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Encoded by a multigene family, ubiquitin is expressed in

the form of three precursor proteins, two of which are

fusions to the ribosomal subunits S27a and L40. Ubiquitin

assists in ribosome biogenesis and also functions as a post-

translational modifier after its release from S27a or L40.

However, several species do not conserve the ribosomal

ubiquitin domains. We report here the solution structure

of a distant variant of ubiquitin, found at the N-terminus of

S27a in Giardia lamblia, referred to as GlUbS27a. Despite

the considerable evolutionary distance that separates

ubiquitin from GlUbS27a, the structure of GlUbS27a is largely

identical to that of ubiquitin. The variant domain remains

attached to S27a and is part of the assembled holoribo-

some. Thus, conservation of tertiary structure suggests a

role of this variant as a chaperone, while conservation of the

primary structure—necessary for ubiquitin’s function as a

post-translational modifier—is no longer required. Based on

these observations, we propose a model to explain the

origin of the widespread ubiquitin superfold in eukaryotes.
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Introduction

Ubiquitin plays a central role in the biology of eukaryotes and

strong sequence conservation is a hallmark of this post-

translational modifier (Nei and Rooney, 2005). In yeast, as

well as in most higher eukaryotes, ubiquitin is expressed in

the form of three different precursors. First, as a linear fusion

protein consisting of five or more ubiquitin copies, linked in

head-to-tail configuration (polyubiquitin). Second, ubiquitin

is encoded as an N-terminal fusion to the ribosomal proteins

S27a and L40, where it acts as a chaperone and assists in the

formation of the holoribosome (Finley et al, 1989; Redman

and Rechsteiner, 1989; Spence et al, 2000). The three ubiquitin

moieties in these precursors are identical in amino-acid

sequence within a species and they are also highly conserved

between species. Regulated proteolysis by ubiquitin-specific

proteases processes ubiquitin to its mature form, a 76-residue

polypeptide terminating in a di-glycine motif. As a covalent

modifier, ubiquitin is then involved in protein degradation, in

intracellular transport, and in epigenetic regulation (Kerscher

et al, 2006). The majority of mature ubiquitin in a cell derives

from the ribosomal domains (based on data in budding yeast

under standard growth conditions; Finley et al, 1989).

Most protists (e.g., Giardia lamblia, Entamoeba histolytica,

Trichomonas vaginalis, Trypanosoma cruzi, Plasmodium

falciparum, Toxoplasma gondii) and some metazoa (e.g.,

Caenorhabditis) do not harbor a conserved ubiquitin domain

as a fusion with S27a, but instead encode a domain of similar

length with unrelated amino-acid sequence (Jones and

Candido, 1993; Catic and Ploegh, 2005). We and others

have speculated how both selective pressure and recombina-

tion with the invariant polyubiquitin locus contribute to

conservation of all three ubiquitin genes—a mechanism

that appears to be leaky, especially for the S27a-linked

ubiquitin domain (Catic and Ploegh, 2005; Nei and Rooney,

2005). Ribosomal ubiquitin presumably evolved by insertion

of a DNA stretch from the invariant polyubiquitin gene in

frame with S27a and L40. The presence of other ubiquitin

fusions in some species (Archibald et al, 2003), together with

the fact that S27a and L40 lack an additional N-terminal

domain in archaea (which do not encode ubiquitin genes),

support this model. Therefore, we assume that in eukaryotic

species with a divergent domain preceding S27a, this moiety

represents a deteriorated ubiquitin gene, a ‘ubiquitin variant’.

Figure 1 depicts a multiple sequence alignment of naturally

occurring fusion proteins with the N-terminal domains

(referred to as UbS27a) at the top and the C-terminal ribosomal

S27a polypeptides at the bottom. The depicted species

express ubiquitin variants at the N-terminus, except for Homo

sapiens and Saccharomyces cerevisiae, both of which encode a

conserved bona fide ubiquitin (hereafter simply referred to as

ubiquitin) at this position. The C-terminal ribosomal S27a

polypeptides themselves display a high degree of conserva-

tion, compared to the N-terminal portions. In fact, some

ubiquitin variants only share similar lengths, and show

conservation of few amino acids when compared to ubiquitin.

In particular, the sequences of ubiquitin variants of

closely related species do not reflect evolutionary distance

from their last common ancestor, which suggests that the
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primary structure of these proteins is not conserved

(Supplementary Figures 1 and 2). Nonetheless, the isolated

presence of invariant columns of glycines and hydrophobic side

chains prompted us to speculate that the secondary and tertiary

structures of these variants might be more similar than sug-

gested by their sequences.

We were intrigued by the finding of non-conserved ubiquitin

variants and by the fact that all ribosomal S27a or L40

polypeptides in eukaryotes contain N-terminal extensions of

60–80 amino acids, regardless of how different they are

in sequence. We chose the binucleate, microaerophilic protist

G. lamblia, a deeply divergent eukaryote, whose genome has

been sequenced in its entirety, as a model to solve the

structure and propose a function for its S27a-linked ubiquitin

variant domain (referred to as GlUbS27a).

