
them false positives. This motivated our quest for more
selective and sensitive HMMs. We selected well-characterized
SUMO proteins (Figure 1) from the reference set, created
their multiple alignment, and trained and calibrated a HMM
using the HMMER package (Eppy 1998). This specific HMM
query produced highly significant hits to the C. reinhardtii
SUMO proteins.

The close sequence similarity of SUMO and other, func-
tionally divergent ubiquitin-related proteins mandated con-
servative analyses. Therefore we eliminated a number of
ubiquitin-related but not SUMO proteins. Such cases may be
identified when the most similar sequences to a candidate are
not annotated as SUMOs. We also eliminated proteins with
less significant similarity that lacked the canonical glycine—
glycine/asparagine cleavage site motif in the vicinity of the
C terminus. We also discarded a number of pseudogenes pro-
duced by gene duplication events. In these pseudogenes, the
loss of function or the lack of transcription was indicated by in-
frame stop codons, unusual codon usage, or overly divergent
ubiquitin domains.

Scripts were written in the PERL programming language or
MATLAB (MathWorks, Nantucket, MA). All computations
were performed under the LINUX CentOS Operation System
on Intel Xeon 64-bit processors. BLAST, genewiseDB, and
estwiseDB searches, augustus predictions, and EST mappings
were processed on a compute farm of 80 nodes under the
Portable Batch System (PBS-PRO) job-scheduling software.
Multiple alignments were created by the T-Coffee package
(NOTREDAME et al. 2000) and displayed by the Jalview Java
Alignment Viewer (CLamp ef al. 2004). Similarity trees were
constructed by the first-order algorithm of the neighbor-
joining method (GascuteL 1997). Nuclear and subnuclear
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localization was predicted by the method of Ler and Dar
(2005). Three-dimensional structure predictions were per-
formed by using the Swiss-Model automated comparative
protein modeling server (http:/www.expasy.org/swissmod/
SWISS-MODEL.html).

Chlamydomonas strains, growth conditions, and stress
treatments: C. reinhardtii wall-less, wild-type strain CC-503
and walled, wild-type strain CC-125 were originally obtained
from the Chlamydomonas Genetics Center at Duke University
(Durham, NC). They were maintained on Tris-acetate phos-
phate (TAP) plates containing 1.2% agar (HARRIs 1989) at 25°
under constant light (60 wE - m* - sec '). For RNA or protein
isolation, cells were inoculated into liquid TAP media (HARRIS
1989), unless indicated otherwise, and allowed to grow under
continuous light at 25° on a rotary shaker at 135 rpm to a
density of ~0.5-1 X 107 cells/ml. For heat-shock experiments,
midlog-phase cells were transferred to incubators prewarmed
to 37° or 42° and grown for the indicated time. For osmotic
stress treatments, sorbitol or sodium chloride was added to
midlog cells to final concentrations of 200 or 100 mwm,
respectively.

Quantitative real-time RT-PCR reactions: Total RNA was
isolated from 25 ml of CC125 and CC503 cells grown at 25° and
shifted to 42° for 1 hr by PureYield RNA isolation (Promega,
Madison, WI) according to the manufacturer’s instructions.
Complementary DNA was first synthesized with oligo(dT)
priming of 1 pg of total RNA in a Plexor Two-Step qRT-PCR
system (Promega) reaction both with and without reverse
transcriptase and subsequently diluted 1:20 in 1 mm MOPS,
0.1 mm EDTA. Quantitative PCR was carried out in a 25-pl
reaction mixture that contained the vendor’s master mix, 0.25
mM of each primer (Biosearch Technologies, Novato, CA),
and 5 pl cDNA. The primer sets were separately tested for
efficiency. The reaction conditions for the ABI 7500 were 95°
for 2 min, followed by 40 cycles of 95° for 5 sec, 65° for 30 sec,
with dissociation conditions of 95° for 15 sec, 60° for 1 min,
and 95° for 15 sec. Primer sets used for real-time RT-PCR
reactions were as follows: CrSUMO-like89A, 5'-GTTGAACAC
GAAGCGGTGGTT-3" and 5'-AATCAACACGTATGGGCAGA
GTC-3, 89% efficiency; CrSUMO-like90, 5'-CAGGCCCTTCTT
GTTGCAGTAG-3' and 5-CAACATCATTATCAAAGGACAGG
GTG-3', 90% efficiency; CrSUMO096, 5-AGTTCCATCCACA
ATTACCGACGC-3" and 5'-CTCACCGGTCATGGAGTGATTG-3’,
92% efficiency; CrSUMO97, 5'-GTACTGTCTGCTCTACCGACT
GAA-3" and 5-TGAATGGTTTGGATTAGACGGTTGG-3', 96%
efficiency; CrSUMOI148, 5'-GTCGCAACGCCCTTCTTCTG-3’
and 5'-GCGATCAACATCTCAATCAAGTCTACT-3', 96% effi-
ciency; and CIA5, 5'-GGGTCCCGTCAAACAACAACC-3' and
5'-TCAGGTCAGGTCGGTGCATGA-3", 92% efficiency. Quanti-
tative PCR on minus reverse transcriptase reactions did not show
signal, confirming the absence of detectable DNA in the input
total RNA. The 274*“ method (Livak and SCHMITTGEN 2001)
was used to compare relative transcript abundance in the 25°
and 42° samples normalized to an endogenous reference gene,
CIA5 (X1ANG et al. 2001). Efficiency-corrected A Ct values of the
different CrSUMO mRNAs in each cell sample, normalized to
CIA5 mRNA were compared to the lowest abundant transcript,
CrSUMOS89A mRNA, which was set at 1.0 for comparison
purposes. Levels of CIA5 mRNA did not change under the
conditions tested in this work.

Cloning, total RNA isolation, RT-PCR, and plasmid
construction: Total RNA was isolated as described before
(XIANG et al. 2001), and cDNA coding regions for CrSUMO096,
CrSUMO148, CrSUMO-ltke89A, and CrUBCEZ2_1 were reverse
transcribed and amplified by using the following primer sets:
CrSUMOY6forward, 5'-TCCGAATCCATGGCGGACGAGGAG
GCTAAG-3' (Ncol site underlined); CrSUMO9% reverse, 5'-CCT
CGAGTGCGCAGCTGCAGCCGCCGACCT=3' (Xhdl site under-