Results

The variant GlUbS27a has a typical ubiquitin fold

Human ubiquitin and GlUbS27a share little sequence identity

(18%) and no significant overall similarity according

to ClustalX or BLAST2Seq, using either of the available

substitution matrices (Thompson et al, 1997; Tatusova

and Madden, 1999). However, as assessed by an ensemble

of NMR structures (backbone atom r.m.s.d. 0.76 Å), their

secondary structures align very closely and show the con-

sensus sequence of bbabb(a)b, typical for the ubiquitin-like

fold (Figure 2A). In addition, a similar alternating pattern of

polar and non-polar residues is apparent in both of these

proteins. Such a ‘striped’ sequence is also evident in other

ubiquitin fold proteins (Jentsch and Pyrowolakis, 2000; Lake

et al, 2001; Buchberger, 2002; Supplementary Figure 3). To

solve the structure of GlUbS27a, we had to overcome solubility

and aggregation problems by fusing the protein to hydrophi-

lic terminal domains (see Materials and methods). The

structure shown in Figure 2 is that of the GlUbS27a protein

alone. The three-dimensional (3D) ribbon models of GlUbS27a

and ubiquitin show close similarity (Figure 2B and C), and

both molecules have a comparable overall structure

(Figure 2D). However, only four side chains on the surface

have conserved charges. Even more striking, 59% of the

amino acids in GlUbS27a are hydrophobic and its surface is

also remarkably non-polar (43.3% or 2327/5381 Å2). In con-

trast, 46% of the residues of ubiquitin—but only 28.7%

(1390/4841 Å2) of its surface—are hydrophobic. Some of

the most prominent differences between both sequences are

present around the main a-helix. Four out of seven helical

side chains facing the outer surface of ubiquitin are charged

(E24, K29, D32, and K33), whereas no electrostatic potential

exists at the corresponding side chains in GlUbS27a.

Furthermore, K27, the only conserved lysine in most other

ubiquitin variants, is absent from GlUbS27a. The e-amino side

chain of K27 in ubiquitin does not engage in formation of

isopeptide-linked polyubiquitin chains. Rather, it appears that

this charged residue is stabilizing the overall ubiquitin fold by

forming a salt bridge with D52 (Vijay-Kumar et al, 1987).

However, this interaction is dispensable for ubiquitin’s func-

tion (and likely for its structure, too) under permissive

conditions, as shown by site-directed mutagenesis in budding

yeast (Sloper-Mould et al, 2001). The assembly of the ubiquitin

fold is nucleated by the highly conserved first b-strands and

the a-helix. Rapid condensation into the final structure

is driven by entropy—avoiding an intermediate state—and

depends on the presence of a hydrophobic core (Went

and Jackson, 2005). Three leucines in particular, L43, L50,

and L56, are involved in wrapping the C-terminal b-strands 3

and 4 of ubiquitin around the initially formed a-helix. All

three hydrophobic side chains are conserved in GlUbS27a

(Figure 2A).

Taken together, the NMR analysis reveals a close structural

similarity between ubiquitin and GlUbS27a, whereas the elec-

trostatic and chemical properties of their surfaces differ

Figure 1 Multiple sequence alignment of ubiquitin-S27a fusion proteins. Shown are the ubiquitin domains UbS27a (top) and the ribosomal
domains S27a (bottom) of 15 different species. H. sapiens and S. cerevisiae express conserved ubiquitin, all other species depicted encode
ubiquitin variants. The asterisks indicate a conserved putative zinc-binding motif in the S27a domain (Chan et al, 1995).
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markedly. We observed poor solubility of GlUbS27a and a

tendency to aggregate, caused by partial unfolding. This

suggests that the GlUbS27a domain on its own might be too

hydrophobic to exist as a soluble monomer in vivo.

GlUbS27a is not cleaved, but part of the holoribosome

Having experimentally confirmed the inferred ubiquitin-like

structure of GlUbS27a, we next investigated the function of

this domain. We generated a polyclonal rabbit antiserum

specific for GlUbS27a and analyzed whole-cell lysates of

G. lamblia by immunoblots (Figure 3A). Unlike what would

be expected for ubiquitin, GlUbS27a does not form multiple

SDS-stable adducts, but instead migrates on SDS–PAGE at the

expected size of the fusion with S27a, suggesting that this

domain is not separated from the ribosome. We were sur-

prised by this finding, since we expected GlUbS27a to be

Figure 2 (A) Comparison of the primary and secondary structures between human ubiquitin and GlUbS27a. Statistically, the sequence
alignment between these two polypeptides lacks significant similarity. However, the color-coding, indicating hydrophobic (blue) and polar
(red) side chains, reveals a homologous pattern in both proteins. Asterisks represent conserved core leucine residues. The secondary structures
are shown at the top for ubiquitin (based on 1ubi.pdb) (Vijay-Kumar et al, 1987; Ramage et al, 1994) and at the bottom for GlUbS27a

(determined by NMR). (B) Solution structure of GlUbS27a. Stereoview of an ensemble of 10 out of 50 CYANA-calculated structures
superimposed by backbone atoms, representing the models with lowest energy (see table in Materials and methods). The a-helix is colored
in red and the b-strands in blue. (C) Ribbon diagram, comparing the NMR structures of GlUbS27a (top) and ubiquitin (bottom). Except for a
relative tilt of the a-helix, both structures have similar size and conformation (ubiquitin based on 1ubi.pdb), consisting of five b-strands
grasping a central a-helix. The strands are highly superimposable in both structures. The second a-helix is missing in GlUbS27a due to a
truncation of five residues. (D) 3D surface reconstructions of GlUbS27a (left panels) and ubiquitin (right panels). The top panels show charged
side chains on the surface of GlUbS27a and ubiquitin. Conserved residues are R6, E15, R43, and E47 (circled in GlUbS27a). Exposed hydrophobic
side chains are colored in green (bottom panel). The hydrophobic surface ratio is increased by 51% in GlUbS27a compared to ubiquitin.
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Figure 3 (A) GlUbS27a appears as a single protein in G. lamblia lysate, in size consistent with a fusion to S27a. Whole-cell G. lamblia lysate
(20 mg protein content per lane) was analyzed with polyclonal anti-GlUbS27a antibodies by immunoblot. The serum reacts with a single protein
(left lane), close to the predicted size of the GlUbS27a–S27a fusion (15.1 kDa). No signal is detected at the predicted size of the GlUbS27a domain
alone (7 kDa). Incubation of the immunoblot with recombinantly expressed GlUbS27a (10mg) competes with detection of the protein (right
lane). Pretreatment of trophozoites with the proteasome inhibitor ZL3VS (50mM, 2 h) did not alter the results (not shown). Immunoblots were
resolved by reducing SDS–PAGE (12%). Molecular weight markers are indicated at the left (in kDa). (B) GlUbS27a is enriched in the high-
molecular-weight fraction. Anti-GlUbS27a immunoblot of fractionated G. lamblia lysate. 30mg of proteins were loaded per lane. GlUbS27a is
enriched in the sedimented fraction of G. lamblia lysate after ultracentrifugation (100 000 g for 1 h), but is absent from the supernatant. Samples
were resolved by reducing SDS–PAGE (11%). (C) GlUbS27a is associated with RNA-rich fractions, consistent with ribosome association.
G. lamblia lysate was fractionated on 10–40% sucrose gradients, divided into equal fractions by volume and analyzed by UV spectroscopy (top
panel). Addition of Mg2þ stabilizes the main RNA peak and we used such treated samples for the subsequent analyses. The top 15 fractions
and the solubilized pellet (P) were assayed by anti-GlUbS27a immunoblots (bottom panel), using equal volumes of each fraction (20 ml). The
presence of GlUbS27a coincides with the RNA peak in fractions 9, 10, and 11. Samples were resolved by reducing SDS–PAGE (11%).
(D) Fractions 9–11 contain large and small ribosomal subunits, indicative of the assembled holoribosome. The previously obtained fractions
(C) were resolved by reducing SDS–PAGE (11%) and silver stained. A total of 22 bands were excised, trypsinized and analyzed by MS/MS.
All but one peptides identified are of ribosomal origin (see Table I). (E) Large-scale preparation of fraction 9 identifies S27a at the same
molecular weight as GlUbS27a. 70 mg protein lysate of fraction 9 was resolved by reducing SDS–PAGE (11%), silver stained, and individual
polypeptides were analyzed by MS/MS. Excised bands and proteins identified are indicated at the right, with theoretical molecular weight of
the full-length proteins in parentheses. We found peptides representing 34.3% of the C-terminal S27a domain (bottom panel, in red). The
corresponding silver-stained protein (indicated with red) runs at the same relative position compared to the molecular weight markers as does
the GlUbS27a domain in the immunoblot shown in panel A. In addition, electrophoretic mobility in comparison with neighboring ribosomal
proteins is consistent with a combined weight of 15.1 kDa of the GlUbS27a–S27a fusion (SWISSPROT designation Q7QPK7).
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proteolytically cleaved from S27a by virtue of the presence of