lined); CrSUMOI48-forward, 5'-ACCATGGCGGACGTTAAG
GCTGAGGCGATCA-3" (Ncol site underlined); CrSUMO148-
reverse, 5-CCTCGAGCCCTGTCCCACGGCGCAGCACAG-3'
(Xhol site underlined); CrSUMO-like89A-forward, 5'-CCCATG
GAGGCGGCGGCGGAAGGGCAGCATGGTGAG-3" (Nedl site
underlined); CrSUMO-like89A-reverse, 5'-CTGCTCGAGGTTG
CCAACTTGTGCAGGCACGCAATC-3" (Xhol site underlined);
CrUBCEB_ Iforward, 5'-CCGAATTCATGTCTGGCGTCGCAC
GCTCAC-3" (EcoRI site underlined); and CrUBCEZ2_I-reverse,
5'-GACCTCGAGTCACGAGGGTGGCGGGTAGT-3" (Xhal site
underlined). One microgram of total RNA was utilized for
first-strand cDNA synthesis, and the reaction was performed at
42° for 1 hr by using the SuperScriptll reverse transcriptase
(Invitrogen Life Technologies, Carlsbad, CA) and reverse prim-
ers for each gene. PCR was performed with Pfu DNA poly-
merase (Stratagene, La Jolla, CA) for 35 cycles annealed at 58°
and extended for 1 min. RT-PCR products were recovered by
using a GENECLEAN SPIN kit (Qbiogene, Carlsbad, CA), A-
tailed with 7ag DNA polymerase (Invitrogen Life Technolo-
gies), and ligated into pGEM-TEasy Vector (Promega). The
Ncol/ Xhol fragments from CrSUM096, CrSUMOI14S, and
CrSUMO-like89A were cloned into pET28b vector (Novagen;
EMD Biosciences, San Diego). These plasmids were named
pET28b-CrSUMOY96-CterHis, pET28b-CrSUMO148-CterHis, and
pET28b-CrSUMO-like89A-CterHis, respectively. The EcoRI/ Xhol
fragment from a CrUBCE2_1 cDNA clone was introduced into
pGEX-4T-1 vector (Amersham Biosciences, Piscataway, NJ), and
the resultant plasmid was named pGEX4T1-CrUbcE2-1.

Expression and purification of recombinant proteins:
Plasmids pET28b-CrSUMO96-CterHis, pET28b-CrSUMO148-Cter-
His, and pET28b-CrSUMO-like§9A-CterHis were transformed
into Escherichia coli BL.21 (Novagen, EMD Biosciences), respec-
tively. Following a 4-hrincubation at 37° with 0.5 mMm isopropyl-1-
thio-p-galactopyranoside (IPTG) Invitrogen Life Technologies),
the BL21 cells were lysed with CelLytic bacterial cell lysis extrac-
tion reagent (Sigma, Saint Louis), and total soluble protein was
applied to a HIS-Select nickel affinity gel (Sigma) column. His-
tagged protein was eluted with 50 mm sodium phosphate, pH
8.0, containing 0.3 M sodium chloride and 250 mMm imidazole
and was dialyzed overnight against phosphate-buffered saline
(PBS). Protein concentration was determined by a Bio-Rad
(Hercules, CA) protein assay.

Antisera, immunoblots, and immunoprecipitation: Poly-
clonal antibodies were raised against purified His-CrSUMO96,
His-CrSUMO148, and His-CrSUMO-like89A (Cocalico Bio-
logicals, Reamstown, PA). Antibody affinity purification was
performed according to ERMOLOVA et al. (2003). Arabidopsis
anti-SUMOI1 antibody was a gift from Richard Vierstra (Uni-
versity of Wisconsin, Madison, WI), and the anti-histidine tag
antibody was purchased from Clontech Laboratories (Moun-
tain View, CA).

For protein electrophoresis and immunoblots, exponen-
tially growing cells were harvested and resuspended in a
density of ~0.5-1 X 10*/ml with Tris-buffered saline (TBS).
In experiments detecting SUMO-conjugated proteins, pro-
tease inhibitor cocktail (Sigma) and 2 mM N-ethylmaleimide
(NEM) were added to TBS. Resuspended cells were mixed
with an equal volume of 2X SDS sample buffer, boiled, and
resolved by SDS-PAGE (LAEmmLI 1970), using 10% poly-
acrylamide (w/v) separation gels and 5% polyacrylamide (w/
v) stacking gels. Proteins were transferred onto nitrocellulose
membranes (Amersham Biosciences) with a semi-dry electro-
phoretic transfer cell (Bio-Rad Laboratories). The membranes
were blocked in TBS containing 5% milk powder and probed
with antibodies diluted in blocking buffer. Detection employed
horseradish peroxidase (HRP)-labeled donkey anti-rabbit im-
munoglobulins (Amersham Biosciences) in conjunction with
Super Signal chemiluminescence (Pierce, Rockford, IL)
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and X-Omat autoradiographic film (Eastman Kodak,
Rochester, NY).

For two-dimensional PAGE analysis of proteins from control
cells grown at 25° and from similar cell cultures exposed to a
42° heat-shock treatment for 1 hr, 20 ml of cells at ~3 X 10°
cells/ml were collected by centrifugation and extracted with
acetone and phenol (HajpucH et al. 2005) . A total of 400 g of
the resulting proteins from each sample were separated by
isoelectric focusing using an 11-cm ReadyStrip IPG strip, pH
3-10 (Bio-Rad). Proteins separated by isoelectric focusing
were submitted to electrophoresis on a 4-20% gradient SDS—
polyacrylamide gel with a 4% stacking gel. After transfer of the
proteins to a nitrocellulose membrane, the blot was incubated
with anti-CrSUMOY6 antibodies at a dilution of 1:500 over-
night at 4° and then with secondary antibodies (ECL rabbit
IgG, HRP-linked whole Ab, from donkey; GE Healthcare,
Piscataway, NJ) at a 1:2500 dilution. SUMO and SUMOylated
proteins on the blot were detected using a SuperSignal West
Pico chemiluminescent substrate (Pierce).

For immunoprecipitation experiments, exponentially grow-
ing cells were harvested and washed with TBS and then
resuspended to a density of ~0.5-1 X 10*/ml with lysis buffer
[TBS, 1% (v/v) Tween-20, and protease inhibitor cocktail
(Sigma)]. Cells were broken with a sonication pulse pattern
(pulse on 1 sec, pulse off 1 sec, 1-min cycle repeated six times),
using a tapered microtip and a VCX600 ultrasonic processor
(Sonics & Materials, Danbury, CT). In some cases, sonicated
cell lysate was heated to 90° for 30 min. Clarified cell lysate was
mixed with 10 ng purified anti-CrSUMO96 polyclonal anti-
body, 20 ul 25% protein A agarose (Santa Cruz Biotechnology,
Santa Cruz, CA), and protease inhibitor cocktail (Sigma),
diluted with TBS to a final volume of 1 ml. The reaction was
incubated at 4° for 2 hr, and the immunocomplexes were
washed three times with lysis buffer and eluted with 2X SDS
sample buffer. The resulting proteins were resolved by SDS—
PAGE, detected by silver staining or transferred to nitrocellu-
lose membranes, and detected with anti-CrSUMO96 antibody
(Bio-Rad Laboratories).

Mass spectrometric peptide sequencing of CrSUMOY96:
Proteins purified by immunoprecipitation were excised from a
silverstained gel. Each protein band was cut into ~1-mm?*
pieces and destained. After destaining, gel pieces were de-
hydrated with 100% acetonitrile and dried under vacuum for
15 min. The gel pieces were rehydrated in a solution of 40 mm
NH,HCO3, 10% acetonitrile, and 20 pg/ml trypsin and
incubated at 37° overnight. The peptides were subjected to
HPLC/mass spectrometry (MS)/MS analysis performed by
the mass spectrometry core facility in the Redox Biology Center
of the University of Nebraska (Lincoln, NE).