a di-glycine-like motif at the junction between these two

polypeptides. In ubiquitin and in ubiquitin-like molecules,

this motif represents the P1 and P2 site for specific proteases

that act on the precursors (Kerscher et al, 2006). Isolation of

high-molecular-weight complexes by ultracentrifugation

shows an enhancement of the anti-GlUbS27a signal

(Figure 3B), in agreement with it being fused to S27a and

thus to the ribosome. To further demonstrate this association,

we isolated ribosomes from G. lamblia by sucrose density

gradient centrifugation. A comparison of the different frac-

tions obtained by this method shows a perfect correlation

between the anti-GlUbS27a signal in immuoblots and the peak

in RNA concentration, as determined by absorption at 260 nm

(Figure 3C). Identification of the individual proteins within

these fractions by silver staining and by tandem mass spec-

troscopy (MS/MS) confirmed that fractions 9 through 11

represent the assembled holoribosome, containing peptides

of the small and the large subunit (Figure 3D and Table I). In

fact, only one protein was found that has no apparent

ribosomal homolog in higher eukaryotes (Q7QVJ9, theoretical

pI 9.12, molecular weight 17.3 kDa). Since this protein has no

sequence similarity to any previously defined domains, it

might represent a G. lamblia-specific ribosomal peptide.

Using a large-scale preparation of fraction 9, we also identi-

fied the S27a polypeptide with 34.3% sequence coverage

(Figure 3E). Importantly, the band analyzed in the silver-

stained SDS–PAGE has the same apparent molecular mass as

the protein identified with the anti-GlUbS27a serum

(Figure 3A). Hence, with immunoblots for the N-terminal

domain and mass spectroscopy for the C-terminal portion, we

have confirmed that GlUbS27a is fused to S27a and part of the

fully assembled holoribosome, unlike UbS27a domains in

yeast and in mammals (Finley et al, 1989; Redman and

Rechsteiner, 1989; Louie et al, 1996; Vladimirov et al,

1996). We found no proof for a free, monomeric version of

GlUbS27a.

No evidence for GlUbS27a-specific proteases

G. lamblia encodes a single ubiquitin moiety instead of a

polyubiquitin gene (Krebber et al, 1994), whereas both

ribosomal domains GlUbS27a and GlUbL40 harbor ubiquitin

variants (Catic and Ploegh, 2005). Nevertheless, despite more

than three billion years of combined divergence from their

last common ancestor, budding yeast and G. lamblia possess

remarkably similar ubiquitin conjugating enzymes, covering

all biological aspects of ubiquitination (Supplementary Figure

4A and B). As expected, a recent study showed that ubiquitin

is active as a post-translational modifier in G. lamblia

(Gallego et al, 2007). In addition, this protist also encodes

seven homologs to deubiquitinating enzymes (Sup-

plementary Figure 4C). These are presumably necessary to

remove the asparagine residue at the C-terminus of the

ubiquitin precursor, in order to expose its di-glycine motif,

and also to allow reversal of ubiquitination. In yeast as well

as in higher eukaryotes, these proteases are furthermore

required to remove the ubiquitin domains from the ribosomal

S27a or L40 polypeptides, after they have completed their

assistance in ribosome assembly. To rule out involvement of

the seven putative deubiquitinating proteases in processing of

GlUbS27a, we generated an electrophilic probe (Borodovsky

et al, 2002) of this ubiquitin variant. A covalent inhibitor

based on ubiquitin reacts with several proteins in G. lamblia

lysate (Figure 4). Using immunoprecipitation followed by

Table I Ribosomal proteins identified by MS/MS in the excised
bands 1–22 (see Figure 3D)

Band Ribosomal subunits

1 L3
2 L1
3 L5
4 S2, S3A, S4
5 S6
6 L7
7 L8
8 S5
9 L10A

10 L10, S3
11 L13, L19B, S11
12 L13A, S7
13 L6, L18, L18E, S5E
14 L11, L12, L22E, S8
15 L17, L21E
16 L35, S13, S13E, S16
17 L7A, L15, L23A, L27A, S15
18 L26, L32, S11/14, S17, S23
19 L14, L23, S10
20 L27, S15A, S24
21 L35A, S12, S20, S26
22 L7a, L24, L30, L37, L37, L37AE, L40, P2, S21E, S25, S27

Figure 4 Evidence for ubiquitin-specific but not for GlUbS27a-
specific proteases in G. lamblia. 20 mg of G. lamblia lysate was
incubated with 0.2mg of electrophilic probes, in which HA-ubiquitin
or 3� Flag-GlUbS27a were synthesized with a C-terminal vinyl-
methyl-ester trap (VME) (Borodovsky et al, 2002). Such traps
react with substrate-specific cysteine proteases. The GlUbS27a-
based probe does not react with any proteins (left panel), whereas
two dominant bands can be detected with a probe based on
ubiquitin (right panel). Simultaneous addition of the cysteine-
alkylating agent N-ethylmaleimide (5 mM) competes for binding
to the ubiquitin trap. By immunoprecipitation and tandem-mass
spectroscopy, the three polypeptides that react with ubiquitin-VME
were identified as the putative deubiquitinating proteases Q7QR60
(93.1 kDa), Q7R2V7 (50.5 kDa), and Q7QV72 (49.9 kDa) (not
shown). Samples were resolved by reducing SDS–PAGE (10%).
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tandem mass spectroscopy, we identified the predominant