Immunofluorescence localization assay: For immunofluo-
rescence experiments, cells at a density of ~2-5 X 10° cells/ml
were fixed by addition of {5 vol of formaldehyde (Fisher
Scientific Chemicals, Fairlawn, NJ) and incubated at room
temperature for 3 min. Cells were then collected by centrifu-
gation (3 min at 3000 X g), washed with phosphate-buffered
saline three times, resuspended in cold methanol, and kept
overnight at —20°. An aliquot of 100 I of cells at a density of
~2-5 X 10° cells/ml was spotted onto a polylysine-treated
coverslip (polyprep, Sigma) and allowed to stand for 10 min.
Fixation and extraction of pigments were conducted by plung-
ing the coverslip into a Coplin jar containing methanol at
—20° and incubating the slide in the cold methanol for 5 min.
This procedure was then repeated. The CrSUMO96 primary
antibody and the cyanine-5-conjugated goat anti-rabbit sec-
ondary antibody (Jackson ImmunoResearch Laboratories,
West Grove, PA) were diluted 1:100 and 1:60, respectively.
Sytox green (Molecular Probes, Eugene, OR) in PBS was used
for DNA staining ata 0.25-pm final concentration. Images were

photographed using an Olympus Fluoroview FV500 confocal
laser scanning system with an Olympus BX60 fluorescence
microscope (Olympus America, Melville, NY). This immuno-
fluorescence procedure was based on a protocol provided by
Susan Dutcher (Washington University, St. Louis).

In vivo E2 ligase assay: Plasmids pTE1E2S1 and pET28-
RanGAPI1-C2 were obtained from Hisato Saitoh (Kumamoto
University, Japan). UBC9 (E2) in the original plasmid pT-
E1E2S1 was eliminated by removing the small Ndel fragment
and circularizing the plasmid, designated as pT-E1E2SI1AE2.
Plasmid cotransformation was conducted as follows: 1 pg of
each of the pT-E1E2S1AE2 and pET28-RanGAP1-C2, with or
without 1 pg pGEX4T1-CrUbcE2B-1, was mixed with 100 pl
BL21 competent cells. After incubation for 30 min on ice fol-
lowed by a heat-shock treatment, 1 ml of Luria-Bertani (LB)
media was added. The bacteria were incubated at 37° for 2 hr
and plated on LB plates containing 50 pg/ml chloramphen-
icol and 25 pg/ml kanamycin, with or without 100 pg/ml
ampicillin. Colonies were picked randomly and inoculated
in LB media containing appropriate antibiotics. After IPTG
induction at 37° for 4 hr, total soluble protein was separated
by SDS-PAGE. The expression of RanGAP1-C2 was detected
by immunoblot analysis with HRP-conjugated anti-6X His
antibody (Clontech Laboratories), and the expression of
CrUbcE2_1 was detected with anti-GST antibody (Santa Cruz
Biotechnology).

RESULTS

SUMO and SUMO-like proteins are encoded by at
least six genes in C. reinhardtii: C. reinhardtiic SUMO
genes and proteins in V3.1 of the genome determined
by the Department of Energy Joint Genome Institute
(JGI) were complemented by our gene/protein models
for V4 of the genome. We performed the optimal
mapping of the ESTs we assembled over the V4 genome
by the GMAP tool (Wu and WATaNABE 2005) and
predicted genes using the augustus algorithm (STANKE
and Waack 2003). Databases were queried by protein
and translated BLAST, position-specific iterative BLAST
(ALTSCHUL et al. 1997), HMMER (Eppy 1998), estwise,
and TBLASTN-directed genewise (see Computational bi-
ology methods) (BIRNEY et al. 2004) searches. Sequence
reference sets and SUMO HMMs were developed
as described in Computational biology methods. Initially,
four SUMO homologs were identified and named
CrSUMO96, CrSUMO148, and CrSUMO-like89A and
CrSUMO-1ike89B, respectively, on the basis of the length
of their predicted amino acid sequences (Table 1). They
share 68, 54, 56, and 61% amino acid sequence similarity
with the closest human SUMO homologs and 64, 34, 56,
and 56% similarity with A. thaliana SUMOL, respectively
(Figure 1, Table 1). In version 4 of the JGI database of the
Chlamydomonas genome, a fifth SUMO homolog was dis-
covered and named CrSUMO97. It shares 73% identity
and 80% similarity to CrSUMO96. The close similarity
of CrSUMO96 and CrSUMO97 and their separation
by only 161 bp on chromosome 1 (Table 2) suggest a
gene duplication in the recent past. In a subsequent
database examination, an additional CrSUMO-like pro-
tein, CrSUMO-like90, was discovered. The amino acid
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TABLE 1

SUMO proteins in C. reinhardtii and the extent of their similarity to their closest A. thaliana, S. cerevisiae, and human
homologs, as well as scores for our SUMO-domain hidden Markov model

% similar residues” to the most similar protein in

C. reinhardtii GenBank

SUMO name protein ID C. reinhardtii A. thaliana S. cerevisiae H. sapiens HMM score
CrSUMOBS9A XP_001700385 SUMO90, 69 SUMO2’, 56 Smt3p°, 64 EAW52726¢, 56 11.9
CrSUMO89B EUb553548 SUMO90, 78 SUMO2’, 56 Smt3p°, 55 AAHG65723¢, 61 24.3
CrSUMOY0 XP_001700386 SUMOB8YA, 77 SUMO2’, 54 Smt3p‘, 56 AAH65723, 64 35.0
CrSUMOY6 XP_001695783 SUMOY7, 77 SUMO2’, 64 Smt3p*, 61 SUMO-1/, 68 107.8
CrSUMO97 XP_001695782 SUMO96, 80 SUMO2’, 70 Smt3p’, 61 SUMO-3¢, 59 112.7
CrSUMO148 XP_001697951 SUMO9Y6, 59 SUMO2’, 34 Smt3p’, 34 SUMO-3¢, 54 48.5

“The number of identical plus other positively scoring amino acid residue positions divided by the total number of residues in
the query protein. Residues downstream of the canonical GG/GN cleavage site motif were disregarded.

bAt5g55160 small ubiquitin-like modifier 2, A. thaliana.

“NP_010798 ubiquitin-like protein of the SUMO family, S. cerevisiae.

"hCG1766780.
“LOC391257 protein.

/Human small ubiquitin-related modifier 1 precursor (SUMO-1) (sentrin), NP_003343 SMTS3 suppressor of mif two 3 homolog

1 of S. cerevisiae.