proteins captured by this method. They represent three of the

predicted seven G. lamblia deubiquitinases (Q7QR60,

Q7R2V7, and Q7QV72, identified with 29.2, 27.2, and 5%

sequence coverage, respectively). This hit rate agrees remark-

ably well with earlier experiments in yeast, mouse and

human cells, where approximately 20–30% of the known

ubiquitin-specific proteases react with such electrophilic ubi-

quitin-based probes (Borodovsky et al, 2002). In contradis-

tinction, not a single of the putative G. lamblia

deubiquitinases was labeled with the GlUbS27a-based electrophile

(Figure 4). Although we have no positive control for the

reactivity of GlUbS27a–VME, all other ubiquitin-like modifiers

converted into electrophiles have yielded robust hits.

Combined, our data are consistent with GlUbS27a being a

ubiquitin-like domain of S27a that is part of the holoribosome

but not further processed by regulated proteolysis.

Discussion

The polyubiquitin gene encodes what is probably the most

highly conserved protein in eukaryotes. Two other ubiquitin

genes, encoding fusions to the ribosomal proteins S27a

and L40, are less conserved, and variants of ubiquitin have

been identified in protozoa, algae, amoeba, fungi, and in

nematodes (Catic and Ploegh, 2005). We have analyzed the

N-terminal domain of S27a in the ancient protist G. lamblia,

featuring a protein domain that bears little sequence similar-

ity with ubiquitin. Nonetheless, this protein moiety has

completely conserved the ubiquitin fold, as determined by

NMR spectroscopy. Other examples of proteins with this fold

are the ubiquitin-like modifiers, which are covalently con-

jugated to target proteins in an ATP-dependent manner, and

the ubiquitin-like domains, mostly found at the termini of

large multidomain proteins (Buchberger, 2002). Ubiquitin-

like modifiers share their genetic origin with ubiquitin,

whereas some ubiquitin-like domains—for instance at the

N-terminus of RAD23 or in the UBX protein family—might

represent structural analogs rather than genetic homologs of

ubiquitin (Buchberger, 2002; Iyer et al, 2006; Kiel and

Serrano, 2006). In fact, the ubiquitin fold is one of nine

originally defined superfold families, found in a diverse set

of proteins, which do not necessarily share common func-

tions (Orengo et al, 1994). The ubiquitin variant GlUbS27, and

with it possibly also other ubiquitin variants, embodies a

third group: it is a descendant of ubiquitin, revealed by the

conserved ribosomal S27a protein at its C-terminus, yet it

does not participate in post-translational modifications.

Moreover, its primary structure has deteriorated to the extent

that its genetic origin is now concealed (Supplementary

Figure 5). While the 3D structure of GlUbS27a is equally

compact and folds similarly as other ubiquitin-like domains,

it is less complex in composition, consisting of fewer

elements of ordered secondary structure (Supplementary

Figure 6).

We have previously suggested that the polyubiquitin gene

might have evolved as a concatemer to increase its recombi-

nogenic potential (Catic and Ploegh, 2005). Paralogs of this

gene have given rise to ubiquitin-like modifiers that—like

ubiquitin—are mostly expressed as precursors with C-terminal

extensions. Regulated proteolysis of the tail is required for

biochemical activation of these modifiers. Early in eukaryote

evolution, predating the existence of G. lamblia, insertions of

ubiquitin occurred at the N-terminus of the ribosomal

proteins S27a and L40. The archaean homologs of both

proteins lack N-terminal domains, and such ubiquitin

moieties are not essential for viability of S. cerevisiae

(Finley et al, 1989). Crosslinking studies suggest that S27a

is not part of the catalytic core of the holoribosome (Tolan

and Traut, 1981; Yeh et al, 1986; Takahashi et al, 2002), but its

exact position remains to be determined (Spahn et al, 2001).

However, the existence of ubiquitin or ubiquitin variants

fused to S27a and L40, along with functional studies con-

ducted in budding yeast, suggest that these domains do

play a role in facilitating ribosome biogenesis (Ecker et al,

1989; Finley et al, 1989). The possible role of N-terminal

ubiquitin(-like) domains as cotranslational chaperones has

been reemphasized in a recent study by Varshavsky’s group

(Graciet et al, 2006). The authors provide a plausible scenario

that explains how the addition of a ubiquitin fold could have

stabilized the translation of suboptimally structured proteins

very early in evolution. This idea is supported by the mainly

N-terminal location of these domains in prokaryotes and

phages (Iyer et al, 2006). Thus, while protein degradation

in bacteria is efficiently dealt with by the N-end rule pathway

in the absence of ubiquitin-conjugation, the presence of

ubiquitin-like domains in such life forms might in part reflect

their primordial function as facilitators of protein folding

(Graciet et al, 2006).