¢ Human small ubiquitin-related modifier 3 precursor (SUMO-3) (ubiquitin-like protein SMT3A), NP_008867 small ubiquitin-

like modifier protein 3.

sequences of the three CrSUMO proteins and the
C-terminal amino acid sequences of the three
CrSUMO-like proteins are presented in Figure 1 along
with amino acid sequences of SUMOs from S. cerevisiae,
H. sapiens, and A. thaliana. A high degree of similarity
between the various SUMO sequences is observed
(Table 1 and Figure 1).

The C-terminal segment, CSCALE, in CrSUMO9Y6
and the GVSA segment in CrSUMO97 precursor pro-
teins are cleaved to bring the canonical GG motif into
the C-terminal position. This double-G motif functions
as the attachment site for the SUMO-activating enzyme,
El, and, ultimately, it reacts with an g&-amino group of a
lysine residue within a protein targeted for SUMOyla-
tion. CrSUMO148 presents a unique SUMO structure.
It possesses five separate double GG potential cleavage
sites within its long C-terminal domain. Three of the
double-G motifs are part of a perfect IDAFVQEGG
repeat (Figure 1).

The three CrSUMO-like proteins are distinctly differ-
ent from the three CrSUMO proteins with regard to a
number of features. First, they are distinguished by the
lack of a double-G motif at the C termini. Instead, they
possess nonprocessed glycine—asparagine C termini (z.e.,
the mRNAs for these proteins contain glycine and aspar-
agine codons immediately upstream of a termination
codon, producing “GN” C termini). Second, these pro-
teins possess unusual proline inserts/substitutions near
the C termini of the proteins (positions 92 and 104 for
CrSUMO-1ike90, position 92 for CrSUMO-like89A, and
position 104 for CrSUMO-1ike89B in Figure 1). Very close
proximity of the three closely related CrSUMO-like genes
on chromosome 17 (Table 2) suggests they may have
arisen from two gene duplication events. Finally, the pres-

ence of long upstream reading frames for the genes en-
coding the three CrSUMOHike proteins (http://genome.
jgi-psf.org/Chlre3/Chlre3. home.html) is consistent with
the potential existence of these proteins as fusions of
the SUMO-like proteins to the C termini of three
separate and possibly unrelated proteins.

Protein identification numbers and other character-
istics of each of the SUMO and SUMO-like proteins are
provided in Tables 1 and 2. A similarity tree represent-
ing the amino acid sequence distance among SUMOs in
different species was constructed, using the first-order
algorithm of the neighborjoining method (GASCUEL
1997) (supplemental Figure 1).

CrSUMOY6 is encoded by a gene containing five
exons. A YKXE consensus motif, VKTE, was found at the
N terminus of the polypeptide, indicating the possibility
of poly-SUMOylation. Cleavage by an Ulp hydrolase/
isopeptidase after the tandem glycine residues would
produce a mature SUMO of 90 amino acids in length.
The 3-D structure of CrSUMO96 was predicted using the
Swiss-Model automated comparative protein-modeling
server. The predicted 3-D structure is very similar to that
of the human SUMO-1 except for a slight difference at
the N terminus (Figure 2). The highly similar CrSUMO97
is encoded by a gene with eight exons. As with CrSUMO96,
CrSUMO97 has a C-terminal GG motf followed by 4
amino acids in the immature precursor and contains an
N-terminal $KXE SUMOylation site motif.

The CrSUMOI48 gene contains six exons with a pre-
dicted reading frame of 148 amino acids. The CrSUMO148
protein also contains a JKXE consensus motif, VKAE, at
the N terminus. Cleavage after the first double-glycine
repeat would produce a mature protein of 83 amino acids
in length. Cleavage after the second, third, fourth, and
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fifth double-glycine repeats would produce mature pro-
teins of 93, 103, 113, and 135 amino acids, respectively.

Real-time RT-PCR detected mRNAs of CrSUMO-
like89A, CrSUMO-like90, CrSUMOY6, and CrSUMOI148
(Figure 3). CrSUMO97 mRNA was not detected in these
experiments, even with input RNA of 1 pg. CrSUMO-
like89B mRNA was not investigated. There was no
detectable difference in the respective CrSUMO mRNA
abundance between samples from cells that were shifted
from 25° to 42° for 1 hr, and 2 2% values for those
conditions resulted in values close to 1.0. However, some
CrSUMO transcripts are more highly expressed than
others. CrSUM0O96 mRNA was dramatically more abun-
dant when compared to CrSUMO-likeS89A expression
levels, and CrSUMO-like90 and CrSUMOI148 mRNAs
consistently showed slightly more abundance than
CrSUMOS89A mRNA (Figure 3). Samples from walled
CC-125 cells and wall-less CC-503 cells revealed similar
expression patterns (data not shown).

The cDNA coding regions for CrSUMO96 and
CrSUMO148 were amplified by RT-PCR and that for
CrSUMO-like89A by PCR. All three were cloned into the
pET28 expression vector for protein expression in E.
coli. Attachment of six histidines (6X His tag) to each
protein allowed purification of C. reinhardtiic SUMO
proteins (Figure 4, lanes 2—4). These polypeptides were
recognized by the anti-6X His antibody (Figure 4, lanes
5-7). Polyclonal antibodies were generated in rabbits
against bacterially expressed and purified antigens. In
immunoblot analysis, the anti-CrSUMO96 antibody
recognized recombinant (r)CrSUMO96 and showed a
slight cross-reaction with rCrSUMO148 (Figure 4, lanes
11-13). Similarly, the anti-CrSUMO148 antibody recog-
nized rCrSUMO148 and showed cross-reaction with
rCrSUMOY6 (Figure 4, lanes 14-16). Because of the
high degree of similarity between CrSUMO96 and
CrSUMO97, we assume, but have not demonstrated, that
the polyclonal antibodies raised against rCrSUMO96
likely will also recognize CrSUMO97—if, indeed,
CrSUMO97 is produced (Figure 3). Interestingly, the
anti-CrSUMO-like89A antibody detected rCrSUMO-
like89A in an immunoblot but showed much weaker
affinity for rCrSUMO-like89A than for rCrSUMO96 and
rCrSUMO148 (Figure 4, lanes 17-19). Arabidopsis anti-
SUMOI antibody detected only rCrSUMO96 on immu-
noblots (Figure 4, lanes 8-10).