In eukaryotes, however, Nei et al (2000) have discovered

that the ubiquitin genes are under strong evolutionary pres-

sure and preserve their sequences by purifying selection.

Indeed, every eukaryote has at least one highly conserved

ubiquitin gene. But how does this model fit with the existence

of ubiquitin variants? Knowing that GlUbS27a originated from

ubiquitin, its sequence deterioration is impressive and apart

from premature stop codons resembles the extent of varia-

bility seen in pseudogenes. In fact, we would argue that this

domain is under little selection to preserve its primary

structure. What may explain this lack of conservation could

be the fact that GlUbS27a is not a posttranslational modifier

and is actually not even separated from the ribosome

(Figure 5). Perhaps it was a random mutation, or structural

inaccessibility, that made the original ubiquitin at the

N-terminus of S27a in G. lamblia resistant to processing by

deubiquitinating proteases. A single nucleotide exchange can

generate such a protease-resistant mutant form of ubiquitin

(Hodgins et al, 1992) by replacing the glycine at position 75

with alanine. Once stuck to the ribosome, the usual interac-

tions of ubiquitin with proteins it would otherwise have

access to as a posttranslational modifier become irrelevant,

and structural constraints alone shape the further evolution

of this domain. Our bioinformatics, functional and structural

observations all support such a model. In that sense, a simple

variation of the electrophilic GlUbS27a probe that includes a

C-terminal di-glycine motif as found in ubiquitin did not lead

to recognition by G. lamblia proteases in a whole cell lysate

(data not shown). Even if the insertion of the penultimate

alanine were the initiating event that led to the uncleavable

fusion, it is apparently not the only difference that prevents

the fusion protein from being recognized by proteases

currently found in G. lamblia. What logically follows from

these data is the exciting possibility that other ubiquitin-like

domains—even those unrelated to ubiquitin based on sequence
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comparison alone—could have evolved by recombination of

the polyubiquitin locus and the creation of a ubiquitin-fusion

protein; if protease-resistant, it would have exempted the

ubiquitin domain from purifying selection and allowed

for sequence deterioration. Indeed, ancient ubiquitin-like

domains, such as the UBX family, show little or no sequence

similarity to ubiquitin, consistent with the absence of evolu-

tionary pressure to preserve their primary structure.

Furthermore, the ubiquitin-like domain of RAD23 can be

functionally replaced with ubiquitin (Watkins et al, 1993),

underscoring the importance of structure over sequence in

this context. On the other hand, in more recently evolved

ubiquitin-like domains, as for instance found at the tail of

p59 OASL, acquired late during vertebrate evolution, the

ubiquitin sequence fingerprint is still evident (Hartmann

et al, 1998) (DOI 10.2210/pdb1wh3/pdb, to be published).

Taken together, we have shown that ubiquitin can exhibit

remarkable plasticity in its primary structure, while main-

taining its overall secondary and tertiary structure. Such

sequence variation might depend on ubiquitin being fused

to a larger protein in a protease-resistant manner, therefore

rendering it immune to purifying selection. Considering

the vast sequence deterioration of GlUbS27a—undoubtedly a

former bona fide ubiquitin—there is no reason to assume that

other, by sequence unrelated, ubiquitin-like domains could

not as well have evolved in a similar manner, rather than be

independent structural analogs of ubiquitin. Hence, the

sweeping success of the ubiquitin superfold in eukaryotes

might in part be a consequence of the polyubiquitin locus’

propagation throughout the genome by recombination.

Materials and methods

Structure determination
The gene encoding G. lamblia UbS27 (67 amino acids) was
synthesized using Escherichia coli-optimized codons. Backtranslation
was performed with the toolbox offered by www.entelechon.com.
Oligonucleotides of up to 70 bases were synthesized with 34 or 35
base overlaps, 50-phosphorylated (Integrated DNA Technologies)
and ligated with T4 ligase (New England Biolabs). Protein samples
for NMR experiments were overexpressed in the BL21(DE3) strain
of E. coli by using the pET28a plasmid (both Novagen), containing
DNA sequences of two constructs encoding GlUbS27A: we had
cloned GlUbS27A either with a 3� Flag tag at its N-terminus,
following the His tag of the pET28a vector, or with the GB1 domain
at the N-terminus and the His tag at the very C-terminus of this
fusion. The 3� Flag-tagged construct was used in the preliminary
secondary structure assignment, while the GB1-tagged construct
was used for the complete structure determination. The GB1
domain derives from the IgG-binding protein in Streptococcus spp, is
well defined by NMR and highly soluble (Zhou et al, 2001). The
GlUbS27A domain could not be expressed in E. coli when using only
a His tag or a single HA tag. Furthermore, a 3� Flag-GlUbS27A

construct, cloned into pcDNA3.1, could not be expressed in
mammalian cells (verified by immunoblot and by immunohisto-
chemsitry).