Purification and mass spectrometry analysis of
CrSUMOY96 in C. reinhardtii: The decision to focus on
CrSUMO96 for further study was made because of prior
knowledge that the double-glycine motif was critical for
the isopeptide bond formation when the activated
SUMO conjugates to a target protein (JoHNSON 2004;
KERSCHER ¢t al. 2006). The CrSUMOI148 predicted
coding region contains five double-glycine motifs, while
the CrSUMO-like proteins contain none. Moreover, of
the SUMO cDNAs we have cloned and expressed in E.
coli, rCrSUMOY96 was also the only C. reinhardtic SUMO
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F1GUre 1.—SUMO homologs in C. reinhardtii: amino acid sequence alignment of yeast, human, and Arabidopsis SUMOs against SUMO homologs of C. reinhardtii.
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TABLE 2

Cleavage and binding domains of the C. reinhardtii SUMO proteins, their chromosomal localization, and their relative
abundance in RT-PCR experiments (see also Figure 3)

Patterns Relative
C. reinhardtii N-term. Nuclear Chr. transcript
SUMO name GG GN W KXE" ext.’ localization no. Start End abundance®
CrSUMORS9A IGN* 6 Nuclear lamina 17 2,511,141 2,510,908 +
CrSUMOS9B VGN“ 19 Nuclear lamina 17 2,507,181 2,506,915 ND
CrSUMO90 VGN* 19 Nucleoplasm 17 2,503,666 2,503,420 ++
CrSUMO96 QVGG VKTE 20 Nucleoplasm 1 9,064,900 9,063,630 +++
CrSUMO97 QVGGG VKSE 23 Nucleoplasm 1 9,068,532 9,065,061 —
CrSUMO148  QEGG (4) SRGG VKAE 14 Nuclear lamina 16 1,920,521 1,917,872 ++

N-term. ext., N-terminal extension; Chr. no., chromosome number.

“Only the canonical ¥ KXE motif [a large aliphatic (isoleucine, valine, or leucine), a lysine, any residue, followed by a glutamic or
aspartic acid residue] was found. These proteins lack the alternative TKXE, TKED, AKCP, VKYC, and VKFT motifs.

*The number of residues amino terminal to the ubiquitin domain.

‘Data are provided in Figure 3.
“Does not contain double glycine motif.

homolog to be recognized by Arabidopsis anti-SUMO1
antibody.

Because A. thaliana free SUMO1 and SUMO3 were
reported to be resistant to treatment at 90° for 30 min
(KurepA et al. 2003), we tested to determine if this
feature of SUMO could be used for enrichment of en-
dogenous free SUMO from C. reinhardtii. After a C.
retnhardtii cell extract was heated to 90° for 30 min and
clarified by centrifugation, the endogenous free SUMO
corresponding to the size of CrSUMOY96 remained
soluble and was detected by immunoblot analysis with
the anti-CrSUMOY6 antibody (Figure 5). These experi-
ments also showed that approximately three times the
amount of free SUMO was detected when the amount of
heated cell extract was tripled (Figure 5, lanes 4 and 7).

To confirm the identity of CrSUMO96, immunopre-
cipitation experiments were performed using anti-
CrSUMOY6 antibody. The immunoprecipitated fraction
was shown to be enriched with CrSUMO96 by immuno-
blot (with anti-CrSUMO96 antibody; supplemental Fig-
ure 2, left) and by silver stain (supplemental Figure 2,
right). A similar pattern was seen in that the free
CrSUMOY6 increased respective to the amount of heated
cell extract added to the reaction. The endogenous free
SUMO purified by immunoprecipitation was recovered
from the silver-stained gel and analyzed by mass spectrom-
etry. The presence of two peptide fragments containing
amino acid sequences identical to predicted fragments
from CrSUMO96 protease digestion confirmed the iden-
tity of the protein (supplemental Figure 3).

CrSUMO96

Detection of SUMO-conjugated proteins by immu-
noblot analysis: To detect SUMO-conjugated proteins
in C. reinhardtii, immunoblot analysis was performed
using anti-CrSUMO96 antibodies (Figure 4). In addi-
tion to free CrSUMO96 migrating at ~15 kDa, a large
number of SUMO-conjugated proteins were detected,
suggesting that all the enzymes needed in the SUMO-
conjugating system are present and functional in C.
reinhardtii. NEM, an inhibitor of SUMO-specific isopep-
tidases (L1 and HocHSTRASSER 1999), was added to
protect SUMO-conjugated proteins from desumoyla-
tion. When NEM was added to the extraction buffer,
more SUMO-conjugated proteins and less free SUMO
were detected by the antibody (Figure 6, lanes 3 and 4).
However, a few proteins still exist, such as the 26-kDa
protein (* in Figure 6), that did not change intensity
after NEM was added, indicating that antibodies to
these proteins may also be present in our anti-
CrSUMO96 antisera.

Subcellular localization of CrSUMO96 and its
conjugated proteins: The subcellular localization of
CrSUMO96 and its conjugated proteins was detected
by immunofluorescence (Figure 7). Anti-CrSUMO96
antibody was recognized by a secondary cyanine-5-
conjugated goat anti-rabbit antibody that emits a far-
red fluorescence signal under illumination with light of
630 nm. Sytox green was employed to stain DNA and
allow detection of the nucleus during confocal micros-
copy. As shown in Figure 7, CrSUMO96 and its protein
conjugates are localized primarily, if not exclusively, to

FIGURE 2.—Predicted 3-D structure of
human SUMOI1 and CrSUMOY96.
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F1GURrE 3.—Relative abundance of C. reinhardtii
CrSUMO transcripts. Expression of the candidate
SUMO genes was analyzed by quantitative real-
time reverse transcription-PCR for expression
in CC-503 cells at 25° and 42°. Each 25-pl reac-
tion mixture contained cDNA equivalent to 50
ng of total input mRNA. Relative abundance
was calculated with efficiency-corrected ACt val-
ues. Each data point is the average of an experi-
mental triplicate and represents an individual
trial.
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the nucleus of the cell. This observation is in agreement
with previous observations that most of the SUMO
conjugates in mammalian cells are found in the nucleus
(JounsoN 2004; KERSCHER et al. 2006).

SUMO-conjugating enzyme (E2) from C. reinhardtii:
In contrast to most ubiquitin-conjugating systems, there
is only one SUMO E2 enzyme in yeast, mammals, and A.
thaliana. The number of CrUBCE2genes present in the C.
reinhardtii genome is uncertain. As many as 12 homologs
can be discerned. Using HMM analysis and conservative
selection parameters, four predicted CrUbcE2 mole-
cules designated CrUbcE2_1, CrUbcE2_2, CrUbcE2_3,
and CrUbcE2_4 were selected as most likely to function
as SUMO-conjugating enzymes. All of the gene se-
quences predict an open reading frame that contains
a conserved ubiquitin-conjugating enzyme catalytic
(UBCC) domain (IPR000608). However, it is difficult
to distinguish SUMO E2 from ubiquitin E2’s by amino
acid sequence alone. This is exemplified by the fact that
the degree of sequence similarity between SUMO E2
and the various ubiquitin E2’s in yeast is comparable
with that between the various yeast ubiquitin E2’s
(JouNsoON et al. 1997).
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It has been reported that SUMO E2 conjugases have a
much more positive net charge at neutral pH than
ubiquitin E2’s (JouNsoN and BLoBEL 1997). The calcu-
lated isoelectric points (pl) for each of the four selected
CrUbcE2 candidates are listed in supplemental Figure
5A. The potential C. reinhardtii E2 that ranked highest
in similarity to authentic Ubc9-like E2 conjugases,
CrUbcE2_1 (XP_001694849), was amplified by RT-PCR
and used for additional studies.

The predicted amino acid sequence of CrUbcE2_1, as
derived from the sequenced RT-PCR product, is shown
in supplemental Figure 4. Alignment of CrUbcE2_1 and
the amino acid sequence of other CrUbcE2’s with Ubc
E2’s from other species (Figure 8) shows a marked
similarity between the putative CrUbcE2’s and the E2-
conjugating enzymes from other eukaryotes. Calculation
of the isoelectric point of CrUbc2EB_1 confirmed an
alkaline pI of 8.81 for this molecule (supplemental Figure
5A). A similarity tree representing distances among E2
homologs is depicted in supplemental Figure 4B.

An in vivo SUMOylation experiment was conducted
using an in vivo E. coli system established by the lab-
oratory of Hisato Saitoh (UcHIMURA et al. 2004a,b) to

10

i FIGURE 4.—Immunodetection of C. reinhardtii
CrSUMO96, CrSUMO148, and CrSUMO-like89A
with anti-CrSUMOs and anti-AtSUMO-1 antibod-
ies. Overexpression and purification of 6X His-
tagged CrSUMOs from E. coli, antisera production,

* and immunoblot detection are shown. CrSU-

Coomassie stain anti-6 X His anti-AtSUMO1 MO96 overexpressed in L. coliand affinity purified

antibody antiserum

11 12 13 14 15 16 17

18 19

on a 6X His column (lanes 2, 5, 8, 11, 14, and 17),
overexpressed and purified CrSUMO148 (lanes 3,
6,9, 12, 15, and 18), and overexpressed and puri-
fied CrSUMO-like89A (lanes 4, 7, 10, 13, 16 and
19) were separated on 12% SDS-PAGE and stained
with Coomassie blue (lanes 1-4) or detected
after immunobloting using anti-6X His antibody

—_ -3 | = (lanes 5-7), anti-AtSUMO1 antiserum (lanes 8-

10), anti-CrSUMO96 antiserum (lanes 11-13),
— anti-CrSUMO148 antiserum (lanes 14-16), and

anti-CrSUMO96  anti-CrSUMO148 anti-CrSUMOB89 anti-CrSUMO-like89A antiserum (lanes 17-19).
antiserum antiserum antiserum
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FIGURE 5.—Purification and identification of endogenous
free CrSUMOY6 from C. reinhardtii after boiling of cell ex-
tracts. Proteins in unboiled C. reinhardtii cell lysates (lanes 2
and 5) and boiled lysates at 1 X (lanes 3 and 6) and 3X (lanes
4 and 7) loading concentrations were detected by Coomassie
blue staining (lanes 1-4) or with anti-CrSUMO96 antiserum
on immunoblots of the SDS-PAGE (lanes 5-7). The asterisk
(*) indicates the endogenous free CrSUMOY96. Molecular size
markers are shown at the left (lane 1).

determine if CrUbcE2_1, the C. reinhardtiic SUMO E2
conjugase with the highest similarity to authentic human
and yeast E2 conjugases as determined by HMM analysis
(supplemental Figure 4A), was a potential SUMO con-
jugase. This system utilizes E. coli BL21 cells transformed
with pT-E1E2S1, a plasmid that contains genetically
engineered versions of genes encoding mouse El-
activating enzyme, Xenopus laevis E2-conjugating en-
zyme, and human SUMOI. Transformation with an
additional plasmid, pRanGAP1-C2 leads to production
of a histidine-tagged RanGAP1 C-terminal region
(RanGAP1-C2), a well-known SUMO target protein.
Incubation of BL21 cells carrying the pRanGAP1-C2
plasmid alone, as expected, did not produce SUMOy-
lated RanGAP1-C2 because the SUMO-conjugating sys-
tem is absent in E. coli (Figure 9, top, lane 1). However,
when BL21 cells carry both plasmids (pT-E1E2SI and
pRanGAP1-C2), RanGAP-C2 is produced and a SUMOy-
lated version of this target protein is synthesized in vivo
(Figure 9, lane 2, band A). As expected, removal of the
E2 conjugase gene from the pT-EIE2S1 plasmid to
produce plasmid pT-E1E2STAE2 eliminated the ability
of BL21 cells to support in vivo SUMOylation of
RanGAP1-C2 (Figure 9, lane 3). To determine if the
putative C. reinhardtii E2 conjugase (from CrUbcE2_1
cDNA) could substitute for the X. laevis E2 conjugase,
the cDNA coding region was inserted downstream of a
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WB: anti-CrSUMO96 antibody.

Ficure 6.—Detection of endogenous SUMO-conjugated
proteins from C. reinhardtii. Cell extracts were prepared in
the presence or the absence of protease inhibitor cocktail
or the isopeptidase inhibitor, NEM. Anti-CrSUMO96 antibody
was utilized to detect the endogenous SUMO-conjugated pro-
teins. The 26-kDa band indicated with an asterisk (¥) is one of
the nonspecific reacting proteins that can serve as a loading
control.

bacterial promoter to produce the plasmid, pGEX4T1-
CrUbcE2B-1. When this plasmid was cotransformed
with pT-E1E2S1AE2 and pRanGAP1-C2, the resultant
cells were capable of producing SUMOylated RanGAP1-
C2 (Figure 9, lane 4, band A). Expression of the putative
E2 CrUbcE2_1-conjugating enzyme in transformed BL21
cells was confirmed by immunoblot detection of the GST-
tagged C. reinhardtitE2 conjugase (Figure 9, bottom, lane
4, band C). Compared with the vertebrate Ubc9, the
heterologous C. reinhardtiic SUMO-conjugating enzyme
worked with a lower efficiency in this in vivo E. coli
sumoylation system (Figure 9, lane 2 vs. lane 4, band A).
This is not surprising, considering the multiple inter-
actions required between the C. reinhardtiiSUMO E2 and
the three heterologous mammalian proteins (E1, SUMO,
and the target protein RanGAPI1-C2) for successful
SUMOylation to take place. Because of its apparent
successful function in the in vivo SUMO E2 conjugase
assay, CrUbcE2_1 becomes a prime candidate as an
authentic C. reinhardtii SUMO-conjugating enzyme.
Stress-induced accumulation of SUMO-conjugated
proteins: Because it has been reported that SUMO
conjugation is part of the stress response in animals and
plants (HONG et al. 2001; KUREPA et al. 2003), immuno-
blot experiments were performed to detect SUMO-
conjugated proteins isolated from C. reinhardtii cells
grown in various stress and nonstress conditions (Figure
10). When C. reinhardtii cells were shifted from optimal
growth temperature of 25° to 37°, an increase in SUMO-
conjugated proteins was detected with anti-CrSUMO96
antibodies (Figure 10A, lanes 2 and 3). Moreover, when
the cells were shifted from 25° to 42°, a marked increase
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Sytox Green
DNA stain