Uniformly 15N/13C-labeled NMR samples were expressed in
bacteria grown in minimal M9 media, with 15NH4Cl and 13C-glucose

Figure 5 Model of the evolution of ubiquitin variants. We hypothesize that the irreversible fusion of ubiquitin to a larger protein exempts it
from purifying selection and therefore allows for mutations at high rate. Ubiquitin is represented colored by surface charges; S27a and GlUbS27a

are colored in red. The structure of S27a has not been solved yet; we calculated a hypothetical model ab initio (Kim et al, 2004).
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as sole nitrogen and carbon sources. The cells were cultivated at
361C to an OD of 0.6 and then induced with 1 mM IPTG for 18 h.
The GlUbS27A proteins were isolated by lysing the bacteria in a
French Press, recovering of the proteins with a Nickel-NTA column
(Qiagen) and FPLC purification to 495% (assessed by Coomassie
staining), as previously described (Misaghi et al, 2004). The NMR
samples were prepared in 10 mM phosphate buffer, pH 6.2, 100 mM
NaCl with a typical concentration of 1 mM GlUbS27A and remained
stable for about one week at 251C.

NMR experiments for GB1-tagged GlUbS27A include: HNCA,
HN(CA)CB, HNCO for the backbone assignment in non-uniformly
sampled manner (Rovnyak et al, 2004), C(CO)NH, H(CCO)NH,
HCCH-TOCSY for the side-chain assignment, and 15N-edited
NOESY, 13C-edited aliphatic and aromatic NOESY, as well as
2D-NOESY for obtaining distance constraints using conventional
methodology (Ferentz and Wagner, 2000). These experiments were
performed on a Varian Inova600 equipped with a chilly-probe at
251C, with the exception of the 15N-NOESY and 2D-NOESY, which
were performed on the Bruker750 spectrometer, equipped with a
cryo-probe at 251C.

NMR data sets were processed using the software PROSA
(Güntert et al, 1992) for the conventional experiments, and RNMTK
(http://www.rowland.harvard.edu/rnmrtk/toolkit.html) for the
non-uniformly sampled experiments. Data were analyzed using
the software CARA (http://www.nmr.ch/). The secondary struc-
tures were determined with the software TALOS (Cornilescu et al,
1999), using the chemical shift values of CA, CB, HA, and N. The
structural model for GlUbS27A was calculated with the software
CYANA (Güntert et al, 1997) using 84 TALOS angular constraints,
and 830 NOE constraints assigned by CARA (Table II). Structure
models were visualized with MolMol (http://hugin.ethz.ch/
wuthrich/software/molmol/) (Koradi et al, 1996).

Immunoblots
G. lamblia trophozoites (strain MR4) were cultured axenically
under standard conditions (Ghosh et al, 2001), harvested, washed

3� with ice-cold PBS, flash frozen and stored at �801C. Cellular
lysate was obtained by resuspending trophozoites in lysis buffer
(50 mM Tris, pH 7.5, 150 mM NaCl, 2 mM DTT) and intermittent
vortexing in the presence of glassbeads and 0.5% reduced Triton
X-100 (both Sigma-Aldrich) for 30 min. All biochemical procedures
were performed on ice or at 41C, and protein content was
determined with the BCA kit (Pierce). Functional polyclonal anti-
GlUbS27A serum was obtained by inoculating a rabbit with 1 mg of
GB1-GlUbS27A according to standard protocol (Covance, study nr.
0053523, animal 5948). Immunoblots were conducted using a 1:100
dilution of the serum in PBST with 0.5% milk overnight at 41C,
followed by 60 min incubation at room temperature with an HRP-
conjugated anti-rabbit IgG serum (1:20 000) (Southern Biotech). As
competing antigen, we used 3� Flag-GlUbS27A without a His tag
(generated by hydrolysis of the intein-precursor to the electrophilic
probe, see below), to exclude cross-reactivity of the rabbit serum
with either the GB1 domain or the His tag, both present in the
initially injected antigen. As a molecular weight standard, we used
the same batch of Precision Plus Dual Color (Biorad) throughout all
experiments.

Ribosome isolation
A 40 ml volume of densely grown MR4 trophozoites was harvested,
washed, and immediately lysed with glassbeads to obtain a total of
5 mg protein in 500ml. The lysis buffer contained 1 M NH4Ac,
20 mM Tris, pH 7.6, 5 mM N-ethylmaleimide to inhibit endosomal
cysteine proteases, and 15 mM MgAc to stabilize the holoribosome
(dissociation of the main RNA peak in the absence of MgAc was
used to control for the isolation procedure). For the fractionation,
14 ml 10–40% sucrose gradient were centrifuged for 2 h
(288 000 gmax, SW41 Ti swinging-bucket), as previously described
(Shirakura et al, 2001). Equal fractions of 250ml were isolated with a
gradient fractionator (Biocomp, Ver. 3.0) and analyzed by UV
spectroscopy (OD 260 nm). OD 330 nm spectra were used to correct
for light scattering.