Anti-SUMO Antibody
immunofiuorescence

in SUMO-conjugated proteins was detected in the
molecular size range of =60 kDa. Interestingly, at this
high temperature no free CrSUMO96 was detected,
indicating that most free CrSUMO96 was incorporated
into SUMO target proteins under this stress condition
(Figure 10A, lanes 8 and 9). A more detailed examina-
tion of proteins from control and heat-shocked cells by
2-D PAGE analysis (supplemental Figure 6) demon-
strates again that heat shock results in a marked
decrease in the amount of nonconjugated CrSUMO’s
(thick-walled red boxes). Concomitantly, there is a
pronounced increase in the degree of SUMOylation of
several proteins (green boxes), including the de novo
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FIGURE 7.—In situ localization of CrSUMO96
and its conjugated proteins by immunofluores-
cence. Wild-type C. reinhardtii cells grown in
TAP media were stained with Sytox Green (top
left) or detected with anti-CrSUMO96 antibody,
which is recognized by the red fluorescent cya-
nine-5-conjugated goat anti-rabbit antibody (top
middle). Images under transmitted light and
confocal images are also shown in the top right
and the bottom.

appearance of SUMOylated forms of a number of
additional proteins. Reaction of identical protein blots
with preimmune serum demonstrates the specificity of
the CrSUMO96 antiserum for free CrSUMO96 and
CrSUMOY6 conjugated to larger proteins. Only weak
detection of a few non-SUMO-related proteins was
observed using the preimmune serum (supplemental
Figure 6).

Osmotic stress also induced the accumulation of
SUMO-conjugated proteins (Figure 10B). When 200
mM sorbitol or 100 mM NaCl was added to the cells,
more SUMO-conjugated proteins were detected with
the anti-CrSUMO96 antibody as compared with the cells
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WB: anti-GST antibody.

F1cure 9.—Functional analysis of CrUbcE2_1. Total E. coli
proteins isolated from the BL21 strain were transformed with
pRanGAP1-C2 (lane 1), pT-E1E2S1 and pRanGAPI1-C2 (lane
2), pT-E1E2SIAE2 and pRanGAPI1-C2 (lane 3), and pT-
EIE2S1AE2, pRanGAP1-C2, and pGEX4T1-CrUbcE2-1 (lane
4), respectively, and incubated under conditions allowing
Ubc9 conjugation. Top: SUMOylated RanGAP1-C2 (A) and
nonSUMOylated RanGAP1-C2 (B) detected on immunoblots
with anti-6X His antibody. Bottom: GST-CrUbcE2_1 (C) de-
tected with anti-GST antibody. WB, Western blot.

grown in normal media (Figure 10B, lane 2, 3, 5, 6, 8,
and 9). Itappears that some SUMO-conjugated proteins
induced by the osmotic stress are distinct from those
induced by heat shock, because heat shock induced the
accumulation of SUMO-conjugated proteins with a
molecular size of >60 kDa. In contrast, osmotic stress
induced SUMOylation of larger proteins, as well as
proteins <60 kDa [Figure 10, A (lanes 2, 3, 8, and 9) and
B (lanes 2, 3, 8, and 9)].

DISCUSSION

SUMO and other ubiquitin-like proteins in C.rein-
hardtii: Our investigations have revealed six putative
CrSUMO and CrSUMO-like proteins and several poten-
tial SUMO-conjugating enzymes (CrUbc9’s) in the uni-
cellular, photosynthetic alga, C. reinhardtii. The six C.
reinhardtic SUMO homologs have been designated as
CrSUMO0O96, CrSUMO97, and CrSUMO148 and
CrSUMO-like89A, CrSUMO-ike89B, and CrSUMO-
like90. They share higher sequence identity with human
SUMO-1, yeast SMT3, and A. thaliana SUMOI1 than
other ubiquitin-like proteins in the JGI C. reinhardii
database (Figure 1 and supplemental Figure 1). There
are 15 proteins listed as ubiquitin-like proteins in the
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Ficure 10.—SUMO-conjugated proteins in different environ-
mental conditions, including heatshock (A) and osmoticstress (B).

Cluster of EuKaryotic Orthologous Groups (KOG)
Browser in the JGI C. reinhardtii database. Most contain a
ubiquitin domain; however, only CrSUM0O96, CrSUMO97,
and CrSUMO148 and CrSUMO-like89A, CrSUMO-
like89B, and CrSUMO-like90 have significant sequence
similarity with known SUMOs in other species (Figure 1).

Of the six C. reinhardtii SUMO homologs, the closely
related CrSUMO96 and CrSUMO97 contain a $KXE
consensus motif at their N termini. CrSUMO96 has a very
similar predicted 3-D structure when compared with
human SUMOI (Figure 2). Moreover, CrSUMOY6 is rec-
ognized by A. thaliana anti-SUMOI antibody (Figure 4).
Unlike any known SUMO proteins, CrSUMO148 con-
tains five double-glycine motifs at the C terminus. The
observations that all three CrSUMO-like proteins contain
a GN dipeptide at their C termini instead of the canonical
double-glycine motif (Figure 1) and the likely possibility
that all three genes encoding the CrSUMO-like proteins
contain potential large open reading frames upstream
of the SUMO-like domain suggest the CrSUMO-like pro-
teins may be related to a class of fusion proteins con-
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taining highly conserved ubiquitin sequences at either
the N-terminal or the C-terminal ends (KERSCHER el al.
2006; see KRAMER et al. 1995 for an extensive list of fusion
proteins with ubiquitin-like terminal domains). These
fusion proteins, thus, can bind to ubiquitin-binding
domains (UBDs) and carry along their fusion partner
to perform a particular function. Two examples of pro-
teins with ubiquitin sequences at their C termini, both
involved in pre-mRNA splicing, are SF3al20 (KrRAMER
et al. 1995) and CePRP21 (SpikEs et al. 1994). Whether
the three CrSUMO-like proteins perform functions anal-
ogous to ubiquitin-containing fusion proteins remains to
be determined.

Other components of the SUMO-conjugating system
in C. reinhardtii: In addition to free CrSUMO96,
proteins conjugated to CrSUMO96 also can be detected
with anti-CrSUMOY96 antibodies in immunoblot analy-
ses of cell extracts (Figures 5, 6, and 10 and supplemen-
tal Figure 6). These observations strongly suggest that all
enzymes needed for SUMO conjugation are present and
functional in C. reinhardtii. We have demonstrated that
XP_001694849 (CrUbcE2_1) is a prime candidate as an
authentic SUMO-conjugating enzyme (SCE, E£2) in C.
reinhardtii (Figure 9). Predicted amino acid sequence of
CrUbcE2_1 shares 43% identity and 56% similarity with
yeast Ubc9p and 49% identity and 59% similarity with A.
thaliana Ubc9 (Figure 6). Like SUMO EZ2’s of other spe-
cies, CrUbcE2_1 has a basic isoelectric point (z.e., pl =
8.81) that might be necessary for it to interact with free
SUMO and other components in the SUMO-conjugating
system (JoHNSON 2004). The most compelling argu-
ment suggesting that XP_001694849 (CrUbcE2_1)
encodes a bona fide SUMO E2 conjugase is our demon-
stration of SUMO E2 conjugase activity in an E. coli in
vivo SUMOylation system (Figure 9).