Probe generation
3� Flag-GlUbS27A was cloned into pTYB2 (New England Biolabs) in
the absence of a His tag. The C-terminal glycine G67 was removed
by site-directed mutagenesis (Phusion SDM kit, New England
Biolabs) and the probe was generated using glycine-vinylmethyl-
ester, as previously described (Borodovsky et al, 2002). The MESNa
adduct was obtained by incubation overnight at 371C and
conversion with the reactive warhead was achieved after 4–5 h
incubation at 371C. Progress was monitored by size shift in 15%
SDS–PAGE after insertion of glycine-VME. Labeling of cell lysate
(see immunoblot section above for lysis buffer) with the probe was
performed on ice for 30 min. No additional bands were visible when
incubating at higher temperatures, but the stability of the lysate was
greatly reduced at room temperature or at 371C, due to the high
amount of endosomal proteases in G. lamblia. Immunoblots were
performed using anti-Flag M2 antibodies (Sigma) or anti-HA clone
12CA5. For immunoprecipitation, 100 mg lysate were incubated with
5 mg HA-ubiquitin-VME for 30 min on ice. The mixture was rocked
for 4 h at 41C in the presence of equilibrated anti-HA beads (Roche,
3F10-agarose, 50 ml slurry). The precipitate was washed three times
with NET buffer (50 mM Tris, pH 7.4, 0.5% NP40, 150 mM NaCl,
5 mM EDTA) and eluted by boiling in SDS sample buffer. After SDS–
PAGE, gel staining, and protein trypsinolysis (Borodovsky et al,
2002), the recovered peptides were analyzed by reverse-phase
liquid chromatography electrospray ionization mass spectrometry
using a Waters NANO-ACQUITY-UPLC, coupled to a Thermo LTQ
linear ion-trap mass spectrometer. MS/MS spectra were searched
against the non-redundant NCBI database using SEQUEST (http://
fields.scripps.edu/sequest/). SEQUEST results were analyzed with
Bioworks Browser 3.2 and filtered with the following criteria:
different peptides, minimum cross correlation coefficients of 1.50,
2.00, and 2.50 at 1, 2, and 3 charge states, respectively, and a
minimum of two different peptides per protein with an Sp
preliminary score of 300 or higher.

Bioinformatics
Protein sequences were obtained from the National Center for
Biotechnology Information (www.ncbi.nlm.nih.gov) and the
G. lamblia Genome Database (www.mbl.edu/Giardia) (McArthur

Table II NMR and refinement statistics for protein structures

GlUbS27A

NMR distance and dihedral constraints
Distance constraints

Total NOE 830
Intra-residue 487
Inter-residue 343
Sequential (|i�j|¼ 1) 191
Medium-range (|i�j| o4) 51
Long-range (|i–j45) 101
Hydrogen bonds 24

Total dihedral angle restraints 84
phi 42
psi 42

Ramachandran statistics
Most favored region (%) 80.7
Additionally allowed region (%) 18.3
Generously allowed region (%) 0.8
Disallowed region (%) 0.2

Structure statisticsa

Violations
Max. dihedral angle violation (deg) o5
Max. distance constraint violation (Å) o0.5

Deviations from idealized geometry
Bond lengths (Å) 0.001
Bond angles (deg) 0.2

Average pairwise r.m.s.d. (mean and s.d., in Å)
Heavy 1.4170.13
Backbone 0.7670.16

aTen lowest energy structures selected from 50 calculated by
CYANA.
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et al, 2000). Sequence names are given in SWISSPROT designation
or—if not available—in the ORF number according to the G. lamblia
Genome Database. Protein sequences were aligned with ClustalX
(http://bips.u-strasbg.fr/fr/Documentation/ClustalX) (Thompson
et al, 1997), and visualized with JalView (www.jalview.org) (Clamp
et al, 2004). The UPGMA phylogram was calculated with the MEGA
3.1 software package (www.megasoftware.net) with 100 bootstrap
replicates, pairwise deletion and homogeneous substitution accord-
ing to the JTT model (Kumar et al, 2004). This setting was also used
for creation of the pairwise distance matrix. The Maximum
Likelihood phylogram was generated using PhyML (http://atgc.
lirmm.fr/phyml/) (Guindon and Gascuel, 2003), following boot-
strapping by SEQBOOT from the Phylip package (http://evolution.
genetics.washington.edu/phylip.html) (Felsenstein, 1988). Settings
were used as previously established for ubiquitin-like modifiers (Xu
et al, 2006). The nearest neighbor analysis for ubiquitin conjugating
enzymes was carried out with the N-J tree option of ClustalX.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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