SAEl: A putative C. reinhardtic SUMO-activating
enzyme 1 (SAE1, XP_001690572) shares remarkable
patterns with the yeast Aosl (SAE1) (CAA97885)
molecule. These patterns include an SGG and an RGG
cleavage site at the C termini and a series of conserved
charged residues as well as serines, threonines, and
tyrosines both at the cores and at the C termini. It is
intriguing whether the lack of similarity at the N
terminus is a result of functional divergence. Overall,
40% of the residues are identical and 54% are similar
between the two proteins.

SAE2: Two putative C. reinhardtiic SUMO-activating
enzyme 2 (SAE2) proteins (XP_001691317 and
XP_001690945) align with a similarity of 67 and 80%,
respectively, to the A. thaliana SAE2 (NP_973506) at
three extensive but somewhat disjunct domains. Clearly,
these domains are not related to the ubiquitin or the
SUMO domains. The two proteins have somewhat
different variants (KFPLCTLAETP, LPPLCPAPASP, and
KDPSCPCSAGVP) of the motif KXPV/GCTXXXP con-
taining the cysteine in SAE2 that forms the thioester
intermediate with SUMO in SAE2 molecules of other

eukaryotes. We also note that XP_001690945, in spite of
its original annotation, is more closely related to SAE2
than to SAE1 enzymes.

SUMO E3 ligase: Currently it is difficult to distin-
guish SUMO E3 ligases from those responsible for
adding ubiquitin or other ubiquitin-like peptides, such
as NEDDS, to their target proteins. There are 26
“ubiquitin-protein ligases” and 34 “E3 ubiquitin li-
gases” predicted in the KOG Browser of the C. reinhardtii
database.

Ubiquitin, UFM1, and RUB: HMM and BLAST
searches identified multiple potential ubiquitin genes
and pseudogenes in C. reinhardtii. Nonetheless, a
minimum of five ubiquitin proteins could be identified
with a high level of confidence. They are ubiquitins
XP_001694320 (242 residues), XP001702404 (244 res-
idues), and XP_001147989 (77 residues, enigmatically
97% identical to a Pan troglodytes coiled-coil 99 protein),
predicted protein 140045 (153 residues), and biubiqui-
tin XP_001694608 (153 residues) (supplemental Figure
7). Each of the last two proteins is composed of two very
similar internal duplicate segments. With the exception
of XP_001694320, they all contain a predicted double-
glycine motif near the C terminus of the peptide, and all
have a PFAM ubiquitin domain in the predicted
sequence. A protein sequence (XP_001696636) with
77% sequence similarity to human Ufml (Table 1)
suggests that C. reinhardtii contains at least one repre-
sentative of this rarer ubiquitin-related family of pro-
teins. Each of C. reinhardtii proteins XP_001694608
(biubiquitin) and 1794 (both containing 153 residues)
is >95% identical to other ubiquitin-related proteins in
Populus trichocarpa, Tetrahymena thermophyla SB210, and
other organisms. These two proteins are the closest
homologs of the A. thaliana related to ubiquitin-1
protein (RUB1, NP_564379) and the XP_001694608
sequence is 94% identical to RUBI. Protein 1794 is 98%
identical to A. thaliana UBQ10 (NP_974516) and 97%
identical to a H. sapiens protein annotated as “similar to
Ubiquitin-63E” (XP_001132949) and a P. troglodytes hypo-
thetical protein (XP_001136911).

Additional components of the C. reinhardtii SUMOy-
lation system are likely to emerge as studies of SUMOy-
lation in other eukaryotes reveal new components.
However, SUMOylation systems are often sufficiently
unique that components in one organism may be miss-
ing in others. For example, the newly discovered RSUME
protein found to enhance conjugation of SUMO-1, -2
and -3 to target proteins by binding to Ubc9 in mam-
malian cells (CARBIA-NAGASHIMA et al. 2007) has not
been identified in our searches of the C. reinhardtii
genome.

Stress—heat-shock, osmotic, nutrition, and photoau-
totrophic growth: Some SUMO target proteins are
conjugated under normal growth conditions, while
some are conjugated preferentially upon stresses
(JornsoN 2004; M1URA et al. 2007). The conjugation
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of SUMO to its target proteins may serve as a signal to
guide regulation of expression of specific sets of genes
under stress conditions (KERSCHER 2007; MIURA et al.
2007).

The accumulation of SUMO-conjugated proteins was
detected when C. reinhardtii cells were shifted to 37° or
42° heat-shock conditions and to sorbitol- or NaCl-
induced osmotic stresses (Figure 10, A and B, and
supplemental Figure 6). The appearance of distinctly
different sizes of SUMO-conjugated proteins produced
under different stress conditions indicates that SUMOy-
lation is involved in multiple cellular processes initiated
by different environmental cues. Under each stress
condition, 30 min of treatment induced more SUMO-
conjugated proteins than 1 hr. This indicates that
SUMOylation could be a rapid and transient reaction
and that deSUMOylation may take place as soon as the
signaling process is complete. Such a dynamic modifi-
cation requires highly regulated SUMOylation and
deSUMOylation enzymes.

Conclusions and future research: We have demon-
strated the presence of SUMO and SUMO-conjugating
systems in C. reinhardtii, a unicellular photosynthetic
alga and model plant cell system. Free and conjugated
SUMOs were detected by immunoblot analysis and
shown to be localized in the nucleus by immunofluo-
rescence. Endogenous free CrSUMO96 was purified by
immunoprecipitation and identified by LC/MS/MS
analysis. SCE (E2) of C. reinhardtiiwas cloned and shown
to be functional in an in vivo E. coli SUMOylation system.
Accumulation of SUMO-conjugated proteins was de-
tected when the cells were subjected to environmental
stresses, such as heat-shock and osmotic stresses.

Investigations in regard to how SUMO affects biolog-
ical processes are only in their early stages (JOHNSON
2004; KerRSCHER et al. 2006; GEISS-FRIEDLANDER and
MeLcCHIOR 2007; M1ura et al. 2007; PALANCADE and
Doyt 2008). Identification of SUMO target proteins
and an understanding of their biological functions in the
SUMOylated and nonSUMOylated states lie ahead. The
way forward will include challenges because (i) many
SUMOylated proteins are present at a level below the
normal detection limit (L1 et al. 2004), (ii) for most
SUMO target proteins, only a small fraction of the
substrate is SUMOylated at any given time, and (iii)
there are strong SUMO protease (isopeptidase) activities
in native cell lysates.

C. reinhardtii is a valuable model system to study
various cellular functions and biochemical pathways
because of its small genome size, haploid nature,
susceptibility to gene manipulations, and, most impor-
tantly, the ability to grow the organism in large quanti-
ties (WEEKS 1992; ROCHAIX el al. 1998). The present
bioinformatics studies of the completed C. reinhardtii
genome sequence have revealed much about SUMO-
associated protein families in this organism and suggest
that C. reinhardtii may be an especially facile organism

for defining the role of SUMOylation in controlling
gene expression and cellular functions such as response
to environmental changes, photosynthesis, and flagellar-
based motility.
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